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Previous studies have shown that selenodiglutathione (SDG) is toxic to canine mamrnao, tumor cell 
line 13 (CMT-13), reduces the growth o f  CMT-II ,  and does not modiJ}' the growth o f  primao, non- 
neoplastic canine mammary (NCM) ('ells. In the present studies, approximately 6 times more SDG 
was required to inhibit by 50% the grou'th o f  CMT-I I ('ells compared with CMT-13 (:ells. Furthermore, 
these studies reveal that differences in sensitivity among these mammary ('ells cannot be explained 
by cellular retention o f  selenium from SDG. Data obtained using SDG (3.2 t~M) double labelled with 
7-SSe and ~5S suggest that differences in the rate o f  seleniurn detoxification exist among the three ('ell 
cultures examined. The influence o f  SDG (3.2 t.tM) on intereelhdar glutathione depended on the ('ell 
examined, increasing in CMT-II ,  de('reasing in CMT-13, and unchanged in NCM. Addition o f  GSH 
(100 I~M) partially protected CMT-13 and CMT-11 cells against SDG toxicity. Preineubation o f  CMT-13 
or CMT-I I ('ells with GSH for  48 hr btIfore the addition o f  SDG completely prevented the growth 
inhibition caused by this selenoeompound. These studies suggest ~,,lutathione is critical to the preven- 
tion o f  selenodiglutathione toxicity and accompanying growth depression. 
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Introduction 

Cell type,  plating density,  form, and concentrat ion of 
selenium are all factors  known to modify the response 
of cells in culture to selenium toxicity, j~ Compared  
to selenite, selenodiglutathione (SDG) is considerably 
more effective in inhibiting the binding of carcinogen 
adducts  to D N A  and in inhibiting the growth of  tumor  
cells in vitro. 1'2'6 Never the less ,  viability and growth 
studies reveal  marked  differences in the sensitivity of  
cells to SDG toxicity.  Two  neoplastic canine mam- 
mary  tumor  cell lines (CMT-11 and CMT-13) have 
been shown to be more  sensitive to SDG than pr imary 
cultures of  non-neoplast ic  canine m a m m a r y  cells 
(NCM).~ In published studies, the order  of  growth in- 
hibition caused by 9.6 tXM SDG was CMT-13 > CMT- 
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1 1 >> NCM. 1.4 Continued examinat ion of the response 
of these cells may shed insight into the reason why 
some cells vary in their sensitivity to selenium tox- 
icity. 

Glutathione reacts enzymatical ly and non- 
enzymatical ly  with selenite to form SDG. 7 Additional 
glutathione leads to SDG' s  reduction to less toxic end 
products .  ~ Thus,  variation in selenium toxicity among 
cells may relate to their ability to regulate intracellular 
glutathione concentrat ions.  Previous studies have 
shown that intracellu[ar glutathione concentrat ions are 
greater  in NCM cells, before or following selenite 
t reatment ,  than occur  in either CMT-13 or CMT-11 
cells. ~'4 The influence of SDG on the content  of  gluta- 
thione in these cells is unknown.  

Vernie et al. 9 have shown that SDG is a potent in- 
hibitor of  protein biosynthesis  in a cell-free system. 
Subsequent  studies revealed the depression in amino 
acid incorporat ion into protein resulting from SDG 
treatment  was due to an inactivation of elongation fac- 
tor 2.J° Interestingly,  supplementat ion of the cell-free 
sys tem with glutathione was found to prevent  the 
marked depress ion in amino acid incorporation caused 
by SDG treatment .  ~0 Thus,  exogenous glutathione may 
modify the response  of cells to the toxic effects of  
SDG. 

These present  exper iments  were designed to deter- 
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mine if variation in selenium retention or glutathione 
status accounted for the observed differences in SDG 
toxicity among CMT-13, CMT-I 1, and NCM cells. An 
additional study was conducted to determine if exoge- 
nous glutathione modified the ability of CMT-13 cells 
to withstand the toxicity of SDG. 

Materials  and m eth od s  

Preparation of  selenodiglutathione 

SDG was prepared by the reaction of sodium selenite 
with GSH in a 1:4 ratio by the method of Ganther.  7 
The products  were separated over  Dowex 50W (X4) 
and passed through a column of  Sephadex G-10 with 
twice distilled water  as described by Vernie et al. Ij 
Radioactively labelled SDG was formed by using 75Se- 
selenite (Amersham Corp.,  Arlington Heights, IL, 
USA) and 35S-glutathione (New England Nuclear,  
Boston, MA, USA). 

