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Abstract
Hypoxia followed by reoxygenation (HR) and ischemia-reperfusion (IR) cause cell death in
neonatal rat ventricular myocytes (NRVM) primarily through the generation of oxidative stress.
Extracellular catalase (CAT) has not been effective in reducing or eliminating IR or HR-induced
cell death due both to extracellular degradation and poor cellular uptake.

Aims—1) to determine if a cell penetrating catalase derivative with enhanced peroxisome
targeting efficiency (catalase-SKL) increases intracellular levels of the antioxidant enzyme in
NVRM; and 2) to determine if catalase-SKL protects against both HR and IR injury.

Methods—NRVM were subjected to 3 or 6 hr of HR or 1 hr of IR. CAT concentration, activity,
and subcellular distribution were determined using standard techniques. Reactive oxygen species
(ROS) and related oxidative stress were visualized using 2’,7’-dichlorofluorescin diacetate. Cell
death was measured using trypan blue exclusion or lactate dehydrogenase (LDH) release assays.

Results—CAT activity was higher in (catalase-SKL) transduced myocytes, was concentrated in a
membranous cellular fraction, and potently inhibited oxidative stress. In contrast to non-
transducible (unmodified) CAT, catalase-SKL-treated myocytes were protected against both HR
and IR.

Conclusions—1) catalase-SKL increased myocyte CAT content and activity and dramatically
increased resistance to hydrogen peroxide-induced oxidation; 2) catalase-SKL protects against
both HR and IR; 3) catalase-SKL may represent a new therapeutic approach to protect hearts
against myocardial HR or IR.
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Introduction
Myocardial ischemia

It is well known that sustained periods of ischemia (irreversible ischemia) causes many
detrimental changes in the biochemical and structural composition of myocytes including a
rapid decrease in high-energy phosphates (e.g. ATP), reduction of cellular pH,
destabilization and related damage to the myocyte cytoskeleton, progressive mitochondrial
damage, and calcium overload. As a result of the morbidity and mortality associated with IR
in patients, considerable research has been directed at interventions that can limit or prevent
myocyte death. One of the more controversial issues surrounding IR is determining how
much cell death occurs as a result of the ischemic episode versus how much cell death
occurs as a result of the reperfusion event. As a result of numerous experimental studies, it
was learned that three major events are associated with reperfusion following ischemia that
play an important role in determining the ultimate size of the myocardial infarct: the
generation of reactive oxygen species (ROS) intracellular calcium levels, and acidification
of the myocyte (including Na+/H+ exchange).

Role of ROS in IR injury
The role of ROS in IR injury has been studied intensely for the past 25 years by many
investigators. The results of these studies have clearly demonstrated that at reperfusion, a
burst of ROS can be measured (11,35). It is less clear whether significant amounts of ROS
are produced during the episode of ischemia. In the 1980’s it was thought that this burst of
ROS was responsible for extensive damage to the myocardium over and above what
occurred as the result of the ischemic episode; i.e. “lethal reperfusion injury”. Subsequent
investigation revealed that ROS play a role in non-lethal or reversible forms of IR injury
such as myocardial stunning (5) but the role of ROS in lethal reperfusion injury has
remained controversial. A number of animal studies showed that antioxidant compounds or
ROS scavengers such as superoxide dismutase (SOD) or catalase reduced cell death in
experimental models of myocardial infarction (MI) (2,7,20). However, other studies showed
no reduction in infarct size (10,21,22). Based upon these studies, clinical trials were initiated
to determine whether free radical scavenger therapy, involving specifically SOD, would be
beneficial to patients undergoing angioplasty. Unfortunately, the trials did not show a
positive clinical benefit (12). However, although these specific trials were not positive, it is
not necessarily true that free radical eradication therapy itself is not potentially protective. In
these trials, drug delivery systems were not advanced and SOD was delivered in a bolus into
the vascular space. It is possible that a more efficient cellular delivery of the therapeutic
would provide significant protection. Indeed, recent studies have suggested that scavengers
targeted to the intracellular space may be more protective than extracellular administration
of the same drugs (1,3,26). In summary, it appears that localization and timing of
administration may be more critical to achieving cardioprotection in IR than previously
appreciated.

