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Abstract
Background: Skin injury leads to the release of heme, a potent prooxidant which is degraded by
heme oxygenase-1 (HO-1) to carbon monoxide, iron, and biliverdin, subsequently reduced to
bilirubin. Recently the involvement of HO-1 in angiogenesis has been shown; however, the role of
heme and HO-1 in wound healing angiogenesis has not been yet investigated.

Results: Treatment of HaCaT keratinocytes with hemin (heme chloride) induced HO-1 expression
and activity. The effect of heme on vascular endothelial growth factor (VEGF) synthesis is
variable: induction is significant after a short, 6-h treatment with heme, while longer stimulation
may attenuate its production. The involvement of HO-1 in VEGF synthesis was confirmed by
inhibition of VEGF expression by SnPPIX, a blocker of HO activity and by attenuation of HO-1
mRNA expression with specific siRNA. Importantly, induction of HO-1 by hemin was able to
overcome the inhibitory effect of high glucose on VEGF synthesis. Moreover, HO-1 expression
was also induced in keratinocytes cultured in hypoxia, with concomitant augmentation of VEGF
production, which was further potentiated by hemin stimulation. Accordingly, conditioned media
from keratinocytes overexpressing HO-1 enhanced endothelial cell proliferation and augmented
formation of capillaries in angiogenic assay in vitro.

Conclusions: HO-1 is involved in hemin-induced VEGF expression in HaCaT and may play a role
in hypoxic regulation of this protein. HO-1 overexpression may be beneficial in restoring the
proper synthesis of VEGF disturbed in diabetic conditions.
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Introduction
Hitting the body with a hard object damages blood vessels in the skin and causes the release
of hemoglobin from erythrocytes, resulting in the formation of a bruise. Its initial deep blue
color of methemoglobin is changed to a green one of biliverdin, and then to yellow when
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bilirubin is formed. This well-visible reaction is performed by heme oxygenase-1 (HO-1),
which degrades heme to carbon monoxide (CO), iron, and biliverdin, and by biliverdin
reductase (BVR), which synthesizes bilirubin [1].

HO-1 is also induced after the injury of skin. Wounding initiates the repairing process,
which if undisturbed is finished within few days. The indispensable component of the
healing is formation of new blood vessels by a process of angiogenesis. Vascular endothelial
growth factor (VEGF) constitutes the most important angiogenic factor during the
proliferative phase of wound repair [2,3]. Its expression is regulated by numerous mediators,
the best known of which is hypoxia [4]. Additionally, VEGF synthesis in keratinocytes can
be augmented by nitric oxide [5], reactive oxygen species [6], or inflammatory cytokines
[7]. Investigations on the regulation of VEGF and other angiogenic mediators expression are
necessary for understanding the mechanisms of impaired wound healing, which occurs in
diabetic patients [8,9]. On the other hand, augmented angiogenesis is at the basis of
proliferative skin disorders, such as psoriasis and cancer [10].

Interestingly, data on the very early stages of VEGF induction after injury omitted the role
of heme, which is released from damaged erythrocytes almost immediately after injury.
Heme is a very reactive molecule and a strong oxidant, which in high concentrations can be
detrimental [11]. Heme removal is therefore crucial for a proper functioning of cells.

In human cells two isoforms of HO are present. HO-2 is a constitutive enzyme, while HO-1
is a stress-inducible form, which is promptly induced by heme and other mediators of
oxidative stress, such as reactive oxygen species (ROS), inflammatory cytokines, and nitric
oxide [1,12,13]. Interestingly, hypoxia is known to enhance the expression of HO-1 in
rodent cells [13], but it was reported to be ineffective or even inhibitory for HO-1 in human
endothelial cells [14,15].

Recently we have demonstrated that HO-1 is also a mediator of VEGF production and
VEGF activity in endothelial cells [16,17] and vascular smooth muscle cells [18]. The
proangiogenic role of HO-1 has been confirmed in several in vivo settings [19,20]. Here we
investigated the role of HO-1 in induction of VEGF synthesis in the human HaCaT
keratinocyte cell line. As VEGF production can be impaired in diabetic conditions, we
determined also whether high glucose influences VEGF production in HaCaT cells, and if
HO-1 can overcome such an effect. Finally, we investigated whether hypoxia, which
commonly occurs during wound healing, can influence HO-1 expression.

Materials and methods
Reagents

Fetal calf serum (FCS) and Dulbecco's modified Eagle medium (DMEM), containing either
5.5 or 25 mM glucose, were obtained from Life Technologies (InVitrogen, Warsaw,
Poland). Total RNA extraction kit, Taq DNA polymerase, Luciferase activity assay, and
nonradioactive cytotoxic lactate dehydrogenase (LDH) assay were from Promega (Madison,
WI). Hemin was purchased from Sigma (St. Louis, MO), tin protoporphyrin IX (SnPPIX),
and copper protoporphyrin IX (CuPPIX) were from Porphyrin Products (Carnforth, UK). N-
Acetylcysteine (NAC) was obtained from Sigma. ELISA kit for human VEGF was procured
from R and D Systems (Abingdon, UK) and ELISA for human HO-1 was from Stressgen
(Victoria, Canada). Rabbit polyclonal antibodies recognizing human HO-1 and goat anti-
rabbit monoclonal antibodies conjugated with biotin, used for Western blotting, were
purchased from Stressgen. Alkaline phosphatase conjugated with streptavidin was from
Dako (Glostrup, Denmark). The TransAM HIF-1 transcription factor assay kit was from
Active Motif (Rixensart, Belgium). GEArray expression arrays were purchased from
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SuperArray Bioscience Corporation (Frederick, USA). Silencer siRNA construction kit and
siPort lipid transfection reagent were bought from Ambion (Austin, TX). Oligofectamine
was procured from Life Technologies, and chemically synthesized siRNA was from
Dharmacon (Lafayette, USA). The protein content in the cell lysate was determined by
bicinchonic acid (BCA) protein assay (Sigma). Plasmids used for transfection were isolated
from transformed HB101 Escherichia coli using the Plasmid Midi AX kit (A and A
Biotechnology, Gdansk, Poland).

