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Abstract:

The activity of the newly synthesized azaphenothiazines: tricyclic 10-substituted dipyridothiazines 1–9, pentacyclic 6-substituted

diquinothiazines 10–22 and hexacyclic diquinothiazinium salt 23 was tested on 55–60 in vitro cell lines. The cell lines included nine

types of cancer: leukemia, non-small cell lung cancer, colon cancer, CNS cancer, melanoma, ovarian cancer, renal cancer, prostate

cancer and breast cancer (National Cancer Institute, Bethesda, MD, USA). The features of the chemical substituent at the thiazine ni-

trogen atom confer the anticancer activity of diquinothiazines 10–23. Unexpectedly, the most active of the dipyridothiazines 1-9 was

the unsubstituted compound 1 (the substituent is a hydrogen atom). The most cytotoxic compound was the half-mustard derivative

18. The GI�� value of this compound was –7.06 (corresponding to 40 ng/ml) when tested on the melanoma cell line SK-MEL-5 and

–6.0 – –6.62 using cell lines from various cancers including: leukemia (CCRF-CEM), the MOLT-4 cell line, colon cancer (HCT-116),

central nervous system cancer (SNB-75 and SF-295), prostate cancer (PC-3), non-small cell lung cancer (NCI-H460 and HOP-92),

ovarian cancer (IGROV1 and OVCAR-4) and breast cancer (MDA-MB-460). The ethylene group in the aminoalkylazaphenothiazi-

nes is as a good linker and is similar to the propylene and butylene linkers in aminoalkylphenothiazines. To our knowledge, this is the

first demonstration of significant azaphenothiazine anticancer activity.
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Introduction

Phenothiazines are an important class of heterocyclic

compounds possessing not only widely recognized

neuroleptic activity, but also antihistaminic, antitus-

sive and antiemetic activities [4, 16]. Recent reports

have measured other activities of typical and newly

synthesized phenothiazines including anticancer [3,

14–18], antiplasmid [8] and antibacterial activities [1,

15]. In addition, phenothiazines have been evaluated

for the reversal of multi-drug resistance (MDR) [2, 7]
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and treatment of Alzheimer’s [12], Creutzfeldt-Jacob

[1] and AIDS diseases [26]. Typical neuroleptic phe-

nothiazines [3, 13, 15, 17, 22, 28] and new phenothi-

azine derivatives [3, 13–19, 24, 27] have anticancer

activity; this activity is conferred by new pharma-

cophoric substituents (other than dialkylaminoalkyl

groups) at the thiazine nitrogen atom and by substitu-

tion of the benzene ring with a naphthalene ring to

form benzophenothiazines and dibenzothiazines.

In an effort to develop active pyridine and quino-

line derivatives, we modified the phenothiazine struc-

ture with either a pyridine or quinoline ring to form

three new types of azaphenothiazines: 10-substituted

2,7-diazaphenothiazines (10-substituted dipyridothi-

azines) 1–9, 6-substituted dibenzo-1,9-diazaphenothia-

zines (6-substituted diquinothiazines) 10–22 and 5,6-

ethylenediquinothiazinium salt 23. We selected alkyl,

aryl, heteroaryl, dialkylaminoalkyl, N-acylaminoalkyl

and N-sulfonylaminoalkyl groups as the substituents

at the thiazine nitrogen atom. Some substituents were

selected using computer-aided studies [23] and others

were selected based on the pharmacophoric groups

found in anticancer and antibacterial phenothiazines

[15, 18, 27].

The anticancer activities of newly synthesized

azaphenothiazines 1–23 were determined using can-

cer cell lines in order to gain insight into the

structure-activity relationship and to identify effective

anticancer drugs.

Materials and Methods

Chemicals

Azaphenothiazines 1–23 (Fig. 1) were synthesized as

described previously [6, 11, 21].
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Fig. 1. Structures of azaphenothiazines 1–23 with NCI code numbers



Assay for anticancer activity

The effects of azaphenothiazines 1–23 on the percent-

age of growth (PG), the 50% growth inhibitory con-

centration (GI50), the total tumor growth inhibitory

concentration (TGI) and the 50% lethal concentration

(LC50) were determined in 55–60 cell lines compris-

ing nine types of human cancers (6 leukemia, 9 non-

small cell lung cancer, 7 colon cancer, 6 central nerv-

ous system cancer, 8 melanoma, 6 ovarian cancer, 8

renal cancer, 2 prostate cancer and 8 breast cancer cell

lines, at the National Cancer Institute (Bethesda, MD,

USA) In Vitro Anticancer Drug Discovery Screen

[25]. Azaphenothiazines were initially tested at 10–5

mol/l (PG). If the initial results were promising, fur-

ther testing was performed at four concentrations:

10–4, 10–6, 10–7, and 10–8 mol/l (PG, GI50, TGI and

LC50). Azaphenothiazines that displayed activity at

low concentrations were considered the most effec-

tive compounds. Compounds were denoted: very ac-

tive, active, less active, or inactive.

Screening Data Report components

The calculated measurement of effect: percentage
growth (PG)

The effect of a compound on a cell line was measured

according to one of the two equations listed below:

If (Mean OD test – Mean ODtzero ) � 0, then

PG = 100 × (Mean ODtest – Mean ODtzero)/(Mean ODctrl

– Mean ODtzero)

If (Mean ODtest – Mean ODtzero) < 0, then

PG = 100 × (Mean ODtest – Mean ODtzero)/Mean ODtzero

where: Mean ODtzero = average optical density of the

SRB-derived color measurements immediately before

exposure of cells to the test compound. Mean ODtest =

average optical density of the SRB-derived color

measurements 48 hours after exposure of cells to the

test compound. Mean ODctrl = average of optical den-

sity of the SRB-derived color measurements of cells

unexposed to the test compound.