Catalase localization and activity
Catalase is localized in peroxisomes of all eukaryotic cells including cardiomyocytes
(12,31,34). The normal function of catalase is to aid in the detoxification of ROS. These
potentially damaging molecules are generated in a number of cellular locations including the
peroxisome, during β-oxidation of specific lipids, and mitochondria, mostly from the
reduction of oxygen with electrons that escape the (mitochondrial) respiratory chain. These
latter reactions result in the formation of superoxide anion (O2-), which is converted into
H2O2 by the action of superoxide dismutase. H2O2 can interact with reduced metal ions to
form the highly toxic and exquisitely reactive species known as the hydroxyl radical (·OH).
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·OH has an extremely short half-life and reacts quickly with many biologic molecules
including lipids, proteins, and nucleic acids. Catalase functions to break down H2O2 into
water and oxygen thereby favoring an oxidant-free environment devoid of the toxic ·OH.

Although catalase plays an important protective role, its activity in heart tissue is very low
compared to other tissues. Some studies show that heart tissue has as little as 2% of the
activity present in liver cells (9,13). This has led to the hypothesis that heart cells are more
susceptible to oxidative stress than other tissues in the body. Indeed, previous studies have
shown that transgenic over-expression of catalase (up to 60-100 fold more catalase than
normal) protects against IR injury in the heart, anoxia-reoxygenation-induced functional
alterations, and even against doxorubicin-induced cardiotoxicity (6,14,18). Although
transgenic mice are useful in the proof of principle that increased catalase is protective, it is
not a therapy that can be easily adapted to human patients. An approach most likely to
achieve clinical application would involve a method to acutely deliver catalase to the
myocyte immediately prior to an anticipated oxidative stress. In essence, protein therapy
employing a powerful antioxidant enzyme.

Role of catalase; past and present
Catalase is known to play an important role in cellular antioxidant defense and is largely
concentrated in peroxisomes. Alterations in catalase expression, activity, stability, or
localization have all been described and are associated with oxidative stress, accelerated
aging, and human disease (15,17,28,30). Recently, a novel way to increase intracellular
catalase levels was developed taking advantage of an in-frame cell penetrating peptide (32).
The molecule was also engineered to traffic to peroxisomes with enhanced efficiency by
virtue of an altered carboxy-terminal peroxisomal targeting signal. This unique (United
States patent 7601366 and related patents pending) recombinant enzyme, called catalase-
SKL, rapidly enters cells, traffics to organelles (~peroxisomes), and efficiently metabolizes
ROS (23,32,33). Catalase-SKL, transduced either with cell penetrating peptides or through
retrovirus-mediated processes, restores enzyme levels in cells of hypocatalasemic
individuals (30), neutralizes ROS and reduces expression on inflammatory cytokines in
primary human keratinocytes (a model for psoriasis) (32), and delays appearance of aging
markers in (human) fibroblasts (15). The purpose of the present study was to determine if
this agent would increase myocyte catalase levels and whether the enzyme would be active
(i.e. provide antioxidant activity) and appropriately localized. In addition, we determined if
increasing myocyte catalase in peroxisomes would protect ventricular myocytes from HR or
simulated IR injury.

Methods and Materials

Isolation of neonatal cardiomyocytes—For each isolate, the ventricular portion of 9–
12 hearts from 1- to 2-day-old rats was pooled and gently agitated overnight at 4°C with
trypsin (0.1 g in 100 ml) in Hanks’ balanced salt solution (HBSS). On the next day, the
myocytes were digested further with serial incubations in collagenase (0.1 g in 100 ml of
HBSS). The final cell isolate was centrifuged at 1,000 rpm at 4°C. The resulting supernatant
was discarded, and the cells were resuspended in ice-cold Dulbecco’s modified Eagle
Medium (DMEM), transferred to a 50-ml conical tube, and centrifuged again for 3 min at
1,000 rpm at 4°C. The resulting supernatant was discarded, and the cell yield was
determined using a hemocytometer.

Cell culture—After isolation and purification, the myocytes were resuspended in DMEM
[supplemented with 10% fetal bovine serum (FBS) and containing antibiotics (penicillin-
streptomycin and gentamicin) to inhibit bacterial growth] and cultured on 100-mm plates for
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1 hr to reduce fibroblast contamination. After they were preplated, the cells were cultured in
standard 35-mm dishes (Corning, Corning, NY). After 24 hr of culture, the medium was
changed to DMEM without FBS.

