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Abstract Purpose: Toward developing a model to study
the mechanism of action of suramin against prostate
cancer, we identi®ed the e�ect of suramin on the growth
of xenografts of the androgen-independent human
prostate carcinoma DU145 cell line and our subline of
suramin-resistant (SR) DU145 cells which are less re-
sponsive to suramin in vitro. Methods: Athymic nude
mice bearing DU145 or SR DU145 xenografts were
treated intraperitoneally (IP) once weekly with normal
saline (vehicle control) or suramin in normal saline. For
data analysis mice were grouped as follows: 0 mg/kg
(controls), <210 mg/kg, 210 to 260 mg/kg, or>260 mg/
kg suramin. Results: The growth of DU145 xenografts
was slowed by treatment with 210 to 260 mg/kg suramin
IP once weekly: di�erences in tumor volume for the 210
to 260 mg/kg group compared with the control group on
days 29 and 57 showed growth inhibited by 43% and
55%, respectively. At the same time, growth of SR
DU145 xenografts generally was not slowed by suramin
treatment at any dose, but appeared to be enhanced to
some degree by all doses of suramin during the typical
slower initial growth phase of xenografts of this cell line:
di�erences in tumor volume compared with control on
day 29 showed growth enhanced by 100% to 342%.
Mice treated with 210 to 260 mg/kg maintained nadir

suramin plasma levels near our clinically relevant target
of 1 ´ 10)4 M. Conclusions: Suramin, without concom-
itant corticosteroid therapy, was e�ective in slowing the
growth of DU145 xenografts in nude mice at clinically
relevant plasma suramin levels. The data showing e�-
cacy for DU145 xenografts was supported by the lack of
e�cacy at the same time for xenografts of cells known to
be less responsive to suramin in vitro, i.e. the SR DU145
cells, at similar doses and nadir plasma suramin levels.
In discussions on the utility of suramin our data should
be considered as support for continuing the study of
suramin in the treatment of advanced, androgen-inde-
pendent prostate cancer.
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Introduction

It is estimated for the United States that one in ®ve men
will develop invasive prostate cancer within their lifetime
and in 1998 alone about 39 000 men will die of prostate
cancer. These estimates place prostate cancer among the
highest for cancer incidence and mortality for US men
[10].

Though greater than 75% of newly diagnosed meta-
static prostate cancer patients have at least in part an-
drogen-dependent disease responsive to androgen
therapy, virtually all metastatic prostate cancer patients
eventually develop androgen-independent disease [26].
There is no standard treatment for advanced, androgen-
independent prostate cancer [8]. Suramin is a novel
agent which has shown promise for the treatment of
prostate cancer [3, 4, 8, 21], but the e�cacy of suramin
alone remains controversial. There have been reports of
limited e�cacy of suramin in the treatment of hormone-
refractory prostate cancer clinically [18] and lack of ef-
®cacy of suramin against some androgen-independent
human prostate carcinoma xenografts [17, 23]. Sugges-
tions that the e�cacy of suramin in the treatment of
prostate cancer is in part due to the concomitant
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hydrocortisone therapy prompted a phase III study of
suramin with hydrocortisone versus a placebo with
hydrocortisone for metastatic hormone-refractory
prostate cancer. A recent report of the results of this
study at a median follow-up of 21 months show that
suramin plus hydrocortisone has a signi®cant palliative
advantage and produces a delay in disease progression
[20]. These results will play a role in deciding the utility
of suramin in the treatment of prostate cancer.

The mechanism of action of suramin has not been
clearly established [3, 4, 21]. In developing a model to
study the mechanism of action of suramin against
prostate cancer, we tested the e�ect of suramin, without
concomitant corticosteroid therapy, on the growth of
xenografts of the androgen-independent human prostate
carcinoma DU145 cell line in nude mice. We simulta-
neously tested the e�ect of suramin on xenografts of our
suramin-resistant (SR) DU145 cell line. The SR DU145
cell line was established in our laboratory by continual
culturing in medium containing 0.4 mM suramin, and is
®vefold less responsive to suramin in vitro [16]. We re-
port that suramin alone was e�ective in slowing the
growth of DU145 xenografts at clinically relevant plas-
ma suramin levels. The data showing e�cacy for DU145
xenografts were supported by the lack of e�cacy at the
same time for SR DU145 xenografts at similar doses and
nadir plasma suramin levels. Our data support contin-
ued study of suramin in the treatment of advanced,
androgen-independent prostate cancer.

