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ABSTRACT
This work describes (1) the identification of aikyl and aryl 2-imidazoIyl disulfides
that inhibit growth in human cancer cell lines, (2) examines the antitumor activities of
these disulfides in xenografted scid mice, (3) characterizes the chemopreventive activity in

min mice of the disulfides IV-2, and (4) suggests the potential mechanisms by which
these compounds mediate their actions.
The alkyl and aryl 2-imidazolyl disulfides are inhibitors of the TR/Trx which
regulates cell growth in both normal and cancer cells and is constitutively activated in a
number of human primary cancers (Berggren, 1996). We found that all of the disulfides
tested were potent inhibitors of growth in a panel of 60 cancer cell lines tested by the NCI.
Disulfides IV-2, VI-2, and DLK-36 were found to inhibit growth of HL-60 leukemia and
MCF-breast cancer cells implanted in scid mice. However, these disulfides had no
significant inhibitory effect on the growth of human HT-29 colon cancer cells implanted in

scid mice. Disulfide IV-2 also demonstrated a chemopreventive activity evaluated in min
mice fed diet supplemented with 250 ppm IV-2.
These disulfides may function through modulation of cellular redox status. It was
determined that disulfides rV-2 and DLK-36 decreased GSH levels and that this effect may
be due to indirect inhibition of the TR/ Trx redox system or a direct reaction of GSH with
the disulfides. Importantly, Human Trx regulates transcription factors such as NF-KB and
activation of this transcription factor protects cells fi^om apoptosis. Disulfide IV-2 was
observed to inhibit the transcriptional activity of NF-KB. This inhibitory activity may
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sensitize cells to apoptosis. Most of the disulfides tested induced apoptosis at
concentrations of twice the IC50 in both MCF-7 breast and HT-20 colon cancer cells.
Interestingly, a protein which is secreted by MCF-7 cells into the media can
degrade disulfide IV-2. This putative molecule has a molecular weight (m.w) greater than
3000 and is likely redox sensitive because ultra-filtered conditioned media (< 3000 m.w.)
or aged media drastically decreased the degradation or sequestration activity of
conditioned media. Plasma fi-om mice treated with disulfides IV-2 or DLK-36 (i.v.) gave
the same HPLC profile as seen in in vitro studies. These disulfides could be inhibiting
tumor growth by inhibition of the TR/Trx system and/or depletion of GSH.
Finally, the p53 tumor suppressor protein appears to be regulated by redox
conditions. Recent, evidence suggests p53 may be regulated specifically by the TR redox
system. The rat embryo fibroblast cell line, Al-5, expressing wild-type p53 was less
sensitive to disulfides than these same cells expressing mutant p53.
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INTRODUCTION

Cancer or Malignant Neoplasm.
Human cells can loose control of the cell cycle resulting in increased proliferation,
giving rise to a tumor, or neoplasm. The neoplastic cells rarely remain clustered together
in a single mass, forming a benign tumor. However, the tumor is considered cancerous if
it is malignant; that is, if its cells are able to invade surrounding tissue to form secondary
tumors, or metastasis (Vainio, 1996). The classification of neoplasm is based on two
criteria: the tissue origin and the biological behavior. The tissue origin followed with the
sufiEix "-oma" characterizes a benign tumor, for example adenoma; while the suffix
"carcinoma or sarcoma" identifies a malignant epithelial or mesenchymal tumor,
respectively. Other cancers do not fit in either of these broad categories and may include
the various leukemias and cancers derived firom the nervous system.

Cancer Development.
There are good reasons to think that most cancers are initiated by alterations in the
expression of genes that are involved in cell growth and differentiation. These expression
patterns may be modified in two ways. First, the transformation of proto-oncogenes by
mutation to oncogenes and deletion of tumor suppressor genes can result in unrestricted
expression of activated products. Second, changes in the patterns of expression of gene
products involved in cell growth and differentiation without changes in the DNA sequence
can also in an uncontrolled expression of proteins involved in cell growth, epigenetic
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factors. Usually single mutation is not enough to convert a typical healthy cell into a
cancer cell that proliferates without restraint. Many lines of evidence indicate that the
development of cancer is a multi-step process requiring several independent mutations to
occur in the cell; therefore, cancer has been thought to be a multistage process. One line
of evidence comes from colorectal tumors which provide an excellent system to study the
genetic alterations involved in the development of a common human neoplasia. In 1990,
Fearon and Volgestein presented a model for the genetic basis of colorectal neoplasia.
This model suggests, first, that colorectal tumors appear to arise as a result of the
mutational activation of oncogenes coupled with the mutational inactivation of tumor
suppressor genes. Second, mutation of at least four to five genes are required for the
formation of a malignant tumor. Third, the total accumulation of changes is responsible
for determining the biological properties of tumors.
Another example of multistage carcinogenesis that has been useful for
understanding the molecular mechanism of carcinogenesis is the mouse skin tumorigenesis
model. The mouse skin model can be divided in three stages termed initiation, promotion,
and progression (Bowden, 1995). Initiation is thought to involve permanent genetic
alteration in basal cells of the epidermis that make the cells resistant to signals for terminal
differentiation. Mutational activation of the Harvey-Ras proto-oncogene is an event
clearly initiated with chemical activation of skin tumors. The second stage involves the
tumor promotion resulting in the clonal expansion of initiated cells by tumor promoters to
give rise to benign papilomas. The third stage involves the expression of certain protease
genes which mediate in cell invasion to form secondary tumors or metastasis (Figure 1).
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Inl^la^ion

Proao^ion

Progression

Carcino«i

Expansion

Figure 1: Multistage skin carcinogenesis showing initiation, promotion, and progression
to carcinomas. Initiation process may be produced by chemical, radiation or viral factors.

Targets for Anticancer Drug Development.
Most of the cancer drugs currently in use against different types of cancer are
directed against DNA function (Powis, 1992). However, advances in molecular biology
have shown that neoplastic disease is essentially a dysfunction of signal transduction
systems. These signalling pathways are involved in the regulation of the cell proliferation
cycle and therefore, any component that is modified could potentially change the patterns
of ceil proliferation. The discovery of new signalling pathways and their components have
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helped in the discovery of drugs with potential to be used as anticancer drugs (Powis,
1994).

Redox Signalling by Thioredoxin and Thioredoxin Reductase.
The conversion of cysteine thiol groups to disulfides is a redox process and two
redox systems, the glutathione/oxidized glutathione couple and the thioredoxin reductase
(TR)/thioredoxin (Trx) couple can undergo a reversible reaction with a redox active
disulfide. These redox systems can produce redox modification of certain intracellular
proteins modifying the enzymatic activity and their binding as transcription factors to
DNA. Such changes have been linked to altered cell growth and death (Powis, 1995).
The TR/Trx couple constitute a ubiquitous redox system found in prokaryotic and
eukaryotic cells (Holmgren, 1985). There is evidence that redox signalling by TR/Trx is
constitutively activated in a number of human primary cancers (Berggrea, 1996) and that
the activity of this signalling pathway may contribute to the transformed phenotype of
some human cancers cells. Therefore, the overexpressed TR/Trx pathway presents an
attractive target for the development of a new generation of anticancer drugs.

Thioredoxin Reductase.
TR belongs to the pyridine nucleotide-disulfide oxidoreductase family of
flavoenzymes (Williams Jr, 1995), which includes glutathione reductase, lipoamide
dehydrogenase, and mercuric reductase. These enzymes catalyze the transfer of electrons
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from a pyridine nucleotide via a flavin carrier to, in most cases, disulfide-containing
substrates (Williams Jr, 1995). The enzyme mechanism of TR/Trx system involves the
reversible transfer of electrons from NADPH via a system of redox-active cysteine
residues. The electrons flow from NADPH to FAD, from FAD to the redox-active site
of Trx reductase, and then to Trx (Figure 2). The enzyme mechanism requires four
electrons for the two redox centers. Catalysis proceeds in two half reactions. Both parts
of the first half of the reaction are fast, reduction of FAD by NADPH and transfer of
electrons from NADPH2 to the reactive cysteine residues of TR. The thiol/disulfide
interchange between the thiol of TR and the disulfide of the substrate is probably the rate
limiting step (Williams Jr., 1976).

ff'+NADPH

NADP*

FADHj

Figure 2: Mechanism of protein disulfide reduction catalyzed by the TR/Trx redox
system.

NADPH dependent TR and Trx were first characterized in E. coli 30 years ago as
the hydrogen donor system for ribonucleotide reductase (Laurent, 1964). The TR/Trx
system is the only hydrogen donor system for ribonucleotide reductase in plants playing an
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important role in cell proliferation (Dai, 1996); whereas in E. coli and mammalian other
redox systems such as glutaredoxin (Prinz, 1997) are also involved as the hydrogen donor
to ribonucleotide reductase.
A number of TRs from prokaryotes and eukaryotes have been isolated and
sequenced (Luthman, 1983; Oblong 1993; Spyrou, 1996). Contrary to expectations, the
sequence homology of human TR compared to a number of other TRs was found to be
only 23 to 31% whereas the sequence homologies to glutathione reductase was 35 to
44%. The gene encoding E. coli TR has been cloned (Russel and Model, 1985) and its
amino acid sequence elucidated (Russel and Model, 1988). Bacterial TR consists of 310
to 330 amino acid residues with the conserved amino acid sequence Cys-Ala-Thr(Val)Cys-Asp and exhibits 32 to 77% sequence similarity to plant TR (Dai, 1996).
Characterization of the tertiary structure of E. coli TR by X-ray crystallography (Kuriyan,
1991) has revealed two identical subunits. Each subunit contains an FAD and NADPH
binding domain (Figure 3) and a redox active disulfide (Williams Jr., 1995). This
structure is in a closed conformation which may protect the reduced active site cysteines
from the aqueous phase preventing spontaneous oxidation. The oxidized form of Trx
binds to the active site cysteines of TR and changes its conformation allowing the
reduction of the cysteine bound Trx (Wasksman, 1994).
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Figure 3: Structures of TR in unrotated (A) and rotated (B) conformations. The arrow
heads indicate the polypeptide chain direction. The FAD binding domain is on the
left and the NADPH binding domain on the right (Williams Jr., 1995).

23

The gene encoding for human placental TR has been cloned and its amino acid
sequence elucidated (Gasdaska, 1995). The human TR gene is localized to chromosomal
position 12q23-q24.1 (Gasdaska, 1996). The primary structure of human TR, elucidated
by nucleotide sequence, has about 495 amino acids residues (Gasdaska, 1996). Thus,
human TR has a molecular mass of 54,171.
Human TR has a wide range of substrate specificity. This includes reactions with
Tnc fi-om different species such as E. coli as well as small non disulfide molecules like
vitamin K and selenite (Hobngren, 1985). Recently it has been demonstrated that human
TR is a selenium-flavoprotein (Gladyshev, 1996) containing a selenocysteine residue at its
penultimate amino acid residue. As with other selenoproteins, human TR activity is
decreased when selenium supply is decreased (Hill, 1997).

Thioredoxin.
Trx is a low molecular weight redox protein that it is highly conserved among
bacteria, plants, and vertebrates having a general sequence of Trp-Cys-Gly-Pro-Cys-Lys
as the active site which undergoes reversible oxidation reduction catalyzed (Holmgren,
1985) by TR. All Trxs have a molecular mass of about 11-12 kDa and are able to serve as
hydrogen donors for several substrates. Trx was originally purified fi-om E. coli (Laurent,
1964) and its amino acid sequence elucidated containing a pol)^eptide chain of 108 amino
acid residues (Holmgren, 1985).
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Thioredoxin Structure.

E. coli Trx-S2 (oxidized Tnc) has been crystallized as a Cu^^-ion complex and the
three-dimensional structure has been solved to 2.8

A resolution by X ray crystallography

(Holmgren, 1985). The active center disulfide bridge is located in a protrusion placed at
the C-terminal end of a P-strand and followed by an a-helix. The molecule contains a
central core of a 5 strands of P-pleated sheet surrounded by four a-helixes. It has also
observed that the Trx molecule has a surface area on one side of the redox-active S-S
bridge and it has been suggested that is the binding site for molecules during the redox
interactions (Eklund, 1984).
Mammalian Trxs have a molecular mass of about 12 kDa with a 27% amino acid
identity to E. coli Trx (Hobngren, 1985) and contain three additional cysteine residues
that are not found in bacterial Trx ). These additional cysteine residues give specific
properties to human Trx. Crystal structures of reduced and oxidized human Trx has also
been determined at 1.7 and 2.1

A nominal resolution (Weichsel, 1996).

Human Trx shows

a dimeric structure linked through a disulfide bond between Cys 73 of each monomer
(Figure 4). The Trx active site is blocked by dimer formation (Weichsel, 1996).
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Figure 4: Dimeric structure of wild-type TPC. (a) A view parallel of the twofold rotation
axis; (b) view is perpendicular of the twofold axis. Ball and stick representations for
residues Cys 32, Cys 35, and Cys 73 are shown in (a), and Asp 60 and Cys 73 in (b)
humanTrx(WeichseIe/a/, 1996).
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Thioredoxin Function.

