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Purpose. The influence of three alkylating and three intercalating
anticancer drugs on cell survival, cell cycle kinetics and chromatin
patterns was monitored in vitro on three neoplastic cell lines. Meth-
ods. This monitoring was carried out by means of the digital cell
image analysis of Feulgen-stained nuclei. Results. Results show that
in term of cytotoxicity, the intercalating drugs were more potent
than the alkylating ones. As for the cell kinetics assessment, most of
the experimental conditions led to a blockage of the cells in the G,
phase of the cell cycle. A study of chromatin patterns by means of
digital cell image analysis enabled us to describe 15 morphonuclear
parameters. The resuits show that the drugs tested induced specific
morphonuclear modifications, e.g. an increase in nuclear size. The
15 morphonuclear parameters were submitted to multivariate anal-
yses, i.e. principal-components analyses followed by the canonical
transformation of the data. The results of these multivariate analy-
ses enabled us to discriminate between the alkylating and the inter-
calating drugs. Conclusions. We conclude that it would be possible to
“‘diagnose”” the mechanism of action of DNA interacting agents
(alkylating or intercalating drugs) by means of the combination of
digital cell image and multivariate analysis.

KEY WORDS: cell cycle kinetics; chromatin patterns; intercalating
drugs; alkylating drugs; cancer pharmacology.

INTRODUCTION

According to Waring (1), since most aspects of the can-
cer problem revolve around the behavior of DNA, the sub-
ject of anticancer drug-DNA interactions has retained the
attention of a lot of researchers. Of the anticancer drugs
which react with the DNA of neoplastic cells, alkylating and
intercalating agents are among the most potent. However, it
is often very difficult to distinguish between these two
classes of agents on the sole basis of their chemical struc-
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tures. The fact nevertheless remains that the early identifi-
cation of the mechanism of action of an anticancer drug is of
great importance during the pharmacological evaluation of
the drug’s activity because this mechanism of action will
dictate the toxicological profile of the compound. Indeed, by
way of an example, many of the clinically active antineo-
plastic intercalating drugs are cardiotoxic (2) while most of
their alkylating homologues are hematotoxic (3). Thus, in the
pharmacological evaluation of a compound it is very impor-
tant to identify as early as possible whether the compound is
an alkylating or an intercalating agent since the clinical man-
agement will be completely different. At present, the phar-
macological action of alkylating and intercalating drugs is
mainly studied by means of alkaline elution methods, which
reveal the DNA crosslinking ability of alkylating agents (4),
and the single and double strand breaks caused by interca-
lating ones (5). In our laboratory, we have been interested for
a number of years in the digital cell image analysis of anti-
cancer-induced effects on neoplastic cells (6—10). This meth-
odological approach is also used by other research groups
(11-13). These studies show that the computerized analysis
of Feulgen-stained nuclear images makes it possible to study
antineoplastic drug-induced effects on several levels, i.e. cell
proliferation (7), cell kinetics (7,9,10,13), and chromatin con-
formation (7-13).

The aim of the present work is to study the effects of
three alkylating and three intercalating anticancer drugs on
these distinct levels of drug-induced effects on the biological
properties of neoplastic cells (i.e. cell proliferation, cell ki-
netics, and chromatin conformation) in order to distinguish
between alkylating and intercalating drugs. To this end, three
neoplastic cell lines, i.e. the MXT mouse mammary cell line
(14) and the J82 (15) and T24 (16) human bladder lines, were
submitted to the three alkylating drugs (melphalan (L-PAM),
a nitrogen mustard; carmustine (BCNU), a nitrosourea; and
thiotepa (TT), an ethyleneimine derivative) and the three
intercalating drugs (doxorubicin (DOX), an anthracycline;
actinomycin D (ACT), a polypeptide linked to a phenox-
azone ring); and ellipticine (ELL), an intercalating alkaloid).
The effects of these six drugs on cell cycle kinetics and mor-
phonuclear features were studied by means of the digital cell
image analysis of Feulgen-stained nuclei. Furthermore, mul-
tivariate analyses (principal components analysis with the
canonical transformation of the data) of the morphonuclear
effects observed were carried out in order to distinguish be-
tween alkylating and intercalating drugs. These analyses
were carried out according to a methodology previously de-
scribed in detail (7,9,10).

