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Abstract

Through hypoxia-inducible factor 1 (HIF-1), hypoxia regulates the expression of numerous genes and is a potent
inducer of angiogenesis. However, interleukin-8 (IL-8), an important angiogenic mediator, has been reported to be
downregulated by HIF-1, although the mechanisms have not been elucidated. HIF-1 was induced in human
endothelial cells by hypoxia and dimethyloxaloylglycine (DMOG). Interestingly, both hypoxia and DMOG at-
tenuated IL-8 expression, and a similar effect has been obtained by adenoviral overexpression of the stable form of
HIF-1o. Heme oxygenase-1 (HO-1) expression was also downregulated by HIF-1 induction. This suggests similar
mechanisms of regulation of IL-8 and HO-1, indicating the involvement of Nrf2, a transcription factor previously
linked to hypoxia-mediated inhibition of HO-1. Indeed, HIF-1-mediated downregulation of both IL-8 and HO-1
was associated with both lowered Nrf2 expression and induction of Bachl, a repressor of Nrf2 transcriptional
activity. Accordingly, overexpression of Nrf2 reversed the inhibitory effect of HIF-1 on IL-8 and HO-1 expression.
However, neither overexpression of HO-1 nor HO-1 inhibition affected IL-8 synthesis. The data indicate that
HIF-1-dependent inhibition of IL-8 expression is caused by downregulation of Nrf2. However, expression of IL-8 is
independent of HO-1. Cross-talk between HIF-1 and Nrf2 may influence the outcome of anti-angiogenic therapies
aimed at targeting HIF-1. Antioxid. Redox Signal. 11, 1501-1517.

Introduction the promoter region of many genes (6). HIF-1o. hydroxylation

is abolished in hypoxia and also diminished by treatment

THE HYPOXIA-DEPENDENT REGULATION of genes involved
in angiogenesis, glucose metabolism, maturation of red
blood cells, and cell proliferation occurs at the transcriptional
level and is to a large extent mediated by hypoxia-inducible
factor 1 (HIF-1), a transcription factor which consists of o« and
f subunits (32). In contrast to the HIF-1§ subunit, HIF-1« is
degraded at normal oxygen concentration due to the hy-
droxylation of HIF-1x prolines 402 and 564, mediated by
specific oxygen-, iron- and 2-oxoglutarate-dependent proline
hydroxylases (PHDs) (31). HIF-1 cooperates with a functional
p300 and/or CBP homologous transcriptional coactivators,
binding to the hypoxia responsive element (HRE) present in

with hypoxia mimics, including 2-oxoglutarate analogues,
such as N-oxaloylglycine (NOG) or its cell-permeable pre-
cursor dimethyloxaloylglycine (DMOG) (9).

It is well understood that hypoxia arising in various path-
ological conditions is a potent inducer of angiogenesis. Ac-
cordingly, the expression of the main angiogenic mediator,
vascular endothelial growth factor (VEGF) is strongly en-
hanced under reduced oxygen tension (17). The expression of
interleukin-8 (IL-8), a potent chemoattractant for neutrophils
and T lymphocytes, controller of leukocyte survival (7), and
mediator of angiogenesis (34), cancer growth, and metasta-
sis (33), is regulated by various tumor microenvironmental
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factors including hypoxia (12). Low oxygen tension also in-
fluences the expression of the stress inducible protein, heme
oxygenase-1 (HO-1), which degrades heme to carbon mon-
oxide, iron, and biliverdin (27). However, the effect of hypoxia
on HO-1 expression is cell-type dependent. Recent studies (14,
24) demonstrated that at least in some human cells, particu-
larly in endothelium, HO-1 is not induced or may be even
attenuated by hypoxia.

HO-1 and IL-8 regulation by their multiple inducers is
tightly controlled at the transcriptional level. NF-E2-related
factor 2 (Nrf2), a member of the basic leucine zipper (bZIP)
transcription factors family, is a potent activator of antioxi-
dant response element (ARE)-mediated gene expression, and
is involved both in IL-8 (37) and HO-1 (4) regulation. Inter-
estingly, HO-1 dependent (26, 29) or independent (11, 18)
regulation of IL-8 expression has recently been reported.
Thus, cobalt protoporphyrin (CoPPIX), a potent HO-1 inducer
has been shown to enhance IL-8 expression both in an HO-1-
dependent (29) and independent (18) manner. Finally, HIF-1
induction by very high cobalt chloride (CoCl,) concentrations
enhanced IL-8 synthesis (13) although the unspecific influence
of such high doses of CoCl, on HIF-1 was suggested by usin a
comment to that paper (2). On the other hand, Ockaili et al.
(26) claimed that induction of HO-1 by hypoxia attenuated
TNF-induced IL-8 expression in human endothelial cells. To
investigate the mechanisms of regulation of IL-8 by HIF-1 and
to elucidate the aforementioned discrepancies, we decided to
test the effect of HIF-1 induction on IL-8 and HO-1 expression
in human endothelial cells. We provide here strong evidence
that, in human endothelial cells, attenuation of IL-8 synthesis
due to HIF-1 activation occurs in an HO-1 independent
manner. Moreover, our results indicate that blocking of Nrf2
signaling pathway is responsible for HIF-1-mediated inhibi-
tion of IL-8 expression.