Thioredoxin as an Antioxidant.
Trx may act as an extracellular antioxidant to protect cells from oxidative damage.
The treatment ofU251 astrocytoma cells with 100 nM hydrogen peroxide (Hori, 1994)
increased the secretion of Trx. This secretion or the addition of Trx (0.1-10 pig/ml) was
observed to protect the cells against death. Similar results have been obtained with F-2
endothelial cells, where Trx protects the cells from lysis induced either by neutrophil
activation or H2O2 (Nakamura, 1994).
Trx may also protect cells against death intracellularly via an antioxidant
mechanism. A role for Trx in detoxification of oxygen radicals is supported by a report
showing both that Trx expression increases and becomes increasingly localized to the
mitochondria (a major source of radicals) during oxidative stress (Sachi, 1995). Trx has
also been reported to play a role in free radical reduction in epidermal cells
(Schallreuther, 1986). In addition, it has also been reported that Trx not only protected
lymphoid cells against oxidative stress by direct scavenging action on H2O2. but also
enhanced the L- cysteine internalization and elevated the GSH content in the cells (Iwata,
1997).

Thioredoxin and Cell Growth.
Human Trx also has activity as an extracellular growth factor. Recombinant
human Trx produced a concentration-dependent stimulation of the proliferation of mouse
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fibroblasts in the presence of low concentration of serum (Oblong, 1994). The mechanism
by which human Trx stimulates cellular proliferation appears to be a helper effect by either
sensiti2dng the growth factors or their receptors located in plasma membrane (Gasdaska,

1995). This assumption is supported by results showing proliferation of MCF-7 by human
Trx was abolished if cell culture medium was changed each day. Furthermore, the
antibody to Trx blocked the cell proliferation caused by Tnc and binding studies showed
non specific binding of Tnc to a cell surface receptor (Crasdaska, 1995).

Thioredoxin and Apoptosis.
It has been suggested that dysregulation of thiol redox state might be related with
the loss of lymphocytes by apoptosis (Buttke, 1994; Sato, 1995), although the precise
mechanism has not been clarified yet. An intracellular role for Trx in detoxification of
oxygen radicals is supported by reports showing that in response to oxidative stress,
intracellular Trx expression is both stimulated (Sachi, 1994) and becomes increasingly
localized to the mitochondria, a major source of oxygen radicals (Gauntt, 1993). In
addition, apoptosis induced by external H2O2 in lymphoid cells is inhibited not only by
small low molecular weight thiols such as GSH, but also by recombinant Trx as a protein
thiol (Lenon, 1991).
The mechanism by which Trx detoxifies fi-ee radicals may involve its role within a
multi-component NADPH-dependent alkyl hydroperoxide reductase system (Chae, 1994).
This system involves TR, Trx and a 25 kD peroxidoxin enzyme (also known as thiolspecific antioxidant protein). Mammalian tissues express three immunologically distinct
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peroxiredoxins (Prx) proteins (Prx I, EE, and HI). Prx I and n are cytosolic, whereas Prx
m is localized in mitochondria. Transient transfection experiments with Prx I and II were
able to eliminate hydroperoxides such as H2O2 generated during metabolism (kang,
1998).
Recently, it has been demonstrated that Trx increases activity and mRNA levels
manganese superoxide dismutase in primary human lung microvascular endothelial cells
(Das, 1997). This enzyme converts the potentially toxic superoxide radical into H2O2 and
dioxygen, which are detoxified by Prx. Decreased amounts of reduced Trx may eliminate
the capability of Prx to eliminate hydroperoxides increasing the oxidative stress in cells.
The increase of the oxidation state in the cell would stimulate a signal pathways which
finish in apoptosis.

Signiflcance and Focus of the Proposed Research.
Trx may play an important role on the formation of tumors by increasing the ability
of cancer cells to grow by an autocrine mechanism. It has been found that Trx mRNA
levels are increased in almost half of the human primary lung and colon cancers tested
compared with the normal tissue (Berggren, 1995). Trx has been also reported to be
increased in human hepatocellular carcinoma (Kawahar, 1996). Finally, it has been found
that TR activity is increased almost two fold in human colon cancer compared to normal
colonic mucosa (Berggren, 1996). Trx is known to be excreted fi-om cells using a
leaderless secretory pathway and it has been suggested that Trx might be a growth factor
for some human cancers (Gasdaska, 1995).
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Molecular "proof of principle" studies have demonstrated that Trx is a suitable
target for drugs to treat cancer. These studies come from NIH 3T3 mouse fibroblasts and
human MCF-7 breast cancer cells which were stably transfected with cDNA for wild-type
human Trx or the redox-inactive mutant Trx, C32S/C35S (Gallegos, 1996). NIH 3T3
cells transfected with Trx, with up to 1.4 fold increase Trx mRNA, increased cell
saturation densities on plastic surfaces. Trx transfected MCF-7 human breast cancer cells,
having up 0.8-fold over-expression of Trx mRNA, show unaltered proliferation on plastic
surfaces but a 4-fold increase in colony formation in soft agarose. Stable transfection of
NIH 3T3 and MCF-7 cells with C32S/ C35S, with up to 2.1 fold the endogenous Trx
mRNA levels, resulted in inhibition of the growth on plastic surfaces, and up to 73%
inhibition of colony formation by MCF-7 cells in soft agarose. When inoculated into
immunodeficient mice Trx transfected MCF-7 cells formed tumors, as did the vector-alone
transfected cells, but tumor formation by C32S/ C35S transfected cells was almost
completely inhibited. The results of the study suggested that Trx plays an important role
in the growth and transformed phenotype of some human cancers.

Thioredoxin Regulates the Transcriptional Activity of pS3 and NF-KB.
An important intracellular activity of Trx is the regulation of protein-DNA
interactions. The transcription nuclear factor KB (NF-KB) is directly regulated by a Trx
redox system (Matthews, 1992) by reducing the cysteine residues that may be involved in
the DNA recognition (Hayashi, 1993). NF-KB is a transcription factor that promotes
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growth stimulation. NF-KB is a member of the Rel family of transcriptional factors
(Thanos, 1995) and is a heterodimer of subunit proteins derived from two distinct genes:
the NF-KB genes (p50), and the Rel genes (p65). NF-KB is usually retained as an
inactivated protein being bound to an inhibitory I-KB protein (Thanos, 1995). Cellular
stimulation resuhs in specific phosphorylation of I-KB on serines 32 and 36 (Traenckner,
1995) and released to yield the heterodimer NF-KB. Once the I-KB is released, the active
heterodimer of p65 and p50 is free to translocate to the nucleus and regulates transcription
by binding to -KB response elements (Miyamoto, 1995). The complex cascade of
phosphorylation and dephosphorylation occurring for the activation of NF-KB in cytosol
is modulated by redox reactions of unknown nature. NF-KB action is modulated by
redox reactions which are dependent of the Trx status in the nucleus (Flohe, 1997).
NF-KB plays an important role in the regulation of apoptosis. Several lines of
evidences have shown that specific inhibition of NF-KB activity results in increased
sensitivity to apoptosis induced by various factors such as TNFa, the anticancer drug
daunorubicin, and ionizing radiation (Liu, 1996; Wang, 1996). Because it is known that
Trx is involved in the regulation of the transcriptional activity of NF-KB, drugs that inhibit
Trx or the enzyme TR may affect the transcriptional activity of NF-KB.
The tumor suppressor gene p53 is also a redox regulated transcription factor.
Human p53 is a 393-amino acid nuclear phosphoprotein with fiinctional domains which
include the transactivation region, sequence specific DNA-binding region, nuclear
localization sequence, and oligomerization region (Harris, 1996). The p53 suppressor
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gene is one of the most mutated genes found in more than half of human cancers (Levine,
1991; HoUstein, 1991) and 50% of these mutations are missense mutations greater than
95% are found in the DNA-binding core domain (Greenblatt, 1994).
The p53 protein has important growth regulatory function as a transcription
activator (Kem, 1992) or repressor (Sabbatini, 1995). In response to agents that induce
DNA damage in cells, the levels of p53 increase resulting in an increased transcription of
genes that carry a p53-binding site such as growth arrested DNA damage 45 (GADD45),
(Kastan, 1992 ), wild-type associated factor (WAFl) (El-Deiry, 1993, and murine double
minute (mdm-2) (Momand, 1992). WAFl, by inhibiting cdk2, and GADD45, promotes
cell cycle arrest, whereas mdm-2 (which binds to and inhibits the p53 transactivation) is
apparently important in the recovery from cell cycle arrest. If DNA can not be repaired,
p53 signals apoptosis is activated by a mechanism that has not yet been well understood.
Recently, three other genes cyclin G (a cell cycle related protein), Bax (apoptosis related
protein), and insulin-like growth factor binding protein-3 (a growth inhibitory protein)
were observed to have p53-binding sites in their promoter regions (Ko, 1996). P53 also
interacts with and inhibits the function of certain cellular proteins involved in RNA
transcription, for example TATA-binding protein resulting in transcriptional repression,
which may be linked to apoptosis (Mack, 1993).
The sequence specific DNA binding capacity of p53 translated in vitro is
inhibited by oxidizing conditions (Hainault and Milner 1993). Contrary to this, reduction
favors DNA binding. The TR/Trx system may play an important role in the regulation of
the transcriptional activity of p53. For example, p53-transcriptional activity is inhibited in

yeast with a non-functional TR/Tnc system (Casso, 1996). Recently, it has been
demonstrated that the decreased activity of p53 induced by the deletion of the

Saccharomyces cerevisiae TR gene encoding for TR can be reverted by the ectopic
expression of TR (Pearson, 1998), suggesting that p53 can form disulfides and also that
disulfides must be reduced to have transcriptional activity.

Thioredoxin Reductase Inhibitors.
Several TR inhibitors have been described in the literature and some of them are
currently in use in the clinic. Anthralin is a drug which inhibit TR activity fi"om normal and
psoriatic disease, a chronic skin disease (Schallreuter, 1987). Anthralin returned the rate
of cell proliferation and the duration of S phase to normal in psoriatic skin, presumably by
the inhibition of TR activity which is increased in this disease. Azelaic acid is a
competitive inhibitor of TR on human and murine melanoma cells, guinea pig and human
skin, and purified enzyme fi-om E. coli (Schallreuter, 1987). This drug inhibited DNA
synthesis and cell proliferation in a dose dependent manner and is used to treat several skin
disorders including acne, melasma, and solar keratosis. 13-Cis retinoic acid is also an
inhibitor of TR purified fi-om melanoma tissues and was shown to be a stereo specific
suicide inhibitor of the enzyme (Schallreuter, 1989). Retinoic acid has been used in
clinical practice for a variety of diseases with special inclination to skin disorders. The
antitumor quinones diaziquone and doxorubicin have been shown to produce a time and
concentration dependent inhibition of TR fi'om A204 human rhabdomyosarcoma cells
(Mau, 1991). Furthermore, there was a positive correlation between TR inhibition and the
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inhibition of colony formation. Therefore, inhibition of TR may play a role in the
mechanism of action in the antitumor activity of these kind of quinones.

The AIIQ^I and Aryl 2-imidazolyl Disulfldes as Thioredoxin Reductase Inhibitors.
The alkyl 2-iniidazolyl disulfide analogues are synthesized by treatment of 2mercaptoimidazoles with excess of S-alkyl-thioso thiourea hydrochloride (Kirkpatrick,
1992). The cytotoxic activity of the alkyl 2-imidazolyl analogues was first evaluated in
EMT6 mouse mammary cells in culture. Ethyl and butyl 2-imidazolyl disulfides analogues
produced the greatest cell kill when cells were exposed to 500 |JM of disulfide for two
hours.
The effect of the alkyl 2-imidazoIyl disulfide on cell proliferation has also been
evaluated using Swiss 3T3 murine fibroblasts. Values for 111-2, rV-2, and VI-2 in 10% of
FBS were determined to be 2.0, 3.5, and 4.0 (iM, respectively.
Although the mechanism of cytotoxicity for these new group of drugs is unknown,
the alkyl 2-imidazolyl disulfide analogues have been shown to be reversible inhibitors of
human placental TR activity (Oblong, 1994). The analogues 1-butyl 2-imidazol disulfide

(in-2), 1-methylpropyl 2-imidazolyl disulfide (IV-2), and «-decyl 2-imidazolyl disulfide
(VI-2) were competitive inhibitors of TR. Thus, the inhibition of cellular proliferation of
the alkyl 2-imidazolyl disulfide compounds may involve interaction with the TR/Trx
reductase redox system (Table 1).
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Table 1: Inhibition of thioredoxin reductase activity by some of the alkyl 2-imidazoiyI
disulfide compounds (Oblong, 1994).

I

—SSR

^NH
Compound

R

Type

Km (^iM

IN-2

-(CH2)3CH3

substrate

43.1

IV-2

-CH-CH2-CH3
1
CH3

inhibitor

VI-2

-CH2-CH3

substrate

48.1

•

IX-2

CH3
1
-C-CH3
1
CH3

-

-

-

inhibitor

-

30.9

DLK-36

-CH2-C2HS

Ki(piM)
-

30.8

Research Problem.
There is compelling evidence that TR/Trx redox system plays an important role in
cell growth in both normal and cancer cells. This evidence indicates that Trx is involved in
the regulation of transcription factor activity, and also by a helper mechanism to increase
the activity of some growth factor receptors. Inhibiting the Trx/TR redox signalling
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pathway at any level should decrease the growth of both normal and cancer cells. Because
human tumor cells have increased levels of Trx compared to normal tissues, they should
be more sensitive to growth inhibition by the disulfides. Therefore, drugs like the alkyl 2imidazolyl disulfides, which are cytostatics, may have antitumor activity on human tumor
implant cells in scid mice.

