
Abstract. Background: A new series of imidazothioxanthones
has recently been synthesized as potential anticancer agents with
the aim of overcoming drug resistance. The route of synthesis and
DNA-binding properties of the compounds were reported
previously. This paper describes the general structure-activity
relationships for the class of imidazothioxanthones in panels of
human and murine tumor cell lines in vitro, and the in vivo
activity against human and murine solid tumors of the most
potent compound, N-[3-(Dimethylamino)propylo]-11-oxo-11H-
benzothiopyrano [3’,2’: 2, 3]pyrido[1,2-a] imidazo-2-
carboxamide (10a). In addition, the interaction between
compound 10a and DNA is also considered in terms of molecular
mechanics methods and flexible docking techniques. Materials
and Methods: The cytotoxicity of compounds 10a, 11-oxo-N-[2-
(pyrrolidino)ethylo]-11H-benzothiopyrano [3’,2’:2,3]pyrido[1,2-
a] imidazo-2-carboxamide, 11-oxo-N-[2-(piperidino)ethylo]-11H-
benzothiopyrano [3’,2’:2,3]pyrido[1,2-a] imidazo-2-carboxamide
and N-[2-(morpholino)ethylo]-11-oxo-11H-benzothiopyrano
[3’,2’: 2, 3]pyrido[1,2-a]imidazo-2-carboxamide  (10c-10e) was
assessed in human tumor cell lines and xenografts using the
sulforhodamine B assay, MTT assay and the clonogenic assay.
The human ovarian xenograft, PXN/109TC, two human breast
carcinomas, MT-1 and MCF-7, and the murine colon

adenocarcinoma, MAC 15A were used for the in vivo testing of
compound 10a. In addition, the interaction between compound
10a and DNA is also considered in terms of molecular mechanics
methods and flexible docking techniques. Results: Two
compounds, 10a and 10c, showed cytotoxic activity below 10 mM
in the NCI in vitro screen of 60 human tumor cell lines. The IC50
value of compound 10a was 6.8 mM and that of 10c, 8.3 mM. In
addition, both compounds possessed differential activity against
leukemia, colon and mammary cancer. The activity pattern was
confirmed in two further screens using monolayer and clonogenic
assays. In vivo antitumor studies showed that 10a was active
against the human mammary carcinoma MT-1 and murine colon
cancer MAC15A. Marginal activity was observed in human
ovarian cancer model PXN/109T/C and the compound was
inactive in human mammary cancer MCF-7. Conclusion: The
results warrant further in vivo testing of 10a in additional human
solid tumor models. The molecular modeling showed that the
planarity of the chromophore and the side-chain conformation
could assist the insertion of compound 10a between the base pairs
of the double helix. On the other hand, docking to the nucleotide
sequence GGAATTGCCTCA suggested that the molecule could
also act as a minor groove binder.

Several classes of compounds including the anthracendiones

(1), anthrapyrazoles (2,3), thioxanthones (4), (aza)acridine-

4-carboxamides (5-7), (aza)dibenzodioxin-1-carboxamides

(8,9), phenazine-1-carboxamides (10) and pyrido-, pyrazino-,

imidazo-, pyrrolo-, pyrazolophenazinecarboxamides (11) can

be distinguished among the currently recognized synthetic

antineoplastic compounds designed as "DNA complexing

agents". The main aim of the research for new structures

within the mentioned groups was not only to develop

synthetic compounds with antitumor activity, but to overcome

the "intrinsic resistance" of many carcinoma cell lines to

common agents compared to leukemia cell lines.
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As a part of research devoted to the investigation of new

groups of antitumor DNA-interacting agents, recently we

reported the synthesis, DNA-binding properties and

preliminary in vitro data of the imidazothioxanthones 9 and

10a-e (12, Figure 1). These imidazothioxanthones, with the

exception of the ester 9, possessed remarkable in vitro
activity and DNA-binding properties, compounds 10a and

10c being the most interesting. This paper discusses the

general structure-activity relationships in vitro for this series

of imidazothioxanthones and the in vivo activity against

human and murine solid tumors of the compound 10a. 

In order to understand the binding mode of compound 10a,

we examined, in terms of molecular modeling techniques, the

geometry of the chromophore, the conformation of the side-

chain and the interactions of  the molecule with different

sequences of base pairs. 

Materials and Methods

Substances. All compounds were synthesized at the Department of

Pharmaceutical Chemistry, School of Pharmacy, University of

Athens (Greece).

