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Abstract

Tumors are angiogenesis dependent. Preclinical studies have shown that well-tolerated continuous low dose, i.e.
metronomic, chemotherapy can exert significant antiangiogenic effects and thereby a greater antitumor influence than
conventional chemotherapy with high, spaced-out bolus doses. There are however, no means of quantitatively assessing the
antiangiogenic effect per se of chemotherapy in tumors. We therefore used a surrogate tumor-free, non-surgical rat
mesentery model and quantitatively studied the dose effect of metronomic treatment with cisplatin, cyclophosphamide,
doxorubicin, fluorouracil and paclitaxel on VEGF-A-mediated angiogenesis, a characteristic of tumors. Cyclophosphamide
and paclitaxel treatment exerted significant dose-dependent antiangiogenic effects, whereas doxorubicin treatment
produced insignificant effects. By contrast, metronomic cisplatin and fluorouracil treatment occasionally significantly
stimulated angiogenesis in a dose-dependent, non-linear manner. To our knowledge, this is the first report of metronomic
chemotherapy stimulating angiogenesis iz vivo. The data suggest that the angiogenic response to cisplatin, cyclopho-
sphamide, fluorouracil and paclitaxel was significantly influenced by the presence of antioxidants in the vehicles or when co-
treated with N-acetylcystein, a widely used free-radical scavenger. The data relating to the metronomic scheduling were
compared with bolus treatment data for the identical agent formulations in the same experimental model. Cisplatin,
cyclophosphamide and paclitaxel caused approximately the same overall, agent-specific angiogenesis-modulating effects
following metronomic and bolus treatments. Moreover, apparently secondary delayed effects of chemotherapy affected
capillary sprouting.

The progress of conventional chemotherapy has
been modest in terms of curing or significantly
prolonging the lives of patients with cancer,
particularly those with advanced-stage or metastatic
disease [1,2]. Tumor growth depends on angiogen-
esis [3,4]. As has recently been reported in pre-
clinical studies, the frequent or continuous so-called
antiangiogenic [5] or metronomic [6] scheduling of
low, well-tolerated doses of certain chemotherapeu-
tic agents exerts a marked antiangiogenic effect. The
metronomic chemotherapy in fact yields a superior
antitumor effect compared with conventional che-
motherapy that typically employs the highest possi-
ble dose without causing life-threatening levels of
toxicity at intervals of two to four weeks [5,7,8].
While the primary target of metronomic treat-
ment is the angiogenically activated normal genomi-
cally stable vascular endothelial cell in tumor
blood vessels, the primary target of conventional

chemotherapy is the rapidly dividing genomically
unstable mutagenic tumor cell. Because of tumor
cell muations, development of drug-resistance is a
major threat in conventional chemotherapy. Metro-
nomic chemotherapy has the additional advantage of
being less acutely toxic than conventional schedul-
ing, yielding a lower accumulated dose, therefore
making more prolonged treatment possible. Support
for metronomic therapy also comes from mathema-
tical modeling studies [9]. Following metronomic
chemotherapy, the apoptosis of vascular endothelial
cells precedes the apoptosis and necrosis of tumor
cells, even when the tumor has been made drug
resistant [10]. The prolonged interval between con-
ventional chemotherapy courses provides an oppor-
tunity for new endothelial cells to be recruited, either
from existing vasculature or from circulating pro-
genitor endothelial cells, allowing tumor angiogen-
esis to proceed. There is, however, no reliable assay
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to monitor and quantify changes in tumor angiogen-
esis in vivo, which constitutes a serious impediment
to assessing the effects of putative antiangiogenic
drugs or treatments [11,12].

Tumor angiogenesis uses the same signaling path-
ways as non-tumor angiogenesis [13]. We have
therefore studied the influence of chemotherapeutics
on VEGF-A-mediated angiogenesis per se in tumor-
free tissue, using the non-surgical rat mesenteric-
window assay [14-16]. Notably, VEGF-A is a
pivotal angiogenic factor in most, if not all, tumors
[17,18] and also appears to be a mediator of
angiogenic pathways related to other angiogenic
factors [19]. The assay that was used here permits
the true quantitative assessment of a variety of
objective angiogenesis variables and robust statistical
analysis [20—22]. It is noteworthy that this model
closely mirrors the directly recorded growth-retard-
ing and indirectly assessed antiangiogenic effect of
metronomic chemotherapy in a syngeneic rat cancer
model [15]. We believe that an approach of this kind,
that permits the detailed assessment of the dose-
related angiogenesis-modulating effects per se of
chemotherapeutic agents, may be a useful and
perhaps necessary complement to preclinical studies
in tumor models.

Clearly, the metronomic scheduling approach is
promising in future clinical oncology, which calls for
careful systematic studies of the antiangiogenic
effects of chemotherapy in relevant preclinical mod-
els. It is noteworthy that certain promising antitumor
effects by metronomic-like scheduling have recently
been observed in clinical studies [2,23—-26] although
dosing is as yet considered poorly defined. We
report that low-dose; well-tolerated metronomic
chemotherapy drug-specifically affects VEGF-A-
mediated angiogenesis in terms of microvessel net-
work growth, pattern formation, as well as the
number and length of capillary sprouts.

