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Abstract

The p38 signalling transduction pathway, a Mitogen-activated protein (MAP) kinase pathway, plays an essential role in regulat-
ing many cellular processes including inflammation, cell differentiation, cell growth and death. Activation of p38 often through
extracellular stimuli such as bacterial pathogens and cytokines, mediates signal transduction into the nucleus to turn on the respon-
sive genes. p38 also transduces signals to other cellular components to execute different cellular responses. In this review, we sum-
marize the characteristics of the major components of the p38 signalling transduction pathway and highlight the targets of this
pathway and the physiological function of the p38 activation.  2000 Elsevier Science Inc. All rights reserved.
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1. Introduction shares many similarities with the other MAP kinase cas-
cades. The purpose of this review, however, is to high-

The response of cells to extracellular stimuli is in part light the unique characteristics of the p38 group of ki-
mediated by a number of intracellular kinase and phos- nases, the components of this kinase cascade as well as
phatase enzymes [1]. The mitogen-activated protein the activation of this pathway and the biological conse-
(MAP) kinases are members of discrete signalling cas- quences of its activation.
cades, which are focal points for diverse extracellular
stimuli, and function to regulate fundamental cellular
processes. Four distinct subgroups within the MAP ki- 2. Properties of the p38 group of MAP kinase members
nase family have been described. These include (1) ex-

p38a (or simply p38) was first isolated as 38-kDatracellular signal-regulated kinases (ERKs), (2) c-jun
protein, which was rapidly tyrosine phosphorylated inN-terminal or stress-activated protein kinases (JNK/
response to LPS stimulation [7,8]. Molecular cloning ofSAPK), (3) ERK5/big MAP kinase 1 (BMK1), and (4)
the protein revealed that it is an MAP kinase familythe p38 group of protein kinases. Within this area of re-
member [8]. p38 (termed RK and p40) was identified assearch, the activation of ERKs has been extensively de-
an upstream kinase of MAP kinase-activated proteinscribed and characterised as a central component of the
kinase-2 (MAPKAPK-2 or M2) in IL-1 or arsenite-signal transduction pathways, stimulated by growth-
stimulated cells [9,10]. p38 was also purified and itsrelated stimuli [2,3]. The JNK group of protein kinases
cDNA cloned as a molecule that binds pyridinyl imida-are activated in response to a number of cellular stresses,
zole derivatives (which inhibit the production of proin-including high osmolarity and oxidation [4]. The ERK5/
flammatory cytokines) and was termed cytokine sup-BMK1 MAP kinase signalling pathway regulates se-
pressive antiinflammatory drugs binding protein (CSBP)rum-induced early gene expression [5]. The p38 group
[11]. Three p38 homologues, p38b [12], p38g (or ERK6,kinases have been found to be involved in inflamma-
SAPK3) [13–15], and p38d (or SAPK4) [16,17], weretion, cell growth, cell differentiation, the cell cycle, and
cloned in mammals. The p38a and p38b genes are ubiq-cell death [6]. It is clear, then, that the p38 pathway
uitously expressed [12]. However, p38g and d are differ-
entially expressed in different tissues. p38g is predomi-* Corresponding author. Tel.: 11-858-784-8704; fax: 11-858-784-
nantly expressed in skeletal muscle [13,14] and p38d is8227.
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Table 1
Properties of p38 group MAP kinase members

No. of Size of mRNA Apparent MW Sensitivity to
p38 isoforms Other names amino acids (kb) (kDa) SB 203580

p38 p38a, CSBP, MPK2, RK Mxi2 360 3.5 38 1

p38b p38-2, p38b2 364 2.5 39 1

p38g ERK6, SAPK3 367 2.0 43 2

p38d SAPK4 366 1.8 40 2

testine [17]. p38g expression was reported to be induced to understand signalling pathways during inflammation
[8], extensive data of p38 regulation have been devel-during muscle differentiation and p38d expression was

shown to be developmentally regulated [13,18]. An up- oped in immune systems. p38 activation has been ob-
served in inflammatory responses, as in LPS-treatedregulation of the expression of p38 isoforms was ob-

served in the inflammatory cell lineages [19]. Sequence macrophages [8], TNF-stimulated endothelial cells [33],
IL-17-stimulated chondrocytes [34], IL-18-stimulated U1comparisons revealed that each p38 isoform has more

than 60% identity within this group, but only 40 to 45% monocytic cell line [35], human platelets stimulated with
thrombin [36], and chemotactic peptide N-formyl-to the other MAP kinase family members. Table 1

shows the properties of the p38 group of MAP kinase methionyl-leucyl-phenylalanine (fMLP) or phorbol my-
ristate acetate (PMA)-treated human neutrophilsmembers.

