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Melatonin (N-acetyl-5-methoxytryptamine) is an indolamine hormone with many physiological and biological roles. Melatonin is an antioxidant, anti-inflammatory, free radical scavenger, circadian rhythm regulator, and sleep hormone. However, its most popular role is the ability to regulate sleep through the circadian rhythm. Interestingly, recent studies have shown that melatonin is an important and essential hormone during pregnancy, specifically in the placenta. This is primarily due to the placenta’s ability to synthesize its own melatonin rather than depending on the pineal gland. During pregnancy, melatonin acts as an antioxidant and anti-inflammatory, which is necessary to ensure a stable environment for both the mother and the fetus. It is an essential antioxidant in the placenta because it reduces oxidative stress by constantly scavenging for free radicals, i.e., maintain the placenta’s integrity. In a healthy pregnancy, the maternal immune system is constantly altered to accommodate the needs of the growing fetus, and melatonin acts as a key anti-inflammatory by regulating immune homeostasis during early and late gestation. This literature review aims to identify and summarize melatonin’s role as a powerful antioxidant and anti-inflammatory that reduces oxidative stress and inflammation to maintain a favorable homeostatic environment in the placenta throughout gestation.
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1 Introduction

Throughout gestation, melatonin (N-acetyl-5-methoxytryptamine) is a powerful hormone with many physiological and biological roles that ensure a stable environment for both the mother and the fetus. Melatonin is an antioxidant, anti-inflammatory, free radical scavenger, circadian rhythm regulator, and sleep hormone (1, 2). A homeostatic balance between reactive oxygen species (ROS) and antioxidants is needed during pregnancy to maintain a stable and healthy placenta. Without this balance, oxidative stress can occur in the placenta, allowing adverse conditions like pre-eclampsia, preterm birth, and intrauterine growth restriction (IUGR) to occur (3–5). Melatonin is an essential antioxidant in the placenta that reduces oxidative stress during gestation (6, 7). Melatonin is a lipophilic, hydrophilic indolamine that can rapidly cross the placenta and diffuse into cells (1, 8). In addition, this hormone is endogenously produced in both the ovaries and the placenta, which results in increased levels of systemic melatonin in pregnant women compared to non-pregnant women (9, 10). However, melatonin’s mechanistic role and signaling pathways during pregnancy are largely unknown (1, 11–13). In this review, we will provide in-depth insight into melatonin’s role in the placenta as an anti-inflammatory and antioxidant during inflammation, oxidative stress, and viral infection.




2 The placenta



2.1 Overview

The placenta is a multifaceted, temporary organ with numerous biological functions largely considered endocrinologic and immunologic (14). The critical roles of the placenta include facilitating embryonic implantation into the uterine wall, promoting fetal growth, and maintaining maternal–fetal tolerance (15). In addition, this organ removes harmful waste products and carbon dioxide from the fetal circulation, provides nutrients and oxygen, and envelopes the fetus in a protective immunologic membrane throughout gestation (15–17). The umbilical cord transfers blood through the placenta to supply the fetus with adequate oxygen and nutrients for survival throughout pregnancy (18). This exchange occurs without the fetal blood and the maternal blood intermingling (17, 18). Hormones produced by the placenta include estrogen and progesterone, which promote the expansion of the uterus to accommodate the growing fetus and placenta (19). Other key immunoprotective roles include facilitating the passive transfer of IgG from the maternal to the fetal circulation and affording protection against invasive pathogens in intrauterine and postnatal life (20, 21).




2.2 Development

The formation of the placenta begins after the fertilized egg is implanted into the uterus, which occurs approximately 8 to 10 days after conception (15, 17). The placenta will gradually grow during the first 3 months of pregnancy and then increase in size corresponding to the uterus after 4 months (15, 17). There are several layers and sublayers of tissue that constitute the multifunctional placenta. This review will primarily focus on a sublayer in the chorion layer, namely, the trophoblast, and the decidual layer of the placenta.

The placenta comprises two distinct sides, the maternal and the fetal sides (Figure 1). The chorion is a highly vascular outer embryonic membrane layer surrounding the fetus (14, 22). The chorion has two sublayers: the trophoblast (cytotrophoblast and syncytiotrophoblast) and the extraembryonic mesoderm (Figure 1) (15, 20). The trophoblast layer is positioned on the fetal side of the placenta. Trophoblast cells are essential for implantation because they interact with the maternal uterine endometrium, which promotes syncytiotrophoblast and cytotrophoblast development (20). Trophoblast differentiation and implantation ensure adequate blood supply and limit fetal immune rejection (16, 20). Cytotrophoblast cells are progenitor stem cells of the syncytiotrophoblast that can differentiate into syncytiotrophoblast cells as finger-like projections and ensure that the fetus receives an adequate blood supply with nutrients and oxygen (15, 20, 23). Syncytiotrophoblast cells transport nutrients to the fetus and remove waste products (16). This requires the syncytiotrophoblast to have ample blood supply and blood flow. In addition, these cells must undergo apoptosis continuously throughout gestation for the appropriate channeling of blood (24, 25). Because the syncytiotrophoblast cells have this specialized function and undergo apoptosis, these cells must be regenerated regularly to ensure adequate and continuous blood transport between the maternal and fetal circulations (26). A defect in trophoblast differentiation may compromise the integrity of the placenta, resulting in pregnancy complications, such as preterm birth, preeclampsia, and IUGR (27).




Figure 1 | Structure of the placenta. The placenta is a multifaceted organ with many biological functions that are endocrinologic and immunologic. This temporary organ provides nutrients and oxygen, removes harmful waste products and carbon dioxide, and envelops the fetus in a protective immunologic membrane throughout gestation. Furthermore, the placenta has two distinct sides, fetal and maternal, and several layers and sublayers. The chorion layer is an immensely vascular membrane layer that surrounds the fetus. The chorion has two sublayers: the extraembryonic mesoderm and the trophoblast (cytotrophoblast and syncytiotrophoblast). Both layers are located on the fetal side of the placenta. The extraembryonic mesoderm is a tissue that contributes to the epithelium of the yolk sac, amnion, and chorionic villi (chorion plate). The trophoblasts are specialized cells crucial for embryo implantation because they interact with the maternal uterine environment to limit fetal immune rejection and ensure an adequate blood supply. The two types of trophoblast cells are cytotrophoblast and syncytiotrophoblast. Both cells cover the outer surface of the chorionic villus. The cytotrophoblast is the innermost lining of the chorionic villus, while the syncytiotrophoblast is the outermost lining of the chorionic villus that is bathed in maternal blood. Because the syncytiotrophoblast is bathed in maternal blood, it has the vital role of transporting nutrients to the fetus and removing waste. Therefore, these cells must have ample blood supply and blood flow and undergo apoptosis regularly to maintain adequate blood circulation. The cytotrophoblast cells are progenitor stem cells of the syncytiotrophoblast. These cells differentiate into the syncytiotrophoblast cells. Therefore, the cytotrophoblast has the specialized role of ensuring that the placenta has ample blood supply with nutrients and oxygen. Adequate blood supply and blood flow by the cytotrophoblast and syncytiotrophoblast are essential in maintaining the integrity of the placenta. If the integrity of the placenta becomes compromised, then adverse pregnancy complications, such as pre-eclampsia, preterm birth, and intrauterine growth restriction, will occur. Created with Biorender.com.



On the maternal side, the primary tissue that comprises this side of the placenta is the decidua, which originates from the endometrium (14). The decidua develops after the blastocyst attaches to the uterine wall, which involves tissue remodeling that supports both residential and immune cells (28). It includes terminally differentiated endometrial stromal cells, maternal blood, and maternal vascular cells (14, 16, 28). There are three distinct sections of decidua, which are named relative to the embryo: the decidua capsularis that covers the implanted embryo, the decidua basalis which is the region between the embryo and the myometrium, and the decidua parietalis, which lines the fetal membrane and the remaining endometrium of the placenta (14, 28, 29). Anchoring villi hold the chorion and the decidua together by securing the decidua basalis to the cytotrophoblast layer (14, 30). Like the trophoblast, the decidua promotes immune tolerance of the semi-allogenic (half of genes from the mother and half of genes from the father) fetus by limiting recognition from maternal immune cells. The decidua also provides nutritional support before placenta formation (28). Defects in the development of the decidua or decidualization may result in implantation failure, pregnancy loss, or pregnancy complications later in gestation (28).




2.3 Immune tolerance

The human placenta is complex and unique, allowing for an intimate contact between maternal and fetal cells throughout gestation (31). The developing fetus has both maternal and paternal antigens, to which the mother’s immune system recognizes the paternal antigens as foreign and leads to the activation of the maternal immune system (31). Therefore, a highly regulated immune system is needed between mother and child to create a beneficial immunological environment that protects the growing fetus from maternal–fetal tolerance, inflammation, and invading pathogens, such as viral infections (32, 33). The placenta is composed of various immune cells, such as natural killer T (NKT) cells, decidual natural killer (dNK) cells, T cells, dendritic cells, B cells, and macrophages (Hofbauer cells and decidual) (31–34). An immense network of cellular connections is formed in the placenta via the interaction of these immune cells, trophoblast cells, and decidual stromal cells to form the immune system in the placenta. An imbalance in this network allows pathogens to infect the placenta and cross the placental barrier to infect the fetus, along with pregnancy complications, such as preterm birth, preeclampsia, spontaneous abortion, and IUGR (33, 35).