The data sheet

This page displays the experimental data that were

collected for each cell line. The first two columns in-

dicate the sub-panel (e.g., leukemia) and cell line

(e.g., CCRF-CEM). The second two columns list the

Mean ODtzero and Mean OCctrl; this is followed by

five columns that list the Mean ODtest for each drug

concentration. The drug concentration is expressed as

the log10 (molar or mg/ml). Finally, the last five col-

umns list the calculated PGs for each concentration.

The response parameters GI50, TGI, and LC50 are in-

terpolated values of the concentrations at which the

PG is +50.0 and –50.0, respectively. Sometimes these

response parameters cannot be obtained by interpola-

tion. For instance, if all of the PGs in a given row ex-

ceed +50 then none of the parameters can be obtained

by interpolation. In this case, the value given for each

response parameter is the highest concentration tested

and is preceded by a “>” sign. This rule is extended to

the other possible situations where a response pa-

rameter cannot be obtained by interpolation.

Dose-response curves

The dose-response curve page was created by plotting

the PGs against the log10 of the corresponding drug

concentration for each cell line. The cell line curves

are grouped by sub-panel. Horizontal lines are pro-

vided at the PG values of +50 and –50. The concen-

trations corresponding to the intersection of the curve

with these PG values are the GI50, TGI and LC50, re-

spectively.

The mean graphs

Mean graphs facilitate visual scanning of data for pat-

terns of selectivity with respect to a selected response

parameter for a particular cell line or for particular

sub-panels. Differences in the selectivity patterns may

occur for the same compound in the same cell lines

when different parameters are compared. The mean

graphs page of the data package displays the principal

response parameters: GI50, TGI and LC50. The bars

extending to the right represent the sensitivity of cell

line to the test agent that is in excess of the average

sensitivity of all tested cell lines. Since the bar scale is

logarithmic, a bar that is two units to the right implies

that the compound achieved the response parameter

(e.g. GI50) for the cell line at a concentration that is

one-hundredth of the mean concentration required for

all the cell lines; thus, the selected cell line is sensitive

to that compound. Similarly, bars that extend to the

left imply sensitivity lesser than the mean. If a given

parameter for a particular drug and cell line combina-

tion was impossible to determine by interpolation, the
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bar length shown is either based on the highest con-

centration tested (the listed log10 of the response pa-

rameter will be preceded by a “>”) or the lowest con-

centration tested (the listed log10 will be preceded by

a “<”). The values at either limit (> or <) are dis-

played in the mean graph. The mean used in the mean

graph may not be the actual mean of the parameter

tested. For this reason, we shall refer to this value as

the MG-MID (for mean graph midpoint) [25].

The toxicity test

Mouse splenocytes were plated in culture medium in

a 96-well flat-bottom plate at a concentration of 2 ×

105/100 µl/well. Compounds were added at a final

concentration range of 10–6 to 10–4 mol/l. After an

overnight incubation, the cells were treated with

0.25 µl of the MTT reagent [5], and the cell viability

was measured as the optical density of 550/630 nm. The

results were presented as the mean optical density values

calculated from quadruplicate wells ± standard error.

Results and Discussion

The most significant and persistent modifications of

the phenothiazine structure were the pharmacophoric

substituents at the thiazine nitrogen atom and the sub-

stitution of the benzene ring with an azine ring; the

latter modification formed the azaphenothiazines.

These diazaphenothiazines represent tricyclic (1–9),

pentacyclic (10–22) and hexacyclic (23) ring systems.

It is worth noting that the last compound, unlike the

others, represents a type of phenothiazinium salt

structure. Tables 1–9 contain all the data (GI50,. TGI

and LC50) of the effects of active and very active

compounds (1, 16–19 and 23) on the cancer cell lines.

Dipyridothiazines 1–9 were less active than diqui-

nothiazines 10–23. Of the nine dipyridothiazines

tested, only compound 1, in some cases, was similarly

active (PG) to the diquinothiazines. In some cell lines

(EKVX, HS578 and UO-31), compounds 2 and 3

were the same or more active in the pre-screen

evaluation than compound 1. Of the other diquinothi-

azines, compound 10 had remarkable PG values when

tested on the breast cancer cell lines MCF-7 (7%) and

T-47D (14%) and on the renal cancer line UO-31

(22%) and the non-small cell lung cancer line

HOP-92 (28%). Similar activities in these cell lines

were also observed for compounds 15 (19%), 21

(24%), 14 (27%) and 20 (29%). Compound 12 was

less active against the MCF-7 breast cancer cell line

and the UO-31 renal cancer cell line. In addition,

compounds 13 and 22 were less active against the
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Tab. 1. Anti-leukemia activity of azaphenothiazines 1, 16–19 and 23

Compd’s
number

CCRF-CEM HL-60(TB) K-562 MOLT-4

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 –4.43 > –4 > –4 –4.69 –4.05 > –4 –4.26 > –4 > –4 –4.48 > –4 > –4