Materials and Methods
Reagents

Dimethyloxaloylglycine (DMOG), N-oxaloylglycine (NOG),
and chetomin were obtained from Alexis Biochemicals
(Warszawa, Poland). Tin protoporphyrin-IX (SnPPIX) was
purchased from Porphyrin Products (Carnforth, Lancashire,
England). Prostaglandin-J2 (PGJ2) was obtained from Biomol
(Warszawa, Poland). The ELISA kits for human IL-8 and
VEGF were procured from R&D Systems Europe (Warszawa,
Poland) and the ELISA kit for human HO-1 was from
Stressgen (Warszawa, Poland). TransAM assays for Nrf2 and
HIF-1 activation were purchased from Active Motif (Rix-
ensart, Belgium). The cell proliferation BrdU ELISA kit was
bought from Roche (Warszawa, Poland). Endothelial cell
growth supplement (ECGS) was obtained from Upstate Bio-
technology (Warszawa, Poland). Oligo(dT) primers, dNTPs,
MMLYV reverse transcriptase, and Luciferase Activity Assay
were obtained from Promega (Gdansk, Poland). The Great
Escape SEAP Chemiluminescent Detection kit was from
Clontech BD Biosciences (Chorzow, Poland). SuperFect
Transfection Reagent was procured from Qiagen (Wroclaw,
Poland). M199 medium and fetal bovine serum (FBS) were
from PAA (Lodz, Poland). Primary antibodies: rabbit poly-
clonal anti-Nrf2, rabbit polyclonal anti-HIF1«, goat polyclonal
anti-Bachl and goat polyclonal anti-HO-1 were from Santa
Cruz Biotechnology (Lodz, Poland). Mouse monoclonal anti-
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o-tubulin primary antibody was from Calbiochem (Warszawa,
Poland). Lipofectamine2000 and oligofectamine were ob-
tained from InVitrogen (Warszawa, Poland), and scrambled,
HIF-1 and HO-1 siRNA from Dharmacon (Gdansk, Poland).
Adeno-X Adenoviral Expression System and Adeno-X Rapid
Titer ELISA kit were purchased from Clontech. Unless stated
otherwise, other reagents were from Sigma-Aldrich (Poznan,
Poland).

Cell culture and incubation experiments

Human microvascular endothelial cells (HMEC-1) and
human umbilical vein endothelial cells (HUVEC) were cul-
tured as described previously (21). In brief, HMEC-1 cells
were cultured in a MCDB 131 medium containing 10% FBS, L-
glutamine (2 mM), EGF (10 ng/ml), hydrocortisone (1 ug/ml),
and antibiotics. HUVEC cells were isolated from umbilical
veins by collagenase digestion and cultured in M199 medium
supplemented with 10% FBS, ECGS, heparin, L-glutamine
(2mM), hydrocortisone (1ug/ml), and antibiotics. Mouse
NIH3T3 fibroblasts were purchased from American Type
Culture Collection (Manassas, VA) and cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 25 mM
glucose, 10% FBS, and antibiotics. Cells were cultured in an
incubator containing 5% CO,, at 37°C and 95% humidity.

For induction of HIF-1, cells were cultured in hypoxia (1%
O,, 5% CO,, 94% N,) or treated with DMOG (250-1,000 uM)
or NOG (500-1,000 uM) for various time points. For inhibi-
tion of HO activity, SnPPIX (10 uM) was applied 1h before
stimulation. Solvents (0.1 M NaOH for SnPPIX, DMSO for
DMOG and NOG) at appropriate concentration were in-
cluded in controls. Moreover, transduction with an adenovi-
ral vector containing AdHIFla ¢cDNA was performed and
after 48 h the appropriate tests were conducted.

In experiments with PGJ2 treatment, cells were pretreated
for 1h with DMOG and then costimulated with PGJ2 and
DMOG for the next 24 h. Similarly, when chetomin and DMOG
were used together, chetomin was added to the cells 30 min
prior to DMOG administration.

The effect of DMOG (250-1,000 uM) on endothelial cell
viability and proliferation has been determined by nonradio-
active cytotoxic lactate dehydrogenase (LDH) assay (Prome-
ga) or cell proliferation BrdU ELISA kit (Roche), respectively,
according to manufacturer’s instructions.

Transfection with reporter plasmids

HMEC-1 cells growing to 70% confluence in 24-well plates
were transfected as described previously (18) with a construct
containing the HRE fragment of the VEGF promoter (kindly
provided by Dr. Hideo Kimura, Chiba, Japan) or with a con-
struct containing the antioxidant response element (ARE) se-
quences driving the expression of luciferase (a kind gift from
J. A. Johnson, University of Wisconsin, School of Pharmacy,
Madison, WI). The plasmid containing the full-length pro-
moter of the IL-8 gene driving luciferase expression was
kindly supplied by Dr. Rainer de Martin (Vienna, Austria).
The pAP-1-SEAP and pNFxB-SEAP vectors, containing the
AP-1 and NF«B binding regions connected to the secreted
alkaline phosphatase (SEAP) reporter gene were purchased
from Clontech. The pCMV-lacZ plasmid containing the
p-galactosidase gene driven by the CMV promoter was ob-
tained from Promega and was co-transfected to cells together
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with one of the above described reporter vectors. The activity
of the luciferase or SEAP reporter genes was determined in
cell lysates or cell culture media, respectively. Determination
of luciferase enzyme activity was done according to manu-
facturer’s protocol (Promega) using a plate reader lumin-
ometer. Chemiluminescent SEAP assay was performed
according to the vendor’s protocol (Clontech) with a modifi-
cation, as described previously (1). The activity of luciferase
or SEAP has been normalized to f-galactosidase activity or
to protein content in the sample. Both normalizations, when
assessed in the same sample, gave essentially the same results.

