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ARTICLE INFO ABSTRACT

Keywords: Background: Most labor-related problems can be attributed to the uterine myometrium muscle, as
Labor this irritable tissue must suppress its irritability potential during pregnancy. Unfortunately, fewer
Ion channels studies have investigated the causes of this lack of suppression in preterm labor.

gf;i:; Methods: We conducted a scoping narrative review using three online databases (PubMed, Scopus,
Glucose and Science Direct).

Results: The review focused on ion channel functions in the myometrium, including sodium
channels [Na K-ATPase, Na-activated K channels (Slo2), voltage-gated (SCN) Na®, Na™ leaky
channels, nonselective (NALCN) channels], potassium channels [KATP (Kir6) channels, voltage-
dependent K channels (Kv4, Kv7, and Kv11), twin-pore domain K channels (TASK, TREK), in-
ward rectifier Kir7.1, Ca**-activated K* channels with large (KCNMA1, Slo1), small (KCNN1-3),
intermediate (KCNN4) conductance], and calcium channels [L-Type and T-type Ca®* channels,
calcium-activated chloride channels (CaCC)], as well as hyperpolarization-activated cation
channels. These channels’ functions are associated with hormonal effects such as oxytocin, es-
trogen/progesterone, and local prostaglandins.

Conclusion: Electromechanical/hormonal activity and environmental autocrine factors can serve
as the primary practical basis for premature uterine contractions in term/preterm labor. Our
findings highlight the significance of.

1. the amplitude rate of hyperpolarization and the frequency of contractions,

2. changes in the estrogen/progesterone ratio,

3. Prostaglandins E/F involvement in initiating potential spikes and the increase of
intracytoplasmic Ca*.

This narrative study highlights the range of hyperpolarization and the frequency of myometrium

contractions as crucial factors. The synchronized complex progress of estrogen to progesterone

ratio and prostaglandins plays a significant role in initiating potential spikes and increasing

intracytoplasmic Ca2*, which further influences the contraction process during labor. Insights

into myometrium physiology gained from this study may pave the way for much-needed new

treatments to reduce problems associated with normal and preterm labor.
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1. Introduction

Abbreviations

APs action potentials

B2AR B2 adrenergic receptor

BDNF brain-derived neurotrophic factor

cAMP cyclic AMP

CaCC L-Type and T-type Ca2™ channels, calcium-activated- chloride channels

EP prostaglandin E receptors 1-4
FP prostaglandin F receptor
IP3 inositol triphosphate

IP3R IP3 receptor

LTCC L-type calcium channel

MD muscle dystrophy

MLCK  myosin light chain kinase oxytocin

MLCP  Myosin light chain phosphatase

Slo2 Na K-ATPase, Na-activated K channels
OTR oxytocin receptor

PG prostaglandins

PIP2 phosphatidylinositol 4,5-bisphosphate
PIP3 phosphatidylinositol 3,4,5-thrisphosphate
PLC phospholipase C

PKC Protein kinase C

ROCK  Rho kinase

SERCA  sarcoplasmic/endoplasmic reticulum calcium ATPase
NALCN sodium (Na+) leak channel, nonselective
STIM stromal interaction molecule

USMC  uterine smooth muscle contraction
VGSCs  Voltage-gated Na + channels

Controlling the timing of labor is a complex process that relies on the correct physiological interaction among the mother, the fetus,
and the placenta. Labor is a physiological event accompanied by regular and painful uterine contractions, which coordinate with
multiple paracrine/autocrine events, fetal hormonal changes, and overlapping maternal/fetal control mechanisms to initiate labor in
women.

2. Labor

Labor can be categorized into three main phases: early labor, active labor, and transitional labor. In the initial phase, the uterus
myometrium undergoes a transformation from a quiescent state to asynchronous contractions. This necessitates the formation of gap
junctions between myofibrils to facilitate the transmission of the contractile signal. During this phase, the fetus contributes to the
coordination by producing steroid hormones via the placenta, which occurs through mechanical distension. Additionally, the secretion
of neuro-hypophysis hormones and other stimulators, such as prostaglandin, play a role in this process. In the secondary phase, the
cervical connective tissue must be capable of dilation to allow for the delivery of the fetus from the uterus. These changes are
accompanied by a shift from progesterone to estrogen dominance, increased responsiveness to oxytocin due to upregulation of
myometrium oxytocin receptors, increased prostaglandin synthesis in the uterus, enhanced formation of myometrium gap junctions,
decreased nitric oxide (NO) activity, and increased influx of calcium into myocytes with ATP-dependent myosin to actin, as well as
increased endothelin levels leading to augmented uterine blood flow and myometrium activity [1]. Calcium plays a strategic key role
in the process of muscle contraction, as it is required for every muscle activity.

2.1. Effect of the intracellular free Ca2" concentrations in contraction of the myometrium

Upon depolarization of the plasma membrane of the myofibril, an influx of calcium ions through the L-type calcium channels of the
sarcoendoplasmic reticulum (SR) triggers a significant release of calcium into the cytoplasm, which, in turn, stimulates myofibril
contraction. The sarcoendoplasmic reticulum calcium ATPase (SERCA) pump plays a crucial role in regulating cellular calcium ho-
meostasis. Following muscle contraction, this pump transports calcium ions from the cytosol back to the sarcoplasmic reticulum (SR).
Maintaining cellular calcium homeostasis through SERCA is essential for muscle health and function; thus, dysfunction of SERCA can
contribute to muscle pathogenesis. Studies have described its association with pathological conditions related to aging,
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neurodegeneration, and muscular dystrophy (MD), impairing intracellular calcium homeostasis and further contributing to muscle
atrophy and weakness [2]. In the myometrium, the regulation of ion channel activity can influence intracellular free Ca?* concen-
trations, making control of ion channel activity one of the approaches to controlling myometrial contractile activity.

2.2. Uterus, myometrium, and muscle fibers contraction

Calcium sensitization refers to the increased sensitivity of regulatory and contractile proteins to calcium, resulting in stronger
contractions. Several proteins are recognized for their role in this sensitization process. Protein kinase C (PKC) and RhoA/Rho-kinase
are two signaling pathways involved in initiating calcium sensitization [3]. Ras homology (RHO) proteins are small monomeric
GTP-binding proteins that regulate actin polymerization and myosin phosphorylation in smooth muscle cells. During pregnancy, the
mRNAs for RhoA, ROK-1, and ROK-2 are present in the non-gravid uterus and increase in expression. Inhibition of ROK prevents force
development and increases relaxation without altering calcium levels. The RAS signaling pathway accompanies myosin light chain
phosphatase (MLCP) inhibition, which controls myofibril contraction through non-calcium-dependent mechanisms [4]. Moreover,
cAMP causes phosphorylation of myosin light chain kinase (MLCK) by the cAMP-dependent protein kinase, which reduces enzymatic
activity by decreasing Ca?*/calmodulin-dependent myosin light chain kinase affinity. Additionally, several proteins regulate the
balance of kinase or phosphatase activity, with MLCK and MLCP being prominent players in the machinery of smooth muscle
contraction [5]. At present, there are several well-characterized agonists/antagonists for the contraction of uterine smooth muscle
pathways, including Ca®* channel blockers, oxytocin, progesterone, and Atosiban (an inhibitor of the oxytocin-mediated release of
inositol trisphosphate from myofibrils) [6] (Fig. 1) [7].

2) Ca®" is released from the sarcoplasmic reticulum (SERCA) through the IP3R, increasing intracellular Ca®" concentration and
stimulating myosin phosphorylation. Myosin phosphorylation can also be triggered by hormones and tocolytic agents via G protein-
coupled receptor-mediated pathways [7].

2.3. Excitation—contraction coupling in excitable cell of the myometrium

It is crucial to evaluate the excitation-contraction coupling (EC coupling) in the myometrium, as it holds the key to developing
knowledge and advancing strategies to manage preterm labor. EC coupling is mainly achieved by maintaining high conductance of K™
and minimizing cell connections between myocytes and muscle bundles [8]. During pregnancy, irritability breaks should be controlled
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Fig. 1. Signaling pathways in uterine contractility: Ca>* entry through voltage-gated Ca>* channels (LTCGC) and STIM/Orai, Members of the Store-
operated calcium entry complex.
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until full-term; otherwise, the cervix may lose control rapidly, leading to premature labor.

