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Activation of PKCPII is associated with the response to ischemia/reperfusion (I/R), though its role, either
pathogenic or protective, has not been determined. In a murine model of single-lung I/R, evidence linking
PKCp to maladaptive responses is shown in the following studies. Homozygous PKCf-null mice and WT mice
fed the PKCp inhibitor ruboxistaurin subjected to I/R displayed increased survival compared with controls.
In PKCf-null mice, phosphorylation of extracellular signal-regulated protein kinase-1 and -2 (ERK1/2), JNK,
and p38 MAPK was suppressed in I/R. Expression of the immediate early gene, early growth response-1 (Egr-1),
and its downstream target genes was significantly increased in WT mice in I/R, particularly in mononuclear
phagocytes (MPs), whereas this expression was attenuated in PKCB-null mice or WT mice fed ruboxistaurin.
In vitro, hypoxia/reoxygenation-mediated induction of Egr-1 in MPs was suppressed by inhibition of PKCf,
ERK1/2, and JNK, but not by inhibition of p38 MAPK. These findings elucidate key roles for PKCPII activa-
tion in I/R by coordinated activation of MAPKs (ERK1/2, JNK) and Egr-1.

Introduction

Ischemic stress impacts broadly on cellular activation mechanisms,
recruiting a number of central pathways such as hypoxia-induc-
ible factor-1 (HIF-1) (1-3) and NF-kB (4-6). Although HIF-1a was
linked to activation of the non-insulin-dependent glucose trans-
porter (GLUT1) and expression of erythropoietin and VEGF (2-3,
7), previous studies demonstrated that early growth response-
1-mediated (Egr-1-mediated) expression of tissue factor and
deposition of fibrin in hypoxic vasculature was independent of
HIF-1 (8). Furthermore, our studies delineated a previously unrec-
ognized pathway in global hypoxia involving rapid activation of
PKCPII and leading, via a series of steps including activation of raf,
extracellular signal-regulated protein kinase-1 and 2 (ERK1/2),
and elk-1, to upregulation of Egr-1, particularly in mononuclear
phagocytes (MPs) in the lung and in cultured MPs exposed to
hypoxia in vitro (9, 10). Egr-1, in turn, influences expression of
a diverse array of genes relevant to the pathobiology of ischemia.
Specifically, homozygous Egr-1 null mice subjected to lung isch-
emia/reperfusion (I/R) displayed reduced expression of cytokines,
chemokines, cell adherence molecules, and procoagulant cofactors
associated with ischemic tissue injury, in parallel with enhanced
animal survival and organ function (11).

The PKC family is a family of multifunctional isoenzymes
— which may be activated by diacylglycerols and Ca?* — that play
a central role in signal transduction and intracellular crosstalk
by phosphorylating at serine/threonine residues an array of sub-
strates, including cell surface receptors, enzymes, contractile pro-
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teins, transcription factors, and other kinases (12). Activation of
PKC, indicated by translocation from the cytosol to the plasma
membrane, occurs in response to transient increases in diacylglyc-
erols or exposure to phorbol esters or hypoxia (9). Our previous
studies demonstrated that compared with exposure of WT PKCf-
bearing (PKCB*/*) mice to global hypoxia, homozygous PKC null
(PKCP~") mice displayed a sharp reduction in expression of tissue
factor transcripts and antigen in the lung, in parallel with reduced
vascular fibrin deposition and significantly reduced transcripts,
antigen, and nuclear translocation of Egr-1 (10).

Here, we sought to dissect the impact of PKCP specifically in
I/R, and to test the hypothesis that PKCf regulates inflammatory/
prothrombotic gene expression and tissue injury in I/R. To address
these concepts, we used a murine model of single-lung I/R using
PKCB~~ mice (13) and WT mice fed chow containing the PKCf
inhibitor ruboxistaurin (LY333531) (14-21). To delineate the pre-
cise link between PKCf and activation of signal transduction path-
ways in I/R, we performed in vitro hypoxia/reoxygenation (H/R)
studies in cultured rat alveolar MPs. We demonstrate for the first
time that deletion or pharmacological blockade of PKCP confers
striking protection from injury in I/R. PKCP regulates the expres-
sion of proinflammatory/prothrombotic mediators in I/R, at least
in part through Egr-1.

