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Abstract  

Preeclampsia (PE) is a leading cause of maternal and fetal morbidity. Placental 

dysfunction plays a key role in PE and includes decreased syncytialization and increased 

inflammation and cell death. Tumor Necrosis Factor alpha (TNF-α) is a key factor in inducing 

this dysfunction. The controversy in using TNF-α inhibitors during pregnancy highlights the 

importance of identifying downstream mediators of its signaling. I investigated sphingolipids and 

mechanosensory mediators as potential targets. In other tissues, TNF-α signals via sphingosine 

kinase 1 (SphK1), a sphingosine 1-phosphate (S1P) synthesizing enzyme. TNF-α also intersects 

with S1P signaling by upregulating S1PR2 in other tissues. SphK1 hinders ST formation, and 

S1PR2 increases cell death and placental inflammation. Whether this occurs downstream of 

TNF-α signaling is unclear. Piezo1, a mechanosensory channel, regulates epithelial cell function 

via S1P. Other mechanosensory channels play a role in increasing both syncytialization and cell 

death. The role of Piezo1 in the placenta and the syncytium and its relationships to TNF-α and 

S1P remain unknown. I hypothesized that TNF-α will induce placental dysfunction by altering 

SphK1, S1PR2, and Piezo1 levels and activity.  

The first study investigated levels of SphK1 in placental biopsies from normal 

pregnancies and PE and the S1P regulatory enzyme levels in response to TNF-α in cultured 

human villous explants and primary human trophoblasts. Placental SphK1 was increased in PE. 

Only S1P phosphatase 1 increased at the end of the syncytial regeneration in explants, regardless 

of TNF-α treatment, suggesting a role for S1P degradation at the end of syncytialization. The 

expression of SphK1 in trophoblasts was increased in response to TNF-α, suggesting that 

elevated TNF-α in PE can upregulate SphK1 in trophoblasts but other factors are involved in 

SphK1 upregulation at the placental level.  
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Next, I examined the syncytialization, cell death and syncytial shedding, and the release 

of inflammatory cytokines and growth factors from villous explants that were treated with TNF-

α and/or the SphK1 inhibitor, PF-543. Increased cell death, shedding, interferon-α2, IFN-

gamma-induced protein 10, fibroblast growth factor-2, and platelet-derived growth factor-AA 

release induced by TNF-α were reversed upon SphK1 inhibition. TNF-α also decreased IL-10 

release, and inhibiting SphK1 reversed this effect. Inhibiting SphK1 alone decreased TNF-α 

release. Hence, inhibiting SphK1 can partially reverse the TNF-α-induced PE phenotype of the 

placenta. 

The third study investigated placental levels of S1PRs in placental biopsies from women 

with PE and in response to TNF-α in villous explants, in primary human trophoblasts, and in a 

choriocarcinoma cell line, BeWo. Placental S1PR1 remained unchanged in PE and in primary 

trophoblasts and BeWo cells in response to TNF-α. However, TNF-α muted the surge of S1PR1 

at the end of the re-syncytialization phase in explants. Since S1PR1 signaling is generally 

protective, this suggests that TNF-α could induce its disruptive effect by decreasing placental 

S1PR1. Placental S1PR2 was higher PE, and S1PR2 was increased in primary trophoblasts 

treated with TNF-α but was decreased in treated BeWo cells. S1PR2 and S1PR3 increased in 

response to TNF-α at the end of explant re-syncytialization. Hence, BeWo cells are not an 

approriate model to study S1PRs. Since S1PR2 activity also decreased cell death and human 

placental lactogen, a marker for syncytial mass, high placental expression of S1PR2 in PE may 

be induced by TNF-α, and this increase in S1PR2 could be protective against TNF-α-induced 

placental damage. 

Finally, I examined the role of Piezo1 on syncytialization, cell death, and the release of 

inflammatory cytokines and growth factors from cultured villous explants using Yoda1, a Piezo1 
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pharmacological agonist. Piezo1 interaction with TNF-α and SphK1 was also examined. Piezo1 

activation increased syncytial endocrine function but at higher concentrations also increased cell 

damage, inflammatory cytokine, and growth factor release. Piezo1 increased TNF-α and TNF-α 

increased Piezo1, but co-treating with Yoda1 and TNF-α decreased syncytialization. Piezo1 

increased syncytial placental alkaline phosphatase release via SphK1. Placental Piezo1 

expression was higher in PE. This showed that low Piezo1 expression and activity induced 

syncytialization via SphK1, whereas, high levels of expression and activity, found in PE, induced 

placental damage via TNF-α. 

This work shows the association between TNF-α, SphK1, S1PR2, and Piezo1 signaling 

and expression patterns in physiological placental functions and dysfunction. This provides the 

groundwork for sphingolipid and mechanosensory pharmaceutical targets to be investigated in 

lieu of TNF-α inhibitors.  
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1. Introduction 

Part of this section is published in Fakhr Y, Brindley DN, Hemmings DG. Physiological 

and pathological functions of sphingolipids in pregnancy. Cellular Signalling. 2021 Sep 

1;85:110041 
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1.1. Overview 

Preeclampsia (PE) affects 5-8% of mothers. PE is a pregnancy disorder characterized by 

high blood pressure and end-organ damage. The disorder leads to 76,000 maternal and 500,000 

annual deaths globally and increases the rate of preterm and low birth weight neonates (1, 2). 

The cause of PE remains elusive, albeit the placenta plays a major role in its initiation and 

progression. The placenta in PE is characterized by poor development of the syncytium, high 

levels of syncytial shedding and cell damage, and high levels of maternal circulating 

inflammatory cytokines (3). Pro-inflammatory cytokines are notorious for disrupting placental 

function, notably tumor necrosis factor-α (TNF-α) (4). One of the mediators of TNF-α signaling 

in non-placental endothelial and epithelial cells, is sphingosine kinase 1 (SphK1), the main 

producer of sphingosine 1-phosphate (S1P) (5-8). S1P is a bioactive sphingolipid that regulates 

various cellular processes by binding to one of its five S1P receptors (S1PR1-5) (9). High levels 

of SphK1 activity and S1P inhibit syncytialization (10). Although the individual roles that TNF-

α, SphK1, and S1P play in the pathogenesis of PE have been studied, we do not know whether 

they interact in the placenta. Given the importance of both TNF-α and S1P on placental function 

and pregnancy outcomes, it is essential to understand the interaction between TNF-α and SphK1, 

the main producer of extracellular S1P, in the placenta. It is also important to understand the 

interaction between TNF-α and S1PR2, whose activation generally leads to inflammation and 

cell death in non-placental tissue. 

Piezo1 is a mechanosensory channel that when activated can induce pro-inflammatory 

pathways in a variety of cell types (11, 12). Piezo1 expression also increases in response to 

inflammatory cytokines (11). However, little is known about whether Piezo1 signaling 

interweaves with TNF-α signaling or about the placental role of Piezo1 in general. Recently, 
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Piezo1 was shown to signal via SphK1 in epithelial cells from non-placental tissue. Whether this 

occurs in the placenta is unknown.  

This chapter will provide the current understanding in these areas and the knowledge 

gaps that are important to address. I will begin with a background review of PE and the placental 

dysfunction observed in PE (1.2). This is then followed by the role of TNF-α in placental 

function and PE (1.3), the role of sphingolipids in placental signaling and PE (1.4), and the role 

of Piezo1 in other tissues (1.5). My current knowledge of the associations between TNF-α, S1P, 

and Piezo1 is discussed (1.6). Finally, the end of the chapter concludes with a summary of the 

rationale that leads to the thesis aims, the hypotheses, and the significance of the research (1.7) 

1.2. Preeclampsia Overview 

 General Characteristics of Preeclampsia 

Preeclampsia (PE) is the leading cause of maternal death, morbidity, intensive care 

admissions, and premature birth (SOGC, 2014). It is manifested by the new onset of high blood 

pressure, end-organ damage, and edema after the 20th week of gestation (13, 14). PE is the cause 

of 76,000 maternal and 500,000 annual deaths globally (1, 2). Maternal PE symptoms can 

progress to dysfunctions in vital organs, blood clotting abnormalities, seizures, and death in 

extreme cases (13). PE poses a major threat to fetal health because blood flow through the 

placenta to the fetus is compromised, which often leads to intrauterine growth restriction (IUGR) 

(15), premature birth (16), and fetal death in extreme cases (17). Developing PE also predisposes 

both the mother and the infant to chronic complications later in life. Mothers who experience PE 

are also at increased risk of chronic cardiovascular disorders in later life (18). These women are 

3.7 times more likely to develop hypertension within 14.1 years, 2.16 times more likely to 
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develop ischemic heart disease in 11.7 years, and 1.81 times more likely to experience a stroke in 

10.4 years (19). On the other hand, fetuses exposed to an unfavorable intrauterine environment, 

low in oxygen and nutrients, created by PE are at a significantly higher risk of developing Type 2 

diabetes in adult life (20). 

PE is currently classified into two subtypes with different proposed etiologies: early-

onset and late-onset PE. Although no definitive consensus exists on distinguishing early-onset 

versus late-onset PE, this is generally determined based on gestational age. Most experts define 

early-onset PE as PE occurring at a time when the fetus is preterm, earlier than 37 weeks of 

gestation, or at a time when the fetus is premature, occurring earlier than 34 weeks of gestation 

(21). Early-onset PE is often linked to poor placental development due to insufficient spiral 

artery remodeling, described in 1.2.2, resulting in poor placental perfusion. Late-onset PE, often 

considered the less severe form of PE (22), is thought to occur due to maternal predisposing 

factors, with little evidence of placental stress. The dichotomous etiologies, however, are 

debatable since recent evidence shows the presence of maternal factors, syncytial stress, anti-

angiogenic factors, and pro-inflammatory cytokine release in both subtypes of PE (21).   

Several maternal factors predispose the mother to develop PE. For instance, nulliparity is 

a risk factor, with the risk for the development of PE decreasing from 4.1% in the first pregnancy 

to 1.7% in the second pregnancy (23). A multiple gestation pregnancy increases the risk from 

1.8% in singleton pregnancies to 9.3% in multiple pregnancies (24). Additionally, women with a 

family history of chronic hypertension are 2.3 times more likely to develop PE (25). Metabolic 

disorders such as obesity increase the risk of PE by 3 fold (26). A previous history of PE 

increases the risk of PE in subsequent pregnancies. The risk for developing PE in the second 

pregnancy is 14.7% in women who experienced PE in their first pregnancy as opposed to a 1.1% 



 5 

risk for women with no previous history of PE. This risk increases to 31.9% for women in their 

third pregnancy with a history of PE in both of their previous pregnancies compared to 1.1% risk 

of PE in mothers in their 3rd pregnancy with no history of PE (23). Women of advanced 

maternal age above 35 years old have a higher risk of development of PE (9.4%) as compared to 

younger women (6.4%) (27). Preexisting diabetes mellitus as well as gestational diabetes 

mellitus both increase the risk of developing PE, with a relative risk of 3.56 (28) and an odds 

ratio of 1.29, respectively (29). Reports also suggest a dose-dependent relationship between 

maternal body mass index and the development of PE. In fact, maternal obesity is highly 

associated with the development of PE, with an odds ratio of 2.93 (30). 

PE typically develops in two stages (31, 32). The first stage manifests in the first 

trimester of pregnancy due to poor spiral artery remodeling. The second stage manifests after the 

second trimester of pregnancy as a maternal syndrome characterized by an imbalance between 

angiogenic and antiangiogenic factors (31, 32). Animal models and human studies have 

demonstrated uteroplacental ischemia, induced by poor spiral artery remodeling, as a principal 

driver of the hypertensive and end-organ damage phenotype observed in the mothers. 

To better understand the role of the placenta in the development and progression of PE, it 

is important to get familiarized with the role of the placenta as a whole and the different cell 

types that contibute to its specific functions. In pregnancy, the mother, the placenta, and the fetus 

all contribute important factors for the optimum growth of the fetus and the ultimate success of 

the pregnancy. The placenta is often ignored, but the roles it plays are essential. The placenta is a 

fetal-derived organ that develops during pregnancy to act as the interface between the maternal 

and fetal circulations. It metabolizes carbohydrates, lipids, and proteins and transports these 

metabolites into the fetal circulation. It provides the fetus with water, oxygen, and nutrients. The 
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placenta is also responsible for transferring waste products and carbon dioxide from the fetus 

into the maternal circulation, to be excreted by the mother. Hormones and other mediators 

secreted by the placenta contribute to supporting and maintaining the pregnancy. Other critical 

functions include providing a protective barrier against pathogens and defending the allogeneic 

fetus against maternal immune rejection (33).  

The placenta is a complex organ with numerous cell types that interact with each other 

and are part of each other’s signaling cascades (Figure 1.1). It is composed of endothelial and 

vascular smooth muscle cells that are involved in the transport of blood and contribute to the 

regulation of placental vascular tone (34). Fibroblasts produce structural components and 

regulate cell processes like angiogenesis (35, 36). Moreover, fetal macrophages, more 

specifically Hofbauer cells, are functionally polarized M2-like cells that reside in the placenta. 

These cells promote angiogenesis and vasculogenesis and thus support placental development 

(37); whereas, maternal macrophages outside the placenta can be on the M1 and M2 continuum 

and induce a myriad of cellular responses (38), summarized in the following review (39). A 

unique and key cell type only found in the placenta is the stem-like cytotrophoblast (CT) that can 

differentiate into two major cell lineages: extravillous trophoblasts (EVTs) or villous CTs.  

EVTs migrate and invade into the maternal decidua to anchor the placenta into the uterine 

wall and to remodel uterine spiral arteries to establish a fetal-maternal blood flow (40). These 

trophoblasts are mainly important during the early stages of pregnancy when the placenta is 

embedding into the maternal decidua. The differentiation of CTs into EVTs occurs in the early 

first trimester of pregnancy, and the initial stages of differentiation are stimulated by hypoxia-

inducible factor, whose expression is induced in the presence of a physiologically hypoxic 

(normoxic for this process) cell microenvironment (41). Hypoxia also induces the expression of 
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Notch1, a key regulator of CT differentiation into the EVT lineage. Notch1 represses CT 

proliferation, inhibits the differentiation into a ST, and favors the cell survival and the 

proliferative capacity of EVTs (42). In later stages of EVT differentiation, EVTs migrate distally 

in villi, thereby losing their proliferative capacity, modifying their cytoskeletal organization, 

losing epithelial cell markers, and beginning to express some mesenchymal markers (43). As 

EVTs differentiate further, they start acquiring a vascular phenotype, evidenced by their 

expression of vascular markers such as VE-cadherin and platelet endothelial cell adhesion 

molecule (44). In the late stages of EVT signaling, Wnt signaling is turned on to further induce 

EVT maturation and motility (45). 

CTs also differentiate into villous trophoblasts. These cells fuse, by a process called 

syncytialization, to form the ST, a multinucleated barrier that protects the fetus and also controls 

the bidirectional transport between the separate circulatory systems of the mother and fetus (46). 

The syncytium transports nutrients, water, amino acids, glucose, vitamins, minerals, and 

antibodies from the mother to the fetus (47, 48). The syncytium is also the major producer of 

placental hormones such as human chorionic gonadotropin (hCG) hormone, human placental 

lactogen (hPL), and placental growth factor (PlGF) (46, 49). PlGF (discussed in later 

paragraphs), hPL, and hCG have critical roles in pregnancy maintenance.  

