
Acta Poloniae Pharmaceutica ñ Drug Research, Vol. 67 No. 6 pp. 630ñ634, 2010 ISSN 0001-6837
Polish Pharmaceutical Society

One specific way to overcome the side effects
of cancer chemotherapy and to achieve improved
therapeutic effects in the treatment of cancer is to
develop drug delivery systems that enhance tumor
cytotoxicity and cellular entry (1). Dendrimers, due
to their controllable size and monodispersity, can act
as excellent carriers for a wide range of molecules,
which can be encapsulated in the interior of the den-
drimer or interact with the dendrimerís terminal
groups (2). Because dendrimers are synthesized
from branched monomer units in a stepwise manner,
it is possible to conduct a precise control on mole-
cule size, shape, dimension, density, polarity, and
solubility by choosing different branching units and
surface functional groups (3).

Cardiac glycosides are a class of natural prod-
ucts that are used to increase cardiac contractile
force in patients with congestive heart failure and
cardiac arrhythmias (4). Epidemiological studies
showed that digitalis has also anti-cancer effects
(5ñ8). Over the last 10 years, interest in developing
cardiotonic steroids as anti-cancer agents has grown
progressively (5ñ8). The potential use of cardiac
glycosides for the treatment of cancer was aban-
doned because of the inherent cardiotoxicity of these
compounds and a narrow therapeutic index. The
studies on the structureñactivity relationship
revealed that a lactone in position 17β is crucial for

the cardiotoxicity of cardiac steroids (9, 10).
Therefore, we synthesized two compounds Dig and
Prosc (Figure 1), derivatives of these glycosides
containing the carboxylic group instead of the lac-
tone moiety (11). Dig and Prosc, the carboxylic acid
containing drugs, were conjugated to G3 PAMAM
dendrimers (with 32 primary amino groups on sur-
face) via amide linkage (Figure 2) (12). It was
shown that the cytotoxic and antiproliferative effects
of PAMAM dendrimer conjugates were significant-
ly higher than free drugs in breast cancer cells (12).
In the present study, the ability of PAMAM-Dig and
PAMAM-Prosc to inhibit DNA topoisomerases was
examined. 

EXPERIMENTAL

Reagents and chemicals

An amine-terminated G3 PAMAM dendrimer,
digoxin, proscillaridin A, calf thymus DNA, ethidi-
um bromide were provided by Sigma-Aldrich.
Topoisomerase I and II, supercoiled pHOT1 DNA,
supercoiled pRYG DNA, etoposide, camptothecin
were purchased from TopoGEN. 

Relaxation assay of topoisomerase I 

Supercoiled pHOT1 DNA (0.5 mg) was incu-
bated with 4 units of human topoisomerase I in
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relaxation buffer (10 mM Tris-HCl (pH 7.8), 1 mM
EDTA, 0.15 M NaCl, 0.1% BSA, 0.1 spermidine,
5% glycerol), in the presence of varying concentra-
tions of the test compounds. Reactions were carried
out at 37OC for 1 h and then terminated by the addi-
tion of sodium dodecyl sulfate (SDS) to the final
concentration of 0.25% and proteinase K to the final
concentration of 250 mg/mL. The reaction mixture
was subjected to electrophoresis through a 0.8%
agarose gel containing 0.5 mg/mL of ethidium bro-
mide in TAE buffer (40 mM Tris-borate and 1 mM
EDTA). The gels were stained with ethidium bro-
mide and photographed under UV light. 

Relaxation assay of topoisomerase II

Supercoiled pRYG DNA (0.5 mg) was incu-
bated with 4 units of human topoisomerase II in the
cleavage buffer (30 mM Tris-HCl (pH 7.8), 50 mM
KCl, 10 mM MgCl2, 3 mM ATP, 15 mM mercap-
toethanol), in the presence of varying concentrations

of the test compounds. Reactions were carried out at
37OC for 1 h and then terminated by the addition of
2 mL of 10% sodium dodecyl sulfate (SDS) and 2
mL of 50 µg/mL proteinase K. The reaction mixture
was subjected to electrophoresis through a 0.8%
agarose gel containing 0.5 mg/mL ethidium bromide
in TBE buffer (90 mM Tris-borate and 2 mM
EDTA). The gels were stained with ethidium bro-
mide and photographed under UV light. 

RESULTS AND DISCUSSION

G3 PAMAM dendrimer is stable, nonimmuno-
genic, and contains 32 primary amines on the sur-
face. It is advantageous to utilize low generation
PAMAM dendrimers for drug delivery because low
generations (generation 4.0 or below) appear to have
relatively low or negligible toxicity and immuno-
genicity as well as favorable biodistribution (2). In
PAMAM-Dig and PAMAM-Prosc, only half of the

Figure 1. Chemical structures of the modified digoxin (Dig) and the modified proscillaridin A (Prosc).
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amine terminal groups (16 of 32) was covalently
bound to the modified digoxin or proscillaridin A
(Figure 2). Our previous experimental studies have
demonstrated that these compounds prevented the
growth and decreased the number of viable cells in

both estrogen-dependent MCF-7 and estrogen-inde-
pendent MDA-MB-231 breast cancer cells (12).
DNA processing enzymes are important targets for
anticancer drugs. A large number of agents bind to
duplex DNA in a covalent or non-covalent fashion,