Material and methods
Animals

Adult male out-bred Sprague-Dawley rats (B & K
Universal, Sollentuna, Sweden) were acclimatized to
a standardized environment for seven days, fed ad
libitum and randomly allocated to weight-matched
groups with two animals per cage [14]. At the start of
the experiments, the mean body weight varied
between 210 and 227 g. Body weight was monitored
twice weekly. The controls increased by approxi-
mately 55-70 g a week. Because of this relatively
rapid growth, chemotherapy-related weight-gain re-
tardation is a sensitive surrogate evaluation of
toxicity, which also includes systemic well-being,
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anorexia and failure to thrive. Gauging body-weight
gain is important, as low toxicity, allowing long-term
continuous treatment, is inherent to metronomic
chemotherapy. The local Animal Ethics Committee
approved the study. The ethical guidelines that were
followed meet the standards required by the
UKCCCR guidelines [27].

Angiogenesis treatment

Recombinant rat VEGF,¢4 (564-RV/CF; R&D Sys-
tems Ltd., UK), the predominant isoform of VEGF-
A, was diluted to 96 pmol/ml, frozen and thawed
and a volume of 5 ml was injected i.p. [28]. VEGF at
this dose was given twice daily for 4.5 days, i.e. from
Monday morning (Day 0) to Friday morning (Day
4). The treatment causes vigorous angiogenesis in
the mesenteric test tissue, peaking around Day 21
[28]. It is within this time frame of microvessel
network proliferation that chemotherapy was given
(see below).

Like most normal adult tissues, the present test
tissue, i.e. the thin membranous mesentery (see
below), is natively vascularized and lacks significant
physiologic angiogenesis. Surgery that invariably
induces wound-healing-related angiogenesis was
not used. As a result, angiogenesis that resembles
that occurring in tissues affected by clinically rele-
vant angiogenesis diseases, including tumors, can be
studied using this assay.

Chemotherapy

Imitial  dose-finding experiments using conunuous
infusion. We performed a dose-finding experiment
with each agent using continuous infusion for seven
consecutive days, continuous infusion being the
extreme of metronomic scheduling. The doses were
based on data in the literature and our own findings
in previous experiments [14,15]. The intention was
to find doses that would diminish the weight by at
most 10—-15% at sacrifice, as compared with the
rapidly growing vehicle control animals.

Metronomic treatment using continuous infusion. The
following commercial cytotoxics and, in parentheses,
the respective vehicle control formulation (dilution
identical to that of the tested compound) were used
for the continuous infusion experiments: cisplatin,
Platinol® from Bristol-Myers Squibb (NaCl 9 mg/
ml, HCl ad pH 2.5); cyclophosphamide, Orion,
(NaCl 9mg/ml) or Sendoxan®, ASTA Medica
(mannitol 50mg/ml); doxorubicin, Doxorubicin
Nycomed® (NaCl 9 mg/ml, HCl ad pH 3.0);
fluorouracil, Fluracedyl®, Nycomed (aqua, NaOH
ad pH 8.9); and paclitaxel, Taxol®, Bristol-Myers
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Squibb (Ethanol:Cremophor® EL, 50:50 vol.). The
doses are expressed as mg/kg/week.

On Day 6 after the start of the i.p. angiogenic
treatment, Alzet® osmotic minipumps (Models
2001 or 2ML1; Alzet® Osmotic Pumps, Mountain
View, CA, USA) were completely filled under sterile
conditions with a cytotoxic agent or its vehicle that
were released at a constant rate for seven consecutive
days. One day later, after being stored in sterile 0.9%
NaCl (w/v) saline overnight at 37°C, the pumps were
surgically implanted s.c. on the back of rats that
had been anesthetized with inhaled isoflurane
(Forene®). The skin incision was immediately
sutured. The animals were sacrificed on Day 14.
The animals did not show any sign of illness and no
animal was lost.

Bolus treatment. A single i.v. injection was given on
day seven after the start of the angiogenic i.p.
treatment with VEGF-A, i.e. seven days before
sacrifice, as described in detail elsewhere [14].

N-Acerylcystein (NAC) treatment

NAC, a widely used antioxidant [29,30], and a
treatment of choice in cases of acetaminophen
toxicity in man as it acts, in part, by replenishing
hepatic stores of glutathione, was continuously
infused s.c. at 64 and 192 mg/kg/day on Days 7—14
using an Alzet® pump. NAC was administered alone
or in combination with either an infusion of the
saline vehicle or a cytotoxic agent, using two pumps,
in animals that had received angiogenic i.p. treat-
ment with VEGF-A on Days 0—4.

Angiogenesis quantification

Four membranous (“window”-like) parts of the
mesentery from the most distal part of the mesen-
tery, close to the ileocecal valve, were examined after
being spread on objective slides [28]. Normally, this
tissue measures only 5—10 um in thickness and
forms a uniform, almost translucent membrane.
The surrounding fatty tissue distinctly delineates
each window. The test tissue is vascularized like
most normal adult tissues. The entire vasculature of
each intact mesenteric window was visualized im-
munohistochemically using a primary monoclonal
antibody against rat endothelium, i.e. mrc ox-43
(Biosource International, Camarillo, CA, USA)
labeling vascular endothelium in all tissues of the
rat except that of brain capillaries [31,32] (Figure 1).
This allows the straightforward identification of even
the smallest microvessels in the intact network, in
contrast to the immunohistochemical identification
of microvessels in microtome sections of solid tissues

Figure 1. Immunohistochemical visualization of microvessels in
the mesenteric window of a rat receiving a continuous infusion for
seven days of paclitaxel at 16 mg/kg/w (a) and cremophore vehicle
(b). Arrows indicate an intersection, while arrowheads indicate
interconnecting loops (not all intersections and loops are in-
dicated) and asterisks indicate sprouts although the field of view is
not from the edge of the microvascular tree. Note the lower
density of microvessels in a. The distance between two adjacent
lines is 10 pm.

and tumors in which the extent of epitope expression
in capillary endothelial cells for various markers is
not possible to control in detail [33]. Moreover,
chemotherapy possibly influences the expression of
epitopes for immunohistochemical markers on en-
dothelial cells [34].

