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Abstract
Objective The protective properties of heme oxygenase 1
(HO-1) give reason to study this mechanism as a potential
therapeutic target for inflammatory and cardiovascular
diseases. Recent evidence suggests a possible interaction
between the HO-1/CO- and the protein kinase Akt/NO-
pathway. This study was designed to examine the effects of
continuous HO-1 overexpression in endothelial cells.
Methods Oncoretroviral vectors were constructed to
achieve constitutive overexpression of HO-1, Akt, and
green fluorescence protein in human umbilical vein
endothelial cells. [3H]thymidine-incorporation and lipid-
peroxidation were measured following exposure to heme
and H2O2. Expression of HO-1, Akt and its downstream-
target endothelial NO-synthase were quantified by Western
blot analysis. NO-synthase-activity was measured using the
citrulline-conversion-assay.
Results HO-1-overexpression reduced proliferative rates and
DNA-synthesis of HUVEC, but provided potent protection
from oxidative stress induced by heme and H2O2. Phosphor-
ylated-Akt and eNOS was downregulated in HO-1-HUVEC.
eNOS-activity was reduced in HO-1-HUVEC. Co-infection
with the Akt-retrovirus restored proliferative rates and
eNOS-expression and -activity.

Conclusion Continuously elevated HO-1-activity protects
EC from oxidative stress but inhibits Akt-mediated prolif-
eration and eNOS-expression. This inhibitory feedback
mechanism could be a limitation of HO-1 as a target for
the treatment of vascular disease.
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Introduction

Heme oxygenases (HOs) are the rate limiting enzymes in
heme degradation. They catalyze the oxidative cleavage of
the heme ring to form biliverdin IXα, releasing ferrous iron
and carbon monoxide (CO). The transcriptional activity of
the hmox1 gene is upregulated by various chemical,
physical and other noxious stimuli, providing the attacked
cell prompt assistance by the expression of the 32 kDa heat
shock protein heme oxygenase-1 (HO-1). The HO-1
pathway has been the subject of extensive studies and all
HO reaction products were shown to be integrated into the
anti-oxidant and anti-inflammatory defense cascades [1–3]
in a complex manner. On a cellular level, HO-1/CO appears
to exhibit dose-dependent effects with respect to cell
survival [1, 4–6] and apoptotic cell death [7]. Several
experimental studies provide evidence that HO-1 is a
potential target for the treatment of various diseases of the
cardiovascular system [8–12], organ transplantation [13–
15], inflammatory bowel disease [16], autoimmune neuro-
inflammation [17] and TNFα-induced liver failure [18].

HO-1 expression and activity are regulated on a
transcriptional and posttranslational level, involving the
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Jak/STAT pathway [19], the p38β mitogen activated
protein kinase (MAPK) signaling pathway [6, 20, 21] and
the extracellular signal regulated protein kinase ERK1/2
[22]. HO-1 was shown to be localized in plasma membrane
caveolae, with caveolin-1 partly modulating its enzymatic
activity [23, 24].

Recent evidence suggests a possible interaction between
the HO-1/CO- and the protein kinase Akt-pathway. It was
reported that the incubation of rat pheochromocytoma cells
with nerve growth factor or the phenol carnesol reduced
reactive oxygen species by an upregulation of HO-1 in a
phosphatidylinositol 3-kinase PI3K/Akt-dependent manner
[25, 26]. Brunt et al. reported that the protection of rat
vascular smooth muscle cells (VSMCs) in vitro from H2O2

induced oxidative stress by HO-1 depends on the coac-
tivation of the PI3K/Akt-pathway [4]. Akt appears to
phosphorylate HO-1 at Ser188 [27].

It is well established that the Akt-pathway plays a key
role in the vascular homeostasis. Especially in EC,
numerous important pathways including cell cycle progres-
sion, telomerase activity, handling of lipid particles,
susceptibility to inflammatory stimuli, anti-thrombotic
mechanisms etc. are regulated by Akt and its main effector
eNOS. Prolonged imbalance of the Akt/NO-pathway is
involved in the pathophysiology of endothelial dysfunction,
impaired angiogenesis, hypertension, thrombosis, athero-
sclerosis and plaque stability [28–34].