Plasmid vectors
A construct containing a full-length human VEGF promoter (−2279 to +54) cloned into the
luciferase reporter plasmid pGL2 and a pHRE-luc construct containing a fragment of human
VEGF promoter (−1014 to −903), inserted upstream of the thymidine kinase promoter of
pT81luc0 plasmid, were kindly provided by Dr. Hideo Kimura (Chiba, Japan) [21].

Cell culture
Human HaCaT keratinocytes were kindly provided by Dr. Robert Fusenig (Heidelberg
University, Germany) [22] and were cultured in DMEM medium containing either 1.0 g/L
(5.5 mM) or 4.5 g/L (25 mM) glucose and 10% FCS.

Experimental protocols
HaCaT keratinocytes were routinely incubated at 37°C in humidified atmosphere containing
5% CO2. Cells were cultured to confluence in 10% FCS DMEM medium (5.5 mM glucose)
and then placed in medium containing 0.5% FCS for 24 h prior to any treatment. Cells were
stimulated for 24 h with hemin, an HO-1 inducer (30 and 100 μM) or/and SnPPIX, an HO-1
inhibitor (10 μM). After this time, the medium was collected for determination of VEGF
release, and RNA was isolated from the cells. In another set of experiments, human
keratinocytes were pretreated for 1 or 6 h with 30 μM hemin. The medium was then
replaced with fresh one, and cells were incubated for additional 5, 18, or 23 h till the end of
experiment. The medium was collected and VEGF was determined by ELISA.

Cells were treated under either atmospheric (termed: normoxic) or hypoxic (1% O2)
conditions. Hypoxia was created using a Modular Incubator Chamber (Billups-Rothenberg
Inc., Del Mar, CA) by putting the cells into the chamber which was afterward tightly closed
and flushed for 20 min with the gas mixture containing 1% O2, 5%CO2, and 94% N2.
Afterward the chamber was put into a 37°C incubator for the next 24 h.

For the HO activity assay, cells were grown in complete medium and treated with hemin
and/or SnPPIX, and enzyme activity was determined after 24 h in cell culture media or in
cell lysates according to the methods previously described [23,24].

Moreover, in other experiments cells growing till confluence in medium with 5.5 mM (LG,
low glucose) or 25 mM (HG, high glucose) glucose were treated with hemin (30 μM) for 6 h
with replacement of media for next 18 h till the end of experiment. The effect of equimolar
concentrations of SnPPIX, an inhibitor of HO activity, and CuPPIX, which does not affect
HO activity [25], was also determined.

Measurement of HIF-1 activity
The binding of hypoxia inducible factor-1 (HIF-1) present in nuclear cell extracts prepared
from HaCaT cells was performed according to the vendor's protocol, as previously described
[15]. Similar assays were performed for other transcription factors, namely c-Myc, c-Jun,
STAT-1, ATF-2.
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Transient transfection
HaCaT keratinocytes grown to 60–80% confluence were transfected in 24-well plates with
0.5 μg VEGF-luc or 0.5 μg HRE-luc plasmid mixed with 2.5 μl of SuperFect per well. After
2 h cells were washed and overlaid with regular culture medium for 24 h and then they were
treated with hemin. After the next 24 h cells were washed twice with PBS and lysed in 100
μl of Reporter Lysis Buffer for determination of luciferase activity. The activity of reporter
genes was measured at 48 h after transfection and normalized to the total protein content as
described previously [26].

Luciferase activity assay
Determination of enzyme activity was done according to manufacturer's protocol.

Reverse transcription–polymerase chain reaction (RT-PCR)
RNA isolation and synthesis of cDNA were performed as previously described [27]. In
short, reverse transcription was carried out with oligo(dT) primers for 1 h at 42°C using
MMLV reverse transcriptase. PCR amplification was performed for 28 cycles (EF2), 30
cycles (HO-1, HO-2), and 35 cycles (VEGF) using the following protocol: 95°C for 45 s,
58°C for 45 s, and 72°C for 45 s. The primers specific for VEGF (5′-CAC CGC CTC GGC
TTG TCA CAT-3′ and 5′-CTG CTG TCT TGG GTG CAT TGG-3′), for HO-1 (5′-GTG
GAG ACG CTT TAC GTA GTG C-3′ and 5′-CTT TCA GAA GGG TCA GGT GTC
C-3′), for HO-2 (5′-CAC ACG ACC GGG CAG AAA ACA-3′ and 5′-AAC AGG TAG
AAC TGG GTC C-3`), and for housekeeping gene EF2 (5′-GCG GTC AGC ACA ATG
GCATA and 5′-GAC ATC ACC AAG GGT GTG CAG) were used. PCR products were
analyzed by electrophoresis in 2% agarose gel. The product length for the VEGF121 was 431
bp, for VEGF165 563 bp, for HO-1 250 bp, for HO-2 439 bp, and for EF2 218 bp.

Real-time RT-PCR
Total RNA for real-time RT-PCR was isolated using the Absolutely RNA Microprep kit
according to the manufacturer's protocol. cDNA synthesis was carried out on 1 μg of total
RNA using SuperScript III RNase H− reverse transcriptase with random hexamers
(Promega). After RT reaction cDNA was diluted with distilled water to 10 ng/μl. Exons
overlapping primers and Minor Groove Binder (MGB) probes labeled with 6-
carboxyfluorescein (FAM) used for real-time RT-PCR were purchased as Assay-on-Demand
from Applied Biosystems: HO-1 [Hs00157965_ml]. β2-Macroglobulin [Hs99999907_m1]
was used as a housekeeping gene. Reactions were performed using 1X TaqMan Universal
PCR master mix, 900 nM of each primer, 250 nM probe, and 1 μl cDNA in 10 μl volume.
TaqMan real-time RT-PCR was performed in an ABI PRISM 7900HT sequence detector
(Applied Biosystems) using the following cycling conditions: 2 min 50°C, 10 min 95°C, and
45 two-step cycles of 15 s at 95°C and 60 s at 60°C. As controls, DRNA samples not
subjected to reverse transcriptase were analyzed to exclude unspecific signals arising from
genomic DNA. Those samples showed no amplification signals. All PCR were carried out in
triplicates. Relative quantification of gene expression was calculated based on the
comparative CT (threshold cycle value) method (ΔCT = CT gene of interest −
CT housekeeping gene). Comparison of genes expression in different samples was performed
based on the differences in ΔCT of individual samples (ΔΔCT).