Tissue culture 

The characterist ics of the two canine mammary tumor 
cell lines (CMT-13, CMT-1 I) and a non-neoplastic pri- 
mary culture (NCM) of canine mammary cells have 
been described previously.  I Culture conditions were 
generally as previously described, j Basically, cells 
were maintained in chemically defined RPMI medium 
supplemented with 10% fetal bovine serum and main- 
tained in an environment  of 95% air, 5% CO 2 at a 
relative humidity of  95%. At the time of harvesting, 
cells were washed twice with phosphate buffered sa- 
line (PBS), harvested by scraping, and counted.  Cell 
counts were determined using an electronic counter  
(Coulter Electronics,  Hialeah, FL,  USA). The cells 
were then centrifuged at 600g for 10 min and the 
resulting pellet used for the various analyses as de- 
scribed below. Specific details of analyses and devia- 
tion of  the plating procedures  are given below. 

Growth studies 

The effect of  graded concentrat ions of  SDG on the 
growth of  CMT-13 and CMT-11 cells was examined in 
experiment 1. CMT-13 and CMT-11 cells were plated 
at a density of  0.9 and 1.8 x 105 cells, respectively,  
into 25 cm 2 flask. After 24 hr, SDG was added to the 
incubation medium at concentrat ions of selenium 
ranging from 0-9 .6  p.M. Attached cells were harvested 
24 and 48 hours following the addition of  SDG. Four  
flasks per concentrat ion of  selenium were examined at 
each time point for each cell line. In a separate study, 
experiment  2, CMT-13 and NCM cells were grown in 
the presence or absence of SDG in chemically defined 
medium without added serum as described by Kid- 
well. J2 

Retention of  selenium and sulfur from SDG 

In experiment  3, cultures plated at 5 × 10 6 cells per 
flask (150 cm 2 flask) and allowed to attach for 24 hr 
were exposed to doubly labelled SDG (0.1 p.Ci 75Se 
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and 0.2 p.Ci 35S/p.g SDG) at a final concentrat ion of 
3.2 p.M. After an additional 24 hr incubation in the 
presence of  SDG, five flasks from each cell line were 
harvested and the retained radioactivity determined. 
Gamma radioactivity from 75Se was counted directly 
using a multi-channel analyzer  (Spectrum 88, The Nu- 
cleus, Oak Ridge, TN, USA). Beta radioactivity from 
35S was detected using liquid scintillation counting 
(Beckman LS 9000 Scintillation Counter ,  lrvine, CA, 
USA). Retention is defined as the fmol of Se or S 
present in the washed cells after a 24 hr incubation. 

Glutathione 

Experiment 4 examined the influence of supplemental 
SDG on the intracellular content  of  glutathione. In this 
study, cells GSH and GSSG were determined by the 
method of Teitze ~3 in cells initially plated at 5 × l 0  6 

cells and grown in the presence or absence of SDG 
(3.2 ~M) for 24 hr. All samples were assayed in trip- 
licate. 

Supplemental glutathione and SDG growth 
inhibition 

Experiment  5 was designed to measure the influence 
of supplemental glutathione on the toxicity of SDG in 
cultures of  CMT-13 and CMT- l l  cells. CMT-13 and 
CMT-11 cells were plated on day 0 at 1 x 105 cells in 
25 cm 2 flask. SDG (3.2 ~M) and/or  glutathione (100 
p.M) were added to the incubation medium 24 and 72 
hr after plating. Cells were then harvested and counted 
after an additional 48 and 96 hr incubation. The influ- 
ence of a 48 hr preincubation with glutathione (100 
p.M) on the SDG toxicity was also examined. 

Statistical analysis 

Significant differences (P < 0.05) between treatments 
were determined using an analysis of variance and 
applying a test of comparison of means (LSD).~4 

Results  

Growth alterations 

Growth of CMT-13 cells was inhibited significantly 
when SDG was added to the culture medium at con- 
centrations of 0.32 p.M or more. (Figure 1). Increasing 
the concentrat ion of  SDG resulted in a progressive 
decrease in the growth of  these cells. Interestingly, 
concentrat ions of  6.4 ~M or more were required to 
reduce the growth of  CMT-II  cells within the same 
time period (Figure 1). The quantity of  SDG required 
to reduce the growth of  CMT-13 and CMT-I 1 cells by 
50% was estimated to be 1.3 and 8.6 ~M, respectively. 
Morphological changes, including widespread vacuol- 
ization and cell rounding, were obvious within 24 hr 
in both tumor cell lines following exposure to 9.6 ~M 
SDG. There  was no indication that SDG resulted in 
cell death in CMT-1 I, as it did with CMT-13 cells. 