The aim of this study was to examine the impact of
continuous HO-1 overexpression in EC with respect to Akt
dependent effects.

Materials and methods

Recombinant retroviruses

Bicistronic pC.MMP-vector constructs were generated as
previously described [35, 36]. Briefly, the human HO-1
cDNA was PCR-amplified to introduce a 6-histidine-tag at
the 5′-end and flanking 5′-NcoI- and 3′-BamHI-restriction
sites and TA-cloned into pGEM-T (Promega, Mannheim,
Germany). Ligations were performed with the Rapid DNA-
Ligation kit (Roche Applied Science, Mannheim, Germany)
in a 5 min-reaction at room temperature. The fragment was
then inserted together with an IRES-GFP-element into the
murine retroviral cassette pC.MMP. The HA-tagged consti-
tutively active, myristoylated, murine Akt1-cDNA [31] was
kindly provided by Dr. R. Braun-Dulläus, Dresden, Germany,
and cloned into pC.MMP. We constructed this vector to
achieve nuclear red-fluorescence in the infected cell via an
IRES-DsRed2.Nuc-element derived from pIRES2-DsRed2
(BD Biosciences Clontech, Heidelberg, Germany) with two
PCR-added copies of the nuclear-localization-signal of the

SV40-large T-antigen at the 3′-end of the DsRed2-reading
frame. Cloning sites and reading frames were confirmed
by automated sequencing. Replication-defective MMP-
retroviruses were generated in 293T-cells by co-transfection
of the vector constructs (empty vector for the mock-infection
negative controls) with the helper plasmids pMD.M-MLV.
gag/pol and pMD.M-VSV.G.env. Retroviral supernatant was
collected 48 h later and titered on NIH/3T3-cells. The target
cells were infected by an 8-h-exposure with the retroviral
particles at 37°C in the presence of polybrene (8 μg/ml;
Sigma-Aldrich, Germany). The cells were used at day 5 after
infection.

Cell culture

2nd-passage human umbilical vein endothelial cells
(HUVEC) were purchased from PromoCell, Heidelberg,
Germany and grown in the recommended EGM-media
supplemented with 5% FCS, 0.4% ECGS/H, 10 ng/ml EGF,
and antibiotics (media and all supplements were purchased
from PromoCell). All the experiments were performed with
HUVEC before passage 6. 293T-cells were cultivated in
DMEM (Invitrogen, Karlsruhe Germany) with 10% fetal
calf serum, and antibiotics. NIH/3T3-cells were maintained
in DMEM with 10% calf serum, and antibiotics.

Measurement of HO-activity and immunolocalization

Total HO-activity was measured in cell-lysates in the absence
or presence of the HO-1 inhibitor zinc-protoporphyrin IX
(ZnPP, 25 μM; Frontier Scientific Porphyrin Products, UT,
USA) by a spectrophotometric quantification of bilirubin
production as previously described [10]. Briefly, subconfluent
cultures were lysed in 500 μl (per 100 mm dish) ice-cold
SDS sample buffer (Tris pH 6.8, 62.5 mM, SDS 2%,
glycerol 10%, DTT 50 mM). 160 μg of sample protein were
then incubated for 40 min at 37°C in the dark in a final
volume of 700 μl 0.1 M phosphate buffer (pH 7.4) con-
taining 5 mM MgCl2, 1 mM NADPH, 2 mM Glucose-6-P,
1 U Glucose-6-P-dehydrogenase, 25 μM hemin chloride
(reagents from Sigma-Aldrich), and 2 mg of biliverdin
reductase (prepared from rat liver homogenates by ultracen-
trifugation with 100,000×g, for 1 h at 4°C in a SW41Ti
rotor). Reaction was stopped by transferring themixtures on ice
for 5 min. Absorption was measured at 464 nm (for bilirubin,
extinction coefficient 40 mM−1 cm−1) and 530 nm (basal
absorption). HO-activity could then be quantified in nmol of
bilirubin production per mg of sample protein per hour. For
transgene immunolocalization, infected HUVEC were plated
in 4-well chamber slides and fixed with 10% buffered
formalin. Blocking with 5% BSA was followed by an
overnight incubation at 4°C with antibodies recognizing the
6His-tag (Qiagen, Hilden, Germany). Rhodamine-conjugated
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secondary antibody was purchased from Jackson Immuno-
Research (distributed by Dianova, Hamburg, Germany). The
antibodies were used at recommended dilutions. After
washing, the cells were covered with Vectashield containing
DAPI (Vector Laboratories, Burlingame, CA, USA) for
nuclear staining.

