

















Int. ]. Mol. Sci. 2020, 21, 7412

which demonstrated that a lack of p38«x 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 Ca?* overload [79].
Pharmacological inhibition of p38 during ischemia-reperfusion induces cardioprotection by promoting
phospholamban phosphorylation, increasing the activity of sarcoplasmic reticulum Ca”*-ATPase
(SERCAZ2), and decreasing Ca?* overload [80]. The role of p38 in the control of intracellular Ca?* was
corroborated in H9¢2 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. Dualrole of p38 activation during preconditioning and ischemia-reperfusion injury. Activation
of p38p during preconditioning triggers pro-survival signaling pathways, whereas decreased p38x
activation during the ischemic episode leads to cardioprotection. On the other hand, ROS-induced p38x
activation during the ischemic insult triggers HIF1-« 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. 7 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-« 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-f 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 p38a 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 HE. However, mice with cardiac-specific p38« 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 p38« 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 Ca?* [102,105,107]. The mechanism underlying p38-mediated dampening of
Ca’”* 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 Ca?* [102]. Later work by Vahebi et al. showed that, rather than phosphorylation, p38 activation
promotes the dephosphorylation of a-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 «-tropomyosin and troponin I appears to be mediated by the
protein phosphatases PP2C-« and PP2C-, since p38, PP2C-«, and PP2C-f3 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 Ca?* handling. During cardiac contraction, a depolarizing action
potential promotes Ca2* release from the sarcoplasmic reticulum, a process known as excitation-contraction
coupling. Ca* enters the cell via L-type Ca?* channels and, in much lower amounts, via the Na*/Ca?*
exchanger (NCX) [109]. This Ca?* activates further sarcoplasmic reticulum Ca?* release via the
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Ca”*-triggered Ca?* release channel ryanodine receptor (RyR). The incoming cytosolic Ca?* binds
to the thin-filament protein troponin C, initiating myocyte contraction. For relaxation, calcium is removed
from the cytosol by the action of Ca?* transporters, mainly the sarcoplasmic/endoplasmic reticulum
Ca?*-ATPase 2 (SERCA2) and sarcolemmal NCX [109]. Human HF is characterized by the reduced
expression or activity of SERCA?2 [110], resulting in increased diastolic Ca?* concentrations due to
defects in cytosolic Ca?* 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 Ca?*/calmodulin-dependent protein kinase IT (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 Ca* 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 3-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 p38c [108]. Given that p38 also affects
the activity of PP2C- and PP2C-§3, 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].

p38wx also appears to participate in «-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 p38« [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 NcxI gene expression [121]. NCX1 activity and
expression is also increased in heart failure [110] and the increased NCX1 activity increases Ca?*
extrusion to preserve the reduced diastolic Ca>*. 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 Ca?* 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 Ca?* 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 p38a or p38«/f3.
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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-« and IL-6 in cardiomyocytes, differentiation of fibroblasts, and induction of TGF-f3
in cardiac myofibroblasts; (B) Reduced cardiac contractility due to dephosphorylation of a-tropomyosin
and troponin I via PP2C-o/PP2C-f3; (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.
T 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 7/~ 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 Glutl and Glut4 being
the major transporters in skeletal muscle. Whereas Glutl 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/TBC1D#4 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 (SAPKSs) 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 (PGCl«)

PGCl1e is a master metabolic co-factor of mitochondrial biogenesis. Itis 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. PGCl« 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 PGClx. Hence, p38 MAPK positively affects both the
transcription and activity of PGCl«.

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. ATEF2 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 PGCl«x [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 « (C/EBP«x)

This bZip transcription factor binds to DNA as a homodimer, or as a heterodimer with the
related proteins C/EBPP and C/EBPy, 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/EBPx, which regulates
whole-body glucose homeostasis [14]. Serine phosphorylation by p38 enhances C/EBP«x 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/EBP{, which induces peroxisome proliferator-activated receptor
gamma (PPARYy).

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 Pgcla genes [10,17,18].