In vitro cytotoxicity studies. The cytotoxicity of compounds 10a, 10c-

10e was assessed in human tumor cell lines and xenografts using

the sulforhodamine B assay (13,14), MTT assay (15,16) and the

clonogenic assay (17,18).

The cytotoxicity profile of all compounds was evaluated in the

in vitro screen of the National Cancer Institute (NCI) consisting of

60 human cancer cell lines. Detailed descriptions of the standard

technical procedures and data analyses have been published

elsewhere (13,14). Briefly, the assay involves plating the cells, pre-

incubation for 24 h, followed by a 48-h continuous drug exposure

over a broad concentration range (10-4-10-9 M) using five 10-fold

dilutions against a panel of 60 cell lines comprising nine tumor

types. The cytotoxicity was assessed with the sulforhodamine B

protein assay. Dose-response curves for each cell line and each

compound were determined and also the following parameters:

GI50, TGI and LC50. GI50 is the concentration inhibiting cell

growth by 50% compared with control, TGI the concentration

resulting in total growth inhibition, and LC50 the concentration

causing 50% reduction in number of tumor cells at the end of the

drug incubation, compared with that at the beginning. The results

were also presented in mean graphs, creating a characteristic cell

line fingerprint for each individual drug. Furthermore, the

COMPARE algorithm was used to investigate whether the profiles

of the compounds had a certain degree of similarity with other

compounds with a known mechanism of action.

Furthermore, the in vitro activity of the compounds was tested

in a representative murine and human cell line panel comprising

leukemia (WEHI, K-562), colon (MAC15A, DLD-1) and the

mammary cancer cell line MCF-7/ADR using a monolayer assay

system (15,16). Briefly, 2000 cells/well were plated 24h prior to

drug addition and the drug was added in eight serial dilutions of

10 starting at 100 ÌM. Drug stocks were formulated in DMSO. Cell

growth was quantified by measuring the ability of viable cells to

convert MTT into formazan after 6-day or 4-day continuous

exposure to drug. Results are depicted as ±SE (n=6) percent of

vehicle control. Optical density of vehicle control cells was set to

be 100%. The results are presented as drug concentration

necessary to achieve 50% growth inhibition, IC50.

Further characterization of the in vitro cytotoxicity profiles of

the compounds was carried out in human tumor xenografts using

the clonogenic assay with continuous drug exposure. A

modification of the double-layer soft-agar assay as described by

Hamburger and Salmon (17) was used (18). Solid human tumor

xenografts were mechanically disaggregated and subsequently

incubated with an enzyme cocktail consisting of collagenase 0.05%,

DNAse 0.07% and hyaluronidase 0.1 in RPMI 1640 at 37ÆC for 30

min. The cells were washed twice and passaged through sieves of

200 and 50 mm each. The percentage viable cells was determined

in a hemocytometer using trypan blue exclusion. The tumor cell

suspension was plated into 24-well plates over a bottom layer

consisting of 0.2 ml Iscoves' modified Dulbecco's medium with

20% fetal calf serum and 0.7% agar. Next 20,000 to 200,000 cells

were added to 0.2 ml of the same culture medium and 0.4% agar

and plated onto the base layer. Test compounds were applied by
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Figure 1. Chemical structures of compounds 9, 10a-e.



continuous exposure in 0.2 ml of medium. In each assay, six control

plates received the vehicle only; drug-treated groups were plated

in triplicate in three concentrations: 0.1, 1 and 10 Ìg/ml. Drug

effects were expressed as percentage survival obtained by

comparing the mean number of colonies in treated plates with the

mean number of colonies of control plates (T/C%). Cytotoxicity

was considered to be significant if the compound reduced colony

formation to less than 30% of the control value (T/C <30%).

The composition of the panel was based more on the

sensitivity of the lines to standard anticancer agents than on

ensuring that frequently occurring human tumor types were

represented. The panel consisted of the sensitive non-small cell

lung carcinoma LXFL 529, two intermediately sensitive lines,

small cell lung carcinoma LXFS 538 and melanoma MEXF 989,

and three resistant lines, colorectal adenocarcinoma CXF 1103,

ovarian adenocarcinoma OVXF 1023 and renal cancer RXF 423.

Most of the standard anticancer agents are active at a dose of ≤

1 Ìg/ml.

In vivo antitumor studies. All of the animal experiments were carried

out under a project license issued by the Home Office, London, UK

or local authorities in Freiburg and Berlin, Germany. According to

the local Animal Experimentation Rules, animals were killed before

the tumor diameter exceeded 20 mm in any plane.