Protein therapy—Catalase-SKL was expressed and purified as described. Neonatal
ventricular myocytes were treated with 0.5 uM catalase-SKL in serum-free media for the
indicated times. The cells were washed 5 times in phosphate buffered saline (PBS) prior to
cell lysis to remove any non-transduced catalase-SKL.

Western blot—Myocytes were harvested for protein analysis by standard Western blot
techniques. Briefly, cells were lysed in 200 uL lysis buffer [50 mM Tris-HCl (pH 8·0), 150
mM NaCl, 1% Triton X-100 and 100 ul protease inhibitor cocktail (Sigma) per 1 mL lysis
buffer]. Cellular debris was removed by centrifugation at 4°C. Protein concentration was
determined in the supernatants using a BCA assay kit (Pierce, U.S.A.) and aliquots of 40 ug
protein were separated in reducing/denaturing conditions by standard SDS gel
electrophoresis on 10% gels. The separated proteins were then transferred onto
nitrocellulose membranes. The membranes were then sequentially blocked for 1 hr in LiCor
blocking buffer and incubated with rabbit primary antibodies to catalase at a dilution of
1:5000 followed by 4 × 5-min phosphate-buffered saline washes in between. Secondary
antibodies used at a 1:10000 dilution were Alexa Fluor 680 goat antirabbit IgG (Molecular
Probes, Eugene, OR, U.S.A.) and IRDye 800 antimouse IgG (Rockland Immunochemicals,
Gilbertsville, PA, U.S.A.). Membranes were scanned and bands were quantified with the
Odyssey infrared Imaging System LiCor. Three independent experiments were performed to
confirm the results.

Catalase activity assay—Catalase activity was measured by its ability to degrade H2O2.
The method employed was based upon that of Storrie and Madden (27). Relative enzyme
activity was calculated based on the decline in the measured (405 nm) absorbance values as
compared to standards. The concentration of catalase was then calculated from the activity
values.

Cell fractionation—Briefly, ventricular myocyte cultures were washed with PBS and then
immediately lysed in 25 μl of a protease inhibitor cocktail (Sigma) and 0.2 ml of ice-cold
homogenization buffer [final concentration (in mM) 20 Tris-HCl (pH 7.5), 2 EDTA, 2
EGTA, 3-mercaptoethanol, 0.1 sodium vanadate, and 50 NaF]. The isolate was passed
through a 26-gauge needle several times to enhance cell lysis and then centrifuged at 15,000
g for 10 min. The supernatant was removed (soluble fraction), and the pellet was
resuspended in 0.1 ml of homogenization buffer containing 1% Triton X-100 (membrane
fraction).

Cell injury models and measurements
Hypoxia assay—Hypoxia was achieved by using an anaerobic container, BD GasPak EZ
Gas Generating Container Systems (BBL Microbiology Systems, Becton Dickinson and Co.,
Cockeysville, Md.) equipped with GasPak hydrogen and carbon dioxide-generating
envelope and a methylene blue indicator to monitor oxygen depletion. Cultured neonatal rat
myocytes were placed in glucose-free and serum-free DMEM and submitted to hypoxic
conditions in the anaerobic container at 37°C for the time periods (3 hr/6 hr) indicated, and
controls in glucose-free and serum-free DMEM were left at normoxic conditions at 37°C for
the duration of the experiment (3 hr/6 hr).

Simulated IR injury (SI)—Cardiomyocytes were subjected to SI using our standard
chemical IR protocol. To induce SI, the culture medium was removed and replaced with
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fresh PBS containing 3.0 mM iodoacetic acid to inhibit glycolysis and 3.0 mM amobarbital
to inhibit mitochondrial respiration for up to 60 min. The ischemic buffer was exchanged
with fresh hypotonic oxygenated culture medium containing glucose without the chemical
inhibitors for 1 hr to simulate reperfusion. The resulting proportion of live and dead cells
was determined by measurement of LDH release with a commercially available kit (Sigma,
St. Louis, MO).

