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Introduction

Mitogen-activated protein kinases (MAPKs) belong to 
an important signalling pathway that regulate metabolic 
homeostasis. The MAPK pathway is a strict sensor of  
extracellular and intracellular fluctuations that may affect 
metabolic processes at the cellular, organ, or even organism 
level. This signalling arm acts as a signal transducer of  these 
changes from the cell surface into the nucleus to bring about a 

plethora of  cellular responses that aid in metabolic adaptation, 
thus maintaining normal cellular physiology. Broadly, MAPKs 
can be categorised into typical or atypical MAPKs.

Typical MAPKs
In mammalian cells, three typical MAPKs families have 
been identified, namely the conventional extracellular signal-
regulated protein kinase (ERK1/2), the c-Jun N-terminal 
kinase (JNK1/2/3), as well as the p38 (α, β, γ, δ) isoforms 
signalling cascades.[1] Typical MAPKs are recognised by three 
signalling cascade levels, where a stimulus is able to trigger 
the activation of  a Ser/Thr MAPK kinase kinase (MAPKKK) 
via phosphorylation, which in turn phosphorylates and 
activates MAPK kinases (MAPKKs). In the last step of  this 
three-tier cascade, MAPKK activation results in distinct 
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Physiological processes that govern the normal functioning of  mammalian cells are regulated by a myriad of  signalling pathways. Mammalian mitogen-
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and hypertension. These risk factors exacerbate the development of  obesity, diabetes, atherosclerosis, cardiovascular diseases, and hepatic diseases, which 
have accounted for an increase in the worldwide morbidity and mortality rate. This review aims to summarise recent findings that have implicated MAP 
kinase signalling in the development of  metabolic diseases, highlighting the potential therapeutic targets of  this pathway to be investigated further for the 
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dual phosphorylation of  a cognate tripeptide motif  (Thr-X-
Tyr) found within the MAP kinase domain activation loop. 
Phosphorylation of  the Thr and Tyr results in a conformational 
change in the activation loop, allowing the kinase active site 
to interact and activate MAPK. The amino acid (X) that is 

sandwiched between the conserved Thr and Tyr residues differs 
between the three typical MAPKs[2] (Figure 1). Previously, the 
major focus had been directed towards the three typical MAPKs. 
However, another MAPK, ERK5, has been classified and is 
increasingly being studied. ERK5 contains the same tripeptide 

Figure 1: Typical MAPKs pathways. Typical MAPKs pathways consist of ERK1/2, JNK1/2/3, p38α/β/γ/δ, as well as ERK5. Each pathway 
responds to several types of stimuli, albeit some are overlapping. The signal transduction pathways in typical MAPKs involve three organised 
sequential steps. A MAPKKK will be activated in response to a stimulus, which in turn will phosphorylate a downstream MAPKK. Following 
which, MAPKK will be activated and phosphorylated downstream MAPKs. The members of the MAPKKK, MAPKK and MAPKs are different in 
each pathway. Activated MAPKK will phosphorylate a conserved tripeptide motif present in the kinase domain of the MAPKs, which is necessary 
to activate MAPKs. This conserved tripeptide motif consists of Thr-(X)-Tyr, where X is an amino acid that defines the different typical MAPKs 
as shown. For simplicity, only a partial structure of the MAPKs with its respective kinase domains (indicated via various colours) are shown. 
Each MAPKs pathway, in response to differential stimuli, will in turn regulate a plethora of cellular responses. The figure was created using a 
BioRender online software.
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motif  as ERK1/2. However, ERK5 differs from ERK1/2 by 
the possession of  another transactivation domain that contains 
a nucleus localisation sequence at the carboxyl terminal, which 
is absent in the other three MAPKs families.[3]

ERK1/2 pathway
ERK1/2 is perhaps the most extensively studied MAPK 
pathway that mediates cellular proliferation, differentiation, and 
development through signalling cascades activated preferentially 
by interactions of  various growth factors, cytokines, reactive 
oxygen, and nitrogen species[4–6] on upstream receptors such 
as receptor tyrosine kinases (RTK),[7] G-protein coupled 
receptors (GPCRs),[8] as well as tumour necrosis factor 
receptors (TNFRs)[9] (Figure 1). Receptor dimerisation and 
autophosphorylation of  conserved tyrosine residues occur 
thereafter, serving as docking sites for adaptor proteins that 
contain the conserved Src Homology 2 (SH2) domain. The 
recruitment of  Son of  Sevenless (SOS) follows, which acts 
as the guanine nucleotide exchange factor (GEF) that induces 
the conversion of  RAS-GDP to RAS-GTP. Activated RAS-
GTP then triggers the recruitment and activation of  RAF,[10] 
and all RAF isoforms: namely A-RAF, B-RAF and C-RAF, 
are capable of  activating MEK1/2, which in turn activates 
ERK1/2 downstream achieved by phosphorylation of  their 
respective kinase domains.[11–13] Other typical MAPK families 
typically signal through similar mechanisms, only differing in 
their interacting partners involved (Figure 1).

The outcome of  activated ERK functions by phosphorylating 
a wide diversity of  substrates ranging from protein synthesis,[1] 
cellular proliferation and motility as well as promoting cellular 
migration,[7] to genomic stability by increasing DNA repair 
protein expression.[14,15] Activated ERK is able to exert pro-
survival effects by overexpressing anti-apoptotic factors such 
as c-FLIP and Bcl-XL whilst decreasing the expression of  pro-
apoptotic factors such as Bim and BAD.[16] Although the ERK 
signalling arm has been conversely reported in its implication 
together with the nuclear factor-κB (NF-κB) pathway induced 
brain injury via cell death,[17] neurodegeneration as well as 
excitotoxicity,[18] its phenomenon remains largely elusive and 
not completely understood.

On the contrary, ERK translocates to the nucleus upon 
activation and phosphorylate transcription factors such as 
Ets, Elk-1, SAP-1, and c-Myc to promote transcription, cell 
proliferation, and cell cycle progression.[1] Also, ERK can induce 
the transcriptional activation of  immediate early genes such 
as c-Fos, which play a significant role in cellular proliferation, 
differentiation, and survival.[19] Lastly, through the action 
of  Msk1, ERK is also found to be able to induce chromatin 
remodelling and this mechanism has been reported to be 
critical in affecting locomotion sensitivity to drug abuse such 
as cocaine.[20] The molecular basis of  ERK behind drug abuse 
development is something that cannot be easily discounted.

Besides having a critical role in mitogenic growth and 
development, ERK1/2 plays an integral role in other 
physiological processes in vivo (Table 1). ERK1 is more 

ubiquitously expressed across brain structures, whereas ERK2 
shows higher levels of  expression in the frontal brain. Besides 
being highly expressed in the brain, ERK1 is also highly 
expressed in the intestine and placenta, whereas ERK2 is highly 
expressed in the heart, thymus, and skeletal muscle.[1] ERK1 
has been identified to be important to the development and 
maintenance of  the immune system. Despite ERK1 knockout 
mice remaining viable and fertile, they displayed defective 
development of  thymocytes, resulting in an overall reduction in 
CD4+ and CD8+ T cells.[21] ERK1-deficient mice also display 
increased susceptibility to autoimmune encephalomyelitis.[22] In 
addition, ERK1 seems to play an important role in facilitating 
learning and long-term potentiation,[23] brain structure 
development,[24] as well as being involved in the behavioural 
regulation of  drug addiction.[20] In addition, ERK1 knockout 
mice display reduced adiposity and are protected against 
obesity and insulin resistance,[55] suggesting a link of  ERK1 
with metabolic maintenance. On the contrary, ERK2 knockout 
mice experience embryonic lethality and display defective 
trophoblast[26] and placental development,[27] hence suggesting 
an important role of  ERK2 in embryogenesis and reproductive 
processes. Additionally, both ERK1/2 has been reported to be 
important in dentate gyrus development as well as coordinating 
striatal motor functions.[24] Like ERK1, ERK2 is also involved 
in long-term memory formation and also helps to regulate 
social behaviours.[28]

