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Juan José Sanz-Ezquerro

Centro Nacional de

Biotecnologı́a (CSIC)

Spain

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

International Journal of Molecular Sciences (ISSN 1422-0067) (available at: https://www.mdpi.com/

journal/ijms/special issues/P38 Pathway).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-0858-0 (Hbk)

ISBN 978-3-0365-0859-7 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”P38 Signaling Pathway” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
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Juan José Sanz-Ezquerro (PhD) is Principal Investigator at Centro Nacional de Biotecnologı́a

—CSIC. He holds a BSc in Molecular Biology and a PhD in Virology from Universidad Autónoma de

Madrid. After postdoctoral training in Developmental Biology in the UK, he established his group in

Spain, working at CNB and Centro Nacional de Investigaciones Cardiovasculares (CNIC) on different

aspects of organogenesis. His current interests include the analysis of signaling pathways during

embryonic development and the interplay between inflammation and regeneration, including the

role of p38 signaling in those processes.

vii





Preface to ”P38 Signaling Pathway”

p38 Mitogen activated protein kinases (p38MAPK) are a group of evolutionary conserved

protein kinases which are central for cell adaptation to environmental changes as well as for immune

response, inflammation, tissue regeneration and tumour formation. The interest in this group of

protein kinases has grown continually since their discovery. Recent studies using new genetic and

pharmacological tools are providing helpful information on the function of these stress-activated

protein kinases and show that they have an acute impact on the development of prevalent diseases

related to inflammation, diabetes, neurodegeneration, and cancer.

In this Special Issue we present novel advances and review the knowledge on the identification

of p38MAPK substrates, functions, and regulation; mechanisms underlying the role of p38MAPK

in malignant transformation and other pathologies; and therapeutic opportunities associated with

regulation of p38MAPK activity.

This issue will be of interest to basic researchers working in cell signalling and immunology,

to chemical biologists interested in drug discovery and also to clinicians interested in cell signalling

pathways.

Ana Cuenda, Juan José Sanz-Ezquerro

Editors

ix





 International Journal of 

Molecular Sciences

Editorial

p38 Signalling Pathway

Juan José Sanz-Ezquerro 1,* and Ana Cuenda 2,*

Citation: Sanz-Ezquerro, J.J.;

Cuenda, A. p38 Signalling Pathway.

Int. J. Mol. Sci. 2021, 22, 1003.

https://doi.org/10.3390/ijms22031003

Received: 5 January 2021

Accepted: 15 January 2021

Published: 20 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Molecular and Cellular Biology, Centro Nacional de Biotecnología/CSIC (CNB-CSIC),
Campus-UAM, 28049 Madrid, Spain

2 Department of Immunology and Oncology, Centro Nacional de Biotecnología/CSIC (CNB-CSIC),
Campus-UAM, 28049 Madrid, Spain

* Correspondence: jjsanz@cnb.csic.es (J.J.S.-E.); acuenda@cnb.csic.es (A.C.);
Tel.: +34-91-5855-395 (J.J.S.-E.); +34-91-5855-451 (A.C.)

Editorial on the Special Issue: p38 Signalling Pathway

p38 Mitogen activated protein kinases (p38MAPK) are a highly evolutionary con-
served group of protein kinases, which are central for cell adaptation to environmental
changes as well as for immune response, inflammation, tissue regeneration, and tumour
formation. p38MAPKs are Ser/Thr kinases that catalyse the reversible phosphorylation of
proteins in response to different stimuli such as cellular stress, infections or cytokines. This
kinase family is composed by four members encoded by different genes: p38α (MAPK14),
p38β (MAPK11), p38γ (MAPK12), and p38δ (MAPK13). p38α is the best characterized,
whereas the functions of p38β, p38γ and p38δ have been less studied. p38α was the first
p38MAPK identified by four different laboratories as a 38 kDa polypeptide that underwent
tyrosine phosphorylation in response to endotoxin treatment, cytokines or cellular stress [1].
Some years later, other three p38MAPK isoforms were identified, p38β, p38γ (also known
as ERK6 or SAPK3) and p38δ (initially called SAPK4). The four p38MAPKs are ubiquitously
expressed, although the levels of expression of each isoform varies in specific tissues; for
example, p38β is abundant in brain, whereas p38γ is highly expressed in skeletal muscle,
and p38δ in endocrine glands, testis, pancreas, kidney and small intestine [1,2].

The activation of p38MAPK is mediated by a cascade of kinases, which become sequen-
tially activated in response to a wide range of stimuli. This cascade is typically organized
in three tiers. p38MAPKs are activated by the MAPK kinases (MAP2K or MKK) MKK3 and
MKK6 and, in the case of p38α, also by MKK4, by dual phosphorylation of the Thr-Gly-Tyr
motif in the activation loop. The MAP2Ks are in turn activated by phosphorylation by
various MAP2K kinases (MAP3Ks) depending on the stimulus and cell context [1,2]. It
has been shown that the activation of p38α can also be regulated by MAP2K-independent
mechanisms such as for example, autophosphorylation mediated by interaction with TAB1
(transforming growth factor β-activated protein kinase 1 (TAK1) binding protein 1) in
cardiomyocytes, or by ZAP70-mediated phosphorylation at Tyr323 in T cells [1]. Based
on previous published results showing that protein arginine methyltransferase 1 (PRMT1)
promotes p38α activation in the differentiation of erythrocytes, in this special issue, Liu
et al. provide new insight into the complexity of p38MAPK regulation by identifying a
new molecular mechanism of PRTMT1-modulation of p38α activation [3]. They show that
methylation of p38α at Arg49 and Arg149 by PRMT1, increased its interaction with the
upstream activator MKK3 (but not MKK6) and with the downstream substrate MAPK acti-
vated protein kinase 2 (MAPKAPK2 or MK2). Liu et al. also show that p38α methylation
positively regulated AraC-mediated erythroid differentiation and suggested that these
findings extend the possible ways of p38MAPK pathway intervention, other than kinase
activity inhibition [3].

p38MAPKs control multiple biological functions in the cell by phosphorylating nu-
merous protein substrates, both in the cytoplasm and in the nucleus. p38MAPKs can
translocate to the nucleus, either in resting cells or after stimulation. Maik-Rachline et al.
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describe some of the mechanisms involved in the nucleo-cytoplasmic shuttling of p38α and
p38β (p38α/p38β), which involve the binding to several importins (Imp7, 9 and 3), and to
Nuclear Export Signal (NES)-containing substrates (such as MK2) for their export back to
the cytoplasm [4]. In their article, the authors also discuss how prevention of p38α/p38β
nuclear translocation could be a good tool to prevent some inflammatory diseases, or even
cancer like colorectal cancer [4].

The interest in the group of p38MAPKs has grown continually since their discovery.
Studies using genetic and pharmacological tools have provided information on the function
of these kinases and show that they have a big impact not only on the coordination of
the cellular responses to nearly all stressful conditions, but also on the development of
prevalent pathologies related to inflammation, autoimmune diseases, neurodegeneration
or cancer, among others. Since p38α is the most studied among the p38MAPKs, over the
past two decades this kinase has been suggested as a potential therapeutic target for the
treatment of different pathologies, particularly inflammatory diseases and cancer [5]. It has
been shown that p38α plays opposing effects, either as tumour suppressor or promoter,
depending on different types of cancer or on phases of cancer development [6]. Recently, the
implication of other p38MAPK (p38γ and p38δ) in tumour development has been studied;
however, the role of p38β is still unclear. Roche et al., compile the current knowledge about
the involvement of p38β in regulating oncoproteins that contribute to tumour initiation,
progression, angiogenesis and metastases; or even in other aspects related to cancer disease
such as cachexia or pain [7].

Idiopathic pulmonary fibrosis (IPF) is a lung pathology in which inflammation and
formation of fibrotic foci are determinant for disease progression and patient mortality.
Matsuda et al., examine the implication of p38MAPK activity in bleomycin-induced IPF by
performing a comparative transcriptome analysis in alveolar epithelial type II cells from
wild type mice and mice expressing either constitutive active MKK6 as a gain-of-function
model or dominant negative p38α as a loss-of-function model [8]. These authors found that
enhanced p38 signalling in the lungs was associated with increased transcription of genes
driving p38MAPK pathway and also correlated with increased bleomycin-induced fibrosis
severity, indicating a role of this pathway in the progression of pulmonary fibrosis [8].

p38MAPKs play a pivotal role in muscle physio-pathology; thus, there are numer-
ous evidence implicating them in skeletal muscle and cardiovascular system differenti-
ation/development, in muscle metabolism, as well as in cardiovascular mortality [1,2].
Romero-Becerra et al., revise the role of all p38MAPK isoforms in cardiomyocyte dif-
ferentiation and growth, and discuss how they are involved in pathological conditions
related to ischemia-reperfusion injury, heart failure or cardiac arrhythmia [9]. Bengal et al.,
focus on p38MAPK implication in glucose metabolic adaptation of skeletal muscle to
exercise and obesity; they also discuss p38MAPK role in pathological conditions leading
to type II diabetes and the possibility of targeting these kinases in therapies for diabetes
treatment [10].

Other processes in which p38MAPK are central elements are those leading to different
neuropathologies; this is studied and discussed in several articles of this special issue.
Hu et al., report a novel mechanism of kainic acid (KA)-induced seizure that involves
p38-mediated phosphorylation at Thr607 of the ion channel Kv4.2, which modulates hip-
pocampal neuronal excitability and seizure strength. Importantly, the authors also show
that pharmacological inhibition of p38α reduced neuronal excitability and diminished
seizure intensity, indicating the importance of targeting this kinase to mitigate seizure
severity in neurological disorders like epilepsy that affect a vast amount of the world
population [11]. During the last decade different members of the p38MAPK pathways
have joined the group of signalling pathways involved in the development of neurodegen-
erative diseases, such as Alzheimer’s disease. In this context, Germann & Alam review
the connection between the Ras-related protein Rab5 (an endosome-associated protein
implicated in neurodegenerative disease development) and p38α [12]. Since p38α regulates
RAB5 activity, the authors also discuss how brain-penetrant selective p38α inhibitors will
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provide significant therapeutic advances in neurogenerative disease through normalizing
dysregulated Rab5 activity [12]. Falcicchia et al., summarize the role of p38MAPKs, in
particular of p38α, in the regulation of synaptic plasticity and its implication in an animal
model of neurodegeneration; and extensively describe the use of specific inhibitors for
improving synaptic and memory deficit in Alzheimer’s disease mouse models [13]. Finally,
to shape the final outcome of this Special issue, El Rawas et al. nicely review and discuss
the function of p38α in stress, anxiety, depression, and in the rewarding effect of drugs of
abuse, particularly cocaine [14].

In this Special Issue, we wished to offer a platform for high-quality publications
on the latest advances on p38MAPK pathway substrates, functions and regulation; the
mechanisms underlying the role of p38MAPK in different pathologies; and therapeutic
opportunities associated with modulation of p38MAPK activity. We expect that the in-
formation collected in this issue will be of interest to researchers working in signalling,
and stimulate them to continue in their efforts to increase our knowledge on this exciting
p38MAPK field. Finally, we would like to thank all researchers who dedicated their ef-
fort and time to write their articles for this Special Issue; and specially to the reviewers
that generously gave their time and expertise in the field to improve the quality of the
published articles.

Funding: This research was funded by grants from the Spanish Ministerio of Ciencia e Innovación
(MICINN) (SAF2016-79792R, PID2019-108349RB-I00).

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The activation of p38 mitogen-activated protein kinases (MAPKs) through a phosphorylation
cascade is the canonical mode of regulation. Here, we report a novel activation mechanism for p38α.
We show that Arg49 and Arg149 of p38α are methylated by protein arginine methyltransferase 1
(PRMT1). The non-methylation mutations of Lys49/Lys149 abolish the promotive effect of p38α on
erythroid differentiation. MAPK kinase 3 (MKK3) is identified as the major p38α upstream kinase
and MKK3-mediated activation of the R49/149K mutant p38α is greatly reduced. This is due to a
profound reduction in the interaction of p38α and MKK3. PRMT1 can enhance both the methylation
level of p38α and its interaction with MKK3. However, the phosphorylation of p38α by MKK3 is not
a prerequisite for methylation. MAPK-activated protein kinase 2 (MAPKAPK2) is identified as a p38α
downstream effector in the PRMT1-mediated promotion of erythroid differentiation. The interaction
of MAPKAPK2 with p38α is also significantly reduced in the R49/149K mutant. Together, this
study unveils a novel regulatory mechanism of p38α activation via protein arginine methylation on
R49/R149 by PRMT1, which impacts partner interaction and thus promotes erythroid differentiation.
This study provides a new insight into the complexity of the regulation of the versatile p38α signaling
and suggests new directions in intervening p38α signaling.

Keywords: arginine methylation; erythroid differentiation; MKK3; phosphorylation, PRMT1; p38 MAPK

1. Introduction

The p38 mitogen-activated protein kinases (MAPKs) play pivotal roles in a number of cellular
processes, such as inflammation, stress response, differentiation, and survival [1]. The four members
(p38α, p38β, p38γ and p38δ) of the family share high sequence homology and common regulatory
mechanisms. However, they also exhibit characteristic biochemical properties and unique cellular
functions [2]. The dysregulation of p38α activity plays a dominant role in various pathological
conditions. The in vitro and in vivo experiments demonstrate an essential role of p38α in various stages
of hematopoiesis, including erythroid differentiation, megakaryocytic differentiation, and myelopoiesis
and the involvement in hematological diseases such as myelodysplastic syndromes [3–6]. The concerted
regulation of p38α with other signaling pathways can either promote tumorigenesis or suppress tumor
progression as shown in colon and breast cancer, respectively [7,8]. p38α triggers the production of
inflammatory mediators and cytokines, such as IL-1β and IL-6, upon stimulation [8,9]. The dysregulated
activity is linked to a variety of inflammatory diseases, including chronic obstructive pulmonary
disease (COPD), colitis, and rheumatoid arthritis [8,9]. The intervention of p38α signaling with an aim
toward disease treatment has attracted considerable attention.

Int. J. Mol. Sci. 2020, 21, 3546; doi:10.3390/ijms21103546 www.mdpi.com/journal/ijms5
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p38α MAPK is activated through a canonical cascade involving phosphorylation by upstream
dual-specificity MAPK kinases (MKKs), particularly MKK3 and MKK6, on the sequence-specific
threonine and tyrosine residues (Thr180 and Tyr182) located in the activation loop. This phosphorylation
confers a conformational change that allows the binding of substrates and the accessibility of the catalytic
center. Dual-specificity phosphatases responsible for de-phosphorylating Thr180/Tyr182 control the
magnitude and duration of the signaling [2]. Accumulating evidence demonstrates the existence of
alternative (or additional) mechanisms that regulate p38 activation. GRK2 (G-protein-coupled receptor
kinase 2) phosphorylates p38α on Thr123 located at the docking groove for MKKs, which impairs
the binding of MKK6 to p38α and diminishes the activation of p38 upon LPS (lipopolysaccharide)
stimulation [10]. ZAP70 (zetachain-associated protein kinase 70) and TAB1 (transforming growth
factor β-activated protein kinase 1 (TAK1) binding protein 1) can activate p38α in T cell receptor
(TCR)-mediated signaling and myocardial injury, respectively [11,12]. ZAP70 phosphorylates p38α on
Tyr 323, leading to autophosphorylation on Thr180 and the activation of the kinase [11]. TAB1 interacts
with p38α to trigger a conformational change, leading to the autophosphorylation of p38 on
Thr180 [12]. Acetylation of Lys53 in the ATP-binding pocket of p38α by PCAF/p300 increases
its affinity for ATP and thus enhances the kinase activity during hypertrophy of cardiomyocytes [13].
Moreover, protein arginine methyltransferase 1 (PRMT1) promotes the activation of p38α during
erythroid differentiation [3]. However, the detailed molecular mechanism is yet to be revealed. A full
understanding of the regulatory mechanisms of p38α activity will provide alternative ways to develop
strategies which differentiate p38α functions from other isozymes for the therapeutic needs.

PRMT1 is the predominant protein arginine methyltransferase regulating various cellular processes,
including gene transcription, DNA repair, and signal transduction [14]. PRMT1 catalyzes the addition of
mono- or di-methyl groups to arginine residues, leading to the alteration of protein/protein interaction,
protein/nucleic acid interaction, enzymatic activity and other posttranslational modifications [15].
The malfunction of PRMT1 is tightly associated with many pathological conditions, including
hematological malignancy [16,17]. PRMT1 plays important roles in hematopoiesis. PRMT1 is required
for adult erythroid and lymphocyte differentiation, as shown by a conditional Prmt1 knockout mouse
model [18]. PRMT1 can methylate RUNX1, a transcription factor critical for hematopoiesis, resulting in
the impairment of its association with co-repressor SIN3A, and thus impacts the maturation of myeloid
and erythroid lineages in cell models [17]. PRMT1 promotes erythroid differentiation by enhancing the
activation of p38α in response to EPO (erythropoietin) and AraC (1-beta-arabinofuranosyl) induction
in hematopoietic CD34+ progenitor and K562 cells, respectively [3]. Ca2+ influx is an essential event
in various stages during erythroid differentiation [19,20]. We have shown that Ca2+ up-regulates the
activity of PRMT1 and stimulates erythroid differentiation via the novel Ca2+-PRMT1-p38α axis [20].

In this study, we identified Arg49 and Arg149 of p38α as PRMT1 methylation sites by
in vitro methylation followed by mass spectrometric analysis (liquid chromatography-tandem mass
spectrometry, LC-MS/MS). The non-methylation mutations of Lys49/Lys149 and Ala49/Ala149 abolished
the promotive effect of p38α on erythroid differentiation. The activation phosphorylation of R49/149K
mutant p38α was greatly reduced upon induced differentiation. The interaction of mutant p38α with
the upstream MKK3 was significantly reduced. These results indicate that arginine methylation on
R49/R149 enhances the interaction of p38αwith MKK3 and thus promotes activation phosphorylation by
MKK3. This study also indicates that phosphorylation by MKK3 is not a prerequisite for methylation by
PRMT1 and PRMT1 acts directly on p38α. In addition, we identified that MAPKAPK2 (MAPK-activated
protein kinase 2) was a p38α downstream effector involved in PRMT1-mediated promotion of
erythroid differentiation. Interaction of MAPKAPK2 with p38α was also significantly reduced in
the R49/149K mutant. Together, this study unveils a novel regulatory mechanism of p38α activation
via protein arginine methylation on R49 and R149 by PRMT1, which impacts the interaction of
p38α with its upstream kinase MKK3 and downstream substrate MAPKAPK2 and thus promotes
erythroid differentiation.
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2. Results

2.1. The Recombinant p38α Protein Is Methylated by PRMT1 on R49 and R149

PRMT1 promotes erythroid differentiation through enhancing the activation of p38α [3].
To investigate whether the enhanced activation of p38α is mediated by arginine methylation and the
underlying mechanisms, we first performed in vitro methylation then identified methylation sites
by LC-MS/MS analysis. Briefly, His- p38α was incubated with or without recombinant GST-PRMT1
(glutathione S-transferase-PRMT1) in the presence of S-adenosyl-methionine (AdoMet) as a methyl
donor. The reaction mixtures were fractionated by SDS-PAGE (sodium dodecyl sulfate polyacrylamide
gel electrophoresis), and gels containing p38αproteins were excised and subjected to mass spectrometric
analysis. A schematic representation of the procedure is shown in Figure 1A. The sequence coverage
of p38α from all identified peptides was above 70%. Peptides harboring dimethylated arginine
residues on R49 and R149 in the presence of GST-PRMT1 were identified (Figure 1B) with Xcorr ≥ 2.0.
These peptides were not identified when PRMT1 was absent in the methylation reactions. These results
indicate that PRMT1 methylates p38α on R49 and R149. The R49 and R149 residues are located in the
N lobe in the ATP-binding cleft and in the C lobe near the catalytic loop, respectively, based on the
structure information of the kinase domain [21] (Figure 1C).

Methylation of p38α was further shown by using HA-PRMT1 (hemagglutinin-PRMT1) expressed
in and immunoprecipitated from K562 cells. The His- p38α protein was also readily methylated by
HA-PRMT1 in vitro (Figure 1D, lanes 1 and 4). The methyltransferase-deficient PRMT1G80R greatly lost
the ability to methylate p38α, indicating that PRMT1 was indeed the enzyme in the immunoprecipitates
responsible for the methylation of p38α (Figure 1D, lanes 4 and 5). The immunoprecipitated HA-PRMT6,
which also catalyzes the formation of asymmetric di-methylarginine and shares some substrate
recognition sequences with PRMT1 [14], did not methylate p38α. As reported [22], PRMT6 was readily
automethylated (Supplementary Figure S1). The methyltransferase-deficient PRMT6KA mutant did
not self-incorporate methyl groups (Supplementary Figure S1). These results further provide evidence
for the specificity of p38α methylation by HA-PRMT1. The methylation level of p38α was significantly
reduced when the arginine residues of 49 and 149 were mutated to lysine, which is not a substrate
residue for PRMT1 (Figure 1E). The methyl incorporation into either R49K or R149K was reduced
to around 60% compared to the wild-type p38α, indicating that both sites were methyl acceptors.
The methylation on R49 and R149 may be a co-dependent event, since simultaneous mutation on
R49 and R149 did not completely diminish methylation levels (Figure 1E, R49/149K). We cannot rule out
the possibility that there are more methylation sites on p38α since mass spectrometric analysis does not
guarantee a complete coverage of all peptides, including modified and non-modified. The structural
integrity of these recombinant p38α proteins was examined by their sensitivity to protease digestion.
After incubation with trypsin, all four purified proteins, WT, R49K, R149K, and R49/149K, exhibited a
similar digestion pattern upon fractionation by SDS-PAGE (Figure 1F). These results indicate that R49K
and R149K mutations do not cause a notable structural collapse, particularly in the surface regions.
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Figure 1. Cont.
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Figure 1. Recombinant p38α protein is methylated by PRMT1 (protein arginine methyltransferase 1)
on R49 and R149. The methylation of His- p38α proteins was performed in the presence or absence
of recombinant GST-PRMT1 (glutathione S-transferase-PRMT1) as described in the Methods section.
Peptides containing di-methyl arginine were identified by mass spectrometric analysis as illustrated (A).
The sequencing results of peptides harboring di-methylated R49 and R149 are shown (B). The localization
of Arg49 and Arg149 is marked (C). The methylation of His-p38α was further carried out using
HA-PRMT1 (hemagglutinin-PRMT1) immunoprecipitated from K562 cells. The methylation of
p38α was greatly diminished with the methyltransferase-deficient mutant HA-PRMT1G80R (D).
When R49 and R149 of p38α were mutated to K49 and K149, the methyl incorporation was significantly
reduced as compared to the wild type (WT) (E). The quantification in (D) and (E) was carried out with
results from three separate assays. Asterisks indicate non-specific bands. The recombinant p38α WT
and mutant proteins (5 μg) were incubated with trypsin at 37 ◦C for various times and fractionated by
SDS-PAGE to reveal their sensitivity to trypsin digestion (F). *** p < 0.005 and * p < 0.05 as compared
with WT proteins.

2.2. The Non-Methylation R49K and R149K Mutants of p38α Lose the Ability to Stimulate Erythroid
Differentiation

To investigate whether R49 and R149 mediate the promotive effect of PRMT1, we first examined how
the non-methylation mutations (Arg to either Lys or Ala) might influence differentiation. The ectopic
expression of wild-type p38α stimulated erythroid differentiation from 40% to 60% in p38α-knockdown
K562 cells, as measured by hemoglobin accumulation (Figure 2A, Vector vs. WT). Both the R49K
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and R149K single mutants lost the ability to promote differentiation and so did the R49/149K double
mutant (Figure 2A). Similarly, the stimulatory effect on differentiation was completely diminished in
R49A and R149A mutants (Figure 2B). These indicate a crucial role of R49 and R149 in stimulating
erythroid differentiation. Erythroid differentiation was further examined by the expression of key
genes. GATA1 (GATA Binding Protein 1) and EKLF (erythroid Kruppel-like factor) are transcription
factors critical for differentiation toward erythroid lineage and PBGD (porphobilinogen deaminase) and
ALAS2 (5’-aminolevulinate synthase 2) are enzymes involved in heme synthesis [3]. These transcripts
were significantly up-regulated by AraC treatment (Figure 2C, 0 h vs. 96 h); however, the extents
were significantly reduced when R49 and R149 were mutated (Figure 2C, R49/149K). The R136 of
p38α was also identified as a methylated arginine in our study. However, the methylation event was
PRMT1 independent (unpublished results). The R136K mutant of p38α still retained the stimulatory
effect on erythroid differentiation (Figure 2D), which provided supports for a selective role of R49 and
R149 in modulating differentiation.

Figure 2. Non-methylation mutants of p38α lose the ability to stimulate erythroid differentiation.
The wild-type and R49/R149 mutant p38α were expressed as Flag-tagged proteins in p38α-knockdown
K562 cells. Erythroid differentiation was induced with AraC (1-beta-arabinofuranosyl) (1 μM) for
96 hours and analyzed by benzidine staining for the production of hemoglobin (A and B). Mutations of
R49 and R149 to either lysine (R49K, R149K and R49/149K) or alanine (R49A, R149A and R49/149A)
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abolished the ability to promote differentiation (A and B). Erythroid differentiation was also analyzed
by RT-qPCR for the expression of key genes. These transcripts were significantly up-regulated by
AraC treatment; however, the extents were significantly reduced when R49 and R149 were mutated
(C). The mutation of R136 to K136 (R136K) did not affect the ability to promote differentiation (D).
All results shown are representatives of three independent experiments. Erythroid differentiation is
presented as the mean ± S.E. of three repeats. *** p < 0.005. N.S. means no significance.

2.3. The Promotive Effect of PRMT1 on Erythroid Differentiation Is Mediated by the Methylation of p38α on
R49 and R149

We have demonstrated that the PRMT1 promotes erythroid differentiation in a p38α-dependent
fashion in K562 cells and human primary CD34+ hematopoietic progenitors [3]. To show whether
the kinase activity was required, we ectopically expressed p38α in a p38α-knockdown context.
Erythroid differentiation was increased from 40% to 55% (Figure 3A, Vector vs. WT). The AGF p38α
mutant is deficient of kinase activity due to mutations on the Thr-Gly-Tyr motif to Ala-Gly-Phe
and cannot be activated by phosphorylation via up-stream MKKs [2]. This mutant completely lost
the ability to promote differentiation (Figure 3A, Vector vs. AGF), indicating a requirement for the
kinase activity to promote differentiation. The catalytic activity of PRMT1 is also required to promote
differentiation since the methyltransferase-deficient G80R mutant could not promote [3], indicating that
PRMT1 promotes differentiation through the arginine methylation of downstream effector substrates.
Notably, PRMT1 promoted differentiation only in the presence of wild-type p38α but not the p38α
AGF mutant (Figure 3A, PRMT1 +WT vs. PRMT1 + AGF), indicating that the kinase activity of p38α
is essential to mediate the effect of PRMT1. Together, these results provide further evidence suggesting
that PRMT1 modulates the kinase activity of p38α likely via arginine methylation.

PRMT1 could not promote differentiation in a p38α-knockdown context (Figure 3B, Vector vs.
PRMT1 + Vector). The co-expression of wild-type p38α greatly stimulated differentiation from around
35% to around 60% (Figure 3B, PRMT1 + Vector vs. PRMT1 +WT); however, PRMT1 was unable to
stimulate when the R49/R149 of p38α were mutated to K49/K149 (Figure 3B, R49/149K vs. PRMT1
+ R49/149K), indicating that the R49 and R149 of p38α mediates the stimulatory effect of PRMT1.
Since the methyltransferase activity of PRMT1 is required for the promotive effect of PRMT1 [3] and
PRMT1 methylated p38α on R49 and R149 (Figure 1), these results together suggest that R49 and
R149 mediate the promotive effect of PRMT1 on erythroid differentiation through arginine methylation.

We further examined the phosphorylation and methylation states of p38α upon AraC stimulation.
The Flag-p38α was expressed in PRMT1-knockdown cells with or without the overexpression of
HA-PRMT1. Flag-p38α was immunoprecipitated from cells after AraC stimulation and examined
by Western Blotting using anti-phospho-p38 or anti-methylarginine antibodies. Our results clearly
show that p38α was methylated in cells and PRMT1 enhanced activation phosphorylation as well
as the arginine methylation of p38α by around 1.6 folds (Figure 3C), supporting our notion that
PRMT1 enhances activation of p38α by arginine methylation of the kinase. To examine whether
phosphorylation was a precedent event for arginine methylation, we compared the arginine methylation
status of WT and phosphorylation-deficient AGF mutant p38α. The Flag-p38α proteins were expressed
in p38α-knockdown cells, immunoprecipitated after AraC stimulation and examined by Western
Blotting. The WT p38α was readily phosphorylated while the AGF mutant, as expected, was not
phosphorylated (Figure 3D). In spite of the dramatic difference in phosphorylation status, the arginine
methylation levels were very similar in WT and AGF mutant proteins (Figure 3D), indicating that
phosphorylation is not a prerequisite for arginine methylation by PRMT1.
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Figure 3. Promotive effect of PRMT1 on erythroid differentiation is mediated by methylation on
R49 and R149 of p38α. The wild-type and AGF (Ala-Gly-Phe) mutant Flag-p38α were expressed in
p38α-knockdown cells. The wild-type p38α (WT) promoted differentiation but the phosphorylation
activation-deficient AGF mutant was unable to (A). HA-PRMT1 could further promote only in the
presence of wild-type p38α but not the p38αAGF mutant (A). In the same p38αKD (knockdown) context,
PRMT1 was unable to promote differentiation when R49 and R149 were mutated to K49 and K149 (B).
Flag-p38α was expressed in the presence or absence of HA-PRMT1. After AraC stimulation, p38α
was immunoprecipitated and examined by Western Blotting using anti-phospho-p38 or anti-methyl
arginine antibodies. PRMT1 significantly enhanced p38α phosphorylation and arginine methylation
(C). Upon AraC stimulation, both the WT and AGF mutant were methylated to a similar extent,
although AGF was deficient in phosphorylation (D). All results shown are representatives of three
independent experiments. Erythroid differentiation is presented as the mean ± S.E. of three repeats.
The quantification in (C) and (D) was carried out with results from three separate experiments.
*** p < 0.005. N.S. means no significance.
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2.4. The R49 and R149 Residues Play a Crucial Role in the Activation of p38α

Upon stimulation, p38 MAPK is activated by phosphorylation on the characteristic Thr-X-Tyr
motif [2]. AraC treatment stimulated phosphorylation of the wild-type p38α (Figure 4A, WT); however,
the activation of the R49/149K mutant was greatly reduced (Figure 4A, R49/149K), as examined
by Western Blotting analysis using anti-phospho-p38 antibodies. We further immunoprecipitated
Flag-p38α proteins and examined the activation phosphorylation. Similarly, R49/149K mutation
significantly reduced AraC-induced activation (Figure 4B). These results indicate that R49/R149 have
a role in modulating the activation of p38α. To further assess whether R49 and R149 modulate the
activation of p38α in conditions other than AraC-induced differentiation, we stimulated K562 cells with
sorbitol, which is a well-known strong stimulator of p38α in hyperosmotic stress [23]. The activation
of p38α wild type was stimulated by around 4.0 folds at 0.5 h; however, it was reduced to around
2 folds in R49/149K mutant (Figure 4C). As an internal control, the activation of endogenous p38α was
similar, around 3.5 folds, in cells expressing either Flag-p38α WT or Flag-R49/149K mutant (Figure 4C).
To examine whether PRMT1 has a role in the activation of p38α induced by sorbitol treatment, we used
K562 and PRMT1-overexpressing R2-1 cells as a comparison and found that the sorbitol-stimulated
activation of p38 was significantly higher when PRMT1 was overexpressed (Figure 4D, K562 vs.
R2-1). The basal level of p38α phosphorylation in R2-1 cells was higher than K562 parental cells
before stimulation (Figure 4D, 0 h), which is in agreement with our previous observations [3]. This is
conceivable because the ectopically expressed PRMT1 is active [3,4,20]. Together, these results indicate
that PRMT1 likely also plays a role in enhancing the activation of p38α via methylation on R49 and
R149 upon sorbitol stimulation.

Figure 4. R49 and R149 residues play a crucial role in the activation of p38α. The Flag-p38α wild type
or R49/149K mutant were expressed in p38α-knockdown cells. Cells were stimulated with AraC (1 μM)
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and the activation of p38α was examined directly by Western Blotting using specific
anti-phospho-p38 antibodies (A) or after immunoprecipitation (B). Phosphorylation was greatly
reduced in R49/149K. Alternatively, the cells were treated with sorbitol (150 mM) and the activation
of p38α was examined by Western Blotting (C). The overexpression of PRMT1 (R2-1) enhanced the
activation of p38α upon sorbitol stimulation (D). The levels of pp38 and p38 were quantified by
Multi-Gauge V3.0 analysis. All results shown are representatives of three independent experiments.
Statistical analysis was performed with results from three separate experiments. *** p < 0.005 and
** p < 0.01 as compared with WT.

2.5. PRMT1 Acts Downstream of MKK3 to Promote Erythroid Differentiation and the R49/149K
Non-Methylation Mutant p38α Exhibits a Reduced Interaction with MKK3

MKK3 and MKK6 both are upstream kinases, which phosphorylate and activate the p38 MAPK
pathway [1]. To identify which MKK is responsible for activating p38α and promoting erythroid
differentiation, we established MKK3 and MKK6 knockdown cell clones (Figure 5A,B, upper) and found
that only MKK3 knockdown (MKK3 KD) greatly compromised erythroid differentiation (Figure 5A,
lower), indicating that MKK3 is the major MAPK kinase in AraC-induced erythroid differentiation.
On the contrary, MKK6 knockdown (MKK6 KD) exhibited a remarkable stimulation on erythroid
differentiation (Figure 5B, lower), indicating a previously unknown role in negatively regulating
erythroid differentiation. This result suggests that MKK6 is not a p38α activating MAPK kinase
in erythroid differentiation. Furthermore, the AraC-induced activation of p38 was greatly reduced
in MKK3 KD cell clones (Figure 5C), confirming that MKK3 plays a role in activating p38 during
differentiation. This notion was further supported by the observation that overexpression of p38α
in MKK3 KD cells partially rescued the differentiation but p38β, which is not involved in erythroid
differentiation [3], could not (Figure 5D). Mutations of R49 and/or R149 lost the ability to compensate
the inefficiency of MKK3 activity in MKK3 KD1 cells (Figure 5E), suggesting R49 and R149 are required
to mediate the activation of p38α by MKK3.

Figure 5. Cont.
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Figure 5. PRMT1 acts downstream of M KK3 (MAPK kinase 3) to promote erythroid differentiation,
and the R49/149K non-methylation mutant exhibits a reduced interaction with MKK3. MKK3 and
MKK6 were knocked down (A) and (B) as described in the Methods section. AraC-induced erythroid
differentiation was significantly suppressed in MKK3-knockdown (KD1 and KD2) cells (A); however it
was stimulated in MKK6-knockdown (KD1 and KD2) cells (B). The activation of p38 was significantly
reduced in MKK3 KD1 and KD2 cells (C). Ectopic expression of p38α, but not p38β, in MKK3 KD1 cells
could partially rescue differentiation (D). However, the R49K, R149K and R49/149K mutants lost the
ability to promote differentiation (E). Ectopic expression of HA-PRMT1 promoted differentiation in
parental K562, Luc and MKK3 KD1 and KD2 cells but had no effect in MKK6 KD1 and KD2 cells (F).
Luc is the vector control cell. To examine the interaction of p38α with MKK3 and MKK6, Flag-p38α
wild type and R49/149K mutant proteins were expressed in p38α KD cells. After cells were stimulated
with AraC (1 μM) for 5 h, Flag-p38α proteins were immunoprecipitated and the protein levels of MKK3
(G) or MKK6 (H) in the immunoprecipitates were examined by Western Blot. The levels of MKK3,
pp38 and p38 were quantified by Multi-Gauge V3.0 analysis. All results shown are representatives of
three independent experiments. Statistical analysis was performed with results from three separate
experiments. *** p < 0.005. ** p < 0.01.

Since PRMT1 enhanced the activation of p38α (Figure 3C), we next examined whether PRMT1 acts
upstream or downstream of MKK3 to enhance the activation of p38α and to promote differentiation.
We overexpressed PRMT1 in MKK3 KD cells and found that erythroid differentiation was greatly
stimulated to around 65% as compared to 20–40% without PRMT1 overexpression (Figure 5F).
These results indicate that higher PRMT1 levels can compensate the inefficiency of MKK3 functions
and suggest that PRMT1 acts downstream of MKK3. In agreement with the notion that MKK6 was not
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the upstream kinase for p38α (Figure 5B), PRMT1 did not further stimulate differentiation in MKK6 KD
cells (Figure 5F). Taken together, these results indicate PRMT1 acts downstream of MKK3 and likely by
directly methylating p38α on 49 and R149.

The MAPKs are known to form a protein complex with upstream kinases, scaffold proteins and
phosphatases to bring the players to a close proximity, which confers temporal and spatial regulation
of signal transduction [1]. When immunoprecipitated from cells, the p38α protein interacted with
MKK3 only but not MKK6 (Figure 5G,H, WT), supporting our notions that MKK3, but not MKK6, is the
major MAPK kinase for p38α. The non-methylation p38α R49/149K mutant exhibited a significantly
reduced interaction with MKK3 by around 50% (Figure 5G, R49/149K). Similar to the wild type,
the R49/149K mutant did not interact with MKK6 (Figure 5H, R49/149K). The expression levels of
MKK3 and MKK6 were similar in the parental and R49/149K mutant cells (Figure 5G,H, input).
Together with the observation that the activation of the R49/149K mutant was significantly lower than
the wild type (Figure 4A–C), our results suggest that R49 and R149 up-regulates the activation of p38α
through enhancing the interaction of p38α with MKK3 via arginine methylation by PRMT1.

2.6. Identification of MAPKAPK2 as a Downstream Effector of P38α During Erythroid Differentiation and the
R49/149K Non-Methylation Mutant Exhibits a Reduced Interaction with MAPKAPK2

In order to have a comprehensive understanding of the biochemical and functional role of R49 and
R149 methylation, we further analyzed the protein interactors of the wild-type and mutant p38α
proteins. We co-expressed either the wild-type or the R49/149K mutant with HA-PRMT1 in p38α
KD cells, performed immunoprecipitation, fractionated the immunoprecipitates by SDS-PAGE and
carried out mass spectrometric analysis to reveal the interacting proteins. A total of 163 proteins
were found to interact with both WT and mutant p38α. We then analyzed the connection of these
proteins with the p38α pathway by using Ingenuity Pathway Analysis (IPA). MAPKAPK2 and
MAPKAPK3 (MAPK-activated protein kinases 2 and 3) were identified by the software within the
limit of “direct interaction” and “experimentally observed”. MAPKAPK2 is a known substrate of
p38α [24], whereas the role of MAPKAPK3 is less described. Since, to the best of our knowledge,
there was no report for the role of MAPKAPK2 in erythroid differentiation, we knocked down
MAPKAPK2 and examined AraC-induced erythroid differentiation. The results showed that the
knockdown of MAPKAPK2 reduced erythroid differentiation, from 50% to 35–40% (Figure 6A,B),
suggesting a role of MAPKAPK2 in erythroid differentiation. The ectopic expression of p38α still
promoted differentiation in the MAPKAPK-2 KD cells, likely due to the remaining low level of
MAPKAPK2. However, the differentiation was significantly lower in KD-1 cells (49%) than in the
K562 parental cells (61%), where the MAPKAPK2 level was normal (Figure 6B). These results suggest
that p38α signals through MAPKAPK2 to promote differentiation. This notion was further supported
by the immunoprecipitation experiments, showing the interaction of MAPKAPK2 with p38α (Figure 6C,
WT). Notably, the interaction was significantly reduced to about 60% when R49 and R149 were mutated
(Figure 6C, R49/149K). Although R49/149K mutation reduced the interaction of p38α with its upstream
kinase MKK3 as well as with its downstream substrate MAPKAPK2, the interaction of p38α with
protein phosphatase 2A (PP2A) was not significantly affected (Supplementary Figure S2). To examine
the influence of arginine methylation on partner interaction, we immunoprecipitated Flag-p38α in the
presence or absence of HA-PRMT1 upon AraC stimulation. The results show that PRMT1 enhanced
the interaction of p38α with MKK3 and MAPKAPK2 by 1.7 folds and 1.2 folds, respectively (Figure 6D).
Together, our results indicate that the R49 and R149 of p38α are critical for a previously unidentified
role in selective partner interactions through arginine methylation by PRMT1.
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Figure 6. MAPKAPK2 is a downstream effector of p38α and the R49/149K non-methylation mutation
reduces the interaction of p38α with MAPKAPK2. The wild-type and R49/149K mutant p38α proteins were
expressed in p38α KD cells. Cells were stimulated with AraC and Flag-p38α was immunoprecipitated
using anti-Flag antibodies. The interacting proteins were analyzed by mass spectrometric analysis.
MAPKAPK2 was identified as an interactor of the p38α by Ingenuity Pathway Analysis (IPA). AraC-induced
erythroid differentiation was reduced in MAPKAPK2 knockdown (KD) cells (A). The ectopic expression
of p38α rescued differentiation of MAPKAPK2 KD1 cells (B). The Flag-p38α WT and R49/149K proteins
were immunoprecipitated after AraC stimulation. MAPKAPK2 interacted with wild-type p38α; however,
the R49/149K mutant exhibited a significantly lower interaction with MAPKAPK2, as examined by Western
Blotting (C). PRMT1 promoted the interaction of wild-type p38α with MKK3 and MAPKAPK2 (D).
The intensity of protein bands in Western Blots were quantified by Multi-Gauge V3.0 analysis. All results
shown are representatives of three independent experiments. Statistical analysis was performed with
results from three separate experiments. *** p < 0.005.
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This study reveals a novel regulatory mechanism for p38α. Arginine methylation of R49/R149 by
PRMT1 occurs upon stimulation, which does not require a prior phosphorylation on Thr180 and
Tyr182. The methylation of R49/R149 facilitates the selective association of p38α with MKK3 and
thus augments phosphorylation by MKK3 and enhances the activation of p38α. The methylation
of R49/R149 also facilitates the association of p38α with a downstream effector MAPKAPK2, which
enhances the propagation of signals to up-regulate erythroid differentiation. An illustrated model is
presented in Figure 7.

 
Figure 7. Illustration of the novel regulatory mechanism for p38α through arginine methylation on
R49/R149 by PRMT1. AraC treatment stimulates the methyltransferase activity of PRMT1, which
methylates p38α on R49 and R149. This facilitates the interaction of p38α and MKK3 and enhances
the activation phosphorylation of p38α by MKK3. The interaction of p38α with downstream effector
MAPKAPK2 is also increased upon R49/R149 methylation by PRMT1 methylation. Together, erythroid
differentiation is promoted due to the facilitated p38α signaling. Green arrow: methylation.
Yellow arrow: phosphorylation.
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3. Discussion

Extensive efforts have been focused in manipulating the activity of p38 MAPK for therapeutic
purposes due to its close association with various pathological conditions, including inflammatory
and malignant diseases [8]. Activation by phosphorylation via the upstream MKKs is the canonical
mode of kinase activation. This study identifies, for the first time, a posttranslational modification of
arginine methylation on Arg49 and Arg149 of p38α by PRMT1 and demonstrates that methylation on
R49/R149 modulates activation of p38α through an increased association with the upstream MKK3 and
the downstream effector MAPKAPK2 and thus impacts erythroid differentiation. This study elucidates
a novel regulatory mechanism for p38α activation and indicates a potential new strategy in intervening
p38α signaling.

Upon stimulation, a cascade of phosphorylation events involving MEKs and MKKs result in
the phosphorylation of p38 MAPKs on the conserved Thr180-Gly-Tyr182 motif, leading to an open
and extended activation loop, which allows for the binding of substrate and facilitates catalysis [21].
In addition to this canonical mode, increasing evidence has shown other modes of regulation.
The phosphorylation of Thr180/Tyr182 of p38 can also be achieved by p38 auto-catalysis in response
to T cell receptor (TCR)- or TNFα-mediated signaling in an MKK-independent manner [11,12].
The triggering of autophosphorylation can be induced by a precedent phosphorylation of p38 on
Tyr323 by ZAP70, a T cell receptor-associated tyrosine kinase [11], or by the binding of TAB1,
an adaptor protein in TNFα-mediated signaling, with p38α [12]. In the MKK-dependent mode,
docking regions on p38 mediate its interactions with various partners including MKKs, substrates,
and phosphatases, in a context-dependent fashion, and contributes to the selective transduction of
diverse signals [25]. GRK2 (G-protein-coupled-receptor kinase 2) phosphorylates p38, in a known
docking groove, compromises the binding of MKK6 and thus suppresses the activation of p38 upon LPS
stimulation in macrophages [10]. In this study, we show that arginine methylation of R49 and R149 by
PRMT1 enhances the activation phosphorylation of p38α upon induced erythroid differentiation
(Figure 3C, Figure 4A,B). We identify that MKK3 is the responsible upstream kinase (Figure 5A,C,D
and E). The enhanced activation of p38α is mediated by an increased association with the upstream
kinase MKK3 via R49/R149 methylation (Figure 5F,G). MKK6 is not an upstream kinase for p38α
in AraC-induced erythroid differentiation (Figure 5B,F) and is not associated with p38α no matter
whether R49 and R149 are wild-type or mutated (Figure 5H). These results uncover a novel mechanism
for the regulation of p38α signaling selectively through MKK3 by arginine methylation.

The correct recognition of MAPKs by the cognate interacting partners is critical for specifically
transducing signals with a high fidelity. A common docking (CD) domain containing a few of conserved
acidic residues is found in MAPKs that contribute mainly to the binding affinity [25,26]. The intervening
sequences of these acidic residues and sequences in other regions play predominant roles in partner
selectivity [25,26]. The sequence context for partner selection and binding affinity in response to
different stimuli is not fully understood. Arg49 and Arg149 are not located near the conserved acidic
residues Asp313, Asp315, and Asp316 in the CD domain of p38α. Arginine methylation catalyzed
by PRMTs alters the hydrogen bonding capacity, hydrophobicity, and steric hindrance of the target
arginine and its vicinity [27] and thus affects a wide range of protein properties. The activity of
PRMT1 is up-regulated during erythroid differentiation [3], leading to the methylation of p38α and the
enhanced activation of the kinase (Figure 3C). Arginine methylation on Arg49/Arg149 can potentially
cause a conformational change or an increased hydrophobicity favoring partner selection and/or
binding affinity. In addition, the HRD sequence (His148-Arg149-Asp150) is shown to lock p38α in an
inactive conformation that can be disrupted by Tyr323 phosphorylation [28]. This observation raises
the possibility that the methylation of R149 may facilitate a conformational change favorable for kinase
activation. Arg49 is stereoscopically near Leu108 and Met109, which is part of a lipophilic pocket
facilitating ATP binding [29]. The possibility that methylation on R49 favors the stabilization of this
lipophilic pocket is worthy of further study.
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p38α is a versatile MAPK participating in many important physiological and pathological
conditions [1–3]. The molecular events involved in its activation and regulation have attracted
considerable research attention. A number of posttranslational modifications (PTMs) in p38α have
been identified via proteomics approaches [30]. However, relatively few of the identified PTMs are
reported with functional impacts. In this study, we have identified several methylated arginine
residues in p38α. Among those, R49 and R149 are dimethylated only in the presence of PRMT1,
suggesting they are PRMT1 substrate sites (Figure 1). Non-methylation mutants of R49K and R149K lost
around 40% of methyl incorporation (Figure 1), indicating the existence of other potential PRMT1 sites.
In cells, the activation phosphorylation of R49/149K mutant is remarkably reduced (Figure 4), which
explains the incapability of the mutant to promote erythroid differentiation (Figure 2). The lack of
Thr180-Gly-Tyr182 phosphorylation of the AGF mutant does not affect its arginine methylation level
(Figure 3D), indicating that phosphorylation is not a prerequisite for methylation. Arginine methylation
by PRMT1 significantly increases the association of p38α with the upstream kinase MKK3 (Figures
5G and 6D) and the downstream substrate MAPKAPK2 (Figure 6C,D). This study reveals that the
arginine methylation of p38α on R49/R149 by PRMT1 renders the kinase more accessible to the enzyme
(MKK3) and also facilitates its action toward the downstream effector MAPKAPK2. The importance of
methylation in the MAPK signaling is also evidenced in other studies. The methylation of MAPK kinase
kinase 2 (MAP3K2) on Lys260 by SMYD3 (SET and MYND domain containing 3) blocks its interaction
with the negative regulator PP2A phosphatase and activate Ras-mediated MEK/ERK (extracellular
signal-regulated kinase) signaling [31]. The arginine methylation of Raf by PRMT5 results in an
increased degradation, a decreased Ras-Raf-Erk signaling and a reduced proliferation of PC12 cells
upon EGF (epidermal growth factor) stimulation [32]. Our results demonstrate that, in addition to
erythroid differentiation, the sorbitol-stimulated activation of p38α is also enhanced by PRMT1 and
dependent on the methylation of R49 and R149 (Figure 4C,D). Together, methylation, in collaboration
with phosphorylation, is emerging as a critical regulatory mechanism of the MAPK pathways via
which extracellular cues are integrated to elicit an appropriate response in terms of signal magnitude,
duration and specificity.