Results

Effect of PKCP on the consequences of lung I/R: enhanced survival and
maintenance of vascular homeostatic mechanisms. PKCR~~ mice in the
C57BL/6 background were subjected to single-lung ischemia for 1
hour followed by reperfusion for 3 hours. Following this treatment
was a test period of 1 hour during which time reperfusion to the
uninstrumented lung was blocked, rendering the animal depen-
dent on the I/R lung. Compared with PKCB** controls, deletion of
the PKCP gene conferred enhanced survival of about threefold (sur-
vival was 67% in PKCPB~~ mice and 22% in PKCB** mice; P = 0.03;
Figure 1A). In parallel, leukocyte accumulation in I/R tissue, an
important indication of impending tissue damage, was decreased
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based on assessment of myeloperoxidase activity (Figure 1B). Pul-
monary fibrin deposition, reflecting the balance of procoagulant
and anticoagulant/fibrinolytic mechanisms in the injured lung,
was significantly decreased in PKC3/~ mice compared with PKCp**
mice, based on immunoblotting of lung extracts with an antibody
directed to a fibrin neoepitope (P = 0.003, Figure 1C). Consistent
with the apparently protective phenotype in PKCB~~ mice sub-
jected to lung I/R, WT mice fed the PKCf inhibitor ruboxistaurin
(LY333531) that were subjected to lung I/R also displayed increased
survival (about threefold; P = 0.035; Figure 1D). Taken together,
these data indicate that deletion or blockade of PKCP resulted in
maintenance of vascular homeostatic mechanisms.

Activation of PKCBII in response to lung I/R. When WT CS7BL/6
mice were subjected to I/R, rapid translocation of PKCBII to the
cell membrane was observed, consistent with its activation. An
increase of PKCPII associated with the membrane fraction reached
an apparent maximum after 1 hour of ischemia and 10-15 minutes
of reperfusion (Figure 2A). These studies were performed using an
antibody selective to the PKCBII isoform. In contrast, immunob-
lotting with an antibody specific to the PKCPI isoform showed no
change (not shown). Next, we examined the patterns of two other
isoforms of PKC linked to I/R, PKC8 and PKCe. PKC and PKCe
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antigens in the membranous fraction from PKCB** and PKCpB~~
mice showed no changes resulting from 15 minutes of reperfusion
after 1 hour of ischemia (Figure 2, B and C), thus confirming that
the activated principal isoform of PKC relevant to I/R injury in the
lung was the PKCBII isoform.

Activation of PKCBII upregulates expression of downstream MAPKs. In
view of the observed close relationship between environmental stress
and PKCBII translocation, we considered what impact deletion of
PKCBIIin I/R might have on MAPKs ERK1 and ERK2 (p44 and p42),
which are indirect downstream targets of this PKC isoform (9, 10, 22).
Immunoblotting of extracts from I/R lung harvested from PKCp"*
mice displayed an approximately eightfold increase in intensity of
phospho-p44/42 in samples from I/R lung compared with samples
from uninstrumented lung (Figure 3A). In comparison, PKCB~~ mice
displayed an increase of only about threefold in phosphorylation
of p44/42 in I/R lung compared with tissue from uninstrumented
lung (Figure 3A). Levels of total p44/42 antigen did not change in
any of these experiments (Figure 3A). Immunostaining with anti-
body to phospho-p44/42 demonstrated increase of this epitope in
the lung from PKCB** mice subjected to I/R (Figure 3C), compared
with the uninstrumented lung, in which it was undetectable. How-
ever, in PKCB~~ mice, there was a slight increase in immunoreactive
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Ischemia/reperfusion-mediated activation of MAPKSs in the lung. PKCB*+ and PKCf~- mice underwent the indicated period of left-lung I/R.
Animals were sacrificed and protein extracts from the I/R and uninstrumented lung were prepared and subjected to SDS-PAGE (12%, 50 ug of
protein/lane). Immunoblotting with phospho-p44/42 MAPK antibody or total p44/42 MAPK antibody (B), phospho-p38 MAPK antibody, or total
p38 MAPK antibody (I), and phospho-SAPK/JNK antibody or total SAPK/JNK antibody (J) was performed. Data are shown as mean + SEM
of five experiments. Immunohistochemical analysis of phospho-p44/42 expression in murine lung from uninstrumented (B) or I/R (C) PKCB+*
mice, and from uninstrumented (D) or I/R (E) PKCf~- mice was performed. Scale bar: 50 um. I/R lungs from PKCp**+ mice were subjected to
immunofluorescence microscopy and double stained with an anti-phospho-p44/42 antibody (red) (F) and an anti-macrophage antibody (F4/80,
green) (G). The merging of F (pERK1/2) and G (F4/80) is shown in H. Arrows in F and arrowheads in G indicate dually stained cells Original

maghnification in F-H, x1,000. *P < 0.001; **P = 0.0041.

