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Abstract

Introduction—Spontaneous preterm birth (PTB) and preterm premature rupture of the
membranes (PPROM) remain as a major clinical and therapeutic problem for intervention and
management. Current strategies, based on our knowledge of pathways of preterm labor, have only
been effective, in part, due to major gaps in our existing knowledge of risks and risk specific
pathways.

Areas covered—Recent literature has identified physiologic aging of fetal tissues as a potential
mechanistic feature of normal parturition. This process is affected by telomere dependent and p38
mitogen activated protein kinase (MAPK) induced senescence activation. Pregnancy associated
risk factors can cause pathologic activation of this pathway that can cause oxidative stress induced
p38 MAPK activation leading to senescence and premature aging of fetal tissues. Premature aging
is associated with sterile inflammation capable of triggering preterm labor or preterm premature
rupture of membranes. Preterm activation of pP38MAPK can be considered as a key contributor to
adverse pregnancies.

Expert Opinion—This review considers p38MAPK activation as a potential target for
therapeutic interventions to prevent adverse pregnancy outcomes mediated by stress factors. In this
review, we propose multiple strategies to prevent p38MAPK activation and its functional effects.
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1. INTRODUCTION
1.1. Preterm birth pathways
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Preterm birth prior to 37 weeks gestation is a leading cause of neonatal mortality [1]. It
affects approximately 550,000 pregnancies (11.8%) in the United States each year. The most
common (60%) phenotype of preterm birth occurs spontaneously with no known causality.
Preterm premature rupture of the membranes (pbPROM) occurs in about 3%—-4% of all
pregnancies, including many without identifiable risk factors and is directly antecedent to
40% of all spontaneous preterm birth (PTB).[1,2,3,4] Although PTB with intact membranes
and with pPROM have similar etiologies, it is likely that these conditions are resulting from
the activation of one or more biochemical pathways [5,6]. Hence, it is now considered a
“multifactorial syndrome with heterogeneity in pathophysiology and biomarkers”. The
infants who do survive PTB and pPROM are at significant risk for long-term morbidities,
including bronchopulmonary dysplasia, asthma, intraventricular hemorrhage, cerebral palsy,
delayed development, learning disabilities, and hearing loss. Although the outcome of babies
born preterm has improved drastically during the past 40 years, this is largely due to
improvements and innovations in neonatal care [7-11]. A better understanding of risk
factors, risk associated pathophysiology, biochemical markers and mechanistic factors that
activate the preterm labor process are required to develop screening markers and identify
intervention targets to reduce the risk of PTB [12,13][1]

This review will introduce the targeting of the p38a/B MAPK stress response pathway for
PTB and pPROM intervention based on novel findings of our ongoing studies and current
literature. We will review current intervention strategies, introduce a biological basis new
target intervention and discuss the biological and pharmaceutical approaches for this
intervention.

1.2. Infectious and sterile inflammatory pathways of PTB and pPROM

Current literature identifies inflammation and oxidative stress as the two most significant
pathophysiologic factors that initiate a chain of events resulting in PTB and or pPROM
[5,14-16]. Current knowledge of the role of inflammation and oxidative stress-associated
PTB and pPROM is based on studies of infections of the amniotic cavity [5,17]. Bacteria
from cervical-vaginal flora breach the cervix to invade the intrauterine cavity. There, they
activate the host immune response, mostly by increasing the production of proinflammatory
cytokines (e.g. IL-1B, TNF-a, IL-6), chemokines (e.g. IL-8, CCL-10) and matrix degrading
enzymes (MMP1, MMP9)[5,14,15,18,19]. This overwhelms the anti-inflammatory
cytokines that are normally produced in the placenta or fetal membranes to favor the survival
of the fetal allograft leading to premature decidual activation, cervical ripening, membrane
rupture, labor and delivery. Several reports have shown that inflammatory cytokine,
chemokine and matrix metalloproteinase activation promote PTB and pPROM due to
infection, mostly mediated through NF-xB activation [6,20-28]. The NF-xB stress response
pathway is a well-established transcriptional activator of many pro-inflammatory genes
associated with PTB and pPROM. Although infections account for only a subset of PTB
inflammation does play a key role in PTB and pPROM[29]. In many cases, there is,
however, no clear pathogen that can be identified as an inflammation-causative factor thus
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suggesting an alternative non-inflammatory mechanism of preterm labor initiation pathways
that contribute to the failure of current interventions. It is thus likely that other factors such
as genetic and epigenetic, behavioral, socio-economic factors, maternal stress,
environmental toxins and pollutants may generate, and contribute to the inflammatory
responses, in synergy with infection, thus complicating the responses that result in PTB or
pPROM [3,30-34].

Although microbial invasion of the amniotic cavity (MIAC) has been established as an
important factor associated with PTB and pPROM, sterile intra-amniotic inflammation is
thought to be more common than microbial-associated intra-amniotic inflammation in
patients with PTB and pPROM [35,36]. Sterile inflammation is mostly contributed by risk
factors described above in a non-infectious scenario. In a recent review, Behnia et al have
pointed out the mechanistic pathways leading to infectious inflammation and reported sterile
inflammation in the absence of MIAC.[37] Infectious inflammation and sterile inflammation
produce similar biochemical signature; however, the initiators of the pathways and mediator
are distinct and some of the risk factor contributing to sterile inflammation are described in
the above paragraph.

