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Taurine, a non essential sulfur-containing amino acid, plays a critical role in cardiovascular functions. We
here examined the effect of taurine on angiogenesis and its underlying signal pathway. Taurine treatment in-
creased angiogenesis in vitro and in vivo, which was followed by activation of the phosphatidylinositol 3-
kinase (PI3K)/Akt, MEK/ERK, and Src/FAK signaling pathways. Further, taurine promoted endothelial cell
cycle progression to the S and G2/M phases by up-regulating the positive cell cycle proteins, particularly
cyclins D1 and B, as well as down-regulating the negative cell cycle proteins, p53 and p21WAF1/CIP1, resulting
in Rb phosphorylation. This angiogenic event was inhibited by inhibitors of PI3K and MEK. In addition, a PI3K
inhibitor blocked the activation of Akt and ERK, while Akt knockdown did not affect taurine-induced ERK ac-
tivation, indicating that PI3K is an upstream mediator of both MEK and Akt. Taurine-induced endothelial cell
migration was suppressed by Src inhibitor, but not by other inhibitors, suggesting that the increase in cell mi-
gration is regulated by Src-dependent pathway. Moreover, inhibition of cellular taurine uptake by β-alanine
and taurine transporter knockdown promoted taurine-induced cell proliferation, ERK and Akt activation, and
in vivo angiogenesis, suggesting that extracellular taurine induces angiogenesis. However, taurine did not in-
duce vascular inflammation and permeability in vitro and in vivo. These data demonstrate that extracellular
taurine promotes angiogenesis by Akt- and ERK-dependent cell cycle progression and Src/FAK-mediated
cell migration without inducing vascular inflammation, indicating that it is potential use for the treatment
of vascular dysfunction-associated human diseases.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Angiogenesis is the formation of new blood vessels from pre-existing
vessels and is one of several mechanisms, whichmaintain the blood sup-
ply ofwhole body tissues under physiological andpathological conditions
(Bussolino et al., 1997). Insufficient angiogenesis has been found in vari-
ous pathological conditions such as ischemic disease and wound healing.
Newly formedblood vessels provide a route for supplyingbasicmetabolic
requirements for nutrients and oxygen to tissues and organs injured by
defective blood circulation and improves functions of ischemic tissues
or organs. The pro-angiogenic factor, vascular endothelial growth factor
ar and Cellular Biochemistry,
cheon, Kangwon-do 200-701,
286.
.

rights reserved.
(VEGF), was reported to be useful for treating ischemic diseases and
wound healing (Baumgartner et al., 1998). Thus, the development and
identification of new angiogenic inducers have recently gained a growing
interest.

Endothelial cell proliferation, a key step of angiogenesis, is direct-
ly linked to the progression of the cell cycle, which is controlled by
various proteins. The cell cycle is coordinated by three families of
molecules: cyclins, cyclin-dependent kinases (CDKs), and cyclin-
dependent kinase inhibitors (CKIs) (Roberts et al., 1994). The actions
of CDK–cyclin complexes can be antagonized by an increase in the ex-
pression of CKIs, such as p21WAF1/CIP1 and p27Kip1, which bind to the
complexes, resulting in inhibition of cell cycle progression (Roberts
et al., 1994; Sherr and Roberts, 1999). The angiogenic factor VEGF pro-
motes endothelial cell proliferation by activating ERK and Akt as well as
increasing the progression of the cell cycle with an increase in cyclins A
and D1 expressions and a decrease in CKI expression (Favot et al.,
2004). These observations indicate that angiogenesis can be controlled
by regulation of the cell cycle.

http://dx.doi.org/10.1016/j.ejphar.2011.11.022
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Taurine, synthesized from methionine and cysteine, has been im-
plicated in regulation of cardiovascular functions (Ideishi et al.,
1994; Murakami et al., 1996). Taurine can prevent endothelial dysfunc-
tion by attenuating high glucose-induced apoptosis in human umbilical
vein endothelial cells (HUVECs) through ROS inhibition and [Ca2+]i sta-
bilization, but did not alter osmotic stress-induced death (Wu et al.,
1999). Taurine supplementation protects against hyperglycemia-
induced endothelial cell apoptosis and salt-fed hypertension in an animal
model (Casey et al., 2007; Dawson et al, 2000). Furthermore, administra-
tion of taurine to healthy humans decreases blood pressure and causes
significant changes in the arterial pulse wave (Satoh and Kang, 2009),
suggesting that taurine plays an important role in the regulation of car-
diovascular function. This amino acid has been also shown to increase
endothelial function via the up-regulation of endothelial nitric oxide
synthase (eNOS) andnitric oxide (NO) production,which are important
for vascular remodeling (Fennessy et al., 2003). These observations in-
dicate that taurine can exert pharmacological means to control the
functions of the vasculature and endothelial cells; however, the effect
of taurine on angiogenesis and its underlying molecular mechanism
have not been well characterized.

We found that taurine increased angiogenesis by modulating ERK-
and Akt-dependent endothelial cell proliferation events and activating
Src/FAK-mediated cell migration pathway. These results provide evi-
dence that taurine is a potent angiogenic inducer that possesses the
ability of achieving therapeutic angiogenesis for human vascular
diseases.

