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Acidosis-induced p38 MAPK activation and
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ABSTRACT

AlIM: To determine the possible role of pH in mediating activation of p38 mitogen-activated protein kinase (MAPK)
and the consequent function of activated p38 MAPK in regulating cardiac contractility. METHODS: Adult rat
cardiomyocytes were isolated and cultured. Low pH media was used to induce intracellular acidosis and contrac-
tion of single cardiomyocyte was measured. RESULTS: Phosphorylation of p38 MAPK was increased during
ischemia, and pH; was decreased. Intracellular acidosis activated p38 MAPK to asimilar level asischemia. Inhibi-
tion of p38 MAPK activation by SB203580, a specific inhibitor of p38 MAPK, reversed acidosis-mediated reduction
of myocyte contractility. CONCLUSION: In adult rat cardiomyocytes, intracellular acidification activated p38
MAPK and decreased cardiac contractility. Pretreatment of cardiomyocytes with SB203580 completely blocked

p38 MAPK activation and partially reversed acidosis-mediated decline of cardiac contractility.

INTRODUCTION

ThepH of theinternal milieu in mammalsis strictly
regulated under normal conditions. The decrease of
extracellular pH (pH,) may result in metabolic or respi-
ratory acidosis and represents a significant environmen-
tal stressto cells. These acid conditions have dramatic
effects on cell functionsincluding cell survival and cell
deathi*?. Measurements of intracelluar pH (pH,) have
shown a correlation between intracellular acidification
and the onset of apoptosis. In cell linessuchas T
lymphocytes, a population of cells with alow pH; was
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observed after deprived of growth factors or stimu-
lated by stress such as UV radiationt>,

A large number of studies has reported the de-
crease of pH; during ischemia. In cerebral ischemiathe
pH; falls by 0.5-1 unit®®. The mechanism for the main-
tained decrease in pHi has not been studied fully but has
generally been assumed to be the activation of glycoly-
sis stemming from the lowered ATP. The pH fall usu-
aly correlates with increased lactate concentration as
blood glucose is increased, however, there are indica-
tions that the regulation is more complex. The reduc-
tion in pH during ischemia makes a major contribution
to development of damage. In cats, completely pre-
vention of the extracellular acidification during ventricu-
lar ischemia by using an alkaline buffer reduced the in-
farct volume by 40 %'®. Most of the existing data are
consistent with the hypothesis that the fall in pH is
damaging, however, contradictory findings have been
reported. In vitro, artifactually reducing pH is protec-
tive against ischemia”®, as yet the underlying mecha-
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nisms of the protection is not completely known.

It was reported that mitogen-activated protein ki-
nase (MAPK) pathways of mammalian cellswere stimu-
lated by low environmental pH treatment!®. p38 MAPK,
also called astress-activated protein kinase, is generally
reported to be involved in the onset of cardiac hyper-
trophy and cell death in response to in vivo pressure
overload or ischemic/reperfusion injury!®®*, As stated
previously, ischemiais aways consistent with low pH,
and a large body of studies in both whole hearts and
isolated cardiomyocytes also reported the activation of
members of the MAPK s during ischemiad*>*3, However,
the effects of low pH on p38 MAPK pathways are not
yet known. More recently, our studies demonstrated
that activation of p38 MAPK also wasinvolved in regu-
lation of cardiomyocytes contractility!***®!. Therefore,
in this study we investigated whether p38 MAPK was
activated during theischemiain adult rat cardiomyocytes
and the role of activated p38 MAPK in low-pH medi-
ated decrease of cardiac contractility.

MATERIALS AND METHODS

Isolation of adult rat ventricular myocytes
Single cardiac myocytes were isolated from 2-4 month-
old rat hearts by a standard enzymatic technique, as
described previously™®. Briefly, rat hearts were quickly
removed under sodium pentobarbital anesthesia and ret-
rogradely perfused with alow Ca?*, collagenase bicar-
bonate buffer solution (36 °C, pH 7.4). When the heart
became soft, the perfusion was terminated, the | eft ven-
tricle was mechanically dissociated and cells were sus-
pended in Hepes buffer solution consising of (mmol/L):
CaCl,, 1.0; NaCl, 137; KCl, 5.0; dextrose, 15; MgCl,,
1.3; NaH,PO,, 1.2; Hepes (5-N-2-hydroxyethylpipera-
zine-N'-2-ethanesul phonic acid), 20; pH was adjusted
to 7.4 with NaOH.

