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Biphasic regulation of angiogenesis by reactive oxygen species
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Reactive oxygen species (ROS) are believed to be important molecules in the regulation of angiogen-
esis. However, direct evidence is obtained from hydrogen peroxide only. The comparison of superox-
ide anion (O�

2 ), hydrogen peroxide (H2O2) and hydroxyl radical (HO .) effects on angiogenesis in one
angiogenic model were studied. Tube formation, migration and adhesion of endothelial cells were
enhanced with a low concentration of O�

2 generated by 500 mM xanthine (X) and 1 mU/ml xanthine
oxidase (XO), but significantly inhibited as the XO increased to 10 mU/ml or more. Low concentrations
of H2O2 (0.01–1 mM) induced tube formation and the maximal tube formation was achieved at 0.1 mM
which also induced cell migration and adhesion, while high concentrations of H2O2 (100 mM) inhibited
tube formation and cell migration. Both H2O2 and O�

2 inhibited cell proliferation at high concentration
only. HO . at low concentration neither inhibited nor stimulated the tube formation, cell proliferation and
migration but inhibited at high concentration. The effects of O�

2 were significantly abolished by cata-
lase (CAT) alone or in combination with superoxide dismutase (SOD), but not by inactive CAT or SOD
alone. Active CAT, but not inactive CAT, also reversed the effects of H2O2. Pretreatment with GSH
effectively reversed the inhibitory effects of HO .. Therefore, our results suggest that ROS have bipha-
sic effects on angiogenesis, which indicated that pharmacologically regulating cellular ROS levels
might serve as an anti-angiogenic or angiogenic principles. They also provide a theoretical basis for
the development and rational use of novel angiogenic and anti-angiogenic drugs.

1. Introduction

Mammalian cells generate reactive oxygen species (ROS)
such as superoxide anion (O�

2 ), hydrogen peroxide (H2O2)
and their metabolites through their normal metabolic pro-
cesses. A relatively high concentration of them induces
oxidative stress and may have deleterious effects. On the
other hand, it has been suggested that a low concentration
of ROS might exert an important physiological role as
intracellular signaling molecules (Lander 1997; Kunsch
and Medford 1999; Irani 2000; Sen and Packer 1996). In
practice, ROS can be produced by many drugs through
the following processes: 1) during their metabolism by en-
zymes such as cytochrome P450-dependent monooxy-
genases or peroxidases; 2) by depleting antioxidant de-
fenses; 3) indirectly by the induction of cytochrome P450
isoenzymes and peroxisome proliferation. The ROS gen-
eration seems to be responsible for the action of certain
drugs, and, on the other hand, the oxidative stress induced
by certain drugs is also related to their side effects (Paoli-
ni and Cantelli-Forti 2000).
Angiogenesis, the formation of new capillary from preex-
isting vessels, plays an important role in physiological
processes such as wound healing, embryonic development,
and in pathological conditions, such as tumor growth and
metastasis, rheumatoid arthritis, proliferate diabetic retino-
pathy, ischemic coronary artery diseases and brain infarc-
tion (Folkman 1995; Griffioen and Molema 2000). The

