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Abstract—Metabolic activation is a prerequisite for the antitumor activity of certain drugs such as
cyclophosphamide. In vitro assays require systems for metabolic activation to reveal the toxicity of such
compounds for tumor cells. Although a number of methods utilizing systems for the in vitro metabolic
activation of drugs have been published, practical assays applicable to large scale screening for such
agents have been lacking. We, therefore, now report that incorporation of a liver subcellular fraction
(S9) into a recently established cell growth inhibition assay (microculture tetrazolium assay) significantly
increased the cytotoxicity of cyclophosphamide. Under optimal conditions, the 50% growth inhibitory
concentration was decreased in the presence of $9 from more than 600 ug/ml to less than 4 ug/ml,
depending upon the cell line. The method also proved suitable for studies investigating metabolic
detoxification (enzymatically or non-enzymatically) by conjugation reactions. For example, glutathione
(5 mM) markedly reduced the cytotoxicity of activated cyclophosphamide. In contrast, the addition of
UDP glucuronate (10 mM) in the presence of the UDP-glucuronosyitransferase activator UDP-N-
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acetylglucosamine (10 mM) had little effect on cyclophosphamide toxicity.

The development of new models and strategies for
the discovery of anticancer drugs plays a central role
in the “disease-oriented” drug-screening program
currently being established by the National Cancer
Institute (NCI). In this project an in vitro assay,
termed microculture tetrazolium assay (MTAS), has
been used to screen the toxicity of a test compound
against a number of human tumor cell lines [1-3].
Differential cytotoxicity or selective toxicity toward
cell lines derived from particular tumor types rep-
resents the criterion for the initial identification of
compounds to be selected for further studies. The
test procedure comprises the cultivation of cells in
microculture wells in the presence of appropriate
concentrations of test compounds. Following drug
exposure, the number of viable cells is estimated by
exploiting their ability to reduce a tetrazolium salt
(MTT) to a colored formazan (1, 4]. However, cer-
tain drugs such as cyclophosphamide (CPA), which
require metabolism by hepatic cytochrome P-450
dependent monooxygenases [5-7], not surprisingly
lack cytotoxic activity in this assay system. To pro-
vide the necessary in vitro conditions to study such
drugs, preincubation or co-cultivation of the agents
with liver cellular [8] or subcellular fractions [9-12]
as means for the in vitro activation has been
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§ Abbreviations: CPA, cyclophosphamide; GSH, glu-
tathione; iCsy, 50% growth inhibitory concentration; MTA,
microculture tetrazolium assay; and MTT, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide.

described by several authors. Most of these studies
have been carried out with liver S9, a sub-cellular
fraction that is also used in mutagenicity assays. In
addition to a variety of monooxygenase activities,
S9 also contains numerous enzymes for conjugation
reactions, including glutathione-S-transferases, and
UDP-glucuronosyl-transferases and -sulfo-
transferases. The activities of both the conju-
gating enzymes and the monooxygenases are depen-
dent upon the presence of the corresponding cofac-
tors. By the selective addition of various cofactors
to the S9 fraction, particular conjugation reactions
can be differentially activated. Such a system can
then be used to investigate whether a particular
conjugation reaction participates in the inactivation
of a potential antitumor agent.

In the present study we investigated the feasibility
of whether a system for metabolic activation can be
integrated into the MTA.. Of specific importance was
the desirability for simplicity, enabling the ready
use of the modification for special applications to
complement a large scale drug-screening program.
Furthermore, the effect of cofactors for conjugating
enzymes on the cytotoxicity of activated cyclo-
phosphamide was examined.

METHODS

Animals. Liver subcellular fractions were prepared
from male Sprague-Dawley rats (180200 g; Animal
Production Area, NCI-Frederick Cancer Research
Facility). The animals were given Purina Laboratory
Chow and water ad lib. until 16 hr before sacrifice
when the food was removed. Liver enzymes were
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induced by a single i.p. injection of Aroclor 1254
(500 mg/kg) diluted in sesame oil (200 mg/ml) 5 days
prior to killing the rats.