Western blot analysis and ELISA assays

The total cellular protein was isolated and Western blots
were performed as described previously (18). IL-8 and VEGF
concentrations were determined in conditioned media. HO-1
protein was detected in cell lysates.

Transfection of cells with small interfering RNA

The cells were transfected with 50nM of chemically syn-
thesized siRNA targeting human HO-1 mRNA or human
HIF-12 mRNA, similarly to previous work (10). Scrambled
siRNA served as a control. Oligofectamine or lipofectamine
2000 were used as a vehicle.

Transduction of the cells with adenoviral vectors

Adenoviral vector containing rat HO-1 cDNA (AdHO-1)
was a kind gift from Dr. Gisa Tiegs (Erlangen, Germany). The
pAdNTrf2 was obtained as described previously (16). A control
vector harboring green fluorescent protein (GFP) ¢cDNA
(AdGFP) was produced using the Adeno-X system. Vectors
were propagated in HEK 293 cells and then titered by detec-
tion of hexon protein with Adeno-X rapid titer ELISA kit,
according to the vendor’s protocol. The pAdHIF-1a was
generated as described ((30); Pajusola et al., unpublished).

Reverse transcription—polymerase chain reaction

Quantitative RT-PCR was performed in a Rotor Gene RG-
3000 (Corbett Research) in a mixture containing SYBR Green
PCR Master Mix (SYBR Green qPCR Kit, Finnzymes), specific
primers and 50ng of cDNA in a total volume of 15 ul. EF2
(elongation factor 2) was used as a housekeeping gene. Pri-
mers and cycling conditions are shown in Table 1.
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Preparation of nuclear extracts and electrophoretic
mobility-shift assay (EMSA)

HMEC-1 cells were lysed by incubation in ice-cold low-salt
buffer (10mM HEPES, pH 7.9, 10mM NaCl, 1.5 mM MgCl2,
0.1mM NaV0O4, 1 mM EGTA, 0.2% Nonidet P-40 and 1 mM
PMSF). The nuclei were separated by centrifugation, washed
with lysis buffer, resuspended in high-salt buffer (10 mM
HEPES, pH 7.9, 420 mM NaCl, 0.1 mM NaVO4, 1mM EDTA,
1mM EGTA, 2mM DTT, 20% glycerol) and extracted with
shaking on ice for 30 min.

The following double-stranded oligonucleotides were used
for DNA electrophoretic mobility shift assay: NF«xB (5-AG
CTTCAGAGACTTTCCGAGAGG-3’), and HIF-1 (5'-TCTG
TACGTCACCACACTCACCTC-3'). Oligonucleotides were
end-labeled with [*?P]JATP using Klenow polymerase and
assay was performed according to standard procedure.

HIF-1 and Nrf2 activation assay (TransAM assay)

HIF-1 and Nrf2 activation was assayed using ELISA-based
transactivation TransAM kits (Active Motif) following the
manufacturer’s protocol. The HIF-1 TransAM kit contains a
96-well plate with immobilized oligonucleotides encoding an
HRE consensus site (5-TACGTGCT-3') from the erythropoi-
etin gene, whereas in the Nrf2 TransAM assay immobilized
oligonucleotides encoding an ARE consensus binding site
(5'-GTCACAGTGACTCAGCAGAATCTG-3) are present.
The active form of HIF-1 or Nrf2 contained in the cell extract
specifically binds to the appropriate oligonucleotides. The
primary antibody used to detect HIF-1 or Nrf2 recognizes an
epitope on HIF-1 or Nrf2 when the proteins are activated and
bound to its target DNA. A horseradish peroxidase (HRP)-
conjugated secondary antibody provides a sensitive colori-
metric readout that is quantified by a spectrophotometer at
450 nm with a reference wavelength of 655nm. The positive
control (CoCl,-treated COS-7 nuclear extract for HIF-1 and
Nrf2-transfected COS-7 nuclear extract for Nrf2) provided
with the kits was used to assess assay specificity. A wild type
or mutated HRE sequence was added to prove the specificity
of interactions.

Statistical analysis

All experiments were performed in duplicates and were
repeated at least three times. All data are presented as

TaBLE 1. PCR PrRiMERS AND CONDITIONS

Gene Sequence Annealing T

IL-8 F: CTCTCTTGGCAGCCTTCCTGA 60°C
R: CCCTCTGCACCCAGTTTTCCTT

HO-1 F: GTGGAGMCGCTTYACRTAGYGC 60°C
R: CTTTCAGAAGGGYCAGGTGWCC

HIF-1 F: TGCTTGGTGCTGATTTGTGA 60°C
R: GGTCAGATGATCAGAGTCCA

VEGF F: CTGGTCTTGGGTGCATTG 58°C
R: CACCGCCTCGGCTTGTCACAT

eNOS F: GTG ATG GCG AAG CGA GTG AA 58°C
R: CCG AGC CCG AAC ACA CAG AA

EF2 F: TCAGCACACTGGCATAGAGGC 60°C

R: GACATCACCAAGGGTGTGCAG
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means + standard deviations (SD) and analyzed by analysis
of variance (ANOVA), followed by a Bonferoni post-hoc test
for multiple comparisons, or with Student’s t-test for two-
group comparisons. Differences were accepted as statistically
significant at p < 0.05.