2.3.1. EC coupling in smooth muscle of the myometrium

The myometrium consists of three layers: a horizontal outer layer, followed by inner longitudinal fibers with a middle layer of blood
vessels. These layers exhibit a phasic contractile pattern, classifying the myometrium as phasic smooth muscle. Phasic smooth muscle
shows transient augmentations in force generation in response to potassium ion (K*) stimuli. This force generation is initiated by the
characteristics of action potentials in the myofibrils and the differential expression patterns of contractile proteins. Contraction and
relaxation in the myometrium result from cyclic depolarization and repolarization of myofibril membranes. Depolarization is driven by
an inward current predominantly carried by Ca®* ions and Na * ions, while repolarization involves an outward current through fast
voltage-dependent Kt ions and slow Ca’™-activated components. The frequency and intensity of myometrium contractions are
determined by the consistency and duration of action potentials in each myofibril [9]. The intracellular Ca®* concentration [Ca®*]i
serves as an essential trigger for uterine contractile machinery, and myometrium action potentials influence the shape of the calcium
inward transient. The significance of EC coupling is evident from the experimental effects of calcium removal, which results in the
rapid cessation of contraction by blocking Ca?" L-type channels with Nifedipine in the external solution [10]. Various mechanisms
related to the presence of this ion in uterine myometrium contraction have been identified, as outlined below.

2.3.2. The feed-forward loop for Ca®" release in the myometrium

The increasing inward calcium ion can sensitize other Ca?* channels to open through a complex feed-forward loop [11]. Ion
channels are transmembrane proteins associated with gating properties that mediate many physiological functions. These channels can
be either open or closed, with the transition between these two states facilitated by structural elements known as gates. Voltage-gated
channels and ligand-gated channels activate through different processes, but both allow the movement of ions. Crystallography and
mutational analyses provide detailed insights into the structure of these channels, aiding the understanding of the conversion of
electrical signals generated by small ion currents across cell membranes, particularly in voltage-gated Ca%*, Na*, and K* channels
[12].

2.3.3. Activation voltage-gated channels or ion channels

The transduction of chemical signals into electrical signaling at the cell membrane is fundamental to cellular communication. The
initiation of stimulation in myogenic smooth muscle and its propagation to the myometrium during preterm and term labor is a highly
complex process involving several hormones and voltage-dependent channels. The influx of Ca?" into myometrial myofibrils is a vital
stimulus for uterine contractile activity. Important Ca?t channels include 1) L-type and T-type Ca®" channels, which undergo Ca®*
gating through the arrangement of voltage-sensing domains (the charged S4 segments) and the opening and closing of S6 gates [13].
These channels consist of a tetramer of membrane-bound domains with a positively charged S4 segment. The sliding-helix mechanism
is a key factor responsible for positive gating alterations in the voltage sensor, leading to conformational changes in the pore module
that opens the intracellular activation gate upon depolarization [12]. Initial structural details of K* channels reveal potential coupling
between voltage sensors and the pore region via movement of the S4 segment, which transmits the signal to the S6 helix, resulting in
gate opening upon depolarization [14]. High-voltage-activated (HVA) Ca2+ channels, classified as R-type or E-type, are divided into
two subfamilies: L-type and non-L-type channels [15].

2) Voltage-gated Na' channels (VGSCs), Na-activated K channels (Slo2), voltage-gated (SCN) Na' and Na' leak channels,
nonselective (NALCN) channels, the Na™/K"-ATPase, and hyperpolarization-activated cation channels. 3) KATP (Kir6) channels,
voltage-dependent K* channels (Kv4, Kv7, and Kv11), twin-pore domain K channels (TASK, TREK), inward rectifier Kir7.1, Ca?*-
activated K channels with large (KCNMAL1, Slo1), small (KCNN1-3), and intermediate (KCNN4) conductance [16].

The resting membrane potential during pregnancy gradually depolarizes from approximately —70 mV to —55 mV at parturition
[171, approaching the voltage dependence of L-type channels that open at approximately —40 mV. These variations in membrane
potential voltage may be one of the factors driving myometrium to increased contractility [18]. Oxytocin is another essential factor in
mammalian labor that increases the entry of Ca2* into uterine myometrial cells by enhancing the duration and frequency of action
potentials [19,20]. Voltage-gated calcium L-type channels play a crucial role in controlling insulin exocytosis in rodents and beta-cell
lines.

Electrical signaling in excitable cells, such as muscles, neurons, and endocrine cells, involves generating and conducting action
potentials by voltage-gated Na* channels (VGSCs). An increase in inward sodium ion (Na™) flux causes membrane depolarization and
leads to a more excitable and contractile uterine state by opening voltage-gated Ca®>* channels. Conversely, an increase in outward K*
flux results in more negative membrane potential, promoting quiescence. VGSCs play a critical role in many physiological processes by
controlling action potentials in excitable tissues. In the uterus myometrium, Ferreira et al. (2021) proposed that sodium signaling
through the interaction of the Na'-activated K™ channel (SLO2.1) and the non-selective Na® leak channel (NALCN) allows these
channels to functionally regulate the membrane potential of myometrium, influencing excitability and contractility. The combined
action of these two channels (NALCN/SLO2.1) governs uterine excitability, and their reduction activates uterine contractility. Thus,
the depolarization of the resting membrane potential of the myometrium is essential for the uterus to transition from a quiescent state
to a contractile state (Fig. 2) [21].

A reduction in SLO2.1/NALCN activity induces membrane depolarization, leading to the entrance of Ca2t through voltage-
dependent Ca2+ channels, resulting in contraction. Their data demonstrate that NALCN and SLO2.1 are closely located in human
MSMCs of the myometrial smooth muscle cell. In the inactive state, progesterone binding to its receptor increases NALCN expression
and activity [21]. As a result, the sodium current via NALCN activates SLO2.1 channels, causing an efflux of K to maintain a
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hyperpolarized state in the myofibril. This keeps the voltage-dependent Ca?* channels (VDCCs) closed, preventing uterine contractions
in this relaxed state. However, during the myometrium’s contractile state, estrogen binding to its receptor (ERa) inhibits NALCN
expression [22], leading to reduced SLO2.1 activity. Consequently, the reduction in K" efflux depolarizes the membrane potential,
activating VDCCs, increasing intracellular Ca®*, and promoting uterine contractility. At the onset of labor, the binding of oxytocin
(OXT) to its receptor (OTR) triggers the activation of phospholipase C (PLC), resulting in the formation of phosphatidylinositol 4,
5-bisphosphate (PIP2) and inositol triphosphate (IP3). IP3 stimulates the release of Ca®" from intracellular stores and activates pro-
tein kinase C (PKC) via PIP2, which inhibits SLO2.1 [23]. Inhibition of SLO2.1 further depolarizes the myometrial membrane, opening
more VDCCs, increasing intracellular Ca®*, and ultimately activating myosin for uterine muscle contraction. In conclusion, these
findings propose that, in addition to regulating the pacemaker, NALCN controls myometrium excitability by modulating the perme-
ability of K' ions and thus regulating the membrane potential of myometrial myofibrils [19], contributing to successful parturition
[24].

Chen et al., 2018, demonstrated the influence of glucose on the amplitude of sodium ion currents (INa) and the intrinsic kinetics of
voltage-gated sodium channels (VGSCs) in the insulin-secreting p-cell line (INS-1) in rats, using whole-cell patch-clamp techniques.
Their goal was to determine the role of extracellular glucose in VGSCs’ function and its role in regulating insulin synthesis. They
reported that increasing the extracellular glucose level reduced the amplitude of INa (Fig. 3) [25].

The study reported that exposure to 18 mM glucose for only 1 min resulted in a concentration-dependent blockade of INa. Glucose
regulates insulin secretion in INS-1 cells in a dose-dependent manner, partly through the inhibition of the INa channel. This suggests
that VGSCs play a crucial role in modulating glucose homeostasis. Furthermore, the research revealed that increasing glucose levels
lead to a decrease in the activity-dependent nature of INa [25]. The kinetics of the INa channel in INS-1 cells are ATP-dependent, as
higher cytosolic ATP levels enhance the activity of INa, which may be vital in insulin secretion in response to increased blood glucose
concentrations [26].

3. Metabolic support of term and preterm labor and gestation

Pregnancy and lactation are highly metabolically demanding states. Maternal glucose is a fundamental fuel source for the growing
and developing fetus. Therefore, the systems responsible for regulating glucose homeostasis in the maternal body undergo significant
adaptations during pregnancy. As part of these regulatory changes, insulin levels rise during pregnancy and decrease during lactation.
In normal pregnancy, the plasma insulin level is inversely related to gestational age, as insulin sensitivity decreases as gestation
progresses. Studies have shown that these changes are influenced by placental factors, progesterone, and estrogen, which, under
physiological conditions, lead to a compensatory increase in insulin secretion to maintain normal glucose homeostasis.