In experiments with siRNA real-time RT-PCR was performed using a different procedure.
cDNA was prepared in the same way as for qualitative RT-PCR analysis. The same primers
as for HO-1 RT-PCR (see above) were used to amplify a 250-bp fragment. The PCR
conditions were 95°C for 15 min, followed by 40 cycles of 95°C for 45 s, 58°C for 45 s, and
72°C for 45 s. The PCR mixture contained 7.5 μl of SYBR Green PCR Master Mix (SYBR
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Green qPCR Kit, Finnzymes), primers, and 200 ng of cDNA in a total volume of 15 μl and
was performed in duplicate. EF2 was also amplified under the same conditions and used as a
housekeeping gene to normalize reactions. Controls containing SYBR Green PCR Master
Mix and primers without sample cDNA emitted no fluorescence after 40 cycles.

Detection of gene expression by macroarray hybridization
For the analysis of the differential expression of angiogenic genes we also used GEArray
expression arrays (SuperArray, Inc.). Each GEArray membrane consists of 96 cDNA
fragments from genes associated with angiogenesis as well as positive (β-actin, GAPDH,
cyclophilin A, and ribosomal protein L13a) and negative (pUC18 DNA) controls printed in
tetra-spot configuration on specialized nylon membranes. Detailed information on the
macroarray layout and protocols can be found on the website http://www.superarray.com.
cDNA was prepared from 2 μg RNA by reverse transcription with MMLV reverse
transcriptase, labeled using biotin–16-dUTP (Boehringer Mannheim), and then hybridized to
membranes overnight with continuous agitation at 60°C. After washing, the
chemiluminescent detection was done and the arrays were exposed to X-ray film. The
intensity of each of the gene-specific spots within an individual array was normalized by
expressing values as percentages of total gene-specific spot intensity. This allowed
comparisons between array experiments. Macroarray hybridization was performed twice.

Cell viability assay
Cell viability was assessed by colorimetric measurement of LDH release according to the
manufacturer's protocol.

ELISA assays
ELISAs for VEGF and HO-1 were performed according to the vendor's protocol. VEGF
concentration was determined in conditioned media. HO-1 protein was detected in cell
lysates.

Western blotting
Confluent HaCaT were incubated with hemin for 24 h. Then cells were washed twice with
cold PBS without Ca2+ and Mg2+, scraped, centrifuged, and resuspended in 40 μl of PBS
with 1% Triton X-100, 0.1 μg/ml PMSF, 1 μg/ml aprotinin, and 1 μg/ml leupeptin. Protein
concentration was determined using the BCA method. Fifteen micrograms of each protein
samples was subjected on 12% SDS-PAGE gel and Western blotting was performed as
described elsewhere [13].

Transfection of the cells with siRNA
Two types of siRNA were used in experiments: siRNA synthesized by in vitro transcription
and siRNA obtained by chemical synthesis.

In vitro transcription of siRNA was performed following the manufacturer's instructions
(Ambion) using T7 polymerase. Products were cleaved at the end with RNases and DNases
and purified on the columns. The concentration of obtained siRNAs was measured using a
spectrophotometer with λ = 260 nm.

Cells were placed into 24-well plates 24 h before transfection to obtain confluence of about
60–80%. They were transfected with 25 nM of siRNA (sequence: 5′-
CUUUCAGAAGGGCCAGGUGUU-3′; 3-UUGAAAGUCUUCCCGGUCCAC-5′) using
siPORTlipid. After transfection with siRNA the cells were stimulated with hemin for 12 h.
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Chemically synthesized siRNA were obtained from Dharmacon. The cells were transfected
with 50 nM siRNA targeted against HO-1 human mRNA (sequence: 5′-
ACACUCAGCUUUCUGGUGGUU-3′; 3′-UUUGUGAGUCGAAAGACCACC-5′). As a
control scrambled siRNA (Dharmacon) was used. It was a proprietary nontargeting siRNA,
having at least 4 mismatches with all known human, mouse, and rat genes. For transfection
with chemically synthesized siRNA cells were plated 1 day before transfection. siRNA and
oligofectamine were separately diluted in Opti-MEM without serum, incubated 5 min at
room temperature, combined, and incubated for the next 20 min at room temperature.

After transfection with siRNA the cells were were kept in a normoxic or hypoxic
atmosphere for 24 h.

Determination of superoxide radical formation in HaCaT using EPR spectroscopy
The cyclic hydroxyloamine (CP-H) was used as a spin trap for quantitative measurement of
superoxide radical formation. As a product of the reaction between CP-H and superoxide (k
= 3.2 × 103 M−1 s−1), nitroxide radical (CP•) stable and resistant to reductants presented in
environment was formed. The amount of generated superoxide was determined by
monitoring the accumulation of the corresponding CP•. Quantification of superoxide radical
using 1 mM CP-H dissolved in PBS (50 mM; pH 7.4) was performed in HaCaT cell
suspensions (8 × 105–106 cells per sample). The amplitude of low-field component of
electron paramagnetic resonance (EPR) spectra was monitored every 3 min for a half an
hour. The one to one kinetics of the formation of CP• and almost linear increase in signal
amplitude gave important information about the velocity (nmol/min) of superoxide radical
formation which was obtained from the equation of linear regression.

Stable paramagnetic TEMPOL was used as a standard to establish the amount of free
radicals in samples. Error bars and errors from particular linear coefficients were added as a
sum of standard deviation. To avoid the metal-catalyzed oxidation of CP-H 250 μM
deferoxamine was added as a chelating agent (20 mM CP-H, 5 mM deferoxamine).

