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Mitogen-activated protein kinases (MAPKs) are involved in signaling processes induced by
various stimuli, such as growth factors, stress, or even autoantibodies. Sequential activation
and phosphorylation of kinases upstream of the MAPKs result in activation of the MAPKs and
phosphorylation of their downstream substrates that can be either nuclear (e.g., transcription factors)
or cytoplasmic (e.g., proteins involved in cell migration). MAPKs comprise three functional families,
namely, extracellularly regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs) and p38. MAPK
signaling thus provides a versatile signaling module that regulates cell proliferation, differentiation,
homeostasis and even cell death.

Individual proteins associated with the MAPK signaling cascades are regulated not only by
phosphorylation but also by scaffolding proteins that can associate with several signaling proteins
simultaneously and thus facilitate their regulation and interaction. Numerous scaffolding proteins are
known to exist (for a review, see [1]). In this Special Issue, Dietel et al. summarize the role of one of
these scaffolders, protein tyrosine phosphatase interacting protein 51 (PTPIP51), in the regulation of
MAPK signaling [2]. The authors provide an overview about the function of this interesting protein in
physiological signaling, but also in various diseases associated with dysregulation of MAPK signaling.

While MAPK pathways have homeostatic roles, the pathological mechanisms underpinning many
disease processes involve signaling via one or more of the p38, JNK or ERK pathways. This Special Issue
provides new insights into how MAPK signaling contributes to specific pathological processes across
a range of conditions, including disorders of lung development, type 2 diabetes, cancer, proliferative
skin diseases, cardiovascular disease and neurological disease.

Bronchopulmonary dysplasia (BPD) is a chronic lung disease of premature infants characterized
by interrupted lung development. Supplemental oxygen is critical for preterm infants with respiratory
failure. However, this hyperoxic environment contributes to BPD pathogenesis. Using a newborn
mouse model, Menon et al. [3] found that hyperoxia induced a transient increase in endothelial ERK1/2
signaling during the period of lung vascularization at day 7—possibly as an adaptive response to
mitigate hyperoxic injury—but this signaling was not sustained at day 14 when endothelial apoptosis
and development of BPD occurred. This finding was replicated in cultured fetal human pulmonary
artery endothelial cells where hyperoxia induced ERK-dependent proliferation.

Excessive fibroblast growth factor receptor (FGFR) signaling has been shown to be involved
in human diseases such as cancer and skeletal disorders [4]. Thus, negative feedback regulation of
FGFR signaling (e.g., by ERK and p38 MAPK) is required to ensure that this signaling cascade is
precisely controlled. FGFR substrate 2 (FRS2) is an adapter protein that becomes Tyr-phosphorylated
during FGFR signaling and feeds the signal forward towards MAPK activation. A negative feedback
regulation loop that involves ERK-mediated Thr phosphorylation of FRS2 has been shown to be a major
downregulation mode for FGFR signaling [5]. In this Special Issue, Zakrzewska et al. provide a deeper
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insight into this important feedback mechanism by showing that not only ERK, but also p38 kinase can
also phosphorylate FRS2 and thus contributes to the negative regulation of FGFR [6]. This regulation
mechanism appears to require the activity of both ERK and p38 kinases, since inhibition of both kinases
resulted in prolonged FGFR signaling.

Activation of MAPKs, in particular JNKs, has been shown to inhibit insulin signaling and contribute
to inflammation in type 2 diabetes [7]. In this issue, Cui et al. [8] show that the traditional Chinese
medicines Scutellaria baicalensis Georgi and Coptis chinensis Franch, individually and in combination
gave significant protection against hyperglycemia, hyperinsulinemia and lipid abnormalities in a rat
model of type 2 diabetes. This was associated with reduced systemic and liver inflammation, with data
suggestive of reduced JNK, NF-κB, and Akt signaling as the underlying protective mechanisms.
Interestingly, the effects of these traditional medicines are comparable to that of metformin that acts
via AMP-activated protein kinase signaling which inhibits JNK signaling [7,8].

Activation of JNK signaling pathways is also associated with other pathological processes such
as liver diseases. In this Special Issue, Win et al. discuss the implications of JNK signaling mode as
a modulator of cell death [9]. The authors stress that not only the level of signaling activation, but also
its duration is important for the signaling outcome. In their review article, Win et al. mainly focus on
the interplay of JNK signaling with the mitochondrial SAB (SH3 domain binding protein 5) protein
that promotes the release of reactive oxygen species (ROS) and cell death. Therefore, modulation of
SAB function and thus JNK signaling may provide means for therapy in conditions such as cancer,
in which the balance between survival and cell death frequently involves the JNK-SAB-ROS axis.

In addition to MAPK, death-associated protein kinases (DAPKs) have been shown to be important
regulators of cell death. In this Special Issue, Elbadawy et al. provide an overview of the functions of
DAPKs in various diseases such as cancer, neuronal injury and cardiovascular disease [10]. A special
focus of this review is the crosstalk of DAPK and MAPK signaling pathways and its implication for
diseases, as well as the potential of DAPKs as therapeutic targets. As small molecules that inhibit
DAPKs have become available, it will be interesting to see if these can be used for the treatment of the
diseases associated with DAPK activity.

Infantile myofibromatosis is a rare disorder of mesenchymal proliferation characterized by
nonmetastatic tumors and which is associated with specific point mutations in the platelet-derived
growth factor receptor B (PDGFRB) gene. Using primary tumor samples and the tumor-derived
NSTS-47 cell line, Sramek et al. [11] demonstrated that a PDGFRB mutation results in prominent
PDGFRB/ERK signaling. Interestingly, while tumor cell proliferation was resistant to ERK inhibitors,
the non-selective tyrosine kinase inhibitor sunitinib inhibited tumor cell proliferation via reducing
PDGFRB and Akt phosphorylation, explaining the beneficial effects seen with this drug in some
patients [12].

Another chronic proliferative disease is psoriasis, a multisystemic disease characterized by
abnormal keratinocyte proliferation resulting in erythematous lesions on the skin. Dermal fibroblasts
can regulate the function of adjacent keratinocytes, and studies by Becatti et al. [13] identified
a marked activation of p38 and JNK signaling pathways in fibroblasts from psoriatic lesions versus
control fibroblasts. This enhanced kinase signaling was associated with increased mitochondrial
superoxide production and apoptosis of psoriatic fibroblasts. Mechanistically, psoriatic fibroblasts
exhibited reduced expression of the NAD+-dependent protein deacetylase, SIRT1. Addition of the
SIRT1 activator, SRT1720, diminished p38 and JNK signaling and normalized function in psoriatic
fibroblasts, suggesting therapeutic potential for this approach.

Inflammatory bowel disease (IBD) is characterized by intestinal barrier dysfunction that is
strongly associated with gastrointestinal infections caused by Gram-negative bacteria. Cecropin A is
an antimicrobial peptide (AMP) that has been shown to exhibit antimicrobial activity, but its potential
role in intestinal barrier function has remained unknown. In this Special Issue, Zhai et al. now show
that cecropin A can increase the expression of tight junction proteins zonula occludens 1 (ZO-1),
claudin 1 and occludin, thus increasing intestinal cell barrier function [14]. Cecropin A treatment also
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resulted in downregulation of ERK phosphorylation, and chemical inhibition of ERK activity showed
a synergistic effect on barrier function when applied together with cecropin A. These data are highly
interesting for the treatment of IBD, since resistance to antibiotics that are used for the treatment of
IBD-associated bacterial infections is a major problem. Therefore, AMPs such as cecropin A may
provide an alternative as antibacterial therapy in IBD or other diseases associated with compromised
intestinal barrier function.

MAPK signaling is also involved in other gastrointestinal inflammatory diseases such as gastric
ulcer. In this issue, Akanda et al. show that an extract from the perennial shrub Rabdosia inflexa (RI)
exhibits potent anti-inflammatory and gastro-protective effects by affecting proinflammatory cytokine
release and MAPK signaling [15]. RI was able to protect RAW 264.7 macrophage cells against various
toxic stimuli such as lipopolysaccharide, NO and ROS. The authors showed that RI treatment resulted
in reduced inflammatory signs, such as cyclooxygenase 2 expression or nuclear factor kappa B (NF-κB)
activation. Importantly, gastric damage in HCl- and ethanol-treated mice was efficiently reduced by RI.
Thus, RI, which is traditionally used in Chinese medicine for gastrointestinal problems, may exert its
beneficial effects against inflammatory diseases of the gut by regulating MAPK/NF-κB signaling and
cytokine release.

Atherosclerosis and aortic valve sclerosis are major cardiovascular diseases in Western societies.
Reustle and Torzewski [16] discuss how p38 MAPK signaling in endothelial cells, vascular smooth
muscle cells and (myo)fibroblasts may contribute to the pathogenesis of these conditions and make the
argument that p38 MAPK inhibition may be useful in the treatment of these diseases.

Bones are subject to continuous remodeling that involves osteoclasts that degrade the bone and
the counteracting osteoblasts that reform the bone. Physiologically, it is important that the activity
of these cells is kept in a delicate balance, and tipping of this balance in one or the other direction
is involved in numerous diseases. In this issue, Lee et al. review the roles of MAPKs in osteoclast
biology [17]. Osteoclast differentiation and activation are regulated by MAPK signaling, including
ERK, JNK and p38. In their review, Lee et al. discuss the upstream regulation of MAPK signaling in
osteoclasts and provide insights into the differential kinetics and crosstalk of the three MAPK signaling
modes during osteoclast function.

ERK5, an atypical member of the ERK family, is thought to contribute to neuron differentiation and
survival. In this context, Kashino et al. [18] used the PC-12 cell line to describe a mechanism whereby
ERK5 phosphorylates the cytoplasmic domain of the Kv4.2 voltage-gated K+ channel to inhibit the
A-type current inactivation, leading to rapid repolarization towards resting potential, thus causing
an increase in firing frequency, which may contribute to the neuronal differentiation process.

Parkinson’s disease (PD) is a neurodegenerative disorder caused by insufficient dopamine
production due to the loss of dopaminergic neurons. Both oxidative stress and endoplasmic reticulum
stress are directly implicated in the pathogenesis of PD. As reviewed by Bohush et al. [19], both of
these stressors are potent activators of JNK and p38 MAPK signaling which induce both apoptosis of
neurons and microglial activation, leading to chronic neuroinflammation, identifying these kinases as
potential therapeutic targets in this disease.

Organometallic drugs such as naphthalimides and their derivatives have shown promise in the
treatment of cancers, but their clinical use is limited by their toxic side effects [20]. Thus, there is great
interest in developing less toxic and efficient anticancer agents based on organometallic derivatives.
In this issue, Dabiri et al. characterize the molecular mechanisms of rhodium(I) and ruthenium(II)
containing naphthalimides conjugated with an N-heterocyclic carbene (NHC) moiety [21]. They show
that these compounds induce a profound activation of p38 MAPK and elevated generation of reactive
oxygen species, without affecting other MAPK signaling modules. These findings thus suggest that
the effect of organometallic naphthalimides may be exerted through p38 signaling cascade.

There have been numerous setbacks in the clinical use of MAPK inhibitors, in particular due to
acute liver toxicity with p38 inhibitors [22]. However, there is renewed interest in targeting MAPKs in
disease. Recently, the ERK1/2 pathway inhibitor trametinib was granted an accelerated approval by the
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US Food and Drug Administration for the treatment of unresectable metastatic melanoma. Apoptosis
signal-regulating kinase 1 (ASK1/MAP3K5) is an upstream activator of p38 and JNK pathways,
and an ASK1 inhibitor, selonsertib, is currently in phase 3 trials in liver fibrosis and diabetic kidney
disease. Finally, CC90001 is a JNK inhibitor currently in phase 2 trials of idiopathic pulmonary fibrosis
and in liver fibrosis. Thus, there is reason for optimism that targeting the pathological role of MAPK
signaling may provide therapeutic benefit across a range of human diseases.

Funding: The work in the Tikkanen laboratory was supported by the German Research Council DFG (Grant TI
291/10-1 to R.T.). David J. Nikolic-Paterson is a Senior Research Fellow of the National Health and Medical
Research Council of Australia (GNT1122073).
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Abstract: The protein tyrosine phosphatase interacting protein 51 (PTPIP51) regulates and
interconnects signaling pathways, such as the mitogen-activated protein kinase (MAPK) pathway
and an abundance of different others, e.g., Akt signaling, NF-κB signaling, and the communication
between different cell organelles. PTPIP51 acts as a scaffold protein for signaling proteins, e.g.,
Raf-1, epidermal growth factor receptor (EGFR), human epidermal growth factor receptor 2 (Her2),
as well as for other scaffold proteins, e.g., 14-3-3 proteins. These interactions are governed by the
phosphorylation of serine and tyrosine residues of PTPIP51. The phosphorylation status is finely
tuned by receptor tyrosine kinases (EGFR, Her2), non-receptor tyrosine kinases (c-Src) and the
phosphatase protein tyrosine phosphatase 1B (PTP1B). This review addresses various diseases which
display at least one alteration in these enzymes regulating PTPIP51-interactions. The objective of
this review is to summarize the knowledge of the MAPK-related interactome of PTPIP51 for several
tumor entities and metabolic disorders.

Keywords: mitogen-activated protein kinase pathway (MAPK pathway); protein tyrosine
phosphatase interacting protein 51 (PTPIP51); protein-protein interaction (PPI); cancer signaling

1. Background

The mitogen-activated protein kinase (MAPK) pathway is one of the best described signaling
system in cancer. Almost one third of all human cancers have reported alterations in MAPK signaling,
indicating the high relevance of the precise understanding of this pathway [1]. The basic role of the
MAPK pathway is to transduce extracellular signals into the cell to regulate fundamental cellular
functions including growth, cell migration, differentiation, and apoptosis [2]. To achieve a correct
regulation of these diverging functions several distinct pathways are necessary [2]. The MAPK
signaling consists of three different signaling systems, the extracellular signal-regulated kinase (ERK)
pathway, the C-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) pathway and the
p38 kinase pathway [3]. Each of these different signaling systems is strictly hierarchically structured
and consists of a MAPK kinase kinase (MAPKKK), which is superior to a MAPK kinase (MAPKK),
which controls a MAPK [3]. Of these different systems, the ERK pathway is the best studied MAPK
pathway. The ERK signaling can be activated by numerous extracellular stimuli, e.g., growth factors
or mitogens. One example for a classical activation path is represented by the activation of the
epidermal growth factor receptor (EGFR). Its hetero- or homodimerization induced by binding of
epidermal growth factors leads to an autophosphorylation of the receptor [4]. Consequently, a signaling
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cascade consisting of growth factor receptor-bound protein 2 (GRB2), son of sevenless (SOS), and
the small GTPase Ras is activated. GTP-bound Ras recruits Raf kinases to the cell membrane for
activation [4]. The Raf kinases represent the MAPKKK in the ERK pathway. Subsequently, Raf kinases
activate MEK1/2 (MAPKK) and ERK1/2 (MAPK) [2]. The targets of ERK1/2 are diverse and include
p90RSK, mitogen-activated protein kinase interacting protein kinases 1 and 2 (MNK1/2), Ets, Ets
domain-containing protein (Elk1), Myc, signal transducer and activator of transcription 1/3 (STAT1/3)
and estrogen receptor (ER), to name some of them [2]. These many targets are necessary for the precise
regulation of the various aforementioned cellular functions, e.g., differentiation, growth, apoptosis,
and migration.

Since, the MAPK pathway controls these essential functions a precise regulation and titration
of the signaling activity is needed. A perfect example for such a strict regulation is the upstream
positioned Raf kinases. The Raf kinase family consists of three different Raf proteins, Raf-1, B-Raf and
A-Raf. Although their structures are almost similar, their activation modes are extremely different.
After recruitment of Raf kinases to GTP-bound Ras, a complex series of phosphorylations is induced for
activation. These phosphorylations are needed for the activation of the kinase domain and reduction
of the autoinhibition. The activation of Raf-1 and A-Raf requires phosphorylation of the N-region,
dephosphorylation of the S259 inhibitory site, and phosphorylation of the activation loop. B-Raf is
already in a preactivated state and can be fully activated by Ras alone, whereas the activation of Raf-1
and A-Raf requires other factors [1]. Due to this, only small aberrations in the structure of B-Raf,
such as the V600E exchange, are needed to induce a constitutive activation. Alterations such as these
are found in almost two thirds of malignant melanoma and in glioblastoma, where of more than
40 different mutations in the B-Raf gene 90% are at residue 600 in exon 15 [5].

Another regulating mode of the Raf kinases is the binding to scaffolding proteins such as the
14-3-3 protein family [6]. Such adaptor and scaffolding proteins facilitate the correct subcellular
localization, provide a proximity of different signaling partners and support the formation of
multiprotein complexes [3]. Moreover, scaffolding proteins can shield activated signaling molecules
from deactivating phosphatases to allow an adequate signaling strength [3]. Additionally, scaffolds
provide crosstalks between different signaling pathways.

Of note, the protein tyrosine phosphatase interacting protein 51 (PTPIP51) represents another
scaffold protein, which regulates MAPK activation on Raf-1 level [7]. PTPIP51 exerts its regulating
effect on the MAPK pathway on Raf-1 level via the scaffold protein 14-3-3β [7]. The recruitment of
PTPIP51 into the MAPK signaling leads to an activation of the MAPK pathway. A well-titrated signal is
a prerequisite for an optimal cellular function. Therefore, the formation of the PTPIP51/14-3-3β/Raf-1
complex is tightly regulated by kinases and phosphatases [8,9]. One of the crucial spots for
this regulation is the tyrosine 176 residue of PTPIP51 [9–11]. Its phosphorylation results in a
break-up of the PTPIP51/14-3-3β/Raf-1 complex and hence the stimulation of the MAPK signaling
is omitted [8,9,11,12]. The phosphorylation of the tyrosine 176 residue is under the control of the
EGFR and other kinases, such as the cellular sarcoma kinase (c-Src) [8,10–12]. Dephosphorylation
is mainly performed by PTP1B [9,11,12]. Another important phosphorylation site of PTPIP51 is
the serine 212 residue. Computational models of the PTPIP51 molecule show a cleft in its tertiary
structure, which is surrounded by the aforementioned tyrosine 176 residue and serine 212 residue,
respectively [9]. Up to now, we assume, that the cleft represents a binding site for the Raf kinases [9].
Contrary to the interaction inhibiting tyrosine 176 residue, phosphorylation of the serine 212 residue
leads to an augmentation of the interaction with Raf-1 via 14-3-3β [7–9,12]. Besides the cleft, PTPIP51
protein structure contains tetratricopeptide domains, which are known to serve as binding sites for
protein-protein interactions [9]. Additionally, in the structure of PTPIP51 two conserved regions are
found. These sites facilitate the interaction with the scaffolding protein 14-3-3β [7,9]. In summary,
PTPIP51 possesses the perfect scaffolding protein equipment, encompassing several binding sites for
protein-protein interactions and the capability of modulating these bindings via phosphorylation and
dephosphorylation of tyrosine and serine residues (Figure 1A).
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Besides the direct regulation of the MAPK pathway, PTPIP51 is involved in a broad range
of cellular functions and signaling systems. The panel of interaction partners ranges from NF-κB
signaling proteins (RelA, I-κB) over mitochondrial associated ER membrane-related proteins (VAPB,
ORP5/ORP8), autophagy-related signaling, and mitosis associated proteins (CGI-99, Nuf2) [13–20].
These interactions of PTPIP51 are already reviewed and analyzed by studies of our group and other
scientists. Therefore, the focus of this review is to highlight the regulation of PTPIP51 and its functional
consequences affecting the MAPK signaling in diseases associated with an aberrant MAPK signaling.

Figure 1. Regulation of PTPIP51 interactions in normal cells (represented by the HaCat cell line).
Activation of the EGFR via the binding of EGF induces an activation of Raf-1 via several signaling
molecules. Raf-1 depicts the MAPKKK of the ERK signaling. Its activation triggers a signaling cascade
via MEK1/2 and ERK1/2, which ultimately initiates transcription. The EGFR also phosphorylates the
Tyr176 residue of PTPIP51 and thereby inhibits its interaction with Raf-1. This mechanism prevents an
overshooting activation of the MAPK pathway. The right side of the figure represents the interactions
when EGFR is inhibited. The inhibition of EGFR leads to an omission of Tyr176 phosphorylation of
PTPIP51 via the EGFR. The dephosphorylation of PTPIP51 at Tyr176 induces the formation of the
Raf-1/14-3-3β/PTPIP51 complex and thus a stimulation of the MAPK pathway. This mechanism
partially compensates for the EGFR inhibition (black arrows indicate a phosphorylation/activation;
dotted black arrows indicate a reduced phosphorylation/activation) (A); regulation of PTPIP51
interactions in insulin resistance. Activation of the insulin receptor induces the activation of the
PI3K-Akt-mTOR signaling and the MAPK pathway, especially the ERK signaling. Here, PTPIP51
stimulates the signaling on Raf-1 level and potentially modulates the insulin sensitivity on transcriptional
level. Protein kinase A (PKA) phosphorylates the Ser46 residue of PTPIP51 and thereby stimulates the
binding of PTPIP51 and Raf-1 via 14-3-3β (black arrows indicate a phosphorylation/activation) (B).

2. Regulation of PTPIP51 in Metabolic Signaling

2.1. Insulin Resistance and Obesity

Obesity and insulin resistance and their secondary diseases have reached epidemic proportions.
More than one third of the US population has a diagnosed obesity and 10% of the adults are affected of
diabetes [21]. The annual medical costs to manage these diseases are estimated to exceed $245 billion
showing not only the medical but also the economical relevance of the precise understanding of the
underlying mechanisms of obesity and insulin resistance to develop an effective therapy [21].

The most important signaling pathways for the regulation of lipid storages in adipocytes
are the insulin receptor and the PKA signaling, which act as antagonists [22]. Whereas insulin
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receptor activity leads to lipogenesis, the PKA activation induces lipolysis [22–24]. Insulin receptor
activation is mediated by binding of insulin and subsequently the autophosphorylation of the receptor
molecules [24]. This results in the binding of insulin receptor substrates, which ultimately induce the
activation of the two most important downstream signaling pathways, the PI3K-Akt-mTOR pathway
and the ERK pathway [24]. While PI3K-Akt-mTOR signaling controls the lipid synthesis, glycogen
synthesis, expression of metabolism-related proteins and glucose transport, the ERK pathway is needed
for proliferation signaling [24]. The activation of ERK signaling also provides a mechanism for the
adjustment of insulin sensitivity [25,26]. Zhang and coworkers showed, that the MAPK pathway controls
the expression of the insulin-like receptor via the ETS-1 transcription factor pointed in Drosophila, thus
ensuring the correct insulin sensitivity for the maintenance of adequate glucose levels [25].

The activity level of the insulin receptor is not only determined by the presence of insulin, but
also by the phosphorylation status of the receptor. The phosphatase PTP1B represents a crucial
downregulator of insulin receptor activity [24,27]. The impact of PTP1B on insulin-related signaling
is mirrored by the results of PTP1B knockout models [28,29]. PTP1B knockout mice do not develop
obesity or insulin resistance if fed a high-fat diet [28,29]. Thus, the inhibition of PTP1B via small
molecule inhibitors seems a promising therapeutic strategy, but a safe and selective PTP1B inhibitor
has yet to be identified [27].

PTPIP51 in Insulin Resistance and Obesity

The expression of PTPIP51 in adipocytes is tightly regulated by the diet and the submission to
training in mice [22]. Bobrich and coworkers showed, that the expression of PTPIP51 protein correlates
with the grade of insulin sensitivity, whereas the adipose tissue of normal mice contains the highest
amount of PTPIP51 protein and that of high-fat diet-fed mice the lowest amount [22]. Mice fed a
high-fat diet and subjected to training expressed levels of PTPIP51 protein lying in between the two
aforementioned groups. Interestingly, also the interaction of PTP1B and PTPIP51 is correlated with
the training and to the diet [22]. High interaction levels of PTPIP51 and PTP1B as seen in normal and
trained mice ensure the stimulating effect of PTPIP51 on MAPK pathway via dephosphorylation of the
PTPIP51 Tyr176 residue and the formation of the Raf-1/14-3-3β/PTPIP51 complex [22]. Subsequently,
a similar insulin sensitizing effect via transcriptional control of the insulin receptor as cited above for
Drosophila could be possible [25]. This hypothesis is supported by the upregulated interaction of
14-3-3β and PTPIP51 in high-fat diet, trained mice [22]. Here, the stimulation of the MAPK pathway
by PTPIP51 could be a bypassing mechanism for the high-fat diet induced insulin receptor resistance.

PTPIP51 also interacts with the insulin receptor signaling antagonist, the PKA [8,9]. PKA is
a serine/threonine kinase, which is activated by high cAMP levels in consequence of extracellular
signals [30]. PKA phosphorylates PTPIP51 at serine 46 and serine 212 in vitro [10]. Additionally,
using the Group-based Prediction System 3.0 (http://gps.biocuckoo.org/), PKA was identified to
phosphorylate the serine residue 149 of PTPIP51 [9]. Interestingly, the serine residues 46 and 149 are
in direct vicinity of the two conserved regions of PTPIP51 [9]. The serine residue 212 is located close
to the cleft of PTPIP51, which presumably depicts the binding pocket for Raf-1 [9]. Thus, PKA can
modulate the binding of PTPIP51 to 14-3-3 proteins and Raf-1 [8,9,11]. Here, PTPIP51 represent a
possible mediator between the katabolic PKA signaling and the anabolic insulin signaling.

The central position in metabolic signaling mirrors the important role of PTPIP51 in the genesis
of insulin resistance and obesity. Up to now, PTPIP51 seems to maintain a level of insulin sensitivity
via stimulation of MAPK signaling. As mentioned above this stimulating effect is active if PTPIP51
is dephosphorylated at the Tyr176 residue. This conflicts with the observed outstanding findings
of PTP1B knockout mice, since PTP1B is essential for the dephosphorylation of PTPIP51 [8–12].
The functional and interactional consequences of PTP1B knockout or inhibition must be subject to
further studies, as the aforementioned medical and economic implications strongly highlight the
importance of the precise understanding of PTPIP51 in these signaling systems (Figure 1B).
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3. Regulation of PTPIP51 in Cancer

3.1. Breast Cancer

Breast cancer is the most common neoplasm in women, accounting for about 25% of all diagnosed
tumors. Although early diagnosis and enhanced therapies of breast carcinomas greatly improved the
overall survival time, breast cancer is still the third most cause of cancer deaths in the US [31,32].

About one third of the breast tumors exhibit an overexpression of the HER2/ErbB2 receptor,
leading to a more aggressive and invasive growth of the cancer cells and thus an impaired overall
survival time [33]. The amplification of the Her2 receptor induces an over-activation of mainly two
different signaling pathways, the MAPK pathway and the Akt signaling [34]. The activation of these
signaling pathways is mediated by the enhanced formation of homodimers and heterodimers of the
Her2 receptor and other members of the Her family, namely EGFR, Her2, and Her4 [34]. Subsequently,
the signaling is channeled via the aforementioned signaling molecules into the ERK signaling, resulting
in an enhanced growth and proliferation of the cancer cells [34,35].

The knowledge about Her2 receptor amplification and its functional consequences in breast
tumors led to the development of several Her2 targeted therapies encompassing small molecule
tyrosine kinase inhibitors and monoclonal antibodies [33,36]. Introduction of these substances
prompted a great progress in the clinical management of Her2 amplified breast cancer [33,36].
For example, targeting the HER2 receptor with the monoclonal antibody trastuzumab improved the
disease-free survival rates at 5 years from 75% to 81–84% in HER2-positive early stage breast cancer [37].

Despite the good clinical results, the management of anti Her2 therapy resistances are still
challenging. Several signaling pathways have been identified to mediate these resistances, e.g., the
PI3K-Akt-mTOR signaling, c-MET signaling pathway or low immune response [38–40].

The regulation of the non-receptor tyrosine kinase c-Src depicts another crucial resistance
mechanism [41,42]. c-Src is involved in many cellular processes regulating cell proliferation and
cell survival [43]. These functions are exerted via the interaction of c-Src with several receptor
tyrosine kinases and other signaling hubs, e.g., the MAPK pathway and PI3K-Akt signaling [43].
Activation of c-Src is observed in tumors of the colon, liver, lung, and pancreas [41]. In breast
tumors high levels of activated c-Src correlate with poor prognosis, lower overall survival time and
trastuzumab resistance [40,41]. In fact, the activation of c-Src alone is capable of conferring trastuzumab
resistance [44]. Thus, the combination of anti-Her2 and anti-c-Src therapies seems a promising concept
for the treatment of resistant tumors. Actually, recent studies verified this approach. Combination
of Saracatinib, a small molecule inhibitor of c-Src and Lapatinib, a small molecule inhibitor of Her2
resulted in prolonged survival in a xenograft mouse model [45]. Furthermore, a direct interaction
of c-Src and Her family members is pivotal in Her2 amplified breast cancer cells for the exertion
of mitogenesis upon EGF stimulation and the correct transduction of growth promoting effects of
heregulin [46]. The physical interaction of Her2 and c-Src seems to be crucial for the transduction of
survival and growth signals of Her2 heterodimers [46]. Furthermore, Her2/c-Src interaction promotes
the anchorage-independent growth of Her2 amplified breast cancer cells [46].

For the precise titration of phosphorylation levels of receptor tyrosine kinases (RTKs), signaling
kinases and scaffolding proteins not only kinases, such as c-Src, are needed but also phosphatases.
One of the best described phosphatases is the protein tyrosine phosphatase 1B (PTP1B) [47]. PTP1B is
involved in the modulation of several RTK, e.g., EGFR and Her2 [28]. The relevance of PTP1B in
breast cancer is mirrored in its interaction with the Her2 receptor. Usually, PTP1B is involved in the
dephosphorylation and thereby deactivation of RTKs. In contrast, the Her2 receptor is activated by
PTP1B via an up to now unknown mode of action [28]. The combination of Her2 overexpression and
PTP1B knockdown in a mouse model resulted in a delayed tumor development of about 85 days
compared to mice with normal PTP1B expression [48]. Furthermore, inhibition of PTP1B in breast
gland cells leads to a reduced proliferation, it also affects the epithelial-mesenchymal-transition, which
is a hallmark in the formation of metastasis [49]. All these findings stress the importance of PTP1B in
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the development and the progression of breast tumors, especially in Her2 amplified breast cancer cells.
A precise understanding of the PTP1B affected signaling pathways is of the utmost interest to provide
a platform for the development of novel therapeutic strategies.

PTPIP51 in Breast Carcinoma

The scaffolding protein PTPIP51 represents a crucial crossing point of all the aforementioned
tumor promoting and resistance inducing mechanisms. PTPIP51 is expressed in normal breast glands
as well as in breast cancer cells, whereby the expression of PTPIP51 protein is diminished in the cancer
cells (ongoing studies of our group). Further analysis of the crucial Tyr 176 phosphorylation site
of PTPIP51 showed a strong upregulation of the phosphorylation in breast cancer cells. As shown
by Brobeil et al. the Tyr 176 residue phosphorylation regulates the binding of PTPIP51 to Raf-1
via 14-3-3β and thereby exerts its MAPK stimulating effect [8]. The downregulation of PTPIP51 in
combination with the high phosphorylation of the Tyr176 residue depicts a potential inhibition of the
MAPK stimulating effect of PTPIP51 in breast cancer cells. Thus, the regulation of PTPIP51 seems to
counteract the activation of the tumor promoting MAPK signaling.

In Her2 amplified breast cancer cells, the phosphorylation of PTPIP51 at Tyr176 is to a great
extend performed by the EGFR. Inhibition of the EGFR in Her2 amplified breast cancer cells induces
a reduction of PTPIP51 phosphorylation at the Tyr176 residue accompanied by a formation of the
Raf-1/14-3-3β/PTPIP51 interactome, thus proofing a normal regulation of MAPK-related interactions
of PTPIP51 [50].

Interestingly, PTPIP51 also interacts with the Her2 receptor, but it is not clear if the Her2 receptor
phosphorylates PTPIP51 or if PTPIP51 forms a scaffold for the interaction of the Her2 receptor with
other signaling molecules [50]. Of note, selective inhibition of the Her2 receptor with the TKI Mubritinib
induces a formation of a potential ternary interactome consisting of the Her2 receptor, PTPIP51 and
c-Src [50]. As mentioned above, c-Src plays a crucial role in Her2 targeted therapy resistance and
the transduction of growth and survival signals [41,42,44,46]. The formation of the ternary complex
Her2/c-Src/PTPIP51 stresses a pivotal role of PTPIP51 in the mediation of these resistance mechanisms [50].

In addition, own studies showed the relevance of the PTPIP51/c-Src interaction in correlation
with the sensitivity of Her2 positive breast cancer cells to EGFR/Her2 targeted TKIs. Application of
several EGFR/Her2 targeted TKIs to the Her2 amplified breast cancer cell line SK-BR3 led to a highly
significant augmentation of PTPIP51/c-Src interaction, whereas the same treatment of BT474 cells, also
a Her2 amplified breast cancer cell line, did not alter or even reduce the PTPIP51/c-Src interaction.
Interestingly, the enhanced interaction of PTPIP51 and c-Src was accompanied by a less sensitivity to
TKI treatment, representing another potential resistance mechanism [50].

Of note, as aforementioned the interaction of PTPIP51 and c-Src is severely altered in Her2
amplified breast cancer cells when treated with EGFR/Her2 targeted TKIs, but the interaction
of PTPIP51 and its crucial phosphatase PTP1B remains nearly unaffected [50]. Solely long-term
application of Gefitinib (EGFR TKI) and Lapatinib (EGFR/Her2 TKI) induced an upregulation of
PTPIP51/PTP1B interactions [50], thus, portraying a potential adaption mechanism of the cancer
cell to the applied TKI treatment and not a direct effect of the TKI. Interestingly, this adaption
seems contradictory since the inhibition of EGFR results in a reduced Tyr176 phosphorylation and a
compensation would be a downregulation of PTPIP51/PTP1B interaction. Moreover, the upregulation
of PTPIP51/PTP1B interaction upon EGFR inhibition is accompanied by an increase in the sensitivity of
SK-BR3 cells (Her2 amplified breast cancer cell line) to the treatment, which is not seen after short term
application. Interestingly, these regulations of PTPIP51/PTP1B interaction do not occur under selective
Her2 inhibition [50]. Up to now it is not clear but seems probable whether there is a link between
the aforementioned differing effects of PTP1B on EGFR and Her2 activity and the diverging effects of
EGFR inhibition and selective Her2 inhibition on the PTPIP51/PTP1B interaction. Interestingly, the
application of the EGFR/Her2 TKI Neratinib did not reduce the Tyr176 phosphorylation of PTPIP51 to
the same extend as Gefitinib and Lapatinib. This regulation is accompanied by a reduced interaction of
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PTPIP51 and PTP1B. Thus, the reduced phosphorylation by EGFR is counter regulated via a reduced
dephosphorylation of PTPIP51 through PTP1B under Neratinib treatment.

Additionally, the importance of the PTPIP51/PTP1B interaction is underlined by the fact, that
this interaction is directly correlated with the grading of breast carcinomas. Ongoing studies of our
group examined the interaction of PTPIP51 and PTP1B in breast carcinomas of no special type and
showed a significant enhancement of the interaction in grade 3 carcinomas compared to grade 1
and 2 carcinomas. Moreover, Her2 amplified carcinomas also displayed a significantly upregulated
PTPIP51/PTP1B interaction compared to Her2 negative breast cancer samples. This may be supported
by the upregulation of PTP1B in Her2 amplified breast cancer.

To sum up, PTPIP51 is needed for the normal function of healthy mammary glands and its
expression is altered in the development of breast tumors. Furthermore, the interaction of PTPIP51
and PTP1B correlates with the grading and the Her2 amplification, indicating an alteration of PTPIP51
phosphorylation during the progression of breast carcinoma. We were able to unveil a potential role
of PTPIP51 in tumor promoting signaling and therapy resistance against EGFR/Her2 targeted TKIs
mediated through the non-receptor kinase c-Src and the phosphatase PTP1B [50]. In consequence,
PTPIP51 plays a pivotal role in the oncogenesis of breast carcinoma and it is of the utmost interest to
unveil the regulations of PTPIP51 in respect of therapy resistance and growth signaling (Figure 2A).

Figure 2. Regulation of PTPIP51 interactions in breast cancer. The inhibition of EGFR in Her2 amplified
breast cancer cells induces the same effects as observed in the HaCat cell line upon EGFR inhibition
regarding the formation of the Raf-1/14-3-3β/PTPIP51 complex. The sensitivity of Her2 amplified
breast cancer cells towards EGFR-targeted TKIs correlates with the regulation of the interaction of
PTPIP51 with c-Src. The selective inhibition of Her2 induces a formation of a PTPIP51/Her2/c-Src
complex, which depicts a potential resistance mechanism against anti-Her2 therapies (black arrows
indicate a phosphorylation/activation, arrows with vertical bar as arrow head indicate an inhibition of
interaction/activation) (A); regulation of PTPIP51 interactions in Glioblastoma multiforme. The left
side of the figures depicts the regulation of PTPIP51 interactome under EGFR inhibition. Contrary to
the expectations, the inhibition of the EGFR induces a disruption of the Raf-1/14-3-3β/PTPIP51
complex. The right side of the figure shows that the upregulated 14-3-3 protein levels in gliomas of
high malignancy potentially inhibit the translocation of PTPIP51 to the mitochondrion and thus its
apoptosis-inducing effects (black arrows indicate a phosphorylation/activation, arrows with vertical
bar as arrow head indicate an inhibition of interaction/activation, dotted black arrows indicate a
dissolution of the Raf-1/14-3-3β/PTPIP51 complex via EGFR inhibition) (B).
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3.2. Glioblastoma Multiforme

One of the most malignant tumors with an overall survival time of about one year, despite
significant advances in the therapeutic options, is the glioblastoma multiforme (GBM) [51–53].
The GBM represents the most common primary brain tumor in adults, accounting for almost 80% of
all primary brain tumors [52,53]. The clinical presentation depends on the location and the size of the
GBM and ranges from headache over neurological deficits to seizures, which are present in about 25%
of the patients at the time of diagnosis [52]. The multimodal treatment of GBM includes radical surgical
resection, radiotherapy, and chemotherapy. Despite the extensive clinical management, the prognosis
of GBM is poor and a curation is not possible [52,54]. Due to this the Cancer Genome Atlas project
and the genomic profiling of more than 600 genes of 200 human tumor samples were performed to
get an insight in the most frequent signaling aberrations in GBM. The three most commonly activated
signaling pathways were the p53 signaling, the retinoblastoma pathway and the receptor tyrosine
kinase-Ras-PI3K pathway [55]. One special receptor tyrosine kinase in GBM is the EGFR, respectively,
its constitutively activated mutant, the EGFRvIII [53,56,57]. This mutation occurs in about 30% of
all GBM [58]. The constitutive activation of the EGFRvIII leads to an over-activation of the MAPK
pathway and thereby an exaggerated growth and survival signaling [58]. Targeting the aberrant EGFR
and thereby blocking the aggressive growth of GBM seems a reasonable therapy strategy, but several
clinical trials demonstrated only discrete improvements of a small percentage of GBM patients, when
treated with EGFR inhibitors [57]. The most recent strategy is a vaccination against the EGFRvIII,
which seemed a promising approach. However, again the theory did not approve in the clinical
setting [52].

Consequently, many GBMs must have an intrinsic or a rapidly acquired resistance against EGFR
inhibitors or the signaling is bypassed via alternative growth and survival promoting pathways [59].
Therefore, it is of the utmost interest to unveil the downstream pathways of the EGFR in GBM.

The most commonly activated signaling pathway downstream of the EGFRvIII is the ERK
signaling [60]. The activated EGFRvIII induces an activation of Raf-1 by signaling molecules mentioned
in the background section. Subsequently, the activation of Raf-1 facilitates the activation p90RSK,
MNK1/2, Ets, Elk1, Myc, STAT1/3, which mediate the proliferation and growth inducing effects
of the EGFRvIII activation [2]. A crucial regulator of Raf-1 is the scaffolding protein 14-3-3β [6,7].
14-3-3 proteins belong to a highly conserved protein family and are expressed in all human cells. Due to
the lack of a kinase domain, 14-3-3 proteins exert their function via binding of serine phosphorylated
proteins [61]. Thereby, 14-3-3β ensures proximity of signaling substrates and provides a corresponding
reaction matrix [61]. Furthermore, for the activation of some signaling molecules 14-3-3 proteins are of
utmost need as seen for the activation of Raf-1 [6]. Thorson and coworkers reported, that an activation
of Raf-1 in the absence of 14-3-3β is not possible. The addition of 14-3-3β restored the activation
of Raf-1 [6].

In the setting of GBM 14-3-3 proteins also seem to play a crucial role. Yang and coworkers showed
a direct correlation between the amount of expressed 14-3-3β and 14-3-3η and the grade of malignancy
of glioma [62]. The importance of 14-3-3 proteins in GBM is further mirrored by their mediation of
radio- and chemotherapy resistance. Park and coworkers found, that the depletion of 14-3-3η enhances
the radiosensitivity of GBM cells [63]. Similar results were found in earlier studies concerning the
sensitivity of GBM to chemotherapeutics, such as microtubule agents [63].

The examination of the aforementioned cellular signaling and many more, e.g., platelet-derived
growth factor receptor (PDGFR) signaling, neurofibromatosis type 1 (NF1) and the tumor
microenvironment, lead to crucial insights in the aberrant tumor signaling, but up to now a linkage
between these structures is still missing.

PTPIP51 in Glioblastoma

PTPIP51 depicts a possible functional linkage between the constitutively activated EGFRvIII
and the scaffolding protein 14-3-3β. PTPIP51 is expressed in glioma of low malignancy as well as
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in GBM [64]. The expression of PTPIP51 protein and mRNA directly correlates with the grade
of malignancy and thus mirrors the expression of 14-3-3 proteins in primary brain tumors [64].
The upregulation of 14-3-3β and 14-3-3η is associated with reduced apoptosis [63]. Of note, PTPIP51
includes an N-terminal transmembrane domain (TMD), when expressed in its full form. The TMD is
responsible for the translocation of PTPIP51 towards the mitochondrion. Lv and coworkers showed,
that the overexpression of PTPIP51 leads to an accumulation at the mitochondrion and subsequently to
the induction of apoptosis [65]. Besides the apoptosis-related functions, mitochondrion located PTPIP51
is involved in the correct formation of mitochondrion-related endoplasmic reticulum membranes
(MAM) and the calcium signaling between mitochondrion and endoplasmic reticulum, but these
functions are not in the scope of this review [13–16].

Interestingly, the PTPIP51 protein structure includes two conserved regions, which facilitate the
binding to 14-3-3 proteins [7,9]. Moreover, these sites are accompanied by serine and tyrosine residues,
whose phosphorylation control the binding of PTPIP51 and 14-3-3β [9]. The conserved region 1,
which spans from aas 43 to aas 48 is near the TMD [9]. Binding of 14-3-3β at the conserved region 1
leads to a capping of the TMD and thus the translocation of PTPIP51 towards the mitochondrion is
abrogated [9,12]. In consequence, the hindrance of the translocation of PTPIP51 to the mitochondrion
via binding of the upregulated 14-3-3 proteins in gliomas of high malignancy may depict a potential
apoptosis resistance mechanism.

As aforementioned, the inhibition of the constitutively activated EGFRvIII seemed a promising
therapeutic strategy, but up to now the clinical results lack a sufficient improvement of the patients’
outcome [52]. Interestingly, the inhibition of EGFR with TKIs in glioblastoma cells leads to completely
unexpected regulations in the MAPK-related interactome of PTPIP51. Usually, the inhibition of the
EGFR induces a reduction of Tyr176 phosphorylation of PTPIP51 and consequently to a formation
of the Raf-1/14-3-3β/PTPIP51 complex, which at least partially compensates for the reduced MAPK
pathway activation [8–12]. In glioblastoma cells the regulations upon EGFR inhibition differ. Duolink
proximity ligation assays revealed a decrease in the interaction of 14-3-3β/PTPIP51 and Raf-1/PTPIP51,
indicating an omission of the PTPIP51 mediated MAPK pathway stimulating effect. Accordingly, the
phosphorylation of Tyr176 of PTPIP51 was only slightly altered [66]. A possible explanation of these
regulations is an overshooting compensation for the loss of the EGFR activity by c-Src activation [66].
c-Src is frequently overexpressed and over-activated in gliomas of high malignancy [67]. Likewise,
mechanisms were seen in Her2 amplified breast cancer cells. Here, c-Src/PTPIP51 interaction directly
correlated with the resistance towards EGFR-targeted therapies [50]. Thus, in tumors with an altered
RTK signaling the interaction of PTPIP51 and c-Src may constitute a tumor-interspecies mechanism of
anti EGFR therapy resistance (Figure 2B).

3.3. Melanoma

Melanomas belong to a cancer entity arising from melanocytes originally derived from neural
crest cells found in skin and uvea. Among the three main types of skin cancer, beside melanoma there
are basal cell carcinoma and squamous cell carcinoma. The melanomas account for about 2% of skin
cancers, but for 75% to 90% of deaths [68]. Melanomas display the highest mutation frequency of all
cancers [69]. About 2.3% of people will develop a melanoma during life time. In 2015 an estimated
1.2 million Americans were living with a melanoma (NIH National Cancer Institute, Surveillance,
Epidemiology, and End Results https://seer.cancer.gov/statfacts/html/melan.html). From all cancers
melanomas have the highest probability to metastasize to the brain [70]. In 50% of patients dying from
melanoma the reasons are brain metastasis [71].

For the pathogenesis of melanomas, the activation of the MAPK pathway is essential [72]. This is
reflected by genetic alterations in melanomas affecting molecules linked to the MAPK signaling.
Possible candidates are the BRAF kinase, the small GTPase NRAS and the c-KIT receptor. The BRAF
mutations are present in about 40–50%, mutations of NRAS in 20% and of c-KIT in 1–3% of the
melanomas [69,73]. Metastatic melanomas are subdivided by their mutation profile into four subtypes
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BRAF driven (about 52%), NRAS driven (28%), Neurofibromin 1 (NF1) mutated (14%) and in “triple
wild type” [74]. The knowledge of these specific mutations within the MAPK pathway is essential for
therapeutic options.

CRAF/Raf-1 is expressed in all cells, but BRAF is associated with cells of neuronal origin such as
melanocytes. CRAF mutations are rare in contrast to BRAF mutations [75]. BRAF mutations seen in
melanomas are MAPK pathway activating mutations. Commonly 80 to 90% of the BRAF mutations
are a single amino acid substitution in the BRAF protein where valine is substituted by glutamic
acid at position 600 (BRAF V600E). In 15% of BRAF mutated melanomas valine is substituted by
lysine (BRAF V600K) and in 3% of the cases by arginine (V600R) or by aspartic acid (V600D). Yet,
any of these mutations leads to a constitutively activated BRAF kinase as the mutation is in the
activation loop of the kinase [76]. Due to this modification within the activation segment of BRAF no
extracellular signal is needed for upregulated MAPK signaling by increased MEK phosphorylation
which in turn phosphorylates ERK stimulating downstream signaling and resulting in proliferation [77].
The knowledge of these mutations prompted new therapy options by targeting the overactive BRAF
kinase through specific inhibitors such as vemurafinib and dabrafenib, which bind to the active site
of BRAF kinase, encorafenib an ATP-competitive Raf kinase inhibitor and sorafenib, a multi-kinase
inhibitor [76].

For example, vemurafinib treated patients showed an overall response rate of 52.2% and the
median progression-free survival was 8.3 months; the median overall survival was 13.5 months
according to a study of Si and coworkers [78]. This form of therapy is also challenged by acquired
resistance, despite initial good results.

Mechanisms promoting resistances can be manifold: a reactivation of MAPK signaling
(amplification or activation of target kinases); bypass via different signaling pathways, e.g.,
PI3K-Akt-mTOR signaling; or by the surrounding stromal cells, which secrete HGF in BRAFi-resistant
melanomas, activating MAPK and PI3K-Akt-mTOR.

Next to the more common BRAF oncogene, mutations in the NRAS gene result in more aggressive
melanomas [76]. BRAF mutations can effectively be targeted by specific small molecule inhibitors,
whereas NRAS-mutated subtypes are more susceptible to immunotherapy [79]. NRAS mutations are
seen in all types of melanomas but seem to be slightly more numerous in melanomas of sun-damaged
skin [80]. The NRAS gene belongs to the Ras oncogene family coding for the NRAS protein a GTPase,
which is activated by bound GTP. When activated, NRAS binds to Raf and changes its conformation,
thus activating the Raf kinase stimulating the MAPK pathway.

NRAS mutations lead to a substitution of the amino acids at positions G12 or G13 making NRAS
insensitive to the inactivation by the Ras GTPase-activating proteins, or more common at position
Q61, where Q61R is predominant in melanoma cells [81]. Ras mutations at position Q61 are associated
with impaired GTPase activity, thus NRAS is constitutively activated due to its GTP-associated
conformation [82].

As there exist no specific NRAS/Ras inhibitors, different strategies for treatment of NRAS-mutated
melanomas were administered for therapy. The use of farnesyl transferase inhibitors to prevent
posttranslational modification of Ras and its insertion into the plasma membrane failed in clinical
studies [83]. Third generation MEK1/2 inhibitors such as binimetinib (MEK162)-a potent allosteric
inhibitor, improved the response rate and progression-free survival of patients, but failed to prolong
overall survival of the patients [84].

The first immunotherapies successfully approved interleukin 2 and anti-CTLA4 antibody both
stimulating the immune response as treatment options [84]. As seen in clinical trials 25 to 50%
of patients respond to the inhibition of the immune checkpoint PD1 [84]. In 2016 Johnson and
coworkers already stated, that NRAS mutations displayed a superior clinical outcome in immune
therapy compared to BRAF mutations [85]. This better response of NRAS-mutated melanoma to
immune therapy is due to a higher level of immunosuppression in the tumor microenvironment
compared to BRAF-mutant melanoma [86]. Immune therapies of NRAS-mutated melanomas are now
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the first-line treatment for NRAS and WT melanoma [84]. Immune checkpoint blockade inhibitors
significantly improved overall survival rates [87]. Yet, eventually any of these treatments leads to
a resistant behavior of the tumor cells. Echevarrı′a-Vargas et al. addressed this problem by a new
therapeutic strategy blocking two different pathways via inhibition of bromodomain and extraterminal
domain (BET) and MEK pathways treating successfully NRAS-mutant and immune therapy-resistant
melanoma [88].

PTPIP51 in Melanoma

PTPIP51 protein and its interactome in melanoma cells in relation to normal melanocytes derived
from common nevi, as well as to melanocytes from dysplastic nevi revealed a characteristic profile
within the three different entities. Dysplastic nevi represent an intermediate state between nevi and
melanomas as they are morphologically and biologically intermediate between these two entities [89].

Despite massive changes in the molecular characteristics of melanocytes from normal nevi to
dysplastic nevi and further on to malignant melanocytes, there is no significant change in the amount of
PTPIP51 protein in these different stages. Yet, if the grade of Tyrosine 176 phosphorylation is analyzed,
melanocytes from dysplastic nevi displayed the highest level in Tyr 176 phosphorylated PTPIP51
compared to the Tyr176 phosphorylation status of melanocytes derived from normal nevi, exhibiting
the lowest phosphorylation level and when compared to the phosphorylation state in melanocytes from
malignant melanomas displaying a tyrosine phosphorylation level laying in between. These findings
are corroborated by the interaction profile of PTPIP51 and PTP1B, the phosphatase which is responsible
for dephosphorylation of tyrosine 176, with the highest number of interactions in normal melanocytes
and lowest number of interactions in melanocytes from dysplastic nevi and an interaction profile
laying in between the aforementioned for malignant melanocytes. As described above, Tyr176
phosphorylation regulates the interaction of PTPIP51 with Raf. Solely when dephosphorylated at
Tyr176 PTPIP51 can bind to Raf or 14-3-3β protein promoting MAPK signaling.

PTPIP51 affects the MAPK pathway by interacting with Raf-1 to stimulate downstream signaling.
In melanocytes the interaction with the Raf-1/CRAF protein is relatively low. Nevertheless, there are
quantitative differences for the three entities with lowest interaction numbers in malignant melanocytes
and highest numbers in melanocytes from dysplastic nevi. Noteworthy, the interaction with BRAF is
up to 100 times more numerous in the three different entities. PTPIP51/BRAF interaction is lowest
in dysplastic nevi melanocytes, and somewhat higher in melanoma cells and highest in healthy
melanocytes, where the number of interactions was five times higher compared to that of dysplastic
nevi cells. This pattern corresponds well to that seen for PTPIP51 and PTP1B interaction and the
measured phosphorylation status of PTPIP51. In addition, as indicated by the interaction profile of
PTPIP51 and PKA, serine 212 phosphorylation which enhances the interaction of PTPIP51 and Raf, is
much more reduced in dysplastic nevi and to a lesser degree in malignant melanoma cells as indicated
by their lower interaction levels of PTPIP51/PKA in comparison to an almost doubled interaction seen
in normal melanocytes. Noteworthy, serine212 phosphorylation promotes the activation of MAPK
signaling by augmenting the interactome of PTPIP51, 14-3-3β and Raf-1.

These data argue for a counter-regulatory function of PTPIP51 in dedifferentiating melanocytes
trying to reduce the stimulation by PTPIP51 interaction on BRAF level displaying lowest levels in
dysplastic nevi and somewhat higher levels in malignant melanomas. The relative rise in the number
of interactions in malignant melanocytes probably reflects the ongoing further dedifferentiation of
the cells, thus leading to an increased MAPK signaling compared to dysplastic nevi and the highest
stimulation to proliferate.

BRAF inhibitor resistance of melanoma can be a consequence of bypassing MAPK signaling via
the PI3K-Akt pathway. Noteworthy, PTPIP51 is also involved in Akt signaling via a direct interaction
with Akt protein. In untreated samples either from healthy control nevi or dysplastic nevi or from
melanoma, melanocytes of the control display a high PTPIP51/Akt interaction, which is strongly
reduced in samples from dysplastic nevi or melanoma. Akt stabilizes the communication site between
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mitochondria and endoplasmic reticulum. PTPIP51 likewise interferes in this mitochondria-ER relation
via its VAPB interaction. The communication between both organelles is among other factors necessary for
apoptosis [50]. Presumably, the reduced PTPIP51/Akt interaction is linked to the reduced apoptosic rate in
dedifferentiated melanoma cells. An alternative mechanism for resistance is the activation of NF-κB [68].
NF-κB/PTPIP51 interaction is enhanced both in dysplastic nevi and melanoma cells with highest levels in
the dysplastic nevi compared to the level in healthy melanocytes. The expression of PTPIP51 mRNA and
protein is negatively regulated by RelA, thus affecting the apoptotic function of PTPIP51 [19].

To overcome therapy resistance in melanoma MEK inhibitors are tested in combination with
a variety of drugs that use different approaches: inhibition of upstream Ras effectors, inhibition of
PI3K-Akt-mTOR, inhibition of cell cycle regulators and activation of anti-tumor immunity but all seem
to fail according to the existing cross-resistances [76].

This strongly emphasizes the need for a better understanding of the MAPK/PTPIP51 interactome
in melanoma (Figure 3A).

Figure 3. Regulation of PTPIP51 in melanoma. The left panel depicts the regulations of PTPIP51 in
normal nevi. The phosphorylation level of the Tyr176 residue is low due to the high interaction with
PTP1B. The phosphorylation of the Ser46 residue of PTPIP51 via PKA and the low phosphorylation
level of the Tyr176 residue induce the formation of the PTPIP51/14-3-3β (not depicted)/BRAF complex
and thereby a stimulation of the MAPK pathway. In the progression of the dysregulation of signaling
as represented by the dysplastic nevi, the phosphorylation of PTPIP51 at Tyr176 is upregulated and
thus inhibits the MAPK pathway stimulation of PTPIP51. This potentially mirrors a counter-regulation
against the dysregulated growth and proliferation signaling in dysplastic nevi (middle panel).
In melanoma cells the regulation of the phosphorylation and the interactions of PTPIP51 lie in between
the normal nevi and the dysplastic nevi. This depicts the complete dysregulation of signaling since
the counter-regulation of MAPK pathway via PTPIP51 phosphorylation is also deregulated (black
arrows indicate a phosphorylation/interaction) (A); regulation of PTPIP51 interactions in acute myeloid
leukemia. Activating mutations of the FMS like tyrosine kinase 3 (FLT3) receptor induce an activation
of the Src family kinase Lyn. Lyn phosphorylates the Tyr158 and the Tyr176 residue of PTPIP51, which
inhibit the formation of the Raf-1/14-3-3β/PTPIP51 complex and thus the MAPK pathway stimulation
of PTPIP51. In acute myeloid leukemia blasts the N-terminus of PTPIP51 is missing. Therefore,
the PTPIP51 protein does not contain the TMD. Due to the loss of the TMD a translocation to the
mitochondrion is not possible and the apoptosis-inducing function of PTPIP51 is omitted (black arrows
indicate a phosphorylation/activation, arrows with vertical bar as arrow head indicate an inhibition of
interaction/activation) (B).
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3.4. Acute Myeloid Leukemia

Leukemias are a group of heterogenous diseases with highly different malignant potential. In this
context, two entities must be discriminated: acute leukemias and chronic leukemias. The later
encompasses the chronic lymphocytic leukemia, which is classified as a non-Hodgkin lymphoma, and
the chronic myelogenous leukemia. Both diseases are not curable but exhibit a prolonged course, e.g.,
with an eight years survival time of almost 87% for the chronic myeloid leukemia [90].

Acute leukemias are also subdivided into the two cell lineages, lymphocytic and myelogenous.
Here, the group of acute myeloid leukemia (AML) is a highly malignant neoplasm exhibiting a near
stable incidence over the last years with 3.7 affections per 100,000 persons and an age-dependent
mortality of 2.7 to nearly 18 per 100,000 persons. The disease continuously shows two peaks in early
childhood and later adulthood [91]. Moreover, despite advances in the therapeutic regimens of AML,
the prognosis in the elderly who account for most new cases remains poor.

Interestingly, the prognosis as well as therapeutic decisions are tightly linked to specific
cytogenetic and molecular alterations within the malignant transformed cells [92], encompassing
microscopically detectable chromosome aberration, submicroscopic gene mutations and changes in
gene expression. According to the underlying cytogenetic and mutational burden, patients can be
classified into three prognostic categories: favorable, intermediate, and adverse [93]. Two types of
cooperating mutations lead to alterations in self-renewal capacity, cellular differentiation, and cell
survival of the AML blasts. So-called class II mutations affect transcription factors and lead to impaired
differentiation. The class I mutations occur in RTKs, such as FLT3, c-KIT, or downstream effectors,
such as Ras [94]. In consequence, they enhance cell survival and proliferation [95]. Interestingly, most
of the alterations involve RTK, namely c-Kit and FLT3 [96].

The FMS-like tyrosine kinase 3 (FLT3) is a receptor tyrosine kinase which is expressed on the
surface of CD34+ hematopoietic stem cells and other immature hematopoietic progenitors.

The receptor is classified as a type-1 transmembrane receptor tyrosine kinase encompassing
several functional domains, e.g., an extracellular domain with Ig domains, TMD, and an intracellular
tyrosine kinase domain with two kinase domains [97]. FLT3 is classified as a class III receptor tyrosine
kinase besides the platelet-derived growth factor receptor (PDGFR), macrophage colony-stimulating
factor receptor, and stem cell factor receptor (c-KIT). Upon activation with the cognate ligands the
FLT3 tyrosine kinase couples to distinct downstream pathways, namely phosphatidylinositol-3 kinase
(PI3K)-Akt pathway, the janus kinase (JAK)/signal transducer and activator of transcription (STAT)
pathway and the MAPK pathway [97].

Approximately 30% of AML patients harbor some form of FLT3 mutation, which can be divided
itself into two mutational classes: internal tandem duplications (FLT3/ITD mutations) in or near the
juxtamembrane domain of the receptor and point mutations resulting in single amino acid substitutions
involving the activation loop of the tyrosine kinase domain (FLT3/TKD mutations) [94]. Yet, these
mutations are clinically and therapeutically challenging because of the nature of the mutation and the
context in which it occurs [98]. Notably, FLT3/ITD mutation leads to uncontrolled cellular proliferation,
survival, and differentiation through constitutive activation of FLT3 and the coupled downstream
pathways, e.g., the consecutive activated MAPK pathway [97].

Besides the activation of whole signaling cascades, FLT3 is also able to phosphorylate specific
signaling molecules, e.g., the Src family kinase Lyn. Compared to the wild type FLT3 receptor,
FLT3/ITD displayed a higher affinity to bind to Lyn and the affinity was relative to the intensity of
tyrosin phosphorylation of the receptor [99]. Lyn is known to play a critical role in leukemogenesis [95].

The other class III receptor tyrosine kinase, c-KIT, which also plays a pivotal role in AML, is
expressed by myeloblasts in about 60% to 80% of patients: Therefore, next to the described FLT3
aberrations c-KIT harbors the most frequently observed activating RTK mutations in AML with an
overall incidence of 17%. The mutations also encompass, for example, internal tandem duplications in
c-Kit [100]. The coupled downstream pathways are identical to the FLT3 coupled pathways. Of note,
Lyn activation can also be exerted by c-KIT [101].
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PTPIP51 in AML

PTPIP51 is expressed in malignant transformed blasts of AML in an isotype specific manner.
PTPIP51 protein isoforms could be traced with molecular weights of 13 kDa, 25 kDa, 38 and 52 kDa,
respectively [102]. Using peptide sequence specific antibodies, only the peptide sequence for the
C-terminal portion of PTPIP51 could be traced, whereas no staining of the N-terminal or the aa 114–129
protein sequence could be observed [102]. As reviewed by Brobeil et al. alternative splicing and
the leaky scanning mechanism may build the base for the (disease) specific isoform expression of
PTPIP51 [9]. The resulting protein sequence can lack distinct functional domains. In the case of AML,
PTPIP51 lost the TMD located at the N-terminal portion of PTPIP51 [102], which is crucial for the
mitochondrial binding and the apoptotic function of PTPIP51 [7]. In silico experiments using the
Group-based Prediction System 2.1 (GPS 2.1) with the full-length protein sequence as input (SwissProt
acc. no. Q96TC7) disclosed that PTPIP51 can be phosphorylated by Lyn, c-Src and c-Kit, respectively [9].
These interactions could be verified in AML blasts by using an in situ approach (DuoLink proximity
ligation assay) [102]. Tyrosine 158 and 176 of PTPIP51 serve as phosphorylation residues for Lyn and
c-Src, while c-Kit phosphorylation is limited to tyrosine 158 [9]. Interestingly, two functional domains
of PTPIP51 are near these phosphorylation sites arbitrating the 14-3-3β binding and, therefore, the
Raf-1 and MAPK signaling modulation [7]. The conserved region 1 spans aas 45 to 48 but is completely
missing on the protein sequence of PTPIP51 in AML blast [7,102]. The conserved region 2, spanning
aas 146–154, is near the tyrosine 158 and 176 residue [9]. As shown by HaCaT cell line experiments
exposing the cells to EGF, the phosphorylation of these tyrosine residues leads to the disassembly of
the PTPIP51/14-3-3β/Raf-1 complex resulting in a decreased stimulation of the MAPK pathway by
PTPIP51 on Raf-1 level [11]. As FLT3 and c-KIT, both RTKs, are constitutive active in most AML cases,
the physiological mechanism of regulating the MAPK stimulatory function of PTPIP51 may be still
intact in AML blasts. This is also resembled by the high tyrosine 176 phosphorylation levels of PTPIP51
in AML blasts [102]. In none of the AML samples an interaction of PTPIP51 with Raf-1 could be traced
due to the high tyrosine 176 phosphorylation levels, despite regions with small residues of normal
hematopoiesis [102]. The probable apoptotic function of hyperphosphorylated PTPIP51 is omitted as
the TMD is missing leading to uncontrolled proliferation by the constitutive activation of the MAPK by
FLT3 and c-KIT [7,8,102]. Using the GPS 2.1 algorithm an enzyme-substrate relation between FLT3 and
PTPIP51 could not be verified in contrast to the results gained for c-Kit [102]. PTPIP51 is co-located
with Lyn and the interaction of both could be proved in situ by the DuoLink proximity ligation assay
in AMLs blast [102]. Thus, c-Kit activity probably leads to the phosphorylation of tyrosine 158 residue
and FLT3 mediated Lyn activation leads to phosphorylation of tyrosine 176 residue preventing PTPIP51
to bind 14-3-3β and in consequence modulating the MAPK activity in AML blasts. This inhibited
interaction cannot be reversed by dephosphorylation of PTPIP51, as the main dephosphorylating
enzyme PTP1B is absent in AML blasts [8,10,11,102].

As Dasatinib blocks Lyn activity with consecutive apoptosis in imatinib-resistant CML cells [103],
the interaction blockage of PTPIP51 with the MAPK could probably be abolished with the initiation
of apoptosis by administrating Dasatinib. Moreover, Dasatinib also binds to the c-KIT receptor
suppressing its activity and promotes cellular apoptosis via activation of the caspase-dependent
apoptotic pathway in AML blasts [104].

In summary, PTPIP51 displays a disease-related isoform expression in AML with loss of functional
domains. Yet, the physiological regulation of the MAPK binding capacity of PTPIP51 seems to be
intact. Thus, the involved signaling molecules of PTPIP51 can be directly targeted by small molecules
to induce apoptosis in AML blasts (Figure 3B).

4. Summary

Protein-protein interactions are the foundation of all signaling events in normal cells as well as in
dysregulated tumor cells. The framework for the correct procedure of signaling, the interconnection of
different pathways and the appropriate subcellular localization is provided by scaffold proteins [105].
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In this review, we highlight the central position of PTPIP51 within the dysregulated MAPK
pathway signaling of several disparate diseases. The interactions and thus the functions of PTPIP51
are regulated by the serine and tyrosine phosphorylation status of PTPIP51 [8–12]. It exerts its main
function in the MAPK pathway via the binding and stimulation of Raf proteins [7]. As seen in
melanoma, the inhibition of the Raf stimulating effect of PTPIP51 can be used as a counter-regulatory
mechanism against the BRAF deregulation within the sequence from normal nevi over dysplastic nevi
to melanoma. Likewise, mechanisms were seen in breast cancer samples. Here, the observed high
Tyr176 phosphorylation prevents the binding and thus the stimulation of Raf-1 via PTPIP51. In these
tumors PTPIP51-related signaling represents a counter-regulation against the dysregulated growth and
proliferation signaling (ongoing studies of our group). In insulin signaling, not the inhibition but the
stimulation of the MAPK signaling via PTPIP51 represents the counter-regulatory mechanism against
insulin resistance, showing the importance of the cellular setting in which the signaling takes place.

During the progression of tumorous diseases, the PTPIP51 regulating kinases and phosphatases
often succumb alterations, in the form of activating mutations, overexpression or over-activation.
C-Src represents a perfect example for tumor promoting and therapy resistance inducing kinases, which
also regulates the phosphorylation of PTPIP51 [8,11,41,46,67]. The interaction of c-Src and PTPIP51
determines the sensitivity of Her2 amplified breast cancer cells towards EGFR-targeted TKIs [50].
The same interaction might be the reason for the anti-EGFR-therapy resistance of glioblastoma cells.
A summary of the relevance of PTPIP51 as a diagnostic biomarker and as a therapeutic target in the
various described diseases is presented in Table 1.

To sum up, PTPIP51 modulates the upmost position of the ERK pathway, the MAPKKK Raf-1.
Furthermore, PTPIP51 crosslinks this signaling node with several tumor relevant RTKs, non-receptor
tyrosine kinases and protein tyrosine phosphatases. PTPIP51 connects the MAPK pathway with several
other signaling systems, e.g., the Akt and NF-κB signaling, which exceed the scope of this review.
The precise understanding of the PTPIP51-related interactome in tumors is of the utmost interest and
offers the possibility to understand dysregulated signaling systems and potential targetable signaling
molecules. In particular, the interaction of PTPIP51 and c-Src seems to be of great relevance for therapy
resistance mechanisms in several tumor entities and needs further investigation.

Table 1. Summary table of the PTPIP51-related mechanisms of the various diseases and their
implications on the role of PTPIP51 as a potential biomarker and targetable molecule.

Disease PTPIP51-Related Mechanisms
Role of PTPIP51 as

Diagnostic Biomarker
Targetable Molecule

Insulin
Resistance

Transcriptional regulation of the IR via
MAPK activation through the formation of
the PTPIP51/14-3-3β/Raf-1 complex

expression of PTPIP51
negatively correlates with
the grade of insulin
sensitivity in mice

shifting PTPIP51 into MAPK signaling could
enhance the transcription of IR and thus the
insulin sensitivity

Breast Cancer
Sensitivity to EGFR/Her2 targeted TKIs
depends on the formation of the
Her2/c-Src/PTPIP51 complex

PTPIP51/PTP1B
interaction positively
correlates with the grading

Targeting the formation of the
Her2/c-Src/PTPIP51 complex could overcome
anti-EGFR/Her2 therapy resistances

Glioblastoma
Multiforme

EGFR-targeted therapies are potentially
bypassed via an enhanced interaction of
c-Src and PTPIP51

PTPIP51 mRNA
expression positively
correlates with the grading
of glioma

Targeting the PTPIP51/c-Src interaction could
overcome anti-EGFR therapy resistances.
Inhibition of the PTPIP51/14-3-3β interaction
could unveil the TMD of PTPIP51 and promote
the apoptosis-inducing functions of PTPIP51

Melanoma

Modulation of the serine and tyrosine
phosphorylation of PTPIP51 via PKA and
PTP1B induces a disease-stage-dependent
alteration of the formation of the
PTPIP51/14-3-3β/Raf-1 complex and thus
the MAPK pathway activation

Phosphorylation and
interaction profile of
PTPIP51 is altered
stage-dependently

Inhibition of PKA and PTP1B could reduce the
interaction of PTPIP51 and BRAF and thus the
MAPK stimulating effect of PTPIP51

Acute Myeloid
Leukemia

Loss of the TMD of PTPIP51 inhibits the
apoptosis-inducing functions of PTPIP51.
Phosphorylation of PTPIP51 via Lyn and
c-Kit prevents the PTPIP51-induced MAPK
pathway activation

PTPIP51 is expressed in a
disease-related isoform
without TMD
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Abstract: Hyperoxia contributes to the pathogenesis of bronchopulmonary dysplasia (BPD), a chronic
lung disease of infants that is characterized by interrupted alveologenesis. Disrupted angiogenesis
inhibits alveologenesis, but the mechanisms of disrupted angiogenesis in the developing lungs are
poorly understood. In pre-clinical BPD models, hyperoxia increases the expression of extracellular
signal-regulated kinases (ERK) 1/2; however, its effects on the lung endothelial ERK1/2 signaling
are unclear. Further, whether ERK1/2 activation promotes lung angiogenesis in infants is unknown.
Hence, we tested the following hypotheses: (1) hyperoxia exposure will increase lung endothelial
ERK1/2 signaling in neonatal C57BL/6J (WT) mice and in fetal human pulmonary artery endothelial
cells (HPAECs); (2) ERK1/2 inhibition will disrupt angiogenesis in vitro by repressing cell cycle
progression. In mice, hyperoxia exposure transiently increased lung endothelial ERK1/2 activation at
one week of life, before inhibiting it at two weeks of life. Interestingly, hyperoxia-mediated decrease
in ERK1/2 activation in mice was associated with decreased angiogenesis and increased endothelial
cell apoptosis. Hyperoxia also transiently activated ERK1/2 in HPAECs. ERK1/2 inhibition disrupted
angiogenesis in vitro, and these effects were associated with altered levels of proteins that modulate
cell cycle progression. Collectively, these findings support our hypotheses, emphasizing that the
ERK1/2 pathway is a potential therapeutic target for BPD infants with decreased lung vascularization.

Keywords: extracellular signal-regulated kinases 1/2; hyperoxia; bronchopulmonary dysplasia;
HPAECs; angiogenesis; cell cycle

1. Introduction

Bronchopulmonary dysplasia (BPD) is a chronic lung disease of premature infants that is
characterized by interrupted lung development [1]. The incidence of BPD has remained unchanged
over the past few decades, and BPD is still the most common long-term morbidity of preterm infants [2].
Importantly, there are no specific therapies for BPD. In addition, BPD is the second most expensive
childhood disease after asthma. Therefore, there is a need for improved therapies to prevent and treat BPD.