3 Oxidative stress and ROS in the placenta

Oxygen is an essential element needed to sustain life. However, the presence of excessive oxygen or limited oxygen can lead to fatal toxicity of cells (36). The formation of ROS occurs as a natural byproduct of cellular oxidative metabolism resulting from the reduction of molecular oxygen generated by the mitochondria during oxidative phosphorylation (37). During mitochondrial oxidative phosphorylation, electrons transfer across respiratory chain enzymes and leak molecular oxygen (38). These electrons can leak prematurely and react with oxygen, producing ROS (38). ROS holds an oxygen atom with an unpaired electron in its outer shell. ROS are essential in regulating cell differentiation, cell signaling, cell differentiation, and inflammation-related factor production (39). However, considerable amounts of ROS at the molecular level can cause cellular and tissue damage, damaging nucleic acids, proteins, organelles, and membranes and inducing cell death or apoptosis (40, 41). Molecules and enzymes that are beneficial in reducing ROS and reducing the effects of ROS include antioxidants. Antioxidants inhibit oxidation and prevent or delay cell damage (42). The generation of ROS and antioxidants should be balanced to achieve homeostasis at the cellular and molecular levels. An imbalance between the formation of ROS and antioxidants leads to oxidative stress (42). This imbalance should be avoided for cellular processes to remain regulated.

Initially, at 0 to 9 weeks of pregnancy, the placenta develops in a state of low oxygen with an ambient pO2 <20 mmHg due to the blockage of maternal blood flow to the placenta by endovascular plugs of extravillous trophoblast (36, 43, 44). Previous studies have confirmed that pregnancies that are less than 10 weeks of gestation had no blood flow into the intervillous space, with in vivo measurements that indicate pO2 <20 mmHg (36, 43, 45). Therefore, a premature increase of oxygen tension within the first 10 weeks of gestation can lead to an increased risk of pregnancy loss, primarily due to the detrimental effects of ROS (46, 47). At 10 to 12 weeks gestation, the endovascular trophoblast plugs are lost, which allows maternal blood to perfuse in the intervillous space, thus increasing oxygen tension (36). Throughout pregnancy, the placenta adapts to the changing oxygen levels to support normal placental function by increasing the antioxidant defense within cells (48).

The placenta should remain homeostatic and balanced across gestation with no evidence of oxidative stress (5, 49, 50). Because the syncytiotrophoblast forms by fusion and differentiation of the cytotrophoblast, it must continuously undergo apoptosis to maintain homeostasis (15). Studies have shown that placental oxidative stress is a potent inducer of increased syncytiotrophoblast apoptosis through the mitochondrial oxidative pathway (51, 52). Increased programmed cell death of the syncytiotrophoblast disrupts the layer, resulting in homeostatic imbalance, which causes placental-derived material to be released into the maternal circulation, including tumor necrosis factor (TNF-alpha) and syncytiotrophoblast microparticles (SBTM) (51). Placental trophoblast and endothelial cells form the barrier separating the maternal and fetal circulations (53). Oxidative stress in these cells can lead to the rupture of this barrier and reduce placenta oxygenation or the intermixing of the maternal–fetal circulations (16, 54). Therefore, low levels of ROS are necessary for syncytiotrophoblast formation. In contrast, an imbalance between the ratio of ROS and antioxidants adversely downregulates the syncytiotrophoblast due to increased apoptosis (4, 37, 52).




4 Melatonin in the placenta



4.1 Melatonin and the circadian rhythm in the placenta

Every living organism and nearly every organ has a circadian clock that governs the daily rhythmicity of several physiological and biological processes (55). Core clock genes control the circadian rhythm in the suprachiasmatic nucleus (SCN), the master central pacemaker in the hypothalamus (34, 56). The SCN regulates the photoperiodic programming of the daily circadian clock and coordinates the clock machinery in peripheral tissues (57, 58). The cellular clock oscillates through core clock genes depending on the time of day. Through a transcriptional/translational feedback loop, the heterodimer BMAL1/CLOCK activates the heterodimer Per/Cry expression that suppresses the transcription of BMAL1 and CLOCK (59–61). Another short feedback loop involves the participation of BMAL1/CLOCK to activate the expression of REV-ERBα and RORα through binding to the nuclear orphan receptor (ROR) at the promoter site (34, 62).

The uterus and the placenta utilize circadian rhythm to carry out certain physiological functions, e.g., hormone release, parturition, and immune function, and entrain the fetus’ circadian rhythm (2, 63–66). Studies have shown that melatonin can synchronize the clock machinery in healthy and damaged cells to upregulate or downregulate specific clock genes to sustain optimal physiology in cells (34, 67, 68). Moreover, the placenta employs a circadian rhythm for the rhythmic release of melatonin. Melatonin is a ubiquitous molecule that conducts many functions. It is mainly known for its role as one of the circadian rhythm regulators, primarily synthesized in the pineal gland by pinealocytes under dark conditions (34, 69). During darkness, melatonin is rhythmically produced by the pineal gland—concentrations peak between the hours of 2 a.m. and 4 a.m (8).

Melatonin (N-acetyl-5-methoxytryptamine) is synthesized from serotonin (5-hydroxytryptamine) through a two-step reaction (Figure 2). In the first step, serotonin becomes acetylated by arylalkylamine N-acetyltransferase (AANAT) to become N-acetyl serotonin, the rate-limiting step. AANAT is the rate-limiting enzyme of melatonin because it controls the circadian rhythm of melatonin production via the pineal gland. The second step involves N-acetyl serotonin becoming methylated by acetyl serotonin o-methyltransferase (ASMT) to become melatonin (70–72). Given that serum melatonin concentrations are higher in pregnant than in non-pregnant women, studies have indicated that the primary source of this melatonin is the placenta (8–10). How the placenta produces melatonin without the need for the pineal gland or whether the circadian rhythm plays a role in this production has to be studied. The need for melatonin in the placenta is crucial for both the mother and the fetus because it depends on placental melatonin and maternal serum melatonin to provide photoperiodic information to control the internal rhythms of the fetus (34, 64). The placenta exposes maternal melatonin to the fetus at daily rhythmic intervals, with low concentrations during the day and high concentrations at night (8). Disrupting this rhythm during pregnancy may lead to detrimental outcomes for the mother and the growing fetus in utero and in adult life (8, 56, 61, 73). The development of the embryo, uterine implantation, placentation, and delivery may be regulated by the clock molecular machinery in the circadian rhythm (73). Circadian disruption or chronodisruption in pregnant women can lead to adverse outcomes in the offspring (61). Maternal chronodisruption is caused by mistimed eating, shift work, traveling across time zones, and immoderate artificial light exposure at nighttime (61). The impairment of the circadian rhythm during pregnancy compromises melatonin production, inhibiting the rhythm of melatonin release (74, 75). Chronodisruption may promote chronic illnesses in postnatal life, including diabetes, obesity, and cardiovascular disease (61).




Figure 2 | Melatonin biosynthesis and its distribution in the human body during pregnancy. The synthesis of melatonin begins with the amino acid tryptophan, which subsequently transforms into 5-HTP. This intermediate is then converted into serotonin. The rate-limiting enzyme, AANAT, acts on serotonin, culminating in N-acetylserotonin production. ASMT then catalyzes the final step, yielding melatonin. Once synthesized, the SCN in the brain, which regulates circadian rhythms, signals the pineal gland to release melatonin into the maternal circulation. Notably, melatonin is also synthesized within the placenta by trophoblastic cells. This melatonin subsequently influences various processes in placental function, essential for fetal growth and development. 5-HTP, 5-hydroxytryptophan; AANAT, arylalkylamine N-acetyltransferase; ASMT, acetylserotonin O-methyltransferase; SCN, suprachiasmatic nucleus. Created with Biorender.com.






