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Targeting Endothelial Cells with Heme Oxygenase-1 
Gene Using VE-Cadherin Promoter Attenuates

Hyperglycemia-Mediated Cell Injury and Apoptosis
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ABSTRACT

Risk factors for cardiovascular diseases include hyperglycemia, TNF, and reactive oxygen species (ROS),
which collectively contribute to vascular endothelial cell dysfunction and apoptosis. We examined, in vascu-
lar endothelial cells, whether the selective expression of heme oxygenase-1 (HO-1) offers cytoprotection against
glucose- and TNF-mediated cell death. An adenoviral vector expressing human HO-1 was constructed using
a VE-cadherin (VECAD) promotor fragment, and cell-specific expression of the recombinant adenovirus was
examined using endothelial and vascular smooth muscle cells. The effects of HO-1 transduction (Ad-VECAD-
HO-1 gene) on HO-1 expression, HO activity, and the response to TNF and hyperglycemia were studied. Hu-
man HO-1 gene was selectively expressed in endothelial cells after infection with the Ad-VECAD-HO-1 vec-
tor. Selective expression of HO-1 prevented TNF- and hyperglycemia-mediated superoxide (O2

�) formation,
DNA degeneration, and upregulation of caspase, but increased the expression of pAkt and Bcl-xL, proteins
responsible for endothelial dysfunction in diabetes. These results demonstrate that endothelial cell survival
after oxidative stress injury may be enhanced by targeting HO-1 expression, thus blocking inflammation,
apoptosis, and thereby attenuating cardiovascular risk factors. Antioxid. Redox Signal. 9, 2065–2074.
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INTRODUCTION

CARDIOVASCULAR RISK FACTORS, including TNF and hy-
perglycemia, are major contributors to endothelial cell

dysfunction and apoptosis (1). Exposure of endothelial cells to
elevated glucose levels causes glucose oxidation, resulting in
the generation of excess reactive oxygen species (ROS) in en-
dothelial cells. Superoxide (O2

�) is a vasoconstrictor, which
acts by removing vasodilators and stimulating vasoconstrictors
[e.g., O2

� can convert nitric oxide (NO) to peroxynitrite,
thereby consuming the endogenous vasodilator in the vascula-
ture (14, 21)]. Moreover, O2

� can induce assorted vasocon-
strictors, such as endothelin, PDGF, TxA2, and isoprostanes

(14, 21). Reports indicate that oxidative stress, as a result of
hyperglycemia, play an important role in the development and
progression of diabetic vascular complications (24). Hyper-
glycemic rats have demonstrated increased urinary 8-epi-iso-
prostane, PGF2, and O2

� formation, as well as an increase in
the number of circulating endothelial cells and fragments (3).
High glucose–mediated local formation of ROS is considered
to be the major contributing factor to endothelial dysfunction,
including abnormalities in cell cycling (5, 31, 59). 

The overexpression of human heme oxygenase-1 (HO-1) in
endothelial cells has the potential to provide protection against
a variety of agents that cause oxidative stress (2, 3). Recent
studies imply that the products of HO-1–mediated heme degra-
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dation [i.e., carbon monoxide (CO) and bilirubin] have anti-
apoptotic effects in diabetes models (52, 53). The role of en-
dogenously produced CO and bilirubin in the prevention of
endothelial cell apoptosis has been examined by determining
the effect of conditions affecting HO activity and expression
in diabetes (6, 43). The products of the HO catabolism of
heme serve as a countervailing influence on oxidative dam-
age in endothelial cells and in the vasculature by actions that
include decreasing endothelial cell sloughing, inhibiting O2

�

and the expression of inflammatory molecules (i.e., TNF, Ang
II, ICAM), and a reduction in constrictor mechanisms (1).
Our studies previously demonstrated that endothelial cells ex-
posed to high glucose levels showed decreased HO-1 protein
expression and HO activity in vitro (2, 3, 45) and in vivo (3,
25, 43).

The junctional complex plays a crucial role in the control of
transendothelial permeability and migration of inflammatory
cells in the blood vessels. Vascular endothelial cadherin
(VECAD) is an adhesion molecule at the adherens junctions (a
component of the junctional complex in endothelial cells).
VECAD is a calcium-dependent adhesive molecule that is ex-
clusively and constitutively expressed in the endothelial cells
(49). It is paramount in the maintenance and control of vascu-
lar integrity and also is crucial for angiogenesis and the as-
sembly of vascular tubes. The monoclonal antibody of VECAD
inhibits formation of adherens junctions, angiogenesis, and tu-
mor growth and metastasis (30).