Decreased alveolarization or alveolar simplification and dysmorphic lung vascularization are
histopathological hallmarks of BPD [3,4]. Lung blood vessels are crucial for healthy lungs. Abnormal
lung angiogenesis is a characteristic feature of BPD [5]. Lung angiogenesis facilitates alveolarization
(lung development), and disrupted angiogenesis can interrupt alveolarization in the developing
lungs [6]. Therefore, understanding the mechanisms that promote the development and function of
the lung blood vessels is vital to prevent and treat this human disease. Toward this end, vascular
endothelial growth factor (VEGF) and nitric oxide (NO) signaling pathways have been extensively
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investigated and have been shown to be necessary for lung development in health and disease in
neonatal animals [7–11]. VEGF restores the alveolar and pulmonary vascular structure and function
via the endothelial nitric oxide synthase pathway in experimental BPD and pulmonary hypertension
(PH) [12–14]. However, these results were not replicated in clinical studies [15,16]. Recent evidence
suggests that inhaled NO combined with vitamin A can decrease the incidence of BPD better than
NO therapy alone [17]. Thus, there is a need to identify additional druggable molecular targets
that can complement the inhaled NO therapy to promote the development and function of the lung
vascular system.

Lung development is orchestrated by a complex process involving signaling by growth factors [18],
which mediate their effects mostly via the activation of mitogen-activated protein (MAP) and
phosphatidylinositol 3-OH kinases. Among the four major families of MAP kinases, the extracellular
signal-regulated kinases (ERK)1/2 were shown to primarily mediate proliferation and differentiation
of many cell types, whereas c-Jun NH2-terminal kinases and p38 kinase mainly induce cell
apoptosis [19]. In fact, ERK1/2 are activated during development in many organisms [20,21] and
regulate morphogenesis in several organs including the lungs [22–24]. Thus, it seems logical that
disruption of these signaling pathways may mechanistically contribute to a developmental lung
disease such as BPD.

Supplemental oxygen is frequently used as a life-saving therapy in preterm infants with
respiratory failure; however, excessive oxygen exposure or hyperoxia contributes to BPD pathogenesis.
We [25] and others [26,27] have demonstrated that hyperoxia-induced lung parenchymal and vascular
injury in newborn mice leads to a phenotype that is similar to that of human BPD. So, we used this
model to investigate the effects of hyperoxia on the expression and activation of ERK1/2 proteins in
the developing lungs. ERK1/2 activation is shown to protect alveolar epithelial cells against hyperoxic
injury [28,29]. However, there are several knowledge gaps, including: (1) the effects of hyperoxia on
the expression and activation of ERK1/2 in neonatal mouse and fetal human lung endothelial cells;
(2) the effects of ERK1/2 signaling on lung angiogenesis in preterm infants. Therefore, using neonatal
C57BL/6J wild type (WT) and fetal human lung cells, we tested the following hypotheses: (1) hyperoxia
exposure will increase endothelial ERK1/2 signaling in neonatal C57BL/6J (WT) mouse lungs and
fetal human lung endothelial cells; (2) inhibition of ERK1/2 signaling will disrupt angiogenesis in vitro
by repressing cell cycle progression.

2. Results

2.1. Hyperoxia Exposure Transiently Activates ERK1/2 in Neonatal Mouse Lungs

The level of protein phosphorylation correlates strongly with the activity of a protein. Therefore,
we quantified phosphorylated (p) ERK1/2 protein levels in whole lung homogenates to determine
if hyperoxia activates ERK1/2. Western blot analyses (Figure 1) showed that hyperoxia exposure
for one week increased ERK1/2 phosphorylation (0.6 ± 0.07 vs. 0.38 ± 0.02). However, prolonged
hyperoxia exposure (14 d) decreased ERK1/2 activation compared to age-matched controls (0.31 ± 0.06
vs. 0.43 ± 0.08), suggesting that hyperoxia transiently activates ERK1/2 in the developing lungs.

2.2. Hyperoxia Exposure Transiently Activates ERK1/2 in Neonatal Mouse Lung Endothelial Cells

To investigate if hyperoxia activates ERK1/2 in mouse lung endothelial cells, we performed
immunofluorescence colocalization experiments using lung sections from neonatal mice exposed to
normoxia or hyperoxia for one or two weeks. We localized pERK1/2 protein expression in endothelial
cells by immunofluorescence labelling using anti-pERK1/2 and anti-von Willebrand factor (vWF)
antibodies. Figure 2B shows a clear overlap between the green (pERK1/2) and red (vWF) signals,
indicating that pERK1/2 is expressed in lung endothelial cells. Similar to our results of immunoblotting
experiments with whole lung homogenates, hyperoxia increased ERK1/2 activation in lung endothelial
cells compared with the normoxia group at one week of life (Figure 2B). However, analyses of
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the time-dependent effects of hyperoxia revealed that ERK1/2 activation significantly decreased in
the hyperoxia group at two weeks of life (Figure 2D), a time point at which lung development is
still occurring.

Figure 1. Lung phosphorylated extracellular signal-regulated kinases (ERK)1/2 protein levels in
neonatal wild-type (WT) mice exposed to hyperoxia. Lung proteins obtained from neonatal WT
mice exposed to 21% O2 (normoxia) or 70% O2 (hyperoxia) for up to two weeks (n = 6/exposure)
were subjected to immunoblotting using antibodies against total ERK1/2, phosphorylated ERK1/2,
or β-actin. Representative immunoblot showing total ERK1/2 and phosphorylated ERK1/2 protein
expression (A). Densitometric analyses wherein the phosphorylated ERK1/2 band intensities were
quantified and normalized to those of total ERK1/2 (B). The values are presented as mean ± SD.
Significant differences between the normoxia and hyperoxia groups are indicated by * p < 0.05.
Significant differences between the hyperoxia groups are indicated by † p < 0.001 (Two-way ANOVA).

Figure 2. Phosphorylated ERK1/2 protein levels in lung endothelial cells of neonatal WT mice
exposed to hyperoxia. One-day-old WT mice were exposed to either 21% O2 (normoxia) or 70%
O2 (hyperoxia) for one or two weeks (n = 6/exposure/time-point), after which lung sections were
processed for colocalization studies. (A–D) Representative merged images of lung sections stained
with anti-pERK1/2 (green) and anti-vWF (red) antibodies, and DAPI (blue). Scale bar = 50 μM.
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2.3. Prolonged Hyperoxia Exposure Interrupts Pulmonary Vascularization in Neonatal Mice

We next determined pulmonary vascularization by quantifying the vWF-stained lung blood
vessels. Interestingly, the changes in pulmonary vascularization followed an pattern identical to that
of lung endothelial cell ERK1/2 activation in hyperoxia-exposed animals. One week of hyperoxia
exposure (Figure 3A,B,E) significantly increased the number of vWF-stained lung blood vessels
(7.3 ± 3.4 vs. 4.6 ± 2.7), whereas prolonged (two weeks) hyperoxia exposure (Figure 3C–E) decreased
the number of blood vessels (4.9 ± 2.4 vs. 7.4 ± 2.4) in comparison with normoxia-exposed mice.

Figure 3. Pulmonary vascularization in neonatal WT mice exposed to hyperoxia. One-day-old
WT mice were exposed to either 21% O2 (normoxia) or 70% O2 (hyperoxia) for one or two weeks
(n = 6/exposure/time-point), following which the lung sections were stained with anti-von Willebrand
factor (vWF) antibodies. (A–D) Representative vWF-stained lung blood vessels (red). (E) Quantitative
analysis of vWF-stained lung blood vessels per high-power field (HPF). The values are presented as the
mean ± SD. Two-way ANOVA analysis showed an effect of hyperoxia and duration of exposure and
an interaction between them for the dependent variable, vWF-stained vessels, in this figure. Significant
differences between normoxia- and hyperoxia-exposed mice are indicated by * p < 0.01 (Two-way
ANOVA). Scale bar = 100 μM.

2.4. Hyperoxia Exposure Increases Pulmonary Endothelial Cell Apoptosis in Neonatal Mice

To identify the mechanisms through which hyperoxia interrupts lung angiogenesis, we performed
immunofluorescence colocalization experiments using lung sections from neonatal mice exposed to
normoxia or hyperoxia for one or two weeks. We determined apoptosis in lung endothelial cells by
immunofluorescence labelling using an indirect TUNEL assay and anti-vWF antibodies. Figure 4
shows an increased intensity of apoptotic stain (green) in vWF-stained endothelial cells (red) in animals
exposed to hyperoxia (Figure 4B,D), indicating that hyperoxia causes lung endothelial cell apoptosis.
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Figure 4. Lung endothelial cell apoptosis in neonatal WT mice exposed to hyperoxia. One-day-old
WT mice were exposed to either 21% O2 (normoxia) or 70% O2 (hyperoxia) for one or two weeks
(n = 6/exposure/time-point), after which the lung sections were processed for colocalization studies.
(A–D) Representative merged images of lung sections stained with TUNEL (green), anti-vWF (red)
antibody, and DAPI (blue). The frames in the original magnification figures represent the zoomed
regions. Scale bar = 50 μM.

2.5. Hyperoxia Exposure Activates ERK1/2 in HPAECs

To examine the clinical significance of our findings, we used fetal HPAECs to determine if
hyperoxia similarly activates ERK1/2 in the developing lungs of preterm infants. Similar to our
findings in neonatal mouse lungs, time-dependent studies showed that hyperoxia increased ERK1/2
phosphorylation (0.35 ± 0.01 vs. 0.22 ± 0.03), and the extent of phosphorylation declined (0.28 ± 0.01
vs. 0.21 ± 0.02) as the duration of hyperoxia was prolonged (Figure 5).

Figure 5. Phosphorylated ERK1/2 protein levels in human pulmonary artery endothelial cells
(HPAECs) exposed to hyperoxia. HPAECs were exposed to normoxia or hyperoxia for 24 or 48 h,
following which whole-cell proteins were extracted, and immunoblotting was performed using
antibodies against total ERK1/2, phosphorylated ERK1/2, or β-actin. Representative immunoblot
showing total ERK1/2 and phosphorylated ERK1/2 protein expression (A). Densitometric analyses
wherein the phosphorylated ERK1/2 band intensities were quantified and normalized to those of total
ERK1/2 (B). The values are presented as mean ± SD (n = 6/group). Two-way ANOVA analysis showed
an effect of hyperoxia and duration of exposure and an interaction between them for the dependent
variable, p-ERK1/2, in this figure. Significant differences between normoxia- and hyperoxia-exposed
cells are indicated by * p < 0.001. Significant differences between hyperoxia-exposed cells are indicated
by † p < 0.01 (Two-way ANOVA).
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2.6. PD98059 Efficiently Inhibits ERK1/2 Activation in HPAECs

To investigate if ERK1/2 plays a direct role in angiogenesis in the developing lungs, we performed
in vitro angiogenesis assays after inhibiting ERK1/2 activity by PD98059 in HPAECs. To this end,
we first validated ERK1/2 inhibition by determining the expression of phosphorylated ERK1/2 protein
levels in PD98059-treated cells. As expected, PD98059 decreased phosphorylated ERK1/2 protein
expression in a dose-dependent manner (Figure 6), indicating that PD98059 efficiently inhibits ERK1/2
activation also in these cells.

Figure 6. Decreased phosphorylated ERK1/2 protein levels in HPAECs treated with PD98059. HPAECs
were treated with dimethylsulfoxide (DMSO) or PD98059 at concentrations of 10 (PD 10) or 30 (PD 30) μM
for 30 min, after which whole-cell proteins were extracted, and immunoblotting was performed using
antibodies against total ERK1/2, phosphorylated ERK1/2, or β-actin. Representative immunoblot
showing total ERK1/2 and phosphorylated ERK1/2 protein expression (A). Densitometric analyses
wherein the phosphorylated ERK1/2 band intensities were quantified and normalized to those of total
ERK1/2 (B). The values are presented as mean ± SD (n = 6/group). Significant differences between
DMSO- and PD-treated cells are indicated by * p < 0.001 (One-way ANOVA).

2.7. ERK1/2 Inhibition Decreases HPAEC Migration

Endothelial cell migration, proliferation, and tubule formation are essential steps in angiogenesis.
To determine the effects of ERK1/2 inhibition on these steps, we performed scratch, proliferation,
and tubule formation assays in cells treated with varying concentrations of PD98059. We initially
performed the scratch assay and quantified cell migration by assessing the extent of wound closure in
mitomycin-treated cell monolayers exposed to the vehicle or PD98059. The extent of wound closure
was significantly decreased by PD98059 in a dose-dependent manner (Figure 7), indicating that ERK1/2
inhibition decreases cell migration. When compared with vehicle-treated cells, 10, 20, and 30 μM of
PD98059 inhibited cell migration by 29.6, 55.5, and 91.8%, respectively (Figure 7I).

2.8. ERK1/2 Inhibition Decreases HPAEC Proliferation

The MTT activity reflects the cell number, and, thus, the measured absorbance positively
correlates with cell proliferation. As expected, there was a time-dependent effect on cell proliferation
in vehicle-treated cells. Their proliferation rate increased by 38% in 24 h (Figure 8). However,
PD98059 decreased cell proliferation in a dose-dependent manner (Figure 8). When compared with
vehicle-treated cells, 10, 20, and 30 μM of PD98059 inhibited cell proliferation by 6.7, 26.4, and 29.1%,
respectively, at 24 h and by 25, 29, and 30.8%, respectively, at 48 h.

2.9. ERK1/2 Inhibition Decreases HPAEC Tubule and Mesh Formation

A Matrigel assay was performed to determine the extent of tubule and mesh formation in cells
treated with the vehicle or with 30 μM PD98059. Consistent with its effects on cell proliferation
and migration, PD98059 decreased HPAEC tubule (1.9 ± 1.3 vs. 5.1 ± 2.3) (Figure 9A–C) and mesh
(0.4 ± 0.6 vs. 1.7 ± 0.9) (Figure 9A,B,D) formation, in comparison with vehicle-treated cells.
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Figure 7. Suppression of ERK1/2 activity decreases HPAEC migration. HPAECs grown as monolayers in
six-well plates were treated with 10 μg/mL of mitomycin for 2 h and scratched with a 200 μL pipette tip.
The cells were then treated with dimethylsulfoxide (DMSO) or PD98059 at concentrations of 10 (PD 10),
20 (PD 20), or 30 (PD 30) μM. The wound closure area was analyzed using Image J software after 16 h
of treatment. (A–H) Representative photographs showing cell migration. (I) Quantitative analysis of
cell migration. The values are presented as mean ± SD (n = 6/group). Significant differences between
DMSO- and PD-treated cells are indicated by *, (DMSO vs. PD 10 [p < 0.05]; DMSO vs. PD 20 and
PD 30 [p < 0.001]) (One-way ANOVA). Scale bar = 100 μM.

Figure 8. Suppression of ERK1/2 activity decreases HPAEC proliferation. HPAECs were
treated with dimethylsulfoxide (DMSO) or PD98059 at concentrations of 10 (PD 10), 20 (PD 20),
or 30 (PD 30) μM for 24 or 48 h, following which cell proliferation was assessed by the MTT
(3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay. The values are presented as
mean ± SD (n = 10/group). Two-way ANOVA analysis showed an effect of PD and duration of
exposure and an interaction between them for the dependent variable, absorbance at 570 nm, in this
figure. Significant differences between DMSO- and PD-treated cells are indicated by * p < 0.001
(Two-way ANOVA).

2.10. ERK1/2 Inhibition Alters the Level of Proteins That Regulate Cell Cycle Progression in HPAECs

We finally investigated the mechanisms by which ERK1/2 inhibition disrupts angiogenesis
in vitro. Because cell cycle regulation is the major biological pathway affected by ERK1/2 signaling,
we determined the effects of ERK1/2 inhibition on the expression of proteins that modulate the
crucial G1/S phase of cell cycle. Cyclins A and D and Cdk4 promote G1/S phase transition, while
the cyclin-dependent kinase inhibitor p27 prevents this transition. Exposure of cells to the ERK1/2
inhibitor for 24 h decreased the protein levels of cyclin A and Cdk4 and increased the protein levels
of p27. Cyclin D expression was similar between the vehicle- and PD-treated cells (Figure 10). These

35



Int. J. Mol. Sci. 2018, 19, 1525

findings indicate that repression of cell cycle progression is one of the mechanisms by which ERK1/2
inhibition interrupts angiogenesis.

Figure 9. Suppression of ERK1/2 activity decreases HPAEC tubule and mesh formation. HPAECs
were pre-treated with dimethylsulfoxide (DMSO) or 30 μM PD98059 (PD 30) for 30 min before being
loaded on growth factor-reduced Matrigel (BD Bioscience) in 96-well plates. Following an incubation
period of 18 h, tubule formation was quantified. (A,B) Representative photographs showing tubule
formation in growth factor-reduced Matrigel. (C,D) Quantitative analysis of tubule (C) and mesh (D)
formation. The values are presented as mean ± SD (n = 9/group). Significant differences between
DMSO- and PD-treated cells are indicated by * p < 0.001 (t-test). Scale bar = 100 μM.

Figure 10. ERK1/2 inhibition affects the expression of cell cycle regulatory proteins. HPAECs were
treated with dimethylsulfoxide (DMSO) or 30 μM PD98059 (PD 30) for 24 h, after which whole-cell
protein were extracted, and immunoblotting was performed using antibodies against the following
proteins: cyclin A, cyclin D, Cdk4, p27, and β-actin. Representative immunoblots showing the
expression of the above proteins (A). Densitometric analyses wherein cyclin A (B), cyclin D (C),
Cdk4 (D), and p27 Kip 1 (E) band intensities were quantified and normalized to those of total β-actin.
The values are presented as mean ± SD (n = 6/group). Significant differences between DMSO- and
PD-treated cells are indicated by * p < 0.05 (t-test).
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3. Discussion

In this study, we investigated the interaction between hyperoxia and ERK1/2 activation in mouse
lungs and fetal HPAECs. Previously, we demonstrated that moderate hyperoxia exposure leads
to increased lung oxidative stress and inflammation and causes alveolar and pulmonary vascular
simplification, pulmonary vascular remodeling, and PH [25]. Further, we showed in the same model
that exposure of mice to neonatal hyperoxia causes lung developmental abnormalities that persist
into adolescence [30]. These findings indicate that the phenotype of our mouse model closely aligns
with that of preterm infants with BPD and PH. Therefore, we chose the same model for this study
and found that hyperoxia exposure transiently increases ERK1/2 activation before decreasing it to
below-baseline levels. Further, we show that hyperoxia exposure affects mouse lung vascularization in
an identical pattern. Finally, using fetal HPAECs, we demonstrate that inhibition of ERK1/2 pathway
disrupts angiogenesis by repressing cell cycle progression.

Lung angiogenesis actively contributes to alveologenesis during development, and healthy lung
blood vessels are necessary to maintain the structural and functional integrity of alveolar structures
later in life. Numerous in vitro studies have demonstrated that ERK1/2 promote angiogenesis.
For example, Mavria et al. [31] demonstrated that these kinases promote endothelial cell survival and
sprouting by repressing Rho kinase signaling. Similarly, Murphy et al. [32] showed that sorafenib
exerts tumoricidal anti-angiogenic effects by inhibiting of ERK1/2 signaling. Further, an elegant in vivo
study using mice lacking endothelial ERK1/2 genes demonstrated that ERK1/2 genes are necessary for
embryonic angiogenesis [33]. Therefore, we initially determined the effects of hyperoxia on ERK1/2
activation in the lungs. Hyperoxia exposure was shown to increase ERK1/2 activation in whole
lung homogenates and lung epithelial cells by several investigators [34–39]; however, the effects of
hyperoxia on lung endothelial cell ERK1/2 activation are poorly understood. Our study demonstrates
that hyperoxia exposure increases lung endothelial cell ERK1/2 activation at postnatal day (PND) 7,
but decreases their activation at PND14. Importantly, PND14 is still a critical time period for lung
development in mice. Lung development occurs at an accelerated rate between PND5 and PND14,
and the maximal alveolar number is reached by PND39 [40]. These findings indicate that there may
be a mechanistic link between endothelial ERK1/2 signaling and hyperoxia-induced developmental
lung injury. To this end, we determined the time-dependent effects of hyperoxia on pulmonary
vascularization in our mouse model.

Brief exposures to a high inspired O2 concentration (>95% O2) or prolonged exposures to
a moderate oxygen concentration was shown to inhibit lung angiogenesis. Here, we show that
exposure to a moderate oxygen concentration (70% O2) initially increased and later induced a
significant decline in angiogenesis. Interestingly, hyperoxia-induced changes in lung vascularization
paralleled those of ERK1/2 activation. Further, the decreased ERK1/2 activation correlated with
increased apoptosis in lung endothelial cells. It is possible that upon exposure to moderate hyperoxia,
several angiogenic molecules, such as ERK1/2, are activated to promote or maintain angiogenesis
and facilitate lung repair. However, with prolonged hyperoxia exposure, these changes are not
sustained to promote healing and prevent further damage from hyperoxic injury. Therefore, we
hypothesized that the early ERK1/2 activation upon hyperoxia exposure is an adaptive response
to mitigate rather than to potentiate hyperoxic lung injury. To test this hypothesis and to examine
the clinical significance of our animal studies, we investigated the effects of hyperoxia exposure
on ERK1/2 activation and the effects of ERK1/2 inhibition on angiogenesis using fetal HPAECs.
HPAECs were selected because: (1) their proliferation and maturation are crucial for alveolarization
and lung growth; (2) their dysfunction contributes to BPD pathogenesis; (3) arterial endothelial
cells are enriched in ERK1/2 proteins. Similar to our findings in mouse lungs, hyperoxia exposure
transiently increased ERK1/2 activation before decreasing it, when compared with normoxia exposure.
Activation of ERK1/2 promotes cell proliferation and differentiation in health [41] and protects against
cell death in pathological states [42–44]. However, it is unclear if ERK1/2 signaling attenuates or
potentiates hyperoxia-mediated cytotoxicity. Several investigators have demonstrated that ERK1/2
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activation protects lung epithelial cells against hyperoxia-induced cell death [28,29,45,46]. Similarly,
Ahmad et al. [47] showed that ERK1/2 activation protects adult human lung pulmonary microvascular
endothelial cells against hyperoxia-induced cell death. On the other hand, Zhang et al. [36] have
demonstrated that inhibition of ERK1/2 signaling decreases cytochrome c release, caspase-9 and -3
activation, and poly (ADP-ribosyl) polymerase cleavage and attenuates lung epithelial cell death in
hyperoxic conditions. Similarly, Carnesecchi et al. [46] demonstrated that NADPH oxidase 1 inhibition
decreases oxidative stress-mediated ERK1/2 activation and attenuates acute hyperoxic lung injury in adult
mice. Further, it was also shown that ERK1/2 activation potentiates hyperoxia-induced developmental
lung injury, primarily by regulating the proliferation and differentiation of fibroblasts [35]. The fate
of alveolar interstitial fibroblasts influences lung epithelial proliferation and differentiation, i.e., lung
development. Differentiation of alveolar interstitial fibroblasts into lipofibroblast promotes lung
epithelial proliferation and differentiation [48,49], whereas their differentiation into myofibroblasts
interrupts lung development [49]. Under hyperoxic conditions, ERK1/2 activation was shown to be
associated with increased myofibroblast differentiation [35]. It is possible that the biological response
of ERK1/2 activation may be dependent upon several factors, including the cell and tissue types,
magnitude and duration of ERK1/2 activation, and the interactions between ERK1/2 and other
activated pathways. Further studies using ERK1/2 transgenic mice are needed to address these
knowledge gaps.

The proangiogenic effects of ERK1/2 signaling is well established in the field of cancer biology.
However, it is important to note that endothelial cells display substantial organ- and tissue-specific
diversity [50,51]. Further, whether ERK1/2 signaling regulates angiogenesis in the developing lungs
of humans needs to be determined. Consequently, we inhibited ERK1/2 activation by PD98035
and determined the resulting effects on in vitro angiogenesis using fetal HPAECs. Angiogenesis
is a highly coordinated multistep process that includes cell migration, proliferation, and tubule
formation [52]. Inhibition of any of these processes disrupts angiogenesis [53]. We observed that
ERK1/2 inhibition decreased fetal lung endothelial cell migration, proliferation, and tubule and mesh
formation, indicating that ERK1/2 signaling regulates angiogenesis in the developing lungs. Others
have shown that ERK1/2 activation is associated with pulmonary vascular development [54]; however,
to the best of our knowledge, ours is the first study to indicate that ERK1/2 signaling is necessary for
pulmonary vascular development. The angiogenic molecule VEGF promotes lung angiogenesis via
ERK1/2 activation [54], but the downstream effectors of ERK1/2 activation are poorly characterized.
Hence, we finally investigated the mechanisms by which ERK1/2 signaling regulates lung angiogenesis.
A large body of evidence indicate that cell cycle regulation is the predominant biological pathway
regulated by ERK1/2 signaling. G1/S phase transition is critical for cell cycle progression. Cyclins A
and D and Cdk4 promote this transition, whereas cyclin-dependent kinase inhibitor p27 prevents
this transition [55]. Importantly, cyclin A regulates cell cycle progression at multiple levels and
therefore can be considered a master regulator of the cell cycle [56]. The Cdks determine the biological
activity of cyclin A. For example, cyclin A-mediated activation of Cdk2 promotes G1/S transition,
whereas activation of Cdk1 promotes G2/M phase transition. We demonstrate that ERK1/2 inhibition
prevented cell cycle progression by decreasing the expression of cyclin A and Cdk4 and increasing
that of p27, a conclusion supported by other investigators [33,57,58].

The major limitation of this study is that the interactions between ERK1/2 signaling and lung
angiogenesis were determined by in vitro studies. However, our studies in a clinically relevant
model of hyperoxia-induced developmental lung injury suggest that there may be similar interactions
in vivo. Our future studies will address this limitation by performing in vivo studies using ERK1/2
transgenic mice.

In summary, we demonstrate that exposure of neonatal mice to hyperoxia causes parallel changes
in lung endothelial cell ERK1/2 activation and lung vascularization, wherein it initially increases
ERK1/2 activation and lung vascularization and later induces a significant decline of these biological
processes. Further, our in vitro studies using primary fetal human lung endothelial cells show that
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ERK1/2 signaling may be necessary for pulmonary vascular development. Our findings signify that
targeting ERK1/2 signaling may be beneficial for BPD infants who have decreased lung vascularization.

4. Materials and Methods

4.1. In Vivo Experiments

4.1.1. Animals

This study was approved and conducted in strict accordance with the federal guidelines for the
humane care and use of laboratory animals by the Institutional Animal Care and Use Committee of
Baylor College of Medicine (AN-5631, 12/12/2016). C57BL/6J wild-type (WT) mice were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA). Timed-pregnant mice raised in our animal
facility were used for the experiments. The dams were fed standard mice food and water ad libitum,
and all the experimental animals were maintained in 12 h day–night cycles.

4.1.2. Hyperoxia Experiments

Within 24 h of birth, WT dams and their male and female pups were exposed to 21% O2 (normoxia,
n = 18) or 70% O2 (hyperoxia, n = 18) for up to two weeks. The dams were rotated between normoxia-
and hyperoxia-exposed litters every 24 h during the experiment to prevent oxygen toxicity in the dams
and to control for the maternal effects between the groups. Oxygen exposures were conducted in
plexiglass chambers, and the animals were monitored as described previously [59].

4.1.3. Lung Tissue Harvest and Protein Extraction

The lungs from a subset of study animals (n = 6/exposure) were snap-frozen in liquid nitrogen
and stored at −80 ◦C for the subsequent isolation of total proteins. A mortar and pestle were used to
homogenize the lung tissue in a buffer containing 50 mM Tris-HCL (pH 7.5), 0.5 M KCL, 1 M MgCL,
and 0.5 M EDTA. The homogenates were centrifuged at 2400× g for 5 min at 4 ◦C. The supernatants
(protein lysate) were stored at −80 ◦C.

4.1.4. Western Blot Assays

The protein lysates from the experimental animals were separated by 10% SDS-polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride membranes. The membranes
were incubated overnight at 4 ◦C with the following primary antibodies: anti-β-actin (Santa Cruz
Biotechnologies, Santa Cruz, CA, USA; sc-47778, dilution 1:1000), anti-total ERK1/2 (Cell Signaling,
Danvers, MA, USA; 4695, dilution 1:1000), and anti-phospho-ERK1/2 (Cell Signaling, Danvers, MA,
USA; 9106, dilution 1:1000). The primary antibodies were detected by incubation with the appropriate
horseradish peroxidase-conjugated secondary antibodies. The immunoreactive bands were detected
by chemiluminescence methods, and the band densities were quantified by Image lab 5.2.1 software
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

4.1.5. Tissue Preparation for Immunofluorescence and Lung Vascular Morphometry Studies

A separate group of pups were euthanized at one and two weeks of life (n = 6/exposure/time-point),
and their lungs were inflated and fixed via the trachea with 10% formalin at 25 cm H2O pressure for at
least 10 min. Sections of the paraffin-embedded lungs were obtained for immunofluorescence studies
and for the analysis of lung vascularization, as described previously [59].

4.1.6. Immunofluorescence Studies

We performed double immunostaining with anti-pERK1/2 and anti-von Willebrand factor (vWF;
endothelial specific marker) antibodies to localize ERK1/2 activation in the lung endothelial cells.
Fresh frozen lung tissues were incubated with 7.5% normal donkey serum for 1 h to block nonspecific
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protein binding, after which they were incubated overnight at 4 ◦C with the following primary
antibodies: anti-phospho-ERK1/2 (Cell Signaling, Danvers, MA, USA; 4370, dilution 1:150) and
anti-vWF (Abcam, Cambridge, MA, USA; ab11713, dilution 1:50). The primary anti-pERK1/2 and
anti-vWF antibodies were detected by incubation with fluorescein-conjugated donkey anti-rabbit
(Alexa Fluor 488, dilution 1:200) and donkey anti-sheep (Alexa Fluor 633, dilution 1:200) secondary
antibodies, respectively. An indirect TUNEL assay was used to detect apoptosis using the ApopTag
Fluorescein In Situ Apoptosis detection kit (MilliporeSigma, St. Louis, MO, USA; S7110), as per the
manufacturer’s recommendations. The localization of the apoptotic process in the endothelial cells
was determined using vWF antibodies, as described above. All the slides were counterstained with
4′,6-diamidino-2-phenylindole (DAPI) and analyzed by confocal microscopy. The observers analyzing
these slides were masked to the experimental conditions.

4.1.7. Analyses of Pulmonary Vascularization

Pulmonary vessel density was determined in these animals on the basis of the immunofluorescence
staining with anti-vWF antibody (Abcam, Cambridge, MA, USA; ab11713, dilution 1:50), which is an
endothelial-specific marker [60]. At least 10 counts from 10 random non-overlapping fields (original
magnification, 200×) were performed for each animal (n = 6/exposure/time-point). The observers
performing these measurements were masked to the slide identity.

4.2. In Vitro Experiments

4.2.1. Cell Culture

The human pulmonary artery endothelial cells (HPAECs) derived from the lungs of human fetus
(26 weeks gestational age) were obtained from ScienCell research laboratories (San Diego, CA, USA;
3100). HPAECs were grown in 95% air and 5% CO2 at 37 ◦C in specific endothelial cell medium,
according to the manufacturer’s protocol. Briefly, the cells were grown in fibronectin-coated plates
containing basal endothelial cell medium supplemented with fetal bovine serum, antibiotics, and an
endothelial cell growth supplement in a humidifier containing 5% CO2 at 37 ◦C. When the cell culture
reached >90% confluence, the cells were subcultured with a split ratio of 1:3. Cells between passages
5–7 were used for all our experiments.

4.2.2. Hyperoxia Exposure

Hyperoxia experiments were conducted in a plexiglass, sealed chamber into which a mixture
of 95% O2 and 5% CO2 was circulated continuously. The chamber was placed in a Forma Scientific
water-jacketed incubator at 37 ◦C. Once the O2 level inside the chamber reached 95%, the cells were
placed inside the chamber for up to 48 h [61]. The cells were harvested at 24 h and 48 h of exposure to
determine the effects of hyperoxia on ERK1/2 activation.

4.2.3. Cell Treatment

HPAECs were treated with either 0.01% v/v dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis,
MO, USA; 276855) or the ERK1/2 inhibitor PD98059 (Sigma-Aldrich, St. Louis, MO, USA; P215) at
varying concentrations up to 30 μM. The cells were then harvested to determine the effects of PD98059
on ERK1/2 activation, cell proliferation, migration, tubule formation, and expression of cell cycle
regulatory proteins.

4.2.4. Western Blot Assays

The cells were grown in complete medium on six-well plates to 70–80% confluence, after which
they were exposed to normoxia (95% air and 5% CO2) or hyperoxia (95% O2 and 5% CO2) for
up to 48 h. In a separate set of experiments, the cells grown on six-well plates were treated with
DMSO or 30 μM PD98059 for 24 h. Following these treatments, whole-cell protein extracts were
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obtained by using the radio immunoprecipitation assay lysis buffer system (Santa Cruz Biotechnologies,
Santa Cruz, CA, USA; sc-24948) and subjected to western blotting with the following antibodies:
anti-β-actin (Santa Cruz Biotechnologies, Santa Cruz, CA, USA; sc-47778, dilution 1:1000), anti-cyclin A
(Santa Cruz Biotechnologies, Santa Cruz, CA, USA; sc-751, dilution 1:1000), anti-cyclin D1 (Santa
Cruz Biotechnologies, Santa Cruz, CA, USA; sc-8396, dilution 1:250), anti-cyclin-dependent kinase
(Cdk) 4 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA; sc-23896, dilution 1:250), anti-p27 Kip 1
(Abcam, Cambridge, MA, USA ; ab32034, dilution 1:1000), anti-total ERK1/2 (Cell Signaling, Danvers,
MA, USA; 4695, dilution 1:1000), anti-phospho-ERK1/2 (Cell Signaling, Danvers, MA, USA; 9106,
dilution 1:1000). The immunoreactive bands were detected and quantified as described in the “in vivo
experiments” section.

4.2.5. Cell Proliferation Assay

Cell proliferation was determined by a colorimetric assay based on the ability of viable cells
to reduce the tetrazolium salt MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide)
(American Type Culture Collection, Manassas, VA, USA; ATCC 30-1010K) to formazan. HPAECs were
grown in 96-well microplates overnight at a density of 5 × 104 cells per well in 100 μL of complete
medium, followed by an additional period of growth for 24 h in basal medium containing 0.5% fetal
bovine serum (FBS). The cells were then treated with varying concentrations of PD98059 and grown
under reduced serum conditions for up to 48 h, after which cell proliferation was assessed by the MTT
reduction assay, as outlined in the MTT Assay protocol (American Type Culture Collection, Manassas,
VA, USA). Briefly, at the end of the experiments, 10 μL of MTT reagent was added to each well, and
the cells were incubated in a humidifier containing 5% CO2 at 37 ◦C for 2 h, at the end of which
precipitates were visible in all wells. Following the incubation, 100 μL of detergent was added to each
well, and the cells were incubated at room temperature in the dark for additional 2 h; the absorbance
was measured at 570 nm. The absorbance readings are directly proportional to the number of cells.

4.2.6. Scratch Assay

A scratch assay was used to quantify cell migration [62]. HPAECs were grown in complete
medium in six-well plates to 70–80% confluence, followed by a period of growth for 24 h in basal
medium containing 0.5% fetal bovine serum. To mitigate the effects of cell proliferation on wound
closure, the cells were pre-treated with mitomycin (10 μg/mL) (MilliporeSigma, St. Louis, MO, USA;
M4287) for 2 h. The cells were then scratched with a 200 μL pipette tip before they were treated with
PD98059. The wound closure or cell migration area was estimated using Image J software (National
Institutes of Health, Bethesda, MD, USA) by comparing the wounded areas at 0 h and 16 h.

4.2.7. Tubule and Mesh Formation Assays

A Matrigel assay was used to determine tubule and mesh formation, as described previously [63,64].
HPAECs were grown in 96-well microplates at a density of 2 × 104 cells per well in 100 μL of basal
medium containing 0.5% FBS. The cells were pretreated with 30 μM PD98059 for 30 min and loaded
on top of growth factor-reduced Matrigel (Corning, NY, USA; 356230). Following an incubation period
of 18 h, tubule and mesh formation were quantified.

4.3. Statistical Analyses

The results were analyzed by the GraphPad Prism 5 software (La Jolla, CA, USA). The data were
expressed as mean ± SD. In vivo experiments: At least three separate experiments were performed for
each measurement (n = total animals from the three experiments). The effects of hyperoxia exposure
on ERK1/2 activation were assessed by t-test, whereas the effects of time-point and exposure on
pulmonary vascularization were assessed using two-way ANOVA. In vitro experiments: At least
three separate experiments were performed for each measurement. One-way ANOVA was used to
determine the dose-dependent effects of PD98059 on cell proliferation and ERK1/2 phosphorylation,
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while a nonparametric test (Kruskal–Wallis test) was used to determine the dose-dependent effects of
PD98059 on cell migration. The effects of PD98059 on tubule and mesh formation were determined by
t-test. A p value of <0.05 was considered significant.
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Abstract: Mitogen-activated protein kinases (MAPK): Erk1 and Erk2 are key players in
negative-feedback regulation of fibroblast growth factor (FGF) signaling. Upon activation, Erk1 and
Erk2 directly phosphorylate FGF receptor 1 (FGFR1) at a specific serine residue in the C-terminal part
of the receptor, substantially reducing the tyrosine phosphorylation in the receptor kinase domain and
its signaling. Similarly, active Erks can also phosphorylate multiple threonine residues in the docking
protein FGF receptor substrate 2 (FRS2), a major mediator of FGFR signaling. Here, we demonstrate
that in NIH3T3 mouse fibroblasts and human osteosarcoma U2OS cells stably expressing FGFR1,
in addition to Erk1 and Erk2, p38 kinase is able to phosphorylate FRS2. Simultaneous inhibition
of Erk1/2 and p38 kinase led to a significant change in the phosphorylation pattern of FRS2 that in
turn resulted in prolonged tyrosine phosphorylation of FGFR1 and FRS2 and in sustained signaling,
as compared to the selective inhibition of Erks. Furthermore, excessive activation of p38 with
anisomycin partially compensated the lack of Erks activity. These experiments reveal a novel crosstalk
between p38 and Erk1/2 in downregulation of FGF-induced signaling.

Keywords: FGF-induced signaling; FRS2; phosphorylation; downregulation; p38; MAPK

1. Introduction

Fibroblast growth factor (FGF) receptor (FGFR) -dependent signaling plays a crucial role during
embryonic development, as well as in adult life. It stimulates growth, differentiation, survival, injury
repair, regeneration, and metabolism. Consequently, excessive activation of FGFRs may result in severe
abnormalities, such as cancer development and progression, and skeletal disorders [1].

Downregulation of FGFR signaling consists of a number of mechanisms that enable precise control
of cellular outcome. They include regulation of FGFR synthesis, receptor internalization, followed by
degradation and modulation of FGFR tyrosine phosphorylation via the activity of several negative
regulators and feedbacks [1–6].

Previously we showed that phosphorylation of Ser777 of FGFR1 by activated MAPK Erk1
and Erk2 significantly reduces the tyrosine phosphorylation in the kinase domain of the receptor.
We suggested that the phosphorylated Ser777 could act as a binding site for tyrosine phosphatases
responsible for receptor inactivation [7]. FGFR1 and FGFR2 are also phosphorylated on Ser779 in
response to FGF. Upon phosphorylation, this residue serves as a binding site for 14-3-3 family of
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phosphoserine/threonine-binding adaptor/scaffold proteins and tunes up Ras/MAPK signaling [8,9].
In addition, ribosomal S6 kinase 2 (RSK2) phosphorylates Ser789 of FGFR1. Inhibition of RSK2 activity
leads to prolonged tyrosine phosphorylation of FGFR1 resulting from reduced FGFR1 ubiquitination
and endocytosis [10].

Furthermore, FGFR downstream signaling molecules are also affected by inhibitory loops and
negative regulators, including Sprouty proteins (SPRY1–SPRY4), MAPK phosphatase 3 (MKP3),
SEF (similar expression to FGF), and protein tyrosine phosphatase receptor type G (PTPRG). MKP3
directly dephosphorylates MAPK turning off the Ras cascade [11]. Sprouty is phosphorylated in
response to FGFR activation and competes for Grb2 (growth factor receptor-bound protein 2), binding
to FRS2 and Shp2 (SH2 domain-containing protein tyrosine phosphatase-2), preventing Ras activation.
Phosphorylated Sprouty also binds to Raf and blocks subsequent MAPK signaling [12,13]. SEF protein,
in addition to its role in inhibiting MAPK signaling, is capable of interacting directly with FGFRs and
blocking receptor phosphorylation [14,15]. The protein tyrosine phosphatase receptor type G, PTPRG,
directly dephosphorylates the receptor itself, thereby turning off the signaling [16].

However, one of the most effective downregulation mechanism described so far is based on
Erk1/2-FRS2 negative feedback loop [17]. FRS2, a lipid anchored adaptor protein, is associated
constitutively through its PTB domain with the juxtamembrane domain of FGFR and is phosphorylated
on multiple tyrosines upon receptor activation [18,19]. Phosphorylated FRS2 forms two specific binding
sites for Shp2 and four binding sites for Grb2. Grb2 is constitutively bound via its SH3 domains
to Sos and Gab1, and these proteins constitute a signaling complex activating the RAS/MAPK and
PI3K/Akt pathways [1]. Activated extracellular signal-regulated protein kinases (Erk1/2), irrespective
of the upstream receptor tyrosine kinase (RTK), phosphorylate FRS2 at eight threonines (PXTP
motifs) [17]. Such phosphorylation reduces FRS2 tyrosine phosphorylation, decreases recruitment
of Grb2, and attenuates downstream signaling response, providing a control mechanism to regulate
FGFR activity [17].

Besides Erks, the MAPK family includes also p38 and c-Jun N-terminal kinases (JNKs). Erks
are activated by mitogenic factors and are associated with growth, differentiation, and proliferation,
whereas p38 and JNKs take part mainly in the cell response to stress conditions and inflammatory
cytokines, and are activated only weakly by proliferative stimuli [20]. There are four isoforms of p38
identified so far in mammals, among which p38α and p38β are the best characterized and most widely
expressed [21].

Interestingly, all MAPKs share specificity for a common consensus phosphorylation site [22].
We showed previously that two different MAPKs, Erk1/2 and p38, are able to phosphorylate FGFR1 at
the same serine residue [7,23]. Phosphorylation of FGFR1 by p38 seems to be necessary for FGF1 to be
translocated into the cytosol and nucleus upon internalization [23], while phosphorylation by Erk1/2
provides a negative-feedback mechanism that controls FGF signaling, and thereby protects the cell
against excessive activation of FGFR [7].

Here, we found that in addition to Erks, p38 can also phosphorylate FRS2 and modulate its
phosphorylation at tyrosine residues. Simultaneous inhibition of both types of MAPKs resulted in
prolonged activation of FGFR1, FRS2, and downstream signaling, as compared to the elimination of
Erks activity alone. Our results reveal a novel regulatory feedback mechanism, where p38 is able to
partially substitute Erk1 and Erk2 in the regulation of FGFR activity.

2. Results

2.1. The p38 Activity Influences Electrophoretic Mobility Shift of FRS2

We analyzed by immunoblotting the activation of FGF1-induced signaling in NIH3T3 mouse
fibroblast cells upon 15-min stimulation with FGF1 in the presence of different combinations of MAP
kinases inhibitors (MEK1/2 inhibitors, p38 inhibitor) and p38 kinase activator (anisomycin) (Figure 1a).
As expected, in the presence of specific MEK1/2 inhibitors (U0126 or SL327, lanes 3, 4, 5, 6) that prevent
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Erk1/2 activation, we observed augmented tyrosine phosphorylation of FGFR1 (Tyr653/Tyr654) and lack
of phosphorylation at Ser777. In addition, MEK1/2 inhibition led to increased tyrosine phosphorylation
of FRS2. This is in accordance with findings by Lax and co-workers [17]. The band for FRS2, visualized
by antibodies recognizing total and phoshorylated (Tyr196) forms, displayed faster migration (lanes 3
and 4) as compared to the cells untreated with inhibitor (lane 2). Interestingly, we also found that in
the simultaneous presence of MEK1/2 inhibitor (U0126) and p38 inhibitor (SB203580) (lane 5), the FRS2
band migrated slightly faster than in the presence of U0126 or SL327 alone (lanes 3 and 4). Addition
of anisomycin (p38 activator) in the presence of U0126 resulted in a small up-shift of the FRS2 band
(lane 6). We confirmed these findings using another model cell line, human osteosarcoma U2OS cells
that stably expresses FGFR1 (U2OS-R1) (Figure 1b).

 

Figure 1. The effect of p38 activity on FRS2. (a–c) FGF1-induced electrophoretic mobility shift of
FRS2. Serum-starved (a,c) NIH3T3 and (b) U2OS-R1 were pretreated for 20 min with or without
MEK1/2 inhibitors (20 μM U0126, 1 μM SL327), p38 inhibitor (5 μM SB203580), and p38 activator (10 μM
anisomycin), and then stimulated with the growth factor in the presence of heparin (10 U/mL) for 15 min.
Cells were lysed, and the cellular material was analyzed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) (a,b) or Phos-Tag SDS-PAGE (c) and immunoblotting using the
following antibodies: anti-phospho-FGFR (Tyr653/Tyr654) (pY-FGFR), anti-phospho-FGFR1 (Ser777)
(pS777-FGFR1), anti-phospho-FRS2 (Tyr196) (pY-FRS), anti-FRS2, and anti-Hsp90 or anti-tubulin as a
loading control. (d) In vitro phosphorylation of FRS2 by p38α kinase. Recombinant, active kinase p38α
and partial recombinant fusion protein FRS2α with GST tag were incubated with (γ-33P) ATP in reaction
buffer at 30 ◦C for 30 min in the presence or absence of 5 μM SB203580. Erk1 and Erk2 kinases served
as positive controls. The proteins were analyzed by SDS-PAGE, electroblotting, and autoradiography
(upper panel), and then the membrane was stained with Coomassie (lower panel). Representative
experiments are shown, for (a) and (b) n = 4, and for (c) and (d) n = 2.

As conventional SDS-PAGE is not optimal for separation of phosphorylated populations of
a protein from a non-modified fraction, we studied FRS2 migration upon treatment with various
kinases inhibitors using a Phos-Tag technology that is well suited for phosphorylation profiling of
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proteins [24,25]. Cell lysates were separated on Phos-Tag gels followed by immunoblotting with
anti-FRS2 antibody (Figure 1c).

In the serum starved NIH3T3 cells, FRS2 was observed mainly as a single, fast migrating band on
Phos-Tag gel, likely representing non-phosphorylated FRS2 (Figure 1c, lane 1). Stimulation of cells
with FGF1 drastically changed the migration pattern of FRS2 in the Phos-Tag gel. FRS2 was detected
in three slowly migrating bands that represent differentially phosphorylated FRS2 (Figure 1c, lane 2).
Treatment of cells with MEK1/2 inhibitor caused clear changes in the phosphorylation status of FRS2
(Figure 1c, lane 3). Interestingly, concomitant inhibition of p38 and MEK1/2 altered gel migration of
FRS2 in relation to the inhibition of either MEK1/2 or p38 alone (Figure 1c, lane 5 vs. lanes 3 and 4).
In agreement with these findings, the over-activation of p38 by anisomycin, either in the presence or
absence of MEK1/2 inhibitor, altered the migration of FRS2 on Phos-Tag gels (Figure 1c, lanes 6 and 7
vs lanes 2 and 3). These data suggest that p38 kinase affects the phosphorylation state of FRS2.

2.2. In Vitro Phosphorylation of FRS2 by p38α Kinase

Since the addition of either p38 inhibitor or p38 activator resulted in FRS2 mobility changes
in SDS-PAGE and Phos-Tag PAGE, we hypothesized that p38, in addition to Erks, is also able
to phosphorylate FRS2. To verify such possibility, we performed in vitro phosphorylation using
recombinant FRS2 and recombinant active form of p38α kinase. Using autoradiography we observed a
clear band corresponding to phosphorylated FRS2 when active p38α was present during the reaction
(Figure 1d, lanes 3 and 4, two parallel samples). FRS2 phosphorylation was dependent on p38 activity,
since in the presence of the specific p38 inhibitor, SB203580, there was no trace of radioactivity (Figure 1d,
lane 5). Interestingly, we did not observe any differences in the efficiency of phosphorylation (assessed
by intensity of bands) of FRS2 in the case of p38α and both Erks (Erk1/2) (Figure 1d). These data
indicate that p38 can phosphorylate FRS2.

2.3. Synergistic Effect of MEK1/2 and p38 Inhibitors on Kinetics of FGF1-Induced Signaling

Next, we studied the impact of p38 activity on the kinetics of signaling cascades activated by FGF1
in NIH3T3 (Figure 2a). Experiments were performed in the presence of brefeldin A (2 μg/mL) to prevent
the appearance of newly synthesized receptors [7]. In the presence of 5 μM of SB203580, p38 inhibitor
(Figure 2a, lanes 9–13), or 10 μM anisomycin, p38 activator (Figure 2a, lanes 16–20), we did not observe
significant differences in the intensity of FRS2 phosphorylation and FRS2 mobility, as compared to
untreated cells. However, when the cells were simultaneously treated with 20 μM of MEK1/2 inhibitor
(U0126) and either p38 inhibitor (SB203580) or p38 activator (anisomycin), the phosphorylation pattern
of FRS2 varied, as well as the duration of FGFR1 tyrosine phosphorylation. We observed a synergistic
effect of SB203580 and U0126. When activity of both kinds of MAP kinases (Erks and p38) were blocked,
not only was the intensity of the band corresponding to tyrosine-phoshorylated FGFR1 stronger and
lasted longer (Figure 2a, lanes 30–34), but also the electrophoretic mobility shift of FRS2 was prolonged,
as compared to the inhibition of MEK1/2 with U0126 alone (Figure 2a, lanes 23–27). Fifteen minutes
after FGF1 stimulation, FRS2 migrated faster in the presence of U0126, as well as in the presence of
U0126 and SB203580, than in the absence of inhibitors. In the course of the experiment, the FRS2
band shifted upwards. When Erks and p38 were blocked at the same time (Figure 2a, lanes 30–34),
we observed a more gradual change in the position of the FRS2 band than in the presence of U0126
alone (Figure 2a, lanes 23–27). In contrast to the effect of p38 inhibition, hyper-activation of p38 with
10 μM anisomycin used in the combination with 20 μM U0126 compensated, to some extent, the lack of
Erk activity (Figure 2a, lanes 37–41). In the presence of anisomycin and U0126, the FRS2 band was less
down-shifted after 15-min treatment with FGF1 and moved to the direction of higher molecular masses
much faster over time than in the case of cells treated only with U0126. We confirmed all these findings
in U2OS-R1 cells (Figure 2b). These data demonstrate that Erks and p38 regulate phosphorylation
status of FRS2, which in turn modulates kinetics of FGFR1 signaling (Figure 2b).
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Figure 2. The crosstalk between p38 and Erk1/2 in downregulation of FGF1-induced signaling.
Serum-starved (a) NIH3T3 and (b) U2OS-R1 cells were pretreated for 30 min with or without
20 μM U0126, 5 μM SB203580 and 10 μM anisomycin, and then stimulated with the growth factor
in the presence of heparin (10 U/mL) and brefeldin A (2 μg/mL) for different time points. Cells
were lysed, and the cellular material was analyzed by SDS-PAGE and immunoblotting using the
following antibodies: anti-phospho-FGFR (Tyr653/Tyr654) (pY-FGFR), anti-phospho-FGFR1 (Ser777)
(pS777-FGFR1), anti-phospho-FRS2 (Tyr196) (pY-FRS), anti-FRS2, and anti-Hsp90 as a loading control.
Anti-phospho-Erk1/2 (p-Erk1/2) and anti-phospho-p38 MAPK (Thr180/Tyr182) (p-p38) were used to
control the effect of U0126 (MEK inhibitor) and anisomycin (p38 activator). Representative experiments
are shown, n = 3. The graphs present quantification of bands from panel b corresponding to
phospho-FGFR1 (Tyr653/Tyr654) and phospho-FRS2 (Tyr196) normalized to loading control (Hsp90)
and expressed as a fraction of the maximal response in the absence of inhibitor. Data are means ± SD
of three independent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.4. The Effect of p38 Kinase on Erk1/2 Activity

Finding a synergistic effect of the inhibition of both types of MAP kinases, Erks and p38, we asked
if they were able to compensate for each other. Indeed, we observed that FGF1-dependent Erk1/2
phosphorylation in the presence of p38 inhibitor was slightly stronger (Figure 2a, lanes 8 and 9),
whereas in the presence of p38 activator (anisomycin), was notably weaker (Figure 2a, lanes 15 and 16)
as compared to the untreated cells (Figure 1a, lane 2). Analysis of signaling kinetics revealed that the
inhibition of Erks increased the phosphorylation of p38 (Figure 2a, lanes 23–27 and lanes 30–34).

Next, we verified the impact of p38 inhibition on the activity of Erks without FGF1 stimulation.
We found that in the presence of increasing concentrations of the specific p38 kinase inhibitor, SB203580,
the basal level of phosphorylated Erk1/2 in serum-starved NIH3T3 was augmented (Figure 3a),
showing that reduced activity of one MAP kinase (p38) extorted increased activity of the other (Erk1/2).
We hypothesize that this crosstalk functions as a backup system in cells. If one of the two kinases is
turned off, the other one can take over.

 

Figure 3. The effect of p38 kinase activity on Erk1/2 activity and FGF1-induced signaling. (a) The effect
of p38 specific inhibitor on Erk1/2 activity. Serum-starved NIH3T3 cells were treated with increasing
concentration of the specific p38 kinase inhibitor SB203580 for 30 min. Then, the cells were lysed
and the cellular material was analyzed by SDS-PAGE and immunoblotting using the following
antibodies: anti-phospho-Erk1/2 (p-Erk1/2), anti-Erk1/2, and anti-Hsp90 antibodies as a loading control.
A representative experiment is shown, n = 4. The graph presents quantification of bands corresponding
to phospho-Erk1/2 (p-Erk1/2) normalized to loading control (Hsp90) and expressed as a fold of change in
comparison with untreated control. Data are means ± SD of four independent experiments; ** p < 0.01,
*** p < 0.001. (b) Schematic representation of synergistic effect of p38 and Erk1/2 in the downregulation
of FGF1-induced signaling through FRS2. FGF1-induced tyrosine phosphorylation of FGFR1 leads to
the activation of FRS2 followed by GRB2/SOS-mediated activation of RAS and MAP kinases (Erk1/2
and p38). Activated Erks are supported by p38 in phosphorylation of FRS2 (red arrows), constituting
a negative feedback loop that results in reduced tyrosine phosphorylation of FRS2 and consequent
attenuation of FGFR signaling. Grey dashed line represents functional cross-talk between Erks and p38.
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3. Discussion

Several mechanisms to attenuate FGFR activity have been reported, however, the overall picture
of how the FGFR signaling is controlled has not been yet fully described [6]. FRS2 definitely plays
an important role in the regulation of FGFR activity, constituting a key component in the Ras/MAPK
pathway and being at the same time under control of its effectors (Erks) in a negative feedback loop [17].

Our results show that p38 kinase phosphorylates FRS2 in vitro, and together with Erk1 and Erk2
takes part in modulation of the duration and the intensity of FGFR signaling. Experiments with
anisomycin, a p38 activator, revealed that in specific conditions (e.g., stress), p38 can compensate for
Erks’ action. Despite the similar activity in vitro, the effect of p38 on FRS2 phosphorylation in cells is
much weaker than the effect of Erk1 and Erk2. It is probably caused by the fact that growth factors,
including FGF1, evoke stronger activation of pro-proliferative MAPKs, i.e., Erks, than stress-response
MAPKs, such as p38 kinase [20]. We also found that inhibition of p38 slightly increases the basal activity
of Erks. It seems that p38 provides a kind of fine-tuning of the Erks-driven feedback system, taking
part in the complicated and multilevel network of downregulation mechanisms of FGFR signaling
(Figure 3B). However, to elucidate how one MAP kinase can substitute for another in the absence of
FGF ligand, further studies are required. We speculate that inhibition of p38 by SB203580, reducing
the degree of FRS2 and FGFR basal serine/threonine phosphorylation, evokes minor upregulation of
their tyrosine phosphorylation. A slight increase in FGFR and FRS2 activity results in amplification of
Erks phosphorylation.

All MAPK family members share a common phosphorylation site motif [22]. Their substrate
specificity is achieved through the docking interactions occurring between the regions outside the
phosphorylation site in the substrate and fragments distal from the active site in the kinase [22].
The best characterized docking site involved in interaction with MAPK is the D-site, which consists of
a basic region, followed by an LXL motif and a hydrophobic region [22,26]. Interestingly, while Erks
require three parts of the D-site, p38 can phosphorylate a substrate without the LXL motif [27]. Another
conserved motif, known as the DEF site or the FXFP motif, was identified in several substrates of Erks,
including transcription factors, phosphatases, scaffolding, and focal adhesion proteins [28]. It was also
shown that p38α has a DEF site motif similar to Erk2, being highly selective for aromatic residues at P1
and P3 position with high preference to Trp [22]. Therefore, it is not surprising that Erk1/2 substrate,
FRS2, can also be phosphorylated by p38 kinase.

MAPK signaling seems to be a dynamic map of non-linear interactions rather than static
connections. Different MAPK cascades operate in parallel, but at the same time they constitute a
network and modulate each other’s activity [29]. Here, we have described a cross-talk between
two classes of MAPKs in the regulation of FGFR-dependent signaling, but there are other cases of
cooperation between different MAPKs. High specificity is observed among upstream kinases, but at the
level of MAPK substrate a cross-talk is not unusual [29]. A good example is Elk-1, a member of Ets family
of transcription factors controlling the expression of various signaling molecules, which is a target of
all three MAPK (Erk1/2, p38, and JNK). Activation of MAPK pathways results in phosphorylation
and positive regulation of Elk1, leading to the transcription of early response genes [30]. Another
example is MSK1 protein, mitogen-, and stress-activated kinase 1, which is a substrate of both Erks and
p38-MAPK during oxidative stress in skeletal myoblasts. Phosphorylation of MSK1 was suggested
to influence NF-κB signal specificity in stress response [31]. Another group showed that Erk1/2 and
p38 pathways cooperate to promote p21CIP1 expression in order to ensure a sustained G1 cell cycle
arrest [32]. The activation of both Erks and p38 was also demonstrated to be essential in regulating
delayed STAT3 phosphorylation, as well as in ANF (atrial natriuretic factor) expression profile in
response to IL-1β treatment, suggesting their simultaneous role in the development of IL-1β-induced
hypertrophy in cardiac myocytes [33]. Furthermore, it was suggested that the function of p38α kinase
can be modulated by the cross talk between JNK and p38 kinases [34].

Therapeutic targeting of components of the MAPK cascades is an urgent medical need. Inhibitors
of Erks and p38 signaling pathways are in many clinical trials dedicated to treating different types of
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cancer, inflammation, pain, rheumatoid arthritis, asthma, and neurodegenerative diseases, including
Alzheimer’s [35,36]. However, it is under question whether targeting of a single signaling molecule
can provide an effective therapy. A growing number of drugs are used in combination. Especially in
the case of targeting the Erk pathway, vertical inhibition to block two subsequent steps in the cascade
is now standard care in a few types of cancer [36,37]. Moreover, to overcome different compensatory
mechanisms generated by signaling feedback loops and cross-talks resulting in resistance, efforts are
focused to target multiple pathways simultaneously (horizontal inhibition) by combining selective
agents [36,38]. Thus, understanding of interplay between different cascades and signaling components
is of great importance. Cross-talk between Erk1/2 and p38 and their potential compensation effect
should be taken into account during biochemical studies, and might have implications in the design of
effective targeted therapies.

4. Materials and Methods

The following primary antibodies were used: rabbit anti-MAPK (Erk1/2, p44/p42; #9102),
mouse anti-phospho-MAPK (Erk1/2, p44/p42) (Thr202/Tyr204; #9106), mouse anti-phospho-FGFR
(Tyr653/Tyr654; #3476), and rabbit anti-phospho-FRS2α (Tyr196; #3864) from Cell Signaling Technology
(Danvers, MA, USA), rabbit anti-FRS2α (H-91; sc-8318), from Santa Cruz Biotechnology (Dallas, TX,
USA), mouse anti-phospho-p38 MAPK antibody (Thr180/Tyr182; 612280) and mouse anti-Hsp90
(610418) from BD Transduction Laboratory (San Jose, CA, USA), mouse anti-tubulin (T6557) from
Sigma-Aldrich (St Louis, MO, USA). Specific anti-phospho-FGFR1 (Ser777) (pS777-FGFR1) antibody
was made by GenScript (Piscataway, NJ, USA) using the following phospho-specific peptide
CSMPLDQYpSPSFPDTR. The antibody was purified using the phosphopeptide and by cross-adsorption
to the corresponding non-phosphopeptide. HRP-conjugated secondary antibodies were from Jackson
Immuno Research Laboratories (West Grove, PA, USA). Heparin-Sepharose CL-6B affinity resin was
from GE Healthcare (Piscataway, NJ, USA). Brefeldin A, SB203580, anisomycin, and SL327 were
from Calbiochem (San Diego, CA, USA). Heparin, sodium orthovanadate, and U0126 were from
Sigma-Aldrich. Phos-tag gels were from Wako Chemicals (Osaka, Japan). All other chemicals were
from Sigma-Aldrich.

4.1. Cell Lines and Bacterial Strain

NIH3T3 cells were grown in DMEM from Thermo Fisher Scientific (Waltham, MA, USA) or
(Biowest, Nuaille, France) supplemented with 10% bovine serum (Thermo Fisher Scientific) and
100 U/mL penicillin and 100 μg/mL streptomycin (Thermo Fisher Scientific). The U2OS cells stably
expressing FGFR1 (U2OS-R1) have been described previously [39]. The cells were propagated in
DMEM supplemented with 10% fetal bovine serum (Gibco), 100 U/mL penicillin, and 100 μg/mL
streptomycin and 0.2 mg/mL geneticin (Invitrogen). For expression of FGF1 wild-type Escherichia coli
strain Bl21(DE3)pLysS from New England Biolabs (Ipswich, MA, USA) was used.

4.2. Recombinant Proteins

GST-tagged FRS2 recombinant protein (Q01) was purchased from Anova (Taipei, Taiwan), active
human recombinant p38α MAPK was from R&D Systems (Minneapolis, MN, USA) and active human
recombinant MAP kinases, Erk1 (p44) and Erk2 (p42), from Calbiochem. Recombinant FGF1 was
produced in E. coli, as described previously [40].

4.3. Analysis of Signaling Cascades

Serum-starved cells were treated with 20 ng/mL FGF1 in the presence of 10 U/mL heparin and in
the presence or absence of indicated inhibitors for 15 min. Signaling kinetics were carried out in the
presence or absence of 2 μg/mL brefeldin A. The cells were lysed with SDS sample buffer, scraped,
and sonicated. Total cell lysates were separated by SDS-PAGE or by Phos-tag SDS-PAGE, transferred
onto Immobilon-P membrane and subjected to immunoblotting. The sectioned membrane was stripped
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with Restore Western Blot Stripping Buffer (Thermo Fisher Scientific) and re-probed maximally four
times with different antibodies. ImageLab software (version 6.0.1) from Bio-Rad (Hercules, CA, USA)
was used to quantify the intensity of bands. The intensity of bands corresponding to phospho-proteins
(pY-FGFR, pY-FRS2, p-Erk1/2) was normalized to the intensity of bands corresponding to Hsp90 and
then expressed as a fraction of control.

4.4. In Vitro Phosphorylation of Recombinant FRS2

In vitro phosphorylation experiments were performed with recombinant proteins. One microgram
of a fusion protein was incubated with kinases and 40 μCi/mL [γ-33P] ATP in reaction buffer (25 mM
HEPES, pH 7.5, 20 mM MgCl2, 1 mM Na2MO3, 20 mM sodium β-glycerophosphate, 1 mM DTT, 5 mM
EGTA) at 30 ◦C for 30 min. The proteins were separated by SDS-PAGE, electroblotted, and analyzed by
autoradiography. Equal loading was ensured by membrane staining with Coomassie Blue.

4.5. Statistical Analysis

For statistical analysis, one-way analysis of variance (ANOVA) with Tukey’s posttest was applied
using SigmaPlot 12 software from (Systat Software, San Jose, CA, USA); p < 0.05 was considered
statistically significant.
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Abstract: Aim Scutellariae Radix (SR) and Coptidis Rhizoma (CR) have often been combined to
cure type 2 diabetes mellitus (T2DM) in the clinical practice for over thousands of years, but their
compatibility mechanism is not clear. Mitogen-activated protein kinase (MAPK) signaling pathway
has been suggested to play a critical role during the process of inflammation, insulin resistance,
and T2DM. This study was designed to investigate their compatibility effects on T2DM rats and
explore the underlying mechanisms by analyzing the metabolic profiling and MAPK/PI3K/Akt
signaling pathway. Methods The compatibility effects of SR and CR were evaluated with T2DM rats
induced by a high-fat diet (HFD) along with a low dose of streptozocin (STZ). Ultra performance
liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF/MS) was
performed to discover potential biomarkers. The levels of pro-inflammatory cytokines; biochemical
indexes in serum, and the activities of key enzymes related to glycometabolism in liver were assessed
by ELISA kits. qPCR was applied to examine mRNA levels of key targets in MAPK and insulin
signaling pathways. Protein expressions of p65; p-p65; phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K); phosphorylated-PI3K (p-PI3K); protein kinase B (Akt); phosphorylated Akt
(p-Akt) and glucose transporter 2 (Glut2) in liver were investigated by Western blot analysis.
Results Remarkably, hyperglycaemia, dyslipidemia, inflammation, and insulin resistance in T2DM
were ameliorated after oral administration of SR and CR, particularly their combined extracts.
The effects of SR, CR, low dose of combined extracts (LSC) and high dose of combined extracts
(HSC) on pro-inflammatory cytokine transcription in T2DM rats showed that the MAPK pathway
might account for the phenomenon with down-regulation of MAPK (P38 mitogen-activated protein
kinases (P38), extracellular regulated protein kinases (ERK), and c-Jun N-terminal kinase (JNK))
mRNA, and protein reduction in p-P65. While mRNA levels of key targets such as insulin receptor
substrate 1 (IRS1), PI3K, Akt2, and Glut2 in the insulin signaling pathway were notably up-modulated,
phosphorylations of PI3K, Akt, and expression of Glut2 were markedly enhanced. Moreover, the
increased activities of phosphoenolpyruvate carboxykinase (PEPCK), fructose-1,6-bisphosphatase
(FBPase), glucose 6-phosphatase (G6Pase), and glycogen phosphorylase (GP) were highly reduced
and the decreased activities of glucokinase (GK), phosphofructokinase (PFK), pyruvate kinase (PK),
and glycogen synthase (GS) in liver were notably increased after treatment. Further investigation
indicated that the metabolic profiles of plasma and urine were clearly improved in T2DM rats.
Fourteen potential biomarkers (nine in plasma and five in urine) were identified. After intervention,
these biomarkers returned to normal level to some extent. Conclusion The results showed that SR,
CR, and combined extract groups were normalized. The effects of combined extracts were more
remarkable than single herb treatment. Additionally, this study also showed that the metabonomics
method is a promising tool to unravel how traditional Chinese medicines work.
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1. Introduction

Type 2 diabetes mellitus (T2DM), characterized by increased blood glucose level resulting
from disturbances of insulin secretion, insulin action or both, is a complex disorder influenced by
both lifestyle and genetic factors. T2DM and its serious complications such as nerve damage [1],
kidney disease [2], and cardiovascular disease [3,4] have significantly increased society’s medical
burden over the past few decades and it is estimated that their global numbers in adults will rise to
592 million by 2035 [5]. Thus, its prevalence has become a major public health issue throughout the
world, especially in developing countries.

Currently, drugs clinically used to treat T2DM include insulin sensitizers, insulin secreting drugs,
insulin, etc. Although current diabetes treatments have exhibited some success in lowering blood
glucose levels, their effects are not always sustained and their use may be associated with undesirable
side effects such as hypoglycemia [6], gastrointestinal discomfort [7], etc. So it is urgent to discover
new and effective drugs with fewer side effects to cure T2DM. Luckily, successful therapies for T2DM
have been available from TCM practitioners. Thus, many researchers have focused on developing
potent therapies and drugs from Chinese herbs with fewer side effects on T2DM patients.

SR, the dry root of Scutellaria baicalensis Georgi, with a number of biological activities such
as anti-inflammation [8], anti-cancer [9], and anti-oxidation [10], has been used to treat various
types of diseases. The major pharmacologically-active components of SR are flavonoids such
as baicalin, wogonoside, baicalein, and wogonin. Accumulating researches have revealed that
baicalin can significantly improve insulin resistance [11,12] and suppress gluconeogenesis [13].
CR, the dried rhizome of Coptis chinensis Franch, mainly containing alkaloids such as berberine,
coptisine, and palmatine, has been used in China for thousands of years to treat diarrhea. Moreover,
recent researches have showed that CR has anti-bacterial [14], anti-cancer [15] activities, etc. Especially,
berberine has been shown to possess remarkable effects on lowering blood glucose and promoting
the secretion of insulin [16,17]. In China, SR and CR are often used together at a ratio of 1:1 to obtain
a synergistic effect for treating diabetes and its complications, yet the underlying mechanism on the
therapy of T2DM remains unclear.

Due to insulin resistance, the liver excessively releases glucose into the blood as a result of
increased glycogenolysis and gluconeogenesis. Besides, decreased glycolysis and glycogenesis
lead to reduced consumption of blood glucose, contributing to hyperglycemia eventually [18].
Inflammatory cytokines such as TNF-α and IL-6 promote the development of insulin resistance,
and a recent study has reported that anti-inflammation agents showed efficacy in reducing blood
glucose level [19]. Moreover, T2DM is often present for years before becoming clinically apparent.
Current clinical predictors such as fasting blood glucose are helpful in gauging diabetes risk, but they
only reflect extant disease and provide little additional insight regarding pathophysiologic mechanisms.
Earlier identification of individuals at risk is necessary and emerging technologies have made it possible
through metabolomics. Among the varieties of analytical platforms used for metabonomic analysis,
the use of ultra performance liquid chromatography-quadrupole time-of-flight mass spectrometry
(UPLC-Q-TOF/MS) is steadily increasing due to its better reproducibility and detection limits,
and increased chromatographic resolution, which can assess all metabolites in biological samples and
provide insights into the holistic efficacy of TCMs. Besides, the extent of metabolic changes and types
of metabolites could be applied as good markers during insulin resistance [20].

Thus, in this study, T2DM rats induced by HFD along with a low dose of STZ were used to assess
the efficacy of individual and combined extracts. The levels of biochemical indexes, pro-inflammatory
cytokine, key targets in MAPK, and insulin signaling pathways as well as the activities of key enzymes
were determined. To elucidate the mechanism, the metabolic changes in plasma and urine from T2DM
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rats based on UPLC-Q-TOF/MS were investigated. Potential biomarkers and metabolic pathways
were also identified. These data would provide sound scientific evidence for the clinical treatment
of T2DM.

2. Results

2.1. Ameliorative Effect of SR, CR, and Combined Extracts on Hyperglycemia, Dyslipidemia, and Insulin
Resistance in T2DM Rats

To evaluate the compatibility effects of SR and CR, a favorable T2DM rat model with a notable
glycolipid metabolism disorder was established by HFD along with low dose of STZ. The significant
increase of FBG, FINS, TG, TC, LDL-C, and FFA levels in T2DM rats was observed. By contrast,
compared with T2DM rats, the levels of the above biochemical factors were decreased to a range from
51.1% to 85.4% after oral administration of individual and combined extracts. Furthermore, LSC or
HSC extracts exerted better effects than the single drug, and the levels of these biochemical indexes
declined remarkably after treatment. Metformin demonstrated a similar regulation as HSC in T2DM
rats (Figure 1). These results indicated the better effects of combined extracts on the regulation of
glucose and lipid homeostasis.

 
Figure 1. The levels of fasting blood glucose (FBG), fasting insulin (FINS), total cholesterol (TC),
triglyceride (TG), free fatty acid (FFA), high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C) in serum of the normal group (N), model group (M), and groups
gavaged with metformin (P), scutellaria Radix (SR), coptidis Rhizome (CR), low dose of combined
extracts group (LSC) and high dose of combined extracts (HSC). The values were shown as mean ± SD.
# p < 0.05, ## p < 0.01, ### p < 0.001 vs. normal group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. model
group. Data were analyzed by One-way-ANOVA.

