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The immunosuppressant deoxyspergualin (DSG) is a

synthetic derivative of spergualin that is a natural product
isolated from Bacillus laterosporusl\ It showed antitumor
activities against some nonsolid tumors1^ and was

subsequently found to possess immunosuppressive
properties2^ Although DSG has been shown to inhibit

various immuneresponses such as T cell proliferation, CTL
generation, T cell differentiation, B cell differentiation,
antibody production, antigen presentation, and
monocyte/macrophage function3), there are a number of

conflicting reports on its effects in these in vitro

experiments. DSGhas been found to interact intracelluarly
with Hsc70, a constitutively expressed memberof the heat
shock protein 70 (Hsp 70) family4), but the mechanism of
action of DSGstill requires further explanation.

We have used methyldeoxyspergualin (MeDSG) for in
vitro culture studies of DSG, because it is more stable
to hydrolysis than DSG but still possesses a similar
immunosuppressive activity. Recently, we found that
rapidly dividing cells are more sensitive to MeDSGthan
slowly growing cells and that MeDSG inhibits cell growth,
followed by apoptosis. Quiescent cells are resistant to
MeDSG5). Tetrazolium salts such as MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5 -diphenyltetrazolium bromide) are
metabolized by mitochondrial dehydrogenases to form a
blue formazan dye and therefore are commonlyemployed
as indicators of cell number and viability. We have also
observed that an enhanced MTT reduction precedes

apoptosis in MeDSG-treated cells6).
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The aim of this study was to explore the cellular events
related to the action of MeDSG,particularly focusing on its
effect on mitochondrial respiratory function in dividing
cells. Wefirst investigated the influence of oxygen on the
action of MeDSG.Murine T cell hybridoma.2-45-12 cells
were chosen for this study since they are rapidly dividing
and extremely sensitive to MeDSG.T cell hybridomas were
maintained in RPMI 1640 medium (GIBCO, Grand Island,
NY) supplemented with heat-inactivated 10% fetal calf
serum (FCS) (Hyclone Laboratories, Logan NY),

5X 10~5 m 2-ME, 1 mMsodium pyruvate, 2 mML-glutamine,
100units/ml penicillin and 100 /ig/ml streptomycin, and

incubated at 37°C in 5% CO2 humidified air atmosphere.
When 2-45-12 cells were treated with MeDSG,FCS was
replaced by human AB+serum since FCS contains large
amounts of polyamine oxidase and may hydrolyze DSGand
interfere with its activity. Under 0.1% oxygen concen-

tration, cells were cultured in Dulbecco's modified Eagle's
medium containing 4.5mg/ml of glucose, 2% human

serum, 10mMHEPES, 1 mMsodium pyruvate, 5X10"5m
2ME and 100 jUg/ml uridine, to prevent glucose shortage.

Although a number of studies have reported DSG-
mediated inhibition of immune responses in vitro at

concentrations greater than 50~200 //g/ml, we have used
MeDSG at concentrations of 5 to 20jUg/ml, which are
thought to be achievable in in vivo animal and human

pharmacokinetic studies. In our previous studies, when 2-
45-12 cells were exposed to 10fig/m\ MeDSG, the cells
showed a decline of [3H]-thymidine uptake after 24-hour

incubation. Thereafter, the cell viability was gradually

reduced and 48 hours later, approximately 60% of the cells
underwent cell death via apoptosis5'6). The concentrations

of MeDSGused in this study ranged from 0.0025 to 25
jUg/ml, which were lower than those used in our previous
studies5'6). Cell growth was evaluated by counting the cell
number, using a Coulter Counter model ZM (Coulter
Electronics Inc., Beds, U.K.).
As shown in Fig. 1, when T cell hybridomas were treated

with MeDSGunder 5% CO2/95% air for 72hours, MeDSG
inhibited cell growth in a dose-dependent manner. 0.025
jUg/ml MeDSG inhibited cell growth by approximately
60%. By contrast, when cells were treated with MeDSG
under 5% CO2/0.1% O2/94.9% N2 for 72hours, the cells
exhibited a marked resistance to MeDSG-induced cell
growth inhibition. Inhibition of cell growth was hardly

detectable in the presence of 0.025 jag/ml MeDSG.Thus,
the effects of MeDSGwere diminished in the cells cultured
under lower oxygen concentrations. The results imply that
the action of MeDSGmay be dependent on the function of
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mitochondrial respiratory chain. However, when T cells
were cultured under low oxygen concentrations for 72

hours, the cells exhibited relatively slow growth compared
with T cells cultured under the normal condition.

