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Free radical formation and subsequent lipid peroxidation may participate in the pathogenesis of tissue
injury, including the brain injury induced by hypoxia or trauma and cardiac injury arising from ischemia
and reperfusion. However, the exact cellular mechanisms by which the initial oxidative insult leads to
the ultimate tissue damage are not known. A number of reports have indicated that protein kinase C
(PKC) may be activated following oxidative stress and that this enzyme may play an important role in
the steps leading to cellular damage. In this work, we have examined in a cell model whether PKC is
activated following oxidative exposure. UC11MG cells, a human astrocytoma cell line, were treated with
H,0,. Incubation with 0.5 mM H, O, increased malondialdehyde levels by as early as 15 minutes. To
assess the effects of H,O, treatment on PKC activation, we measured phosphorylation of an
endogenous PKC substrate, the MARCKS (myristoylated alanine-rich C kinase substrate) protein. Treat-
ment of cells with 0.2-1.0mM H,O; resulted in a rapid increase in MARCKS phosphorylation.
Phosphorylation was stimulated approximately 2.5-fold following treatment with 0.5 mM H, O, for ten
minutes. Treatment with phorbol 12-myristate 13-acetate, a PKC activator, increased MARCKS
phosphorylation approximately 4-fold. The H; O,-induced MARCKS phosphorylation was inhibited by
the addition of the kinase inhibitors H-7 and staurosporine. Furthermore, specific down-regulation of
PKC by phorbol ester also inhibited H; O5-induced MARCKS phosphorylation. These results indicate
that PKC is rapidly activated in cells following an oxidative exposure and that this cell system may be
a good model to further investigate the role of PKC in regulating oxidative damage in the cell.

KEY WORDS: Oxidative injury, protein kinase C, hydrogen peroxide, UC11IMG astrocytoma,
MARCKS.

INTRODUCTION

Oxygen radical formation and subsequent lipid peroxidation may participate in the
pathogenesis of tissue injury, including the brain injury induced by hypoxia or
trauma and cardiac injury arising from ischemia and reperfusion.!-* However, the
mechanism(s) by which oxidative exposure leads to tissue damage and ultimately
to cell death are not well understood. A number of cellular responses may be
initiated following an oxidative insult, including increased calcium influx, release
of excitatory amino acids, alterations in energy metabolism, increased gene
transcription of specific proteins and changes in lipid metabolism.*® Studies
addressing the question of the mechanism of oxidative injury have typically been
done using whole tissues, but these responses would be better understood if probed
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at the cellular level. Therefore, we have established a cellular model for oxidative
injury using UC11MG cells, a human astrocytoma cell line which expresses many
of the properties associated with differentiated astrocytes.’

Protein kinase C (PKC) plays an important role in many signaling pathways,
involving functions such as cell growth and differentiation, gene expression, secre-
tion of hormones and neurotransmitters, and membrane functions.® The enzyme is
activated by interaction with membranes and diacylglycerols. Activation is initiated
through specific binding of ligands to cell-surface receptors which are functionally
linked to phospholipase C, resulting in the generation of diacylglycerols from
inositol lipids, particularly phosphatidylinositol 4,5-bisphosphate (PIP,). In addi-
tion to diacylglycerol, hydrolysis of PIP, generates inositol 1,4,5-trisphosphate
which causes an increase in cytosolic calcium. There is also evidence for activation
of PKC through alternative routes involving hydrolysis of phosphatidylcholine by
phospholipase D and by phospholipase A,.°

PKC actually refers to a family of highly homologous enzymic isoforms which
exhibit differential tissue-specific expression and intracellular localization. To date,
at least ten types have been identified by molecular cloning; they are PKC-«, -8,
Y, -6, -€, -, -1, -8, -\ and -..31%12 PKC can be divided structurally and func-
tionally into a regulatory and a catalytic domain. The PKC isoforms are all highly
homologous in their catalytic domains, but they can be divided into two major
classes based on structural differences in their regulatory domains. The group of
so-called classical PKC’s, -«, -8 and -y, have a C, region which appears to mediate
phospholipid-dependent diacylglycerol binding via two zinc finger-like domains.
They also have a C, region which contributes to the calcium-dependence of kinase
activity. In contrast, the remaining group of “novel” isozymes lacks the C, region,
and, thus, the activity is calcium-independent. Furthermore, PKC’s-{ and -\ are uni-
que in that they only have a single copy of the zinc finger domain in the C, region.
This difference apparently accounts for the observation that these isoforms do not
bind phorbol esters. Phorbol esters, such as phorbol 12-myristate 13-acetate, or
PMA, bind to the diacylglycerol site of the other PKC’s and activate the enzyme
directly.