During the first trimester, a hyperglycosylated isoform of hCG, hCG-H is produced by 

EVTs (50, 51). During the first trimester, low levels of hCG-H are produced by EVTs in PE(52). 

hCG-H exerts its effects by binding to TGF-β receptors (TGFβR) or luteinizing hormone 

receptors (LHr). hCG-H binds TGFβRs on endothelial cells to promote angiogenesis in the 

uterus and in the placenta (53). hCG-H also binds TGFβR and LHrs on EVTs, thereby signaling 
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in an autocrine manner. This signaling induces the invasive capacity of EVTs and promotes their 

survival (50).  

Regular or normally glycosylated hCG, is produced by the ST, and exerts its effects by 

binding LHr in various cell types. Similar to the low levels of hCG-H found in PE, low levels of 

hCG are also found in term pregnancies complicated with PE (54). hCG binds LHr in corpus 

luteum cells to induce the production of progesterone during the first 4 weeks of pregnancy when 

progesterone production is dependent on the corpus luteum (55). hCG also plays a key role in 

maintaining pregnancy by inducing myometrial quiescence (56). Similar to hCG-H, ST-produced 

hCG also promotes uterine and placental angiogenesis and binds LHrs on EVTs to promote their 

invasion and survival (55).  

hPL is a placental hormone secreted by the ST with growth hormone-like properties. hPL 

is detectable in maternal circulation after 20-40 days of gestation (57). The ST produces hPL at a 

constantly increasing rate throughout pregnancy to 34 weeks, after which its production plateaus. 

This deems it an attractive proxy for assessing placental and ST mass throughout the different 

stages of gestation (58, 59). However, hPL is undetectable in the fetal circulation, suggesting that 

its role is to facilitate placental growth and to support fetal nutrient uptake. Indeed, a role for hPL 

was identified in mobilizing fatty acids in maternal circulation and in decreasing maternal 

breakdown of glucose and protein usage, thereby increasing the availability of amino acids ready 

for placental uptake (60).  

Underlying progenitor villous CTs contribute to the continuous turnover of the ST layer, 

similar to the regeneration process found in other epithelial barriers (61). The ST is formed when 

underlying CTs proliferate, differentiate, and fuse into the basal side of the ST. The 

physiological hypoxic uterine environment and low levels of reactive oxygen species stimulate 
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CT differentiation via cyclic adenosine monophosphate (cAMP) and glial cells missing-1 (GCM-

1), a transcription factor (62, 63). GCM-1 induces the transcription of the fusogenic proteins, 

Syncytin-1 and Syncytin-2, which are the key regulators of CT cell-cell fusion (64). The roles of 

Syncytin-1 in syncytialization are better understood than that of Syncytin-2. Syncytin-1 increases 

the expression of cell-cycle regulators including cyclin dependent kinase 4, transcription factor 

E2F1, and c-myc, leading to increased CT proliferation (65). As the CT fuses into its overlying 

ST layer, expression of E-cadherin, an epithelial adherens junction protein, is downregulated in 

CT and ST to accompany the fusion event. Syncytin-1 also functions as an inhibitor of 

trophoblast apoptosis (66).  

As the ST matures, clustering of nuclei in the ST forms syncytial knots, which are shed 

into the placental circulation while undergoing apoptosis (67). This apoptotic pathway is mainly 

regulated by calpain-1, which cleaves apoptotic inducer factor. The cleaved factor is translocated 

into the mitochondria where it initiates the caspase-dependent apoptotic pathway (68). The 

mature ST also releases microparticles and extracellular vesicles, rich in soluble fms-like 

tyrosine kinase 1 (sFlt) and soluble endoglin (sEng) (69-71). Recent reports might suggest, 

however, that extracellular vesicles act as cargo for sEng but not sFlt (72), suggesting that sFlt 

might be directly released into the maternal circulation.  

Reports from human studies suggest up to a 50% reduction in uteroplacental blood flow 

in patients with PE, and an even higher reduction of flow in those with severe PE (73). Animal 

models support poor placental perfusion as the origin of the maternal syndrome since physically 

constricting uterine arteries on gestational day 14 in the mouse model often results in 

hypertension and the occurrence of proteinuria (74). The poor perfusion mouse model also 

highlights the subsequent increase in circulating antiangiogenic factors, sEng and sFlt, and the 
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increase of circulating pro-inflammatory cytokines like TNF-α (74). The increase in these factors 

leads to the systemic inflammation and endothelial dysfunction observed in mothers with PE. 

In normal pregnancies, physiological levels of vascular endothelial growth factor 

(VEGF), transforming growth factor beta (TGF-β), and placental growth factor (PlGF), are 

necessary for healthy vascular function and angiogenesis. These factors contribute to vascular 

adaptations that occur in healthy pregnancies, such as enhanced vasodilation capacity. VEGF 

exerts its effects by binding to its receptor, which is coupled to endothelial nitric oxide synthase 

(75, 76), leading to the release of nitric oxide. Nitric oxide release is critical for vasodilation and 

angiogenesis. Similarly, PlGF, expressed by the ST (77) and the endothelium (78), regulates the 

development and function of placental vasculature (79). TGF-β is a cytokine that exerts its 

effects by binding to membrane-bound endoglin, which is highly expressed in endothelial cells 

and the ST. TGF-β signaling is critical for angiogenesis (80), and for the regulation of 

vasoconstriction and vasodilation of arteries in the mother (81). TGF-β also acts as an anti-

inflammatory cytokine. For instance, it improves dermatitis by lowering TNF-α levels (82). 

In PE, reduced placental perfusion leads to placental hypoxia and oxidative stress and its 

release of anti-angiogenic factors, sFlt and sEng. sFlt is a scavenger receptor that binds VEGF 

and PlGF, thus preventing them from binding their membrane-bound receptors and exerting their 

functions (83). For instance, sFlt binds VEGF, and prevents VEGF-mediated production of nitric 

oxide, leading to an increase in systemic vasoconstriction (84, 85). This ultimately leads to 

increased blood pressure. sFlt also increases endothelial cell sensitivity to inflammatory 

cytokines, notably TNF-α (86), which leads to further exacerbation of endothelial dysfunction 

(87). On the other hand, sEng binds TGF-β and inhibits pro-inflammatory effects mediated by 
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TGF-β but also inhibits TGF-β activation of endothelial nitric oxide synthase, ultimately leading 

to exacerbated vasoconstriction (88, 89), which eventually clinically manifests as hypertension. 

Normal pregnancies comprise a modulated inflammatory state. Wegmann et al proposed 

that normal pregnancy involves the shift towards a Th2 environment, where increased circulating 

Th2 cytokines and decreased Th1 cytokines maintain pregnancy and block fetal rejection (90). 

However, this notion has been challenged over the years, and new evidence suggests that 

although a Th2 and Th1 balance is important for pregnancy, the immunology of pregnancy is 

more complex and dependent on the timing and stage of the pregnancy (91). 

In the first trimester, maternal macrophages, uterine or decidual natural killer (dNK) 

cells, dendritic cells, and regulatory T cells accumulate in the decidua to regulate placental 

attachment to the uterus (92, 93). dNK cells, which comprise over 70% of the decidual immune 

cell population (94) secrete angiogenic factors (95) and both Th1 and Th2 cytokines that regulate 

trophoblast invasion, spiral artery remodeling, and vasculogenesis (96). Placental cells are also 

activated to increase the production of inflammatory cytokines that induce physiological 

processes (97).  

PE is well understood as a hyper-inflammatory condition in pregnancy where the 

concentration of pro-inflammatory and Th1 cytokines in maternal blood are elevated. Circulating 

levels of TNF-α and interleukin-6 (IL-6) (98-100) are increased further in PE following their 

excessive release from the placenta (97, 101-104). Cultured CTs isolated from women with PE 

show an increased release of IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18, TGF-β, 

interferon gamma (IFN- γ), IFN- γ inducible protein 10 (IP-10), and monocyte chemoattractant 

protein 1 (MCP-1), many of which promote the PE pathophysiology (105-108). The pathological 

inflammation observed in PE is attributed to an excessive release of antiangiogenic factors (109), 
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oxidative stress, and hypoxia, which leads to the systemic activation of maternal leukocytes 

(108). Increased ST particles shed from the placenta in PE are released into maternal circulation 

and can embed into maternal lungs, further stimulating an immune response (110). Particles shed 

from the ST contain high levels of sFlt and sEng and can further trigger maternal peripheral 

blood mononuclear cells, leading to a further release of pro-inflammatory cytokines (111, 112). 

This increased production of circulating pro-inflammatory cytokines follows with detrimental 

impacts on maternal blood pressure, fluid homeostasis, and in severe cases, death (31). 

IL-10, a potent anti-inflammatory cytokine, is believed to play a prominent role in 

neutralizing the hyper-inflammatory state in PE. Supplementing rat models of placental ischemia 

with IL-10 alleviates the increase in pro-inflammatory cytokines, reactive oxygen species, and 

hypertension (113). A decrease in circulating IL-10 levels in women with PE has been reported 

in numerous studies (114-117). Additionally, maternal lymphocytes in the systemic circulation 

of women with PE express lower levels of IL-10 (115). Trophoblasts (118) and placentas (119) 

of women with PE also express lower levels of IL-10.  

 The Placenta in PE 

Part of the pathophysiology that occurs in early-onset PE is the shallow invasion of EVTs 

into the maternal decidua that leads to inadequate remodeling of the maternal spiral uterine 

arteries. The purpose of this remodeling is to reduce uteroplacental resistance, allowing an 

increase in blood flow into the intervillous space that bathes the ST, the fetoplacental barrier. 

Mature distal EVTs with a vascular phenotype invade the maternal decidua, disrupt the smooth 

muscle in the blood vessel wall of the spiral arteries, and replace the endothelium (120). This 

process is mediated by several growth factors, cytokines, and dNK interactions in the 

microenvironment of the invading EVT. The disruption in signaling or the balance of these 



 13 

factors leads to poor invasion and then poor remodeling (120). Poor remodeling often results in 

poor placental perfusion, discussed in 1.2.2, leading to a low oxygen environment for the fetus 

(121-123) and all the subsequent placental, fetal, and maternal damages discussed above.  

The placenta in PE is typically characterized by low levels of CT proliferation, high 

levels of ST shedding, high levels of placental autophagy, and low levels of CT differentiation 

and fusion (124-126). However, it is important to note that Redline et al reported a high level of 

CT proliferation in placentas of mothers with PE. The authors propose that a high proliferative 

capacity in combination with an immature and undifferentiated phenotype of CTs could in fact 

be contibuting to the placental dysfunction observed in PE (127). Placentas of mothers with PE 

also exhibit low expressions of GCM-1 and Syncytin-1 (128, 129). One mechanism that can lead 

to this downregulation in PE is enhanced hypoxia greater than that seen normally in the placenta. 

Indeed, a hypoxic environment leads to the inhibition of the phosphatidylinositol 3-kinase 

(PI3K)-protein kinase B (Akt) signaling pathway. This inhibition activates glycogen synthase 

kinase 3 beta, which phosphorylates GCM-1 and leads to its ubiquitin-based degradation (129). 

This decrease in GCM-1 levels would subsequently decrease the expression of the Syncytin 

fusogenic proteins. Evidence has shown that a high level of reactive oxygen species, extreme 

hypoxia, and maternal predispositions can often lead to Syncytin-1 promoter hypermethylation, 

deeming it inaccessible for GCM-1 binding (130, 131). This decrease in GCM-1 and Syncytin-1 

would then lead to increased trophoblast apoptosis, decreased CT proliferative capacity, and 

decreased CT differentiation and fusion. This altered balance in turnover would lead to a ST with 

gaps, reduced barrier function, and increased fetal protein leakage into the maternal circulation 

(132). This would also lead to decreased endocrine function of the ST, and decreased release of 

ST-produced hormones, like hPL and hCG, further contributing to pregnancy dysfunction. 
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Placentas in PE are characterized by higher levels of ST shedding and higher rates of ST knot 

apoptosis (124). The high levels of membrane vesicle shedding further stimulate pro-

inflammatory responses and inhibition of angiogenic signaling, as described in the above 

sections (133).  

 

 

Figure 1.1: Structure and Organization of the Human Placenta 

(A): Spatial representation of the fetus attached to the placenta which is embedded into the 

decidua. (B): The organization of the placenta into villous structures comprised of extravillous 

trophoblasts (EVT) invading the decidua and the underlying stem-like cytotrophoblast (sCTB) 

which forms the multinucleated syncytium (SYN) in direct contact with maternal blood (134). 

This figure is reused under the Creative Commons Attribution (CC- BY) license.  
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1.3. TNF-α in Pregnancy 

Pro-inflammatory cytokines are notorious for disrupting placental function, notably TNF-

α (4). Elevated TNF-α is linked to pregnancy complications including recurrent spontaneous 

abortions (135), preterm labor (136), and PE (137). Injecting TNF-α alone into pregnant non-

human primates leads to the development of PE symptoms (138). Moreover, elevated TNF-α 

causes a PE-like placental phenotype that includes poor ST function, high ST shedding, and high 

inflammation (139, 140). TNF-α also increases trophoblast apoptosis and hinders ST formation 

and endocrine function (139). Despite its blatant role in inducing a PE phenotype, high levels of 

circulating TNF-α are not reliable diagnostic markers for PE, with little correlation observed 

between TNF-α levels and late-onset PE (141). However, TNF-α levels are positively associated 

with the severity of the diagnosis (142).   

Physiological levels of TNF-α have pregnancy enhancing roles like inducing mucin 1 

shedding from uterine epithelial cells, a major feature of embryo implantation (143). Normal 

levels of TNF-α also regulate the fate (144, 145), proliferation (146-148), and differentiation 

(149, 150) of various cells, including CTs (4, 139). TNF-α maintains normal levels of apoptosis 

that are necessary for fetal development (151). This deems market available TNF-α inhibitors 

controversial for use during pregnancy (152). 

 TNF-a Signaling 

TNF-a (TNF, cachexin, or cachectin) is a pro-inflammatory cytokine. It is mainly 

produced by macrophages and monocytes, although most endothelial, epithelial, and stromal 

cells also produce TNF-a. The protein is generated as a type II transmembrane protein and can 

be later cleaved into its soluble form (sTNF-a) by TNF Alpha Converting Enzyme (TACE or 
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ADAM17) (153).  

TNF-a induces a diverse range of cell regenerative (survival, proliferation, 

differentiation) and destructive (apoptosis, pro-inflammatory, cell death) effects. These 

differential effects are dependent on cell type, the concentration of TNF-a, and the balance of 

signaling between both receptors.  

TNF-a transduces its cellular effects by activating membrane-bound TNF receptor 1 

(mTNFR1, TNFRSF1A, CD120a, p55) or TNF receptor 2 (mTNFR2, TNFRSF1B, CD120b, 

p75). TNF-a binds to its membrane receptors either in its mTNF-a form via cell-to-cell contact 

(154), or in a paracrine manner through sTNF-a. While both sTNF-a and mTNF-a activate 

TNFR1, mTNF-a is the primary activator of TNFR2 (155). In fact, the rapid dissociation of 

sTNF-a from TNFR2 brought forth a notion of TNFR2 serving as a TNF-a ligand passing 

receptor (156). TNFRs are also cleaved by proteolytic enzymes to form sTNFRs which serve to 

neutralize TNF-a (157), albeit binding to it with a lower affinity than mTNFRs.  

TNFR1 and TNFR2 have common and separate downstream pathways which lead to 

their overlapping and distinct biological functions. Both TNFRs lack intrinsic enzyme activity 

and thus recruit cytosolic enzymes to promote their signaling cascade. TNFR1 intracellular 

signaling is currently better understood. In the absence of ligand activation, TNFR1 constitutive 

activation is prevented through the binding of a silencer of death domain (SODD) to the DD 

(158). Upon ligand activation, TNFR1 DD favors the binding of the DD of the cytosolic adaptor 

protein, TNF receptor-associated death domain (TRADD), which displaces SODD. After binding 

TNFR1, TRADD  undergoes a conformational change and binds TNF receptor-associated factor 

2 (TRAF2) (159) along with the serine/threonine receptor interacting protein kinase 1 (RIPK1) 
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and cellular inhibitor of apoptosis proteins 1 and 2 (cIAP1/2), forming complex 1. SphK1 and 

S1P both bind TRAF2 and act as co-factors for the TNFR1 Complex 1 (Figure 1.2) (5). 

