
Most cells are subjected to different stresses during their 
lifetime, in both homeostatic and pathological condi-
tions, and effective management of stress is essential for 
cell and organismal survival. In their response to stress 
(Supplementary Box 1), cells rely on several signal-
ling networks, among which p38 kinases are of central 
importance.

p38 kinases are proline-directed serine/threonine 
kinases of the mitogen-activated protein kinase (MAPK) 
family, which are found in all eukaryotes and whose 
structural and regulatory characteristics are conserved 
from yeast to human. Unlike the prototypic MAPKs 
ERK1 and ERK2, p38 kinases do not typically respond to 
mitogens but are activated by environmental stresses and 
inflammatory signals. For this reason, they are referred 
to as stress-activated protein kinases.

As of today, thousands of reports have implicated 
p38 kinases in cellular responses to virtually all types 
of stresses, from environmental and intracellular insults 
to pathologies such as infection or tumorigenesis, and 
including processes such as cell differentiation that are 
not harmful but involve a certain stress1–6.

The general idea is that p38 kinases are highly versa-
tile and can integrate many types of signals, contributing 
to various biological responses. Given all of the processes 
that p38 kinases can potentially control, dysregulation 
of this pathway has been linked to several diseases, sug-
gesting that pharmacological targeting of p38 signalling 
could be therapeutically useful.

In this Review, we focus on p38α (also known as 
MAPK14 and SAPK2a), the best characterized member 

of the family. The regulation and functions of other 
members, p38γ and p38δ, have been recently reviewed7. 
We will discuss mechanisms that control the p38α path-
way activity, and the biochemical and cellular processes 
involved in the particular cellular responses regulated 
by p38α activation. We also address how the pleiotropic 
character of this pathway can be reconciled with the 
specificity of its responses depending on the context. 
Finally, we describe recent findings using animal models 
that implicate p38α signalling in pathophysiological 
functions, and the prospects of using chemical inhibitors 
of this pathway in the clinic.

p38 kinase family members
The first mammalian p38 protein was independently 
reported in four studies: as a 38-kDa protein that was 
tyrosine phosphorylated following lipopolysaccharide 
(LPS) stimulation8; as RK, a protein kinase activated 
in response to arsenite, heat shock or osmotic stress9; as 
p40, activated in response to IL-1 (ref.10); and as CSBP2, 
the target of pyridinyl imidazole compounds such as 
SB203580 with anti-inflammatory properties11. p38, 
RK, p40 and CSBP2 all refer to the same protein, which 
showed high homology to Saccharomyces cerevisiae 
HOG1, a MAPK involved in protection from osmotic 
stress. This protein is now known as p38α, and proteins 
with high homology were subsequently identified and 
named p38β, p38γ and p38δ3,6 (Fig. 1a). Several spliced 
variants of p38α have been reported, including CSPB1 
(ref.11), EXIP12 and MXI2 (ref.13), but their roles in and 
contribution to cell pathophysiology remain unclear.

Mitogen
A molecule of peptidic or 
non-peptidic nature that 
stimulates cell division 
triggering mitosis.

Pleiotropic
In the context of cell regulation, 
the ability of one protein to 
control several unrelated 
functions or processes.

Lipopolysaccharide
(LPS). A major component of 
the outer membrane of Gram- 
negative bacteria that induces 
a strong immune response  
and is used as a prototypical 
endotoxin.

Osmotic stress
A sudden variation in the solute 
concentration around cells that 
induces a movement of water 
through the cell membrane.
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25 years, p38 kinases — in particular, p38α — have been implicated in the cellular response to stress 
at many levels. These span from environmental and intracellular stresses, such as hyperosmolarity, 
oxidative stress or DNA damage, to physiological situations that involve important cellular changes 
such as differentiation. Given that p38α controls a plethora of functions, dysregulation of 
this pathway has been linked to diseases such as inflammation, immune disorders or cancer, 
suggesting the possibility that targeting p38α could be of therapeutic interest. In this Review, we 
discuss the organization of this signalling pathway focusing on the diversity of p38α substrates, 
their mechanisms and their links to particular cellular functions. We then address how the 
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Mammalian p38 kinases share more than 60% amino 
acid sequence identity, with p38α being 75% identi-
cal to p38β and p38γ being 75% identical to p38δ. In 
spite of their structural similarities, p38 kinases differ 
with respect to their downstream targets and sensi-
tivity to chemical inhibitors such as the widely used 
SB203580 (refs14,15). Moreover, p38α and p38β are ubiq-
uitously expressed, p38α usually at higher levels than 
p38β except in some brain regions, whereas p38γ and 
p38δ expression tends to be more tissue-specific.

The p38 kinases serve a plethora of cellular func-
tions, in both development and tissue homeostasis, 
but there are clear functional differences between the 
family members. Notably, p38α is the only p38 kinase 
that is essential for mouse embryo development owing 
to its key function in placental morphogenesis16–18, 
whereas p38β is mostly redundant in the presence of 
p38α19,20. This could be due to the higher p38α expres-
sion in most cell types, but might also reflect that p38α 
can perform particular functions, as suggested by the 
inability of p38β expressed under control of the p38α 
endogenous promoter to rescue p38α phenotypes in 
mice21. Nevertheless, experiments with cell cultures have 
identified some functions that can be mostly performed 
by p38β22. In addition, some cells may rely on p38β as 
a backup for p38α, as shown by the additional pheno-
types observed in mice in which genes encoding both 
p38α and p38β were knocked out, compared with the 
single knockouts. Overall, p38α and p38β cooperate in 
heart development21, sex determination23, mitotic entry 
inhibition24 and regulatory T cell induction25. Along the 
same line, p38γ and p38δ can often perform overlap-
ping functions, for example in tissue regeneration and 
immune responses26, but we are not aware of genetic evi-
dence supporting that p38γ or p38δ can perform p38α 
functions. Interestingly, p38α downregulation some-
times leads to the enhanced activation of p38γ and/or 
p38δ27 (B.C and A.R.N., unpublished observations), sug-
gesting that p38α might negatively regulate other p38 
kinases28 or may be reflecting intrinsic differences in the 
affinity of p38α and other family members for upstream 
pathway regulators29. Therefore, a deeper understanding  
of both individual behaviour and functional interactions of  
the four p38 kinases is needed to fully understand the 
biological roles of this signalling pathway.

Signal transduction by p38 kinases
The activity of p38 kinases is tightly regulated, and 
involves activation by dedicated kinases that integrate 
multiple inputs, inactivation by several types of phos-
phatases, and the possibility of modulation by feedback 
loops and various post-translational modifications 
acting on different components of the pathway.

Activation mechanisms. p38 kinases are activated 
through dual phosphorylation by an MAP2K, which in 
turn is phosphorylated by an MAP3K (Fig. 1b,c). Up to 
ten MAP3Ks have been reported to contribute to the 
activation of p38 kinases, although some of them can 
also trigger activation of other MAPKs, mostly JNKs. 
Because different MAP3Ks are activated by different 
signals, this diversity in the upstream components 

of the p38 kinase cascade allows the pathway to inte-
grate a wide range of stimuli, providing versatility to 
the response. Once activated, MAP3Ks phosphoryl-
ate the MAP2Ks MKK3 and MKK6, which share 80% 
amino acid sequence homology and are highly specific 
for p38 kinases, or MKK4 that normally activates JNKs 
but can also activate p38α18 (Fig. 1b). The contribution 
of each MAP2K to p38 kinase activation depends on 
the cell type and the stimulus3. MAP2K-catalysed phos-
phorylation of Thr and Tyr residues in the activation 
loop (Thr180 and Tyr182 in p38α) is important for full 
kinase activity (Box 1). This phosphorylation cascade is 
typical of most MAPKs, and is known as the canonical 
activation pathway (Fig. 1c).

Besides the MAP2K-based phosphorylation cascade, 
p38α can be activated by two non-canonical pathways 
(Fig. 1c). One involves binding to transforming growth 
factor-β-activated kinase 1-binding protein 1 (TAB1), 
which induces p38α autophosphorylation30. This mech-
anism has been intensively studied in cardiomyocytes 
under myocardial ischaemia31–33, and has also been 
implicated in T cell senescence34, skin inflammation35, 
triiodothyronine-mediated browning of white adipose 
tissue36 and endothelial inflammation triggered by 
G protein-coupled receptor (GPCR) agonists37. It should be 
noted that TAB1 can also induce p38α activation through 
the canonical pathway, by binding to the MAP3K TAK1. 
The other non-canonical mechanism of p38α activation 
seems to operate exclusively in T cells stimulated through 
the T cell receptor (TCR), and involves phosphorylation 
on Tyr323 by ZAP70, which leads to autophosphorylation 
of both p38α and p38β38. In contrast to the canonical  
pathway where p38α is dually phosphorylated by MAP2K, 
Tyr323-induced autophosphorylation of p38α occurs 
preferentially on Thr180, and this mono-phosphorylated 
p38α shows altered substrate specificity in vitro39.

The existence of different activation mechanisms 
may provide higher versatility to modulate the pathway 
activity and greater selectivity in defining relevant tar-
gets, helping to fine-tune the response in different cell 
types and contexts.

Signal termination. p38α hyperactivation is usually 
deleterious for the cell, and mechanisms that ensure 
signal termination are essential for homeostasis. 
Several phosphatases can inactivate p38α by targeting 
the activation loop phosphorylation including serine/
threonine phosphatases, tyrosine phosphatases and 
dual-specificity phosphatases of the DUSP/MKP family 
(Fig. 1d). Interestingly, some phosphatases such as DUSP1 
can be induced by p38α signalling, generating a negative 
feedback loop that may lead to asynchronous oscillations 
and cell-to-cell heterogeneity in p38 activity. This has 
been shown to be important for pro-inflammatory gene 
expression40 and stress-induced cell death41,42.

In addition, p38α can trigger other negative regula-
tory loops by limiting the expression of MKK6 (ref.43), 
by phosphorylating TAB1 (potentially affecting both 
the non-canonical activation and the TAK1-mediated 
canonical activation)44 or by phosphorylating ZAP70, 
which shortens the association of ZAP70 with TCR and 
decreases p38α activation in T cells45 (Fig. 1d).

Triiodothyronine
A thyroid hormone that 
controls a wide range of 
physiological processes in the 
body, including the metabolic 
rate and maintenance of 
bones, as well as brain, heart, 
muscle and digestive functions.

G protein-coupled receptor
(GPCR). The largest and most 
diverse group of membrane 
receptors in eukaryotes, which 
can receive multiple signals 
such as light energy, peptides, 
lipids, sugars or proteins.
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Taken together, dephosphorylation of the p38α activa-
tion loop is key for pathway downregulation, but negative 
feedback loops can also shape the extent of p38α sig-
nalling, providing ample means for fine-tuning p38α  
activity in different contexts (Fig. 1d).

Regulatory mechanisms. The activity of p38α can also 
be fine-tuned by several mechanisms that are inde-
pendent of the activation loop phosphorylation. These 
mechanisms include: Thr123 phosphorylation by GRK2, 
which impairs the binding of p38α to both MKK6 and 
substrates46; binding to the protein GADD45α that 
inhibits Tyr323 phosphorylation by ZAP70 (ref.47); and 
binding to DAPK1 that enhances p38α phosphorylation 
by MKK3 (ref.48). Post-translational modifications other 

than phosphorylation further modulate p38α activity, 
including acetylation of Lys53 that enhances activity 
by promoting ATP binding49, isomerization of Pro224 
that facilitates MAP2K-mediated phosphorylation50 
or arginine methylations that promote particular p38α 
functions51,52 (Fig. 1e). In addition, p38α signalling can be 
modulated by scaffold proteins, such as JIP4, OSM and 
DLGH1, which simultaneously interact with several 
pathway components, tethering them into complexes 
and helping to localize the complexes to a specific area 
of the cell for site-specific signalling53,54. p38α can also be 
regulated by importin-mediated nuclear translocation55 
and by caspase-mediated protein degradation56.