phospho-p44/42 in I/R lung (Figure 3E) that was similar to that of
immunoreactive phospho-p44/42 in the lungs of uninstrumented
PKCB~~ mice (Figure 3D). In addition, immunofluorescence of
PKCB** I/R lung sections stained with anti-phospho-p44/42 and
F4/801gG demonstrated that phospho-p44/42 antigen was localized
predominantly in MPs. Figure 3F demonstrates staining with anti-
phospho-p44/42 kinase (red), and Figure 3G demonstrates staining
using anti-F4/80 IgG (green) to identify MPs. Figure 3H reveals the
merge and indicates that phospho-p44/42 MAPK is, at least in part,
expressed in MPs in the I/R lung.
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These data led us to consider the effect of deleting PKCP on
other MAPKs, each of which has been implicated in inflammatory
responses to cell stress. Immunoblotting of lung extracts was per-
formed with an antibody selective for phospho-p38 (Figure 3I). An
about 13-fold increase in intensity of the phospho-p38 band was
observed in I/R lung from PKCB** mice compared with uninstru-
mented lung from PKCB** mice (Figure 3I). Inmunohistochemical
studies demonstrated that increased phospho-p38 was present
predominantly in MPs following I/R of PKCB** mouse lung, com-
pared with uninstrumented controls, in which it was undetectable
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Figure 4

I/R induces Egr-1 and procoagulant and proinflammatory molecules in the lung: effect of PKCf. Mice underwent left lung I/R or no instrumen-
tation. Mice were sacrificed and total RNA was isolated from the lung and subjected to Northern analysis (20 ug/lane) with 32P-labeled cDNA
probes for Egr-1 (A), tissue factor (TF) (J), PAI-1 (K), IL-1f (L), MIP-2 (M), ICAM-1 (N), or p-actin (as internal control). Real-time PCR analy-
sis of total RNA for Egr-1 expression was performed on I/R and uninstrumented lungs from WT mice fed vehicle or ruboxistaurin chow (B).
Immunohistochemical analysis of Egr-1 expression in murine lung from uninstrumented (C) or I/R (D) PKCB+**+ mice and from uninstrumented
(E) or I/R (F) PKCB~- mice. Ctrl, control. Scale bar in F: 50 uM. I/R lungs from PKCB*+ mice were immunofluorescence double stained with an
anti-Egr-1 antibody (red) (G) and an anti-MP antibody (F4/80, green) (H). The merging of G (Egr-1) and H (F4/80) is shown in I. Arrows in G and
arrowheads in H indicate dually stained cells. Original magnification in G-I, x1,000. The units for the y axes of A, B, and J-N are fold increase.

(not shown). However, in PKCR~~ mice, phosphorylation of p38
after I/R was suppressed (about fourfold) compared with PKCB**
mice undergoing I/R (Figure 3I). Similarly, there was an increase
in intensity of about 13-fold of the phospho-SAPK/JNK band in
extracts from I/R lung compared with the uninstrumented lung
from PKCB** mice (Figure 3]). In contrast, the increase in phos-
pho-SAPK/JNK band was considerably blunted in I/R lung from
PKCP~~ animals (~2.5-fold, compared with uninstrumented con-
trol PKCB~~ mice). In addition, immunohistochemical studies
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demonstrated that increased phospho-SAPK/JNK were present
predominantly in MPs (not shown). Taken together, these data
show decreased activation of phospho-p44/42, phospho-p38, and
phospho-SAPK/JNK of about 70% (P < 0.001), 77% (P = 0.004), and
75% (P < 0.001), respectively, in I/R lung from PKCB~~ compared
with I/R lung from PKCB** mice.

Effect of PKCP gene deletion on targets of MAPKs. Since expression
of Egr-1 has been linked to PKCf-dependent MAPK activity in
global hypoxia (9, 10), we tested the role of PKCf in modulating
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Figure 5

H/R-mediated induction of Egr-1 in rat alveolar MPs (NR8383): effect of
inhibitors of PKCf3 and MAPKs. Rat MPs were incubated with LY379196
(200 nM), PD98059 (50 uM), SP600125 (20 uM), and SB203580 (10
uM), respectively, for 1 hour before being subjected to hypoxia for 30
minutes followed by reoxygenation for 15 minutes. Comparison is with
H/R alone or normoxia (N). Real-time PCR analysis of total RNA from
the above cells was performed. Data are presented as the fold induc-
tion of MRNA for Egr-1 normalized to -actin. These experiments were
repeated five times. *P < 0.001.

expression of Egr-1 specifically in I/R. Transcripts for Egr-1 were
increased by 18- to 20-fold in I/R lung from PKCB** mice compared
with Egr-1 transcripts from uninstrumented PKC*”* animals (Fig-
ure 4, A and B). In contrast, I/R in PKCB~~ mice (Figure 4A) or WT
mice fed PKCP inhibitor ruboxistaurin (Figure 4B) caused only a
two- to threefold increase in Egr-1 mRNA transcripts. At the pro-
tein level, immunohistochemical analysis for Egr-1 antigen dem-
onstrated a strong increase of antigen in lungs from PKCB** mice
subjected to I/R (Figure 4D) compared with uninstrumented con-
trols (Figure 4C). Immunoreactivity for Egr-1 antigen was largely
expressed in MPs, as demonstrated by using immunofluorescence
to colocalize Egr-1 in MPs using antibodies to Egr-1 (Figure 4G,
red) and anti-F4/80 IgG (Figure 4H, green). Figure 4I represents
the merge, indicating that Egr-1 was principally expressed in MPs
in PKCP”* I/R lung. In contrast to these findings in PKCB** mice,
in PKCB~~ mice there was only a slight increase in immunoreactive
Egr-1 in I/R lung (Figure 4F), which was not significantly differ-
ent from that observed in uninstrumented lung retrieved from
PKCP~~ mice (Figure 4E).