16 –5.70 –5.25 –4.52 –5.80 –5.47 –5.14 –5.84 – – –5.79 –5.42 –5.06

17 > –4 > –4 > –4 > –4 > –4 > –4 > –4 > –4 > –4 > –4 > –4 > –4

18 –6.62 –5.69 –4.75 –5.93 –5.54 –5.15 –5.80 –5.20 > –4 –6.01 –5.49 > –4

19 –5.95 –5.59 –5.23 –5.87 –5.55 –5.23 –6.19 > –4 > –4 –6.05 –5.64 –5.25

23 –4.56 > –4 > –4 –4.49 > –4 > –4 –4.85 > –4 > –4 –4.66 > –4 > –4

Compd’s
number

RPMT-8226 SR

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50

1 –4.44 > –4 > –4 – – –

16 –5.90 –5.48 –5.06 – – –

17 – > –4 > –4 > –4 > –4 > –4

18 –5.45 –5.64 –5.08 –5.75 –5.27 > –4

19 –6.35 –5.68 –5.22 – – –

23 –4.81 > –4 > –4 –4.87 > –4 > –4



UO-31 renal cancer cell line. Compounds 14 and 21 were

minimally active against the SK-MEL-2 melanoma cell

line and the T-47D breast cancer cell line, respectively.

Anti-leukemia activity

Azaphenothiazines 18 and 19 had very potent antican-

cer activity. The GI50 values of compound 18 when

tested on CCRF-CEM, MOLT-4 and HL-60 cells were

–6.62, –6.01 and –5.93, respectively (Tab. 1). Simi-

larly, the GI50 values for compound 19 when tested on

the RPMT-8226, K-562 and CCRF-CEM cell lines

were –6.35, –6.19 and –5.95, respectively. Compound

18 had a significant TGI value when CCRF-CEM,

HL-60, MOLT-4 and RPMT-8226 cells were tested;

the TGI values were –5.69, –5.54, –5.49 and –5.64,

respectively. Similarly, compound 19 had a signifi-

cant TGI value when tested on the same cells; these

values were –5.59, –5.55, –5.64 and –5.68, respec-

tively. The LC50 values for compound 19 ranged be-

tween –5.22 and –5.25 when tested on CCRF-CEM,

HL-60, MOLT-4 and RPMT-8226 cells. The LC50

values of compound 18 were in the range of –5.08 –

–5.15 when tested on HL-60 and RPMT-8226 cells.

Anti-non-small cell lung cancer activity

Azaphenothiazines 1, 16, 18 and 19 had very potent

anticancer activity (Tab. 2). The most active was com-

pound 19 with a GI50 value of –6.48 when tested on

HOP-92 cells; the GI50 value ranged between –5.80

and –5.89 when the EKVX, HOP-62, NCI-H226,

NCI-H322M, NCI-H460 and NCI-H522 cell lines
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Tab. 2. Anti-non-small cell lung cancer activity of azaphenothiazines 1, 16–19 and 23

Compd’s
number

A549/ATCC EKVX HOP-62 HOP-92

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 –4.48 > –4 > –4 –4.36 > –4 > –4 –5.82 –4.22 > –4 –5.08 –4.12 > –4

16 –5.44 –5.90 –4.26 –5.35 –4.76 –4.21 –5.80 –5.46 –5.13 –6.06 –5.49 –4.91

17 – > –4 > –4 > –4 > –4 > –4 –4.79 –4.01 > –4 – – –

18 –5.19 –4.65 –4.20 –5.37 –4.71 –4.26 –5.36 –4.72 –4.32 –6.14 –5.13 –4.23

19 –5.69 –5.41 – –5.82 –5.49 –5.16 –5.89 –5.59 –5.29 –6.48 –5.85 –5.32

23 –4.92 > –4 > –4 –4.68 > –4 > –4 –4.68 –4.11 > –4 –4.55 > –4 > –4

Compd’s
number

NCI-H522

Log10 of sample concentration (mol)

GI
50

TGI LC
50

1 –4.39 > –4 > –4

16 –5.84 –5.51 –5.18

17 –4.07 > –4 > –4

18 –4.42 –4.55 > –4

19 –5.80 –5.48 –

23 –4.57 > –4 > –4

Compd’s
number

NCI-H226 NCI-H23 NCI-H322M NCI-H460

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 –4.31 > –4 > –4 –4.36 > –4 > –4 –4.39 > –4 > –4 > –4 > –4

16 –5.48 –4.85 –4.24 –5.54 –4.90 –4.28 –5.35 –4.72 –4.31 –5.79 –5.50 –5.20

17 – – – –4.83 > –4 > –4 > –4 > –4 > –4 > –4 > –4 > –4

18 –5.74 –4.72 –4.34 –5.43 –4.68 –4.19 –4.95 –4.61 –4.28 –6.31 –5.73 –5.34

19 –5.83 –5.39 –4.68 –5.85 –5.54 –5.23 –5.80 –5.52 –5.25 –5.80 –5.50 –5.21

23 –4.35 > –4 > –4 –4.66 > –4 > –4 –4.27 > –4 > –4 –4.69 –4.19 > –4



were tested. Compound 18 had a GI50 value of –6.31

when tested on NCI-H460 cells, –6.14 on HOP-92

cells and –5.74 on NCI-H226 cells. Compound 16 had

GI50 values of –6.06 when tested on HOP-92 cells and

ranged between –5.79 and –5.84 when the HOP-62,

NCI-460 and NCI-H522 cells lines were tested. Dipy-

ridothiazine 1 had significant activity with GI50 val-

ues of –5.82 when HOP-62 cells were tested and

–5.08 for the treatment of HOP-92 cells. The TGI val-

ues for compound 19 ranged between –5.41 and –5.59

in these cells with the exception of HOP-92 cells,

which had a TGI value of –5.85. The TGI value for

compound 16 was –5.90 when tested on A549/ATCC

cells. Compound 18 had a TGI value of –5.73 when

tested on NCI-H460 cells. Compounds 18, 19 and 16

had the greatest LC50 values; these values were –5.34

(NCI-H460 cells), –5.16 – –5.29 (EKVX, HOP-62,

HOP-92, NCI-H23, NCI-H322M and NCI-H460

cells) and –5.13 – –5.20 (HOP-62, NCI-H-460 and

NCI-H522 cells).