1.2.5. Glycogen Synthase (GS)

It is the rate-limiting enzyme in the glycogen biosynthesis pathway. The {3 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 o (PPAR«)

PPAR« 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 (3 oxidation of fatty acids in
the liver and cardiomyocytes through the phosphorylation of PPAR« [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 (MKKG6(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,
«, 3, and y 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 Ca?*. The alpha subunit of the heterotrimeric AMPK is phosphorylated at Thr172
by liver kinase B1 (LKB1), by calcium/calmodulin-dependent protein kinase 3 (CaMKf3), 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 p38a/f3, 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 p38x and  [35,42]. However, other studies investigating adipocytes and myotubes
revealed an unexpected off-target activity of the p38«, 3 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 p38«, {3 inhibitors that are chemically unrelated to SB203580, and
the expression of a dominant-negative p38x mutant (p38AGF) reduced insulin-stimulated glucose
uptake [45]. In another study, activation of p38 MAPK by expressing constitutively active MKK6
(MKKG6E) upregulated Glutl 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]. Racl 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, p38y, 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, Glutl, or both, and the particular roles of the different isoforms in basal and stimulated
glucose uptake.

2.2. Mitochondrial Activities

The transcriptional coactivator PGCle is a crucial regulator of mitochondrial function, oxidative
metabolism, and energy homeostasis in a variety of tissues [52]. The expression of PGCla is induced in
muscle following endurance or resistance exercise [53]. Forced expression of PGC1e 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 PGCl« 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 & (ERR«), 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 PGCl«x.
Several inducible transcription factors rapidly and robustly increase PGClx 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-1a gene. These transcription
factors are phosphorylated and activated by p38 MAPK and by Ca?* signaling mediated by calcineurin
and CaMK pathways [58,59]. Therefore, several signaling pathways, including p38 MAPK, converge
onto Pgcla gene expression and muscle adaptation following exercise. Moreover, transgenic mice
with skeletal muscle-specific expression of active MKK6 express higher levels of PGClx and other
markers of mitochondrial biogenesis in fast-twitch muscle [56]. At another level, p38 MAPK directly
phosphorylates the PGC-1a protein to promote its stability and activity [8]. PGCla 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 PGCle [61,62]. These phosphorylation events stabilize PGClx and
drive its dissociation from the p160MBP repressor [8]. Forced expression of PGCla 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 PGC1« 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 PGClx. However, some results suggest otherwise; muscle-specific deletions of each p38 MAPK
isoform (, 3, v) indicated that none of the isoforms were required for exercise-induced slow fiber type
transformation [65]. Still, p38y MAPK was the only isoform required for endurance exercise-induced
mitochondrial biogenesis. Overexpression of a dominant-negative form of p38y MAPK, but not of
p38a MAPK or p383 MAPK, blocked contraction-induced Pcg-Ia transcription [65]. It was, therefore,
concluded that p38y 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 p38y MAPK is phosphorylated and activated in slow (soleus) but not in fast (gastrocnemius)
muscles. Loss of p38y 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 3 cells to secrete
more insulin. At later stages of the syndrome, increased insulin secretion induces ER stress, 3 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)x
produced insulin resistance associated with Ser307 phosphorylation, which was mediated by p38 o, 3
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 Glutl 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 p38«/p 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 (x, p or y) MAPK. At least one study pointed at p38y 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 PGClx a and PGC1f expression that entails the accumulation of lipid metabolites [78].
This result is unexpected given the reported role of p38 MAPK in increasing PGC1a expression/function
in contracting muscles. Insulin resistance associated with the elevated phosphorylation of JNK and
p38 MAPKSs was also observed in rat skeletal muscles after 6 h of hind limb immobilization [79].
Inflammatory cytokines such as TNFa and I1-6 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 TNF« produced insulin resistance dependent on the elevated activity of p38
MAPK [73]. TNFa-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 MAPKSs, 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 PPARex [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 TNFo-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 « and 3
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
PGCl« 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
PGClo-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 p38a MAPK and p383 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/Atroginl and Murfl 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 TNFa and I11-3, 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 p38«
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, Glutl, and Glut4. P38 MAPK also increases oxidative metabolism by inducing
the transcription and the activity of PGCl«, 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.

