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Abstract

Despite significant improvements in the treatment of atherosclerotic disease involving procedures such as angioplasty, bypass grafti
endartherectomy, or stent implantation, secondary failure due to late restenosis still occurs in 30-50% of individuals. Restenosis and la
stages of atherosclerotic lesions arise from a complex series of fibroproliferative responses to vascular injury that are triggered by pote
growth-regulatory molecules and finally result in vascular smooth muscle cell proliferation, migration, and neointima formation. The ain
of this study was to investigate the antiproliferative effects of the topoisomerase I inhibitor topotecan on human arterial coronary smoot
muscle cells. Following incubation of cells with different drug concentrations, mitotic indices were measured by bromodeoxyuridine
incorporation, while cellular mitochondrial activity was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) test. Continuous incubation with topotecan for 7 days resulted in a complete and dose-dependent reduction of smooth muscle ¢
proliferation, and topotecan inhibited cell proliferation in the presence of growth factors as well. In contrast, mitochondrial activity was only
partially decreased. Remarkably, although even short-term incubations for 20 min were sufficient to induce a long-lasting growth inhibitior
topotecan did not induce apoptosis. Our results therefore suggest that, based on its drug profile, the topoisomerase | inhibitor topotecan r
be a promising drug to inhibit restenosis occurring after coronary angioplasty with local devices. © 2000 Elsevier Science Inc. All rights
reserved.
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1. Introduction of the ensuing thrombosis, inflammation, smooth muscle
cell accumulation, and liberation of potent growth factors

Despite its wide acceptance, coronary angioplasty is lim- including PDGF, bFGF, and others [6]. As a consequence,
ited by the fact that restenosis still occurs in 30 to 50% of all vascular smooth muscle cells dedifferentiate from a con-
individuals [1]. In recent years, much has been learned tractile phenotype to diverse cells expressing a variety of
about the mechanisms underlying restenosis, a conditiondifferent gene products [7,8]. The process further involves
that can be dissected into two distinct pathophysiological the secretion of basement membrane-degrading matrix met-
steps. The first step, recoil and remodeling, involves the alloproteinases, proliferation, chemotactic migration into
mechanical collapse and constriction of the treated vessel.the intima, and the secretion of a large extracellular matrix
The second step, induction of neointima formation, is a that forms the neointimal fibroproliferative lesion [9-14].
proliferative response to injury that is mainly characterized  Although macrophages, T-cells, and endothelial cells
by cell proliferation and matrix formation [2-5]. Restenosis

