
Abstract. Background: We evaluated the ability of
itraconazole to enhance the effects of bevacizumab in
bevacizumab-resistant cancer cells, endothelial cells, and
cancer-associated fibroblasts (CAFs). Materials and
Methods: Human gastrointestinal cancer cell lines (HT-29,
MKN-28 and MKN-45), human umbilical vein endothelial
cells (HUVECs), and CAFs established from human colon
cancer were used. In each of these cell lines, cell growth,
apoptosis, and angiogenesis were evaluated with bevacizumab
with and without itraconazole both in vitro and in vivo.
Results: Itraconazole suppressed HUVEC growth by
apoptosis through inhibition of mitogen-activated protein
kinase and ribosomal protein S6 kinase signaling.
Itraconazole also suppressed monocyte chemoattractant
protein-1 secretion and the growth of CAFs. In xenografts,
compared to monotherapy with either agent alone, combined
treatment with itraconazole and bevacizumab significantly
reduced tumor volume, tumor weight, and microvessel density.
Conclusion: Itraconazole-dependent suppression of
endothelial cell and CAF growth resulted in synergistic effects
with bevacizumab in bevacizumab-resistant cancer cells.

Bevacitumab (Avastin) is a monoclonal antibody against
vascular endothelial growth factor (VEGF) commonly used as
an anti-angiogenic drug in the treatment of colorectal, renal (1)
and breast cancer. Several studies have reported that
bevacizumab enhances the anticancer effects of other
chemotherapeutic drugs when used in combination treatments
(2). VEGF is the most potent angiogenic factor released from
cancer cells (3); therefore, inhibition of VEGF receptor

signaling via bevacizumab-dependent neutralization of VEGF
ligand on endothelial cells causes a decrease in proliferation,
mitosis, and tubule formation. However, the exact details of this
anticancer mechanism are still unclear. Moreover, different
types of cancer exhibit different responses to bevacizumab, and
resistance to bevacizumab is well documented. Biomarkers that
can be used to predict the efficacy of bevacizumab have still
not been identified (4). While almost all colorectal and lung
carcinomas exhibit sensitivity to bevacizumab treatment, the
sensitivity of most gastric carcinomas to this drug are poor. The
reasons for this poor response of gastric cancer are still unclear.

In addition to inherent resistance to bevacizumab
depending on cell type, almost all tumors develop resistance
to the antitumor effects of bevacizumab after its continuous
clinical use, despite adequate initial response to treatment (5-
9). Studies have suggested that this decrease in sensitivity is
not due to a VEGF-dependent mechanism but is instead
mediated by an alternative angiogenic pathway. Moreover,
this resistance to bevacizumab appears to occur through
several mechanisms that vary depending on cell type (7-11).
The mechanisms of bevacizumab resistance are thought to
be caused by the interaction between cancer and stromal
cells, called the cancer-stromal interaction (CSI). However,
the CSI is a multifaceted effect involving multiple signaling
pathways. To overcome this resistance, it is necessary to
block not one particular mechanism but either the
mechanisms specifically occurring in each case, or all the
mechanisms of bevacizumab resistance. 

Recently, itraconazole, an anti-fungal drug, was reported
to have anti-angiogenic effects. In some benign diseases, the
use of itraconazole has been reported to improve hemorrhage
status. Furthermore, some clinical trials involving the use of
itraconazole in cancer therapy have been initiated (12, 13).
However, the precise role and effects of itraconazole
treatment in cancer are unknown. 

In the present study, we sought to evaluate the anti-
angiogenic mechanisms of itraconazole compared to those of
bevacizumab. Moreover, we investigated the possible
synergistc anti-angiogenic and antitumor effects of combined
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treatment with itraconazole and bevacizumab in bevacizumab-
resistant cancer cell lines in vitro and in vivo.   

