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Abstract

Heme-oxygenase-1 (HO-1), astress-inducible protein, is an important cytoprotective agent in various
models of ischemia/reperfusion (I/R) injury. However, the role of downstream mediators involved
in HO-1 induced cytoprotection is not clear. In the current study we investigated the role of biliverdin
reductase, an enzyme involved in the conversion of HO-1 derived biliverdin into bilirubin and the
PI3K/Akt pathway in mediating the cytoprotective effects of HO-1 against hypoxia and
reoxygenation (H/R) injury in vitro and in vivo. H9c2 cardiomyocytes were transfected with a plasmid
expressing HO-1 or LacZ and exposed to 24 hours of hypoxia followed by 12 hours of reoxygenation.
At the end of reoxygenation, reactive oxygen species generation was determined using CM-
H,DCFDA dye and apoptosis was assessed by TUNEL, caspase activity and Bad phosphorylation.
p85 and Akt phosphorylation were determined using cell based ELISA and phospho-specific
antibodies, respectively. HO-1 overexpression increased phosphorylation of the regulatory subunit
of the PI3K (p85a) and downstream effector Akt in H9c2 cells, leading to decreased ROS and
apoptosis. Furthermore, cardiac specific HO-1 expression increased basal phosphorylated Akt levels
and decreased infarct size in response to LAD ligation and release induced I/R injury. Conversely,
PI3K inhibition reversed the effects of HO-1 on Akt phosphorylation, cell death and infarct size. In
addition, knockdown of biliverdin reductase (BVR) expression with siRNA attenuated HO-1 induced
Akt phosphorylation and increased H/R-induced apoptosis of H9c2 cells. Co-immunoprecipitation
revealed protein-protein interaction between BVR and the phosphorylated p85 subunit of the P13
kinase. Taken together, these results suggest that the enzyme biliverdin reductase plays an important
role in mediating cytoprotective effects of HO-1. This effect is mediated, at least in part, via activation
of the PI3K/Akt pathway.
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Introduction

Oxidative stress is a well established cause of myocardial damage associated with ischemia
and reperfusion (I/R) injury [1]. In response to reactive oxygen species (ROS), several stress
proteins and anti-oxidant enzymes are upregulated as a cytoprotective response to limit cellular
damage [2]. Heme oxygenase-1 (HO-1) is an inducible protein whose expression is increased
several fold in response to a variety of cellular stresses and stimuli including ischemia [3]
hypoxia [4], oxidative stress [5] and inflammatory cytokines [6], suggesting an important role
for this enzyme in tissue protection. Several studies have shown that HO-1 over-expression
protects against ischemia/reperfusion injury in a variety of tissues including the myocardium
[7-11]. Conversely, reduced HO-1 levels increase susceptibility to injury in a variety of stress
conditions. For example, HO-1 null mice show impaired ventricular function [12] and
increased incidence of right ventricular infarcts with mural thrombi in response to chronic
pulmonary hypoxia [13].

We reported previously that constitutive [11] or hypoxia induced [10] over-expression of HO-1
markedly reduces infarct size after ischemia/reperfusion injury. This was associated with
reduced oxidative stress and decreased expression of pro-inflammatory and apoptotic
mediators [14]. Another mechanism by which HO-1 may protect cells or tissues against
oxidative injury is by generating bilirubin from catabolism of heme. Several studies have
demonstrated that exogenous bilirubin can protect against hypoxia induced injury in cultured
cells and in isolated perfused hearts subjected to I/R injury [15-17]. Furthermore, a strong
correlation has been reported between elevated plasma bilirubin levels and lower risk of
cardiovascular diseases [18,19]. However, the signaling mechanism(s) underlying the
cytoprotective effects of HO-1 are not clear. Bilirubin is produced via reduction of heme-
derived biliverdin by biliverdin reductase (BVR) [15]. In addition to its role in biliverdin
metabolism, BVR has recently been reported to function as a protein kinase with serine/
threonine/tyrosine kinase activity [20]. In this regard, BVR shares similarities with insulin
receptor kinases in their ability to regulate the P13 kinase pathway. The PI3K/Akt cascade is
an important survival pathway in the heart. Akt overexpression leads to increased survival and
improved myocardial function following I/R injury [21-24] in a manner similar to HO-1.
Recent evidence suggests that these two enzyme systems interact both at the post-
transcriptional and post-translational levels [25,26], and may function in a co-dependent
function to confer cytoprotection [25]. However, it is not known whether PI3K/Akt pathway
is required for the cytoprotective effects of HO-1 in myocardial I/R injury.