Results

DMOG acts similarly to hypoxia in human
microvascular endothelial cells

DMOG inhibits prolyl hydroxylases and activates HIF-1
(9). In our hands, this compound enhanced HRE activity to an
almost similar level as hypoxia (Fig. 1A) and potently in-
creased HIF-1 binding after 3h of incubation as shown by
EMSA assay (Fig. 1B). Specific activation of HIF-1 was evi-
denced in TransAM HIF-1 assay by blocking the HIF-1 in-
duction by DMOG with the wild type but not the mutated
version of HRE sequence motif (Fig. 1C). HIF-1« protein levels
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were augmented after DMOG (Fig. 1D) or hypoxia (Fig. 1E)
treatment in HMEC-1 cells. Concomitantly, the expression of
VEGF, a gene known to be HIF-1 inducible. was strongly in-
duced (8.9 £1.1 fold of induction after 1 mM DMOG, n =3),
what indicates the correct function of our model for HIF-1
induction. Moreover, VEGF synthesis was induced to a
smaller extent by another 2-oxoglutarate analogue, NOG
(only 2.29+0.46 fold of induction after 1 mM NOG, n=23),
than by cell-permeable DMOG. Finally, the decrease in en-
dothelial nitric oxide synthase (eNOS) expression was also
observed after DMOG treatment, similarly to the effect ob-
served in hypoxia (Fig. 1F), confirming the previous obser-
vations of the effect of hypoxia on eNOS expression (20).
Overall, these data indicate that treatment with DMOG can be
considered as the equivalent of hypoxia at least with regard to
regulation of major targets (i.e., HIF-1 and VEGF). DMOG in
the range of applied concentrations did affect neither cell vi-
ability nor proliferation (data not shown).
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FIG. 1.

DMOG activates HIF-1 similarly as hypoxia. Cells were cultured in the presence of 250-1,000 uM DMOG or in

hypoxic conditions (1% O,). 24 h after transfection with the reporter plasmid HRE-luc luciferase activity was measured (A).
HIF-1 DNA binding is shown by representative EMSAs using nuclear extracts of untreated and DMOG-treated HMEC-1 cells
after different time periods (B). Specific activation of HIF-1 by 500 uM DMOG has been demonstrated in TransAM ELISA
assay (C). Induction of HIF-1 protein by DMOG (D) and hypoxia (E) was evaluated by Western blot analysis. The decrease in
eNOS (F) expression was observed after hypoxia and DMOG treatment. Mean of three (A) and two (C) independent
experiments, ##p < 0.01 vs. control; ###p < 0.001 vs. control, **p < 0.05 vs. DMOG. Representative EMSA (B), Western blot (D,

E) and RT-PCR (F) results.
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FIG. 2. HIF-1 activation inhibits IL-8 synthesis in human microvascular endothelial cells. Cells were cultured in the
presence of 250-1,000 uM DMOG or 500-1,000 uM NOG for 24 h. HIF-1 activation decreased IL-8 mRNA expression as shown
by qualitative (A) and quantitative (B) RT-PCR. Moreover, IL-8 production after DMOG and NOG treatment was attenuated,
as determined by ELISA (C). Inhibition of IL-8 synthesis is observed already after 18 h incubation with 1 mM DMOG (D). IL-8
mRNA (E) and protein (F) synthesis was also inhibited by hypoxia and in cells overexpressing HIF-1o (G). Representative RT-
PCR result (A). Mean of three independent experiments, #p < 0.05 vs. control (B, C, D, E); vs. normoxia (F); vs. relevant
AdGFP control (G), ##p < 0.01 vs. control (B); vs. relevant AAGFP control (G).

HIF-1 attenuates IL-8 expression in human
endothelial cells

Interestingly, in contrast to VEGF, treatment of HMEC-1
with DMOG (250-1,000 M) attenuated the expression of IL-8
mRNA (Fig. 2A). Real-time PCR has shown the inhibitory

effect of both HIF-1 inducers (DMOG and NOG) on IL-8
expression (Fig. 2B). Concomitantly, IL-8 protein secretion
was significantly inhibited by both DMOG and NOG in a
concentration- (Fig. 2C) and time-dependent (Fig. 2D) man-
ner. Hypoxia also decreased IL-8 mRNA (Fig. 2E) and protein
(Fig. 2F) levels, indicating similar mechanisms of hypoxia
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and DMOG action on IL-8. Moreover, adenoviral transduc-
tion of the stable form of HIF-1o downregulated IL-8 synthesis
in a concentration dependent manner (Fig. 2G), while it
upregulated VEGF synthesis (1.86£0.12, 2.73+0.19,
2.69 £ 0.17-fold induction in cells transduced with 10, 50, or
100 MOI of AdHIF-1o compared to a proper AAGFP control,
respectively, n =3).

HIF-1a siRNA reverses DMOG-induced inhibition
of IL-8 synthesis

Downregulation of IL-8 by HIF-1 overexpression indicates
the involvement of this transcription factor in the effect of
DMOG. However, to further confirm the supposition that the
downregulation of IL-8 expression by DMOG depends on
HIF-1 activation, we used siRNA targeting HIF-1o. 50 nM of
siRNA against HIF-1o strongly diminished expression of this
transcription factor (Fig. 3A). Basal level of IL-8 were not af-
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fected by HIF-1a siRNA, but eradication of HIF-1 reversed the
inhibitory effect of DMOG on IL-8 (Fig. 3B). Conversely, up-
regulation of VEGF synthesis by DMOG was diminished after
HIF-1a siRNA treatment (Fig. 3C).