JNK pathway
The JNK pathway (consisting of  JNK1/2/3), also known as 
stress activated protein kinase (SAPK), is strongly activated 
by various stress-related and genotoxic stimuli to regulate a 
myriad of  cellular responses, such as apoptosis, inflammation, 
and neural development[1] (Figure 1). JNK1/2 are ubiquitously 
expressed, whereas JNK3 is confined to tissues in neurons, 
testis, and cardiomyocytes.[56] JNKs are activated via the 
action of  upstream receptors such as RTKs,[57] GPCRs,[58] and 
cytokine receptors[59] similar to ERK. Besides Ras, the JNK 
pathway can be activated by Rho GTPases, such as Cdc42 and 
Rac. Downstream JNK activation involves the distinct three tier 
phosphorylation cascade as observed in ERK1/2, and occurs 
within the conserved tripeptide motif  (Thr–Pro–Tyr) located 
at the activation loop within the kinase domain by MAPKKs 
(MKK4 and MKK7)[1] (Figure 1).

Activated JNK undergoes nuclear translocation and 
phosphorylates c-Jun at its transactivation domain N-terminal 
tail at two distinct amino acid residues: Ser-63 and Ser-73.[60] 
This results in increased transcriptional activity of  c-Jun in 
genes with Activator protein-1 (AP-1) promoter sequences, 
such as Jun-B, Jun-D, activating transcription factor 2 (ATF2), 
p53, ELK1, Sap-1a, and even c-Jun1 itself, thereby creating 
a positive feedback loop directly, or through upregulation of  
c-Fos resulting in increased AP-1 expression.

JNK pathways are also critical in many physiological in vivo roles as 
demonstrated by knockout mouse studies (Table 1),[29–31,31,61–63] 
which portrayed differential roles in organ specificity. Moreover, 
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JNK1 and JNK2 knockout mice displayed overlapping 
phenotypes, suggesting functional redundancy between both 
JNK isoforms. Most notably, JNK2 deficient mice exhibited 
learning impairments and associations with Parkinson’s disease 
pathology,[31] with overlapping similarities in JNK3. In addition, 
contrary to its survival signalling axis, JNK regulated apoptosis 
and increased TH cell proliferation and differentiation has been 
reported extensively by studying JNK1-/- knockout mice. In 
another study, subjecting JNK3-/- mice to excitotoxicity resulted 
in the absence of  excitotoxicity-induced apoptosis in the 
hippocampus region.[41] These studies reveal the critical role of  
JNK in regulating apoptosis through various mechanisms. C-Jun 
transactivation coupled with AP-1 activity due to JNK activation 
has been shown to be able to upregulate pro-apoptotic protein 
expression, such as Bim. Moreover, mitochondrial translocation 
of  JNK, antagonises its phosphorylation of  Bcl-2 and Bcl-XL, 
thus disrupting anti-apoptotic functions. Furthermore, JNK 
can also decrease Smac/Diablo inhibition on caspases, as well 
as stimulating cytochrome-c release from the mitochondria via 
complementing the action of  Bid and Bax.[64]

p38 pathway
The p38 MAPK signalling pathway consists of  four isoforms, 
namely α, β, γ, and δ, which have a strong response to 
environmental stresses and inflammatory cytokines[65] 
(Figure 1), sharing overlapping stimuli with the JNK signalling 
pathway. p38α/β are ubiquitously expressed in mammalian 
cells, p38γ predominantly in skeletal muscle, and p38δ in 
the testis, kidney, pancreas and the small intestine and lung 
tissues.[43] p38 is also able to modulate stress responses 
via RTKs and GPCRS,[66] as well as plausible activation by 
Rho family of  small GTPases, playing important roles in 
development, cell cycle progression, and differentiation of  
adipocytes, neurons and cardiomyocytes.[65] While p38 and 
JNK pathways share numerous similarities, the three-tier 
phosphorylation cascade in their respective signalling pathway 
differs slightly[1] (Figure 1).

Activated p38 targets both the cytosol and nucleus, acting either 
directly or indirectly on its substrates. p38α/β isoforms can 
phosphorylate transcription factors such as Sap-1, p53, ATF2, 
and CHOP, as well as other proteins such as Tau and Cdc25 
directly. However, p38α/β is also able to induce the activation 
of  other protein kinases such as MSK1/2 and MNK1/2 which 
in turn regulate transcription factor CREB and ATF1, as well as 
other proteins such as Hsp27, eIF4E, and HMG-14,[1] eventually 
impacting cell cycle progression, differentiation, cytoskeleton 
remodelling, and metabolism.[66] p38 and its ability to induce 
apoptosis under certain circumstances has also been established, 
involving various mechanisms, such as phosphorylating pro-
apoptotic factor Bim.[43] In addition, cell cycle inhibition 
through upregulating CDK inhibitors or downregulating cyclins 
by p38, was observed in muscle differentiation.[65] Lastly, p38-/- 
mice displayed embryonic lethality, defective erythropoiesis,[66] 
defective placental development[44] and myelination,[45] as well 
as its possible involvement in colon and skin tumourigenesis.[67] 

These studies reveal the integral roles of  p38 pathways in many 
physiological processes (Table 1).

ERK5 pathway
ERK5, the fourth member of  the typical MAPK family, is 
termed the bug MAP kinase 1 (BMK1) due to its distinctive 
longer carboxyl-terminal transactivation domain tail, accounting 
for twice the molecular size of  other typical MAPKs (Figure 1). 
It is abundantly expressed specifically in the thymus, spleen 
and brain tissues, playing integral roles in the regulation of  
important physiological processes, such as cardiomyocyte and 
neural differentiation, embryonic development and cellular 
proliferation.[1]

ERK5 is activated by both stress-related and mitogenic stimuli, 
including osmotic and oxidative stress, as well as growth 
factors and serum. ERK5 signalling in response to these 
signals act through RTKs or GPCRs involving the three-step 
phosphorylation of  MEKK2/3, MEK5 and subsequently ERK5 
activation upon dual phosphorylation within the activation loop 
of  the kinase domain, as observed in ERK1/2.[3,68]

In the cytosol, ERK5 can activate the RSK family of  protein 
kinases, driving cellular proliferation and survival. In addition, it 
has been reported that ERK5 upregulates cyclin D1 expression, 
thereby promoting G1/S cell cycle progression. Moreover, 
nuclear translocation of  ERK5 then acts upon numerous 
substrates including Sap-1a, myocyte enhancer factor 2 
(MEF2), Bad, as well as immediate response genes c-Fos and 
c-Jun. Thus, it can be observed that ERK5 regulated responses 
share numerous similarities with ERK1/2.[1,3,68]

Physiologically at the organism level (Table 1), genetic ablation 
of  ERK5 in mice results in embryonic lethality, defective 
angiogenesis and cardiovascular development.[51] In adult 
ERK5 deleted mice, vascular and endothelial failures were 
observed, resulting in haemorrhages in various organs.[69] ERK5 
null mice also displayed defects in placental development,[70] 
whereas ERK5 deficient Xenopus resulted in craniofacial and 
cortical neuron differentiation defects.[71] The roles of  ERK5 
in cardiovascular development and maintenance, as well as 
developmental processes can be appreciated through these 
studies.

