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Abstract

In a variety of vascular disorders, endothelial cells (ECs) are exposed to high levels of reactive oxygen species (ROS) generated
intercellularly. Recently, several anti-oxidants, including catalase, have been suggested to be cytoprotective against the development of
atherosclerosis. The object of this study was to investigate whether adenovirus-mediated gene transfer of catalase in ECs can attenuate ROS
production and cell apoptosis under oxidized low density lipoprotein (oxLDL) stimulation. Adenovirus-mediated gene transfer of human
catalase gene (Ad-Cat) resulted in a high level of catalase overexpression in human arterial EC (HAEC), which manifested a time-dependent
increase in cell viability under the exposure of oxLDL and decreased oxLDL-induced apoptosis. Phosphorylation studies of ERK1/2, JNK,
and p38, three subgroups of mitogen activator protein kinase demonstrated that catalase overexpression suppressed JNK phosphorylation and
increased ERK1/2 phosphorylation. NF-jB and AP-1 were induced after the exposure of HAECs to oxLDL. While catalase overexpression
was found to inactivate AP-1, it had no effect on NF-jB activity. These results provide the evidence that overexpression of catalase in ECs
attenuates ROS production and cell apoptosis under oxLDL stimulation. The protective effect is mediated through the downregulation of JNK
and the upregulation of ERK1/2 phosphorylation as well as AP-1 inactivation. This observation supports the feasibility of catalase gene
transfer to human endothelium to protect against oxidant injury.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Disruption of the delicate balance between pro-oxidants
and anti-oxidants has been implicated in the pathophysiology
of cardiovascular disorders [1]. A plethora of information
suggests that oxidants, such as hydrogen peroxides (H2O2)

and lipid peroxide, induce a number of proatherogenic
changes in vascular cells that are present in the atheroscle-
rotic artery [2]. Most of these effects could be prevented by
the addition of extracellular anti-oxidants, suggesting further
propagation of oxidation [3]. Studies based on anti-oxidant
gene expression to examine the effects of oxidants on cells
also corroborate the premise that intracellular oxidative
stress might play an important role in the transduction of
oxidative stress from external sources to intracellular sites
[4]. Previously, Shingu et al. [5] showed that endothelial cells
(ECs) and smooth muscle cells (SMCs) have very low levels
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of catalase activity and, therefore, are more susceptible to
damage by H2O2. In contrast, transient overexpression of
catalase in human umbilical vein ECs has been found to
confer protection against H2O2-mediated oxidative stress [6].
Moreover, overexpression of human catalase gene has been
shown to decrease oxidized lipid-induced cytotoxicity in
vascular SMCs [7]. These results suggest that catalase is a
key enzyme in the protection of cells against oxidative injury.
Several studies have attempted to overexpress the catalase
enzyme in various cell types and have examined its effect in
preventing oxidation-related damage [6,7]. However, the
regulatory mechanism of catalase protein on human ECs
exposed to oxidative stress still remains unclear.

Low density lipoprotein (LDL) is among the major risk
factors and predictors for the development of atherosclerosis.
Manifested as an increase in free radicals, oxidized LDL
(oxLDL) perturbs endothelial functions via several routes,
including a decrease in NO production, an increase in plas-
minogen activator inhibitor-1, recruitment of monocytes, and
through the promotion of cell apoptosis [8,9]. It is thought
that oxLDL-induced signal transmission requires the bind-
ing to specific cellular receptors to activate and stimulate a
wide spectrum of host responsive systems [10]. This requires
the activation of multiple signaling molecules in transduction
pathways, for example protein-tyrosine kinase (PTK), ox-
LDL receptor-associated serine/threonine kinase, Ras,
Raf-1, IjB kinase, MEK, mitogen-activated protein kinases
(MAPKs), etc., [11–13]. These molecules may converge or
diverge and often have “cross-talk” properties, which result
in a complicated signaling network that exert mutual influ-
ence. Subsequently, the signals further transduce to down-
stream pathways and activate numerous transcriptional fac-
tors, including AP-1, NF-jB, and ATF-2 [14], which trigger a
large amount of genes encoded for inflammatory mediators
and cytokines [10]. These elicited that cytokines are believed
to be responsible for cell proliferation, differentiation, immu-
noregulation, and cytotoxicity [11]. Currently, the effects of
oxLDL and catalase overexpression on the signaling path-
ways and the events involved in the transduction of pro-
grammed death signal into the nucleus of human arterial ECs
(HAECs) have not been well-defined.