We next examined the impact of PKCP on expression of
proinflammatory/prothrombotic genes in IR. Previous studies
revealed that Egr-1 regulated a broad array of such mediators in
I/R (11). Compared with PKCB*”* mice, factors regulating the vas-
cular coagulant environment, such as tissue factor and plasmino-
gen activator inhibitor-1 (PAI-1), displayed only a slight increase
in transcripts in PKCB~~ mice. Levels of tissue factor and PAI-1
mRNA were increased by 15- and tenfold, respectively, in I/R lung
from PKCB** mice compared with uninstrumented PKCB** con-
trols (Figure 4, J and K). In PKCB~~ mice, tissue factor and PAI-1
mRNA were enhanced only by about fourfold and twofold, respec-
tively, in the I/R lung. The same pattern of gene expression was
observed comparing PKCR~~ and PKCB** mice with respect to
I/R-induced upregulation of proinflammatory cytokines (IL-1p),
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chemokines (macrophage inflammatory protein-2, MIP-2),
and ICAM-1 (Figure 4, L, M, and N). Whereas IL-1p, MIP-2, and
ICAM-1 displayed robust induction of transcripts in I/R lung
from PKCP** mice (increases of 20-, 16-, and 18-fold, respective-
ly), these increases were much less prominent in I/R lungs from
PKCp~~ mice (increases of approximately two-, three-, and twofold,
respectively). In each case, the differences between enhanced lev-
els of transcripts for these genes in I/R lungs from PKCR** and
PKCB~~ mice were statistically significant (P < 0.01 for tissue fac-
tor, PAI-1, IL-18, MIP-2, and ICAM-1, respectively).

Mechanisms of I/R-induced PKCB-dependent signaling pathways.
These considerations provide important insights into the poten-
tial downstream consequences of PKCB-dependent activation of
these multifaceted signaling cascades after I/R. The lack of orally
administered inhibitors (or ready-made chow containing such
inhibitors) of the three MAPKSs (ERK1/2, JNK, or p38) for chronic
administration to animals in vivo renders it difficult to directly
assess the impact of these kinases on downstream targets. How-
ever, inhibitors of ERK1/2 (PD98059), INK (SP600125), and p38
(SB203580) are available and suitable for in vitro studies. There-
fore, to dissect the molecular mechanisms by which PKCf activa-
tion upregulated Egr-1 in I/R, we used a rat alveolar MP cell line
(NR8383), since alveolar MPs prominently displayed MAPKs such
as phospho-ERK1/2 and Egr-1 in I/R lung. H/R was chosen as an
in vitro model system to mimic key components of the ischemic/
reperfused vascular milieu. Cultured MPs were serum-starved for
24 hours and exposed to hypoxia (oxygen pressure, 14 torr) for 30
minutes, then reoxygenation for 15 minutes. Real-time PCR anal-
ysis of total RNA from H/R MPs demonstrated an approximate
eightfold increase in Egr-1 transcripts compared with normoxic
MPs (P < 0.001) (Figure 5), in a manner strikingly suppressed by
the inhibitor of PKCB (LY379196, 200 nM; displays similar K; for
the I and BII isoforms [refs. 23, 24]). The increase in Egr-1 tran-
scripts in H/R was also strongly suppressed by the inhibitors of
ERK1/2 (PD98059, 50 uM) and JNK (SP600125, 20 uM) but not by
an inhibitor of p38 (SB203580, 10 uM)] (Figure 5). These findings
suggest that the PKCf pathway modulates Egr-1 upregulation via
phosphorylation of ERK1/2 and JNK, but not via phosphorylation
of p38 in MPs in response to I/R injury.

