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One of the preconditions of effective anticancer therapy 
is efficient transfer of the therapeutic agent (chemother-
apeutic) to tumor cells. Fundamental barriers making 
drug delivery and action difficult include underoxygena-
tion, elevated interstitial pressure, poor and abnormal 
tumor blood vascular network and acidic tumor mi-
lieu. In this study we aimed at developing an optimized 
scheme of administering a combination of an angiogen-
esis-inhibiting drug (vasostatin) and a chemotherapeu-
tic (cyclophosphamide) in the therapeutic treatment of 
mice bearing experimental B16-F10 melanoma tumors. 
We report that the strongest tumor growth inhibition 
was observed in mice that received two, three or four 
vasostatin doses in combination with one injection of 
cyclophosphamide (i.e., V2 + CTX, V3 + CTX or V4 + CTX 
schemes). Double administration of vasostatin increases 
oxygenation of B16-F10 tumors. On the other hand, 
its five-fold administration lowers tumor oxygenation, 
breaks down tumor vascular network (increasing hypox-
ia) and leads in consequence to death of cancer cells and 
appearance of necrotic areas in the tumor. A decreased 
cyclophosphamide dose in combination with two doses 
of vasostatin (V2 + CTX scheme) inhibits tumor growth 
similarly to a larger dose of cyclophosphamide alone.
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InTRODuCTIOn

Abnormal tumor blood vascular network and poor 
penetration of cancer cells by drugs are basic causes of 
low efficacy of most anticancer strategies (Jain, 2001; 
Cairns et al., 2006; Minchinton & Tannock, 2006; Vau-
pel, 2006; Fukumura & Jain, 2007). According to Jain 
et al. (2004) improved functioning of tumor vasculature, 
the so-called normalization of tumor blood vessels, may 
substantially affect accessibility of drugs to cancer cells 
(Tong et al., 2004; Goel et al., 2012). The phenomenon is 
based on reestablishing the equilibrium between proan-
giogenic and antiangiogenic factors thanks to which tu-
mor blood vessels become functionally similar to normal 
vessels (Jain, 2005; Carmeliet & Jain, 2011).

Antiangiogenic drugs, when administered according 
to a specific scheme, allow achieving the so-called “nor-
malization window”. Only during the presence of such 
a window is it possible to observe better oxygenation of 

tumor tissue (and decreased hypoxia) as well as lowered 
intratumoral pressure (Tong et al., 2004; Jain, 2005; Mat-
sumoto et al., 2011). The “normalization window” is a 
short-term episode lasting no longer than a few days. At 
its conclusion tumor blood vessels start reverting to the 
conditions prior to normalization.

We here aimed at finding out an optimum scheme 
of administering an antiangiogenic-acting protein (va-
sostatin) in combination with cyclophosphamide, a well-
known chemotherapeutic. As a therapeutic model we 
chose experimental B16-F10 malignant melanoma tumors 
borne by C57Bl/6 mice. Vasostatin is the N-terminal do-
main of calreticulin, a protein found inside the endoplas-
matic reticulum. In vivo, its activity inhibits angiogenesis 
whereas in vitro inhibition of proliferation of endothelial 
cells stimulated by basic fibroblast growth factor (bFGF) 
or vascular-endothelial growth factor (VEGF) has been 
observed (Jazowiecka-Rakus et al., 2006; Cai et al., 2008; 
Sun et al., 2008).

The strongest inhibition of tumor growth was ob-
tained applying a combination of two, three or four 
vasostatin administrations with one of dose cyclophos-
phamide. Other combinations turned out to be less ef-
fective, since further administration of vasostatin caused 
destruction of tumor cells and formation of necrotic 
areas. As a result, High-Mobility Group Box-1 Protein 
(HMGB1) is released into the extracellular space. This 
protein participates in the formation and growth of tu-
mor blood vessels which, in turn, leads to rapid tumor 
regrowth (Smolarczyk et al., 2010).

We decided to use vasostatin in our experiments as 
we had used this protein in our earlier investigations. 
This study is a follow-up of the experiments carried out 
by Jazowiecka-Rakus et al. (2007). They confirmed that 
the combination of these two drugs was superior com-
pared to either drug administered alone. We here decid-
ed to verify the possibility of developing a therapeutic 
scheme that would further improve the effect that had 
been observed before.