In this study we investigated the role of the PI3K/Akt in the cardioprotective effects of HO-1
against ischemia/hypoxia and reperfusion injury. Our results indicate that PI3K/Akt activity is
essential for HO-1 induced protection against H/R induced injury. Furthermore, the mechanism
of PI3K/activation by HO-1 is dependent on biliverdin reductase activity and its metabolic by-
product bilirubin.

Materials and Methods

Reagents

All chemicals were purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA) with the
exception of MTT reagent and TUNEL (Roche, USA), Hoecsht 33342 and CM-H2DCFDA
(Invitrogen, Carlsbad, CA, USA) and LY294002 (Cell Signaling Technologies, Beverly, MA,
USA). HO-1 and BVR siRNAs were purchased from Ambion. LY 294002 and CM-H2DCFDA
were initially dissolved in DMSO and diluted in PBS with a final DMSO concentration of <
0.01%. All the antibodies were from Cell Signaling except for HO-1 and BVR which were
from Stressgen.
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HO-1 and LacZ constructs were generated using PCR amplification. BVR construct was a kind
gift from Dr. Mahim Maines, University of Rochester, Minnesota. BVR was amplified from
this construct and ligated into a pCMV-3Tag (#240200) (Stratagene, CA) expression vector in
BAMH1/Xho1 restriction sites to generate a FLAG tagged BVR expression vector.

In-Vivo Gene Delivery and I/R injury

Adult male HO-1 transgenic mice (HO-1 Tg) and wild type (WT) littermates were subjected
to I/R injury as described previously [11]. For the gene delivery studies, adult male C57BI6
mice were purchased from Charles River Laboratories and maintained on a 12:12-h light-dark
cycle at an ambient temperature of 24°C and 60% humidity. Food and water were provided
ad libitum. Intramyocardial gene delivery and I/R injury were performed 5 weeks in advance
of I/R injury using adeno-associated virus (AAV) to constitutively express HO-1 or LacZ as
described previously [11]. For the P13 kinase inhibition experiments, mice transduced with
AAV-HO-1 or AAV-LacZ were administered LY294002 i.p. at a dose of 100 mg/kg (=2 mg/
mouse) one hour prior to the ischemic injury. All surgical and experimental procedures were
approved by the Duke University Committee on Animal Welfare.

Cell Culture and hypoxia/reoxygenation

H9c?2 cells were purchased from ATCC (Manassus, VA, USA), seeded at constant density
(10,000/cm?) and grown to 80% in DMEM containing 10% fetal bovine serum and antibiotics.
Cells were washed with HBSS and rendered quiescent in serum free DMEM for 24 hours prior
to experiments. Embryonic fibroblasts (MEFs) from HO-1 null mice were a kind gift from Dr.
Shaw-Feng Yet, Harvard Medical School, Boston, MA. For the hypoxia/reoxygenation studies,
cells were transfected with plasmids expressing HO-1 or LacZ. Forty eight hours after
transfection, cells were subjected to twenty four hours of hypoxia (< 0.5% O,) using pre-
conditioned hypoxic medium followed by twelve hours of reoxygenation. Hypoxic medium
was changed to fresh medium upon initiation of reoxygenation.

siRNA transfection

SiRNA transfections were performed using TRANS-IT-TKO reagent (Mirus Corporation)
prior to transfer to hypoxia chamber. Sequences of siRNA oligonucleotides were as follows:
HO-1—(5"— 3') Sense: GGAACUUUCAGAAGGGUCALt; Antisense:
UGACCCUUCUGAAAGUUCCItc; BVR (5'— 3') Sense;
GGAUAUAUUUGUUCAGAAGtt; Antisense; CUUCUGAACAAAUAUAUCCHg.

Quantification of reactive oxygen species generation

Reactive oxygen species was determined using CM-H2DCFDA dye. Following transfections,
cells were subjected to 24 hours of hypoxia followed by 24 hours of reoxygenation. One hour
before end of reoxygenation, CM-H2DCFDA dye (5uM) was loaded to cells in 12-well culture
slides and kept at 37°C in 5% CO,:21% O,. Wells were washed once with HBSS and incubated
with Hoechst 33342 [10ug/ml] for 5 min. Fluorescence was viewed with a Leica DRB inverted
microscope at 100x magnification. Flow cytometry was used in quantification of ROS
generation.

Co-immunoprecipitation and Western Immunoblot Analysis

Cells were harvested and lysed in Tris HCL buffer containing protease inhibitors, and protein
concentration was determined by Bradford assay. Mouse heart tissues were harvested
following reperfusion and homogenized in tris-HCI buffer. For co-immunoprecipitation
experiments, protein concentration was measured using Bradford assay and 100ug of cell lysate
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was subjected to co-immunoprecipitation using ProFound co-i.p. kit from Pierce Technologies
according to manufacturer's instructions. For western blots, cells or tissues were lysed in the
same lysis buffer and protein (10-20ug) was loaded on acrylamide gels, transferred to
polyvinylidiene difluoride membrane, and probed with phospho-Akt (ser473), phospho-Bad
(Ser136) total Akt (Cell Signaling, Danvers, Massachusetts), or HO-1 (Stressgen, Canada)
antibodies as described previously [14].

