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A novel polyamine analog (SL-11093) inhibits growth of human
prostate tumor xenografts in nude mice
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Abstract Purpose: We tested the polyamine analog
SL-11093 (3,8,13,18-tetraaza-10,11-[(E)-1,2-cyclopropyl]
eicosane tetrahydrochloride) as an effective chemother-
apeutic agent against human prostate cancer grown in
nude mice. Methods: NCr-nu mice grafted with DU-145
human prostate tumor cells were treated i.p. with SL-
11093 at 50 mg/kg q1d·5 for either three or five cycles
separated by intervals of about 10–15 days. Results: In
treated animals, tumor growth remained arrested for up
to 100 days with minimal animal weight loss. None of the
animals died during the treatment and in one experiment
two out of six animals showed no palpable tumor. SL-
11093 was readily taken up by the tumors, where its levels
remained elevated for about 48 h after the end of drug
administration. In liver and in kidney, SL-11093 (a
aN,xN-bisethyl derivative) was oxidatively N-deethylat-
ed predominantly to its monoethyl and di-deethyl
derivatives. In time, the monoethyl derivative was further
dealkylated, with a loss of an aminobutyl chain to form
an aminomethyl cyclopropyl derivative. In tumor (and in
lung), N-dealkylation reactions were less evident.
Conclusion: SL-11093 is an effective chemotherapeutic
agent against a human prostate tumor xenograft grown
in nude mice. The drug accumulation and slow metab-

olism in tumor compared to other tissues would most
likely reduce systemic toxicity of the drug and contribute
to a larger therapeutic window for SL-11093 as com-
pared to other cytotoxic polyamine analogs.
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Introduction

Prostate cancer is the second most common cancer in
American males, following lung cancer. This year
(2003), it is estimated that about 220,900 new cases of
prostate cancer will be detected in the US, and that
about 28,900 men will die of this disease [1]. All rapidly
proliferating and highly undifferentiated cancer cells,
including human prostate cancer cells, synthesize and
accumulate the polyamines spermidine and spermine
and tumor-bearing animals and patients have elevated
levels of polyamines in their extracellular fluids [6]. The
role of polyamines in cell division, in maintaining the
fidelity of protein synthesis and the potential usefulness
of polyamine analogs as antiproliferative agents against
many tumor cell lines have been extensively discussed
elsewhere [12, 18]. Of the many theories advanced to
explain the biological effects of the polyamines, the
hypothesis centering on their binding to nucleic acids is
the most compelling one [7]. Both spermine and sper-
midine are polycations that bind to the negatively
charged nucleic acids, induce changes in the secondary
structure of DNA and alter the flexibility of the DNA
and t-RNA chains [11, 14]. aN,xN-Bisethyl spermine
and its higher and lower homologs bind regioselectively
to t-RNA because of the different hydrogen-bonding
modes that are formed between the molecules [13]. We
therefore synthesized conformationally rigid analogs of
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the flexible spermine derivatives with the expectation
that their binding to DNA and/or t-RNA would affect
nucleic acid topology and thereby inhibit protein and
DNA synthesis and cell proliferation [19, 20, 22]. The
semen of healthy men contains large amounts of sper-
mine (about 3 mM) that originates mainly from pros-
tatic secretion [23]. Thus it is perhaps not surprising that
human prostate cancer cell lines are in general sensitive
to polyamine analogs and polyamine biosynthesis
inhibitors.

