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Integrative Physiology

Ischemic Preconditioning Activates MAPKAPK2 in the
Isolated Rabbit Heart

Evidence for Involvement of p38 MAPK

Atsushi Nakano, Christopher P. Baines, Sung O. Kim, Steven L. Pelech, James M. Downey,
Michael V. Cohen, Stuart D. Critz

Abstract—Recent studies suggest that p38 mitogen-activated protein kinase (MAPK) may be involved in ischemic
preconditioning (PC). To further test this possibility, the regulation of MAPK-activated protein kinase 2 (MAPKAPK?2),
a kinase immediately downstream from p38 MAPK, and the activity of c-Jugtdihinal kinase (JNK), a second
MAPK, were examined in preconditioned hearts. Isolated, perfused rabbit hearts were subjected to 20 to 30 minutes of
global ischemia. Ventricular biopsies before treatment and after 20 minutes of ischemia were homogenized, and the
activities of MAPKAPK2 and JNK were evaluated. For the MAPKAPK2 experiments, 7 groups were studied, as
follows: control hearts; preconditioned hearts; hearts treated with 500 nmol/LNR{2-phenylisopropyl) adenosine
(PIA), an A-adenosine receptor agonist; preconditioned hearts pretreated withud@WL 8-(p-sulfophenyl)
theophylline (SPT), an adenosine receptor antagonist; preconditioned hearts also treated with SB 203580, a poten
inhibitor of p38 MAPK activation; hearts treated with 50 ng/mL anisomycin (a p38 MAPK/JNK activator); and hearts
treated with both anisomycin (50 ng/mL) and the tyrosine kinase inhibitor genistepn@®0L). MAPKAPK2 activity
was not altered in control hearts after 20 minutes of global ischemia. By contrast, there was a 3.8-fold increase in activity
during ischemia in preconditioned hearts. Activation of MAPKAPK?2 in preconditioned hearts was blocked by both SPT
and SB 203580. MAPKAPK?2 activity during ischemia increased 3.5-fold and 3.3-fold in hearts pretreated with PIA or
anisomycin, respectively. MAPKAPK2 activation during ischemia in hearts pretreated with anisomycin was blocked by
genistein. In separate hearts, anisomycin mimicked the anti-infarct effect of PC, and that protection was abolished by
genistein. JNK activity was measured in control and preconditioned hearts. There was a comparable, modest decline in
activity during 30 minutes of global ischemia in both groups. As a positive control, a third group of hearts was treated
with anisomycin before global ischemia, and in these, JNK activity increased by 290% above baseline. These results
confirm that the p38 MAPK/MAPKAPK?2 pathway is activated during ischemia only if the heart is in a preconditioned
state. These data further support p38 MAPK as an important signaling component in ischemiCifeCRes.
2000;86:144-151.)

Key Words: anisomycinm p38 MAPK m ischemic preconditioning JNK m MAPKAPK?2

rief exposure of the myocardium to ischemia substan- in mammals, each having a unique activation pathwake

tially enhances tolerance to a subsequent ischemic insultmajor MAPKSs found in cardiac tissue include the extracellu-
by a process known as ischemic preconditioning (PC). lar signal-regulated kinases (ERK1/ERK2), the p46 and p54
Although ischemic PC has been observed in all speciesc-Jun NH-terminal kinase/stress-activated protein kinases
examined, the mechanism of protection is not fully under- (JNK/SAPKs), and thex and 8 isoforms of p38 The ERKs
stood. Activation of protein kinase C (PKC) has been pro- are strongly activated by mitogenic stimuli such as angioten-
posed as an important step in the cellular pathway t&*C. sin? JNK and p38 MAPK can be activated by various stresses
However, the cellular pathways beyond activation of PKC are including heat® osmotic shock:12 UV light,13.24 endotox-
still not clear and are currently being sought. in,12 cytokinest=16and ischemia/reperfusidri8 The activa-

Recently, several studies have examined the potential roletion of p38 MAPK requires phosphorylation of Thr180 and

of mitogen-activated protein kinases (MAPKS) in P@.The Tyrl82 within a TGY motifi2 Phosphorylation of both of
MAPKSs are proline-directed protein-serine/threonine kinases, these residues is carried out by dual-specificity MAPK
and several distinct families of MAPKs have been identified kinases (MKKs), and MKK3 and MKK6 are the physiolog-
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ical activators of p382 The MKKs themselves are activated
by many upstream protein-serine/threonine kinases including
the large mixed-lineage kinase family, transforming growth
factorB—activated kinase-1, and the MAPK/ERK kinase
kinase family?” Once active, p38 MAPK then stimulates
MAPKAPK2 in a phosphorylation-dependent manner, which
in turn leads to the phosphorylation of the low molecular
weight heat shock protein, HSP2%6.20 [In many cells,
phosphorylation of HSP27 leads to the polymerization of
actin2t which appears to increase the tolerance of the
cytoskeleton to stress.