Determination of p85 phosphorylation

Phosphorylated levels of p85a were determined using a cell based ELISA according to
manufacturer's instructions (Activ Motif, Carlsbad California, USA). Briefly, H9c2 cells were
cultured in 96 well plates. Twenty four hours after seeding, cells were transfected with either
HO-1 or lacZ expression plasmid. Forty eight hours after transfection, cells were washed with
PBS and fixed with 4% formaldehyde. Cells were incubated with primary antibody that
recognizes either phosphorylated PI13K p85 or total PI3K p85. After overnight incubation, cells
were washed and incubated with secondary HRP conjugated antibody. p85a phosphorylation
was quantified at 450 nm using a spectrophotometer. The readings were normalized to relative
cells number in each well.

Bilirubin Quantitation

Bilirubin levels were measured in medium and in whole cell lysates using a colorimetric
bilirubin determination assay (Bioassays, Inc, CA) according to manufacturer's instructions.
The color change was measured at 530nm wavelength and the following formula was used for
determination of bilirubin levels: Bilirubin= ODgample- ODgJank/ODecalibrator- ODwater X 10 mg/
dl.

TUNEL staining

Detection of apoptotic cells was determined using TUNEL assay using a fluorescence kit from
Roche according to manufacturer's protocols. Caspase 3 activity was determined using a
colorimetric assay from Sigma.

Statistical Analysis

All results are expressed as mean + standard error of the mean (SEM). One way ANOVA was
used to compare differences in caspase activity assay, apoptotic index, infarct size and bilirubin
levels. P<0.05 was considered to be statistically significant.

Results

HO-1 protects against hypoxia/reoxygenation induced oxidative stress

The effect of HO-1 over-expresssion in protection from H/R-induced injury of H9c2 cells in
shown in Figure 1. Exposure of cells of 24 hr of hypoxia and reoxygenation led to significant
increase in ROS generation in the LacZ transfected control cells compared to nearly
undetectable levels in the HO-1 transfected cells (Figure 1 A, B), indicating that HO-1 reduces
H/R induced oxidative stress. To establish whether endogenous HO-1 activity is essential for
protection against H/R-induced oxidative stress, we used embryonic fibroblasts from wild type
and HO-1 null mice. Exposure of the cells to H/R led to a significant increase in ROS generation
compared to fibroblasts from wild-type animals (Figure 1C). We then assessed the effect of
H/R on apoptosis in the HO-1 and LacZ-transfected HIC2 cardiomyocytes. H/R led to a
significant increase in the number of TUNEL positive nuclei in the LacZ-transfected cells while
there was no increase in apoptotic nuclei in the HO-1 transfected cells (Figure 1D, E).
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Effect of HO-1 over-expression on Akt activation in vitro and in vivo

We investigated whether HO-1 may exert its cytoprotective effects by activating the PI3K-Akt
pathway. The effect of HO-1 on PI3K and Akt activity is shown in Figure 2. HO-1
overexpression led to approximately four fold increase in basal levels of phosphorylated Akt
(ser 473) in H9c2 cells compared to the LacZ-transfected cells, without any change in total
Akt (Figure 2A). Interestingly, Akt phosphorylation was increased in the LacZ-transfected
cells but not in the HO-1 transfected cells following hypoxia and reoxygenation (H/R) (Figure
2A and 2B), suggesting that the elevated basal level of Akt activity in the HO-1-transfected
may be sufficient to withstand the stress imposed by H/R. In agreement with the results in the
H9c2 cells, basal levels of phosphorylated Akt were elevated in myocardial homogenates form
cardiac-specific over-expressing HO-1 transgenic mice compared to the wild type control
littermates (Figure 2C, D). The elevated levels of phosphorylated Akt in the HO-1 transgenic
animals were accompanied by increased phosphorylation of its downstream target, glycogen
synthase kinase 3-p (GSK3-B) (Figure 2E) further confirming that Akt activity is increased in
the myocardium of HO-1 transgenic animals.

