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Abstract

CHS 828, a novel pyridyl cyanoguanidine, has shown potent antitumour activity both in vitro and in vivo and is currently

undergoing phase I evaluation in humans in collaboration with the European Organization for Research and Treatment of Cancer
(EORTC). Here we study the temporal e�ects of CHS 828 on cytotoxicity, protein and DNA synthesis, cellular morphology and
ultra structure using the lymphoma cell line U-937 GTB as the primary tumour model. In vitro analysis of tumour cell survival in

response to CHS 828 revealed a cytotoxic e�ect progressively increased as a function of exposure time with maximum e�cacy
observed after 72 h. Activity of CHS 828 on U-937 GTB cells grown in vivo was also found. CHS 828 induced-cell death was
dependent on intact protein synthesis and most cells appeared to lose their membrane integrity in the presence of a relatively well
preserved nuclear structure. The results indicate that CHS 828 induced active and delayed cell death with a non-apoptotic mor-

phology. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the systematic search for new agents for cancer
therapy, it was discovered that a number of pyridyl
cyanoguanidines showed antitumour activity after oral
administration in a routine screening programme in a
rat model [1]. Subsequent studies in a panel of human
tumour cell lines showed potent antiproliferative activ-
ity of CHS 828 in the nanomolar to micromolar range
[1]. CHS 828 also showed signi®cant antitumour activity
in several in vivo tumour models at doses causing little
or no toxicity [1,2]. This was especially pronounced in a
nude mouse model of small cell lung cancer (NYH) and
in the xenograft model of MCF-7 breast cancer cells,
two tumour model systems highly and generally resis-
tant to standard drugs [2]. In vivo activity was also

observed in Yoshida hepato-sarcoma and Walker 256
breast carcinoma, as well as in chemically induced
breast tumours in the rat [1,2].
Further studies using a panel of cell lines representing

de®ned mechanisms of resistance, revealed a di�erential
pattern of antitumour activity with some cell lines sen-
sitive in the subnanomolar range. In addition, there was
a low correlation with clinically used standard agents
and no signi®cant in¯uence of permeability glycoprotein
(Pgp), multidrug resistance-associated protein (MRP),
glutathione S-transferase (GSH), topoisomerase II or
tubulin-associated multidrug resistance (MDR) on CHS
828 sensitivity was apparent [2]. CHS 828 is currently
undergoing phase I evaluation in patients with various
solid tumours, and a phase II study in patients with
chronic lymphatic leukaemia has been initiated.
In the present study, we attempt to characterise the

mode and kinetics of CHS 828-induced cytotoxicity
using the histiocytic lymphoma cell line U-937 GTB as a
model. This cell line is readily inducible to apoptosis by
various stimuli [3±9] and is CHS 828-sensitive [2].
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2. Materials and methods

2.1. Drugs and reagents

N-(6-(4-chlorophenoxy)hexyl)-N0-cyano-N00-4-pyridyl-
guanidine (CHS 828) was obtained from Leo Pharma-
ceuticals, Denmark. The chemical structure is depicted
in Fig. 1. CHS 828 was dissolved in 100% dimethyl
sulphoxide (DMSO) and kept at ÿ20�C as a stock
solution of 10 mM, further dilutions were made in 30%
DMSO (1 mM CHS 828) and phosphate-bu�ered saline
(PBS). Etoposide (Vepesid, Bristol-Myers Squibb,
Bromma, Sweden) at 15 mg/ml (25 mM), was used as
positive control for apoptotic features [9,10] in several
of the experiments. Cycloheximide was used as a posi-
tive control during the protein synthesis experiments
and aphidicolin as a positive control during the DNA
synthesis experiments (both from Sigma Chemical Co.,
St Louis, MO, USA). The probe for ¯uorometric
microculture cytotoxicity assay (FMCA) (FDA; Sigma
Chemical Co.) was dissolved in 100% DMSO and kept
frozen (ÿ20�C) as a stock solution (10 mg/ml) protected
from light. All other solvents and chemicals were of
analytical grade, and obtained through commercial
sources. Drugs were freshly prepared from stock solu-
tions for each experiment.