process of angiogenesis consists of several steps, begin-
ning with activation of endothelial cells by growth factor,
followed by enzymatic degradation of basement mem-
brane, detachment of endothelial cell from adhesion pro-
teins, endothelial cell migration into the perivascular
spaces and proliferation, and finally new vessel formation
(Folkman and Shing 1992).
Cultured endothelial (Sundqvist 1991) and tumor cells
(Szatrowski and Nathan 1991) are able to produce a low
concentration of ROS even under non-stimulated condi-
tions or augmented by hypoxia/reoxygenation (Inauen
et al. 1990; Lum et al. 1992; Zweier et al. 1994; Terada
1996). The hypoxic induction of angiogenesis is a hall-
mark of pathological processes such as wound healing and
solid tumor formation (Lelkes et al. 1998). A previous
study also reported that H2O2 stimulated angiogenesis in
vitro (Yasuda et al. 1999). The anti-angiogenic effects of
many compounds, such as ascorbic acid (Ashino et al.
2003), green tea catechins, vitamin E (Tang and Meydani
2001; Tang et al. 2003) and resveratrol (Lin et al. 2003),
are involved to their anti-oxidative properties. Thalidomide
exerts its anti-angiogenic properties via the generation of
hydroxyl radicals (Sauer et al. 2000).
Vascular endothelial growth factor (VEGF) is a potent an-
giogenic growth factor and stimulates endothelial cell pro-
liferation and migration in vitro and angiogenesis in vivo
(Neufeld et al. 1999). It has been reported that low con-
centrations of ROS induced VEGF mRNA expression in
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human retinal pigment epithelial, human melanoma and
rat glioblastoma cells (Kuroki et al. 1996). Moreover,
NAD(P)H oxidase, a major source of endothelial superox-
ide generation, is required for VEGF-induced endothelial
cell proliferation and migration (Avid et al. 2000). ROS
derived from NAD(P)H oxidase mediated VEGF-induced
endothelial cell proliferation, migration and VEGF recep-
tor-2 (KDR) tyrosine phosphorylation (Ushio-Fukai et al.
2002). As the first reactive oxygen product during O2 me-
tabolism in vivo, the superoxide anion (O�

2 ) is released
constitutively in the nanomolar range by NAD(P)H depen-
dant oxidase in vascular cell (Griendling et al. 2000).
Xanthine oxidase activity, one of the sources of O�

2 gen-
eration, was found to be much higher in capillary endothe-
lial cells (Jarasch et al. 1986). However, up to date, direct
evidence that ROS affect angiogenesis is obtained from
H2O2 only (Shono et al. 1996; Yasuda et al. 1999). The
exact relationship between ROS and angiogenesis is still
unclear. In the present study, besides H2O2, the effects of
O�

2 , and HO . on angiogenesis were examined in the same
angiogenic model. We found that ROS have a biphasic
effect on angiogenesis. The activation of angiogenesis
may benefit ischemic coronary artery disease, brain infarc-
tion, wound healing and even embryonic development. On
the other hand, the inhibition of angiogenesis may benefit
by suppressing tumor growth and diabetic retinopathy and
so on. Thus, understanding the biphasic regulation of an-
giogenesis by ROS will undoubtedly help pharmacologists
to design the optimal therapeutic agents for the prevention
and treatment of angiogenesis related diseases.

2. Investigations and results

2.1. Effects of ROS on angiogenesis

Human umbilical vein endothelial cells grown on un-
coated dishes developed many cobblestone-like appear-
ances during confluence (Fig. 1A). However, the tube-like
structures have to be developed on fibrin gel (Fig. 1B).
As shown in Fig. 2A, treatment with 500 mM xanthine (X)
alone or in combination with low concentrations of
xanthine oxidase (XO) (XO, 0.1 or 0.2 mU/ml) had no
effect on tube formation compared with control. The tube
formation can be induced at least when the concentration
of XO increased to 0.5 mU/ml. The maximal tube forma-
tion appeared at 1 mU/ml XO, and then decreased gradu-
ally at 2 and 5 mU/ml XO. As the concentrations of XO
increased further within 10–100 mU/ml, tube formation
was inhibited even compared with control. So we selected

the following critical concentrations of XO 0, 1, 10 and
100 mU/ml for the further experiments.
Hydrogen peroxide showed the same effect on tube forma-
tion as O�

2 . Treatment with low concentrations of H2O2

(0.0001 or 0.001 mM) had no effect on tube formation.
The tube formation was induced at least at 0.01 mM. The
maximal tube formation was achieved at 0.1 mM. The inhi-
bitory effect appeared at 100 mM (Fig. 2C). However, the
hydroxyl radical did not show the same effects as O�

2 and
H2O2. As shown in Fig. 2E, in the presence of 100 mM
FeSO4, the addition of 1, 10 or 100 mM H2O2 inhibited
tube formation, while even in a concentration as low as
0.0001 mM, no increasing effects of H2O2 were observed.
The biphasic effects of O�

2 on tube formation did not dis-
appear when SOD (100 U/ml) or inactive CAT were added
before X/XO treatment, but were significantly abolished
by CAT (100 U/ml) alone, or combined with SOD
(Fig. 2B). The biphasic effects of H2O2 were also reversed
by pretreatment with CAT (100 U/ml), but not by inactive
CAT (Fig. 2D). Pretreatment with 5 mM GSH effectively
reversed the inhibitory effect induced by HO . (Fig. 2F).