The conformationally restricted aN,xN-bisethylsper-
mine analogs, as well as their higher tetramine and
pentamine homologs, are markedly cytotoxic against
cultured human prostate cancer cell lines [19, 20, 22]. As
is the case with most anticancer drugs [4, 5], these ana-
logs are not devoid of systemic toxicity and their cyto-
toxicity must be balanced with their toxic side effects. A
series of preliminary MTD (maximum tolerated dose)
studies in animals helped select one of the least toxic
among them: the aN,xN-bisethyl polyamine analog
SL-11093 (3,8,13,18-tetraaza-10,11-[(E)-1,2-cyclopro-
pyl]eicosane tetrahydrochloride). This analog strongly
inhibited the growth of cultured human prostate tumor
cell lines [22]. Among four prostate tumor lines tested,
DU-145 cells showed the most sensitivity to this analog.
We report here that when assayed in vivo in DU-145
tumors xenografted in nude mice, SL-11093 also showed
a strong inhibition of tumor growth at doses that had
minimal systemic toxicity in the animals.

Materials and methods

Materials

SL-11093 was obtained by total synthesis [22]. Spermine and
spermidine were purchased from Calbiochem-Novabiochem Cor-
poration (La Jolla, Calif.). Putrescine and dansyl chloride were
purchased from Sigma (St. Louis, Mo.). Sterile Dulbecco’s phos-
phate-buffered saline was purchased from GibcoBRL Life Tech-
nologies (Grand Island, N.Y.). All reagents were of reagent grade
and deionized water was used as solvent.

Nude mouse xenograft

The DU-145 human prostate tumor was maintained either in cul-
ture or by continuous in vivo passage in male athymic NCr-nu
mice. Mice were housed in microisolator cages (five per cage) on a
12-h light/dark cycle in a barrier facility. Either tumor cell sus-
pension (1·106) or tumor fragments (about 2·3 mm) were im-
planted subcutaneously with a 12-gauge trocar needle. Tumor size
was measured twice per week in two perpendicular dimensions with
a vernier caliper and converted to tumor volume using the formula:
(l·w2)/2, where l and w refer to the longer and shorter dimensions,
respectively. Animal body weights were measured twice per week at
the same times as the tumor dimension measurement and mortality
was monitored daily. Effects of treatment on tumor growth, ex-
pressed as percent growth delay, were calculated following the
relation: percent growth delay=[(T)C)/C]·100%, where T and C
represent the median times post-staging for treated (T) and control
(C) tumors to attain a prescribed size depending on the model. SL-
11093 was administered intraperitoneally (i.p.) in water using a
chronic treatment schedule: administration for several cycles of

once a day for five consecutive days (q1d·5) with a rest period of
about 10–15 days between each cycle. Treatments were initiated
about 15 days after tumor implantation when the mice had
established tumors ranging in size from 100 to 245 mm3.

Metabolic studies

Twelve animals were treated with SL-11093 formulated in water for
injection. The animals were injected i.p. in a single cycle of
q1d·5 at a dosage of 50 mg/kg/dose. Two animals received vehicle
(water for injection) alone. Blood was collected from two mice in
the treated groups at 1, 6, 24, 48, and 96 h after the last dose. Two
animals in the control group were bled 6 h after the last injection.
Blood was collected and the plasma fraction was separated and
frozen. Animals were killed and tumor, liver, kidneys and lungs
were collected and frozen in liquid nitrogen. Plasma and tissue
samples were stored at )80�C until analyzed.

Tissue analysis

Tumor tissues and other organs were homogenized in 1 ml PBS
using a Power Gen-700 homogenizer and centrifuged at 10,000 rpm
for 10 min at 4�C. After centrifugation, the pellet was resuspended
in 0.5 ml 2% perchloric acid and stored overnight at )20�C. The
pellet was sonicated with three 30-s pulses and then centrifuged at
10,000 rpm for 10 min at 4�C. The supernatant was collected and
its polyamine composition was analyzed by derivatization with
dansyl chloride followed by HPLC separation as described else-
where [15]. Each dansyl-polyamine derivative was collected and its
molecular weight was determined by mass spectrometry (MS-ESI).

Enzyme assay

The enzymes ODC, S-adenosylmethionine decarboxylase (S-Ado-
MetDC) and spermidine/spermine N1-acetyl transferase (SSAT) in
cultured DU-145 cells were assayed following published procedures
[9, 17, 21].