Tumor xenografts. The human ovarian xenograft, PXN/109TC, grown

subcutaneously (s.c.) in female Balb/c nude mice, two human breast

carcinomas, MT-1 and MCF-7, grown in female Ncr nu/nu mice, and

the murine colon adenocarcinoma MAC 15A grown s.c. in male

NMRI nude mice, were used. PXN/109TC, which was derived from

continuous in vitro growing cell line CH1 by s.c. injection of 5 x 106

cells, is sensitive to cisplatin, carboplatin and iproplatin (19). MT-1 is

an undifferentiated, medullar mammary carcinoma, estrogen

receptor-negative and chemosensitive. MCF-7 is derived from an in
vitro growing cell line, estrogen receptor-positive and fairly chemo-

resistant (20). MAC15A is a rapidly growing, poorly-differentiated

chemo-resistant tumor originally developed as an ascitic tumor (21).
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Figure 2. Mean graph of compound 10a in the NCI in vitro human tumor cell line panel. GI50, TGI and LC50 are interpolated log10 values representing
concentrations at which the percentage growth is +50, 0 and -50%, respectively. Each bar indicates whether the sensitivity of the cell line is greater (bar
to the right) or less (bar to the left) than the average response.



Assessment of antitumor activity

PXN/109T/C. This was performed as described previously (19).

Briefly, nude mice bearing 35-100mm3 subcutaneous PXN/109T/C

ovarian carcinoma xenografts were randomized to receive either

the compound 10a at doses of 25, 50 and 100 mg/kg (5 mice/group;

intraperitoneal (i.p.) dosing as a fine suspension in saline) or no

drug (controls; 10 mice/group). The compound 10a was

administered weekly x4 and tumor volumes determined weekly by

caliper measurements. The two longest diameters (a and b) at right

angles were measured, volumes calculated from: V=axb2 x /6 and

normalized to the volume at the start of treatment (day 0) to

produce relative tumor volumes. Growth delays, the difference in

time for control and treated tumors to double in volume and 28-

day treated/control (T/C) ratios were determined.

Human mammary carcinomas. Female Ncr nu/nu mice with an

average age of 5 weeks were used for the transplantation of the

human breast carcinomas MT-1 (estrogen receptor-negative) and

MCF-7 (estrogen receptor-positive). MT-1 was transplanted as

fragment s.c. into the left flank of anesthetized (etomidat) mice.

Inoculation of MCF-7 was performed with 107 cells/mouse from in
vitro culture s.c. Animals bearing MCF-7 tumors received

additionally 0.5 mg/kg estradiol/week intramuscularly as hormone

supplementation.

Animals bearing MT-1 tumors were treated with doses of 0, 50

and 100 mg/kg of compound 10a (8 mice/group), dissolved in saline

and 10% Tween 80, i.p. on days 0 and 7. The dose levels were

reduced to 25 and 50 mg/kg 10a (8 mice/group) for the animals

bearing MCF-7 tumors due to toxic deaths at higher dose levels.

Adriablastin was used as reference compound and given i.v. at a

dose level of 8 mg/kg on days 0 and 7 (n=6).

When the tumors reached palpable sizes (4-5 mm in diameter),

animals were randomly allocated into treatment groups. Tumor

growth was followed twice weekly by caliper measurement. The

two longest diameters (a and b) were measured and volumes

calculated by the formula a2 x b/2 where a is the smaller and b

the larger diameter of the tumor. Volumes of each tumor were

normalized to their initial values on day 0 to produce relative

tumor volumes. Tumor inhibition was calculated by dividing the

relative tumor volumes of treated mice by the control values

(optimal T/C ratio).
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Figure 3. Mean graph of compound 10c in the NCI in vitro human tumor cell line panel.



Blood parameters were measured (Coulter counter) three days

after each treatment from 4 mice each.

Murine colon adenocarcinoma MAC15A. MAC15A is an ascitic

variant of the solid MAC15 but in this study was grown as a solid

tumor when ascites cells (1 x 106) were injected s.c. into NRMI

male mice, aged 6-8 weeks. Mice were randomized into treatment

groups (7-8 mice/group) when tumors had a mean tumor diameter

of 5-7 mm. Tumor volumes were determined twice weekly by

caliper measurements of two perpendicular diameters. Volumes

were calculated by the formula a2 x b/2 where a is the smaller and

b the larger diameter of the tumor. Volumes of each tumor were

normalized to their initial values on day 0 to produce relative

tumor volumes. Treated/control ratios were determined.

