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Abstract. The present study examined the mammary cancer
chemopreventive activity of Se-methylselenocysteine, Se-propyl-
selenocysteine and Se-allylselenocysteine in the rat methyl-
nitrosourea (MNU) model. Each compound was supplemented
in the diet at a level of 2 ppm Se for the entire duration of the
experiment after MNU dosing. Se-Allylselenocysteine was the
most active and caused a reduction in total tumor yield by 86%.
Se-Methylselenocyteine and Se-propylselenocysteine were similar
but less effective, and both produced a decrease of about 50% in
umonigenesis. All three compounds were very well absorbed
through the gastrointestinal tract. However, more selenium was
excreted in urine after gavaging with Se-propylselenocysteine or
Se-allylselenocysteine compared with Se-methylselenocysteine.
Analysis of selenium in the mammary gland and other organs
showed that tissue selenium levels did not appear to be
correlated with differences in chemopreventive activity. A lyase
activity capable of catalyzing scission of the Se-alkyl group from
the remainder of the amino acid was demonstrated. This activity
was found to be high in liver and kidney, but relatively low in
mammary gland and intestine. Minimal variations in enzyme
activity towards each of the substrates were observed. Our results
support the concept that Se-alkylselenoamino acids could be
used as precursors for delivering the Se-alkyl moiety and that
intrinsic chemical differences in the Se-alkyl substituent of the
test compounds are likely to be important determinants of their
biological effects.

Dietary administration of organic and inorganic forms of
selenium using levels above the nutritional range produces
powertul anticarcinogenic effects in animal tumor models (1).
Recent studies in humans also suggest that supplemental
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selenium can have chemopreventive effects against various
types of cancer (2). Besides having cancer preventive activity,
selenium is a naturally occurring toxicant as well as an
essential trace element that functions as a component of
selenoproteins; approximately a dozen genes encoding
selenocysteine-containing selenoproteins have been found
thus far in mammals (3-5).

It is uncertain whether selenoproteins are involved in
selenium’s chemopreventive effects. The activities of well-
known selenoproteins such as glutathione peroxidase and
type I deiodinase reach maximum levels already at normal
levels of dietary selenium (6,7). On the other hand, a recent
report indicated that thioredoxin reductase may show
elevated activity as dietary selenium is increased above the
nutritional range (8). Most of the forms of selenium express
dual activity, supplying selenium for selenoprotein synthesis
as well as producing chemopreventive response (9). However,
some very stable organic form, as exemplified by
triphenylselenonium chloride, gives good chemopreventive
activity without releasing sufficient selenium for measurable
selenoprotein synthesis (10,11). It is important to keep in
mind that selenium may have multiple mechanisms for
anticarcinogenic action, arising from selenoproteins or low
molecular weight metabolites.

Over the past decade, we have investigated mechanisms of
anticarcinogenic activity by transient low molecular weight
selenium metabolites generated through intermediary
metabolism, as reviewed elsewhere ( 1,12). Methylation is an
important metabolic fate of selenium in microorganisms,
plants, and animals. Mono-, di-, and tri-methylated forms of
selenium are well- known metabolites. Monomethylated
selenoamino acids (Se-methylselenocysteine and selenome-
thionine) are important naturally occurring forms of selenium
in plants. Methylated selenoamino acids are readily converted
in animals to the methylated metabolites (13). The generation
of monomethylated selenium metabolites is a prominent
feature of selenium compounds having superior chemo-
preventive activity (1,14). A useful chemopreventive strategy,
therefore, is to administer selenium in the diet in the form of
well-absorbed, stable, methylated selenoamino acid pre-
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cursors, that release the Se-alkyl moiety through lyase action
(12). The renal cysteine conjugate 8 lyases are active in this
regard (15), but there may be other tissue sites which are
capable of metabolizing the alkylated selenoamino acids.

The present study extends our earlier work by comparing
the chemopreventive effects of Se-methylselenocysteine with
analogs containing a Se-allyl or Se-propyl group (Figure 1).
These additional forms were tested because they are the
selenium analogs of S-allyl and S-propylcysteine, which are
naturally occurring sulfur amino acids in garlic and onion
(16). Differences in cancer chemopreventive activity have
been noted for allyl versus propyl organosulfur compounds,
suggesting that the presence of a double bond in the allyl
moiety may have a unique effect (17). Routes of excretion
and tissue selenium levels, as well as tissue cysteine conjugate
B lyase activities, were also investigated in this study.