Measurement was performed using ESP300E EPR spectrometer (Bruker, Germany) in a
200-μl quartz cuvette at room temperature. The EPR settings were as follows: field center
3390 G, sweep width 100 G, microwave frequency 9.62 GHz, microwave power 10 mW,
modulation amplitude 9.46e–02 G, conversion time 81.92 ms, time constant 163.84 ms and
sweep time 83.89 s.

Determination of intracellular ROS generation using DCFH-DA oxidation
HaCaT cells were stimulated with hemin or SnPPIX and DCFH–DA (2′,7′-
dichlorodihydrofluorescein diacetate, 10 μM) was added to the cells 1 h before media were
collected DCFH-DA is a nonpolar and nonfluorescent ester that penetrates cells freely.
Intracellular esterase hydrolyzes it to 2′,7′-dichlorodihydrofluorescein (DCFH). DCFH has
been shown to be oxidized to the fluorescent compound 2′,7′-dichlorofluorescein (DCF) in
the presence of hydrogen peroxide (H2O2). The fluorescence (excitation 485 nm, emission
535 nm) was determined in cell lysates and normalized to the total protein content.

Endothelial cell proliferation and angiogenic spheroid assay
BrdU incorporation assay—Human umbilical vein endothelial cells (HUVEC) were
freshly isolated from umbilical veins of newborn babies by collagenase digestion. Cells were
incubated in M-199 medium supplemented with FCS (20%), endothelial cell growth
supplement (ECGS), Hepes, heparin, L-glutamine, and antibiotics. Experiments were
performed on cell cultures at second, third, or fourth passages.
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For determination of cell proliferation HUVEC (3000 cells/well) were cultured in DMEM
with 0.5% FCS (DMEM was a medium used for experiments on HaCaT) with addition of
VEGF165 (10 ng/ml) or conditioned media collected from HaCaT cultured under different
conditions. After a 24-h incubation period, BrdU was added for 2 h and proliferation was
measured using the BrdU incorporation assay, performed according to the vendor's protocol.

Capillary sprouting—Experiments were performed according to the procedure described
by Korff and Augustin [28] in medium with 10% FCS, but without ECGS. In brief, in order
to generate endothelial cell spheroids, 750 cells were suspended in culture medium
containing 0.25% (w/v) carboxymethylcellulose, and seeded in nonadherent round bottom
96-well plates. For 24 h all suspended cells contributed to the formation of a single spheroid.
These spheroids were harvested and embedded in collagen gels, prepared by mixing acidic
collagen extract of rat tails with 10X DMEM medium and 0.1 N NaOH. Under these
conditions spheroids formed capillary-like sprouts, which were inspected and measured after
24 h, using digitized imaging system connected to an inverted microscope. The effect of
conditioned media on the capillary-like sprouts formation was determined.

Statistical analysis
All experiments were performed in at least duplicates and were repeated up to 12 times.
Data are presented as means ± SE. Statistical evaluation was done with Student's t test for
comparison between two groups. ANOVA followed by Tukey post hoc test was used for
multiple group comparisons. Differences were accepted as statistically significant at P <
0.05.

Results
Hemin induces HO-1 expression and enhances HO activity in HaCaT keratinocytes

In the first series of experiments cells were cultured in media Dcontaining 5.5 mM glucose.
Basal expression of HO-1 was low in nontreated cells (Figs. 1A-C). Hemin induced HO-1
expression in keratinocytes, as determined by RT-PCR (Fig. 1A), Western blot (Fig. 1B),
and ELISA (Fig. 1C). Accordingly, induction of HO-1 resulted in increased enzymatic
activity, as demonstrated by enhanced generation of bilirubin by cells treated with hemin.
This was confirmed by measurements of bilirubin in cell lysates (Fig. 1D) and released into
culture media (Fig. 1E). Addition of SnPPIX, a potent blocker of HO activity, decreased the
amount of generated bilirubin (Figs. 1D and E).

Dual effect of heme on VEGF production in HaCaT
Under basal conditions, HaCaT keratinocytes produce easily detectable quantities of VEGF,
which, depending on the experiment, can vary between 100 and 400 pg/ml/24 h per 105

cells. Treatment with hemin and induction of HO-1 was paralleled by enhancement of
VEGF expression, as determined by RT-PCR (Fig. 2A) and VEGF protein measurement in
culture media (Fig. 2B). Hemin also exerted a similar stimulatory effect on VEGF
production in human primary keratinocytes (data not shown). Treatment with SnPPIX (10
μM) decreased VEGF production in HaCaT cells (Fig. 2B), indicating the involvement of
HO activity. However, in the majority of experiments prolonged (24 h) treatment with
hemin did not enhance VEGF synthesis, and may even inhibit it, the effect associated with
decreased viability of the cells (not shown). Therefore, in the next experiments we
determined the effect of shorter stimulation with hemin, to induce the HO-1 expression but
to avoid the toxic effect of large amounts of heme. As shown on Fig. 2C, short, 1-h
treatment with hemin, followed by a 23-h incubation in fresh medium, did not significantly
influence the VEGF production (Fig. 2C, left part). However, a 6-h stimulation followed by
18 h culture in a fresh medium resulted in significant induction of VEGF release (Fig. 2C,
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right part) and no toxicity was observed. Therefore, in the following experiments we choose
the latter protocol.

Hemin activates VEGF full-length promoter
HaCaT cells transiently transfected with plasmid encoding the VEGF full-length promoter
and stimulated with hemin (30 μM) showed about two times higher luciferase activity as
compared to unstimulated cells. The induction was even more potent than after cobalt
chloride (CoCl2) treatment, which was used to mimic hypoxia (Fig. 3A). However, hemin
had no effect on hypoxia-responsive element (HRE) fragment of this promoter (Fig. 3B),
suggesting that HIF-1 is not involved in this activation. To confirm the latter observation
HIF-1 activity was evaluated in nuclear extracts prepared from cells after hemin stimulation.
HaCaT keratinocytes exposed to hemin for 6 h showed decreased HIF-1 activity. This effect
was even more potent after additional 18 h of incubation without heme (Fig. 3C).