All the known MAP kinases can be categorised by [37,38].
In the past few years, intensive study has been donethe sequence of the canonical dual phosphorylation site

Thr-Xaa-Tyr (TXY) in a regulatory loop between kinase regarding the activation of p38a in many other systems.
Growth factors like granulocyte macrophage colony-subdomains VII and VIII [20]. All the p38 group kinases

have the Thr-Gly-Tyr (TGY) dual phosphorylation mo- stimulating factor (GM-CSF) [39], fibroblast growth
factor (FGF) [40], erythropoietin [41], IL-3 [39,41], IL-2,tif; however, ERK1/2 and ERK5/BMK1 possess a Thr-

Glu-Tyr (TEY) motif and JNK/SAPK group has a Thr- IL-7 [42], nerve growth factor (NGF) [43,44], insulin-
like growth factor (IGF) [45], vascular endothelialPro-Tyr (TPY) motif. The Xaa residue in the dual phos-

phorylation motif, as well as the length of the loop, in- growth factor (VEGF) [46], and platelet-derived growth
factor (PDGF) [47] were found to trigger p38a activa-fluences p38 substrate specificity. In addition to this, the

length of the loop plays a major role in controlling auto- tion in certain cell types. p38a activation has also been
observed in response to several other stimuli, includingphosphorylation [21]. In contrast, modification of the
transforming growth factor (TGF)-b [48], G-protein-loop structure alone does not change the selectivity of
coupled receptor agonists [49,50], a muscarinic agonistthe upstream MAPK kinases [21]. The crystallographic
[51], vasoactive peptides [52,53], cholecystokinin [54],structure of p38 provides insight into the mechanism by
heat shock [55], cell stretching [56], and ischemia/reper-which activator and substrate specificity is achieved
fusion [57]. Thus, a variety of signalling events are able[22–24]. Structural analysis also shows that the p38 spe-
to trigger the activation of p38 pathway. Table 2 listscific inhibitor, SB203580, is bound in the ATP pocket
some stimuli reported in recent years that lead to theand, thereby, specifically inhibits its enzymatic activity
activation of p38a. It should be clarified that the activa-[25]. There are several other inhibitors, such as pyr-
tion of p38a is not only dependent on stimulus, but alsoroles, that act similarly to SB203580 to exert a potent
dependent on cell type. For example, insulin can stimu-antiinflammatory effect in vitro and in vivo [26,27].
late p38 in 3T3-L1 adipocytes [58], but downregulates
p38 activity in chick forebrain neuron cells [59].

3. Regulation of the p38 signalling pathway Although the other three p38 group members, p38b,
p38g, and p38d have been cloned for a couple of years,3.1. Extracellular stimuli
there is not much information concerning their activa-

p38 homologues have been identified and cloned in tion in different cells under different conditions. Several
both low and high eukaryotic species, including fly, groups of researchers have shown that the four p38
frog, and yeast [10,28–30]. The Hog1 pathway [29] in group members display similar activation profiles by us-
budding yeast and the Spc1/Sty1 pathway in fission ing transiently expressed epitope-tagged p38 isoforms
yeast [30] are believed to share an ancestral gene with [12,16,18,60]. However, differences have been observed
p38 group kinases. Their role has been implicated in in the kinetics and in the level of activation of these iso-
osmoregulation, responses to extracellular stress stim- forms. There are reports suggesting that distinct up-
uli, and cell-cycle events [29–31]. Mammalian p38s are stream kinases selectively activate p38 isoforms. MKK3
also activated by environmental stresses [8–11,32]. cannot effectively activate p38b like MKK6 does [61];

p38d can be activated not only by MKK3 and MKK6,Since mammalian p38 was identified in studies designed
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but also by JNK kinases, MKK4 and MKK7 [18]. These
data suggest that the activation of p38 isoforms can be
both specifically regulated through different regulators
and coactivated by the same upstream regulators. In ad-
dition to these various forms of regulation, the differ-
ence in tissue distribution and/or expression pattern
during development may also be instrumental in the
functional diversity of these isoforms.

