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Abstract Background: Tumour growth is dependent on
angiogenesis. Antiangiogenic chemotherapy, i.e. con-
tinuous or metronomic low-dose chemotherapy, is a
method for administrating cytostatics at a low and well-
tolerated concentration without prolonged breaks. The
target is the genetically stable endothelial cells playing a
pivotal role in angiogenesis within the tumour. Different
mediators could mediate the antiangiogenic effect of
metronomic chemotherapy. One of these mediators
could be thrombospondin (TSP). TSP is a potent
inhibitor of angiogenesis and might therefore be
important in controlling tumour growth. This study was
designed to evaluate the effects of low-dose continuous
or moderate-dose bolus chemotherapy on tumour
growth and on tumour expression of TSP. Materials and
methods: Rats bearing a malignant prostate tumour
(Dunning AT-1) not expressing TSP were treated sys-
temically with cyclophosphamide, doxorubicin or pac-
litaxel and the combination of cyclophosphamide and
doxorubicin. Tumour growth and body weight were
measured during the treatment. CD36, one of TSP’s
main receptors, was also analysed. The expression pat-
tern of TSP-1, TSP-2 and CD36 was investigated using
immunohistochemistry and Western blot analyses. Q-
PCR was used to analyse TSP-1 mRNA expression.
Results: Low-dose cyclophosphamide and paclitaxel re-
induced the expression of TSP in the tumours. However,

following a bolus dose of doxorubicin, tumours showed
no expression of TSP. Both cyclophosphamide and
doxorubicin treatments decreased the tumour weight by
more than 60% compared with vehicle controls. When
cyclophosphamide and doxorubicin were combined the
tumour weight was reduced by 47%, while paclitaxel
reduced the tumour weight by 18% compared to the
vehicle controls. Conclusions: Systemic low-dose con-
tinuous treatment of a rat prostate cancer model with
cyclophosphamide and paclitaxel induced the expression
of TSP in tumour tissue and inhibited tumour growth.
These findings support the hypothesis that the anti-tu-
mour effect of low-dose metronomic chemotherapy, at
least with certain chemotherapeutics, is partly mediated
by induction of endogenous antiangiogenic factors.
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Introduction

Chemotherapy has been the predominant medical can-
cer treatment, not counting surgery, for the last decades.
Cytotoxics are designed to kill or inhibit the prolifera-
tion of rapidly dividing cancer cells. However, recent
studies have shown that cytotoxics may have anti-tu-
mour effect also by suppressing tumour angiogenesis [1].

Angiogenesis is the formation of new micro-vessels
from existing ones and these newly formed vessels con-
tain dividing endothelial cells [2]. Therefore, the endo-
thelial cells would be expected to be sensitive to
chemotherapy, particularly as they are directly exposed
to the agent used. Conventionally, chemotherapeutics
are administrated in a single dose or short courses of
therapy at the highest doses possible without causing
life-threatening toxicity, so-called maximum tolerated
dose (MTD). During the prolonged breaks between
the treatment periods, the transient effect on endo-
thelial cells may be reversed by different mechanisms.
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Consequently, Browder et al. [3] suggested a strategy to
optimize the antiangiogenic effects of chemotherapy by
continuous administration of the drug at considerably
lower doses than the MTD [4].