The activity of other transcription factors, c-myc, c-Jun, STAT-1 and ATF-2 determined by
TransAm assay, did not change significantly after hemin treatment (not shown).

Inhibition of HO-1 expression by siRNA attenuates VEGF synthesis
Protoporphyrins, although being potent blockers of HO activity, exert effects which are HO
independent [29,30]. Therefore, to confirm the role of HO-1 in induction of VEGF synthesis
we additionally used siRNA to specifically block HO-1 expression. As shown in Fig. 4,
transfection of siRNA (25 nM) inhibited hemin-induced HO-1 mRNA expression (Fig. 4A),
protein synthesis (Fig. 4B), and diminished HO activity (Fig. 4C). Accordingly, VEGF
protein synthesis was lower in cells transfected with siRNA specifically targeted HO-1
mRNA (Fig. 4D).

Hemin attenuates the inhibitory effect of high glucose on VEGF synthesis
Next experiments were performed in media containing either low (5.5 mM) or high (25 mM)
glucose concentrations. Hemin (10–30 μM) was added to the cells for 6 h followed by 18 h
of incubation in hemin-free media.

RT-PCR showed that HO-1 expression was low in cells cultured both in LG and in HG (Fig.
5A) and that heme treatment induced HO-1 potently under both conditions already after 6 h
stimulation (Fig. 5A). Expression then decreased but was enhanced up to 24 h after hemin
removal (not shown). Basal VEGF expression was lower in cells cultured in 25 mM glucose
(Figs. 5A and B). Expression of HO-2, a constitutive isoform did not change (Fig. 5A).

In accordance with mRNA data, production of VEGF protein was significantly lower in
cells cultured in HG (77.2 ± 19.7% of VEGF produced by cells cultured in LG media, n =
12 independent experiments, P < 0.05; see also Fig. 5B for representative experiment). This
impairment in VEGF synthesis was independent of the time of culture in high glucose and
occurred after both 48 h and longer (2 weeks) incubation of HaCaT cells in HG (not shown).

As in previous experiments (Fig. 2) the amount of VEGF protein was significantly enhanced
by hemin treatment in cells cultured in LG media. Importantly, it was much more strongly,
up to 4-fold, upregulated in cells cultured in HG (Fig. 5B). Therefore, such a strong effect of
hemin stimulation restored VEGF synthesis in cells cultured in HG, which was no longer
different after HO-1 induction from that observed in cells cultured in LG (Fig. 5B).
Importantly, SnPPIX, added to the cells at equimolar concentrations with hemin completely
abolished induction of VEGF synthesis, while CuPPIX, which does not affect HO activity
[25], was not effective as shown for cells cultured in 25 mM glucose (Fig. 5C). A similar
effect has been observed in HaCaT cultured in 5.5 mM glucose (not shown).
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In contrast to the experiments performed in LG, the activity of c-Jun was significantly
upregulated in HaCaT cultured in high glucose and stimulated with hemin (198 ± 32% vs
nonstimulated cells, P < 0.05). The activity of other transcription factors investigated (c-
Myc, STAT-1, and ATF-2) did not change significantly (data not shown).

Hypoxia is a potent inducer of VEGF synthesis and is able to increase HO-1 in HaCaT
keratinocytes

HaCaT cells cultured in 1% oxygen generated significantly more VEGF than keratinocytes
kept in normoxia as determined by RT-PCR (Fig. 6A), macroarray hybridization (Fig. 6B),
and ELISA (Fig. 6C). Quantitative real-time RT-PCR demonstrated an enhanced expression
of HO-1 in hypoxia after both 6 and 24 h (Fig. 6D). ELISA measurement of HO-1 protein in
cell lysates showed about 3-fold increase in HO-1 protein level after 24 h hypoxia (Fig. 6E).
Treatment with siRNA attenuated the HO-1 mRNA expression in hypoxia to 28.8 ± 8%, as
determined by real-time RT-PCR. Accordingly, VEGF synthesis decreased concomitantly,
indicating the involvement of HO-1 in hypoxic induction of VEGF in HaCaT keratinocytes
(Fig. 6F).

Treatment with heme under hypoxic conditions additionally upregulated HO-1 expression,
as shown by ELISA (Fig. 7A) and augmented hypoxia-induced VEGF synthesis (Fig. 7B).
Again, treatment with SnPPIX (30 μM) significantly decreased VEGF generation under
hypoxic conditions, while CuPPIX, which is not a HO-1 inhibitor, did not affect VEGF
production as shown for cells cultured in 25 mM glucose (Fig. 7C). A similar effect has
been observed in cells cultured in 5.5 mM glucose (not shown).

Human keratinocytes exposed to heme generate large amounts of free radicals
Heme is a potent prooxidant [11]. Indeed, treatment with hemin resulted in significantly
enhanced superoxide radical formation as determined by EPR spectroscopy. The basal rate
of superoxide radical generation in nontreated cells cultured in LG was 26 ± 1.24 nmol/min,
but after hemin treatment formation of this component increased 5.77 ± 1.24 times.
Moreover, DCF Dmeasurement showed upregulation of hydrogen peroxide formation after
hemin (Fig. 8A). Hydrogen peroxide generation tended to be higher in cells cultured in high
glucose than in low glucose (Figs. 8A and B), while the superoxide production did not differ
(not shown). Treatment with SnPPIX very strongly augmented hydrogen peroxide
generation inside the cells cultured both in low and in high glucose (Fig. 8A). Importantly,
such an increase in ROS production was not connected with enhanced toxicity, and the LDH
level after SnPPIX treatment was even lowered (not shown), confirming such an effect of
SnPPIX described in our previous study [30].

However, when cells were treated with hemin for 1 h only, followed by 5 h of incubation in
fresh media, the ROS formation was significantly decreased in HaCaT cultured both in low
and in high glucose (Fig. 8B), indicating that HO-1 induction decreases the ROS production.

