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Overexpression of Ref-1 Inhibits Lead-induced Endothelial Cell
Death via the Upregulation of Catalase
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The role of apurinic/apyrimidinic endonucleasel/redox factor-1 (Ref-1) on the lead (Pb)-induced cellular
response was investigated in the cultured endothelial cells. Pb caused progressive cellular death in
endothelial cells, which occurred in a concentration- and time-dependent manner. However, Ref-1
overexpression with AdRef-1 significantly inhibited Pb-induced cell death in the endothelial cells. Also
the overexpression of Ref-1 significantly suppressed Pb-induced superoxide and hydrogen peroxide
elevation in the endothelial cells. Pb exposure induced the downregulation of catalase, it was inhibited
by the Ref-1 overexpression in the endothelial cells. Taken together, our data suggests that the
overexpression of Ref-1 inhibited Pb-induced cell death via the upregulation of catalase in the cultured

endothelial cells.

Key Words: Apurinic/apyrimidinic endonucleasel/redox factor-1 (Ref-1), Lead, Cell death, Endothelial cells,

Catalase

INTRODUCTION

Lead (Pb) is a persistent and common environmental
metal ion. Lead increases free radical production and re-
duces the availability of antioxidants reserve, resulting in
oxidative cellular and tissue injuries (Ercal et al., 2001;
Patrick, 2006). Lead-induced oxidative stress has been pre-
viously identified as the primary contributing agent in the
pathogenesis of lead poisoning (Patrick, 2006). The lead-in-
duced disruption of free radicals and antioxidant balance
might result in tissue injury. In particular, oxidative stress
has also been implicated in lead-induced cardiovascular
system injuries such as hypertension. Chronic exposure to
low levels of lead has been shown to induce sustained arte-
rial hypertension in human and experimental animals
(Sharp et al., 1988; Gonick et al., 1997; Vaziri, 2002).

In addition to oxidative stress, cell death is an important
phenomenon in lead-induced toxicity. A number of studies
have revealed that lead exposure is capable of inducing cell
death in a variety of cell types (Fox et al., 1998; Cheng
et al., 2002; Wang et al., 2009). Even though the mecha-
nisms relevant to lead-induced cell death have yet to be
fully elucidated, some have implied a relationship between
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oxidative stress and cell death in lead-induced cell death.
Oxidative stress resulting in transcriptional regulation has
been proposed as an important mechanism in the ex-
pression of specific genes associated with endothelial cell
death and survival (Nakamura et al., 1997).

Apurinic apyrimidinic endonuclease 1/redox factor-1 (Ref-1)
is a ubiquitous multifunctional protein, which is involved
in the base excision repair pathways of oxidatively dam-
aged DNA (Demple et al., 1991). Also, Ref-1 functions as
a redox co-factor of a variety of transcriptional factors, in-
cluding AP1, nuclear factor (NF)-«B, and early growth
response protein-1 in different cell systems (Tell et al.,
2005). Additionally, Ref-1 is a critical factor in cellular pro-
tection against cell death resulting from oxidative stresses,
including endothelial cell activation and inflammation. Ref-1
has also been shown to suppress intracellular oxidative
stress and apoptosis (Angkeow et al., 2002; Ozaki et al.,
2002; Yoo et al., 2004). It was recently reported that vas-
cular endothelial cell activation and vascular inflammation
were inhibited by Ref-1 overexpression (Kim et al., 2006;
Song et al., 2008; Lee et al., 2009).

Although the DNA repair and transcriptional regulation
of Ref-1 have been investigated extensively, the functions
of Ref-1 in the regulation of oxidative stress and cell death
resulting from exposure to lead remain largely unknown.
In this study, we report a protective role of Ref-1 in the
lead-induced cell death of endothelial cells. The Ref-1-in-
duced negative regulation in lead-induced cell death is

ABBREVIATIONS: Pb, lead; Ref-1, apurinic apyrimidinic endonu-
cleasel/redox factor-1; HUVEC, human umbilical vein endothelial
cell.
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mediated through the modulation of hydrogen peroxide pro-
duction and catalase expression.