after vascular injury results from the interdependent actions
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play important roles in the atherosclerotic process, the pro- plemented with 10% fetal bovine serum, 100 U/mL of peni-
gression of the disease is determined by smooth muscle celkillin, and 100 U/mL of streptomycin (GIBCO BRL). Post-
behavior, especially cell proliferation [7]. Phenotype ex- confluent haCSMC grew in a “hill and valley” growth pattern
pression and cell proliferation depend on the functional characteristic for smooth muscle cells. Smooth muscle origin
integrity of DNA replication, DNA repair, cell cycle pro-  was confirmed by immunocytochemical stainings using mono-
gression, and gene expression. We therefore speculated thatlonal antibodies against smooth museleactin (Progen).
drugs affecting these nuclear events with proven therapeuticCells were fed every third day and only used at passage 3 to 7
efficacy in human malignancies might be effective in pre- for the experiments. Stainings with DAPI (Roche Molecular
venting fibroproliferative alterations in response to intima Diagnostics) were performed to exclude the possibility of con-
injury. In the present study, we investigated whether topo- tamination by mycoplasma.
tecan, an antineoplastic agent, could inhibit smooth muscle
cell growth. Topotecan, a semisynthetic, water-soluble de- 2.2. Drug
rivative of camptothecin, is a potent inhibitor of DNA to-
poisomerase | with demonstrated clinical activity against  Topotecan (9-amino-camptothecin) is a lipophilic sub-
various human tumors [15-18]. stance that can diffuse into the cell within 10 min [19,20,
DNA topoisomerase | and Il constitute a class of nuclear 23]. It was kindly provided by Dr. H.J. Staab (Smith-Kline
proteins that are regulated prior to and during inducible Beecham), dissolved in growth medium, and sterile-filtered
gene expression. DNA topoisomerase | relaxes torsionally to form a stock concentration of 16 M. Further test con
strained (supercoiled) duplex DNA, thus enabling replica- centrations were made with growth medium as diluent.
tion and transcription [19,20]. This is accomplished by a Anticancer activities of topotecan have been demonstrated
covalent adduct between topoisomerase | and DNA, which against a number of tumor types including metastatic ovar-
induces transient single-stranded DNA breaks, allowing the ian cancer, small cell lung cancer, refractory acute leuke-
passage of the second DNA strand through the nick beforemia, different tumors of the gastrointestinal tract, and dif-
resealing the DNA breaks [15,18-20]. Topoisomerase | canferent pediatric tumors [24-28]. Clinical dosages vary
be activated in smooth muscle cells by either protein kinase between 0.4 to 22.5 mg/kg body weight, leading to systemic
C or cyclic adenosine monophosphate/cyclic guanosine peak concentrations of 185 to 108y/L [23]. In vitro
monophosphate-dependent protein kinases [21]. Topoisom-topotecan has been shown to exert growth-inhibitory effects
erase | inhibitors are S phase-specific drugs that bind andin a variety of different cancer cell types [29,30]. In all
stabilize the adduct complex, resulting in DNA breaks that phase | and Il studies, administration of topotecan was a
cannot be religated in the presence of the drug, which in turn safe and effective treatment. Given systemically, it can
results in inhibition of RNA synthesis [19,20]. induce diarrhea, leukopenia, and thrombocytopenia compa-
In the present study, we investigated the effects of topo- rable to other chemotherapeutic agents [26].
tecan on the proliferation of human coronary smooth muscle
cells. Incubations for 7 and up to 14 days were performed to 2.3. Proliferation and cytotoxicity assays
determine whether any drug resistance developed over time.
Furthermore, shorter incubation periods were investigated Cells were counted and seeded onto 96-well culture plates
to evaluate whether a single application could inhibit at a density of 20,000 cells/well. Incubation with topotecan
smooth muscle cell proliferation. Studies on the effects of (10 ** to 10 °> M) was started 24 hr later following cell
different growth factors on human smooth muscle cells attachment. After 2, 3, 4, 7, and 14 days, final cell numbers
were performed as a model for growth factor release that were measured by determining mitotic indices through the
occurs after balloon angioplasty or stent implantation. incorporation of BrdU (colorimetric cell proliferation ELISA,
Roche Molecular Diagnostics). Cell viability was also deter-
mined by measuring the conversion of MTT using a commer-

2. Materials and methods cial kit (Sigma-Aldrich-Chemie). The MTT test measures mi-
tochondrial activity and serves as an indicator of the cellular
2.1. Cell culture metabolic rate. In order to determine cytotoxic effects, LDH

released into supernatants was analyzed using a cytotoxicity
Human coronary arteries were obtained from two patients test kit (Roche Molecular Diagnostics). All assays were carried

with endstage dilated cardiomyopathy (without macroscopic out according to the manufacturers’ recommendations.
signs of atherosclerosis) who were undergoing heart transplan-
tation (approved by the local ethics committee). HaCSMCs 2.4. Measurement of apoptosis
were isolated from the left descending coronary artery and
passaged according to previously described techniques [22]. For determination of cell death, haCSMCs were seeded
The growth rate of the cells was identical between the two in 6-well plates and treated with topotecan {#bto 10°°
donors. HaCSMCs were grown in a mixture of Waymouth MB M) for 24 hr. The leakage of fragmented DNA from apo-
752/1 medium and Ham'’s nutrient mixture F12 (1:1 v/v) sup- ptotic nuclei was measured by the method of Nicolettl.
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Fig. 1. Effects of topotecan on proliferation and mitochondrial activity in human arterial coronary smooth muscle cells. Cells were continbasgylifar
either 7 (A) or 14 days (B) with the indicated concentrations of topotecan. Proliferation was assessed by the Brd UBEL-I3 &nd mitochondrial activity
using the MTT test4----A). Shown are the results SD as percent of the control (N 6). After 7 days of drug incubation, the BrdU-ELISA showed a
significant inhibition of proliferation, whereas the cells still contained considerable metabolic activity at a concentratiorf &4 i@potecan. Both
proliferation and mitochondrial activity were reduced to similar concentrations after 14 days of incubation with topotecan.

[31]. Briefly, apoptotic nuclei were prepared by lysing cells significance.P values <0.05 were considered to denote
in hypotonic lysis buffer (1% sodium citrate, 0.1% Triton statistically significant differences. Data are expressed as
X-100, 50 ng/mL of propidium iodide) and analyzed by the meanst SD of 3 to 5 sets of experiments. Thg, is

flow cytometry. Nuclei to the left of #12 N peak containing  defined as a growth rate corresponding to 50% of that
hypodiploid DNA were considered as apoptotic [32]. observed under control conditions.