1.3. Current interventions and need for novel interventions

Figure 1A summarizes the pathway by which inflammation and oxidative stress, can trigger
maternal contractility and cervical changes producing uterotonic agents such as
prostaglandins [6,38,39]. As summarized in Figure 2, many current intervention strategies
are designed to control the activation of this pathway. Inflammation and oxidative stress
induced by various risk factors of pregnancy have been targeted using a variety agents to
control (attenuate) the pathways that eventually lead to preterm deliveries. These include
antibiotics, antiinflammatory agents including uterotonic inhibitors, tocolytics, antioxidants,
endocrine regulators, in addition to behavioral and life style interventions and providing
advanced and personalized in home care. However, recent systematic reviews and meta-
analyses show that some existing strategies may prolong the gestational period but no
interventions have been effective in reducing the incidence of global PTB rate [40-52].
Prolonging pregnancies are indeed beneficial in that they allow clinicians to administer
therapeutic agents such as glucocorticoids thereby accelerating overall fetal growth and
maturation processes [53,54]. The lack of consensus among care providers on the best
approach for management of PTB is likely due to complexities of PTB pathways,
biomarkers and their interactions thus leading to clinical ambiguity in determining
management strategies.

In addition to those in clinical use, several intervention agents (drugs) have recently been
reported in the literature based on mechanistic studies and animal model testing. These
drugs are primarily inhibitors of inflammatory pathway. Their targets included inhibition of
NF-xB [55-58], enhancers of antiinflammatory peroxisome proliferator activated receptor
(PPARSs) [59], and antioxidant N-acetyl cysteine[60,61], cytokine suppressive anti-
inflammatory drugs [62,63], agents to regulate Glycogen synthase kinase 3 (GSK3), an
enzyme crucial for inflammation homeostasis [64], surfactant protein-A and PGJ2 to down
regulate TLR mediated inflammation [65,66], targeted IL-6[67], and IL-1p signaling [68] to
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reduce inflammation, over antiinflammatory suppression using IL-10[69-71]. Although
many of these (drugs) agents were successful in reducing inflammation or oxidative stress in
vitro, some of them were shown to have toxic side effects in animal model trials or in
clinical trials, and successful clinical trial outcomes are thus yet to be reported using any of
these agents in reducing the risk of PTB.

1.4. Oxidative stress and its association with adverse pregnancy outcome

As the search for novel intervention targets continue, it is clear that many of the agents in
use or being tested are focused on inflammatory pathways. As mentioned above, sterile
inflammation dominates many cases of PTB including PTB preceded by pPROM [36]. Our
investigation of the source of sterile inflammation in non-infectious PTB and pPROM
settings have led us to conclude that damage due to oxidative stress dominates many cases of
PTB and pPROM in the absence of infection [37,72]. Healthy pregnancy, as with other
physiological states, is characterized by a stable redox balance between ROS and
antioxidants [16]. There is a paucity of studies specifically addressing the mechanistic role
of ROS in PTB and pPROM [73-79]. A recent systematic review of PTB and pPROM
biomarkers reveled that oxidative stress pathway markers are hardly investigated for their
association with PTB and pPROM [80]. Similarly several clinical trials have been conducted
to minimize ROS and improve pregnancy outcome with a marginal success rate [81-83].
Many of these trials were conducted to reduce the risk of preeclampsia, with an underlying
ROS pathology with defective placentation. Failure of these trials can be attributed to
knowledge gaps in the field where proper basic science studies are needed to identify proper
targets for antioxidant intervention or pathways affected by oxidative stress induced
damages [72].

1.5. Oxidative stress associated p38 mitogen activated protein kinase (p38MAPK)
activation in intrauterine tissues

Failure or minimal impact of antioxidant trials in reducing the risk of PTB and pPROM
contributing to adverse outcomes, in a very small subset of high risk pregnant subjects, is
suggestive of factors and pathways beyond antioxidant deficiencies. The Menon laboratory
has recently been interested in understanding these factors that generate ROS and the
mechanistic role of ROS in PTB and pPROM. Using an in vitro model of human fetal
membrane tissues, we have reported the activation of a senescence phenotype in response to
oxidative stress inducing factors (cigarette smoke, environmental pollutants, damage
associate molecular pattern (DAMPS) [84-87].

p38MAPKS are a family of four stress response signaling isoforms (p38a., B, -y, 8) that are
evolutionarily conserved serine/threonine kinases (mitogen activated protein kinases) whose
functions differ significantly. Although there are four p38MAPK isoforms, the a and
isoforms are the proteins whose activities are associated with normal physiological
processes [88,89]Although less is known about these latter isoforms, Risco et al provided a
more recent summary of possible roles for these forms[90]. Also gamma can cause cell
cycle arrest resulting from gamma irradiation [91] and both gamma and delta can cause
senescence induced by oncogenic Ras [92]. p38MAPK activity induces programmed cell
death via the apoptosis signal-regulating kinase (ASK1)-signalosome [93,94]. ROS-
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mediated oxidation of ASK1 activates the p38MAPK and its downstream effectors,
phospho-p38MAPK (P-p38), p16'™4 and p192'f, resulting in cell cycle arrest and
senescence. Furthermore, studies by Hsieh et al have shown that ROS generated by
dysfunctional electron transport in mitochondria activate the inflammatory ASK1-P-
p38MAPK pathway [94,95]. Using an in vitro model of amnion epithelial cell cultures
exposed to cigarette smoke extract (oxidative stress inducer), we have reported concurrent
activation of the ASK1-associated P-p38a/BMAPK pathway [87]. Our screening of different
forms of p38MAPK did not determine the presence of -y and & subunits in the fetal
membrane cells, p38MAPK referred in the rest of this review discusses p38a/p subunits
unless otherwise indicated. The ASK1-signalosome, a signaling complex composed of
several well-characterized proteins [93,96], [97] can be oxidized by ROS, causing
thioredoxin to dissociate from the complex and leading to the phosphorylation of p38MAPK
and its downstream effectors, p16"4 and p192"". We have observed coordinated ASK1, P-
p38MAPK and p19A'f expression following cigarette smoke extract exposure, with a kinetic
pattern consistent with oxidative stress. The amnion cells also exhibited a senescent
phenotype, known to be a response to ASK1 activation, manifested by senescence associated
B-galactosidase staining. We have further demonstrated that ROS signaling eventually leads
to telomere shortening, cell cycle arrest and irreversible arrest of cell proliferation. Telomere
fragments released as a result of oxidative damage and DAMPs such as high mobility group
box (HMGB)1 produced in response senescent associated tissue injury further enhances
p38MAPK activation in a feedback loop [98]. Examination of clinical specimens for the
activation of these pathways revealed that they are evident in pPROM as well as in a subset
of PTB with intact membranes complicated by oxidative stress. [99] Therefore, oxidative
stress damage contributes to tissue injury and this injury leads to a vicious cycle of sterile
inflammatory activation. Our in vitro studies also revealed that the inflammatory markers
increased in response to either oxidative stress or due to tissue injury were down regulated
by co-treatment with p38MAPK inhibitor SB203580. The down regulation of sterile
inflammation induced by oxidative stress by SB203580 supports the postulate that regulation
of the p38MAPK pathway may reduce the risk of oxidative stress damage-induced pathways
and sterile inflammation generated by damaged cells.