The hypothesis to be tested is that thioredoxin redox signaling offers a novel
target for anticancer drug development. The alkyl 2-imidazolyl disulfides are
inhibitors of thioredoxin signalling and are potential cancer chemotherapy and
chemopreventive agents. To test this hypothesis, we divide our research in three
parts.

Focus of the Proposed Research.
Part 1: Identification of disulfides that are potent cytotoxics against the 60
human cancer cell lines used by the NCI to screen new anticancer drugs.
We determined the IC50 of a series of alkyl and aryl 2-imida2olyl disulfides on the
60 cancer cell lines from the NCI. Cell lines were grown onto microtiter plates and
exposed to disulfides for 48 hours. Protein concentration was determined using the
sulforhodamine protein stain assay using a spectrophotometer plate reader.
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Part 2: Investigation of the antitumor activity of the alkyl and aryl 2-imidazolyl
disulfides on xenografts in the scid mouse model and their chemopreventive activity in min
mice model.
First, we examined the inhibition of tumor growth using MCF-7 breast, HT-29
colon, and HL-60 leukemia cancer cells implanted in scid mice by a daily i.p.
administration of disulfides for fourteen days. Tumor volume was measured twice a week
for 28 to 35 days. Next, we used the min (multiple intestinal neoplasia) mouse which has
a germline mutation in the APC (adenomatous poliposis colonic) gene seen in human
familial adenomatous polyposis (PAP). This model was chosen because of its genetic
basis as a model of colon cancer. Min mice were fed with normal mouse food mixed with
250 ppm of compound rV-2. The small and large intestines were removed at various

times to quantify and determine the tumor size in the colon and small intestine of control
and treated min mice.

Part 3: We studied the in vitro and in vivo pharmacokinetics of the disulfides IV2 and DLK-36 which had shown antitumor activity in scid mouse models. This part of the
study consisted of the quantitation of the disulfides in media fi^om MCF-7 cells and in
plasma from mice. A specific HPLC method was developed for detecting the disulfides in
biological media.

Part 4: We studied cell death by apoptosis in MCF-7 breast and HT-29 colon
cancer cells induced by the alkyl 2-imidazolyl disulfides. We also measured the GSH
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levels in MCF-7 cells exposed to a high concentration of disulfides. Finally, we studied
the eflfect on the transcriptional activity of NF-KB and cell growth inhibition in Al-5 cells
(expressing wild-type or mutant p53).

Significance and Implications.
Most of the drugs currently used against cancer act directly or indirectly on DNA
synthesis or its function. Despite some advances in the treatment of cancer, with
approximately 12% of human cancers are at the present time curable. Most human
cancers like colon, lung, breast, prostate, and others are resistant to chemotherapy. It is
evident that new drugs acting on different targets than on DNA are urgently needed to
complement therapy in cancer treatment. Recent interest has focused on signalling
pathways involved in cell growth and differentiation as potential new targets for anticancer
drugs. Examples of targets for anticancer drugs are growth factors, growth factor
receptors, transducing proteins, and transcription factors. The Trx/TR redox signalling
pathway may be a good target for the development of new anticancer drugs. The finding
of new drugs with antitumor activity having a mechanism of action which does not involve
DNA synthesis directly or indirectly may open new alternatives leading to development of
drugs which complement the anticancer action of existing drugs.
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MATERIALS AND METHODS

Cytotoxic activity of disulfides on 60 human cancer cell lines used by the National
Cancer Institute Developmental Therapeutic Program.

Cell Line Maintenance.
The technique used to screen the cytotoxicity of the disulfides has been described
previously (Boyd, 1990). These experiment were conducted by the NCI using the sixty
human cancer cell lines to screen new anticancer drugs in vitro. The Human cancer cell
lines (Table 2) were grown in RPMI 1640 (Gibco) growth media supplemented with 10%
fetal bovine serum (FBS) (Omega) plus 100 units/ml of penicillin and 100 units/ml of
streptomycin (Omega) at 37°C, 5% CO2, and 95% humidity. Cells were passaged when
cells were sub-confluent by washing cells with phosphate-buffer saline without calcium
and magnesium (PD) followed by addition of enough trypsin (0.25%) solution in PD to
cover the cells. Excess of trypsin was aspirated and the cells detached by tapping the
flask. Cells grown in suspension were passaged by taking samples fi-om the semiconfluent cells and diluting accordingly to another flask with fresh growth media.

Preparation and Inoculation of Cells Onto Microtiter Plates.
Adherent cells were detached as described above and cells were diluted with
growth media. Then, cells were counted using trypan-blue exclusion on a hemocytometer
or by Coulter counter. Cells were seeded onto microtiter plates at 5000 to 40,000 cells

per well at 100 pJ volumes per well, depending of the cell line requirements. The
microtiter plates containing the cells were allowed to grow 24 hours at 37°C before the
addition of drug.

Table 2: Sixty human sixty cell lines used for in vitro drug-discovery screen by the NCI.
Cell lines are organized into subgroups representing leukemia, melanoma, and cancers of
the lung, colon, ovarian, renal, prostate, breast, and central nervous system (CNS).

Non-Small Cell Lungs
Cancer

Colon Cancer

A549/ATCC
EKVX
HOP-62
NCI-H226
NCI-H23
NCI-H460
NCI-H522

COLO-205
HCC-2998
HCT-l 16
HCT-15
HT-29
KM12
SW-620

CNS cancer

Melanoma

Ovarian Cancer

SF-268
SF-295
SF-539
SNB-19
SNB-75
U251

LOXIMVI
MALME-3M
MM
SK-MEL-2
SK-MEL-28
SK-MEL-5
UACC-257
UACC-62

IGROVl
OVCAR-3
OVCAR-4
OVCAR-5
OVCAR-8
SK-OV-3

Renal Cancer

Prostate Cancer

Breast Cancer

786-0
A498
ACHN
CAKI-1
RXF393
SN12C
TK-10
UO-31

PC-3
DU-M5

MCF-7
MCF-7/ADR-RES
MDA-MB-231/ATCC
HS578T
MDA-MB-231/ATCC
HS578T
MDA-MB-435
MDA-N
BT-549
T^TD

Leukemia Cells
CCRF-CEM
HL-60
K-562
MOLT-4
RPMI-8226
SR
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Alkyl 2-imidazolyI disulfides were initially dissolved in dimethyl sulfoxide (DMSO)
and stock solutions were diluted with medium resulting in DMSO concentrations less or
equal to 1% in. Immediately after preparation of the drug dilutions, 100 jil aliquots of
each dilution was added to the appropriate micro-plate wells and incubated for 48 hours.
The end point was measured by the sulforhodamine B (SRB) protein stain assay.

Sulforhodamine B Assay.
The cytotoxic activity of the disulfides was performed as was described by Skehan

et al, 1990. Adherent cell cultures were fixed in situ by adding 50 |j.l of cold 50%
trichloroacetic acid (TCA) (Sigma) and incubated for 60 minutes at 4°C. The supernatant
was discarded and plates were washed five times with deionized water and allowed to dry.
One hundred |il of SRB solution was added to each microtiter plates and incubated for 10
minutes at room temperature. Unbound SRB was removed by washing the microtiter
plates five times with a solution of 1% acetic acid and plates were then air dried. Bound
stain was solubilized with TRIS buffer (Sigma), and the optical densities were read on an
automated spectrophotometric plate reader (Molecular Devices) at a single wavelength of
515 run.
For suspensions of cell cultures (e.g., leukemias) the method was the same, except
that at the end of the drug-incubation period, cells were fixed onto the bottom of the plate
by gentle addition 50 fil of 80% of TCA.
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Severe Combined Immune-Deficient Mouse Colony.
The severe combined immune deficient (scid) mouse is lacking of B and T
lymphocytes. This immune deficiency allows the scid mouse to support the growth of
xenografled tumors without stimulating an immune response (Xie, 1992). A scid mouse
colony was established at the University of Arizona. The mice were housed in microisolator cages and maintained under specific pathogen-fi'ee conditions. The mice were fed
with normal mouse food irradiated pellets and autoclaved water. Every three months the
mice were screened for mycoplasma, mouse hepatitis virus, and Sendai virus.
Female scid mice 7 to 9 weeks old were bled (200 jxl) by retro-orbital puncture in
order to screen for the presence of mouse immunoglobulins (Ig) by enzyme-linked
immunosorbent assay (ELISA). Only mice with 20 |ig/ml or less Ig were used for the
antitumor experiments.

Cytotoxic Activity of a Series of AikyI and Aryl 2-imidazolyl Disulfldes on scid Mice.
The first step in the antitumor activity studies of the alkyl and aryl 2-imidazolyl
disulfides was to find the dose that can be tolerated by the scid mouse for each compound.
Three female scid mice were grouped for each dose of the disulfides used. Each group
was housed in barrier (pathogens fi"ee) conditions and fed ad libitum. Drugs were initially
dissolved and emulsified in a volume of sterile 0.1% Tween 20 (Sigma) in water. The
volume administered never exceeded 200 pJ daily by i.p. administration for 14 days. The
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maximum tolerated doses (MTD) was defined as the dose that produced no more than
20% weight loss or death over 14 days of administration.

Preparation and Inoculation of Tumor Cells Into sc/</Mice.
Early passage human leukemic, MCF-7 breast, and HT-29 colon cancer cell lines
were grown in DMEM(10% FBS) media in 175 cm^ tissue culture flasks. Cells were
harvested at approximately 80% confluence via trypsination (as described previously).
HT-29 cells were washed three times with and resuspended at 50 millions of cells per
milliliter of PD. MCF-7 cells were treated as HT-29 cells but were suspended in a
solution of PD and matrigel (1:1). HL-60 leukemia cells were harvested via centrifugation
at 1000 rpm and washed three times with PD and concentrated at 100 millions per
milliliter.
MCF-7 and HT-29 cells were injected subcutaneusly at lO'/ site in 0.2 c.c., HL-60
were injected subcutaneously at 2 x lOV site in 0.2 c.c. on the right flank of scid mice.

Scid mice, in which the hormone dependent breast cancer MCF-7 (Kasid and Lippman,
1987) cells were to be grown, were implanted with 17 P-estradiol pellets one day prior the
tumor cell inoculation.
Alkyl and aryl 2-imidazolyl disulfides drugs were dissolved in ethanol and diluted
with an isotonic solution of Tween 80 (0.1%) (Sigma). The administration volume was
less than 200 ^1 daily respective doses. Following tumor development, tumors were
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measured for tumor volume estimation (c.c.) in accordance with the formula tumor width^
X tumor length/2 (Taetle, 1987) twice a week for 35 days.

Measurement of the Chemopreventive Activity of tiie Compound IV-2 in min Mice.
We used the min (muhiple intestinal neoplasia) mice strain which has a germline
mutation in the APC (adenomatous poliposis coli ) gene seen in human familial
adenomatous polyposis (FAP) (Jacoby, 1996). This model was chosen because of its
genetic basis as model of colon cancer.
Min mice were fed normal food mixed with 250 ppm of compound rV-2. The
small and large intestines were later removed after various exposure times with compound
IV-2, and rinsed in cold PBS. The intestines were slit open along their longitudinal axis
and fixed flat between filter paper for at least 48 hours in 10% neutral buffered formalin
prior to 3 min staining with 0.2% methylene blue. The tissues were examined under light
microscopy to score tumors in both large and small intestines. The diameter of the tumors
was defined by an eye graticule and given in units of mm.

Development of HPLC System to Determine Concentrations of IV-2 in Medium
Used for MCF-7 Growth.

Chemicals and Reagents.
Compound IV-2, the isobuthyl, VI-2, the ethyl, and DLK-36, the methyl benzene
2-imidazolyl disulfides (for structures see Table 1) were synthesized by Dr. Lynn
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BCirkpatrick, (University of Regina, Canada). HPLC grade methanol was obtained from
Burdick and Jackson, ammonium acetate was bought from EM Science, Germany. Acetic
acid (glacial) and chloroform were obtained from Mallinckrodt, U.S.A.

Apparatus.
A Shimadzu chromatographic system was used for HPLC analysis and consisted of
two liquid chromatography pumps, a SPD-6A U.V spectrophotometric detector operated
at 254 nm (sensitivity setting at 0.08 absorbency units fiill scale), and a SCL-6A system
controller connected to a computer to register the chromatograms and calculate the peak
areas of corespondent compounds.