2.5. Growth factor assays
3. Results

HaCSMCs were incubated in 10% fetal bovine serum
with either 20 ng/mL of PDGF-AA, 20 ng/mL of PDGF-BB,  3.1. Effect of topotecan on haCSMCs
15 ng/mL of bFGF, or 10 ng/mL of TGB; (all from R&D
Systems), before topotecan was added 24 hr later. Drug-con- To investigate the effects of topotecan on proliferation,
taining medium was changed every third day. Growth factors we first measured the mitotic indices in haCSMCs using a
were added every time the medium was replaced. PreliminaryBrdU-ELISA. After 7 days of continuous incubation, mi-
experiments showed that the concentrations of growth factorstotic indices were dose-dependently reduced withcgnof
employed induced maximal stimulation of proliferation. 10~** M and anic,,,, of 1078 M (Fig. 1A). Topotecan
The tests involved sixfold measurements of a range of significantly inhibited haCSMC proliferation already at con-
topotecan concentrations (1 to 10 ° M) performed on  centrations as low as 162 M (BrdU-ELISA control: 100+

three separate occasions under identical conditions. 3.0%, topotecan 10> M: 79 + 5%, N= 6, P < 0.005).
Only minimal proliferation was seen after treatment with
2.6. Statistical analysis 10 ° M topotecan. In contrast, the conversion of MTT was

only decreased between 50% and 70% at concentrations
Statistical analyses were performed using analysis of between 10** and 10°® M. Even at a high drug concen
variance and Student’'s Newman—Keuls test for assessingtration of 10°® M topotecan, the inhibition of metabolic
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Fig. 2. Short-term incubations with topotecan. Incubations with different concentrations of topotecan were performed for eiti@r-246r 6 hr (A----A),

or 20 min @----H) before the cells were further grown for an additional 7 days in the absence of the drug. Shown are the-e3feats proliferation (A)

and mitochondrial activity (B). A rightward shift of the dose—response curves was observed that was dependent on the duration of drug incubattion. At 1
M topotecan, proliferation was completely inhibited, whereas only a partial suppression of mitochondrial activity was observed.

activity did not exceed 70% of the control value. Prolonged 3.3. Effects of topotecan on growth factor-stimulated
application of topotecan for up to 14 days (Fig. 1B) resulted haCSMCs

in a reduction of both MTT conversion and BrdU incorpo-

ration. Continuous incubation of haCSMCs with PDGF-BB (20
ng/mL) in the presence of 10% fetal bovine serum resulted
in a significant growth stimulation after 7 days (1637%

vs 100 7% for controls,P < 0.01).bFGF (15 ng/mL)

Topotecan was also found to exert a dose-dependentShowed comparable growth-stimulating properties (#57

. . o . 8% vs 100 = 2% for controls,P < 0.01). Transient
antiproliferative effect when administered transiently for 24 . . N
. . incubation of topotecan for 24 hr inhibited the growth fac-
hr, 6 hr, or even just 20 min before cell growth was con-

tir_lued fo_r a further 7_days (Fig. 2A). Inhibition curves were fjoerr:trll;u.?.ﬁg ;:(rezlg:gg(;r;:s;ﬁjr;/:dwifrt:r27<df())/igo'\;ef:repen
slightly rightward-shifted compared to the previous results PDGF-BB and 3x 10~%° M for bFGF, as measured by the
obtained with continuous incubations for several days incorporation of BrdU (Fig. 3A). PDGF-AA (20 ng/mL)
(BrdU-ELISA, ic5024 hr10°°M, ic506 hr2x10 8M ICs0 and TGFB, (10 ng/mL) stimulated proliferation of haC
20 min 8 X 108 M). Complete growth inhibition was SMCs to 124+ 4% and 125+ 9%, respectively. Cell
obtained for all incubation periods at a concentration of growth of PDGF-AA- and TGFB,-treated cells (Fig. 3B)
10"° M. It is noteworthy that a single application for only \as inhibited by topotecan in a dose-dependent manner
20 min was sufficient to decrease proliferation for at least 7 (¢, ; values after 7 days & 107 ° M and 2 x 107*° M,
days and that no rebound effect was observed. The metarespectively). In the BrdU-ELISASs, proliferation was found
bolic activity (Fig. 2B) was reduced by 55%. Application of to be arrested by topotecan, while MTT conversion was
topotecan for only 20 min prior to a further incubation for reduced by only 54% at the highest drug concentration.
14 days in the absence of the drug (data not shown) alsoThus, treatment with each of the four different growth
failed to exert a rebound effect, while a complete inhibition factors produced significant increases in proliferation com-
of proliferation was induced by I6 M topotecan. pared to controls. Nevertheless, topotecan significantly at-

