
Abstract. Angiogenesis inhibitors may enhance the effects
of low dose (metronomic) chemotherapy. However, there is a
wide range of novel angiogenesis inhibitors which must be
tested in combinations with oral chemotherapy agents to
assess the anti-endothelial and anti-cancer effects. This
preliminary testing is most suited to high throughput in
vitro models, rather than clinical trials. We aimed to establish
an in vitro model and test the anti-endothelial and anti-cancer
effects of the multi-kinase inhibitor sorafenib when used as a
single agent and in combination with oral chemotherapy
agents used at low concentrations. Micro-vascular endothelial
cells and 3 cancer cell lines were utilised and an extended
treatment strategy (96 h) was employed in order to mimic a
continuous low dose anti-angiogenic chemotherapy regimen.
Sorafenib significantly enhanced the anti-endothelial effect
of low dose etoposide, paclitaxel and temozolomide.
Sorafenib also significantly enhanced the anti-cancer effect
of low dose etoposide, paclitaxel and temozolomide in SK-
MEL-2 melanoma cells, producing an additive effect on
inhibition of cell growth in all cases. These combinations
appear to be the most promising for in vivo pre-clinical
studies, with a view to testing in melanoma patients as a
continuous dosing strategy, due to the in vitro additive

inhibitory effect on growth seen in both endothelial and cancer
cells.

Introduction

Cancer therapy has traditionally focussed on achieving a
cytotoxic effect. Combinations of agents have subsequently
been employed in pursuit of the maximum possible cytotoxic
effect. This is an empirical approach which is highlighted
by the structure of conventional phase I-III trials, some of
which include combination regimens. Combination regimens
have traditionally been based on the avoidance of toxicities
common to different agents and also on modest cancer-
specific effects seen in the early stages of development of
the drug. While the number of agents available in the early
days of cancer treatment was slow to increase, this empirical
approach remained unchallenged. However, the last decade
has seen the emergence of multiple novel agents with potential
anti-cancer effects. Only a small proportion of these have
been developed as conventional non-specific cytotoxic chemo-
therapy agents and the majority have been developed as oral
agents that are molecularly targeted. One of the most prolific
areas within targeted agent development and testing has
been that of angiogenesis inhibitors (1). Furthermore, some
traditional cytotoxic chemotherapy agents, such as the
microtubule-targeting taxanes, are now known to also have
anti-angiogenic properties (2,3).

The traditional ‘maximum tolerated dose’ (MTD) chemo-
therapy approach relies on the ‘maximum dose for maximum
efficacy’ theory, but more often than not results in severe
systemic side effects, development of tumour resistance and
the requirement for long rest periods to allow patient recovery.
These rest periods have since been shown to cause increased
tumour angiogenesis, which is counter-productive in disease
control (4-7). The conventional MTD scheduling of traditional
cytotoxics is not necessary for an anti-angiogenic effect to be
observed, and this has led to the investigation of continuous
low dose ‘metronomic’ (LDM) anti-angiogenic chemotherapy
schedules using an oral dose which is significantly lower
than the MTD (8-12). The potential benefits of LDM oral
chemotherapy over traditional MTD chemotherapy regimens
include reduced systemic side effects, lower risk of drug
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resistance and decreased mobilisation of endothelial cells
from bone-marrow which may otherwise induce tumour angio-
genesis (8,13,14).

There is compelling pre-clinical and clinical evidence to
suggest that the anti-angiogenic effect of LDM chemotherapy
can be enhanced with the combined administration of a
molecularly-targeted angiogenesis inhibitor (11,15-19). It is
essential to identify oral-formulation chemotherapy agents
which have an anti-angiogenic effect at LDM concentrations
and to establish the optimal dose at which angiogenesis
inhibition occurs (9,20). Further, with the growing number of
angiogenesis inhibitors there is a need for the development
of predictive in vitro models to allow selection of the most
promising anti-angiogenic combinations suitable for further
clinical development. We aimed to establish an in vitro conti-
nuous dosing model and to assess the anti-cancer and anti-
endothelial effects of oral-formulation chemotherapy agents
(temozolomide, paclitaxel, vinorelbine and etoposide) alone
and when used at LDM concentrations in combination with
sorafenib. Sorafenib (BAY 43-9006) is an oral small molecule
multi-kinase inhibitor approved for use in advanced renal cell
carcinoma and inoperable hepatocellular carcinoma (21,22).
It demonstrates anti-angiogenic and anti-proliferative effects
through the inhibition of several receptor tyrosine kinases,
including Raf kinase (thus inhibiting ERK signaling), vascular
endothelial growth factor receptor (VEGFR)-1, VEGFR-2,
VEGFR-3 and platelet-derived growth factor ß (23). Temo-
zolomide is an alkylating agent descended from the anti-
melanoma compound dacarbazine (DTIC). It is a well-tolerated
orally bio-available agent used in the treatment of gliomas
and metastatic melanoma. Previous in vitro studies have
demonstrated that LDM concentrations of temozolomide
inhibit the proliferation of endothelial cells and inhibit angio-
genesis (17,24). Paclitaxel is an oral microtubule-targeting
agent mostly used in the treatment of lung, ovarian and breast
cancer. LDM concentrations of paclitaxel demonstrated anti-
proliferative effects in endothelial cells (20,25) and synergised