METHODS
Cell culture and reagent

Human umbilical vein endothelial cells (HUVECs) were
purchased from Clonetics and were grown and maintained
in endothelial growth medium. Cells were used between
passages 3 and 6. Anti-Ref-1 and Anti-S-actin were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Anti-Catalase was obtained from Sigma (St. Louis, MO,
USA). HRP-labeled anti-rabbit and anti-mouse antibodies
were obtained from Amersham (Buckinghamshire, UK).
Lead (Pb) acetate (C4HsO4Pb, MW 379.33) was purchased
from Riedel-deHaeon (Germany). All other chemicals were
obtained from Sigma (St. Louis, MO. USA).

Determination of cell viability

Cell viability was evaluated via a modified MTT assay
(Mosmann, 1983). In brief, the cells (1x10° cells/well) were
seeded in 12-well plates and treated with Pb. After lead
treatment, 100 «1 of a MTT solution (0.5 mg/ml in phos-
phate buffered saline) was added to each well and in-
cubated for an additional 2 h at 37°C. 100 «l of dimethyl
sulfoxide (DMSO) was subsequently added to each well to
solubilize any deposited formazan. After transfer to 96-well
plates, the optical density (OD) of each well was measured
at 540 nm with a microplate reader (Sunrise, TECAN,
Austria).

Western blot analysis

48 hours after transfection with adenoviruses, protein ex-
pressions (40 1g) were evaluated by Western blotting as
previously described (Jeon et al., 2004). HUVECs were har-
vested with 100 «l of lysis buffer containing 20 mM Tris-Cl,
pH 7.5, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM
NasVO;, 1 mM B-glycerophosphate, 4 mM Na pyrophosphate,
5 mM NaF, and 1% Triton X-100, and protease inhibitor
cocktail. The lysate was centrifuged at 12,000 rpm for 20
min and the supernatant was collected. Protein was sepa-
rated by 10% SDS-PAGE and electrotransfered onto nitro-
cellulose membranes. After blocking with 5% skim milk for
1 hour at room temperature, blots were incubated for over-
night at 4°C with specific primary antibody (1 : 1,000), and
subsequent detection with horseradish peroxidase-conjugated
secondary antibody was performed. Blots were developed
for visualization using an enhanced chemiluminescence de-
tection kit (Pierce Biotechnology, Rockford, IL).

Adenoviral transfections

Adenoviruses encoding for [-galactosidase (Ad/Agal) and
full-length Ref-1 (AdRef-1) were generated via homologous
recombination in human embryonic kidney 293 cells, as de-
scribed in a previous study (Jeon et al., 2004). In some ex-
periments, HUVECs were infected with a 20~200 multi-
plicity of infection (MOI) of adenovirus for 24 hours. A total
of 200 MOI of adenovirus was balanced with Ad/Agal.

Detection of superoxide and hydrogen peroxide production

Intracellular superoxide and hydrogen peroxide produc-
tion were detected using the superoxide-sensitive fluorophore
dihydroethidine (DHE) and the peroxide-sensitive fluo-
rophore 2',7'-dichlorodihydrofluorescein diacetate (DCF-DA)
as described previously (Angkeow et al., 2002; Kim et al.,
2006). In order to detect DHE or DCF-DA fluorescence, the
cells were cultivated in chamber slides (2x10° cells/well)
(Nalge Nunc International). The cells were rinsed three
times and incubated for 30 min with 5 «M DHE and for
30 min with 10 #M DCF-DA at 37°C in Krebs-HEPES buffer
and Hanks buffered salts solution, respectively. The abso-
lute fluorescence of 20~ 25 random cells was quantified
using MetaMorph software (Molecular Devices, Sunnyvale,
CA).

Statistical analysis

Values are expressed as the means+SEM. Statistical
evaluation was conducted via one-way ANOVA, followed by
a Turkey post hoc test, and p<0.05 was considered statisti-
cally significant.