Materials and Methods 

Isolation and culture of human colon fibroblasts. We established a
fibroblast cell line from a specimen resected from a 64-year-old
Japanese male patient with well-differentiated colon cancer. The
technical procedure was similar to that described in a previous
report (14). After receiving written informed consent, colon
carcinoma tissue and nonmalignant colon tissue were collected.
After fragmenting with scissors, the tissues were incubated in
Dulbecco’s modified Eagle’s medium (DMEM) containing 1000
U/ml dispase (Godo Shusei, Tokyo, Japan) for 2 h and were then
cultivated in DMEM containing 5% fetal bovine serum (FBS) and
1% antibiotic-antimycotic solution at 37˚C in an atmosphere
containing 5% CO2. To exclude the possibility that epithelial cells
were included, cultivated cells were immunostained with vimentin,
and we confirmed that all the cells were positive for vimentin
expression. Cancer-associated fibroblasts (CAFs) were defined as
those cells that were positive for α-smooth muscle actin (SMA).
CAFs were used between passages 3 and 6. 

Cell-growth assay. MKN-28 cells, MKN-45 cells, HT-29 cells, CAFs,
and human umbilical vein endothelial cells (HUVECs) (Lonza, Basel,
Switzerland) were treated with increasing concentrations of
itraconazole (Janssen Pharmaceutical, Tokyo, Japan) (100 nM, 1 μM,
10 μM and 100 μM) on days 1 and 3. The number of viable cells was
measured in triplicate on day 4 using WST-1 assays (TaKaRa BIO,
Shiga, Japan). HUVEC proliferation was also evaluated in response to
treatment with bevacizumab (Chugai Pharmaceutical, Tokyo, Japan)
(0.001, 0.01, 0.1, 1, and 10 μg/ml) using the same procedure. In order
to determine whether the anti-angiogenic mechanisms of these agents
were mediated through VEGF, we evaluated the proliferation of
HUVECs in the presence of different concentrations of VEGF
(Abcam, Cambridge, MA, USA) (1, 5, 10, and 50 ng/ml) with
bevacizumab or itraconazole.

Flow cytometry. Annexin assays and evaluation of cell-cycle
distribution were carried out using flow cytometry on a
FACSCalibur instrument (Becton-Dickinson Biosciences, San
Diego, CA, USA). HUVECs were plated in 6-cm plastic dishes (BD
Falcon, Franklin Lakes, NJ, USA) in DMEM supplemented with
10% FBS on day 0. On days 1 and 3, HUVECs were treated with
100 nM itraconazole or 100 μg/ml bevacizumab or saline as control.
Annexin assays were then carried out using a fluorescein
isothiocyanate (FITC) Annexin V Apoptosis Detection Kit (BD
Biosciences). For cell-cycle analysis, harvested and washed
HUVECs were analyzed using a CycleTEST PLUS kit (Becton
Dickinson) according to the manufacturer’s protocol. 

Angiogenesis assay. We established an angiogenesis model using colon
fibroblasts and HUVECs. On day 0, 3×104 fibroblast cells were seeded
in each well of a 24-well plate in DMEM containing 5% FBS. After
overnight incubation (day 1), 3×103 HUVECs were also seeded in
each well. Two wells were used for each condition. On days 2, 5, and
8, cells were treated with bevacizumab (5 ng/ml) or itraconazole (100
nM). On day 11, cells were fixed and immunostained with antibodies
to cluster of differentiation 31 (CD31) (Abcam, Cambridge, MA,

USA) to compare the vascular area and the number of vascular joints
were counted as an indicator of vascular network formation. Images
taken at ×40 magnification were compared.

Western blotting. To evaluate the efficacy of itraconazole as an
inhibitor of mammalian target of rapamycin (mTOR), HUVECs
were seeded in 6-cm dishes then exposed to 0, 1 μM, or 100 nM
itraconazole for 24 hours. We then used PathScan Multiplex Western
Cocktail I (Cell Signaling, Danvers, MA, USA) for evaluation of
the phosphorylation of 90 ribosomal s6 kinase (90RSK), protein
kinase B (AKT), p44/42 mitogen-activated protein kinase (MAPK)
and S6 by semi-quantitative western blotting. RAB11 was used as
reference protein.

