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Heme oxygenases (HOs) -1 and -2 catalyze the breakdown of
heme to release carbon monoxide, biliverdin, and ferrous iron,
which may preserve cell function during oxidative stress. HO-1
levels decrease in endothelial cells exposed to hypoxia, whereas
the effect of hypoxia on HO-2 expression is unknown. The cur-
rent study was carried out to determine if hypoxia alters HO-2
protein levels in human endothelial cells and whether this
enzyme plays a role in preserving their viability during hypoxic
stress. Human umbilical vein endothelial cells (HUVECs),
human aortic endothelial cells (HAECs), and human blood out-
growth endothelial cells were exposed to 21% or 1%O2 for 48 or
16 h in the presence or absence of tumor necrosis factor-� (10
ng/ml) or H2O2 (100 �M). In all three endothelial cell types
HO-1 mRNA and protein levels were decreased following
hypoxic incubation, whereas HO-2 protein levels were unal-
tered. In HUVECsHO-2 levels weremaintained during hypoxia
despite a 57% reduction in steady-state HO-2mRNA level and a
43% reduction in total protein synthesis. Polysome profiling
revealed increased HO-2 transcript association with polysomes
during hypoxia consistent with enhanced translation of these
transcripts. Importantly, inhibition of HO-2 expression by small
interference RNA increased oxidative stress, exacerbated mito-
chondrialmembranedepolarization, andenhancedcaspaseactiva-
tion and apoptotic cell death in cells incubated under hypoxic but
not normoxic conditions. These data indicate that HO-2 is impor-
tant in maintaining endothelial viability and may preserve local
regulation of vascular tone, thrombosis, and inflammatory
responses during reductions in systemic oxygen delivery.

Hypoxia is frequently observed in patients with shock and
cardiopulmonary diseases and in normal subjects at high alti-
tudes. The compensatorymechanisms that preserve blood flow
to vital organs under these conditions are, in part, dependent
on the release of endothelium-derived vasoregulatory factors

(1–3). During prolonged exposure to hypoxia, endothelial func-
tion is impaired and the adaptive responses that they mediate
are compromised (2–4). Investigation of mechanisms that pre-
serve endothelial cell survival and function in this setting is
needed so that therapeutic strategies to mitigate the vascular
effects of hypoxia may be developed.
Heme oxygenases 1 and 2 (HO-1 and -2)4 are the rate-limit-

ing enzymes in the heme catabolic pathway that cleaves heme
to release carbon monoxide (CO), biliverdin, and ferrous iron
(5). These products possess anti-apoptotic, anti-oxidant, and
anti-inflammatory properties, and so, may ameliorate the dele-
terious effects of hypoxia on endothelial function. HO-1 and -2
are the heme oxygenase isoforms identified in the endothelium.
HO-1 expression is suppressed during hypoxia in human endo-
thelial cells, and this is mediated by increased expression of the
transcription repressor Bach1 (6). Although a protective role
for HO-2 has been suggested in other conditions associated
with impaired endothelium-dependent vasoregulation (diabe-
tes and oxidant injury), the effect of hypoxia on HO-2 expres-
sion in human endothelial cells is unknown (7–9). The current
study was carried out to test the hypothesis that HO-2 expres-
sion is oxygen-regulated in human endothelial cells and to
determine whether it plays a role in preserving endothelial cell
viability during hypoxic stress.

MATERIALS AND METHODS

Endothelial Cell Culture—Pooled human umbilical vein
endothelial cells (HUVECs) and human aortic endothelial cells
(HAECs), purchased fromLonza (Basel, Switzerland), were cul-
tured in EGM-2 medium according to manufacturer’s instruc-
tions. Human blood outgrowth endothelial cells (HBOECs)
were derived from peripheral blood as described previously
(10). Healthy volunteers underwent a mononuclear cell collec-
tion (100ml, 3–8% hematocrit) using a Cobe Spectra apheresis
system (Gambro, Denver, CO). Cells were cultured in EGM-
2MV medium containing 20% human serum in tissue culture
flasks pre-coated with fibronectin (10 �g/ml) between 7 and 14
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characterized by the surface expression of CD34, VEGFR2,
CD146, and CD31 and stained negatively for CD14 and CD45.
Early passageHUVECs (passages 3 and 4) andHAECs (passages
5–7) derived from multiple donors were used in these studies.
Hypoxic Incubation—Cells exposed to hypoxia were grown

to 70% confluence and transferred, after changing themedium,
to a humidified Plexiglas chambermaintained at 37 °C and con-
tinuously flushedwith gas composed of 1%O2/5%CO2/balance
N2. Normoxic control cells were exposed to air/5% CO2/bal-
ance N2 under otherwise identical conditions.
HO-1 and -2 RNA Interference—HUVECs and HAECs (105

cells/cm2) were seeded in antibiotic-free EGM-2 media in
60-mm dishes for 16–24 h and transfected with human HO-1
small interfering RNA (siRNA), HO-2 siRNA, HO-1 and -2
siRNA, or nonspecific control siRNAusing siRNATransfection
Reagent (Santa Cruz Biotechnology, Santa Cruz, CA) following
the manufacturer’s instructions. Transfected cells were re-
plated after 24 h in either 60-mm dishes (for flow cytometry
studies) or 12-well plates (for measuring reactive oxygen spe-
cies and mitochondrial membrane depolarization studies).
Quantitative Real-time Reverse Transcription-PCR—Total