TNFR1 Complex 1 can activate various pathways. One signaling pathway is the 

activation of mitogen activated protein kinase kinases which ultimately lead to the translocation 

of NF-kB into the nucleus to act as a transcription factor for a myriad of genes coding for 

enzymes, receptors, and cytokines, ultimately regulating processes like apoptosis, cell 

proliferation, and inflammation. A second pathway is activated when Complex 1 dissociates 

from TNFR1 and Fas-associated DD protein (FADD) (159) binds TRADD and forms Complex 

II by recruiting and activating caspase-8 (151). This ultimately leads to the activation of caspase 

3 and the induction of apoptosis. A third pathway is activated when Complex 1 recruits apoptosis 

signaling kinase-1 which activates mitogen activated protein kinase kinases which phosphorylate 

c-Jun N-terminal kinases and p38 mitogen activated protein kinase (160), the latter leading to 

apoptosis. C-Jun N-terminal kinases activate activating protein 1, a transcription factor that 

regulates inflammation and cell fate (160). TNFR1 Complex 1 can also induce cell growth and 

proliferation by inducing extracellular-signal-regulated kinases (ERK) that lead to the activation 

of Akt (161).  

Contrary to TNFR1, mechanisms of TNFR2 signal transduction are less defined. Yet, 

TNFR2-mediated pathways often overlap with those of TNFR1. Despite not having a DD, 

TNFR2 is still able to bind TRAF2 and induce the NF-kB, c-Jun N-terminal kinases, FADD, and 

Akt pathways. These pathways ultimately lead to a range of biological effects, including 

inflammation, apoptosis, and proliferation. 
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Figure 1.2: Sphk1 and S1P Act as Co-Factors for TNFR1 Signaling 

Tumor Necrosis Factor-alpha (TNF-α) binds TNF-α Receptor 1 (TNFR1) and activates TNFR1 

Complex 1, comprised of TNF-a receptor associated death domain (TRADD), serine/threonine 

receptor interacting protein kinase 1 (RIP1), which together with TRADD binds cellular inhibitor 

of apoptosis proteins 1 and 2 (clAP1 and clAP2), and TNF-a receptor associated factor 2 

(TRAF2) which binds Sphingosine kinase 1 (SphK1) and Sphingosine 1-Phosphate (S1P) as 

cofactors. This signaling pathway activates the transcription factor NF-κB, which subsequently 

leads to the upregulation of growth factors, inflammatory cytokines, and cell death or cell 

survival (162). The figure was created by Servier Medical Art by Servier and is licensed under a 
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Creative Commons Attribution 3.0 Unported License.  

 TNF-a Ligand and Receptor Expression in the Placenta 

TNF-a expression and the expression of its receptors changes in the placenta throughout 

pregnancy. In placentas of first trimester pregnancies, TNF-a is highly expressed and mainly 

localized in the trophoblast layers: the CTs and ST. TNFR1 mRNA is mainly expressed in the 

ST, with underlying CTs and stromal cells exhibiting low expression (163). The mRNA 

expression of TNFR2 is low, with the first trimester placenta intermittently expressing TNFR2 

mRNA throughout the syncytium and with null expression in the villous core (163). This 

suggests that in the early first trimester when CT is differentiating into its various lineages, TNF-

a may have an active role in regulating part of this process through TNFR1. Term placentas 

display decreased TNF-a levels in trophoblast layers, and increased expression in the villous 

core. TNFR1 mRNA expression in term placentas exhibits a similar expression pattern compared 

to that in the first trimester but with an increased overall expression, suggesting an increase in 

TNFR1 signaling in term placentas (163). Similar to TNF-a, stromal TNFR2 expression is 

higher in term placentas, whereas the syncytium expresses low levels of TNFR2 (163). Since 

TNFR2 can be involved in cell growth and proliferation, it can be expected that its expression, 

and perhaps signaling, is decreased in the ST with the increase in gestational age as the placenta 

reaches its maturity. 



 20 

1.4. S1P in Placenta 

 S1P Metabolism in Pregnancy Physiology and PE 

Table 1.1 summarizes the differences in sphingomyelin, ceramides (CERs), sphingosine, 

S1P, and S1P synthesizing and catabolizing enzymes in normal pregnancies and those 

complicated with PE.  

1.4.1.1.  Sphingomyelin and Ceramides 

Sphingomyelin in the plasma membrane is cleaved by families of sphingomyelinases to 

produce CERs. CERs are also produced through de novo synthesis in the endoplasmic reticulum. 

CER can be phosphorylated by CER kinase to form CER 1-phosphate, which is pro-

inflammatory through its activation of phospholipase A2 (164). CER can also be metabolized by 

acid, alkaline, and neutral ceramidases to yield sphingosine (165, 166), which is then 

phosphorylated by SphK1 and SphK2 to produce S1P. The S1P: CER ratio determines cell fate 

because S1P is protective as opposed to long-chain CERs (C16:0-C24:0) that are generally 

cytotoxic and pro-apoptotic (167, 168). Since S1P is formed as a product of CER metabolism 

and cannot be synthesized de novo, the S1P: CER rheostat is heavily dependent on the levels and 

activity of the enzymes that regulate S1P and CER turnover. 

Sphingomyelin is also the second most abundant circulating phospholipid, with the 

majority bound to high density lipoproteins (HDL) (169). Its physiological roles in the 

circulation are not fully explored and sphingomyelin levels in plasma and placentas throughout 

normal gestation remain unknown. However, circulating levels of C16:0- and C18:0-

sphingomyelin are elevated in women who later develop PE, but only in the first trimester of 

pregnancy (170). Total sphingomyelin levels are elevated in placental arteries of women with PE 
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(171), and C16:0 and C24:0-sphingomyelin are elevated in placental chorionic arteries in PE 

(Table 1.1) (172). Total levels of sphingomyelin secreted from cultured placental villous explants 

isolated from placentas of mothers with PE are also elevated. However, lipid profiling of ST 

microvesicles that are released from the syncytium into the circulation of mothers with PE does 

not show any significant differences in the concentrations of sphingomyelin and CER species 

when compared to samples obtained from healthy pregnancies (173). Recently, however, another 

study shows a higher level of sphingomyelin-C18:0 in extracellular vesicles shed from placentas 

of women with PE (72). 

Sphingomyelinases, the family of enzymes that convert sphingomyelin into CERs, have 

not been extensively studied in the context of pregnancy. Among acid, alkaline, and neutral 

sphingomyelinases, acid sphingomyelinase has been studied the most. Mammalian expression of 

the acid sphingomyelinase gene results in two forms of the enzyme: lysosomal acid 

sphingomyelinase and a secretory form, located in the extracellular space. Secretory acid 

sphingomyelinase levels are increased in the plasma of women in their first trimester of 

pregnancy who later develop early or late-onset PE (174). These high levels are also positively 

correlated with an increase in plasma endoglin and soluble vascular cell adhesion molecule 1, 

markers of endothelial dysfunction, in the late-onset but not in the early-onset PE group. This 

indicates that elevated sphingomyelinase could play a role in the development of PE by inducing 

endothelial dysfunction (174). Similarly, the protein expression of placental acid 

sphingomyelinase was higher in samples from women with PE compared to those from a 

gestational age-matched control group. The patterns of glycosylation of the enzyme were also 

altered in placentas from PE pregnancies, leading to lower enzymatic activity in the PE group. 

Albeit, total sphingomyelin was unchanged in PE samples which could be explained by elevated 
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levels of sphingomyelin synthase. These levels, however, were not tested (175). 

The levels of C16:0-CER, C18:0-CER, and C24:0-CER increase in maternal plasma as 

normal pregnancy progresses into the third trimester, suggesting a role for pro-inflammatory 

CERs in parturition as observed with pro-inflammatory cytokines (170, 176). This increase in 

late pregnancy could just reflect the increased concentration of pro-apoptotic CERs in the 

placental syncytial knots that are released into maternal blood (175). The release of apoptotic 

syncytial knots is part of the crucial turnover process of normal placental trophoblasts and this is 

elevated in PE.  

The concentrations of C14:0-CER and C24:0-CER species are higher in the plasma of 

women who develop PE in the third trimester (170, 176). Additionally, another study showed 

that elevated levels of CERs in maternal plasma, but not in the placenta, are associated with a 

more severe PE phenotype including the HELLP (Hemolysis Elevated Liver enzymes Low 

Platelet) syndrome, proteinuria, and preterm delivery, but not hypertension (177). By contrast, 

Melland-Smith et al. showed that the levels of C16:0-CER, C18:0-CER, C20:0-CER, and C24:0-

CER, but not C22:0-CER are higher in both maternal blood and placentas from women with PE 

when compared to levels in samples obtained from women without PE who delivered 

gestationally matched preterm infants (175). This is explained by decreased mRNA, protein 

expression, and activity of placental acid ceramidase-1, the enzyme that metabolizes CER into 

sphingosine. This reduces CER degradation and leads to its systemic and placental accumulation. 

Furthermore, CERs in placentas from women in both groups are mainly confined to trophoblast 

cell subtypes and syncytial knots (175), which are undergoing apoptosis and are shed into the 

maternal bloodstream. In addition, arteries isolated from placentas of women with PE contain 

high levels of total CERs (171). More research is needed to understand the role of CERs in 
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syncytial shedding under physiological conditions and the consequences of elevated placental 

CERs on this process in the development of pregnancy disorders.  

The role and expression of alkaline ceramidases (ACER), which cleave CERs to 

sphingosine, in human and mouse placentas are explained well in a recent review (178). Briefly, 

ACER1-3 are expressed in the human placenta with both ACER-2 (179, 180) and ACER-3 being 

the main enzymes as shown by the Obeid group (181). In mice, ACER-2 is highly expressed 

between E9.5 and E12.5 (180), the critical window for vascular development. Moreover, this 

enzyme is expressed in major placental cell types at E11.5, including fetal endothelial cells, 

spongiotrophoblasts, and trophoblast giant cells (180). Crossing double knockout (KO) mothers 

of ACER-2 and wild-type fathers leads to the death of 50% of embryos at E12.5 with 

hemorrhages occurring in the junctional and labyrinth zones of the mouse placenta. Additionally, 

both hemorrhaged and non-hemorrhaged ACER-2 deficient placentas display a decrease in 

placental vascularization in the labyrinth zone. Similarly, ACER-2 deficient placentas show a 

decrease in placental sphingosine and S1P levels, without altering CER levels. This shows that 

ACER-2 deficiency in both the mother and the fetus leads to defects in placental vascularization 

that may result in pregnancy loss, potentially by decreasing S1P and sphingosine-mediated 

inhibition of protein kinase C (PKC) (182). This study also shows that ACER-3 only increases in 

the placentas of non-hemorrhaged Acer-2 deficient mice (180). This implies that ACER-3 

increases in response to Acer-2 deficiency and alleviates some of the detrimental effects with 

overlapping signaling responses. 

1.4.1.2.  S1P and its Regulatory Enzymes 

The majority of circulating S1P is released from erythrocytes (183-186) that act as a 

reservoir (186), but activated platelets also produce a significant amount of S1P in response to 
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thrombotic stimuli from adenosine diphosphate, thrombin, or collagen (187). Erythrocytes and 

platelets are both distinguished by high SphK activity and low levels of S1P degrading enzymes 

(187-189). Circulating S1P levels in plasma range from 100 to 400 nM (187, 190-198) to as high 

as 1 μM (199, 200) depending on the population characteristics and the efficiency of the 

techniques used for plasma isolation. Some technical differences could result in partial platelet 

activation and the release of S1P. S1P in the blood is bound to lipoproteins and serum albumin 

with more than 60% bound to HDL (201, 202). Apolipoprotein M is the main binding protein in 

the S1P-HDL complex (203). 

In normal human pregnancies, plasma S1P concentrations range between 170 to 330 nM, 

but they do not change throughout gestation (170, 176). Circulating levels of S1P in women with 

PE were similar to the normal group across all three trimesters (170, 176). One study, however, 

shows an increase in S1P, sphingomyelin, and C18:0-CER produced by placental explants 

collected from mothers with severe PE who were treated with aspirin, when compared to those 

from normal healthy pregnancies (204), (Table 1.1). In this study, the authors cultured minced 

placental tissue rather than intact villous explants, potentially releasing some CERs due to cell 

damage. Although the authors report minimal cell damage, results from the disruption of tissues 

should, however, be interpreted with caution. On the other hand, a recent study shows that the 

levels of S1P specifically bound to HDL decrease in women with PE (205). S1P has distinct 

effects depending on the binding to different protein carriers. For instance, S1P bound to HDL 

has longer-lived effects on strengthening the endothelial barrier than does S1P bound to albumin 

(206). However, the presence of albumin facilitates the release of S1P from erythrocytes and this 

albumin-bound S1P can reduce permeability in rat venules (207). Hence, low levels of HDL-S1P 

in PE could contribute to endothelial barrier dysfunction as seen in patients with sepsis (208). 



 25 

Measuring S1P levels bound to different protein carriers in healthy and at-risk pregnancies could 

serve as a better predictor of the onset of pregnancy disorders.  

Another mechanism by which plasma S1P could contribute to cellular responses is 

through its dephosphorylation by lipid phosphate phosphatases (LPPs) ectoenzymes. 

Sphingosine is then taken up by cells and rephosphorylated by SPHKs (209, 210). This can 

increase intracellular S1P levels or the S1P can be exported outside of the cells through 

transporters such as SPNS2 to act on cell surface receptors or be transferred to erythrocytes for 

storage. This regulation has not been studied in relation to the fetoplacental interface, which 

contacts maternal erythrocytes directly. The contribution of trophoblasts to S1P levels in either 

the maternal or fetal circulation is unknown.  

Measuring the levels and activities of enzymes involved in S1P metabolism provides a 

better understanding of how sphingolipid signaling is regulated in various reproductive tissues. 

Studying S1P metabolism also provides information on the state of the S1P: CER rheostat 

because S1P metabolic enzymes are often expressed in non-overlapping intracellular locations 

(Figure 1.3). Emerging evidence also suggests that the effects of some enzymes extend beyond 

sphingolipid metabolism. For instance, as previously noted, SphK1 binds to TRAF2 to mediate 

TNF-a effects through TNFR1 (Figure 1.2) (211). It is important to study changes in the levels 

of enzymes involved in sphingolipid metabolism over the course of normal and complicated 

pregnancies to determine dynamic changes, in addition to the changes in steady state 

concentrations of S1P and CER. S1P is synthesized by phosphorylation of sphingosine by SphK1 

and SphK2. The lipid is degraded by S1P lyase, S1P phosphatases (SGPPs) or LPPs (Figure 1.3). 
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Figure 1.3: Known Components of the S1P Metabolic and Signaling Pathway 

SphK1 is a kinase that phosphorylates sphingosine to produce S1P at the intracellular cell 

membrane. S1P can then exit the cell and act in a paracrine or autocrine manner by interacting 

with one of its five G protein-coupled receptors (S1PR1-5). Lipid phosphate phosphatase 3 

(LPP3) is an integral membrane protein that dephosphorylates extracellular S1P. Sphingosine 1-

phosphate phosphatase (SGPP1) dephosphorylates intracellular S1P. While the actions of LPP3 

and SGPP1 are reversible, S1P lyase (SGPL1) degrades intracellular S1P in an irreversible 

reaction. The figure was created by Servier Medical Art by Servier and is licensed under a 

Creative Commons Attribution 3.0 Unported License. 
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1.4.1.2.1. Sphingosine Kinases  

SphK1 and SphK2 synthesize S1P through the ATP-dependent phosphorylation of 

sphingosine. Double KO of SphK1 and SphK2 are lethal in mice, whereas KO of either SphK1 or 

SphK2 produces viable mice with minor phenotypic changes. This implies that SphK1 and 

SphK2 exhibit redundancy in functions, at least for viability, and can compensate for each other 

(212). 

