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Inhibition of hypoxia-induced angiogenesis by

sodium butyrate, a histone deacetylase inhibitor,
through hypoxia-inducible factor-1a suppression
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Abstract. Hypoxia-inducible factor-1 (HIF-1) plays a pivotal
role in cellular response to low oxygen concentration, such
as angiogenesis in tumors. Here, we found that a histone
deacetylase inhibitor, sodium butyrate, inhibits the hypoxia-
induced induction and activity of HIF-1a in HT1080 human
fibrosarcoma cells. Moreover, sodium butyrate also suppressed
the hypoxia-stimulated angiogenic effects and downregulated
HIF-1a and vascular endothelial growth factor expression in
vascular endothelial cells. These findings suggest that sodium
butyrate may play important roles in tumor suppression via
inhibition of HIF-1a mediated angiogenesis under hypoxic
conditions.

Introduction

Hypoxia detected in the central region of solid tumors can be
a leading cause of angiogenesis, a fundamental determinant
of malignant tumor progression, by activating the expression
of angiogenic factors (1,2). A key factor in this process is
hypoxia-inducible factor (HIF), which regulates transcription
of hypoxia-activated genes and consists of HIF-1a and HIF-16
heterodimers. The a subunit of HIF-1 is rapidly degraded
under normoxic conditions and stabilized under hypoxia, while
HIF-16 is expressed constitutively (3).

Histone deacetylases (HDACs) are enzymatic components
of multi-protein complexes that are recruited by transcription
factors to specific DNA regulatory sequences. Major functions
of HDAC: are to control gene expression, transport ubiquitin-
ated protein aggregates, and deacetylate proteins (4-6). Global
suppression of HDAC activity by chemical inhibitors generally
raises cell cycle arrest and may affect cell proliferation and
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differentiation (7,8). Specific HDAC inhibitors have been used
to explain HDAC function and suggested as a therapy for some
types of cancers (9). Consequently, they have been shown to
have a potent anti-tumor activity in human xenograft animal
models and are being actively tested in clinical trials.

Sodium butyrate, a short-chain fatty acid naturally present
in the colon, is an HDAC inhibitor and is able to modulate a
variety of fundamental cellular processes and to induce cell
cycle arrest, differentiation and apoptosis in transformed
cells (10-13). Currently, sodium butyrate is being evaluated
as an anti-neoplastic therapeutic (14), and clinical trials of
butyrate and its derivatives in cancer patients have already
been initiated (15,16).

In the present study, we discovered that sodium butyrate
decreases HIF-1a protein level, transactivation function of
HIF-1, and vascular endothelial growth factor (VEGF)
expression in hypoxic conditions. In addition, sodium butyrate
exhibited an inhibitory effect by in vitro angiogenesis assay,
migration and tube formation of endothelial cells. Moreover,
sodium butyrate was able to repress angiogenesis in embryo
in vivo. These results demonstrate that sodium butyrate
inhibits hypoxia-induced angiogenesis by downregulating
HIF-1 activity including HIF- 1« stability.

Materials and methods

Reagents and antibodies. Sodium butyrate was purchased from
Sigma (St. Louis, MO). Anti-HIF-1a and VEGF antibodies
were purchased from BD Pharmigen (San Diego, CA) and
Santa Cruz Biotechnology (Santa Cruz, CA), respectively.

Cell culture and hypoxic condition. Human embryonic kidney
(HEK) 293 and human fibrosarcoma HT1080 cells were
maintained in Dulbecco's modified Eagle's medium (DMEM)
(Invitrogen, Grant Island, NY) supplemented with 10%
fetal bovine serum (FBS) (Invitrogen) and 1% antibiotics
(Invitrogen). Human umbilical vein endothelial cells (HUVECs)
were grown in Medium 199 (Invitrogen) supplemented with
20% FBS, 100 units/ml penicillin, 100 g/ml streptomycin,
3 ng/ml basic fibroblast growth factor (Upstate Biotechnology,
New York, NY), and 5 units/ml heparin (Sigma). For hypoxic
conditions, cells were incubated in 5% CO, with 1% O,
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balanced with N, in a hypoxic chamber (Forma Scientific,
Marietta, OH).

Western blot analysis. Proteins were separated by SDS-PAGE
and transferred to a nitrocellulose membrane (Amersham
Pharmacia Biotech, Arlington Heights, IL). The membrane
was blocked with 5% skim milk in phosphate-buffered saline
containing 0.1% Tween-20 for 1 h at room temperature,
incubated with the primary antibody at room temperature
for 1 h or at 4°C overnight, followed by incubation with
horseradish-conjugated antibody against rabbit or mouse
immunoglobulins at room temperature for 50 min, and was
then developed by the ECL plus Western detection system
(Amersham Pharmacia Biotech).