Figure 3, summarizes p38MAPK pathway activation in response to various risk factors.
Furthermore, studies have shown that elevated levels of activated p38MAPK are associated
with the activation of multiple upstream transcription factors that include the MAPKAPK
family, ATF-2, HMGBJ1, etc., as well as the levels of expression of multiple downstream
senescence markers such as tumor suppressor genes of the CaknZalocus [97,100,101].
Altogether, our studies have described the physiological progression of an age-associated
phenotype that includes the activation of the p38MAPK stress response signal transduction
pathway (Figure 3) that plays an important role in the inflammation — oxidative stress
mediated induction of the senescence phenotype associated with pPROM and PTB. We thus
propose that the p38a/p MAPK stress response pathway is a potential therapeutic target for
the control and prevention of pre-term birth. Our results and those of others strongly suggest
that the p38MAPK stress response pathway is a major target for the pharmaceutical
development of therapeutic agents. In this review we discuss the potential use of small
molecule inhibitors of p38MAPK stress response pathway that have been a) designed to

Expert Opin Ther Targets. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Menon and Papaconstantinou Page 6

impart their therapeutic effects solely on the site of inflammation and b) shown to alleviate
the pathophysiological symptoms of diseases of inflammation and oxidative stress of
multiple tissues. We present these inhibitors as potential examples and candidates for future
development of therapeutic protocols for the delay of the progression of the aging phenotype
in pPROM and PTB. Furthermore our goal is to demonstrate that a) the alleviation and/or
delay, specifically, of expression of placental pathophysiological symptoms may be achieved
by the antedrug and prodrug approach and, b) that the antedrug-prodrug concept be applied
to the development of unique therapeutic protocols for the protection of both mother and
fetus from toxic systemic effects during the treatment of pPPROM and PTB.

2. The importance of the p38MAPK signaling pathway to the development
of inhibitors

2.1. Significance of p38MAPK as a target for intervention

Development of inhibitors of p38MAPK is one of the most intensely studied areas of
pharmacological research that focuses on the control of human diseases of inflammation
and oxidative stress [102-107]. The aims of these research programs are to target the tissue-
specific activity of the a and/or B isoforms for specific therapeutic purposes. The severity
and frequency of human diseases of inflammation and oxidative stress makes the intense
efforts at the development of ideal inhibitors of p38 a “hot topic” for high potency, low
toxicity and long /n vivo half-life. The advantage of such inhibitors lies in the fact that
p38MAPK activity plays a significant controlling role in many diseases (Figure 4), thereby,
targeting a broad range of pathologies [102,104,106—108]. The role of these inhibitors in
alleviation and protection against the development of PTB and pPROM is an important part
of this extensive research effort.

2.2. Pathophysiological targets of the p38a/p MAPK isoforms of the p38MAPK family of
stress response signaling proteins

The level of expression of p38MAPK isoforms (especially the a isoform) plays a key role in
activation of the physiological processes of inflammation and oxidative stress. For example,
the elevated levels of p38MAPK activity are associated with pathophysiological
consequences shown in Figure 4, whereas normal levels of expression promote the
physiologically important processes that regulate differentiation, stem cell replication and
regenerative capacity (Figure 5). The major functions of these signal transduction proteins
thus include linking extracellular signals to the intracellular machinery that regulates
multiple normal physiological functions such as differentiation, replication (Figure 5),
whereas elevated and sustained activity promote chronic inflammation and associated
multiple diseases (Figure 4). The diversity of tissue distribution of the p38a/p MAPK
isoforms suggests that their signal transduction targets involve multiple normal physiological
functions as well as pathophysiological syndromes. In fact, the sustained over expression of
the p38a/p isoforms is a critical physiological factor characteristic of a state of chronic
inflammation in aging tissues and the inflammation-oxidative stress (ROS) that are crucial to
the promotion of multiple human diseases (Figure 4).
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The state of chronic inflammation is a major contributor to the progression of the aging
phenotype associated with multiple diseases that includes adverse pregnancy outcomes.
[99,109]. There is a continuous concerted effort by pharmaceutical and academic research
teams that focus on the development of potent non-toxic inhibitors of the p38a./g isoforms.
The focus of these studies has been especially intense for inhibitors of p38a/p isoforms
whose prolonged overexpression is associated with chronic inflammation. However, the
critical physiological levels of expression associated with multiple normal physiological
functions emphasize the importance of p38MPAK homeostasis and hence development of
inhibitors of p38MAPK should not have unfavorable side effects. The intense research
activity focusing on the development of inhibitors of p38MAPK isoform activities is based
on anti-inflammatory, anti-oxidative stress therapeutics [110,111]. Although many inhibitors
have been developed, the similarity of the structures of the a./p isoforms has caused reduced
specificity due to the overlapping inhibition of both the a and B isoforms thereby posing
major unwanted side effects. This is partially attributed to the fact that these subunits
perform multiple physiologic functions in the body besides the pathophysiologic roles they
play in specific circumstances such as stress.