Cytokine secretion from cancer cells. To evaluate the effects of
itraconazole on the secretion of angiogenic cytokines from cancer cells,
we analyzed specific proteins from MKN-28 cells using a Human
Angiogenesis Antibody Array C series 1000 (RayBiotech, Norcross,
GA, USA). This kit can be used to evaluate 43 angiogenic cytokines,
including interleukin (IL)-1α and β, IL2, IL4, IL6, IL8, VEGF,
VEGFD, and insulin-like growth factor (IGF)-1. After incubating
MKN-28 cells with 100 nM of itraconazole or saline as control, culture
supernatants were collected, and cytokine secretion was measured
according to the instructions provided with the array kit. 

Cytokine secretion from CAFs. To evaluate the effects of itraconazole
on angiogenic cytokines, we analyzed specific proteins from CAFs using
a Proteome Profiler Array Human Angiogenesis Array Kit (R&D
Systems Inc., Minneapolis, MN, USA). VEGF, VEGFC, vasohibin,
phosphatidylinositol-glycan biosynthesis class F protein (PIGF), platelet
derived growth factor (PDGF), urokinase plasminogen activator (uPA),
monocyte chemoattractant protein (MCP), and IL1β were evaluated with
this assay. Fibroblasts and cancer cell lines were seeded into 6-well
plates at a density of 1×105 cells/ml. Following overnight incubation,
cells were treated with 0 or 100 nM itraconzaole. After 48 h, culture
supernatants were collected, centrifuged to pellet any detached cells, and
analyzed according to the instructions provided with the array kit. 

Animal experiments. Growing cancer cells (5×106 cells, MKN-28
and HT-29) were injected subcutaneously into the left abdominal
flanks of five- to 6-week-old male athymic nude mice of the KSN
strain with 30g body weight purchased from Japan SLC
(Hamamatsu, Japan).

When the subcutaneous tumors developed to approximately 8 mm
in maximal diameter, mice were treated with bevacizumab [1
mg/mouse, intraperitoneal (i.p.) injection twice a week], itraconazole
(500 IU/mouse, i.p. injection daily), a combination of bevacizumab
plus itraconazole at the above concentrations, or vehicle (400 μl
mouse, i.p. injection twice a week) for 4–5 weeks (6 mice/group).
Maximum tumor diameter (L) and diameter perpendicular to that axis
(W) were measured twice a week. Tumor volume was estimated by
the following formula: L×W2×1/2. Mice were sacrificed after 5 weeks
of treatment Subcutaneous tumors were then removed and weighed.
Collected tumors were used for immunohistochemical observations
and RNA extraction. Tumors were fixed in formalin-free zinc fixative
(BD Biosciences Pharmingen, San Diego, CA, USA) for 24 h,
embedded in paraffin, and sectioned at a thickness of 4 μm.
Immunohistochemical staining for blood vessels was carried out by
the indirect immunoperoxidase method as described above using a rat
monoclonal antibody to mouse CD31 (BD Biosciences Pharmingen)
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as the primary antibody. The microvessel density of each tumor was
determined by light microscopy. The number of structures positive
for CD31 expression in the densest vascular field in each tumor was
counted at a magnification of ×100 (15). 

Statistical analysis. Student’s t-test was used to evaluate statistical
differences between groups. Significant differences were considered
as p<0.05. 