3.2. Upstream kinases responsible for p38 activation

Like all MAP kinases, p38 group kinases are acti-
vated by dual kinases, the MAP kinase kinases (MKKs).
Despite the conserved dual phsophorylation sites of this
group of MAP kinases, selective activation of different
isoforms by distinct MKKs was observed. For example,
MKK6, which is 80% homologous to the isoform MKK3,
can activate all four p38 isoforms, whereas MKK3 prefer-
entially activates only p38a, p38g, and p38d [62]. Acti-
vation of p38a and p38d by MKK4 has been reported
[16]. MKK7 has also been reported to activate p38d
[18]. This suggests that substrate selectivity may be a
reason why each MKK has a distinct function. The con-
stitutively active form of MKK6, MKK6(E), is much
more efficient than MKK3(E) in inducing apoptosis of
Jurkat T cell [63]. Moreover, when expressed in cardiac
myocytes, MKK3(E) has more prominent apoptotic ef-
fects than MKK6(E) [64]. Multiple splicing variants
have been cloned for MKK3, MKK4, MKK6, and
MKK7. The long form of each of these MKKs is the
predominant form within most cells and exerts stronger
enzymatic activity than the shorter forms [65].

3.3. Further upstream activators

The signalling pathways upstream of the MKK/p38
pathway are further diversified, which may explain why
the p38 pathway can be activated by various stimuli.
Several MKK kinases (MAP3K) have been reported to
cause p38 activation. These include MTK1, MLK2/MST
[15,66,67], MLK3/PTK/SPRK [68], DLK/MUK/ZPK
[67,69], ASK1/MAPKKK5 [70], and TAK1 [71]. Over-
expression of these MAP3Ks leads to activation of both
the p38 and JNK pathways, which may be the reason
why p38 and JNK are often coactivated. However, spe-
cific activation of p38 and JNK has been observed, im-
plying that there is specific activation of the p38 path-
way at this level [72]. In addition to the differential
effects the MAP3Ks may have downstream, different
MAK3Ks may also function to mediate different up-
stream signals. For example, MTK1 may only mediate
stress signals but not cytokines. This is demonstrated by
the fact that the dominant negative MTK1 mutant only
inhibits activation of the p38 pathway by environmental
stress (osmotic shock, UV, and anisomycin), but not by
the cytokine TNF [66]. A group of stress-induced pro-
teins GADD 45a/b/g, which are able to bind to the
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N-terminal domain of MTK1, might be involved in reg-
ulation of MTK1 activation [73].
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Considering the important role Ras is known to play phosphorylate p38a and p38b [87,88]. Interestingly,
p38g and p38d are resistant to all MKP family members.in upstream events initiating activation of the Raf/

MEK/MAP kinase pathway, much interest was raised This may be a mechanism to differentially regulate p38
isoforms. Although most dual-specificity phosphataseson low molecular weight GTP-binding proteins in prop-

agating signals for other MAP kinase pathways. With including MKP-1 are highly inducible in response to mi-
togenic and/or stress stimuli, at least one member of thisthe use of cotransfection techniques, the Rho family

low molecular weight GTP-binding proteins, Rac and group of phosphatases, MKP-3, is constitutively ex-
pressed [89]. The activity of this phosphatase is regu-Cdc42, were identified as potential regulators of the p38

pathway [74,75]. These molecules are likely to serve as lated by the binding of ERK2 to the noncatalytic
amino-terminus of MKP-3 [90]. This suggests that thecritical intermediates. This is demonstrated by the fact

that dominant negative Rac or Cdc42 was reported to regulatory mechanism and function of MKP-3 may be
different from that of the other phosphatases.inhibit p38 activity in response to IL-1 [75], muscarinic

activation, and heteromeric G-protein bg subunit com- In addition to dual phosphatase, studies in yeast indi-
cated that other types of phosphatase, such as proteinplexes [76]. Since MLK1, MLK2, and MLK3 each con-

tain a potential Rac/Cdc42 GTPase-binding (CRIB) tyrosine phosphatase (PTPase) and a serine/threonine
protein phophatase type 2C (PP2C), have importantmotif, Rac/Cdc42 may directly activate MAP3K [68,77].