Anti-colon cancer activity

Compounds 16–19 and 23 had very potent anticancer

activity (Tab. 3). Compound 18 had the best GI50

value (–6.08) when administered to HCT-116 cells;

GI50 values ranged between –5.53 and –5.92 when the

compound was tested on the remaining six rest cell

lines. Compounds 19 and 16 had GI50 value ranges of

–5.78 – –5.93 and –5.72 – –5.89, respectively, when

tested on a panel of colon cancer cell lines. Com-

pound 23 had a GI50 value of –5.45 when tested on

COLO205 cells and compound 17 had a GI50 value of

–5.12 when HCT-116 cells were tested. Compounds

19 and 16 had TGI values in the range of –5.29 –

–5.64 and –5.39 – –5.56, respectively, when the entire

cell line panel was tested. Compound 18 had similar

activity (TGI = –5.11 – –5.59) when COLO205,

HCC-2998, HCT-116, HT29 and SW620 cells were

tested. The LC50 values of compounds 16 and 19 were

very similar: –5.06 – –5.25 and –5.19 – –5.31 when

tested on COLO205, HCC-2998, HCT-116, HCT-15,

324 �����������	��� 
������ ����� ��� �������

Tab. 3. Anti-colon cancer activity of azaphenothiazines 1, 16–19 and 23

Compd’s
number

COLO 205 HCC-2998 HCT-116 HTC-15

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 –4.93 –4.23 > –4 –4.31 > –4 > –4 –4.75 –4.16 > –4 –4.43 > –4 > –4

16 –5.88 –5.55 –5.21 –5.77 –5.43 –5.09 –5.88 –5.56 –5.24 –5.78 –5.43 –5.09

17 > –4 > –4 > –4 – – – –5.12 > –4 > –4 > –4 > –4 > –4

18 –5.87 –5.56 –5.25 –5.77 –5.29 –4.72 –6.08 –5.30 –4.62 –5.53 –4.80 –4.09

19 –5.90 –5.55 –5.19 –5.78 –5.49 –5.19 –5.96 –5.64 –5.31 –5.88 –5.54 –5.21

23 –5.45 –4.59 > –4 –4.73 –4.19 > –4 –4.51 > –4 > –4 > –4 > –4 > –4

Compd’s
number

HT-29 KM 12 SW 620

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 –4.24 > –4 > –4 –4.49 > –4 > –4 –4.45 > –4 > –4

16 –5.89 –5.42 –4.76 –5.72 –5.39 –5.06 –5.81 –5.53 –5.25

17 > –4 > –4 > –4 > –4 > –4 > –4 > –4 > –4 > –4

18 –5.92 –5.11 –4.41 –5.61 –4.96 –4.37 –5.92 –5.59 –5.27

19 –5.93 –5.29 > –4 –5.82 –5.54 –5.26 –5.83 –5.54 –5.25

23 –4.47 > –4 > –4 –4.56 –4.39 > –4 –4.49 > –4 > –4



KM12 and SW620 cells. Compound 18 had LC50 val-

ues of –5.25 when tested on COLO205 cells and

–5.27 when SW620 cells were tested.

Anti-CNS cancer activity

Compounds 16–19 exhibited very potent anticancer

activity (Tab. 4). Compound 18 had the greatest GI50

values when tested on the SNB-75 and SF-295 cell

lines (–6.56 and –6.10, respectively). For the SF-268,

SNB-19 and U-251 cell lines, the GI50 values for

compound 18 were significant (–5.24 – –5.56). Com-

pounds 19 and 16 had similar activity on all cells lines

(–5.77 – –5.86 and –5.51 – –5.80, respectively). Com-

pound 17 had a GI50 value of –5.84 when tested on

SNB-75 cells and –5.42 when SF-295 were tested.

The TGI values for compound 19 for all cells lines

had a range of –5.48 – –5.55. Compound 16 had TGI

values of –5.53 and –5.46 when the SF-539 and

SF-295 cell lines were tested, respectively. For the

same cell lines, compound 18 had TGI values of

–5.22 and –5.10, respectively. The LC50 values for

compound 19 ranged between –5.23 and –5.26 when

the SF-268, SF-295, SF-539, SNB-19 and U-251 cell

lines were tested. Compound 16 had LC50 values of

–5.25 and –5.15 for the SF-539 and SF-295 cell lines,

respectively.

Anti-melanoma activity

Compounds 16, 18, 19 and 23 had very potent anti-

cancer activity (Tab. 5). Compound 18 had an ex-

tremely high GI50 value of –7.06 when tested on

SK-MEL-5 cells; this activity corresponds to 40 ng/ml.

This is the most potent azaphenothiazine compound

tested on all sixty of the cell lines. This compound

had a high activity (GI50 = –5.63 – –5.82) when tested

on the other lines, including M-14, MALME-3M,

UACC-257 and UACC-62. Similarly, compound 19

had high GI50 values (–5.75 – –5.98) when the mela-

noma cell lines were tested. Compound 16 exhibited

slightly less activity (–5.34 – –5.84) on the same cells.