Atypical MAPKs
While the above-mentioned four typical MAPK families seem 
well-characterised and display an organised three step sequential 
phosphorylation cascade process, other atypical MAPKs 
families have been reported which are poorly understood and 
characterised, consisting of  ERK3/4, ERK7/8, as well as 
Nemo-like kinase (NLK).[72] These atypical MAPKs are defined 
without known stimuli or responses, or where their upstream 
kinases are poorly understood. The stimuli that activate 
ERK3/4/7/8 is still poorly characterised and both families 
also lack a distinct MAPKKK for activation. In the case of  
ERK7/8, their MAPKKs are poorly characterised and ERK7 
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undergoes self-phosphorylation to induce autoactivation, not 
observed in typical MAPKs. Furthermore, atypical kinases do 
not share the same tripeptide motif  (Thr–X–Tyr) within the 
kinase domain of  typical MAPKs families. While the domain 
sequence is similar between ERK7/8 and ERK5, ERK7/8 
falls under the category of  atypical MAPKs due to the poor 
characterisation of  its upstream and downstream targets. 
NLK is notably unique as it contains a tripeptide sequence 
of  Thr–Gln–Glu and a domain of  Ala–His–Glu at its amino 
terminal tail that is absent in all other families.[1,72] Given its 
poor mechanistic characterisation of  and physiological roles, 
this review will not be discussing the roles of  atypical MAPKs 
in metabolic disorders.

Regulation of MAPKs

The MAPK pathways respond to diverse stimuli to bring about 
a diversity of  cellular responses. Such complexities exhibited 
by the MAPK pathways are governed by intricate regulatory 
processes that account for the differential mechanism 
underlying each MAPK pathway. Many regulatory processes 
have been identified; namely the involvement of  scaffold 
proteins, action of  protein phosphatases (PPs), subcellular 
localisation of  MAPKs and their substrates, the presence 
of  cognate motifs found within substrates, as well as post-
translational modifications (Figure 2).

Scaffold proteins
Binary interactions of  multi-domain scaffold proteins within 
MAPKs pathway components were first identified in yeast. 
Apart from bringing together specific MAPKKKs, MAPKKs, 
and MAPKs components upon stimuli challenge, scaffold 
proteins are able to influence the localisation of  MAPKs and 
substrate action, segregating MAPK from other related or cross-
talk pathways, as well as controlling the degree and duration of  
MAPK signalling to bring about differential responses.[73]

In the RAF/MEK/ERK pathways, various scaffolds modulate 
distinct ERK pathway component activity. For instance, 
Kinase suppressor of  Ras (KSR) and β-arrestins can bind to 
C-Raf, MEK, and ERK for interaction. However, KSR binding 
restricts activated ERK to stay in the cytosol, thereby allowing 
ERK to act upon its cytosolic but not nuclear targets. On the 
contrary, β-arrestin complexes translocate to early endosomes 
to promote MAPK signalling. Therefore, involvement of  
scaffolds is important in determining the substrate types 
acted upon, as well as localisation differentiation. Another 
example, involving scaffold protein IQGAP1 participating 
in both EGF-mediated MAPK signalling and cytoskeleton 
modulation activates EGF-mediated MAPK pathway upon 
binding to B-Raf, Mek, and ERK. However, when IQGAP1 
interacts with Cdc42 and Rac1, the actin cytoskeleton 
modulation pathway is activated instead. Therefore, different 
signalling pathways can be segregated, depending on IQGAP1 
partners involved.[73]

In addition, scaffold proteins are also paramount in determining 
the kinetics and outcomes of  MAPK signalling, as well as 
specific types of  pathways activated in mediating cellular 
responses. Involvement of  scaffold protein Grb2 after EGF 
challenge results only in transient activation of  the pathway 
that drives cellular proliferation, whereas Rap1 involvement 
after nerve growth factor (NGF) challenge is longer-lasting.[73] 
In addition, both growth factors can also activate the JNK 
pathways, via the action of  JNK Interacting Protein (JIP).[74]

Protein phosphatases
Activation of  MAPKs requires the dual phosphorylation 
of  their conserved Thr and Tyr residues within the cognate 
tripeptide motif  as discussed above. As a result, inactivation 
of  MAPKs by the removal of  phosphorylation tags by 
phosphatases in these residues abrogate MAPKs activity. Many 
categories of  PPs have been identified, and can be distinctly 
characterised into serine/threonine phosphatases (PPs), 
tyrosine phosphatases (PTPs), as well as dual-specificity protein 
phosphatases (DUSPs).[75]

Both PPs and PTPs are mono amino acid phosphatases, 
acting at only one amino acid site (Ser/Thr/Tyr). PPs such as 
PP2A, help to inactivate MEK1 and MEK2 at Ser positions 
and ERK1/2 at Thr, and together with the action of  PTP, the 
phosphorylation tag at the Tyr position is also removed. As a 
result, an antagonistic effect is created by the single removal of  
phosphorylation in the components of  the three-tier MAPK 
phosphorylation cascade.[75]

Another group of  phosphatases, named DUSPs, simultaneously 
remove phosphorylation tags from two amino acids 
positions. Conventional types of  DUSPs, named Mitogen-
activated protein kinase phosphatases (MKPs), remove the 
phosphorylation from Thr and Tyr residues on activated 
MAPKs concurrently.[76]

MKPs were initially identified to have high sequence similarity 
to VH-1 genes found in vaccinia virus. MKPs can be further 
categorised into typical and atypical MKPs where each isoform 
in typical MPKs share similar structures. They each possess an 
N-terminal comprising a cluster of  basic residues, a Cdc25-
homology 2 (CH2) domain as well as a D-domain, which is 
required for the docking of  activated MAPKs to their substrates, 
which will be discussed in detail later. At the C-terminal, MKPs 
contain a cluster of  hydrophobic residues upstream of  a catalytic 
domain, which possess a conserved sequence of  DX26(V/L)
X(V/I)HcXAG(I/V)SrSXT(I/V)XXAY(L/I)M, where “X” 
is defined by any amino acid. Hence, this consensus sequence 
at the C-terminal lends diversity to MKPs, allowing them to 
regulate a wide array of  MAPKs activities. However, within 
the same consensus sequence, bolded amino acid is critical for 
the function of  MKPs.[77] There are ten isoforms of  MKPs, 
which are found to have substrate specificities and in different 
cellular localisation across the cytosol and nucleus. These ten 
isoforms of  MKPs can further be classified into three classes; 
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Figure 2: Regulations of MAPKs pathways. (1) The presence of different scaffold proteins help to sequester diverse combinations of MAPKs 
pathway components, which regulate the signalling of diverse combinations of downstream targets. Scaffold proteins are also important to deter-
mine the subcellular localisation of MAPKs pathway component, such as illustrated in the case of β-arrestins, where MAPKs components are 
shuttled towards early endosome for signalling. (2) MAPKs signalling cascades can be inactivated via the actions of phosphatases. Mono amino 
acid phosphatases such as PPs and PTPs catalyse the removal of phosphorylation tags from MAPKs and their components at only one amino 
acid sites (Ser/Thr/Tyr). On the contrary, DUSPs simultaneously remove phosphorylation tags from two amino acids positions. In MAPKs path-
ways, MKPs is a class of DUSPs, which remove phosphorylation from Thr and Tyr residues on activated MAPKs concurrently. (3) Localisation 
of MAPKs and their substrates are important not only in the regulation of the types of substrates they acted upon, but also in determining the 
specific cellular responses. Subcellular localisation of MAPKs and their substrates can provide a mode of spatial regulation. (4) Substrates of 
MAPKs signalling contain a phosphoacceptor motif, which is characterised by a distinct sequence of Ser/Thr-Pro amino acids, which is needed 
for the activation and function of MAPKs. Besides this cognate motif, MAPKs substrates contain specific domains called docking sites that are 
important in determining the specificity of interaction between activated MAPKs and their substrates. Substrates can either contain D-domain 
or DEF domains docking sites, which lend specificity to different types of MAPKs interactions. In some cases, substrates can also contain both 
D-domain and DEF domains. (5) MAPKs downstream effectors include transcription factors, which are prone to post-translational modification. 
The diverse combinations of post-translational modifications will bring about different transcription regulations. Overall, the tightly controlled reg-
ulatory mechanisms governing the MAPKs pathways help to regulate a myriad of cellular responses. The figure was created using a BioRender 
online software.
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the inducible nuclear MKPs (comprising DUSP1/2/4/5 
or MKP-1, PAC-1, MKP-2, and hVH3 respectively), the 
cytoplasmic MKPs (comprising DUSP6/7/9 or MKP-3, MKP-
X, and MKP-4 respectively, which have biased preference over 
ERK1/2 inactivation), as well as the last class with biased 
specificity towards JNK/p38 (comprising DUSP8/10/16 or 
hVH5, MKP-5,and MKP-7 respectively).[78] On the contrary, 
although atypical MKPs are identified to contain the highest 
sequence homology to the VH1 gene in vaccinia virus, their 
domain structures differ vastly from typical MKPs by lacking 
the CH2 domain present in the amino tails.[76] As there is a 
paucity in knowledge of  the mechanism of  action of  atypical 
MKPs, this class of  MKPs shall not be the focus in this review.