In this study, adenovirus-mediated gene transfer was used
to overexpress catalase in HAECs to obviate concerns re-
garding the purity of the enzyme and preparation or fluctua-
tions in catalase protein delivery. Our results demonstrate
that HAECs enriched in catalase are resistant to the damag-
ing effects of oxLDL. The AP-1 and JNK/ERK MAPK path-
way is the major regulatory mechanism leading to the protec-
tive effects of catalase overexpression.

2. Methods

2.1. Culture of HAECs

HAECs were obtained as cryopreserved tertiary cultures
from Cascade Biologics (OR, USA) and were grown in EC

growth medium (medium 200, Cascade Biologics) supple-
mented with 2% FBS, 1 µg/ml of hydrocortisone, 10 ng/ml of
human epidermal growth factor, 3 ng/ml of human fibroblast
growth factor, 10 µg/ml of heparin, 100 U/ml of penicillin,
100 pg/ml of streptomycin, and 1.25 µg/ml of Fungizone.
The cells were used between passages 3 and 8. The purity of
the cultures was verified by staining with monoclonal anti-
body against human von-Willebrand factor (vWF) [15].

2.2. Preparation and oxidation of LDL

Human LDL (d = 1.019–1.063 g/ml) was isolated by
sequential ultracentrifugation of fasting plasma samples
from healthy adult males and extensively dialyzed under
nitrogen for 24 h at 4 °C against phosphate-buffered saline
(PBS, 5 mmol/l phosphate buffer and 125 mmol/l NaCl, pH
7.4). This native LDL (nLDL) was oxidized by dialysis for
24 h at 37 °C against 10 µmol/l CuSO4 in PBS, as previously
described [16]. The extent of oxidation was monitored by
measuring thiobarbituric acid-reactive substance (TBARS)
and agarose gel electrophoresis. The levels of LDL oxidation
were 7.2 ± 0.1 nmol/l for oxLDL and 1.1 ± 0.1 nmol/l for
nLDL of TBARS per milligram protein, respectively. The
cholesterol content of nLDL and oxLDL was determined
using a cholesterol enzymatic kit (Merck, Darmstadt, Ger-
many).

2.3. Preparation of recombinant adenoviruses

A human catalase cDNA containing the entire coding
sequence was subcloned into the adenovirus shuttle plasmid
vector, pAd-PGK, which contains a promoter of the human
phosphoglycerate kinase and a polyadenylation signal of
bovine growth hormone. A recombinant adenovirus (Ad-
Cat) was generated by homologous recombination and am-
plified in human embryonic kidney 293 cells as previously
described [17]. Viruses were purified by CsCl density gradi-
ent centrifugation, and virus titer determination was as pre-
viously described [17]. Purified virus was stored in
10 mmol/l Tris–HCl (pH 8.0), 2 mmol/l MgCl2, and 4%
(vol/vol) sucrose at –80 °C until used for the experiments.
For infection, ~3 × 105 cells were seeded on a 10-cm2 Petri
dish and treated with selected adenovirus at the indicated
multiplicity of infection (MOI, or plaque forming unit per
cell) for 48 h. Culture medium was changed for incubation
longer than 48 h.

2.4. Western blot analysis

Western blot analysis was performed as described previ-
ously [18]. Briefly, the cell lysate (20 µg) was subjected to
12% SDS-PAGE electrophoresis and transferred onto PVDF
membranes. Membranes were incubated with rabbit poly-
clonal antibody against catalase (1:1000, OXIS, OR, USA)
then with horseradish peroxidase-conjugated goat anti-rabbit
secondary antibodies (1:3000, Sigma, MO, USA), the signal
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was detected using Chemiluminescence Reagent Plus (NEN,
MA, USA). The intensity of each band was quantified using a
densitometer. Anti-a-tubulin antibody (1:1000, Oncogen,
CA, USA) was used to quantify as an internal control.

In other experiments, the protein was subjected to western
blotting with antibodies (1:1000) directed against mouse
anti-human procaspase-3, mouse anti-human caspase-9,
mouse anti-human Bcl-2 (Neomarkers, CA, USA); rat anti-
human Bax (PharMingen, CA, USA); rabbit anti-human
phospho-JNK, mouse anti-human phopho-ERK1/2, rabbit
anti-human phospho p38, rabbit anti-human total JNK, rabbit
anti-human total ERK1/2, and goat anti-human cytochrome c
(1:500, Cell Signaling, MA, USA).