In addition, compound 23 had similar activity when

tested on two cell lines, MALME-3M (–5.38) and

SK-MEL-5 (–5.44). The best TGI value was from

compound 18 (–5.92) when tested on SK-MEL-5

cells. Compounds 19 and 16 had high TGI values

when tested on all the melanoma cell lines (–5.45 –

–5.66 and –5.27 – –55, respectively). In contrast to

compound 18, which had low LC50 values, com-

pounds 19 and 16 had high LC50 values (–5.15 –

–5.33) when tested on the melanoma cell lines. Simi-

larly, these compounds had a high LC50 value for and

the other seven cancer cell lines.
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Compd’s
number

SNB-75 U-251

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50

1 –4.36 > –4 > –4 –4.36 > –4 > –4

16 –5.79 –5.22 –4.58 –5.70 –5.27 –4.73

17 –5.84 –4.86 –4.25 –5.24 > –4 > –4

18 –6.56 –5.22 –4.42 –5.51 –4.83 –4.40

19 –5.81 –5.48 – –5.80 –5.51 –5.23

23 –4.57 > –4 > –4 –4.62 > –4 > –4

Tab. 4. Anti-CNS cancer activity of azaphenothiazines 1, 16–19 and 23

Compd’s
number

SF-268 SF-295 SF-539 SNB-19

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 –4.09 > –4 > –4 –4.28 > –4 > –4 –4.47 > –4 > –4 –4.47 > –4 > –4

16 –5.51 –4.94 –4.42 –5.77 –5.46 –5.15 –5.80 –5.53 –5.25 –5.80 –5.53 –5.25

17 –4.61 > –4 > –4 –5.42 –4.83 –4.07 –4.98 –4.31 > –4 –4.98 –4.31 > –4

18 –5.56 –4.77 –4.26 –6.10 –5.10 –4.34 – –4.86 –4.41 – –4.86 –4.41

19 –5.80 –5.52 –5.25 –5.86 –5.55 –5.25 –5.79 –5.53 –5.26 –5.79 –5.53 –5.26

23 –4.63 > –4 > –4 –4.18 > –4 > –4 –4.44 > –4 > –4 –4.44 > –4 > –4



Anti-ovarian cancer activity

Compounds 16, 18 and 19 had very potent anticancer

activity (Tab. 6). The best GI50 values were for com-

pound 16 when tested on IGROV1 cells (–6.72) and

OVCAR-3 and OVCAR-5 cells (–5.70 – –5.71).

Compound 18 had remarkable GI50 values for

IGROV1 cells (–6.38), OVCAR-4 cells (–6.35) and

OVCAR-3 cells (–5.77). Compound 19 had remark-

able GI50 values when tested on IGROV1 cells

(–6.54) and the rest of the ovarian cancer lines (–5.70

– –5.82). The TGI values for compound 19 were

–5.82 when tested on IGROV1 cells and ranged be-

tween –5.43 and –5.56 for the rest of the ovarian can-

cer lines. Compound 16 had high TGI values when

IGROV1, OVCAR-3 and OVCAR-5 cells were tested

(–5.68, –5.36 and –5.14, respectively). Compound 18

had a high TGI value of –5.26 when OVCAR-4 cells

were tested. The best LC50 values were for compound

19 when tested on SK-OV-3, OVCAR-3 and

OVCAR-5 cells (–5.24 – –5.25) and for compound 16

when tested on IGROV1, OVCAR-3 and OVCAR

cells (–5.02 – –5.24).

Anti-renal cancer activity

Compounds 16–19 had very potent anticancer activity

(Tab. 7). Compound 17 had the best GI50 value

(–6.32) when tested on the 736-O cell line. High GI50

values (–5.71 – –5.90) were determined for compound

19 when tested on all the cell lines. In addition, com-

pound 16 had a high GI50 values when tested on

736-O cells (–5.92) and on the other cell lines (–5.42

– –5.77). Compound 18 had high GI50 values when

tested on ACHN, RXF393, SN12C and UO-31 cells

(–5.19 – –5.36). The best GI50 values were for com-

pound 19; the GI50 values for this compound ranged

between –5.42 and –5.60 for all the cell lines. Com-

pound 16 had GI50 values between –5.00 and –5.27

when tested on CAKI-1, A498, TK-10, UO-31 and

736-O cells. Compound 19 had the best LC50 values;

these ranged between –5.21 and –5.30 for the seven
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Tab. 5. Anti-melanoma activity of azaphenothiazines 1, 16–19 and 23

Compd’s
number

LOX IMVI MALME-3M M-14 SK-MEL-2

Log
10

of sample concentration (mol)

GI
50

TGI LC
50

GI
50

TGI LC
50

GI
50

TGI LC
50

GI
50

TGI LC
50

1 –4.40 > –4 > –4 > –4 > –4 > –4 –4.49 > –4 > –4 –4.45 > –4 > –4

16 –5.80 –5.52 –5.53 –5.73 –5.44 –5.14 –5.76 –5.45 –5.15 –5.79 –5.27 –4.59

17 > –4 > –4 > –4 –4.55 > –4 > –4 > –4 > –4 > –4 –4.85 –4.19 > –4

18 –5.53 –4.78 –4.01 –5.71 –4.75 –4.25 –5.63 –4.89 –4.41 –5.53 –4.71 –4.30

19 –5.81 –5.50 –5.19 –5.88 –5.54 –5.20 –5.77 –5.49 –5.21 –5.89 –5.55 –5.21

23 –4.38 > –4 > –4 –5.38 –4.63 > –4 –4.79 –4.35 > –4 –4.75 –4.36 > –4

Compd’s
number

SK-MEL-28 SK-MEL-5 UACC-257 UACC-62

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 > –4 > –4 > –4 –4.44 > –4 > –4 –4.15 > –4 > –4 –4.38 > –4 > –4