MKPs themselves are also tightly regulated via numerous 
mechanisms. Upon activation of  MAPKs on downstream 
gene transcription, MKPs can be encoded as part of  an 
immediate response gene product to deactivate MAPKs, 
thereby providing a negative feedback loop. Catalytically, MKPs 
can also serve as a form of  regulation. As functional MKPs 
require a critical cysteine residue within its catalytic domain, 
redox modulation is able to influence the state of  this residue, 
for instance, oxidation inactivates MKPs whereas reduction 
activates it.[79] Lastly, activated MKPs can also undergo post-
translational modification that will determine its kinetics and 
cellular localisation. For example, it has been reported that 
phosphorylation of  activated MKP-3 induces ubiquitination of  
MKP-3, thereby decreasing MKP-3 half-life and also reducing 
its activity within cells.[7] On the contrary, modifications such as 
the addition of  a myristoyl group to activated MKPs are able 
to induce the transport of  MKPs to the membrane, affecting 
subcellular localisation of  MKPs.[80] Overall, MKPs are 
particularly important in acting as molecular switches to turn 
off  activated MAPKs activity. MKPs play various important 
roles in many physiological processes, and aberration of  MKPs 
has led to the development of  many diseases. MKPs are also 
tightly regulated as regards their function, which further adds 
complexity to the understanding of  MKPs-mediated control 
over MAPKs.

Subcellular localisation of MAPKs and their 
substrates

Localisation of  MAPKs and their substrates are important 
not only in substrate regulation, but also in determining 
specific cellular responses. MAPKs have been reported to 
be concentrated at certain subcellular locations, regulating 
their interactions with their substrates. For example, activated 
ERK has been found to be shuttled to early endosomes via 
the action of  β-arrestins, whereas KSR mediates the assembly 
of  ERK components near the membrane, resulting in cellular 
component regulation.[74] As mentioned, subcellular localisation 
of  activated MAPKs also serves as potential regulators as they 
can only act upon substrates in the same localisation where they 
are concentrated. As discussed previously, activated MAPKs 
can act upon substrates in the cytosol or the nucleus. Precise 

signalling and interaction results in these MAPKs activating their 
substrates in their respective locations, resulting in differential 
durations and responses.[74,76] Hence the subcellular localisation 
of  MAPKs and their substrates may provide a mode of  spatial 
regulation.

Cognate motifs within substrates
Activated MAPKs can act upon numerous substrates either 
in the cytosol or the nucleus. However, activated MAPKs can 
display substrate specificity, which helps to regulate a plethora 
of  distinct cellular responses. This substrate specificity is 
achieved via cognate motifs found within the substrates that 
can recognise specific activated MAPKs, facilitating their 
interactions and mediating downstream responses.

Substrates of  MAPKs signalling contain a phosphoacceptor 
motif, characterised by the distinct sequence of  Ser/Thr-
Pro amino acids needed for MAPKs activation and function. 
Besides this cognate motif, MAPKs substrates contain specific 
domains called docking sites that are important in determining 
the specificity of  interactions between activated MAPKs and 
their substrates.[81] Many different types of  docking sites have 
been identified and their discovery improves our current 
knowledge in explaining the complex mechanism behind 
MAPKs signalling.

One prominent docking site present in the substrates is 
the D-domain, also known as the δ domain. This domain is 
characterised by basic residue islands upstream of  a cognate 
motif  that is normally Leu–X–Leu or a triplet of  hydrophobic 
residues. The variation in the amino acid at the “X” position 
of  the motif, as well as the spacing between the first and 
last residue of  the motif  lend specificity to the substrate, in 
turn determining the specific interaction with a MAPK.[82] 
For instance, Elk-1 is one of  the substrates that contain a 
D-domain, sharing a similar docking site for JNK and ERK. 
Moreover, another docking site termed the DEF domain has 
been identified. The DEF domain contains the characteristic 
Phe/Tyr–X–Phe/Tyr–Pro, which is recognised by a specific 
ERK and p38α isoform. In addition, there exists many other 
motifs yet to be fully characterised[1,81] Given the diverse 
combinations of  motifs that each substrate can contain, this 
will generate a repertoire of  substrate possibilities that are 
specific for different MAPKs, hence regulating the diverse 
cellular responses that MAPKs pathways are able to mediate.

Post-translational modifications
Most MAPKs pathway downstream effectors include the 
involvement of  transcription factors, which regulate gene 
responses after activation of  the pathways. These transcription 
factors are susceptible to post-translational modifications that 
will determine their cellular fate. These modifications regulate 
the transcription factors’ interacting partners and complex 
assembly, which in turn will affect the type and duration 
of  gene responses that are mediated. For example, Elk-1 
transcription factor is a downstream effector of  the ERK and 
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p38 pathway. In the absence of  stimuli, Elk-1 is sumoylated, 
which allows it to be associated with HDAC2, a co-repressor, 
and thus Elk-1-mediated response genes are switched off. 
When the ERK pathway is activated, activated ERK is able 
to induce the phosphorylation of  Elk-1, abrogating the 
sumoylation status of  Elk-1 and allows histone deacetylases 
(HDAC-2) to dissociate, thereby switching on Elk-1-mediated 
gene transcription.[83] However, upon different stimuli such as 
stress signals, which activate the p38 pathway, activated p38 is 
able to induce the phosphorylation of  both Elk-1 and another 
co-protein PIASxα.[84] When both the transcription factor 
and co-protein are phosphorylated, Elk-1 is able to retain its 
sumoylation status but is not able to induce gene transcription 
as effective as the phosphorylation of  Elk-1 exclusively. As 
such, Elk-1-mediated gene transcription is partially active 
under stressful stimuli. Besides sumoylation, acetylation status 
has also been found to recruit either histone acetyltransferase 
(HATs) or HDACs, which are commonly a co-activator and a 
co-repressor, respectively. Acetylation of  transcription factors 
normally recruits HATs, which turn on gene transcription 
whereas recruitment of  HDAC leads to the opposite 
results.[82] Hence, acetylation serves as a useful switch for 
gene transcription through the recruitment of  transcriptional 
complexes. Here, we attempt to use a few examples of  post-
translational modifications to illustrate the regulation of  the 
MAPKs pathways. Given the existence of  many different post-
translational modification types, the complexities behind these 
regulations make the understanding of  MAPKs signalling very 
profound.