2.2. Pathological Assessment of Some Tissues Related to Insulin Resistance

The liver tissues of normal rats exhibited normal cellular structure with neat liver lobule,
liver cords, liver sinusoid, and a clear three pipeline structure of the portal area. While notable changes
with severe fatty degeneration were observed in the liver tissues of T2DM rats, this indicated that the
model had been successfully established. Compared to model rats, SR and CR group rats showed
moderate fatty degeneration, while LSC, HSC, and P group rats showed mild fatty degeneration by
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HE staining observation. The islet cells of T2DM rats showed severe atrophy. After treatment, SR and
CR group rats showed moderate atrophy, however, LSC, HSC, and P group rats showed mild atrophy.
The mean adipocyte diameter of T2DM rats compared with normal rats was seriously increased.
After treatment, the mean adipocyte diameter was decreased and HSC showed a normalized effect.
The skeletal muscle of T2DM rats was notably infiltrated with inflammatory cells, but P, SR, CR, LSC,
and HSC group rats were normalized (Figure 2). The histological examination results were consistent
with biochemical data, which further confirmed the synergistic effect of SR and CR.

 

Figure 2. Histopathological observation of liver, pancreas, skeletal muscle and adipose tissue in the
normal group (N), model group (M), and groups gavaged with metformin (P), scutellaria Radix (SR),
coptidis Rhizome (CR), low dose of combined extracts group (LSC) and high dose of combined extracts

(HSC). Liver tissues of M: notable changes with severe fatty degeneration can been seen as shown by the
black arrow; Pancreas of M: severe atrophy of pancreatic islet cells is shown by the black arrow; Skeletal
muscle of M: notably inflammatory cells infiltration is indicated by the black arrow; Adipose tissues of
M: mean adipocyte diameter was seriously increased, as indicated by the black arrow. Samples were
stained with H&E and photographed at 400× magnification.
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2.3. SR, CR, and Combined Extracts Alleviated Inflammation by Regulation of Pro-Inflammatory Cytokine
Expressions through MAPK Signaling Pathway

Recently, many studies have shown that pro-inflammatory macrophage accumulation in liver
could trigger chronic low-grade inflammation that promoted the development of insulin resistance [21].
On day 30 after STZ injection, levels of CRP, IFN-γ, TNF-α, IL-6, resistin, SOCS3, IL-1β, and NO
in serum were significantly increased in the model group compared to those in the normal group.
However, the levels of these pro-inflammatory cytokines were reduced to a range from 96.0% to 58.4%
after oral administration of metformin, SR, CR, LSC or HSC (Figure 3). MAPK pathway plays an
important role in the inflammatory process [22], so the key targets in this pathway were investigated in
this study. As the qPCR results show in Figure 4A–G, mRNA expressions of P38, ERK, c-jun, c-fos, JNK,
IKK and P65 were significantly increased in the model group. With the treatment of metformin, SR,
CR, LSC, and HSC, mRNA expressions of the above major targets in MAPK pathway were remarkably
decreased to a range from 87.9% to 68.8%. Besides, the effects of LSC and HSC were more significant
than SR and CR, while metformin showed a similar effect to HSC. NF-κB/p65 is a key transcriptional
factor of inflammation regulated gene expression of pro-inflammatory cytokines. Further studies
indicated that P65 was activated by phosphorylation in the model group, which could be suppressed
by metformin, SR, CR, LSC, and HSC (Figure 4H).

Figure 3. Serum contents of C-reaction protein (CRP), interferon gamma (IFN-γ), tumor necrosis
factor-α (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), resistin, nitric oxide (NO) and suppressor
of cytokine signaling 3 (SOCS3) in the normal group (N), model group (M), and groups gavaged with
metformin (P), scutellaria Radix (SR), coptidis Rhizome (CR), low dose of combined extracts group
(LSC) and high dose of combined extracts (HSC). The values were shown as mean ± SD. # p < 0.05, ##
p < 0.01, ### p < 0.001 vs. normal group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. model group. Data were
analyzed by One-way-ANOVA.
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Figure 4. The effect of metformin (P), scutellaria Radix (SR), coptidis Rhizome (CR), low dose of
combined extracts group (LSC) and high dose of combined extracts (HSC) on MAPK signaling pathway.
(A–G) mRNA expression levels of c-jun N-terminal kinase (JNK), p38 mitogen-activated protein kinases
(P38), extracellular regulated protein kinases (ERK), c-fos, c-jun, Inhibitor of nuclear factor kappa-B
kinase (IKK) and P65 in liver of the N, M, P, SR, CR, LSC, and HSC by qPCR; (H) Protein levels of P65,
phosphorylated P65 (p-P65) in liver of the N, M, P, SR, CR, LSC, and HSC by Western blot. The values
are shown as mean ± SD. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. normal group; * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. model group. Data were analyzed by One-way-ANOVA.

2.4. SR, CR and Combined Extracts Activated Insulin Signaling Pathway in Liver

Insulin resistance was derived from systemic inflammation in T2DM [23]. Our researches
suggested that LSC and HSC could markedly inhibit inflammation in liver, and subsequent
investigation was carried out to determine whether this action contributed to improve insulin
signaling. As the qPCR results show in Figure 5A–D, mRNA expressions of IRS1, PI3K, Akt2,
and Glut2 were markedly decreased in T2DM rats. Additionally, protein levels of p-PI3K, p-Akt,
and Glut2 were notably lower in T2DM rats than those in normal rats (Figure 5E–G). After treatment,
mRNA expressions of IRS1, PI3K, Akt2, and Glut2 were remarkably increased to a range from 102% to
171% and protein levels of p-PI3K, p-Akt and Glut2 were notably increased. However, protein levels
of PI3K, Akt were not significantly different among groups. Furthermore, LSC and HSC were more
effective than individual SR and CR.
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Figure 5. The effect of metformin (P), scutellaria Radix (SR), coptidis Rhizome (CR), low
dose of combined extracts group (LSC) and high dose of combined extracts (HSC) on insulin
signaling pathway. (A–D) mRNA expression levels of Insulin receptor substrate 1 (IRS1),
Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), Protein kinase B (Akt2) and Glucose transporter
2 (Glut2) in liver of the N, M, P, SR, CR, LSC, and HSC by qPCR; (E–G) Protein expression levels of
PI3K, phosphorylated PI3K (p-PI3K), Akt2, phosphorylated Akt2 (p-Akt2), Glut2 in liver of the N, M, P,
SR, CR, LSC, and HSC by Western blot. The values are shown as mean ± SD. # p < 0.05, ## p < 0.01, ###
p < 0.001 vs. normal group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. model group. Data were analyzed
by One-way-ANOVA.

2.5. SR, CR and Combined Extracts Suppressed Hepatic Glucose Output by Inhibiting Gluconeogenesis and
Glycogenolysis as Well as Promoting Glycolysis and Glycogenesis

Gluconeogenesis and glycogenolysis are two major pathways for endogenous glucose
production [24,25]. PEPCK, FBPase, G6Pase, and GP are the rate-limiting enzymes controlling
gluconeogenesis and glycogenolysis in the liver, respectively. The activities of these enzymes were
increased in T2DM rats compared to normal rats but the increased activities were remarkably decreased
to a range from 96.4% to 71.1% by SR and CR, especially by their combined extracts (Figure 6).

Glycolysis is regarded as a feeder pathway that prepares glucose for further catabolism and
energy production. Besides, glucose storage in the form of glycogen could suppress hepatic glucose
output to maintain blood glucose homeostasis. GK, PFK, PK, and GS are the rate-limiting enzymes
controlling glycolysis and glycogen synthesis, respectively [26]. However, the activities of GK, PFK,
PK, and GS were decreased in T2DM rats. After treatment, the decreased activities were increased to a
range from 111.7% to 141.5% by SR and CR, especially their combined extracts (Figure 6).
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2.6. Intervention Effects of SR, CR and Combined Extracts on the Metabolic Profiling of T2DM Rats

In this study, UPLC-Q-TOF-MS/MS was applied to generate metabolic profiles of plasma and
urine from normal and T2DM rats before and after oral administration of SR, CR, LSC, and HSC in the
negative and positive ESI modes. The metabolomics profiles of N and M groups were separated by
PCA analysis and orthogonal partial least squares discriminant analysis (OPLS-DA). To investigate the
amelioration of SR, CR, LSC, and HSC for curing T2DM, another PCA model was built. The variations
of plasma and urine metabolic profiling of SR, CR, LSC, and HSC were restored to the levels of the
normal group (Figures 7 and 8). Furthermore, the relative quantities of nine potential biomarkers
in plasma and five in urine were significantly regulated by LSC and HSC. There were no obvious
effects on the levels of xanthosine and N-acetyl-L-tyrosine for the SR group. The levels of xanthosine
and hippuric acid were not regulated by the CR group. It was interesting to note that the levels of
xanthosine were neither affected by SR nor CR, but by their combination. The contents of the potential
biomarkers in Table S2 were considered as biomarkers for the effects of treatment.

The metabolic pathway was established by importing the potential metabolites into the web-based
database MetPA. The pathway impact value calculated from pathway to topology analysis with MetPA
above 0.1 was screened out as the potential target pathway. Here in Figure 9, glycerophospholipid
metabolism with the impact values of 0.18 were filtered out as the most important metabolic pathways.
Moreover, a correlation network of potential metabolites related to T2DM was exhibited in Figure 10.
Our results also indicated that administration of LSC and HSC could more effectively modify these
biomarkers and their related metabolic pathways including purine metabolism in which SR and CR
could not be involved in T2DM rats.

Figure 6. Activities of glucokinase (GK), phosphofructokinase (PFK), pyruvate kinase (PK),
phosphoenolpyruvate carboxykinase (PEPCK), fructose-1,6-bisphosphatase (FBPase), glucose
6-phosphatase (G6Pase), glycogen synthase (GS) and glycogen synthase (GP) in livers of the normal
group (N), model group (M), and groups gavaged with metformin (P), scutellaria Radix (SR), coptidis
Rhizome (CR), low dose of combined extracts group (LSC) and high dose of combined extracts (HSC).
The values were shown as mean ± SD. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. normal group; * p < 0.05,
** p < 0.01, *** p < 0.001 vs. model group. Data were analyzed by One-way-ANOVA.
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Figure 7. PCA model results between normal (N) and T2DM (M) rats in negative mode ((A) 2-D
plot of plasma; (B) 2-D plot of urine). 3D PLS-DA scores plot of LC–MS spectral data ((C) plasma;
(D) urine). S-plot of OPLS-DA model for M vs. N group ((E) plasma; (F) urine). PCA analytical
results from N and M rats treated with metformin (P), scutellaria Radix (SR), coptidis Rhizome (CR),
low dose of combined extracts group (LSC) and high dose of combined extracts (HSC) at negative
mode ((G) plasma; (H) urine).
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Figure 8. PCA model results between normal (N) and T2DM (M) rats in positive mode ((A) 2-D plot of
plasma; (B) 2-D plot of urine). 3D PLS-DA scores plot of LC-MS spectral data ((C) plasma; (D) urine).
S-plot of OPLS-DA model for M vs. N group ((E) plasma; (F) urine). PCA analytical results from
N and M rats treated with metformin (P), scutellaria Radix (SR), coptidis Rhizome (CR), low dose
of combined extracts group (LSC) and high dose of combined extracts (HSC) at positive mode ((G)
plasma; (H) urine).
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Figure 9. Metabolic pathways involved in potential markers in plasma and urine. (A) Scutellaria
Radix group (SR); (B) Coptidis Rhizome group (CR); (C) metformin group (P), Low dose of combined
extracts group (LSC) and High dose of combined extracts group (HSC). (1) Glycerophospholipid
metabolism, (2) primary bile acid biosynthesis, (3) pyrimidine metabolism, (4) linolenic acid metabolism,
(5) alpha-linolenic acid metabolism, (6) arachidonic acid metabolism, (7) purine metabolism.
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ƙBƙBB

Figure 10. Correlation networks of main potential biomarkers in response to T2DM rats. Compared
with the normal group, the red arrows represent the decrease of the contents of endogenous metabolites,
while the green arrows represent the increase of the contents of endogenous metabolites.

3. Discussion

SR and CR, especially their combined extract, have been clinically used to treat T2DM for
thousands of years; however, their compatibility mechanism remains unknown. Thus, in this study,
the amelioration of SR, CR and their combined extracts on T2DM was first investigated, and their
compatibility mechanism was further unraveled by the metabolomics and MAPK/PI3K/Akt signaling
pathway. Importantly, the induction of the T2DM animal model is widely desired. The genetically
modified mice and STZ-induced T2DM rat models have ever been established, however, neither these
models nor stable animal models are appropriate because of ignoring dietary factors. Therefore,
a suitable and stable T2DM rat model using HFD along with low dose of STZ was successfully
established in our study. The levels of FBG, TG, TC, LDL-C, and FFA were remarkably increased,
while the level of HDL-C was notably decreased in T2DM rats, which was similar to human T2DM
sharing common symptoms (Figure 1).

Additionally, accumulating studies indicated that chronic inflammation was a major contributor to
insulin resistance and T2DM [27–30]. Pro-inflammatory cytokines, particularly TNF-α, could enhance
the serine phosphorylation of insulin receptor substrate-1, which induced insulin resistance.
Some studies have shown glucose lowering effects of specific TNF-α or IL-1β inhibitors [31,32].
As expected, SR and CR could markedly ameliorate inflammation, insulin resistance, hyperglycemia,
and hyperlipemia of T2DM rats. Furthermore, their compatibility (LSC and HSC) was more effective
than single drug (Figures 1 and 3).

MAPK signaling pathway played a crucial role in inflammation [33]. Especially, NF-κB
was a principle factor in regulating inflammatory mediators during the inflammatory process.
The stimulation of NF-κB increased the levels of downstream inflammatory factors such as TNF-α,
IL-1β, and IL-6, which promoted the insulin resistance in the liver. mRNA expressions of key targets in
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MAPK pathway were significantly decreased after treatment. Additionally, protein expression of p-P65
was also decreased. Current data elucidated that LSC and HSC could exert better anti-inflammatory
effects via blocking of the MAPK pathway (Figure 4).

The amelioration of inflammation might contribute to activating insulin signaling in liver.
Remarkably, LSC and HSC inhibited inflammation in liver, but it was tempting to know whether
this action was responsible for improving the insulin signaling pathway. The levels of Glut2,
p-PI-3K, and p-Akt are major indexes that reflect the activity of the insulin signaling pathway, play a
vital role in insulin-activated glucose uptake in liver, and inhibit glucose release from hepatocytes.
As expected, LSC and HSC markedly up-regulated the mRNA expressions of IRS1, PI3K, Akt2,
and Glut2, while protein expressions of p-PI3K, p-Akt, and Glut2 were also enhanced. These data
suggested that LSC and HSC could overcome the impairment in PI3K/Akt insulin signaling pathway,
contributing to the improvement of glucose disposal in T2DM rats (Figure 5).

Subsequently, the influence of activated insulin signaling pathway on glycogenolysis, glycogen
synthesis, gluconeogenesis, and glucose metabolism in liver was investigated. The liver is crucial
for the maintenance of normal glucose homeostasis—it produces glucose during fasting and
stores glucose postprandially. Insulin could inhibit glycogenolysis, stimulate glycogen synthesis,
reduce gluconeogenesis, and increase glucose metabolism. However, these hepatic processes were
dysregulated in T2DM because the liver became insulin resistant. Gluconeogenesis and glycogenolysis
constituted two major pathways for endogenous glucose production. Gluconeogenesis involved the
production of glucose from non-carbohydrate precursors such as glycerol, glycogenic amino acid,
and lactate during non-availability of dietary glucose, or glycogen stored in the liver was degraded
to glucose by glycogenolysis. PEPCK, FBPase, and G6Pase acted irreversibly in the gluconeogenesis
pathway. FBPase inhibitors and a decrease in transcription of PEPCK and G6Pase genes could reduce
excessive endogenous glucose production in T2DM [34,35]. GP regulated hepatic glycogenolysis
and GP inhibitor could lower blood glucose [36]. GS modulated hepatic glycogen synthesis and
GSK-3 specific inhibitor could enhance glycogen synthesis by increasing GS activity [37]. GK mainly
expressed in hepatocytes had effects on regulating blood glucose level in vivo [38]. Previous study also
found that the ability of glucose metabolism in T2DM was reduced when the syntheses of PFK and PK
were decreased [39]. In this work, owing to the amelioration of the insulin signaling pathway, PEPCK,
FBPase, G6Pase, and GP activities were notably decreased, while prominent increased activities of
GK, PFK, PK, and GS were detected after treatment. The above data indicated that the activities of key
enzymes related to glycometabolism were modulated to notably lower FBG by SR and CR, especially
by their compatibility (Figure 6).

As T2DM was a metabolic disease, the effects of SR, CR, LSC, and HSC on metabolic disorders
in T2DM rats were further investigated to depict more insight into their compatibility mechanism.
Metabolite profiles are closely related to the development of T2DM [40–43]. Among the most recent
investigations on metabolic dysfunctions and plasma metabolites in T2DM, plasma level of bile acids
have been confirmed to be closely associated with T2DM [44,45]. Moreover, metabolites of plasma and
urine could reflect the changes of systemic physiology. Therefore, based on the comparative analysis
of plasma and urine metabolomics in normal and T2DM rats, potential biomarkers and the correlated
pathways could be discovered, which would be helpful to clarify the compatibility mechanism of
SR and CR in improving metabolic disturbance of T2DM rats. In this study, plasma metabolomics
of T2DM rats suggested that cholic acid and deoxycholic acid (secondary bile salts) levels were
obviously increased, while the glycocholic acid (conjugated primary bile salts) level was dramatically
decreased. Bile acids are major components of bile formed from cholesterol through various enzymatic
reactions in hepatocytes. Primary bile acids are synthesized mainly by conjugation with taurine
or glycine through the terminal side-chain carboxylic group presenting in the bile acid structure.
Bile salt hydrolases, which are produced by many members of gut microbiota, could remove the
conjugated amino acid from the primary bile salt to cholate and deoxycholate. Bile acids could exert
effects on glucose metabolism via activation of bile acid receptors and G-protein-coupled membrane
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bound receptors (TGR5) [46–51]. TGR5 was expressed in cells of the hematopoietic system such
as monocytes and macrophages and conferred anti-inflammatory properties in vitro and in vivo,
decreasing cytokine production in monocytes, macrophages and kupffer cells [52,53]. Recent works
revealed that the immune-suppressive actions of TGR5 in macrophages contributed to the prevention
of the T2DM process [48]. Thus, we speculated that glycocholic acid might be an endogenous TGR5
ligand, while cholic acid and deoxycholic acid were ligand inhibitors. So glycocholic acid could
suppress inflammation by TGR5 activation. Both P38 and ERK were significantly stimulated by
deoxycholic acid in a prior study [54]. Supplied with deoxycholic acid, serum glucose and triglyceride
levels were increased in mice [55]. After treatment, the levels of cholic acid and deoxycholic acid were
markedly decreased and glycocholic acid was notably increased. Furthermore, the combination of SR
and CR was more effective than the single drug (Table S2).

Additionally, the glycerophospholipid metabolism was the most important metabolic pathway.
The decreased levels of glycerophospholipid metabolites including LysoPE(0:0/18:0), LyspPC(16:0),
LysoPE(20:2(11Z,14Z)/0:0), LysoPC(18:2(9z,12z)), PC(16:1(9z)/18:1(11z)), and LysoPC(16:1(9z))
indicated a marked perturbation in the glycerophospholipid metabolism of T2DM rats. PCs, LysoPCs,
LysoPEs were largely involved in the pathogenesis of inflammatory and metabolic diseases such
as diabetes [56]. PCs and LysoPCs could block ERK, P38 activation and NF-ƙB translocation to
the nucleus in peritoneal macrophages, which had an intrinsic anti-inflammatory property [57–59].
Many studies also indicated that levels of lysoPCs are closely associated with oxidative stress and
inflammation [60,61]. LysoPCs containing an unsaturated fatty acyl group such as C20:4 and C22:6 were
reported to show potent anti-inflammatory activity in in vivo and in vitro models [62,63]. Lower levels
of LysoPCs were found to be predictors for T2DM in earlier studies [64] and treatment with LysoPCs
could result in a significant increase in the level of GLUT4 at the plasma membranes of 3T3-L1
adipocytes [65]. Thus, the modification of SR, CR, LSC, and HSC on LysoPCs, LysoPEs and PCs levels
might contribute to the amelioration of inflammation and insulin resistance. SR and CR combined
therapy exhibited better efficacy (Table S2).

By the analysis of urine metabolomics, purine metabolism was notably modified after combined
therapy, however, the single drug showed no effect; purine metabolism was terribly dysregulated
which was associated with T2DM [66]. Xanthosine, a nucleoside derived from the purine base
xanthine and ribose, was elevated in T2DM rats and catabolism of xanthosine could ultimately lead
to the production of high uric acid which was linked to diabetic complications [67,68]. Interestingly,
xanthosine was affected by neither SR nor CR, but by their combination. Additionally, hippuric acid,
which could be converted from dietetic aromatic compounds by gut microbes [69], was significantly
decreased in urine of T2DM rats. This might be due to disturbed gut microbiota metabolism under
diabetic status [70]. As reported, concentrations of hippuric acid were lower in HFD-induced
hyperlipidemic rats than in normal rats [71]. D-glucurono-6,3-lactone, participating in ascorbate
and aldarate metabolism, was increased in T2DM rats and was downregulated after treatment of SR,
CR and their combined extracts. Pyrimidine metabolism was also disturbed and increased metabolite
of deoxyuridine in the urine of T2DM rats was identified. After 30 days therapeutic intervention, these
changed trends in T2DM rats were reversed by SR and CR, particularly by their combined extracts
(Table S2).

4. Materials and Methods

4.1. Chemicals, Reagents, and Materials

Acetonitrile (HPLC grade) was bought from TEDIA (Fairfield, OH, USA). Formic acid was
supplied by Merck KGaA (Darmstadt, Germany). Metformin was purchased from Merck Serono
(Shanghai, China). SR and CR were purchased from Nanjing Guo-yao Pharm (Nanjing, Jiangsu, China).
Streptozotocin (STZ) was obtained from Sigma chemical (St Louis, MO, USA).
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4.2. Extract Preparation

The dry herb pieces of SR (1.0 kg), CR (1.0 kg) and SC (1:1, 3 kg) were extracted with boiling water
(1:8) twice, 2 h each time, filtered through gauze and concentrated to 1.0 g/mL, respectively.

4.3. Animals and Induction of T2DM Rats

Pathogen-free male Sprague-Dawley rats (200 ± 20 g) were supplied by the Zhejiang Province
Experimental Animal Center. All animals were maintained in cages at 22–26 ◦C with 55%–65%
relative humidity, under a 12 h dark/light cycle, with water and respective diet available ad libitum.
The experiments were performed following the principles of the Care and Use of Laboratory Animal
and approved by the Animal Ethics Committee of Nanjing University of Chinese Medicine.

After acclimatization for one week, animals were randomly separated into seven groups
(6 rats/group): normal group (N), model group (M), metformin group (P), Scutellaria Radix group
(SR), Coptidis Rhizome group (CR), Low dose of combined extracts group (LSC), and High dose
of combined extracts group (HSC). The normal rats were fed with common pellet diets during the
experiment and rats in other groups were fed by a high-fat diet (including 67.5% standard laboratory
chow, 20% sucrose, 10% lard oil, and 2.5% egg yolk powder(w/w)). After one month of dietary
intervention, a dose of 30 mg/kg STZ (dissolved using 0.1 M citrate buffer, pH 4.2) was given to all
the groups except the normal group. The normal rats were given the same dose of sodium buffer.
Three days later, all rats were fasted 12 h (free access to water). Fasting blood glucose (FBG) was
measured by ONE TOUCH II type blood sugar apparatus. Rats were considered to be T2DM model
when their FBG levels exceeded 16.7 mmol/L.

4.4. Drug Administration, Biological Sample Collection, and Preparation

The P group rats were intragastrically given metformin at a dose of 0.09 g/kg (0.09 g metformin
per 1 kg rat body weight) for one month. The SR and CR group rats were intragastrically given
SR, CR extracts at a dose of 6.3 g/kg (6.3 g crude herbs per 1 kg rat body weight) for one month,
respectively. The LSC and HSC group rats were intragastrically given SC extracts at a dose of 6.3 g/kg,
12.6 g/kg (6.3 g crude herbs per 1 kg rat body weight, 12.6 g crude herbs per 1 kg rat body weight)
for one month, respectively. All experiments and animal care were approved by the Animal Ethics
Committee of Nanjing University of Chinese Medicine.

The rats were fixed in supine position and anesthetized with 10% chloral hydrate by
intraperitoneal injection, blood samples were collected in heparinized tubes and no anticoagulant
tubes on the 30th day after treatment from abdominal aorta. They were then centrifuged at 3000 r/min
for 10 min to obtain the plasma and serum samples stored at −80 ◦C. The levels of pro-inflammatory
cytokines and biochemical indexes in serum were measured using Elisa kits.

Liver tissues were quickly removed, placed on ice, and homogenized in 9 vol. (w/v) of phosphate
buffer saline. The homogenate was centrifuged at 4 ◦C, 13,000 rpm for 10 min and supernatant liquor
was then stored at −80 ◦C until detection of PEPCK, FBPase, G6Pase, GP, GK, PFK, PK, and GS by
using Elisa kits according to the instructions of the manufacturer.

One hundred microliters of plasma were added to 300 μL of acetonitrile and two hundred
microliters of urine were added to 200 μL of acetonitrile. These mixtures were vortexed for 1 min and
centrifuged at 13,000 r/min for 10 min to obtain the supernatant. A 2 μL aliquot of each plasma or
urine sample was injected for LC/MS analysis.

4.5. Histological Analysis

Each liver, pancreas, skeletal muscle, adipose tissue was fixed in 4% (w/v) paraformaldehyde
over 24 h. With graded ethanol dehydration, specimens were embedded in paraffin. Sequentially,
3 mm sections were rehydrated and stained with hematoxylin and eosin. The program of staining was
obtained with the IX51 microscope (Olympus Corporation, Tokyo, Japan).
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4.6. Real-Time PCR

Total RNA was isolated from individual liver of each group for analysis of P38, ERK, JNK, IKK,
c-jun, c-fos, P65, IRS1, PI3K, Akt2, and Glut2 using Trizol reagent (Invitrogen, Carlsbad, CA, USA)
following the protocol provided by the manufacturer. Real-time quantitative PCR was performed by
using SYBR Green Master mix and Rox reference dye according to the manufacturer’s instructions.
The cDNAs were obtained by the reverse transcription of RNA from rat liver. The mRNA levels of
individual genes were normalized and calculated using the ΔΔCT method. The primers are listed in
Table S1.

4.7. Western Blot

Individual liver of each group for analysis of P65, p-P65, PI3K, p-PI3K, Akt2, p-Akt2, and Glut2
was pulverized, and the proteins were extracted by a total protein extraction kit (Keygen, Shenzhen,
China). An equal amount of protein (40 μg) in liver was separated by SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were
blocked with 5% fat-free milk and incubated with different primary antibodies. The bound antibodies
were detected using horseradish peroxidase–conjugated anti-rabbit antibodies. Antibody reactivity
was detected by ECL Western blotting Detection Systems.

4.8. Metabolic Profiling

4.8.1. Chromatography

Chromatographic experiments were performed on a Thermo Syncronis C18 column (2.1 mm i.d.
× 100 mm, 1.7 μm) using an Acquity UPLCTM System (Waters Corp., Milford, MA, USA). The column
was maintained at 35 ◦C, and the mobile phase, at a flow rate of 0.4 mL/min, consisting of solvent
A (0.1% formic acid in water) and mobile phase B (acetonitrile). 0–12 min, 5%–20% B; 12–14 min,
20%–25% B; 14–19 min, 25%–55% B; 19–21 min, 55%–70% B; 21–25 min, 70%–95% B.

4.8.2. Mass Spectrometry

MS spectrometry was performed with a Waters SynaptTM Q-TOF/MS (Waters Corp., Milford, CT,
USA). The conditions used for the electrospray ion (ESI) source were as follows: capillary voltage of
3.0 kV, sample cone voltage of 30.0 V; extraction cone voltage of 2.0 V, source temperature of 120 ◦C,
desolvation temperature of 350 ◦C. Nitrogen was used as desolvation and cone gas with a flow rate of
600 and 50 L/h, respectively. Leucine-enkephalin was used as the lock mass generating an [M + H]+

ion (m/z 556.2771) and [M-H]− ion (m/z 554.2615) at a concentration of 200 pg/mL and flow rate of
100 μL/min to ensure accuracy during the MS analysis via a syringe pump.

4.8.3. Metabolomic Data Processing and Multivariate Analysis

UPLC/MS data were detected and noise-reduced in both the UPLC and MS domains such that
only true analytical peaks were selected for further processing by the MassLynx software (version 4.1,
Waters Corp, Milford, MA, USA).

4.8.4. Biomarker Identification and Metabolic Pathway Analysis

The identities of the potential biomarkers were confirmed by comparing their mass spectra and
chromatographic retention times with the available reference standards and a full spectral library
containing MS/MS data obtained in the positive and/or negative ion modes. The Mass Fragment
application manager (Waters MassLynx v4.1, Waters corp., Milford, CT, USA) was used to facilitate the
MS/MS fragment ion analysis through the use of chemically intelligent peak-matching algorithms.
This information was then used to search multiple databases and to analyze the potential metabolic
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pathway using MetPA. Potential biological roles were evaluated by an enrichment analysis using
MetaboAnalyst (version 3.0, McGill Univeristy, Montreal, Canada).

4.9. Statistical Analysis

Statistical analysis was assessed by SPSS 19.0 (SPSS Inc., Chicago, IL, USA). All data were given
as mean ± SD, and comparison of mean values was evaluated using One-way-ANOVA with Dunnett.
In all experiments, p values <0.05 were considered significant difference.

5. Conclusions

Previous studies suggested that macrophage-specific TGR5 signaling in kupffer cells protected
liver from inflammation and insulin resistance.An increase of cholic acid and deoxycholic acid was
found, while glycocholic acid was decreased in T2DM rats. So combined SR and CR could better
modulate inflammation and improve insulin resistance by increasing the levels of glycocholic aid and
decreasing the levels of cholic acid and deoxycholic acid. In conclusion, the present studies suggested
that combined extracts exerted significant amelioration on T2DM by modulation of proinflammatory
cytokines, key target protein expressions in MAPK, and insulin signaling pathways as well as
enzymatic activities related to glycometabolism. Thus, administration of combined extract could
improve the symptoms of T2DM rats more effectively than the single drug. These results might
provide useful hints for T2DM treatment and deserve further clinical investigations.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/11/
3634/s1.

Author Contributions: X.C. designed the study, performed experiments, analyzed the data, and drafted the
manuscript. D.-W.Q., E.-X.S. and Z.-H.Z. contributed significantly to perform experiments and analyze data.
S.J. and J.-A.D. designed the study and critically reviewed the manuscript. All authors reviewed and approved
the final manuscript. X.C. and S.J. were the guarantors of this work.

Funding: This research received the Nature Science Foundation of China (No. 81673831) and Jiangsu Collaborative
Innovation Center of Chinese Medicinal Resources Industrialization (No. ZDXM-1-10).

Acknowledgments: This work was financially supported by the Nature Science Foundation of China
(No. 81673831) and Jiangsu Collaborative Innovation Center of Chinese Medicinal Resources Industrialization
(No. ZDXM-1-10).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Akt Protein kinase B
CR Coptidis Rhizoma
CRP C-reactive protein
ERK Extracellular regulated protein kinases
FBG Fasting blood glucose
FBPase Fructose-1,6-bisphosphatase
FFA Free fatty acid
FINS Fasting insulin
G6Pase Glucose 6-phosphatase
GK Glucokinase
Glut 2 Glucose transporter 2
GP Glycogen phosphorylase
GS Glycogen synthase
HDL-C High-density lipoprotein
HFD High-fat diet
HSC How dose of combined extracts group
IFN-γ Interferon gamma
IKK Inhibitor of nuclear factor kappa-B kinase
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IL-1β Interleukin 1β
IL-6 Interleukin 6
IRS1 Insulin receptor substrate 1
JNK C-Jun N-terminal kinase
LDL-C Low-density lipoprotein
LSC Low dose of combined extracts group
MAPK Mitogen-activated protein kinase
NO Nitric oxide
P Metformin
P38 P38 mitogen-activated protein kinases
PEPCK Phosphoenolpyruvate carboxykinase
PFK Phosphofructokinase
PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase
PK Pyruvate kinase
SOCS3 Suppressor of cytokine signaling 3
SR Scutellariae Radix
STZ Streptozocin
T2DM Type 2 diabetes mellitus
TC Total chelosterol
TCM Traditional Chinese medicine
TG Triglyceride
TNF-α Tumor necrosis factor alpha

UPLC-Q-TOF/MS
Ultra performance liquid chromatography-quadrupole time-of-flight
mass spectrometry
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Lipidome as a predictive tool in progression to type 2 diabetes in Finnish men. Metabolism 2018, 78, 1–12.
[CrossRef] [PubMed]

61. Schilling, T.; Eder, C. Importance of lipid rafts for lysophosphatidyl choline-induced caspase-1 activation
and reactive oxygen species generation. Cell. Immunol. 2010, 265, 87–90. [CrossRef] [PubMed]

62. Huang, L.S.; Hung, N.D.; Sok, D.E.; Kim, M.R. Lysophosphatidylcholine containing docosahexaenoic acid at
the sn-1 position in anti-inflammatory. Lipids 2010, 45, 225–236. [CrossRef] [PubMed]

63. Hung, N.D.; Kim, M.R.; Sok, D.E. Mechanisms for anti-inflammatory effects of 1-[15(S)-
hydroxyeicosapentaenoyl] lysophosphatidylcholine, administered intraperitoneally, in zymosan
A-induced peritonitis. Br. J. Pharmacol. 2011, 162, 1119–1135. [CrossRef] [PubMed]

64. Wang-Sattler, R.; Yu, Z.; Herder, C. Novel biomarkers for pre-diabetes identified by metabolomics. Mol. Syst.
Biol. 2012, 43, 615–625. [CrossRef] [PubMed]

65. Yea, K.; Kim, J.; Yoon, J.H.; Kwon, T.; Kim, J.H.; Lee, B.D.; Lee, H.J.; Lee, S.J.; Kim, J.I.; Lee, T.G.; et al.
Lysophosphatidylcholine activates adipocyte glucose uptake and lowers blood glucose levels in murine
models of diabetes. J. Biol. Chem. 2009, 284, 33833–33840. [CrossRef] [PubMed]

66. Dudzinska, W. Purine nucleotides and their metabolites in patients with type 1 and 2 diabetes mellitus.
J. Biomed. Sci. Eng. 2014, 1, 38–44. [CrossRef]

79



Int. J. Mol. Sci. 2018, 19, 3634

67. Kushiyama, A.; Tanaka, K.; Hara, S.; Kawazu, S. Linking uric acid metabolism to diabetic complications.
World J. Diabetes 2014, 6, 787–795. [CrossRef] [PubMed]

68. Zoppini, G.; Targher, G.; Chonchol, M.; Ortalda, V.; Abaterusso, C.; Pichiri, I.; Negri, C.; Bonora, E. Serum
uric acid levels and incident chronic kidney disease in patients with type 2 diabetes and preserved kidney
function. Diabetes Care 2012, 35, 99–104. [CrossRef] [PubMed]

69. Xiao, Y.; Dong, J.; Yin, Z.; Wu, Q.; Zhou, Y.; Zhou, X. Procyanidin B2 protects against d-galactose-induced
mimetic aging in mice: Metabolites and microbiome analysis. Food. Chem. Toxicol. 2018, 119, 141–149.
[CrossRef] [PubMed]

70. Li, L.; Wang, C.; Yang, H.; Liu, S.; Lu, Y.; Fu, P.; Liu, J. Metabolomics reveal mitochondrial and fatty acid
metabolism disorders that contribute to the development of DKD in T2DM patients. Mol. Biosyst. 2017, 13,
2392–2400. [CrossRef] [PubMed]

71. Wu, Q.; Zhang, H.; Dong, X.; Chen, X.F.; Zhu, Z.Y.; Hong, Z.Y.; Chai, Y.F. UPLC-Q-TOF/MS based
metabolomic profiling of serum and urine of hyperlipidemic rats induced by high fat diet. J. Pharm. Anal.
2014, 4, 360–367. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

80



 International Journal of 

Molecular Sciences

Review

The Regulation of JNK Signaling Pathways in Cell
Death through the Interplay with Mitochondrial SAB
and Upstream Post-Translational Effects

Sanda Win, Tin Aung Than and Neil Kaplowitz *

Division of Gastrointestinal and Liver Disease, Department of Medicine, Keck School of Medicine,
University of Southern California, Los Angeles, CA 90033, USA; swin@usc.edu (S.W.); tthan@usc.edu (T.A.T.)
* Correspondence: kaplowit@usc.edu

Received: 25 October 2018; Accepted: 17 November 2018; Published: 20 November 2018

Abstract: c-Jun-N-terminal kinase (JNK) activity plays a critical role in modulating cell death,
which depends on the level and duration of JNK activation. The kinase cascade from MAPkinase
kinase kinase (MAP3K) to MAPkinase kinase (MAP2K) to MAPKinase (MAPK) can be regulated by a
number of direct and indirect post-transcriptional modifications, including acetylation, ubiquitination,
phosphorylation, and their reversals. Recently, a JNK-mitochondrial SH3-domain binding protein
5 (SH3BP5/SAB)-ROS activation loop has been elucidated, which is required to sustain JNK
activity. Importantly, the level of SAB expression in the outer membrane of mitochondria is a
major determinant of the set-point for sustained JNK activation. SAB is a docking protein and
substrate for JNK, leading to an intramitochondrial signal transduction pathway, which impairs
electron transport and promotes reactive oxygen species (ROS) release to sustain the MAPK cascade.

Keywords: reactive oxygen species; PTPN6; SRC; DOK4; p38; MKK4; MKK7; p53; DUSP1; SIRT2

1. Introduction

c-JUN-N-terminal kinase (JNK) is a critical mediator of physiological and pathological responses.
An upstream MAP kinase signaling cascade from dual specificity MAP3K (e.g., ASK1) and MAP2K
(MKK4/7) to serine/threonine MAPK (e.g., JNK, p38) mediate both the initiation of activation of
JNK and its sustained activation [1–3]. There is a critical distinction between transient activation of
the signaling pathway lasting minutes versus sustained activation lasting hours or more [4]. In this
focused review, we will discuss the recent identification of JNK-mitochondrial SAB (SH3BP5)-ROS
activation loop in sustaining the MAP kinase cascade, leading to pathological consequences within the
context of our interest in liver disease. In addition, we will discuss a variety of factors that regulate or
modulate the MAPK pathway from upstream MAP3K, such as apoptosis signal-regulating kinase 1
(ASK1) and mixed lineage kinase 2/3 (MLK2/3), to downstream JNK, SAB, and mitochondrial ROS.
This review highlights the pathophysiological mechanism of sustained activation of JNK through
JNK-activation loop and opens possible pharmacological interventions for therapeutic targets in the
liver, heart, and brain, where SAB has been shown to have an important role.

2. JNK-SAB-ROS Activation Loop

Interest in the role of JNK signaling in liver injury began nearly 20 years ago with the identification
of the protection of cultured mouse hepatocytes from acetaminophen (APAP)-induced necrosis by
a JNK inhibitor (SP600125) [5]. This was further supported by the discovery of protective effect in
in vivo JNK1 and 2 double knockdown using antisense oligonucleotides [6]. In this work and later
in other in vivo and in vitro models of JNK-dependent liver apoptosis (e.g., TNF/D-galactosamine
[TNF/GalN], tunicamycin-induced endoplasmic reticulum (ER) stress, and lipoapoptosis), a key
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important finding, i.e., the association of P-JNK with mitochondria, was discovered. Then, the binding
target of P-JNK on mitochondria and the significance of this interaction were uncovered [7–9].
This seemed particularly relevant as earlier works had suggested that mitochondrial ROS played an
important role in the sustained activation of JNK and that antioxidants could protect against sustained
JNK activation and apoptosis in response to TNF [8,10].

One prior publication by Wiltshire et al. had identified a mitochondrial outer membrane
protein—SAB (SH3BP5)—as a target of P-JNK binding and substrate for JNK phosphorylation [11].
These studies were performed in chicken embryotic fibroblast cells, and the functional consequences
of the interaction were not further explored [11]. Then, SAB was identified exclusively in the outer
membrane of mitochondria in liver [12]. SAB and P-JNK coimmunoprecipitated shortly after toxic
stress from APAP prior to overt liver injury [7,13]. The finding was further supported by adenoviral
sh-SAB (versus sh-lacZ control)-mediated depletion of SAB in liver. Knockdown of SAB resulted
in inhibition of sustained JNK activation and translocation to mitochondria in all the models of
JNK-dependent toxicity (APAP, TNF/GalN, ER stress, palmitic acid lipotoxicity) in vivo or in vitro.
This was accompanied by striking protection against cell death [7–9]. More recently, these findings
have been fully confirmed using hepatocyte-specific inducible knockout of SAB in two-month-old
mice either after crossing SABfl/fl mice with transgenic tamoxifen inducible alb-CRE+/− mice followed
by tamoxifen feeding or by injection of SABfl/fl mice with hepatocyte-targeted CRE viral vectors
(adeno-alb-CRE or AAV8-TBG-CRE) [12].

Another important issue to address is the effect of the interaction of P-JNK with SAB on
mitochondrial function and ROS production. Using isolated normal liver mitochondria, recombinant
P-JNK1 and/or 2 in the presence of ATP was shown to lead to inhibition of oxidative phosphorylation
and maximum respiratory capacity [12]. This effect was not observed in the absence of ATP, suggesting
that phosphorylation of SAB was required. Furthermore, this effect was accompanied by enhanced O2

production in MitoSOX-loaded mitochondria [8,14]. The effect of P-JNK + ATP was absent in liver
mitochondria from SAB knockout mice and was inhibited by a peptide corresponding to the JNK
docking site of SAB, which blocked the interaction of JNK and SAB [8,12].

The topology of SAB can be defined using C- and N-terminal-targeted antisera. The short
C-terminus faces the cytoplasm and contains a JNK kinase interaction motif (KIM), which is the
docking site. The longer N-terminus faces the intermembrane space [12]. Since there is no evidence
that JNK enters the mitochondria, the question relates to how the interaction of P-JNK with SAB
and its phosphorylation on the external face lead to impairment of mitochondrial bioenergetics.
The mechanism of JNK-SAB-mediated impairment of mitochondrial respiration has been explored [12].
Tyrosine-protein kinase c-SRC, mainly in the P-419-SRC active state, has been shown inside
mitochondria of liver and neurons and is required to maintain the function of the electron transport
chain. SRC kinase inhibitors reproduce the same effect as P-JNK/ATP on isolated mitochondria.
When mitochondria were exposed to P-JNK/ATP, rapid dephosphorylation of P-SRC was observed,
but this did not occur in mitochondria from SAB knockout liver and was also inhibited by the KIM
blocking peptide [8,9,12]. Furthermore, inactivation (dephosphorylation) of SRC occurred in liver
mitochondria after in vivo treatment with APAP or TNF/GalN. Inactivation of SRC was inhibited
in isolated mitochondria after treatment with vanadate, which blocked the effect of P-JNK/ATP
on mitochondrial respiration. The study indicated that a phosphotyrosine phosphatase (PTP)
was responsible for mediating the effect and that intramitochondrial protein tyrosine phosphatase
non-receptor type 6 (PTPN6/SHP1) was responsible for inactivation of SRC when JNK interacted
with SAB on mitochondrial outer membrane. Mitochondria isolated from PTPN6-depleted mice were
resistance to the effects of P-JNK/ATP on P-SRC and mitochondria respiration [12].

Mitochondrial SRC associates with docking protein 4 (DOK4), a kinase and PTP docking
protein [15], and DOK4 participates in the JNK activation of intramitochondrial signaling pathway [12].
DOK4 is found exclusively in the mitochondria fraction and is associated with the inner membrane but
accessible to the intermembrane space. Knockdown of DOK4 in vivo protected isolated mitochondria
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from the effect of P-JNK/ATP and protected against liver injury and sustained JNK activation.
The effect of DOK4 knockdown was analogous to the knockout of upstream SAB or knockdown
of PTPN6. Careful mitochondrial subfractionation and immunoprecipitation studies have revealed
that under basal conditions, SAB is in the outer membrane and bound SHP1 (on the intermembrane
face), while DOK4 and P-SRC are on the inner membrane. Following toxic stress and JNK activation,
PTPN6 coimmunoprecipitation with SAB decreases in the outer membrane fraction and binding
to SRC/DOK4 (coimmunoprecipitation) increases on the inner membrane. Thus, when SAB is
phosphorylated by P-JNK/ATP on the cytoplasmic face, PTPN6 is released and interacts with P-SRC,
dephosphorylating (inactivating) SRC in a DOK4-dependent fashion. Thus, DOK4 appears to serve as
a platform, which is required for the interaction of PTPN6 and P-SRC. PTPN6 associated with SAB is
inactive (nonphosphorylated); however, when associated with P-SRC, it is phosphoactivated by SRC,
which then leads to dephosphorylation of SRC. Inactivation of SRC leads to impaired mitochondrial
respiration and increased ROS release from mitochondria. ROS then activates ASK1, and possibly
MLK2/3, which sustains activation of MKK4/7, leading to sustained JNK activation (Figure 1).
ROS oxidize thioredoxin, relieving ASK1 of inhibition of dimerization and allowing self-activation
of ASK1. ROS also activate SRC at or near the plasma membrane, which then activates MLK2/3.
These MAP3 kinases then activate MAP2 kinases, which activate JNK.

Figure 1. P-JNK-SAB-mitochondria-ROS-mediated JNK activation loop. JNK activation is triggered by
physical and chemical stress, including alterations in nutrients, growth factors, cytokines, extracellular
matrix, DNA damage, drugs, and toxins. Activated JNK translocates to mitochondria and interacts
with SAB, leading to a sequence of events, i.e., inhibition of intramitochondrial c-SRC activity and
mitochondrial electron transport chain and thus release of ROS, which further activates ASK1, MKK4/7,
and JNK. P-JNK-SAB-ROS activation loop drives sustained JNK activation, and cell death occurs.
Black arrows indicate activation. Blue circulating arrows indicate vicious cycle. Red “T” arrow
indicates inhibition of electron transport chain (ETC).

The duration and degree of sustained JNK activation mediates many consequences, both through
transcriptional regulation by AP-1 targets that modulate expression of many genes involved in
proliferation as well as inflammation (cytokines and chemokines), metabolic gene dysregulation
e.g., gene repressors, such as nuclear receptor corepressor 1 (NCOR1) action on peroxisome proliferator
activated receptor alpha (PPARα) and thioredoxin-disufide reductase (TR), or through direct activation
of proapoptotic BH3 family members and inhibition of antiapoptotic Bcl2 family members (see
Reference [3] for review).

3. Modulation of JNK Activation Loop

MAP kinase cascade, which senses cellular and extracellular stress, conveys cellular response to
regulate cell fate. The timing and duration of JNK activation determine whether cells proliferate or
adapt to metabolic or toxic stress or undergo programmed cell death, such as apoptosis, necrosis, and
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possibly other forms of cell death. Thus, modulators of the JNK-SAB-ROS activation loop (Figure 2)
and molecular structure of components in the loop (Figure 3) determine the duration of JNK activation
and selectivity and specificity of JNK-mediated cellular responses. As the expression of isoforms of
kinases, phosphatases, substrates, inhibitors, and scaffold proteins involved in the JNK activation loop
are tissue and cell-type-specific, we will discuss the general principles of modulation of the loop.

Figure 2. Modulation of JNK activation loop. JNK-SAB-ROS activation loop can be modulated at all
level of MAP kinase cascade through phosphorylation by upstream kinase, dephosphorylation by
phosphatase, acetylation by sirtuins, deacetylation by p300, protein stabilization by deubiquitinating
enzymes, and protein degradation by ubiquitinating enzymes.

Figure 3. Schematic diagram of molecules involved in JNK activation loop. JNK is activated by dual
threonine–tyrosine phosphorylation at (TXY) located within activation loop (indicated as black dotted
line) by MKK4/7 through interaction with common docking site (CD) of JNK and docking motif
(D-motif; JNK binding site indicated by yellow bars) of MKK4/7. CD of JNK is also shared with JIP and
SAB which has one hydrophobic transmembrane spanning domain (indicated as dotted line). Two JNK
binding sites on SAB are noted as KIM1 and KIM2 (indicated by yellow bars). Dimerization of ASK1
through interaction of N-terminal coil-coil domains (N-cc) and of C-terminal coil-coil (C-cc) doamins
autoactivates ASK1. Removal of thioredoxin (indicated by gray polygon) by oxidation facilitates
dimerization of ASK1.
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3.1. MAP Kinases—JNK and p38

JNK and p38 are activated by MKK4/7 via dual phosphorylation of a Thr-Pro-Tyr (TPY) motif
of the activation loop (A-loop), which connects N-terminal and C-terminal lobes. The ATP binding
site lies between the lobes [16]. One critical feature of JNK signaling is the use of its single common
docking site (CD) to interact with JNK-binding domain (D-motif) of upstream MKKs, MAP kinase
phosphatases, substrates, inhibitors, and scaffold proteins. Thus, JNK activity derives from the
ensemble of interactomes that compete for the docking site on JNK. Therefore, reducing the level
of a single substrate of MAPK can lead to decreased amounts of active MAPK due to loss of
competition and greater access of phosphatases to allow graded response. The specificity of JNK
signaling relies on hydrophobic φ-x-φ docking motif (D-motif) on JNK substrates and scaffold
proteins, such as c-Jun, ATF2, JIP, and SAB, and their subcellular localization. Preferences for
D-motifs on different JNK substrates have been analyzed using 11-mer peptides derived from
different substrates [17]. SAB peptide derived from KIM1 D-motif is similar to JIP1 sequence but
has 21 folds lower affinity for P-JNK. This appears to be due to adjacent Pro residue. This means
that small changes in D-motif and adjacent residues can profoundly impact JNK signaling. Indeed,
JIP1 has higher affinity for JNK3 than ATF2 or SAB. Cytosolic JIP is a platform to bring together
upstream kinases MKKs, MLKs, and Rac for JNK activation [18–20]. The depletion of JIP in MEF cells
prevents fatty-acid-induced JNK activation [20]. JNK phosphorylates c-JUN on Ser63/73 and increases
c-JUN-dependent transcription and cell proliferation [1], whereas JNK interaction with less affinity
to SAB localized on mitochondria accounts for ROS generation, sustained MAP3K to JNK activation,
and cell death [7–9,12,21]. Importantly, JNK phosphorylates p53 on Thr81 and stabilizes and confers
its transcriptional activity [22], which could dampen expression of SAB and the JNK activation loop
(see below).

A distinct difference of p38 compared to JNK is the activation of downstream MAPK-activated
protein kinase (MAPKAPKs), such as MK2/3, MNK1/2 [23]. p38 regulates MK2-mediated TNF-α
and IL-6 production by promoting translation and/or stability of their mRNAs [24]. p38 modulation
upregulates antioxidant response via NF-κB [25] and interferes with ROS produced by the JNK
activation loop. p38-mediated MK2 activation also phosphorylates MDM2 on Ser157 and Ser166,
resulting in MDM2 activation and degradation of p53 [26]. p53 expression and activity, contributed
to by multiple signaling pathways [27–29], importantly regulates SAB expression and determines
susceptibility to promoting the JNK activation loop (abstract, manuscript in preparation). The depletion
of p53 or inhibition of p53 by pifithrin leads to higher P-JNK levels and more severe necrosis in
acetaminophen-induced acute liver injury [30]. Recently, we uncovered an important regulatory role
of p53 in SAB expression and thus the contribution of functional p53 in decreasing JNK-mediated cell
death (see below). In addition, human rhabdomyosarcoma cells lacking functional p53 undergo rapid
apoptotic cell death in mild cellular stress conditions, such as serum-free condition and inhibition
of mTOR, through the ASK1-JNK activation-mediated pathway [31]. The mechanism may be by the
upregulation of SAB expression in p53 deficiency, which we will discuss further below. This could be a
potential therapeutic pathway to target treatment of functional p53-defective tumor cells.

Dual-specificity protein phosphatases (DUSP), which are also known as mitogen-activated protein
kinase phosphatases (MKP), are a family of threonine-tyrosine dual-specificity phosphatases that
dephosphorylate and inactivate MAPKs such as extracellular regulated MAP kinase (ERK), p38,
and JNK in a context-dependent manner [1,32]. The highest levels of DUSP1 are observed in the
heart, lungs, and liver. DUSP1 or DUSP5 KO mice were shown to exhibit increased JNK activity
due to physiological levels of reactive oxygen species, supporting the role of phosphatase in the JNK
activation loop [2,10]. Indeed, DUSP inhibition may be sufficient to induce prolonged activation of
JNK following some stimuli. DUSPs localize in cytoplasm and nucleus, but mitochondrial localization
or association has not been reported. Indeed, DUSP1-mediated dephosphorylation of JNK is sufficient
to inhibit JNK-SAB-ROS activation loop because activation of JNK is required for translocation and
interaction with mitochondrial SAB. In breast cancer, an inhibitor of DUSP1 is considered an adjuvant
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and/or neoadjuvant therapy by enhancing cell apoptosis. The involvement of p38 in modulation
of JNK activation loop is more complex because p38/ERK upregulates DUSP1 expression through
MAPK-activated protein kinase MSK [23].

In addition to phosphorylation and dephosphorylation, direct regulation of JNK activity
also involves participation of acetylation/deacetylation. Cytosolic and nuclear shuttling SIRT2
deacetylates and activates JNK, whereas JNK is inhibited by p300-mediated acetylation. In addition,
SIRT2 deacetylates and inhibits DUSP1 [33]. Thus, sirtuin activation occurring in excess nicotinamide
adenine dinucleotide (NAD+), such as in nutrient excess or granulocyte-colony stimulating factor
(G-CSF) signal transduction, changes the balance of JNK activation. However, JNK activation by
sirtuin inducers [34] cannot reach the threshold level to cause sustained JNK activation and therefore
does not favor cell death. In addition, sirtuin 1 (SIRT1) knockout mice were shown to exhibit less
severe liver injury through preconditioned enhanced NF-κB response and dampening sustained JNK
activation in the GalN/LPS-induced apoptotic cell death. However, acetaminophen-induced liver
injury, which overrides NF-κB-mediated upregulation of antioxidant genes, is not protected [35].
Overall, the contribution of sirtuins in cell death pathways appears to be of minor importance. So far,
the role of SIRT3, 4, and 5 in mitochondria have not been explored in the mechanism of JNK-SAB-ROS
activation loop [36]. In summary, p38, p53, DUSP1, SIRT2, p300, NF-κB, Gadd45β, and SAB all have
the potential to directly or indirectly modulate JNK activity in a complex, context-dependent fashion.

3.2. MKKs—MKK4 and MKK7

MKK4/7 interacts with JNK via D-motif and phosphorylates and activates JNK on JIP
platform [37]. In MEF cells, MKK4 also activates p38. MKK7 contains three JNK docking D-motifs
within its 100-amino acid regulatory domain. The second docking site of MKK7 binds to JNK via two
alternative binding modes [38]. However, the significance and selectivity of the D-motif of MKK7 on
JNK needs further exploration. Interestingly, Ser403 of MKK7 in HEK293 cells is phosphoactivated
by serine/threonine-protein kinase ULK1/2 (ATG1/2), which is a downstream target of AKT/mTOR
signaling pathway. The significance of this crosstalk in the sustained JNK activation loop in disease
models requires further exploration as liver-specific deficiency of ULK1/2 in KO mice were shown to
delay and partially protect liver injury from acetaminophen-induced hepatoxicity but not GalN/TNF
liver injury [39]. Signalosomes, such as receptor complex in TNF-induced JNK activation and
TRAFII-mediated JNK activation in ER stress, are important in integration of crosstalk, induction,
amplification, and inhibition of the JNK activation loop [40]. The cytosolic JNK interacting protein (JIP)
platform is crucial for initial activation of JNK in fatty acid but not in TNF-induced JNK activation [20].
SRC phosphorylation of JIP1 creates phosphotyrosine interaction motifs that bind the SH2 domains
of SRC and the guanine nucleotide exchange factor VAV which is required for activation of Rac
and downstream activation of MLKs, MKK7 and JNK activation on JIP1 platform in MEF cells,
white adipose tissue, and muscle, but other isoforms of JIP could be essential in liver.

The complexity of JNK activation loop is also illustrated by retroinhibition of MAPK cascade
by p38a in receptor-mediated cell death [41]. Indeed, p38a is activated by MKK4 and MKK3/6,
and p38 then contributes inhibitory crosstalk to the JNK activation loop via inhibitory phosphorylation
of TGF-beta activated kinase 1 (TAK1/TAB1), MKK3/6 and/or increased expression of DUSP
(MKP) by p38a/MK2 pathway [42–44]. However, this regulatory pathway requires further
exploration. In fact, p38 affects several alternative pathways to interfere with the JNK activation loop,
such as NF-κB-mediated upregulation of antioxidant genes and 17 kDa Gadd45β (MyD118) [45,46].
Endogenous Gadd45β and MKK7 associate through direct, high-affinity contact. Gadd45β, which is
not a phosphatase, inhibits MKK7 by masking the kinase domain. The association is tighter than
JIP1 and thus spatially prevents MKK7 activation of JNK. Gadd45β does not inhibit MKK4, MKK3b,
or ASK1 activation or phosphorylation of MKK7. Gadd45β expression is suppressed by orphan nuclear
receptor small heterodimer partner (SHP), which is a transcriptional corepressor. Depletion of SHP
increases Gadd45β expression and prevents sustained JNK activation and liver injury. Additionally,
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activation of Akt in a parallel survival pathway could activate NF-κB and inhibit MAP3K, such as
MLK3 and ASK1 [47–50].

3.3. MAP3K—MLK2/3, ASK1, TAK1

MEKK1-4, DLK, TPL-2, TAO1/2, ASK1, MLK2/3, and TAK1 are common MAP3Ks involved
in the activation pathway of JNK and p38, but the unique structure and subcellular distribution
of these MAP3Ks reveal important roles in various cells and disease models. ASK1, MLK2/3,
and TAK1 are widely studied and discussed in this review. ASK1 triggers cellular responses to
redox stress and inflammatory cytokines [51,52] and plays important roles in innate immunity and
viral infection [53]. ASK1 has the central kinase domain flanked on either side by coiled-coil domains.
The N terminus of the kinase domain contains several regions with regulatory roles that bind to
thioredoxin and TNF receptor-associated factors (TRAFs), which regulate the response of ASK1 to
ROS and cytokines, respectively [54]. The N-terminal region of ASK1 has also been implicated in
binding CIB1 to detect Ca2+-based stress signaling and in binding FBXO21 to trigger innate antiviral
signaling [55,56]. The region C terminal to the kinase domain contains a 14-3-3 protein-binding
site [57], followed by a region for constitutive oligomerization of ASK1 [58]. Under redox stress,
thioredoxin dissociates and TRAF proteins associate with ASK1, which then tightly oligomerizes
through its N-terminal coiled-coil (NCC) domain, promoting ASK1 activation and kinase activity
via autophosphorylation of Thr845 in its kinase domain [59]. However, oxidative stress induces
ubiquitination and subsequent degradation of activated ASK1. On the other hand, the deubiquitinating
enzyme USP9X, which has ubiquitin-specific protease activity, interacts and antagonizes ubiquitination
and subsequent degradation of activated ASK1 in H2O2-treated cells, resulting in the stabilization of
activated ASK1 [60]. However, TNFAIP3 (A20), which has both ubiquitin ligase and deubiquitinase
activities, inactivates ASK1 in fatty-acid-induced cells and ameliorates NASH [61]. Overexpression of
A20 interacts with ASK1 and reduces stability and promotes the degradation of ASK1 through the
ubiquitination process. Thus, overexpression of A20 lowers ASK1 level and preconditions cells
to resist stress-induced JNK activation and cell death [62]. A20 is an acute response gene and
overall effects of A20 will also depend on context and acute versus chronic disease. Contribution
of A20 on JNK-SAB-ROS activation loop appears to be of minor importance. In addition to
phosphorylation- and ubiquitination-mediated regulation of ASK1 in basal and response to oxidative
stress, cFLIP competes for binding to TRAF binding domain of ASK1 and prevents ASK1 dimerization
and activation [63]. However, ITCH promotes Lys48 ubiquitination and degradation of cFLIP. ITCH is
activated by JNK [64]. JNK-ITCH-Ask1 signal activation axis does not affect TNF/GalN-induced
apoptosis in contexts where SAB is deleted because depletion of SAB or MKK4/7 completely prevents
TNFα-induced JNK activation and cell death, indicating requirement of MAP2K, JNK, and SAB to
sustain ASK1 activation [7,12,65]. As mitochondria have thioredoxin-2, mitochondria localization
of ASK1 and association with thioredoxin-2 has been proposed [66]. However, JNK activation has
not been observed in mitochondria and further exploration is required. Another ASK1 regulator
that has been recently identified is Caspase Recruitment Domain Protein 6 (CARD6) [67,68]. CARD6
associates with ASK1 and suppresses ASK1 phosphorylation activation and downstream JNK/p38
activation. In high-fat diet-induced fatty liver model, ASK1, MLK3, and TAK1 activation occurs. ASK1
phosphorylation is further increased by CARD6 deficiency but suppressed by CARD6 overexpression.
TAK1 phosphorylation is not affected by CARD6, indicating selectivity of regulation. TAK1 is
phosphorylated and activated via TLR/IL1 receptor and TRAFs [69]. Phosphorylated TAK1 activates
IKK and MAP2K, leading to activation of NF-κB and JNK, respectively. Hepatocyte-specific deletion of
TAK1 causes spontaneous hepatocyte death, suggesting hepatoprotective role of TAK1 [70], although
further exploration is required.

MLK2/3 are redundant MAP3Ks regulated by small GTPases CDC42 and RAC1 [71]. Recently,
JIP1 has been identified as a platform for interaction and signal integration of SRC tyrosine kinase,
RAC GTPase, and MLKs for activation of MKK7 and JNK in free fatty acid-induced activation
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model [19]. As JIP is a JNK-specific scaffold protein, the pathway selectively activates JNK but not p38
in free fatty acid-induced stress in MEF cells and diet-induced mouse models. The role of ASK1 was not
examined in this free fatty acid-induced stress in MEF cell model. Indeed, JIP3/4 interacts with ASK1
but cannot mediate JNK activation [72]. The importance of JIP/MAP3K/MAP2K/MAPK signaling
pathway in death receptor (TNF)-mediated MAP kinase activation requires further exploration.

3.4. Scaffold Protein—SAB

SAB is a mitochondrial outer membrane protein with N-terminal SH3 domain binding site,
one membrane spanning domain, and two D-motif (KIM) on C-terminus [11]. The topology of SAB
makes it unique in JNK-mediated signal transduction to mitochondria. The N-terminal of SAB,
including SH3-domain-binding site, is in the mitochondria intermembrane space, and C-terminal of
SAB with KIM motif is facing the cytoplasm [12]. SAB is the only JNK docking site on mitochondria.
The depletion of SAB completely prevents JNK translocation to mitochondria [7,12]. Both JNK and
p38 can phosphorylate SAB in cell-free system [73], but in vivo evidence is lacking. The deletion of
SAB does not inhibit p38 association with mitochondria [65]. The SH3-domain-binding site of SAB is
largely unexplored. The recent identification of the SAB homolog RAB-11-interacting protein-1 (REI-1),
a guanine nucleotide exchange factor (GEF) that is homologous to the N-terminal of mammalian SAB,
is associated with Rab11 of C. elegans [74]. Thus, further explorations are required to examine the role
of RAB GTPase in JNK-SAB-ROS activation loop. As PTPN6 dissociates from SAB when JNK interacts
with and phosphorylates SAB, there could be possible regulation of the PTPN6 dissociation from SAB.
Therefore, RAB like GTPase could be associated with intramitochondrial portion of SAB and might
participate in regulation of the JNK-SAB-ROS activation loop. There are other GTPases that have been
identified as facing into the intermitochondrial membrane space, such as OPA1, which is regulated by
SIRT3 [75], but the association with SAB is not known.

3.5. Regulation of SAB Expression

We have recently begun to address the role of the regulation of SAB expression. We have initially
gained insight into this area through overexpression of SAB as well as through exploration of sex
differences in susceptibility to acute liver injury in mouse models. We expressed Adeno-SAB in
liver-specific SAB knockout mice using increasing doses of adenovirus and found that increasing
levels of SAB expression led to increasing susceptibility to injury from a fixed nonlethal dose of APAP.
This not only demonstrates that SAB restores susceptibility to liver injury in SAB knockout mice but
also that the level of SAB expression determined the severity of liver injury. Furthermore, inducible
hepatocyte knockout of JNK1 and 2 (AAV8-TBG-CRE) in JNK1/2fl/fl mice markedly protected against
APAP injury, which was not increased with concomitant SAB overexpression. This indicates that JNK
is required for enhanced susceptibility to APAP injury due to SAB overexpression and that there is
no other pathway (other than JNK) for the participation of SAB in the injury process. Furthermore,
JNK1/2 deletion did not affect SAB basal expression and vice versa.

It is well known that female mice are very resistant to APAP toxicity in vivo. We confirmed
this and found that the resistance applied to TNF/GalN in vivo as well as palmitic acid-induced
lipoapoptosis in primary mouse hepatocytes. In all these models, female littermates exhibited markedly
decreased levels of sustained JNK activation. This led us to examine SAB expression, which was
found to be markedly decreased in females (only 15% of male liver mitochondrial level of SAB).
Similar sex difference in SAB expression was observed in normal human liver. We then identified
post-transcriptional regulation of SAB expression (repression in females) involving a pathway from
estrogen receptor-α to p53 (higher expression in female mouse and human liver) to p53-mediated
expression of miR34a-5p, which targets the SAB mRNA coding region, thus repressing SAB expression
and decreasing susceptibility to liver injury (abstract, manuscript in preparation). There is currently
no information on the transcriptional regulation of SAB expression, and this is an important area we
are exploring.
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4. Perspectives on the Intervention of the JNK Activation Loop

JNK-SAB-ROS activation loop is an important cell death-promoting pathway in apoptosis and
mitochondrial permeability transition pore (MPT)-regulated necrosis (in the context of acetaminophen
hepatotoxicity). The pathway is modulated by several parallel survival pathways through crosstalk
and negative regulatory feedback. Any adaptation or mechanism changing the balance of survival
and death pathways will partially interfere with the JNK-SAB-ROS pathway directly or indirectly and
the cell death outcome. Thus, targeting molecules in JNK-SAB-ROS activation loop is a promising
strategy to promote cell death, such as in cancer cells [76,77], and to prevent cell death, such as in
hepatotoxicity [7,12,65], liver and kidney injury in septic shock, and ischemia/reperfusion injury
in heart and brain [78–81]. A selective ASK1 inhibitor, selonsertib (GS-4997), has recently been
tested as therapy for NASH in a phase 2 clinical trial (NCT02466516), and patient outcomes were
encouraging. Targeting the pivotal role of SAB in JNK activation offers particular promise. Blocking
the binding of P-JNK to SAB using KIM1 peptides can be selectively achieved without directly blocking
the kinase activity of JNK [8,9,82]. Thus, identification of selective small molecule inhibitors of the
binding of P-JNK to SAB seems feasible. Modulating expression of SAB (increase or decrease) may be
possible through modulation of the factors that control transcriptional and post-translational regulation
(e.g., transcription factors and noncoding RNA that target SAB expression). In addition, antisense
oligonucleotides that are cell-type- or organ-specific are being developed to lower SAB expression.
These approaches for modification of SAB expression appear to offer the most promise in chronic
diseases where sustained JNK activation affects metabolism.
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Abbreviations

AKT AKT serine/threonine kinase 1
APAP acetaminophen
ASK1 apoptosis signal-regulating kinase 1
ATF2 activating transcription factor 2
ATP adenosine triphosphate
CDC42 cell division cycle 42
cFLIP CASP8 and FADD like apoptosis regulator
c-JUN Jun proto-oncogene
DOK4 downstream of tyrosine kinase/docking protein 4
DUSP dual-specificity phosphatase
ER endoplasmic reticulum
ERK extracellular signal-regulated kinase
GalN N-acetyl-galactosamine
ITCH Itchy E3 ubiquitin protein ligase
JIP JNK-interacting protein
JNK c-Jun N-terminal kinases
KIM kinase interaction motif
KO knock out
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase
MAP2K mitogen-activated protein kinase kinase
MAP3K mitogen-activated protein kinase kinase kinase
MKK4 MAPK kinase 4
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MKP mitogen-activated protein kinase phosphatase
MLK mixed lineage kinase
MPT mitochondrial permeability transition
NASH nonalcoholic steatohepatitis
NCOR nuclear receptor corepressor
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
P-JNK phosphoactivated JNK
RAC Rac family small GTPase 1
ROS reactive oxygen species
SAB (Sh3bp5) SH3-domain binding protein 5
SH3 SRC Homology 3 Domain
SHP1 SH2 phosphatase 1
SRC SRC proto-oncogene non-receptor tyrosine kinase
TAK1 TGF-beta activated kinase 1
TNF tumor necrosis factor
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Abstract: Death associated protein kinase (DAPK) is a calcium/calmodulin-regulated serine/threonine
kinase; its main function is to regulate cell death. DAPK family proteins consist of DAPK1, DAPK2,
DAPK3, DAPK-related apoptosis-inducing protein kinases (DRAK)-1 and DRAK-2. In this review,
we discuss the roles and regulatory mechanisms of DAPK family members and their relevance to diseases.
Furthermore, a special focus is given to several reports describing cross-talks between DAPKs and
mitogen-activated protein kinases (MAPK) family members in various pathologies. We also discuss small
molecule inhibitors of DAPKs and their potential as therapeutic targets against human diseases.

Keywords: MAPK; DAPK; ERK; p38; JNK

1. Introduction: DAPKs, MAPKs

Death-associated protein kinase (DAPK) family proteins are closely related, Ca2+/calmodulin
(CaM)-regulated serine/threonine kinases, whose members not only possess significant homology
in their catalytic domains but also share cell death-associated functions [1,2]. DAPK family proteins
include DAPK1, DAPK2, DAPK3, and DAPK-related apoptosis-inducing protein kinases (DRAK-1 and
DRAK-2) [3–7] (Figure 1). DAPK1 has multiple complex domains including an N-terminal kinase
domain, a Ca2+/CaM-binding domain, a series of ankyrin repeats, a cytoskeleton binding domain,
and a carboxyl-terminal death domain. DAPK2 contains an N-terminal kinase domain with high
homology to DAPK1 catalytic domain [5], a conserved CaM-binding autoregulatory domain, and a
C-terminal tail with no homology to any known proteins [6]. DAPK3 has an N-terminal kinase domain,
a leucine zipper domain, and two putative nuclear localization sequences (NLS) [8]. The kinase domain
and death domain are both critical for its pro-apoptotic activity [1,2,9]. All of these kinases are closely
related to each other, sharing about 80% identity in their kinase domains [3,6], except for DRAK-1 and
DRAK-2, whose kinase domains are only 50% identical to DAPK1 [10].

Mitogen-activated protein kinases (MAPKs) are an important sub-family of non-receptor
serine-threonine kinases. MAPKs mediate signal transduction pathways that are involved in cellular
responses to a diverse range of stimuli, such as mitogens, hormones, osmotic stress, heat shock,
proinflammatory cytokines, and significant developmental changes in organisms. They mediate
cellular functions including proliferation, differentiation, mitosis, gene expression, and apoptosis [11].
Extracellular stimuli such as growth factors result in a sequential phosphorylation cascade that
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ultimately leads to activation of MAPKs. Once activated, MAPKs activate downstream signals and
transcription factors. MAPKs mainly consist of the extracellular signal-regulated kinases (ERK1–8),
p38 MAPKs (p38α–δ), and c-Jun N-terminal kinases (JNK1–3) [12]. While the ERKs are mainly
activated in response to proliferative signals, p38s and JNKs are activated in response to various
stresses. Although there are several MAPK isoforms, the best-investigated ones are ERK1/2, JNK1/2,
and p38α.

The mutual regulation between MAPK and DAPK family proteins plays a role in apoptosis
regulation and several diseases. In this review, we introduce the reports showing the regulatory
mechanisms and various functions of DAPK family proteins. Furthermore, we refer to reports
indicating the relationship between DAPK and MAPK family proteins in multiple diseases.

2. Cellular Functions of DAPK Family Proteins

Increased activity of DAPK family proteins results in pronounced death-associated cellular
changes, which include cell rounding, membrane blebbing, detachment from extracellular matrix,
and formation of autophagic vesicles [1,2,4–6,9,13–19].

Among DAPK family proteins, DAPK1 controls cell cycle, apoptosis, autophagy, tumor metastasis,
and oxidative stress. Several reports demonstrate that complex regulation of DAPK1 activity by various
signaling pathways modulates the balance between pro-apoptotic and pro-survival pathways [20].
Furthermore, DAPK1 has been implicated in autophagy induction upon endoplasmic reticulum (ER)
stress [21].