Chemicals. All drugs were supplied by the Drug
Synthesis and Chemistry Branch, Division of Cancer
Treatment, National Cancer Institute, Bethesda,
MD. Aroclor 1254, was obtained from Analabs Inc.;
glucose-6-phosphate  dehydrogenase (type 1X),
NADP, glucose-6-phosphate, glutathione, uridine-
S'-diphosphoglucuronic  acid, and uridine-5'-
diphospho-N-acetylglucosamine were purchased
from the Sigma Chemical Co.

Celllines. Samples of lung adenocarcinoma (A549)
[13], lung large cell carcinoma (A427) [13] and bron-
chiolo-alveolar carcinoma (NCI-H322) [14], con-
tinuous cell lines obtained from Dr Isaiah Fidler,
M.D. Anderson Hospital, Houston, TX; Dr
Dominic Scudiero, NCI-Frederick Cancer Research
Facility, Frederick, MD; and Dr Adi Gazdar, NCI-
Navy Medical Oncology Branch, Bethesda, MD,
respectively, were grown as bulk cell culture mono-
layers in growth medium (RPMI 1640 supplemented
with 10% fetal bovine serum and 2 mM L-glutamine)
in the absence of antibiotics. Each cell line was
verified to be mycoplasma free and to be of human
origin by chromosomal and isoenzyme analysis.

S9 Mix. The 9000 g supernatant fraction was pre-
pared by centrifugation of rat liver homogenate (S9)
according to Maron and Ames [15]. Portions (1 ml)
of 89, containing about 40 mg/ml protein, were
stored frozen at —70°. Immediately before addition
to the culture wells liver S9 was thawed, diluted
with growth medium, and supplemented with NADP
(4 mM) and glucose-6-phosphate (4 mM).

Microsome mix. Rat livers were homogenized in
3 vol. of cold Tris~KCl buffer, pH 7.3 (0.15M KCI;
20mM Tris). The homogenate was centrifuged at
9000 g for 20 min. Microsomes were prepared by
centrifugation of the resulting supernatant fraction
at 105,000g for 1hr. The microsomal pellet was
washed once with Tris—KClI buffer, and the micro-
somes were resuspended in RPMI-1640 (protein con-
centration of approximately 10mg/ml) filtered
through a 0.45 um Millipore filter and stored frozen
in portions of 1 ml at — 70°. Before each experiment
microsomal suspensions were diluted with growth
medium and supplemented with NADP and glucose-
6-phosphate as described above. In addition, glucose
6-phosphate dehydrogenase was added (2 mUnits/
ml microsome mix).

Protein determination. Protein concentrations
were determined using the BIO-RAD standard assay
procedure.

Microculture tetrazolium assay (MTA). The sen-
sitivity of cell lines toward the test compounds was
determined using a modification [1] of the MTT assay
[4]. Cells in exponential growth phase were harvested
by trypsinization and replated in 96-well flat-bottom
microculture plates at 1000 cells per well in 100 ul
growth medium. Culture plates were maintained in
an incubator at 37°, 5% CO, and 100% relative
humidity. Twenty-four hours later 50 ul of growth
medium containing various dilutions of test drug and
50 g of S9 mix, microsome mix or growth medium
were added to each well. Twenty-four hours later
the drug/S9 mix containing medium was removed by
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aspiration and replaced with 200 ¢l growth medium.
Following continuous cultivation for several days (3-
7). 50 ul MTT tetrazolium salt solution (5 mg/m!
PBS, 5-fold diluted with RPMI-1640 medium before
use) was added to the wells and the cells were incu-
bated for a further 4 hr. Culture medium was then
aspirated from the wells and the intracellularly gen-
erated formazan was solubilized in 150 yl dimethyl
sulfoxide per well. After shaking briefly, the optical
density (O.D.) at 570 nm was measured on a Dyna-
tech MR-600 plate reader. Formation of colored
formazan by reduction of the tetrazolium salt is
proportional to the number of viable cells [4]. Mean
values and standard deviations of triplicate deter-
minations were calculated. The standard deviations
were generally less than 15%.

