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Castration is a prerequisite for the inhibitory effect of metronomic
chemotherapy on the growth of experimental castration-resistant
prostate cancer
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ABSTRACT
Background: Low-dose metronomic chemotherapy (LDMC) is an alternative for treatment of patients
with late-stage prostate cancer (PC) not susceptible to regular chemotherapy due to its severe side
effects. The exact working mechanisms of LDMC have not been established, although anti-angiogenic
effects have been identified. In PC, several studies show clinical effects from LDMC but the mode of
action and the role of androgen signaling for its effect are not known. In this study, we used a xeno-
graft model to evaluate the effect of LDMC on PC growth in relation to androgen deprivation.
Material and methods: Subcutaneous human castration-resistant PC xenografts were treated with
LDMC using cyclophosphamide (CPA). Treatment effect was compared to treatment with maximum tol-
erated dose (MTD) and also between intact and castrated mice. Microvessel density (MVD), and factors
important for angiogenesis were analyzed with immunohistochemistry and real-time-PCR.
Results: Tumors treated with LDMC were 50% smaller than untreated controls. Tumors in non-cas-
trated mice were not affected by LDMC, but in an androgen receptor (AR) negative tumor model,
tumor inhibiting effect were seen in both intact and castrated animals, indicating mechanism via AR.
MTD resulted in similar growth inhibition as LDMC in castrated mice, but resulted in severe weight
loss. Despite that LDMC induced TSP1 mRNA expression, and the hypoxic area in the tumors was
slightly increased, no decrease in MVD was detected.
Conclusions: This study shows that a low-dose metronomic scheduling of CPA was as efficient as MTD
treatment, and resulted in fewer side effects. It also demonstrates that a functional androgen signaling
axis inhibits this effect despite the castration-resistance of the tumor cells. The anti-angiogenic nature
of the effect of LDMC could not be confirmed and further studies to elucidate the working mechanism
for treatment response are needed.
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Introduction

Prostate cancer (PC) is the second most common malignancy
world-wide [1]. Treatment options for these patients were
limited until 2004 when docetaxel was shown to give an
overall survival advantage and an improvement in quality of
life [2,3]. In recent years, several new therapeutic options
have emerged such as chemotherapy, new hormonal treat-
ments and radionuclide therapy increasing survival, relieving
symptoms and increasing quality of life for patients with
CRPC [4–6]. However, standard chemotherapy given in a
maximum tolerated dose (MTD) causes several major side
effects such as neutropenia, fatigue and neuropathy, limiting
its use in elderly patients and in patients with severe
comorbidity.

The frequent administration of low doses of cytotoxic
drugs without interruptions, so-called low-dose metronomic
chemotherapy (LDMC) has been shown to decrease tumor
growth in mice models through intraperitoneal (i.p.) injection

once every third to sixth days. These pioneering studies indi-
cated that the regimen exerted its effect exclusively via kill-
ing of endothelial cells, suggesting an antiangiogenic effect
[7,8]. However, in recent years, new mechanisms for the
LDMC effect have been identified, and today LDMC is consid-
ered as a multi-mechanism therapy. Besides possible effects
on tumor cells directly, suggested effects include indirect tar-
geting of the tumor vasculature by induction of apoptosis of
endothelial cells and increased thrombospondin 1 (TSP1)
expression, as well as targeting pro-angiogenic bone-marrow
derived cell populations, suppression of hypoxia-inducible
factor 1-alfa (HIF1a), and stimulation of the immune system
[9]. The involvement of TSP1 was strongly supported by a
study where the LDMC treatment effect was abolished in
TSP1-null mice [10]. Further support of the mediating role of
TSP1 is the TSP1 induction seen after treatment with metro-
nomic cyclophosphamide (CPA) and paclitaxel in a rat tumor
model [11].
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The advantage of LDMC for patients with cancer is the
lower grade of side-effects from the treatment [9]. In PC, the
effects of LDMC are poorly investigated. However, convincing
PSA declines after LDMC with CPA have been observed, even
in heavily pretreated patient groups, including some being
resistant to docetaxel, and the grade of side-effect is often
low [12–14]. The effect of using LDMC docetaxel (weekly
administration) has been verified in terms of biochemical
response and both PFS and OS [15]. Also, pain relief and
quality of life evaluation definitely demonstrated superiority
of the treatment regimen [2,3,15].

