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S ince the angiogenesis hypothesis was first put
forward in 1971, the physiologic and pathologi-
cal roles of angiogenesis in various biological

and disease processes have been subject to extensive
scrutiny (1). The importance of angiogenesis in human
diseases such as cancer is well established (2, 3). Sig-
nificant progress in antiangiogenic drug discovery and
development has also been made, culminating in the
development of angiogenesis inhibitors as drugs for the
treatment of cancer (4) and age-related macular degen-
eration (5). Angiogenesis inhibitors have been found to
be particularly useful when used in conjunction with
other chemotherapeutic drugs (6). Angiogenesis also
contributes to the pathogenesis of a number of other
diseases, including obesity, psoriasis, Kaposi’s sar-
coma, diabetic retinopathy, pulmonary hypertension,
and arthritis (7). It is thus not surprising that �500 mil-
lion people worldwide may benefit from treatments that
modulate angiogenesis.

A number of existing drugs have been found to pos-
sess antiangiogenic effects either serendipitously or by
rational prediction. One of the first antiangiogenic drug
candidates to enter clinical trials is TNP-470, a derivative
of the antiamebic drug fumagillin (8), which was discov-
ered in the late 1980s from a fungal contamination
that inhibited endothelial cell culture growth (9). Other
existing drugs such as thalidomide (10), nonsteroidal
anti-inflammatory agents (11), and rapamycin (12) also
inhibit angiogenesis and have shown promise in clinical
trials for the treatment of cancer. Although new uses
for several dozen existing drugs such as fumagillin have
been found serendipitously or through knowledge of
pharmaceutical side effects (13, 14), a systematic as-
sembly and screening of libraries of existing drugs for
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ABSTRACT Angiogenesis, the formation of new blood vessels, is implicated in
a number of important human diseases, including cancer, diabetic retinopathy, and
rheumatoid arthritis. To identify clinically useful angiogenesis inhibitors, we as-
sembled and screened a library of mostly Food and Drug Administration-approved
drugs for inhibitors of human endothelial cell proliferation. One of the most prom-
ising and unexpected hits was itraconazole, a known antifungal drug. Itracon-
azole inhibits endothelial cell cycle progression at the G1 phase in vitro and blocks
vascular endothelial growth factor/basic fibroblast growth factor-dependent angio-
genesis in vivo. In attempts to delineate the mechanism of action of itraconazole,
we found that human lanosterol 14�-demethylase (14DM) is essential for endothe-
lial cell proliferation and may partially mediate the inhibition of endothelial cells
by itraconazole. Together, these findings suggest that itraconazole has the poten-
tial to serve as an antiangiogenic drug and that lanosterol 14DM is a promising
new target for discovering new angiogenesis inhibitors.
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novel pharmacological activities did not begin until re-
cently (15).

In an effort to uncover novel biological activity among
existing drugs, we began to collect and assemble into a
library drugs approved by the Food and Drug Administra-
tion and its foreign counterparts, as well as those that
had entered phase 2 clinical trials. A preliminary screen
of this library in a human umbilical vein endothelial cell
(HUVEC) proliferation assay identified the immunosup-
pressive drug mycophenolic acid as a potent inhibitor of
angiogenesis in vitro and in vivo (16). This led to the dis-
covery of the type 1 inosine monophosphate dehydroge-
nase as a specific target for angiogenesis and the type
2 enzyme as a specific target for immunosuppression
(16). Herein, we report that the known antifungal drug
itraconazole also possesses potent antiangiogenic activ-
ity both in vitro and in vivo.