Vascular endothelial cells serve as a barrier at the interface
of vascular tissue. Alteration of this barrier has been correlated
with diabetic complications; high levels of glucose alter endo-
thelial cell function and disrupt the cell-to-cell connection (36).
Endothelial dysfunction is recognized as the initial step in the
atherosclerotic process and has been associated with pathogen-
esis in diabetic micro- and macroangiopathy (17, 18, 39, 46,
48, 58). Recent studies in patients with diabetes have shown in-
creased numbers of circulatory endothelial cells, which are
thought to be mature cells that have detached from the intimal
monolayer in response to endothelial injury (33). HO-1 induc-
tion has been shown to reduce O2

� production and decrease en-
dothelial sloughing in hyperglycemic rats (3, 25). Upregulation
of HO-1 decreases oxidant production, endothelial cell damage
and shedding, and may attenuate vascular complications in di-
abetes (3, 25, 43). Caspase is a proapoptotic protein, and its ac-
tivation represents one of the earliest biochemical indicators for
apoptotic cell death. Measurement of caspase activity is a
widely used and generally accepted method to determine apop-
tosis in in vivo and in vitro studies. CO, one of the byproducts
of HO metabolism, has been shown to inhibit T-lymphocyte
proliferation (47) and to inhibit apoptosis during ischemia/
reperfusion lung injury by a caspase-dependent pathway (57).
The role of caspase-dependent apoptosis has been implicated
in diabetes complications (29, 55).

In this study, we assessed targeting endothelial cells with 
the HO-1 gene, using the endothelial cell–specific promoter
VECAD (13). We examined the effect of the AD-VECAD-
HO-1 gene on DNA damage and oxidative stress in the cells
exposed to high glucose. The enhanced HO activity, brought
about by Ad-VECAD-HO-1–mediated selective HO-1 gene
transfer to endothelial cells, attenuated glucose-mediated ab-
normalities, including superoxide and caspase activity in endo-
thelial cells.

METHODS

Cell cultures

Human dermal microvessel endothelial cells (HMEC-1 cells)
were a kind gift of Michael Dillon (National Center for Infec-
tious Diseases, Atlanta, GA) and grown in MCDB131 medium
(Gibco-BRL, Grand Island, NY) supplemented with 10% FBS,
10 ng/ml epidermal growth factor (EGF; Sigma, St Louis, MO),
and 1 �g/ml hydrocortisone (Sigma). Human smooth muscle
cells (CRL-1999) were obtained from ATCC (Manassas, VA)
and grown in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% FBS. The cells were incubated at 37°C in a 5% CO2

humidified atmosphere and maintained at subconfluency by
passaging with trypsin–EDTA (Gibco-BRL).

Construction of adenoviral vector 
Ad-VECAD-HO-1

We constructed the VECAD-human HO-1 adenovirus vec-
tor as described in Fig. 1. In brief, VECAD-INT sequences
were subcloned into the plasmid VQAd5K-NpA vector (Vi-
raQuest, Inc, North Liberty, IA). The Xhol/sal site was elim-
inated. but the 3’ Xhol site remained intact. The INT sequence
was generated by PCR with Smal ends that eliminate the 5�
Xhol site in the fragment left intact the Xhol site at the 3’
end of the INT. The resulting plasmid, VQ-VECAD-INT, has
a single Xhol site at the 3’ end of the INT sequence and was
used as the substrate for the subsequent insertion of human
HO-1 and later GFP. Originally, we generated the plasmid
with lacZ, which was used for the current experiments, VQ-
Ad-VECAD-LAZ plasmid. Once the shuttle was completed,
it was linearized with PacI and transfected with the RAPAd.1
backbone. pVQ.VECAD-INT-HO-1 was digested with ScaI
and co-transfected with the RAPAd.1 system (4), and the
mixture was subsequently transfected into HEK 29 using the
standard Ca phosphate method. Viral foci were noted com-
mencing on day 6. The cells were harvested 8 days after trans-
fection, pelleted by low-speed centrifugation, and the virus
liberated by three cycles of freezing and thawing. The cell
lysate (1 ml in10 ml Tris buffer, pH 8.1) containing the re-
combinant virus was amplified and purified using cesium
chloride. The resultant particles had a concentration of 4 �
1012 to 8 � 1012 particles/ml.

