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Novel selenazolidine prodrugs of selenocysteine are being developed as potential selenium
delivery agents for cancer chemoprevention and other clinical uses. The 2-unsubstituted
compound, selenazolidine-4(R)-carboxylic acid (L-SCA), and the 2-oxo- and 2-methyl analogues
possessing D-stereochemistry (D-OSCA and D-MSCA, respectively) were synthesized and
chemically characterized. L/D pairs, along with other organoselenium compounds and common
inorganic forms, were studied in cultured V79 cells to understand their inherent toxicity and
their ability to induce selenium-dependent glutathione peroxidase (GPx) activity, which
indicates the provision of biologically available selenium. All of the selenazolidines were much
less toxic to the cells than was sodium selenite (IC50 ≈ 17 µM) or the parent selenolamines, L-
or D-selenocystine (IC50 ≈ 34 or 39 µM, respectively); OSCA was less toxic than MSCA. The
stereoisomers of OSCA produced very different IC50 values (L-OSCA, ∼451 µM; D-OSCA, >3000
µM), while the IC50 values derived for the stereoisomers of MSCA were of the same order of
magnitude (L-MSCA, ∼79 µM; D-MSCA, ∼160 µM). Compounds possessing L-stereochemistry
were at least as active with respect to GPx induction as was sodium selenite (2.2-fold increase
at 15 µM). L-Selenocystine produced a 4.2-fold increase in GPx activity at 30 µM, while L-SCA
produced a 5.9-fold increase, followed by L-OSCA (4.6-fold) and L-MSCA (2.1-fold), all at 100
µM. Compounds possessing D-stereochemistry showed minimal ability to induce GPx activity
(D-selenocystine, 1.0-fold increase; D-OSCA, 1.4-fold increase; D-MSCA, 1.3-fold increase).

Introduction

The element selenium, first described by Berzelius in
1817, was considered a poisonous substance for centu-
ries. It was not until the 1950s that a nutritional role
for selenium was appreciated in grazing animals and
other livestock. In the 1970s, selenium was recognized
as an essential micronutrient in human physiology,
largely through its participation in the antioxidant
defense system.1,2

Selenium is attracting considerable attention aside
from its role as a micronutrient. Among other interest-
ing pharmacological effects, selenium has exhibited
exciting activity as a cancer chemopreventive agent in
a variety of organs.3-8

Several selenium-containing compounds are used as
part of vitamin/mineral supplementation products to
ensure nutritional adequacy. However, new uses of
selenium, such as in chemoprevention, require the
element to be looked at as a pharmacological agent,
whose clinical utility may require long-term administra-
tion at supranutritional levels. Current commercially
available selenium supplements rely on inorganic forms
such as sodium selenite and sodium selenate. While
these forms have demonstrated value in replenishing
depleted selenium levels, they have a narrow therapeu-
tic index, and their metabolic conversion to H2Se (the
“central selenium pool”; see Figure 1) depletes gluta-

thione (GSH) and may exhibit unacceptable toxicity
when long-term or high-dose administration in humans
is the ultimate goal. The toxicity of inorganic forms of
selenium is well-known from environmental exposures,
as well as laboratory studies.9-11 Toxicity seems to be
at least partially mitigated, and the therapeutic window
is enhanced in many instances by using an organic form
of selenium. Selenomethionine, usually as one compo-
nent of “selenized” yeast grown in high-selenium media,
is another common form found in commercial supple-
ments. Again, selenomethionine is able to provide
selenium to correct nutritional deficiency, but one of its
major metabolic fates is the nonspecific incorporation
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Figure 1. Metabolic fate of common forms of selenium:
SeCys, selenocysteine; (SeCys)2, selenocystine; Me-SeCys, Se-
methyl-L-selenocysteine; GSH, glutathione.
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into proteins in place of methionine.12-14 This decreases
the therapeutic availability of the selenium, sequester-
ing it inappropriately in protein. Selenocysteine, on the
other hand, is subject to a single enzymatic cleavage
step catalyzed by selenocysteine â-lyase15 (Figure 1) that
releases the selenium to the central pool. This pool is
then used for the translational insertion of selenocys-
teine into protein (i.e., the production of a variety of
selenoproteins), as well as for the generation of meth-
ylated metabolites. Both of these types of products may
contribute to selenium-mediated cancer chemopreven-
tion.

Unfortunately, selenocysteine is chemically unstable
and difficult to handle, which has undoubtedly deterred
its study and use. We are applying a prodrug approach
to design forms of selenocysteine that possess reduced
inherent toxicity and improved physicochemical proper-
ties. The prodrugs have been designed to overcome the
barriers that exist with selenocysteine and represent
chemically superior delivery forms for the amino acid
and hence for the element itself.

Our prodrug approach for selenocysteine is based on
an analogous system developed for prodrugs of the thiol
amino acid cysteine.16,17 The prodrugs are condensation
products of selenocysteine and carbonyl compounds,
which produce selenazolidine ring structures (Chart 1).
We have previously reported the synthesis of the 2-oxo-
and 2-methylselenazolidine-4(R)-carboxylic acids (L-
OSCA (1a) and L-MSCA (2a), respectively).18 Herein,
we report the synthesis and chemical characterization
of the 2-unsubstituted compound, selenazolidine-4(R)-
carboxylic acid (L-SCA, 3), as well as analogues of the
other selenazolidines prepared from D-selenocystine,
D-OSCA (1b), and D-MSCA (2b).