RESULTS AND DISCUSSION
Endothelial cells form the inner lining of all blood ves-

sels and constitute an essential part of new as well as
pre-existing blood vessels. The proliferation, migration,
and differentiation of endothelial cells are integral parts
of angiogenesis. The majority of angiogenesis inhibitors
discovered to date target endothelial cells. We thus em-
ployed an endothelial cell proliferation assay to screen
our clinical drug library. The screen was carried out in 96-
well plates with each drug at a final concentration of
10 �M. Thus, HUVEC were incubated with drugs for 36 h,
and proliferation was measured by following incorpora-
tion of [3H]-thymidine for the final 8 h. The preliminary
screen identified 210 existing drugs with at least 50% in-
hibition at 10 �M, which belong to multiple drug classes
(Figure 1, panel a). Some hits, such as antineoplastic
and antiprotozoal drugs, are generally cytotoxic and are
known to inhibit the proliferation of HUVEC and other cell
types. These hits were excluded from further investiga-

tion. Other hits, including antacids, antibac-
terials, antiemetics, antihelminthics, anti-
obesity, and antiseptic drugs that are either
for topical use or are not systemically ab-
sorbed, were also excluded from further
studies. In addition, we put into lower prior-
ity those drugs whose IC50 values exceed
peak plasma levels achieved with current
clinical use, including antidepressants, anti-
hyperlipidemics, antihypertensives, antipsy-
chotics, cardiotonics, and steroids. How-

ever, it is worth pointing out that those drugs can still
serve as promising leads for the development of antian-
giogenic drugs. After the aforementioned filtration, sev-
eral hits remained. One interesting hit was mycophe-
nolic acid (16). Another hit, which was quite unex-
pected, was itraconazole (Table 1). Itraconazole has
not been previously reported to inhibit endothelial cell
proliferation or angiogenesis.

Itraconazole belongs to the family of azole antifun-
gal drugs with several generations of structurally and
mechanistically related analogues (17). Itraconazole
displayed quite potent and selective inhibitory activity
toward endothelial cells compared to other cell types
tested. For example, itraconazole has little effect on the
proliferation of human foreskin fibroblasts (HFF), with an
IC50 �20 �M in comparison to HUVEC (IC50 � 0.16 �M)
(Figure 1, panel b). While it potently inhibited the prolif-
eration of bovine aortic endothelial cells (BAEC), it is
much less effective against Jurkat T cells or HeLa cells
(Supplementary Figure 1). As shown in Table 1, itracon-
azole was unique among all azole antifungal drugs
tested so far in its ability to selectively inhibit the prolif-
eration of endothelial cells with high potency. In sharp
contrast to itraconazole, the structurally related tercon-
azole and ketoconazole were �27- and 40-fold less po-
tent against HUVEC, respectively. Intriguingly, whereas
terconazole was inactive toward Jurkat T cells, like itra-
conazole, its analogue ketoconazole inhibited Jurkat T
cell proliferation, albeit with low potency. Some of the
most potent antifungal drugs of this superfamily, such
as fluconazole and voriconazole, were inactive toward
HUVEC, HFF, and Jurkat T cells (Table 1).

Itraconazole contains three stereocenters, which can
yield a total of eight stereoisomers. The oral and intrave-
nous formulations of itraconazole are supplied as a 1:1:
1:1 mixture of four diastereomers (18). In an attempt to
investigate whether inhibition of HUVEC by itraconazole
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Figure 1. Itraconazole inhibits endothelial cell proliferation. a) Screening results for 2,604 exist-
ing drugs on HUVEC proliferation at 10 �M. b) Inhibition of proliferation by itraconazole. c) Cell
cycle analysis of HUVEC showing G1/S arrest upon 4S-cis itraconazole treatment.
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TABLE 1. IC50 values for the inhibition of HUVEC, HFF, and Jurkat T cell proliferation by
itraconazole and other antifungal drugs
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is stereoselective, we synthesized one pair of two dia-
stereomers, the 4S-cis and 4R-cis itraconazole. The to-
tal synthesis of both isomers of itraconazole is shown in
Scheme 1. Thus, a diastereoselective ketalization of 2
using a chirally pure glycerol monotosylate (step ii)
afforded the intermediate 3a and 3b. Another intermedi-
ate, 10, was synthesized via a five-step sequence start-
ing from the piperazine precursor 4 and 4-chloronitro-
benzene (5). The final coupling of tosylate 3a or 3b and
phenol 10 was carried out under basic conditions to give
either the 4S-cis or the 4R-cis itraconazole in good yield.
The inhibitory activity of these diasteromers was then
determined in the HUVEC proliferation assay. The 4S-
cis diastereomer (IC50 � 0.056 � 0.01 �M) was found
to be �20-fold more potent than the 4R-cis stereoiso-
mer (IC50 � 1.1 � 0.13 �M). In comparison, the race-
mic itraconazole has an IC50 of 0.16 �M. The significant
influence of stereochemistry at one end of itraconazole
on its activity suggests that this part of itraconazole may
participate in a stereospecific interaction with target(s)
in endothelial cells.