It has been reported that p38 MAPK can be activated by
adenosing-24 and phenylephrine, endothelin, and the PKC
activator phorbol 12-myristate 13-acetate in neonatal myo-
cytes?s indicating a link between PKC and p38 MAPK.
Maulik et aP also demonstrated that MAPKAPK?2 activities
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Figure 1. Experimental protocols for the MAPKAPK2 study.

were increased in the preconditioned rat heart. Our studiesTiming of interventions is shown in relation to the 20-minute

have shown that the level of phosphorylation of the activation
site of p38 MAPK is specifically increased during ischemia,
but only in preconditioned heartisMoreover, pretreatment
with anisomycin, an activator of the p38 MAPK/JNK path-
ways, mimicked cardioprotectic¥e-27 Together, these re-
sults support a role for the p38 MAPK cascade in the path to
ischemic PC.

To further test the role of p38 MAPK in PC, we first
examined whether the activity of MAPKAPK2 was similarly
increased during ischemia in preconditioned hearts and
whether PC-mimetic drugs could duplicate this effect. We
also tested whether either a pharmacological inhibitor of PC
protection or a specific antagonist of p38 MAPK activation
could abolish this increase. p38 MAPK is a dually regulated
kinase, requiring phosphorylation of both a tyrosine and a
nearby threonine residue for activityBecause genistein, an
inhibitor of tyrosine kinases, blocks PC protection, we hy-
pothesized that the site of blockade might be at the tyrosine
phosphorylation of p38. To test whether the phosphorylation
of p38 MAPK could be the site of the blockade of genistein,
we activated p38 MAPK with anisomycin and tested whether
genistein could block the resulting increase in MAPKAPK?2
activity. Finally, we examined whether JNK, also stimulated
by anisomycin, was activated in the preconditioned heart
before or during ischemia.

Materials and Methods
All procedures were performed in compliance with @Geide for the
Care and Use of Laboratory Animaf§Vashington, DC: National
Academic Press, 1996).

Isolated Rabbit Heart Model and
MAPKAPK?2 Studies

As previously describe#? hearts were isolated from New Zealand
White rabbits, mounted on a Langendorff apparatus, and perfused

period of global ischemia. Arrows indicate timing of biopsies of
the left ventricle. Open areas represent continuous infusion of
drugs; solid areas, global ischemia. PC indicates ischemic PC;
ANISO, anisomycin; and GEN, genistein.

kinase inhibitor (50umol/L) (n=4). Transmural biopsies were
obtained just before global ischemia in the control group or before
treatment in all other groups as indicated by the arrows in Figure 1.
A second biopsy was taken in all hearts after 20 minutes of global
ischemia.

Biopsies were homogenized with a Polytron in ice-cold buffer
containing EGTA+protease and phosphatase inhibitors. An aliquot
of the 13 000gsupernatant (1 mg protein) was applied to a Hi-trap
SP fast protein liquid chromatography (FPLC) column and was
eluted using a linear NaCl gradient from 0 to 0.3 mol/L NaCl at a
flow rate of 1 mL/min after slight modification of previously
reported elution protocol:25 Fractions (1 mL) were collected and
assayed immediately for their ability to phosphorylate a substrate
peptide (KKLNRTLSVA) derived from the N terminus of human
glycogen synthas®.The kinase assay mixture also contained PKI (a
cAMP-dependent protein kinase inhibitor), chelerythrine (a PKC
inhibitor), H-7 (a broad-spectrum kinase inhibitor), KN-62 (a
calcium/calmodulin-dependent kinase [CaMK]-II inhibitor), and
okadaic acid (a phosphatase inhibitor). Some fractions were also
subjected to SDS-PAGE electrophorésiand probed with anti-
MAPKAPK?2 antibodiesi*

JNK Studies

Biopsies from 5 isolated rabbit hearts were obtained immediately
before the 5-minute PC ischemia (basal); just before onset of the
30-minute global ischemia (0 minutes); and thereafter at 5, 10, 20,
and 30 minutes. The basal biopsy was obviously omitted from the 5
control hearts. In anisomycin-treated hearts &), 50 ng/mL of the
drug was added to the perfusate for 15 minutes before ischemia. The
first biopsy was obtained before anisomycin, and thereafter, timing
of biopsies was identical to that noted above.

