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Abstract
The objective of this study was to determine whether heme oxygenase-1 (HO-1) or heme metabolites
exert cytoprotective effects on interleukin-18-mediated endothelial cell (EC) death. Treatment with
IL-18 increased NF-κB activation, PTEN induction, suppressed Akt activation, and stimulated EC
death. While ectopic expression of p65 enhanced PTEN transcription, adenoviral transduction of
dnIκB-α, dnp65, or dnIKKβ was inhibitory. Furthermore, IL-18 suppressed HO-1 mRNA expression
via enhanced mRNA degradation. Overexpression of HO-1, treatment with HO-1 inducer hemin or
the CO donor Cobalt (III) protoporphyrin IX all reversed IL-18-mediated NF-κB activation, PTEN
induction, Akt suppression, and EC death. Furthermore, hemin induced HO-1 expression, and HO-1
knockdown, HO-1 inhibition, or CO scavengers all reversed the pro-survival effects of hemin. In
addition, the CO donors CORM-1 and CORM-3 and the heme metabolites biliverdin and bilirubin
attenuated IL-18-induced EC death via a similar signaling pathway. IL-18 induced p38α MAPK
activation, and suppressed p38β isoform expression. While p38α knockdown attenuated, p38β
knockdown potentiated IL-18-mediated EC death. Hemin and HO-1 reversed IL-18-mediated
p38α induction, and restored p38β levels. These results demonstrate that IL-18 suppresses HO-1
expression and induces EC death. HO-1 overexpression, HO-1 induction, or treatment with heme
metabolites all reverse IL-18-mediated p38α MAPK and NF-κB activation, PTEN induction, Akt
suppression, and EC death. Thus, HO-1 inducers and CO donors may have the therapeutic potential
to effectively block IL-18 signaling and reduce IL-18-dependent vascular injury and inflammation.
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Introduction
Interleukin (IL)-18 is a proinflammatory cytokine which signals via the IL-18R, a heterodimer
comprised of the ligand-binding IL-18Rα and the signal transducing IL-18Rβ subunits.
Increased levels of IL-18 have been found in various autoimmune and inflammatory diseases
including patients with heart failure and coronary artery disease where its levels correlate with
disease severity [1–6]. In these patients, a concomitant increase in IL-18 binding protein
(IL-18BP) is observed [6] IL-18BP is a naturally occurring inhibitor of IL-18, is detected in
the plasma of healthy subjects at 10- to 20-fold molar excess over IL-18 [7], and is decreased
in patients with myocardial ischemic injury and dilated cardiomyopathy. Interestingly, IL-18
shows greater affinity for IL-18BP than for IL-18R, and its binding to IL-18BP is essentially
irreversible [8]. Therefore, IL-18BP or IL-18 neutralizing antibodies may potentially be
employed to block IL-18 signaling and reduce inflammation and tissue injury.

IL-18 is a pleiotropic cytokine that promotes inflammation, hypertrophy, mitogenesis, and
apoptosis, depending on the cell type [9–11]. As a pro-apoptotic cytokine, IL-18 induces
endothelial cell death via activation of both the intrinsic and extrinsic pro-apoptotic signaling
pathways [11]. In these cells, IL-18 suppresses the pro-survival factor Akt and stimulates NF-
κB-dependent PTEN induction and cell death [12]. Overexpression or induction of
hemeoxygenaese-1 (HO-1) has been demonstrated to be cytoprotective. HO-1 is one of two
isoforms of hemeoxygenases that catalyze the conversion of heme to free iron, biliverdin and
carbon monoxide (CO). Biliverdin is then converted to bilirubin by biliverdin reductase (BVR).
Though biliverdin and bilirubin have been considered toxic waste products in the past, recent
reports indicate that these byproducts possess potent anti-oxidant and anti-inflammatory
properties [13–17]. Similarly, CO affects various signaling pathways critical to cell death,
proliferation, and inflammation [17].

Of the two isoforms, HO-1 is inducible, and HO-2 is constitutively expressed. HO-1 is induced
by various noxious stimuli that include endotoxin, oxidative stress, cytokines, and hemin,
where its induction exerts antioxidant and cytoprotective effects [17]. Since IL-18 induces
endothelial cell death [11,12], we hypothesized that HO-1 induction or HO-1 overexpression
may block IL-18-mediated endothelial cell death. Furthermore, given that IL-18 suppresses
Akt and induces PTEN in an NF-κB-dependent manner, we further hypothesized that HO-1
may inhibit cell death via suppression of NF-κB-PTEN signaling and restoration of Akt
activation.

Material and methods
Recombinant human IL-18, IL-18 neutralizing antibodies, control IgG, IL-18BPa/Fc chimera,
and Fc were purchased from R&D Systems (Minneapolis, MN). Recombinant IL-18 BPa/Fc,
a disulfide-linked homodimeric protein, transcribed from a DNA sequence encoding amino
acid residues 1–192 of human interleukin 18 binding protein and fused to the Fc region of
human IgG1 via a polypeptide linker. The efficacy of IL-18BPa/Fc for blocking IL-18 mediated
gene regulation has been previously demonstrated both in vivo and in vitro [12,18]. IL-18
neutralizing antibodies and control IgG were used at 10 µg/ml, and IL-18BPa/Fc and Fc were
used at a concentration of 200 ng/ml. Antibodies against PTEN, actin, and p38β (sc-6187) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-p38 MAPK (#9212),
phospho-p38 MAPK, p38α MAPK (#2371), and phospho-p65 (Ser276) antibodies were
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obtained from Cell Signaling Technology (Beverly, MA). Anti-p38α MAPK antibodies were
rabbit mAb and detect endogenous levels of total p38α MAPK protein, and do not cross-react
with other p38 MAP kinase isoforms such as β, γ, or δ. Anti-human HO-1 monoclonal
antibodies were purchased from Stressgen (Victoria, Canada). Radiochemicals were obtained
from Amersham Biosciences (Piscataway, NJ). SB202190 (a potent and selective inhibitor of
p38 MAPK inhibitor; 30 µM for 30 min in DMSO) and DMSO were from EMD Biosciences
(San Diego, CA). Hemoglobin (10 µM), hemin (ferriprotoporphyrin IX chloride; 2.5 µM for
24 h), tricarbonyldichlororuthenium (II) dimer (CORM-1), αTubulin antibodies and other
chemicals were purchased from Sigma-Aldrich. CORM-1 is a first generation CO-releasing
molecule. It was used at 10 µM concentration. At this concentration CORM-1 did not affect
cell viability (trypan blue dye exclusion). Only prolonged treatment with high concentrations
of CORM-1 was shown to be toxic [19]. CORM-3 (tricarbonylchloro (glycinate)ruthenium
(II) ([Ru(CO)3Cl(glycinate)]) and inactive CORM-3 (iCORM-3) were previously described
[20,21]. CORM-3 is a second generation CORM, and is an effective CO donor in vitro, ex vivo
and in vitro, and does not affect cell viability for up to 50 µM [19,20]. It was stored in dark-
colored vials at −20°C, and was prepared fresh on the day it was used. iCORM-3 was prepared
by dissolving CORM_3 in saline and allowed to sit at room temperature for 18 h to liberate
CO [21]. Both CORM-3 and iCORM-3 were dissolved in saline and used at 10 µM. Cobalt
(III) protoporphyrin IX (CoPPIX; #ALX-430-076-M025; 10 µM for 24 h) and zinc (II)
protoporphyrin IX (ZnPPIX; # ALX-430-049-M025; 10 µM for 24 h) were purchased from
AXXORA, LLC (San Diego, CA). While CoPPIX acts a CO donor, ZnPPIX serves as an
inhibitor. ZnPPIX has also been shown to irreversibly attenuate Ca2+ currents [22], inhibit
hematopoisis in rabbit and human bone marrow [23], and non-selectively inhibit NOS enzymes
and soluble guanylate cyclase [24]. Both CoPPIX and ZnPPIX were dissolved in 0.2M NaOH,
neutralized with 1M HCl, adjusted to 1 mg/ml concentration, filter sterilized and stored at −80°
C until further use. Bilirubin and biliverdin dihydrochloride (10 µM; ICN Biomedicals) were
prepared similar to CoPPIX, and stored at −80°C. Bilirubin exerts toxic effects at high
concentrations. But at lower concentrations it exerts anti-oxidant effects efficiently scavenging
peroxyl radicals [25], and both biliverdin and bilurubin have been shown to inhibit p38 MAPK
activation [26].