Restriction digest of clones selected from the legation of the
VECAD-HO1 to the adenoviral plasmid using Sca1 and Bgl II
was performed to verify positive clones of the shuttle vector.
Sca1 identified positive clones expressing VECAD-HO-1 size
was used for the current study.

Cell-cycle progression, cell-proliferation, and
apoptosis analysis

Control endothelial cells and cells targeted with Ad-VECAD-
HO-1 and Ad-VECAD-Lac-Z were harvested, permeabilized,
and stained with DAPI, as previously described (2). To evalu-
ate the effect of TNF and glucose on cell-cycle progression,
DNA distribution was analyzed by flow cytometry of endothe-
lial cells treated with glucose (33 mM) and TNF (200 ng/ml)
for 48 h in the presence of 1% FBS. The percentage of cells in
G2/M was estimated for each time point, as previously described
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(2). The increase in frequency of G2/M cells was then plotted
as a function of time to estimate the kinetics of cell entry into
mitosis. Cell proliferation was determined using a cell-count-
ing kit (Dojindo Molecular Technologies, Inc., Gaithersburg,
MD) using 5 � 103 cells and a 96-well microtiter plate.

Western blot analysis for signaling molecules and
HO activity

Endothelial cell homogenates were centrifuged at 27,000 g
for 10 min at 4°C. The supernatant was used for the measure-
ment of protein levels (Bradford method) and for the measure-
ment of HO-1, HO-2, AKT, and pAKT (25). Protein levels were
visualized by immunoblotting with antibodies against rat HO-
1 and HO-2 (Stressgen Biotechnologies Corp., Victoria, BC,
Canada) and pAKT, AKT, and BcL-xL (Santa Cruz Biotech-
nology, Santa Cruz, CA). HO activity and O2

� levels were as-
sayed in tissue homogenates with standard methods (25).

Caspase-activity assay

Caspase activity was determined using colorimetric assays
(ApoTarget Kit) following the manufacturer’s protocol

(BioSource International, Camarillo, CA). In brief, cell lysates
were prepared in lysis buffer (Tris-buffered saline containing
detergent), and protein concentrations in samples were esti-
mated using the Bradford method. Then 200–300 �g of protein
lysate per sample was mixed with 200 �M substrate in 2� re-
action buffer (DEVD-pNA for caspase-3 and LEHD-pNA for
caspase-9) and incubated at 37°C overnight in the dark. De-
veloped color was measured at 405 nm in a microplate reader
(Bio-Rad, Hercules, CA). Blank readings were subtracted from
each sample before calculation. Caspase activity was expressed
in terms of absorbance units (OD 405 nm) per mg of protein.

Measurement of vascular O2
� levels

Using previously described methods (25, 43), endothelial
cells were placed in plastic scintillation vials containing 5
�m lucigenin, for the detection of O2