We determined further whether Akt activity is dependent on HO-1 expression, using SiRNA
to knockdown endogenous HO-1 expression in H9c2 cells exposed to H/R. Transfection
efficiency was 50-60% as determined with FITC-labeled oligonucleotide (data not shown).
We tested three different sets of sSiRNA oligonucleotides to knockdown expression of HO-1.
As shown in Figure 3A, HO-1 protein expression was decreased by >50% with oligonucleotide
set #2, and this set was used in subsequent experiments. Inhibtion of HO-1 with siRNA
decreased phosphorylated Akt levels both in normoxic conditions and in response to H/R
(Figure 3B) by approximately 41% and 32%, respectively (Supplementary Figure 1). The
knockdown of HO-1 protein was accompanied by increase in apoptosis in the H9C2 exposed
to H/R, as indicated by increased capase-3 activity (Figure 3C) and increased number of
TUNEL-positive cells (Figure 3D).

Role of Biliverdin Reductase in HO-1 induced Akt activation and cellular protection

Having established the role of HO-1 in enhancing PI3K-Akt activity, we then determined
whether this effect is mediated by downstream mechanisms involved in catabolism of
biliverdin, one of the catalytic by-products of heme degradation by HO-1. Biliverdin is
converted to bilirubin by biliverdin reductase (BVR). Recently, BVR was reported to have
serine/threonine kinase activity [20]. Thus, we investigated whether BVR is involved in HO-1
mediated phosphorylation of Akt. Initially we determined the effects of HO-1 on BVR protein
levels. As shown in Figure 4A and Supplementary Figure 2, HO-1 overexpression increased
BVR levels in H9c2 cells resulted in expected increase in HO-1 levels. To further determine
the role of BVR in HO-1 induced Akt activation, we transfected H9c2 cells either with HO-1
expression alone or with simultaneous inhibition of BVR with 200nM siRNA. We confirmed
dose-dependent knockdown of BVR using a specific sSiRNA oligonucleotide (Figure 4B).
Importantly, our data show that BVR knockdown with 300nM siRNA reduced the stimulatory
effect of HO-1 on Akt phosphorylation by > 50% in H9c2 (Figure 4C and Supplementary
Figure 2), thus indicating that HO-1-dependent activation of Akt is, at least in part, mediated
by BVR. In contrast there was no effect of scrambled siRNA (300nM) co-transfection on p-
Akt levels. Furthermore, treatment of H9c2 cells with 500 nM bilirubin, the final product in
the catabolism of biliverdin by BVR, dose dependently increased the phosphorylation of Akt
(Figure 4D) and its downstream target protein Bad (Figure 4E), a pro-apoptotic member of the
Blc-2 family that is negatively regulated by phosphorylation. Interestingly, the effect of
bilirubin on Akt and Bad phosphorylation was attenuated by pre-treatment with BVR siRNA.
To determine if bilirubin-induced Akt and Bad phosphorylation was mediated by BVR, we
transfected H9c2 cells with BVR siRNA (300nM) prior to treatment with bilirubin. As shown
in Figure 4E and Supplementary Figure 2, the effect of bilirubin on Akt and Bad
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phosphorylation was attenuated by BVR siRNA, indicating that bilirubin-induced Akt
phosphorylation is mediated, at least in part, by BVR.

We further determine the functional consequence of biliverdin reductase inhibition on cell
viability in response to H/R. Inhibition of BVR using siRNA markedly attenuated the anti-
apoptotic effect of HO-1 in H9c2 cells after exposure to H/R (Figure 4F). Compared, to control
cells, exogenous HO-1 overexpression reduced the number of TUNEL positive nuclei by
approximately 50%, and pre-treatment with BVR siRNA reduced the anti-apoptotic effect of
HO-1 by 80% (Figure 4G), suggesting that the cytoprotective effects of HO-1 against H/R
injury in H9¢c2 myocytes is mediated, at least in part, by BVR and subsequent activation of the
PI3K-Akt survival pathway.

Effect of biliverdin reductase on bilirubin concentration

In order to determine the effect of BVR and exogenous bilirubin on total bilirubin levels, we
measured bilirubin concentration in both cell lysates and the medium of cells treated with BVR
SiRNA alone or together with the addition of exogenous bilirubin. As shown in Figure 5,
treatment with BVR siRNA reduced endogenous bilirubin levels in whole cell lysates by >
50%. (Figure 5A). However, the inhibition of BVR did not have any effect on the concentration
of bilirubin after addition of exogenous bilirubin (Figure 5A). Bilirubin levels were
undetectable in the medium from untreated (control) cells (Figure 5B), indicating negligible
secretion of bilirubin. As expected, addition of exogenous bilirubin increased the concentration
of bilirubin in the media in a dose-dependent fashion (Figure 5B). However, treatment of cells
with BVR siRNA led to decreased concentration of bilirubin in the media even after addition
of 500 nM exogenous bilirubin (Figure 5B).