2. Materials and methods

2.1. Reagents and antibodies

M199, heparin, and antibiotics were purchased from Invitrogen
Life Technologies (Carlsbad, CA). VEGF and basic fibroblast growth
factor (bFGF) were from Upstate Biotechnology (Lake Placid, NY).
Antibodies for all cyclins, p21WAF1/CIP1, p27Kip1, p53, and Rb were
from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies specific
for phospholylation of ERK (Thr-202/Tyr-204), Akt (Ser-473), Rb
(Ser-780, Ser-795, and Ser-807/811), and FAK (Tyr-397 and Tyr-
925) were obtained from Cell Signaling Technology (Beverly, MA).
PD98059, Wortmannin, and Bay43-9006 were from Callbiochem
Inc (San Diego, CA), and LB42708 was obtained from Pharmaceutical
LG Chemical Co (Daejeon, Korea). Silencer siRNA construction kit for
Akt was purchased from Ambion Company (Austin, Texas). Taurine
and all other chemicals were obtained from Sigma Chemical Co.
(St. Louis, USA) unless indicated otherwise.

2.2. HUVECs isolation and cell culture

HUVECs were isolated from human umbilical cord veins by colla-
genase treatment as described previously (Lee et al., 2006) and only
passages 2–7 were used. Human umbilical cord veins were obtained
under protocols approved by the Institutional Review Board at Kangwon
National University. Cells were grown in M199 media supplemented
with 20% fetal bovine serum (FBS), 100 units/ml penicillin, 100 ng/ml
streptomycin, 3 ng/ml bFGF, and 5 units/ml heparin at 37 °C under 5%
CO2/95% air.

2.3. Endothelial cell proliferation assay

HUVECs were seeded at 5×103 cells/well in gelatin-coated 96-well
plates. Cells were incubated in growth media and allowed to attach for
24 h. Cells were washed twice with M199 and cultured for 4 h in M199
containing 1% FBS (to minimize unexpected angiogenic effects and signal
activation). Cell proliferationwas determined by [3H]-thymidine incorpo-
ration assay as described previously (Kim et al., 2010). HUVECs were
treated with taurine and chemical inhibitors for 24 h, followed by
incubation with 0.5 μCi/ml [3H]-thymidine (Amersham, Aylesbury,
UK) in the presence of the same concentrations of taurine and inhib-
itors for 6 h. Cells were fixed with methanol for 30 min, incubated
with 10% trichloroacetic acid at 4 °C for 30 min. After washing
twice with ice-cold PBS, labeled DNA was solubilized in 0.2 N
NaOH/0.1% sodium dodecyl sulfate (SDS) and counted by a liquid
scintillation counter.

2.4. Endothelial cell migration assay

Migration assay was performed as previously described (Kim
et al., 2010). In brief, the chemotactic motility of HUVECs was assayed
using Transwell plates with 6.5-mm diameter polycarbonate filters.
The lower surface of the filter was coated with 10 μg of gelatin.
HUVECs were trypsinized and suspended at a final concentration of
1×106cells/ml in M199. Fresh M199 (1% FBS) containing taurine
and chemical inhibitors was placed in the lower wells, and 100 μl of
the cell suspension was loaded into the upper wells. The chamber
was incubated at 37 °C for 4 h, and cells were fixed and stained
with hematoxylin and eosin. Non-migrating cells on the upper sur-
face of the filter were removed by wiping with a cotton swab, and
chemotaxis was quantified by counting the cells that migrated to
the lower side of the filter at low-power fields (×100) by using an
inverted microscope.

2.5. Tube formation assay

The formation of tube-like structures by HUVECs on growth factor-
reduced Matrigel was assayed as previously described (Kim et al.,
2010). Twenty-four well culture plates were coated with Matrigel.
HUVECs cultured in M199 containing 1% FBS for 6 h were plated onto
the layer of Matrigel at a density of 2×105 cells/well, followed by the
addition of taurine and chemical inhibitors.Matrigel cultureswere incu-
bated at 37 °C for 20 h. Tube formation was observed using an inverted
phase contrast microscope. Images were captured with a video graphic
system. The degree of tube formation was quantified by measuring the
length of tubes in 5 randomly chosen low-power fields (×100) from
each well using the Image-Pro Plus v4.5 (Media Cybernetics, San
Diego, CA, USA).

2.6. Western blot analysis

Cells were harvested from culture plates and lysed in RIPA buffer
(50 mmol/l Tris–HCl, pH 8.0, 150 mM sodium chloride, 1% TritonX-
100, 0.5% deoxycholic acid, 0.1% SDS). Protein concentration was de-
termined by bicichoninic acid assay using bovine serum albumin as
the standard. Cell lysates containing 60 μg protein were resolved
by SDS-polyacrylamide gel electrophoresis and transferred onto a
polyvinylidene difluoride membrane. Membranes were incubated
with antibodies against target proteins for 2 h. After washing, mem-
branes were incubated with a corresponding secondary antibody,
and protein bands were detected by enhanced chemiluminescence
reagents.

2.7. Fluorescence-activated cell sorter (FACS) analysis

HUVECs were cultured for 20 h in M199 containing 1% FBS, which
is sufficient to accumulate cells in the G0/G1 phase. Taurine was
added to the culture medium, and cells were further incubated for
24 h. Cells were harvested with 1 ml trypsin-EDTA and centrifuged
at 2000×g for 2 min at room temperature. Cell pellets were fixed
with 70% ethanol for 1 h at 4 °C and washed with phosphate-
buffered saline (PBS) at 2000×g for 2 min at room temperature.
Cells were resuspended in 0.9 ml with PBS and mixed with 0.1 ml of
10×propidium iodide solution containing 5 mg/ml RNase A. The solution
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was incubated with 37 °C for 30 min. DNA fluorescence of nuclei was
measured with a FACScan flow cytometer.