109



Int. ]. Mol. Sci. 2020, 21, 6480

Obesity Insulin

Basal Glucose uptake e 0 ® Fattyacnds Carbohydrates I IIR

L]
Glutl t
i —T FA-CoA y Glucose 5%\
DAG Ceramides l‘ﬁ (! IRS1 (P>

glutl gene - . e RQST : el ]

p38 MAPK e
FA-CoA B —Pyn*:ate
pgcla gene Pariny
_ S

b ‘.‘ ‘.‘

T 1 1

.'If 1 l 1
3 _5‘{/ = AMP
. Ca?t rost At

a 1 4 )

- . i /
Glugose . . S da‘htf‘aéﬁan *® |nduced Glucose uptake
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 Pgcla, Glut4 genes, and activates that of
the Glutl 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 Pgcla and Glut4 genes. Besides, p38
phosphorylates PGCla 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 Glutl 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 x-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 (Nay) [14,15], and voltage-gated CaZ* channels (Cay) [16,17]. Featured most prominently
in TLE pathologies are abnormalities in the function of voltage-gate K* channels (Ky), 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 K, channel
subunit underlying the rapidly activating and inactivating somatodendritic A-current (I5) 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 I, [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, p38«x, 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 I, 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 (1 = 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 (# = 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 I5 [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, f-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).

122



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

A

= = I —

5 E &= 5 S I3 83383
Kv4.2 i wa wu wm— 626D KV4.2 wew wod mt ot oot w— 62KD
Kv4.2-pT602 . ww wm— 62kD Kv4.2-pTE02 #% » o w= ww « « - «— 62kD

Kv4. 2pT607 ot wet west e~ 62D Kv4.2-0T607 & # & 4 hes £o4 + 0 1~ 62kD

| I
500 500
400 400
300 300

200 200

=
o
o

Kv4.2-T607 phosphorylation (% of Ctl)
<v4.2-T602 phosphorylation (% of Ctl)

0 5m 15m1h 3h 20h 5d 0 5m 15m1h 3h 20h 5d

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, 1 = 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, 1 = 3-8 in each group, f-test, * p < 0.05, ** p < 0.01, *** p < 0.001.
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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 um.
(B) High magnification images and line scan analysis of colocalization. Scale bar: 5 um. (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 um. (D) High magnification images showing Kv4.2 and pp38
colocalized in dendrites, as indicated with arrow heads. Scale bar: 5 um.

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 I 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 (34 h total
exposure). In response to stepped somatic current injections, we identified that treatment with 5 uM
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 uM
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).
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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 (1 = 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) 162+ 1.0 224+16 171 +0.77 178 +1.3
Rinput (MQ) 228.8 +18.2 2734 +19.7 23124134 228.9 +16.0
Time to AP Peak (ms) 0.84 +0.1 1.07 +0.1 09+0.1 0.89 + 0.1
AP amplitude (mV) 81.0+33 79.6 +3.7 76.7 +2.8 751+33
AP half-width (ms) 1.5+0.1 1.7+02 1.6 +0.1 1.6 +0.1
AP threshold (mV) -40.1+1.1 -359+15 -349+14° =377 +14
ap <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 I5. 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 uM 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 I4.

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 Pinl 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 Pinl 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]. Pinl’s long-lasting effect could eventually lead
to reduced availability of Kv4.2, which fits with the notion that seizure decreases I, 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 I5. 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 I4 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 Pinl 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/BL6]J 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/Bl6] 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 Image] within the linear range of detection, which is determined by using serial
dilutions of a representative sample.
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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 X 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 KC1, 28 NaHCO3, 1.25 NaH,POy, 7.5 Glucose, 0.5 CaCly, 4.5 MgCl,.
Brain hemispheres were dissected and mounted following a 45° cut of the dorsal cerebral hemisphere(s).
Modified transverse slices (300 um) were made by a Leica (Wetzlar, Germany, VT1200S) vibrating
microtome in ice-cold sucrose that was continuously bubbled with carbogen (95% O,/5% COy).
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 uM 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 (x1 °C). The ACSF consisted of the following (in mM): 125 NaCl, 2.5 KCI,
25 NaHCO3, 1.25 NaH, POy, 25 glucose, 2 CaCly, (pH 7.4). In select recordings, 5 uM 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 MQ) 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 KCI,
130 K-gluconate, 2 MgCl, 0.1 EGTA, 2 NayATP, 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 M() 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. ]. 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 (p38) 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 p38«x 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 p38c and
summarize the evidence that through modulating Rab5 activity there are therapeutic opportunities in
neurodegenerative diseases for p38« kinase inhibitors.

