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Abstract—The biotransformation of selenite to dimethylselenide was studied in an oxygenated hepato-
cyte model system. The concentrations of selenite used were 20-100 uM. A lag period of one hour or
more, during which no net formation of selenide could be detected characterized the system. The
maximal rate of volatilization was recorded during the second hour and was 0.13 nmoles/10¢ cells/min
with 50 uM selenite. The rate then declined and volatilization eventually ceased. Two-thirds of the
added amount of Se was lost within 4 hr. Oxidation of glutathione (GSH) by cumene hydroperoxide
delayed volatilization. An inhibitor of gluconeogenesis, p-tert-butylbenzoic acid (3 uM) prevented
volatilization. There were indications that GSSG reductase dependent metabolism was the only major
metabolic pathway in hepatocytes under the conditions studied. During the lag period Se accumulated
in cells, but was subsequently partially released during volatilization. The accumulation of Se was
paralleled by an increase in oxygen uptake. The above mentioned inhibitors of volatilization prolonged
the phase of accumulation. With 50 uM selenite the rate of accumulation was 0.06 nmoles/106 cells/min
and maximally 30-35% of the added dose was retained in the cells. The results are compatible with the
assumption that Se mainly accumulated as Se-glutathione complexes. The possibility that such complexes
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autooxidized and entered futile redox cycles during the lag period is discussed.

Selenite reacts chemically with sulfhydryl com-
pounds. The reaction with glutathione (GSH) is the
first step in a metabolic pathway in the liver which
leads to the formation of volatile metabolites. The
first stable intermediate, GSSeSG, is a substrate for
GSSG reductase [1] and is reduced to GSSeH at the
expense of NADPH. GSSeH can be further reduced
to selenide by the same enzyme [2]. Selenide is
methylated under physiological conditions but may
evaporate at low pH [3]. In vivo formed dimethyl-
selenide is excreted through the lungs and thought
to be responsible for the “garlic breath” of selenite
poisoned animals [3]. A trimethyl selenonium ion is
also formed in vivo and excreted in urine {4, 5].

The volatilization of Se in this coupled reductive-
methylating pathway has mainly been characterized
in homogenized liver or liver fractions under anaer-
obic conditions as air strongly inhibits dimethylselen-
ide formation [6]. The mechanism behind this inhibi-
tion has not been studied directly, but it is known
since many years that selenite in small amounts cata-
lyzes GSH oxidation [7]. It was suggested that
GSSeSG may autooxidize to GSSG and selenite [7].
An alternative is that selenide autooxidizes to el-
emental selenium which reacts with GSH (to form
GSSeH) [8].

In a previous work we have studied some aspects
of selenite toxicity in isolated hepatocytes under
aerobic conditions [9]. We found several indications
that cellular lysis mediated by selenite was related to
selenite metabolism. Thus, methionine which stimu-
lates dimethylselenide formation [6], potentiated
selenite induced cellular lysis. It was also found that

cells isolated from starved animals were more sensi-
tive than control hepatocytes, and the addition of
glucose or alanine prevented lysis [9]. These results
suggested a critical role for the regeneration of
NADPH in this type of toxicity. Stoichiometric calcu-
lations, however, showed that merely a 6 valence
reduction of selenite to selenide, could not possibly
explain the drop in NADPH levels and subsequent
lysis, as, for example, hydroperoxide metabolism
may consume more NADPH without damaging cells
[10-13]. In order to further characterize deleterious
effects of selenite in isolated liver cells this work was
extended to involve volatilization studies. In this
paper we present data which show that selenium can
be rapidly metabolized in an oxygenated isolated
hepatocyte system. However, volatilization was pro-
ceeded by a long lag period, and it is suggested that
the rate of autooxidation of Se metabolites was high
during this period.