with cetuximab in the treatment of colon cancer xenografts
(26). Vinorelbine is the first semi-synthetic vinca alkaloid,
obtained from alkaloid extracts obtained from the rosy peri-
winkle. It gained approval to treat non-small cell lung cancer
in 1991, and has since also been used in the treatment of
breast and prostate cancer. An oral formulation was licensed
for use in 2004, which has similar efficacy and safety profile
to the intravenous form, and is therefore potentially suitable
for LDM chemotherapy regimens. Etoposide phosphate is an
inhibitor of the enzyme topoisomerase II. It is used in the
treatment of Ewing's sarcoma, lung cancer, testicular cancer,
leukaemias and lymphomas, and can be given in the oral or
intravenous form, with comparable efficacy, making it an
appropriate agent for use in an LDM anti-angiogenic chemo-
therapy approach. To assess the anti-endothelial effects of
these compounds, human dermal microvascular endothelial
cells (MVECs), which are VEGFR-2-positive, were selected
for our in vitro model since endothelial cells from large vessels
(such as human umbilical vein endothelial cells; HUVECs)
may be less representative of the microvasculature (27). Three
human cancer cell lines were utilised as controls to assess the
anti-cancer effects of each agent.

Materials and methods

Drugs. Purified temozolomide was provided by Schering-
Plough, UK. Paclitaxel (no.T7402), vinorelbine (no.V2264)
and etoposide (no.E1383) were purchased from Sigma-Aldrich,
UK. Purified sorafenib tosylat was provided by Bayer, USA.
All drugs were reconstituted at 10 mM in DMSO except for
vinorelbine (reconstituted at 10 mM in sterile water) and
diluted in cell culture medium immediately prior to use.

Cells and culture conditions. MVECs (no.ZHK-2526) were
purchased from TCS CellWorks, UK and maintained in
Medium 199 (no.M4530, Sigma-Aldrich) supplemented with
growth supplement and antibiotics (no.ZHS-8947, no.ZHR-
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Table I. Published phase I pharmacokinetic data for oral formulations of the drugs used in this study.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Published Published Cmax Equivalent molar In vitro dose range
Drug MTD (mg/m2) for MTD Refs.a concentration of Cmax (μM) selected (μM)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Temozolomide 200 13.9 μg/ml (29) 71.5 0-50
(oral)
mol wt 194.15

Paclitaxel (oral) 300 0.33 μM (30) 0.33 0-0.002

Vinorelbine (oral) 80 133.4 ng/ml (31) 0.123 0-10
mol wt 1079.12

Etoposide (oral) 220 21.1 μg/ml (32) 35.8 0-5
mol wt 588.56

Sorafenib (oral) 400 mg 2.87 mg/l (28) 4.5 0-10
mol wt 637 twice daily
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
The Cmax data at the MTD was converted into an equivalent molar concentration and this was used to select an in vitro dose range. aRefs.
refer to both Published MTD and Published Cmax for MTD.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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9939, TCS CellWorks) in tissue culture flasks pre-coated
with gelatine (no.G6650, Sigma-Aldrich). MVECs were only
used at passage 6 or below, as it is recognised that morphology
and receptor status can alter with increasing passage. The
human melanoma cell line SK-MEL-2 and human breast carci-
noma cell line MCF-7 were purchased from the American
Type Culture Collection. The human lung carcinoma cell line
A549 was purchased from the European Collection of Cell
Cultures. SK-MEL-2, MCF-7 and A549 cells were maintained
in supplemented RPMI-1640 medium containing 10% (v/v)
foetal bovine serum.