Figure 2. Chemical structures of PAMAM-Dig and PAMAM-Prosc. 
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thereby interfering with its role as a template in
replication and transcription. To test whether cyto-
toxic properties of PAMAM-Dig and PAMAM-
Prosc were related to DNA topoisomerases action,
these compounds were evaluated in a cell-free sys-
tem. Topoisomerase I/II was incubated with increas-
ing concentrations of PAMAM-Dig and PAMAM-
Prosc in the presence of supercoiled plasmid DNA,
and the products were subjected to electrophoresis
in the presence of ethidium bromide. It can be seen
unambiguously that PAMAM-Dig and PAMAM-
Prosc at concentrations of 30 nM strongly promote
DNA cleavage by human topoisomerase I (Figure
3). To examine whether the synthesized compounds
stimulate the stabilization of the cleavable complex,
the supercoiled RYG DNA was incubated with 4
units of topoisomerase II in the presence of
PAMAM-Dig and PAMAM-Prosc and etoposide as
a control compound (Figure 4). It was shown that
while Dig inhibited only topoisomerase II at con-
centration 100 nM (11), PAMAM-Dig inhibited
both topoisomerase II at 30 nM concentration and
additionally it inhibited topoisomerase I at the same
30 nM concentration (Figure 3 and 4). Prosc was a
potent poison of topoisomerase I and II at 100 nM
and 30 nM, respectively (11), whereas PAMAM-
Prosc inhibited topoisomerase I and II at concentra-
tion of 30 nM (Figure 3 and 4). 

The obtained results suggest that a conjuga-
tion of the modified glycosides Dig and Prosc with

G3 PAMAM-NH2 significantly improved the abil-
ity of the parent compounds to an inhibition of
DNA topoisomerases. High levels of expression of
topoisomerases were observed in a number of
tumor cells including breast, lung, and pancreatic
cancers (13ñ15). A number of studies have
demonstrated that the overexpression of topoiso-
merases associated with transformation and
metastatic progression of neoplastic cells and the
expression level exhibits a correlation with the
degree of malignant transformation (15). Several
widely used anticancer agents, including camp-
tothecins, doxorubicin and other anthracyclines,
amsacrine, etoposide and mitoxantrone target
topoisomerases are thought to be cytotoxic by
virtue of their ability to stabilize a topoisomerase-
DNA intermediate (16). Therefore, drugs able to
interact with both DNA topoisomerase types may
show selectivity for cancer cells. Further biologi-
cal evaluation of PAMAM-Dig and PAMAM-
Prosc is underway.

REFERENCES 

1. Khandare J.J., Minko T.: Polym. Sci. 31, 359
(2006).

2. Svenson S., Tomalia D.A.: Adv. Drug Deliv.
Rev. 57, 2106 (2005).

3. Klajnert B., Bryszewska M.: Acta Biochim.
Polon. 48, 199 (2001).

Figure 3. Inhibition of topoisomerase I-mediated DNA supercoil-
ing in the presence of PAMAM-Dig (1), PAMAM-Prosc (2), G3
PAMAM-NH2 (D) and camptothecin (CT). Supercoiled pHOT1
DNA (lane 7) was incubated with topoisomerase I in the absence
(lane 8) or in the presence of drug at the indicated concentration.
The DNA was analyzed by 0.8% agarose gel electrophoresis. The
gels were stained with ethidium bromide and photographed under
UV light.

Figure 4. Inhibition of topoisomerase II-mediated DNA supercoil-
ing in the presence of PAMAM-Dig (1), PAMAM-Prosc (2), G3
PAMAM-NH2 (D) and etoposide (ET). Supercoiled pRYG DNA
(lane 1) was incubated with topoisomerase II in the absence (lane
2) or in the presence of drug at the indicated concentration. The
DNA was analyzed by 0.8% agarose gel electrophoresis. The gels
were stained with ethidium bromide and photographed under UV
light. 



634 KATARZYNA WINNICKA et al.

4. Gheorghiade M., Adams K.F. Jr., Colucci W.S.:
Circulation 109, 2959 (2004).

5. Huang Y.T., Chueh S.C., Teng C.M., Guh J.H.:
Biochem. Pharmacol. 67, 727 (2004).

6. Lopez-Lazaro M., Pastor N., Azrak S.S., Ayuso
M.J., Austin C.A., Cortes F.: J. Nat. Prod. 68,
1642 (2005).

7. Winnicka K., Bielawski K., Bielawska A.: Acta
Pol. Pharm. Drug Res. 63, 109 (2006).

8. Mijatovic T., Van Quaquebeke E., Delest B.,
Debeir O., Darro F., Kiss R.: Biochim. Biophys.
Acta 1776, 32 (2007).

9. Daniel D., Susal C., Kopp B., Opelz G., Terness
P.: Int. Immunopharmacol. 3, 1791 (2003).

10. Van Quaquebeke E., Simon G., Andre A.,
Dewelle J., El Yazidi M., Bruyneel F., Tuti J.: J.
Med. Chem. 48, 849 (2005).

11. Winnicka K., Bielawski K., Bielawska A.,
SuraøyÒski A.: Biol. Pharm. Bull. 31, 1131
(2008).

12. Winnicka K., Bielawski K., Bielawska A.:
Pharmacol. Rep. 62, 414 (2010).

13. Walker J.V., Nitiss J.L.: Cancer Invest. 20, 570
(2002).

14. McLeod H.L., Douglas F., Oates M. et al.: Int.
J. Cancer 59, 607 (1994).

15. McClendon A.K., Osheroff N.: Mutat. Res. 623,
83 (2007).

16. Fortune J.M., Osheroff N.: Prog. Nucleic Res.
Mol. Biol. 64, 221 (2000).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>







    /HEB (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