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was isolated from cell cultures by a single-step
procedure with TRI reagent (Life Technologies, Gaithersburg,
MD). cDNA was synthesized from 5 ug of total RNA with
200 units of MMLV-RT (Promega, Madison, WI) and 500 ng
of oligo-dT primer. PCR reaction was performed on the first
strand cDNAs using the PCR reaction kit (Takara, Japan) and
primer sets. Amplification by PCR was performed using an
automated thermal cycler (Perkin-Elmer). Oligonucleotide
primers for PCR were designed as follows: B-actin, 5'-GAC
TACCTCATGAAGATC-3" and 5'-GATCCACATCTGCT
GGAA-3"; HIF-1a, 5-CAGAAGATACAAGTAGCCTC-3'
and 5'-CTGCTGGAATACTGTAACTG-3"; VEGF, 5'-GAG
AATTCGGCCTCCGAAACCATGAACTTTCTGT-3' and
5-GAGCATGCCCTCCTGCCCGGCTCACCGC-3".

Transient transfection and luciferase assay. Plasmids (5 ug)
were transfected to 5x10° HEK293 cells/60-mm dish, with
proper recombination of effector plasmids, pSV40promoter-
EpoHRE-Luc and control plasmid pCMV-8-gal and pBOS-
hHIF-1a and pBOS-hARNT using Lipofectamine reagent
according to the instructions of the manufacturer (Invitrogen).
These vectors were kindly provided by Dr Fujii Kuriyama
(Tohoku University, Japan) (17). After transfection, cells were
harvested and extracts were prepared using reporter lysis
buffer (Promega). Cell lysates were analyzed for luciferase
activity using an assay kit (Promega) and luminometer (Turner
Design, Sunnyvale, CA). Extracts were also assayed for -
galactosidase enzyme and protein concentration with the
protein assay kit (Sigma). Each extract was assayed three
times, and the mean RLU was corrected by values obtained
from an extract prepared from empty vector-transfected cells.
The relative luciferase activity was calculated as RLU/B-
galactosidase.

Tube formation assay. Matrigel ( 250 ul; 10 mg/ml) (Becton
Dickinson, Franklin Lakes, NJ) was pipetted onto 24-well
culture plates and polymerized for 30 min at 37°C. HUVECs
(1x10° cells) were seeded on the surface of Matrigel. Then
sodium butyrate was added and incubated for 24 h under
hypoxic conditions. Morphologic change of cells was observed
under a microscope and photographed at x40 magnification.

Wounding migration assay. Wounding migration assay was
performed as previously described (18). HUVECs were plated
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Figure 1. Sodium butyrate decreases HIF-1 activities. (A) Cells were
incubated with or without 1 mM sodium butyrate (n-butyrate) at the indicated
concentrations under normoxia or hypoxia for 16 h. Western blotting (top
two) and RT-PCR (bottom two) analyses against HIF-1a were performed on
total protein and RNA isolated from HEK293 (left) and HT1080 (right) cells
treated as indicated. a-tubulin and B-actin served as loading controls. (B)
HEK?293 cells were cotransfected with pSV40pro-EpoHRE-Luc (1 ug),
pBOS-hHIF-1a (0.1 pg), and pBOS-hARNT (0.1 pg). Transfected cells
were incubated for an additional 16 h with or without 1 mM sodium butyrate
as indicated. The mean and standard deviation based on three independent
transfections are shown. (C) HEK293 (left) and HT1080 (right) cells were
exposed to hypoxia for 16 h in the absence or presence of the sodium
butyrate (1 mM). RT-PCR analysis was performed using specific primer for
VEGF and B-actin.

onto 0.3% gelatin-coated 60-mm culture dishes. At 90%
confluence, the endothelial monolayers were marked with an
injury line and wounded 2 mm in width with a sterile razor
blade. Plates were rinsed with serum-free medium to remove
cellular debris. Fresh medium with sodium butyrate and 1 mM
thymidine were then added. HUVECs were allowed to migrate
for 24 h and rinsed with serum-free medium, and photographs
were taken through an inverted microscope (x40). The number
of cells that moved beyond the reference line was counted.
The experiment was performed more than three times.

Chemoinvasion assay. Chemoinvasion assay was carried out
by the method of Saiki e al (19). The lower and upper sides of
8 m porosity polycarbonate filters were coated with 0.5 mg/ml
type I collagen and 0.5 mg/ml Matrigel, respectively. The
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g 0.1 mg/ml bovine serum albumin and HUVECs
placed in the upper part of Transwell plate. Cell invasion was
determined by counting whole cell numbers at single filter
with optical microscopy at x40 magnification. The experiment
was assayed more than three times with duplicate independent
samples.