RESULTS
Effect of lead on the cellular viability

Endothelial cell damage is one of the most important phe-
nomena in the pathogenesis of cardiovascular disorder. First,
the effects of lead (Pb) on the cell viability were evaluated
in the endothelial cells. Lead caused progressive cellular
death in endothelial cells, which occurred in a concentration-
and time-dependent manner during lead exposure (Fig. 1).
Regarding the exposure time selected for this experiment,
the cells were treated with 30 «M of Pb acetate for 12, 24,
and 48 hr. As shown in Fig. 1A, Pb significantly affected
the cell viability after 24 hr of incubation, resulting in a
cell viability of 69% in the endothelial cells. The cells were
treated with a range of lead acetate concentrations (0~
300 «M) for 24 h. Pb in a range of 30~300 «M resulted
in a significant and concentration-dependent reduction in
the viability of the endothelial cells.

Effect of Ref-1 on the Pb-induced cell toxicity

Ref-1 protein is an intracellular surveillance protein that
functions in cellular protection against cell death as the re-
sult of oxidative stresses, including endothelial cell activa-
tion and inflammation. In order to ascertain whether Ref-1
regulates Pb-induced cell death, the AdRef-1-treated endo-
thelial cells were treated for 24 h with Pb (100 /M). The
Western blot analysis data in Fig. 2A revealed Ref-1 over-
expression in the endothelial cells transfected with AdRef-1
(200 MOI). Ref-1 overexpression significantly inhibited
Pb-induced cell death, as compared with that observed in
the AdBgal-treated endothelial cells, thereby suggesting
that Ref-1 performs a protective function against Pb-in-
duced endothelial death. The quantitative data is plotted
in Fig. 2B.
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Effect of Ref-1 on Pb-induced reactive oxygen species
(ROS) production

Lead-induced oxidative stress has been previously identi-
fied as the primary contributory agent in the pathogenesis
of lead poisoning (Hsu and Guo, 2002). 24 h of exposure to
30 #M of Pb resulted in significant elevations of both super-
oxide and hydrogen peroxide in endothelial cells (Fig. 3).
However, the overexpression of Ref-1 with AdRef-1 sig-
nificantly suppressed Pb-induced superoxide and hydrogen
peroxide elevation in the endothelial cells. Interestingly,
Ref-1 overexpression markedly abrogated Pb-induced hydro-
gen peroxide production in the endothelial cells. The quan-
titative data are plotted in Fig. 3C and 3D.

Fig. 1. Effect of lead (Pb) on endo-
thelial cell viability. (A) Typical endo-
thelial cell morphology after treat-
ment with Pb acetate (30 «M) for 12
~48 hr (a, control; b, 12 hr; ¢, 24 hr;
d, 48 hr). (B) Summarized data are
plotted in Fig. 1B. (C) Typical endo-
thelial cell morphology after treat-
ment with Pb acetate for 24 hr. (a,
control; b, 3 #M of Pb; ¢, 10 «M of
Pb; d, 30 «M of Pb; e, 100 M of Pb;
* f, 300 «M of Pb). (D) Summarized
* data was plotted in Fig. 1D. Total
acetate concentration (300 1M) was
* balanced with Na acetate in Fig. 1C.
Endothelial cell viability was meas-
ured via a MTT assay as described
in the Materials and Methods section.
The data are expressed as the means+
SEM for 3 separate experiments. *p
<0.05 compared with control.

3 10 30 100 300

Fig. 2. Ref-1 overexpression inhibited
lead (Pb) induced endothelial cell
death. (A) Endothelial cell morpho-
logy in the Pb (100 M)-treated endo-
thelial cells which were transfected
with Ad Sgal or AdRef-1. Adenoviral
# transfection of AdRef-1 successfully
overexpressed Ref-1 in the endothe-
lial cells as compared with AdAgal.
(B) Ref-1 overexpression induced by
AdRef-1 inhibited Pb (100 x«M)-in-
duced endothelial cell death (in the
bottom of Fig. 2A). (B) Summarized
data was plotted in Fig. 2B. Endo-
thelial cell viability was measured
with an MTT assay as described in

+ - the Materials and Methods section.
) + The data are expressed as the means+

SEM for 4 separate experiments. *p
+ + <0.05 compared with control cells.

#p<0.05 compared with AdBgal-+Pb.