MATERIALS AND METHODS

Drugs

The melphalan came from Sigma Chemical Co. (St.
Louis, USA); the carmustine came from Bristol (Paris La
Défense, France); the thiotepa, actinomycin D and ellipti-
cine were obtained from Pierre Fabre Médicaments (Castres,
France) and the doxorubicin came from Farmitalia Carlo-
Erba (Nivelles, Belgium). The purity of these six drugs was
at least 95%.

(724-8741/95/0700-1011$07.50/0 © 1995 Plenum Publishing Corporation
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Cell Culture

The MXT cell line is a derivative of the murine MXT
mammary adenocarcinoma (17). The J82 and T24 human
bladder cell lines came from the American Type Culture Col-
lection (Rockville, USA) (HTB1 and HTB4 respectively).
The cells were cultured at a temperature of 37°C in an atmo-
sphere containing 5% of CO,. The culture medium consisted
of Eagle’s Minimum Essential Medium supplemented with
5% fetal calf serum (decomplemented by 1 hr’s processing at
56°C), L-glutamine and antibiotics (all the constituents were
from Gibco, Paisley, UK).

Preparation of Samples

The preparation of the samples was similar to that al-
ready described (7). Briefly, aliquots of 2.5 ml of a suspen-
sion containing 25,000 cells in the exponential growth phase
were plated in Petri dishes with a diameter of 35 mm (Nunc,
Roskilde, Denmark); in each dish there was a glass micro-
scope coverslip. After 24 hrs’ incubation, the medium was
supplemented with nine concentrations of each of the 6 an-
tineoplastic drugs studied. Control conditions (CT) included
cells cultured in the absence of any drug. After 72 hrs in
these experimental conditions, the microscope glass cover-
slips were fixed in a mixture of ethanol 96% (75 ml), formol
40% (20 ml) and acetic acid 100% (5 ml) (EFA), and mounted
on microscope slides by means of DPX (BDH Chemicals,
Poole, UK). The slides were stained by means of the Feulgen
reagent (Fluka, Buchs, Switzerland) after hydrolysis in 6N
HCl for 1 hr at 24°C (18). These slides were used to study
drug-induced alkylating and intercalating effects on the
growth, the kinetics and the morphonuclear features of cells.
Each experimental condition was executed in triplicate.

Cell Growth Assessment

As previously described (9,10), the number of Feulgen-
stained cell nuclei present on an area of 16 mm? was re-
corded for each slide subjected to analysis. This assessment
was carried out using a microscope (40X magnification lens)
equipped with a 100-case grid. Five areas were analysed per
slide, and so 15 areas per experimental condition. The values
so obtained permitted the assessment of the cytotoxic effect
of the drugs on the proliferation of the cell lines in the dif-
ferent experimental conditions.

Cell Kinetic Assessment

The assessment of the proportion of cells in the various
phases of the cell cycle was carried out by means of stepwise
linear discriminant analysis with reference to specific ‘‘mor-
phonuclear data banks™’ relating to the Go-G,, S, G, and M
phases of the cell cycle. These three data banks were ob-
tained by means of principal components analysis followed
by the canonical transformation of the data using a method-
ology previously described (6,7). The specific ‘“morphonu-
clear data banks’’ were set up on the basis of the 15 mor-
phonuclear parameters calculated by means of digital image
analysis.
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Image Analysis

Three hundred cell nuclei were analysed for each slide
by means of a SAMBA 2005 system (Alcatel-TITN, Greno-
ble, France), so enabling each of the nuclei analysed to be
characterized according to 15 morphonuclear parameters
(18). Nine hundred cell nuclei were thus computed for each
experimental condition studied. These 15 parameters belong
to four different algorithms. The first generates one geomet-
ric parameter. The second is based on the distribution of the
optical density in the nucleus, and groups five densitometric
parameters including the integrated optical density (I0Dj),
which corresponds to the DNA content. Five parameters are
computed on the basis of the length section matrices (19) and
the four remaining ones are computed on the basis of the
co-occurrence matrices (20). These 15 parameters are de-
scribed in Table 1. Briefly, except for the nuclear area pa-
rameter (which gives the nuclear size) and the integrated
optical density (which corresponds to the DNA content),
these parameters describe the chromatin texture of the nu-
clei. ’

Statistical and Mathematical Analyses

The assessment of cell growth, cell kinetics and the
morphonuclear effects of the drugs are reported as means *
standard error of the mean. The statistical comparisons were
made by means of the Fisher test.

