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a b s t r a c t

Previously the synthesis of novel somatostatin mimetic from 1-deoxynojirimycin (DNJ) led to identifica-
tion of a compound with affinity for human somatostatin receptor subtypes 4 and 5 (hSSTR4 and hSSTR5).
Here we examined the properties of this peptidomimetic in a human umbilical vein endothelial cell
(HUVEC) based assays. The peptidomimetic prevented capillary tube formation based on HUVECs. It also
inhibited HUVEC proliferation by inducing G1 phase cell cycle arrest and apoptosis. Stress fiber assembly
and cell migration in HUVECs was markedly suppressed by the somatostatin receptor ligand.

� 2010 Elsevier Ltd. All rights reserved.
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Somatostatin 14
Angiogenesis provides new blood vessels to growing and devel-
oping tissue.1 Pathological angiogenesis occurs in tumor formation,
and also in a range of diseases that include rheumatoid arthritis,
diabetic retinopathy, atherosclerosis, Crohn’s disease, and diseases
of the nervous system. Angiogenesis is believed to be a factor
which facilitates the metastasis of tumor cells and so the develop-
ment of angiogenesis inhibitors is of interest in cancer therapy2

and a number of inhibitors have been approved for clinical use.3

Somatostatin (Fig. 1) is a peptide that is widely distributed
throughout the central nervous system and peripheral tissues.
There are two naturally occurring, bioactive forms of somatostatin,
the 14-amino-acid-containing somatostatin (somatostatin 14) and
its N-terminal extended precursor somatostatin 28. Both of these
forms bind to somatostatin receptors that are coupled to heterotri-
meric guanine nucleotide-binding proteins. There are five distinct
somatostatin receptor subtypes (SSTR1 through SSTR5) which are
present in human tissues. Somatostatin 14 was used in early clin-
ical trials to control peptide hypersecretion, gut motility, and a
variety of other physiologic processes. Somatostatin has poor bio-
availability and pharmacokinetics and this led to research into
the development of peptidal and non-peptidal mimetics of this
All rights reserved.
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hormone. The presence of somatostatin receptors on tumor cells
and on the proliferating vascular endothelium has led to several
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Figure 1. Structure of somatostatin 14 and peptidomimetics 1 and 2.
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in vitro and in vivo studies to investigate the antiproliferative and
antiangiogenic effects of somatostatin analogues. Currently avail-
able data suggest that somatostatin analogues might inhibit
angiogenesis directly through their interaction with somatostatin
receptors present on endothelial cells and also indirectly through
the inhibition of growth factor secretion such as IGF-I and vas-
cular endothelial growth factor (VEGF) and reducing monocyte
chemotaxis.4

The synthesis of the somatostatin mimetic 1 from 1-deoxynoj-
irimycin (DNJ) has been described and 1 has been shown to have
affinity for the human somatostatin receptor subtype 4 (hSSTR4;
Ki = 4.4 lM) and hSSTR5 (Ki = 5 lM).5 Compound 2 showed affinity
for hSSTR4 but not hSSTR5. The aim of this study was to investigate
the effects of 1 in a human umbilical vein endothelial cell (HUVEC)
culture system, in an attempt to define the multifaceted role of 1 in
HUVEC proliferation, apoptosis and migration and the results are
described herein.

It has been previously reported that HUVECs, express endoge-
nous somatostatin hSSTR2 and hSSTR5 receptor and HUVEC cell
growth can be inhibited with the peptidal somatostatin mimetics
octreotide and SOM230, both of which have hSSTR5 activity.6

The study herein focused on 1 as it displayed affinity for hSSTR5
in the previous study.5 The inhibition of HUVEC growth by 1 was
Figure 2. Tube formation. (a) HUVECs cultured on polymerized matrigel organize
into tube-like structures. (b) Compound 1 inhibits tube formation partially (20 lM).
(c) Compound 1 inhibits tube formation completely (40 lM).

Figure 3. Effect of 1 on HUVEC cell cycle progression. HUVECs were treated with or
without 1 for 24 h, respectively. Cells were then stained with propidium iodide, and
the nuclei were analyzed for DNA content by flow cytometry. A total of 10,000
nuclei were analyzed from each sample, and the percentages of cells within G1, S,
and G2/M were determined. Representative profiles are shown, and the % of cells in
G1, S, and G2/M are shown in the upper right corner of the profiles.
therefore first determined using the MTT assay.7 Based on the aver-
age of three independently performed experiments, 1 was shown
to inhibit growth of HUVECs with an IC50 of 12.6 lM.

The iminosugar derivative 1 was next evaluated for its ability to
inhibit angiogenesis in vitro using the endothelial cell tube forma-
tion assay.8 Endothelial cells which are induced to undergo capil-
lary tube formation change their architecture and form cell-cell
contacts that lead to branched networks that are similar to capil-
lary-like blood vessels. When HUVECs are cultured on polymerized
matrigel, they organize into such tube-like structures (Fig. 2a).
However, when HUVECs were cultured on polymerized matrigel
in the presence of 1 (40 lM, Fig. 2c) the cells failed to organize into
these capillary-like structures. When the cells were treated with 1
at a concentration of 20 lM the tube formation was partially inhib-
ited (Fig. 2b).