Wang et al., 2014, conducted a cohort study on preterm birth and plasma insulin levels at birth and early childhood. This pro-
spective study included 1358 children born between 1998 and 2010, and they were monitored from 2005 to 2012 (from birth to age
6.5 years) at the Boston University Medical Center. The researchers aimed to investigate the hypothesis that preterm birth is associated
with increased plasma insulin levels as an indirect predictor of insulin resistance (IR) at birth, and they also examined whether this
elevation persists into early childhood (Figs. 4 and 5) [27].

Their findings indicated an inverse association between gestational age and increased plasma insulin levels at birth and early
childhood [27]. In a systematic review conducted by Yoshida-Montezuma et al., in 2022, preterm birth was significantly associated
with childhood cardio-metabolic risk (CMR) [28].

The physiology of insulin resistance (IR) during pregnancy is intriguing and dynamic, as the degree of maternal IR observed during
pregnancy is linked to the degree of glucose flux from the mother to the fetus (Fig. 6) [29,30]. Mild insulin resistance during pregnancy
represents a physiological adaptation that prioritizes fetal growth, making pregnancy a period of unique metabolic plasticity for
mothers. This adaptation ensures glucose availability in the maternal circulation for transmission to the fetus to support its growth. As
a result, there are declines in maternal peripheral insulin sensitivity [31].

Quiescent State Contractile State

Est rogen

©
Progesterone Oxytocln
o NALCN SL02.1 VDCC NALCN
Extracellular ’ |
Cytoplasm
[ERa]
®

1 [Na*] -/

PLC[] PKC Hca)

DAG CONTRACTION

®

Nucleus (fnALeN) \
IGG005500000000 10000000000 PIP, —3 1P m

Fig. 2. Proposed model of NALCN/SLO2.1 with regulation of myometrium excitability. Comparison of two states quiescent and contractile [21].
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Fig. 3. Glucose Inhibits INa in a Concentration-Dependent Manner. The Na™ current was reduced in a concentration-dependent manner by glucose:
100 % =+ 3.85 % (n = 6) at 3 mM glucose, 93.39 % =+ 4.81 % (n = 5) at 6 mM glucose, 91.17 % =+ 3.09 % (n = 6) at 9 mM glucose, 86.22 % =+ 8.85 %
(n = 6) at 12 mM glucose, 69.32 % =+ 5.29 % (n = 6) at 18 mM glucose, and 66.14 % + 6.42 % (n = 7) at 21 mM glucose; *P < 0.05, **P <
0.01 [25].
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Fig. 4. Relationship between plasma insulin levels at birth and gestational age, Stratified by Birthweight for gestational age Categories: Appropriate
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3.1. Increasing insulin secretion in pregnancy (peripheral & central functions)

The increased insulin secretion observed during pregnancy plays a dynamic role in both peripheral and central maternal tissues.
The metabolic processes during pregnancy are linked to site-specific central insulin resistance. This resistance can be adaptive,
allowing for increased peripheral insulin secretion without the adverse effects of increased central insulin functions, such as stimu-
lating excessive glucose uptake into maternal tissues or inhibiting food intake [31].

One might wonder if this adaptation represents a central process for insulin resistance or is exclusive to the pregnancy period. Both
animal and human studies have shown that insulin resistance directly affects pregnant women and their offspring [32]. Maternal
hyperglycemia serves as the basis for fetal hyperglycemia and hyperinsulinemia, potentially leading to fetal macrosomia—a severe
complication of maternal diabetes and obesity [33].

3.2. Insulin resistance and brain plasticity

In the central nervous system, brain insulin signaling plays a small role in glucose regulation, yet it significantly impacts the brain’s
metabolic health. Insulin signaling is crucial for mitochondrial activity, ATP production, and normal food intake. Consequently, brain
insulin resistance (IR) contributes to obesity and may play a key role in neurodegeneration.

Increased obesity during reproductive age can lead to deteriorating physiological IR in women. This has a negative impact on the
intrauterine environment, affecting perinatal planning and potentially causing metabolic dysfunction in offspring. A study by Spinelli
et al., in 2020 demonstrated that metabolic diseases affect brain health and cognitive functions, disturbing them as well. The animal
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represents the pre-pregnancy insulin requirement, and the numbers indicate the percentage increase or reduction relative to the pre-pregnancy
stages [29].

study showed that maternal high-fat diet (HFD) consumption induced insulin resistance across multiple generations, leading to
synaptic plasticity and learning/memory impairments. Maternal tissues exposed to the HFD experience downregulation of brain-
derived neurotrophic factor (BDNF) and insulin signaling. This, in turn, epigenetically inhibits BDNF expression in both the germ-
line and hippocampus of the progeny. Consequently, maternal diet can have a multi-generational impact on the descendants’ brain
health through gamete mechanisms, putting them at risk for lifestyle-related issues [34].

Earlier studies have shown that insulin has an inhibitory role in endothelial, smooth muscle contraction. Thus in cases of insulin
resistance, it can induce vasoconstriction. The first reports introduced that insulin significantly inhibits vascular endothelial-smooth
muscle cell contraction through a nitric oxide synthase-dependent pathway in a culture medium [35].

During pregnancy, maternal vascular adaptation is crucial to increase the capacity of blood flow through the utero-placental unit,
meeting the demands of the developing fetus. This adaptation is influenced by various growth factors and cytokines, playing a vital role
in pregnancy [36].

Now, the question arises: are maternal vascular adaptation and IR only specific to normal pregnancy periods?
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3.3. Vascular adaptation in pregnancy

The role of microvascular and macrovascular endothelial cells is crucial in maintaining vascular reactivity. Several diseases can
alter endothelial function, such as hypertension, obesity, and diabetes mellitus. In gestational diabetes mellitus (GDM), dysfunction of
both micro and macrovascular endothelial cells is well-documented, with severe consequences for fetal development. This condition is
associated with increased r-arginine uptake through the human cationic amino acid transporter (hCAT-1) and nitric oxide synthase
(NOs) by endothelial nitric oxide (eNOS). The process involves purinergic receptors and augmented umbilical veins, leading to
increased expression and activity of hCAT-1 and eNOS. An elevated adenosine concentration in the umbilical vein blood in GDM
reflects a defective metabolic state of the human placenta [30].

During a normal pregnancy, maternal metabolism changes to promote nutrient availability to the fetus, achieved through physi-
ological insulin resistance (IR) while supporting maternal metabolic demands. However, a higher degree of IR in normal pregnancy can
cause various adverse effects on both the mother and fetus, including preterm delivery, cesarean section, macrosomia, neonatal hy-
poglycemia, polyhydramnios, hypertensive disorders of pregnancy, fetal growth restriction, and other serious complications [34-37].
IR increases with pre-pregnancy obesity and, when combined with pregnancy-induced IR, exposes the intrauterine environment to
excess nutrients like glucose, lipids, and amino acids, metabolic disturbances, inflammation, and oxidative stress [38]. The elevated
levels of placental and maternal hormones, including placental lactogenic hormone, growth hormone variant, progesterone, cortisol,
and PRL, contribute to reduced insulin sensitivity, particularly during the third trimester of pregnancy [39,40].

In GDM, insulin sensitivity improves almost immediately after delivery but appears to worsen in the first 6 months postpartum,
which can be a warning sign of diabetes [41]. Vascular remodeling of the maternal uterus during pregnancy is unique and essential for
transmitting oxygen and nutrients for fetal growth. Placental hormones, such as the prolactin-growth hormone family, steroids, and
neuropeptides, play critical roles in these physiological adaptations [40].

Raised blood sugar levels caused by GDM can increase the risk of premature birth. Findings suggest premature labor due to GDM
can occur before the 24th week of pregnancy [42]. GDM also increases the risk of polyhydramnios, which can lead to preterm labor and
premature birth. The prevalence rate of preterm labor in GDM is 30-40 %, and the approach to managing preterm labor is still a matter
of ongoing discussion [43]. Fetal growth restraint is detected in ~10 % of pregnancies and poses a significant challenge to the perinatal
risk of morbidity and mortality [44]. Fetal growth restriction (FGR) is often linked to insufficient placental function and is also
associated with the development of hypertension, coronary artery disease, diabetes, and metabolic syndrome. Consequently, it im-
poses a substantial social and economic burden on individuals and healthcare systems worldwide.