Effect of PI3 kinase inhibition on HO-1 induced protection in vitro and in vivo

We determined the role of P13 kinase in HO-1 mediated cellular protection against H/R injury
in vivo and in vitro. Under normoxic conditions, pharmacological inhibition of PI3K with LY
294002 had no effect on caspase 3 activity (Figure 6A). Hypoxia and reoxygenation increased
caspase activity approximately 4 fold. HO-1 overexpression decreased H/R-induced caspase
activity to the levels seen in normoxic conditions (Figure 6A). However, inhibition of PI3K
abrogated the inhibitory effect of HO-1 on caspase activity (Figure 6A), suggesting a
dependence on PI3K-Akt for HO-1 mediated cytoprotection. In contrast treatment of control
H9c2 cells with LY 294002 did not significantly alter caspase activity in control cells during
hypoxia/reoxygenation (Figure 6A). We determined whether HO-1 induced protection against
ischemia and reperfusion injury in vivo is also mediated via the PI3K-Akt pathway in mice
treated by intramyocardial injection of AAV-HO-1 or AAV-LacZ. For evaluation of the role
of PI3K-Akt, a subset of animals from each group was administered L'Y294002 one hour before
the injury. Animals treated with AAV-HO-1 had approximately 68% reduction in infarct size
as compared to LacZ treated animals (infarct size, 7.6 + 2 vs. 25 £ 1.5, p < 0.05) (Figure 6B,
C). Administration of the inhibitor reversed this protective effect of HO-1 (HO-1 + LY 294002,
18 £ 2 vs. HO-1, 7.6  2) indicating dependence on PI3K pathway.

Effect of HO-1 expression on physical interaction between PI3 kinase and BVR

As shown above, P13 kinase pathway plays an important role in mediating the protective effect
of HO-1 and BVR on cellular apoptosis Since Akt activity is regulated upstream by P13 kinase,
which is activated by phosphorylation of its p85 regulatory subunit [27], we determined
whether p85 activity is affected by HO-1 levels. As shown in Figure 7A, the phosphorylated
levels of p85a were increased in HIC2 cells transfected with HO-1 plasmid relative to control
cells transfected with LacZ, despite comparable levels of total p85, indicating that HO-1
enhances Akt activity, at least in part, by increasing the activity of its upstream activator p85.
Furthermore, since our data shows that BVR mediates the effect of HO-1 on Akt
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phosphorylation, we sought to determine if there is any physical interaction between BVR and
the p85 subunit of PI3 kinase. As shown in Figure 7B, phosphorylated p85 co-
immunoprecipitated with BVR in homogenates from the left ventricles of wild type mice. This
interaction was further increased in LV homogenates from HO-1 transgenic mice. To further
confirm the specificity of this interaction we over-expressed FLAG-BVR in H9c2 cells. As
shown in Figure 7C, BVR transfected cells demonstrated increased binding with the
phosphorylated p85 subunit of the P13 kinase. Taken together, these data suggest that BVR
may mediate the anti-apoptotic effects of HO-1 by binding to and modulating the activity of
the PI3K/Akt pathway.

Discussion

Myocardial ischemia and reperfusion injury triggers a series of cytoprotective mechanisms
aimed at counteracting the cellular damage induced by inflammatory mediators and reactive
oxygen species [1]. Heme oxygenase-1 plays a central role in myocardial protection from I/R
injury. The enzyme is induced several fold by hypoxia and reoxygenation [28,29], and genetic
mouse models of HO-1 deficiency have greater propensity towards ischemia and hyperoxia
induced tissue injury [12,13]. Moreover, pre-emptive delivery of HO-1 gene markedly reduces
infarct size following acute I/R [10,11], suggesting that enhanced basal level of HO-1
preconditions the myocardium [12,30] and renders it resistant to subsequent episodes of I/R
injury [14]. Thus, strategies aimed at increasing basal HO-1 levels may yield therapeutic
potential in protection against I/R induced myocardial injury and failure. However, the
mechanism(s) underlying the cardioprotective actions of HO-1 have not been fully elucidated.
The cytoprotective properties of HO-1 have traditionally been attributed to the by-products of
heme degradation, namely bilirubin and carbon monoxide (CO). Indeed, within a narrow
therapeutic range, these catalytic by-products exert powerful antioxidant [15,31], anti-
inflammatory [32] and anti-apoptotic effects [33-35], leading to reduced infarct size [16,17,
36-37]. However, emerging evidence, suggests that HO-1 may also exert cytoprotective effects,
independent of heme breakdown [38] by interacting with survival signaling pathways such as
PI3K-Akt and p38. We reported recently that HO-1 functions co-dependently with Akt to
confer protection from pro-oxidant-induced injury in human aortic smooth muscle cells [25].
Moreover, HO-1 and biliverdin reductase function as phosphoproteins [20,26] and may
participate in phosphorylation and activation of PI3K kinase. Here we show that the
cardioprotective effect of HO-1 against I/R injury is critically dependent on Akt activity both
in vitro and in vivo. Furthermore, HO-1-dependent activation of Akt is mediated, at least in
part, by biliverdin reductase and is mimicked by bilirubin. Thus, these findings reveal a novel
mechanism of HO-1-induced cardioprotection that appears to be mediated by phosphorylation
and activation of PI3K/p85 subunit and its downstream target Akt by BVR or HO-1.