MATeRIAls AnD MeThODs

Cell culture. Murine melanoma B16-F10 cells (ATCC) 
were propagated in RPMI 1640 supplemented with 10% 
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fetal bovine serum (FBS). Cell culture was maintained in 
a standard 37ºC/5% CO2 incubator. Cells were passaged 
every 2–3 days.

Animals. Mice (6- to 8-week-old C57Bl/6 females) 
were from own animal facility. Consent for work with 
animals was obtained from the local Ethics Commission 
(Silesian Medical University in Katowice).

Isolation and purification of vasostatin. Recom-
binant MBP/vasostatin fusion protein (vasostatin) was 
obtained and purified using pMAL System (Protein 
Fusion and Purification System, New England BioLa-
bs, MA, USA). Isolation and purification was done es-
sentially according to (Jazowiecka-Rakus et al., 2006).

Therapy of B16-F10 tumor-bearing mice using 
a combination of vasostatin with cyclophospha-
mide. Mice had their left dorsal side shaved and were 
then inoculated subcutaneously with B16-F10 cells 
(2×105/100 μL PBS¯/animal). Experimental therapy 
was started when tumors reached ca. 65 mm3 (7 to 
8 days following inoculation with cancer cells). Va-
sostatin was injected intratumorally using 60 μg/
mouse/100 μL FB solution (Formulation Buffer con-
sisted of sterile saline solution containing 5% human 
albumin and 0.5% mannitol) (Jazowiecka-Rakus et al., 
2006). Experimental animal groups (n=5), differing 
by the number of vasostatin doses applied, were set 
up (V1–V5). Subsequent vasostatin injections were 
performed at 24-hour intervals. Single doses of cyclo-
phosphamide (CTX) were injected peritoneally (100 
or 170 mg/kg body mass) 24 hours following the last 
vasostatin administration (see Browder et al., 2000). 
Tumor growth was evaluated daily using caliper mea-
surements. Tumor volumes were calculated using the 
formula: V [mm3] = (width)2 × (length) × 0.52.

Determination of hypoxic regions in B16-F10 
murine melanoma tumors following therapy with 
vasostatin. Throughout this series of experiments 60 
μg of vasostatin/mouse (in 100 μL FB) was injected 
intratumorally, typically on the 6th day following inoc-
ulation of animals with B16-F10 cells when the tumor 
volume reached ca. 65 mm3. Determination of hypox-
ic regions was accomplished using HypoxyprobeTM-1 
kit (Chemicon, CA, USA), in accordance with the 
manufacturer’s protocol. One hour prior to material 
collection animals were given intravenous injection of 
pimonidazole (60 mg/kg body weight). Material from 
five tumors obtained from every experimental group 
was excised, cut and stained. The excised tumor tis-
sue was fixed for 24 hours in 2% paraformaldehyde 
(pH=7.2), paraffin-embedded, cut into 5-6 μm-thick 
sections and stained with HypoxyprobeTM-1 and 
counterstained with hematoxylin-eosin. The range of 
hypoxia-characteristic colors was determined arbitrari-
ly on the basis of DAB staining intensity, using a pos-
itive reference section. Due to size constraints, each 
section was divided into several observation fields (5–
7), which were then photographed (Nikon Eclipse 80i 
fluorescence microscope, 40×magnification). Hypoxia 
was quantified with the analySISD software. Ratios of 
hypoxic phase to the sum of hypoxic and non-hypox-
ic phases (the sum was assumed to equal the section 
surface area) obtained for particular fields were aver-
aged. Tumor hypoxia was calculated from the ratios 
obtained from 6–8 sections.

Immunohistochemical identification of High-
Mobility Group Box-1 Protein (HMGB1). Paraf-
fin-embedded B16-F10 tumor sections were deparaf-
finized, hydrated, and incubated in 0.3% H2O2. Anti-
gen retrieval was achieved by boiling in citrate buffer 

(10 mM; pH 6.0), whereas nonspecific binding was 
blocked with 2.5% horse serum. The sections were 
incubated at RT for 1 hour with rabbit anti-HMGB1 
primary antibody (0.7 mg/mL; diluted 1:100, Abcam) 
and with horse anti-rabbit secondary antibody conju-
gated to horseradish peroxidase (HRP; EC 1.11.1.7) 
from ImmPRESSTM REAGENT Anti-Rabbit Ig kit 
(Vector). In order to obtain the final colored product 
the preparations were incubated with 3-diaminobenzi-
dine (DAB) from ImmPACTTM DAB kit. The enzy-
matic reaction yielded a brown-colored product. The 
preparations were then dehydrated and mounted with 
VectaMountTM medium.