We also used principal-components analysis followed
by the canonical transformation of the data in order to char-
acterize ‘‘typical’’ cell nuclei from the different nuclear pop-
ulations, i.e. the populations submitted to the different
drugs. Such analyses correspond to the multivariate analysis
described by Bartels (21). This author reports that multivari-
ate methods are appropriate to describe any differences be-
tween cells or any gradual change serving to establish sta-
tistical significance of a change. They also serve to discrim-
inate between cells with different properties (21).

RESULTS

Drug-Induced Effects on Cell Survival

In Fig. 1 the open squares depict the survival of the J82
cells in the different experimental conditions. Similar curves
were obtained by means of the MXT and T24 cell lines (data
not shown). On the basis of such curves it is possible to
extrapolate the value of the concentration inhibiting 50% of
the cell proliferation (IC50). These values are given in Table
II. The results listed in Table II show that the three alkylating
agents induced a 50% inhibition in cell proliferation at con-
centrations ranging between 10~ °M and 10 ~*M. In contrast,
the three intercalating agents induced IC50 at concentrations
ranging between 10~°M and 10 ~5M. Thus, the intercalating
agents appear to be more potent in terms of cytotoxicity than
the alkylating ones.

Drug-Induced Effects on the Cell Cycle

In Fig. 1, the black squares give the effects of the six
antineoplastic agents studied on the percentage of J82 cells
present in the G, phase of the cell cycle. It should be em-
phasized that a given drug-treated cell nuclei population was
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Table L. List of the 15 Morphonuclear Parameters®
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Abbreviation

Morphonuclear paramete

r Biological relevance

Geometric parameter
1
Densitometric parameters
2
3
4
5
6
Parameters computed on the basis of the length section matrices
7
8
9
10
11
Parameters computed on the basis of the co-occurence matrices
12
13
14
15

NA

10D
MOD
SK
vVOD

SRL
LRL
GLD
RLD
RLP

Nuclear area

Integrated optical density
Mean optical density
Skewness index

Variance of the optical density

Kurtosis index

Short run length emphasis
Long run fength emphasis
Gray level distribution
Run length distribution
Run length percentage

Local mean

Energy

Coefficient of variance
Contrast

Nuclear size

DNA content

Chromatin texture
Chromatin texture
Chromatin texture
Chromatin texture

Chromatin texture
Chromatin texture
Chromatin texture
Chromatin texture
Chromatin texture

Chromatin texture
Chromatin texture
Chromatin texture
Chromatin texture

4 For each morphonuclear parameters, Table I gives its rank, its abbreviation, its name and its biological relevance.

taken into consideration for G, percentage determination
when at least 15% of the cells were still present after treat-
ment as compared to the control condition (= 100%). Below
this 15%, the number of cells was too low to make morpho-
nuclear analysis possible. The results show that both the
alkylating and the intercalating drugs induced a significant

J82

increase in the percentage of cells in the G, phase. This G,
phase increase was inversely correlated with the percentage
of surviving cells. At the highest concentrations investigated
a plateau was sometimes reached with respect to the pro-
portion of cells present in the G, phase. Similar results were
observed with the MXT and T24 cell lines (data not shown).
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Fig. 1. Cell survival (open squares) obtained with the J82 cell line after 3 days’ incubation in the presence of each of the drugs studied,
together with the percentage of cells in the G, phase of the cell cycle (black squares). The results are expressed in percentages in
comparison with the control cells (=100%)-+ standard error of the mean.
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Table II. IC50 Values of Alkylating and Intercalating Drugs®

MXT cell line J82 cell line T24 cell line

Melphalan -58+0.7 -54=1.1 -5.6+07
Carmustine —4.6 0.5 —4.1 £ 0.6 -42 =08
Thiotepa -52+06 -55=+03 —-55=+07
Doxorubicin —-7.6 1.8 -76x1.4 -7.7=x1.1
Actinomycin D -85=+1.2 -8.0+0.9 —84*08
Ellipticine -63 1.0 —-6.0x 0.6 -6.0=* 1.1

¢ List of the drug concentrations inhibiting 50% of the cell prolifer-
ation (ICS50) in the three cell lines studied. The results are ex-
pressed as the logarithm of the IC50 + standard error on the mean.