3.2. Short-term incubations with topotecan
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Fig. 3. Effect of topotecan on mitogenic stimulation induced by different growth factors (GF). Human coronary smooth muscle cells were intigrated eit
in normal growth medium (Co) or in the presence of PDGF-A@x+{-@, panel A). TGFB, (¢---- 4, panel A), PDGF-BB &----A, panel B), or bFGF
(H----H, panel B). Proliferation was measured after 7 days using the BrdU-ELISA @). The results show that topotecan also exerted a dose-dependent
growth inhibitory effect in the presence of different growth factors.

tenuated haCSMC proliferation, indicating that the inhibi- staurosporine (10° M) induced apoptosis in 50% of
tion of cell growth induced by topotecan could not be smooth muscle cells, while the proportion of cells in the G1

overcome by mitogenic stimulation. phase decreased to 33% (Fig. 4, B and C). The effect of
topotecan is also shown in DNA histograms (Fig. 4C),
3.4. Cytotoxicity and determination of apoptosis which demonstrate that unlike staurosporine topotecan did

not induce apoptosis, although haCSMCs became arrested

In order to determine whether growth inhibition by topote- In the G2 phase of the cell cycle.
can was due to overt cytotoxicity, we measured the release of ~Since it was shown previously that topotecan does induce
LDH into culture supernatants. With drug incubations for 24 apoptosis [33], we investigated the drug effects in another cell
hr, 6 hr, and 20 min, no release of LDH was detectable after 3 line. Indeed, in leukemic Jurkat T-cells, marked apoptosis was
days of culture (data not shown). Hence, over the concentrationaready induced at a concentration of 20/ and detectable in
range used (10'2-10 ¢ M), topotecan did not appear to-in 83% of the cells at 10° M topotecan (Fig. 4A). These data
duce a marked cytotoxic effect. In contrast, the proapoptotic Show that, while topotecan can induce apoptosis in cells pre-
agent staurosporine induced a strong increase (56%) in LDHdisposed to undergo apoptosis, it is not apoptotic for haC-
liberation into the growth medium. Analysis of cell numbers SMCs. Furthermore, staurosporine induced apoptosis in only
after 2 days incubation at a concentration of 18 revealed ~ 50% of haCSMC cells, while 92% of the Jurkat cells under-
no reductions in cell counts (data not shown), indicating that went apoptosis under these conditions (Fig. 4B).
topotecan was not cytotoxic even at concentrations found to be ~ Further microscopic evaluations revealed that topotecan
highly efficacious in the proliferation assays. did not trigger the appearance of morphological signs of

To further determine whether topotecan induced any cell apoptosis in haCSMCs such as cell rounding or detachment,
death either by necrosis or apoptosis, FACS analyses usingconfirming the absence of overt cytotoxicity (Fig. 5). Stain-
propidium iodide staining of hypodiploid DNA were per- ing of the cells with the DNA dye DAPI showed that
formed. In the absence of the drug, about 6% of the cells topotecan at concentrations of 0and 10> M did not
underwent apoptosis, while application of topotecan at a induce any significant chromatin condensation (Fig. 6, A
concentration range between 16 and 10° M reduced and B), confirming its lack of a proapoptotic effect. In
proliferation, but did not increase apoptosis (Fig. 4A). Only addition, immunocytochemical staining faractin revealed
the incubation with 10° M topotecan resulted in a minor  that topotecan (10*?to 10 > M) did not induce alterations
increase in the apoptotic rate to 12%. As a positive control, in the normal filament arrangement (Fig. 6, C and D).
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Fig. 4. Effect of topotecan on apoptosis. HaCSMCs and Jurkat cells were incubated with the indicated concentrations of topotecan (/) or 2.5
staurosporine (B). After 24 hr, induction of apoptosis was assessed by FACS analysis of hypodiploid DNA. Typical DNA histograms of the effect of
topotecan and staurosporine in haCSMCs are shown in (C). A totalofl8® nuclei was used to create each histogram. Peaks representing fragmented
hypodiploid DNA (Apo) and G1 (G1) and S/G2 (G2) phases of the cell cycle are shown. The results demonstrate that, in contrast to haCSMCs, Jurkat ce
were sensitive to topotecan-induced apoptosis.