Materials and Methods

Synthesis of Se-alkylselenocysteine derivatives. D,L-selenocystine and other
biochemicals were purchased from Sigma Chemical Co. (St. Louis, MO).
Jodomethane, jodopropane, and allyl bromide were obtained from
Aldrich Chemical Co. (Milwaukee, WI). D,L-selenocystine was reduced
with sodium borohydride and reacted with the alkyl halide, using a
slightly modified version of the method described previously for Se-
methylselenocysteine ( 18). In the case of Se-propylselenocysteine, the
reaction time with iodopropane was increased to 3 days because of the
lower reactivity of n-propyl compared to the other alkyl halides. The Se-
alkylselenocysteine amino acids were routinely identified by reaction
with ninhydrin following TLC on cellulose plates using n-butanol:acetic
acid:water (120:30:50); Rf values were approximately 0.45, 0.77, and
0.63 for Se-methyl, Se-propyl, and Se-allylselenocysteine, respectively.
Purity was established by HPLC analysis of the N-DNP derivatives
following derivatization with 2,4-dinitrofluorobenzene ( 19), as well as by
FAB mass spectrometry.

The only previous mention of Se-allylselenocysteine in the chemical
literature is the brief report by Spare and Virtanen (20), who prepared it
from selenocysteine and allyl bromide and described it as a white solid
similar to its sulfur analog, but gave no other details; therefore its
synthesis is described here in some detail. One gram of D,L-
selenocystine (6.3 mmol Se) was suspended in 25 ml of water and flushed
with nitrogen in a 3-neck flask fitted with a glass pH electrode and
magnetic stirrer. Additional buffering was provided using 10 ml of 1%
NaHCO3 and sufficient HCI to bring the pH to 6.8. A 1 M aqueous
solution of NaBH, was added slowly to the yellow suspension until the
diselenide was reduced to a colorless solution of the selenol, while
maintaining the pH at 6.8. After decreasing the flow of nitrogen, allyl
bromide (0.7 ml, 8.6 mmol) was added in several portions and the
reaction stirred under nitrogen, using additional KOH to maintain the
pH near 6.8. After 3 hrs. of reaction, the solution was opened to the air
and stirred overnight (this step allows any unreacted selenocysteine to
autooxidize to selenocystine, which is more easily removed by
subsequent chromatography). To remove salts and selenocystine, the
sample was adjusted to pH 3.4 for cation exchange chromatography on a
5 X 14 cm SP Sephadex column (H+ form) previously equilibrated with
H,0. After washing with 250 ml H,0, the amino acids were eluted with
0.1 N HCL Ninhydrin-positive fractions were analyzed by TLC. Under
the above condition, Se-allylselenocysteine was eluted in pure form, well
ahead of selenocystine, Pure fractions were pooled and analyzed for
selenium (vield 91%). A sample was evaporated to dryness under
vacuum at 40° and subjected to NMR analysis in DO at the University
of Texas Medical Branch, NMR facility (Jeol GX 270). 1. 2.82 (2H,
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R-Se-CH,-CH(NH;)-COOH

methylselenocysteine, R= CHj;-
propylselenocysteine, R= CH;-CH,-CH;-

allylselenocysteine, R= CH,=CH-CH;-

Figure 1. Structures of alkylselenocysteine evaluated in present study.

CH,Se), 3.07 (d, 2H, CH;Se), 3.74 (1H, CHNHy), 492 (HyC=), 5.72
(=CH-). 3C: 227 (Se-CHy), 26.3 (CHy- S¢), 54.0 (C-N), 117.4 (=CHy),
134.6 (HC=), 172.9 (C=0).

Design of mammary cancer prevention experiment. Mammary cancer
prevention by Se-methylselenocysteine, Se-propylselenocysteine or Se-
allylselenocysteine was studied with the use of the methylnitrosourea
(MNU) model. Pathogen-free female Sprague-Dawley rats were
purchased from Charles River Breeding Laboratories. They were fed the
standard AIN-76A diet (21) for several days in order to acclimatize them
to the powder ration. The AIN-76 mineral mix provides 0.1 ppm Se (as
sodium selenite) to the diet. A total of 120 rats were injected with a
single dose of 10 mg of MNU intraperitoneally at 50 days of age and
were then divided equally into 4 groups according to their treatment
protocol. Each of the three selenium compounds was added to the basal
diet at a final concentration of 2 ppm Se. The schedule of
supplementation started at 3 days after MNU and continued until the
end of the experiment. Rats were palpated weekly to determine the
appearance, size and location of mammary tumors. The experiment was
terminated at 21 weeks after carcinogen administration. At necropsy, all
tumors were excised and fixed for histological evaluation. Only
confirmed adenocarcinomas are reported in the results. Tumor
incidences at the final time point were compared by chi-squared analysis,
and the total umor yield was compared by frequency distribution analysis
as described previously (22).