When a significant G, phase increase occurred, this in-
crease led to a concomitant decrease in the percentage of
cells present in the G, phase of the cell cycle (data not
shown). Concerning the percentage of cells present in the S
and M phases of the cell cycle, no significant modifications
were observed in comparison with the control conditions
(data not shown).

Drug-Induced Effects at Morphonuclear Level

Taking monovariate analysis as a means of illustrating
the morphonuclear effects induced by the alkylating and in-
tercalating drugs, Fig. 2 shows the development of nuclear
size (quantitatively described by the nuclear area) in relation
to the drug concentrations. As for Fig. 1, only the experi-
mental conditions were analysed for which a significant pro-
portion of the cells (=15% as compared to the control) were
still present, so making digital cell image analysis possible.
The results show that nuclear size increased concomitantly
with the drug concentrations. Nevertheless, actinomycin D
produced no significant (p > 0.05) effects on the develop-
ment of the mean nuclear size value, or only a weak but
nevertheless significant (p < 0.05 to p < 0.001) decrease in
this mean value in the case of the T24 cells treated by con-
centrations of actinomycin D ranging from 10 ~°M to 10~ 3M.

Since 15 morphonuclear parameters were taken into
consideration in the present study, we would have illustrated
the drug-induced effects at morphonuclear level by means of
15 figures, as in Fig. 2, if we had used monovariate analysis.
This was not feasible. Due to this fact, these large amounts
of information were combined and described by means of
multivariate analysis in order to take the 15 morphonuclear
parameters into account in one single calculation step. The
multivariate analysis employed involved principal-
components analysis. This mathematical analysis of data al-
lows a projection into a 2-dimensional space of the 15-
dimensional space corresponding to the multiparametric im-
age featuring the 15 parameters computed on each nucleus.
This transformation of a 15-dimensional space into a 2-di-
mensional space is made possible by means of the canonical
transformation of the data. This 2-dimensional space is de-
limited by canonical functions. Each canonical function is a
linear combination of the 15 parameters and is uncorrelated
with any other. Each of these canonical functions yields part
of the information obtained by means of the 15 parameters.
By definition, the largest part is yielded by the first canonical
function. The second canonical function is the next most
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Fig. 2. Development of the nuclear area (NA) in the different ex-
perimental conditions tested. The open symbols show the effects of
the 3 alkylating agents (melphalan = open squares, carmustine =
open circles, thiotepa = open triangles). The black symbols show
the effects of the intercalating agents (doxorubicin = black squares,
actinomycin D = black circles, ellipticine = black triangles). The
standard errors of the mean are not shown because they do not
emerge from the symbols.

e

important one, and so on. So the plane described by the first
two canonical functions is the most potent canonical plane in
terms of the quantity of information given. In the present
work, the first two canonical functions gave at least 85% of
the total information. In other words, these first two canon-
ical functions explain at least 85% of the variance between
the factorial cell distributions corresponding to the different
experimental conditions. This is the reason why we chose to
represent only the planes describing the first two canonical
functions (Figs. 3 and 4). Because it is not possible to rep-
resent on a factorial plane each of the 900 cell nuclei for each
of the 30 drugs studied, Figs. 3 and 4 depict only the 95%
confidence interval around the mean position of each of the
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Fig. 3. Multivariate analysis performed with the J82 cell line on the
basis of the values of the 15 parameters described by means of
digital cell image analysis. The experimental conditions used for this
mathematical analysis were those corresponding to the concentra-
tions inhibiting between 51 and 65% of the cell proliferation. This
multivariate analysis made it possible to locate each drug (symbol-
ized by an ellipsis corresponding to the 95% confidence interval of
the mean position of the factorial cell distribution of the treated
nuclei) in a 2-dimensional space by means of the canonical transfor-
mation of the data (Fig. 3A). The canonical projection of the 15
parameters is represented in front of each factorial distribution (Fig.
3B) in order to indicate the direction and strength of the parameter
scattering of the cell populations under analysis.

factorial cell distributions corresponding to each of the ex-
perimental conditions.

