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Abstract
We discovered the acute inhibition of myocardial phospholipase A2 activity by micromolar
concentrations of tert-butyl hydroperoxide and hydrogen peroxide. Specifically, freshly isolated
adult rat cardiomyocytes were treated with the oxidants for 30 min, and phospholipase A2 activity
was assessed in cell subcellular fractions using (16:0, [3H]18:1) plasmenylcholine and
phosphatidylcholine substrates in the absence or presence of calcium. Calcium-independent
phospholipase A2 activity was inhibited by approx 50% in both the cytosolic and membrane
fractions by the oxidants. The inhibition of the phospholipase A2 activity was concentration
dependent and preceded detectable changes in cell viability as assessed by lactate dehydrogenase
release and rod-shaped morphology. Taking into account that oxidized sn-2 fatty acyl groups must
first be hydrolyzed by phospholipase A2 to be repaired by glutathione peroxidase, we suggest that
the observed inhibition of phospholipase A2 activity by oxidants compromises the myocyte’s
ability to deal with lipid peroxidation. This conclusion was further validated by the experiments in
which pretreatment with the calcium-independent phospholipase A2 inhibitor bromoenol lactone
exacerbated cardiotoxicity of tert-butyl hydroperoxide in myocyte cultures.
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Introduction
Phospholipase A2 (PLA2) represents a diverse family of enzymes, which hydrolyze the fatty
acyl group from the sn-2 position of glycerophospholipids, releasing a lysophospholipid and
a free fatty acid. PLA2s are involved in many biological processes, regulating the release of
second messengers (e.g., eicosanoids and lysophospholipids), and growth factors
(lysophosphatidic acid), as well as maintaining the composition and hence the physical
properties of the membrane (1,2).

Three types of PLA2 have been described in mammalian tissues: secretory (sPLA2),
cytosolic Ca2+-dependent (cPLA2), and intracellular Ca2+-independent enzymes (iPLA2).
To date, all PLA2 types have been shown to be present in heart tissue and in cardiac
myocytes (3–6). Reports from different laboratories, including ours (4,5,7), have shown that
the majority of PLA2 in cardiomyocytes is calcium independent and is associated with the
membrane fraction.
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A number of PLA2s display enhanced catalytic activity in response to cell membrane lipid
peroxidation (8–10). The conformational changes imposed by oxidized phospholipids are
consistent with reported increases in PLA2 activity at membrane sites that have packing
defects and appear to be most prominent for membranes containing phospholipid
hydroperoxides (11). Therefore, an increase in PLA2 activity upon treatment with oxidants
would be expected. However, it is not known whether imposed oxidative stress affects PLA2
directly.

We have recently shown that doxorubicin, an anti-cancer drug known to increase free-
radical formation (12), inhibits intracellular myocardial PLA2 activity both in vivo and in
vitro (7). We have also shown that reducing agents, such as dithiothreitol and glutathione,
prevent enzyme inhibition. These data suggested that myocardial iPLA2 activity is affected
by the status of its essential thiol residues and may be a target of free-radical damage. To
test this hypothesis directly, we subjected isolated rat cardiomyocytes to oxidative stress
using either hydrogen peroxide (H2O2) or tert-butyl hydroperoxide (t-BOOH) and assayed
the activity of PLA2 in both membrane and cytosolic fractions. We found that (1) both
cytosolic and membrane iPLA2 are markedly inhibited by micromolar concentrations of
H2O2 or t-BOOH and (2) the specific inhibitor of iPLA2, bromoenol lactone (BEL),
significantly potentiates oxidant cardiotoxicity.

Materials and Methods
Materials

Collagenase (type II) was purchased from Worthington Biochemical. [3H]Arachidonic acid
and [3H] oleic acid were purchased from NEN. Bromoenol lactone (BEL) was a gift from
Hoffmann-LaRoche. t-BOOH, minimum essential media (MEM), gentamicin, albumin, and
HEPES lactate dehydrogenase (LDH) assay kit and other reagents were purchased from
Sigma.