SDG supplementation also inhibited the growth of 
CMT-13 and NCM cells grown in chemically defined 
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Figure 1 CMT-13 and CMT-11 were plated on day 0 at 0.9 and 
1.8 x 105 cel ls per 25 cm 2 flask. Selenodiglutathione was added 
24 hr after plating, Points are means of 4 flasks per treatment per 
cell line. The pooled standard error of the mean was ÷ 0,02 

medium without serum (Table 1). Similar to experi- 
ment 1, addition of  1.28 I, ZM resulted in a 48% depres- 
sion in growth of  CMT-13 cells. Addition of 6.4 ~M 
SDG resulted in cell death of  CMT-13 cells within 48 
hr. Although 12.8 I~M inhibited the growth of non- 
neoplastic cells by about 100%, there was no indica- 
tion of  detachment  or changes in the morphological 
characteristics of these cells. SDG at 25.6 ~M pro- 
duced a more pronounced growth inhibition than was 
observed in cells exposed to 12.8 tXM. However ,  even 
this concentrat ion did not result in total death of the 
culture. In a separate study, the addition of SDG (3.2 
p,M) to NCM cells (1.I x l 0  6) grown for 2 days in 
complete media did not significantly alter growth com- 
pared to controls (4.9 and 4.4 and I0  6 cells, respec- 
tively). 

Retention qf" SDG 

Selenium retention was significantly greater in CMT- 
13 and NCM cells exposed to 3.2 I~M SDG than oc- 
curred in CMT-11 cells (Table 2). NCM cells retained 
about 3 times more selenium than CMT-13 cells. 
CMT-13 cells retained approximately 4 times more se- 
lenium than CMT-11 cells. The percentage of the 758e 
retained from the supplemental SDG was 9.0, 2.3, and 
25% for CMT-13, CMT-I I ,  and NCM cells, respec- 
tively. In a similar study, the retention of selenium 
following incubation with 6.4 ~M SDG was 2.3, 0.6, 
and 6.4 fmol selenium per cell for CMT-13, CMT-11, 
and NCM cells, respectively.  NCM and CMT-13 cells 
also retained considerably more sulfur from SDG than 
did CMT-11 cells. The percent  retention of 35S from 
supplemental SDG was approximately 24, 6, and 60% 
in CMT-13, CMT-11, and NCM cells, respectively 
(Table 2). The molar ratio of sulfur to selenium re- 
tained in NCM cells was significantly greater than oc- 
curred in either tumor cell line. The lowest ratio of 
sulfur to selenium was observed in CMT-13 cells. 

Table 1 Impact of selenodiglutathione on the growth of neoplas- 
tic CMT-13 and non-neoplast ic mammary cells in chemical ly  de- 
f ined medium 

S D G A d d e d  Cell C o u n t ( x  10 5) 
(IX, M) CMT-13 NCM 

0.0 6.8 + 0,6 ~ 5.8 -+ 01 ~ 
1.28 3.6 -+ 0.1 b - -  
6,4 0 c - -  

12,8 - -  2.0 +- 0.1 b 
25.6 - -  1 5 + 0.3 c 

Note. SDG was added 24 hr after plating. CMT-13 and NCM cul- 
tures were seeded at 1 x 105 and 2 x 105 cells in chemical ly  
defined medium, respectively. Cultures were counted 48 hr after 
the addit ion of SDG. Values are means + SEM for 4 flasks per 
t reatment  Vertical means not sharing a common superscript differ 
(P ~- 005).  

Effect o f  SDG on intracellular glutathione 

Consistent with previously published results, NCM 
cells were found to contain higher concentrations of 
glutathione than either neoplastic cell line (Table 3). 
Addition of  SDG to the culture medium did not modify 
the content  of glutathione in NCM cells. However ,  
the content  of reduced glutathione increased 2 fold in 
CMT-I1 cells following SDG treatment.  SDG resulted 
in a significant reduction in intracellular glutathione in 
CMT-13 cells. The ratio of  reduced to oxidized gluta- 
thione was unaffected in NCM, increased in CMT-II  
and decreased with CMT-13 cells following SDG treat- 
ment (Table 3). 