Results

In the first experiment, the treatment was initiated
against established tumors (100–245 mm3) at analog
doses near the MTD (50 mg/kg once daily for 5 days,
q1d·5) as determined in normal mice (see Methods).
This 5-day treatment was repeated three times with a
rest period of about 15 days between each cycle. A plot
of tumor volume versus time is shown in Fig. 1A.
Treatment with SL-11093 produced a growth delay of
>386%, and the T/C ratios were 52%, 34%, and 25%
after the end of the first, second, and third cycles of
treatment, respectively. Moreover, two out of six ani-
mals were apparently tumor-free at the termination of
the experiment. Body weight loss at the end of the
experiment was about 11%. Because there was minimal
host weight loss and no evidence of toxicity, we evalu-
ated SL-11093 in other experiments in which the 5-day
dosing schedule (q1d·5) was repeated for five cycles with
a rest period of about 10 days between the cycles against
tumors that were larger than those in the previous
experiment. A plot of these tumor volumes versus time is
shown in Fig. 1B. The growth of tumors in treated mice
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was again markedly suppressed relative to that in saline-
treated control animals. Tumor growth remained rela-
tively flat for about 100 days and resumed slowly about
20 days following the last round of treatment. Saline-
treated mice gained weight (from 31 g to 37 g) during
the 100-day experiment, while the weight of the SL-
11093 treated mice remained essentially unchanged
(from 31 g to 32 g) during the treatment. Taken to-
gether, both experiments confirmed that multiple cycles
of treatment with SL-11093 produced meaningful
antitumor responses in human prostate tumor xeno-
grafts in animals with minimal host toxicity.

The metabolic profile of SL-11093 was determined in
male athymic NCr-nu mice implanted subcutaneously
with DU-145 tumors (see Methods). The metabolic
pathway for SL-11093 is shown in Scheme 1. The
N-ethyl substituents were sequentially cleaved by oxi-
dative dealkylation reactions to give mainly the dee-
thylated polyamines SL-11242 and SL-11245. A third
minor component of the metabolite mixture was

SL-11266, which was formed by cleavage of the amin-
obutane chain. The identities of the metabolites were
established by comparing the analytical and chromato-
graphic data obtained from animal samples with those
of synthetic samples.

The serum clearance profile for SL-11093 showed a
steep decline: 12 h after the last injection, SL-11093
was undetectable in serum (Fig. 2A). In contrast, SL-
11093 was readily taken up by the tumor, where its
levels stayed high for about 48 h after the end of drug
administration (Fig. 2B). SL-11093 was not found to
be deethylated in the tumor to any appreciable degree
during the 48 h following the last dosing, a fact that
most likely contributed to its cytotoxic effect. In liver,
the drug was efficiently oxidized mainly to its di-deethyl
derivative SL-11245 (Fig. 2C). After 48 h, SL-11093
levels were markedly decreased and SL-11245 was its
major metabolic product, while SL-11242 was the
minor metabolite and SL-11266 was present in very
small amounts. In kidney, both the intact drug and its
main metabolite (SL-11245) were present at high levels,
while SL-11242 was again the minor metabolite with
SL-11266 present in very small amounts (Fig. 2D).
Interestingly, SL-11093 was also readily taken up by
lung, where it did not undergo extensive degradation
(Fig. 2E). Its effect against lung tumors is currently
under investigation.

It can be concluded that SL-11093 is a polyamine
analog that accumulates in DU-145 human prostate
tumor xenografts, where it remained at a high levels
during the time period studied (96 h) without apprecia-
ble metabolic degradation. During this period, it exerted
its cytotoxic effect and significantly inhibited tumor
growth. In liver and kidney as well as in large and small
intestine (data not shown), the diamine SL-11245 was
the major metabolite of SL-11093 found to accumulate.