Statistical analysis. Differences between groups were 
determined by applying ANOVA followed by the Tukey 
post hoc test. A p-value lower than 0.05 was considered 
statistically significant.

ResulTs

effect of vasostatin and CTX administration on the 
extent of B16-F10 tumor oxygenation

The improvement in tumor oxygenation was de-
pendent on the number of vasostatin injections per-
formed. The appearance of increased oxygenation 
areas was accompanied by a concomitant decrease of 
hypoxic areas. After the second vasostatin administra-
tion the oxygenation of tumor tissue rose from 21% 
(V1) to 49% (V2), and to 55% (V3) following three 
administrations of the drug. Five administrations of 
vasostatin (V5) resulted in decreased oxygenation, 
down to 17% (Fig. 1). The strongest inhibition of tu-
mor growth was observed when two, three or four 
vasostatin injections were combined with one dose of 
cyclophosphamide (V2+CTX; V3+CTX or V4+CTX 
schemes) (Fig. 2).

Figure 1. effect of vasostatin on the extent of hypoxia in B16-
F10 tumors.
Tumor hypoxic regions were assessed using HypoxyprobeTM-1 
kit (see: Materials and Methods). Vasostatin administration was 
started six days after inoculation of mice with B16-F10 cells, when 
tumor volumes reached ca. 65 mm3. Six experimental groups (n=5 
animals) were set up. Twenty-four hours following last vasosta-
tin administration the mice were sacrificed and tumor material 
excised. Bars show percentage proportions of hypoxic and oxy-
genated tumor areas. The sum of both bars corresponds to total 
surface area (100%) of the examined tumor sections. Bar data 
are averages from 6–8 sections obtained from different regions 
of two separate tumors (for details see: Materials and Methods). 
The number of vasostatin injections (e.g., V3) is given. *p<0.007 
hypoxia compared in groups V1 and V3 Tukey post hoc analysis 
after ANOVA. **p<0.007 oxygenation compared in groups V1 and 
V3 Tukey post hoc analysis after ANOVA.
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effect of repeated vasostatin administration on the 
structure of B16-F10 tumors

Administration of five consecutive doses of vasostatin 
causes destruction of tumor blood vessels, death of 
cancer cells and appearance of necrotic domains within 
tumors. As a result of these processes, HMGB1 (High-
Mobility Group Box-1 Protein) protein is released into 
the intercellular space (Fig. 3).

effect of V2+CTX vasostatin-cyclophosphamide 
combination at low CTX dose (100 mg/kg body weight) 
on B16-F10 tumor growth

When administered vasostatin in combination (60 μg/
animal/100 μL FB) with cyclophosphamide at 100 μg/g 
body weight, B16-F10 tumor growth was inhibited to 
the same extent as cyclophosphamide alone but at a 
substantially higher dose (170 μg/g body weight). With 
the higher cyclophosphamide dose, combination therapy 
with vasostatin gave, however, the best therapeutic ef-
fects (Fig. 4).

DIsCussIOn

The most frequently observed effect of antitumor 
therapies is only partial elimination of cancer cells. This 
severe limitation of efficacy of current strategies is due 
to the specific structure and the physico-chemical prop-
erties of the tumor milieu, and/or to drug resistance of 
cancer cells. An abnormal structure of the tumor blood 
vessels and dysfunction of lymphatic vessels lead to in-
creased intratumoral pressure inhibiting transfer of che-
motherapeutics as well as leaking of the interstitial fluid 
(containing the drug) outside of the tumor. The low pH 
of the extracellular matrix (acidification of tumor mi-
croenvironment due to anaerobic metabolism of cancer 
cells) may inhibit or even inactivate drug action (Cairns 
et al., 2006). Drug resistance can be elicited by overex-

pression of proteins involved in chemotherapeutics’ re-
moval from cells or proteins involved in repair of DNA 
damage that occurred in the course of therapy (Marti-
nez-Lacaci et al., 2007).