Evidence has also accumulated in support of an roles in downregulating the MAP kinase HOG1 path-
way [91–93]. By screening a human cDNA library forinvolvement by members of a family of serine/threonine

protein kinases called p21-activated kinases (PAKs). clones that could block the activation of the yeast HOG1
pathway, the human protein phosphatase PP2Ca wasThese kinases are the mammalian homologues of Ste20

(the upstream activator of Ste11; yeast MAP3K) in identified. Studies using a mammalian system showed
that PP2Ca also negatively regulates the human MKK6yeast. Three related enzymes termed PAK1 (aPAK),

PAK2 (gPAK), and PAK3 (bPAK) were shown to be and MKK4 in vitro and in vivo [94]. Thus, different
phosphatases function at different levels to inactiveactivated by binding to Cdc42 and Rac in vitro [75,

78,79]. Furthermore, dominant negative, catalytic- MAP kinase cascades.
ally inactive PAK inhibits the p38 activation by IL-1,
Rac, and Cdc42 [74,75,80]. More recently, Mst1, an-

5. Downstream substrates of p38 group MAP kinasesother mammalian homologue of Ste20, was identified as
an activator of MKK6, p38, MKK7, and JNK in cotrans- 5.1. Protein kinase substrates of p38
fection assays [81].

MAP kinase-activated protein kinase 2 (MAPKAP-Not only are small G-proteins involved in the p38
K2 or M2) was the first identified p38a substrate. Insignal cascade, but the large G-proteins are also in-
vitro phosphorylation of M2 by p38a activates M2. Involved. Interaction between chemokines such as fMet-
vivo activation is inhibited by SB203580, a specific in-LeuPhe (fMLP) and PAF with their respective G-pro-
hibitor of p38a and p38b [9,10,95]. Subsequently, atein-coupled receptors can lead to p38 activation [82].
closely related protein kinase, M3 (or 3pk), was alsoRegulators of G protein signalling (RGS) proteins were
found to be a substrate of p38a [95]. Moreover, acti-also shown to be involved in G-protein-dependent p38
vated M2 and 3 phosphorylate various substrates in-activation [83].
cluding small heat shock protein 27 (HSP27) [96], lym-
phocyte-specific protein 1 (LSP1) [97], cAMP response
element-binding protein (CREB) [40], ATF1 [40], SRF4. Downregulation of the p38 signalling pathway
[98], and tyrosine hydroxylase [99].

Under physiological conditions, MAP kinase activa- Recently several other protein kinases were also
tion is often transient. Because the level of MAP ki- identified as downstream substrates of p38a or p38b.
nases never changes throughout the course of stimula- These include:
tion, dephosphorylation by phosphatases would seem to
play a major role in the downregulation of MAP kinase 1. MAP Kinase Interaction Protein Kinase, MNK1,

but not its isoform MNK2, was found to bind toactivity. A group of dual phosphatase has been identified
and cloned. MAP kinase phosphatase (MKP)-1 (or p38 and ERK1. Moreover, it was demonstrated in

vitro that MNK1 could be phosphorylated byCL100/3CH134) is the archetypal member of this gene
family and has activity for several MAP kinases, such as ERK1 and p38, but not by JNK [100,101]. Since

MNK1 and 2 can phosphorylate eukaryotic initia-ERK, JNK, and p38 [84]. Nine other mammalian dual-
specificity phosphatases have been identified, several of tion factor-4E (eIF-4E) in vitro, it suggests a po-

tential link between MAP kinase activation andwhich are under tight transcriptional control and dis-
play distinct tissue, cell, and subcellular expression pat- translational initiation [100].