Intrauterine growth restriction (IUGR) impairs insulin secretion in both human and animal models of IUGR by disrupting p-cell
function. A decrease in beta cell mass leads to changes in the progression of the cell cycle, accompanied by an increase in apoptosis and
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Fig. 7. The graphic illustrates the growth of the placenta from blastocyst implantation to the remodeling of the spiral artery and villous formation
within the span of 2-3 and 12 weeks. Various altered procedures are depicted, such as the proliferation of cytotrophoblasts (CTBs), differentiations
of extravillous trophoblasts (EVTs), the formation of EVT plug in the spiral artery and Hofbauer cells (HBCs), along with the remolding of spiral
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trimester (8-10 %), in contrast to the relatively constant oxygen levels in decidua (5-6%). Additional annotations point to the presence of uNK
(uterine natural killer) cells and dM¢ (decidua macrophages) in the placenta. This graphic is reprinted with permission from Ref. [50].
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loss of neogenesis. This condition causes decreased islet vascularization and mitochondrial dysfunction, ultimately impairing f-cell
function in the IUGR model of rodents. The results of the animal model of IUGR are similar to the results observed in the human model
of insulin secretion [45].

4. Placenta: stress role of placenta in labor, fetus development and possible pathology

In 1937, Mossman made a significant statement regarding the mammalian placenta, describing it as the fusion of the fetal
membrane to the uterine mucosa for physiological exchange. Consequently, placenta dysfunction can immediately affect pregnancy
outcomes [45]. One of the most serious conditions during pregnancy is placenta hypoxia, which augments the risk of miscarriages and
preterm labor. The detrimental effects of hypoxia are most pronounced in the middle to late stages of pregnancy.

During the early stages of normal pregnancy, the uterus typically has limited oxygen (02) levels due to low blood circulation. This
hypoxic microenvironment supports trophoblast stem cells or progenitor cells, maintains homeostasis, prevents DNA damage, and
promotes selective differentiation.

Another crucial function of hypoxia is its impact on the immune and inflammatory processes. Reduced tissue oxygen levels alter the
energy status of immune cells, leading to the suppression of immune responses. Hypoxia effectively regulates the innate and adaptive
immune systems by controlling the proliferation, development, and effector function of immune cells, primarily through transcrip-
tional modifications driven by hypoxia-inducible factor (HIF) [46,47].

Colson et al., 2021, investigated oxygen tension during primary placentation and trophoblast adaptations to hypoxia in the later
stages of pregnancy. Additionally, they explored therapeutic approaches to reduce the negative effects of hypoxic stress in the placenta
to mitigate fetal growth restriction (FGR) and its associated immediate and lifelong health consequences [48].

4.1. From the regulation of oxygen supply to the hypoxic stress in the placenta

During the first trimester of human pregnancy, the low-oxygen environment is a completely physiological process, but in the
continuation of fetal growth, continuous hypoxia can lead to pregnancy complications [49]. In normal pregnancy, in the fallopian
tube, fertilization occurs during 1-2 days of ovulation by following of the growth of the blastocyst in the uterine cavity through day 6
(Fig. 7) [50].

Around 10 — 12 weeks of pregnancy, the trophoblastic plugs are gradually removed, increasing the intervillous space (IVS)
oxygenation from 20 to 50 mmHg [51]. This remodeling process is essential as the extravillous trophoblast (EVT) reduces resistance in
the maternal spiral arteries, ensuring a steady blood flow for IVS perfusion and facilitating appropriate transport time for exchange
[52,53]. Consequently, during the second trimester (>12 weeks), the placenta finally develops into the hemochorial stage [54].

A crucial objective in ensuring proper IVS perfusion is regulating oxygen supply within the first 12 weeks of the feto-placental unit.
This regulation is necessary to mitigate harmful and teratogenic ROS production during embryogenesis and organogenesis [53].
Moreover, low oxygen tension plays a role in regulating the expression of chemokine ligands and receptors during cytotrophoblast
(CTB) differentiation into invasive EVTs. For example, Schanz et al., 2014 observed a hypoxia-inducible factor HIF-dependent
upregulation of CXCR4 associated with increased chemotaxis of first-trimester CTBs toward CXCL12 under hypoxic conditions.
They proposed that this system is involved in placental development through the directed migration of cytotrophoblasts in the decidual
compartment, ensuring an adequate supply for the growing fetus [54].

Sun et al., 2022, demonstrated that CXCL12 levels in the serum of miscarried women were significantly lower than in healthy
women with early pregnancy. Additionally, the CXCL12 levels in normal non-pregnant women were significantly lower than in early
pregnant women [55]. In a healthy pregnancy, the availability of glucose and oxygen is vital for fetal growth and health.

Glucose transport across the placenta occurs mainly through simplified diffusion facilitated by glucose transporter 1 (GLUT-1).
Francois et al., 2017 reported differential expression of GLUT-1 between the placental microvillus and its basal membrane in women at
high altitudes [56]. This finding highlights more complex regulatory interactions guiding trophoblast glucose transport in low-oxygen
situations.

During early pregnancy, oxygen availability and hypoxia influence trophoblast differentiation and placental establishment. Later in
pregnancy, the placental response to hypoxia includes changes in mitochondrial function, endoplasmic reticulum stress, hormone
production, and angiogenic factor secretion, all dependent on the degree of hypoxia. Some of these responses are adaptive, while
others may pose risks to placental support for fetal growth. Increasing the placental oxygen source or reducing oxidative stress effects
could be potential emergent approaches for preventing/treating FGR [48]. However, glucose transport remains unaffected in the
placentas of FGR pregnancies [57]. In FGR pregnancies, the expression of two major glucose transporter genes, GLUT-1 and GLUT-3, is
altered in the placenta, likely due to an adaptive mechanism optimizing glucose supply in an adverse pregnancy environment [57,58].

In a study by Mathew et al., in 2017, the gene expression of GLUT1 and GLUT3 was detected in monochromic (MC) twin placentas
after delivery. The study revealed that hypoxia is the leading cause of increased gene expression in the stem cells of placental
mesenchymal cells [59]. Moreover, Xu et al., 2021 reported hypoxic conditions may damage trophoblast mitochondrial function in
growth-restricted fetuses [60]. Consequently, numerous studies indicate that the expression of glucose transporters (GLUTSs) in
fetomaternal tissues may be influenced by conditions such as chronic hypoxia, preeclampsia, and intrahepatic cholestasis of pregnancy
[61].

Mitochondrial function in mouse placenta under normal and hypoxic conditions can be studied using respirometry and molecular
analysis.
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4.2. Cellular respiration (mitochondrial)

In the placenta, mitochondria play a critical role as a cellular source of ATP during gestation [62]. In normal pregnancy, the
mitochondrial respiration rate in the first trimester is lower than in the term. Early in pregnancy, when maternal blood flow to the
placenta begins (around 10-12 weeks), there is a temporary reduction in mitochondrial respiration, followed by mitochondrial
biogenesis after 12 weeks [63]. Therefore, a proper modulation between cellular mitochondrial respiration (respiration rate) and
maternal blood flow to the placenta is necessary to maintain a steady state of oxygen tension. This can lead to proper fetal development
and trophoblast adaptation to hypoxia in late pregnancy, reducing the negative effects of low oxygen stress in the placenta and
preventing preterm labor.

4.3. Capacity of mitochondrial respiratory in the gestation placenta & hypoxia

Oxygen is essential for cellular function in aerobic organisms, with over 90 % of it used in mitochondria for energy production
through oxidative phosphorylation (OXPHOS). Therefore, oxygen deficiency or hypoxia can pose a significant threat to cellular
respiration. Hypoxia-inducible factors (HIFs) are responsible for the cellular response to low oxygen levels. They activate a tran-
scriptional response that regulates the expression of hundreds of genes involved in adapting to reduced oxygen levels [64].

HIFs act as global transcriptional regulators and can control the expression of more than 1000 proteins by binding to hypoxic
response elements (HRES) in gene regulatory regions. One of the crucial roles of HIFs is in facilitating mitochondrial function by
regulating the metabolic switch from oxidative phosphorylation to glycolysis through signaling extracellular adenosine receptors [65].
HIFs are involved in various cellular processes during hypoxia, such as angiogenesis, cell migration/invasion, cellular metabolism, and
immune cell function. The turnover of HIF-a, one of the subunits of HIF, is rapid, allowing it to respond quickly to changes in local
oxygen levels [66].