Cell culture
Non-transformed human cardiac microvascular endothelial cells (EC) were obtained from
ScienCell Research Laboratories (San Diego, CA) and cultured as previously described [11,
12]. The cells were grown in EC medium (ECM) supplied by the manufacturer and
supplemented with 5% serum (complete medium). At 70–80% confluency, the complete
medium was replaced with medium containing 0.5% BSA. After overnight incubation to
achieve quiescence, recombinant human (rh) IL-18 (R&D Systems) was added for the indicated
time periods. Specificity of IL-18 was verified by preincubating IL-18 with anti-IL-18
neutralizing antibodies or IL-18BPa/Fc chimera for 1 h at 37 °C and 14 h at 4 °C before addition.
Normal human IgG and Fc served as controls. Cells were harvested, snap-frozen, and stored
at −80°C.

Transient cell transfections and reporter assays
A 4.5 kb of the 5’-flanking region of human HO-1 was amplified from human genomic DNA
using the sense primer 5′-ggt acc TTG GGC TTG TCT TCC TTG CT-3′ and the antisense
primer 5′-ctc gag CATCCGGCCGGTGCTGGGCTCGT-3′ and cloned into the pCR2.1-TOPO
vector, digested with Kpn I and Xho I, and subcloned into the pGL3-Basic reporter vector
(pHO-1-Luc) as previously described [27]. EC were transiently transfected with pHO-1-Luc
(2 µg), and 24 h later, treated with IL-18 for 12 hours. The Renilla-luciferase reporter plasmid
(100ng; pRL-TK vector; Promega, Madison, WI) was used as an internal control. The NF-
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κB-driven luciferase reporter plasmid (pNF-κB-Luc), the control plasmid pEGFP-Luc, and the
pPTEN-Luc reporter vector were previously described [12].

The PTEN promoter contains two putative NF-κB binding sites (NF-κB-1, −1450 to −1441,
GGGTATTCCC; NF-κB-2: −1574 to −1565, GGGAATCTCT). To verify whether one or both
of these NF-κB sites play a role in IL-18-mediated PTEN induction, we generated deletion
constructs lacking NF-κB-1 (sense, 5’-ggtacc AAATCTCTGCGAACGATTGTGA-3’;
antisense, 5’-aagctt GTCTGGG AGCCTGTGG-3’) or both NF-κB-1 and NF-κB-2 (sense, 5’-
ggtaccTACACTGAGCAGCGTGGTCA-3’; antisense, 5’-aagctt GTCTGGG
AGCCTGTGG-3’). EC were transiently transfected with the full length or the deletion
constructs as described above. pRL-TK vector served as an internal control.

p38 MAPK isoform-specific siRNA (100 nM; p38α, sc-39116; p38β, sc-29433; Santa Cruz
Biotechnology, Inc.) were transfected using Oligofectamine™ (Invitrogen). Knockdown of
protein was confirmed at 48 h by Western blotting.

The transfection efficiency of EC, determined using pEGFP-N1 vector (Clontech, BD
Biosciences, Palo Alto, CA), was 34.6±2.21% (mean ± SE, n=22). pcDNA3 and pGL3-Basic
vectors served as controls where appropriate. Luciferase reporter data were normalized for
transfection efficiency using the corresponding Renilla-luciferase values, and expressed as
mean relative stimulation ± SE for a representative experiment from three separate and
independent experiments with each performed in triplicate. Cells were transfected using
LipofectAMINEPLUS, and the amount of DNA transfected was constant (2 µg) in all
experiments. After transfection, the viability of the cells was determined using trypan blue.
Twenty-four hours after transfection, the media were changed and the cells were stimulated
with IL-18. Luciferase activity was determined using the Promega Biotech dual-luciferase
reporter assay system and a TD 20/20 luminometer (Turner Designs, Sunnyvale, CA).

Adenoviral transduction
Adenovirus expressing catalytically inactive mutant PTEN (Ad-ciPTEN), wild type NF-
κBp65, dominant negative (dn) p65, dnIKKβ, phosphorylation-deficient IκB-α (S32A/S36A;
dnIκB-α), and GFP were used as previously described [12]. Adenovirus expressing HO-1 was
used as previously described [28]. EC were grown to 60–70% confluency in complete medium.
The medium was replaced with PBS, and the cells were infected at 100 multiplicity of infection
(MOI) for 1h at 22° C. The transfection medium was replaced with media containing 0.5%
BSA. After 24 h the cells were treated with IL-18.