Preparation of Rat Ventricular Cardiomyocytes
Cells were obtained from adult Sprague-Dawley male rats (200–300 g) using retrograde
Langendorff perfusion with collagenase. A yield of (5–9) × 106 myocytes per heart was
routinely obtained. Myocyte viability was evaluated by the microscopic determination of the
number of rod-shaped cells and the number of myocytes that excluded trypan blue.

Short-Term Treatment of Myocytes with Oxidants
Myocytes in suspension (0.25 × 106cell/mL of Tyrode, supplemented with 10 mM HEPES,
pH 7.3) were incubated at room temperature with designated oxidant concentrations for 30
min. At the end of incubation, a 100-μL aliquot of myocyte suspension was taken for
viability assessment, and the rest of the cells were washed in oxidant-free Tyrode and used
for PLA2 assay.

Long-Term Treatment of Myocytes with t-BOOH
Cardiomyocytes were plated onto twelve 12-mm laminin-covered glass cover slips and
preincubated for 4–5 h in MEM supplemented with 5 mM HEPES, 10 μg/mL gentamicin,
0.1 μg/mL streptomycin, and 0.1 U/mL penicillin. Each slip was then placed in a separate
well of a 32-well plate containing 1 mL MEM. Ten molars of BEL were added, followed by
the addition of specified concentrations of t-BOOH, which was done 30 min after BEL
application. The same procedure (BEL followed by t-BOOH) was repeated every 12 h
without media change. At the end of the 48-h treatment regimen, the viability of each slip
was evaluated by LDH assay and morphology. Specifically, after 0.5 mL of media was
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removed for the assessment of released LDH, cells were fixed by the addition of 0.5%
glutaraldehyde-containing medium and counted (at least 200 cells per cover slip).

Preparation of Particulate, Cytosolic, and Membrane Fractions
Myocytes were suspended in an ice-cold buffer containing (mmol/L) 250 sucrose, 10 KCl,
10 imidazole, 5 EDTA, 2 dithiothreitol (DTT) with 10% glycerol, and pH = 7.8 (PLA2 assay
buffer). To obtain a particulate fraction (samples used for PLA2 assay in Fig. 1), the
suspensions were sonicated six times for 10 s, and the sonicate was centrifuged at 100,000g.
The resulting pellet was resuspended in PLA2 assay buffer. To separate membrane and
cytosolic fractions (samples used for PLA2 assay in Figs. 2 and 3), cell sonicates were
centrifuged at 14,000g for 20 min to remove nuclei and mitochondria, and the resultant
supernatant fraction was centrifuged at 100,000g for 1 h. The membrane fraction (pellet)
was separated from the cytosolic fraction (supernatant) and resuspended in PLA2 assay
buffer.

Assay of PLA2 Activity
Phospholipase A2 activity was quantified by incubating enzyme (8μg particulate protein,
8μg membrane protein, or 200μg cytosolic protein) with 100 μM (16:0, [3H]18:1)
plasmenylcholine or phosphatidylcholine in assay buffer containing 100 mM Tris-HCl, 10%
glycerol, and pH = 7.0, with either 4 mM EGTA or 1 mM CaCl2 at 37°C for 5 min in a total
volume of 200 μL. Reactions were terminated by the addition of 100 μL butanol. Released
radiolabeled fatty acid was isolated by thin-layer chromatography on silica G plates,
followed by development in petroleum, ether–diethyl acid, and ether–acetic acid (70:30:1 v/
v/v), and quantification by liquid scintillation spectrometry. The reaction conditions selected
resulted in linear reaction velocities with respect to both time and total protein concentration
for each substrate examined. Protein content was determined by the Lowry method.

Statistical Analysis
We used the Student’s t-test for the statistical comparison of values. All results are
expressed as means ± SEM. Statistical significance was considered to be p < 0.05.