Other components of the p38α pathway may also be 
affected by post-translational modifications resulting 

Isomerization
A chemical process by which  
a molecule is transformed  
into a different form (isomer)  
with the same composition  
but a different chemical 
configuration, which usually 
involves different chemical 
properties.

Scaffold proteins
Proteins that simultaneously 
bind two or more proteins 
creating functional complexes 
that enhance the efficacy and 
fidelity of a signalling pathway.
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Fig. 1 | p38 kinases and their regulation. a | Schematic representation of the four human 
p38 kinases, indicating gene names (in parentheses), amino acid numbers and the different 
domains. The kinase domain is 90% identical in amino acid sequence among the four 
members. The CD domain is a negatively charged region involved in high-affinity docking 
interactions with substrates and regulators that contain positively charged docking (D) 
motifs. The ED domain contributes to substrate docking and specificity, being particularly 
important for interactions with mitogen-activated protein kinase (MAPK)-activated 
protein (MAPKAP) kinase 2 (MK2) and MK3. The ATP binding site and the phosphorylated 
Thr and Tyr residues of the activation loop are also indicated. p38γ has an additional 
carboxy-terminal region that binds to PDZ domain-containing proteins (serving as 
scaffolding proteins for various signalling pathways). p38 kinases are also referred to as 
stress-activated protein kinases: SAPK2a (p38α), SAPK2b (p38β), SAPK3 (p38γ) and SAPK4 
(p38δ). b | Schematic representation of the three human MAP2Ks involved in p38 kinase 
activation, indicating gene names (in parentheses), amino acid numbers and highlighting 
the kinase domain, the ATP binding site, the D site involved in docking to p38 kinases, the 
DVD site that mediates interaction with MAP3Ks and the phosphorylated Ser and Thr 
residues of the activation loop. c | Canonical and non-canonical p38 kinase activation 
pathways. The colour of the phosphates (P) indicates the kinase responsible for the 
phosphorylation. In the canonical pathway, the first step is activation of MAP3Ks, which 
is triggered by various stimuli, encompassing cytokines acting via their receptors, ligands 
of G protein-coupled receptors (GPCRs; which include hormones, metabolites, cytokines 
and neurotransmitters) and stress signals. Mechanistically, MAP3Ks can be activated 
by multiple mechanisms, including binding to RHO, CDC45 and RAC small GTPases, 
phosphorylation by STE20 kinases and ubiquitylation by TRAF ubiquitin ligases, 
triggering phosphorylation of MAP2K, which in turn phosphorylate and activate p38 
kinases. In the non-canonical pathways, activation is triggered by autophosphorylation 
of p38α either by binding to proteins such as transforming growth factor-β-activated 
protein 1 (TAB1) (observed in various cell types, but the signals responsible for activating 
this pathway are not well defined (question mark)) or by ZAP70 phosphorylation (specific 
to T cells) downstream of T cell receptor (TCR) activation. d | Scheme showing the main 
mechanisms leading to p38α signal termination, including phosphatases that target the 
activation loop phosphorylated residues, and p38α-triggered negative feedback loops 
(dotted lines). e | Scheme indicating human p38α protein sequence with post-translational 
modifications known to regulate the p38α activity. Interestingly, most modifications 
occur in amino acids involved in ATP binding and in the Thr-Gly-Tyr (TGY) sequence 
of the activation loop or near these regions. DUSP, dual-specificity phosphatase; 
MKP, MAPK phosphatase; PPase, protein phosphatase.

◀

in either signal upregulation or downregulation. Thus, 
ubiquitylation can stabilize upstream activators such 
as TAK1 or MKK6 (ref.57), or induce the degrada-
tion of MKK6 (ref.58), the MAP3Ks DLK1 and MLK3 
or the phosphatases PP2A, WIP1 and MKP1 (ref.59). 
Moreover, MKK6 can be inactivated by oxidation of 
specific cysteines60, and the MKK6 mRNA can be tar-
geted by miR-625-3p, which in both cases downregulates 
p38 signalling61. Bacterial and protozoan proteins can 
also modulate p38α signalling, such as Bacillus anthra-
cis lethal factor that cleaves and inactivates MKK3 
and MKK6 (ref.62), Yersinia species YopP/YopJ that 
acetylates MKK6 and TAK1 in the activation loop resi-
dues blocking their activation63,64 or Toxoplasma gondii 
GRA24 that induces p38α autophosphorylation65.

Overall, the existence of multiple regulatory mecha
nisms combined with modulation of the enzymes respon-
sible for particular post-translational modifications offer 
additional opportunities to adjust p38α signalling in spe-
cific contexts. As many of these mechanisms have been 
described in very specific contexts, it is likely that additional 
p38α-regulating modifications remain to be discovered.

Cues activating p38 kinases
p38 kinases are activated by essentially all environmen-
tal stresses, including oxidative stress and osmotic stress, 
ultraviolet radiation or gamma radiation, as well as by 

cytokines and inflammatory signals. Moreover, ligands 
that activate GPCRs, such as thrombin, glutamate or 
endothelin, can also activate p38α signalling to regulate  
various cellular responses. By contrast, mitogens — 
typically associated with the activation of ERK1/2 and 
other MAPK signalling pathways — are usually poor acti-
vators of p38 kinase signalling compared with stress and 
cytokines66,67. We discuss below examples of pathways 
involved in p38α activation by different types of signals.

Oxidative stress. The stress-induced activation of p38 
kinases occurs in all eukaryotic cells, but little is known 
of how different stresses lead to activation of MAP3Ks. 
One of the best-known examples is the response to 
reactive oxygen species (ROS) mediated by the MAP3K 
ASK1, which normally binds to the inhibitory protein 
thioredoxin; upon thioredoxin oxidation, both proteins 
dissociate allowing ASK1 homo-oligomerization and 
activation68. Recently, the MAP3K MTK1 (also known 
as MEKK4) was also shown to function as a redox sensor, 
which is activated by coupled oxidation–reduction mod-
ifications of specific cysteine residues69. Thus, the coor-
dinated activity of MTK1 and ASK1 likely mediates the 
ROS-induced activation of p38α signalling, recurrently 
observed in multiple contexts with largely different effects 
on cells69–76 (Fig. 2). Taken together, p38α activation by 
ROS seems to be of extraordinary importance for the reg-
ulation of cellular viability, but how ROS can lead to such 
different context-dependent responses is not yet clear.

Cytokines. Inflammatory cytokines such as TNF, IL-6 
and IL-1β are prototypic activators of p38α. Cytokines 
can bind different types of surface receptors, which in 
turn determine the pathway leading to p38α phospho-
rylation. For example, signalling downstream of IL-1β 
and TNF usually engages TRAF ubiquitin ligases and 
TAK1, as well as other MAP3Ks77.

Cytokines that are not primarily related to inflam-
matory processes also activate p38α, many of which 
can modulate cell differentiation. For example, receptor  
activator of nuclear factor-κB ligand (RANKL) regulates 
several processes from immune responses to bone  
metabolism, and can trigger the differentiation of 
bone marrow cells into osteoclasts by activating p38α 
through the scaffold protein RACK1, TRAF6 and TAK1 
(ref.78). The multifunctional cytokine TGFβ also induces 
p38α, which frequently involves TAK1 (ref.79), although 
other MAP3Ks have been implicated in some cell types80.

Infection. Bacterial and microbial infection triggers p38α 
activation usually through Toll-like receptors (TLRs), 
which through the adaptor MyD88 engage IRAK kinases, 
TRAFs and TAK1, similarly to IL-1β, but some signal-
ling elements differentially contribute depending on the 
context4,81,82. For instance, upon persistent Salmonella 
typhimurium infection, TLR4 can mediate p38α activa-
tion through the adaptor TRIF and ROS, ignoring MyD88 
(ref.83), whereas Mycobacterium tuberculosis infection 
induces p38α activation through the receptor MINCLE, 
probably involving the tyrosine protein kinase SYK84.

Activation of p38α has also been observed in response 
to viral infections and may regulate viral replication. 

Importin
A protein that binds to other 
proteins containing nuclear 
localization signals, and 
transports them from the 
cytoplasm to the nucleus  
of the cell.

Caspase
A cysteine protease with 
essential functions in 
programmed cell death.

Oxidative stress
An excess of reactive oxygen 
species due to an imbalance 
between the production  
of oxygen derivatives and 
antioxidants, which occurs 
naturally during ageing or due 
to environmental factors, and 
can lead to cellular damage.
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This activation is usually mediated by the canonical 
pathway, although inactivation of phosphatases might 
contribute in some cases85. Recent work has shown 
that severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection induces late p38α activation, 
suggesting its implication in advanced stages of viral 
infection. Enhanced MKK3/6 phosphorylation was 
detected in SARS-CoV-2-infected cells but upstream 
pathway components were not characterized86.

Mechanical forces. Stretching, compression and pres-
sure overload can trigger p38α activation in different cell 
types. Interpreting these cues allow cells to recognize their 

position and shape, as well as environmental perturba-
tions, which is essential in tissues such as muscles, and 
can drive diverse cellular responses from cell proliferation 
and differentiation to cell death. The cytoskeleton plays a 
pivotal role in cellular mechanosensing, which probably 
involves different elements to elaborate the response for 
each force. There is evidence that p38α activation occurs 
downstream of cytoskeleton-modulating kinases, such as 
ROCK87 and PKC88, or the small GTPase CDC42 (ref.89), 
depending on the mechanical stimuli, suggesting that the 
activation pathway may impact on the biological response.

Chemical drugs. Virtually every chemical compound 
that induces cellular stress will activate p38 kinases. 
Anisomycin, tunicamycin, hydroxyurea or cyclohex-
imide are examples of compounds that affect different 
cellular processes and all induce p38α activation. It is 
important to highlight drugs used for chemotherapy 
treatments. The pathway involved usually depends on 
the mechanism of action of the drug, but in many cases 
implicates TAO family MAP3Ks that act downstream 
of DNA damage90. As drugs can induce DNA damage 
by different mechanisms, the BRAF–TAK1 pathway91 
or ROS production92 has also been implicated, and it is 
possible that more than one MAP3K is involved in each 
case. Moreover, the microtubule poison paclitaxel can 
induce p38α activation through downregulation of the 
phosphatase DUSP16 (ref.93).

p38α substrates and functions
A multitude of proteins potentially phosphorylated by 
p38α have been identified using chemical inhibitors 
and genetic downregulation of pathway components 
(but the actual list of substrates requires validation 
involving in vitro phosphorylation assays). There is evi-
dence that p38α directly phosphorylates more than 100 
proteins6,94, which can be located throughout the cell 
and can regulate transcription and chromatin remodel-
ling, mRNA stability and translation, protein degrada-
tion and localization, cell cycle, endocytosis, metabolism 
and cytoskeleton dynamics3,6. Some p38α substrates are 
protein kinases, which in turn phosphorylate addi-
tional proteins, expanding the versatility of the pathway 
to regulate diverse processes. Of special relevance are 
MAPK-activated protein (MAPKAP) kinase 2 (MK2) 
and MK3. Unphosphorylated p38α and MK2 interact, 
forming a complex, which coordinates the activation of 
both kinases to regulate particular cellular functions. 
MK2 plays an important role in post-transcriptional 
regulation of gene expression, by phosphorylating 
adenylate–uridylate-rich element (ARE)-binding proteins 
such as tristetraprolin (TTP) and HuR, and in actin fil-
ament remodelling through Hps27 phosphorylation95. 
Other kinases that can be regulated by p38α (activated 
also by ERK1/2 downstream of mitogens) are MSK1 and 
MSK2, which control gene expression by phosphoryl-
ating transcription factors or nucleosome components 
such as histone H3 (ref.96), and MNK1 and MNK2, which 
regulate protein synthesis through phosphorylation of 
the initiation factor eIF4E97. Below, we highlight some 
p38α substrates and key targets implicated in various 
cellular processes (Fig. 3).