Electrophoretic mobility shift (EMSA), ELISA, reporter assays
NF-κB DNA-binding activity in nuclear protein extracts was analyzed by EMSA [9–12]. The
following double-stranded oligonucleotides were used: consensus, 5′-
AGTTGAGGGGACTTTCCCAGGC-3′; mutant, 5′-AGTTGAGGCGACTTTCCCAGGC-3′
(Santa Cruz Biotechnology, Santa Cruz, CA). Absence of protein extract and competition with
100-fold molar excess of unlabeled or corresponding mutant oligonucleotides served as
controls. Subunit composition of NF-κB was determined by ELISA (Active Motif, Carlsbad,
CA) [12]. NF-κB activation was confirmed in transient transfection assays using an NF-κB-
reporter vector (pNF-κB-Luc). pEGFP-Luc served as a control in these experiments.

mRNA analysis
Total RNA isolation, enrichment for poly(A)+ RNA, Northern blotting, and PTEN cDNA were
previously described [12]. 28S rRNA was used as an internal control. PTEN expression was
targeted by siRNA (PTENsiRNA#1, 5′-AAGAGGAUGGAUUCGACUUAGACUU-3′;
PTENsiRNA#2, 5′-AUCGUUAGCAGAAACAAAAGGAGAU-3′) as described previously
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[12]. Knockdown of PTEN was confirmed at 72 h by Western blotting. Mismatch siRNA were
used as controls (mismatch siRNA#1, 5′-AAGAGGAUGGUAUCGACUUAGACUU-3′;
mismatch siRNA#2, 5′-AUCGUGAGCACAAAGAAAAUGAGAU-3′). HO-1 expression
was analyzed by real time quantitative PCR (RT-qPCR) as previously described [29], using
an ABI Prism 7900 Sequence Detection System (Applied Biosystems) and QuantiTect™
SYBR Green PCR kit (Qiagen, Valencia, CA). The sequence-specific primers used in these
experiments were previously described (HO-1, X06985, 265 bp; sense, 5’-
CCAGCGGGCCAGCAACAAAGTGC-3’, antisense,
AAGCCTTCAGTGCCCACGGTAAGG-3; GAPDH, sense, 5′-
TTGTTGCCATCAATGACCC-3’; antisense, 5′-CTTCCCGTTCTCAGCCTTG-3’).
Omission of template or reverse transcriptase served as internal controls. Absolute standard
curves of HO-1 and GAPDH were constructed from the results of parallel PCRs performed on
serial dilutions of standard DNA that were originally generated by in vitro transcription. Input
cDNA concentrations were normalized to GAPDH mRNA levels. HO-1 expression was
targeted by siRNA that targets nucleotides 612 to 630 of the HO-1 mRNA coding sequence
(5′-rGACUGCGUUCCUGCUCAACdTdT-3′ and 5′-
rGUUGAGCAGGAACGCAGUCdTdT-3′; 50 nM).

HO-1 mRNA stability and transcription after IL-18 treatment were analyzed by actinomycin
D treatment and nuclear run-on assays, respectively, as described previously [30].

Protein analysis
Isolation of whole cell homogenates, electrophoresis, electroblotting, and Western blotting
using the ECL chemiluminescence detection system were previously described [9–12].
Mitochondrial and cytoplasmic fractions were prepared using the Mitochondrial Fractionation
Kit (Active Motif). Cytochrome c levels were measured colorimetrically (FunctionELISA
Cytochrome c kit, Active Motif) [12]. p38 MAPK activity in whole cell homogenates was
determined by immunocomplex kinase assays using a commercially available colorimetric
assay kit (#9820; p38 MAP Kinase Assay Kit; Cell Signaling Technology, Inc.). The assay is
based immunoprecipitation of p38 MAP kinase by immobilized phospho-p38 MAPK
(Thr180/Tyr182) monoclonal antibody followed by an in vitro kinase assay using ATF-2 as a
substrate. ATF-2 phosphorylation is detected by Western blotting using phospho-ATF-2
(Thr71) antibody.

Cell death detection
Following 48h incubation in ECM+0.5% BSA, EC were treated with IL−18 (100ng/ml) for 24
h. Detached cells were collected and added to the scraped adherent cells, and analyzed for
apoptosis using the annexin V–FITC apoptosis detection kit (Oncogene Research Products,
San Diego, CA) [11,12]. The cells were analyzed by flow cytometry at an excitation wavelength
of 488 nm. The FITC signal was detected at 518 nm, and that of PI at 620 nm.

Statistical analysis
Results are expressed as mean ± standard error (±SE). For statistical analysis we used ANOVA
followed by an appropriate post hoc multiple comparison test (Tukey method). Data were
considered statistically significant at P < 0.05.

Results
IL-18 induces NF-κB activation in EC

Interleukin-18 is a pro-apoptotic cytokine that induces EC death via activation of the NF-κB-
dependent PTEN signaling pathway [12]. Confirming these results, IL-18 induced NF-κB
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DNA binding activity in EC, and treatment with anti-IL-18 neutralizing antibodies or
IL-18BPa/Fc chimera prior to IL-18 treatment blunted this response (Fig. 1A). IL-18
stimulation of NF-κB-dependent reporter gene activity confirmed the EMSA results (Fig. 1B).
Once again, IL-18 neutralizing antibodies and IL-18BPa/FC chimera blunted NF-κB reporter
activity (Fig. 1B). ELISA revealed significant increases in nuclear p65 and p50 levels following
IL-18 treatment (Fig. 1C). Furthermore, IL-18 stimulated p65 phosphorylation (Fig. 1D). These
results indicate that IL-18 is a potent inducer of NF-κB activation in EC, and both p65 and p50
contribute to IL-18-mediated NF-κB activation (Fig. 1).

IL-18 stimulates PTEN transcription
Activation of NF-κB leads to suppression or activation of PTEN expression depending on the
stimulus and the cell type [31,32]. We previously demonstrated that IL-18 stimulates PTEN
induction in EC via NF-κB-activation [12]. The results shown in Fig. 2 indicate that IL-18
induces PTEN mRNA expression (Fig. 2A) and protein levels (Fig. 2B). Furthermore, IL-18
stimulated PTEN promoter-reporter activity (Fig.2C), an effect that was blunted following
pretreatment with IL-18 neutralizing antibodies or IL-18BPa/Fc chimera. IL-18-mediated
PTEN promoter reporter activity was attenuated by the adenoviral transduction of dnIκBα,
dnp65 or dnIKKβ (Fig. 2D), indicating that IL-18 mediates PTEN expression via NF-κB
activation. The PTEN promoter has two putative NF-κB binding sites located at −1574/−1565
(NF-κB-1) and −1450/−1441 (NF-κB-2) [33–35]. Therefore, we generated deletion constructs
lacking one or both NF-κB-binding sites. EC were transiently transfected with the full length
or deletion constructs and treated with IL-18 after 24 h. Results in Fig. 2E show that transfection
with the full length promoter resulted in a significant increase in basal PTEN reporter activity.
While deletion of NF-κB-1 reduced, deletion of both sites significantly attenuated basal
promoter reporter activity. These effects were more pronounced after IL-18 treatment. While
IL-18 stimulated PTEN promoter activity, deletion construct lacking NF-κB-1 site showed
reduced activity (Fig. 2E). Deletion of both the sites, however, inhibited IL-18-mediated PTEN
reporter activity (Fig. 2E). These results indicate that (i) IL-18 is a potent inducer of PTEN
expression in EC, (ii) induces PTEN expression via NF-κB, and (iii) both NF-κB sites
contribute to IL-18-mediated PTEN transcription (Fig. 2).