MATERIALS AND METHODS

Male Sprague-Dawley rats were used as liver
donor animals. Their weight was 180-240g and
they had free access to standard laboratory food
and water. Collagenase (Grade IT) was purchased
from Boehringer Mannheim (F.R.G.), selenite
(Na,SeO; x 5H,0) from Merck (F.R.G.). The
radioactive isotopes 7°Se03 (2-20 mCi/mg Se) and
L-(methyl-“C)-methionine were delivered from
Amersham (U.K.). One microcurie of *SeO3~ was
used per 20 ml of incubation medium. This isotope

1111



1112

was chromatographed [14] and found to contain 10—
20% impurities. However, only marginal effects
could be related to the impurities.

Hepatocytes were isolated by the collagenase per-
fusion technique and cell vialibility was determined
[15]. Freshly prepared cells were suspended in
Krebs—Henseleit buffer (pH 7.4) supplemented with
25 mM N-2-hydroxyethylpiperazine-N’-ethane sul-
phonic acid (HEPES). Methionine (0.5 mM) was
also included as this amino acid stimulated volatiliza-
tion. The final incubation volume was 20 ml with a
cell concentration of 2.0-2.5 x 105/ml. The sus-
pended cells were incubated at 37° in rotating round-
bottom 50 ml flasks and carbogen gas (93.5% O and
6.5% COz) was supplied to the surface [15]. Gas
leaving the flasks was usually let out into the atmos-
phere (into ventilated hoods). Up to ten flasks were
incubated simultaneously.

Volatilization was measured as the disappearance
of "Se from the total incubate. Aliquots (0.5 ml)
were withdrawn and usually put directly into count-
ing vials. The vials were sealed immediately and
the radioactivity counted in an automatic gamma-
counter (LKB). Some samples, kept on ice, were
also bubbled with N; for 30 min but only small (less
than 5%) effects of the bubbling was noticed. In
some short term experiments with a single incubation
flask, the leaving gas was passed through 8 N HNO;
[6]. Only dimethylselenide will be trapped under
these conditions [6] and it was found that more than
90% of the evaporated 73Se was recovered in the
HNOs; solution. When L-(methyl-*C)-methionine
was used C-label followed the Se-label and a
constant stoichiometric relationship of 2.11
0.158.D. (after adjustment for quenching) was
found in the HNO;3 solution. These results are in
agreement with those presented in ref. 6 as identifica-
tion of the volatile metabolite as dimethylselenide.

Accumulation of Se was measured in cell pellets
from aliquots of incubate (1.0ml) centrifuged at
500 g for 1 min. GSH was assayed in the acid soluble
fraction of the cell pellet. The method used [16] is
specific for thiols and an oxidation of GSH could
thus be detected as a decrease in GSH concentration.
Oxygen consumption was measured polarographi-
cally with a Clark type electrode at 37°. Measure-
ments were performed without and with antimycin
A (25 uM) to inhibit mitochondrial oxygen uptake.

Results presented in this paper have been taken
from typical experiments. All experiments were
repeated at least three times with different cell
batches and with purified or commercial radioactive
isotope.

RESULTS

Volatilization of 7Se could be effectively studied
in a relatively narrow concentration range. As pre-
viously reported for homogenized liver [6] 100 uM
partially inhibited Se volatilization in isolated hep-
atocytes (Fig. 1). At lower concentrations the frac-
tion that was volatilized progressively decreased, and
with 20 uM the volatilization was insignificant (Fig.
5). Fifty micromolar selenite was used in most experi-
ments since a substantial fraction (more than 50%)
was volatilized with this concentration, and the cell
lysing effects could easily be controlled.
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Fig. 1. Volatilization of Se, added as selenite, by isolated

hepatocytes. Suspensions of isolated hepatocytes (2.2 x

10° cells/ml) were incubated with selenite (50-100 uM).

Volatilization was measured as the disappearance of ™Se
from the total incubate.