� and other additions,
in a final volume of 1 ml of air-equilibrated Krebs solution
buffered with 10 mM HEPES-NaOH (pH 7.4) Lucigenin
chemiluminescence was measured in a liquid scintillation
counter (LS6000IC, Beckman, Instruments, San Diego, CA)
at 37°C, and data are reported as counts/minute/milligram
protein after background subtraction. 
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FIG. 1. Schematic presenta-
tion of the adenoviral vector,
Ad-VECAD-HO-1, construc-
tion. This figure depicts the
plasmid VQAd5K. NPA vector
used to generate Ad5.VECAD-
INT-HO-1. VQAd5.K.NPA was
used to subclone INT sequences.
The Xhol/sal site was elimi-
nated, but the 3� Xhol site re-
mained intact. The INT se-
quence was generated by PCR
with Smal ends that eliminate
the 5� Xhol site in the fragment
left intact the internal Xhol site
at the 3� end of the INT. The re-
sulting plasmid, VQ.VECAD-
INT, has a single Xhol site at the
3� end of the INT sequence and
was used as the substrate for the
subsequent insertion of human
HO-1 and later GFP. Originally,
we generated the plasmid with
lacZ, which was used for the
current experiments, VQAd-
VECAD-LAZ plasmid. Once the
shuttle was completed, it was
linearized with PacI and trans-
fected with the RAPAd.1 backbone. PVQVECAD-INT-HO-1 was digested with ScaI and co-transfected with the RAPAd.1 sys-
tem, and the mixture was subsequently transfected into HEK 293 using the standard Ca-phosphate method. (A) SMC, HMEC,
MEL, and HEP-G2 were transfected with Ad-VECAD-HO-1 (20 pfu/cell), and Western blot shows an increase in expression of
HO-1 in HMECs only. This signifies the specificity of the vector. (SMCs, human abdominal aorta smooth muscle cells; MEL,
myeloid erythroleukemia cell; HEP-G2, human hepatoma G2 cells; HMECs, human dermal microvessel endothelial cells). (B)
Western blot analysis to assess the functional expression of human HO-1 in endothelial cells after Ad-VECAD-HO-1 transduc-
tion. HMECs and VSM (T-75; 50% confluent) were transfected with a mixture containing 20 pfu/cell Ad-VECAD-HO-1 or Ad-
VECAD-Lac-Z adenovirus. After 48 h, the cells were harvested using cell-lysis buffer. Ad-VECAD-HO-1 caused the pronounced
expression of human HO-1 protein in endothelial cells, but not in VSMCs. (C) Cell lysate HO activity was assayed by measur-
ing bilirubin using the difference in absorbency from �460 to �530 nm with an absorption coefficient of 40 mM and 40 per cen-
timeter. HO activity (nmol/mg per hour bilirubin) is expressed as the mean � SEM of three experiments. Statistical analyses were
performed by t test; *p � 0.0001 vs. EC-Ad-VECAD-LAZ).
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FIG. 2. (A) SMC, HMEC, MEL, and HEP-G2
were transfected with Ad-VECAD-HO-1 (20
pfu/cell) and Western blot shows increase in
expression of HO-1 in HMEC only. This signi-
fies the specificity of the vector. (SMC, human ab-
dominal aorta smooth muscle cells; MEL, myeloid
erythroleukemia cell; HEP-G2, human hepatoma
G2 cells; and HMEC, human dermal microvessel
endothelial cells). (B) Western blot analysis to as-
sess the functional expression of human HO-1 in
endothelial cells following Ad-VECAD-HO-1
transduction. HMEC and VSM (T-75; 50% con-
fluent) were transfected with a mixture containing
20 pfu/cell Ad-VECAD-HO-1 or Ad-VECAD-
Lac-Z adenovirus. After 48 h, the cells were har-
vested using cell lysis buffer. Ad-VECAD-HO-1
caused the pronounced expression of human HO-
1 protein in endothelial cells, but not in VSMC.

(C) Cell lysate HO activity was assayed by measuring bilirubin using the difference in absorbency from �460 to �530 mm
with an absorption coefficient of 40 mmol/L�1 and 40 cm�1. HO activity (nmol/mg per hour bilirubin) is expressed as the
mean �SE of 3 experiments. Statistical analyses were performed by t test. (*p value � 0.0001 vs. EC-Ad-VECAD-LAZ).

DNA analysis by COMET assay

The presence of DNA fragmentation was examined by sin-
gle-cell electrophoresis (Comet assay). In brief, 0.5–0.8 � 105

cells were mixed with 75 �l of 0.5% low-melting agarose and
spotted on slides. The “minigels” were maintained in lysis so-
lution (N-laurosil–sarcosine 1%; NaCl, 2.5 M; Na2EDTA, 100
mM; DMSO, 10%; pH 10) for 1 h at 4°C, then denatured in a
high-pH buffer (NaOH, 300 mM; Na2EDTA, 1 mM) for 20 min,
and finally electrophoresed in the same buffer at 25 V for 50–60
min. At the end of the run, the minigels were neutralized in
Tris-HCl, 0.4 M, pH 7.5, stained with 100 �l of ethidium bro-
mide (2 �g/ml) for 10 min, and scored using a Nikon fluores-
cence microscope (Nikon Labophot) interfaced with a com-
puter. Software Scion Image with a Comet 1.3 version macro
(free download from the National Institutes of Health website)
allowed us to analyze and quantify DNA damage by measur-
ing (a) tail length (TL) and (b) tail DNA percentage (TDNA).
These parameters are used by the software to determine the
level of DNA damage as tail moment (TMOM), expressed as
the product of TL and TDNA.