Chromatography Conditions.
A polymeric reversed phase (Hamilton PRP-1) HPLC column 250 x 4.1 mm, with
a PRP-18 pre-column of 10 (im, was used for separation of the analytes at ambient
temperature (22 °C). The mobile phase consisted of 40% of 0.1 M ammonium acetate
buffer (pH 5.5) and 60% methanol at a flow of 1.2 ml/ min for 1.5 min, which was then
shifted to 10% of ammonium acetate/90% methanol at the same flow rate over 2 min.
The 10% ammonium acetate/ 90% methanol phase was held for 10 min and shifted to
40% ammonium acetate/ 60% methanol for 2 min and maintained for 2 min. Prior to use
the mobile phase was filtered with 0.45 [im Millipore filters and degassed by bubbling
helium into to the mobile phase flasks. 2-naphthol was selected to be the internal standard
after investigating a wide variety of disulfide compounds.
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Development of Method.
A stock solution of disulfide IV-2 was prepared dissolving 1 mg of compound IV2 in 1 ml of methanol. Methanolic standard solutions of IV-2 were prepared by diluting
the stock solution with methanol to give a final concentrations of IV-2 in the range of 100
ng to 10 ng/ml. The internal for HPLC assay was prepared by dissolving 2 mg of 2
naphthol in 1 ml of methanol and diluted with the standards solution at a final
concentration of 10 ng/ml. The stock solutions were stored at -20 "C and the standard
solutions at 5 °C. The calibration curve was constructed by injecting into the HPLC
system 100 ^1 of the standard solutions and the peak area ratios of compounds rV-2 and
2-naphthol were recorded and plotted as the ratio of rV-2/ 2-naphthol against IV-2
concentration. All determinations were repeated three times

Extraction Process of IV-2 from Media and MCF-7 Ceils.
The extraction process of IV-2 on the 2-naphthol was performed with and without
the presence of cells incorporated to media. MCF-7 cells were scraped and lysed by
sonication (3x10 seconds Heat Systems microtip probe). A 4 ml sample of conditioned
media or non conditioned was taken and 6 (il of the standard solution of 2-naphthol was
added to a capped glass tube. After mixing the cells and medium, 7 ml of a mixture of
77.5% chloroform 12.5% of ethanol was added and mixed with a multipurpose rotator
(Scientific Industries, Inc, Model 151) at 35 rpm for 10 min. The tubes were centrifiaged
at 3000 rpm in a Beckman GS-6R centrifiige for 5 min and the solvent was removed using
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a Pasteur pipettes and placed in a clean tube. The solvent was dried with nitrogen gas
and samples were stored at -20°C until time of assay when the samples were reconstituted
with 1ml of methanol.

Extraction Process of IV-2 and DLK-36 from scid Mouse Plasma.

Scid mice were injected i.v. with 12.5 mg/kg of disulfide rV-2 or 40 mg/kg of
DLK-36, anesthetized, and bled by retro-orbital puncture. Blood was collected in 5 ml
sterile sodium heparin tubes (Venoject, Terumo Medical Corporation) and placed on ice.
Blood samples were centrifiiged at 1500 rpm for 10 minutes (lEC Clinical centrifuge.
International Equipment Company). Plasma samples of200 (il were separated fi"om cells
and placed in a glass tube. The plasma sample was mixed with 800 ^1 of a solution of 0.1
M ammonium acetate at pH 5.5 and 6 |j,l of the stock solution of 2-naphthol. The solvent
extraction process was followed as before. Solvent phase was separated and dried with
nitrogen at 40°C and dry samples were stored at -20°C. Samples were reconstituted with
400 (il of methanol and 50 |il of each sample was injected into the HPLC system.

Apoptosis Measurement by ELISA Method on MCF-7 and HT-29 Cells.
Apoptosis is characterized by membrane blebbing, condensation of cytoplasm and
the activation of endogenous endonucleases which cleaves only between nucleosomal
(Hale, 1996). This results in the generation of nucleosomal DNA fi^agments which are
discrete multiples of 180 base pair subunit (Arends, 1991). The Cell Death Detection
ELISA''''"® (Boehringer-Mannheim, Indianapolis, IN) measures the presence of the
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nucleosomal DNA fragments. Specific mouse monoclonal antibodies directed against
DNA and histones allow the specific determination of mono- and oligonucleosomes in the
cytoplasmic fraction of cell lysates. The alkyl and aryl 2-imidazolyldisufides may induce
cell death by apoptosis in specific cell lines. MCF-7 breast cancer and HT-29 leukemia
cells were exposed at 2 x ICsos concentrations of 111-2, IV-2, and DC-2 for 48 hours and
apoptosis was measured by the Cell Death Detection ELISA"*'"" method. Apoptosis was
quantified by the relative amount of nucleosomal DNA fragments.

Determination of GSH Level in MCF-7 Cells Exposed to the IV-2 and DLK-36
Imidazolyl Disulfides.
Cellular reduced glutathione (GSH) was measured by a modification of the
method of Fariss and Reed (1987). This method is based on the initial formation of Scarboxy-methyl derivatives of free thiols followed by the conversion of amino groups to
2,4-dinitrophenoyl (DNP) derivatives. Following derivatization, nM levels of individual
sulfiir-containing amino acids were measured using U.V detection at 365 nm after
separation by reverse-phase ion-exchange HPLC. The concentration of GSH were
expressed in nM per |ig of protein.

Preparation of MCF-7 Cells.
MCF-7 breast cancer cells were grown in 75 cm^ tissue culture flasks (Sarstedt) in
DMEM media supplemented with 10% FBS plus 100 units/ml of penicillin and 100 ng/ml
of streptomycin at 37°C, 5% CO2, and 95% humidity. Cells were harvested when they
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were sub-confluent by washing with PD followed by addition of enough trypsin (0.25%)
solution in PD to cover the cells. Excess trypsin was aspirated, cells were allowed to
detach and were then resuspended in complete media. Cells were counted using trypanblue exclusion on a hemocytometer and dilutions were made to give the cell densities of
10® MCF-7 cells per 5 ml DMEM media. 10® cells were seeded in 60 mm tissue culture
plates (Coming). Cell were allowed to growth to confluence (2.5 million cells per dish)
then treated with 5.3 pM of rV-2 or 5.5 pM of DLK-36 and harvested at various
exposure times. Cells were washed two times with 5 ml of PD, harvested using a cell
scraper and lysed with 0.5 ml of a solution of ImM bathophenanthrolinedisulfonic acid in
10% perchloric acid (PCA). Cells were then placed in 1.5 ml micro centrifiige tubes,
sonicated for 4 seconds and stored at -20°C for 12 hours.
Harvested MCF-7 samples were centrifiiged in a micro centrifuge at 15000 rpm
for 5 min and 450 ml of supernatant was placed in a 5 ml glass tube containing 50 |il
(ImM) of y-glutamate-glutamate (y-GIu-Glu) as the internal standard (I.S) and of 10 |il of
cell lysate was used to measure protein concentration in each sample. 50 pil of 100 mM of
iodoacetic acid in 0.2 mM m-cresol purple solution was then added to each 0.450 ml
supernatant MCF-7 samples and buffered with 0.48 ml base-buffer (0.98 g KOH, 1.5 g
KHCO3, 25 ml of H2O). These samples were incubated in the dark for 10 minutes. 1 ml

of 1% flouro dinitrobenzene in methanol was added to samples, vortexed for 44 seconds,
and stored overnight at 4°C. Samples were taken with a I ml syringe and passed through
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a 0.2 |im filter. Samples were placed in 1 ml glass vials and capped. 50 (il of sample was
injected into the HPLC system.

HPLC Analysis.
A 3-aminopropyl reversed-phase ion exchange HPLC column (150 length 4.6 mm
I.D) was used for separation of the DNP derivatives of acidic amino acids at 22 "C. The
mobile phase consisted of solution A (80% methanol plus 20% water) and solution B
(400 ml methanol, 100 ml of H2O and 125 ml acetate solution, which was prepared with
272 g sodium acetate trihydrated, 122 ml of distilled water and 378 ml of acetic acid
glacial) which was degassed with helium gas during the chromatographic process. 80% of
solution A and 20% of solution B were run at flow of 1 ml/ min for 5 min followed by a
10 min linear gradient to 1% solution A/99% solution B. The 1% solution A/99%
solution B was held for 5 min and shifted to 80% solution A/20% solution B for 4 min and
maintained for 1 min.

Measurement of NF-KB Transcriptional Activity.
The NF-KB reporter construct with two NF-KB response elements and a thymidine
kinase promoter (TK) immediately upstream fi-om a chloramphenicol acetyltransferase
(CAT) gene (Figure 5) was utilized to measure NF-KB activity.
The NF-KB reporter construct was transiently transfected into MCF-7 cells and
the expression of CAT enzyme was quantified using a CAT-ELISA kit (Boehringer-
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Mannheim). In this assay, CAT enzyme from transfected cells was bound to an anti-CAT
antibody that had been attached to the plastic well. A second antibody was added which
was, in turn, covalently linked to digoxigenin protein. An anti-digoxigenin antibody was
added which was, in turn, covalently linked to a peroxidase enzyme. Finally, a peroxidase
substrate was added which produces a colored product when it is metabolized. The
relative absorbency of the colored product, which was measured on a spectrophotometer
at 403 nm, indicated the relative amount of NF-KB activity.

Transient Transfection of NF-KB Reporter Construct in MCF-7 Cells.
The NF-KB reporter construct utilized contained two response elements and a
thymidylate kinase (TK) promoter immediately upstream from CAT gene (Figure 5).
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Figure 5: Diagram of the DNA- reporter construct used to evaluate the effect of the
disulfides on the transcriptional activity of the alkyl 2-imidazolyl disulfides. The pNF-KBCAT reporter construct contains two NF-KB elements upstream of the thymidine kinase
promoter linked to the CAT gene, and the simian 40 (SV40) polyadenylation signal
sequence.

MCF-7 cells were seeded in 60 mm dishes (10%FBS) at 5x10^ cells per plate, in
DMEM, 10% FBS. Cells were allowed to attach overnight and were transfected with
pNF-KB-CAT reporter as follows: 30 |al of DOTAP solution (1 N-[l-(2,3-Dioleoyloxy)

propyl]-N, N, N-trimethyl-ammoniummethyisulfate)) was mixed with 70 (il of 20 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanosulfonic acid). In a separate tube, DNA
was diluted to 0.1 |ig/|jJ in HEPES buffer. 5 |i.g of reporter construct DNA was added to
DOTAP/ HEPES mixture and incubated at room temperature for 10 to 15 min. The
DNA/ HEPES/ DOTAP solution was mixed gently 2 to 3 times throughout the incubation,
then mixed with 2 ml of serum free medium. The medium (3 ml) was removed from the
overnight cultures and replaced with serum free medium. The nucleic acid/DOTAP
mixture prepared earlier was then distributed drop wise (while swirling the plate) to a final
concentration of l|ig of DNA per plate. The above preparation was sufficient for 5
transfections. Transfections were allowed to incubate six hours and serum was added to
plates beginning serum concentration to 10% FBS. Cells were allowed to further incubate
overnight and were treated with drugs accordingly.

Cell Lysis and Protein Quantitation.
Media was aspirated from cells followed by three washes with chilled PBS. One
ml. of lysis buffer (supplied from CAT-ELISA) was applied to each plate and incubated
for 30 minutes at room temperature. Lysates were transferred to 1.5 ml microfuge tubes
and spun in a microfuge at 15,000 rpm for 10 min at 4°C. 750 nl of the lysate was then
transferred to a separate microfuge tube and quickly frozen in a dry ice and ethanol bath.
The remainder of the lysate was stored at 4°C for use in protein concentration
determination. A Peterson protein assay was used for the quantitation of protein

concentrations. Immediately prior to conducting the assay, lysate saved for protein assay
was again centrifiiged to re-sediment cellular debris. The final protein concentration value
derived fi-om each sample was the average of triplicate determination.

Preparation of A1-5 Cells.
The rat embryo fibroblast cell line Al-5 was cultured at 37°C in 75 cm^ tissue
culture flasks (Sarstedt) in DMEM media with 10% FBS plus 100 units/ml of penicillin
and |ig/ml of streptomycin, 5% CO2, and 95% humidity. Cells were passaged when 80%
confluent. Cells were harvested and seeded at 5 x 10"* cell per 35 mm plate and Jillowed
to attach for 24 hours. One group of Al-5 cell were placed in an incubator regulated at
32.5°C and the other group at 37.5 °C. Cells were exposed to disulfides and detached
with trypsin when control cells reached 100% confluence.

Statistical Analysis.
Individual sample means were compared using Student's, t-test and differences
were considered statistically significant if the p-value was <0.05 using n -1 degrees of
fi-eedom. Statistical analysis of in vivo data v/as performed by the Arizona Cancer
Center Biometry Department.
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RESULTS
Cytotoxic Activity of the Alky! 2-iinidazolyl Disulfides rV-2 and DLK-36 Against
the 60 Ceil Line Program from National Cancer institute.
Alkyl and aryl 2-imidazolyl disulfides have been reported to be cytotoxic to EMT6
cells (Kirkpatrick, 1992). The cytotoxic effect of disulfides were evaluated by the NCI
using the 60 human tumor cell lines panel (Boyd, 1990) in which cells were cultured in
micro-plates and exposed to disulfides for 48 hours. Dose-response curves of the
analogues were obtained and the 50% growth inhibition (ICso) was determined for each
disulfide.
Table 3 illustrates the ICjo in micro moles of disulfides rV-2 and DLK-36
obtained on 38 of 60 cell lines fi'om the NCI screening program. Results show differences
in sensitivity of the cell lines to disulfides IV-2 and DLK-36. For example, leukemia cell
lines were most sensitive to both disulfides showing a range between 0.58 to 3.75 |iM;
whereas, some renal and non-small lung cells exhibit an ICso range between 10 to 34.3
HM. MCF-7 breast cancer and HT-29 colon cancer cells were also sensitive to both
disulfides with a range between 3.36 to 4.4 |iM. To show the antitumor activity of
disulfides, we used the most sensitive human tumor cells to them. An additional property
of the human cancer cell line were that they could grow in scid.