Although p38α has been shown to be a critical player in various stages during erythroid
differentiation, its upstream activating kinase and downstream substrate had not been clearly and
fully revealed. Our results decisively show that only MKK3, not MKK6, mediates the activation of
p38α in AraC-induced erythroid differentiation (Figure 5A,B). The immediate downstream effectors of
p38α in erythroid differentiation are much less described. We identify that MAPKAPK2 participates
in erythroid differentiation via p38α signaling (Figure 6). The RNA-binding protein human antigen
R (HuR) protein is an effector of MAPKAPK2 that can bind and stabilize GATA1 transcripts during
embryonic erythropoiesis [33]. GATA1 is a critical transcription factor upregulated during erythroid
differentiation [34] in a p38α-dependent fashion (Figure 2C). Whether MAPKAK2 promotes erythroid
differentiation by stabilizing GATA1 transcripts via HuR is of interest.

Genetically modified mice have evidenced that the p38α pathway plays important roles
in inflammatory responses and hematopoietic homeostasis among others [8]. A number of
pharmacological inhibitors of p38 MAPK have been developed and tested in clinical trials for
treating inflammatory diseases, such as rheumatoid arthritis and chronic obstructive pulmonary
disease and hematopoietic diseases, such as myelodysplastic syndromes (MDS), which frequently
leads to hematological malignancy [35]. Major drawbacks for p38 inhibitors are the isotype specificity
and the undesired side effects often observed with kinase inhibitors. This study unveils a novel
regulatory mechanism for p38α activation and signaling through arginine methylation and provides a
new strategy, other than kinase inhibition, in intervening p38α signaling.
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4. Materials and Methods

4.1. Materials and Plasmid

1-beta-D-arabinofuranosylcytosine (AraC) and benzidine were obtained from Sigma-Aldrich.
S-adenosyl-L-[methyl-3H] methionine (3H-AdoMet, 0.55 mCi/ml, NET-155H) and fluorographic
enhancer, EN3HANCE, were from PerkinElmer. The pFlag-CMV2-p38α plasmid [3] was used as a
template for PCR to generate mutations on R49 and R149. These plasmids were subsequently cloned
into the pET6H vector for expression of recombinant proteins.

4.2. Cell Culture

The human chronic myelogenous leukemia (CML) K562 cells were purchased from BCRC
(Bioresource Collection and Research Center, Taiwan) and cultured in RPMI1640 medium supplemented
with 10% fetal bovine serum, 100 IU/mL streptomycin and 100 IU/mL penicillin as described.
The pLKO.1 puro-based shRNAs, including MKK3-sh1, MKK6-sh1, MKK6-sh2, MAPKAPK2-sh1,
MAPKAPK2-sh2, were purchased from National RNAi Core Facility, Taiwan. The transfection of
K562 was performed by using LipofectamineTM 2000 Reagent (Invitrogen). Stable clones of gene
knockdown were selected in the presence of puromycin (0.5 μg/mL). The p38α-knockdown cell
clones were generated by the same procedure as described [3,4]. The protein levels of p38α in these
knockdown cells were around 20% of the parental cells.

4.3. Expression and Purification of Recombinant Proteins

Recombinant His-tagged p38α WT and mutants (R49K, R149K and R49/149K) proteins were
expressed in E. coli BL21 (DE3) pLysS by isopropyl-beta-D-thiogalactoside (IPTG) (0.4 mM) induction
and immobilized on Ni + -NTA agarose (Qiagen). Proteins were eluted with elution buffer (20 mM
Tris-HCl pH7.9, 0.5 M NaCl, and 0.6 M imidazole) and dialyzed to remove imidazole. The purified
proteins were stored in a buffer containing 20 mM Tris-HCl pH7.9 and 50 mM NaCl. The recombinant
GST-fused PRMT1 proteins were expressed in E. coli BL21 by IPTG (0.2 mM) induction and immobilized
on glutathione Sepharose 4B (GE Healthcare). Proteins were eluted with and stored in buffer (50 mM
Tris-HCl Ph 7.9 and 20 mM reduced glutathione).

4.4. Immunoprecipitation

Cells were lysed in lysis buffer (150 mM NaCl, 20 mM Tris, pH7.4, 1% Triton X-100, 1 mM
EDTA, 1 mM EGTA, 1 mM PMSF, 1 μg/mL leupeptin, 1 μg/mL aprotinin, 1 μg/mL pepstatin,1 mM
Na3VO4, and 2.5 mM β-glycerophosphate). Cell lysates (1 mg) were incubated with 1 μL α-Flag
antibodies (Sigma-Aldrich, F4042) in lysis buffer containing 0.2% Triton X-100 for 3 h at 4 ◦C
followed by incubation with 20 μL protein G agarose-beads (GE Healthcare) for 1–3 hours at 4
◦C. At the end of incubation, beads were washed four times with lysis buffer without Triton X-100.
The phosphorylation states of p38α and the potential associated proteins were detected by Western
Blotting. Alternatively, the immunoprecipitates were fractionated by SDS-PAGE and subjected to mass
spectrometric analysis to examine the interactome.

To immunoprecipitate HA-PRMTs for methylation assay, cell lysates (0.5 mg) were incubated with
α-HA antibodies (0.5 μL) (BioLegend, #901501) as described above and followed by incubation with 10
μL protein G agarose-beads (GE Healthcare). At the end of incubation, beads were washed twice with
lysis buffer without Triton X-100, twice with PBS contained 0.2% tween-20, then twice with 25 mM
Tris-HCl pH7.9. The immunoprecipitated HA-PRMTs were used immediately as an enzyme source for
in vitro methylation assay.
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4.5. In Vitro Methylation Assay

For the mass spectrometric identification of methylation sites in p38α, the methylation assay
was carried out in vitro using recombinant wild-type His-p38α proteins as a substrate and with
or without recombinant GST-PRMT1 proteins as an enzyme. The reactions were carried out using
S-adenosyl-methionine (AdoMet, PerkinElmer) as a methyl donor as described previously [20].
Reactions were terminated and subjected to SDS-PAGE fractionation. The protein band containing
p38α was excised from the gel and subjected to mass spectrometric analysis to examine its
posttranslational modifications.

To compare methyl incorporation into the wild-type and mutant His-p38α proteins,
HA-PRMT1, HA-PRMT1G80R, HA-PRMT6, HA-PRMT6KA proteins were expressed from the
pcDNA3-HA2 plasmids in K562 cells and immunoprecipitated using anti-HA antibodies.
Methylation reactions were carried out using S-adenosyl-L-[methyl-3H]methionine (3H-AdoMet,
1.65 μCi, PerkinElmer) as a methyl donor. Methyl incorporation was visualized by fluorography as
described [20].

4.6. Mass Spectrometric Analysis

The gel pieces from SDS-PAGE were minced and incubated with trypsin (Promega). Peptides were
extracted from the gel pieces by sonication in 50% acetonitrile containing 0.1% formic acid.
The solutions were dried. The peptides were resuspended in 0.1% formic acid and analyzed by
nanoflow high-performance liquid chromatography (Agilent Technologies 1200 series) followed by a
LTQ-Orbitrap Discovery hybrid mass spectrometer with a nano-eletrospray ion source (Thermoelectron).
This was performed by the Proteomics Center of National Yang- Ming University. The raw data
were processed by the Xcalibur 2.0 SR1 software (Thermoelectron) and were converted to DTA files.
Protein identity was determined by comparing the peptide sequences against the UniProtKB protein
database (http://www.uniprot.org/) with TurboSequest search server T (version 27, revision 11) [36].
A protein was identified when two peptide ions matched with an Xcorr score>2.5. For the identification
of p38α methylation sites, post-translational modifications (PTMs) of the peptides were identified by
the in-house PTM finder program [37]. The peptides that contained PTM were matched with an Xcorr
score >2.0. For the identification of associated proteins, quantitative analysis with MS spectra counting
was performed by an in-house tool within a Microsoft VBA environment. MS spectra counts were
normalized to total identified spectra per sample and then normalized to p38α spectra counts.

4.7. Limited Trypsin Digestion of Recombinant p38α

The recombinant His-tagged p38α WT and mutants (R49K, R149K and R49/149K) proteins (5 μg)
were incubated with 0.5 μg trypsin (Sigma) in a final volume of 20 μL for 5, 15, and 30 min at 37 ◦C.
Samples were analyzed by SDS-PAGE.

4.8. Erythroid Differentiation

For erythroid differentiation, K562 cells were treated with 1-beta-D-arabinofuranosylcytosine
(AraC, 1μM, Sigma-Aldrich) for various times as indicated. Hemoglobin production was detected by
using a benzidine/hydrogen peroxide solution as described [20]. Stained cells were counted under a
light microscope. Two hundred cells were examined in each assay.

4.9. Real-Time Reverse Transcription PCR

Total RNA was extracted by using an illustra RNAspin Mini Isolation Kit (GE Healthcare).
Isolated RNAs (4 μg) were subjected to cDNA synthesis with a RevertAid first strand cDNA
synthesis kit (Fermentas). Real-time PCR was performed on an ABI StepOne Plus Real-Time PCR
System (Applied Biosystems) using SYBR-Green reagents (SensiFAST SYBR Hi-ROX mix, Bioline).
The samples were examined in triplicate for each assay and analyzed by using the comparative
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cycle threshold CT (ΔΔCT) method [3]. The expression of GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) was used as an internal control for cDNA contents. Gene-specific amplification was
conducted with the following primer sets: for EKLF, 5’-CGGCAAGAGCTACACCAAG-3’ (sense)
and 5’-CCGTGTGTTTCCGGTAGTG-3’ (antisense); for GATA1, 5’-CAGTCTTTCAGGTGTACCC
-3’ (sense) and 5’-GAGTGATGAAGGCAGTGCAG-3’ (antisense); for ALAS2, 5’-GCAGCACT
CAACAGCAAG-3’ (sense) and 5’-ACAGGACGGCGACAGAAA-3’ (antisense); for PBGD,
5’-CGCCTCCCTCTAGTCTCTGCTTCT-3’ (sense) and 5’- GTTGCCACCACACTGTCCGTCTG-3’
(antisense); for GAPDH, 5’-TGGTATCGTGGAAGGACTCATGAC-3’ (sense) and 5’-ATGCCA
GTGAGCTTCCCGTTCAGC-3’ (antisense).

4.10. Western Blotting

Cells were lysed in RIPA buffer (150 mM NaCl, 10 mM Tris, pH7.4, 0.1% SDS, 1% Triton X-100,
5 mM EDTA, 1% Na-deoxycholate, 1 mM PMSF (phenylmethylsulfonyl fluoride), 1 μg/mL leupeptin, 1
μg/mL aprotinin, 1 μg/mL pepstatin). The primary antibodies used were α-Flag (Sigma-Aldrich, F4042,
1:2000 or Sigma-Aldrich, F7425, 1:1000), α-HA (BioLegend, #901501, 1:1000), α-p38 (Cell signaling,
#9212, 1:1000), α-pp38 (Cell signaling, #9219, 1:1000), α-MKK3 (Cell signaling, #5674, 1:500), α-MKK6
(Abnova, #M02, 1:500), α-MAPKAPK2 (Cell signaling, #12155, 1:1000), α-PRMT1 (Sigma-Aldrich,
#P16220, 1:1000), α-GAPDH (Cell signaling, G9545, 1:10000), α-mono- and di-methyl arginine (abcam,
ab412, 1:500). The secondary antibodies used were anti-mouse (Sigma-Aldrich) or anti-rabbit (Genetex)
IgG linked-horseradish peroxidase.

4.11. Statistical Analysis

All experiments were performed at least three times. The data are presented as means ±
S.E.M. Statistical significance was performed by using Student’s t test, and p < 0.05 was considered
statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/10/
3546/s1.
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Abstract: The p38 mitogen-activated protein kinase (p38MAPK, termed here p38) cascade is a central
signaling pathway that transmits stress and other signals to various intracellular targets in the
cytoplasm and nucleus. More than 150 substrates of p38α/β have been identified, and this number is
likely to increase. The phosphorylation of these substrates initiates or regulates a large number of
cellular processes including transcription, translation, RNA processing and cell cycle progression,
as well as degradation and the nuclear translocation of various proteins. Being such a central signaling
cascade, its dysregulation is associated with many pathologies, particularly inflammation and cancer.
One of the hallmarks of p38α/β signaling is its stimulated nuclear translocation, which occurs shortly
after extracellular stimulation. Although p38α/β do not contain nuclear localization or nuclear export
signals, they rapidly and robustly translocate to the nucleus, and they are exported back to the
cytoplasm within minutes to hours. Here, we describe the physiological and pathological roles of
p38α/β phosphorylation, concentrating mainly on the ill-reviewed regulation of p38α/β substrate
degradation and nuclear translocation. In addition, we provide information on the p38α/β ’s substrates,
concentrating mainly on the nuclear targets and their role in p38α/β functions. Finally, we also provide
information on the mechanisms of nuclear p38α/β translocation and its use as a therapeutic target for
p38α/β-dependent diseases.

Keywords: p38MAPK; nuclear translocation; β-like importins; inflammation; cancer

1. Introduction

The p38 mitogen-activated protein kinase (p38MAPK, termed here p38) is a signaling protein
kinase that operates within a signaling cascade to transmit extracellular signals to their intracellular
targets. The p38 cascade is one of four similar cascades that are all key communication lines
between the plasma membranes and the nucleus, and thereby, it is involved in fundamental cellular
processes, including stress response, proliferation, differentiation and others [1–3]. The four MAPK
cascades are extracellular signal-regulated kinase (ERK) 1/2 [4], c-Jun N-terminal kinase (JNK [5]),
p38 [6], and ERK5 [7]. The MAPK cascades transmit signals via a sequential activation of protein
kinases, which are organized in 3–5 tiers (MAP4K, MAP3K, MAPKK, MAPK, and MAPK activated
protein kinases (MAPKAPKs also termed MKs)). Each of these tiers includes more than one kinase
(e.g., 4 isoforms at the p38 tier), and the components involved, while the number of tiers may vary
between cell lines or under different conditions (see the scheme of the MAPK cascades in ref [8]).
In this review, we focus on p38 [9,10], whose cascade is composed of many kinases at the MAP4K
and MAP3K levels, MKK3/6, and perhaps MKK4 at the MAPKK tier, p38α−δ at the MAPK tier,
and several MKs at the next tier (MNK1/2, MSK1/2, MK2/3, and MK5). Interestingly, unlike the other
MAPKs, p38 can also be activated via MKK-independent pathways, either by ZAP/LCK-mediated Tyr
phosphorylation [11] or by interaction with TAB1 [12]. The downregulation/inactivation of the p38
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cascade is regulated by various phosphatases, among them are several dual specificity phosphatases
termed MAPK phosphatases (MKPs) that operate directly on the MAPKs [13]. As in all MAPK cascades,
p38 transmits signals initiated by various agents, including cytokines and environmental queues,
but it is known to operate mainly as a mediator of stress responses. Thus, the kinase is a key regulator
of metabolic, oxidative, and endoplasmic reticulum (ER) stresses, but it plays an important role in
other physiological processes such as cell cycle, senescence, differentiation, and several aspects of
immunological processes.

Being responsible for the various distinct and even opposing fundamental cellular processes,
the p38 cascade needs to be tightly regulated. Indeed, several regulatory mechanisms that determine the
specificity of the cascade have been identified, including the duration and strength of the signals [13,14],
which are controlled mainly by dual specificity phosphatases [15,16], scaffold proteins [17], and dynamic
subcellular localization of the cascade’s components [18]. Importantly, the central roles of the cascade
suggest that its dysregulation may cause various diseases. Indeed, p38 was shown to participate in
the induction of pathologies such as inflammation-related diseases [19], autoimmune diseases [20],
some types of cancer [6], and other pathologies, as specified later in this review. Interestingly,
unlike other MAPKs, p38 demonstrates distinct and even opposing effects in different cancers, as it
was shown to serve either as a tumor suppressor [21] or tumor promoter [22]. It was also shown that in
some cases, it can perform both activities in different stages of cancer development [23]. Although all
p38 isoforms have been implicated in the processes listed above, they can be divided into two
somewhat distinct subgroups: p38α and p38β (p38α/β) versus p38γ and p38δ. In this review, we focus
on p38α/β, mainly discussing the physiological and pathological roles of these protein kinases,
providing information on nuclear p38α/βs and their substrates as well as the importance of their
phosphorylation specificity. We also describe the mechanisms involved in the nuclear translocation of
p38α/β and compare it to other mechanisms of nuclear shuttling. The fact that p38α/β has so many
nuclear targets indicates that the prevention of their nuclear translocation may affect their physiological
and pathological functions. Indeed, we show that prevention of the nuclear translocation can be used
as a tool to combat inflammation and cancer.

2. Physiological Roles of Nuclear p38α/β

The p38α/β are best known for their involvement in stress signaling, and indeed, these kinases
as well as JNKs were initially termed stress-activated protein kinases (SAPKs [24]). However, it was
established that their activity is not confined to stress responses, and under some conditions,
the p38α/β may participate in the regulation of other processes, such as proliferation, differentiation,
immune response, migration, and apoptosis. In many cases, p38α/β mediate their effects by activating
and regulating transcription factors. One interesting example is the modulation of endoplasmic
reticulum (ER) stress in breast cancer cells, which is mediated by the p38α/β-dependent activation of the
transcription factor XBP-1 that decreases the expression of the ER protein ERp29 [25]. Another example
is the transcriptional inhibition of autophagy genes downstream of p38α/β in response to oxidative
stress in HeLa cells [26]. Other stresses such as UV radiation translational inhibition and others were
shown to operate by p38α/β−activated transcription factors, such as ATF, MEF2, Elk1, and p53 [3].
However, p38α/β can also affect other regulators (e.g., MKs, proteasome, EGFR [27]) to coordinate their
signaling. Notable transcription factor-independent targets that exert p38α/β functions are cell cycle
regulators that modulate (usually inhibiting) cell cycle progression. Thus, various stresses induce the
downregulation of cyclinD, thereby arresting cells at G1 [28]. In addition, p38α/β cascades were shown
to induce the expression of CDK inhibitors, activate p53, or inhibit the transcription factor E2F and
the G2/M regulator Cdc25B phosphatase, all leading to the inhibition of cell cycle progression [6,29].
By contrast, in some systems, p38α/β seem to enhance proliferation. For example, such effects were
detected in hematopoietic cells and in some cancer cell lines [30]. These differential effects may be
mediated by changes in the duration of p38α/β signals, where transient signals lead to fibroblasts’
proliferation, while sustained signals induce cell cycle arrest [31]. However, the molecular mechanisms
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by which p38α/β are involved in proliferation have not been fully deciphered yet. Thus, the effects of
p38α/β on the regulation of stress response or cell cycle progression are well-reviewed (e.g., [6,27,32,33]),
and we will not elaborate on these effects. However, not less important are the roles of p38α/β in
regulating protein degradation and the translocation of proteins upon stimulation. The molecular
mechanisms involved are described in detail next.

2.1. 38α/β Regulation of Protein Degradation

The role of p38α/β in the regulation of protein degradation is widespread, mainly upon stress
signals, and may involve several distinct mechanisms in both the cytoplasm and the nucleus. One such
mechanism that mostly occurs in the nucleus involves phosphorylation of ubiquitin E3 ligases, such as
Siah2, which is known to regulate PHD3 that further controls the stability of the transcription factor
HIF1 α. p38α/β phosphorylate Siah2 on Ser24 and Thr29, thereby facilitating its activity towards
degradation of PHD, and in turn destabilization of HIF1 α [34,35]. Similarly, p38α/β phosphorylate the
E3 ligase Skp2 at Ser64, leading to enhanced degradation of the transcription factor Nkx3-1 and thereby
blocking its effects on estrogen receptor-mediated gene expression [36]. Another mechanism involves
the phosphorylation of the ubiquitination target which can either facilitate or inhibit the ubiquitination
process. Examples for enhanced degradation are the phosphorylation of RBP-Jk at Thr339 which
subsequently induces its degradation [37], or phosphorylation of p300 at Ser 1834 (together with AKT)
that induces its degradation to allow DNA repair [38]. On the other hand, phosphorylation of the
inflammation regulator TRIM9s at Ser76/80 stabilizes it, thereby causing a positive feedback loop for
the degradation of the upstream MKK6 [39]. Interestingly, p38α/β may also regulate proteasomal
activity and localization to govern protein stability in general. It was shown that osmotic stress inhibits
proteasome by p38α/β-dependent phosphorylation of the proteasome subunit Rpn2 at Thr273, which
is important for peptide degrading activity [40]. This inhibitory effect was supported by the finding
that p38 inhibitors elevate proteasome activity under varying conditions [41]. In addition, p38α/β may
regulate the subcellular localization of the proteasome by phosphorylating the proteasome-binding
protein PI31. Consequently, this phosphorylation facilitates the association of the proteasome with
the motor dynein complex, and regulates its transport on axons [42]. Other proteins whose stability
is regulated by direct p38 phosphorylation are Cdt1, HBP1, p18Hamlet, Rb1, SRC3, CDC25A/B,
CyclineD1/3, TACE, p53, Snail, Twist, Nav1.6, PGC1 α, HuR and Drosha [27,43]. Thus, p38α/β use
various molecular mechanisms to regulate stimulation-dependent proteins stability.

2.2. p38α/β Regulation of Stimulated Nuclear Translocation

Another important process that is regulated by p38α/β is the dynamic change of protein localization
upon stimulation. As described above regarding the regulation of protein degradation, the effect of
p38α/β on nuclear translocation can be either global or specific to certain phosphorylated proteins.
The global effects may be derived by p38α/β phosphorylation of either nuclear pore proteins or of
karyopherins (importins/exportins). Indeed, it was shown that the nuclear pore proteins Nup62,
Nup153, and Nup214 are phosphorylated by p38 (or ERK), and this phosphorylation inhibits the global
nuclear protein shuttling initiated by viruses that affect the heart such as the encephalomyocarditis
virus [44]. A similar effect was detected in cardiomyocytes of failing hearts in rats and humans,
where p38α/β phosphorylation mediates the rearrangement of nuclear pores, leading to a decreased
uptake of nuclear localization signal (NLS)-containing proteins [45]. As for karyopherins, it was shown
that p38α/β regulate the expression of the beta-like importins (Imp) Imp7 and Imp8 [46], which are
important for the nuclear translocation of various signaling proteins. Aside from the global changes,
p38α/β is known to phosphorylate the translocating proteins themselves to mediate either nuclear
accumulation or nuclear export. For example, the active SMAD3 phosphorylation by p38α/β upon
TGF β stimulation reduces the rate of its nuclear translocation [47]. A similar effect was detected
for FOXO3 α, which is phosphorylated by p38α/β at Ser7 to promote its nuclear localization [48].
The nuclear translocation of RhoA due to p38 phosphorylation upon LPS treatment and of actin upon
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TPA stimulation [49] was reported as well [50]. On the other hand, p38α/β phosphorylation may
be responsible for the nuclear export of proteins; the most famous among them are its downstream
MKs. It was shown that MK2/3 contain an NLS, which directs them to the nucleus of resting cells.
Following phosphorylation by p38α/β, MK2/3 are exported to the cytoplasm, due to unmasking of the
C-terminal NES of the MK2/3 (reviewed in [51]). Moreover, MK5 contains an NLS as well, and can
be found in the nucleus under certain conditions. However, its export after p38α/β phosphorylation
seems to be mediated not only by exposure of NES but also by anchoring to ERK3/4 [52]. Other proteins
whose localization is directly regulated by p38α/β phosphorylation are retinoic acid receptor-γ, [53],
androgen receptor [54], estrogen receptor-α [55], 5-lipoxygenase [56], the Hippo pathway transcription
factor TEAD4 [57], as well as other proteins (NFATc4, Xbp1s, Drosha, CRTC2, HuR, Rabenosyn5,
Lamin-B, FGFR1, PIP4K2B, EZH2, and Tripeptidyl-Peptidase II) as specified in previous reviews [27,43].
Thus, p38α/β use several distinct mechanisms for the regulation of nuclear translocation of proteins
upon various stimulations.

3. Role of Nuclear p38α/β in Pathologies

Abnormal activity and dysregulation of the p38α/β cascade are associated with a variety of
diseases. Indeed, p38α/β were implicated in the induction and maintenance of several pathologies
such as inflammation [19], cancer [6], and autoimmune diseases [20] mentioned above, but also
Friedreich’s ataxia [58], Parkinson’s disease [59], Alzheimer’s disease [60], cardiac hypertrophy [61],
hypoxic nephropathy [62], and diabetes [63]. In many cases, the role of p38α/β is not direct, but it
is mediated by p38α/β-regulated inflammation, which in turn contributes to the development of
the diseases. For example, Parkinson’s disease is induced in part by neuroinflammation associated
with glial cells [61], and colorectal cancer often develops due to initial inflammatory disease of
the colon [64]. Moreover, p38α was first identified due to its involvement in the production of
pro-inflammatory cytokines upon endotoxin treatment, mainly via nuclear processes [65]. It was later
found that p38α/β are involved in the production of pro-inflammatory cytokines, such as TNF-α,
IL-1 β, IL-2 IL-6, IL-7, and IL-8, and also in the regulation of other inflammation mediators such as
Cox2 [66,67]. Although many of these effects involve nuclear processes in some instances, it may
be regulated also by translation, due to AU-rich elements (ARE) in the 3′ untranslated region of
their mRNA. The presence of these elements is known to shorten the half-life of mRNA containing
them or block their translation, mainly due to the phosphorylation of ARE binding proteins such as
HuR [68] by MK2 downstream of p38α/β) [69]. The pro-inflammatory cytokines are known players in
many inflammation-related diseases such as inflammatory bowel diseases (IBD), psoriasis asthma,
rheumatoid arthritis, inflammation-induced cancer, and more [66]. However, the actual trigger for
inflammation in some systems, either acute or chronic, is not known, but it still requires p38α/β for its
mediation. The means by which p38α/β are involved in these processes and the upstream components
involved need further investigation. Due to the involvement of p38α/β in several inflammatory
diseases, it became clear that specific inhibitors of these kinases should become a beneficial therapeutic
approach. Indeed, in the past decade, more than 20 specific inhibitors of p38α/β were developed and
proven very effective in pre-clinical investigations, demonstrating good tolerability and efficacy in
several mouse models [70,71]. However, when subjected to clinical trials, the effects were much less
favorable. Apparently, except for one inhibitor, pirfenidone, which by itself demonstrated a weak
and unselective effect, no durable therapeutic effects have been detected for any of the others tested.
The reasons for these failures among the different drugs are numerous, and while in some cases they
were toxic, the more common problem was that after an initial good response, there was a rebound
effect that increased inflammation within weeks. The reason for this rebound is still not clear and is
currently under investigation.

In the past decade, substantial research has been devoted to studying the role of p38α/β in
cancer, confirming that these kinases can act either as tumor promotors, or more frequently, as tumor
suppressors [6,30]. The tumor suppressor effects were corroborated by immortalized MKK3/6 knockout
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fibroblasts that were shown to have a higher tendency to develop xenografts in nude mice [72].
Moreover, it was shown that the expression of MKK3/6, or other components of the cascade, is reduced
in many cancers [73]. The function of p38α/β as tumor suppressors usually affect early stages of tumor
initiation, and it generally involves either an inhibition of cell cycle progression, enhanced apoptosis,
senescence, or differentiation. Similar to the effects in non-transformed cells, the inhibition of cell cycle
by p38α/β in tumors can be mediated by the direct or indirect phosphorylation of several nuclear
substrates. Among them are CyclinD, whose inhibition may cause apoptosis in colorectal cancer cells [28],
p53, that leads to the upregulation of p21Cip1/WAF1, GADD45, and 14-3-3 proteins to cause cell cycle
arrest [74], RB1, which prevents the metastasis of prostate cancer [75], and others [6]. Additionally, it was
shown that p38α/β facilitate the production of apoptotic cytokines such as TNF-α [76]. The terminal
differentiation of cancer was detected in rhabdomyosarcoma cells overexpressing MKK3 or MKK6 [77],
and premature senescence was related to p38α/β-induced phosphorylation of the transcription factor
HBP1 [78]. Some other effects on tumor promotion, although less frequent, may be mediated via
inflammation in relevant cancers. Other mechanisms that may initiate cancer by p38α/β are elevated
migration/invasion, increased angiogenesis [6], or a direct effect on proliferation [79,80]. As mentioned
above, p38α/β are central regulators of inflammation, which in many cases is involved in cancer
initiation and progression [81]. Indeed, some of the specific p38α/β inhibitors that have been developed
over the years, although having failed in inflammation-related clinical trials, were proven useful in
treating cancers [82]. Interestingly, in some cancer cells, p38α/β may facilitate migration by several
mechanisms, including an enhanced production of chemoattractants [83] or reduced expression of
fibulin 3, which is a cell migration blocker [84]. Finally, the involvement of p38α/β in angiogenesis,
which supplies blood vessels to the tumors and enhances their growth, was shown to occur in head
and neck cancer [85]. Some reports have shown that the molecular mechanisms involved include
expression of vascular endothelial growth factor (VEGFA) and hypoxia-inducible factor 1 α (HIF1 α [30].
Interestingly, in models of colorectal cancer, p38α/β may act as either tumor suppressors or promoters
in different stages of cancer development [23].

4. p38α/β’s Substrates and their Phosphorylation Specificity

More than 150 direct substrates of p38α/β have been identified so far [27,43,86–89].
However, since their minimal consensus phosphorylation sequence on their substrates (Ser/Thr-Pro)
is so limited, and estimated to be present on the surface of approximately 50% of the cellular
proteins, the actual number is likely to increase. Moreover, the effects of p38α/β are propagated
by their MKs, and therefore, the number of phosphorylated proteins downstream of p38α/β may
reach several thousands. Direct substrates of p38α/β were categorized into several subgroups in
a previous review [43], including DNA binding proteins, RNA binding proteins, Ser/Thr kinases,
regulatory proteins, as well as membranal, endosomal, and structural proteins. Additional information
has been accumulated over the years on the role of p38α/β in activating their downstream protein
kinases (MKs), transcription factors, and other regulatory elements [6,9]. The phosphorylation of these
substrates is important for orchestrating the various cellular processes that may be, under certain
circumstances, opposing signals. For example, the stress-related transcription factors ATF2, MEF2s,
and CHOP have long been known to transmit p38α/β stress signals, while Elk1 and cFos may transmit
its downstream mitogenic signals [3]. These distinct effects raise the question as to how the specificity
of p38 signals is regulated.

As all other MAPKs, activated p38α/β execute their functions through the phosphorylation of
downstream proteins. To the best of our knowledge, unlike ERK [90], no phosphorylation-independent
effects of p38α/β have been identified. The full (Pro-Xaa-Ser/Thr-Pro) or minimal (Ser/Thr-Pro)
consensus phosphorylation sites of all MAPKs are similar to each other [91]. Therefore, the interaction
with the residues in the phosphorylation site is not sufficient to provide p38α/β specificity to its
substrates. Rather, the specificity is mostly achieved by docking motifs that are localized on the
substrates (D, DEF) that interact with specific docking sites on p38α/β (CD, Hydrophobic pocket).
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Thus, a docking motif that is found in many substrates of p38α/β is a D domain with consensus
sequence Arg/Lys2-Xaa2-6-Φaa-Xaa-Φaa (where Φaa is a hydrophobic residue). The D-domains in the
substrates bind to their counterpart docking site on p38α/β termed common docking motif (CD), which
is composed of three negatively charged residues and at least two hydrophobic residues [92]. The CD
domain and the catalytic site of p38α/β are located in distinct regions of the kinases, which allows
the phosphorylation to occur at a fixed distance from the substrates D domain [93]. Binding of the D
domain to the CD occurs in many cases when p38α/β are inactive, indicating that it may be responsible
for a pre-activation association, which facilitates the rates of phosphorylation. Interestingly, similar to
the consensus phosphorylation sites, also the D–CD domains interactions are nearly identical among
all MAPKs, and therefore, p38α/β specificity requires extra determinants. Indeed, it was shown that in
some cases, p38, ERK, and JNK may interact with distinct residues within the D-domain [94], and that
two hydrophobic residues in the domain may determine specificity to some extent [95].

However, the differences between the hydrophobic residues cannot fully explain the specificity
of p38α/β phosphorylation. Rather, this is likely explained by a second docking site on p38α/β
substrates termed DEF (docking site for ERK, also known as FXF), which consists of two Phe residues
separated by one residue and is often followed by a Pro residue [96]. The DEF domain binds the
hydrophobic pocket in p38α/β, which is located at several residues C-terminal of the activatory
Thr-Gly-Tyr phosphorylation site of the kinases. Structural studies show that the hydrophobic
pocket is formed only upon phosphorylation, and therefore, unlike the interaction of the D-domain,
only active p38α/β molecules bind to the DEF motif. Finally, it was also shown that p38, but not p38α,
possesses intrinsic autophosphorylation activity, which may by itself elevate the basal activity of the
kinase [97]. Thus, the combination of the three substrate interaction motifs together with intrinsic
kinase activity contribute to the substrate specificity and affinity required for the proper p38α/β’s
functions under various conditions. In addition, other regulators that affect signaling specificity may
contribute to the kinase activity, including the level of substrates’ expression and their stability after
stimulation as well as compartmentalization, scaffold proteins, or distinct phosphatases in a given
cell. These regulating elements may also lead to sustained rather than transient activation of p38α/β,
which is another specificity determinant. This is because the sustained phosphorylation results in the
substrate’s phosphorylation at later stages after stimulation [98], as seen in cases of cell cycle facilitation
versus senescence [31,99]. Taken together, these effects regulate the outcome of the p38α/β signal that
are important both for the physiological and pathological fates of the cells.

5. Subcellular Localization of p38α/β and their Substrates

One of the mechanisms that determines the ability of MAPKs to phosphorylate distinct substrates
upon varying conditions or cell lines is the cellular localization of the substrates’ phosphorylation [100].
Indeed, the large number of p38α/β’s substrates was shown to localize in various distinct compartments,
including the nucleus, cytoplasm, cytoskeletal elements, and other sites [86]. In many cases,
the distribution of the substrates is dynamic and changed upon stimulation, or in different cell
lines. As mentioned above, some of these changes can be regulated by p38α/β, but others are regulated
by other signaling proteins. The dynamic changes in localization raise the question of where the
phosphorylation by p38α/β is actually taking place. Unexpectedly, the transcription factors that
serve as substrates and function within the nucleus are almost always cytoplasmic in resting cells
and translocate to the nucleus upon stimulation. As mentioned above, the translocations of some
of these transcription factors are regulated by p38α/β. For example, the transcription factor ATF2
is phosphorylated by p38α/β to facilitate its dimerization with other AP-1 transcription factors,
which enhances nuclear translocation [101]. Additionally, p38α/β phosphorylate the transcription
factor Xbp1s at Thr48 and Ser61 enhancing migration to the nucleus, thus regulating glucose
homeostasis in obesity [102]. The nuclear translocation of the transcription factor MEF2A is regulated
by p38α/β as well [103], leading to the expression of neonatal myosin heavy chain in C2C12 myoblasts.
Thus, counterintuitively, the phosphorylation of most, if not all, transcription factors by p38α/β may
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take place primarily in the cytoplasm, although some phosphorylations can also occur in the nucleus
upon translocation. Similar effects were shown for other effectors of p38α/β, which translocate to
the nucleus upon stimulation. Importantly, the localization of some substrates might be cell-type
or condition-dependent [86], but others are less variable, and they are either constantly localized
in the cytoplasm (e.g., keratin-8), in the nucleus (e.g., histones), or in the nucleus of resting cells
followed by export upon stimulation (e.g., MKs). A list of various p38α/β substrates, which includes
several transcription factors but mostly other proteins (Table 1), indicates that about 30% of the p38α/β
substrates are confined to the nucleus under most/all conditions, and therefore, their phosphorylation
upon stimulation should be nuclear. Almost all these proteins were shown to participate in the
regulation of cancer and inflammation at least under some conditions. These effects are supported by
our recent findings that the inhibition of nuclear p38α/β translocation prevents DSS-induced colitis and
DSS/AOM-induced colon cancer [80], confirming the importance of nuclear p38α/β. However, it should
be noted that the involvement of nuclear p38α/β in cancer and inflammation was not always confirmed,
and the effects are sometimes cell line-dependent. Taken together, the information included in Table 1,
as well as our recent study, clearly indicate that p38α/β are involved in either positive or negative
regulations of cancer and inflammation.

The ability of p38α/β to phosphorylate substrates in the cytoplasm as well as in the nucleus
and the role of nuclear p38α/β in the regulation of cancer and inflammation diverted attention
toward the subcellular localization of these kinases. Thus, it was initially shown that p38α/β may
be localized in the cytoplasm of resting cells, and similarly to ERK [104], it may translocate to the
nucleus upon stimulation [105,106]. In that case, the kinases remain in the nucleus for minutes to hours,
after which they are exported back to the cytoplasm. Surprisingly, in other systems, p38α/β were
detected in the nucleus of resting cells [107] and were exported out of the nucleus shortly upon
stimulation [108]. The nuclear localization in resting cells likely occurs because of continued stress
signals in these cells, or due to the expression of specific nuclear anchors that attract p38α/β to the
nucleus. However, this localization seems to occur in only a limited number of systems, whereas,
in most cases, p38α/β are localized in the cytoplasm of resting cells. As for the mechanisms that regulate
the dynamic subcellular localization, similarly to ERKs [109], it was shown that the cytoplasmic
localization of p38α/β is mediated by various cytoplasmic anchoring proteins such as PTP-SL [106],
keratins [110], and others [111]. Upon stimulation, the p38α/βdetach from their anchors by mechanisms
that may [112] or may not [113] require the activating TGY phosphorylation. Then, p38α/β translocate
to the nucleus via the nuclear pore and can stay there for minutes to hours, either in the nucleoplasm,
bound to chromatin [114], or nuclear proteins [108]. Interestingly, the mechanism of export either
in cells with constant nuclear p38α/β, or in later stages upon stimulation-induced translocation,
involves binding to the nuclear export signal (NES)-containing p38α/β’s substrate MK2 but probably
not to those containing MK3 and MK5 [108,112].

6. Mechanism of Nuclear p38α/β Translocation and the Effect of its Inhibition

Although it is clear that p38α/β shuttle to the nucleus, either upon or without stimulation,
the mechanism that regulates this is not fully understood. Similarly to ERK and JNK, p38α/β do not
contain the canonical nuclear localization signals (NLS). In addition, they do not seem to interact with
the classical Impα/β [111], or use passive diffusion for their nuclear shuttling. On the other hand,
our group has recently shown that the nuclear translocation is mediated by three β-like importins,
Imp3, 7, and 9 [115]. Thus, we found that upon stimulation, p38α/β as well as JNK1/2 are released from
their cytoplasmic anchoring proteins and interact with either Imp7 or Imp9, each one in a complex
with Imp3 (see the schematic representation in Figure 1). Then, the trimers formed (Imp7/Imp3/kinase
or Imp9/Imp3/kinase) are shuttled to the nuclear pore, where Imp3 remains, while Imp7 or Imp9 escort
the shuttling p38α/β or JNK1/2 into the nucleus [111]. In the nucleus, the small GTPase Ran dissociates
the importins from p38α/β, and the latter are freed to execute their functions. This mechanism has some
similarity to the translocation of ERK, which is detached from its anchoring protein upon stimulation
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and interacts with Imp7 that escorts it to the nucleus [18,116,117]. The Imp7 binding site of p38α/β
resides in the N terminus of the kinase, and it is composed of at least nine residues: PERYQNLSP.
Indeed, deletion of this region or substitution of its residues to Ala residues prevents the interaction [80].
Interestingly, the nuclear translocation of p38α/β may require HSP70 interaction in the nucleus [118],
rely on microtubules and dynein, which may indicate that the translocation is helped by a trafficking
machinery [112] and might involve SUMOylation of the kinases [119]. However, the mechanisms by
which these components participate in the translocation and how they are related to the importins
involved are not clear.

Figure 1. Scheme showing the mechanism of nuclear p38α/β translocation and its inhibition by the
PERY peptide. A. p38α/β are localized in the cytoplasm of resting cells and some of the molecules
are phosphorylated upon stimulation. B. Phosphorylated or non-phosphorylated p38α/β bind to a
dimer of Imp7/3 or Imp9/3, which escort them to the nuclear pores. C. Imp3 stays outside, while Imp7
or Imp9 escort the p38α/β through the nuclear pores, to the nucleus, where they dissociate from the
importins, and are free to phosphorylate their substrates. D. Translocation of the kinases to the nucleus
can be inhibited using the inhibitory PERY peptide that was synthesized according to the sequence of
the p38α–Imp binding site as described in the text.

In previous studies on the nuclear translocation of ERK, our group designed a myristoylated
peptide (EPE peptide) based on the ERK interaction site with Imp7 [120,121]. When added to cells,
the peptide completely abolished the interaction between ERK and Imp7, and it prevented both
stimulated and non-stimulated translocation of the kinase, indicating that the great majority of the
translocation is mediated by Imp7, but not by passive diffusion [122] under both conditions. The potency
of the peptide varied between cell lines, completely abolishing the proliferation of melanoma and other
ERK-addicted cancer cell lines, but not the growth of non-transformed cells [120,123]. The peptide
also diminished the growth of melanoma xenografts, better than the Raf inhibitor vemurafenib.
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Based on the successful development of the EPE peptide, we developed a myristoylated peptide
targeting the binding site of p38α/β to Imp7/9, which we termed the PERY peptide. As expected [80],
the peptide completely abolished the interaction of p38α/β to both Imp7 and Imp9, preventing the
nuclear translocation of the kinases and the phosphorylation of nuclear targets. Since p38α/β signaling
is involved in the proliferation of only limited types of cancers [6], the PERY peptide inhibited the
proliferation of some breast cancer and melanoma cells but not of other cancers. In most cases, the effects
were similar to those of the commercial p38 activity inhibitors, indicating that the effect on inflammation
and cancer is mediated mainly by the nuclear p38α/β. Importantly, the peptide inhibited DSS-induced
colon inflammation (colitis-like) and impressively, it demonstrated a significant inhibitory effect on a
model of colitis-associated colon cancer [80]. Its effect was stronger when added throughout the DSS
treatment than when added during the last two cycles of the treatment, and it was much stronger when
compared to the effect of the commercial p38 activity inhibitor. Moreover, we have shown that the
effect is mediated by macrophages [80] and not via enterocytes or other colon cells. Hence, these results
clearly indicate that the nuclear translocation plays a role in the induction of inflammation and not the
proliferation of colon cells. Taken together, we demonstrated that the nuclear translocation of p38α/β
(and JNK) is important for the induction of inflammation, which may further lead to the development
of some cancers. Additionally, it can be involved in the induction of proliferation of other cancer
types such as triple negative breast cancers. Moreover, the results demonstrate that inhibiting the
nuclear translocation of p38α/β may serve as a therapeutic strategy to combat various cancers as well
as inflammatory diseases (Table 1).

Table 1. Nuclear substrates of p38α/β and their role in cancer and inflammation. More than
120 substrates of p38α/β were found in several reviews [27,43,86–89], and the translocation of
each one of them was inspected in various databases. Substrates with constant (> 80%) nuclear
localization in all cell lines described are shown under “Mostly Nuclear Proteins”, while proteins that
are mostly nuclear in resting cells but are exported to the cytoplasm after stimulation are shown under
“Nuclear Export”. The role of the p38α/β phosphorylation, as well as their general involvement in
cancer or inflammation (independent of the phosphorylation in the nucleus) is described for each
nuclear substrate. ND—not determined.

Localization
p38-phosphorylated

Protein
Role of Phosphorylation Involvement in Cancer Involvement in Inflammation

Cyclin D3
Targets cyclin D3 for

proteasomal
degradation [124].

Together with CDK6 regulates
cell metabolism to promote

cancer [125].

Together with CDK6
phosphorylates NFκB to induce

inflammatory gene
expression [126].

Mostly
Nuclear
Proteins

E47
Promotes MyoD/E47

association and muscle-gene
transcription [127].

Induces EMT and therefore
may facilitate tumor

formation [128].

Required for the efficient
recruitment of GR

(anti-inflammatory) to chromatin
[129].

FBP2 (KSRP) Controls stability of myogenic
transcripts [130].

Regulates c-Fos RNA stability
and therefore cancers [131].

Induce pro-inflammatory genes
upon resveratrol treatment [132].

FBP3 Controls prothrombin
expression [133].

May regulate Myc
expression [134].

May be involved in
thrombin-induced

inflammation [133].

H2AX

Chromatin remodeling.
Involved in G2 checkpoint that

protects cells from DNA
breaks [135].

Phosphorylation of Ser139 by
RSK (the same site

phosphorylated by p38)
inhibits cell

transformation [136].

Colonocytes from ulcerative
colitis patients showed an increase
in H2AX content. Not necessarily
related to phosphorylation [137].

H3
Related to chromatin

remodeling and chromosome
condensation [138].

p38 phosphorylation of Ser10
causes aggressive gastric

cancer [139].

p38-dependent H3
phosphorylation may mark

promoters for increased NFκB
recruitment and

inflammation [140].

HBP1
Stabilizes the proteins that

leads to cell cycle
inhibition [141].

Inhibits cell cycle and
functions as a tumor

suppressor [78].

Promote vascular inflammation in
atherogenesis [142].

Id2 Regulates transcription, cell
cycle, and differentiation [143].

Participate in VHL
inactivation in cancer [144].

Maintains regulatory T cell to
suppress inflammatory

diseases [145].
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Table 1. Cont.

Localization
p38-phosphorylated

Protein
Role of Phosphorylation Involvement in Cancer Involvement in Inflammation

IWS1 Likely regulates RNA
processing and export [89].

Regulates trimethylation of
Histone H3 that may lead to

cancer [146].
ND

JDP2

Phosphorylation at Thr148
likely leads to proteasomal

degradation (as with
JNK [147]).

Implicated in progression and
suppression of different

cancers [148].

Involved in liver
inflammation [149].

MEF2d Regulates recruitment of
proteins to specific genes [150].

Enhances proliferation
migration and invasion in

pancreatic cancer [151].

Regulates IL-10 production in
microglia to protect neuronal cells
from inflammation-induced death

[152].

Mnk2b Induces activation [153].
Mnk2b is oncogenic, by

enhancing eIF4E
phosphorylation [154].

MNK2 is involved in adipose
tissue inflammation (possibly

both isoforms) [155].

MSK1 Induces activation [156].
Induces the transcription of

immediate-early
oncogenes [32].

Activation of the
pro-inflammatory NF-κB

signaling pathway through MSK1
in microglial cells [157].

MSK2 Induces activation [158].
Induces the transcription of

immediate-early
oncogenes [32].

Plays a role in limiting Toll-like
receptor-driven

inflammation [159].

P18Hamlet
(Znhit1)

Stimulates p53-dependent
apoptosis [160].

Regulates p53 and therefore
cancer [160].

May affect p53-dependent
inflammation [160,161].

P53 Regulates apoptosis [162]. Tumor suppressor [161]. Suppressor of inflammation and
autoimmunity [161].

PGC-1α Regulates cytokine-induced
energy expenditure [163].

PGC-1α expression is altered
in tumors and metastasis in
relation to modifications in
cellular metabolism [164].

Connects oxidative stress and
mitochondrial metabolism with

inflammatory response and
metabolic syndrome [165].

PPARalpha
Plays a role in cardiac

metabolic stress
response [166].

Modulates metabolic
pathways and attenuates

kidney tumor growth [167].

Exerts a major anti-inflammatory
action in human liver [168].

Ranbp2
Probably regulates

SUMOylation and myotube
formation [89].

Involved in inflammatory
myofibroblastic tumor

formation [169].

Inflammatory myofibroblastic
tumor with RANBP2 and ALK

gene rearrangement [169].

Rb1
Mediates Fas-effects on

inactivation of Rb1,
independent of CDKs [170].

Functions as a tumor
suppressor. Inactivation

induces retinoblastoma and
other cancers [171].

RB inactivation enhances
pro-inflammatory signaling that

can lead to cancer [172].

RNF2
Modulates the expression of

transcription factors and
histone 2B acetylation [173].

Monoubiquitinates H2AK119
at the promoter of LTBP2, thus

regulates TGFβ signaling to
induce melanoma [174].

Inhibit interferon-dependent
responses that may include

inflammation [175].

Rpn2 Negatively regulates
proteasome activity [40].

Promotes metastasis of
hepatocellular carcinoma

[176].

Downregulated the
inflammatory-associated

JAK1/STAT3 pathway [177].

RUNX2 Increases transcriptional
activity [178].

Abnormally expressed in
prostatecancerand associates
with metastatic disease [179].

May have a role in the
inflammatory remodeling of the

collagen matrix [180].

SPF45

Regulates alternative splicing
site utilization [181], which

may lead to multidrug
resistance phenotypes [182].

The phosphorylation inhibits
proliferation and therefore

may block cancer [181].

Highly expressed in lung’s
inflammatory cells, which might

be involved in their function [182].

SRC3
Controls the dynamics of

interactions with RARalpha to
facilitate gene activation [183].

Promotes breast and prostate
cancer cell proliferation and

survival [184].

Regulates inflammation during
wound healing [185].

AHNAK
Probably induces its

differentiation-related
activity [89].

Promotes metastasis through
TGF-β-mediated EMT [186].

Silencing of AHNAK in dental
pulp cells led to reduced

inflammation-related
proteins [187].

Nuclear Export c/EBPalpha Inhibits enhancer
activity [188].

Suppresses tumor metastasis
and growth in gastric

cancer [189].

Interacts with NF-κB to regulate
inflammation [190].

c/EBPbeta Activates enhancer
activity [191].

Regulates tumor
progression [192].

Induces inflammation and ER
stress [193].

ERalpha Induces activation and nuclear
export [55].

Functions as an oncogene in
breast cancer [194].

Abnormal ERalpha signaling
leads to inflammation [195].
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Table 1. Cont.

Localization
p38-phosphorylated

Protein
Role of Phosphorylation Involvement in Cancer Involvement in Inflammation

MK2 Induces activation [196].

Plays a role in the induction of
lung cancer [197]. Activates

cancer-related proteins
(Cdc25B/C, Plk1, and TSC2)

[198].

Plays a role in inflammatory
pulmonary diseases [197].

Regulates inflammatory cytokines,
transcript stability, and critical

cellular processes [69].