2.2. Cell lines

The histiocytic lymphoma cell line U-937 GTB [11]
was used for all experiments, and the myeloma cell line
Roswell Park Memorial Institute (RPMI) 8226/S, the
leukaemia cell line CEM/S and the lung cancer cell line
NCI H69 where indicated. All cells were maintained in
RPMI 1640 complete medium (without phenol red for
microculture kinetic (MiCK) experiments, Sigma-
Aldrich Co. Ltd, Irvine, UK), supplemented with 10%
heat inactivated fetal bovine serum (FBS; Hy Clone,
Cramlington, UK), 2 mM l-glutamine, 50 mg/ml strep-
tomycin and 60 mg/ml penicillin (Hy Clone) in a con-
trolled humidi®ed atmosphere of 37�C, 5% CO2, and
were harvested in log phase. Cultures were monitored
and passaged twice weekly, receiving fresh growth
medium the day before subcultivation.

2.3. Fluorometric Microculture Cytotoxicity Assay
(FMCA)

This total cell kill assay was performed as previously
described [12]. In brief, 96-well microtitre plates (MTP,
Nunc, Roskilde, Denmark) were prepared with 20 ml
CHS 828 at 10 times the desired ®nal concentration, or
10 ml of CHS 828 and 10 ml of either aphidicolin or
cycloheximide at 20 times the desired ®nal concentra-
tions, kept at ÿ70�C and thawed upon use. Aliquots of
180 ml of cell suspension containing 2�104 cells per well

were used. At the desired time-points, the plate was
washed with PBS, FDA was added and ¯uorescence
measured after 40 min in a 96-well scanning ¯uorometre
(Fluoroskan II, Labsystems Oy, Helsinki, Finland). Six
wells containing only culture medium served as blanks
and six wells containing cell suspension, but no drug,
served as untreated controls in each experiment.

2.4. Light and electron microscopy

Cytospin preparations of cells cultured in MTPs in
the presence or absence of drug were air-dried and
stained with May±GruÈ nwald/Giemsa dye (MGG). The
slides were microscopically examined for viability and
the presence of apoptosis, based on morphological cri-
teria previously established [13]. 10 ®elds of vision (40�)
were examined in each sample.
Cells for electron microscopy were kept and treated in

culture ¯asks at 2.5�105 cells/ml. Drug (or PBS for
control culture) was added at ten times the desired ®nal
concentration at one-tenth of the ®nal volume. After
rinsing in PBS at desired time-points, cells were pro-
cessed for ultra-structural analysis and embedded in
epoxy resin using a conventional protocol [14].

2.5. Microculture kinetic (MiCK) assay

The method measures changes in optical density (OD)
in a cell culture due to early apoptotic changes in cell
morphology, such as membrane blebbing and has pre-
viously been described by Kravtsov and co-workers
[15]. The correlation of results obtained by the MiCK
assay to time-lapse video microscopy, ¯ow cytometry of
light scattering properties, Annexin V binding and
DNA gel electrophoresis has been elegantly shown [16].
Flat-bottomed MTPs were prepared with 20 ml drug
solution in triplicates, at 10 times the desired ®nal con-
centration, and kept at ÿ70�C. Cells were washed and
resuspended in complete medium without phenol red
and cell density was adjusted to 1.1�106 cells/ml. Ali-
quots of 180 ml of cell suspension were seeded into the
wells and the MTP placed in a standard incubator for
30 min of gas and temperature equilibration. Six blank
wells received only growth medium and control wells
received cell suspension without drug. Subsequently each
well was layered with 50 ml of sterile mineral oil (Sigma-
Aldrich, Stockholm, Sweden) to prevent evaporation
and contamination, and MTPs placed in a Spectramax
Plus spectrophotometer (GoÈ teborgs Termometerfabrik,

Fig. 1. Structural formula for CHS 828.
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Sweden). OD at 405 nm was measured automatically
every 14 min for 48 h. During this monitoring, MTPs
were kept at 37�C protected from light. Data from the
Spectramax Plus were analysed by the SOFTmax1

PRO (Molecular Devises, Sunnyvale, CA, USA).