DAPK2 is known to be involved in pro-inflammatory responses mediated by granulocytes, which
might be linked to the mechanism of myosin light chain (MLC) phosphorylation by DAPK2 [22].
Besides, DAPK2 has also been associated with differentiation processes in the erythropoietic lineage.
DAPK2 knock-in mice showed a decreased response to erythropoietin treatment, suggesting that
DAPK2 might exert fundamental regulatory effects on pro-erythroblast development [23].

The biological role of DAPK3 has been gradually investigated [24]. DAPK3 is pro-apoptotic [3]
and executes this function either by inducing apoptosis or activating autophagy with or without the
involvement of caspase proteins [25,26]. DAPK3 was also shown to mediate inflammatory signals
including L13a (ribosome protein), ERK, and interferon (IFN)-γ-activated inhibition of translation [27].

3. Regulation of DAPK Family Proteins

DAPK1, DAPK2, and DAPK3 are all ubiquitously expressed in various tissues, such as heart,
lung, spleen, and brain. In particular, DAPK1 is highly expressed in the hippocampus [1,3–5].

DAPK1 acts as a positive mediator of apoptosis induced by several death stimuli, such as
interferon (IFN)-γ, Fas, transforming growth factor (TGF)-β, tumor necrosis factor (TNF)-α, ceramide,
oncogene expression, and DNA damaging agents [2,9,13,14,16,28–30]. In normal conditions, DAPK1
is auto-phosphorylated at Ser308, which blocks its CaM binding site and keeps it inactivated [31]
(Figure 1). Once stimulated, DAPK1 is dephosphorylated and promotes CaM binding to the site,
which induces apoptotic responses [32–34]. In these papers, it was also suggested that DAPK1
dephosphorylation is caused by a class III phosphoinositide (PI)3-kinase-dependent phosphatase.

DAPK2 is regarded as a tumor suppressor in non-solid tumors and is implicated in apoptotic
cell death [22]. After stimulation, DAPK2 at Ser318 is dephosphorylated and promotes CaM binding
to the autoregulatory domain. These processes release the inhibitory binding domain to DAPK2,
which leads to the access of the substrate of DAPK2. Dephosphorylation of DAPK2 also enhances
homodimerization of DAPK2, which promotes membrane blebbing [35]. Recently, DAPK2 was shown
to be phosphorylated at Ser299 by cyclic guanosine monophosphate (cGMP)-dependent protein kinase
1 [36]. Phosphorylation of DAPK2 at Ser299 increases DAPK2 activity independently of CaM binding
(Figure 1).

On the contrary, DAPK3 lacks a Ca2+/CaM regulatory domain, and its activity is regulated
independently of intracellular Ca2+ levels. There are reports showing that DAPK3 is activated via
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interacting with DAPK1, forming a death-associated multi-protein complex [1,21]. DAPK3 was also
shown to regulate DAPK1-induced apoptosis in HEK293T cells [37], and to promote starvation-induced
autophagy through the regulation of Atg9-mediated autophagosome formation [38]. DAPK3 is
activated in response to stress signals, and the cytosolic localization of DAPK3 may be a critical
determinant in its pro-apoptotic activity [3,4,37]. The cytoplasmic distribution of DAPK3 may be
regulated through its phosphorylation by DAPK1 [37]. This regulation of DAPK3 by DAPK1 suggests
a mechanism by which a death signal can be transferred from one kinase to another in a catalytic
amplification loop. Moreover, DAPK2 is capable of phosphorylating DAPK1 and DAPK3 [37], which is
associated with cytoskeletal remodeling [1].

These studies suggest that the activity of DAPK proteins is regulated not only by the upstream
signals but also the interactions by themselves.

Figure 1. Structures of death associated protein kinase (DAPK) family proteins. DAPK1 possesses an
N-terminal kinase domain, a Ca2+/Calmodulin (CaM)-binding domain, an ankyrin repeats domain, a
cytoskeleton binding domain, and a carboxyl-terminal death domain. DAPK1 is auto-phosphorylated
at Ser308, which blocks its CaM binding site and keeps the site inactivated. DAPK2 contains an
N-terminal kinase domain, a Ca2+/CaM-binding domain, and a C-terminal tail with no homology
to any known proteins. DAPK2 at Ser318 is dephosphorylated and promotes CaM binding to the
autoregulatory domain. Phosphorylation of DAPK2 at Ser299 increases DAPK2 activity independently
of CaM binding. DAPK3 has an N-terminal kinase domain, a leucine zipper domain, and two nuclear
localization sequences (NLS). DRAK-1 and DRAK-2 have an N-terminal kinase domain. The location
and total number of amino acids (aa) are shown. The recent domain information on human DAPK
family proteins was collected from http://www.uniprot.org.

4. Cellular Functions of DAPK Family Proteins

Increased activity of DAPK family proteins results in pronounced death-associated cellular
changes, which include cell rounding, membrane blebbing, detachment from the extracellular matrix,
and formation of autophagic vesicles [1,2,4–6,9,13–19].
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Among DAPK family proteins, DAPK1 controls cell cycle, apoptosis, autophagy, tumor metastasis,
and oxidative stress. Several reports demonstrate that complex regulation of DAPK1 activity by various
signaling pathways modulates the balance between pro-apoptotic and pro-survival pathways [20].
Furthermore, DAPK1 has been implicated in autophagy induction upon endoplasmic reticulum (ER)
stress [21].

DAPK2 is known to be involved in pro-inflammatory responses mediated by granulocytes,
which might be linked to the mechanism of myosin light chain (MLC) phosphorylation by DAPK2 [22].
Besides, DAPK2 has also been associated with differentiation processes in the erythropoietic lineage.
DAPK2 knock-in mice showed a decreased response to erythropoietin treatment, suggesting that
DAPK2 might exert fundamental regulatory effects on pro-erythroblast development [23].

The biological role of DAPK3 has been gradually investigated [24]. DAPK3 is pro-apoptotic [3]
and executes this function either by inducing apoptosis or activating autophagy with or without the
involvement of caspase proteins [25,26]. DAPK3 was also shown to mediate inflammatory signals
including L13a (ribosome protein), ERK, and IFN-γ-activated inhibition of translation [27].

5. DAPKs in Disease

Among DAPK proteins, the relationship between DAPK1 and diseases has been often reported
(Figure 2A). In the developing and adult brain, DAPK1 is widely expressed [39,40]. In addition,
elevated DAPK1 activity is detected following brain injury due to ischemia [41,42], seizure [43,44],
epilepsy [45], and Alzheimer’s disease (AD) [46,47] as well as in response to ceramide and glutamate
toxicity [28,48], indicating a close relationship between DAPK1 and neuronal cell death [49].

Figure 2. Roles of DAPK family proteins in various diseases. DAPK1 regulates neuronal injury,
neurodegenerative diseases, tumor suppression, metastasis blocking, resistance to anti-cancer
drugs, immune response during antiviral infection, myofibril degeneration in heart failure,
atherosclerosis, and ulcerative colitis (A). DAPK2 regulates tumor suppression in leukemia and
induction of tubulointerstitial fibrosis (B). DAPK3 regulates tumor suppression or progression,
vascular inflammation, smooth muscle cell (SMC) proliferation and migration, SMC contraction,
and hypertension (C).

Two main characteristics of AD are amyloid-beta (Aβ) senile plaques and tau neurofibrillary
tangles. The metabolism of amyloid precursor protein (APP) results in extracellular deposition of Aβ

protein that leads to the formation of Aβ senile plaques. In AD, tau is commonly hyperphosphorylated
prior to tangle formation and neurodegeneration. [50,51]. However, how tau accumulation and
phosphorylation are deregulated in AD is not fully understood.

Several studies showed that DAPK1 contributes to the pathogenesis of AD through excessive
processing of APP and [46] triggering hyperphosphorylation of tau. It was also shown that DAPK1
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inhibits microtubule assembly and stability through activation of microtubule-affinity regulating
kinase (MARK)1 and MARK2, which leads to phosphorylation of tau at Ser262 [52]. It was also
demonstrated that DAPK1 expression is highly upregulated in human AD hippocampus tissues. In the
report, DAPK1 knock-out mice exhibited a decrease in expression and stability of tau protein [53].

In addition to regulating APP and tau proteins, DAPK1 mediates the neuronal cell death in AD
model animals. DAPK1 binds N-myc downstream regulated gene 2 (NDRG2), which triggers its
phosphorylation at Ser350 and induces neuronal cell death in AD model mice. In contrast, DAPK1
inhibition prevented NDRG2-mediated neuronal cell death [54]. These data suggest that DAPK1 might
be a novel therapeutic target for the treatment of human AD [53].

In a wide variety of tumors, DAPK1 expression is frequently suppressed and the
tumor-suppressive function of DAPK1 is linked to its role in cell death via apoptosis and autophagy [20].
It was reported that DAPK1 expression was lost in tumors due to hypermethylation of the DAPK1
gene [55]. Moreover, it was shown that DAPK1 was capable of suppressing oncogenic transformation
caused by c-Myc and E2F, which blocks the tumor metastasis [13,14]. DAPK1 is also mediated in
anti-cancer drug resistance to 5-fluorouracil in endometrial adenocarcinoma cells [56], anti-epidermal
growth factor receptor antibodies in lung cancer cells [57], gemcitabine in pancreatic cancer cells [58],
and cisplatin in cervical squamous cancer cells [59].

DAPK1 also has a role in cellular antiviral immune response. Once the viral infections occur,
the viruses inhibit INF-mediated signals including INF-α/β for their proliferation [60,61]. After viral
infection, DAPK1 enhances the activation of IFN-mediated signals through the interaction with IFN
regulatory factor 3 and 7. Moreover, IFN-β increases the expression and activation of DAPK1 through
the regulation of phosphorylation levels at Ser308 [62].

Besides, DAPK1 is involved in the regulation of myofibril degeneration and myocyte apoptosis
induced by chronic stimulation with β1-adrenergic receptors. The result implies that DAPK1
activation might contribute to the pathogenesis of β-adrenergic receptor-related signaling during
the development of heart failure [63].

DAPK1 seems to have both pro- and anti-inflammatory functions. It positively contributes to
production and secretion of interleukin (IL)-1β in macrophages [64], while it negatively regulates
inflammation in purified human T cells [65], monocytes [27], and mouse lung tissues [66]. In human
diseases, ulcerative colitis (UC) was found to be closely related to DAPK1 function through inhibition
of inflammation. It was also shown that DAPK1 promoter methylation led to the decrease in DAPK1
protein expression and enhanced the severity of inflammation in UC, suggesting an anti-inflammatory
role of DAPK1 in UC [67].

Another disease that DAPK1 may be involved in is atherosclerosis. Although DAPK1
expression was increased in atherosclerotic plaques, the detailed mechanisms are not known [68].
In addition, shear stress has been reported to regulate DAPK1 expression and activity, which promotes
TNF-α-induced apoptosis in cultured bovine aortic endothelial cells (ECs) [69,70]. These reports might
suggest a potential role of DAPK1 in the regulation of diseases through vascular ECs.

In contrast to DAPK1 and DAPK3, DAPK2 has not been identified as a tumor suppressor in
solid tumors. Interestingly, DAPK2 was predominantly found in the hematopoietic compartment [23]
and emerged as a tumor suppressor in several types of leukemia [71]. Most recently, DAPK2 has
also been linked to the induction of tubulointerstitial fibrosis in mice kidneys upon chronic cisplatin
exposure [72] (Figure 2B).

DAPK3 is proposed to be a tumor suppressor, suggesting that mutations in DAPK3 could result
in the loss of function. It was reported that the DAPK3 gene is frequently methylated or mutated in
various types of cancer [73], resulting in loss of tumor suppression via DAPK3 in cancer. In view of
this evidence, DAPK3 has been regarded as a tumor suppressor.

On the other hand, a recent study demonstrated that DAPK3 promotes cancer cell proliferation
rather than the promotion of apoptosis in many types of cancer cells. In prostate cancer cells, DAPK3
promoted proliferation [74]. Furthermore, knockdown of the DAPK3 gene prevented proliferation in
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colon cancer cells through the inhibition of Wnt/β-catenin signals [75]. In our previous study, it was
demonstrated that knockdown of the DAPK3 gene also blocked non-small cell lung cancer (NSCLC)
progression via cellular signaling [76]. It was found that DAPK3 regulates proliferation, migration,
and invasion through ERK/c-Myc signaling in A549 cells. These data suggest the possibility of DAPK3
as a novel therapeutic target for many types of cancer.

In our previous study, it was found that the expression level of DAPK3 protein was increased
in the mesenteric artery from spontaneously hypertensive rats (SHR) [77]. Moreover, it was found
that DAPK3 promoted reactive oxygen species (ROS)-dependent vascular inflammation and thereby
mediated the development of hypertension in SHR [78]. Cho et al. demonstrated in mesenteric arteries
of SHR that DAPK3 modulated calyculin A-induced contraction via increasing Ca2+-independent
Myosin light chain kinase (MLCK) activity [79]. In our previous study, it was also demonstrated
that DAPK3 mediated vascular structural remodeling via stimulating smooth muscle cell (SMC)
proliferation and migration [80]. Furthermore, it was demonstrated that phosphorylation of MLC2 by
DAPK3 promoted smooth muscle contraction and motility [81]. These data suggest that DAPK3 might
become a pharmaceutical target for prevention of hypertensive cardiovascular diseases (Figure 2C).

Nevertheless, the data of DAPK proteins in diseases are preliminary. Further studies are needed
to clarify the expression and functional correlation of DAPK proteins with these diseases.

6. Cross-Talk between DAPKs and ERK Signaling

ERKs are a group of MAPKs (ERK1–8) and ERK1/2 are the first discovered members of the MAPK
family. Once activated (phosphorylated), ERK1/2 moves from the cytoplasm to the nucleus, which is
critical for many cellular functions, such as gene transcription, cell proliferation, and differentiation [82].
Since ERK1/2 was found to be upregulated in human tumors, inhibitors of this pathway have been
used for cancer therapeutics [83].

ERK1/2 was identified as a DAPK1-interacting protein [84] (Figure 3). DAPK1 interacts with
ERK1/2 through a docking sequence within its death domain, which promotes apoptotic cell death [9,55].
On the other hand, a recent study reported that phosphorylation of DAPK1 at Ser735 by ERK1/2 leads
to apoptosis in human fibroblasts [84]. This mutual regulation between DAPK1 and ERK1/2 constitutes
a positive feedback circuit that ultimately enhances the apoptotic activity of DAPK1.

Figure 3. Interaction between DAPK1 and extracellular signal-regulated kinase (ERK)1/2.
DAPK1-ERK1/2 interaction promotes tumor suppression and ischemia-reperfusion injury through
upregulation of p53 function or propagating apoptosis. It also inhibits cell proliferation through
prevention of ERK1/2 nuclear translocation. TNF = tumor necrosis factor. Up arrow indicates the
increased responses, expression of protein and activity. Signal arrow indicates the promotional effects.

Mechanistically, it was shown that DAPK1 prevented activation of ribosomal S6 kinase through
inhibition of ERK1/2 nuclear translocation, indicating that DAPK1 may play an inhibitory role in
the survival function of ERK1/2 signaling [85]. It was recently shown that a germline mutation in
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the death domain of DAPK1 (N1347S) prevented the binding of DAPK1 to ERK1/2, and attenuated
TNF-α-induced apoptosis [86].

ERK1/2 regulates activation of the p53 pathway [87], and DAPK1 activates p53 in an oncogenic
signaling pathway [28]. Therefore, ERK1/2 might mediate p53 and DAPK1 pathways to maintain p53
function as a tumor suppressor.

DAPK1-ERK1/2 signals also regulate neuronal apoptosis following ischemia-reperfusion [88].
In the report, ischemia-reperfusion led to activation of DAPK1 and ERK1/2. DAPK1 was also
proved to bind ERK1/2 during reperfusion following oxygen-glucose deprivation. Prevention of
DAPK1- ERK1/2 binding by knockdown of the DAPK1 gene reduced neuronal apoptosis through the
promotion of nuclear translocation of ERK1/2. These results reveal the potential mechanism of the
DAPK1-ERK1/2 signal in the contribution to neuronal apoptosis in response to ischemia-reperfusion.
Prevention of this signal pathway might become a promising therapeutic target against stroke [88].

7. DAPKs as Upstream Activators of Stress-Activated Protein Kinases p38 and JNK

p38 plays roles in inflammation, cell proliferation, differentiation, survival, and cell death [89–92].
While several reports showed a tumor suppressive role for p38 [93], p38 has also been involved in
tumor progression by promoting cell migration, angiogenesis, and inflammatory responses [93].

Several studies provided direct evidence for the interaction of DAPK1 with p38 signaling in
inflammation-associated colorectal cancer cells [94]. That study identified for the first time that p38
co-localized and interacted with DAPK1 and triggered DAPK1-mediated apoptosis in HCT116 cells.
In human colorectal cancer tissues, the co-expression of DAPK1 and p38 was associated with apoptotic
cell death. These results imply that a DAPK1-p38 interaction has a role in tumor suppression in
colorectal cancer (Figure 4A).

In our previous study, it was clarified that DAPK3 mediates platelet-derived growth factor
(PDGF)-BB-induced proliferation and migration of SMC through activation of p38/heat shock
protein (HSP)27 signals, which leads to vascular structural remodeling including neointimal
hyperplasia [80] (Figure 4B). Since SMC migration and vascular remodeling are important processes
for the development of hypertension, these data suggest that the DAPK3/p38/HSP27 axis might
be a potential pharmaceutical target for the prevention of hypertensive cardiovascular diseases [80].
These data seem to be opposite to the previous reports demonstrating that DAPK3 promoted tumor
cell death [73]. This might be because DAPK3 has different functions depending on the types of cells.

JNK pathways are activated by various stress stimuli, such as heat shock, osmotic shock,
ultraviolet irradiation, and cytokines [90–92], which mediate various functions by acting on
downstream targets that include transcription factors, such as Elk1, p53, AP1, and ATF2, as well
as the anti-apoptotic protein Bcl-2 [93].

JNK is a key node of the cell death network activated under oxidative stress [95–97], and DAPK1
plays a central role in oxidative stress-induced JNK signaling. It was also shown that DAPK1
mediates oxidative stress-induced JNK phosphorylation through the activation of protein kinase
D, which mediates cell death [98] (Figure 5A).

In contrast, DAPK2 inhibits JNK activation through the prevention of oxidative stress in
osteosarcoma and lung cancer cells [99] (Figure 5B). In the report, knockdown of the DAPK2 gene
promoted mitochondrial membrane depolarization through increasing levels of mitochondrial reactive
oxygen species (ROS) and phosphorylation of JNK. These data imply that DAPK2 is vital to maintaining
mitochondrial integrity and cellular metabolism in cancer cells.

In our previous study, it was demonstrated that DAPK3 mediated TNF-α-induced activation of
JNK, p38, and Akt through a generation of ROS [78] (Figure 4B,5C). In the report, the role of DAPK3
in vascular inflammatory responses and development of hypertension was investigated. As a result,
it was found that the inhibition of DAPK3 prevented TNF-α-induced vascular cell adhesion molecule
(VCAM)-1 expression and activation of JNK, p38, and Akt, as well as ROS production in vascular
SMCs. It was also demonstrated that the inhibition of DAPK3 prevented TNF-α-induced expression of
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VCAM-1, e-selectin, and cyclooxygenase-2, as well as ROS production, in vascular endothelial cells.
Since DAPK inhibitor blocked the development of hypertension in SHR and vascular inflammation,
it was suggested that DAPK3 regulates hypertensive disease through vascular inflammation.

Figure 4. Interaction between DAPK proteins and p38. DAPK1-p38 plays a role in tumor
suppression via promotion of apoptosis (A). DAPK3-p38 might mediate hypertension through
increasing vascular contraction and hypertrophy via reactive oxygen species (ROS) generation and
activation of p38-dependent inflammatory response (B). Besides, DAPK3 mediates vascular remodeling
including hyperplasia through ROS generation, p38 activation, and promotion of proliferation and
migration of SMC, which might lead to hypertension. Arrow indicates promotional effects.

Figure 5. Interaction between DAPK proteins and c-Jun N-terminal kinase (JNK). DAPK1-protein
kinase D (PKD) interaction promotes oxidative stress-mediated apoptosis (A). DAPK2 regulates the
level of mitochondrial ROS through activation of JNK, which might maintain the mitochondrial
functions (B). DAPK3 might mediate hypertension through propagating vascular contraction and
hypertrophy via ROS generation and activation of JNK-dependent inflammatory response (C).
Arrow indicates promotional effects. T bar indicates the suppressive effects.

102



Int. J. Mol. Sci. 2018, 19, 3031

8. DAPKs are Therapeutic Targets of Small Molecule Inhibitors

Discovery of DAPK inhibitors has been performed using previously described experimental
approaches [100,101]. Several small molecules and plant-derived compounds have been developed
as inhibitors of the DAPK family kinases (Table 1). Some are selective in their action, others are not,
and only a few of them have been tested in cells. It is generally considered that inhibition of DAPK
proteins intercepts cell death and prevents further damage of ischemic regions in cerebral infarction
and other ischemic diseases.

Alkylated 3-amino-6-phenylpyridazine inhibited DAPK1 catalytic activity in cultured neuron
cells and mouse models [41]. Furthermore, the single intraperitoneal injection of this compound
reduced brain injury in an animal model when administered 6 h after the insult (hypoxia-ischemia
induced injury) [41].

Another compound, (4Z)-4-(3-pyridylmethylene)-2-styryl-oxazol-5-one, was known to inhibit
DAPK1 activity effectively and selectively (IC50 = 69 nM) [26,53,102]. This drug regulated DAPK1
activity-dependent neurite outgrowth and microtubule polymerization by affecting tau function [53].

The role of DAPK activity in the histone deacetylase inhibitor (LBH589)-induced apoptosis
in HCT116 wildtype colon cancer cells was clarified by using a selective DAPK1 inhibitor,
2-phenyl-4-(pyridin-3-ylmethylidene)-4,5-dihydro-1,3-oxazol-5-one, known as TC-DAPK6, for
inhibition of DAPK1 catalytic activity [26,103]. It was found that pre-treatment with TC-DAPK6
did not influence the LBH589-induced caspase 3-mediated cell death [103]. TC-DAPK6 acted as a
novel DAPK1 and DAPK3 inhibitor (IC50 = 69 and 225 nM, respectively), which makes it the most
potent DAPK1 inhibitor discovered to date [104].

Eighteen analogs exhibiting anti-proliferative and pro-apoptotic properties on an acute T cell
leukemia cell line were obtained [105]. These analogs have a benzyloxy group at the C6 position and
9-tert-butyl-6-(benzyloxy)-8-phenyl-9H-purine (6d).

Several other selective inhibitors of DAPK have also been investigated [26]. The non-selective
inhibitors targeting multiple protein kinases make it challenging to dissect precisely the role of DAPK1
on certain biological processes. Among them, growing evidence of the role in DAPK1 in cancer
processes are appearing [106]. Therefore, the use of selective inhibitors might shed light on the exact
participation of DAPK1 in tumor development.

Besides, natural DAPK inhibitors have been developed. The chloroform fraction of Laurus nobilis,
a DAPK1 non-selective inhibitor of plant origin, significantly improved the ischemic neuronal death
through keeping DAPK1 in an inactivate form after oxygen and glucose deprivation in human SH-SY5Y
neuroblastoma cell lines and organotypic hippocampal slice tissue. Moreover, it also reduced the
infarct size and neurological deficit of middle cerebral artery occlusion in vivo [107].

Recently, a dual Pim/DAPK3 inhibitor (HS56) was synthesized using crystal structure-guided
medicinal chemistry techniques [108]. HS56 reduced Pim kinase-induced myosin phosphorylation and
the contractility of vascular smooth muscle in spontaneously hypertensive RenTG mice, suggesting
a novel multi-target strategy for hypertensive diseases [108]. In the same report, selective DAPK3
inhibitors (HS94 and HS148) were also developed [108].

While specific inhibitors for DAPK2 remain to be developed, DAPK1 and DAPK3 inhibitors
have been tested for DAPK2 activity. Since the catalytic domain of the three kinases shares
high-sequence homology, the most potent derivative showed comparable IC50 value to that of DAPK1
and DAPK3 [109].

The potency of most DAPK inhibitors in in vitro kinase assays toward DAPK proteins is not very
high. Improvement of the structures of these compounds is needed to gain more potent inhibitors and
to perform clinical trials. Although there are only a few detailed studies focusing on DAPK proteins as
a drug target, it would be helpful to use selective inhibitors against unmet medical needs.
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Table 1. Information on DAPK inhibitors.

Name Structure Types of Inhibitors IC50

Alkylated 3-amino-6-
phenylpyridazine ATP-competitive 13, 22 mM for DAPK1

(4Z)-4-(3-pyridylmethylene)-
2-styryl-oxazol-5-one ATP-competitive

69 and 225 nM against
DAPK1 and DAPK3,
respectively

(4Z)-2-[(E)-2-Phenylethenyl)-4-
(3-pyridinylmethylene)-
5(4H)-oxazolone
(TC-DAPK6)

ATP-competitive
69 and 225 nM against
DAPK1 and DAPK3,
respectively

6-benzyloxy-9-tert-butyl-8-
phenyl-9H-purine (6d) ATP-competitive 2.5 mM for DAPK1

HS56 ATP-competitive 1 mM for DAPK3

Adenosine triphosphate (ATP).

9. Conclusions

Several recent studies have unraveled pathologically relevant mechanisms involving
DAPK-MAPK cross-talks in neuronal diseases, cancer, and cardiovascular diseases. With the
availability of more specific and effective DAPK inhibitors, the interface between DAPK and MAPKs
might become promising targets in the treatment of various diseases.
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Abstract: Infantile myofibromatosis represents one of the most common proliferative fibrous tumors
of infancy and childhood. More effective treatment is needed for drug-resistant patients, and targeted
therapy using specific protein kinase inhibitors could be a promising strategy. To date, several studies
have confirmed a connection between the p.R561C mutation in gene encoding platelet-derived growth
factor receptor beta (PDGFR-beta) and the development of infantile myofibromatosis. This study
aimed to analyze the phosphorylation of important kinases in the NSTS-47 cell line derived from a
tumor of a boy with infantile myofibromatosis who harbored the p.R561C mutation in PDGFR-beta.
The second aim of this study was to investigate the effects of selected protein kinase inhibitors on
cell signaling and the proliferative activity of NSTS-47 cells. We confirmed that this tumor cell line
showed very high phosphorylation levels of PDGFR-beta, extracellular signal-regulated kinases
(ERK) 1/2 and several other protein kinases. We also observed that PDGFR-beta phosphorylation in
tumor cells is reduced by the receptor tyrosine kinase inhibitor sunitinib. In contrast, MAPK/ERK
kinases (MEK) 1/2 and ERK1/2 kinases remained constitutively phosphorylated after treatment with
sunitinib and other relevant protein kinase inhibitors. Our study showed that sunitinib is a very
promising agent that affects the proliferation of tumor cells with a p.R561C mutation in PDGFR-beta.

Keywords: infantile myofibromatosis; receptor tyrosine kinases; platelet-derived growth factor
receptor; protein kinase inhibitors; sunitinib; erlotinib; FR180204; U0126; targeted therapy

1. Introduction

Infantile myofibromatosis (IM; [MIM#228550]) is a disorder of mesenchymal proliferation
characterized by the development of nonmetastatic tumors [1] that present as firm, flesh-colored to
purple nodules usually located in the skin, subcutaneous tissues, bone, muscle or visceral organs [2,3].
This disease was described under different names, the name “infantile myofibromatosis” was first
used in 1981 [4]. Although rare, with an incidence of 1 in 400,000 children, IM represents the most
common proliferative fibrous tumor of infancy [5,6]. Myofibromas are usually present at birth or
develop shortly thereafter, and almost 90% of the tumors are diagnosed before the age of two years,
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with a median age of three months [6–8]. A male predominance has been reported, and the ratio of
male to female patients varies from 1.5:1 to 1.8:1 [5].

IM clinically presents in three main forms: (1) Solitary, (2) multicentric without visceral involvement,
and (3) multicentric with visceral involvement [6]. The prognosis is excellent in solitary or multicentric
nonvisceral forms with a possibility of spontaneous regression of the lesions but is poor when detected
in the viscera [9]. Surgical excision of a single lesion is the standard of care [8]. Multiple lesions or
surgically unresectable lesions are treated using various therapeutics, such as anti-inflammatory drugs,
interferon-alpha, vinblastine, vincristine, dactinomycin, cyclophosphamide and methotrexate [6,8].

The molecular pathogenesis of IM is not completely understood. Familial forms exhibiting
autosomal dominant and recessive transmission have been reported over the past two decades [10].
In 2013, several point mutations in the platelet-derived growth factor receptor beta (PDGFR-beta)
gene (PDGFRB) were identified to be associated with familial IM. A study of nine unrelated families
diagnosed with IM revealed two disease-causing mutations in PDGFRB: c.1978C>A (p.P660T) and
c.1681C>T (p.R561C) [1]. Interestingly, one family did not have either of these PDGFRB mutations,
but all affected individuals had a c.4556T>C (p.L1519P) mutation in NOTCH3. The germline mutation
c.1681C>T (p.R561C) in PDGFRB was also detected in 11 individuals with familial IM [7]. In addition,
one individual harbored a c.1998C>A (p.N666K) somatic mutation. Very recently, a novel PDGFRB
mutation (c.1679C>T; p.P560L) was identified in a 3-generation family with multicentric IM [11].

Platelet-derived growth factors (PDGFs) and PDGF receptors (PDGFRs) have important functions
in the regulation of cell growth and survival [12]. The PDGF family consists of four structurally related
single polypeptide units that constitute five functional homo- or heterodimers: PDGF-AA, PDGF-BB,
PDGF-AB, PDGF-CC, and PDGF-DD [13]. PDGFs act via two receptor tyrosine kinases (RTKs),
PDGFR-alpha and PDGFR-beta [14]. Both receptors can activate many major signal transduction
pathways, including the Ras/MAPK, PI3K/Akt and phospholipase C-gamma pathways [15].

Moreover, other genes were associated with IM etiology, which demonstrates the possible genetic
heterogeneity of this disease. As mentioned above, a connection between a c.4556T>C (p.L1519P)
mutation in NOTCH3 and IM was described in one study [1]. Human cells express four different
Notch receptors, Notch 1–4, each encoded by a different gene [16]. The expression of PDGFRB can be
regulated by Notch activity, as PDGFR-beta expression can be robustly upregulated by Notch 1 and
Notch 3 signaling [17]. Another example is a c.511G>C (p.V171L) mutation in the potential tumor
suppressor NDRG4 that was associated with IM in one case [18]. In the same year, it was demonstrated
that the c.1276G>A (p.V426M) mutation in PTPRG (protein tyrosine phosphatase, receptor type G)
was able to substantially influence the penetrance of a c.1681C>T (p.R561C) mutation in PDGFRB [19].
PTPRG encodes an enzyme that could dephosphorylate PDGFR-beta and thus reduce PDGFR-beta
activity [19,20].

A recent work revealed that two IM-associated mutations in PDGFRB, c.1681C>T (p.R561C)
and c.1998C>A (p.N666K), constitutively activate PDGFR-beta and can induce cancer development
in vivo [21]. The same study showed that cells harboring p.R561C and p.N666K mutations are sensitive
to specific tyrosine kinase inhibitors, which were able to decrease PDGFR-beta phosphorylation and
downstream signaling. These results suggested that blocking PDGFR-beta activity would offer a
therapeutic option for IM treatment. Indeed, in a recently published study, targeted treatment with
sunitinib and low-dose vinblastine led to a robust response in a child with refractory multiple IM and
a c.1681C>T (p.R561C) mutation in PDGFRB [8].

In this work, we demonstrate for the first time the efficacy of sunitinib, erlotinib, U0126
and FR180204 on the cell line harboring a c.1681C>T (p.R561C) PDGFRB mutation found in
patients with IM. Sunitinib is known as an inhibitor of several kinases, including PDGFR-beta [22],
erlotinib is an inhibitor of epidermal growth factor receptor (EGFR) [23], U0126 inhibits MEK1/2
phosphorylation [24], and FR180204 inhibits ERK1/2 phosphorylation. These inhibitors were chosen
on the basis of our previous findings [8] as well as on the results of subsequent phosphoprotein
profiling of the NSTS-47 cell line.
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2. Results

2.1. Germline Mutations in PDGFRB Were Identified in Both Children, and the Same Mutation in PDGFRB
Was Confirmed in NSTS-47 Cells

Genetic analyses revealed that both siblings harbor a heterozygous germline c.1681C>T (p.R561C)
mutation in the PDGFRB gene (Table 1). It was also confirmed that NSTS-47 cell line harbors the same
heterozygous germline mutation c.1681C>T (p.R561C) in PDGFRB.

Table 1. Germline mutations identified in patients.

Gender Age PDGFRB Mutation

Male 3.5 months c.1681C>T (p.R561C)

Female 8 years c.1681C>T (p.R561C)

2.2. PDGFR-Beta, EGFR and ERK1/2 Kinases Are Highly Phosphorylated in Cells Harboring c.1681C>T
(p.R561C) Mutation in PDGFRB

Given that both siblings and NSTS-47 cells harbor the c.1681C>T (p.R561C) mutation in PDGFRB
and that PDGFR-beta c.1681C>T (p.R561C) mutants are constitutively phosphorylated and can activate
various signaling pathways [21], we assessed the phosphorylation level of 49 RTKs and 26 other
signaling proteins in tumor samples as well as in NSTS-47 cells. NSTS-47 cells were harvested,
and phosphorylation levels were analyzed after cultivation for 24 h in Dulbecco’s modified Eagle’s
medium (DMEM) without fetal calf serum (FCS) to eliminate the effects of various serum growth
factors on the phosphorylation of the studied proteins. The screening of all 75 proteins showed
that PDGFR-beta, EGFR (Figure 1) and ERK1/2 (Figure 2) kinases exhibited very high levels of
phosphorylation in all samples. High levels of phosphorylation were also observed for ROR2,
AXL (Figure 1), HSP27 and p38-gamma (Figure 2). These results confirmed that some kinases (namely,
PDGFR-beta, EGFR and ERK1/2) were constitutively activated, as the high phosphorylation levels
of these proteins were easily detectable in both tumor samples and in NSTS-47 cells after cultivation
under serum-free conditions for 24 h.
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Figure 1. Phospho-receptor tyrosine kinases (RTK) array analysis. The relative phosphorylation of
49 RTKs was analyzed in tumor tissue obtained from the boy when he was 3.5 months old (Tumor
sample 1), in the NSTS-47 cell line (derived from a tumor tissue of the boy obtained when he was 1 year
and 7 months old) and in the tumor tissue of his 8-year-old sister (Tumor sample 2). platelet-derived
growth factor receptor beta (PDGFR-beta) and epidermal growth factor receptor (EGFR) exhibited high
levels of phosphorylation in all cases. Phosphorylation in NSTS-47 cells was measured after 24 h of
serum-free cultivation. The array images captured using X-ray film are shown for each sample, and the
five most phosphorylated receptor tyrosine kinases (RTKs) are marked. The upper part of the figure
(Tumor sample 1) was already published in our previous case report [8] under the Creative Commons
Attribution 4.0 International License.
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Figure 2. Phospho-mitogen-activated protein kinase (MAPK) array analysis. The relative
phosphorylation of 26 signaling proteins, including 9 MAPKs, was detected in tumor tissue obtained
from the boy when he was 3.5 months old (Tumor sample 1), in the NSTS-47 cell line (derived from
a tumor tissue of the boy obtained when he was 1 year and 7 months old) and in the tumor tissue of
his 8-year-old sister (Tumor sample 2). ERK1/2 exhibited high levels of phosphorylation in all cases.
Phosphorylation levels in NSTS-47 cells was measured after 24 h of serum-free cultivation. The array
images captured using X-ray film are shown for each sample, and the five most phosphorylated
proteins are marked.
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2.3. NSTS-47 Cells Are Sensitive to Sunitinib and Erlotinib

It was confirmed that cells with the mutation c.1681C>T (p.R561C) in PDGFRB are sensitive
to the tyrosine kinase inhibitors imatinib, nilotinib and ponatinib [21]. Given the phosphorylation
profile in the NSTS-47 cell line, whether specific tyrosine kinase inhibitors could affect the proliferation
of this cell line was assessed. NSTS-47 cells were first treated with sunitinib. Sunitinib was chosen
for several reasons: (1) The NSTS-47 cell line harbors a c.1681C>T (p.R561C) mutation in PDGFRB,
and PDGFR-beta was substantially phosphorylated in these cells; (2) sunitinib treatment inhibits
PDGFR-beta phosphorylation [25]; and (3) sunitinib was successfully used to treat the boy with IM
whose tumor tissue was used to generate the NSTS-47 cell line [8].

Cells were treated for six days with various concentrations of sunitinib, and after incubation,
the proliferative activity was determined using the MTT assay. At sunitinib concentrations of 50 and
100 nM, which can be achieved in the plasma of children treated with sunitinib [26], the proliferative
activity of NSTS-47 cells was significantly decreased (Figure 3A). In addition, 50 nM and 100 nM
sunitinib decreased the proliferative activity of NSTS-47 cells to 75% and 73%, respectively, after
six days.

To verify whether the observed effect of sunitinib is robust, NSTS-47 cells were cultivated with
sunitinib in medium supplemented with PDGF-BB. A significant decrease in proliferative activity was
observed after sunitinib treatment even when the cells grew in medium supplemented with PDGF-BB
at a high concentration of 10 ng/mL (Figure 3B). In some experiments, the cultivation medium was
changed every 24 h, and new medium with fresh inhibitor and fresh PDGF-BB was added (at medium
changes) to prevent the potential degradation of sunitinib and PDGF-BB (Figure 3C).
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Figure 3. Proliferative activity of NSTS-47 cells after various experimental treatments. Proliferative
activity was measured using an MTT assay after 6 days of incubation. The data represent the mean
± SD. Experiments were repeated three times in hexaplicate (A,D–H) or in triplicate (B,C). * p < 0.05
indicates a significant difference compared to control cells. (A) Sunitinib significantly decreased the
proliferative activity of NSTS-47 cells. (B) NSTS-47 cells were sensitive to sunitinib, and this effect
was not influenced by the presence of PDGF-BB at a high concentration (10 ng/mL). (C) Medium
containing inhibitor and PDGF-BB was changed every 24 h during cultivation, which had no significant
effect on the efficacy of the inhibitor. (D) NSTS-47 cells were also sensitive to erlotinib, as this inhibitor
significantly affected cell proliferation. (E) No significant effect was observed after U0126 treatment.
(F) FR180204 also did not significantly affect proliferative activity. (G) The combination of erlotinib and
sunitinib significantly decreased the proliferative activity of NSTS-47 cells. (H) The combination of
U0126 and FR180204 did not have a significant effect on NSTS-47 cell proliferation.
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Next, NSTS-47 cells were treated with erlotinib, U0126 and FR180204. These three inhibitors were
chosen based on EGFR and ERK1/2 phosphorylation in NSTS-47 cells (Figures 1 and 2). The ability of
the combination of sunitinib and erlotinib to block both highly phosphorylated RTKs was tested, and a
combination of U0126 and FR180204 was used to block the MEK/ERK signaling pathway.

At an erlotinib concentration of 1 μM, which can be achieved in the plasma of children treated
with erlotinib [27], the proliferative activity of the NSTS-47 cell line was significantly decreased to
75% after 6 days of cultivation (Figure 3D). In contrast, NSTS-47 cells were not sensitive to U0126 and
FR180204 because treatment of the NSTS-47 cell line with these inhibitors did not induce a significant
decrease in proliferative activity (Figure 3E,F).

The combination of erlotinib and sunitinib also significantly decreased the proliferative activity
of NSTS-47 cells (Figure 3G), but the effect of this combined treatment was similar to the effects
of sunitinib or erlotinib alone. For instance, 100 nM sunitinib and 100 nM erlotinib decreased the
proliferative activity to 70% (Figure 3G), but 100 nM sunitinib alone decreased the proliferative activity
to 73% (Figure 3A). Another example is the combination of 1 μM erlotinib and 1 μM sunitinib; this
treatment decreased the proliferative activity to 61% (Figure 3G), but 1 μM erlotinib alone decreased
the proliferative activity to 75% (Figure 3D), and 1 μM sunitinib decreased the proliferative activity to
76% after six days (Figure 3A). Therefore, the combination of sunitinib and erlotinib did not have a
significant additional effect on the reduction of NSTS-47 cell proliferation. In addition, the combination
of U0126 and FR180204 did not show any significant effect on proliferative activity (Figure 3H).

Taken together, our results demonstrate that sunitinib and erlotinib can significantly decrease the
proliferative activity of NSTS-47 cells, which harbor a c.1681C>T (p.R561C) mutation in PDGFRB, at
concentrations that are achievable for these inhibitors in children plasma. However, the combination of
sunitinib and erlotinib did not show an additional significant effect on cell proliferation. The inhibitors
FR180204 and U0126 also did not have a significant effect on NSTS-47 cell proliferation.

2.4. PDGFR-Beta and EGFR Exhibited Ligand-Dependent Tyrosine Phosphorylation

Considering that only some kinase inhibitors significantly decreased the proliferative activity
of the NSTS-47 cell line, detailed analyses of target kinases that should be affected by previously
used inhibitors were performed using Western blotting. First, it was observed that the constitutively
phosphorylated receptors PDGFR-beta and EGFR in NSTS-47 cells can respond to their ligands:
Our results show that phosphorylation of both receptors was considerably increased in response to
PDGF-BB or EGF (Figure 4A,B). Cell populations were serum starved for 24 h and then stimulated
for 15, 30 or 60 min using two different concentrations of PDGF-BB or EGF. The cells that were
serum starved for only 24 h and cells that were cultivated with FCS were used as negative
controls. Receptor phosphorylation was significantly increased after 15 min, and then decreased
in a time-dependent manner. Surprisingly, serum-starved cells that were not stimulated with PDGF-BB
or EGF also exhibited an increase in receptor phosphorylation, in comparison to serum-cultivated cells.
These experiments demonstrated that both receptors were functional and were able to activate
downstream signaling molecules.
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Figure 4. Analysis of protein phosphorylation. (A) PDGFR-beta phosphorylation is increased in
response to PDGF-BB. Cells were stimulated for 15, 30 or 60 min using two different concentrations
(10 ng/mL and 30 ng/mL) of PDGF-BB. (B) EGFR phosphorylation is increased in response to
epidermal growth factor (EGF). Cells were stimulated for 15, 30 or 60 min using two different
concentrations (40 ng/mL and 100 ng/mL) of EGF. (C) Sunitinib was able to decrease PDGFR-beta and
Akt phosphorylation but not MEK1/2 and ERK1/2 phosphorylation. (D) Erlotinib decreased EGFR and
Akt phosphorylation but had no effect on MEK1/2 and ERK1/2 phosphorylation. (E) U0126 treatment
did not decrease MEK1/2 phosphorylation. (F) FR180204 treatment did not cause any changes in
ERK1/2 phosphorylation. (G) The combination of sunitinib and erlotinib decreased PDGFR-beta,
EGFR and Akt phosphorylation, but MEK1/2 and ERK1/2 phosphorylation was not affected.

2.5. Detailed Analysis of Signaling Pathways Revealed Constitutive Phosphorylation of MEK1/2 and
ERK1/2 Proteins

In the next step, we analyzed the phosphorylation of PDGFR-beta, EGFR and downstream
kinases, which can be activated by these RTKs after treatment with kinase inhibitors. In all experiments,
cells were cultivated for 24 h in medium containing an inhibitor but not FCS. After 24 h, some cells
were stimulated with PDGF-BB or/and EGF for 15 min to observe the effects of inhibitors on
ligand-stimulated cells. Cells that were serum starved for only 24 h, and cells that were cultivated with
FCS were used as negative controls.

Sunitinib alone decreased the phosphorylation of PDGFR-beta (Figure 4C). Akt phosphorylation
was also decreased after sunitinib treatment, but a substantial decrease in MEK1/2 and ERK1/2
phosphorylation was not observed. Erlotinib decreased the phosphorylation of EGFR, but only at
higher concentrations, and Akt phosphorylation was also slightly decreased (Figure 4D). No effect
of erlotinib on MEK1/2 and ERK1/2 phosphorylation was observed. Surprisingly, U0126 did not
decrease the phosphorylation of MEK1/2 (Figure 4E). Similarly, FR180204 treatment had no effect on
ERK1/2 phosphorylation (Figure 4F). As expected, the combination of sunitinib and erlotinib markedly
decreased the phosphorylation of PDGFR-beta, EGFR and Akt, but no effect was observed on MEK1/2
and ERK1/2 phosphorylation (Figure 4G).
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Altogether, sunitinib and erlotinib showed inhibitory effects on RTKs and Akt. Interestingly,
no substantial changes in MEK1/2 and ERK1/2 phosphorylation were observed after treatment with
any inhibitor.

2.6. Serum Starvation of NSTS-47 Cells Induces an Increase in PDGFA Expression

In some cases, our data indicated higher phosphorylation of PDGFR-beta and EGFR in
serum-starved cells than in cells cultivated in DMEM supplemented with FCS (Figure 4A,B). Therefore,
the expression of selected EGFR and PDGFR-beta ligands was measured to investigate whether there
is a possible autocrine PDGF/PDGFR or EGF (TGF-alpha)/EGFR signaling loop that could contribute
to the higher phosphorylation of RTKs. Expression of EGF, PDGFA, PDGFB and TGFA was analyzed
under normal serum conditions (DMEM supplemented with 20% FCS) and under serum starvation
conditions using qPCR. Substantial differences were observed in the transcriptional response of
serum-starved cells (Figure 5). qPCR analyses also showed increased levels of PDGFA expression,
while EGF and PDGFB mRNA levels were not significantly influenced by serum starvation, and TGFA
expression was considerably decreased.

Figure 5. Effect of serum starvation on EGF, PDGFA, PDGFB and TGFA expression in the NSTS-47
cell line. Cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
20% FCS or in DMEM without FCS. After 24 h, cells were harvested, and the expression of selected
genes was analyzed using qPCR. The results represent the mean ± SD of nine (six in case of PDGFB)
independent experiments. * p < 0.05 indicates statistically significant differences.

3. Discussion

IM is a rare disorder of mesenchymal proliferation that is characterized by the development
of nonmetastatic tumors [1]. Several studies have confirmed that specific point mutations in the
PDGFRB gene are involved in the pathogenesis of IM [1,7,11]. However, mutations in the PDGFRB
gene presumably show incomplete penetrance and variable expressivity, and other genes may be
involved in the pathogenesis of IM [1,18,19].

The main goal of this study was to analyze the effects of various protein kinase inhibitors (PKIs)
on the NSTS-47 cell line, which harbors the IM-associated c.1681C>T (p.R561C) mutation in PDGFRB.
The results showed that sunitinib, a potent inhibitor of PDGFR-beta phosphorylation, can significantly
decrease the proliferation of NSTS-47 cells.

Previously published results [21] show that PDGFR-beta p.R561C mutant cells have constitutively
phosphorylated PDGFR-beta and are able to induce the phosphorylation of ERK1/2, PLC-gamma,
STAT3, STAT5 and Akt in the absence of PDGF. These results are in accordance with our observations.
We found that PDGFR-beta and ERK1/2 kinases were highly phosphorylated in both s and even in
NSTS-47 cells that were serum starved for 24 h. We also detected increased phosphorylation of Akt2 in
Tumor Sample 1.

The same study that revealed a role for the p.R561C mutation in PDGFR-beta [21] showed
that imatinib, nilotinib, and ponatinib can decrease PDGFR-beta phosphorylation and inhibit cell
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proliferation. We studied the effects of sunitinib, a multi-tyrosine kinase inhibitor that is able to target
PDGFR-beta. Sunitinib was chosen because siblings from whom tumor tissue samples were obtained
responded very well to treatment with this inhibitor [8]. Sunitinib alone significantly decreased the
proliferative activity of the NSTS-47 cell line, and this finding could explain the response of the siblings
to the targeted therapy.

Western blot analyses showed that sunitinib is able to decrease the phosphorylation of mutant
PDGFR-beta even in the presence of high PDGF-BB levels and can also decrease the phosphorylation of Akt.
Because activated Akt is a well-established survival factor [28], these effects of sunitinib on PDGFR-beta
and Akt phosphorylation can explain why sunitinib reduced the proliferative activity of NSTS-47 cells.

A similar inhibitory effect was observed for EGFR and erlotinib (the inhibitor of EGFR
phosphorylation). Erlotinib also decreased NSTS-47 cell proliferation, and Western blot analysis
showed that it was able to decrease EGFR and Akt phosphorylation. However, neither sunitinib nor
erlotinib inhibited the phosphorylation of the corresponding receptor completely, and some receptor
molecules remained phosphorylated even when high doses of those inhibitors were used.

Surprisingly, phosphorylation of MEK1/2 and ERK1/2 proteins was not significantly influenced
by any inhibitor. This observation could explain why sunitinib and erlotinib incompletely decreased
proliferative activity and why U0126 and FR180204 did not influence proliferative activity. MEK1/2
and ERK1/2 belong to the Ras/MAPK signaling cascade, which transmits signals from receptors
and participate in regulating the cell cycle, apoptosis and differentiation [29]. All tyrosine kinase
inhibitors have been previously shown to be able to simultaneously decrease PDGFR-beta and
ERK1/2 phosphorylation, which resulted in the inhibition of proliferative activity [21]. In NSTS-47
cells, sunitinib and erlotinib decreased the phosphorylation of PDGFR-beta, EGFR and Akt, but for
yet unknown reasons, MEK1/2 and ERK1/2 kinases remained phosphorylated at levels that were
comparable with those detected in untreated cells.

Interestingly, incomplete penetrance of the c.1681C>T (p.R561C) mutation was found in a family
with two children suffering from IM [19]. Genetic analyses revealed a c.1681C>T (p.R561C) mutation
in PDGFRB in both siblings and, surprisingly, also in their healthy mother. However, both siblings
had inherited a heterozygous c.1276G>A (p.V426M) mutation in PTPRG from their healthy father.
The PTPRG gene encodes a protein called receptor-type tyrosine-protein phosphatase gamma that
can dephosphorylate PDGFR-beta [19,20]. Therefore, the mutation in PTPRG could probably decrease
the efficiency of the phosphatase to dephosphorylate its substrates and thus positively influence the
phosphorylation of PDGFR-beta and the penetrance of mutant PDGFRB [19].

Finally, our analyses of gene expression showed that the phosphorylation status of PDGFRs
in NSTS-47 cells was not influenced by only mutations in PDGFR-beta. We analyzed the gene
expression levels of EGF, PDGFA, PDGFB and TGFA in NSTS-47 cells that were serum starved for 24 h.
The expression of TGFA decreased, but no difference was observed in the expression of EGF and PDGFB;
however, PDGFA gene expression was significantly increased. The increase in PDGFA expression was
unexpected and could result in the stimulation of cells via an autocrine mechanism, an increase in
PDGFR-alpha phosphorylation and improved survival of NSTS-47 cells in the absence of serum.

4. Materials and Methods

4.1. Tumor Samples

Two tumor samples and one tumor-derived cell line were used in this study. Tumor Sample 1 was
obtained from a 3.5-month-old infant boy suffering from inborn generalized IM, and Tumor Sample 2
was obtained from his 8-year-old sister who was suffering from a skull base tumor and had a history
of spontaneous regression of subcutaneous lesions. The Research Ethics Committee of the School
of Medicine (Masaryk University, Brno, Czech Republic) approved the study protocol, and written
informed consent was obtained from legal guardians of the siblings. A case report concerning these
siblings was published recently [8].
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4.2. Cell Line and Cell Culture

The NSTS-47 cell line was established in our laboratory with the procedure previously
described [30]. A tumor sample was obtained from the same boy mentioned in the previous paragraph
during curative surgical procedure when he was 1 year and 7 months old. Cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 20% fetal calf serum (FCS), 2 mM
glutamine, 100 IU/mL penicillin and 100 μg/mL streptomycin (all purchased from GE Healthcare
Europe GmbH, Freiburg, Germany). The cell line was maintained under standard conditions at 37 ◦C
in a humidified atmosphere containing 5% CO2 and subcultured one or two times per week. Cells
from passage number 8 to 19 were used for experiments.

4.3. Genetic Analyses

The mutation in PDGFRB was identified by Sanger sequencing using an ABI 3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA) and confirmed by whole exome sequencing
(WES). In all cases, WES was performed using the TruSeq Exome Kit, NextSeq® 500/550 Mid Output
Kit v2 and NextSeq 500 (all Illumina, San Diego, CA, USA).

4.4. Chemicals

Sunitinib, erlotinib, U0126 (all purchased from Cell Signaling Technology, Danvers, MA, USA) and
FR180204 (Sigma-Aldrich, St. Louis, MO, USA) were prepared as a 20 mM stock solution in dimethyl
sulfoxide (DMSO) and stored at −20 ◦C. PDGF-BB (Cell Signaling Technology) was prepared at a
concentration of 100 μg/mL in 20 mM citric acid (pH 3.0) supplemented with 0.8% BSA (bovine serum
albumin) and stored at 4 ◦C. EGF (Sigma-Aldrich) was prepared at a concentration of 100 μg/mL
in 10 mM HCl and stored at 4 ◦C. For the determination of proliferative activity, concentrations of
protein kinase inhibitors (PKIs) ranging from 0.001 to 10 μM and PDGF-BB concentrations of 0.25 and
10 ng/mL were tested. For Western blot analyses, PKI concentrations ranging from 0.05 to 10 μM,
PDGF-BB concentrations of 10 and 30 ng/mL and EGF concentrations of 40 and 100 ng/mL were used.

4.5. Phospho-RTK and Phospho-MAPK Array Analysis

The relative phosphorylation levels of 49 RTKs were analyzed using the Human Phospho-RTK
Array kit (R&D Systems, Minneapolis, MN, USA), and the relative phosphorylation levels of 26
proteins, including 9 MAPKs, were determined using the Human Phospho-MAPK Array kit (R&D
Systems) according to the manufacturer’s protocol. The levels of phosphorylation were quantified
using ImageJ software [31] and normalized to control spots and the background. The analysis was
performed as described in previous studies [8,32].

4.6. MTT Assay

The MTT assay was used to determine the proliferative activity of the NSTS-47 cell line. A total
of 103 cells were seeded in 200 μL of culture medium into each well of 96-well microplates, and cells
were allowed to adhere overnight. The next day, the medium was carefully removed, and fresh
medium containing various concentrations of chemicals described above or control medium was
added. The microplates were incubated under standard conditions. To evaluate changes in cell
proliferation, the medium was removed and replaced with 200 μL of fresh DMEM containing
3-(4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at a concentration of 0.5 mg per
mL. The microplates were then incubated at 37 ◦C for 3.5 h. The medium was carefully removed, and
the formazan crystals were dissolved in 200 μL of DMSO. The absorbance was measured at 570 nm
using a Sunrise Absorbance Reader (Tecan, Männedorf, Switzerland), with a reference absorbance at
620 nm.
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4.7. Western Blotting and Immunodetection

Whole-cell extracts were loaded onto 10% polyacrylamide gels, electrophoresed, and blotted on
polyvinylidene difluoride membranes (Bio-Rad Laboratories, Munich, Germany). The membranes
were blocked with 5% nonfat dry milk in phosphate buffered saline (PBS) containing 0.1% Tween-20
and incubated overnight with the corresponding primary antibody. The primary and secondary
antibodies used in this study are shown in Table 2. Membranes were incubated with corresponding
secondary antibodies for 1 h. ECL-Plus detection was performed according to the manufacturer’s
instructions (GE Healthcare, Little Chalfont, UK).

Table 2. Primary and secondary antibodies.

Primary Antibodies

Antigen Manufacturer Catalog No. Dilution

Beta-actin Sigma-Aldrich A5441 1:20,000
Akt (pan) Cell Signaling Technology 4691 1:1000

Phospho-Akt (Ser473) Cell Signaling Technology 4060 1:2000
ERK1/2 Cell Signaling Technology 4695 1:1000

Phospho-ERK1/2 (Thr202/Tyr204) Cell Signaling Technology 4370 1:2000
MEK1/2 Cell Signaling Technology 9122 1:1000

Phospho-MEK1/2 (Ser217/221) Cell Signaling Technology 9121 1:1000
EGFR Cell Signaling Technology 2646 1:1000

Phospho-EGFR (Tyr1068) Cell Signaling Technology 2236 1:1000
PDGFR-beta Cell Signaling Technology 3169 1:1000

Phospho-PDGFR-beta (Tyr751) Cell Signaling Technology 4549 1:1000

Secondary antibodies

Specificity Conjugate Manufacturer Catalog No. Dilution

Anti-Mouse IgG horseradish peroxidase Cell Signaling Technology 7076 1:2000–1:20,000
Anti-Rabbit IgG horseradish peroxidase Cell Signaling Technology 7074 1:2000

4.8. RT-qPCR

The relative expression levels of selected genes were studied using RT-qPCR. Total RNA was
extracted using the GenElute™ Mammalian Total RNA Miniprep kit (Sigma-Aldrich), and RNA
concentration and purity were determined spectrophotometrically. For all samples, equal amounts
of RNA were reverse transcribed into cDNA using M-MLV reverse transcriptase (Top-Bio, Prague,
Czech Republic). RT-qPCR was carried out in 10 μL reaction volumes using the KAPA SYBR® FAST
qPCR Kit (Kapa Biosystems, Wilmington, MA, USA) and analyzed using the 7500 Fast Real-Time
PCR System and 7500 Software v. 2.0.6 (both Life Technologies, Carlsbad, CA, USA). Changes in the
transcript levels were determined using the 2−ΔΔCT method [33]. The housekeeping gene HSP90AB1
was used as an endogenous reference control. The primers used in this study are listed in Table 3.

Table 3. Primers.

Gene Gene Symbol Primer Sequence

Epidermal growth factor EGF F: 5′-AGGATTGACACAGAAGGAACCAA-3′
R: 5′-ACATACTCTCTCTTGCCTTGACC-3′

Heat shock protein 90 alpha family class B member 1 HSP90AB1 F: 5′-CGCATGAAGGAGACACAGAA-3′
R: 5′-TCCCATCAAATTCCTTGAGC-3′

Platelet derived growth factor subunit A PDGFA F: 5′-TCCGTAGGGAGTGAGGATTCTTT-3′
R: 5′-GGCTTCTTCCTGACGTATTCCA-3′

Platelet derived growth factor subunit B PDGFB F: 5′-GATCCGCTCCTTTGATGATCTCC-3′
R: 5′-ATCTCGATCTTTCTCACCTGGAC-3′

Transforming growth factor alpha TGFA F: 5′-TGCCACTCAGAAACAGTGGTC-3′
R: 5′-AGTCCGTCTCTTTGCAGTTCTT-3′

F, forward primer; R, reverse primer.
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4.9. Statistical Analysis

Quantitative data are shown as the mean ± standard deviation (SD). Data from MTT assays were
analyzed using one-way ANOVA followed by Dunnett’s test; p < 0.05 was considered statistically
significant. The qPCR data were analyzed using the Mann-Whitney test (two-tailed); p < 0.05 was
considered statistically significant.

5. Conclusions

To conclude, our work demonstrated that tumor cells with the c.1681C>T (p.R561C) mutation
in PDGFRB show high levels of PDGFR-beta and ERK1/2 phosphorylation. Furthermore, our data
support the use of specific tyrosine kinase inhibitors targeting PDGFR-beta phosphorylation as a
treatment suitable for IM. This is the first study to show that sunitinib is able to reduce the proliferative
activity of IM cells with a c.1681C>T (p.R561C) mutation in vitro.
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DMEM Dulbecco’s modified Eagle’s medium
DMSO dimethyl sulfoxide
EGFR epidermal growth factor receptor
ERK extracellular signal-regulated kinase
FCS fetal calf serum
IM infantile myofibromatosis
MAPK mitogen-activated protein kinase
MEK MAPK/ERK kinase
MTT 3-(4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
PDGFR platelet-derived growth factor receptor
PKIs protein kinase inhibitors
RTKs receptor tyrosine kinases
TGFA transforming growth factor alpha
WES whole exome sequencing
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Abstract: Psoriasis, a multisystem chronic disease characterized by abnormal keratinocyte
proliferation, has an unclear pathogenesis where systemic inflammation and oxidative stress
play mutual roles. Dermal fibroblasts, which are known to provide a crucial microenvironment
for epidermal keratinocyte function, represented the selected experimental model in our study
which aimed to clarify the potential role of SIRT1 in the pathogenetic mechanisms of the disease.
We firstly detected the presence of oxidative stress (lipid peroxidation and total antioxidant capacity),
significantly reduced SIRT1 expression level and activity, mitochondrial damage and apoptosis
(caspase-3, -8 and -9 activities) in psoriatic fibroblasts. Upon SIRT1 activation, redox balance
was re-established, mitochondrial function was restored and apoptosis was no longer evident.
Furthermore, we examined p38, ERK and JNK activation, which was strongly altered in psoriatic
fibroblasts, in response to SIRT1 activation and we measured caspase-3 activity in the presence of
specific MAPK inhibitors demonstrating the key role of the SIRT1 pathway against apoptotic cell
death via MAPK modulation. Our results clearly demonstrate the involvement of SIRT1 in the
protective mechanisms related to fibroblast injury in psoriasis. SIRT1 activation exerts an active
role in restoring both mitochondrial function and redox balance via modulation of MAPK signaling.
Hence, SIRT1 can be proposed as a specific tool for the treatment of psoriasis.

Keywords: SIRT1; MAPK; oxidative stress; psoriasis

1. Introduction

Psoriasis, a chronic, inflammatory multisystemic disease affecting 2–3% of the world population,
is characterized by abnormal keratinocyte proliferation resulting in the formation of raised, itchy
and well-demarcated erythematous lesions on the skin. The pathogenesis of psoriasis is not well
understood, but recent data suggest that both innate and adaptive immunity have a key role in
the disease [1]. Aberrant activation and metabolism of epidermal keratinocytes leading to strongly
enhanced keratinocyte proliferation and anomalous terminal differentiation are the hallmark of
psoriatic skin. The critical role of dermal fibroblasts in providing a crucial microenvironment
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for epidermal keratinocyte function [2] and in regulating epidermal morphogenesis was already
suggested [3]. Moreover, recent reports demonstrated that, in vivo, improvement of aged dermal
fibroblast function significantly increases epidermal keratinocyte proliferation with consequent
enlargement of epidermal thickness [4]. However, the molecular features and the factors responsible for
the complex interactions between dermal stromal cells and epidermal keratinocytes in both physiologic
and pathologic conditions are still to be elucidated. On these bases, we focused on dermal fibroblasts
which exert specific functions in the microenvironment of epidermal keratinocytes and, together with
infiltrating PMNs, induce a marked redox imbalance in psoriatic derma by extensively producing
reactive oxygen species (ROS), such as superoxide and H2O2, and thus displaying a significant role in
the anomalous keratinocyte growth which characterizes psoriasis [5].

The key role of ROS in the pathogenesis of psoriasis has been already reported [6,7]. Indeed,
several studies have revealed increased levels of oxidative stress markers and decreased activity
of the main antioxidant enzymes in the plasma of psoriatic patients [8–12]. In addition, it has
been demonstrated that mitogen-activated protein kinases (MAPK) pathways, such as extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 MAPK, are involved in the
pathogenesis of psoriasis [7,13–17]. However, the molecular regulatory mechanisms of these cellular
signal transduction pathways and their possible interplay are not fully elucidated. A variety of
stress stimuli, including oxidative stress, induces functional changes of these kinases similar to those
found to be associated with apoptosis [18]. Similarly, NAD+-dependent protein deacetylase SIRT1 has
been shown to be strongly upregulated by oxidative stress [19]. SIRT1, the most extensively studied
member of the sirtuin family, plays a key role in metabolism, stress responses, and many other cellular
processes [20]. Additionally, our previous data demonstrated that SIRT1 upregulation affects the
MAPK pathway and inhibits pro-apoptotic molecules, reducing oxidative stress and apoptosis in
several cellular models [21,22].

Here, for the first time, we investigated in primary fibroblasts from lesional psoriatic skin,
the possible involvement of SIRT1 in MAPK pathways.

2. Results

2.1. SIRT1 Expression and Activity in Fibroblasts from Healthy and Psoriatic Subjects

We evaluated SIRT1 expression and activity in fibroblasts from healthy and psoriatic patients.
As previously demonstrated [23], SIRT1 expression (Figure 1A) was markedly reduced in fibroblasts
from psoriatic patients compared to healthy subjects (−51% vs. control fibroblasts, p < 0.01). Similarly,
SIRT1 activity (Figure 1B) in psoriatic fibroblasts exhibited a significant decrease in comparison with
healthy cells (306 ± 99 vs. 855 ± 188, p < 0.01).

2.2. Dose-Dependent Effects of SIRT1720 on SIRT1 Activity in Psoriatic Fibroblasts

A dose-dependent test was performed in psoriatic fibroblasts treated with SRT1720 concentrations
from 1 to 50 μM (Figure 1C) to evaluate the effect of SRT1720 on SIRT1 activity. Treatment (24 h) with
10 μM SRT1720 induced a dramatic increase in SIRT1 activity (3.85 ± 0.29 fold increase). Hence, 10 μM
SRT1720 was used for the programmed experiments. Interestingly, the addition of SIRT1 siRNA to
SRT1720-treated cells induced a complete abolishment of the observed increase (p < 0.01) (Figure 1C).
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Figure 1. (A) Representative Western blot analysis of SIRT1 expression in fibroblasts from controls
and psoriatic patients. Histogram represents data from controls (n = 4 biopsies) and patients (n = 4
biopsies); (B) SIRT1 activity in fibroblasts from controls (n = 4 biopsies) and psoriatic patients (n = 4
biopsies); (C) SIRT1 activity in fibroblasts from lesional psoriatic skin (n = 4 biopsies) after 24 h of
incubation with different concentrations of SRT1720. Each experiment was performed in triplicate.
* Significant difference (p ≤ 0.05) vs. fibroblasts from healthy patients. # Significant difference (p ≤ 0.01)
vs. PSO fibroblasts.

2.3. SIRT1 Activation Decreases Oxidative Stress in Fibroblasts from Psoriatic Patients

Figure 2A shows a significant total antioxidant capacity (TAC) decrease in psoriatic fibroblasts
with respect to controls (−45%, p < 0.01).
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Figure 2. (A) Evaluation of total antioxidant capacity (TAC) and (B) 8-isoprostanes in fibroblasts
from controls (n = 4 biopsies) and psoriatic patients (n = 4 biopsies) in the presence of SRT1720 or
the SIRT1 inhibitor (SIRT1i). Each experiment was performed in triplicate. * Significant difference
(p ≤ 0.05) vs. fibroblasts from healthy patients. # Significant difference (p ≤ 0.05) vs. fibroblasts from
psoriatic patients.

SIRT1 activation effectively restored intracellular TAC levels (+53% vs. untreated PSO cells,
p < 0.01); interestingly, this effect was abrogated by the SIRT1 inhibitor, demonstrating the key role of
SIRT1 in improving antioxidant defense systems. Increased levels of 8-isoprostanes (lipid peroxidation
markers) were also found in psoriatic fibroblasts with respect to control fibroblasts (+73%, p < 0.01).
SRT1720-treated psoriatic fibroblasts showed significantly lower 8-isoprostanes levels (−47% vs.
untreated PSO cells, p < 0.01), confirming the pivotal role of SIRT1 pathways in cell redox balance
(Figure 2B). Similar results were found when lipid peroxidation was measured using BODIPY by flow
cytometry and confocal microscopy (Figure 3). Similarly, the fluorescent probe H2DCFDA was used
for determining intracellular ROS production (Figure 3). SRT1720-treated fibroblasts displayed less
marked ROS production, thus indicating a strong protective effect exerted by SIRT1 pathways against
ROS. Analogous results were found when we evaluated NO production (Figure 3).
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Figure 3. (A) Confocal microscope analysis (63× magnification) and (B) FACS analysis of ROS
production, lipoperoxidation and NO production in fibroblasts from controls (n = 4 biopsies) and
psoriatic patients (n = 4 biopsies) in the presence of SRT1720 or the SIRT1 inhibitor (SIRT1i).
Each experiment was performed in triplicate. * Significant difference (p ≤ 0.05) vs. fibroblasts from
healthy patients. # Significant difference (p ≤ 0.05) vs. fibroblasts from psoriatic patients.
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2.4. SIRT1 Activation Protects Psoriatic Fibroblasts from Mitochondrial Damage

In order to ascertain whether SIRT1 activation can protect against mitochondrial damage,
we analyzed the mitochondrial permeability transition pore opening, mitochondrial membrane
polarization and mithocondrial superoxide production. Confocal microscope analysis (Figure 4A)
indicated marked alterations in mitochondrial permeability transition pore (mPTP) opening and
mitochondrial membrane depolarization (TMRM probe) in fibroblasts from psoriatic patients.
These changes were not evident in control cells. SIRT1 activation by SRT1720 efficiently restored
mitochondrial function.

In line with these results, psoriatic fibroblast treatment with the SIRT1 inhibitor did not cause any
significant change compared to psoriatic untreated cells. Moreover, we evaluated the mitochondrial
superoxide production by confocal microscope analysis with the mitochondrial superoxide-specific
fluorescent probe MitoSOX. MitoSOX is a selective indicator of mitochondrial superoxide, is selectively
targeted to mitochondria and is able to efficiently compete with superoxide dismutase (SOD) for
superoxide. Following mitochondrial oxidation, oxidized MitoSOX quickly migrates to the nucleus
and becomes highly fluorescent upon binding to DNA. High levels of mitochondrial superoxide
production in psoriatic fibroblasts compared to control cells are evident whereas SRT1720 treatment
efficiently reverts this effect (Figure 4). In the presence of the SIRT1 inhibitor, high fluorescence,
indicating high levels of mitochondrial superoxide, is evident. To further confirm and quantify these
results, mitochondrial permeability transition pore opening, mitochondrial membrane polarization
and mithocondrial superoxide production were also analyzed by flow cytometry (Figure 4B).

Mitochondrial number can influence experiments where mitochondrial function is investigated.
We therefore counted mitochondria number in the SRT1720-treated or untreated fibroblasts from
psoriatic patients (by confocal microscopy and FACS analysis) to ensure that altered mitochondrial
function was not due to a mere numeric change of mitochondria. In our psoriatic fibroblasts,
no significant variation in mitochondrial number upon treatment was evident (data not shown).
Therefore, all of the observed mitochondrial function and cell viability alterations are not ascribable to
changes in mitochondrial number.

2.5. SIRT1 Activation Protects Psoriatic Fibroblasts from Apoptosis

Caspase-3, -8 and -9 activities, which play a central role in apoptosis, were measured to verify
the occurrence of apoptosis under our experimental conditions. As shown in Figure 5A, confocal
microscope analysis clearly demonstrated marked caspase-3, -8 and -9 activities in fibroblasts from
psoriatic patients and this increase was abrogated by SRT1720 treatment.

These important findings were also quantified by FACS analysis (Figure 5B). In particular,
caspase-3 activity (Figure 5B) was strongly increased in psoriatic fibroblasts (+540% vs. fibroblasts
from healthy subjects, p < 0.01) whereas SIRT1 activation strongly inhibited this effect (−376% vs.
untreated PSO fibroblasts, p < 0.01). This effect was completely neutralized when using the SIRT1
inhibitor. Caspase-8 activity (Figure 5B), which plays a pivotal role in the extrinsic apoptotic signaling
pathway via death receptors, was significantly increased in psoriatic fibroblasts (+233% vs. control
fibroblasts, p < 0.01). SIRT1 activation clearly abrogated this effect (−71% vs. untreated PSO cells,
p < 0.01). Once again, SIRT1 inhibitor treatment reverted this effect. Finally, we evaluated caspase-9
activity, a key player in the intrinsic or mitochondrial apoptotic pathway. As expected, fibroblasts from
psoriatic patients showed increased levels of caspase-9 activity (+348% vs. control fibroblasts, p < 0.01)
and SRT1720 treatment strongly reduced this effect (−188% vs. untreated PSO fibroblasts). Moreover,
when SIRT1 signaling was inhibited, caspase-9 activity was even more marked than that observed
in untreated PSO cells (+62% vs. untreated PSO fibroblasts, p < 0.01). All these findings point to a
protective role of SIRT1 activation against apoptotic cell death in fibroblasts from psoriatic patients.

132



Int. J. Mol. Sci. 2018, 19, 1572

Figure 4. (A) Confocal microscope analysis (63× magnification) and (B) FACS analysis of mitochondrial
permeability transition pore opening (mPTP), mitochondrial depolarisation (TMRM) and mitochondrial
superoxide production (MitoSOX) in fibroblasts from controls (n = 4 biopsies) and psoriatic patients
(n = 4 biopsies) in the presence of SRT1720 or the SIRT1 inhibitor (SIRT1i). Each experiment was
performed in triplicate. * Significant difference (p ≤ 0.05) vs. fibroblasts from healthy patients.
# Significant difference (p ≤ 0.05) vs. fibroblasts from psoriatic patients.