MK3 Induces activation [199]. Leads to pancreatic cancer
growth [200].

Induces TNF biosynthesis and
inflammation [201].

MK5 Induces activation [202]. Induces breast cancer [203]. Phosphorylates HSP27 to induce
inflammation [204].

MRF4 Reduces transcriptional
activity [205].

May regulate hairy cell
leukemia (HCL) [206]. ND

NFATc4 Activation and nuclear
export [207].

Correlates with decreased
proliferation and poor
prognosis of ovarian

cancer [208].

Involved in the secretion of
inflammatory factors [209].

NR4A Regulates dopamine synthesis
genes [210].

Has both tumor suppressor
and oncogenic functions in

different cells [211].

May contribute to the cellular
processes that control
inflammation [212].

Pax6 Elevates transcriptional
activity [213].

Induces cell proliferation in
lung cancer [214]. ND

7. Concluding Remarks

The response of cells to stress and other extracellular stimuli leads to the activation of several
signaling pathways, including primarily those of p38α/β and JNK. The p38α/β signaling cascade is
well-known for its ability to transmit stress signals to various targets within the cells. Thus, it regulates
the activity of many transcription factors involved in stress response, and it was shown to also regulate
cell cycle, RNA processes, and cytoskeletal elements. Here, we discussed in detail its involvement
in the degradation and nuclear translocation of many proteins, which is an effect that may be in
both cases either global, by affecting executing enzymes, or individual by acting specifically on
degrading/translocating molecules. Regarding protein degradation, the global effects may be mediated
by regulating proteasome or ubiquitin ligases, while the phosphorylation of individual substrates
may either stabilize them or enhance their degradation. As for nuclear translocation, the global effect
is possibly mediated by regulating importins or nuclear pore proteins (NUPs), while the individual
effects can be mediated by either reduced or enhanced binding to the translocation machinery or to
anchoring proteins. Being such central signaling pathways, the dysregulation of the p38α/β cascade
results in pathologies, and indeed, almost all constantly nuclear targets were shown to play a role in
the regulation of cancer and inflammation.

One of the hallmarks of many stimulations is the rapid and robust nuclear translocation of
p38α/β. This translocation is essential for the regulation of targets that are only localized in the nucleus,
although it can enhance the phosphorylation of proteins that are phosphorylated in the cytoplasm and
translocate to the nucleus upon stimulation (e.g., transcription factors). We found that the translocation
is mediated by the binding of p38α/β with either Imp7 or Imp9, which further bind individually to
Imp3. Then, the complex moves to the NUPs, where Imp3 stays, while Imp7 or Imp9 shuttles the
p38α/β into the nucleus. In the nucleus, p38 is freed from the importins by Ran and then, it is able
to execute its nuclear functions. The duration of p38α/β residence in the nucleus may vary between
cells and conditions, after which the kinases are exported out of the nucleus by their NES-containing
substrate, MK2. A few years ago, our group developed the PERY peptide that completely prevents the
nuclear translocation of p38α/β and thereby prevents the growth of some cancer cells—particularly
DSS-induced colon inflammation and inflammation-induced cancer. Thus, the nuclear translocation
of p38α/β can serve as a good target for inflammation and cancer, and inhibitors of this kinase
translocation should be further developed for clinical use.
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Abstract: The p38 mitogen-activated protein kinase (MAPK) signaling pathway is implicated in
cancer biology and has been widely studied over the past two decades as a potential therapeutic target.
Most of the biological and pathological implications of p38MAPK signaling are often associated with
p38α (MAPK14). Recently, several members of the p38 family, including p38γ and p38δ, have been
shown to play a crucial role in several pathologies including cancer. However, the specific role of p38β
(MAPK11) in cancer is still elusive, and further investigation is needed. Here, we summarize what
is currently known about the role of p38β in different types of tumors and its putative implication
in cancer therapy. All evidence suggests that p38β might be a key player in cancer development,
and could be an important therapeutic target in several pathologies, including cancer.

Keywords: p38MAPK; MAPK11; p38β; cancer

1. Introduction

Mitogen-activated protein kinases (MAPKs) are an evolutionarily conserved family of enzymes
that link extracellular signals to the intracellular machinery in order to control a plethora of cellular
processes including proliferation, cell survival, differentiation and apoptosis, among others. In fact,
its deregulation is associated with many human diseases including inflammation, neurodegenerative
disorders and cancer [1].

In mammals, four conventional MAPK subfamilies have been identified: extracellular signal-
regulated protein kinases 1/2 (ERK1/2), c-Jun N-terminal kinases 1-3 (JNK1/2/3), p38MAPKs (α, β,
γ and δ), and the most recently discovered and least characterized ERK5 [1]. Each MAPK has its own
activators, inhibitory phosphatases, substrates and scaffold proteins that allow the correct function of the
different MAPK signaling pathways [2,3]. The diversity and specificity of MAPKs in cellular responses
are achieved with a linear architecture, consisting of a module of three protein kinases: a MAPK kinase
kinase (MAP3K or MKKKs) at the top, which phosphorylates a MAPK kinase (MAP2K, MKKs or
MEKs) on specific serine (S) and threonine (T) residues. Eventually, there is a dual phosphorylation of
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the T and tyrosine (Y) residues of the conserved T-X-Y motif, located in a loop close to the active site of
the terminal MAPK [4].

In addition, there is the group of atypical MAPKs, including ERK3/4, ERK7, ERK8 and Nemo-like
kinase (NLK) [5–8], whose regulation and activation is not related to the module of the three kinases
described for the conventional ones.

2. The p38MAPK Family

In mammalian cells, the p38MAPK family includes four members: p38α (MAPK14), p38β
(MAPK11), p38γ (MAPK12) and p38δ (MAPK13), which have a high degree of sequence homology at
the amino acid level (>60%) [9]. p38MAPKs differ in their expression patterns and substrate specificities,
suggesting diverse functions. The p38MAPKs are S/T proline-directed kinases with an activation motif,
T-G-Y, in which the substrate specificity is not only determined by the targeted amino acids, but also
by specific docking domains present on the substrate and by a specific substrate binding motif in the
MAPK (for a recent review of the p38MAPK-mediated signaling see [10]). The primary MAP2Ks
for the p38MAPKs modules are MKK3 and MKK6 [11], although initially it was also considered the
activation through MKK4 [12]. Activation of MAP2Ks occurs by phosphorylation of two conserved S
and T residues on their activation loop by a broad range of MAPK3s. The MAP3Ks of this pathway
include ASK1 (apoptosis signal-regulating kinase 1), DLK1 (dual-leucine-zipper bearing kinase 1),
TAK1 (transforming growth factor β-activated kinase 1), TAO (thousand and one amino acid) 1 and 2,
TPL2 (tumor progression loci 2), MLK3 (mixed-lineage kinase 3), MEKK (3 and 4), and ZAK1 (leucine
zipper and sterile-α motif kinase 1) [13]. However, it has also been reported activation/inactivation of
this signaling pathway by non-canonical mechanisms as in the case of T-cell receptor [14] or GRK2 [15].

The p38MAPK family can be divided into two subsets: on the one hand, p38α and p38β,
and on the other hand p38δ and p38γ. This classification is based on their homology and their
susceptibility to be inhibited by pyridinyl imidazoles (SB203580 and SB202190 compounds) at low
concentrations. p38α and p38β have a higher homology between them (75%) and both can be inhibited
by pyridinyl imidazoles, whereas p38δ and p38γ are 61% and 62% identical to p38α, respectively,
and are not susceptible to be inhibited by SB203580 and SB202190 [16,17]. The number of specific
inhibitors for p38MAPK is rapidly growing, allowing for a better understanding of the biological role
of each p38 family member [18]. Important substrates in the p38MAPK signaling pathway include
downstream kinases such as MK2/3, PRAK MSK1 or MNK1/2, as well as various transcription factors
including ATF1/2/6, c-Myc, c-Fos, GAT4A, MEF2A/C, SRF, STAT1, p53 and CHOP among others [19].
This diversity of factors associated with the p38MAPK signaling pathway gives a glimpse of the
plethora of biological processes implicated in this pathway.

3. p38β

p38β (also known as Stress Activating Protein Kinase 2 (SAPK2), Stress Activating Protein Kinase
2b (SAPK2b), MAPK11 or P38β2) was described in 1996 by Jiang and coworkers [20], and is encoded
by the MAPK11 gene that maps to chr22:50,263,713-50,270,380 in the human genome (UCSC genome
browser/GRCh38/hg38), and comprises 12 exons (NCBI reference sequence NM_0022751.7). The protein
is 364 amino acids long, and has a kinase domain (amino acids 24-308) that includes a T-G-Y (amino
acids 180-182) dual phosphorylation motif, which is required for its kinase activity [16,21]. The 3D
structure of p38β resembles that of a typical kinase with a smaller β-sheet N-terminal domain and a
larger C-terminal domain. The ATP-binding site is located between the two domains, which are linked
by a single polypeptide chain (residues T107-G110). This structure is also very similar to that of p38α,
although they differ in the relative orientation of the N- and C-terminal domains [22]. This orientation
causes a reduction in the size of the ATP-binding pocket of p38β compared to p38α. The difference in
size between the two pockets could play a role in their different substrate specificity [20], and could be
exploited in order to design selective compounds able to inhibit each p38 protein independently [22].
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p38β is ubiquitously expressed, but at lower levels than p38α. p38β is expressed in the human
brain, heart, placenta, lung, liver, skeletal muscle, kidney, spleen, testis, ovary, prostate, thymus
and pancreas [20,21]. Moreover, p38β is abundant in endothelial cells, but undetectable in other
lineages as macrophages or monocytes [23]. Similar to p38α, p38β is activated by pro-inflammatory
cytokines and environmental stress, such as IL-1β, TNF, sorbitol, arsenite, anisomycin, high osmolarity,
H2O2 and UV light [16,24]. The MAP2K that activates p38β is MKK6, whereas p38α is activated
by MKK3 and MKK6 [20,25,26]. A unique characteristic of p38β is the ability to modulate its basal
activity by autophosphorylation events. p38β is capable of self-activation by cis autophosphorylation
of the residue T180 located in the activation loop. This activation occurs spontaneously in vitro,
but can be regulated in mammalian cell cultures [27]. Moreover, p38β also autophosphorylates
in trans residues T241 and S261 in vivo. Indeed, phosphorylation of S261 reduces the activity of
T180-phosphorylated p38β, whereas, T241 phosphorylation reduces its phosphorylation in trans,
although these two phosphorylation events do not seem to affect the activity of dually phosphorylated
(T180/Y182) p38β [28].

The functions of p38β are mostly redundant with those of p38α. For instance, it has been shown
that p38β cannot perform specific functions of p38α during development [29]. In fact, p38α knockout
mice are lethal due to placental defects [30], while p38β knockout mice are fertile and viable [31].

The substrates attributed to p38β are mainly based on the use of SB compounds, which inhibit both
p38α and p38β, not allowing to determine if they are bona fide substrates of p38β (p38MAPK substrates
are reviewed in [10]). However, there are p38β targets that have been confirmed with other approaches.
Among the several p38β substrates, there are protein kinases, transcription factors, and transcriptional
regulators. Regarding protein kinases, the MAPK-activated protein kinases MAPKAPKs are a group of
proteins downstream of MAPKs. A subgroup of MAPKAPKs is composed of MK2, MK3 (also known as
3pK), and MK5 (also designated as p38-regulated/activated protein kinase (PRAK)). These three kinases
regulate key cellular processes such as gene expression at the transcriptional and post-transcriptional
level, control cytoskeletal architecture and cell cycle progression, and play an important role in
pathological processes such as inflammation and cancer (reviewed in [32]). p38α and p38β inhibit
mitotic entry through MK2/3 phosphorylation in vivo [33] and MK2/MK3 activation is blocked by
the inhibitor SB203580 in vitro [34]. MK5 is activated by p38α and p38β in vitro and in vivo [35],
regulating the shuttling of this protein from the nucleus to the cytoplasm [36]. Another substrate of
p38β is Protein kinase C Є(PKCЄ), a serine/threonine kinase involved in the regulation of cytokinesis
in mitotic cells. This protein is primed to bind 14-3-3 by a series of phosphorylation events initiated by
p38MAPK (in S350), GSK3 (in S346) and PKC itself (in S368). In vitro studies have shown that p38α and
p38β phosphorylate S350 creating a GSK3 recognition site for the phosphorylation of S346, and that
chemical inhibition by SB203580 prevents S346 phosphorylation in cells stimulated by UV-C [37].

Other studies have shown that p38β is also associated with several transcription factors.
For example, MEFs (Myocite Enhancer Factors) are a family of transcription factors composed
of MEF2A-D that regulates cell differentiation, proliferation, apoptosis, migration, and metabolism [38].
MEF2A and MEF2C are phosphorylated by p38α and p38β in vitro through a MAP kinase docking
domain that is specific to these MAPKs, and activates their transcriptional activity in vivo [39].
Moreover, SB202190 inhibits the transcriptional activity of MEF2C induced by LPS or MKK6 in
monocytic cells [40]. Another transcription factor targeted by p38β is NFATc4 (Nuclear Factor of
activated T cells 4). NFATc4 belongs to the NFAT family of transcription factors, and is involved in
cardiac development, mitochondrial function, and in activation of adipocyte specific genes during
differentiation [41,42]. NFATC4 is phosphorylated by p38α, β, γ and δ in the presence of an activated
MKK6 mutant (MKK6-GLu) in vitro and in vivo, p38α phosphorylates NFATc4 at S168 and S170 in the
NFAT homology domain regulating the subcellular distribution of the transcription factor, promoting
cytoplasmic localization of the NFATc4, and blocking adipocyte formation under differentiation
conditions [43]. Moreover, phosphorylation of S168 and S170 of endogenous NFATc4 by p38MAPK is
sensitive to SB203580 [44].
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AP-1, a dimeric complex that is composed of members of the JUN, FOS, ATF or MAF protein
families, regulates a wide range of cellular processes including cell proliferation, death, survival and
differentiation, and has also been shown to be a downstream target of p38β [45]. C-FOS and ATF2
were also shown to be phosphorylated in vitro and in vivo by the four p38MAPKs, increasing
its transcriptional activity [16,21,46,47]. Furthermore, it was reported that histone deacetylase 3
interacts specifically with p38β in LPS-stimulated cells, diminishing its phosphorylation, and leading
to a repression of ATF-2 transcriptional activity as in the case of TNF gene expression [48].
Another transcription factor targeted by p38β is MafA, a member of the MAF family of basic
leucine zipper proteins, that act as an important regulator of development and differentiation in
many organs/tissues, and is a key player in Insulin regulation (for a review see [49]). MafA is also
phosphorylated by the four p38MAPK isoforms in vitro and in vivo, and this phosphorylation might
control MafA function, as it was shown previously in lens differentiation in primary cultures of chicken
neuroretinal cells [50].

Other substrates of p38β with different functions that are shared with p38α, have been also
reported. This group of miscellaneous substrates includes the BAF 60 protein BAF60c [51,52], E47 [53],
P18 (Hamlet) [54,55], Cyclin D3 [56], the variant of the histone H2A, H2AX [57], KH-type splicing
regulatory protein (KSRP) [58], and the membrane associated metalloprotease TACE [59]. However,
there are two proteins, Glycogen Synthase (GS) and Raptor that seem to be specific substrates of p38β,
and are not phosphorylated by any of the other p38MAPK proteins. p38β binds specifically to GS in
skeletal muscle, brain and liver, and its efficient phosphorylation allows GSK3 to phosphorylate other
residues of GS, causing partial inhibition of its activity [60]. In the case of Raptor, a regulatory-associated
protein of mTOR, activated p38β by arsenite interacts with Raptor resulting in the phosphorylation
of Raptor on S863 and S771, enhancing mTORC1 activity [61]. Therefore, the search for new specific
substrates based on genetic evidence rather than on SB compounds, is a key step in the further
understanding of biological functions mediated by p38β.

4. p38β and Cancer

Although p38β has been related to several pathological conditions like Huntington disease [62]
and cardiac hypertrophy [63,64], this review will be focused on the role of p38β in cancer.

Since the mid-90s, when the p38MAPK signaling pathway was initially related to the cellular
response to DNA damage agents including antitumor treatments [65], up to recent evidence indicating
its use as a potential therapeutic target [13], the role of the p38MAPK signaling pathway in cancer has
been deeply studied. However, most of the work has been focused on p38α, which has been repeatedly
shown to play an important role in cancer biology. Consistent data from experimental models in
different pathological conditions [66,67], have allowed us to consider p38α as a biomarker [24,68,69],
and also as a putative target for cancer therapy (for a review see [70]). Conversely, much less is known
about the role of the other p38 proteins (p38β/γ/δ) in cancer, although recent studies have shown
an important role of p38γ/δ in cancer [71,72], however, further studies are needed to elucidate the
definitive role of these two p38 proteins in cancer pathology (for a review see [73]).

Little is known about the role of p38β in cancer, although this protein has been associated with key
molecules in this disease. For example, p38β has been proposed as a key target of the proto-oncogene
Pokemon, a transcription factor known to be implicated in tumorigenesis and metastasis in hepatic
cells [74]. Also, it has been reported that p38β could be a critical step in tumor formation through
regulation of lipocalin 2 (LCN2) expression, a direct target of Plakophilin 3 (PKP3). In this sense, it has
been shown that in different types of tumors, high LCN2 expression correlates with increased invasion,
tumor formation and metastasis (for a review see [75]). Interestingly, in the absence of PKP3, p38β is
able to control the expression of LCN2, indicating a potential role of p38β in tumor formation [76].
p38β has also been associated with integrin-αv, known to maintain cellular proliferation in keratinocytes
by controlling c-Myc translation through FAK, p38β and p90RSK1. Chemical inhibition of p38β or
genetic interference of MAPK11 in keratinocytes promotes a marked decrease in c-Myc levels [77].

52



Int. J. Mol. Sci. 2020, 21, 7524

It was proposed that p38β could play a key role in biological processes for tumor progression and
angiogenesis. For instance, TGF-β1 was shown to induce endothelial cell apoptosis by changing VEGF
signaling from p38β, with survival function, to p38α with a pro-apoptotic function [78], in agreement
with previous observations in cardiomyocytes [79]. Other studies have shown a direct connection
of p38β with VEGF in a murine retinal model [80], further highlighting the importance of p38β in
neovascularization and hypoxia-induced cell proliferation. Altogether, these studies suggest that p38β
could be a potential target for an anti-angiogenic approach.

Also, p38β has been related to other aspects associated to cancer disease, with important
implications in the patient’s quality of life. For example, p38β has been related to cachexia through
the control exerted onto the autophagic protein ULK1 in both in vitro and in vivo muscle wasting
models [81]. Indeed, it is known that p38β functions upstream of FoxO–BNIP3 signaling axis to mediate
an energy stress response [82], supporting the role of this MAPK in energy sensing. Another interesting
aspect of p38β is its relationship with cancer-associated pain. In an experimental model of rats,
pain associated to intra-tibial injection of mammary gland carcinoma cells, showed a marked reduction
by intrathecal administration of a p38β antisense oligonucleotide [83]. Furthermore, the reduction of
cancer-associated pain by music therapy was also attributed to low expression of p38β and p38α [84].

In addition to the connection with key proteins and biological processes in cancer, there are
several examples showing the implication of p38β in different types of tumors. In pancreatic cancer,
Singh and coworkers reported that p38β could be a potential biomarker [85]. Furthermore, the authors
showed that peptide inhibitors for p38β are able to induce toxicity in pancreatic cell lines such as
PANC-1, suggesting a potential therapeutic implication [85]. In hepatocellular carcinoma, recent data
showed that p38β is a target of miR-516a-5p, which is controlled by a novel circular RNA, circ-0001955,
that increases the expression of p38β, facilitating hepatocellular tumorigenesis [86]. In bladder
cancer, p38β has been reported to be a critical player in cell motility through the signaling axis
ILK-p38β-Hsp27 [87]. In prostate cancer, p38β has been related to metastases through the control
exerted on the Wnt inhibitor Dickkopf-1, indicating the possibility of being considered as a therapeutic
target [88]. Another study considered that the p38α/β inhibitor SB202190 could be used as a putative
therapy in this type of tumor, in which STK11 could be a critical biomarker for this p38-based therapy,
but no genetic evidence supported a critical role for p38β [89]. Therefore, further investigation is
necessary to clarify the role of this particular MAPK in the biology and therapy of prostate cancer.
In endometrial cancer, p38β has been shown to mediate the proliferation of tumor cells by inhibiting
apoptosis. In this case, the anti-apoptotic ability of p38β seems to be controlled by the long non-coding
RNA 1220, that controls p38β expression [90]. Interestingly, in lung cancer it has been recently reported
that p38α, but not the rest of p38MAPK members, could be a potential biomarker of chemotherapy
response [68]. However, overexpression of p38β was shown to be related to a specific subset of lung
cancer in non-smokers in China [91]. Other reports indicate that a single-nucleotide polymorphism
in p38β (rs2076139) is a potential biomarker associated with progression-free survival in metastatic
non-small-cell lung cancer patients receiving platinum-based chemotherapy [92]. In addition, in lung
cancer of non or light smokers it was shown that p38β and p38α, could be predictors of the expression
levels of the DNA excision repair protein ERCC1, a key protein in DNA damage reparation with
implications for the response to platinum compounds [93]. Indeed, chemical inhibition of p38α/β
decreased viability of lung cancer cell lines, but genetic interference showed that most of this effect
relies on p38β [93]. However, in terms of response to cisplatin, the effect of p38β was not applicable to
all the experimental models [93], suggesting a more prominent role for p38α. Nonetheless, further
studies are required to fully elucidate the role of p38β in lung cancer and its therapy. In breast cancer,
the only connection with p38β has been related to bone metastases, through the up-regulation of the
expression and secretion of monocyte chemotactic protein-1, which activates osteoclast differentiation
and activity. Interestingly, the authors show how targeting p38β in breast cancer cells could be a novel
approach to treat bone destruction associated with bone metastasis [94]. In silico evidence connected
triple-negative breast cancer with epirubicin response and p38β overexpression, among other MAPKs,
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but no experimental data have been provided so far [95]. In Head and Neck Squamous Cell Carcinoma
(HNSCC) patients, high expression levels of all p38MAPK isoforms, including p38β, have been detected
in sera. Interestingly, these levels are downregulated after therapy, except for p38δ, suggesting that all
p38MAPKs could be potential biomarkers in this disease. In addition, the authors indicated a potential
role of p38δ as a putative target for HNSCC therapy that cannot be extrapolated to p38β [96].

p38β has also been related to leukemic pathology, for example, in acute myeloid leukemia (AML)
and in Sézary syndrome. In AML, an aggressive hematologic malignancy, the overexpression of the
SET oncoprotein, able to inhibit the protein phosphatase PP2A, is a key event that correlates with
poor prognosis [97]. In this regard, p38β has been associated with the inhibitory effect of SET onto
PP2A by two different mechanisms: first, by promoting SET cytoplasmic translocation through CK2
phosphorylation, and second, by direct binding to and stabilization of the SET protein [98]. Therefore,
and considering the anticancer activity of several PP2A-activating drugs [99], p38β could be a potential
novel target in AML, especially in those cases with SET over-expression. In the Sézary syndrome,
a leukemic variant of cutaneous T-cell lymphomas, it has been reported that the overexpression of p38β
could be a potential driver gene or a novel biomarker [100]. Indeed, in Sézary syndrome-derived cell
lines, inhibition of PKCβ and GSK3 with the small molecules Enzastaurin and AR-A014418 promote a
marked decrease in p38β expression without changing p38α levels [100]. Also, SB203580 and SB202190
promote cell death in those cell lines as well as in primary samples from Sézary syndrome patients.
However, the genetic interference of p38β does not show any effect in cell viability [100], suggesting
that further studies are necessary to fully evaluate the potential therapeutic implications of p38β in
Sézary syndrome.

Nevertheless, in other types of tumors, p38β appears not to have any implication or, if so,
a marginal role. For example, in melanoma, preliminary evidence in cell lines discard this MAPK,
but not p38α, as a key player in this pathology [101]. Another example could be colorectal cancer,
in which the 1628A>G (rs2235356) genetic variation in the p38β promoter region may contribute to
the susceptibility to colorectal cancer in a Chinese population [102]. However, recent reports discard
specifically this result in a Swedish population [103], suggesting that maybe p38β is not a universal
biomarker for colorectal cancer. Indeed, other screening study discards p38β and indicates that p38α
could be considered as a potential diagnostic marker and a putative therapeutic target for colorectal
cancer [104]. In fact, this last observation is in agreement with previous reports using patient-derived
xenografts [105]. Altogether, all this evidence suggests a marginal role for p38β in colorectal cancer.

Finally, regarding the implications of p38β in cancer biology, it is important to mention that
Stress Activated Protein Kinases signaling pathways, JNK and p38MAPK, have been shown to play a
dual role in cancer, both as an oncogene and as a tumor suppressor gene (for a review see [106,107]).
This dual role seems to be dependent on several factors, including the experimental model and the
stage of cell transformation, among others. Colorectal cancer is a paradigmatic example of this duality,
showing that p38α could behave as an oncogene or a tumor suppressor depending on the stage of
the carcinogenesis process [66]. It is likely that similar to p38α, p38β may have a dual role in cancer,
also playing a tumor suppressor role. For instance, p38 MAPK signaling has been proposed to act as a
tumor suppressor gene by controlling oncogenic properties of key molecules such as Ras (reviewed
in [108]), Wip1 [109], EGFR [110]), and urokinase plasminogen activator [111] among others. However,
most of these studies address the function of p38α specifically, with no reference to p38β, or if so,
discarding its implication in the tumor suppressor activity. Future work investigating the potential
tumor suppressing activity of p38β is needed to fully understand if p38β can potentially act both as a
proto-oncogene and as a tumor suppressor gene in cancer pathology.

From the therapeutic point of view, the implication of p38MAPK signaling pathway in the
mechanism of action of several anti-cancer drugs has been widely studied, but most of these studies
have focused on the role of p38α [112]. In fact, p38α has been connected to DNA damage-response [113]
through its relation with key proteins in DNA damage such as ATM or p53 [114]. p38α has been
proposed as a master regulator of the apoptotic effects triggered by genotoxic drugs [115], and also as a
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central part of the cellular response to ionizing radiation [116]. However, no data involving specifically
p38β has been published. There are only few examples suggesting a role for p38β in response to
cancer therapy. For instance, in leukemia-derived cell lines, both p38α and p38β have been linked to
interferon-α, leading to an inhibition of the cellular growth [117]. Moreover, p38β has been proposed
as a key molecule in the stimulation of cell death triggered by the p38α/β inhibitor SB202190, UV,
and FasL indicating a role in cytotoxicity [118]. Regarding other commonly used cancer treatments,
such as chemo/radiotherapy or immunotherapy, there are no studies addressing the implications of
p38β in response to these treatments, except for the one mentioned above in lung cancer [93], and for
thymoquinone, a natural compound, in which its antitumor effect has been related to down regulation
of p38β [119]. The relevance “per se“ of p38β in cancer treatments, as a putative target, has been
demonstrated in the previously mentioned experimental model of pancreatic cancer by using specific
p38β inhibitory peptides [85] but, unfortunately, no other examples of specific targeted therapy based
on p38β have been reported so far.

5. Future Directions

Although p38β is the least studied member of the p38MAPK family, possibly due to its functional
redundancy with p38α, recent evidence shows that it may play a differential role with biological and
pathological implications, as in the case of cancer. The lack of specific inhibitors for this MAPK has
greatly complicated its study, since it involves the use of genetic approaches almost on a mandatory
basis. Undoubtedly, the development of specific inhibitors for p38β could accelerate the research of this
MAPK. However, there are still aspects to be investigated in the coming years such as the role of p38β
in transcriptional regulation, its specific substrates, its involvement in the process of cell transformation
and cancer (Figure 1), its implication in the cellular response to chemo and radiotherapy treatments, or
even its use as a putative therapeutic target. Our knowledge of p38β is increasing every day, similarly
to other members of the p38 family, allowing us to unravel the complexity of p38MAPK signaling,
and to further elucidate the specific roles of each p38 family member. However, as most of the current
research is focused on p38α, further studies on other p38 proteins, including p38β are needed to fully
understand the importance of the p38MAPK signaling in human pathology.

Figure 1. Schematic representation of the involvement of p38β in different types of tumors (blue)
and the related molecules (red).
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Abstract: Idiopathic pulmonary fibrosis (IPF) is a progressive fibrosing lung disease that is caused
by the dysregulation of alveolar epithelial type II cells (AEC II). The mechanisms involved in the
progression of IPF remain incompletely understood, although the immune response accompanied by
p38 mitogen-activated protein kinase (MAPK) activation may contribute to some of them. This study
aimed to examine the association of p38 activity in the lungs with bleomycin (BLM)-induced pulmonary
fibrosis and its transcriptomic profiling. Accordingly, we evaluated BLM-induced pulmonary fibrosis
during an active fibrosis phase in three genotypes of mice carrying stepwise variations in intrinsic
p38 activity in the AEC II and performed RNA sequencing of their lungs. Stepwise elevation
of p38 signaling in the lungs of the three genotypes was correlated with increased severity of
BLM-induced pulmonary fibrosis exhibiting reduced static compliance and higher collagen content.
Transcriptome analysis of these lung samples also showed that the enhanced p38 signaling in the
lungs was associated with increased transcription of the genes driving the p38 MAPK pathway
and differentially expressed genes elicited by BLM, including those related to fibrosis as well as
the immune system. Our findings underscore the significance of p38 MAPK in the progression of
pulmonary fibrosis.

Keywords: p38 mitogen-activated protein kinase; bleomycin-induced pulmonary fibrosis;
idiopathic pulmonary fibrosis; RNA sequencing; alveolar epithelial type II cells
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1. Introduction

Pulmonary fibrosis is the result of the end-stage pathological development of existing lung diseases
caused by infection, autoimmunity, chronic inflammation, and idiopathy. Idiopathic pulmonary
fibrosis (IPF), one of the most common causes of interstitial pneumonia, is characterized by progressive
and irreversible fibrotic scar formation in the gas exchange regions of the lung, resulting in organ
malfunction. IPF is a devastating lung disease as patients show poor prognosis, with a median survival
of 2–5 years as well as increased risks of pulmonary hypertension and lung cancer [1]. A chronic
inflammatory process of the lung has long been considered a main potential mechanism underlying
IPF [2]. Moreover, innate and adaptive inflammation may contribute to determining the rate of disease
progression in patients with IPF [3]. However, the mortality of patients with IPF is correlated with
the extent of fibrotic focus formation, which results from the abnormal and excessive accumulation
of extracellular matrix (ECM) components, including collagen, fibronectin, and elastin [4]. Hence,
recent studies focusing on the behaviors of ECM-producing myofibroblasts in pulmonary fibrosis may
also inform the identification of therapeutic options for IPF [5–8]. In terms of current pharmacological
therapies for IPF, while nintedanib and pirfenidone have been approved by the Food and Drug
Administration, neither can improve the survival of patients with IPF [9]. Indeed, new beneficial
strategies that enable patients with IPF to survive longer and with improved quality of life have
been long-awaited.

Among mitogen-activated protein kinases (MAPKs), members of the p38 MAPK family are
activated in response to environmental stresses such as inflammatory stimuli by cytokines and Toll-like
receptor ligands, osmolality shock, ultraviolet irradiation, oxidative stress, chemotherapeutic drugs, etc.
Of the four isoforms (α, β2, γ, and δ) of p38, p38α is ubiquitously expressed in adult tissues and
its physiological and pathological roles have been well investigated [10]. p38 MAPKs are activated
by dual phosphorylation of the TGY motif within their activation loop by two upstream MAPK
kinases (MAP2Ks)—mitogen-activated protein kinase kinase (MKK)-3 and MKK6—that are activated
by various types of MAPKK kinases (MAP3Ks) [11]. In addition to this canonical activation pathway,
specific binding of transforming growth factor (TGF)-β-activated kinase 1-binding protein 1 to p38α
leads to p38α autophosphorylation and activation [12]. TGF-β signaling is one of the most crucial
factors in the murine pulmonary fibrosis model and may be potentiated in the pathogenesis of
IPF [13,14]. These findings strongly suggest the involvement of p38 signaling in the development of
pulmonary fibrosis. In fact, several studies have reported that p38 inhibitors, SB239063 and FR-167653,
can ameliorate bleomycin (BLM)-induced pulmonary fibrosis [15,16]. Lipopolysaccharide-induced
epithelial-mesenchymal transition (EMT), in the early pulmonary fibrosis process, may be associated
with p38 and TGF-β/smad3 signaling pathways [17]. Additionally, macrophage-specific loss of function
of forkhead box M1, which inhibits the p38 signaling pathway, exacerbates BLM-induced pulmonary
fibrosis [18]. Furthermore, pirfenidone was originally recognized as a small molecule p38γ inhibitor
that blocks the synthesis of TGF-β [19]. Hence, the involvement of p38 signaling in the pathogenesis of
pulmonary fibrosis is indubitable.

Here, we designed the study to elucidate new therapeutic target genes for IPF based on the notion
that p38 positively regulates the development of pulmonary fibrosis. Mice with stepwise changes in
the intrinsic activity of p38, specifically in alveolar epithelial type II cells (AEC II), were subjected to
the pulmonary fibrosis model by BLM because AEC II could play a critical role in the progression of
IPF [20]. RNA sequencing of total RNA derived from the lungs followed by transcriptome analysis
was performed.
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2. Results

2.1. Aggravation of BLM-Induced Murine Pulmonary Fibrosis Correlated with Increased Intrinsic p38 Activity
in the Lungs

Histopathological assessment revealed that worsening severity of pulmonary fibrosis was
associated with increased intrinsic p38 activity in the lungs (Figure 1A,B). At 8 days post-instillation
(dpi) of BLM, tissue infiltration of inflammatory cells and thickening of the alveolar interstitium
involved in aberrant collagen accumulation were observed. Moreover, these changes proceeded
to diffuse and multifocal distributions at 15 dpi. These histopathological findings of BLM-induced
pulmonary fibrosis in the MKK6-constitutive active (MKK6-CA) group were more severe and extensive
than those in the wild-type (WT) group, whereas those in the p38-dominant negative (p38-DN)
group were less severe and extensive than those in the WT group. Moreover, the distinct severity of
pulmonary fibrosis was evident in semi-quantitative evaluation assessed by a modified Ashcroft score
and stratified by three mouse groups. In contrast, no apparent inflammatory and fibrotic changes were
observed in phosphate-buffered saline (PBS)-treated groups.

In addition, total cell counts in bronchoalveolar lavage fluid (BALF) at 8 dpi of BLM tended to
increase with increased intrinsic p38 activity in the lungs (Figure 1C). Regardless of mouse genotype,
macrophages and lymphocytes accounted for approximately 50% and 30% of the total cells in the BALF
of BLM-treated groups, respectively (Supplementary Figure S1). Similarly, comprehensive protein
analysis in BALF by western blot array revealed 77 upregulated molecules that were evoked by BLM and
were associated with increased p38 activity in the lungs (Supplementary Table S1). These upregulated
molecules included many pro-inflammatory and pro-fibrotic mediators such as interleukin (IL)-13, IL-17,
stromal cell-derived factor 1(SDF-1)/C-X-C motif chemokine ligand (CXCL)-12, interferon (IFN)-γ,
keratinocyte chemoattractant (KC)/CXCL1, monokine induced by gamma interferon (MIG)/CXCL9,
macrophage inflammatory protein-1α (MIP-1α)/CC chemokine ligand (CCL)-3, and regulated upon
activation normal T cell expressed and secreted (RANTES)/CCL5.

Measurements of collagen and static compliance in the lungs also supported the morphological
alterations in the three mouse groups treated with BLM (Figure 1D,E). The amount of collagen in the left
lungs at 8 dpi in the MKK6-CA group was significantly higher than that in the WT and p38-DN groups,
although the difference between the WT and p38-DN groups was not significant. The decrease in static
compliance in the MKK6-CA and WT groups was significantly larger than that in the p38-DN group,
although the difference was not significant between the MKK6-CA and WT groups. Additionally,
a reduction in body weight tended to increase with increased p38 signaling in the lungs, exhibiting the
systemic effect implicated in the severity of BLM-treated mice (Figure 1F).

We verified the differences in intrinsic p38 activity in the lungs that underlie the different severity
of BLM-induced fibrosis among three mouse genotypes. Immunofluorescence staining revealed the
presence of AEC II, macrophages, and other parenchymal cells expressing p38 in the PBS-treated
lungs (Supplementary Figure S2A). The differences in p38 expression in these lung cells were not
observed among three mouse groups. In contrast, the proportion of the lung cells showing the nuclear
localization of phospho-p38 (P-p38) was increased by BLM treatment (Supplementary Figure S2B,C).
Additionally, the increased proportion corresponded with the theoretical stepwise upregulation of
intrinsic p38 activity in the lungs, and this finding was most prominent in AEC II. Although p38
is ubiquitously expressed in the cytoplasm of resting cells, activated p38 is represented by the
phosphorylation-dependent nuclear localization of p38 in response to various types of stimulation
such as DNA damage [21,22]. Therefore, these results demonstrate the three graded intensities of p38
activation induced by BLM among three different mouse genotypes.
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Figure 1. Bleomycin (BLM)-induced pulmonary fibrosis in mice bearing three different abilities of
p38 in the lungs. The three mouse genotype groups; namely, MKK6 constitutive active group (CA),
wild type group (WT), and p38 dominant negative group (DN), were intratracheally administrated BLM
and phosphate-buffered saline (PBS). (A) Representative histopathological images of the lung sections
stained by Masson’s trichrome (scale bar = 50 μm). Lungs were collected at 8 days post-instillation (dpi)
of BLM and PBS, and 15 dpi of BLM. (B) Quantification of the fibrotic severity using modified Ashcroft
scoring was evaluated in six different lesions at 8 dpi of BLM and PBS, and 15 dpi of BLM (n = 9).
(C) The numbers of total cells in bronchoalveolar lavage fluid were measured at 8 dpi of BLM and
PBS (n = 7). (D) The collagen contents of the left lung lobes were measured at 8 dpi of BLM and PBS
and normalized to the weight of each left lung (n = 4). (E) The static lung compliances were measured
at 8 dpi of BLM and PBS (n = 4). (F) Proportions of body weight at 8 dpi of BLM and PBS to that
before administration (n = 14). All data are represented as means ± standard error of the mean (SEM).
* p < 0.05, n.s., no significant difference (measured by one-way an analysis of variance (ANOVA)
followed by Tukey’s test or unpaired Student’s t-test).
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2.2. Comparative Transcriptome Analysis of a BLM-Induced Pulmonary Fibrosis Model Exhibiting Different
Severity Due to p38 Activity in the Lungs

RNA sequencing (RNA-seq) was performed using lung samples at 8 dpi when the severity of
BLM-induced pulmonary fibrosis was apparently different among the three groups and transcriptomic
changes in the BLM-induced fibrosis model are more likely to be correlated with the progression of
IPF [23,24]. Principal component analysis (PCA) showed a relationship in the expression of genes
among the three mouse groups treated with BLM and PBS, while hierarchical clustering analysis
visualized using a heatmap highlighted the trend of differentially expressed genes (DEGs) between
the BLM- and PBS-treated groups (Figure 2A). In the PCA plot, the BLM-treated groups were all
well separated from the PBS-treated groups and the variance in BLM-treated groups was less than
that in PBS-treated groups, indicating the assembly of distinct clusters following BLM exposure.
Consistent with this observation, hierarchical clustering analysis identified DEGs between the BLM-
and PBS-treated groups. Gene set enrichment analysis (GSEA) in the p38 MAPK pathway revealed
that genes involved in regulating this pathway were significantly upregulated in the BLM-treated
WT and MKK6-CA groups compared to those in the PBS-treated group (false discovery rate [FDR]
q value < 0.25) but not in the p38-DN group (Figure 2B). Moreover, volcano plots in the three mouse
groups showed that the increased number of DEGs between the BLM- and PBS-treated groups was
associated with an increase in p38 signaling in the lungs (Figure 2C and Supplementary Tables S2–S4).
BLM treatment upregulated approximately two-folds more DEGs and downregulated 2.5-folds more
DEGs in the MKK6-CA group than those in the p38-DN group.

Next, we performed transcriptome analysis to detect the enriched functions of DEGs driven by
BLM treatment. K-means clustering followed by Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis revealed the enriched pathways of four clusters in DEGs between
the BLM- and PBS-treated groups of three mouse genotypes (Figure 3A). These pathways included
fibrosis-related pathways such as protein processing in endoplasmic reticulum (ER) (yellow cluster),
cytokine–cytokine receptor interaction (purple cluster), and ECM–receptor interaction (purple and
green clusters) in addition to pathways related to immune systems such as hematopoietic cell lineage
and leukocyte transendothelial migration. In contrast, we identified 493 common DEGs upregulated
by BLM among the three mouse groups (Figure 3B and Supplementary Table S5). Regarding 493
common upregulated DEGs, enrichment analysis by gene ontology (GO) revealed three ECM-related
annotations among the top five enriched molecular functions and all five terms associated with immune
systems among the top five enriched biological processes. Additionally, the cytokine–cytokine receptor
interaction was the most significantly enriched pathway among the top five KEGG pathways.

Figure 2. Cont.

67



Int. J. Mol. Sci. 2020, 21, 6746

Figure 2. Expression profiling of BLM- and PBS-treated lungs in three different mouse genotypes.
Three samples from each group were sequenced. (A) Principal component analysis of RNA sequencing
datasets among the BLM- and PBS-treated three mouse groups (left). Hierarchical clustering shown
in a heatmap of gene expression profiles between the BLM- and PBS-treated groups (right). The red
and blue strips represent upregulated and downregulated genes in each group, respectively. (B) Gene
set enrichment analysis of differential expression in the p38 MAPK pathway between the BLM-
and PBS-treated groups of three mouse genotypes. The normalized enrichment scores (NES),
normal p-values, and false discovery rate (FDR) q values are indicated. (C) Volcano plot of differentially
expressed genes altered by BLM treatment among three mouse groups. Upregulated and downregulated
genes are discriminated based on log2 fold-change and adjusted FDR p-value (<0.05).

Figure 3. Cont.
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Figure 3. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of differentially expressed genes (DEGs) altered by BLM treatment among three
mouse groups. (A) K-means clustering shown in a heatmap based on the gene expression profiles
between the BLM- and PBS-treated groups of three mouse genotypes (left). The colored bars on the right
of the diagram indicate clusters. The trees represent enriched KEGG pathways corresponding to each
cluster (right). (B) Venn diagram showing the overlap of DEGs upregulated by BLM among three mouse
groups, with the numbers of DEGs indicated in each area (left). GO and KEGG pathway enrichment
analysis of 493 common upregulated DEGs among the three genotypes (right). Top five enriched GO
terms associated with molecular function (upper) and biological process (middle), and KEGG pathway
analysis (bottom).

2.3. Exploration of Novel Potential Genes Contributing to the Progression of Pulmonary Fibrosis

To identify the pathogenetically relevant genes in the progression of IPF, we investigated the
correlation of upregulated genes between BLM-induced fibrotic lungs showing the three different
severity levels and human IPF lungs (Figure 4). In the BLM-treated groups, K-means clustering analysis
identified a cluster of 2722 genes that their mean reads per kilobase of exon per million mapped
sequence reads (RPKM) values increased along with stepwise elevation of p38 signaling in the lungs
(Supplementary Table S6). We verified 137 DEGs that were included in this cluster and upregulated in
common with the three BLM-treated mouse groups. Additionally, human RNA-seq data that provided
475 upregulated DEGs in IPF lung tissue compared to healthy lung tissue was obtained from the Gene
Expression Omnibus website (accession ID: GSE52463). Finally, comparison of our data with human
RNA-seq data identified four overlapping DEGs; namely, EPH receptor A3 (EPHA3), POU class 2
homeobox associating factor 1 (POU2AF1), SAM domain, SH3 domain and nuclear localization signals
1 (SAMSN1), and ectodysplasin A2 receptor (EDA2R).
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Figure 4. Identification of potential target genes by comparison to a publicly available idiopathic
pulmonary fibrosis (IPF) dataset. K-means cluster analysis among three mouse groups treated with
BLM revealed a cluster of 2722 genes showing correlation between variations of their mean expression
values and stepwise changes in intrinsic p38 activity in the lungs (left upper). The Venn diagram
in the right upper tier shows the overlap of 2722 genes in this cluster and 493 common upregulated
DEGs among the three mouse groups. Likewise, the Venn diagram in the right middle tier shows
the overlap of 137 genes identified in our study and 475 upregulated DEGs in human IPF lungs
from dataset GSE52463. The four overlapping genes identified in these analyses were EPH receptor
A3 (EPHA3), POU class 2 homeobox associating factor 1 (POU2AF1), SAM domain, SH3 domain and
nuclear localization signals 1 (SAMSN1), and ectodysplasin A2 receptor (EDA2R) (bottom). Each bar
and plot represent mean reads per kilobase of exon per million mapped sequence reads (RPKM) ± SEM
and RPKM value of each sample, respectively.

3. Discussion

This study investigated the molecular mechanisms involved in the progressive worsening of
BLM-induced pulmonary fibrosis in three genotypes of mice carrying stepwise variations of p38 activity
in AEC II. We demonstrated that BLM-induced severe inflammation and fibrosis that was correlated
with increased p38 activity in the lungs. Transcriptome analysis of this model provided a connection
between the progression of pulmonary fibrosis and genes driving ER functions, ECM-cell interaction,
and the immune system. Moreover, we identified candidate genes associated with IPF progression in
comparison to a publicly available IPF dataset. The results of these comprehensive analyses suggest
that the progression of pulmonary fibrosis occurs concurrently with increased p38 activity in AEC II,
which provokes the enhancement of inflammation and immune systems. Therefore, this novel model
of pulmonary fibrosis serves as a tool for understanding IPF progression.

Addressing the mechanisms contributing to IPF progression can lead to improved prognosis
as this complex multi-pathway disease shows heterogeneity in its clinical course [1,4]. The present
study applied a severe model of BLM-induced pulmonary fibrosis to study disease progression.
Although the BLM-induced pulmonary fibrosis model is insufficient to mimic the pathogenesis of IPF,
it has shown high reproducibility and the important mechanisms of pulmonary fibrosis, such as
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epithelial-mesenchymal crosstalk and TGF-β signaling pathway [25,26]. BLM-induced pulmonary
fibrosis shows a transition from the inflammatory to the fibrotic phase at around 7 dpi, establishment of
fibrosis at 14 dpi, and subsequent formation of reversible lesions [27,28]. In this context, the analyses
were mainly conducted at 8 dpi as the optimal timing to evaluate the progression of pulmonary fibrosis.
Additionally, the transcriptome profiling approach enables us to reveal the molecular mechanisms
regulating fibrosis in this model and compare them to the profiles in the lung samples of IPF patients.
Recent studies have shown that variations in gene expression of BLM-induced pulmonary fibrosis
were correlated with changes in IPF severity [23,24]. Notably, the genes differentially expressed in
BLM-induced pulmonary fibrosis are most abundant in the active fibrotic phase (7–14 dpi), which shows
the highest correlation with IPF lung samples [23,24]. This finding explains the rationale that the gene
expression profiles of BLM-treated lungs are altered before remarkable changes in morphology and
function occur. Taken together, these findings are compatible with our study, which has implications
for the development of pulmonary fibrosis in transcriptome analysis.

Although apoptosis and reprogramming of lung epithelial cells play a prominent role in IPF,
the molecular details remain uncertain [20,29]. p38 is required for maintaining AEC II homeostasis as a
physiological function, whereas extracellular stimuli-mediated enhancement of p38 is attributed to lung
inflammation and immune responses and is associated with apoptosis in AEC II [30,31]. We focused
on p38 activity in AEC II to examine pulmonary fibrosis progression and performed transcriptome
analysis. The results showed distinct expression of p38 MAPK pathway genes that was positively
correlated with stepwise changes in intrinsic p38 activity in the lungs and the contribution of the
immune system and ER functions to the development of pulmonary fibrosis mediated by activation of
the p38 MAPK pathway. Regarding lung inflammation, the exacerbation correlated with increased p38
activity in the AEC II manifested as increases in inflammatory cells and pro-inflammatory cytokines
in BALF and the enrichment of genes facilitating immune cell infiltration and cytokine interaction
pathways. Augmentation of pro-fibrotic cytokines and immune response arising from inflammation
leads to progression of tissue remodeling and fibrosis in the lungs [32]. In particular, the TGF-β
signaling pathway driven by p38 induces EMT and fibroblast proliferation and activation through
epithelial–mesenchymal crosstalk [33–35]. In this study, TGF-β1 was included in the 137 overlapping
genes that showed correlations with intrinsic p38 activity in the lungs and upregulation among the
three mouse groups treated with BLM (Figure 4 and Supplementary Tables S5 and S6). Additionally,
IL-13 and IL-17, which in BALF were upregulated with a concomitant increase in intrinsic p38 activity
in the lungs, can promote TGF-β signaling pathway-dependent EMT and fibroblast proliferation
and resistance to apoptosis [36,37]. These cytokines originate from immune cells such as T cells,
suggesting an association between the immune system and fibrosis [38,39]. A previous study showed
that increased immune cells and aberrant regenerating epithelial cells express inflammatory mediators,
including IL-17, in active fibrotic lesions of IPF lungs [40]. Furthermore, single-cell RNA-seq analysis
of epithelial cells displaying atypical phenotypes in IPF lungs showed that these epithelial cells
modulated the expression of inflammatory response- and TGF-β signaling pathway-related genes,
leading to fibrotic remodeling [41]. Collectively, these findings strongly suggest that inflammation and
immune response enhanced by increased p38 activity in AEC II may contribute to the fibrotic process
in the lungs.