There is evidence that PKC may be one of the pathways activated within cells
in response to oxidative stress. In vitro studies have shown that hydroperoxy fatty
acids are potent activators of PKC.!® As oxidation of unsaturated fatty acids to
hydroperoxides is a primary event in lipid peroxidation, this suggests that PKC
activation may be an early response to oxidative stress. Other studies have shown
PKC activation by low levels of H,0,, both in vitro with purified PKC and in vivo
in C6 glioma cells, lending support to this hypothesis.'*!> Prolonged oxidation
with H, 0, leads to PKC inactivation, suggesting an on/off mechanism for cellular
signaling. Investigations of the fate of PKC in cultured cells following exposure to
oxidants have demonstrated increased PKC membrane association, also an indica-
tion of PKC activation.!6-18

Other results have not only implicated PKC in a cellular oxidative response, they
have suggested a role for PKC in the pathway(s) to injury. In several animal models
of cerebral ischemia, PKC levels were altered in the hippocampus of animals
undergoing ischemia.'®2* Short (5-30 minute) ischemic events were accompanied
by redistribution of PKC from a predominantly soluble localization to the par-
ticulate fraction. Further evidence of a role for PKC in oxidative injury has been
provided by studies utilizing kinase inhibitors. Treatment of rat hepatocytes with
tert-butyl hydroperoxide resulted in oxidative injury as evidenced by bleb forma-
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tion, lactate dehydrogenase release and lipid peroxidation.!® As expected, radical
scavengers inhibited these events, but the injury was also effectively inhibited by
the protein kinase C inhibitors, H-7 and phloretin. In both gerbil and rat ischemia
models, injection of staurosporine 30 minutes before ischemia protected against
pyramidal cell loss in the CA1 region.** Administration of staurosporine to rats
prior to five minutes of ischemia significantly reduced behavioral impairment of the
rats, measured 24 hours after ischemia.?

Taken together, these results indicate that activation of PKC may be an early
event following oxidative exposure. Furthermore, the inhibitor studies suggest that
PKC may play a crucial role in the pathway to cellular injury. In the work reported
here, we establish a cellular model for oxidative injury in which a human astro-
cytoma cell line is treated with H,0,. Activation of PKC was assessed by monitor-
ing the phosphorylation of an endogenous PKC substrate, the MARCKS
(myristoylated alanine-rich C kinase substrate) protein.?®?’ We show that hydro-
gen peroxide treatment results in a rapid stimulation of MARCKS phosphorylation
which is inhibited by kinase inhibitors and by down-regulation of PKC by the phor-
bol ester, PMA.

MATERIALS AND METHODS

Materials

Hydrogen peroxide (30% solution) was from Mallinkrodt. A fresh bottle was
obtained for every experiment. Ferrous ammonium sulfate, desferal, 2-thiobar-
bituric acid, leupeptin, soybean trypsin inhibitor and phorbol 12-myristate
13-acetate (PMA) were purchased from Sigma. Digitonin came from Calbiochem.
Staurosporine was from Kyowa Medex Co., Ltd., and H-7 was from Seikagaku
Kogyo Co. [y-*P]ATP, 500 Ci/mmol, was purchased from Amersham Corp. The
PKC-a M4 monoclonal antibody used for probing nitrocellulose blots was from
ammonium sulfate-precipitated hybridoma culture medium (1:200).2 The PKC-6
and PKC-¢ antibodies were a gift from D. Fabbro (Basel, Switzerland). The PKC-38
and PKC-{ antibodies were purchased from Gibco. Alkaline phosphatase-
conjugated goat anti-rabbit and goat anti-mouse IgG and the color development kit
were from Promega. Nitroplus 2000 was from Integrated Separation Systems. X-
OMAT film was purchased from Kodak.

Cell Culture

Human astrocytoma cells (UC11MG) were kindly provided by Dr. Frank Sun
(Upjohn Labs). They were maintained as monolayers in tissue culture flasks in
RPMI 1640 medium containing 2 mM L-glutamine, 10% fetal calf serum, 100
units/ml penicillin G and 100 ug/ml streptomycin sulfate. Cells were serum-starved
by incubating them for 48 hours at 37°C in growth medium without fetal calf serum.

MDA Assay

UCIIMG astrocytes were grown to confluence in 150 mm dishes and incubated at
37°C with 0.5 mM ferrous ammonium sulfate and/or 0.5 mM hydrogen peroxide.
The cells were washed twice with 10 ml ice-cold phosphate-buffered saline (PBS) and
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scraped in 10 ml PBS/dish. The detached cells were pelleted by centrifugation at
600 x g, 4°C for 7 minutes, resuspended in 350 ul of 50 mM Tris buffer (pH 7.5)
and sonicated. Cell homogenate (100 ul) was combined with trichloroacetic acid
(250 ul, 12.5% trichloroacetic acid), and the mixture was vortexed. Desferal (5 ul
of $ mM) and thiobarbituric acid (50 ul of 0.23 M) were added and the volume was
adjusted to 600ul with water. The resulting mixture was vortexed and then
incubated at 100°C for 20 minutes. Samples were centrifuged at 13,000 x g for §
minutes. The absorbance at 532 nm of the supernatant was measured in a spec-
trophotometer. The concentration of malondialdehyde (MDA) in the sample was
then calculated based on the absorbence and extinction coefficient at 532 nm for
the TBA-MDA complex (1.56 x 10°M™'). The absolute value of the TBA-MDA
complex was normalized relative to the protein content in the sample. Protein con-
tent was measured by the Bradford method.?