133



Int. J. Mol. Sci. 2018, 19, 1572

Figure 5. (A) Confocal microscope analysis (63× magnification) and (B) flow cytometry analysis of
caspases-3, 8 and 9 activation in fibroblasts from controls (n = 4 biopsies) and psoriatic patients (n = 4
biopsies) in the presence of SRT1720 or the SIRT1 inhibitor (SIRT1i). Each experiment was performed
in triplicate. * Significant difference (p ≤ 0.05) vs. fibroblasts from healthy patients. # Significant
difference (p ≤ 0.05) vs. fibroblasts from psoriatic patients.

2.6. SIRT1 siRNA-Treatment of Fibroblasts from Healthy Subjects

ROS production, lipid peroxidation, caspase-3 activity and mitochondrial membrane polarization
were measured in untreated and in SIRT1 siRNA-treated control fibroblasts, challenged or not with
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H2O2 (500 μM for 3 h) to elucidate the role of SIRT1 in oxidative-mediated cell injury. Without
H2O2, the biochemical modifications displayed by SIRT1 siRNA-treated fibroblasts did not differ from
untreated fibroblasts (Figure 6) in agreement with our previous data [21,22].

In the presence of H2O2 treatment, the observed alterations of the SIRT1 siRNA-treated fibroblasts
paralleled those observed in fibroblasts from psoriatic skin (Figure 6). These findings suggest that
psoriatic fibroblast damage can be mediated by SIRT1.

Figure 6. SIRT1 effects in oxidative stress protection. ROS production, lipid peroxidation, caspase-3
activity and mitochondrial membrane polarization were measured by confocal microscopy (63×
magnification) in untreated and in SIRT1 siRNA-treated control fibroblasts, challenged or not with
H2O2 (500 μM for 3 h) to elucidate the role of SIRT1 in oxidative-mediated cell injury. Fibroblasts were
obtained from healthy skin (n = 4 biopsies). These parameters were measured in untreated and in
SIRT1 siRNA-treated control fibroblasts, challenged or not with H2O2 (500 μM for 3 h).

2.7. SIRT1 Activation Modulates MAPK Pathways in Fibroblasts from Psoriatic Patients

In our previous studies, we demonstrated the central role of MAPK pathways in inducing cell
damage and apoptosis [21,22,24]. Here, we examined p38, ERK and JNK activation in response to
SIRT1 activation.

In Figure 7, the levels of ERK phosphorylation, whose anti-apoptotic effect is well documented,
are shown. In psoriatic fibroblasts, low levels of ERK phosphorylation were observed with respect
to control fibroblasts (−437% vs. control, p < 0.01). SIRT1 activation induced a strong and significant
increase in ERK phosphorylation (+217% vs. untreated PSO fibroblasts, p < 0.01) whereas SIRT1
inhibitor treatment significantly decreased ERK phosphorylation (−54% vs. untreated PSO fibroblasts,
p < 0.01). At the same time, high levels of JNK phosphorylation were observed in psoriatic cells
(about twenty-fold increase vs. the control, p < 0.01). SIRT1 activation completely abrogated JNK
phosphorylation (−1340% vs. untreated PSO cells, p < 0.01) whereas the SIRT1 inhibitor led to an
increase in JNK phosphorylation (+51% vs. untreated PSO cells, p < 0.01), demonstrating a role of
SIRT1 in the JNK pathway.

p38 phosphorylation was also markedly enhanced in psoriatic fibroblasts (3.7-fold increase vs.
control fibroblasts, p < 0.01). SIRT1 activation significantly reduced p38 phosphorylation (−142% vs.
untreated PSO fibroblasts, p < 0.01) whilst the SIRT1 inhibitor completely abolished this effect (no
significant difference vs. untreated PSO cells was evident).
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Figure 7. MAPK phosphorylation in fibroblasts from controls (n = 4 biopsies) and psoriatic patients
(n = 4 biopsies) in the presence of SRT1720 or the SIRT1 inhibitor (SIRT1i). Each experiment was
performed in triplicate. * Significant difference (p ≤ 0.05) vs. fibroblasts from healthy patients.
# Significant difference (p ≤ 0.05) vs. fibroblasts from psoriatic patients.

To further investigate the role of SIRT1 in the molecular pathways of psoriatic fibroblasts,
we measured caspase-3 activity in the presence of specific MAPK inhibitors. In Figure 8, we show
that in the presence of p38 or the JNK inhibitor, caspase-3 activity significantly decreased (p < 0.01 vs.
untreated PSO fibroblasts), indicating the involvement of these pathways in the induction of apoptosis
in psoriatic fibroblasts. Remarkably, in the presence of ERK inhibitor, untreated fibroblasts displayed
the highest caspase-3 activity, demonstrating the key role of ERK in the protection against apoptotic
cell death.

136



Int. J. Mol. Sci. 2018, 19, 1572

Upon SIRT1 activation with the above inhibitors, a further decrease in caspase-3 activity was
observed (p < 0.01 vs. untreated psoriatic fibroblasts). On the contrary, the SIRT1 inhibitor together
with p38 or JNK inhibitors induced an increase in caspase-3 activity. Simultaneous treatment with the
three inhibitors did not protect against cell death (data not shown). All these data demonstrated the
key role of the SIRT1 pathway against apoptotic cell death via MAPK modulation.

Figure 8. The caspase-3 activity measured using flow cytometry analysis in fibroblasts from psoriatic
patients (n = 3 biopsies) in the presence of specific MAPK inhibitors. Each experiment was performed in
triplicate. * Significant difference (p ≤ 0.05) vs. untreated fibroblasts from psoriatic patients. # Significant
difference (p ≤ 0.05) vs. MAPK inhibitors untreated PSO + SRT1720 fibroblasts. § Significant difference
(p ≤ 0.05) vs. MAPK inhibitors untreated PSO + SIRT1i fibroblasts.

3. Discussion

The present study was undertaken to explore the potential contribution of SIRT-1 signaling
to the pathogenetic mechanisms of psoriasis. Both innate and adaptive immune systems play a
central role in the disease which can be defined as an inflammatory skin disorder characterized by
abnormal keratinocyte proliferation and differentiation [1,25]. The key role of dermal fibroblasts in
regulating epidermal microenviroment, immune cell behaviour [26,27] and keratinocyte function has
been already suggested [1,5,26,27]. Indeed, impaired fibroblasts can extensively produce superoxide
and H2O2 (modifying the redox balance of psoriatic derma), promote inflammatory mechanisms [28]
and may contribute to the epidermal overgrowth by inducing keratinocyte proliferation [29–32].
Based on this background, fibroblast cultures derived from psoriatic lesions represent our selected
experimental model.

Mammalian skin is equipped with efficient antioxidant defence mechanisms that prevent oxidative
injury to lipids and proteins, contributing to barrier integrity, which is essential for healthy skin
condition. Thus, cellular redox balance is essential for skin homeostasis and an imbalance between
pro-oxidant and antioxidant mechanisms can result in skin diseases, including psoriasis [33].

In the blood of psoriatic patients, redox imbalance has been witnessed by the presence of lipid
peroxidation (increased levels of malondialdehyde) associated with decreased erythrocyte-superoxide
dismutase activity, catalase activity and total antioxidant status [12,34]. In line with these observations,
we recently identified NADPH oxidase as one of the possible upregulated ROS sources in lesional
fibroblasts from psoriatic patients [35]. However, the molecular mechanisms underlying this alteration
in psoriatic fibroblasts are still poorly understood.
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Oxidative stress conditions and other metabolic and genotoxic stress are sensed and counteracted
by sirtuins, a family of NAD+-dependent deacetylases which contribute to react to these damaging
conditions through diverse pathways. Sirtuin 1 (SIRT1), in particular, is involved in the regulation of
cellular survival, cellular senescence/aging, inflammation-immune function, endothelial functions,
and circadian rhythms [21,22,36,37]. Moreover, SIRT1 is able to promote the differentiation of human
keratinocytes [38] and its activation has been shown to inhibit keratinocyte proliferation [39]. Recently,
some authors reported significantly decreased SIRT1 levels in lesional skin from psoriatic samples
compared to controls, suggesting its potential involvement in the pathogenesis of psoriasis [40].
Furthermore, in a recent randomized, double-blind, placebo-controlled Phase IIa study, the effects
of a selective small molecule SIRT1 activator in 40 patients with moderate-to-severe psoriasis were
investigated [41]. On the basis of these observations and of our recent findings [23], here we demonstrate
that, in fibroblasts from lesional psoriatic skin, SIRT1 activity is strongly reduced compared to healthy
fibroblasts, suggesting a possible involvement of SIRT1 in the pathogenesis of psoriasis.

Another important finding, consistent with our previously obtained results [42], is the presence of
oxidative stress in psoriatic fibroblasts, as suggested by enhanced lipoperoxidation and TAC reduction.
Interestingly, psoriatic fibroblasts treated with the SIRT1 activator showed reduced oxidative stress
levels, an effect that was reversed by the SIRT1 inhibitor, thus demonstrating a prominent role of
SIRT1 in the maintenance of redox homeostasis. These findings are in line with a study reporting
SIRT1-induced resistance to oxidative stress through FoxO in fibroblasts [19], where, upon SIRT1
overexpression, catalase expression was stimulated. In the presence of FoxO1a dominant negative,
SIRT1 upregulation was inhibited [19]. The key role of SIRT1 in the protection against oxidative
stress-induced cellular damage has been also confirmed by our experiments performed in SIRT1
siRNA-treated healthy skin fibroblasts.

In psoriatic fibroblasts, mitochondrial dysfunction, enhanced ROS production and signs of
oxidative stress were present: indeed, mPTP opening and aberrant mitochondrial depolarisation were
associated with significantly higher mitochondrial superoxide generation. Several studies indicate that
SIRT1 activation reduces oxidative stress and maintains mitochondrial function. It has been reported
that renal injury after ischemia-reperfusion is reduced by SIRT1, which is able to decrease nitrosative
stress and inflammation and enhance energy metabolism by stimulating mitochondrial biogenesis [43].
An animal experimental model of hemorrhagic shock and reperfusion clearly demonstrated that SIRT1
activation induces p53 deacetylation, inhibits mPTP opening, suppresses a mitochondria-mediated
apoptotic pathway and attenuates renal injury [44]. Other studies have also demonstrated that SIRT1
can stimulate the expression of antioxidants and, via an auto-feedback loop, can also potentiate
SIRT1 expression [45–49]. Finally, it has been shown that SIRT1 overexpression protects human
skin fibroblasts from UVB-induced cellular damage, increasing the resistance to oxidative stress [50].
Our results clearly demonstrate a protective effect of activated SIRT1 in the mitochondria of psoriatic
fibroblasts where superoxide production, mitochondrial depolarization and impaired mPTP opening
were inhibited by SRT1720 treatment. These findings are in line with our previous data demonstrating
a protective role of SIRT1 in perilesional vitiligo keratinocytes [22], where oxidative stress and
mitochondrial dysfunction were removed by treatment with resveratrol (a SIRT1 activator compound).

Our data clearly show that in psoriatic fibroblasts, the mitochondrial alterations (associated with
an increase in ROS production) are responsible for the strong activation of the apoptotic process.
In particular, caspase-3, -8 and -9, which play a key role in apoptotic cell death, displayed increased
activities in psoriatic fibroblasts. Treatment with SRT1720 induced a significant downregulation of
the apoptotic pathway and the presence of SIRT1 inhibitor counteracted this reduction suggesting a
pivotal role for SIRT1 in the modulation of apoptosis in psoriatic fibroblasts.

To examine in depth the role of SIRT1 signaling in psoriasis, we performed experiments aimed
at highlighting the relationship between SIRT1 and the redox-sensitive MAPK pathway, which has
been shown to be altered in psoriasis [13,14,51,52]. MAPKs (mitogen-activated protein kinases) are
signaling proteins activated by substantially diverse extracellular stimuli (cytokines, hormones, growth
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factors, UV irradiation, oxidative stress) and which regulate fundamental cellular processes (gene
expression, cell proliferation, growth, survival, migration, and apoptosis) [53,54]. MAPKs are activated
by phosphorylation of both threonine and tyrosine residues, and in turn they phosphorylate other
downstream intracellular kinases and transcription factors. Extracellular signal-regulated kinase
1/2 (ERK1/2), p38 MAPK, and c-Jun N-terminal kinase (JNK) are the members of MAPKs whose
involvement in oxidative stress signalling has been extensively investigated. JNK, ERK and p38
kinases exhibit distinct effects on apoptotic cell death. In the present study, using inhibitors for each
kinase, we observed that JNK and p38 kinases promote apoptosis, while ERK displays anti-apoptotic
effects. In particular, in psoriatic fibroblasts, we observed a decrease in p-ERK, which was reversed
by SRT1720 treatment. In contrast, previous studies reported an increased ERK activation in human
psoriatic lesion as compared with that in normal human epidermis [14] and in cell extracts from lesional
psoriatic skin [13]. To further investigate the molecular pathways underlying the protective effects
induced by SIRT1 activation, caspase-3 activity was measured in psoriatic fibroblasts in the presence
of the ERK inhibitor, demonstrating the key role of ERK activation in protection against apoptotic cell
death. In particular, the effect of the ERK inhibitor was suppressed by SRT1720 treatment, indicating a
pivotal role of SIRT1 in protection against apoptosis. Our data are in agreement with previous studies
reporting that SIRT1 activation promotes ERK phosphorylation in human fibroblasts [55] and that the
histone deacetylase inhibitor suppresses the Ras-MAP kinase signaling pathway [56], suggesting that
SIRT1 may stimulate the ERK pathway.

It has been demonstrated that JNK is not active in healthy human epidermis, but its activity
is increased in psoriasis [17]; moreover, experimental data highlighted that TNF-α and UV light
exert their pro-inflammatory effects in part via JNK activation [57,58]. In an elegant study, Gazel
and co-workers demonstrated that JNK inhibition in epidermal keratinocytes is sufficient to initiate
their differentiation, suggesting that attenuating JNK activity could be a differentiation therapy-based
approach for treating psoriasis [59]. Here, we show a significant increase in JNK activity in psoriatic
fibroblasts and interestingly, we report that SIRT1 activation prevents JNK activation. Since the p38
inhibitor prevents fibroblast apoptosis, a pivotal role for JNK MAPK in this pathway can be proposed.

The role of p38 MAPK in the development of psoriasis is well documented [13,14,52]. In particular,
it has been shown that p38 MAPK activity is increased in lesional compared to non-lesional psoriatic
skin [13]; moreover, the antimicrobial peptide S100A8, known to be upregulated in lesional psoriatic
skin and believed to play a role in the pathogenesis of psoriasis, was found to be regulated by a p38
MAPK-dependent mechanism in cultured human keratinocytes [60]. p38 MAPK has been found to be
activated in keratinocytes treated with H2O2, tumor necrosis factor (TNF)-α and interleukin (IL)-1β,
suggesting a key role of p38 MAPK in mediating keratinocyte responses to cellular stress [61,62].
Because lesional psoriatic skin is characterized by increased expression of inflammatory cytokines [63],
it is possible that p38 MAPK has a role in the inflammatory aspect of psoriasis. Interestingly, we found
that p38 MAPK activity was upregulated in psoriatic fibroblasts compared to healthy fibroblasts and,
upon SIRT1 activation, p38 activation was dramatically reduced. Moreover, in the presence of a p38
inhibitor we observed a significant reduction in apoptosis, confirming the key role of p38 MAPK in this
pathway. Our data are in agreement with a previous study of Soegaard-Madsen and co-workers [52],
demonstrating that p38 inhibition may be a mechanism by which the anti-TNF-α agent Adalimumab
mediates its anti-psoriatic effect.

This study is not without limitations. First, the study population is small and it requires verification
in a larger cohort (twelve patients and seven controls were enrolled in this study but each experiment
is related to fibroblasts derived from three or four patients/controls only). In addition, the psoriatic
subjects included in the study were characterized by moderate psoriasis (PASI = 12.4 ± 0.5). Therefore,
the results need confirmation using a similar study design involving patients affected by severe disease.
Another important consideration must be taken into account: even if fibroblasts and endothelial cells
contribute to the pathogenesis of psoriasis, further studies on SIRT1 signaling are also needed on
keratinocytes, which display a crucial role in the development of psoriatic lesions.
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The involvement of SIRT1 in the protective mechanisms related to stress responses via its
interactions with different substrates has been already studied [64] but data on skin biology are almost
unknown. In particular, this is the first study exploring SIRT1 signaling in psoriasis. The present
data demonstrate that in fibroblasts from psoriatic patients, SIRT1 activation displays an active role in
restoring both mitochondrial function and redox balance via modulation of MAPK signaling. Therefore,
SIRT1 can be proposed as a novel molecular target for the treatment of psoriasis.

4. Materials and Methods

4.1. Patients

The Local Ethics Committee approved the present study. All experiments were performed on
twelve patients (six males and six females) affected by moderate psoriasis (PASI = 12.4 ± 0.5) with
a mean age of 41.4 ± 7.6 years and with a mean disease duration of 14.1 years (from 8 to 25 years).
The demographic and clinical data for each patient are summarized in Table 1. Seven healthy controls
(four males and three females), matched for age and body mass index, were also enrolled in the study.
No subject was subjected to any systemic therapy before or during the study, or had a history of any
disease, e.g., diabetes mellitus and atherosclerosis, which might affect blood redox status. All subjects
provided signed informed consent. The study was carried out according to the Helsinki Declaration.

Table 1. Demographic and clinical data of psoriatic patients involved in the study.

Patient Age Body Mass Index (BMI) Duration of Disease (Years) PASI

M1 33 25 8 13
M2 41 24 12 13
M3 29 25 10 12
M4 52 23 21 12
M5 48 26 11 12
M6 45 25 10 13
F1 51 21 25 13
F2 45 23 20 13
F3 38 26 18 12
F4 32 24 12 12
F5 37 25 9 12
F6 46 26 13 12

Mean ± SD 41.4 ± 7.6 24.4 ± 1.5 14.1 ± 5.5 12.4 ± 0.5

4.2. Fibroblast Isolation and Setting Up of Cell Cultures

Lesional skin punch biopsies from twelve patients affected by plaque psoriasis and from seven
healthy controls were used to obtain primary fibroblasts cell cultures. Briefly, skin biopsies were
incubated with dispase II (2 U/mL, Sigma-Aldrich, Milan, Italy) and the derma was digested with
collagenase (3 mg/mL, Sigma-Aldrich) for 45 min at 37 ◦C. Then, cells were filtered through a
70 μm filter to remove debris. Cells were cultured in DMEM medium (Sigma-Aldrich) with 10% FBS
(Sigma-Aldrich) and 1% penicillin/streptomycin (Sigma-Aldrich). Fibroblasts were characterized by a
high Vimentin (Sigma-Aldrich) expression by FACS and confocal microscopy analyses. Cells up to the
fourth passage were used for experiments.

4.3. Preparation of Cell Homogenates

After trypsinization, fibroblasts (1 × 106) were resuspended in 100 μL of lysis buffer (20 mM
Tris-HCl pH8, 1% Triton X-100, 10% (v/v) glycerol, 137 mM NaCl, 2 mM EDTA and 6 M urea
supplemented with 0.2 mM PMSF, 10 mg/mL leupeptin + aprotinin). Samples were then twice
sonicated in ice for 5 s, centrifuged at 14,000× g for 10 min at 4 ◦C, and the supernatant collected.
Protein concentration was determined according to the Bradford method [65].
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4.4. Western Blot Analysis of SIRT1

SIRT1 expression levels were assessed by Western blot analysis. Briefly, equal amounts of
homogenates (50 μg) were separated on 4–12% SDS-PAGE gels (Criterion XT, Bio-Rad Laboratories,
Milan, Italy). After blotting into PVDF Hybond membranes and incubation overnight at 4 ◦C with
(rabbit) anti-SIRT1 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), membranes were
washed and incubated for 1 h with peroxidase-conjugated secondary antibody. Then, bands detected
with a SuperSignal West Dura (Pierce, Rockford, IL, USA) were quantified using Quantity-One software
(Bio-Rad, Milan, Italy) [66]. SIRT1 expression levels were calculated as ratios between the densitometry
of the corresponding band and the loading control (GAPDH).

4.5. Determination of Cellular SIRT1 Activity

SIRT1 activity was determined according to the method described by Fulco et al. [67] with some
modifications. SIRT1 activity was determined by the SIRT1 Direct Fluorescent Screening Assay Kit
(Cayman, Ann Arbor, MI, USA) as previously reported [22]. The fluorescence was detected using a
Perkin-Elmer (Milan, Italy), LS 55 luminescence spectrometer (ex: 360 nm; em: 460 nm).

4.6. Cell Treatments

Fibroblasts from psoriatic patients or controls were grown for 24 h in the presence of 10 μM
SRT1720 (a selective small molecule activator of SIRT1).

In another set of experiments, cells were treated with 10 μM p38 kinase inhibitor (SB203580),
10 μM JNK inhibitor (SP600125), 10 μM MEK inhibitor (PD98059), and 1 μM specific SIRT1 inhibitor
(6-Chloro-2,3,4,9-tetrahydro-1H-Carbazole-1-carboxamide) for 3 h. All reagents were purchased from
Sigma at the highest purity available.

4.7. Determination of Total Antioxidant Capacity (TAC)

As previously reported, intracellular TAC was measured in cell lysates by a chemiluminescent
assay using an Abel Antioxidant Test Kit (Knight Scientific Limited, Plymouth, UK) [68]. The protein
content was measured by the Bradford method [65].

4.8. Determination of Lipid Peroxidation

8-Isoprostane levels (lipid peroxidation index) were measured in cell lysates using the
8-isoprostane EIA kit (Cayman Chemical Co., Ann Arbor, MI, USA), following the manufacturer’s
instructions. Moreover, lipid peroxidation was investigated by confocal microscopy using BODIPY
581/591 C11 (Life Technologies, Carlsbad, CA, USA) [69]. The fluorescent probe BODIPY 581/591 C11
shifts its fluorescence from red to green in the presence of oxidizing agents. Fluorescence was detected
using a confocal Leica TCS SP5 scanning microscope (Mannheim, Germany) using a Leica Plan Apo
63X oil immersion objective and then projected as a single composite image by superimposition.
Lipid peroxidation was also quantified by FACS analysis. Cells were incubated in DMEM with
BODIPY 581/591 C11 (2 μM) for 30 min at 37 ◦C [70] and analyzed using a FACSCanto flow cytometer
(Becton-Dickinson, San Jose, CA, USA).

4.9. Assessment of Intracellular ROS, NO Production and Mitochondrial Superoxide

After seeding on glass cover slips, fibroblasts were loaded for 15 min at 37 ◦C with the following
fluorescent probes: MitoSOX (mitochondrial superoxide-specific probe, 3 μM), DAR-1 (NO probe,
1 μM) and H2DCF-DA (ROS production probe, 1 μM) all purchased from Life Technologies, Carlsbad,
CA, USA. Cells were fixed in 2.0% buffered paraformaldehyde for 10 min at RT, and the fluorescence
was detected by a Leica TCS SP5 confocal scanning microscope (Mannheim, Germany). Mitochondrial
superoxide, NO and ROS generation were also monitored using the same fluorescent probes (MitoSOX:
0.5 μM; H2DCF-DA: 1 μM; DAR-1: 1 μM) by FACSCanto flow cytometer (Becton-Dickinson) [70].
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4.10. Mitochondrial Number

MitoTracker Deep Red 633 (Life Technologies, Carlsbad, CA, USA) was used to stain mitochondria
by confocal microscopy as previously described [21]. Mitochondrial number was also monitored by
flow cytometry. Cells were incubated with MitoTracker Deep Red 633 (200 nM) for 20 min at 37 ◦C
and immediately analysed by a FACSCanto flow cytometer (Becton-Dickinson).

4.11. Mitochondrial Permeability Transition Pore Opening

The fluorescent calcein-AM probe was used to assess mitochondrial permeability, an indicator
of mitochondrial dysfunction and early apoptosis, as described by Petronilli et al. [24], albeit with
minor modifications [71]. Calcein-AM, after entering the cell and following deesterification, emits
fluorescence. Cell cobalt chloride co-loading quenches cell fluorescence except for mitochondria where
cobalt cannot enter (living cells). In contrast, in the case of mitochondrial permeability transition pore
opening (mPTP), cobalt enters mitochondria and quenches calcein fluorescence (apoptotic cells). Thus,
decreased mitochondrial calcein fluorescence represents a measure of the extent of mPTP induction.
Mitochondrial permeability transition pore opening was monitored by confocal microscopy and FACS
analysis [71].

4.12. Mitochondrial Membrane Potential

Tetramethylrhodamine methyl ester perchlorate (TMRM) was used to assess the mitochondrial
membrane potential. For confocal microscope analysis, cells were cultured on glass cover slips and
loaded for 20 min at 37 ◦C with 100 nM TMRM (Life Technologies, Carlsbad, CA, USA). After fixing,
cells were analyzed using a confocal Leica TCS SP5 scanning microscope (Mannheim, Germany).
Mitochondrial membrane potential was also quantified by flow cytometry. Cells were incubated for
20 min at 37 ◦C with TMRM (100 nM) in DMEM and analyzed using a FACSCanto flow cytometer
(Becton-Dickinson).

4.13. Determination of Caspase Activity

Caspase-3 and caspase-9 activity were analysed by confocal microscopy and FACS analysis.
Fibroblasts were loaded with FAM-FLICA™ Caspases solution (Caspase FLICA kit FAM-DEVD-FMK)
for 1 h at 37 ◦C, washed twice with PBS and analysed by a Leica TCS SP5 confocal laser scanning
microscope and FACSCanto flow cytometer (Becton-Dickinson) [72]. In another set of experiments,
aimed to assess the role of ERK, p38 and JNK signalling pathways, cells were treated with 10 μM
SP600125 (specific JNK inhibitor), 10 μM PD98059 (MEK inhibitor) or 1 μM SIRT1 inhibitor for 3 h
prior (or not) to SRT1720 treatment.

4.14. SIRT1 RNA Interference (RNAi) Experiments

Fibroblasts from healthy subjects were cultured in complete medium without antibiotics for 2 days.
Cells were seeded into a six-well plate. Then, 8 μl of LipofectamineTM LTX and 3 μL PLUSTM Reagent
(Life Technologies, Carlsbad, CA, USA) were diluted in 90 μL of culture medium. Subsequently, 12 μL
SIRT1 siRNA (siRNA for SIRT1-sc-40986- from Santa Cruz Biotechnology) was mixed with the medium
containing Lipofectamine together with PLUS reagent and incubated for 30 min at RT for complex
formation. Finally, cells were incubated with a final SIRT1 siRNA concentration of 100 nM. After 48 h,
SIRT1 protein expression was determined by Western blot. To study the possible role of SIRT1 in the
oxidative-mediated cell injury, untreated and SIRT1 RNAi-treated fibroblasts obtained from healthy
subjects were challenged for 3 h with 500 μM H2O2. ROS production, lipid peroxidation, caspase-3
activity and mitochondrial membrane polarization were evaluated by confocal microscope analysis.

4.15. Assessment of MAPK Activity by FACS Analysis

Fibroblasts were fixed and permeabilized using the BD Cytofix/Cytoperm buffer (Becton-
Dickinson) following the manufacturer’s instructions. Anti-Phospho-p38 MAPK (Thr180/Tyr182)
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(28B10) Mouse mAb (Alexa Fluor® 488 Conjugate), anti-Phospho-SAPK/JNK (Thr183/Tyr185) (G9)
Mouse mAb (PE Conjugate), and anti-Phospho-p44/42 MAPK (Erk1/2) (T hr202/Tyr204) (D13.14.4E)
XP® Rabbit mAb (Alexa Fluor® 488 Conjugate) were used at 1:50 dilution for 1 h at RT according to
manufacturer’s instructions.

4.16. Statistical Analysis

All data are expressed as the mean ± SD. Comparisons between groups were analyzed using
one-Way Analysis of variance (ANOVA) followed by the Bonferroni t-test. A p value <0.05 was
accepted as statistically significant.
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Abstract: Inflammatory bowel disease (IBD) in humans and animals is associated with bacterial
infection and intestinal barrier dysfunction. Cecropin A, an antimicrobial peptide, has antibacterial
activity against pathogenic bacteria. However, the effect of cecropin A on intestinal barrier function
and its related mechanisms is still unclear. Here, we used porcine jejunum epithelial cells (IPEC-J2) as a
model to investigate the effect and mechanism of cecropin A on intestinal barrier function. We found
that cecropin A reduced Escherichia coli (E. coli) adherence to IPEC-J2 cells and downregulated
mRNA expression of tumor necrosis factor α (TNF-α), interleukin-6 (IL-6), and interleukin-8 (IL-8).
Furthermore, cecropin A elevated the transepithelial electrical resistance (TER) value while reducing
the paracellular permeability of the IPEC-J2 cell monolayer barrier. Finally, by using Western blotting,
immunofluorescence and pathway-specific antagonists, we demonstrated that cecropin A increased
ZO-1, claudin-1 and occludin protein expression and regulated membrane distribution and F-actin
polymerization by increasing CDX2 expression. We conclude that cecropin A enhances porcine
intestinal epithelial cell barrier function by downregulating the mitogen-activated protein kinase
(MEK)/extracellular signal-regulated kinase (ERK) pathway. We suggest that cecropin A has the
potential to replace antibiotics in the treatment of IBD due to its antibacterial activity on gram-negative
bacteria and its enhancement effect on intestinal barrier function.

Keywords: antimicrobial peptide; cecropin A; tight junction protein; MEK/ERK signaling; porcine
intestinal epithelial cell

1. Introduction

Anti-infective drugs play important roles in the prevention and treatment of inflammatory
bowel disease (IBD) in humans and animals. IBD is a complex gastrointestinal disease, mainly
induced by infection with gram-negative bacteria such as Escherichia coli (E. coli) and Salmonella [1].
In recent decades, an increasing prevalence of antibiotic resistance has threatened human health [2].
Finding effective alternatives to antibiotics has become an increasingly urgent task. Among the
potential alternatives, antimicrobial peptides (AMPs) are particularly important, due to their
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broad spectrum antibacterial activity and decreased likelihood of inducing antibiotic resistance.
Currently, more than 2800 AMPs have been found in animals, plants or microorganisms [3]. In animals,
AMPs play important roles in host defense and are crucial in the immune system [4]. The activities of
AMPs vary greatly due to their different sequences and structures. In addition to antimicrobial
activity, some AMPs also have wound healing abilities through promoting cell proliferation,
reducing inflammation or enhancing intestinal barrier function [5,6].

Cecropins are a group of peptides with an α-helical structure and were initially found in
insects. Currently, there are more than 30 records of cecropins in the Antimicrobial Peptide Database
(APD), including naturally discovered and artificially synthesized cecropins [3]. Cecropin A is
one of the earliest discovered cecropins by Steiner et al. from Hyalophora cecropia [7]. Over the
past decades, the antibacterial mechanisms of cecropin A have been extensively researched [8,9].
In addition, cecropin A is also a commonly used template for peptide molecular hybrids to enhance
the antibacterial activity of AMPs [10]. Although the antibacterial activity of cecropin A has been
demonstrated for decades, to our best knowledge, the effect of cecropin A on intestinal barrier function
is still unknown.

IBD is caused by pathogenic bacterial infection and intestinal mucosal barrier disruption.
Intestinal mucosal surfaces consist of epithelial cells, such as absorptive cells, endocrine cells and
Paneth cells [11]. The epithelial cells form a selectively leaky barrier, which is crucial for nutrient
substance exchange and host defense [12–15]. These functions depend on intact intestinal epithelial cell
layers, which are composed of cell–cell attachments at the cell lateral membrane by tight junctions (TJs)
and subjacent adherens junctions [13]. The TJs consist of transmembrane proteins such as claudins,
occludin and junctional adhesion molecules (JAMs). These proteins are clustered and stabilized by
cytoplasmic scaffolding proteins called zonula occludens (ZOs) and cytoskeletons such as F-actin.
Different tight junction proteins play various roles in barrier function. Claudins and occludin are
located at apical and basal positions of the lateral membrane, respectively [16]. ZOs, such as ZO-1,
can interact with cytoskeleton, claudin-1 and occludin [17]. To summarize, the TJ-cytoskeleton structure
is essential for the intestinal barrier.

The regulation of TJ expression and membrane distribution is complex. The mitogen-activated
protein kinase (MAPK) pathways, which contain three downstream pathways including extracellular
signal-regulated kinase (ERK), p38 and c-jun, are responsible for cell proliferation, proliferation and
immune reaction in the gastrointestinal tract [18]. ERK, which may be activated by mitogen-activated
protein kinase (MEK), is one of the most important pathways for maintaining gastrointestinal tract
homeostasis and regulating the intestinal barrier. However, according to previous studies, the effect of
MEK/ERK on intestinal barrier function is controversial. Piegholdt et al. [19] showed that biochanin A
and prunetin may improve epithelial function through downregulation of ERK, while Wang et al. [20]
showed an improvement of the intestinal epithelial barrier through upregulation of the ERK pathway
by polyphenol-rich propolis extracts. The regulatory effect of the MEK/ERK signaling pathway on the
intestinal barrier is unclear.

In this study, we evaluated the effects of cecropin A on intestinal barrier function in an IPEC-J2 cell
monolayer model. We also detected the TJ protein level and membrane distribution by using Western
blotting and cell immunofluorescence, respectively. Finally, the changes in the MEK/ERK signaling
pathway were detected to reveal the regulatory mechanism of cecropin A on the barrier function.

2. Results

2.1. The Antibacterial Activity of Different AMPs

Seven AMPs were selected from the APD database, antibacterial activities including minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) were tested by using
11 specific bacterial strains (Table S1) and the information of origin source, peptide length, net charge
were also described (Table S2). The results showed that cecropin A possessed the best antibacterial
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activity (MIC and MBC between 1.5 and 6.25 μg/mL) to gram-negative bacterial strains, such as E. coli,
Salmonella and Pseudomonas aeruginosa.

2.2. Cytotoxicity to IPEC-J2 Cells

The cytotoxicity of AMPs to the pig intestinal epithelium cell IPEC-J2 was evaluated by
using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Figure S1A–G).
The concentration was 1.5–100 μg/mL. The results showed that IPEC-J2 cell viability was not reduced
after treatment with cecropin A (1.5–12.5 μg/mL, Figure S1C) for 8 h compared to that of the control
group. Six other AMPs reduced cell viability in a dose-dependent manner.

2.3. Cecropin A Inhibits E. coli Adherence and Ameliorates Inflammation

IPEC-J2 cells pretreated with 3.125, 6.25, and 12.5 μg/mL cecropin A displayed reduced E. coli
adherence in a dose-dependent manner (Figure 1A). In addition, after coculture with E. coli, the TNF-α,
IL-6, and IL-8 mRNA expression in IPEC-J2 cells was also downregulated after cecropin A treatment
for 48 h, compared to that in the non-treated cells (Figure 1B). The results suggested that the defense
capability of IPEC-J2 cells against bacteria was increased.

Figure 1. Cecropin A inhibited bacterial adherence and reduced the expression of inflammatory
factors. The porcine jejunum epithelial cells (IPEC-J2) cells were pretreated with cecropin A (3.125, 6.25,
and 12.5 μg/mL) for 48 h, and the CFU of adherent bacteria were counted ((A), n = 3). The relative
mRNA expression of TNF-α, IL-8, and IL-6 were tested by using qPCR ((B), n = 6). Control: control
group; cecropin A: cells were pretreated with cecropin A; cecropin A + E. coli: cells were pretreated
with cecropin A and then cocultured with E. coli; E. coli: cells cocultured with E. coli. The results
were confirmed by three independent experiments per treatment. Representative results of the three
independent experiments are shown. Data (mean ± SEM) were analyzed with one-way ANOVA.
* p < 0.05, ** p < 0.01, *** p < 0.001.

2.4. Cecropin A Increases the TER and Decreases the Paracellular Diffusion of FITC-Dextran through the
IPEC-J2 Monolayer

The integrity of the intestinal barrier may increase the defense capability of the host and reduce
the adherence of pathogenic bacteria. We examined whether cecropin A could enhance the intestinal
monolayer barrier function. Transepithelial electrical resistance (TER) values were assessed at 24,
48 and 72 h after cecropin A treatment. Our data showed that, compared to those of the control cells,
the TER values of cecropin A-treated cells were significantly increased at 48 h and 72 h (Figure 2A;
p < 0.01). In addition, we measured the permeability of large solutes by using 4 kDa FITC-dextran
as a tracer. The data showed that, after cell incubation with FITC-dextran, the concentrations of
FITC-dextran in the basal compartment were significantly higher than those in cecropin A-treated cells
at 48 h and 72 h (Figure 2B, p < 0.05).
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Figure 2. Cecropin A enhances the transepithelial electrical resistance (TER) and reduces the
permeability of the IPEC-J2 cell monolayer. The TER ((A), n = 6) and permeability ((B), n = 6) of
the cell monolayer were tested after treatment with cecropin A for 24 h, 48 h, and 72 h. The results
were confirmed by three independent experiments per treatment. Representative results of the three
independent experiments are shown. Data (mean ± SEM) were analyzed with the Student’s t-test.
* p < 0.05, ** p < 0.01, *** p < 0.001.

2.5. Cecropin A Regulates TJ Protein Expression Levels, Membrane Distribution and F-Actin Polymerization

To elucidate how cecropin A increases the TER value and decreases paracellular permeability,
we measured the protein levels of ZO-1, claudin-1 and occludin. The results showed that the protein
levels of TJs were significantly upregulated (Figure 3A,B). We also detected TJ membrane distribution
by using cell immunofluorescence. The results showed that ZO-1, claudin-1 and occludin were
much more polymerized at the cell–cell boundary in the cecropin A group than in the control group.
(Figure 3C). The integrity of the intestinal monolayer barrier is coordinated by the connection between
TJs and the cytoskeleton. Representative F-actin staining indicated that the cecropin A group had more
extensive F-actin than the control group (Figure 3C). In addition, F-actin was much more polymerized
at the cell–cell boundary in the cecropin A group than in the control group. In accordance with the TJ
distribution, the results suggested that the better organized F-actin-TJ structure may help increase the
monolayer barrier function and the defense capability against the adherence of E. coli.

2.6. Cecropin A Regulates the Intestinal Barrier by Downregulating the MEK/ERK Pathways

To elucidate how cecropin A regulates the TER and TJs, the MEK/ERK signaling pathway was
detected using Western blotting. The data showed that phosphorylation of MEK and ERK in control
group cells was significantly higher than that in the cecropin A group cells (p < 0.01, Figure 4).
Caudal type homeobox 2 (CDX2), a transcriptional factor that regulates the differentiation of intestinal
cells, was also detected (p < 0.001). The results showed that the CDX2 protein level was upregulated in
the cecropin A group compared with that in the control group. In addition, the results suggested that
cecropin A may regulate TJ expression through regulating the phosphorylation of MEK and ERK and
the expression of CDX2.
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Figure 3. The effect of cecropin A on tight junction (TJ) protein expression, membrane distribution
and F-actin polymerization. Western blotting analysis of zonula occludens-1 (ZO-1), occludin and
claudin-1 expression were upregulated by cecropin A treatment ((A), n = 3); quantification of ZO-1,
occludin, and claudin-1 protein expression was shown ((B), n = 3); cell immunofluorescence (C)
(400×) showed that the cecropin A induced the TJs polymerized at the cell–cell boundary (a–f)
and indicated F-actin polymerization (g,h) in cells ((c), n = 3). The results were confirmed by three
independent experiments per treatment. Representative results of the three independent experiments
are shown. Data (mean ± SEM) were analyzed with the Student’s t-test. Cell nuclei were stained by
4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) and are shown in blue. Claudin-1, ZO-1 and
occludin are shown in red and pointed out by white arrow heads. F-actin is shown in green. Scale bar
is 50 μm. *** p < 0.001.

Figure 4. Cecropin A downregulates mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) phosphorylation and upregulates CDX2 expression, n = 3. Western
blotting analysis of p-MEK, MEK, p-ERK(1/2), ERK (1/2) and CDX2 showed that cecropin A
downregulated the MEK/ERK pathway and increased CDX2 protein level (A,B). The results were
confirmed by three independent experiments per treatment. Representative results of the three
independent experiments are shown. Data (mean ± SEM) were analyzed with the Student’s t-test.
Control: control group; Cecropin A: cells treated with cecropin A group. ** p < 0.01, *** p < 0.001.
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2.7. Inhibition of the MEK/ERK Pathway Increases TER, TJ Expression, Membrane Distribution and
F-Actin Polymerization

To confirm the regulatory effect of the MEK/ERK pathway on the intestinal barrier and TJs,
a specific inhibitor (PD184352) of ERK 1/2 was used (Figure 5A). After treatment with the inhibitor
for 48 h, the adherence of E. coli was reduced compared to that in the cecropin A group (Figure 5B).
The TER values of the cecropin A-treated group were significantly higher than those of the control
group, while the TER values of the PD184352 + cecropin A group were higher than those of the cecropin
A group (Figure 5C, p < 0.01). In addition, protein levels of CDX2, ZO-1, claudin-1, and occludin in the
PD184352 + cecropin A group were significantly higher than those in the cecropin A group (p < 0.001,
Figure 6A,B). Moreover, the TJs and F-actin in the PD184352 + cecropin A group were distributed at
the cell-cell adjacent position (Figure 6C). The results showed that the inhibition of MEK/ERK may
increase intestinal barrier function by increasing the TJ expression level and membrane distribution.

Figure 5. The effect of inhibiting ERK phosphorylation on TER and E. coli adherence. TER was
upregulated ((B), n = 3) through inhibition of ERK phosphorylation ((A), n = 3). IPEC-J2 cells were
treated with the ERK-specific inhibitor PD184352, cecropin A and cecropin A + PD184352 for 24 and
48 h, and the CFUs of adherent E. coli were decreased after the PD184352 treatment for 48 h (n = 3).
Data (mean ± SEM) were analyzed with the Student’s t-test (A) and one-way ANOVA (B,C). The results
were confirmed by three independent experiments per treatment. Representative results of the three
independent experiments are shown. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 6. The inhibitory effects of MEK/ERK on TJ protein expression, membrane distribution and
F-actin polymerization. Western blotting analysis of ZO-1, occludin and claudin-1 expression ((A,B),
n = 3); cell immunofluorescence ((C), n = 3, 400×) showed the membrane distribution (a–i) and
F-actin polymerization (j–l). The results were confirmed by three independent experiments per
treatment. Representative results of the three independent experiments are shown. Data (mean ± SEM)
were analyzed with the Student’s t-test. Cell nuclei were stained by DAPI and are shown in blue.
Claudin-1, ZO-1 and occludin are shown in red and pointed out by white arrow heads. F-actin is
shown in green. Scale bar is 50 μm. ** p < 0.01, *** p < 0.001.

3. Discussion

In recent decades, thousands of AMPs have been found in organisms. The antibacterial activities
of AMPs differ greatly from each other because of their different sequences and structures [21,22].
Although several antibacterial theories for AMPs have been put forward, their potential mechanisms
are still unclear. According to previous studies, most of the AMPs have hemolytic activity or
cytotoxicity when used at high concentrations [23]. In this study, we have shown that cecropin A had
better antibacterial activity and lower cytotoxicity compared to those of other AMPs (PG-1, LL-37, etc.)
selected from the APD3 database. Interestingly, we also found that the antibacterial activity of cecropin
A is much higher against E. coli, Salmonella typhimurium and Pseudomonas aeruginosa than Staphylococcus
aureus, which may suggest that cecropin A was more effective against gram-negative bacteria.

In addition to the antibacterial activities, we also showed that cecropin A may enhance the barrier
function of the IPEC-J2 monolayer and increase the defense capability against pathogenic bacteria.
In this study, we showed that after treatment with cecropin A for 48 h, adherent E. coli were significantly
reduced and the mRNA levels of TNF-α, IL-6 and IL-8 were downregulated, which indicates that
inflammation may be alleviated. The integrity of intestinal barrier function and morphology may affect
the colonization of harmful bacteria and play an important role in protecting hosts from microorganism
infection and inflammatory diseases induced by pathogenesis [24,25]. To evaluate the intestinal barrier
function, TER and cell monolayer permeability experiments were performed. The data showed
that cecropin A could significantly increase TER and reduce permeability. The TJs (ZOs, occludin,
claudins, etc.) are the most important parts of the epithelial barrier and are essential for cell–cell
adhesion [13]. Our results showed that protein expression levels of ZO-1, occludin and claudin-1 were
increased. In addition, immunofluorescence showed that the TJs we detected were distributed on
the cell membranes after cecropin A treatment. ZOs (mainly ZO-1) are connected to the cytoskeleton
(F-actin). On the other hand, ZO-1 also connected to the intracellular loops of claudins and occludin.
Claudins and occludin are responsible for adjacent cell connections. The cytoskeleton-TJ structure
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may prevent pathogenic bacterial adherence or invasion into cells. The function of TJs depends on the
protein expression level and membrane distribution [26]. In this study, we evaluated the expression
and location of claudin-1, ZO-1, and occludin by using cell immunofluorescence. The results showed
that the membrane distribution of claudin-1, ZO-1 and occludin was significantly increased by cecropin
A stimulation, which suggests that cecropin A may regulate the barrier function through regulation of
TJ expression and membrane expression.

To elucidate the mechanism of cecropin A regulating the intestinal monolayer barrier,
the MEK/ERK signaling pathway was detected. The results showed that cecropin A may enhance
the barrier function, regulate TJ expression and membrane distribution by downregulating the
MEK/ERK pathway. The MEK/ERK pathway is conserved among eukaryotes, and one of the
most important roles of MEK/ERK is to regulate cell proliferation and inhibit differentiation in
epithelial cells and tumor cells [18,21]. In the MEK/ERK signaling pathway, ERK 1/2 may be
activated by MEK, and then ERK 1/2 may regulate downstream transcriptional factors and widely
regulate cell physiological processes, such as proliferation, differentiation, migration and apoptosis [18].
In addition, previous studies have also showed that MEK/ERK inhibition may induce upregulation
of TJs in undifferentiated cells, such as embryonic stem cells, intestinal epithelial cells (IEC-6,
caco-2) or tumor cells [27,28]. Similarly, ERK activation may induce blood–brain barrier injury [29].
The related physiological processes are regulated by the transcriptional factors downstream of ERK.
CDX2, a caudal-related homeobox gene, is an essential regulator of gene transcription and tumor
suppression in gastrointestinal tract development and homeostasis [30,31]. Previous studies have
shown that CDX2 may play important roles in cell differentiation and proliferation and that it is
regulated by the MEK/ERK signaling pathway [27]. In addition, CDX2 also plays an important
role in TJ regulation in the intestinal epithelium. Previously, studies showed that in rat intestinal
epithelium-derived line, IEC-6, caco-2 and colorectal carcinoma cells, downregulation of CDX2 by the
MEK/ERK signaling pathway may decrease the protein expression levels of claudin-1, occludin and
ZO-1 [27,32,33]. Consistent with this, our results showed that cecropin A may downregulate MEK and
ERK phosphorylation, upregulate CDX2 expression, and upregulate protein levels of ZO-1, claudin-1
and occludin. Interestingly, previously studies showed that LL-37 and human beta defensin-3 (hBD-3)
may activate phosphatidylinositide 3 kinases (PI3K)-Protein kinase B (Akt), PKC (protein kinase C)
and Glycogen synthase kinase 3β (GSK-3β) and upregulate TJ expression and membrane distribution
in human skin cells [26,34], which may be involved in the cell adherence and junction remodeling
pathway, suggesting that more than one pathway exists to regulate TJ expression. Overall, in this
study, we found that cecropin A enhanced the barrier function in the IPEC-J2 cell monolayer model
by upregulating the TJ protein level (ZO-1, claudin-1 and occludin) and membrane polymerization,
which was negatively regulated by the MEK/ERK signaling pathway. Our results suggested that
cecropin A has the potential to replace antibiotics in the treatment of IBD due to its antibacterial activity
on gram-negative bacteria and enhancement effect on intestinal barrier function.

4. Materials and Methods

4.1. Bacterial Strains

The Escherichia coli ATCC 35401, ATCC 35150, ATCC 25922, and SSI 82000, Pseudomonas aeruginosa
ATCC 9027 and ATCC 27853, Salmonella ATCC13312 and ATCC9120, Salmonella typhimurium ATCC
14028, and Staphylococcus aureus ATCC 29213 strains were purchased from Guangdong Culture
Collection Center. The Escherichia coli W25K strain was isolated from a piglet with diarrhea as described
previously [35]. The strains were cultured in LB medium to logarithmic growth period (OD = 0.5)
and then were transferred to Mueller-Hinton Broth (MHB) medium for the minimum inhibitory
concentration (MIC) or minimum bactericidal concentration (MBC) test.
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4.2. Peptide Synthesis

The 7 AMPs were synthesized and purified by a Chinese peptide company (DgPeptides Co., Ltd.,
Hangzhou, China), and the sequences were confirmed via matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS). The purity of the AMPs was higher than 95%,
which was measured by reversed-phase high-performance liquid chromatography.

4.3. Cell Culture

IPEC-J2 cells were cultured at 37 ◦C in 100% humidity and 5% CO2 conditions with DMEM/F12
(Thermo, Waltham, MA, USA) supplemented with 5% fetal bovine serum (Gibco, Waltham, MA, USA)
and 1% penicillin/streptomycin. The medium was changed every other day.

4.4. MIC/MBC Test

The MIC test was assessed according to the process of the Clinical and Laboratory Standards
Institute. The bacterial strains were diluted with MHB medium, and the concentration was
5 × 105 CFU/mL. Then, 180 μL bacterial suspension was transferred to 96-well cell plates. The AMPs
were diluted with phosphate-buffered solution (PBS), then 20 μL AMPs was added to the bacterial
suspension, and the final concentrations were 200, 100, 50, 25, 12.5, 6.25, 3.125, and 1.56 μg/mL.
Then, the bacteria were cultured at 37 ◦C for 8 h.

4.5. Cell Vitality Assay

Thiazolyl blue tetrazolium bromide (MTT) was purchased from Sigma-Aldrich
(St. Louis, MI, USA). The MTT was dissolved in PBS (5 mg/mL). The cytotoxicity of AMPs
to IPEC-J2 cells was tested by using an MTT assay. A density of 1 × 105 cells in 180 μL medium per
well was seeded in 96-well plates (Corning, New York, NY, USA), and then 20 μL AMPs was added.
The final concentrations were 200, 100, 50, 25, 12.5, 6.25, 3.125, were 1.56 μg/mL. After 8 h culture,
20 μL MTT was added, and then the cells were continued to culture for 4 h. The supernatant was
discarded, and 150 μL DMSO was added. After 30 min shaking at room temperature, the absorbance
was measured at a wavelength of 490 nm. The cell viability was calculated by using the following
equation:

Cell viability = (ODControl − ODAMP)/ODControl × 100%

4.6. Quantifying Adhe7rent Bacteria

To calculate the number of adherent E. coli, E. coli were cocultured with IPEC-J2 cells in
DMEM/high-glucose medium (no penicillin/streptomycin, no FBS). Then, the cells were washed with
PBS six times and lysed with 1% Triton X-100 for 20 min at room temperature. Next, 5 μL lysates were
plated on MacConkey agar plates overnight. The total number of bacteria was quantified as CFUs.

4.7. TER and Permeability Measurement

To evaluate the barrier integrity of IPEC-J2 cells, the transepithelial resistance (TER) and was
measured, and a permeability assay was performed. The initial TER was tested before the cells were
seeded. IPEC-J2 cells were then seeded in a Transwell membrane insert (12 mm diameter, 0.4 μm pore
size, Corning) at a density of 7 × 105 cells/well. Then, 200 μL and 500 μL medium was added to the
apical and basal compartments, respectively. Cecropin A (12.5 μg/mL) was added to the apical and
basal compartments. The TER values were measured every day by using an ohm-meter fitted with
chopstick electrodes (Millipore ESR-2; Burlington, MA, USA). Before each test, the plates were placed
at room temperature for 30 min. The TER was calculated by using the following equation:

TER (Ω·cm2) = (TER − TERinitial) × 0.3
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To evaluate the permeability of the monolayer intestinal cells, FITC-dextran was used.
FITC-dextran (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in PBS at 5 mg/mL. After the
medium was discarded, 200 μL FITC-dextran was added to the apical compartment, and 500 μL PBS
was added to the basal compartment and cultured for 2 h. Then, 100 μL liquid from each well was
transferred to 96-well plates, and the absorbance was read at 480 nm excitation and 520 nm emission
wavelengths. Then, the content of the FITC-dextran in the basal compartment was calculated using a
standard curve.

4.8. qPCR

Total RNA was extracted using TRIzol reagent according to the manufacturer’s instructions.
Concentration and purity of RNA was checked by using a NanoDrop 2000. cDNA was generated
from 1 μg total RNA using a First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA).
Quantitative PCR (qPCR) was performed to quantify mRNA expression levels of IL-6, IL-8 and TNF-α
relative to that of a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by
using SYBR Green mix (ABI) according to the manufacturer’s instructions. The forward and reverse
primers are shown in Table S3.

4.9. Western Blotting

The total protein was extracted with lysis buffer. The concentration of protein was tested by
using a BCA protein assay kit (Thermo Scientific, Waltham, MA, USA) and mixed with 5× loading
buffer. 20 μg protein sample was loaded in each well. The supernatant was then separated by 10%
SDS-PAGE and transferred onto a PVDF membrane (Millipore, Burlington, MA, USA). After blocking
with 5% skimmed milk powder, the membrane was incubated with the appropriate primary antibodies
overnight at 4 ◦C, followed by incubation with a horseradish peroxidase (HRP)-conjugated secondary
antibody for 2 h. Bands were detected using an ECL Western Blotting Substrate (Thermo Scientific,
Waltham, MA, USA). Band intensity was quantified using ImageJ software. The primary antibodies
including β-actin, p-MEk, MEK, p-ERK, ERK, CDX2 were purchased from Cell Signaling Technology
(CST, Danvers, MA, USA). To specifically inhibit the phosphorylation of ERK, PD184352 (CST) was
dissolved in DMSO and then used at a concentration of 10 μM for 48 h.

4.10. Cell Immunofluorescence Aassay

To test the expression and location of tight junction proteins (ZO-1, occludin and claudin-1) [31]
and the cytoskeleton (F-actin), cell immunofluorescence was used. The IPEC-J2 cells were cultured
and became confluent on the slide. After treatment, the cells were washed with PBS three times,
fixed with 4% polyoxymethylene for 30 min, and then washed by PBS again three times. For F-actin
staining, 0.5% Triton X-100 was added for 20 min. After that, 0.5% bovine serum albumin was added
for 1 h, and then the primary antibodies were added and incubated with the cells at 4 ◦C overnight.
The slides were then washed with PBST three times, and the FITC-labeled secondary antibody was
added for 2 h. At last, the cell nuclei were stained by using DAPI (Santa Cruz Biotechnology, Dallas,
TX, USA). The slides were then observed by using a fluorescence microscope. Primary antibodies
including occludin (Abcam, Cambridge, UK), claudin-1 (CST, Danvers, MA, USA) and ZO-1 (Thermo
Fisher Scientific, Waltham, MA, USA) were used. For staining F-actin, FITC-phalloidin (Sigma-Aldrich,
St. Louis, MI, USA) was used.

4.11. Statistics

Data are expressed as the mean ± SEM. The Student’s t-test was conducted to determine the
differences between 2 groups using SAS (version 9.2, SAS Institute Inc., Cary, NC, USA), and a one-way
ANOVA was used to determine differences among groups. Differences were considered statistically
significant when p < 0.05.
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Abbreviations

IBD Inflammatory bowel disease
AMP Antimicrobial peptides
TJ Tight junction
E. coli Escherichia coli
IPEC-J2 Porcine jejunum epithelial cells
TER Trans-epithelial electrical resistance
MEK Mitogen-activated protein kinase kinase
ERK Extracellular signal-regulated kinase
AA Amino acid
JAMs Junctional adhesion molecules
ZO Zonula occludens
MAPK Mitogen-activated protein kinase
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Abstract: Globally, gastric ulcer is a vital health hazard for a human. Rabdosia inflexa (RI)
has been used in traditional medicine for inflammatory diseases. The present study aimed to
investigate the protective effect and related molecular mechanism of RI using lipopolysaccharide
(LPS)-induced inflammation in RAW 246.7 cells and HCl/EtOH-induced gastric ulcer in mice. We
applied 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), nitric oxide (NO),
reactive oxygen species (ROS), histopathology, malondialdehyde (MDA), quantitative real-time
polymerase chain reaction (qPCR), immunohistochemistry (IHC), and Western blot analyses to
evaluate the protective role of RI. Study revealed that RI effectively attenuated LPS-promoted
NO and ROS production in RAW 246.7 cells. In addition, RI mitigated gastric oxidative stress by
inhibiting lipid peroxidation, elevating NO, and decreasing gastric inflammation. RI significantly
halted elevated gene expression of pro-inflammatory cytokines such as tumor necrosis factor-α
(TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), inducible nitric oxide synthetase (iNOS), and
cyclooxygenase-2 (COX-2) in gastric tissue. Likewise, RI markedly attenuated the mitogen-activated
protein kinases (MAPKs) phosphorylation, COX-2 expression, phosphorylation and degradation
of inhibitor kappa B (IκBα) and activation of nuclear factor kappa B (NF-κB). Thus, experimental
findings suggested that the anti-inflammatory and gastroprotective activities of RI might contribute
to regulating pro-inflammatory cytokines and MAPK/NF-κB signaling pathways.

Keywords: Rabdosia inflexa; inflammation; gastric ulcer; cytokines; MAPK; NF-κB

1. Introduction

Alcohol consumption is a recognized risk factor for human health. The most common diseases
include infectious diseases, gastric ulcer, cancer, diabetes, and liver and pancreas disease caused by
alcohol consumption either partially or entirely [1]. The pathogenesis of gastric ulcer is complicated
and multifactorial; it is usually caused by an acute imbalance between gastric mucosal integrity and
mucosal immunity [2]. Usually, ethanol is absorbed through the intestinal wall and metabolized
in the liver in different ways: oxidation by alcohol dehydrogenase (ADH), cytochrome P450 2E1
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(CYP2E1), and catalase enzymes. All the processes intensify to form acetaldehyde and then acetate
by aldehyde dehydrogenase (ALDH). Alcohol metabolism with ADH enhances the generation of
reduced forms of nicotinamide adenine dinucleotide (NADH), but production of CYP2E1 continues
to produce free radical. Acetaldehyde and free radicals combine with cell compounds and disturb
cell physiology [3]. Consequently, oxidative stress plays a crucial role in the pathogenesis of alcoholic
tissue damage and increases lipid peroxidation, which injures capillary endothelial cells and increases
cellular permeability [4] that are involved in the DNA damage of gastric mucosal epithelial cells [5].
Although the complete mechanism of alcohol-induced gastric mucosal damage has not been fully
disclosed, evidence shows that oxidative stress and neutrophil infiltration are associated with the
development of acute gastritis [6,7].

Lipopolysaccharide (LPS), a bacterial endotoxin, is commonly used as an inducer of
the macrophage cell lineage, acting through Toll-like receptor 4 (TLR4), which activates the
mitogen-activated protein kinases (MAPKs) signaling cascades and the pathway that triggers nuclear
factor kappa B (NF-κB) [8,9]. MAPKs are the important signaling pathway and play a crucial regulatory
role in both adapted and innate immune response [10]. Ethanol-induced oxidative stress stimulates
the release of reactive oxygen species (ROS). ROS are recognized as the second messenger to initiate
the redox-sensitive signal-transduction pathway with MAPK cascade and are linked with downstream
transcription factor: NF-κB [11]. ROS mediate stimulation of inhibitor kappa B (IκB) kinase, which
induces proteasomal breakdown of IκBα and activates NF-κB. NF-κB is a transcription factor that binds
to κ-β motifs in the promoters of target genes and triggers transcription of inflammatory cytokines
and chemokines [12].

The therapeutic and biological activities of indigenous plants and their active compounds
have potential importance for their capability to manage and treat many inflammatory and
immunomodulatory diseases [13]. Rabdosia inflexa (RI), a perennial shrub, is a member of the lamiaceae
family, which is cosmopolitan and cultivated throughout Northeast China, the Korean peninsula, and
Japan. In South Korea, RI, locally known as “sanbakha”, has been used as folk medicine for treating
gastrointestinal inflammation and pain. Previously, RI and its active compounds such as inflexin and
inflexinol have been reported for pancreatitis and anti-cancer effect [14–16]. Based on its traditional
uses and biological activities, the study investigated its anti-inflammatory and gastroprotective activity
and its possible molecular mechanisms in both RAW 264.7 cells and HCl/EtOH-induced gastric ulcer
in mice.

2. Results

2.1. Analysis of Total Phenolic and Flavonoid Contents of Rabdosia inflexa (RI)

Phenolic and flavonoid contents are the secondary metabolites of a plant, having a wide range of
biological activities and usually antioxidant properties. The total phenolic and flavonoid content of
RI were investigated and presented in Table 1. The total phenolic and flavonoid content of RI were
143.288 ± 1.68 mg/g gallic acid and 256.301 ± 1.40 mg/g rutin equivalent, respectively.

Table 1. Total phenolic and flavonoid content of Rabdosia inflexa (RI).

Plant Extract
Total Phenolic (mg

GAE/g Extract)
Total Flavonoid (mg

RU/g Extract)
Total Yield (%)

RI 143.288 ± 1.68 256.301 ± 1.40 27.13

Note: Gallic acid and rutin were used as standards. Results are expressed in milligrams of gallic acid equivalent per
gram of extract sample (mg GAE/g) and mg of rutin equivalent per gram of extract sample (mg RU/g).

2.2. Effect of RI on Viability and Morphology of RAW 264.7 Cells

The present study measured the anti-inflammatory ability of RI extract using RAW 264.7 cells on
LPS-induced inflammation using MTT assay. To investigate the cytotoxicity and cell viability of RI,
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RAW 264.7 cells were treated with different concentrations of RI (50, 100, 200, 400, and 800 μg/mL) for
24 h. Among the concentrations, RI (800 μg/mL) significantly reduced the cell viability (Figure 1a).
However, the cell viability did not significantly alter after co-treatment with LPS (0.5 μg/mL) and
RI (100, 200, and 400 μg/mL) for 24 h (Figure 1b). As shown in Figure 1c, LPS markedly induced
morphological changes of RAW 264.7 cells after 24 h of treatment, which was consequently improved
by the treatment with RI. Thus, results proposed that RI has not affected the viability and morphology
of RAW 264.7 cells and it could be due to the anti-inflammatory effect of RI.

 

Figure 1. Protective role of Rabdosia inflexa (RI) on: (a) cytotoxicity; (b) cell viability;
and (c) morphological alteration in RAW 264.7 cells were measured by MTT assay. Cells were
pretreated with various concentration of RI (100, 200, and 400 μg/mL) for 1 h, followed by co-treatment
with RI and LPS (0.5 μg/mL) for another 24 h. Cell morphology was visualized by optical microscopy
(scale bar 200 μm). * p < 0.05 when compared with the control. Data are expressed as mean ± SEM of
three independent experiments.

2.3. RI Attenuated the LPS-Induced NO and ROS Production in RAW 264.7 Cells

In LPS-treated cells, there was a marked increase (p < 0.05) in NO and ROS production as
compared to the control. Conversely, co-treatment with the RI significantly reduced (p < 0.05) the
NO and ROS production in a dose-dependent manner (Figure 2a,b). Together, RI suppressed the
LPS-induced inflammatory response by preventing NO and intracellular ROS production in RAW
264.7 cells.
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Figure 2. Protective role of RI on NO, intracellular ROS and MDA production in RAW 264.7 cells and
gastric tissue. (a) NO; and (b) ROS production was measured by Griess and ROS-Glo H2O2 assays in
RAW 264.7 cells (upper panel). Cells were pretreated with various concentration of RI (100, 200, and
400 μg/mL) for 1 h, followed by co-treatment with RI and LPS (0.5 μg/mL) for another 24 h. (c) NO;
and (d) MDA production in gastric tissue were measured by Griess and TBARS assays (lower panel).
Mice were pretreated for 1 h with RI (400 mg/kg) and Ranitidine (40 mg/kg). After 1 h, HCl/EtOH (10
μL/g) was given orally. # p < 0.05 when compared with the control and * p < 0.05 when compared with
LPS and HCl/EtOH. Data are expressed as mean ± SEM.

2.4. RI Improved the Gross and Histopathology of Gastric Tissue

The recent study investigated the gastroprotective effect of RI in HCl/EtOH-induced gastric ulcer
in mice. HCl/EtOH-induced severe gastric damage, which was notably attenuated by RI pretreatment
(Figure 3a, upper panel). In addition, the histological study confirmed that the stomach had the normal
structure of mucosa in control group. Besides, in the HCl/EtOH-treated mice, epithelial destruction
and inflammatory cells infiltration were found in the mucosa and submucosal area. However, RI
and ranitidine-treated groups markedly improved the histopathological changes as compared to
HCl/EtOH-treated group (Figure 3a, lower panel). These data are well correlated with the protective
abilities of RI against gastric ulcer. Likewise, the gross and histological lesions index of gastric tissue
was significantly reduced (p < 0.05) by pretreatment with RI and ranitidine treated groups than in
HCl/EtOH-induced gastric ulcer mice (Figure 3b,c).

2.5. RI Regulated the NO and MDA Production in Gastric Tissue

To evaluate the oxidative stress level, the NO and MDA production was measured in gastric
tissue. After inducing gastric injury, HCl/EtOH significantly (p < 0.05) decreased NO and increased
MDA production. Overall, pretreatment with the RI effectively (p < 0.05) increased and decreased the
NO and MDA production as related to standard drug ranitidine, respectively (Figure 2c,d). Therefore,
results evidently reveal that RI reduced the oxidative stress in HCl/EtOH-stimulated gastric ulcer for
its strong anti-oxidant and anti-inflammatory capacity.

164



Int. J. Mol. Sci. 2018, 19, 584

 

Figure 3. Protective role of RI on HCl/EtOH-induced gastric damage in mice: (a) gross lesion
(upper panel) and histological lesion (lower panel) (scale bar. 200 μm); (b) gross lesion index; and (c)
histological index. # p < 0.05 when compared with the control and * p < 0.05 when compared with
HCl/EtOH. Data are expressed as mean ± SEM.

2.6. RI Suppressed the Activation Pro-Inflammatory Cytokines in Gastric Tissue

Pro-inflammatory cytokines play a fundamental role in various types of inflammation. To
elucidate the protective role of RI, the gene expression of pro-inflammatory cytokines was examined
in the glandular stomach samples by qPCR analysis. The gene expression level of TNF-α, IL-1β,
IL-6, iNOS, and COX-2 were gradually upregulated (p < 0.05) in the HCl/EtOH-treated group as
compared to the control, whereas pretreatment with RI and ranitidine groups significantly (p < 0.05)
downregulated the cytokines expression level than in the HCl/EtOH-treated group (Figure 4a–e).
Thus, data suggest that RI inhibited the gene expression of pro-inflammatory cytokines in gastric tissue
and thereby mitigated the gastric inflammation.

2.7. RI Inhibited the COX-2 Expression in Gastric Tissue

It is recognized that elevated expression of COX-2 plays a vital role in the inflammatory
process and previous study has revealed that HCl/EtOH strongly activates COX-2 expression
in gastric tissue [17]. COX-2 expression in the gastric mucosal epithelial cells was revealed by
immunohistochemical staining analysis. As observed, COX-2 was slightly expressed in the normal
control gastric mucosal epithelial cells; in contrast, HCl/EtOH increased the COX-2 expression of
gastric mucosal epithelial cells, which was mostly observed in the gastric mucosal inflammatory area
(Figure 5a). The expression of COX-2 was markedly (p < 0.05) blocked by the pretreatment of RI as
related to the standard drug ranitidine (Figure 5b). Thus, RI significantly blocked the activation of
COX-2 expression in the gastric mucosal inflammatory area and reduced the inflammatory activity.
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Figure 4. Protective role of RI on gene expression of pro-inflammatory cytokines in gastric tissue.
In HCl/EtOH-treated mice, gene expression level of: (a) TNF-α; (b) IL-1β; (c) IL-6; (d) iNOS; and (e)
COX-2 were significantly upregulated, whereas pretreatment with the RI markedly downregulated the
gene expression level as related to ranitidine. # p < 0.05 when compared with control and * p < 0.05
when compared with HCl/EtOH. Data are expressed as mean ± SEM.

Figure 5. Protective role of RI on COX-2 immunoreactivity in the gastric tissue: (a) COX-2 expression
in gastric mucosal epithelial cells; and (b) COX-2 positive immune-stained cells. Scale bar, 200 μm.
# p < 0.05 when compared with the control and * p < 0.05 when compared with HCl/EtOH. Data are
expressed as mean ± SEM.

2.8. RI Blocked the MAPK Cascade, COX-2, and NF-κB Activation

To find the possible molecular mechanisms of the anti-inflammatory and gastroprotective role of
RI, the protein expression related to anti-inflammation signaling pathways was evaluated. The present
data showed that LPS treatment remarkably elevated the phosphorylation of MAPK family protein
(ERK1/2, JNK, and p38) in RAW 264.7 cells, whereas RI pretreatment notably (p < 0.05) attenuated
the phosphorylation of MAPK proteins (Figure 6, upper panel). Meanwhile, LPS and HCl/EtOH
treatment increased COX-2 expression in RAW 264.7 cells and gastric tissues were markedly (p < 0.05)
blocked by RI pretreatment (Figure 6, middle panel). After LPS and HCl/EtOH stimulation, IκBα
and NF-κB phosphorylation were noticeably (p < 0.05) increased, indicating the activation of NF-κB.
However, IκBα phosphorylation and the nuclear translocation of NF-κB (p65) were gradually reduced
(p < 0.05) by RI pretreatment (Figure 6, middle and lower panels). Moreover, RI alone does not seem to
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involve in the signal pathways in vitro study. Together, these results demonstrate that RI significantly
inhibited the phosphorylation of MAPK cascade in RAW 264.7 cells as well as activation of COX-2,
IκBα, and NF-κB in RAW 264.7 cells and gastric tissues, simultaneously.

 

Figure 6. Protective role of RI on the MAPK cascades, COX-2 expression, and activation of IκBα, NF-κB
in RAW 264.7 cells and gastric tissue. Here, upper and middle panels represent the MAPKs (pERK1/2,
pJNK, and pp38), COX-2, IκBα and NF-κB expression in RAW 264.7 cells and the lower panel represents
the COX-2, IκBα and NF-κB expression in the gastric tissue. The relative band intensity of target protein
was measured as compared with total protein and β-actin. LPS-induced the phosphorylation of MAPK
cascade, whereas pretreatment with the RI reduced the phosphorylation of MAPK cascade. LPS and
HCl/EtOH increased the COX-2 expression, kinetic phosphorylation, and degradation of IκBα and
phosphorylation of NF-κB. However, pretreatment with the RI notably decreased the COX-2 expression,
IκBα phosphorylation, and degradation, NF-κB translocation as related to standard drug ranitidine.
# p < 0.05 when compared with the control and * p < 0.05 when compared with LPS and HCl/EtOH.
Data are expressed as mean ± SEM.

3. Discussion

Gastrointestinal disorders are a global health problem affecting millions of people. Inflammation
is a defensive biological response to harmful stimuli and infection that promotes the production of
inflammatory mediators. Oxidative stress plays a vital role in alterations related to the pathophysiology
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of inflammation. Modulation of the inflammatory mediators is considered a promising strategy for
facing inflammatory disease. Although RI has been traditionally used to treat inflammatory diseases,
the underlying molecular mechanism of anti-inflammation properties is still not understood. The
study investigated the anti-inflammatory and gastroprotective activity of RI in a model of LPS-induced
inflammation in RAW 264.7 cells and HCl/EtOH-induced experimental gastric ulcer.

Antioxidants play an important role in redox mechanisms in a biological system, protecting
it against inflammation and apoptosis. Phenolic and flavonoid are the most important plant
secondary metabolites and have the strong antioxidant capacity [18,19]. Antioxidants act as oxygen
scavenger capable of catalyzing the oxidative process [20]. Significant amounts of phenolic and
flavonoid content were found in RI (Table 2) that may be the major donor for the anti-oxidative
as well as anti-inflammatory role against gastric damage. For the possible mechanism by which
RI protects against LPS-induced macrophage cell damage, these results showed that it may act
through its anti-oxidative and anti-inflammatory effects (Figure 1). Treatment with the RI inhibited
the LPS-induced intracellular oxidative stress (ROS) and NO production (Figure 2, upper panel).
These data strongly suggest that RI could cure various inflammatory symptoms based on its
anti-inflammatory properties. Tissue-related macrophages play an important role in the loss of
physiological functions of the organ by releasing toxic and inflammatory molecules, such as NO and
ROS [21]. The synthesis of these inflammatory molecules is responsible for the progression of various
inflammatory diseases, such as gastric ulcer [22,23].