Cell proliferation assay. In vitro chemosensitivity testing
was performed on cells grown as a monolayer on 96-well
flat-bottomed tissue culture plates. To allow an extended treat-
ment duration of 96 h (modelled on the LDM chemotherapy
rationale) for all experiments cells were seeded at a density
of 3500 MVECs per well, 2000 SK-MEL-2 cells per well,
1500 MCF7 cells per well and 1000 A549 cells per well,
each in 200 μl of media. Each drug concentration was tested
in sextuplicate. To determine the in vitro anti-proliferative
effects of each drug all cells were treated daily over a 96-h
total period using a clinically achievable dose range. For the
traditional chemotherapy agents temozolomide, paclitaxel,
vinorelbine and etoposide the dose range selected was biased
towards an LDM concentration range. The dose range was
determined using published pharmacokinetic data from phase I
clinical trials which used the oral formulation of the drug at
the MTD to determine a peak plasma concentration (Cmax).
The Cmax values were converted where necessary to a molar
concentration for in vitro use and the MTD, Cmax values
and selected in vitro dose ranges are shown in Table I. The

clinical dose of sorafenib was converted into a molar concen-
tration and a wide dose range around this value was selected
(Table I). In order to maintain a constant concentration of the
drugs during in vitro culture, the cells were replenished with
fresh media containing the appropriate drug concentrations
on a daily basis as per Bocci et al (20). The concentration of
DMSO vehicle in the media was 0.1% (v/v) and this was used
as a control in all experiments. Cells were allowed to attach
to the wells for 24 h and then a standard MTT cell prolife-
ration assay was performed immediately prior to drug addition
(to determine the baseline number of viable cells) and again
at the end of the period of drug treatment (96 h). In brief,
20 μl of MTT solution (no.M5655, Sigma-Aldrich) was
added to each well containing 200 μl of media, and the mixture
incubated at 37˚C for 4 h. The liquid was then removed and
200 μl of lysis buffer was added to each well and incubated
for a further 2 h. Optical density at 570 nm was read using a
spectrophotometric plate reader. Cell growth from baseline
was expressed as percentage change in absorbance values. To
calculate the relative growth, the growth of control (untreated)
cells was taken as 100%, and the corresponding growth of
treated populations of cells was expressed as a percentage of
control growth.

Statistical analysis. All data represent the mean of three
independent experiments and each drug concentration was
tested in sextuplicate. The results of relative cell growth are
expressed as mean values ± standard error (SEM). The data
was analysed using a two-sample t-test for populations of
unequal variance to compare the effects of different drug
doses and combinations. SPSS software version 14.0 (SPSS,
Chicago, USA) was used for the statistical analysis.
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Figure 1. Effect of continuous 96 h exposure of sorafenib on in vitro cell proliferation using a dose range of 0-10 μM. The growth of untreated control cells
was taken as 100% and the growth of treated populations of cells was expressed as a percentage of this. Columns and error bars represent mean values ±
SEM, respectively. Negative growth figures indicate that cell number after treatment was lower than cell number prior to treatment. Key: *p<0.05, **p<0.01,
***p<0.001 comparing treated endothelial MVECs to control MVECs; #p<0.05, ##p<0.01, ###p<0.001 comparing treated SK-MEL-2 melanoma cells to control
SK-MEL-2; @p<0.05, @@p<0.01, @@@p<0.001 comparing treated A549 lung cancer cells to control A549; +p<0.05, ++p<0.01, +++p<0.001 comparing treated
MCF-7 breast cancer cells to control MCF-7. The clinical dose of sorafenib equates to 4.5 μM (Table I). The lowest assayed dose of sorafenib which inhibited
the growth of endothelial (MVEC) cells by ~25% compared to control cell growth, at a highly significant p-value (p<0.001), was 5 μM. At 5 μM the growth
of all 3 cancer cell lines was also significantly inhibited (p<0.001).
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Results

The derived baseline control growth rates (untreated cells) of
MVECs, MCF-7, A549 and SK-MEL-2 cells after 96 h were
101.02% (±2.4), 98.36% (±2.89), 108.02% (±3.3) and 105.27%
(±1.55), respectively. The percentage growth of the untreated
cells after 4 days was normalized to 100%, and the growth of
treated cells was expressed as a percentage of this baseline
growth.