Phosphotransfer reaction
Chemical process in which a 
phosphate group is transferred 
from a donor to an acceptor 
molecule. In the case of protein 
kinases, this transfer usually 
takes place between ATP and  
a specific amino acid of the 
protein substrate.

Box 1 | Structural determinants of p38α activity regulation

p38α is a typical protein 
kinase consisting of a 
smaller amino-terminal 
lobe (residues 1–105), mainly 
composed of β-sheets, 
and a carboxy-terminal 
lobe (residues 114–316), 
formed by α-helices 
(see the figure, PDB ID: 
5ETC). The C-terminal lobe 
includes the activation loop, 
whose phosphorylation 
on the Thr-Gly-Tyr (TGY) 
sequence is required for 
p38α kinase activation, 
and the ED and CD sites, 
which facilitate binding to 
substrates and regulators164. Both lobes are linked by a flexible hinge (residues 106–113) 
that forms the ATP binding site together with charged amino acids from both lobes: 
Lys53, Arg67, Arg70, Glu71 and Asp168 (ref.253). In homeostatic cells that are not 
subjected to stress, p38α is mostly not phosphorylated in the activation loop and has 
reduced affinity for ATP, and the two lobes remain spatially separated. The canonical 
activation of p38α involves dual phosphorylation by a MAP2K on Thr180 and Tyr182 of 
its activation loop. This dual phosphorylation is important to induce the conformational 
changes required for full kinase activity, but despite helping define a receptive 
ATP-binding site, a phosphorylated TGY motif is not sufficient to allow the kinase to 
adopt the active conformation found in X-ray crystals. ATP binding and, especially, 
substrate anchoring to the docking motif have been shown to independently, 
but in a cooperative manner, play an essential role in p38α kinase activation253–255. 
Interestingly, substrate docking increases ATP loading, phosphoacceptor binding and 
the phosphotransfer reaction. This property can explain why p38α is able to function 
as a kinase in stressful environments, even when ATP levels are low, and suggests that 
interfering with different protein domains can modulate p38α activity. There is also 
evidence for two MAP2K-independent mechanisms that induce p38α autophosphoryl-
ation. One involves transforming growth factor-β-activated kinase 1-binding protein 1 
(TAB1) binding both to the docking motif shared with other interactors and to 
another specific region in the C-terminal lobe32, and the other is triggered by ZAP70 
phosphorylation on Tyr323 (ref.38).

The available p38α chemical inhibitors mostly target the ATP binding pocket either 
by competing for ATP occupancy or by allosterically avoiding the access of ATP to the 
catalytic site256. Given the high homology among p38 kinases, these inhibitors usually 
target both p38α and p38β, with some inhibiting other p38 kinases as well. The widely 
used compound SB203580 inhibits both p38α and p38β, but has reduced activity on p38γ 
and p38δ in vitro. Interestingly, mutation of a single amino acid near the ATP-binding 
site suffices to make p38α and p38β insensitive to SB203580, whereas mutation of 
three amino acids in the same region makes p38γ and p38δ susceptible to SB203580 
inhibition14,15. Recent efforts are focused on the development of compounds that bind to 
new sites in p38α33,241,257–259, with the idea of targeting specific substrates or branches of 
the pathway. Exploring a more targeted and pathology-oriented strategy may improve 
effectivity and potentially restrict undesirable in vivo effects of current p38α inhibitors.
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Fig. 2 | Interplay between ROS and p38α signalling. Reactive oxygen species (ROS) 
have been reported to activate p38α in various homeostatic and pathological contexts. 
Importantly, ROS play essential signalling roles and their levels are known to impact cell 
biology in various ways251. Despite the vast amount of literature linking ROS production 
with p38α activation, the actual levels of ROS are rarely experimentally determined. 
The signals reported to induce ROS and to activate p38α in different contexts are on the 
left, and the biological responses observed on the right. The signals and responses are 
organized according to the expected ROS levels in the cell, increasing from bottom to 
top. Lower ROS levels tend to be linked to physiological processes and homeostatic 
responses such as cell proliferation and differentiation or cytokine production, whereas 
higher ROS levels are usually generated in pathological contexts and in response to 
persistent stresses, eventually leading to severe cell dysfunction and death. However, 
how different signals trigger different ROS levels, and how diverse ROS amounts can 
differentially modulate p38α activation and particular biological responses remain to 
be fully understood.

Stress response. The p38α pathway plays a key role in the 
regulation of cell survival in response to stress, which 
usually involves halting cell proliferation to allow for the 
repair of any stress-induced damage, thereby promoting 
cell survival. p38α induces cell cycle arrest through the 
upregulation of cyclin-dependent kinase (CDK) inhibi-
tors, p53 or GADD45α, or the downregulation of cyclin 
D or CDC25 via several mechanisms98,99. Moreover, p38α 
can prevent cancer cell proliferation by phosphorylating 
the amino terminus of retinoblastoma protein (RB)100 or 
by inhibiting the transcription regulators CREB, YAP and 
MYC101. Alternatively, p38α can control the apoptotic 
machinery through regulation of BCL-2 family proteins102.

Other pro-survival mechanisms engaged by p38α 
involve the modulation of alternative splicing through 
MNK1/2-mediated phosphorylation of hnRNPA1 (ref.103) 
or the phosphorylation of SKIIP by p38α104. The p38α 
pathway can also facilitate the survival of stressed cells 
through the MK2-mediated phosphorylation of NELFE105 
or RBM7 (ref.106), which enables a RNA polymerase II 
transcriptional response including genes required for 
telomere maintenance or DNA repair.

Autophagy is another process linked to cell survival, 
which can be regulated by p38α through the phos-
phorylation of lysosomal LAMP2A, a key activator of 
chaperone-mediated autophagy107. The macroautophagy 
regulators Beclin-1 and ULK1 can also be phosphoryl-
ated by MK2 and p38α, respectively108,109. In addition, 
p38α may facilitate cell viability in response to metabolic 

stresses by reducing mitochondrial oxidative phospho-
rylation through phosphorylation of the transcription 
co-adaptor KAP1 (also known as TRIM28)75, by pro-
moting fatty acid β-oxidation through phosphorylation of 
PPARγ110 and by restricting endoplasmic reticulum stress111.

In contrast to the generally pro-survival functions, 
stress-induced p38α activation can sometimes induce 
cell death, which tends to correlate with higher/sus-
tained levels of pathway activity. This may be mediated 
by the p38α phosphorylation and inhibition of Drosha, 
a key enzyme in miRNA biogenesis whose downregu-
lation sensitizes cells to stress112, or by phosphorylation 
and cytoplasmic translocation of the transcription factor 
TEAD, which impairs YAP activity, potentially reducing 
the expression of anti-apoptotic genes113. Moreover, p38α 
activation can induce other stress-induced deleterious 
effects, although substrates are not characterized, includ-
ing mitochondrial malfunction114, decreased proteasome 
activity115 and postmitotic apoptosis mediated by HIF1α 
inhibition and metabolic stress116.

In summary, p38α can regulate stress responses via 
different mechanisms but not all of them operate simul-
taneously. On the contrary, selected signalling branches 
are engaged depending on the context, causing dif-
ferent outcomes that usually support cell survival but 
sometimes drive cell death.

DNA repair. DNA damage can happen in both homeostatic 
and pathological situations, and p38α signalling is emerg-
ing as a particularly important regulator of cancer cell 
survival in this context. As an example, once activated by 
p38α, MK2 phosphorylates hnRNPA0, which controls the 
stability of CDKN1B and GADD45A mRNAs, regulating 
cell cycle progression and cell survival in response to DNA 
damage-inducing drugs such as cisplatin99. Moreover, p38α 
can directly phosphorylate DNA repair regulators such as 
CtIP, coordinating the DNA damage response and lim-
iting replication stress and chromosome instability117. In 
addition, p38α facilitates activation of the DNA damage 
response kinase ATM, by controlling the phosphoryla-
tion of p45-IKKα, a nuclear form of the NF-κB regulatory 
kinase IKKα that shows distinct functions91. Likewise, p38α 
phosphorylation of the transcription factor BRN2 induces 
its association with DNA damage response proteins to 
promote error-prone DNA repair via non-homologous 
end-joining, and suppresses apoptosis-associated gene 
expression118. Collectively, these studies illustrate how 
inhibiting p38α signalling may be useful to curb DNA 
repair mechanisms, for example to enhance the cytotox-
icity of chemotherapy drugs, which are key exogenous 
inducers of DNA damage.

Inflammation. p38α signalling regulates the produc-
tion of inflammatory cytokines in different immune 
cell types, as well as in epithelial cells, fibroblasts and 
endothelial cells. Various inflammatory mediators can 
be regulated by p38α, which occurs through modula-
tion of pro-inflammatory transcription factors, such as 
NF-κB, or by regulating the stability or the translation 
of the corresponding mRNAs, which often involves 
MK2 (refs1,2,95). Experiments using genetically mod-
ified mice support that p38α signalling in several cell 

Reactive oxygen species
(ROS). Highly reactive 
non-radical and free radical 
derivatives of molecular 
oxygen, including hydrogen 
peroxide (H2O2) and 
superoxide (O2

–), which are 
produced mainly by the 
mitochondrial transport  
chain and NADPH oxidases, 
and are important in signal 
transduction.

Thioredoxin
A protein involved in redox 
regulation that can act as a 
signalling molecule by 
interacting with and facilitating 
the reduction of oxidized 
cysteine residues in other 
proteins, functioning as an 
antioxidant.

Redox sensor
A molecule that detects  
and signals redox imbalances 
in the cell.
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types can promote inflammation in vivo119–126. However, 
p38α also has anti-inflammatory roles in innate immune 
cells, which are mediated by the kinases MSK1/2 and 
involve phosphorylation of the transcription factor 
CREB and histone H3, leading to the expression of 
anti-inflammatory genes such as IL10 (ref.96).

Besides regulating the production of inflammatory 
mediators, p38α can control the expression of cytokine 

receptors as well as modulate the receptor-initiated 
intracellular signals. For example, p38α can phospho-
rylate and induce the ubiquitin-dependent degradation 
of the IFNα/β receptor IFNAR1, independently of ligand 
binding127, which supports viral infections128 and has 
implications in diseases such as cancer129–131.