As also can be seen from Fig. 1, a lag phase of
about 1hr preceded volatilization. Then there was
a second phase with a rapidly increasing rate of
volatilization and a third phase with a decreasing
rate of volatilization which approached zero at S hr.
With 30 uM selenite the lag period had a duration of
2 hr (Fig. 5), and, as previously reported, a similar
lag period could also be seen when measuring loss
of selenite (50 and 25 uM) from the medium [9]. The
maximal rate of volatilization with 50 uM selenite
in a series of eight experiments (volatilization was
measured every 30 min) was 0.13 (% 0.02) nmoles/
106 cells/min. Control experiments (see Materials
and Methods) indicated that dimethylselenide was
the major if not the only metabolite volatilized under
these conditions. In some experiments incubations
were tun for 18hr, but no further loss of 7Se
occurred after S hr.
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Fig. 2. Se volatilization; effect of cell lysis induced by
chlorpromazine. Suspensions of isolated hepatocytes
(2.3 % 106 cells/ml) were incubated with selenite (50 M).
Chlorpromazine (0.4 mM) was added at 0 min (X—Xx) or
at 60 min (@—@) and cellular lysis was complete within 5-
10 min. Chlorpromazine was not included in (O—Q). The
disappearance of radiolabel was measured at times
indicated.
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Fig. 3. Se volatilization; effect of perchloric acid addition.
Six incubation flasks were used. The final concentration of
selenite was 50 uM and the incubate contained 2.2 X
106 cells/ml. The reaction was stopped by the addition of
perchloric acid (0.5 ml, 30%) to five of the flasks at 60, 75,
90, 105 and 180 min and the incubation was then continued.
One flask (@ - —-@) was incubated without perchloric
acid. Aliquots were withdrawn at times indicated and the
disappearance of radiolabel determined.

Cells, lysed by chlorpromazine treatment [17] at
the start of the incubation did not volatilize Se and
only a small amount was volatilized when cells were
lysed at 1 hr (Fig. 2). However, when cells were lysed
after 2 hr the inhibitory effect on volatilization was
insignificant (not shown). When perchloric acid was
used to lyse cells at different time points the lag
phase remained. When the incubation was continued
after perchloric acid addition there was a further loss
of Se (Fig. 3) which might be due to a delay in
volatilization of dimethylselenide as previously re-
ported in liver tissue and attributed to physical fac-
tors [18]. In this experiment it is also possible that
the acidic condition promoted evaporation of small
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amounts of hydrogen selenide. In any event it
appears that 80% of the metabolites that eventually
evaporated, were reduced to selenide already 45 min
after the end of the lag period, and thus that selenite
reduction to selenide occurred at a higher rate than
that given above.

Table 1 summarizes experiments which were basi-
cally performed as in Figs. 1 and 2, but in which cold
and radiolabelled selenite were added separately and
at different time points. Experiment 1 shows that
radiolabelled selenite, added at 60 and 90 min, rap-
idly evaporated without an apparent lag phase and
indicates that selenite freely passed the plasma mem-
brane. Additions at 0 and 120 min resulted in a
slower rate of volatilization which is in accordance
with the results presented in Figs. 1-3. Experiment
2 shows that the cells retained the capacity to convert
selenite to volatile metabolites also during the fourth
hour. It also shows that addition of cold selenite at
120 min did not promote volatilization of radio-
labelied Se added at O min, indicating that this dose
no longer was available for volatilization but con-
verted to stable water soluble or protein bound
metabolites. Experiment 3 shows that preincubated
cells exhibited the same lag period as did nonpreincu-
bated cells.