2.8. In vivo angiogenesis assay

Chick chorioallantoic membrane (CAM) assay was carried out as
described previously (Lee et al., 2006). Briefly, salt-free solution
(10 μl) containing taurine (10 mM) alone or plus chemical inhibitors
was applied to Thermanox discs and polymerized at room tempera-
ture. The discs were loaded onto the CAM of 10-day-old embryos.
After 72 h incubation at 37 °C, the area around the loaded disc was
photographed with a digital camera and the number of newly formed
vessels was counted inside the disc area by two observers in a double-
blinded manner. Neovascularization was determined in mice by
fluorescence-based intravital microscopy as described previously
(Lee et al., 2006). Matrigel (100 μl) containing taurine (100 μg) alone
or plus chemical inhibitors was injected into the inner space ofwindow,
which was surgically implanted between the skin and abdominal wall
of male BALB/c mice (6–8 weeks old). After 4 days, neovascularization
was recorded using a Zeiss Axiovert 200 Mmicroscope following intra-
venous injection of 50 μl of 25 mg/ml FITC-labeled dextran (MW
250,000) via the tail vein. All experimental procedures were approved
by the Kangwon National University Institutional Animal Care and Use
Committee. Vascular length density was calculated as the length of
FITC-labeled dextran-perfused blood vessels per observation area
(mm/mm2).

2.9. Monocyte adhesion and leukocyte infiltration assays

Monocytes (U937 cells)were labeledwith 5 μMCalcein-AM in RPMI
1640 containing 10% FBS at 37 °C for 1 h and washed twice with PBS by
centrifugation. HUVECswere stimulatedwith taurine, TNF-α or VEGF in
24-well plates for 8 h and then incubated with labeled monocytes
(1×106cells/ml) at 37 °C for 30 min. Non-adherent cells were removed
bywashingwith RPMI 1640, and the plateswere photographed byfluo-
rescence microscopy. Monocytes bound to HUVECs were lysed with
50 mMTris–HCl (pH 8.0) buffer containing 0.1% SDS. Fluorescent inten-
sity was measured at excitation/emission wavelength of 485/535 nm,
respectively, using a florescence plate reader. Bone marrow-derived
leukocyteswere obtained from BALB/c (nu/nu) mice by flushing femurs
and tibias, labeled with 10 μM Calcein-AM for 30 min, and washed
twice with PBS. Calcein-labeled cells (1×107cells) in 150 μM were
infused into the tail vein of recipient BALB/c (nu/nu) mice (6 weeks
old) that had been intradermally injected with 10 μl of taurine
(10 mM/10 μl) or VEGF (50 ng/10 μl) 4 h earlier. After 2.5 h, the skin
tissues were harvested and snap frozen in liquid nitrogen. Serial 7-
mm tissue sections of skin tissues were mounted and examined using
confocal microscopy.

2.10. Endothelial cell and vascular permeability assays

[14C]-Sucrose permeability in HUVECs was determined using
Transwell plates (Pyun et al., 2008). Confluent HUVECs in the upper
compartment of Transwell plates were incubated with M199 containing
1% FBS for 3 h and treated with 10 mM taurine or 20 ng/ml VEGF for
1 h. Fifty μl of [14C]-sucrose (0.8 μCi/ml; Amersham Pharmacia) was
added to the upper compartment. The amount of radioactivity that dif-
fused into the lower compartment was determined after 30 min by a liq-
uid scintillation counter. For miles assay, Evans blue dye (100 μl of a 1%
solution in 0.9% NaCl) was injected into the tail vein of BALB/c (nu/nu)
mice (6 weeks old). After 10 min, 10 μl of taurine (10 mM/10 μl) or
VEGF (50 ng/10 μl) was injected intradermally into the back skin of
mice. After 20 min, the animals were euthanized, and an injection area
(1 cm×1 cm) of skin that included the blue spot resulting from leakage
of the dye was removed. Evans blue dye was extracted from the skin by
incubation with formamide for 4 days at room temperature, and the ab-
sorbance of the dye was measured at 620 nmwith a spectrophotometer.

2.11. Knockdown of Akt and taurine transporter (TauT) by siRNAs

The siRNA against Akt1/2 was designed using two independent se-
lection programs from Dharmacon and Ambion. The selected sequence
was 5′-AATGCCCTTCTACAACCAGGA-3′ against catalytic domain on
Akt1/2. The scrambled sequence was 5′-CAGTCGCGTTTGCGACTGGTT-
3′ not present in mammalian cells by BLAST search at NCBI. Akt1/2
siRNA and scrambled siRNA were synthesized with Ambion silencer
siRNA construction kit. The siRNA against TauT was purchased from
Santa Cruz Biotech. These siRNAs were transfected into HUVECs using
Lipofectamine and Plus reagent according to themanufacturer's instruc-
tions for 8 h at the following concentrations: 40 nM siRNA in a 6-well
plate with a final volume of 1 ml. The transfected cells were replenished
with completemedia at 12 and 24 h and then further incubated for 48 h.
Total RNA was extracted using a TRIzol reagent kit, and the expression
levels of Akt and TauT were determined by RT-PCR using the following
sets of primers: 5′-AGTCGGACAGCCTCAC-3′ (forward) and 5′-
TGCTGCCTTGTATAGGA-3′ (reverse) for Akt; 5′-CUCAGCAUCUCUUAAA-
GUUTT-3′ (forward) and 5′-AACUUUAAGAGAUGCUGAGTT-3′ (reverse)
for TauT.

2.12. Statistical analysis

All data are presented as the mean±standard deviation (S.D.)
from more than three independent experiments. Statistical compari-
sons between groups were performed using the Student's t-test.
Pb0.05 was considered statistically significant.