Depending on the carbonyl compound used in selen-
azolidine synthesis, which subsequently determines
substitution at the C-2 position, physicochemical prop-
erties and biochemical attributes of the prodrugs can
be modified. MSCA was designed to undergo nonenzy-
matic ring opening and hydrolysis to liberate the free
amino acid (Scheme 1), in analogy with the thiol-
containing compound.16 No stereochemical preference
for selenocysteine release is expected from the L/D-

MSCA pair, although downstream biochemical events,
such as lyase-mediated release of selenium from the
amino acid backbone (Scheme 1), would be expected to
exhibit stereoselectivity. OSCA, on the other hand, is
hypothesized to require the action of 5-oxo-L-prolinase
to release selenocysteine (Scheme 1), also in analogy to
the thiol-containing compound.19 In this case, the L-form
is expected to be preferred by the enzyme over the
D-form for release of the amino acid. Downstream events
would then be identical to those seen after selenocys-
teine release from MSCA (although rates of release may
differ). L-SCA is expected to require the action of
L-proline dehydrogenase to release selenocysteine
(Scheme 1), in analogy to thioproline.20,21

Preliminary biochemical studies of these compounds
were performed in cultured V79 cells to begin to
understand their properties and potential clinical util-
ity. The toxicity of L- and D-selenocystine, the L- and
D-selenazolidines, and other more common selenium-
containing agents was measured by cell viability deter-
minations after 1, 2, or 3 days of exposure. The induction
of cellular selenium-dependent glutathione peroxidase
(GPx) activity was also determined as a measure of the
biological availability of the selenium.

Results and Discussion

Chemistry. The D-forms of selenocystine and the two
selenazolidines were prepared using the same proce-
dures recently reported for the L-forms.18 All physical
characterizations showed virtual, if not actual, identity
between the stereoisomer pairs with the exception of
equal but opposite signs for optical rotation values.

1H and 13C NMR spectra of L-SCA were consistent
with other selenazolidines, as well as with thioproline.
As previously reported,18 the substituents at the 2-posi-
tion exert significant influence on the chemical shift of
the selenium atom. The 77Se spectra of both L- and
D-OSCA show single peaks at a chemical shift of ∼1350
ppm. L- and D-MSCA show two distinct 77Se peaks at a
chemical shift of ∼320 ppm due to the presence of a pair
of diastereomers at C-2. The spectrum of L-SCA, with
its two hydrogen atoms at C-2, showed a 77Se peak at a
chemical shift of ∼215 ppm. Mass spectral data from
L-SCA showed the characteristic six-line pattern of
selenium, with a molecular ion at m/z 182.0, based on
80Se, the major isotope (49.6% natural abundance).22

It is important to note for ultimate compound devel-
opment that prodrug dissociation not only releases the
desired selenocysteine (Scheme 1) but also the carbonyl
compound (or a derivative) used in its construction. For
the prototype compounds studied here, OSCA produces
CO2 as a byproduct, MSCA releases acetaldehyde, and
SCA liberates formaldehyde.

Biological Evaluation. The selenium-containing
agents chosen for comparison to the novel selenazo-
lidines represent some “gold standards” in the field
(sodium selenite, sodium selenate, and L-selenomethion-
ine), as well as two additional agents with reports of
interesting cancer chemopreventive activity. 1,4-Phen-
ylene-bis(methylene)selenocyanate (p-XSC) has been
extensively studied with interesting results in several
tumor models.23-27 Se-methyl-L-selenocysteine was in-
cluded because of growing evidence that monometh-
ylated forms of selenium (i.e., CH3SeH) may be impor-

Chart 1

Scheme 1
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tant in cancer chemoprevention.28-31 Se-methyl-L-
selenocysteine and other derivatives (i.e., methylseleninic
acid32-34) serve as direct precursors for methylselenol
(Figure 1). This represents an interesting alternative
hypothesis to the long-held view that elevated seleno-
protein expression and/or activity is required for chemo-
prevention because these forms appear to contribute
little, if any, to the central pool and hence to seleno-
protein biosynthesis.

Figure 2 presents toxicity data for sodium selenite at
three different time points to illustrate common results
from the time course experiments. Both efficacy (plateau
value) and potency (IC50 value) increased significantly
between days 1 and 2, but no significant differences
were observed between 2- and 3-day time points.

Figure 3 shows the toxicity profile at 2 days of
exposure for selected compounds in graphical form, and
Table 1 presents derived IC50 values at 2 days for all
compounds to facilitate comparison. Sodium selenite
was among the most toxic compounds, as measured by
the MTS cell survival assay (IC50 ≈ 17 µM); sodium