Results
The Inhibition of Particulate iPLA2 Activity by Oxidants

Suspensions of freshly isolated myocytes were incubated with either H2O2, t-BOOH, or
doxorubicin, then washed, sonicated, and assessed for iPLA2 activity, measured using (16:0,
[3H]18:1) plasmenylcholine substrate in the absence of calcium (4 mM EGTA). A 0.5-h
incubation of myocytes with micromolar concentrations of either H2O2 or t-BOOH (an
artificial organic hydroperoxide [HOO–C–(CH3)3]) resulted in a concentration-dependent
decrease in iPLA2 activity associated with the particulate fraction (Fig. 1A,B). Doxorubicin
(DOX) at a 1-μM concentration also exerted an inhibitory effect (Fig. 1C), in accordance
with our previous work (7). The degree of enzyme inhibition by high concentrations of
oxidants (500 μM) was only slightly greater than by the one produced by 50 μM of oxidants.

Inhibition of Cytosolic and Membrane-Associated PLA2 Activity by Oxidants
The measurement of iPLA2 activity in cytosolic and membrane fractions from
cardiomyocytes treated with 25 μM t-BOOH or 25 μM H2O2 reveals the marked inhibition
of enzyme activity in both fractions (Fig. 2A,B). The effect is not caused by the enzyme
leakage or proteolytic degradation because short-term treatment did not cause a detectable
loss of myocyte viability (Fig. 2C). The 50% decrease in PLA2 activity by either 25 μM t-
BOOH or 25 μM H2O2 observed in both cytosolic and membrane fractions was greater than
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the inhibition of iPLA2 measured in the particulate fraction in Fig. 1. Furthermore, PLA2
activity was inhibited with t-BOOH or H2O2 when measured using both plasmenylcholine
and phosphatidylcholine substrates in the presence or absence of calcium. Almost complete
inhibition of the membrane activity was observed with phosphatidylcholine substrate in the
presence of calcium (Fig. 3).

Cytotoxic Effects of Combined t-BOOH/BEL Treatment
To directly test whether the inhibition of iPLA2 activity impairs the myocyte’s ability to
withstand oxidative injury, we performed the following experiment. Isolated cardiomyocytes
were cultured in serum-free conditions, which maintain the cell’s rod-shape phenotype for
several days (13). Cells were pretreated with the iPLA2 inhibitor BEL (14), followed by the
addition of a low concentration of t-BOOH (5–25 μM). This procedure was repeated every
12 h and cell viability was assessed by LDH release 48 h later. As shown in Fig. 4, t-BOOH
treatment by itself had little effect on cell viability under these conditions. Likewise,
samples treated with only BEL were also not significantly different from controls. However,
the pretreatment with BEL significantly decreased viability in samples treated with either 5
or 25 μM t-BOOH. Assessment of viability using rod-shaped morphology confirmed the
results obtained with the LDH assay (Fig. 5).

Discussion
In the first series of experiments, we assessed iPLA2 activity using particulate fractions of
oxidant-treated cells. The inhibitory effect on enzyme activity was concentration dependent
within a 25- to 50 μM oxidant range (Fig. 1). A 10-fold increase in H2O2 and t-BOOH
concentrations only slightly augmented their effect on iPLA2 activity (unavoidable loss of
viable cells associated with high oxidant concentrations prevents the use of increased
concentrations). The observation that high oxidant concentrations did not completely inhibit
the enzyme suggests three possibilities. First, oxidation-mediated changes may not lead to a
complete inactivation of the enzyme. Second, a certain portion of the enzyme present in the
particulate fraction may be resistant to oxidation-dependent loss of activity. The multiplicity
of existent iPLA2 isoforms (1,15,16) makes such an assumption highly plausible. Notably,
treatment with doxorubicin also failed to achieve complete enzyme inhibition in
homogenates of both rat and rabbit cardiomyocytes and had no effect on cytosolic iPLA2
activity (7). Third, the association of iPLA2 with particular organelles can limit the potency
of oxidants resulting from the differences in the redox state of the protein’s immediate
environment (17).

The next series of experiments focused on enzyme assessment in cytosolic and membrane
fractions. Myocytes incubated with either 25 μM H2O2 or t-BOOH for 30 min demonstrated
a 50% inhibition in iPLA2 activity in cytosolic and membrane fractions (Fig. 2). Notably,
the degree of iPLA2 inhibition by 25 μM t-BOOH or H2O2 was much less in the particular
fraction (approx 20%) than in the membrane fraction. These findings suggest that PLA2
activity associated with other constituents of particular fraction such as nucleus,
mitochondria, myofibrils, or small organelles may be less affected by the oxidants.