3. Results

3.1. Taurine stimulates in vitro angiogenesis

Since endothelial cell proliferation is a crucial factor for angiogenesis
(Lee et al., 2006), we first determined whether taurine would regulate
endothelial cell proliferation by [3H]-thymidine incorporation assay.
Treatment of HUVECswith taurine inM199media containing 1% FBS in-
creased proliferation of HUVECs in a dose-dependent manner, with
ranging concentrations from 5 to 20 mM. The proliferative effects of
taurine at 5 mM and 10 mM were comparable to and higher than that
of 20% FBS alone, respectively (Fig. 1A). In addition, treatment with
10 mM taurine in M199 containing 1% FBS significantly increased DNA
synthesis in an incubation time-dependent manner, compared with
that of M199 containing 1% or 20% FBS alone (Fig. 1B). This amino
acid did not show any proliferative effect on human aorta smooth mus-
cle cells up to 30 mMcomparedwith platelet-derived growth factor-BB
as a positive control (Fig. 1C), as well as other cells such as HeLa cells
and RAW264.7 cells (data not shown). These results indicate that the
proliferative effect of taurine is quite specific to the growth of vascular
endothelial cells. Since endothelial cell migration and tube-like struc-
ture formation are also important processes for angiogenesis (Lee et
al., 2006), we examined whether taurine would regulate these events.
Taurine treatment increased chemotactic motility of HUVECs in a
dose-dependent manner as measured by using Transwell filter mi-
gration assay (Fig. 1D). Next, the effect of taurine on tube-like struc-
ture formation via morphological differentiation of endothelial cells
was investigated using two-dimensional Matrigel. Taurine led to the
formation of elongated and strong tube-like structures, which were
well organized by a much larger number of cells compared with con-
trol (Fig. 1E). This effect was significantly increased in a dose-
dependent manner by treatment with taurine (Fig. 1F). These results
demonstrate that taurine has the ability to promote in vitro angio-
genesis by increasing proliferation, migration, and tube formation
of endothelial cells.
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Fig. 1. Taurine increases angiogenesis in vitro.(A) HUVECs were incubated with the indicated concentrations of taurine for 24 h, and cell proliferation was measured using a by
[3H]-thymidine incorporation assay. (B) HUVECs were incubated with 10 mM taurine for the indicated time periods, and cell proliferation was measured using a [3H]-thymidine
incorporation assay. (C) Human aorta vascular smooth muscle cells were treated with taurine (15 and 30 mM) or platelet-derived growth factor (PDGF)-BB (10 ng/ml) for 24 h,
and cell proliferation was measured using a by [3H]-thymidine incorporation assay. (D) Cells were treated with the indicated concentrations of taurine in Transwell plates for
4 h. Chemotatic migration was quantified after staining with hematoxylin and eosin by counting the cells that migrated to the lower side of the filter with optical microscopy.
(E) Cells were cultured on a layer of Matrigel in the presence or absence of the indicated concentrations of taurine for 20 h. Tube formation was determined using a phase contrast
microscope. Arrow indicates disconnection of tube structure. (F) The area covered by the tube network was measured using Image-Pro Plus software. Data shown in all bar graphs
are the means±S.D. from at least four independent experiments. **Pb0.01 versus control.
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3.2. Taurine increases HUVEC proliferation by promoting cell cycle
progression

Since cell proliferation is directly associated with cell cycle progres-
sion, we investigated the effect of taurine on the progression of the cell
cycle. After treatment of HUVECs with 10 mM taurine for 24 h, the per-
centage of cells in G0/G1, S, and G2/M phases were assessed. Taurine
significantly decreased the HUVEC population in the G0/G1 phases by
about 10% compared with control (70.4±3.9% vs. 61.2±4.0%), result-
ing in an increase in cell population in the S and G2/M phases to
about 10% compared with control cells (Fig. 2A and B). Since cell cycle
progression is tightly regulated by the expression levels of cyclins and
the sequential regulation of CDK activities (Roberts et al., 1994; Sherr
and Roberts, 1995), we next determined the expression levels of the
positive cell cycle proteins, cyclins D, E, A and B, in taurine-treated
HUVECs by Western blot analysis (Fig. 2C). The levels of cyclin D1 and
cyclin E, which play a critical role in the G1/S transition, were signifi-
cantly increased in taurine-treated HUVECs at early time period, be-
tween 2 and 6 h, compared with untreated control cells (Fig. 2C). In
addition, taurine treatment significantly increased the protein levels
of cyclins A and B, which are essential for cell cycle progression to S
andMphases, respectively (Nurse, 2001), as comparedwith the protein
levels of these cyclins in control cells between 6 and 18 h. Furthermore,
the induction of these positive cell cycle proteins occurred in a dose-
dependentmanner by treatmentwith taurine (Fig. 2D). Cyclins D/E reg-
ulate the activity of CDK 2/4/5, which are known to induce Rb phos-
phorylation for the progression of the cell cycle into S phase (Chytil et
al., 2004). Therefore,we examined the effect of taurine on Rb phosphor-
ylation in endothelial cells. Treatment of HUVECs with taurine strongly
increased the level of phosphorylation of Rb at Ser-780 and Ser-807/
811, but partially at Ser-795, in a dose-dependent manner (Fig. 2E).
We next examined the levels of the cell cycle-negative proteins p53,
p21WAF1/CIP1 and p27Kip1 in taurine-treated HUVECs. When treated
with taurine, endothelial cells decreased the protein levels of p53 and
p21WAF1/CIP1, but not p27Kip1, in a dose-dependent manner (Fig. 2F).
The regulatory effects of taurine on cyclin expression, Rb phosphoryla-
tion, andprotein levels of p53 and p21WAF1/CIP1 in HUVECswere relative-
ly comparable to those of cells treated with VEGF, a well-known
angiogenic factor (Fig. 2D–F). These results indicate that taurine pro-
motes endothelial cell proliferation by regulating the levels of both pos-
itive and negative cell cycle proteins.