2.3. Pathophysiological syndromes whose characteristics are alleviated by inhibitors of
the p38MAPK activity

The severity and frequency of human diseases of inflammation and oxidative stress makes
the intense efforts at the development of ideal inhibitors of p38a/p a “hot topic” for high
potency, low toxicity and long /n vivo half-life. The advantage of such inhibitors lies in the
fact that the regulation (mostly down regulation) of p38MAPK activities plays a significant
controlling role in many diseases (Figure 4), thereby, targeting a broad range of
inflammatory disease pathologies [112-114]. We propose that these inhibitors might provide
alleviation and protection against the development of PTB and pPROM.

Although the synthesis of inhibitors of p38a/p activity has been a major effort by academic
research teams and pharmaceutical companies “unfortunately, many of the clinical trials
have failed on the basis of the high levels of systemic toxicity observed in human clinical
trials[95,115]. Furthermore, emphasis on the drug delivery procedure, a strategy that targets
the drug to a specific tissue and inactivates the drug systemically provides control of
systemic toxicity. Thus, in this review we discuss the feasibility of the use of antedrug/
prodrug strategy to target specific treatment of fetal membranes experiencing inflammation-
oxidative stress challenges and potential consequences of PTB and pPROM. This strategy
should enable exploitation of the p38MAPK activities for specific therapeutic benefit.
Importantly; however, the strategy of drug delivery must ensure complete protection of the
fetus.

Our studies have also shown that p38MAPK are a) activated by oxidative stress generated by
mitochondrial dysfunction of electron transport chain complexes I, Il and 111 [95,115]; b)
activate the expression of senescence markers [94]; and c) are major stress response
signaling proteins that are activated by mitochondrial dysfunction due the Klotho mutation
[85,94] and to such environmental factors as flame retardants, cigarette smoke extract and
other environmental toxicants that initiate PTB or pPROM [37,84-87]. In this review we
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identify inhibitors of p38a./B shown to be potent and relatively non-toxic inhibitors that have
been synthesized as antedrug and prodrug inhibitors for the therapeutic treatment of
inflammation-associated syndromes, and present them as potential drugs for the targeted
treatment of PTB and pPROM. Furthermore, we propose that the alleviation of symptoms of
p38MAPK-associated diseases such as PTB/pPROM by inhibitors of MKK3 [116];
p38MAPK [117-119] convincingly supports our proposal that inhibition of this major
signaling pathway is a logical approach to the development of pharmaceutical protocols. We
thus focus on p38MAPK due to its direct regulation of the aging phenotype.

3. The design and mode of administration of inhibitors of p38MAPK for the
treatment of PTB and pPROM
3.1. Design and strategy

Recent efforts have focused on the development of drugs that exhibit reduced severe side
effects as well as mechanisms that provide potent non-toxic targeted treatment of a specific
tissue [117,120,121]. These studies involved the identification of p38a/BMAPK “inhibitors
that show prodrug or antedrug properties; The prodrug properties involve an inactive
compound that undergoes metabolic transformation-activation /7 vivoto provide an active
drug to a specific targeted tissue. The antedrug properties a) impart their effects solely on the
site of inflammation; b) are rapidly metabolically inactivated upon entry into the systemic
system thereby limiting unfavorable side effects due to activity in other tissues. Several
groups have successfully synthesized such inhibitor(s) that show excellent p38a/p MAPK
inhibitory activity; metabolic activation (prodrug) or high selectivity for kinases and rapid
metabolism (either metabolic inactivation (antedrug) or metabolic activation (prodrug). We
propose that through prodrug/antedrug therapeutics the drugs can be targeted to reach the
site of p38MAPK action at feto-maternal interface and then be inactivated before its non-
toxic metabolic products reach the fetus.

3.2. Prodrug and antedrug inhibitors of p38MAPK that successfully alleviate diseases of
inflammation: The design and administration of prodrug and antedrug inhibitors of the
p38MAPK pathway for therapeutics

3.2.1.Prodrugs—~Prodrugs are inactivated drugs that undergo metabolic transformation in
the targeted tissue (/n vivo)to provide the active drug (Figure 6A). This pharmacological
design provides an inactive prodrug thereby increasing its therapeutic indices by a) alteration
of the physicochemical properties of the drugs e.g., solubility, stability, /n vivo
bioavailability; and other pharmacokinetic properties, and b) alteration of
pharmacodynamics profiles so as to increase duration of pharmacological effects. Thus,
based on the prodrug procedures, and upon the identification of an appropriate route of
administration, a plan may be developed for the administration of medications for the
intervention of high risk subjects for preterm labor and pPROM.

3.2.2. Antedrugs—Antedrugs are active drug-derivatives designed to undergo
biotransformation thereby forming a readily excretable inactive form of the drug upon entry
into the systemic circulation (Figure 6B). This design minimizes systemic side effects
thereby increasing the therapeutic indices. Incorporation of a metabolically labile functional
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group into the active drug gives rise to the antedrug, which is active at the application site
and on entering into the systemic circulation, is quickly metabolized to inactive molecules
that are then eliminated thereby preventing the systemic side effects. Upon further
examination of this procedure it may not be a favorable one considering that the activity of
the antedrug, if administered orally may be significantly decreased during its transport to the
placenta.

This procedure, however, continues to be actively developed for steroidal anti-inflammatory
antedrug treatment for bronchial asthma [122], and in developing cytokine-inhibiting
antedrugs for treatment of asthma [123,124]. For example, steroid acid esters with intact
structures of potent glucocorticoids retain the ante-inflammatory activity of the parent
compound but upon entry into the systemic circulation are hydrolyzed to form inactive
readily excreteable steroid acids[125].