Materials and methods

Materials

The established human prostate carcinoma cell line DU145 was
obtained from the American Type Culture Collection (Rockville,
Md.). The SR DU145 cell line was established in our laboratory by
continual culturing of DU145 cells in medium containing 0.4 mM
suramin. Suramin was purchased from FBA Pharmaceuticals (New
York, N.Y.).

Cell culture

Cells were grown at 37 °C under humidi®ed air containing 5% CO2

in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented
with 5% heat-inactivated fetal bovine serum (both GIBCO BRL
products, Grand Island, N.Y.) and 1% antibiotic antimycotic so-
lution (100X) (Sigma). The medium for SR DU145 cells addi-
tionally contained 0.4 mM suramin. Cells were passaged weekly
and the medium was replaced every 3 to 4 days. For preparations
of cell suspensions for subcutaneous injection, cells were harvested
by trypsinization (Trypsin-EDTA, GIBCO BRL, Grand Island,
N.Y.), resuspended in DMEM, and counted on a standard hema-
cytometer.

Animals

Male Hsd: athymic nude-nu (nu/nu, BALB/c origin) mice at 3 to 4
weeks of age were purchased from Harlan Sprague Dawley
(Madison, Wis.) and allowed to acclimate for 2 weeks prior to
manipulation at 5 to 6 weeks of age. The mice were housed under
laminar air ¯ow in an isolated animal unit in which the animal

rooms were maintained at 25±28 °C and 60±70% humidity with
12 h light and dark cycles. A maximum of four mice were housed
per autoclave-sterilized cage with free access to autoclave-sterilized
water and food. Mice bearing tumors were euthanized when the
tumor burden reached 10 to 15% of body weight. Mice obviously
ill prior to reaching this level of tumor burden were euthanized
immediately. For all mice the euthanasia procedure consisted of:
anesthetization with etomidate (Amidate, Abbot Laboratories,
North Chicago, Ill.) administered at 25 to 30 mg/kg intraperito-
neally (IP), blood collection by retro-orbital puncture for plasma
harvest, then cervical dislocation and necropsy. Manipulation of
mice was in accordance with a protocol approved by the CHS
Animal Care Committee of the University of Wisconsin-Madison,
USA. Plasma and sections of tumors and select tissue samples
collected at necropsy were stored at )80 °C for future analysis.

Experimental design

Two studies were performed to determine the e�cacy of suramin
for DU145 and SR DU145 xenografts in nude mice. For each cell
line in both studies 1 and 2, each of 16 mice received subcutaneous
injections of 1 ´ 106 cells in 0.1 ml DMEM in the vicinity of two
separate ventral fat pads. Body weight and tumor size were mea-
sured at least once weekly. Two perpendicular diameters of each
tumor were measured with a caliper and tumor volume was cal-
culated using the method of the National Cancer Institute [5]:
length ´ width2 (in millimeters)/2 � volume (in cubic millimeters).

In both studies suramin treatment was initiated 8 days follow-
ing cell injection. For each cell line, mice were separated into four
groups of four to receive IP injections of 0.1 ml sterile 0.15 MNaCl
(controls) or 3.6, 5.4, or 7.2 mg suramin in 0.1 ml sterile 0.15 M
NaCl once weekly. In the ®rst study, nontumor-bearing mice of the
same age were also treated once with 0.1 ml sterile 0.15 M NaCl
(controls) or 1.8, 3.6, 5.4, or 7.2 mg suramin in 0.1 ml sterile
0.15 M NaCl and sacri®ced 2 or 21 h later (n � four mice per
treatment group, two sacri®ced at each time-point).

Blood samples were collected by retro-orbital puncture under
etomidate anesthesia from the nontumor-bearing mice for assess-
ment of plasma suramin levels achieved within 24 h of adminis-
tration and from xenografted mice for assessment of nadir suramin
levels biweekly beginning with the ®rst treatment in study 1 or for
the third treatment only in study 2. Samples for nadir suramin
levels were collected approximately 6 h prior to the next suramin
treatment. Plasma was harvested from the blood samples and
stored frozen at )80 °C until assay for suramin content.