To further delineate the mechanism of inhibition of
endothelial cell proliferation by itraconazole, we exam-
ined its effect on the cell cycle progression of HUVEC by
fixing and staining cells with propidium iodide followed
by fluoresence-activated cell sorting analysis. The 4S-cis
diastereomer potently inhibits HUVEC cell cycle progres-
sion at the G1/S transition (Figure 1, panel c). Treat-
ment of HUVEC with racemic itraconazole also led to an
increase of cells in the G1 phase of the cell cycle and a
corresponding decrease in cells in the S phase (data

not shown). These results indi-
cate that itraconazole inhibits
HUVEC proliferation by block-
ing cell cycle progression in the
G1 phase.

The molecular mecha-
nism of action of itracon-
azole is well established for
its antifungal activity: it in-
hibits lanosterol 14�-
demethylase (14DM), which
catalyzes an essential step
in the biosynthesis of ergos-
terol required for the mem-
brane integrity of fungal cells
(19). The demethylation of
lanosterol is a common step

between fungi and humans in sterol biosynthesis prior
to the divergence of the pathways leading to ergosterol
in fungi and cholesterol in humans, respectively. Al-
though itraconazole as well as other azole antifungal
drugs preferably inhibit the fungal 14DM over its hu-
man counterparts, they do inhibit the human enzyme
at higher concentrations. The IC50 values of itraconazole
for human 14DM varied from 0.61 to 30 �M for un-
known reasons (20, 21). Nevertheless, this raised the
formal possibility that the inhibition of the endothelial
cell cycle by itraconazole may be mediated at least in
part through the inhibition of human 14DM.

Two complementary approaches were taken to as-
sess the relevance of 14DM in the inhibition of endothe-
lial cell proliferation by itraconazole. First, we synthe-
sized a known potent inhibitor of human 14DM,
azalanstat, and compared its effect on endothelial cells
with that of itraconazole (22, 23). Similarly to itracon-
azole, azalanstat also blocked the cell cycle progression
of HUVEC (Supplementary Figure 2) and BAEC in the G1
phase of the cell cycle (Supplementary Figure 3 and
Table 2), suggesting that 14DM is required for endothe-
lial cell proliferation. A hallmark of inhibitors of 14DM
is that their potencies are dependent on the levels of
cholesterol in cell culture medium (24, 25). We thus de-
termined the potencies of both azalanstat and itracon-
azole in cell culture medium either containing or lacking
cholesterol. As expected, azalanstat displayed higher
potency toward endothelial cells in the absence of cho-
lesterol (IC50 � 0.31 �M) than in its presence (IC50 �

1.2 �M) (Figure 2, panel a). Similarly, the inhibition of

Cl
O

Cl Cl

MeO Cl NO2

R
H
N

O
OPh

**
OH

HO OTs

OHCHN
HN

N

O

N NHO N N

N N N
N

N

O

N
N

N

Cl Cl

O

**

O
O

N NMeO NO2

NNMeO

N
N

N

Cl Cl

O

**

O
OTs

N
N

N

O

R

(i) 1H-1,2,4-Triazole, 
    NaHCO3, toluene, reflux, 
    overnight, 53%

(ii) CF3SO3H/toluene, 
     RT, 60 h, 55%

1

N
N

N

O

Cl Cl

2

10

(iv) HCOO−NH4
+, Pd/C 10%, 

      CH3OH, reflux, 3 h, 60% 
(v) ClCO2Ph, pyridine, 
     0−4 °C, 5 h, 75% 

(vi) DBU, toluene, 80 °C, 12 h, 
      then 120 °C, 24 h, 89%

R =

+

(iii) K2CO3, DMSO, 160 °C,
      overnight, 96% 

(vii) HBr 48%, reflux, 
      12 h, 98% 

4 5 6

7 8 9

11a 4S-cis-Itraconazole
11b 4R-cis-Itraconazole

3a, b
(viii) KOH, DMF, RT, 8 h, 75%

3a 4S-cis
3b 4R-cis

N NH

NH2R

Scheme 1. Synthesis of itraconazole stereoisomers.
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endothelial cells by itraconazole was also sensitive to
cholesterol, being less potent when cholesterol is
present (IC50 � 0.044 vs 0.23 �M) (Figure 2, panel b).
In contrast, an inhibitor of angiogenesis with unrelated
mechanism of action, TNP-470, which works by inhibit-
ing the type 2 methionine aminopeptidase (26, 27), in-
hibited endothelial cell proliferation with roughly equal
potency in the absence and presence of cholesterol
(Figure 2, panel c). Together, these observations sug-
gest that itraconazole works at least in part by inhibit-
ing cholesterol biosynthesis.

The second approach we took was to knock down
the expression of human 14DM in HUVEC and deter-
mine the effect on cell proliferation. Thus, three differ-
ent short hairpin RNAs (shRNAs) targeting the coding re-
gion of human 14DM messenger RNA were transiently
expressed in 293T cells along with the expression plas-
mid for human 14DM with an C-terminal c-Myc tag. One
of the constructs, pSSII-sih14DM, dramatically blocked
the expression of ectopically expressed protein
(Figure 3, panel a). The expression cassette for this
shRNA was then moved to the lentiviral vector, pFUP2
(28), and the resulting lentiviruses were generated and

used to transduce
HUVEC. As shown in
Figure 3, panel b,
the human 14DM
lentiviral shRNA
blocked the expres-
sion of endogenous
14DM expression,
as judged by re-
verse transcriptase
polymerase chain
reaction (RT-PCR)

about 3 d after viral transduction. The transduced cells
were allowed to grow, and their proliferation in the ab-
sence and presence of varying concentrations of itracon-
azole was determined at 7 d post-transduction. HUVEC
transducted with human 14DM shRNA proliferate more
slowly than those transduced with the control viruses,
as judged by the amounts of [3H]-thymidine incorpo-
rated at day 7 (Figure 3, panel c). Together, these re-
sults demonstrate that 14DM is essential for endothe-
lial cell growth and suggest that human 14DM may
serve as a novel target for developing angiogenesis
inhibitors.

It has been reported that the statins, which inhibit
3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) re-
ductase, have biphasic effects on angiogenesis (29). At
lower doses, statins stimulate angiogenesis, whereas at
higher doses they inhibit angiogenesis. In agreement
with previous reports, statins were also found to inhibit
endothelial cell proliferation in our screen (Supplemen-
tary Table 1). The inhibition of angiogenesis by statins at
higher doses has been attributed to the inhibition of pre-
nylation of such signaling proteins as RhoA rather than
sterol biosynthesis (30). Our demonstration that both

TABLE 2. Effects of itraconazole and azalanstat on the cell cycle
progression of BAECa

Control Cholesterol

G1 S G2/M G1 S G2/M

Control 66.4 18.7 14.2 65.5 22.1 11.8
Itraconazole 77.0 10.5 12.0 66.2 21.2 12.0
Azalanstat 74.5 16.8 8.8 70.2 19.4 10.0

aValues represent the percentage of cells in a given phase of the cell cycle.
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Figure 2. Inhibition of BAEC proliferation by itraconazole and azalanstat can be partially reversed by cholesterol. BAEC
were incubated in DMEM, 10% LPDS with indicated concentrations of a) itraconazole, b) azalanstat, or c) TNP-470 either
alone or in combination with 40 �g mL�1 free cholesterol for 36 h. Cells were then pulsed with 1 �Ci [3H]-thymidine for
8 h before they were harvested for scintillation counting.
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chemical inhibition by azalanstat and RNA knockdown
of 14DM caused inhibition of endothelial cell prolifera-
tion suggests that cholesterol biosynthesis is also es-
sential for endothelial cell growth. It remains to be deter-
mined whether interference with cholesterol biosynth-
esis is partly responsible for the antiangiogenic effects
of higher concentrations of statins.