2.6. Measurements of DNA and protein synthesis

Protein and DNA synthesis were measured with a
Cytostar-T1 plate, available in Amershams `In Situ
mRNA Cytostar-T1 assay' kit, (Amersham Interna-
tional plc, Buckinghamshire, UK), a pre-made scintil-
lating MTP, with scint ¯uid moulded into the bottom of
the wells [17,18]. Cells were suspended in fresh media
containing 111 nCi/ml [14C]-thymidine (Amersham
CFA.532 56 mCi/mmol, 50 mCi/ml) for DNA synthesis
experiments or 222nCi/ml [14C]-leucine (Amersham
CFB.183, 56 mCi/mmol, 50 mCi/ml) for protein synth-
esis experiments, yielding a ®nal radioactivity in the
wells of approximately 20 and 40 nCi, respectively. Ali-
quots of 180 ml cell suspension containing 5�104 U-937
GTB cells were added to each well, except blank wells
where only medium containing isotope was added.
Drugs (test wells) and PBS (blank and untreated control
wells) were added in duplicates (20 ml/well) 2 h after cell
seeding when the measured radioactivity in cell-
containing wells was at least twice the baseline value.
Radioactivity was measured with a Wallac 1450
MicroBeta1 trilux liquid scintillation counter (Wallac
OY, Turku, Finland) using MicroBeta1 Windows
workstation software (Wallac OY).

2.7. Hollow ®bre in vivo assay

In the in vivo experiment, polyvinylidene ¯uoride hol-
low ®bres (inner diameter 1 mm, molecular cut-o� 500
kDa; Spectrum Medical Industries, Los Angeles, CA,
USA) were ®lled with cells at a density of 2�106 cells/ml
and heat sealed in 20 mm parts, method modi®ed from
Hollingshead and colleagues [19]. The ®bres were incu-
bated in vitro for 48 h before implantation sub-
cutaneously (s.c.) in male Sprague±Dawley rats (Charles
River, Uppsala, Sweden). On the day after implantation
(day 0) and four subsequent days the rats received 75
mg/kg of CHS 828 in a 10 mg/ml suspension with 2%
methylcellulose or saline by oral gavage. On day 5,
®bres were retrieved and cell density determined by
staining with MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) for 4 h. MTT is con-
verted to formazan by metabolically active cells, the
amount of formazan being proportional to the num-
ber of living cells. After rinsing the ®bres and drying
them, the formed formazan was extracted with DMSO
and the OD read at 570 nm. Rats were monitored for
2 weeks with respect to weight and haematological
parameters.

The study included two control rats and two CHS
828-treated rats, each one carrying three ®bres with U-
937GTB and one empty ®bre. Results are expressed as net
growth (%), calculated for each ®bre as: ((ODretrieval day)
ÿ(mean ODimplantation day))/(mean ODimplantation day).
Hence, a net growth of ÿ100% represents total cell kill,
while a value greater than 0% represents net growth in
the ®bre.

3. Results

3.1. Cytotoxic activity

The cytotoxic in vitro activity of CHS 828 was inves-
tigated in the U-937 GTB human lymphoma cell line
with the total cell kill assay FMCA. Detailed temporal
analysis of viability revealed an exposure time-depen-
dent pattern of cytotoxic e�ect (Fig. 2). No cytotoxic
e�ect was observed at 24 h, whereas maximum e�cacy
was reached at very low concentrations (nanomolar)
after 72 h continuous incubation with the drug. Utilis-
ing the hollow ®bre assay, the in vivo cytotoxicity was
studied. Cells retrieved from treated animals showed a
total cell kill (ÿ75% compared with the implantation
day), while the cells had been proliferating in the ®bres
in the control animals, showing a mean cell number
170% greater than on the implantation day (Fig. 3).
Cell survival in ®bres retrieved only 24 h after the ®rst
dose of CHS 828 showed full viability. At the dose
intensity used, toxicity was low with no lowering of
white blood cells and almost no e�ect on platelets, hae-
moglobin, weight gain or gross appearance.