SphK1 is mainly cytosolic (213), whereas its substrate, sphingosine, is associated with 

the plasma membrane (214). Thus SphK1 activation includes its translocation from the cytosol to 

the cell membrane (215). This translocation requires phosphorylation of the enzyme through 

ERK-1 or ERK-2. SphK1 is the major source of extracellular S1P (216) because S1P produced 

by SphK1 is normally actively transported outside the cell (217, 218) via membrane-associated 

ATP-binding cassette transporter G2 (ABCG2) (219, 220), major facilitator superfamily 

transporter 2b (MFSD2B) and protein spinster homolog 2 (SPNS2) (221). The differences in 

expression and activity of the S1P transporters, ABCG2, MFSD2B, and SPNS2 in normal and 

pathological pregnancies have not been explored. Activation of SphK1 generates a well-

established anti-apoptotic effect, which is upregulated in cancer cells and inhibits their apoptosis 

(222). Extracellular S1P signaling is generally regarded as pro-survival and anti-apoptotic (223, 

224). However, whether the anti-apoptotic effects of SphK1 are due to its production of S1P and 

the release of S1P and S1P signaling through cell surface receptors, a role for SphK1 as a 

signaling molecule in its own right is not well understood. As mentioned, SphK1 and S1P have 

recently been identified as co-factors for TRAF2 which ultimately leads to NF-kB activation 

(211). 
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SphK2 is located mainly in the nucleus and sometimes in the rough endoplasmic 

reticulum. It contributes to intracellular S1P signaling mechanisms as discussed in later sections. 

However, SphK2 is also located in the cytosol and the mitochondria (225), suggesting that in 

addition to regulating gene transcription, S1P produced specifically by SphK2 could have 

important roles in mitochondrial and cytosolic signaling. SphK2 activation, contrary to SphK1, 

induces apoptosis and inhibits cell proliferation in several cell types (226-228).  

We showed that the protein expression of SphK1 and its activity increase from the late 

second trimester to term in human decidua while SphK2 activity does not change (229). Studies 

in sheep revealed that the intensity of staining for SphK1 rises from day 20 to 120 of a 152-day 

pregnancy in the caruncular (maternal) region of the placentome, the trophectoderm, uterine and 

placental vasculature, and in the syncytium (230). Steady increases in the expression of SphK1 

are also seen in uterine and decidua throughout pregnancy in rodents (231-233). The increases in 

similar tissues in several species demonstrate the critical maternal and fetal roles of SphK1 in 

pregnancy. The importance of SphK1 in the progression of healthy pregnancies is emphasized by 

the finding of decreased SphK1 mRNA, protein expression, and activity in placentas of 

pregnancies complicated by PE (234). 

The mechanisms behind changes in placental SphK1 expression and activity during 

pregnancy have been investigated using cultured placental trophoblast cells or chorionic villous 

explant cultures. SphK1 mRNA and protein expression in human term chorionic explants and 

JAR cells, a cell line used as a model for second trimester trophoblasts, is higher when cultured 

under hypoxic conditions (1% O2) compared to standard culture conditions (21% O2). Under 

conditions that are normoxic for these cells and tissues (8% O2), SphK1 expression was similar 

to that found at 21% O2 (234). This suggests that trophoblasts upregulate their SphK1 levels in 
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response to hypoxia, a condition that often accompanies disorders like PE. However, these 

results in isolated placental cells and tissues are in contrast to the decreased SphK1 expression 

found in term placental biopsies from women with PE compared to those from women with 

normal births (234). Factors such as increased inflammation and oxidative stress that are often 

elevated in PE should increase SphK1 expression (235, 236). The discrepancy between the in 

vitro and ex vivo studies could be due to the multifaceted nature of PE since PE can be grouped 

into several categories based on placental and maternal factors. Importantly, the study showing 

decreased SphK1 expression (234) did not distinguish cell types since whole thickness biopsies 

were used to measure SphK1 mRNA and protein. Hence, more research is required to determine 

the SphK1 responses of individual cell types to hypoxia and the cell-specific SphK1 levels in the 

placentas of women with pregnancy disorders. Additionally, the fluctuation of SphK2 levels 

across normal pregnancy and its levels in pregnancy disorders have not yet been explored.  

1.4.1.2.2. S1P Lyase 

S1P lyase (SGPL1) irreversibly degrades S1P into delta2-hexadecenal and 

phosphoethanolamine (237). SPGL1 can also degrade dihydro-S1P into hexadecenal and 

phosphoethanolamine. SGPL1 is an integral membrane protein located mainly on the cytosolic 

side of the endoplasmic reticulum (238). From current evidence, we know that fetal SGPL1 

deficiencies lead to a myriad of dysfunctions likely resulting from greatly elevated levels of 

sphingolipids. These include nephrosis, neurological, and immunological defects that define a 

novel disorder called SGPL1 insufficiency syndrome (239). In severe cases, this syndrome can 

result in abnormal fluid accumulation and ultimately perinatal death (239). Similarly, global KO 

of SGPL1 in mice results in death before eight weeks of age (240). 
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Mouse trophoblasts in the decidual layer display high cytoplasmic and perinuclear 

SGPL1 expression on day 8 of pregnancy, when chorionic villi and vasculature begin developing 

(241). Labyrinth-zone spongiotrophoblasts and maternal endothelial cells within the labyrinth 

display a much weaker level of SGPL1. While the role of spongiotrophoblasts remains poorly 

understood, some roles in developing the villous labyrinth have been described (242, 243). The 

expression of SGPL1 in fetal endothelial cells is undetectable. The changes in SGPL1 expression 

in the normal mouse placenta across gestation remains unknown. SGPL1 expression in the sheep 

placenta decreases from day 20, the commencement of sheep placental development, and 

remains low through the last day examined, day 120, when the placenta is fully developed (230).   

Our studies on human decidua revealed that SGPL1 mRNA expression increases over time 

from the late second trimester through to term and that both mRNA and protein expressions are 

higher in decidual tissues collected from mothers with a term pregnancy compared to those from 

a preterm pregnancy (229). This indicates a role for SGPL1 during the parturition process. These 

disparate results suggest species-specific roles for SGPL1 in decidual and placental tissues 

throughout pregnancy. However, the limited number of studies on SGPL1 in these tissues 

restricts our understanding of the effect of SGPL1 on S1P levels in normal and abnormal 

pregnancies.  

1.4.1.2.3. S1P Phosphatases and Lipid Phosphate Phosphatases 

S1P phosphatases (SGPP1-2) dephosphorylate S1P into sphingosine (244, 245). SGPPs 

are part of the lipid phosphate phosphatase (LPP) super-family. In mammals, both SGPPs and 

SGPL1 are found on the cytosolic face of the endoplasmic reticulum (244-246) and they cannot 

degrade extracellular S1P. SGPP1 mRNA is expressed in all human tissues but occurs at high 

concentrations in human kidneys and the placenta (247), the latter suggesting an important role 
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for SGPP1 in normal placental development and/or function. SGPP1 expression in the sheep 

placenta increases throughout pregnancy (230) (Table 1.1). However, this does not imply similar 

regulation in human pregnancy, as seen with the species-specific regulation of SGPL1. We found 

that decidual SGPP1 but not SGPP2 mRNA expression is higher in term compared to preterm 

pregnancy, although there were no differences in protein expression for either enzyme (229). 

SGPP1 and SGPP2 expression in the placenta of pregnancies complicated with PE have not yet 

been studied. The high expression of SGPP1 in normal placentas suggests an unexplored key 

function for SGPP1 in dephosphorylating intracellular S1P. We know little about the patterns of 

SGPP2 expression and its role in pregnancy.  

LPP1-3 also dephosphorylate S1P. LPP3, notably, is known for modulating S1P 

extracellular levels (210, 248, 249). This is because LPP3 is present on the plasma membrane 

with its active site outside of the cell and thus it functions as an ectoenzyme to degrade 

circulating lipid phosphates such as S1P (244, 248-251). We found that although both LPP1 and 

LPP3 mRNA levels increase in term compared to preterm decidua, the activity of these enzymes 

did not change (229). Little else is known about LPP3 expression in pregnancy.  
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 Normal Gestation Preeclampsia 

Sphingomyelin ↓ C30:1, C32:1 sphingomyelin 
in decidua during labor (252) 

• ↑ circulating C16:0- and C18:0-
sphingomyelin in th first trimester (170) 

• No change in syncytial microvesicles (173) 
• ↑ placental arteries (171) and chorionic 

arteries (172) 
• ↑ C16-SM and C24-SM in chorionic arteries 

(172) 
• ↑ secretion from villous explant cultures in 

severe preeclampsia (204) 
Ceramides 

(CERs) 
• ↑ circulating C16:0-CER, 

C18:0-CER, and C24:0-CER 
in the third trimester (176) 

• ↓ long-chain CERs in decidua 
during labor (252) 

• No change in syncytial microvesicles (173) 
• ↑ plasma C14:0-CER and C24:0-CER in the 

third trimester (176, 253) 
• ↑ plasma but not placenta CERs in HELLP 

phenotype (177) 
• ↑ plasma and placental C16:0 -CER, C18:0-

CER, C20:0-CER, and C24:0-CER, but not 
C22:0-CER (175) 

• ↑ placental arteries (171) 
• ↑ C18:0-CER secretion from villous explant 

cultures in severe preeclampsia (204) 
• No change in placental chorionic arteries 

(172) 
Sphingosine Unknown No change in placental chorionic arteries 

(172) 
Sphingosine 1-

Phosphate (S1P) 

No change in circulating levels 
throughout gestation (176, 253) 

• No change in circulating levels across all 
three trimesters (253)  

• ↑ in plasma during the third trimester (176) 
• ↓ HDL-bound plasma S1P (205) 
• ↑ secretion from villous explant cultures in 

severe preeclampsia (204) 
• No change in placental chorionic arteries 

(172) 
Sphingosine 

Kinase 1 

(SphK1) 

• ↑ expression across gestation 
in human decidua (229), sheep 
placentome (230),  rodent 
uterus, and decidua (231-233) 

• ↑ activity in human decidua 
across gestation (229) 

• ↓ expression and activity in maternal plasma 
and placentas (234) 

• No mRNA change in placental chorionic 
arteries (172) 

Sphingosine 

Kinase 2 

(SphK2) 

No change across gestation in 
human decidua (229) 

No mRNA change in placental chorionic 
arteries (172) 

S1P lyase 

(SGPL1) 
• ↓ expression in sheep 

placentome across gestation 
(230) 

• ↑ in placental chorionic arteries (172) 
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Table 1.1: Summary of the Levels of Sphingolipids, Their Metabolizing and Catabolizing 

Enzymes, and Their Receptors Across Normal Gestation and PE 

The Table summarizes changes in sphingomyelin, ceramides (CERs), sphingosine, and 

sphingosine 1-phosphate (S1P) levels across normal gestation, as well as in preeclampsia (PE), 

The Table also summarizes the changes in levels and activity of various S1P regulatory enzymes 

and receptors.  

1.4.2. S1P Receptors in Physiology and PE 

S1P mediates its cellular effects by signaling intracellularly through mechanisms that 

continue to be elucidated or extracellularly as a ligand for cell surface receptors. Intracellular 

S1P controls gene transcription in the nucleus and also regulates the assembly of the cytochrome 

oxidase complex in the mitochondria (255). Nuclear SphK2 produces S1P which inhibits histone 

deacetylases (256), thus favoring histone acetylation and the epigenetic control of gene 

• ↑ expression across gestation 
in human decidua (229) 

S1P 

phosphatases 

(SGPP1, 2) and 

Lipid phosphate 

phosphatases 

(LPP) 

• ↑ LPP1, SGPP1, and LPP3 

mRNA levels but not activity 
at term (229) 

• ↑ SGPP1 in sheep placentome 
across pregnancy (230)  

• ↑ SGPP1 mRNA placental chorionic 
arteries (172), no change in SGPP2 mRNA 

S1P Receptors 

(S1PR) 
• S1PR1 peaks in sheep 

placentome at day 80 of 
gestation and gradually 
decreases after (230)   

• S1PR1,2 is not changed across 
gestation in decidua (229) 

• ↑ decidual S1PR3 across 
gestation (229) 

• ↓ placental S1PR1 in the basal (maternal) 
side (254) 

• ↓ S1PR1 mRNA levels in the placenta (234) 
• ↓ S1PR1,3 mRNA levels in the placenta in 

severe preeclampsia (234) 
• No change in placental S1PR2 mRNA (234) 
• ↓ S1PR1 mRNA in placental chorionic 

arteries (172) 
• ↑ S1PR2 mRNA in placental chorionic 

arteries (172) 
• No change in S1PR3 in placental chorionic 

arteries (172) 
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expression, e.g. p21 (256). S1P also binds and interacts with prohibitin-2 and localizes in the 

mitochondria (255). This interaction is important for mitochondrial respiration, which has 

important implications for oxidative stress and aging. Little is currently known about the 

intracellular roles of S1P in pregnancy. 

S1P exerts its extracellular responses by signaling through five specific G protein-

coupled receptors, S1PR1-5, formerly called endothelial differentiation genes (Figure 1.4). As a 

result, there are a vast array of studies on the pharmacological applications of modulating S1P 

signaling by utilizing different receptor agonists and antagonists. S1PR1 and S1PR3 are 

expressed in most cell types (257). S1PR1 and S1PR3 have similar functions and thus are often 

grouped. They both increase the production of nitric oxide by endothelial cells and this induces 

vasodilation. S1PR1 and S1PR3 have important roles in neural cell function and migration (258) 

and induce lymphocyte trafficking and migration (259-261). However, these two receptors also 

have independent functions that will be described below. Globally knocking out S1PR1 is 

embryonically lethal due to hemorrhage and incomplete vascular maturation (262), whereas 

knocking out S1PR3 produces only minor alterations in phenotype (263). 

S1PR2 KO mice are viable. They do not exhibit major abnormalities, but they have an 

increased risk of seizures between 3 and 7 weeks of age (264). S1PR4 and S1PR5 have restricted 

expression profiles and are mainly concentrated in neuronal and immune cells (265, 266). S1PR4 

activation maintains dendrocyte function and triggers lymphocyte differentiation (267). S1PR5 

activation induces natural killer cell trafficking (266) and neuronal cell migration (268).  

S1PR1 couples mainly with Gi, but S1PR2-5 can also couple with Gi or G12/13. Gi 

activation can inhibit adenylyl cyclase (AC) formation of cAMP. Gi activation can also induce 

ERK-1/2 activation through rat sarcoma viral oncogene (Ras) activation, which increases ERK-
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1/2 activities. Moreover, Gi activation induces PI3K to activate Akt, which induces cell survival 

and migration, and the Rac pathway. Only S1PR2 and S1PR3 can couple with Gq. Gq signaling 

activates phospholipase C (PLC), which produces diacylglycerol with a release of Ca2+ along 

with activation of the classic PKC. S1PR2-5 can also couple with G12/13 and this activates Rho-

associated kinases (ROCK). S1PR2-G12/13 coupling induces jun amino terminal kinase through 

ROCK, a pathway often leading to cell survival signaling. These signaling pathways have been 

well-studied in non-pregnancy conditions (269, 270). However, more research is needed to 

identify the balance of pathways that are activated during gestation in non-reproductive tissues 

and those that are involved in mediating the function of reproductive organs and the placenta 

during pregnancy. Examining the expression of different S1PRs is important because of these 

overlapping signaling properties and because the binding affinities of S1P at normal circulating 

concentrations to S1PR1, S1PR2, and S1PR3 are similar (271). Moreover, differences in 

signaling by S1P bound to different protein carriers are just being elucidated (206, 207). Finally, 

it is critical to understand the conditions that change the balance of S1PR expression to favor 

different pregnancy outcomes. 