The effects of SL-11093 on the levels of the natural
polyamines (spermine, spermidine, and putrescine) in
specific tissues are shown in Fig. 3. In tumor, where
there were periodic increases in the levels of putrescine in
the untreated tissue, treatment with SL-11093 induced
higher levels of putrescine than were present in untreated
tumor. Although this suggests a possible inhibition of
the S-AdoMetDC enzyme or an induction of the salvage
pathway enzyme SSAT [12], no significant changes in
the activities of these enzymes were found after treat-
ment with SL-11093 (Table 1). The levels of spermine
and spermidine in the tumor were not significantly af-
fected by the drug. Treated animals had lower levels of
spermidine and spermine, and higher levels of putres-
cine, in the liver than untreated controls. Untreated
animals had higher levels of spermine and putrescine,
and lower levels of spermidine, in the kidney than
treated animals. Both spermine and spermidine levels
decreased with treatment, while putrescine levels re-
mained high. In lung, spermine and spermidine levels
were not significantly affected by treatment with SL-
11093, but putrescine levels were strongly increased.
This is similar to what occurred in the tumor. In both

Fig. 1A, B Effect of SL-11093 (50 mg/kg, q1dx5) on DU-145
human prostate tumor growth in nude mouse xenografts. A
Experiment with three cycles of drug administration over 68 days
(Southern Research Institute, Birmingham, Ala.): days 12–16,
days 31–35, and days 52–56 after tumor implantation. Each data
point is the average from six mice (n) each in the control (d) and
the drug-treated group (n). B Experiment with five cycles of drug
administration over 94 days (Roswell Park, Buffalo, NY): days 28–
32, days 44–48, days 58–62, days 72–76, and days 84–88 after
tumor implantation. Each data point is the average of six mice (n)
each in the control (d) and the drug-treated group (n)
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tumor and lung, high levels of SL-11093 persisted
for longer times than in other tissues studied without
deethylation to its metabolites. It appears that higher
SL-11093 levels in these tissues correlated with an in-
crease in putrescine levels. This increase in putrescine
level, however, could not be attributed to the induction
of the biosynthetic enzyme ornithine decarboxylase
(ODC), as SL-11093 is an inhibitor of ODC activity
(Table 1). The ability of SL-11093 to induce cellular
polyamine uptake from serum has not yet been tested.

Discussion

Recently, there has been an upsurge in the search for
chemotherapeutic agents capable of inhibiting prostate

tumor growth. The quest for drugs with low systemic
toxicities resulted in the crafting of prodrugs in which
peptide sequences were conjugated with an established
cytotoxic drug such as doxorubicin. These conjugates
were specifically hydrolyzed by the proteolytic enzyme
prostate specific antigen (PSA) with the release of the
drug at tumor sites [8, 16]. Although the peptide con-
jugates were less toxic than doxorubicin itself, a possible
problem with this approach is that, while several pros-
tate tumor tissues secret PSA, many others (including
DU-145) do not [10]. Additionally, the successful treat-
ment of metastatic tumors with peptide conjugates has
not yet been ascertained. It is, therefore, timely to de-
velop a new low molecular weight drug such as SL-
11093 that has excellent aqueous solubility and that acts
on prostate tumors independently of their secretion of
tumor antigens. SL-11093 appeared to have minimal
systemic toxicity, was well tolerated, inhibited prostate

Fig. 3 Levels of putrescine, spermidine and spermine in tumor,
liver, kidney and lung tissues measured 1, 6, 12, 24, 48, and 96 h
after the last day of i.p. administration of 50 mg/kg SL-11093
(q1dx5)

Scheme 1 Metabolic pathway for SL-11093

Fig. 2A–E Levels of SL-11093, monoethyl-SL-11093 (SL-11242)
and deethyl-SL-11093 (SL-11245) in serum (A), tumor (B), liver
(C), kidney (D) and lung (E) tissues harvested 1, 6, 12, 24, 48, and
96 h after the last day of i.p. administration of SL-11093 (q1dx5)

Table 1 Effect of SL-11093 on the activities of ODC, S-Ado-
MetDC and SSAT in cultured DU-145 cells

SL-11093 concentration (lM) Enzyme (pmol/h/mg protein)

ODC S-AdoMetDC SSAT

0 12.21 1.14 90
1 11.77 2.17 160
10 0.49 1.06 123
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tumor growth by about 80% when given to athymic
mice grafted with the human prostate tumor DU-145
and exerted its effect even when administered to animals
that had already developed well-established tumors of
about 200 mm3.