Fig. 2. Exposure time-dependent cytotoxic e�ect for 0.1 mM CHS 828.

Total cell kill was measured by FMCA. Survival index=(¯uorescence

of treated wells-blank/¯uorescence of untreated control-blank)�100.
Error bars indicate the standard error of the mean (SEM) of three

separate experiments.
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3.2. E�ects on DNA and protein synthesis

Next, the e�ect of CHS 828 on DNA and protein
synthesis was investigated by measurements of cellular
14C-labelled thymidine and leucine incorporation
sequentially over time using Cytostar-T1 microplate
technology. No inhibitory e�ects were observed during
the ®rst 24 h of exposure. However, within a few hours
from this time-point leucine and thymidine uptakes
were almost completely inhibited (Fig. 4a, b). The e�ect
of CHS 828 on protein synthesis was detected slightly
earlier and was relatively more pronounced compared
with the e�ect on DNA synthesis. These temporal
e�ects on macromolecular synthesis were in sharp
contrast to the pattern of inhibition observed for the
positive control agents, cycloheximide and aphidicolin,
as well as for etoposide at equitoxic concentrations
(Fig. 4a, b).
In order to determine the dependence on macro-

molecular synthesis of the cytotoxic e�ect of CHS 828,
cytotoxicity was studied in the presence of cyclohex-
imide or aphidicolin, relatively speci®c inhibitors of
protein and DNA synthesis, respectively (Fig. 5a, b).
Continuous exposure to 1 mg/ml cycloheximide, which
completely inhibits protein synthesis and proliferation
without a signi®cant e�ect on viability for 72 h,
protected U-937 GTB cells from undergoing CHS 828-
induced cell death. At 0.1 mg/ml cycloheximide, pro-
liferation and protein synthesis was inhibited to
approximately 50% and also under these conditions
protection from CHS 828-induced toxicity was
observed, although less pronounced. In contrast, block-
ing preferentially DNA synthesis with aphidicolin at
0.1±1.0 mg/ml did not prevent the e�ects of CHS 828.
However, protection was observed at lower CHS 828
concentrations (0.001±0.01 mg/ml).

3.3. Mode of cell death

In order to further characterise the kinetics and mode
of CHS 828-induced cell death, we employed the MiCK
assay [15,16]. The MiCK assay is based on the con-
tinuous monitoring of changes in OD in undisturbed
microcultures of tumour cells and has been used to
monitor the onset, extent and duration of the apoptotic
process [16]. In the MiCK assay, apoptosis is re¯ected
by a steep increase in OD of the cell cultures caused by
early morphological changes, i.e. membrane blebbing.
This contrasts to cells undergoing necrosis for which a
decline in OD is typically observed. Typical apoptotic
and necrotic control curves are shown in response to
etoposide and Triton X-100 0.1%, respectively (Fig. 6).
In response to CHS 828, however, the OD curve for
cells exposed to concentrations 0.1±10 mM increased at

Fig. 3. E�ect of CHS 828 in the in vivo hollow ®bre experiment. The

bars show mean net growth (%) of the cells in ®bres from untreated

and CHS 828-treated rats. Error bars indicate standard error of the

mean (SEM) of ®ve±six ®bres/group.