JNK activity was determined with a commercially available assay.
Biopsy homogenate was incubated with amino acids 1 to 89 of a
c-Jun fusion protein attached to beads so that INK would bind to the
peptide on the beads. Washed beads were then incubated with kinase
buffer containing ATP to allow JNK to phosphorylate the peptide.

with Krebs buffer. For the infarct studies only, a snare was passed The beads then underwent conventional 10% SDS-PAGE electro-

around a coronary artery branch. As shown in Figure 1, the following Phoresis, and substrate phosphorylation was determined with ¢-Jun
groups were studied: control (n=4); PC (n=3); PC+the adenosine Phosphospecific antibody. Activity was expressed as a function of

receptor antagonist 8-{pulfophenyl) theophylline (SPT,
100 umol/L) (n=3); PC+the selective antagonist of p38 MAPK
activation SB 203580 (SB, 1Qumol/L) (n=3); R(-) N°-(2-
phenylisopropyl) adenosine (PIA), an-Adenosine receptor agonist
(500 nmol/L) (n=4); anisomycin, a p38 MAPK/JINK activator (50
ng/mL) (n=3); and combined anisomycin+genistein, a tyrosine

baseline activity.

Infarct Size Studies

Control isolated hearts (n=6) were subjected to 30 minutes of
regional ischemia and 2 hours of reperfusion. The anisomycin group
(n=6) received anisomycin (50 ng/mL) over 45 minutes, starting 15
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Figure 2. Representative elution profiles for myocardial samples obtained before (®) and after (O) 20 minutes of global ischemia in
each of the following 7 groups: untreated control, preconditioned (PC), PC+SPT, PC+SB, PIA, anisomycin (ANISO), and
ANISO+genistein (GEN). Homogenate was passed over a Hi-trap SP column using 0.3 mol/L NaCl gradient, and each column fraction
was assayed for MAPKAPK2-like activity. Note that PC causes 2 peaks of activity, whereas PIA and anisomycin activate only a single
peak. Dotted lines indicate NaCl gradients.

minutes before and continuing until the end of ischemia. In the MAPKAPK?2 activity after 20 minutes of ischemia compared
genistein group (n=6), genistein (30mol/L) was infused for 50 wjth baseline. Interestingly, the anisomycin-induced kinase

minutes, starting 20 minutes before the 30-minute regional ischemia. _ .. . .
The 2 drug protocols were then combined in the anisomycin activity was greatly attenuated by pretreatment with the

genistein group (n=5). As previously detaiifdat the end of  Protein-tyrosine kinase inhibitor genistein.

reperfusion, the risk zone was determined with fluorescent particles ~ The observation that MAPKAPK?2 activity was detected in
and infarct size with triphenyltetra_zolium_ chloride. Infarction is 2 peaks after FPLC separation was unexpected. Furthermore,
expressed as a percentage of the risk region. because ischemic PC activated 2 peaks whereas pharmaco-
Statistics logical PC activated only a single peak, it became important
One-way ANOVA with the Scheffé post hoc test was used to test for 10 identify which, if either, peak was MAPKAPK2. This issue
differences in baseline hemodynamics and infarct size betweenwas addressed by Western blotting analysis of the fractions
groups. ANOVA with repeated measures was used to test for ysing an anti-MAPKAPK2 antibody, which demonstrated

differences in hemodynamics within any given group. : : .
An expanded Materials and Methods section is available online at that the first peak corresponded with the MAPKAPK2 protein

http:/Awww.circresaha.org. (Figure 3). Both known isoforms of MAPKAPK2~50 and
Results Preconditioned Heart
MAPKAPK2 Studies T
Hemodynamic parameters were evaluated in all experimental O Zminkchema il i
groups. There were no significant differences at baseline in £  **] G 5
heart rate (range 201 to 224 bpm), developed pressure (rang(E - // ﬁ 02 o
90 to 118 mm Hg), or coronary flow (range 48 to 69 mL/min) g o 2004 P& I Pn 2
among the groups. Representative MAPKAPK2 activity pro- & © 4 I\ C{O/ \ | o1
files are illustrated in Figure 2. In the untreated control heart, % 100 7 f od g
MAPKAPK2 activity was unchanged before (closed circles) 4 P Q =
and 20 minutes after (open circles) the onset of global i W’M%\RD M -