Table 3: Cytotoxicity induced by disulfides IV-2 and DLK-36 on 38 of the 60 cell lines
fi-om the NCI human tumor cell panel. Cells cultured in microtiter plates were treated
with each disulfide for 48 hours and the ICjo was obtained by determining cell viability
using the SRB assay, which is a colorimetric method. The IC50 measurement was an
average of triplicate drug treatment for each analogue.
Cell line
Leukemia
CCRF-CEM
HL-60
K-562
MOLT-4
RPMI-8226
SR
Non-Small Cell Lune
Cancer
A549/ATCC
EKVX
HOP-62
NCI-H226
NCI-H23
NCI-H460
NCI-H322
Colon Cancer
COLO-205
HCC-2998
HCT-U6
HCT-15
HT-29
KM12
SW-620
Renal Cancer
786-0
A498
ACHN
CAKI-1
RXF393
SN12C
TK-IO
UO-31
Prostate
PC-3
DU-145
Breast Cancer
MCF-7
MCF-7/ADR-RES
MDA-MB-231/ATCC
HS578T
MDA-MB-231/ATCC
HS 578T
MDA-MB-435
MDA-N

IV-2 (uM)

DLK-36 (liM)

0.57
0.27
2.73
3.94
3.89
3.74

0.581
1.19
3.19
3.62
5J3
3.75

41.6
13.5
33.9
19.6
6.78
29.0
2.68

34.3
33.1
30.8
15.1
5.22
21.2
2.73

1.80
15.4
3.27
3.31
3.51
22.23
3.33

8.87
14.8
3.95
3.1
3.36
41.9
3.78

4.14
30.8
4.5
3.41
15.2
18.3
11.4
4.52

3.67
4.02
5.19
18.0
10.3
8.11
4.43

18.5
7.01

16.8
29.4

4.4
3.45
12.8
2.08
5.52
2.5
2.74
8.69

3.37
4.31
10.7
1.87
4.35
6.12
3.04
7.92

-
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Antitumor Activity of the Disulfldes.
Our antitumor studies were performed in the scid mouse model (Paine-Murreta,
1997). This model accepts human tumor xenografts and it is thought to reflect the
response of tumors to chemotherapy. The first step in determining antitumor activity is to
determine drug toxicity of both disulfides in scid mice by measuring the maximal
tolerated doses (MTD) for each disulfide.

Maximal Tolerated Doses of Disulfides in scid Mouse.
To determine the MTD of each disulfide, we performed sub-acute toxicological
studies in scid mice. Three female scid mice weighing 18 to 20 grams were utilized. For
example, the daily administration of DLK-36 i.p. at 50 mg/kg for fourteen days
decreased the weight (Figure 6), but recuperation started as soon as the drug was
discontinued.
Immediately after the administration of drugs, mice were more active but were
normal 5 minutes after of the administration. Table 4 illustrates the MTD for a series of
disulfides showing a toxicity range between 6 to 60 mg/kg. The MTD for disulfides rV-2
and DLK-36 were taken as the doses to be used for subsequent antitumor studies in scid
mice. Mice receiving the IX-2 analogue released an odor which was stronger than the
others disulfides.
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Figure 6: Toxicity of disulfide DLK-36 measured as weight loss during daily i.p.
administration for 14 days to scid mice. A group of three female scid mice with a weight
between 19-21 grams were weighted together every day prior to the administration of
DLK-36 and the average weight calculated. Scid mice were maintained on aseptic
conditions due to immune system deficiences.
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Table 4: Values of M l Us of alkyl 2-imidazolyI disulfides in scid mice. The MTD was
defined as the dose that produced neither death nor more than 20% weight loss over 14
days of drug administration. Each MTD was calculated using 3 mice and the total
average weight loss did not exceed 20%.
Disulfide

V^2

DG^2

DLK-36

8

60

40

Analogues
MTD
(mg/kg, i.p.)

12

V2^

Inhibition of Growth of Human HL-60 Leukemia Xenografts in scid Mouse.
The ability of the DLK-36, rV-2, and VI-2 disulfides to inhibit the growth of
implanted HL-60 leukemia tumors was tested via scid mouse xenograft. Disulfide IV-2 at
12.5 mg/kg i.p resulted in a complete inhibition of HL-60 tumor formation in 4 of 8 mice
treated with the disulfide. Disulfide DLK-36 at 40 mg/kg i.p. resulted in a complete
inhibition of tumor formation of only 1 of the 8 mice in the experiment. VI-2 at 12 mg/kg

i.p. inhibited the formation of tumors in 3 of 7 mice. Furthermore, the administration of
each disulfide at these doses was able to decrease the growth rate of the treated HL-60
tumors in scid for 35 days (Figure 7). During the first 16 days of the treatment period
there was no difference in tumor growth rate between control and treated scid mice.
However, beginning at day 17, tumors in untreated mice grew significantly faster than
tumors in mice treated with each disulfide. This difference was maintained until the last
day in which tumors were measured, 27 days (Figure 7).

Inhibition of Growth of Human IVICF-7 Breast Cancer Xenografts in scid Mouse.
The ability of the DLK-36, IV-2, and VI-2 disulfides to inhibit the growth of
implanted MCF-7 tumors was also tested by scid mouse xenograft. The 8 control scid
mice were able to support and maintain the growth of human MCF-7 breast cancer
tumors. The growth rate for MCF-7 tumors in scid mice was faster than HL-60 tumors
and were inhibited by each of three 3 disulfides (Figure 8). The growth rate inhibition
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Figure 7: Antitumor activity of disulfides against HL60 human leukemia cells inoculated

s.c. (2 X lO^cells) on the right flank of female scid mice. Disulfide i.p. administration
started 24 after the cell inoculation and continued for 14 days with a maximal volume of
0.2 ml of drug solution. Tumor volume and mice weight was measured twice a week for
35 days. Tumor volumes were measured utilizing calipers and are expressed as the mean
± SE of 8 mice per group.
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Figure 8: Antitumor activity of disulfides against MCF-7 breast cancer cells inoculated

s.c. on the right flank of female scid mice. Because MCF-7 breast cancer cells are
hormone dependent, 0.25 mg 21 day slow release pellet of 17-3 estradiol was implanted

s.c. 24 hours before the lO' MCF-7 cell inoculation on the right flank of female scid
mice. Drug i.p administration was initiated 24 hours after cell inoculation and continued
for 14 days. Tumor volumes were measured utilizing calipers and are expressed as the
mean ± SE of 8 mice per group.
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of MCF-7 tumors was initiated on day 12 of treatment with each disulfide and remained
significantly different until the last day of tumor measure measurement (27 days). The loss
of weight observed in the disulfide treated mice was recovered as soon as the drug
administration was stopped.

Inhibition of Growth of Human on HT-29 Colon Cancer Xenografts in scid Mouse.
The ability of the DLK-36, rV-2, and VI-2 disulfides to inhibit the growth of
implanted HT-29 tumors was also tested by scid mouse xenograft. The 8 scid mice
control group were able to support and maintain the growth of human HT-29 cancer cells.
The tumor growth rate of HT-29 tumors in scid mice was much faster than HL-60 and
MCF-7 tumors. Tumor measurements were made after only 3 days after the implantation
of the cancer cells and the experiment was stopped on day 17 because tumors were
necrotic. The disulfides IV-2, DLK-36 , and VI-2 were unable to significantly inhibit the
HT-29 tumor growth rate in scid mice (Figure 9).
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Figure 9: Tumor growth curve for early passage human HT-29 colon cancer cells
inoculated (lO' cells) s.c. female sad mice and treated with disulfides. Drugs were
administrated i.p. daily for 14 days and tumor volume measured twice a week using
calipers and the weight of each mouse was recorded. Tumor volumes were calculated
from bidimensional caliper measurement and were expressed as the mean ± SE of 8 mice
per group.
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Non-quantitative Determination of Antitumor Activity by Tumor Growth Inhibition
(T/C Value).
Tumors in the treatment and control groups were measured when the tumors in the
control groups reached approximately 0.8 to 1.1 cm^ in size. The median tumor volume
of each group was determined. The tumor/ control (T/C) size ratio in percent is an
indication of antitumor efifectiveness: a T/C ratio equal to or less than 42% is considered
significant antitumor activity by the Drug Evaluation Branch of the Division of Cancer
Treatment (NCI). A T/C value of less than 10% is considered to indicate highly
significant antitumor activity. The T/C values of each disulfide tested in HL-60 xenografts
in scid mice were determined (Table 5). The three disulfides IV-2, VI-2 and DLK-36
showed a T/C less than 42% therefore are considered to have significant antitumor activity
on HL-60 leukemia cells. Disulfide VI-2 showed a T/C in percent close to 10% which is
considered to indicate significant antitumor activity.
The antitumor activity measured as the T/C in percent was also measured in MCF7 xenografts in scid mice. Disulfide IV-2 had a significant antitumor activity ratio of
23.7%. Disulfide DLK-36 presented a T/C% ratio of 2.3, which was statistically
significant. On the other hand, all 3 disulfides showed no antitumor activity against HT-29
colon xenografts in scid mice measured as T/C ratio (Table 5). Therefore, these results
suggest that the alkyl 2-imidazolyl disulfides are antitumor agents and this activity appears
to be selective against specific human tumors as heis been tested in human xenografts
growing in scid mice.
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Table S: Activity of the disulfides against various human xenograft tumors in scid mice.
Tumor cells, lO' to 2 x 10^, were inoculated s.c. on day 0. Disulfide administration was
begun i.p. on day 1 and continued for 14 days at the dose shown in the table. Tumor
volume was measured until control tumors became necrotic or so large that the animals
had to be sacrificed, 'p < 0.05 compared to control.

Tumor

Compound
IV-2

Dose
mg/ kg/ day
15

T/C
%
2.3"

Toxicity
death rate
0/7

iVICF-7
breast

DLK-36

40

23.7'

0/8

VI-2

12

64.6

4/8

HL-60

IV-2

12

30.2*

0/8

leukemia

DLK-36

40

33.9*

1/8

VI-2

12

10.2'

0/7

HT-29

rv-2

12

67.3

0/7

colon

DLK-36

40

90.9

0/8

VI-2

12

74.8

0/8
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Chemopreventive Activity of the Alkyl 2-iinidazoiyl Disulfide rV-2.
The min mouse strain was used to study the chemopreventive activity of disulfide
IV-2. Mice were fed with normal diet or diet with 250 parts per millon (ppm) of

compound IV-2 fi-om days 14 to 110. Min mice fed a diet containing rV-2 showed a 70%
reduction in colon tumor formation. The number of tumors formed within the small
intestines in min mice fed a diet treated with IV-2 were also reduced. Disulfide rV-2 also
reduced the size of tumors in the colon and small intestines. Tumors were clzissified in 3
groups in agreement with their size: small, medium, and large. Disulfide was able to
reduce significantly the tumor size of tumors classified as medium and large tumors, but
not those classified as small tumors. These results suggest that disulfide IV-2 is a
chemopreventive agent in the min mouse model (Table 6).
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Table 6: Chemopreventive activity of disulfide IV-2 in min mouse. Mice were fed with
control diet or diet with 250 ppm of IV-2 from days 14 to 110. The weight of each
mouse was measured to detect a possible relationship between weight loss and diet
supplemented with disulfide rV-2. Values are mean ± S.D 'p < 0.05 to control by t test.