2. p38 regulated/activated kinase, PRAK, is a stress-terns [85,86]. In both in vitro and transient transfection
studies, MKP-1, MKP-4, and MKP-5 can efficiently de- activated protein kinase that can be activated by
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p38a and p38b [102]. Recent results indicate that Another group of transcription factors that may fall
under the control of p38 is the C/EBP family of tran-PRAK is a preferred substrate for p38b (our un-
scription factors. CHOP 10 (Gadd 153), a member ofpublished results). Our data also indicate that
the C/EBP family, is known to be involved in the regu-HSP27 is a substrate for PRAK [102].
lation of cell growth and differentiation. In vitro assays3. Mitogen- and stress-activated kinase, MSK
reveal that CHOP 10 is phosphorylated by p38. In vivo(RSK-B or RLPK), is a protein that is activated by
assays further support the notion of such interaction asboth stress and mitogen [103]. Interestingly, a co-
the p38 inhibitor, SB203580, abolishes the stress-transfection assay revealed that p38a can activate
induced phosphorylation of CHOP 10 [110]. AnotherMSK [103,104]. However, in vitro coupled kinase
member of the C/EBP transcription family, C/EBPb,assay did not show an activation of MSK by p38a
was shown to be a substrate of p38a, hinting at a role in[105]. This suggests that p38a may act indirectly to
adipocytes differentiation [115].activate MSK. It has also been shown that CREB

As described earlier, many of the transcriptionaland histone 2B are potential substrates of MSK
events stimulated by p38 MAP kinase may also be me-[103–105].
diated by the activation of M2, RSK-B and MSK1, di-

Given the aforementioned data, it would seem that rect targets of p38 (see above).
the substrates of p38 are instrumental in diversifying

5.3. Other types of substrates for p38and amplifying p38 signals. This is further proven by the
fact that M2 appears to act on a translational level. Several other proteins including cPLA2 and Na1/
Gene disruption of M2 reveals that M2 is required for H1 exchanger isoform-1 have been reported to be sub-
translational activation of TNFa and IFNg genes [106]. strates for p38a [116,117]. Stathmin was recently re-

ported to be a substrate for p38a [118]. These data sug-5.2. Transcription factors activated by p38
gested that the p38 pathway has a variety of functions.

Several transcription factors have been shown to be
phosphorylated and subsequently activated by p38a.

6. Genes regulated by the p38 pathwayThese transcription factors include activating transcrip-
tion factor-2 (ATF-2), ATF-1, SRF accessory protein 1 The use of inactive and constitutively active mutants
(Sap1), CHOP (growth arrest and DNA damage induc- of MKK3 and 6 as well as the use of the p38 inhibitor,
ible gene 153, or GADD153), p53, C/EBPb, myocyte en- SB203580, has greatly elucidated how p38 functions to
hance factor 2C (MEF2C), and MEF2A [32,40,107–113]. regulate different genes. The expression of many cyto-

The various transcription factors have unique modes kines, transcription factors, and cell surface receptors
of action. By themselves, ATF-1 interact with the cAMP was found to be coordinated by p38. Table 3 summa-
responsive element (CRE) [114]. Phosphorylation of rises the genes that were reported to be regulated by the
p53 by p38a may play a role in p53-dependent tran- p38 pathway. In the future, the full identification of p38
scription [113]. An important cis-element, AP-1 binding regulated genes will be a great help to the understand-
site, appears to be influenced by the p38 pathway in sev- ing of this pathway.
eral different mechanisms. ATF2, a substrate of p38,
can form heterodimers with Jun family transcription
factors and thereby directly associate with AP-1 binding 7. Biological consequences of p38 activation
site. p38 can phosphorylate Sap-1a, a component of