The mechanisms by which HO-1 activates Akt are not fully understood. HO-1 appears to
interact with Akt both at transcriptional [25] the post-translational level [26]. Akt has been
reported to induce HO-1 transcriptionally by promoting the activation and nuclear translocation
of Nrf2, a key transcription factor involved in regulation of HO-1 gene expression [25,39,
40], suggesting that Akt-mediated induction of HO-1 may represent an essential protective
response to cellular stress. In addition, Akt phosphorylates HO-1 at serine 188 in vitro and
vivo, leading to a modest increase in HO-1 activity [26]. It remains to be established whether
or not HO-1 directly activates PI3K/AKkt. Our results show that HO-1 overexpression increases
phosphorylation of PI3K/p85 subunit without alteration in total p85 levels. However, the
possibility that HO-1 may also function as a protein kinase capable of phosphorylating PI3K/
Akt isan intriguing prospect that merits further investigation. In this regard, HO-1 was recently
reported to inhibit apoptosis of Caco-2 cells via activation of Akt [41]. Interestingly, the effects
of HO-1 on Akt activity and cell survival in this colon cancer cell line were mimicked by
exogenous bilirubin, analogous to our current findings in H9c2 cells exposed to hypoxia and
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reoxygenation. Others have reported that CO also protects against I/R injury by increasing Akt
activity [35,36]. Thus Akt and HO-1 may function cooperatively in cellular protection by
reciprocally enhancing each other activity through direct transcriptional and post-translational
events, and indirectly via the by-products of heme degradation, bilirubin and CO.

Another possible mechanism by which HO-1 may increase Akt activity is via BVR, the
downstream enzyme in the heme degradation pathway involved in the reduction of biliverdin
to bilirubin [15,42]. Our results indicate that HO-1 increases BVR levels. Moreover, BVR
knockdown attenuates Akt phosphorylation and increases apoptosis in HO-1-overexpressing
H9c2 myocytes exposed to H/R. Furthermore, we have also demonstrated that BVR binds to
the phosphorylated p85 regulatory subunit of the PI3K complex. Taken together these data
suggest that BVR may serve an intermediary role in the regulation of Akt activity by HO-1. In
addition it has been reported that BVR exhibit serine-threonine protein kinase activity [20].
Specifically, BVR has been suggested to act as a kinase for insulin receptor substrate (IRS)
[20]. Since the activation of Akt is initiated by docking of PI3 kinase to phosphorylated IRS
via its p85a subunit [43], it is plausible that BVR, by activating IRS phosphorylation, initiates
P13 kinase docking and subsequent activation of the Akt pathway. Additionally, BVR also has
a sequence motif similar to IRS [20] which is required for SH2 binding proteins such as p85,
suggesting that the enzyme, itself, may serve as a docking site for PI3 kinase and subsequent
activation of the pathway. Thus, BVR could potentially modulate Akt activity at multiple levels
in the PI3K/Akt signaling cascade. However, the structural basis for BVR being a protein
kinase is inconclusive and no evidence of any appropriate motifs has yet been provided in
literature reporting the structure of BVR [44] [45].

Alternatively, BVR may inhibit Akt dephosphorylation by reducing oxidative stress [46]. BVR
may also exert anti-apoptotic effects independent of Akt activity by recycling and maintaining
appropriate levels of bilirubin [47], and by promoting metabolic stability and directly
stimulating suppressors of apoptosis [48]. The exact role that bilirubin may play in the
regulation of the interplay between BVR and p85 is not clear. Our results show that exogenous
bilirubin increases basal BVR levels, suggesting that bilirubin and BVR may operate in a
positive feedback fashion to maintain each other's levels in the cell. Indeed Baranano et al
[47] showed that BVR and bilirubin constitute a catalytic cycle, whereby bilirubin is oxidized
back to biliverdin, providing in this fashion the substrate for continuous regeneration of
bilirubin by BVR. Furthermore, our results demonstrate that BVR inhibition decreases basal
levels of endogenous bilirubin, while having no effect of the levels of exogenously added
bilirubin in cytosolic homogenates. Interestingly, inhibition of BVR reduces the amount of
bilirubin in the media after addition of 500 nM exogenous bilirubin. One possible explanation
for this phenomenon is that inhibition of intracellular bilirubin by BVR knockdown causes
uptake/diffusion of bilirubin from the medium thus reducing the concentration of extracellular
bilirubin. Alternatively, inhibition of endogenous bilirubin production by BVR siRNA may
reduce the amount of bilirubin that may diffuse into the media. However, we believe that the
former explanation is a more likely mechanism. These scenarios are currently being
investigated.