Oxidative stress and [3H]thymidine incorporation assay

1.0×104/well infected HUVEC were plated into 24-well
plates, and allowed to attach overnight. Oxidative stress
was induced by H2O2 (200 μM; Sigma-Aldrich, Germany),
or heme (50 μM; Sigma-Aldrich, Germany) for 48 h. DNA-
synthesis was quantified by [3H]thymidine-incorporation
(1 μCi/ml; Amersham Pharmacia Biotech, Freiburg,
Germany) during the following 24 h with complete growth
medium. Control cells were cultered in parallel without the
noxious stimuli. Radioactivity was measured after fixation
and cell lysis with NaOH in a standard liquid scintillation
counter. Rates of DNA-synthesis were analyzed in relation
to the values obtained from the control HUVEC.

Lipid peroxidation assay

The magnitude of oxidative stress was assessed by
measuring total lipid peroxides (malondialdehyde and
4-hydroxynonenal) using a commercially available spectro-
photometric kit (Calbiochem-Novabiochem, Bad Soden,
Germany).

Antibodies and western blotting

For Western blot analysis, HUVEC were plated at 2.0×105 in
60 mm dishes and allowed to attach overnight. A 12-h-serum
deprivation was followed by a 12-h period under regular
culture conditions. The cells were lysed in 100 μl SDS
sample buffer (Tris pH 6.8, 62.5 mM, SDS 2%, glycerol
10%, DTT 50 mM) on ice. The extracts were transferred to
microcentrifuge tubes and heated to 95°C for denaturation.
For immunoprecipitation, a commercially available kit
(Protein G; Roche Applied Science, Mannheim, Germany)
was used. Protein content was photometrically determined
with a BCA assay using a BSA standard curve. 30 μg of
protein were separated under denaturing conditions by
SDS-PAGE (4–15% gradient gels; Bio-Rad Laboratories,
Munich, Germany), transferred to nitrocellulose membranes
(Whatman, Dassel, Germany) and probed with the following
antibodies at recommended dilutions: human HO-1
(Research Diagnostics, Germany), Akt, p-Akt (Ser473),
eNOS, p-eNOS(Ser1177) (Cell Signaling Technology, MA,
USA), GFP and β-actin (Santa Cruz Biotechnology, CA,
USA). Specific signal intensities were quantified using a
Bio-Rad GelDoc 2000-System.

Citrulline assay for eNOS activity

eNOS activity was determined by measuring the conversion
of [3H]L-arginine (1 μCi/ml; Amersham Pharmacia Biotech,
Freiburg, Germany) to [3H]L-citrulline in the presence or
absence of L-NAME (1 mM) using an NOS assay kit
(Calbiochem-Novabiochem, Bad Soden, Germany) accord-
ing to the manufacturers instructions.

Statistical analysis

Results are expressed as mean±SEM. The experimental data
were analyzed by ANOVA with Bonferroni’s correction or
unpaired two-tailed t-test using SPSS software. The proba-
bility values P<0.05 were considered to be significant.

Results

Retroviral vectors allow continuous and moderate elevation
of HO-1 activity in HUVEC

In order to evaluate the cytoprotective properties of HO-1
in endothelial cells, we cloned a series of replication
defective retroviral vectors. The construct for gene transfer
of HO-1 was bicistronic and resulted in cytoplasmic
coexpression of the green fluorescence protein (GFP) in
the infected cell. GFP-virus- and mock-infected-cells served
as negative controls. Figure 1 summarizes the biochemical
and functional characterization of MMP-mediated trans-
duction of HO-1 in HUVEC. Robust expression of the
6His-tagged HO-1-transgene was found 5 days after the
infection in an MOI (multiplicity of infection)-dependent
fashion (Fig. 1a). We used an MOI of 4 for all future
experiments resulting very reproducably in transduction
rates of >95% (data not shown). Immunoprecipitation
verified the tagged polypeptide as HO-1 (Fig. 1b). Fluo-
rescence immunohistochemistry demonstrated that the
transferred gene product was—like the endogenous HO-1
enzyme—localized in the microsomal compartment
(Fig. 1c). Actual HO-activity was quantified photometri-
cally by measuring bilirubin-production, and showed that
our retroviral transduction protocol resulted in a moderate
and stable elevation of the enzyme activity in HUVEC
(5.4-fold vs GFP) (Fig. 1d).