Keywords: p38 MAPK; p38x; Rab5; endosome; Alzheimer’s; Lewy Bodies; amyloid-f3; tau;
a-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 p38« isoform of p38 mitogen-activated protein kinase (MAPK), hence, can
be modulated by specific p38« inhibitors. The main objectives of this review are as follows: (1) we
briefly review the role of p38« 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 p38«; (4) we provide evidence that
through modulating Rabb activity there are therapeutic opportunities in neurodegenerative diseases
for brain-penetrant, selective p38« kinase inhibitors; and (5) we offer ideas for further investigations
to increase the understanding of the mechanism of action of p38« kinase inhibitors on Rab5 in
neurodegenerative disease.

2. Overview of the p38x 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 p38a/MAPK14, p383/MAPK11, p38y/MAPK12/ERK-6/SAPK3, and p386/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, p38x was discovered first as a stress-activated protein kinase that plays a central role in
inflammation [24,25]. P38« is also the best characterized isoform to date as a central nervous system
drug discovery target [19,26,27].

In the adult mouse, p38«x 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 p38a [28]. At the subcellular level, p38« is distributed in dendrites
and in cytoplasmic and nuclear regions of the cell body of neurons [28].

Many studies that have characterized p38« isoform function (frequently together with p3843
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 p38x 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 MAPKAPK?2 or MK2) [17,29].
In the classic pathway for activating the proinflammatory response, some studies showed that
inactive p38«x (as well as p38f3) is sequestered in the cytoplasm through its binding to MK2; upon
activation, p38a phosphorylates MK2, leading to its dissociation [17,29]. Once dissociated, p38x
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-kB-associated targets [17,29]. In terms of therapeutics development, this understanding has led to
a range of efforts to develop p38«x kinase inhibitors (many of them primarily inhibiting p38x and p38§3
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, p38a 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 p38« 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-Ibeta (IL-13) and tumor
necrosis factor alpha (TNF«) 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 p38« 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 p38c 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
P38« 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 Seclp-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 Rabb 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, a-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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Rabb5 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 p38« 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
Rabb, 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 (Af) 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 3-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 3-cleaved carboxy-terminal
fragment of APP, termed 3-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]. B-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 3-APP cleaving enzyme 1 (BACEL1) through genetic means in a transgenic mouse
model (Ts2) of DS normalized both APP-f3-CTF levels and Rabb 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 3-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, 3-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-Rabb) 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 Ap 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-3-CTFs, not AP, 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-p3-CTF, 3-CTF, A3, 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
P38« 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 p38« inhibition
as a therapeutic lever to reduce Rab5 activity. Note: A and 3-CTF are both derived from proteolytic
processing of APP.

4.2. Dysregulated Rab5 Associated with Abnormal a-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 «-synuclein (a pre-synaptic protein), has
also been linked to Rab5 [71,85,86]. Specifically, the neurotoxicity of a-synuclein was shown
to be dependent on Rab5-mediated entry into the cell via endocytosis [87,88]. Expression of a
GTPase-deficient Rabba protein led to a decrease in the cytotoxicity of a-synuclein through impairing
its endocytosis [87]. Rab5 also appears to play a role in intracellular trafficking of x-synuclein [89,90].
Additionally, studying embryonic cortical neurons from a mouse model of Parkinson’s disease,
transgenic overexpression of x-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 x-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 x-synuclein might also
play a role as driver of pathophysiology in AD [92]. Intriguingly, «-synuclein and APP appear to
be interconnected in terms of their activation of Rab5 and neurotoxicity, since genetic reduction of
endogenous x-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 (COORF72), 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
Hitt 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. p38x Is a Major Regulator of Rab5 Activity