RESULTS

The cytotoxic effect of CPA on A549 cells in the
presence of increasing concentrations of 89 protein
was evaluated using an S9 preparation from Aroclor
1254 induced rats and is shown in Fig. 1. After
replacing the drug/S9 containing medium with
growth medium, the cultivation was continued for 5
days, resulting in a total culture duration of 7 days.
The amount of §9 added to each well required for
optimal cell kill was 16 ug protein. Lower S9 protein
concentrations did not activate CPA efficiently,
whereas higher protein concentrations caused a sub-
stantial growth inhibition. Interestingly, a decline tn
CPA-mediated cytotoxicity was observed when the
S9 protein concentration exceeded 100 ug/well.

The effect of the culture duration post-treatment
with CPA/S9 was investigated subsequently (Fig. 2).
There were no significant differences in the 50%
growth inhibitory CPA concentration (ICs) regard-
less of whether the cultures were terminated after 4,
S, 6 or 7 days. Further studies showed that the
continuous presence of S9/CPA until the end of the
cultivation did not increase the sensitivity for CPA
but actually caused a substantial reduction of cell
growth. When S9 was prepared from liver of unin-
duced rats, higher CPA concentrations were
required for 50% growth inhibition, even when
increased S9 protein concentrations were used (Fig.
3).

These data suggest an optimal concentration of §9
protein of 16 ug/well for the activation of CPA. The
diminished cytotoxicity of CPA at high S9 protein
concentrations (> 100 ug/well) could be due to an
accelerated inactivation of the cytotoxic metabolites.
Reaction with glutathione (GSH) has been suggested
as a mechanism for detoxification of CPA metab-
olites [16]. Since GSH is a component of S9, increas-
ing the S9 concentration in the culture wells increases
the GSH level. Upon the microsomal activation of
CPA (minus the cytosolic fraction including GSH),
inactivation of the cytotoxic metabolite did not occur
at higher microsomal concentrations in contrast to
experiments in which S§9 mix was used (Fig. 4). This
could be due to the absence of GSH and/or other
cytosolic components including proteins with nucleo-
philic sites competing for electrophilic metabolites.
On the other hand, microsome mix considerably
inhibited the growth of AS549 cells. When adding
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Fig. 1. Growth inhibition of A549 cells by CPA in the presence of liver S9 from Aroclor 1254 induced
rats. After a one-day incubation of A549 cells (10° cells/well), CPA and S9 mix containing different
concentrations of $9 protein were added. Twenty-four hours later, CPA/S9 containing medium was
aspirated and growth medium was added. After a further 5 days, the number of viable cells was
determined using a tetrazolium assay. Formation of colored formazan by reduction of the tetrazolium
salt is proportional to the number of viable cells. Percent of O.D. at 540 nm is expressed relative to
cultures not exposed to CPA/S9 mix. Points represent the mean of three determinations.

1 g microsomal protein per well together with the
components of the NADPH-generating system, this
inhibition amounted to 25-40% of the untreated
control. This inhibitory effect could not be reduced
by further lowering the amount of added microsomal
protein. Careful examination of the data obtained
with the S9 mix revealed that even at an S9 con-
centration of 16 ug/well, showing no growth inhibi-
tory effect in the 7-day assay (Fig. 1), a growth