HO-1 is antiproliferative, and still provides protection
from oxidative stress induced by H2O2 and heme

We noted that 5 days after retroviral infection, HO-1-HUVEC
had 30% to 50% lower cell counts compared to mock- or
GFP-infected negative-control cells. Nevertheless, when
simultaneously replated at identical cell numbers and exposed
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to oxidative stress mediated by heme and H2O2 for a period of
48 h, more of the HO-1-overexpressing cells survived, so
that the rate of DNA-synthesis in the following 24 h was
still 76±10% (heme) and 83±7% (H2O2) compared to the
HO-1-HUVEC that were not exposed to the noxius
chemicals. DNA-synthesis of mock- and GFP-HUVEC
dropped to 12–39%, respectively (Fig. 2a). We directly
assessed the magnitude of oxidative stress under these
conditions, and found that lipid peroxidation was markedly
reduced in HO-1-HUVEC (Fig. 2b), indicating superior
handling of reactive oxygen species in HO-1-HUVEC to
prevent oxidative damage and functional destruction of
membrane lipids.

Antiproliferative effect of HO-1 can be overcome by Akt
gene transfer but not by exogenous stimulation with Insulin

We were interested in the modification of the protein kinase
Akt in our studies and constructed a retroviral cassette to
overexpress a constitutively active form of Akt.We inserted in
this vector an IRES-DsRed2.Nuc element resulting in
predominantly nuclear red fluorescence of the infected cell.
This allowed double infection experiments with the GFP-
(GFP/Akt) and 6HisHO-1-IRES-GFP-viruses (HO-1/Akt)
(Fig. 3a–c). As mentioned above, continuously elevated
levels of HO-1 markedly reduced the proliferative rates of
HUVEC compared to mock- or GFP-infected cells. For

Fig. 1 Retrovirus-mediated gene transfer of HO-1 results in moderately elevated enzyme activity levels in HUVEC. Western blot analysis for
expression of 6HisHO-1 (32 kDa) and GFP (27 kDa) in HUVEC 5 days after infection with GFP- or 6HisHO-1-IRES-GFP retroviruses using
indicated multiplicities of infection (MOI). Bicistronic vector design results in equimolar expression of the marker protein. Note linear increase of
gene expression levels with increasing MOIs (a). Immunoprecipitation verifies 6His-tagged protein as human HO-1. Five days after the infection
HO-1-HUVEC were lysed, and protein homogenates were incubated with the anti-6His-antibody and protein G for separation. Whole cell lysates
(left lane) and the immunoprecipitated fraction (right lane) were separated. Membranes were probed with anti-human HO-1 antibody (b). 6HisHO-
1 transgene (Rhodamine Red) shows microsomal localization in 6HisHO-1-IRES-GFP infected HUVEC (GFP green, nucleus DAPI-blue) (c). HO-
activity is elevated 5.4-fold in HUVEC 5 days following retroviral infection at an MOI of 4. Photometric quantification of bilirubin-production in
the absence or presence of the HO-1-inhibitor ZnPP (Data are mean±SEM, n=5 for each group, *P<0.05 vs GFP) (d)

Fig. 1 Retrovirus-mediated gene transfer of HO-1 results in moder-
ately elevated enzyme activity levels in HUVEC. Western blot analysis
for expression of 6HisHO-1 (32 kDa) and GFP (27 kDa) in HUVEC
5 days after infection with GFP- or 6HisHO-1-IRES-GFP retroviruses
using indicated multiplicities of infection (MOI). Bicistronic vector
design results in equimolar expression of the marker protein. Note
linear increase of gene expression levels with increasing MOIs (a).
Immunoprecipitation verifies 6His-tagged protein as human HO-1.
Five days after the infection HO-1-HUVEC were lysed, and protein
homogenates were incubated with the anti-6His-antibody and protein