4.2 Melatonin receptors in the placenta

Melatonin’s effects are mediated by two receptors, MT1 (Mel1a) and MT2 (Mel1b) (Figure 3) (76, 77). The MT1 receptor is approximately 350 amino acids long, while the MT2 receptor is 362 amino acids long (78). The molecular weight of both receptors is about 39–40 kDa (78). MT1 and MT2 are G-protein coupled receptors. G-protein coupled receptors are essential membrane proteins that form the fourth-largest superfamily in the human genome (79). The G-protein receptor has three subunits: α, β, and γ. When a ligand binds to the extracellular receptor, this initiates a signal transduction cascade that induces a conformational change, promoting the activation of the heterotrimeric GTP-binding protein (G-protein) (79). As the G-protein coupled receptor becomes activated, the α subunit disassociates from the β and γ subunits and releases guanine diphosphate (GDP). It binds to guanine triphosphate (GTP), which results in the conformational changes that later trigger the signal transduction of different G-proteins: inhibitory G-protein (Gi), stimulatory G-protein (Gs), and guanine-nucleotide binding protein (Gq) (79). Each of these proteins has different functions that activate distinct signaling pathways. The Gs protein stimulates the increase of cyclic AMP (cAMP) levels by activating adenylyl cyclase, while Gi inhibits cAMP levels (79). Moreover, Gq induces the expression of phospholipase C, which stimulates protein kinase C (PKC) and calcium (79). Consequently, the MT1 receptor homodimer and MT2 homodimer bind and activate the Gi–G protein and inhibits adenyl cyclase pathway signaling, decreasing forskolin-stimulated cAMP and protein kinase A signaling (60, 77, 80, 81). The MT1 and MT2 receptor heterodimer is associated with Gq, which enables the production of protein kinase C (PKC) and the increase of calcium associated with IP3 (60, 77, 80, 81). MT1 and MT2 are widely distributed throughout the body and are present in almost all human cells (72, 82, 83). The primary responsibility of the MT1 receptor involves regulating the circadian cycle, while MT2 receptors control the body temperature through the peripheral tissue. In both the cytotrophoblast and the syncytiotrophoblast, studies have detected the presence of melatonin receptors in both primary isolated cells of the placenta and placental trophoblast cell lines (JEG-3 and BeWo) (34, 72, 82). The placenta constantly synthesizes melatonin receptors to promote the survival of the cytotrophoblast by decreasing free radicals and angiogenesis (34). Moreover, when disease (preeclampsia and preterm birth) is present in the placenta, melatonin receptor activity and melatonin levels are both decreased (34, 84). The binding of melatonin on MT1 homodimers and MT2 homodimers and the activation of the receptors indicate autocrine and paracrine activity needed for placental homeostasis and fetal development (34).




Figure 3 | Signaling pathway of melatonin via G-protein-coupled receptors. Melatonin primarily signals through two G-protein-coupled receptors, MT1 and MT2. Upon melatonin binding, the MT1 homodimer receptor and MT2 homodimer receptor couples with Gi proteins, inhibiting adenylate cyclase. This results in decreased cAMP production and subsequent reduced activation of PKA. MT1 and MT2 heterodimer activation can also couple with Gq/11 proteins to stimulate PLC. This enzyme catalyzes the conversion of PIP2 into IP3 and DAG. IP3 subsequently promotes calcium release from intracellular stores, elevating intracellular calcium levels. Simultaneously, DAG and calcium can activate PKC, which influences a broad spectrum of cellular activities. PKC modulates numerous cellular processes by phosphorylating target proteins. The heterodimerization of MT1 and MT2 in the placenta has yet to be studied. However, the binding of melatonin on the MT1 homodimer and MT2 homodimer has been shown to elicit antioxidant and anti-inflammatory responses in placental cells by reducing oxidative stress and inflammation. Moreover, activating these receptors in these cells indicates autocrine and paracrine activity, imperative to placental homeostasis and fetal development. Gi and Gq, G-proteins; GDP and GTP, guanosine diphosphate and guanosine triphosphate, respectively; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; PLC, phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; IP3, inositol 1,4,5-trisphosphate; DAG, diacylglycerol; Ca2+, calcium ions; PKC, protein kinase C. Created with Biorender.com.






4.3 Melatonin in the immune microenvironment of the placenta

Pregnancy is associated with immunological changes that result in the fetus avoiding immune rejection by the mother. Increasing evidence associates immunological changes in pregnancy with melatonin and the circadian clock and synchronous programming of the immune system (34, 85). Melatonin possesses immunomodulatory properties (85) that use circadian regulation to stimulate cytokine production and lymphocyte proliferation and enhance phagocytosis (85–90). In both the luteal phase and early gestation, uterine NK cells represent most of the lymphocyte population. The decidual NK cells CD56dim and CD56bright comprise most of the leukocyte population in the decidua (91). Decidual cells activate thymocytes, macrophages, neutrophils, and NK cells (34, 92). At the same time, prostaglandins aid in uterine contractions and amplify TNF-α and IL-6 release (93). Alterations in NK cells, T regulatory cells (Tregs), Th17, and Th1/Th2 ratio may be associated with pregnancy-related complications, pregnancy loss, implantation failure, and preeclampsia (92). Melatonin affects the T cell subpopulation in gestation by increasing the differentiation of Th17 and Tregs (94, 95). Melatonin rhythm may be synchronized with Th1/Th2 cell populations in protecting and maintaining fetal survival (96).

Melatonin levels have a significant role in immunity during gestation by enhancing innate and cellular immunity. In the first trimester of pregnancy, macrophages are the second most abundant leukocyte population in the decidual layer of the placenta (33). They have the prominent role of sensing pathogens and immune effector cells, which suggests a central role in the inflammatory response of both placental and decidual infections (97). Melatonin activates the progenitor cell production of macrophages, NK cells, and granulocytes (98). Furthermore, melatonin promotes immune homeostasis during late and early pregnancy (34, 97). It can modify many transcription factors in macrophages, including hypoxia-inducible factor (HIF-1 α), nuclear factor-k-B binding (NF-kB), and interferon regulatory factors (IRFs) (99). In addition, melatonin inhibits cytokine expression in cells treated with lipopolysaccharide (LPS) (100).




4.4 Role of melatonin as an antioxidant and anti-inflammatory in the placenta during oxidative stress

Melatonin has a wide array of functions due to its ubiquitous nature. In reproductive physiology, melatonin exerts endocrine, autocrine, intracrine, and paracrine effects in the placenta (1, 8, 101). Melatonin can pass through the placental barrier and enter the fetal circulation to promote fetal growth and entrain the circadian rhythm of the fetus (34, 69). During pregnancy, melatonin levels increase throughout gestation and peak at term, promoting placental trophoblast cell survival and homeostasis and regulating hormonal production (102). Besides being a circadian-regulating hormone, melatonin is a powerful antioxidant and anti-inflammatory that can offset the effects of free radicals and scavenge ROS (103, 104). Melatonin can act directly on the free radicals or indirectly by stimulating antioxidant enzymes through its receptors (103, 105). Melatonin is both hydrophilic and lipophilic, which means that it can maneuver between cellular compartments easily and has access to ROS produced by the mitochondria (106, 107). In the presence of oxidative stress, melatonin can protect placental trophoblast cells against damage (71, 108). Melatonin decreases ROS levels by neutralizing and increasing the antioxidant enzymes’ (superoxide dismutase, glutathione peroxidase, glutathione reductase, and catalase) expression and activity (104, 109, 110). Moreover, melatonin can protect trophoblasts from apoptosis when oxidative stress occurs (108, 111), preventing pregnancy complications. In immunocompromised pregnancies that have rendered pregnancy complications, a supraphysiological dosage of melatonin has been shown to reverse the adverse effects of these complications for both the mother and the fetus (2, 34, 86).

Dysfunction of the placenta and oxidative stress contribute to unfavorable conditions in pregnancy, such as pre-eclampsia and preterm birth (2, 4, 24, 50, 112). Preterm birth is characterized as parturition that occurs before 37 weeks of gestation and is commonly associated with intrauterine infection and inflammation (2, 3, 113). A recent study found that melatonin treatment offsets placental inflammation in offspring exposed to LPS-induced maternal inflammation (84). Preeclampsia occurs after 20 weeks of pregnancy and is associated with hypertension and proteinuria, which induces oxidative stress in placental cells (3, 5, 114, 115). A study noted reduced serum melatonin levels and MT1 receptors in preeclamptic women (116). This reduction may have been due to the decreased placental secretion of melatonin induced by preeclampsia (116). Moreover, another study by Sagrillo-Fagundes and his group found that melatonin significantly regulated autophagy and inflammation in primary trophoblast cells that were exposed to a hypoxic/reoxygenation environment, mimicking preeclamptic pregnancy, thus reducing apoptosis in these cells. This study suggests that the placenta’s endogenous melatonin production is inhibited during preeclampsia, thus limiting melatonin in maternal blood and the placenta (111). Additionally, melatonin has been shown to reverse other complications during pregnancy and maintain a healthy pregnancy. In a study in mice, melatonin improved the efficiency of the placenta by increasing the expression of antioxidant enzymes in undernourished pregnancies (117). In a similar study, gestating sows were supplemented with melatonin, which indicated that melatonin could improve the redox status of the mother, fetus, and placenta and amplify the placental growth and function. This may be primarily due to melatonin’s ability to enhance the placenta’s antioxidant status and inflammatory response and activation (118). In all of these studies, melatonin had the potential benefit of acting as a preventative therapeutic agent for preterm birth, preeclampsia, and other pregnancy complications (84, 101, 116). In future studies, it will be essential to understand how melatonin uses its anti-inflammatory and antioxidant properties to target inflammation and oxidative stress in the placenta.