Trypan blue staining—Trypan blue (TB) (0.4%, Life Science Technologies) staining
was used as an indication of cell death. Cells were trypsinized from the culture surface and
neutralized with serum, and a small volume of 0.4 % TB was added to cells from each dish.
Cells were counted immediately after addition of the dye to prevent counting of nonspecific
stained cells, which occur over time. A cell was considered TB positive if the entire
cytoplasm was diffusely stained with any shade of blue. The total numbers of viable cells
and positive (dead) cells were counted with a Nikon TE300 inverted immunofluorescent
microscope and the resulting data are presented as the percentage of cells that are TB
positive.

LDH release assay—To determine the amount of cell injury induced by the SI protocol,
release of LDH was measured. LDH is normally retained in the cytosol until the
sarcolemmal membrane is ruptured, after which it is free to diffuse into the surrounding
media. After completion of the SI protocol, the ischemic buffer in each well of the culture
dish was assayed for LDH. The attached cells in each well were extracted, and the resulting
extracts were analyzed for LDH. Total LDH was considered as the sum of the LDH released
into the media during the SI protocol plus the residual LDH present in the attached cells.
The percent LDH release was calculated by dividing the amount released into the media by
the total LDH (released plus cellular content) for each experimental group. Cell culture
medium (400 ul) was used to analyze the LDH activity by measuring the oxidation of
NADH at 490 nm as described in the manufacturer’s protocol (Sigma Chemical Co.).

Measurement of oxidative stress—Cardiomyocytes were examined for H2O2 levels by
using carboxy-H2-DCFDA (Invitrogen). Neonatal cardiomyocytes were transduced with
catalase-SKL for 2 hr at 37°C. NRVC in 35-mm dishes were washed with 1X PBS and
preincubated with 100 μM DCF-DA for 30 min at 37°C. Cells were again washed and H2O2
(diluted from a 30% stock solution, Sigma) was added to different aliquots to produce final
concentrations of 100 uM-100 mM. DCF-DA is incorporated into lipid-rich regions of cells
and hydrolysed to 2’,7’-dichlorofluorescein by cellular esterases. In the presence of
peroxide, this is oxidized to fluorescein, which emits green fluorescence at 514 nm on
excitation at 490 nm. Fluorescence images were captured using a Nikon TE300 inverted
immunofluorescent microscope (10X objective). Quantification of the fluorescent signal was
performed using Metamorph software (Molecular Devices). Data are presented as average
intensities (in arbitrary units).

Statistics—Data are expressed as means ± SE. Statistically significant differences between
groups were tested with a paired t-test analysis. A probability value of less than 0.05 was
considered statistically significant.

Results
Effect of catalase-SKL on myocyte catalase levels (Figure 1)

The first set of experiments was designed to determine if transducing catalase-SKL would
increase intracellular catalase protein and activity levels in cultured NRVM. The data in
Figure 1 are based on pilot data and show that both catalase activity and concentration were
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increased following 1 hr of incubation and remained elevated after 2 hr of incubation (669.2
± 64.5 mU/ug vs. 275.5 ± 29.0 mU/ug and 0.340 ± 0.010 ng/ul vs. 0.112 ± 0.004 ng/ul, 2 hr
vs. control, respectively; p<0.05 for both parameters).

Cellular localization of catalase (Figure 2)
To determine where the increased catalase was localized in the myocyte, we analyzed
subcellular fractions after 2 hr of transduction with catalase-SKL. The data in Figure 2 show
that after 2 hr, nearly all of the catalase was localized in the membrane fraction. These
fractions contain cell organelles and contractile proteins. Virtually none of the catalase was
found in the soluble (cytosolic) fraction. These results confirm the expected outcome that
the delivery agent targets catalase-SKL to subcellular organelles; presumably peroxisomes.

Effect of catalase-SKL on H2O2-induced oxidative stress (Figure 3)
The results from figures 1 and 2 demonstrate the strategy employed was effective in
increasing the level of cellular catalase. To determine if transduced catalase-SKL was
capable of reducing oxidative stress, the well-known 2’,7’-dichlorofluorescin diacetate assay
was used to monitor the generation of ROS. NRVM were transduced for 2 hr with catalase-
SKL and then exposed to increasing concentrations of H2O2 for 15 minutes. Figure 3 shows
that in untreated myocytes, increasing concentrations of H2O2 resulted in increasing
amounts of fluorescence corresponding to elevated ROS. Myocytes transduced with
catalase-SKL, at any given dose of H2O2 exhibited significantly less oxidative stress than
untreated myocytes (p≤ 0.05 treated vs. untreated with each dose). These results confirm
that the catalase that is delivered to the myocytes is active and effective in reducing ROS
levels.