3.3. The application of antedrug and prodrug pharmacodynamics for treatments of PTB
and pPROM

“Stress kinases are of special interest in neurological and neuropsychiatric disorders due to
their involvement in synaptic dysfunction and complex disease susceptibility [126].”
Clinical and pre-clinical evidence suggests that stress related p38a may be a potential
neurotherapeutic target. For example, the p38a specific inhibitor MW01-18-150SRM
(MW150) (Figure 7) has been shown to suppress hippocampal-dependent associative and
special memory deficits in two distinct synaptic function mouse models [53]. A structural
explanation for the target selectivity of MW 150 has been suggested by high resolution
crystallographic structure of the p38a/MW150 complex by documenting the binding of the
inhibitor to the active site. This inhibitor serves as an excellent example of an isoform-
selective p38MAPK inhibitor (or as a kinase inhibitor) capable of attenuating and
ameliorating /n vivo stress related behaviors. This inhibitor also serves as an excellent
candidate for the development of a prodrug or antedrug pharmaceutical protocol that targets
a specific inhibitor such as MW150 to a specific tissue, thereby making a major contribution
to the treatment of multiple inflammatory diseases. Further it facilitates the ideal opportunity
to complement and compare the results of studies of genetic alteration of the expression
levels of p38a.MAPK with direct /n vivo or in vitro inhibition using small molecule
inhibitors.

3.4. The prodrug strategy: addressing the issue of pH-dependent solubility and absorption

The clinical prodrug BMS-582949 (#1) is a potent inhibitor of p38a. used in a phase 11 trial
for the treatment of rheumatoid arthritis [108] (Figure 8). Complications arose, however,
when the solubility of BMS-582949 was found to be significantly decreased when
administered along with etanercept and infiximab (0.280 mg/mL at pH1.2 to 0.003 mg/mL
at pH6.5) which caused a shift to pH 6.5[108]. Similar results were obtained when BMS #1
(Figure 8) was administered to humans with the H2 blocker, famotidine, which caused the
stomach pH to increase and the exposure to the drug to decrease by 70%. To address this
problem of pH-dependent solubility and absorbtion, /.e., to maintain stability in the pH1-7
range and to be enzymatically bioconverted to a safe parent drug before or during absorption
thereby minimizing prodrug systemic ciruclation the drug was modified to most of these
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criteria. Based on the demonstraation that methylene phosphates are successful derivatives
that enhance water solubility, this led to the synthesis of BMS-751324 (Figure 8
(BMS-751324)) a methylene phosphate derivative that met all the criteria listed above. This
compoound was advanced to clinical development.

The BMS#2 carbamoyl methylene phosphate derivative of BMS#1 resulted in a prodrug that
is more stable and more soluble under both acidic and neutral conditions. It provided a
significantly improved exposure of parent #1 /n vivo compared to the administration of #1
itself. It effectively alleviated the LPS-induced TNFa and adjuvant arthritis in the rat model;
did not show pH-dependence for solubility when administered with famotidine and the
bioconverted #2 is efficiently inactivated by hydrolysis. These studies suggest that current
development of the prodrug approach to pPROM and PTB treatment may provide a more
favorable approach because it may be more easily designed for oral administration and
targeting of the placenta.

3.5. A Design for the targeting of antedrugs to specific tissues — AKP-001, the p38MAPK

antedrug

The development of the AKP-001 p38a. MAPK inhibitor was designed for local targeting of
specific drugs to specific tissues. This study has analyzed the in vivo disposition of a novel
p38 MAPK inhibitor, AKP-001, and its metabolites in rats with a simple physiologically
based pharmacokinetic mode [121]. AKP-001 (Figure 9) is a novel and potent p38a./p
inhibitor designed for its tissue-specific targeting that inhibits the phosphorylation of
downstream protein targets. [IC® 59 = 10.9 nM; ICP 53 =326 nM. AKP-001] [121]. It was
synthesized for the treatment of inflammatory bowel disease (IBD), a disease of severe
inflammation and oxidative stress, following the principles of ante/soft drug design [121].
The active antedrug is easily administered (orally) to the gut and is rapidly inactivated
systemically. It ameliorates experimental colitis induced by dextran sulfates in mice and
2,4,6,-trinitro enzone sufonic in rats [120]. The antedrug design of AKP-001 facilitates its
rapid metabolism to an inactive form, M1, through first-pass metabolism in the intestine and
liver after oral administration (Figure 9. AKP-001 is also partially metabolized in the normal
intestine, producing a second metabolite (M2). [Figure 9]. The synthesis and administration
of AKP-001 is an excellent example of an /n vitro and in vivo pharmacokinetic model
showing metabolic inactivation (M1 and M2), thereby identifying the factors affecting the
pharmacokinetic characteristics of a parent active compound (AKP-001) and its metabolic
inactivation. The results of this approach showed that AKP-001 is absorbed from the gut and
is extensively metabolized by hepatic first-pass metabolism. Although the metabolism of
AKP-001 to M1 also occurs in various tissues and biological fluids including the small
intestine and plasma its major metabolic conversion occurs in the liver. For example, rat
intestinal S9 fractions have been shown to metabolize ~16% of AKP-001 [which accounts
for 80% of metabolites] after 15 min. AKP-001 is also hydrolyzed to M1 in rat plasma. This
hydrolytic clearance (of AKT-001) in rat extracellular fluid is quite low compared with the
total clearance; thus the hydrolytic clearance of AKP-001 and the contribution of plasma
hydrolysis is minimal [Figure 10][121].” “In vitro inhibition studies indicate that M1
formation in rat liver S9 fractions is mediated by carboxylesterase, which, in fact was
observed in various rat tissues [127]. “The second metabolite, M2, was found in plasma after
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oral administration of AKP-001, but not after intravenous injection. This indicates that M2
metabolism occurs specifically in the gut which is the target tissue. The metabolism of
AKP-001 to M2 was shown to involve a reductive opening of the isoxazole ring; and the
formation of M2 from AKP-001 in the Gl tract is considered to be mediated by intestinal
microflora.