Chorioallantoic membrane (CAM) assay. Thermanox
coverslips (Invitrogen) were loaded with 5 pl of concentrated
(50X) conditioned media. After air-drying, loaded coverslips
were then applied to the CAM surface of 4-day-old chick
embryos. After two days, an appropriate volume of 10% fat
emulsion (10% Intralipose) was injected into the 6-day-old
embryo chorioallantois, and angiogenesis was observed under
a microscope.

Results

Sodium butyrate downregulates the activity of HIF-1. To
investigate the effect of sodium butyrate on the expression of
HIF-1a, we treated HEK293 and HT1080 cells with sodium
butyrate for 16 h under hypoxic conditions. As shown in
Fig. 1A, sodium butyrate downregulated the protein level of
HIF-1a stabilized by hypoxia, whereas it did not affect the
mRNA level of HIF-1a. This suggests that the stability of the
HIF-1a protein level is reduced by the treatment of sodium
butyrate. To check whether the reduced HIF-1a protein by
sodium butyrate is involved in the HIF-1 transcriptional
activity, we used a luciferase reporter system, pSV40promoter-
EpoHRE-Luc reporters. Upon transient transfection of HIF-1a,
ARNT, and EpoHRE-Luc vectors, reporter activity was
markedly increased in cells exposed to hypoxia compared
with normoxia (Fig. 1B). However, the treatment of sodium
butyrate was shown to decrease the transcriptional activity of
HIF-1 under hypoxic conditions (Fig. 1B). Furthermore, to
evaluate whether sodium butyrate modulates the hypoxia-
response element (HRE)-containing VEGF gene expression
level, HEK293 and HT1080 cells were treated with sodium
butyrate for 16 h under hypoxia. As shown in Fig. 1C, the
increased expression of VEGF mRNA by hypoxia was
downregulated in the case of treatment with sodium butyrate.
These results suggest that sodium butyrate negatively regulates
the hypoxia-inducible activity of HIF-1.

Inhibition of in vivo and in vitro angiogenesis by sodium
butyrate. The antiangiogenic effect of sodium butyrate was
investigated in vivo, using a CAM inhibition assay. As shown
in Fig. 2A, sodium butyrate produced a significant decrease
in the development of angiogenesis in a chick embryo without
any sign of thrombosis and hemorrhage compared with control.
To investigate the direct effect of sodium butyrate on the
vascular endothelial cells under hypoxic conditions, in vitro
angiogenesis assays were conducted using human endothelial
cells, HUVECs. Since it has been demonstrated that the
hypoxic conditions stimulate vessel network formation of
cultured endothelial cells (20,21), we used hypoxia for the
induction of angiogenesis. HUVECs that were seeded on
Matrigel beds (10 mg/ml) were treated with sodium butyrate,
and incubated for 24 h under hypoxic conditions. As shown
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in Fig. 2B, HUVECs formed normally hollow tubes under
normoxia, whereas capillary network formation was further
stimulated under hypoxia, resulting in elongated and robust
tube-like structures. In this condition, sodium butyrate strongly
inhibited the hypoxia-stimulated network by much fore-
shortened and severely broken tubes (Fig. 2B). These results
demonstrated that sodium butyrate potently inhibits angio-
genesis in vivo and in vitro.

Sodium butyrate decreases the hypoxia-induced angiogenic
effects of HUVECs. To investigate the effect of sodium butyrate
on endothelial cell migrating activity, we performed the
wounding migration assay using HUVECs. Fig. 3A showed
that the mobility of HUVECs was significantly enhanced
under hypoxic conditions similar to a previous report (20,21),
whereas the migratory ability of the cells was dramatically
reduced by treatment of sodium butyrate compared with
hypoxia alone. As an important property of angiogenesis,
migrating endothelial cells must break their basement mem-
brane and transverse through it to form new blood vessels
and hypoxia can stimulate endothelial cell invasion. Thus,
the effect of sodium butyrate on the vascular endothelial cell
invasion was studied using a polycarbonate filter of transwell
coated with the Matrigel. The HUVECs were placed in the
filter and allowed to invade under normoxic or hypoxic
conditions. As shown in Fig. 3B, sodium butyrate significantly
inhibited the hypoxia-stimulated invasiveness of the HUVECs.