ischemia. In contrast, 2 peaks of kinase activity were ob- : r pa x o e

served in preconditioned hearts after 20 minutes of global \0a o _ Fraction No
ischemia, whereas the basal activity in the same heart was 59— e el
negligible. This increase in kinase activity was completely 46— i

blocked by the adenosine receptor antagonist SPT, as well as 3Bt w m 2

the potent antagonist of p38 MAPK activation, SB 203580. Figure 3. Elution profile of a myocardial biopsy from 1 precon-

Other treatments known to mimic ischemic PC also increased ditioned heart after 20 minutes of global ischemia. Note that 2
i ; ; ; peaks of MAPKAPK2-like activity are seen. Western blotting of

MAPKAPK?2 actlvr[y. after 20 minutes 'of global ischemia. the samples reveals that the 2 isoforms of MAPKAPK2 are

Both the A-adenosine receptor agonist PIA and the p38

) ) ! > ) found only in the first peak. The identity of the second peak is
MAPK/JINK activator anisomycin elicited a single peak of unknown.
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Figure 4. Mean phosphotransferase or MAPKAPK2-like activity

expressed as a percentage of the baseline activity (umol/L Figure 6. Average JNK activity presented as a percentage of
ATP/mg protein - min™") after 20 minutes of global ischemia for preischemic activity in control, ischemically preconditioned, and
the 7 experimental groups. anisomycin-treated hearts at the time points described in Figure

5. During ischemia, there was a modest decline in JNK activity
. . . in control and preconditioned hearts, and no differences
60 kDa) were confined to the first pegkThe kinase present  petween the 2 groups were observed. In contrast, JNK activity

in the second peak has yet to be identified. Interestingly, significantly increased in hearts exposed to anisomycin.
activation of p38 MAPK indirectly with PIA and more
directly with anisomycin produced only 1 peak, but SB preconditioned hearts. There was an additional, more sub-
203580 treatment of ischemically preconditioned hearts elim- stantial decrease in the final 20 minutes of ischemia. Again,
inated both peaks. the change seemed to be comparable in the 2 hearts. The
Figure 4 presents the mean data from these studies.group data in Figure 6 confirm a modest and equivalent
Phosphotransferase or MAPKAPK2-like activity after 20 decrease in JNK activity in both control and preconditioned
minutes of ischemia is expressed as a percentage of basahearts throughout 30 minutes of global ischemia. As a
activity (umol/L ATP/mg protein/min) in each experimental positive control, 3 hearts were pretreated with anisomycin
group. There was no change in the MAPKAPK2-like activity before the period of global ischemia. As is evident from
after global ischemia alone (control). However, ischemic PC Figure 6, there was a dramatic increase in JNK activity, with
elicited a 3.8-fold increase in MAPKAPK2 activity (first a peak 290% above baseline after 20 minutes of ischemia.
peak) that was completely abolished by pretreatment with Therefore, our assay system was clearly capable of detecting
SPT. Similar abolition of activity was observed in precondi- increases in JNK activity.
tioned hearts treated with SB 203580. Treatment with the
adenosine agonist PIA, in lieu of PC, increased MAPKAPK?2 Infarct Size Studies
activity 3.5-fold, whereas pretreatment with anisomycin in- The above results confirm that genistein can block activation
creased the enzyme activity 3.3-fold. The effect of the latter of MAPKAPK2 by anisomycin. In light of that result, we
was reversed by genistein, indicating that the dual-specificity tested whether genistein could also reverse the anti-infarct
kinase that phosphorylates p38 may be inhibited by genistein. effect of anisomycin. Baseline hemodynamics were not
different in any group. Anisomycin did not affect any of the
JNK Studies hemodynamic parameters. Genistein induced a small but
There were no significant differences in hemodynamics sjgnificant reduction in developed pressure (B4 to
between the 3 experimental groups. Western blots from 104+4 mm Hg, P<0.05) and increase in coronary flow
representative control and preconditioned hearts are present{8+3 to 771 mL/min; P<0.05). Figure 7 reveals that
ed in Figure 5. As determined from the amount of phosphor- anisomycin reduced infarction from 33:3% of the risk
ylated c-Jun at each time point, there was a small decrease inygne to 7.5+1.6% (P<0.05), similar to that seen with
JINK activity during the initial 10 minutes of ischemia jschemic PC. However, protection was completely blocked
compared with the preischemic activity in both control and by inhibition of tyrosine kinase with genistein (378.8%
infarction), which itself did not affect infarct size