Addition of N-acetylcysteine (1 mM) decreased hemin-induced VEGF synthesis in HaCaT
cells cultured in 25 mM glucose (Fig. 8C). A similar effect has been observed in cells
cultured in 5.5 mM glucose (not shown).

Effect on endothelial cell proliferation and angiogenic response of endothelial cells
Conditioned media collected from keratinocytes treated with hemin when added to HUVEC
stimulated their proliferation (Fig. 9A). Importantly, inhibition of HO activity by SnPPIX
attenuated the BrdU incorporation, while CuPPIX was not effective, indicating the
involvement of HO-1 in endothelial cell proliferation.
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Accordingly, addition of conditioned media from HaCaT treated with hemin or cultured in
hypoxia enhanced the formation of capillaries determined in the spheroid assay (Figs. 9B
and C). Treatment with SnPPIX attenuated this response.

Discussion
Release of heme by skin injury creates an oxidative environment which immediately
influences the expression of numerous genes in the surrounding tissue. The induction of
HO-1 expression by free heme represents the first line of defense against this oxidant [31].
Moreover, as the results of the present experiments indicate, HO-1 plays an important role in
the regulation of VEGF expression in the skin. Thus, the salient findings of this study are:
(1) a short-term (6 h) heme treatment enhances the synthesis of VEGF in human
keratinocytes; (2) HO-1 is involved in the hemin-mediated induction of VEGF synthesis; (3)
HO-1 induction restores impaired VEGF production in cells cultured under hyperglycemic
conditions; (4) HO-1 is induced under hypoxic conditions in human keratinocytes; (5) the
production of VEGF in hypoxic HaCaT is dependent on HO-1 induction; and (6) the
angiogenic potency of keratinocytes is potentiated by hemin treatment.

The present study elucidates the discrepant data on the role of heme in the induction of
VEGF expression. It has been demonstrated in early papers that heme treatment does not
influence VEGF expression in vascular smooth muscle cells [32], despite induction of
HO-1. Moreover, some reports suggested the inhibition of VEGF synthesis by heme [33].
Our present data demonstrate that all such effects can in fact occur under certain conditions.
First, we showed that long-term (24 h) treatment with heme induces HO-1 and VEGF
expression in keratinocytes. However, it may also be that this prolonged stimulation results
in impairment of VEGF production. This effect can be attributed to the toxic influence of
heme on the cells (not shown). Therefore, the inhibition of VEGF synthesis observed in
some studies in which the high concentrations of heme were applied onto the cells for a long
time is rather due to the direct, heme-mediated cell injury than to the HO-1 activity.
Nevertheless, it is also possible that iron, a by-product of HO-1 activity, can inhibit VEGF
synthesis [18].

On the other hand, short (6 h) treatment with heme, followed by 18 h of incubation in heme-
free media resulted in potent induction of VEGF expression and protein synthesis. We
suppose that such a situation may occur in small wounds, when the amount of released heme
is not very high, and when only a part of free heme reaches the more distant cells. In such
circumstances induction of HO-1 provides not only the protection against heme but may also
serve as the first inducer of the proangiogenic shift leading to effective wound healing. In
fact, the concentration of heme in large hematoma may be up to several hundred
micromolars, as observed in subarachnoid hematoma [34]. We are not aware of data on the
concentration of heme in skin wounds; however, we can presume that it might be similar as
reported for brain hematoma. Therefore, removal of heme by HO-1 activity may be critical
for the upregulation of VEGF synthesis.

Those observations are in our opinion also of importance for the situation when small
amounts of heme are released in skin cells from heme proteins, which occurs, for example,
during the UV irradiation. Tyrrell et al. have observed that heme is released from
microsomal heme-containing proteins by UVA and other oxidants and that activation of
HO-1 expression by UVA correlates with levels of heme released [35]. It is known that
UVB is also a potent inducer of VEGF production in skin cells [6]. Therefore, it remains to
be established whether HO-1 is involved in this process. Importantly, UVB exposure is also
a procarcinogenic insult [36] and it will be of great interest to determine to which extent the
induction of HO-1 contributes to enhancement of tumor angiogenesis in skin carcinomas.
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The induction of VEGF by heme in keratinocytes appears to be more potent than in other
cell types studied so far, such as vascular smooth muscle cells [18] or endothelial cells
[15-17]. This effect is particularly pronounced in cells cultured in glucose-rich media. It
seems therefore, that heme and HO-1 action can be cell type and other condition dependent.

The improper tissue repair after wounding, so characteristic for diabetic patients, is
correlated with vascular, neuropathic, immune, and biochemical abnormalities [9]. Increased
ROS generation is one of the postulated factors, which may contribute to impaired wound
healing in hyperglycemic patients [37]. Early studies indicated that a defect in VEGF
regulation might be associated with wound healing disorders in genetically diabetic db/db
mice [8]. In the present study we observed slightly increased hydrogen peroxide (but not
superoxide radical) generation and significantly diminished VEGF synthesis in HaCaT cells
cultured in media containing high glucose concentrations. Pharmacological stimulation of
HO-1 by short-term hemin treatment, resulting in decreased ROS generation, was able to
overcome hyperglycemia-induced impairment in VEGF production. Thus, normalization of
ROS generation by HO-1 may explain the restoration of VEGF synthesis. On the other hand
too strong production of ROS after SnPPIX treatment, a potent blocker of HO activity, may
underline the attenuation of VEGF synthesis. Interestingly, treatment with N-acetylcysteine,
a potent antioxidant, attenuated VEGF synthesis, indicating the involvement of ROS in
HO-1-mediated VEGF production. In fact, NAC can directly scavenge the hydroxyl radical,
which can be produced after heme treatment [38].