Tissue selenium analysis. Liver, kidney, mammary gland and plasma
samples (n=8/group) were coliected from the above carcinogenesis
experiment at necropsy. They were immediately frozen in liquid nitrogen
and stored at -80°C until ready for analysis. Selenium concentrations
were determined by the fluorometric method of Olson et al (23).

Urinary and fecal excretion studies. Rats were fasted overnight before the
experiment. In the morning, they were given by gavage a single dose of
Se-methylselenocysteine, Se-propylselenocysteine or Se-allylseleno-
cysteine (dissolved in 1 ml of water) before being placed individually in
glass metabolic cages for the collection of urine and feces (n=6/group).
The dose of each compound was equal to the amount consumed in 1 day
by an animal fed a diet containing 2 ppm Se (identical to the level used
in the carcinogenesis experiment). For a 60-day old female rat, the
average food intake is about 13 g per day. Thus the daily ingestion of
selenium from a diet containing 2 ppm Se is calculated to be 26 pg.
Urine and feces were collected at the end of 24 and 48 hours as
described in our previous publication ( 10). During this time, animals
were given free access to water and food (basal diet containing 0.1 ppm
Se). Selenium concentrations in the urine and feces samples were
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Table 1. Mammary cancer prevention by methylselenocysteine, propylseleno-
cysteine or allylselenocysteine in rats given a single dose of MNU.

Table II. Tissue selenium levels in rats fed methylselenocysteine,
propylselenocysteine or allylselenocysteine®.

Tumor Total No.
Treatment® incidence of tumors % inhibition®
None 26/30° 90°
Methylselenocysteine 13/30¢ 429 54%
Propylselenocysteine 15/30¢ . 46° 49%
Allylselenocysteine 9/30° 13° 86%

®  Each selenium compound was supplemented in the diet at a

concentration of 2 ppm Se for the entire duration of the
experiment after MNU dosing.

% inhibition of tumorigenesis calculated based on the total tumor
number data.

Values with different superscripts are significantly different from
each other (P<0.05).

cde

determined by the fluorometric method (23). The average background
value from control animals (given no Se-alkylselenocysteine) was
subtracted from the experimental measurements. The results are
expressed as percentage of the dose excreted in each 24-hour period.

Determination of f-lyase activity. Control rats not treated with Se-
alkylselenocysteine were used in this study. Liver, kidney, mammary
gland and small intestine were excised at sacrifice. The intestinal lumen
was washed with PBS and intestinal epithelial cells were collected by
scraping the surface of the lumen. A 50% homogenate (w/v) of each
tissue was prepared in ice-cold potassium phosphate buffer (50 mM, pH
7.4) using a Polytron homogenizer. After centrifugation at 9,000 g for 30
min., the supernatant was decanted and centrifuged at 100,000 g for 60
min. to give the cytosolic fraction. The latter was dialyzed overnight
against a 20-fold excess of potassium phosphate buffer at 4°C and stored
at -80°C until ready for analysis.

Measurement of B-lyase activity was carried out by the method of
Stijntjes et al (24). The dialyzed cytosolic fraction was diluted with a Tris-
HCI buffer (50 mM, pH 8.6) to a final protein concentration of 0.2
mg/ml (determined by the Bio-Rad assay). After pre-incubation at 37°C
for 5 min., the reaction was started by the addition of the appropriate
substrate solution in the presence of 0.1 mM a-keto-y-methiolbutyric
acid (Sigma) to give a final volume of 600 pl. The concentration of Se-
methylselenocysteine, Se-propylselenocysteine or Se-allylselenocysteine
in the incubation mixture was 6.3, 11.7, or 5.4 mM, respectively (3X Km
value as determined by Lineweaver-Burk plot analysis of the kidney
enzyme). A blank was set up without cytosol in order to correct for non-
enzymatic degradation of the compound. The reaction was allowed to
continue for 10 min and was then terminated by the addition of 600 ul of
o-phenylenediamine (OPD) solution (18.5 mM in 4.6M HCI).