Fig. 3 gives the results obtained by means of a this mul-
tivariate analysis. This analysis was performed for the J82
cell line on the basis of the morphonuclear characteristics
obtained for 900 cell nuclei whose digitized nuclear images
were merged into one file. For this multivariate analysis (il-
lustrated in Fig. 3), we employed only one concentration of
each drug studied, i.e. the drug concentration inducing a
50% inhibition in the cell proliferation (IC50) (in fact, the
concentration which is the nearest to the IC50 values). So we
used the following experimental conditions: melphalan at a
concentration of 10~ 3-3M, carmustine at a concentration of
10~ 4°M, thiotepa at a concentration of 10~ 3-*M, doxorubi-
cin at a concentration of 10~%°M, actinomycin D at a con-
centration of 10~ %°M and ellipticine at a concentration of
10~ %°M. These concentrations corresponded to a cell pro-
liferation of between 35% and 49% of the cell proliferation of
the control cells. Fig. 3 shows the results of the principal-
components analysis performed on the basis of these six
experimental conditions. In Fig. 3A, each ellipsis corre-
sponds to the 95% confidence interval around the mean po-
sition of the factorial cell distribution of each experimental
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condition (i.e., melphalan (L-PAM) at a concentration of
10~ °3M, carmustine (BCNU) at a concentration of
10~ %M, thiotepa (TT) at a concentration of 10~>-*M, doxo-
rubicin (DOX) at a concentration of 10~ 8®M, actinomycin D
(ACT) at a concentration of 10 ~2-°M and ellipticine (ELL) at
a concentration of 10 ~%°M). These ellipses were placed on
a two-dimensional plane circumscribed by the first two ca-
nonical functions. The ellipses corresponding to the alkylat-
ing agents (L-PAM, BCNU, TT) are located in the upper
right-hand superior area of the plane and the intercalating
drugs (DOX, ACT, ELL) are dispersed over the rest of it.
Fig. 3B makes it possible to assess the descriptive informa-
tion contributed by each of the 15 parameters (vectors). In-
deed, Fig. 3B gives the direction and strength of the param-
eter scattering for the cell populations under study. In other
words, the projection of vectors (corresponding to each of
the 15 parameters) on the axes of the first (X axis) and sec-
ond (Y axis) canonical functions gives the importance of
each of these 15 parameters according to the first and second
canonical functions respectively. So in the light of Fig. 3B, it
emerges that the NA, LRL, RLP, CV and C parameters have
the greatest influence on the position of the ellipses in ac-
cordance with the first canonical function. On the other
hand, the second canonical function is strongly influenced
by the NA, LRL, RLP, LM, CV and C parameters. In con-
trast, the VOD and SRL parameters have little influence in
accordance with the first two canonical functions.

In this multivariate analysis, a problem stemming from
the use of the experimental conditions corresponding to the
concentrations inducing about a 50% inhibition in the cell
proliferation is that it is extremely difficult (if not impossible)
to obtain this concentration exactly. This is the reason why,
in our example in Fig. 3A, the concentrations used in reality
inhibited between 65% and 51% of the cell proliferation. At
these concentrations, the sigmoids representing the relation
between the doses and the morphonuclear effects (see Fig. 2
for example) slope up steeply. This means that for little dif-
ference in the concentrations, there are important differ-
ences in the mean values of the morphonuclear parameters.
This is the second reason why we prefer to study the mor-
phonclear effects of the drugs at the highest concentrations.
At these concentrations, the mean values of the morphonu-
clear parameters develop moderately (see in Fig. 2 the ef-
fects of the three alkylating drugs on the development of the
nuclear area (NA) of the different cell lines studied). Fur-
thermore these concentrations induce the most marked mor-
phonuclear effects (see Fig. 2). For these reasons, only the
highest concentration analysed for each drug was taken into
account in the further principal-components analysis.

Figs. 4 A, C and E were drawn up according to the first
two canonical functions. Figs. 4 B, D and F make it possible
to assess the descriptive information contributed by each of
the 15 parameters (vectors). In other words, Figs. 4 B, D and
F give the direction and strength of the parameter scattering
for the cell populations under study.

Fig. 4 A gives the results for the multivariate analyses
carried out on the MXT cells. The results show that the
ellipses describing the alkylating agent-induced effects on
the MXT cell nuclei are located among the positive values of
the first canonical function, and among the negative values
of the second one. In contrast, the ellipses describing the
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Fig. 4. The legend to Fig. 4 is similar to Fig. 3 but deals with the MXT (Fig. 4A and B),
J82 (Fig. 4C and D) and T24 (Fig. 4E and F) cell lines: Figs. 4A, C and E give the location
of the 95% confidence interval of the mean position of the factorial cell distribution of the
treated nuclei; Figs. 4B, D and F indicate the direction and strength of the parameter
scattering of the cell populations under analysis. In contrast to Fig. 3, the experimental
conditions used for Fig. 4 correspond to the highest concentrations studied, as justified

in the results.

intercalating agent-induced effects on the MXT cell nuclei
are located on the three remaining quarters of the plane.