In the human placenta, HIF-1a production varies with gestational age, with the highest expression occurring in early pregnancy
(around 5 weeks). Studies in mice examining placental oxygen levels showed that HIF-1a protein levels are higher under severe
hypoxia (2-3% oxygen) at 7-9 weeks of gestation. The peak of human HIF-1a mRNA transcriptional activity is observed between 14
and 18 weeks of gestation when re-oxygenation occurs [67-69]. HIF target genes are involved in glucose and lipid metabolism,
reprogramming energy metabolism independent of insulin and reducing oxidative phosphorylation [66].

HIFs play a significant role in trophoblast cells under hypoxic conditions and are associated with the up-regulation of glucose
transporters GLUT1 and GLUT3 [70]. Studies on pregnant mice subjected to hypoxic conditions showed that placental mitochondrial
function adapts to support fetal growth, with moderate and severe hypoxia affecting the placenta differently [71].

Severe hypoxia stimulates the sympathetic nervous system and carotid chemoreceptors, leading to hyperventilation. Pregnant
women residing at high altitudes (over 2500 m) with hypoxic conditions experience a decline in birth weight. Hypoxia during
pregnancy can also reprogram energy metabolism, affecting weight gain, adiposity, dyslipidemia, and insulin resistance. Combining
hypoxia with diet-induced insulin resistance harms the placenta and fetal outcome [72,73]. Lower birth weight is associated with
infant mortality, morbidity, and an increased risk of cardiovascular and metabolic diseases later in life [74].

4.4. How mammalian cells sense oxygen level? Oxygen cellular sensing

1) Hypoxia-Inducible Factors (HIFs) are the primary regulators in low oxygen conditions. They control gene expression that promotes
cell survival and adaptation to reduced oxygen levels [75]. Under hypoxic conditions, the respiratory rate is suppressed, activating
HIF-1, which regulates ATP generation as a metabolic source.

Mitochondria Function changes in hypoxia can be done in different ways: such as alterations in the protein composition of the
electron transport chain, changes in mitochondrial morphology by reducing mitochondrial mass, alterations in the respiration rate,
changes in mitochondrial intermediate metabolism, and subsequent alterations in the capacity of ROS production. These changes
disrupt mitochondrial biological functions, significantly affecting cell physiology [76].

Oxidative Stress is induced by hypoxia, resulting in variations in metabolite levels and the generation of reactive oxygen species
(ROS) by mitochondria. The electron transport chain (ETC) is the primary consumer of intracellular oxygen for ATP generation
through oxidative phosphorylation. Therefore, changes in oxygen levels can impact the activity of the mitochondrial ETC. Intra-
cellular activity under 0.3 % oxygen level becomes the rate-limiting step for ETC [77].

electron transporter chain (ETC) activity and the tricarboxylic acid (TCA) cycle Prolonged hypoxia can reduce flux through the TCA
cycle in mitochondria, decreasing metabolites necessary for aerobic cell respiration. This results in a reduction of ETC function [78,
79].
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Overall, the cellular response to reduced oxygen concentration is a critical stressor that affects the life of aerobic species and is a
prominent feature of various pathological conditions, such as cancer, cardiovascular disorders, inflammation, and bacterial infections.
Mammalian cells have evolved crucial adaptive mechanisms to manage hypoxia through various processes, including protein syn-
thesis, carbon/lipid metabolism, energy metabolism, and mitochondrial respiration. These mechanisms are vital for suitable responses
against hypoxic stress.
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4.5. 3, 5. placental insufficiency & variable severities of hypoxia
Cellular metabolic conditions and survival during hypoxia depend significantly on compensatory changes that include.

1) Increasing blood vessel density through angiogenesis and vascular regeneration, with a critical role played by the smooth muscle
phenotype.

2) Oxygen delivery.

3) Metabolic adaptation to hypoxia [72].

Fetal hypoxia induces compensatory angiogenesis and vascular remodeling, although the exact mechanisms are not fully under-
stood. Vascular endothelium, smooth muscle (SM), adventitia, sympathetic perivascular nerves (SPN), and the parenchyma are
involved in these adaptive processes. Hypoxia increases the innervation of sympathetic nerves, leading to the release of noradrenaline
(NA), neuropeptide-Y (NPY), and adenosine triphosphate (ATP), which have motor and trophic effects on cerebral arteries and impact
smooth muscle phenotypes. The sympathetic nervous system (SNS) plays a crucial role in regulating vascular function, influenced by
nitric oxide (NO), reactive oxygen species (ROS), endothelin (ET), and the renin-angiotensin system [80,81].

HIFs are the primary regulators of cellular responses to hypoxia, inducing the expression of adaptive genes that increase oxygen
supply and support anaerobic ATP generation. At the cellular level, ATP-consuming reactions are suppressed in hypoxia, and meta-
bolism is altered to restore oxygen homeostasis. Sympathetic nerves express.

5. Parturition

The parturition cascade must be guided towards the onset of labor at term. The induction of labor at term is regulated by paracrine-
autocrine factors and changes in hormone levels, working in coordination to promote uterine contractions (mechanical changes).

5.1. Uterus mechanical changes

Examining the frequency of myometrium contractions is essential as a method to diagnose preterm labor and assess patients at risk
of it. Early models of wave propagation, such as the bioelectrical activity of the myometrium, have been proposed as a solitary
mechanism for the increased force of contraction and its participation in contractions. In a retrospective analysis of 2355 term women,
uterine contractions were invasively recorded using an intrauterine pressure catheter (IUPC) — the gold standard for such recordings —
30 min before parturition [82]. Young et al., in 2023 demonstrated that management decisions made earlier than 30 min before
delivery are likely to have a direct impact on maternal and fetal outcomes. This is crucial since tachysystole has been associated with
adverse neonatal outcomes. However, the duration of contractions, rest intervals, or baseline pressure (Fig. 8) did not show significant
associations with adverse outcomes [83].

The initiation of each uterine contraction stems from a localized contraction, which can cause a slight rise in intrauterine pressure.
This increased pressure leads to a buildup of tension in the uterine wall, creating contractions in multiple regions and promoting
intrauterine pressure through positive feedback synchronization. Each myofibril represents a region with an assigned action potential
threshold, responsible for the rise in intrauterine pressure as governed by the Law of Laplace. A regional contraction occurs when the
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Fig. 8. A & B display the peak onset time and peak duration as represented by the blue bars. The timing of peaks, contraction duration, and the rest
period between contractions are all provided. Furthermore, the red arrow indicates the resting intrauterine pressure, also known as uterine tone. The

peak force can also be accurately calculated using an IUPC, denoted by the black arrow [83].
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tension in a specific region surpasses its designated threshold [84].

Essentially, contractile activity is initiated by generating and propagating action potentials (APs) throughout the uterine myo-
metrium. These APs consist of both simple and complex spikes. Studies on the human myometrium have revealed that simple spikes are
formed by L-type calcium channels, transient sodium channels, and rapidly activating and inactivating calcium channels. On the other
hand, complex APs are composed of simple spikes followed by a sustained plateau of depolarization, particularly pronounced in the
inner layer and fundus segment of the human uterus during the third trimester and labor [85]. The duration of this spike plateau
determines the length of the contraction.

Intercellular signaling in the pregnant myometrium must effectively control the properties of electrical excitability and contractile
signals, along with the direct increase of intracellular calcium levels. Signal propagation through gap junctions leads to the syn-
chronization of contraction waves. Despite several mathematical simulations of organ-level functioning being published, it remains
unclear how the pregnant uterus synchronizes the kilogram of the myometrium with the frequent and simultaneous contractions
observed during normal human labor [86].

To transition the uterine wall from a static state to dynamic coordinated muscle contractions, changes in the density and activity of
ion channels, pumps, and gap junctions must occur, facilitating the extension of contraction activity throughout the myometrium
myofibrils. Local and circulatory hormones induce these changes to prepare for labor. Young and Barendse suggested that the
physiological process of the uterus is similar to the myogenic response of arteries, except that arterial contraction is tonic, while
myometrium contraction is phasic [84].

5.2. Transcriptional control of parturition: connexin43 gene expression in the myometrium

Molecular transcription factors play a critical role in altering the expression of labor-associated genes. Myometrium cells begin to
upregulate contraction-associated proteins (CAPs) toward the end of pregnancy. One well-studied labor-associated CAP is Gap junction
alpha-1 (GJA1), also known as connexin 43 (CX43). CX43 exhibits a significant increase in myometrium between term non-laboring
and active laboring in both rodent and primate models [87,88].