Compound 10a (solubilized in saline or in DMSO/Arachis oil) was

given i.p. as a single dose of 100 and 150 mg/kg/day on day 0 or at

20 mg/kg/day for 5 subsequent days (days 0-4).

Molecular modeling. Initially compound 10a  was constructed with

the aid of the Hyperchem 5.01 Plus molecule builder. The initial

geometry was computed using a molecular mechanics

approximation with the aid of the MM+ force field using the

Polak- Ribbiere algorithm. The optimization cycle was repeated

until no further change of the final geometry was observed. This

geometry was used as starting point for carrying out further

computation. In order to elucidate some of the electronic

properties of the molecule, semi-empirical calculations were

performed. The utilization of MINDO/3, CNDO, AM1 and PM3

Hamiltonias gave significantly different results regarding the four-

ring heterocyclic system. In order to verify which result is more

accurate, an ab initio calculation was carried out using the N-631

basis set. Ab initio calculations were performed using the GAMESS

v.6 software package (22, 23).

The docking study was performed using all the possible

combinations of dinucleotides as a double-strand, namely AA, AT

etc. The dinucleotides were constructed using the Hyperchem 5.01

Plus nucleic acid builder module and then subjected to geometry

optimization using the OPLS force field. The docking was performed

by an exhaustive 3-D grid search using the GRAMM 1.03 program. 

Results

In vitro antitumor activity. Figures 2 and 3 show the mean

graph presentations of GI50, TGI and LC50 results of the

compounds 10a and 10c in the NCI human tumor cell line

panel tested on the same day. The profiles of the

compounds are slightly different as well as their mean GI50

values: 6.8 ÌM for 10a and 8.3 mM for 10c. In the mean

graph of 10a, clusters of sensitive tumor cell lines

corresponding to leukemia, colon and mammary cancer for

one or more of the calculated parameters (GI50, TGI, and

LC50) were identified. This was less for compound 10c. For

instance 5/5 leukemia lines in the GI50 mean graph of

compound 10a and 4/5 lines in that of compound 10c were

more sensitive than the mean values of the compounds,

most of them 0.5-1 log. This is for 10a in colon 3/6 and 2/6

for 10c. Three of eight mammary cancer cell lines, MCF7,

MCF7/ADR [now called NCI/ADR-RES (24,25)] and

MDA-MB-231, were all approximately 1 log more sensitive

in the GI50, TGI, LC50 mean graphs of 10a compared with

the mean value, whereas 2/8 lines were observed for 10c.

Table I depicts the average GI50 values of 10a and 10c for

the various tumor types. The profile and values of the test

parameters of 10a (GI50: 4.8 ÌM) were confirmed in a

second independent experiment.

Compound 10e was less potent with GI50 values >10 ÌM

and compounds 10b and 10d were not tested in the NCI in vitro
screen. COMPARE analyses of the GI50 profile of 10a and 10c

against the standard agent database did not show a significant

correlation with agents with a specific mechanism of action.

Thus, although the in vitro profile of these two compounds in

the NCI in vitro screen appeared similar, compound 10a had a

better overall activity in all the tested cell lines, with the

exception of the leukemia where 10c was slightly more potent.
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Table I. Growth inhibition (GI50) of compounds 10a and 10c (ÌM) in
the NCI panel of human tumor cell lines.

Tumor type Compound

(No. tumor cell lines) 10a 10c

Leukemia (5) 2.1 1.4

Non-small cell lung (9) 10.0 10.0

Colon (6) 4.0 6.1

CNS (6) 10.5 14.6

Melanoma (8) 7.2 12.1

Ovarian (6) 9.2 9.5

Renal (8) 6.9 9.3

Prostate (2) 13.2 13.5

Mammary (8) 6.3 8.5

Mean 6.8 8.3

Table II. In vitro growth inhibition of compounds 10a, 10c-d against
human (DLD-1, CH1 and CH1cis) and murine (Mac 15A and WEHI)
tumor cell lines.

Compound IC50 (Ìª)

DLD-1 CH1a,b CH1cisa,b,c WEHIb) Mac 15Ab

10a 0.4 0.62 0.93 0.3 0.5

10c 30 4.5 3.8 nd nd

10d 0.4 0.69 0.81 0.004 0.18

10e 7 6.4 7.8 nd nd

a after 4-day exposure; b reported in (12); c resistant to cisplatin; nd,

not done



The results of the evaluated imidazothioxanthenones in

the NCI screen were partially in agreement with those

obtained in a panel of murine and human tumor cell lines

also using a monolayer culture system. The profile of the

compounds 10a, 10c-e did show differential activity towards

the tested tumor cell lines (Table II). Compounds 10a and

10d were the most potent and inhibited tumor cell growth

below 1 ÌM. They were specifically active in the mouse
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Table III. In vitro cytotoxicity of compounds 10a, 10c-e in a panel of six human tumor xenografts.