HO-1 protein is downregulated by HIF-1 induction
in human cells but upregulated in murine fibroblasts

Recently, Ockaili et al. (26) suggested that, in the same
HMEC-1 cell line, DMOG downregulated IL-8 synthesis
through induction of HO-1. In contrast, in our hands, DMOG
decreased the expression of HO-1. This effect was observed
both at the mRNA (Fig. 4A and B) and protein level (Fig. 4C—
E), in a concentration- (Fig. 4C and D) and time-dependent
(Fig. 4E) manner. Importantly, the mRNA level for the con-
stitutive form of the enzyme, HO-2, was not affected by
DMOG (Fig. 4A). Inhibitory effect of HIF-1 induction on HO-1
expression was also observed in HMEC-1 cells treated with

FIG. 3. Inhibition of HIF-1«
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NOG (1 mM) (Fig. 4B). Finally, overexpression of the stable
form of HIF-1a downregulated HO-1 expression in HMEC-1
cells (Fig. 4F).

To exclude the cell-type specificity of the above described
effects, we investigated the expression of IL-8 and HO-1 in the
HUVEC primary cell line. Similarly as in HMEC-1, IL-8
mRNA (Fig. 5A) and protein (Fig. 5B) expression was down-
regulated by DMOG treatment in these endothelial primary
cells. In addition, HO-1 mRNA (Fig. 5C) and protein (Fig. 5D)
synthesis was decreased by DMOG. This indicates that the
observed attenuation of IL-8 expression is not restricted only
to HMEC-1 cells, and inhibition of IL-8 and HO-1 expression
by HIF-1 induction occurs in human endothelial cells from
different vascular beds.

Interestingly, in murine NIH3T3 fibroblasts, DMOG
treatment induced HO-1 expression (Fig. 5E and F). There-
fore, as regulation of HO-1 expression by HIF-1 inducers is
different in at least some human cells and the observed in-
hibitory effect in endothelial cells may be more relevant
to human pathophysiology, we concentrated on human en-
dothelial cells only. As HMEC-1 is an immortalized cell line

and only small differences between passages can be ob-
served, we decided to use these cells for most of the experi-
ments.

Neither inhibition of HO-1 expression nor HO-1
overexpression affect IL-8 synthesis

As shown above, HO-1 is not induced in HMEC-1 by prolyl
hydroxylase inhibitors in contrast to a previous report (26).
Nevertheless, to check if inhibition of HO-1 would affect
IL-8 production, we treated cells with tin protoporphyrin
(SnPPIX), a commonly used inhibitor of HO enzymatic
activity. Additionally, as protoporphyrins may exert HO-
independent effects (5), we also introduced to our study siR-
NA against HO-1 mRNA.

The results obtained after HO-1 siRNA and SnPPIX treat-
ment were similar. Inhibition of HO-1 with specific siRNA (to
36% +4.7% of the level of basal expression, n=23) did not
influence basal synthesis of IL-8 (Fig. 6A). Moreover, DMOG-
inhibited production of this chemokine was also not affected
(Fig. 6A). Similarly, pretreatment of HMEC-1 cells with


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2211&iName=master.img-003.jpg&w=360&h=422

1508

LOBODA ET AL.

A B
12 - B 120 -
& 10 S 100 1 " w
% § 08 - S 80 s
# & i
3 E 0.6 - = 60
E 041 g 40 A
= 8
02 1 & 20 1
i ® i FIG.5. DMOG decreases IL-8 and
" comtrol 250 500 H comwol 250 500 1000 | HO-1expression in HUVEC while
—_— upregulates in murine NIH3T3 fi-
DMOG (uM) DMOG (pM) broblasts. HUVEC and NIH3T3
cells were cultured in the presence
C 1.21 D of 250-1,000 uM DMOG for 24 h. IL-
8 mRNA (A) and protein (B) ex-
- 104 pression was diminished in HUVEC
< £ 53] — cells. Similarly, DMOG exerts an
% g - - . B inhibitory effect on HO-1 mRNA (C)
e E‘ 061 #H - D GEe s=e e e 0hulin and protein (D) levels in these en-
&Y 0.4 i dothelial cells. In contrast, in murine
R cenkel 20 1000 NIH3TS3 cells, upregulation of HO-1
0.24 DMOG (uM) expression has been observed as
shown by real-time RT-PCR (E) and
0 qualitative RT-PCR (F). Mean of
control 250 300 three independent experiments,
DMOG (M) #p <0.05 vs. control.; #tp < 0.01 vs.
control. Representative of Western
E 4 2 F blot (D) and RT-PCR (F) results are
_ shown.
o a 3 4
1. ——mm—m——
—- E‘ - e o e oo = o == EF
5 3 ! control 250 500 1000
o
control 250 500 1000 DMOG (phf)
DMOG (uhd)

SnPPIX (10 uM) influenced neither the basal nor DMOG-
downregulated production of IL-8 (Fig. 6B).

To investigate the effect of HO-1 overexpression on IL-8
production, cells were transduced with adenoviral vectors
containing HO-1 ¢<DNA (AdHO-1, 50 MOI). Control cells
were transduced with the same dose of AAGFP. Transduction
efficacy and overexpression of HO-1 were confirmed by mi-
croscopic analysis (50-60% GFP-positive cells, not shown), by
real-time RT-PCR (17.94 + 2.19-fold of HO-1 induction) and
by Western blot (Fig. 6C). Strong induction of HO-1 affected
IL-8 protein synthesis neither 24 nor 48 h after transduction
with AdHO-1 (Fig. 6D). Thus, the data obtained from HO-1
overexpression confirm that HO-1 is not responsible for
downregulation of IL-8 expression.