selenate treatment resulted in a much higher IC50 (∼292
µM). The isomers of selenocystine were both quite toxic
as well (IC50 ≈ 35 µM). The L- and D-pair of MSCA
prodrugs produced toxicity of the same general order
of magnitude (IC50(L-MSCA) ≈ 79 µM; IC50(D-MSCA) ≈
160 µM), which would be expected if both prodrugs
undergo identical nonenzymatic ring opening and hy-
drolysis, releasing the free selenol. This suggests that
the free selenol contributes to the toxicity of the sel-
enazolidines. On the other hand, the L- and D-pair of
OSCA prodrugs showed very different toxicity values
(IC50(L-OSCA) ≈ 451 µM; IC50(D-OSCA) > 3000 µM).
This result is consistent with the idea that the enzy-
matic release of the free selenol is preferred for the
L-form, with the D-form being biologically inert. Within
the L-selenazolidines, MSCA produced the lowest IC50
value followed by SCA (∼317 µM) and OSCA. If toxicity
is assumed to reflect release of the free selenol, these
results suggest that L-MSCA is a more efficient release
form than L-OSCA. This is consistent with the nonen-
zymatic release mechanism hypothesized for 2-alkyl-
selenazolidines, in contrast to the enzymatic release
mechanism hypothesized for 2-oxoselenazolidines. The
remaining organoselenium compounds resulted in vary-
ing levels of toxicity to the V79 cells. The other amino
acid based compounds showed low toxicity (IC50(L-
selenomethionine) ≈ 267 µM; IC50(Se-methyl-L-seleno-
cysteine) ≈ 472 µM). In contrast, p-XSC was very toxic
in this system with an IC50 of ∼12 µM.

Table 1 also presents GPx activity in V79 cells after
treatment with the selenium-containing compounds.
The data are presented as the fold increased activity
over untreated control values (17.8 ( 1.2 mU/mg
protein) at 100 µM supplemental selenium (unless
otherwise noted) to facilitate comparison. The concen-
tration at which maximal induction was observed varied
with each compound and did not correlate with IC50 (r2

) 0.0295; data not shown). Two general patterns were
observed in GPx activity as a function of agent concen-
tration (data not shown). Treatment with sodium se-
lenite resulted in a spike in enzyme activity (2.2-fold)
at 15 µM, followed by a sharp decrease probably due to
cytotoxicity. In contrast, a plateau in enzyme activity
was observed after treatment with the selenazolidines.
For example, L-MSCA produced increased GPx activity

Figure 2. Viability of V79 cells (as a percent of untreated
controls) after treatment with sodium selenite for 1 ((), 2 (b),
and 3 (9) days. Each point represents the mean ( SEM of eight
replicates.

Figure 3. Graphical representation of viability data at day 2
for selected compounds: sodium selenite (+), L-OSCA ([),
D-OSCA (]), L-MSCA (b), D-MSCA (O), and L-SCA (9). Each
point represents the mean of eight replicates. Error bars are
omitted for clarity (coefficient of variation averaged less than
11%).

Table 1. Cytotoxicity of Selenium Agents and Their Effect on
GPx Activity in V79 Cells

treatment
IC50

a

(µM)

GPx activityb

(fold induction ( SEM
at 100 µM)

(unless otherwise noted)

Na2SeO3 17 2.2 ( 0.2 (at 15 µM)
Na2SeO4 292 1.9 ( 0.1
L-selenocystine 34 4.2 ( 0.4 (at 30 µM)
D-selenocystine 39 1.0 ( 0.1 (at 30 µM)
L-OSCA 451 4.6 ( 0.4
D-OSCA >3000 1.4 ( 0.1
L-MSCA 79 2.1 ( 0.2
D-MSCA 160 1.3 ( 0.1
L-SCA 317 5.9 ( 0.6
Se-methyl-L-selenocysteine 472 1.5 ( 0.1
p-XSC 12 1.5 ( 0.1 (at 20 µM)
L-selenomethionine 267 1.8 ( 0.1

a IC50 ) concentration producing 50% cell survival after 2 days
of exposure, derived from regression analysis of viability vs
compound concentration graphs. b Untreated control values aver-
aged 17.8 ( 1.2 (mean ( SEM) mU/mg protein.

3310 Journal of Medicinal Chemistry, 2003, Vol. 46, No. 15 Short et al.



between 1.8- and 2.2-fold over the concentration range
100-400 µM. GPx activity has been previously observed
to plateau with increased selenium administration, even
as chemoprevention increases.35 This is one reason that
it is no longer thought to play an important role in
selenium-mediated chemoprevention.

Both inorganic forms, sodium selenite and sodium
selenate, produced a modest increase in GPx activity of
approximately 2-fold. p-XSC showed little GPx induction
(1.5-fold), as did L-selenomethionine (1.8-fold) and Se-
methyl-L-selenocysteine (1.5-fold). L-Selenocystine and
the L-selenazolidines were at least as active as the
benchmark compound, sodium selenite, and usually
were considerably more active (L-MSCA, 2.1-fold; L-
selenocystine, 4.2-fold; L-OSCA, 4.6-fold; L-SCA, 5.9-
fold). The D-forms of selenocystine and the selenazoli-
dine prodrugs produced minimal increases in enzyme
activity (<1.5-fold). This suggests that a stereochemi-
cally sensitive determinant of activity is present at some
point in the pathway. One likely candidate is the lyase-
mediated cleavage of the carbon-selenium bond.

It has been reported that cell culture media and
conditions provide very little selenium to the cells, which
correlates with extremely low baseline activity of GPx.36,37

In fact, selenium in culture media is usually derived
from the particular serum employed; no selenium is
present in the D-MEM product as purchased. The media
formula used here contained approximately 500 nM
selenium (chemical form unknown), as measured by
atomic absorption spectrometry.