Statistical analyses

The data are presented as mean � SEM for the number of
experiments. Statistical significance (p � 0.05) between the ex-
perimental groups was determined by the Fisher method of anal-
ysis of multiple comparisons. For comparisons between treat-

ment groups, the Null hypothesis was tested by a single-factor
analysis of variance (ANOVA) for multiple groups or unpaired
t test for two groups.

RESULTS

Functional expression of human HO-1 
in endothelial cells transduced 
with Ad-VECAD-HO-1

To test the specificity of Ad-VECAD-HO-1, we examined the
effect of Ad-VECAD-HO-1 or Ad-VECAD-LacZ transfection
and expression of HO-1. Various cells (SMC, HMEC, MEL, and
HEP-G2) were infected with Ad-VECAD-HO-1 (10 �l), to test
the specificity of Ad-VECAD-HO-1. Western blot showed an in-
crease in expression of HO-1 only in HMECs (Fig. 2A). Further,
we examined the ability of the Ad-lacZ and Ad-VECAD-HO-1
to infect endothelial cells using 5–100 pfu/cell, and the ideal in-
fection dose was 20 pfu/cell, which was used in subsequent in-
fection, to express HO-1 protein in the endothelial cells. After
48 h of transfection with Ad-VECAD-HO-1 or the Ad-lacZ, the
cells subjected to Western blot analysis and HO activity assay
were used to assess the functional expression of human HO-1 in
endothelial cells. Ad-VECAD-HO-1 caused the pronounced ex-
pression of human HO-1 protein in endothelial cells, but not in
VSMCs. No significant HO-1 signal was detected in endothelial

ASIJA ET AL.2068

A B

C

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1804&iName=master.img-001.jpg&w=311&h=114
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1804&iName=master.img-002.jpg&w=144&h=89
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1804&iName=master.img-003.jpg&w=263&h=173


cells after infection with Ad-lacZ (Fig. 2B). This further confirms
the specificity of the Ad-VECAD vector for endothelial cells.

HO activity was assayed in both VSMCs and endothelial cells
after exposure to either Ad-VECAD-HO-1 or the control ade-
novirus, Ad-lacZ, for 2 days. HO activity in endothelial cells
infected with Ad-VECAD-HO-1 was significantly higher than
that in endothelial cells infected with Ad-lacZ (p � 0.05).
However, no significant difference in HO activity was found
between VSMCs infected with Ad-VECAD-HO-1 and Ad-lacZ,
indicating that the Ad-VECAD-HO-1 increases HO-1 ex-
pression specifically in endothelial cells, but not in VSMCs
(Fig. 2C).

Effect of Ad-VECAD-HO-1 on TNF-treated
endothelial cells

TNF is an important risk factor for apoptosis. We examined
DNA distributions in control ECs or ECs transduced with HO-
1 by Ad-VECAD-HO-1. In Ad-VECAD-HO-1–treated cells, an
increased percentage of the cells in S phase is noted, compared
with those in Ad-lacZ cultures (Fig. 3). To investigate the in-
fluence of TNF on cell-cycle progression in ECs transfected
with Ad-VECAD-HO-1, these cells were treated with TNF in
the presence or absence of SnMP. As shown in Fig. 3, in Ad-
lacZ cultures treated with TNF, the levels of G2/M and apop-
tosis were significantly increased compared with cells trans-

fected with Ad-VECAD-HO-1. After the addition of SnMP to
TNF in ECs transduced with Ad-VECAD-HO-1, the DNA dis-
tribution more closely resembled that of control cultures, in-
cluding the small percentage of cells undergoing apoptosis (see
Fig. 3). These findings suggest that selective HO-1 gene ex-
pression in ECs resulted in increased resistance to TNF-medi-
ated cell death and attenuated the increased in abnormalities in
the DNA distributions. 