Results 

Effects of bevacizumab and itraconazole on proliferation of
cancer cells, HUVECs, and CAFs. Neither itraconazole nor
bevacizumab inhibited the proliferation of MKN-28 and HT-
29 cells in vitro, even when used at the highest
concentration. Moreover, while bevacizumab had no

Hara et al: Antiangiogenic Effects of Itraconazole

171

Figure 1. Analysis of cell proliferation and angiogenesis following treatment with itraconazole or bevacizumab. Cell proliferation was measured in
response to different concentrations of itraconazole and bevacizumab in  HT-29 cells  (A), MKN-28 cells (B), cancer-associated fibroblasts (CAFs)
(C), and  human umbilical vein endothelial cells (HUVECs) (D, E). The proliferation of HUVECs was also measured in the presence of different
concentrations of vascular endothelial growth factor (VEGF) alone (F) or in combination with (G) 10 μg/mL bevacizumab or (H) 1 μM itraconazole.
Proliferation is plotted as the percentage relative to the number of cells in the control untreated sample. Bars indicate the mean±SEM.
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Figure 2. Induction of apoptosis by itraconazole. Upper panels: Representative images of angiogenesis assays following treatment of human umbilical
vein endothelial cells (HUVECs) with bevacizumab or itraconazole. HUVECs in the control (A), after treatment with 100 μg/mL bevacizumab (B),
and after treatment with 1 μM itraconazole (C). Middle and lower panels: Annexin assays were performed in the control (D) and in cells (E) treated
with bevacizumab or  itraconazole (F) to assess the induction of apoptosis. The cell cycle distribution was also measured by flow cytometry in
HUVECStreated with itraconazole (G) or left untreated  (control) (H).
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Figure 3. Phosphorylation of ribosomal S6 kinase (RSK), mitogen-activated protein kinase (MAPK), and S6 in human umbilical vein endothelial cells
(HUVECs) and analysis of angiogenic factors secreted by MKN-28 cells and cancer-associated fibroblasts (CAFs) with or without itraconazole in vitro
using proteome arrays. HUVECs (A) were treated with 1 or 100 μM itraconazole, and the phosphorylation of p44/42 MAPK, p90RSK, Akt, and S6 was
analyzed by western blotting. A protein molecular weight marker was included in the first lane. MKN-28 cells (B): MKN-28 secreted interleukin-8 (IL-
8), tissue inhibitors of metalloproteinase (TIMP)-1, TIMP-2, chemokine (C-X-C motif) ligand (CXCL)13, and urokinase plasminogen activator receptor
(uPAR), which may be associated with bevacizumab resistance in MKN-28 cells. vascular endothelial growth factor (VEGF) (box 6) was not detected.
Itraconazole did not influence the secretion of VEGF by MKN-28 cells. Boxes: 1, CXCL13; 2, IL-8; 3, TIMP-1; 4, TIMP-2; and 5, uPAR. The other
spots in the image are positive controls. CAFs (C): Representative images of Proteosome Profiler Assay membanes probed with conditioned medium
collected from itraconazole- or saline-treated cells. A: Positive control, B: negative control, C: plasminogen activator inhibitor-1, D: TIMP-4, E: IL-
1β, F: VEGF, and G: monocyte chemoattractant protein 1 (MCP-1). Itraconazole treatment dramatically suppressed the secretion of MCP-1 (D).
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Figure 4. Effects of bevacizumab and itraconazole on xenograft tumors in vivo. Xenograft tumors were established from HT-29, MKN-28, and MKN-
45 cells, and mice bearing these tumors were treated with bevacizumab (BV), itraconazole (ITZ), or a combination of both agents for 5 weeks. A:
Volume of HT-29 tumors, B: weight of HT-29 tumors, C: volume of MKN-28 tumors, and D: weight of MKN-28 tumors. E: Representative images
of microvessels in control and treated MKN-28-derived tumors in mice. F: Microvessel density assays were performed as described in the Materials
and Methods, and a representative graph of the data is shown. NS: Not significant.



significant effect on the growth of CAFs or HUVECs,
itraconazole significantly inhibited the growth of both of
these cell lines. The half-inhibitory concentration (IC50) of
itraconazole in HUVECs was 5 μM, and almost all HUVECs
died when treated with 1 μM itraconazole. In the CAF cell
line, the IC50 of itraconazole was 1 μM (Figure 1).