Effect o f  glutathione on SDG growth inhibition 

Consistent with experiment  1, SDG (3.2 ~M) markedly 
inhibited the growth of CMT-13 and CMT-11 cells (Ta- 
ble 4). Delaying the time of SDG treatment and 
thereby increasing the culture density decreased the 
depression in growth induced by this selenocompound 
in both CMT-13 and CMT-II  cells. The addition of 
glutathione (100 ~M) to the medium did not consis- 
tently alter the growth of either cell line in the absence 
of SDG. However ,  GSH supplementation markedly 
reduced the toxicity of SDG in both CMT-13 and 
CMT-II  cells as indicated by significantly greater 
growth rates compared with cells exposed only to 

Table 2 Retention of selenium and sulfur from selenodiglutathi-  
one by neoplast ic and non-neoplast ic mammary cel ls 

Retention ( fmol/cel l )  Ratio 

Cell Selenium Sulfur (S/Se) 

CMT-13 0.86 + 0,19 b 3.79 _+ 0.35 b 4.3 a 
CMT-11 0.22 _+ 0.06 a 1.04 +_ 0.17 a 4.7 b 
NCM 2.40 _+ 0.34 c 12.17 _+ 1.01 c 51 c 

Note. Values are means +_ SEM for five flasks per cell culture. SDG 
was added at 3.2 ~I.M for 24 hr before cell harvesting. Means not 
sharing a common superscr ipt  differ (P < 0.05) 
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Table 3 Effect of selenodig lutath ione upon reduced and ox id ized 
glutathione 

Gtutathione 

Cell SDG Reduced Oxidized Ratio 

nmol/106 Cel ls nmol/106 cel ls (R/.O) 
CMT-13 9.9 -+ 0.2 b 0.15 _+ 0.03 66 

+ 4,5 _+ 0.1 a 0.15 +_ 0.02 30 
CMT-11 2 3  + 0.2 a 0.11 + 0.00 21 

+ 5.2 -+ 0.4 b 0.14 +_ 001 37 
NCM 31.5 -+ 4 8  a 0.56 -+ 0.02 56 

+ 26.0 -+ 3 8  a 0.49 -+ 0.03 53 

Note. Values are means _+ SEM for 3 pools of 4 f lasks for each cell 
culture. SDG was added for 24 hr at 3.2 #M Means within a culture 
not sharing a common superscr ipt  di f fer (P < 0.05). 

SDG. Preincubation of CMT-13 and CMT-I1 cells 
with GSH (100 ~zM) for 48 hr prior to treatment with 
SDG completely prevented the growth inhibition 
caused by SDG (Table 4). 

Discussion 

The present studies verify that all cells are not equally 
sensitive to the toxic effects of selenium supplementa- 
tion. Over a five-fold variation in the magnitude of 
growth inhibition resulting from exposure to 1.28 ~M 
SDG was detected among the three cell cultures used 
in the present investigations. Comparison of data ob- 
tained in experiments 1 and 2 reveal that the presence 
of fetal bovine serum does not alter appreciably the 
toxicity of SDG. Since the retention of selenium fol- 
lowing SDG treatment was 3 and 12 times greater in 
NCM than CMT-11 cells, respectively, than occurred 
in CMT-13 cells, it appears that the absolute quantity 
of selenium retained is not a prerequisite for growth 
inhibition. Part of the differences in selenium retention 
may relate to intracellular protein. NCM, CMT-13, 
and CMT-11 have been shown previously to contain 
approximately 3.5, 2.0, and 1.0 mg protein per 107 
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cells.~ Using these protein values, the content of sele- 
nium retained from SDG remains significantly higher 
in NCM than either tumor cell line. Thus, these data 
suggest that form of selenium retained rather than ab- 
solute concentration is critical to cell survival. This 
point is reinforced by studies by Morrison et al. j5 
showing the induction of a 58 kd selenoprotein follow- 
ing selenite treatment correlated closely with the de- 
gree of inhibition of DNA biosynthesis caused by sel- 
enite. 

Selenodiglutathione is known to be more effective 
than selenite in inhibiting the binding of carcinogens to 
DNA and in retarding the growth of neoplastic cells, j'5 
Likewise, Vernie et al. 9Jj have shown selenodigluta- 
thione is a more potent inhibitor of protein biosynthe- 
sis than selenite. The present studies suggest cell den- 
sity has minimal impact on SDG toxicity. Previous 
studies from our laboratory have shown that selenite 
toxicity increases as the culture density increases. 5 
Subsequent studies have shown that the enhanced tox- 
icity of selenite as the culture density increases is as- 
sociated with an increased cellular retention of sele- 
nium. ~6 The influence of culture density on the uptake 
and retention of selenium from SDG requires further 
examination. 