Another possible explanation for the mechanism affecting fibrosis is that maladaptive ER stress
response and its mediated apoptosis occurred concomitantly with increased p38 activity in AEC II.
ER functions to retain cellular homeostasis by conducting posttranslational modification of proteins,
with an adaptive process called unfold protein response under various stress conditions, although an
excess of ER stress disrupting this adaptation elicits apoptosis [42]. The enrichment analysis in our study
revealed that the ER protein processing pathway activated by BLM-induced reactive oxygen species
was correlated with increased p38 activity in the AEC II. This result is consistent with the fundamental
principle that ER stress can function in concert with the p38 MAPK pathway [43]. Simultaneously,
AEC II homeostasis is sustained by its interaction with ECM, and p38 may participate in it [44].
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A recent study using human fibroblasts revealed that the p38 MAPK pathway mediated the acquired
resistance of ER stress modified by ECM metabolism through cell-to-ECM interaction [45]. In our study,
ECM-receptor interaction was also a pathway enriched in accord with increased p38 activity in AEC II.
Moreover, upregulation of ECM-related genes in enrichment analysis and matrix metalloproteases
(MMPs; MMP-2, -3, and -9) in BALF (Supplementary Table S1), in addition to higher amounts of
collagen, were connected to increased p38 activity in AEC II. These results are consistent with the
study that MK2, a downstream substrate of p38, engaged in fibroblast activation and ECM production
potentiated by fibroblast activation [46]. In addition, MMPs, which degrade all components of the
ECM, are regulated by p38, while their upregulation leads to apoptosis and abnormal regeneration
of lung epithelial cells [47]. Hence, ER stress in AEC II can be augmented by not only BLM-induced
cytotoxicity, but also by the accumulation of ECM and AEC II to ECM interaction, controlled by the
p38 MAPK pathway. These results emphasize the importance of p38 activity in AEC II and its related
molecules in the progression of pulmonary fibrosis. In contrast, this murine model created by the
intratracheal administration of BLM was not followed up after the establishment of pulmonary fibrosis.
Therefore, further studies are required to determine whether p38 activity in AEC II influences the
restoration of BLM-induced pulmonary fibrosis.

We validated four therapeutic target genes by comparing our data with publicly available data
from IPF patients. First, EPHA3 is expressed predominantly in lymphocytes and encodes a receptor
tyrosine kinase implicated in regulating cell adhesion and cellular motility [48]. A recent study
demonstrated that a novel epithelial cell population derived from IPF lungs co-expressed EPHA3 and
CC chemokine receptor (CCR)-10 and facilitated the development of lung remodeling [49]. CCL28,
a chemokine ligand for CCR10, was upregulated in BALF in accordance with increased p38 activity
(Supplementary Table S1) [50]. These findings suggest that coordination between CCL28-CCR10
chemokine signaling and the p38 MAPK pathway has important implications for reprogramming
of epithelial cells, a speculation that warrants further investigation. Second, POU2AF1 encodes a
transcriptional coactivator that regulates B cell maturation and humoral immunity and is expressed in
both airway epithelial and B cells [51,52]. A prior study using IPF lungs documented that transcriptome
analysis identified POU2AF1 as a promoter of pulmonary fibrosis and it is highly expressed in
aggregates of B cells [53]. Third, EDA2R regulates ectodermal tissue development; its expression in
lung epithelial cells such as AEC II was ascertained by single-cell RNA-seq data set in IPF lungs [41,54].
Genome-wide association study using human lung tissue identified EDA2R as a candidate gene
involved in lung aging [55]. In addition, this gene accelerates the apoptotic process in two different
types of epithelial cells by activation of p53 signaling and caspase cascade [56,57]. These findings
suggest the involvement of EDA2R in AEC II senescence and apoptosis. Lastly, SAMSN1 is expressed in
healthy lung epithelial cells but not in lung cancer cells [58]. Although its functions in the lungs remain
unknown, this gene is pivotal in regulating B cell activation and differentiation [59]. Thus, changes in
the expression levels of these candidate genes by p38 activity may be involved in promoting fibrosis
through molecular interactions between epithelial and immune cells in the IPF lung. This hypothesis
is supported by two previous reports showing an association of lymphocytes and epithelial cells with
progressive fibrosis in transcriptome analysis of IPF lungs [60,61]. Therefore, the interplay between
these genes and the p38 MAPK pathway may be key to understanding the immunological mechanisms
underlying IPF progression. However, further studies are needed to confirm the clinical significance of
these genes in the patients with rapidly progressive IPF.

4. Materials and Methods

4.1. Mice

All animal procedures conformed to the Japanese regulations for animal care and use, following the
Guidelines for Animal Experimentation of the Japanese Association for Laboratory Animal Science.
Male and female C57BL/6J mice were purchased from Clea Japan (Tokyo, Japan). Using the 3.7SP-C/SV40
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vector kindly provided by Dr. Jeffrey A. Whitsett (Children’s Hospital Medical Center, Division of
Pulmonary Biology, Cincinnati, Ohio), we generated the following transgenic mice: C57BL/6J-hSP-C-M2
flag-p38α dominant-negative (d.n., dual mutations in wild mouse p38α: Thr180 to Ala; Tyr182 to Phe)
TG (p38-DN) mice [62] and C57BL/6J-hSP-C-3HA-tag-MKK6 constitutive-active (c.a., dual mutations in
wild human MKK6: Ser207 to Asp; Tyr211 to Asp) TG (MKK6-CA) mice [63]. We confirmed that each
transgene-derived product was expressed at least in surfactant protein C (SP-C)-positive AEC II in the
lung by using anti-M2-Flag or anti-HA tag antibody. Male heterozygous TG mice and WT littermates
aged 10–12 weeks were used for the experiments. The animals were housed in standard laboratory
cages and allowed food and water throughout the experiments. The studies were performed according
to a protocol approved by the Committee of Animal Welfare of Chiba University.

4.2. BLM-Induced Pulmonary Fibrosis Model

Mice were anesthetized and the neck skin of each was cut longitudinally to expose the trachea.
After a single intratracheal instillation of BLM hydrochloride (3 mg/kg; Nippon Kayaku, Tokyo, Japan)
dissolved in PBS using a repeating syringe dispenser (Hamilton, Reno, NV, USA), the skin was sutured.
Control mice were administered a sham treatment with PBS. Then, changes in body weight were
measured daily. To evaluate the histopathological changes in the lung samples at 8 and 15 dpi of BLM,
freshly cut lung sections (5 μm thick) were placed on adhesive glass slides (Matsunami Glass Ltd.,
Osaka, Japan) and stained with Masson’s trichrome. The changes in the fibrotic lung samples were
evaluated semi-quantitatively according to the modified Ashcroft method with a scoring grade of
0 to 8 [64]. In addition, the collagen content of the left lung was measured using the Sicol Soluble
Collagen Assay Kit (Biocolor Life Science Assays, Carrickfergus, United Kingdom) according to the
manufacturer’s protocol.

4.3. Evaluation of Inflammatory Cells in BALF

At 8 dpi, the trachea was exposed and lavaged three times with 1 mL ice-cold PBS using a
20-gauge catheter. The BALF was centrifuged at 400× g for 10 min and the resulting supernatants were
stored at −80 ◦C for protein array analysis. The resulting cell pellets were resuspended in PBS and
subjected to cell counting using a hemocytometer in combination with Diff-Quick (Sysmex Corporation,
Kobe, Japan) staining.

4.4. Measurement of Left Lung Compliance

As described previously [65], the lung compliance of the mice was measured by drawing static air
pressure–volume relationships in a mixture of medetomidine, midazolam, and butorphanol (M/M/B:
0.3/4/5 mg/kg)-anesthetized mice tracheotomized with polyethylene tubing (O.D. = 0.8 mm). Total lung
capacity was defined as the lung volume of full inflation judged by visual inspection of the lung that
fully occupied the chest cavity. Functional residual volume was defined as deflation at 0 cm H2O.
Lung volumes at an airway pressure of 20 cm H2O were estimated between mice at 8 dpi with BLM
and PBS in the three genotypes (WT, p38-DN, and MKK6-CA mice).

4.5. Immunofluorescence Staining

The lung sections were pretreated with 1:10 FcR blocking agent (Miltenyi Biotech, Gladbach,
Germany) for 10 min. They were then treated with primary antibodies (1:100 dilution) as
follows: goat anti-proSP-C polyclonal antibody (sc-7706; Santa Cruz Biotech, Dallas, TX, USA),
rabbit anti-p38 polyclonal antibody (original production [66]), rabbit anti-proSP-C antibody (customized
production [60]; Sigma-Aldrich Japan Genosys, Ishikari, Japan), and mouse anti-phospho-p38 MAPK
(pT180/pY182) (clone30, 612281; BD Biosciences, NJ, USA), followed by staining with appropriate
fluorescein-conjugated secondary antibodies (1:200 dilution), and 4′,6-diamidino-2-phenylindole
(DAPI) was used for nuclear staining. The stained sections were observed under a fluorescence
microscope (Axio Imager A2; Zeiss, Oberkochen, Germany).
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4.6. RNA Sequencing

At 8 dpi, mice under anesthesia were intracardially perfused with ice-cold PBS to wash out
blood cells in the lungs and sacrificed. The left lung lobes were homogenized in ISOGEN plus
(TaKaRa Bio, Kusatsu, Japan), and total RNA was extracted. Thereafter, 500 ng of total RNA was
ribosomal RNA-depleted using a NEBNext rRNA Depletion Kit (New England Biolabs) and was
converted to Illumina sequencing library using NEBNext Ultra Directional RNA Library Prep Kit
(New England Biolabs). The library was validated to determine the size distribution and concentration
using a Bioanalyzer (Agilent Technologies). Sequencing was performed on a NextSeq 500 (Illumina)
instrument with paired-end 36-base read options. Reads were mapped on the mm10 mouse reference
genome and quantified using CLC Genomics Workbench version 12.0 (QIAGEN). All RNA-seq data
sets were deposited in the Gene Expression Omnibus database at the National Center for Biotechnology
Information with accession number GSE154074.

4.7. Identification of Differentially Expressed Genes (DEGs)

To estimate the expression patterns of transcripts among the three genotypes (WT, p38α d.n.-TG
and MKK6 c.a.-TG mice) with or without BLM instillation, the read counts were normalized by
calculating the number of reads per kilobase per million for each transcript in individual samples using
CLC Genomics Workbench version 12.0 (QIAGEN) [67]. Filtering characteristics of fold change −2 to 2
(FDR at p < 0.05) were used to identify the DEGs. Subsequently, the distinct gene expression patterns
were analyzed comparatively through PCA and clustering heatmaps using CLC Genomics Workbench.
GSEA for p38 MAPK pathways in the BLM-treated group among the three genotypes was also
performed using GSEA_4.0.3. [68]. K-means functional enrichment analysis of DEGs was analyzed
using integrated differential expression and pathway analysis (iDEP) online tools [69]. A volcano
plot was used to compare the gene expression levels in terms of the log2 fold change. The GO
(molecular function and biological process) and KEGG pathway analyses of DEGs between BLM-
and PBS-treated groups were performed using ToppGene Suite (https://toppgene.cchmc.org) [70].
Finally, K-means cluster analysis was performed to identify BLM-upregulated genes that depended
on the theoretical intrinsic activity of the p38 signal (p38-DN < WT < MKK6-CA) using CLC
Genomics Workbench.

4.8. Statistical Analysis

Data are expressed as means± standard error of the mean (SEM). Statistical analysis was conducted
using GraphPad Prism Version 6 (GraphPad Software, San Diego, CA, USA). Statistical significance
was determined by one-way analysis of variance (ANOVA) followed by Tukey’s or Student’s t-tests,
and p-values < 0.05 were considered significant.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/18/
6746/s1.
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Abbreviations

AEC II alveolar epithelial type II cells
ANOVA analysis of variance
BALF bronchoalveolar lavage fluids
BLM bleomycin
CCL CC chemokine ligand
CCR CC chemokine receptor
CXCL C-X-C motif chemokine ligand
DAPI 4′,6-diamidinoA-phenylindole
DEG differentially expressed gene
dpi days post-instillation
ECM extracellular matrix
EDA2R ectodysplasin A2 receptor
EMT epithelial-mesenchymal transition
EPHA3 EPH receptor A3
ER endoplasmic reticulum
FDR false discovery rate
GO gene ontology
GSEA gene set enrichment analysis
HA hemagglutinin
iDEP integrated Differential Expression and Pathway analysis
IFN interferon
IL interleukin
IPF idiopathic pulmonary fibrosis
KC keratinocyte chemoattractant
KEGG Kyoto Encyclopedia of Genes and Genomes
MAPK mitogen-activated protein kinase
MAP2K MAPK kinase
MAP3K MAPKK kinase
MIP-1α macrophage inflammatory protein-1α
MIG monokine induced by gamma interferon
MKK3/6 mitogen-activated protein kinase kinase 3/6
MKK6-CA MKK6-constitutive active
MMP matrix metalloprotease
NES normalized enrichment scores
p38-DN p38-dominant negative
P-p38 phospho-p38
PBS phosphate-buffered saline
PCA principal component analysis
POU2AF1 POU class 2 homeobox associating factor 1
RANTES regulated upon activation normal T cell expressed and secreted
RNA-seq RNA sequencing
RPKM reads per kilobase of exon per million mapped sequence reads
SAMSN1 SAM domain, SH3 domain and nuclear localization signals 1
SDF-1 stromal cell-derived factor 1
SEM standard error of the mean
SP-C surfactant protein C
SV40 sarcoma virus 40
TGF transforming growth factor
WT wild-type

75



Int. J. Mol. Sci. 2020, 21, 6746

References

1. Lederer, D.J.; Martinez, F.J. Idiopathic pulmonary fibrosis. N. Engl. J. Med. 2018, 378, 1811–1823. [CrossRef]
[PubMed]

2. Crystal, R.G.; Bitterman, P.B.; Rennard, S.I.; Hance, A.J.; Keogh, B.A. Interstitial lung diseases of unknown
cause. Disorders characterized by chronic inflammation of the lower respiratory tract. N. Engl. J. Med.
1984, 310, 154–166. [CrossRef] [PubMed]

3. Balestro, E.; Calabrese, F.; Turato, G.; Lunardi, F.; Bazzan, E.; Marulli, G.; Biondini, D.; Rossi, E.; Sanduzzi, A.;
Rea, F.; et al. Immune inflammation and disease progression in idiopathic pulmonary fibrosis. PLoS ONE
2016, 11, e0154516. [CrossRef] [PubMed]

4. Wynn, T.A.; Ramalingam, T.R. Mechanisms of fibrosis: Therapeutic translation for fibrotic disease. Nat. Med.
2012, 18, 1028–1040. [CrossRef] [PubMed]

5. Yamazaki, R.; Kasuya, Y.; Fujita, T.; Umezawa, H.; Yanagihara, M.; Nakamura, H.; Yoshino, I.; Tatsumi, K.;
Murayama, T. Antifibrotic effects of cyclosporine A on TGF-β1–treated lung fibroblasts and lungs from
bleomycin-treated mice: Role of hypoxia-inducible factor-1α. FASEB J. 2018, 31, 3359–3371. [CrossRef]
[PubMed]

6. Rangarajan, S.; Bone, N.B.; Zmijewska, A.A.; Jiang, S.; Park, D.W.; Bernard, K.; Locy, M.L.; Ravi, S.;
Deshane, J.; Mannon, R.B.; et al. Metformin reverses established lung fibrosis in a bleomycin model. Nat. Med.
2018, 24, 1121–1127. [CrossRef] [PubMed]

7. Penke, L.R.; Speth, J.M.; Dommeti, V.L.; White, E.S.; Bergin, I.L.; Peters-Golden, M. FOXM1 is a critical driver
of lung fibroblast activation and fibrogenesis. J. Clin. Investig. 2018, 128, 2389–2405. [CrossRef]

8. Suzuki, K.; Kim, J.D.; Ugai, K.; Matsuda, S.; Mikami, H.; Yoshioka, K.; Ikari, J.; Hatano, M.; Fukamizu, A.;
Tatsumi, K.; et al. Transcriptomic changes involved in the dedifferentiation of myofibroblasts derived from
the lung of a patient with idiopathic pulmonary fibrosis. Mol. Med. Rep. 2020, 22, 1518–1526. [CrossRef]

9. Raghu, G.; Selman, M. Nintedanib and pirfenidone. New antifibrotic treatments indicated for idiopathic
pulmonary fibrosis offer hopes and raises questions. Am. J. Respir. Crit. Care Med. 2018, 191, 252–254.
[CrossRef]

10. Rincón, M.; Davis, R.J. Regulation of the immune response by stress-activated protein kinases. Immunol. Rev.
2009, 228, 212–224. [CrossRef]

11. Kasuya, Y.; Umezawa, H.; Hatano, M. Stress-activated protein kinases in spinal cord injury: Focus on roles of
p38. Int. J. Mol. Sci. 2018, 19, 867. [CrossRef] [PubMed]

12. Ge, B.; Gram, H.; Di Padova, F.; Huang, B.; New, L.; Ulevitch, R.J.; Luo, Y.; Han, J. MAPKK-independent
activation of p38α mediated by TAB1-dependent autophosphorylation of p38α. Science 2002, 295, 1291–1294.
[CrossRef] [PubMed]

13. Li, M.; Krishnaveni, M.S.; Li, C.; Zhou, B.; Xing, Y.; Banfalvi, A.; Li, A.; Lombardi, V.; Akbari, O.; Borok, Z.; et al.
Epithelium-specific deletion of TGF-β receptor type II protects mice from bleomycin-induced pulmonary
fibrosis. J. Clin. Investig. 2011, 121, 277–287. [CrossRef]

14. Coker, R.K.; Laurent, G.J.; Jeffery, P.K.; du Bois, R.M.; Black, C.M.; McAnulty, R.J. Localization of transforming
growth factor β1 and β3 mRNA transcripts in normal and fibrotic human lung. Thorax 2001, 56, 549–556.
[CrossRef]

15. Underwood, D.C.; Osborn, R.R.; Bochnowicz, S.; Webb, E.F.; Rieman, D.J.; Lee, J.C.; Romanic, A.M.;
Adams, J.L.; Hay, D.W.; Griswold, D.E. SB 239063, a p38 MAPK inhibitor, reduces neutrophilia, inflammatory
cytokines, MMP-9, and fibrosis in lung. Am. J. Physiol. Lung Cell. Mol. Physiol. 2000, 279, L895–L902.
[CrossRef]

16. Matsuoka, H.; Arai, T.; Mori, M.; Goya, S.; Kida, H.; Morishita, H.; Fujiwara, H.; Tachibana, I.; Osaki, T.;
Hayashi, S. A p38 MAPK inhibitor, FR-167653, ameliorates murine bleomycin-induced pulmonary fibrosis.
Am. J. Physiol. Lung Cell. Mol. Physiol. 2002, 283, L103–L112. [CrossRef]

17. Cao, Y.; Liu, Y.; Ping, F.; Yi, L.; Zeng, Z.; Li, Y. miR-200b/c attenuates lipopolysaccharide-induced early
pulmonary fibrosis by targeting ZEB1/2 via p38 MAPK and TGF-β/smad3 signaling pathways. Lab. Investig.
2018, 98, 339–359. [CrossRef]

18. Goda, C.; Balli, D.; Black, M.; Milewski, D.; Le, T.; Ustiyan, V.; Ren, X.; Kalinichenko, V.V.; Kalin, T.V.
Loss of FOXM1 in macrophages promotes pulmonary fibrosis by activating p38 MAPK signaling pathway.
PLoS Genet. 2020, 16, e1008692. [CrossRef] [PubMed]

76



Int. J. Mol. Sci. 2020, 21, 6746

19. Moran, N. p38 kinase inhibitor approved for idiopathic pulmonary fibrosis. Nat. Biotechnol. 2011, 29, 301.
[CrossRef] [PubMed]

20. Parimon, T.; Yao, C.; Stripp, B.R.; Noble, P.W.; Chen, P. Alveolar epithelial type II cells as drivers of lung
fibrosis in idiopathic pulmonary fibrosis. Int. J. Mol. Sci. 2020, 21, 2269. [CrossRef] [PubMed]

21. Gong, X.; Ming, X.; Deng, P.; Jiang, Y. Mechanisms regulating the nuclear translocation of p38 MAP kinase.
J. Cell Biochem. 2010, 110, 1420–1429. [CrossRef] [PubMed]

22. Wood, C.D.; Thornton, T.M.; Sabio, G.; Davis, R.A.; Rincon, M. Nuclear localization of p38 MAPK in response
to DNA damage. Int. J. Biol. Sci. 2009, 5, 428–437. [CrossRef] [PubMed]

23. Peng, R.; Sridhar, S.; Tyagi, G.; Phillips, E.J.; Garrido, R.; Harris, P.; Burns, L.; Renteria, L.; Woods, J. Bleomycin
induces molecular changes directly relevant to idiopathic pulmonary fibrosis: A model for “active” disease.
PLoS ONE 2013, 8, e59348. [CrossRef]

24. Bauer, Y.; Tedrow, J.; de Bernard, S.; Birker-Robaczewska, M.; Gibson, K.F.; Guardela, B.J.; Hess, P.; Klenk, A.;
Lindell, K.O.; Sylvie Poirey, S.; et al. A novel genomic signature with translational significance for human
idiopathic pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 2015, 52, 217–231. [CrossRef] [PubMed]

25. Moeller, A.; Ask, K.; Warburton, D.; Gauldie, J.; Kolb, M. The bleomycin animal model: A useful tool to
investigate treatment options for idiopathic pulmonary fibrosis? Int. J. Biochem. Cell Biol. 2008, 40, 362–382.
[CrossRef] [PubMed]

26. Latta, V.D.; Cecchettini, A.; Ry, S.D.; Morales, M.A. Bleomycin in the setting of lung fibrosis induction: From
biological mechanisms to counteractions. Pharmacol. Res. 2015, 97, 122–130. [CrossRef]

27. Izbicki, G.; Segel, M.J.; Christensen, T.G.; Conner, M.W.; Breuer, R. Time course of bleomycin-induced lung
fibrosis. Int. J. Exp. Pathol. 2002, 83, 111–119. [CrossRef]

28. Fernandez, I.E.; Amarie, O.V.; Mutze, K.; Königshoff, M.; Yildirim, A.Ö.; Eickelberg, O. Systematic
phenotyping and correlation of biomarkers with lung function and histology in lung fibrosis. Am. J.
Physiol. Lung Cell Mol. Physiol. 2016, 310, L919–L927. [CrossRef]

29. Selman, M.; Pardo, A. Role of epithelial cells in idiopathic pulmonary fibrosis: From innocent targets to serial
killers. Proc. Am. Thorac. Soc. 2006, 3, 364–372. [CrossRef]

30. Yoshida, K.; Kuwano, K.; Hagimoto, N.; Watanabe, K.; Matsuba, T.; Fujita, M.; Inoshima, I.; Hara, N. MAP
kinase activation and apoptosis in lung tissues from patients with idiopathic pulmonary fibrosis. J. Pathol.
2002, 198, 388–396. [CrossRef]

31. Ventura, J.J.; Tenbaum, S.; Perdiguero, E.; Huth, M.; Guerra, C.; Barbacid, M.; Pasparakis, M.; Nebreda, A.R.
p38alpha MAP kinase is essential in lung stem and progenitor cell proliferation and differentiation. Nat. Genet.
2007, 39, 750–758. [CrossRef] [PubMed]

32. Kolahian, S.; Fernandez, I.E.; Eickelberg, O.; Hartl, D. Immune Mechanisms in Pulmonary Fibrosis. Am. J.
Respir. Cell Mol. Biol. 2016, 55, 309–322. [CrossRef] [PubMed]

33. Bakin, A.V.; Rinehart, C.; Tomlinson, A.K.; Arteaga, C.L. p38 mitogen-activated protein kinase is required for
TGFbeta-mediated fibroblastic transdifferentiation and cell migration. J. Cell Sci. 2002, 115, 3193–3206.

34. Khalil, N.; Xu, Y.D.; O’Connor, R.; Duronio, V. Proliferation of pulmonary interstitial fibroblasts is
mediated by transforming growth factor-beta1-induced release of extracellular fibroblast growth factor-2
and phosphorylation of p38 MAPK and JNK. J. Biol. Chem. 2005, 280, 43000–43009. [CrossRef]

35. Kolosova, I.; Nethery, D.; Kern, J.A. Role of Smad2/3 and p38 MAP kinase in TGF-β1-induced
epithelial-mesenchymal transition of pulmonary epithelial cells. J. Cell. Physiol. 2011, 226, 1248–1254.
[CrossRef]

36. Lee, C.G.; Homer, R.J.; Zhu, Z.; Lanone, S.; Wang, X.; Koteliansky, V.; Shipley, J.M.; Gotwals, P.; Noble, P.;
Chen, Q.; et al. Interleukin-13 induces tissue fibrosis by selectively stimulating and activating transforming
growth factor β1. J. Exp. Med. 2001, 194, 809–822. [CrossRef]

37. Mi, S.; Li, Z.; Yang, H.Z.; Liu, H.; Wang, J.P.; Ma, Y.G.; Wang, X.X.; Liu, H.Z.; Sun, W.; Hu, Z.W. Blocking
IL-17A promotes the resolution of pulmonary inflammation and fibrosis via TGF-beta1-dependent and
-independent mechanisms. J. Immunol. 2011, 187, 3003–3014. [CrossRef]

38. Passalacqua, G.; Mincarini, M.; Colombo, D.; Troisi, G.; Marta Ferrari, M.; Bagnasco, D.; Balbi, F.; Riccio, A.;
Canonica, G.W. IL-13 and idiopathic pulmonary fibrosis: Possible links and new therapeutic strategies.
Pulm. Pharmacol. Ther. 2017, 45, 95–100. [CrossRef] [PubMed]

39. Gurczynski, S.J.; Moore, B.B. IL-17 in the lung: The good, the bad, and the ugly. Am. J. Physiol. Lung Cell
Mol. Physiol. 2018, 314, L6–L16. [CrossRef]

77



Int. J. Mol. Sci. 2020, 21, 6746

40. Nuovo, G.J.; Hagood, J.S.; Magro, C.M.; Chin, N.; Kapil, R.; Davis, L.; Marsh, C.B.; Folcik, V.A. The
distribution of immunomodulatory cells in the lungs of patients with idiopathic pulmonary fibrosis.
Mod. Pathol. 2012, 25, 416–433. [CrossRef]

41. Xu, Y.; Mizuno, T.; Sridharan, A.; Du, Y.; Guo, M.; Tang, J.; Wikenheiser-Brokamp, K.A.; Perl, A.T.;
Funari, V.A.; Gokey, J.J.; et al. Single-cell RNA sequencing identifies diverse roles of epithelial cells in
idiopathic pulmonary fibrosis. JCI Insight. 2016, 1, e90558. [CrossRef] [PubMed]

42. Korfei, M.; Ruppert, C.; Mahavadi, P.; Henneke, I.; Markart, P.; Koch, M.; Lang, G.; Fink, L.; Bohle, R.M.;
Seeger, W.; et al. Epithelial endoplasmic reticulum stress and apoptosis in sporadic idiopathic pulmonary
fibrosis. Am. J. Respir. Crit. Care Med. 2008, 178, 838–846. [CrossRef] [PubMed]

43. Hotamisligil, G.S.; Davis, R.J. Cell signaling and stress responses. Cold Spring Harb. Perspect. Biol.
2016, 8, a006072. [CrossRef]

44. Liang, J.; Zhang, Y.; Xie, T.; Liu, N.; Chen, H.; Geng, Y.; Kurkciyan, A.; Mena, J.M.; Stripp, B.R.; Jiang, D.; et al.
Hyaluronan and TLR4 promote surfactant-protein-C-positive alveolar progenitor cell renewal and prevent
severe pulmonary fibrosis in mice. Nat. Med. 2016, 22, 1285–1293. [CrossRef]

45. Schinzel, R.T.; Higuchi-Sanabria, R.; Shalem, O.; Moehle, E.A.; Webster, B.M.; Joe, L.; Bar-Ziv, R.; Frankino, P.A.;
Durieux, J.; Pender, C.; et al. The hyaluronidase, TMEM2, promotes ER homeostasis and longevity
independent of the UPR ER. Cell 2019, 179, 1306–1318.e18. [CrossRef]

46. Liang, J.; Liu, N.; Liu, X.; Mena, J.M.; Xie, T.; Geng, Y.; Huan, C.; Zhang, Y.; Taghavifar, F.; Huang, G.; et al.
Mitogen-activated protein kinase-activated protein kinase 2 inhibition attenuates fibroblast invasion and
severe lung fibrosis. Am. J. Respir. Cell Mol. Biol. 2019, 60, 41–48. [CrossRef] [PubMed]

47. Craig, V.J.; Zhang, L.; Hagood, J.S.; Owen, C.A. Matrix metalloproteinases as therapeutic targets for idiopathic
pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 2015, 53, 585–600. [CrossRef]

48. Darling, T.K.; Lamb, T.J. Emerging roles for Eph receptors and ephrin ligands in immunity. Front. Immunol.
2019, 10, 1473. [CrossRef]

49. Habiel, D.M.; Espindola, M.S.; Jones, I.C.; Coelho, A.L.; Stripp, B.; Hogaboam, C.M. CCR10+ epithelial cells
from idiopathic pulmonary fibrosis lungs drive remodeling. JCI Insight. 2018, 3, e122211. [CrossRef]

50. Mohan, T.; Deng, L.; Wang, B.Z. CCL28 chemokine: An anchoring point bridging innate and adaptive
immunity. Int. Immunopharmacol. 2017, 51, 165–170. [CrossRef]

51. Zhou, H.; Brekman, A.; Zuo, W.L.; Ou, X.; Shaykhiev, R.; Agosto-Perez, F.J.; Wang, R.; Walters, M.S.; Salit, J.;
Strulovici-Barel, Y.; et al. POU2AF1 Functions in the human airway epithelium to regulate expression of host
defense genes. J. Immunol. 2016, 196, 3159–3167. [CrossRef] [PubMed]

52. Sun, X.; Hou, T.; Cheung, E.; Iu, T.N.; Tam, V.W.; Chu, I.M.; Tsang, M.S.; Chan, P.K.; Lam, C.W.; Wong, C.
Anti-inflammatory mechanisms of the novel cytokine interleukin-38 in allergic asthma. Cell Mol. Immunol.
2020, 17, 631–646. [CrossRef] [PubMed]

53. McDonough, J.E.; Ahangari, F.; Li, Q.; Jain, S.; Verleden, S.E.; Herazo-Maya, J.; Vukmirovic, M.; DeIuliis, G.;
Tzouvelekis, A.; Tanabe, N.; et al. Transcriptional regulatory model of fibrosis progression in the human
lung. JCI Insight. 2019, 4, e131597. [CrossRef] [PubMed]

54. Du, Y.; Guo, M.; Whitsett, J.A.; Xu, Y. ‘LungGENS’: A web-based tool for mapping single-cell gene expression
in the developing lung. Thorax 2015, 70, 1092–1094. [CrossRef] [PubMed]

55. De Vries, M.; Faiz, A.; Woldhuis, R.R.; Postma, D.S.; de Jong, T.V.; Sin, D.D.; Bossé, Y.; Nickle, D.C.; Guryev, V.;
Timens, W.; et al. Lung tissue gene-expression signature for the ageing lung in COPD. Thorax 2017. [CrossRef]

56. Brosh, R.; Sarig, R.; Natan, E.B.; Molchadsky, A.; Madar, S.; Bornstein, C.; Buganim, Y.; Shapira, T.;
Goldfinger, N.; Paus, R.; et al. p53-dependent transcriptional regulation of EDA2R and its involvement in
chemotherapy-induced hair loss. FEBS Lett. 2010, 584, 2473–2477. [CrossRef]

57. Sisto, M.; Lorusso, L.; Lisi, S. X-linked ectodermal dysplasia receptor (XEDAR) gene silencing prevents
caspase-3-mediated apoptosis in Sjögren’s syndrome. Clin. Exp. Med. 2017, 17, 111–119. [CrossRef]

58. Yamada, H.; Yanagisawa, K.; Tokumaru, S.; Taguchi, A.; Nimura, Y.; Osada, H.; Nagino, M.; Takahashi, T.
Detailed characterization of a homozygously deleted region corresponding to a candidate tumor suppressor
locus at 21q11-21 in human lung cancer. Genes Chromosomes Cancer 2008, 47, 810–818. [CrossRef]

59. Zhu, Y.X.; Benn, S.; Li, Z.H.; Wei, E.; Masih-Khan, E.; Trieu, Y.; Bali, M.; McGlade, C.J.; Claudio, J.O.;
Stewart, A.K. The SH3–SAM adaptor HACS1 is up-regulated in B cell activation signaling cascades.
J. Exp. Med. 2004, 200, 737–747. [CrossRef]

78



Int. J. Mol. Sci. 2020, 21, 6746

60. DePianto, D.J.; Chandriani, S.; Abbas, A.R.; Jia, G.; N’Diaye, E.N.; Caplazi, P.; Kauder, S.E.; Biswas, S.;
Karnik, S.K.; Ha, C.; et al. Heterogeneous gene expression signatures correspond to distinct lung pathologies
and biomarkers of disease severity in idiopathic pulmonary fibrosis. Thorax 2015, 70, 48–56. [CrossRef]

61. Sivakumar, P.; Thompson, J.R.; Ammar, R.; Porteous, M.; McCoubrey, C.; Cantu, E., III; Ravi, K.; Zhang, Y.;
Luo, Y.; Streltsov, D.; et al. RNA sequencing of transplant-stage idiopathic pulmonary fibrosis lung reveals
unique pathway regulation. ERJ Open Res. 2019, 5, 00117-2019. [CrossRef] [PubMed]

62. Tanaka, K.; Fujita, T.; Umezawa, H.; Namiki, K.; Yoshioka, K.; Hagihara, M.; Sudo, T.; Kimura, S.; Tatsumi, T.;
Kasuya, Y. Therapeutic effect of lung mixed culture-derived epithelial cells on lung fibrosis. Lab. Investig.
2014, 94, 1247–1259. [CrossRef] [PubMed]

63. Amano, H.; Murata, K.; Matsunaga, H.; Tanaka, K.; Yoshioka, K.; Kobayashi, T.; Ishida, I.; Fukamizu, A.;
Sugiyama, F.; Sudo, T.; et al. p38 Mitogen-activated protein kinase accelerates emphysema in mouse model
of chronic obstructive pulmonary disease. J. Recept. Signal Transduct. 2014, 34, 299–306. [CrossRef]

64. Hubner, R.H.; Gitter, W.; El Mokhtari, N.E.; Mathiak, M.; Both, M.; Bolte, H.; Freitag-Wolf, S.;
Bewig, B. Standardized quantification of pulmonary fibrosis in histological samples. Biotechniques
2008, 44, 507–511, 514–517. [CrossRef] [PubMed]

65. Wang, X.; Inoue, S.; Gu, J.; Miyoshi, E.; Noda, K.; Li, W.; Mizuno-Horikawa, Y.; Nakano, M.; Asahi, M.;
Takahashi, M.; et al. Dysregulation of TGF-beta1 receptor activation leads to abnormal lung development and
emphysema-like phenotype in core fucose-deficient mice. Proc. Natl. Acad. Sci. USA 2005, 102, 15791–15796.
[CrossRef]

66. Maruyama, M.; Sudo, T.; Kasuya, Y.; Shiga, T.; Hu, B.; Osada, H. Immunolocalization of p38 MAP kinase in
mouse brain. Brain Res. 2000, 887, 350–358. [CrossRef]

67. Ohkuro, M.; Kim, J.D.; Kuboi, Y.; Hayashi, Y.; Mizukami, H.; Kobayashi-Kuramochi, H.; Muramoto, K.;
Shirato, M.; Michikawa-Tanaka, F.; Moriya, J.; et al. Calreticulin and integrin alpha dissociation induces
anti-inflammatory programming in animal models of inflammatory bowel disease. Nat. Commun.
2018, 9, 1982. [CrossRef]

68. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.;
Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

69. Ge, S.X.; Son, E.W.; Yao, R. iDEP: An integrated web application for differential expression and pathway
analysis of RNA-Seq data. BMC Bioinform. 2018, 19, 534. [CrossRef]

70. Chen, J.; Bardes, E.E.; Aronow, B.J.; Jegga, A.G. ToppGene Suite for gene list enrichment analysis and
candidate gene prioritization. Nucleic Acids Res. 2009, 37, W305–W311. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

79





 International Journal of 

Molecular Sciences

Review

p38 MAPK Pathway in the Heart: New Insights in
Health and Disease

Rafael Romero-Becerra, Ayelén M. Santamans, Cintia Folgueira and Guadalupe Sabio *

Centro Nacional de Investigaciones Cardiovasculares (CNIC), 28029 Madrid, Spain;
rafael.romero@cnic.es (R.R.-B.); ayelenmelina.santamans@cnic.es (A.M.S.); cintia.folgueira@cnic.es (C.F.)
* Correspondence: guadalupe.sabio@cnic.es; Tel.: +34-91453-12-00 (ext. 2004)

Received: 3 August 2020; Accepted: 5 October 2020; Published: 8 October 2020

Abstract: The p38 mitogen-activated kinase (MAPK) family controls cell adaptation to stress stimuli.
p38 function has been studied in depth in relation to cardiac development and function. The first
isoform demonstrated to play an important role in cardiac development was p38α; however, all p38
family members are now known to collaborate in different aspects of cardiomyocyte differentiation
and growth. p38 family members have been proposed to have protective and deleterious actions in
the stressed myocardium, with the outcome of their action in part dependent on the model system
under study and the identity of the activated p38 family member. Most studies to date have been
performed with inhibitors that are not isoform-specific, and, consequently, knowledge remains very
limited about how the different p38s control cardiac physiology and respond to cardiac stress. In this
review, we summarize the current understanding of the role of the p38 pathway in cardiac physiology
and discuss recent advances in the field.

Keywords: MAPK; p38; physiology; metabolism; signaling; hypoxia; arrhythmia

1. Introduction

p38α was identified by three groups in 1994 as a 38 kDa polypeptide that was phosphorylated
after exposure to lipopolysaccharide (LPS), hyperosmolarity, or interleukin 1 (IL-1), that directly
phosphorylates and activates the upstream kinase MAPKAP-K2 [1–3]. Later, three additional isoforms
were described: p38β [4], p38γ (also called SAPK3 and ERK6) [5], and p38δ (also called SAPK4) [6].
The p38 family members are encoded by different genes, located tandemly in two chromosomes.
The p38β (Mapk11) and p38γ (Mapk12) genes are located together on one chromosome (15 in mice
and 22 in humans), whereas p38δ (Mapk13) and p38α (Mapk14) genes are located on another (17 in
mice and six in humans). Mapk12 is proposed to have arisen from tandem duplication of Mapk11,
and the Mapk13-Mapk14 gene unit is thought to have originated in a segmental duplication of the
Mapk11-Mapk12 unit [7].

The p38 family can be subdivided into two subsets, with p38α and p38β in one group and p38γ and
p38δ in the other. This classification is based partly on amino-acid sequence identity; p38α and p38β are
75% identical, whereas p38γ and p38δ are 62% and 61% identical to p38α, respectively, while sharing
70% sequence identity with each other. The two p38 subsets also differ in their susceptibility to
inhibitors, with in vitro and in vivo assays demonstrating that only p38α and p38β are inhibited by
pyridinyl imidazoles (SB202190 and SB203580). A third difference between the p38 subgroups is
substrate selectivity, with p38γ sharing common substrates with p38δ, and p38α with p38β [8–10].

p38 activity is regulated by phosphorylation at the end of a cascade composed of a MAPK
kinase (MKK) and an MKK kinase (MEKK) [11–13]. The cascade is initiated by one of several
MKK-phosphorylating MAP3Ks in cell-type- and stimulus-dependent manner. These MAP3Ks include
mixed-lineage kinases (MLK), TGF β-activated kinase 1 (TAK1), MAPK/ERK kinase kinases (MEKK),
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TAO1 and TAO2, and apoptosis signal-regulating kinase-1 (ASK1) [14]. The p38s are activated by
MKK-mediated dual phosphorylation of tyrosine and threonine residues in the conserved Thr–Xaa–Tyr
motif (in p38, kinases Xaa is glycine, whereas in JNKs, it is proline in ERKs glutamic acid) [14].
Phosphorylation by MKKs is highly selective due to the specificity of the phosphorylation motif and the
interaction of the MKK N-terminal region with different docking sites on the p38s. In addition, in T cells,
p38 is activated by autophosphorylation [15] and also through AMPK-TAB1 [16], an alternative pathway
that has been shown also in adipose tissue [17].

p38 activation is further tightly regulated by a group of inactivating phosphatases [11,14]. All p38
family members are widely expressed and considered ubiquitous, although p38β is most abundantly
expressed in brain and adipose tissue, p38γ in skeletal muscle, and p38δ in secretory glands [5,6,18,19].
While all four p38s are expressed in the heart, the predominant family members in cardiomyocytes
are p38α and p38γ. Extensive research into cardiac p38 function has suggested both protective and
deleterious roles in the stressed myocardium. Which outcome predominates seems to depend in part
on the model system under study and on the identity of the activated p38 family member. However,
understanding remains limited of how the different p38 family members control cardiac physiology
and respond to cardiac stress. In this review, we summarize current knowledge of p38 function in the
heart and discuss recent advances.

2. Cardiovascular Development

In 2000, three groups independently showed that p38α is essential for normal cardiovascular
development. Allen M. et al. demonstrated that genetic disruption of the p38α gene Mapk14 was
embryonically lethal [20]. Four months later, Adams R. et al. confirmed the essential requirement
for p38α during early mouse development, showing that p38α deletion correlated with a massive
reduction in myocardium formation and the appearance of blood-vessel malformations in the head
region [21]. These authors suggested that p38α is necessary for placental organogenesis but is not
necessary for other aspects of mammalian embryonic development [21]. Mudgett, J. et al. showed that
p38α is required for the vascular remodeling associated with placental angiogenesis and trophoblast
development [22].

Although p38 has been shown to play a key role in skeletal muscle development [23], less attention
has been paid to its role in cardiac development. Several in vitro studies point to a possible role of
p38 in cardiac development. For example, p38α activity is required for cardiomyocyte differentiation
of P19CL6 cells, which is mediated via the activation of the transcription factor AP-1 [24]. p38α has
also been shown to promote cardiogenesis over neurogenesis in ES cells [25]. Unfortunately, despite
the strong suggestion of a cardiogenic role of p38α from cell-culture studies, in vivo data supporting
this hypothesis are scarce. While embryos lacking p38α die due to defects in placental angiogenesis,
cardiac-specific deletion of p38α results in normal development of the heart [26].

Several studies have shown that p38 kinases play an important role in different aspects of
cardiogenesis, such as the regulation of cardiomyocyte differentiation and apoptosis. The role of
p38 in cardiomyocyte differentiation was first suggested by studies using a specific inhibitor of p38α
and p38β (SB203580), which demonstrated that p38 activity regulates important mitotic genes in
cardiomyocytes. Neonatal mice lacking p38α have increased cardiomyocyte mitosis, suggesting that
p38α acts as a negative regulator of cardiomyocyte proliferation 2. In adult cardiomyocytes, SB203580
and fibroblast growth factor 1 (FGF1) act synergistically to induce the expression of genes involved
in proliferation and regeneration [27,28], indicating that the combination of FGF1 stimulation and
p38α inhibition might rescue cardiac structure and function after injury [28]. The importance of
p38 in cardiac differentiation was evident by the finding that p38α inhibition or gene deletion were
sufficient to block cardiomyogenesis, suggesting that p38α activation constitutes an early switch
in embryonic stem cell commitment to cardiomyogenesis [25]. The deletion or inhibition of p38α
reduces expression of myocyte enhancer factor 2C (MEF2C), an important transcription factor acting
on many genes encoding cardiac structural proteins [29]. The inhibition of p38 correlates with
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decreases in other cardiac transcription factors and MEF2C targets, such as atrial natriuretic factor
(ANF) and myocardin, all of which contribute to the proper activation of the cardiac differentiation
program during the early stages of development. p38α also regulates sarcomere assembly through
the phosphorylation of ventricular myosin light chain 2 (MLC-2v), as well as the accumulation of
α-actinin and its incorporation into sarcomeric units [29]. The lack of MEF2C activation upon p38
inhibition suppresses the expression of bone morphogenetic protein 2 (BMP-2), a key regulator of early
cardiac cell development [30]. Most studies of cardiovascular development have focused on p38α;
however, it is important to also define the role of other p38 family members in cardiac development.
Mice with combined deletion of p38α and p38β display diverse developmental defects at mid-gestation,
together with major cardiovascular abnormalities [31]. Embryos that express p38β only under the
control of the p38α promoter display a similar heart phenotype as the double-knockout embryos,
suggesting that heart development requires endogenous p38β expression [31]. Moreover, p38α and
p38β have synergistic roles and specific functions in the regulation of cardiac gene expression during
development, suggesting that some specific functions could be explained by differences in expression
patterns [31]. It has been demonstrated the selective activation of p38 in the right ventricle during
neonatal development and simultaneous inactivation in the left ventricle in neonatal mouse heart [32].
Cardiac-specific deletion of p38α and p38β in mice showed an abnormal gross morphology of the heart,
developed right ventricle-specific enlargement dilation and, in consequence, a significant increase in
cardiomyocyte proliferation, hypertrophy and a reduction in apoptosis without changes in the left
ventricle. Furthermore, p38 inactivation induces XBP1 activity via IREα in the regulation of neonatal
cardiomyocyte proliferation [32]. Finally, the role of p38γ and p38δ in cardiomyocyte development
have not been assessed; however, animals lacking these kinases have smaller hearts at birth while
conserving a normal number of cardiomyocytes, suggesting that these kinases contribute to the control
of cardiomyocyte hypertrophy [33].

3. Cardiac Hypertrophy

The role of p38 kinases in cardiac hypertrophy was first suggested by the hypertrophic responses
induced upon overexpression in cardiomyocytes of active forms of the upstream activators MKK3 and
MMK6 [34–36]. The p38 pathway is also activated in cardiomyocytes exposed to hypertrophic stimuli,
and hypertrophic growth is blocked by the SB203580-mediated inhibition of p38α/β [35]. However,
MKK3 overexpression in cardiomyocytes also increased apoptosis [34]. The differences between
the effects of MKK3 and MKK6 might point to distinct roles of p38 family members, a possibility
supported by the finding that p38β activation in cultured cardiomyocytes induces characteristic features
of hypertrophy [36], whereas p38α activation promotes cardiomyocyte apoptosis [37]. Consistent
with this result, cardiac-specific knockout revealed a critical role for p38α in the cardiomyocyte
survival pathway triggered by pressure overload, whereas hypertrophic growth was unaffected [37].
Although some groups have reported a role of p38α in the regulation of cardiac hypertrophy, most
of those studies were based on the non-physiological overexpression of dominant-negative p38α or
indirect strategies that might alter the function of other p38 family members [38,39].

The cardiomyocyte expression and subcellular localization of p38 isoforms was characterized by
Dharmendra Dingar et al. in physiological conditions and in response to chronic pressure overload
induced by transverse aorta constriction (TAC) [40]. TAC did not induce changes in the amount of p38α
mRNA, whereas p38β and p38δ mRNA increased within 1 day of pressure overload and remained,
while p38γ mRNA increased initially before returning to baseline levels by day 7. Despite these
increases in mRNA abundance, the overall protein levels of p38β, p38γ, and p38δ were unaltered [40].
Confocal immunofluorescence analysis detected p38α and p38γ in the cytoplasm and nucleus at
baseline; however, after chronic pressure overload, p38γ accumulated in the nucleus, whereas p38α
distribution was unaffected. These localization differences would result in access to different substrates,
and hence distinct functional effects [40].
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The lack of pharmacological inhibitors of p38γ and p38δ has limited the study of these family
members, though they were recently shown to control physiological and pathological cardiomyocyte
growth. p38γ and p38δ are activated by angiotensin II and phosphorylate the mTOR inhibitor DEPTOR,
inducing its degradation by the proteasome. Once DEPTOR is degraded, mTOR is released and
activated, triggering protein synthesis and cardiomyocyte growth [33]. Mice lacking p38γ and p38δ
have smaller hearts than controls and a reduced cardiomyocyte area [33]. Reduced hypertrophy capacity
in these mice resulted in partial protection against angiotensin treatment [33]. Further experiments are
needed to assess the therapeutic effects of p38γ and p38δ modulation during pathological hypertrophy.

4. Cardiac Regeneration

The best model for studying the molecular mechanisms of cardiac regeneration is the zebrafish,
in which injury induces a cardiomyocyte proliferation that can overcome scar formation, thus
allowing cardiac muscle regeneration [41]. Little attention has been paid to the role of p38 in
zebrafish cardiac regeneration. p38α activation negatively regulates the proliferation of adult zebrafish
cardiomyocytes [42], as also occurs in mammals [27]. During heart regeneration in adult zebrafish,
the induction of p38α activity blocks cardiomyocyte proliferation, suggesting that p38α activity must
be switched off in order to trigger cardiomyocyte proliferation and myocardial regeneration [42].

Mammalian hearts have a very low or non-existent regenerative capacity after cardiac injury.
Nevertheless, in principle, signals that acutely trigger cardiomyocyte survival or modulate myoblast
activity could be manipulated to promote cardiac regeneration and avoid heart failure. There is evidence
implicating FGF1-upregulated genes in cardiac regeneration and cell-cycle control. The inhibition
of p38 and stimulation of FGF1 act together to induce the expression of specific genes involved in
proliferation and regeneration, such as cytokinesis regulator Ect2, cell-cycle-regulated protein 1 (CRP1),
Ki67, cdc2, cyclin A, and the cell-cycle inhibitor p27 [27] (Figure 1A). Moreover, p38 inhibition and FGF1
induction lead to the phosphorylation of the key cell-cycle regulator Rb. These findings suggest that
the promotion of cardiomyocyte proliferation by combined treatment with FGF1 and a p38 inhibitor
could provide an alternative approach to the rescue of cardiac function after injury [28]. Studies of p38
isoforms in muscle regeneration have shown that p38β, p38γ, and p38δ are not required for efficient
adult muscle regeneration and growth after injury [43], suggesting that p38α, in the absence of the
other isoforms, especially p38γ, is sufficient to maintain satellite-cell-mediated myogenesis in vivo
and in vitro [43].