Effect of catalase-SKL on HR injury in NRVM (Figure 4A)
The main purpose of the study was to determine if the catalase-SKL, designed to increase
intracellular/peroxisomal catalase levels, would protect against cell death resulting from HR,
a form of cell injury closely related to oxidative stress. Furthermore, we wanted to determine
if catalase-SKL provided better protection than extracellular catalase alone. For these
studies, NRVM were transduced for 2 hr with catalase-SKL prior to exposure to 3 or 6 hr of
hypoxia followed by 1 hr of reoxygenation. Cell death was determined by assessing
myocyte trypan blue permeability. Figure 4A shows that after 3 hr of HR, 43.7 ± 1.6% of the
myocytes were dead (stained blue). Increasing the duration of HR to 6 hr resulted in a
further increase in cell death to 51.5 ± 0.6%. At both time points, catalase-SKL treated
myocytes suffered significantly less cell death (19.8 ± 6.2 and 21.7 ± 5.8 % 3 hr and 6 hr,
respectively; p< 0.01 0 hr vs. 3 and 6 hr) indicating a protective effect against HR injury.
Indeed, catalase-SKL almost completely eliminated HR injury in these cells.

Effect of catalase-SKL on SI injury in NRVM (Figure 4B)
In addition to determining if catalase-SKL protected against HR injury, we wanted to
determine if it would protect against a more severe form of cell injury, namely IR. In these
experiments, we utilized our chemical model of IR injury (SI). Similar to HR injury, all
treated myocytes were transduced with catalase-SKL for 2 hr prior to initiation of SI. In
these experiments, release of the intracellular enzyme LDH was used to assess the extent of
cell death. Figure 4B shows that SI is a more severe form of injury in NRVM. After as little
as 15 min of chemical ischemia followed by 1 hr of simulated reperfusion, significant cell
death occurred (8.03 ± 0.34%) which increased after 30 min of incubation (10.19 ± 0.15% of
LDH released). Compared to control (untreated) cells, myocytes treated with catalase-SKL
exhibited significantly less cell death after 15 or 30 min of SI injury (4.56 ± 0.48% and 7.8 ±
0.33%, 15 and 30 min, respectively; p≤ 0.02 at 15 min; p≤0.04 at 30 min). However,
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indicative of the more severe stress associated with the SI model, by 60 min the protective
effect of catalase-SKL was largely overwhelmed (20.40 ± 0.67 vs. 17.79 ± 0.77%; p=not
significant).

Effect of extracellular catalase on HR injury in NRVM (Figure 4C)
The data presented to this point suggests catalase-SKL offers intracellular antioxidant
prophylaxis. Catalase lacking a means of cellular uptake, that is, largely extracellular
catalase, is incapable of affording such benefits. To demonstrate this latter point, we treated
myocytes with “extracellular” catalase at a concentration of 100 uM throughout the duration
of the HR treatment (3 or 6 hr) and compared the results to values obtained with control
cells (without any catalase added). The data presented in Figure 4C demonstrate that the
amount of cell death after 3 and 6 hr of HR was almost identical to the data from Figure 4A
documenting the reproducibility of the HR assay system. Furthermore, extracellular catalase
had no effect in reducing cell injury compared to untreated myocytes (44.6 ± 1.4 vs. 47.0 ±
1.6%; 50.3 ± 0.7 vs. 51.1 ± 1.7%; 3 hr and 6 hr, respectively; p=not significant at both time
points).

Discussion
The present study describes several experimental findings that indicate catalase-SKL may
represent a new option in the treatment of oxidative stress-induced cell death such as occurs
in myocardial IR injury. First, the data show that catalase-SKL is taken up by myocytes in
significant quantities (after as little as one hour) and that the enzyme is concentrated in the
membrane fraction of the myocyte. Secondly, transduced catalase-SKL exhibits antioxidant
activity and inhibits the additional significant oxidative stress induced by administration of
exogenous H2O2. Third, catalase-SKL provides substantially better protection against HR
injury than unimported, i.e. extracellular, catalase.