Fig. 4. U-937 GTB cells monitored in a Cytostar-T1 plate for 72 h

showing: (a) DNA synthesis measured by the incorporation of 14C-

labelled thymidine. Inhibitor: aphidicolin. (b) Protein synthesis mea-

sured by the incorporation of 14C-labelled leucine. Inhibitor: cyclo-

heximide 10 mg/ml. Error bars indicate standard error of the mean

(SEM) of three to four separate experiments. cpm, counts per minute.
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approximately the same slope as that for untreated
control cultures (the increase representing proliferation)
for approximately 24 h, and then decreased steeply. The
same patterns of OD changes were evident for CHS
828-treated CEM/S and RPMI 8226/S cell line cultures
(data not shown).
Based on this kinetic information, a series of cytospin

slides were prepared at various times (8, 24, 32, 44, 56
and 72 h) of exposure to CHS 828 0.1 mM and subse-
quently stained with MGG. As a positive control, eto-
poside was employed and slides were prepared after 1, 2,
4, 6 and 8 h exposure. CHS 828 exposure for 44±72 h
induced extensive and increasing cytoplasmic fragmen-
tation, vacuolisation of nuclei and cytoplasm and even-
tually total cellular collapse, but little or no apparent
karyorrhexis or formation of apoptotic bodies in cells
with intact plasma membranes. Cells that lost mem-
brane integrity showed relatively intact nuclear struc-

tures. At 44 h viability (de®ned as microscopic integrity
of the nucleus and cytoplasm) was estimated to 70%, at
56 h 50%, decreasing rapidly towards zero at 72 h
(Fig. 7). These morphological changes in response to
CHS 828 appear to be a general phenomenon, being
reproducible in other types of cell lines (CEM/S, NCI
H69 and RPMI 8226/S), as well as in primary
cultures of patient leukaemia cells (data not shown).

Fig. 5. Dependence of CHS 828-induced cytotoxicity on (a) protein

synthesis; and (b) DNA synthesis during 72 h of exposure to CHS 828

0.1 mM as measured by the ¯uorometric microculture cytotoxicity

assay (FMCA). Error bars indicate standard error of the mean (SEM)

of three separate experiments.

Fig. 6. MiCK assay curves; optical density (OD) kinetics of cell cul-

tures treated with CHS 828 at three di�erent concentrations. The inset

shows the e�ects of etoposide as an example of apoptosis, and Triton

X-100 0.1% as an example of immediate necrosis (bold lines represent

untreated control culture). One representative experiment out of three.

Fig. 7. E�ect of 0.1 mM CHS 828 on cell viability and frequency of

May±GruÈ nwald/Giemsa (MGG) stained apoptotic cells. The experi-

ments were repeated three times with similar results. nd, not deter-

mined. Error bars indicate SEM of three di�erent experiments.
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Morphological evaluation of cells from the hollow ®bres
of the in vivo experiments revealed the same appearance
of cells as those treated in vitro.
Electron microscopy performed at 24, 48 and 64 h

largely con®rmed the ®ndings from light microscopy.
All control cells were spherical with short clumsy pro-
trusions. The nuclei showed deep invaginations and one
or two nucleoli, and the cytoplasm was ®lled with
mitochondria, ribosomes, endoplasmic reticulum, Golgi
apparatus and transport vesicles. After 6 h exposure to
etoposide, cells showed rounding of nuclei, condensed
chromatin in a spotty or crescent fashion, apoptotic
bodies, extensive vacuolisation and intact plasma mem-
branes (Fig. 8a, b). After 24 h exposure to CHS 828, the
ultrastructure was indistinguishable from that of
untreated control. However, CHS 828 treatment for 48
and 64 h showed cells with swollen mitochondria with
the inner membrane structure under decomposition and
dilated endoplasmic reticulum and apparently normal
plasma membrane (Fig. 8c, d). Some cells showed nuclei
with condensed chromatin in a spotty pattern (Fig. 8c),
other cells exhibited largely una�ected nuclei with deep
invaginations (Fig. 8d). Occasionally a cell displayed

typical (early) apoptotic ultrastructure with the chro-
matin condensed in apoptotic bodies or in a crescent
fashion.