Cell contraction measurement Cells were
placed on the stage of an inverted microscope (Zeiss,
model IM-35), perfused with Hepes-buffered solution,
and electrically stimulated at 0.5 Hz at 23°C. Cell length
was monitored by an optical edge-tracking method us-
ing a photodiode array (model 1024 SAQ; Reticon) at a
time resolution of 3 ms. Cell contraction was mea-
sured by the percent shortening of cell length after elec-
trical stimulation, as previously described™.

Cell pelleting model (simulated ischemia and
cellular injury) A cell-pelleting model of ischemiawas
used, as previously described*”. Briefly, cell suspen-
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sion (0.5 mL) was centrifuged at a low speed 1200xg
for 60 sinto a pellet, supernatant was removed except
of athinfluid layer above the pellet. Minera oil 0.2 mL
was added on the top of the pellet to prevent gaseous
diffusion. After 1 h of pelleting, cellswere subjected to
measurements of pH; and p38 MAPK activation.

M easurement of intracellular pH Intracellular
pH was measured by a fluorescent indicator, SNARF-1
(carboxy-seminaphthorhodafluor-1) (from Molecular
Probe), as described previously!™®. Briefly, cells were
incubated with SNARF-1 (5 umol/L) for 15 min,
washed with fresh Hepes-buffer, and the emission spec-
trum was measured. The absolute values of intracellu-
lar pH inindividual myocytes were obtained from a stan-
dard pH curve using in vitro calibration.

p38 MAPK phosphorylation Phosphorylation of
p38 MAPK was measured by Western blotting with
phospho-specific antibody reacting with phospho-p38
MAPK as described previously™. Briefly, cardio-
myocytes were incubated in Hepes-buffer with low pH
at room temperature for 1 h, then lysed with ice-cold
lysis buffer. Lysate (50 pg of total protein) were sepa-
rated by 12 % Tris-glycine/SDS-polyacrylamidegel elec-
trophoresis and transferred to PV DF membranes. Mem-
branes were probed with phospho-p38 MAPK antibody.
The same membrane was stripped and then re-probed
with a second primary antibody to determine the total
protein abundance.

p38 MAPK activity assay p38 MAPK activity
was detected as previously described!™. Briefly, 200 ug
of total protein was immunoprecipitated with immobi-
lized phospho-p38 MAPK (Thr'®/Tyr'®) antibody. Af-
ter wash out, the reaction was performed in kinase buffer
containing 200 pumol/L ATP and 2 pg of ATF-2 fusion
protein in the presence or absence of SB203580 (SB), a
p38 MAPK inhibitor. The sampleswere boiled and sub-
jectedto SDS-PAGE gel. After the membrane was
blocked, anti-phospho-ATF2 antibody was used to probe
the activity of p38 MAPK.

Materials and antibodies Unless otherwise
stated, all chemicals were purchased from Sigma
Chemical Co. SB203580 was purchased from
Calbiochem. Rabbit polyclonal antibodies against
phospho-p38 MAPK and phospho-ATF2 were purchased
from Cell Signaling Technology. Antibodies against to-
tal SAPK/p38 and anti-mouse |gG were purchased from
Upstate.

Statistics All data were expressed as mean+SD.
Student’ s t-test was used for simple comparisons and
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ANOVA was used when appropriate. P<0.05 was con-
sidered to be statistically significant.

RESULTS

Isolation of cardiomyocytes Adult rat cardio-
myocytes were isolated by a standard enzymatic
technique. Under our experimental setting, about 90 %
of freshly isolated cells were rod-shaped (Fig 1).