The actions of p38 kinases in skeletal muscle regeneration have received much more attention
than their roles in the heart. However, given the similarities between cardiac and skeletal muscle,
the results of skeletal muscle studies can shed valuable light on the role of p38 in cardiac regeneration.
Much research has focused on the potential role in adult myogenesis of p38γ, which is highly
expressed in skeletal muscle. p38γ-deficient mice have a low muscle regeneration capacity after injury,
with a reduced number of satellite cells that express myogenin prematurely and proliferate poorly.
Mechanistically, p38γ phosphorylates MyoD, enhancing its occupancy of the myogenin promoter
and thereby suppressing its expression. p38γ thus acts in opposition to p38α, blocking premature
differentiation by inducing a repressive MyoD transcriptional complex during satellite-cell–mediated
muscle growth and muscle regeneration [44] (Figure 1B). MyoD activates proliferation-associated genes
but not differentiation genes, whose regulatory regions are repressed by ZEB1. Macrophages present
in the injured muscles of Zeb1-deficient mice have low phosphorylation levels of p38, and forced p38
activation alleviates muscle damage and improves muscle regeneration [45]. In a later study, Brien P et
al. demonstrated that a lack of p38α results in increased p38γ activation [46], suggesting that p38γ
hyperactivation is involved in muscle regeneration.
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Figure 1. p38 in cardiovascular regeneration. (A) p38α blocks cardiovascular regeneration by inhibiting
the expression of genes involved in cardiomyocyte proliferation and regeneration, such as Ect2,
Crp1, ki67, cdc2, cyclin A, and p27, and reducing Rb phosphorylation to block cell-cycle progression.
FGF1 stimulation has the opposite effect. (B) p38γ activates differentiation and myogenesis in satellite
cells by phosphorylating MyoD and activating proliferation. p38α prevents p38γ activation in satellite
cells, blocking regeneration. ↑ increase, ↓ decrease.

Aging is characterized by a general decline in metabolic activity and function, with a loss of both
skeletal and cardiac muscle accompanied by marked functional and structural impairment. Skeletal
muscle has an outstanding regenerative capacity provided by its resident satellite cells. These normally
quiescent cells are activated after injury to promote skeletal muscle regeneration [47]. Cardiomyocytes
and cardiac muscle have long been thought to have lost these satellite cells and appear to lack the
capacity for self-renewal and repair, preventing full recovery. Given the fundamental role of p38
in skeletal muscle regeneration, it is reasonable to postulate a causal link between cardiac muscle
loss-of-function and p38.

To identify potential regeneration strategies based on satellite cells, a number of studies
have investigated the effect of manipulating p38 signaling on aged satellite cells. For example,
the manipulation of satellite cells enhances fibroblast growth factor receptor 1 (FGFR1) signaling and
reduces p38α/β activation in satellite cells, increasing self-renewal and stimulating skeletal muscle
regeneration [48]. Another study improved skeletal muscle repair and regeneration in rats using gold
and gold-silver nanoparticles (AuNPs and Au-AgNPs, respectively) [49]. These nanoparticles regulate
MyoD gene expression and activate p38α signaling, enhancing myoblast myogenic differentiation
and promoting skeletal muscle regeneration. The effects of AuNPs and AuAgNPs were blocked
with SB203580, suggesting that p38α is essential for myogenic differentiation [49]. These studies
indicate an important role for p38 signaling in muscle regeneration; however, the underlying molecular
mechanisms need further investigation to define the antagonic roles between p38α and p38γ. It will
also be important to determine whether this antagonistic relationship operates in cardiac muscle.

5. p38 in Ischemia–Reperfusion Injury

Ischemic heart disease, the leading cause of death worldwide, is normally produced by a coronary
artery occlusion that impairs cardiac blood flow. The ensuing decrease in oxygen delivery can lead
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to myocardial infarction. Reperfusion consists of the restoration of blood flow after the ischemia,
and although this step is essential to avoid cardiomyocyte death, it also causes further damage
associated with increased oxidative stress and inflammation [50,51]. Short ischemic episodes have
been shown to protect the heart from a later ischemic insult, a process known as preconditioning or
postconditioning, depending on whether it happens before or after the ischemia [52].

The p38 pathway is activated in response to ischemia–reperfusion and during preconditioning,
producing a variety of results and cardiovascular scenarios [53]. In perfused rat hearts, p38 activation
during ischemia and reperfusion is associated with a poor cardiac outcome. In contrast, during repetitive
preconditioning treatments, p38 is maximally activated in the first episode, and activation gradually
is reduced during sustained ischemia–reperfusion, improving cardiac functional recovery [53].
Interestingly, p38 activation is compartmentalized, with ischemia activating p38 in mitochondria,
whereas during reperfusion p38 is activated in all cell compartments [54]. It would be interesting
to determine whether different p38 family members are activated and localized in different cell
compartments during these processes. Experiments performed in PC12 cells showed that moderate
hypoxia (5% O2) increases p38γ and p38α phosphorylation, suggesting that ischemia might activate
more than one p38 family member [55]. Most studies have examined p38α and β, both of which are
inhibited by the widely used inhibitor SB203580. There is evidence to suggest that these two kinases have
opposite roles, with p38α activation during ischemia triggering apoptosis, whereas p38β is responsible
for pro-survival signaling during preconditioning [56]. Therefore, SB203580-mediated blockade of
both isoforms during preconditioning results in loss of cardioprotective effects, whereas inhibition
during I/R is beneficial [53].

The activation of p38 during preconditioning seems to be a consequence of adenosine release,
which triggers the opening of ATP-sensitive potassium channels (KATP) during hypoxia [57,58].
The cardioprotective effects of p38 are thought to be due to phosphorylation of the downstream
target Hsp27 and the subsequent enhancement of cytoskeletal stabilization during hypoxic stress [59].
In line with this idea, reactive oxygen species (ROS)-induced activation of p38α during hypoxia
stabilizes hypoxia-inducible factor 1 (HIF-1) [60]. Moreover, the lack of dual specificity protein
phosphatase 4 (DUSP4) leads to p38 hyper-phosphorylation and apoptosis [61]. Preclinical and clinical
studies [62–64] with antioxidants highlight the importance of ROS as mediators of cardiac stress
injury during I/R. ROS are potent p38 activators, but in vitro results with HL-1 cardiomyocytes also
showed that p38 activation drives elevated ROS levels during ischemia–reperfusion [65]. In this
analysis, the damaging effects of ROS were abolished by the p38 pan inhibitor BIRB796 [65]. Moreover,
p38 inhibition with an antioxidant during ischemia–reperfusion is associated with improved cardiac
recovery, decreased infarct size, and reduced apoptosis [66]. This was related to increased endogenous
anti-oxidative enzyme activity and inhibition of oxidative stress [67]. The antioxidant Peroxiredoxin 1
and the ROS scavenger N-acetyl-l-cysteine have been also shown to decrease oxidative stress and block
the activation of p38 and JNK, thus reducing apoptosis during ischemia–reperfusion [68]. Moreover,
oxidative stress can directly regulate p38α activity and protein interactions by affecting the oxidation
state of cysteines. Treatment with H2O2 induced p38-MKK3 disulfide dimer formation in isolated
rat hearts and in an ischemia–reperfusion model, and dimer formation was abolished when the
redox-sensitive cysteines were mutated or sterically inaccessible [69]. Further research is needed
to determine whether p38 activation triggers ROS production, as proposed by Ashraf et al. [53,65],
whether ROS induce p38 activation, or, more likely, there is reciprocal ROS–p38 regulation.

p38 has also been linked to cardiac inflammation through its promotion of the expression
of regenerating islet-derived 3γ (Reg3γ), a protein associated with cardiac inflammatory
signaling [70]. Moreover, treatment with the anti-inflammatory compound gamboge protects against
infarction-induced inflammation by targeting the NF-κB–p38 pathway [71]. p38α activation is also
associated with increased fibrosis during ischemia-induced cardiac remodeling [72]. Supporting this
idea, inhibition of the p38 substrate MK2 impairs fibrotic scar formation after myocardial infarction [73].
The profibrotic effect of p38α was confirmed by conditional p38α deletion in myofibroblasts,
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which demonstrated that a lack of p38α blocks cardiac fibroblast differentiation into myofibroblasts,
reducing fibrosis in response to ischemic injury [74]. p38 pathway activation by MKK6 overexpression
results in interstitial and perivascular cardiac fibrosis [74], and p38 inhibition may underlie the
beneficial effects of some statins on cardiac remodeling after myocardial infarction [75,76]. Supporting
this idea, protease inhibitors induce cardioprotection in models of ischemia–reperfusion, in part by
attenuating p38 phosphorylation, leading to reductions in injury, ROS levels, and infarct size [77].

The ischemia–reperfusion injury response is crucially determined by mitochondrial function and
activity because mitochondria control cell metabolic status, intracellular calcium influx, oxidative
stress, and apoptotic pathways, among other processes. p38 inhibition during ischemia–reperfusion
decreases mitochondrial swelling, protects against ultra-structure alterations, and mitigates
mitochondrial membrane depolarization [78]. There is also evidence that p38 activation during
ischemia–reperfusion contributes to cardiac damage by triggering intracellular Ca2+ overload [79].
Pharmacological inhibition of p38 during ischemia–reperfusion induces cardioprotection by promoting
phospholamban phosphorylation, increasing the activity of sarcoplasmic reticulum Ca2+-ATPase
(SERCA2), and decreasing Ca2+ overload [80]. The role of p38 in the control of intracellular Ca2+ was
corroborated in H9c2 cells: phosphodiesterase-inhibitor–mediated reduction in ERK1/2, JNK, and p38
activation reduced ischemia-induced apoptosis and restored normal calcium influx, oxidative stress
levels, and eNOS expression [81]. p38 inhibition also potentiates the metformin-induced reduction in
myocardial ischemia–reperfusion injury in non-obese type 2 diabetic rats [82].

Ischemia–reperfusion injury also increases the risk of arrhythmia. p38 inhibition with SB203580
decreases ventricular tachycardia and ventricular fibrillation when administered to adult Wistar rats
before or during ischemia, but not at the onset of reperfusion [83]. Mechanistically, this could be due to
the ROS-dependent activation of p38 by ASK1 [84]. ASK1 would respond to the moderate increase in
ROS during ischemia, but not to the higher levels of ROS observed in ischemia/reperfusion, acting as a
redox sensor to mediate ROS-dependent signaling to p38 [84]. These findings highlight the importance
of determining the optimal timing of p38 inhibition in order to achieve an efficient therapeutic response
(Figure 2).

 

Figure 2. Dual role of p38 activation during preconditioning and ischemia–reperfusion injury. Activation
of p38β during preconditioning triggers pro-survival signaling pathways, whereas decreased p38α
activation during the ischemic episode leads to cardioprotection. On the other hand, ROS-induced p38α
activation during the ischemic insult triggers HIF1-α stabilization; increases (↑) fibrosis, arrhythmias,
and inflammation; and disrupts mitochondrial homeostasis. SB203580 administration during
preconditioning increases myocardial injury, whereas administration during ischemia–reperfusion
improves cardiac outcome. Indirect p38 downregulators, such as gamboge, statins, and antioxidants,
seem to have beneficial effects when administered during or after the ischemia. Further research is
needed to determine the precise reciprocity of ROS–p38 regulation. ↑ increase.
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6. p38 in Heart Failure and Cardiac Arrhythmia

Heart failure (HF) is a major cardiac pathology and a global pandemic that affects more than
37 million people worldwide [85,86]. The p38 pathway is activated in HF, and specifically in the
pathological cardiac remodeling that can lead to cardiac arrhythmia in the failing heart [87–90]. p38 plays
an important role in the regulation of cardiac remodeling and cardiac contractility. Most studies suggest
a negative role of p38 activation in extracellular matrix remodeling and the development of cardiac
fibrosis, processes related to the development of HF [91–93]. Studies using transgenic animals with
cardiac-specific expression of the activated p38 upstream kinases MKK3bE and MKK6bE showed that
p38 pathway activation promotes cardiac interstitial fibrosis and increased expression of embryonic gene
markers, similar to the expression profile observed in HF [89,94]. The profibrotic effect of p38 activation
may be due to the induction in cardiomyocytes of TNF-α and IL-6 [89], which are closely associated with
the development of fibrosis, adverse cardiac remodeling, and HF [95,96]. The effect of p38 activation
on cardiac fibrosis is not limited to cardiomyocytes and also affects cardiac fibroblasts. The specific
activation of the p38 pathway in cardiac fibroblasts leads to maladaptive cardiac remodeling with a
profibrotic and hypertrophic phenotype and the activation of TGF-β signaling [97], a key cytokine
involved in cardiac fibrosis and HF [95,96,98,99]. p38 is also necessary for the differentiation of
fibroblasts into myofibroblasts, and specific deletion of p38α in cardiac fibroblasts or myofibroblasts
reduces cardiac fibrosis in response to cardiac injury [74]. This is consistent with results showing that
p38 inhibition decreases cardiac fibrosis and pro-inflammatory cytokine production [74,90], suggesting
that p38 blockade is a possible treatment in HF. However, mice with cardiac-specific p38α deletion
have a worse outcome to TAC-induced pressure overload, characterized by extensive cardiac fibrosis,
dysfunction, and dilatation [37]. These opposite results might indicate that another family member is
responsible for the protective effects of inhibitors or that p38 has opposite roles in cardiomyocytes
versus other cardiac cells. Moreover, by promoting non-specific phosphorylations, overexpression of
activated kinases may produce artificial cardiac structural and functional phenotypes. Further research
is needed to determine the specific roles played by the different p38 family members in cardiac fibrosis
and HF, since most studies have focused on p38α or the p38 pathway in general.

p38 can also control cardiomyocyte contractility, a predominant target of therapeutic strategies
to treat HF [100]. The existing evidence indicates that p38 activation has an anti-inotropic effect
in cardiac muscle [101–106]. Different mechanisms have been proposed for the negative effect of
p38 on cardiac contractility. For example, p38 has been proposed to mediate the anti-inotropic
effects of angiotensin II and ROS, which are also increased during HF, desensitizing the response
of myofilaments to Ca2+ [102,105,107]. The mechanism underlying p38-mediated dampening of
Ca2+ responsiveness is unknown, but two main possibilities have been proposed: modification of
intracellular pH or phosphorylation of contractile proteins. However, studies have disproved the
involvement of pH modification in myofilament sensitivity to Ca2+ [105,107], leaving phosphorylation
of contractile proteins as the more likely mechanism. Analysis by Liao et al. did not detect increased
p38-mediated troponin I phosphorylation, which is known to reduce myofilament responsiveness
to Ca2+ [102]. Later work by Vahebi et al. showed that, rather than phosphorylation, p38 activation
promotes the dephosphorylation of α-tropomyosin and troponin I. This was accompanied by a
depression of cardiac and myofilament function and a decrease in maximum ATPase activity [106].
In agreement with this finding, p38 inhibition was found to promote troponin I phosphorylation [108].
p38-mediated dephosphorylation of α-tropomyosin and troponin I appears to be mediated by the
protein phosphatases PP2C-α and PP2C-β, since p38, PP2C-α, and PP2C-β were found in the same
protein complex in the sarcomere [106].

Another mechanism through which p38 might affect cardiac contractile function is the regulation of
proteins involved in cardiomyocyte Ca2+ handling. During cardiac contraction, a depolarizing action
potential promotes Ca2+ release from the sarcoplasmic reticulum, a process known as excitation-contraction
coupling. Ca2+ enters the cell via L-type Ca2+ channels and, in much lower amounts, via the Na+/Ca2+

exchanger (NCX) [109]. This Ca2+ activates further sarcoplasmic reticulum Ca2+ release via the
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Ca2+-triggered Ca2+ release channel ryanodine receptor (RyR). The incoming cytosolic Ca2+ binds
to the thin-filament protein troponin C, initiating myocyte contraction. For relaxation, calcium is removed
from the cytosol by the action of Ca2+ transporters, mainly the sarcoplasmic/endoplasmic reticulum
Ca2+-ATPase 2 (SERCA2) and sarcolemmal NCX [109]. Human HF is characterized by the reduced
expression or activity of SERCA2 [110], resulting in increased diastolic Ca2+ concentrations due to
defects in cytosolic Ca2+ removal, leading to reduced contractile force and impaired relaxation [110].
SERCA2 expression and activity are affected by p38 activation. In rat cardiomyocytes, p38 activation
reduces SERCA2 mRNA expression and protein levels and reduces the activity of the SERCA2 gene
promoter [111,112]. Scharf et al. showed that MK2/3 deletion results in increased protein levels and
activity of SERCA2 in the heart and that SERCA2 gene expression is regulated by MK2-dependent
Egr-1 transcription factor expression and promoter binding [113]. The p38 pathway regulates not
only SERCA2 expression, but also its activity. For example, p38 inhibition increases the inotropic
effect of endothelin-1 (ET-1) by modifying the SERCA2 inhibitory protein phospholamban (PLN).
ET-1 treatment induces p38 phosphorylation [110,114] and promotes PLN phosphorylation at Ser-16 in
the presence of p38 inhibition [80]. Similar results were obtained in a model of ischemia–reperfusion,
which activated p38 and reduced SERCA2 expression and activity, as well as PLN phosphorylation,
whereas these effects were partially reversed by p38 inhibition [113]. In MK2/3 double knockout mice,
PLN phosphorylation is increased in the heart at the Ca2+/calmodulin-dependent protein kinase II (CaMKII)
site (Thr-17) [113]. In the dephosphorylated state, PLN binds to and inhibits SERCA2. Phosphorylation at
Ser-16 or Thr-17 relieves this inhibition, promoting Ca2+ reuptake to the sarcoplasmic reticulum and thus
increasing cardiac contractility [115]. By promoting PLN dephosphorylation, p38 activation can therefore
limit cardiac contractility. Although the main phosphatase responsible for PLN dephosphorylation is
protein phosphatase 1 (PP1), PLN dephosphorylation can also be mediated by protein phosphatase
2A (PP2A) [116,117]. p38 activation has been reported to promote PP2A translocation and activation
in myocytes [118], and p38 inhibition reduces PP2A-mediated dephosphorylation of PLN [108,118].
Furthermore, PP2A activation could be the mechanism by which p38 activation inhibits the β-adrenergic
receptor-mediated contractile response in cardiomyoctes [104,118]. Kaikkonen et al. also proposed that
decreased PP2A activity upon p38 inhibition could also promote PP1 inhibition, and that the p38 isoform
responsible for these effects on SERCA2 regulation would likely be p38α [108]. Given that p38 also affects
the activity of PP2C-α and PP2C-β, is feasible that p38 also affects the activity of PP2Ce, a novel member
of the PP2C family that has been reported to be a specific and potent PLN phosphatase [116].

p38α also appears to participate in α-adrenergic-mediated Ncx1 gene upregulation [119].
The overexpression of active MKK3 and MKK6 was sufficient to induce NCX1 upregulation in
isolated cardiomyocytes, and this effect was mediated primarily by p38α [119,120]. Additionally,
chemical inhibition of NCX1 promotes the formation of an NCX1-p38 complex and p38 activation.
p38 activation induced by NCX1 inhibition has been suggested to be a physiological mechanism to
compensate for loss of NCX1 activity by promoting Ncx1 gene expression [121]. NCX1 activity and
expression is also increased in heart failure [110] and the increased NCX1 activity increases Ca2+

extrusion to preserve the reduced diastolic Ca2+. This may compensate in part for the reduced SERCA2
function [110]; however, it can also promote other negative effects on cardiac contractility. For example,
high NCX1 activity increases Ca2+ release from the cell, reducing sarcoplasmic reticulum Ca2+ stores
and inducing contractile dysfunction. The elevated translocation of Ca2+ across the plasma membrane
also results in a higher risk of delayed afterdepolarizations, which can cause arrhythmia and sudden
death [110,122]. By reducing SERCA2 and increasing NCX1 function, p38 would seem to play an
important role in the development of cardiac arrhythmia. Indeed, p38 activation has been linked
to arrhythmogenic cardiac and ionic channel remodeling [83,87,88,123–125]. The pharmacological
inhibition of p38 reduces the incidence of arrhythmia after ischemia–reperfusion by increasing the
levels of phosphorylated connexin 43 (Cx43) [83]. Connexin clusters in the plasma membrane form
gap junctions, which regulate cell-to-cell electrical and metabolic coupling and are essential for normal
cardiac impulse transmission [126]. Cx43 is the most abundantly expressed connexin in cardiac
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myocytes, and its alteration has been linked to increased susceptibility to cardiac arrhythmia by
altering action potential propagation in the heart [126,127]. There is strong evidence indicating a
role for p38 in the regulation of Cx43. Several processes are involved in Cx43 regulation, including
synthesis/degradation, phosphorylation/dephosphorylation at different residues, and cell membrane
localization [128]. Cx43 expression is increased by p38 activation induced by several stimuli [129–133],
but p38 is also implicated in Cx43 degradation [134]. The effect of p38 activation on Cx43 expression
might depend on the activating stimulus and the cell type being studied. In cardiomyocytes,
p38 activation appears to promote an increase in Cx43 mRNA and protein expression [129–133].
p38 can form a complex with Cx43 [135,136], and its activation has been reported to promote both
Cx43 phosphorylation [135,137,138] and dephosphorylation (via PP2A activity) [136]. Adding further
complexity, the increased phosphorylation of Cx43 upon p38 activation has been suggested to
promote Cx43 degradation [137]. More research is needed to clarify the role of p38 activation in
the regulation of Cx43 and gap junctions. However, despite the varying effects of p38 activation
on Cx43 phosphorylation, the outcome of p38 activation is consistent across studies. p38-induced
phosphorylation and dephosphorylation of Cx43 both lead to reduced cell-to-cell communication,
impaired propagation of the action potential, and the development of cardiac arrhythmia [136–138].
Furthermore p38, inhibition improves cell-to-cell communication and reduces the incidence of
arrhythmia [83,138].

Many aspects of the role of p38 in the development of HF and cardiac arrhythmia remain to be
clarified; however, most of the evidence points to a negative effect of p38 activation on the onset of HF
and arrhythmias. The mechanisms involved include the development of cardiac fibrosis, alterations
to Ca2+ handling proteins, and the modulation of gap junctions in the cardiomyocyte (Figure 3).
Future research will need to address the role of the different p38 family members in these processes,
since most studies have focused on p38α or p38α/β.

 

Figure 3. p38 in heart failure and cardiac arrhythmia. p38 activation participates in the development of
heart failure and cardiac arrhythmia through three main mechanisms: (A) Increased cardiac fibrosis by
induction of TNF-α and IL-6 in cardiomyocytes, differentiation of fibroblasts, and induction of TGF-β
in cardiac myofibroblasts; (B) Reduced cardiac contractility due to dephosphorylation of a-tropomyosin
and troponin I via PP2C-α/PP2C-β; (C) Promotion of cardiac arrhythmias due to reduced expression and
activity of SERCA2 (Atp2a2), increased expression of NCX1 (Ncx1) and Cx43 (Cnx43), and altered Cx43
phosphorylation, inducing cardiac contractile dysfunction and altered action potential propagation.
↑ increase, ↓ decrease.
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7. p38 Inhibitors in Clinical Trials

Despite the abundance of experimental evidence for the potential benefits of p38 inhibitors,
clinical trials have failed to show improved cardiac outcomes after ischemia–reperfusion. The new
anti-inflammatory medication losmapimod inhibits p38, and its administration to patients with
non-ST-segment elevation myocardial infarction was well tolerated and improved the cardiac
outcome [139]. However, in another study in acute myocardial infarction patients, losmapimod
did not reduce the risk of major ischemic cardiovascular events, resulting in the withdrawal of the
clinical trial [140].

Alternative approaches to p38 inhibition have been suggested in order to avoid undesirable
side effects. The inhibition of MK2 in activated rheumatoid arthritis fibroblast-like synoviocytes
avoided the modification of the secretion of chemokines like TNF-alpha, normally associated with the
activation of other pro-inflammatory pathways like ERK and JNK during direct p38 inhibition [141].
Moreover, MK2−/− mice showed improved ventricular recovery after ischemia–reperfusion, as well as
reductions in infarct size and apoptosis [142]. MK2 inhibition with MMI-0100 after acute myocardial
infarction inhibited cardiac fibrosis by enhancing primary cardiac fibroblast cell death while inhibiting
cardiomyocyte apoptosis [73].

The lack of efficacy of p38 inhibitors in clinical trials might be due to the high similarity among p38
family members. The lack of isoform-specific inhibitors promotes the development of toxic secondary
effects and probably leads to the triggering of regulatory feedback loops. Moreover, most studies used
non-specific inhibitors, and very few studies have examined the specific p38 family member involved
in a given action. Given the broad spectrum of undesired effects associated with the administration of
inhibitors, the results obtained to date are hard to interpret. Further research with transgenic animal
models will help to define the complex roles of p38 kinases.
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Abstract: Skeletal muscles respond to environmental and physiological changes by varying their
size, fiber type, and metabolic properties. P38 mitogen-activated protein kinase (MAPK) is one
of several signaling pathways that drive the metabolic adaptation of skeletal muscle to exercise.
p38 MAPK also participates in the development of pathological traits resulting from excessive caloric
intake and obesity that cause metabolic syndrome and type 2 diabetes (T2D). Whereas p38 MAPK
increases insulin-independent glucose uptake and oxidative metabolism in muscles during exercise,
it contrastingly mediates insulin resistance and glucose intolerance during metabolic syndrome
development. This article provides an overview of the apparent contradicting roles of p38 MAPK
in the adaptation of skeletal muscles to exercise and to pathological conditions leading to glucose
intolerance and T2D. Here, we focus on the involvement of p38 MAPK in glucose metabolism of
skeletal muscle, and discuss the possibility of targeting this pathway to prevent the development
of T2D.

Keywords: skeletal muscle; energy metabolism; signal transduction; p38 MAPK; exercise;
type 2 diabetes

1. Introduction

1.1. Skeletal Muscle Energy Metabolism

Skeletal muscle comprises about 40% of the total body mass and accounts for around 30% of resting
metabolic rate [1]. Due to its role in locomotion, this tissue is a major energy consumer, especially
during exercise. Thus, it is the primary site of glucose disposal and the major glycogen storage organ
and is, therefore, absolutely critical for glycemic control and the metabolic homeostasis of the body [2].
Since ATP’s resting intramuscular stores are small, energy needs to tightly regulate the metabolic
pathways that generate ATP to maintain ATP at constant levels. ATP is generated in the muscle by the
oxidation of carbohydrates and lipids. The primary carbohydrate energy source in skeletal muscle is
glucose that is processed from internal glycogen stores (glycogenolysis) or is extracted from the blood.

1.1.1. Glucose Uptake

Glucose is transported by the Glut family of membrane transporters, with Glut1 and Glut4 being
the major transporters in skeletal muscle. Whereas Glut1 is responsible for the basal uptake of glucose,
Glut4 is an inducible transporter that facilitates glucose uptake by insulin or muscle contraction.
In the basal state, Glut4 is mainly associated with intracellular vesicles lying adjacent to the plasma
membrane of the muscle fiber (sarcolemma). Insulin and muscle contraction facilitate the translocation
of vesicular Glut4 to the sarcolemma and the T tubular system where Glut4 transports glucose from
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the blood into the cytoplasm of muscle cells. Distinct molecular mechanisms are responsible for
Glut4 translocation into the sarcolemma by contraction and insulin [3]. However, the two pathways
converge at the GTPase activating proteins (GAPs), TBC1D1, and TBC1D4 (AS160). Phosphorylation of
TBC1D1/TBC1D4 at particular residues by either AMP-activated protein kinase (AMPK) in contracting
muscle or by insulin-activated Akt inhibits their GTPase-activating domain and enables the exchange
of GDP to GTP–bound state of Rab. Once activated, Rab mediates the translocation of vesicular Glut4
to the plasma membrane and facilitates glucose uptake [3]. Hereafter, we will describe the role of p38
mitogen-activated protein kinase (MAPK) in glucose uptake under different physiological conditions.

1.1.2. Fiber Type and Glucose Metabolism

Skeletal muscle fibers are heterogeneous with respect to their contractile apparatus and
metabolism [4]. Three types of motor units, called slow twitch, fast fatigable, and fast fatigue-resistant,
are composed of type 1, 2A, 2B, and 2X fibers. These fibers are distinguished by their myosin heavy
chain (MyHC) isoforms and their oxidative/glycolytic metabolism. Whereas type 1 and 2A fibers are
rich in mitochondria and derive their energy mostly from oxidative metabolism, the mitochondria-poor
type 2B and 2X fibers primarily utilize anaerobic glycolysis for ATP production. Different muscles
contain particular ratios of fast and slow-twitch fibers. The skeletal muscle is a highly plastic organ that
adapts to the changes in metabolic needs. Whereas physical inactivity and obesity induce a phenotypic
shift from oxidative type 1 and 2A fibers to glycolytic type 2B fibers [5], endurance exercise causes a
switch from glycolytic type 2B fibers towards more oxidative type 1 and 2A fibers [6].

1.2. P38 MAPK Is Involved in Various Aspects of Whole-Body Energy Metabolism

Four isoforms of p38 MAPK, alpha, beta, gamma, and delta, are encoded by four different genes
and have different tissue expression patterns [7]. These kinases are members of a larger family that
includes at least three additional kinases; the extracellular signal-regulated kinases (ERK1/2), ERK5
(also known as BMK1), and the Jun amino-terminal kinases (JNK1-3). P38 and JNK are considered
stress-activated protein kinases (SAPKs) that participate in the cellular response to metabolic and
other stress conditions. In these roles, they are likely to contribute to metabolism-related pathogenesis.
The four isoforms of p38 are activated by environmental and genotoxic stress conditions, inflammatory
cytokines, and hormones that drive dual phosphorylation in the activation loop sequence Thr-Gly-Tyr.
The primary activating kinases (MAPKK) of the four-p38 isoforms are MKK3 and MKK6. In turn,
p38 isoforms phosphorylate and activate many substrates, including proteins and enzymes of glucose
and lipid metabolism. Below is a list of p38 MAPK targets, mostly transcription factors involved in the
energy metabolism of different tissues.

1.2.1. PPAR Gamma Activator-1 Alpha (PGC1α)

PGC1α is a master metabolic co-factor of mitochondrial biogenesis. It is involved in respiration and
oxidative phosphorylation, Glut4 expression, conversion of type 2B muscle fibers to type 2A and 1 fibers
and in gluconeogenesis in the liver. PGC1α is a transcriptional coactivator whose phosphorylation by
p38 prevents the binding of the repressor p160MBP and enables its activity in adipose tissue, muscle,
and liver [8]. p38 MAPK also phosphorylates and activates the ATF2 and Mef2 transcription factors,
which in turn upregulate the expression of PGC1α. Hence, p38 MAPK positively affects both the
transcription and activity of PGC1α.

1.2.2. Activating Transcription Factor 2 (ATF2)

ATF2 is a transcription factor, a member of the leucine zipper (bZip) family, binds to a
cAMP-responsive element (CRE) as homodimer or heterodimer with c-Jun. ATF2 is usually
phosphorylated and activated by SAPKs, p38, and JNK [9]. P38 MAPK regulates brown adipose
tissue differentiation by increasing the expression levels of uncoupling protein 1 (UCP1) through the
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phosphorylation of ATF2 and PGC1α [10–12]. Inhibition of p38 MAPK in high-fat diet (HFD)-fed mice
prevented obesity and alleviated insulin resistance [11].

1.2.3. CCAAT/Enhancer-Binding Protein α (C/EBPα)

This bZip transcription factor binds to DNA as a homodimer, or as a heterodimer with the
related proteins C/EBPβ and C/EBPγ, as well as with distinct transcription factors such as c-Jun.
It is a crucial regulator of adipogenesis, accumulation of lipids in those cells, and the metabolism of
glucose and lipids in the liver [13]. P38 MAPK phosphorylates Ser21 of C/EBPα, which regulates
whole-body glucose homeostasis [14]. Serine phosphorylation by p38 enhances C/EBPα activity
necessary for the transcription of phosphoenolpyruvate carboxykinase (PEPCK), a rate-limiting
enzyme in liver gluconeogenesis [15]. P38 MAPK is also involved in adipocyte differentiation
through the phosphorylation of C/EBPβ, which induces peroxisome proliferator-activated receptor
gamma (PPARγ).

1.2.4. cAMP Response Element-Binding Protein (CREB)

Phosphorylation of CREB at Ser133 by several kinases induces its transcriptional activity [16].
P38 MAPK does not directly phosphorylate CREB, but rather induces CREB phosphorylation via MSK1
(mitogen-and stress-activated kinase 1). P38 MAPK augments liver gluconeogenesis via the CREB
protein that activates the transcription of Pepck, Glucose 6-phosphatase, and Pgc1α genes [10,17,18].

1.2.5. Glycogen Synthase (GS)

It is the rate-limiting enzyme in the glycogen biosynthesis pathway. The β isoform of p38 has
been shown to phosphorylate GS and inhibit its activity and the conversion of glucose to glycogen in
the liver [19,20].

1.2.6. Peroxisome Proliferator-Activated Receptor α (PPARα)

PPARα belongs to a group of nuclear receptor proteins that function as transcription factors as
heterodimers with the retinoid X receptor (RXR). P38 MAPK promotes the β oxidation of fatty acids in
the liver and cardiomyocytes through the phosphorylation of PPARα [21,22]. p38 MAPK also inhibits
hepatic lipogenesis [23], and therefore, when activated, it prevents lipid accumulation in the liver.

1.2.7. X-Box Binding Protein 1 (Xbp1)

This member of the CREB/ATF family of transcription factors which is activated by splicing under
conditions of endoplasmic reticulum (ER) stress, is a master regulator of unfolded protein response
(UPR) folding capacity. Obesity and T2D increase ER stress in the liver, and expression of Xbp1
significantly decreases ER stress, restores glucose tolerance, and reduces blood glucose levels [24].
By phosphorylating Thr48 and Ser61 residues of the spliced form of Xbp1, p38 MAPK enhances
its nuclear translocation and activity. P38 MAPK activity is diminished in the livers of obese mice
compared with lean mice. Conversely, its activation by the expression of constitutively active MKK6
kinase (MKK6(E)) reduces ER stress and establishes euglycemia in obese diabetic mice [25].

2. Regulation of Glucose Metabolism by p38 MAPK in the Adaptation of Skeletal Muscle
to Exercise

It is well established that physical activity and exercise training are beneficial to health and can
prevent insulin resistance, type 2 diabetes (T2D) [26], and sarcopenia [27]. Muscle adaptation to exercise
includes changes in contractile proteins, mitochondrial function, metabolic regulation, and specific
signaling pathways that regulate gene expression. Muscle adaptation is necessary, since maximal
exercise induces a 20-fold increase in whole-body metabolism and up to a 100-fold increase in ATP
consumption relative to resting skeletal muscle [28]. Exercise affects aerobic (endurance) and anaerobic
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(resistance) metabolism, with different benefits to each modality, as is reviewed in detail elsewhere [28].
The combination of both types of exercise is more effective than each in preventing obesity, reducing
insulin resistance, and improving glycemic control in T2D [29]. Here, we focus on p38 MAPK in the
adaptation of skeletal muscle carbohydrate metabolism to exercise. Three of the four isoforms of p38,
α, β, and γ are expressed in skeletal muscle [30]. Exercise induces their activation, whose level and
duration depend on the mode of exercise [31–33]. P38 MAPK affects the crucial processes necessary for
the adaptation to the metabolic demands and energy needs of the exercising skeletal muscle. This is
done by increasing glucose transport into the tissue, elevating glycolytic and citric acid cycle flux, and
raising the mitochondria’s number and functional quality. P38 MAPK mediates these positive effects by
phosphorylating diverse transcription factors and coactivators involved in carbohydrate metabolism.

2.1. Glucose Uptake

Exercise induces a dramatic increase in glucose uptake by the Glut4 transporter. The primary sensor
of energy demand in contracting muscle is AMP-activated protein kinase (AMPK), a serine/threonine
kinase activated by low energy reservoirs and muscle contraction. Low intracellular energy levels
are reflected by increased AMP: ATP ratio and muscle contraction by increasing the concentration
of cytoplasmic Ca2+. The alpha subunit of the heterotrimeric AMPK is phosphorylated at Thr172
by liver kinase B1 (LKB1), by calcium/calmodulin-dependent protein kinase β (CaMKβ), and by the
transforming growth factor-beta activated kinase 1 (TAK1) that dramatically increases its kinase activity
towards metabolic substrates [34]. Among these substrates are the Rab GTPase-activating proteins
(GAPs), TBC1D1 and TBC1D4 (AS160) that are inactivated by phosphorylation, a step necessary for
Glut4 translocation to the plasma membrane. A possible role of p38 MAPK in glucose uptake was
deduced from the findings that its activity is positively correlated with and depends on AMPK [35–38].
Activation of both kinases, AMPK and p38 MAPK by TAK1 may explain their synchronization.
Moreover, the Mef2 transcription factors involved in the expression of Glut4 in the exercised muscle
are substrates of p38 MAPK [39,40]. Endurance exercise increases Glut4 gene expression by the binding
of Mef2 to its cognate site at the Glut4 promoter [41]. Exercise also increases the kinase activity
of p38α/β, which associates with and phosphorylates Mef2 to enhance its transcriptional activity.
Indeed, Chambers and colleagues showed that stretch-stimulated glucose uptake was diminished
by inhibitors of p38α and β [35,42]. However, other studies investigating adipocytes and myotubes
revealed an unexpected off-target activity of the p38α, β inhibitor SB203580, that directly bound to
Glut4 transporter and interfered with its activity. The authors concluded that this inhibitor could
diminish glucose uptake through the inhibition of Glut4 and not necessarily through p38 MAPK [43,44].
Nevertheless, the addition of other p38α, β inhibitors that are chemically unrelated to SB203580, and
the expression of a dominant-negative p38α mutant (p38AGF) reduced insulin-stimulated glucose
uptake [45]. In another study, activation of p38 MAPK by expressing constitutively active MKK6
(MKK6E) upregulated Glut1 and down-regulated Glut4, thereby increased basal glucose uptake, but
diminished insulin-mediated glucose uptake in L6 myotubes [46]. Studies investigating intracellular
and extracellular agonists of p38 MAPK implicate this kinase in insulin-independent glucose uptake by
muscles. For example, the drug anisomycin, which activates the stress kinases JNK and p38 MAPKs,
increased glucose uptake in resting muscles [47]. Homocysteine sulfonic acid, a glutamate receptor
agonist, was shown to stimulate glucose uptake in myotubes through an AMPK-p38 -dependent
pathway [48]. Rac1 GTPase, one of the known effectors of p38, facilitates exercise mediated translocation
of Glut4 to the plasma membrane and glucose uptake [49]. Furthermore, the accumulation of cytosolic
reactive oxygen species (ROS) produced by NADPH oxidase 2 (NOX2), entailed phosphorylation of
p38 MAPK, and stimulated Glut4-dependent glucose uptake in muscle during exercise [50]. However,
p38 MAPK phosphorylation levels were not always consistent with the reduction in glucose uptake
in muscles of mice devoid of NOX2 activity, indicative that p38 may not be the mediator of glucose
uptake, due to the accumulation of cytoplasmic ROS. Investigation of the role skeletal muscle’s most
abundant isoform, p38γ, in glucose transport revealed that its overexpression in mature muscle fibers
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reduced the expression of Glut4 and decreased contraction-induced glucose uptake [51]. Overall, most
studies demonstrated the involvement of p38 MAPK activity in exercise-mediated glucose uptake. Yet,
it remains unclear whether this family of kinases mediates glucose uptake by inducing the expression
of Glut4, Glut1, or both, and the particular roles of the different isoforms in basal and stimulated
glucose uptake.

2.2. Mitochondrial Activities

The transcriptional coactivator PGC1α is a crucial regulator of mitochondrial function, oxidative
metabolism, and energy homeostasis in a variety of tissues [52]. The expression of PGC1α is induced in
muscle following endurance or resistance exercise [53]. Forced expression of PGC1α in mice’s skeletal
muscle is sufficient to improve performance capacity during exercise [54] and protect skeletal muscle
from sarcopenia and aging-related metabolic diseases [55]. The core function of PGC1α in skeletal
muscle is to increase the number and capacity of mitochondria and enhance oxidative metabolism.
It orchestrates these functions by co-activing the estrogen-related receptor α (ERRα), the nuclear
respiratory factor 1 and 2 (NRF1 and 2), and subsequently increasing the level of the mitochondrial
transcription factor A (TFAM). P38 MAPK plays a central role in the expression and activity of PGC1α.
Several inducible transcription factors rapidly and robustly increase PGC1α gene expression; CREB
and ATF2 [56], that bind to cAMP-response elements (CRE), and Mef2C and D [57], that bind to the
YTA(A/T)4TAR sequence found within regulatory sequences of the Pgc-1α gene. These transcription
factors are phosphorylated and activated by p38 MAPK and by Ca2+ signaling mediated by calcineurin
and CaMK pathways [58,59]. Therefore, several signaling pathways, including p38 MAPK, converge
onto Pgc1α gene expression and muscle adaptation following exercise. Moreover, transgenic mice
with skeletal muscle-specific expression of active MKK6 express higher levels of PGC1α and other
markers of mitochondrial biogenesis in fast-twitch muscle [56]. At another level, p38 MAPK directly
phosphorylates the PGC-1α protein to promote its stability and activity [8]. PGC1α contains a negative
regulatory domain that inhibits the function of the transcriptional activation domain [60]. Transcription
suppression is relieved when p38 MAPK phosphorylates residues Thr262, Ser265, and Thr298 within
the negative regulatory domain of PGC1α [61,62]. These phosphorylation events stabilize PGC1α and
drive its dissociation from the p160MBP repressor [8]. Forced expression of PGC1α in skeletal muscle
adapting to exercise also leads to the conversion of muscle fibers from type 2 (fast-twitch) to type 1
(slow-twitch) [63]. Moreover, an autoregulatory loop established between Mef2 and PGC1α maintains
type 1 fibers in the contracting muscle [64]. Although there is no direct supporting evidence, it is
reasonable to conjecture that p38 MAPK is also involved in fiber type adaptation by activating Mef2
and PGC1α. However, some results suggest otherwise; muscle-specific deletions of each p38 MAPK
isoform (α, β, γ) indicated that none of the isoforms were required for exercise-induced slow fiber type
transformation [65]. Still, p38γ MAPK was the only isoform required for endurance exercise-induced
mitochondrial biogenesis. Overexpression of a dominant-negative form of p38γ MAPK, but not of
p38α MAPK or p38β MAPK, blocked contraction-induced Pcg-1α transcription [65]. It was, therefore,
concluded that p38γ MAPK was involved in metabolic adaptation, but not in the adaptation of
skeletal muscle contractile machinery to exercise. Interestingly, the results of another study indicate
that p38γ MAPK is phosphorylated and activated in slow (soleus) but not in fast (gastrocnemius)
muscles. Loss of p38γ MAPK reduced slow myosin-expressing fibers and increased the number of
fast myosin-expressing fibers in the soleus [66]. Overall, these studies suggest that the p38 MAPK
pathway is involved in the adaptation of mitochondria and oxidative metabolism to exercise. Still,
its involvement in the adaptation of the contractile machinery calls for further inquiry. Future studies
should also look for possible contributions of different p38 MAPK isoforms to the metabolic adaptation
of muscle to exercise.
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3. P38 MAPK in the Development of Insulin Resistance and Type 2 Diabetes (T2D)

3.1. Insulin Resistance

Insulin resistance is defined as the reduction in insulin’s ability to stimulate glucose uptake by
the body’s peripheral tissues. Insulin is known to activate the canonical IRS-PI3K-Akt pathway and
phosphorylate and inactivate Akt substrate of 160 kDa (AS160, TBC1D4). By inactivating AS160,
insulin promotes Glut4-intracellular vesicles’ transport and their fusion with the plasma membrane,
consequently increasing glucose uptake by tissues [3]. Obesity and genetic factors induce chronic
metabolic syndrome that involves dyslipidemia, inflammation, hypertension, and insulin resistance.
Systemic insulin resistance triggers chronic hyperglycemia, which causes pancreatic β cells to secrete
more insulin. At later stages of the syndrome, increased insulin secretion induces ER stress, β cell
death, insulin deficiency, and diabetes. Skeletal muscle accounts for ~30% of the resting metabolic rate
in humans [1,67], and up to 80% of glucose disposal under insulin-stimulated conditions, and it is
thus the primary organ regulating glucose balance [1,2]. One model explaining the development of
insulin resistance in skeletal muscle argues that the excess of lipids stored in the adipose tissue are
released into the circulation as fatty acids that are taken up and accumulate in organs, such as the
liver and the skeletal muscles [68]. Intramuscular lipid metabolites damage mitochondrial activity
and consequently increase the production of reactive oxygen radicals. Another model predicts that
calorie surplus imposes maximal mitochondrial respiration and leakage of electrons from the electron
transport chain, forming oxygen radicals [69]. Oxidative stress inhibits insulin action via activation
of serine/threonine kinases, including p38 MAPK that phosphorylate and neutralize insulin receptor
substrate 1 (IRS1) [70,71]. Excessive oxygen radicals also inflict cellular damage by oxidizing proteins,
fatty acids, and carbohydrates.

3.2. P38 MAPK in Skeletal Muscle Insulin Resistance

The role of the p38 MAPK pathway in the development of insulin resistance remains controversial.
Likely sources of the dispute are different experimental-settings and systems, some of which investigated
insulin resistance in muscle cell cultures and others in animal models. The general concept for the
involvement of p38 MAPK in insulin resistance is that its activity inhibits insulin signaling by enhancing
inhibitory phosphorylation of IRS1 at Ser307 and other related residues [72]. IRS1 may not be a direct
target of p38 MAPK, but of other associated kinases, including IkappaB kinase (IKK), JNK, and some
novel atypical PKC isoforms. The treatment of primary myotubes with tumor necrosis factor (TNF)α
produced insulin resistance associated with Ser307 phosphorylation, which was mediated by p38 α,β
MAPK [73]. Analysis of oxidative stress-induced insulin resistance in soleus muscle strips revealed an
exciting insight into the possible role of p38 MAPK [74]. Oxidative stress-induced chronic activity of
p38 MAPK increased basal glucose transport activity (in the absence of insulin), but blocked, at the same
time, insulin signaling and, consequently, insulin-induced glucose transport [75]. In another study,
forced expression of constitutive active MKK6/3 in L6 myotubes increased the expression of Glut1 while
decreasing that of Glut4, thereby enhancing basal glucose transport and diminishing insulin-induced
transport [46]. In this respect, it is interesting to note that the basal phosphorylation of p38 MAPK
was higher in the skeletal muscle of type 2 diabetic human subjects than in healthy controls. Insulin
treatment transiently increased phosphorylation of p38 MAPK in skeletal muscles of non-diabetic
individuals, but not of T2D patients [76]. Ex vivo treatment of isolated soleus muscle with oxidative
radicals entailed a significant decrease in insulin-stimulated glucose transport activity associated with
selective loss of IRS1 and IRS2 proteins and augmented phosphorylation of IRS1 at Ser307. Inhibition
of p38α/β MAPK partially restored the impaired insulin-stimulated glucose transport activity [77].
Together, these findings suggest a role of p38 MAPK in the mediation of basal glucose transport and
in the negative regulation of insulin-stimulated glucose transport activities that may be regulated by
different isoforms of p38 (α, β or γ) MAPK. At least one study pointed at p38γ MAPK as the isoform
mediating both activities, inducing basal glucose uptake, and inhibiting muscle contraction-stimulated
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glucose uptake [51]. An additional aspect of the involvement p38 MAPK in insulin resistance is its
suppression of PGC1α α and PGC1β expression that entails the accumulation of lipid metabolites [78].
This result is unexpected given the reported role of p38 MAPK in increasing PGC1α expression/function
in contracting muscles. Insulin resistance associated with the elevated phosphorylation of JNK and
p38 MAPKs was also observed in rat skeletal muscles after 6 h of hind limb immobilization [79].
Inflammatory cytokines such as TNFα and Il-6 also cause insulin resistance, and p38 MAPK itself is a
crucial mediator of the expression of genes encoding for proinflammatory cytokines in skeletal muscles.
Indeed, inhibition of p38 MAPK in myotubes derived from T2D subjects prevented proinflammatory
cytokines’ secretion, but did not improve insulin resistance [80]. In another study, the treatment of
primary myotubes with TNFα produced insulin resistance dependent on the elevated activity of p38
MAPK [73]. TNFα-P38 MAPK pathway induced serine phosphorylation of insulin receptor (IR) and
IRS1, and reduced tyrosine phosphorylation of the same molecules. P38 MAPK-dependent insulin
resistance was also reported in myotubes that were cultured in conditioned medium of macrophages
treated with the saturated fatty acid, palmitate, and contained increased levels of proinflammatory
cytokines [81]. In conclusion, different metabolites known to be involved in the development of
insulin resistance (saturated fatty acids, oxidative radicals, and inflammatory cytokines), induce the
chronically elevated p38 MAPK in skeletal muscles, that is also likely to mediate insulin resistance.