A plausible working model for the mechanism of HO-1-induced cytoprotection is shown in
Figure 8. Accordingly, we propose that hypoxia and reoxygenation leads to the production of
reactive oxygen species, possible via activation of membrane bound NADPH oxidase and as
result of mitochondrial oxidative metabolism. Increased ROS generation may dephosphorylate
Akt, leading to its inactivation. The decrease in Akt activity reduces cellular resistance to stress,
culminating in mitochondrial permeability transition pore opening and activation of the
mitochondrial death pathway. HO-1 activity may counteract the effect of oxidative stress
directly by inhibiting ROS generation and mitochondrial apoptosis pathway activated by
cytochrome c via the anti-oxidant actions of bilirubin. The decrease in ROS load by bilirubin
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may also indirectly lead to preservation of Akt activity be inhibiting its dephosphorylation. In
addition HO-1 and biliverdin reductase may directly enhance Akt activity by phosphorylating
p85 and/or Akt itself leading to inhibition of pro-apoptotic moieties such as Bad and
GSK-3p, and preservation of mitochondrial function. The end result is inhibition of the intrinsic
apoptotic pathway, resulting in improved cell survival in the presence of cellular stress such
as triggered by hypoxia and reoxygenation.

In conclusion, we provide evidence of a novel mechanism of HO-1-mediated cardioprotection,
whereby inhibition of I/R-induced injury is critically dependent on activation of the PI3K-Akt
signaling pathway and subsequent inhibition of downstream mitochondrial apoptotic
pathways. The mechanism of Akt activation by HO-1 appears to be mediated at the post-
translational level by multiple mechanisms, and possibly include direct phosphorylation events
on p85 and Akt by HO-1 or BVR or both, and inhibition of Akt dephosphorylation by bilirubin-
dependent buffering of ROS. Unequivocal confirmation of this novel paradigm of HO-1-
mediated remains to be established. Nevertheless, the current findings provide a basis for the
development of novel strategies to enhance the therapeutic potential of HO-1 in myocardial
protection.
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Figure 1. Effect of HO-1 over-expression on oxidative stress in vitro

A. CM-H2DCFDA fluorescence after hypoxia and reoxygenation in H9c2 cells. (B-C).
Quantification of CM-H2DCFDA fluorescence by flow cytometry in non-transfected and
HO-1 transfected H9c2 cells (B) and in mouse embryonic fibroblasts (C) from WT and HO-1
null mice exposed to hypoxia and reoxygenation. D. Fluorescent TUNEL staining in H9c2
cells transfected with either HO-1 or control plasmid under normoxia or H/R. E. Quantification
of apoptosis in H9¢c2 under normoxia or H/R. Values are mean + SEM. *, p <0.05 vs. normoxia;
** p<0.05vs.H/R.
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Figure 2. Effect of exogenous HO-1 over-expression on Akt phosphorylation in vitro and in vivo
A-B. Representative blot of phosphorylated Akt levels in H9c2 cells transfected with either
lacZ or HO-1 expression plasmid in normoxic conditions and after exposure to 30 minutes of
hypoxia (< 0.5% O,). B. Densitometric data analysis of the data in panel A (* vs. normoxia
lacZ; ™ vs. normoxia lacZ; n=3 independent experiments). C-E. Representative blots of HO-1,
p-Akt, and p-GSK3p (C) and densitometric analysis of p-Akt (D) and p-GSK3p (E) in
myocardial tissue homogenates from wild type and HO-1 transgenic mice ("TG vs. WT, p<.
05, n = 3-4/group) using specific antibodies.
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Figure 3. Effect of HO-1 knockdown on Akt phosphorylation levels and apoptosis in vitro

A. Evaluation of the effectiveness of different sSiRNA oligonucleotides in knockdown of HO-1
protein expression; B. Representative blot showing the effect of HO-1 knockdown on p-Akt
(Ser 473) in normoxic conditions and in response to H/R in H9c2 cells; C. Representative blot
showing the effect on HO-1 knockdown on cleaved caspase 3 levels in H9c2 cells;. D.
Representative fluorescent TUNEL showing the effect of HO-1 protein knockdown on
apoptosis of H9c2 cells in response to hypoxia and reoxygenation. Knockdown of endogenous
HO-1 protein markedly increases H/R-induced apoptosis, whereas exogenous HO-1
overexpression markedly reduces apoptosis compared to the control cells.
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Figure 4. Effect of Biliverdin Reductase inhibition on HO-1 and bilirubin induced Akt
phosphorylation and cytoprotection in vitro
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A. Western blot analyses of total cell lysates from H9c2 cells transfected with HO-1-expressing
plasmid B. Optimization of BVR knockdown using BVR siRNA C. Representative blot of p-
Akt and BVR expression in H9c2 cells transfected with either HO-1 plasmid alone or jointly
with BVR siRNA D. Representative blot showing the effect of exogenous bilirubin on p-Akt
expression in H9¢2 cells maintained in normoxic conditions. E. Effect of BVR knockdown on
bilirubin-induced changes in p-Akt, p-Bad (ser136), biliverdin and total Akt. in lysates from