Fig 1. Adult rat cardiomyocytesimmediately after isolation.

Effect of cardiomyocytes ischemia on p38
MAPK phosphorylation and pH, Adult rat cardio-
myocytes were isolated and pelleted to keep away from
oxygen to create an in vitro ischemiamodel. Phospho-
rylation of p38 MAPK was measured to indicate the
activation of p38 MAPK. Ischemia significantly in-
creased p38 MAPK phosphorylation by about 2.7 fold,
as shown by the typical Western blot example (Fig 2A,
top band) and the average data (Fig 2B), with compa-
rable total p38 MAPK protein level (Fig 2A, bottom
band). As described previously, pH; was always
changed in response to ischemia. To examine the pos-
sible change of pH; under our experimental conditions,
we measured the effect of ischemia on pH; and found
that ischemia treatment reduced pH; significantly from
7.15+0.03 (control) to 6.56+0.13 (ischemia) (Fig 2C),
while it markedly increased p38 MAPK activation.

Response of p38 MAPK activation to low pH
Since extracellular stresses are generally known to in-
duce MAPKSs, so next we examined the relationship
between pH and p38 MAPK in adult rat cardiomyocytes.
pH; and pH, are very closely linked, pH, very probably
affects cellular progress by changing pH;, we first ex-
amined whether the pH; is changed corresponding to
treatments of pH, and found that pH; decreased gradu-
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Fig 2. Effects of ischemia on p38 MAPK phosphorylation
and intracellular pH in adult rat cardiomyocytes. Panel A
(top band) shows increased p38 MAPK phosphorylation in
response to ischemic treatment in cardiomyocytes. The
same membrane was striped and reprobed with an antibody
reacting with total p38 MAPK to show the kinase protein
abundance (panel A, bottom band). Panel B showsthe aver-
age data of ischemia-induced increase in p38 phosphoryla-
tion. n=3 independent experiments. Mean+SD. (°P<0.01vs
control). Panel C illustratesischemia-induced decreasein
pH,; (n=30 cells from 3 heart for each group; °P<0.01 vs
control).

aly by low pH,, from pH, of 7.15+0.03 corresponding
to pH, of 7.4 to pH; of 6.56+0.11 corresponding to pH,
of 5.5. Thus, we used Hepes-buffer with pH, 5.5 (pH;
6.56) to examine whether intracellular acidosis was an
activator of p38 MAPK in adult rat cardiomyocytes.
Phosphorylation of p38 MAPK was elevated following
low pH treatment, reached the peak of about 3.1-fold
augmentation (Fig 3A, B).
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Fig 3. Responses of p38 MAPK phosphorylation to low ex-
tracellular pH (pH,). Cardiomyocytes were incubated by
the HEPES buffer with low pH (pH; 6.56 induced by incubat-
ing cardiomyocytes with the HEPES buffer at pH of 5.5).
Panel A weretwo representative examples showing that p38
MAPK phosphorylation was markedly increased in response
tointracellular acidosis. Panel B showed the average data,
p38 MAPK phosphorylation was elevated to about 3.1-fold
(n=3, °P<0.01 vs control).