Next, we evaluated the angiogenic effects of VEGF on
HUVECs in the presence of bevacizumab (10 μg/ml) or
itraconazole (1 μM). While VEGF promoted HUVEC growth
in a dose-dependent manner, bevacizumab inhibited the
proliferation of HUVECs, regardless of the presence of
VEGF. However, VEGF stimulated HUVEC growth, even in
the presence of 1 μM itraconazole. This indicates that the
anti-angiogenic mechanism of itraconazole is not dependent
on the inhibition of VEGF signaling in HUVECs.

Angiogenesis assay. To examine the effects of bevacizumab
and itraconazole on angiogenesis, we performed angiogenesis
assays on HUVECs. As shown in Figure 2A-C, HUVECs in
the control group grew and branched after 11 days of culture.
Treatment with bevacizumab reduced HUVEC growth and
branching, thereby markedly reducing the vascular area,
number of joints, and length of tubules compared to those of
the control. No structural disturbances or fibroblast disruption
was observed in bevacizumab-treated cells. Itraconazole
elicited the same effects on the vascular area and network
formation as bevacizumab, but also induced apoptotic
changes in the remaining HUVECs. In addition, itraconazole
treatment resulted in the death of fibroblasts.  

Effects of bevacizumab and itraconazole on apoptosis and
the cell cycle, as measured by FACS. Annexin assays were
performed to measure the effects of itraconazole on
apoptosis in HUVECs (Figure 2D-F). In control cells, the
percentages of cells in early and late apoptosis were 8.8%
and 10.0%, respectively; treatment with itraconazole
significantly increased these rates to 43.5% and 34.6%,
respectively. On the other hand, cells treated with
bevacizumab did not exhibit differences in the rates of early
and late apoptosis compared to the control, at 14.4% and
9.1%, respectively. Thus, these results demonstrate that
itraconazole, but not bevacizumab, induces a significant
increase in both early and late apoptosis. 

To evaluate the effects of itraconazole and bevacizumab
on cell progression, we analyzed the cell-cycle distribution
as described in the Materials and Methods (Figure 2G and
H). Itraconazole induced accumulation of HUVECs in the
G1 phase (88.3%) compared to the untreated control
(82.1%), suggesting that itraconazole inhibits cell
proliferation by arresting cells in the G1 phase.  
Analysis of the mechanism of action of itraconazole in
HUVECs. Next, we analyzed the mechanism of action of
itraconazole through western blotting analysis of several

cancer-related signaling pathways. In control HUVECs, we
observed phosphorylation of p90RSK, S6, and p44/42
MAPK. AKT was not phosphorylated in untreated HUVECs.
Interestingly, treatment with 1 μM itraconazole inhibited the
phosphorylation of p44/42 MAPK and S6, whereas 100 μM
itraconazole did not. Itraconazole did not inhibit the
phosphorylation of p90RSK (Figure 3A). 

Effects of itraconazole on the secretion of angiogenic
cytokines from MKN-28 cells and CAFs. The Angiogenesis
Antibody Array showed that MKN-28 cells secreted IL8,
tissue inhibitors of metalloproteinase (TIMP) 1 and -2,
chemokine (C-X-C motif) ligand 13, and uPA receptor
(Figure 3B and C). VEGF was not detected in supernatants
collected from MKN-28 cells. The secretion of these factors
may be associated with the resistance of MKN-28 cells to
bevacizumab. However, itraconazole did not influence the
secretion of any of these factors in MKN-28 cells.

To evaluate the effects of itraconazole on the angiogenic
factors secreted by CAFs in vitro using proteome arrays, we
applied supernatants from CAFs to a Proteome Profiler
Assay Human Angiogenesis Array (Figure 3D). Using this
assay, we detected five angiogenic factors secreted from
CAFs: IL1β, VEGF, TIMP1, MCP1, and PAI1. Moreover, of
the five angiogenic factors detected in the array, only MCP1
secretion from CAFs was suppressed by itraconazole. 