Recent findings indicate that p38α can also con-
trol the resolution of inflammation by impairing the 

Receptor activator of 
nuclear factor-κB ligand
(RANKL). A membrane-bound 
protein that can also be  
found in soluble form, which 
through binding to the  
receptor RANK regulates 
osteoblast differentiation, 
bone remodelling and  
immune responses.
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Fig. 3 | The landscape of p38α substrates and targets. p38α directly phosphorylates 
more than 100 proteins and can indirectly modulate a wider network of targets, 
explaining the versatility of this pathway. The top bar shows the relative distribution 
of p38α substrates according to their biological function. The panels illustrate key 
substrates and targets in three main p38α-regulated processes. In the stress response, 
p38α has been connected to many protein phosphorylation changes, which probably 
reflects the suitability of this mechanism for cellular adaptation by facilitating a rapid 
control of processes such as cell cycle progression, DNA damage repair or mRNA 
processing. In the immune response, p38α controls the phosphorylation of kinases, 
transcription factors and regulators of mRNA stability, which collectively regulate  
the expression of cytokines and other factors involved in inflammatory processes.  
In addition, the p38α pathway controls the phosphorylation of RIPK1 and the IFNα/β 
receptor IFNAR1, which are important in the response to pathogens and inflammation, 
as well as GSK3, which upon p38α phosphorylation regulates lymphocyte fitness and 
the adaptive immune response. In cell differentiation, and in agreement with the 
irreversible character of this process, p38α phosphorylates many transcription factors 
and chromatin modulators that will directly or indirectly control the gene expression 
programmes driving cell differentiation in different tissues. Dashed arrows represent 
indirect regulation by p38α. MK2, mitogen-activated protein kinase (MAPK)-activated 
protein (MAPKAP) kinase 2; RB, retinoblastoma protein; STAT, signal transducer and 
activator of transcription.

◀

engulfment of apoptotic bodies (efferocytosis) in macro
phages. This is probably mediated by inhibition of the 
histone acetyltransferase p300 through p38α phos-
phorylation and subsequent reduced expression of the 
receptor TIM4, which recognizes phosphatidylserine on 
apoptotic cells132.

Moreover, p38α–MK2 signalling has emerged as a 
crucial regulator of the balance between cytokine pro-
duction and cell death in response to inflammation 
and infection. Inflammatory signals, such as TNF or 
LPS, or Yersinia enterocolitica infection can induce cell 
death through the kinase RIPK1, which is repressed by 
MK2-mediated phosphorylation. Accordingly, MK2 
inhibition boosts TNF-induced death in several cell 
types and sensitizes mice to the cytotoxic effects of 
TNF133–135.

Cell differentiation. In addition to acute or persistent 
stress, p38α regulates situations of mild stress such as 
cell differentiation, which frequently involves substan-
tial morphological changes. Differentiation takes place 
during normal physiology, such as in embryo develop-
ment or adult tissue cell turnover, as well as in response 
to certain tissue injuries. The process is often initiated 
by cytokines, which together with ROS are major cues 
activating p38α that, in turn, controls transcriptional 
programmes implicated in the differentiation of several 
cell types.

As one example, p38α can regulate muscle gene 
expression by phosphorylating myogenic transcription 
regulators such as MEF2 and E47, or by inducing chroma-
tin remodelling through the phosphorylation of BAF60c 
and p18Hamlet (ref.136). In addition, myogenic differentiation 
requires degradation of EZH2, the catalytic subunit of the 
epigenetic repressor complex PRC2, which involves EZH2 
phosphorylation by p38α followed by ubiquitylation by 
the E3 ubiquitin ligase Praja1 (ref.137). Similarly, osteoblast 
differentiation can be induced by p38α phosphorylation 
and activation of specific transcription factors such as 
Osterix, RUNX2 and DLX5 (ref.138).

In contrast to its well-established functions in muscle 
and bone, the role of p38α in adipocyte differentiation 

is much less precisely defined138,139. However, p38α has 
a well-defined role in the thermogenic programme of 
brown adipocytes and has been implicated in the browning 
process that transforms white adipocytes into brown-like 
adipocytes. Here, the PKA–ASK1–p38α kinase axis trig-
gers, through several transcription factors, the expres-
sion of brown adipocyte genes including UCP1, which 
uncouples mitochondrial respiration from ATP synthesis 
to produce heat, as well as FGF21, a systemic regulator 
of energy homeostasis. Moreover, p38α upregulates the 
receptor GPR120, which feeds back on p38α to boost 
the transcription of FGF21 (refs140–144) (Fig. 4a).

However, p38α does not always function as a positive 
regulator of cell differentiation. For example, its role in 
adipogenesis seems to depend on the cellular system 
analysed, with reports of both stimulating and inhib-
itory effects27,138,139. p38α also restrains erythropoiesis 
through the repression of MEKK4 to keep JNK activity 
low, resulting in erythroblast apoptosis145. Likewise, the 
TGFβ-induced differentiation of mesenchymal stem 
cells into endothelial-like cells is negatively regulated by 
p38α via TAK1 and JNK inhibition146.

Stemness. p38α plays various roles in stem cell phys-
iology, depending on the tissue and context147. For 
example, in hepatic stellate cells treated with TGFβ, 
p38α induces, probably through ATF2 transcription 
factor, the expression of the RNA binding protein 
CUGBP1, which reduces IFNγ production, a requisite 
for stellate cell fibrotic activation148. In keratinocytes, 
p38α phosphorylates and induces the degradation of 
the transcription factor p63, limiting the expression  
of stem cell-associated genes149. Also, the p38α-induced 
upregulation of p53 and p16 has been implicated in the 
decreased number and activity of intestinal stem cells 
observed in geriatric mice, which is driven by the increase 
in MKK6 protein synthesis downstream of nutrient  
signalling150.

In addition, p38α can regulate the recovery of 
haematopoietic stem cells (HSCs) from stresses such 
as bone marrow transplantation through the induc-
tion of inosine-5′-monophosphate dehydrogenase 2 
(IMPDH2) — mediated by p38α activation of transcrip-
tion factors CREB and MITF — to regulate the purine 
metabolism promoting HSC proliferation151. However, 
p38α activation limits the lifespan of HSCs in response 
to persistent infection, radiation or ageing, driving their 
ROS-induced exhaustion in vivo83,152. This dichotomy 
probably reflects the different ROS levels generated in 
ageing or infection versus bone marrow transplantation 
assays, which might translate to differential choice of 
substrates by p38α (see below) (Fig. 4b).

Other functions. p38α is an important inducer of the 
senescence-associated secretory phenotype (SASP). 
This function has been ascribed to p38α-mediated 
induction of NF-κB transcriptional activation153, and 
to stabilization of SASP factor transcripts mediated 
by the inhibition of RNA-binding proteins that desta-
bilize mRNAs, such as AUF1 and ZFP36L1, either by 
p38α-induced displacement of AUF1 (ref.154) or by MK2 
phosphorylation of ZFP36L1 (ref.155).

Toll-like receptors
(TLRs). A family of membrane 
proteins that recognize 
pathogen-associated molecular 
patterns and play key roles in 
the innate immune response.

MINCLE
A macrophage inducible 
Ca2+-dependent lectin receptor 
that regulates innate immunity 
by recognizing bacteria, fungi 
and other molecules.

SYK
A non-receptor cytoplasmic 
tyrosine protein kinase that 
functions downstream of 
several receptors involved in 
innate and adaptive immunity, 
and has been implicated in 
haematopoietic malignancies.

BRAF
A serine/threonine protein 
kinase involved in RAS 
signalling, which functions as 
an MAP3K for the ERK1/2 
pathway and has been found 
mutated in cancer cells, 
especially in melanoma but 
also in lung and colorectal 
tumours.

Adenylate–uridylate-rich 
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(ARE). Sequences found  
in the 3′ untranslated region  
of many mRNAs, which are  
key determinants of mRNA 
stability in mammalian cells.
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controls cell cycle progression 
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transcription factors.
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Some neuronal functions have been linked to spe-
cific p38α phosphorylation, including phosphorylation 
of the A-type K+ channel subunit Kv4.2, affecting neu-
ronal excitability156, or the proteasome-binding protein 
PI31, which regulates axonal proteasome motility and 
synaptic proteostasis157.

In pathogenic contexts, p38α can phosphorylate 
the microtubule-associated protein Tau, promoting 
its aggregation to form neurofibrillary tangles — a 
hallmark of Alzheimer disease158 — and Parkinson 
disease-associated protein Parkin, resulting in defects 

in mitochondrial clearance via mitophagy and, in con-
sequence, mitochondrial abnormalities and neuronal 
degeneration159 (Fig. 4c).

Context-dependence of p38α signalling
As outlined above, p38α controls many processes in a 
cell type and context-specific manner, but the molecular 
basis of this versatility remains elusive. Phosphorylation 
of many proteins can be regulated by p38α either directly 
or through downstream kinases and the crosstalk with 
other signalling pathways (Box 2). However, the p38α 

YAP
A transcription regulator that 
functions as an effector of the 
Hippo signalling pathway and 
has been implicated in organ 
development and tumour 
progression through the 
modulation of cell proliferation, 
apoptosis and other processes.
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Fig. 4 | Functions of p38α in specific cell types. The multifactorial nature of p38α 
signalling is illustrated by showing the diversity of functions that can be regulated by 
p38α depending on the cell type and the signals received. In every panel, the cell type, 
the extracellular stimuli (top), the signalling elements involved (when known) and the 
biological outcome (bottom) are indicated. Green boxes indicate homeostatic responses 
and red boxes pathological or deleterious events. a | p38α has a well-established role in 
the activation of thermogenesis in brown adipocytes. The different signals and mediators 
leading to p38α activation, the direct substrates and the effector targets that drive the 
p38α-orchestrated thermogenic programme are indicated. p38α can also regulate 
adipocyte differentiation, involving C/EBP and PPARγ transcription regulators of 
adipogenesis. Of note, contrary effects of p38α on adipogenesis have been reported 
depending on the model used (indicated by the split, dashed arrow), which can be linked 
to high dependency of p38α-mediated responses on the context as highlighted in this 
Review. b | The functions of p38α signalling in haematopoietic stem cells (HSCs) can be 
classified according to the stimuli. Upon severe or persistent stress such as infection, 
radiation or ageing, p38α activation correlates with elevated reactive oxygen species 
(ROS) levels and usually leads to detrimental responses that impair HSC function. 
However, in response to mild stresses, such as acute inflammation, regenerative stress or 
differentiation, which often involve cytokine exposure, p38α coordinates a pro-survival 
programme aimed to recover homeostasis. c | p38α activation has been traditionally 
linked to neurodegenerative diseases, especially Alzheimer disease, due to its 
implication in β-amyloid (Aβ) plaque formation and cytotoxicity, at least in part via its 
contribution to Tau hyperphosphorylation. But recent work describes additional p38α 
functions in different cells of the central nervous system, both in homeostasis and 
pathological situations. Known substrates are indicated, but targets involved in 
p38α-regulated synaptic plasticity, myelination or neuroinflammation remain largely 
unknown. There is also evidence that the role of p38α in myelination may depend on both 
the cause of nerve injury and the cell type252. d | In hepatocytes, p38α can promote cell 
death or support cell viability depending on the strength of the stress: high levels of 
stress (such as combination of a high-fat diet (HFD) with infection/inflammation) results 
in cell death, whereas milder stress (such as HFD alone) generally promotes hepatocyte 
function in metabolizing fatty acids, by increasing their trafficking and β-oxidation, 
thereby reducing triglyceride (TG) storage and load in the liver. The hepatic function can 
be further modulated by p38α-regulated production of pro-inflammatory cytokines in 
macrophages that links to hepatocyte cell death.

◀

substrates whose phosphorylation leads to particular 
cellular responses are often unknown, and when spe-
cific phosphorylation events are linked to a phenotype, 
it is difficult to demonstrate that they are the exclusive 
mediators of p38α activity. We discuss below two main 
factors that may affect the response to p38α activation: 
signal and cell context.