Total Tumor/Mouse
n

Colon

Small intestine

Control

6

2.0±0.8

75.7±30.1

IV-2

7

0.6±0.2

58.7±17.8

Tumor Size (% TotaH
Small

Medium

Large

17.5±11.76

31.7±10.5

50.3±30.8

22.3±8.9

59.9±16.4*

17.8±10.4*
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Linearity, Limit of Detection, and EfTiciency of Extraction.
The linear range for rV-2 in methanolic solutions was validated using six
concentrations of standard in solution covering the range between 0.5 to 20 |ig/ml and
the 2-naphthol which was determined to be the best internal standard (I.S). A standard
curve was plotted to perform linear regression analysis using the IV-2 concentrations and
the peak area ratios of rV-2/ 2-naphthol. This standard curve had a correlation coefiBcient
of 0.99, a slope of0.063, and an intercept of -0.019 (Figure 10). Typical chromatograms
were obtained from complete DMEM media before and after addition of IV-2 and 2naphthol as I.S ( Figure 11). The chromatographic peaks for IV-2 and I.S. were well
resolved with retention times of 8.47 and 10.87 minutes, respectively. The limit of
detection for IV-2 as assessed in the presence of 2-naphthol in DMEM (10% FBS) was
found to be 500 ng/ ml. This was established to be twice the background level. The
eflBciency of extraction of IV-2 was calculated to be 70.8 % and the accuracy of the
procedure was determined by replicate analysis (n=5) of control media to which IV-2 was
added at one concentration. The coefficient of variation observed was ± 6.14%.
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Figure 10: Standard curve used to extrapolate the concentration of compound
IY-2 in media. Five methanolic standard solutions were prepared and injected into
the HPLC system three times (n=3) at 100 |j,l/ml. Standard curves were generated
using a linear least squares regression of the rV-2 to I.S peak area ratio versus FV2 concentration.
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MCF-7 breast cancer cells were grown in 60 mm tissue culture plates with DMEM
(10% FBS) and treated with disulfide rV-2 at 12.5 (ig/ ml. Cells were harvested at 10
min of exposure. The disulfide IV-2 was also added to fi-esh media or to conditioned
media (media taken fi-om a culture of MCF-7 cells) at the same concentrations. Samples
were extracted, then injected onto the HPLC system, and chromatograms were obtained
(Figure 11). Chromatogram A is the profile of an extraction procedure fi-om conditioned
media without any compounds. The addition of compound rV-2 (10 |ig/ ml) and 2naphthol (8 |ag/ ml) to fi-esh media resulted in the presence of two peaks (chromatogram
B) with retention times of 8.47 minutes for rV-2 and 10.87 minutes for 2-naphthol.
Chromatogram C shows an extraction of conditioned media which did not produce the
peak for rV-2, whereas the peak for 2-naphthol was unmodified. Chromatogram D
corresponds to the extraction of IV-2 and internal standard showing a reduction of the
peak corresponding to rV-2 without modification of the peak area of the I.S (Internal
Standard). These results suggest that disulfide IV-2 is degraded or sequestered by a
molecule which is formed by the MCF-7 cells.
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Figure 11: HPLC chromatograms for the determination of IV-2 in normal and
conditioned media. HPLC chromatogram A was obtained from a solvent extraction of a
sample of conditioned media without the addition of IV-2 and 2-naphthoI (control).
Chromatogram B was obtained from fresh media and illustrates the peaks which
correspond to 10 |ig/ml IV-2 with a retention time of 8.47 and the peak corresponding to
8 ng/ml of 2-naphthoI with a RT of 10.87 minutes. Chromatogram C corresponds to the
extraction from conditioned media with disulfide rV-2 and I.S. Chromatogram D is a
sample of conditioned media with MCF-7 cells. These chromatograms either did not
show the peaks corresponding to IV-2, or showed a drastic reduction of this peak.
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A Macromolecule Present in Conditioned Media May Be Responsible for the
Degradation or Sequestration of the Disulfide IV-2.
The previous studies showed that a component present in conditioned media was
responsible for the degradation or sequestration of compound IV-2. In order to determine
the size of this component, conditioned media was ultra filtered with a Centricon-3 filter
to separate molecules of 3000 molecular weight or more. Compound rV-2 and the 2naphthol were added to the filtrate and extracted as in previous extraction procedures.
Chromatogram A represents a sample of fi-esh media to which compound rV-2 and I.S
were added. The chromatogram B shows that the component is present in conditioned
media (Figure 12) as shown from the disappearance of the peak corresponding to IV-2 (a
retention time of 8.47 in fi-esh media) in the conditioned media. Chromatogram C shows a
chromatogram obtained from an extraction of ultra filtered conditioned media. The peak
corresponding to rV-2 is seen as in fresh media. A molecule that is present in conditioned
media was removed by the ultra-filtration. These results may suggest that some
component in media of m.w > 3,000 was produced by MCF-7 cells and may be
responsible for the sequestration or degradation of compound IV-2.
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Figure 12: HPLC chromatograms for the determination of rV-2 in fresh and conditioned
an filtered conditioned media. Chromatogram A was obtained from an extraction of fresh
media with 10 |ig/ml of IV-2 (RT = 8.47 min) and 8 ng/ml of 2-naphthol (RT = 10.87
min). Chromatogram B was obtained from a sample of conditioned media with the same
components as chromatogram A. Chromatogram C represents a sample of ultra filtered
conditioned media with compound IV-2 and the 2-naphthol.

Degradation of Disulfide IV-2 in Conditioned Media Is Time Dependent of Air
Exposure.
Conditioned media from confluent MCF-7 cells was stored sterile at room
temperature in ambient air for 1,6, 12, and 24 hours. Compound IV-2 was added to each
sample for 10 minutes after these incubation times. The degradation or sequestration of
disulfide IV-2 was inversely proportional to the age of the media (Figure 13). One hour
of exposure of conditioned media to air did not change the pattern of the chromatogram
compared to conditioned media that was processed immediately. However, 24 hours of
exposure of conditioned media to air decreased the effect on the compound rV-2. These
results may indicate that some component from conditioned media need to be in reduced
state to react with the disulfide rV-2. However, it is necessary to perform experiments
using oxidizing compounds and adding to conditioned media to confirm this hypothesis.
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Figure 13: Effect of the exposure of conditioned media to air on the peak area ratio of
IV-2/2-naphthol. Compound IV-2 was added to fresh media 10 minutes before the
extraction process. Fresh media kept at room temperature did not significantly change the
peak area ratio of IV-2/ 2-naphthol compared with a 1 hr exposure. Exposure of rV-2 to
conditioned media for 1 hour to room temperature still degraded or totally sequestered the
disulfide IV-2. However, the addition of IV-2 to conditioned media exposed for 24 hours
at room temperature partially degraded compound four rV-2.
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Quantitative Analysis of the AlkyI 2-iniidazolyl Disufldes IV-2 and DLK-36 in
Mouse Plasma by EEPLC.
The same HPLC method developed for the quantitative analysis of IV-2 in media
was used to quantify DLK-36 and IV-2 in mouse plasma. First, 6 p.g of rV-2 or 4 |ig of
DLK-36 was added to 200 (li of human plasma and extraction and HPLC processes were
performed (Figure 14). The retention time for rV-2 was 8.50 min (chromatogram A) and
retention time for DLK-36 was 9.67 min (chromatogram C). The internal standard used in
this analysis was 2-naphthol which had a retention time of II.03 min. Mice were exposed
to 15 mg/kg of IV-2 iv and after 2 min blood samples were taken and plasma was
separated. Chromatogram B represents a sample from a mouse exposed to IV-2. The
peak corresponding to rV-2 is not observed. Similar results were obtained from mice
samples exposed to 10 ng/kg of DLK-36. Similarly the peak corresponding to DLK-36 is
not found in the chromatogram D. These results may suggest that disulfides are rapidly
metabolized when they are administrated to mice.
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Figure 14; Peaks and retention times of compounds rV-2 and DLK-36 in human plasma
as controls (chromatogram A and C). The peak with the retention time of 8.50 in
chromatogram A corresponds to 6 |ig of IV-2 in 200 |xi human plasma and the peak with
the retention time of 11.20 represent to 6 |ig of 2-naphthol as internal standard.
Chromatogram C represents an extraction sample of human plasma with 6 ^g of DLK-36
(RT=9.67 min) and 6 fig of 2 naphthol (RT=11.07). Neither peaks corresponding to IV2 nor DLK-36 appears in the corresponding chromatograms B or D which were obtained
from mice plasma previously exposed to disulfides IV-2 (B) or DLK-36 (D).
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Induction of Apoptosis by AlkyI 2-iniidazolyl Disulfides.
The alkyl 2-imidazolyi disulfide compounds are cytotoxic compounds; however it
is unknown whether apoptosis is a form of cell death induced by these disulfides in
MCF-7 breast or HT-29 colon cancer cells. The doses of disulfides used for this
experiment were twice the IC50 concentrations and killed 30 tO 40% of the cells after 48
hour of exposure. Each cell line was grown in 60 mm dishes to approximately 70% of
confluence then incubated for 48 hours with one of the three disulfide compounds. The
assay used was a quantitative sandwich-enzyme-immunoassay using mouse monoclonal
antibodies directed against DNA and histones. Histone-associated DNA strand breaks
were quantified as a measure of apoptosis. Disulfides 111-2 (3.8 |jM) and IV-2 (12.8 |xM)
increased relative apoptosis significantly, measured after 48 hours of drug exposure, in
both MCF-7 (Figure 15) and HT-29 (Figure 16); whereas, disulfide IX-2 (26.8 |iM)
induced apoptosis significantly only on HT-29 cells. Apoptosis may be a mechanism by
which disulfide induce their antitumor activity and chemopreventive activity. It is
interesting to note that the disulfide IX-2 was also the drug with less antitumor activity in
human xenografled scid models ( data not showed).
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FigurelS: Apoptosis induced by three disulfides in MCF-7 breast cancer cells as
measured by ELISA. Apoptosis was measured in 1 x 10® cells both attached and floating
cells collected from the media (black bars). MTCC and TNF-a were used as positive
controls. Each bar is the average of three plates determinations of a single drug treatment
(n=3). Error bars represent standard error. An asterisk indicates a significant difference
fi-om untreated control by unpaired t-test (p-value < 0.05).
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Figure 16: Apoptosis induced by three disulfides in HT-29 colon carcinoma cells as
measured by ELISA. Apoptosis was measured in 1 x 10® cells both attached and floating
collected from the media (black bars). MTCC and TNF-a were used as positive controls.
Each bar represents the mean of three plates determinations of a single drug treatment
(n=3). Error bars represent standard error. An asterisk indicates a significant difference
from untreated control by unpaired t-test (p-value < 0.05).
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The Disulfldes Decrease the Intracellular Levels of GSH in lVICF-7 Cells.
GSH is a dominant peptide thiol found in cells which plays an important role in the
defense mechanism of the cell by acting as an antioxidant and by reacting with
electrophiles (Deleve, 1991). The mechanism of toxicity of several drugs has been shown
to be involved with the depletion of GSH in cells, which has been identified as an early
event in apoptosis in some cells such as thymocytes (Macho, 1997) and neutrophils
(Watson, 1996). Therefore, the ability of the alkyl 2-imida2olyl disulfides IV-2 and the
aryl 2-imidazolyl disulfide DLK-36 to deplete GSH levels was tested as a potential
mechanism of their cytotoxicty in MCF-7 and HT-29 cancer cells. MCF-7 breast cells
and HT-29 colon cancer cells were grown in DMEM supplemented with 10% FBS. Cells
were allowed to grow until approximately 90% of confluence before treatment with 5.3

LOM of disulfide rV-2 or 5.5 |jM of DLK-36. GSH levels were measured in both cell lines
after 1 to 24 hours of exposure with the disulfides using a modification of the method of
Reed et al, 1980. This method is based on the initial formation of S-carboxy methyl
derivatives of fi-ee thiols followed by the conversion of fi"ee amino acid groups to 2,4dinitrophenyl (DNP) derivatives. These derivatives were detected by monitoring U.V
absorbtion at 365 nm after separation by reverse-phase ion-exchange HPLC, and the levels
of GSH were reported in nM per |ig of protein. Results showed a significant reduction of
GSH levels in MCF-7 cells which were exposed to DLK-36 (Figure 17) or IV-2 (Figure
18) for one hour. GSH levels in MCF-7 cells were reestablished after 6 hours and GSH
levels did not show a sigruficant decrease after 6 hours of exposure with any disulfides,
except at 18 hours of exposure with IV-2 (Figure 18).
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Figure 17: Reduction of GSH levels by DLK-36 in MCF-7 cells. GSH was measured
using a GSH derivative method and U.V detection at 365 nm after separation by reversephase ion-exchange HPLC. Levels of GSH were reported in nM per [xg of protein and
each data point represents the average of triplicate determinations drug treatment. An
asterisk indicates a significant difference fi-om untreated MCF-7 cells and those treated
with 5.3 |xM of DLK-36 by t-test with a p < 0.05.
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Figure 18: Effect of disulfide IV-2 (5.3 |iM) on GSH levels in MCF-7 cells. GSH was
measured using a GSH derivative method and using U. V detection at 365 nm after
separation by reverse-phase ion-exchange HPLC. Levels of GSH were reported in nM per
|j.g of protein and each data point represents the average of three determinations. An
asterisk indicates a significant difference from untreated MCF-7 cells and those treated
by t-test with a p < 0.05.
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Disulfide rV-2 Decreased the Transcriptional Activity of NF-KB.
Recently it has been demonstrated that inhibition of NF-KB activity induces
apoptosis of B cells (Bellas, 1997). NF-kB activity is modulated by redox reactions
which are dependent on the status of Trx in the nucleus (Flohe, 1997). Several lines of
evidence have shown that specific inhibition of NF-KB activity results in increased
sensitivity to apoptosis induced by several stimuli (Liu, 1996; Wang, 1996). We
investigated the possibility that disulfide IV-2 may modulate the transcriptional activity of
NF-KB on MCF-7 cells. This cell line was transiently transfected with the pNF-KB-CAT
reporter construct. Transfected MCF-7 cells were exposed to diflFerent concentrations (5
to 25 (ig/ ml) of disulfide IV-2 and NF-KB activity was measured by ELIS A and
expressed per mg of protein. The transcriptional activity of NF-KB in MCF-7 cells was
inhibited in a dose-dependent form by disulfide rV-2 with a maximal inhibition of NFKB transcriptional activity of 50% (Figure 19). These results showed that the apoptotic
effect of disulfide IV-2 might be important in the inhibition of the transcriptional activity
of NF-KB. Thus, this mechanism may contribute to the decrease in the growth of MCF-7
xenografts scid mice.
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Figure 19: Inhibition of the transcriptional activity of NF-KB by disulfide rV-2 on
transcriptional activity of NF-KB on transfected MCF-7. Transcriptional activity of NFKB was measured by expression of CAT enzyme which was quantified using a CATELISA assay. Each point of each curve represents the average of tree samples. Error
bars are standard error. All points were significant different fi^om control by impaired t-te
transfected MCF-7 with a pNF-KB-CAT reporter. This analogue decreased the st (p
value < 0.05).