Summary of efforts to ameliorate IR injury
Throughout the past 20 years, hundreds of interventions, both pharmacologic and non-
pharmacologic, have been shown to reduce the cell death associated with IR. Many of these
interventions have been shown to be protective in animal models of IR although even in
animal studies not all agents produced uniformly positive results. Some of the most
promising drugs were sent to clinical trials where nearly all failed to show significant benefit
including hyaluronidase, corticosteroids, recombinant SOD, prostacyclin, fluosol,
cariporide, nitrates, anti-P-selectin, and antileukocyte interventions (anti-CD-18 monoclonal
antibodies) (4). Two interventions showed some promise, adenosine and glucose-insulin-
potassium, but still did not provide statistically significant protection against acute MI
(8,19,25). Moreover, adenosine given at reperfusion has produced mixed results in animal
studies (29).

In reviewing the published failed clinical trials, one common theme is that the agents were
delivered late in the ischemic phase or at the time of reperfusion without knowledge of the
effectiveness of drug delivery. It is possible that higher concentrations of certain drugs
would have proved protective if the method of delivery was capable of achieving an
effective drug concentration to the heart without causing local or systemic toxicity. To truly
know whether anti-ischemic drugs will have a significant benefit in reducing infarct size
requires delivery of effective cardioprotective drugs at the optimal concentration and during
the correct time frame. Previous efforts at increasing the effective dose of antioxidant drugs
to the heart have been limited to studies attempting to extend the plasma half-life of SOD by
conjugation to polyethylene glycol but these efforts have not been tried in clinical trials.
New approaches to target delivery and/or intracellular trafficking of anti-ischemic drugs to
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specific subcellular areas where the action is most effective is a rational approach to
improve the efficacy of antioxidant therapy in myocardial IR injury.

Catalase-SKL
Catalase-SKL utilizes a relatively new approach called protein transduction to deliver the
protein across the cell membrane and target it specifically to the peroxisome where catalase
is normally stored in myocardium.

The data presented in figure 1 showed that after one hour of incubation, myocytes contained
significantly more catalase and that the catalase was concentrated in the membrane/organelle
fraction and not in the soluble fraction. Furthermore, after one hour of treatment, the amount
of catalase activity increased over two-fold compared to control myocytes. These data
indicate that catalase-SKL is capable of entering myocytes and being appropriately
trafficked to organelles.

Effect of catalase-SKL on oxidative stress and cell injury
In order to be effective, the delivered catalase must be biologically active at the site of action
and capable of reducing oxidative stress. To determine if catalase-SKL could reduce
oxidative stress, we administered exogenous H2O2, a well known oxidative stress, to
cultured NVRM and determined the effect on both oxidation and cell injury. The data in
Figure 3 showed that myocytes treated with catalase-SKL reduced H2O2- induced oxidative
stress. These data, along with the data presented in Figure 4C, demonstrate that catalase-
SKL’s action in reducing cell death is most likely due to reduction in oxidative stress/
damage inside the myocyte. However, other oxidative species, including other oxygen
derived free radicals (i.e. superoxide and/or hydroxyl radical) and/or nitrous species (i.e.
nitric oxide), were not directly inhibited by catalase-SKL and therefore the role they play in
overall cell injury in these experiments is not clear. For example, the elimination of cellular
protection after 60 minutes of simulated ischemia/reperfusion (Figure 4B) may be the result
of persistent or even enhanced activity of such species despite the presence of higher
catalase levels.