MARCKS Phosphorylation

UCIIMG cells, grown on 35 mm dishes to 50% confluence, were serum-starved for
two days. They were washed twice with a 37°C KCl solution (10 mM PIPES (pH 7),
120 mM KCl, 30 mM NaCl, 1 mM MgCl,, 1 mM K,HPO,, 1 mM ethylene glycol
bis-(8-aminoethyl ether) N,N,N’ N’-tetraacetic acid (EGTA) and 37 uM CaCl,).
The cells were incubated at 37°C with the additions indicated in the figures. During
the last five minutes of the incubation, fresh KCl solution (500 ul), containing
[y-**P)JATP and 40 uM digitonin and the indicated additions, was added to the
cells. This solution was removed to a tube, and the cells were scraped with 200 ul
Buffer B (10 mM Tris (pH 7.5), 100 mM NaF, 5 mM dithiothreitol, 0.25 M sucrose,
10 mM ethylenediaminetetraacetic acid (EDTA), 10 ug/ml leupeptin and 10 ug/ml
soybean trypsin inhibitor). The scraped cells were added to the digitonin-soluble
mixture. The resulting sample was incubated at 100°C for 15 minutes and then cen-
trifuged for 15 minutes at 13,000 x g. The supernatant was precipitated with 10%
trichloroacetic acid, and the precipitate was dissolved in Laemmli buffer and
separated by SDS-PAGE on a 7.5% gel. The gel was fixed and dued and exposed
to x-ray film. Densitometry was performed using a Molecular Dynamics Computing
Densitometer.

Western Blots

Samples were run on SDS-PAGE, transferred to Nitroplus 2000 and incubated with
the various PKC antibodies for 1 hour at room temperature. The blots were washed
sequentially in 25 mM Tris, pH 7.5, containing 500 mM NaCl (Buffer A), and in
Buffer A containing 0.05% NP-40, followed by incubation in alkaline phosphatase-
conjugated second antibody. After further washing, blots were developed using
nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate p-
toluidine salt (NBT/BCIP).

RESULTS
Initially, it was important to characterize the PKC isozyme expression profile of

the UC11MG astrocytoma cells. Cell lysates were prepared and run on SDS-PAGE,
then immunoblotted and probed with isotype-specific PKC antibodies (Figure 1).
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FIGURE ! PKC isozyme expression in UC1IMG cells. UCIIMG cell lysate (100 ug), rat brain
homogenate (200 ug) or pig spleen (130 ug) was run on 10% SDS-PAGE, transferred to a nitrocellulose
membrane and blotted with antibodies to PKC isozymes, as indicated. Molecular weight standards are
shown on the left.

Rat brain homogenate (or pig spleen, for 6) was included on the blots as a positive
control. The PKC-a-, PKC-6- and PKC-¢{-specific antibodies hybridized to proteins
of about 80,000 daltons, demonstrating that UC11MG cells express the «, § and
¢ isoforms of PKC. There was no reactivity with the PKC-8 or PKC-¢ antibody,
indicating that the PKC-8 and PKC-¢ isoforms were not present in the UC11IMG
lysate.

UCIL1IMG cells were treated with ferrous ammonium sulfate and/or hydrogen
peroxide to induce oxidative injury. According to the Fenton reaction, hydrogen
peroxide will react with ferrous iron to form the hydroxide ion and the highly reac-
tive hydroxyl radical:

FE* + H,0, — Fe’** + OH™ + ‘OH

In order to establish that oxidative damage to the cells had occurred under these
conditions, malondialdehyde (MDA) levels were measured. In this assay MDA,
formed from lipid peroxides, reacts with thiobarbituric acid (TBA), resulting in the
formation of a pink chromogen.’® Thus, MDA is a thiobarbituric acid-reactive
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material, or TBAR. In cells treated with 0.5 mM H,0,, TBAR levels increased
approximately 70-100% within 30 minutes (Figure 2). When ferrous ammoniun
sulfate was added together with H,O, to the cells, there was an augmentation of
TBAR formation relative to that induced by H,O, alone, presumably due to
increased hydroxyl radical production via the Fenton reaction. However, these
results demonstrate that treatment with H,O, alone resulted in significant oxi-
dative injury to the cells presumably by reaction of H, 0, with endogenous iron or
transition metals. For this reason, subsequent experiments were performed without
the addition of exogenous iron.

To examine whether H, O, treatment resulted in PKC activation, we measured
myristoylated alanine-rich C kinase substrate (MARCKS) protein phosphorylation.
The MARCKS protein is a 32 kDa endogenous substrate of PKC that is widely
expressed in cells and tissues.” Its apparent molecular mass on SDS-PAGE is
80-87 kDA, presumably due to its rod-like helical structure and general hydro-
philicity. Following PKC activation, the MARCKS protein undergoes rapid
phosphorylation; thus, it has been used as an indicator of the functional state of
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FIGURE 2 Treatment of UCI1IMG astrocytes with H, O, leads to increased malondialdehyde (MDA)
levels. UC11IMG cells were treated at 37°C for the indicated time in medium containing 0.5 mM H; 0,
(closed circles) or 0.5 mM H, 0, and 0.5 mM ferrous ammonium sulfate (open circles). The cells were
harvested and then sonicated and assayed for MDA as described in Materials and Methods. Each point
represents the average results of triplicate assays. Data was normalized relative to control levels at the
zero time point because the curves were generated in separate experiments. TBAR, thiobarbituric acid-
reactive material.
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PKC. In addition, the MARCKS protein remains soluble during a 100°C incuba-
tion; therefore, the extent of its phosphorylation can be very conveniently assessed.