Effect of Ref-1 on Pb-induced catalase suppression

As Pb has been previously demonstrated to induce ROS
production, we attempted to determine the effects of Pb on
catalase expression, which is known to be involved in the
conversion of hydrogen peroxide into water. After the endo-
thelial cells were treated for 24 h with Pb in a range of
3~300 1M, catalase expression was measured by Western
blot analysis. As shown in Fig. 4A, Pb exposure, partic-
ularly exposure to 10 «M of Pb or more, induced the down-
regulation of catalase in a dose-dependent manner. This da-
ta indicated that the Pb-induced downregulation of catalase
is the principal cause of ROS production in endothelial
cells.
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Fig. 3. Ref-1 overexpression inhibited
lead (Pb)-induced superoxide and
hydrogen peroxide production. Pb
(100 «M) was administered for 24 hr
in the endothelial cells transfected
with AdAgal or AdRef-1. Intracellular
superoxide (A) and hydrogen peroxide
production (C) were evaluated using
% the superoxide-sensitive fluorophore
dihydroethidine (DHE) and the per-
oxide-sensitive fluorophore 2',7'-
dichlorodihydrofluorescein diacetate
(DCF-DA). (B, D) The summarized
+ - + - data was plotted in Figs. 3B and 3D.
The data are expressed as the means+
SEM for 3 separate experiments. *p
<0.05 compared with AdfSgal+Pb.
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Fig. 4. Ref-1 inhibited lead-induced
catalase suppression in the endothelial
Pb (30 uM) cells. (A) Lead (Pb) treatment resulted

in the downregulation of catalase

expression. Endothelial cells were

Ref-1 !- exposed to lead (3~300 M) for 24

hr. Western blot analysis for catalase
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Finally, we turned our focus to the mechanism by which
Ref-1 suppressed Pb-induced hydrogen peroxide production
in endothelial cells. We evaluated the effects of Ref-1 over-
expression on Pb-induced (30 «M) catalase downregulation
in AdRef-1-treated endothelial cells. As shown in Fig. 4B,
the Pb-induced suppression of catalase expression was in-

200
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200 200 180 O

was used as a loading control. (B)

Summarized data was plotted in Fig.

- 20 200 4B. *p<0.05 compared with control.

The data were expressed as the

means+SEM for 3 separate experi-

ments. (C) Effect of Ref-1 on the

Pb (30 uM) Pb-induced suppression of catalase

expression in the endothelial cells.

Endothelial cells were exposed by

lead (30 M) for 24 hr in the endo-

thelial cells transfected with 20 or

b 200 MOI of AdRef-1. A total of 200

MOTI of adenoviral transfection was

a balanced with AdBAgal. (D) The sum-

marized data was plotted in Fig. 4D.

The data were expressed as the means+
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hibited by the Ref-1 overexpression induced by 20 MOI of
AdRef-1 in the endothelial cells. Interestingly, catalase ex-
pression in the endothelial cells transfected with high doses
of AdRef-1 (200 MOI) was greater than the basal level of
catalase in the AdpAgal-treated endothelial cells.
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DISCUSSION

Vascular endothelial cells line the luminal surfaces of all
blood vessels. Vascular endothelial cells, then, would natu-
rally be exposed to any lead (Pb) circulating in the blood-
stream. When Pb reaches highly toxic levels in the circulat-
ing blood, the endothelial cells may be injured or damaged.
Oxidative stress performs a central function in the patho-
genesis of vascular disorders, including atherosclerosis and
hypertension. Therefore, increased ROS generation in Pb-
exposed endothelial cells may prove to be an important risk
factor in the development of atherosclerosis or hypertension
in lead-exposed animal and human subjects.