7.1. p38 and inflammationTernary Complex Factor (TCF), which binds to serum
responsive elements (SRE). Since it is well established Evidence to support the importance of the p38 path-
that induction of c-fos, a component of AP-1, is SRE- way in inflammation comes from several sources. The
dependent, by involving c-fos upregulation, the p38 activation of the p38 pathway plays an essential role in:
pathway indirectly regulates AP-1 activity. p38 is likely (1) production of proinflammatory cytokines such as
to be involved in c-Jun expression by regulating IL-1b, TNF-a and IL-6 [119]; (2) induction of enzymes
MEF2A and 2C activity [112]. Participation in c-Jun in- such as COX-2 [120], which controls connective tissue
duction may be another way by which the p38 pathway remodelling in pathological condition; (3) expression of
regulates AP-1 activity. It is known that ERK and JNK an intracellular enzyme such as iNOS [121,122], which
mediate another component of the TCF called Elk-1. regulates oxidation; (4) induction of adherent proteins
This allows for the possibility of the coordinated partici- such as VCAM-1 and many other inflammatory related
pation of the three MAP kinases in the regulation of molecules [123]. In addition to these, the p38 pathway
c-fos expression. However, this Sap-1a-mediated c-fos plays a regulatory role in the proliferation and differen-
SRE stimulation does not occur in RK13 cells [109], tiation of cells of the immune system. p38 participates
suggesting that signalling via p38 and Sap-1a is re- in GM-CSF, CSF, EPO, and CD40-induced cell prolif-

eration and/or differentiation [33,124].stricted, thus ensuring its specificity.
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The role of the p38 pathway in inflammatory-related
diseases was studied in several animal models. Inhibi-
tion of p38 by SB203580 can reduce mortality in a mu-
rine model of endotoxin-induced shock and inhibit the
development of mouse collagen-induced arthritis and
rat adjuvant arthritis [27]. Furthermore, a recent study
showed that SB220025, which is a more potent p38 in-
hibitor, caused a significant dose-dependent decrease in
vascular density of the granuloma [125]. These results
suggested that p38 or the components of the p38 path-
way can be a therapeutic target for inflammatory disease.

7.2. p38 and apoptosis

Ample evidence suggests a correlation between the
activation of the p38 pathway and apoptosis. Such a cor-
relation is based on the concomitant activation of p38
and apoptosis induced by a variety of agents including
NGF withdrawal and Fas ligation [126–128]. Central to
the apoptotic execution pathway is a family of cysteine
proteases, termed caspases, and are expressed as inac-
tive zymogens [129,130]. Caspase inhibitors can block
p38 activation by Fas cross-linking, indicating that this
pathway may function downstream of caspase activa-
tion [128,131]. However, overexpression of dominant
active MKK6b can also induce caspase activity and cell
death [63,132]. These results suggest that the p38 path-
ways may function both upstream and downstream of
caspases in the apoptotic response. The mechanism by
which this pathway might influence caspase activity is
unknown.

p38a is activated in Jurkat T-cells during Fas liga-
tion; however, its activity is not required for apoptosis
[63,128]. On the other hand, SB203580 can block so-
dium salicylate-induced FS-4 fibroblast apoptosis [133],
glutamate-induced cerebellar granule cell apoptosis
[134], serum depletion induced Rat-1 cell death [126],
NGF withdrawal-induced PC12 cell apoptosis [126],
and TL1-induced bovine pulmonary artery endothelial
cell apoptosis [135]. Therefore, the involvement of p38
in apoptosis is cell type- and stimulus-dependent.

7.3. p38 in the cell cycle

The involvement of p38a in cell growth became ap-
parent when it was noticed that overexpression of p38a
in yeast led to significant slowing of proliferation [136].
A slower proliferation of cultured mammalian cells was
observed when the cells were treated with p38a/b inhib-
itor, SB203580. Recently, Takenaka reported that p38a
was activated in mammalian cultured cells when the
cells were arrested in M phase by disruption of the spin-
dle with nocodazole [137]. Activation of p38a appears
to be involved in the spindle assembly checkpoint of so-
matic cell cycles. G1 arrest of NIH3T3 cells caused by
microinjection of Cdc42 is p38a-dependent [138]. Dis-
ruption of fission yeast p38 cascades, Wis1-Spc/Sty1,
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lead to cell size enlargement and cell division arrest,
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suggesting that the Wis1-Spc1 MAP kinase cascade is nases. Nevertheless, many questions regarding the reg-
linked to the G2/M cell cycle control mechanism [30]. It ulation and function of this group of kinases remain un-
is possible that p38a activity exerts a positive effect at solved. The activity of p38a has been proven to be
certain stages of cell cycle and an inhibitory effect at instrumental in cytokine gene expression. This is dem-
others. The involvement of p38a in cyclin D1 expression onstrated by the fact that inhibitors of p38 block TNFa,
[139] and tertiary complex factor regulation may be the IL-1, and IL-6 expression. The role of p38 becomes less
link between p38a activity and cell cycle progression. clear when we consider the influence of various tran-