MAPKs Pathways Involvement in 
Metabolic Disorders

Metabolic disorders are diseases that arise due to disruptions 
in normal metabolic processes and have become a rising 
concern in recent years due to their associated high morbidity 
and mortality in populations. However, complexities arise 
when these disorders also have comorbidity aspects where one 
disorder may be the risk factor for the accelerated development 
of  other metabolic disorders. As a result, the development 
of  a cluster of  metabolic disorders is particularly prevalent, 
resulting in a metabolic syndrome, in turn greatly increasing 
the risk of  patients suffering from cardiovascular diseases, 
diabetes, hepatic diseases, atherosclerosis, and even stroke.[85] 
While these disorders have plagued different populations and 
have placed great stress on both social and economic sectors 
of  countries, the origin and development of  these diseases 
are still not well understood. The MAPKs pathways are 
fundamentally important in regulating normal physiological 
processes and have also been identified to be an integral 
player in maintaining metabolic adaptation. Disruption of  
these pathways has been reported to be associated with the 
development of  metabolic disorders. As a result, the molecular 
mechanisms of  MAPKs and their regulations are important 
in understanding the pathogenesis of  these diseases and 
hopefully highlights the potential therapeutic targets of  the 

MAPKs pathway that can be quickly discovered from future 
investigations.[86]

MAPKs in obesity and diabetes
Obesity is a worldwide epidemic characterised by excessive fat 
accumulation that eventually disrupts the normal functioning 
of  health. Obesity has been identified to be an important risk 
factor for the development of  other diseases, such as diabetes, 
cardiovascular diseases, as well as cancer.[25] Regulation of  
adipose tissue formation and differentiation helps to maintain 
normal adiposity in the body. Aberration in this regulation 
has been shown to lead to hyperplasia of  adipose tissues, 
exacerbating the development of  obesity (Table 2).

On the contrary, diabetes mellitus (DM) is characterised 
by a hyperglycaemic state, where high glucose levels can 
be observed in the blood over prolonged periods of  time. 
There are two different types of  DM; namely type I diabetes, 
characterised by an autoimmune disorder where pancreatic 
β-cells producing insulin are being attacked and destroyed by 
autoreactive immune cells. Absolute insulin deficiency occurs 
as a result leading to the disruption of  glucose homeostasis. 
Meanwhile, type II diabetes is characterised by insulin resistance 
and impaired insulin secretion, often regarded as a metabolic 
disorder due to pancreatic β-cells dysfunction. Type II DM 
has many established risk factors, among which is obesity. 
Obesity-induced insulin resistance is a major risk factor for the 
development of  diabetes.[86] The MAPKs signalling pathway 
is implicated in insulin signalling by regulating the action 
of  insulin receptors. Upon activation by insulin, the activated 
insulin receptor recruits either adaptor proteins, Grb2, or 
insulin receptor substrate (IRS), which in turn activates 
downstream ERK/p38/JNK pathways, thus regulating glucose 
homeostasis.[10,129] Similarly, an aberration in MAPKs signalling 
pathway has been implicated in the development of  DM, 
and complications arise when the risk of  developing DM is 
confounded by obesity (Table 2).

ERKs in obesity and diabetes
Involvement of  the MAPKs pathway in the regulation of  
adipose tissue formation and differentiation was first identified 
by in vitro studies using 3T3-LI fibroblast cells. Adipogenesis 
in 3T3-LI fibroblast cells involve the activation of  MEK1 and 
ERK1 pathways. Treatment of  MEK1-specific inhibitor U0126 
resulted in the abrogation of  ERK1 activation and impairment 
of  adipogenesis. In addition, transcriptional expression of  
peroxisome proliferator-activated receptor (PPARγ), CCAAR/
enhancer-binding protein (C/EBP), as well as, perilipin 
and adipocyte-specific fatty acid binding protein (aP2) were 
decreased upon treatment with U0126.[87] As a result, this 
study illustrates that adipogenesis requires the activation of  
ERK for the transcriptional activation of  genes important for 
adipogenesis including PPARγ, C/EBP, and aP2. However, it 
was reported that the involvement of  ERK in adipogenesis 
has a temporal regulation, where ERK activation is required at 
the early stage of  adipogenesis for proliferation of  adipocytes, 
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whereas ERK is subsequently switched off  during adipocyte 
differentiation.[25]

In addition, in vivo studies were performed to investigate the 
associations between MAPKs and the development of  obesity. 
Bost et al.[25] described that ERK1 knockout mice display 
reduced adipogenesis, protection from obesity and insulin 
resistance.[25] However, it is impossible to investigate the role 
of  ERK2 on obesity as the deletion of  ERK2 in mice led 
to embryonic lethality.[26] When an ERK pathway inhibitor 
is administered in ERK1 knockout mice, no impairment in 
adipogenesis was observed, suggesting that ERK2 is not 
required for adipogenesis.[130]

Interestingly, ERK5 signalling seemed to be important in 
regulating the opposite functions as compared to other MAPKs. 
Mice deficient in ERK5 show increased food intake and as a 
result, demonstrate increased adiposity.[88] Another study also 
reported implications behind type II DM and obesity due to 
ERK5 deficiency specifically in leptin receptor (LepR)-expressing 
neurons of  female mice showing impaired glucose tolerance, food 
intake, energy expenditure, and decreased physical activity.[131] 
Furthermore, studies on regulators of  the MAPKs pathway 
can also help to account for the molecular mechanism behind 
obesity. For instance, a study on MKP-1 showed that MKP-1 
knockout mice had lower ERK activation and manifested better 
protection against the development of  obesity when fed with 
a chow diet as compared to wild type, and displayed reduced 
adiposity.[91] However, inhibition of  MKP-1 using antisense 
oligonucleotides resulted in the sustained activation of  ERK1, 
which led to reduced adiposity, contrary to findings reported 
in MKP-1 knockout mice. This may be due to the temporal 
regulation of  ERK in adipogenesis and differentiation. Overall, 
the roles of  MKP-1 in influencing the risks of  developing obesity 
highlights the potential of  aberrant regulation of  ERK leading to 
disease development. As such, there should be focus in including 
the plausible roles of  regulators of  the MAPKs pathway in their 
potential to cause diseases.

On the contrary, the molecular link between ERKs and insulin 
signalling has now been established. ERK1 knockout mice 
displayed protection against insulin resistance,[55] and ERK 
is elevated in adipocytes of  type II DM patients.[52] Similarly, 
the ERK1 adaptor, p62, has also been implicated in insulin 
resistance. p62 is a negative regulator of  ERK1, and the 
absence of  p62 has been reported to result in insulin resistance, 
which coincides with earlier findings that activation of  ERK1 
promotes the development of  obesity and diabetes.[97] However, 
complexities arise again when ERK1/2 signalling is reported to 
improve β-cell function in the pancreas via proliferation, and 
thereby improves insulin sensitivity.[94] Thus, ERK seems to be 
involved in the modulation of  insulin resistance and what it 
contributes to the development of  DM may be organ specific.

JNKs in obesity and diabetes
JNK1 knockout mice, but not JNK2 knockout mice, 
display protection against diet-induced obesity and insulin 

resistance.[25,32,62] Furthermore, JIP1-deficient mice exhibit 
protection against diet-induced obesity when fed a high-fat diet 
(HFD). By interacting with JNK and subsequently resulting in 
JNK activation, JIP1 is able to modulate adipogenesis in obese 
mice.[92] As such, the scaffold protein is also important in the 
regulation of  adipogenesis. Taken together, this provides novel 
insight that JNK1 is an important regulator of  adipogenesis 
and may serve as a potential therapeutic target to attenuate the 
development of  obesity.