Effect of Ad-VECAD-HO-1 transduction on
glucose-mediated DNA damage

Because glucose has been shown to cause apoptosis (38, 42,
44, 59), we reasoned that the cell-specific expression of HO-1
in endothelial cells may attenuate glucose-mediated DNA dam-
age. We previously analyzed DNA integrity in serum-starved
endothelial cells exposed to glucose for 48 h, by COMET as-
say (3). Glucose increased TMOM levels from 54 � 9 to 143 �
12 in control cells. In contrast, in cells with increased expres-
sion of HO-1, the glucose-mediated DNA damage was greatly
diminished, suggesting that HO-1 shields the cells from the ini-
tial toxic effect produced by glucose.

We analyzed DNA-distribution changes by flow cytometry
after HO-1 transduction. Endothelial cells were exposed for 48
h to glucose and then were transfected with Ad-VECAD-HO-
1 or Ad-VECAD-LacZ. To evaluate the effect of induction of
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FIG. 3. DNA distribution in the
control and HO-1–transduced
cells treated with vehicle solu-
tion, and treated with TNF in
the presence or absence of
SnMP. Significant apoptosis
was seen in cells treated with
TNF compared with controls
(p � 0.05), whereas a significant
decrease in apoptosis appears in
cells transduced with Ad-
VECAD-HO-1, even with addi-
tion of a high concentration of
TNF. (*p � 0.05).
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the HO-1 gene using Adv-VECAD-HO-1 on glucose-induced
DNA damage and cell-cycle abnormalities, DNA distribution
was analyzed with flow cytometry in the two types of endo-
thelial cells. As shown in Fig. 4 apoptosis was seen in endo-
thelial cells transduced with Ad-VECAD-LacZ, but HO-1 in-
duction by Ad-VECAD-HO-1 significantly reduced the
apoptosis in endothelial cells exposed to high glucose levels
(p � 0.05).

HO gene transfer downregulates caspase-3
activity in endothelial cells

We studied the effect of hyperglycemia on caspase expres-
sion and how the induction of HO in endothelial cells affects
its expression. Hyperglycemia resulted in a significant increase

in caspase-3 activity in endothelial cells exposed to glucose
(p � 0.05) compared with control endothelial cells (Fig. 5).
HO-1 gene transfer by Ad-VECAD-HO-1 strongly abrogated
the increase in caspase-3 activity in transduced endothelial cells
(p � 0.05). This demonstrates that selective increases in the
HO-1 gene may attenuates diabetes-mediated endothelial cell
death by the decrease in caspase activity. 

Selective HO gene transfer upregulates BcL-xL
and pAkt expression in endothelial cells

HO-1 induction has been shown to increase Bcl-xL expres-
sion through activation of the p38 MAPK and Akt pathways
(51). We investigated whether selective increases in HO-1 by
various agents (2, 3, 25) show a similar effect on pro- and an-
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FIG. 4. Effect of high glucose on DNA distribution. Two types of endothelial cells, control cells and cells exposed to glucose,
were transfected with Ad-VECAD-HO-1 or Ad-VECAD-LacZ. The cells were stained with DAPI and analyzed with flow cytome-
try. Representative DNA distributions are shown (n � 4 for each group).

FIG. 5. Effect of HO-1 gene transfer
on caspase-3 activity in endothelial
cells. Caspase 3 activity in the Ad-
VECAD-Lac-Z and Ad-VECAD-HO-1
and control were treated for 48 h, and
caspase activity was measured as de-
scribed. Results are expressed as
mean � SEM (n � 4 in each group).
*p � 0.001, glucose-LAC-Z vs. control
LAC-Z). **p � 0.0006, glucose-
VECAD-HO-1 vs. glucose-LACZ.
‡p � 0.009, SnMP vs. glucose-
VECAD-HO-1.
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tiapoptotic protein expression by selective HO-1 gene transfer
in endothelial cells exposed to high glucose levels. We deter-
mined the expression levels of BcL-xL and pAkt by Western
blotting in cells infected with Ad-VECAD-HO-1. A significant
increase in Bcl-xL expression was detected in HO-1–infected
endothelial cells expressing HO-1 (p � 0.05). No such increase
was detected in control and Ad-VECAD-HO-1–infected VSM
cells. The ability of Ad-VECAD-HO-1 to upregulate Bcl-xL
selectively in endothelial cells shows the selective affinity of
the vector for endothelial cells (Fig. 6). Further examination of
the status of Akt and phospho-Akt (SER 473), which are
thought to be involved in the regulation of Bcl-xL expression,
showed an association between Akt/pAkt and HO-1 induction
in HO-1–expressing cells. Higher levels of Akt and pAkt were
detected in Ad-VECAD-HO-1–transduced endothelial cells,
whereas low levels of Akt/pAkt expression were found in con-
trol and VSM cells, confirming the selective upregulation of
HO-1 in endothelial cells (see Fig. 6).