Mechanism of catalase-SKL protection
Catalase is the major endogenous enzyme involved in the breakdown of H2O2 and therefore
has an obvious and potent antioxidant effect. H2O2 is a powerful oxidative agent whose role
in cell injury is well documented. It can cause rapid cell damage through lipid peroxidation
of membranes, cross-linking of proteins, and nuclear fragmentation. In this study catalase-
SKL was specifically targeted to the intracellular compartment of myocytes where it likely
was concentrated in the peroxisome; the normal subcellular site for catalase. Although any
reduction in intracellular oxidative stress is likely to be beneficial to long term cell survival,
it is possible that catalase may have acted through a more specific mechanism. For example,
recent studies have stressed that breakdown of H2O2 inhibits activation of apoptotic
pathways that in turn reduce cell death. Other studies have shown that catalase improved
intracellular calcium handling and therefore perhaps the enzyme can reduce cell death by
reducing intracellular calcium overload (24). One recent study hypothesized that alterations
in the oxidative environment of cells via breakdown/scavenging of free radicals may protect
myocytes through increasing the ability of mitochondria to phosphorylate adenosine
diphosphate (ADP) and therefore maintain adequate ATP levels for prolonged cell survival
(16). Although all of these are interesting hypotheses, the precise mechanism by which
increased catalase reduced cell death in this study was not specifically studied.
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Summary and conclusion
In summary, the present study shows that catalase-SKL is selectively taken up by myocytes
into the membrane subfraction, increases the endogenous antioxidant capacity of treated
myocytes in response to a known oxidative stress, and reduces cell death in response to both
HR and simulated IR injury. Extracellular catalase alone was not protective. Further studies
are indicated to determine if catalase-SKL can be exploited in a more clinically relevant
model system to reduce myocyte cell death from IR injury.
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Figure 1.
Effect of 0.5 uM catalase-SKL incubation for 2 hr on cellular catalase activity and
concentration in cultured NRVM. Upper panel is a western blot of lysates of cells treated or
not with 0.5 uM catalase-SKL for the times indicated. In the lane labeled positive control,
pure catalase-SKL was loaded. Compared to control, myocytes incubated with catalase-SKL
contained more catalase activity (lower left panel) and greater total amounts of the enzyme
(lower right panel). CL = control cells. N=4 for all measurements. Significantly different
from control; *p<0.05.
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Figure 2.
Subcellular localization of catalase after 2 hr incubation with 0.5 uM catalase-SKL. After
incubation, myocytes were fractioned into standard soluble and membrane fractions and
probed for catalase using SDS-PAGE and western blot techniques. Upper panel: GAPDH
used a marker for the soluble fraction and Na+/K+ATPase used as a marker for the
membrane fraction to ensure equal loading. Lower panel represents quantitation of the
catalase western blot in the upper panel. At zero time, there were no significant differences
between control (CL) and treated myocytes in terms of distribution. After 2 hr of incubation
however, virtually all the catalase was localized in the membrane fraction in treated
myocytes consistent with a peroxisomal localization of the transduced enzyme. Significantly
different from control; *p<0.05. Similar results were seen in three experiments.
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Figure 3.
Effect of catalase-SKL on oxidative stress induced by H2O2 treatment. NRVM were treated
for 2 hr with catalase-SKL and then exposed to increasing concentrations of H2O2 for 15
minutes. In untreated myocytes, increasing concentrations of H2O2 resulted in increasing
amounts of oxidative stress as evidenced by the corresponding increase in fluorescence
intensity. At any given dose of H2O2, myocytes pretreated with catalase-SKL exhibited
significantly less oxidative stress (i.e. fluorescence) than untreated myocytes. Lower panel
represents quantitation of pooled results from six experiments; upper panel is a
representative image of data obtained. Significantly different from control; *p<0.05.

Undyala et al. Page 14

Cardiovasc Pathol. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Undyala et al. Page 15

Cardiovasc Pathol. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Effect of catalase-SKL on cell death. 4A. Control and catalase-treated (0.5 uM) NRVM
were subjected to 3 or 6 hr of hypoxia followed by 1 hr of reoxygenation and cell death was
assessed using trypan blue permeability. Compared to control myocytes, treated cells
sustained substantially less death indicating a strong cardioprotective effect (* p≤ 0.01 vs.
control; ** p< 0.01 vs. control. n=3 for each). 4B: Control and catalase-SKL-treated NRVM
were subjected to 15, 30, or 60 min of simulated ischemia followed by 1 hr of reperfusion
and cell death was assessed using LDH release into the culture media. At 15 and 30 min of
MI/R, treated myocytes sustained substantially less cell death indicating a strong
cardioprotective effect (*p≤ 0.01 vs. control; ** p< 0.01 vs. control. n=3 for each).
However, after severe ischemia (60 min) the protective effect was largely lost (p=not
significant; n=3). 4C: Control myocytes were compared to myoyctes treated with (0.5 uM)
non-transducible (i.e. extracellular) catalase (labeled NT catalase). Myocytes were subjected
to 3 or 6 hr of hypoxia followed by 1 hr of reoxygenation and cell death was assessed using
trypan blue permeability. Extracellular catalase was present throughout the hypoxic
incubation but failed to protect against cell death after either 3 or 6 hr of hypoxia/
reoxygenation. (p=not significant; n=3 for each group).
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