Moreover, JNK has also been shown to contribute to insulin 
resistance, exacerbating the development of  DM. JNK is found 
to be elevated in adipocytes of  type II diabetic patients,[52] 
and JNK2 knockout mice have also been reported to show 
reduced type I diabetes symptoms and insulitis.[36] Moreover, 
in conjunction with the findings that JNK and JIP1 deficiency 
resulted in protection against development of  obesity, insulin 
sensitivity is also observed in both knockout mice models. 
Both JNK and JIP1 induce phosphorylation of  Ser residues 
in adaptor IRS, which is known to contribute to insulin 
resistance. The absence of  both components may thereby 
attenuate insulin resistance. JNK participation in pancreatic cell 
regulation of  insulin secretion has also been reported. Under 
diabetic conditions, oxidative stress is induced, which in turn 
activates this stress-related response pathway. Prolonged JNK 
activation has been shown to lead to β-cell failure and thereby 
reducing insulin secretion overall.[92] As a result, given the 
significant contributions of  JNK in DM, it is therefore crucial 
to investigate this aspect further.

p38 in obesity and diabetes
To investigate the plausible roles of  the p38 pathway in 
adipogenesis, a p38 inhibitor, SB203580, was administered to 
3T3-LI fibroblast cells whereby adipogenesis was decreased via a 
reduction in C/EBPβ transcription. Bone morphogenic protein 
2 (BMP-2) challenge coupled with p38 inhibitor administration 
reveals the roles of  p38 in regulating adipogenesis via the action 
of  PPARγ transcriptional activation.[132] Lastly, overexpression 
of  MKK6 also induces adipogenesis.[89] Taken together, these 
studies describe the positive roles of  p38 in adipogenesis. 
Furthermore, p38 has been implicated in the development of  
diabetes. As p38 knockout mice display embryonic lethality, 
in vitro studies using L6 muscle myotube cell lines and 3T3-L1 
adipocytes demonstrate the roles of  p38 in regulating glucose 
transport, as inhibitor studies using p38 inhibitor SB202190 or 
SB203580 resulted in an overall decrease in glucose transport 
into the cells. p38 has been found to regulate the expression 
of  glucose transporter GLUT4 onto the membrane surface 
for glucose uptake in response to insulin. Hence, this suggests 
a plausible role in that p38 signalling may be able to explain 
insulin resistance and the lack of  glucose uptake in type II 
diabetes.[95] Furthermore, another study found the activation of  
p38 signalling through hepatic neuronal nitric oxide synthase 
(nNOS) overexpression in HFD obese mice exacerbated 
glucose tolerance, intrahepatic lipid accumulation through 
increased triglyceride production, as well as decreased glycogen 
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storage. These phenotypes manifested via a downregulation 
of  hepatic expression of  insulin signalling molecules namely 
p-IRbeta, p-Akt, and p-GSK3beta. This results in hepatic 
insulin resistance and diabetes, with further metabolic related 
pathological correlates to hepatic steatosis and non-alcoholic 
fatty liver disease (NAFLD).[133] However, in another study, 
when 3T3-L1 adipocytes are isolated from type II diabetic 
patients, it was observed that there is an increased level of  
MAPKs signalling as well as p38 activation. This was responsible 
for the downregulation of  GLUT4 expression on the plasma 
membrane eventually leading to insulin resistance and decreased 
glucose transport.[90] This observation was consistent with 
other findings that p38 was elevated in adipocytes of  type II 
diabetic patients.[52] However, in both studies, controversial data 
highlighted the complexities behind p38-mediated regulation 
of  glucose transport due to insulin stimulation, and as such, 
p38 and its lack of  good in vivo models have resulted in a lack of  
understanding in explaining the molecular mechanism behind 
the development of  insulin resistance.

Other MKPs in obesity and diabetes
While several studies have been conducted on MKPs regulation 
on different MAPKs, as well as their contribution towards the 
development of  both obesity and diabetes, other MKPs studies 
exist that have yet to establish the type of  MAPKs it regulates. 
However, studies on these MKPs also reveal plausible roles 
towards the manifestation of  obesity and diabetes. In one 
finding, MKP-3 knockout mice were found to be resistant 
to diet-induced obesity and displayed improved insulin 
sensitivity.[98] Conversely, MKP-5 knockout mice develop 
visceral obesity and insulin resistance with ageing, suggesting 
its beneficial role in the development of  obesity-associated 
metabolic disorders.[99] MKP-5 has also been shown in obese 
mice to promote macrophage switching from M1 to M2, thus 
increasing the expression of  anti-inflammatory mediators 
involved in obesity-induced adipose tissue inflammation, thus 
potentially reducing obesity, insulin resistance and type II 
DM.[101,102] In addition, MKP-4 was found to have protective 
effects against insulin resistance.[100] From these studies, we can 
observe that different MKPs participate in the development of  
adipogenesis and insulin resistance distinctly. However, more 
focused studies need to be conducted to understand the types of  
MAPKs these MKPs regulate to have a better understanding of  
the molecular mechanism behind the basis of  MKP-mediated 
regulation towards the contribution of  obesity and diabetes.

In summary, the MAPKs pathway plays important roles 
in regulating adipogenesis and insulin sensitivity under 
normal physiological processes. Dysregulation of  the axis 
of  MAPKs pathways, either through the core components 
or their regulators, has resulted in altered adipogenesis and 
adipose tissue homeostasis, which subsequently increased the 
risk of  the development of  obesity and diabetes. However, 
many complexities are interwoven within the pathways 
that may produce numerous controversial results. To add 
to the complexities, the development of  diabetes is often 
confounded by other risk factors, which may manifest as a 

result of  a conundrum of  signalling pathways. As a result, it is 
paramount to consider the relative contributions of  cross-talks 
between various pathways for better identification of  potential 
therapeutic targets.

MAPKs in cardiovascular health
Atherosclerosis is an important pathological process that 
has been determined to be a major risk factor towards the 
development of  cardiovascular diseases. The development of  
atherosclerosis involves contributions from many cell types. 
However, the roles of  foam cells in contributing to plaque 
formation have been identified to be a major contributor, and 
therefore many studies have focused on this cell type. The roles 
of  MAPKs pathways have been heavily implicated in foam 
cells development and have been identified via both in vitro and 
in vivo studies. Moreover, MAPKs signalling is important for 
the normal physiological maintenance of  the heart. Abnormal 
activities of  MAPK signalling have been reported to contribute 
importantly towards the development of  cardiovascular 
diseases.[114] Additionally, MAPKs have also been implicated in 
exacerbating stroke (haemorrhagic and ischaemic) damage.[114]

ERKs in cardiovascular health
In the milieu of  ERK involvement in foam cell maintenance, 
treatment of  mouse macrophages with oxidised low-density 
lipoprotein (ox-LDL), a method of  triggering foam cell formation, 
resulted in sustained activation of  ERK1/2. However, treatment 
of  ERK inhibitor PD98059 has shown limited significant impact 
on foam cell formation, suggesting that ERK may not be an 
important contributor to the formation of  foam cells.[114]

The RAF/MEK/ERK pathway has been reported to be 
implicated in the development of  cardiac hypertrophy. 
Administration of  MEK1/2 inhibitor U0126 or RAF inhibitor 
SB-386023 resulted in the reduction in cardiac hypertrophy.[107] 
In addition, Grb2 heterogenous knockout mice also showed 
resistance to cardiac hypertrophy.[118] However, ERK1 
knockout mice and ERK2 heterogeneous knockout mice 
still displayed cardiac hypertrophy, suggesting that other 
molecules associated with the pathway, rather than ERK1/2 
themselves, may be more important in mediating the cardiac 
hypertrophic response.[108] On the contrary, overexpression 
of  MEK1 in mice display cardiac hypertrophy,[109] whereas 
overexpression of  MKP-3 which resulted in the reduction in 
ERK1/2 activation also showed signs of  hypertrophy, thus 
coinciding with the findings that ERK1/2 may not directly 
participate in cardiac hypertrophy.[119] Besides that, in vitro and 
in vivo studies have also illustrated that via the axis of  RAS/
RAF/MEK/ERK, ion modulators can be altered, resulting 
in defective sarcoplasmic reticulum calcium homeostasis and 
this pathological cardiac remodelling provides a basis towards 
hypertrophic cardiomyopathy, which is often fatal.[114]