IL-18 induces EC death via NF-κB- and PTEN-dependent mechanisms
IL-18 induces NF-κB activation in EC (Fig.1). Furthermore, IL-18 induces NF-κB-dependent
PTEN expression (Fig.3D). Therefore, we examined whether IL-18-mediated EC death is
dependent on NF-κB and PTEN. Cell death was analyzed using Annexin V-FITC/PI staining
by flow cytometry. Conforming our previous results [12], results in Fig. 3A show that IL-18
induces significant death in EC at 24 h (results from six independent experiments are
summarized in panel B). The pro-apoptotic effects of IL-18 were further confirmed in panel
C which shows increased release of mitochondrial cytochrome c into the cytoplasm (Fig. 3C).
While adenoviral transduction of dnIKKβ, dnp65 or dnIκB-α attenuated IL-18-induced EC
death (Fig. 3D), overexpression of constitutively inactive PTEN reversed IL-18-mediated cell
death (Fig. 3E). These results indicate that IL-18 induces EC death in an NF-κB-PTEN-
dependent manner (Fig. 3).

IL-18 inhibits HO-1 mRNA expression
HO-1 is a stress-response gene that cleaves the α-mesocarbon of heme yielding equimolar
concentrations of CO, free iron and biliverdin [16]. Both CO and biliverdin exert anti-apoptotic
and anti-oxidant effects (16). Cytokines play a critical role in various cardiovascular diseases.
Cytokines have been shown to modulate HO-1 expression in a cell type-dependent manner.
TNF-α, a proinflammatory and pro-apoptotic cytokine, has been shown to modulate HO-1
expression. In a recent study, Kirino et al. have demonstrated that TNF-α suppresses HO-1
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expression in human peripheral monocytes via increased mRNA degradation [27]. Since
reduced HO-1 expression is associated with increased cell death, we investigated whether
IL-18 modulates HO-1 expression in EC. Results in Fig. 4A show that EC express HO-1 mRNA
under basal conditions, and IL-18 treatment inhibited its expression. Decreased mRNA levels
reflect reduced transcription and/or increased mRNA degradation. Therefore, we studied the
effects of IL-18 on HO-1 transcription by nuclear run-on assay and mRNA stability by
actinomycin D pulse. Our results show that IL-18 failed to modulate HO-1 transcription and
HO-1 promoter reporter (pHO-1-Luc) activity (data not shown). However, IL-18 decreased
stability of HO-1 mRNA (Fig. 4B), demonstrating that IL-18 suppresses HO-1 expression via
enhanced mRNA degradation (Fig. 4).

Adenoviral transduction of HO-1 blocks IL-18-mediated EC death
We have demonstrated that IL-18 suppresses HO-1 expression (Fig. 4) and induces EC death
(Fig. 3). We next investigated whether HO-1 overexpression blunts IL-18-mediated EC death.
Results in Fig. 5A show that adenoviral transduction of wtHO-1 significantly attenuated IL-18-
mediated EC death. Western blotting revealed efficient HO-1 protein expression in EC
trasduced with Ad.HO-1 (Fig. 5A, right side panel). Further investigation revealed that HO-1
overexpression blunts IL-18-mediated NF-κB activation (Fig. 5B) and PTEN protein levels
(Fig. 5C; results from three independent experiments are summarized in the bottom panel).
Importantly, HO-1 overexpression restored activation levels of the pro-survival factor Akt as
evidenced by increased phospho-Akt levels (Fig. 5D; results from three independent
experiments are summarized in the bottom panel). However, total Akt levels were not affected
by HO-1 overexpression (Fig. 5D). These results demonstrate that HO-1 overexpression exerts
prosurvival effects by suppressing IL-18-mediated NF-κB activation and PTEN induction, and
restoring phospho-Akt levels (Fig. 5).

Hemin and CO-donors blunt IL-18-mediated NF-κB activation, PTEN transcription, and cell
death

We have demonstrated that HO-1 overexpression suppresses IL-18-mediated EC death via
activation of Akt and suppression of NF-κB-PTEN signaling (Fig. 5). We next investigated
whether the HO-1 substrate hemin and the CO donor CoPPIX mimic the HO-1 cytoprotective
effects. The results in Fig. 6A show that indeed treatment with the HO-1 inducer hemin or the
CO donor CoPPIX significantly attenuated IL-18-mediated EC death. Both hemin and CoPPIX
blunted IL-18-mediated NF-κB reporter activity (Fig. 6B). Similar to CoPPIX, two other CO
donors CORM-1 and CORM-3 attenuated IL-18-mediated EC death (Fig. 6C) and NF-κB
reporter activity (Fig. 6D). However, treatment with the inactive form of CORM-3, iCORM-3
failed to confer any protection (Fig. 6C). Of note, CORM-3 appeared to be more cytoprotective
than CORM-1 (Fig. 6C). Furthermore, hemin, CoPPIX, CORM-1 and CORM-3 all reversed
IL-18-mediated PTEN induction (Fig. 6E) and suppression of Akt activation (Fig. 6F).
Together, these results indicate that hemin and CO donors mimic HO-1 effects, and reverse
IL-18-induced endothelial cell death (Fig. 6).

HO-1 knockdown, suppression, and hemoglobin reverse hemin’s pro-survival effects
In addition to being a substrate for HO-1, hemin also induces HO-1 expression [36]. Therefore,
we investigated whether hemin induces HO-1 expression in EC, and whether knockdown of
HO-1 abrogates the pro-survival effects of hemin. Our results show that hemin induces HO-1
mRNA expression in a time-dependent manner, with maximal induction detected at 24 h (Fig.
7A). Furthermore, siRNA-mediated HO-1 knockdown blunted the pro-survival effects of
hemin (Fig. 7B; knockdown of HO-1 was confirmed by Western blotting, Fig. 7C). Similarly,
the HO-1 inhibitor ZnPPIX (Fig. 7B) and the CO scavenger hemoglobin (Fig. 7D) effectively
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reversed the cytoprotective effects of hemin. Together these results demonstrate that HO-1
knockdown or suppression reverses hemin’s cytoprotective effects (Fig. 7).

Biliverdin and bilirubin inhibit IL-18-mediated EC death
HO catalyzes the conversion heme to biliverdin. Biliverdin is subsequently converted to
bilirubin by biliverdin reductase. Both biliverdin and bilirubin exert strong antioxidant and
anti-inflammatory effects [37]. Therefore, we investigated whether exposure to these heme
metabolites modulate IL-18-mediated EC death. The results in Fig. 8A show that cell death
was blunted following treatment with either biliverdin or bilirubin. Furthermore, biliverdin and
bilirubin reversed IL-18-induced NF-κB reporter activity (Fig. 8B), PTEN induction, and
suppression of Akt phosphorylation (Fig. 8C). These results demonstrate that while
hemoglobin reverses the pro-survival effects of hemin (Fig. 7D), its metabolites confer
cytoprotection by inhibiting IL-18-induced endothelial cell death (Fig. 8).