Effect of targeting HO-1 on glucose-mediated
O2

� formation

Targeting of the HO-1 gene to endothelial cells exposed to
high levels of glucose was associated with a decrease in O2

�

compared with either untreated cells or cells exposed to Ad-
VECAD-lacZ (p � 0.05) (Fig. 7). The level of O2

� was re-
duced to normal levels in transduced endothelial cells compared
with endothelial cells exposed to high glucose.

DISCUSSION

This study demonstrates, for the first time, that selective ex-
pression of endothelial cells with the HO-1 gene, using Ad-
VECAD-HO-1 as a vector, exhibited a several-fold increase in
HO-1 protein levels, which was accompanied by an increase in
pAKT and decreases in caspase activity and O2

� under hyper-
glycemic conditions. The Ad-VECAD-HO-1 vector did not ex-
press the HO-1 gene in control and VSM cells, showing its
specificity for endothelial cells. This specific expression of 
HO-1 prevented glucose- and TNF-mediated cell injury. Four
principal observations support this conclusion.

First, selective delivery of the human HO-1 gene attenuated
the glucose-mediated oxidative stress. The increase in HO-1 ac-
tivity prevented DNA degradation and oxidative damage in en-
dothelial cells due to hyperglycemia. Several possible explana-
tions exist as to the suppressive effect of glucose on HO activity.
Zou et al. (59) demonstrated that high glucose via peroxynitrite
causes tyrosine nitration and inactivation of prostacyclin syn-
thase in human aortic endothelial cells. Glucose results in de-
activation of HO-1 via ROS generated during glucose oxida-
tion (26). Kruger et al. (26) showed that the onset of diabetes
coincided with an increase in HO-1 protein levels and a para-
doxic decrease in HO activity in type II diabetes, which was
restored by administration of Ebselen, ONOO- scavenger (26).
An increase in HO-1 attenuates the increased O2

� in diabetes,
improves nitric oxide (NO) bioavailability, and prevents per-
oxynitrite (ONOO-) formation via an increase in extracellular
superoxide dismutase (25, 53). The protective actions of HO-1
extend widely to such disease processes as the inflammation
associated with atherosclerosis, ischemia/reperfusion injury,
and renal disease (15, 16, 19, 25, 27, 28).

Peroxynitrite is a potent cytotoxic oxidant that has been
shown to decrease the activity of several important enzymes
(35, 59). In endothelial nitric oxide synthetase (eNOS), perox-
ynitrite has been shown to oxidize the cofactor tetrahydro-
biopterin into inactive molecules, such as dihydrobiopterin (35).
This results in a preferential increase in O2

� production over
NO production (35). Hyperglycemia-mediated oxidative stress
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FIG. 6. Effect of HO-1 gene transfer on antiapoptotic pro-
teins (Bcl-xL, Akt, and pAkt). Western blots of antiapop-
totic proteins in endothelial cells (control endothelial cells 
and glucose-exposed endothelial cells) transfected with Ad-
VECAD-HO-1 or Ad-VECAD-LacZ.

FIG. 7. Superoxide anion (O2
�) pro-

duction in the endothelial cells ex-
posed to glucose (33 mM). Results
are expressed as mean � SEM, n � 4.
*p � 0.05 Ad-VECAD-HO-1 vs. Ad-
VECAD-LacZ in glucose-exposed cells.
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has been associated with elevated levels of iNOS and reduced
levels of eNOS in both rats and humans (37, 53). The increased
generation of ROS causes endothelial injury, resulting in an ac-
celerated rate of apoptosis and endothelial cell sloughing (10,
25). Kitamuro et al. (22) showed that Bach 1 functions as a
hypoxia-inducible repressor for the HO-1 gene in human cells.
Bach 1 is a basic leucine zipper protein. Upregulation of this
factor by glucose may contribute to the decrease in HO-1 ex-
pression. We showed that high glucose decreases HO-1 pro-
moter activity (40), which may also be regulated by hormonal
levels and dexamethasone (7).