2.5. Immunocytochemical localization of catalase

HAECs with or without adenoviral infection were washed
with PBS and fixed with 4% paraformaldehyde in PBS at RT
for 15 min. The samples were treated with PBS containing
1% Triton X-100 for 5 min, and then blocked with PBS
containing 5% BSA at RT for 1 h. Rabbit anti-human catalase
antibody (1:400, R&D, MN, USA) was added and incubated
for 1 h. After rinsing with PBS, the cells were incubated with
FITC-conjugated goat anti-rabbit IgG antibody (1:400, Vec-
tor, CA, USA) at 37 °C for 1 h. Following a wash with PBS,
the cells were mounted using Vectashield mounting medium
(Vector) and examined with a fluorescence microscope. For
negative controls, the primary antibodies were omitted, and
only negligible immunofluorescence was observed.

2.6. Catalase activity assay

Catalase activity was quantified as described previously
[19]. Briefly, 100 µl of sonicated cell extracts (100 µg) were
mixed with 2.9 ml of 19 mmol/l H2O2 in 50 mmol/l potas-
sium phosphate buffer (pH 7.0). The time required for the
OD 240 nm of the reaction mixture to change 0.05 was
monitored as a measure of catalase activity. One unit of
catalase activity is equal to 17 s. Thus, activity units of the
samples were expressed as units per milligram of cell lysate
protein.

2.7. Detection of H2O2 and superoxide production

The effect of catalase overexpression on H2O2 and super-
oxide (O2

–) production in HAECs was determined by a
fluorometric assay using DCFH-DA and DHE as the probe,
respectively [20]. Confluent HAECs (104 cells/well) in 48-
well plates were infected with Ad-Cat at 25 MOI for 48 h.
Cells were washed with HBSS, and incubate in HBSS con-
taining 20 µmol/l DCFH-DA or 10 µM DHE at 37 °C for
45 min. The fluorescence intensity (relative fluorescence
units) was detected at 485/530 nm and 485/590 nm for
excitation/emission for DCFH corresponding to H2O2 and
ethidium to O2

–, respectively, using a fluorescence micro-
plate reader. To determine the effect of oxLDL on H2O2 and

O2
– generation, fluorescence intensity was also measured

immediately after oxLDL (40 µg/ml) added at the predeter-
mined intervals for 30 min.

2.8. Caspase activity assay

Cells were seeded in 96-well plates at 2 × 105/100 µl/well
and cultured at 37 °C for 48 h. After treatments, cells were
gently washed twice with PBS, 25 µl of 1% Triton X-100
(Sigma) was added to each well and the cells were subjected
to four cycles of freezing and thawing. An equal amount of
cellular protein of each group was added to a reaction mix-
ture containing 50 µmol/l of the fluorogenic caspase-3 sub-
strate Ac-DEVD-AMC (Promega, WI, USA), followed by
the incubation at 30 °C for 60 min. Free 7-amino-4-methyl
coumarin (AMC) liberated upon enzymatic cleavage was
detected by cytofluor 2300 with excitation/emission of
360/460 nm, respectively.

2.9. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay

Cell viability was measured by means of the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay as described previously [15]. Cells infected
with Ad-Cat at various MOI for 48 h were incubated in
different concentrations of oxLDL for 24 h. MTT was added
to each well and the metabolized MTT was determined by
the absorbance at 530 nm, with 690 nm as reference. The
cells incubated with control medium were considered 100%
viable.

2.10. Propidium iodide staining and TdT-mediated dUTP
nick end-labeling assay

Treated and control HAECs were stained with 5 µg/ml
propidium iodide (Sigma) at 4 °C for 30 min and examined
under fluorescence microscopy. Moreover, cells fixed with
1% paraformaldehyde and the 3′ ends of DNA were labeled
with TdT-mediated dUTP nick end-labeling (TUNEL) assay
according to the manufacturer’s recommendation (Boeh-
ringer Mannheim, Germany) to detect apoptotic cells.
Fluorescein-dUTP-labeled cells were observed under fluo-
rescence microscope.

2.11. Cellular DNA fragmentation

DNA fragmentation of cells was evaluated by labeling the
DNA strand breaks with 5-bromo-2′-deoxy-uridine (BrdU)
using TdT. These sites were identified by staining with
monoclonal antibody, BrdU monoclonal antibody, labeled
with peroxidase following the protocol of the manufacturer
(Cellular DNA fragmentation ELISA, Boehringer Man-
nheim). The amount of BrdU-labeled DNA released into the
cytoplasm of apoptotic cells was quantified by ELISA [21].

2.12. cDNA microarray analysis

Total RNA of HAECs was isolated using Trizol reagent
(Invitrogen, CA, USA) from HAECs under three conditions,
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namely untreated cells, cells in the presence of oxLDL, and
catalase-transfected cells in the presence of oxLDL. Aliquots
of 10 µg RNA were used to analyze gene expression of
apoptosis by Human Apoptosis Q Series arrays (Super Array
Inc., Bethesda, MD, USA). Relative amounts of mRNA tran-
scripts were quantified using the molecular Imager System
and Molecular Analyst Imaging software (Super Array Inc.).
The relative amount of a given gene transcript was estimated
by comparing its signal intensity with the signal derived from
GAPDH and b-actin.

