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ABSTRACT

A series of 2-aminoalkyl-5-nitropyrazolo|3,4,5-W]acridines (pyrazo-
loacridines) was evaluated in vitro for activity against a panel of human
tumor cell lines of breast, colon, or lung origin. Several pyrazoloacridines
were found to possess solid tumor selectivity relative to their activity
against murine leukemia 1.1210 cells as well as human lymphoblastoid
cells. The superior compounds in this regard were also found to exhibit
excellent activity against primary human tumors in stem cell clonogenic
assays. In addition, many of the compounds tested were found to be
selectively cytotoxic to hypoxic relative to oxic HCT-8 colon adenocar-
cinoma cells, a property that may be a consequence of the potentially
reducible S-nitro function. A number of pyrazoloacridines were also found
to exhibit potency against noncycling Chinese hamster ovary cells com
parable to that observed against actively dividing cultures. Consistent
with their favorable activity against nondividing cells, further testing of
the pyrazoloacridines revealed that generally less drug is required to
inhibit RNA synthesis than DNA synthesis in LI 210 cells. Collectively
these data indicate that the pyrazoloacridines represent a novel class of
antitumor agents which warrant further preclinical evaluation for their
potential clinical usefulness in the treatment of solid tumors.

INTRODUCTION

A number of substituted acridities have been used clinically
as anticancer agents, e.g., amsacrine. Amsacrine has been shown
to bind to DNA by intercalation and to inhibit the enzyme
DNA topoisomerase II (1, 2).

Other classes of synthetic polycyclic aromatic compounds are
currently being evaluated as anticancer agents. These agents
include the anthrapyrazoles (3, 4) and the benzothiopyranoin-
dazoles (5, 6), which were developed by modifying the chro-
mophore of the anthracenedione nucleus and resulted in high
level broad spectrum activity in preclinical models.

Acridine compounds carrying an electron-affinic nitro group,
such as nitracrine,2 have also been shown to possess antitumor
activity (7-9). Nitracrine, which has been used clinically in
Poland in the treatment of solid tumors (10), contains a readily
reducible nitro group. It was proposed and later shown by
Wilson et al. (11) that nitracrine, by analogy to the nitroimi-
dazoles (12), would exhibit hypoxic cell selectivity. The pyra-
zoloacridine series, which is the subject of this report, represents
another class of antitumor acridines that is characterized by the
presence of a 5-nitro substituent. We provide evidence indicat
ing that the pyrazoloacridines constitute a class of anticancer
agents with selectivity against solid tumor cells, relative to
leukemic cells, and with selectivity against hypoxic cells.
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MATERIALS AND METHODS

The compounds studied in this report were synthesized as previously
reported (13). Testing was performed with fresh drug solutions prepared
in distilled water.

Cell Culture. The LI210 murine leukemia line was obtained from
Mason Research Institute (Worcester, MA). The HCT-8 colon adeno-
carcinoma line was supplied by Dr. J. R. Berlino (Yale University, New
Haven, CT). MCF-7 breast adenocarcinoma cells were obtained from
Michigan Cancer Foundation (Detroit, MI) and the AS49 lung adeno
carcinoma line was provided by Dr. Ward Peterson (Children's Hos
pital, Detroit, MI). The WI-L2 cell line is the lymphoblastoid line
described by Levy et al. (14) and originated from the Wistar Institute
(Philadelphia, PA). All other cell lines were obtained from the American
Type Culture Collection. All cell lines used in these studies were of
human origin with the exception of LI 210.

All cell lines were grown in medium supplemented with 10% fetal
bovine serum and containing gentamicin sulfate (SO Mg/ml; Schering
Corp., Union, NJ). Cell lines were routinely grown in RPMI 1640
medium with the exception of MCF-7 (Dulbecco's MEM), WiDr

(Enriched minimum essential medium), AS49 (Enriched minimum
essential medium), and CHO-K1 (Ham's F12). All cell lines were grown

as monolayer cultures with the exception of L1210, CCRF-CEM, and
WI-L2, which were grown as suspension cultures.