100

inhibition of up to 25% could be detected when the
total culture duration was 5 days or less. Since the
doubling time of the cells is extended with increasing
cell densities, a slight inhibitory effect on cell growth
may be missed in the 7-day assay. The growth inhibi-
tory effect was apparently caused by the presence of
the cofactors glucose-6-phosphate and NADP™* in
the S9 mix. Microsome mix, in addition, was sup-
plemented with glucose-6-phosphate dehydro-
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Fig. 2. Effect of culture duration post-treatment with CPA/S89 mix. CPA was activated by S9 mix

containing 16 ug S9 protein from Aroclor 1254 pretreated rats. The time after treatment with CPA/S9

mix varied from 1 to 5 days, resulting in a total culture duration of 3-7 days. Other conditions were the

same as described in the legend of Fig. 1. Percent of O.D. at 540 nm is expressed relative to cultures
untreated with CPA/S9 mix. Points represent the mean of three determinations.
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Fig. 3. Activation of cyclophosphamide by liver S9 from uninduced rats. Conditions were the same as

described in the legend of Fig. 1 except that S9 from uninduced rats was used and that the total culture

duration was reduced to 4 days. Percent of O.D. at 540 nm is expressed relative to cultures untreated
with CPA/S9 mix. Points represent the mean of three determinations.

genase, resulting in a slightly increased growth inhi-
bition.

To substantiate the role of GSH in the detox-
ification of CPA metabolites, S9 mix was sup-
plemented with exogenous GSH. The addition of
GSH led to a pronounced inhibition of the cyto-
toxicity caused by S9-activated CPA (Fig. 5). CPA
concentrations up to 1000 mg/ml did not result in
complete cell killing in the presence of 5mM GSH.
In contrast, addition of UDP-glucuronic acid had
little effect on the 1Cs for activated CPA.

The influence of S9 mix on 1Cs, values of cytotoxic
drugs that are effective without metabolic activation
is shown in Table 1. None of the compounds tested
had lower ICsy values in the presence of S9 mix.
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According to the standard protocol used for drug
screening, cell cultures are exposed continuously to
test compounds which are added 24 hr after cell
plating. Shorter periods of drug exposure led to
slightly higher iCsy values, depending on the drug
(Table 1).

Cell lines other than A549 may be used for the
screening of substances that require metabolic acti-
vation. NCI-H322, a cell line derived from a bron-
chiolo-alveolar carcinoma, and A427, a lung large
cell carcinoma (DNA repair deficient) cell line,
showed slightly higher sensitivity to cyclophospha-
mide (Table 2). The growth of both cell lines,
however, was inhibited considerably by S9 mix alone.
The addition of S9 mix (16 ug S9 protein/well) caused
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Fig. 4. Activation of cyclophosphamide by microsomes from Aroclor 1254 pretreated rats. Conditions

were the same as described in the legend of Fig. 1 except that microsomes rather than S9 were used and

the total culture duration was reduced to 4 days. Percent of O.D. at 540 nm is expressed relative to
cultures untreated with CPA/microsome mix. Points represent the mean of three determinations.
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Fig. 5. Inactivation of cytotoxic metabolites of CPA. S9 mix (16 ug S9 protein/well, S9 from pretreated

rats) was supplemented with cofactors for conjugation reactions to give a final concentration in the

culture wells as indicated. After treatment with drug-supplemented $9 mix, cells were cultivated for 2

additional days (4 days total culture duration). Other conditions were the same as described in the

legend of Fig. 1. Percent of O.D. at 540 nm is expressed relative to cultures not exposed to CPA but

treated with S9 mix and cofactors for the corresponding conjugation reaction. Points represent the mean
of three determinations.

Table 1. Effect of S9 mix on drug cytotoxicity in the MTT assay

ICso (ug/ml)

Exposure time

24hr 3 days
Drug With S9 mix Without §9 mix Without $9 mix
Adriamycin 0.007 (88%) 0.005 0.003
Cisplatin 1.2 (89%) 1.0 0.9
Methotrexate 3 (97%) 0.09 0.02
Vinblastine 0.004 (88%) 0.003 0.002
HgCl, 200 (97%) 60 30

A549 cells (10° cells/well) were grown 24 hr prior to application of drug'and S9 mix
(16 ug S9 protein/well, S9 from induced rats). Drug/S9 containing medium was either
replaced with growth medium or left for the remaining cultivation. The total cultivation
duration amounted to 4 days. The ICs, (50% growth inhibitory concentration) values
were determined by linear interpolation from concentration~response curves. The
percentage of control cell growth in the presence of S9 mix compared to unexposed

cells is given in brackets.