Suramin assay

Plasma and tissue suramin concentrations were assayed by a re-
verse-phase ion-pairing high-performance liquid chromatography
(HPLC) method [6, 7, 9, 22]. The extraction method used by
Hutson et al. [6, 7] was modi®ed for plasma to accommodate lower
volumes of 50 to 100 ll plasma (extraction reagent volumes were
reduced proportionately and dried extracts were dissolved in 0.25
to 0.5 ml mobile phase for HPLC analysis), while the extraction
method for tissues [7] was used unmodi®ed despite lower tissue wet
weights of approximately 50 to 100 mg. The mobile phase was
pumped at 1.8 ml/min through a NovaPak 4-lm C18 RadialPak
8 ´ 10 cartridge (Millipore Corporation ± Waters Chromatogra-
phy, Marlborough, Mass.).

Data analysis

Combination of studies

After studies 1 and 2 were completed, actual doses of suramin
administered were calculated for each mouse by dividing the dose
administered by body weight, and expressed as milligrams per ki-
logram. This accounted for a variation in body weights of mice
between the studies and allowed us to combine the data from the
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two studies. For each xenograft cell line type, mice between the two
studies were grouped together based on their average actual dose of
suramin from the day 8 through the day 57 administrations,
rounded to the nearest 10 mg/kg, as follows: 0 mg/kg controls,
<210 mg/kg, 210 to 260 mg/kg, >260 mg/kg.

Statistics

The tumor volume and body weight data were analyzed using the
method of analysis of repeated measurements. We con®rmed that
the usual assumptions for repeated measures designs were satis®ed
[12, 13]. (Note: the typical data point error margins were not
needed for analysis using this model, since the data were correlat-
ed.) A two-tailed paired t-test was used to compare body weights of
mice within a group at the start of treatment with subsequent days
of the study. A con®dence level of 0.05 was used for all analyses.
Signi®cant P-values are reported.

Results

The characteristics of the groups of mice with DU145
xenografts compared with mice with SR DU145 xeno-
grafts resulting from the combination across studies 1
and 2 were similar (Table 1). Mice bearing DU145
xenografts in the groups of <210, 210 to 260, and
>260 mg/kg had day-8 through day-57 average actual
doses ranging from 111 to 204, 213 to 251, and 279 to
328 mg/kg suramin respectively (n � 10, 9, and 5, re-
spectively). The mice bearing SR DU145 xenografts in
those groups had similar ranges of 122 to 205, 208 to
262, and 279 to 358 mg/kg suramin (n � 11, 6, and 6,
respectively). Using 210 to 260 mg/kg as the target dose
group proved consistent with our target of 1 ´ 10)4 M
nadir plasma suramin levels: mice with either DU145 or
SR DU145 xenografts in the 210 to 260 group had nadir
suramin plasma levels generally falling within a half-log
of the target 1 ´ 10)4 M with an overall range of 4.03 to
11.8 ´ 10)5 M for the ®rst and third treatment nadir
samples.

The growth rate of DU145 xenografts in the 210 to
260 mg/kg suramin dose group was reduced compared
with that in controls, while the growth of DU145
xenografts in the surrounding dose groups, <210 and
>260 mg/kg suramin, was similar to that in controls
(Fig. 1A). Percent di�erence in tumor volume (TV)
compared with controls on days 29 and 57, calculated by
the equation percent di�erence in TV � [(mean TV
suramin-treated/mean TV NaCl-treated))1] ´ 100,
showed DU145 xenograft growth inhibited by 43% on
day 29 and 55% on day 57 for the 210 to 260 mg/kg
group, and the mean TV of the controls and the 210 to
260 mg/kg groups on days 29 and 57 were signi®cantly
di�erent (P < 0.02).

The growth of SR DU145 xenografts appeared en-
hanced by all suramin doses during the typical slower
initial growth phase of xenografts of this cell line
(Fig. 1C). For the dose groups of <210, 210 to 260, and
>260 mg/kg, the day-29 di�erences in TV showed
growth enhanced by 325%, 100%, and 342%, respec-
tively, and the mean tumor volumes were signi®cantly
di�erent compared with the controls for the 210 and
>260 groups (P � 0.02, P < 0.01 respectively). At day
57 the <210 mg/kg group still showed moderate en-
hancement with a di�erence in TV of +30% compared
with the controls, while the 210 to 260 and >260 mg/kg
groups were not di�erent from the controls. For all
groups the mean TV was not signi®cantly di�erent from
that of the controls on day 57.