:ga Control Preconditioned (33.9+2.6% infarction). These data further support the hy-
e —— PrRR— X pothesis that PC protects by activating the p38 MAPK
* 0 s 10 20 % 8 0 5 10 20 30 pathway during ischemia and that genistein blocks protection
inzpierale. (i) IEEBmALN) from ischemic PC by preventing the tyrosine phosphorylation
Figure 5. JNK activity of control and preconditioned rabbit of p38 MAPK.
hearts before ischemia (0 minutes in control and B [baseline] in
preconditioned hearts); after 5 minutes of ischemia and 10 min- . .
utes of reperfusion in preconditioned hearts (0 minutes); and Discussion
after 5, 10, 20, and 30 minutes of global ischemia in the 2 We have previously shown that the level of phosphorylation
groups. Extracts of heart tissue were analyzed for JNK by of Tyrl82 (one of the activation sites) of p38 MAPK is

immunodetection of the ~37-kDa phospho-c-Jun substrate. In . . . .. ..
both control and preconditioned hearts, JNK activity decreased elevated during the sustained ischemia in preconditioned

during ischemia. hearts, whereas no changes are seen in nonpreconditioned
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60 JNK1 can also be activated by simple coronary occlugton.
g ol o Furthermore, stimulation of &coupled receptors and subse
E o quently PK@° can also activate JNK. Ping et4alhave
2 40} 3 8 © % recently demonstrated that transfection of rabbit cardiomyo-
& 5 * § ¢ 3 cytes with the wild-type cDNA of PKG=induced activation
§ or o o of p46/p54 INK, whereas the activation of INK by coronary
&0l © © occlusion and reperfusion in rabbit hearts was abolished by
'g o chelerythrine®® Barancik et &R have reported significant
; 10 Q ox increases in JNK activity in preconditioned pig hearts, and
- 8 Htun et a#3® have correlated a reduction in infarction with
CONT ANISO GEN  ANISO increased JNK activity in hearts exposed to anisomycin.
GEN Because of these observations, we also investigated whether
Figure 7. Infarct size as a percentage of the risk (ischemic) ischemic PC in the rabbit heart would increase JNK activity.
zone for control (CONT), anisomycin (ANISO)-, and genistein There was no increase in either nonpreconditioned or precon-
fﬁ:ﬂ’\t‘;'t(g)"ﬂ‘;% Vr‘ﬁ::rf;ssfg\‘/’lv?ofr:agatarféﬁm(i.”)di"dgr:'t ::tlf’ﬁ:; ditioned hearts before or during ischemia, nor did we see any
protection by anisom}cin was blockegd bypthe -tyrosine kinase dlff_er_encgs_between the grO_Ups' On the other h_and, _‘]NK
inhibitor genistein (ANISO-+GEN). *P<0.05 vs CONT. activity did increase substantially after treatment with aniso-

mycin. It is possible that species variability accounts for the
hearts® Furthermore, peak phosphorylation was observed different conclusions. Nonetheless, our data suggest that INK

after 20 minutes of global ischemia. Although we concluded that IS nqt part of the ischemic PC signal transduction casc ade in
ischemic PC activated p38 MAPK, in fact we proved only that rabb|t§. of course, one cannot exclude the p.OSS'b'“ty that
PC increased phosphorylation of the Tyrl82 residue of that S(recljfjcjz:veeczcrz\i/c?tlr?)r':e?:ftighne INK pathway might in some way
kinase. Because activation of p38 MAPK requires dual phos- P After FPLC flrjactionatio.n we observed 2 peaks of MAP-
phorylation of both Tyrl82 and Thrl80 residdesncreased T . . P .