2.2. Effects of ROS on cell proliferation

High concentrations of O�
2 , H2O2 or HO . all significantly

inhibited the proliferation of endothelial cell, but low con-
centrations of them did not inhibit nor stimulate the prolif-
eration (Fig. 3).

2.3. Effects of ROS on cell migration

As shown in Fig. 4A, in the presence of 500 mM X, the
addition of 1 mU/ml XO significantly increased cell mi-
gration by 1.25-fold, while 10 mU/ml XO inhibited migra-
tion significantly. CAT alone or combined with SOD
downregulated the cell migration to the control level,
while pretreatment with SOD, or inactive CAT had no ef-
fect on cell migration. H2O2 0.1 mM increased cell migra-
tion, while 100 mM H2O2 inhibited. Both effects can be
reversed by CAT, but not by inactive CAT (Fig. 4B). Op-
posite to O�

2 and H2O2, the hydroxyl radical could only
inhibit cell migration when the concentration was high
enough, and the effect can be reversed by GSH (Fig. 4C).

2.4. Effects of ROS on cell adhesion

Low concentrations of O�
2 (X 500 mM/XO 1 mU/ml) in-

duced cell adhesion about 1.2-fold. Pretreatment with
CAT alone or combined with SOD, but not SOD or inac-
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Fig. 1:
Human umbilical vein endothelial cells grown
on uncoated dishes develop many cobblestone-
like appearances (A). While tube-like struc-
tures (B) have to be developed on fibrin gel



tive CAT, completely reversed the cell adhesion while a
high concentration of O�

2 (X 500 mM/XO 100 mU/ml) in-
hibited cell adhesion (Fig. 5A). H2O2 0.1 mM induced cell
adhesion and the effect can be abolished by pretreatment
with CAT, but not by inactive CAT (Fig. 5B). However,
HO within the tested concentrations had no effect on cell
adhesion at all (Fig. 5C).

3. Discussion

In our present study, we have demonstrated that angiogen-
esis in vitro can be stimulated by low concentrations of

O�
2 or H2O2, but not HO ., while it can be inhibited by

high concentrations of all three ROS. The concentrations
leading to a maximal stimulation of angiogenesis for O�

2
is 500 mM X/XO 1 mU/ml, for H2O2 0.1 mM; however,
HO . did not stimulate angiogenesis within the concentra-
tion range tested.
It is widely known that O�

2 can be converted to H2O2 by
SOD. H2O2 can be converted to H2O by CAT. The pre-
sence of O�

2 and H2O2 facilitates HO . production. HO .

can be scavenged by GSH. Pretreatment with SOD could
not prevent the superoxide-induced increase in angiogen-
esis in vitro. However, pretreatment with CAT alone or
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Fig. 2: Effects of ROS on endothelial cell tube formation. Endothelial cells (A) treated by 500 mM xanthine (X) with or without various concentrations
xanthine oxidase (XO); (B) pretreated with SOD (100 U/ml), CAT (100 U/ml), SOD combined with CAT or inactive CAT for 30 min, then X/XO
were added; (C) treated with or without various concentrations of H2O2; (D) pretreated with CAT (100 U/ml) or inactive CAT for 30 min, then H2O2