Selenium transiently accumulated in the hepato-
cytes (Fig. 4) and this process started without an
apparent lag phase. With 50 uM selenite a peak was
reached at 1.5 hr. During the first hour 3.7 nmoles
accumulated per 10° cells. Then a rapid release of Se
was observed, which coincided with the rapid phase
of volatilization. In the concentration range of 50—
90 uM the accumulation rate was always slower than
the rate of release, and this rate was always slower
than the maximal apparent rate of volatilization (Fig.
1). At 100 uM the release appeared to be inhibited,
as well as volatilization. The fraction associated with
the cells at 1.5 hr increased with increasing selenite
concentration up to a level of about 30% bound.
Some Se was retained in the cells even after Shr

Table 1. Characterization of the lag period and metabolism of selenite by adding
cold and radioactive selenite separately and at different time points

Time of 7Se Time of Rate of

addition sampling volatilization

Experiment (min) (min) (cpm/ml/min)
1. Cold Se 0 0+ 30 43
added at 60 60 + 90 576
0 min 90 90 + 120 1866
120 120 + 150 103
2. Cold Se 120 120 + 150 31
added at 0 120 180 + 210 413
and 120 min 0 120 + 150 220
0 180 + 210 67
3. Cold Se 90 60 + 90 53
added at 60 120 + 150 481

60 min

Incubations were started at 0 min. Unlabelled (cold) selenite (50 uM) was added
at 0 min (exp. 1 and 2) or at 60 min (exp. 3). A second dose of cold selenite (50 uM)
was added at 120 min in exp. 2. A single addition of "Se labelled selenite (70 nM)
was made at times indicated in the first column. Two samples were withdrawn from
cach incubate at times depicted in the second column. The difference in counts
between the two samples is expressed as the rate of volatilization (cpm/m}/min) in

the third column.
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Fig. 4. Se accumulation by isolated hepatocytes. Selenite
(50, 70, 90 or 100 uM) was added to four suspensions of
isolated hepatocytes (2.2 X 106 cells/ml). Aliquots were
withdrawn and immediately centrifuged. Radioactivity was
measured in pelleted cells.
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Fig. 5. Se accumulation (a) and volatilization (b) as a

function of selenite concentration. Selenite, 20 (0—0),

30 (@—@) and 40 (X—x) uM was added to isolated

hepatocytes (2.2 x 106 cells/ml). Volatilization was meas-

ured in aliquots of the total incubate, and accumulation in
pelleted cells.
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Fig. 6. Effect of selenite on oxygen uptake in isolated
hepatocytes. Suspensions of isolated hepatocytes (2.0 x
10° cells/ml) were incubated without (O—QO) or with selen-
ite (50 uM; @—@). Aliquots (2ml) were withdrawn at
times indicated and the incubation continued in a thermo-
stated cell fitted with an oxygen electrode.
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Fig. 7. Se accumulation (a) and volatilization (b); effect of
cumene hydroperoxide. Selenite (30 uM) was added to
suspensions of isolated hepatocytes (2.2 x 106 cells/ml).
Cumene hydroperoxide was added at 60 min and the con-

centration was 225 uM (@—@).

incubation. Figure 5 shows that, with 20 uM, when
usually no volatilization was detected, the accumula-
tion continued with an unchanged rate for 3 hr. At
the end, about 30% of the added dose was trapped
in the cells. With 30 uM the accumulation stopped
at 2hr and at the same time volatilization started.
With 40 uM the turning point was at 1.5 hr.

The accumulation of Se in the cells was paralleled
by an increase in oxygen consumption (Fig. 6). A
maximal oxygen uptake was seen at 60 min. It then
declined during the volatilization phase until control
uptake rates were recorded. The pattern of changes
in oxygen uptake was the same when antimycin A
(25 uM) was used to inhibit mitochondrial oxygen
uptake.