Anti-proliferative effects of single agents. A clinically achiev-
able dose range of each drug was assessed in a continuous
dosing strategy over a 96-h period to investigate the anti-

proliferative effects on MVEC endothelial cells, SK-MEL-2
melanoma cells, MCF-7 breast carcinoma cells and A549 lung
carcinoma cells. Fig. 1 shows the anti-proliferative activity
of sorafenib. The lowest assayed dose of sorafenib which
inhibited the growth of endothelial (MVEC) cells by ~25%
compared to control cell growth, at a highly significant p-value
(p<0.001), was 5 μM. At 5 μM the growth of all 3 cancer cell
lines was also significantly inhibited (p<0.001; Fig. 1). The
clinical dose of sorafenib equates to 4.5 μM (Table I) and we
selected a dose of 5 μM based on the MTT data for MVEC
cells (Fig. 1) to use in further in vitro combination studies
with the traditional cytotoxic agents. Fig. 2 shows the anti-
proliferative activity of temozolomide. The lowest assayed
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Figure 2. Effect of continuous 96 h exposure of temozolomide on in vitro cell proliferation using a dose range of 0-50 μM. See legend in Fig. 1 for key. The
MTD of temozolomide equates to 71.5 μM (Table I). The lowest assayed dose of temozolomide which inhibited the growth of endothelial (MVEC) cells by
~25% compared to control cell growth, at a highly significant p-value (p<0.001), was 10 μM. At 10 μM the growth of all 3 cancer cell lines was also
significantly inhibited (p<0.001).

Figure 3. Effect of continuous 96 h exposure of paclitaxel on in vitro cell proliferation using a dose range of 0-2000 pM. See legend in Fig. 1 for key. The
MTD of paclitaxel equates to 0.33 μM (Table I). The lowest assayed dose of paclitaxel which inhibited the growth of endothelial (MVEC) cells by ~25%
compared to control cell growth, at a highly significant p-value (p<0.001), was 125 pM. At 125 pM the growth of all 3 cancer cell lines was also inhibited
(p<0.001 for SK-MEL-2 and MCF7; p<0.01 for A549).
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dose of temozolomide which inhibited the growth of endo-
thelial (MVEC) cells by ~25% compared to control cell
growth, at a highly significant p-value (p<0.001), was 10 μM.
At 10 μM the growth of all 3 cancer cell lines was also signi-
ficantly inhibited (p<0.001; Fig. 2). The MTD of temozolomide
equates to 71.5 μM (Table I) and we selected a dose of 10 μM
(13.9% of MTD) based on the MTT data for MVEC cells
(Fig. 2) to use in an in vitro LDM dosing strategy in combi-
nation with sorafenib. Fig. 3 shows the anti-proliferative
activity of paclitaxel. The lowest assayed dose of paclitaxel
which inhibited the growth of endothelial (MVEC) cells by

~25% compared to control cell growth, at a highly significant
p-value (p<0.001), was 125 pM. At 125 pM the growth of all
3 cancer cell lines was also inhibited (p<0.001 for SK-MEL-2
and MCF-7; p<0.01 for A549; Fig. 3). The MTD of paclitaxel
equates to 0.33 μM (Table I) and we selected a dose of 125 pM
(0.03% of MTD) based on the MTT data for MVEC cells
(Fig. 3) to use in an in vitro LDM dosing strategy in combi-
nation with sorafenib. Fig. 4 shows the anti-proliferative
activity of vinorelbine. The lowest assayed dose of vinorelbine
which inhibited the growth of endothelial (MVEC) cells by
~25% compared to control cell growth, at a highly significant
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Figure 4. Effect of continuous 96 h exposure of vinorelbine on in vitro cell proliferation using a dose range of 0-10000 nM. See legend in Fig. 1 for key. The
MTD of vinorelbine equates to 0.123 μM (Table I). The lowest assayed dose of vinorelbine which inhibited the growth of endothelial (MVEC) cells by ~25%
compared to control cell growth, at a highly significant p-value (p<0.001), was 1 nM. At 1 nM the growth of SK-MEL-2 and MCF-7 cells was inhibited
(p<0.001 SK-MEL-2; p<0.01 for MCF-7), however, no significant effect was seen with A549 cells at this dose.