The concentration-dependence of H,O,-induced MARCKS phosphorylation was
determined. As shown in Figure 3a, the phorbol ester PMA, a potent PKC activator,
stimulated MARCKS phosphorylation approximately 4-fold (Lane 1). There is a low
level of MARCKS phosphorylation under unstimulated conditions in serum-starved
cells (Lane 2). Addition of 0.25 and 1.0mM H,0, for 10 minutes increased
MARCKS phosphorylation above the unstimulated level 1.6 and 2.5 fold, respec-
tively (Lanes 5-7). These results demonstrate that PKC in UC11MG cells is activated
in a dose-dependent manner in response to exposure to H,0,. The addition of
0.5mM ferrous ammonium sulfate with hydrogen peroxide did not increase the
H,0,-induced phosphorylation of MARCKS (Figure 3b). Ferrous ammonium
sulfate and 0.5 mM hydrogen peroxide (Lane 11) caused a 2 fold stimulation of
MARCKS phosphorylation, in close agreement with the H,O, dose response. Fer-
rous ammonium sulfate alone did not stimulate MARCKS phosphorylation (Lanes
3-7.

Incubation of UC1IMG cells with 0.2 mM H,0, resulted in an increase in the
phosphorylation of the MARCKS protein that was apparent at five minutes,
the earliest time point tested (Figure 4). Phosphorylation was further increased at
the 10 and 20 minute time points to 2.0- and 2.7-fold over the control value, respec-
tively. Therefore, PKC is rapidly activated in cells as a result of H,O, treatment.

To establish that the H,O,-stimulated phosphorylation of MARCKS was
mediated by PKC, the experiments were conducted in the presence of the kinase
inhibitors, H-7 and staurosporine. Addition of 0.5mM H,0, to the cells
stimulated phosphorylation, and this was inhibited by addition of either H-7 or
staurosporine (Figure 5). Complete inhibition of phosphorylation was observed
when cells were incubated in the presence of 100uM H-7 or 0.1-1.0uM
staurosporine. This relative order of potency is consistent with the inhibitory poten-
cies of these two compounds in in vitro experiments using purified protein kinase
C.3" Although neither H-7 nor staurosporine is a specific inhibitor of PKC, the K;
for inhibition of PKC by staurosporine is approximately 1 nM, a value 10-fold lower
than that for inhibition of the cAMP-dependent kinase. As shown in Figure 5,
10 nM staurosporine completely inhibited the H,O,-stimulated phosphorylation of
MARCKS, which supports the hypothesis that PKC mediates the H,0,-induced
MARCKS phosphorylation.

In addition to the inhibitor studies, PKC down-regulation studies were carried
out. Prolonged incubation of cells with PMA down-regulates PKC due to increased
proteolysis.'® Incubation of cells with 500nM PMA for 48 hours resulted in the
loss of PKC-« protein, as demonstrated by Western blot analysis (data not shown).
In these PKC-down-regulated cells, stimulation of MARCKS phosphorylation by
a subsequent dose of PMA was eliminated (Figure 6, compare Lanes 3 and 6).
Similarly, H,O,-stimulated phosphorylation of MARCKS was eliminated (com-
pare Lanes 2 and 5). This result provides further support for the proposed role of
PKC in H,0,-induced MARCKS phosphorylation. It also suggests that either
PKC-a or PKC-6 is involved in the signaling pathway initiated by treatment with
H,0,, since PKC-{ is not activated by phorbol esters.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of Il on 11/13/11
For personal use only.

30 M.K. BRAWN, W.J. CHIOU AND K.L. LEACH

MARCKS____
protein

MARCKS
protein

FIGURE 3 H;0,; treatment leads to a dose-dependent increase in MARCKS protein phosphorylation.
A) UCI11IMG cells_were incubated for ten minutes at 37°C in PIPES buffer containing H,0,, 40 uM
digitonin and [y-""P]ATP. The cells were collected and processed as described in Materials and
Methods. Cells were treated with: 1, 0.5 uM phorbol 12-myristate 13-acetate (ZPMA) in PIPES buffer
containing digitonin and ['y-nP]ATP (positive control); 2, digitonin and [7-3 PJATP only; 3, 50 uM
H202; 4, 100 p.M H202; 5, 250 V.M HzOz; 6, 500 [LM H202; 7, 1.0 mM H202. B) The cells were
inci)zbated and processed as in A) with: 1, 0.5 uM phorbol 12-myristate 13-acetate; 2, digitonin and
[y-"“P]JATP only; 3, 42 uM ferrous ammonium sulfate (FAS); 4, 125 uM FAS; 5, 250 uM FAS; 6,
500 uM FAS; 7, 1.0 mM FAS; 8, 500 uM FAS and 50 uM H,0;; 9, 500 xM FAS and 100 uM H,0,;
10, 500 uM FAS and 250 uM H,O,; 11, 500 uM FAS and 500 uM H;0,; 12, 500 uM FAS and 1.0 mM
H,0,.
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FIGURE 4 H,O, treatment leads to a time-dependent increase in MARCKS protein phosphorylation.
UC1IMG cells were incubated at 37°C in PIPES buffer containing 0.2 mM H, O, for the indicated time.
During the last five Einutes of the incubation, the buffer was replaced with PIPES buffer containing
40 uM digitonin, [y-"“P]JATP and 0.2 mM H,0,. The cells were collected and processed 28 described
in Materials and Methods. C, control cells were incubated in PIPES buffer containing [7-3 P]JATP and
digitonin for five minutes.
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FIGURE 5 PKC inhibitors prevent Hy O5-induced MARCKS phosphorylation. UC1IMG cells were
incubated for 30 minutes at 37°C in PIPES buffer plus or minus 0.5 mM H,0,. The inhibitors H-7
or staurosporine were included as indicated in the figure. During the last five minutes of the incubation,
[7-32P]ATP and digitonin were added to the cells. Negative control cells were incubated in PIPES buffer