It is apparent from the existing experimental evi-
dence that 14DM is a potential
target for itraconazole. However,
it remains unclear whether
14DM is the only or major tar-
get of itraconazole for its antian-
giogenic effects. Among the evi-
dence in support of 14DM as a
major target for itraconazole are
the following: (i) Itraconazole
does inhibit human 14DM in
vitro. (ii) Similar profiles of ef-
fects on endothelial cells were
observed for itraconazole and
the known 14DM inhibitor aza-
lanstat, including the common
G1 cell cycle arrest and sensitiv-
ity to the presence of choles-
terol in cell culture medium. (iii)
14DM appeared to be essential
for HUVEC proliferation on the
basis of RNA interference experi-
ments. There are also several
pieces of evidence that are in-
consistent with 14DM being the
target for itraconazole in endo-
thelial cells: (i) Ketoconazole
that is at least equally potent
against 14DM in vitro is much
less potent than itraconazole for
inhibition of endothelial cells.
(ii) Addition of cholesterol, al-
though causing a 5-fold de-
crease in sensitivity of BAEC to

itraconazole, did not completely reverse the inhibition
by itraconzole, suggesting that inhibition of cholesterol
biosynthesis is not sufficient to explain the effect of itra-
conazole in endothelial cells in the presence of normal
concentrations of cholesterol in culture medium. The un-
certainty on 14DM is further compounded by the dis-
crepancy in the reported potency of itraconazole on hu-
man 14DM in vitro. It was reported earlier that the IC50 of
itraconazole for recombinant human 14DM is 0.61 �M,
similar to that of ketoconazole (20); however, in a more
recent study, the IC50 was found to be much higher at
30 �M (21). Additional experiments will be required to
provide an unambiguous answer to the question of
whether 14DM is the antiangiogenic target of
itraconazole.

To determine whether itraconazole inhibited angio-
genesis in vivo, we tested itraconazole in a mouse Ma-
trigel model (31). In humans, itraconazole is adminis-
tered intravenously at a dose of 105 mg m�2 twice daily.
Mice were thus treated with a comparable dose of itra-
conazole (112.5 mg m�2 or 37.5 mg kg�1, intraperito-
neally once daily). A significant decrease in angiogen-
esis was observed both macroscopically, as judged by
the red color of the isolated Matrigel plugs (Figure 4,
panel a), and microscopically upon staining thin sec-
tions for new blood vessels (Figure 4, panel b) in ani-
mals treated with itraconazole. Overall, there was a
67.5% decrease in new blood vessel formation in
itraconazole-treated mice compared to vehicle-treated
controls (Figure 3, panel c), indicating that itraconazole
is capable of suppressing angiogenesis in vivo.

In order for itraconazole to have a clinically useful ef-
fect on angiogenesis in humans, its effective concentra-
tion for inhibiting endothelial cell proliferation has to
be below the trough plasma level of the drug under ex-
isting dosing regimens. Fortunately, the IC50 value of
itraconazole for HUVEC inhibition is well below the
steady-state levels achieved with a standard oral
200 mg dose (Cmin � 2.6 �M, Cmax � 3.2 �M, t1/2 �

64 h) (www.ortho-mcneil.com/html/comi2/products_
list.jsp), suggesting it is likely to exhibit antiangiogenic
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effects in vivo under the current regimen of drug admin-
istration. Although itraconazole has been associated
with rare cases of hepatotoxicity as its major side ef-
fect, it can be taken orally for up to 3 months to treat fin-
ger and toenail infections. Given the relatively safe his-
tory of itraconazole in the clinic and its well-established
side effects, the gap between additional preclinical
studies and human clinical trials can be easily nar-
rowed, accelerating the development of itraconazole as
a therapeutic antiangiogenic drug. Given that the 4S-cis
diastereomer of itraconazole is significantly more potent
than the other diastereomer, administration of the 4S-
cis diastereomer alone could potentially further aug-

ment antiangiogenic activity. It is also worthwhile to
screen itraconazole analogues that did not reach the
clinic for even more potent antiangiogenic activity.