Signal. The stimulus received by the cell is bound to play an 
important role in defining the response to p38α activation 
at several levels. First, different stimuli are likely to mod-
ulate the activity of various signalling pathways, which in 
turn may alter gene expression programmes affecting the 
availability of potential p38α substrates and regulators. In 
addition, every signal probably engages different combina-
tions of p38α adaptors, MAP3Ks and MAP2Ks in the case 
of the canonical cascade, and may trigger non-canonical 
activation pathways depending on the cell type, which can 
affect the phosphorylation of specific substrates.

The activation of p38α through two mechanisms that 
cooperate to balance CD4+ T cell responses provides an 
example of how p38α in a particular cell type can per-
form different functions depending on the signal160,161. 
On the one hand, non-canonical activation of p38α 
upregulates the transcription factor NFATc1, which is 
required for T cell proliferation and cytokine produc-
tion. On the other, stress-induced activation of p38α 
by the canonical pathway results in phosphorylation 

and cytoplasmic retention of NFATc1, antagonizing 
T cell function162. This may be explained by the ability 
of MAP2K-activated p38α to phosphorylate NFATc1, 
which is a poor substrate for ZAP70-phoshorylated p38α, 
perhaps due to the latter being mono-phosphorylated 
in the activation loop. It is tempting to postulate that 
other post-translational modifications of p38α, such as 
methylation or acetylation, can be differentially modu-
lated by the type of signal and structurally impact the 
selection of substrates.

In addition, different signals may induce different 
levels of p38α activation, which is likely to affect the 
substrates that are phosphorylated. In this regard, it is 
important to distinguish between homeostatic functions 
and stress responses, as the latter are usually associated 
with higher levels of p38α activity67,163. The molecular 
basis for the differential phosphorylation of particular 
substrates depending on p38α activity levels may rely 
on both the substrate expression levels and the exist-
ence of particular sequences, such as so-called docking 
sites, which facilitate the interaction between the sub-
strate and p38α (ref.164). MK2 and MEF2a are prototypic 
docking site-containing substrates, which show robust 
interaction with p38α, but this is not observed in many 
p38α substrates (our unpublished data). The exact num-
ber of substrates that contain docking sites is unknown 
as the motifs are rather degenerated and the docking 
ability should be determined empirically using pro-
tein–protein interaction assays165. Thus, a protein that 
is highly expressed or with a docking site may have a 
higher chance of being phosphorylated by a small num-
ber of active p38α molecules. On the contrary, substrates 
that are actively targeted by phosphatases may require 
a higher number of active p38α molecules to achieve a 
substantial fraction of substrate phosphorylation.

An example of how p38α activity levels may affect dif-
ferent functions can be found in HSCs, where p38α sup-
ports viability upon differentiation cues or bone marrow 
transplantation, but drives apoptosis and other deleteri-
ous responses following persistent infection or irradiation 
(Fig. 4b). This seems to correlate with different ROS levels 
produced in each context83,151,152,166. Similarly, hepatic p38α 
protects from high-fat diet-induced liver steatosis and 
liver injury by limiting the accumulation of fatty acids, 
but the combination of a high-fat diet with inflammatory 
signals boosts the levels of hepatic p38α activation leading 
to hepatocyte death (Fig. 4d). Although the p38α substrates 
responsible for the different hepatocyte responses were 
not elucidated, ROS were speculated to be involved110.

The ability of p38α to regulate a particular process 
at different levels and with opposite effects also offers 
the possibility for the integration of different inputs to 
modulate the signalling output balancing the response 
in a way most appropriate for the context. For example, 
p38α induces the degradation of the IFNα/β receptor 
IFNAR1, but positively modulates the transcription of 
interferon-stimulated genes. This allows cells to fine-tune 
the extent and duration of IFNα/β signalling and anti-
viral defences128,167. Likewise, the p38α–MK2 pathway 
modulates TNF expression and mediates TNF-induced 
production of pro-inflammatory cytokines, while 
restricting TNF-induced cell death. This provides a way 

BCL-2 family proteins
An evolutionarily conserved 
family of proteins that share 
BCL-2 homology (BH) domains 
and can interact with a 
complex network of proteins. 
Their primary function is to 
control cell death by regulating 
the permeabilization of the 
mitochondrial outer membrane 
and caspase activation.

hnRNPA1
An RNA-binding protein that 
controls pre-mRNA processing 
and transport from the 
nucleus to the cytoplasm, and 
facilitates cell viability in 
response to stress, probably 
mediated by its recruitment  
to stress granules.

SKIIP
A component of the 
spliceosome that controls 
mRNA splicing and can  
also regulate transcription, 
and may modulate cell 
adaptation to stress through  
its phosphorylation by p38α 
and the generation of the 
GADD45α alternatively 
spliced isoform.
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to link the regulation of cell death and inflammation so 
that cells can support the inflammatory response and 
control TNF-induced cytotoxicity133–135.

Finally, although most p38α substrates appear to 
be cytoplasmic, about 30% can be detected in the 
nucleus168, and some in other locations such as lyso-
somes or the cytoskeleton94. It is therefore conceiva-
ble that p38α pools might exist in different subcellular 
locations, and that activation of particular pools would 
impact on the specificity of p38α-regulated processes. 
Supporting this idea, p38α phosphorylates GSK3β in 
the nucleus, where it associates with the double-strand 
break marker γH2AX in response to DNA damage169. 
Thus, substrate specificity could be linked to particular 
subcellular locations.

Cell context. Besides the signal received, different cell 
types express different sets of proteins, including the 
substrates that can be potentially phosphorylated by 

p38α. The ability of p38α to regulate specific functions 
depending on the cell type was nicely illustrated by a 
report showing a sex reversal phenotype — where an 
XY genotype has female gonads — in mice with p38α 
and p38β deletion23. This phenotype was mediated by 
p38α and p38β controlling expression of the Sry gene, 
a master regulator of sex determination. Interestingly, 
p38 signalling is activated in both male and female 
gonads, but as the Sry gene is located on the Y chromo-
some, it is only expressed in males. This example shows 
how availability of the target rather than activation of 
the pathway per se determines a specific response.  
Of course, target availability is not the only cell-specific 
factor that determines p38α function. For instance, 
p38α induces apoptosis when aneuploidy is induced 
in near-diploid HCT116 cancer cells that have robust 
mechanisms of genomic stability control116, whereas 
aneuploid cancer cells rely on p38α to engage DNA 
repair and facilitate survival117. It is therefore tempting 
to speculate that mechanisms linking aneuploidy with 
p38α-induced apoptosis might be non-operative in 
some cancer cells, and that the final fate of aneuploid 
cells may depend on the status of other DNA damage 
response proteins.

Post-translational modifications that target p38α 
or its regulators may also affect the cell type-specific 
responses orchestrated by the pathway, as some of the 
enzymes responsible for the modifications are expressed 
in particular cell types. For example, the arginine methyl
ase PRMT7 is upregulated during myoblast differentia-
tion and through p38α methylation facilitates muscle 
gene expression51. How methylation facilitates p38α 
activation is not yet clear.

The outcome of p38α signalling can be also regu-
lated by the status of other signalling pathways due to 
cell type intrinsic characteristics or mutations in par-
ticular genes, which may change the balance among 
different players in the signalling network, potentially 
making p38α-regulated functions more obvious. The 
pro-survival roles of p38α in cancer cells with mutated 
p53 (refs99,102,170) or that express low levels of the 
phosphatase PP2AC171 illustrate this point (Box 2).

In summary, the diversity of functions performed by 
p38α depends on several factors that are engaged mostly 
by the nature of the signal and the cell context (Fig. 5a).

Physiopathological functions of p38α
Signalling by p38α can regulate many biological 
responses, and has been linked to several human patho
logies (Fig. 5b). However, it is not clear that diseases 
are always caused by increased p38α signalling, as 
enhanced p38α phosphorylation (as a surrogate for 
activity) is not consistently detected in pathologies and, 
when detected, p38α activation might be a consequence 
rather than a driver of the pathogenesis. Alternatively, 
during disease development p38α might acquire new 
functions that favour pathogenesis without concomi-
tant upregulation of the pathway activity. Nevertheless, 
the mechanisms of pathological p38α activation are not 
well understood in most cases. Below, we address vari-
ous functions of p38α in physiological and pathological 
situations.

NELFE
An RNA-binding protein that is 
a component of the negative 
elongation factor (NELF) 
complex, which represses 
RNA polymerase II transcript 
elongation.

RBM7
An RNA-binding subunit of 
the trimeric nuclear exosome 
targeting (NEXT) complex, 
initially described to direct 
non-coding short-lived RNAs 
for exosomal degradation.

Box 2 | Interplay between p38 kinases and other signalling routes

p38 kinases can interact in different ways with other signalling pathways, and these 
connections should be considered to understand how specific functions of p38 kinases 
are performed. An interesting example of cooperation between pathways is found 
between p38α and checkpoint kinase 1 (CHK1) in DNA integrity maintenance.  
The p38α–MK2 axis and CHK1 have been reported to synergistically prevent 
uncontrolled activation of cyclin-dependent kinase 1 (CDK1), premature mitotic entry 
and associated DNA damage, thereby ensuring genome stability during the normal cell 
cycle260. This is consistent with previous studies showing that DNA damage-inducing 
drugs activate both pathways, which together control the survival of cancer cells with 
p53 mutations99,102,170, and that combined inhibition of MK2 and CHK1 impairs the 
growth of KRAS and BRAF mutant tumours, which are characterized by a basal 
activation of the DNA damage response235.

In addition, p38α is known to modulate, directly or indirectly, several signalling 
pathways. For example, p38α can inactivate glycogen synthase kinase 3β (GSK3β) 
by direct phosphorylation on Thr390, independently of the amino-terminal 
phosphorylation mediated by AKT, the canonical mechanism of GSK3β inactivation261. 
This p38α-regulated inactivation of GSK3β signalling operates mainly in the brain and 
lymphocytes169. In other cases, the outcome of the interplay with p38α depends on the 
context, such as with the nutrient-sensing mTOR pathway — a central regulator of 
mammalian metabolism. p38α has been reported to control mTOR activity in response 
to certain stresses and growth factors262, in regulatory T cell function263 and in heart 
ischaemia264. However, other studies have placed p38α signalling downstream of mTOR, 
for example in ageing intestine villi150, or in the control of senescence-associated 
secretory phenotype155. Interestingly, the expression levels of the phosphatase PP2AC 
have been reported to influence the interplay between p38α and mTOR signalling, so 
that p38α would favour survival of colon cancer cells with low PP2AC, while promoting 
cell death if PP2AC levels are high171.

Another major stress-responsive mitogen-activated protein kinase (MAPK) pathway, 
the JNK1/2 pathway, has been consistently found to be negatively regulated by p38α  
in different contexts2. Importantly, the enhanced JNK activity observed in several cell 
types upon p38α inhibition or downregulation is likely to be relevant in vivo, as the 
phenotypes observed upon p38α downregulation sometimes can be ascribed to the 
concomitant JNK upregulation145,146, and differences in JNK activity levels may provide 
a source of cell-to-cell heterogeneity when targeting p38α42. Paradoxically, the p38α 
and JNK pathways are often simultaneously activated in response to stress5, as they 
share numerous upstream MAP3K activators, such as TAK1, MLK3 or ASK1, but can 
potentially display opposing functions, suggesting that the dynamic balance between 
p38α and JNK signalling is essential for cell homeostasis.