In addition, ERK5 has not been extensively studied in the 
development of  cardiac hypertrophy. ERK5 activation was 
detected in aortic smooth muscle cells in cardiac hypertrophic 
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patients. Genetic deletion of  ERK5 as well as administration 
of  ERK5 inhibitor BIX02189 display attenuation of  cardiac 
hypertrophy.[53] As discussed above, ERK5 plays an important 
physiological role in maintaining cardiovascular development 
as well as vascular integrity. MEK5 constitutive expression 
in transgenic mice showed increased cardiac hypertrophic 
responses, however, upon ischaemic/reperfusion injury, 
constitutive expressed MEK5 transgenic mice inhibited cardiac 
injury via the activation of  ERK5.[119] From these findings, 
even though the study of  ERK5 is still in its infancy stage, it 
can be observed that ERK5 displays an intricate relationship 
with heart physiology and development, and much more needs 
to be done to fully understand its roles. In addition, ERK1/2 
have also been found to be elevated following ischaemic 
stroke. However, the roles of  ERK1/2 signalling have been 
identified to be controversial. ERK1/2 activation can be 
deemed as neuroprotective by upregulating growth factors 
or even inducing hypothermia following ischaemia to reduce 
damage. On the contrary, sustained activation of  ERK1/2 has 
been associated with continuous inflammation and cerebral 
cell death, and thereby exacerbates the damage induced by 
ischaemia.[114] Our group has also previously established 
that inhibition of  ERK signalling pathway in neuronal cells 
subjected to ischaemic conditions resulted in a decrease in the 
expression of  NLRP1 and NLRP3 inflammasomes, which in 
turn reduces the expression of  inflammatory precursors and 
proteins such as interleukin(IL)-1β and IL-18.[134] As such, 
given the controversial nature of  ERK1/2 in ischaemic stroke, 
careful consideration needs to be taken to choose ERK1/2 as 
potential therapeutic targets for ischaemic stroke as toxicity 
may result due to our lack of  understanding of  ERK1/2 roles.

JNKs in cardiovascular health
The JNK pathways have been implicated in foam cell 
formation. Like ERK, treatment of  mouse macrophages with 
ox-LDL resulted in sustained activation of  JNK1/2 pathways. 
Treatment of  JNK inhibitor SP600125 in different macrophage 
cell lines block foam cell formation, demonstrating the possible 
contribution of  JNK in the formation of  foam cells.[103] 
Moreover, JNK1/2 knockout mice displayed resistance to 
atherosclerosis development after being fed a high-cholesterol 
diet.[105] In JNK2 knockout mice, while the cellular contributions 
towards lesion formation remain the same, the atherosclerotic 
lesion found in these animals was smaller.[135] Conversely, the 
roles of  JNK pathways in mediating cardiac hypertrophic 
responses are much less understood. JNK1/2/3 knockout mice 
display cardiac hypertrophy response, which is also displayed 
by wild type mice. Notably, JNK1 knockout mice exhibited 
lower left ventricular systolic function during pressure overload 
before returning to basal levels, suggesting that JNK1 may be 
cardioprotective with respect to cardiac hypertrophy.[115] On 
the contrary, overexpression of  upstream JNK component, 
MKK7, resulted in congestive heart failure in mice but not 
hypertrophy.[109] However, this finding is inconsistent with 
studies on MKK4 showing that cardiomyocytes with JNK 
overactivation via MKK4 resulted in cardiac hypertrophy, 

whereas the dominant negative mutant form of  MKK4 reduced 
hypertrophic responses.[109,116] Given that JNK involvement is 
inconsistent in both in vitro and in vivo studies, the molecular 
mechanism of  JNK in the development of  cardiac hypertrophy 
is still unclear. However, the roles of  JNK in the process of  
cardiac remodelling is much better understood, where JNK 
pathway activation in the heart has resulted in cardiomyopathy 
and extracellular matrix remodelling. JNK1 knockout in the 
heart of  mice resulted in elevated cardiac fibrosis when subjected 
to pressure overload,[136] whereas treatment of  JNK inhibitor 
SP600125 to dilated cardiomyopathy in hamsters resulted in 
increased apoptosis and fibrosis.[111] Moreover, in aortic banded 
rats, treatment of  all trans-retinoic acid to rats inhibit MAPK 
signalling, including the JNK pathway, via the upregulation of  
MKP-1/2, which in turn prevent the development of  cardiac 
remodelling.[111] Indeed, the roles of  MKP-1/2 have been 
widely associated with cardioprotective functions. MKP-1 
knockout mice results in limited cardiac hypertrophic response 
as compared to their wild type counterpart, whereas MKP-
1/2 double knockout mice display immense hypertrophic 
responses.[109] As such, the roles of  MKP-1/2 in the protection 
against these pathologies seem to be a potential therapeutic 
target to study. In the area of  stroke pathogenesis, our study 
has previously established that inhibition of  p38 signalling 
pathway in neuronal cells subjected to ischaemic conditions 
also resulted in a decrease in the expression of  NLRP1 and 
NLRP3 inflammasomes, which in turn reduces the expression 
of  inflammatory precursors and proteins such as IL-1β and 
IL-18. Therefore, JNK appears to promote inflammatory 
response and damage in ischaemic conditions.[134]

p38 in cardiovascular health
Similar to ERK and JNK, treatment of  mouse macrophages 
with ox-LDL resulted in the sustained activation of  p38α, and 
treatment of  p38 inhibitor SB203580 in different macrophage 
cell lines blocked foam cell formation. Therefore, the p38 MAPK 
pathway is involved in the formation of  foam cells as well.[103]

As p38α knockout mice display embryonic lethality, in vivo 
studies using MK2, which is a downstream substrate for p38α, 
also display resistance to atherosclerosis development.[67] 
However, studies on p38α in macrophages and endothelial cells 
highlight that p38α is not required in plaque formation.[137] 
Downregulation of  p38α resulted in increased apoptosis 
of  macrophages, suggesting that it plays a pro-survival role 
in macrophages, which in conjunction with JNK, drives the 
formation of  atherosclerotic lesions.[104] On the contrary, 
MKP-1-deficient mice in bone marrow transplantation model 
displayed accelerated atherosclerotic lesion formation after being 
fed a HFD.[106] Conversely, in an apoE deficient background, 
MKP-1 deficiency decreases the formation of  atherosclerotic 
lesions.[138] The role of  MKP-1 in atherosclerotic lesion 
formation is therefore unclear. Overall, these studies showed 
the importance of  the MAPKs pathway in atherosclerosis and 
therefore may be a potential area to explore to attenuate the 
development of  atherosclerosis, and the subsequent risks of  
heart diseases and even stroke.
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Furthermore, p38 seems to be implicated in cardiac damage. 
p38α/β knockout mice also display similar phenotypes as JNK 
knockout mice. p38α/β dominant negative overexpressed 
mice display a cardiac hypertrophic response, which is also 
displayed by wild type mice.[118] Similarly, overexpression of  
dominant negative MKK3 and MKK6, upstream activators of  
p38 pathways also develop cardiac hypertrophy.[112] Similarly, 
overexpression of  p38 in mice does not result in cardiac 
hypertrophy, which coincides with knockout studies.[139]

A study has also found chamber-specific growth associated with 
selective inactivation of  p38 in neonatal mice led to marked 
increases in cardiomyocyte proliferation and hypertrophy, with 
eventual adult progression to pulmonary hypertension and right 
heart failure.[140] Notably, the roles of  p38 pathways in inducing 
cardiac remodelling have also been investigated. p38 has been 
reported to act via the TGF/TAK1/p38 axis to induce cardiac 
remodelling.[141] In vitro studies have also demonstrated the roles 
of  p38 in inducing pro-inflammatory cytokines production in 
myocytes via the p38 pathway. Taken together, this may provide 
the molecular mechanism for the induction of  fibrosis and 
hypertrophy.[113] Indeed, long-term inhibition of  p38 using 
RWJ67657 resulted in attenuation of  cardiac remodelling.[142] 
In another study, treatment of  p38 inhibitor SB203580 and 
FR167653 also displayed reduced cardiac remodelling,[143] all 
of  which suggest that p38 may be a contributor towards the 
process of  pathological cardiac remodelling.