3.3. Taurine regulates expression of cyclins D1/A/B and p21WAF1/CIP1 via
ERK- and Akt-dependent pathways

It has been shown that activation of ERK and Akt increases cell sur-
vival and proliferation (Lee et al., 2006). To determinewhether the pro-
liferative effect of taurine can be mediated by activation of ERK- and
Akt-dependent signaling pathways, we examined the effect of taurine
on the phosphorylation of ERK and Akt in HUVECs. Taurine increased
the phosphorylation of ERK as early as 5 min and reached a maximal
effect between 10 and 20min (Fig. 3A). Taurine also increased phos-
phorylation of Akt as early as 10 min andmaintained its maximal effect
until 30 min (Fig. 3A). Since Akt has been shown to induce
phosphorylation-dependent activation of eNOS and increase NO pro-
duction, which is involved in angiogenesis (Lee et al., 2006), we inves-
tigated the effect of taurine on eNOS phosphorylation. Taurine did not
alter eNOS phosphorylation (Fig. 3A) and NO production as determined
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by confocal laser microscope using a NO-specific probe DAF-FM diace-
tate (data not shown). These results suggest that ERK and Akt play an
important role in taurine-induced endothelial proliferation, without af-
fecting eNOS-dependentNOgeneration. The activation of angiogenesis-
associated enzymes, including Akt, ERK, and eNOS, is downstream
event mediated by receptor-tyrosine kinases (Oshima et al., 2010).
Therefore, we next examined the effect of taurine on the activation of
42 receptor-tyrosine kinases arrayed in a human phospho-receptor ty-
rosine assay kit (R&D Systems). Treatment of HUVECs with taurine
weakly phosphorylated EGF receptor without affecting other receptor-
tyrosine kinases (Fig. 3B). However, we could not reconfirm the phos-
phorylation of EGF receptor by taurine as determined by Western blot
analysis (Fig. 3C), indicating that taurine-induced angiogenesis is not di-
rectly associated with the activation of these receptor tyrosine kinases.
We next explored whether the ability of taurine to activate ERK
and Akt would be responsible for HUVEC proliferation by analyzing
DNA synthesis using several inhibitors to include MEK (PD98059),
Ras (LB42708), Raf (Bay43-9006), and PI3K (Wortmannin).
Taurine-induced HUVEC proliferation was significantly inhibited by
treatment with PD98059 and Wortmannin, but not with LB42708
and Bay43-9006 (Fig. 3D). These inhibitors showed no significantly
cytotoxic effects on HUVECs treated with or without taurine (data
not shown). Western blot analysis showed that taurine-induced
ERK phosphorylation was inhibited by PD98059 and Wortmannin
and that Akt phosphorylation was blocked only by Wortmannin,
while LB42708 and Bay43-9006 did not affect taurine-induced phos-
phorylation of ERK and Akt (Fig. 3E). Cyclin D1 has been shown to be
one of multiple genes whose expression is regulated by the MEK/ERK-
and PI3K/Akt-dependent signaling pathways (Jirmanova et al., 2002;
Muise-Helmericks et al., 1998). Thus, we examined whether these signal
pathways are involved in taurine-induced increases in the expression of
cyclin D1 and other cyclins. Pre-treatment of HUVECswith PD98059 sup-
pressed taurine-induced increases in the expression of cyclins D1 and B,
and Wortmannin inhibited taurine-mediated induction of cyclins D1, A,
and B; however, LB42708 and Bay43-9006 did not affect the expression
levels of all four cyclins (Fig. 3F). Since glycogen synthase kinase 3β
(GSK3β), which is inactivated by Akt, phosphorylates cyclin D1 on
Thr-286, followed by proteolytic degradation of cyclin D1 (Jirmanova
et al., 2002), we next examined the effect of taurine on
phosphorylation-dependent inactivation of GSK3β. Taurine increased
GSK3β phosphorylation, which was inhibited by Wortmannin, but not
PD98059 (Fig. 3G). Furthermore, Wortmannin and PD98059 reversed
taurine-induced suppression of p53 and p21WAF1/CIP1 expression, as
well as inhibited taurine-induced phosphorylation of Rb at Ser-780
and Ser-807/811 (Fig. 3H). These results suggest that MEK/ERK- and
PI3K/Akt-dependent signal pathways are critically involved in taurine-
mediated endothelial cell proliferation.

3.4. Akt knockdown suppresses taurine-induced HUVEC proliferation
without affecting ERK phosphorylation

Since taurine-induced HUVEC proliferation and ERK activation were
inhibited by Wortmannin, an inhibitor of PI3K (Fig. 3D and E), we ex-
amined whether Akt is crucial for PI3K-dependent MEK/ERK activation
in taurine-treated HUVECs using a siRNA approach. Transfection of
HUVECs with human Akt siRNA, but not scrambled siRNA, remarkably
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reduced Akt mRNA and protein expression (Fig. 4A and B). Akt knock-
down effectively inhibited taurine-induced Akt phosphorylation, but
not ERK phosphorylation, compared with transfection with scrambled
siRNA (Fig. 4B). As shown in Fig. 3E, taurine-induced Akt phosphoryla-
tion in HUVECs transfected with scrambled siRNA was blocked by
Wortmannin, while ERK phosphorylation was inhibited by PD98059
andWortmannin (Fig. 4B), indicating that PI3K is an upstreammediator
for activation of both Akt and ERK. Transfectionwith Akt siRNA partially
inhibited taurine-induced HUVEC proliferation, compared with control
siRNA (Fig. 4C). Treatment with PD98059 resulted in more significant
inhibition of taurine-induced DNA synthesis in Akt siRNA-transfected
HUVECs compared with scrambled siRNA-transfected cells, while
Wortmannin showed a similar inhibitory effect in both cells (Fig. 4C).
These results suggest that taurine promotes HUVEC proliferation via ac-
tivation of the MEK/ERK and PI3K/Akt pathways as well as cross-talk
between these signal pathways.