Figure 5. Effect of continuous 96 h exposure of etoposide on in vitro cell proliferation using a dose range of 0-5 μM. See legend in Fig. 1 for key. The MTD
of etoposide equates to 35.8 μM (Table I). The lowest assayed dose of etoposide which inhibited the growth of endothelial (MVEC) cells by ~25% compared
to control cell growth, at a highly significant p-value (p<0.001), was 0.16 μM. At 0.16 μM the growth of all 3 cancer cell lines was also inhibited (p<0.001 for
SK-MEL-2 and MCF-7; p<0.05 for A549).
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p-value (p<0.001), was 1 nM. At 1 nM the growth of SK-
MEL-2 and MCF-7 cells was inhibited (p<0.001 SK-MEL-2;
p<0.01 for MCF-7); however, no significant effect was seen
with A549 cells at this dose. The MTD of vinorelbine equates
to 0.123 μM (Table I) and we selected a dose of 1 nM (0.8%
of MTD) based on the MTT data for MVEC cells (Fig. 4)
to use in an in vitro LDM dosing strategy in combination
with sorafenib. Fig. 5 shows the anti-proliferative activity of
etoposide. The lowest assayed dose of etoposide which
inhibited the growth of endothelial (MVEC) cells by ~25%
compared to control cell growth, at a highly significant p-value
(p<0.001), was 0.16 μM. At 0.16 μM the growth of all 3
cancer cell lines was also inhibited (p<0.001 for SK-MEL-2

and MCF-7; p<0.05 for A549). The MTD of etoposide equates
to 35.8 μM (Table I) and we selected a dose of 0.16 μM
(0.4% of MTD) based on the MTT data for MVEC cells
(Fig. 5) to use in an in vitro LDM dosing strategy in combi-
nation with sorafenib.

Anti-proliferative effects of low dose chemotherapy when
combined with sorafenib. A low dose metronomic concen-
tration was selected for each chemotherapeutic agent as
described above and each drug was assayed in combination
with 5 μM sorafenib in order to determine whether sorafenib
could enhance the effects of single agent chemotherapy. A
dose of 5 μM sorafenib was selected for the combination

MURRAY et al:  SORAFENIB COMBINATIONS1054

Figure 6. Effect of 5 μM sorafenib in combination with low dose temozolomide (10 μM) on in vitro MVEC and cancer cell growth compared with single drug
schedule following continuous 96 h exposure. The growth of untreated control cells was taken as 100% and the growth of treated populations of cells was
expressed as a percentage of this. Columns and bars represent mean values ± SEM respectively. Negative growth figures indicate that cell number after treat-
ment was lower than cell number prior to treatment. Key: ***p<0.001 comparing combinational regime to single chemotherapeutic drug schedule (MVECs);
###p<0.001 comparing combinational regime to single chemotherapeutic drug schedule (SK-MEL-2); @@@p<0.001 comparing combinational regime to single
chemotherapeutic drug schedule (A549); +++p<0.001 comparing combinational regime to single chemotherapeutic drug schedule (MCF-7).

Figure 7. Effect of 5 μM sorafenib in combination with low dose paclitaxel (125 pM) on in vitro MVEC and cancer cell growth compared with single drug
schedule following continuous 96 h exposure. See legend in Fig. 6 for key.
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studies since significant inhibition of endothelial cells (MVECs)
was seen when used as a single agent (Fig. 1) and this also
approximates to the clinical dose. The results for each combi-
nation are shown in Figs. 6-9 and the summary of data for
each cell line is shown in Tables II-V. In endothelial cells
(MVECs) sorafenib significantly enhanced the anti-endothelial
effects of low dose etoposide, paclitaxel and temozolomide
(p<0.001), but did not enhance the effect of vinorelbine
(Table II). In SK-MEL-2 melanoma cells sorafenib signifi-
cantly enhanced the anti-cancer effect of low dose paclitaxel,
vinorelbine, etoposide and temozolomide (p<0.001; Table III).
In A549 lung cancer cells sorafenib significantly enhanced
the anti-cancer effect of low dose paclitaxel, vinorelbine,
etoposide and temozolomide (p<0.001); however, the level of
effect for all combinations was equivalent to that induced

by 5 μM sorafenib alone (Table IV). In MCF-7 breast cancer
cells sorafenib significantly enhanced the anti-cancer effect
of low dose vinorelbine, paclitaxel and temozolomide
(p<0.001); however, the level of effect for the temozolomide/
sorafenib combination was almost equivalent to that induced
by 5 μM sorafenib alone (Table V). Sorafenib significantly
enhanced the anti-cancer effect of low dose etoposide in
MCF7 cells; however, the level of effect for the etoposide/
sorafenib combination did not approach that induced by 5 μM
sorafenib alone (Table V).