containing [7-3 P)ATP and digitonin for five minutc_& as shown in the far left lane and positive control
cells were incubated in PIPES buffer containing [y-"“PJATP, digitonin and 200 nM PMA as shown in
the far right lane. Cells were collected and processed as described in Materials and Methods.

DISCUSSION

The results of these experiments demonstrate that treatment of UC11MG cells with
H, 0, resulits in increased lipid peroxidation, a measure of cellular oxidative injury.
Hydrogen peroxide treatment also led to a rapid stimulation of MARCKS protein
phosphorylation. Addition of the kinase inhibitors H-7 and staurosporine com-
pletely prevented the H,0,-induced MARCKS phosphorylation at 10 uM and
0.01 uM, respectively. Furthermore, in cells in which PKC was down-regulated by
prolonged phorbol ester treatment, H,O,-induced MARCKS phosphorylation was
inhibited. These results indicate that the increase in MARCKS phosphorylation
resulting from H,O, treatment was mediated by PKC.

The mechanism(s) by which H,0, activates PKC is not known. Furthermore, it
is not known if H,0, itself mediates PKC activation or if the mechanism involves
an oxidant generated by the reaction of H,O, in a Fenton-like reaction. As shown
in Figure 2, H,0, alone stimulates TBAR formation, although to a lesser extent
than H,0, plus ferrous ammonium sulfate. This suggests that there are endo-
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FIGURE 6 PMA down-regulation of PKC inhibits H,Oj-induced MARCKS phosphorylation.
UCI1IMG cells were pretreated for two days with 0.5 uM PMA (Lanes 4-6) or with vehicle (Lanes 1-3).
The cells were washed and incubated with vehicle (Lanes | and 4), 0.5 mM H, O, for 30 minutes (Lanes
2 apd 5) or 0.2 u PMA for 15 minutes (Lanes 3 and 6). During the last five minutes of the incubation,
[y-"“P]ATP and digitonin were added to the cells. Cells were collected and processed as described in
Materials and Methods.

genous transition metals which participate in a Fenton-like reaction, leading to the
production of the hydroxyl radical or an oxidant species of similar reactivity which
mediates PKC activation. However, as shown in Figure 3, MARCKS phosphoryla-
tion, a readout of PKC activation, is induced to the same extent by H, O, alone
and H,O0, plus ferrous ammonium sulfate and not at all by ferrous ammonium
sulfate alone. These data, together with the data in Figure 2, suggest that either
H, 0, is itself sufficient to initiate activation of PKC or that a Fenton-derived oxi-
dant is responsible and MARCKS phosphorylation is not as sensitive a readout as
TBAR formation for the detection of differences in the levels of such an oxidant.

Whether via H,0, itself or some other oxidant, PKC activation may occur
through an affect on phospholipid metabolism and membrane enzymes, which
thereby elevates diacylglycerol (DAG) levels. DAG has been shown in a number of
studies to activate PKC, and agonists that increase DAG levels via receptor-coupled
phospholipase C activation also stimulate PKC.3* UC11MG cells were shown
here to express the «, 6 also { isoforms of PKC. Both the « and é isoforms of PKC
are activated by DAG:; therefore, an oxidant-mediated increase in DAG levels could
theoretically activate either isozyme. Our PKC down-regulation results, obtained
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under conditions in which the « and 8, but not the ¢, isoforms are down-regulated,
are consistent with this. Alternatively, PKC activity may be increased by a rise in
intracellular calcium, though only PKC-« in UC11MG cells contains the C, region
which contributes to calcium-dependence. In other experiments, we have demon-
strated that H,O, treatment of UCIIMG cells increases intracellular calcium
levels.? It would be interesting to examine which PKC isozymes are activated in
UCIIMG cells in response to oxidative injury.

The mechanism(s) by which PKC may be involved in intracellular oxidative injury
is also unknown. One possibility is that PKC is involved in the pathway that leads
to the membrane changes and blebbing which occur during cellular injury.
Cytoskeletal rearrangements could be mediated, in part, by the MARCKS protein.
Like PKC, MARCKS represents a large class of related proteins which are widely
distributed.?®> Dephosphorylated MARCKS binds to the actin cytoskeleton and
crosslinks the actin filaments. Hartwig et a/.3 have shown that the crosslinking
activity of MARCKS is inhibited by PKC-mediated phosphorylation.