It is well-established in the scientific literature that p38« 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, p38a 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-p38« 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 p opioid receptor
endocytosis in wild-type cells but not in p38a -/- cells [111]. In the same report, p38x 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 p38« increases Rab5 action. Both in the human kinase screen [109] and the u opioid
receptor endocytosis studies [111] it is noted that the effects of p38x on endocytosis are evident under
basal (physiologic) conditions, and not just under conditions of cellular stress, whereas the role of
P38« in relation to endocytosis has been suggested to be related to its role in responding to oxidative
stress [112]. Collectively, the studies indicate that p38«x regulates levels of both the basal and induced
Rabb5 activity, irrespective of other inputs to Rab5 activation state. As such, p38«x 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 Rabb5 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 p38«x Signaling

In parallel with Rab5 emerging as a therapeutic target for neurodegenerative disease, p38« 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 p38«x in the neuron is associated with formation of
pathological Af3-, inflammation- (e.g., IL-1) and tau-induced impaired synaptic plasticity (Figure 1),
as well dendritic spine loss [115-119]. Furthermore, studies in several distinct animal models driven
by Ap, inflammation, or tau showed that spatial learning and working memory deficits are reversed
with small molecule inhibitors of p38«x kinase activity [120-122], providing direct evidence that
inhibition of p38a 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 p38 «/f 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 p38«x 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., a-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 p38« in animal models of
neurodegenerative disease are via modulating Rab5 activity. However, several arguments suggest that
a major component of the therapeutic effects of p38« is through targeting Rabb5. 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, p38a 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
p38ox 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 p38« activity in neurons
reduces A production [125], while Rabb activation increases A production [127]. That is, aberrant
activation of either p38 MAPK [115,128] or Rab5 [79] are associated with increased A 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 p38« 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 p38c inhibitors in
aged tauopathy mice improved working memory and, at same time, reduced tau phosphorylation [122].
As p38« is not a major tau kinase [129], we believe that those results provide indirect evidence that
P38« inhibition reduces Rab5 activity in parallel with improving memory.

Recently [42], the effects of neuronal deficiency of p38« in neurodegenerative disease models were
further evaluated by mating human APP transgenic mice and human P301S Tau-transgenic mice with
mapk14-(gene for p38a)-floxed and neuron-specific Cre-knock-in mice. Deletion of p38a 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 Af3 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
p38« in these models regulated the transcription of calcium homeostasis genes and deletion of p38c
inhibited NMDA-triggered calcium influx in vitro [42].

More direct evidence on the contribution of Rab5 inhibition towards therapeutic effects of
p38«x 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 p38c inhibitor [37,134] rescued Rab5-positive-endosomal enlargement
and cholinergic neurodegeneration in a mouse model of DS (Ts2) as effectively as reversing elevated
APP-B-CTF levels [77]. The results directly support the role of p38a in regulating Rab5, as the
compound utilized had previously been shown by an independent academic research group to have
~25-fold selectivity for p38« (Kd = 2.8 nM) versus p38p (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 p38« 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 p38« was recently established in
studies that showed that p38« kinase inhibitors rescued the axonal transport defects in the SOD15%34
mouse model of ALS [40]. In those studies, p38 MAPKSs 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., p38«) was the sole isoform responsible for the SOD15%34
transport deficits and acute treatment with p38c inhibitors restored the physiological rate of axonal
retrograde transport in vivo in early symptomatic SOD15%34 mice [40].