Further functional interactions have been reported with p53, NF-κB or ERK1/2 
pathways3. Overall, this ability of p38α to interplay with other key signalling pathways 
provides a molecular basis for functional diversity, which together with the cell type 
and environment factors is bound to influence the different processes that p38α 
signalling can control.
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Roles in immune cell function, inflammatory responses 
and inflammatory diseases. The p38α pathway plays an 
important and evolutionary conserved role in innate 
immune responses and the defence against bacterial and 
viral pathogens82,172. Accordingly, many bacteria have 
evolved mechanisms to increase virulence by inhibiting 
p38α signalling in the cellular host. However, p38α can 
also facilitate the replication of some viruses, indicat-
ing that this pathway can regulate viral pathogenesis at 
different levels.

There is ample evidence linking p38α to pro- 
inflammatory functions, both by mediating signalling 
in response to cytokine exposure and by controlling the 
production of inflammatory modulators. In agreement, 
mouse experiments support that p38α signalling con-
tributes to the pathogenesis of several inflammatory dis-
eases including rheumatoid arthritis and chronic obstructive  
pulmonary disease173. However, p38α can also have cell 
type-specific anti-inflammatory functions that are 
thought to be important for turning off the inflammatory 
responses to avoid tissue damage82.

Beyond controlling innate immunity and cytokine 
production, p38α can regulate the function of several 
cell types implicated in adaptive immunity82,160,174. Thus, 
p38α inhibition improves T cell expansion and expression 
of stemness markers, and promotes redox balance and 
genomic stability in T cells, enhancing the antitumour 
efficacy of T cell-based immunotherapy175, but seems 
to be counterproductive during V(D)J recombination or  
class switch recombination, impairing B cell survival169. 
In addition, p38α inhibition has been reported to boost 
HSC renewal and repopulation activity in response to 
persistent stress, suggesting a strategy to tackle infection83 
and ageing166.

Inflammation has been linked to diseases such as 
neurodegenerative conditions (see next subsection) and 
cancer, suggesting potential therapeutic uses for p38α 
inhibitors. In the context of cancer, p38α inhibition in 
macrophages or dendritic cells reduces colon inflam-
mation and the associated tumorigenesis in mice120,121. 
Moreover, inhibition of p38α stabilizes IFNAR1, which 
improves the viability of cytotoxic T lymphocytes 
potentiating antitumour immune responses in colorec-
tal tumours129, and induces chemokine expression that 
enables neutrophil infiltration into lungs130,131, in both 
cases suppressing tumour growth.

Overall, p38α is a crucial coordinator of immune  
cell function and inflammatory responses in various cell  
types, which in turn impinge on diverse pathologies 
such as infection, neurodegenerative diseases and  
cancer. However, the ability of p38α to control both pro- 
inflammatory and anti-inflammatory functions compli
cates the clinical use of pharmacological inhibitors of  
this pathway, which would benefit from a greater under-
standing of the mechanisms that underlie contextual 
p38α signalling.

Neuronal regulation and roles in neurodegenerative 
diseases. p38α has been implicated in several neuronal 
or glial-specific functions that are relevant for brain 
physiology, such as neuronal excitability156, synaptic 
plasticity157,176–178 or myelination179–181 (Fig. 4c). However, 
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Fig. 5 | Diversity of p38α roles in health and disease. a | p38α is known to modulate 
many cellular processes, but not all of these functions are performed simultaneously.  
The gears illustrate the required coordination among several key factors that can 
influence the diversity of p38α-driven cellular responses. b | Genetic and pharmacological 
targeting of p38α in mouse models has revealed the implication of this signalling pathway 
in several physiological functions, and its dysregulation has been linked to a plethora of 
diseases. The homeostatic functions (left) and the diseases (right) in which the p38α pathway 
has been reported to play a role are indicated. c | Results from animal and cell-based 
preclinical models have supported the interest of p38α as a potential target in some of 
these pathologies, and several clinical trials have been developed using pharmacological 
p38α inhibitors, alone or in combination with other drugs. The boxes show the proportion 
of different pathologies targeted in clinical trials (ClinicalTrials.gov database) with p38α 
inhibitors (upper) and their evolution over the past 20 years (bottom). The disappointing 
results obtained in most clinical trials performed so far have led to a decline in the number of  
studies testing p38α inhibitors in patients in recent years, probably reflecting the decision  
of pharmaceutical companies to pursue novel targets. However, encouraging preclinical 
results have stimulated ongoing phase II clinical trials that either use mitogen-activated 
protein kinase (MAPK)-activated protein (MAPKAP) kinase 2 (MK2) inhibitors or target 
new diseases, as shown in Table 1. COPD, chronic obstructive pulmonary disease.
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p38α has also been associated with neuronal patholo-
gies. For example, neuropathic pain has been ascribed 
to p38α activation in microglia and the production of 
pro-inflammatory cytokines, which in turn induce neu-
ron hyperactivity and pain hypersensitivity. The thera-
peutic potential of inhibiting p38α in pain transduction 
has been investigated in clinical trials, but no drug is 
approved yet and the interest seems to have faded182.

By contrast, the potential clinical use of p38α 
inhibitors to treat neurodegenerative diseases is on 
the rise183. p38α phosphorylation is detected in the 
early stages of Alzheimer disease184–186. Consistently, 
the phosphatase DUSP1 is downregulated in brains 
of individuals diagnosed with Alzheimer disease, and 
its upregulation ameliorates cognitive impairment in 
mouse models187. Alzheimer disease is a multifactorial 
disease characterized by the accumulation of hyper-
phosphorylated Tau proteins and β-amyloid plaques, 
as well as increased neuroinflammation, and p38α has 
been involved in all of these processes188. In fact, inhibi-
tion of p38α attenuates neuroinflammation, which cor-
relates with improved spatial memory in mouse models 
of Alzheimer disease189,190. Altogether, preclinical stud-
ies in various animal models have increased expec-
tations of p38α as a potential therapeutic target for  
Alzheimer disease189.

Similarly, downregulation of p38α in a mouse model 
of Parkinson disease that expresses mutated α-synuclein 
alleviates the synaptic loss in dopaminergic neurons 
in vitro159. Moreover, MK2-deficient mice treated with 
neurotoxin showed decreased loss of dopaminergic 
neurons and lower neuroinflammation, supporting 
the potential benefits of inhibiting p38α signalling in 
Parkinson disease191.

In contrast to Alzheimer disease and Parkinson dis-
ease, amyotrophic lateral sclerosis (ALS) has an earlier 
onset, which is caused by the degeneration of motor neu-
rons ultimately leading to cell death. p38α activation has 
been detected both in motor neurons and microglia of 
the ALS mouse model and in patients with ALS192,193, and 
p38α inhibition improves ALS-associated defects such as 
axonal retrograde transport in mice194 or loss of survival 
in human motor neurons cultured in vitro195.

Moreover, p38α inhibition normalizes both physio-
logical and behavioural perturbations in a mouse model 
of autism spectrum disorder, suggesting p38α inhibition 
as a potential therapy for this disease196. However, as in 
Parkinson disease or ALS, further work is needed to 
validate p38α as a therapeutic target.

Regulation of cardiomyocytes and roles in cardiovas-
cular diseases. p38α can modulate several functions in 
cardiomyocytes, including hypertrophy, contractibil-
ity, fibrosis and apoptosis, which may impact on heart 
failure197. The activation of this pathway often corre-
lates with cardiac pathologies such as atherosclerosis 
or myocardial ischaemia198, supporting the efforts to 
use p38α inhibitors in the clinic. Although p38α inhib-
itors are well tolerated and attenuate some inflamma-
tory components199, a phase III clinical trial showed no 
effect of these inhibitors on lowering the risk of major 
ischaemic cardiovascular events200. However, given the 

consistent preclinical data supporting the benefits of 
inhibiting p38α signalling, alternative strategies have 
been proposed, such as inhibition of MK2 (ref.201) or 
targeting the TAB1-induced activation of p38α, which 
has been implicated in cardiomyocyte death upon 
ischaemia–reperfusion32,33,202.

Roles in metabolism and metabolic diseases. p38α has 
been implicated in the regulation of cellular bioener-
getics at different levels, including the ability to phos-
phorylate proteins such as PGC1α, CREB or C/EBPβ 
that regulate glucose or lipid metabolism203. Recently, a 
brain cell type named tanycyte has been shown to pro-
duce in a p38α-dependent manner the hormone FGF21, 
which regulates body lipid homeostasis, suggesting 
that p38α can regulate energy expenditure at a systemic  
level too76.

One of the best characterized roles of p38α in metab-
olism is the activation of the thermogenic programme in 
adipocytes, a calorie-burning process that avoids body 
weight accumulation (Fig. 4a). There is evidence that 
p38α is required for both brown adipocyte thermogen-
esis and the browning process. Unexpectedly, mice lack-
ing p38α in adipose tissue were recently shown to display 
resistance to diet-induced obesity and increased energy 
expenditure, in contrast to the pro-thermogenic role of 
p38α. This may be explained by regulatory differences 
among various adipose depots — uniformly affected by 
the knock out — and/or the impact of other p38 family 
members that becomes visible upon loss of p38α27,204. 
Moreover, p38α inhibition can revert the decline in 
browning capacity observed with age, by avoiding entry 
into senescence of the aged adipocyte progenitors205. 
These results indicate that p38α plays different roles 
depending on the adipocyte type and status, providing 
a more complex picture of how this pathway can regulate 
adipose tissue functions.

There is also evidence that p38α can play a dual role 
in non-alcoholic fatty liver disease by performing differ-
ent functions in hepatocytes exposed to a high-fat diet 
depending on the disease stage, which might be linked 
to different p38α activation levels. Thus, at early stages, 
p38α is weakly activated and protects from steatosis, 
but as the disease progresses and becomes associated 
with inflammation, p38α activation is stronger and 
exacerbates steatohepatitis110 (Fig. 4d). Moreover, p38α 
in macrophages can further impact on liver diseases 
by controlling pro-inflammatory cytokine production, 
which boosts steatohepatitis206.

Although not strictly a metabolic disease, cachexia 
is a muscle-wasting syndrome, often associated with 
chronic diseases such as cancer, characterized by an 
enhanced metabolic rate that is not compensated by 
increased caloric or protein intake, leading to skeletal 
muscle loss. p38α was proposed to boost this process 
by promoting increased mitochondrial respiration in 
the muscle207, which is linked to muscle catabolism and, 
subsequently, muscle mass loss. In addition, cachectic 
cells secrete inflammatory factors that induce fatty acid 
oxidation and enhance oxidative stress, leading to p38α 
activation in neighbouring cells fuelling muscle atro-
phy in this feedforward loop. Accordingly, inhibition 

Chaperone-mediated 
autophagy
A process that allows the 
degradation of selected 
intracellular proteins through 
the recognition of a degradation 
tag by chaperones, which 
then translocate across the 
lysosomal membrane in a 
receptor-mediator manner 
for protein degradation.

Macroautophagy
A process in which cytoplasmic 
proteins and organelles are 
enclosed in vesicles called 
autophagosomes that then fuse 
with lysosomes, leading to the 
degradation of their content.

β-Oxidation
A multistep catabolic process 
that takes place in the 
mitochondria and breaks down 
fatty acids to produce energy.

Endoplasmic reticulum 
stress
Saturation of the capacity  
of endoplasmic reticulum- 
resident chaperones to fold 
proteins, which gives rise to a 
stress response referred to as 
the unfolded protein response.