It remains to be established whether chronic impairment of VEGF production, which occurs
in diabetic patients, can be reversed by HO-1. Overexpression of various genes has been
tested as the way to improve the impaired skin vascularization. The application of AAV
vectors harboring VEGF cDNA resulted in the acceleration of wound healing [39]. Gene
transfer of KGF, a fibroblast growth factor-7 (FGF-7), has augmented the formation of
blood vessels [40]. Recently, Luo et al. have shown that gene transfer of endothelial nitric
oxide synthase (eNOS) or superoxide dismutase (SOD) overcomes the impairment of skin
regeneration in diabetic animals [41], due to augmentation of the synthesis of VEGF.
Interestingly, it can be also hypothesized that HO-1 is the mediator of angiogenesis induced
by transfer of eNOS, SOD, or KGF, as NO and ROS are potent inducers of HO-1 expression
[1,12,42]. In our previous studies NO-dependent VEGF synthesis in vascular smooth muscle
cells was attenuated by SnPPIX, suggesting the involvement of HO-1 in that process [18].
Whether HO-1 is involved in NO-induced VEGF production during skin repair remains to
be investigated. Similarly, both H2O2 treatment and SOD overexpression induce HO-1 and
we have recently shown that SOD1 overexpression enhances VEGF synthesis in fibroblasts
[26]. Angiogenesis was also augmented in the skin of SOD1 transgenic mice [43].

Interestingly, as demonstrated in the present study, HO-1 is upregulated in human
keratinocytes cultured under decreased oxygen tension. Hypoxia, which may occur during
the very early phase of wound healing (about 6 h after injury) [44], induces many genes
involved in the protection of cells and tissue against consequences of decreased oxygen
tension. Previously, it was shown that hypoxia regulates HO-1 gene expression in a different
manner in human and animal cells [13-15,45] with HO-1 being downregulated in human
cells. Surprisingly, in the present study we demonstrated about 3-fold increase of this protein
in human keratinocytes cultured under decreased oxygen tension. Moreover, heme further
upregulated HO–1 protein under hypoxic conditions. Furthermore, in HaCaT keratinocytes
induction of VEGF expression by hypoxia appears to be HO-1 dependent, as confirmed by
inhibition of VEGF expression with siRNA against HO-1 and by SnPPIX but not CuPPIX
treatment. Interestingly, such a link may not work in other human cell types, e.g., human
microvascular endothelial cells, in which HO-1 is not induced by hypoxia and upregulation
of VEGF synthesis in hypoxia is not reliant on HO-1 [15,46].
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Finally, we observed that the stimulation of HaCaT keratinocytes with hemin or hypoxia
enhanced their angiogenic potency, as conditioned media collected under such conditions
enhanced proliferation of HUVEC and augmented capillary formation in the spheroid assay
in vitro. These observations confirm our previous data on the proangiogenic effect of HO-1
in endothelial cells [16].

Our studies may be of relevance also for the role of HO-1 in tumor angiogenesis. Induction
of VEGF and other angiogenic molecules by tumor cells which overexpress HO-1 may be
critical for tumor progression. Additionally, overexpression of HO-1 may protect tumor cells
from oxidative injury, giving them additional advantages over normal cells and preventing
the activity of chemotherapeutic agents [47].

In conclusion, induction of HO-1 expression by hemin in HaCaT keratinocytes may
constitute the first line of stimulation of angiogenesis in the wound through the paralleled
upregulation of VEGF synthesis. Moreover, overexpression of HO-1 may be able to
overcome the impaired VEGF production in diabetic patients and in this way restore the
proper wound healing process.
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Abbreviations:

HO-1 heme oxygenase-1

BVR biliverdin reductase

VEGF vascular endothelial growth factor

ROS reactive oxygen species

FCS fetal calf serum

DMEM Dulbecco's modified Eagle medium

LDH lactate dehydrogenase

SnPPIX tin protoporphyrin IX

CuPPIX copper protoporphyrin IX

NAC N-acetylcysteine

BCA bicinchonic acid

FCS fetal calf serum

HIF-1 hypoxia inducible factor-1

RT-PCR reverse transcription–polymerase chain reaction

PMSF phenylmethylsulfonyl fluoride

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

CP-H cyclic hydroxyloamine
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DCFH–DA 2′,7′-dichlorodihydrofluorescein diacetate