Fig. 4C shows the results obtained by means of multi-
variate analysis carried out on the J82 cell line. These results
show that the ellipses relating to the alkylating agents are
situated among the negative values of the second canonical
function while those relating to the intercalating drugs are
situated among the positive values of this function.

In the case of the T24 cell line (Fig. 4E), the results are
similar to those obtained with the MXT line except that the
ellipsis corresponding to the carmustine is located among the
positive values of the second canonical function and not
among the negative ones, as is the case with the MXT cells.

The levels of statistical difference which exist between
the positions of the various ellipses are given by means of
two values labelled ‘‘a:b’’.The ‘‘a’’ value represents the per-
centage of ‘‘well-classified nuclei’” as assessed by means of

non-supervised stepwise linear discriminant analysis. The
“b’* value corresponds to the F value of the Fisher test
calculated for the most discriminatory parameter. All these
“‘a:b”” values corresponding to each pair of drugs are statis-
tically significant. For example, the “‘a:b’’ values obtained in
the case of the MXT cell line by the comparison of the car-
mustine-treated cells with thiotepa-treated ones are ‘‘56:
11”°. These values corresponds to a statistical level of sig-
nificance corresponding to p < 0.01. In all the other cases,
the level of statistical significance is p < 0.001 (data not
shown).

Figs. 4B, D and F show that the nuclear area (NA) (the
geometric parameter), the long run length emphases (LRL),
the run length percentage (RLP) (two parameters computed
on the basis of the run length section matrices), and the
parameters stemming from the co-occurrence matrices (LM,
E, CV and C) were the most important parameters on the
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basis of the first canonical function. Indeed, it is these pa-
rameters which exhibit the largest projection onto this ca-
nonical function, symbolized by the X axis. The densitomet-
ric parameters (I0D, MOD, VOD, SK and K) were the most
significant parameters with respect to the second canonical
function, symbolized by the Y axis.

DISCUSSION

Alkylating and intercalating anticancer drugs possess in
common the fact that they act by a binding to the DNA.
While alkylating agents act by covalent DNA binding (3),
intercalating drugs insert themselves between base DNA
pairs (22). The aim of the present work is to investigate
whether the digital cell image analysis of Feulgen-stained
nuclei can contribute sufficient information to make it pos-

sible to distinguish between these alkylating and intercalat- -

ing agents. In order to validate the methodology used here,
the drug-induced alkylating and intercalating effects were
also monitored at both cell proliferation and cell kinetics
levels.

The results show that with respect to the drug-induced
cytotoxic effects (i.e. as they appeared at cell proliferation
level), the three intercalating agents acted as lower concen-
trations than the alkylating agents, at least in our experimen-
tal conditions.