The antiangiogenic effect of continuous or metro-
nomic chemotherapy could be mediated by different
mediators. Recently, Bocci et al. [5] showed that TSP-1
may be one of the mediators involved. TSP-1 is a
450 kDa glycoprotein belonging to a family of five
members. TSP is a multifunctional protein and activated
by tumour suppressor gene products such as p53 [6].
TSP-1 is expressed by different cells, including perivas-
cular cells, stroma cells and platelets [7], and can under
defined conditions inhibit endothelial cell growth. In
addition to these activities, the intact TSP-1 molecule, as
well as specific peptide fragments, is able to induce
apoptosis in endothelial cells. In humans, TSP is down-
regulated during prostate cancer development [8–10] and
disappears in cancer tissues. This result was confirmed in
a rat model with different sub-lines of various prostate
tumour grades [11]. It has also been shown in previous
experiments using the same experimental system as in
the present study that continuous/metronomic treatment
with paclitaxel exerts antiangiogenic effects per se in
tumour-free tissues as well as antiangiogenic and anti-
tumour effects on the AT-1 rat prostate cancer model
[12]. In these experiments, paclitaxel was administered as
a subcutaneous (s.c.) continuous infusion, which may be
considered as an extreme variant of metronomic sched-
uling. In the present study, the effects on growth and
TSP expression were studied in the syngeneic AT-1
Dunning prostate cancer following systemic low-dose
continuous or moderate-dose bolus chemotherapy.

Materials and methods

Tumour tissue implantation and preparation

The syngeneic rat Dunning sub-lines represent different
prostate tumour grades [13]. In the present study we have
used AT-1, a fast growing, androgen-insensitive, ana-
plastic adenocarcinoma with low and moderate meta-
static capacity. AT-1 cells were grown in culture as a
monolayer for 2 weeks before implanted (2·106 cells)
subcutaneously into adult male Copenhagen rats. The
rats were housed in a controlled environment and fed ad
libitum. At the end of the experiment, the animals were
killed and all tumour tissues were quickly removed and
weighed. Part of the tumour was frozen in liquid nitrogen
and stored in�80�Cprior to protein andRNA extraction
or fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) overnight before imbedding in paraffin.

Drug treatment

The animals were divided into five groups containing
12–16 animals in each group. All continuous

chemotherapies were given using subcutaneous osmotic
pumps (model no. 2ML1; Alzet Osmotic pumps,
Mountain View, CA, USA) as described previously [11].
Controls were treated with the vehicle (0.9% w/v NaCl,
saline). Groups were treated with either (1) 100 mg/kg/
week of cyclophosphamide for 10 days, (2) 4 mg/kg of
doxorubicin as an intravenous (i.v.) injection bolus dose
(controls received i.v. injection of the vehicle), (3) 19 mg/
kg/week of paclitaxel for 10 days or (4) combination of
100 mg/kg/week of cyclophosphamide s.c. and 4 mg/kg/
week doxorubicin as an i.v. injection bolus dose. The
doses used were chosen based on our previous experi-
ence in two rat strains, the Sprague–Dawley and the
Copenhagen rats, in which we aimed at finding doses
that only marginally affected physiological body weight
gain, which adult rats display [12, 14]. It is noteworthy
that adult rats grow physiologically considerably faster
than adult mice. As a result, the general toxic effects of
chemotherapy on body weight gain should be a much
more sensitive indicator in rats than in mice. All treat-
ments started on day 4 after tumour cell implantation
and continued for 10 days. The size of the tumour and
the weight of the animals were measured every third day,
as described previously [11].

Immunohistochemistry

De-paraffinated sections of the tumour were heated in an
antigen unmasking solution (Vector Laboratories, Inc.,
CA, USA) followed by incubation in normal serum for
30 min and thereafter for 1 h with the primary anti-
bodies. The primary antibodies used were mouse
monoclonal anti-thrombospondin-1 (Cat # MS-421,
Clone A6.1, Neomarker, CA, USA), goat polyclonal
anti-thrombospondin-2 and goat polyclonal anti-CD36
(Cat # sc-12313, Cat # sc-5522, Santa Cruz Biotech-
nology, Inc., USA). After incubation with a biotinylated
secondary antibody, the sections were incubated with
ABC reagents and peroxidase substrate for develop-
ment. The sections were counterstained with Mayer’s
haematoxylin solution.

A blocking peptide was used for competition studies
(Cat # sc-12312 P, Santa Cruz Biotechnology, Inc.). The
TSP-1 primary antibody was mixed and incubated for
2 h with the blocking peptide and then incubated for 1 h
on the slides. Positive control slides for TSP-1 were from
Neomarker (Cat # MS-421-pcs). As negative controls,
sections from each tumour were processed in the same
way as above but without the primary antibody whereas
normal serum was added to the section. Three sections
were stained for each sample.