By the repeated measurement model statistical analy-
sis, average body weights were not signi®cantly di�erent
among the groups for either the DU145 xenograft mice
(Fig. 1B) or the SR DU145 xenograft mice (Fig. 1D). By
the paired t-test statistical analysis, the body weights of
mice with DU145 xenografts in the 210 to 260 mg/kg
group from the start of treatment on day 8 to days 29 and
57 were not signi®cantly di�erent. Based on weekly

Table 1 Characteristics of groups of mice with DU145 xenografts
compared with mice with SR DU145 xenografts. In two separate
studies nude mice with DU145 xenografts or SR DU145 xenografts
were treated with normal saline or suramin in normal saline IP
once weekly beginning on day 8 of each study. Blood samples were
collected for assessment of nadir plasma suramin levels biweekly
beginning with the ®rst treatment in study 1 or for the third

treatment only in study 2. Plasma was harvested from the blood
samples and extracted for HPLC analysis of suramin levels. For
data analysis, mice in the two studies were grouped together based
on their average actual dose of suramin from day 8 through day 57,
rounded to the nearest 10 mg/kg, as follows: 0 mg/kg controls,
<210 mg/kg, 210 to 260 mg/kg, >260 mg/kg

Actual suramin dose group Range of actual
suramin doses

Range of nadir plasma suramin levels

(mg/kg) First treatment nadir (day 15) Third treatment nadir (day 29)

mg/kg n n (10)5 M ) n (10)5 M )

DU145 mice
0 8 0 (saline) 4 Negative 8 Negative
<210 10 111±204 4 2.51 to 3.73 9 2.51 to 7.64
210±260 9 213±251 3 5.06 to 8.51 9 4.65 to 10.6
>260 5 279±328 3 5.52 to 8.10 4 3.19 to 13.8

SR DU145 mice
0 6 0 (saline) 3 Negative 8 Negative
<210 11 122±205 4 2.93 to 5.69 10 3.84 to 9.12
210±260 6 208±262 4 4.03 to 6.36 6 5.68 to 11.8
>260 6 279±358 3 10.4 to 17.5 6 1.90 to 14.1
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observations considering general appearance and tumor
burden, the mice in the 5.4 mg group of study 1 and the
7.2 mg group of study 2, all but one of which were in-
cluded in the 210 to 260 mg/kg grouping across the two
studies, appeared in best overall condition when com-
paring groups of mice with DU145 xenografts. This was
despite a skin pastiness and loss of skin turgor that ap-
peared to be associated with suramin treatment at all
doses for both DU145 and SR DU145 xenografted mice.
For mice with DU145 xenografts, treatment at the
>260 mg/kg dose level was generally tolerated for three
treatments with four out of ®ve mice surviving on day 29
withbodyweights not signi®cantly di�erent from those on
day 8, but continued treatment at this level of suramin
proved intolerable with no survivors by day 51.Mice with
SR DU145 xenografts similarly could not survive con-
tinued treatment at the>260 mg/kgdose level: therewere
six out of six mice surviving on day 29 with body weights
not signi®cantly di�erent from those on day 8, but by the
eighth treatment (day 57) there were four surviving mice
with signi®cantly reduced body weights (P < 0.02), and
these mice did not recover nor survive as long as mice in
the other SR DU145 xenograft groups.

Analysis of plasma suramin levels in nontumor-
bearing and DU145-xenografted mice indicated that all
doses tested could achieve our target of 1 ´ 10)4 M, a