The induction of oxidative stress and inflammation at the maternal–fetal interface leads to activation of the NLRP3 inflammasome (119–121). The NLRP3 inflammasome complex is an intermediary in innate immune signaling that contributes to the pathogenesis of several diseases (122). Therefore, inhibition of the NLRP3 inflammasome pathway is a potential therapeutic target for inflammatory-related disorders (120, 122). The formation of the NLRP3 inflammasome is triggered by both internal and external factors, such as pathogen-associated molecular patterns (PAMPs), danger/damage-associated molecular patterns (DAMPs), and ROS (121, 123). An inducer of NLRP3 activation is the disassociation of thioredoxin-interacting protein (TXNIP), an intracellular redox regulator that inhibits antioxidants, from TRX (thioredoxin), a redox protein, via ROS or oxidative stress (122, 124). TXNIP and TRX form a complex with a redox relationship, which neutralizes the inhibitory properties of TXNIP, such as over-accumulation of ROS. After TXNIP disassociates and binds to NLRP3, it activates inflammasome (122, 124). The activation of the inflammasome complex entails two consecutive signals, namely (1): the priming signal is established by the activation of TLR receptors (PAMPs) through (for example) LPS, which leads to the secretion of inflammatory cytokines by the nuclear translocation of NF-kb (122, 123, 125, 126) and (2) the activation signal occurs due to the stimulation and binding of several factors that the complex recognizes, such as ROS and TXNIP/TRX disassociation, leading to the generation of caspase-1 (122, 123, 125, 126). Melatonin induces the inhibitory function of the NLRP3 inflammasome by either inhibiting or activating several different proteins and pathways (122). One of the several proteins and pathways melatonin uses to inhibit NLRP3 activation is NF-kb signaling, a master regulator of the priming phase of NLRP3 inflammasome activation (34). Melatonin also reduces TXNIP, which leads to the suppression of ROS and NLRP3 (122). Lastly, melatonin upregulates s Nrf2, an antioxidant protein that promotes ROS scavenging and elimination to facilitate protection against NLRP3 inflammasome activity through ROS scavenging and elimination mediated by Nrf2 (102).





5 Viral infections during pregnancy

Inflammation at the maternal–fetal interface puts the developing fetus at risk for IUGR (127). Placental inflammation can induce oxidative stress, resulting in an overproduction of free radicals/ROS and reduced antioxidant ability (Figure 4) (113). Furthermore, when a mother either contracts a viral infection during pregnancy or acquires a viral infection before pregnancy, this can cause an inflammatory cascade at the maternal–fetal interface (115, 127–129). Some viral infections can cross the placental barrier and influence viral-mediated inflammatory oxidative stress on placental trophoblast cells (127, 130). These viruses include human cytomegalovirus, HIV, herpes simplex virus, and Zika virus (115, 127, 130). These viruses can transmit vertically to the fetus (131, 132). Viral activation in pregnancy is associated with releasing inflammatory chemokines and cytokines in the placenta, enhancing ROS generation in immune and trophoblast cells and resulting in oxidative stress (Figure 4). Viral activation can also cause the syncytiotrophoblast cells to be more susceptible to apoptosis at a much faster rate (26).

The circadian rhythm and CLOCK genes are essential in regulating the reproductive system (73, 133) and parturition (56). Misalignment of this rhythm (chronodisruption) can adversely affect reproductive function and birthing outcomes (73). A potential link between disruption of the circadian rhythm and viral infections suppressing the immune system has been suggested by several investigators (113, 115, 134, 135). Viruses can rework the biological processes of the infected host to accelerate replication in the body. An interchange between host immunity, virus, and biological clock may influence disease outcomes (134)—the mechanism of this in the placenta has yet to be widely studied. However, evidence demonstrates how viral-induced inflammation can incite chronodisruption to inhibit melatonin and induce oxidative stress and inflammation in the placenta (2, 51, 71, 113, 115, 128, 136–138). A therapeutic strategy with melatonin during pregnancy may be plausible to increase physiological melatonin depletion due to chronodisruption and viral infection.

Melatonin’s pro-apoptotic, antioxidant, and anti-inflammatory properties can alleviate inflammatory-mediated oxidative stress by neutralizing and scavenging ROS. However, the clinical capabilities of melatonin to relieve inflammatory oxidative stress caused by a viral infection in the placenta have yet to be elucidated as a therapeutic. In a healthy pregnancy, there is a high concentration of serum melatonin in maternal blood and the placenta (9). Melatonin can alleviate oxidative stress by keeping a homeostatic balance of ROS and antioxidants at the maternal–fetal dyad (Figure 4) (9, 51, 138). The placenta is a crucial source of oxidative stress, and this homeostatic imbalance can lead to inflammatory disorders like preterm birth and preeclampsia (3, 49–51). Furthermore, melatonin can use its anti-inflammatory properties to directly target inflammatory pathways within the innate immune system to reduce inflammation and oxidative stress. Examples of inflammatory pathways include the TLR/NLRP3 pathway, where melatonin upregulates Nrf2 to inhibit NF-kb signaling, inhibiting NLRP3 and cytokine release (139, 140).




Figure 4 | Role of melatonin in homeostasis and viral infection during pregnancy. Melatonin is pivotal in maintaining cellular homeostasis due to its antioxidant properties, which neutralize ROS. In the placenta, melatonin supports a healthy pregnancy through its antioxidant activity, anti-inflammatory actions, Nrf-2 upregulation to enhance cellular defense mechanisms, trophoblast cell protection essential for placental and fetal development, and hormone production regulation to balance the hormonal environment for fetal growth. In the context of viral infections such as HCMV, HIV, HSV, and ZIKV, melatonin levels drop significantly, leading to an increase in ROS. This surge in oxidative stress can cause complications, including free radicals/ROS production, NLRP3 activation, inflammation, TXNIP dissociation affecting cellular stress responses, and chronodisruption, which together elevate the risks of IUGR, preterm birth, pre-eclampsia, and other potential complications. ROS, reactive oxygen species; HCMV, human cytomegalovirus; HIV, human immunodeficiency virus; HSV, herpes simplex virus; ZIKV, Zika virus; IUGR, intrauterine growth restriction; NLRP3, NOD-, LRR-, and pyrin domain-containing protein 3; TXNIP, thioredoxin-interacting protein. Created with Biorender.com.






6 Conclusion

This article has reviewed melatonin’s beneficial properties as an antioxidant and anti-inflammatory in oxidative stress and inflammation in the placenta. Melatonin can be a potential novel therapeutic for oxidative stress-induced pregnancy complications like preeclampsia and preterm birth. More clinical studies are needed to analyze and observe melatonin in pregnant women and characterize its impact on placental cells in potentially reducing inflammatory-mediated oxidative stress.



6.1 Future directions

Although there is no strong evidence currently to corroborate melatonin as a powerful antioxidant and anti-inflammatory in the placenta during oxidative stress, inflammation, and viral infection, future work should address whether melatonin’s antioxidant properties in the placenta are due to direct scavenging of ROS (supraphysiological) or receptor-mediated (physiological). Moreover, future work should address whether melatonin increases Nrf2 to deactivate the NLRP3 inflammasome during a viral infection at the maternal–fetal interface. Lastly, potential studies should determine safe and effective dosages that can be given to pregnant women during adverse pregnancy events like preeclampsia.






Author contributions

TJ: Conceptualization, Investigation, Writing – original draft, Writing – review & editing, Visualization. VS: Visualization, Writing – review & editing. DH: Writing – review & editing. RC: Writing – review & editing. EJ: Conceptualization, Funding acquisition, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by R01HD97843 and R01MD017690.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





References

1. Chen, YC, Sheen, JM, Tiao, MM, Tain, YL, and Huang, LT. Roles of melatonin in fetal programming in compromised pregnancies. Int J Mol Sci (2013) 14(3):5380–401. doi: 10.3390/ijms14035380

2. Mark, PJ, Crew, RC, Wharfe, MD, and Waddell, BJ. Rhythmic three-part harmony: the complex interaction of maternal, placental and fetal circadian systems. J Biol Rhythms (2017) 32(6):534–49. doi: 10.1177/0748730417728671

3. Moore, TA, Ahmad, IM, and Zimmerman, MC. Oxidative stress and preterm birth: an integrative review. Biol Res Nurs (2018) 20(5):497–512. doi: 10.1177/1099800418791028

4. Myatt, L, and Cui, X. Oxidative stress in the placenta. Histochem Cell Biol (2004) 122(4):369–82. doi: 10.1007/s00418-004-0677-x

5. Hansson, SR, Naav, A, and Erlandsson, L. Oxidative stress in preeclampsia and the role of free fetal hemoglobin. Front Physiol (2014) 5:516. doi: 10.3390/ijms19051496

6. Gonzalez-Candia, A, Veliz, M, Carrasco-Pozo, C, Castillo, RL, Cardenas, JC, Ebensperger, G, et al. Antenatal melatonin modulates an enhanced antioxidant/pro-oxidant ratio in pulmonary hypertensive newborn sheep. Redox Biol (2019) 22:101128. doi: 10.1016/j.redox.2019.101128

7. Langston-Cox, A, Marshall, SA, Lu, D, Palmer, KR, and Wallace, EM. Melatonin for the management of preeclampsia: A review. Antioxidants (Basel) (2021) 10(3):376. doi: 10.3390/antiox10030376

8. Voiculescu, SE, Zygouropoulos, N, Zahiu, CD, and Zagrean, AM. Role of melatonin in embryo fetal development. J Med Life (2014) 7(4):488–92.