Following a stroke, p38 has been found to be elevated in the peri-
infarct area in astrocytes, contributing to astrogliosis, which is a 
damaging scarring consequence of  a stroke. Treatment of  p38 
inhibitor SB239063 reduced astrogliosis following an ischaemic 
stroke. Moreover, p38 transgenic mice also display attenuation 
of  astrocyte migration and astrogliosis, which attenuate the 
overall damage induced by an ischaemic stroke.[113] As such, 
p38 seems to play a negative role in an ischaemic stroke and 
is therefore a potential post-stroke therapeutic target. Besides 
that, it has been identified that MKP-1 plays a protective role in 
a stroke. Treatment of  MKP-1 inhibitor, as well as the genetic 
ablation of  MKP1, worsens stroke outcome by increasing 
inflammation and apoptosis of  neuronal and glial cells through 
modulation of  p38. As such, modulation of  MKP-1 levels 
following an ischaemic stroke may provide a potential approach 
in reducing ischaemic injury to the brain.[122] As discussed above, 
inhibition of  p38 signalling pathway resulted in a decrease in 
the expression of  NLRP1 and NLRP3 inflammasomes, which 
in turn reduces the expression of  inflammatory precursors and 
proteins such as IL-1β and IL-18 during ischaemic conditions. 
Therefore, it is important to also consider the roles of  p38 in 
inducing inflammation and damage during an ischaemic stroke 
in neuronal cells.[134]

MAPKs in hepatic diseases
NAFLD is a progressive disorder, which belongs to a broad 
category of  liver diseases. Retention of  lipids in liver cells termed 
steatosis, in conjunction with inflammation of  the liver because 

of  this hyperlipidaemia state, known as steatohepatitis, are 
usually present. Chronically, deposition of  extracellular matrix 
and liver scarring known as liver fibrosis will ensue. NAFLD 
is usually exacerbated by other contributors in metabolic 
syndrome, such as obesity and diabetes. Progression of  this 
disorder, if  left untreated, will lead to numerous complications 
such as liver cirrhosis, liver failure, and even hepatocarcinoma. 
NAFLD, as part of  the metabolic syndrome, have resulted in 
alarming morbidity and mortality, and is therefore of  great 
concern.[144]

JNKs in hepatic diseases
The roles of  MAPKs in hepatic diseases are well investigated. 
JNK has been reported in many studies to be strongly associated 
with the manifestation of  NAFLD. JNK1 has been found to 
be a contributor towards steatosis development in mice fed 
with a HFD.[125] In another study, which used methionine- and 
choline-deficient (MCD) diets in mice to model non-alcoholic 
steatohepatitis, JNK1 was shown to be responsible for the 
development of  NASH.[145] JNK1 knockdown using antisense 
oligonucleotide leads to decreased steatohepatitis and insulin 
resistance even when fed a HFD. Similarly, JNK1 is also reported 
to be an important mediator of  liver injury in MCD mice. 
However, knockdown of  JNK2 displayed steatohepatitis, which 
had a similar phenotype as wild type mice.[126] Thus, JNK2 does 
not seem to affect the development of  these hepatic diseases, 
suggesting the differential roles these two JNK isoforms play in 
the liver. Notably, ablation of  JNK2 resulted in increased liver 
injury through increased apoptosis,[127] thus JNK2 may play 
an opposing hepatic protective role to JNK1. Indeed, in bone 
marrow transplant chimeric mice where Kupffer cells were 
being replaced with JNK1 and JNK2 knockout cells, JNK1 was 
found to be needed for the progression towards liver fibrosis 
through induction of  chronic inflammation.[146] Putting the 
data together, JNK1 contributes significantly towards the 
pathological development of  liver diseases and is therefore a 
potential therapeutic target.

p38 in hepatic diseases
p38 has also been reported to be a major contributor towards 
the pathological development of  liver diseases. Knockout 
experiment of  liver-specific p38α in mice resulted in reduced 
hepatomegaly.[123] p38γ and p38δ knockout mice display 
hepatosteatosis resistance in HFD as well as MCD diet 
mice.[124] In both studies, p38 is important in driving chronic 
inflammation to induce liver damage, with p38γ and p38δ 
responsible for neutrophil migration to the liver to induce 
steatosis, as well as p38α upregulating proinflammatory 
cytokines expression.[123,124] As such, p38 isoforms are also 
important in the driver of  hepatic diseases. Indeed, a recent 
study reported p38γ and p38δ are selected to be potential 
therapeutic targets for NAFLD, another study has also reported 
the use of  melatonin in improving NAFLD symptoms in HFD 
diet mice by modulating p38 pathways. Thus, the therapeutic 
potential using MAPKs pathway modulation cannot be 
discounted.
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Future Perspectives

Our metabolic adaptations greatly differ between individuals, 
and are often confounded by environmental, genetic, and 
stochastic variables. As a result, disruption in metabolic 
adaptation may arise, leading to a wide spectrum of  metabolic 
disorders. Many countries have witnessed the seriousness of  
metabolic disorders plaquing populations, which have resulted 
in high morbidity and mortality in many people. As focus has 
been increasingly shifted towards understanding the molecular 
mechanism(s) behind the pathogenesis of  these disorders, the 
MAPK pathways have been identified as important signalling 
nodes that have been closely associated with the manifestation 
of  metabolic disorders. While the MAPKs have been studied 
intensively in the area of  oncology and neurology, the 
investigation of  MAPKs in the area of  metabolic disorders 
are sketchy and in their infancy. In addition, results revealed 
from the study of  how MAPK pathways have resulted in 
the development of  metabolic disorders have often yield 
complexities. Such complexities arise due to the lack of  
proper animal models to study the roles of  MAPKs in disease 
development, where opposing results of  the same targets may 
be observed in two different models of  the same diseases. 
In addition, the MAPK signalling cascades are important 
evolutionarily conserved pathways that regulate many 
important physiological processes within the body, as well as 
sharing many cross-talks with other signalling pathways. Even 
though potential therapeutic targets, which are responsible 
for the development of  certain metabolic disorders, can be 
identified, manipulation of  these targets in research studies 
have often yielded toxicity or compensatory mechanisms due 
to overlapping functions of  a variety of  pathways. As such, 
identification of  a single MAPK signalling that accounts for 
the development of  metabolic disorders may be difficult. 
However, recent studies have shifted the attention towards 
understanding the regulations governing the activities of  
MAPKs. It was discovered that aberration in these regulatory 
molecules have disrupted the normal signalling axis of  
MAPKs, and as a result, contributes to the development of  
various metabolic disorders. In addition, as these regulatory 
mechanisms often confer specificity in certain MAPKs, 
manipulation of  these regulatory targets have shown promising 
results by reducing the probability of  involving other cross-
talk pathways. Therefore, it is paramount that future studies 
need to also consider the regulatory mechanisms behind such 
pathways. While the investigation of  potential therapeutic 
targets within the MAPK signalling axis have been initiated 
recently amongst the metabolic disorders’ milieu, the silver 
lining exists in that many promising targets are being identified. 
The future challenges lie in understanding the complexities 
that govern the function of  these potential therapeutic 
elements, as well as how such elements are interconnected and 
regulated. Hopefully, therapeutic intervention can be quickly 
discovered for the attenuation of  these metabolic disorders 
and reduce the social and economic burden in many countries.
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