Table 2. The nucleotide sequence of the primers for qPCR.

Gene Primers Sequence (5′–3′) Genebank Accession No.

TNF-α
TTGACCTCAGCGCTGAGTTG

NM_013693CCTGTAGCCCACGTCGTAGC

IL-1β
CAGGATGAGGACATGAGCACC

XM_006498795CTCTGCAGACTCAAACTCCAC

IL-6
GTACTCCAGAAGACCAGAGG

NM_001314054TGCTGGTGACAACCACGGCC

iNOS
CCCTTCCGAAGTTTCTGGCAGCAGC

XM_006532446GGCTGTCAGAGCCTCGTGGCTTTGG

COX-2
CACTACATCCTGACCCACTT

NM_011198ATGCTCCTGCTTGAGTATGT

GAPDH
CACTCACGGCAAATTCAACGGCAC

XM_017321385GACTCCACGACATACTCAGCAC

The pathogenesis of ethanol-induced gastric injury is very complex and related to oxidative
stress that has been confirmed by recent studies [24,25]. Gastric tissue damage is caused by an
imbalance between the damage of the gastric tissue and protective factors. In addition, NO plays a
complex role in gastric mucosal integrity and its synthesized independently [26]. NO level declines
in patients suffering from gastric distress considerably. By increasing gastric mucosal blood flow,
normal production of NO could retain the integrity of gastric mucosa and contribute to the defense
and healing of mucosal damage, while preventing chemotaxis and adhesion of inflammatory cells
to guard gastric mucosa [27]. Following gastric damage, the gastric tissue may be partially oxidized
due to injury. Lipid peroxidation is the result of ROS reaction against cell membranes and produces
a significant level of pro-oxidant such as MDA, which leads to oxidative gastric damage [28]. In the
present study, RI markedly increased NO and decreased MDA levels in gastric mucosa, demonstrating
the anti-inflammatory and antioxidant potential of RI (Figure 2, lower panel). This finding is consistent
with an earlier report [27]. In this study, RI attenuated the macroscopic and histopathologic lesions in
gastric mucosa and inflammatory cells influx that signifies its prospective anti-gastric ulcer activities
(Figure 3), as also shown for the standard compound ranitidine hydrochloride, a histamine-2 receptor
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antagonist clinically recommended for the treatment of gastric ulcer [29]. The ethanol-induced gastric
lesion is a key experimental model commonly used for likely anti-gastric ulcer activity since ethanol is
thought to be a leading cause of gastric ulcer [30,31]. Ethanol has been revealed to cause hemorrhagic
gastric lesions characterized by mucosal friability and infiltration of inflammatory cells [32]. Reduction
of the infiltration of inflammatory cells (neutrophil) has been considered to be a vital anti-inflammatory
mechanism by which effective anti-gastric-ulcer medicine protects against mucosal injuries [33].

Pro-inflammatory cytokines and enzymes such as TNF-α, IL-1β, IL-6, iNOS and COX-2 genes in
the tissue may be used as biomarkers of gastric visceral damage. Following inflammatory stimuli,
inflammatory mediators have been elevated to prompt deleterious effect in the stomach. In this study,
increased production of inflammatory cytokines in ulcerated gastric tissue can be attributed to the
damaging effect of ethanol. A high level of cytokines triggers neutrophils, lymphocytes, and monocytes
at the inflammatory site; these, in turn, start a different oxidative disturbance, toxic metabolites, and
lysosomal enzymes liable for local tissue damage in gastric ulcer [34]. Present study observed that RI
remarkably suppressed the pro-inflammatory cytokine production in gastric tissue (Figure 4). The
inhibition of NF-κB is a primary mechanism for RI suppression of gastric ulcer since the expression
of various pro-inflammatory cytokines including TNF-α is mainly regulated by the transcription of
NF-κB [35].

Inflammation is a physiological and immunological response triggered by both cell and tissue
injury that is primarily controlled by a MAPK cascade signaling pathway [36]. MAPKs are kinases
that are responsible for most cellular responses to inflammatory cytokines and external stress
signals, and these kinases are essential for the regulation of the production of various inflammation
mediators [37,38]. MAPK cascade pathway is activated by inflammatory stimuli such as LPS.
MAPK comprising ERK, JNK, and p38, is controlled in response to the triggering of extracellular
signal cytoskeletal proteins, nuclear transcription factors and the stabilization of cytokines gene.
Experimental results revealed that LPS gradually upregulated the phosphorylation of MAPKs, and
these phosphorylated MAPKs was notably inhibited by pretreatment with RI, resulting in the elevation
of antioxidant response element of RI regulated phase II enzymes, which are involved in cellular
protection mechanism (Figure 6, upper panel). Similarly, COX-2 is an important factor which plays
key roles in the pathogenesis of inflammation. The protein expression of COX-2 significantly increased
after LPS and HCl/EtOH treatment. However, the expression of COX-2 was decreased markedly
by RI treatment (Figure 6, middle and lower panels). The immunohistochemical data showed that
RI pretreatment markedly blocked the COX-2 localization in the gastric mucosal epithelium cells of
the inflammatory area indicating that COX-2 was involved in the inhibition of inflammatory cells
activation and mitigates the oxidative stress, and improve the healing process in the gastric mucosa
(Figure 5).

It is known that pro-inflammatory cytokines are regulated by NF-κB signaling pathway [39]. The
activation of NF-κB is induced by ROS and NO produced from macrophages following exposure of
LPS and it depends on the phosphorylation and degradation of the corresponding upstream factor
IκBα. Similarly, gastric damages lead to the production of free radicals that prompt the migration and
accumulation of macrophages and leukocytes in the damaged sites and the release of pro-inflammatory
mediators [40]. The NF-κB dimers are normally sequestered in the cytosol by binding to the IκB
inhibitory protein. The previous study reported that ethanol stimulation activates NF-κB, which
leads to phosphorylation of IκBα and p50/p65 heterodimer [27]. These p50/p65 dimers enhanced by
phosphorylated IκBα promote gene expression of pro-inflammatory cytokines, which translocate to the
nucleus [41]. In the present study, the results showed that RI significantly inhibited phosphorylation
of IκBα and NF-κB p65 in RAW 264.7 cells and gastric tissue after LPS and HCl/EtOH stimulation,
respectively (Figure 6, middle and lower panels). The study indicates that RI may inhibit early steps
of inflammation and modulate upregulation of pro-inflammatory cytokines through suppression of
NF-κB translocation.

169



Int. J. Mol. Sci. 2018, 19, 584

4. Materials and Methods

4.1. Chemicals and Antibodies

LPS, MTT, penicillin/streptomycin, trypsin-EDTA, hematoxylin, eosin, and protease inhibitor
were purchased from Sigma-Aldrich (St. Louis, MO, USA). DMEM, FBS, and other cell culture reagents
were supplied by Gibco (Carlsbad, CA, USA). DMSO was obtained from Bioshop (Burlington, ON,
Canada). RNA extraction kit (RiboEx and Hybrid-R) was bought from Gene All (Seoul, Korea).
Griess reagent, cDNA synthesis kit (ReverTra Ace qPCR RT Kit), T-PER, and BCA protein assay
kit were purchased from Thermo Scientific (Waltham, MA, USA). SYBR Green qPCR Kit obtained
from TOYOBO (Tokyo, Japan). Primary antibodies ERK1/2, JNK, p38, COX-2, IκBα, NF-κB, and
β-actin were supplied by Cell Signaling (Danvers, MA, USA). Secondary antibody (goat anti-rabbit
immunoglobulin g horseradish peroxidase) was provided by Santa Cruz (Dallas, TX, USA). WESTSAVE
gold ECL detection kit was obtained from Abfrontire (Seoul, Korea). TBARS assay kit by Cayman
(Ann Arbor, MI, USA). ROS-Glo H2O2 assay kit was supplied by Promega (Madison, WI, USA). Zoletil
50 was bought from Virbac (Carros, France).

4.2. Collection and Preparation of Rabdosia Inflexa Extract

The aerial part of RI was collected from the Jiri mountain area in the southern part of Korea and
was authenticated from its microscopic and macroscopic features by the Korean Institute of Oriental
Medicine (KIOM). We prepared RI extract according to the previously described method [42]. Briefly,
the aerial parts were chopped and dried completely. The extract was prepared by maceration of the
sample with 70% ethanol (twice for 2 h reflux), and then the filtered extract was concentrated under
vacuum centrifuge and dehydrated with a lyophilizer. The powder extract was liquefied in dimethyl
sulfoxide (DMSO) and was sterilized using a 0.22 μm syringe filter. RI was dissolved in 0.04% DMSO
in media for cell culture experiments and 0.1% DMSO in saline for oral gavage. The dried extract
was kept at −20 ◦C. The study was conducted using a single batch of extract to avoid batch-to-batch
variation and maximize the product constancy.

4.3. Phytochemical Analysis

Total phenolic and flavonoid content of RI extract was measured using Folin–Ciocalteu (FC)
method according to the previously described method [43].

4.4. RAW 264.7 Cells Culture

Mouse macrophage RAW 264.7 cells were cultured in Dulbecco modified Eagle medium (DMEM)
enriched with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin in a 5% CO2 humidified
incubator at 37 ◦C. Cells were maintained as a monolayer and subcultured once cells reached about
90% confluency in the culture flask.

4.5. Cell Viability and Morphological Study

Cell viability was detected using a 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, following a prescribed method [34]. Briefly, RAW 264.7 cells (1 × 106 cells/mL) were
cultured overnight. To determine the cytotoxicity, cells were treated with RI (50, 100, 200, 400, and
800 μg/mL) for 24 h. In contrast, measuring the cell viability, cells were pretreated with RI (100, 200,
and 400 μg/mL) for 1 h and co-treated with LPS (0.5 μg/mL) and RI for another 24 h. Moreover,
for morphological evaluation of RAW 264.7 cells, the image of the cells was acquired by an inverted
microscope (CKX41, Olympus, Tokyo, Japan).
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4.6. Measurement of NO and ROS in RAW 264.7 Cells

Mouse macrophage RAW 264.7 cells (1 × 106 cells/mL) were cultured in 96 well plates. After
overnight culture, cells were pretreated with RI (100, 200. and 400 μg/mL) for 1 h and were then
co-treated with LPS (0.5 μg/mL) and RI for 24 h. NO, and ROS activity was measured by Griess
reagent and a ROS-Glo H2O2 assay kit according to the manufacturer’s recommendation. Intracellular
ROS and NO levels were measured at 570 nm by the tunable Versa max microplate reader.

4.7. Mice Management and HCl/EtOH-Induced Gastric Ulcer Model

Six-week-old ICR mice were handled in accordance with the published method [34] and in
accordance with the guide for the care and use of laboratory animals (Eighth Edition, 2011, published
by The National Academies Press, Washington, DC, USA) and Institutional Animal Care and Use
Committee (IACUC; CBNU 2017-0126) of the Chonbuk National University Laboratory Animal Center
in Korea. An experimental gastric ulcer model in mice was induced using HCl/EtOH [44]. Forty ICR
mice were randomly divided into four groups. Mice fasted overnight before the experiment. Fasted
mice were orally given RI (400 mg/kg) and ranitidine (40 mg/kg) in respected groups for 1 h. After
1 h, 60% EtOH in 150 mM HCl (10 μL/g) was given orally. Control mice were treated with normal
saline. Mice were anesthetized with Zoletil 50 (10 mg/kg) 1 h after administration of HCl/EtOH and
samples were collected for experimental analysis.

4.8. Gross and Histopathology of Gastric Mucosal Tissue

To evaluate the gross and histological changes in glandular stomach tissue, we followed previous
study [34]. For quantifying the degree of gross and histological lesions index, we followed a prescribed
method with slight modification [45]. Briefly, the gross lesions of gastric mucosa were measured using
following formula; (number of lesions of type I) + (number of lesions of type II) × 2 + (number of
lesions of type III) × 3. Here, the gross lesions were characterized by: the presence of single submucosal
punctiform hemorrhage, edema, type I; the presence of submucosal hemorrhagic lesions with slight
erosions, type II; and the presence of deep ulcer with erosions and invasive lesions, type III. Besides,
the histological lesions of gastric mucosa were measured using following formula; (% type I lesion) ×
1 + (% type II lesion) × 2 + (% type III lesion) × 3. Here, the histological lesions were characterized by:
gastric mucosal cells appeared intact and had a normal shape, type 0 lesion; surface epithelial cells and
the uppermost 2 or 3 cells lining the glands were damaged, type I damage; damage greater than I but
involving <50% of the thickness of the gastric mucosa, type II damage; and damage involving >50% of
the thickness of the gastric mucosa, type III damage.

4.9. Analysis of Lipid Peroxidation and NO Production

Malondialdehyde (MDA) and NO are important indicators of oxidative stress. The gastric tissue
was homogenized and centrifuged at 10,000 rpm at 4 ◦C for 10 min. The supernatant was collected and
kept at −80 ◦C for experimental analysis. MDA and NO concentration were measured in the gastric
tissue samples according to the commercial kit instructions.

4.10. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qPCR)

The RNA was extracted from a gastric tissue according to the manufacturer’s instructions. The
concentration of total RNA was quantified with the BioSpec-nano spectrophotometer (Shimadzu
Biotech, Tokyo, Japan) at a 260/280 nm ratio. For complementary DNA (cDNA) synthesis, total RNA
(3 μg) was used, and cDNA synthesis was maintained according to the manufacturer’s instructions.
qPCR was performed SYBR Green Real-Time PCR master mix according to Roche LightCycler™.
Relative expression of target genes was normalized to the reference gene: glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). The sequences of the primers (Bioneer, Daejeon, Korea) used are shown in
Table 2 [46].
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4.11. Immunohistochemical (IHC) Analysis

COX-2 immunopositive cells expression in the gastric tissue was performed using according
to Vectastain ABC kit recommendations. Briefly, paraffin section was deparaffinized in xylene and
hydrated in ethanol. Citrate buffer was used for antigen retrieval and 3% hydrogen peroxide (H2O2)
was used for inactivating the endogenous peroxidase activity. Tissue was blocked with normal serum
for 1 h. Anti-rabbit monoclonal COX-2 antibody (dilution 1:200) was incubated overnight at 4 ◦C.
Subsequently, the section was incubated with biotinylated secondary antibody for 1 h and Vectastain
ABC reagent for 30 min at room temperature. The sections were incubated with diaminobenzidine
(DAB) in the dark until brown color development. After counterstain, the section was dehydrated
in ethanol, cleared in xylene and mounted on a glass slide. The section was imaged at a fixed 100×
magnification using Leica DM2500 microscope (Leica Microsystems, Wetzlar, Germany).

4.12. Western Blot Analysis

RAW 264.7 cells and gastric tissue were harvested and washed twice with ice-cold PBS. Cells and
tissues were lysed by the lysis buffer; radioimmunoprecipitation assay buffer (RIPA), and/or tissue
protein extraction reagent (T-PER), phenylmethanesulfonyl fluoride (PMSF), sodium orthovanadate
(Na3VO4), and protease inhibitor cocktail. The total concentration of protein of lysate cells and tissues
were measured with a bicinchoninic acid (BCA) protein assay protein kit. An equal amount of protein
was separated by 10–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a nitrocellulose membrane. The membrane was incubated with blocking serum;
5% bovine serum albumin (BSA) in Tris-buffered saline with tween twenty (TBST) for 2 h at room
temperature and by primary antibodies for overnight at 4 ◦C. Then, the blot was washed and incubated
with secondary antibodies for 2 h. Bands were detected using an enhanced chemiluminescence (ECL)
detection kit, and bands images were taken by a LAS-400 image system, (GE Healthcare, Little Chalfont,
UK); β-actin was used as the reference antibody.

4.13. Statistical Analysis

Data were analyzed with Graph Pad Prism 5.0 (Graph Pad Software, Inc., San Diego, CA, USA)
and are expressed as mean ± standard error (SEM). Statistical analyses were assessed by analysis of
variance (ANOVA) followed by Bonferroni post-hoc tests. The minimum statistical significance was
considered to be p < 0.05 for all analyses.

5. Conclusions

RI mitigates inflammation and maintains normal gastric mucosal integrity. The present study
validates that RI protects against inflammation and gastric ulcer by mitigating the inflammation
response and oxidative stress via downregulation of the pro-inflammatory cytokines mediated
by MAPK/NF-κB signaling pathways. Therefore, RI could be a promising phytomedicine and
has advantages for prospective clinical applications in the future for an oxidative stress-mediated
gastric ulcer.
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Abstract: Atherosclerosis and aortic valve sclerosis are cardiovascular diseases with an increasing
prevalence in western societies. Statins are widely applied in atherosclerosis therapy, whereas no
pharmacological interventions are available for the treatment of aortic valve sclerosis. Therefore,
valve replacement surgery to prevent acute heart failure is the only option for patients with severe
aortic stenosis. Both atherosclerosis and aortic valve sclerosis are not simply the consequence
of degenerative processes, but rather diseases driven by inflammatory processes in response to
lipid-deposition in the blood vessel wall and the aortic valve, respectively. The p38 mitogen-activated
protein kinase (MAPK) is involved in inflammatory signaling and activated in response to various
intracellular and extracellular stimuli, including oxidative stress, cytokines, and growth factors, all of
which are abundantly present in atherosclerotic and aortic valve sclerotic lesions. The responses
generated by p38 MAPK signaling in different cell types present in the lesions are diverse and might
support the progression of the diseases. This review summarizes experimental findings relating
to p38 MAPK in atherosclerosis and aortic valve sclerosis and discusses potential functions of p38
MAPK in the diseases with the aim of clarifying its eligibility as a pharmacological target.

Keywords: atherosclerosis; aortic valve sclerosis; aortic valve stenosis; p38; MAPK

1. Introduction

Cardiovascular diseases are the leading cause of death worldwide [1]. Among the diseases,
atherosclerosis is the one with the highest mortality in the western world [2]. Risk factors are
associated with western lifestyle and include smoking, hypertension, and high blood glucose, lipid,
and cholesterol levels. Atherosclerosis develops in arterial blood vessel walls and most commonly
occurs in coronary arteries, in branch points of the carotid artery, and the big leg arteries. The vessel
wall consists of three tissue layers: the intima at the luminal side, the media, and the adventitia that
is in contact with the surrounding perivascular tissue. The intima is composed of a single layer of
endothelial cells and subendothelial connective tissue, providing a barrier between the blood flow
and the underlying tissue. The media, mainly composed of vascular smooth muscle cells (SMCs)
and elastic connective tissue, is the thickest layer and confers stability and elasticity to the vessel
wall. Finally, the adventitia represents the most complex layer, pervaded with nerves and small blood
vessels (vaso vasorum) that supply the larger vessel with nerve signals and nutrients to regulate vessel
wall function. In atherosclerosis, the diameter of the intima layer increases locally due to proliferation
and growth of SMCs, connective tissue deposition, and accumulation of lipids from the blood stream,
together forming an atherosclerotic plaque (Figure 1; upper right). As a consequence, the lumen of the
vessel narrows, impairing the perfusion of the adjacent tissues. If the plaque is instable and ruptures,
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the thrombogenic lipid core gets into contact with circulating blood, leading to coagulation and
thrombus formation. Patients with atherosclerosis and risk of plaque rupture are treated with statins,
which lower blood cholesterol levels and stabilize the plaque, possibly by inhibition of inflammatory
processes and modulation of plaque composition [3,4].

Aortic valve stenosis (AVS), not as prevalent as atherosclerosis, is one of the most common
indications for cardiac surgery and affects around 12% of the elderly population above the age of 74 [5].
Aortic valve sclerosis, or calcific aortic valve disease (CAVD), is an early stage of AVS and is marked by
thickening and calcification of the valve tissue. Common risk factors to develop aortic valve sclerosis are
high blood pressure, high blood lipid and cholesterol levels, obesity, diabetes mellitus, smoking, and
chronic kidney disease [6–11]. The healthy human aortic valve is composed of three thin leaflets (<1 mm),
each made up of three layers—the fibrosa on the aortic side, the spongiosa, and the ventricularis on the
ventricular side of the valve (Figure 1; upper left). Valve interstitial cells (VICs) are scattered throughout
the layers, and endothelial cells line the leaflets on both sides. The layers differ in their extracellular
matrix (ECM) composition, providing the leaflets with the stability and flexibility needed to open and
close with every contraction of the left ventricle, to allow the blood to enter the aorta and supply the
body with oxygen-rich blood. In aortic valve sclerosis, or CAVD, the leaflets are obstructed by fibrosis
and calcium deposition, mainly in the fibrosa layer, which impairs their ability to smoothly open and
close the passage from the heart to the aorta. As a consequence, the valve narrows and the pressure in
the left ventricle rises, leading to increased stress and eventually heart failure. To date, no treatments
exist to prevent the development of aortic valve sclerosis, or to halt its progression to AVS. Therefore,
valve replacement surgery is the only therapeutic option for patients with severe AVS.

Although atherosclerosis and CAVD are distinct diseases, with differing prevalence and disease
manifestations, they share common risk factors such as smoking, obesity, high blood pressure, and
elevated blood low density lipoprotein (LDL)-cholesterol levels. Independent of lifestyle choices,
individuals may be predisposed to some of these risk factors by genetic mutations. In fact, genome-wide
association studies (GWAS) have revealed distinct genomic loci which are frequently affected in
individuals with cardiovascular diseases, including genes involved in blood coagulation, inflammation,
endothelial cell adhesion, and lipid metabolism and transport [12,13]. The LPA gene, encoding the
lipoprotein a (Lp(a)), a known cardiovascular risk factor, was also identified in GWAS of aortic valve
sclerosis [14,15] and shown to be present in elevated levels in plasma and aortic valves of patients [16–18].
The presence of common risk factors and genetic dispositions of atherosclerosis and CAVD highlight
the existence of shared disease initiation mechanisms [19]. In both diseases, endothelial damage,
followed by lipid insudation and accumulation in the intima or fibrosa layers, respectively, are thought
to represent the initiating events. To dispose of excess lipids, macrophages are recruited to the sites
by damage-activated endothelial cells. If the lipid burden is too high, macrophages accumulate and
transform to lipid-laden foam cells. So called fatty streaks, or intimal xanthoma in the vessel walls are
thought to be the signs of such early lesions, although they might as well regress without progression
into atherosclerotic plaques [20,21]. During progression however, further immune cells are recruited to
the lesions by pro-inflammatory cytokines that are secreted by macrophages, endothelial cells, and lesion
smooth muscle cells (SMCs) or VICs. Fibrosis occurs due to cell proliferation and ECM remodeling,
leading to thickening of the tissues. The chronic inflammatory environment is thought to furthermore
promote the tissue calcification that is seen in both pathologies [22–24]. Since immune cell infiltration is
an early event and chronic inflammation a suspected driver in both pathologies, therapeutic targeting of
inflammatory signaling could represent an instrument to intervene with progression of atherosclerosis
as well as aortic valve sclerosis and to avoid the fatal consequences of both diseases.

In the context of chronic inflammation, the p38 mitogen-activated protein kinase (MAPK) pathway
has gained attention in the field of both atherosclerosis and CAVD research. p38 MAPK signaling is
implicated in diverse biological processes, such as tissue development, cell proliferation, apoptosis,
inflammation, and cancer (reviewed in [25]). p38 MAPK is activated by various extracellular inducers
of inflammation, which are highly abundant in atherosclerotic and CAVD lesions. To illuminate the
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role of p38 MAPK signaling in atherosclerosis and aortic valve sclerosis, in this review we summarize
relevant experimental findings related to p38 MAPK in both pathologies. To acknowledge the tissue
complexity of the diseases, we dissected the findings into the different cell types that make up the
lesions and influence disease progression. The aim of this review is to give an overview of p38 MAPK
signaling in atherosclerosis and aortic valve sclerosis, and to discuss potential therapeutic implications.

 

Figure 1. Functional involvement of p38 mitogen-activated protein kinase (MAPK) signaling in calcific
aortic valve disease (CAVD) and atherosclerosis. Upper left: CAVD lesion. Schematic cross-section of
an aortic valve leaflet composed of the fibrosa, spongiosa, and ventricularis tissue layers. The layers
are dispersed by matrix producing valve interstitial cells (VICs) and lined by endothelial cells on
both sides which face the aorta or the left ventricle. Lipids accumulate mainly in the collagen-rich
fibrosa layer, which is also where the calcification develops. Upper right: atherosclerotic lesion.
Schematic cross-section of the vessel wall containing an atherosclerotic plaque. The vessel wall consists
of a collagen-rich intima layer lined by endothelial cells that are in direct contact with the blood
flow. The underlying media layer contains vascular smooth muscle cells (VSMCs) that contract and
dilate in response to nerve signals from the adventitia layer, thereby regulating local blood pressure.
The adventitia contains nerves and blood vessels that supply the VSMCs. Atherosclerotic plaques
develop in the intima layer and are stabilized by VSMCs from the media. Lower panel: functions
attributed to p38 MAPK activity in different immune cells present in CAVD and atherosclerotic
lesions. TGFβ: transforming growth factor β; BMP: bone morphogenic protein; EnMT: endothelial to
mesenchymal transition; NKT: natural killer T cells; TLR4: toll-like receptor 4; TCR: T cell receptor;
IFNγ: interferon γ; BCR: B cell receptor; mLDL: modified LDL.
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2. p38 MAPK Signaling

The p38 MAPKs are members of the mitogen-activated serine/threonine kinase family, together
with the extracellular signal-regulated kinases (ERKs) and the c-Jun N-terminal kinases (JNKs). The p38
MAPKs are activated in the presence of certain pathogenic stimuli, such as lipopolysaccharides (LPS),
by pro-inflammatory cytokines, or when cells experience extracellular stress, such as ultraviolet
radiation, heat shock, or hypoxia. Intracellular stress triggered by miss-folded proteins in the
endoplasmic reticulum (ER) or DNA damage can also lead to p38 MAPK activation. Common for all
extracellular and intracellular inducers of MAPKs is that binding of the associated ligands to their
respective receptors sets in motion a cascade of successive phosphorylation events, where MAPK kinase
kinases (MAPKKKs/MEKKs) phosphorylate MAPK kinases (MAPKKs/MKKs/MEKs), which in
turn phosphorylate and activate MAPKs. MEK3 and MEK6 are the primary MAPK kinases that
phosphorylate the p38 MAPKs, whereas different sets of MEKs mainly activate ERKs and JNKs.
MAPK-activated protein kinase 2 (MAPKAPK2/MK2) and the heat shock protein 27 (HSP27) are
important downstream targets of activated p38 MAPK, functioning to protect cells from heat shock
and osmotic stress [26]. A multitude of other p38 MAPK downstream targets are known today,
which execute the cellular responses upon p38 MAPK activation. The cell type and cellular context
seem to impact the generated response, which can be as diverse as pro-apoptotic, pro-inflammatory,
or anti-proliferative. Comprehensive and exhaustive reviews of the p38 MAPK signaling pathway are
provided by others, e.g. Cargnello and Roux, or Coulthard et al. [25,27,28].

Since atherosclerosis and aortic valve sclerosis have become recognized as active,
inflammation-driven processes, the p38 MAPK has gained attention in this research field. An increasing
number of studies investigating p38 MAPK signaling in different cell types associated with these two
cardiovascular diseases have been published in recent years. In the following sections, the experimental
findings are summarized and subdivided into the cell types that are present in atherosclerotic and
CAVD lesions and that are expected to be involved in disease pathogenesis.

3. Endothelial Cells

Endothelial cells (ECs) line the luminal surface of blood vessels and both sides of the aortic valve
leaflets. The endothelium builds a protective barrier for the underlying tissue and has important
functions in regulating the composition of the associated tissue layers, as well as in adhesion and
invasion of inflammatory cells. Vascular endothelium is, furthermore, involved in regulation of the
vascular tone, by production of nitric oxide (NO) and other vasomodulators. Healthy endothelium
acts atheroprotectively by controlling local blood pressure and by inhibition of inflammation and
thrombosis. When the endothelium is damaged, for instance by increased shear stress due to high
blood pressure, the endothelial barrier breaks and allows the ingress of blood components into the
tissue. As a consequence, ECs become activated to initiate repair of the damaged tissue and disposal
of intruded cells and molecules. In the process, ECs express adhesion molecules that allow attachment
and invasion of inflammatory cells. Atherosclerosis or CAVD develop if early lesions cannot be
resolved and progress into chronically inflamed sites. The presence of excess LDL, and its modification
in the damaged tissue, seems to be a crucial factor in the initiation of pathologic lesions [29].

Due to its presence in early atherosclerotic and CAVD lesions, native LDL and/or its modification
products might represent important inducers of p38 MAPK signaling at early disease stages.
Indeed, LDL has been demonstrated to induce p38 MAPK signaling in ECs [30], and various
functions have been identified for the p38 kinase, including upregulation of the cell adhesion
molecules E-selectin [30] and vascular cell adhesion protein 1 (VCAM-1) [31] and the chemokine
monocyte-chemoattractant protein-1 (MCP-1) [32], all involved in pro-inflammatory signaling and
local recruitment of immune cells. Lp(a), consisting of LDL covalently bound to apolipoprotein a,
is a known risk factor for cardiovascular diseases and has been shown to increase phosphorylation
of p38 MAPK and other kinases in human umbilical-vein endothelial cells (HUVEC), inducing cell
growth and migration [33]. Other studies showed that p38 MAPK might be involved in EC migration
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associated with angiogenesis [34,35], which is observed in atherosclerotic and CAVD lesions [36,37].
p38 MAPK has also been shown to be involved in regulation of EC permeability [38]. Interestingly,
high density lipoprotein (HDL), which is inversely correlated with the risk of cardiovascular disease
development [39], has been shown to inhibit p38 MAPK activity in HUVEC, leading to decreased
interleukin (IL)-6 secretion [40]. In contrast, HDL and oxidized HDL (oxHDL) have been shown to
activate p38 MAPK signaling in HUVEC, macrophages, and vascular SMCs in other studies [41–44].
Which of the described functions of p38 MAPK in ECs are associated with atherosclerosis and/or
CAVD disease development and progression, or might even represent drivers or inhibitors of the
diseases, warrants further investigation.

Both vascular and valve ECs may undergo endothelial-to-mesenchymal transition (EnMT)
accompanied by upregulation of alpha smooth muscle actin expression, the acquisition of contractile
properties, and the ability to infiltrate the underlying tissue layers. EnMT of vascular and valve
ECs is required during development and maintenance of adult tissue homeostasis by replenishing
pools of tissue-resident VICs and SMCs. In the pathogenesis of atherosclerosis and CAVD, however,
EnMT allows ECs to transition to VICs or SMCs and to further acquire osteoblast-like properties [45].
Osteoblast-like cells are observed in the lesions, and osteogenic processes are thought to drive tissue
calcification in advanced disease stages [36].

The initiation events of EC EnMT are not entirely solved to date. However, mechanical strain
has been demonstrated to cause EnMT in valve ECs [46]. The strain increases continually with the
rise in tissue calcification, representing a self-replenishing process. In the same study, transforming
growth factor beta (TGFβ) and Wnt/β-catenin signaling were demonstrated to drive the strain-induced
transformation of ECs to VICs on the cellular level. Interestingly, in other studies, the p38 MAPK
has also been shown to be activated when vascular ECs are exposed to shear stress, with impact on
actin dynamics and cell-cell alignment [47–49]. Whether p38 MAPK impacts EnMT of valve and/or
vascular ECs has not been investigated so far.

Despite the diverse p38 MAPK functions that point to a pro-inflammatory and generally
disease-promoting character of p38 MAPK signaling in ECs, an in vivo study with an ApoE−/−

atherogenic mouse model did not identify an impact of EC-specific knockout of p38 MAPK expression
on disease progression and outcome [50]. Although in vivo models better account for the complex
environment of a disease, their informative value is compromised by differences between organisms
species. Especially when inflammatory signaling and immune processes are involved, mouse models
might deviate from the human organism [51,52]. The discrepancy between the in vitro and in vivo
findings highlights the need for suitable atherosclerosis and CAVD model systems that account for the
complex environment and signaling networks of the diseases.

4. Smooth Muscle Cells

Vascular smooth muscle cells (SMCs) are the most abundant cell type in the blood vessel wall,
and small numbers of SMCs are also present in healthy valve leaflets, although here, the predominant
cell type are VICs (see below). SMCs produce matrix proteins, including collagen, providing the
tissue with the required stability and flexibility. In atherosclerosis, vascular SMCs are stimulated
to grow, proliferate, and migrate and are highly involved in the thickening of the intima layer of
the blood vessel wall. SMCs seem to play a dual role in atherosclerosis progression, as they form
protective layers around lipid cores, thereby protecting them from luminal stresses that might provoke
plaque rupture and, as a consequence, thrombosis. On the other hand, vascular SMCs are drivers of
atherosclerotic progression. In advanced atherosclerotic lesions, SMCs have been shown to undergo
enhanced apoptosis, leading to plaque destabilization accompanied by an increased risk of plaque
rupture [53,54]. In addition, apoptotic SMCs release matrix vesicles, which serve as nucleation sites for
calcium crystals and thereby support plaque calcification [55].

The reason for the increased apoptosis of vascular SMCs in atherosclerotic plaques is not entirely
understood. Several lines of evidence, however, point to a potential role of LDL and its modification
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products in the process [56–58]. LDL molecules have also been shown to induce the p38 MAPK
pathway in SMCs. Treatment of rat vascular SMCs with oxidized LDL (oxLDL) induced p38 MAPK
phosphorylation and its nuclear translocation in a pathway that includes G-protein coupled receptors
and the phospholipase C [59]. In this study, activation of p38 MAPK led to increased cytotoxicity in
vascular SMCs. Pro-calcific and pro-apoptotic effects of p38 MAPK activation in vascular SMCs, as a
consequence of oxLDL-induced cellular ceramide levels, have been reported in other studies [60,61].
At this point we want to note that although oxLDL in this review is used as a general term to refer to
oxidized LDL particles, several methods of oxLDL generation do exist. Depending on the method,
extensively or minimally oxidized LDL particles are generated that differ by the extent and type
of phospholipid and protein modifications within the particles [62]. Importantly, extensively and
minimally oxidized LDL particles interact with different pattern recognition receptors, inducing distinct
or even opposed cellular processes [63,64]. The studies cited above used extensively oxLDL [59,60]
and minimally oxLDL [61], respectively. All studies cited in the following sections used extensively
oxLDL in their experiments.

Hypertrophy of vascular SMCs is a common feature of atherosclerosis and is one of the
underlying mechanisms of intima thickening observed in pre-atherosclerotic lesions [65]. Angiotensin II
(Ang II), an inducer of vascular SMC hypertrophy [66], has been shown to activate the p38 kinase
by augmenting intracellular oxidative stress [67,68]. In an alternative pathway, Ang II induces
p38 MAPK phosphorylation via epidermal growth factor receptor (EGFR) and TGFβ signaling,
with effects on peroxisome proliferator-activated receptor gamma (PPARγ) expression and vascular
SMC hypertrophy [69,70]. Furthermore, Ang II-mediated stimulation of p38 MAPK signaling has been
shown to increase vascular SMCs migration [71] and proliferation [72], all processes involved in the
aberrant growth of the intima in atherosclerosis.

As already mentioned above, the role of vascular SMCs in atherosclerosis is dual. In the
development of atherosclerotic lesions, proliferation, migration, and cell growth of SMCs seem to
be driving factors, whereas later in disease, when the atherosclerotic plaque has already formed,
SMC apoptosis gains more importance. The summarized studies show that p38 MAPK signaling is
involved in all disease stages by activating different cellular responses that seem to be dependent on
the presence of signaling molecules such as modified LDL (mLDL), ceramide, TGFβ, or Ang II, and
others that are not discussed in this review. When it comes to LDL, the exact nature of modification
and the local concentration further impact the generated response. The matter is actively debated and
reviewed elsewhere [29]. In order to dissect the function of p38 MAPK activation in vascular SMCs,
more studies are needed. Especially, the activation of p38 kinase in early-to-late atherosclerotic lesions
needs to be further assessed, as well as the local context of expression, such as the presence of mLDL
and other signaling molecules.

Since SMCs constitute only a minor fraction of cells in the healthy aortic valve, their
contribution to CAVD development has not been extensively studied [73,74]. In calcific aortic valves,
however, the numbers of SMCs increase and they have been shown to co-localize with calcified
regions [75]. The authors of the latter study speculate that in CAVD, TGFβ might be involved
in the trans-differentiation of SMCs from cell types present in valve tissues, such as ECs, VICs,
or myofibroblasts (MFBs; see below), leading to the observed increase in SMC numbers. Whether p38
MAPK is expressed in valve SMCs, similar to that in vascular SMCs, has not been studied so far.

5. Aortic Valve Interstitial Cells, Myofibroblasts, and Vascular Fibroblasts

Valve interstitial cells (VICs) are the dominant cell type in aortic valves. They are found in the
fibrosa, spongiosa, and ventricularis layer, and maintain tissue homeostasis by layer-specific ECM
deposition. During development and progression of aortic valve sclerosis, VICs take an active part.
It has been shown that VICs transform to activated, smooth muscle actin-expressing myofibroblasts
(MFBs) in early valve lesions [76]. A subset of MFBs further differentiate into osteoblast-like cells,
which express osteogenic factors and produce a calcium-rich bone matrix. It has been furthermore
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suggested that apoptotic VICs provide initiation sites for calcific nodule formation, additionally
supporting aortic valve calcification [77]. Many signaling networks probably interact to drive the
pathologic transformation of VICs in aortic valve sclerosis, and so far, the detailed molecular processes
and their chronology are not completely understood. The cytokine TGFβ1, however, is thought to
play a major role in driving the processes. Through interaction with its cognate receptors expressed
on VICs and MFBs, TGFβ1 activates the small mothers against decapentaplegic (SMAD) signaling
cascade, which induces the transcription of osteogenic genes, promoting osteogenesis and calcification
in the aortic valve [78,79]. In porcine aortic valves, it was shown that TGFβ1 induces calcium nodule
formation, generation of reactive oxygen species, and VIC senescence through SMAD, extracellular
signal regulated kinase (ERK)1/2, and p38 MAPK signaling [80]. The p38 kinase has also been
implicated in TGFβ-mediated induction of the osteogenic transcription factor RUNX2, and seems
to be necessary for the osteoblastic differentiation [81,82]. In addition, p38 MAPK was shown to
be involved in bone morphogenic protein 2 (BMP2) signaling, which is another potent inducer of
SMAD signaling and RUNX2 expression [81,83]. Independent of TGFβ1, oxLDL may induce p38
MAPK as well as JNK phosphorylation in VICs through the pro-osteogenic receptor for advanced
glycosylation end-products (RAGE) [84]. In addition, p38 MAPK has been shown to be activated by
sphingosine 1-phosphate and LPS in VICs, inducing pro-inflammatory, pro-angiogenic, and osteogenic
processes [85]. Therefore, in aortic valve VICs and MFBs, p38 MAPK seems to be involved in major
osteogenic signaling pathways and to support the osteogenic transformation of cells that drives
tissue calcification.

In atherosclerosis, fibroblasts in the adventitia layer are also activated at early time points and have
the ability to transform to MFBs [86]. Whether they contribute to calcification of plaques similar to VICs
in aortic valve sclerosis is not known to date. Experimentally, it has been shown that native LDL can
induce p38 MAPK signaling in fibroblasts with consequences for cell spreading and morphology [87].
Here, cholesterol was the component of LDL that induced p38 MAPK most potently [88].

6. Monocytes and Macrophages

In both atherosclerosis and aortic valve sclerosis, monocytes are recruited to early lesions
and differentiate into macrophages once they enter the tissue [89]. Macrophages promote lesion
progression in different ways. For one, they support remodeling of the ECM by secretion of proteolytic
enzymes such as matrix metalloproteinases (MMPs) and cathepsins that degrade collagens and
elastins, providing initiation sites for calcium crystallization [90–92]. Secondly, in both pathologies
macrophages are transformed to foam cells by the uptake of mLDL. The exact nature of the LDL
modification that induces foam cell formation in vivo has not been definitely clarified to date, and
different modifications, including oxLDL and enzymatically modified LDL (eLDL), are used to
model the process in vitro. Importantly, the uptake of mLDL seems to be required for p38 MAPK
activation and foam cell formation in macrophages [93]. Activation of the p38 MAPK pathway has been
demonstrated in macrophages associated with atherosclerotic plaques via immunohistochemistry in
patient-derived tissues [94] as well as in animal models [95]. Several in vitro studies have investigated
the biological consequences of p38 MAPK activation in atherosclerosis-associated macrophages. First of
all, p38 MAPK has been demonstrated to be part of a positive feedback mechanism that drives foam
cell formation. Here, oxLDL and eLDL induce p38 MAPK activation in macrophages, which in turn
enhances LDL uptake by PPARγ-mediated upregulation of LDL uptake receptors such as CD36 [93,94].
In another study, oxLDL has been shown to enhance the adhesive capacity of monocytes by p38
MAPK-mediated upregulation of the chemokine receptor CXCR2 [96]. Furthermore, p38 MAPK
activation in macrophages has been shown to induce the expression of pro-inflammatory cytokines in
response to mLDL incubation [97,98]. In addition, Senokuchi et al. demonstrated that oxLDL-mediated
induction of p38 MAPK is important for the production of the cytokine granulocyte-macrophage
colony-stimulating factor (GM-CSF) and proliferation of macrophages [99]. Taken together, the in vitro
studies provide concordant evidence for a pro-inflammatory role of p38 MAPK expression in
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atherosclerosis-associated macrophages, driving disease progression by promotion of macrophage
proliferation and chronic inflammation.

In vivo studies in atherosclerotic mouse models on the other hand achieved conflicting results.
In a study by Seimon et al. conditional p38 MAPK-deficiency in macrophages of ApoE-/- mice led to
increased macrophage apoptosis and atherosclerotic plaque progression induced by ER stress and
unfolded protein response [100]. A subsequent study with the same mouse model could not detect
any effects of macrophage-specific p38 MAPK depletion on atherosclerotic plaque progression [50].
In an earlier study, systemic depletion of the p38 MAPK downstream kinase MAPK-activated protein
kinase-2 (MAPKAPK2) in hypercholesteremic mice resulted in decreased foam cell formation and
inflammatory signaling [101].

Similar to atherosclerosis, macrophages infiltrate early valve lesions [76]. To our knowledge,
valve-associated macrophages have not been studied so far and therefore their role in disease
progression is not clear. In aortic valve sclerosis, lipid-laden macrophages (foam cells) have been
detected immunohistologically [76,102], and thus, a similar pro-inflammatory and disease-promoting
function as in atherosclerosis might be suspected. Whether p38 MAPK signaling plays a role in
valve-associated macrophages and disease progression remains to be investigated.

7. Other Immune Cells: Mast Cells, T Cells, Natural Killer T Cells, B Cells, and Dendritic Cells

Besides macrophages, other immune cells are present in atherosclerotic and aortic valve lesions.
In the following section, we summarize major findings around other immune cells that are present
in atherosclerotic and/or calcified aortic valve lesions, with a focus on p38 MAPK signaling.
The immunologic landscape of these lesions is highly diverse and complex, and a detailed description is
beyond the scope of this review. Comprehensive reviews that give detailed insight into the relationship
of cardiovascular diseases and inflammation have been published in recent years (e.g., [103–106]).

Mast cells, a leukocyte population that is involved in allergic reactions and wound healing,
have been detected in both atherosclerotic and aortic valve lesions [107,108] and shown to induce
p38 MAPK phosphorylation in response to oxLDL stimulation in vitro [109]. The authors of the latter
study suspected p38 MAPK, together with other MAPKs and NF-κB, to act downstream of toll-like
receptor 4 (TLR4), inducing the expression of pro-inflammatory cytokines in the presence of oxLDL,
thereby promoting disease progression by recruitment of inflammatory cells and, as a consequence,
atherosclerotic plaque destabilization.

T lymphocytes are associated with both calcific nodules in aortic valves [110] and the fibrous cap
and plaque in atherosclerosis [111]. The lymphocytes infiltrate early in lesion development, most likely
recruited from the blood stream by pro-inflammatory cytokines secreted by macrophages, SMCs and/or
VICs. Their entry into the tissue is facilitated by the expression of adhesion molecules, such as VCAM-1,
intercellular adhesion molecule 1 (ICAM-1), and P-selectin, by activated endothelial cells. In later
disease stages, neo-angiogenesis in the transformed tissue might provide additional access routes for
T lymphocytes [112]. T cells are thought to promote lesion progression by maintaining the chronic
inflammatory environment that supports tissue remodeling and destabilization. In addition, cytotoxic T
cells induce apoptosis in target cells, producing nucleation sites for calcium crystallization [55]. In CAVD,
Nagy et al. furthermore showed that activated and clonally expanded cytotoxic CD8+ T cells specifically
target and kill osteoclasts, a cell type that is usually found in bone tissues and mediates calcium
resorption and bone turnover [113]. Although p38 MAPK has been shown to be involved in T cell
receptor (TCR) signaling and is important for interferon γ (IFNγ) production in T cells [114,115], to our
knowledge, the role of the p38 MAPK signaling pathway in T cells has never been investigated in the
context of atherosclerosis or CAVD.

Natural killer T (NKT) cells are a type of T cell that recognizes lipid antigens presented by
antigen presenting cells in conjunction with the CD1 surface molecule. In atherosclerosis, NKT cells
are present in regions with CD1 expressing foam cells and are suspected to promote the local
inflammation by secretion of a variety of cytokines [116]. In agreement with this, NKT cell stimulation
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exacerbated atherosclerosis in the presence of the CD1 antigen in an ApoE-/- mouse model [117].
The pro-atherogenic function of NKT cells is thought to be a consequence of granzyme B and perforin
secretion, two molecules with cytolytic activity [118]. Interestingly, apart from their cytolytic function,
NKT cells have been implicated in neo-angiogenesis, which is frequently observed in atherosclerotic
plaques and thought to contribute to plaque destabilization [119]. The pro-angiogenic function is
thought to be mediated by IL-8 that is secreted by lipid-antigen stimulated NKT cells, which induces
epidermal growth factor receptor (EGFR) expression in endothelial cells [120]. NKT cells are also
present in sclerotic aortic valves, and have been shown to associate with disease progression in a
mouse model [121] and in human valves [122]. The cytokine IL-2 has been shown to upregulate
p38 MAPK in NKT cells, resulting in the production of pro- and anti-inflammatory cytokines [123].
Of note, the increased cytokine production mediated by p38 MAPK has been shown to be regulated
translationally, but not on the gene expression level [124]. In contrast to these results, in another study,
p38 MAPK has been shown to inhibit secretion of IL-2 and IL-4 by NKT cells, and inhibition of p38
MAPK rescued cytokine secretion [125].

B lymphocytes have been detected in atherosclerotic lesions [126,127] and also in calcified heart
valves [128]. They gained more attention as antibodies against atherosclerosis-associated epitopes were
detected in the lesions and in the blood circulation of patients [129,130]. Generally, two different types
of antibodies exist: so called natural antibodies produced by innate-like B-1 cells [131] and antibodies
produced by conventional B-2 cells as part of an adaptive immune response. The concept is emerging
that natural antibodies targeting autoantigens, including products from oxidative metabolism such
as oxLDL, are atheroprotective [132,133], whereas the adaptive immune response mediated by B-2
cells fuels local inflammation and is rather atherogenic [134] (reviewed in [135]). p38 MAPK signaling
has not been investigated in the context of atherosclerosis- or CAVD-associated B cells. It has been
shown, however, that p38 MAPK is activated upon B cell receptor stimulation, leading to B cell
proliferation [136]. The authors of the study moreover showed that p38 MAPK acts in collaboration
with the transcription factor MEF2C specifically in B cells that mediate an adaptive immune response.
In this regard, p38 MAPK could represent a potential target to reduce atherogenic B cell-mediated
inflammatory signaling in atherosclerosis and possibly also in CAVD.

Finally, dendritic cells (DCs) are present in healthy aorta and aortic valves [137]. The endogenous
function of DCs is to present antigens to T cells in order to activate an adaptive immune response
in the presence of foreign antigens. DCs have also been detected in atherosclerotic lesions [138],
especially at sites that are prone to rupture [139]. The role DCs play in atherosclerosis, however,
is not well understood. In a review by Koltsova and Ley, studies investigating the impact of DCs for
atherosclerosis are summarized, with most studies suggesting a disease-promoting function of DCs,
in which they accumulate lipids similar to macrophages and drive local inflammation [140]. No studies
investigating the function of DCs in CAVD exist. Experimental findings concerning the importance
of the p38 MAPK pathway for DC function are two sided. On the one hand, p38 MAPK activity is
required for the maturation of immature DCs [141]. On the other hand, p38 MAPK inhibition in DC
progenitor cells leads to enhanced antigen presentation and immune activation [142]. Whether the p38
MAPK pathway is relevant for DC function in atherosclerotic and/or aortic valve lesions, and whether
it has an effect on disease development or progression, has not been studied to date.

8. Conclusions

Despite the similarities, atherosclerosis and aortic valve sclerosis are distinct in their pathogenesis.
This is highlighted by the fact that, although they share common risk factors, not all patients with
atherosclerosis are affected by aortic valve sclerosis, and vice versa. In addition, statins that are
effectively applied in atherosclerosis therapy show no clinical benefit for patients with aortic valve
sclerosis [143–145]. Both the blood vessel wall and the aortic valve are complex structures comprised
of endothelial cells and underlying connective tissue layers, that are dispersed by ECM-producing
SMCs and VICs, respectively. Immune cells are present in healthy tissues, however, their numbers
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rise dramatically as they are recruited to early lesions and establish sites of chronic inflammation in
the courses of the diseases. The p38 MAPK is involved in inflammatory signaling in different settings
and cell types and has gained interest in atherosclerosis and CAVD research, especially since these
diseases have become recognized as inflammation-driven. With this review we aimed at elucidating
the role of p38 MAPK in the development and progression of atherosclerosis and CAVD by outlining
its functions in the different cell types that constitute the lesions and impact disease progression.
Figure 1 provides an overview of the cell types and the corresponding functions that have been
attributed to p38 MAPK activity.

One of the biggest challenges of p38 MAPK research is the multitude of different stimuli that
induce its phosphorylation, such as cytokines, growth factors, and osmotic, oxidative, and mechanical
stresses (reviewed in [146]), and the difficulty in dissecting the most relevant factors in certain
(patho)physiological conditions. In atherosclerosis and CAVD, combinations of such stimulants are
present in a spatiotemporal distribution, most likely leading to a variable p38 MAPK activation status
throughout lesions. In addition, other cellular pathways, including the c-Jun terminal kinase (JNK),
extracellular signal regulated kinase (ERK), and TGFβ signaling crosstalk and interact with components
of p38 MAPK signaling, further modulating intracellular signal transduction and eventually the
generated response. Finally, p38 MAPK activation leads to different responses in different cell types,
which again influence each other, producing dynamic interconnected networks. To date, in vitro
experimental models cannot capture the entire complexity of the p38 MAPK signaling network of
pathological conditions such as atherosclerosis or CAVD. Nevertheless, they are suitable for the
investigation of simplified processes under a controlled environment. Here, well defined experimental
conditions and the use of highly specific p38 MAPK inhibitors are requisite for the generation of
meaningful results. Studies in animals better account for the complexity of lesions, although certainly
none of the models used in atherosclerosis or CAVD research today perfectly resemble the human
situation [147]. Therefore, as for in vitro experiments, results obtained with animal models should
always be reviewed critically before they are translated to the human organism.

In the end, the question should be answered whether p38 MAPK activation is a driver of
human atherosclerosis and/or CAVD or merely a consequence of the pro-inflammatory, stress-laden
microenvironment of the lesion. Depending on the outcome, pharmacologic targeting of p38 MAPK with
highly specific inhibitors such as skepinone-L [94,148], or targeting of components of the corresponding
signaling cascade could become an option for a therapeutic intervention in atherosclerosis and/or
CAVD in the future. Indeed, clinical trials with the p38 MAPK inhibitors dilmapimod (SB681323,
GalaxoSmithKline, London, UK) and losmapimod (GW856553, GalaxoSmithKline, London, UK)
were carried out with atherosclerotic patients and shown to reduce inflammation in atherosclerotic
lesions [149–151]. However, patients with acute myocardial infarction did not benefit from the treatment
with losmapimod in a subsequent phase III trial [152]. Whether patients might benefit from p38 MAPK
inhibition at earlier disease stages has, to our knowledge, never been investigated. Especially in the
case of CAVD, therapies that slow, halt, or even reverse disease progression are desperately needed to
provide an alternative for otherwise inevitable valve replacement procedures.
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Abbreviations

Ang II angiotensin II
ApoE apolipoprotein E
AVS aortic valve stenosis
BMP2 bone morphogenic protein 2
CAVD calcific aortic valve disease
DC dendritic cell
EC endothelial cell
ECM extracellular matrix
EGFR epidermal growth factor receptor
eLDL enzymatically modified LDL
EnMT endothelial-to-mesenchymal transition
ER endoplasmic reticulum
ERK extracellular signal regulated kinase
GM-CSF granulocyte-macrophage colony-stimulating factor
GWAS genome-wide association study
HDL high-density lipoprotein
HUVEC human umbilical-vein endothelial cell
ICAM-1 intercellular adhesion molecule 1
IL interleukin
JNK c-Jun N-terminal kinase
IFN interferon
LDL low-density lipoprotein
Lp(a) lipoprotein a
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase
MAPKAPK2 MAPK-activated protein kinase 2
MAPKK MAPK kinase
MAPKKK MAPK kinase kinase
MCP-1 monocyte-chemoattractant protein 1
MFB myofibroblast
mLDL modified LDL
MMP matrix metalloproteinase
NKT natural killer T cell
NO nitric oxide
oxHDL oxidized HDL
oxLDL oxidized LDL
PPARγ peroxisome proliferator-activated receptor gamma
SMAD small mothers against decapentaplegic
SMC smooth muscle cell
TCR T cell receptor
TGFβ transforming growth factor beta
TLR4 toll-like receptor 4
VCAM-1 vascular cell adhesion protein 1
VIC valve interstitial cell
VSMC vascular smooth muscle cell
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Abstract: Bone undergoes continuous remodeling, which is homeostatically regulated by concerted
communication between bone-forming osteoblasts and bone-degrading osteoclasts. Multinucleated
giant osteoclasts are the only specialized cells that degrade or resorb the organic and inorganic
bone components. They secrete proteases (e.g., cathepsin K) that degrade the organic collagenous
matrix and establish localized acidosis at the bone-resorbing site through proton-pumping to
facilitate the dissolution of inorganic mineral. Osteoporosis, the most common bone disease, is
caused by excessive bone resorption, highlighting the crucial role of osteoclasts in intact bone
remodeling. Signaling mediated by mitogen-activated protein kinases (MAPKs), including
extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38, has been
recognized to be critical for normal osteoclast differentiation and activation. Various exogenous (e.g.,
toll-like receptor agonists) and endogenous (e.g., growth factors and inflammatory cytokines) stimuli
contribute to determining whether MAPKs positively or negatively regulate osteoclast adhesion,
migration, fusion and survival, and osteoclastic bone resorption. In this review, we delineate the
unique roles of MAPKs in osteoclast metabolism and provide an overview of the upstream regulators
that activate or inhibit MAPKs and their downstream targets. Furthermore, we discuss the current
knowledge about the differential kinetics of ERK, JNK, and p38, and the crosstalk between MAPKs in
osteoclast metabolism.

Keywords: mitogen-activated protein kinases (MAPKs); MAPK kinetics; osteoclast differentiation;
bone remodeling

1. Introduction

Normal bone physiology depends on the coupled processes of removing old bone and replacing
it with new bone [1]. Throughout life, bone undergoes continuous remodeling through concerted
bone matrix formation and mineralization (anabolic process) by osteoblasts and mineralized bone
matrix degradation (catabolic process) by osteoclasts [2]. Osteoclasts are multinucleated cells that are
formed from monocyte/macrophage lineage cells, and their differentiation and function are regulated
by various cytokines, hormones, and growth factors [3,4]. Especially, macrophage colony stimulating
factor (M-CSF) and receptor activator for nuclear factor κ-B ligand (RANKL) are indispensable
in the regulation of the sequential processes of osteoclastogenesis, including osteoclast precursor
proliferation, adhesion, migration, and cell-cell fusion to form multinucleated cells, as well as in
the migration, survival, and bone-resorptive function of mature osteoclasts [5]. Both M-CSF and
RANKL act through mitogen-activated protein kinases (MAPKs), extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 signaling during osteoclast differentiation
and bone resorption. MAPK signaling activated by M-CSF is mainly involved in the regulation of
osteoclast precursor proliferation, whereas RANKL-induced MAPK activation is primarily implicated
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in osteoclast differentiation [6,7]. Moreover, a recent, advanced study revealed that the activation of
MAPKs by M-CSF or RANKL differs in terms of the extent, duration, and isoform specificity of MAPK
phosphorylation, thus determining the distinct cell fates of proliferation or differentiation in osteoclast
precursors [8]. In osteoclast precursors, two ERK forms, ERK1/2, and three JNK isoforms, JNK1/2/3,
are mainly involved in osteoclast precursor proliferation and osteoclast apoptosis, respectively [4,8,9].
Among the four isoforms of p38 (α, β, γ, and δ), p38α is highly expressed in osteoclast precursors and
mature osteoclasts and plays a key role in osteoclast differentiation and bone resorption [10].

MAPKs convert a variety of extracellular stimuli into specific cellular responses, thus acting as
signaling hubs, in eukaryotic cells [11]. MAPK pathways are organized into three-tiered cascades
comprised of three molecules: MAPK, MAPK kinase (MAPKK or MEK), and MAPKK kinase
(MAPKKK or MEKK). In the phosphorelay system, MAPKKKs, which are serine/threonine protein
kinases, phosphorylate and activate MAPKKs, which then dually phosphorylate the threonine and
tyrosine residues of the conserved TXY motif (“X” stands for glutamic acid, proline, or glycine) of
the activation loop of MAPKs, including ERK, JNK, and p38 [12]. The activities of MAPK pathways
are properly regulated through dephosphorylation of the threonine or tyrosine residue of the TXY
motif by phosphatases, such as dual-specificity phosphatases (DUSPs), which counter the activities of
kinases [13]. The activation of MAPK pathways leads to various biological outcomes, including gene
induction, cell proliferation and survival, apoptosis, and differentiation, as well as cellular stress and
inflammatory responses.

The signaling transmission of extracellular stimuli via MAPK activation to appropriate
intracellular molecules has been established to be essential for the regulation of osteoclast
differentiation and bone remodeling. Numerous studies exploring the roles of MAPKs in osteoclast
metabolism have suggested that ERK, JNK, and p38 are key players in osteoclast differentiation and
activation. In this review, we describe the peculiar roles of MAPKs in osteoclast metabolism, as well as
various upstream stimulators and inhibitors of MAPKs and their downstream targets. In addition,
we discuss current knowledge regarding the distinctive kinetics of MAPKs and the crosstalk between
MAPKs in osteoclast metabolism.

2. ERK Signaling in Osteoclasts

The ERK signaling pathway has been implicated in the survival, proliferation, apoptosis,
formation, polarity, podosome disassembly, and differentiation of osteoclasts. Combined findings
in ERK1 knockout and hematopoietic ERK2 conditional knockout mice showed that ERK1 plays a
crucial role in modulating osteoclast differentiation, migration, and bone resorption [14]. A variety of
cytokines, growth factors, and hormones positively or negatively regulate ERK signaling in osteoclasts
(Figure 1). The ERK signaling cascade consists of a core of three serially phosphorylating protein
kinases. The activation of Raf isoforms via Ras-Raf interaction stimulates the MAPKKs MEK1 and
MEK2, which then activate ERK1 and ERK2 by dual phosphorylation at the conserved Thr-Glu-Tyr
(TEY) motif [15,16], which leads to the phosphorylation of various downstream substrates, including
transcription factors.

Recently, the functions of less-well-studied MEK5/ERK5 signaling pathways in bone biology
begin to be of interest [17,18]. It was reported that conditional deletion of ERK5 in the mouse prostate
using Nkx3.1-Cre recombinase expression resulted in a severely deformed and curved spine, with
an associated loss of trabecular bone volume [17]. These spinal abnormalities in Nkx3.1-Cre ERK5
null mice are associated with increased osteoclast activity. In addition, M-CSF, but not RANKL,
induces ERK5 phosphorylation and the consequent M-CSF/MEK5/ERK5 signaling mediates osteoclast
differentiation [19].
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Figure 1. Osteoclastogenic signaling cascade controlled by upstream activators and inhibitors of
extracellular signal-regulated kinase (ERK). The marked molecules are described in the text entitled
“ERK signaling in osteoclasts”. CTSK, cathepsin K; M-CSF, macrophage colony-stimulating factor;
RANKL, receptor activator of nuclear factor κ-B ligand; OPG, osteoprotegerin; IL, interleukin; MIP,
macrophage inflammatory proteins; GM-CSF, granulocyte-macrophage colony-stimulating factor; TNF,
tumor necrosis factor; FGF, fibroblast growth factor; TGF, transforming growth factor; BMP, bone
morphogenetic protein; PGD2, prostaglandin D2; MAPK, mitogen-activated protein kinase; MAPKK,
mitogen-activated protein kinase kinase; MAPKKK, mitogen-activated protein kinase kinase kinase;
DUSP, dual-specificity phosphatase. Arrows indicate activation of the signaling pathways while T bars
indicate inhibition of the signaling pathways.

2.1. Upstream Activators of ERK Signaling in Osteoclasts

The osteoclastogenic factors M-CSF and RANKL play a critical role in osteoclast differentiation
by inducing the phosphorylation of ERK1 and ERK2 [4]. The binding of M-CSF to its receptor c-Fms
results in the phosphorylation of specific tyrosine residues of c-Fms. The phosphorylated site at the
intracellular cytosolic tail of c-Fms interacts with growth factor receptor-binding protein-2, a stimulator
of the Ras/Raf pathway, which then leads to the activation of ERK1 and ERK2, enhancing osteoclast
precursor proliferation and survival [20,21]. Binding of RANKL to its receptor RANK leads to the
recruitment of the adaptor protein, TNF receptor-associated factor 6 (TRAF6), to the cytoplasmic tail in a
submembrane compartment and then triggers ERK activation. RANKL/RANK/TRAF6/ERK cascades
have been shown to regulate osteoclast formation and function [22,23]. Interestingly, osteoprotegerin
(OPG), a decoy receptor that binds to RANKL, and thus, suppresses osteoclast differentiation by
interrupting the interaction between RANKL and RANK, can also phosphorylate ERK1 and ERK2 and
directly induce podosome disassembly in osteoclasts [22,24,25].

Several reports have suggested that ERK activation by inflammatory cytokines positively regulates
osteoclastogenesis. Interleukin-1β (IL-1β) acts synergistically with RANKL to increase ERK activation
in a Ca2+-dependent manner [26] and IL-1α, IL-6, and IL-34 induce phosphorylation of ERK1 and ERK2,
leading to the promotion of osteoclastogenesis [27–29]. Macrophage inflammatory protein-1α (MIP-1α)
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secreted from multiple myeloma cells induces osteoclast formation by activating the MEK/ERK/c-Fos
pathway [30]. Granulocyte-macrophage colony-stimulating factor (GM-CSF)-induced ERK activation
promotes the fusion of mononuclear osteoclasts to form multinucleated osteoclasts by inducing the
expression of dendritic cell-specific transmembrane protein (DC-STAMP, also known as TM7SF4) via
the Ras/ERK pathway [31].

Growth factors, such as fibroblast growth factor-2 (FGF-2), growth arrest-specific gene 6
(Gas6), and tumor necrosis factor-α (TNF-α), stimulate mature osteoclast function and survival
through ERK activation [32,33]. ERK is transiently activated during transforming growth factor-β1
(TGF-β1)-induced apoptosis of osteoclasts differentiated from human umbilical cord blood monocytes,
via the activation of caspase-9 and upregulation of the pro-apoptotic protein Bim [34]. The binding of
bone morphogenetic protein-9 (BMP-9) to its receptor anaplastic lymphoma kinase 1 on the cell surface
activates the canonical Smad-1/5/8 pathway and the ERK pathway, and supports the formation,
function, and survival of osteoclasts derived from human umbilical cord blood monocytes [35].
Interestingly, in patients with Alzheimer’s disease, who have a high risk of osteoporotic hip fracture,
amyloid beta peptide, one of the pathological hallmarks of Alzheimer’s disease that is abnormally
deposited in bone tissues [36], was shown to enhance RANKL-induced ERK and NF-κB activation and
to promote osteoclastic bone resorption [37]. Taken together, various upstream stimulators of ERK
pathway were found to positively regulate the process of osteoclast differentiation.

2.2. Upstream Inhibitors of ERK Signaling in Osteoclasts

IL-3 and IL-4, known as anti-osteoclastogenic cytokines, suppress osteoclastogenesis and/or
osteoclastic bone resorption via inhibition of the ERK pathway and activation of signal transducer
and activator of transcription 5 (STAT5) [38–40]. Prostaglandin D2 inactivates ERK signaling
during chemoattractant receptor homologous molecule expressed on T-helper type 2 cells
(CRTH2)-mediated apoptosis of osteoclasts derived from human peripheral blood mononuclear
cells [41]. In osteoactivin-CD44-ERK signal cascades, shedding of the ectodomain of osteoactivin, a
heavily glycosylated type I transmembrane protein that is expressed in both osteoclasts and osteoblasts,
produces a soluble form of osteoactivin [42] that binds to the CD44 receptor, followed by the inhibition
of ERK signaling, and thus, decreased osteoclast differentiation [43].

Several pharmacological compounds, including anti-osteoporotic agents, have been reported
to inhibit osteoclastogenesis by suppressing ERK signaling. Nitrogen-containing bisphosphonates,
such as minodronate and alendronate, which are used as anti-resorptive drugs for the treatment
of metabolic bone diseases [44], have been shown to decrease the phosphorylation of ERK1/2 and
Akt, thereby inhibiting osteoclast formation [45]. Ormeloxifene, which is a nonsteroidal selective
estrogen receptor modulator that exerts an estrogen-agonistic effect and has anticancer activity in
breast cancer [46], has an anti-osteoclastogenic effect, resulting from ERK1/ERK2 and JNK inactivation
by inhibiting the generation of RANKL-induced reactive oxygen species (ROS) [47]. KP-A021,
a triazole-based compound that exhibits anti-inflammatory, anti-tumor, anti-tubercular, and anti-fungal
activities, reportedly inhibits osteoclast differentiation by suppressing RANKL-induced MEK-ERK
phosphorylation cascades [48,49]. Hypericin, a naphtodianthrone isolated from Hypericum perforatum
and a potent and selective inhibitor of protein kinase C that reduces neuropathic pain, attenuates
RANKL-induced osteoclastogenesis of bone marrow-derived macrophages via specific inhibition of
the ERK signaling pathway without affecting JNK, p38, and NF-κB signaling in vitro, and suppresses
titanium particle-induced bone erosion in vivo [50]. Pepstatin A, an inhibitor of aspartic proteinases,
such as cathepsins D and E, and theaflavin-3,3′-digallate, a natural active compound derived from
black tea, inhibit osteoclast formation and polarization and bone resorption by specifically suppressing
RANKL-induced ERK signaling [51,52]. Therefore, inflammatory cytokines and pharmacological
agents capable of inhibiting RANKL-induced ERK activation are regarded to negatively regulate
osteoclast differentiation and function.
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2.3. Downstream Targets of ERK Signaling in Osteoclasts

ERKs phosphorylate numerous downstream target substrates to control osteoclastogenesis.
ERKs govern various transcription factors during osteoclastogenesis. c-Fos is phosphorylated at
its C-terminal domain on serines 362 and 374 through ERK activation in response to M-CSF or
RANKL [53,54]. The expression of c-Fos and nuclear factor of activated T-cells, cytoplasmic 1
(NFATc1), which are crucial osteoclastogenic transcription factors, is regulated via GM-CSF-induced
ERK signaling [31]. M-CSF-stimulated ERK1 and ERK2 activation directly phosphorylates
microphthalmia-associated transcription factor (MITF), a basic/helix-loop-helix/leucine-zipper
transcription factor essential for osteoclast maturation, and its partner protein, transcription factor E3
(TFE3) [55]. Estrogen (17β-estradiol)-induced ERK activation inhibits osteoclastogenesis and promotes
osteoclast apoptosis by downregulating signaling through the transcription factor Hedgehog-Gli.
This fact implies that estrogen deficiency in postmenopausal osteoporosis induces increased
and activated osteoclasts via the activation of Hedgehog-Gli signaling regulated by a MEK/ERK
cascade [56]. M-CSF-induced, immediate gene induction of the Krüppel-like zinc finger transcription
factor Egr2 in osteoclasts maintains osteoclast survival by inducing the pro-survival Bcl2 family
member Mcl1 and proteolytic degradation of the pro-apoptotic Bim [57]. In addition, ribosomal
S6 kinase 2 (RSK2), a member of the p90RSK family of serine/threonine kinases, is a downstream
target of ERK1/ERK2 that participates in modulating M-CSF-induced PI3K/Akt activation through an
ERK/RSK2-mediated negative feedback loop in macrophages [58]. RANKL-induced ERK activation
induces the expression and activity of matrix metalloproteinase 9 (MMP-9, also termed gelatinase
B/type IV collagenase), which is implicated in osteoclast migration and bone resorption [59], through
TRAF6, but not TRAF2, in osteoclast precursors [60].

2.4. Phosphatase Regulation of ERK Signaling in Osteoclasts

DUSPs, protein phosphatases that dephosphorylate both phosphotyrosine and
phosphoserine/phosphothreonine protein residues, play an important role in the duration,
magnitude, and spatiotemporal regulation of MAPK activities [61]. STAT5, a member of the STAT
family of transcription factors essential for cytokine-regulated processes [62], negatively regulates the
activity of MAPKs, in particular, ERK1/2, by inducing the expression of DUSP1 and DUSP2, thus
suppressing the bone-resorbing activity of osteoclasts [39]. RANKL promotes osteoclastogenesis
via sustained ERK activation, whereas RANKL together with the toll-like receptor 9 (TLR9) ligand,
oligodeoxynucleotides containing unmethylated CpG dinucleotides (CpG-ODN), induces transient
ERK activation by enhanced ERK dephosphorylation, due to the expression of phosphatase PP2A,
a serine/threonine phosphatase, thus accelerating the degradation of osteoclastogenic transcription
factor c-Fos and thereby inhibiting osteoclastogenesis [53].

3. JNK Signaling in Osteoclasts

JNK signaling plays an important role in the regulation of apoptosis, formation, and differentiation
of osteoclasts [9,63,64]. Bone marrow-derived macrophages isolated from mice lacking JNK1 or
carrying a mutated form (JunAA/JunAA) of c-Jun that cannot be phosphorylated by the JNKs show
reduced osteoclast differentiation and bone resorption activity [63]. Moreover, impairment of JNK
signaling by overexpression of dominant-negative JNK1, c-Jun, and c-Fos, or the JNK-specific inhibitor
SP600125 abrogates the anti-apoptotic effect of RANKL/RANK/TRAF6 signaling in osteoclasts [9].
This indicates that JNK/c-Jun signaling mediates the RANKL-induced anti-apoptotic process in
mature osteoclasts. Blockade of JNK activity at the pre-fusion osteoclast stage results in the reversion
of tartrate-resistant acid phosphatase (TRAP)-positive cells (representing pre-osteoclasts at the
pre-fusion stage) to TRAP-negative cells (representing osteoclast precursors), even in the continuous
presence of RANKL, demonstrating that the JNK pathway is required for maintaining osteoclastic
commitment, until fusion [65]. In osteoclasts, JNK signaling pathways are reported to structurally
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organize as a signaling cascade (Figure 2). MAPKKKs, such as MEKK1, and transforming growth
factor beta-activated kinase 1 (TAK1) stimulate the MAPKKs MKK4 and MKK7, which induce dual
phosphorylation of JNK at a conserved TPY motif [9,66].

Figure 2. Osteoclastogenic signaling cascade controlled by upstream activators and inhibitors of c-Jun
N-terminal kinase (JNK). The indicated molecules are described in the section of “JNK signaling in
osteoclasts”. Arrows indicate activation of the signaling pathways while T bars indicate inhibition of
the signaling pathways.

3.1. Upstream Activators of JNK Signaling in Osteoclasts

The osteoclastogenic factor RANKL activates JNK signaling through TRAF6, thus stimulating
osteoclast differentiation [9,64]. M-CSF produces ceramide 1-phosphate, which is reported to be
mitogenic for fibroblasts and acts as a lipid second messenger, in murine bone marrow-derived
macrophages, and ceramide 1-phosphate from M-CSF-stimulated cells mediates their proliferation via
rapid phosphorylation of protein kinase B (also known as Akt) and JNK [67,68].

JNK signaling activated by the inflammatory cytokines TNF-α and IL-1 induces cell-cell fusion to
form osteoclasts and enhances osteoclast survival, respectively [69–71]. IL-17A facilitates autophagic
activity of osteoclast precursors and promotes osteoclastogenesis via activating the RANKL-JNK
pathway [72].