Growth inhibition assays of suspension cultures were performed by
continuous exposure of cells for 72 h using a 96-well microtiter plate
screening method; cell viability was based upon the reduction of the
tetrazolium salt, 3-(4,5-dimethyl-2-thiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT; Sigma Chemical Co., St. Louis, MO) (15). Growth
inhibition assays of monolayer cultures were performed by continuous
exposure of cells for 4-5 days in 96-well plates. The cell number was
then determined after staining by the dye-release method of Finlay et
al. (16). For both assays, activity was expressed as the amount of drug
required to decrease final cell counts to 50% of the untreated control
values.

Human Stem Cell Clonogenic Assays. Cell suspensions of solid tumor
specimens were prepared within 4 h after excision from patients with
neoplasia of varying histology. Preparation of tumor cells and the
methodology for in vitro exposure of tumor cells to drug followed by
clonogenic assay has been previously described (17).

Determination of Hypoxic Cytotoxicity. Exponentially growing HCT-
8 cells were planted at 10,000 cells/ml in 24-well plates coated with
1% agar. Cells were then equilibrated in an anaerobic chamber (90%
nitrogen, 5% CO2, 5% hydrogen) for 4 h prior to the addition of
degassed drug for l h at 37Â°C.Cells were subsequently plated for
clonogenic survival (1000 cells/60-mm2 dish). Using the above de

scribed treatment conditions, hypoxia did not have an adverse effect on
plating efficiency which was 23.7 Â±3.3% for hypoxic cells, compared
to 22.6 Â±2.5% for oxic cells. Data was normalized to the respective
oxic or hypoxic vehicle-treated controls. The resistance of hypoxic cells
to ionizing radiation was determined to confirm that the treatment
conditions did in fact result in hypoxia. Cells exposed to the described
anaerobic conditions were found to be 3-fold more resistant to radiation
than their oxic counterparts, as determined from the ratio of X-ray
doses required to give the same percentage of reduction in survival, the
result expected from truly hypoxic cells; the LD50(dose level producing
50% lethality) value against oxic cells was 573 Â±26 rads compared to
1857 Â±30 rads for hypoxic cells.

Cytotoxicity against Noncycling Cells. Flasks (25 cm2) were seeded
with 5 x IO4 CHO cells. Unfed cultures were treated after 2 days of
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SOLID TUMOR SELECTIVE PYRAZOLOACRIDINES

Table l Growth inhibition of LI 2IO and HCT-8 cells by the pyrazoloaeridines

CompoundPD

110,334PD
111,425PD
113,377PD
114,245PD

114,541PD
115,934PD

117,213PD
117,469PD
117,756PD
117,802PD
118,035PD
119,556PD

121,436Zâ€”Hâ€”H9â€”

OCHj9â€”
OCH,9â€”

OH9â€”
OCHj9â€”

OCHj9-02C2(CH3)j9â€”

OH9-02C2(CH3)39â€”

0(CH2)2CH39â€”
OH9â€”

OH.10â€”aStructural

features"R-{CHjfeNÃ•CHjCHjfeâ€”

(CH2)2NH(CH2)2OH-<CH2)2N(CH2CH3)2-(CH2)2N(CH3)2-(CH2)2N(CH2CH3)2â€”

(CH2),N(CH3)2-<CH2)2N(CH2CH3)2-<CH2)2N(CH2CH3)2â€”

(CH2)3N(CH3)2-(CH2)3N(CH,)2â€”

(CH2)3N(CH2CH3)2-(CH2)2NH(CH2)2OH-<CH2)2N(CH2CH3)21C*,

(MM)Â»Yâ€”

Hâ€”Hâ€”Hâ€”Hâ€”Hâ€”Hâ€”

NO2â€”Hâ€”Hâ€”Hâ€”Hâ€”Hâ€”HL12100.190.220.470.400.0020.420.400.0100.0020.0100.460.0050.0004HCT-80.190.150.120.110.0130.140.0660.0100.0120.0270.0310.440.051Ratio'1.000.680.260.286.500.330.171.006.002.700.0788.0128

* Refer to Fig. 1 for the general pyrazoloacridine structure.
* Values, mean of replicate experiments agreeing within 2-fold.
' 1CÂ»(HCT-8)/ICÂ» (L1210).