-induced

7. Future Directions for Research and Prospects

From a therapeutics development perspective, the most relevant preclinical mechanistic study to
assess the potential of p38a inhibition as a treatment approach for Rab5-mediated neurodegenerative
disease would be to evaluate the effects of a p38« 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 p38x and Rab5 could be explored. For one, in the AD context, whether APPL1
and p38a 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 p38«
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 p38«x could have different upstream
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drivers; for example, p38ax being activated upstream by a well-known activator IL-13, rather than
by B-CTE. However, APPL1 has also been shown to act as a scaffold to the p38MAPK signaling
pathway [139] and so may act also upstream of p38«, 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 p38a inhibitors would be most active.

parallel sequential
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Figure 2. Potential models of relationships between APPL1, Rab5, and p38«.

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 p38c, or other
p38 MAPK isoforms, remain to be fully defined. With respect to the proinflammatory activity of
p38«, along with increasing cytokine production, activation of p38« 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 p38a (or p38 MAPK) signaling.

The ultimate proof of the therapeutic value of targeting Rab5 with p38x 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 p38« inhibitor neflamapimod in early-stage AD (https://clinicaltrials.
gov/ct2/show/NCT03402659). This study demonstrated the effectiveness of p38c 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 p38« 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 p38a 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 p38« inhibition as an approach to
treat neurodegenerative disease.
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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 A3
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 « 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 o inhibitor; Alzheimer’s disease; synaptic plasticity; neuroinflammation;
B-amyloid; Tau

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

The mitogen activated protein kinases (MAPKSs) 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 MAPKSs 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 («, B, v, and o) families [5]. The latter two are also known as the stress-related protein
kinases, because they are strongly activated in several pathologic processes, including (3-amyloid
neurodegeneration associated with Alzheimer’s disease [6-9]. In particular, mammalian cells are known
to express four different genes encoding p38 MAPK isoforms (p38«, p383, p38y, and p386), which
retain a high sequence homology between each other; p38o is 75% identical to p38(3 and shares 62% and
61% identical protein sequences with p38y and p389, respectively. In addition, p38y shares around 70%
identical sequence with the p386 isoform. Among them, p38«x and p38f3 are ubiquitously expressed and
are mainly involved in inflammatory disorders, whereas p38y and p385 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 (MKK®6), 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
P38y and p386 have made the elucidation of the biological roles played by these two p38 isoforms
compared to p38x and p38 more difficult. However, the use of knockout mouse models has allowed
for demonstrating, for example, that p38y can bind to the PDZ domain of a variety of proteins, such
as PSD95, and modulate their phosphorylation state [12-14], while p386 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 p38a and p383 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 p38«, while p38f is also highly expressed in glial cells [16]. Regarding their
subcellular localization in CA1 hippocampal neurons, p38c was found to be widely distributed in the
different neuronal compartments, including dendrites, cytoplasm, and nucleus, while p383 was mostly
localized at a nuclear level [2,17]. p38«x 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 p38« 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)-18 and tumor necrosis factor alpha (TNF-«) [35].
Moreover, translational studies identified p38 « 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 ocand (3 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 y and b 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,
AGE:s binding to the receptor for advanced glycation endproducts (RAGE) can turn on the Ras protein,
and predominantly lead to the activation of p38 « and (3 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 5100 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-13, the tumor
necrosis factor o, and IL-6, and to increase ROS production, microglial activation of the p38 « isoform
has been demonstrated to play a key role in the AB-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