IL-18 differentially regulates p38 MAPK isoforms
p38 MAPK is a mitogen-activated serine-threonine protein kinase whose activation plays a
role in diverse cellular activities including cell death. We have previously demonstrated that
IL-18 stimulates p38 MAPK activation in EC, and inhibition of p38 MAPK by SB203580
significantly attenuated IL-18-dependent p65 phosphorylation, NF-κB activation, and PTEN
promoter activity [12]. While the p38α isoform promotes cell death, the p38α isoform exerts
anti-apoptotic effects. Since HO-1 exerts anti-apoptotic effects via degradation of p38α MAPK
(38), we investigated whether IL-18 differentially regulates p38 MAPK isoforms in EC, and
determined whether knockdown of p38α will abrogate IL-18-mediated EC death. Results show
that IL-18 induces p38 MAPK phosphorylation (Fig. 9A) and kinase activity (Fig. 9B), effects
that were inhibitable by SB202190, thus confirming our previous observations [12]. Using
isoform-specific antibodies and Western blotting, we further demonstrated that IL-18, while
inducing p38α, inhibits p38β expression. However, levels of the control protein αTubulin were
not changed. A representative autoradiogram from three independent experiments is shown in
Fig. 9C with the corresponding densitometric values summarized in Fig. 9D. These results
demonstrate that IL-18 differentially regulates p38 MAPK isoforms, i.e. IL-18 induced p38α
while suppressing p38β.

IL-18-mediated EC death is blunted by p38α MAPK knockdown
We have demonstrated that IL-18 differentially regulates p38 MAPK isoforms (Fig.9).
However it is not known whether hemin or HO-1 expression blunts IL-18-mediated EC death
via inhibition of p38α. Results in Fig. 10A show that treatment with hemin (2.5 µM for 24 h)
resulted in increased p38β with concomitant down regulation of p38α expression. These
experiments were repeated three times with results summarized in Fig. 10B. Since forced
expression of HO-1 blunted IL-18-mediated EC death (Fig.5A), we investigated whether HO-1
overexpression results in differential activation of p38 MAPK isoforms. Results in Fig. 10C
show that HO-1 overexpression resulted in a modest increase in p38β expression in the absence
of IL-18 stimulation. Confirming our earlier results (Fig. 9), IL-18 induced p38α and inhibited
p38β expression, and these effects were reversed following HO-1 overexpression (Fig. 10C).
These experiments were repeated three times with results summarized in Fig. 10D. Since IL-18
inhibited p38β and induced p38β expression, we next investigated whether knockdown of
p38α would inhibit IL-18-mediated EC death. EC were treated with p38α or p38β isoform-
specific siRNA for 48, and then treated with IL-18 for an additional 24 h. Results in Fig. 10E
demonstrate that while knockdown of p38α attenuates, knockdown of p38α potentiates IL-18-
mediated EC death. Knockdown of p38α and p38β was confirmed by Western blotting (Fig.
10F). Knockdown of p38β did not induce cell death under basal conditions. Together, these
results indicate that (i) hemin or HO-1 overexpression differentially regulates p38 MAPK
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isoforms, i.e. inhibits p38α and induces p38β expression, and (ii) while knockdown of p38α
inhibits, knockdown of p38β potentiates IL-18-mediated EC death (Fig. 10).

Discussion
We demonstrate that HO-1 overexpression or HO-1 induction inhibits IL-18-mediated
endothelial cell death. The CO donor CoPPIX and the heme metabolites biliverdin and bilirubin
mimic HO-1 induction and inhibit IL-18-mediated endothelial cell death. Furthermore, HO-1
overexpression, HO-1 induction, CO donors, as well as the heme metabolites all inhibit cell
death via a similar signaling pathway; they suppress IL-18-mediated NF-κB activation and
PTEN induction, and reverse IL-18-mediated suppression of Akt activity. Thus, HO-1 inducers
and CO donors have the therapeutic potential to effectively block IL-18 signaling and reduce
IL-18-dependent vascular injury and inflammation.

Endothelial cells play a critical role in vascular homeostasis. In a healthy vessel endothelial
cells play an anti-thrombotic and anti-inflammatory role [39]. However, their dysfunction and
death contribute to the development and progression of atherosclerosis [39]. Endothelial cell
apoptosis is observed in atherosclerotic plaques localized mainly to areas of macrophage
infiltration [40]. Activated macrophages secrete various proinflammatory cytokines. These
cytokines induce adhesion molecule expression on endothelial cells leading to platelet adhesion
and immune cell recruitment. Cytokines also induce other proinflammatory mediators (e.g.
prostaglandin E2) resulting in endothelial cell dysfunction and death [41]. This leads to plaque
instability, rupture, and thrombus formation. Oxidized LDL in the vessel wall as well as
systemic and locally expressed CRP have all been shown to exert proinflammatory effects.
Recently, CRP has been shown to induce IL-18 expression in endothelial cells [42]. Since
endothelial cells express IL-18 receptors and their expression levels are increased in
atherosclerotic lesions [43], locally generated IL-18 likely contributes to endothelial cell
dysfunction. In addition, systemic IL-18 levels are increased in acute coronary syndromes
[1], and show a positive correlation with intima-media thickening. It is plausible that systemic
IL-18 may enhance endothelial cell dysfunction and death.

IL-18 induces endothelial cell death via activation of NF-κB [11,12]. Activation of NF-κB
proceeds following the phosphorylation and degradation of the inhibitory subunit IκB-α. Since
HO-1 attenuates IL-18-mediated NF-κB activation, it is possible that HO-1 attenuates NF-κB
activation via inhibition of IκB-α degradation. In support of this hypothesis, Sarady et al. have
demonstrated that HO-1 overexpression in a murine macrophage cell line reduced LPS-
mediated GM-CSF expression by inhibiting IκB-α degradation [44]. In contrast, Brouard, et
al. have demonstrated that HO-1-derived CO requires the activation of NF-κB to protect
endothelial cells from TNF-α-mediated apoptosis (45). These conflicting observations suggest
that the role of NF-κB in HO-1-mediated cell survival is cell- and stimulus-specific. Our data
show that, similar to HO-1 overexpression, treatment with the HO-1 inducer hemin, CO donors
or heme metabolites promoted cell survival by suppressing IL-18-mediated NF-κB activation.
In contrast, the CO scavenger hemoglobin reversed the pro-survival effects of hemin. These
observations suggest that CO may attenuate IL-18-mediated NF-κB activation by inhibiting
IκB-α phosphorylation and degradation. Since IL-18 induced the expression of pro-apoptotic
PTEN in an NF-κB-dependent manner, it is possible that the pro-survival effects of HO-1 in
endothelial cells are mediated, at least in part, via suppression of NF-κB-PTEN signaling.