Effects of itraconazole and bevacizumab on the growth of
tumors in mice. To determine the effects of these compounds
in vivo, xenograft tumors from HT-29, MKN-28, and MKN-45
cells were established, and mice bearing these tumors were
treated with bevacizumab, itraconazole, or a combination of
both agents for 5 weeks. MKN-28-derived tumors responded
poorly to bevacizumab treatment, whereas MKN-45-derived
tumors showed significant decreases in tumor size following
bevacizumab treatment (Figure 4). Tumors derived from HT-
29 cells showed modest responses to bevacizumab treatment.
From this result, we regarded MKN-45 cells as 'bevacizumab
responsive', HT-29 cells as 'modestly bevacizumab responsive',
and MKN-28 cells as 'bevacizumab-resistant. Thus, we next
investigated the anti-angiogenic and antitumor effects of
itraconazole plus bevacizumab in bevacizumab-resistant MKN-
28 cells. After 5 weeks of treatment, itraconazole alone did not
elicit antitumor effects compared with the control group.
Bevacizumab combined with itraconazole reduced the tumor
size of MKN-28-derived tumors, which had been unaffected by
bevacizumab alone. In HT-29-derived tumors, itraconazole
alone did not elicit significant reductions in tumor volume after
5 weeks of treatment, with tumors having 88% of the volume
of control tumors and 62% of the weight of control tumors.

Measurement of intratumoral microvessel formation
revealed that bevacizumab alone did not reduce the
formation of microvessels compared to the control group.
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However, bevacizumab combined with itraconazole caused a
significant decrease in the formation of microvessels
compared to that of the control group (p<0.0001).

Discussion

Itraconazole, an antifungal agent, is now widely and safely
used for the treatment of diseases caused by fungi. It is also
known for its antibleeding effects against pulmonary fungi
in patients with rheumatoid disease who have hemosputum
and hemorrhaging. Although this effect is thought to be
mediated by the anti-angiogenic effects of itraconazole, the
detailed mechanisms involved are not known. While possible
mechanisms indeed involve the inhibition of angiogenic
factors, our results also demonstrate that itraconazole has
anti-angiogenic effects independent of VEGF. Our study
suggests that the anti-angiogenic effects of itraconazole were
due to its direct stimulation of apoptosis in endothelial cells,
not due to inhibition of VEGF signaling. Similar to mTOR
inhibitors, itraconazole blocked the phosphorylation of S6
and MAPK in HUVECs. 

Another mechanism through which itraconazole exerted its
anti-angiogenic effects was through the suppression of CAFs.
To the best of our knowledge, no reports have previously
demonstrated the influence of itraconazole on CAFs. CAFs
play a critical role in both tumor progression and tumor
angiogenesis. Kalluri et al. reported that myofibroblasts
expressing α-SMA (CAFs) reportedly mediate CSI, essential
for tumor growth (16). The CSI between cancer cells and CAFs
influences bevacizumab resistance in tumors. Our results show
that itraconazole suppressed both the growth of and the
secretion of angiogenic factors from CAFs. Importantly, these
mechanisms also affect the creation of new vascular networks.
Therefore, we sought to determine whether treatment with
itraconazole may help overcome any mechanisms of resistance
associated with VEGF. Anti-angiogenic effects are thought to
involve two mechanisms: one is the blockage of angiogenic
factors, such as VEGF, and the other is inhibition of alternate
pathways affecting angiogenesis. However, our results
demonstrate the existence of a novel mechanism quite different
from previous mechanisms, namely the direct inhibition of
HUVEC and CAF proliferation. 

Previous studies have shown that gastric cancer often
exhibits resistance to bevacizumab (17). The MKN-28 cells
used in this study were also resistant to bevacizumab. Our
current results show that this resistance in MKN-28 cells
(17) may be based on mechanisms involving other
angiogenic factors, independently from VEGF. Indeed,
treatment with bevacizumab did not affect the microvessel
density in MKN-28-derived xenograft tumors in mice.
However, even in bevacizumab-resistant gastric cancer cells,
itraconazole reduced tumor volume and weight. Furthermore,
the microvessel density of tumors treated with itraconazole

significantly decreased compared to those in the control and
bevacizumab-treated groups. Therefore, we conclude that this
change in microvessel density resulted in the decreased
tumor volume seen in itraconazole-treated mice. 