Dose Xenografts*active/total

Ìg/ml 10a 10c 10d 10e Mitoxantrone

0.1 0/6 0/6 0/6 0/6 4/6

(LXFL, LXFS, 

MEXF, OVXF)

1 1/6 2/6 0/6 0/6 4/6

(LXFL) (CXF, MEXF) (LXFL, LXFS, 

MEXF, OVXF)

10 4/6 3/6 2/6 1/6 4/6

(LXFL, LXFS, (CXF, LXFS, (LXFL, MEXF) (LXFL) (LXFL, LXFS, 

MEXF, OVXF) MEXF) MEXF, OVXF)

* colorectal cancer CXF 1103, non-small cell lung cancer LXFL 529, small cell lung cancer LXFS 538, melanoma MEXF 989, ovarian cancer

OVXF 1023 and renal cancer RXF 423

Figure 4. The IC70 profile of compound 10a in the clonogenic assay against a panel of 15 human tumor xenografts. The panel consists of colorectal
cancers CXF 158, 280,1103 and HT29X, non-small cell lung cancers LXFL 529 and LXFE 409, small cell lung cancers LXFS 538 and 650, mammary
cancer MCF7X, melanomas MEXF 514 and 989, ovarian cancers OVXF 899 and 1023 and renal cancers RXF 423 and 1220. Each bar indicates
whether the sensitivity of the cell line is greater (in contrast to the NCI mean graph: bar to the left) or less (bar to the right) than the average response.
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Figure 5. The IC70 profile of compound 10c in the clonogenic assay against a panel of 15 human tumor xenografts.

Figure 6. The IC70 profile of reference compound mitoxantrone in the clonogenic assay against a panel of 15 human tumor xenografts.



leukemia WEHI and the human colon carcinoma DLD-1.

Analogs 10c and 10e were not very potent, but did exhibit

antiproliferative effects. All compounds had a similar IC50

value comparing the ovarian cancer parent CH1 line with

its cisplatin-resistant subline CH1cis.

Further experiments confirmed the in vitro activity of

compounds 10a and 10c in a clonogenic assay using human

tumor xenografts (Table III). In six different tumor types

(colon, non-small and small cell lung, melanoma, ovarian

and renal cancer) activity (T/C <30%) was established,

starting at a dose level of 0.1 Ìg/ml. At the dose of 1 Ìg/ml,

activity was observed for 10a in 4/6 and for 10c in 3/6

tumors. The mean IC70 value of these compounds was 4.0

and 4.4 Ìg/ml, respectively. Analogs 10d and 10e were less

potent, showing activity only at the dose of 10 Ìg/ml in 2/6

and 1/6 tumors. The reference compound mitoxantrone was

more potent than the imidazothioxanthenones. It was active

at all three dose levels (0.1, 1, 10 Ìg/ml) in 4/6 tumors and

the mean IC70 value was 0.4 Ìg/ml (Table III).

In conclusion, compounds 10a and 10c are effective

agents in the chemo-sensitive tumor LXFL 529 and

intermediate sensitive tumor LXFS 538 and MEXF 989

lines. Additionally, compound 10a showed activity in the

chemo-resistant OVXF1023 tumor xenograft.

In a follow-up study, compounds 10a and 10c were

further investigated in nine additional human tumor

xenografts. The final panel of 15 xenografts comprised 4

colorectal, 2 non-small cell lung, 2 small cell lung, 2

melanoma, 1 mammary, 2 ovarian and 2 renal cancer

xenografts. The overall results of the compounds in the

panel showed that 10a was active at the dose of 0.1 Ìg/ml in

1/15 tumors, 3/15 at 1 Ìg/ml and 12/15 xenografts at 10

mg/ml. This was for compound 10c 1/15, 4/15 and 8/15

tumors at the doses of 0.1, 1 and 10 Ìg/ml, respectively.

Mitoxantrone was active in approximately 50% of the

xenografts at concentrations ranging from 0.001 to 10 Ìg/ml.