2.13. Electrophoretic mobility shift assay

Preparation of nuclear extracts and conditions for electro-
phoretic mobility shift assay (EMSA) reactions were de-
scribed previously [15]. The 22-mer synthetic double-stran-
ded oligonucleotides used as NF-jB and AP-1 probes in the
gel shift assay were (5′-AGTTGAGGGGACTTTCCCAGGC-
3′; 3′-TCAACTCCCCTGAAAGGGTCCG-5′) and (5′-ATTC
GATCGGGGCGGGGCGAG-C-3′; 3′-TAAGCTAGCCC CG
CCCCGCTCG-5′), respectively.

2.14. Statistical analysis

Values are expressed as the mean ± S.E.M. Statistical
evaluation was performed using one-way ANOVA followed
by the Dunnett test, with a P value <0.05 being considered
significant.

3. Results

3.1. Overexpression of catalase reduces H2O2 production
in HAECs

HAECs were infected with Ad-Cat at various MOI for
48 h, and their catalase expression detected by western blot
analysis. As shown in Fig. 1A, high levels of catalase were
expressed in a dose-dependent manner in Ad-Cat-infected
cells but not in cells infected with Ad-GFP (green fluores-
cence protein) or control virus, Ad-PGK. Moreover, cellular
catalase activity was increased about 18-fold with Ad-Cat
infection compared to cells infected with Ad-PGK or un-
transfected cells (Fig. 1B). In catalase-transfected cells, the
catalase expression was strongly located throughout the cy-
toplasm by immunofluorescent staining. In contrast, in un-
transfected cells the immunofluorescence was weakly
present (Fig. 1C). These results suggest that infection of
Ad-Cat greatly increased the amount of functional catalase
protein within HAECs.

To determine whether high level of catalase affects the
production of O2

– and H2O2 in oxLDL-treated HAECs, cells
infected with Ad-Cat and Ad-PGK at 25 MOI for 48 h were
incubated with 40 µg/ml of oxLDL. Compatible amounts of
O2

– were generated among catalase overexpression and con-
trol cells with (Fig. 2A) or without oxLDL treatment

(Fig. 2B), suggesting that overexpression of catalase does not
significantly alter the O2

– production in HAECs. Nonethe-
less, H2O2 level in cells was significantly reduced with cata-
lase overexpression in untreated cells (Fig. 2C) and oxLDL-
treated cells (Fig. 2D). The H2O2 levels were significantly
increased by oxLDL treatment compared to control cells in a
time-dependent manner (Fig. 2D).

3.2. Catalase overexpression increase cell viability

To investigate whether overexpression of catalase protect
cells from the damage of oxLDL-, Ad-Cat-, and Ad-PGK-

Fig. 1. Catalase expression and activity of Ad-Cat-infected HAECs. (A)
Cells without infection (control), or infected with Ad-Cat at various MOI
and control virus (Ad-PGK) were lysed at 48-h post infection and analyzed
by western blot for catalase expression using catalase antibody. Densitome-
tric analysis was conducted with PhotoCap software to semiquantify wes-
tern blot data. Three independently experiments gave similar results. The
summarized data (mean ± S.E.M.) from three separate experiments is shown
in the bar graph. * P < 0.05 compared with control, Ad-PGK infected, and
Ad-GFP infected. (B) Catalase activities of control, Ad-PGK-, or Ad-Cat
(25 MOI)-infected cells measured by H2O2 disappearance at OD 240 nm for
3 min (n = 3). (C) Cells were fixed and immunostained with anti-catalase
antibody at 24-h post Ad-Cat (25 MOI) infection for fluorescence micros-
copy.
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infected HAECs were incubated with oxLDL at various
concentrations (20–80 µg/ml) for 24 h followed by MTT
assay. As illustrated in Fig. 3, low concentration (20 µg/ml)
of oxLDL increased cell viability, while drastic cell death
was observed with oxLDL concentration higher than
40 µg/ml. At higher levels of oxLDL concentration, catalase
significantly increased the cell viability so that less than 20%,
and only 2% of cells were survived when treated with 60 and
80 µg/ml of oxLDL, respectively, whereas, cell viability were
increased to 65% and 29% with Ad-Cat infection, respec-

tively. These data suggest that catalase overexpression pre-
vents ECs cytotoxicity caused by oxLDL. Moreover, infec-
tion of Ad-Cat and Ad-PGK did not alter the cell viability
without oxLDL treatment (data not shown).