Immunoblot analysis

The tissues were grounded with a homogenizer and
suspended in lysis buffer containing complete prote-
ase inhibitors. The protein extracts were separated by
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electrophoreses in SDS-polyacrylamide gels and blotted
onto a PVDF membrane by wet transfer. The membrane
was analysed with antibodies against thrombospondin-1
(Cat # MS-421, Neomarker), thrombospondin-2
and CD36 (Cat # sc-12313, Cat # sc-5522, Santa Cruz
Biotechnology, Inc). The blot was visualized by
enhanced chemiluminescence technique, ECL (Amersham,
Sweden). Positive control for TSP was purchased
from Neomarker (Cat # MS-421-PCL) and for CD36
HUVEC cells were used.

RNA and cDNA isolation

The TRIzol extraction method (Life Technologies AB,
Täby, Sweden) was used to isolate total RNA from
frozen tissues of AT-1 tumours. Total RNA concentra-
tions were determined by spectrophotometer counting.
RNA concentration and integrity were ensured by
ethidiumbromide staining after agarose gel electropho-
resis.

First strand cDNA was synthesized using 2 lg RNA,
random hexamers and M-MLV enzyme (Promega).

PCR and primers

Real-time quantitative reverse transcription (RT) PCR
was performed using ABI PRISM 7000 (Applied Bio-
systems, Applera Corporation, USA). RT-PCR ampli-
fication mixture contained template cDNA, 2· syber
Green master mix or 2· TaqMan master mix (Applied
Biosystems) and forward and reverse primers.

RT-PCR parameters were 50�C for 2 min, 95�C for
10 min, followed by 40 cycles at 95�C for 15 s and 60�C
for 1 min. Chemicals were from Applied Biosystems
(Applera Corporation). Primers and probe for 18s and
TSP-1 were purchased from Applied Biosystems (#
4310893E and # Hs00170236, Applera Corporation).
Primers for TSP-1 were synthesized by Cybergene AB
(Huddinge, Sweden). The primers are from rat se-
quences. Relative mRNA quantification was performed
using the DDCT method normalized to 18S and ex-
pressed as a fold difference compared with untreated
tumours.

TSP-1

Forward primer 5¢ CACGCTACAGGACAGCAT 3¢
Reverse primer 5¢ GGCCGCCTCAGCTCATT 3¢

Statistics

The non-parametric Mann–Whitney U test for unpaired
(two-tailed) observations was used. For comparison of

the tumour growth rate between treatment groups, the
Kruskal–Wallis test was used. The criterion for statisti-
cal significance was P<0.05.

Ethical considerations

The local ethics committee for animal research approved
the animal experiments. Care was taken not to expose
animals to unnecessary suffering and the number of
animals was kept low.

Results

Effect of cyclophosphamide, doxorubicin and paclitaxel
on body weight

Cyclophosphamide treatment decreased body weight by
7% (P=0.01) compared with controls on the day of
killing. After treatment with doxorubicin, body weight
decreased by 11% (P=0.0002) and when cyclophos-
phamide and doxorubicin were combined the reduction
of body weight was 21% (P=0.0001). Body weight de-
crease after paclitaxel treatment was 5% compared to
the control group (P=0.006).

Effect of cyclophosphamide, doxorubicin and paclitaxel
on tumour weight

Treatment of the animals with cyclophosphamide re-
duced the tumour weight by 64% (P<0.0005) compared
to the control. Doxorubicin treatment decreased the
tumour weight by 68% (P<0.0002) and when cyclo-
phosphamide and doxorubicin were combined the tu-
mour weight was reduced by 47% (P<0.0006). Tumour
weight was not significantly decreased (18%, P=0.60)
after paclitaxel treatment compared to the control
(Fig. 1). However, paclitaxel treatment reduced the tu-
mour growth rate significantly (P<0.05). Data from
tumour growth and tumour growth rate after paclitaxel
treatment in the same experimental setup have been
published previously [12].