Previous studies in a variety of cell lines have
demonstrated the responsiveness of GPx to selenium
supplementation in vitro.36-42 While direct comparisons
with these studies are difficult because of variations in
cell lines, chemical form of selenium, concentration,
timing, and enzyme assay conditions, our data demon-
strated that the selenazolidine prodrugs of L-selenocys-
teine are able to provide biologically available selenium
to cells.

Conclusions

Promising results were observed with the novel
prodrugs of selenocysteine in preliminary work in
cultured mammalian cells. The selenazolidines exhib-
ited reduced toxicity to V79 cells, as measured by an
MTS viability assay, compared to sodium selenite.
Toxicity seemed to depend on the release of the free
selenol, with little stereochemical preference for spon-
taneous release (MSCA) but with a distinct difference
when an enzymatic pathway for release is required
(OSCA). The selenium from the prodrugs of L-seleno-
cysteine (but not of D-selenocysteine) was biologically
available, as measured by the 2.1- to 5.9-fold increase
in selenium-dependent GPx activity, indicating a ster-
eochemical preference for this biological endpoint. The
combination of low toxicity and the ability to deliver
selenium point to the promise of using selenazolidine
prodrugs of L-selenocysteine as new selenium delivery
agents. While L-MSCA showed the lowest ability to
induce GPx activity, its nonenzymatic release mecha-
nism may be advantageous especially in situations of
liver disease or other conditions that compromise the
activity of enzymes required to biotransform L-SCA and
L-OSCA.

Studies in the A/J mouse model are underway to
investigate basic biochemical properties of the prodrugs
in vivo, as well as to investigate their ability to serve
as cancer chemopreventive agents against tobacco-
induced lung carcinogenesis.

Experimental Section

Chemistry. All reagents were purchased from Sigma
Chemical Company (St. Louis, MO), Aldrich Chemical Co.
(Milwaukee, WI), or Fisher Scientific (Pittsburgh, PA). Melting
points were determined on a Laboratory Devices USA Mel-
Temp II melting point apparatus and are uncorrected. Nuclear
magnetic resonance (NMR) spectra were collected using either
a Varian Unity 400 or 500 MHz FT-NMR spectrometer, as
noted. D2O was used as the NMR solvent, and the water peak
was set to δ 4.7 ppm in the 1H spectra. Owing to solubility
problems, it was occasionally necessary to add one drop of 30%
NaOD to the D2O solution. 77Se NMR spectra used dimethyl
selenide (Aldrich) as an external standard set to δ 0.0 ppm.
Infrared (IR) spectral analyses were done using KBr pellets
on a Perkin-Elmer 1600 series FT-IR spectrophotometer. Fast
atom bombardment (FABMS) or electron impact (EIMS) mass
spectrometry analyses were carried out on a Finnegan MAT
95 in the Department of Chemistry at the University of Utah.
Elemental analysis was conducted by Galbraith Laboratories
(Knoxville, TN). Polarimetry experiments were conducted on
a JASCO model DIP-370 digital polarimeter. Thin-layer chro-
matography (TLC) was carried out using Whatman (Clifton,
NJ) flexible backed 60 Å silica gel plates, with a layer thickness
of 0.25 mm, using iodine vapors for visualization.

L-Selenocystine, 2-Oxoselenazolidine-4(R)-carboxylic
Acid (L-OSCA, 1a), and 2-(R,S)-Methylselenazolidine-
4(R)-carboxylic Acid (L-MSCA, 2a). L-Selenocystine, L-
OSCA, and L-MSCA were synthesized and characterized as
described.18 Briefly, selenocystine is prepared from stereo-
chemically defined chloroalanine and elemental selenium. The
selenocystine is then transiently reduced with sodium boro-
hydride and reacted with the carbonyl donor of choice: 1.1′-
carbonyldiimidazole to produce OSCA or acetaldehyde to
produce MSCA.

D-Selenocystine, 2-Oxoselenazolidine-4(S)-carboxylic
Acid (D-OSCA, 1b), and 2-(R,S)-Methylselenazolidine-
4(S)-carboxylic Acid (D-MSCA, 2b). D-Selenocystine, D-
OSCA, and D-MSCA were synthesized following similar pro-
cedures to the L-forms.18

D-Selenocystine: 49% yield; mp 172-174 °C (dec); TLC
n-BuOH/H2O/acetic acid (3:2:1), Rf ) 0.32.; 1H NMR (D2O/
NaOD, 500 MHz) δ 3.6 (dd, J ) 5, 7 Hz, 1H, H-R), 3.3 (dd, J
) 5, 12 Hz, 1H, H-â1), 3.2 (dd, J ) 7, 12 Hz, 1H, H-â2); 13C
NMR (D2O/NaOD, 125 MHz) δ 181.0 (COOH), 56.3 (C-R), 35.8
(C-â); 77Se NMR (D2O/NaOD, 95.3 MHz) δ 288.1; IR (KBr) νmax

3500, 3000 cm-1; FABMS [M+ + 1] m/z 336.9 (80Se); [R]25
D

+27.3° (c 0.5, 0.1 N NaOH). Anal. Calcd for C6H12N2O4Se2: C,
21.6; H, 3.63; N, 8.38. Found: C, 21.4; H, 3.77; N, 8.32.
CAUTION: The preparation of selenocystine produces H2Se
gas. The exhaust from this reaction was forced through two
lead acetate traps, each containing 25 g of lead acetate in 300
mL of water for 2 h. As an added precaution, a respirator rated
for H2S was routinely used during reaction workup.