S1PR1 mRNA is mainly expressed in sheep blood vessels of the cotyledon and the 

caruncular region underlying the syncytium. This expression peaks at day 80 after which it 

gradually decreases (230). Although not measured across pregnancy, pregnant mice on day 14.5 

express S1PR1 and S1PR2 in vascular regions of the placenta (272).  

In human decidua, we found that expressions of mRNA for S1PR1, S1PR2, and S1PR3 

are not altered with gestational age (229). However, decidual S1PR3 protein expression is 

positively correlated with gestational age (229). Table 1.1 summarizes the differences in S1PRs 

in normal pregnancies and those complicated with PE. S1PR1 expression is lower in placental 
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biopsies of patients with severe PE, but this was only observed in the basal plate (maternal side) 

of the placenta (254). This result is supported by another study where S1PR1 mRNA expression 

was lower in whole placental lysates from women with PE while both S1PR1 and S1PR3 mRNA 

expressions were lower in women with severe PE (234). In this same study, no difference in 

S1PR2 mRNA expression was detected among placentas from women with normal, PE, or 

severe PE pregnancies. Finally, placental chorionic arteries of women with PE show lower 

S1PR1 expression and higher SGPP1, SGPL1, and S1PR2 expression compared to women with 

normal pregnancies (172). These results highlight the importance of studying the mechanisms of 

decreased signaling along the S1P-S1PR1 and S1P-S1PR3 axes, increased S1P-S1PR2 signaling, 

and the regulation of S1P levels in mediating placental dysfunction in PE, specifically in the 

chorionic arteries. 
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Figure 1.4: General S1PR G-protein Coupling and Functions 

S1PR1-5 can couple with Gi which leads to the activation of phospholipase C (PLC) and Ca2+ 

release, PLC-protein kinase C (PKC), rat sarcoma virus (Ras)-extracellular-signal-regulated 

kinases (ERK), phosphoinositide 3-kinase (PI3K)-protein kinase B (Akt), PI3K-Rac, or AC-

cyclic adenosine monophosphate (cAMP) interactions. S1PR2 and S1PR3 couple with Gq, 

leading to PLC pathways activation. S1PR2,3,4,5 couple with G12/13 leading to rho-associated 

kinase (ROCK) activation. These pathways regulate basic cellular functions such as 
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proliferation, survival, migration, vascular tone, endothelial barrier function, and neural cell 

communication. 

1.4.3. S1P and Placental Development and Function 

1.4.3.1.  Sphingolipids and Extravillous Trophoblasts  

EVTs migrate and invade the maternal decidua to anchor the placenta into the uterine 

wall and to remodel uterine spiral arteries and establish a fetal-maternal blood flow during the 

early stages of pregnancy (40). Poor EVT migration and invasion are at the core of the 

pathophysiology of PE. Hence, studying sphingolipid signaling in EVT function introduces an 

arsenal of potential targets to improve placental health in pregnancy complications. 

The roles of sphingolipid signaling in EVTs have been studied in primary trophoblasts 

isolated from placentas as well as EVT cell lines such as Swan-71, SGHLP-4, HTR8/SVneo, and 

JEG-3 cells. These cell lines were isolated from placentas at different gestational ages. It is 

therefore important to note the differences in their sphingolipid signaling profiles when 

conducting studies and to interpret experimental results with caution. S1PR1-3 are expressed in 

Swan-71 and SGHPL-4 cells (273). HTR8/SVneo cells express S1PR1-5 mRNA with S1PR4 

and S1PR5 mRNAs reported as the most abundantly expressed (274).  

Treating JEG-3 cells with TGF-β upregulates SPHK1 production by activation of the 

activin receptor-like kinase-1/mothers against decapentaplegic homolog-1 pathway (275). 

Treating JEG-3 cells or first trimester placental explant cultures with sodium nitroprusside to 

induce oxidative stress increases C16:0-CER, C18:0-CER, C20:0-CER, C24:0-CER, and 

sphingomyelin, but not C22:0-CER (175). Further testing reveals that elevated CER levels in 

JEG-3, in accordance with other cell types (276), increase mitochondrial fission, disposing of 
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non-functional organelles, and autophagy as evidenced by the upregulation of the universal 

autophagy marker, LC3B-11 (175). Consistent with the literature on other cell types, high CER 

levels increase trophoblast autophagy. Moreover, treating JEG-3 cells and primary trophoblasts 

with C16:0-CER in the presence of QVDOPh, a caspase-8 inhibitor, increases necroptosis (277).  

The adaptation of trophoblast mitochondria to the placental microenvironment occurs 

through the processes of fusion, biogenesis, fission, and mitophagy. These events contribute to 

mitochondrial recycling and repair, critical events for placental health (278). Recent studies show 

that placentas from pregnancies complicated by PE exhibit increased mitochondrial fission (279, 

280) accompanied by increased CERs. This phenotype can be induced by treating primary CTs 

or JEG-3 cells with C16:0-CER (280). Furthermore, inhibiting acid ceramidase-1 in JEG-3 cells 

or in vivo in pregnant mice leads to an increase in the pro-apoptotic factor, Bcl-2-related ovarian 

killer, which mediates mitochondrial fission. Mitochondrial fission occurs during the initial 

phases of apoptosis, prior to caspase activation and membrane blebbing. Increased fission 

enables increased mitochondrial fragmentation, an essential step for outer membrane 

permeabilization and cytochrome C release (281). Increased fission in PE can explain the high 

level of CT apoptosis and hence the hindrance of syncytial formation and function.  

Treating co-cultures of first trimester dNK and HTR8/SVneo cells with FTY720 reduces 

dNK-mediated EVT migration in a wound-healing assay (282). FTY720 is a sphingosine analog 

that gets phosphorylated by SphK1 or SphK2 (283) to form FTY720-P, which activates all 

S1PRs except for S1PR2. FTY720-P binds to S1PR1 with the highest affinity causing 

internalization of the receptor by recruiting β-arrestin (284). Hence, FTY720 results could be 

interpreted based on its initial role as an S1PR1 agonist or a functional antagonist upon longer 

exposures, leading to internalization (284). Treatment with FTY720 is often utilized in animal 
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studies in lieu of S1P because of the longer half-life of FTY720-P (285). Treatment of decidual 

leukocytes with FTY720 followed by co-culture with first trimester placental explants from the 

same mother led to reduced EVT outgrowth area (282). dNK cells migrate to and accumulate in 

the decidua at the beginning of pregnancy and secrete cytokines, enzymes, and other signaling 

molecules that prime EVTs for invasion. dNK cells also interact with EVTs to remodel spiral 

arteries. dNK cells predominantly express S1PR5 (282), assuming primer efficiencies were 

similar, highlighting a role of S1P-S1PR5 signaling in pregnancy. Notably, FTY720 treatment 

also decreases dNK migration and downregulates S1PR5 and VEGF expression, the main 

inducer of placental angiogenesis. These outcomes occur without changing IL-8 expression, an 

inducer of leukocyte migration and placental angiogenesis (282, 286). This means that FTY720 

signaling induces leukocyte migration independent of IL-8 signaling. However, the mechanism 

for this outcome remains unclear. Treating HTR8/SVneo cells, a cell line used to model villous 

trophoblasts from the second trimester, but not BeWo cells, with S1P leads to a 6.5-fold increase 

of IL-8 secretion by increasing its transcription (Figure 1.5) (286). This suggests that S1PR1 

activation decreases EVT migration and IL-8 release (Figure 1.5), but whether the decrease in 

migration is mediated through IL-8 secretion is debatable. Whether the effects of FTY720 are 

due to its phosphorylation leading to its high-affinity binding and internalization of S1PR1 was 

not tested in the study. 

Treating JEG-3, Swan-71, SGHPL-4, and human first trimester explants with 100 nM 

S1P decreases cell migration or EVT outgrowth in villous explants by >50%. This occurs by 

activating the G12/13/Rho/ROCK signaling pathway downstream of S1PR2 (Figure 1.5), but this 

does not affect proliferation or cell viability (273). Treating Swan-71 cells with 1 or 10 nM 1,25-

dihydroxyvitamin D decreases mRNA expression for S1PR2 and reverses the decrease in EVT 
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migration by S1P (273). Therefore, studying negative regulators of S1PR2 expression can shed 

light on factors inducing migration with potential therapeutic applications. EVT migration 

depends on cAMP production, which S1P inhibits through S1PR1/Gi coupling and not through 

S1PR2 (273). Both FTY720 and S1P decrease EVT migration; this suggests similar mechanisms 

of action. However, the downstream pathway of FTY720-hindrance of EVT migration is not 

fully understood.   

HTR8/SVneo cells increase IL-8 secretion in response to the activation of S1PR1 and 

S1PR3 that subsequently activate Rho/Rho-kinase and Rac1 signaling pathways, although their 

effects on EVT migration were not studied (286). Activating S1PR1, but not S1PR3, in these 

cells increases trophoblast invasion. This outcome is mediated through ERK-1/2 (Figure 1.5) and 

increased MMP-2 mRNA expression (287). Alternatively, treating HTR8/SVneo cells with miR-

125b-1-3p reduces EVT invasion by decreasing S1PR1 expression (254). These studies suggest 

that specific activation of S1PR1 induces EVT migration and invasion. Hence, investigating 

specific activators of S1PR1 and testing induction of EVT migration could lead to effective 

therapeutics.  

1.4.3.2.  S1P, CERs, and Villous Trophoblasts   

Brunnert et al. reported that BeWo cells express S1PR2 mRNA more abundantly 

compared to other S1P receptors (274). Primary human trophoblasts isolated from term placentas 

express S1PR1-3 with minimal to almost no expression of S1PR4 and S1PR5. S1PR5 is, 

however, expressed in placental biopsies where all cell types are present, albeit at minimal levels 

(288). Another study revealed that primary human CTs, ST, and EVTs from the early first 

trimester express S1PR1 and S1PR2 predominantly, with some expression of S1PR3 (273). 



 42 

Treating CTs with epidermal growth factor (EGF), which promotes syncytialization and 

trophoblast viability, increases SphK1 activity partially through the actions of PI3K (289). 

Inhibiting SphK1 with N,N-dimethylsphingosine (DMS), a dual SphK1 and SphK2 inhibitor, 

induces cytotoxicity and apoptosis, confirming the importance of these enzymes for trophoblast 

viability (289). EGF treatment also decreases intracellular levels of CER and independently 

inhibits the DNA nicking induced by C16:0-CER (290). This implies that EGF promotes 

trophoblast survival by altering the S1P: CER rheostat by decreasing CER levels and increasing 

S1P levels by increasing SphK1 activity. Moreover, upon treating cultures with alkaline or acid 

ceramidase inhibitors, only acid ceramidase inhibitors induce apoptosis of trophoblasts despite 

an increase in CER levels in the presence of either inhibitor. Treating trophoblast cultures with 

EGF in the presence of an ACER inhibitor is unable to rescue trophoblasts from IFN‐γ induced 

apoptosis (290). Treating primary trophoblasts with C16:0-CER in the presence of QVDOPh, a 

caspase-8 inhibitor, also decreases cell fusion (277). Hence, C16:0-CER, which is increased in 

mothers with PE (170), increases apoptosis and decreases cell fusion of placental trophoblasts. 

Alternatively, treating primary human trophoblasts with C8:0-CER increases hCG secretion 

without affecting trophoblast fusion or viability (291). Hence, sphingolipids are important factors 

that contribute to the disordered placental phenotype seen in pregnancy pathologies like PE, and 

more investigation into the S1P: CER rheostat is warranted.  

According to the Human Protein Atlas, the transporters that carry S1P outside of the cell, 

ABCG2, SPNS2, and MFSD2B are expressed in the placenta. Notably, inhibiting ABCG2 with 

Ko143 in BeWo cells or primary trophoblasts increases apoptosis, but only in the presence of 

TNF-α and IFN‐γ (292). In this study, siRNA knockdown of this transporter in BeWo cells in the 

presence of these cytokines or C2:0- or C8:0-CERs also increases apoptosis. This highlights the 
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protective role of extracellular S1P signaling against trophoblast apoptosis and can provide a 

mechanism to explain the increased inflammatory-mediated apoptosis of trophoblasts in PE 

pregnancies.  

Primary human CTs express high levels of SphK1 protein prior to spontaneous fusion 

that occurs after three days in culture. Once the cells become terminally differentiated to form 

ST, SphK1 expression drops to 80% of its original value. In contrast, the levels of SphK2 are 

below the level of detection in CTs and ST (46). SGPP2 protein expression does not fluctuate 

throughout differentiation (46). In keeping with the reduced SphK1 levels in differentiated 

cultures, S1P levels in supernatants decrease by 10-fold after three days of culture. Sphingosine, 

the precursor of S1P, also decreases by 30% at this same time (46). This decrease in SphK1 and 

S1P levels that is associated with an increase in differentiation highlights an inhibitory role for 

SphK1 and S1P in the syncytialization process.    

Treatment of trophoblasts with S1P, but not sphingosine, decreases the expression of 

GCM-1, a transcription factor for syncytin-1 (46). Syncytin-1 is a commonly used marker for 

syncytium formation because it is only expressed by ST and thus GCM-1 is a marker of 

increased syncytialization. S1P, but not sphingosine, decreases cell fusion rates, potentially by 

increasing Akt phosphorylation. Inhibiting SphK1 produces the opposite effect. Contradictory 

with other syncytialization markers, S1P treatment increases placental alkaline phosphatase 

activity (PLAP), a marker for differentiation (46). Another study showed that S1PR-Gi coupling 

lowers cAMP levels, hCG secretion, and PLAP levels but not fusion of primary human 

trophoblasts (293). Inhibiting SphK1 in primary CTs with the non-specific inhibitor, N,N-

dimethylsphingosine, decreases cell viability and increases apoptosis (289). This indicates that 
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trophoblast syncytialization is a multi-faceted process and that S1P is a negative regulator of 

some aspects of differentiation (Figure 1.5), but not of cell fusion.  

Treating pregnant mice at gestational day 15.5 with SKI II, an SphK1 inhibitor, decreases 

the cytokine storm induced by lipopolysaccharide (LPS). SKI II decreases the expression of 

TNF-α, IL-1β, IL-10, and IL-6 and also decreases neutrophil infiltration into the placental 

labyrinth, the site of maternal-fetal exchange in the mouse placenta (294). S1P plays a role in 

stimulating inflammation (295). Blocking SphK1 activity and decreasing S1P levels should 

reduce inflammatory cytokine release and neutrophil migration into human placental villi. 

1.4.3.3.  S1P, CERs, and Placental Vasculature 

About 80% of embryos and placentas from Sphk1–/–Sphk2+/– mice at gestational day 8.5 

of pregnancy are absorbed. Uteri from gestational days 9.5 and 10.5 from these mice are 

intensely dark red, indicative of hemorrhaging (231). Treating pregnant ewes with FTY720 

decreases blood vessel density in the placenta (230). Although not tested in the ewe study, 

FTY720 can act as a functional antagonist for S1PR1. This means that decreased S1P-S1PR1 

signaling can impede blood vessel development. This highlights the important role of S1P and 

S1PR1 in angiogenesis during pregnancy.  