. . . . KAPK2 activity in ischemically preconditioned hearts. This
phosphorylation of only the tyrosine residue does not necessarily - o
: o : was an unexpected finding. However, Western blotting indi-
imply activation of the kinase. However, the present study

N - cated that only the first peak contains the 2 isoforms of
gxtend§ Fhe. prior findings by demonstrgtmg that MA.PKA.P K2- MAPKAPK2. Furthermore, PIA and anisomycin activated
like activity increased nearly 4-fold during the sustained ische-

. L0 . . the enzymes eluting in only the first peak. An intriguing issue
mic pe_rlod in preconditioned hearts. As MAPKAPK2 IS the for further study is the identity of the second peak of activity.
immediate downstream substrate for p38 MAPK? an in-

i th ity of the f hould b ind f 038 The amino acid sequence of the substrate peptide is report-
crease in t‘rﬁ' aCt'V.'ty 0 the former Sb ou .?. an 'Q e>;] orp edly selective for MAPKAPKZ24 However, p9€*kinase and
activation. This activation appears to be specific in that there was ~_\ k.11 have been reported to also phosphorylate this

no discernible change in MAPKAPK?2 activity during ischemia peptide202 To eliminate possible interference from these

in hearts that did not experience PC ischemia. kinases, the kinase reaction mixture contained H-7, a potent
Pretreatment with the nonselective adenosine receptor;,nibitor of several kinases, including p¥okinases and

antagonist SPT, which blocks infarct size reduction from KN-62, a potent CaMK-Il inhibitors The second peak may
ischemic PG*=#also prevented the increase in MAPKAPK2 o resent the recently described PRAK (p38-regulated/-acti-
activity in preconditioned hearts. Moreover, we found that | teq kinase), which is also regulated by p38 MAPK.
pharmacological agents that mimic ischemic PC in whole gacause the sequence homology between MAPKAPK2 and
heart infarct models, including the ;Aelective adenosine  pRrak is only ~30%, they are not considered isoforms. Yet
receptor agonist PIA; had a similar effect on MAPKAPK2  poth can phosphorylate HSP27. However, if the second peak
activity. The bacterial product anisomycin activates MKK3, \yere indeed PRAK, then anisomycin should have also
-4, -6, and -7%%7 and, therefore, will strongly activate p38  jnduced a second peak of activity, given that both PRAK and
MAPK and JNK, but not ERK. Hence, not surprisingly, MAPKAPK2 are thought to be under the control of p38
perfusion of the whole heart with anisomycin before pro- \APK. It is more probable that the second peak reflects a
longed ischemia also elevated MAPKAPK2 activity and kinase in a parallel pathway that is activated with PC but the
protected the ischemic heart with a potency equivalent to that activation of which is unrelated to p38 MAPK. The second
of ischemic PC. Finally, the potent inhibitor of p38 MAPK  peak could even be part of a redundant parallel pathway
activation SB 203588 blocked the increased activity previ-  capable of causing protection independent of PKC. Multiple
ously observed in preconditioned hearts. All of these obser- cycles of PC reportedly can overcome PKC blockade and
vations are consistent with a pathway that includes p38 restore protectiorg4? It is possible that the second peak
MAPK and MAPKAPK2 playing a causative role in the reflects this bypass pathway. Unexpectedly, the potent p38
cardioprotection provided by ischemic PC. MAPK inhibitor SB 203580 also abolished the second peak.
The JNK family consists of at least 2 isoforms, the 46-kDa It is unclear why SB 203580 can prevent appearance of the
JNK1 and the 54-kDa JNK2, both of which are present in the second peak, whereas anisomycin cannot induce it. Further
heart!® Clerk et al® have reported that both are strongly investigative studies are clearly required to identify it.
activated on reperfusion but are not affected by ischemia In our preliminary experiments, we found direct assay of
alone, although a recent preliminary report suggests thattissue homogenate to be unreliable, and it was only after
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resorting to FPLC to purify the samples that we obtained inhibitors of p38 MAPK, including SB 20358%,which can
clear, reproducible results. Despite the relatively small num- effectively block protection in our cell model of ischemic PC
ber of replications, all groups included at least 3 hearts, and without having an effect on nonpreconditioned célldow-

all replications yielded consistent data. The complexity of the ever, Armstrong et alreported that SB 203580 promoted
assay and time required to process the samples from eactinjury in nonpreconditioned cells, whereas another group
heart limited the number of hearts that could be studied. We reported that SB 203580 actually protected cardiac myo-
measured MAPKAPK2 activity at only 1 time point during  cytes?” Most recently, SB 203580 has been found to selec-
ischemia in these hearts. The 20-minute time point was tively block the anti-infarct effect of PC in isolated rat
chosen, because that was when the peak of p38 MAPK hearts;? and this blockade occurred only when SB 203580
phosphorylation was observed in the study by Weinbrenner etwas present during the prolonged ischemic period (Derek M.
al It is interesting to note that the pattern of MAPKAPKZ2  vellon, personal communication, September 1999).