PKC may also play a role in influencing the ion fluxes and changes in calcium
homeostasis that accompany oxidative injury. Modulation of ion channel activity,
especially calcium and potassium channel activities, by PKC has been well docu-
mented in a variety of cell lines.>” For example, in rat hippocampal CA1 pyramidal
cells, PKC activation leads to inhibition of a Ca?*-activated K * current.’® In con-
trast, whole cell voltage-clamp analysis of cultured fetal rat hippocampal cells
showed that PKC activation inhibits neuronal calcium currents.

PKC might further mediate cellular injury due to oxidative stress through changes
in gene expression. Transcription of a wide variety of genes is responsive to treat-
ment of cells with phorbol esters and activation of PKC. One mechanism for this
transcriptional regulation is via the AP-1 complex. The AP-1 complex is actually
a group of related complexes of transcriptional activators which are all homo- and
heterodimers of the products of the jun and fos protooncogene families.** The
dimeric AP-1 complex activates transcription of responsive genes by binding to a
phorbol ester response element (TRE) present in their 5’ control region. AP-1
activity is itself activated by phorbol esters, as well as by agents that induce oxidative
stress, including H,0,.** Furthermore, induction of AP-1 activity by H,0, has,
in some cases, been shown to be PKC-dependent. For instance, H,O,-induced
expression of c-jun in HL-525 cells was inhibited by pretreatment of the cells with
bryostatin or TPA to down-regulate PKC.* Similarly, in rat aortic smooth muscle
cells, stimulation by H,O, of both c-fos and c-jun mRNA expression was signi-
ficantly reduced by down-regulation of PKC with phorbol ester.**4 An AP-1
recognition site has also been identified in the 5’ control regions of the genes for
rat glutathione S-transferase and NAD(P)H: quinone reductase, which have been
shown to be activated following oxidative injury.’®*? Overall, these results suggest
that changes in AP-1 activity are part of the pathway to H,O,-induced alterations
in gene activity, thereby suggesting a mechanism for PKC involvement in injury.

In this paper we have demonstrated activation of protein kinase C by an oxidant
derived from hydrogen peroxide using UC11MG cells, a human astrocytoma cell
line. As discussed, the role of PKC in the cellular response to an oxidative challenge

3p L. Munns and K.L. Leach (1994) Two novel antioxidants, U74006F and U78517F, inhibit
hydrogen peroxide-stimulated calcium influx. Submitted for publication.
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is not understood and may be quite complex. This study suggests an appropriate
and convenient system with which to pursue the question of PKC’s role in oxidative
injury.

References

1.

2,
3.

10.
11.

12.

15.

16.

17.

i8.

19.

20.

21.

S.W. Werns and B.R. Lucchesi (1990) Free radicals and ischemic tissue injury. Trends in Phar-
macological Sciences, 11, 161-166.

B. Halliwell (1987) Oxidants and human disease: some new concepts. FASEB Journal, 1, 358-364.
J.M. Braughler and E.D. Hall (1989) Central nervous system trauma and stroke. II. Physiological
and pharmacological evidence for involvement of oxygen radicals and lipid peroxidation. Free
Radical Biology and Medicine, 6, 303-313.

. 8.W. Werns, M.J. Shea, S.E. Mitsos, R.C. Dysko, J.C. Fantone, M.A. Schork, G.D. Abrams, B.

Pitt and B.R. Lucchesi (1986) Reduction of the size of infarction by allopurinol in the ischemic-
reperfused canine heart. Circulation, 73, 518-524.

. M.L. Hess, E. Okabe, P. Ash and H.A. Kontos (1984) Free radical mediation of the effects of

acidosis on calcium transport by cardiac sarcoplasmic reticulum in whole heart homogenates. Car-
diovascular Research, 20, 597-603.

. A.J. Fornace, Jr., I. Alamo, Jr. and M.C. Hollander (1988) DNA damage-inducible transcripts in

mammalian cells. Proceedings of the National Academy of Sciences USA, 85, 8800-8804.

. R. Lomneth, G. Bkaily, N. Sperelakis, B.H. Liwnicz and E. Gruenstein (1979) Electrophysiological

and biochemical characterization of a continuous human astrocytoma cell line with many properties
of well-differentiated astrocytes. Brain Research, 486, 95-107.

. Y. Nishizuka (1992) Intracellular signaling by hydrolysis of phospholipids and activation of protein

kinase C. Science, 258, 607-614.

. Y. Asaoka, S. Nakamura, K. Yoshida and Y. Nishizuka (1992) Protein kinase C, calcium and

phospholipid degradation. Trends in Biochemical Sciences, 17, 414-417.

S. Stabel and P.J. Parker (1991) Protein kinase C. Pharmacology and Therapeutics, 51, 71-95.
S.-I. Osada, K. Mizuno, T.C. Saido, K. Suzuki, T. Kuroki and S. Ohno (1992) A new member of
the protein kinase C family, nPKC§, predominantly expressed in skeletal muscle. Molecular and
Cellular Biology, 12, 3930-3938.