The magnitude of iPLA2 inhibition varied when different substrates with or without calcium
were used (Fig. 3). Substrate-related differences are commonly observed for changes in
PLA2 activity induced either by chemicals (4,5) or by ischemia like conditions (18,19).
Notably, the magnitude of enzyme inhibition was maximal when phosphatidylcholine in the
presence of 1 mM of calcium was used to assess enzyme activity (Fig. 3). The same
substrate specificity was observed for doxorubicin-induced PLA2 inhibition (7), suggesting a
similar underlying mechanism.
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Although transcription of many proteins can be decreased through redox-sensitive pathways
such as NFκB/AP-1 (20), an observed rapid loss of PLA2 activity (<30 min) implies a direct
effect of oxidants on existing PLA2 protein. Reports by others (21,22) and our recent study
of doxorubicin (7) suggest that the oxidation of essential thiols may be a culprit in the
observed iPLA2 inhibition. However, the complexity of the pathways ensuing from
oxidative injury precludes one from an immediate conclusion, and the exact mechanism
behind the H2O2/t-BOOH effect on PLA2 will be addressed in subsequent studies.

Overall, the multiple functions of different PLA2s can be divided into two major categories:
signaling and housekeeping (1,15). Calcium-independent iPLA2 that represents the majority
of PLA2 activity in the myocardium (15) is believed to play a major role in phospholipid
turnover (16), including the repair of lipid peroxides (Fig. 6). The oxidized fatty acid has to
be first released from the phospholipid by PLA2 (most unsaturated fatty acids are prone to
oxidation and are esterified to the sn-2 position in phospholipids, including arachidonic acid)
to be repaired by glutathione peroxidase (GPX) using glutathione (GH) as a reducing agent
(23). Subsequent reacylation of the remaining lysophospholipid by acyltransferase and
transacylases results in the restoration of intact membrane phospholipids and, consequently,
the return of normal membrane function. Although a small portion of oxidized fatty acids
can be reduced in situ (24) by phospholipid glutathione peroxidase (PHGPX), the activity of
PHGPX in the heart is 100-fold less than that of GPX (25). The iPLA2 activity is, therefore,
essential to combat lipid peroxidation occurring even under normal conditions (23).

Oxidative stress such as the treatment with H2O2 or t-BOOH leads to a sharp increase in
lipid peroxidation levels (26,27). The fact that oxidative stress also inhibits iPLA2 implies
that a cell’s ability to repair oxidized phospholipids is diminished as well. This diminished
ability, in turn, may have a negative impact on cell survival based on a variety of pathways
attributable to lipid peroxidation (17). We attempted to obtain additional evidence for such a
scenario by performing experiments with BEL, a potent inhibitor of iPLA2 (14). The data
revealed that the combination of BEL and t-BOOH has a significant cytotoxic effect (Figs. 4
and 5), which suggests the following explanation. Under normal and nonstressed conditions,
cells survived even if most of the iPLA2 activity was inhibited by BEL. In the samples
treated with t-BOOH only, the remaining iPLA2 or the restoration of membrane enzyme
activity between t-BOOH applications, or both, alleviated t-BOOH-induced lipid
peroxidation, preserving the cells. However, during t-BOOH/BEL treatment, as the
concentration of phospholipid peroxides increased, the inhibition of the detoxification
pathway leads to cell death. In other words, treatment with BEL irreversibly inactivated all
iPLA2 isoforms, making t-BOOH-induced peroxidation more toxic (in cardiomyocytes, the
activities of other PLA2s [e.g., secretory sPLA2 and Ca2+-dependent cPLA2] are minimal
when compared to iPLA2 (3–6)).