Microscopic morphometry and computerized im-
age analysis were employed in a blind fashion. First,
the total area of each mesenteric window was
measured. The following variables were then mea-
sured objectively in the test tissue as described in
detail elsewhere [20,22,28,35]: the percentage of
vascularized area (VA), a measurement of the spatial
extension of the network; microvascular length
(MVL), a composite measurement of microvessel
density; the total microvascular length (TMVL =VA
X the mean MVL/treatment group); the length of
individual microvessel segments (Le. MS, the actual
distance between two successive branching points);



the number of MS per unit tissue volume (No. MS);
the number of microvessel branching points per unit
tissue volume (No. BP); the number of capillary
sprouts per unit tissue volume (No. SP) and their
individual length (Le. SP) at the edge of the
expanding network. All Le. MSs and Le. SPs were
pooled separately and ranked according to size in
each treatment group. For statistical comparisons of
the treatment groups, we focused on the shortest and
the longest microvessel segments and sprouts
[22,35]. The fact that only sprouts at the periphery
of the expanding network were recorded suggests
that the shortest sprouts primarily represent the
youngest sprouts and the longest primarily the oldest
sprouts.

To our knowledge, the techniques used here
objectively and quantitatively to assess microvessel
variables, such as spatial extension, density, various
aspects of pattern formation and the number and
length of individual capillary sprouts i situ in a
vascularized tissue in vivo, are unrivalled.

Statistics. The non-parametric Mann-Whitney U-test
for unpaired (two-tailed) observations was used. A
mean of four windows per animal was used as
independent data for each variable in the mesenteric
window. The criterion for statistical significance was
p <0.05.

Results

Effect of metronomic chemotherapy on physiologic body-
weight gain and size of the mesenteric test tissue

In the initial dose-finding experiments, the following
doses were continuously infused for seven consecu-
tive days and the percentage body weight at sacrifice
compared with vehicle controls is given in parenth-
eses: cisplatin 0.4 mg/kg/w (99%) and 2.0 mg/kg/w
(94%); cyclophosphamide 40 mg/kg/w (98%) and
200 mg/kg/w (87%); doxorubicin 2 mg/kg/w (97%)
and 10 mg/kg/w (87%); fluorouracil 24 mg/kg/w
(97%) and 120 mg/kg/w (92%); paclitaxel 2.8 mg/
kg/w (97%) and 4.4 mg/kg/w (93%).

In the subsequent angiogenesis experiments, the
chemotherapy reduced the rate of body-weight gain
dose dependently in an approximately linear fashion,
at most up to 15% (data not shown). In no case did
the treatment reduce the body weight in absolute
terms. All the animals appeared to be normal and
behaved normally. No chemotherapy affected the
area of the individual mesenteric windows analyzed
(data not shown), allowing a direct comparison
between control and test groups in terms of the
variables measured.
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Dose-related angiogenesis-modulating effects of
metronomic chemotherapy

The effects of cisplatin, cyclophosphamide,
doxorubicin, fluorouracil and paclitaxel were as-
sessed in terms of VA, MVL and TMVL and
graphically presented in terms of TMVL for all in
Figures 2, 3 and 4. Cyclophosphamide and pacli-
taxel dissolved and diluted in antioxidant-containing
vehicles (mannitol and cremophor respectively) sig-
nificantly inhibited angiogenesis in a roughly dose-
dependent, linear fashion within the tested range of
50—-200 mg/kg/w and 2.5-22 mg/kg/w respectively;
however, no significant angiogenesis-modulating
effect occurred when saline was used as the vehicle
(Figure 2). Continuous monotherapy for 7 days with
cremophor did not significantly affect angiogenesis
compared with continuous monotherapy with saline
for the same period: mean+SEM of TMVL for
cremophore was 12.814+1.90 and 11.34+1.35 for
saline (p =0.56).

In contrast, doxorubicin did not significantly
affect angiogenesis in the tested dose range of 1.8—
10.8 mg/kg/w, even when co-treated with the anti-
oxidant NAC at two doses (Figure 2).

Notably, cisplatin and fluorouracil occasionally
exerted a significant, clearly non-linear, dose-depen-
dent proangiogenic effect (Figure 3). Co-treatment
with NAC significantly and fully normalized the
proangiogenic effect of cisplatin, while NAC signifi-
cantly suppressed the angiogenic response when co-
treated with fluorouracil (Figure 3).

When fluorouracil was co-treated with NAC, the
microvascular pattern and capillary sprouts were
altered in numerous ways compared with the
fluorouracil +saline control. In fact, in the presence
of NAC, No. MS, No. BP and No. SP were
significantly reduced, while the longest Le. MS,
those of the 90-100 percentile, lengthened signifi-
cantly, as did the longest sprouts, i.e. those of the
90-100 percentile (Table I).