Table 2 Growth inhibition of human tumor cell lines by the pyrazoloaeridines

BreastMCF-7CompoundPD

110,334PD
111,425PD
113,377PD
114,245PD
114,541PD
115,934PD
117,213PD
117,469PD
117,756PD
117,802PD
119,556PD
121,436AdriamycinMitoxantroneAmsacrineICMÂ°0.310.270.140.120.0420.110.330.0330.0450.0910.670.0180.0460.0230.40Ratio*1.61.30.300.30210.260.833.3239.1134451.025ISMB

2.111CÂ»0.590.440.270.210.0260.160.210.0760.120.0900.880.0080.0960.0080.%Ratio3.12.00.570.53130.380.537.6609.0176202.18.437ColonHCT-81CÂ»0.160.150.0600.0670.0100.0310.0790.0120.0200.0240.440.0510.0880.0170.74Ratio0.840.680.130.175.00.070.201.2102.4881282.01329WiDr1CÂ»1.530.981.240.611.600.370.613.451.681.073.923.050.0910.140.67Ratio8.14.52.61.58000.881.534584010778476252.015726LungA5491CÂ»0.580.390.270.260.530.340.710.160.0190.570.570.290.470.162.81Ratio3.11.80.570.652650.812.1169.55711472510178108LeultemiasWI-L21CÂ»0.650.420.440.270.0150.180.200.0160.0310.0430.0860.028Ratio7.36.92.01.2140.891.22128204.10.78CCRF-CEM1CÂ»1.090.670.430.330.0020.280.170.0030.0090.0060.100.012Ratio12112.01.51.61.41.03.38.32.84.90.33

Expressed in *IM.Values, mean of at least two determinations agreeing within 2-fold.
* ICÂ»against the indicated cell line relative to the 1CÂ»against 11210.

growth (exponential) or 7 days (plateau). Drug exposure was for l h
followed by plating for clonogenic survival. Seven-day cultures were
ascertained to be in plateau phase, based on daily cell counts and flow
cytometry studies, which showed that 98% of the cells were in G|/G0
phase.

Measurement of DNA and RNA Synthesis. L1210 cells in exponential
phase of growth were treated with a final concentration of 1 uM drug
while being exposed to [methyl-3H]thymidine or [5-3H]uridine, as pre

viously described (18). Drug treatment was for 2.5 h, followed by
addition of 15% trichloroacetic acid. The protein precipitate was col
lected on Whatman glass fiber filters, washed 3x with 15% trichloroa
cetic acid, dried, and counted in Beckman Ready-Solv in a Heckman
Model LS6800 scintillation counter.

RESULTS

Solid Tumor Selectivity against Human Tumor Cell Lines.
Early in vitro screening of the pyrazoloaeridines (Table 1, Fig.
1) in tissue culture growth inhibition assays revealed their
higher potency against the human colon adenocarcinoma HCT-

8 cell line when compared to the response of murine leukemia
L1210 cells. Of 46 compounds tested, 29 (63%) were more

NO,

Fig. 1. Structure of the pyrazoloacridine nucleus. Refer to Table 1 for R, Y,
andZ.

active against the HCT-8 line. Shown in Table 1 are represent
ative LI210 and HCT-8 data obtained with compounds chosen
for further study based on their structural differences. Those
compounds containing a 9-methoxy (e.g., PD 115,934) or 9-
propoxy (PD 118,035) substitution showed the most pro
nounced growth inhibition of HCT-8 cells relative to that
against LI210 cells; pyrazoloaeridines containing a 9-hydroxy
(e.g., PD 121,436) were an exception, being especially potent
against LI210 cells.