H9c2 cells. F. Representative fluorescent TUNEL staining in H9c2 cells transfected with either
HO-1 or HO-1 plus BVR siRNA and exposed to hypoxia and reoxygenation G. Effect of BVR
knockdown on apoptosis of H9c2 cells exposed to H/R. BVR protein knockdown reduced the
anti-apoptotic effect of HO-1 overexpression in response to H/R by > 70%. (Values are mean
+ SEM. p<.05, * HO-1 vs. control; p<.05, ** HO-1 + BVR siRNA vs. HO-1; n = 3 independent
experiments.). “+” is the positive control generated by over-expression of HO-1 in H9c2 cells.
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Figure 5. Effect of Biliverdin Reductase inhibition on bilirubin levels in vitro

A-B. Measurement of bilirubin concentration in whole cell lysates (A) or medium (B) of H9c2
cells treated with or without BVR siRNA. Addition of exogenous bilirubin increases bilirubin
concentration in a dose dependent fashion both in the cytosol and media. BVR siRNA decreases
endogenous bilirubin concentration, but not exogenous bilirubin levels in the cytosol (A, ™ vs.
control; ™ vs. BVR siRNA; B, " vs. control; ™ vs. bilirubin 500nM; *, **, p < 0.05, n=2
independent experiments performed in duplicates).
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Figure 6. Effect of PI3K inhibition on HO-1 induced cytoprotection in vitro and in vivo

A. Caspase 3 activity in lysates from control and HO-1 transfected H9c2 exposed to normoxia
or hypoxia/reoxygenation in the presence or absence of PI3K inhibition with LY 294002.
Inhibition of PI3K had no effect on caspase activity in normoxic conditions. However, LY
294002 markedly increased caspase activity in both control and HO-1-transfected cells in
response to H/R (* vs. control normoxia; ™™ vs. control H/R; # vs. HO-1 H/R. p<.05. n=3
independent experiments performed in duplicates). B. Representative bi-ventricular sections
showing the effect of PI3K inhibition with LY 294002 on anterior wall infarct in mice pre-
treated with intramyocardial injection of AAV-LacZ or AAV-HO-1. C. Infarct size in mouse
hearts transduced with either AAV-HO-1 or AAV-LacZ followed by administration of
LY294002 before the I/R injury (* vs. lacZ; ™ vs. HO-1, p < 0.05; n = 4-5 mice/group)
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Figure 7. Effect of HO-1 on PI3kinase p85 regulatory subunit phosphorylation and physical
interaction between BVR and p85 in vitro and in vivo

A. Effect of HO-1 over-expression on basal p85 phosphorylation levels H9c2 cells using a cell-
based ELISA assay. (Values are mean + sem. p <0.05, *HO-1 vs. LacZ. n = 3 independent
experiments performed in triplicates). B. Representative blot showing effect of HO-1 over-
expression on physical interaction between BVR and phosphorylated p85 as determined by
co-immunoprecipitation experiments in different groups as indicated. IP was conducted with
the BVR antibody, samples were run on a SDS gel and transferred to PVDF membrane and
probed with phosphor p85 antibody. Negative control lane: cell lysates incubated with
unconjugated beads C. Interaction between BVR and p85 by overexpression of FLAG-BVR
construct in H9c2 cells followed by co-immunoprecipitation using BVR antibody followed by
western blot using p85 phosphorylated antibody.
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Figure 8. Model describing the potential interactions between the HO-1-BVR enzyme axis and the
PI3K-Akt signaling pathway in cardioprotection from I/R injury

Increased basal HO-1 may confer cytoprotection against I/R injury by increasing Akt activity
directly via phosphorylation of p85 and/or Akt by BVR and/or HO-1 itself. In addition the
increased bilirubin production by BVR buffers intracellular ROS production, leading to
decreased dephosphorylation of Akt. The enhanced Akt activity preserves metabolic stability
and mitochondrial membrane potential, resulting in inhibition of the intrinsic apoptotic
pathway mediated by cytochrome c and caspase-9. The end result is enhanced cell survival in
the presence of cellular stress such as triggered by hypoxia and reoxygenation.
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