9. Ejaz, H, Figaro, JK, Woolner, AMF, Thottakam, BMV, and Galley, HF. Maternal serum melatonin increases during pregnancy and falls immediately after delivery implicating the placenta as a major source of melatonin. Front Endocrinol (Lausanne) (2020) 11:623038. doi: 10.3389/fendo.2020.623038

10. Kivela, A. Serum melatonin during human pregnancy. Acta Endocrinol (Copenh) (1991) 124(3):233–7. doi: 10.1530/acta.0.1240233

11. Aversa, S, Pellegrino, S, Barberi, I, Reiter, RJ, and Gitto, E. Potential utility of melatonin as an antioxidant during pregnancy and in the perinatal period. J Matern Fetal Neonatal Med (2012) 25(3):207–21. doi: 10.3109/14767058.2011.573827

12. Reiter, RJ, Tan, DX, Manchester, LC, Paredes, SD, Mayo, JC, and Sainz, RM. Melatonin and reproduction revisited. Biol Reprod (2009) 81(3):445–56. doi: 10.1095/biolreprod.108.075655

13. Tamura, H, Nakamura, Y, Terron, MP, Flores, LJ, Manchester, LC, Tan, DX, et al. Melatonin and pregnancy in the human. Reprod Toxicol (2008) 25(3):291–303. doi: 10.1016/j.reprotox.2008.03.005

14. Herrick, EJ, and Bordoni, B. Embryology, placenta. Treasure Island (FL: StatPearls (2023).

15. Turco, MY, and Moffett, A. Development of the human placenta. Development (2019) 146(22). doi: 10.1242/dev.163428

16. John, R, and Hemberger, M. A placenta for life. Reprod BioMed Online (2012) 25(1):5–11. doi: 10.1016/j.rbmo.2012.03.018

17. Herrick, EJ, and Bordoni, B. Embryology, placenta. Treasure Island (FL: StatPearls (2022).

18. Remien, K, and Majmundar, SH. Physiology, fetal circulation. Treasure Island (FL: StatPearls (2023).

19. Tal, R, Taylor, H, Feingold, KR, Anawalt, B, Blackman, MR, and Bryce, A. Endocrinology of pregnancy. In:  KR Feingold, B Anawalt, MR Blackman, A Boyce, G Chrousos, and E Corpas, editors. Endotext. South Dartmouth (MA), MDText.com (2000).

20. Ortega, MA, Fraile-Martinez, O, Garcia-Montero, C, Saez, MA, Alvarez-Mon, MA, Torres-Carranza, D, et al. The pivotal role of the placenta in normal and pathological pregnancies: A focus on preeclampsia, fetal growth restriction, and maternal chronic venous disease. Cells (2022) 11(3):568. doi: 10.3390/cells11030568

21. Mor, G, and Cardenas, I. The immune system in pregnancy: a unique complexity. Am J Reprod Immunol (2010) 63(6):425–33. doi: 10.1111/j.1600-0897.2010.00836.x

22. Kapila, V, and Chaudhry, K. Physiology, placenta. Treasure Island (FL: StatPearls (2023).

23. Gauster, M, Moser, G, Wernitznig, S, Kupper, N, and Huppertz, B. Early human trophoblast development: from morphology to function. Cell Mol Life Sci (2022) 79(6):345. doi: 10.1007/s00018-022-04377-0

24. Sharp, AN, Heazell, AE, Crocker, IP, and Mor, G. Placental apoptosis in health and disease. Am J Reprod Immunol (2010) 64(3):159–69. doi: 10.1111/j.1600-0897.2010.00837.x

25. Sagrillo-Fagundes, L, Clabault, H, Laurent, L, Hudon-Thibeault, AA, Salustiano, EM, Fortier, M, et al. Human primary trophoblast cell culture model to study the protective effects of melatonin against hypoxia/reoxygenation-induced disruption. J Vis Exp (2016) 113:54228. doi: 10.3791/54228

26. Straszewski-Chavez, SL, Abrahams, VM, and Mor, G. The role of apoptosis in the regulation of trophoblast survival and differentiation during pregnancy. Endocr Rev (2005) 26(7):877–97. doi: 10.1210/er.2005-0003

27. Woods, L, Perez-Garcia, V, and Hemberger, M. Regulation of placental development and its impact on fetal growth-new insights from mouse models. Front Endocrinol (Lausanne) (2018) 9:570. doi: 10.3389/fendo.2018.00570

28. Mori, M, Bogdan, A, Balassa, T, Csabai, T, and Szekeres-Bartho, J. The decidua-the maternal bed embracing the embryo-maintains the pregnancy. Semin Immunopathol (2016) 38(6):635–49. doi: 10.1007/s00281-016-0574-0

29. Solders, M, Gorchs, L, Gidlof, S, Tiblad, E, Lundell, AC, and Kaipe, H. Maternal adaptive immune cells in decidua parietalis display a more activated and coinhibitory phenotype compared to decidua basalis. Stem Cells Int (2017) 2017:8010961. doi: 10.1155/2017/8010961

30. Holder, B, Aplin, JD, Gomez-Lopez, N, Heazell, AEP, James, JL, Jones, CJP, et al. ‘Fetal side’ of the placenta: anatomical mis-annotation of carbon particle ‘transfer’ across the human placenta. Nat Commun (2021) 12(1):7049. doi: 10.1038/s41467-021-26437-y

31. Than, NG, Hahn, S, Rossi, SW, and Szekeres-Bartho, J. Editorial: fetal-maternal immune interactions in pregnancy. Front Immunol (2019) 10:2729. doi: 10.3389/fimmu.2019.02729

32. Balasundaram, P, and Farhana, A. Immunology at the maternal-fetal interface. Treasure Island (FL: StatPearls (2023).

33. Yang, F, Zheng, Q, and Jin, L. Dynamic function and composition changes of immune cells during normal and pathological pregnancy at the maternal-fetal interface. Front Immunol (2019) 10:2317. doi: 10.3389/fimmu.2019.02317

34. Chuffa, LGA, Lupi, LA, Cucielo, MS, Silveira, HS, Reiter, RJ, and Seiva, FRF. Melatonin promotes uterine and placental health: potential molecular mechanisms. Int J Mol Sci (2019) 21(1):300. doi: 10.3390/ijms21010300

35. Faas, MM, and De Vos, P. Innate immune cells in the placental bed in healthy pregnancy and preeclampsia. Placenta (2018) 69:125–33. doi: 10.1016/j.placenta.2018.04.012

36. Tuuli, MG, Longtine, MS, and Nelson, DM. Review: Oxygen and trophoblast biology–a source of controversy. Placenta (2011) 32 Suppl 2(0 2):S109–18. doi: 10.1016/j.placenta.2010.12.013

37. Schoots, MH, Gordijn, SJ, Scherjon, SA, van Goor, H, and Hillebrands, JL. Oxidative stress in placental pathology. Placenta (2018) 69:153–61. doi: 10.1016/j.placenta.2018.03.003

38. Nolfi-Donegan, D, Braganza, A, and Shiva, S. Mitochondrial electron transport chain: Oxidative phosphorylation, oxidant production, and methods of measurement. Redox Biol (2020) 37:101674. doi: 10.1016/j.redox.2020.101674

39. Abdal Dayem, A, Hossain, MK, Lee, SB, Kim, K, Saha, SK, Yang, GM, et al. The role of reactive oxygen species (ROS) in the biological activities of metallic nanoparticles. Int J Mol Sci (2017) 18(1):120. doi: 10.3390/ijms18010120

40. Su, LJ, Zhang, JH, Gomez, H, Murugan, R, Hong, X, Xu, D, et al. Reactive oxygen species-induced lipid peroxidation in apoptosis, autophagy, and ferroptosis. Oxid Med Cell Longev (2019) 2019:5080843. doi: 10.1155/2019/5080843

41. Juan, CA, Perez de la Lastra, JM, Plou, FJ, and Perez-Lebena, E. The chemistry of reactive oxygen species (ROS) revisited: outlining their role in biological macromolecules (DNA, lipids and proteins) and induced pathologies. Int J Mol Sci (2021) 22(9):4642. doi: 10.3390/ijms22094642

42. Burton, GJ, and Jauniaux, E. Oxidative stress. Best Pract Res Clin Obstet Gynaecol (2011) 25(3):287–99. doi: 10.1016/j.bpobgyn.2010.10.016

43. Burton, GJ, Jauniaux, E, and Watson, AL. Maternal arterial connections to the placental intervillous space during the first trimester of human pregnancy: the Boyd collection revisited. Am J Obstet Gynecol (1999) 181(3):718–24. doi: 10.1016/S0002-9378(99)70518-1

44. Jauniaux, E, Jurkovic, D, and Campbell, S. In vivo investigations of the anatomy and the physiology of early human placental circulations. Ultrasound Obstet Gynecol (1991) 1(6):435–45. doi: 10.1046/j.1469-0705.1991.01060435.x

45. Rodesch, F, Simon, P, Donner, C, and Jauniaux, E. Oxygen measurements in endometrial and trophoblastic tissues during early pregnancy. Obstet Gynecol (1992) 80(2):283–5.