Loss of HIF-1a in endothelial cells inhibits a number of
important parameters of endothelial cell behavior during
angiogenesis, resulting from the decreased level of hypoxia-
driven VEGF expression (21). We therefore examined whether
sodium butyrate could influence the expression patterns of
HIF-1a and VEGF in hypoxic endothelial cells. As expected,
sodium butyrate suppressed HIF-1a and VEGF protein levels
under hypoxia in endothelial cells (Fig. 3C). These results
suggest that the downregulated HIF-1a and VEGF by sodium
butyrate could inhibit the hypoxia-stimulated migration,
invasion, and tubular formation of endothelial cells.

Discussion

Recently, HDAC inhibitors such as trichostatin A (TSA),
LAQS824, FK228, and sodium butyrate have been reported to
downregulate HIF-1a stability in cancer cell lines (3,18,22,23).
This has suggested some additional mechanisms underlying
HIF-1a inhibition by HDAC inhibitors. Kong et al reported
that TSA involves the enhanced interaction of HIF-1a with
HSP70 and is secondary to a disruption of the HSP70/HSP90
axis function that appears mediated by the activity of HDAC6
in human VHL-deficient cell lines (24).

However, Yoo et al suggested that HDACI recruited by
metastasis-associated protein 1 (MTA1) deacetylates HIF-1a
in human cells (25). Although wild-type HIF-1a is increased
by MTALI expression but decreased by TSA treatment, the
expression of mutant-type HIF-1la (K532R) is not altered
under these conditions. This implies that TSA induces
HIF-1a degradation via promoting its acetylation at lysine
residue. In addition, Qian et al also suggested that HIF-1a
inhibition by LAQ824 is associated with HIF-1a acetylation
and polyubiquitination (22). Based on these observations,
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Figure 2. Sodium butyrate suppresses angiogenesis. (A) Sodium butyrate (1
mM) was treated on the CAM surface of 4-day-old chick embryos. Two
days later, angiogenesis was observed under a microscope. Retinoic acid
(RA) (1 pg) was used as a positive control. (B) HUVECs were incubated on
the Matrigel with or without sodium butyrate (I mM) under normoxia or
hypoxia for 24 h. The morphology of HUVECs was photographed under a
microscope.
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HDAC activity may be critically involved in HIF-1a regulatory
mechanism, although these molecular mechanisms require
further investigation.

In the present study, we investigated whether angiogenesis
of cancer under hypoxia can be regulated by sodium butyrate.
The downregulation of HIF-1a expression was confirmed
(Fig. 1A), indicating that HDACSs are involved in oxygen-
dependent gene expression and hypoxia-induced angiogenesis.
We revealed the inhibitory effect of sodium butyrate on HIF-1
activity and VEGF induction (Fig. 1B and C). This significant
inhibition of VEGF by sodium butyrate under hypoxia may
play a direct and critical role in the inhibition of angiogenesis.
Therefore, we examined the effects of sodium butyrate on
angiogenesis and revealed that sodium butyrate has a powerful
potential to inhibit angiogenesis in vivo and in vitro (Fig. 2).
We also found that sodium butyrate directly suppresses
migratory and invasive capacities in hypoxia-stimulated
endothelial cells (Fig. 3A and B). The inhibitory effects of
sodium butyrate are accompanied with decreased HIF-1a
and VEGF expression levels in human vascular endothelial
cells (Fig. 3C).

A recent report shows that the loss of hypoxia-responsive
HIF-1a in endothelial cells results in impaired angiogenesis.
This impairment directly results in the disruption of an
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Figure 3. Sodium butyrate decreases the hypoxia-induced angiogenesis on HUVECs. (A) HUVECs were seeded on the gelatin-coated culture dish. At 90%
confluence, the monolayers were wounded with a razor blade. Wounded cells were incubated with or without sodium butyrate (1 mM) under hypoxia for 24 h.
The number of HUVECs that moved beyond the reference line was counted. The data are expressed from three different experiments with duplicates.
(B) HUVECsS exposed to hypoxia in the absence or presence of sodium butyrate (1 mM) were incubated on Matrigel-coated transwell chambers for 24 h. The
numbers of invaded cells were counted. (C) HUVECs were incubated under hypoxia for 16 h with or without 1 mM of sodium butyrate. Total proteins were
analyzed by Western blotting using anti-HIF-1a and VEGF antibodies. a-tubulin served as loading controls.
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SVEGF expression (21). Therefore, we figured out
that the functional HIF-1a and its target, VEGF, play critical
roles in endothelial cells as well as tumor cells in the process
of hypoxia-driven tumor angiogenesis.

We conclude that sodium butyrate downregulates HIF-1a
protein levels and activity, and leads to the inhibition of VEGF
gene expression. Furthermore, sodium butyrate effectively
blocks hypoxia-stimulated angiogenesis of vascular endo-
thelial cells.
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