D-OSCA: 33% yield; mp 145-146 °C (dec); TLC n-BuOH/
H2O/acetic acid (3:2:1), Rf ) 0.65; 1H NMR (D2O, 500 MHz) δ
4.5 (dd, J ) 6, 8 Hz, 1H, H-4), 3.8 (dd, J ) 8, 10 Hz, 1H, H-5a),
3.6 (dd, J ) 6, 10 Hz, 1H, H-5b); 13C NMR (D2O, 125 MHz) δ
181.8, 164.4 (COOH, C-2), 60.1 (C-4), 32.0 (C-5); 77Se NMR
(D2O, 95.3 MHz) δ 1352.8; IR (KBr) νmax 3300, 3000, 1700 cm-1;
FABMS [M+ + 1] m/z 195.9 (80Se); [R]25

D +68.1° (c 0.5, water).
Anal. Calcd for C4H5NO3Se: C, 24.8; H, 2.60; N, 7.22. Found:
C, 25.2; H, 2.69; N, 7.34.

D-MSCA: 60% yield; mp 139-140 °C (dec); 1H NMR (D2O,
400 MHz) diastereomer A δ 5.1 (q, J ) 7 Hz, 1H, H-2), 4.6 (t,
J ) 7 Hz, 1H, H-4), 3.5-3.3 (m, 2H, H-5), 1.7 (d, J ) 7 Hz,
3H, CH3); 1H NMR (D2O, 400 MHz) diastereomer B δ 4.9 (q, J
) 7 Hz, 1H, H-2), 4.3 (dd, J ) 7, 11 Hz, 1H, H-4), 3.5-3.3 (m,
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2H, H-5), 1.7 (d, J ) 7 Hz, 3H, CH3); 13C NMR (D2O, 100 MHz)
diastereomer A δ 171.7 (COOH), 66.4 (C-4), 50.7 (C-2), 24.2
(C-5), 18.8 (CH3); 13C NMR (D2O, 100 MHz) diastereomer B δ
171.5 (COOH), 64.9 (C-4), 50.7 (C-2), 24.2 (C-5), 21.1 (CH3);
77Se NMR (D2O, 76.2 MHz) δ 321.5, 317.0; IR (KBr) νmax 3300,
2950, 1720 cm-1; FABMS [M+ + 1] m/z 195.9 (80Se); [R]25

D

+83.8° (c 0.5, water). Anal. Calcd for C5H9NO2Se: C, 31.0; H,
4.67; N, 7.22. Found: C, 31.4; H, 4.71; N, 7.35.

Selenazolidine-4(R)-carboxylic Acid (L-Selenaproline,
L-SCA, 3). The procedure of DeMarco43 was modified as
follows. L-Selenocystine (0.13 g, 0.39 mmol) was suspended in
a flask containing 0.05 N NaOH (5 mL) and ethanol (1.5 mL)
that had been degassed under vacuum. Sodium borohydride
(0.05 g, 1.3 mmol) was added slowly over about 10 min. The
reaction mixture was stirred for an additional 20 min until it
became colorless and was then placed in an ice bath. The pH
was adjusted to 5-6 with 6 M HCl. Formaldehyde solution
(37%, 0.3 mL, 3.5 mmol) was added slowly over 30 min, and
the reaction mixture was stirred for 3 h. The mixture was
concentrated under vacuum to about 2 mL, and the resulting
solution was loaded on a 2 cm × 8 cm silica gel column, which
was washed with ethyl acetate (300 mL) under argon. The
eluant was dried under vacuum to give 0.1 g, 0.55 mmol (70%),
of white product: mp 160-162 °C (dec) (lit.43 160-164 °C);
1H NMR (D2O, 400 MHz) δ 4.5 (t, J ) 7 Hz, 1H, H-4), 4.4 (d,
J ) 9 Hz, 1H, H-2a), 4.3 (d, J ) 9 Hz, 1H, H-2b), 3.4 (dd, J )
7, 11 Hz, 1H, H-5a), 3.3 (dd, J ) 7, 11 Hz, 1H, H-5b); 13C NMR
(D2O, 100 MHz) δ 170.8 (COOH), 64.4 (C-4), 36.9 (C-2), 23.2
(C-5); 77Se NMR (D2O, 76.2 MHz) δ 215.3; IR (KBr) νmax 3300,
1700 cm-1. EIMS [M - H]+ m/z 182.0 (80Se); [R]25

D -28.0° (c
0.5, water). Anal. Calcd for C4H7NO2Se: C, 26.7; H, 3.92; N,
7.78. Found: C, 26.3; H, 4.09; N, 7.87.