Thus, there is increasing evidence for the efficacy of
LDMC, but generally there is still a lack of data in terms of
phase III trials showing overall survival benefit. Most pub-
lished trials are phase II trials and there is a need of large
studies comparing LDMC to conventional MTD-regimes
[16,17].

Patients with CRPC intended for chemotherapy are almost
always treated with ADT. It has become clear that even
though systemic androgen levels are low in these patients,
intratumoral steroid synthesis enable tumor cells to reactivate
the androgen receptor (AR) signaling [18]. Despite this, it has
been shown that continued ADT confers a survival benefit
also in the CRPC state, an effect that may partly be mediated
by the androgen-sensitive supporting tumor stroma, both in
the prostate and in skeletal metastases. The role of ADT in
the possibly stroma-mediated efficacy of LDMC has never
been investigated.

In the present study, we aimed at evaluating the effect
and possible working mechanisms of metronomically admin-
istered CPA in a CRPC xenograft tumor model, as well as the
possible influence of castration therapy on its efficacy.

Material and methods

Cell culture

LNCaP-19, a CRPC cell line derived from LNCaP by androgen
deprivation, was established in vitro in our laboratory [19]. PC-
3 was purchased from American Type Culture Collection
(ATCC, Rockville, MD, USA). Cells were cultured in RPMI 1640
with stable L-glutamine (Gibco, Invitrogen Ltd., Paisley, UK)
supplemented with 10% fetal bovine serum (FBS, PC-3) or dex-
trane-charcoal treated (DCC-FBS, LNCaP-19), glucose (2.5 g/L),
sodium pyruvate (1mM), and penicillin–streptomycin.

Animal studies

Male athymic BALB/c-nude mice were obtained from Charles
River Laboratories International Inc. (Wilmington, MA, USA).
Mice were six to eight weeks when used in the experiment.
All animal studies were approved by the Animal Ethics
Committee in Gothenburg.

Two million LNCaP-19 cells or one million PC-3 cells were
suspended in 200 ml culture medium and matrigel (1:1) (BD
Bioscience, Bedford, MA, USA), or in 100 ml culture medium,
respectively. The cell suspensions were subcutaneously
implanted in the flank of each mouse. To mimic the castra-
tion-resistant disease in humans, some groups of mice were

castrated via scrotal incision during general anesthesia prior
to tumor inoculation.

After approximately two weeks, when the tumors were
clearly detectable (approximately 200mm3), treatment was
initiated. For LDMC, CPA (25mg/kg/day) was administered
via drinking water. The LDMC-group was compared to a
MTD-group which was treated with CPA (60mg/kg) i.p. on
days 0, 2 and 4 every third week, as well as a control group
receiving saline i.p. in the MTD schedule. Doses were based
on a pilot study where a MTD dose of 80–100mg/kg was
overly toxic and a metronomic dose of 20mg/kg showed
only limited tumor inhibition (data not shown). The treat-
ment was maintained until termination. Tumors were meas-
ured weekly with a caliper and the volume was calculated
using the formula length�width2� 0.5.

The body weight of each mouse was measured twice a
week and signs of animal distress were followed continu-
ously, as an evaluation of the side-effects of treatment.
Animals were sacrificed if found to be cachexic or if the
body-weight loss exceeded 15% after MTD treatment without
recovery in the following days. Sixty minutes before sacrifice,
the mice were injected with the hypoxia marker pimonida-
zole (HypoxyProbe, Burlington, MA, USA) (i.p. 60mg/kg). One
part of the tumor was fixed in formalin for paraffin embed-
ding and one part was frozen in liquid nitrogen and stored
at �80 �C.