RNA was extracted from HUVECs incubated at 1% or 21% O2
for 16 or 48 h using the Protein and RNA Isolation System from
Applied Biosystems (Foster City, CA). The first-strand cDNAs
were synthesized using a cDNA synthesis kit containing ran-
dom primers (Bio-Rad Laboratories). All quantitative reverse
transcription-PCR analyses were performed in triplicate using
SYBR� greenwith the ABI PRISM7900HT sequence detection
system (Applied Biosystems). Levels of HO-1 and -2 cDNA
were detected using the following primers: HO-1 (sense,
5�-GTC CGC AAC CCG ACA G-3�; antisense, 5�-ACC AGC
TTG AAG CCG TCT C-3�, exon 1/2); HO-2 (sense, 5�-CCC
TGGACCTGAACATGAA-3�; antisense, 5�-ACCCATCCT
CCAAGGTCTC-3�, exon 4/5). The exponential portion of the
amplification curve for 1000 copies of target amplicon passed
through the cycle threshold (CT1000) at 24.34 � 0.63 cycles for
HO-1 and 24.35 � 0.30 cycles for HO-2. 28 S (sense, 5�-TTG
AAAATCCGGGGGAGAG-3�; antisense, 5�-ACATTGTTC
CAA CAT GCC AG-3�) ribosomal RNA levels were used as a
controls for normalization. Results obtained under each exper-
imental condition were compared with their corresponding
normoxic control values.
Western Blotting—Total protein was extracted from

HUVECs, HAECs, and HBOECs incubated at 1% or 21%O2 for
16 or 48 h using the Protein andRNA Isolation Systemkit. After
protein concentrations were determined by the Lowrymethod,
total proteins (20 �g/lane) were resolved by 8–16% SDS-PAGE
and transferred to nitrocellulose. To detect HO-1 and -2 pro-
tein, membranes were blocked in 5% milk-TTBS (50 mM Tris,
150 mM NaCl, pH 7.5) and incubated with rabbit polyclonal
anti-HO-1 (1:2,000, Assay Designs, Ann Arbor, MI) or anti-
HO-2 (1:2,000, Assay Designs) antibody overnight followed by
peroxidase-conjugated anti-rabbit IgG (1:2,500). HO-1 and -2
protein levels were normalized to �-actin detected by reprob-
ing the membranes with anti-�-actin monoclonal antibody
(1:40,000, Sigma). The immunocomplexes were visualized with
the ECL plus kit (Amersham Biosciences) and quantified by
digital densitometry using the Quantity One software provided

by Bio-Rad Laboratories. Results obtained under each experi-
mental condition were compared with their corresponding
normoxic control values.
[3H]Uridine and [3H]Leucine Incorporation—HUVECs

plated in 12-well plates were incubated at 1% or 21% O2 for
16 or 48 h. As described (11), [3H]uridine or [3H]leucine
(PerkinElmer Life Sciences) was added to media (10 �Ci/well)
for the last 15, 30, 45, or 60 min of normoxic or hypoxic expo-
sure. Cells were washed with cold PBS, incubated in 10% tri-
chloroacetic acid for 20min,washed 3 timeswith 100% ethanol,
and dried at 45 °C. The residues were dissolved in 0.3 N NaOH
for 20 min and neutralized with 0.3 N HCl. The resultant mix-
ture (400 �l) from each well was added to 5 ml of scintillation
fluid, and radioactivity in each sample was counted in a liquid
scintillation counter. The rate of [3H]leucine or [3H]uridine
incorporation is represented by the slope of the radioactivity-
incubation time relationship.
[35S]Methionine Incorporation—To determine the rate of

HO-1 and -2 synthesis, HUVECs were incubated at 1% or 21%
O2 for 14 h and then in methionine-free RPMI 1640 medium
supplemented with [35S]methionine (10 �Ci/ml, PerkinElmer
Life Sciences) for an additional 2 h at the same O2 concentra-
tions. To determine HO-1 and -2 protein stability, HUVECs
were pulse-labeled with [35S]methionine (50 �Ci/ml) in methi-
onine-free RPMI 1640 medium at 21%O2 for 3 h and chased in
EGM-2media under 1%or 21%O2 for up to 24 h. Total proteins
were extracted in radioimmune precipitation assay buffer (50
mM Tris, 150 mM NaCl, 50 mM NaF, 1 mM sodium orthovana-
date, 5 mM benzamidine hydrochloride, 1 mM EDTA, 1% Igepal
CA630, 0.5% sodium deoxycholate, and 0.1% SDS) and quanti-
fied by the Lowrymethod. Cell lysates (500�g), preclearedwith
protein G-Sepharose, were then immunoprecipitated using
rabbit polyclonal anti-HO-1 (1:50) or anti-HO-2 (1:50) anti-
bodies overnight. The resulting immunoprecipitates were sep-
arated by 10% SDS-PAGE, and bands were visualized by
autoradiography.
Polysome Profiling—As described (12), HUVECs were incu-

bated at 1% or 21% O2 for 6 h. At the end of the exposure
periods, cells were washed with PBS containing 100 �g/ml
cycloheximide and lysed using 200 �l of lysis buffer (100 mM