Next the mechanism by which the growth of HUVEC endothelial
cells was altered by 1 was studied.9 The effect of 1 on cell cycle dis-
tribution was analyzed and the result of a typical experiment is
shown in Figure 3. As determined by flow cytometry, the exposure
of HUVEC cells to 1 (20 lM doses) after 24 h, resulted in a clear



Figure 4. Apoptotic effect of 1 on HUVEC cells. (A) The fluorescence pattern of annexin V-FITC and propidium iodide-stained HUVEC cells after 48 h treatment with 1 (20 lM).
(B) HUVEC cells were seeded and next day treated with different doses of 1 in complete medium as indicated. After 24 and 48 h of treatments, cells were harvested and
analyzed for annexin V-positive apoptotic cell population as described in References and notes. (C) Effect of 1 on mitochondrial membrane potential in HUVEC. Cells were
treated with different doses of 1 for 24 h and then harvested and processed by JC-1 staining followed by flow cytometry analysis. Each bar represents the mean (±SD n = 3).
⁄P <0.01, ⁄⁄P <0.001 comparing with control.
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increase of the percentage of cells in the G1 phase with a concom-
itant decrease in the percentage of cells in the S and G2/M phase
when compared with the control.

We next tested whether apoptosis induction could contribute to
the growth inhibitory function of 1 in HUVECs. The ability of 1 to
induce apoptosis in HUVECs was thus evaluated by treatment of
the cells with different doses of 1 for 24 and 48 h and subsequently
subjecting the cells to staining with annexin V and propidium
iodide and flow cytometry analysis.10 The treatment with 1 (10
and 20 lM) caused a considerable apoptotic effect in HUVEC cells
in comparison with controls (Fig. 4A and B). To further determine
the molecular events leading to apoptosis induced by 1, we
analyzed the mitochondrial membrane potential in HUVEC cells
which had been treated with 1. The damage of mitochondrial
integrity and the consequent loss of mitochondrial membrane po-
tential (DWm) is an event in the initiation and activation of apop-
totic cascades.11 To determine whether 1 induced mitochondrial
disruption in HUVEC cells, we examined the depolarization of the
mitochondrial membrane by measuring the fluorescence remission
shift (red to green) of the DWm sensitive cationic JC-1 (5,50,6,60-
tetrachloro-1,10,3,30-tetraethylbenzamidazolocarbocyanin iodide)
dye in HUVEC cells. Briefly these cells were treated with 1 for 24 h
and subsequently processed and stained with the JC-1 dye and
then analyzed by flow cytometry. Cells which had been treated



Figure 5. Effect of 1 on HUVEC cell migration. Migration of HUVEC cells was
evaluated using the in vitro scratch–wound healing assay in the absence (a) and
presence (b) of 1 (2 � 10�5 M).

Figure 6. The effect of 1 on actin stress fiber polymerization in HUVEC cells was
assessed by fluorescence staining with TRITC-phalloidin, a substance which
specifically detects F-actin. In the control, stress fibers are present (green arrow).
Incubation of HUVEC cells with 1 (20 lM) led to marked disruption of stress fiber
assembly.
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with 1 (20 lM) showed an increase in green/red fluorescence
intensity indicating increased mitochondrial membrane depolar-
ization (Fig. 4C). Therefore, it was concluded that the induction
of apoptosis by 1 in HUVEC cells is closely associated with mito-
chondrial membrane disruption.

Growth and migration of endothelial cells are critical in the
organization of new blood capillaries in tumors.12 The effect of 1
on HUVEC cell migration was evaluated with the wound healing
assay in vitro.13 As shown in Figure 5, there is a significant reduc-
tion in the ability of 1 (20 lM) treated cells to migrate into the
empty space. The results indicated that 1 can inhibit HUVEC cell
migration (20 lM). This could be at least partially due to the inhi-
bition of proliferation induced by 1.

The compound 1 inhibited the growth and migration of HUVEC
cells and it was thus of interest to explore the effect of 1 on actin
polymerization. It is well established that actin polymerization,
which leads to stress fiber assembly and depolymerization, plays
a crucial role in cell motility.14,15 In an attempt to explore the
molecular events in response to treatment with 1, the formation
of the actin cytoskeleton in HUVEC cells was assessed by staining
with TRITC-phalloidin, which specifically binds F-actin.16 The re-
sults showed that stress fiber assembly in HUVEC was abolished
by 1 (20 lM) (Fig. 6). Therefore, 1 suppressed the migration of
HUVEC at least in part through disrupting actin assembly and
stress fiber formation.

In summary, we have demonstrated that the non peptide
somatostatin mimetic 1, prevented capillary tube formation from
human umbilical vein endothelial cells, through multiple
pathways, including cell cycle arrest, induction of apoptosis and
disruption of cell migration. In addition, we found that 1 disrupted
cell migration at least in part through preventing stress fiber for-
mation. The effects of 1 on HUVEC cell signal transduction and in
an animal model for angiogenesis and cancer are currently being
evaluated. Efforts to develop more potent somatostatin mimetics
are also underway and will be reported in due course.17
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