HIF1α
A subunit of the HIF1 
heterodimeric transcription 
factor, which is induced by 
low-oxygen conditions and is 
considered a master regulator 
of the response to hypoxia.

Brown adipocytes
The main cells in the brown 
adipose tissue characterized 
by the presence of small  
lipid droplets, a high number  
of mitochondria and the 
expression of uncoupling 
protein 1 (UCP1), which 
uncouples oxidative 
phosphorylation from ATP 
production to release heat.

Hepatic stellate cells
Liver-specific mesenchymal 
cells located between  
the hepatocytes and the 
endothelial cells of small  
blood vessels that play key 
roles in hepatic physiology  
and fibrogenesis.

Senescence-associated 
secretory phenotype
(SASP). The ability of senescent 
cells to secrete various proteins 
such as cytokines, growth 
factors and proteases that  
act in a paracrine fashion on 
other cells.
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of p38α has emerged as a potential strategy to slow 
down cachexia74,208.

Roles in cancer. p38α was initially described as a 
tumour suppressor in normal epithelial cells, based on 
its ability to inhibit oncogene-induced malignant cell 
transformation in cell cultures, which can be medi-
ated by inhibiting cell proliferation, triggering cell 
death or promoting cell differentiation2,209,210. Further 
experiments confirmed that genetic downregulation 
of p38α enhances tumour growth in mouse models of 
liver, lung, colon and skin cancer2,149,211–213. These data 
collectively indicate that p38α can suppress tumour 
initiation both in vitro and in vivo. However, there 
is also evidence from diverse experimental systems 
showing that this pathway is often harnessed by malig-
nant cells to support tumour progression214. Thus, 
studies in mouse models of colon, breast and lung 
cancer indicate that p38α can engage different mech-
anisms in cancer cells to support primary tumour 
growth in vivo, including the modulation of intracel-
lular signalling pathways that control cell survival and 
proliferation, the regulation of DNA repair or the pro-
duction of extracellular factors that support cancer cell 
proliferation117,213,215,216. Moreover, p38α may promote 
metastasis of breast cancer, ovarian cancer and mela-
noma cells by targeting various proteins involved in the 
regulation of epithelial–mesenchymal transition, cell 
migration and extravasation217–221. However, similar to 
other roles of p38α, its effects on cancer cell spread-
ing are context-dependent, as p38α was reported to 
prevent early dissemination of HER2 (also known as 
ERBB2)-positive mammary cancer cells222 and the abil-
ity of colon cancer cells to colonize the lung from liver 
metastasis223. In addition, the p38α–MSK1 axis controls 
dormancy of disseminated ER+ breast cancer cells224. 
The different environments to which cancer cells are 
exposed during metastasis and in the primary tumour 
probably affect the functions regulated by p38α.

Recent work has also highlighted the importance 
of p38α in the crosstalk between cancer cells and non- 
malignant cells of the tumour stroma. In fibroblasts, 
p38α signalling can support tumour growth in dif-
ferent ways that include triggering the production of 
pro-tumorigenic SASP factors154, remodelling the extra-
cellular matrix through hyaluronan synthesis to prepare 
the tumour niche225, fuelling cancer cell metabolism by 
inducing cytokines that mobilize glycogen in cancer 
cells to release glucose226 or inducing the expression of 
chemokines that enable infiltration by neutrophils into 
the lung to facilitate lung metastasis131. Pro-tumorigenic 
roles of p38α signalling have been also reported to 
be conferred by immune cells, such as macrophages 
and dendritic cells, where the p38α pathway facili-
tates inflammation, which was associated with colon 
tumorigenesis in mouse models120,121,227. Furthermore,  
non-canonical p38α activation in T cells promotes an 
inflammatory state that facilitates pancreatic ductal 
carcinoma development228. In addition, cancer cells 
also rely on p38α to produce cytokines and chemo
kines that recruit pro-tumorigenic myeloid cells to the 
tumour niche229. Similarly, the p38α–MK2 axis was 

implicated in the upregulation of T cell inhibitory protein 
PDL1 in cancer cells favouring immune suppression  
signalling71.

Besides its role in tumour initiation and progres-
sion, p38α activity has been linked to chemotherapy 
response, by either promoting or antagonizing cyto-
toxicity depending on the chemotherapeutic drug and 
the tumour model. Targeting p38α generally impairs 
cell death induced by oxaliplatin61,230, or the nucleoside 
analogues gemcitabine and cytarabine, but has a less 
clear effect on chemotherapeutic drugs such as cis-
platin or 5-fluoracil214,231. Given the variability in p38α 
function observed in established cancer cell lines232, 
and considering both the role of p38α in the tumour 
stroma and the contribution of stromal cells to the 
chemotherapy response, it is particularly important 
to use in vivo models to better predict the response of 
patients to p38α-inhibiting drugs. In this regard, a few 
studies that combine p38α inhibitors and chemother-
apy treatments in vivo have reported promising results. 
Thus, pharmacological inhibition of p38α synergizes 
with cisplatin in a breast cancer model233, decreases 
resistance to the multikinase inhibitor sorafenib in a 
hepatocarcinoma model234 and boosts the cytotoxic 
effect of taxanes in a breast cancer mouse model and 
human-derived xenografts117. Moreover, p38α and MK2 
inhibitors potentiate the effect of targeted drugs such as 
checkpoint kinase 1 (CHK1) inhibitors in KRAS or BRAF 
mutant tumours235 or Smac mimetics in leukaemia236, 
supporting the interest of combining p38α inhibitors 
with clinically used anticancer agents. Of note, inhi-
bition of the p38α–MK2 pathway can also prevent 
chemotherapy-induced bone loss in mice237.

In summary, there is overwhelming support for the 
idea that p38α functions as a non-oncogene addiction factor 
in malignant cells, which enables the survival and 
proliferation of many cancer cell types through vari-
ous mechanisms, perhaps explaining why p38α is not 
commonly mutated in tumours, despite displaying 
tumour suppressor functions in normal epithelial cells. 
However, the role of p38α is not restricted to malignant 
cells and it may also function in tumour stromal cells to 
promote tumour growth and dissemination (in part via 
pro-inflammatory signals). Overall, inhibition of p38α 
signalling may produce antitumoural effects by target-
ing this pathway in different cell types of the tumour 
and its niche, by enhancing the efficacy of immuno-
therapies and by potentiating chemotherapy treatments. 
However, therapeutic interference with p38α signalling 
may also result in unexpected adverse effects, so p38α 
inhibitors should be used with care.

p38α as a therapeutic target
The discovery of p38α as an inflammation and immune 
response modulator supported the efforts to develop 
chemical inhibitors for diseases such as rheumatoid 
arthritis, chronic obstructive pulmonary disease or 
asthma. The initial impetus to target inflammatory 
diseases led to the generation of a series of potent p38α 
inhibitors with good pharmacokinetic properties that 
are being repurposed for other pathologies. These 
include neflamapimod (VX-745) for patients with 

Rheumatoid arthritis
An inflammatory disease  
that causes pain, swelling and 
stiffness mainly in the joints, 
and is the most common form 
of autoimmune arthritis.

Chronic obstructive 
pulmonary disease
A progressive lung condition 
characterized by chronic 
inflammation and tissue 
damage that causes airflow 
blockage and breathing 
difficulties, including 
emphysema and chronic 
bronchitis.

V(D)J recombination
An essential process in the 
adaptive immune system  
by which developing  
T lymphocytes and  
B lymphocytes randomly 
assemble different gene 
segments in order to generate 
a diverse repertoire of antigen 
receptors that will allow the 
recognition of pathogens.

Class switch recombination
Intrachromosomal DNA 
rearrangement of the 
immunoglobulin heavy-chain 
locus that allows proliferating  
B cells to change the class of 
the immunoglobulin expressed, 
maintaining the antigen 
specificity but modifying the 
antibody properties.

β-Amyloid plaques
Insoluble aggregates of 
misfolded protein that form  
in the space between nerve 
cells and that are thought to 
contribute to pathogenesis  
of Alzheimer disease.

α-Synuclein
A neuronal protein mainly 
localized at synapses that 
constitutes the major 
component of Lewy bodies  
and Lewy neurites, which are 
the hallmarks of a group of 
neurodegenerative diseases 
that include Parkinson disease.

Tanycyte
A nutrient-sensing cell 
integrated in the hypothalamic 
neural network of the brain, 
which is involved in the control 
of energy homeostasis.

Tumour stroma
Non-cancer cells in the  
tumour including fibroblasts, 
endothelial cells and immune 
cells, as well as extracellular 
matrix components such as 
collagen or hyaluronan.
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early Alzheimer disease, Lewy body dementia and early 
Huntington disease, talmapimod (SCIO-469) for mul-
tiple myeloma, ARRY-371797 for cardiomyopathy, and  
losmapimod (GW856553) for muscular dystrophy 
and, more recently, the treatment of patients affected 
by COVID-19 (information from ClinicalTrial.gov 
database). These efforts are further supported by the 
encouraging results observed in preclinical studies that 
pharmacologically target the p38α pathway in various 
disease models (Table 1).

However, application of p38α inhibitors in the clin-
ical setting has proven difficult so far. For example, a 
phase II clinical trial with a small-molecule inhibitor 
of p38α, PH-797804, showed improved lung function 
parameters in patients with chronic obstructive pul-
monary disease238, but further studies generated dis-
appointing results, as did many other clinical trials 
performed over the past 20 years6 (Fig. 5c). The reasons 
for the lack of success in applying p38α inhibition in 
the clinic may range from the widespread use in ini-
tial studies of SB203580, a potent inhibitor of the 
kinase but with clear non-specific effects239, to the use 
of models that did not faithfully recapitulate the actual 
disease environment, thereby generating preclinical 
results that did not align with the drug application 
in the patient setting240. In addition, the diversity of 
p38α-regulated functions, sometimes resulting in oppo-
site responses, could contribute to the failure of clinical 
trials using p38α inhibitors. In this regard, inhibition of 
the downstream target MK2 has been proposed as an 
alternative to decrease undesired effects. Accordingly, 
the MK2 inhibitor ATI-450 (also known as CDD-450) 
was shown to inhibit pro-inflammatory cytokine pro-
duction with no serious adverse effects in a phase I  
trial, supporting its further clinical development241. 
Overall, it is likely that more tailored approaches 
focusing on a specific cell type or p38α-directed sig-
nalling branch could be more successful in correcting 
this pathway in disease as compared with generalized 
inhibition.

Given that p38α signalling can potentially regulate 
many functions, the long-term treatments required for  
chronic pathologies such as autoimmune or neuro
degenerative diseases are more likely to result in 
undesirable effects, as well as in adaptation to the inhib
ition and lack of efficacy. Thus, pathologies such as  
cancer where p38α inhibitors can be used acutely and 
in combination with other drugs might provide better 
responses242,243. Novel approaches to target p38α signal-
ling are now emerging. Besides the inhibition of parti
cular p38α downstream branches, it is appealing to 
consider compounds that target p38α for degradation244, 
or the possibility of tissue-specific targeting of p38α 
to improve efficacy and reduce the undesired effects 
of systemic administration245. Moreover, it has been 
reported that inhibiting the nuclear translocation of 
p38α, which may interfere only with p38α functions in 
the nucleus, reduces inflammation in mouse models246. 
It would be also interesting to explore the possibil-
ity of generating drugs that mimic the effect of p38α 
phosphorylation on substrates that function as tumour 
suppressors247.

In summary, a better understanding of the p38α con-
tribution to diseases at the cellular and organism levels 
should help develop new compounds to target specific 
p38α activation mechanisms or particular effectors, 
which could increase selectivity and reduce clinical 
drawbacks of the current inhibitors.