Globally knocking out S1PR1 is embryonically lethal due to inadequate vascularization 

and hemorrhage (262). In contrast, S1PR2 or S1PR3 KO mice show only minor alterations in 

phenotype. However, S1PR2 KO mice have an increased risk of seizures between 3 and 7 weeks 

of age (263, 264). LPP3 KO in mice is lethal and results in pregnancy loss between embryonic 

days 7.5 to 9, the period in which vascular development peaks. Mouse embryos with an LPP3 
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deficiency fail to form a placenta in part through poor vasculogenesis throughout the yolk sac 

(296).  

The Hemmings lab showed that human placental arteries express S1PR1-5 with the 

highest levels for S1PR3 and S1PR5 (34). S1P acts as a vasoconstrictor in arteries from the 

human placental chorionic plate and the stem villi. However, modulation by S1P-induced nitric 

oxide only occurs in arteries from the stem villi. Using Y27632, a ROCK inhibitor, our lab 

elucidated that S1P-mediated vasoconstriction is in part mediated by ROCK activation. This 

vasoconstriction occurred due to an increase in Ca2+-sensitization (Figure 1.5) (34). There is a 

crucial role for S1P bound to HDL in fetal cord blood to reorganize actin filaments in endothelial 

cells and thus conserve the arterial endothelial cell barrier of the fetal placental vasculature 

through the activation of S1PR1 (172). Moreover, HDL-bound S1P activates S1PR1 in the 

placental vasculature and reduces the formation of reactive oxygen species, the release of the 

pro-inflammatory cytokines, IL-1β and IL-8, and the mRNA levels of downstream effectors for 

TNFR1 (297). This indicates that HDL-bound S1P, which is decreased in PE (205), exerts its 

protective effects on placental vasculature by signaling through S1PR1. Since blocking S1P 

synthesis also showed a decrease in inflammation (294), it is important to decipher the effect of 

differential S1PR signaling, S1P carriers, and cell type in determining the effect of S1P. 

Notably, the levels of total sphingomyelin species, dihydrosphingosine, and mRNA 

expressions for S1PR1 and SGPL1 increase in placental chorionic arteries of women with PE 

(172). On the other hand, C20:0-CER and S1PR1 mRNA and protein levels decrease in 

chorionic arteries of women with PE. Total CERs, total sphingosine, S1P metabolic enzymes, 

and S1PR3 levels remain unchanged. However, mRNA expression for S1PR2 and SGPPL are 

increased in isolated endothelial cells from fetal placental arteries obtained from PE pregnancies 
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(172). This is in discordance with other literature that indicates a decrease in S1PR1 expression 

and an increase in S1PR2 expression in PE (234) and can be explained by the heterogeneity of 

placental tissue. Moreover, this raises important objectives for future studies to test the roles of 

S1PR1/2 in the vascular dysfunction found in women with PE (172). Finally, treating mice at 

gestational day 7.5 with acid ceramidase-1 inhibitors, Ceranib-2 and D-NMAPPD, leads to a 

decrease in placental and fetal weight, potentially due to the accumulation of CER species, which 

promote trophoblast autophagy. This inhibition also increases the accumulation of long-chain 

CERs and disruption of placental morphology, including reduced placental vascularization, 

labyrinth zone branching, and area of the junctional zone (175). 
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Figure 1.5: Known Pathways of S1P and CER Signaling in Placental Function 

In the placenta, sphingosine 1–phosphate (S1P) generally mediates protective cellular processes 

whereas ceramide (CER) induces destructive processes. In normal physiology, these processes 

occur within the right balance to conserve the structure and function of the various cells that 

compose the placenta. S1P increases cytotrophoblast (CT) viability and pro-inflammatory 

cytokine release. Depending on the cell line used, S1P decreases or increases EVT migration by 

activating S1PR1 and S1PR2. S1P decreases villous trophoblast syncytialization, albeit the 

mechanisms of this action remain unexplored. S1P generally acts as a vasodilator. S1P can also 

induce vasoconstriction and maintains endothelial barrier function potentially by decreasing 

vascular reactive oxygen species (ROS) and pro-inflammatory signaling. On the other hand, 
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CER increases trophoblast death. More specifically, CER species increase EVT autophagy, and 

CT apoptosis and necroptosis. CERs decrease junctional zone areas in murine pregnancies as 

well as labyrinth branching. CERs inhibit the syncytialization or fusion of the placental barrier, 

increase CT mitochondrial fission, and disrupt placental vascularization. This image is from (9). 

1.5. Piezo1 in the Placenta  

As previously mentioned, circulating S1P levels are elevated in PE (170, 176). Since 

TNF-α can activate SphK1 and increase S1P levels in non-placental endothelial cells (162, 298-

300), elevated TNF-α could be one of the factors that could explain this increase in circulating 

S1P in PE (4). However, another mechanism for this S1P increase can be through the activation 

of Piezo1, a transmembrane mechanosensitive cation channel (Figure 1.6). Recently, a study 

showed that Piezo1 inhibition or knockout in zebrafish embryos decreases epithelial barrier 

apoptotic cell extrusion, resulting in epithelial mass formation (301). Eisenhoffer and colleagues 

illustrated that Piezo1 activation due to overcrowding increases the release of S1P, and the 

Piezo1-induced cell extrusion is mediated via S1P release (302).  

Activation of Piezo1 induces the influx of Ca2+ and other cations into cells (303). In 

endothelial cells, Piezo1 channels can be activated with a force-by-lipids mechanism, occurring 

through mechanical changes in the membrane due to factors such as shear stress (304). Piezo1 

activation can result in the downstream activation of G proteins. For instance, the activation of 

Piezo1 by mechanical forces such as shear stress results in the release of ATP and activation of 

the Gq/G11 signaling cascade (305). Another pathway involves the shear stress mediated 

activation of Piezo1 and subsequent release of adrenomedullin, thus activating its Gs-coupled 

receptor cascade (305). However, controversy remains on the exact mechanism of Piezo1 

signaling with some investigators suggesting that Gq/G11 activation by shear stress is independent 
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of Piezo1 (306). The interaction between Piezo1 and G protein-coupled receptors suggests a 

possible interaction between Piezo1 and S1P, which signals through G protein-coupled receptors, 

S1PR1-5. Hence, an unexplored pathway through which S1P levels and signaling are altered in 

the placenta is through Piezo1.  

Two mechanisms for Piezo1 activation have been proposed: the lateral membrane tension 

model, which is explained by changes in the lipid membrane activating the mechanosensitive 

channel; and the tethered spring model which is explained by changes in the extracellular matrix 

or cytoskeleton activating mechanosensitive channels (307, 308). Piezo1, then, can be activated 

by membrane tensions resulting from membrane stretching and crowding (302). Using these 

sensing mechanisms, increased signaling through Piezo1 channels maintains homeostasis among 

epithelial cells by regulating cell proliferation and cell apoptosis (302, 309). During the 

syncytialization process in placental development, a balance of proliferation and apoptosis is 

required to maintain healthy syncytium function (61). Increased trophoblast death and decreased 

proliferation, differentiation, and fusion result in a weakened syncytium which is observed in PE 

(310); however, it is unknown whether Piezo1 regulates this balance in the placenta. It is also 

unknown whether a change in Piezo1 expression can explain the resulting imbalance between 

trophoblast death and proliferation that is seen in placentas of women with PE. Piezo1 induces 

differentiation of various cell types, such as mesenchymal stem cells (311). However, its role in 

trophoblast differentiation has not been investigated. 

Alternatively, membrane lipid metabolism, such as membrane sphingolipid cleavage, 

may lead to changes in membrane tension. Piezo1 can also be activated by high flow or shear 

stress conditions (312). Piezo1 has been found in vascular endothelial cells, chondrocytes, 

astrocytes, human fetal endothelial cells, and rat uterine arteries (304, 312, 313). Piezo1 function 
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has been mainly investigated due to its Ca2+-mediated effects on vasodilation of blood vessels; 

however, it has recently been shown to regulate epithelial cell proliferation and apoptosis.  

Piezo1 is important in fetal development (314), but limited studies exist on the 

physiology and mechanism of the channel in pregnancy. Indeed, Piezo1 is present in uterine 

arteries, and expression of the protein in these arteries is higher in those of pregnant rats (312). 

Piezo1-/- have extremely low survival rates past embryonic days 9.5 and 11.5, with the longest 

survival being E16.5. This timing of lethality coincides with the development of the placenta 

(315), highlighting a leading role for Piezo1 in this process. Specifically, the vasculature of 

Piezo1-/- mouse embryos consists of smaller vessels with greater disorganization compared to the 

wild type (315). Moreover, an endothelial specific Piezo1-/- knockout reduces the shear-stress 

induced intracellular Ca2+ current and decreases the alignment of the endothelial cells in response 

to shear stress (315). These findings provide evidence that Piezo1 plays a critical role in the 

cellular response to shear stress in development. 

Piezo1 is a relatively novel mechanosensory channel and hence its mechanical inducers 

in the placenta remain unclear although Piezo1 responds to shear stress in uterine vascular tissue 

(312, 314). Optimal shear stress is necessary for syncytial function where both upper and lower 

ranges of shear stress are detrimental for syncytialization (316-318) but the role of Piezo1 in this 

is unknown. Piezo1 also responds to membrane crowding and stretching in epithelial layers 

(319). Recently, BeWo cells, a choriocarcinoma trophoblast cell line, was shown to respond to 

membrane stretch induced by cell membrane lipid remodelling (320). Recently, mechanosensory 

stimuli and channels were identified as key regulators of syncytialization. Sanz et al showed that 

high flow induces rabbit trophoblast syncytialization through a Ca2+-dependent mechanism 

(318). Moreover, high flow reduced apoptosis in the JAR cell line and increased placental 
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growth factor levels from syncytia derived from primary human trophoblasts (317). With respect 

to mechanosensory channels, much of the focus in placental syncytialization has been on the 

transient receptor potential villanoid family (TRPV). For instance, activating TRPV6 on BeWo-

derived syncytia with fluid shear stress induces microvilli formation, a characteristic of a mature 

syncytium (316). TRPV6 also induces proliferation and inhibits apoptosis of trophoblasts (321). 

On the other hand, TRPV1 induces apoptosis and hinders syncytialization (322). This hints at a 

role for mechanosensory channels in placental function and their disruption in placental disorders 

like PE. Little is known about a role for Piezo1. 

Piezo1 activation has recently been associated with the induction of pro-inflammatory 

pathways in a variety of cell types (12, 323-325). Piezo1 expression also increases in response to 

inflammatory cytokines. For instance, Piezo1 mRNA increases in chondrocytes treated with 

interleukin-1 alpha (IL-1α) (326). No evidence on the role of Piezo1 in placental inflammation, a 

hallmark of PE, is available.  

 

Figure 1.6: Structure of Piezo1 

The structure of the transmembrane Piezo1 mechanosensory channel is depicted from the side 

view, the extracellular face, and the intracellular face. Piezo1 channel is a mechanosensory 
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nonselective homotrimeric channel activated by shear stress and fluid flow. Permission was 

sought and granted from the primary author and the journal as outlined in Appendix A (327).  

1.6. Synthesis and Rationale 

SphK1 and S1P are implicated in downstream signaling pathways of multiple pro-

inflammatory cytokines, including TNF-α (162). In endothelial cells, the TNFR signaling 

pathway involves S1P as a cofactor and the binding of SphK1 to TRAF (298-300). The addition 

of TNF-α to human umbilical vein endothelial cells (HUVECs) (6, 7), hepatocytes (328), lung 

cell line (329), fibroblast cell line (329), cochlear cells (330), and neutrophils (331) activates 

SphK1 leading to S1P secretion. In vivo models demonstrate that some of the TNF-α-induced 

responses may in fact be through the S1P signaling system, as in cases of inflammatory 

pathologies like atherosclerosis and rheumatoid arthritis (162). TNF-α treatment also leads to 

mRNA and protein upregulation of S1PR2 in cultured human microvascular endothelial cells and 

to increased vascular permeability, a hallmark of inflammation (332). However, in fibroblast-like 

human synoviocytes, the addition of TNF-α upregulates S1PR3 mRNA and protein leading to 

inflammatory cytokine secretion, with no effects on S1PR1,2 expression (333). Thus, TNF-α 

alters S1PRs expression and modifies S1P levels by affecting its regulatory enzymes’ activity 

and this varies depending on the cell type.  

No studies examining the role of S1P signaling in the detrimental effects mediated by 

TNF-α in the placenta have been published to this day. Given the importance of both TNF-α and 

S1P on placental function and pregnancy outcomes, it is essential to understand the relationship 

between TNF-α and S1P. Piezo1 expression increases in response to inflammatory cytokines. 

Astrocytes pretreated with proinflammatory LPS, a stimulator of TNF-α signaling, increased the 

expression of Piezo1 (12). Piezo1 mRNA also increases in chondrocytes with IL-1α treatment 
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(326). It is unknown whether TNF-α induces ST dysfunction by increasing Piezo1 activation or 

expression in the ST. 

As mentioned, Eisenhoffer et al found that Piezo1 activation increased epithelial cell 

extrusion via S1P release (302). Recently, mechanosensory stimuli and channels were shown to 

elicit a variety of responses on trophoblast differentiation, fusion, and survival (334), depending 

on the channels activated. Since the ST is an epithelial barrier, it is crucial to maintain the 

balance of CT fusion and extrusion of syncytial knots to maintain barrier integrity. It is currently 

unknown whether the ST expresses this channel and whether Piezo1 activity and expression may 

have a role in ST function.  

1.7. Aims, Hypothesis, Significance:  

Overall, I hypothesize that TNF-α will be dependent on S1P signaling to induce syncytial 

dysfunction. It will do this by activating and increasing the expression of S1P synthesizing 

enzymes, decreasing the expression of S1P degrading enzymes, and altering S1PR 

expression/activation. I also hypothesize that Piezo1 will mediate the interaction between TNF-α 

and S1P and their effects on the syncytium. Four studies were undertaken to better understand 

the contribution of S1P and Piezo1 signaling in the detrimental effects of TNF-α in placental 

dysfunction in PE.  

The first study investigated the levels of S1P metabolic enzymes in cultured placental 

villous explants, isolated from term placentas of healthy pregnancies, throughout ST formation. 

Since SphK1 expression in primary human CTs decreases to 80% of its original value after three 

days of differentiation and fusion, I hypothesized that SphK1 and SphK2 expression will 

decrease with ST formation, and SGPP1, SGPP2, SGPL1, and LPP3 will increase with ST 
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formation. S1P circulating levels are increased in mothers with PE; however, whether elevated 

placental SphK1 is the source of this increase is unknown. In the second part of this study, I 

measured the difference in levels of placental SphK1 in healthy pregnancies and those 

complicated with PE. I hypothesized that SphK1 will be higher in the placentas of women with 

PE. Since PE is characterized by high levels of TNF-α, I also explored the role of TNF-α in 

regulating S1P synthesizing and metabolizing enzymes in cultured villous explants. I also 

measured the effect of high levels of TNF-α on SphK1 expression in cultured primary human 

CTs. Since TNF-α disrupts ST formation and SphK1 activity also disrupts ST formation, I 

hypothesized that treating villous explants with TNF-α will increase S1P synthesizing enzymes, 

SphK1 and SphK2, and decrease S1P breakdown enzymes, SGPP1/2, SGPL1, and LPP3.  

The second study investigated the role of SphK1 in mediating the functions of TNF-α in 

cultured placental villous explants. Independent studies show that TNF-α and S1P decrease 

syncytialization. Moreover, TNF-α activates SphK1 leading to S1P release in various cell types. 