3.3. Effects of catalase overexpression on cell apoptosis

To determine whether overexpression of catalase inhibit
the apoptotic effect induced by oxLDL, HAECs, infected
with Ad-Cat, Ad-PGK at 25 MOI for 48 h, were treated with
40 µg/ml oxLDL for 24 h, followed with propidium iodide
staining. Confocal microscopic examination of cells showed
nuclear fragmentation and condensation in a majority of cells
treated with oxLDL but not in untreated or Ad-Cat-infected
cells (Fig. 4A), suggesting that Ad-Cat infection inhibited
oxLDL-induced apoptosis. Moreover, using TUNEL assay,

Fig. 2. Effect of Ad-Cat infection on O2
– and H2O2 production in HAECs.

HAECs were infected with Ad-Cat at 25 MOI for 48 h, DHE and DCFH-DA
were then added for O2

– and H2O2 detection, respectively. After incubation
for 45 min at 37 °C, ethidium (A) and DCFH (C) fluorescence were
measured. (B,D) Amount of O2

– (B) and H2O2 (D) production in oxLDL-
stimulated HAECs, where cells were infected with control virus, Ad-PGK,
or with Ad-Cat at 25 MOI for 48 h, followed with stimulation of 40 µg/ml of
oxLDL. Fluorescence readings were taken at 1, 10, and 30 min. Control,
cells without treatment. Data represent mean ± S.E.M. of three independent
experiments (with separate ECs isolates) performed in triplicate. *
P < 0.05 compared with the cells without Ad-Cat infection (Fig. 2C) or
compared with the oxLDL-treated cells without Ad-Cat infection (Fig. 2D).

Fig. 3. Effect of catalase on cell viability of oxLDL-treated HAECs as
measured by MTT assay. Cells were treated with oxLDL of 40 µg/ml with or
without Ad-Cat infection. The results are as expressed in percentage of
viable cell in untransfected cells grown in media containing 10% FCS. Data
are mean ± S.E.M. (n = 3). * P < 0.05 compared with control and Ad-PGK
infected.

Fig. 4. Effects of catalase overexpression on oxLDL-induced HAEC apop-
tosis. HAECs were infected without control, or with Ad-Cat at 25 MOI for
48 h, followed by oxLDL treatment. (A) Propidium iodide staining of cell
nucleus. (B) TUNEL staining. (C) Quantification of cellular DNA fragmen-
tation of oxLDL-and Ad-Cat-treated cells. DNA fragmentation in superna-
tants of cell culture and lysate was measured by ELISA. (D) Treated HAECs
were analyzed for caspase-3 activity using the fluorogenic substrate Ac-
DEVD-AMC. * P < 0.05 compared with control, † P < 0.05 compared with
oxLDL-treated cells.
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more fluorescence-positive cells were detected in control and
Ad-PGK-infected cells treated with oxLDL than in Ad-Cat-
infected and untreated cells (Fig. 4B), suggesting that cata-
lase overexpression suppressed oxLDL-induced DNA frag-
mentation. The degree of BrdU labeling showed that oxLDL
significantly increased the amount of DNA fragmentation in
the control and Ad-PGK-infected cells while its level exhib-
ited marked suppression in Ad-Cat-infected cells (Fig. 4C).
While the cells treated with oxLDL exhibited substantial
DNA fragmentation as evidenced by DNA laddering, little or
no DNA fragmentation was detected in non-infected control
or Ad-Cat-infected cells treated with oxLDL (data not
shown).

Caspase-3 activity, an executioner of apoptosis [22], was
determined by measuring the proteolytic cleavage of a fluo-
rogenic substrate, Ac-DEVD-AMC. As shown in Fig. 4D,
caspase-3 activity was significantly increased in cells treated
with oxLDL for 6 h. In contrast, the activation of caspase-3
by oxLDL was suppressed in cells infected with Ad-Cat
(Fig. 4D).

3.4. Gene expression profiling by cDNA microarray
analysis

To investigate the mechanism underlying anti-apoptotic
effects of catalase in oxLDL-treated HAECs, a cDNA mi-
croarray with apoptotic-related gene was used to study their
gene regulation profile. The results showed that oxLDL treat-
ment caused many genes to upregulate significantly, such as
caspase-9, caspase-3 and Bax, and others to downregulate,

such as Bcl-2 (Table 1). Moreover, infection of Ad-Cat coun-
teracted the downregulation of Bcl-2 by oxLDL while it had
no effect on the gene expression of caspase-9 and Bax. Some
of these genes regulated patterns were confirmed by western
blot analysis which showed that the treatment of oxLDL
suppressed the protein levels of procaspase-3 and Bcl-2, and
increased the levels of caspase-9, cytochrome c and Bax
(Fig. 5). The downregulation of procaspase-3 and Bcl-2 by
oxLDL was upregulated by further treatment of Ad-Cat,
suggesting that the anti-apoptotic effect of catalase may be
mediated through the upregulation of Bcl-2 and the down-
regulation of procaspase-3.