Fig. 1A±D E�ect of suramin on growth of xenografts of human
prostate carcinoma cell lines DU145 (A, B) and suramin resistant
(SR) DU145 (C, D) in athymic nude mice. Cells were injected
subcutaneously on day 0. Beginning on day 8 mice were treated IP
once weekly with 0.15 M NaCl (vehicle control) or suramin in
0.15 M NaCl as follows: 0 mg/kg (controls, s), <210 mg/kg (),
210 to 260 mg/kg (), >260 mg/kg (). Tumor sizes were measured at
least once weekly and tumor volume was calculated by the
equation: (length ´ width2)/2 to compare tumor growth rates (A,
C mean tumor volume, n � 5 to 19, with the exception of the
>260 mg/kg group for the DU145 cell line which had only two
mice surviving past day 36, one bearing two tumors which survived
through day 40 and one bearing one tumor which survived through
day 50). Body weights of the mice were measured at least once
weekly (B, D mean body weight, n � 3 to 11 also with the
exception of the >260 mg/kg group, as for A, C). Statistical
analysis was done using the method of analysis of repeated
measurements. Typical data point error margins were not needed
for analysis using this model since the data were correlated. Under
this model, comparison of suramin-treated groups with the
respective control group for tumor volume data on days 29 and
57 showed signi®cant growth inhibition for the DU145 210 to
260 mg/kg group for both days (P < 0.02), and signi®cant growth
enhancement for the SR DU145 210 mg/kg and >260 mg/kg
groups on day 29 (P � 0.02, P < 0.01 respectively). Body weights
were not signi®cantly di�erent among the groups under the
repeated measurements model. A paired t-test analysis of body
weights at the start of treatment on day 8 to days 29 and 57 showed
that the surviving mice in the SR DU145 >260 mg/kg group had a
signi®cant reduction in body weight by day 57 (P < 0.02)
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clinically achievable suramin plasma level. However,
only actual doses averaging �210 mg/kg overall main-
tained the plasma levels within a half-log of the target
(Table 2). The analysis of plasma levels in nontumor-
bearing mice showed a dose response and all doses tested
achieved greater than 1 ´ 10)4 M within 2 h, dropping
by approximately half by 21 h (with the exception of two
mice treated with 7.2 mg suramin, actual doses 321 and
329 mg/kg, which inexplicably were essentially negative
for suramin in their plasma at 2 h; data not shown;
Table 2.). Analysis of levels in xenografted mice sug-
gested further reductions by another two to three halves
by the ®rst treatment nadir, approximately 162 h after
administration (Table 2). A comparison between the
®rst and the third treatment nadir plasma levels for the
same three mice in each dose group (Table 2) suggested
a lack of accumulation of suramin in the plasma after
three treatments (by nadir time-point day 29) and
showed that in the <210 mg/kg group suramin plasma
levels were maintained at approximately 3 ´ 10)5 M
while in the 210 to 260 and >260 mg/kg groups the
levels were maintained at approximately 6 ´ 10)5 M.
Lack of accumulation was generally true for all mice,
comparing the ®rst and third treatment nadir with sac-
ri®ce levels on an individual basis (data not shown). A
su�cient number of mice in the <210 and the 210 to
260 mg/kg groups were sacri®ced on a nadir day to
compare suramin plasma and tumor levels between these

groups (Table 2). These data show that suramin pene-
trated the tumors and indicates a correlation between
nadir plasma levels and tumor levels in that mice with
higher plasma levels also had higher tumor levels. This
correlation appeared true for mice with SR DU145
xenografts as well (data not shown).

Discussion

In developing a model to study the mechanism of action
of suramin against prostate cancer we needed to identify
the e�ect of suramin on DU145 xenografts. Preliminary
in vivo studies using suramin regimens based on those
found e�ective for renal [2] and osteosarcoma [25]
xenografts in nude mice have indicated that the respec-
tive suramin regimens of 3.6 mg IP once weekly or
1.8 mg IP on days 1, 3, 6, 9, and 14, then once weekly
are not e�ective for DU145 xenografts and likely yielded
nadir plasma suramin levels below our target of the
clinically achievable 1 ´ 10)4 M level (data not shown).
Subsequently, we designed study 1 to determine whether
there were a higher dose suramin regimen that nadired
near the target plasma suramin level and that was tol-
erable and e�ective against DU145 xenografts in nude
mice. In that study we determined that a dose of 5.4 mg
suramin IP once weekly met these requirements. We
sought to con®rm this result through a second study.

Table 2 Dose response and accumulation of suramin in plasma
and DU145 xenograft tumors in nude mice. Nontumor-bearing
nude mice were given a single IP administration of suramin then
were sacri®ced for blood collection 2 or 21 h later. From xeno-
grafted mice receiving suramin IP once weekly, blood was collected
biweekly at nadir time points, i.e. approximately 162 h after the
previous treatment (6 h prior to the scheduled weekly treatment),
beginning with the ®rst treatment nadir and also at sacri®ce, and

tumors were harvested at sacri®ce as well. From the blood samples,
plasma was harvested, extracted and analyzed by HPLC for sur-
amin concentration. Tumors were sectioned and a portion was si-
milarly extracted and analyzed by HPLC for suramin content. The
reported ®rst and third treatment nadir levels include only those for
mice for which samples at both time-points were available. Re-
ported sacri®ce levels include only those for mice which were sa-
cri®ced at a nadir time-point

Time-point Suramin dose Plasma suramin concentration Tumor suramin concentration
(mg/kg) n (10)5 M ) n lg/g

2 hours 80 14.4
96 16.2
152 28.5
163 30.3
230 52.1
239 43.8

21 hours 87 5.29
90 6.21
140 10.0
149 10.1
189 17.6
244 22.6
319 20.1
330 33.7

First <210 3 2.87 � 0.42
treatment 210±260 3 6.35 � 1.88
nadir >260 3 7.08 � 1.37