At angiosuppressive doses, cyclophosphamide and
paclitaxel significantly reduced No. SP (Table II), in
agreement with the effect in terms of VA (data not
shown) and TMVL (Figure 2). At a proangiogenic
dose, cisplatin increased No. SP significantly, while
fluorouracil increased No. SP insignificantly (Table
II), in line with the effect in terms of VA (data not
shown) and TMVL (Figure 3). Moreover, cisplatin,
fluorouracil and paclitaxel significantly shortened
the shortest Le. SP, those of the 0—10 percentile,
and insignificantly reduced the median Le. SP
(Table II). In contrast, cyclophosphamide insignif-
icantly lengthened the shortest Le. SP and signifi-
cantly lengthened the median Le. SP. The effects on
sprouting were thus agent specific.
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Effect of NAC infusion on angiogenesis

Continuous NAC (192 mg/kg/day) monotherapy for
seven days insignificantly reduced body weight by
3% compared with the rapidly growing saline vehicle
controls, insignificantly suppressed angiogenesis in
terms of VA (by 4%), MVL (by 8%) and TMVL (by
14%, p=0.48). NAC reduced the number of
microvessel segments per unit tissue volume (No.
MS; mean+SEM 191.5+24.1; p <0.025), reduced
the number of branching points per unit tissue
volume (No. BP; mean+SEM 170.2+19.5; p<
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0.03) compared with the No. MS of 274.0+30.7
and the No. BP of 235.0+4+24.1 in the vehicle control
group, however. Moreover, the shortest Le. MS,
those of the 0—10 percentile, were significantly (p <
0.0001) shortened following the NAC monotherapy
as compared with the saline controls (data not
shown).

Owerall modulation of angiogenesis following metronomic
and bolus chemotherapy

Irrespective of whether they were administered
metronomically or as a bolus dose, cisplatin, cyclo-
phosphamide and paclitaxel exerted parallel and
approximately similar effects on overall angiogenesis
in terms of TMVL (Figure 4). In contrast, metro-
nomic treatment with doxorubicin at two of the
three tested doses increased TMVL insignificantly,
while the bolus treatment at all three tested doses
significantly reduced TMVL in statistical terms
(Figure 4). With either treatment schedule, pacli-
taxel generally exerted the most prominent antian-
giogenic effect, while cisplatin generally exerted the
most prominent proangiogenic effect. Fluorouracil
bolus doses between 10 and 50 mg/kg did not
significantly affect angiogenesis [16].

Effects on capillary sprouting following metronomic and
bolus treatment with Cyclophosphamide and Paclitaxel

Cyclophosphamide. The metronomic treatment sig-
nificantly reduced the No. SP and lengthened the
shortest Le. SP, those of the 0—10 percentile (Table
III). The bolus treatment (1) significantly length-

Figure 2. Effect on VEGF-A-mediated angiogenesis following
metronomic chemotherapy with cyclophosphamide (two experi-
ments), doxorubicin (four experiments) and paclitaxel (three
experiments). The agents were infused continuously as mono-
therapy or in the case of doxorubicin in combination with
continuously infused N-acetylcystein (NAC) at 192 mg/kg/day
or 64 mg/kg/day for seven consecutive days before sacrifice.
Mean +SEM data for total microvascular length (TMVL) that is
a composite measurement of vascularized area (a measurement of
microvessel spatial extension) times the mean of microvascular
length (a measurement of microvessel density). Each treatment
group comprised 10—14 animals and was compared to vehicle
control. Data expressed as percentage of control. P-values of
statistically significant effects compared with controls are indi-
cated. Significant dose-dependent differences in individual experi-
ments are given as asterisks: *in the case of cyclophosphamide and
**in the case of paclitaxel.

Note that the significant antiangiogenic effect of cyclopho-
sphamide and paclitaxel was observed only when the commer-
cially available antioxidants mannitol and cremophor EL were
used as vehicle and not when saline was used as control vehicle.
Doxorubicin, on the other hand, did not in any of the four
experiments demonstrate a significant angiogenesis-modulating
influence, not even when co-treated with NAC, a potent anti-
oxidant, at two doses. For the effect on sprouting, see Table II.
For comparison with bolus treatment, see Fig. 4.
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Figure 3. Proangiogenic effect on VEGF-A-mediated angiogen-
esis by cisplatin (four experiments) and fluorouracil (five experi-
ments) when infused continuously as monotherapy and when co-
treated with the free-radical scavenger N-acetylcystein (NAC) at
192 mg/kg/day for seven consecutive days before sacrifice. Mean +
SEM data for total microvascular length, TMVL (vascularized
area times the mean of microvascular length) is shown as
percentage of saline vehicle control. Each treatment group
comprised 10—14 animals. Figures indicate statistically significant
effects compared with controls. P-values for differences between
different doses of either cytoxic or due to NAC co-treatment are
also indicated.

No significant antiangiogenic effect was observed following
metronomic treatment with cisplatin and fluorouracil. Instead, a
significant proangiogenic influence was induced by cisplatin in
three of four experiments and with fluorouracil in one of five
experiments. It is noteworthy that the co-treatment with NAC
significantly reduced the angiogenic response of fluorouracil,
while it significantly and fully normalized the proangiogenic effect
of cisplatin. For the effect on capillary sprouting, see Table III.
For effect on microvessel and sprout growth and pattern forma-
tion, see Table 1.

ened the shortest Le. SP, those of the 0-10
percentile, and (2) significantly shortened the
longest Le. SP, those of the 90-100 percentile
(Table III).
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Paclitaxel. The metronomic scheduling significantly
reduced the No. SP and shortened the longest Le.
SP, those of the 90-100 percentile (Table III). The
bolus administration significantly shortened both the
shortest and the longest Le. SP, those of the 0-10
and the 90-100 percentiles (Table IIT). Notably, the
effects of cyclophosphamide and paclitaxel bolus
treatment on sprout lengths were highly significant
in statistical terms, as recorded seven days after
treatment.