Recently, Silva et al. have demonstrated that HO-1 exerts anti-apoptotic effects in bovine aortic
endothelial cells by suppressing p38α MAPK expression [38]. These authors demonstrated that
HO-1-generated CO was responsible for this down-regulation and the observed reduction in
cell death. However, although HO-1 expression resulted in reduced p38 protein levels, neither
p38α activity nor p38β levels were affected [38]. In contrast, our results demonstrate that
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treatment with IL-18 increases p38α and suppresses p38β levels. Furthermore, treatment with
hemin or HO-1 overexpression reversed this phenomenon, and enhanced p38β expression.
These results were further confirmed in studies using siRNA-mediated isoform-specific
knockdown. While knockdown of p38α inhibited, knockdown of p38β potentiated IL-18-
mediated endothelial cell death. Since the CO donors CoPPIX, CORM-1 and CORM-3 were
all capable of inhibiting IL-18-mediated endothelial cell death, it is plausible that CO donors
may act via a similar signaling pathway involving activation of p38β and suppression of
p38α.

Our results demonstrate that IL-18 suppresses activation of the pro-survival factor Akt.
Treatment with IL-18 suppressed Akt phosphorylation in a time-dependent manner, while
significantly increasing the expression of the proapoptotic factor PTEN. These effects were
reversed following HO-1 overexpression or HO-1 induction by hemin, and are mimicked by
CO donors and heme metabolites. Treatment with these agents restored phospho-Akt levels
and suppressed PTEN. However, the mechanism by which these agents restored phospho-Akt
is not known and warrants further study. It is possible that HO-1 may have regulated Akt
activation via two different mechanisms. Brunt et al. have demonstrated functional
codependence of HO-1 and Akt in HO-1 treated hydrogen peroxide-induced smooth muscle
cell death [46]. Though HO-1 is regulated primarily at the transcriptional level, Akt-induced
HO-1 phosphorylation resulted in increased HO-1 activity. These results suggest that Akt
regulates HO-1 expression post-transcriptionally [47]. HO-1 phosphorylation also increased
its binding affinity for cytochrome P450 reductase and BVR [47]. Whether such interactions
occur in IL-18-treated endothelial cells transduced with HO-1 or treated with HO-1 inducers
or CO donors is not known. Our results indicate that IL-18 suppresses Akt activation in a time-
dependent manner while simultaneously increasing pro-apoptotic PTEN expression. It is
possible that forced expression of HO-1 or HO-1 induction prior to IL-18 might increase HO-1-
Akt interactions leading to suppressed IL-18-induced cell death.

We have previously demonstrated that IL-18 activates both the intrinsic and the extrinsic pro-
apoptotic signaling pathways that converge at caspase-3 activation [11]. HO-1 has been shown
to blunt cell death by regulating multiple apoptotic signaling pathways. In monocytes, hemin-
induced HO-1 activity significantly inhibited serum withdrawal and dexamethasone-induced
cell death [48]. While these stimuli resulted in caspase-3 activation, the cytoprotective effects
of HO-1 were caspase-3-independent. In contrast, the anti-apoptotic effect of CO is associated
with lowered caspase-3 activity in hepatocytes [49]. It is not known whether HO-1 suppresses
IL-18-mediated endothelial cell death by a mechanism involving caspase-3.

Our results also demonstrate that the heme metabolites biliverdin and bilirubin blunt IL-18-
mediated endothelial cell death. It has been previously reported that bilirubin administration
was vasoprotective in a rat model of vascular balloon injury [50], similar to that seen with
HO-1 overexpression, suggesting that one component of the cytoprotective effects of HO-1 is
likely mediated by bilirubin and/or biliverdin. For example, prior studies have shown that
administration of bilirubin inhibited JNK phosphorylation, c-Jun phosphorylation, and
endothelial cell apoptosis [51]. Since IL-18 activates JNK [52], it is conceivable that bilirubin
and biliverdin may have inhibited endothelial cell death via suppression of IL-18-induced JNK
activation.

The protective effects of CO against the deleterious effects of cytokines and pro-oxidants may
result from enhanced expression of anti-apoptotic genes. We have previously shown that IL-18,
while increasing the expression of proapoptotic bcl-XS, inhibits the expression of antiapoptotic
bcl-XL in endothelial cells [11]. HO-1 overexpression or induction, and CO donors might alter
this ratio in favor of bcl-XL thus inhibiting cell death. In streptozotocin-induced diabetic
kidney, HO-1 induction increased bcl-XL expression, but failed to modulate bax expression
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[26]. Similarly, CoPPIX has been shown to induce bcl-XL expression [53]. It is thus possible
that CO donors or HO-1 may exert cytoprotective effects in endothelial cells by stimulating
bcl-XL expression.