KCl, 5 mMMgCl2, 10 mMHEPES, pH 7.4, 100 mg/ml cyclohex-
imide, 0.5% Nonidet P-40, and 1000 units/ml RNAseOUT).
After centrifugation to remove cell debris, supernatants were
layered onto a 10-ml sucrose gradient (15–45%) and centri-
fuged for 2 h at 35,000 rpm. A programmable density gradient
fraction collector with continuous spectrophotometric mea-
surement at A254 nm was used to divide the gradient into 16 frac-
tions. RNA extracted from each of the fractions was treated
with DNase, reverse transcribed using random hexamers, and
HO-2 transcripts in each fraction were quantified using quan-
titative real-time reverse transcription-PCR.
Measurement of Intracellular ROS—Intracellular reactive

oxygen species (ROS) levels were measured in intact HUVECs
using carboxy-5-(6)-chloromethyl-2�,7�-dichlorodihydrofluores-
cein diacetate (carboxy-H2DCFDA, Invitrogen). This method is
based on the oxidation of non-fluorescent carboxy-H2DCFDA
resulting in the formation of the fluorescent compound 2�,7�-
dichlorofluorescein (DCF). The fluorescence generated byDCF
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is proportional to the rate of carboxy-H2DCFDA oxidation,
which is in turn indicative of the cellular oxidizing activity and
intracellular ROS levels. HUVECs grown to 70% confluence in
12-well plates were incubatedwithwater, TNF-� (10 ng/ml), or
H2O2 (100 �M) prior to incubation at 1% or 21% O2 for 16 or
48 h. Cells were washed twice in Hanks’ balanced salt solution
(HBSS) and then incubated in HBSS containing carboxy-
H2DCFDA (15�M) for 30min in the dark at 37 °C. After rinsing
with HBSS once to remove free probe, fluorescence (Ex484 nm/
Em518 nm) from each well was measured using the Fluroskan
Ascent & FL fluorescent plate reader (Thermo Fisher, Pitts-
burgh, PA). The cell number in eachwell was counted using the
Z2 Coulter particle count and size analyzer (Beckman Coulter,
Fullerton, CA) so that fluorescence could be normalized to cell
number.
Mitochondrial Membrane Depolarization—Depolarization

of the mitochondrial membrane was detected using the cati-
onic dye, 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimid-
azolcarbocyanine iodide (JC-1, Invitrogen). JC-1 localizes to and
aggregates within the mitochondria in proportion to mito-
chondrial membrane potential, emitting red fluorescence.
Upon depolarization of the mitochondrial membrane JC-1
forms monomers that emit green fluorescence. Differences
in the ratio of red to green fluorescence are representative
of changes in mitochondrial membrane depolarization.
HUVECs grown to 70% confluence in 12-well plates were
incubated with water, TNF-� (10 ng/ml), or H2O2 (100 �M),
prior to incubation at 1% or 21% O2 for 16 or 48 h. At the end
of the exposure period, HUVECs were incubated with PBS
containing JC-1 (2 �M) for 15 min in the dark. Cells were
then washed once with PBS, and fluorescence (Ex485 nm/
Em518 nm (green) and Ex544 nm /Em590 nm (red)) was mea-
sured using the Fluroskan Ascent & FL fluorescent plate
reader (Thermo Fisher, Pittsburgh, PA).
Annexin V/Propidium Iodide labeling—The Annexin

V-FLUOS staining kit (Roche Applied Science) was used to
detect phosphatidylserine externalization (a marker of apo-
ptosis) in HUVECs and HAECs incubated at 1% or 21% O2
for 16 or 48 h. HUVECs and HAECs treated with TNF-� or
H2O2 were incubated at 1% or 21% O2 for 16 h. Cells in the
media were included in the experiment. After trypsinization,
cells were washed once with PBS before the addition of 100
�l of labeling solution containing 2 �l of Annexin V-Fluos
labeling reagent and 2 �l of propidium iodide (PI) solution.
Cells were analyzed using the cytomicsTM FC 500 flow
cytometer (Beckman Coulter, Fullerton, CA).
Total Caspase Activation—Total caspase activation was

measured in HUVECs and HAECs incubated at 1% or 21% O2
for 16 or 48 h and in HUVECs and HAECs treated with TNF-�
or H2O2 incubated at 1% or 21% O2 for 16 h. FITC-VAD-FMK
is an FITC conjugate of the cell-permeable inhibitor of caspases
(Promega, Madison, WI). This structure allows delivery of the
inhibitor into the cell where binding to activated caspase serves as
an in situ marker for apoptosis. After trypsinization, cells were
suspended in PBS containing FITC-VAD-FMK (1 �M) at room
temperature in thedark for 20min.Cellswere thenwashed, resus-
pended in PBS, and analyzed using the cytomicsTM FC 500 flow
cytometer.