G for separation. Whole cell lysates (left lane) and the immunopreci-
pitated fraction (right lane) were separated. Membranes were probed
with anti-human HO-1 antibody (b). 6HisHO-1 transgene (Rhodamine
Red) shows microsomal localization in 6HisHO-1-IRES-GFP infected
HUVEC (GFP green, nucleus DAPI-blue) (c). HO-activity is elevated
5.4-fold in HUVEC 5 days following retroviral infection at an MOI of
4. Photometric quantification of bilirubin-production in the absence or
presence of the HO-1-inhibitor ZnPP (Data are mean±SEM, n=5 for
each group, *P<0.05 vs GFP) (d)
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instance, as shown in Fig. 3d, when cells were replated at
2.0×105 5 days after the initial retroviral infection, and
grown in complete growth medium, only 0.67±0.40 viable
HO-1-HUVEC were counted by trypan-blue exclusion 4 days
later. Co-infection with the Akt virus completely overcame
the antiproliferative effect of HO-1 and restored proliferation
to levels of GFP/Akt-HUVEC (Fig. 3d). This was confirmed
by quantification of DNA-synthesis during a 24-h pulsing
experiment in the presence of radioactively-labeled thymi-
dine. The counts obtained from HO-1 cells were significantly
reduced (Fig. 3e). Myr.Akt-overexpression resulted in higher
rates of DNA-synthesis with comparable levels in GFP/Akt-
and HO-1/Akt-cells. In this experiment, HUVEC were
additionally stimulated with insulin to activate the endoge-
nous Akt pathway. This resulted in significantly higher

counts in mock- and GFP-infected HUVEC, but not in the
HO-1 cells (Fig. 3e).

Continuous overexpression of HO-1 suppresses Akt
and the Akt-target eNOS

Quantitative Western blot analysis for the expression of Akt
and its effector eNOS revealed that 5 days after retroviral
infection with the HO-1-virus, HUVEC had significantly
lower levels of phosphorylated-Akt (−46% compared to
mock, P<0.05) (Fig. 4a). Total eNOS (−32% compared to
mock, P<0.05) and phosphorylated-eNOS (−66%, P<0.05)
were also significantly lower compared to negative control
cells (Fig. 4b). Co-infection of HUVEC with the myr.Akt
vector resulted in the marked upregulation of the Akt-

Fig. 2 Retrovirus-mediated
gene transfer of HO-1 provides
protection from oxidative stress
to HUVEC. Reduction of lipid
peroxidation. (a) HUVEC were
infected with indicated retroviral
vectors at an MOI of 4 and
5 days later plated at 1.0×104/
well in 24-well plates, six
repeats per group. Cells were
allowed to attach overnight. One
half was exposed to heme
(50 μM) or H2O2 (200 μM) in
culture media for 48 h. The
other half remained in the cul-
ture media only. After washing
fresh media was added, and
DNA-synthesis was measured
by [3H]thymidine incorporation
during the next 24 h. Data are
shown as relative counts. (b) To
directly quantify the magnitude
of oxidative stress the lipid per-
oxides malondialdehyde (MDA)
and 4-hydroxy-alkene (4-HNE)
were spectrophotometrically
quantified in above cells fol-
lowing 48 h of incubation with
heme (50 μM) or H2O2

(200 μM). Control cells
remained in regular culture me-
dia. Data are mean±SEM of six
independent experiments
(*P<0.05 vs control. **P<0.05
vs GFP)
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effector eNOS. There was no upregulation of endogenous
HO-1 in the GFP/Akt cells 5 days after transduction
(Fig. 4c).

Continuously elevated HO-1 suppresses eNOS-activity
in vitro

NOS-activity was assessed via measurement of the conversion
of radioactively labeled arginine to citrulline, and was found
to be significantly lower in HO-1-HUVEC compared to

mock- or GFP-infected cells. Co-infection with the myr.Akt
construct could completely restore eNOS activity to the levels
of GFP/Akt cells (Fig. 5).