157



Int. ]. Mol. Sci. 2020, 21, 5624

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 p38a 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 p38« is involved in activity-dependent glutamate release from astrocytes, contributing to
astrocyte-to-neuron communication [39]. The authors concluded that the activity of p38o 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 «-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-f 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 & 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-1f (IL-1p) against LTP in the rodent dentate gyrus [52].
In the CNS, IL-1f3 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
{-adrenoceptor agonist administration [56]. IL-1f 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-1f 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-1§3, other
pro-inflammatory cytokines have been shown to influence synaptic plasticity via p38 MAPK signaling,
such as tumor necrosis factor alpha (TNF-«). TNF-oc 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-a 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- (Af),
as well as neurofibrillary tangles containing the microtubule-associated protein tau [36]. A 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 A3 induced toxicity from
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this family [62]. In this regard, the Ap-induced synaptic dysfunction has been well characterized.
First, it has been demonstrated that either a synthetic form of A 1-42, in the nanomolar range,
or cell-derived naturally secreted A3 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 A3
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 AB-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 Af [63]. In subsequent studies, the differential activation of stress related
kinases, p38mapk, and JNK, involved in the progressive Af-dependent synaptic dysfunction, has been
investigated in entorhinal cortex slices. A concentration-dependent effect of A3 was described, with a
lower nM concentration that selectively impairs LTP through the neuronal activation of p38 MAPK [45],
while increasing A3 concentration up to 1 uM 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 A 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 A levels. Notably, A 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 A and trigger p38 MAPK cascade, the receptor for advanced glycation end-products
(RAGE) was identified as being capable of binding A{3, in monomeric, fibrillized, and oligomeric
forms, and to contribute to the progressive deleterious effects of the Ap (1-42) peptide on EC synaptic
function. In particular, Ap-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 AP 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 AB/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 Af 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 A 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 Af-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 A3 accumulation. The EP-mediated
signal transduction involved reactive oxygen species (ROS) and p38 MAPK, contributing to AB-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 p38x MAPK expression facilitates the lysosomal degradation of BACEI,
a key enzyme in A generation that is potentially up regulated by neuroinflammation. This led to
an attenuation of A} protein generation in the brain of APP/PS1 double transgenic mice, suggesting
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that p38a MAPK plays a role in the process of Af3 deposition in vivo [71]. Moreover, the selective
pharmacological inhibition of p38a MAPK was neuroprotective in either amyloid or tau models of
AD [46,68]. However, the role of p38a in neurodegeration can be different depending on the model.
A recent report demonstrated that neuron-specific p38x-knockout mice show increased levels of anxiety
in behaviour tests, an effect that was mediated by increased JNK activity [72].

The novel isoform selective p38a 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 p38a MAPK inhibition was capable of reducing LTP and memory deficits in the APP/PS1 Tg
model, whose main feature is represented by A 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 p38«
MAPK [25]. In addition, several inhibitors of p38x 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 « 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 p38y 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 A3
on glutamatergic neurotransmission [74,75].

4. Small Molecules Targeting p38a 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, p38a 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, p383, p38y, CK15, CKle, PDGFR, SRC, BLK, CDK5, CDK8, DDR1, DDR2, EPHAS3,
EPHA?7, EPHAS, EPHB2, FLT1, FRK, NTRK1, JNK1, JNK2, JNK3, KIT, MAP4K4, MRCKf{, PTK2§3,
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].

A. Representative p38aMAPK inhibitors B. MW150/MW108

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 uM. (A) Common off-target kinases among widely used p38x
MAPK inhibitors: VX-745 (neflamapimod) includes ABL1, ABL2, p38§3, PDGFR{3, and SRC; BIRB-796
includes BLK, CDK5, CDKS8, DDR1, DDR2, EPHA3, EPHA7, EPHAS, EPHB2, p38f p38y, FLT1, FRK,
NTRK1, JNK1, JNK2, JNK3, KIT, MAP4K4, MRCKf3, PTK2$3, RET, SLK, STK10, TIE1, TIE2, TNIK,
TRKB, TRKC, and ZAK; and SB203580 includes BRAF, CIT, CK15, CK1e, DMPK, GAK, JNK2, JNK3,
NLK, p38p, RIPK2, STK36, and TNIK. (B) MW150 and MW108 have IC50 <1 uM for p38x MAPK in
kinome-wide hierarchal screens.

Recent deliverables for p38ax 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 p38a MAPK replaced with p38a MAPK (T106M),
an active p38a 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 p38a MAPK that were not feasible previously.