Activation of transcription factors activator protein-1 and NF-B in I/R:
effect of PKCP. Lastly, we addressed the question of whether other
key transcriptional regulatory pathways, such as activator pro-
tein-1 (AP-1) or NF-kB, were modulated by PKCp in I/R beyond
Egr-1. Compared with WT mice, Egrl~~ mice subjected to I/R did
not reveal modulation of AP-1 or NF-kB DNA binding (data not
shown). Thus, the possibility that PKCf might modulate these
pathways in I/R was important to consider, as activation of AP-1
(25) and NF-kB (26) have been shown in cells in response to hypoxia
or hydrogen peroxide stress. Therefore, we investigated induc-
tion of AP-1 and NF-kB DNA binding activities in I/R lung from
PKCP*”* and PKCB~~ mice. Electrophoretic mobility shift analysis
(EMSA) for AP-1 DNA binding activity, using a 3?P-labeled consen-
sus AP-1 oligonucleotide and nuclear extract from I/R lung derived
from WT animals, showed induction of a prominent gel shift band
(Figure 6A, compare lane 3 with lane 2, showing about an 11-fold
increase in band intensity with I/R). This I/R-induced gel shift band
represented specific binding to the AP-1 probe, as demonstrated by
competition experiments; excess unlabeled AP-1 oligonucleotide
blocked appearance of the band, whereas an unrelated Sp1 probe
was without effect (lane 7 and lane 6 in Figure 6A). The observa-
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I/R-mediated induction of AP-1 and NF-«B in the lung: effect of
PKCp. Mice underwent left-lung I/R or no instrumentation. Mice
were sacrificed, and nuclear extracts were prepared from the lung
and subjected to EMSA with 32P-labeled consensus AP-1 (A) and
NF-kB (B) probes. Where indicated, nuclear extracts from uninstru-
mented (lane 2 and lane 4) and I/R (lane 3 and lane 5) lung were
incubated with 32P-labeled AP-1 (A) or NF-kB (B) probe alone.
Nuclear extracts from I/R lungs of PKCB*+ mice were incubated
with 32P-labeled AP-1 (A) or NF-xB (B) probe in the presence of
either a 100-fold molar excess of Sp1 (cold Sp1; lane 6 in A and
B), AP-1 (cold AP-1; lane 7 in A), or NF-xB (cold NF-kB; lane 7 in
B), and either anti—p-c-Jun IgG (lane 8 in A), anti-p50 IgG (lane 8
in B), and anti-p65 IgG (lane 9 in B) or nonimmune (NI) IgG (lane
9in A and lane 10 in B, respectively). F.P,, free probe.
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6B, lane 8 and lane 9; lane 10 shows nonimmune IgG). When
similar experiments were performed with nuclear extracts
from I/R lung harvested from PKCB~~ mice, the intensity of
the gel shift band was strikingly reduced compared with that
produced using I/R PKCR** mice (Figure 6B, compare lane 5
with lane 3; P < 0.0001). These data indicated that modula-

; 7 tion of AP-1 or NF-kB activation was dependent on PKCp,
NF.:;I(;SE:; ; ; ; ; ; T _‘|_ ; _'|_ 64 and not Egr-1, in the I/R lung.
IR - 4 = 4+ + + 4§59 Discussion
u’é H These data provide the first evidence that PKCPII activation,
p50 9 - o 34 which begins early in the reperfusion period, plays a pivotal
&2l role in the pathogenesis of I/R lung injury. These studies
s g - . - . - . 1 highlight a new facet to the biology of PKCBII in I/R, and are
W - - - - - 0 especially relevant in view of the enhanced protection afford-
"2 3 4 5 edbyeither genetic deletion or pharmacological blockade of
PCKB*:I-' ‘—_‘.1’— PKCP with ruboxistaurin (a threefold increase in survival)

F.P. —DW
PCKPB > s,

++ ++

tion that incubation with antibody to phospho-specific c-Jun
(p-c-Jun) resulted in a supershift of the band corresponding to AP-1
DNA binding activity (Figure 6A, lane 8; lane 9 shows nonimmune
IgG) indicated the involvement of this protein in the AP-1 complex.
However, antibody to c-Fos had no effect in this supershift assay
(data not shown). In contrast, when nuclear extracts were prepared
from PKCP~~ mice subjected to I/R, intensity of the AP-1 gel shift
band was significantly attenuated (Figure 6A, P < 0.0001, compare
lane 5 with lane 3) compared with AP-1 after I/R in WT mice.

In addition, EMSA with a 32P-labeled NF-«kB probe and nuclear
extracts from I/R lung harvested from WT mice demonstrated a
7.3-fold increase in band intensity compared with uninstrumented
lung (Figure 6B, compare lane 3 with lane 2). The issue of specific-
ity was addressed by competition studies in which excess unlabeled
NF-kB probe blocked appearance of the gel shift band, whereas
excess of another unrelated probe, Sp1, was without effect (Figure
6B, lane 7 and lane 6, respectively). Supershift analysis showed the
presence of NF-kB pS0 and p65 in the gel shift complex (Figure
1620
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versus that observed in homozygous Egr-17/~ mice (a twofold
increase in survival) (11).