Immunohistochemistry

Tissue sections (4-lm) were deparaffinized and rehydrated.
For antigen retrieval, sections were heated in antigen
unmasking solution (H-3300; Vector Laboratories, Burlingame,
CA, USA) and endogenous peroxidase was quenched in 0.3%
hydrogen peroxide in methanol. Immunohistochemistry was
performed using the Vectastain ABC kit (Vector Laboratories,
Burlingame, CA, USA) according to the manufacturer’s proto-
col. Briefly, nonspecific binding was blocked with normal
serum and sections were incubated with a specific primary
antibody at 4 �C over-night. The following antibodies were
used: for MVD, CD34 specific primary antibody, 1:200–1:500,
2 lg/ml, ab8158 (Abcam, Cambridge, UK); for proliferation,
antibody against Ki-67, 1:200–1:400, RM-9106-S, (Neomarkers;
Thermo Fisher Scientific, Fremont, CA, USA); and antibody
against pimomidazole, 1:3000, Hypoxyprobe TM-1
(Burlington, MA, USA). Detection was performed with a bioti-
nylated secondary antibody followed by ABC-HRP reagent.
DAB was used for visualization and the sections were coun-
terstained with hematoxylin, dehydrated, and mounted.

Evaluation of immunostaining

Microvessel density (MVD) was evaluated as the number of
CD34 positive vessels in the non-necrotic tumor tissue.
Vessels were counted at a magnification of 200� in five ran-
domly chosen fields in each section. The analysis were per-
formed independently and blinded by two investigators. The
extent of hypoxia was evaluated in the Biopix software
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(Biopix, Gothenburg, Sweden) as percentage hypoxic area of
viable tumor tissue.

RNA preparation and real-time RT-PCR

Tumor tissues were homogenized in TRIzol reagent
(Invitrogen Ltd., Paisley, UK) according to the manufacturer’s
protocol, and total RNA was extracted using the RNeasy Plus
Mini Kit (Qiagen, Valencia, CA). The RNA concentrations were
measured using Nanodrop (Thermo Fischer Scientific Inc.,
Wilmington, DE). A total of 1 lg of total RNA were reversely
transcribed into cDNA using the VILO Superscript cDNA syn-
thesis kit (Invitrogen, Carlsbad, CA, USA) in accordance with
the manufactures instructions. RT-qPCR was performed with
the ABI Prism 7500 Fast Sequence Detector (Applied
Biosystems, Foster City, CA, USA), and specific TaqMan
probes used were: human TSP1 (Hs00170236_m1), mouse
TSP1 (Mm00449032_g1), human VEGFA (Hs00900055_m1),
mouse VEGFA (Mm01281449_m1), mouse PECAM1
(Mm01242584_m1), mouse CDH5 (Mm00486938_m1), mouse
ENG (Mm00468256_m1) and endogenous controls for human
GAPDH (Hs03929097_g1) as well as for mouse GAPDH
(Mm99999915_g1), purchased as TaqMan Gene Expression
Assays (Applied Biosystems, Foster City, CA, USA). The PCR
parameters were according to the manufacturer’s protocol.
For relative mRNA quantification, the DDCt method was
used. The expression of target gene was normalized to the
endogenous control GAPDH. Values are presented as the
means (SEM) and the Mann–Whitney test was used to evalu-
ate differences between the groups, with p� 0.05 considered
to indicate statistical significance.

Protein preparation and Western blotting

Total protein was prepared from tumor tissues, by homogen-
ization in a lysis buffer that consisted of PBS (pH 7.5), 0.15 M
NaCl, 0.25% Tween 20, protease and phosphatase inhibitors
(1x, cOmpleteTM Mini and PhosSTOP, respectively; Roche
Diagnostics, Mannheim, Germany). Samples were sonicated,
centrifuged and the supernatants were collected. Protein
concentrations were measured using the BCA protein assay
kit (Pierce, Rockford, IL, USA) according to the manufacturer
protocol. 30 lg of reduced protein was loaded on a 4–12%
Bis–Tris gradient gel and electrophoresis was performed
using MOPS (Invitrogen, Carlsbad, CA, USA) as running buffer
and transferred onto polyvinyldifluouride (PVDF) membranes
using the iBlot gel transfer system (all above products were
purchased from Invitrogen, Carlsbad, CA, USA). Membranes
were blocked in 5% dry milk and subsequently incubated
with primary antibodies over night at 4 �C.