4. Discussion coronary smooth muscle cells. The antiproliferative effects

were at least comparable to those reported in human colon

The present study shows that topotecan, an establishedr ovarian tumor cell lines [34]. This makes topotecan a
inhibitor of DNA topoisomerase |, exerts potent and dose- promising candidate as a locally administered pharmaceu-
dependent growth-inhibitory effects on proliferating human tical agent to prevent restenosis after percutaneous translu-

5 S iy L

Fig. 5. Effect of topotecan on haCSMC morphology. (A) The phase-contrast micrograph shows untreated control cells. (B) Cultures incubat&dvwith 10
topotecan revealed a decrease in cell numbers, while the cell shape was spindle-formed and the cytoplasm reduced. Dividing cells could mbiSmabetecte

bars= 0.2 mm.
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Fig. 6. Effect of topotecan on nuclear morphology and actin filament structure. Fluorescent microscopy of DAPI-stained nuclei. Both contrpandlls (A
cultures incubated for 7 days with 1B M topotecan (B) revealed normal nuclear morphology without any signs of chromatin condensation and DNA
fragmentation. (C, D) Immunofluorescent micrographs. Cells were stained with an antibody agaitgt and a fluorescein isothiocyanate-labeled
secondary antibody. Both untreated (C) and topotecan-treated cells (D) showed a normal arrangeraetindflaments. Scale bars 20 um.

minal angioplasty with local devices or coated drug-releas- fact that topotecan exerts a strong growth-inhibitory effect.
ing stents. The antiproliferative activity of topotecan is It has also been reported that incubation of human umbilical
characterized by its rapid cellular uptake and a sustainedvenular endothelial cells with topotecan induced growth
activity for a period of at least 14 days after an application arrest without exerting a cytotoxic effect [35].
for just 20 min to human coronary smooth muscle cells: Whether tumor cells respond to topotecan seems to de-
even after such a short application, no rebound effect could pend on cellular levels of p53. Gobest al. showed that
be seen. Apoptosis was induced only at high doses 6f 10 elevated expression of p53 increased the catalytic activity of
M and only in approximately 10% of the cells. In stark topoisomerase | as measured by relaxation of supercoiled
contrast, apoptosis induced by topotecan in neoplastic Jur-DNA [36]. Furthermore, it was reported that both p53-
kat cells was pronounced, indicating that, unlike haCSMCs, dependent and -independent mechanisms which can inhibit
Jurkat cells are predisposed to apoptosis. cell proliferation exist [37]. In atherosclerotic lesions from

It is noteworthy that no cytotoxicity or reduction in cell carotid arteries, elevated p53 protein levels were detectable
numbers could be detected after either 24 hr or 14 days ofin both smooth muscle cells and macrophages, and apopto-
incubation with topotecan. Staining with DAPI, which al- sis occurred in only 3% of the cells as shown by terminal
lows the detection of chromatin condensation as an indica- deoxynucleotide transferase-mediated dUTP nick end label-
tor for apoptosis, was only apparent in approximately 10% ing [38]. Compared to atherosclerotically altered vessels,
of cells when 10° M topotecan was used. Together with p53 protein is hardly detectable in the internal mammaria.
the flow cytometric measurements of DNA fragmentation, Aoyagi et al. found high amounts of p53 in neointimal
these results show that the growth-inhibitory effect of topo- smooth muscle cells after arterial wall injury [39]. In ma-
tecan in haCSMCs up to a therapeutically relevant concen-lignant glioma cells, topotecan increases p53-dependent p21
tration of 10 ® M was not due to apoptosis. Indeed, human protein levels and induces G2/M arrest without altering
coronary arteries may be resistant to apoptosis, despite theBcl-2 or Bax protein levels or inducing apoptosis [40].
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However, glioma cells were significantly sensitized to smooth muscle cells. A potential systemic genotoxic risk of

CD95 ligand-induced apoptosis by topotecan. topotecan for the organism could be limited by modern
Experiments examining the mechanism of action of devices allowing a local drug application at the site of the

camptothecin and its derivatives showed that these drugs arestenotic lesion in the coronary artery. Thus, although our

immediate and profound inhibitors of DNA synthesis and experiments with cultured human coronary smooth muscle

cause DNA fragmentation in different cell types [41]. It can cells derived from patients with dilated cardiomyopathy

be assumed that one effect of topotecan in haCSMCs in-certainly may not fully reflect the pathological situation

volves the inhibition of DNA replication. Topoisomerase | presentin vivo, topotecan may be a substance with great

is not only involved in DNA replication processes during promise for the inhibition of restenosis after coronary an-

cell division, but is also enriched in active transcription gioplasty or stent implantation.

units [42—45]. The observation that “topoisomerase I-cleav-

able complexes” occur preferentially within expressed

genes underlines its involvement in mRNA synthesis [46, References

47]. The topoisomerase | inhibitor camptothecin can inhibit

RNA synthesis reversibly in cultured cells. The longer the (1] popma JJ, Califf RM, Topol EJ. Clinical trials of restenosis after
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