Data Analysis—Results are presented as mean � S.E. for n
number of independent experiments with p � 0.05 represent-
ing statistical significance. The significance of differences be-
tween individual means was determined by two-tailed Stu-
dent’s t test. Differences amongmultiple means were evaluated
by analysis of variance corrected for multiple measures where
appropriate, and, when overall differences were detected, dif-
ferences between individual means were evaluated post-hoc
using the Student-Newman-Keuls procedure.

RESULTS

Effect of Hypoxia on HO-1 and -2 mRNA and Protein
Expression—Todetermine the effects of hypoxia on the expres-
sion of HO-1 and -2mRNA and protein, these levels were com-
pared in HUVECs incubated under normoxic (21% O2) or
hypoxic (1%O2) conditions for 16 and 48 h. After 16 and 48 h of
hypoxia, steady-state HO-1 mRNA levels are reduced to
27.82 � 1.80% and 30.71 � 7.23% of the corresponding nor-
moxic control values, respectively (Fig. 1A). Steady-state HO-2
mRNA expression was decreased (42.93 � 7.52% of normoxic
control, Fig. 1B) after 16 h of hypoxia and returned to the nor-
moxic control level after 48 h. Steady-state HO-1 protein (Fig.
1C) is reduced after 16 and 48 h of hypoxia (79.57 � 2.11% and
64.93 � 5.75% of normoxic control values, respectively),
whereas steady-state HO-2 protein levels were unaltered (Fig.
1D). To corroborate this finding in other systemic vascular
endothelial cells, steady-state HO-1 and -2 proteins were also
measured in HAECs and HBOECs incubated under normoxic
or hypoxic conditions for 16 h. As shown in Fig. 2, hypoxia
decreased steady-state HO-1 protein levels in both HAECs and
HBOECs (38.50 � 8.47% and 59.10 � 8.85% of normoxic con-
trol values, respectively), but, as inHUVECs, steady-stateHO-2
was unaltered.
Effect of Hypoxia on HO-1 and -2 Protein Synthesis and

Degradation—To compare the effects of hypoxia on HO-1 and
-2 protein synthesis with its non-selective effects on total cellu-
lar mRNA and protein synthesis, [3H]uridine and [3H]leucine
incorporation were assessed in HUVECs after 16 and 48 h of
hypoxic incubation, and [35S]methionine incorporation into
HO-1 and -2 protein was measured in HUVECs after exposure
to hypoxia for 16 h (Fig. 3, A–C). Fig. 3A illustrates that total
cellular RNA synthesis was decreased to 37.93 � 3.71% and
28.78� 4.88% of normoxic control values, respectively, after 16
and 48 h of hypoxic exposure. Protein synthesis was reduced to
56.60 � 2.77% at 16 h and 34.80 � 2.97% of the normoxic
control value (Fig. 3B) at 48 h. Results of [35S]methionine label-
ing and immunoprecipitation using HO-2 antibody (Fig. 3C)
indicate that the synthesis of HO-2 protein was higher than
HO-1 protein during hypoxia (74.80 � 7.80% versus 47.01 �
6.55% of normoxic control values, respectively). The relative
preservation of HO-2 protein synthesis, despite the 57% reduc-
tion in HO-2 steady-state mRNA level and 43% reduction in
total protein synthesis, suggests that HO-2 protein expression
was preserved during hypoxia, possibly through enhanced
translation. To directly determine the effect of hypoxia on
HO-2 translation, ribosomal association of HO-2 mRNA was
assessed by polysome profiling. As shown in Fig. 3D, HO-2
mRNA are located in higher polysome fractions after hypoxic
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incubation, which, together with the results of the metabolic
labeling and immunoprecipitation studies, support enhanced
translation of HO-2 transcripts during hypoxia. To assess the
effect of hypoxia on HO-1 and -2 protein stability, HUVECs
were pulsed with [35S]methionine for 3 h and chased with
EGM-2 media for up to 24 h under normoxic or hypoxic con-
ditions. As illustrated in Fig. 3E, hypoxia increased HO-2 pro-
tein degradation, reducing its half-life from 10.77 � 2.73 h to
4.78 � 0.74 h. In contrast, hypoxia had no dramatic effect on
HO-1 protein stability. HO-1 protein half-life was 17.77 �
8.68 h and 22.83 � 6.22 h in HUVECs exposed to normoxia or
hypoxia, respectively (supplemental Fig. S1).
Effect of Decreased HO-2 Protein Level on ROS Production in