Cumene hydroperoxide, at a concentration of
225 uM, readily oxidizes GSH without damaging
hepatocytes [15]. This concentration did not affect
the rate, or the extent of metabolism, but markedly
delayed volatilization and prolonged the phase of Se
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Fig. 8. Se volatilization; effect of p-tert-butylbenzoic acid.
Selenite (50 uM) was added to suspensions of isolated
hepatocytes (2.0 X 10¢ cells/ml). p-Tert-butylbenzoic acid
was added in dimethylsulfoxide (20 ul) and the concentra-
tions were: 5 yM: (@~ - -@); 3 uM: (O- ~ —O); 2 uM:
(»~-~--X) and zero: (0—0).
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Fig. 9. Se accumulation (a) and volatilization (b); effect of p-tert-butylbenzoic acid and glucose.
Selenite (50 uM) was added to suspensions of isolated hepatocytes (2.3 x 10°cells/ml). p-Tert-
butylbenzoic acid (10 uM) was included in both incubates, and glucose (40 mM) in one (@—@).

accumulation in the cells (Fig. 7). p-Tert-butylben-
zoic acid, an inhibitor of gluconeogenesis [19],
inhibited volatilization more or less completely at
3 uM when 2 X 106 cells/ml was used (Fig. 8). This
is a lower concentration than that used in ref. 19 to
inhibit gluconeogenesis. However, the concentration
needed to inhibit volatilization increased with a
higher cell concentration. Glucose effectively coun-
teracted the inhibition by p-tert-butylbenzoic acid
when included in the medium (Fig. 9). Glucose also
decreased the amount of Se that accumulated in the
cells. p-Tert-butylbenzoic acid alone prolonged the
accumulation phase until a level of about 17 nmoles/
ml was reached, which corresponds to 34% of the
total amount of Se added to the system. Glucose
induced a release of Se from the cells, similar to that
seen in non-inhibited hepatocytes.

Figure 10 shows the effect of selenite and p-tert-
butylbenzoic acid on intracellular GSH levels. As
previously shown [9, 20] 50 uM selenite only margin-
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Fig. 10. GSH levels, effect of selenite and p-tert-butylben-

zoic acid. Control incubation: (X—X), 50 uM selenite:

(O—C0), 70 uM selenite: (@—@) and 50 uM selenite plus

10 uM p-tert-butylbenzoic acid: (O~--O). The suspensions
contained 2.5 x 106 cells.

ally decreased GSH concentration while 70 uM had
a more pronounced effect. When p-tert-butylbenzoic
acid was included in the incubate a more marked
decrease in GSH levels was seen (Fig. 10). Also this
effect of p-tert-butylbenzoic acid was counteracted
by glucose (not shown). p-Tert-butylbenzoic acid
alone had no significant effect on GSH levels during
the first 1.5 hr (not shown).

DISCUSSION

This study shows that intact hepatocytes in an
oxygen rich atmosphere convert selenite to dimethyl-
selenide after a distinct lag period. The maximal rate
of selenide formation, as calculated from Fig. 3, was
0.22 nmoles/min/10° cells which roughly corresponds
to 25 nmoles/min/g liver. Available data in the litera-
ture indicate that rat liver homogenates volatilize Se
at a rate of 22 nmoles/min/g liver under anaerobic
conditions [21]. In comparison with mouse liver
homogenates, in which the reaction has been charac-
terized in more detail, there are other similarities
such as the stimulating effect of methionine, the
inhibition of the reaction at 100 uM selenite and a
lack of complete volatilization of 50 uM selenite
[6]. It can thus be concluded that, with the exception
the longer lag period, the reaction in isolated hepato-
cytes exhibited prominent similarities to that in
homogenized liver in spite of the aerobic condition.

The effect of inhibitors used in this study further
support an involvement of GSSG reductase in selen-
ite metabolism. GSSG generated through cumene
hydroperoxide metabolism might have acted as a
competitive inhibitor of GS8SeSG and GSSeH reduc-
tion. It is of interest to note that neither the rate,
nor the extent of metabolism was altered by the
addition of hydroperoxide; this indicates that bio-
transformation through other metabolic pathways
than the GSSG reductase dependent one was insig-
nificant or occurred at a comparatively slow rate.
p-Tert-butylbenzoic acid, which inhibits fatty acid
synthesis and gluconeogenesis, possibly through
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CoA sequestration [19] may have impaired NADPH
regeneration. Support for this interpretation are the
findings that glucose counteracted the inhibition and
that p-tert-butylbenzoic acid potentiated the loss of
GSH in selenite exposed cells, and thus probably
shifted the GSH/GSSG ratio.