Despite the above studies that establish a role for p38 MAPK in insulin resistance, its requirement
for oxidative metabolism and its possible function in the transition of fast to slow-twitch fibers during
exercise is in line with the idea that elevated p38 MAPK activity might prevent the development
of obesity and insulin resistance. Indeed, an accepted perception is that insulin-stimulated glucose
transport is higher in muscles enriched with slow-twitched oxidative fibers [82]. Several animal
and cell culture studies support a role for p38 MAPK in preventing insulin resistance development.
By manipulating the expression of MAPK phosphatase-1 (MKP-1) that inactivates both JNK and p38
MAPK in mouse skeletal muscle, Bennett and colleagues suggested that the activities of p38 MAPK
and JNK were required for whole-body energy expenditure [22,83,84]. High-fat diet (HFD) nutrition
of mice that upregulated the expression of MKP-1 in skeletal muscle entailed obesity and insulin
resistance through the inactivation of p38/JNK MAPKs. Conversely, knockout of MKP-1 in skeletal
muscles of mice fed on HFD prevented the development of insulin resistance [83]. These authors
suggested that increased p38/JNK activity in skeletal muscle prevents obesity and insulin resistance by
augmenting oxidative metabolism. However, all three MAPKs, ERK, JNK, and p38 targeted by MKP-1,
can affect metabolic regulation. For example, mice lacking ERK1 display resistance to diet-induced
obesity, coupled with protection from insulin resistance [85]. Thus, muscle expression of MKP-1
probably reflects complex changes in the activities of all three major classes of MAPK. Adiponectin,
the most abundant peptide secreted from adipocytes, is also secreted by additional tissues, including
skeletal muscle. Adiponectin has many metabolic benefits and improves glucose uptake, utilization,
and fatty acid oxidation in myotubes [86]. The peptide binds to its receptors AdipoR1, and AdipoR2
found on membranes of skeletal muscle cells, and induces AMPK and p38 MAPK [87]. Activation of
p38 MAPK and AMPK is essential for adiponectin–induced glucose uptake and fatty acid oxidation.
These two kinases mediate metabolic changes by stimulating the transcriptional activity of PPARα [88].
Moreover, the forced expression of APPL1, an intracellular adaptor protein of adiponectin signaling,
enhances phosphorylation of AMPK and p38 MAPK in myotubes, leading to the translocation of Glut4
to the plasma membrane [89]. By activating the two kinases, AMPK and p38 MAPK, a conserved 13
residue-long peptide derived from the adiponectin collagen domain (ADP-1) was sufficient to induce
glucose uptake in TNFα-treated insulin-resistant myotubes [90].

Although the common idea that p38 MAPK is involved in insulin-independent glucose uptake,
several studies also suggest its involvement in insulin-dependent glucose uptake. First, p38 MAPK
was transiently phosphorylated, not only by muscle contraction, but also by the administration of
insulin [91–93]. Moreover, exercise increased p38 MAPK phosphorylation, and insulin administration
following exercise induced even higher p38 phosphorylation levels that were correlated with enhanced
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insulin sensitivity in human skeletal muscles [93]. A more recent study that tested the hypothesis that
exercise increases insulin sensitivity revealed that anisomycin-mediated activation of p38 in skeletal
muscles increased insulin-mediated glucose transport. However, the same study also showed that p38
was not necessary to increase insulin sensitivity following muscle contraction [47]. In this respect, it is
essential to mention the early report by Klip and colleagues that SB203580, an inhibitor of p38 α and β

attenuated insulin-stimulated glucose uptake [42]. However, later studies by the same group ruled out
the involvement of p38 in the process [43]. Moreover, SB203580 reduced insulin-mediated glucose
transport through the inhibition of Glut4 transporter activity in a mechanism that might involve direct
interaction of the inhibitor with Glut4 that maintained the transporter in an inactive conformation, or
through the removal of an inhibitory protein [44,94,95].

In summary, under conditions that affect insulin resistance, chronically activated p38 MAPK is
involved with additional kinases, in the inactivation of IRS molecules. Interestingly, despite its role in
preventing insulin-mediated glucose uptake, p38 MAPK may increase basal and insulin-independent
glucose uptake by skeletal muscle. Different treatments/conditions that induced a burst of p38
MAPK activity prevented obesity and insulin resistance. These conditions include muscle contraction
and hormones like adiponectin. Therefore, whereas p38 MAPK prevents insulin-mediated glucose
transport, it participates with other signaling molecules in insulin-independent glucose uptake. Acute
activation of p38 MAPK may also play a role in insulin-dependent glucose uptake. The intensities and
duration of p38 MAPK signals, the involvement of specific p38 MAPK isoforms, and the molecular
mechanisms of modulation of glucose uptake await future investigation.

3.3. P38 MAPK as a Potential Target for Prevention of Obesity-Induced T2DM

The double edged-sword activity of p38 MAPK in the metabolism of skeletal muscle raises the
question of what intervention with this kinase or pathway could beneficially prevent the development of
T2DM. On the one hand, elevation of p38 MAPK activity is expected to increase skeletal muscle oxidative
metabolism and glucose uptake. To date, regular exercise is more effective than pharmacological
intervention in the treatment and prevention of T2DM [26] and sarcopenia [27]. P38 MAPK mediates
stimulation of glucose uptake during exercise by elevating the expression levels of Glut4 and increasing
PGC1α activity that entails mitochondrial biogenesis and oxidative metabolism. These positive effects
of p38 MAPK are insulin-independent, and therefore can bypass insulin resistance. For decades,
the most important first-line drug for T2D patients’ treatment is metformin, which induces the activation
of AMPK [96]. AMPK facilitates the translocation of Glut4 to the plasma membrane and increases
PGC1α-mediated mitochondrial biogenesis and respiration. The concurrent activation of AMPK and
p38 MAPK signaling during exercise indicates that the two pathways cross-react and synergize in
increasing glucose uptake and oxidative metabolism in skeletal muscle. Interestingly, forced activation
of p38 MAPK in livers of obese mice reduces endoplasmic reticulum (ER) stress and establishes
euglycemia [25]. Therefore, the application of pharmacoactive agents that augment p38 MAPK activity
together with AMPK agonists may synergistically improve glucose import and oxidative metabolism
of skeletal muscle in an insulin-independent fashion. However, activation of p38 MAPK to treat obesity
and T2D holds a risk due to its possible deleterious effects on whole-body metabolism. For example,
the elevated chronic activity of p38α MAPK and p38β MAPK that result from inactivity, denervation,
aging (sarcopenia), or cancer (cachexia) participates in catabolism and muscle atrophy and weakness.
Under these conditions, p38 MAPK upregulates E3 ligases like MAFbx/Atrogin1 and Murf1 targeting
proteins for proteasome degradation [97–101]. Inhibition of p38 MAPK activity protects muscle from
the oxidative damage and prevents proteolysis, and was, therefore, suggested as a potential target for
the treatment of muscle atrophy [102–104]. The continuous activity of p38 MAPK is also involved in the
etiology of inflammatory diseases and specifically bowel diseases, like ulcerative colitis and Crohn’s
disease [105]. P38 induces the expression of proinflammatory cytokines like TNFα and Il1-β, and the
inhibition of p38 MAPK can effectively suppress the expression of circulating inflammatory mediators.
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An alternative option for preventing insulin resistance is the inhibition of p38 MAPK activity.
This approach’s primary rationale is prevention of the inhibitory phosphorylation of IRS molecules
that p38 MAPK mediates and ensuing the restoration of insulin signaling. Moreover, inhibition of p38
MAPK should block hepatic gluconeogenesis and to consequently reduce hepatic glucose release and
lower blood glucose levels [10,23]. Interestingly, the deletion of the mapk14 gene encoding for p38α
MAPK in the liver is associated with elevated levels of active AMPK, which is known to suppress
gluconeogenesis [106]. In fact, metformin’s significant therapeutic effect is the suppression of liver
gluconeogenesis, likely by the activation of AMPK [96]. Therefore, some of the beneficial effects of
p38 MAPK inhibition in reducing blood glucose levels may be mediated by liver AMPK. However,
as mentioned before, since p38 MAPK activity is vital for mitochondrial function and oxidative
metabolism, its inhibition may have adverse effects on muscle glucose metabolism [8,56,62]. Inhibition
of p38 MAPK is anticipated to reduce skeletal muscle oxidative phosphorylation and compensate
for the lost energy by increasing anaerobic glycolysis [102]. The prevailing model is that excessive
calorie intake cause mitochondrial electron leak, accumulation of ROS, mitochondrial dysfunction, and
insulin resistance [68,107,108]. Studies in recent years showed that insulin resistance occurred before
the deterioration of mitochondrial function [109,110]. Therefore, the loss of mitochondrial oxidative
metabolism may not be the cause of insulin resistance. One approach for preventing insulin resistance
and improving glucose/fat metabolism is to increase slow/oxidative muscles [111,112]. An equally
effective different approach is to increase the relative proportion of glycolytic muscle fibers, which were
proven to reduce fat mass and increase insulin sensitivity [113–116]. By increasing the glucose uptake
rate from the plasma and their glycolytic flux, fast-glycolytic muscles maintain energy levels similar
to those of slow-oxidative muscles. In fact, the commonly prescribed drugs to treat T2D, biguanides
such as metformin, inhibit complex I of the respiratory chain and thereby impair both mitochondrial
function and cell respiration [117,118]. Therefore, increasing glycolytic metabolism in skeletal muscle
by inhibiting p38 MAPK may help restore glucose tolerance in diabetic patients.

4. Conclusions

Despite the substantial progress in understanding p38 MAPK involvement in the regulation of
glucose metabolism in skeletal muscle, there remain open questions concerning the identities and
involvement of p38 MAPK isoforms in different physiologic states and their modes of affecting their
metabolic targets. Due to its massive energy consumption, skeletal muscle functionality is critical for
maintaining whole-body glucose homeostasis. Insulin resistance and sarcopenia develop mainly in
obese and old immobile individuals due to dysregulated energy metabolism of skeletal muscles, and
p38 MAPK is involved in the development of these maladies. Hence, depending on the physiological
context, p38 MAPK activity may lead to harmful consequences of sarcopenia and insulin resistance
in the immobile muscle or beneficial effects of increased glucose sensitivity and metabolism in the
contracting muscle. This review summarized the involvement of p38 MAPK in glucose metabolism of
skeletal muscle under the two extreme conditions of exercise (health) and obesity (disease), as schemed
in Figure 1. In exercise training, muscle contraction utilizes an enormous amount of energy, supplied
by the adaptation of muscles to glycolytic (resistance) or oxidative (endurance) glucose metabolism.
Under these conditions, p38 MAPK facilitates glucose transport in an insulin-independent manner
and improves insulin-dependent glucose transport by inducing transcription of genes encoding the
glucose transporters, Glut1, and Glut4. P38 MAPK also increases oxidative metabolism by inducing
the transcription and the activity of PGC1α, the “master coactivator” of mitochondrial biogenesis and
activity. Interestingly, in the contracting muscle, p38 MAPK is co-expressed with AMPK, the “energy
sensor” of the cell. The activities of these two kinases synergistically increase glucose import in a
pathway alternative to that of insulin. They also facilitate together mitochondrial oxidative metabolism
to provide the necessary amount of energy for muscle contraction.
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Figure 1. The involvement of p38 mitogen-activated protein kinase (MAPK) in glucose metabolism
of skeletal muscle in health and disease. The upper half of the scheme describes the involvement of
p38 MAPK in glucose metabolism of skeletal muscle in obesity: excessive intake of fatty acids and
carbohydrates cause mitochondrial electron leak from the electron transport chain (ETC), accumulation
of ROS, and mitochondrial dysfunction. Intramuscular fat metabolites (ceramide and DAG) reduce
mitochondrial oxidative capacity and increase in the generation of mitochondrial reactive oxygen species
(ROS) that induce p38 MAPK activity. Activated p38 MAPK inhibits IRS1 of insulin signaling through
inhibitory phosphorylation. It also inhibits the transcription of Pgc1α, Glut4 genes, and activates that of
the Glut1 gene. As a result, insulin-dependent glucose uptake is blocked, while insulin-independent
glucose uptake is elevated. The lower half of the scheme describes the involvement of p38 MAPK
in glucose metabolism of skeletal muscle in exercise: transient elevation in ROS induces the activity
of p38 MAPK, which in turn stimulates the transcription of Pgc1α and Glut4 genes. Besides, p38
phosphorylates PGC1α and augments its activity needed for mitochondrial integrity and function. P38
MAPK synergizes with AMPK in glucose uptake; the first increases the levels of Glut4 and the second
drives the transport of vesicular Glut4 to the plasma membrane. Abbreviations: GSV, Glut4 storage
vesicles; DAG, diacylglycerol; PI3-K, Phosphoinositide 3-kinase; PDK1, Phosphoinositide-dependent
protein kinase-1; GSK3, Glycogen synthase kinase 3; GS, Glycogen synthase; IR, Insulin receptor; FA,
Fatty acid.

In obesity, however, the activity of p38 MAPK contributes to the development of insulin
resistance. The surplus in skeletal muscle calorie intake and the elevated levels of circulating
fatty acids that penetrate muscle cells, increase intramuscular fat metabolites that reduce mitochondrial
oxidative capacity and high electron leakage that generate ROS. ROS and lipid metabolites activate
some kinases, including p38 MAPK, that impair the insulin-signaling pathway by phosphorylating
serine/threonine residues of IRS1 and preventing tyrosine phosphorylation and activation of IRS1 by
insulin. Consequently, insulin signaling is impaired and Glut4-mediated glucose uptake is prevented.
The chronic activity of p38 MAPK also decreases the expression of PGC1 proteins and, consequently,
diminishes glucose utilization by the mitochondria. Under these pathological conditions, p38 MAPK
activates the Glut1 gene expression and increases the basal diffusion of glucose independently of
insulin signaling.

In sum, the p38 MAPK pathway is a double-edged sword that increases insulin-independent
glucose uptake and mitochondrial oxidative phosphorylation in a healthy lifestyle while
inhibiting, in unhealthy lifestyles, the same processes mediated by insulin signaling, leading to
metabolic syndrome.
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Abstract: The subthreshold, transient A-type K+ current is a vital regulator of the excitability of
neurons throughout the brain. In mammalian hippocampal pyramidal neurons, this current is carried
primarily by ion channels comprising Kv4.2 α-subunits. These channels occupy the somatodendritic
domains of these principle excitatory neurons and thus regulate membrane voltage relevant to the
input–output efficacy of these cells. Owing to their robust control of membrane excitability and
ubiquitous expression in the hippocampus, their dysfunction can alter network stability in a manner
that manifests in recurrent seizures. Indeed, growing evidence implicates these channels in intractable
epilepsies of the temporal lobe, which underscores the importance of determining the molecular
mechanisms underlying their regulation and contribution to pathologies. Here, we describe the
role of p38 kinase phosphorylation of a C-terminal motif in Kv4.2 in modulating hippocampal
neuronal excitability and behavioral seizure strength. Using a combination of biochemical, single-cell
electrophysiology, and in vivo seizure techniques, we show that kainic acid-induced seizure induces
p38-mediated phosphorylation of Thr607 in Kv4.2 in a time-dependent manner. The pharmacological
and genetic disruption of this process reduces neuronal excitability and dampens seizure intensity,
illuminating a cellular cascade that may be targeted for therapeutic intervention to mitigate seizure
intensity and progression.

Keywords: Kv4.2; seizure; p38 MAPK; temporal lobe epilepsy; hippocampus; neuronal firing
and excitability

1. Introduction

Seizures are a common manifestation of a host of neurological disorders, including epilepsy.
Affecting an estimated 1% of the US population [1], these events are characterized by the anomalous
synchronization of electrical activity in the brain due to the hyperexcitability of individual neurons and
neural networks. Although relatively indiscriminate in their anatomical localization, seizures often
occur in the hippocampus and surrounding cortical areas of the temporal lobe. Recurrent seizures
in this brain region underlie temporal lobe epilepsy (TLE), which is thought to be the most common
epilepsy syndrome in adults [2]. In addition to being a prevalent form of epilepsy, TLE is frequently
the most difficult to treat [3]. These seizures are often resistant to antiepileptic drugs, which makes
the affected region susceptible to ongoing, intractable epilepsy [4–6]. For up to one-third of patients,
surgical intervention is encouraged for mitigation [1,7,8]. As a result, an emphasis on the identification
of additional mechanisms underlying TLE, which can serve as potential targets for therapy, is requisite.

While the etiology of seizures underlying TLE is multifaceted, a common feature is
the dysfunction of voltage-gated ion channels in hippocampal pyramidal neurons. A host of
channelopathies—both inherited and acquired—are associated with TLE in this principal cell type,
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including in hyperpolarization-activated cyclic nucleotide-gated (HCN) channels [9–13], voltage-gated
Na+ channels (Nav) [14,15], and voltage-gated Ca2+ channels (Cav) [16,17]. Featured most prominently
in TLE pathologies are abnormalities in the function of voltage-gate K+ channels (Kv), which are
critical regulators of the intrinsic excitability of neurons throughout the brain (reviewed in [18,19]).
Although members of all classes of K+ channels have been shown to be altered in various epilepsy
syndromes [19], there has been a steady increase in findings linking A-type K+ channels (Shal subfamily)
to TLE. Chief among the members of this family is Kv4.2, which has been heavily implicated in TLE
in both animal models [19] and humans [20–22]. Kv4.2 is the primary pore-forming Kv channel
subunit underlying the rapidly activating and inactivating somatodendritic A-current (IA) in CA1
pyramidal neurons of the hippocampus [23–25]. Operating at subthreshold voltages, Kv4.2 regulates
action potential (AP) repolarization and repetitive firing, dampens AP backpropagation into dendrites,
and shapes synaptic potentials, thus acting as a powerful modulator of the input–output efficacy of
pyramidal neurons [23,26,27]. Although mutations in the Kv4.2 gene that impart defects intrinsic to
channel function are associated with TLE [20–23], it is also evident that disruptions/modifications in
Kv4.2 channel properties occur in response to seizures, suggesting that regulation of these channels likely
contributes to the intractability of TLE. Indeed, TLE has been shown to decrease Kv4.2 availability [28,29],
however, the molecular mechanisms underlying this activity-induced downregulation remain unclear.

Substantial evidence supports the notion that Kv4.2 channels function in macromolecular
complexes with auxiliary subunits, including the K+ channel-interacting proteins (KChIP1-4) and
dipeptidyl peptidases 6 and 10 (DPP6 and DPP10) [30]. Both KChIPs and DPPs work together
to exert the strong modification of Kv4.2 expression, membrane surface localization, and channel
kinetics [31–34]. Evidence of increased seizure susceptibility is present in mice harboring mutations
in these auxiliary subunits, including KChIP 2 [35], suggesting the maintenance of channel complexes is
a key factor in moderating seizures. Likely modulators of Kv4.2 complex dynamics are protein kinases.
The phosphorylation of Kv4.2 by protein kinase A (PKA), protein kinase C (PKC), and extracellular
signal-regulated kinase/mitogen-activated protein kinase (ERK/MAPK) downregulates IA [36–38].
In pyramidal neurons, this downregulation facilitates an increase in somatodendritic excitability,
enhancing susceptibility to network hyperexcitability in the hippocampus [39–41]. We have recently
identified a specific MAPK, p38α, as a potent regulator of the Kv4.2 complex [42]. The p38
phosphorylation of Kv4.2 C-terminal motifs triggers a molecular cascade that facilitates the dissociation
of Kv4.2 from its auxiliary subunit DPP6 [42]. This cascade is particularly intriguing in the context
of TLE, as it occurs in an activity-dependent fashion, representing a novel mechanism that may be
integral in regulating seizure susceptibility [42].

In the present study, we expand on our previous findings and address how p38 kinase modulates
seizure susceptibility and neuronal excitability. We use biochemical, electrophysiological, and in vivo
seizure techniques in WT and a novel mouse model harboring a point mutation preventing p38
phosphorylation of Kv4.2 at C-terminal Thr607 (Kv4.2TA) to illuminate the role of p38 phosphorylation
of Kv4.2 in regulating the intrinsic excitability of hippocampal pyramidal neurons and seizure intensity.
We show that p38 phosphorylation of Kv4.2 at C-terminal Thr607 is integral in modulating seizure
strength and may contribute to the progression of seizure intensity over time. Furthermore, we confirm
previous findings that a molecular cascade triggered by p38 phosphorylation alters Kv4.2-mediated
excitability of hippocampal pyramidal neurons, illuminating a novel molecular mechanism involved
in network hyperexcitability in mice. The combined pharmacological and genetic manipulation of
the cellular cascade described here offers insight into various avenues through which therapeutic
intervention to curtail seizure progression can be pursued.
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2. Results

2.1. p38 MAPK Contributes to Kainic Acid-Induced Seizure in WT but Not Kv4.2TA Mice

We have generated a mutant mouse, Kv4.2TA, with abolished dynamic Thr 607 phosphorylation of
Kv4.2 and isomerization of Kv4.2 by Pin1 [42]. Kv4.2TA mice displayed increased IA, decreased neuronal
excitability, and improved cognitive flexibility [42]. Here, we examine if acute behavioral seizure
is altered following the systemic injection of kainic acid (KA) in the Kv4.2TA mice. KA (25 mg/kg)
was injected intraperitoneally into Kv4.2TA mice (n = 13) and littermate controls (n = 15) and
behavioral seizure responses were scored using the modified Racine scale [43] for 60 min post
injection. We observed a significant difference in behavior seizure scores, with Kv4.2TA mice showing
significantly reduced seizure intensity over the full 1 h period following KA injection (Figure 1A,B).
Our previous work showed that p38 can phosphorylate Kv4.2 at T607 in response to seizure induced
by pentylenetetrazol (PTZ) or KA [42]. In addition, acute behavioral seizure in p38 knockout mice
is significantly decreased compared to WT mice [44]. Therefore, we hypothesized that the effect of
p38 on seizure intensity is dependent on the T607 site of Kv4.2. We injected p38 inhibitor SB 203580
(20 mg/kg, i.p.) 15 min ahead of KA injection. The result showed that control mice with SB 203580
injection (n = 14) exhibited significantly reduced behavioral seizure intensity compared to those with
the control injection (Figure 1A,B). Interestingly, Kv4.2TA mice with SB 203580 injection (n = 13) did not
display a significant reduction in behavioral seizure intensity compared to those injected with vehicle
(Figure 1A,B). This decrease in sensitivity to KA-induced seizure was also reflected in the latency to
stage 3 seizure (Figure 1C). Taken together, these data support the notion that p38 phosphorylation of
Kv4.2 at T607 contributes to KA-induced seizure.

2.2. Seizure Induced by Kainic Acid Triggers Kv4.2 T607 Phosphorylation in a Time-Dependent Manner

It has been reported that Kv4.2 availability is altered in response to seizure, suggesting these events
may trigger a molecular cascade leading to the functional downregulation of IA [28,29]. Our collective
analyses indicate that this cascade is initiated by p38 kinase. We reason that the prolonged activation
of p38 and subsequent phosphorylation of Kv4.2 in response to continued seizures (kindling) may be
an important factor underlying the intractability of seizures in the temporal lobe. Therefore, in order to
study the timing of Kv4.2 phosphorylation in response to seizure, we examined Kv4.2 phosphorylation
at various times following KA injection. Since p38 can phosphorylate both T602 and T607 of Kv4.2 [42],
we examined both phosphorylation sites. KA induced Kv4.2 phosphorylation at T607 at 15 min after
KA injection but not at 5 min (Figure 2A,B). T607 phosphorylation peaked 3 h after KA injection and
the induction effect lasted, even at 5 days post injection (Figure 2A,B). Kv4.2 phosphorylation at T602
was also induced 3 h post KA injection but not at earlier time points (Figure 2A,C). These data show
that seizure induced by KA triggers a long-lasting effect on Kv4.2 that may contribute to on-going
seizure progression.

2.3. Kainic Acid-Induced Kv4.2 Phosphorylation at T607 Is Dependent on p38 MAPK

Next, we wanted to know if p38 is required for KA-induced Kv4.2 phosphorylation at T607.
The p38 inhibitor SB 203580 (20 mg/kg, i.p.) was injected 15 min ahead of KA injection (25 mg/kg, i.p.).
We found that the p38 inhibitor SB 203580 blocked the induction of Kv4.2 phosphorylation 15 min after
KA injection in the mouse hippocampus (Figure 3A,B), suggesting p38 contributed to KA-induced
Kv4.2 phosphorylation at T607.
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Figure 1. p38 mitogen-activated protein kinase (MAPK) contributed to kainic acid-induced seizure
in WT mice but not Kv4.2TA mice. (A) Time course of mean behavioral seizure score following kainic
acid injection. The mean behavioral seizure score was significantly reduced in Kv4.2TA mice compared
to WT mice. Furthermore, p38 inhibitor SB 203580 significantly reduced behavioral seizure score
following kainic acid injection in WT mice but not in Kv4.2TA mice, n = 13–15 for each group, two-way
ANOVA, * p < 0.05. (B) Total behavioral seizure score for each group, n = 13–15 for each group, t-test,
* p < 0.05. (C) Latency to stage 3 seizure for each group. n = 13–15 for each group, t-test, ** p < 0.01.

2.4. p38 MAPK Colocalizes with Kv4.2

Since p38 phosphorylates Kv4.2, we wanted to see if it colocalized with Kv4.2 in a heterologous
system and in the mouse brain. First, HEK 293T cells were double stained after 2 days of transfection
with p38 and Kv4.2. The result showed that p38 partially colocalized with Kv4.2 (Figure 4A).
High magnification images and line scan confirmed this result (Figure 4B,C). In addition, we performed
the double staining of phosphorylated p38 (pp38) and Kv4.2 on mouse brain sections. Phospho-p38 is
mainly localized in the cell body of hippocampal pyramidal neurons but also localized in dendrites,
while Kv4.2 is mainly localized in dendrites (Figure 4C). High magnification images showed pp38
partially colocalized with Kv4.2, as indicated by arrow heads (Figure 4D).
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Figure 2. Seizure induced by kainic acid triggers Kv4.2 T607 phosphorylation in a time-dependent
manner in mouse hippocampus. (A) Time course of Kv4.2 phosphorylation at Thr602 and Thr607 by
kainic acid administration (25 mg/kg, i.p.) in mouse hippocampus. (B) Statistical analysis of kainic
acid-induced phosphorylation of Kv4.2 at Thr607 in mouse hippocampus, n = 3–8 in each group, t-test,
** p < 0.01. (C) Statistical analysis of kainic acid-induced phosphorylation of Kv4.2 at Thr602 in mouse
hippocampus, n = 3–8 in each group, t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 3. p38 MAPK contributes to kainic acid-induced Kv4.2 phosphorylation at T607. (A) SB 203580,
a potent p38 inhibitor (20 mg/kg, i.p., 15 min), blocked kainic acid-induced phosphorylation of Kv4.2
T607 in mouse hippocampus. (B) Statistical analysis of the effect of SB 203580 on kainic acid-induced
phosphorylation of Kv4.2 at Thr607 in mouse hippocampus, n = 4–6 in each group, t-test, ** p < 0.01.
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Figure 4. p38 MAPK colocalizes with Kv4.2. (A) HEK293T cells were transfected with GFP-Kv4.2 and
Flag-p38. Cells were fixed and stained with GFP and Flag to show co-localization. Scale bar: 20 μm.
(B) High magnification images and line scan analysis of colocalization. Scale bar: 5 μm. (C) Mouse
brains were co-stained with Kv4.2 and pp38 antibody. Phosphorylated p38 is localized in the cell body
and dendrites as well. Scale bar: 20 μm. (D) High magnification images showing Kv4.2 and pp38
colocalized in dendrites, as indicated with arrow heads. Scale bar: 5 μm.

2.5. Kainic Acid Activates p38 MAPK in both WT and Kv4.2TA Mice

We next assessed whether KA-induced seizure activated p38 in both WT mice and Kv4.2TA
mice. Mouse brain sections were stained with pp38. The pp38 level is significantly increased after
KA injection (1 h) in the cell body of hippocampal pyramidal neurons (Figure 5A). Furthermore,
we examined pp38 by western blot. The pp38 level but not p38 level is significantly increased after KA
injection (30 min) in WT mouse hippocampus (Figure 5B). A similar result was found in Kv4.2TA mice
(Figure 5B). These data indicate that the initiation of p38 kinase activity by KA is similar in WT and
Kv4.2TA mice, and the observed effects on seizure intensity can be ascribed to the inability of p38 to
phosphorylate Thr607.
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Figure 5. Kainic acid activates p38 MAPK in both WT and Kv4.2TA mice. (A) Immunostaining analysis
showed p38 phosphorylation increased with kainic acid administration (25 mg/kg, i.p., 30 min) in mouse
hippocampus, n = 26 cells in each group, t-test, *** p < 0.001. (B) Western blot analysis showed p38
phosphorylation increased with kainic acid administration (25 mg/kg, i.p., 30 min) in hippocampus
in both WT and Kv4.2TA mice, n = 4–6 cells in each group, t-test, *** p < 0.001.

2.6. p38 MAPK Modulates Neuronal Excitability through Kv4.2

In our previous study, we reported that hippocampal pyramidal cells from acute hippocampal
slices of Kv4.2TA mice exhibited a nearly two-fold reduction in AP firing frequency in response to
somatic current injection relative to WT mice. We determined that this was due to an enhancement
of IA as a result of the T607A mutation blocking the dissociation of Kv4.2 from its auxiliary subunit
DPP6 and subsequent functional downregulation [42]. Furthermore, we found the slicing process
largely activated p38 kinase and induced Kv4.2 phosphorylation, revealing that this procedure acts
similarly to kainic acid-induced seizure in altering the phospho-state of Kv4.2 in the hippocampus [42].
Therefore, we sought to investigate how a pharmacological blockade of p38 (SB 203580) altered the
excitability of the principal hippocampal neurons in area CA1 of acute hippocampal slices. In light of
the time-dependency of phosphorylation of Kv4.2 at T602 and T607 in response to seizure induction
(peak ~3 h), we incubated slices in recovery solution with pharmacological treatment or vehicle
(0.1% DMSO) for 2 h and continued their exposure during electrophysiological recordings (3–4 h total
exposure). In response to stepped somatic current injections, we identified that treatment with 5 μM
SB 203580 reduced AP firing frequency of pyramidal neurons at each magnitude above rheobase in WT
slices (Figure 6A,B). At maximum current injection (+300 pA), the difference in firing frequency reached
a statistically significant level. Specifically, a +300 pA injection induced a firing rate of 23.7 Hz in the
presence of DMSO, representing a~33% increase relative to the rate recorded in the presence of 5 μM
SB 203580 (16.9 Hz), shown in Figure 6B. This alteration in excitability was limited to suprathreshold
properties, as subthreshold excitability was largely unaffected by pharmacological p38 blockade
(Table 1). Parameters measured from ramp current injections (400 pA/s), including AP threshold
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(Table 1), rheobase (Figure 6D,E), and latency to AP onset (Figure 6F), were similar in conditions with
or without SB 203580, although a modest, but non-statistically significant, increase in AP threshold
and rheobase was observed in slices from WT mice with pharmacological p38 blockade (Table 1 and
Figure 6E).

Figure 6. p38 impacts hippocampal pyramidal neuron excitability through Kv4.2. (A) Current step of
+300 pA induces repetitive firing in pyramidal neurons recorded from WT and Kv4.2TA mice with or
without SB 203580 treatment. Scale 40 mV/250 ms. Square current inset 300 pA. (B) Sequential somatic
current injections increasing in magnitude reveal p38 kinase inhibition reduces AP firing frequency in
WT hippocampal neurons at +300 pA relative to vehicle (n = 15 in vehicle, n = 19 in treatment; two-way
ANOVA, * p < 0.05). Kv4.2TA neurons display reduced firing frequency at +300 pA relative to WT
in vehicle, which is augmented in the presence of SB 203580 such that current magnitudes of +200 and
+250 pA also exhibit significant differences (n = 18 in vehicle, n = 14 in SB 203580; two-way ANOVA,
* p < 0.05; *** p < 0.001). (C) Inter-spike intervals measured between the first two spikes in a train evoked
by 150 pA injection display no significant difference among groups. Kruskal–Wallis test, p > 0.05.
(D) Ramp current injections evoke repetitive firing in all pyramidal neurons recorded in each condition.
Arrow indicates point at which action potential (AP) threshold, rheobase, and latency to fire were
measured. Ramp current inset 400 pA/s. (E) Minimum current to elicit AP firing at threshold (rheobase)
is not significantly different among the populations. One-way ANOVA, p > 0.05. (F) Latency to fire
in response to ramp injection is not significantly different among populations. Kruskal–Wallis test,
p > 0.05.

Table 1. Passive membrane properties and single action potential (AP) parameters (mean ± SEM).

Parameter WT WT (SB 203580) Kv4.2TA Kv4.2TA (SB 203580)

RMP (mv) −60.5 ± 0.86 −60.1 ± 0.72 −58.8 ± 0.62 −58.9 ± 0.60

Whole-cell capacitance (pF) 16.2 ± 1.0 22.4 ± 1.6 17.1 ± 0.77 17.8 ± 1.3

Rinput (MΩ) 228.8 ± 18.2 273.4 ± 19.7 231.2 ± 13.4 228.9 ± 16.0

Time to AP Peak (ms) 0.84 ± 0.1 1.07 ± 0.1 0.9 ± 0.1 0.89 ± 0.1

AP amplitude (mV) 81.0 ± 3.3 79.6 ± 3.7 76.7 ± 2.8 75.1 ± 3.3

AP half-width (ms) 1.5 ± 0.1 1.7 ± 0.2 1.6 ± 0.1 1.6 ± 0.1

AP threshold (mV) −40.1 ± 1.1 −35.9 ± 1.5 −34.9 ± 1.4 a −37.7 ± 1.4
a p < 0.05.
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We next tested the effect of SB 203580 on slices obtained from Kv4.2TA mice. Because p38-mediated
phosphorylation of Kv4.2 is significantly reduced in these mice, we anticipated the mutation would
occlude the impact of SB 203580 on neuronal firing if p38 mediates excitability primarily through its
regulation of IA. Generally consistent with previous observations, pyramidal neurons from Kv4.2TA
slices exhibited reduced AP firing frequency relative to WT in multiple experimental conditions
(Figure 6A,B). AP firing frequency was reduced at each current magnitude, with a statistically
significant reduction exhibited at peak injection in the presence of DMSO (17.5 Hz vs. 23.7 Hz,
Kv4.2TA vs. WT, respectively; p < 0.05, Figure 6B). The significant decrease in AP firing frequency
corresponded with a significant increase in AP threshold in Kv4.2TA neurons relative to WT in this
condition (Table 1). Additionally, AP firing mirrored that of WT neurons in the presence of 5 μM SB
203580 (Figure 6B). Importantly, SB 203580 treatment in Kv4.2TA slices did not significantly reduce
suprathreshold excitability, contrary to its impact in WT pyramidal neurons (Figure 6B). This suggests
that p38 modulation of AP firing can primarily be traced to its regulation of Kv4.2. Furthermore, as
noted previously, Kv4.2TA neurons in this condition displayed significant pauses in repetitive firing,
which correlated with slight, non-statistically significant, increases in fast after-hyperpolarization
amplitudes and inter-spike intervals (Table 1 and Figure 6C, respectively). Therefore, taken together,
pharmacological blockade of p38 kinase reduced the suprathreshold excitability of hippocampal
pyramidal neurons. The T607A mutation occludes the action of SB 203580, suggesting its impact on
AP firing frequency is mediated predominantly through its modulation of Kv4.2-mediated IA.

3. Discussion

The present study describes a novel mechanism of KA-induced seizure which involves
p38-dependent phosphorylation of Kv4.2 at T607. Both T602 and T607 are phosphorylated by
KA but the induction timing is different (Figure 2A–C). KA induces T607 phosphorylation relatively
promptly (about 15 min) while T602 phosphorylation is relatively delayed (about 3 h). Both T602 and
T607 phosphorylation were sustained for at least 5 days, the longest data point measured (Figure 2A–C).
Kindling is a commonly used model for the development of seizures and epilepsy in which the duration
and behavioral involvement of induced seizures increases after seizures are induced repeatedly [45].
Repeated seizure could boost Kv4.2 phosphorylation levels at T602 and T607, leading to downregulation
and enhanced excitability. Therefore, the long-term phosphorylation response to seizure could be
a mechanism of kindling.

We have found that Pin1 binds to T607 of Kv4.2 and isomerizes the T607-P bond to modulate
the function of Kv4.2 [42]. The dual phosphorylation of T602 and T607 increases the Pin1 binding
ability and therefore improves Kv4.2 modulation. KA triggers Kv4.2 phosphorylation at both sites
after 3 h and lasts for 5 days (Figure 2A–C), suggesting that the Pin1 effect could be long lasting as well.
The excitability of CA1 pyramidal neuron dendrites was increased in TLE because of the decreased
availability of A-type potassium ion channels [28]. Pin1’s long-lasting effect could eventually lead
to reduced availability of Kv4.2, which fits with the notion that seizure decreases IA. Furthermore,
the continued phosphorylation at these sites and persistent Pin1 activity in response to prolonged
seizure may exacerbate their severity, manifesting as a positive feedback loop, promoting further
downregulation of IA. Thus, the activation of p38 and subsequent isomerization of Kv4.2 may serve as
a mechanism underlying the intractability of seizure progression often associated with severe epilepsy
in the temporal lobe [1–3].

Kv4.2 T602 and T607 phosphorylation occur via both p38 MAPK (Figure 2A–C) and ERK
MAPK [38,46]. However, the p38 inhibitor SB 203,580 blocked Kv4.2 phosphorylation induced by KA
(Figure 3A,B), suggesting the primary role of p38 in seizure. Since ERK MAPK can be activated by
KA [47], ERK may also have a contributing effect on Kv4.2. In addition, KA activates p38 in Kv4.2TA
mice at similar levels as in WT mice, suggesting the reduced seizure phenotype in Kv4.2TA mice
(Figure 1) is not because of the differential induction of p38 but the deficiency of Kv4.2 phosphorylation
at T607.
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At the cellular level, Kv4.2 phosphorylation by p38 at T607 alters the excitability of hippocampal
pyramidal neurons of area CA1. The results presented here indicate that the role of p38 in altering
membrane excitability is primarily through a reduction in suprathreshold excitability. While Kv4.2
can impact subthreshold properties in pyramidal neurons, including latency to AP onset [48] and
rheobase [42], its role in regulating the frequency of repetitive AP firing is well documented [48,49].
Its robust control of membrane potential fluctuations in response to depolarizing currents from resting
potential permits a significant functional interaction with voltage-gated Na+ channels [48]. Indeed,
we identified a significant increase in AP threshold in Kv4.2TA pyramidal neurons. Moreover, a slight
increase in after-hyperpolarization amplitude in these cells is likely contributory in delaying the
recruitment of Na+ channel activation to stepped current injection, which was evidenced in this study
and our previous analysis [42]. It is likely that the enhancement of IA amplitude that results with
p38-Pin1 blockade reduces the precision of repetitive spiking through the modulation of voltage-gated
channels, driving spiking in hippocampal pyramidal neurons.

It is clear that the T607A mutation induces a reduction of pyramidal cell excitability. The trend
in reduced excitability of Kv4.2TA neurons was persistent in this analysis, strengthening our previous
findings [42]. While slight variations in neuronal responsiveness to current injections of various
magnitudes in Kv4.2TA mice relative to WT were observed in this study relative to [42], the overall
trend toward a reduction in repetitive firing remained. Slight alterations in the slice recovery and
recording conditions are likely to underlie these differences. Furthermore, by complementing the
T607A mutation with pharmacological blockade of p38, we uncovered multiple means by which to
lower hippocampal pyramidal cell excitability through Kv4.2. The application of SB 203580 altered
the firing mode of WT neurons in a manner that mirrored that of Kv4.2TA neurons in its absence.
This suggests that p38 regulation of membrane excitability is primarily mediated through Kv4.2.
We did, however, note that, although p38 blockade did not significantly alter AP firing properties
in Kv4.2TA slices, a reduction in excitability was generally augmented in its presence. This may imply
that the inhibition of phosphorylation of both T602 and T607 sites may, together, produce an additive
effect in Kv4.2 regulation of membrane properties. As noted, the dual phosphorylation of these
motifs provides an environment particularly conducive to binding multiple domains of Pin1 upon p38
phosphorylation, which could facilitate dissociation of Kv4.2 from DPP6 and downregulation [42].
While this likely contributes to the observed phenotype, we cannot, however, rule out the involvement
of additional ion channels that may also be impacted by broad pharmacological p38 blockade.

Furthermore, the breadth of this work and that of our previous study focuses on somatic Kv4.2
channel activity. While somatic Kv4 channels are capable of impacting neuronal firing modes, their
privileged distribution in dendrites suggests their control of membrane potentials may be more
impactful in these domains [23,50–52]. It is possible that p38 phosphorylation of Kv4.2 may contribute
to the alteration of dendritic excitability by modulating the coupling of synaptic inputs and AP output.
Indeed, in the context of the regulation of DPP6-Kv4.2 dynamics, p38 activity in the apical dendrites
may be of particular significance. DPP6 knockout mice exhibit a non-uniformity in their manifestation
of alteration in membrane excitability, with dendritic excitability being predominantly impacted [53].
Whether p38 phosphorylation of dendritic Kv4.2 channels may impact dendritic function, and further
contribute to increased network hyperexcitability and seizure severity in the hippocampus, is a topic
of future investigation.

4. Materials and Methods

4.1. Animals

C57/BL6J wild-type mice were used in this study. Kv4.2TA mice were generated as described
before [42]. Mice were group housed in plastic mouse cages with free access to standard rodent chow
and water. The colony room was maintained at 22 ± 2 ◦C with a 12 h: 12 h light: dark cycle. Kv4.2TA
mice were backcrossed at least three generations onto C57/Bl6J mice. Age-matched male adult WT and
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Kv4.2TA were used. All animal procedures were performed in accordance with guidelines approved
by the Eunice Kennedy Shriver National Institute of Child Health and Human Development Animal
Care and Use Committee and in accordance with NIH guidelines (20-042, 3 April 2020).

4.2. Expression Constructs

The human Myc-DDK-Kv4.2 construct was purchased from Origene (Rockville, MD, USA,
RC215266). The p38 construct was from Addgene (Watertown, MA, USA, 20351).

4.3. Chemicals

All chemicals were purchased: KA (Sigma, St. Louis, MO, USA, K0250) and SB 203580
(Tocris, Minneapolis, MN, USA, 1202). For injections, KA was dissolved in saline; SB 203580 was
dissolved in DMSO and 10% Tween 80.

4.4. Antibodies

Mouse anti-Kv4.2 (NeuroMab, Davis, CA, USA, 75-016) was used at 1:2000 for western blot,
1:200 for immunostaining, rabbit anti-Kv4.2 (Sigma, St. Louis, MO, USA, P0233) was used at 1:2000
for western blot, pT602 (Santa Cruz, Dallas, TX, USA, SC-16983-R) was used at 1:1000 for western
blot, pT607 (Santa Cruz, Dallas, TX, USA, SC-22254-R) was used at 1:500 for western blot, and pp38
(Cell Signaling, Danvers, MA, USA, 4511s) at 1:1000 for western blot, 1:100 for immunostaining.
Flag (Sigma, St. Louis, MO, USA, F3165) was used at 1:300 for immunostaining, actin (Sigma, St. Louis,
MO, USA, A-1978) was used at 1:10,000 for western blot; Alexa Fluor 488 goat anti-mouse (Invitrogen,
Carlsbad, CA, USA, A-11029) was used at 1:500; Alexa Fluor 488 goat anti-rabbit (Invitrogen, Carlsbad,
CA, USA, A-11034) was used at 1:500; Alexa Fluor 555 goat anti-mouse (Invitrogen, Carlsbad, CA, USA,
A-21424) was used at 1:500; Alexa Fluor 555 goat anti-rabbit (Invitrogen, Carlsbad, CA, USA, A-21429)
was used at 1:500; Alexa Fluor 680 goat anti-mouse (Invitrogen, Carlsbad, CA, USA, A-21057) was
used at 1:10,000; Alexa Fluor 680 goat anti-rabbit (Invitrogen, Carlsbad, CA, USA, A-21076) was used
at 1:10,000; IRDye 800CW goat anti-mouse (Licor, Licoln, NE, USA, 926-32210) was used at 1:10,000,
IRDye 800CW goat anti-rabbit (Licor, Licoln, NE, USA, 926-32211) was used at 1:10,000.

4.5. Cell Culture and Transfection

HEK-293T cells used in biochemistry experiments were obtained from Dr. Paul Worley’s lab.
HEK-293T cells were cultured in DMEM medium containing 10% FBS. Transfections were performed
with X-tremeGENE 9 (Sigma, St. Louis, MO, USA, XTG9-RO) according to the manufacturer’s
specifications. Cells were harvested about 40 h after transfection.

4.6. Western Blot and Quantification

Protein samples were mixed with 4x LDS sample buffer (Invitrogen, Carlsbad, CA, USA, NP0007)
and 10x sample reducing agent (Invitrogen, Carlsbad, CA, USA, NP0007) to a final concentration of 1x.
Samples were loaded on 4%–12% Bis-Tris gradient gel (Invitrogen, Carlsbad, CA, USA, 12-well, NP0322;
15-well, NP0323). The proteins were transferred to an Immobilon-FL PVDF membrane (EMD Millipore,
Burlington, MA, USA, IPFL00010). The membrane was blocked with Odyssey blocking buffer (Li-COR,
Licoln, NE, USA, 927-40000) for 1 h at room temperature, followed by incubation with primary antibody
in PBS overnight at 4 ◦C. The membrane was then washed with PBST (PBS, pH 7.4 and 0.1% Tween-20)
three times and incubated with secondary antibody in PBS for another hour. After three washes
with PBS, the membrane was scanned using an Odyssey imaging system (LI-COR, Licoln, NE, USA)
according to the manufacturer’s protocol. Quantification of western blots was carried out using the gel
analysis function in ImageJ within the linear range of detection, which is determined by using serial
dilutions of a representative sample.

129



Int. J. Mol. Sci. 2020, 21, 5921

4.7. Immunostaining

Mice were fixed with 4% PFA and brain sections were cut into 24-well plates. They were then
blocked with 10% horse serum at RT for 1 h and then incubated with primary antibodies at 4 ◦C
overnight. After washing, sections were incubated with anti-mouse-555 and anti-rabbit-488 secondary
antibodies at RT for 2 h. After washing, cells were then mounted on slides with anti-fade mounting
medium containing 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA, USA, P36962)
and imaged using a Zeiss (Oberkochen, Germany) 710 laser scanning confocal microscope equipped
with a 63 × objective.

4.8. Acute Hippocampal Slice Preparation

Adult male and female (5–6 weeks old) mice were used for all acute slice electrophysiological
recordings. Mice were anesthetized with isoflurane and decapitated. Brains were rapidly removed
and washed with ice-cold sucrose cutting solution. The sucrose solution was made up of the
following (in mM): 60 NaCl, 3 KCl, 28 NaHCO3, 1.25 NaH2PO4, 7.5 Glucose, 0.5 CaCl2, 4.5 MgCl2.
Brain hemispheres were dissected and mounted following a 45◦ cut of the dorsal cerebral hemisphere(s).
Modified transverse slices (300 μm) were made by a Leica (Wetzlar, Germany, VT1200S) vibrating
microtome in ice-cold sucrose that was continuously bubbled with carbogen (95% O2/5% CO2).
Slices were recovered at 32 ◦C in sucrose solution for 15 min, at which time the solution temperature
was slowly lowered to room temperature where it remained for the remainder of the recording day.
Slices were exposed to pharmacological treatments (treatment or vehicle) during the slicing procedure
and in recovery.

4.9. Whole-Cell Current Clamp Recordings

Following a 2-h recovery in sucrose cutting solution with or without pharmacological treatment
(SB 203580 5 μM and 0.1% DMSO vehicle, respectively), hippocampal slices were transferred to
a recording chamber submerged in artificial cerebral spinal fluid (ACSF) with the temperature
maintained at 33 ◦C (±1 ◦C). The ACSF consisted of the following (in mM): 125 NaCl, 2.5 KCl,
25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 2 CaCl2, (pH 7.4). In select recordings, 5 μM SB 203580 was
added to the bath solution. The recording chamber was continuously perfused with carbogen-bubbled
ACSF at a rate of 3 mL/min. Somatic whole-cell patch clamp recordings were performed on identified
somata of hippocampal CA1 pyramidal neurons, which were viewed using infrared differential
interference contrast (DIC) on an upright Zeiss (Oberkochen, Germany) Examiner. Cells were patched
with 4–5 MΩ borosilicate glass pipettes pulled from a Narishige (Amityville, NY, USA) vertical puller
and filled with K+ gluconate-based intracellular solution consisting of the following (in mM): 20 KCl,
130 K-gluconate, 2 MgCl, 0.1 EGTA, 2 Na2ATP, 0.3 NaGTP, 10 HEPES, 10 Phosphocreatine with pH
adjusted with KOH, and HCl to a final value of 7.25–7.30 and an osmolarity of 290–300 mOsm.

AP firing properties were measured from whole-cell recordings in current clamp mode in the
conditions described above. All data were recorded with a Multiclamp 700B amplifier (Molecular
Devices, San Jose, CA, USA) and a Digidata 1440A digitizer. Signals were low-pass filtered at 5 kHz
and digitized at 10 kHz using Clampex 10.7 software and were acquired in bridge balance mode to
compensate for series resistance. Liquid junction potential was not corrected for. Passive membrane
properties were measured after initial break-in in order to avoid dialysis as a result of solution exchange.
Whole-cell capacitance and series resistance were measured from a Multiclamp 700B commander
(Molecular Devices, San Jose, CA, USA). A voltage step of −10 mV was used, and the decay tau
of the whole-cell capacitive transient current was used to calculate these parameters. Recordings
where series resistance exceeded 25 MΩ or resting membrane potential was more depolarized than
−55 mV were discarded. Input resistance was calculated as the slope of the current-voltage (I-V) curve
in response to current steps from −50 to 50 pA in 50 pA steps (three steps in total). To evoke action
potentials in patched CA1 pyramidal neurons, square 500 ms current pulses were elicited in 50 pA

130



Int. J. Mol. Sci. 2020, 21, 5921

steps with current injections ranging from −200 pA to +300 pA. Two sweeps at each magnitude were
elicited and the average response of these sweeps was used for each cell. All measures of action
potential waveform were taken from the first spike in response to a 150 pA injection and inter-spike
measurements, including inter-spike interval, were recorded between the first two spikes in a train
elicited by a 150 pA square current. This current magnitude was used as it was the minimum current
that provoked AP firing in 100% of cells patched. Additionally, second-long ramp current injections
were elicited at 400 pA/sec and the latency to fire was calculated as the time from the initiation of
the current injection to AP threshold (first AP). AP threshold and rheobase were measured from
ramp injections, with rheobase recorded as the current magnitude required to produce the first AP
(at threshold voltage) in the ramp.