Second, the specific transduction of HO-1, using Ad-
VECAD-HO-1 as vector, can decrease the apoptotic effects of
TNF in endothelial cells. This protection is lost if HO-1 is in-
activated by an inhibitor (SnMP). Abnormal levels of serum-
soluble adhesion molecules have been detected in diabetic pa-
tients (54). High glucose and TNF increase IL-6 and adhesion
molecules through the activation of NF-�B–controlled gene
transcription (9, 20, 32, 41, 44). Elevation of these adhesion
molecules and inflammatory cytokines (e.g., TNF, IL-6) is at-
tributed to the pathogenesis of micro- and macroangiopathy in
patients with diabetes (34). Wagener et al. (56) studied the ef-
fect of heme and TNF on HO and adhesion molecules, and sug-
gested that upregulation of adhesion-molecule expression is as-
sociated with oxidative stress induced by hemoglobin/heme and
that HO-1 may play a modulating role via its antioxidant prop-
erties. Thus, HO plays a crucial role in modulating adhesion
molecules associated with endothelial cell activation in dia-
betes. The ability to induce HO in endothelial cells may be of
great clinical relevance in patients with diabetes in preventing
and treating vascular complications.

Third, a significant increase in Bcl-xL expression was detected
in Ad-VECAD-HO-1–transduced endothelial cells expressing HO-
1. The ability of Ad-VECAD-HO-1 to upregulate Bcl-xL selec-
tively in endothelial cells further emphasizes the antiapoptotic ac-
tion of HO-1 in endothelial cells. Moreover, higher levels of pAkt
were detected in Ad-VECAD-HO-1–transfected endothelial cells
expressing HO-1, compared with control. Increases in Bcl-xL have
been reported to inhibit apoptosis in vivo in kidney ischemia/reper-
fusion injury and in vitro in cultured tubular cells (50). Addition-
ally, it has been suggested that these two proteins, Bcl-xL and pAkt,
can act by stabilizing the mitochondrial membranes and mito-
chondrial function in diabetes (8).

Phosphorylation of Akt has been demonstrated to increase
ATP synthesis and the associated increase in the mitochondrial
voltage-dependent anion channel, thereby blocking cytochrome
c release and apoptosis (8). Thus, like Bcl-xL, activated Akt
prevents a decline in oxidative phosphorylation, which precedes
cytochrome c release and apoptosis. Fujio et al. (11, 12) showed
that AKT signaling is essential and sufficient to protect against
apoptosis, limiting infarct size induced by ischemia/reperfusion
injury and promoting contractility and glucose uptake. An in-
crease in pAKT may cause acceleration of glucose uptake via
GLUT 4 translocation to plasma membranes (23), subsequently
deceasing the rate of glucose oxidation and attenuating cardiac
damage (11, 23).

Fourth, hyperglycemia results in a significant increase in cas-
pase-3 activity in control endothelial cells, but selective HO-1
gene transfer via Ad-VECAD-HO-1 strongly abrogates the in-
crease in caspase-3 activity in transfected endothelial cells ex-

pressing Ho-1; however, no such protective decrease was noted
in the control. Thus, upregulation of HO-1 expression changed
endothelial cells from a naïve to a defensive phenotype by pro-
ducing a robust increase in pAKT and Bcl-xL and a decrease
in caspase activity in endothelial cells.

In summary, the current study was intended as a “proof of
principal” to determine whether targeting endothelial cells with
Ad-VECAD-HO-1 may prevent hyperglycemia-mediated cell
death. The enhanced HO activity, brought about by Ad-
VECAD-HO-1–mediated selective HO-1 gene transfer in en-
dothelial cells, attenuated glucose-mediated abnormalities, in-
cluding DNA damage and oxidative injury to endothelial cells.
Furthermore, an increase in HO-1 activity, elicited by gene
transfer, may be beneficial in counteracting the endothelial dys-
function caused by hyperglycemia in diabetes. The findings of
studies such as this may have important clinical and experi-
mental relevance in the field of gene therapy and gene transfer
in the pathogenesis of diabetic microangiopathy and macroan-
giopathy in patients.
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