Table 2. Cytotoxicity of cyclophosphamide towards A427
and NCI-H322 in the presence and absence of S9 mix

ICsy (ug/ml)

Cell line With S9 mix Without S9 mix
NCI-H322 1.5 (50%) 700
A427 1.3 (35%) 600

Culture conditions were the same as described in the
legend of Fig. 1. CPA was activated by $9 mix (16 ug S9
protein/well, S9 from induced rats). Total culture duration
was 7 days. The 1C5, (50% growth inhibitory concentration)
values were determined by linear interpolation from con-
centration-response curves. The percentage of control cell
growth in the presence of $9 mix is given in parentheses.

a 50% or 65% growth inhibition of NCI-H322 and
A427 cells respectively. This growth inhibitory effect
persisted even when the 89 protein concentration
was reduced to 8 ug/well. By using reduced S9 pro-
tein concentrations, however, an increase in the 1Cs)
values for cyclophosphamide was noted.

DISCUSSION

In the present studies with the microculture tetra-
zolium assay, we have shown that cyclophosphamide
was activated efficiently in situ by both S9 and micro-
somes from rat liver. Under optimal conditions S9
mix increased the cytotoxicity of CPA more than
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200-fold towards all cell lines tested. The standard
MTA procedure had to be expanded by only three
simple steps: (1) addition of S9 mix or microsome
mix, (2) aspiration of drug-containing medium, and
(3) addition of fresh growth medium 1 day later. All
three steps can be rapidly performed for a large
number of samples when using 96-well microtiter
plates.

We do not question the value of viable hepatocytes
for studies concerning drug activation or inactivation
[8]; however, its general application in drug screen-
ing has been hampered by the intense labor burden
associated with such an approach. Preincubation of
the drug with subsequent removal of microsomes
either by centrifugation [17] or filtration [11] is also
unsuitable when hundreds of samples have to be
processed. A further disadvantage of this approach
is possible loss of activity due to instability of some
cytotoxic metabolites [11]. In situ activation of the
test compound with either cofactor-fortified micro-
somes [18] or 89 [9, 12] circumvents time-consuming
steps.

Cell growth inhibition by S9 or microsomes sup-
plemented with cofactors has been reported to be a
major disadvantage when CPA is activated in situ
[17,19]. The growth of different cell types has been
shown to be inhibited differentially [17]. We also
observed the differential inhibition of cell growth
by 89, in combination with cofactors, when using
various cell lines. Metabolic activation, however,
could easily be detected even when S9 mix caused cell
growth inhibition greater than 50%. The question of
whether a compound is activated by S9 mix, there-
fore, can probably be answered using any cell line
showing sufficient formazan formation after cocul-
tivation with S9 mix even in the presence of sub-
stantial growth inhibition by S9 mix alone. Since a
pattern of differential cytotoxicity or selective tox-
icity toward cell lines derived from particular tumor
types is the principal criterion for the selection of a
compound for further study, compatibility of S9 mix
with most of the cell lines used in the screening
program would be a prerequisite for further eval-
uation of a test compound requiring metabolic acti-
vation. Erroneous data could be obtained if the
addition of S9 alone increased the sensitivity of cell
lines toward test drugs, for example by membrane
damage. Thus, an S9-dependent differential alter-
ation in cell sensitivity would falsely indicate dif-
ferential cytotoxicity toward the test drug. According
to our data, however, the sensitivity of A549 cells
for cytotoxic drugs was not increased by S9 mix. This
suggests that S9 mix alone does not interfere with
ICsy determinations by rendering the cells more sus-
ceptible to the test compound. In the case of metho-
trexate, substantial reduction in growth inhibitory
activity was observed in the presence of S9 (Table 1
and additional experiments not shown). While we
have not studied this phenomenon in detail, other
investigators have shown that methotrexate can be
metabolized to 7-hydroxymethotrexate polygluta-
mates by rat hepatocytes [20], that 7-hydroxy-
methotrexate is less effective as an inhibitor of
dihydrofolate reductase [21], and that it interferes
with methotrexate uptake into cells [22]. Thus, S9-
mediated metabolism of methotrexate could be
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expected to reduce measured growth inhibition.
Further investigations will demonstrate whether the
approach for metabolic activation described here can
be applied to all cell lines used in the screening
program.