Single-drug anticancer therapies have mostly proven 
unsuccessful. Much better effects can be obtained with 
multidrug therapies or approaches combining varying 
therapeutic strategies (e.g., chemotherapy combined with 
radiotherapy). The goal of our study was to establish the 
best therapeutic scheme of administering a combination 
of two drugs (vasostatin and cyclophosphamide) in the 
treatment of mice bearing experimental B16-F10 malig-
nant melanoma tumors.

Figure 2. effect of various vasostatin-cyclophosphamide combi-
nations on growth of B16-F10 murine melanoma tumors.
Vasostatin administration was started six days after inoculation of 
C57Bl/6 mice with B16-F10 cells, when tumor volumes reached 
ca. 65 mm3. Experimental groups (n=5), differing by the number 
of vasostatin doses applied, were set up (V1–V5). Five different 
vasostatin-cyclophosphamide combinations were evaluated. Va-
sostatin doses were injected intratumorally (60 μg/mouse/100 μL 
FB). Subsequent vasostatin injections were performed at 24-hour 
intervals. Single doses of cyclophosphamide (CTX) were injected 
peritoneally (170 mg/kg body mass). The graph shows tumor vol-
umes on the corresponding day of therapy. Each data point on 
the graph represents averaged volume of five tumors. Numerals 
denote the number of vasostatin administrations, e.g., V4 means 
four injections. Graphs depicting survival curves for untreated as 
well as vasostatin alone-treated mice can be found in Jazowiecka-
Rakus et al. (2007).

Figure 3. effect of subsequent vasostatin doses on the structure 
of B16-F10 murine melanoma tumors.
For experimental details see Fig. 1. Micrographs show: tumor hy-
poxic areas (brown); HMGB1 protein (brown) in cells (control, V3) 
and in extracellular space (V5). Magnification: 4× (hypoxia); 20× 
(HMGB1).

Figure 4. effect of administering V2 + CTX combination on B16-
F10 tumor growth.
Vasostatin administration was started six days after inoculation 
of mice with B16-F10 cells, when tumor volumes reached ca. 
65 mm3. Vasostatin doses were injected intratumorally (60 μg/
mouse/100 μL FB). Subsequent vasostatin injections were per-
formed at 24-hour intervals. Single doses of cyclophosphamide 
(CTX) were injected peritoneally (100 or 170 mg/kg body mass). 
Each data point represents averaged tumor volume (±S.D.) from 
five animals.
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The study is a follow-up of experiments carried out 
by Jazowiecka-Rakus et al. (2007). It was then confirmed 
that the combination of these two drugs was superior 
compared to either drug administered alone. We here 
decided to verify whether it was possible to develop a 
therapeutic scheme that would further improve the ef-
fect observed previously. We also attempted to inves-
tigate how vasostatin enhanced the therapeutic effect 
obtainable with cyclophosphamide as well as the impact 
of vasostatin on tumor tissue oxygenation. We observed 
that, depending on the amount of vasostatin delivered, 
the extent of oxygenated tumor areas is variable. Fol-
lowing single vasostatin injection the oxygenated area 
dwindled from 50% (control group) to 21% in the inves-
tigated experimental tumor sections. A single injection of 
vasostatin is not enough to normalize the blood vessels 
and the higher level of hypoxia is due to tumor growth. 
After two or three vasostatin administrations the extent 
of oxygenated area rose, reaching ca. 55%, only to re-
treat to 17% after five administrations.

In the experiments that followed vasostatin therapy 
was complemented with cyclophosphamide, which was 
administered 24 hours after the final vasostatin injec-
tion. It was observed that two-, three- or four-fold in-
jection of vasostatin (60 μg/mouse) following single in-
jection of cyclophosphamide (170 μg/g body mass), i.e., 
the V2 + CTX or V3 + CTX or V4 + CTX admin-
istration schemes effectively inhibited tumor growth. A 
similar growth arrest was not observed for single (V1 + 
CTX scheme) or five-fold vasostatin administration (V5 
+ CTX scheme). Five injections of vasostatin destroyed 
the tumor blood vessels, caused death of neoplastic cells 
and brought the appearance of necrotic areas within the 
tumor (hypoxia) (Fig. 3). As a result of these processes 
HMGB1 protein was released into the extracellular space 
(Fig. 3). This protein is partly responsible for the forma-
tion and growth of new tumor blood vessels and, ulti-
mately, for rapid tumor regrowth.