Preliminary attempts to extrapolate the pharmacokinetic data from AKP-001 and its
metabolites (M1 and M2) from rats to humans have suggested that the metabolic activity of
AK-001 in human liver S9 fractions is approximately 3-fold higher than in rats; it is almost
completely inhibited by bis(4-nitro phenyl)-phosphate, thus suggesting that the intrinsic
hepatic clearance of AKP-001 in humans is higher than in rats. Furthermore, since
carboxyesterase is also expressed in various human tissues, such as liver and intestine[128],
it is expected that systemic exposure to AKP-001 after oral administration in humans would
be quite low owing to extensive first pass metabolism. Importantly this avoids the
undesirable side effects arising from systemic inhibition of p38a/BMAPK. The use of the
AKP-001 antedrug for targeting placenta and membranes may require major modifications,
e.g., to a prodrug form in order to target the placenta and membranes via oral administration.

The studies with the antedrug/soft drug approach for targeted delivery to the intestine (for
inflammatory bowel disease [IBD]) suggest that this procedure may be applied to other
tissues afflicted with inflammatory syndromes. This technique may thus be designed to exert
a specific effect at the drug administration site, and then be rapidly metabolized to inactive
compounds upon circulation [124,129]. One of the most successful therapeutic agents for
IBD was shown to be highly metabolized to inactive forms in the liver [130]. This technique
minimizes systemic off-target effects of the parent drug and thus raises the question as to
whether it can be designed for PTB or pPROM, i.e., can the drug be targeted to the placenta
or fetal membranes cells considering its rapid degradation (or metabolism to an inactive
form) by maternal tissues. e.g., the liver, prior to its transport to the placenta? This would
offset or minimize the effect of the parent drug after it has worked on the main target tissue,
but raises the question of the degree of involvement of the placental tissues.

Many of the p38MAPK inhibitors have not been exhaustively tested for the management of
inflammatory diseases, including inflammatory bowel diseases and rheumatoid arthritis
because clinical trials have shown that systemic inhibition of p38MAPK cause adverse
effects including abnormal liver function, dizziness and skin rashes [131].The recent
development of low toxicity, potent inhibitors is an encouraging advance for their use as
antedrug and prodrug therapeutics.

3.6. Cytokine inhibiting antedrugs

The severity of allergic asthma is associated with the influx of leukocytes (eosinophils,
lymphocytes and monocytes) and their production of proinflammatory cytokines has
encouraged the design of cytokine-inhibiting antedrugs with strong broncho-dilating effects
in an animal model of asthma [123]. The triazinylphenylalkylthiazolecarboxylic acid esters
are a group of pharmaceuticals designed to act as lung-specific antedrugs and inhibitors of
the production of IL-5, a primary eosinophil-activating and proinflammatory cytokine. As a
drug that qualifies to be an antedrug, it was shown that the hydroxypropy! ester has high
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metabolic stability (t1» = 240 min) in human lung S9 fraction (the target tissue), and rapid
conversion (ty/2 = 15 min) into a pharmacologically inactive carboxylic acid by human liver
preparations. Since allergic inflammation is a chronic lung disease characterized by air flow
obstruction, airway inflammation [132] and multiple cytokine production (IL-4. IL-5,
MCP1, MCP-2, MCP-3), the suppression of these proallergic cytokines poses a viable
approach for the treatment of asthma [123,133]. The results of these experiments suggest a
potential successful use of this procedure in the suppression of proinflammatory cytokines
of PTB and pPROM.

4. Significance

Inflammation-oxidative stress mediated activation of the p38MAPK pathway activates the
p16'nk4a and p19AT senescence-associated genes of the Cakn2a tumor suppressor locus
[97,134,135]. Furthermore, ROS generated by electron transport chain dysfunction activates
the aging phenotype via the p38a/p senescence pathway [97]. The significance of our
discussion is unique and of the utmost importance in that our approach a) identifies a direct
interaction of inflamnation-ROS with the complex p38MAPK protein-protein interactions
that initiate the signling processes that link these challenges to the development of the
placntal aging phenotype and PTB/pPROM of the amniotic cells; b) elucidates, in a stepwise
manner, the mechanism(s) that link inflammtion-oxidative stress challenges to the ROS-
responsive signaling pathways associated with the development of PTB and pPROM. and c)
provide an understanding of the molecular interactions that impact the progression and
potential prognosis of placental pathogenesis. Furthermore, we identify molecular
interactions that are potential sites for the development of intervension protocols for the
treatment of PTB and pPROM.

An important question on the relevance of the aging marker expression to PTB and pPROM
asks whether inflammation and oxidative stress cause rather than correlate with the
development of the PTB and pPROM. Demonstration that the decreased expresion of p38a/
B and its targeted activation of aging phenotype markers addresses this question in that; a)
inhibition of p38a/p decreases the expression of markers of aging; b) the attenuation of
p38a/p in a haploinsuficient p38a.*/~ mouse delays the aging of pancreatic B-cells and
skeletal muscle progenitor cells [134,136]. The p38MAPK inhibitors provide an
experimental linkage of the molecular mechanisms activated by inflammtion-oxidative stress
to the molecular mechanisms of initiation of PTB and pPROM. We are thus presenting a
model which directly addresses physiological responses to inflammation and/or oxidative
stress f£.e., and the consequences of misregulation of a major biological redox controling
system. This approach dissects, in a step-wise manner, the mechanism by which an
inflammation-ROS-Sensory complex serves as a center for the distribution of signals that
activate stress-response pathways and the development of PTB and pPROM [95,137].

4.1. Potential for beneficial translation of scientific knowledge to clinical practice

The importance of inhibitors of p38a./p is clearly suggested by the urgent need for specific,
potent, low toxicity inhibitors that provide promising results in the alleviation of
inflammatory diseases in animal models and human cohorts and the very large amount of

Expert Opin Ther Targets. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Menon and Papaconstantinou Page 13

funds provided by government and private agencies to support this line of research. We thus
strongly encourage the development and use of p38a/B-specific inhibitors to achieve a
favorable delay and/or attenuation of symptoms of PTB and pPROM. Our genetic animal
model, the haploinsufficient p38a.*/~ mouse, suggests that treatment of wild type models
with inhibitors of p38MAPK would significantly delay the progression of the PTB and
pPROM by alleviating the symptoms of inflammation and oxidative stress [117-119].