3.5. Involvement of ERK1/2 and JNK in
catalase-transfected oxLDL-stimulated HAECs

Previous studies have shown that oxLDL can activate
MAPKs in the signaling pathway leading to apoptosis
[14,23]. To examine whether MAPKs were regulated
through phosphorylation, cell lysates were subjected to west-
ern blot analysis. As shown in Fig. 6, phosphorylation levels
of JNK1/2 and p38 were significantly increased at 5 min
following oxLDL addition, whereas phosphorylated of
ERK1/2 was mildly increased. Interestingly, catalase trans-
fection completely abolished JNK phosphorylation induced
by oxLDL, while it elevated the ERK1/2 phosphorylation
(Fig. 6). These results suggest that catalase inhibits JNK
activation while it increases ERK1/2 activity. Besides, phos-
phorylation of p38 did not appear to respond to catalase
transfection.

Table 1
Expression changes of apoptosis-related genes analyzed by cDNA microarray

Gene name Description Ratio
oxLDL/control oxLDL + Ad-Cat/

control
oxLDL + Ad-Cat/
oxLDL

p53 Tumor protein p53 (Li-Fraumeni syndrome) 15.8 1.9 0.1
DFFA DNA fragment factor-45 7.3 2.3 0.3
Caspase-8 (FLICE) Apoptosis-related cysteine protease 7.1 2.4 0.3
Bik BCL2-interacting killer 5.0 3.3 0.7
Caspase-9 (Mch6) Caspase-9, apoptosis-related cysteine protease 4.7 4.2 0.9
DFF40 (CAD) DNA fragmentation factor, 40 kD, beta subunit 4.7 1.8 0.4
Bak BCL2-antagonist/killer 1 3.1 2.4 0.8
TRAIL TNF (ligand) superfamily, member 10 2.8 2.1 0.8
CIDE-A Cell death inducing DFFA-like effector A 2.8 1.4 0.5
TRAF1 TNF receptor-associated factor 1 2.7 0.6 0.2
Caspase-3 (cpp32) Caspase-3, apoptosis-related cysteine protease 2.6 1.3 0.5
HRK Harakiri, BCL2-interacting protein (contains only BH3

domain)
2.6 1.6 0.6

Caspase-1 (ICE) Caspase 1, apoptosis-related cysteine protease 2.6 2.1 0.8
mdm2 Mouse double minute 2, human homolog of; p53-binding

protein
2.2 1.4 0.6

bax BCL2-associated X protein 2.2 2.6 1.2
bar Apoptosis regulator 2.0 1.6 0.8
Caspase-10 (mch4) Caspase-10, apoptosis-related cysteine protease 2.0 2.3 1.2
IAP-1 Inhibitor of apoptosis protein 1 2.0 2.8 1.4
bcl-2 B-cell CLL/lymphoma 2 0.7 2.5 3.6

* Control: HAECs without any treatment. oxLDL: HAECs treated with 40 µg/ml of oxLDL for 2 h. oxLDL + Ad-Cat: HAECs infected with Ad-Cat at 25 MOI
for 48 h, and then treated with 40 µg/ml of oxLDL for 2 h. TNF: tumor necrosis factor.
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3.6. Effects of catalase overexpression on NF-jB
and AP-1 activity in oxLDL-treated HAECs

NF-jB or AP-1 activation has been implicated in the
oxLDL-induced expression of inflammatory cytokines
[24,25]. Gel-shift assays were performed to determine the
effect of catalase overexpression to the activation of NF-jB
and AP-1 in oxLDL-treated HAECs. As shown in Fig. 7, low
levels of basal NF-jB and AP-1-binding activity were de-
tected in control cells, while treatment of oxLDL (40 µg/ml
for 30 min) significantly increased the binding activity of

NF-kB and AP-1. These binding activities were blocked by a
100-fold excess of unlabeled NF-kB and AP-1 targeted oli-
gonucleotides (data not shown). When HAECs were pre-
infected with Ad-Cat, the AP-1 binding was reduced by 40%
compared with oxLDL treatment only. However, the NF-jB-
binding activity was not changed with catalase overexpres-
sion.