were added; (E) treated by 100 mM FeSO4 with or without various concentrations H2O2; (F) pretreated with GSH (5mM) for 30 min then FeSO4/
H2O2 were added. After 12 h, the total circumference of tube-like structure was measured. Each value is the mean of four cultures from duplicate
independent experiments and expressed as percentage of control. a p > 0:05, * p < 0:05, ** p < 0:01, *** p < 0:001 vs the group treated with X
alone (A) and (B); the group without H2O2 (C) and (D); and vs the group treated with FeSO4 alone (E) and (F); b p > 0:05, # p < 0:05, ## p < 0:01,
### p < 0:001 vs the group treated with X/XO (B); treated with H2O2 alone (D) or treated with FeSO4/H2O2 (F)
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Fig. 3: Effects of ROS on endothelial cell proliferation. Endothelial cells treated by 500 mM X with or without various concentrations of XO (A); by
various concentrations of H2O2 (B); by 100 mM FeSO4 with or without various concentrations of H2O2 (C) for 12 h. Values are expressed as
mean � S.D. of three independent experiments. * p < 0:05, ** p < 0:01, *** p < 0:001 vs the group treated with X alone (A); vs the group without
H2O2 (B) or vs the group treated with FeSO4 alone (C)

Fig. 4: Effects of ROS on endothelial cell migration. Confluent endothelial cells were scraped and (A) pretreated with SOD (100 U/ml), CAT (100 U/ml),
SOD combined with CAT or inactive CAT for 30 min, then X/XO were added; (B) pretreated with CAT (100 U/ml) or inactive CAT for 30 min,
then H2O2 were added; (C) pretreated with GSH (5 mM) for 30 min then FeSO4/H2O2 were added. After incubation for 12 h, the cells were fixed
and stained. Cell migration was qualified by measuring distance between wound edges before and after incubation over 5 points per cultured well.
Values are expressed as mean � S.D. of three independent experiments. a p > 0:05, * p < 0:05, ** p < 0:01, *** p < 0:001 vs the group treated
with X alone (A), the group without H2O2 (B) and vs the group treated with FeSO4 alone (C); b p > 0:05, # p < 0:05, ## p < 0:01, ### p < 0:001 vs
the group treated with X/XO (A), treated with H2O2 alone (B) or treated with FeSO4/H2O2 (C)



combined with SOD entirely suppressed the angiogenic
response, while inactive CAT had no effect on it. This
might be due to an overproduction of H2O2 caused by
SOD. Our results show that H2O2 stimulated angiogenesis.
However, whether the angiogenic response resulted from
HO . is still unclear. So we tested the effect of HO . gener-
ated from Fe2þ/H2O2. The results indicated that HO . had
no angiogenic activity even if the concentration of H2O2

declined to 0.0001 mM. All these results suggested that,
among the three ROS, H2O2 was the key intermediate for
angiogenesis. Our results are consistent with previous re-
ports that H2O2, but not O�

2 , mediated activated polymor-
phonuclear leukocytes- and lymphocytes-induced angio-
genesis (Yasuda et al. 2000; Monte et al. 1997). Likewise,
although VEGF stimulated O�

2 production via NAD(P)H
oxidase is essential for VEGF-induced VEGF receptor-2
(KDR) tyrosine phosphorylation in angiogenesis, KDR
phosphorylation can be blocked by CAT (Ushio-Fukai
et al. 2002), suggesting the endogenously produced H2O2

to act as a signaling molecular in VEGF signal transduc-
tion. Nox 1, a homolog of gp91phox, the catalytic subunit
of NAD(P)H oxidase, is a potent trigger of the angiogen-
esis switch, increasing vascularity of tumors and inducing
VEGF mRNA and VEGF receptor expression. Nox 1 in-
duction of VEGF can be eliminated by coexpression of
CAT (Arbiser et al. 2002), indicating that H2O2 signals the
switch to angiogenesis phenotype.
The stimulation of endothelial cell proliferation is essen-
tial for angiogenesis. However, in the present paper

although low concentration of ROS did not promote en-
dothelial cell proliferation, while stimulating angiogenesis.
This suggested that cell proliferation is not the prerequi-
site for angiogenesis. NO, another ROS, stimulated angio-
genesis in vitro but inhibited cell proliferation as well
(Shimizu et al. 2004).
Endothelial cell migration following degradation of extra-
cellular matrix and adhesion to matrix proteins are impor-
tant steps in angiogenesis. Both endothelial cell migration
and adhesion were enhanced by incubation with O2

� or
H2O2, thus, the stimulation of cell migration and adhesion
are likely to be involved in O�

2 - or H2O2-induced angio-
genesis. Moreover, the O�

2 -induced cell migration and ad-
hesion can be abrogated by CAT alone or in combination
with SOD, but not by SOD or inactive CAT. The H2O2-
induced cell migration and adhesion can also be downre-
gulated to the basal level by CAT, but not by inactive
CAT. However, both cell migration and adhesion could
not be induced by HO ..
From the above discussion we could conclude that both
O�

2 and H2O2 at low concentrations are able to induce
angiogenesis in vitro, and that H2O2 is the key intermedi-
ate responsible for stimulating angiogenesis. This indicates
that ROS have biphasic effects on angiogenesis. Many dis-
eases, such as cancer, chronic inflammation and diabetes,
are dependent on angiogenesis, so these diseases may ben-
efit from a therapeutic inhibition of angiogenesis. While in
many ischemic diseases, such as ischemic coronary artery
diseases, critical limb ischemia and brain infarction, angio-
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Fig. 5: Effects of ROS on endothelial cell adhesion. Endothelial cells seeded on the wells of 96-well plate precoated with type I collagen were (A)
pretreated with SOD (100 U/ml), CAT (100 U/ml), SOD combined with CAT or inactive CAT for 30 min, then X/XO were added; (B) pretreated
with CAT (100 U/ml) or inactive CAT for 30 min, then H2O2 were added; (C) treated by 100 mM FeSO4 with or without various concentrations
H2O2. The plates were washed twice with PBS. The attached cells were fixed, stained with 2% crystal violet, solved in 100 ml 2% SDS and the
optical density was measured at 570 nm. Each condition was tested in 3 wells and each experiment was done three times a p > 0:05, * p < 0:05,
** p < 0:01, *** p < 0:001 vs the group treated with X alone (A), the group without H2O2 (B) and vs the group treated with FeSO4 (C);
b p > 0:05, # p < 0:05, ## p < 0:01, ### p < 0:001 vs the group treated with X/XO (A), treated with H2O2 alone (B) or treated with FeSO4/H2O2 (C)



genesis may be favorable. The results of the present study
suggest that pharmacologically regulating cellular ROS le-
vels might serve as an anti-angiogenic or angiogenic ther-
apeutic principle.

4. Experimental

4.1. Reagents

Xanthine, xanthine oxidase, superoxide dismutase (SOD), catalase (CAT),
fibrinogen, thrombin from human plasma, 6-aminohexanoic acid, sulforho-
damine B (SRB), type collagen were purchased from Sigma (St. Louis,
MO, USA). Bovine serum albumin (BSA) was purchased from Shanghai
Pujiang Application Biochemical Institute (Shanghai, China). Sodium doc-
lecyl sulfate (SDS) was the product of Amresco. Cell culture medium
RPMI 1640 was purchased from Gibco (CA, USA). Calf serum was the
product of Si-Ji-Qing Co. (Hangzhou, China). All other reagents were of
analytical grade.

4.2. Cell culture

Human umbilical vein endothelial cells (HUVEC) (obtained from China
Center for Type Culture Collection, Wuhan, China) were maintained in
RPMI 1640 containing 10% inactivated calf serum, 100 U/ml penicillin,
100 mg/ml streptomycin and 2.0 mg/ml NaHCO3 at 37 �C with 5% CO2 in
a humidified atmosphere.

4.3. Treatment protocol and generation of superoxide (O�
2 ) and hydroxyl

radical (HO .)

The following systems were used to generate or scavenge ROS: (1) O�
2

was generated from a xanthine-xanthine oxidase system (X/XO). In the
presence of 500 mM X (the final concentration), the concentration of XO
was adjusted to generate different quantities of O�

2 ; (2) Generation of HO .

was achieved by a FeSO4––H2O2 system. The regular concentration of
FeSO4 in the cell culture system was 100 mM, while the concentration of
H2O2 was adjusted; (3) The antioxidant enzymes, superoxide dismutase
(SOD, scavenger of O�

2 ), catalase (CAT, scavenger of H2O2), and inactive
CAT (heated in 56 �C water bath for 30 min) or antioxidant GSH (scaven-
ger of HO .), were added 30 min before ROS treatment.