Primary antibodies used were against CD47, ab175388
(Abcam, Cambridge, UK), CD36, ab137320 (Abcam,
Cambridge, UK), TSP1, ab85762 (Abcam, Cambridge, UK) and
TSP2, ab112543 (Abcam, Cambridge, UK). As loading control
b-actin was used. Membranes were incubated with a horse-
radish-peroxidase (HRP)-labeled secondary antibody for 1h at
room temperature. The immunoreactions were detected
using the ECL advanced western blotting detection system

(RPN2135; AmershamTM; GE Healthcare). Chemiluminescent
signals were visualized using a LAS-4000 CCD camera
(Fujifilm, Tokyo, Japan).

Results

Metronomic CPA inhibits tumor growth, increases TSP1
expression despite unchanged microvessel density

Low-dose metronomic chemotherapy scheduling has proven
to be a less toxic alternative to MTD scheduling for patients
with cancer. The efficacy of metronomic chemotherapy was
evaluated in castrated mice with subcutaneous LNCaP-19
tumors that were treated with oral CPA.

In this tumor model, there was a significant inhibitory
effect on tumor growth of the LDMC treatment as compared
to untreated controls (n¼ 10 in each group). After nine
weeks of treatment, the relative tumor volume of the mice
given LDMC CPA was 50% of the control tumors (p< .01).
The efficacy of CPA administered according to LDMC did not
differ from CPA administered according to the MTD schedule
(Figure 1(A)). These results were confirmed in another separ-
ate experiment (data not shown).

In the metronomic treatment group, none of the animals
lost more than 10% of their starting body weight. In contrast,
in the MTD group the mice were clearly affected by the
treatment. Temporarily, 8 of 10 animals lost more than 10%
of their starting body weight due to MTD-treatment, and
6 out of 10 animals lost more than 15% of their starting
body weight but did gain fast recovery. After the third
course, 5 out of 10 animals were given repeated 0.9% NaCl
injections to help improvement. Despite that, after the third
course of MTD treatment, 3 of 10 animals had lost more than
15% of their body weight and in lack of fast recovery they
were sacrificed due to their poor condition (Figure 1(B)).

Low-dose metronomic chemotherapy is considered to tar-
get the tumor stroma in addition to the tumor cells, and
TSP1 has been suggested as a mediator of the anti-angio-
genic effects of LDMC in several studies. Therefore, we inves-
tigated the expression of TSP1-mRNA in the tumor tissue. In
the castrated animals both tumor cell-derived (human)
(p< .01 and stroma-cell derived (mouse) TSP1 expression
(p¼ .028) were significantly upregulated in LDMC-treated ani-
mals compared to controls as well as compared to MTD
treated (p¼ .011 and p¼ .011) (Figure 1(C,D)). To ensure that
TSP1 has the potential to mediate the treatment effect, the
presence of the common TSP1-receptors CD36 and CD47 in
the tumors was verified by Western blot analyzes. However,
the levels of the receptors were not affected by the treat-
ment (data not shown). To assess the effect of LDMC on the
neovasculature the microvessel density (MVD) was investi-
gated in the subcutaneous tumors after treatment. In non-
necrotic areas of the tumor tissue, in spite of TSP1 upregula-
tion, no statistically significant differences in MVD between
the MTD- or LDMC-treated animals could be demonstrated,
as compared to the controls (Table 1).

In line with the unaffected MVD, no changes in expression
of VE-cadherin (CDH5) or endoglin (ENG) could be detected
in any of the experiments (data not shown). Despite the
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absent effects on MVD in the tumor tissue after nine weeks
of treatment, increased hypoxia were indicated in non-nec-
rotic areas of tumors from castrated short-term (2, 5 weeks)
LDMC treated animals. The hypoxia increased from 5% in the
controls (n¼ 6) to 10% in LDMC treated mice (n¼ 10) after
this short treatment, but this result did not reach statistical
significance (p¼ .129; data not shown). In the same set-up,
no changes in necrotic areas could be detected.