In the present study, we showed that in parallel with
enhanced animal survival and maintenance of vascular homeo-
stasis, deletion of PKCp in I/R significantly impacted path-
ways leading to phosphorylation of ERK1/2, JNK, and p38
MAPKs, and ultimately to expression of transcription factors

Egr-1, AP-1, and NF-kB and their downstream targets. Hypoxemia,
a central component of the vascular milieu manifest at the earliest
time in ischemic disorders, is a logical potential trigger for vascular
perturbation. Therefore, the mechanism of activation of PKCp-
dependent activation of ERK1/2 and the consequent upregulation
of the Egr-1 pathway in I/R-triggered stress is consistent with our
previous studies of global hypoxemic stress in vitro (9) and in vivo
(10). In addition, the current results in PKCR~~ mice confirm the
broad outlines of this pathway and underscore the concept that,
in addition to upregulation of ERK1/2, PKCf is also an early and
key trigger to the activation of JNK and p38 MAPKs that occurs in
response to I/R. Consistent with our findings, it has been reported
that activation of JNK and/or p38 MAPK appeared in the heart or
kidney exposed to I/R, and in cardiac myocytes subjected to H/R
(27-33). It is highly likely that the pattern and time course of ERK,
JNK, and p38 MAPK activation are tissue-specific (29, 34, 35).
Interestingly, our observations elucidated that these signal
transduction mechanisms may contribute to cellular responses to
Number 11
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ischemic stresses, such as induction of inflammation and coagu-
lation. The coagulant properties of alveolar macrophages are
likely to be relevant to the procoagulant environment of hypox-
emic lung. In our previous study with monocyte-like U937 cells,
hypoxia was shown to induce membrane translocation and auto-
phosphorylation of PKCBIL, compared with lack of such changes
in PKC isoforms o and € (9). Furthermore, transient transfection
studies demonstrated that expression of dominant-negative
PKCPII selectively suppressed hypoxia-mediated activation of
Egr-1 and tissue factor transcription (9). In the present studies,
we demonstrated that the activated principal isoform of PKC rele-
vant to I/R lung injury was specifically PKCBIL, not PKCBI, PKC3,
or PKCe. These data suggest that the activation of individual PKC
isoforms in ischemia or I/R is clearly tissue-specific, as previous
studies have demonstrated activation of PKCS and PKCe in isch-
emia or I/R in the heart (36-38).

In addition, these studies have outlined a pathway in MPs where-
by activation of PKCB-dependent signaling pathways in hypoxia/
reoxygenation leading to upregulation of Egr-1 transcripts was via
phosphorylation of specific MAPKs. Previous studies by others have
used the PKCp inhibitor LY333531 in a porcine model of ischemia-
induced preretinal neovascularization (17) and in diabetic rats to
ameliorate, at least in part, early retinal and renal dysfunction (15).
Here, we have provided the first evidence that administration of
ruboxistaurin suppressed upregulation of Egr-1 transcripts upon
I/R. The lack of availability of agents to inhibit the three MAPKs
(ERK1/2, JNK, and p38) in vivo in this model renders it difficult
to precisely link PKCfB-dependent activation of these pathways to
recruitment/stimulation of downstream targets. However, we have
provided evidence that suppressed expression of Egr-1 in vitro in
H/R was achieved by preincubation of alveolar MPs with inhibitors of
PKC (LY379196), ERK1/2 (PD98059), and JNK (SP600125) prior to
exposure to H/R, but not by an inhibitor of p38 MAPK (SB203580).

Although the activities of NF-kB and AP-1 may be modulated
and regulated by a complex interaction between ERK1/2, JNK, and
p38 MAPK pathways (39, 40), our data provide the first evidence
that PKC modulated activation of AP-1 and NF-kB in response to
I/R injury. Importantly, the lack of modulation of AP-1 or NF-kB
in Egr-17/~ mice in lung I/R suggests that the biologic impact of
PKCP in I/R may exceed its effects solely on regulation of Egr-1.
The exact mechanisms and signaling pathways by which PKCf
modulates activation of AP-1 and NF-kB in I/R are not yet known,
but are the subject of ongoing investigation.

In conclusion, these findings delineate novel roles for PKCf in I/R
injury. The observation that activation of PKCB-dependent signal-
ing regulates recruitment of proinflammatory and prothrombotic
mechanisms highlights new targets for the prevention of organ
dysfunction and damage in disorders characterized by I/R injury.

Methods

Murine model of 1I/R. PKCR~~ mice (13) have been backcrossed
more than ten generations into C57BL/6 in our laboratory. WT
C57BL/6 mice were purchased from The Jackson Laboratory (Bar
Harbor, Maine, USA). Both PKCf~~ mice and PKCB** controls
(8-12 weeks old) were subjected to the single-lung I/R procedure
according to protocols approved by the Institutional Animal Care
and Use Committee at Columbia University. Left-lung ischemia
was performed as described (41). In addition, C57BL/6 mice were
fed chow containing the PKCf inhibitor ruboxistaurin (LY333531;
10 mg/kg daily) from 3 days prior to I/R to the time of sacrifice.
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Survival experiments. The surgical operator was blinded to mouse
genotype. After 1 hour of ischemia, followed by 3 hours of reperfu-
sion, the contralateral (right) hilum was permanently ligated, so
that survival and gas exchange depended solely on the reperfused
left lung for 1 hour. Survival during this period was defined as
described (41). Arterial blood gas analysis (sampled from the left
ventricle) was performed in mice who survived the 1-hour period
after right hilar ligation.