Overall, the data conclusively show that HO-1 is not in-
volved in the regulation of IL-8 in HMEC-1 cells and that the
inhibitory effect of DMOG on IL-8 synthesis cannot be due to
induction of HO-1.

Attenuation of IL-8 expression by HIF-1 activation
is accompanied by a decrease in IL-8 promoter
and NFikB and AP-1 transcription factor activity

AP-1 and NF«B are important transcriptional regulators of
IL-8 expression (33). Therefore, to assess their role in HIF-1-
dependent regulation of IL-8, cells were transfected with re-

porter plasmids (IL-8-luc, AP-1-SEAP, and NFxB-SEAP)
and treated with DMOG. The results demonstrated that the
effect of HIF-1 induction on IL-8 expression is exerted at
transcriptional level, as inhibition of IL-8 promoter activity to
36% +£4.2% after 1mM DMOG was observed (Fig. 7A).
Moreover, AP-1 (Fig. 7B) and NFxB (Fig. 7C) transcription
factor activities were also significantly lowered in cells ex-
posed to DMOG, as evidenced also by EMSA for NF«B (not
shown).

HIF-1 induction attenuates Nrf2 expression and activity
and induces the Bach1 repressor

As both IL-8 and HO-1 are regulated by Nrf2 (4, 37), we
wondered if, in addition to AP-1 and NF«kB factors, Nrf2
transcription factor is also involved in HIF-1-dependent reg-
ulation of gene expression. First, we checked the effect of
HIF-1 induction on cells transfected with a plasmid contain-
ing ARE sequences to which Nrf2 binds. DMOG was found to
decrease Nrf2-driven luciferase expression (Fig. 7D). Treat-
ment with DMOG may also decrease Nrf2 mRNA (Fig. 7E)
and protein (Fig. 7F) levels. Similarly, overexpression of HIF-
la downregulated Nrf2 protein levels (Fig. 7G). However, in
HMEC-1 cells, DMOG did not affect Nrf2 localization, as we
did not observe nuclear translocation of Nrf2 (data not
shown).
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FIG. 6. Effect of HO-1 inhibition/overexpression on IL-8 production in HMEC-1. Inhibition of HO-1 with 50nM siRNA
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Bach1 is a known repressor of Nrf2 activity, preventing the
induction of Nrf2-dependent genes by blocking ARE activa-
tion (28). Importantly, in cells exposed to hypoxia (Fig. 8A),
treated with DMOG (Fig. 8B and C) or transduced with Ad-
HIF-1« (Fig. 8D), the expression of Bachl was upregulated.

As demonstrated above, hypoxia, DMOG, or HIF-1«
overexpression also downregulated HO-1 synthesis. As the
expression of this gene is mediated by Nrf2, we checked
whether induction of HIF-1 can affect Nrf2-dependent HO-1
expression. We used PGJ2, a very potent inducer of HO-1
which acts through Nrf2 activation (4). Indeed, DMOG pre-
treatment attenuated HO-1 expression enhanced by PGJ2, as
evidenced both at the mRNA and protein level (Fig. 8E and F),
again indicating the inhibitory effect of HIF-1 induction on
HO-1 expression.

Nrf2 enhances both IL-8 transcription and mRNA
stability and overexpression of Nrf2 restores IL-8
production attenuated by DMOG

To further evaluate if the effect of HIF-1 induction on IL-8
synthesis is mediated by Nrf2, we used adenoviral vectors
encoding Nrf2. After transduction with 50 MOI AdNrf2, high
Nrf2 expression at the mRNA (Fig. 9A) and protein level
(Fig. 9B) was observed. Interestingly, in contrast to non-
transduced cells or cells transduced with control vectors
(AdGFP), DMOG stimulation resulted in additional upregu-

lation of Nrf2 expression in Nrf2 overexpressing cells (Fig. 9A
and B).

A previous study demonstrated the involvement of Nrf2 in
the regulation of IL-8 expression at the post-transcriptional
level, whereas the activation of the IL-8 promoter was negli-
gible (37). In contrast, in our hands, in HMEC-1 cells,
adenoviral overexpression of Nrf2 enhanced both IL-8 tran-
scription (Fig. 9C) and mRNA stability (Fig. 9D).

Next, we checked if overexpression of Nrf2 could reverse
effects of DMOG on IL-8 and HO-1 generation. After AdNrf2
transduction, strong upregulation of IL-8 (Fig. 10A and B)
and HO-1 (Fig. 10C and D) mRNA and protein synthesis
was observed. Interestingly, although nontransduced cells or
cells transduced with control vectors (AdGFP) show inhibi-
tion of IL-8 expression after DMOG treatment, concomitant
treatment with this HIF-1 inducer and AdNrf2 transduction
resulted in higher augmentation of IL-8 expression than
obtained after Nrf2 upregulation alone (Fig. 10A and B). A
similar pattern of combined DMOG and Nrf2 action was
observed when HO-1 expression was evaluated (Fig. 10C
and D).