The tumor inhibiting effect of LDMC is inhibited by a
functional hypothalamus–pituitary–gonadal axis

Since the efficacy of androgen-targeting drugs, such as abira-
terone and enzalutamide, demonstrates the persistent
importance of androgens also in CRPC, the influence of cas-
tration on LDMC efficacy was evaluated in mice with sub-
cutaneous LNCaP-19 tumors.

In the castrated animals, the previously shown inhibitory
effect on tumor growth was verified. The body weights of

the animals were stable and similar for all groups (data not
shown). At the end of experiment the tumor volume in the
LDMC-treatment group (n¼ 9) was 60% of that of the con-
trols (n¼ 7) (p¼ .013) (Figure 2(A)). Interestingly, no inhibitory
effect on tumor growth was seen in the non-castrated ani-
mals (LDMC n¼ 9; Controls n¼ 8) (Figure 2(B)), indicating
that the addition of castration to the LDMC treatment is crit-
ical for the inhibiting effect on tumor growth due to LDMC
treatment in this CRPC tumor model. However, in the tumor
tissue from non-castrated animals there was an upregulation
of the tumor cell-derived TSP1 (p¼ .011) but not stroma cell-
derived TSP1 (p¼ .20), despite that no inhibition of tumor
growth was seen in this group. A small upregulation of
mouse and human TSP1 was also seen in tumor tissue from
castrated animals but it was not statistically significant
(p¼ .142 and p¼ .153) (Figure 2(C,D)).

Interestingly, and in line with the TSP1 results, LDMC
resulted in a significantly decreased MVD in non-castrated
animals, albeit the absence of tumor growth inhibition in this
group. As in the previous experiment, no difference in MVD
was seen in the castrated animals (Table 1).

To assess whether the difference in response between cas-
trated and intact mice was mediated by AR signaling in the
stroma or the tumor cells, another CRPC cell line, PC-3, with-
out expression of AR was used. In that experiment, LDMC
significantly inhibited tumor growth regardless of castration
(Figure 2(E)) (Castrated n¼ 4; Controls n¼ 9), indicating that
the lack of growth inhibition of LNCaP-19 in intact mice is

Figure 1. Tumor growth and animal body weight and relative expression of Thrombospondin-1 (TSP1) mRNA in tumors. (A) Relative volumes of subcutaneous
tumors after MTD and LDMC scheduling of CPA compared to untreated controls. Volumes were measured with a caliper and related to their individual volume
(approximately 200mm3) at treatment start (Day 0). (B) Animal body weights after MTD and LDMC scheduling of CPA. Arrows indicate new cycles of MTC treatment
on Days 0, 2 and 4 in each treatment cycle, with a new cycle every third week. (C,D) Levels of TSP1 mRNA in tumors treated with MTD and LDMC compared to con-
trols; (C) human TSP1, (D) mouse TSP1. �p< .05; ��p< .01.

Table 1. Microvessel density.

Microvessel density p Value

Castrated MTD 9.16 ± 1.7 .92 (MTD vs control);
.11 (MTD vs metro)

Castrated metro 7.38 ± 1.6 .33 (metro vs control)
Castrated control 9.15 ± 1.9

Castrated metro 25.2 ± 3.7 .42 (castrated metro vs control)
Castrated control 21.3 ± 2.6
Intact metro 18.4 ± 1.8 .049 (intact metro vs control)
Intact control 31.6 ± 5.1
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due to a stimulatory effect on the tumor cells via its AR, and
not mediated by an androgen-responsive stroma.

Discussion

Metronomic treatment with cytotoxic drugs has been sug-
gested as a less toxic strategy for patients with cancer,
although the efficacy of this regimen for patients with cas-
tration-resistant PC is not clear. In the present study, we
show that LDMC CPA has a robust inhibiting effect on the
growth of subcutaneously implanted castration-resistant
prostate tumors in castrated mice with less severe side-
effects.