The growth inhibition of tumors treated with vari-
ous combinations of vasostatin and cyclophosphamide is 
linked to an increased oxygenation of the tumor tissue. 
Well-oxygenated regions were detected in sections of tu-
mor tissue derived from mice treated with two, three or 
four injections of vasostatin. No such increase could be 
detected in tumor material obtained from mice treated 
with one or five injections of vasostatin. On the other 
hand, in tumors from control mice treated with cyclo-
phosphamide alone, in which well-oxygenated tumor 
regions are comparable to those in tumors from mice 
treated with two doses of vasostatin, no tumor growth 
inhibition was detected. Thus, not only an increased tu-
mor tissue oxygenation can enhance therapeutic efficien-
cy of cyclophosphamide, but also the cytotoxic effect of 
vasostatin could be at play.

Angiogenesis inhibitors, which prevent formation of 
new blood vessels also cause, according to Jain (2005), 
the occurrence of the so-called “normalization window”. 
Such a window denotes a short period during which 
morphological properties of tumor blood vessels be-
come improved; among other things, the pericyte cover-
age of blood vessels is enhanced, basement membrane is 
formed, the density of vessels increases and they become 
less leaky (Carmeliet & Jain, 2010; Matsumoto et al., 
2011; van Baumagarten et al., 2011; Ribatti, 2011). Their 
diameter is also reduced (Tong et al., 2004; Winkler et al., 
2004). Owing to these changes, conditions appear within 
the tumor that are conducive towards access of drugs to 

cancer cells (Tong et al., 2004; Jain, 2005; Chabot et al., 
2011; Goel et al., 2011; 2012).

It is commonly assumed that this is the best mo-
ment to commence chemo- or radiotherapy (Kozin et al., 
2001; Jain, 2005; Segars et al., 2006; Goel et al., 2012). 
An improved tumor oxygenation was observed in our 
study about 24 hours after the second vasostatin admin-
istration and lasting for the next two days. Our results 
show some similarity to those obtained by Segara et al. 
(2006) who used thalidomide to normalize tumor vascu-
lature. In our opinion vasostatin, similar to the CD101 
antibody or thalidomide, may lead to the appearance of 
a “normalization window” leading to normalized tumor 
vasculature.

Vasostatin administered in a suitable combination with 
cyclophosphamide enhances its therapeutic efficacy. The 
chemotherapeutic injected at a dose of 100 mg/kg body 
mass, when complemented with vasostatin injections 
(2×60 μg/mouse), yields therapeutic results comparable 
to those of cyclophosphamide at a dose of 170 mg/kg 
body mass.

In the presented experiments we used B16-F10 mu-
rine melanoma tumor model since in our earlier studies 
we also used that model. Unfortunately, it is a very fast-
growing tumor and we had to commence therapeutic ex-
periments when the tumor size did not exceed about 65 
mm3 in order to generate meaningful data. In the near-
est future we plan to carry out similar experiments using 
an orthotopic GL261 murine glioma tumor model. We 
believe that this model is perfectly suitable for antiangio-
genic studies.

One should mention that vasculature normaliza-
tion could affect therapy in both positive and negative 
way. The former effects include augmented efficacy of 
chemo- and radiotherapy while the latter include in-
creased possibility of metastasis (Liu et al., 2011). In our 
experiments we did not observe formation of metasta-
ses; instead we noted an abrupt resumption of the tumor 
growth following cessation of vasostatin administration.

TO COnCluDe

Since we have been unable to demonstrate undisput-
ably the presence of vasculature normalization process 
by assessing, for example, pericyte coverage or increased 
vascular permeability, we can only suppose that vasosta-
tin, an antiangiogenic protein, increases oxygenation of 
B16-F10 tumor tissue when administered in appropriate 
doses and sequence. This probably reflects normalization 
of the tumor vasculature and follows generation of the 
so-called “normalization window”. While the window 
lasts, concurrent administration of cyclophosphamide en-
hances its effectiveness.
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