4. Discussion

We have shown that catalase overexpression can increase
cell viability and reduce apoptosis in oxLDL-treated
HAECs. Our data demonstrate that the protective effects of

Fig. 5. Western blot analysis of apoptotic-related proteins in HAECs. Cells
were not infected or infected with Ad-Cat of 25 MOI for 48 h. Cells were
subsequently stimulated with or without 40 µg/ml oxLDL for 12 h at 37 °C.
Equal amounts of protein were resolved by SDS-PAGE followed by western
blot analysis with antibodies against each specific protein. The summarized
data from three separate experiments is shown in the chart. * P < 0.05 com-
pared with control, † P < 0.05 compared with oxLDL-treated cells.

Fig. 6. Effects of catalase overexpression on various MAPKs phosphoryla-
tion in oxLDL-stimulated HAECs analyzed by western blot. Control cells or
Ad-Cat cells infected with 25 MOI for 48 h were stimulated with 40 µg/ml
oxLDL for 5 min at 37 °C. Equal amounts of protein were subjected to
immunoblotting with specific antibodies. The summarized data from three
separate experiments are shown in the chart. * P < 0.05 compared with
control, † P < 0.05 compared with oxLDL-treated cells.
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catalase overexpression may be mediated via the regulation
of JNK and ERK1/2 phosphorylation, as well as AP-1 activ-
ity, without altering p38 and NF-jB activity.

LDL is considered to be the main atherogenic class of
lipoproteins. An elevated LDL level is one of the most impor-
tant risk factors for atherosclerosis and cardiovascular mor-
bidity [2,3]. Continuous interaction between plasma LDL
and arterial endothelium seems to be the major factor perti-
nent to the development of atherosclerosis [26]. Overex-
pressing Cu/Zn SOD or catalase in transgenic mice protects
LDL against vascular cell-mediated oxidation and reduces
oxLDL-induced apoptosis in SMCs [27]. These data suggest
that alteration of the anti-oxidant status in the arterial wall
may change the pathogenesis of atherosclerosis. An increase
in the activity of anti-oxidant enzymes may reduce the devel-
opment of atherosclerosis. The present study demonstrates
that increase of endogenous catalase in HAECs reduces
oxLDL-mediated cell damage. These data add to the reports
of other investigators showing that overexpression of cata-
lase through gene therapy is able to protect ECs against
oxidative injury.

Our results suggest that oxLDL immediately induced
H2O2 production. Previous studies have shown that a direct
or indirect stimulation by H2O2 activated various cellular
pathways, including calcium release, tyrosine kinases,
MAPKs and NF-jB, as well as a subsequent increase in some
gene products, such as Fas, macrophage colony-stimulating

factor, and intercellular adhesion molecule-1 [28–30]. SMCs
stably transfected with human catalase are not only resistant
to the H2O2-induced cytotoxicity [7] but also inhibit the
angiotensin I-induced H2O2 production and hypertrophy
through the inhibition of phosphorylation of p38MAPK [31].
These findings suggest that catalase overexpression protects
SMCs against the oxidative stress of H2O2, whereas the
protection mechanism of catalase for the ECs remains un-
known. To study the protection mechanism of catalase, ECs
and SMCs were incubated with oxLDL in the presence or
absence of catalase [32]. However, limitations have been
identified with the usage of exogenous catalase in that the
contaminated impurities may non-specifically alter oxLDL.
Furthermore, the negative charge of catalase may be repelled
from the cell surface, thus preventing it from destroying
H2O2 near the cell. In using adenovirus-mediated gene trans-
fer, a considerably high level of catalase was detected, sug-
gesting an effective gene transfer. We have demonstrated that
the overexpressed catalase in HAECs reduced the oxLDL-
induced H2O2 elevation and cytotoxicity but not the O2

–

production (Fig. 2).
Phosphorylation status of MAPKs plays an important role

in signal transduction of environmental and extracellular
stimuli to cellular responses [33,34]. Recently, several stud-
ies have demonstrated that oxLDL activated several mem-
bers of the MAPK family including ERK1/2 and JNK, and
p38 in cultured ECs [23,35]. However, their activation to the