The potential solid tumor selectivity of the pyrazoloaeridines
was further examined in growth inhibition assays against a
panel of human tumor cell lines comprised of two breast car
cinoma lines (MCF-7, MB-231), an additional colon carcinoma
line (WiDr) and the A549 lung carcinoma line (Table 2). The
9-methoxy substituted compounds (PD 113,377, PD 114,245,
PD 115,934, and PD 117,213) were the most active of the
series against each of the human lines tested relative to their
activity against L1210 cells. HCT-8 appeared to be the most

sensitive cell line in the panel to the pyrazoloaeridines; the
breast lines were next in sensitivity followed by A549 and lastly
the colon line, WiDr. In comparison, Adriamycin, which is
known to have clinical utility against solid tumors, was roughly
equipotent against 1,1210 and each of the human cell lines
tested, with the exception of A549, which was notably more
refractory to this anthracycline.

The solid tumor selectivity of the pyrazoloaeridines suggested
from the above results was inferred on the basis of the activity
of the pyrazoloaeridines against I 1210 cells. To examine
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SOLID TUMOR SELECTIVE PYRAZOLOACRIDINES

whether these compounds would also exhibit solid tumor selec
tivity when compared to human lymphoid cells, they were tested
against WI-L2 and CCRF-CEM cells, which represent B-cell
and T-cell line origins, respectively. As shown in Table 2, both
of the human lymphoblast lines were less sensitive than were
LI210 cells to those pyrazoloacridines which were unsubsti-
tuted on the A-ring or contained a hydroxy or pivaloyl ester
substitution at the 9-position. All other pyrazoloacridines, i.e.,
9-methoxy- or 9-propoxy-substituted compounds, were equally
effective against the murine versus the human lymphoid lines.
Thus, solid tumor selectivity of members of the pyrazoloacri-

dine series could also be inferred on the basis of their response
against human lymphoblastoid cells.

Human Stem Cell Clonogenic Assays. Human primary tumor
samples of either breast, lung, or ovarian origin were treated
with various pyrazoloacridines in a stem cell clonogenic assay
system. To compare this series of compounds at equipotent
doses, the human tumors were tested at a concentration roughly
equal to the IC50 (l h exposure) determined from a clonogenic
assay with LI 210 cells, as well as 4x this concentration. Of the
compounds tested, PD 114,245 and PD 115,934, both of which
contain a 9-methoxy substitution, stand out (Table 3): at 4 ng/
ml, 80 to 90% of the tumor samples proved to be sensitive. In
comparison, only 47% of the samples responded to mitoxan-
trone at a concentration which was roughly 80-fold greater than
the LI210 IC50, rather than 4-fold greater as was the case for
the pyrazoloacridines.

Hypoxie Selectivity. Owing to the presence of a potentially
reducible 5-nitro function, the pyrazoloacridines were also ex
amined for selectivity against hypoxic cells. After a 1-h drug
exposure, hypoxic HCT-8 cells were plated for clonogenic
survival as were well-oxygenated cultures. The pyrazoloacri
dines were 1.3 to 6.8-fold more cytotoxic to the hypoxic cells
than to the oxic cultures (Table 4). The 9-methoxy-substituted
compound, PD 114,245, was the most strongly hypoxia selec
tive (Fig. 2). Differences in drug stability resulting from varying
the atmospheric conditions were not observed (data not shown).
We also tested the 1-nitroacridine derivative nitracrine, a
known hypoxia-selective agent (11), which is considerably more
toxic than the pyrazoloacridines. Against HCT-8 cells, nitra
crine produced a 3-fold differential against hypoxic cells, an
effect comparable to that observed with the pyrazoloacridines.

Table 3 Activity of the pyrazoloacridines in the human tumor stem cell
clonogenic assay

Tumor samples of either breast, lung, or ovarian origin were treated for l h at
the indicated drug concentrations prior to plating as previously described ( 17). A
positive response is defined as <SO% survival.