Therefore, we cannot exclude the possibility that T cells
may become resistant to MeDSG under low oxygen

concentrations due to the lack of the rapid growth.
Next, we investigated whether the effects of DSGare
dependent on the mitochondrial genome. To examine this,
we utilized the cell lines carrying mitochondrial DNA
(mtDNA) (p+) and its derivative lacking mtDNA (p°).

143BTK" was a thymidine kinase-deficient human osteo-
sarcoma cells, and p° 206 was derived from 143BTK"

cells7). 701.2.8c was obtained by the transformation of a
human fibroblast strain GM701with the simian virus 40,
and p° 701.2a was derived from 701.2.8c8). 143BTK" and
701.2.8c cells were maintained in Dulbecco's modified

Eagle's medium containing 4.5 mg/ml of glucose and 10%
FCS. On the other hand, p° cells depleted of mtDNAwere
grown in the same mediumsupplemented with 100 /ig/ml
uridine and 1 mMsodium pyruvate in order to prevent cell
death through a decline in intracellular ATP level and to
prevent a reduction of pyrimidine biosynthesis by inhibition
of the mitochondrial dihydro-orotase dehydogenase com-
plex. When these cell lines were treated with MeDSG,FCS
was replaced by horse serum. In our previous studies,

Fig. 1. The influence of oxygen concentrations on
the efficacy of MeDSG.

Murine T cell hybridoma 2-45-12 cells (5X103

cells/ml) were cultured in assay mediumand incubated
under 5% CO2/95% air or 5% CO2/0.1 % O2/94.9% N2

with or without MeDSGfor 72 hours. Cell number was
evaluated by direct counting. Results are expressed as

percentage of the cell number in the absence of
MeDSG and represent the mean±SD of triplicate
culture s.

MeDSGenhanced mitochondrial reduction of MTTduring
apoptosis in growing cells6). Therefore, the effects of

MeDSGon cell growth and MTTreduction were examined
using cell lines carrying mtDNA(p+) and its derivative
lacking mtDNA(p°). Since the osteosarcoma cells and the
fibroblast cells were grown slowly, the concentrations of
MeDSGused for these cells were higher than those in the
experiments of Fig. 1, and the evaluation was carried out at
120 hours of cultivation. The cell growth was determined as
described in the experiments of Fig. 1, and MTTcolor-
imertic assay was performed as described previously6^.
The results are presented in Fig. 2. When parental cells,
143BTKTor 701.2.8c were treated with MeDSGfor 120
hours, these growth were markedly inhibited. Moreover, an

Fig. 2. Susceptibility of mtDNA-containing cells
and mtDNA-deficient cells to the exposure of

MeDSG.

MtDNA-containing cells (143BTK" and 701.2.8c).

or mtDNA deficient cells (p° 206 and p° 701.2a) were
seeded in 24-well culture plates at a density of 5X103

cells/well for the determination of cell proliferation,
and in 96-well culture plates at a density of 1X103

cells/well for MTTcolorimertic assay, and then these
cells were cultured in the presence or absence of

MeDSGfor 120hours. Cell number was evaluated by
direct counting. Results are expressed as percentage of

the cell number in the absence of MeDSG and

represent the mean±SDof triplicate cultures (-O-).
MTTassay was performed and absorbance was
determined at 492 nmin a microplate reader. Results
are expressed as percentage of the absorbance in the

absence of MeDSGand represent the mean±SDof
triplicate cultures (~H~).
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Fig. 3. Lactic acid production in MeDSG-treated murine T cell hybridoma 2-45-12 cells.

2-45-12 cells were prepared at concentration of 5X 104 cells/ml in assay medium and incubated under 5% CO2humidified air
atmosphere in the presence or absence of MeDSG.24hours later, the content of lactic acid in the cellular extract and culture
mediumwas determined. The amounts of lactic acid are expressed as mg/106cells. Data are shownas the mean of triplicate
cultures and the SD are less than 10%of the mean.