Adequate GJA1 protein levels are crucial for constructing gap junctions between adjacent smooth muscle cells (SMCs), facilitating
cell-to-cell coupling, and allowing intercellular transmission of critical metabolites and ions to coordinate myometrium contractions.
The variations in connexin composition influence channel properties such as ionic conductance, trans junctional voltage, and phos-
phorylation [89]. Additionally, changes in CX43 expression in myometrium and leiomyoma cells can affect the response to uterine
steroid hormones [90].

Liu et al., 2019, reported the expression of CX43 in endometrial stromal cells in mice. Their findings revealed that CX43 gene
expression in mouse uterine endometrial stromal cells significantly decreased during controlled ovarian hyperstimulation, and the
improvement in gene expression occurred earlier, suggesting earlier decasualization [91].

According to Nadeem et al., in 2017, progesterone receptor A (PR-A) is the primary regulator of CX43 expression in gap junction
construction for synchronization during labor. They found that P4, via PR-A/B, can regulate Cx43 translation, producing a Cx43-20K
isoform that enables the transportation of the full-length Cx43 into the plasma membrane. This regulation occurs through the mTOR
signaling pathway as a non-genomic mechanism [92].

Cell-to-cell coupling between uterine myocytes is required for synchronization during labor and normal parturition. In the myo-
metrium, regulating CX43 construction and gap junction formation is a hormonal process. Cx43 protein construction occurs during
pregnancy, but GJ formation occurs only before term labor and preterm labor in rodents [91] and humans [93]. In lower mammals’
myometrium, CX43 and GJ formation expression has been definitively associated with plasma estrogen (E2) levels [88,94].

Towards the end of the term, a series of mechanical and endocrine signals are activated. Mechanical stretch occurs due to the
growing fetus, applying tension on the uterine wall. Fetal-stimulated cortisol is released from the HPA axis as part of a series of
feedback mechanisms that control the timing of labor. Consequently, the levels of other critical hormones, such as progesterone,
estrogen, corticotropin-releasing hormone (CRH), and other uterotonic factors like prostaglandins and oxytocin, change [95].

These molecules amplify cytokine synthesis in the myofibrils, leading to an inflammatory myometrial situation. For example, IL-6
upregulates oxytocin receptors on myometrial cells to increase the oxytocin response and also stimulates oxytocin secretion in the
myometrium during labor. IL-1p stimulates the signal transduction system NF-kB, increasing Connexin-2 expression, and subsequently,
during labor, the expression of CX2 in the myometrium can stimulate PGE2 production [96]. IL-8 and TNF-a stimulate the release of
arachidonic acid, phospholipid metabolism, and increased prostaglandin production from the myometrium.

Myometrium inflammation plays a physiological role in transforming from an inactive to a contractile state in myofibrils at the
onset of labor. However, compared to preterm labor, inflammation plays a pathological role. Thus, early delivery can occur in response
to various triggers, including infection, over distension, and hemorrhage [97].

The upregulation of CX43 encourages the creation of a large number of gap junctions, leading to ionic coupling among myofibrils,
which is crucial for coordinating myometrial contractility. During pregnancy, the number of gap junctions is low and must be
expanded in both number and size during labor. However, these adherent cell-cell junctions are necessary for the uterus but insuf-
ficient for actual labor and delivery. Parturition involves a multifaceted combination of hormonal, inflammatory, and mechanical
signals, which must initiate contraction-related genes in myofibrils. Sufficient expression of these contraction-related genes in myo-
fibrils allows for the simultaneous generation of a strong force to expel the fetus from the uterus. Therefore, transcription of gap
junctions is necessary to induce strong biomechanical contractions [98].
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In humans, E2 and P4 levels in circulation are high during pregnancy, reaching a maximum at term. As a result, the hormonal
control of CX43 expression in myofibrils and gap junction formation during parturition is closely related to the responsiveness of
myometrium cells to E2/P4 [99].

5.3. Endocrinology of human gestation

During gestation and at the time of delivery, estrogens are secreted by the maternal-fetus-placental unit and the fetal adrenal cortex
[100]. Estrogen can alter the shape of electrical waves from a simple spike to a complex spike, while oxytocin helps reduce the duration
of contractions, ultimately facilitating the conclusion of pregnancy by increasing the plateau section of complex action potentials
[101].

Animal studies have shown that the fetus plays a significant role in controlling the timing of labor. Mendelson et al. (2017) pro-
posed a new pathway through which the fetus initiates labor by signaling to the mother when fetal lungs have reached sufficient
growth for aerobic survival [102]. Two main factors initiate this signaling pathway.

1) Fetal cortisol stimulates the placental enzyme cytochrome P450 17a-hydroxylase/17, 20-lyase (CYP17). This microsomal enzyme
catalyzes two different activities, 17a-hydroxylase and 17, 20-lyase, both of which are necessary for the biosynthesis of adrenal and
gonadal steroids, including the conversion of pregnenolone to the estradiol hormone [103].

2) The altered estrogen/progesterone ratio up-regulates uterine prostaglandin (PG) synthesis and promotes labor. In humans, the
placenta is not fully equipped for estrogen synthesis. Therefore, activation of the fetal hypothalamic-pituitary-adrenal (HPA) axis is
necessary to increase the production of fetal pituitary adrenocorticotropin hormone (ACTH). This leads to abundant C19 estrogen
precursor dehydroepiandrosterone sulfate (DHEAS) synthesis in the adrenal gland’s intermediate (fetal) zone. The fetal liver
converts DHEAS to 16-hydroxy DHEAS, which then transfers to the placenta and is further metabolized into estradiol (E2), estrone
(E1), and estriol (E3) [104,105]. The action of estrogen is presumed to be paracrine-autocrine.

Up to seven weeks of pregnancy, the primary source of progesterone is the corpus luteum (CL). After seven to nine weeks, the
placenta takes over this function because a dynamic balance between progesterone and estrogen is needed to regulate the uterus. In
animals, the systemic cessation of progesterone is a critical component of the onset of labor. In humans, although there is no reduction
in circulating progesterone at the onset of spontaneous labor, its physiologic activity is terminated at the progesterone receptor level.
In vitro, studies have shown that progesterone inhibits the formation of myometrial gap junctions and reduces uterine contractility.
Progesterone also stimulates uterine NO synthesis (a major factor for uterine inactivity) and down-regulates prostaglandins (E2 and
F2a). Therefore, progesterone and estrogen establish a balance between maintaining pregnancy and initiating labor.
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Fig. 9. The beginning of labor is controlled by the fetal genome through three pathways: mechanical, endocrine, and paracrine/autocrine signals,
which are supported by the activity of the Hypothalamic-Pituitary-Adrenal axis, estrogen, and progesterone.
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5.4. Stimulation NO synthetize, down-regulates prostaglandins etc

The fetal endocrine cascade is triggered by the activation of the fetal HPA axis, leading to an increase in estrogen and a decline in
progesterone in maternal plasma. This cascade eventually leads to two processes: activation and stimulation. Activation involves
expressing contraction-associated proteins (CAPs) such as gap junctions, connexin 43, and receptors for oxytocin and PGs (E2 and F2a).
The stimulation process includes the activation of uterotonic agonists such as oxytocin and PGs. Oxytocin induces uterine contractions
in two ways: directly by stimulating phospholipase C (PLC) and indirectly by releasing PGs (E2 and F2a) in fetal membranes through
the activation of PLC, which, in turn, activates calcium channels and releases calcium from intracellular stores. By the time of labor,
oxytocin gene expression increases three-to four-fold in the chorio-decidual tissues. In-vitro incubation studies have demonstrated that
estradiol stimulates the synthesis of oxytocin mRNA, confirming the paracrine role of oxytocin and sex steroids within intrauterine
tissues [106]. These communications can potentially lead to new approaches for inhibiting or treating preterm labor (Fig. 9).

Gestation is a hyper estrogenic condition, with the placenta being the primary source of estrogen production. As gestational age
progresses, the concentration of estrogen increases. However, the human placenta lacks the enzyme P450 17a-hydroxylase/17, 20-
lyase (CYP17), which is necessary for converting progesterone to estradiol.