CompoundPD

111,245PD

114,541PD

115,934PD

117,469PD

117,802MitoxantroneLI

210 potency
in Mg/ml"

[MM]1.37

[3.65]0.002

[0.004]1.07(2.31]0.049

[0.089]0.056(0.11]0.005(0.011]Concentration

in Mg/ml
[MM]1.0

[2.66]
4.0 [10.6]0.0025

[0.005]
0.01[0.02]1.0(2.16)

4.0[8.64]0.05(0.091]

0.2[0.36]0.05

[0.094]
0.2[0.37]0.1

[0.23]
0.4 [0.92]Sensitive/total6/28(21)*

23/28(82)4/26(15)

5/26(19)8/27

(30)
24/27(89)0/26

(0)
5/26(19)4/17

(24)
5/16(31)8/36

(22)
27/36 (47)

Table 4 Cytotoxicity of the pyrazoloacridines against hypoxic HCT-8 cells
Cells which were either oxic or rendered hypoxic in an oxygen-free environment

as described in "Materials and Methods" were treated for I h prior to plating for

clonogenic survival. Results, mean of at least two determinations agreeing within
Â±20%.

CompoundPD

114,245PD
111,425PD

117,802PD
115,934PD

113,377PD
119,556PD
114,541PD
117,756PD
117,213PD
110,334NitracrineOxic23.619.10.4710.725.83.810.210.560.705.440.161CÂ»

(MM)Hypoxic3.483.790.194.5011.02.260.130.390.544.320.059O/HÂ«6.85.02.52.42.31.71.61.41.31.32.7

" 1CÂ»(oxic)/ICÂ» (hypoxic).

1001

I

5
u
o:

10
2468

DRUGCONCENTRATION(ug/ml)
10

Fig. 2. Cytotoxicity of PD 114,245 in hypoxic HCT-8 cells. Cells were treated
with drug for l h under oxic (â€¢)or hypoxic (D) conditions prior to plating for
clonogenic survivors.

Table 5 Cytotoxicity of the pyrazoloacridines against cycling and noncycling
Chinese hamster ovary cells

Cultures which were either exponentially growing or nondividing were treated
for l h prior to plating for clonogenic survival as described in "Materials and
Methods." Data, mean Â±SE of at least three determinations.

1CÂ»(MM)CompoundPD

111,425PD
113,377PD

114,245PD
114,541PD
115,934PD

117,469PD
117,756PD
117,802PD
118,035PD
119,556AdriamycinAmsacrineActinomycin

DExponential7.61

Â±0.1637.7
Â±4.214.9
+4.00.047

Â±0.01657.2
Â±1.10.16

Â±0.0280.33
Â±0.150.12

Â±0.01239.5
Â±15.80.29
Â±0.0130.85
Â±0.200.11

Â±0.0030.65
Â±0.10Plateau19.3

Â±3.0112Â±
1.164.6

Â±4.52.50
Â±0.61125

Â±5652.9
Â±11.116.2
Â±3.020.3

Â±4.160.0
Â±26.773.2
Â±20.632.2
Â±4.93.12

Â±0.171.27
Â±0.17Ratio*2.53.04.3532.2331491691.525238282.0

" 1CÂ»value in a clonogenic assay after l h treatment.
* Numbers in parentheses, %.

" 1CÂ»(plateau)/ICÂ» (exponential).

Comparable hypoxic selectivity of the pyrazoloacridines has
been confirmed in CHO cells (data not shown).

Activity against Noncycling Cells. As summarized in Table 5,
the Cytotoxicity of the pyrazoloacridines against nutritionally
depleted nondividing Chinese hamster ovary (CHO) cells was
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compared to their activity against actively dividing cultures.
Several members of this series, notably PD 111,425, PD
113,377, PD 114,245, PD 115,934, and PD 118,035, were
comparable to actinomycin D in their potency against plateau
phase cells, resulting in only a 1.5 to 4-fold higher IC5o value
relative to their activity against exponentially growing cells.
Adriamycin, amsacrine, and those pyrazoloacridines which
were especially potent against actively dividing cells, e.g., PD
119,556, did not exhibit comparable activity against the plateau
phase cells with IC50values 30 to 300-fold higher for noncycling
cultures. As shown in Fig. 3, the favorable activity of PD
115,934 against noncycling cells is in marked contrast to the
activity of Adriamycin, which was approximately 40-fold more
effective against actively dividing cells.