46. Jauniaux, E, Watson, AL, Hempstock, J, Bao, YP, Skepper, JN, and Burton, GJ. Onset of maternal arterial blood flow and placental oxidative stress. A possible factor in human early pregnancy failure. Am J Pathol (2000) 157(6):2111–22. doi: 10.1016/S0002-9440(10)64849-3

47. Burton, GJ, and Jauniaux, E. Placental oxidative stress: from miscarriage to preeclampsia. J Soc Gynecol Investig (2004) 11(6):342–52. doi: 10.1016/j.jsgi.2004.03.003

48. Carter, AM. Placental oxygen consumption. Part I: in vivo studies–a review. Placenta (2000) 21 Suppl A:S31–7. doi: 10.1053/plac.1999.0513

49. Marseglia, L, D’Angelo, G, Manti, S, Arrigo, T, Barberi, I, Reiter, RJ, et al. Oxidative stress-mediated aging during the fetal and perinatal periods. Oxid Med Cell Longev (2014) 2014:358375. doi: 10.1155/2014/358375

50. Agarwal, A, Gupta, S, and Sharma, RK. Role of oxidative stress in female reproduction. Reprod Biol Endocrinol (2005) 3:28. doi: 10.1186/1477-7827-3-28

51. Lanoix, D, Lacasse, AA, Reiter, RJ, and Vaillancourt, C. Melatonin: the watchdog of villous trophoblast homeostasis against hypoxia/reoxygenation-induced oxidative stress and apoptosis. Mol Cell Endocrinol (2013) 381(1-2):35–45. doi: 10.1016/j.mce.2013.07.010

52. Wu, F, Tian, FJ, and Lin, Y. Oxidative stress in placenta: health and diseases. BioMed Res Int (2015) 2015:293271. doi: 10.1155/2015/293271

53. Burton, GJ, and Fowden, AL. The placenta: a multifaceted, transient organ. Philos Trans R Soc Lond B Biol Sci (2015) 370(1663):20140066. doi: 10.1098/rstb.2014.0066

54. Wu, F, Tian, FJ, Lin, Y, and Xu, WM. Oxidative stress: placenta function and dysfunction. Am J Reprod Immunol (2016) 76(4):258–71. doi: 10.1111/aji.12454

55. Schibler, U. The daily rhythms of genes, cells and organs. Biological clocks and circadian timing in cells. EMBO Rep (2005) 6 Spec No(Suppl 1):S9–13. doi: 10.1038/sj.embor.7400424

56. Reschke, L, McCarthy, R, Herzog, ED, Fay, JC, Jungheim, ES, and England, SK. Chronodisruption: An untimely cause of preterm birth? Best Pract Res Clin Obstet Gynaecol (2018) 52:60–7. doi: 10.1016/j.bpobgyn.2018.08.001

57. Albrecht, U. The mammalian circadian clock: a network of gene expression. Front Biosci (2004) 9:48–55. doi: 10.2741/1196

58. Hastings, MH, Reddy, AB, Garabette, M, King, VM, Chahad-Ehlers, S, O’Brien, J, et al. Expression of clock gene products in the suprachiasmatic nucleus in relation to circadian behaviour. Novartis Found Symp (2003) 253:203–17. doi: 10.1002/0470090839.ch15

59. Bates, K, and Herzog, ED. Maternal-fetal circadian communication during pregnancy. Front Endocrinol (Lausanne) (2020) 11:198. doi: 10.3389/fendo.2020.00198

60. Valenzuela, FJ, Vera, J, Venegas, C, Pino, F, and Lagunas, C. Circadian system and melatonin hormone: risk factors for complications during pregnancy. Obstet Gynecol Int (2015) 2015:825802. doi: 10.1155/2015/825802

61. Hsu, CN, and Tain, YL. Light and circadian signaling pathway in pregnancy: programming of adult health and disease. Int J Mol Sci (2020) 21(6):2232. doi: 10.3390/ijms21062232

62. Guillaumond, F, Dardente, H, Giguere, V, and Cermakian, N. Differential control of Bmal1 circadian transcription by REV-ERB and ROR nuclear receptors. J Biol Rhythms (2005) 20(5):391–403. doi: 10.1177/0748730405277232

63. Akiyama, S, Ohta, H, Watanabe, S, Moriya, T, Hariu, A, Nakahata, N, et al. The uterus sustains stable biological clock during pregnancy. Tohoku J Exp Med (2010) 221(4):287–98. doi: 10.1620/tjem.221.287

64. Seron-Ferre, M, Valenzuela, GJ, and Torres-Farfan, C. Circadian clocks during embryonic and fetal development. Birth Defects Res C Embryo Today (2007) 81(3):204–14. doi: 10.1002/bdrc.20101

65. Reiter, RJ, Tan, DX, Korkmaz, A, and Rosales-Corral, SA. Melatonin and stable circadian rhythms optimize maternal, placental and fetal physiology. Hum Reprod Update (2014) 20(2):293–307. doi: 10.1093/humupd/dmt054

66. Tarocco, A, Caroccia, N, Morciano, G, Wieckowski, MR, Ancora, G, Garani, G, et al. Melatonin as a master regulator of cell death and inflammation: molecular mechanisms and clinical implications for newborn care. Cell Death Dis (2019) 10(4):317. doi: 10.1038/s41419-019-1556-7

67. Vriend, J, and Reiter, RJ. Melatonin feedback on clock genes: a theory involving the proteasome. J Pineal Res (2015) 58(1):1–11. doi: 10.1111/jpi.12189

68. Jung-Hynes, B, Reiter, RJ, and Ahmad, N. Sirtuins, melatonin and circadian rhythms: building a bridge between aging and cancer. J Pineal Res (2010) 48(1):9–19. doi: 10.1111/j.1600-079X.2009.00729.x

69. Brzezinski, A, Rai, S, Purohit, A, and Pandi-Perumal, SR. Melatonin, clock genes, and mammalian reproduction: what is the link? Int J Mol Sci (2021) 22(24):13240. doi: 10.3390/ijms222413240

70. Sagrillo-Fagundes, L, Soliman, A, and Vaillancourt, C. Maternal and placental melatonin: actions and implication for successful pregnancies. Minerva Ginecol (2014) 66(3):251–66.

71. Soliman, A, Lacasse, AA, Lanoix, D, Sagrillo-Fagundes, L, Boulard, V, and Vaillancourt, C. Placental melatonin system is present throughout pregnancy and regulates villous trophoblast differentiation. J Pineal Res (2015) 59(1):38–46. doi: 10.1111/jpi.12236

72. Lanoix, D, Beghdadi, H, Lafond, J, and Vaillancourt, C. Human placental trophoblasts synthesize melatonin and express its receptors. J Pineal Res (2008) 45(1):50–60. doi: 10.1111/j.1600-079X.2008.00555.x

73. Sati, L. Chronodisruption: effects on reproduction, transgenerational health of offspring and epigenome. Reproduction (2020) 160(5):R79–94. doi: 10.1530/REP-20-0298

74. Reiter, RJ, Tan, DX, Korkmaz, A, Erren, TC, Piekarski, C, Tamura, H, et al. Light at night, chronodisruption, melatonin suppression, and cancer risk: a review. Crit Rev Oncog. (2007) 13(4):303–28. doi: 10.1615/CritRevOncog.v13.i4.30

75. Reiter, RJ, Rosales-Corral, S, Coto-Montes, A, Boga, JA, Tan, DX, Davis, JM, et al. The photoperiod, circadian regulation and chronodisruption: the requisite interplay between the suprachiasmatic nuclei and the pineal and gut melatonin. J Physiol Pharmacol (2011) 62(3):269–74.

76. Li, DY, Smith, DG, Hardeland, R, Yang, MY, Xu, HL, Zhang, L, et al. Melatonin receptor genes in vertebrates. Int J Mol Sci (2013) 14(6):11208–23. doi: 10.3390/ijms140611208

77. Liu, J, Clough, SJ, Hutchinson, AJ, Adamah-Biassi, EB, Popovska-Gorevski, M, and Dubocovich, ML. MT1 and MT2 melatonin receptors: A therapeutic perspective. Annu Rev Pharmacol Toxicol (2016) 56:361–83. doi: 10.1146/annurev-pharmtox-010814-124742

78. Reppert, SM, Weaver, DR, and Godson, C. Melatonin receptors step into the light: cloning and classification of subtypes. Trends Pharmacol Sci (1996) 17(3):100–2. doi: 10.1016/0165-6147(96)10005-5

79. Rehman, S, Rahimi, N, and Dimri, M. Biochemistry, G Protein Coupled Receptors Treasure Island (FL: StatPearls (2023).