A study conducted by Escobar et al., in 2011 revealed that although the human placenta has minimal CYP17 expression, both
CYP17 mRNA and its protein expression are present in the human trophoblast. This indicates that the human trophoblast can express
CYP17 and produce androgens de novo. The findings of the study suggest that androgens significantly contribute to estrogen pro-
duction during gestation. CYP17 is a bifunctional enzyme with two actions: 17a-hydroxylase and 17, 20-lyase. The 17a-hydroxylase
action converts P4 to 17a-hydroxyprogesterone (170HP) and then to androstenedione (A4) through the A4 pathway. On the other
hand, the 17, 20-lyase action converts pregnenolone to 17a-hydroxypregnenolone (170HPreg) and dehydroepiandrosterone (DHEA)
through the A5 pathway. The first reaction is crucial for the corticosteroid pathway, regulated explicitly in the adrenal gland. The
second reaction is responsible for sex hormone production (Fig. 10). CYP17 mRNA expression functions in human trophoblasts have
been shown in Fig. 11[A (expression in CCP) and B (expression in PPC and JEG-3 cell lines) [106].

They suggested that androgens play a significant role in estrogen creation during pregnancy. The changes in the myometrium
during gestation are stimulated by estrogens. These changes include an increased creation of prostaglandins (E2/F2a) through the up-
regulation of gene expression of its receptors (E-R). Primarily, PGE2 plays a critical role in ovulation, fertilization, and implantation
processes. The meiotic maturation, cumulus development, and follicle rupture in the ovulatory cascade are linked to increasing
intracellular cAMP levels [107,108].

3) Oxytocin (OXT) and the increasing expression of its receptors (OXT-R) are mainly controlled by E2 through ESR1 in the placenta
during the late phase of pregnancy [109,110]. Increased synthesis of gap junction formation and connexins, especially CX43, is a
vital regulator of the cytotrophoblast-to-syncytiotrophoblast fusion pathway, confirming placental development [111]. Following
this process, the up-regulation of the contractile enzyme (myosin light chain kinase) and calmodulin [112] occurs, and all these
changes are associated with the synchronization of uterine contractions.

Mugisho et al., 2018 explained that hemichannels can produce feedback loops, reinforcing the open status of the hemichannel over
time. This opinion is reliable, considering an autocrine feedback loop in the inflammation pathway facilitates ATP release as an
inflammation amplifier. The Cx hemichannel-mediated ATP release in ischemia and inflammation holds special significance [113].
Therefore, hemichannels make available the signaling pathway for releasing autocrine/paracrine agents in this open status. However,
this hemichannel status must be controlled because uncontrolled activation of hemichannels can disturb tissue homeostasis by
allowing the transit of molecules and ions from the cell cytoplasm to the extracellular space. Consequently, it can disrupt gap junction
transmission in certain types of cells [114].
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Fig. 10. Steroidogenic pathway in the human trophoblast [106].
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Fig. 11. CYP;; mRNA expression in human trophoblasts. A: expression of the overtime in primary placental cells (PPC). RT-PCR was used to
quantify CYP,7 in these cells (1-3 d of culture). B: expression in PPC and JEG-3 cell lines were gotten from American Type Culture Collection
(Manassas, VA) and were developed in the same media and conditions to PPC. RT-PCR was used to quantify CYP;; in both cell types [106].

5.5. Paracrine/autocrine factors of parturition: relaxin & endothelium-derived NO-mediated vasodilator pathways

Human labor involves a complex and dynamic biochemical dialogue between the maternal and fetoplacental unit, encompassing
paracrine, autocrine, and endocrine events. Several factors, including Cyclooxygenase 2 (COX-2), Oxytocin (OT), Prostaglandin de-
hydrogenase (PGDH), 13, 14-dihydro-15-keto-PGE2 (PGEM), 13, 14-dihydro-15-keto-PGF2a (PGFM), Phospholipase A (PLA2),
spontaneous rupture of the fetal membranes (SROM), 11p-hydroxysteroid dehydrogenase (11p-HSD), and 16-hydroxy-dehydroepian-
drosterone sulfate (16-OH DHEAS), play significant roles in this process [115].

Relaxin, a 6-kDa polypeptide hormone from the insulin-like growth factor family (IGF), plays a crucial role in this complex system.
It consists of a two-chain structure with two disulfide bridges. Initially synthesized in pre-pro relaxin form, it is cleaved into a signal
peptide known as pro relaxin. Subsequently, C-peptide cleavage by exopeptidase enzymes yields the mature hormone. The relaxin
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Fig. 12. Cyclic AMP Pathway in Uterine Myofibrils. The activation of G protein membrane receptors (GPCRs) coupled to Gs initiates the activation
of adenylyl cyclase (ADCY), which converts ATP to cAMP. The levels of cAMP are tightly regulated by phosphodiesterases (PDEs), with a particular
emphasis on PDE4 isoforms. The cAMP signaling pathway can induce uterine relaxation through the phosphorylation and inhibition of myosin light
chain kinase (MYLK) by a specific protein kinase (PRKA) [118].
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Fig. 14. Demonstration of non-selective sodium leak channel (NALCN) mRNA regulation by the two sex hormones: estrogen (E2) and progesterone
(P4) and its protein expression [22]. A: quantification of quantitative real-time PCR of NALCN mRNA in HM6ERMS?2 treated with vehicle (n = 5), E2
(n = 5), E2/P4 (n = 5), P4 (n = 5), E2 and ICI 182,780 (ICI; n = 3), or E2/P4 and RU486 (n = 3). B: Western blot of NALCN in HM6ERMS2
whole-cell lysates. C: quantification of NALCN protein in the HM6ERMS2 whole-cell lysates (n = 5). D: illustrative immunofluorescence images of
NALCN in HM6ERMS2 cells treated as showed (Scale bar: 50 pm) [22].

family includes seven known peptides: relaxin 1, 2, 3, and INSL (insulin-like peptide) 3, 4, 5, and 6. Relaxin 1-3 serves as a pleiotropic
hormone, influencing various phenotypic traits in the insulin-like growth factors (IGF) produced in the reproductive system, such as
corpus luteum (CL), uterus, testis, prostate, and others. In females, it facilitates uterine contractility, and the endometrial thickening/
angiogenesis process, while in males, it promotes spermatogenesis, spermatozoa motility, and the acrosome response [116]. The
relaxin (RLN-2) gene in humans encodes a member of the relaxin subfamily and insulin superfamily of peptide hormones [117].
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The production of relaxin from corpus luteum (CL), decidua, and trophoblasts plays a pivotal role in up-regulating nitric oxide
synthase (NOs). Consequently, it increases NO and cyclic adenosine monophosphate (cAMP) while decreasing intracellular calcium
ions, ultimately leading to the inhibition of myometrium contractions. Over the past few decades, relaxin has been recognized for its
crucial role in the mother’s adaptation during early pregnancy maintenance and in preparing the uterus for the parturition process
(Fig. 12) [118]. During early pregnancy, relaxin regulates vital maternal hemodynamic adaptations through direct actions on the
systemic vasculature. The mechanisms of relaxin’s vascular actions occur primarily through endothelium-derived NO-mediated
vasodilator pathways, enhancing arterial compliance in small resistance-size arteries [119].

Studies spanning several decades have consistently demonstrated a strong correlation between relaxin and vital metabolic path-
ways responsible for regulating metabolism in myocytes. During pregnancy, an excess of relaxin in the bloodstream, known as
hyperrelaxinemia, has been linked to preterm delivery. Conversely, insufficient levels of relaxin during pregnancy could adversely
affect glucose metabolism and increase insulin resistance (IR) [120].

According to reports, insulin reduces the intensity of contractions in both human and rat myometrium through various mecha-
nisms. The relaxant effects of insulin on the myometrium can be attributed to cell hyperpolarization resulting from reduced calcium
influx, as well as stimulated Na™ pump and inhibited K* conductance. Additionally, insulin may influence uterine contractions by
modifying the myometrium’s response to different stimuli, including oxytocin [21].

6. Preterm labor

The induction of labor to initiate and establish the birthing process is a complex and dynamic phenomenon influenced by various
factors, including endocrine, inflammatory, and mechanical aspects, alongside obstetric and pharmaceutical interventions. According
to the World Health Organization (WHO) report in 2018, approximately 15 million women worldwide deliver their babies each year
before completing the entire term of pregnancy (WHO 2018) [121]. This condition is known as preterm birth (PTB) and occurs before
37 weeks of gestation. Shockingly, around 28 % of global neonatal mortalities are linked to PTB, primarily caused by preterm delivery
(PTL), with spontaneous PTL accounting for nearly 50 % of PTB cases. Tragically, complications arising from prenatal delivery claim
the lives of approximately 1 million infants each year. PTB can be categorized into two groups: spontaneous PTB and provider-initiated
PTB, both involving uterine contractions before the 37th week of gestation and the delivery of the baby via cesarean section [122].
Spontaneous PTB is a multifactorial condition arising from spontaneous PTL and the synchronous premature rupture of the membranes
(PPROM). Some risk factors for spontaneous PTB include infections, inflammation, immunological disturbances, and vascular diseases
[123]. Unfortunately, accurately predicting and identifying the underlying causes of preterm labor remains challenging, limiting the
effective application of treatments. Surprisingly, about 60 % of preterm births are cryptic and considered idiopathic [124].