Discussion

The heat shock protein HO-1 has demonstrated potent
therapeutic efficacy in several animal models of inflamma-
tory, proliferative and cardiovascular disease [2, 3]. The

Fig. 3 Co-infection with the
Akt-retrovirus but not exoge-
nous insulin restores prolifera-
tive rates in HO-1-HUVEC.
HUVEC (phase contrast, a)
were co-infected with retroviral
vectors for HO-1-IRES-GFP
and myr.Akt-IRES-DsRed2.
Nuc. Cells could easily be iden-
tified by fluorescence microsco-
py showing cytoplasmic green
GFP- (b), and predominantly
nuclear DsRed2-red fluores-
cence (c). Five days after infec-
tion HUVEC were plated at
2.0×105 in 60 mm-dishes. Cells
were trypsinized and counted
with trypan blue 4 days later.
Note significant anti-proliferative
effect of HO-1 in HUVEC
(*P<0.05 vs GFP). Akt-
overexpressing cells grew signif-
icantly faster (**P<0.05 vs
HO-1) (d). Five days after retro-
viral infection HUVEC were
plated at 1.0×104 in 24 well-
plates, and were allowed
to attach overnight. [3H]thymi-
dine-incorporation was measured
during the following 24 h-period
in regular culture media in the
absence or presence of human
insulin (10 μM) (e). Data are
mean±SEM of four independent
experiments (*P<0.05 vs GFP
without insulin, **P<0.05 vs
HO-1 without insulin,
***P<0.05 vs no insulin)
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detailed mechanisms underlying this effect are not com-
pletely understood. All byproducts of the catalyzed heme
degradation appear to be involved in the HO associated
defense cascade with the gaseous CO likely to play a key
effector role [6, 13, 18, 20, 37, 38]. The bile pigments with
their strong antioxidant properties together with the
promoted ferritin synthesis have a beneficial impact on
the cellular redox homeostasis [1]. HO-1 is therefore
proposed as an attractive candidate for the development of
specific drug interventions aiming at future clinical appli-
cations. Most vascular biology studies of HO-1/CO were
focused on the effects on VSMCs and could clearly
document the anti-oxidant properties. Interestingly, unlike
other cellular defense mechanisms, HO-1/CO interferes for
unknown reasons with cell cycle progression. The anti-
proliferative effect can in high doses even result in
apoptosis [7]. This is likely to explain most of the improved
remodeling seen after arterial injury in animal models of
vasculoproliferative disease [8, 12]. The impact of HO-1/
CO on endothelial function has not been thoroughly
investigated so far. However, especially with reference to
the recent evidence indicating functional interactions
between the HO-1 and Akt pathways, we wanted to address
this relationship. In order to mimick a pharmacological
approach, we used a retroviral vector in our study to

achieve stable overexpression of HO-1 in HUVEC, result-
ing in an 5.4-fold increased activity level. We could
confirm for HUVEC that elevated HO-1-levels confer a
survival advantage under conditions of non-receptor medi-
ated oxidative stress induced in our experiments by heme
and H2O2. The lipid peroxidation-assay uncovered that HO-
1-HUVEC displayed advantageous handling of reactive
oxygen species to prevent functional destruction of mem-
brane lipids. It was recently reported that in VSMCs HO-
1-mediated protection from H2O2-induced oxidative stress
depends on the coactivation of the Akt pathway [4].
Pretreatment with a PI3K-inhibitor diminished the anti-
oxidant properties in VSMCs under high H2O2 concen-
trations presumably by delaying the upregulation of HO-1.
The authors could demonstrate that in the first few hours of
H2O2 treatment, Akt is activated by phosphorylation and
accelerates HO-1-upregulation through the transcription factor
Nrf2. However, our data indicate that for prolonged episodes
of oxidative damage, HO-1 is still capable of providing its
protective effect to HUVEC even in the absence of
simultaneous and continuous Akt-upregulation. The reported
induction of HO-1 shortly after Akt-phosphorylation does not
seem to be permanent as we did not observe any endogenous
HO-1 expression in HUVEC 5 days after infection with the
myr.Akt virus.