enhanced formazan generation was observed in MeDSG-
treated p+ cells in a dose-dependent manner. On the other
hand, when mtDNA-lacking cell lines, p° 206 or p° 701.2a

were treated with MeDSG,these cell growth were similar
to that of untreated cells. Additionally, MeDSGfailed to
affect MTTreduction in p° cells, compared with p+ cells.
These results showed that p° cells lacking functional mito-

chondrial respiratory chain were resistant to MeDSG,

unlike the parental wild-type p+ cell lines. These findings
suggest that MeDSGleads to impairment of mitochondrial
respiratory function in growing cells.
If MeDSGinduced dysfunction in mitochondrial respi-
ratory chain, the energy metabolism in MeDSG-treated
cells might be affected. Therefore, weexaminedthe content
of lactic acid in MeDSG-treated T cell hybridomas. 2-45-12
T cells (2X 105cells/ml) were plated into 24-well culture
clusters and treated with MeDSGin 5% CO2humidified air
atmosphere. After 24hours-incubation, the cells were

harvested, washed with PBS for 3 times, and suspended
in PBS (4X 106cells/ml). The cell suspension was exposed

to 3 cycles of rapid freezing/thawing, centrifuged at
10,000 rpm and the supernatant was used as cellular
extract. This extract or its culture mediumwas mixed
with an equal volume of 0.6m perchloric acid, placed on

ice for 10minutes, and then centrifuged. The supernatant

was neutralized by the addition of potassium hydroxide,
placed on ice for 15minutes, and then filtered. The
content of L-lactic acid in the cellular extract or culture

medium was measured using a lactic acid assay

kit (Boerhinger, Mannheim, Germany)9).
When 2-45-12cells were treated with MeDSGfor 24

hours, cell growth was inhibited at the concentrations
greater than 0.25/ig/ml MeDSG in a dose-dependent

manner. However, cell death was not detected within 24
hours even when treated with 10 /ig/ml MeDSG(data not
shown). Fig. 3 shows that MeDSGinduced a significant
increase of lactic acid production in the culture mediumof
2-45-12 cells in a dose-dependent manner. Intracellular

accumulation of lactic acid was undetectable in MeDSG-
treated T cells. This indicated that MeDSG-treated cells
mayrelease lactic acid into culture medium.An apparent
enhancement in lactic acid production was detected even
after the exposure of 0.025 ^g/ml MeDSGat 24hours of
incubation, at which time the cell proliferation was not
different from that of the control cultures, as assessed by
[3H]-thymidine uptake (data not shown). Weconclude that
MeDSG-treated cells produced lactic acid before the cells
revealed growth inhibition or apoptosis. Although an

antitumor activity of DSGwas discovered using mouse
leukemia cell line L12101}, the release of large amounts of
lactic acid was detected in the culture medium of L1210
cells exposed to MeDSGfor 24 hours (data not shown).

It is reported that mitochondrial respiratory chain

inhibitors such as rotenone, antimycin A, and oligomycin
induce apoptosis10). Unlike tumor cells, quiescent cells are
resistant to these reagents11}. Furthermore, these
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mitochondrial respiratory inhibitors do not induce
apoptosis in p° cells that are depleted of functional
mitochondrial respiratory chain10). Together, the

susceptibility of cells to the action of MeDSGappears to
resemble the behavior of these mitochondrial respiratory
chain inhibitors. MeDSG-mediated apoptosis may be due to
inhibition of mitochondrial respiratory function. Since
rapidly dividing cells in culture continuously require
energy, they may be susceptible to the mitochondrial

respiratory chain inhibitors. In MeDSG-treated cells, an
enhanced MTT reduction precedes MeDSG-induced

apoptosis5'6). It has been suggested that MTTis reduced at
the ubiquinone and cytochrome b and c* sites of

mitochondrial electron transport system12). However, recent
studies have demonstrated that MTTreduction occurs at
multiple cellular sites, mostly at extramitochondria13). Since
weobserved that p° cells were resistant to MeDSG,
dehydrogenases responsible for formazan generation in

MeDSG-treated p+ cells may be located in mitochondria.
Rotenone, antimycin A or oligomycin inhibits MTT

reduction during cell death. Azide that inhibits cytochrome
a in mitochondrial complex IV also induces apoptosis, but
it also induced a slight enhancement of MTTreduction
(Odaka, C, unpublished data). Although, at present, we are
not able to define the mechanism by which MeDSGinduces
an increase of MTTreduction in growing cells, our findings
suggest that MeDSG interferes with the mitochondrial

respiratory function in growing cells. Our observations will
help to elucidate the mechanism of action of DSG,but
further experiments will be necessary to determine how

DSGinterferes with particular molecule(s) in the complex
of mitochondrial respiratory chain.
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