Derivatization of pyruvate with OPD was performed directly in the
incubation vials. This was done by heating at 60°C for 1 hr. After
removing the precipitated protein by centrifugation, a 500 pl aliquot of
the supernatant was applied to an HPLC system (Rainin Microsorb MV
C18 column, 5 mm particles, 150 x 4.6 mm) which was then eluted
isocratically with a solvent consisting of 45% methanol, 1% acetic acid
and 54% water, and at a flow rate of 0.9 ml/min. Detection of 3-methyl-
2-quinoxalinol, the OPD-derived product of pyruvate, was achieved by
fluorescence (hex = 336 nm, Aey, = 420 nm) using a Gibson model 121
fluorometer equipped with a flow cell. A standard calibration curve was
constructed with known concentrations of pyruvate. Linear increases in
peak height were obtained up to 80 uM pyruvate.

Selenium concentration (ug/g or ml)b

Treatment Liver Kidney = Mammary Plasma

None 34%0.15 53x0.28 0.09+0.01 0.4420.02
Methylselenocysteine 7.8+0.61° 13.5+0.92° 0.15+£0.01° 0.6420.04°
Propylselenocysteine 3.9+0.22  6.4+0.40° 0.14+0.01° 0.45+0.03

Allylselenocysteine  5.6+0.46° 9.7+0.77° 0.15+0.01° 0.50+0.03

? The animals were from the mammary carcinogenesis experiment

described in Table I.
Results are expressed as mean * SE (n=38).
P<0.05, compared to the corresponding control value.

Results

Table I shows the results of mammary cancer prevention by
Se-methylselenocysteine, Se-propylselenocysteine or Se-
allylselenocysteine. Each selenium compound was supple-
mented in the diet at a concentration of 2 ppm Se for the
entire duration of the experiment after MNU dosing. With
this protocol of treatment, Se-methylselenocysteine and Se-
propylselenocysteine produced similar efficacies in cancer
protection by reducing the total tumor yield by about 50%.
Se-Allylselenocysteine, on the other hand, appeared to be
more active than the former two compounds (see footnote in
table for statistical comparison). At the same dose level of
supplementation, it suppressed tumorigenesis by nearly 90%.
A more recent experiment confirmed that significant cancer
protection was achieved with as low as 0. 5 ppm Se of Se-
allylselenocysteine in the diet (data not shown).

Tissues were excised from rats in the above experiment
(n=8/group) for selenium analysis. The results are shown in
Table II. Mammary gland selenium levels were increased by
about 1.5-fold with all three selenoamino acids compared to
the control. Thus selenium levels in the mammary gland did
not appear to be responsible for the differences in
chemopreventive activity. Se-Methylselenocysteine tended to
produce the highest selenium levels in plasma (1.5-fold), liver
(2.3-fold), and kidney (2.5-fold), while Se-propylsele-
nocysteine produced little or no increase in these tissues.
Interestingly, Se-allylselenocysteine, the most active
compound in cancer prevention, caused only very modest
increases in tissue selenium: no significant change in plasma,
1.6-fold in liver and 1.8-fold in kidney.

In an attempt to examine the profile of selenium excretion,
rats were given a single oral dose of 26 pg of Se in the form of
Se-methylselenocysteine, Se-propylselenocysteine or Se-
allylselenocysteine. As noted in the Methods section, this
dose was equivalent to the amount ingested per day from a
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Table IIL Total selenium excretion in urine of rats given a single dose of
methylselenocysteine, propylselenocysteine or allylselenocysteine®.

Table 1V. Activities of S-lyase for methylselenocysteine, propylselenocysteine
or allylselenocysteine in different tissues of rats.