Effect of inhibition of p38 MAPK activation on
acidosis-mediated negative inotropic effect It has
been well established that acidosis suppresses cardiac
myocyte contractility™%, In light of our recent find-
ing that enhanced p38 activation exhibited arobust nega-
tive inotropic effect in vivol® and in cultured cardiac
myocytes™, and the present result that acidosis was
able to activate p38 MAPK, we hypothesized that p38
MAPK signaling was involved in intracellular acidosis-
mediated inhibition of cardiomyocyte contractility.
SB203580 (10 umol/L), a specific inhibitor of p38
MAPK, completely inhibited acidosis-induced p38
MAPK activation, as evidenced by an abrogation of p38
MAPK-induced phosphorylation of ATF-2 (Fig 4).
SB203580 at athreshold concentration (5 pmol/L) had
no detectable effect on baseline contractility in cellswith
normal pH,, whereas it exhibited a significant positive
inotropic effect in cells-subjected to the acidic buffer
(Fig 5A, 5B). Thus, the negative inotropic effect of
acidosisis, at least in part, attributable to p38 MAPK
activation. This reveals a previously unappreciated
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Fig 4. SB 203580 markedly inhibits p38 MAPK activation.
p38 MAPK inhibitor, SB203580 (SB, 10 umol/L), prevents
p38 MAPK -mediated ATF-2 phosphorylation in response to
an acidic buffer treatment.
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Fig 5. Inhibition of p38 MAPK significantly reversed acido-
sissmediated negative inotropic effect in rat ventricular
myocytes. Panel A showed the chart records of the contrac-
tile response to SB203580 (SB, 5 umol/L) in representative
myocytes perfused with the Hepes buffer with a normal pH
7.4 (left) or pH 6.5 (right). Panel B summarized the average
contractile responses of cardiomyocytesin a low pH (pH
6.5) hepes buffer in the presence or absence of SB203580 (5
pmol/L). While SB203580 at this concentration had no
effect on myocyte contraction amplitude, it significantly
reversed acidosis-induced decrease in myocyte contractil-
ity (n=10-13 cells, °P<0.01 vs control).

mechanism underlying the mechanical failure of theis-
chemic injured heart.

DISCUSSION

A wide range of environmenta stresses are known
to induce activation of MAPKs and it has been reported
that low pH can activate p38 MAPK homologuein yeast
HOGL1. In present study we investigated the p38 MAPK
activation in response to low environment pH and its
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potential role in regulating cardiac contractile response.
Here we have some findings. Firstly, we demonstrated
that in adult rat cardiomyocytes, intracellular pH was
decreased during ischemic while the phosphorylation
of p38 MAPK wasincreased. Secondly, we found that
acidosis activated p38 MAPK. Finally, our data indi-
cated that increased p38 MAPK activation might par-
tially explain the inhibitory effect of acidosis on cardiac
contraction.

Intracellular acidosis significantly activates
p38 MAPK activation Myocardial ischemia and
reperfusion was shown being accompanied by profound
ionic aterations, including acidification, accumulation
of sodium, and elevation of cytosolic calcium!??3,
During the acute phase of ischemia, acidification oc-
curs as aresult of anaerobic metabolism, and precondi-
tioning provides protective effect by attenuating the in-
tracellular acidification during ischemia (or in isolated
myocytes, during metabolic inhibition)*?4. Thereis
general agreement that p38 MAPK is also activated by
ischemia, although that the activation of thiskinaseis
protective or deleterious to the ischemic heart is still a
subject of controversy. We here reasoned that acidifi-
cation might be related with p38 MAPK activation dur-
ing ischemia. 1n our experimental model of isolated rat
ventricular myocytes, ischemia concurrently induced a
fall of pH, by about 0.59 unit while activated p38 MAPK
by about 2.7 fold (Fig 2). To explore whether the de-
crease of pH; and the activation of p38 MAPK were
parallel or linked with each other, we treated cardiac
myocytes with buffer of pH 5.5 to mimic the intracel -
lular acidosis condition. While the acid buffer with pH
of 5.5 decreased pH; to 6.5, it markedly increased the
phosphorylation of p38 MAPK by about 3.1 fold (Fig
3). Recent study also reported that acidic conditions
deregulated MAPK activation'®!, however, it was un-
der in vitro experimental conditions with synthesized
enzymes of MAPKs. Thus, here these resultsfirst pro-
vide evidence in adult rat cardiomyocytes that acidifi-
cation significantly activates p38 MAPK, and this may
explain why both acidification and activation of p38
MAPK are aways found during cardiac ischemia.