Inhibition of DNA and RNA Synthesis. A number of pyrazo
loacridines were found to inhibit RNA synthesis preferentially
as shown by the fact that a lower concentration of compound
was required to inhibit radiolabeled undine incorporation in
L1210 cells compared to that required to inhibit incorporation
of radiolabeled thymidine (Table 6). As expressed in Table 6, a
ratio >1 was indicative of preferential inhibition of RNA syn
thesis. Thus, the 9-methoxy-substituted PD 115,934 was the
most effective pyrazoloacridine tested in this regard, similar to
actinomycin D. With the exception of PD 119,556, which was

1001

â€”iâ€”
20

â€”iâ€”
3010 20 10 40

DRUG CONCENTRATION (ug/ml)
90

100

0 10 20 30 40

DRUG CONCENTRATION (ug/rrt)

Fig. 3. Activity of PD 115,934 and Adriamycin against exponentially growing
(â€¢)and plateau phase (CDChinese hamster ovary cells. Cycling and noncycling
cells were treated with drug for l h as described in "Materials and Methods."

Table 6 Inhibitory effects of the pyrazoloacridines against DNA and RNA
synthesis in LÃŒ210cells

Results are expressed as the micromolar concentration of drug required to
inhibit [3H]thymidine or [3H]uridine incorporation by 50%. Values, mean Â±SE

of at least three determinations.

CompoundPDPDPDPDPDPDPDPDPDPD110,334111,425113,3771

14,245114,541DNA.81

Â±0.39.81
Â±0.40.72

Â±0.12.99
Â±0.38.21
Â±0.34115,934

6. 19Â±0.79117,469
2.49Â±0.56117,756
0.32Â±0.049117,802.49

Â±0.51119,556
0.25Â±0.076AdriamycinAmsacrine.33

Â±0.33.11
Â±0.26Actinomycin

D 0.49 Â±0. 10RNA2.30

Â±0.301.11
Â±0.231.39
Â±0.191.08
Â±0.130.76

Â±0.181.32
Â±0.433.89
Â±0.980.45
Â±0.131.45
+0.240.84
Â±0.0831.24

Â±0.7341.0
Â±5.00.059

Â±0.026Ratio*0.791.631.241.841.594.690.640.711.030.301.070.038.31

more effective at inhibiting DNA synthesis, those pyrazoloac
ridines which did not preferentially inhibit the synthesis of
RNA, resembled Adriamycin in that RNA and DNA synthesis
were inhibited at roughly equal concentrations. In comparison,
amsacrine was markedly more effective at inhibiting the syn
thesis of DNA.

DISCUSSION

Many recent approaches to the development of novel anti-
cancer drugs have resulted in agents with antileukemic activity,
but little activity against solid tumors. A number of recent
studies have attempted to optimize the solid tumor activity of
potential new drug candidates by selecting agents that are
relatively more cytotoxic to cultured human or murine carci
noma cells than to leukemia cells in culture (19, 20).

The pyrazoloacridines were developed in an effort to produce
a new class of antitumor agents with improved activity against
solid tumors, ideally against a broad spectrum of carcinomas.
/// vivo testing has shown that a number of the pyrazoloacridines
do indeed possess excellent activity against a panel of murine
tumors (21). Furthermore these compounds have demonstrated
promising activity against human xenografts grown in nude
mice (21).

Consistent with their favorable xenograft activity, the studies
reported here suggest that the pyrazoloacridines possess excel
lent activity against primary human tumors when tested in stem
cell clonogenic assays. Furthermore our data indicate that com
pounds in this series may prove selective for solid tumors based
upon their activity against human solid tumor cell lines relative
to their activity against leukemia cells. Testing of the pyrazo
loacridines against Panc-03 or Colon-38 adenocarcinomas ver
sus LI210 in a two tumor soft agar assay has further supported
the concept of solid tumor selectivity for these agents.3

The pyrazoloacridines that demonstrated the most favorable
activity against primary human tumors and the highest degree
of selectivity for solid human tumor cell lines have a 9-methoxy
substitution in common; while these compounds were generally
less potent against the human cell line panel than other mem
bers of this series such as the 9-hydroxy-substituted compounds,
this difference was generally slight (2- to 6-fold) and in the case
of the colon and lung cell lines, the 9-methoxy compound PD
115,934, for example, was often among the most potent, and
was comparable or superior to Adriamycin. It appears that
structural modifications which result in diminished or abolished

3T. H. Corbett, personal communication.
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solid tumor selectivity, as in the case of a hydroxy or pivaloyl
ester 9-substitution, actually result in a much more potent
antileukemic compound rather than a less effective solid tumor
agent. In vivo testing supports this contention."