3.5. Taurine increases HUVEC migration via Src/FAK-dependent signaling
pathway

Since our previous paper showed that Src kinase activation plays an
important role in VEGF-induced angiogenic processes, particularly cell
migration (Pyun et al., 2008), we examined the effect of taurine on Src
kinase activity in HUVECs, as determined bymeasuring phosphorylation
of Src at Tyr416, which leads to auto-activation. Taurine significantly in-
creased phosphorylation of Src at Tyr416 in a concentration-dependent
manner, resulting in phosphorylation of FAK, which is a known substrate
of Src kinase (Fig. 5A). Src phosphorylationwas inhibitedby the Src kinase
inhibitor PP1, but not by PD98059, Wortmannin, LB42708, and Bay43-
9006 (Fig. 5B), indicating that taurine induces auto-phosphorylation of
Src. The phosphorylation of FAK at Tyr397 by taurine was not inhibited
byPP1, PD98059, LB42708, Bay43-9006, andWortmannin (Fig. 5B); how-
ever, its phosphorylation at Tyr925 was inhibited by PP1 (Fig. 5C). In addi-
tion, taurine-induced HUVEC migration was effectively inhibited by PP1,
but not by other inhibitors (Fig. 5D). These data suggest that taurine pro-
motes endothelial cell migration via Src/FAK-dependent signaling
pathways.

3.6. Taurine-induced angiogenesis is associated with MEK/ERK and PI3K/
Akt pathways

To confirm the involvement of bothMEK/ERK and PI3K/Akt pathways
in the angiogenic activity of taurine in vivo, we examined the effects of
PD98059 and Wortmannin on taurine-induced angiogenesis by CAM
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assay. Taurine significantly increased the total surface density of capil-
laries compared with untreated control, and this increase was reduced,
without eliciting an inhibitory effect on pre-existing larger vessels or
signs of toxicity, such as thrombosis and hemorrhage, by co-treatment
with either PD98059 or Wortmannin (Fig. 6A). We further confirmed
the effect of PD98059 andWortmannin on taurine-induced angiogene-
sis in an animal model by intravital microscopy. Treatment with these
inhibitors significantly suppressed taurine-induced neovascularization
(Fig. 6B). These results indicate that both MEK/ERK and PI3K/Akt path-
ways are critically involved in taurine-induced neovessel formation in
vivo.

3.7. Angiogenic effect of taurine is increased by blocking its cellular
transport

Endothelial cells can either directly interactwith taurine or uptake this
amino acid through its cytoplasmic transporter (Chesney et al., 1986). To
examine which source of taurine is responsible for its angiogenic effect,
we examinedendothelial cell proliferation following incubationof taurine
with or without β-alanine, which is a competitive inhibitor of taurine up-
take (Jones et al., 1995), and transfection with TauT siRNA. β-Alanine
treatment and TauT knockdown significantly suppressed uptake of tau-
rine into HUVECs (Fig. 7A). β-Alanine resulted in a further increase in
HUVEC proliferation induced by taurine at concentrations of 1–5 mM,
but not at higher concentrations (Fig. 7B).β-Alanine promoted phosphor-
ylation of ERK and Akt in HUVECs stimulated with taurine in a similar
dose-responsive manner, but β-alanine (20 mM) alone had no effect on
ERK and Akt activation (Fig. 7C). In addition, taurine (5 mM)-induced
HUVEC proliferationwas further increased byβ-alanine at concentrations
of 1–5 mM, but not at higher concentrations (Fig. 7D), and similar results
were obtained for Akt and ERK activation (data not shown). These data
suggest that extracellular taurine plays an important role in its angiogenic
activity. To further confirm the angiogenic effect of extracellular taurine,
cell proliferation was determined in HUVECs following siRNA-mediated
knockdown of TauT. Knockdown of TauT significantly elevated the pro-
liferation of endothelial cells by taurine (1–5 mM), compared with
cells transfected with scrambled siRNA (Fig. 7E). As expected, TauT
knockdown significantly elevated the phosphorylation of ERK and Akt
by taurine with a similar dose response to cell proliferation, compared
with scrambled siRNA control (Fig. 7F). We further examined whether
β-alanine regulates taurine-induced angiogenesis in a mouse model
using intravital microscopy. Treatment with taurine alone increased in
vivo angiogenesis in a dose-dependent manner. Co-treatment with β-
alanine resulted in a further increase in angiogenesis induced by taurine
at a concentration of 5 mM, but not significantly at 10 mM (Fig. 7G).
These observations indicate that extracellular taurine is responsible for
its angiogenic effect.

3.8. Taurine does not induce vascular inflammation and permeability

Some angiogenesis factors including VEGF increase vascular inflam-
mation through up-regulation of vascular adhesion molecules such as
ICAM-1 and VCAM-1 in endothelial cells, promoting the interaction of
endothelial cellswith bloodmonocytes (Kim et al., 2001).We examined
whether taurine elicits the adhesion molecule expression. Treatment
with taurine did not affect the expression of ICAM-1 and VECAM-1
in HUVECs, while the pro-angiogenic factors VEGF and TNF-α signif-
icantly upregulated the expression of these genes (Fig. 8A). In addi-
tion, pretreatment with taurine did not increase the attachment of
monocytes to cultured HUVECs compared with untreated control,
while VEGF or TNF-α effectively promoted interaction between these
cells (Fig. 8B and C). Another unfavorable effect induced by VEGF is vas-
cular permeability and vascular leakage (Gavard and Gutkind, 2006).
We next examined whether taurine induces transendothelial perme-
ability in HUVEC monolayer. Taurine did not increase [14C]-sucrose dif-
fusion in cultured HUVEC monolayer, while VEGF significantly
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elevated transendothelial permeability (Fig. 8D). Furthermore, intrader-
mal injection with taurine did not induce vascular hyperpermeability in
mouse skin, while VEGF injection effectively promoted vascular leakage
compared with control (Fig. 8E). Similarly, VEGF injection enhanced in-
filtration of leukocytes compared with control, while taurine treatment
did not affect tissue infiltration of leukocytes (Fig. 8F and G). These re-
sults demonstrate that taurine does not induce vascular inflammation
and hyperpermeability.