Human Endothelial Cells during Hypoxia with or without
Treatment with TNF-� orH2O2—HO-2 protects cells fromoxi-
dative stress by reducing intracellular concentrations of heme
(a pro-oxidant) and by increasing levels of bilirubin and ferritin,
which are potent anti-oxidants. To determine the importance
of HO-2 in protecting cells from oxidative stress during
hypoxia, we compared the level of ROS in HUVECs transfected
with nonspecific or HO-2 siRNA exposed to normoxia or
hypoxia for 16 or 48 h, and also inHUVECs treatedwith TNF-�
or H2O2 exposed to normoxia or hypoxia for 16 h. Fig. 4A is a
representative blot of the extent of HO-2 protein inhibition
using HO-2 siRNA. Inhibition of HO-2 protein expression had
no effect on HO-1 protein level under any of the conditions
tested (data not shown). As illustrated in Fig. 4B, exposure to
hypoxia for 16 or 48 h increases ROS levels in HUVECs. Com-
pared with the nonspecific siRNA control, inhibition of HO-2
expression increased ROS levels in HUVECs exposed to

hypoxia for 48 h, but had no effect at
the 16-h time point or in cells incu-
bated under normoxic conditions.
In HUVECs exposed to hypoxia for
16 h that were also treated with
TNF-� or H2O2, inhibition of HO-2
expression increased ROS levels
(Fig. 4C).
HO-2 Preserves Human Endothe-

lial Cell Viability during Hypoxia in
the Presence and Absence of TNF-�
or H2O2—Both hypoxia and oxida-
tive stress may trigger programmed
cell death (apoptosis) ornecrosis de-
pending on their severity/magni-
tude. To determine the functional
significance of preservation of
HO-2 levels during hypoxia, the
effect of inhibitingHO-2 expression
using HO-2 siRNA on HUVEC via-
bility during hypoxia in the pres-
ence or absence of TNF-� or H2O2
was assessed. Mitochondrial mem-
brane depolarization is an early
event in the intrinsic apoptotic
pathway activated by hypoxia. As
shown in Fig. 5A the ratio of JC-1
aggregates/JC-1 monomer was de-

creased during hypoxia, indicating mitochondrial membrane
depolarization (13). Inhibition of HO-2 expression was associ-
ated with mitochondrial membrane depolarization in cells
incubated under normoxic conditions and exacerbated it in
cells exposed to hypoxia for 48 h (Fig. 5A) indicating that HO-2
protein or its activity increased the capacity to maintain
mitochondrial membrane potential. In HUVECs treated
with TNF-�, inhibition of HO-2 enhanced mitochondrial
membrane depolarization in normoxic but not in hypoxic
cells. Inhibition of HO-2 enhanced mitochondrial mem-
brane depolarization in both normoxic and hypoxic cells
treated with H2O2 (Fig. 5B).
Annexin V/PI staining was used to detect externalization of

phosphatidylserine, an early event in apoptosis, and cell mem-
brane permeabilization, an indicator of cell death. Representa-
tive plots of annexin V/PI staining are shown in Fig. 6A. Non-
viable cells are cells that are stained by annexinV and/or PI (Fig.
6A). Fig. 6B demonstrates that exposure of HUVECs to hypoxia
for 48 h increased cell death and that cell death was further
increased by inhibition of HO-2 expression. In HUVECs
treated with TNF-� or H2O2, inhibition of HO-2 expression
had no effect on normoxic cells and increased cell death after
hypoxic exposure for 16 h (Fig. 6C). To confirm that the effect
of decreased HO-2 activity on cell viability was mediated by
increased apoptosis, caspase activation was assessed in
HUVECs exposed to normoxia or hypoxia for 16 or 48 h and in
HUVECs treated with TNF-� or H2O2 exposed to normoxia or
hypoxia for 16 h. InHUVECs inwhichHO-2protein expression
was inhibited, exposure to hypoxia for 48 h increased activated
caspase levels by 1.5-fold compared with nonspecific siRNA

FIGURE 1. HO-1 and -2 mRNA (A and B) and protein (C and D) levels in HUVECs exposed to 21% or 1%
oxygen for either 16 or 48 h. mRNA data are normalized to 28 S rRNA, and protein data are normalized to
�-actin. Bars represent means � S.E. (n � 6 independent experiments); *, p � 0.05 for differences from corre-
sponding normoxic control value.
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control (supplemental Fig. S2A). Total activated caspase was
also increased in HUVECs treated with TNF-� or H2O2 and
exposed to hypoxia for 16 h (supplemental Fig. S2B).
To confirm the cytoprotective effect of HO-2 protein during

hypoxia is not specific to HUVECs, annexin V/PI staining and
total activated caspase levels were assessed in HAECs exposed
to normoxia or hypoxia for 48 h and in HAECs treated with
TNF-� or H2O2 exposed to normoxia or hypoxia for 16 h. Inhi-
bition of HO-2 increased cell death in normoxic and hypoxic
HAECs (Fig. 7A) and in HAECs treated with TNF-� or H2O2
(Fig. 7C). When HO-2 expression was suppressed, the total
activated caspase level increased in HAECs exposed to nor-
moxia or hypoxia for 48 h and in normoxic and hypoxicHAECs
treated with TNF-� or H2O2 (Fig. 7, B and D).