In summary, our results show that HO-1 either overexpressed or induced, as well as treatment
with CO donors or heme metabolites significantly inhibit IL-18-mediated endothelial cell death
by attenuating p38α MAPK and NF-κB activation and PTEN expression, and reversing the
suppression of Akt phosphorylation. Since myocardial ischemic injury and inflammation and
coronary artery diseases are characterized by enhanced IL-18 expression and early endothelial
cell death, administration of HO-1 inducers or HO-1 metabolites may have therapeutic
potential in limiting IL-18-dependent tissue injury and inflammation.
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Figure 1. IL-18 induces NF-κB activation in EC
A, IL-18 induces NF-κB DNA binding activity. Quiescent EC were treated with IL-18 (100
ng/ml for 1 h), and NF-κB DNA binding activity was assessed by EMSA using nuclear protein
extracts. Specificity of IL-18 was verified by preincubating the cells with IL-18 neutralizing
antibodies (10 µg/ml for 1 h) or IL-18BP/Fc chimera (200 ng/ml). Normal IgG (10 µg/ml) and
Fc (200 ng/ml) served as controls. These experiments were performed at least 3 times. B, IL-18
stimulates NF-κB-driven reporter gene activity. EC transiently transfected with pNF-κB-Luc
vector, and 24 h later treated with IL-18 (n=3). Co-transfection with Renilla luciferase vector
was used to compensate for variations in transfection efficiency. pEGFP-Luc served as a
control. Firefly and Renilla luciferase activities were determined after 7 h. C, IL-18 activates
p65 and p50 subunits of NF-κB. Quiescent EC treated as in A were analyzed for NF-κB p50
and p65 subunits in the nuclear protein extracts by ELISA (n=3). D, IL-18 induces p65
phosphorylation. Quiescent EC were treated with IL-18 for 20 min, and analyzed for p65
phosphorylation by Western blotting using cell lysates (n=3). A, arrow denotes NF-κB-specific
DNA-protein complexes, the solid circle represents unincorporated labeled probe. B, *p<0.001
Vs. Untreated, †p<0.01 Vs. IL-18; C, *p<0.001 Vs. respective Untreated.
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Figure 2. IL-18 induces PTEN expression
A, IL-18 induces PTEN mRNA expression. Quiescent EC were treated with IL-18 for 2 h, and
PTEN mRNA expression was analyzed by Northern blotting (n=3). 28S rRNA served as an
internal control. B, IL-18 induces PTEN protein expression. Quiescent EC were treated with
IL-18 or 12 h. PTEN protein levels were analyzed in cleared cell lysates by Western blotting
(n=3). C, IL-18 stimulates PTEN promoter-reporter activity. EC were transiently transfected
with pGL3-PTEN for 24 h, and then treated with IL-18 (100 ng/ml) for 7 h (n=8). pGL3-Basic
served as a vector control. EC were co-transfected with pRL-TK vector (100 ng) to normalize
for variations in transfection efficiency. Specificity of IL-18 was verified by incubating cells
with anti-IL-18 neutralizing antibodies or IL-18BP/Fc chimera 1 h prior to IL-18 addition.
D, IL-18-induced PTEN promoter activity is blunted by dnIKKβ, dnp65 and dnIκB-α. EC
transiently transfected with pGL3-PTEN were transduced with adenoviral dnIKKβ, dnp65 or
dnIκB-α for 24 h, and then treated with IL-18 for 7 h (n=6). GFP served as a control. E, Deletion
of NF-κB sites blunts IL-18-mediated PTEN promoter-reporter activity. EC transiently
transfected for 24 h with the full length PTEN promoter reporter vector (shown in upper panel)
or deletion constructs lacking one or both NF-κB sites were treated IL-18 for 7 h (n=8). pGL3-
Basic served as a control. EC were co-transfected with pRL-TK vector to normalize for
variations in transfection efficiency. C, *p<0.05, **p<0.01 Vs. pGL3-Basic, †p<0.05 Vs.
IL-18; D, *p<0.05, **p<0.001 Vs. pGL3-Basic, †p<0.05 Vs. IL-18 alone; E, †p<0.05 Vs.
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empty vector, *p<0.05 Vs. control pGL3-PTEN, §p<0.01 Vs. control pGL3-PTEN or IL-18-
treated pGL3-Basic, ¶, p<0.05 Vs. IL-18-treated pGL-PTEN, ¶¶p<0.001 Vs. IL-18-treated
pGL3-PTEN.
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Figure 3. IL-18 induces endothelial cells death
A, IL-18 induces EC death. Quiescent EC were treated with IL-18. After 24 h, cells were
harvested, stained with Annexin V-FITC/PI, and analyzed by flow cytometry in untreated
controls (left hand panel) and following IL-18 treatment (right hand panel). Results from six
independent experiments are summarized in panel B. C, IL-18 induces cytochrome c release
from mitochondria to cytoplasm. Quiescent EC were treated with IL-18 for 12 h (n=3).
Mitochondrial and cytoplasmic extracts were analyzed for cytochrome c levels by Western
blotting. D, NF-κB inhibition blunts IL-18-mediated EC death. EC were treated as in Fig. 2D
were analyzed for cell death at 24 h post-IL-18 treatment (n=6). E, Constitutively inactive
PTEN inhibits IL-18-mediated EC death. EC were transduced with adenoviral ciPTEN for 24
h, and then treated with IL-18 for an additional 24 h (n=6). Cell death was analyzed as in A.
B, *p<0.001 Vs. Untreated; D, *p<0.001 Vs. Untreated, †p<0.001 Vs. IL-18; E, *p<0.001 Vs.
Untreated, †p<0.001 Vs. IL-18.
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Figure 4. IL-18 attenuates HO-1 expression
A, IL-18 inhibits HO-1 mRNA expression. Quiescent EC were treated with IL-18 for 24 h.
HO-1 mRNA expression was analyzed by RT-qPCR (n=6). GAPDH served as internal control.
HO-1 mRNA expression in untreated controls was considered as 1.B, IL-18 decreases stability
of HO-1 mRNA. EC were treated with IL-18 for 12 h, followed by Actinomycin D (5µg/ml)
for 1.5, 3, 4.5 and 6 h. HO-1 and GAPDH mRNA expressions were analyzed by RT-qPCR,
and results from 3 independent experiments is shown as a ratio of HO-1 to GAPDH. A, *p<0.01
Vs. Untreated.
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Figure 5. HO-1 blocks IL-18-mediated EC death
A, EC were transduced with Ad.HO-1 for 24 h (HO-1 expression was analyzed by Western
blotting, right side panel, (n=3)) and then treated with IL-18 (100 ng/ml) for an additional 24
h. Cell death was analyzed by Annexin V-FITC/PI staining and flow cytometry (n=3). B,
Adenoviral transduction of HO-1 attenuates IL-18-mediated NF-κB activation. EC were
transduced with Ad.HO-1 for 24 h, and then treated with IL-18 for one hour (n=3). Nuclear
protein was extracted and analyzed for NF-κB DNA binding activity by EMSA. C, HO-1 blunts
IL-18-mediated PTEN expression. EC transduced with Ad.HO-1 were treated with IL-18 for
12 h. PTEN protein levels in cleared cell lysates were analyzed by Western blotting. Actin
served as a control. Densitometric analysis from three independent experiments is shown in
the lower panel as a ratio of PTEN to corresponding Actin levels. D, HO-1 reverses IL-18-
mediated inhibition of Akt activation. EC treated as in C for 1 h were analyzed for Akt activation
by Western blotting using activation-specific antibodies. Densitometric analysis from three
independent experiments is summarized in the lower panel. Arrow in B denotes NF-κB-specific