4. Discussion

Taurine, present in high concentrations in blood plasma and many
types of cells, plays an important role in several biological processes
(Satoh and Sperelakis, 1998; Terauchi et al., 1998). The purpose of
this study was to determine a functional role of taurine in angiogen-
esis and its underlying mechanism of action. Taurine increased in
vitro and in vivo angiogeneses, without affecting vascular inflammation
and permeability. This angiogenic event was directly accompanied by
the activation of MEK/ERK-, PI3K/Akt-, and Src/FAK-dependent signal
pathways.

Cell cycle progression is directly associated with angiogenesis via
endothelial cell proliferation. Modulation of the expression and activity
of cell cycle proteins, such as CDKs, cyclins, CDK inhibitors, and Rb, pro-
vides an important mechanism for cell proliferation (Nurse, 2001). G0/
G1–S phase transition is a key regulatory step of cell cycle progression.
The association of cyclin D1 and CDK4, cyclin E and CDK2, and cyclin A
and CDK2 phosphorylates Rb in the G1–S phase transition of the cell
cycle (Weinberg, 1995). Phosphorylated Rb releases and activates a
number of proteins, including the E2F family of transcription factors
(Sherr and Roberts, 1999), which regulate the expression of several
genes involved in DNA synthesis (Izumi et al., 2000). The cyclin-
dependent kinase inhibitor p21WAF1/CIP1 blocks Rb phosphorylation by
inhibiting CDK4 and CDK2 activities through interaction with cyclins
D1, E, and A (Liu and Lozano, 2005), indicating that p21WAF1/CIP1 is an
important protein for cell cycle progression. Our data revealed that
the angiogenic activity of taurine correlates with cell cycle progression
to S and G2/M phases in endothelial cells. This effect is mediated by
the up-regulation of all four cyclins as well as phosphorylation of Rb
via the down-regulation of p53 and p21WAF1/CIP1. These results suggest
that taurine promotes the cell cycle progression of HUVECs and subse-
quent angiogenesis by modulating the expression of cell cycle proteins,
such as cyclins, p53, and p21WAF1/CIP1, and Rb phosphorylation.

Cyclin D1 is oneofmultiple geneswhose expression canbe regulated
by the MEK/ERK- and PI3K/Akt-dependent signaling pathways
(Jirmanova et al., 2002;Muise-Helmericks et al., 1998). The ERK cascade
has been shown to drive specific cell cycle responses to extracellular
stimuli through the elevation of cyclin D1 expression (Lavoie et al.,
1996). On the other hand, the PI3K/Akt-dependent pathway increases
not only the translational expression of cyclin D1, but also its stability.
This pathway activates p70S6 kinase, which is involved in the transla-
tional up-regulation of cyclin D1 by increasing interaction between
tRNA and mRNA via phosphorylation of the ribosomal S6 protein
(Jirmanova et al., 2002). Akt also phosphorylates GSK3β and suppresses
its catalytic activity. GSK3β phosphorylates cyclin D1 at Thr286 and sub-
sequently inhibits its degradation via the ubiquitination-proteosome
pathway (Jirmanova et al., 2002), indicating that PI3K/Akt increases
the stabilization of cyclin D1 via inactivation of GSK3β. The PI3K/Akt
pathwaypromotes angiogenesis via eNOS phosphorylation andNOpro-
duction (Lee et al., 2006). However, our data showed that taurine in-
creased Akt activation, without elevating eNOS phosphorylation
(Fig. 3A) and NO production (data not shown), indicating that
taurine-induced angiogenesis is not associated with eNOS-dependent
NO production. Although we cannot clearly explain the molecular
mechanism of this finding, similar results have been shown in a previ-
ous study (Motley et al., 2007), where thrombin-induced Akt activation
did not participate in eNOS phosphorylation and NO production. Our
data shows that taurine promoted the activation of ERK and Akt,
which were highly correlated with the up-regulation of cyclins, partic-
ularly D1 and B. Inhibitors of MEK (PD98059, upstream of ERK) and
PI3K (Wortmannin, upstream of Akt) blocked taurine-induced angio-
genesis and up-regulation of cyclins D1 and B, indicating that taurine-
induced activation of both MEK/ERK and PI3K/Akt axes plays a critical
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role in endothelial cell cycle progression, leading to an increase in
angiogenesis.