DISCUSSION

The results of this study show that in human endothelial cells
incubated under hypoxic conditions: 1) steady-state HO-1
mRNA and protein levels were decreased; 2) steady-state HO-2
protein level was unaltered despite a 57% reduction in steady-
state HO-2 mRNA level, a 43% reduction in total protein syn-
thesis, and increased HO-2 protein degradation; 3) HO-2 pro-
tein level was maintained through enhanced translation of
HO-2 transcripts; and 4) inhibition of HO-2 expression

increased oxidative stress, mitochondrial membrane depolar-
ization, and apoptotic cell death.
Previous studies indicate cell type- and species-dependent

differences in the regulation ofHO expression by hypoxia. Aor-
tic HO-2 protein is increased in rats exposed to hypoxia (7),
remains unchanged in cultured rat aortic smooth muscle cells
and human cytotrophoblasts (14, 15), and is decreased in Jur-
kat, K562, and YN-1 cells after hypoxic incubation (16). HO-1
mRNA and protein levels decrease in HUVECs, human astro-
cytes, and human coronary artery endothelial cells (6, 17) but
increase in bovine aortic and rat pulmonary artery endothelial
cells and in human fibroblasts and smooth muscle cells after
hypoxic incubation (18–21). InHUVECs, decreased expression
of HO-1 after hypoxia is mediated by induction of the tran-
scription repressor Bach1 (6). Global suppression of mRNA
expression and protein synthesis by hypoxia may also contrib-
ute. The current study, the first to directly compare the effects
of hypoxia on HO-1 and -2 expression in human endothelial
cells, demonstrates that, although both HO-1 and -2 mRNA
levels were decreased, HO-2, but not HO-1, steady-state pro-
tein level remained unchanged. HO-1 and -2 protein levels
were, therefore, differentially regulated by oxygen tension.
HO-1 is primarily regulated transcriptionally, and its proxi-

mal promoter regions contain cis-acting response elements
that bind transcription factors, including HIF-1�, AP1, SP1, as
well as the heme response elementGC-NNNGTCA (5). In con-
trast, the 5�-flanking region of the HO-2 gene contains no reg-
ulatory elements corresponding to transcription factors known
to participate in the response to hypoxia (22–25). Not surpris-
ingly, therefore, hypoxic incubation did not result in increased
HO-2 mRNA levels in the current study, or in any of the cell
culture systems in which it has previously been evaluated (14,
26). Nevertheless, HO-2 expression is not entirely constitutive.
Development stage-specific changes in HO-2 protein levels
have been reported, andHO-2 protein is increased in the aortic
endothelium of rats exposed to hypoxia without a correspond-
ing increase in HO-2 mRNA (7, 27–29). Similarly, spatial and
temporal dissociation between HO-2 protein and mRNA
expression have been noted in the rodent brain and testis (23,
24, 28). Our current results, therefore, reconcile these observa-
tions by demonstrating thatHO-2 expression is regulated at the
post-transcriptional level.
Hypoxia results in decreased cap-dependent translation due

to increased formation of the eIF4E/4E-BP1 inhibitory complex
and increased phosphorylation of eIF2F-� (30). When hypoxia
is severe, or prolonged, transcription is also inhibited and
mRNA levels decrease, as observed in the present study.
Accordingly, maintenance of protein levels under these condi-
tions requires enhanced translation of existing mRNA tran-
scripts and/or reduced degradation of protein. Our current
observation that HO-2 transcripts are localized to larger poly-
some fractions after hypoxic incubation (Fig. 3D) supports
enhanced translation as an important mechanism by which
HO-2 protein levels are preserved. Consistent with this conclu-
sion, we observed that the reduction in HO-2 protein synthesis
after exposure to hypoxia for 16 h is small given that hypoxia
decreasedHO-2mRNA levels and increasedHO-2protein deg-
radation. In other transcripts for which this has been described,

FIGURE 2. HO-1 (A) and HO-2 (B) protein levels in HAECs and blood out-
growth endothelial cells exposed to 21% or 1% oxygen for 16 h. Bars
represent means � S.E. (n � 4 independent experiments); *, p � 0.05 for
differences from corresponding normoxic control values.

Hypoxia Enhances Translation of Heme Oxygenase-2

9456 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 13 • MARCH 26, 2010

http://www.jbc.org/cgi/content/full/M109.077230/DC1
http://www.jbc.org/cgi/content/full/M109.077230/DC1


FIGURE 3. Rate of [3H]uridine (A) and [3H]leucine (B) incorporation into RNA and protein in HUVECs exposed to 21% or 1% oxygen for 16 or 48 h. C, rate of
[35S]methionine incorporation into HO-1 and -2 protein in HUVECs exposed to 21% or 1% oxygen for 16 h. Bars represent means � S.E. (n � 4 independent
experiments); *, p � 0.05 for differences from the corresponding normoxic control values. D, quantification of the abundance of HO-2 mRNA in various
polysome fractions from HUVECs exposed to 21% (white bars) or 1% oxygen (black bars) for 6 h. E, level of radiolabeled HO-2 protein after immunoprecipitation
with anti-HO-2 antibodies in HUVECs pulsed with [35S]methionine for 3 h and chased in EGM-2 medium under 21% or 1% oxygen for the times indicated. The
result represents the average of four independent experiments. The protein level at 0 h was defined as 100%.