With respect to the cell cycle effects, the results show
that the drugs lead to a blockage of the cells in the G, phase
of the cell cycle (except for actinomycin D). This feature has
been previously described (23). Since both alkylating and
intercalating drugs lead to the same effect (i.e. an accumu-
lation of the cells present in the G, phase), it is not possible
to distinguish between these two pharmacological classes of
anticancer drugs on the basis of their cell cycle effects. This
is the reason why we went further in our investigations and
used multivariate analysis, which describes the drug-induced
alkylating and intercalating effects at morphonuclear level.
We used this methodological approach because our working
hypothesis is as follows. Since alkylating agents induce
DNA crosslinking (3,4) while intercalating agents induce
DNA strand breakage (5,24), it is logical to believe that their
effects at morphonuclear level would be different. In other
words, the analysis of the morphological aspect of cell nuclei
treated by alkylating and intercalating drugs would made it
possible to ascertain the mechanism of action of a DNA-
interacting drug. We made use of the multivariate analysis of
Feulgen-stained nuclei in order to verify this hypothesis.
This multivariate analysis took into account 15 parameters
quantitatively (and thus objectively and reproduciblely) de-
scribing nuclear characteristics relating to geometric, densi-
tometric and textural features (18). This multivariate analy-
sis made it possible to distinguish between the six drugs
according to their mechanisms of action. Regarding the
MXT cell line, alkylating agents occupied a specific position
on the plane described by the first two canonical functions,
i.e. among the positive values of the first canonical function
and among the negative values of the second one. In con-
trast, the intercalating drugs were located on the other parts
of the factorial plane. A similar observation was made in the
case of the T24 cell line. As for the J82 cell line, the inter-
calating drugs were located among the positive values of the
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second canonical function while the alkylating drugs were
located among the negative ones. The results illustrated in
Fig. 4 show that the part of the plane occupied by the inter-
calating drugs is larger than the one occupied by the alkyl-
ating agents. This observation might be explained, at least
partly, by the fact that in contrast to alkylating drugs, inter-
calating ones act on the basis of more than one operating
mechanism. Indeed, intercalating agents act not only
through DNA intercalation but also through topoisomerase
II inhibition (25). In addition to these two mechanisms of
action, doxorubicin is also able to act via the formation of
free radicals, via covalent DNA binding and via action
against the cell membrane (26). It is also possible that doxo-
rubicin acts via topoisomerase I inhibition (27). The present
study shows that a rule seems to emerge from the multivari-
ate analyses. Indeed, these multivariate analyses similarly
located the intercalating agents on the basis of the first ca-
nonical function whatever the cell line. Indeed, the actino-
mycin D was located among the negative values of this func-
tion, the ellipticine was located in the middle values, and the
doxorubicin among the positive ones. The location of the
doxorubicin was similar to the locations of the alkylating
agents (except in the case of the J82 cell line). This similarity
between doxorubicin and alkylating drugs may be due to the
fact that doxorubicin may also act by covalent DNA binding
(26) in the same way as alkylating agents.

Of course, our methodology has its limitations. Indeed
there are anticancer drugs which do not have any significant
effects on cells’ morphonuclear features. For example, in the
present study the actinomycin D had no significant effects on
the morphonuclear parameters studied (as demonstrated by
its effects on nuclear size and cell cycle kinetics). This ob-
servation may be explained by the fact that the most impor-
tant biochemical effects of the DNA intercalation of actino-
mycin D are the inhibition of RNA and, secondarily, protein
synthesis (28). Furthermore, this methodology gives the
“‘mean morphonuclear-induced effect’” of the antineoplastic
drugs tested. So, as mentioned above, doxorubicin acts
through a series of mechanisms of action. Digital cell image
analysis gives only the resulting morphonuclear effect of this
drug. This is probably the reason why doxorubicin is recog-
nized as being either an intercalating or an alkylating drug.
Lastly, if the use of “‘principal-components analysis’’ en-
ables the mechanism of action of a new (i.e. investigational)
drug to be identified by reference to well-known anticancer
drugs, it will be difficult (if not impossible) to ascertain the
mechanism of action of a drug possessing an original one.
So, digital image analysis must be considered as a test en-
abling the mechanism of action of a drug to be rapidly pre-
sumed, but the result obtained must be validated by more
conventional methods.

In conclusion, the results of the present work show that
in terms of cytotoxicity, intercalating agents are more potent
than alkylating ones. In terms of cell cycle kinetics, both
alkylating and intercalating drugs induce a G, cell arrest.
However, the information contributed by the combination of
the cell proliferation rule and the cell cycle kinetics assess-
ments did not make it possible to distinguish between the
alkylating and the intercalating drugs. This was rendered
possible by the use of multivariate analysis taking into ac-
count 15 morphonuclear parameters computerized by means
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of computer-assisted microscope analysis on Feulgen-
stained nuclei. It therefore appears that the present study
offers a new pharmacological method that makes it possible
to characterize the mechanism of action of a given drug for
which an alkylation or intercalation mechanism is presumed
to exist. Applied to investigational agents, this methodology
seems to permit the rapid identification of the mechanism of
action of a potential new anticancer drug. The ultimate goal
of these experiments consists of the establishment of a
‘““map’’ corresponding to the factorial plane on which it will
be possible to identify antineoplastic drugs on the basis of
their position on this ‘‘map’’ and according to their operating
mechanisms. The ‘“map’’ that we are currently drawing up
will include not only alkylating and intercalating drugs, but
also antimetabolite, antimitotic and other drug types.
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