Previous studies from our laboratory have shown 
that CMT-13 cells have a reduced ability to form di- 
methylselenide, an end product of selenium metabo- 
lism, than do CMT-11 or NCM cells. 4 The lower ratio 
of selenium to sulfur in NCM cells exposed to SDG 
(Table 2) provides additional evidence that these cells 
have a slightly greater rate of selenium reduction than 
neoplastic cells. Support for different rates of sele- 
nium clearance also comes from studies showing that 
the retention of selenium is greater in neoplastic than 
non-neoplastic tissues. J7 

Glutathione is recognized as an important intracel- 
lular detoxification agent. ~8'~9 Its involvement in nor- 
mal selenium detoxification makes it a prime candidate 
for explaining the observed variation in sensitivity to 
the toxic effects of selenocompounds. 2° In the present 
studies, NCM cells were found to contain consider- 

Table 4 Effect o1 supplemental  glutathione on selenodiglutathione induced growth inhibit ion 

Cell N u m b e r s ( x  105 ) 

CMT-13 CMT-11 
Day of 

Treatment Treatment Day 3 Day 5 Day 3 Day 5 

Control - -  8.3 -+ 0.4 a 35.1 _+ 0.3 ab 7.1 _+ 0.1 b 30.8 + 0.9 b 
GSH 1 8.5 + 0 3  a 38.7 + 0.7 a 8.0 +- 0.2 a 33.8 -+ 0.7 a'b 
SDG 1 2.6 _+ 0.3 c 0.0 ~ 3.4 + 0.2 d 3.0 -+ 0.1 f 
GSH + SDG 1 + 1 6.1 + 0 2  b 24.2 _+ 0.7 c 6.0 -+ 0.1 c 11.0 _+ 0.3 e 
GSH 3 - -  34.9 -+ 0.8 b - -  31.5 -+ 0.8 b 
SDG 3 - -  13.5 -+ 0.3 d - -  17.7 + 0.9 d 
GSH + SDG 3 + 3 - -  22.2 -+ 0.8 c - -  25.9 -+ 0.9 c 
GSH + SDG 1 + 3 - -  36.2 + 2.4 ab - -  35.1 -+ 1.8 a 

Note. Cells were plated on day 0 at 1 x 105 cel ls per 25 cm 2 flask. GSH was added at a final concentrat ion of 100 I.LM and SDG was added 
at final concentrat ion of 3.2 ~M Se. 
a-e Values represent means of cell  numbers for 4 f lasks per treatment. Vertical means not sharing a common superscr ipt  di f fer (P < 0.05). 
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ably higher intracellular concentrations of glutathione 
than either neoplastic cell line. This higher glutathione 
content may have contributed to the ability of these 
cells to resist the toxic effects of selenodiglutathione. 
Likewise, the ability of CMT- 11 cells to increase gluta- 
thione in response to SDG exposure may have contrib- 
uted to their lower sensitivity to SDG than CMT-13 
cells. The inability of CMT-13 cells to maintain intra- 
cellular glutathione may have increased their suscepti- 
bility to supplemental SDG. These results are consis- 
tent with data from Le Boeuf and Hoekstra 2~-'2 which 
also suggest that perturbations in GSG, GSSG, and 
their mixed disulfides can alter cell function. 

The present studies show that exogenous GSH (100 
p,M) can significantly reduce the toxic effects of SDG. 
Dethmers and Meister :3 have shown that human 
lymphoid cells are capable of transporting GSH into 
the cell at the rate of 0.5 nmol/107 cells per 15 min. 
Likewise, recent studies from our laboratory have 
shown that supplying glutathione to the incubation 
medium of CMT-13 cells results in an approximate 
25% increase in intracellular glutathione concentra- 
tions. 5 The present studies show that exogenous gluta- 
thione can markedly inhibit SDG induced growth de- 
pression in both CMT-13 and CMT-11 cells. The 
ability of exogenous glutathione to protect cells is in 
general agreement with its ability to prevent a depres- 
sion in protein biosynthesis induced by SDG 9 

In summary, these studies document that all cells 
are not equally sensitive to the toxic effects of sele- 
nodiglutathione. Differences in sensitivity are not re- 
lated to the absolute quantity of selenium retained in 
the cell. Variation in toxicity is likely explained by 
variation in the ability of the cell to metabolize sele- 
nium to non-toxic forms. 
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