Hypoxia Enhances Translation of Heme Oxygenase-2

MARCH 26, 2010 • VOLUME 285 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 9457



structural features that enhance cap-dependent (neuronal
nitric-oxide synthase) and cap-independent (Tie-2) ribosomal
association have been identified (1, 31). Using the BD Mara-
thon-Ready human testis cDNA library, Zhang et al. have dem-
onstrated that HO-2 transcription is initiated from multiple
sites (16). Thus, translation of HO-2 could be enhanced

through selective transcriptional activation of a promoter that
produces more efficiently translated mRNA species during
hypoxia, a mechanism we have previously shown to mediate
hypoxic enhancement of neuronal nitric-oxide synthase
expression in vascular smooth muscle (1). In support of this
concept, Sun et al. have demonstrated the presence of two
HO-2 homologous transcripts (1.3 and 1.9 kb) in the rat brain
and note that the 1.3-kb mRNA is translated more efficiently
than the 1.9-kb mRNA (28). In view of the current findings,
therefore, further examination of HO-2 mRNA structure and
its functional relevance in the regulation of HO-2 protein
expression during hypoxia are now warranted.
Oxidative injury occurs when there is an imbalance between

the formation of ROS and the antioxidant capacity of the cell
and is implicated in the pathogenesis of organ dysfunction in
diseases associated with reduced oxygen delivery (32, 33). Pre-
vious studies demonstrate that HO-2 is a component of the
endogenous cell defense against oxidative stress; HO-2 gene
deletion increases hemin-induced injury in astrocytes and sen-
sitizes cerebral vascular endothelial cells to glutamate- and
TNF-�-induced apoptosis (9, 34, 35). The results of the current
study confirm the essential role that HO-2 plays in oxidative

FIGURE 4. A, representative blots and quantification of HO-2 protein in
HUVECs transfected with nonspecific or HO-2 siRNA. B, cellular oxidant levels
(fluorescence of 2�,7�-dichlorofluorescein, DCF) in HUVECs transfected with
nonspecific or HO-2 siRNA exposed to 21% or 1% oxygen for 16 or 48 h.
C, oxidant levels in HUVECs transfected with nonspecific or HO-2 siRNA
exposed to 21% or 1% oxygen for 16 h treated with TNF-� or H2O2. Bars
represent means � S.E. (n � 6 independent experiments); *, p � 0.05 for
differences from nonspecific siRNA control. †, p � 0.05 for differences from
corresponding normoxic control values.

FIGURE 5. A, mitochondrial membrane depolarization (JC-1 disaggregation)
in HUVECs transfected with nonspecific or HO-2 siRNA exposed to 21% or 1%
oxygen for 16 or 48 h. B, mitochondrial membrane depolarization in HUVECs
transfected with nonspecific or HO-2 siRNA exposed to 21% or 1% oxygen
and treated with TNF-� or H2O2. Bars represent means � S.E. (n � 6 indepen-
dent experiments); *, p � 0.05 for differences from nonspecific siRNA controls;
†, p � 0.05 for differences from corresponding normoxic control values.
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stress defense in human endothelial cells exposed to hypoxia,
because inhibition of its expression increases intracellular ROS
levels after 48 h of hypoxic incubation (Fig. 4B). Compensation

of HO activity by increased HO-1 expression was not observed.
To corroborate the conclusion that HO-2 is important in mod-
ulating oxidative stress, the effect of inhibition of HO-2 expres-

FIGURE 6. A, representative annexin V/PI staining plots of HUVECs transfected with nonspecific or HO-2 siRNA exposed to 21% or 1% oxygen for 48 h. Cell death
(% cells staining positive for Annexin V and/or PI) in HUVECs transfected with nonspecific or HO-2 siRNA exposed to 21% or 1% oxygen for 16 or 48 h (B) or
exposed to 21% or 1% oxygen for 16 h in the presence of TNF-� or H2O2 (C). Bars represent means � S.E. (n � 6 independent experiments); *, p � 0.05 for
differences from nonspecific siRNA controls; †, p � 0.05 for differences from corresponding normoxic control values.
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sion on the response to other oxidative stimuli (TNF-� or
H2O2) was also evaluated. In cells deficient in HO-2, significant
increases in ROS levels were observed only after hypoxic incu-
bation. Its role, relative to other defensemechanisms, therefore,
is specifically enhanced during hypoxia. HO activity is required
for catabolism of the pro-oxidant heme and for production of
bilirubin, a scavenger of superoxide and peroxyl radicals (5).
HO-2 also plays a specific role in regulating intracellular free
iron, which increases the generation of reactive hydroxyl radi-
cals through the Fenton reaction (36, 37). Because HO-1
expression is inhibited by hypoxia, HO-2 becomes the predom-
inant isoform under these conditions and a significant mecha-
nism of defense against oxidative stress and hypoxic injury.
Apoptosis may be triggered in response to stimuli extrinsic