Figures 4, 5 and 6 display the activity profiles of the three

compounds. The mean IC70 value was for 10a 3.1 Ìg/ml, for

10c 3.7 Ìg/ml and 0.03 Ìg/ml for mitoxantrone. The most

sensitive tumors to both compounds were human colon

cancer HT29, small cell lung cancer LXFS 650 and non-

small cell lung cancer LXFL 529. These data confirm that

the profile of 10a and 10c are similar but that 10a is slightly

more potent at higher concentrations compared with 10c.

In summary, compounds 10a and 10c were the most potent

ones in the investigated series of imidazothioxanthenones.

The cytotoxicity profiles of these compounds in the various

screens differ slightly, but both show differential activity for

leukemia, colon and mammary cancer.

In vivo activity. After establishing that compound 10a was

the most potent in vitro, the antitumor activity of the

compound was investigated in various tumor models in vivo.

ANTICANCER RESEARCH 24: 907-920 (2004)

914

Table IV. Antitumor activity of compound 10a against human mammary cancer MT-1 in vivo.

Group Dose Route & BWC (%) Death Optimal TD WBC (d 3) Throm (d 3)

mg/kg schedule d 0-11 (day) T/C% (days) (106/ml) (106/ml)

Control vehicle* i.p., d 0,7 +9 0/9 - 6.5 10.1 850

10a 100 i.p., d 0,7 -14 3/8 (1-3) 45 7.2 9.6 640

50 -8 1/8 (15) 44** 16.0 8.0 778

TD, tumor doubling-time; BWC, body weight change; WBC, white blood cell count; Throm, thrombocyte count; d, day

*, saline + 10% Tween 80; **, p<0.05

Figure 7. Antitumor activity of compound 10a against human mammary
carcinoma MT-1, i.p. administration on days 0 and 7.



Human ovarian cancer PXN/109T/C. Compound 10a was

administered i.p. weekly x4 at doses of 25, 50 and 100

mg/kg/day. While no animal weight loss and deaths were

observed at the 25 and 50 mg/kg doses, following a single

dose of 100 mg/kg, mice became very sick and died or were

culled 24 h post administration. In addition, at 50 mg/kg,

irritation at the time of injection was noted. Thus, 50

mg/kg/day is considered to be the approximate maximum

tolerated dose (MTD).

The antitumor activity of 10a was dose-dependent in the

ovarian cancer xenograft PXN/109T/C. At the MTD the 28-

day T/C value was 52% and the growth delay only 1.7 days

on a tumor doubling-time of 5 days for the control. The

lower dose of 25 mg/kg/day had a T/C of 69% and 1.7 days

growth delay. Thus, compound 10a was only marginally

active against the PXN/109TC tumor model at the MTD.

Human mammary cancers MT-1 and MCF-7. Compound 10a

was administered i.p. weekly x2 at dose levels of 50 and 100

mg/kg/day to mice bearing the estrogen receptor-negative

tumor MT-1. The dose of 100 mg/kg/day caused the deaths

of 3/8 animals within 4 days after the first injection and a

body weight loss of 14%. The lower dose of 50 mg/kg/day

induced the death of one animal (day 15), 8% body weight

loss and a slight decrease in blood leukocytes and platelets.

The T/C value was 44% and the growth delay 9.5 days,

whereas the tumor doubling-time of the control was 6.5 days

(Table IV, Figure 7). This means that 10a was moderately

active in the MT-1 tumor.

In the estrogen receptor-positive MCF-7 mammary

cancer, 25 and 50 mg/kg/day of compound 10a did not cause

any death nor a significant effect on the numbers of

leukocytes and platelets. The body weight loss remained

below 3% . Compound 10a had no distinct effect on tumor

growth inhibition. The T/C values ranged from 59-65% and

the growth delays from 2.7-5.4 days with a control that

doubled in volume in 14.7 days (Table V). The reference

compound adriablastin caused a significant growth

inhibition (T/C 28%, growth delay >23 days) and a

significant decrease in leukocyte number.

In conclusion, the test compound 10a showed antitumour

activity in one out of two mammary carcinoma xenografts.

At the MTD of 50 mg/kg, i.p. administration weekly x2, it

induced a moderate but significant tumor growth inhibition

in MT-1 and no antitumor effect in MCF-7.

Murine colon carcinoma MAC15A. The antitumor effect of

compound 10a was also assessed against MAC15A, a rapid

growing solid tumor established from ascitic cells implanted

subcutaneously in NMRI mice. In a first experiment a single

i.p. dose of 100 mg/kg/day (solubilized in saline) seemed to

be the MTD, because it induced a body weight loss of 10-
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Table V. Antitumor activity of compound 10a against human mammary cancer MCF-7 in vivo.