The activation of p38x 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 p38c 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 p38x 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 p38a 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-1B interleukin-1p

TNFo 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 x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AR amyloid-f

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 (ERKSs), 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 MKKG6 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 MKKSs has been observed
among p38 isoforms, as evidenced by the inability of MKKS3 to effectively activate one isoform of p38,
p38B, while MKKG6 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 (p38«, p38§3, p38y, p385) with > 60% overall sequence homology and > 90% identity
within the kinase domains have been described in human tissues [2]. Of these, p38x and p38§ are
ubiquitously expressed while p38y and p385 are differentially expressed depending on tissue type [6].
Generally, p38x and p38 are highly expressed in the brain with p38«x being mainly expressed in
neuronal cells and p38{3 being highly expressed in both neuronal and glial cells [7]. At the subcellular
level, p38a is distributed in dendrites, in cytoplasmic and nuclear regions of the cell body of neurons,
in contrast to p38{ that is preferentially expressed in the nucleus of neurons [7].

e.g. Cellular stress, cytokines Extracellularstimuli

Upstream Activators

\ l
Phosphatases MKK 3/4/6 m

protein phosphatase 1 \L

protein phosphatase 2A
MAPK phosphatases P33w a8, pIRR, paSY, $I8E
Transcription Other
Factors proteins

ATF2 (MAPKAP)-2 Cdc25
CHOP GS
MEF2C

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 («, 3, 5, and y) 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).

Conditioned place preference (CPP)

DRUG SALINE

Baseline test Place conditioning CPP test
[: I Effects of p38 MAPK
inhibition on CPP acquisition
Effects of p38 MAPK
[:] ' inhibition on CPP expression
SALINE SALINE
E = l—::; Effects of p38 MAPK deletion
‘ Q, 2 ! i ‘/ - on stress or drug-induced
= - = reinstatement of CPP

Extinction test Reinstatement

DRUG

STRE or ;/

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

171



Int. ]. Mol. Sci. 2020, 21, 4833

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 p38« in the serotonergic neurons of the dorsal raphe
nucleus (DRN) [23] or the conditional knock-out of p38x MAPK in the dopaminergic neurons of
the ventral tegmental area (VTA) [24] does not affect cocaine CPP, suggesting that the deletion of
p38a does not alter the associative learning required for place preference or the rewarding properties
of cocaine. Interestingly, serotonergic p38x MAPK deletion blocked the reinstatement of cocaine
preference induced by stress, but not by cocaine priming, thereby showing that serotonergic p38c
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 naive 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 naive 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 [16]
preference (CPP)
Morphine SB203580 into the NAc prevented the acquisition but not the [17,18]
expression of morphine CPP
. . dampened the acquisition of
Morphine SB203580 i.p. 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 dde::;)?sf;sgil\fgl:fn? the did not affect cocaine CPP [23]
. conditional knock-out of p38o . .
Cocaine MAPK in the dopaminergic neurons did not affect cocaine CPP [24]
Cocaine serotonergic p38a MAPK deletion blocked the reinstatement of cocaine preference 23]
induced by stress
Cocaine serotonergic p38a MAPK deletion did not affect the reinstatement of cocaine 23]

preference induced by cocaine priming
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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 naive 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 naive 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 naive; ## 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 naive 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 naive 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 (« 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 o« 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 & 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].
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Figure 4. Effects of intracerebroventricular (icv) injections of vehicle, corticotropin-releasing factor
(CREF), and alpha-helical CRF (x 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. « CRF, alpha-helical CRF; VEH, vehicle * p < 0.05, ** p < 0.01, *** p < 0.001 different from VEH;
##H# 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 p38«x 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
. rats [17,18]

morphine CPP NAc 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)/[3-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
p38x 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 p38a dependent manner [23]. Stress-induced p38x 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 p38a MAPK in serotonergic neurons, LPS failed to elevate brain SERT activity despite
normal peripheral stress responses [52]. Moreover, p38x 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.
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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 p opioid receptors (MOR). Indeed, it has been reported that morphine
is weakly selective to the MOR and possesses affinity to 5 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

ip. Intraperitoneal

icv Intracerebroventricular

DRN Dorsal raphe nucleus

VTA Ventral tegmental area

CRF Corticotropin-releasing factor

KOR K opioid receptor

«CRF Alpha helical CRF

VEH Vehicle

PFC Prefrontal cortex

LPS Lipopolysaccharide

CPA Conditioned place aversion

SERT Serotonin transporter

GR Glucocorticoid receptor

MOR u opioid receptor

DOR 5 opioid receptor
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