Conclusions and perspectives
Over the past 25 years, p38 kinases — in particular, 
p38α — have gone from being known as regulators of 
environmental stress and inflammation to being recog-
nized as key players in homeostasis maintenance at the 
cellular, tissue and organism levels. Recent work using 
genetically modified mice and improved disease models 
supports the implication of p38α in the development of 
several pathologies, including cancer, autoimmune dis-
orders, neurodegenerative diseases and malfunction of 
the cardiovascular system (Fig. 5b). However, attempts to 
translate these findings into therapies have not yet been 
successful.

The versatility of the p38α pathway allows it to reg-
ulate a wide range of biological processes, raising the 
question of how specific responses are orchestrated 
depending on the cell context. Detailed accounts of the 
underlying mechanisms for context-specific signalling 
are largely lacking, but some common themes are start-
ing to emerge. Thus, high levels of p38α activity are often 
linked to deleterious effects and cell death, whereas 
cell survival and homeostatic functions tend to rely on 
milder or transient p38α activation levels. In fact, cell 
survival regulation in response to stress is a key func-
tion of p38α, which has been hijacked by cancer cells to 
thrive under conditions, such as high DNA damage, that 
would be detrimental for normal cells. It is important to 
keep in mind that cell type or disease-specific genetic 
alterations may affect the wiring of signalling networks 
that operate during homeostasis, which combined with 
p38α signalling versatility may result in the acquisition 
of new p38α functions, explaining the difficulty in fore-
seeing the effects of targeting this pathway in different 
scenarios.

Although thousands of papers have been published 
on p38α, we still know very little on the collection of 
p38α phosphorylated proteins induced by each signal, 
the regulation and function of different p38α pools 
inside the cell and how p38α signals are integrated with 
other pathways to regulate particular processes. This 
information is critical to understand how p38α activa-
tion may result in different, sometimes even opposite, 
outcomes depending on the context.

Future work should build on techniques to study 
kinase activity and protein modifications at the 
single-cell level, and the use of affordable and reliable 
omics technologies to identify substrates and protein 
interactors as well as gene expression changes asso-
ciated with p38α activation in different cell types and 
upon exposure to different inputs. This should inform 
on where, when and how p38α is activated, and which 
targets are engaged depending on the context. In addi-
tion, genome-wide screening analysis should provide 
valuable information on pathways that collaborate with 
or antagonize p38α signalling.

PDL1
A transmembrane protein that is 
involved in immunosuppression 
during physiological processes 
but has been also implicated  
in some immune diseases  
and is often upregulated in 
cancer cells.

Checkpoint kinase 1
(CHK1). A serine/threonine 
protein kinase involved in 
checkpoint signalling and 
coordination of the DNA 
damage response, which 
plays a key role in maintenance 
of genomic integrity.

Smac mimetics
Targeted drugs that induce 
apoptosis in cancer cells by 
interfering with the pro-survival 
function of inhibitor of 
apoptosis proteins (IAP).

Non-oncogene addiction 
factor
The cancer cell dependency  
on the cellular functions of 
proteins that themselves  
do not trigger malignant cell 
transformation, that is, do not 
have oncogenic activity.

Lewy body dementia
A disease driven by the 
accumulation of abnormal 
deposits of α-synuclein in the 
brain, which causes problems 
in behaviour, memory and 
movement.
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Table 1 | Studies using p38α pathway inhibitors in disease models of potential clinical relevance and in clinical trials

Disease Model/clinical trial phase Treatment Outcome/clinical trial title Ref./
identifier

Preclinical modelsa

Sustained 
inflammation

Human dermal model of acute 
inflammation

Losmapimod 
(GW856553)b

p38 inhibition reverses the impaired 
inflammatory resolution phase of 
older individuals

132

RA Streptococcus aureus cell wall-induced 
arthritis in rat

CDD-450c MK2 inhibition reduces paw swelling 
and mineral bone loss

241

Alzheimer disease Mice expressing 5XFAD: human APP 
and PS1 transgenes with a total of five 
Alzheimer disease-linked mutations

NJK14047b p38 inhibition reduces the impaired 
spatial learning memory and 
degenerating neurons

248

Alzheimer disease Mice expressing humanized mutant APP 
and mutated PS1 both driven by the 
endogenous mouse promoters

MW150b p38 inhibition suppresses associative 
and spatial memory deficit

249

Autism Mice expressing SERT-Ala56 MW150b p38 inhibition normalizes 
physiological and behavioural 
perturbations

196

Cardiac fibrosis Mice with cardiomyocyte-driven 
expression of cMyBP-C(40k), a 40-kDa 
peptide fragment derived from the amino 
terminus of the cardiac myosin-binding 
protein C

MMI-0100c MK2 inhibition reduces cardiac 
fibrosis and hypertrophy

201

Intimal hyperplasia in 
vascular grafts

Human saphenous vein cultured ex vivo, 
and rabbit vein transplant model

Nanoparticles  
with MK2 inhibitory 
peptide

MK2 inhibition decreases 
inflammatory signalling and 
symptoms of graft failure

250

Cancer Mice with mammary tumours formed  
by expression of the PyMT transgene  
in mammary gland cells

Cisplatin and 
PH-797804b

p38 inhibition enhances cisplatin 
cytotoxicity

233

Cancer Mice implanted with cancer cells derived 
from PyMT-induced mammary tumours

CDD-111b and 
CDD-450c

p38 or MK2 inhibition decreases 
bone and visceral metastases and 
prevents bone destruction

237

Cancer Mice with NRASG12V and p19Arf-knockout 
liver tumours

Sorafenib and 
BIRB796b, 
l-skepinoneb or 
PH-797804b

p38 inhibition increases therapeutic 
efficacy of sorafenib

234

Cancer Mice with AOM/DSS inflammation-driven 
colon tumours

PH-797804b p38 inhibition reduces colon  
tumour load

213

Cancer Mice with KRASG12D and Tp53-knockout 
lung tumours, high-grade sarcomas or 
BRAF-driven intestinal carcinomas

PF3644022c and 
PF477736

Combined inhibition of MK2  
and CHK1 induces cytostatic  
or cytotoxic effects in different 
tumour types

235

Cancer Acute myeloid leukaemia cells isolated 
from patients, and mouse models

Birinapant and 
LY2228820b

p38 inhibition boost the Smac 
mimetic effects in 50% of human 
leukaemia cells, and in MLL-ENL  
and MLL-AF9 leukaemias in vivo

236

Cancer Mice with tumours formed by 
subcutaneous implantation of the mouse 
colon adenocarcinoma cell line MC38

LY2228820b and 
SD-208

Combined inhibition of p38 and PKD 
disrupts the immune-privileged niche 
and impairs tumour progression

129

Cancer Mice with mammary tumours formed by 
the PyMT transgene or with breast cancer 
patient-derived xenografts

Taxanes and 
PH-797804b or 
LY2228820c

p38 inhibition enhances taxane 
cytotoxicity in PyMT mice, and 
potentiates or prolongs taxane 
effects in 75% of the patient-derived 
xenografts

117

Cancer Mice with subcutaneously implanted 
melanoma cell line B16-mhgp100 or 
injected with the acute lymphoblastic 
leukaemia cell line E2a-PBX

BIRB796b p38 inhibition in T cells ex vivo, 
increases their immunosuppression 
properties in vivo

175

Cancer Mice with mammary tumours formed 
by implantation of the mouse mammary 
carcinoma cell line 4T1

LY2228820b p38 inhibition reduces tumour 
growth and recruitment of 
pro-tumoural myeloid cells

229
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Altogether, further characterization of the molec-
ular basis of p38α regulation and function in different 
contexts is expected to provide important insights into 
the biology of human health and disease. Further under-
standing of the diversity and context-specificity of p38α 

signalling will also open up a path towards the design of 
improved drugs and therapeutic strategies to target this 
pathway more effectively.

Published online 27 January 2021

Disease Model/clinical trial phase Treatment Outcome/clinical trial title Ref./
identifier

Clinical trialsd

COPD Phase II PH-787904b Improvement over placebo in lung 
function parameters and dyspnoea 
in patients with moderate to severe 
COPD

NCT00559910

Autoinflammatory 
disease

Phase II ATI-450c Study of ATI-450 in Patients With 
Cryopyrin-Associated Periodic 
Syndromee

NCT04524858

RA Phase II ATI-450c Study of ATI-450 Plus Methotrexate 
(MTX) vs MTX Alone in Patients With 
Moderate to Severe RAe

NCT04247815

Alzheimer disease Phase II Neflamapimod 
(VX-745)b

May improve episodic memory 
and potentially reduce β-amyloid 
production

NCT02423122

Alzheimer disease Phase II Neflamapimod 
(VX-745)b

Patients with highest inhibitor 
concentration in plasma showed 
significantly reduced phospho- and 
total Tau protein levels, and a trend 
towards improved episodic memory

NCT03402659

Alzheimer disease Phase II Neflamapimod 
(VX-745)b

Effect of Neflamapimod on Brain 
Inflammation in Alzheimer’s Disease 
Patientse

NCT03435861

Lewy body dementia Phase II Neflamapimod 
(VX-745)b

Improvement or trends towards 
improvement in cognition and other 
secondary parameters

NCT04001517

Huntington disease Phase II Neflamapimod 
(VX-745)b

Within Subject Crossover Study of 
Cognitive Effects of Neflamapimod 
in Early-Stage Huntington Diseasee

NCT03980938

FSHD1 Phase II Losmapimod 
(GW856553)b

Efficacy and Safety of Losmapimod 
in Treating Subjects With 
Facioscapulohumeral Muscular 
Dystrophye

NCT04264442, 
NCT04003974

FSHD1 Phase II Losmapimod 
(GW856553)b

Evaluation of Safety, Tolerability,  
and Changes in Biomarker and 
Clinical Outcome Assessments  
of Losmapimod for FSHD1e

NCT04004000

Cardiomyopathy Phase II/III ARRY-371797b A Rollover Study of ARRY-371797 in 
Patients With LMNA-Related Dilated 
Cardiomyopathye

NCT02351856

NCT03439514

Cancer Phase Ib/II Ralimetinib 
(LY2228820)b

Modest improvement in 
progression-free survival in patients 
with recurrent platinum-sensitive 
ovarian cancer treated with 
gemcitabine and carboplatin

NCT01663857

COVID-19 Phase III Losmapimod 
(GW856553)b

Losmapimod Safety and Efficacy in 
COVID-19e

NCT04511819

COVID-19 Phase II ATI-450c (ATI)-450 in Patients with 
Moderate-severe Novel Coronavirus 
Disease 2019 (COVID-19)e

NCT04481685

APP, amyloid precursor protein; COPD, chronic obstructive pulmonary disease; FSHD1, facioscapulohumeral muscular dystrophy; MK2, mitogen-activated protein 
kinase (MAPK)-activated protein (MAPKAP) kinase 2; PS1, presenilin 1; PyMT, polyomavirus middleT antigen; RA, aheumatoid arthritis. aStudies from the past 7 years 
using disease models based on immunocompetent animals or human primary cells, and inhibitors of the p38α pathway, mostly used in clinical trials. bp38α inhibitor. 
cMK2 inhibitor. dPhase II/III clinical trials with positive outcomes. eClinical trial that is currently running or recently finished and with no outcome available yet. 
Title is indicated.

Table 1 (cont.) | Studies using p38α pathway inhibitors in disease models of potential clinical relevance and in clinical trials
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