80. Dubocovich, ML, Delagrange, P, Krause, DN, Sugden, D, Cardinali, DP, and Olcese, J. International Union of Basic and Clinical Pharmacology. LXXV. Nomenclature, classification, and pharmacology of G protein-coupled melatonin receptors. Pharmacol Rev (2010) 62(3):343–80. doi: 10.1124/pr.110.002832

81. Ekmekcioglu, C. Melatonin receptors in humans: biological role and clinical relevance. BioMed Pharmacother (2006) 60(3):97–108. doi: 10.1016/j.biopha.2006.01.002

82. Lanoix, D, Guerin, P, and Vaillancourt, C. Placental melatonin production and melatonin receptor expression are altered in preeclampsia: new insights into the role of this hormone in pregnancy. J Pineal Res (2012) 53(4):417–25. doi: 10.1111/j.1600-079X.2012.01012.x

83. Lanoix, D, Ouellette, R, and Vaillancourt, C. Expression of melatoninergic receptors in human placental choriocarcinoma cell lines. Hum Reprod (2006) 21(8):1981–9. doi: 10.1093/humrep/del120

84. Lee, JY, Song, H, Dash, O, Park, M, Shin, NE, McLane, MW, et al. Administration of melatonin for prevention of preterm birth and fetal brain injury associated with premature birth in a mouse model. Am J Reprod Immunol (2019) 82(3):e13151. doi: 10.1111/aji.13151

85. Uzun, M, Gencer, M, Turkon, H, Oztopuz, RO, Demir, U, and Ovali, MA. Effects of melatonin on blood pressure, oxidative stress and placental expressions of TNFalpha, IL-6, VEGF and sFlt-1 in RUPP rat model of preeclampsia. Arch Med Res (2017) 48(7):592–8. doi: 10.1016/j.arcmed.2017.08.007

86. Hardeland, R. Melatonin and inflammation-Story of a double-edged blade. J Pineal Res (2018) 65(4):e12525. doi: 10.1111/jpi.12525

87. Miller, SC, Pandi-Perumal, SR, Esquifino, AI, Cardinali, DP, and Maestroni, GJ. The role of melatonin in immuno-enhancement: potential application in cancer. Int J Exp Pathol (2006) 87(2):81–7. doi: 10.1111/j.0959-9673.2006.00474.x

88. Kuhlwein, E, and Irwin, M. Melatonin modulation of lymphocyte proliferation and Th1/Th2 cytokine expression. J Neuroimmunol (2001) 117(1-2):51–7. doi: 10.1016/S0165-5728(01)00325-3

89. Paredes, SD, Sanchez, S, Parvez, H, Rodriguez, AB, and Barriga, C. Altered circadian rhythms of corticosterone, melatonin, and phagocytic activity in response to stress in rats. Neuro Endocrinol Lett (2007) 28(4):489–95.

90. Alvarez-Garcia, V, Gonzalez, A, Alonso-Gonzalez, C, Martinez-Campa, C, and Cos, S. Melatonin interferes in the desmoplastic reaction in breast cancer by regulating cytokine production. J Pineal Res (2012) 52(3):282–90. doi: 10.1111/j.1600-079X.2011.00940.x

91. Trundley, A, and Moffett, A. Human uterine leukocytes and pregnancy. Tissue Antigens (2004) 63(1):1–12. doi: 10.1111/j.1399-0039.2004.00170.x

92. Man, GCW, Zhang, T, Chen, X, Wang, J, Wu, F, Liu, Y, et al. The regulations and role of circadian clock and melatonin in uterine receptivity and pregnancy-An immunological perspective. Am J Reprod Immunol (2017) 78(2):10.1111/aji.12715. doi: 10.1111/aji.12715

93. Galazka, K, Wicherek, L, Pitynski, K, Kijowski, J, Zajac, K, Bednarek, W, et al. Changes in the subpopulation of CD25+ CD4+ and FOXP3+ regulatory T cells in decidua with respect to the progression of labor at term and the lack of analogical changes in the subpopulation of suppressive B7-H4 macrophages–a preliminary report. Am J Reprod Immunol (2009) 61(2):136–46. doi: 10.1111/j.1600-0897.2008.00674.x

94. Saito, S, Nakashima, A, Shima, T, and Ito, M. Th1/Th2/Th17 and regulatory T-cell paradigm in pregnancy. Am J Reprod Immunol (2010) 63(6):601–10. doi: 10.1111/j.1600-0897.2010.00852.x

95. Glebezdina, NS, Nekrasova, IV, Olina, AA, Sadykova, GK, and Kuklina, EM. Differentiation of T cells producing interleukin-17 (Th17) against the background of exogenous melatonin during pregnancy. J Pineal Res (2023) 75(4):e12904. doi: 10.1111/jpi.12904

96. Szereday, L, Varga, P, and Szekeres-Bartho, J. Cytokine production by lymphocytes in pregnancy. Am J Reprod Immunol (1997) 38(6):418–22. doi: 10.1111/j.1600-0897.1997.tb00321.x

97. Erlebacher, A. Immunology of the maternal-fetal interface. Annu Rev Immunol (2013) 31:387–411. doi: 10.1146/annurev-immunol-032712-100003

98. Srinivasan, V, Maestroni, GJ, Cardinali, DP, Esquifino, AI, Perumal, SR, and Miller, SC. Melatonin, immune function and aging. Immun Ageing (2005) 2:17. doi: 10.1186/1742-4933-2-17

99. Xia, Y, Chen, S, Zeng, S, Zhao, Y, Zhu, C, Deng, B, et al. Melatonin in macrophage biology: Current understanding and future perspectives. J Pineal Res (2019) 66(2):e12547. doi: 10.1111/jpi.12547

100. Kadena, M, Kumagai, Y, Vandenbon, A, Matsushima, H, Fukamachi, H, Maruta, N, et al. Microarray and gene co-expression analysis reveals that melatonin attenuates immune responses and modulates actin rearrangement in macrophages. Biochem Biophys Res Commun (2017) 485(2):414–20. doi: 10.1016/j.bbrc.2017.02.063

101. Dominguez Rubio, AP, Sordelli, MS, Salazar, AI, Aisemberg, J, Bariani, MV, Cella, M, et al. Melatonin prevents experimental preterm labor and increases offspring survival. J Pineal Res (2014) 56(2):154–62. doi: 10.1111/jpi.12108

102. Sagrillo-Fagundes, L, Bienvenue-Pariseault, J, and Vaillancourt, C. Melatonin: The smart molecule that differentially modulates autophagy in tumor and normal placental cells. PloS One (2019) 14(1):e0202458. doi: 10.1371/journal.pone.0202458

103. Chitimus, DM, Popescu, MR, Voiculescu, SE, Panaitescu, AM, Pavel, B, Zagrean, L, et al. Melatonin’s impact on antioxidative and anti-inflammatory reprogramming in homeostasis and disease. Biomolecules (2020) 10(9):1211. doi: 10.3390/biom10091211

104. Galano, A, Tan, DX, and Reiter, RJ. Melatonin as a natural ally against oxidative stress: a physicochemical examination. J Pineal Res (2011) 51(1):1–16. doi: 10.1111/j.1600-079X.2011.00916.x

105. Reiter, RJ. Melatonin: lowering the high price of free radicals. News Physiol Sci (2000) 15:246–50. doi: 10.1152/physiologyonline.2000.15.5.246

106. Tan, DX, Manchester, LC, Qin, L, and Reiter, RJ. Melatonin: A mitochondrial targeting molecule involving mitochondrial protection and dynamics. Int J Mol Sci (2016) 17(12):2124. doi: 10.3390/ijms17122124

107. Loh, D, and Reiter, RJ. Melatonin: regulation of biomolecular condensates in neurodegenerative disorders. Antioxidants (Basel) (2021) 10(9):1483. doi: 10.3390/antiox10091483

108. Hannan, NJ, Binder, NK, Beard, S, Nguyen, TV, Kaitu’u-Lino, TJ, and Tong, S. Melatonin enhances antioxidant molecules in the placenta, reduces secretion of soluble fms-like tyrosine kinase 1 (sFLT) from primary trophoblast but does not rescue endothelial dysfunction: An evaluation of its potential to treat preeclampsia. PloS One (2018) 13(4):e0187082. doi: 10.1371/journal.pone.0187082

109. Vazquez, J, Grillitsch, K, Daum, G, Mas, A, Torija, MJ, and Beltran, G. Melatonin minimizes the impact of oxidative stress induced by hydrogen peroxide in saccharomyces and non-conventional yeast. Front Microbiol (2018) 9:1933. doi: 10.3389/fmicb.2018.01933

110. Bantounou, M, Plascevic, J, and Galley, HF. Melatonin and related compounds: antioxidant and anti-inflammatory actions. Antioxidants (Basel) (2022) 11(3):532. doi
10.3390/antiox11030532

111. Sagrillo-Fagundes, L, Assuncao Salustiano, EM, Ruano, R, Markus, RP, and Vaillancourt, C. Melatonin modulates autophagy and inflammation protecting human placental trophoblast from hypoxia/reoxygenation. J Pineal Res (2018) 65(4):e12520. doi: 10.1111/jpi.12520

112. Aouache, R, Biquard, L, Vaiman, D, and Miralles, F. Oxidative stress in preeclampsia and placental diseases. Int J Mol Sci (2018) 19(5):1496. doi: 10.3390/ijms19051496

113. Cappelletti, M, Della Bella, S, Ferrazzi, E, Mavilio, D, and Divanovic, S. Inflammation and preterm birth. J Leukoc Biol (2016) 99(1):67–78. doi: 10.1189/jlb.3MR0615-272RR

114. Park, B, Khanam, R, Vinayachandran, V, Baqui, AH, London, SJ, and Biswal, S. Epigenetic biomarkers and preterm birth. Environ Epigenet (2020) 6(1):dvaa005. doi: 10.1093/eep/dvaa005

115. Giakoumelou, S, Wheelhouse, N, Cuschieri, K, Entrican, G, Howie, SE, and Horne, AW. The role of infection in miscarriage. Hum Reprod Update (2016) 22(1):116–33. doi: 10.1093/humupd/dmv041