Analysis of myeloperoxidase activity. Lungs were homogenized in
detergent containing hexadecyltrimethylammonium bromide,
freeze-thawed, and centrifuged, and supernatants were assayed
for myeloperoxidase activity using substrate buffer containing
o-dianisidine (42). Myeloperoxidase activity was measured at an
absorbance of 460 nm for 20 seconds and calculated as AOD 460
nm/min using a UV/visible spectrophotometer (Ultrospec 3000;
Amersham Biosciences, Piscataway, New Jersey, USA).

Western-blot analysis. Fibrin levels were determined in lungs
extracted from animals treated with heparin (10 U/g body wrt,
resulting in an activated partial thromboplastin time > 300 s) prior
to sacrifice (43). Tissue was subjected to immunoblotting with
anti-fibrin antibody as described (8, 44). To detect PKCp isoforms I
and II, PKC9, and PKCe, cytosolic and membrane protein fractions
were prepared from lung as described (9, 45). To detect ERK1/2,
p38, and JNK, total protein extracts were prepared from lung tis-
sue using cell lysis buffer (Cell Signaling Technology Inc., Beverly,
Massachusetts, USA). Particulate material was removed by cen-
trifugation, and protein concentration was determined using the
Bio-Rad protein assay (Bio-Rad Laboratories Inc., Hercules, Cali-
fornia, USA). Equal amounts of total protein (20 ug/sample) were
subjected to SDS-PAGE (7.5% or 12%) followed by electrophoretic
transfer to nitrocellulose membranes (46). Nonspecific binding
was blocked by incubation of membranes with nonfat dry milk or
BSA (5%) for 1 hour at room temperature or overnight at 4°C. To
detect membrane protein translocation, each blot was incubated
with one of the following first antibodies: anti-PKCI IgG, anti-
PKCBII IgG, anti-PKC9 IgG, or anti-PKCe IgG (Santa Cruz Bio-
technology Inc., Santa Cruz, California, USA). To detect MAPKs,
each blot was incubated with one of the following antibodies as
the first antibody for the reaction: anti-phospho-p44/42 IgG,
anti-total-p44/42 IgG, anti-phospho-SAPK/JNK IgG, anti-total-
SAPK/JNK IgG, anti-phospho-p38 IgG, or anti-total-p38 IgG
(Cell Signaling Technology Inc.). Each first antibody was used at
a dilution of 1:1,000 for 1-3 hours or overnight according to the
manufacturer’s instructions. HRP-conjugated donkey anti-rabbit
IgG secondary antibody (1:2,000; Amersham Biosciences) was used
to identify sites of binding of primary antibody.

Immunobistochemistry. Lung tissue was harvested and fixed in
formalin and then embedded in paraffin. Sections were stained with
the following primary antibodies: rabbit anti-Egr-1 IgG (8 ug/ml;
Santa Cruz Biotechnology Inc.), rat F4/80 monoclonal antibody (10
ug/ml; PharMingen, San Diego, California, USA), rabbit anti-phos-
pho- or total p44/42, p38, and SAPK/JNK IgG (1:10; Cell Signaling
Technology Inc.) or nonimmune IgG, respectively. Secondary anti-
bodies (affinity-purified alkaline phosphatase-conjugated anti-rab-
bit and anti-rat IgGs) and substrates were used as described (9, 10).

Immunofluorescence. Deparaffinized tissue sections were blocked
with diluted normal blocking serum and incubated with a rabbit
polyclonal anti-mouse Egr-1 antibody (1:40; Santa Cruz Biotech-
nology Inc.) or a rabbit anti-phospho-p44/42 antibody (1:250; Cell
Signaling Technology Inc.), and then incubated with a biotinylated
Volume 113 1621
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goat anti-rabbit IgG (1:200; Vector Laboratories Inc., Burlingame,
California, USA) followed by incubation with Texas Red-avidin D.
The sections were blocked with avidin/biotin blocking solution
according to the manufacturer’s instructions (Vector Laborato-
ries Inc.). The sections were then incubated with a rat monoclonal
anti-mouse macrophage F4/80 antibody (1:10; PharMingen), and
incubated with a biotinylated rabbit anti-rat IgG (1:200; Vector
Laboratories Inc.) followed by fluorescein-avidin D. For confocal
microscopy, antigen detection was performed using a LaserSharp
2000 scanning confocal microscope with epifluorescent illumina-
tion (Bio-Rad Laboratories Inc.) (excitation wavelength 488 nm for
fluorescein-avidin D, 568 nm for Texas Red-avidin D).