Third <210 3 3.88 � 0.67
treatment 210±260 3 6.26 � 1.69
nadir >260 3 5.77 � 2.85

At sacri®ce <210 5 4.89 � 1.40 8 286.0 � 70.2
(treatment nadir) 210±260 4 9.79 � 1.60 6 393.4 � 68.0
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Study 2 was similar to study 1 but with a reduction to
just one collection of blood for nadir plasma suramin
level analysis to minimize stress on the mice induced by
blood collection. In study 2 we con®rmed that a dose of
5.4 mg suramin IP once weekly met the above require-
ments, but found that a dose of 7.2 mg suramin IP once
weekly also met these requirements with the best overall
health. Subsequent calculation of actual doses adminis-
tered through day 57 clari®ed this di�erence in results
between the two studies: the e�ective doses corre-
sponded to average actual doses of 220 and 213 mg/kg
in studies 1 and 2, respectively, for the 5.4 mg dose, and
251 mg/kg for the 7.2 mg dose in study 2, which was
well below the 304 mg/kg for the 7.2 mg group in study
1 that was ine�ective through the 3 weeks of treatment
in which it was tolerable.

To combine the data from the two studies, we sepa-
rated the mice into groups using the range of average
actual doses which appeared to be e�ective, 210 to
260 mg/kg, as the basis for group assignment. Using this
as a target dose group coincided with our clinically rel-
evant plasma suramin level target, as mice assigned to
the target dose group had nadir plasma suramin levels
near our target 1 ´ 10)4 M. The studies together
showed: (1) e�cacy for mice with DU145 xenografts
receiving once-weekly IP suramin at average actual
doses in the range 210 to 260 mg/kg suramin and having
clinically relevant nadir plasma suramin levels, (2) lack
of e�cacy for mice with DU145 xenografts receiving
surrounding doses of once weekly IP suramin at average
actual doses 210 or >260 mg/kg, despite the latter being
tolerated and yielding similar nadir plasma suramin
levels through three treatments, and (3) lack of tolerance
for continued treatment with actual suramin doses av-
eraging >260 mg/kg.

The ®ndings were supported by the results from the
concomitant study of mice bearing xenografts from our
SR DU145 cell line. We established this SR DU145 line
as a potential tool to study the mechanism of action of
suramin in an in vitro/in vivo model of advanced, an-
drogen-independent prostate cancer. Subsequent to
demonstrating by proliferation assays that the SR
DU145 cells are less responsive than DU145 cells to
suramin in vitro, with the SR DU145 cells having a
suramin IC50 dose of approximately 3 ´ 10)4 M which is
®ve times greater than the suramin IC50 for the DU145
cells [16], we proceeded with these initial in vivo com-
parisons. Both in vivo studies together showed that the
doses of suramin within the range that slowed the
growth of DU145 xenografts, i.e. in the range of 210 to
260 mg/kg, at the same time were not e�ective in slowing
the growth of the SR DU145 xenografts. Actually,
growth appeared to be enhanced to some degree by all
doses of suramin during the typical slower initial growth
phase of the SR DU145 xenografts. However, as the
growth rate of the control-treated SR DU145 xenografts
approached that of the control-treated DU145 xeno-
grafts the data suggested a potential for inhibition of SR
DU145 xenograft growth with suramin treatment.

Indeed, data subsequent to the day-57 comparison (not
shown), though statistically weak, supports this.

Two mice (four tumors between them) which were
treated eight times with average actual doses on the low
end of the <210 mg/kg group range (122 and 131 mg/
kg) that we were able to observe through day 106
showed 62% inhibition when comparing tumor volumes
with those of two control mice (three tumors between
them) of like status (treated eight times and observed
through day 106). Thus, suramin appeared to enhance
SR DU145 xenograft growth during the typical slower
initial growth phase but may have prevented the increase
in growth rate subsequent to the initial slow growth
phase. We have observed enhancement of growth with
suramin in in vitro studies of primary prostate epithelial
cells treated with 10)7 to 10)5 M suramin [14], and
perhaps this can be related to the SR DU145 xenograft
growth enhancement phenomenon. Since the analysis of
SR DU145 tumors showed a correlation between plasma
and tumor suramin levels similar to the ®ndings in
DU145 tumors, we can rule out lack of penetration of
suramin into the SR DU145 tumors as a mechanism of
resistance.