Noteworthy is the relatively low metabolic N-dee-
thylation of SL-11093 in the tumor. It has been
suggested that the metabolic N-deethylation of
bis(ethyl)polyamine analogs to primary amines is a
major cause of an analog’s systemic toxicity [4, 5]. The
fact that SL-11093 stays mostly intact in the tumor most
likely contributes to its cytotoxic effect. Its major
metabolite SL-11245 (Scheme 1) is a much weaker
inhibitor of DU-145 cell growth in culture (the IC50 of
SL-11093 is 0.06 lM, while the IC50 of SL-11245 is
0.60 lM). We have determined that the oxidative deal-
kylation of SL-11093 is not the result of the action of
cytochrome P450 isozymes or of diamine oxidase (data
not shown). Oxidative dealkylation is more likely to be
attributed to the action of a polyamine oxidase (PAO)
[18], an enzymatic reaction we are currently exploring.
Of interest is the presence of SL-11266 among the
metabolites (Scheme 1), since it has been reported that
the polyamine analogs that carry an N-ethyl butylamine
chain are not degraded by the PAO/SSAT system, while
only analogs carrying N-ethyl propylamine chains are [4,
5]. The presence of very small amounts of SL-11266 and
of its most likely precursor SL-11242 in liver and kidney
suggests the presence of an active oxidase in these or-
gans; alternatively, the metabolites may be substrates of
an efficient excretory pathway.

Similar to other cytotoxic polyamine analogs [2], SL-
11093 interacts with DNA and has a marked effect on
decondensing cellular chromatin. For some analogs this
action may affect the expression of specific genes [3]. The
low systemic toxicity of SL-11093 could be due to its
ability to inhibit the expression of specific cell cycle
gene(s) in prostate tumor. This can be a distinct end-
point for measuring the therapeutic effectiveness of SL-
11093, which is currently being investigated as a prelude
to forthcoming clinical trials.

Acknowledgements C.W.P. acknowledges the support of NIH
grants CA-22153 and CA-16506. We also thank Dr. Herbert
Grimek and Dr. Amy Harms at the Biotechnology Center, Uni-
versity of Wisconsin, Madison, for their help in collecting HPLC
and mass spectrometry data.

References

1. American Cancer Society (2003) How many men get prostate
cancer? http://www.cancer.org

2. Basu HS, Smirnov IV, Peng H-F, Tiffany K, Jackson V (1997)
Effects of spermine and its cytotoxic analogs on nucleosome
formation on topologically stressed DNA in vitro. Eur J Bio-
chem 243:247–258

3. Basu HS, Dreckschimdt N, Tu L, Chanbusarkam L (1999)
Polyamine analog bis(ethylamino)-5,10,15-triazanonadecane
(BE-4-4-4-4) enhances simian virus 40 late gene expression.
Cancer Chemother Pharmacol 43:336–340

4. Bergeron RJ, Muller R, Huang G, McManis JS, Algee SE, Yao
H, et al (2001) Synthesis and evaluation of hydroxylated
polyamine analogues as antiproliferatives. J Med Chem
44:2451–2459

5. Bergeron RJ, Wiegand J, McManis J, Weimar WR, Smith RE,
Algee SE, et al (2001) Polyamine analogue antidiarrheals: a
structure-activity study. J Med Chem 44:232–244