SphK1 is a cofactor in TNF-α-TNFR1 signaling which activates NF-kB, leading to the increase 

in inflammatory cytokines and growth factors and the induction of cell death. I hypothesized that 

blocking SphK1 activity will block TNF-α-induced ST shedding, placental cell membrane 

damage, placental inflammatory cytokine release, and syncytialization. 

The third study investigated the role of S1PR2 in ST formation and TNF-α regulation of 

S1PRs in villous explants, a trophoblast cell line, and primary human CTs. The study also 

explored the levels of S1PRs in placentas from normal pregnancies and those complicated with 

PE. Studies in various cell types suggest that S1PR2 signaling is involved in cell differentiation, 

inflammatory cytokine release, and apoptosis. The role of  S1PR2 was examined in 

syncytialization and placental cell membrane damage of explants. TNF-α increases S1PR2 
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expression in non-placental microvascular cells. For those reasons, I predicted that it is the main 

receptor affected by TNF-α signaling in the placenta. I also examined the effect of TNF-α on 

S1PR1 expression, as S1PR1 has protective properties, as summarized above. Hence, I examined 

whether placental S1PR1 and S1PR2 expression are altered in PE and whether that correlated 

with altered expression of these receptors in response to TNF-α in villous explants, a BeWo cell 

line model, and in primary CTs. I hypothesized that activation of S1PR2 will decrease ST 

function and increase cell death. I also hypothesized that TNF-α will decrease S1PR1 expression 

and increase S1PR2 expression in all listed models.  

The final study explored the role of Piezo1 activation in placental cell death, ST 

formation, and inflammation as well as the intersection of Piezo1 signaling with TNF-α and 

SphK1. Piezo1 was recently identified in the rat placenta, but its expression is unclear in human 

placentas. Other mechanosensory channels are implicated as regulators of trophoblast 

syncytialization. Piezo1 exerts its effects on epithelial extrusion by releasing S1P. Moreover, 

inflammatory cytokines increase Piezo1 expression. However, the effect of TNF-α on Piezo1 

expression and activity in the placenta and specifically in trophoblasts is unclear. Moreover, 

Piezo1 induces cell damage and apoptosis in other cell types by stimulating inflammatory 

cytokine release. So, this study investigated the placental expression of Piezo1 in healthy 

pregnancies and in those complicated with PE. It also investigated the interaction of Piezo1 with 

TNF-α and SphK1 on placental function. I hypothesized that Piezo1 activity will increase ST 

formation, inflammatory cytokine release, and placental cell death. TNF-α will enhance Piezo1 

functions. Piezo1 functions will be dependent on SphK1 activation. 

Understanding the interactions between TNF-α, S1P signaling, and Piezo1 in the placenta 

will aid in understanding the mechanisms of placental dysfunction in PE. Despite TNF-α playing 
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a key role in the development and exacerbation of the PE phenotype, market available TNF-α 

inhibitors are still controversial for usage during pregnancy due to potential off-target effects 

(335). TNF-α plays key roles in the early stages of pregnancy and in later stages during fetal 

development. TNF-α is a multifaceted and pleiotropic molecule involved in multiple signaling 

pathways. The aim of my thesis was to identify potential secondary targets in the TNF-α-induced 

dysfunction found in PE. In my studies, I explored various S1P pathway components, enzymes 

and receptors, as well as Piezo1, a mechanosensory channel that can signal through S1P, as 

downstream components of TNF-α detrimental signaling. Identifying S1P pathway components 

and Piezo1 as downstream factors in the TNF-α signaling pathway will help identify an arsenal 

of more specific pharmaceutical targets that can improve placental function and alleviate the PE 

phenotype. Additionally, understanding the interactions between TNF-α, Piezo1, and S1P 

pathway components can help identify off-target effects resulting from the market-available 

drugs that target these molecules. 
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2. Chapter 2: Material and Methods 
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2.1. General Methods 

 Placenta Samples  

Women were recruited and provided written informed consent. The study was approved 

by the University of Alberta Health Research Ethics Board (Pro00034274, continuously 

approved since November 15, 2012, continuously approved since then with the latest renewal 

approved on January 2, 2022) and conformed to the standards set by the Declaration of Helsinki. 

Term placentae were collected immediately after elective caesarean section deliveries at the 

Royal Alexandra Hospital (Alberta, Canada) from women with no health complications and from 

women with PE. Women with multiple pregnancies, metabolic comorbidities (thyroid, diabetes, 

obesity) or of advanced maternal age were excluded from the study to minimize confounding 

variables. Women with PE were defined as those who had blood pressures above 140/90 mmHg 

on two occasions measured 6 hours apart and at least 30 mg/dL proteinuria in a 24-hour 

collection. Three evenly spaced 6 mm2 placental biopsies were obtained from term placentas in 

the area between the umbilical cord and the edge of the placenta. Biopsies were taken at least 1 

cm way from the umbilical cord or the edge of the placenta. Samples were collected within 2 

hours of delivery. In total, 17 and 12 placentas were obtained from women with healthy 

pregnancies and PE, respectively.  

 Placental Explant Culture  

Placental chorionic villi were dissected within 1-2 hours following delivery and washed 3 

times with gentle shaking using Hanks' Balanced Salt Solution (Hyclone Laboratories Inc, 

ThermoFisher Scientific). A diagram of a dissected villous explant structure and organization is 

shown in Figure 2.1. A self-regenerating explant culture method was adapted from Siman et al 
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and Trowell (336, 337) by culturing explants at the gas-liquid interface. Briefly, three x 2 mm3 

blocks of chorionic villi were placed onto inserts with 8 µm pore polyethylene terephthalate 

membranes (353182, ThermoFisher Scientific), as shown in Figure 2.2. Inserts were placed into 

wells in a companion 12-well plate. 550 µL of Iscove's Modified Dulbecco's Media (IMDM, 

Hyclone Laboratories Inc, ThermoFisher Scientific) with 1% Penicillin-Streptomycin, 1% 

antibacterial/antimycotic, and 1% ITS+1 Liquid Media Supplement (MilliporeSigma, Toronto, 

ON, Canada) was added to the wells in the companion plates. The plates were incubated at 37°C 

in 5% CO2 and the media was changed every 48 hours. 
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Figure 2.1A-D: Structure and Organization of a Dissected Villous Explant 

Placental villi include anchoring villi (AV) and floating villi (FV). Placental villi are composed 

of villous trees (VT), extravillous trophoblasts (EVT), stem-like cytotrophoblasts (sCTB), the 

multinucleated syncytium (SYN), villous stroma (STR), and the basement membrane (Mem). 

The myometrium (MY), spiral arteries (SA), decidua (DD), intervillous space (IVS), chorionic 

plate (CP), umbilical cord (UC), and amniotic fluid (AF) are the placental and villous 

surrounding structures. Villi in the figure represent those of a 6-week pregnancy. This image is 

from (338). Permission was sought and granted from the primary author and the journal as 

outlined in Appendix B. 

 

 

 

 

 

 

 

Figure 2.2: Placement of Villous Explants in the Insert Well 

Three villi were placed per insert. Villous explants were placed in a manner where they had no 

contact with the insert walls and no contact with each other. Culture media was added to the well 

of the companion plate, such that the explants were cultured on the gas-liquid interface.  

  

Culture Media 
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 Immunohistochemistry of Placental Biopsy Sections 

Placental biopsies were collected from placentas within 2 hours of delivery from the area 

between the umbilical cord and the placental edge. Three evenly spaced 6 mm2 biopsies from 

each patient were embedded into one mold with Tissue-TekⓇ O.C.T. (#4583, ThermoFisher 

Scientific, Waltham, MA, USA). Three 8 µm sections from varying depths of 1 mold were cut 

on a cryostat and these sections were placed on a Superfrost slide (ThermoFisher Scientific). The 

sections were fixed with 100% ice-cold methanol for 20 minutes at -20°C and blocked for 1 hour 

with 10% normal goat serum. The sections were then incubated in a moist chamber 

simultaneously with a rabbit anti-SphK1 primary antibody (1:80, ab46719, Abcam, Cambridge, 

England) or a Piezo1 primary rabbit antibody (1:200, Proteintech 15939, Rosemont, IL, USA) in 

addition to a mouse anti-E-cadherin primary antibody (1:200, 55413, R&D Systems, 

Minneapolis, MN, USA) in 1xPBS overnight. SphK1 specificity was confirmed using protein-

protein blast with a 100% query coverage (National Library of Medicine, National Center for 

Biotechnology Information). E-cadherin and Piezo1 antibodies were validated in the following 

papers, respectively (339, 340). E-cadherin localizes at the apical membrane of the CT layer 

which fuses into the basal membrane of the syncytial region. Syncytialized portions were defined 

as nuclei external to the E-cadherin demarcation. Slides were washed 3 times with 1xPBS for 

two minutes per wash. AlexaFluor goat anti-rabbit 488 and goat anti-mouse 594 (1:200, A32731 

and A11032, Invitrogen, Waltham, MA, USA) secondary antibodies were added simultaneously 

and incubated in the dark for 1 hour at room temperature. After washing 3 times with 1xPBS, the 

sections were incubated for 10 minutes in the dark with DAPI (4′,6-diamidino-2-phenylindole, 

1:100, D1306, Invitrogen). The slides were washed again and mounted with PermaFluor 

Aqueous Mounting Medium (TA-030-FM, ThermoFisher Scientific). Three randomly selected 
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areas from each section were imaged using the 20x objective on Zeiss Axio Observer (Zeiss, 

Oberkochen, Germany) and Zen Black software (Zeiss, Toronto, ON, Canada). Images were 

analyzed using ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA). 

Briefly, images were set to a consistent threshold value, and mean integrated density was 

calculated. Integrated density values were normalized to the number of nuclei in the image, 

calculated through the “Analyze particles” function on ImageJ. Normalized values for each 

sample were averaged and the standard error of the mean was determined. 

 Placental Tissue RNA Isolation 

Placental tissue was collected in a similar manner as described above and was placed into 

liquid nitrogen. The frozen samples were wrapped into aluminum foil, re-submerged in liquid 

nitrogen, and crushed using a mortar and pestle until the tissues were in powder form. Next, each 

sample was transferred into a 2 mL PCR tube containing a single steel bead (QIAGEN, Toronto, 

ON, Canada). Each tube was then filled with 1 mL of TRIzol reagent (Life Technologies, Fisher 

Scientific Company). The samples were lysed using a TissueLyser II (QIAGEN) at a setting of 

25.00 frequency/s for 2 minutes, repeated 3 times. 200 μL of chloroform was then added to each 

sample before vigorously shaking for 1 minute, followed by a 5-minute incubation at room 

temperature. Samples were then centrifuged for 15 minutes at 15,000 rcf at 4°C. Following this 

step, the RNA layer (aqueous top layer) was extracted and transferred to a new 2 mL tube and 

the Invitrogen RNA isolation kit was used to purify the isolated RNA. Finally, quantification of 

the RNA in these samples was carried out using the Nanodrop Spectrophotometer (ThermoFisher 

Scientific). Samples that were below a 260/280 ratio of 1.7 were discarded, but this was very 

uncommon with the isolation kit that was used. 
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 Quantitative PCR 

Purified RNA was reverse transcribed into cDNA using 500 ng of total RNA, 4 μL of 

ABM 5x all-in-one RT MasterMix (AT6490, ABM Life Sciences, Vancouver, BC, Canada), and 

Ultra PureTM Distilled Water (110977-015, Invitrogen) as needed to reach a final volume of 20 

μL. The primer sequences for the genes of interest and the housekeeping gene, hypoxanthine-

guanine phosphoribosyl transferase (HPRT1), were designed using OligoPerfect Designer 

(Integrated DNA Technologies, Coralville, IA, USA) and listed in Table 2.1 below. The PCR 

reaction was carried out using Applied Biosystems Power UpTM SYBR® Green MasterMix 

(100029284, Life Technologies), 0.6 μL of primers (10 μM), 6.3 μL of Ultra PureTM Distilled 

Water, and 2.5 μL of cDNA from each sample. The ΔΔCT method of relative quantification was 

used to analyze the results in Chapter 3. In the remaining chapters, the primer pair amplification 

efficiency was calculated using the slope of the standard curve with the following equation  

E=10 (–1/slope). Threshold cycle means were averaged from duplicate reaction wells. The means 

were corrected with the reaction efficiency and an internal sample control. The corrected values 

were then expressed relative to the housekeeping gene, HPRT1. The mathematical equation used 

for the relative qRT-PCR calculations was: Ratio = [EPiezo1
DCt(Control-Sample) ] / [EHPRT1

DCt(Control-

Sample)] 
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Gene Forward Primer Reverse Primer 

HPRT1 5’-GAC CAG TCA ACA GGG GAC ATA A-3’ 5’-AAG CTT GCG ACC TTG ACC-3’ 

SphK1 5’-CTG GCA GCT TCC TTG AAC CAT-3’ 5’-TGT GCA GAG ACA GCA GGT TCA-3’ 

SphK2 5’-CCA GTG TTG GAG AGC TGA AGG T-3’ 5’-GTC CAT TCA TCT GCT GGT CCT C-3’ 

SGPP1 5'-GGC CAG TGC ACC AAG GAC AT‐3' 5'-TAC TGC CAG CGG CCA TAG GT‐3' 

SGPP2 5'‐CAT TTG TGT TGG GAC TGG TG‐3' 5'‐TAT GAC ACA CAC GGG GAA GA‐3‘ 

SGPL1 5'‐CCC ATT TGA TTT CCG GGT GA‐3' 5'‐ATG CCA CCC TGC CAA TCT GT‐3' 

LPP3 5’-CCC GGC GCT CAA CAA CAA CC-3’ 5’-TCT CGA TGA TGA GGA AGG G-3’ 

S1PR1 5’‐ ACC CCA TCA TTT ACA CTC TGA CC‐3' 5’‐GGT TGT CCC CTT CGT CTT TCT‐3’ 

S1PR2 5’‐CCA ATA CCT TGC TCT CGG C‐3’ 5’‐CAG AAG GAG GAT GCT GAA GG‐3’ 

S1PR3 5’‐TCA GGG AGG GCA GTA TGT TC‐3’ 5’‐CTG AGC CTT GAA GAG GAT GG‐3’ 

Piezo1 5′-TGA AGC GGG AGC TCT ACA AC-3′ 5’-TCT CGT TGG CAT ACT CCA CA-3′ 

Table 2.1: Primer Sequences 

 
 BCA Protein Assay 

Cells or tissues were placed in lysis buffer (20 mM Tris, 5 mM EDTA, 10 mM Na4P2O7, 

100 mM NaF, 1% NP-40) with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, 

USA) mixed in a 100:1 ratio in a tube with a metal bead. Samples were lysed using the Qiagen 

Tissue Lyser III (Qiagen, Hilden, Germany) through three cycles of 25 shakes/s, with 2 minutes 

per cycle. Total protein was quantified using the Pierce BCA Protein Assay Kit (ThermoFisher 

Scientific) with an albumin standard following manufacturer recommendations. Samples were 

run in duplicates at a 1:10 dilution. Absorbance was measured with a Synergy HTX 

spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at a 562 nm wavelength. 
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 Lactate Dehydrogenase (LDH) Quantification 

Lactate dehydrogenase (LDH) is released from all cell types as a result of cell membrane 

damage and is a marker for cell death. Experimental supernatants were centrifuged at 15000 rpm 

for 15 mins, and supernatant LDH levels were measured with the CytoTox 96® Non-Radioactive 

Cytotoxicity Assay following the manufacturer’s protocol (Promega, Madison, WI, USA). If 

LDH was present, then it would result in a color change to red due to the formation of Formazan, 

and the absorbance was read at 562 nm using a Synergy HTX spectrophotometer. Samples were 

run at a 1:2 dilution in duplicates. Culture media alone was used as a negative control and 

subtracted from the experimental sample absorbance values. Values were normalized to total 

protein mass and calculated as a ratio of the no-treatment control. Duplicate wells for each 

treatment were averaged. 