or intrinsic to the affected cell. Hypoxia-induced apoptosis
occurs mainly through the intrinsic pathway (38, 39). The lack
of oxygen limits ATP synthesis required formaintenance of the
mitochondrial membrane potential. Depolarization of the
mitochondrial membrane elevates cytoplasmic ROS levels and
further inhibits oxidative ATP synthesis, because the electro-
motive force for electron transport is reduced. This, in turn,
activates Bax and leads to cytochrome c release into the cytosol,
caspase activation, and chromatin fragmentation (40). In the
current study,we demonstratemitochondrialmembrane depo-
larization after exposure to hypoxia for 16 h, whereas increased
cell death (annexin V/PI staining) and total activated caspase
activity were detected only after 48 h. These results support
involvement of the intrinsic pathway, because mitochondrial
membrane depolarization precedes caspase activation. HO-2
protects against apoptotic cell death induced by TNF-� and

glutamate in cerebrovascular endo-
thelial cells and by hydrogen perox-
ide inHEK cells (9, 34, 41, 42). In the
present study, inhibition of HO-2
expression exacerbated mitochon-
drial membrane depolarization and
increased cell death and activated
caspase levels in hypoxic, but not
normoxic human endothelial cells.
When cells where concomitantly
treated with TNF-� or H2O2, the
anti-apoptotic effect of HO-2 was
detected after a shorter hypoxic
exposure. These results indicate
that HO-2 also protects against
hypoxia-induced apoptosis in
human endothelial cells and plays
an even greater role in preserving
cell viability during concomitant
oxidative stress induced by TNF-�
or H2O2. This may be because gen-
eralized inhibition of protein syn-
thesis by hypoxia suppresses the
expression of components of con-
ventional cytoprotective pathways.
Consistent with previous studies,

our present results support a central
role for ROS in triggering apoptotic

endothelial death induced by hypoxia, TNF-�, and H2O2. Ele-
vated ROS levels induce apoptosis through activation of the
c-Jun N-terminal kinase (JNK)-c-Jun pathway and/or by dam-
aging the mitochondrial membrane resulting in reduced mito-
chondrial membrane potential (43). These effects may be abro-
gated by the anti-oxidative effects of HO-2, although several
other mechanisms may have been invoked. For example, CO
inhibits TNF-�-induced apoptosis by activation of p38 MAPK
(44). In addition HO-2 protects cell viability through mecha-
nism(s) separate from its role in heme degradation, because
transfection of HEK cells with a catalytically inactive HO-2
mutant protects against oxidative injury (41).
Although HO-2 and HO-1 catalyze the same reaction, the

differences between these enzymes could provide insight into
the advantages of specifically maintaining HO-2 expression. In
HEK cells transfected with plasmids containing either HO-1 or
HO-2 and treated with hydrogen peroxide, HO-2 was found to
colocalize with its redox partner NAPH-cytochrome P450
reductase in the microsomal fraction, whereas HO-1 was more
widely dispersed (42). Accordingly, HO-2 may provide a more
efficient pathway for heme degradation, hence greater cytopro-
tective capacity, due to its subcellular localization.Additionally,
HO-2 contains Cys-Pro repeats, termed heme regulatory
domains, not present in HO-1 that provide heme binding sites
distinct from the heme catalytic domain (5). During hypoxia or
ischemia injury, large amounts of pro-oxidant heme are
released by cells undergoing necrosis or apoptosis. HO-2, but
not HO-1, could sequester this excess free heme. Finally, differ-
ential regulation of the expression of these isoforms enables
fine control of the antioxidant capacity of the endothelium; by

FIGURE 7. Cell death (A) and total activated caspase level (B) in HAECs transfected with nonspecific or HO-2
siRNA exposed to 21% or 1% oxygen for 48 h. Cell death (C) and total activated caspase level (D) in HAECs
transfected with nonspecific or HO-2 siRNA exposed to 21% or 1% oxygen for 16 h and treated with TNF-� or
H2O2. Bars represent means � S.E. (n � 5 independent experiments); *, p � 0.05 for differences from nonspe-
cific siRNA controls.
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maintaining HO-2 and down-regulating HO-1 during hypoxia,
endothelial cells reserve the capacity to increase HO activity in
response to additional stress.
We have previously identified a role for HO-2 in preserv-

ing endothelium-dependent modulation of vasoconstrictor
responses to endothelin-1 and phenylephrine in rats exposed
to prolonged hypoxia (7). HO-2 knock-out mice exhibit
hypoxemia and myocardial hypertrophy while breathing
room air, indicating that HO-2 contributes to pulmonary
ventilation-perfusion matching (45). Our current results
highlight the importance of HO-2 in modulating endothelial
cell apoptosis, which is a prominent feature in a variety of
diseases, including atherosclerosis, ischemia/reperfusion
injury, and transplantation. Accumulating evidence, there-
fore, supports a central role for HO-2 in the cardiopulmo-
nary adaptation to hypoxia and in the pathophysiology of
disorders in which endothelial injury contributes to vascular
dysfunction. Accordingly it represents a potential novel tar-
get for therapeutic intervention.
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