Discussion

There is evidence that targeted angiogenesis inhibitors may
enhance the effects of LDM chemotherapy (11,15-19).
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Figure 8. Effect of 5 μM sorafenib in combination with low dose vinorelbine (1 nM) on in vitro MVEC and cancer cell growth compared with single drug
schedule following continuous 96 h exposure. See legend in Fig. 6 for key.

Figure 9. Effect of 5 μM sorafenib in combination with low dose etoposide (0.16 μM) on in vitro MVEC and cancer cell growth compared with single drug
schedule following continuous 96 h exposure. See legend in Fig. 6 for key.
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Table II. Effect of 5 μM sorafenib on the anti-endothelial activity of low dose chemotherapy in MVEC endothelial cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Temozolomide Paclitaxel Vinorelbine Etoposide
MVECs 10 μM [80%] 125 pM [76%] 1 nM [58%] 0.16 μM [65%]
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Sorafenib 43% -1% 58% -40%
5 μM [70%]
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Values represent % growth compared with control cells. Single agent data is given in square brackets. For drug combinations, significant
differences (p<0.001) to single agent chemotherapy data are shown in bold. Sorafenib significantly enhanced the anti-endothelial effect of
low dose etoposide, paclitaxel and temozolomide in MVECs (p<0.001). Sorafenib did not enhance the effect of low dose single agent
vinorelbine.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table III. Effect of 5 μM sorafenib on the efficacy of low dose chemotherapy in SK-MEL-2 melanoma cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Temozolomide Paclitaxel Vinorelbine Etoposide
SK-MEL-2 10 μM [55%] 125 pM [58%] 1 nM [58%] 0.16 μM [61%]
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Sorafenib 24% -180% -61% 3%
5 μM [40%]
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Values represent % growth compared with control cells. Single agent data is given in square brackets. For drug combinations, significant
differences (p<0.001) to single agent chemotherapy data are shown in bold. Sorafenib significantly enhanced the anti-cancer effect of low
dose paclitaxel, vinorelbine, etoposide and temozolomide in SK-MEL-2 cells (p<0.001).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table IV. Effect of 5 μM sorafenib on the efficacy of low dose chemotherapy in A549 lung cancer cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Temozolomide Paclitaxel Vinorelbine Etoposide
A549 10 μM [85%] 125 pM [78%] 1 nM [97%] 0.16 μM [88%]
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Sorafenib 29% 25% 29% 35%
5 μM [29%]
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Values represent % growth compared with control cells. Single agent data is given in square brackets. For drug combinations, significant
differences (p<0.001) to single agent chemotherapy data are shown in bold. Sorafenib significantly enhanced the anti-cancer effect of
low dose paclitaxel, vinorelbine, etoposide and temozolomide in A549 cells (p<0.001); however, the level of effect for all combinations was
equivalent to that induced by 5 μM sorafenib alone.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table V. Effect of 5 μM sorafenib on the efficacy of low dose chemotherapy in MCF-7 breast cancer cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Temozolomide Paclitaxel Vinorelbine Etoposide
MCF-7 10 μM [55%] 125 pM [72%] 1 nM [82%] 0.16 μM [77%]
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Sorafenib -8% -35% -249% 58%
5 μM [2%]
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Values represent % growth compared with control cells. Single agent data is given in square brackets. For drug combinations, significant
differences (p<0.001) to single agent chemotherapy data are shown in bold. Sorafenib significantly enhanced the anti-cancer effect of low
dose vinorelbine, paclitaxel and temozolomide in MCF-7 cells (p<0.001); however, the level of effect for the temozolomide/sorafenib
combination was almost equivalent to that induced by 5 μM sorafenib alone. Sorafenib significantly enhanced the anti-cancer effect of low
dose etoposide; however, the level of effect for the etoposide/sorafenib combination did not approach that induced by 5 μM sorafenib alone.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