Biological Evaluation. General Cell Culture Proce-
dures and Supplies. V79 Chinese hamster lung fibroblasts
(V79-4) were purchased from American Type Culture Collec-
tion (Manassas, VA). Sigma Chemical Company (St. Louis,
MO) was the source of the following supplies: powdered
Dulbecco’s modified minimum essential media (D-MEM),
sodium bicarbonate, Hanks’ balanced salt solution, trypsin (1:
250), phosphate-buffered saline (PBS), and antibiotic/antimy-
cotic solution (100X). Sodium dodecyl sulfate was purchased
from BioRad Laboratories (Richmond, CA). Fetal Clone I
serum was obtained from HyClone Laboratories (Logan, UT).
Cell survival was measured by the MTS method using a Cell
Titer 96 AQueous One Solution Cell Proliferation kit from
Promega (Madison, WI). GPx activity was determined using
the BioxyTECH GPx 340 assay kit from OxisResearch (Port-
land, OR). Sodium selenite and sodium selenate were obtained
from Sigma. L-Selenomethionine and Se-methyl-L-selenocys-
teine were purchased from Acros Organics (Morris Plains, NJ).
p-XSC was generously provided by Dr. Pramod Upadhyaya,
University of Minnesota Cancer Center.

The cells were maintained in a humidified 5% CO2/air
atmosphere at 37 °C in D-MEM containing 3.7 g/L sodium
bicarbonate, 10% Fetal Clone I serum, and 0.1% antibiotic/
antimycotic solution. Cultures were passaged every 3 days.
Cell numbers were determined using a Coulter Counter, model
Z1 (Beckman Coulter, Fullerton, CA) particle counter.

Protein concentration was measured with a Bradford assay
(Sigma kit). A SPECTRAmax 250 microplate spectrophoto-
meter with SOFTmax PRO software (Molecular Devices Corp.,
Sunnyvale, CA) was used for the MTS and Bradford assays
and the GPx activity measurements. The selenium content of
the cell culture media was measured using a Perkin-Elmer
Optima 3100 XL atomic absorption spectrometer (Perkin-
Elmer, Shelton, CT) after overnight digestion with 90% nitric
acid/10% perchloric acid.

Cell Viability by MTS Assay. Wells of a 96-well plate were
seeded with a cell number appropriate for the number of days
in culture: 1 × 104 cells (1 day), 2.5 × 103 cells (2 days), or 1
× 103 cells (3 days). The plates were incubated overnight to
allow the cells to adhere. The media was removed from each
well and was replaced with 0.2 mL of freshly made solutions
(pH 7-7.5) of the following drugs in complete media at various

concentrations (0-3000 µM): sodium selenite, sodium sel-
enate, L- and D-selenocystine, L- and D-OSCA, L- and D-MSCA,
L-SCA, Se-methyl-L-selenocysteine, p-XSC, and L-seleno-
methionine. The cells were incubated with the treatment
solutions for 1, 2, or 3 days. At the appropriate time point,
the media was removed and cell viability was determined by
adding 0.12 mL of a 1:5 dilution of MTS tetrazolium dye in
media. The plates were incubated for 2 h, and 10% SDS (0.025
mL) was then added to quench the reaction. The plates were
stored at 4 °C overnight. Prior to taking absorbance measure-
ments, the plates were warmed slightly at 37 °C (10-15 min).
The absorbance at 490 nm was determined, and the value
corresponding to the blank well was subtracted from each
sample measurement. Mean absorbance values ((SEM) of
treated cells were compared to untreated controls (100%
viability); N ) 8. Differences in cell viability as a function of
time were analyzed by a one-way ANOVA followed by a
Tukey-Kramer multiple comparisons test. Statistical signifi-
cance was set at p < 0.05. IC50 values were derived from
regression analysis of the viability vs concentration plots (for
the 2-day exposure) to facilitate comparison.

GPx Activity. Culture flasks (25 cm2) containing 10 mL of
media were seeded with 5.0 × 105 cells for each treatment
group as well as untreated controls. The flasks were then
incubated at 37 °C overnight to allow adhesion of cells. The
media was removed and was replaced with 10 mL of freshly
made solutions (pH 7-7.5) of the following compounds in
complete media at the concentrations indicated (µM): sodium
selenite (0-30), sodium selenate (0-400), L- and D-selenocys-
tine (0-60), L- and D-OSCA (0-400), L- and D-MSCA (0-400),
L-SCA (0-400), Se-methyl-L-selenocysteine (0-400), p-XSC
(0-20), and L-selenomethionine (0-400). Controls received 10
mL of fresh media. After incubating for 48 h with treatment
solutions, the media was removed and fresh media was added
(10 mL). The flasks were incubated for an additional 24 h. The
media was poured off, and the cells were washed twice with
ice-cold phosphate-buffered saline.

The adherent cells were removed from the flask with a
rubber policeman and were sonicated at 4 °C (three 10 s pulses
with 30 s intervals; Branson 2201 sonicator, Branson Ultra-
sonics, Corp., Danbury, CT) in 1 mL of cold Tris-HCl buffer
(50 mM, pH 7.5, containing 5 mM EDTA and 1 mM 2-mer-
captoethanol). The lysed cells were centrifuged (5000g, 20 min)
at 4 °C. The supernatant was assayed for GPx activity using
tert-butyl hydroperoxide to initiate the reaction, monitoring
the rate of NADPH consumption at 340 nm over a 3-min
period. Conversion to mU of enzyme activity used 0.00622
mM-1 cm-1 as the extinction coefficient for NADPH at 340 nm.
The protein concentration of the supernatant was determined
using a Bradford assay. Results were expressed as the mean
GPx activity ( SEM as mU/mg protein; N ) 9. Fold induction
at 100 µM (unless otherwise noted) over untreated control
cultures was then calculated to facilitate comparison. Un-
treated control activity averaged 17.8 ( 1.2 mU/mg protein.