4.4. In vitro angiogenesis assay

Tube formation of endothelial cells on fibrin gel was performed according
to the method of Vailhe et al. (1996; 1997) with modification. Briefly,
fibrinogen in PBS was dialyzed against PBS overnight and sterilized with
a 0.2-mm syringe filter. To make fibrin gel, 250 ml of 3 mg/ml fibrinogen
solution was placed into each well of a 24-well plate, and 50 mg/ml 6-
aminohexanoic acid was added to modulate the degradation of gel by plas-
min, then human thrombin was added to a final concentration of 0.625 U/ml.
The gel was allowed to polymerize overnight at 37 �C. Endothelial cell
suspension (1.5� 105 cells/ml) containing 2% calf serum was seeded onto
the surface of the fibrin gel. In the presence or absence of different concen-
trations of ROS and antioxidant enzymes or compounds, the cells were
incubated for 12 h, and then washed three times with PBS and fixed with
2.5% glutaraldehyde in PBS. Subsequently, randomly selected fields of
phase-contrast microscopy were photographed. Tube formation was quanti-
fied by total circumference of tubular structures in 5 randomly selected
fields using a computer-assisted image analyzer (CMIS 8.0, Beijing Uni-
versity of Aeronautics and Astronautics, Beijing, China).

4.5. Cell proliferation assay

The effects of ROS on proliferation of endothelial cell were determined in
96-well plates by the sulforhodamine B (SRB) method (Skehan et al.
1990). Briefly, exponentially growing cells were harvested and seeded in
96-well plates with the final volume 100 ml containing 5� 103 cells per
well. After 24 h incubation, cells were treated with various concentrations
of ROS for 12 h. The cultures were then fixed at 4 �C for 1 h by addition
of ice-cold 50% trichloroacetic acid to give a final concentration of 10%.
Fixed cells were rinsed 5 times with deionized water and stained for
10 min with 0.4% SRB dissolved in 0.1% acetic acid. The wells were
washed 5 times with 0.1% acetic acid and left to dry overnight. The ab-
sorbed SRB was dissolved in 150 ml unbuffered 1% Tris base solution in
water (pH 10.5). The absorbency of extracted SRB at 570 nm was meas-
ured on a microplate reader. Each concentration of ROS was tested for
three parallel wells.

4.6. Cell migration assay

For detection of cell migration, confluent endothelial cells in a 6-well plate
were scraped with a sterile rubber scraper to remove a portion of the cell
monolayer. The cultures were washed twice with PBS and incubated with

medium containing 2% calf serum in the presence or absence of ROS and
antioxidant enzymes or compounds for 12 h at 37 �C. After incubation, the
cells were washed with PBS, fixed with 75% ethanol and stained with
Giemsa dye. Cell migration from the edge of an injured monolayer was
quantified by measuring the distance between wound edges before and
after incubation over 5 points per cultured well (Weis et al. 2001).

4.7. Cell adhesion assay

The cell adhesion assay was performed according to Malinda et al. (1999)
with modification. Wells of a 96-well plate were coated at room tempera-
ture overnight with 2 mg of type collagen in PBS in a final volume of
50 ml. The wells were then washed three times with PBS and blocked for
2 h with 1% bovine serum albumin (BSA) in 100 ml PBS at 37 �C. Addi-
tional uncoated wells were incubated with BSA to serve as a negative con-
trol. The wells were then washed three times with 100 ml PBS. Endothelial
cells (2.5� 104 cells/100 ml) suspended in RPMI 1640 with or without
ROS, antioxidant enzymes or compounds, were added to each well. The
plate were incubated for 1 h at 37 �C and then washed twice with PBS.
The attached cells were fixed and stained with 2% crystal violet for
10 min and washed with PBS. Cells were solved in 100 ml 2% sodium
doclecyl sulfate (SDS) and the optical density was measured at 570 nm.

4.8. Statistical analysis

Results are expressed as means � SD, and were analyzed using the Stu-
dent’s t test. Values of P < 0:05 were considered statistically significant.
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