1049-1058.qxd  25/8/2010  12:07 ÌÌ  ™ÂÏ›‰·1056



However, there is a wide range of novel angiogenesis
inhibitors which must be tested in combinations with oral
chemotherapy agents to assess the anti-endothelial and anti-
cancer effects. This preliminary testing is most suited to high
throughput in vitro models, rather than clinical trials. The
most promising additive combinations and dosing strategy
can then be selected from the in vitro data and this information
used in the design of pre-clinical or clinical trials. We,
therefore, aimed to establish an in vitro model to test the anti-
endothelial and anti-cancer effects of the multi-kinase
inhibitor sorafenib when used as a single agent and in
combination with traditional oral chemotherapy agents used
at LDM concentrations. Microvascular endothelial cells were
utilised in the model to approximate to the human micro-
vasculature and an extended treatment strategy (96 h) was
used in order to mimic an LDM anti-angiogenic chemo-
therapy regimen.

Each drug was assayed in a clinically achievable dose
range, which was determined from phase I pharmacokinetic
data. The oral dose for sorafenib, derived from phase I trials,
is 400 mg twice daily giving a peak plasma concentration of
2.87 mg/l (28). This is equivalent to 4.5 μM and, as shown
by our in vitro data, a similar dose (5 μM) induced a signi-
ficant anti-endothelial effect in our MVEC cell model.
Sorafenib (5 μM) also demonstrated significant anti-cancer
effects on all 3 cancer cell lines tested.

Assessing our initial MTT data for the MVECs allowed
us to select, for each chemotherapy agent, a low dose where a
significant anti-endothelial effect was demonstrated. We
selected doses of 10 μM temozolomide (13.9% of MTD),
125 pM paclitaxel (0.03% of MTD), 1 nM vinorelbine (0.8%
of MTD) and 0.16 μM etoposide (0.4% of MTD) based on
the MTT data for MVEC cells. We have previously demon-
strated that similar low doses of paclitaxel and temozolomide
have an anti-endothelial effect on HUVECs (17). Low dose
paclitaxel has also previously been demonstrated to inhibit
endothelial cells at picomolar concentrations (2,25). The
selected doses were then tested in combination with 5 μM
sorafenib in the extended dosing model to identify whether
sorafenib could enhance the anti-endothelial and anti-cancer
effects of any of the chemotherapy agents in an additive
manner. Sorafenib (5 μM) significantly enhanced the anti-
endothelial effect of low dose etoposide (0.16 μM), paclitaxel
(125 pM) and temozolomide (10 μM) as demonstrated in
MVECs. Sorafenib also enhanced the anti-cancer effect of
these traditional chemotherapy agents when used at low
doses, as demonstrated in the cancer cell lines. Sorafenib
(5 μM) significantly enhanced the anti-cancer effect of low
dose etoposide (0.16 μM), paclitaxel (125 pM) and temo-
zolomide (10 μM) in SK-MEL-2 melanoma cells, producing
an additive effect on inhibition of cell growth in all cases.
These combinations appear to be the most promising for in vivo
pre-clinical studies, with a view to testing in melanoma patients
as a continuous dosing strategy, due to the in vitro additive
inhibitory effect on growth seen in both endothelial and cancer
cells. In addition, sorafenib (5 μM) significantly enhanced the
anti-cancer effect of low dose paclitaxel (125 pM) in MCF-7
breast cancer cells, producing an additive effect on inhibition
of cell growth. This combination would appear to be the most
promising for in vivo pre-clinical studies, with a view to testing

in a continuous dosing strategy in breast cancer patients, due
to the in vitro additive inhibitory effect on growth seen in
both endothelial and cancer cells.

The current rationale for the design of combination regi-
mens is empirical and the underlying mechanisms of action
of such combinations and their synergistic action are poorly
understood. In this potentially confusing era of multi-targeted
combinational therapy, new agents are continuously being
developed. Oncologists require a framework or at least a
justifiable starting point, to select drug combinations and
doses to take forward into clinical trials of all malignancies.
Although in vitro work will never fully translate to human
studies, here we demonstrate a logical approach using
clinically relevant agents at achievable doses and in relevant
combinations. Our in vitro model has identified statistically
significant anti-endothelial and anti-cancer effects produced
by several novel combinations of sorafenib with low dose
chemotherapy. The agents used are already available in oral
form and at these low doses, side effects should be minimal.
Continuous low dose therapy, compared to a high bolus-
dosing approach, could potentially improve both quality of
life and disease-control for cancer patients.
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