Northern analysis. Total RNA was extracted from lung, followed
by electrophoresis, transfer to Duralon-UV membranes (Strata-
gene, La Jolla, California, USA), and hybridization with 3?P-labeled
cDNA probes for mouse Egr-1, tissue factor, PAI-1, IL-18, MIP-2,
and ICAM-1 as described (11). Northern blots were also hybridized
with 32P-labeled B-actin as an internal control for RNA loading.
Autoradiograms were analyzed by densitometric scanning from at
least three different experiments (a representative autoradiogram
is shown in the figures). Absorption values were normalized to
the B-actin band.

EMSA. Nuclear extracts were isolated from lung tissue as previ-
ously described (8). Double-stranded oligonucleotide probes for
AP-1 and NF-kB (Promega Corp., Madison, Wisconsin, USA) were
5" end-labeled with [32P]ATP (3,000 Ci/mmol) using T4 polynu-
cleotide kinase and standard procedures. Where indicated, antise-
rum to p-c-Jun, pS0, p65, or nonimmune IgG was incubated with
the nuclear extract at room temperature for 45 minutes, and then
binding reactions and electrophoresis were performed as described
(8). For competition studies, a 100-fold molar excess of unlabeled
probes for either AP-1, NF-kB, or Sp1 (Promega Corp.) was added.

Cell culture. A rat alveolar macrophage cell line (NR8383) was
obtained from American Type Culture Collection (Manassas,
Virginia, USA), and cells were grown in Ham’s F-12K medium
containing 15% heat-inactivated FCS. Cells were made quiescent
by serum starvation for 24 hours. Inhibitors of PKCf (LY379196,
200 nM), ERK1/2 (PD98059, 50 uM), p38 (SB203580, 10 uM),
and JNK (SP600125, 20 uM) were added 1 hour before induction
of hypoxia. Using an environmental chamber as described pre-
viously (8), cells were subjected to 30 minutes of hypoxia (oxy-
gen pressure in the medium was 12-14 torr). Cells subjected to
hypoxia were placed in medium preequilibrated with the hypoxic
gas mixture just prior to placement in the environmental cham-
ber. Thus, cultures were immersed immediately in the oxygen-
deprived environment at the time of medium change/placement
in the chamber. After hypoxia, cells were placed in normal cell
culture conditions for 15 minutes for reoxygenation.

Real-time quantitative PCR. Total RNA was extracted from lung or
cells using Trizol reagent (Invitrogen Corp., Rockville Maryland,
USA). Total RNA (1 ug) was processed directly to cDNA synthesis

using the TagMan Reverse Transcription Reagents kit (Applied Bio-
systems, Foster City, California, USA) according to the manufactur-
er’s protocol. All PCR primers and TagMan probes were designed
using PrimerExpress software (Applied Biosystems) and published
sequence data from the National Center for Biotechnology Infor-
mation database. The sequences of forward and backward primers
for rat Egr-1 are S'-GGGAGCCGAGCGAACAA-3' and 5'-CCAGC-
GCCTTCTCGTTATTC-3', respectively. The sequences of forward
and backward primers for rat f-actin are 5'-CCAGATCATGTTT-
GAGACCTTCAA-3" and 5-AGGGACAACACAGCCTGGAT-3,
respectively. The sequence of the TagMan probe for rat Egr-1is 5'-
CTACGAGCACCTGACC-3'. The sequence of the TagMan probe
for rat f-actin is 5-CCAGCCATGTACGTAGC-3'. Primers were syn-
thesized, and TagMan probes for rat Egr-1 or f-actin were labeled
with the reporter dye 6FAM or VIC at the 5" end, and Minor Groove
Binder (MGB) attached at the 3’ end (all from Applied Biosystems).
All reactions were performed in triplicate in the ABI PRISM 7900HT
Sequence Detection System (Applied Biosystems). $-Actin was used
as an active and endogenous reference to correct for differences in the
amount of total RNA added to the reaction mixture and to compen-
sate for different levels of inhibition during reverse transcription of
RNA and during PCR. Data are calculated by the 2-24¢T method (47)
and are presented as the fold induction of mRNA for Egr-1 in I/R
lungs or H/R MPs normalized to f-actin, compared with uninstru-
mented lungs or normoxic MPs (defined as 1.0-fold in each case).

Statistical analysis. All data are reported as mean + SEM.
Myeloperoxidase activity data were analyzed using the Mann-
Whitney U test for unpaired variables. Animal survival after lung
I/R was evaluated by contingency analysis using the %2 statistic.
All analyses were performed using the StatView statistical package
(version 5.0.1). To determine statistical significance, the Student
unpaired ¢ test was used for comparison between groups. ANOVA
with post-hoc analysis with the Bonferroni/Dunn test was used
to compare three or more groups. P values of less than 0.05 were
considered statistically significant.
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