Acknowledgment. Partial financial support from
the Cancer Research Foundation of America and NIH
Grant R01 GM58913 is gratefully acknowledged. Un-
derlying support for University of Utah facilities from
NIH Grants 5 P30 CA42014, 1 S10 RR14768, and
RR06262 and from the Huntsman Cancer Institute is
appreciated. Thanks are also extended to Dr. Pramod
Upadhyaya, University of Minnesota Cancer Center,
who generously provided the p-XSC.

References
(1) Oldfield, J. E. The Two Faces of Selenium. J. Nutr. 1987, 117,

2002-2008.
(2) Foster, L. H.; Sumar, S. Selenium in Health and Disease: A

Review. Crit. Rev. Food Sci. Nutr. 1997, 37, 211-228.
(3) Clark, L. C.; Combs, G. F., Jr.; Turnbull, B. W.; Slate, E. H.;

Chalker, D. K.; Chow, H.; Davis, L. S.; Glover, R. A.; Graham,
G. F.; Gross, E. G.; Krongrad, A.; Lesher, J. L.; Park, K.; Sanders,

3312 Journal of Medicinal Chemistry, 2003, Vol. 46, No. 15 Short et al.



B. B.; Smith, C. L.; Taylor, J. R. (Nutritional Prevention of
Cancer Study Group). Effects of Selenium Supplementation for
Cancer Prevention in Patients with Carcinoma of the Skin. J.
Am. Med. Assoc. 1996, 276, 1957-1963.

(4) Nelson, M. A.; Porterfield, B. W.; Jacobs, E. T.; Clark, L. C.
Selenium and Prostate Cancer Prevention. Semin. Urol. Oncol.
1999, 17, 91-96.

(5) Kelloff, G. J.; Crowell, J. A.; Steele, V. E.; Lubet, R. A.; Malone,
W. A.; Boone, C. W.; Kopelovich, L.; Hawk, E. T.; Lieberman,
R.; Lawrence, J. A.; Ali, I.; Viner, J. L.; Sigman, C. C. Progress
in Cancer Chemoprevention: Development of Diet-Derived
Chemopreventive Agents. J. Nutr. 2000, 130, 467S-471S.

(6) Kelloff, G. J.; Lieberman, R.; Steele, V. E.; Boone, C. W.; Lubet,
R. A.; Kopelovich, L.; Malone, W. A.; Crowell, J. A.; Higley, H.
R.; Sigman, C. C. Agents, Biomarkers, and Cohorts for Chemo-
preventive Agent Development in Prostate Cancer. Urology
2001, 57, 46-51.

(7) Witschi, H. Successful and Not So Successful Chemoprevention
of Tobacco Smoke-Induced Lung Tumors. Exp. Lung Res. 2000,
26, 743-755.

(8) Duffield-Lillico, A. J.; Reid, M. E.; Turnbull, B. W.; Combs, G.
F., Jr.; Slate, E. H.; Fischbach, L. A.; Marshall, J. R.; Clark, L.
C. (Nutritional Prevention of Cancer Study Group). Baseline
Characteristics and the Effect of Selenium Supplementation on
Cancer Incidence in a Randomized Clinical Trial: A Summary
Report of the Nutritional Prevention of Cancer Trial. Cancer
Epidemiol., Biomarkers Prev. 2002, 11, 630-639.

(9) Mahan, D. C.; Moxon, A. L. Effect of Inorganic Selenium
Supplementation on Selenosis in Postweanling Swine. J. Anim.
Sci. 1984, 58, 1216-1221.

(10) O’Toole, D.; Raisbeck, M. F. Pathology of Experimentally Induced
Chronic Selenosis (Alkali Disease) in Yearling Cattle. J. Vet.
Diagn. Invest. 1995, 7, 364-373.

(11) Schey, K. L.; Fowler, J. G.; Shearer, T. R.; David, L. Modifications
to Rat Lens Major Intrinsic Protein in Selenite-Induced Cataract.
Invest. Ophthalmol. Visual Sci. 1999, 40, 657-667.

(12) Ip, C. Lessons from Basic Research in Selenium and Cancer
Prevention. J. Nutr. 1998, 128, 1845-1854.

(13) Combs, G. F., Jr. Chemopreventive Mechanisms of Selenium.
Med. Klin. (Muenchen) 1999, 94 (Suppl. III), 18-34.

(14) Burk, R. F.; Hill, K. E.; Motley, A. K. Plasma Selenium in Specific
and Non-specific Forms. Biofactors 2001, 14, 107-114.

(15) Esaki, N.; Nakamura, T.; Tanaka, H.; Soda, K. Selenocysteine
Lyase, a Novel Enzyme That Specifically Acts on Selenocysteine.
J. Biol. Chem. 1982, 257, 4386-4391.

(16) Nagasawa, H. T.; Goon, D. J. W.; Zera, R. T.; Yuzon, D. L.
Prodrugs of L-Cysteine as Liver-Protective Agents. 2(RS)-Me-
thylthiazolidine-4(R)-carboxylic Acid, a Latent Cysteine. J. Med.
Chem. 1982, 25, 489-491.