Some investigators reported that itraconazole suppresses
the proliferation of non-small cell lung cancer cells (18, 19).
These effects have been tested in several clinical trials in
non-small cell lung cancer and prostate cancer (12, 13).
However, in our study, itraconazole did not inhibit the
growth of gastrointestinal cancer cells. Nevertheless,
resistance of these cells to bevacizumab has resulted in the
contraindication of bevacizumab for use in gastric cancer
(20), and acquisition of resistance to bevacizumab is one of
the most debated topics in colorectal cancer therapy. Thus,
the development of novel therapies to enhance bevacizumab
sensitivity is an urgent issue. Our results demonstrate that
itraconazole enhances the effects of bevacizumab, even in
bevacizumab-resistant cancer cells. We believe that this
synergistic effect of itraconazole may be an option for
patients with bevacizumab-resistant colorectal cancer and
may represent a novel therapy for gastric cancer. 

Conclusion

In this study, we demonstrated that itraconazole had anti-
angiogenic effects in addition to its known anti-fungal
effects. This anti-angiogenic mechanism was mediated by
inhibition of endothelial cell growth, a mechanism that is
quite different from other well-known mechanisms, such as
inhibition of VEGF or the CSI. Therefore, our study suggests
that itraconazole may be useful for enhancing the anticancer
effects of bevaciumab in the treatment of gastrointestinal
cancer.

Conflicts of Interest
None.

References

1 Basso M, Cassano A and Barone C: A survey of therapy for
advanced renal cell carcinoma. Urol Oncol 28(2): 121-133,
2010.

2 Board RE, Thistlethwaite FC and Hawkins RE: Anti-angiogenic
therapy in the treatment of advanced renal cell cancer. Cancer
Treat Rev 33(1): 1-8, 2007.

3 Sakurai T and Kudo M: Signaling pathways governing tumor
angiogenesis. Oncology 81(Suppl 1): 24-29, 2011.

4 Asghar U, Hawkes E and Cunningham D: Predictive and
prognostic biomarkers for targeted therapy in metastatic
colorectal cancer. Clin Colorectal Cancer 9(5): 274-281, 2010.

5 Selvakumaran M, Yao KS, Feldman MD and O'Dwyer PJ:
Antitumor effect of the angiogenesis inhibitor bevacizumab is
dependent on susceptibility of tumors to hypoxia-induced
apoptosis. Biochem Pharmacol 75(3): 627-638, 2008.

ANTICANCER RESEARCH 36: 169-178 (2016)

176



6 Li JL, Sainson RC, Shi W, Leek R, Harrington LS, Preusser M,
Biswas S, Turley H, Heikamp E, Hainfellner JA and Harris AL:
Delta-like 4 notch ligand regulates tumor angiogenesis, improves
tumor vascular function, and promotes tumor growth in vivo.
Cancer Res 67(23): 11244-11253, 2007.

7 Fan F, Samuel S, Gaur P, Lu J, Dallas NA, Xia L, Bose D,
Ramachandran V and Ellis LM: Chronic exposure of colorectal
cancer cells to bevacizumab promotes compensatory pathways
that mediate tumour cell migration. Br J Cancer 104(8): 1270-
1277, 2011.

8 Rogosin S and Sandler AB: Beyond bevacizumab:
Antiangiogenic agents. Clin Lung Cancer 13(5): 326-333, 2012.

9 Stacker SA and Achen MG: The VEGF signaling pathway in
cancer: The road ahead. Chin J Cancer 32(6): 297-302, 2013.

10 Kono SA, Heasley LE, Doebele RC and Camidge DR: Adding
to the mix: Fibroblast growth factor and platelet-derived growth
factor receptor pathways as targets in non-small cell lung cancer.
Curr Cancer Drug Targets 12(2): 107-123, 2012.