86

Wild-type p53 Expression Alters Sensitivity to Cytotoxicity by AlkyI 2-iniidazolyl
Disulfldes.
The cytotoxic effects of disulfides were evaluated on A1-5 cells expressing a
temperature sensitive mutant p53 mutant. These cells express wild-type p53 when grown
at 32.5°C and mutant p53 at 37.5°C . The p53 Val 135 mutant, in conjunction with ras,
can elicit transformation at 37.5°C, but at 32.5°C suppresses transformation (Martinez,
1991; Michalovitz, 1990). Dose-response experiments for both disulfides IV-2 and 111-2
were performed to determine the ICjo on A1-5 cells. Cells were plated at a density of 5 x
10"* per 60 mm plate and allowed to attach for 24 hours. Cells were treated with various
concentrations of IV-2 or 111-2 and cells were counted after untreated cells growing at
37.5°C reached 90% of confluence. It was determined that the ICjo of IV-2 for growth
inhibition in Al-5 cells at 32.5 and 37.5°C were 6 |jM and 3.5 foM respectively (Figure
20). Treatment of Al-5 cells with disulfide III-2 also showed differences in cytotoxicity
at 37.5 or 32.5°C. The ICso for 111-2 grown at 37.5°C was 2.7 |jM and at 32.5°C was 6
HM (Figure 21). It is important to mention that the proliferation rate Al-5 cells with p53
Val-135 growing at 37.5°C was higher than those growing at 32.5°C.
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Figure 20: Growth inhibition induced by IV-2 in Al-5 cells with a temperature sensitive
mutant p53Val 135. Cells were treated with the drug at various concentrations (1 to 6
^iM) and grown at 37.5 or 32.5°C. Cells were plated at 5 x IC* cells per 60 mm plate and
allowed to attach for 24 hours followed by treatment with diflferent concentration with
rV-2. Cell number was measured after untreated cells growing at 37.5°C reached

approximately 90% of confluence. Every data point represent the average of triplicate
determinations (n=3). Error bars represent standard error and the asterisk denotes a
difference from Al-5 cells growing at 37°C by an unpaired t-test (p < 0.05).
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Figure 21: Growth inhibition induced by 111-2 in A1-5 cells with a temperature sensitive
mutant p53al Val 135. Cells were treated with the drug at different concentrations (1 to 8
|jM) and grown at 37.5 or 32.5°C. Cells were plated at 5 x lO"* cells per 60 mm plate and
allowed to attach for 24 hours followed by treatment with different concentration with
in-2. Cell number was measured after untreated ceils growing at 37.5°C reached
approximately 90% of confluence. 6 pM Each point represent the average of triplicate
determinations (n=3). Error bars are standard error and the asterisk denotes a difference
from Al-5 cells growing at 37°C by an unpaired t-test (p < 0.05).
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DISCUSSION
Introduction.
TR/Trx has been reported as a redox system involved in the regulation of cell
proliferation (Holmgren, 1989). It has been also found that some human tumors over
express Trx which may play a role in the development of tumors (Berggren, 1996).
Gallegos et al., 1996 reported that the TR/Trx system may be a new target for new
anticancer drugs.
Our work now shows that a series of alkyl and aryl 2-imidazolyl disulfides that are
inhibitors of TR/Trx redox system inhibit the cell growth of the 60 cancer cell lines from
the NCI cancer cell line panel and also show antitumor activity against HL-60 leukemia
and MCF-7 breast cancer cells in scid mice and chemopreventive activity in min mice. We
measured the concentrations of disulfide IV-2 in fi-esh medium and medium which had
supported MCF-7 cell growth (conditioned media). The results showed that disulfide IV2 may be degraded by a macromolecule secreted or conditioned by MCF-7 cells and that
may be redox sensitive because it losses its activity when exposed to air.
We also studied possible mechanisms by which the disulfides exert their antitumor
or chemopreventive activity. Our results show that disulfides IV-2 and DLK-36 reduced
glutathione levels by 50% for at least 6 hours after cell exposure. Apoptosis as a form of
cell death induced by disulfides was investigated with MCF-7 and HT-29 cells. Our
results show that disulfides are inducers of apoptosis.
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The eflFect of the disulfides on the transcriptional activity of NF-KB also was
evaluated on MCF-7 cells using a reporter construct which contained two NF-KB
response upstream from CAT gene. These results show that disulfides are inhibitors of the
NF-KB. Finally, the growth inhibitory activity of disulfides was investigated in AI-5 cells
expressing a temperature sensitive mutant p53 mutant. Cells expressing wild-type p53
were more sensitive to disulfides.

Interpretation of Results.

Sensitivity of the Sixty Human Cancer Cell lines to Disulfides.
Alkyl 2-imidazolyl disulfides have previously been reported to be cytotoxic to
EMT6 mouse mammary cells (Kirkpatrick, 1992). In our study we used the cells of the
NCI 60 human tumor panel (Boyd, 1989) to study the sensitivity of these cancer cell lines
to disulfides. The cells were cultured in micro-plates and exposed to disulfides for 48
hours. Dose-response curves for the disulfides analogues were constructed and the 50%
growth inhibition (IC50) was measured for each disulfide in each of the 60 cell lines. The
cell growth of all cell lines was inhibited in all cell lines with mean ICjo for rV-2 and DLK36 of 6.5|aM. Overall, leukemia cells were more sensitive to the series of disulfides
studied, followed for MCF-7 breast and HT-29 colon cancer cells (Table 3). The
variation in sensitivity of cells suggest that every cell line may have different mechanisms
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or levels of defense against this kind of drugs. The TR/Trx or the GSH redox system may
be involved in this defense.

Investigation of the in vivo Antitumor Activity of DLK-36, IV-2 and VI-2 Alkyl 2imidazolyl Disulfides.
This investigation tested the hypothesis that the alkyl and aryl 2-imidazolyl
disulfides are potential antitumor agents using human cancer xenografts scid mice model.
The alkyl 2-imidazolyl disulfides rV-2, VI-2, and the aryl disulfide DLK-36 at the
maximal tolerated dose were found to inhibit the human tumors growth of HL-60
leukemia and MCF-7 breast cancer cells implanted in female scid mice. However, these
disulfides were unable to significantly inhibit tumor growth of human HT-29 colon cancer
cells implanted in scid mice.
The antitumor activity of the alkyl and aryl 2-imidazoIyl disulfides was evaluated
using a model suggested by the NCI (Boyd, 1990). Several recommendations are
important for the in vivo evaluation of untested cytotoxic agents for antitumor activity
against transplantable tumors. In agreement with protocols, disulfides were tested at a
maximal tolerated dose defined as the amount of drug that neither produced death nor
more than 20% of weigh loss. All groups of mice were as uniform as possible. For this
reason, mice were of only one sex (female), and close to the same size with a minimum of
19 grams. Furthermore, after the inoculation of human cancer cells to scid mice, they
were selected by randomization and placed in various treatment and control groups.
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The ideal administration route to test a drug is by /.v., but the route of
administration depends on the physicochemical characteristic of the drug under study.
The disulfides have limited solubility in water. For this reason they were first dissolved in
ethanol and then diluted in 0.1% Tween 20 isotonic saline solution giving a stable
suspension. The administration schedule used in these antitumor experiments was a daily

i.p. administration for 14 days starting 24 hours after tumor cells implantation.
Disulfide treatment of HL-60 scid mice xenografts for 14 days i.p., beginning one day
after xenograft implantation decreased tumor growth rate (Figure 7). After s.c.
implantation of HL-60 leukemia cells in scid mice, visible tumors appeared by 13 days and

scid mice were able to sustain tumor growth for an addition of 22 days. Eight scid mice
were used as controls and all were able to support the growth of HL-60 tumors which
increased drastically after day 23 reaching tumor volumes around of 3.5 cm^. Visible
tumors appeared after 23 days in the disulfide treated mice, 10 days later than those in
untreated scid control mice. A significant inhibition in tumor volume compared to
controls was apparent 35 days after cells implantation, when the study was terminated
(Figure 7).
Treatment of human MCF-7 breast cancer xenografts growing in scid mice with
the same series of alkyl 2-imidazolyl disulfides and with same administration regimen also
caused decreased tumor growth rate (Figure 8). After s.c. implantation of MCF-7 breast
cancer cells in scid mice, visible tumors appeared after 6 days. Eight scid mice were used
as controls and all were able to support the growth of MCF-7 cells tumors which
increased exponentially after 12 days reaching tumor volumes around 0.8 cm^. A
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significant inhibition in tumor volume in the treated niice compared to controls was
apparent after 27 days for IV-2 and DLK-36 (Figure 9).

Non-quantitative Determination of Antitumor Activity by Tumor Growtii Inhibition
(T/C value).
The i.p. administration of three disulfides were able to decrease the growth rate of
the treated HL-60 tumors in scid mice over 35 days (Figure 8). During the treatment
period there was no difference in tumor growth rate between control and treated scid
mice. However, significant difference in the growth rates were observed after 17 days of
the experiment. This difference was maintained until the last day on which tumors were
measured, days 27 (Figure 8).
The treatment and control group tumors were measured when the control groups
reached approximately 0.8 to 1.1 cm^. The median tumor volume of each group was
determined. The T/C value, in percent, is an indication of antitumor effectiveness: A T/C
equal to or less than 42% is considered significant antitumor activity by the Drug
Evaluation Branch of the Division of Cancer Treatment (NCI). A T/C value of less than
10% is considered to indicate highly significant antitumor activity. The T/C value of
disulfides in HL-60 xenografts in scid mice were obtained (Table 5). The three disulfides
IV-2, VI-2 and DLK-36 showed a T/C less than 42% therefore are considered to have a
significant antitumor activity on HL-60 leukemia cells. Disulfide VI-2 showed a T/C close
to 10% which is considered to indicate highly significant antitumor activity.
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The antitumor activity measured as the T/C in percent was also measured in MCF7 xenografts in scid mice showing that disulfide IV-2 had a significant antitumor activity
of a T/C of 23.7%. Disulfide IV-2 presented a T/C% of 2.3 as an highly significant
activity. On the other hand, disulfides did not show antitumor activity against HT-29
colon xenografts in scid mice measured as T/C in percent (Table 5). Therefore, these
results suggest that the alkyl 2-imidazolyl disulfides are antitumor agents and this activity
appears to be selective against specific human tumors as has been tested in human
xenografts growing in scid mice.

Chemopreventive Activity of the Alkyl 2-iinidazolyl Disulflde rV-2.
Disulfide IV-2 was added to the diet at 250 ppm from days 14 to 110 reduced the
number of tumors in colon by 70% and caused a significant reduction in the size of
remaining tumors to min mice gave a significant (p<0.01) reduction in tumor number
(Table 6). The mechanism by which disulfides induce chemopreventive activity in min
mouse model is unknown. However, a system that may play an important role in the
mechanism of action of disulfides is the TR/ Trx redox system.
Several studies have reported that Trx stimulates the proliferation of lymphoid
cells in culture (Oblong, 1994; Wakasugi, 1990). It has been also reported that Trx
protein levels are increased in human cervical neoplastic squamous epithelial cells (Fuji,
1991) and hepatocellular carcinoma (Nakamura, 1992). These evidences may suggest that
Trx plays an important role in cell proliferation and cancer formation. Therefore, drugs
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like disulfides, which inhibit TR/Trx redox system, may act as chemopreventive and
antitumor drugs.
Trx also is involved in the activation of the DNA binding of NF-KB (Hayashi,
1993), which is though to play a role in protecting cell fi-om apoptosis. This activation
may depend upon the Trx location because Trx in cytoplasm plasma inhibits the
transcriptional activity of NF- BCB (Schenk, 1994). Disulfides may also produce their
antitumor and chemopreventive activity by inhibition of the transcriptional activity of NFKB through inhibition of the TR/Trx redox system because TPC appears to be the selective
redox regulator of this transcription factor.
Trx plays an important role in cell protection by detoxification of oxygen radicals
is (Sachi, 1995; Schalkeuther, 1986). In addition, it has also been reported that Trx not
only protects lymphoid cells against oxidative stress by direct scavenging action on H2O2,
but also enhanced the L- cysteine internalization and elevated the GSH content in the cells
(Iwata, 1997). Therefore, disulfides may decrease the GSH levels in cells increasing the
cell sensitivity to apoptosis.