Acidosis-induced negative inotropic effect is
partially mediated by p38 MAPK signaling Intracel-
lular pH is an important regulator of cardiac contractil-
ity during receptor stimulation and under certain patho-
physiological conditions. It is generally accepted that
acidification inhibits cardiac myocyte contractility by
reducing myofilament Ca?* sensitivity®. Our recent
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studies have elucidated that activation of p38 MAPK
decreases cell contractility, whereas inhibition of this
kinase markedly increases cell contraction amplitude
without altering sarcolemmal Ca?* entry and intracellu-
lar Ca?* transients, suggesting that p38 MAPK depresses
the myofilament response to intracellular Ca?* ™. In
the present study, we further demonstrated that the
specific p38 MAPK inhibitor, SB203580, at the con-
centration (5 umol/L) had no detectable effect on the
contraction amplitude in cells with normal pH, but ex-
hibited a marked positive inotropic effect in myocytes-
subjected to the acidic conditions, indicating that p38
MAKP signaling may play animportant rolein acidosis-
induced suppression of cardiomyocyte contractility.
Based on these observations, it is reasonable to assume
that p38 MAPK activation contributes, at least in part,
to ischemia-associated dysfunction of myocardial
contractility. Thisideais substantiated by the fact that
inhibition of p38 MAPK activity improves cardiac con-
tractile function in ischemia/reperfusion-injured hearts
or cardiac myocytes?’=3%,

Physiological and pathophysiological relevance
of low pH induced p38 MAPK activation Theresults
of many studies demonstrate that ischemia is associ-
ated with intracellular acidification, and an acidification
up to 1 pH unit has been reported®. The question is
what are roles of p38 MAPK in cardiac ischemia. Al-
though previous study reported that cytosolic alkalin-
ization increased JNK and p38 MAPK activity®™3, more
recent studies demonstrated that p38 MAPK activity
was required by NHE dependent cytoplasmic alkalin-
izationt***¥, In addition, in preconditioned hepatocytes,
stimulation of p38 MAPK reduced acidosis®!. Taking
together with our present data, it is reasonable for usto
hypothesize that cardiac ischemiainduces acidosis and
which consequently activates p38 MAPK, the activated
p38 MAPK providesanegative feedback to the decreased
pH; by reducing acidosis through NHE dependent
alkalinization. Thiswill be tested in the near future.

At the cellular level acid conditions have dramatic
effects on cell functionsincluding cardiac contractility.
It is known that contractile response is decreased dur-
ing heart ischemia. Although the negative inotropic ef-
fect of acidosisis believed mainly at the level of myo-
filament responsiveness to Ca, it is possible that there
remain other mechanisms. Our previous studies eluci-
dated anovel role of p38 MAPK activation in regulation
of cardiac contractility!™**®, this was further supported
by our data presented here. The low pH mediated nega-
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tive inotropic effect was partially reversed by perfusion
with SB 203580 to inhibit p38 MAPK (Fig 5). Thus
makes it reasonabl e to surmise that p38 MAPK activa
tion mediated by acidosis during ischemiamay, at least
in part, contribute to ischemiainduced decline of car-
diac contractility.

REFERENCES

1

10

11

12

Matsuyama S, Llopis J, Deveraux QL, Tsien RY, Reed JC.
Changesin intramitochondrial and cytosolic pH: early events
that modulate caspase activation during apoptosis. Nat Cell
Biol 2000; 2: 318-25.

HirparaJL, Clement MV, Pervaiz S. Intracellular acidifica-
tion triggered by mitochondrial-derived hydrogen peroxideis
an effector mechanism for drug-induced apoptosis in tumor
cells. JBiol Chem 2001; 276: 514-21.

Rebollo A, Gomez J, Martinez de Aragon A, Lastres P, Silva
A, Perez-SalaD. Apoptosisinduced by IL-2 withdrawal is
associated with an intracellular acidification. Exp Cell Res
1995; 218: 581-5.

Gottlieb RA, Nordberg J, Skowronski E, Babior BM.
Apoptosis induced in Jurkat cells by several agentsis pre-
ceded by intracellular acidification. Proc Natl Acad Sci USA
1996; 93: 654-8.

Munekata K, Hossmann KA. Effect of 5 minuteischemiaon
regional pH and energy state of the gerbil brain: relation to
selective vulnerability of the hippocampus. Stroke 1987; 18:
412-7.