11 Willett CG, Duda DG, di Tomaso E, Boucher Y, Ancukiewicz M,
Sahani DV, Lahdenranta J, Chung DC, Fischman AJ, Lauwers GY,
Shellito P, Czito BG, Wong TZ, Paulson E, Poleski M, Vujaskovic
Z, Bentley R, Chen HX, Clark JW and Jain RK: Efficacy, safety,
and biomarkers of neoadjuvant bevacizumab, radiation therapy,
and fluorouracil in rectal cancer: A multidisciplinary phase ii
study. J Clin Oncol 27(18): 3020-3026, 2009.

12 Antonarakis ES, Heath EI, Smith DC, Rathkopf D, Blackford
AL, Danila DC, King S, Frost A, Ajiboye AS, Zhao M,
Mendonca J, Kachhap SK, Rudek MA and Carducci MA:
Repurposing itraconazole as a treatment for advanced prostate
cancer: A noncomparative randomized phase ii trial in men with
metastatic castration-resistant prostate cancer. Oncologist 18(2):
163-173, 2013.

13 Rudin CM, Brahmer JR, Juergens RA, Hann CL, Ettinger DS,
Sebree R, Smith R, Aftab BT, Huang P and Liu JO: Phase 2
study of pemetrexed and itraconazole as second-line therapy for
metastatic nonsquamous non-small-cell lung cancer. J Thorac
Oncol 8(5): 619-623, 2013.

14 Nagasaki T, Hara M, Nakanishi H, Takahashi H, Sato M and
Takeyama H: Interleukin-6 released by colon cancer-associated
fibroblasts is critical for tumour angiogenesis: Anti-interleukin-
6 receptor antibody suppressed angiogenesis and inhibited
tumour-stroma interaction. Br J Cancer 110(2): 469-478, 2014.

15 Uzzan B, Nicolas P, Cucherat M and Perret GY: Microvessel
density as a prognostic factor in women with breast cancer: A
systematic review of the literature and meta-analysis. Cancer Res
64(9): 2941-2955, 2004.

16 Kalluri R and Zeisberg M: Fibroblasts in cancer. Nat Rev Cancer
6(5): 392-401, 2006.

17 Ohtsu A, Shah MA, Van Cutsem E, Rha SY, Sawaki A, Park SR,
Lim HY, Yamada Y, Wu J, Langer B, Starnawski M and Kang
YK: Bevacizumab in combination with chemotherapy as first-
line therapy in advanced gastric cancer: A randomized, double-
blind, placebo-controlled phase III study. J Clin Oncol 29(30):
3968-3976, 2011.

18 Aftab BT, Dobromilskaya I, Liu JO and Rudin CM: Itraconazole
inhibits angiogenesis and tumor growth in non-small cell lung
cancer. Cancer Res 71(21): 6764-6772, 2011.

19 Kim J, Aftab BT, Tang JY, Kim D, Lee AH, Rezaee M, Kim J,
Chen B, King EM, Borodovsky A, Riggins GJ, Epstein EH Jr.,
Beachy PA and Rudin CM: Itraconazole and arsenic trioxide
inhibit hedgehog pathway activation and tumor growth
associated with acquired resistance to smoothened antagonists.
Cancer Cell 23(1): 23-34, 2013.

20 Van Cutsem E, de Haas S, Kang YK, Ohtsu A, Tebbutt NC,
Ming Xu J, Peng Yong W, Langer B, Delmar P, Scherer SJ and
Shah MA: Bevacizumab in combination with chemotherapy as
first-line therapy in advanced gastric cancer: A biomarker
evaluation from the avagast randomized phase iii trial. J Clin
Oncol 30(17): 2119-2127, 2012.

Received November 11, 2015
Revised December 7, 2015

Accepted December 10, 2015

Hara et al: Antiangiogenic Effects of Itraconazole

177