Growth inhibition by S9 mix may have multiple
underlying mechanisms. First, an inhibitory effect
which varies considerably among different cell lines
and which cannot be abolished by reduction of the
S9 protein concentration seems to be exerted by the
added cofactors. Second, when using higher amounts
of S9 protein, additional growth inhibition was
observed, dependent upon the presence of both S9
protein and cofactors. This inhibitory effect may be
due to the production of reactive oxygen radicals via
electron transfer from NADPH to molecular oxygen.
This reaction can be catalyzed by various enzymes
present in S9 [23]. For all three cell lines tested, the
same S9 protein concentration proved to be optimal
for the activation of cyclophosphamide. We cannot
exclude, however, that other cell lines have different
susceptibilities to the inhibitory effects of §9 in com-
bination with the necessary cofactors. Therefore, the
optimal S9 protein concentration should be deter-
mined separately for each cell line. However, to
ensure comparable levels of cytotoxic metabolites
generated by S9 mix, it seems mandatory to use
identical S9 protein concentrations for all cell lines
used for the testing of a particular drug.

For in vitro drug evaluation applications, acti-
vation by S9 may be superior compared to micro-
somes because of its simpler preparation. Induction
of cytochrome P-450-dependent monooxygenases by
Aroclor 1254 substantially lowered ICsy values for
cyclophosphamide. Although we have no data yet
for other drugs, we believe that S9 preparations from
such pretreated rats activate most compounds more
efficiently. This hypothesis is supported by evidence
from mutagenicity studies indicating improved acti-
vation of promutagens when S9 was prepared from
pretreated animals [15].

The application of the method presented here,
however, is not limited to the detection of com-
pounds requiring metabolic activation. For example,
additional information can readily be obtained with
respect to the involvement of particular conjugation
reactions in the detoxification of test compounds
and/or their active metabolites. In this respect, the
substantial decrease in cytotoxicity of activated CPA
observed in the presence of GSH support recent
data, suggesting an important role for GSH in the
detoxification of reactive CPA metabolites [16].
Compounds with hydroxyl groups may be subject to
conjugation with glucuronic acid. Whether a com-
pound is detoxified by glucuronidation can be inves-
tigated by supplementing the S9 mix with UDP-
glucuronic acid. This metabolic pathway is of par-
ticular importance for those compounds containing
the quinone moiety, a characteristic of many anti-
tumor drugs. Quinones can readily undergo redox
cycling with the concomitant formation of toxic oxy-
gen radicals [24-26]. Conjugation of the cor-
responding quinol with glucuronic acid would lead
to removal of the compound from the redox cycles
[27]. The present experiments demonstrate that the
potential contribution of conjugations with GSH
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and/or glucuronic acid can readily be detected with
only minor modifications of the standard protocol.

The methods described here provide a simple and
effective means for in vitro activation/inactivation
of potential antitumor drugs. The technical ease of
this methodology is compatible with its use on a
relatively large scale for detailed evaluation of selec-
ted compounds. Experience with the A549, NCI-
322, and A427 cell lines suggests that the simple
methods described here may be applicable to a broad
range of cell types. However, the unique sensitivities
of individual cell lines to the toxic effects of the
metabolic activation mixtures complicate the quanti-
tative application of the method. This, coupled with
the added cost associated with preparation and
administration of the S9 mixture, indicates that the
most appropriate use may be with one or a few of
the members of the disease-oriented cell line panels
to enable detection of compounds requiring meta-
bolic activation in the primary screen and to facilitate
detailed studies of such compounds.
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