However, it is not the purpose of this report to ex-
plain the phenomena associated with the e�ect of sur-
amin on SR DU145 xenograft growth. Further
characterization of the SR DU145 cells is needed to
draw conclusions on the apparent enhancement of early
growth and the potential for inhibition of later growth
of SR DU145 xenografts with suramin treatment.
Rather, we wish mainly to illustrate that we observed
lack of e�cacy for xenografts of DU145 cells known to
be less responsive to suramin in vitro, i.e. the SR DU145
cell line, during their early growth phase following
transplantation from culture into nude mice. This lends
credence to the apparent e�cacy of suramin observed at
the same time for the DU145 xenografts with similar
suramin doses and nadir plasma suramin levels.

There are reports of the e�cacy of suramin for an
androgen-independent Dunning AT-2 rat prostate tu-
mor [15] and as adjuvant therapy for Dunning AT-3 rat
prostate tumor [19]. However, though there are reports
of the e�cacy of suramin for some types of human
xenografts in nude mice such as osteosarcoma [25], renal
carcinoma [2], colon carcinoma [11], hepatoma [1], and
Wilms' tumor [24], we have found only reports of lack of
e�cacy of suramin against prostate cancer xenografts
from androgen-independent cell lines PC-3 [17] and C4-2
[23]. We believe the results presented here are the ®rst
showing e�cacy of suramin, at a clinically relevant
plasma suramin level, for xenografts of an advanced,
androgen-independent prostate cancer cell line in nude
mice. In our studies we did not treat concomitantly with
corticosteroid, so our data re¯ect the e�ect of suramin
alone on the growth of DU145 xenografts. This is of
importance since the e�ectiveness of suramin alone, i.e.
without concomitant hydrocortisone therapy, for treat-
ment of prostate cancer has been questioned. Our data
suggest that suramin, without corticosteroid, can be
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e�ective against prostate cancer. This is consistent with
the results of the phase III trial of suramin with
hydrocortisone versus a placebo with hydrocortisone for
metastatic hormone-refractory prostate cancer for which
it has been recently reported that suramin plus hydro-
cortisone is superior for palliative advantage and delay
in disease progression [20].

As the utility of suramin is being decided, we o�er
our data as support for continuing the study of suramin
in the treatment of advanced, androgen-independent
prostate cancer. The development of in vitro/in vivo
models in which the di�erences between suramin-sensi-
tive cells and suramin-resistant cells can be characterized
may lead us to a better understanding of the precise
antineoplastic mechanism of action of suramin and
thereby facilitate the development of more e�ective
therapeutic strategies for this drug.

References

1. Bai L, Naomoto Y, Miyazaki M, Orita K, Namba M (1992)
Antiproliferative e�ects of suramin on human cancer cells in
vitro and in vivo. Acta Med Okayama 46: 457

2. Chang SY, Yu DS, Sherwood ER, Kozlowski JM, Lee C (1992)
Inhibitory e�ects of suramin on a human renal cell carcinoma
line, causing nephrogenic hepatic dysfunction. J Urol 147: 1147

3. Clark JW, Chabner BA (1995) Suramin and prostate cancer:
where do we go from here? (editorial). J Clin Oncol 13: 2155

4. Eisenberger MA, Reyno LM (1994) Suramin. Cancer Treat
Rev 20: 259

5. Geran RI, Greenberg NH, MacDonald MM, Schumacher AM,
Abbott BJ (1972) Protocols for screening chemical agents and
natural products against animal tumors and other biological
systems. Cancer Chemother Rep 3 (part 3): 1

6. Hutson PR, Tutsch K, Spriggs D, Christian M, Rago R, Mutch
R, Wilding G (1993) Evidence of an absorption phase after
short intravenous suramin infusions. Cancer Chemother
Pharmacol 31: 495

7. Hutson PR, Tutsch KD, Rago R, Arzoomanian R, Alberti D,
Pomplun M, Church D, Marnocha R, Spriggs D, Cheng A,
Kehrli N, Wilding G (1998) Renal clearance, tissue distribu-
tion, and CA±125 responses in a phase I trial of suramin. Clin
Cancer Res 4: 1429±1436

8. Kelly WK, Scher HI (1994) Prostate cancer: how can a com-
mon disease be so controversial? Curr Opin Oncol 6: 318

9. Klecker R Jr, Collins J (1985) Quanti®cation of suramin by
reverse-phase ion-pairing high-performance liquid chromatog-
raphy. J Liq Chromatogr 8: 1685