Our proposed approach to the therapeutic treatment of PTB/pPROM provides the
foundations for the pursuit of the use of inhibitors for the clinical treatment of pathologic
pregnncies involving PTB and pPROM. Chronically increased p38af activity and its
enhancement of the aging phenotype in PTB and pPROM can thus be attributed to elevated
inflammation and oxidative stress. Our model further suggests that sequestration of
p38MAPK with the p38a inhibitors, PH787904 or AKP-001, provides examples for the
development of clinical pharmacological treatment for PTB and pPROM [85,135,138,139].

5. Expert opinion and conclusion

5.1. The key problem identified and addressed

PTB and pPROM are two major complications of pregnancy. Due to complex etiologies,
pathways and biomarkers, proper early diagnosis of high risk pregnancies are rather difficult
and hence interventions are administered very late when labor associated changes are
already in progress. Tocolytic interventions prolong pregnancies in a subset of subjects. This
approach; however, has not reduced the incidences of neonatal morbidities and mortalities
due to PTB and pPROM. Similarly, advanced screening and diagnostic strategies for high
risk pregnancies or interventions using progestational agents have not yeilded expected
reduction in rate of global PTB. Therefore it is timely to discuss novel intervention strategies
based on specific pathways that contribute to majority of PTB and pPROM. The pathway
that is understudied in PTB and pPROM involve oxidative stress induced by various non
infectious risk factors. Intraamniotic infections can also contribute to oxidative stress
associated pathways but infection associated oxidative stress pathways are distnct than other
risk factor induced pathways.%* We have now reported that oxidative stress in response to
various non infectious risk factors accelarate intrauterine tissue aging to cause either
premature activation of labor or cause rupture of membranes. Senescence, a mechanism
associated with aging is prematurely activated by oxidative stress and damage that
accompany oxidative stress. Cell and organelle injuries and damage to cellular elements,
especially DNA, lead to activation of p38MAPK dependent pathway resulting in it’s
activation and downstream cascade of events ending in senescence. Senescence, an
irreversible sterile inflammatory state is a major pathologic feature of aging related
syndromes. We propose that a major subset of PTB and pPROM belong to this pathological
category. Therefore, controling p38MAPK activation and function can be one of the targets
for intervention to reduce the risk of PTB and pPROM.

5.2. Innovative research achivements

Our studies have advanced a novel mechanism for the activation of pathophysiological
processes that promote the development of the aging phenotype in PTB and pPROM and the
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use of antedrug-prodrug strategy to control and treat symptoms of systemic toxicity.
Furthermore, we propose that the elevated and sustained endogenous levels of p38MAPK in
abnormal pregnencies are key causal factors in the development of PTB and pPROM. We
now propose that an innovative design of high-throughput screening of small-molecule
libraries should identify unique potent, non-toxic inhibitors of pP38MAPK that will attenuate
or delay the symptoms of PTB and pPROM as well as elucidate novel biochemical
mechanisms to provide understanding of the role of inflammation and oxidative stress in
abnormal pregencies and the molecular linking of extracellular exposure to toxicants to the
intracellular inflammation-ROS responsive machinery and the treatment of these syndromes.

5.3. Future implications

Because of their implications in the progression of multiple diseases of inflammation and
oxidative stress, there is a need for the development of tissue-specific delivery methods that
can target the treatment of a specific syndrome thereby avoiding systemic toxicity to
multiple tissues. The intense research activity thus focusing on the development of inhibitors
of p38MAPK activity (mainly p38a and B), because of their similarity in composition and
structure is based on tissue-targeted anti-inflammatory, anti-oxidative stress therapeutics.

5.4 Challenges and goals

The simple physiologically based pharmacokinetic (PBPK) models presented in this review
have described the pharmacokinetics of inhibition of pP38MAPK by both antedrug and
prodrug designs. The simulation indicated that low oral bioavailability is the predominant
factor influencing the wide safety margin and that the drugs (AKP-001) satisfy criteria for
tissue specific-targeting antedrug or prodrugs. These PBPK models can be applied to the
prediction of safety margins and efficacy in clinical situations. The development of both
antedrug and prodrug protocols have been successful for treatment of multiple-tissue
inflammatory diseases. We propose that this design could guide the development of antedrug
and prodrug protocols for placental syndromes including pPROM. We note here that the
placental pathologies are linked to the progression of inflammation and that the activity of P-
p38MAPK plays a key role in its progression. There are, therefore, many examples of the
design of antedrugs and prodrugs that can be applied to placental protocols. The major
problem that is still to be addressed is the identification of a safe route of administration.

Future research to test the efficacy should involve testing the drugs and designs in various
animal models including non-human primates that resembles human pregnancies and have
pathophysiologic pathways of adverse pregnancy events similar to that of humans.
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Avrticle highlights

. Human parturition at term is associated with telomere dependent and
oxidative stress induced p38MAPK a/p (two dominant isoforms of
p38 expressed in fetal tissues) mediated senescence of fetal tissues.

. p38MAPK o/ mediated fetal tissue senescence generates signals
(sterile inflammation) that can trigger term parturition.

. Preterm parturition is associated to premature activation of p38MAPK
a/p mediated senescence activation and signaling due to excessive
oxidative stress and inflammation in response to various risk factors.

. Risk factors such as behavioral (cigarette smoking, alcohol, drug
abuse), environmental pollutants, malnutrition, high or low BMI, tissue
damage products (in response to oxidative stress due to infection or
other risk exposures) can cause preterm p38MAPK activation
accelerating premature fetal tissue senescence and untimely signaling
of initiation labor (preterm labor). This condition is more dominant in
the subset of preterm birth complicated by preterm premature rupture
of the membranes (pPROM).