Chetomin reverses the effect of DMOG
by induction of Nrf2

Chetomin is an agent destabilizing HIF-1a cooperation
with p300/CBP (15). Therefore, we decided to apply this
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control. Representative out of three (F) and two (G) Western blot results.

compound to check if it can restore the production of IL-8
attenuated by DMOG treatment. Indeed, chetomin reversed
DMOG-mediated down-regulation of Nrf2 activity (Fig. 11A).
Accordingly, chetomin reversed downregulation of IL-8 ex-
pression caused by DMOG (Fig. 11B) or hypoxia (Fig. 11C). It
also induced HO-1 expression (Fig. 11D). The ability of che-
tomin to inhibit the binding of p300 to HIF-1 was corrobo-

rated by downregulation of DMOG-induced VEGF synthesis
(Fig. 11E). However, the effect of this compound on IL-8 ex-
pression appears to be related to induction of Nrf2. Indeed,
chetomin upregulated in a concentration-dependent manner
Nrf2 activity, as evidenced by reporter gene assays (Fig. 11A)
and the TransAM assay for Nrf2 (Fig. 11F). Importantly, in
contrast to its effect on Nrf2, chetomin alone downregulated
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AP-1 and NFkB activity and further aggravated DMOG-
induced inhibition of AP-1 and NF«B transcription factor
activity (Fig. 12A and B). Taken together, these data demon-
strate the dependence of IL-8 expression on Nrf2 transcription
factor.

Discussion

The salient finding of our study is the demonstration that
activation of HIF-1 in endothelial cells decreases the produc-
tion of IL-8 through inhibition of Nrf2 activity but in an HO-1
independent way. These data provide a strong mechanistic
explanation demonstrating that regulation of this chemokine
in endothelial cells by HIF-1 is different than another pro-
angiogenic mediator, VEGF.

Induction of HIF-1 occurs when oxygen level decreases
(36). However, as HIF-1a stabilization relies on oxygen, iron,
and 2-oxoglutarate-dependent PHDs, it can be stabilized also
by 2-oxoglutarate analogues, such as DMOG and NOG used
in the present study. Here we have shown that activation of
HIF-1 by hypoxia and DMOG are comparable and expression

of VEGF is strongly upregulated by both hypoxia and DMOG.
On the other hand, hypoxia was reported by others (22) and
by our group (20) to decrease eNOS in human endothelial
cells. Similarly, in the present study, DMOG has potently in-
hibited the eNOS mRNA level. These results suggest that
DMOG can be used instead of hypoxia for HIF-1 activation.
Accordingly, to prove the role of HIF-1 we used RNA
interference strategy and gene transfer of the stable form of
HIF-1a. DMOG induced HIF-la expression was down-
regulated by siRNA, which resulted in restoration of IL-8
production. Moreover, adenoviral overexpression of HIF-1a
significantly diminished IL-8 synthesis. Overall, the data in
this study indicate that activation of HIF-1, while upregulat-
ing VEGF, decreases IL-8 synthesis in HMEC-1 cells.
Previously, in different cell types, DMOG has been re-
ported to influence chemokines (e.g., IL-8 and its ortholog in
mice: KC) and HO-1 expression. Natarajan et al. (25) observed
that HIF-1 induction increases HO-1 expression in mouse
cardiomyocytes. Additionally, they also reported significant
attenuation of TNF-induced KC expression. Similarly, Ockaili
et al. (26) also observed that activation of HIF-1 attenuates IL-8
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production in HMEC-1 cells but, in contrast to the present
study, an induction of HO-1 expression after DMOG treat-
ment was noted. Additionally, the authors suggested that
increased HO-1 expression is responsible for the inhibition of
IL-8 synthesis (26).

In the present study, we also observed downregulation of
IL-8 production both after DMOG and another inhibitor of
prolyl hydroxylases, NOG, in HMEC-1 cells. However, the
induction of HO-1 by HIF-1 activation observed in previous
studies (25, 26) stands in contrast to our results. In fact, as
demonstrated by qualitative and quantitative RT-PCR,
Western blot, and ELISA, the expression of HO-1 is concen-
tration- and time-dependently attenuated by DMOG. Such an
effect is also exerted by hypoxia (14) or HIF-1a overexpression
(this study).

The discrepancies between our work and that of Natarajan
et al. (25) can be easily explained. It is well known that the
regulation of HO-1 expression by hypoxia is different in
humans and rodents. This is due to action of Bach1, a hypoxia-
induced repressor of Nrf2 and HO-1 in human cells that does
not occur in murine cells (14, 24). Indeed, our data indicate
that the expression of Bachl increases after HIF-1 induction,
after hypoxia, DMOG treatment or HIF-1a overexpression in
HMEC-1 cells. Thus, results from mouse cardiomyocytes (25)
and human microvascular endothelial cells (this study) can be

different. Indeed, we also observed that in murine NIH3T3
fibroblasts DMOG enhances HO-1 expression. Thus, in hyp-
oxic rodent cells, induction of HO-1 can occur.

However, Ockaili et al. (26) also showed that DMOG in-
duced HO-1 expression in HMEC-1, the same cell line that we
used. We do not have a reasonable explanation for such
completely different results, as similar concentrations of
DMOG were used in both studies. We can presume, however,
that although cells were kept in the same type of medium,
slight differences in culture conditions can somehow influ-
ence the pattern of gene expression.

Importantly, results concerning the effect of prolyl hy-
droxylases inhibitors on IL-8 and HO-1 expression from this
paper are in agreement with our previous observations on the
effect of hypoxia. Indeed, HMEC-1 cells cultured in 1% oxy-
gen express less HO-1 (20) and produce less IL-8 (19) than cells
growing in atmospheric conditions. Additionally, both hyp-
oxia and DMOG attenuate IL-8 synthesis in HUVEC primary
cells, suggesting that such a regulation is not only reserved to
HMEC-1 cells.