16 –5.71 –5.43 –5.15 –5.84 –5.55 –5.25 –5.65 –5.34 –5.03 –5.74 –5.40 –5.06

17 – > –4 > –4 – > –4 > –4 – > –4 > –4 –4.95 –4.15 > –4

18 –5.37 –4.81 –4.40 –7.06 –5.92 –4.46 –5.73 –4.99 –4.42 –5.82 –4.75 –4.38

19 –5.98 –5.66 –5.33 –5.80 –5.52 –5.25 –5.75 –5.45 –5.15 –5.84 –5.56 –5.27

23 –4.68 –4.08 > –4 –5.44 –4.70 –4.01 –4.94 –4.46 > –4 –4.87 –4.54 –4.21
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Tab. 6. Anti-ovarian cancer activity of azaphenothiazines 1, 16–19 and 23

Compd’s
number

IGROV 1 OVCAR-3 OVCAR-4 OVCAR-5

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 – – – –4.08 > –4 > –4 > –4 > –4 > –4 > –4 > –4 > –4

16 –6.72 –5.68 –5.18 –5.70 –5.36 –5.02 –5.44 –4.80 –4.32 –5.44 –4.80 –4.32

17 –5.17 > –4 > –4 > –4 > –4 > –4 – > –4 > –4 – > –4 > –4

18 –6.38 –4.51 > –4 –5.77 –4.92 –4.44 –6.35 –5.26 –4.45 –6.35 –5.26 –4.45

19 –6.54 –5.82 – –5.82 –5.53 –5.26 –5.70 –5.56 – –5.70 –5.56 –

23 –4.64 > –4 > –4 –4.67 > –4 > –4 –4.61 > –4 > –4 –4.61 > –4 > –4

Compd’s
number

OVCAR-8 SK-OV-3

Log
10

of sample concentration (mol)

GI
50

TGI LC
50

GI
50

TGI LC
50

1 –4.45 > –4 > –4 > –4 > –4

16 –5.39 –4.65 > –4 –5.38 –4.76 –4.37

17 –5.22 > –4 > –4 –5.02 –4.32 > –4

18 –5.47 –4.66 –4.07 –5.30 –4.71 –4.33

19 –5.77 –5.43 – –5.80 –5.52 –5.25

23 –4.60 > –4 > –4 > –4 > –4 > –4

Tab. 7. Anti-renal cancer activity of azaphenothiazines 1, 16-19 and 23

Compd’s
number

736-O A498 ACHN CAKI-1

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 –4.63 –4.11 > –4 –4.71 –4.26 > –4 –4.57 > –4 > –4 > –4 > –4 > –4

16 –5.92 –5.27 –4.68 –5.45 –5.02 –4.49 –5.53 –4.99 –4.46 –5.60 –5.00 –4.33

17 –6.32 –4.68 > –4 –4.74 –4.14 > –4 –5.01 > –4 > –4 –4.28 > –4 > –4

18 –5.09 –4.65 –4.27 –5.09 –4.66 –4.30 –5.32 –4.68 –4.28 –4.97 –4.51 –4.06

19 –5.90 –5.60 –5.30 –5.80 –5.53 –5.25 –5.81 –5.53 –5.25 –5.84 –5.52 –5.21

23 –4.37 > –4 > –4 –4.47 > –4 > –4 > –4 > –4 > –4 –4.19 > –4 > –4

Compd’s
number

RXF 393 SN12C TK-10 UO-31

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 –4.81 –4.37 > –4 –4.24 > –4 > –4 –4.37 > –4 > –4 > –4 > –4

16 –5.42 –4.74 > –4 –5.53 –4.85 –4.35 –5.45 –5.13 –4.46 –5.77 –5.14 –4.45

17 – – – > –4 > –4 > –4 –4.57 > –4 > –4 > –4 > –4 > –4

18 –5.19 –4.55 –4.03 –5.36 –4.46 –4.18 –5.06 –4.64 –4.27 –5.29 –4.57 –4.02

19 –5.71 –5.42 – –5.89 –5.59 –5.29 –5.78 –5.51 –5.24 –5.90 –5.57 –5.24

23 –4.86 –4.26 > –4 –4.67 > –4 > –4 –4.44 > –4 > –4 > –4 > –4 > –4



cell lines: 736-O, A498, ACHN, CAKI-1, SN12C,

TK-10 and UO-3.

Anti-prostate cancer activity

Compounds 16, 18 and 19 had very potent anticancer

activity (Tab. 8). The best GI50 value (–6.14) was for

compound 18 when tested on PC-3 cells. Compounds

16 and 19 had similar activity (GI50 = –5.51 – –5.87)

when tested on two prostate cancer lines. Compound

19 exhibited significant TGI values ranging between

–5.52 and –5.56 for the same cell lines. The TGI val-

ues for compounds 16 and 18 were –5.56 and –5.18

for PC-3 cells, respectively. The same significant

LC50 value (–5.26) was determined for compound 19

for the two cell lines and for compound 16 when

tested on PC-3 cells.