6. Cohen SS (1998) A guide to the polyamines. Oxford University
Press, Oxford, pp 296–319

7. Cohen SS (1998) A guide to the polyamines. Oxford University
Press, Oxford, pp 512–543

8. Defeo-Jones D, Garsky VM, Wong BK, Feng D-M, Bolyar T,
Haskell K, et al (2000) A peptide-doxorubicin ’prodrug’ acti-
vated by prostate-specific antigen selectively kills prostate tu-
mor cells positive for prostate-specific antigen in vivo. Nat Med
6:1248–1252

9. Demetriou AA, Tabor CW, Tabor H (1983) Ornithine decar-
boxylase assay permitting early determination of histocom-
patibility in the mixed lymphocyte reaction. Methods Enzymol
94:396–398

10. Denmeade SR, Sokoll LJ, Chan DW, Khan SR, Isaacs JT
(2001) Concentration of enzymatically active prostate-specific
antigen (PSA) in the extracellular fluid of primary human
prostate cancers and human prostate cancer xenograft models.
Prostate 48:1–6

11. Feuerstein BG, Williams LD, Basu HS, Marton LJ (1991)
Implications and concepts of polyamine-nucleic acid interac-
tions. J Cell Biochem 46:37–47

12. Frydman B, Valasinas A (1999) Polyamine-based chemother-
apy of cancer. Exp Opin Ther Patents 9:1055–1068

13. Frydman L, Rossomando PC, Frydman V, Fernandez CO,
Frydman B, Samejima K (1992) Interaction of natural poly-
amines with t-RNA: a15N NMR study. Proc Natl Acad Sci U S
A 89:9186–9190

14. Frydman B, Westler WM, Samejima K (1996) Spermine binds
in solution to the TwC loop of tRNAPhe: evidence from a
750 MHz H-NMR. J Org Chem 61:2588–2589

15. Kabra PM, Lee HK, Lubich WP, Marton LJ (1986) Solid
phase extraction and determination of dansyl derivatives of
unconjugated and acetylated polyamines by reverse-phase li-
quid chromatography. J Chromatogr 380:19–32

16. Khan SR, Denmeade SR (2000) In vivo activity of a PSA-
activated doxorubicin prodrug against PSA-producing human
prostate cancer xenografts. Prostate 45:80–83

17. Libby PR, Bergeron RJ, Porter CW (1989) Structure-function
correlations of polyamine analog-induced increases in spermi-
dine/spermine acetyltransferase activity. Biochem Pharmacol
38:1435–1442

18. Marton LJ, Pegg AE (1995) Polyamines as targets for thera-
peutic interactions. Annu Rev Pharmacol Toxicol 33:55–91

19. Reddy VK, Valasinas A, Sarkar A, Basu HS, Marton LJ,
Frydman B (1998) Conformationally restricted analogues of
N1,N12-bisethylspermine: synthesis and growth inhibitory ef-
fects on human tumor cell lines. J Med Chem 41:4723–4732

20. Reddy VK, Sarkar A, Valasinas A, Marton LJ, Basu HS,
Frydman B (2001) Cis-Unsaturated analogues of 3,8,13,18,23-
pentaazapentacosane (BE-4-4-4-4): synthesis and growth
inhibitory effects on human prostate cancer cell lines. J Med
Chem 44:404–417

21. Regenass U, Caravatti G, Mett H, Stanek J, Schneider P,
Muller M, Matter A, Vertino P, Porter CW (1992) New S-
adenosylmethionine decarboxylase inhibitors with potent anti-
tumor activity. Cancer Res 52:4712–4718

22. Valasinas A, Sarkar A, Reddy VK, Marton LJ, Basu HS,
Frydman B (2001) Conformationally restricted analogues of
N1,N14-bisethylhomospermine (BE-4-4-4): synthesis and
growth inhibitory effects on human prostate cancer cells. J Med
Chem 44:390–403

23. Williams-Ashman HG, Canellakis ZN (1979) Polyamines in
mammalian biology and medicine. Perspect Biol Med 22:421–453

492