In JNK signaling induced by growth factors and other signals, Wnt5a, a non-canonical Wnt
ligand secreted from osteoblasts, binds to its receptor, receptor tyrosine kinase-like orphan receptor
(Ror2) expressed in the plasma membrane of osteoclasts. Wnt5a-Ror2 signaling induces RANK
expression through JNK activation and recruitment of c-Jun to the promoter of RANK-coding gene in
osteoclast precursors, thereby enhancing RANKL-mediated osteoclastogenesis [73], suggesting that
Wnt5a-Ror2-JNK signaling between osteoblasts and osteoclast precursors mediates osteoclastogenesis.
In addition, CCN2 (connective tissue growth factor, cystein rich protein, and nephroblastoma
overexpressed gene), known as a connective tissue growth factor, directly binds to RANK or OPG to
enhance osteoclastogenesis via the activation of RANKL-RANK-JNK signaling and removal of the
anti-osteoclastogenic effect of OPG [74]. Lipopolysaccharide (LPS), a prominent pathogenic factor
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in inflammatory bone diseases, induces osteoclast formation by activating the JNK-STAT3-NFATc1
pathway via the generation of ROS as second messengers [75].

3.2. Upstream Inhibitors of JNK Signaling in Osteoclasts

Several inflammatory cytokines that negatively influence osteoclastogenesis via JNK inactivation
have been identified. IL-3 induces the irreversible inhibition of RANK expression by
downregulating JNK activation in osteoclast precursors, and thus suppresses RANKL-induced
osteoclastogenesis [76,77]. IL-4 blocks RANKL-induced activation of NF-κB and JNK depending
on STAT6, and IL-10 downregulates RANKL-induced expression of NFATc1, c-Jun, and c-Fos,
and JNK phosphorylation, ultimately impairing osteoclastogenesis [40,78]. IL-6 suppresses osteoclast
differentiation through inhibition of JNK activation, at least in part by upregulating the expression
of DUSP1 and DUSP16, which dephosphorylate JNK [79]. Interferon-γ inhibits RANKL-induced
activation of JNK through degradation of TRAF6 in osteoclast precursors or induction of osteoclast
inhibitory peptide-1 expression [80,81].

Some therapeutic agents having anti-osteoporosis, anti-tumor, and anti-inflammation activities
have been reported to suppress osteoclastogenesis through JNK inactivation. The anti-osteoporotic
agent estrogen and the selective estrogen-receptor modulators tamoxifen and raloxifene that mimic
the anti-osteoporotic effect of estrogen suppress RANKL-induced JNK-c-Jun axis signaling, resulting
in a decrease in osteoclast formation and differentiation [82,83]. The anti-tumor agent afatinib (an
ATP-competitive 4-anilinoquinazoline derivative), an irreversible epidermal growth factor receptor
tyrosine kinase inhibitor, has proven efficacious in phase III trials in patients with non-small cell lung
cancer, which is known as the third most common cause of bone metastases [84]. This inhibitor with
anti-tumor effect specifically inhibits RANKL-induced phosphorylation of JNK and Akt, ameliorating
the differentiation and bone resorbing activity of osteoclasts [85]. Cepharanthine, a natural alkaloid
extracted from Stephania cepharantha Hayata, has been used in the clinic for the treatment of tumors and
inflammatory diseases [86]. This agent prevents estrogen deficiency-induced bone loss by inhibiting
osteoclastogenesis via the attenuation of JNK and PI3K-Akt signaling [87]. Curcumol, a sesquiterpene
and one of the major components of the essential oil of Rhizoma curcumae with antitumor and
anti-inflammatory properties, inhibits osteoclastogenesis by specifically impairing RANKL-induced
JNK-activator protein-1 (AP-1) signaling [88]. In pathological conditions, such as uremic disease,
elevated serum phosphate levels are closely related with ectopic extraskeletal calcification, especially in
vascular calcification [89]. A high concentration of extracellular inorganic phosphate inhibits osteoclast
differentiation and bone resorption activity through specific downregulation of RANKL-induced JNK
and Akt activation, with no significant changes in p38 and ERK phosphorylation [90].

3.3. Downstream Targets of JNK Signaling in Osteoclasts

RANKL-induced activated JNK phosphorylates the transcription factor c-Jun, which forms a
complex with c-Fos, an essential transcription factor for osteoclast formation [9,91]. JNK signaling
also induces the expression of the calcium/calmodulin-dependent protein kinase (CaMK), c-Fos,
and NFATc1, which are involved in the maintenance of osteoclast lineage commitment [65,75].
Semaphorin 3D is a downstream target of JNK signaling and is involved in stimulating TNF-α-induced
osteoclastogenesis [69].

3.4. Phosphatase Regulation of JNK Signaling in Osteoclasts

DUSP10, a member of the MAPK phosphatase family of dual-specificity phosphatases,
predominantly dephosphorylates JNK and is induced in osteoclasts by RANKL stimulation.
RANKL-induced activation of DUSP10 is thought to limit JNK signaling in order to inhibit osteoclasts
from undergoing apoptosis [92]. Results obtained through in-vitro differentiation of osteoclast
precursors obtained from DUSP1-deficient mice revealed that DUSP1 removes RANKL-induced
phosphorylation of JNK and negatively regulates osteoclast differentiation and activation [13].
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4. p38 Signaling in Osteoclasts

The p38 signaling pathway plays a key role in the regulation of osteoclast formation and
maturation, and thus, in bone resorption and remodeling [5,93]. A study using conditional p38α
knockout mice showed that p38α deficiency induces increased bone mass in young mice, with
decreased numbers of osteoclasts and bone resorption [93]. Consistent with these in-vivo data,
expression of dominant negative forms of p38α and treatment with a specific p38 inhibitor in
osteoclast precursors resulted in complete blockage of RANKL-induced osteoclastogenesis in vitro [94].
Furthermore, p38α plays an important role in coupling osteoclastogenesis and osteoblastogenesis, as
demonstrated by the fact that specific ablation of p38α in monocytic osteoclast precursors obtained
from p38α-flox; LysM-Cre mice indirectly inhibited osteoblast proliferation and differentiation via
a decrease in the expression and secretion of coupling factors, BMP-2 and platelet-derived growth
factor AA, which are expressed via the p38 MAPK-Creb axis in osteoclasts [93]. In osteoclastogenesis,
osteoclastogenic factors stimulate MAPKKKs, including TAK1 and relay the phosphorylation of
MAPKKs, MKK3, and MKK6 (Figure 3) [95,96]. Subsequently, the activated MKK3 and MKK6 induce
dual phosphorylation of p38α at a conserved TGY motif, facilitating osteoclastogenesis by the activation
of NF-κB signaling and NFATc1 induction [96,97].

Figure 3. Osteoclastogenic signaling cascade controlled by upstream activators and inhibitors of p38
mitogen-activated protein kinases (MAPK). The presented molecules are described in the part of “p38
signaling in osteoclasts”. Arrows indicate activation of the signaling pathways while T bars indicate
inhibition of the signaling pathways.

4.1. Upstream Activators of p38 Signaling in Osteoclasts

M-CSF-c-Fms signaling induces p38 activation during macrophage development [8,98,99].
The binding of RANKL to its cognate receptor RANK leads to the phosphorylation of p38 in osteoclast
precursors through adaptor protein TRAF6, thus inducing osteoclast differentiation [5,94]. OPG directly
activates p38 signaling, thereby potentiating osteoclast function through MMP-9 expression [24] or by
retracting osteoclast adhesion structures [25].
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TNF-α and IL-1 directly activate p38 in a RANKL-independent manner [100,101]. IL-15 allows
a synergistic effect of RANKL-induced osteoclast formation and bone resorption activity through
p38 activation [102]. The expression of CD26, a cell-surface glycoprotein with dipeptidyl peptidase
IV activity, in osteoclasts is accompanied by increased activation of MKK3/6-p38-MITF signaling,
which is essential for early osteoclast differentiation [103]. On the contrary of the positive role of p38
activation in osteoclastogenesis, p38 activation by any stimuli has been reported to negatively regulate
osteoclastogenesis. TLR stimulation with the TLR2 agonist Pam3Cys or the TLR4 agonist LPS inhibits
the differentiation of human peripheral blood mononuclear cells into osteoclasts by downregulating
RANK transcription and cell-surface expression of the M-CSF receptor c-Fms. Especially, it has been
shown that TLR2-induced proteolytic cleavage of c-Fms depends on both p38 and ERK activation [104].
Interestingly, serum amyloid A, which is a major acute-phase protein that is secreted from liver cells
in response to infection or injury, blocks M-CSF/c-Fms signaling via activation of p38 and ERK, thus
inhibiting osteoclast formation by repressing osteoclast-associated genes, such as RANK and TRAF6,
and inducing expression of anti-osteoclastogenic genes, such as MafB and the gene encoding interferon
regulatory factor 8 [105].

4.2. Upstream Inhibitors of p38 Signaling in Osteoclasts

Various reports have suggested that any stimulus can suppress RANKL-induced p38 activation
and thus suppress osteoclastogenesis. IL-3 negatively regulates p38 signaling through the
activation of STAT5 in the early stages of RANKL-induced osteoclast differentiation, thus inhibiting
osteoclastogenesis via the upregulation of the anti-osteoclastogenic regulators Id1 and Id2 [38].
IL-4 inhibits osteoclastogenesis by specifically blocking the activation of RANKL-induced p38 and
NF-κB signaling in a STAT6-dependent manner, but not M-CSF signaling [40]. IL-27 inhibits the
differentiation of human peripheral blood mononuclear cells into osteoclasts by downregulating the
expression of osteoclastogenic factors RANK, triggering receptor expressed on myeloid cells (TREM-2),
and NFATc1, as well as RANKL-induced activation of p38, ERK, and NF-κB signaling [106].

Blockage of osteoclast formation by the TLR9 agonist CpG-ODN is attributed to reduced
expression of c-Fos by shifting from RANKL-induced sustained activation of ERK, JNK, and p38
to transient activation resulting from increased expression of PP2A [53]. Ctsk-Cre;Lrp1f/f mice
with osteoclast-specific deletion of low-density-lipoprotein receptor-related protein 1 (LRP1) showed
dramatically decreased trabecular bone mass with significantly increased osteoclast formation.
Consistent herewith, ex-vivo culture experiments revealed that LRP1-deficient bone marrow-derived
macrophages from Ctsk-Cre;Lrp1f/f mice more efficiently differentiated into osteoclasts by elevating
NF-κB and p38 signaling than LRP1+/+ macrophage cells, indicating that LRP1 negatively regulates
osteoclastogenesis by blunting p38 and NF-κB signaling [107].

There exist synthetic and natural compounds that regulate osteoclast differentiation through the
modulation of p38. Bortezomib, a synthetic proteasome inhibitor approved by the Food and Drug
Administration for use in multiple myeloma, inhibits p38-triggered early osteoclast differentiation
and thus blocks osteoclastic bone resorption [108]. Stimulation of the A2B adenosine receptor with its
specific agonist BAY 60-6583 inhibits RANKL-induced NF-κB and p38 signaling and leads to a decrease
in both cell-cell fusion in the late stage of osteoclast differentiation by notably reducing osteoclast
fusion factors (Atp6v0d2 and DC-STAMP) and osteoclastic bone resorption [109]. Natural compounds,
such as piperine and sinomenine, which are plant alkaloids, and fisetin, a flavonoid found in the smoke
tree, not only show anti-angiogenic, anti-inflammatory, and anti-tumor activities, but also suppress
RANKL-induced osteoclast differentiation via the downregulation of p38 activity [110–112].

4.3. Downstream Targets of p38 in Osteoclasts

Activated p38 directly phosphorylates and stimulates NFATc1 and MITF, transcription factors
essential for osteoclastogenesis, inducing gene expression of osteoclastic proteins, such as TRAP,
cathepsin K, and E-cadherin [113,114]. p38 activated by RANKL-TAK1-MKK6 signaling induces
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the phosphorylation of the NF-κB p65 subunit on Ser-536, resulting in increased transcription of
NF-κB and NFATc1 [96]. In addition, RANKL/RANK/TRAF6/MKK3/6 signaling induces p38
activation followed by phosphorylation of activating transcription factor 2 (ATF2), stimulating
RANKL-induced osteoclast differentiation, but not osteoclast function [115]. RANKL-stimulated
active p38 strongly induces the expression of prostate transmembrane protein androgen induced 1
(Pmepa1), which subsequently upregulates cell-surface expression of RANK on osteoclasts [116].
RANKL-induced p38 activation induces STAT1 phosphorylation at Ser727 and promotes the expression
and secretion of monokine induced by interferon-γ (MIG), which stimulates the adhesion and
migration of osteoclast precursors and differentiated osteoclasts [117]. RANKL-stimulated active
p38 directly phosphorylates MAPK-activated protein kinase-2 (MK2), which is critical for regulating
the expression of osteoclastic fusion genes, DC-STAMP and osteoclast stimulatory transmembrane
protein (OC-STAMP) [118].

4.4. Phosphatase Regulation of p38 Signaling in Osteoclasts

Mice lacking DUSP1 exhibit drastic osteoclast activation in response to local LPS injection, and
osteoclast precursors derived from DUSP1−/− mice show increased cell-cell fusion to multinucleated
osteoclasts and osteoclastic bone-resorptive activity [119]. Further, DUSP1 is expressed by RANKL
stimulation, is localized into the nucleus, and preferentially dephosphorylates the threonine and
tyrosine residues of activated p38 and JNK over those of ERK, thus inducing transient p38 and
JNK activation in response to stress and negatively regulating osteoclast formation and function by
inactivating p38 MAPK-dependent signaling [13,119].

5. Distinct Kinetics of MAPKs and Crosstalk between MAPKs

The strength and duration of the response of MAPKs to different exogenous stimuli determines
the biological outcome of the response. For instance, epidermal growth factor-induced transient ERK
activation via the Raf-MEK-ERK axis induces proliferation in PC12 neuroendocrine cells, whereas nerve
growth factor-induced prolonged ERK activation via the Raf-MEK-ERK axis leads to the differentiation
of PC12 cells into sympathetic neuron-like cells [120,121]. Interestingly, prolonged ERK activation by
epidermal growth factor in PC12 cells overexpressing the epidermal growth factor receptor switches
cell fate from proliferation to differentiation [120]. Thus, cell fate decision is regarded a consequence
of the duration of ERK activation. A recent report indicated that in osteoclast precursors, MAPK
signaling induced by M-CSF or RANKL differed in terms of the extent and duration of ERK, p38,
and JNK phosphorylation, as well as the selective phosphorylation of JNK isoforms [8]: (i) M-CSF
induced more pronounced and sustained ERK phosphorylation than RANKL, (ii) RANKL induced
more and longer p38 phosphorylation than M-CSF, (iii) M-CSF favorably phosphorylated JNK1 rather
than JNK2 or JNK3, whereas RANKL had no such preference, and iv) M-CSF induced immediate
monophasic activation (5 to 20 min) of MAPKs, whereas RANKL induced biphasic immediate (5 to
20 min) and delayed activation (8 to 24 h) of MAPKs. The different kinetics of MAPK activation by
M-CSF or RANKL are considered to be related to cell fate decision of osteoclast precursor proliferation
or differentiation [8].

5.1. ERK Kinetics in Osteoclast Metabolism

RANKL induces sustained ERK phosphorylation and maintains increased protein levels of c-Fos,
resulting in enhanced osteoclastogenesis [53]. In contrast, the TLR9 ligand CpG-ODN leads to the
transition of RANKL-induced sustained ERK activation into transient ERK activation by enhancing the
expression of phosphatase PP2A, thereby decreasing the c-Fos level by degrading c-Fos mRNA and
protein, and consequently inhibiting osteoclastogenesis. Moreover, when osteoclast precursors were
pretreated with okadaic acid, a phosphatase inhibitor, RANKL-induced transient ERK activation by
CpG-ODN was reverted to persistent activation, consequently inducing c-Fos expression. Additionally,
17β-estradiol triggers osteoclast apoptosis via transient ERK activation, peaking at 5 min after
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estrogen administration and returning to the basal level by 30 min, but blocks osteoblast apoptosis via
long-lasting ERK phosphorylation for at least 24 h [122,123]. The opposite effects of ERK activation
on apoptosis were accounted as a result of the differential duration of ERK phosphorylation in the
osteoclasts and osteoblasts [122,123]. Collectively, the switch between RANKL-induced transient
and persistent ERK activation is able to be regulated by tuning the activity of phosphatase and
TLR-mediated signaling in the osteoclast precursors or mature osteoclasts.

5.2. JNK Kinetics in Osteoclast Metabolism

Lissencephaly-1 (LIS1)-flox;LysM-Cre mice, in which LIS1, a key regulator of microtubules and
the cytoplasmic dynein motor complex, is specifically deleted in myeloid cells relevant to osteoclast
precursors, exhibit increased bone mass, due to defective osteoclast formation and bone resorption [124].
Consistent with these findings in vivo, osteoclast precursors derived from LIS1 conditional knockout
mice exhibited impaired osteoclast formation and accelerated apoptotic cell death through the
suppression of M-CSF-induced prolonged ERK activation and the induction of RANKL-induced
prolonged JNK activation. Moreover, the ablation of RelA, a component of NF-κB, induced strong
activation of JNK by RANKL and resulted in JNK-Bid-mediated apoptosis of osteoclast precursors [92].
Together, these results indicate that changes in the activities of ERK and JNK during M-CSF- and
RANKL-mediated osteoclastogenic signaling regulate the apoptosis of osteoclast precursors.

5.3. p38 Kinetics in Osteoclast Metabolism

p38α-flox;LysM-Cre mice exhibit bone defects in an age-dependent manner, displaying
osteopetrosis at 2.5 months and osteoporosis at 6 months of age [93]. When compared with the
differentiation of osteoclast precursors obtained from 2.5-month-old wild-type mice, osteoclast
precursors isolated from age-matched p38α-deficient mice showed increased osteoclast formation at
low cell density, but decreased osteoclast formation at high cell density. Hotokezaka et al. suggested
that ERK inactivation induces RANKL-induced strong p38 activation and positively regulates
osteoclastogenesis via the inhibition of ERK-mediated osteoclast precursor proliferation [125]. We also
reported that p38 activation via the RANKL-RANK-TRAF6 axis leads to a shift from proliferation
to differentiation in osteoclast precursors [8]. Therefore, the positive role of p38 in RANKL-, but
not M-CSF-induced osteoclastogenesis seems to be differential in osteoclast formation and bone
remodeling, according to spatial conditions of cell-cell confluency and physiological development
stage, respectively.

5.4. Crosstalk between ERK and p38 in Osteoclast Metabolism

ERK inactivation by PD98059, a specific MEK inhibitor, suppressed serum-stimulated proliferation
of SaOS-2 human osteosarcoma cells, but stimulated the osteogenic differentiation of these cells via
accelerated p38 activation [126]. This phenomenon could be explained by a competition and balancing
of p38-induced cell differentiation and MEK/ERK-mediated cell proliferation. In accordance herewith,
ERK inactivation in osteoclast precursors by treatment with MEK inhibitors (U0126 and PD98059)
elevated RANKL-induced p38 activation and resulted in enhanced osteoclast [125]. In addition,
treatment of osteoclast precursors with p38 inhibitors (SB203580 and PD169316) induced an increase
in RANKL-induced ERK activation and led to decreased osteoclast differentiation. These results
suggest that MEK/ERK and p38 pathway may be involved in the suppression and induction of
osteoclastogenesis, respectively, by regulating a seesaw-like crosstalk between ERK and p38 MAPK
signaling. Of note, PD98059 and U0126 were found to show off-target effects on the MEK5/ERK5
pathway at higher concentrations, suggesting the possibility that ERK5 may contribute to some of the
roles ascribed to ERK1/2 in osteoclastogenesis [127].
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6. Conclusions

M-CSF and RANKL act as osteoclastogenic key regulators in normal osteoclast metabolism and
share ERK, JNK, and p38 as signal mediators, but exhibit differences in the extent and duration of
activation and MAPK isoform specificity. Moreover, M-CSF induces monophasic activation with an
immediate phosphorylation (5 to 20 min) of MAPKs; distinctively, RANKL leads to biphasic activation
with both immediate (5 to 20 min) and delayed phosphorylation (8 to 24 h) of MAPKs. The timing
of RANKL-induced delayed MAPK activation coincided with the onset of osteoclast differentiation.
Thus, the differential MAPK signaling induced by M-CSF and RANKL is recognized to determine the
osteoclast precursor proliferation and osteoclast differentiation, respectively (Figure 4) [8]. JNK and
p38 activated via RANKL-RANK signaling predominantly mediate osteoclastic apoptosis and promote
osteoclast differentiation and function, respectively, whereas ERK activation via M-CSF/c-Fms axis
preferentially potentiates osteoclast precursor proliferation [4,6–9,128,129]. Because p38 signaling is
more tightly connected to the control of osteoclast metabolism than ERK and JNK signaling, researchers
have tried to apply p38 inhibitors to prevent periopathogen-induced periodontal and active alveolar
bone loss with degradation of mineralized and non-mineralized tooth tissues [130–132] and to treat
rheumatoid arthritis with synovial inflammation, overactive osteoclast function, cartilage degradation,
and bone erosion [133]. Although p38 is currently considered as a potential therapeutic target for
inflammation-mediated bone loss [134], osteoclast-specific indirect regulators of p38 rather than direct
p38 inhibitors should be developed to avoid side effects to other tissues and cells. Further studies
are needed to clarify the detailed molecular mechanism underlying the crosstalk between MAPKs
and the regulation of MAPKs by the balancing of kinases and phosphatases, and to explore the
roles of specific isoforms of JNK1/2/3 and co-modulators capable of tuning p38 MAPK cascades in
osteoclast metabolism.

Figure 4. Osteoclast precursor proliferation by macrophage colony stimulating factor
(M-CSF)/c-Fms-mediated monophasic activation of MAPKs and osteoclast differentiation by receptor
activator for nuclear factor κ-B ligand (RANKL)/RANK-mediated biphasic activation of MAPKs.
Arrows indicate activation of the signaling pathways, a solid line indicates the plasma membrane, and
a dotted line indicates the nuclear membrane of osteoclast precursors. Green color means the signaling
pathway induced by M-CSF and red color means the signaling pathway induced by RANKL.
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Abstract: Extracellular signal-regulated kinase 5 (ERK5) regulates diverse physiological responses
such as proliferation, differentiation, and gene expression. Previously, we demonstrated that ERK5 is
essential for neurite outgrowth and catecholamine biosynthesis in PC12 cells and sympathetic neurons.
However, it remains unclear how ERK5 regulates the activity of ion channels, which are important
for membrane excitability. Thus, we examined the effect of ERK5 on the ion channel activity in the
PC12 cells that overexpress both ERK5 and the constitutively active MEK5 mutant. The gene and
protein expression levels of voltage-dependent Ca2+ and K+ channels were determined by RT-qPCR
or Western blotting. The A-type K+ current was recorded using the whole-cell patch clamp method.
In these ERK5-activated cells, the gene expression levels of voltage-dependent L- and P/Q-type Ca2+

channels did not alter, but the N-type Ca2+ channel was slightly reduced. In contrast, those of Kv4.2
and Kv4.3, which are components of the A-type current, were significantly enhanced. Unexpectedly,
the protein levels of Kv4.2 were not elevated by ERK5 activation, but the phosphorylation levels
were increased by ERK5 activation. By electrophysiological analysis, the inactivation time constant
of the A-type current was prolonged by ERK5 activation, without changes in the peak current.
Taken together, ERK5 inhibits an inactivation of the A-type current by phosphorylation of Kv4.2,
which may contribute to the neuronal differentiation process.

Keywords: extracellular signal-regulated kinase 5 (ERK5); Kv4.2; PC12 cells

1. Introduction

Conventional mitogen-activated protein kinases (MAPKs) involve extracellular signal-regulated
kinases (ERKs) 1, 2, and 5, c-Jun N-terminal kinase and p38 MAPKs, and atypical MAPKs include ERK3,
4, and 7 and nemo-like kinase [1]. In response to growth factors or neurotrophic factors, ERKs are
strongly activated and regulate diverse physiological responses, such as proliferation, differentiation,
and gene expression. The signal transduction leading to ERK1/2 activation and the involvement of
ERK1/2 in cellular responses are the best studied among the MAPK family members.

ERK5 shares homology in the amino acid sequence in the kinase-domain with ERK1/2,
and possesses a unique long C-terminal domain [2,3]. In the past 10 years, specific inhibitors of ERK5
signaling, such as BIX02189 [4,5] and XMD8-92 [6], have been developed. Using these pharmacological
inhibitors, the role of ERK5 in tumor genesis and metastatic progression has been especially well
understood [7,8]. We have shown that the levels of ERK5 and tyrosine hydroxylase, a rate-limiting
enzyme for catecholamine biosynthesis, are co-related in normal human adrenal medulla, but this
correlation is disrupted in pheochromocytomas [9]. However, signaling pathways for ERK5 activation
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and physiological roles of ERK5 in neuronal development are relatively unclear. For example,
involvements of small G-proteins in ERK5 activation are vague [10], whereas it has been established
that ERK1/2 is activated through Ras and Rap1 [11,12]. Some limited studies suggest that ERK5
is necessary and sufficient for neuronal differentiation of progenitor cells [13], and is essential for
adult hippocampal neurogenesis [14,15]. ERK5 promotes neuronal survival in sympathetic or sensory
neurons [16,17]. We have shown that ERK5 is essential for neurite/axon outgrowth and catecholamine
biosynthesis in PC12 cells and sympathetic neurons [5,9]. Thus, ERK5 plays important roles in neuronal
survival, as well as morphological and functional differentiation. However, although it is well known
that ERK1/2 regulates membrane excitability (i.e., neuronal activity) [18–21], ERK5 regulation of
membrane excitability has been poorly understood. Therefore, in the present study, we attempted
to clarify the effect of ERK5 signaling on ion channel activity, which is important for regulating
membrane excitability.

2. Results

To examine the effect of ERK5 signaling, we attempted to activate ERK5 selectively by the
overexpression of ERK5 wildtype and a constitutively active mutant of MAPK/ERK kinase (MEK) 5
(MEK5S311D/T315D, or MEK5D for short). To confirm that ERK signaling is activated by transfection
with these DNA constructs, we measured the myocyte-enhancer factor (MEF) 2 transcriptional
activity by reporter gene assay as an index of ERK5 activation. It has been well-established that
ERK5 phosphorylates MEF2C directly and the transcriptional activity increases [22]. In human
embryonic kidney 293 cells (HEK293 cells), overexpression of MEK5D and ERK5 resulted in a dramatic
enhancement of MEF2C activity (Figure 1).

Figure 1. Overexpression of constitutively active mitogen-activated protein and extracellular
signal-regulated (MAPK/ERK) kinase (MEK) 5 mutant and ERK5 causes activation of ERK5 signaling.
Human embryonic kidney 293 cells (HEK293 cells) were transfected with tandem myocyte-enhancer
factor (MEF) 2 response element (MRE)-luciferase reporter gene and empty vector (Vec) or MEK5D
and ERK5. Two days after transfection, the luciferase activity resulting from MEF2 activation was
measured. ERK5 significantly increased MEF2C activity (one experiment in triplicate (n = 3), * p <0.05,
unpaired Student’s t-test).

We previously demonstrated that overexpression of MEK5D and ERK5 strengthens ERK5
signaling, accompanied by the phosphorylation of the Thr-Glu-Tyr (TEY) activation motif and
auto-phosphorylation sites on ERK5, but the ERK1/2 TEY phosphorylation site is not affected [23].
Next, PC12 cells were co-transfected with MEK5D and ERK5, and the messenger RNA (mRNA)
expression levels of the major voltage-dependent Ca2+ and K+ channels were measured by RT-qPCR
(Figure 2). There were no significant changes in the expression levels of Cav1.2 (L-type) and
Cav2.1 (P/Q-type), but a significant reduction of Cav2.2 (N-type) was observed. In contrast,
the Kv4.2 and Kv4.3 expression levels, which are responsible for the transient outward Ito current
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(A type-current), were significantly promoted by ERK5 signaling. K+ channel-interacting proteins
(KChIPs) are β-subunit for Kv4.2, and the A-type current is influenced by the expression of KChiPs [24].
We previously performed RNA-sequencing to examine the gene expression levels comprehensively in
PC12 cells [25]. The RPKM values for KChIPs 1, 2, 3, and 4 were 0.021284, 0, 1.21248, and 0.067198,
respectively (n = 3). Because KChIP3 is a major β-subunit for Kv4.2 in PC12 cells, we examined the
KChIP3 expression levels. But, there was no significant change in the expression levels. It has been
shown that overexpression of the RasG12V (RasV12) oncogenic mutant can strongly activate ERK1/2
signaling without affecting the phosphorylation status of the ERK5 TEY motif [5,23]. Constitutive
ERK1/2 activation by the overexpression of RasV12 did not elevate the significant expression of Kv4.2
and Kv4.3 in our condition (0.791-fold, n = 6, p = 0.603 for Kv4.2 and 0.522-fold, n = 3, p = 0.454 for
Kv4.3). Because Kv4.2 mediates the majority of the A-type current and is a critical molecule for the
modulation of neuronal excitability in many types of neurons, including the cornu ammonis (CA)
1 pyramidal neurons of the hippocampus and the dorsal horn neurons [20,24], we focused on ERK5
regulation of Kv4.2 for further study.

 

Figure 2. ERK5 promotes gene expression of Kv4.2 and Kv4.3 in PC12 cells. PC12 cells were transfected
with empty vector (Vec) or MEK5 and ERK5. Two days after transfection, the total RNA was isolated
from the cell lysates and RT-qPCR was performed using specific primers for Cav1.2, Cav2.1, Cav2.2,
Kv4.2, Kv4.3, and KChIP3. ERK5 significantly promoted the gene expression of Kv4.2 and Kv4.3,
and attenuated Cav2.2 expression (two independent experiments in triplicate (n = 6), * p <0.05, unpaired
Student’s t-test).

We next examined the protein levels of Kv4.2 after th eERK5 activation in PC12 cells. Surprisingly,
although the mRNA levels were increased, the protein levels were not altered significantly (Figure 3a).
In addition to expression levels, we investigated the phosphorylation status of Kv4.2, because it
has been reported that ERK1/2 phosphorylates at least three Ser/Thr residues at the C-terminus
of Kv4.2 and both ERK5 and ERK1/2 preferentially phosphorylate Ser/Thr residues that have a
similar minimum consensus sequence (i.e., Ser/Thr-Pro) [24,26,27]. We used a Phos-tag reagent,
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which tightly binds phosphorylated amino acids in the presence of Mn2+ or Zn2+. In principle,
the Phos-tag-mixed sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) causes a
band-shift of phosphorylated proteins, and they can be clearly distinguished from unphosphorylated
proteins. The overexpression of MEK5D and ERK5 caused the band-shift of Kv4.2, which was
significantly diminished by the dominant-negative ERK5 kinase-dead mutant (ERK5K83M, or ERK5KD
for short), suggesting that ERK5 signaling promoted phosphorylation levels of Kv4.2 (Figure 3b).

Figure 3. ERK5 did not alter the protein expression of Kv4.2, but did promote the phosphorylation
of Kv4.2 in PC12 cells. (a) PC12 cells were transfected with empty vector (Vec) or MEK5D and
ERK5. Two days after transfection, Western blotting using Kv4.2 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibodies was performed. The density of the Kv4.2 bands was expressed
as a fold of control cells (Vec) (two independent experiments in triplicate (n = 6), unpaired
Student’s t-test); (b) PC12 cells were transfected with empty vector (Vec), MEK5D and ERK5,
or MEK5D and ERK5KD. Two days after transfection, Western blotting using Phos-tag-contained
polyacrylamide gels or Phos-tag-free gels was carried out with a Kv4.2 antibody. The density of the
phospho-Kv4.2 bands was expressed as a fold of the control cells (Vec). Overexpression of MEK5D and
ERK5KD significantly attenuated the MEK5D and ERK5-induced Kv4.2 phosphorylation (three similar
independent experiments in triplicate (n = 3), * p <0.05, Tukey’s method).

We next examined the effect of ERK5 signaling on the A-type current in PC12 cells. The peak
current was unchanged in the PC12 cells overexpressing MEK5D and ERK5, but there was a significant
slowing of inactivation (Figure 4). The time constant (τ) at the fast and slow phases was 6.663
and 213.0 (ms), respectively, in the control cells, and 16.69 and 334.7 (ms), respectively, in the cells
co-transfected with MEK5D and ERK5. These results suggest that the A-type current inactivation was
inhibited by the ERK5 activation, regulating membrane excitability.
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Figure 4. ERK5 inhibits inactivation of the A-type current in PC12 cells. PC12 cells were co-transfected
with EGFP, MEK5D, and ERK5. Two days after transfection, the A-type current was recorded.
(a) Representative traces and step-pulse protocol are shown; (b) maximal peak current was measured
at +50 mV. The ERK5 did not significantly change amplitude levels (data from three independent
experiments (n = 4), unpaired Student’s t-test); (c,d) the time constant (τ) at fast (c) and slow (d) phases
at +50 mV was calculated. ERK5 significantly changed the time constant (τ) at the fast phase (data from
three independent experiments (n = 4), * p <0.05, unpaired Student’s t-test).

Figure 5. Putative mechanism of regulation of Kv4.2 channels by ERK5. The ERK5 phosphorylates
unidentified Ser/Thr residue(s) on Kv4.2, resulting in the inhibition of the A-type current inactivation.
This mechanism may contribute to rapid repolarization toward resting potential, which is necessary
for causing the next firing.
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3. Discussion

In the present study, we found that ERK5 signaling promoted the mRNA expression of the Kv4.2
primary subunits that underlie the transient A-type current in PC12 cells. However, its protein levels
were not reflected by this mRNA up-regulation. Instead, the phosphorylation of endogenous Kv4.2
proteins was promoted by ERK5 and the inactivation rate of the A-type current decreased in these
cells. This putative mechanism is shown in Figure 5.

It has been demonstrated that the ERK5 knock-down by antisense oligonucleotides suppressed
levels of transient receptor potential (TRP) V1 and A1 in dorsal root ganglion neurons [28]. In the study
above, ERK5 regulated the TRPV1 and TRPA1 expression by an unknown mechanism. It has been
shown that various transcription factors bind to the Kv4.2 promoter and regulate the transcription.
For example, GATA4 and 6, as well as FOG2 enhance Kv4.2 transcription in PC12 cells, although
there is a possibility that these transcription factors influence indirectly, as the GATA-binding
consensus sequence is lacking in the minimum Kv4.2 promoter [29]. Another study shows that
the calcineurin/nuclear factor of the activated T cells (NFAT) pathway increases the Kv4.2 mRNA and
protein expression and promoter activity, without affecting the KChIP2 and Kv4.3 levels in rat neonatal
ventricular myocytes [30]. Furthermore, neuritin increases the A-type current density accompanied
by the up-regulation of Kv4.2 mRNA and protein via the Ca2+/calmodulin/calcineurin/NFATc4
and ERK/NFATc4 pathways in the central neurons, and affects neuronal excitability with increased
dendritic spine formation [21]. Because there are NFAT binding sites in the Kv4.2 promoter [21],
ERK5 may phosphorylate NFAT to promote Kv4.2 transcription, as ERK1/2 activation resulted
in phosphorylation of Ser676 on NFATc4 [31]. However, the reason remains unknown as to why
the Kv4.2 protein levels were not reflected by its mRNA expression in this study. In contrast,
ERK5 phosphorylation of Kv4.2 was promoted without changes in the protein expression levels.
This may reflect the results obtained by electrophysiological experiments that the peak current was
not altered by the ERK5 activation. Furthermore, it is also reasonable that the change in the time
constant of the A-type current was affected by the changes in Kv4.2 phosphorylation status, but not
the protein levels.

It has been shown that ERK1/2 directly phosphorylates Thr602, Thr607, and Ser616 residues at the
C-terminal cytoplasmic domain of Kv4.2 [26]. These amino acids are entirely preserved among human
and rat Kv4.2. In this study, epidermal growth factor enhanced phosphorylation of Kv4.2 at these three
sites in COS7 cells overexpressing Kv4.2. Although this phosphorylation was attenuated by U0126,
which blocks ERK1/2 signaling, the remaining phosphorylated band was still observed. Because
epidermal growth factor can activate both ERK1/2 and ERK5 [5,23], the remaining U0126-resistant
Kv4.2 phosphorylation component may result from ERK5 activity. This group further examined
the effects of these three phosphorylated amino acids on the A-type current [24]. The mutation
of these three amino acids to Asp caused the activation curve to shift toward more depolarized
membrane potentials, whereas the mutation of these three amino acids to Ala showed no effect.
Interestingly, the site-directed T607D mutant caused a rightward shift of the activation curve only in
the presence of KChiP3, as observed in the case of the triple D mutant, but the S616D mutant caused a
leftward shift, which is the totally opposite effect. It has been shown that ERK1/2 also phosphorylates
Kv4.2, reducing its conductance in neurons [18]. The minimum consensus sequence of ERK5 and
ERK1/2 is similar, but ERK5 may preferentially phosphorylate the Ser616 residue, which results in
rapid repolarization to increase the firing frequency, as described below. In contrast, the pituitary
adenylate cyclase-activating polypeptide (PACAP) down-regulates the A-type current density without
influencing the voltage-dependence of the Kv4.2 channel currents by ERK1/2 phosphorylation of
Kv4.2 in rat hippocampal neurons [19]. However, the characteristics of the site-directed mutants of the
three amino acids above (T602A, T607A, and S616A) are different from the results found by the group
mentioned above. The Kv4.2 S616A mutant did not show any pituitary adenylate cyclase-activating
polypeptide (PACAP) induced reduction in the channel current density, whereas the overexpression
of T607A mutants partially blocked the inhibitory effect of PACAP. Additionally, the mutational
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analysis of Kv4.2 indicates that Ser616 is the functionally relevant ERK1/2 phosphorylation site for
the modulation of the Kv4.2-mediated currents in neurons derived from spinal cord dorsal horns [20].
Therefore, the roles of the ERK phosphorylation site at the Kv4.2 C-terminus are still controversial.
Further study is necessary to identify the ERK5 phosphorylation site on Kv4.2, and to examine the
effect on the A-type current.

Adjusting the classical Hodgkin–Huxley models, Rush and Rinzel studied the effects of the
A-current on the steady firing rate of neurons. They showed that the number of spikes per burst
increases as the conductance of the A-current decreases and as inactivation decreases [32]. When ERK5
was activated, the A-current inactivation rate was reduced in our results (Figure 4). According to
their model, we assume that ERK5 may contribute to more rapid repolarization toward the resting
potential for responding to the next firing. Therefore, ERK5 may increase the firing frequency through
the phosphorylation of Kv4.2.

In conclusion, this study revealed, for the first time, that ERK5 signaling promotes
phosphorylation of Kv4.2 and inhibits the inactivation of the A-type current for the enhancement
of membrane excitability in PC12 cells. ERK5 promotes neurite outgrowth and catecholamine
biosynthesis. In addition to these roles, the regulation of membrane excitability may be essential
for the differentiation process toward mature neurons. Future directions are examining the role of the
ERK5-enhanced A-type current in neuronal morphological changes and functions in primary cultured
neurons, using ERK5 conditional knockout mice.

4. Materials and Methods

Materials: HRP-conjugated anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody
was purchased from Cell Signaling Technology (Beverly, MA, USA). Anti-Kv4.2 antibody was
purchased from UC Davis/NIH NeuroMab (Davis CA, USA), and HRP-conjugated anti-mouse
IgG secondary antibody was purchased from GE Healthcare (Buckinghamshire, UK). Enhanced
chemiluminescence (ECL) assay kits were purchased from either GE Healthcare, PerkinElmer
(Waltham, MA, USA) or Nacalai Tesque (Kyoto, Japan). Lipofectamine 2000 was purchased from
Invitrogen (Grand Island, NY, USA). Mn2+-Phos-tag was purchased from Wako Pure Chemicals
(Osaka, Japan). TriPure Isolation Reagent for the total RNA extraction, and the FastStart Essential
DNA Green Master for real-time PCR were purchased from Roche (Indianapolis, IN, USA), and a
Reverse Transcription kit was purchased from Toyobo (Osaka, Japan). A DNA plasmid encoding
enhanced green fluorescent protein (EGFP) was purchased from Takara (Tokyo, Japan). The DNA
plasmid encoding a tandem MRE-driven firefly luciferase was kindly given by Ron Prywes (Columbia
University, NY, USA), and MEK5D (S311D/T315D) was kindly given by Eisuke Nishida (Kyoto
University, Japan). DNA plasmid encoding oncogenic RasG12V mutant was used to activate ERK1/2.
It was kindly given from Philip J.S. Stork (Vollum Institute, Oregon Health Sciences University, OR,
USA). Because these DNA plasmids were kind gifts, as described above, there is restriction for the
availability of these plasmids. ERK5KD (K83M) mutant was created from wildtype ERK5 as a template,
as described previously [5].

Cell lines: The HEK293 cells and PC12 cells are provided by the Department of Cellular Signaling,
Graduate School of Pharmaceutical Sciences, Tohoku University, Japan. Results using these cell lines
have been published [9,23]. The HEK293 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal bovine serum, penicillin (50 units/mL), and streptomycin
(50 μg/mL), in a 5% CO2 incubator at 37 ◦C. The PC12 cells were grown in DMEM, supplemented
with 10% FBS, 5% horse serum, penicillin (50 units/mL), and streptomycin (50 μg/mL) in a 5% CO2

incubator at 37 ◦C.
qRT-PCR: The total RNA from the PC12 cells was extracted using TriPure isolation reagent

according to the manufacturer’s protocol. The RNA was then reverse transcribed using a RT-PCR
kit, and real-time PCR was performed using a LightCycler Nano thermal cycler (Roche), as described
previously [33]. The PCR primers used in the PC12 cell experiments were as follows: Cav1.2 (5′-TGT

223



Int. J. Mol. Sci. 2018, 19, 2008

TTC CAG ATG AGA CCC GC-3′ and 5′-GAG GCC CTT CGA CCT AGA GA-3′), Cav2.1 (5′- CTG CTT
TGA AGA GGG GAC AG-3′ and 5′-GGA AAA CAG TGA GCA CAG CA-3′), Cav2.2 (5′-TCA TTG
TGG TCT TCG CTC TG-3′ and 5′-CCT TTG CTG ACT CCT CCT TG-3′), Kv4.2 (5′-TTG GCG ACT GCT
GTT ATG AG-3′ and 5′-TGA CTG AGA CGG CAA TGA AG-3′), Kv4.3 (5′-GGC TAC ACC CTG AAG
AG CTG-3′ and 5′-GCC AAA TAT CTT CCC AGC AA-3′), KChIP3 (5′-GCC TTC GAT GCT GAT GGG
AA-3′ and 5′-AGA GGT GCG TCC TTT CGC AG-3′), and GAPDH (5′-ACC ACA GTC CAT GCC ATC
AC-3′ and 5′-TCC ACC ACC CTG TTG CTG TA-3′). PCR products were quantified and normalized to
the GAPDH control before finally being presented as a fold change.

Reporter gene assay: Reporter gene assays were performed similarly, as described previously [33].
MEK5D, ERK5, and MRE-luciferase reporter genes were co-transfected into HEK293 cells in 24-well
plates using Lipofectamine 2000. Two days after transfection, the lysates were collected and
the luciferase activity was measured using a luminometer (Lumat LB9507, Berthold Japan K.K.,
Tokyo, Japan).

SDS-PAGE with or without Phos-tag and Western blotting: The proteins were separated by
electrophoresis using 10–11% polyacrylamide gels. The proteins were then transferred from the
gel onto a polyvinylidene difluoride membrane (GE Healthcare), according to standard protocols.
The membranes were blocked for 0.5 h at room temperature in 5% skim milk in Tris-buffered saline
containing 0.1% tween-20 (TBST), then incubated with the indicated primary antibodies overnight
at 4 ◦C. The antibodies were dissolved in the blocking buffer, and used at the following dilutions:
anti-Kv4.2 (1:500 or 1:1000), and HRP-conjugated anti-GAPDH (1:1000). The membranes were washed
several times with TBST before being incubated with HRP-conjugated anti-mouse IgG secondary
antibodies (diluted 1:5000 in blocking buffer) at room temperature for 1–2 h. The membranes were
then washed with TBST, developed using an ECL chemiluminescence assay kit, and visualized using a
ChemiDoc XRS imaging system (BioRad, Hercules, CA, USA) or LAS1000 (Fuji Film, Tokyo, Japan).
The relative intensities of the bands corresponding to Kv4.2 and the internal control GAPDH were
determined using Image-J densitometry software (National Institute of Health, Bethesda, MD, USA).

For electrophoresis using Phos-tag, the proteins were separated with 5% polyacrylamide gels
containing 30 μM Phos-tag and 60 μM MnCl2. After the gels were washed twice for 10 min with
transfer buffer containing 10 mM EDTA to remove Mn2+, the proteins were then transferred from the
gel onto a polyvinylidene difluoride membrane at 30 V for 16 h. The further procedure is performed
similarly, as described above.

Electrophysiology by patch-clamping: The PC12 cells were co-transfected with EGFP, MEK5D,
and ERK5. EGFP was used as a marker for the transfected cells. The whole-cell patch clamp method
was used for recording the membrane currents (patch-clamp amplifier Axopatch 200B, Molecular
Devices, Chicago, IL, USA), as described previously [34]. Borosilicate glass electrodes had tip
resistances between 2.5 and 4.5 MΩ when filled with internal solution composed of (mM) KOH
120, aspartic acid 80, Mg-ATP 5, KCl 20, HEPES 5, EGTA 5, and GTP-Na2 0.1 (pH 7.2 with aspartic
acid). The composition of the external solution (mM) was: NaCl 136.9, KCl 5.4, CaCl2 1.8, MgCl2 0.5,
NaH2PO4 0.33, HEPES 5.0, and glucose 5.5 (pH 7.4 with NaOH). To evoke membrane currents, the cells
were held at a potential of −80 mM and depolarized for 500 ms to various potentials, ranging from
−30 to +50 mV in 20 mV increments at 37 ± 0.5 ◦C. The pulse protocol and data acquisition and storage
were accomplished with Clampex 9.2 (Molecular Devices). The sampling frequency was 10 kHz and
low-pass filtering was performed at 5 kHz. The cell membrane capacitance (Cm) was determined
by integrating the area under the capacitive transient elicited, by applying a 50 ms hyperpolarizing
voltage-step from a potential of −40 to −45 mV. All membrane currents (Im) were normalized by Cm,
then analyzed using IGOR software (Wavemetrics, Portland, OR, USA). The time-course of inactivation
at 50 mV was fitted with a first order biexponential function, as follows:

Im(t) = y0 + y1

{
1 − exp

(
− t

τf ast

)}
+ y2

{
1 − exp

(
− t

τslow

)}
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where τfast and τslow are fast and slow time constants, respectively.
Statistics: Data are expressed as means ± S.E.M., and the statistical significance of the differences

between groups was analyzed using the unpaired Student’s t-test or one-way ANOVA, with post hoc
test using Tukey’s test for multiple comparisons.
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SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TRP Transient receptor potential
NFAT Nuclear factor of activated T cells
KChIPCA K+ channel-interacting proteincornu ammonis
PACAP Pituitary adenylate cyclase-activating polypeptide
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
ECL Enhanced chemiluminescence
EGFP Enhanced green fluorescent protein
DMEM Dulbecco’s modified Eagle’s medium
TBST Tris-buffered saline containing 0.1% tween-20

References

1. Coulombe, P.; Meloche, S. Atypical mitogen-activated protein kinase: Structure, regulation and functions.
Biochim. Biophys. Acta 2007, 1773, 1376–1387. [CrossRef] [PubMed]

2. Drew, B.A.; Burow, M.E.; Beckman, B.S. MEK5/ERK5 pathway: The first fifteen years. Biochim. Biophys. Acta
2012, 1825, 37–48. [CrossRef] [PubMed]

3. Wang, X.; Tournier, C. Regulation of cellular functions by the ERK5 signalling pathway. Cell. Signal. 2006, 18,
753–760. [CrossRef] [PubMed]

4. Tatake, R.J.; O’Neill, M.M.; Kennedy, C.A.; Wayne, A.L.; Jakes, S.; Wu, D.; Kugler, S.Z., Jr.; Kashem, M.A.;
Kaplita, P.; Snow, R.J. Identification of pharmacological inhibitors of the MEK5/ERK5 pathway.
Biochem. Biophys. Res. Commun. 2008, 377, 120–125. [CrossRef] [PubMed]

5. Obara, Y.; Yamauchi, A.; Takehara, S.; Nemoto, W.; Takahashi, M.; Stork, P.J.; Nakahata, N. ERK5 Activity Is
Required for Nerve Growth Factor-induced Neurite Outgrowth and Stabilization of Tyrosine Hydroxylase
in PC12 Cells. J. Biol. Chem. 2009, 284, 23564–23573. [CrossRef] [PubMed]

225



Int. J. Mol. Sci. 2018, 19, 2008

6. Yang, Q.; Deng, X.; Lu, B.; Cameron, M.; Fearns, C.; Patricelli, M.P.; Yates, J.R., 3rd; Gray, N.S.; Lee, J.D.
Pharmacological inhibition of BMK1 suppresses tumor growth through promyelocytic leukemia protein.
Cancer Cell. 2010, 18, 258–267. [CrossRef] [PubMed]

7. Hoang, V.T.; Yan, T.J.; Cavanaugh, J.E.; Flaherty, P.T.; Beckman, B.S.; Burow, M.E. MEK5-ERK5 signaling in
cancer: Implications for targeted therapy. Cancer Lett. 2017, 392, 51. [CrossRef] [PubMed]

8. Simoes, A.E.; Rodrigues, C.M.; Borralho, P.M. The MEK5/ERK5 signalling pathway in cancer: A promising
novel therapeutic target. Drug Discov. Today 2016, 21, 1654–1663. [CrossRef] [PubMed]

9. Obara, Y.; Nagasawa, R.; Nemoto, W.; Pellegrino, M.J.; Takahashi, M.; Habecker, B.A.; Stork, P.J.;
Ichiyanagi, O.; Ito, H.; Tomita, Y.; et al. ERK5 induces ankrd1 for catecholamine biosynthesis and homeostasis
in adrenal medullary cells. Cell. Signal. 2016, 28, 177–189. [CrossRef] [PubMed]

10. Obara, Y.; Nakahata, N. The signaling pathway leading to extracellular signal-regulated kinase 5 (ERK5)
activation via G-proteins and ERK5-dependent neurotrophic effects. Mol. Pharmacol. 2010, 77, 10–16.
[CrossRef] [PubMed]

11. Obara, Y.; Labudda, K.; Dillon, T.J.; Stork, P.J. PKA phosphorylation of Src mediates Rap1 activation in NGF
and cAMP signaling in PC12 cells. J. Cell. Sci. 2004, 117, 6085–6094. [CrossRef] [PubMed]

12. York, R.D.; Yao, H.; Dillon, T.; Ellig, C.L.; Eckert, S.P.; McCleskey, E.W.; Stork, P.J. Rap1 mediates sustained
MAP kinase activation induced by nerve growth factor. Nature 1998, 392, 622–626. [CrossRef] [PubMed]

13. Liu, L.; Cundiff, P.; Abel, G.; Wang, Y.; Faigle, R.; Sakagami, H.; Xu, M.; Xia, Z. Extracellular signal-regulated
kinase (ERK) 5 is necessary and sufficient to specify cortical neuronal fate. Proc. Natl. Acad. Sci. USA 2006,
103, 9697–9702. [CrossRef] [PubMed]

14. Pan, Y.W.; Chan, G.C.; Kuo, C.T.; Storm, D.R.; Xia, Z. Inhibition of adult neurogenesis by inducible and
targeted deletion of ERK5 mitogen-activated protein kinase specifically in adult neurogenic regions impairs
contextual fear extinction and remote fear memory. J. Neurosci. 2012, 32, 6444–6455. [CrossRef] [PubMed]

15. Pan, Y.W.; Zou, J.; Wang, W.; Sakagami, H.; Garelick, M.G.; Abel, G.; Kuo, C.T.; Storm, D.R.; Xia, Z. Inducible
and conditional deletion of extracellular signal-regulated kinase 5 disrupts adult hippocampal neurogenesis.
J. Biol. Chem. 2012, 287, 23306–23317. [CrossRef] [PubMed]

16. Finegan, K.G.; Wang, X.; Lee, E.J.; Robinson, A.C.; Tournier, C. Regulation of neuronal survival by the
extracellular signal-regulated protein kinase 5. Cell. Death Differ. 2009, 16, 674–683. [CrossRef] [PubMed]

17. Watson, F.L.; Heerssen, H.M.; Bhattacharyya, A.; Klesse, L.; Lin, M.Z.; Segal, R.A. Neurotrophins use the Erk5
pathway to mediate a retrograde survival response. Nat. Neurosci. 2001, 4, 981–988. [CrossRef] [PubMed]

18. Morozov, A.; Muzzio, I.A.; Bourtchouladze, R.; Van-Strien, N.; Lapidus, K.; Yin, D.; Winder, D.G.; Adams, J.P.;
Sweatt, J.D.; Kandel, E.R. Rap1 couples cAMP signaling to a distinct pool of p42/44MAPK regulating
excitability, synaptic plasticity, learning, and memory. Neuron 2003, 39, 309–325. [CrossRef]

19. Gupte, R.P.; Kadunganattil, S.; Shepherd, A.J.; Merrill, R.; Planer, W.; Bruchas, M.R.; Strack, S.; Mohapatra, D.P.
Convergent phosphomodulation of the major neuronal dendritic potassium channel Kv4.2 by pituitary
adenylate cyclase-activating polypeptide. Neuropharmacology 2016, 101, 291–308. [CrossRef] [PubMed]

20. Hu, H.J.; Carrasquillo, Y.; Karim, F.; Jung, W.E.; Nerbonne, J.M.; Schwarz, T.L.; Gereau, R.W.T. The kv4.2
potassium channel subunit is required for pain plasticity. Neuron 2006, 50, 89–100. [CrossRef] [PubMed]

21. Yao, J.J.; Zhao, Q.R.; Liu, D.D.; Chow, C.W.; Mei, Y.A. Neuritin Up-regulates Kv4.2 alpha-Subunit of
Potassium Channel Expression and Affects Neuronal Excitability by Regulating the Calcium-Calcineurin-
NFATc4 Signaling Pathway. J. Biol. Chem. 2016, 291, 17369–17381. [CrossRef] [PubMed]

22. Kato, Y.; Kravchenko, V.V.; Tapping, R.I.; Han, J.; Ulevitch, R.J.; Lee, J.D. BMK1/ERK5 regulates
serum-induced early gene expression through transcription factor MEF2C. Embo. J. 1997, 16, 7054–7066.
[CrossRef] [PubMed]

23. Honda, T.; Obara, Y.; Yamauchi, A.; Couvillon, A.D.; Mason, J.J.; Ishii, K.; Nakahata, N. Phosphorylation of
ERK5 on Thr732 is associated with ERK5 nuclear localization and ERK5-dependent transcription. PLoS ONE
2015, 10, e0117914. [CrossRef] [PubMed]

24. Schrader, L.A.; Birnbaum, S.G.; Nadin, B.M.; Ren, Y.; Bui, D.; Anderson, A.E.; Sweatt, J.D. ERK/MAPK
regulates the Kv4.2 potassium channel by direct phosphorylation of the pore-forming subunit. Am. J. Physiol.
Cell. Physiol 2006, 290, C852-861. [CrossRef] [PubMed]

25. Obara, Y.; Ishii, K. Transcriptome Analysis Reveals That Midnolin Regulates mRNA Expression Levels of
Multiple Parkinson’s Disease Causative Genes. Biol. Pharm. Bull. 2018, 41, 20–23. [CrossRef] [PubMed]

226



Int. J. Mol. Sci. 2018, 19, 2008

26. Adams, J.P.; Anderson, A.E.; Varga, A.W.; Dineley, K.T.; Cook, R.G.; Pfaffinger, P.J.; Sweatt, J.D. The A-type
potassium channel Kv4.2 is a substrate for the mitogen-activated protein kinase ERK. J. Neurochem. 2000, 75,
2277–2287. [CrossRef] [PubMed]

27. Lugo, J.N.; Barnwell, L.F.; Ren, Y.; Lee, W.L.; Johnston, L.D.; Kim, R.; Hrachovy, R.A.; Sweatt, J.D.;
Anderson, A.E. Altered phosphorylation and localization of the A-type channel, Kv4.2 in status epilepticus.
J. Neurochem. 2008, 106, 1929–1940. [CrossRef] [PubMed]

28. Katsura, H.; Obata, K.; Mizushima, T.; Sakurai, J.; Kobayashi, K.; Yamanaka, H.; Dai, Y.; Fukuoka, T.;
Sakagami, M.; Noguchi, K. Activation of extracellular signal-regulated protein kinases 5 in primary afferent
neurons contributes to heat and cold hyperalgesia after inflammation. J. Neurochem. 2007, 102, 1614–1624.
[CrossRef] [PubMed]

29. Jia, Y.; Takimoto, K. GATA and FOG2 transcription factors differentially regulate the promoter for Kv4.2 K(+)
channel gene in cardiac myocytes and PC12 cells. Cardiovasc. Res. 2003, 60, 278–287. [CrossRef]

30. Gong, N.; Bodi, I.; Zobel, C.; Schwartz, A.; Molkentin, J.D.; Backx, P.H. Calcineurin increases cardiac transient
outward K+ currents via transcriptional up-regulation of Kv4.2 channel subunits. J. Biol. Chem. 2006, 281,
38498–38506. [CrossRef] [PubMed]

31. Yang, T.T.; Xiong, Q.; Graef, I.A.; Crabtree, G.R.; Chow, C.W. Recruitment of the extracellular
signal-regulated kinase/ribosomal S6 kinase signaling pathway to the NFATc4 transcription activation
complex. Mol. Cell. Biol. 2005, 25, 907–920. [CrossRef] [PubMed]

32. Rush, M.E.; Rinzel, J. The potassium A-current, low firing rates and rebound excitation in Hodgkin-Huxley
models. Bull. Math. Biol. 1995, 57, 899–929. [CrossRef] [PubMed]

33. Obara, Y.; Imai, T.; Sato, H.; Takeda, Y.; Kato, T.; Ishii, K. Midnolin is a novel regulator of parkin expression
and is associated with Parkinson’s Disease. Sci. Rep. 2017, 7, 5885. [CrossRef] [PubMed]

34. Okamoto, Y.; Kawamura, K.; Nakamura, Y.; Ono, K. Pathological impact of hyperpolarization-activated
chloride current peculiar to rat pulmonary vein cardiomyocytes. J. Mol. Cell. Cardiol. 2014, 66, 53–62.
[CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

227





 International Journal of 

Molecular Sciences

Review

Role of Mitogen Activated Protein Kinase Signaling
in Parkinson’s Disease

Anastasiia Bohush, Grazyna Niewiadomska and Anna Filipek *

Nencki Institute of Experimental Biology, Polish Academy of Sciences, 3 Pasteur Street, 02-093 Warsaw, Poland;
a.bohush@nencki.gov.pl (A.B.); g.niewiadomska@nencki.gov.pl (G.N.)
* Correspondence: a.filipek@nencki.gov.pl; Tel.: +48-22-5892-332; Fax: +48-22-822-53-42

Received: 30 August 2018; Accepted: 26 September 2018; Published: 29 September 2018

Abstract: Parkinson’s disease (PD) is a neurodegenerative disorder caused by insufficient dopamine
production due to the loss of 50% to 70% of dopaminergic neurons. A shortage of dopamine,
which is predominantly produced by the dopaminergic neurons within the substantia nigra, causes
clinical symptoms such as reduction of muscle mass, impaired body balance, akinesia, bradykinesia,
tremors, postural instability, etc. Lastly, this can lead to a total loss of physical movement and death.
Since no cure for PD has been developed up to now, researchers using cell cultures and animal
models focus their work on searching for potential therapeutic targets in order to develop effective
treatments. In recent years, genetic studies have prominently advocated for the role of improper
protein phosphorylation caused by a dysfunction in kinases and/or phosphatases as an important
player in progression and pathogenesis of PD. Thus, in this review, we focus on the role of selected
MAP kinases such as JNKs, ERK1/2, and p38 MAP kinases in PD pathology.

Keywords: apoptosis; ERK1/2; JNKs; mitochondrial dysfunction; neurodegeneration;
neuro-inflammation; oxidative stress; p38 MAPKs; Parkinson’s disease

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder of the central nervous system (CNS),
which affects about 1% of human population over the age of 60 [1] around the world and, for which, up
to now, no cure has been developed [2]. Resting tremor, rigidity, hypokinesia, and postural instability
are the four cardinal motor symptoms of PD resulting from the loss of dopaminergic neurons in the
substantia nigra pars compacta, which is a key regulatory structure of basal ganglia circuitry. As the
disease progresses, patients frequently develop cognitive impairment and depression. Most motor
symptoms can be attributed to the degeneration of dopaminergic neurons within the substantia nigra
pars compacta [3]. Nonetheless, in recent years, it has become increasingly appreciated that several
other non-dopaminergic neuronal populations also degenerate (Figure 1). These include various
autonomic nuclei and the locus coeruleus as well as glutamatergic neurons throughout the cerebral
cortex. PD is characterized by the formation of specific inclusions called Lewy bodies (LBs) in neurons
of several brain structures. LBs consist mostly of misfolded proteins such as α-synuclein, tubulin
and microtubule associated proteins, ubiquitin, amyloid precursor protein, synaptic vesicle proteins,
various enzymes, and chaperons/co-chaperons [4].
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Figure 1. Principal pathological processes in PD etiology and clinical hallmarks of the disease.
SNpc—substantia nigra pars compacta, VTA—ventral tegmental area.

The MAP (mitogen-activated protein) kinase family is one of the oldest and evolutionally
conserved family of serine/threonine protein kinases responsible for intracellular signaling in
Eukaryota [5]. MAPKs (MAP kinases) regulate many physiological processes such as gene expression,
mitosis, metabolism, cell differentiation and motility, stress response, survival, or cell death [6].
In mammalian cells, there are four main groups of conventional MAPKs: ERK1/2 (called also
MAPK3 and MAPK1, respectively), ERK5, JNKs (JNK1, JNK2, and JNK3 called MAPK8, MAPK9, and
MAPK10, respectively) and p38 MAPKs (p38α, p38β, p38γ, and p38δ called also MAPK14, MAPK11,
MAPK12, and MAPK13, respectively). All these isoforms share sequence similarities but their cellular
targets/substrates differ substantially. In addition, atypical MAPKs including NLK (Nemo-like kinase),
ERK3/4, and ERK7/8 classified into a separate group have been described [6]. All these kinases
collaborate in transmitting signals from numerous extracellular stimuli and control intracellular
processes triggered by them. Thus, in consequence, MAPKs are capable of phosphorylating and
altering the activities of countless substrates in different subcellular compartments. MAPK substrates
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have been found not only in the cytoplasm but also in mitochondria, the Golgi apparatus, the
endoplasmic reticulum, and the nucleus [7,8].

1.1. MAPK Signalling

The MAPK signalling cascade provides a mechanism for cells to respond to a catalogue of
external signals. In fact, the diversity and specificity of cellular responses is facilitated through a linear
cascade of events, which is comprised of a sequentially operating set of three evolutionarily conserved
groups of protein kinases known as: MAPK, MAPK kinase (MAP2K), and MAPK kinase kinase
(MAP3K). MAP3Ks are serine/threonine kinases, which are activated either via phosphorylation
and/or due to the interaction with a small GTP-binding protein of the Ras/Rho family in response
to extracellular stimulus. MAP3Ks activation results in phosphorylation and activation of MAP2Ks,
which consequently stimulate MAPKs activity through dual phosphorylation of threonine and tyrosine
residues positioned in the activation loop of kinase subdomain VIII. The activated MAPKs then
phosphorylate target substrates specifically on serine or threonine residues followed by a proline
residue. MAP2Ks such as MEK3 and MEK6 are activated by a wide range of MAP3Ks (MEKK1–3,
MLK2/3, ASK1, Tpl2, TAK1, and TAO1/2), which become activated in response to oxidative stress,
UV irradiation, hypoxia, ischemia, and cytokines including IL-1 (interleukin-1) and TNF-α (tumor
necrosis factor alpha). Lastly, these events lead to altered gene expression and modulate crucial cellular
functions under normal and pathological conditions such as Parkinson’s disease [9].

1.2. JNK Signaling

JNKs (c-Jun N-terminal kinases) are a family of protein kinases activated in response to cytokines,
growth factors, pathogens, and stress. JNK-mediated signaling pathways affect gene expression,
neuronal plasticity, regeneration, apoptosis, or cellular senescence [10]. JNKs are activated through
a dual phosphorylation of threonine and tyrosine residues within a threonine-proline-tyrosine
(Thr-Pro-Tyr) motif by two MAP kinase kinases: MKK4 and MKK7. These two MAP kinase kinases
can be inactivated by serine/threonine and tyrosine protein phosphatases [9]. In addition to the
regulation by upstream kinases, the JNK signaling pathways are modulated by various scaffolding
proteins including JNK-interacting protein 1, 2, and 3 (JIP1-3). The JNK family consists of 10 isoforms
derived from three genes: JNK1 (four isoforms), JNK2 (four isoforms), and JNK3 (two isoforms).
In mammalian cells, JNK1 and JNK2 are ubiquitously expressed while JNK3 is found mainly in the
brain, heart, and testis [11]. In order to understand the biological function of JNKs, gene knockout
studies were performed. It was found that mice deficient in JNK1, JNK2, JNK3, and JNK1/JNK3 or
JNK2/JNK3 survived normally. Compound mutants lacking genes encoding JNK1 and JNK2 were
embryonically lethal and had severe dysregulation of apoptosis of brain cells [12]. Under normal
conditions, JNKs phosphorylate a variety of substrates. Examples of these substrates include a diverse
assortment of nuclear transcription factors (Jun, ATF2, Myc, Elk1), cytoplasmic proteins involved in
cytoskeleton regulation (DCX, Tau, WDR62), cell membrane receptors (e.g., BMPR2), mitochondrial
proteins (e.g., Mcl1 and Bim), or proteins involved in vesicular transport (e.g., JIP1 and JIP3) [13].

In mammalian brains, JNK transcripts have been detected at levels similar to those in
peripheral organs. However, JNK activity is noticeably higher in CNS than in peripheral
organs. This activity can be increased by noninvasive environmental stimuli, which underlines
the important role of JNKs in the brain [14] under norm and pathology and suggests that it may
be implicated in neurodegenerative disorders such as Parkinson’s disease [15]. In this respect, it
should be stressed that JNKs can be activated by a number of factors implicated in PD such as
toxicants [16] and unfolded/misfolded proteins [17]. Some studies have demonstrated that JNKs
are significantly activated in several common animal models of PD induced by neurotoxins such
as MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), 6-OHDA (6-hydroxydopamine) or LPS
(lipopolysaccharide) [18–21]. Genetic deletion of JNK2 and JNK3 protects against MPTP-induced
neurodegeneration in mice [22]. Moreover, some other studies have indicated that antioxidant and
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anti-inflammatory compounds provide neuroprotection in the MPTP and 6-OHDA model of PD,
at least in part, through the inhibition of JNK activation [23,24]. In addition, it was found that
inhibition of JNKs with the SP-600125 inhibitor protects dopaminergic neurons both from MPP+
(1-methyl-4-phenylpyridinium)-induced neuronal apoptosis in vitro and in MPTP and 6-OHDA
models of PD [15]. Another inhibitor of JNKs, SR-3306, was found to reduce the loss of dopaminergic
cell bodies in the substantia nigra and their terminals in the striatum [25]. SR-3306 was also shown
to have a therapeutic effect in Alzheimer’s disease. A marked improvement of cognitive deficits,
a significant decrease in the amount of β-amyloid plaques, and a decrease in tau phosphorylation
in inflammatory responses were observed in transgenic animals treated for 12 weeks with the JNK
inhibitor SP-600125 [26]. Recently, it has been reported that instant activation of JNK phosphorylation
following treatment of cells with the HMGB1 (high mobility group box 1) protein cause an increase in
the expression of tyrosine hydroxylase. The imbalance of this reduces dopamine synthesis and induces
PD [27].

JNKs are not only implicated in the survival of dopaminergic neurons but also in
dopamine transmission, which is, among the pathways, most impaired during the course
of Parkinson’s disease [28]. Dopamine plays a central role in motor and cognitive
functions as well as in reward processing by regulating glutamatergic inputs in the striatum.
Release of dopamine rapidly exerts its influence on synaptic transmission and regulates both
AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA (N-methyl-D-aspartate)
receptors [29]. JNKs were found to be downstream targets of postsynaptic NMDA receptors and,
moreover, NMDA activity is linked to the presence of a JNK scaffolding protein, JIP1. It was shown
that NMDA-evoked glutamate release is controlled by presynaptic JNK-JIP1 interaction. Using
JNK2 knock-out mice, it was proven that this kinase is essential in mediating glutamate release [30].
Activation of the glutamatergic pathway together with the dopaminergic one is responsible for synaptic
plasticity, long-term potentiation (LTP), and long-term depression (LTD), which underlie motor
learning. Accordingly, it has been found that LTP and LTD are altered in animal models of PD [31].
In addition, it has been found that the JNK1-Rac1 signaling pathway mediates phosphorylation of
serine 295 in the PSD-95 (postsynaptic density protein 95) protein and, thus, enhances its synaptic
accumulation and capability to recruit surface AMPA receptors and, lastly, potentiates excitatory
postsynaptic currents [32]. It is worth mentioning that AMPA receptors, which are extremely relevant
for synaptic plasticity, are physiological substrates of JNKs [33]. Lately, it has been found that, in
a mouse model of PD, the JNK pathway is required for dopamine D1 receptor (D1R)-dependent
modulation of corticostriatal synaptic plasticity. Pharmacological activation of D1R evokes a large
increase in JNK phosphorylation. Electrophysiological experiments on brain slices from PD mice show
that inhibition of JNK signaling in the pathway of striatal projection neurons prevents the increase in
synaptic strength caused by activation of D1Rs [28].

It should be stressed that JNKs are implicated in other processes essential for neuronal homeostasis
that seem to be severely dysregulated during Parkinson’s disease. For example, JNKs seem to play
a role in protein transport in the brain. A study on Caenorhabditis elegans provides evidence that
components of the JNK pathway are necessary for normal protein transport [34] and JNKs have been
shown to modulate the interaction of kinesin with microtubules [35]. Therefore, inadequate JNK
activity may be at the root of the impairment in the axonal transport frequently observed in PD and a
number of many other neurodegenerative disorders [36,37].

JNK signaling is also linked to the apoptosis in neurons [38]. There is a study showing that, in
cultured neurons, c-Jun activation is required for NGF (nerve growth factor) withdrawal-induced
apoptosis and inhibition of c-Jun protects neurons from induced cell death. For instance, NGF
deprivation-induced apoptosis is associated with the activation of the GTPase Cdc42 and JNKs in
primary superior cervical ganglion sympathetic neurons. In addition, overexpression of the MAP3K
apoptosis signal-regulated kinase 1 (ASK1), has been found to activate JNKs and to induce apoptosis in
NGF-differentiated pheochromocytoma PC12 cells and primary rat sympathetic neurons [39]. On the
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other hand, inhibition of JNK signaling has been shown to reduce apoptosis of many other cells [40–43].
Therefore, JNKs may be critical for pathological cell death observed in Parkinson’s disease [44].

Numerous studies have implicated JNKs in oxidative stress, which is known to play an important
role in Parkinson’s disease and other neurodegenerative disorders [45–47]. Research on Drosophila
melanogaster showed that flies with mutations that accelerate JNK signaling accumulate less oxidative
damage and live longer than wild-type flies [48]. JNKs activation has been also linked to stress evoked
by misfolded proteins. Neuropathogenic forms of the huntingtin receptor and the androgen receptor
were shown to inhibit axonal transport [49] and subsequent studies showed that this inhibition is
mediated by JNK [37].

It should be noted that several other studies provide new insights into the role of JNK-mediated
pathways in the control of the balance of autophagy in response to genotoxic stress i.e., the process
that plays an important role in neurodegeneration including Parkinson’s disease [50–52].

1.3. ERK1/2 Signaling

The ERK1/2 (extracellular signal–regulated kinases 1 and 2) signaling cascade is a central
MAPK pathway that plays a role in the regulation of various cellular processes such as proliferation,
differentiation, development, learning, survival, apoptosis etc. [6]. This pathway is activated by growth
factors [53], insulin [54], ligands of G protein-coupled receptors [55], or stress factors [56]. All these
activators trigger a signal transmission by interacting with specific receptors such as receptors with
tyrosine kinase activity (RTKs) or G protein-coupled receptors (GPCRs) [57].