(17) Roberts, J. C.; Nagasawa, H. T.; Zera, R. T.; Goon, D. J. W.
Prodrugs of L-Cysteine as Protective Agents against Acetami-
nophen-Induced Hepatotoxicity. 2-(Polyhydroxyalkyl)- and 2-(Poly-
acetoxyalkyl)thiazolidine-4(R)-carboxylic Acids. J. Med. Chem.
1987, 30, 1891-1896.

(18) Xie, Y.; Short, M. D.; Cassidy, P. B.; Roberts, J. C. Selenazo-
lidines as Novel Organoselenium Delivery Agents. Bioorg. Med.
Chem. Lett. 2001, 11, 2911-2915.

(19) Williamson, J. M.; Meister, A. New Substrates of 5-Oxo-L-
prolinase. J. Biol. Chem. 1982, 257, 12039-12042.

(20) Bohler, S.; Wagner, K.; Bassler, K. H. Metabolism of L-Thiazo-
lidine-4-carboxylic Acid. Infusionstherapie 1989, 16, 82-86.

(21) Deutch, C. E. Oxidation of L-Thiazolidine-4-carboxylate by
L-Proline Dehydrogenase in Esherichia coli. J. Gen. Microbiol.
1992, 138, 1593-1598.

(22) Web Elements (http://www.webelements.com/webelements/
elements/text/Se/key.html).

(23) El-Bayoumy, K.; Upadhyaya, P.; Chae, Y.-H.; Sohn, O. S.; Rao,
C. V.; Fiala, E.; Reddy, B. S. Chemoprevention of Cancer by
Organoselenium Compounds. J. Cell. Biochem. 1995, S22, 92-
100.

(24) Reddy, B. S.; Wynn, T. T.; El-Bayoumy, K.; Upadhyaya, P.; Fiala,
E.; Rao, C. V. Evaluation of Organoselenium Compounds for
Potential Chemopreventive Properties in Colon Cancer. Anti-
cancer Res. 1996, 16, 1123-1128.

(25) Reddy, B. S. Novel Approaches to the Prevention of Colon Cancer
by Nutritional Manipulation and Chemoprevention. Cancer
Epidemiol., Biomarkers Prev. 2000, 9, 239-247.

(26) Prokopczyk, B.; Rosa, J. G.; Desai, D.; Amin, S.; Sohn, O. S.;
Fiala, E. S.; El-Bayoumy, K. Chemoprevention of Lung Tum-
origenesis Induced by a Mixture of Benzo[a]pyrene and 1-(3-
Pyridyl)-1-butanone by the Organoselenium Compound 1,4-
Phenylene-bis(methylene)selenocyanate. Cancer Lett. 2000, 161,
35-46.

(27) Rao, C. V.; Cooma, I.; Rodriguez, J. G.; Simi, B.; El-Bayoumy,
K.; Reddy, B. S. Chemoprevention of Familial Adenomatous
Polyposis Development in the APC(min) Mouse Model by 1,4-
Phenylene-bis(methylene)selenocyanate. Carcinogenesis 2000,
21, 617-621.

(28) Ganther, H. E. Selenium Metabolism, Selenoproteins and Mech-
anism of Cancer Prevention: Complexities with Thioredoxin
Reductase. Carcinogenesis 1999, 20, 1657-1666.

(29) Sinha, R.; Unni, E.; Ganther, H. E.; Medina, D. Methylseleninic
Acid, a Potent Growth Inhibitor of Synchronized Mouse Mam-
mary Epithelial Tumor Cells in Vitro. Biochem. Pharmacol.
2001, 61, 311-317.

(30) Ip, C.; Thompson, J. H.; Zhu, A.; Ganther, H. E. In Vitro and in
Vivo Studies of Methylseleninic Acid: Evidence That a Monom-
ethylated Selenium Metabolite Is Critical for Cancer Chemo-
prevention. Cancer Res. 2000, 60, 2882-2886.

(31) Medina, D.; Thompson, H.; Ganther, H.; Ip, C. Se-Methylsele-
nocysteine: A New Compound for Chemoprevention of Breast
Cancer. Nutr. Cancer 2001, 40, 12-17.

(32) Dong, Y.; Ganther, H. E.; Stewart, C.; Ip, C. Identification of
Molecular Targets Associated with Selenium-Induced Growth
Inhibition in Human Breast Cells Using cDNA Microarrays.
Cancer Res. 2002, 62, 708-714.

(33) Gromer, S.; Gross, J. H. Methylseleninate is a Substrate Rather
than an Inhibitor for the Antitumor Effects of Selenium. J. Biol.
Chem. 2002, 277, 9701-9706.

(34) Zhu, Z.; Jiang, W.; Ganther, H. E.; Thompson, H. J. Mechanisms
of Cell Cycle Arrest by Methylseleninic Acid. Cancer Res. 2002,
62, 156-164.

(35) Weiss, S. L.; Evenson, J. K.; Thompson, K. M.; Sunder, R. A.
The Selenium Requirement for Glutathione Peroxidase mRNA
Level Is Half of the Selenium Requirement for Glutathione
Peroxidase Activity in Female Rats. J. Nutr. 1996, 126, 2260-
2267.

(36) Leist, M.; Raab, B.; Maurer, S.; Rösick, Y.; Brigelius-Flohé, R.
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