Although new uses for several dozen existing drugs
such as thalidomide have been found serendipitously
or through knowledge of pharmaceutical side effects, to
date the largest systematic screen of existing drugs
used �10% of the �11,000 drugs known to man. Our
results once again underscore the promise of systemati-
cally screening known drugs for new pharmacologic ac-
tivities and suggest that itraconazole, a drug already
widely used in the clinic, warrants further investigation
as a treatment for angiogenesis-dependent diseases.

METHODS
Cell Culture. HUVEC were purchased from Cambrex Bio-

sciences (Walkersville, MD) and maintained in EGM-2 medium
(Cambrex), which contains vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF), and epidermal
growth factor. Lipoprotein deficient serum (LPDS) was pur-
chased from Intracell. BAEC and HeLa cells were maintained in
Dulbecco’s modified eagle’s medium containing 10% fetal bo-
vine serum (FBS). Jurkat cells were maintained in Roswell Park
Memorial Institute (RPMI) medium containing 10% FBS. In a typi-
cal experiment, 5000–10,000 cells/well in 0.2 mL of EGM-2 me-
dium were allowed to adhere for 8 h and then incubated with
drug for 36 h. Cells were pulsed with 1 �Ci [3H]-thymidine for 8 h
(MP Biomedicals, 6.7 Ci mmol�1) and harvested using trypsin
onto glass fiber filters (Wallac, Turku, Finland). The readout was
performed on a Perkin Elmer MicroBeta plate reader. Cells used
were under five passages.

HFF cells were the generous gift of Prof. Wade Gibson and
were cultured at passage 2 in DMEM low glucose, 10% FBS,
and 1% penicillin-streptomycin. Experiments were performed
with 2500 cells/well in 0.2 mL and incubated for 96 h with drug.
Plates containing cells were washed once with phosphate buff-
ered saline (PBS), incubated with 1 �M Calcein-AM (Molecular
Probes) in PBS for 4 h, and read in a fluorescent plate reader.
IC50 values were determined using four-parameter logarithmic
analysis with GraphPad Prism and are presented as mean �
SEM for triplicate experiments.

In Vivo Angiogenesis. Female athymic nude 5-week-old,
25–30 g mice were purchased from NCI and treated in accor-
dance with Johns Hopkins Animal Care and Use Committee pro-
cedures. In all animal experiments, the intravenous formulation
of itraconazole was obtained from the Johns Hopkins Hospital
Pharmacy. Control mice were treated with vehicle (40%
hydroxypropyl-	-cyclodextrin, 2.5% propylene glycol, pH 4.5).
Mice were pretreated for 3 d and then implanted subcutane-
ously with 0.5 mL of Matrigel (BD Biosciences) containing
100 ng mL�1 VEGF and 150 ng mL�1 bFGF. Drug treatment was
continued daily for 10 d, mice were sacrificed, and plugs were
harvested, fixed in neutral buffered formalin, and processed for
histology using MAS-trichrome staining. A cross-section of the
entire Matrigel plug was photographed at 100
, and
erythrocyte-filled blood vessels were counted per field in a
blinded manner. P-values comparing itraconazole versus ve-
hicle treated mice were determined using the two-tailed Stu-
dent’s t test; the data are presented as mean � SEM.

Synthesis of Stereoisomers of Itraconazole and Azalanstat. De-
tails of the syntheses of the two stereoisomers of itraconazole
and azalanstat can be found in Supporting Information.
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