In our castration-resistant model, LDMC resulted in a
decreased tumor growth in castrated mice, reflecting the
clinical situation where patients continue ADT even though a
castration-resistant disease has relapsed. The tumor inhibitory
effect was comparable to that obtained with traditional MTD
scheduling. Our study also demonstrates that in spite of the
fact that the LDMC-treated animals received a higher dose of
the drug over time than did the MTD-treated animals, LDMC
results in a lower grade of side-effects, as evidenced by the
stabilization of mouse body weight over time, as compared
to the severe weight loss observed in the MTD-treated ani-
mals. In line with our results, Man et al. previously showed
that CPA MTD-treatment in tumor bearing mice caused a

Figure 2. Effect of castration on LDMC tumor inhibition and TSP1 expression. Tumor volumes were measured with a caliper and related to their individual volume
(approximately 200mm3 for LNCaP-19 and 70mm3 for PC-3) at treatment start (Day 0). (A, B) Relative volumes of LDMC treated LNCaP-19 tumors compared to con-
trols in (A) castrated and (B) intact animals. (C) Human and (D) mouse TSP1 levels in LDMC-treated LNCaP-19 tumors compared to controls in castrated and intact
animals. (E,F) Relative volumes of LDMC treated PC-3 tumors compared to controls in (E) castrated and (F) intact animals. �p< .05; ��p< .01.
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sudden weight loss and death, whereas the CPA LDMC treat-
ment showed tolerability and stable weight curves [20].
Analogous, such pattern has been observed in the context of
LDMC treatment in the clinical setting, where LDMC-treated
patients also receive a higher total dose of drug over time
than MTD-treated patients, and still tolerate the treatment
better. It is highlighted in the literature that consensus about
the LDMC dosing is missing and that there is a pressing
need for pharmacokinetic studies [21].

Despite the increasing use of chemotherapy for metastatic
PC, both in the CRPC disease and, more recently, in the cas-
tration-sensitive setting [22,23], the impact of androgen
deprivation on chemotherapy efficacy is not thoroughly
investigated. The present study demonstrates that LDMC
using CPA inhibited the growth of LNCaP-19 CRPC tumors
only in combination with castration. However, this castration-
dependent difference in efficacy was not observed using
another CRPC cell line without AR expression. Thus, it can be
concluded that any AR mediated effects in the tumor stroma
is not the reason for the castration-dependent growth inhib-
ition of LNCaP-19. One explanation for the absent tumor
inhibition in the non-castrated setting, is that stimulation of
the still AR-positive CRPC tumor cells by testosterone over-
rides the inhibitory effect from the microenvironment
induced by LDMC. However, castration itself, without LDMC,
did not affect LNCaP-19 tumor growth.

The early studies on metronomic treatment convincingly
argues in favor of the anti-angiogenic mechanism of action
[7,8], but later studies have emphasized that also other
mechanisms could be important [9]. In line with the anti-
angiogenic theory, our study demonstrates an increase of
TSP1 expression as a possible mediator of an anti-angiogenic
response to treatment, but in contrast to the anticipated
effect on TSP1, we could not detect any significant decrease
of the tumor microvasculature. However, the immunohisto-
chemical analysis of blood vessels was performed in the still
viable rim of tumor tissue and not in the large necrotic areas
of the tumors representing the targeted and dead tumor
cells, why care must be taken in interpretation of these data.
Despite the lack of robust effects on MVD, tendencies toward
increased tissue hypoxia were seen in the treated tumors,
especially after short treatment. Taken together, the induc-
tion of TSP1 and the tendency to increased hypoxia in our
studies support the notion that anti-angiogenic mechanisms
are involved in LDMC effects. However, the lack of tumor
inhibition seen in the non-castrated study group despite
both TSP1 induction and decreased microvasculature, indi-
cate that the anti-angiogenic effects are not sufficient for effi-
cient tumor growth inhibition by LDMC. Additional modes of
action could involve the immune system, since it has been
shown that LDMC CPA induces increased numbers of den-
dritic cells, NK cells and macrophages [24,25].

In conclusion, the present study shows that LDMC has evi-
dent tumor inhibitory effects in CRPC tumors, with a favor-
able toxicity profile. This is important, since some of the
patients in this state of the disease have poor physical status
and may not tolerate the toxicity of traditional MTD schedul-
ing. In addition, the results show that castration is necessary
for the tumor growth inhibition of LDMC with CPA.

However, the working mechanisms of LDMC in PC needs to
be further investigated, since this study did not convincingly
confirm its anti-angiogenic effect.
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