Fig. 7. Effects of catalase overexpression on NF-jB and AP-1 activation in oxLDL-stimulated HAECs by EMSA. Control cells or Ad-Cat-infected cells
(25 MOI for 48 h) were stimulated with 40 µg/ml oxLDL for 30 min at 37 °C. Nuclear extracts were prepared and tested for DNA-binding activity of NF-jB and
AP-1. A representative result from three separate experiments was shown. The summarized data from three separate experiments are shown in the chart. *
P < 0.05 compared with control, † P < 0.05 compared with oxLDL-treated cells.
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protection mechanism of catalase remains unclear. The ERK
pathway plays a major role in regulating cell growth and
differentiation, being highly induced in response to growth
factors, cytokines, and phorbol esters [36,37]. It is also acti-
vated by some conditions of stress, particularly oxidant in-
jury, and in such circumstances is believed to confer a sur-
vival advantage to cells [38,39]. Inhibition of ERK enhanced
ischemia/reoxygenation-induced apoptosis in cultured car-
diac myocytes and exaggerated reperfusion injury in isolated
perfused heart [40]. In contrast, the activation of JNK and
p38 is most frequently associated with induction of apoptosis
[41,42]. Disruption of JNK in mice contributes to the sup-
pression of apoptotic responses [43]. Our results demonstrate
for the first time that catalase overexpression activates
ERK1/2 while counteracting the activation of JNK by ox-
LDL in HAECs. Thus, one of the mechanisms by which
catalase overexpression reduces oxLDL-induced apoptosis
involves the reduction of JNK and the increase of
ERK1/2 activation.

The mechanism that accounts for the pro-apoptotic action
of JNK remains to be elucidated. Recent studies suggest that
JNK may contribute to the apoptotic response by regulating
the intrinsic cell death pathway involving the mitochondria
[44]. The Bcl-2 subfamily (anti-apoptosis) and the Bax sub-
family (pro-apoptosis) are associated with the regulation of
mitochondria-related apoptosis [45]. Yamamoto et al. [21]
suggested that JNK pathway phosphorylates and inactivates
Bcl-2. In this study, we found that catalase overexpression
decreased the phosphorylation of JNK and increased the
level of Bcl-2. It is possible that Bcl-2 expression mediates,
in part, the effects of JNK on apoptosis. Moreover, we have
demonstrated that oxLDL increases the levels of pro-
apoptotic molecules, including Bax and caspase-9, while
reducing the anti-apoptotic molecules, such as Bcl-2 and
procaspase-3. This altered equilibrium between pro-
apoptotic and anti-apoptotic molecules resulted in the occur-
rence of apoptosis. Our results showed that overexpression of
catalase augmented the levels of procaspase-3 and Bcl-2,
whereas it did not affect the expression of caspase-9, cyto-
chrome c, and Bax. These data imply that Bcl-2 activation is
involved in the protection effect of catalase overexpression
against oxLDL-induced apoptosis. It may be consistent with
the point that Bcl-2 inhibited apoptosis directly at caspase-3
[46]. In addition, the protection of catalase in oxLDL-
induced apoptosis may also be mediated through ER path-
way, in turn, through downregulating caspase-12 and then
inactivating caspase-3, but not including caspase-9 and cyto-
chrome c [47]. Further investigation is needed to define the
detail regulation of the special apoptotic state more clearly.

Several transcriptional factors have been shown to be
phosphorylated and subsequently activated by MAPKs. JNK
phosphorylates members of the AP-1 transcription factors
(c-Jun, JunB, and JunD) and the AP-1-related transcriptional
factor, ATF2 [48], resulting in an increase in their transcrip-
tion activities. Indeed, it has been established that JNK regu-
lates AP-1 transcription activity in vivo and it is likely that

increased AP-1 activity mediates, in part, the effects of the
JNK signaling pathway [48]. It is thought that certain nuclear
oncoproteins, such as c-Fos, c-Jun, (components of AP-1), as
well as NF-jB, which contains transcriptional regulatory
activity play important roles in apoptosis [49]. oxLDL ap-
pears to be a stimulator of NF-jB and AP-1 that are thought
to play a predominant role in EC activation [50,51]. oxLDL
provokes a sustained elevation of c-Jun expression, AP-1
DNA binding, and transactivation activity in ECs. Moreover,
the LDL induction of AP-1 is preceded by a rapid activator
for c-Jun [52]. In the present study, pretreatment with cata-
lase overexpression suppressed the AP-1-binding activity
augmented by oxLDL, whereas NF-jB activity was not
changed. These findings raise the possibility that catalase
overexpression may reduce cell apoptosis through the reduc-
tion of AP-1 activity.

In summary, we have shown that overexpression of cata-
lase protects HAECs against oxLDL damage, implying that
H2O2 are involved in oxLDL-induced apoptosis. The anti-
apoptosis effect of catalase may be mediated through in-
crease of Bcl-2, activation of ERK1/2, and inactivation of
JNK and AP-1. These results suggest that anti-oxidant en-
zymes are potentially valuable models for studying the role
of oxidative stress in atherosclerosis and catalase gene trans-
fer has potential for vasoprotection against oxLDL damage.
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