Western blot analysis of thrombospondin

Western blot analysis showed an up-regulation of TSP-1
in the AT-1 tumours after treatment with cyclophos-
phamide and paclitaxel. However, there was no expres-
sion of TSP-1 in the AT-1 tumour in animals receiving
doxorubicin as a bolus dose or in the control tumours
(Fig. 2a, b). Analysis of protein expression of CD36
receptor and TSP-2 revealed no difference between
treated animals and vehicle controls.

Quantitative real-time PCR analysis of thrombospondin

The protein analysis was supported by mRNA expres-
sion analysed by PCR. An increased expression of TSP-1
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mRNA was seen after treatment with cyclophosphamide
and paclitaxel compared to control. After bolus treat-
ment with doxorubicin there was a minor increase of
TSP-1 mRNA expression. In vehicle controls, no TSP-1
mRNA was found (Fig. 3).

Immunohistochemistry analysis

The expression of TSP-1 in AT-1 tumours treated with
cyclophosphamide and paclitaxel was confirmed with

immunohistochemistry. There was no expression of TSP
in the tumour specimens prepared from vehicle controls
(Fig. 4).

Discussion

This study demonstrated that continuous s.c. infusion,
the extreme of metronomic treatment, of low-dose
cyclophosphamide and paclitaxel chemotherapy signifi-
cantly reduced tumour size and, interestingly, re-induced

Fig. 1 Effect on tumour weight after systemic treatment with
cyclophosphamide, paclitaxel, doxorubicin or the combination of
cyclophosphamide and doxorubicin. The values are given in
percent of vehicle control; bars indicate SEM. The cyclophospha-
mide dose was 100 mg/kg/week, while the paclitaxel dose was
16 mg/kg/week administrated via an s.c. osmotic pump for
10 days. The doxorubicin dose was 4 mg/kg and given as a bolus

dose. The treatment with cyclophosphamide, doxorubicin and the
combination of cyclophosphamide and doxorubicin reduced the
tumour weight significantly compared to the vehicle control
(P<0.01). Paclitaxel did not exert any significant effect
(P=0.60). Data on the effect on tumour growth after paclitaxel
treatment in the same experimental system have been published
previously [12]

Fig. 2 a Western blot analysis
of TSP-1 in untreated and
treated AT-1 bearing animals.
Lane 1 TSP control, lanes 2–6
treatment with doxorubicin as a
bolus dose, lanes 7 and 8
treatment with vehicle, lanes 9–
13 treatment with
cyclophosphamide with osmotic
pump. It is a representative
picture. b Western blot analysis
of TSP-1 in untreated and
treated AT-1 bearing animals.
Lane 1 TSP control, lanes 2–8
treatment with vehicle, lane 9
TSP control, lanes 10–16
treatment with paclitaxel with
osmotic pump. It is a
representative picture
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the expression of the antiangiogenic factor TSP in the
tumours.

Conventional chemotherapy MTD scheduling, given
cyclically with long interruptions, could offset any initial
antiangiogenic effect of cytotoxics resulting in an insuf-
ficient overall anti-tumour effect. As antiangiogenic
effects cause anti-tumour effects, low-dose chemotherapy
given continuously could enhance the antiangiogenic
effect resulting in a marked anti-tumour effect [3].
Conventional chemotherapy in the treatment of prostate
cancer has shown a moderate palliative response with
lowering of PSA levels but with no clear-cut prolonga-
tion of survival time [15].