DCFH 2′,7′-dichlorodihydrofluorescein

DCF 2′,7′-dichlorofluorescein

HUVEC human umbilical vein endothelial cells

ECGS endothelial cell growth supplement

eNOS endothelial nitric oxide synthase

SOD superoxide dismutas
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Fig. 1.
Hemin increases the expression of HO-1. HaCaT keratinocytes were treated with hemin for
24 h. Hemin increased HO-1 expression in a dose-dependent manner as determined by RT-
PCR (A). HO-1 protein level evaluated by Western blot analysis and ELISA (B and C,
respectively) and HO activity measured in cell lysates (D) and by release of bilirubin into
culture media (E) were also upregulated. Note inhibited HO activity after SnPPIX (10 μM)
treatment. Means ± SE of three independent experiments. * P < 0.05 vs control, # P < 0.05
vs cells stimulated with hemin.
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Fig. 2.
Effect of hemin on VEGF gene expression and VEGF protein synthesis in HaCaT
keratinocytes. Representative RT-PCR (A) showing paralleled induction of HO-1 and VEGF
gene expression after hemin treatment. RNA was isolated after 24 h. (B) Hemin-induced
VEGF protein level measured by ELISA after 24 h in HaCaT cells was attenuated by
SnPPIX (10 μM), a potent blocker of HO activity. Comparative diagram (C) shows the lack
of effect on VEGF synthesis after 1 h hemin treatment followed by 23 h incubation in
hemin-free media and significant upregulation of VEGF release, when stimulation was
prolonged to 6 h followed by 18 h incubation in heme-free conditions. B and C, means ± SE
of three independent experiments. * P < 0.05 vs control, # P < 0.05 vs cells stimulated with
hemin, NS, not significant.
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Fig. 3.
Effect of hemin on VEGF promoter. For determination of promoter activity (A), HaCaT
cells were transfected with VEGF-luc plasmid containing luciferase gene driven by human
VEGF full-length promoter. After 24 h keratinocytes were stimulated with hemin. The
luciferase production was determined in the cellular extracts 48 h after transfection. Cobalt
chloride (CoCl2) was used to mimic hypoxia. HRE (a part of VEGF promoter) activation
(B) was assayed in a similar way as VEGF full-length promoter. CoCl2 stimulation was
performed, again, as a positive control for HRE activation. (C) HaCaT cells were treated
with hemin for 6 h and nuclear fractions were collected just after that treatment or after
additional 18 h incubation in media without hemin. * P < 0.05 vs control, NS, not
significant.
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Fig. 4.
siRNA sequence designed to block HO-1 mRNA expression decreases hemin-induced
VEGF synthesis in HaCaT keratinocytes. Cells were transfected with siRNA (25 nM) 24 h
before treatment with hemin. Representative RT-PCR (A) showing inhibitory effect of
siRNA on hemin-induced HO-1 gene expression in HaCaT keratinocytes. Decrease in HO-1
protein level was confirmed by Western blot analysis (B). Beyond inhibitory effect on HO-1
mRNA and protein level siRNA diminished also hemin-enhanced HO activity (C) measured
by bilirubin release into culture media and hemin-induced VEGF synthesis (D). Mean ± SE,
one of three independent experiments. * P < 0.05 vs control, # P < 0.05 vs hemin.
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Fig. 5.
Effect of hemin treatment on VEGF synthesis in hyperglycemic HaCaT keratinocytes.
Representative RT-PCR (A) showing expression of examined genes under both normo- and
hyperglycemic conditions after 6 h stimulation with hemin. Note that VEGF expression was
diminished in HaCaT cultured under high glucose concentration, whereas constitutive
isoform of HO (HO-2) did not change after hemin stimulation. (B) Short term (6 h)
incubation with hemin followed by 18 h culture in hemin free media resulted in upregulation
of VEGF protein synthesis both in 5.5 mM (left part) and in 25 mM (right part) glucose.
Note that VEGF production was diminished in HG and hemin was able to overcome this
impairment. Similar results have been observed in 12 independent experiments. (C)
Treatment with SnPPIX attenuated hemin-induced VEGF synthesis, while CuPPIX was not
so effective, as demonstrated for cells cultured in 25 mM glucose. Means ± SE of three
independent experiments. * P < 0.05 vs control, # P < 0.05 vs hemin, ** P < 0.05 vs control
in 5.5 mM glucose.
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Fig. 6.
Hypoxic effect on VEGF and HO-1 expression in HaCaT keratinocytes. Hypoxia (1% O2)
strongly upregulated VEGF gene expression. This effect was confirmed by RT-PCR (A) and
macroarray analysis (B, arrow, VEGF) of RNA samples isolated from cells kept for 24 h
either in normoxia or in hypoxia. (C) HaCaT keratinocytes cultured under decreased oxygen
tension produced more VEGF than cells kept in regular atmospheric conditions as
determined by ELISA. Means ± SE of 10 independent experiments. Concomitantly, HO-1
was also upregulated under hypoxic conditions as shown by real-time RT-PCR (D) after
both 6 and 24 h incubation in hypoxia. ELISA measurement (E) confirmed the induction of
HO-1 protein. Transfection of siRNA (F) specific for HO-1 mRNA attenuated the synthesis
of VEGF in comparison to cells treated with scrambled (control) siRNA both in normoxia
and in hypoxia. E and F, one of three independent experiments. * P < 0.05 vs normoxia, # P
< 0.05 vs scrambled.
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Fig. 7.
Hemin potentiates the hypoxic effects in human keratinocytes. Concomitant treatment with
heme and hypoxia (1% O2) for 24 h resulted in more potent upregulation of HO-1 (A) and
VEGF (B) protein synthesis. (C) SnPPIX, but not CuPPIX decreased VEGF synthesis in
hypoxia, as shown for cells cultured in 25 mM glucose. Means ± SE of three independent
experiments. * P < 0.05 vs control in normoxia, # P < 0.05 vs control in hypoxia.
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Fig. 8.
Generation of reactive oxygen species in cells growing in 5.5 and 25 mM glucose. (A)
Hemin significantly induced ROS production in both cell cultures and this effect was even
more potent in the presence of SnPPIX (10 μM). Increase in hydrogen peroxide generation
was detected using DCF measurement performed 24 h after stimulation with hemin and/or
SnPPIX. Representative of three independent experiments. Opposite (inhibitory) effect (B)
on hydrogen peroxide formation was observed when hemin was added to the cells only for 1
h followed by 5 h incubation in hemin-free media. (C) Treatment with N-acetylcysteine
prevented hemin-induced VEGF synthesis, as shown for cells cultured in 25 mM glucose.
Means ± SE of three independent experiments. * P < 0.05 vs control in 5.5 mM glucose, **
P < 0.05 vs control in 25 mM glucose, # P < 0.05 vs hemin in 5.5 mM glucose, ## P < 0.05
vs hemin in 25 mM glucose.
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Fig. 9.
Effect of HO-1 induction or inhibition on endothelial cell proliferation and angiogenic
spheroid assay. (A) VEGF (10 ng/ml) significantly enhanced HUVEC proliferation in
comparison to cells cultured in basal medium (DMEM with 0.5% FCS). Addition of the
same type of basal media collected from HaCaT cultured in the presence of hemin
significantly influenced HUVEC proliferation. Importantly, SnPPIX, but not CuPPIX,
attenuated BrdU incorporation. Representative of three independent experiments. (B)
Representative pictures of spheroids consisted of HUVEC cells cultured in collagen with the
addition of conditioned media from HaCaT. Note increased sprouts formation when
conditioned media from hemin and hypoxia-treated HaCaT were added. Media from HaCaT
treated with SnPPIX attenuated sprout formation. (C) Quantitative analysis of capillaries
from HUVEC spheroids. Mean ± SE of eight spheroids per group. * P < 0.05 vs control, # P
< 0.05 vs hemin.
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