Although Ockaili et al. (26) demonstrated that HO-1
induction attenuates the expression of IL-8, they did not in-
vestigate the effect of inhibitors of HO-1 activity. Therefore, in
our experiments we used both a chemical inhibitor of HO
activity, SnPPIX, and more specific siRNA targeting HO-1 to
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investigate the role of HO-1 in IL-8 expression. Our results
clearly demonstrated that inhibition of HO-1 activity did af-
fect neither the basal IL-8 production nor this downregulated
by DMOG. Accordingly, transduction of HMEC-1 cells with
an adenoviral vector containing HO-1 ¢cDNA did not influ-
ence IL-8 synthesis. Thus, we can conclude that HO-1 is not
involved in IL-8 regulation, at least in HMEC-1 cells in con-
ditions described in the present study.

Of note, our other recent studies (11, 18) also corroborate
that induction of HO-1 expression by HO-1 inducers does not
affect the synthesis of IL-8. We have shown that cobalt pro-
toporphyrin (CoPPIX), which is a potent inducer of HO-1,
enhanced IL-8 expression in an HO-1-independent manner
(18). Also, PGJ2, a potent inducer of HO-1, enhances IL-8 ex-
pression independently of HO-1 (11).

Nevertheless, attenuation of IL-8 expression by HIF-1 ac-
tivation stands in contrast with previously published studies
demonstrating the enhancement of IL-8 in hypoxia in endo-
thelial (12) or human ovarian carcinoma (35) cells. At the

moment we do not have a clear explanation for those differ-
ence and we can only suppose that the stimulatory effect of
hypoxia on IL-8 described by some investigators (12, 35) may
be caused by variations in hypoxic conditions, resulting in the
activation of various transcription factors involved in the
regulation of IL-8 expression. Further studies should also
elucidate the role and extent of influence of HIF-2 on IL-8
regulation. It cannot be excluded that tumor cells can respond
differently than normal cells and it might be possible that IL-8
is upregulated by hypoxia in some tumor cells (35). However,
an article published by Mizukami et al. (23) clearly demon-
strated that HIF-1 attenuates IL-8 production in hypoxia in
various human tumor cell lines, what additionally support the
presumptions that the inhibitory effect of HIF-1 on IL-8 may
be a general phenomenon.

Importantly, knocking down of HIF-1 expression by HIF-
la siRNA reversed the inhibitory effect of DMOG on IL-8
expression, while HIF-1o overexpression decreased IL-8 syn-
thesis. Reversely, DMOG and HIF-1« overexpression induced
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VEGF while siRNA against HIF-1« mRNA diminished VEGF
synthesis induced by DMOG. This led us to the conclusion
that DMOG acts specifically by activating HIF-1. Conse-
quently, it can be suggested that stabilization of HIFl« is at
least partially responsible for the observed hypoxic down-
regulation of IL-8.

In this study, we additionally observed that AP-1 and
NF«B activity was also downregulated by DMOG treatment.
However, their effect on IL-8 expression under investigated
conditions appears probably to be less important than Nrf2.
This is evidenced by experiments, in which chetomin, a com-
pound known to inhibit p300 binding to HIF-1x (15), was used
to revert the effect of DMOG. Although such an activity of
chetomin has been evidenced in downregulation of VEGF
synthesis in hypoxia or after DMOG treatment, the main effect
of chetomin on IL-8 synthesis seems to be related to induction

of Nrf2. Importantly, although the activity of NFxB or AP-1
was further attenuated by chetomin, as evidenced by reporter
gene assay, this compound strongly induced IL-8 and HO-1
synthesis, indicating for the crucial role of Nrf2. Noteworthy,
overexpression of Nrf2 using an adenoviral vector resulted in
a reversal of DMOG's effect on both HO-1 and IL-8 synthesis.
Thus, Nrf2 appears to be crucial for regulation of IL-8 ex-
pression.

The study also reveals the mechanism of HIF-1-dependent
inhibition of Nrf2 activity and IL-8 or HO-1 expression. In
all cases, when HIF-1 was induced (i.e., in hypoxia), after
DMOG treatment or in cells overexpressing a stable form of
HIF-10, the induction of Bachl, a repressor of Nrf2 activity,
was observed. Bachl binds to ARE, similarly to Nrf2, but
does not possess a transcriptional activation domain, hence
it inhibits gene expression by blocking Nrf2 access (8).
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Additionally, decreased expression of Nrf2 in cells in which
HIF-1 is activated may add to the inhibitory effect observed.
A similar mechanism may also operate in conditions in
which IL-8 expression is induced by other Nrf2 activa-
tors (25).

Data presented here may have potential implications in
clinics. Induction of angiogenesis is desirable in treating car-
diovascular, cerebral, and peripheral ischemia, whereas strat-
egies based on inhibition of pro-angiogenic factors expression
are used mostly in anticancer therapies. As we and others (3,
23) have shown, inhibition of HIF-1 can lead to increase in IL-8
production. Consequently, anti-angiogenic therapy based on
the inhibition of the HIF-1 pathway may decrease the ex-
pression of some genes (e.g., VEGF). However it may lead to
an increase in IL-8 and probably some other genes’ expres-
sion, which can take over the function of angiogenic media-
tors in the absence of VEGF.

In summary, our data indicate that IL-8 expression is
downregulated by the activation of HIF-1 in contrast to the
effect exerted on VEGF, another potent angiogenic mediator.
This effect on IL-8 is, however, independent of HO-1. The
mechanism described here may have relevance for the effec-
tiveness of anti-angiogenic therapies.
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