Nagao S, Kitaoka T, Fujita K, Kuyama H, Oh-Kawa M.
Effect of tris(hydroxymethyl)-aminomethane on experimen-
tal focal cerebral ischemia. Exp Brain Res1996; 111: 51-6.
Tombaugh GC, Sapolsky RM. Mild acidosis protects hip-
pocampal neurons from injury induced by oxygen and glu-
cose deprivation. Brain Res 1990; 506: 343-5.

Tombaugh GC. Mild acidosis delays hypoxic spreading de-
pression and improves neuronal recovery in hippocampal
slices. JNeurosci 1994; 14: 5635-43.

Schuller C, Brewster JL, Alexander MR, Gustin MC, RuisH.
The HOG pathway controls osmotic regulation of transcrip-
tion viathe stress response element (STRE) of the Saccharo-
myces cerevisiae CTT1 gene. EMBO J1994; 13: 4382-9.
Martin JL, Avkiran M, Quinlan RA, Cohen P, Marber MS.
Antiischemic effects of SB203580 are mediated through the
inhibition of p38al pha mitogen-activated protein kinase: Evi-
dence from ectopic expression of an inhibition-resistant
kinase. Circ Res 2001; 89: 750-2.

Clerk A, Fuller SJ, Michael A, Sugden PH. Stimulation of
“stress-regulated” mitogen-activated protein kinases (stress-
activated protein kinases/c-Jun N-terminal kinases and p38-
mitogen-activated protein kinases) in perfused rat hearts by
oxidative and other stresses. JBiol Chem 1998; 273: 7228-34.
Bogoyevitch MA, Gillespie-Brown J, Ketterman AJ, Fuller
SJ, Ben-Levy R, Ashworth A, et al. Stimulation of the
stress-activated mitogen activated protein kinase subfamilies
in perfused heart. Circ Res 1996; 79: 162-73.

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Zheng M et al / Acta Pharmacol Sin 2004 Oct; 25 (10): 1299-1305

YinT, Sandhu G, Wolfgang CD, Burrier A, Webb RL, Rigel
DF, et al. Tissue-specific pattern of stress kinase activation
in ischemic/reperfused heart and kidney. JBiol Chem 1997;
272: 19943-50.

Zheng M, Zhang SJ, Zhu WZ, Ziman B, KobilkaB, Xiao RP.
B2-Adrenergic receptor-induced p38-MAPK activation is
mediated by protein kinase A rather than by Gi or GBy in
adult mouse cardiomyocytes. JBiol Chem 2000; 275: 40635-
40.

Liao P, Wang SQ, Wang S, Zheng M, Zheng MZ, Zhang SJ, et
al. p38 mitogen-activated protein kinase mediates anegative
inotropic effect in cardiac myocytes. Circ Res 2002; 90:
190-6.

Spurgeon HA, Stern MD, Baartz G, Raffaeli S, Hansford
RG, Talo A, et al. Simultaneous measurement of Ca**,
contraction, and potential in cardiac myocytes. Am JPhysiol
1990; 258: H574-86.

Sato T, Sasaki N, O’ Rourke B, Marban E. Nicorandil, a
potent cardioprotective agent, acts by opening mitochon-
drial ATP-dependent potassium channels. JAm Coll Cardiol
2000; 35: 514-8.

Allen DG, Lee JA, Smith GL. The conseguences of simu-
lated ischaemia on intracellular Ca?* and tension in isolated
ferret ventricular muscle. JPhysiol 1989; 410: 297-323.
Hulme JT, Orchard CH. Effect of acidosis on Ca?* uptake
and release by sarcoplasmic reticulum of intact rat ventricu-
lar myocytes. Am JPhysiol 1998; 275: H977-87.

Liao P, Georgakopoulos D, Kovacs A, Zheng M, Lerner D,
PuH, etal. Theinvivo role of p38 MAP kinases in cardiac
remodeling and restrictive cardiomyopathy. Proc Natl Acad
Sci USA 2001; 98: 12283-8.