In summary, using isolated rat cardiomyocytes we have shown for the first time that (1) both
cytosolic and membrane iPLA2 are markedly inhibited by micromolar concentrations of
H2O2 or tBOOH and that (2) the specific inhibitor of iPLA2, BEL, significantly potentiates
oxidant cardiotoxicity. These data have important implications for the role of PLA2 in
oxidative injury.
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Fig. 1.
Activity of iPLA2 in the particulate fraction of myocytes treated with oxidants. Freshly
isolated cardiomyocytes in suspensions (0.25 × 106cell/mL) were incubated with designated
concentrations of oxidants for 30 min, washed with oxidant-free Tyrode, followed by
sonication in an ice-cold PLA2 assay buffer. Enzyme activity in particular fractions was
measured using (16:0, [3H]18:1) plasmenylcholine in the presence of 4 mM EGTA. *p <
0.05, **p < 0.005 versus corresponding controls. The average from three experiments that
had each assay run in duplicate is shown. (A) PLA2 activity incubated with t-BOOH; (B)
PLA2 activity incubated with H2O2; (C) PLA2 activity incubated with DOX.
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Fig. 2.
Activity of PLA2 in membrane and cytosolic fractions. Freshly isolated cardiomyocytes in
suspensions (0.25 × 106cell/mL) were incubated with designated concentrations of oxidants
for 30 min, washed with oxidant-free Tyrode, and followed by sonication in ice-cold PLA2
assay buffer. Enzyme activity as measured using (16:0, [3H]18:1) plasmenylcholine in the
presence of 4 mM EGTA. The average from three experiments that had each assay run in
duplicate is shown. (A) PLA2 activity in the membrane fraction of myocytes treated for 30
min with 25 μM t-BOOH or 25 μM H2O2; (B) PLA2 activity in the cytosolic fraction of
myocytes treated for 30 min with 25 μM t-BOOH or 25 μM H2O2; (C) cell viability as
assessed by rod-shaped morphology after 30 min of treatment with either 25 μM t-BOOH or
25 μM H2O2.
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Fig. 3.
Inhibitory effects of oxidants on membrane-associated PLA2 activity. Freshly isolated
cardiomyocytes in suspensions (0.25 × 106cell/mL) were incubated with 25 μM t-BOOH for
30 min, washed with oxidant-free Tyrode, and followed by sonication in an ice-cold PLA2
assay buffer. After cell fractionation, membrane-associated PLA2 activity was assayed using
either (16:0, [3H]18:1) plasmenylcholine or (16:0, [3H]18:1) phosphatidylcholine in the
absence (4 mM EGTA) or presence of calcium (1 mM). Values are means from three
experiments that had each assay run in duplicate.
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Fig. 4.
Cytotoxicity of combined BEL/t-BOOH treatment: LDH assay. Myocytes were pretreated
with 10 μM BEL for 30 min before each t-BOOH application. t-BOOH additions were made
every 12 h, and the viability of myocytes was assessed at the end of the 48-h protocol using
a LDH release assay. Values represent the mean of four separate preparations. Each
preparation consisted of duplicate cover slips for the control and BEL samples and
quadruplicates for the t-BOOH and t-BOOH/BEL treatments. **p < 0.01 (versus control
samples), #p < 0.05 (versus t-BOOH samples).
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Fig. 5.
Cytotoxicity of combined BEL/t-BOOH treatment: cell morphology assessment. Myocytes
were pre-treated with 10 μM BEL for 30 min before each t-BOOH application. t-BOOH
additions were made every 12 h and the viability of myocytes was assessed at the end of the
48-h protocol. Values represent the mean of four separate preparations. (A) Percentage of
rod-shaped cells in control, 10 μM BEL, 25 μM t-BOOH, and 10 μM BEL/25 μM t-BOOH
samples at the end of the 48-h treatment. (B) Representative images of samples taken at the
end of the 48-h treatment.
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Fig. 6.
Proposed effect of observed iPLA2 inhibition and its relationship with lipid peroxidation.
Abbreviations: GPX—glutathione peroxidase; GH—glutathione; PHGPX —phospholipid
glutathione peroxidase.

McHowat et al. Page 13

Cardiovasc Toxicol. Author manuscript; available in PMC 2011 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