L.A. Selbie, C. Schmitz-Peiffer, Y. Sheng and T.J. Biden (1993) Molecular cloning and characteriza-
tion of PKCq, an atypical isoform of protein kinase C derived from insulin-secreting cells. The Jour-
nal of Biological Chemistry, 268, 24296-24302.

. C.A. O'Brian, N.E. Ward, I.B. Weinstein, A.W. Bull and L.J. Marnett (1988) Activation of rat

brain protein kinase C by lipid oxidation products. Biochemical and Biophysical Research Com-
munications, 155, 1374-1380.

. R. Gopalakrishna and W.B. Anderson (1989) ca?*- and phospholipid-independent activation of

protein kinase C by selective oxidative modification of the regulatory domain. Proceedings of the
National of Sciences USA, 86, 6758-6762.

E.J. Palumbo, J.D. Sweatt, S.-J. Chen and E. Klann (1992) Oxidation-induced persistent activation
of protein kinase C in hippocampal homogenates. Biochemical and Biophysical Research Com-
munications, 187, 1439-1445,

A.A. vonRuecker, B.-G. Han-Joen, M. Wild and F. Bidlingmaier (1989) Protein kinase C involve-
ment in lipid peroxidation and cell membrane damage induced by oxygen-based radicals in
hepatocytes. Biochemical and Biophysical Research Communications, 163, 836-842.

R. Larsson and P. Cerutti (1989) Translocation and enhancement of phosphotransferase activity
of protein kinase C following exposure in mouse epidermal cells to oxidants. Cancer Research, 49,
5627-5632.

M.M. Taher, J.G.N. Garcia and V. Natarajan (1993) Hydroperoxide-induced diacylglycerol forma-
tion and protein kinase C activation in vascular endothelial cells. Archives of Biochemistry and
Biophysics, 303, 260-266.

Z. Oldh, 1. Ikeda, W.B. Anderson and F. Jo6 (1990) Altered protein kinase C activity in different
subfields of hippocampus following cerebral ischemia. Neurochemical Research, 15, 515-518.

H. Onodera, T. Araki and K. Kogure (1989) Protein kinase C activity in the rat hippocampus after
forebrain ischemia: autoradiographic analysis by [3H]phorbol 12,13-dibutyrate. Brain Research,
481, 1-7.

M. Cardell, H. Bingren, T. Wieloch, J. Zivin and T. Saitoh (1990) Protein kinase C is translocated
to cell membranes during cerebral ischemia. Neuroscience Letters, 119, 228-232.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/13/11

For personal use only.

36

22.

23.

24,

25.

26.
27.

28.

29.

30.

31

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42,

43,

M.K. BRAWN, W.J. CHIOU AND K.L. LEACH

K. Domanska-Janik and T. Zalewska (1992) Effect of brain ischemia on protein kinase C. Journal
of Neurochemistry, 58, 1432-1439.

M. Yokota, J.W. Peterson, M. Kaoutzanis and N.W. Kowall (1992) Immunohistochemical distribu-
tion of protein kinase C isozymes is differentially altered in ischemic gerbil hippocampus. Brain
Research, 587, 123-129.

H. Hara, H. Onodera, M. Yoshidomi, Y. Matsuda and K. Kogure (1990) Staurosporine, a novel
protein kinase C inhibitor, prevents postischemic neuronal damage in the gerbil and rat. Journal
of Cerebral Blood Flow and Metabolism, 10, 646-653.

M. Ohno, T. Yamamoto and S. Watanabe (1991) Effect of staurosporine, a protein kinase C
inhibitor, on impairment of working memory in rats exposed to cerebral ischemia. European Journal
of Pharmacology, 204, 113-116.

E. Rozengurt (1986) Early signals in the mitogenic response. Science, 234, 161-166.

K.L. Leach, V.A. Ruff, T.M. Wright, M.S. Pessin and D.M. Raben (1991) Dissociation of protein
kinase C activation and sn-1,2-diacylglycerol formation. Comparison of phosphatidylinositol- and
phosphatidylcholine-derived diglycerides in «-thrombin-stimulated fibroblasts. The Journal of
Biological Chemistry, 266, 3215-3221.

K.L. Leach, E.A. Powers, J.C. McGuire, L. Dong, S.C. Kiley and S. Jaken (1988) Monoclonal
antibodies specific for type 3 protein kinase C recognize distinct domains of protein kinase C and
inhibit in vitro functional activity. The Journal of Biological Chemistry, 263, 13223-13230.
M.M. Brafford (1976) A rapid and sensitive method for the quantitation of microgram quantities
of protein utilizing the principle of protein-dye binding. Analytical Biochemistry, 12, 248-254.
R.O. Sinnhuber and T.C. Yu (1957) 2-Thiobarbituric acid method for the measurement of rancidity
in fishery products: II. The quantitative determination of malonaldehyde. Food Technology, 12,
9-12.

H. Hidaka and R. Kobayashi (1992) Pharmacology of protein kinase inhibitors. Annual Review of
Pharmacology and Toxicology, 32, 377-397.

J.E. Niedel and P.J. Blackshear (1986) Protein kinase C. In Phosphoinositides and Receptor
Mechanisms (ed. J.W. Putney, Jr.) Alan R. Liss, Inc., New York, pp. 47-88.