116. Zeng, K, Gao, Y, Wan, J, Tong, M, Lee, AC, Zhao, M, et al. The reduction in circulating levels of melatonin may be associated with the development of preeclampsia. J Hum Hypertens (2016) 30(11):666–71. doi: 10.1038/jhh.2016.37

117. Richter, HG, Hansell, JA, Raut, S, and Giussani, DA. Melatonin improves placental efficiency and birth weight and increases the placental expression of antioxidant enzymes in undernourished pregnancy. J Pineal Res (2009) 46(4):357–64. doi: 10.1111/j.1600-079X.2009.00671.x

118. Peng, X, Cai, X, Li, J, Huang, Y, Liu, H, He, J, et al. Effects of melatonin supplementation during pregnancy on reproductive performance, maternal-placental-fetal redox status, and placental mitochondrial function in a sow model. Antioxidants (Basel) (2021) 10(12):1867. doi: 10.3390/antiox10121867

119. Alfian, I, Chakraborty, A, Yong, HEJ, Saini, S, Lau, RWK, Kalionis, B, et al. The placental NLRP3 inflammasome and its downstream targets, caspase-1 and interleukin-6, are increased in human fetal growth restriction: implications for aberrant inflammation-induced trophoblast dysfunction. Cells (2022) 11(9):1413. doi: 10.3390/cells11091413

120. Shirasuna, K, Karasawa, T, and Takahashi, M. Role of the NLRP3 inflammasome in preeclampsia. Front Endocrinol (Lausanne) (2020) 11:80. doi: 10.3389/fendo.2020.00080

121. Socha, MW, Malinowski, B, Puk, O, Dubiel, M, and Wicinski, M. The NLRP3 inflammasome role in the pathogenesis of pregnancy induced hypertension and preeclampsia. Cells (2020) 9(7):1642. doi: 10.3390/cells9071642

122. Arioz, BI, Tarakcioglu, E, Olcum, M, and Genc, S. The role of melatonin on NLRP3 inflammasome activation in diseases. Antioxidants (Basel) (2021) 10(7):1020. doi: 10.3390/antiox10071020

123. Zhao, C, and Zhao, W. NLRP3 inflammasome-A key player in antiviral responses. Front Immunol (2020) 11:211. doi: 10.3389/fimmu.2020.00211

124. Spindel, ON, World, C, and Berk, BC. Thioredoxin interacting protein: redox dependent and independent regulatory mechanisms. Antioxid Redox Signal (2012) 16(6):587–96. doi: 10.1089/ars.2011.4137

125. Xu, J, and Nunez, G. The NLRP3 inflammasome: activation and regulation. Trends Biochem Sci (2022) 48(4):331–344. doi: 10.1016/j.tibs.2022.10.002

126. Nunes, PR, Mattioli, SV, and Sandrim, VC. NLRP3 activation and its relationship to endothelial dysfunction and oxidative stress: implications for preeclampsia and pharmacological interventions. Cells (2021) 10(11):2828. doi: 10.3390/cells10112828

127. Leon-Juarez, M, Martinez-Castillo, M, Gonzalez-Garcia, LD, Helguera-Repetto, AC, Zaga-Clavellina, V, Garcia-Cordero, J, et al. Cellular and molecular mechanisms of viral infection in the human placenta. Pathog Dis (2017) 75(7):ftx093. doi: 10.1093/femspd/ftx093

128. Zaga-Clavellina, V, Diaz, L, Olmos-Ortiz, A, Godinez-Rubi, M, Rojas-Mayorquin, AE, and Ortuno-Sahagun, D. Central role of the placenta during viral infection: Immuno-competences and miRNA defensive responses. Biochim Biophys Acta Mol Basis Dis (2021) 1867(10):166182. doi: 10.1016/j.bbadis.2021.166182

129. Srinivas, SK, Ma, Y, Sammel, MD, Chou, D, McGrath, C, Parry, S, et al. Placental inflammation and viral infection are implicated in second trimester pregnancy loss. Am J Obstet Gynecol (2006) 195(3):797–802. doi: 10.1016/j.ajog.2006.05.049

130. Adams Waldorf, KM, and McAdams, RM. Influence of infection during pregnancy on fetal development. Reproduction (2013) 146(5):R151–62. doi: 10.1530/REP-13-0232

131. Arora, N, Sadovsky, Y, Dermody, TS, and Coyne, CB. Microbial vertical transmission during human pregnancy. Cell Host Microbe (2017) 21(5):561–7. doi: 10.1016/j.chom.2017.04.007

132. Auriti, C, De Rose, DU, Santisi, A, Martini, L, Piersigilli, F, Bersani, I, et al. Pregnancy and viral infections: Mechanisms of fetal damage, diagnosis and prevention of neonatal adverse outcomes from cytomegalovirus to SARS-CoV-2 and Zika virus. Biochim Biophys Acta Mol Basis Dis (2021) 1867(10):166198. doi: 10.1016/j.bbadis.2021.166198

133. Sen, A, and Hoffmann, HM. Role of core circadian clock genes in hormone release and target tissue sensitivity in the reproductive axis. Mol Cell Endocrinol (2020) 501:110655. doi: 10.1016/j.mce.2019.110655

134. Mazzoccoli, G, Vinciguerra, M, Carbone, A, and Relogio, A. The circadian clock, the immune system, and viral infections: the intricate relationship between biological time and host-virus interaction. Pathogens (2020) 9(2):83. doi: 10.3390/pathogens9020083

135. Zhuang, X, Rambhatla, SB, Lai, AG, and McKeating, JA. Interplay between circadian clock and viral infection. J Mol Med (Berl) (2017) 95(12):1283–9. doi: 10.1007/s00109-017-1592-7

136. Borrmann, H, McKeating, JA, and Zhuang, X. The circadian clock and viral infections. J Biol Rhythms (2021) 36(1):9–22. doi: 10.1177/0748730420967768

137. Rijo-Ferreira, F, and Takahashi, JS. Circadian rhythms in infectious diseases and symbiosis. Semin Cell Dev Biol (2022) 126:37–44. doi: 10.1016/j.semcdb.2021.09.004

138. Morvaridzadeh, M, Sadeghi, E, Agah, S, Nachvak, SM, Fazelian, S, Moradi, F, et al. Effect of melatonin supplementation on oxidative stress parameters: A systematic review and meta-analysis. Pharmacol Res (2020) 161:105210. doi: 10.1016/j.phrs.2020.105210

139. Ahmadi, Z, and Ashrafizadeh, M. Melatonin as a potential modulator of Nrf2. Fundam Clin Pharmacol (2020) 34(1):11–9. doi: 10.1111/fcp.12498

140. Bona, S, Fernandes, SA, Moreira, ACJ, Rodrigues, G, Schemitt, EG, Di Naso, FC, et al. Melatonin restores zinc levels, activates the Keap1/Nrf2 pathway, and modulates endoplasmic reticular stress and HSP in rats with chronic hepatotoxicity. World J Gastrointest Pharmacol Ther (2022) 13(2):11–22. doi: 10.4292/wjgpt.v13.i2.11




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Joseph, Schuch, Hossack, Chakraborty and Johnson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1339304-g004.jpg
HOMEOSTASIS

1 @ MELATONIN
1 © ANTIOXIDANT

Anti-inflammatory activity
Nrf-2 up-regulation
Trophoblast cells protection
Hormone production regulation

VIRAL INFECTION

HCMV

HIV .

HSV Free radicals/ROS

gy Inflammation
NLRP3 activation

TXNIP dissociation
Chronodisruption

T 48 ros

Other complications

J @ MELATONIN
@os |






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Melatonin: the placental antioxidant and anti-inflammatory

      

        		

          1 Introduction

        



        		

          2 The placenta

        

          		

            2.1 Overview

          



          		

            2.2 Development

          



          		

            2.3 Immune tolerance

          



        



        



        		

          3 Oxidative stress and ROS in the placenta

        



        		

          4 Melatonin in the placenta

        

          		

            4.1 Melatonin and the circadian rhythm in the placenta

          



          		

            4.2 Melatonin receptors in the placenta

          



          		

            4.3 Melatonin in the immune microenvironment of the placenta

          



          		

            4.4 Role of melatonin as an antioxidant and anti-inflammatory in the placenta during oxidative stress

          



        



        



        		

          5 Viral infections during pregnancy

        



        		

          6 Conclusion

        

          		

            6.1 Future directions

          



        



        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1339304-g001.jpg
Fetal Side
Intervillous Space ,—-[

Maternal Side 4[

lotropho





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1339304-g003.jpg
990000900990999099009099999909

0008000000000000000000000





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1339304-g002.jpg
MELATONIN BIOSYNSTHESIS

Tryptophan

l AANAT
‘ N-Acetylserotonin

l ASMT
il

Super Chiasmatic
Nucleus (SCN)

Pineal Gland

Maternal
Circulation

Placenta
Circulation

Trophoblastic cells






OEBPS/Images/fimmu.2024.1339304_cover.jpg
’ frontiers l Frontiers in Immunology

Melatonin: the placental antioxidant and
anti-inflammatory