Group Dose Route & BWC (%) Death Optimal TD WBC (d 3) Throm (d 3)

mg/kg schedule d 0-11 (day) T/C% (days) (106/ml) (106/ml)

Control vehicle* i.p., d 0,7 +3 0/8 - 14.7 5.8 797

10a 50 i.p., d 0,7 -3 0/8 65 20.1 6.1 700

25 -2 0/8 59 17.4 4.3 845

Adriablastin 8 i.v.,d 0,7 -17 0/6 29** >23 2.7** 994

TD, tumor doubling-time; BWC, body weight change; WBC, white blood cell count; Throm, thrombocyte count; d, day

*, saline + 10% Tween 80; **, p<0.05

Figure 8. Antitumor activity of compound 10a against murine colon
carcinoma MAC15A, i.p. administration on day 0.



15% and 1 animal out of 5 died. The MTD resulted in a

decrease in tumor volume one day after the i.p.
administration of 10a, which is rather unusual for this

chemo-resistant tumor (T/C 40%). Next, the tumor

increased in volume reaching its starting volume at day 2

and 2-3x this volume at days 7 and 8. The volume of the

tumor in the treated mice remained well below that of the

control mice (Figure 8). In a follow-up experiment with

dose levels of 100 and 150 mg/kg/day (10a solubilized in

DMSO and Arachis oil), the antitumor activity could not be

confirmed, because both dose levels caused the death of

50% or more of the mice. These doses were therefore not

evaluable for antitumor activity. Daily i.p. treatment x5 with

20 mg/kg/day of 10a caused a body weight loss of 6% and

no animals died. However, no antitumor activity was

observed, the optimal T/C was 83%.

In conclusion, compound 10a is inactive against the

chemo-resistant tumor MAC15A i.p. dx5 at 20 mg/kg/d, but

active after a single i.p. injection of 100 mg/kg/day when 10a

was solubilized in saline.
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Table VI. Selected dihedral angles and bond distances of compound 10a
as calculated at the N31-6 ab initio level of theory after an MM+
conformational search.

Dihedral angle Bond length (Å) Dihedral angle (Æ)

1 149.1

2 166.3

3 85.9

4 62.5

5 70.1

6 74.9

a 179.4

b 1.485 175.7

c 197.7

d 1.780 -176.9

e 1.786 177.1

f 1.492 175.9

Figure 9. Optimized structure at the HF/6-31g level geometry of the 10a
molecule after a MM+ molecular mechanics conformational search for
the determination of the side-chain conformation.

Figure 10. Spreading of the HOMO and LUMO orbitals indicating the
aromaticity of the molecule 10a.



Molecular modeling. In the effort to determine the lowest

energy conformation of compound 10a, a random walk

conformational search starting from the AM1 optimized

geometry was performed. Five torsional angles were

considered (shown in Figure 9) which describe adequately

the mobility of the side-chain. For computational simplicity,

the molecular mechanics MM+ force field as implemented

in Hyperchem 5.01 was used. The molecule was allowed to

adopt 1000 randomly generated conformations. The lowest

conformation was found to be the one shown in Figure 9.

There is only a 0.185 kcal/mol energy barrier between the

first and the tenth lowest conformation. The corresponding

dihedral angles 1, 2, 3, 4 and 5 (denoted in Figure 9) differ

at maximum only by 3, 6, 20, 1 and 1 degrees between the

ten aforementioned lowest conformations, indicating that

the proposed conformational state is the global minimum.

Finally, in order to establish accurately the geometry and

the electronic properties of the lowest conformation, the

lowest energy molecule resulting from the conformational

search was optimized at the AM1 and finally at the ab initio
6-31G level of theory. The resulting geometry (selected

dihedral angles and bond lengths) is found in Table VI.

It is generally accepted that chromophore planarity is an

essential requirement for efficient insertion of the molecule

between the base pairs of the double helix. It can be easily

anticipated from the results presented in Table VI that the

10a molecule adopts an essentially planar conformation for

the central heterocyclic system. The respective angles between

the thiopyranone and the benzene nuclei lie between 175.7

and 177.1Æ as calculated from the ab initio calculation. The

aromaticity-planarity of the molecule can also be anticipated

by visualizing the spreading of the frontier molecular orbitals

HOMO and LUMO. These orbitals are delocalized across the

benzene and the imidazole rings (Figure 10) whereas the S

atom has a localized HOMO orbital and does not contribute

significantly to the aromaticity of the whole system. A second

feature is the formation of a hydrogen bond between the

thiopyranone carbonyl oxygen and the  hydrogen of the

imidazole ring. This feature was established using Bader’s

AIM theory. The existence of this bond essentially creates one

more ring, increasing thus the inflexibility of the molecule.
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Table VII. Relative intercalation energies for the three preferential
conformations of compound 10a as calculated by the GRAMM 1.03
docking program. (The bold data refer to conformations that give an
intercalation complex).