6.1. PTL & Pharmacotherapy

Tocolytic agents: The administration of tocolytic agents is the most common practice used to delay the PTL process. These agents
help reduce uterine contractions, providing enough time for administering steroid therapy to aid in infant lung growth. Additionally,
tocolytic administration allows for the safe transfer of the mother to a neonatal intensive care unit (NICU) or a specialized center with
ample resources and educated staff to handle any potential complications.

The most commonly used tocolytic agents include B2 receptor agonists (such as Terbutaline), Ca?* channel blockers (like Nifed-
ipine), oxytocin receptor antagonists (Atosiban), non-steroidal anti-inflammatory drugs (NSAIDs) like Indomethacin, and myosin light
chain inhibitors (such as magnesium sulfate) [125,126]. Corticosteroids play a crucial role in enhancing the survival of premature
infants by allowing sufficient time for vital organ growth [127].

6.2. Preterm & risk factors

Recent treatment approaches for preterm birth (PTB) have increasingly focused on myometrium contractions. Systematic reviews
and meta-analyses have indicated that several factors contribute to the risk of PTB. These include maternal age of 40 years or older,
multifetal gestations, medical disorders like severe anemia [128-132], previous and family history of PTB, rupture of membranes
(132), obesity, stress, sexual activity, placenta previa, gestational diabetes mellitus, hypertensive disorders complicating pregnancy,
and reproductive anomalies [133].

In 2022, Raab et al. conducted a cohort study that revealed a connection between low dietary quality during early gestation and an
increased likelihood of PTB. On the other hand, healthier dietary choices were found to be protective against PTB [134]. A healthy
prenatal lifestyle focused on minimizing modifiable risk factors was associated with a decreased risk of PTB. Therefore, it is crucial to
adopt modified lifestyle factors during preconception and early pregnancy to reduce the incidence of PTB.

7. Conclusion

The human myometrium is a therapeutic target for inducing labor and managing preterm labor. Numerous investigations have
verified the need for a computational platform to facilitate further research on the ionic mechanism governing electrical and me-
chanical activities in uterine myofibrils, both in animal and human pregnancy models. Moreover, it is crucial to consider the unique
role hormones play in this context. Specifically, the sodium (Na™) leak channel, nonselective (NALCN), as a Na™ leak current, holds
significant importance in human uterine smooth muscle cells (USMC). Studies involving uterine mice lacking NALCN have
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demonstrated dysfunctional labor, highlighting the channel’s relevance. Amazu et al. (2020) proposed that progesterone (P4) and
estrogen (E2) regulate this Na channel. Their findings showed that E2 reduces NALCN mRNA expression (2.3-fold), while E2/P4
increases it (5.6-fold). Therefore, NALCN expression was not augmented in cells treated with P4 alone [which do not express pro-
gesterone receptor (PR)]; which supports the idea that P4 is necessary to regulate NALCN expression (A2, B2, C2). Therefore, they
confirmed that E2/P4has more effect on this Na channels. This interaction between sodium channel and P4 through binding PR-A
stimulates contraction, or progesterone receptor-B (PR-B), which induces quiescent state (Fig. 13) [22].

Fig. 13 is similar Fig. 2, but in this figure, the interaction between NALCN and PR-A/B is better shown in two states of Quiescent
State [Hyperpolarization of VDCC (Closed) by Progestrone] and Contraction State [Depolarization of VDCC (open) by Oxytocin and
estrogen].

In the quiescent state, binding progesterone to PR, g increases NALCN expression and its activity. Sodium influx via NALCN
stimulates SLO2.1 channels, and increases K* efflux to maintain the myometrium membrane in a hyperpolarized state. As a conse-
quence, VDCCs are closed, and uterine contractions do not occur. In the contractile state, estrogen binding to ERa inhibits NALCN
expression to lead for reducing SLO2.1 activity. The reduction of K* efflux depolarizes the membrane for leading to VDCC activation,
an increase in intracellular Ca%* (SR), and uterine contractility [22]. The investigation of NALCN mRNA regulation by the two sex
hormones E2 and P4and its protein expression is shown in Fig. 14 [A (quantification of quantitative real-time PCR of NALCN mRNA), B
(Western blot of NALCN), C (NALCN signal was normalized to histone H3), D (immunofluorescence images of NALCN)] (Fig. 14) [22].

Ferreira et al., 2019 showed in labor state, binding oxytocin to OXTR to lead activity of PLC for creation PIP2, and production of
inositol triphosphate (IP3). Then, IP3 stimulates the releasing Ca2+ from SR stores, and PIP2 activates (PKC) for SLO2.1 inhibition
[23]. This inhibition leads to membrane depolarization for opening more VDCCs, and increasing intracellular Ca2+ for myosin activity
to cause muscle contraction.The regulation of NALCN mRNA by E2/P4 and increasing protein expression (Fig. 10) confirms that
human USMC labor is a cascade current like a domino that inevitably happens without interruption. Despite the importance of proper
uterine smooth muscle function for women’s health, the organ’s electrical activity remains poorly understood. The findings of this
narrative review reveal that the electrical events in the uterus include.

1) Calcium ion influx through voltage-operated Ca?* channels, which plays a fundamental role in regulating muscle contraction and
hormone release during labor. Oxytocin, in particular, is crucial for increasing the entry of Ca2™ into uterine myometrium cells,
leading to enhanced duration and frequency of action potentials (APs). This increase in calcium ions from the sarcoplasmic re-
ticulum (SR) and extracellular space is necessary for the activation of voltage-gated L-type calcium channels, which in turn trigger
voltage-gated Na™* channels (VGSCs) to generate and conduct APs in myofibrils. Both voltage-gated channels are essential for the
proper physiology of uterine smooth muscle contraction (USMC), enabling strong force generation and invasive expansion in the
uterine smooth muscle wall through synchronized contractions.

Hormonal releasing processes: i) E2/P4 regulates NALCN mRNA by increasing protein expression in the USMC labor (Fig. 10). ii)
Oxytocin binding to OTR activates second messenger PLC for production IP3. Then, IP3 stimulates Ca2" release from SR and
activates PKC via PIP2; which inhibits SLO2.1 [23]. SLO2.1 inhibition, depolarizes the myofibril membrane via opening more
VDCCs for increasing Ca2™, and finally myosin activation happen for contraction in myometrium (Fig. 13).

Glucose, as a maternal energy source, can influence the amplitude of electrical currents and the intrinsic kinetics of VGSC, as
observed in insulin-secreting pancreatic p-cell lines (INS-1 cells). The glucose regulatory system is crucial for maintaining glucose
homeostasis in the maternal body, and it undergoes significant adaptations during pregnancy to support insulin secretion. Hor-
mones produced by the placenta during late pregnancy, such as estrogen, cortisol, and lactogenic hormones, may block insulin or
cause insulin resistance (IR). Glucose, in a dose-dependent manner, regulates insulin secretion in INS-1 cells, partially inhibiting the
INa channel.

PGE/F (prostaglandins E and F) have a pivotal excitatory effect, followed by hyperpolarization related to the Na*/K"-ATPase
pump. This hyperpolarization disrupts the synchronized contraction results in the electro-mechanical pattern of USMC, leading to
limitations in the response to a single contraction and a decline in the frequency of subsequent contractions. The modulation of
electric field hyperpolarization of the muscle membrane potential occurs rapidly in seconds under physiological conditions [135].
During labor, the amplitude of hyperpolarization declines, allowing the contraction frequency to rise [17]. This event is regulated
by a cascade of events, including autoregulatory local responses (PGE/F), channels expression, connexin43 gene expression, and
various autocrine/paracrine and endocrine hormones.

2

—

3

-

4

—

As described in the sections above, new studies may illuminate novel roles of voltage channels in USMC. Gaining a more
comprehensive understanding of transcription factor-mediated regulatory pathways could pave the way for new therapeutic treat-
ments to prevent preterm birth in at-risk pregnancies. Perhaps, in the future, a comprehensive quantitative electrophysiological
approach, such as computer modeling or artificial intelligence, could elucidate the excitation-contraction coupling in the uterus.
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