Under a normal condition, the ERK1/2 pathway plays an essential role in the regulation of
transcription. It phosphorylates and activates different transcription factors such as Elk1, c-Fos, p53,
Ets1/2, c-Myc, and NFAT, which, in turn, activate numerous genes that encode proteins involved in
proliferation [58]. Activation of ERK1/2 is crucial for efficient G1/S phase progression in a normal cell
cycle. As mentioned above, ERK1/2 directly phosphorylate Elk1, which is involved in the expression
of immediate-early genes. In addition, through direct phosphorylation of c-Fos, ERK1/2 promotes
its association with c-Jun and the formation of a transcriptionally active AP-1 (activator protein 1)
complex. The expression of cyclin D1, which is a protein that interacts with CDKs (cyclin-dependent
kinases), permits G1/S transition depending on AP-1 activity [9]. In addition, ERK1/2 extend the
MAPK cascade by phosphorylating and activating MAPKAPK (MAPK activated protein kinase) family
members including RSKs (ribosomal S6 kinases), MSKs (mitogen and stress activated protein kinases),
and MNKs (MAPK interacting protein kinases) [8]. Additionally, ERK1/2 phosphorylate members of
the STAT transcription factor family (STAT1, STAT3, STAT4, and STAT5), which are known to mediate
many aspects of survival, proliferation, differentiation [59], cytokine dependent inflammation [60],
and apoptosis [61]. Genetic studies highlight differences between ERK1 and ERK2 isoforms. Some of
them show that ERK1-null mice are neurologically normal with no impairment in the ability to learn,
which may suggest that ERK2 compensates for the loss of ERK1 [62]. In contrast, it was shown that
ERK2 knock-out mice are embryonically lethal [63].

In an adult mammalian central nervous system, ERK1/2 are expressed at a higher level in
post-mitotic neurons. Immunohistochemical studies have demonstrated that ERK2 is localized in
the soma and dendritic trees of neurons of the neocortex, the hippocampus, the striatum, and the
cerebellum [64].

The ERK1/2 pathway mediates dopaminergic and glutamatergic signaling in the central nervous
system and maintains normal activity of striatal neurons. Activation of ERK1/2 is important for
associative learning, memory, visual cortical plasticity, etc. [65]. In addition, it is involved in
the activation of D1 and D2 dopamine receptors in the striatum and ionotropic or metabotropic
glutamatergic receptors in the dentate gyrus [66]. Moreover, it has been shown that the ERK1/2
signaling pathway plays an important role in the maintenance of spatial memory and long-term fear
memory [67]. Another study has revealed the importance of ERK1/2 phosphorylation in neuronal
development. Transiently repressed ERK1/2 phosphorylation in mice during the neonatal stage by
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intraperitoneal injection of MEK1/2 inhibitor, SL327, caused apoptosis of brain cells and had an effect
on brain functioning: reduced LTP, impaired memory, and deficits in social behavior [68].

ERK1/2 signaling is involved in neuronal death, which is a major phenomenon in all
neurodegenerative diseases including Parkinson’s disease [69]. Using the oligodendroglial CG4 cell
line, it was shown that H2O2-induced cell death is prevented by the application of the ERK1⁄2 pathway
inhibitor, PD98059 [70]. Additionally, it has been shown that nitric oxide produced by glial cells induces
neuronal degeneration through ERK1⁄2 activation [71] and that this degeneration might be blocked by
applying, PD98059 [72]. Application of another inhibitor of this pathway, U0126, also indicated that
death of striatal neurons induced by dopamine was associated with ERK1⁄2 activation [73].

There are several processes that link ERK1/2 and Parkinson’s disease. In particular, these
include: oxidative stress and mitochondria dysfunction, cell survival and apoptosis, neuroprotection,
and inflammation. Regarding mitochondria dysfunction, it was found that, in the substantia
nigra of PD patients, there is a mild deficiency in mitochondrial complex I [74]. Moreover, using
confocal microscopy, it was established that phosphorylated ERK1/2 (p-ERK1/2) immune-reactivity
was associated with mitochondrial proteins called MsSOPs and that some vesicular-appearing
p-ERK1/2 granules enveloped enlarged mitochondria. In addition, p-ERK1/2 were found within
the mitochondria of degenerating neurons derived from Parkinson’s disease patients and patients
with Lewy body dementia [75]. There are also some other studies that support an idea that ERK1/2
inhibition activates both apoptotic and necrotic cell death-inducing pathways [76]. ERK1/2 directly
phosphorylates mitochondrial transcription factor A (TFAM) on serine 117, which affects TFAM-DNA
binding and, in consequence, leads to mitochondrial dysfunction. In addition, it was found that TFAM,
which is downregulated by ERK1/2 in cells chronically treated with a complex 1 inhibitor, MPP+,
regulates mitochondrial biogenesis [77]. Regarding oxidative stress, Wang et al. [78] have shown that
the DJ-1 transcription factor interacted with ERK1/2 and was required for the nuclear translocation of
ERK1/2. This translocation was suppressed in DJ-1 knock-down cells and DJ-1 null mice treated with
an oxidative insult. Additionally, endoplasmic reticulum (ER) stress seems to play a critical role in the
progression of Parkinson’s disease. Results obtained by Cai et al. [79] indicate that ER stress-induced
apoptosis in PD might be inhibited by a basic fibroblast growth factor (bFGF). Administration of
bFGF improved motor function recovery, increased tyrosine hydroxylase positive neuron survival,
and upregulated the levels of neurotransmitters in the brain of a rat model of Parkinson’s disease.
Another study has shown that a redox protein, thioredoxin-1, protects neurons from injuries and
attenuates symptoms of Parkinson’s disease [80]. Additionally, it has been shown that the ERK1/2-
and JNK1/2-c-Jun systems are linked with L-DOPA-induced neurotoxicity of dopaminergic neurons
in a cellular model of PD [81] and that PI3K/Akt and ERK1/2 signaling pathways are involved in
the protection of dopaminergic neurons against MPTP/MPP+-induced neurotoxicity [82]. In addition
to that, it was found that, in LPS-induced PD models in vivo and in vitro, a flavonoid known as
licochalcone A (Lico.A) significantly inhibited the production of pro-inflammatory mediators and
microglial activation by blocking phosphorylation of ERK1/2 [83].

Lastly, it should be mentioned that some of the functions attributed to ERK1/2 in neuronal
survival might be carried out by ERK5 since PD98059 and U0126 known as MEK1/2 inhibitors might
inhibit the ERK5 pathway as well [84,85]. There is also a study that sheds light on the distinct roles
of ERK1/2 and ERK5 in the survival of dopaminergic neurons under physiological conditions and
acute oxidative stress. The latter condition is extensively linked to the molecular pathogenesis of
Parkinson’s disease. The interaction between ERK5 and ERK1/2 pathways was found to promote
basal survival of dopaminergic neurons when exposed to oxidative stress. When both pathways were
inhibited, the decline in basal survival of MN9D dopaminergic cells after exposure to a toxic agent,
6-OHDA, was observed. In addition, it was found that ERK5 and ERK1/2 have different roles in
neuronal metabolism. Activation of ERK5 promoted the survival of MN9D cells but had no influence
on the toxic effect of 6-OHDA on these cells [86].
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1.4. p38 MAPK Signaling

The p38 MAPKs are strongly activated by extracellular stimuli such as UV light, heat shock,
osmotic shock, inflammatory cytokines (e.g., TNF-α, IL-1β), or growth factors (e.g., CSF-1). Thus, these
kinases are also known as stress-activated ones [87]. There are four isoforms of p38 MAPKs known
as α, β, γ, and δ. All of them share up to 60% sequence similarities and 40% to 45% with other MAP
kinase family members [88]. p38 MAPK isoforms have a different expression pattern. p38α MAPK is
ubiquitously expressed in most cell types. p38β MAPK is mainly expressed in the brain while p38γ
MAPK—in skeletal muscle and p38δ MAPK—is expressed in endocrine glands [89].

Regarding the role of p38α MAPK, it was found that the knockout of the gene encoding this protein
is lethal [90] while mice lacking the p38β gene were viable and exhibited no apparent health problems.
When embryonic fibroblasts from p38β−/− mice were analyzed, expression and activation of p38α
MAPK, ERK1/2, and JNKs in response to cellular stress remained unchanged, which suggests that the
α isoform of p38 MAPK is the main one responsible for controlling all of the detrimental consequences
of the p38 MAPK activation such as microglia activation, neuro-inflammation, oxidative stress due to
reactive oxygen species (ROS) accumulation, nitric oxide activity, and neuronal apoptosis [91–93].

It is worthy to note that several lines of evidence suggest that p38 MAPKs play a role in neuronal
apoptosis, which is linked to Parkinson’s disease [94,95]. For instance, it has been reported that they
induce apoptosis by phosphorylating Bcl-2 (B-cell lymphoma 2) family members [96]. Interestingly,
phosphorylation of one such member, BimEL, on serine 65 may be a common regulatory point for
cell death induced by both p38 MAPK and JNK pathways [97]. In addition, oxidative stress in
dopaminergic neurons has been shown to trigger the p38 MAPK pathway which, in consequence,
may lead to uncontrolled activation of apoptosis in cellular and animal models of Parkinson’s
disease [98–100]. Together these data suggest that both oxidative stress and p38 MAPK operate
to balance the pro-apoptotic and anti-apoptotic phenotypes of dopaminergic neurons. Some other
studies show the link between the generation of ROS, initiation of the p38 MAPK/JNK signaling,
and apoptosis of neuronal cells in different models of Parkinson’s disease [101–105]. Interestingly,
it has been shown that the exacerbating effects of deletion of Park2 gene (encoding parkin protein)
on ethanol-induced ROS generation, mitophagy, mitochondrial dysfunction, and cell death were
reduced by p38 MAPK inhibitor, SB203580, in vitro and in vivo. In the case of dopaminergic neurons
it has been shown that deletion of this gene exacerbates ethanol-induced damage through p38 MAPK
dependent inhibition of autophagy and mitochondrial function [106]. Similar data revealed that the
p38 MAPK-parkin signaling pathway regulates mitochondrial homeostasis and neuronal degeneration
in the A53T α-synuclein mutant model of Parkinson’s disease [107].

Attention to p38 MAPKs in terms of neurodegeneration is driven by the fact that these kinases are
involved in dopaminergic signaling, which is a pathway known to be disrupted during Parkinson’s
disease [93]. There is a study by Wu et al. [108] showing that degeneration of nigral dopaminergic
neurons was accompanied by an increase in the level of p38 MAPKs and their phosphorylated forms.
In agreement are the results published by Yoon et al. [109] showing that phosphorylation of p38 MAPKs
by the LRRK2-ASK1 pathway regulated neuronal toxicity and apoptosis. Pharmacological inhibition of
this kinase with SB203580 blunted MPTP neurotoxin induced cell apoptosis [110]. Similarly, neuronal
protection was observed by applying another p38 MAPK inhibitor, SB239063 [111], or celastrol in
rotenone-evoked neuroblastoma SH-SY5Y cellular model of Parkinson’s disease [112].

An important issue in Parkinson’s disease is neuro-inflammation that can be associated with
alterations in glial cells including astrocytes and microglia. The response of neurons to activation of
microglia promotes oxidative stress, inflammation, and cytokine-receptor-mediated apoptosis, which
eventually contribute to the death of dopaminergic neurons and to the progression of the disease [113].
Rotenone, which is an inhibitor of the mitochondrial complex I, can directly activate microglial
cells through the p38 MAPK pathway and initiate dopaminergic neuronal damage in substantia
nigra, which ultimately results in parkinsonism. Unfortunately, the exact mechanism behind the
selective degeneration of nigral dopaminergic neurons is not fully understood [103]. Moreover, it
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has been reported that montelukas, which is a cysteinyl leukotriene receptor antagonist, exerted
neuroprotective effects in the rotenone-induced PD animal model through the attenuation of microglial
cell activation and p38 MAPK expression [114]. It has been suggested that degeneration of nigral
dopaminergic neurons was followed by an increase in the expression of p38 MAPKs, p53, and Bax
(Bcl-2-associated X protein). Neurotoxins exhibited a similar effect on the level of these proteins in
cultured pheochromocytoma PC12 cells, which shows that this phenomenon occurs both in vitro and
in vivo. When activated, Bax is exported into the mitochondrial membrane where it oligomerizes and
triggers mitochondrial apoptotic signaling. This observation strongly indicates that p38 MAPK/p53
stimulation of Bax can certainly contribute to rotenone’s neurotoxicity in models of Parkinson’s
disease [108]. p38 MAPK also plays a role in neurotoxicity induced by MPTP [115].

Inflammation and autophagy are highly interdependent cellular processes. Autophagy plays
an anti-inflammatory role and suppresses pro-inflammatory process by regulating innate immune
signalling pathways and inflammasome activity [116]. Inflammatory signals also function to
reciprocally control autophagy [117]. However, the mechanism of mutual regulation of both processes
is not yet explained. A recent study has shown that the α isoform of p38 MAPK plays a direct
and essential role in relieving autophagic control in response to an inflammatory signal by direct
phosphorylation of UNC51-like kinase-1, which is the serine/threonine kinase involved in the
autophagic cascade in microglia. Moreover, phosphorylation of UNC51-like kinase-1 by p38α MAPK
inhibited activity of this kinase, disrupted its interaction with autophagy-related protein 13, ATG13,
and, thus, reduced the level of autophagy [118]. Because autophagy disorders are more commonly
associated with neurodegenerative diseases, the role of p38 MAPKs in autophagy was studied
in a human neuroblastoma SK-N-SH cellular model of Parkinson’s disease. The studies revealed
that microRNA (miR)-181a regulated apoptosis and autophagy by inhibiting the p38 MAPK/JNK
pathway [119].

2. Conclusions

Consistent with the critical role of MAPKs in key cellular activities including cell proliferation,
differentiation, and survival or death. The MAPK signaling pathways have been implicated in the
pathogenesis of many human diseases. Various observations suggest that they contribute to Parkinson’s
disease-related pathological processes such as oxidative stress, neuro-inflammation, autophagy, and
neuronal death (Figure 2). In addition, MAPK inhibitors demonstrate important neuroprotective
properties upstream of the execution of apoptosis in dopaminergic neurons. Therefore, discovering
the relationship between MAPK pathways and the prominent pathological processes observed during
Parkinson’s disease progression may not only aid us to understand the etiology of this disease but also
lend insight into molecular targets for the development of therapeutic drugs.
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Figure 2. Involvement of MAPKs in processes that lead to Parkinson’s disease pathology. Different
stimuli (stress stimuli, growth factors, cytokines, mitogens, pathogens, toxins) induce activation of
MAPK pathways including activation of MAPKKK and MAPKK followed by phosphorylation of
downstream targets such as JNKs, p38 MAPKs, and ERK1/2. JNKs and p38 MAPKs are grouped
together due to their involvement in the “death pathway” (marked in red) while ERK1/2 is believed
to promote cell growth and differentiation (marked in green). Activation of JNKs and p38 MAPKs
promote oxidative stress and apoptosis, which are main contributors to PD pathogenesis. Oxidative
stress may also cause microglial activation and chronic inflammation, which are toxic for brain cells and
leads to PD pathology. In addition, ERK1/2 contribute to apoptosis of brain cells through the activation
of NFAT and p53 and to neuronal inflammation through the activation of STATs. Both ERK1/2 and
JNKs activate mTOR signaling, which promotes neurodegeneration such as that observed in PD.
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Abbreviations

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (agonist of the AMPA receptor)
ASK1 Apoptosis signal-regulating kinase 1
AKT protein kinase B
ATG13 autophagy-related protein 13
bFGF basic fibroblast growth factor
Cdc42 cell division control protein 42 homolog
CNS central nervous system
CSF-1 colony stimulating factor 1
ERK1/2 extracellular regulated kinase 1 and 2
EGFR epidermal growth factor receptor
GPCR G protein-coupled receptors
HMGB1 high mobility group protein 1
IL-1β interleukin 1β
JIP1 JNK interacting protein 1
JNK c-Jun N-terminal kinase
LBs Lewy bodies
L-DOPA L-3,4-dihydroxyphenylalanine
LRRK2 leucine-rich repeat kinase 2
LTD long-term depression
MAP kinase mitogen activated protein kinase
MEK3 and 6 mitogen-activated protein kinase kinase 3 and 6
MEKK1–3 mitogen-activated protein kinase kinase kinase 1 to 3
MLK2/3 mixed lineage kinases 2/3
MN9D cell line used as a model of dopaminergic neurons
MNK MAPK interacting protein kinase
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MPP+ 1-methyl-4-phenylpyridinium
MSK mitogen and stress activated protein kinase
NGF neurite growth factor
NMDA N-Methyl-D-aspartic acid
NO nitric oxide
6-OHDA 6-hydroxydopamine
PD Parkinson’s disease
LTP long-term potentiation
TH tyrosine hydroxylase
Rac1 GTPase, member of the Rho family
ROS reactive oxygen species
RTKs receptor tyrosine kinases
RSK ribosomal S6 kinase
SN substantia nigra
STAT signal transducer and activator of transcription
TAK1 transforming growth factor beta-activated kinase 1
TAO1/2 thousand and one amino acid kinases 1/2
TFAM mitochondrial transcription factor A
TNF-α tumor necrosis factor α
Tpl2 tumor progression locus 2 kinase
UNC51-like
kinase-1

serine/threonine kinase involved in the autophagic cascade

NFAT nuclear factor of activated T-cells
PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase
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Abstract: The p38 MAPK pathway is known to influence the anti-tumor effects of several
chemotherapeutics, including that of organometallic drugs. Previous studies have demonstrated
the important role of p38 both as a regulator and a sensor of cellular reactive oxygen species (ROS)
levels. Investigating the anti-cancer properties of novel 1,8-naphthalimide derivatives containing
Rh(I) and Ru(II) N-heterocyclic carbene (NHC) ligands, we observed a profound induction of ROS
by the complexes, which is most likely generated from mitochondria (mtROS). Further analyses
revealed a rapid and consistent activation of p38 signaling by the naphthalimide-NHC conjugates,
with the Ru(II) analogue—termed MC6—showing the strongest effect. In view of this, genetic as well
as pharmacological inhibition of p38α, attenuated the anti-proliferative and pro-apoptotic effects
of MC6 in HCT116 colon cancer cells, highlighting the involvement of this signaling molecule
in the compound’s toxicity. Furthermore, the influence of MC6 on p38 signaling appeared to
be dependent on ROS levels as treatment with general- and mitochondria-targeted anti-oxidants
abrogated p38 activation in response to MC6 as well as the molecule’s cytotoxic- and apoptogenic
response in HCT116 cells. Altogether, our results provide new insight into the molecular mechanisms
of naphthalimide-metal NHC analogues via the ROS-induced activation of p38 MAPK, which may
have therapeutic interest for the treatment of various cancer types.

Keywords: naphthalimide-metal complex conjugates; N-heterocyclic carbene; mitochondria; ROS;
p38 MAPK; apoptosis; cancer

1. Introduction

Increasing evidence has proven 1,8-naphthalimides as promising candidates for the treatment
of cancer, with several such derivatives (e.g., amonafide and mitonafide) being tested in clinical
trials against various solid and soft tumors [1]. Despite their potent anti-cancer activity, the clinical
application of most of these compounds is hampered due to the toxic side effects [1,2]. Accordingly,
several strategies have been developed to modify the naphthalimide ring in order to improve
the anti-tumor effects and lower its toxicity [2]. This has led to the synthesis of various
naphthalimide-based conjugates, such as metal complexes with naphthalimide ligands [2]. In this
regard, naphthalimide-gold(I) phosphine complexes, whose synthesis was inspired by pervious
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observations on the lead compound auranofin, have shown an increase in the overall cellular
uptake and in the nuclear accumulation of gold(I) as compared with the naphthalimide-free
analogues [3]. Other interesting examples are the naphthalimide-based ruthenium(II) arene complexes,
showing enhanced cancer cell selectivity, which is possibly achieved by the simultaneous action of
naphthalimide as a DNA intercalator along with the ability of ruthenium(II) in binding proteins [4].
More recently, 1,8-naphthalimides containing a metal N-heterocyclic carbene (NHC) moiety have been
synthesized [5,6]. These conjugates are shown to act via both interaction with DNA—related to the
naphthalimide structure—as well as metal-based mechanisms, such as the inhibition of the thioredoxin
reductase (TrxR) [5,6].

Among the molecular mechanisms that are involved in the anti-cancer efficacy of organometallic
drugs is the mitogen activated protein kinase (MAPK) pathway. MAPKs encompass three signaling
cascades; (i) extracellular signal-related kinases (ERKs), (ii) the c-Jun N-terminal kinase (JNK), and
(iii) p38 MAPK, all of which have key roles in cellular proliferation and survival [7]. p38 MAPK has
been repeatedly implicated in cancer therapy and its activation is shown to be necessary for cancer cell
death triggered by a number of chemotherapeutic agents [8]. We and others have shown a determinant
role for the activation of p38 signaling in the pro-apoptotic effects of metal-based drugs, such as
cisplatin [9–11], auranofin [12] as well as gold-containing NHC complexes [13]. However, reports
regarding the influence of naphthalimide derivatives on MAPKs are sparse. As an example, a novel
amonafide analogue has been shown to down-regulate ERK1/2 and p38 via TAK1 inhibition, leading
to its anti-inflammatory effects [14].

In continuation to the aforementioned studies, a series of 4-ethylthio-1,8-naphthalimide conjugates
has been recently synthesized, carrying rhodium(I)- and ruthenium(II) NHC fragments as metal
units [15]. The compounds were found to interact with DNA via an intercalation mechanism and
they were able to trigger strong anti-proliferative effects in MCF-7 breast cancer and HT-29 colon
carcinoma cells [15]. In this article, we describe more detailed analyses on the molecular mechanisms
underlying the anti-tumor effects of Rh(I)- and Ru(II) naphthalimide-NHC compounds, as well as the
metal-free ligand, designated as MC7, MC6, and MC5, respectively. All of the complexes showed potent
anti-proliferative effects against various breast- and colorectal cancer (Colorectal cancer (CRC)) cell
lines, but exhibited mild toxicity in human foreskin fibroblasts (HFFs). Using HCT116 CRC cells, we
have assessed the involvement of reactive oxygen species (ROS) and p38 MAPK signaling in the mode
of action of these molecules. We observed elevated intracellular- and mitochondrial ROS production,
and a remarkable activation of p38 MAPK in response to naphthalimide-NHC analogues, with no
clear regulation of other members of the MAPK family. Additionally, the modulation of ROS and p38α
by anti-oxidants and either chemical inhibitors or siRNA, respectively, led to a significant reduction in
the pro-apoptotic and growth inhibitory functions of the Ru(II) derivative. Our findings propose p38
signaling as a novel anti-cancer target of organometallic complexes with naphthalimide ligands.

2. Results

2.1. MC5, MC6, and MC7 Exhibit Cytotoxic Effects in Tumor Cells of Different Tissue Origins

To determine the cytotoxicity of the naphthalimide-NHC complexes (Figure 1A) in different
cancer models, the cell lines of breast-(MCF-7 and MDA-MB-231) and colorectal (HCT116) tissue
origins were treated with increasing concentrations of the compounds for three incubation periods
(24, 48, and 72 h), after which Sulforhodamine B (SRB) assay was performed. The metal-free
naphthalimide ligand—MC5—as well as the rapid apoptosis inducer, raptinal [16] were included
as references. In all of the investigated cell lines, cellular survival was found to decrease time- and
concentration-dependently in response to the three compounds, with HCT116 cells showing the
highest sensitivity to metal-containing analogues in the first 24 h (Figure 1B). After 48 and 72 h
of incubation with MC6 and MC7, cell viabilities became comparable among MCF-7 and HCT116
cells, while they remained substantially higher in the case of MDA-MB-231 at most of the tested
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concentrations (Figure 1B). Moreover, MC5 was found to be particularly active against MCF-7 breast
cancer cells, but not in HCT116 and MDA-MB-231. This is in good agreement with the previous report,
showing significantly lower IC50 values of metal-free naphthalimide species in MCF-7 as compared to
that of HT-29 CRC cells [15]. Notably, the compounds exhibited extremely low cytotoxic effects in HFF
cells, even at the highest tested concentrations, which might suggest the preferential toxicity of the
naphthalimide-NHC conjugates towards cancer cells (Figure S1).

We also tested the cytotoxicity of the three analogues in the context of p53-deficiency or mutant
p53 using the p53-null HCT116 and HT-29 cell lines, respectively. As shown in Figure S2, mutant
p53 harboring HT-29 cells are less sensitive to the cytotoxic effects of the compounds at most tested
concentrations and time points.

Figure 1. Naphthalimide-N-heterocyclic carbene (NHC) analogues exhibit cytotoxic effects against
human breast- and colon cancer cells. (A) Chemical structures of the compounds; (B) Increasing
concentrations of each of the complexes, as well as the rapid apoptosis inducer, raptinal [16] (as positive
control) were applied to the different cell lines and Sulforhodamine B (SRB) assay was performed after
24, 48, and 72 h of treatment. The Ru(II)- and Rh(I)-containing complexes show the highest and the
least efficacy against HCT116 and MDA-MB-231, respectively, in most tested concentrations. 0.1%
DMSO-treated cells served as mock. Data represent mean ± SD of three independent experiments,
each was done in quadruplicates.

2.2. MC5, MC6, and MC7 Inhibit Cell Cycle Progression in HCT116 CRC Cells

To shed light on the mechanism that is responsible for the inhibitory activity of the compounds
on cellular viability, we sought to assess changes in the cell cycle regulation. HCT116 cell line was
selected for further investigation based on its higher susceptibility to the MC6- and MC7-mediated
cytotoxic effects (Figure 1B). A 24 h post-treatment analysis of the DNA content revealed a G1 arrest
in response to treatments (Figure 2A). Although all three compounds caused a significant increase in
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the G1 phase cell population as compared to mock (0.1% DMSO), this effect was found to be more
pronounced in the case of the Rh(I) analogue (MC7), followed by the metal-free ligand (MC5), and
finally the Ru(II) complex (MC6) (Figure 2B).

Additionally, we examined the mRNA levels and protein expression of p21, an inhibitor of the
complexes of cyclin D and cyclin-dependent kinases (CDKs), which have a key role in the G1 to S
phase transition [17]. As expected, p21 mRNA and protein levels were induced after 24 h of treatment,
with no statistically significant difference being found across the three compounds (Figure 2C–E).

Figure 2. Naphthalimide-NHC analogues induce cell cycle arrest and p21 expression in HCT116
CRC cells. (A) Representative histogram plots show the distribution of cell cycle phases in HCT116
cells treated with either 0.1% DMSO (as mock) or the three complexes, MC5, MC6, and MC7 at a
concentration of 50, 12, and 25 μM, respectively for 24 h; (B) All of the analogues were found to induce
a G1 phase arrest as compared to mock treatment. Comparison of the percentage cell population of
G1, S, and G2/M phases between mock and each of the three complexes was performed by two-tailed
student’s t-test. Error bars represent the SD of two biological replicates, one of which is depicted in (A);
(C) p21 mRNA levels are up-regulated in response to 24 h of treatments, analyzed by qRT-PCR. Relative
expression was calculated using the ΔΔ Ct method where the Ct values of p21 were normalized to those
of the housekeeping gene (vinculin). Lower and upper ends of the bars indicate the minimum and
maximum values, respectively, and the “+” in the middle represents the mean. Error bars ± SD; n = 4;
(D) p21 protein levels upon 24 h of treatment with the three complexes at the indicated concentrations,
determined by immunoblotting; (E) Densitometric quantification of p21 bands normalized to those of
the loading control (vinculin). Error bars indicate the SEM of two biological replicates, one of which is
presented in (D). Multiple comparisons were made using one-way ANOVA test and a post-hoc Tukey
test. *, **, ***, and **** denote p-values less than or equal to 0.05, 0.01, 0.001, and 0.0001, respectively.

2.3. Intracellular- and Mitochondrial ROS Levels of HCT116 Cells Are Differentially Induced by the Three
Naphthalimide-NHC Complexes

The involvement of excessive ROS generation has been repeatedly mentioned in the anti-cancer
mechanisms of organometallic drugs, including that of metal NHC complexes [18]. We therefore
sought to evaluate the influence of the three compounds on intracellular ROS formation in HCT116
cells using dihydroethidium (DHE) staining. After 24 h of treatment with various concentrations of
each compound, we found that all of the complexes produced a modest but consistent increase in ROS
levels, which occurred concentration-dependently (Figure 3A,B). When comparing the three molecules,
the highest fold change (1.7) was observed after treatment with 50 μM of the metal-free ligand (MC5),
followed by Ru(II) (MC6) and Rh(I) (MC7) compounds which caused a 1.2-fold increase in ROS levels
at the highest used concentrations, 12 and 50 μM, respectively (Figure 3A). Pre-treatment with the
ROS scavengers, N-acetyl-L-cysteine (NAC) and reduced glutathione (GSH) clearly prevented the
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MC6-triggered ROS production (Figure 3C). To gain further insight into the source of ROS, we sought
to analyze the role of mitochondrial respiration and included co-treatment with either the complex I
inhibitor, rotenone, or the uncoupling agent, CCCP. As shown in Figure 3C, blocking complex I was
found to significantly decrease MC6-induced ROS, whereas co-treatment with CCCP (2.5 μM, 2 h)
caused a slight increase in the total cellular ROS levels.

Figure 3. Total cellular reactive oxygen species (ROS) levels are moderately increased by
naphthalimide-NHC analogues. (A) HCT116 cells were treated with various concentrations of the
respective compound for 24 h, after which flow cytometric analysis of ROS generation was performed
using the superoxide indicator, dihydroethidium (DHE). A 24 h treatment with the gold(I) NHC
complex, MC3 [13] as well as the rapid apoptosis inducer, raptinal [16] was included as positive control.
Cellular ROS levels were found to be concentration-dependently induced in response to all the three
complexes, with the metal-free ligand (MC5) showing the highest induction. Data were normalized to
mock (0.1% DMSO) treatment. Error bars ± SD; n = 4. Statistical significance between the respective
treatment and mock was determined by two-tailed student’s t-test. (B) Representative density plots
of one out of four biological replicates shown in (A); (C) ROS levels induced by MC6 (6 μM, 24 h)
were found to be significantly decreased in HCT116 cells pre-treated for 1 h with the anti-oxidants,
N-acetyl-L-cysteine (NAC) and glutathione (GSH), as well as the mitochondrial complex I inhibitor,
rotenone at the concentrations indicated. A 2 h co-treatment with the mitochondrial uncoupling reagent
(CCCP), and Ru(II) complex (MC6) caused a mild increase in the latter’s effects on ROS generation
stained by DHE. Data were normalized to the values of mock (0.1% DMSO) as well as the corresponding
single treatments. Statistical significance between MC6 in the absence/presence of each of the inhibitors
was determined by two-tailed student’s t-test. *, **, ***, and **** represent p-values less than or equal to
0.05, 0.01, 0.001, and 0.0001, respectively.

One of the main sources of intracellular ROS is mitochondria, known as mitochondrial ROS
(mtROS), which are produced in the form of superoxide anions (O2

−) as a by-product of oxidative
metabolism [19]. To obtain further insight into the ROS inducing ability of naphthalimide-NHC
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conjugates, we performed a live cell analysis of MitoSox Red staining. In contrast to intracellular ROS
levels, mtROS production was found to have the highest induction with the Ru(II) complex (MC6) at
all of the tested time points, followed by MC5, and finally the Rh(I) analogue (Figures 4A,B and S3).
As early as 3 h, mtROS were elevated up to 3.1-fold upon treatment with 12 μM of MC6 and reached
the maximum after 12 h (5.4-fold), followed by a slight decrease at 24 h (Figure 4B). A similar decrease
could be also observed with a concentration of 50 μM of MC5 (Figure 4B). Such a reduction after
long-term treatments or higher concentrations might be due to the activation of anti-oxidant defense
mechanisms by cancer cells, as previously reported for gold(I) NHC complexes [13].

Figure 4. Mitochondrial ROS (mtROS) generation is strongly influenced by naphthalimide-NHC
analogues. (A) Live cell imaging of mitochondrial superoxide generation stained with MitoSox Red
and associated quantification (B) as described in the methods’ section. MitoTracker Green was used
to indicate mitochondria; (C) The mitochondria-targeted anti-oxidant, Mito TEMPO, attenuated the
ROS induced by 12 μM of MC6, determined by flow cytometric analysis of MitoSox Red staining.
Mito TEMPO (10 μM) was pre-incubated with HCT116 cells 2 h before the exposure to MC6 for 24 h.
Data are shown as mean ± SD of three biological replicates. Comparison of ROS fold change between
the two groups was performed by two-tailed student’s t-test where a p-value less than or equal to
0.05 is denoted by *; (D) Fluorescence micrographs showing mitochondrial localization of the three
complexes in HCT116 cells upon treatment with MC5 (50 μM), MC6 (12 μM), and MC7 (50 μM) for 4 h.
Mitochondria were stained by MitoTracker Green. Scale bar: 40 μm. 0.1% DMSO was used as mock.
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To further elucidate the source of ROS, Mito TEMPO, which is a mitochondria-specific ROS
scavenger, was pre-incubated with the cells 2 h before MC6 treatment for 24 h. As shown in Figure 4C,
anti-oxidant treatment was capable of reducing mitochondrial superoxide levels induced by 12 μM
of MC6.

The rich photophysical properties of naphthalimides make them useful tools for monitoring
their uptake and localization in living cells [2]. Using fluorescence microscopy, we detected a clear
mitochondrial accumulation of all the three compounds in HCT116 cells after 4 h of treatment
(Figure 4D). This may explain the stronger effect of the compounds on mtROS generation rather
than that of cytosolic ROS.

2.4. Naphthalimide-NHC Derivatives Impact Mitochondrial Membrane Potential (MMP) in Different Ways

MtROS production is determined by a number of factors, one of which is MMP (Δψm) [20].
Flowcytometric analysis of Δψm in HCT116 cells revealed that, among the three complexes, MC5 and
MC6 have the lowest and the highest potentials at all the tested time points, respectively (Figures S4
and 5A). It has been proposed by a “redox-optimized ROS balance hypothesis” that physiological
ROS signaling occurs at optimized MMP levels, whereas oxidative stress can happen at either extreme
(low or high) of Δψm [21]. This is in line with our results, showing the highest mtROS production in
case of MC6 and MC5, which exhibit the most oxidized and reduced redox potentials, respectively.
Accordingly, MC7, whose MMP does not move far from the basal levels (Figures S4 and 5A), shows
only a moderate increase in mtROS generation, as compared to those of the other two compounds
(Figures S4 and 5A).

Bcl-xL is known to govern the integrity of the mitochondrial outer membrane through protecting
it from Bax-induced permeabilization, which leads to the release of cytochrome c and activation of
caspases [22]. In this regard, we observed a concentration-dependent decrease in the protein expression
of the pro-survival Bcl-2 member, Bcl-xL after 24 h of treatment, with MC6 and MC7 showing the
highest and lowest reduction, respectively (Figure 5C,D). This was in parallel to the transcriptional
activation of the apoptogenic factors, Bax and Bad (Figure 5B). The pro-apoptotic function of Bad is
known to be mediated via its interaction with Bcl-2/Bcl-xL, which neutralizes the pro-survival activity
of the latter proteins, thereby sensitizing cells to apoptosis [23]. In support of this, we observed elevated
Bad protein levels upon 24 h of treatment with all three compounds at the indicated concentrations
(Figure 5C,D). Of note, it has been repeatedly shown that only the unphosphorylated Bad is able to
heterodimerize with Bcl2/Bcl-xL and that phosphorylation of the protein at either of the three serine
residues, S112, S136, and S155 sequesters Bad away from mitochondrial membrane [23]. We therefore
evaluated Bad phosphorylation status in response to the compounds and observed a reduction in two
of the aforementioned phosphorylation sites (S112 and S136), suggesting the potential role of Bad in
promoting cell death in response to the three analogues (Figure 5C,D). Taken together, all the above
findings demonstrate the involvement of ROS and mitochondrial death pathway in the anti-tumor
effects of the naphthalimide-NHC conjugates.

Figure 5. Cont.
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Figure 5. Naphthalimide-NHC analogues reduce, induce and have no clear effect on the Mitochondrial
Membrane Potential (MMP) (Δψm) in HCT116 cells. (A) MMP was time-dependently decreased by
MC5 (25 μM); it was increased in the earlier time points by MC6 (12 μM) followed by a decrease at
24 h; and was found to be mostly unaltered in response to MC7 (25 μM). Error bars are the SD of three
biological replicates; (B) mRNA expression analysis of the pro-apoptotic Bcl-2 family members, Bad
and Bax, after 24 h of treatment with the compounds at indicated concentrations. Relative expression
was calculated by the ΔΔ Ct method where the Ct values of the target genes were normalized to those
of vinculin. Lower and upper ends of the bars denote the minimum and maximum values, respectively
and “+” in the middle represents the mean. Error bars ± SD; n = 4; (C) 24 h of treatment with the
respective compound led to a concentration-dependent decrease and increase in Bcl-xL and Bad protein
levels, respectively, while it had no clear effect on Bax protein expression. Additionally, different
phosphorylated forms of Bad were found to decrease in response to treatment; (D) Densitometric
quantification of Bcl-2 family members normalized to the respective loading control (vinculin). The
values of phosphorylated Bad were normalized to those of vinculin as well as total protein levels.
Data are expressed as mean ± SEM of two independent experiments, one of which is presented in (C).
Statistical comparisons were made between mock (0.1% DMSO), and the respective treatment using
two-tailed student’s t-test. *, **, ***, and **** represent p-values less than or equal to 0.05, 0.01, 0.001,
and 0.0001, respectively.

2.5. p38 MAPK Signaling Is Activated in Response to Naphthalimide-NHC Complexes, with the Ru(II)
Analogue Exhibiting the Strongest Effect

Several reports have demonstrated the activation of p38 signaling by a number of organometallic
drugs, including gold(I) [13]- and Rh(I) [24] NHC complexes. MtROS generation, on the other hand,
has been repeatedly associated with MAPK activation, leading to inflammatory responses, apoptosis,
and autophagy [20]. We thus evaluated the involvement of this signaling molecule in the mode of
action of naphthalimide-NHC analogues in HCT116 cells. After 24 h of treatments, the levels of
phospho-p38 MAPK (pp38 MAPK; T180/Y182) were clearly increased across the three compounds,
with the Ru(II) analogue (MC6) showing the highest fold change (~7) at a concentration of 12 μM
(Figure 6A,B). The activation of p38 signaling by the Rh(I) and Ru(II) complexes was further confirmed
as its downstream genes, ATF2 and Stat1 were found to be transcriptionally activated after 24 h of
treatment with the respective concentrations of the compounds (Figure 6C). A time-dependent analysis
of pp38 MAPK (T180/Y182) protein levels upon treatment with 12 μM of MC6 showed that p38
activation occurs as early as 1 h and it persists over the test period of 24 h (Figure 6D,E). Additionally,
we observed a rapid and consistent activation of ATF2 in response to MC6, as determined by increased
levels of its phosphorylated form (pATF2; T71) (Figure 6D,E).
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Figure 6. Naphthalimide-NHC derivatives activate the p38 pathway in human breast- and colon cancer
cell lines. (A) Immunoblots as well as densitometric quantification (B) showing the accumulation of
pp38 mitogen activated protein kinase (MAPK) (T180/Y182) protein levels by the three complexes in
HCT116 CRC cells upon 24 h treatment with increasing concentrations of the respective compound
as indicated. The induction appeared to be more profound in case of the Ru(II) analogue, MC6. Data
in (B) are presented as mean ± SEM of three independent experiments, one of those is shown in (A);
(C) qRT-PCR analysis of p38-associated signaling molecules, ATF2 and Stat1 in HCT116 cells treated
with the compounds at indicated concentrations for 24 h. Lower and upper ends of the bars denote
the minimum and maximum values, respectively, with the “+” sign representing the mean of four
biological replicates. Error bars ± SD; (D) Time-course analyses of pp38 MAPK (T180/Y182) as well
as its down-stream effector, pATF2 (T71) in HCT116 cells treated with 12 μM of MC6, determined by
immunoblotting; (E) Densitometric analyses of pATF2 (T71) and pp38 (T180/Y182) bands obtained
from three independent experiments, one of which is depicted in (D). Error bars ± SEM; (F) Regulation
of p38 MAPK signaling was compared among HCT116, MCF-7 and MDA-MB-231 cancer cell lines
treated for 24 h with the metal-containing analogues (MC6 and MC7). In case of MDA-MB-231 where
the basal levels of pp38 (T180/Y182) are high, treatments did not profoundly impact the molecule’s
phosphorylation; (G) Densitometric quantifications illustrate no significant change in pp38 (T180/Y182)
levels in MDA-MB-231 cells. Error bars ± SEM; n = 3. Statistical comparisons were made between
mock (0.1% DMSO) and the respective treatment using two-tailed student’s t-test. p-values less than or
equal to 0.05, 0.01, 0.001, and 0.0001 are indicated as *, **, ***, and ****, respectively.
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Next, we aimed to assess whether p38 activation is reproducible in cancer cell lines other
than HCT116 CRC cells. As shown in Figure 6F,G, MC6 and MC7 were able to induce the
levels of phospho-p38 MAPK (pp38 MAPK(T180/Y182)) in the breast cancer cell lines, MCF-7 and
MDA-MB-231, however with a much lower efficiency in the case of the latter. With regards to this,
it has been reported that breast cancer cell lines with a triple-negative (ER negative, PR negative and
HER-2 negative) molecular profile exhibit enhanced expression and activity of p38 MAPK, which has
been correlated with poor prognosis and survival in patients [25]. Thus, the minor effect on p38 in
MDA-MB-231 is most likely due to the endogenous higher activity. In this context, p38 may act as a
tumorigenic factor rather than a tumor suppressor. Therefore, its inhibition rather than its activation is
shown to exert anti-proliferative effects in invasive breast cancer models [26].

p38 and other members of the MAPK family of proteins, ERK and JNK, have been shown to
crosstalk at several levels, determining whether the cell survives or undergoes apoptosis in response
to chemotherapeutic drugs [27,28]. We therefore evaluated the phosphorylation status of ERK and
JNK using immunoblotting, as well as protein ELISA-microarray analysis [29]. We observed a mild
inhibitory effect of the compounds, in particular MC6 and MC7, on the phospho-activation of ERK
(Figure S5A–C), however the difference was not found to be statistically significant. With regards to
JNK, 24 h treatment with increasing concentrations of the compounds did not show a clear alteration
in the phosphorylated protein levels (Figure S5C), which most probably rules out the involvement of
JNK signaling in the pro-apoptotic response of HCT116 cells to naphthalimide-NHC analogues.

2.6. Anti-Proliferative and Pro-Apoptotic Effects of the Ru(II) Naphthalimide-NHC Complex in HCT116 Cells
Proceed via p38 MAPK Signaling, Involving ROS

To further elucidate the role of p38 in the anti-tumor properties of MC6, which triggered the
strongest p38 activation across the three complexes (Figure 6A,B), we knocked-down the expression of
p38α (MAPK14) in HCT116 cells while using siRNA (Figure 7D). As determined by SRB cytotoxicity
assay, upon 24 h treatment with 12 μM of MC6, cellular viability was significantly increased in cells
that were transfected with anti-p38α siRNA as compared to that of the negative control (siRNA NC)
and non-transfected HCT116 cells (Figure 7A). We then aimed at investigating the influence of p38
knock-down on the MC6-mediated apoptosis using annexinV/propidium iodide (AV/PI) staining.
As depicted in Figure 7B,C, 24 h treatment with 12 μM of MC6 resulted in the transition of cells
through the early apoptotic (AV+/PI−) quadrant in HCT116 and HCT116 siRNA NC, as determined
by ~1.8- and ~1.4-fold increase, respectively. This effect was found to be attenuated in response to the
p38 knock-down, as the fold change of early apoptotic- as well as late apoptotic/necrotic (AV+/PI+)
cells were significantly less than that of HCT116 and cells transfected with the non-targeting siRNA
(Figure 7B). Similar results were obtained in the presence of two well-known chemical inhibitors of
p38α, VX-702, and Ralimetinib. As shown in Figure 7E,F, the number of apoptotic cells upon 24 h
of MC6 treatment was significantly decreased when combined with p38α inhibitors, as detected by
AV/PI staining. Additionally, the pro-apoptotic response of HCT116 cells to MC6 was evaluated in
the absence/presence of p38α activity using flow cytometric analysis of caspase 3 activation where
significantly less cleaved caspase 3 levels were observed upon both knock-down of p38α (Figure 7G),
as well as its pharmacological inhibition (Figure 7H,I). Moreover, we monitored the MC6-induced
apoptosis using TUNEL assay and found significantly more apoptotic cells with 24 h of MC6 treatment,
an effect that was clearly abrogated upon VX-702-mediated p38α inhibition (Figure 7J,K).
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Figure 7. p38 signaling appears to be crucial for the MC6-mediated cytotoxic- and pro-apoptotic effects.
(A) siRNA-mediated repression of p38α was found to hamper the growth inhibitory effects of MC6 in
HCT116 cells treated with 12 μM of the compound for 24 h, measured by SRB assay. Percentage cell
viability was calculated by normalizing the values of MC6-treated cells to those of the corresponding
mock (0.1% DMSO) treatments. Error bars ± SD; n = 3; (B) Knock-down of p38α attenuates the
pro-apoptotic response to MC6 (12 μM, 24 h), assessed by flow cytometric analysis of AV/PI staining.
Percentage cell population in each quadrant was normalized to the respective mock (0.1% DMSO)
treatment. Error bars ± SD. Multiple comparisons were performed using two-way ANOVA followed
by a post-hoc Tukey test; (C) Density plots representative of three biological replicates illustrate
increased population of AV+/PI− and AV+/PI+ with treatment, however, to a lesser extent in case of
cells transfected with anti-p38α siRNA; (D) Confirmation of knock-down efficiency, as determined by
immunoblotting; (E) chemical inhibition of p38α abrogates the MC6-mediated apoptosis. HCT116 cells
were treated with 12 μM of MC6 in the absence/presence of p38α inhibitors, VX-702 and Ralimetinib
at a concentration of 0.5 μM for 24 h. Error bars ± SD, n = 3. Asterisks show significance in the amount
of early- and late apoptotic population between cells treated with MC6 and each of the two inhibitors,
and MC6 as a single agent, determined by two-tailed student’s t-test; (F) Representative density plots
of one out of three biological replicates demonstrate reduced number of AV+/PI− and AV+/PI+ cells
when p38α activity is inhibited; (G) Flow cytometric analysis of caspase 3 activation shows significantly
less cleaved caspase 3 expression in cells transfected with anti-p38α siRNA as compared to that of the
negative control. Error bars ± SD, n = 6. Statistical significance between the two groups was made
using two-tailed student’s t-test; (H) Chemical inhibition of p38α was found to decrease the levels of
active caspase 3 in a similar manner to that of p38α knock-down. Error bars ± SD, n = 6. Statistical
comparison was performed between combination treatments and MC6 using two-tailed student’s t-test;
(I) Representative density plots of one out of six biological replicates; (J) Detection of apoptotic cells
using TUNEL assay. HCT116 cells were treated with the indicated concentrations of MC6 for 24 h in
the absence/presence of VX-702 (0.5 μM). Statistical significance was calculated between mock and the
respective treatment as well as MC6 as single agent and in combination with VX-702 using two-tailed
student’s t-test; (K) Representative fluorescence images of TUNEL reaction. Scale bar: 100 μm. p-values
less than or equal to 0.05, 0.01, 0.001, and 0.0001 are denoted as *, **, ***, and ****, respectively.
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Figure 8. MC6-induced cytotoxicity and pro-apoptotic effects are mediated via the ROS-p38 signaling
axis. (A) Treatment with GSH and NAC at the indicated concentrations 1 h prior to the addition of
MC6 (12 μM) for 24 h blocked the activation of p38 as well as cleavages of caspase 3 and PARP, detected
by immunoblotting; (B) Densitometric analyses show a significant reduction in the MC6-induced
pp38 (T180/Y182) accumulation in the presence of anti-oxidants. Error bars indicate the SEM of three
independent experiments, one of those is presented in (A); (C) Increased cellular survival of HCT116
cells pre-treated with either 5 or 10 mM of GSH 1 h before the addition of MC6 (12 μM) for 24 h,
as determined by SRB assay. Data represent mean ± SD of three biological replicates, normalized
to mock (0.1% DMSO) and the respective GSH treatment; (D–F) HCT116 cells pre-incubated with
either 5 or 10 μM of Mito TEMPO (MT) for 2 h were treated with MC6 (12 μM) for 24 h. The
mitochondria-targeted ROS scavenger was found to attenuate the MC6-mediated p38 activation as
well as PARP cleavage at the highest used concentration (10 μM), as detected by immunoblotting (D)
and the associated densitometric quantification (E), obtained from three independent experiments.
Error bars ± SEM. Additionally, it rescued the MC6-mediated cytotoxic effects, as determined by SRB
assay (F). Percentage cell viability of MC6-treated cells was normalized to mock (0.1% DMSO) and the
respective MT treatment. Error bars ± SD; n = 3; (G) Flow cytometric analysis of caspase 3 activation
illustrates significantly lower levels of the cleaved form of the protein in cells pre-treated for 1 h with
either GSH (10 mM) or NAC (10 mM) as compared to that of MC6-treated cells (12 μM, 24 h). Error
bars ± SD, n = 3; (H) Representative histogram of one out of three biological replicates presented in
(G) demonstrates a left-ward shift in caspase 3 activity in the presence of ROS scavengers. Statistical
significance between the MC6-treated cells in the absence/presence of anti-oxidants was calculated
using two-tailed student’s t-test. *, **, ***, and **** on the figures represent p-values that are less than or
equal to 0.05, 0.01, 0.001, and 0.0001, respectively.
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Activation of the pro-apoptotic p38 MAPK signaling can happen as result of ROS generation [19],
and it has been previously implicated in the anti-cancer mechanism of metal NHC complexes [13].
We hence sought to investigate whether pp38 MAPK induction and subsequent growth
inhibitory/pro-apoptotic effects of MC6 are due the elevated ROS levels. As shown in Figure 8A,B,
pre-incubation with the ROS scavengers, reduced GSH as well as NAC, blocked the MC6-induced p38
activation as well as apoptosis, determined by the absence of PARP and caspase 3 cleavages, markers
of apoptotic cell death. With respect to MC6-mediated cytotoxicity, we observed increased cellular
survival percentages with GSH treatment, however, the difference failed to reach statistical significance
(Figure 8C). Similarly, pre-treatment with a mitochondria-targeted scavenger, Mito TEMPO, hampered
the effects of MC6 on p38 activation and PARP cleavage (Figure 8D,E), as well as its cytotoxicity
(Figure 8F) in HCT116 cells. We further confirmed the protective effect of anti-oxidant treatment on
MC6-mediated apoptosis by quantification of cleaved caspase 3 levels using flow cytometry. As shown
in Figure 8G,H, pre-treatment of HCT116 cells with GSH and NAC rescued the MC6-mediated caspase
3 cleavage. In view of these findings, we propose that the in vitro anti-tumor activity of MC6 in
HCT116 CRC cells may be regulated through mtROS-induced activation of the p38 MAPK pathway.

3. Discussion

Regulation of the redox state plays an important role in tumor cell survival. Although elevated
ROS levels allow cancer cells to promote pro-tumorigenic signaling, excessive ROS production is
usually associated with anti-tumorigenic pathways, which can trigger oxidative stress-induced cancer
cell death [19]. The latter effects of ROS are mainly mediated through the ASK1/JNK and ASK1/p38
axes, leading to cell cycle arrest, growth inhibition, and apoptosis [19]. Here, we demonstrate that
a novel Ru(II) naphthalimide-NHC complex is able of causing a remarkable increase in mtROS
generation, which in turn activates the pro-apoptotic p38 signaling in HCT116 CRC cells.

The p38 pathway is a major regulator of stress responses, influencing various biological processes,
including cellular proliferation and survival [8]. Studies have demonstrated that the role of p38
MAPK signaling in cancer therapy is contextual, depending on the nature of the stimuli, cancer
type, as well as the status of other MAPKs (ERKs and JNKs) [30,31]. On the one hand, p38 MAPK
activation mediates the sensitivity of tumor cells to a variety of chemotherapeutics, for example,
cisplatin [9–11,32], oxaliplatin [33], and auranofin [12]. In particular, cisplatin has been reported to
induce apoptosis in HCT116 CRC cells through the ROS-p38α axis downstream of p53 activation [10].
On the other hand, cancer cell lines with a high basal expression of pp38 MAPK tend to lose the
tumor-suppressing functions of this molecule, possibly because of the inability to further activate p38
MAPK in response to anti-cancer treatments [26]. In light of this, we detected a clear induction of
pp38 MAPK (T180/Y182) levels in response to all three naphthalimide-NHC derivatives in HCT116
and MCF-7 cells, with the Ru(II) analogue (MC6) exhibiting the strongest effect. However, MC6 was
hardly able to promote p38 activation in the triple-negative MDA-MB-231 breast cancer cells in which
the basal levels of phospho-p38 are elevated (Figure 6F,G). This is in line with a reduced cytotoxic
response of MDA-MB-231 as compared with that observed for HCT116 and MCF-7 (Figure 1B),
suggesting that the lack of p38 activation renders this cell line resistant to the anti-proliferative effects
of naphthalimide-NHC conjugates. In this regard, several reports have shown the beneficial outcome
of p38 MAPK inhibition rather than its activation for the treatment of invasive breast cancer models.
For example, it has been proposed that p38 MAPK inhibition has synergistic effects with cisplatin
for the treatment of breast cancer through the activation of ROS-mediated JNK signaling [27]. Our
results suggest an anti-tumorigenic role for p38 signaling in response to MC6 as its genetic as well as
chemical inhibition attenuates the cytotoxic- and pro-apoptotic effects of the compound in HCT116 cells
(Figure 7). However, this requires further investigation in other cellular contexts, in particular, in cancer
cells with enhanced basal p38 MAPK phosphorylation. To further address whether other MAPKs,
including JNK and/or ERK signaling, are implicated in these processes, we also analyzed the regulatory
state of these kinases in response to treatment with the three naphthalimide-NHC derivatives, as, for
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instance, JNK activation and/or ERK inhibition, which has been previously reported in the anti-cancer
efficacy of several other organometallic drugs [27,34,35]. We, however, were not able to observe a
profound regulation of MAPKs other than p38α in response to the naphthalimide-NHC analogues
(Figure S5), further demonstrating the important role of p38α activation in sensitizing tumor cells to
MC6-mediated apoptosis.

In this study, we show an essential role for mtROS generation in the cytotoxicity of
naphthalimide-NHC analogues. There are two main sources of the signaling-associated ROS in
cells: (i) membrane bound-NADPH oxidases (known as NOX enzymes) and (ii) mitochondrial electron
transport chain (ETC) [19]. Our results demonstrate that intracellular ROS levels are minimally affected
by the naphthalimide-NHC derivatives, whereas mitochondrial superoxide production is markedly
increased in response to the molecules, with the Ru(II) complex showing the highest fold change.
MtROS have been frequently mentioned in the regulation of pro-inflammatory/apoptotic responses via
multiple mechanisms, among others, is the activation of MAPKs [20]. In view of this, we observed that
treatment with a mitochondria-targeted ROS scavenger and MC6 blocks the latter’s effect on p38 MAPK
activity (Figure 8D,E), suggesting that mtROS generation may be acting upstream of MC6-mediated
p38 induction. It is known that mitochondrial superoxide species sustain MAPK activity through
the oxidation and inactivation of MAPK phosphatases (MKPs) [36]. In line with this, we found
reduced MKP6 expression in response to the naphthalimide-NHC conjugates (data not shown), further
supporting the involvement of mtROS in the induction of p38 signaling. Importantly, the cytotoxic and
pro-apoptotic effects of MC6 were hampered upon general- and mitochondria-specific anti-oxidant
treatments (Figure 8), implicating a ROS-mediated pathway underlying the in vitro anti-tumor efficacy
of the complex.

One suggested mode of action of metal NHC complexes and naphthalimide derivatives is via
mitochondrial accumulation, and perturbations in the MMP (Δψm) [13,37,38]. We here report that
Δψm is differentially regulated by the three naphthalimide-NHC conjugates, showing all possible
options; a timely decrease in case of MC5, a transient increase in case of MC6 followed by a decrease
at 24 h, and no significant change in case of MC7. With regards to the relationship between
mitochondria-driven ROS and Δψm, the general concept is that more polarized membrane (high
Δψm) is associated with greater ROS production [20]. This is consistent with the observation of MC6
showing the highest MMP along with the highest mtROS generation as compared to the other two
complexes. However, it fails to explain the influence of MC5 treatment on mitochondrial parameters,
wherein, despite reduced Δψm, mtROS production increases. These disparate observations reconcile
by a “redox-optimized ROS balance” model proposed by Aon et al. who demonstrated that oxidative
stress can occur at either extreme of MMP (high Δψm or low Δψm), meaning that under oxidizing
conditions mtROS can increase because of the compromised anti-oxidant defense mechanisms [21].
Taking all the mentioned observations into consideration, we suggest that the mode of anti-cancer
activity of naphthalimide-NHC compounds is most likely through mitochondrial localization, leading
to ROS-mediated activation of the pro-apoptotic p38 MAPK pathway.

4. Materials and Methods

4.1. Chemicals and Antibodies

1-(3’-(4”-ethylthio-1”,8”-naphthalimid-N”-yl))-propyl-3-benzylimdazolium bromide (MC5),
Dichloro[1-(3’-(4”-ethylthio-1”,”-naphthalimid-N”-yl))-propyl-3-benzyl-imidazol-2-ylidene]
(η6-p-cymene)ruthenium(II) (MC6), and Chlorido[(η2, η2-cycloocta-1,5-diene)-1-(3’-(4”-ethylthio-1”,
8”-naphthalimid-N”-yl))-propyl-3-benzyl imidazol-2-ylidene] rhodium(I) (MC7) were synthesized and
purified, as previously described [6,15]. Raptinal, antimycin, GSH, NAC, Mito TEMPO, rotenone,
CCCP, and JC-1 were purchased from Sigma-Aldrich (Steinheim, Germany). Pharmacological
inhibitors of p38α, VX-702 and Ralimetinib (LY2228820) were from selleckchem (Munich, Germany)
and DHE was from Biomol GmbH (Hamburg, Germany). MitoTracker Green, MitoSox Red, and the
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transfection reagent, Lipofectamine 3000 were obtained from Thermo Fischer (Darmstadt, Germany).
Primary antibodies against Bcl-xL (#2764), pATF2 (T71; #9221), pp38 MAPK (T180, Y182; #9211), PARP
(#9542), Bax (#5023), phospho-Bad sampler kit (#9105), caspase 3 (#9662), cleaved caspase 3 (#9661),
pERK (T202, Y204; #5683), pStat1 (Y701; #7649), pStat1 (S727; #8826), pStat3 (Y705; #9145), pStat3
(S727; #9134), Stat1 (#9176), Stat3 (#9139), as well as anti-mouse and rabbit IgG horseradish peroxidase
(HRP)-linked antibodies were purchased form Cell Signaling Technologies. Anti-vinculin (SC-73614),
anti-p38 (SC-7972), and anti-ERK (SC-135900) were from Santa Cruz Biotechnology.

4.2. Cell Culture

Human breast- (MCF-7, MDA-MB-231) and colon (HCT116 WT, HCT116 p53-/-, HT-29)
cancer cell lines, as well as HFF were maintained in Dulbecco’s modified Eagle medium
(DMEM)-GlutaMax (Gibco, Darmstadt, Germany) supplemented with 10% (v/v) FCS (Gibco) and 1%
penicillin/streptomycin (v/v) (Gibco) and they were incubated under 5% CO2 and at 37 ◦C. All of the
treatments were performed in the same media at the indicated conditions.

4.3. Cell Viability Assay

The SRB assay was employed to measure the inhibitory effects of MC5, MC6, and MC7 on
the proliferation of HCT116 WT, HCT116 p53-/-, HT-29, MCF-7, and MDA-MB-231, as well as the
influence of anti-oxidants (GSH and Mito TEMPO) and p38 knock-down on the toxicity of MC6-treated
HCT116 CRC cells. Cells were seeded in either 96-well plates or 24-well plates at a density of 10,000-
and 60,000 cells/well, respectively. At the end of treatments, plates were fixed with 10% ice-cold
trichloroacetic acid (TCA), followed by incubation at 4 ◦C for at least one hour. Afterwards, well
contents were washed three times with water and were dried at 60 ◦C. Next, 0.054% SRB sodium salt
was added to the wells and incubated at room temperature for 30 mins. Plates were then washed three
times with 1% acetic acid and were dried at 60 ◦C. Finally, the SRB dye was dissolved in 10 mM Tris
(pH 10.5) and measurement was performed using the Tecan Ultra plate reader (Tecan, Crailsheim,
Germany) at 535 nm absorbance wavelength.

4.4. Cell Cycle Analysis

For analysis of cell cycle phase distribution, 106 cells/well were harvested, washed with PBS,
then fixed with 70% ice-cold ethanol, and incubated at −20 ◦C overnight. After twice washing with
ice-cold PBS (Gibco), cells were treated with 200 μg/mL of RNase (Sigma-Aldrich) for 30 mins at
37 ◦C, followed by 15 min incubation with PI (50 μg/mL) (Sigma-Aldrich) in the dark for nucleic acid
staining. Samples were analyzed by FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA) and
data analysis was performed using the software, CellQuest™ Pro (Becton Dickinson).

4.5. Intracellular ROS Measurement Using Flow Cytometry (FACS) and Live Cell Imaging

DHE and MitoSox Red were used for the detection of whole cell- and mitochondrial superoxide
generation, respectively. For DHE staining, the HCT116 cells were seeded in 12-well plates at a density
of 200,000 cells/well. After the indicated treatments, cells were incubated with phenol red-free DMEM
containing 15 μM of DHE for 20 mins, harvested, and resuspended in fresh media. For MitoSox Red
staining, 60,000 cells/well were seeded in 24-well plates. At the time points indicated, media were
replaced with phenol red-free DMEM containing 5 μM of MitoSox Red for 15 mins. Cells were then
harvested and resuspended in fresh media. FACS analysis was immediately performed using Guava
easyCyte HT sampling flow cytometer (Guava Technologies, Hayward, CA, USA) and data were
analyzed using GuavaSoft 3.1.1 software.

Live cell imaging of mitochondrial ROS production was performed using the Incucyte ZOOM
live cell analysis system (Essen BioScience, Broadwater Road Welwyn Garden City, United Kingdom).
HCT116 cells were seeded in a 24-well plate at a density of 60,000 cells/well. On the following day,
the cells were first incubated with 2 nM of MitoTracker Green dissolved in FCS- and pheno red-free
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DMEM for 20 mins, after which with fresh media containing 5 μM of MitoSox Red as well as the
treatments. Time-lapse images were then taken every 30 mins for a period of 24 h. Data were analyzed
using the Incucyte software 2016b. Briefly, the signal intensity was calculated based on a fluorescent
area mask; with a top hat filter being used for excluding dead cells due to the higher auto-fluorescence.
Nine pictures/well were used to determine the overall signal/well and each condition was performed
in quadruplicates.

4.6. Fluorescence Microscopy

For assessing mitochondrial localization of naphthalimide-NHC analogues, HCT116 cells were
cultured in 12-well plates at a density of 150,000 cells/well. After the indicated treatments, the cells
were washed with PBS and were incubated with 2 nM of MitoTracker Green dissolved in FCS-
and phenol red-free media for 20 mins in order to stain mitochondria. Cells were then washed
with PBS and were imaged using the BIOREVO fluorescence microscope (BZ9000, KEYENCE;
Neu-Isenburg, Germany).

4.7. Mitochondrial Membrane Potential Assessment

200,000 cells/well were seeded in 12-well plates. Treated cells were harvested and then incubated
with phenol red-free DMEM containing 2 μM of the JC-1 dye for 15 mins in the dark. After resuspension
in fresh media, FACS analysis was performed by Guava easyCyte HT sampling flow cytometer using
GuavaSoft 3.1.1 software for data analysis.

4.8. RNA Isolation, Reverse Transcription, and Quantitative Real Time (qRT) PCR

At the end of treatments, total RNA was isolated using QIAzol lysis reagent (Qiagen,
Hilden, Germany) and the quality of RNA samples was determined by NanoDrop 2000 UV-Vis
Spectrophotometer (Thermo Scientific, Darmstadt, Germany). cDNA synthesis was performed
from 500–1000 ng of total RNA using ProtoScript II first strand cDNA synthesis kit (New England
Biolabs, Frankfurt am Main, Germany), according to the manufacturer’s instructions. The thermal
cycler q-Tower (Analytik Jena AG, Jena, Germany) was used to analyze gene expression levels.
The amplification reaction solutions (5 μL) were prepared with 2.5× of ready to use master mix
LightCycler® 480 SYBR Green I (Roche, Mannheim, Germany), 1× of nuclease-free H2O and cDNA
templates, as well as 1× of the following primer mixtures (Eurofins Genomics, Ebersberg, Germany):
CDKN1A (5s: GACACCACTGGAGGGTGACT; 3as: CAGGTCCACATGGTCTTCCT), Bax (5s: GGG
GACGAACTGGACAGTAA; 3as: CAGTTGAAGTTGCCGTCAGA), Bad (5s: GGTTCTGAGGGGAG
ACTGAGG; 3as: GCTTCCTCTCCCACCGTAGC, ATF2 (5 s: CAGCGTTTTACCAACGAGGA;
3as: GA ATCTTGTTGGTGTTGGGGTC), Stat1 (5 s: GGAAAAGCAAGCGTAA TCTTCAGG; 3as:
GAATATTCCCCGACTGAGCC), and vinculin (as reference gene) (5s-CAGTCAGACCCTTACTCA
GTG-3′; 3as-CAGCCTCATCGAAGGTAAGGA).

4.9. Immunoblotting

After the respective treatments, cells were lysed using a urea-based lysis buffer supplemented
with multiple phosphatase/protease inhibitors, namely sodium orthovanadate, aprotinin, PMSF,
pepstatin, and sodium pyrophosphate. Protein concentration was determined with Bradford reagent
(Sigma-Aldrich). 20–50 μg of total protein was separated on 10% SDS-PAGE, then transferred onto a
PVDF membrane (GE Healthcare, Munich, Germany), after which it was blocked with 5% (w/v) milk
in TBST (Tris-Buffered Saline Tween-20) for at least 1 h. Membranes were then incubated with primary
antibody solutions (diluted following the manufacturer’s instructions) overnight at 4 ◦C and were
visualized by further incubation with the corresponding HRP-linked secondary antibodies (diluted
at 1:5000 in 5% (w/v) milk TBST) for 1 h at room temperature, followed by three washing steps with
TBST. Target proteins were finally detected by Western Lightning™ Plus ECl (Perkin Elmer, Waltham,
USA) using the Fujifilm LAS-3000 imaging system and were quantified with ImageJ software.
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4.10. Protein ELISA-Microarray Analysis

We have previously reported a detailed protocol on the assay [29]. Briefly, treated cells were lysed
in a similar manner to that of immunoblotting. Proteins were then diluted 1:6 in a PBS-based buffer
(containing 1 mM EDTA, 0.5% (v/v) Triton X-100, and 5 mM NaF). Protein concentration was assessed
using the Pierce BCA Protein Assay kit (Thermo Fischer). The levels of phosphorylated ERK1/2 and
JNK were quantified using sandwich ELISA microarrays that were based on the ArrayStrip platform
(Alere Technologies GmbH, Jena, Germany). Signals were detected by the Arraymate reader (Alere
Technology GmbH). Data were analyzed using the KOMA software [39] and were normalized to the
amount of total proteins used.

4.11. siRNA-Mediated Knock Down

siRNA oligos against p38α (MAPK14) as well as the non-targeting siRNA were obtained from
Thermo Fischer. HCT116 cells were transfected with 40 pmol of the respective siRNA diluted
in 100 μL/well Opti-MEM Reduced Serum Medium (Gibco) and complexed with 1.5 μL/well of
Lipofectamine 3000 in a 24-well plate and they were incubated for 20 mins at room temperature. Cell
suspension was then added at a density of 60,000 cells/well and treatments were performed on the
following day, as indicated.

4.12. Cell Death Analysis (AV/PI Staining)

AV- and PI staining were performed in parallel for the detection of early apoptotic and late
apoptotic/necrotic cells, respectively. 250,000 cells/well of the non-transfected HCT116, HCT116
cells transfected with either a negative control- or anti-p38α siRNA, as well as HCT116 cells in the
absence/presence of p38α pharmacological inhibitors were harvested, washed with AV binding buffer
(BD Biosciences, Heidelberg, Germany), and then resuspended in 50 μL binding buffer containing 5 μL
of both FITC-conjugated AV and PI (BD Biosciences). Samples were incubated for 15 mins in the dark,
after which they were resuspended in binding buffer up to 500 μL for FACS analysis, which was done
using Guava easyCyte HT sampling flow cytometer. Data were analyzed by GuavaSoft 3.1.1 software.

4.13. Caspase 3 Activation Assay

At the end of the treatments, 60,000 cells/wells were harvested, fixed, and permeabilized with 4%
paraformaldehyde and 90% ice-cold methanol, respectively, as previously described [40]. Cells were
then incubated overnight with cleaved caspase 3 antibody at a dilution of 1:800 and they were further
incubated with secondary antibody (goat anti-rabbit Alexafluor 488-conjugated; Dianova, Hamburg,
Germany) for 1 h at room temperature, thereafter analyzed using Guava easyCyte HT sampling flow
cytometer and the GuavaSoft 3.1.1 software.

4.14. TUNEL Assay

TUNEL assay was performed for the detection of DNA fragmentation as a characteristic of late
stage apoptosis using Cell Meter TUNEL Apoptosis Assay Kit (Biomol GmbH, Hamburg, Germany).
Briefly, 60,000 cells/well were harvested, fixed, and permeabilized by 4% paraformaldehyde and
0.2% Triton X-100, respectively. After washing with PBS, cells were incubated with the tunnelyte
reaction mixture for 1 h at 37 ◦C, thereafter the fluorescence intensity was measured by the Tecan Ultra
plate reader (Tecan) at an excitation/emission wavelength of 550/650 nm, respectively. Additionally,
the cells were analyzed using the BIOREVO Fluorescence microscope (BZ9000, KEYENCE).

4.15. Statistical Analyses

Data were analyzed using GraphPad Prism and Microsoft Excel. Densitometric analyses were
performed by the ImageJ software. Statistical significance between the respective treatment and DMSO
was determined by student’s t-test. Multiple comparisons were performed using either one-way or
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two-way ANOVA, followed by a post-hoc Tukey test as indicated. p-values less than or equal to 0.05,
0.01, 0.001, and 0.0001 are presented as *, **, ***, and *** on the figures, respectively.

5. Conclusions

Several studies have supported the therapeutic use of high ROS levels present in tumor cell
lines for the induction of pro-apoptotic pathways. In this study, we show that altered cellular redox
balance induced by a novel Ru(II) naphthalimide-NHC complex—MC6—plays an important role
in its in vitro anti-tumor efficacy, most likely via mediating the activation of p38 MAPK signaling.
Nonetheless, several issues remain to be addressed with regards to the activation of ROS-p38 axis by
naphthalimide-NHC analogues, such as: (i) if the pro-apoptotic functions of MC6-induced p38 MAPK
could be extrapolated to other cellular contexts, in particular, the ones with enhanced p38 expression
and (ii) whether the MC6-triggered elevation in mtROS levels is through an increase in ROS production
at the mitochondrial respiratory chain complexes and/or an alteration in cellular/mitochondrial
anti-oxidant systems, for instance, superoxide dismutases (SODs), glutathione peroxidases (GPXs),
and thioredoxins (TRXs).

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/19/12/3964/s1.
Figure S1: Human fibroblasts are less susceptible to the cytotoxic effects of naphthalimide-NHC analogues. Figure S2:
Cytotoxic efficacy of naphthalimide-NHC analogues in CRC cells harboring deficient- or mutant p53. Figure S3:
MtROS is strongly influenced by naphthalimide-NHC analogues. Figure S4: Naphthalimide-NHC analogues
reduce, induce and have no clear effect on the MMP (Δψm) in HCT116 cells. Figure S5: Naphthalimide-NHC
analogues do not appear to profoundly impact the activation of ERK and JNK MAPKs.
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Abbreviations

NHC N-heterocyclic carbene
CRC Colorectal cancer
MAPK Mitogen-activated protein kinase
JNK c-Jun N-terminal kinase
ERK Extracellular signal-related kinases
ROS Reactive oxygen species
MtROS Mitochondrial reactive oxygen species
MMP Mitochondrial membrane potential
GSH Glutathione
NAC N-acetyl-L-cystein
NOX NADPH oxidase
ETC Electron transport chain
DMSO Dimethyl sulfoxide
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