Fig. 4 The active form of Akt
and its downstream target eNOS
is downregulated in HO-
1-HUVEC. This is reversed by
co-infection with the Akt-
retrovirus. HUVEC were single-
or co-infected (MOI of 4) using
indicated retroviruses, and cul-
tured for additional 5 days.
(a) The expression of total Akt
and phosphorylated-Akt
(Ser473), and (b) total eNOS
and phosphorylated-eNOS
(Ser1177) was quantified by
Western blotting. Data are
mean±SEM of four independent
experiments (*P<0.05 vs GFP).
(c) Shows a representative panel
of immunoblots for HO-1, Akt,
phospho-Akt, eNOS, phospho-
eNOS. GFP and β-actin lanes
document equal loading
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The moderate elevation of HO-1 achieved by our retroviral
vector was sufficient to dramatically interfere with cell cycle
progression of HUVEC. The anti-proliferative properties of
HO-1/CO have been described in various other cell types
including VSMCs. At supraphysiological doses, HO-1/CO
even induces apoptotic cell death. Our data provide evidence
that the growth arrest mediated by HO-1 in HUVEC seems to
involve the Akt-pathway. Akt-activity was found to be
significantly lower in HUVEC 5 days after retrovirus-
mediated continuous overexpression of HO-1.

The suppression of Akt-activity in HO-1 overexpressing
HUVEC also influenced the expression of downstream-
targets of Akt. We found both eNOS-level and -activity
markedly reduced in HO-1 overexpressing HUVEC. After co-
infection with the myr.Akt virus, HO-1-HUVEC regained
their proliferation rate and eNOS activity to the same level that
was observed in GFP/Akt cells. Interestingly, treatment of
HO-1-HUVEC with insulin, known to be a strong activator of
the endogenous PI3K/Akt pathway in EC [32], failed to
overcome the HO-1-associated cell cycle retardation.

An in vivo-relationship between chronically elevated
HO-1/CO in the vessel wall and marked endothelial dysfunc-
tion had previously been observed in salt induced hyperten-
sive Dahl rats. These animals have high levels of HO-1-
expression in the vessel wall. Only treatment with the HO-1-
inhibitor chromium mesoporphyrin could restore some of the
endothelium dependent vasoreactivity and lower blood
pressure values [38–40]. Our data suggesting a negative

feedback loop of the HO-1/CO- and Akt/NO-pathways in
endothelial cells offer a possible explanation for this
phenomenon.

The limitations of our study have to be mentioned: all in
vitro experiments were performed in a single EC type. The
antiproliferative effect of HO-1 has been described for
several other cell types, but we cannot rule out that other
EC and non-EC display different handling of Akt upon
retroviral gene transfer of HO-1. We concentrated on a
single time; here, kinetic experiments might provide
additional information.

In summary, both the Akt as well as the HO-1/CO pathway
play important roles in cellular defense strategies and seem to
interfere with each other in a time- and dose-dependent
manner. In the initial phase of oxidative stress, both pathways
are rapidly and almost simultaneously activated to achieve
optimal cytoprotection for the attacked cell. Here, the
transcription factor Nrf2 seems to play a linking role [4, 22,
25]. Our data would indicate that there is no codependence
of the two systems for prolonged periods; they even appear
to have inhibitory feedback mechanisms on each other.
Continuous overexpression of a constitutively active Akt
does not result in stable upregulation of HO-1 and on the
other hand, continuously elevated HO-1 levels result in the
suppression of Akt and its effectors. One could speculate that
HO-1/CO is not necessarily the proposed “good player” for
maintaining cellular and tissue homeostasis especially in
chronic proliferative and/or inflammatory vascular disease
like atherosclerosis, hypertension, neointima formation and
plaque stability. Initiation and progression of these diseases
are known to crucially depend on a properly functioning
Akt/NO-system. A possible negative interaction on the Akt/
NO pathway in endothelial cells has also to be taken into
consideration when proposing continuous stimulation of HO-
1/CO as a potential therapeutical strategy in clinical
applications. It could also be that prolonged administration
of non-cell specific activators of HO-1/CO would rather
worsen vascular disease. Further studies are needed to clarify
this interaction.
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at room temperature. Converted [3H]L-citrulline was quantified as c.p.
m. and expressed relative to the values obtained from mock-infected
cells (dashed line). Data are mean±SEM of four independent experi-
ments. eNOS-activity was significantly lower in HO-1-HUVEC (*P<
0.05 vs GFP). Co-infection with the Akt-retrovirus elevated eNOS-
activity (*P<0.05 vs GFP, **P<0.05 vs HO-1)
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