4.10. Seizure Behavioral Assays

Kainic acid (Sigma, St. Louis, MO, USA, K0250) was administered i.p. at a dose of 25 mg/kg.
Animals were monitored for 60 min after the injection. Behavioral responses were recorded using
a video camera and scored using the following: stage 0, normal behavior; stage 1, immobility and
rigidity; stage 2, head bobbing; stage 3, forelimb clonus and rearing; stage 4, continuous rearing and
falling; stage 5, clonic–tonic seizure; stage 6, death (Racine, 1972). Total seizure scores were calculated
by summing up every five-minute score. The behavioral assessments described above were performed
in a blind manner.

4.11. Statistical Analysis

Biochemistry and behavior data were analyzed by Origin 2018b (Northampton, MA, USA)
by two-tailed Student’s t-test and two-way ANOVA, respectively. Electrophysiological data were
analyzed by GraphPad Prism 7 (San Diego, CA, USA, 7.0 d). For all electrophysiological experiments,
the experimenter was blinded to the genotypes. For analysis of the pharmacological impact on single
AP parameters and in response to ramp current injections in WT and Kv4.2TA slices, a one-way
ANOVA (ordinary), or one-way ANOVA on ranks (Kruskal–Wallis test) was used and was corrected
for multiple comparisons with Dunnett’s test (ordinary) or Dunn’s test (ranks). The use of parametric
or non-parametric analysis was determined after testing for normal distribution of the data using the
D’Agostino and Pearson normality test (alpha level = 0.05). Non-parametric statistics were used if the
data failed normality testing. For all analysis of firing frequency in response to sequential current steps,
a two-way ANOVA with Tukey’s post hoc test was used. All the data are presented as mean ± SEM.
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Abstract: Multifactorial pathologies, involving one or more aggregated protein(s) and
neuroinflammation are common in major neurodegenerative diseases, such as Alzheimer’s disease
and dementia with Lewy bodies. This complexity of multiple pathogenic drivers is one potential
explanation for the lack of success or, at best, the partial therapeutic effects, respectively, with
approaches that have targeted one specific driver, e.g., amyloid-beta, in Alzheimer’s disease. Since
the endosome-associated protein Rab5 appears to be a convergence point for many, if not all the most
prominent pathogenic drivers, it has emerged as a major therapeutic target for neurodegenerative
disease. Further, since the alpha isoform of p38 mitogen-activated protein kinase (p38α) is a major
regulator of Rab5 activity and its effectors, a biology that is distinct from the classical nuclear targets of
p38 signaling, brain-penetrant selective p38α kinase inhibitors provide the opportunity for significant
therapeutic advances in neurogenerative disease through normalizing dysregulated Rab5 activity.
In this review, we provide a brief summary of the role of Rab5 in the cell and its association with
neurodegenerative disease pathogenesis. We then discuss the connection between Rab5 and p38α and
summarize the evidence that through modulating Rab5 activity there are therapeutic opportunities in
neurodegenerative diseases for p38α kinase inhibitors.

Keywords: p38 MAPK; p38α; Rab5; endosome; Alzheimer’s; Lewy Bodies; amyloid-β; tau;
α-synuclein

1. Introduction

Due to the scarcity of effective treatments for neurodegenerative diseases, urgent searches for
candidate cellular and molecular mechanisms to develop therapeutic interventions are underway [1–8].
Neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), dementia
with Lewy bodies (DLB), frontotemporal dementia (FTD), amyotrophic lateral sclerosis (ALS),
and Huntington’s disease (HD) are typically defined by aberrant accumulations of one or more
specific protein(s) and by loss of certain neuronal populations resulting in anatomic vulnerability.
However, it is becoming increasingly clear that different neurodegenerative diseases exhibit common,
central processes associated with progressive neuronal dysfunction and death, revealing multifactorial
pathologies, including proteotoxic stress, neuroinflammation, and other abnormalities [3,5,6,9,10].
Even though the species of accumulating proteins are distinct in different neurodegenerative diseases,
increasing evidence indicates that defects in the protein clearance system play a central role in the
gradual accumulation of protein aggregates. Emerging genetic and biological evidence suggests
that the endo-lysosomal protein degradation machinery, which is part of a unified pathway together
with the autophagosomal machinery, is dysfunctional across a broad spectrum of neurodegenerative
diseases, including AD, PD, ALS, HD, and others [1,11–13].

In this review we focus the discussion on the abnormal activity of the Ras-related protein Rab5,
the master regulatory guanosine triphosphatase (GTPase) in early endosomes and highlight its role as
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a mediator of AD and other neurodegenerative diseases. We also discuss the relevance of Rab5 as a
target that is affected by the p38α isoform of p38 mitogen-activated protein kinase (MAPK), hence, can
be modulated by specific p38α inhibitors. The main objectives of this review are as follows: (1) we
briefly review the role of p38α in the cell, including the neuron; (2) we review the role of Rab5 in
the cell and discuss the association of dysregulated Rab5 activity with neurodegenerative disease
pathogenesis; (3) we discuss the connection between Rab5 and p38α; (4) we provide evidence that
through modulating Rab5 activity there are therapeutic opportunities in neurodegenerative diseases
for brain-penetrant, selective p38α kinase inhibitors; and (5) we offer ideas for further investigations
to increase the understanding of the mechanism of action of p38α kinase inhibitors on Rab5 in
neurodegenerative disease.

2. Overview of the p38α Isoform as a Member of the p38 MAPK Family

The p38 MAPK family consists of four members that are encoded by separate genes and are known
as p38α/MAPK14, p38β/MAPK11, p38γ/MAPK12/ERK-6/SAPK3, and p38δ/MAPK13/SAPK4 [14].
These four major isoforms differ in their organ, tissue, or cellular expression patterns, and it is becoming
increasingly clear that they exert distinct biological functions [4,15–23]. Among the p38 MAPK family
members, p38α was discovered first as a stress-activated protein kinase that plays a central role in
inflammation [24,25]. P38α is also the best characterized isoform to date as a central nervous system
drug discovery target [19,26,27].

In the adult mouse, p38α is highly expressed in different brain areas, including the cerebral
cortex, hippocampus, cerebellum, and a few nuclei of the brainstem [28]. Neuronal cells are the
predominant cell type expressing p38α [28]. At the subcellular level, p38α is distributed in dendrites
and in cytoplasmic and nuclear regions of the cell body of neurons [28].

Many studies that have characterized p38α isoform function (frequently together with p38β
function) have shown that it is an intracellular protein kinase involved in transducing intracellular
(e.g., DNA damage) and extracellular (e.g., osmotic stress, infection) signals into a cellular response
(e.g., inflammation or activation of other cellular stress responses) [17,29]. The major signal
transduction pathway for p38α has been extensively studied and involves upstream activators
(e.g., the mitogen-activated protein kinase kinases MKK6, MKK3) and downstream targets
(e.g., mitogen-activated protein kinase activated kinase 2, also known as MAPKAPK2 or MK2) [17,29].
In the classic pathway for activating the proinflammatory response, some studies showed that
inactive p38α (as well as p38β) is sequestered in the cytoplasm through its binding to MK2; upon
activation, p38α phosphorylates MK2, leading to its dissociation [17,29]. Once dissociated, p38α
translocates to the nucleus where it phosphorylates transcriptional machinery targets (e.g., histones,
mitogen- and stress-activated kinases MSK1/2) in the proinflammatory context around nuclear factor
NF-κB-associated targets [17,29]. In terms of therapeutics development, this understanding has led to
a range of efforts to develop p38α kinase inhibitors (many of them primarily inhibiting p38α and p38β
activity) as anti-inflammatory agents for chronic inflammatory disorders, including rheumatoid arthritis
(RA), inflammatory bowel disease (IBD), and chronic obstructive pulmonary disease (COPD) [30,31].

However, p38α signaling has many targets aside from this classical pathway [32] and biologic
effects other than regulation of proinflammatory cytokine production. With regard to neurodegenerative
diseases, a large variety of biological roles have been attributed to p38α in brain pathology which
depend on the type and stage of central nervous system (CNS) disease, brain region, cell type [4,18,19,26].
These roles include modulation of proinflammatory cytokine, e.g., interleukin-1beta (IL-1β) and tumor
necrosis factor alpha (TNFα) production and signaling (e.g., in glia, microglia, astrocytes, neurons),
as well as orchestration of neurotoxicity, neuroinflammation, and/or synaptic dysfunction, among
others [4,18,19,26].

While the first study to characterize the role of p38α in regulating stress-induced endocytosis and
early endosomal biology via modulating the activity of the endosomal protein Rab5 was published
nearly two decades ago [33], this effect has not been a focus of intense follow-up research. Nevertheless,
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this biology, specifically within the neuron, has come to the forefront as potentially the most relevant
for AD and other neurodegenerative disorders as will be discussed in Section 5.

During the last two decades, deregulated p38α has emerged as a leading therapeutic target for AD
and has also been associated with the pathology of other neurodegenerative disorders, including PD,
DLB, or ALS [4,19,34–42]. These therapeutic opportunities for treatment with selective, brain-penetrant
p38α inhibitors will be discussed in more details in Section 6.

3. The Endosome-Associated Protein Rab5

Endocytosis represents the process to internalize diverse cargos (e.g., extracellular macromolecules,
viruses, bacteria, membrane proteins) into cells (including neurons) through vesicles that bud off
from the plasma membrane [43]. After their internalization into the cytosol, the endocytic vesicles
are rapidly targeted to and fused with the early endosome [44–46]. This functions as the primary
sorting organelle from which endocytosed cargo (e.g., select receptors) is either recycled back to the
plasma membrane, or delivered to the lysosome/vacuole for degradation after maturation of the early
endosome into a late endosome [44–46]. Important roles of early endosomes include nutrient uptake,
degradation of metabolic by-products, transport of materials to specific compartments in the cell, and
regulating the cell-surface expression of receptors and transporters [44–46].

3.1. Overview of Rab5 Roles

The Ras-related protein Rab5 is a small GTPase that is a major regulator of early steps of
endocytosis, and subsequent endosomal membrane trafficking, sorting and endosomal fusion [47–49].
Further, through interacting with effector proteins Rab5 has a critical role in regulating the docking and
fusion of endosomal membranes, endosomal mobility and intracellular signal transduction [48,50].
Rab5 effector protein include EEA1 (early endosomal autoantigen 1), APPL (adaptor protein,
phosphotyrosine interacting with pleckstrin homology (PH) domain and leucine zipper 1), PI3K
(phosphatidylinositol-3-kinase), Rabenosyn-5/hVPS45 (human Sec1p-like vacuolar protein sorting),
or Rabaptin-5/Rabex-5, among others. Additionally, a role of Rab5 in regulating the internalization
and trafficking of membrane receptors by regulating vesicle fusion and receptor sorting in the early
endosomes is emerging [49]. Rab5, which actually comprises three different isoforms, is among the
best characterized endosomal markers, in part because of its abundant expression and ubiquitous
tissue distribution, including neurons [51,52].

3.2. Rab5 Importance for Neuronal Function

It is clear that proper Rab GTPase function is critical for normal (wild-type) neuronal function,
including trafficking for pre- and post-synaptic function as well as dendritic trafficking [52,53]. Studies
in Drosophila have demonstrated that Rab5 is required for synaptic endosomal integrity, synaptic vesicle
exo-/endocytosis rates, and neurotransmitter probability [54]. Furthermore, an essential function is
that Rab5-dependent endosomal sorting may regulate the uniformity of synaptic vesicle size [55].

The neuron may be particularly sensitive to dysregulation of Rab5 activity for at least two
main reasons: (1) Endocytosis and subsequent recycling (or not) regulate the concentration
of neurotransmitter receptor density on the cell surface, determining signal strength [53,56,57].
For example, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) endocytosis
in hippocampal neurons leads to long-term depression (LTD), and Rab5 is essential in this
process [56,58,59]; and (2) neurotrophin signaling from synapses is dependent on endocytosis,
retrograde transport of endosomes along axons, and endosomal signaling [1,48,52,60].

3.3. Rab5 Therapeutic Targeting Strategies

The activity of Rab5 is coordinately regulated and, therefore, can be therapeutically targeted
at several levels through modulation of Rab5 regulatory proteins. Firstly, Rab5 is shuttled between
membranes by the general Rab regulator GDP dissociation inhibitor (GDI) [61]. This serves to release
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Rab5 that is bound to GDP, Rab5(GDP), from membranes to maintain Rab5 in the cytoplasm, and
to recycle it back to donor membranes [61]. Thus, factors that increase formation of the Rab5-GDI
complex also increase delivery of Rab5 to the plasma membrane where it can act [61]. Secondly,
at the membrane, the activity of Rab5 is regulated by guanine nucleotide exchange factors (GEFs)
and GTPase-activating proteins (GAPs) that determine the proportion of Rab5 bound to either GDP
(Rab5(GDP); inactive state) or GTP (Rab5(GTP); active state) [62]. Thirdly, Rab5 activity is modulated
by other factors that impact the effectors; for example, the phosphorylation of, and activity of, PI3K or
EEA1 [63–66]. Additionally, the druggability of membrane-bound Rab5 itself, the selective inhibition
of Rab5 GTPase activity, or blocking membrane recruitment through inhibition of Rab5 prenylation, or
targeting Rab5-associated signaling pathways can be explored [67–69].

4. Role of Dysregulated Rab5 in the Pathogenesis of Neurodegenerative Disease

Dysregulated Rab5 activity has been defined as a major pathogenic driver in AD [1,48,70].
Moreover, a pathogenic role of aberrant Rab5 is emerging in many of the same other neurodegenerative
diseases that are being targeted by p38α inhibitor programs, including PD, DLB, ALS, and HD [71–73].
Rab5 is a member of a large family of Rab proteins involved with neuronal function [53,71] and a
number of other Rab proteins have been connected to neurodegenerative disease. However, as will be
discussed in Section 5, Rab5 activity has been robustly connected to p38 MAPK signaling, while no
such connection has been established for the other Rab proteins. Therefore, this review is focused on
Rab5, and the reader is referred to a number of other excellent recent reviews on the broader family of
Rab proteins and their relation to the pathogenesis of neurodegenerative disease [71–73].

4.1. Dysregulated Rab5 as Therapeutic Target in AD

Neuronal endocytic pathway activation is a specific and very early response in AD that precedes
amyloid-beta (Aβ) deposition in sporadic AD, hence, the role of dysregulated Rab5 in AD has been
extensively studied and reviewed elsewhere [1,48,70,71]. It will be discussed briefly here.

In a large series of experiments during more than two decades, Nixon and colleagues have
documented specific impairments of the endosomal-lysosomal system at the earliest stage of AD
and linked the genetic drivers that cause AD directly to functions within endocytic and autophagic
pathways of the lysosomal system. They demonstrated that abnormal Rab5-positive endosome
enlargement is the earliest pathologic event in sporadic AD patients [74,75]. They also showed that
abnormal Rab5-positive endosome enlargement is the earliest pathologic event in Down syndrome (DS)
patients [74,75]. DS patients are individuals with trisomy for all or part of third copy of chromosome
21 (which carries the β-Amyloid Precursor Protein (APP) gene among others), who nearly uniformly
develop progressive AD after age 40 [74,75]. Importantly, Nixon and colleagues also defined the
mechanistic basis of the endosome enlargement induced by APP to be Rab5 hyperactivation [70].
They also linked functional neuronal deficits and, where evident, subsequent neuronal loss in animal
models of AD and DS to Rab5 hyperactivation [70].

Among other lines of evidence, Nixon and colleagues showed that the β-cleaved carboxy-terminal
fragment of APP, termed β-CTF, recruits APPL1 to Rab5 endosomes [76]. There APPL1 stabilizes active
Rab5(GTP), leading to pathologically accelerated endocytosis, endosome swelling and selectively
impaired axonal transport of Rab5 endosomes [76]. Importantly, in DS fibroblasts an APPL1 knockdown
corrected these endosomal anomalies [76]. β-CTF levels were also shown to be elevated in AD brain,
which was accompanied by abnormally high recruitment of APPL1 to Rab5 endosomes, as was
observed in DS fibroblasts [76]. Moreover, in a separate report, Nixon and colleagues [77] showed that
partial reduction of β-APP cleaving enzyme 1 (BACE1) through genetic means in a transgenic mouse
model (Ts2) of DS normalized both APP-β-CTF levels and Rab5 activation. This prevented age-related
development of Rab5-positive endosomal enlargement (which is usually evident at approximately
four months of age in the Ts2 mice) and subsequent loss of cholinergic neurons in the basal forebrain
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(which otherwise follows the Rab5-positive endosomal enlargement within approximately one to two
months in the Ts2 mice) [77].

In complementary work, Xu et al. [78] demonstrated that full-length wild-type APP and β-CTF
both, in vitro in three different relevant cell model systems, induced early endosomes enlargement and
disrupted nerve growth factor (NGF) signaling and axonal trafficking. Moreover, β-CTF alone induced
atrophy of cultured rat basal forebrain cholinergic neurons that was rescued by a dominant-negative
Rab5 mutant [78]. Finally, expression of a dominant negative Rab5 construct markedly reduced
APP-induced axonal blockage in Drosophila [78].

This earlier work indicated that Rab5 was necessary for APP-induced endosomal enlargement
and cholinergic neuronal loss. Recently, Nixon and colleagues demonstrated that abnormal Rab5
activation is sufficient to induce endosomal enlargement and a neurodegenerative phenotype which
mimics that seen with APP overexpression [79]. Specifically, modest neuron-specific transgenic Rab5
(PA-Rab5) expression in mice [79] induced increased Rab5 expression and abnormal activation of Rab5
comparable to that in AD brain [80,81]. PA-Rab5 reproduced AD-like Rab5-endosomal enlargement and
mis-trafficking without impacting APP metabolism (i.e., no increase in Aβ levels) [79]. The PA-Rab5
mice also exhibited hippocampal synaptic plasticity deficits via accelerated AMPAR endocytosis
and dendritic spine loss [79]. Moreover, they showed tau hyperphosphorylation [79]. Importantly,
with further aging the PA-Rab5 mice developed progressive cholinergic neurodegeneration and
impaired hippocampal-dependent memory subsequent to the observed Rab5-mediated endosomal
dysfunction [79].

That Rab5 hyperactivity and endosome enlargement, rather than APP per se, are the critical
factors in inducing degenerative AD-related changes is further supported by the following findings.
Age-dependent Rab5-positive early endosome enlargement and endo-lysosomal dysfunction were
observed in an AD-vulnerable brain region of targeted replacement mice expressing the human
Apolipoprotein E4 (ApoE4) gene, the dominant genetic factor for the development of late-onset
Alzheimer’s disease, under the control of the endogenous murine promoter [82]. Similarly, depletion of
another late onset AD risk gene sortilin-related receptor 1 (SORL1) [83] in human induced pluripotent
stem cell (iPSC)-derived neurons leads to enlargement of early endosomes (i.e., endosomes staining
positive for Rab5 and EEA1). Hence, genetic influences that increase AD risk, such as ApoE4 and
SORL1, may do so by dysregulating the Rab5 impact on endosome dynamics and cell signaling.

A recent study that analyzed a comprehensive panel of iPSC-derived neuronal lines relevant to
familial AD also demonstrated translatability of Rab5-mediated neurodegeneration to human AD [84].
The only consistent, intra-neuronal physiologic defect identified was enlargement of Rab5-positive
early endosomes, mediated by APP-β-CTFs, not Aβ, and associated with endosomal/endocytic
dysfunction [84].

In a very simplified view of many AD research data taken together, the small GTPase Rab5
can be depicted as a convergence point (Figure 1) for multiple established pathogenic drivers of
neurodegeneration in AD (e.g., downstream of APP, APP-β-CTF, β-CTF, Aβ, ApoE4, and others).
Dysregulation of the endo-lysosomal system represents the important early cellular phenotype of
pathogenesis for AD that leads to disrupted AMPAR trafficking, tau pathology, synaptic dysfunction,
and neurodegeneration. Elevated Rab5 activity (hyperactivation or overexpression) plays the key
role in mediating these processes, hence, may promise high potential as a therapeutic target. Since
endosome dysfunction occurs very early in the AD pathogenic process, therapies that turn Rab5 activity
back to normal (e.g., via Rab5 therapeutic targeting strategies already discussed in Section 3.3.) may
help slow or halt AD development before irreversible damage occurs. Additionally, the potential of
p38α inhibition as a therapeutic lever to reduce Rab5 activity will be discussed in Section 6.
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Figure 1. Simplified scheme representing Rab5 as a therapeutic target through being a convergence
point for multiple pathogenic drivers of neurodegeneration in AD and the potential of p38α inhibition
as a therapeutic lever to reduce Rab5 activity. Note: Aβ and β-CTF are both derived from proteolytic
processing of APP.

4.2. Dysregulated Rab5 Associated with Abnormal α-Synuclein in PD, DLB, and AD

The enlargement of Rab5-positive early endosomes that is seen in AD is not observed during
the development of PD and DLB. Nevertheless, the toxicity of the key pathologic protein associated
with these two neurodegenerative diseases, abnormal α-synuclein (a pre-synaptic protein), has
also been linked to Rab5 [71,85,86]. Specifically, the neurotoxicity of α-synuclein was shown
to be dependent on Rab5-mediated entry into the cell via endocytosis [87,88]. Expression of a
GTPase-deficient Rab5a protein led to a decrease in the cytotoxicity of α-synuclein through impairing
its endocytosis [87]. Rab5 also appears to play a role in intracellular trafficking of α-synuclein [89,90].
Additionally, studying embryonic cortical neurons from a mouse model of Parkinson’s disease,
transgenic overexpression of α-synuclein was observed to increase the levels of activated Rab5 and
Rab7 [91]. This impaired retrograde axonal transport of brain-derived neurotrophic factor (BDNF)
and led to neuronal atrophy [91]. Therefore, the authors suggested that α-synuclein-induced neuronal
dysfunction is a result of impaired endocytosis and endosomal dysfunction associated with aberrant
activation of the two Rab proteins [91].

It is interesting to note that accumulating evidence suggests that the α-synuclein might also
play a role as driver of pathophysiology in AD [92]. Intriguingly, α-synuclein and APP appear to
be interconnected in terms of their activation of Rab5 and neurotoxicity, since genetic reduction of
endogenous α-synuclein in an APP transgenic mouse model normalized Rab5 (and Rab3) activity and
prevented cholinergic neuronal loss [93].

4.3. Dysregulated Rab5 in ALS

Evidence for the pathological role of Rab proteins has also been provided in ALS as another
example of a neurodegenerative disease involving endosomal-lysosomal trafficking and signaling
defects [71].

In the context of ALS, defects in endosomal trafficking have been consistently seen in transgenic
mouse models based on identified human genetic defects [94]. In particular, Alsin, deficiency of which
is associated with an autosomal recessive juvenile form of ALS called ALS 2, is a Rab5 exchange
factor [95–97]. The primary biological effects of Alsin deficiency have been linked to aberrant activation
of Rab5-mediated endosomal trafficking [98]. Rab5 interaction with Alsin has also been suggested
to modulate the signaling of neurotrophic factors [96]. The analysis of Alsin-null mice, an animal
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model of ALS2, revealed that Rab5-dependent endosome fusion activity and endosomal transport of
insulin-like growth factor 1 (IGF1) and BDNF receptors were affected [99]. It was suggested that these
alterations in trophic receptor trafficking in the neurons of the Alsin-null mice may lead to the observed
reduced size of the cortical neurons as well as animal hypoactivity, and that this may translate to the
pathogenesis of ALS2 [99].

Moreover, the protein product of hexanucleotide GGGGCC repeat in the chromosome 9 open
reading frame 72 (C9ORF72), which represents a major genetic cause of familial ALS (33% of familial
cases) and FTD, has been co-localized with Rab5 in endosomes [100,101]. It was described to possess
Rab GEF activity and function as a regulator of endosomal trafficking [100].

4.4. Dysregulated Rab5 in HD

Finally, Rab proteins also have a key role in HD [52,71]. It was reported that the upregulated
Huntingtin (Htt)-associated protein 40 (HAP40) is an effector of Rab5 that mediates the recruitment of
Htt to early endosomes and is affecting early endosomal motility [102]. As Rab5-positive endosomes are
involved in retrograde transport of activated neurotrophin/receptor complexes and due to indication
of altered axonal transport in HD [103,104], it is possible that impaired Rab5-mediated trafficking of
neurotrophins affects neurotrophin signaling and might also contribute to HD pathogenesis [105,106].
Moreover, Rab5 overexpression reduces toxicity of the Htt mutant protein, while inhibition of Rab5
increases toxicity via macroautophagy regulation [107].

Taken together, overactivated Rab5 and subsequent endo-lysosomal dysfunction have emerged as
a major driving force of degenerative and cognitive deficits during the development of AD [1,48,71,79]
and alterations in Rab5 also seem to play an important role in other types of neurodegenerative
diseases [52,71].

5. p38α Is a Major Regulator of Rab5 Activity

It is well-established in the scientific literature that p38α regulates Rab5 activity. This includes the
research in the context of neuronal synaptic plasticity. Most of the findings were published in the early
and mid-2000s. First, p38α was shown to be a regulator of endocytosis through phosphorylating GDI
and stimulating the formation of cytosolic Rab5-GDI complex, thereby increasing the concentration
of Rab5 in the plasma membrane (Figure 1) [33,108]. Moreover, in a genome-wide screen of human
kinase-mediated regulation of endocytosis, ablation of a number of kinases increased endocytosis in
association with increasing phosphorylation of p38 MAPK (i.e., activated p38 MAPK) and recruiting
phospho-p38α to the endosome [109]. These authors also showed by confocal microscopy that the
MAPK14 gene product was observed on endosomal structures [109]. Prior to this, p38 had been
co-localized via a sucrose gradient with the Rab5- and NGF-containing early endosome fraction
prepared from rat dorsal root ganglion (DRG) neurons, and was shown to be part of early endosome
signaling pathways for conveying NGF signals from the target of nociceptive neurons to their cell
bodies [110]. In addition, expression of an activated Rab5 mutant increased μ opioid receptor
endocytosis in wild-type cells but not in p38α -/- cells [111]. In the same report, p38α was also shown
to phosphorylate the Rab5 effectors EEA1 (on Thr-1392) and Rabenosyn-5 (on Ser-215), which led to
increased recruitment of these proteins to membranes; providing a mechanism other than modulating
GDI by which p38α increases Rab5 action. Both in the human kinase screen [109] and the μ opioid
receptor endocytosis studies [111] it is noted that the effects of p38α on endocytosis are evident under
basal (physiologic) conditions, and not just under conditions of cellular stress, whereas the role of
p38α in relation to endocytosis has been suggested to be related to its role in responding to oxidative
stress [112]. Collectively, the studies indicate that p38α regulates levels of both the basal and induced
Rab5 activity, irrespective of other inputs to Rab5 activation state. As such, p38α inhibition provides
an approach to reduce Rab5 activity in a diverse range of disease states that may have different drivers
of Rab5 activation (Figure 1).
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In the context of neuronal function, a critical component of synaptic plasticity is the maintenance
and/or recycling of AMPAR from the surface of synapses, [59] a process in which Rab proteins,
including and particularly Rab5, through increasing endocytosis play a prominent role (Figure 1) [58].
In particular for the aspect of synaptic plasticity termed LTD, p38 MAPK activation facilitating AMPAR
removal through increasing endocytosis via the Rab5-GDI complex has been demonstrated [56].

In other studies, in which Rab5 activation leading to AMPAR removal from the surface was
thought be a critical player in the process of NMDA-triggered LTD induction in the hippocampus, there
was associated phosphorylation of p38 MAPK, i.e., p38 MAPK activation; though there was a temporal
lag, which may reflect different kinetics of p38 MAPK activation at the plasma membrane versus the
cell as a whole [58]. Serotonin-induced LTD has also been shown to be dependent on both p38 MAPK
and Rab5, activation of which together led to enhanced AMPAR internalization via endocytosis during
the process of LTD [113]. In a subsequent report [114] the same group demonstrated low dose serotonin
and norepinephrine reuptake inhibitors (SNRIs), by acting on 5-HT1A and 2-adrenergic receptors,
synergistically reduced AMPAR-mediated excitatory postsynaptic currents and AMPAR surface
expression in prefrontal cortex pyramidal neurons via a mechanism involving Rab5/dynamin-mediated
endocytosis of AMPAR. As this effect of SNRIs was dependent on p38 kinase activity, and their prior
work, they hypothesized that SNRI activation of p38 MAPK accelerates AMPAR endocytosis by
stimulating the formation of Rab5-GDI complex. However, they did not directly demonstrate this.

6. Therapeutic Potential of Dampening Rab5 Activity through Inhibiting p38α Signaling

In parallel with Rab5 emerging as a therapeutic target for neurodegenerative disease, p38α has also
emerged as a promising therapeutic target for AD and other neurodegenerative disorders [4,19,34–42].

6.1. Therapeutic Potential in AD

From a mechanistic perspective, expression of p38α in the neuron is associated with formation of
pathological Aβ-, inflammation- (e.g., IL-1β) and tau-induced impaired synaptic plasticity (Figure 1),
as well dendritic spine loss [115–119]. Furthermore, studies in several distinct animal models driven
by Aβ, inflammation, or tau showed that spatial learning and working memory deficits are reversed
with small molecule inhibitors of p38α kinase activity [120–122], providing direct evidence that
inhibition of p38α activity has therapeutic potential in AD. Specifically, the compound MW150 was
active in APP-transgenic and tau-transgenic mice [121,123], the compounds MW181 and SB2399063 in
aged tauopathy mice [122], and neflamapimod/VX-745 in aged rats [120]. In addition, a very recent
publication demonstrated that oral administration of a selective p38α/β inhibitor, NJK14047, to 9-month
old 5XFAD (APP) transgenic mice reduced levels of amyloid-beta deposits, reduced spatial memory loss
and reduced the number of degenerating neurons labeled with Fluoro-Jade B [41]. Moreover, genetic
reduction of neuronal p38α in APP overexpressing transgenic mice improved synaptic transmission,
decreased memory loss and reduced amyloid pathology [124,125]. P38 MAPK has also been identified
as a therapeutic target for PD and DLB, i.e., α-synuclein mediated neurodegenerative diseases [27,39].

Since none of the published studies assessed Rab5 activity and/or endosomal pathology at present,
the literature does not definitively establish that the aformentioned effects of p38α in animal models of
neurodegenerative disease are via modulating Rab5 activity. However, several arguments suggest that
a major component of the therapeutic effects of p38α is through targeting Rab5. First, in the AD context
AMPAR removal is necessary and sufficient for both impaired synaptic plasticity and dendritic spine
loss [126], the critical first steps in the neurodegenerative process associated with AD; and as discussed
previously, p38α and Rab5 are intimately linked in the process of AMPAR endocytosis and removal
from the cell surface. Second, across the variety of biological effects of modulating either Rab5 or
p38α activity there is a similarity of effects (including directionality) that, given the known connection
between the two, is unlikely to be due to chance. For example, decreasing p38α activity in neurons
reduces Aβ production [125], while Rab5 activation increases Aβ production [127]. That is, aberrant
activation of either p38 MAPK [115,128] or Rab5 [79] are associated with increased Aβ production.
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Further, aberrant activation of Rab5 resulting in a block in endosomal maturation is considered to
underlie impaired autophagy in AD [1], while inhibition of p38α has been identified as an approach to
reversing impaired autophagy in AD [11]. Third, in the Rab5-overexpressing mouse a downstream
biological marker in the neuron of Rab5 activation is tau phosphorylation [79], while p38α inhibitors in
aged tauopathy mice improved working memory and, at same time, reduced tau phosphorylation [122].
As p38α is not a major tau kinase [129], we believe that those results provide indirect evidence that
p38α inhibition reduces Rab5 activity in parallel with improving memory.

Recently [42], the effects of neuronal deficiency of p38α in neurodegenerative disease models were
further evaluated by mating human APP transgenic mice and human P301S Tau-transgenic mice with
mapk14-(gene for p38α)-floxed and neuron-specific Cre-knock-in mice. Deletion of p38α in neurons
through this approach led to improvement of cognition in both the APP transgenic mice and the
P301S Tau transgenic mice, associated with decreased Aβ and phosphorylated tau in the brain of the
respective models. As along with normal Rab5 adequate calcium influx is essential to, and intimately
associated with AMPAR endocytosis [130,131], it is particularly intriguing that neuronal deficiency of
p38α in these models regulated the transcription of calcium homeostasis genes and deletion of p38α
inhibited NMDA-triggered calcium influx in vitro [42].

More direct evidence on the contribution of Rab5 inhibition towards therapeutic effects of
p38α inhibition have been presented at scientific meetings but are not available, yet, as primary
research publications. In those studies [132,133] we and our collaborators showed that blocking Rab5
over-activation with a selective p38α inhibitor [37,134] rescued Rab5-positive-endosomal enlargement
and cholinergic neurodegeneration in a mouse model of DS (Ts2) as effectively as reversing elevated
APP-β-CTF levels [77]. The results directly support the role of p38α in regulating Rab5, as the
compound utilized had previously been shown by an independent academic research group to have
~25-fold selectivity for p38α (Kd = 2.8 nM) versus p38β (Kd = 74 nM), as well as its >300-fold selectivity
versus 445 other kinases (Kd ≥ 1100 nM) [135]. In addition, the compound had been recommended by
yet another research group as the small molecule compound to utilize in experimental studies that
have the objective of understanding the biologic effects of inhibiting p38α kinase activity [136].

6.2. Therapeutic Potential in ALS

In the context of ALS, it should also be noted that overexpression of the Rab5 GEF Alsin suppresses
superoxide dismutase 1 (SOD1) neurotoxicity [137]. The link to p38α was recently established in
studies that showed that p38α kinase inhibitors rescued the axonal transport defects in the SOD1G93A

mouse model of ALS [40]. In those studies, p38 MAPKs were found to enhance axonal transport of
signaling endosomes in a pharmacological screen of a library of small molecule kinase inhibitors that
was designed to identify molecules that would enhance that activity. Moreover, in vitro knockdown
revealed that the alpha isoform (i.e., p38α) was the sole isoform responsible for the SOD1G93A-induced
transport deficits and acute treatment with p38α inhibitors restored the physiological rate of axonal
retrograde transport in vivo in early symptomatic SOD1G93A mice [40].

7. Future Directions for Research and Prospects

From a therapeutics development perspective, the most relevant preclinical mechanistic study to
assess the potential of p38α inhibition as a treatment approach for Rab5-mediated neurodegenerative
disease would be to evaluate the effects of a p38α inhibitor in the Rab5-overexpressing mouse. Such
studies have recently been initiated and the results are anticipated to be published within the next
12 months [138]. From a mechanistic standpoint, a number of open lines of inquiry around the
connection between p38α and Rab5 could be explored. For one, in the AD context, whether APPL1
and p38α may act sequentially or in parallel to increase Rab5 activation has not been defined (Figure 2).
On one hand, APPL1 as a scaffolding protein could stabilize active Rab5 on the endosome, while p38α
activation leading to increased levels of Rab5-GDI complex would deliver Rab5 to the endosome to
associate with APPL1. In this “parallel” construct, APPL1 and p38α could have different upstream
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drivers; for example, p38α being activated upstream by a well-known activator IL-1β, rather than
by β-CTF. However, APPL1 has also been shown to act as a scaffold to the p38MAPK signaling
pathway [139] and so may act also upstream of p38α, i.e., sequentially, rather than in parallel to
activate Rab5. From a therapeutics development model, the two models could impact the context,
e.g., the disease in which p38α inhibitors would be most active.

Figure 2. Potential models of relationships between APPL1, Rab5, and p38α.

Another open question is the specific mechanism by which Rab5 activation leads to defects in
endosomal signaling and trafficking, an effect that is, to a certain extent, paradoxical as increasing
endocytosis and endosome formation would be expected to increase endosomal signaling and
potentially increase the number of endosomes delivered from the synapse back to the nucleus via
axonal transport. While some specific mechanisms have been proposed [1], the more general hypothesis
is that axonal transport and endosomal degradation via lysosomal pathways are rate-limiting and
have to be well-matched to the rate of endocytosis. As a result, aberrantly-increased endocytosis
overwhelms the rate-limiting disposal pathways, leading to a block in trafficking/degradation and
endosomal enlargement. While compelling, this hypothesis has not been definitely established as the
reason for the reduction in axonal transport of endosomes that is seen in AD. Further understanding of
these mechanisms might identify additional therapeutic targets.

More generally, with respect to p38 MAPK signaling, the roles that regulation of endocytosis
and endosomal biology play in the stress response that is otherwise mediated by p38α, or other
p38 MAPK isoforms, remain to be fully defined. With respect to the proinflammatory activity of
p38α, along with increasing cytokine production, activation of p38α increases cytokine signaling.
Classically receptor endocytosis is thought to shut off the signal from the receptor. However, there
are increasing examples, including in the context of cytokine signaling, that receptor endocytosis can
increase signaling [140–142]. Further, in the context of the neuron endosomal signaling after axonal
retrograde signaling, both the signaling pathways distinct from neurotrophins [60] and the cross-talk
on the endosome between kinase pathways [143] are underexplored in terms of understanding their
roles in modulating p38α (or p38 MAPK) signaling.

The ultimate proof of the therapeutic value of targeting Rab5 with p38α will be in the clinic.
Towards that end, results were presented recently [144] from a 24-week 161 patient double-blind,
placebo controlled clinical trial of a p38α inhibitor neflamapimod in early-stage AD (https://clinicaltrials.
gov/ct2/show/NCT03402659). This study demonstrated the effectiveness of p38α inhibition relative to
a placebo in significantly reducing cerebrospinal fluid (CSF) levels of p-tau and tau. Given that as
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discussed previously tau phosphorylation is a downstream marker of Rab5 hyperactivation, the results
provide indirect evidence that p38α inhibition impacts Rab5 activity in humans. The study also showed
plasma concentration-dependent effects on episodic memory function, though the dose level utilized
led to sub-therapeutic levels in the majority of the patients. A higher dose regimen that achieves
the identified therapeutic plasma drug concentration range in ~75% if patients is being utilized in
a 16-week randomized, double-blind, placebo-controlled, clinical study of the same p38α inhibitor
in patients exhibiting dementia with Lewy bodies (https://clinicaltrials.gov/ct2/show/NCT04001517).
The results of this study should further inform on the potential of p38α inhibition as an approach to
treat neurodegenerative disease.
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DRG Dorsal root ganglion
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ERK Extracellular signal-regulated kinase
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GDI GDP dissociation inhibitor
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GTPase Guanosine triphosphatase
HAP40 Htt-associated protein 40
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Htt Huntingtin
hVPS45 Human Sec1p-like vacuolar protein sorting
IBD Inflammatory bowel disease
IGF1 Insulin-like growth factor 1
IL-1β Interleukin-1β
iPSC Induced pluripotent stem cell
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LTD Long-term depression
LTP Long-term potentiation
MAPK Mitogen-activated protein kinase
MAPKAPK2 MAPK-activated protein kinase 2
MK2 MAPK-activated protein kinase 2
MKK Mitogen-activated protein kinase kinase
MSK Mitogen and stress-activated kinase
NGF Nerve growth factor
NMDA N-methyl-d-aspartate
PD Parkinson’s disease
PH Pleckstrin homology
PI3K Phosphatidylinositol-3-kinase
RA Rheumatoid arthritis
Rab5 Ras-related protein Rab5
SAPK Stress-activated protein kinase
SNRI Serotonin and norepinephrine reuptake inhibitor
SOD1 Superoxide dismutase 1
SORL1 Sortilin-related receptor 1
TNFα Tumor necrosis factor α
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Abstract: Many studies have revealed a central role of p38 MAPK in neuronal plasticity and the
regulation of long-term changes in synaptic efficacy, such as long-term potentiation (LTP) and
long-term depression (LTD). However, p38 MAPK is classically known as a responsive element to
stress stimuli, including neuroinflammation. Specific to the pathophysiology of Alzheimer’s disease
(AD), several studies have shown that the p38 MAPK cascade is activated either in response to the Aβ

peptide or in the presence of tauopathies. Here, we describe the role of p38 MAPK in the regulation
of synaptic plasticity and its implication in an animal model of neurodegeneration. In particular,
recent evidence suggests the p38 MAPK α isoform as a potential neurotherapeutic target, and specific
inhibitors have been developed and have proven to be effective in ameliorating synaptic and memory
deficits in AD mouse models.

Keywords: p38-MAPK α inhibitor; Alzheimer’s disease; synaptic plasticity; neuroinflammation;
β-amyloid; Tau

1. P38 Mitogen-Activated Protein Kinases (p38-MAPK)

The mitogen activated protein kinases (MAPKs) are serine and threonine protein kinases expressed
in neuronal and non-neuronal cells in a mature central nervous system (CNS) during a dynamic state in
response to various external stimuli, such as growth factors, glutamate and hormones, cellular stress, and
pathogens [1]; they mediate proliferation, differentiation, and cell survival [2]. Depending on the context
in which MAPKs are activated, they perform specific biological functions that can be therapeutically
exploited. The basic module of MAPK cascades consists of three kinases that act in a sequential manner,
namely, MAP kinase kinase kinase (MAPKKK) → MAP kinase kinase (MAPKK) → MAP kinase
(MAPK) [3,4]. There are more than a dozen MAPK enzymes, but the best known are the extracellular
signal-regulated kinases 1 and 2 (ERK1/2), ERK5, c-Jun amino-terminal kinases 1 to 3 (JNK1 to −3),
and p38 (α, β, γ, and δ) families [5]. The latter two are also known as the stress-related protein
kinases, because they are strongly activated in several pathologic processes, including β-amyloid
neurodegeneration associated with Alzheimer’s disease [6–9]. In particular, mammalian cells are known
to express four different genes encoding p38 MAPK isoforms (p38α, p38β, p38γ, and p38δ), which
retain a high sequence homology between each other; p38α is 75% identical to p38β and shares 62% and
61% identical protein sequences with p38γ and p38δ, respectively. In addition, p38γ shares around 70%
identical sequence with the p38δ isoform. Among them, p38α and p38β are ubiquitously expressed and
are mainly involved in inflammatory disorders, whereas p38γ and p38δ are expressed in a tissue-specific
manner [10]. They all differ in their expression patterns, substrate specificities, and sensitivities to
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chemical inhibitors [11]. Each isoform of the p38 MAPK enzyme is activated by dual phosphorylation
of the threonine and tyrosine residues. Dual phosphorylation, by either MAP kinase kinase 3 (MKK3) or
MAP kinase kinase 6 (MKK6), induces global conformational reorganizations that allow for the binding
of ATP and the desired substrate [2]. Many p38 MAPK targets have been described, including protein
kinases (MAPK-activated protein kinases, MAPK- interacting kinase, and mitogen- and stress-activated
kinase), which in turn phosphorylate transcription factors (p53, ATF-2, NFAT, and STAT1), cytoskeletal
proteins (e.g., the microtubule-associated protein Tau), and other proteins with enzymatic activity,
such as the glycogen synthase and cytosolic phospholipase A2 [1]. The lack of specific inhibitors for
p38γ and p38δ have made the elucidation of the biological roles played by these two p38 isoforms
compared to p38α and p38β more difficult. However, the use of knockout mouse models has allowed
for demonstrating, for example, that p38γ can bind to the PDZ domain of a variety of proteins, such
as PSD95, and modulate their phosphorylation state [12–14], while p38δ can phosphorylate Tau and
seems to play a role in cytoskeletal remodeling [15]. Immunohistochemistry techniques have been used
to study the localization of the main p38 MAPK isoforms in adult mice brains, which demonstrated the
presence of p38α and p38β in different regions, including the cerebral cortex and the hippocampus [16].
Their different distribution among cell types was further characterized, showing a predominant
neuronal expression for p38α, while p38β is also highly expressed in glial cells [16]. Regarding their
subcellular localization in CA1 hippocampal neurons, p38α was found to be widely distributed in the
different neuronal compartments, including dendrites, cytoplasm, and nucleus, while p38β was mostly
localized at a nuclear level [2,17]. p38α plays a critical role in cellular response to infection related
stressors (e.g., lipopolysaccharide (LPS)) [18] and became a drug development target in order to block
cytokines production [19]. Moreover, the identification of roles independent of infections led to the
extension of what has been called “sterile inflammation” (e.g., injury, illness, or aging). In particular,
the activity of p38α has been associated with (a) the progression of the expression of protein markers
of the aging phenotype [20–22]; (b) the development of inflammation and oxidative stress [10,23]
associated with neurodegeneration, including Alzheimer’s [24–26], lipopolysaccharide (LPS) [27,28],
and Parkinson’s [29,30] diseases; cardiovascular [31] and musculoskeletal diseases; diabetes [32];
rheumatoid arthritis [33]; and toxin-induced preterm birth [34]. Importantly, small molecule inhibitors
of the p38 MAPK family have been developed, and show efficacy in blocking the production of
proinflammatory cytokines, such as interleukin (IL)-1β and tumor necrosis factor alpha (TNF-α) [35].
Moreover, translational studies identified p38 α as one of several pathophysiology biomarkers in
acute brain injury, progressive neurodegenerative disease, psychiatric disorders, and therapy induced
drug-resistance [36]. In the present review, we provide an overview of the involvement of p38 MAPK
in the regulation of synaptic plasticity, its implication in an animal model of neurodegeneration, and its
potential as a neurotherapeutic target.

2. p38 MAPK and Synaptic Function

Several proteins have been found to be phosphorylated by MAPK, which implicates the role of this
enzyme in a large range of cellular functions [5]. p38 MAPK is highly expressed in brain regions that
are crucial for learning and memory, and is now emerging as a key player in the synaptic regulation
and function. In recent decades, many reports have shown that the p38 MAPK signaling pathway
plays important roles in synaptic plasticity (Figure 1).
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Figure 1. Overview of the p38 mitogen activated protein kinase (MAPK) signal transduction pathways
in neurons, astrocytes, and microglia. p38 MAPK can be activated in response to various extracellular
stimuli, such as glutamate, advanced glycation endproducts (AGEs), cytokines, and chemokines,
leading to cell type-specific downstream effects. (a) In neuronal cells, the activation of the metabotropic
glutamate receptors of group I (group I mGluRs) can turn on phospholipase C (PLC) and promote the
phosphorylation of MAP kinase kinase 3/6 (MKK 3/6), with the subsequent activation of the p38 MAPKs.
The α and β isoforms of p38 MAPK have been shown to inhibit beta-secretase 1 degradation, to promote
the activation of MAP kinase activated protein kinase (MAPKAKP), and to act on specific transcription
factors (TFs) to induce changes in the expression of the key proteins involved in synaptic plasticity,
such as the fragile X mental retardation protein (FMRP), the activity-regulated cytoskeleton-associated
protein (Arc), the c-fos protein, and the brain-derived neurotrophic factor (BDNF). On the other
hand, the γ and δ isoforms seem to have a role in the modulation of synaptic proteins, such as
postsynaptic density protein 95 (PSD95) and the microtubule-associated protein Tau. Furthermore,
AGEs binding to the receptor for advanced glycation endproducts (RAGE) can turn on the Ras protein,
and predominantly lead to the activation of p38 α and β isoforms, while cytokines and chemokines can
trigger p38 MAPK by acting through their specific receptors and via MKKs. (b) In astrocytes, AGEs and
pro-inflammatory molecules such as lipopolysaccharide (LPS) can lead to p38 MAPK activation as well.
Moreover, p38 activation in this specific cell type has been demonstrated to modulate hippocampal
n-methyl-d-aspartate (NMDA)-dependent long-term depression (LTD), to induce the production
of the S100 calcium binding protein (S100B), of pro-inflammatory molecules such as the monocyte
chemoattractant proten-1 (MCP-1) and interleukin-6, and to increase the production of reactive oxygen
species (ROS) via the expression of inducible nitric oxide synthase (iNOS). (c) In microglia, the signaling
pathways upstream of p38 MAPK activation are very similar to those found in astrocytes. However,
in addition, they lead to the production of pro-inflammatory cytokines such as interleukin-1β, the tumor
necrosis factor α, and IL-6, and to increase ROS production, microglial activation of the p38 α isoform
has been demonstrated to play a key role in the Aβ-dependent synaptic dysfunction.