scription factors on cytokine expression. Some of the
7.4. p38 and cardiomyocyte hypertrophy

transcription factor substrates of p38 described above
were predicted to be influenced by TNF transcription.Because p38 is a stress-activated kinase, its activation

and function has been studied in cardiomyocyte hyper- However, mutation of the cis-elements, predicted to in-
trophy. Both p38a and p38b activity were increased teract with these transcription factors, has little or no ef-
during the progression of hypertrophy. Activation of fect on the p38-mediated TNFa promoter activity. The
the p38 pathway by the introduction of constitutively mechanism by which the p38 pathway regulates gene
active MKK6- and MKK3-elicited hypertrophic re- expression is still largely unknown. Furthermore, there
sponses, including an increase in cell size, enhanced sar- is evidence that illustrates the distinct functions of dif-
comeric organisation and elevated atrial natriuretic fac- ferent p38 isoforms. In vitro substrate specificity of dif-
tor expression. Furthermore, p38a and p38b appear to ferent p38 isoforms has been observed. Identification of
have different functions in cardiomyocytes. p38b seems the physiological substrate of each p38 isoform as well
to be more potent in inducing hypertrophy, whereas as specific definitions of the role of each p38 group
p38a appears to be more important in cardiomyocyte member stands as a challenge for future studies.
apoptosis [64]. Regulation of the p38 pathway does not appear to be

an isolated cascade. Many different upstream signals7.5. p38 and cell differentiation
can lead to p38 activation, and divergent signalling path-

p38a and/or p38b were found to play an important ways downstream of p38 have been observed. These
role in cell differentiation for several different cell findings are supported by recent work with knockout
types. The differentiation of 3T3-L1 cells into adipo- mice. Gene disruption of p38a is lethal, while mice defi-
cytes and the differentiation of PC12 cells into neurons cient in MKK3 (a p38 activator) [141] or M2 (a p38-acti-
both require p38a and/or b [43,115]. The p38 pathway vated kinase) [106] were viable. Macrophages from
was found to be necessary and sufficient for SKT6 dif- MKK3-deficient mice had a defect in IL-12 transcrip-
ferentiation into haemoglobinised cells as well as tion, while those from M2-deficient mice had reduced
C2C12 differentiation into myotubes [140]. The tran- TNF production, which is believed to be controlled at
scription factors C/EBP, CREB, and MEF2C were sug- the translational level. Such in vivo complexity indicates
gested to be downstream of the p38 pathway and would that the p38 signalling pathway is not a stepwise chain
participate in the process of differentiation mentioned reaction. Each component in the pathway may transmit
above. the signal to downstream target(s) as well as interact

with other cellular component(s) to coordinate the cel-
lular process, such as feedback mechanisms. Knockouts8. Discussion
of different components of the p38 pathway yielded dif-

Due to the brevity of this review, it is impossible to ferent outcomes, indicating that each element in this
cover all the research done on the p38 signal cascade. pathway should be evaluated individually as a drug tar-
However, certain encompassing conclusions may be get. Because this signalling pathway is not an isolated
drawn concerning how p38 operates as a signal trans- event in vivo, future work in this field should pay more
duction mediator. p38 is activated by both stress and attention to the interaction between different pathways
mitogen stimuli in a cell specific manner. The p38 group and the balance/regulation among the signalling events.
of kinases can directly or indirectly target various pro-
teins to control transcription and translation. This kinase
also activates other kinases and consequently regulates Acknowledgments
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