1 2 3

TG -129 -127 -126

CC -118 -118 -115

AC -117 -117 -117

GG -117 -116 -115

AT -116 -116 -114

GC -115 -110 -110

TC -113 -112 -111

AG -112 -107 -107

TT -112 -112 -112

AA -110 -110 -110

Figure 11. Structure of the intercalation dinucleotide (AT) - 10a complex a. from the minor groove, b. from a plane perpendicular to the plane of the
bases. 



Another important feature is the conformation of the

side-chain. The side-chain adopts a bend conformation

instead of a linear one. This feature enables the molecule

to be "anchored" with the amino group to the negatively-

charged backbone of the DNA molecule and stabilizes the

supramolecular system.

The lowest energy conformation determined from the ab
initio optimization was used as input for the docking study.

The docking study indicates that 10a could act as an

intercalating agent to the DNA molecule (Figure 11a and

11b). The relative free energies of the binding to

dinucleotides are presented in Table VII. Nevertheless

docking to the nucleotide sequence GGAATTGCCTCA

suggested that the molecule could also act as a minor

groove binder (Figure 12). Presumably the flanking

nucleotide bases provide the driving force for intercalation.

It can be also assumed that binding to the minor groove of

the DNA strand initiates some local conformational changes

that can facilitate the intercalation procedure (Figure 11a)

Discussion

This study has demonstrated that the aforementioned

imidazothioxanthones have potent cytotoxic activity

against a panel of cell lines. Moreover, analogues bearing

highly protonable ends i.e. 10a and 10c, followed by 10d,

proved to be more potent than the morpholin analog 10e.

Highly basic and not bulky substituents at the side-chain

i.e. dimethylaminogroup enhances activity, since

compound 10a demonstrated a better overall in vitro
effect. The substantial in vitro activity of compound 10a

along with its high DNA-binding affinity (12), led to the

inclusion of this compound in in vivo tests. We

investigated antitumor activity against ovarian cancer

PXN/109T/C, mammary cancers MT-1 and MCF-7 and

murine colon adenocarcinoma MAC 15A.

A single dose of 100 mg/kg/day, given i.p., was the MTD

in murine tumor MAC15A-bearing mice, whereas it was 50

mg/kg/day in the three human tumor models, administered

weekly x2 or x4.

At the MTD compound 10a was only marginally active

against human ovarian cancer PXN/109T/C, whereas a

moderate but significant tumor growth inhibition in the

estrogen receptor-negative human mammary carcinoma

MT-1 was observed. The test compound was rather inactive

in the estrogen receptor-positive human mammary

carcinoma MCF-7. The rather chemo-resistant murine

tumor MAC 15A was sensitive to compound 10a, since one

single dose of 100 mg/kg resulted in a significant decrease

in tumor volume one day after the i.p. administration.

The fact that compound 10a, when administered i.p.,
showed in vivo antitumor activity in two-three of the four

tested tumor models suggests that further experiments

including more estrogen receptor-negative breast tumors,

colon carcinomas and cross-resistance profiles are warranted.

The computational chemistry study implies that

compound 10a possesses an intercalator structure similar

to that of other anticancer drugs such as mitoxanthrone.

The molecule includes a planar aromatic system in its

structure, which can be inserted between the base pairs of

DNA and a flexible side-chain with an amine group, that

could be positively-charged and bind to the negatively-

charged DNA backbone. The results were confirmed by

both semi-empirical and ab initio methods in order to gain

greater accuracy. The docking study involving all the

possible dinucleotides confirmed that 10a could act as an

intercalator or as a minor groove binder when  a

decanucleotide in the docking study. The results indicate

that the 10a molecule can bind to DNA and therefore can

support the pharmacological data presented. Further

experiments, like dichroism and fluorescence energy

transfer methods, can potentially distinguish intercalative

from groove binding.
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Figure 12. Structural model of 10a bound to the minor grove of a DNA
oligonucleotide. The long axis of the molecule adopts a parallel orientation
to the minor groove of DNA strands.
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