For example, at the level of hippocampal formation, which is known to express long-term forms
of synaptic plasticity, such as long-term potentiation (LTP) and long-term depression (LTD) [11],
more information has been collected about the molecular pathways underlying these opposing forms
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of synaptic modifications. The mechanisms involved depend on the specific synapse and circuit,
and the different type of stimulation pattern used to induce LTP and LTD [37]. p38 MAPK has
been mostly implicated in synaptic depression, either the n-methyl-d-aspartate (NMDA)R-dependent
or the mGluR-dependent form. The activation of NMDAR or metabotropic glutamate receptors
(mGluRs) [11] triggers a diversity of signaling cascades, which results in a rapid and sustained decrease
in synaptically evoked excitatory postsynaptic potentials (EPSPs). The activation of p38 MAP kinase
in the hippocampus has been found to be necessary for the induction of mGluR-dependent LTD at
the excitatory synapses between the CA3 and CA1 pyramidal neurons [38]. Indeed, p38 MAPK has
been found in the hippocampus and has been demonstrated to be activated in response to a synaptic
stimulation protocol that induces LTD [38]. In addition, it has been shown that a specific genetic
ablation of the p38α isoform virtually abolishes NMDA-dependent LTD when targeting astrocytes,
while producing no effect or slightly enhancing LTD when targeting neurons. These data indicate that
astrocytic p38α is involved in activity-dependent glutamate release from astrocytes, contributing to
astrocyte-to-neuron communication [39]. The authors concluded that the activity of p38α MAPK in the
astrocyte contributes to hippocampal NMDA-dependent LTD, and is capable of modulating long-term
memory in vivo [39]. Another study investigated the changes in the mRNA expression levels of p38
MAPK, demonstrating its implication in the induction of LTD in response to low-frequency stimulation
(LFS) [40]. The requirement of p38 MAPK for the expression of NMDA-dependent LTD was also
suggested in other brain circuits using entorhinal cortex slices, where the application of the SB203580
MAPK inhibitor completely suppressed LFS-induced LTD in superficial layer II [41]. Furthermore,
in the mouse primary visual cortex, p38 MAPK has been demonstrated to mediate anisomycin-induced
LTD by promoting α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA endocytosis).
In fact, anisomycin administration produced a time-dependent decline in field excitatory post-synaptic
potentials (fEPSPs) amplitude in acute brain slices of V1, and this decline could be rescued by the
application of SB203580 [42]. However, SB203580 is proposed as a multi-target kinase inhibitor, which
makes its use in support of a specific p38MAPK biological role more questionable [43].

Although, as reported above, p38 MAPK inhibition at the CA3-CA1 synapses does not affect LTP
induction, p38 MAPK still appears to have a role in long-term potentiation, at least in pathological
models. For example, reducing p38 MAPK activation by improved synaptic plasticity in angiotensin
II-dependent hypertensive mice, either through genetic knock-down or pharmacological inhibition
with SKF86002, as assessed by the LTP recording in the hippocampal slices [44]. Similar results were
obtained in the entorhinal cortex (EC), where [45,46] the suppression of synaptic plasticity by the
administration of Amyloid-β in slices could be prevented by a selective pharmacological inhibition
of p38 MAPK using the MW 108 compound. In a more recent study, it was found that inhibition of
the MAPK signaling pathway in an AD mouse model resulted in an improvement in hippocampal
LTP [47]. Indeed, these data demonstrate that the impairment of LTP observed in APP/PS1 mice,
was reversed by up-regulating mitogen-activated protein kinase (MAPK) phosphatase 1 (MKP-1),
an essential negative regulator of MAPKs [47]. Finally, the importance of environmental factors in
determining the role of p38 MAPK signaling cascade in LTP induction has been demonstrated [37].
In particular, the p38 MAPK was not required for hippocampal LTP in adolescent mice reared in
standard conditions, but its activation was involved in LTP expression after exposure to an “enriched
environment” [37]. Moreover, the NMDA glutamate receptor-dependent activation of p38 MAPK
rescued the LTP in adolescent Ras-GRF knockout mice. This study revealed a new level of cell signaling
control, whereby environmental factors influence the efficacy of a specific cascade to control LTP
expression in adolescent animals [37].

3. p38 MAPK Neuroinflammation and Synaptic Dysfunction

The process of acute inflammation in mammalian tissue is one of extreme importance, as it is
the immediate cellular response to injury and it is a defensive mechanism to prevent damage to the
cells. The p38 module plays a critical role in normal immune and inflammatory responses; indeed,
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many studies have revealed its involvement in the production of inflammatory cytokines leading to
chronic inflammation [11]. Thus, p38 is activated by numerous extracellular mediators of inflammation,
including cytokines, chemoattractants, chemokines, and bacterial lipopolysaccharide (LPS). However,
a major function of p38 isoforms is in turn the production of proinflammatory cytokines, and it has
been proven that p38 can regulate cytokine expression by modulating transcription factors, such as
nuclear factor-kB (NF-KB) [48], or at the mRNA level, by modulating their stability and translation
through the regulation of MNK1 [49] and MNK2/3 [50]. It is also known that chronic inflammation
occurs when there are persistent inflammatory stimuli that can have a damaging rather than protective
effect. For example, chronic glial cell activation is present in neurodegenerative diseases [2]. The p38
MAPK pathway contributes to neuroinflammation mediated by glial cells, including microglia and
astrocyte, and p38 α appears to be the main isoform involved in the inflammatory response [5]. In the
brain, one of the physiological roles of microglia and astrocytes is to respond to stress and other cellular
stimuli, defend the brain tissue, and take part in an inflammatory response by acting as mediators in
inflammation and neuroprotection. Changes in morphology and transcriptional activation take place
in the transition of microglial cells from a resting state, which exhibit a ramified morphology at the
microscope, to an activated state with less extensive branching and processes. Activated microglia and
reactive astrocytes are able to produce reactive oxygen species (ROS) and neurotoxic molecules that can
induce molecular processes leading to neuronal death [51], but a prolonged and sustained activation
of glial cells can result in an exaggerated inflammatory response and, as a result, cause neuronal cell
death through the elevated release of proinflammatory cytokines, which have a potential neurotoxic
effect, leading to increased neurodegeneration [2]. In addition to cellular damage, high concentrations
of pro-inflammatory cytokines have been shown to affect neuronal synaptic functioning via p38 MAPK
signaling in a variety of brain regions. For example, p38 MAPK mediates the inhibitory effect of
the pro-inflammatory cytokine interleukin-1β (IL-1β) against LTP in the rodent dentate gyrus [52].
In the CNS, IL-1β levels increase in response to a number of different stimuli, such as the peripheral
administration of lipopolysaccharide (LPS) [53], traumatic brain injury [54], acute stress [55], and
β-adrenoceptor agonist administration [56]. IL-1β has been demonstrated to inhibit both NMDA-
dependent and -independent forms of LTP in the hippocampus, and to progressively increase during
aging in parallel with the age-related impairment of LTP in rodents [57], suggesting that it may
represent one possible cause of cognitive decline. Indeed, two weeks of IL-1β overexpression in an
inducible transgenic mouse was demonstrated to impair long-term contextual and spatial memory,
but did not affect short-term and non-hippocampal memory [58]. Moreover, besides IL-1β, other
pro-inflammatory cytokines have been shown to influence synaptic plasticity via p38 MAPK signaling,
such as tumor necrosis factor alpha (TNF-α). TNF-α inhibits LTP in CA1 and DG in the rat hippocampus
at pathophysiological levels [59], and the inhibition of p38 MAPK reverses the effect of TNF-α on
early phase LTP without affecting late LTP [60]. Therefore, p38 MAPK appears to play an important
role in cytokine-induced synaptic dysfunction, and there is evidence that it is also a key molecule
in neurodegenerative diseases. Neurodegeneration represents a common pathological condition to
several brain disorders, including Alzheimer’s disease (AD), multiple sclerosis (MS), Parkinson’s
disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS), and highlighting the
functional role of specific p38 MAPK substrates will be of particular importance, as these could be
potential signaling targets.

p38 MAPK, AD Neurodegeneration and Synaptic Dysfunction

Alzheimer’s disease (AD) is the most prevalent age-related, progressive, and irreversible
neurodegenerative disorder, characterized by memory dysfunction and cognitive impairment that are
thought to result from the formation in the brain both of senile plaques containing amyloid-β (Aβ),
as well as neurofibrillary tangles containing the microtubule-associated protein tau [36]. Aβ toxicity
and tau hyperphosphorylation increase the activation of mitogen-activated protein kinase (MAPK)
and MAPK signaling [61]. p38 MAPK is one of the key regulators of Aβ induced toxicity from
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this family [62]. In this regard, the Aβ-induced synaptic dysfunction has been well characterized.
First, it has been demonstrated that either a synthetic form of Aβ 1-42, in the nanomolar range,
or cell-derived naturally secreted Aβ oligomers, have a strong inhibitory effect on the induction of
hippocampal LTP, both in vitro and in vivo in the CA1 area [63,64]. It has been shown that higher Aβ

levels are also able to depress glutamatergic synaptic transmission and surface receptor number [65].
This effect was described as a partial occlusion of LTD, and suggests that Aβ-induced depression shares
some mechanisms also necessary for LTD expression, including activation of the p38 MAPK pathway.
However, it was first demonstrated that the activation of p38 MAPK is involved in the inhibition
of hippocampal LTP by Aβ [63]. In subsequent studies, the differential activation of stress related
kinases, p38mapk, and JNK, involved in the progressive Aβ-dependent synaptic dysfunction, has been
investigated in entorhinal cortex slices. A concentration-dependent effect of Aβ was described, with a
lower nM concentration that selectively impairs LTP through the neuronal activation of p38 MAPK [45],
while increasing Aβ concentration up to 1 μM induces specific phosphorylation of both p38 MAPK and
JNK that would consequently affect glutamatergic synaptic transmission and the expression of LTD [41].
In particular, it was reported that Aβ was able to phosphorylate p38MAPK in cultured cortical neurons
at concentrations and incubation times comparable with those used for LTP. Moreover, a dual role
emerged for p38 MAPK, as it was required for LTD expression, but also contributed to LTD impairment
induced by higher Aβ levels. Notably, Aβ exposure increased the phosphorylated levels of p38 MAPK,
which were further enhanced after low frequency stimulation (LFS), the protocol used to induce LTD
and capable of phosphorylating p38 MAPK [41]. Concerning the possible cell surface targets that are
able to bind Aβ and trigger p38 MAPK cascade, the receptor for advanced glycation end-products
(RAGE) was identified as being capable of binding Aβ, in monomeric, fibrillized, and oligomeric
forms, and to contribute to the progressive deleterious effects of the Aβ (1-42) peptide on EC synaptic
function. In particular, Aβ-mediated the enhancement of p38 MAPK phosphorylation in cortical
neurons, and was reduced by blocking antibodies to RAGE [45]. Moreover, increased phospho-p38
MAPK after Aβ exposure was reduced in EC slices from RAGE defective mice [41].

Indeed, the activation of p38 MAPK has been verified in the brain during the early stages of AD,
both clinically [6,66] and in mouse models [11,62,67,68].

Different transgenic mouse models have been used to investigate the role of p38 MAPK. The link
between the Aβ/RAGE axis and p38 MAPK over-activation has been confirmed in double transgenic
mice (APPswe/Ind J20 expressing defective-RAGE in microglia), demonstrating that the activation
of RAGE inflammatory signaling in vivo caused by an Aβ enriched-environment represents an
important early event during progressive EC dysfunction. In the APPJ20 model, neuronal plasticity is
progressively impaired in EC slices, while the inhibition of RAGE signaling in microglia ameliorates
synaptic and behavioral impairment in APPJ20xDNMSR mice, reducing the neuronal activation of
p38MAPK. This finding supports the hypothesis that microglial RAGE interaction with Aβ may
therefore contribute to triggering p38 MAPK signaling involved in cognitive dysfunction in vulnerable
brain areas, resulting in the spreading of AD pathology.

More recently, double transgenic mice, which express both the human APP mutation and endophilin
A1(EP), demonstrated that the upregulation of the EP expression in Aβ-rich environments leads to
changes in both hippocampal LTP and learning and memory. Specifically, EP, a synaptic protein elevated
in AD patients and AD transgenic animal models, increases cerebral Aβ accumulation. The EP-mediated
signal transduction involved reactive oxygen species (ROS) and p38 MAPK, contributing to Aβ-induced
mitochondrial dysfunction, synaptic injury, and cognitive decline. The neurodegenerative phenotype
could be rescued by blocking either the ROS or p38 MAP kinase activity [69,70].

Evidence also exists that genetically targeting the alpha-isoform of p38MAPK is sufficient to
ameliorate synaptic dysfunction. With immunological and biochemical methods, it has been observed
that the reduction of the p38α MAPK expression facilitates the lysosomal degradation of BACE1,
a key enzyme in Aβ generation that is potentially up regulated by neuroinflammation. This led to
an attenuation of Aβ protein generation in the brain of APP/PS1 double transgenic mice, suggesting
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that p38α MAPK plays a role in the process of Aβ deposition in vivo [71]. Moreover, the selective
pharmacological inhibition of p38α MAPK was neuroprotective in either amyloid or tau models of
AD [46,68]. However, the role of p38α in neurodegeration can be different depending on the model.
A recent report demonstrated that neuron-specific p38α-knockout mice show increased levels of anxiety
in behaviour tests, an effect that was mediated by increased JNK activity [72].

The novel isoform selective p38α MAPK inhibitor was tested in two different animal models
characterized by early synaptic and behavioral dysfunctions, and was found to be effective in
ameliorating hippocampal-dependent associative and spatial memory. The first evidence was that
selective p38α MAPK inhibition was capable of reducing LTP and memory deficits in the APP/PS1 Tg
model, whose main feature is represented by Aβ deposition [25]. In contrast, no overexpression of APP
was present in the APP/PS KI mouse, which can be considered a model of aging with physiological levels
of APP. This mouse shows a slower pathology progression and offers the opportunity to study either the
early or the late stage of neurodegeneration. In 11-month-old KI mice, the overproduction of cytokine
leads to a spatial memory deficit that can be reduced by pharmacological treatment targeting p38α
MAPK [25]. In addition, several inhibitors of p38α MAPK were effective in ameliorating the behavioral
deficit in a mouse model of tau-related neurodegeneration, the reversible transgenic (rTg4510) mouse
model. These mice overexpressed a human, mutant tau form (P301L) and developed age-related
cognitive impairment, neurofibrillary tangles, and neuronal loss [73]. Overall, this evidence favors
the hypothesis that p38 MAPK and, in particular, the α isoform, contribute to different pathological
process, and therefore represents a promising therapeutic target for the treatment of AD [11,44].

An opposite role in neurodegeneration emerged for p38γ MAPK. This isoform mediates
phosphorylation on tau at Threonine-205 (T205), a site-specific phosphorylation that improved
memory deficits in APP transgenic mice [43], in particular interfering with the synaptic action of Aβ

on glutamatergic neurotransmission [74,75].

4. Small Molecules Targeting p38α MAPK

Serine–threonine (S/T) protein kinases are important for CNS function and have been implicated
in pathophysiology, yet there is a dearth of highly selective, CNS-active kinase inhibitors for
in vivo investigations.

A challenge for all of life sciences is that approved protein kinase inhibitor drugs and research
molecular probe inhibitors are multi-kinase inhibitors. Results should be taken with caution when
using small-molecule inhibitors of protein kinases to investigate the physiological roles of these
enzymes [76–81]. Figure 2 presents a graphical presentation of the kinome off-target issue for the S/T
protein kinase, p38α MAPK, which is the focus of this review. As a consequence, the outcome of
experiments are confounded by the use of p38MAPK inhibitors that also inhibit other kinases such
as ABL1, ABL2, p38β, p38γ, CK1δ, CK1ε, PDGFRβ, SRC, BLK, CDK5, CDK8, DDR1, DDR2, EPHA3,
EPHA7, EPHA8, EPHB2, FLT1, FRK, NTRK1, JNK1, JNK2, JNK3, KIT, MAP4K4, MRCKβ, PTK2β,
RET, SLK, STK10, TIE1, TIE2, TNIK, TRKB, TRKC, ZAK, BRAF, CIT, DMPK, GAK, JNK2, JNK3, NLK,
RIPK2, STK36, or TNIK. For example, MW150 has no direct effect on amyloid plaques [25,82] and
avoids ABL as a target [25]. The pharmacological difference from p38MAPK inhibitors that have
off-target ABL inhibition might be explained by the known effects of ABL inhibitors (e.g., Imatinib,
Nilotinib and Bosutinib) on amyloid plaques [83–85]. Similarly, the medicinal chemistry refinement of
the original fragment expansion hit, MW069a, to yield the more selective MW181 and MW108 class
of refined inhibitors involved removal of the previously identified liability of protein kinase CK1d
inhibition and removal of cross-over to potential excitotoxic GPCR targets. There was a coincident
improvement in pharmacological safety as the neurotoxicity seen at high doses of MW069a was
removed. The coincident removal of both off-target activities and improvement in pharmacological
safety does not allow conclusions about exactly what kinase or GPCR target might represent a risk
for higher doses of p38MAPK inhibitors. However, clinical findings and associated animal model
studies describe susceptibility to migraine and sleep disorders in the presence of reduced CK1d activity
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suggesting risk in this off-target kinase [86]. An additional challenge for neurosciences is the fact that
most protein kinase inhibitors used in research studies, as well as kinase inhibitor approved drugs,
lack sufficient CNS exposure to allow adequate molecular target exposure. The blood–brain barrier
challenge is not limited to protein kinase inhibitor drugs, however, as it is estimated that >95% of
approved drugs lack sufficient brain tissue exposure. The CNS exposure limitation is most often linked
to the molecular properties of the small molecule drugs [78]. However, this is a barrier that can be
addressed through medicinal chemistry refinement [73,79].

 

Figure 2. Kinome target selectivity of p38 MAPK Inhibitors. Differences in off-target kinase and GPCR
liabilities provide potential explanations for pharmacological differences. Red circles denote kinase
inhibition below the canonical IC50 < 1 μM. (A) Common off-target kinases among widely used p38α
MAPK inhibitors: VX-745 (neflamapimod) includes ABL1, ABL2, p38β, PDGFRβ, and SRC; BIRB-796
includes BLK, CDK5, CDK8, DDR1, DDR2, EPHA3, EPHA7, EPHA8, EPHB2, p38β p38γ, FLT1, FRK,
NTRK1, JNK1, JNK2, JNK3, KIT, MAP4K4, MRCKβ, PTK2β, RET, SLK, STK10, TIE1, TIE2, TNIK,
TRKB, TRKC, and ZAK; and SB203580 includes BRAF, CIT, CK1δ, CK1ε, DMPK, GAK, JNK2, JNK3,
NLK, p38β, RIPK2, STK36, and TNIK. (B) MW150 and MW108 have IC50 <1 μM for p38α MAPK in
kinome-wide hierarchal screens.

Recent deliverables for p38α MAPK, MW108, and MW150 [25,73,78] avoid the molecular target
selectivity and brain exposure challenges that plagued prior works. They provide precedents for CNS
S/T protein inhibitors based on their high kinome selectivity, avoidance of high-risk off-target effects,
and in vivo efficacy. The selectivity of MW108 and MW150 was demonstrated by large-scale kinome
screens, functional GPCR agonist and antagonist analyses, and selected ion-channel and transporter screens.
Furthermore, MW150 treatment at efficacious doses does not produce detectable pharmacodynamic effects
in knock-in cells that have the endogenous kinase p38α MAPK replaced with p38α MAPK (T106M),
an active p38α MAPK that is MW150 resistant. In vitro and in vivo assays demonstrated cellular target
engagement, and dose dependent studies in diverse animal models documented their pharmacodynamic
and efficacy functions. For example, the MW108/MW150 series ameliorated beta amyloid-induced and
tau-induced synaptic and cognitive dysfunction in neurodegeneration [25,46,73–75,87], as well as attenuate
behavioral symptoms and pathophysiological biomarkers in a genetic susceptibility model of autism
spectrum disorders [88]. Clearly, the MW108/MW150 series allows for the pursuit of preclinical and clinical
therapeutic hypotheses involving p38α MAPK that were not feasible previously.

The activation of p38α MAPK mediated signaling cascades are implicated in synaptic dysfunction
in neurodegenerative disorders through clinical observations and preclinical investigations. Activation
in both neurons and glia offers the unusual potential to generate enhanced phenotypic responses
through targeting a single kinase in two distinct cell types involved in pathophysiology progression.
The pathophysiology mechanism, plus a highly selective and bioavailable p38α MAPK inhibitor drug,
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could provide a novel form of pleiotropy (one drug, one target, multiple clinical effects), in contrast
to the pleiotropic effects of drugs such as steroids, where the same drug engages multiple molecular
targets. The high safety potential for MW150 in preclinical toxicology screens and first-in-human
clinical trials suggests that such a pleiotropic mechanism could be highly desirable clinically [73].
However, it raises the need for caution if MW150 is used as a molecular probe reagent in basic research
experimental design.

In summary, recent progress has directly addressed the scientific challenges in the development
and use of p38α MAPK inhibitors as therapeutic candidates, and greatly improved the delivery of
small molecule inhibitors as in vivo research tools. Overall, the paradigm shift and new deliverables
allow for more robust testing of various hypotheses about S/T protein kinases, such as p38α MAPK in
neuropathology progression and its potential for disease modification.
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Abbreviations

MAPK mitogen activated protein kinases
CNS central nervous system
LTP long-term potentiation
LTD long-term depression
AD Alzheimer’s disease
ERK extracellular signal-regulated kinases
EPSPs synaptically evoked excitatory postsynaptic potentials
JNK c-Jun amino-terminal kinases
ATP adenosine triphosphate
NFAT nuclear factor of activated T cells
ATF activating transcription factor
STAT1 signal transducer and activator of transcription
LPS lipopolysaccharide
IL-1β interleukin-1β
TNFα tumor necrosis factor
AGEs advanced glycation endproducts
mGluRs metabotropic glutamate receptors
TFs transcription factors
FMRP fragile X mental retardation protein
Arc activity-regulated cytoskeleton
BDNF brain-derived neurotrophic factor
PSD95 postsynaptic density protein 95
RAGE advanced glycation endproducts receptor
MCP-1 monocyte chemoattractant proten-1
iNOS inducible nitric oxide synthase
NMDA n-methyl-d-aspartate
LFS low-frequency stimulation
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
Aβ amyloid-β
EC entorhinal cortex
Tg transgenic
APP amyloid precursor protein
PS1 mutant human presenilin 1
EP endophilin
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NF-KB nuclear factor-kB
ROS reactive oxygen species
MS multiple sclerosis
PD Parkinson’s disease
HD Huntington’s disease
ALS amyotrophic lateral sclerosis
KI knock in
KO knock out
S/T serine-threonine
FPCR G protein-coupled receptor
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Abstract: The family members of the mitogen-activated protein kinases (MAPK) mediate a wide
variety of cellular behaviors in response to extracellular stimuli. p38 MAPKs are key signaling
molecules in cellular responses to external stresses and regulation of pro-inflammatory cytokines.
Some studies have suggested that p38 MAPK in the region of the nucleus accumbens is involved
in abnormal behavioral responses induced by drugs of abuse. In this review, we discuss the role
of the p38 MAPK in the rewarding effects of drugs of abuse. We also summarize the implication
of p38 MAPK in stress, anxiety, and depression. We opine that p38 MAPK activation is more
closely associated to stress-induced aversive responses rather than drug effects per se, in particular
cocaine. p38 MAPK is only involved in cocaine reward, predominantly when promoted by stress.
Downstream substrates of p38 that may contribute to the p38 MAPK associated-behavioral responses
are proposed. Finally, we suggest p38 MAPK inhibitors as possible therapeutic interventions against
stress-related disorders by potentially increasing resilience against stress and addiction relapse
induced by adverse experiences.

Keywords: p38 MAPK; cocaine; conditioned place preference; reward; stress; anxiety; depression;
nucleus accumbens; social interaction; k opioid receptors

1. Introduction

The mitogen-activated protein kinases (MAPK) superfamily is made up of three majorsignaling
pathways: The extracellular signal-regulated protein kinases (ERKs), the c-Jun N-terminal kinases
or stress-activated protein kinases (JNK/SAPK), and the p38 family of kinases. The MAPK is a
serine/threonine kinase that is activated through phosphorylation by a MAPK kinase (MKK), which is
a “dual-specific” kinase that phosphorylates at both serine/threonine and tyrosine residues within a
threonine/any amino acid/tyrosine (Thr X Tyr) motif, in which the middle amino acid is different for each
MAPK [1]. Enzymes in the p38 MAPK module are subject to dual phosphorylation at the Thr-Gly-Tyr
motif situated within the kinase activation loop and are primarily activated by various environmental
stresses, including heat, osmotic and oxidative stresses, as well as inflammatory cytokines [2] (Figure 1).

p38 MAPK is inactive in the non-phosphorylated state. Dual phosphorylation at Thr-180 and
Tyr-182 residues by either MKK3 or MKK6 induces global conformational reorganizations that modify
the alignment of the C- and N-terminal domains of p38 MAPK, consequently permitting the binding of
ATP and the desired substrate [3–5]. However, selective activation by distinct MKKs has been observed
among p38 isoforms, as evidenced by the inability of MKK3 to effectively activate one isoform of p38,
p38β, while MKK6 is a potent activator [5,6]. MKK4 can also activate p38 in vitro or when co-expressed
with p38 in cultured cells, although reported as a non-physiologic activator of p38 [2]. Phosphorylated
p38 MAPK (pp38) can activate a wide range of substrates. These include transcription factors such
as ATF2, CCAAT/enhancer-binding protein-homologous protein (CHOP), and myocyte enhancer
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factor 2C (MEF2C), as well as protein kinases such as the MAPK-activated protein (MAPKAP)-2, and
cytosolic and nuclear proteins such as Cdc25 and Glycogen synthase (GS) [2,5]. Duration of signaling
is controlled by phosphatases, including protein phosphatase 1, protein phosphatase 2A, or MAPK
phosphatases [5]. Phosphorylated substrates go on to elicit varied biological responses that include
inflammation, apoptosis, proliferation, cell-cycle regulation, and differentiation [5,7]. The growing
list of specific downstream targets and various activation modes of the p38 MAPK pathway raise a
possibility of the functional diversity of each p38 MAPK isoform [7]. Four different genes encoding p38
MAPK isoforms (p38α, p38β, p38γ, p38δ) with > 60% overall sequence homology and > 90% identity
within the kinase domains have been described in human tissues [2]. Of these, p38α and p38β are
ubiquitously expressed while p38γ and p38δ are differentially expressed depending on tissue type [6].
Generally, p38α and p38β are highly expressed in the brain with p38α being mainly expressed in
neuronal cells and p38β being highly expressed in both neuronal and glial cells [7]. At the subcellular
level, p38α is distributed in dendrites, in cytoplasmic and nuclear regions of the cell body of neurons,
in contrast to p38β that is preferentially expressed in the nucleus of neurons [7].

Figure 1. Schematic representation of the p38 mitogen-activated protein kinases (MAPK) signaling
pathway. A variety of extracellular signals, such as cellular stress and cytokines, can activate the p38
MAPK pathway. This leads to the initiation of MAPK phosphorylation cascade, in which MAPKKK
phosphorylate the p38 MAPK-specific MAPKKs MKK3, MKK4, or MKK6. Subsequently, the four
isoforms of p38 MAPK (α, β, δ, and γ) are phosphorylated, thereby activating various p38 MAPK
substrates. Substrates can be transcription factors such as ATF2, CHOP, and MEF2C, protein kinases
such as (MAPKAP)-2 as well as other proteins such as Cdc25 and GS. Phosphorylated substrates
go on to elicit varied biological responses. The duration of signaling is controlled by phosphatases
such as protein phosphatase 1; protein phosphatase 2A or MAPK phosphatase. Abbreviations:
CHOP, CCAAT/enhancer-binding protein-homologous protein; MEF2C, myocyte enhancer factor 2C;
(MAPKAP)-2, MAPK-activated protein; GS, Glycogen synthase.

The pyridinylimidazole compounds, represented by SB203580, were initially seen as inflammatory
cytokine synthesis inhibitors [8,9]. Subsequently, they were found to be selective inhibitors of p38
MAPK [8,9]. SB203580 inhibits the catalytic activity of p38 MAPK by competitive binding at the ATP
binding site of the kinase [8,10]. MAPK inhibitors appear to be a therapeutic strategy in several disease
models, particularly inflammatory disorders, due to their capability to reduce the synthesis and the
signaling of pro-inflammatory cytokines [11]. This review discusses the role of p38 MAPK in the
rewarding effects of drugs of abuse, as well as in stress-related behaviors.
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2. Role of p38 MAPK in the Rewarding Effects of Drugs of Abuse

Environmental stimuli associated with drugs of abuse motivate animals to “prefer” the contexts
associated with drug intake and to spend more time in these contexts. Such an approach, known as
conditioned place preference (CPP), is widely used for evaluating the rewarding effects of drugs [12,13].
During CPP, the animal is “conditioned” in an experimental apparatus consisting of at least two
compartments that have distinct visual and tactile cues. The animal can be injected with the drug in
one compartment and with saline in the other compartment. The neutral environment associated with
the drug acquires secondary motivational properties, such that it can act as a conditioned stimulus
when the animal is subsequently exposed to this environment again [14]. During the test, the animal
can “choose” the compartment in which it prefers to spend more time. If the drug has rewarding
properties, the animal will “prefer” to spend more time in the compartment previously associated with
the drug (Figure 2).

Figure 2. conditioned place preference (CPP). In the pre-conditioning day or baseline test, animals
(such as mice) are allowed to freely explore the entire apparatus. The time that mice spend in each
compartment is recorded to show the natural preference of animals. During conditioning, mice are
randomly assigned to their drug and saline training compartments for the training sessions. Conditioned
preference is assessed by allowing the mice to roam freely in all the compartments and recording the
time spent in each. When the p38 MAPK inhibitor, SB203580, is injected before DRUG conditioning
(the stimulus), the effects of p38 inhibition on CPP acquisition are investigated. Likewise, when
SB203580 is injected before the CPP test, the effects of p38 inhibition on CPP expression are explored.
After the CPP expression, mice can undergo extinction of CPP, during which they are conditioned
repeatedly to saline in both compartments. By conditioning the animals with saline in their previous
DRUG-associated compartment, mice progressively lose their preference to the compartment associated
to the DRUG. When the animals reach the extinction criteria, which is checked by an extinction test,
they can be tested for reinstatement of CPP. Reinstatement can be induced by an exposure to stress
(stress-induced reinstatement of CPP) or also, by an exposure to a priming injection of the DRUG
(drug-induced reinstatement). Place preference during reinstatement of CPP is again determined by
allowing the mice to freely explore all the compartments of CPP.

The nucleus accumbens (NAc) is a critical element of the mesocorticolimbic system which has
a well-established role in mediating the rewarding effects of drugs of abuse [15]. Gerdjikov et al.
tested the hypothesis that the inhibition of MAPKs would inhibit the acquisition of NAc amphetamine
CPP. They showed that NAc injections of the ERK inhibitor PD98059 or the p38 kinase inhibitor
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SB203580 dose-dependently impaired CPP, but not the JNK inhibitor SP600125 [16]. These results
suggest that ERK and p38, but not JNK, MAPKs may be necessary for the establishment of NAc
amphetamine-produced CPP [16]. Moreover, Zhang et al. showed that repeated morphine treatment
induced the acquisition of CPP and increased the phosphorylation of p38 in the NAc [17]. Consistently,
the microinjection of the p38 inhibitor SB203580 into the NAc prior to the administration of morphine
prevented the acquisition of CPP and inhibited the activation of p38, thereby indicating that the
activation of p38 in the NAc may be necessary for morphine CPP [17]. The same group also found that,
following 5 days of morphine treatment, p38 activation was induced in the NAc microglia but not in
astrocytes or neurons [18]. They reported that the bilateral microinjection of minocycline, a putative
inhibitor of microglia, or SB203580, a selective p38 MAPK inhibitor, into the NAc before each morphine
treatment for five days impaired the acquisition of morphine CPP and suppressed the activation of
p38 signaling in the microglia induced by morphine treatment [18]. Following the acquisition of
morphine CPP, a single minocycline or SB203580 injection failed to block the expression of morphine
CPP [18]. Thus, based on these studies, it appears that p38 signaling in the NAc microglia may play
an important role in the acquisition but not the expression of morphine CPP [18]. Therefore, it has
been proposed that p38 MAPK in the NAc is involved in abnormal behavioral responses induced by
drugs of abuse [17]. Later, another study also showed that intraperitoneal (i.p.) injections of SB203580
dampened the acquisition of morphine-induced CPP in mice and reduced the phosphorylation of p38
MAPK in the NAc of morphine CPP mice [19].

The effect of p38 MAPK inhibition on cocaine-induced behaviors, such as the acquisition and
expression of CPP, was also investigated. The expression of cocaine CPP was specifically blocked
by i.p. SB203580 when injected on the post-conditioning test day [20]. By contrast, morphine CPP
was not affected by i.p. SB203580 [20]. Thus, in line with previous studies, i.p. inhibition of p38
failed to block the expression of CPP to morphine. On the other hand, studies that performed
intracerebroventricular (icv) injections of SB203580 before cocaine training found no effect on cocaine
CPP [21,22]. Consistently, the deletion of p38α in the serotonergic neurons of the dorsal raphe
nucleus (DRN) [23] or the conditional knock-out of p38α MAPK in the dopaminergic neurons of
the ventral tegmental area (VTA) [24] does not affect cocaine CPP, suggesting that the deletion of
p38α does not alter the associative learning required for place preference or the rewarding properties
of cocaine. Interestingly, serotonergic p38α MAPK deletion blocked the reinstatement of cocaine
preference induced by stress, but not by cocaine priming, thereby showing that serotonergic p38α
MAPK deletion selectively alters only the stress-induced modulation of cocaine-seeking behaviors [23].
Table 1 summarizes the studies investigating p38 MAPK blockade on drug reward.

Similarly to drugs of abuse, rats acquire and express CPP for natural reward such as social
interaction [25–31]. In general, social reward CPP is assessed by placing the rats during half the
conditioning sessions into a compartment of the CPP with their assigned social partner, and during the
other half of the sessions alone into the other compartment of the CPP [26–28,32]. We and others [33]
perform social interaction reward CPP by pairing one compartment with a sex- and weight-matched
male conspecific preceded by an i.p. injection of saline for 15 min and the other compartment with
saline only [32]. Animals that spent more time in the social interaction-paired compartment than in
the saline-paired compartment during the CPP test expressed preference for social interaction. When
comparing social interaction CPP to cocaine CPP, almost the same brain regions were activated [31].
However, parts of the insular cortex, namely the granular insular cortex and the dorsal part of the
agranular insular cortex, were more activated after cocaine CPP, whereas the prelimbic cortex and the
core sub-region of the NAc were more activated after social interaction CPP [31]. Given that p38 MAPK
activation was reported to be increased after morphine CPP, we assessed the expression of p38 MAPK
activation in the NAc shell and core sub-regions at different time points after cocaine CPP and compared
it to social interaction CPP [34]. It was expected that cocaine CPP would enhance the activation of
p38 in the NAc as compared to social interaction CPP and to control rats that received saline in both
compartments of the CPP. However, we found that control rats and cocaine CPP expressing rats
showed similarly enhanced p38 activation compared to naïve untreated and social interaction CPP
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rats. Furthermore, 24 h after social interaction CPP, pp38 neuronal levels in the NAc shell decreased to
the level of naïve untreated rats with pp38 expressed mainly in neurons (92%) (Figure 3).

Table 1. Summary of the findings describing the role of p38 MAPK in drug reward.

Drug P38 Blockade Results References

Amphetamine SB203580 into the NAc impaired amphetamine conditioned place
preference (CPP) [16]

Morphine SB203580 into the NAc prevented the acquisition but not the
expression of morphine CPP [17,18]

Morphine SB203580 i.p. dampened the acquisition of
morphine-induced CPP [19]

Morphine SB203580 i.p. failed to block the expression of morphine CPP [20]
Cocaine SB203580 i.p. blocked the expression of cocaine CPP [20]
Cocaine SB203580 icv did not affect acquisition to cocaine CPP [21,22]

Cocaine deletion of p38α MAPK in the
serotonergic neurons did not affect cocaine CPP [23]

Cocaine conditional knock-out of p38α
MAPK in the dopaminergic neurons did not affect cocaine CPP [24]

Cocaine serotonergic p38α MAPK deletion blocked the reinstatement of cocaine preference
induced by stress [23]

Cocaine serotonergic p38α MAPK deletion did not affect the reinstatement of cocaine
preference induced by cocaine priming [23]

Figure 3. pp38 expression in the NAc shell 24 h after the cocaine CPP test [34]. Social interaction CPP
decrease p38 MAPK activation to the levels of naïve untreated rats. Control rats receiving saline in
both compartment of CPP and cocaine CPP expressing rats show similar increased levels of pp38
as compared to naïve untreated and social CPP expressing rats. Statistical test: one-way analysis
of variance followed by Tukey’s post hoc test. * p < 0.05, different from saline control; ++ p < 0.01,
+++ p< 0.001 different from naïve; ## p< 0.01 different from cocaine CPP.

As p38 plays a role in stress and anxiety behaviors that will be detailed in the coming section,
these results suggest that: First, cocaine treatment per se does not induce p38 activation as control rats
and cocaine CPP-expressing rats show the same levels of pp38 in the NAc shell. Second, marginal
stress such as injecting animals with saline and placing them into the CPP apparatus is sufficient to
induce p38 activation in the NAc shell. In fact, compared to naïve untreated animals, control rats
receiving saline injections in both compartments of the CPP, expressed significantly higher levels
of activated p38 in the NAc shell. Finally, social interaction reward has anti-stress effects as social
interaction-expressing CPP rats show levels of pp38 similarly to naïve untreated rats [34]. Indeed,
rats receiving corticotropin-releasing factor (CRF) icv injections before cocaine conditioning showed
an increase in cocaine CPP, whereas those receiving icv injections of the non-selective antagonist
alpha-helical CRF (α CRF) showed a decrease in cocaine CPP [22]. Remarkably, when social interaction
was made available in the alternative compartment, CRF-induced increase of cocaine preference was
reversed completely to the level of rats receiving cocaine paired with α CRF. This reversal of cocaine
preference was also paralleled by a reversal in altered behavioral sequencing of grooming, considered
as a marker of stress [35] and by a CRF-induced increase of p38 MAPK expression in the NAc shell [22]
(Figure 4). These results show that the modulation of the CRF system has a direct impact on p38
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MAPK expression in the NAc shell, as p38 MAPK expression was increased after icv CRF injections
prior to each cocaine conditioning and was decreased after icv injections of α CRF prior to each
cocaine conditioning [22]- Figure 4. Accordingly, p38 is considered to be more closely related to stress
modulation than to cocaine treatment. Indeed, CRF was reported to induce dynorphin-dependent
k opioid receptor (KOR) activation in the NAc [36] with p38 being an important mediator of the
KOR-dependent aversive properties of stress [21,37].

Figure 4. Effects of intracerebroventricular (icv) injections of vehicle, corticotropin-releasing factor
(CRF), and alpha-helical CRF (α CRF) on (a) cocaine preference; on (b) associated percentage of incorrect
transitions and on (c) associated p38 expression in the NAc shell [22]. Preference score is the time that
the rat spent in the stimulus-associated compartment during the test-pretest. CRF+ [social] is a group
of rats conditioned with cocaine that received icv injections of CRF prior to cocaine conditioning but
also had the opportunity to social interaction in the alternative compartment of the CPP. The incorrect
transitions of cephalocaudal grooming progression were evaluated during the test session of CPP for
each treatment condition. Statistical test: one-way analysis of variance followed by Tukey’s post hoc
test. α CRF, alpha-helical CRF; VEH, vehicle * p < 0.05, ** p < 0.01, *** p < 0.001 different from VEH;
### p < 0.001, different from CRF.

We propose that the anti-stress effects of social interaction might be mediated by the KOR system
in the ventral NAc shell, which was previously shown to drive aversion via KOR activation [38]
through a decrease in the activation of p38 MAPK [34]. In parallel, we additionally propose that the
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rewarding effects of social interaction might be mediated by the KOR system in the dorsal NAc shell,
which has also previously been shown to drive preference/reward via KOR activation [38] through an
increase in ERK.

3. Role of p38 MAPK in Stress, Anxiety, and Depression

Sustained stressful experience can lead to maladaptive responses, including clinical depression,
anxiety, and an increased risk for drug addiction [39,40]. After stress exposure, p38 MAPK is generally
activated in different brain regions (Table 2). Repeated forced swim stress activated p38 MAPK in the
cortex, the hippocampus, and the NAc [21], which decreased significantly following a pretreatment with
SB203580 before bouts of forced swimming [21]. pp38 levels were also increased in the prefrontal cortex
(PFC) after cold exposure [41], in the hippocampus after enhanced single prolonged stress [42] and in the
DRN after social defeat stress [23]. Additionally, a significant positive correlation was found between
early life stress and the percentage of monocytes staining positive for pp38 [43]. Neuro-inflammation, in
response to bacterial endotoxin lipopolysaccharide (LPS)-induced depressive-like behaviors, has been
reported to be accompanied by increased levels of pp38 in the habenula [44]. Both the p38 inhibitor
SB203580 and the anti-depressant fluoxetine normalized the changes in p38 phosphorylation and
reversed the depressive-like behaviors [44]. Interestingly, the depletion of neuronal p38α in mice
resulted specifically in increased anxiety-related behaviors without affecting learning and memory
processes or motor coordination and muscle function [45].

Table 2. Summary of the findings reporting the activation p38 MAPK after CPP to drugs and exposure
to stress.

Stimuli/Protocol Regions Animals References

morphine CPP NAc
rats [17,18]
mice [19]

repeated forced swim stress cortex, hippocampus, NAc mice [21]
cold exposure PFC rats [41]

enhanced single prolonged stress hippocampus rats [42]
social defeat stress dorsal raphe nucleus (DRN) mice [23]

early life stress monocytes staining for pp38 monkeys [43]
bacterial endotoxin LPS habenula rats [44]

p38 activation appears to be an important mediator of KOR-induced aversive stress effects
through G-protein-coupled receptor kinase 3 (GRK3)/β-arrestin, a KOR-associated protein, dependent
mechanisms [21,37]. Inhibition of p38 MAPK was found to block stress-induced behavioral responses,
including aversive responses to the KOR agonist U50, 488 [21,46]. Importantly, cell-specific deletion of
p38α MAPK in serotonergic neurons blocked stress-induced aversion [23]. These effects seem to be
regulated by KOR as KOR knockout (KO) mice did not develop conditioned place aversion (CPA) to
U50,488; however, re-expression of KOR in the serotonergic neurons of the DRN or in the dopaminergic
neurons of the VTA of KOR KO mice activated p38 and restored place aversion [24,47].

One possible mechanism encoding the behavior responses to stress is a change in gene expression
downstream to p38 [21]. One candidate is zif268, whose induction is p38-dependent [21] and has
previously shown to be a direct downstream target of p38 [48]. Indeed, multiple swim stress exposure
has been reported to cause a significant up-regulation of zif268 in the striatum only in wild type but not
in KOR(−/−) mice [21]. SB203580 had an inhibitory effect on zif268 induced by stress, suggesting that
this immediate early gene may be involved in the aversive responses to KOR activation [21]. Another
possible substrate of pp38 that may contribute to the behavioral responses is the serotonin transporter
(SERT). In fact, p38 MAPK activation has been reported to regulate the activity of SERT in vitro [49,50].
Evidence of an in vivo relationship between activation of p38 MAPK signaling pathways and central
serotonin function/metabolism was described by [43]. They found a significant negative correlation
between the percentage of monocytes staining positive for intracellular pp38 and CSF concentrations
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of the serotonin metabolite 5-HIAA in non-human primates [43]. Thus, the activation of the p38
pathway would be expected to decrease synaptic availability of serotonin and to reduce the serotonin
metabolites by increasing SERT expression/activity [43]. Further evidence was provided in mice
demonstrating that SERT activity in nerve terminals of serotonergic neurons is positively modulated
in a p38α dependent manner [23]. Stress-induced p38α MAPK caused translocation of SERT to the
plasma membrane in the brain, thereby increasing the rate of transmitter uptake at serotonergic nerve
terminals and inducing a hypo-serotonergic state that underlies depression-like and drug-seeking
behaviors [23]. In line with these findings, cytokine induction by LPS produced SERT activation and
behavioral despair, both requiring p38 MAPK pathway activation [51]. In mice exhibiting a selective
elimination of p38α MAPK in serotonergic neurons, LPS failed to elevate brain SERT activity despite
normal peripheral stress responses [52]. Moreover, p38α MAPK excision in serotonergic neurons
resulted in behavioral resilience to anxiety and depression-like behaviors [52]. Thus, p38 activation
can stimulate the expression of SERT, which is used as a major pharmacological target for depression
treatment [44]. A third possible candidate could involve the modulation of proteins related to synaptic
plasticity, such as AMPA receptors. p38 MAPK signaling has been shown to be an important mediator
of AMPA receptor surface trafficking during synaptic plasticity in which activation of p38 MAPK may
lead to synaptic removal of surface AMPA receptors [53,54]. Generally, compounds which augment
signaling through AMPA receptors exhibit antidepressant-like behavioral effects in animal models [55].
For example, the antidepressant fluoxetine has been found to alter AMPA receptor phosphorylation in
a manner that is expected to increase AMPA receptor signaling [55]. Therefore, it is possible that a
decrease in the surface expression of AMPA receptors contributes to the behavioral responses associated
to p38 MAPK. One additional target of p38 relevant to depression could involve the glucocorticoid
receptor (GR). It was reported that GR function is reduced in patients with major depression [56].
p38 signaling pathways have been shown to be implicated in the inhibition of GR function. Indeed,
activation of p38 MAPK has been demonstrated to disrupt transactivation of the GR [57], leading
potentially to glucocorticoid resistance or decreased responsiveness to glucocorticoids, a primary
feature of major depression [58]. Therefore, SB203580 through inhibition of p38 MAPK could recover
the normal functioning of GR and alleviate the glucocorticoid resistance underlying depression [44].
Figure 5 summarizes the possible substrates that may contribute to the behavioral responses associated
to p38 MAPK.

Figure 5. Arrestin-dependent signaling events result in p38 MAPK activation and subsequent dysphoric
behavioral responses. Possible substrates encoding the behavior responses to stress downstream to
p38 comprises changes in gene expression such as zif268, in serotonin transporter expression/activity,
in glucocorticoid receptor function and modulation of proteins related to synaptic plasticity, such as
AMPA receptors.
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4. Conclusions

It is unclear why p38 MAPK is merely involved in the expression of cocaine CPP when the
inhibitor is administered before the post-conditioning test in a drug-free state [20], i.e., when the
animals encounter drug-associated cues, but not in the learning required for the rewarding properties of
cocaine. It was previously observed that KOR activation before the presentation of cocaine-associated
cues enhances approach behaviors to those cues [59], possibly via activation of p38 signaling pathway.
This potentiation of cocaine CPP by KOR activation does not result from an enhancement of associative
learning mechanisms, as KOR activation only occurred before the final preference test after the
associative learning phases were already complete. Conversely, the inhibition of p38 signaling only
after the post-conditioning test might reduce the rewarding value of cocaine-associated contexts. More
studies are needed to emphasize this possibility, in particular because expression of cocaine CPP did
not increase the levels of pp38 in the regions of NAc core or NAc shell [34]. Yet, the study by [20]
suggested that p38 MAPK-mediated norepinephrine transporter (NET) up-regulation is linked to
cocaine-induced CPP.

It appears that p38 MAPK activation is more closely associated to stress-induced aversive responses
rather than drug effects per se. Mostly, studies show that p38 MAPK activation is only involved in
cocaine reward, predominantly when promoted by stress. However, it remains open to discussion how
p38 MAPK is implicated in CPP morphine acquisition. The first explanation could be that morphine
might activate KOR as well as μ opioid receptors (MOR). Indeed, it has been reported that morphine
is weakly selective to the MOR and possesses affinity to δ opioid receptors (DOR) and KORs [60,61].
This explanation is further supported by the fact that naloxone, a non-selective opioid antagonist, could
block the acquisition of morphine CPP [62]. However, the rewarding effects of morphine are abolished
in MOR-deficient animals [63], thereby showing that MOR gene product is the molecular target of
morphine in vivo. In addition, the k-opioid antagonist nor-binaltorphimine did not affect morphine
CPP [64]. Remarkably, it appears that DORs, rather than KORs, are implicated in the acquisition of
morphine reward; as the administration of the selective delta-2-opioid receptor antagonist naltriben
prior to morphine was able to block morphine-induced CPP [65], suggesting that this first explanation is
unlikely to occur. The second explanation might be that opioid receptor-mediated p38 phosphorylation
has also been demonstrated for MORs [66]. MOR opioids could to some extent induce activation of
p38 [67,68]. It is therefore plausible that inhibition of p38 signaling during morphine training could
abolish acquisition but not before the post-conditioning test, after that morphine acquisition was
already established.

In conclusion, understanding the molecular and cellular mechanisms that control stress-induced
behaviors could explain the neurobiological mechanisms involved in depression and addiction-like
behaviors and provides insight to potential therapeutic targets. Emerging evidence demonstrates
a role for p38 MAPK in depression, anxiety, and addiction relapse induced by stress. Targeting the
p38 MAPK pathway for therapeutic advantage might appear standard, given the broad range of
pathologies in which this pathway is implicated. However, the pathology-specific functions and targets
of p38 MAPK together with its interaction with other intracellular regulatory pathways initiates many
challenges to exploiting this pathway for therapeutic benefit [5]. Indeed, p38 MAPK inhibitors have
been studied extensively in both preclinical experiments and clinical trials for inflammatory diseases.
Here, we opine that p38 MAPK inhibitors are of growing interest as possible therapeutic interventions
against stress-related disorders by potentially increasing resilience against stress and addiction relapse
induced by adverse experiences.
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Abbreviations

ERK Extracellular signal-regulated protein kinases
JNK c-Jun N-terminal kinases
MAPK Mitogen-activated protein kinases
MKK MAP kinase kinase
NET Norepinephrine transporter
pp38 Phosphorylated p38
CHOP CCAAT/enhancer-binding protein-homologous protein
MAPKAP MAPK-activated protein
MEF2C Myocyte enhancer factor 2C
GS Glycogen synthase
GRK3 G-protein-coupled receptor kinase 3
CPP Conditioned place preference
KO Knock out
NAc Nucleus accumbens
i.p. Intraperitoneal
icv Intracerebroventricular
DRN Dorsal raphe nucleus
VTA Ventral tegmental area
CRF Corticotropin-releasing factor
KOR κ opioid receptor
αCRF Alpha helical CRF
VEH Vehicle
PFC Prefrontal cortex
LPS Lipopolysaccharide
CPA Conditioned place aversion
SERT Serotonin transporter
GR Glucocorticoid receptor
MOR μ opioid receptor
DOR δ opioid receptor
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