4. Discussion

There is a constant need for new cytotoxic drugs with
novel mechanisms of action and resistance patterns, and
CHS 828 may have the potential to meet this need [2].
The present study was undertaken to further elucidate
the e�ects of this drug, and the results provide us with a
temporal map of the events leading to the death of cells
treated with CHS 828.
CHS 828 was found to induce a delayed inhibition of

macromolecular synthesis with unusual kinetics. No
di�erence in thymidine or leucine incorporation com-
pared with control cultures was observed during the ®rst
24 h. Furthermore, no decrease in viability during this
period of time was observed. In fact a concentration-
dependent stimulation of metabolic activity in response
to CHS 828 during this period has been reported [20].
At the 24 h time-point, there were no changes in the cell

Fig. 8. Electron microscopy study of U-937 GTB cells. (a, b) Classical apoptosis induced by 6 h exposure to etoposide (15 mg/ml). The condensed

chromatin is arranged as a crescent, ?, along an intact nuclear membrane or as apoptotic bodies, ab. The cytoplasm contains destroyed mitochon-

dria, m, and numerous vacuoles, v. The plasma membrane is intact. (c, d) Cells exposed to CHS 828 for 64 h show (c) two cells with condensed

chromatin gathered along the nuclear membranes, and cytoplasms under decomposition enveloped by intact plasma membranes. (d) An apparently

normal nucleus, n, dilated endoplasmic reticulum, er, swollen and a�ected mitochondria, m, and an intact plasma membrane are demonstrated.

Magni®cations: (a and c)�5400; (b and d)�18000. Scale bars=1 mm.
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cycle distribution measured by ¯uorescence activated
cell separator (FACS) nor any signs of di�erentiation,
as judged by measurements of cell determinant (CD)
11c, CD 14 and CD 49f expression, as well as routine
cytochemical testing of naphthol esterase activity (data
not shown). However, shortly after this time-point, both
DNA and protein syntheses were a�ected and the ®rst
morphological signs of cell death were observed after 44
h. The kinetics of inhibition of DNA and protein
synthesis was clearly di�erent from that observed in
response to standard cytotoxic agents at equitoxic con-
centrations [21]. These drugs, representing several
mechanistic classes, were shown to induce inhibition
within 1±10 h of exposure. The described e�ects on via-
bility and macromolecular synthesis were observed at
low concentrations of CHS 828 and increasing this
concentration 100-fold did not increase the maximum
e�cacy. A similar pattern of events was observed for
other cell lines as well, including those of solid tumour
origins (data not shown). The same cell death kinetics
were observed also in the in vivo setting, supporting
potential clinical relevance of the in vitro results. These
data suggest the inhibition/activation of a highly speci®c
cellular process apparently saturated at CHS 828 con-
centrations well below those achievable and tolerable in
vivo in rats and dogs (>1 mM, data not shown), indi-
cating a potentially favourable therapeutic index.
What then is the mode of cell death in the CHS 828-

treated cultures? Apoptosis is proposed to be the main
mechanism whereby chemotherapy and radiation
induce cell killing of tumour cells [22±27]. In the present
study, the delayed CHS 828-induced cytotoxicity did
not conform completely to the typical morphology of
classical apoptosis.
Using the MiCK assay to monitor early events asso-

ciated with the apoptotic process did not show an OD
curve indicative of apoptosis, but a curve rather com-
patible with stimuli producing delayed necrosis. In fact,
as evident from light microscopy of MGG-stained cells,
many cells appear to die subsequent to extensive cyto-
plasmic alterations with relatively intact nuclei with
only early changes of nuclear chromatin consistent with
classical apoptosis. The described morphology of CHS
828-induced cell death does not readily conform to the
patterns of nuclear fragmentation described for U-937
GTB cells in response to a variety of apoptogenic sti-
muli, including oxidative stress [28]. Active cell death
with non-apoptotic features has previously been descri-
bed in di�erent cell systems, including neuronal cells
and ®broblasts [29±32]. These cell systems can all
undergo cell death in an organised manner involving
signalling and execution that results in cell morphology
traditionally associated with necrosis. However, the
precise mechanisms underlying CHS 828-induced cell
death remain to be investigated, using more speci®c
markers of the apoptotic pathway.
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