Comment

Considering that the median life span of rats that are
commonly used in experiments is in the order of 2.5
to 3 years, 1 week corresponds to ~ 1.6 to 2 months
in humans. Even though this reasoning is simplistic,
one week’s treatment may not be exceptionally short.

Because experiments with cisplatin and fluorour-
acil produced a varying overall result, we looked in
retrospect for any difference in the rats delivered by
the breeder during the extended period during which
the experiments were performed, i.e. virtually all
year round. We noted that the proangiogenic effect
of cisplatin occurred in all the experiments (body
weight increase 60.2—67.2 g), apart from the one in
which the controls displayed the smallest increase in
physiologic body weight (53.6 g) during the period
of chemotherapy. The proangiogenic effect of fluor-
ouracil was observed in the one experiment of the
five experiments performed in which the vehicle
controls displayed the greatest increase in body
weight (70.1 g) during the seven-day chemotherapy;
the body weight increased between 53.6 and 60.2¢g
in the other experiments. A rapid body-weight gain
therefore correlated somehow with a proangiogenic
effect of the metronomic treatment with cisplatin
and fluorouracil. The difference in the body-weight
gain rate of the controls between experiments may
suggest that, despite being healthy and normal in all
conventional respects and being fed identical food,
the animals were not, after all, in an identical state in
all the experiments. The body-weight gain during
the chemotherapy treatment was uncorrelated to the
age or body weight of the animals at the start of the
experiments.

Discussion

From a clinical point of view, metronomic therapy
carries a far greater anticancer potential than con-
ventional chemotherapy, as discussed in the Intro-
duction. In terms of a number of the variables
measured within the expanding microvessel network
in the VEGF-A-mediated angiogenic response, all
the agents except doxorubicin displayed a distinctly
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Figure 4. Data showing total microvascular length, TMVL, mean+SEM. The chemotherapy was given either metronomically as a
continuous infusion (filled squares) on Days 7 to 14 after the start of the angiogenic VEGF-A-treatment (lasting Days 0—4) or as a single
bolus injection (open circles) on Day 7, i.e. 7 days before sacrifice. Each graph compares two separate dose-response experiments. On the
abscissa the dose is expressed as mg/kg/week for continuous infusion or as mg/kg x 1 seven days before sacrifice for i.v. bolus treatment.
Detailed bolus data are published in part in (14). On the ordinate the data are expressed as percentage of the corresponding vehicle control.
The vehicles were the same in the bolus and the metronomic scheduling except for the highest bolus doxorubicin dose for which 0.75 mg/ml
para-hydroxibenzoate, 37.5 mg/ml lactos was used as vehicle. Each treatment group comprised 10—14 animals, apart from the doxorubicin
control group which comprised 8 animals.

Data points labelled with asterisks denote statistically significant differences compared to the respective control (*p < 0.05, **p < 0.01
and ***p < 0.005). In terms of TMVL, cisplatin, cyclophosphamide and paclitaxel exerted significant or almost significant changes that
were similar with either type of administration schedule. By contrast, while doxorubicin bolus treatment significantly suppressed
angiogenesis no such effect was observed following the metronomic treatment. Note also the general trend to a proangiogenic effects, i.e.
values above respective control experiment (100% dotted line), for cisplatin and the antiangiogenic effects for cyclophosphamide and
paclitaxel (and for doxorubicin bolus treatment), 7.e. values below the 100% dotted line.

dose-dependent, drug-specific action following me- bicin bolus treatment, may perhaps indicate that the
tronomic chemotherapy. Distinctly agent-specific metronomic treatment duration was too short.
and dose-dependent effects have previously been Prolonged metronomic treatment is required to
reported following bolus chemotherapy in the model clarify this question.

used here [14,16]. The data are compatible with the Tumors are angiogenesis dependent [3,4] with
notion that most individual cytotoxic agents, regard- only minor exceptions [36]. The main target of
less of scheduling, chiefly target a specific as yet metronomic treatment is the angiogenically activated
unidentified intrinsic component of the complex endothelial cell within the tumor vasculature. One
VEGF-A-mediated angiogenic cascade, as the effect major impediment to the study of the antiangiogenic
of metronomic and bolus treatment on overall effects of chemotherapeutics and treatments is the
angiogenesis ran in parallel for most agents (Figure fact that there is no reliable assay to quantify the
4). The lack of angiogenesis-modulating effect by antiangiogenic effect in tumors [11,12]. Indirect
metronomic doxorubicin treatment (Figure 4), in estimation of the antiangiogenic effect per se of

contrast to the antiangiogenic influence of doxoru- chemotherapy in tumors can, however, be made
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Table I. The effect of on microvessel growth and pattern formation and on capillary sprouting in VEGF-A-mediated angiogenesis
following metronomic treatment with fluorouracil (168 mg/kg/w) as mono-therapy or when co-treated with N-acetylcystein, NAC
(192 mg/kg/day).