The presence of hypoxic cell populations has been suggested
as an important factor in the therapy of solid tumors in the
clinic. Several studies have suggested that hypoxia may be
chronic owing to the distance of tumor cells from capillary-

supplied oxygen (22) or it may be acute, resulting from transient
fluctuation in blood perfusion (23). While hypoxic cells are
generally noncycling (24), well-oxygenated cells may also be
quiescent and nonproliferating resulting from a variety of rea
sons, including nutritional deprivation. Such cells retain full
viability and can repopulate a tumor subsequent to otherwise
effective chemotherapy. The pyrazoloacridines represent a new
class of antitumor agents which have the advantage of possess
ing broad spectrum activity as well as selectivity against hypoxic
cells, estimated to constitute 1 to 30% of the tumor burden in
human neoplasms (25). A compound which is strictly a hypoxic
cell cytotoxin would probably not exhibit significant single
agent activity. Thus our data suggest that the pyrazoloacridines
appear to be additionally highly active against rapidly prolifer
ating well-oxygenated cells. This property may be due to their
DNA-binding capacity; PD 115,934, for example, has been
shown to be an effective DNA binder based on ethidium dis
placement data (26). Furthermore the pyrazoloacridines result
in enhanced cytotoxicity to hypoxic cells, presumably due to
reduction under hypoxic conditions to a more active metabolic
species. We have also presented data indicating that the 9-
methoxy or 9-propoxy pyrazoloacridines exhibit favorable ac
tivity against nutritionally deprived noncycling cells, a property
also found for other hypoxia-selective agents, such as RSU
1069 (27). From Fig. 3, the argument could be raised that while
PD 115,934, for instance, is as active as Adriamycin against
plateau phase cells, it is simply much less effective against the
actively dividing population, thereby showing comparable cell
kill against both components. However, /// vivo testing in mice
indicates that Adriamycin is 6-fold more toxic than PD 115,934
as evidenced by maximum tolerated total doses of 15 and 90
mg/kg, respectively.4 Therefore toxicity considerations may

preclude administration of sufficient Adriamycin to effectively
treat the more insensitive nondividing population. In contrast,
at a therapeutically achievable concentration of PD 115,934,
proportionally more nondividing cells would be expected to be
killed.

The pyrazoloacridines also preferentially inhibit the synthesis
of RNA. This property is consistent with their favorable activity
against noncycling cells, which continue to synthesize RNA.
Other DNA intercalators generally result in preferential inhi
bition of DNA synthesis [e.g., amsacrine and the anthrapyra-
zoles (28)] or inhibit DNA and RNA synthesis at comparable
concentrations, as found for Adriamycin in this report and as
found by others (29). With respect to their favorable activity
against nondividing cells and their preferential effect on RNA
synthesis, the pyrazoloacridines more closely resemble actino-
mycin D and the trisaccharide anthracycline aclacinomycin A;
these two antibiotics have proven to be clinically useful, as
actinomycin D is effective against pediatrie solid tumors (30),
whereas aclacinomycin A has shown favorable antileukemic
activity (31). However, when tested against a panel of human
cell lines, both of these drugs were significantly less effective

than the 9-methoxy pyrazoloacridines with regard to solid
tumor selectivity.5

Several of the pyrazoloacridines also retain complete activity
against multidrug-resistant cells.6 This property, in addition to

the broad spectrum in vivo activity of these compounds, will be
the subject of future publications. Based upon the findings
discussed here, the pyrazoloacridines emerge as a new class of
polycyclic aromatic compounds which, because of their novel
effects on various refractory tumor cell populations, show
promise as solid tumor-selective anticancer agents.
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