K.L. Leach and P.M. Blumberg (1989) Tumour promoters, their receptors and their actions. In
Inositol Lipids in Cell Signalling (eds. R.H. Michell, A.H. Drummond and C.P. Downes) Academic
Press, Orlando, Florida, pp. 179-205.

J.D. Erusalimsky, I. Friedberg and E. Rozengurt (1988) Bombesin, diacylglycerols, and phorbol
esters rapidly stimulate the phosphorylation of an M, = 80,000 protein kinase C substrate in
permeabilized 3T3 cells. Effect of guanine nucleotides. The Journal of Biological Chemistry, 263,
19188-19194,

P.J. Blackshear (1993) The MARCKS family of cellular protein kinase C substrates. The Journal
of Biological Chemistry, 268, 1501-1504.

J.H. Hartwig, M. Thelen, A. Rosen, P.A. Janmey, A.C. Nairn and A. Aderem (1992) MARCKS
is an actin filament crosslinking protein regulated by protein kinase C and calcium-calmodulin.
Nature, 356, 618-622.

M.S. Shearman, K. Sekiguchi and Y. Nishizuka (1989) Modulation of ion channel activity: A key
function of the protein kinase C enzyme family. Pharmacological Reviews, 41, 211-237.

J.M. Baraban, S.H. Snyder and B.E. Alger (1985) Protein kinase C regulates ionic conductance in
hippocampal pyramidal neurons: electrophysiological effects of phorbol esters. Proceedings of the
National Academy of Sciences USA, 82, 2538-2542.

D. Doemer, T.A. Pitler and B.E. Alger (1988) Protein kinase C activators block specific calcium
and potassium current components in isolated hippocampal neurons. The Journal of Neuroscience,
8, 4069-4078.

M. Karin (1991) The AP-1 complex and its role in transcriptional control by protein kinase C. In
The hormonal control of gene transcription (eds. P. Cohen and J.G. Foulkes) Elsevier Science
Publishers B.V., Amsterdam, pp. 235-253.

P. Angel and M. Karin (1991) The role of Jun, Fos and the AP-1 complex in cell-proliferation and
transformation. Biochimica et Biophysica Acta, 1072, 129-157.

K. Nose, M. Shibanuma, K. Kikuchi, H. Kageyama, S. Sakiyama and T. Kuroki (1991) Transcrip-
tional activation of early-response genes by hydrogen peroxide in a mouse osteoblastic cell line. Euro-
pean Journal of Biochemistry, 201, 99-106.

R. Datta, D.E. Hallahan, S.M. Kharbanda, E. Rubin, M.L. Sherman, E. Huberman, R.R.
Weichselbaum and D.W. Kufe (1992) Involvement of reactive oxygen intermediates in the induction
of c-jun gene transcription by ionizing radiation. Biochemistry, 31, 8300-8306.

. M.C. Hollander and A.J. Fornace, Jr. (1989) Induction of fos RNA by DNA-damaging agents.

Cancer Research, 49, 1687-1692.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/13/11

For personal use only.

46.

47.

48.

49,

50.

51.

52.

OXIDANT-INDUCED ACTIVATION OF PROTEIN KINASE C 37

. Y. Devary, R.A. Gottlieb, L.F. Lau and M. Karin (1991) Rapid and preferential activation of the
c-jun gene during the mammalian UV response. Molecular and Cellular Biology, 11, 2804-2811.
P.A. Amstad, G. Krupitza and P.A. Cerutti (1992) Mechanism of c-fos induction by active oxygen.
Cancer Research, 52, 3952-3960.

A. Maki, I.K. Berezesky, J. Fargnoli, N.J. Holbrook and B.F. Trump (1992) Role of [Ca“]i in
induction of c-fos, c-jun, and c-myc mRNA in rat PTE after oxidative stress. FASEB Journal, 6,
919-924,

G.N. Rao, B. Lasségue, K.K. Griendling, R.W. Alexander and B.C. Berk (1993) Hydrogen peroxide-
induced c-fos expression is mediated by arachidonic acid release: role of protein kinase C. Nucleic
Acids Research, 21, 1259-1263.

G.N. Rao, B. Lasségue, K.K. Griendling and R.W. Alexander (1993) Hydrogen peroxide stimulates
transcription of c-jun in vascular smooth muscle cells: role of arachidonic acid. Oncogene, 8,
2759-2764.

T.H. Rushmore, M.R. Morton and C.B. Pickett (1991) The antioxidant responsive element. Activa-
tion by oxidative stress and identification of the DNA consensus sequence required for functional
activity. The Journal of Biological Chemistry, 266, 11632-11639.

L.V. Favreau and C.B. Pickett (1993) Transcriptional regulation of the rat NAD(P)H: quinone
reductase gene. Characterization of a DNA-protein interaction at the antioxidant responsive element
and induction by 12-O-tetradecanoylphorbol 13-acetate. The Journal of Biological Chemistry, 268,
19875-19881.

Y. Li and A.K. Jaiswal (1992) Regulation of human NAD(P)H: quinone oxidoreductase gene. Role
of AP1 binding site contained within human antioxidant response element. The Journal of Biological
Chemistry, 267, 15097-15104.

Accepted by Dr M.B. Grisham

RIGHTS

i,