. Inhibition of p38MAPK a/p has revered oxidative stress induced
senescence and sterile inflammation in pregnant animal models and in
in vitro fetal membrane tissue/cell culture models.

. Therapeutic interventions to slow down p38MAPK mediated
senescence may be beneficial to reduce preterm labor risk in major
subset of women with intrauterine oxidative stress due to various risk
factors.

. We present intervention strategies and a plan to control the activation
and/or activity of the p38MAPK a/p stress response pathway
specifically for in vivo treatment of intrauterine tissues.

. The aims of this review are to present protocols that target specific
p38a/B activities as a form of specific intervention of PTB and
pPROM.

. We discuss the development and use of antedrug and prodrug strategy

to apply specific treatment of intrauterine tissues experiencing
inflammation-oxidative stress induced p38MAPK a/p linked
pathophysiology.
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Figure 1.
A schematic representation of term and preterm pathways.

or
pPROM

1A: Fetal signals of organ maturation and fetal tissue senescence can cause an inflammatory
oxidative stress response in the intrauterine tissues, activating various pro-labor mediators
like prostaglandins and endothelins to cause labor associated changes.

1B: These signals are prematurely replaced by maternal-fetal risk exposures to drive the
mechanistic pathways to cause spontaneous preterm labor and or pPROM.
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Figure 2.

Preterm Labor

Current intervention or management strategies to reduce the risk of spontaneous preterm
birth (PTB) based on specific pathways. (This is not a complete list)
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Figure 3. Activation of the p38a/p MAPK stress response signaling pathway by exogenous
toxicant factors

Exogenous toxicants such as cigarette smoke extracts, flame retardants and bacterial
lipopolysaccharide are major toxicants that activate the inflammation-oxidative stress
promoted aging phenotype in PTB and preterm premature rupture of the membranes
(pPPROM).
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< Pharmaceutical Development

<+ Amelioration of Symptoms

1 p38a/f j

Inflammation/ROS ( Small Molecule Inhibitors

activation P-p38
\ —
/ PTB - pPROM

Asthma Cardiovascular disease

Inflammatory Bowel Disease . : 2
Airway smooth muscle inflammation

Gastric Cancer Metastasis Rheumatoid arthritis

Resistance to chemotherapy Glioblastoma invasiveness
Neurodegenerative diseases
« Amyotropic Lateral Sclerosis
« Parkinson’s

Figure 4. p38a/BMAPK are targets for pharmaceutical development
Multiple diseases are associated with chronic inflammation and oxidative stress and elevated

p38a/p MAPK activity. The symptoms of each disease listed above are ameliorated by
specific inhibitors of p38MAPK.
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Figure 5. The p38a and B isoforms play an important role in the regulation of multiple normal
physiological processes

Normal levels of expression of p38a/p MAPK promote the physiological processes that
regulate differentiation, stem cell replication and cellular renewal in regeneration.
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Figure 6. Pro, Ante and Pro-Ante drug models of p38MAPK inhibition
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(A) Prodrug, will undergo bioactivation to remove the negative modifier (M).
(B) Antedrug, the active drug, will undergo metabolic inactivation by removing the positive

modifier to eliminate or minimize unwanted systemic effects.

(C) Pro-antedrug, contains both negative and positive modifiers where the negative
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modifier is removed first at the site of action (as in prodrug) and the positive modifier is
removed later in the systemic circulation after its activity (as in antedrug). (Adopted from

Khan MO et al (2008)
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Figure 7. Targeting human central nervous system protein kinases
An isoform selective p38aMAPK inhibitor that attenuates disease progression in

Alzheimer’s disease mouse models. (From Roy et al (2015) ACS Chem. Neurosci., 6, pp
666-680).
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2 (BMS-751324)

Figure 8.
Structure of p38a inhibitor 1 and its clinical prodrug 2.
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Figure 9. Chemical structures and metabolic pathways of AKP-001 and its metabolites (M1 and

M2)

AKP-001, 5-amino-3-(4-fluorophenyl)-4-(4-pyrimidinyl)isoxazole (M1), and 2"-(2-
chloro-6-fluorobenzyl)-6"-(4-fluorophenyl)-[4,5 Tbipyrimidinyl-4”-ol (M2) are the
metabolic products of the (A) hydrolysis and (B) reductive opening of the isoxazole ring of
AKP-001, respectively. These /n vivo metabolic processes demonstrate the inactivation of
this antedrug used for the treatment of inflammatory bowel disease (IBD).
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Figure 10. Model scheme of AKP-001 and metabolite (M1 and M2) disposition in rats
Distinct model structures were developed for the parent compound (AKP-001) and the

metabolites (M1 and M2). A conventional two-compartment pharmacokinetic model with an
incorporated gut compartment was applied for AKP-001 and was connected with that of M1
by first-pass metabolism and liver metabolism, assuming that hepatic metabolism mainly
contributed to systemic formation of M1. For the production of M2, the pharmacokinetic
model was linked to gut metabolism. Qh represents the hepatic blood flow. ka represents the
absorption rate constant. k12 and k21 are the first-order rate constants for transfer from the
central to peripheral and from the peripheral to central compartment, respectively. FaFg
represents the intestinal availability. F represents the availability. CLint,u represents the
hepatic unbound metabolic clearance. CLAKP represents the systemic clearance of
AKP-001. CLAKP_M1 represents the clearance for metabolic conversion of AKP-001 to
M1 by first-pass metabolism. CLAKP_M2 represents the metabolic clearance of AKP-001
to M2 in the gut compartment. CLdeg represents the clearance for metabolic conversion
from AKP-001 to other metabolites. CLr represents the renal clearance. Subscripts: AKP,
AKP-001; M1, metabolite M1; M2, metabolite M2.
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