Number of microvessel segments per tissue unit volume, No. MS; number of microvessel branching points per tissue volume unit, No. BP;
length of individual microvessel segments (i.e. the actual distance between two successive branching points), Le. MS; number of capillary
sprouts per unit tissue volume, No. SP; and length of individual sprouts, Le. SP. Figures in bold and related p-values indicate significant
difference compared with fluorouracil +saline vehicle. There was no significant difference in statistical terms between the fluorouracil+
saline group and the saline +saline group. Each treatment group comprised 12—14 animals. Not done, N.D. Lengthening of Le. MS or Le.
SP, [+]. Mean+SEM. When NAC was combined with fluorouracil, the microvessel network and capillary sprouts were altered in many
ways: No. MS, No. BP and No. SP were significantly reduced, while the longest Le. MS, those of the 90—-100 percentile, lengthened
significantly, as did the longest Le. SP, those of the 90-100 percentile.

Metronomic treatment

Variable Saline 4 Saline Fluorouracil 4 Saline Fluorouracil+NAC

No. MS 189.7+28.2 235.6+23.0 161.5+19.4 (p <0.005)
No. BP 170.6 +23.4 203.7+18.6 142.4+16.0 (p <0.02)
Le. MS, median, pym 71.9 65.4 66.2

Le. MS, range, um 6-19 5-18 6-19

0—10 percentile

Le. MS, range 199-571 189-590 204-586 (p <0.0004) [+]
90—-100 percentile

No. SP N.D 85.2+3.4 69.3+5.4 (p <0.004)

Le. SP, median, pm N.D 220.8 262.7

Le. SP, range, pm N.D 19-74 28-77

0—10 percentile

Le. SP, range, pm N.D 622-1490 687-1664 (p <0.0001) [+]

90-100 percentile

Table II. Effect on capillary sprouting in VEGF-A-mediated angiogenesis following metronomic treatment with the antiangiogenic
cytotoxics cyclophosphamide and paclitaxel and the proangiogenic cytotoxics cisplatin and fluorouracil for seven consecutive days before
sacrifice. Number of capillary sprouts per unit tissue volume, No. SP; and length of the individual capillary sprouts, Le. SP.

All Le. SPs were pooled and ranked according to size in each treatment group. For statistical comparisons of the treatment groups, we
focused on the shortest and the longest sprouts, i.e. those of the 0—10 and 90—100 percentiles. Lengthening of Le. SP, [+]. Shortening of
Le. SP, [ —]. P-values are for comparison with vehicle controls. Each treatment group comprised 10—12 animals. The number of sprouts
(No. SP) varied between 768 and 1,369 per treatment group. Mean + SEM. Cyclophosphamide and paclitaxel significantly reduced the No.
SP. Cisplatin, on the other hand, increased the No. SP significantly, while fluorouracil insignificantly increased the No. SP. Moreover,
cisplatin, fluorouracil and paclitaxel significantly shortened the shortest Le. SP, those of the 0—10 percentile, and insignificantly reduced the
median Le. SP. By contrast, cyclophosphamide insignificantly lengthened the shortest Le. SP and significantly lengthened the median Le.
SP. Clearly, sprouting was affected agent-specifically.

Le. SP, um

Dose mg/kg/w No. SP (% of controls) Median 0-10 percentile range ~ 90-100 percentile range

OVERALL ANTIANGIOGENIC EFFECT, see Figure 2

CYCLOPHOSPHAMIDE

Control/mannitol vehicle 89.17+4.61 (100) 225.9 (100) 12-72 622-1443

100 64.00+4.62 (72) 280.2 (124) 22-83 [+] 650-1315 [—]
p <0.001 p <0.001

PACLITAXEL

Control/cremophor vehicle 90.70+£6.69 (100) 233.9 (100) 16-72 618-1348

16 71.60+7.56 (79) 195.2 (83) 12-72 [ -] 484-1208 [—]
p <0.05 p <0.0001

OVERALL PROANGIOGENIC EFFECT, see Figure 3

CISPLATIN

Control/saline vehicle 78.90+5.81 (100) 245.5 (100) 29-81 627-1718

2 114.12+5.68 (145) 229.0 (93) 6-771—1 599-1169 [—]
p <0.025 p <0.05

FLUOROURACIL

Control/saline vehicle 85.00+5.19 (100) 247.3 (100) 18-72 670-1414

168 95.70+7.57 (113) 215.4 (87) 28-77[—1 587-1478 [—]

p <0.0001
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Table III. Metronomic and bolus treatment: Effect on capillary sprouting in VEGF-A-mediated angiogenesis by paclitaxel and
cyclophosphamide. The number of sprouts per unit tissue volume, No. SP; the length of individual sprouts, Le. SP, in terms of the shortest
Le. SP, i.e. the 0—10 percentile, the longest Le. SP, i.e. the 90—100 percentile; and the median Le. SP.

The bolus data are from [16]. The vehicles were the same in the bolus and the metronomic scheduling. Paclitaxel was given
metronomically at 16 mg/kg/w for seven consecutive days and at 10 mg/kg when given as a single intravenous bolus injection seven days
before sacrifice. Cyclophosphamide was given metronomically at 100 mg/kg/w for seven consecutive days and at 60 mg/kg when given as a
single intravenous bolus injection seven days before sacrifice. P-values are given for differences with vehicle controls. Statistically
insignificant difference compared with vehicle controls, n.s. Lengthening of Le. SP, [+]. Shortening of Le. SP, [ —]. Each treatment group
comprised 9 or 12 animals. The number of sprouts (No. SP) per treatment group varied between 768 and 1,088. The metronomic and
bolus treatments induced approximately similar effects on the No. SP and the Le. SP with the exception of cyclophosphamide.
Cyclophosphamide metronomic treatment significantly reduced the No. SP, while the cyclophosphamide bolus treatment insignificantly
increased the No. SP.