% of dose excreted”

B-Lyase Activity”

Treatment 0-24 hr. 24-48 hr. Compound Liver Kidney = Mammary Intestine
Methylselenocysteine 31123 46+ 03 Methylselenocysteine  7.5£0.13  13.6x0.24 1.3+0.04  2.7%0.06
Propylselenocysteine 542 x 4.1 0.8 +0.1 Propylselenocysteine  11.3x£0.11 19.4+0.13  2.0+0.02  3.2*0.05
Allyiselenocysteine 550+ 38 38+03 Allylselenocysteine 11.8+0.15 17.1+£0.03 1.7x0.04 2.8+0.01

# Rats were gavaged with a single dose of 26 ug of Se in the form of

methylselenocysteine, propylselenocysteine or allylselenocysteine (see
Methods section for dose justification).
Results are expressed as mean * SE (n=6).

diet containing 2 ppm Se. No selenium was found in the feces
in any of the three groups, suggesting that all three
selenoamino acids were well absorbed from the intestinal
tract. Table I1I shows the proportion of the dose recovered in
urine over a 48-hour period. More selenium was excreted in
urine during the first day after dosing with either Se-
propylselenocysteine or Se-allylselenocysteine (about 55%)
than with Se-methylselenocysteine (about 30%). The rate of
urinary elimination decreased significantly during the second
day, dropping off to 5% or below for all three compounds.
The approach of using a cysteine conjugate prodrug to
deliver Se-alkyl moiety envisages the action of a lyase enzyme.
Lineweaver-Burk kinetic analysis of the kidney enzyme
produced an apparent substrate Km value of 2.1, 3.9 and 1.8
mM for Se-methylselenocysteine, Se-propylselenocysteine,
and Se-allylselenocysteine, respectively (data not shown).
Subsequent measurements of B-lyase activities in tissues were
done using 3X Km concentration for each substrate in order
to obtain maximal activity. The results are shown in Table IV.
Among the four tissues examined, lyase activity was highest in
the kidney. In general, there was about 30-40% less enzyme
activity in the liver, while the intestine and mammary gland
expressed relatively low activity. With respect to the different
substrates, the activity appeared to be higher with Se-propyl
and Se-allyl derivatives than with Se-methylselenocysteine,
but the difference only ranged between 1.2-fold to 1.6-fold
depending on the tissue. Thus our data showed that a number
of mammalian tissues have the ability to generate the Se-alkyl
moiety following the ingestion of Se- alkylselenocysteine.

Discussion

This is the first report of the chemopreventive activity of Se-
allylselenocysteine and its propyl analog. A comparison of
their activity to Se-methylselenocysteine was of interest in
regard to possible forms of selenium occurring in selenized
Allium species such as garlic and onion, since the biosynthetic
pathways in these plants are known to generate S-allyl and S-
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8 B-Lyase activity is expressed as nmol of pyruvate formed/mg

protein/min, mean *+ SE (n=6).

propyl derivatives in addition to the methylated forms that
are prevalent in other plant species. Se-Allylselenocysteine
showed remarkable chemopreventive activity, producing 86%
inhibition of tumors at a dietary level of 2 ppm Se, as
compared to approximately 50% inhibition with Se-methyl
and Se-propylselenocysteine. Based on our extensive
experience in selenjum chemoprevention research, Se-
allylselenocysteine appears to be the most active compound
that we have worked with. As a matter of fact, of the many
chemopreventive agents that have been examined in the
literature, very few of them are able to achieve an efficiency
of close to 90% inhibition. An earlier study of Ip et al (25)
examined the effect of chain length in regard to anticancer
activity of a series of aliphatic selenocyanates, but compound
administration was limited to the initiation phase because of
the volatility and intense odor of the aliphatic selenocyanates.
That study showed an increase in anticancer activity and a
decrease in carcinogen DNA adduct formation as the chain
was lengthened from methyl to propyl. By using amino acids
as the precursor for delivering the Se-alkyl moiety, the odor
problem is eliminated. The improvement in turn permits long
term studies. The selenoamino acids were well tolerated and
no toxic effects were evident during the 5-month duration of
the experiment.

Intrinsic chemical differences in the Se-alkyl substituent of
the test compounds are expected to be important
determinants of their biological effects. The allyl moiety is of
particular interest since it produced the highest
chemopreventive activity of the three Se-alkylselenocysteine
derivatives. S-Allyl sulfur amino acids and other S-allyl
derivatives are found in garlic, and numerous studies have
demonstrated that they produce chemopreventive effects in
animals (26-29). Dipropyl sulfide, the saturated analog of
diallyl sulfide, lacked chemopreventive activity (17,30),
suggesting that the presence of a terminal double bond is key
for such activity.

Although our study and others indicate the superiority of
an allyl group over the saturated analog, the reasons for this
difference are not established. It has been proposed that
diallyl sulfide is metabolized in the rat to diallyl sulfone,
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