10. Landis SH, Murray T, Bolden S, Wingo PA (1998) Cancer
statistics, 1998. CA Cancer J Clin 48: 6

11. Leith JT, Papa G, Quaranto L, Michelson S (1992) Modi®ca-
tion of the volumetric growth responses and steady-state hyp-
oxic fractions of xenografted DLD-2 human colon carcinomas
by administration of basic ®broblast growth factor or suramin.
Br J Cancer 66: 345

12. Milliken GA, Johnson DE (1984) Analysis of repeated mea-
sures designs for which the usual assumptions hold. In: Mil-

liken GA, Johnson DE (eds) Analysis of messy data, vol 1:
designed experiments. Lifetime Learning Publications, Bel-
mont, pp 322±351

13. Milliken GA, Johnson DE (1984) Analysis of repeated mea-
sures designs for which the usual assumptions do not hold. In:
Milliken GA, Johnson DE (eds) Analysis of messy data, vol 1:
designed experiments. Lifetime Learning Publications, Bel-
mont, pp 352±377

14. Mitchen J, Rago R, Wilding G (1993) E�ects of suramin on the
proliferation of primary epithelial cell cultures derived from
normal, benign hyperplastic and cancerous human prostates.
Prostate 22: 75

15. Morton RA, Isaacs JT, Isaacs WB (1990) Di�erential e�ects of
growth factor antagonists on neoplastic and normal prostatic
cells. Prostate 17: 327

16. Rago R, Church D, Wilding G (1994) Suramin- or colchicine-
resistant cells and sensitivity to vinblastine and suramin
(meeting abstract). Proceedings of the Annual Meeting of the
American Association for Cancer Research 35: A1956

17. Roberts BJ, Hook KE, Whit®eld LR, Elliot WL, Dykes DJ,
Carter CA, Waud WR (1995) Lack of e�cacy of suramin
against orthotopically implanted LNCaP and PC-3 prostate
tumor xenografts at clinically relevant blood levels (meeting
abstract). Proceedings of the Annual Meeting of the American
Association for Cancer Research 36: A1613

18. Rosen PJ, Mendoza EF, Landaw EM, Mondino B, Graves
MC, McBride JH, Turcillo P, deKernion J, Belldegrun A
(1996) Suramin in hormone-refractory metastatic prostate
cancer: a drug with limited e�cacy. J Clin Oncol 14: 1626

19. Sa�rin R, Chou P, Ray V, Shaw M, Rubenstein M, Guinan P
(1996) Suramin as adjuvant therapy with radical prostatec-
tomy. Prostate 28: 325

20. Small EJ, Marshall ME, Reyno L, Meyers F, Natale R, Meyer
M, Lenehan P, Chen L, Eisenberger M (1998) Superiority of
suramin + hydrocortisone (S + H) over placebo + hydro-
cortisone (P + H): results of a multi-center double-blind
phase III study in patients with hormone refractory prostate
cancer (HRPC) (meeting abstract). Proceedings of the Annual
Meeting of the American Society of Clinical Oncology 17:
A1187

21. Stein CA (1993) Suramin: a novel antineoplastic agent
with multiple potential mechanisms of action. Cancer Res 53:
2239

22. Stolzer T, LaFollette J, Aweeka F, Lin E (1987) Determination
of suramin in plasma and urine by ion-paired reverse-phase
high-performance liquid chromatography. J Liq Chromatogr
10: 3451

23. Thalmann GN, Sikes RA, Chang SM, Johnston DA, von
Eschenbach AC, Chung LW (1996) Suramin-induced decrease
in prostate-speci®c antigen expression with no e�ect on tumor
growth in the LNCaP model of human prostate cancer (see
comments). J Natl Cancer Inst 88: 794

24. Vincent TS, Hazen-Martin DJ, Garvin AJ (1996) Inhibition of
insulin like growth factor II autocrine growth of Wilms' tumor
by suramin in vitro and in vivo. Cancer Lett 103: 49

25. Walz TM, Abdiu A, Wingren S, Smeds S, Larsson SE,
Wasteson A (1991) Suramin inhibits growth of human osteo-
sarcoma xenografts in nude mice. Cancer Res 51: 3585

26. Wilding G (1995) Endocrine control of prostate cancer. In:
Sidebottom E, Franks LM (eds) Cancer surveys: preventing
prostate cancer: screening versus chemoprevention, vol 23.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
p 43

204