Mean % difference from vehicle control

Variable Administration Cyclophosphamide Paclitaxel
No. SP Metronomic —28% (p<0.001) —21% (p <0.05)
Bolus +18%, n.s. — 9%, n.s.
Le. SP 0-10 percentile Metronomic [+] (p<0.01) [—] ns.
Bolus [+] (p <0.005) [—] (p <0.0006)
Le. SP 90-100 percentile Metronomic [—] (p<0.0001) [—] (p<0.0001)
Bolus [—] (p <0.0001) [—] (p <0.0001)
Le. SP median Metronomic +24% —17%
Bolus +/—=0% —8%

using various assays including the dorsal skin fold
and cranial window assays allowing intravital micro-
scopy, as well as other microscopic models [15,37].
In an effort to circumvent this impediment, we used
the tumor-free, normally vascularized rat mesentery
as a surrogate tissue for the true quantitative
assessment of the angiogenesis-modulating influ-
ences of chemotherapy per se. Like all models, the
angiogenesis assay used here has certain limitations
when it comes to the study of the angiogenesis-
modulating effect of chemotherapy in tumors, as
discussed elsewhere [14].

Despite the fact that angiogenesis in tumors often
leads to a highly disorganized vasculature [38],
endothelial cells in tumor blood vessels use the
same signaling pathways as endothelial cells in
tumor-free tissue, although there may be some
distinctions between tumor and non-tumor endothe-
lium at the mRNA level [13,39]. It is obvious that
the present model of visceral angiogenesis in tumor-
free tissue might display many differences compared
with tumor angiogenesis that is subjected not only to
the local imbalance between pro- and antiangiogenic
endogenous factors but also to hypoxia and substrate
deprivation. The present assay has, however, been
shown closely to reflect the actual growth-retarding
and indirectly assessed antiangiogenic effects of
metronomic chemotherapy in a syngeneic rat pros-
tate cancer model [15], which is noteworthy. To
imitate the clinical situation, outbred animals were
used instead of inbred or genetically manipulated
animals. This fact may partly explain the often
greater intra- and inter-experimental variations ob-
served, as genetic loci appear to control individual

angiogenic potential, including VEGF-A-induced
angiogenesis [40,41]. In previous series of experi-
ments not involving cytotoxics, we have not observed
such a marked degree of variation in the outcome
between successive experiments as that following
cisplatin and fluorouracil treatment in the present
study.

The data presented here appear to constitute the
first demonstration of low-dose metronomic or
continuous chemotherapy (with cisplatin and fluor-
ouracil) being able to stimulate angiogenesis i vivo.
It is important to emphasize that these data do not
refute the existence of endothelial-cell proapoptotic,
cytotoxic and antiangiogenic effects of continuous
low-dose therapy with a number of cytotoxics in
mice [5,7,8,10], as was also found in the present
study in terms of cyclophosphamide and paclitaxel.
In the present study, a proangiogenic effect by low-
dose continuous treatment occurred frequently in
the case of cisplatin and infrequently in the case of
fluorouracil. The proangiogenic effect was dose
dependent in a non-linear fashion, suggesting a
finely tuned dose-effect situation.

Many chemotherapeutic agents, including cispla-
tin, are potent pro-oxidative stressors [42,43]. No-
tably, the infusion of NAC, a potent antioxidant,
which, when administered as monotherapy did
not significantly affect overall angiogenesis. When
co-treated with cisplatin NAC completely negated
the proangiogenic effect of cisplatin and significantly
suppressed angiogenesis in animals co-treated with
fluorouracil. The data support the possibility that
subtle changes in the quantity of reactive oxygen
species, ROS, following chemotherapy can stimulate



VEGF-A-mediated angiogenesis under certain con-
ditions. Interestingly, NAC acts antiangiogenically in
mice in the s.c. Matrigel assay [44] and promotes the
production of the endogenous antiangiogenic pep-
tide angiostatin in a human orthotopic xenograph
breast cancer model in athymic mice [45]. In the
present study, NAC co-administered with fluorour-
acil significantly affected certain variables related to
microvessel pattern formation and capillary
sprouting (Table I). Clearly, the role of NAC in
chemotherapy-mediated angiogenesis modulation
may be complex. Our additional finding that vehicles
with an antioxidant character, i.e. mannitol and
cremophor, were conductive in the antiangiogenic
outcome of the metronomic cyclophosphamide and
paclitaxel scheduling (Figure 2) suggests that ROS
may play a yet unexplored and important role
in low-dose chemotherapy-induced angiogenesis
modulation.