Based on our knowledge, it is well known that lead ex-
posure increases the occurrence of cell death via apoptosis,
such as neural (Suresh et al., 2006; Chetty et al., 2007),
renal (Stacchiotti et al., 2009) and testicular cells (Adhikari
et al., 2001; Massanyi et al., 2007). The cellular toxic effect
of lead may be mediated by apoptosis. The present study
demonstrated that short-term lead exposure caused endo-
thelial cell death in a range of 30~300 1M of Pb (6.2~62.2
ppm of Pb). The lead-exposed endothelial cells evidenced
increases in superoxide and hydrogen peroxide generation
as compared to the cultured human endothelial cells.
Considering the crucial role of catalase in the detoxification
of hydrogen peroxide, the downregulation of catalase in-
duced by Pb exposure, as shown in Fig. 4A, undoubtedly
contributes to oxidative stress in lead-exposed endothelial
cells. This finding is consistent with a previous report, in
which it was demonstrated that catalase levels declined sig-
nificantly in vascular smooth muscle cells chronically ex-
posed to lead (Ni et al., 2004). Catalase expression can be
downregulated by lipopolysaccharide (Clerch et al., 1996),
ionizing radiation (Ushakova et al., 1999; Nenoi et al., 2001),
and tumor necrosis factor-alpha (Clerch and Massaro, 1992;
Chovolou et al., 2003; Lupertz et al., 2008), which stimu-
lated cell death or oxidative stress in the cells. Therefore,
in this study, the downregulation of catalase was related
to Pb-induced cell death in endothelial cells.

Catalase is very effective in high-level oxidative stress,
and protects cells against hydrogen peroxide production
within the cell. The enzyme is particularly important under
limited glutathione content conditions, such as obtain in
lead (Pb)-exposed animals (Hsu, 1981; Hunaiti et al., 1995),
and plays a significant role in the development of tolerance
to oxidative stress in the adaptive responses of cells
(Wassmann et al., 2004).

Interestingly, our study showed that Ref-1 overexpression
inhibited Pb-induced cell death, oxidative stress, and the
downregulation of catalase in the endothelial cells. The re-
duction of Pb-induced cell death by Ref-1 overexpression
may be attributable to the reduction in oxidative stress
mediated by catalase upregulation in the Ref-1 overexpressed
cells. Ref-1 exerts important effects against oxidative stress.
The reduction of Ref-1 activity by antisense RNA has been
previously reported to sensitize cells to oxidative DNA damage
(Grosch et al., 1998; Silber et al., 2002). Conversely, over-
expression of Ref-1 repair functions stimulates an increase
in resistance to certain alkylating agents and oxidative
stresses (Tomicic et al., 1997; Grosch et al., 1998; Kim et
al., 2006; Lee et al., 2009). Ref-1 and p53 proteins are re-
quired for selenium protection from DNA damage in the
human and mouse fibroblasts (Fischer et al., 2006). However,
we remain unable to dismiss the possibility that the base
excision repair function of Ref-1 against oxidatively dam-

aged DNA may be involved in the protective role played
by Ref-1 against Pb-induced cell death (Evans et al., 2000).

In the present study, the reduced oxidative stress by
Ref-1 was assumed to be attributable to the upregulation
of catalase. However, the cellular mechanism underlying
the Ref-1-mediated upregulation of catalase has yet to be
clearly elucidated. Ref-1 has been established to function
as a transcriptional co-activator, similarly to AP-1, NF-«B,
and Egr-1 (Tell et al., 2005), which are found in the pro-
moter region of catalase (Nenoi et al., 2001); thus, the pro-
moter activity of catalase in endothelial cells may be modu-
lated by Ref-1. However, the inhibition of NADPH oxidase
by Ref-1 is another pathway by which intracellular ROS
levels might be reduced. It was reported previously that
Ref-1 inhibited ROS production via the inhibition of the ac-
tivity of racl GTPase, one subunit of NADPH oxidase (Ozaki
et al., 2002; Lee et al., 2009). A recent study reported the
upregulation of the gp91phox subunit of NADPH oxidase
in the brain and renal cortex of lead-exposed animals
(Vaziri et al., 2003).

This study had some limitations. First, our study was
performed only with cultured endothelial cells. Therefore,
further studies will be necessary to confirm this beneficial
effect in vivo in the future. Another limitation of this study
is that it was conducted on Ref-1 overexpressed cells prior
to lead (Pb) exposure. Even though this finding implies a
beneficial effect in the Pb-induced cell deaths and oxidative
stress, any clinical applications regarding lead toxicity
should be approached with great care.

Taken together, our data suggests that the overexpression
of Ref-1 inhibited Pb-induced cell death in the cultured en-
dothelial cells. This protective effect may be strongly corre-
lated with reduced oxidative stress via the upregulation of
the catalase antioxidant system.
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