Activation of ERK andAkt has been associatedwith the suppression of
p53 and p21WAF1/CIP1 expression (Ho et al., 2008; Qiu et al., 2010), indi-
cating that both pathwaysmay play an important role in cell proliferation
by promoting Rb phosphorylation. We here showed that both inhibitors
of MEK and PI3K reversed the suppressive effect of taurine on p53 and
p21WAF1/CIP1 expressions and subsequently inhibited taurine-induced
Rb phosphorylation. These results also suggest that taurine activates the
MEK/ERK and PI3K/Akt pathways, which promotes endothelial cell pro-
liferation by suppressing p53 and p21WAF1/CIP1 expressions. Interestingly,
both inhibitors of MEK and PI3K blocked taurine-induced phosphoryla-
tion of ERK, while Akt activationwas inhibited by only the PI3K inhibitor.
Furthermore, specific knockdown of Akt inhibited taurine-induced en-
dothelial cell proliferation, but did not block phosphorylation of ERK by
taurine, indicating that ERK activation can be occurred via the activation
of PI3K, but not Akt. Although we did not confirm roles of MEK/ERK
in taurine-induced angiogenesis using molecular and/or genetic
approaches, our previous results demonstrate that MEK/ERK are
well-known angiogenic signal mediators (Kim et al., 2010; Lee et
al., 2006). Thus, our present results show that taurine-induced HUVEC
proliferation can be synergistically increased by cross-talk between
both pathways activated by PI3K influencing the MEK/ERK axis and the
Akt pathway, but not vice versa (Fig. 9). Our data also show that Src-
dependent phosphorylation of FAK at Tyr925 was importantly involved
in cell migration, which is another essential process for angiogenesis.
These results indicate that taurine promotes angiogenesis by increasing
endothelial cell proliferation and migration via the activation of MEK/
ERK, PI3K/Akt, and Src/FAK signaling pathways.

Plasma concentration of taurine is 40–300 μM, but some tissues or
cells, such asmyocardium, brain, placenta, and neutrophils, show taurine
concentrations as high as about 35 μmol/g of wet weight by transporting
via TauT (Chesney et al., 1986). TauT expression in aortic endothelial cells
leads to the accumulation of taurine in cultured endothelial cells (Tomi et
al., 2007). An animal study showed that taurine is mainly accumulated
from a circulating blood source in endothelial cells of blood vessels
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(Terauchi et al., 1998). The concentration of taurine used in this study is
10 mM, which is slightly higher than physiological concentrations
(Chesney et al., 1986); however, this concentration can be considered
as a pharmacological level (Ghosh et al., 2009). Taurine administration
revealed beneficial effects on vascular function by protecting endothelial
function (Fennessy et al., 2003; Wang et al., 1996). The effect of taurine
on angiogenesis can be mediated by either its extracellular or intracellu-
lar source of endothelial cells. It has been shown that the competitive in-
hibitor of taurine uptake, β-alanine, protects mice from carbon
tetrachloride-induced acute liver injury (Choi et al., 2009), indicating
that circulating or extracellular taurine plays an important role in cellu-
lar function. Our results showed that inhibition of taurine transport into
endothelial cells by β-alanine and specific knockdown of TauT signifi-
cantly increased taurine-induced endothelial cell proliferation and ERK
and Akt activation at concentrations of 1 to 5 mM, but no further signif-
icant increase in cell proliferation and signal activation at its higher con-
centrations. These data together indicate that extracellular taurine is
responsible for its angiogenic activity.

Extracellular bioactivemolecules activate intracellular signal cascades
for various cellular events through activation of their receptors. Taurine
chloramine, an oxidation product of taurine by hypochlorous acid, acti-
vates ERK-dependent signal pathway in endothelial cells either via direct
activation of EGF receptor or another target that can interactwith EGF re-
ceptor (Midwinter et al., 2004). However, in this study an inhibitor of EGF
receptor tyrosine kinase PD158780 and transfection with siRNA against
EGF receptor did not inhibit taurine-induced activation of ERK and Akt
and elevation of endothelial cell proliferation (data not shown). We
found that taurine did not activate 42 receptor-tyrosine kinases arrayed
in a human phospho-receptor tyrosine assay kit (R&D Systems), which
are associatedwith angiogenesis. It suggests that taurine and its oxidation
product taurine chloraminesmay possess differentmechanisms of action
for endothelial cells. These results suggest that the angiogenic activity of
taurine is associated with another cellular target with the exception of
the 42 receptor-tyrosine kinases arrayed in the assay kit.

Some pro-angiogenic factors including TNF-α stimulate angiogenesis
via the induction of VEGF (Bussolino et al., 1997). Although data not
shown, VEGF-neutralizing antibody did not affect taurine-induced angio-
genesis, and taurine did not alter VEGFmRNA level as determined by RT-
PCR. These results indicate that taurine promoted angiogenesis by acti-
vating angiogenesis-associated signal pathways without increasing
VEGF expression. VEGF has been considered as a useful drug for thera-
peutic angiogenesis; however, this protein elicits some adverse effects,
such as adhesion molecule expression, leukocyte adhesion, and vascular
permeability (Gavard and Gutkind, 2006; Kim et al., 2001). Therefore,
these adverse effects must be tightly controlled when VEGF is clinically
administered for angiogenic therapy. We found that taurine did not in-
duce these adverse effects. Although we did not examine the inhibitory
effect of taurine on leukocyte infiltration in an animal model, taurine
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can suppress lipopolysaccharide-induced infiltration of leukocytes into
the lung (Bhavsar et al., 2010), indicating that taurine can serve as a po-
tent inhibitor of leukocyte infiltration. Therefore, our results indicate
that taurine effectively promotes angiogenesis in vivo without altering
vascular inflammation and permeability.

5. Conclusions

In summary, our study demonstrates that the angiogenic activity of
taurine is associated with an increase in endothelial cell proliferation
by promoting cell cycle progression via activation of both MEK/ERK-
and PI3K/Akt-dependent signaling pathways as well as elevation of cell
migration via the Src/FAK axis (Fig. 9). These angiogenic signal cascades
can be elicited by interaction of extracellular taurine with a certain re-
ceptor, which should be characterized by further study. Although studies
for the therapeutic effect mediated by taurine have not been conducted
in a disease-related animal model, taurine should be considered a useful
amino acid for various ischemic diseases, which are required for the pro-
motion of neovascularization without increasing vascular inflammation
and permeability.
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