Anti-breast cancer activity

Compounds 16, 18, 19 and 23 had very potent anti-

cancer activity (Tab. 9). The best GI50 value (–6.21)

was for compound 18 when tested on MDA-MB-468

cells; GI50 values for MCF-7 and MDA-MB-435 were

also high (–5.93 and –5.78, respectively). Compound

19 also had a high GI50 value (–6.07) for MCF-7 cells

and for the other cell lines (–5.73 – –5.86). Com-

pound 16 had a GI50 value of –5.98 when tested on

MCF-7 cells and –5.65 – –5.75 for the other four

lines. Compound 23 exhibited a GI50 value of –5.06

when tested on MCF-7 cells. The TGI values of com-

pound 19 were –5.27 – –5.66 when tested on all the

breast cancer lines tested. This compound had values

of –5.60 when tested on MCF-7 cells and –5.20 –

–5.35 for the four other lines. Compound 18 exhibited

TGI values of –5.59 and –5.57 when tested on

MDA-MB-468 and MCF-7 cells, respectively. The

best LC50 value (–5.97) was for compound 16 when

tested on MDA-MB-435 cells. Compounds 16, 18 and

19 had similar activity against MCF-7 (TGI = –5.22,

–5.25 and –5.30, respectively). Compound 19 also ex-

hibited high TGI values ranging between –5.21 and

–5.27 for the other four lines.

Six compounds of various structure (1, 16–19 and 23)

exhibited antiproliferative action that was dependent

on the cancer type. Compound 1 was active against

the non-small cell lung cancer cell lines (HOP-62 and

HOP-92) but was completely inactive at the concen-

tration of 10–4 M against a CNS cancer cell line

(SF-268), the melanoma cell lines (MALME-3M,

SK-MEL-28), the ovarian cancer cell lines (OVCAR-4

and two other lines), a renal cancer cell line (CAKI-1)

and a breast cancer cell line (MDA-MB-231/ATCC).

Compound 17 had high activity when tested on a co-

lon cancer cell line (HCT-116), the CNS cancer cell

lines (SNB-75, SF-295 and U-251), the ovarian can-

cer cell lines (IGROV1, OVCAR-8, SK-OV-3), a re-

nal cancer cell line (736-O) and the breast cancer cell

lines (HS 578T, T-47D, NCI/ADR-ES, MDA-MB-231/

ATCC) but was completely inactive when tested on

the leukemia cell lines, five non-small cell lung can-

cer cell lines, five colon cancer cell lines, five mela-

noma cell lines, three ovarian cancer cell lines, two

renal cancer cell lines two prostate cancer cell lines

and two breast cancer cell lines. Compound 23 was

activate when tested on a colon cancer cell line

(COLO205), the melanoma cell lines (MALME-3M,

SK-MEL-5) and a breast cancer cell line (MCF-7).

However, compound 23 was completely inactive on

some colon (1), ovarian (2), renal (2) and breast (1)

cancer cell lines. Compounds 16 and 19 have a simi-

lar structure (possessing the diethylaminoethyl and di-

methylaminopropyl substituents at the thiazine nitro-

gen atom) and had nearly similar activity on each of

the cell lines tested (logGI50 < –5). The most active

was compound 18 when tested on the melanoma cell

line SK-MEL-5 (logGI50 < –7). This compound had

weak activity on two non-small cell lung cancer cell

lines, one renal cancer cell line and one breast cancer

cell line (logGI50 > –5).

Motohashi and co-workers determined that new

phenothiazine derivatives had anticancer activity;

these derivatives were termed “half-mustard type”

phenothiazines (chloroethylureidoalkyl phenothiazi-
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Tab. 8. Anti-prostate cancer activity of azaphenothiazines 1, 16–19

and 23

Compd’s
number

PC-3 DU-145

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50

1 –4.38 > –4 > –4 –4.35 > –4 > –4

16 –5.87 –5.56 –5.26 –5.51 –5.11 –4.57

17 – > –4 > –4 > –4 > –4 > –4

18 –6.14 –5.18 –4.25 –5.60 –4.81 –4.40

19 –5.87 –5.56 –5.26 –5.78 –5.52 –5.26

23 –4.56 > –4 > –4 –4.27 > –4 > –4



nes). Benzophenothiazines and acylaminoalkyl phe-

nothiazines effectively inhibited Con-A-induced T cell

proliferation, slightly but selectively inhibited antibody-

dependent cellular cytotoxicity (ADCC) and enhanced

NK cell activity in non-transformed cells [16].

The effects of the phenothiazine derivatives on

cancer cell growth and differentiation vary depending

on the stage of cell growth and differentiation. Only

a few benzophenothiazines induced nucleosome-sized

DNA fragmentation; other benzophenothiazines such

as classical neuroleptic phenothiazines, and “half-

mustard type” phenothiazines did not. The latter type

of compounds may act on cancer cells via alkylurea-

induced alkylation of proteins or by intercalation into

specific DNA [16, 18, 19, 24]. Because diquinothiazi-

nes (10-23) have a similar structure to benzophenothi-

azines (additional benzene rings), compound 18 is

a quinoline analog of the “half-mustard type” phe-

nothiazines. These compounds may elicit cytotoxic

activities through the same mechanisms. Further stud-

ies are required to test these possibilities.

Compounds 16 and 19 are quinoline analogs of di-

ethazine and promazine. Therefore, their potent anti-

cancer activity is hypothesized to be related to the

azaphenothiazine ring system (i. e., diquinothiazine

system). Compound 16 is much more active than

compound 6, which contains the same aminoalkyl

group. We observed that diquinothiazines are much

more lipophilic than dipyridothiazines and typical

phenothiazines [9, 10, 20]. Higher lipophilicity makes

these compounds more permeable to cell membranes

[18].