activity was identical to that of p38 phosphorylation, ie, there |t was impossible to measure infarct size in those hearts
is only activation during ischemia if the heart is in a thatwere being biopsied. However, it has been demonstrated
preconditioned state. This pattern is consistent with previous repeatedly that pretreatment with a 5-minute period of ische-
pharmacological studies using kinase inhibitors. The protein- mia 500 nmol/L PIA, or 50 ng/mL anisomycin can precon-

tyrosine kinase inhibitors genistein and lavendustis &nd

the PKC inhibitors staurosporine and cheleryth¥#had no
effect on infarction in nonpreconditioned hearts, but each
abolished protection in preconditioned hearts. Furthermore,
protection was prevented only if the inhibitor was present
during the prolonged ischemic insult and not the brief PC
ischemiazs28 Blockade of adenosine receptors at the begin-
ning of the prolonged ischemic period also prevents protec-
tion.51 Together with the present study, these data would
suggest that PC elicits a coupling between adenosine and p3
MAPK that normally does not exist in a nonpreconditioned
heart.

In previous studies, it has been observed that the protein-
tyrosine kinase inhibitor genistein could block protection
from ischemic PC in both isolated rab#§iand ra®>2 hearts.
More recently, it was reported that genistein could block
activation of p38 MAPK in preconditioned heaftsThese
observations led us to speculate that the protein-tyrosine
kinase in question could be phosphorylating the Tyr182
residue of p38 MAPK. This, in addition to phosphorylation of
Thrl80, is required for activation of p38, and the dual-
specificity kinases MKK3 and MKK6 accomplish phosphor-
ylation of both of these residuésBecause genistein inhibits
protein-tyrosine kinases by interacting with the ATP-binding
site>4 it could potentially do the same to the catalytic domain
of MKK3/MKK6. However, as of yet, there are no studies
addressing this issue. When we directly activated MKKs with
anisomycin, genistein blocked both the resulting reduction of
infarct size (Figure 7) and activation of MAPKAPK2 (Fig-
ures 2 and 4). Because p38 MAPK and MAPKAPK2 are
protein-serine/threonine and not tyrosine kinases, the dual-
specificity MKKs most likely represent the genistein-
sensitive step in the signaling pathway of PC. However, it

should be noted that it has been suggested that anisomycin ™

may stimulate the p38 MAPK and JNK pathways by the

ribotoxic stress response rather than through a direct effect on

the MKK protein itselfss If that were the case, then a
genistein-sensitive protein-tyrosine kinase could possibly ex-
ist somewhere between the ribosome and the MKK and not
necessarily at the MKK.

The present study shows only that MAPKAPK?2 activity is
highly correlated with the protection of ischemic PC but does
not actually prove a role for this kinase, because there is no
way to block MAPKAPK?2 in these hearts. There are several

dition the isolated rabbit heart against infarcti8i>5¢ Fur-
thermore, 100umol/L SPT completely abolishes the anti-
infarct effect of ischemic PC in the rabbit he&tg4

Among other effects, MAPKAPK2 phosphorylates the
small heat shock protein HSP2¥an important regulator of
actin dynamics. Overexpression of HSP27 confers protection
against ischemia in rat neonatal myocytedzurthermore,
activation of this pathway prevents oxidative stress- and
cytochalasin D—induced fragmentation of actin filaments and

reserves cell viability?-22 As prolonged ischemia is known

to cause cytoskeletal disrupti6hactivation of p38 MAPK
and MAPKAPK2 could contribute to the protective action of
ischemic PC by maintaining the integrity of the actin cy-
toskeleton. Of course, the identity of the end-effector of
protection is actively being pursued, and thg&channel is

a strong candidat®. There may be a connection between the
actin cytoskeleton and 4 channel$?

In summary, the present study reveals that both ischemic
and pharmacological PC induce strong activation of MAP-
KAPK2, but not JNK, during the prolonged ischemic period.
Furthermore, that activation of MAPKAPK2 by ischemic PC
could be blocked with an adenosine receptor antagonist.
These data indicate that activation of MAPKAPK2, which is
immediately downstream of p38 MAPK, is highly correlated
with PC’s protection.
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