Pu J, Robinson RB, Boyden PA. Abnormalitiesin Ca(i)
handling in myocytes that survive in the infarcted heart are
not just dueto dterationsin repolarization. JMol Cell Cardiol
2000; 32: 1509-23.

Liu JX, Tanonaka K, Sanbe A, Yamamoto K, Takeo S. Ben-
eficial effects of quinidine on post-ischemic contractile fail-
ure of isolated rat hearts. JMol Cell Cardiol 1993; 25: 1249-
63.

Steenbergen C, Perlman ME, London RE, Murphy E. Mecha
nism of preconditioning. lonic alterations. Circ Res 1993;
72: 112-25.

Vuorinen K, Ylitalo BM, Peuhkurinen K, Raatikainen P, Ala-
Rami A, Hassinen IE. Mechanisms of ischemic precondi-
tioning in ratmyocardium. Roles of adenosine, cellular en-
ergy state, and mitochondrial flfo-ATPase. Circulation 1995;
91: 2810-8.

Tokmakov AA, Sato KI, Fukami Y. Deregulation of mitogen-
activated protein kinase at low pH due to a structural rear-
rangement of activation segment. Biochim Biophys Acta
2000; 1476: 66-74.

Solaro RJ, Kumar P, Blanchard EM, Martin AF. Differential
effects of pH on calcium activation of myofilaments of adult
and perinatal dog hearts. Evidence for developmental differ-
ences in thin filament regulation. Circ Res 1986; 58:; 721-9.
Ma XL, Kumar S, Gao F, Louden CS, Lopez BL, Christo-
pher TA, et al. Inhibition of p38 mitogen-activated protein



28

29

30.

31

Zheng M et al / Acta Pharmacol Sin 2004 Oct; 25 (10): 1299-1305

kinase decreases cardiomyocyte apoptosis and improves car-
diac function after myocardia ischemiaand reperfusion. Cir-
culation 1999; 99: 1685-91.

Schneider S, Chen W, Hou J, Steenbergen C, Murphy E.
Inhibition of p38 MAPK alphal/beta reduces ischemic injury
and does not block protective effects of preconditioning. Am
JPhysiol Heart Circ Physiol 2001; 280: H499-508.
Mackay K, Mochly-Rosen D. Aninhibitor of p38 mitogen-
activated protein kinase protects neonatal cardiac myocytes
fromischemia. JBiol Chem 1999; 274: 6272-9.

Saurin AT, Martin JL, Heads RJ, Foley C, Mockridge JW,
Wright MJ, et al. Therole of differential activation of p38-
mitogen-activated protein kinase in preconditioned ventricu-
lar myocytes. FASEB J 2000; 14: 2237-46.

Tsukidate K, Yamamoto K, Snyder JW, Farber JL. Microtu-
bule antagonists activate programmed cell death in cultured

32

33

35

-1305 -

rat hepatocytes. Am J Pathol 1993; 143: 918-25.

Shrode LD, Rubie EA, Woodgett JR, Grinstein S. Cytosolic
akalinization increases stress-activated protein kinase/c-Jun
NH2-terminal kinase (SAPK/JINK) activity and p38 mito-
gen-activated protein kinase activity by a calcium-indepen-
dent mechanism. JBiol Chem 1997; 272: 13653-9.

Khaled AR, Moor AN, Li AQ, Kim K, Ferris DK, MueggeK,
et al. Trophic factor withdrawal: p38 mitogen-activated pro-
tein kinase activates NHE1, which induces intracellular
alkalinization. Mol Cell Biol 2001; 21: 7545-57.

Turner JR, Black ED. NHE3-dependent cytoplasmic alka-
linization istriggered by Na 1-glucose cotransport in intesti-
nal epithelia. Am JPhysiol 2001; 281: C1533-41.

Carini R, GraziaDe CesarisM, Splendore R, Albano E. Stimu-
lation of p38 MAP kinase reduces acidosis and Na/overload
in preconditioned hepatocytes. FEBS Lett 2001; 491: 180-3.