Since potent anticancer compounds such as 1,

16–19 and 23 may be highly toxic for normal cells,

the effects of these compounds on the viability of

mouse splenocytes were determined in an overnight

culture. The compounds were administered at a range

of concentrations (10-6–10-4 mol/l). In addition, two

reference compounds were tested; chlorpromazine is

a typical phenothiazine drug and cyclosporine A is an

antiproliferative agent. At the concentration range

tested, compound 19 and, unexpectedly, chlorpromaz-
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Tab. 9. Anti-breast cancer activity of azaphenothiazines 1, 16–19 and 23

Compd’s
number

MCF-7 NCI/ADR-RES MDA-MB-231/ATCC HS 578T

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 –4.48 > –4 > –4 –4.43 > –4 > –4 –4.01 > –4 > –4 –4.53 > –4 > –4

16 –5.98 –5.60 –5.22 –5.42 –4.78 –4.29 –5.75 –5.31 –4.71 –5.70 –5.20 –4.57

17 > –4 > –4 > –4 –5.20 > –4 > –4 –5.31 > –4 > –4 –5.78 –5.10 > –4

18 –5.93 –5.57 –5.21 –5.41 –4.71 –4.29 –5.36 –4.66 –4.20 –5.42 –4.60 > –4

19 –6.07 –5.66 –5.30 –5.73 –5.27 –4.65 –5.85 –5.56 –5.27 –5.86 –5.54 –5.21

23 –5.06 > –4 > –4 > –4 > –4 > –4 –4.50 > –4 > –4 –4.74 –4.07 > –4

Compd’s
number

MDA-MB-435 BT-549 T-47D MDA-MB-468

Log10 of sample concentration (mol)

GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50

1 –4.10 > –4 > –4 –4.23 > –4 > –4 –4.46 > –4 > –4 – – –

16 –5.71 –5.35 –5.97 –5.38 –4.72 –4.21 –5.65 –4.65 –4.17 – – –

17 > –4 > –4 > –4 –4.80 > –4 > –4 –5.58 > –4 > –4 –4.52 > –4 > –4

18 –5.78 –4.93 > –4 –4.99 –4.62 –4.26 –5.49 –4.66 –4.08 –6.21 –5.59 –

19 –5.82 –5.53 –5.24 –5.85 –5.55 –5.25 –5.85 –5.49 – –5.78 –5.35 > –4

23 –4.68 –4.18 > –4 –4.72 > –4 > –4 –4.82 –4.19 > –4 – – –
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Fig. 2. The effects of azaphenothiazines 1, 16–19, 23, cyclosporine A and chlorpromazine on the viability of mouse splenocytes (concentration
in mol/l, for example 6.41E–4 = 6.41 � 10�� mol/l)



antiproliferative agent. At the concentration range

tested, compound 19 and, unexpectedly, chlorpromaz-

ine were highly toxic, whereas compounds 16 and 23

and cyclosporine A were less toxic (Fig. 2). In addi-

tion, compounds 1, 17 and 18 were minimally toxic. It

is worth noting that the most active compound, com-

pound 18, is slightly less active than compounds 16

and 17; these compounds had potent anticancer activ-

ity at the lower concentrations of 10–7 M/l and 10–8

M/l, respectively (compound 18 against SK-MEL-5

line, GI50 = 8.7 × 10–8 M/l).

Conclusions

All sixty cancer lines were very sensitive to at least

one or more azaphenothiazines. The most active com-

pounds of the twenty three azaphenothiazines tested

were 10H-dipyridothiazine 1, 6-diethylaminoethyl-

diquinothiazine 16, 6-p-toluenosulfonylaminoethyldi-

quinothiazine 17, 6-chloroethylureidoethyldiquinothiazine

18, 6-dimethylaminopropyldiquinothiazine 19 and 5,6-

ethylenediquinothiazinium chloride 23.

These compounds exhibited very potent anticancer

activity, with the lowest GI50 value equaling –7.06

(compound 18 tested on the melanoma cell line SK-

MMEL-5), the lowest TGI value equaling –5.92

(compound 18 tested on SK-MMEL-5 cells) and the

lowest LC50 value equaling –5.97 (compound 16

tested on the breast cancer cell line MDA-MB-435).

In addition to these compounds, compounds 1, 17, 19

and 23 had slightly lower anticancer activity when

tested on some of the other cancer lines.

The present study suggests that the type of azaphe-

nothiazine moiety is very important for anticancer ac-

tivity. Diquinothiazines 10–23 were much more active

against cancer cell lines than dipyridothiazines 1–9.

The nature of the substituent at the thiazine nitrogen

atom also plays an important role in the anticancer ac-

tivity of diquinothiazines 10–23. However, in the case

of dipyridothiazines 1–9, the unsubstituted compound

1 unexpectedly was the most active. In general, diqui-

nothiazines that contain aminoalkyl substituents (and

their derivatives) were more active than those with the

alkyl, aryl, or heteroaryl substituents. The most potent

anticancer compound was the “half-mustard type” de-

rivative 18. The ethylene group in our aminoalkyla-

zaphenothiazines is as good a linker as the propylene

and butylene groups in the aminoalkylazaphenothiazi-

nes [18, 27]. Compounds 1, 17 and 18 were practi-

cally non-toxic. This report is the first that demon-

strates the very potent anticancer activity of azaphe-

nothiazines. In addition, the anticancer action of some

compounds appears to be selective, as evidenced by the

lack of toxicity against normal mouse lymphocytes.

These characteristics are highly desirable and support

their potential therapeutic application.
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