Biotransformation of rV-2 by an Unknown Component in Conditioned Media and
Plasma.
Our results showed that a component present in conditioned media sequestered or
degraded the compound IV-2 (Figure 11). This is shown by the disappearance of the
peak corresponding to rV-2 (a retention time of 8.47 in fi-esh media) in conditioned media
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(chromatogram B). We speculate that the component present in conditioned media
responsible for the disappearance of IV-2 is not GSH because ultra-filtered media
prepared with a filter that removed molecules bigger than 3000 molecular weight did not
degraded or sequestered the disulfide rV-2 (Figure 12). Furthermore, 24 hours of
exposure of conditioned media to air decreased the degradation or sequestration of
compound rV-2 (Figure 13). The effect on the area peak of compound IV-2 was
inversely proportional to the time exposure of conditioned media to room temperature and
air exposure. We speculate that the component present in conditioned media may be
oxidized after air exposure loosing the capability to react with the disulfide IV-2.
The molecule responsible for the degradation of disulfide IV-2 in conditioned
media may be Trx. Human Trx has a molecular weight of 11.5 kDa that is secreted fi-om
cells by a leaderless secretory pathway (Rubartelli, 1992). Our results showed that the
molecule responsible for degradation of disulfide rV-2 is bigger than 3000 molecular
weight and that most be secreted fi-om cells to media as is Trx secreted fi-om cells.
Furthermore, it has been demonstrated that disulfide IV-2 and DLK-36 react with human
reduced Trx degrading the molecule to 2-mercaptoimidazole and the corresponding
thioalkyl (Kirkpatrick, 1998). This evidence support the results obtained in our
experiments in which the peak area corresponding to IV-2 disappears in the
chromatogram fi-om conditioned media. The decreased degradation of IV-2 in aged media
may be explained by the inability of oxidized human Trx to react with the disulfides
(Kirkpatrick, 1998).
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Quantitative Analysis of Disulfides IV-2 and DLK-36 in Mouse Plasma by HPLC.
The same HPLC method developed for the quantitative analysis of IV-2 in media was
used to quantify DLK-36 and IV-2 in mouse plasma. First, 6 |ig of rV-2 or 4 ng of
DLK-36 was added to 200 p.! of human plasma and extraction and HPLC processes were
performed (Figure 14). The retention time for IV-2 was 8.50 and retention time for
DLK-36 was 9.67 min. The internal standard used in this analysis was 2-naphthol which
had a retention time of 11.03 min. Mice were exposed to 15 mg/kg of IV-2 i.v. exposed
to 10 ng/kg of DLK-36and after 2 min blood samples were taken and plasma was
separated. Samples were extracted and injected into the HPLC system. Results showed
that disulfides rV-2 and DLK-36 were presumably degraded when they are i.v.
administered in mice because peaks corresponding to IV-2 or DLK-36 were not present in
the chromatograms. These results are similar to those found with conditioned media
which may suggest that disulfide can react with the macromolecule, possibly Trx, which
degrade the disulfides.

Investigation of the Cell Death by Apoptosis Induced by Disulfides.
This investigation tested the hypothesis that disulfides may have chemopreventive
or antitumor activity by inducing of apoptosis in MCF-7 breast cancer and HT-20 colon
carcinoma cells. The disulfide 111-2 and IV-2 were observed to induce apoptosis in both
HT-29 and MCF-7 cells at concentrations which were approximately twice of the IC50
(Figures 15 and 16). Disulfide IX-2 induced apoptosis on HT-29, but not on MCF-7
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cells. Apoptosis is in part dictated by the cellular redox potential, which is mainly
determined by the reduction and oxidation of GSH and redox proteins such as Trx
(Marchetti, 1997). Disulfide drugs have been reported to be inhibitors of the TR/Trx
system which has been involved in cell growth and apoptosis regulation (Oblong, 1995).
Trx also protects Jurkat T cells fi'om apoptosis induced by L-cystine and GSH fi-ee media
and the mechanism by which Trx protect cell apoptosis may include the direct scavenging
of H2O2 or by enhancing the L-cystine intemalyzation and elevating the intracellular GSH
content (Iwata, 1997). Disulfides does not inhibit glutathione reductase (Kirkpatrick,
1998), but they deplete GSH, as was demonstrated in this study. Therefore, it appears
that induction of apoptosis by disulfides may involve the direct effect of disulfides on both
redox systems, the TR/Trx and GSH redox systems.

GSH Depletion as an Anti-proliferative Mechanism of Disulfides.
Our studies demonstrated that disulfides IV-2 and DLK-36 were able to deplete
GSH levels in human MCF-7 breast cancer cells. In order to determine whether the alkyl
2-imidazolyl disulfides decrease the levels of GSH in MCF-7 cells, GSH was quantified in
exposed and unexposed MCF-7 cells using disulfides IV-2 and DLK-36. Both compounds
were found to cause significant lowering of GSH after one hour of disulfide exposure
(Figures 17 and 18). However, the time curve of GSH recovery to control GSH levels
were different for both compounds. The exposure of MCF-7 cells to IV-2 decreased the
GSH levels for about 50% in on hour and recovery after six hours of time exposure. On
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the other hand, DLK-36 decreased the GSH levels for approximately 75% in one hour of
exposure and GSH levels were returned to control values after 18 hours of disulfide
exposure.

GSH Plays an Important Role in the Regulation of Cell Proliferation.
It is well known that several cells lines are highly dependent on the reduced
condition of the environment for their growth and activation and that cellular redox
potential is maintained by several mechanisms, including the GSH and Trx systems. For
example, it has been reported that GSH enhances the proliferative responses of rabbit and
human peripheral lymphocytes (Fanger, 1970). Furthermore, elevation of GSH levels
increases the resistance of cells to entry into apoptosis (Perovic, 1996). On the other
hand, the depletion of GSH levels in several cell lines is involved with the decrease of cell
growth and apoptosis induction. For example, butyrate decreased HT-29 cell growth
which was related with the decreased of GSH levels (Bernard, 1997). Furthermore,
sodium selenite induced apoptosis in the HT-29 and was related in part for the GSH
deletion (Stewart, 1997).
Disulfides are drugs that inhibit the enzyme TR but not glutathione reductase
Kirkpatrick, 1998). Therefore, GSH depletion for these drugs may be in part by a direct
reaction with GSH molecule and disulfides forming oxidized glutathione (GS-SG) and
disulfide metabolites such as 2-mercaptoimidazole and alkyl and aryl compounds.
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Investigation of the Inhibition of the Transcriptional Activity of NF-KB by
Disulfides as a Potential Anti-proliferative Mechanism.
We observed that compound IV-2 inhibited NF-KB activity in MCF-7 by
approximately 50% at a concentration of 10 ng/ml and 25% of decrease at 2.5 ^g/ml of
rV-2 (Figure 19).
Its possible that disulfide rV-2 inhibits NF-KB activity via Trx redox system
regulation. Trx has been found to have multiple activities, one of them is the redoxregulation of transcription factors, including NF-KB. It has been demonstrated that Trx
induce cell proliferation in MCF-7 cells with a half maximal concentration of growth
stimulation of 350 ng/ml (Gasdaska, 1995). The mechanism of redox regulation of NFKB by Trx in MCF-7 cells is unknown, but may be similar to this observed in WEHI 7.2
cells lymphocytes. Trx is localized in the nucleus in WEHI 7.2 cells (Baker, 1997) in
which Trx appears to positively activate NF-KB. Trx directly reduces a specific cysteine
residue in the p50 subunit of the transcription factor NF-KB in vitro (Matthews, 1992),
therefore stimulating the binding activity of NF-KB to its DNA response element.
Because Trx stimulate the activation of NF-KB which is associated with growth
and resistance to apoptosis, an inhibitor of the Trx redox system like compound IV-2 may
inhibit the NF-KB activity decreasing cell growth activity and sensitizing cells to death by
apoptosis.
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The Growth Inhibition and Apoptosis Induced by the AlkyI 2-iniidazolyl Disulfides
Is not Regulated by the Transcription Factor p53 Protein.
We observed that A1-5 cells containing p53 protein in a mutant conformation
form were more sensitive to disulfide rV-2 and in-2 than those Al-5 cells containing a
p53 protein with wild-type conformation (Figures 20 and 21). For example, the ICso of
IV-2 in Al-5 expressing mutant p53 was twice lower than the ICso of lY-2 in cells
expressing wild-type p53.
The p53 tumor suppressor is a nuclear phosphoprotein that act as a transcription
factor to control the expression of proteins involved in the ceil cycle (Selter, 1994) and,
alternatively, p53 can induce apoptosis cell death. The loss of p53 has been implicated in
tumor progression and functional inactivation of p53 can occur by several mechanisms
including direct genetic mutation, binding to viral proteins or alteration of the subcellular
localization of the protein. Interestingly, experiments have been shown that with
reintroducing wild-type p53 into human colorectal carcinoma cells blocked cell growth
(Baker, 1990).
Mutant form of p53 cooperate with the ras oncogene and mediate transformation
of primary rat embryo fibroblasts in cell culture (Eliyahu, 1988). Mutations of p53 alters
the conformational structure which is detected by the failure of monoclonal antibodies to
recognize mutant proteins (Yewdell, 1986). The Al-5 ceils are primary rat embryo
fibroblasts transformed by transfection with activated ras and plasmid LTR p53 cG, which
directs overexpression of p53-Vall35 (Finlay, 1988). The p53-Vall35 is shown to be
temperature sensitive (Michalovitz, 1990). At 32.5°C, the majority amount of p53 protein
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is in the wild-type conformation which is able to bind to the antibody PAb246^, whereas at
39.5°C, most of the p53 is in a mutant conformation and bind to the antibody Pab240.
This model has been widely used because its allow p53 studies of wild-type or mutant p53
to be continued in a same cell line.
Recently, evidence suggests that may be redox regulation of tumor suppressor
gene p53, specifically by the TR redox system. The sequence specific DNA binding
capacity of p53 translated in vitro is inhibited by oxidizing conditions (Hainault and
Milner 1993), and contrary to this, reduction favors the DNA binding. Studies conducted
in yeast have also shown p53 is redox regulated. For example, the transcriptional activity
of human p53 is inhibited in yeast with a non-functional TR/Trx system (Casso, 1996),
which ectoptic expression of TR in a yeast strain lacking this gene restored the p53dependent reporter gene activity (Pearson and Gary, 1998).
Disulfides which are TR inhibitors are more toxic against A1-5 cells expressing
mutant p53 than those expressing wild-type p53. These results suggest that these
compounds can exert their growth inhibitory activity by a mechanism in which p53
transcriptional activity may not involved; however, it is necessary to perform other studies
that can confirm this results.

Based on the evidences found in the literature, I propose a model (Figure 22)
which speculates possible sites of action of the alkyl 2-imidazolyl disulfides to produce
their potential antitumor activity through inhibition of the TR/Trx system. First, they
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decrease Trx levels resulting in an overall lower level of growth factor activity of Trx.
Second, they inhibit the activity of transcription factors such as NF-KB, an anti-apoptotic
protein because they decrease levels of Trx, the specific redox regulator of NF-KB, by
inhibition of TR. Third, disulfides may decrease cell growth or induce apoptosis by
regulating the transcriptional activity of p53 which is a redox regulated pro-apoptotic
tumor suppressor protein regulated by redox conditions.
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Figure 22: Proposed hypothesis for the mechanism of action of the alkyl 2-imidazolyl
disulfides on the antitumor activity by acting at different levels where Trx may have a
growth stimulation activity.
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FUTURE STUDIES
Measure of a Radioactive Disulfide in Conditioned Media or in Plasma from Mice.
The HPLC system developed in this investigation was unable to detect the possible
metabolites formed after disulfide exposure such as 2-mercaptoimidazol and the alkyl or
aryl sulfide to conditioned media or mice injected with IV-2 or DLK-36. An alternative to
detect metabolite is the use of radioactively labeled disulfides. This experiment would
confirm the hypothesis that disulfides are immediately degraded when they are exposed to
conditioned media.

Quantitation of Disulfides After the Exposure to Difierent Concentrations of Trx or
GSH in Fresh Media.
The degradation of disulfides appears to be by the presence of a component bigger
than the GSH molecule and appears to be redox sensitive. It should be informative to
show if the presence of high concentrations of Trx may be proportional to the degradation
of the disulfides. The exposure of disulfides to GSH also should be addressed. This may
give information about the possible interaction of GSH in the degradation of disulfides.

Inhibition of the Transcriptional Activity of p53 by Disulfides.
The Trx redox regulation of p53 has been suggested recently. However this
hypothesis has not been answered. The model that has been used recently has been the
use of yeast strains lacking the TR gene. Should be interesting to study the
transcriptional activity of p53 using reporter construct in human cells with a dominant
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negative Trx transfection to see whether the transcriptional activity of p53 modified by the
absence of Trx or the presence of disulfides.

CONCLUSIONS
1. Disulfides are potent inhibitors of the cell growth of the 60 human cancer ceil lines
used by the NCI to screen new anticancer drugs.
2. Disulfides are antitumor agents tested in scid mouse model and also are
chemopreventive agents by decreasing the number of tumors and tumor size in min mouse
model.
3. Disulfides are degraded immediately in media supporting MCF-7 cell growth and a
molecule of a molecular weight bigger than 3000 m.w. may be responsible for the
disulfide degradation.
4. The molecule responsible for disulfide degradation apparent to be redox sensitive
5. Disulfides induce apoptosis in MCF-7 and HT-29 cells
6. Disulfides decrease the levels of cellular GSH at least after 6 hours of exposure
7. Disulfides inhibit the transcriptional activity of NF-KB MCF-7 cells.
8. Al-5 cells expressing mutant p53 are more sensitive to growth inhibition to disulfides
than those expressing wild-type p53.
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