As much as 30-34% of the available Se accumu-
lated in the cells. This implies that Se was concen-
trated several times in the cellular compartment as
109 cells can be expected to have a volume of less than
0.01 ml [15]. The accumulation curve attenuated at
this level under quite different incubation conditions
(cf. Figs. 4, 5 and 9), indicating that the maximal
concentrating capacity had been reached with the
amount of cells used. In erythrocytes incubated in
buffered saline more than 90% accumulated but the
cell volume used in those experiments seems to have
been much higher [22]. The uptake of selenite in
erythrocytes was related to interactions with GSH
[22] and similar mechanisms may have operated in
the hepatocytes as indicated by the decrease of GSH
levels (Fig. 10). Se-glutathione complexes can be
expected to be less permeable than selenite over the
plasma membrane so the formation of such metab-
olites may explain the generation of a concentration
gradient.

The length of the lag period prior to volatilization
always correlated with the length of the accumulation
phase so that the release coincided with the phase of
rapid volatilization. This pattern strongly suggests
that one or several intermediary metabolite(s) accu-
mulated in the cells during the lag period. The transi-
ent nature of the accumulation and the inhibition
studies are also compatible with the assumption that
these metabolites were mainly Se—glutathione com-
plexes. It is not likely that major amounts of selenide
accumulated in the cells during the lag period as
this metabolite would have been volatilized upon
perchloric acid addition (c.f. Fig. 3).

The reason why postulated intermediary metab-
olites accumulated prior to further metabolism is not
fully understood. However, data calculated from
Figs. 5 and 7 suggest that an intracellular level of
about 2.5 nmoles Se/10¢ cells had to be established
before volatilization could start. With an intracellular
GSH concentration of about 35 nmoles/109 cells, this
signifies a Se/GSH ratio of approximately 0.07 in
the cells. Dilworth and Bandurski have studied the
reaction between selenite and GSH in the presence
of oxygen and described a transition from catalytic
oxidation of GSH to reduction of selenite (to elemen-
tal Se) at a ratio of 0.04 [23]. Considering, for
example, possible protein binding in the hepatocyte
system these ratios can be regarded as compatible.
It is thus possible that the peak in the oxygen uptake
curve indicates the same type of transition and that
the transition in our system triggered volatilization.
The finding that much more than 2.5 nmoles Se/
10° accumulated with the higher concentrations of
selenite does not contradict this assumption. Volatili-
zation nfight have been delayed at higher con-
centrations, implying that considerable amounts of
dimethylselenide was retained in the cells during
60-120 min. It is also possible that the enzymatic
conversion to dimethylselenide was temporarily
inhibited. by selenite catalysed GSH oxidation [6].

A. STAHL, I. ANUNDI and J. HOGBERG

Even though no net formation of selenide could
be detected during the lag phase, results in earlier
publications show that there was an increased turn-
over in the GSH redox system during the first hour.
Thus, there was a decrease in the NADPH/NADP*
ratio {9, 17], and a complete oxidation of GSH pro-
vided GSSG reductase was partially inhibited [9].
These findings taken together with the accelerated
oxygen uptake suggest that during the lag period
autooxidation of Se metabolites counteracted the
GSSG reductase catalyzed reduction of selenite.

A futile metabolism of selenite in redox cycles may
have biological implications. It can explain a high
consumption of NADPH and thus also the cellular
lysis mentioned in the introduction. However, redox
cycles may generate reactive oxygen species [24] and
we have recently found that selenite, in the presence
of GSH, is a very potent inhibitor of the mirosomal
calcium pump [25]. This enzyme is often implicated
in cell damaging reactions and seems to be sensitive
to oxidative stress [26], so it is possible that selenite
toxicity also involves oxygen activation.
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