We have previously reported antiangiogenic and anti-
tumour effects of treatment with cytotoxic drugs in rats
following metronomic or bolus treatment with paclit-
axel, cyclophosphamide and doxorubicin [12, 14, 16].
Although the molecular mechanisms involved in the
antiangiogenic and anti-tumour effects of continuous
chemotherapy are still not fully known, the effects could
to some degree be explained by the introduction of the
angiogenetic inhibitor TSP-1 as shown here for rat
prostate cancer, or additional antiangiogenic endoge-
nous factors. Induction of TSP-1 after metronomic
treatment with cyclophosphamide was recently demon-
strated in Lewis lung carcinoma and B16 melanoma
tumours in mice [7]. The cellular mechanism for this
induction of TSP-1 by continuous low-dose
chemotherapy still awaits elucidation. It is, however,

well known that chemotherapeutic drugs trigger signal
transduction pathways leading to the induction of
mediators of cell-cycle arrest and apoptosis.

A micro-array analysis by Yoo et al. [17] showed an
induced change in gene expression in docetaxel-treated
head and neck squamous cell carcinoma. Interestingly,
TSP was one of the genes affected. DNA damaging
agents such as chemotherapeutics may induce/up-regulate
the p53 suppressor gene, which in turn causes enhanced
expression of TSP [18]. Moreover, activation of Ras
signal pathway can decrease TSP-1 expression as
described in a prostate tumour model [19]. Therefore,
agents targeting pathways of this kind may induce an
increase in TSP expression. The reasons for TSP re-
induction in the present study after cyclophosphamide
and paclitaxel treatment could thus be due to inhibition
or activation of different pro- or antiangiogenic path-
ways. Another way by which low-dose chemotherapy
could induce an antiangiogenic effect is by decreasing
the viability of circulating bone marrow-derived endo-
thelial precursor cells [20–22] and therefore act in a
similar way as other antiangiogenic agents, including
endostatin and angiostatin [23, 24].

In the present study, doxorubicin did not re-induce
the expression of TSP. This could be due to the fact that
this drug was given as a moderate-dose bolus and not as
continuous low-dose treatment or, alternatively, because
of a drug-specific feature. Clearly, induction of TSP is
not the only mechanism for decreasing tumour weight,

Fig. 3 Real-time quantitative RT-PCR analysis of TSP-1 mRNA
expression in untreated tumour tissue or treated tumour tissue with
cyclophosphamide (with osmotic pump), doxorubicin (as a bolus
dose) or paclitaxel (with osmotic pump). Quantitative real-time
RT-PCR was performed on total RNA. The gene values were

normalized to the level of 18s in respective tissues. The expression
of TSP-1 mRNA is given as relative values to control. Values are
given as median and bars indicate the first and third quartiles with
5–6 animals in each group
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since a significant decrease in tumour weight occurred
also following bolus treatment with doxorubicin despite
the absence of TSP expression in the AT-1 tumour.

It is suggested that continuous/metronomic therapy
may achieve a more pronounced anti-tumoural effect
and significantly diminish the side effects compared with
conventional bolus MTD-type chemotherapy. Impor-
tantly, as recently reported, the long-term overall anti-
tumour success with metronomic chemotherapy in a
stringent transgenic mouse model is markedly improved
by using a so-called ‘‘chemo-switch’’ protocol. Such a
protocol involves sequential chemotherapy administered
as maximum-tolerated dose succeeded by metronomic
chemotherapy and overlaid with multitarget inhibition
of both platelet-derived growth factor, which disrupts
pericyte support of tumour endothelial cells, and VEGF
[25]. This emphasizes that exploration of the antiangio-
genic and anti-tumour effects of metronomic treatment
of various chemotherapeutics in different preclinical
animal and tumour models is an important part in the
continuous quest of developing regiments that can be
used in the clinic. Clearly, more pre-clinical studies are
needed in order to elucidate drug-specific features and to
optimize the dose and treatment schedule in different
animal models of different tumour types. Moreover,
combinations with chemotherapeutics and various other
types of drugs, such as Avastin�, an antibody against
VEGF that inhibits angiogenesis, may enhance the anti-
tumour effect and thus improve the survival time in
cancer patients [26].
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