DNA-protein complexes. A, *p<0.001 Vs. Untreated, †p<001 Vs. IL-18; C, *p<0.001 Vs.
Untreated, †p<0.01 Vs. IL-18; D, *p<0.001 Vs. Vs. IL-18 or IL-18-treated GFP-transfected
cells.
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Figure 6. Hemin and CO donors attenuate IL-18-mediated EC death
A, Hemin and CoPPIX inhibit IL-18-mediated EC death. Quiescent EC were treated with hemin
(2.5µM for 24 h) or CoPPIX (10 µM for 24 h) prior to IL-18 addition. 24 h later, cell death
was assessed by Annexin V-FITC/PI staining and flow cytometry. ZnPPIX served as a control.
Results from 6 independent experiments are shown. B, Hemin and CoPPIX blunt IL-18-
mediated NF-κB activation. EC transiently transfected with NF-κB reporter vector were treated
with IL-18 with and without hemin, CoPPIX, ZnPPIX or their solvent control. pEGFP
transfection served as a control. pRLTK vector was used to normalize for variations in
transfection efficiency. Luciferase activities were determined 7 h post-treatment. These
experiments were performed 8 times. C, CO donors blunt IL-18-mediated EC death. Quiescent
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EC were treated with CORM-1 or CORM-3 (10 µM) prior to IL-18 addition. iCORM-3 (10
µM) served as a control. After 24 h, cell death was analyzed by Annexin V-FITC/PI staining
and flow cytometry (n=6). D, CO donors inhibit IL-18-mediated NF-κB activation. EC were
treated with CO donors and IL-18 as in B. Luciferase activities were determined after 7 h.
These experiments were performed 8 times. E, CO donors (left side panel, Hemin and CoPPIX;
right side panel, CORM-1, CORM-3) reverse IL-18-mediated PTEN induction and Akt
suppression. Quiescent EC were treated with IL-18 and/or CO donors for 12 h. Akt, phospho-
Akt and PTEN levels were analyzed by Western blotting (n=3). A, *p<0.001, **p<0.01 Vs.
Untreated, †p<0.01 Vs. IL-18; B, *p<0.001 Vs. Untreated, †p<0.05 Vs. IL-18; C, *p<0.001
Vs. Untreated, †p<0.05 Vs. IL-18; D, *p<0.001 Vs. Untreated, †p<0.05 Vs. IL-18.
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Figure 7. Hemin blocks IL-18-mediated EC death via HO-1 induction
A, Hemin induces HO-1 expression. Quiescent EC were treated with hemin (10 µM). Cells
were harvested at the indicated time periods, and analyzed for HO-1 mRNA expression by RT-
qPCR (n=6). B, HO-1 knockdown blocks hemin-mediated rescue of IL-18-dependent EC
death. EC were treated with HO-1 siRNA for 48 h, and then treated with hemin and IL-18 for
an additional 24 h. Cell death was analyzed by Annexin V-FITC/PI staining and flow cytometry
(n=6). C, HO-1 knockdown is confirmed by Western blotting (n=3). EC treated as in C were
analyzed for HO-1 knockdown by Western blotting at 48 h post-HO-1 siRNA treatment. siRNA
that does not target any gene in the mammalian genome served as a control. D, Hemoglobin
(Hg) reverses hemin-mediated rescue of IL-18-depndent EC death. Quiescent EC were treated
with hemin and Hg prior to IL-18 addition. After 24 h, cell death was analyzed by Annexin V-
FITC/PI staining and flow cytometry (n=6). A, *p<0.01, **p<0.001 Vs. Untreated; B, *p<0.001
Vs. Untreated, †p<0.01 Vs. IL-18 alone; D, *p<0.001 Vs. Untreated, †p<0.01 Vs. IL-18.
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Figure 8. The hemoglobin degradation products bilirubin and biliverdin attenuate IL-18-mediated
EC death
A, Bilirubin and biliverdin blunt IL-18 induced EC death. Quiescent EC were treated with
IL-18 and/or bilirubin or biliverdin (10 µM) for 24 h. Cell death was analyzed by Annexin V-
FITC/PI staining and flow cytometry. These experiments were performed at least 6 times. B,
Bilirubin and biliverdin blunt IL-18-mediated NF-κB-dependent reporter gene activity. EC
transiently transfected with the NF-κB reporter vector were treated with IL-18 and/or bilirubin
or biliverdin. Luciferase activities were analyzed 7 h post-treatment (n=6). C, Bilirubin and
biliverdin reverse IL-18-mediated PTEN induction and Akt suppression. Quiescent EC were
treated with IL-18 and/or bilirubin or biliverdin for 1 (Akt) or 12 h (PTEN). PTEN, phospho-
Akt, and Akt levels were assessed by Western blotting (n=3). A, B, *p<0.001 Vs. Untreated,
†p<0.05 Vs. IL-18.
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Figure 9. IL-18 stimulates p38 MAPK activation
A, IL-18 induces p38 MAPK phosphorylation. Quiescent EC were treated with SB202190 in
DMSO (30 µM for 30 min) prior to IL-18 addition (100 ng/ml for 1 h). Total protein was
extracted and cleared cell lysates were analyzed for total and p-p38 MAPK by Western blotting
using activation-specific antibodies. A representative of three independent experiments is
shown. B, IL-18 stimulates p38 MAPK enzyme activity. EC treated as in A were analyzed for
p38 MAPK activity using a commercially available colorimetric assay kit (n=3). ATF-2 served
as a substrate. C, IL-18 differentially regulates p38 MAPK isoforms. Quiescent EC were treated
with IL-18 for 1 h, and cleared cell lysates were analyzed for total p38 MAPK and p38 MAPK
isoforms (p38α, and p38β) by Western blotting using isoform-specific antibodies. µTubulin
served as a control. Autoradiographic signals from three independent experiments were
semiquantified by videoimage analysis and the results are presented in panel D as a ratio of
MAPK to αTubulin. D, *p at least <0.05 Vs. respective Untreated.
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Figure 10. Hemin and HO-1 differentially regulate p38 MAPK isoforms
A, Hemin differentially regulates p38 MAPK isoforms. Quiescent EC were treated with hemin
(10 µM for 24 h), and analyzed for total p38 MAPK and p38 isoforms by Western blotting.
B, The autoradiographic signals in panel A were semiquantified by videoimage analysis, and
presented as a ratio of p38 MAPK isoforms to that of total p38 MAPK from three independent
experiments. C, Ectopic expression of HO-1 reverses IL-18 mediated suppression in p38β
MAPK levels. EC transduced with Ad-HO-1 or Ad.GFP for 24 h were treated with IL-18. One
hour later, cleared cell lysates were analyzed for total p38 and p38 isoforms by Western
blotting. D, The autoradiographic signals in panel C were semiquantified by videoimage
analysis, and results are presented as a ratio of p38 MAPK isoforms to that of total p38 MAPK

Zabalgoitia et al. Page 26

Free Radic Biol Med. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from three independent experiments. E, Knockdown of p38β isoform potentiates IL-18-
mediated EC death. EC were treated with p38 MAPK isoform-specific siRNA (100 nM for 48
h) and then treated with IL-18. After 24 h, cell death was analyzed by Annexin V-FITC/PI
staining and flow cytometry (n=6). F, Knockdown of p38 MAPK isoforms was confirmed by
Western blotting (n=3). αTubulin served as a control. B, *p<0.05 Vs. respective Untreated or
solvent, **p<0.001 Vs. Untreated; D, *p<0.01 Vs. respective Untreated, †p<0.001 Vs. IL-18-
treated GFP; E, *p<0.001 Vs. Untreated, †p<0.01 Vs. IL-18, §p<0.05 Vs. IL-18.
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