Signal studies have identified a cascade compris-
ing Ras—Raf-MEK1-ERK1/2 as the main pathway
mediating oxidative stress-stimulated VEGF-A tran-
scription [46]. The autocrine expression of VEGF-A
has been detected in endothelial cells under oxida-
tive stress [47]. Moreover, the expression of many
additional genes related to angiogenesis, including
those of FGF, PDGF, the VEGF-A receptors R1
and R2 and Ang-1 and Ang-2, is likely regulated or
influenced by redox signaling [48]. Our finding of
occasional proangiogenic effects by metronomic
chemotherapy appears to be in line with the findings
by Klement et al. [8] in tumor-bearing mice. They
state “in some cases the various low-dose metro-
nomic chemotherapy protocols that were studied
stimulated tumor growth for reasons that were
unclear”. Notably, it was recently reported for the
first time that low-dose irradiation can exert ROS-
related proangiogenic effects in an experimental
tumor [49].

Circulating endothelial progenitors (CEPs) may
play important roles in angiogenesis. The CEPs are
mobilized in the bone marrow and homes to sites of
neovascularization, thereby enhancing angiogenesis
[50]. The low-dose metronomic administration of
cyclophosphamide is associated with a reduction in
CEPs, which, if anything, tends hardly to stimulate
angiogenesis, while a single high dose of cyclopho-
sphamide causes the vigorous mobilization of CEPs
[51], which tends to promote angiogenesis. It there-
fore appears less likely that the proangiogenic effect
of the metronomically administered cisplatin and
fluorouracil, as observed in the present study, is
explained by the increased mobilization of CEPs.

It is noteworthy that the effect of paclitaxel and
cyclophosphamide bolus treatment on capillary
sprouting at the edge of the expanding network
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was statistically significant, as observed one week
post-treatment (Table III). Since the half-life of
paclitaxel and cyclophosphamide in rats is reportedly
7.6+3.6 hrs (mean+SD) and 0.5-1hrs (mean)
respectively [52,53], the data indicate a remarkably
delayed effect on capillary sprouting by these agents,
in agreement with our previous findings [16]. This
may reflect a secondary effect of the cytotoxics
possibly due to induction of an endogenous inhibitor
of angiogenesis such as thrombospondin [2,51].

It is clear from the present data that the formula-
tion of the vehicle may strongly influence the
antiangiogenetic response by paclitaxel, cyclopho-
sphamide, cisplatin and fluorouracil. Moreover,
using clinically relevant concentrations, the vehicles,
i.e. polysorbate 80 and Cremophor EL, used for
docetaxel and paclitaxel could demonstrate an in-
dependent antiangiogenetic effect in wvitro [54] as
assessed in an endothelial cell proliferation assay and
the rat aortic ring assay. Furthermore, these deter-
gents decreased the antiangiogentic response com-
pared to DMSO (a strong antioxidant) when
included in the formulation of docetaxel and pacli-
taxel, resulting in the need for higher concentrations
of these cytotoxics in order to obtain a detectable
antiangiogentic effect in virro. This might be some-
what similar to our present finding that paclitaxel
and cyclophosphamide displayed significant antian-
giogentic effect when diluted in cremophor EL:etha-
nol and mannitol, respectively, but not when diluted
in saline. Notably, in our system, there is no
significant difference in the angiogenic response to
VEGF-A following one week’s s.c. infusion of
cremophor EL: ethanol and saline as monotherapy.
Therefore, from the present data, an emerging
possibility of enhancing the antiangiogenetic re-
sponse to metronomic antiangiogenetic chemother-
apy by adding an oxygen radical scavenging
compound has risen.

In the clinical situation, the presently several
emerging per oral formulations of cytotoxic drugs
probably best mimic our use of continuous infusion.
As such, the present data raise a concern for the use
of, for instance, per oral 5-fluorouracil prodrugs,
although technically a metronomic treatment and
possibly antitumoral in effect, it is not necessarily an
antiangiogenetic therapy. However, all conversions
of preclinical data to the clinical situation are
subjected to many pitfalls, and thus need to be
tested independently. Our data on doxorubicin,
would appear to suggest that the antiangiogenic
effects are best achieved when low i.v. doses are
given at frequent intervals rather than using a
constant low-dose exposure. Also, from Figure 4,
we can note approximately similar dose-related
effects for metronomic and bolus scheduling of
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cyclophospahmide and paclitaxel, indicating that
these drugs have antiangiogentic effects by either
mode of administration, which could hypothetically
be utilized best in the clinically most tolerable
fashion. One can, moreover, anticipate that patients
receiving low-dose metronomic monochemotherapy
with specific agents, such as fluorouracil and cispla-
tin, might, under certain conditions that need
elucidation, occasionally display increased tumor
angiogenesis.

Each tumor or tumor model may be unique in its
response to any particular type of chemotherapy.
This is because of genomic heterogeneity among the
tumor cells and the cross-talk that takes place
between the tumor cells and the non-tumor immune
cells including mast cells, fibroblasts, the endothelial
cells, and the extracellular matrix within the tumor
tissue [18,55,56]. The influence of chemotherapy on
tumor angiogenesis may, moreover, be site depen-
dent [55,57,58]. Visceral organs such as the lungs,
liver, bone and brain are frequent sites of metastasis.
The fact that our test tissue is visceral, natively
vascularized and unexposed to surgical intervention
(thereby avoiding wound healing-related angiogen-
esis) should make it highly biologically relevant, in
addition to the fact that the variables recorded are
objective and quantitative, a prerequisite for precise
dose-effect studies. We believe that the present
observations of drug-specific angiogenesis modula-
tion by metronomic treatment, which for some
agents was significantly influenced by the presence
of exogenous antioxidants, will help in the design of
future chemotherapy protocols.
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