 Quantification of the Beta-Subunit of Human Chorionic Gonadotropin (b-hCG) 

b-hCG is secreted by the ST and is a marker of a functional ST. b-hCG concentration 

from experimental supernatants was measured using an enzyme-linked immunosorbent assay 

(ELISA) with the ELISA 1911 kit (DRG Diagnostics, Marburg, Germany) following the 

manufacturer’s instructions. After centrifuging the samples at 15000 rpm for 15 mins, the 

supernatant was collected and run at a 1:5 dilution with the manufacturer’s supplied buffer. 

Absorbance was measured using the Synergy HTX spectrophotometer at a wavelength of 450 

nm. The values from each assay obtained from the culture medium alone were subtracted from 

experimental sample values. b-hCG concentrations were extrapolated using spectrophotometer 

measurements compared to those from a standard curve. Measured concentrations were 
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normalized to total protein mass per well and calculated as a ratio of the no-treatment control. 

Duplicate wells for each treatment were averaged. 

 Quantification of Human Placental Lactogen (hPL) 

hPL released into experimental supernatants was quantified using an ELISA EIA 1283 

(DRG Diagnostics) following the manufacturer’s instructions. Supernatants from explant 

cultures were centrifuged at 15000 rpm for 15 mins and the pellet was discarded. Samples were 

diluted 10-fold. A wavelength of 450 nm was used on the Synergy HTX spectrophotometer to 

measure the absorbance of the samples. Culture media alone was used as a negative control and 

subtracted from experimental sample values. The concentrations of hPL in samples were 

extrapolated using spectrophotometer measurements compared to those from a standard curve. 

Values were normalized to total protein per well and calculated as a ratio of the no treatment or 

vehicle control. 

 Quantification of Human Placental Alkaline Phosphatase Activity (PLAP) 

PLAP activity was measured in both supernatants and tissues of villous explants. PLAP 

activity was measured from villous particles shed into the bottom wells of the insert cultures to 

estimate the amount of ST shedding in response to various treatments. All particles reaching the 

bottom well were less than the 8 µM pore size. Experimental supernatants were diluted 10 times 

in manufacturer supplied buffer. Villous tissue was lysed in manufacturer supplied buffer and 

samples were diluted 80-fold.  All samples were analyzed following the manufacturer’s protocol 

(ab83369, Abcam, Cambridge, England). Briefly, phosphorylated p-Nitrophenol was added to 

the samples as a substrate. The alkaline phosphatase in the samples converts the substrate into 

the non-phosphorylated p-Nitrophenol, ultimately leading to a change in color. Absorbance was 
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measured with a Synergy HTX spectrophotometer at a 405 nm wavelength. The values from 

each assay obtained from the culture medium alone were subtracted from experimental sample 

values. PLAP activity of samples was extrapolated using spectrophotometer measurements 

compared to those from a standard curve. Measured concentrations were normalized to total 

protein mass per well and calculated as a ratio of the no-treatment control. Duplicate wells for 

each treatment were averaged. 

 Quantification of Cytokines 

Supernatants from cultured explants were tested for 42 cytokines/chemokines in 

duplicate. Tests were performed by Eve Technologies (Calgary, Alberta, Canada) using a 

Luminex array with a Bio-Plex™ 200 system (Bio-Rad Laboratories Inc., Hercules, CA, USA) 

and a (HD42) kit (Millipore, St. Charles, MO, USA). All analytes analyzed and their full names 

are listed in Table 2.2 below.  

Analyte Full Name 

EGF Epithelial Growth Factor 

Eotaxin-1 (CCL-11) Eotaxin-1 

FGF-2 Fibroblast Growth Factor-2 

Flt-3L Fms-Related Tyrosine Kinase 3 Ligand  

CX3CL1 Fractalkine 

G-CSF Granulocyte Colony-Stimulating Factor 

GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor 

GRO-α (CXCL1) Growth Regulated Oncogene alpha 

IFN-α2 Interferon alpha 2 

IFN-γ Interferon gamma 

IL-1α Interleukin 1-alpha 
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IL-1β Interleukin 1-beta 

IL-1RA Interleukin Receptor Antagonist 

IL-2 Interleukin 2 

IL-3 Interleukin  

IL-4 Interleukin 4 

IL-5 Interleukin 5 

IL-6 Interleukin 6 

IL-7 Interleukin 7 

IL-8 Interleukin 8 

IL-9 Interleukin 9 

IL-10 Interleukin 10 

IL-11 Interleukin 11 

IL-12(p40) Interleukin 12 p40 subunit 

IL-12(p70) Interleukin 12 p70 subunit 

IL-13 Interleukin 13 

IL-15 Interleukin 15 

IL-17A Interleukin 17A 

IL-18 Interleukin 18 

IP-10 (CXCL10) Interferon gamma-induced protein 10 

MCP-1 Monocyte Chemotactic Protein 1 

MCP-3 Monocyte Chemotactic Protein 3 

MDC Macrophage-Derived Chemokine 

MIP-1α (CCL3) Macrophage Inflammatory Protein 1-alpha 

MIP-1β (CCL4) Macrophage Inflammatory Protein 1-beta 

PDGF-AA  Platelet-Derived Growth Factor AA 

PDGF-AB/BB Platelet-Derived Growth Factor AB/BB 

RANTES (CCL5) Regulated on Activation, Normal T cell Expressed and Secreted 
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sCD40L Soluble Cluster of Differentiation 40 Ligand 

TGF-β Transforming Growth Factor beta 

TNF-α Tumor Necrosis Factor alpha 

VEGF-A Vascular Endothelial Growth Factor A 

 

Table 2.2: Human Cytokine/Chemokine 42-Plex Discover Array Analytes Measured in 

Supernatants of Cultured Explants 

 
   Statistics and Analysis 

Results were analyzed using GraphPad Prism (GraphPad Software, San Diego, CA, 

USA). Results from imaging and Western Blots were analyzed using a Student's T-test. 

Normalized fusion, β-hCG, LDH, PLAP, and cytokine/chemokine results from cultured explant 

experiments were analyzed using a two-way ANOVA and two-stage linear step-up procedure of 

Benjamini, Krieger, and Yuketieli post-hoc test to control for the false discovery rate. Dose-

response experiments were analyzed using a non-parametric Kruskal-Wallis test and two-stage 

linear step-up procedure of Benjamini, Krieger, and Yuketieli post-hoc. A p value less than 0.05 

was considered significant. All groups were subjected to post-hoc analyses. Only significant 

post-hoc p-values are shown in the figures. 

2.2. Chapter 3 Specific Methods 

 Treatments and Experimental Protocols 

Explants were pre-incubated for 4 days to allow the shedding of the original syncytium 

and all experimental treatments began on day 4 of culture at the start of the ST regeneration 

phase, as shown in Figure 3.1. Explants were treated with either TNF-α (1 or 10 ng/mL, a kind 

gift from Hoffmann-La Roche) alone or with 0-20 µM PF-543 (PZ0234, MilliporeSigma), a 
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specific inhibitor that binds SphK1 at its active site (341). To test if inhibition of SphK1 could 

impact TNF-α effects, explants were pretreated with PF-543 (1 µM) for 30 minutes before TNF-

α (1 or 10 ng/mL) administration. Treatments were done in duplicates for 24 or 48 hrs prior to 

supernatant and tissue collection. Trophoblast fusion (described in 2.2.2), LDH release 

(described in 2.1.7), b-hCG release (described in 2.1.8), and PLAP-positive shed particles 

(described in 2.1.10), and cytokine and growth factor release (described in 2.1.11) were assessed. 

 Trophoblast Multinucleation and E-cadherin Staining 

As a morphological assessment of syncytialization, multinucleated trophoblast areas were 

measured to assess CT fusion into the multinucleated ST. Cultured explants from duplicate wells 

(3 explants/well) were fixed in 1% Paraformaldehyde in PBS, embedded, and sectioned as 

described above. The 3 villi from each well were placed in 1 mold that was sectioned at 3 

varying depths and these sections were placed onto 1 slide. Similar blocking and washing 

procedures were followed as described above. Samples were then incubated with the E-cadherin 

primary antibody (1:200) overnight. AlexaFluor-488 goat anti-mouse secondary antibody (1:200) 

and DAPI (1:100) were used as described above. Slides were similarly mounted as before and 20 

Z-stacks of each image were captured with a confocal Zeiss LSM 700 microscope and Zen Black 

software (Zeiss, Toronto, ON, Canada). Three randomly selected fluorescent images were 

captured per section with the 20x objective and analyzed using ImageJ software. Syncytialized 

portions were defined as nuclei external to the E-cadherin demarcation. The total area of the 

syncytialized portions of the explants was measured and normalized against the total surface area 

of the villi.  
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2.3. Chapter 4 Specific Methods 

 Explant Treatments 

Explants were incubated for 4 days to allow the shedding of the original syncytium and 

all experimental treatments began on day 4 of culture at the start of the ST regeneration phase. 

Explants from the same placenta were cultured in duplicates for various time points in a time 

course from 0 to 48 hours. Explants were either in the no treatment control group or treated with 

TNF-α (1 ng/mL). Villi were collected at the designated time points and processed for qRT-PCR 

to detect S1P metabolic and catabolic enzyme expression. Primer sequences are listed in Table 

2.1.  

 Primary Trophoblast Isolation 

Primary human CTs were isolated using a negative-selection column method previously 

developed by our lab (342). Placentas collected from healthy term pregnancies as described 

above were processed within 1 hour of delivery. Briefly, placental cotyledons were dissected, 

and maternal decidua and fetal membranes were trimmed. The remaining tissue was washed in 

2% IMDM with fetal calf serum (FCS, Gibco, Grand Island, NY) to remove excess blood. 

Placental tissue was then scraped with a blunt blade to remove vascular and connective tissue. 

The remaining 100 mL of tissue was then digested with 2.5 µg/mL of trypsin (272750-018, 

Gibco) and azide-free 0.1 µg/mL DNAse (Sigma) in 200 mL of Locke Ringer’s Buffer Solution 

(pH=7.8, 0.154 M NaCl, 5.63 mM KCl, 8.33 mM D-glucose, 2.38 mM NaHCO3). Digestions 

were completed at 37°C for a total of seven times, with the first two rounds of trypsinized cells 

discarded. The cells collected at the end of the other rounds of trypsinization were pooled and 

then cleared of red blood cells using a lysis buffer (150 mM NH4Cl, 10mM NaHCO3, 0.1 mM 
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Disodium EDTA) with gentle rotation for 2-8 mins. After washing, the remaining cells were 

incubated for 30 minutes with 10% NGS to prevent non-specific binding to the secondary 

antibody. After that cells were then incubated with mouse anti-human primary antibodies to CD9 

(clone 50H.19, made in house, binds placental stromal cells), MHC Class I (clone w6/32, Harlan 

Sera-Lab, Crawley Down, Sussex, UK, binds all nucleated placental cells except for CTs, which 

do not express MHC Class I), and MHC Class II (clone 7H3, made in house, primarily binds 

cells of immune origin). After incubation, cells were pelleted, resuspended in 2% FCS in PBS, 

and run through columns containing glass beads coated with mouse IgG, the secondary antibody 

that all the primary antibodies would bind to once they are bound to the cells that are to be 

eliminated (Sigma). 1x106 cells were run per column at the drop rate of 1 drop  per 7 seconds. 

Fibroblasts, white blood cells, endothelial cells, and smooth muscle cells adhere to the glass 

beads in the column, whereas CTs pass through the column and are collected. Collected cells 

were pelleted and frozen in a 10% Dimethyl Sulfoxide (DMSO) in FCS solution. Collected CTs 

were tested for purity by seeding 2x105 trophoblasts in fibronectin-coated 96-well plates 

(167008, ThermoFisher Scientific). After 24 hours of culture, trophoblasts were stained with 

mouse anti-human vimentin (1:200, MilliporeSigma) to quantify contaminating mesenchymal 

cells, most importantly fibroblasts. Trophoblast batches that had more than 4 contaminating cells 

per well were not used in these studies. 

 Experimental Protocol Used for Plating Primary Cultured Trophoblasts 

The primary trophoblast cells were thawed into 10% FBS IMDM (MilliporeSigma), 

plated on fibronectin-coated (1:100, 33016015, ThermoFisher Scientific) Nunc Lab-Tek 

Chamber Slides (MilliporeSigma) and incubated under standard culture conditions. After 24 

hours, the cells were washed three times with PBS. Next, the media was switched to 2% FBS 
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IMDM and the 24-hour treatment phase for the cells began. The cells were treated with different 

concentrations of recombinant TNF-α (0 ng/mL, 1 ng/mL, 10 ng/mL, and 20 ng/ml). At the end 

of the treatment phase after 24 hours, the cells were washed three times with 1xPBS. The cells 

were then fixed with 100% methanol for 20 mins at -20°C. The cells were blocked for one hour 

in 10% normal goat serum. The sections were then incubated in a moist chamber with a rabbit 

anti-SphK1 primary antibody (1:80, ab46719, Abcam, Cambridge, England) in 1xPBS overnight. 

Slides were washed 3 times with 1xPBS for two minutes per wash. AlexaFluor goat anti-rabbit 

488 (1:200, A32731, Invitrogen, Waltham, MA, USA) secondary antibody was added and 

incubated in the dark for 1 hour at room temperature. The slides were then incubated with DAPI 

(Invitrogen) for 10 minutes and washed 3 times with 1xPBS for two minutes each wash. The 

negative control was the sample incubated only with the secondary antibody and not the primary 

antibody. A small drop of PermaFluor Mountant (TA-030-FM, ThermoFisher Scientific) was 

added to each sample before coverslips were placed. The slides were stored at 4°C in the dark 

before being visualized with the fluorescent microscope (Zeiss Axio Observer, Zeiss, 

Oberkochen, Germany) with the 20x objective. 

2.4. Chapter 5 Specific Methods 

 BeWo Cell Culture 

BeWo cells were cultured in DMEM: F12 medium (Gibco) with 10% FBS and 1% 

Penicillin-Streptomycin in 6-well plates (140675, ThermoFisher Scientific). When cells reached 

around 80% confluency, treatment began with 0-20 ng/mL of TNF-α or 20 µg/mL of LPS as a 

positive control for 24 hours.  
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 Explant Treatments 

Explants were incubated for 4 days to allow the shedding of the original syncytium and 

all experimental treatments began on day 4 of culture at the start of the ST regeneration phase. 

Explants from the same placenta were cultured in duplicates for 48 hours with S1P or a S1PR2 

inhibitor. S1P (0-10 µM) was administered in 0.1% fatty-acid free bovine serum albumin in the 

regular explant media. To determine the role of S1PR2, explants were treated with 10 µM of 

JTE-013, a potent S1PR2 inhibitor, for 48 hours. LDH release (described in 2.1.7), b-hCG 

release (described in 2.1.8), and hPL release (described in 2.1.9) were assessed. 

 For the time course explant experiments, explants from the same placenta were cultured 

in duplicates for various time points in a time course from 0 to 48 hours. Explants were either in 

the no treatment control groups or treated with TNF-α (1 ng/mL). Villi were collected at the 

designated time points and processed for qRT-PCR to measure mRNA expression of S1PR1, 

S1PR2, and S1PR3. Primer sequences are listed in Table 2.1.  

 Western Blots 

Total protein concentration of lysed placental biopsies or homogenates of cultured BeWo 

cells were measured using the BCA assay described above. 50 µg of sample protein was loaded 

for quantification of S1PR1 expression and 100 µg was loaded for quantification of S1PR2 

expression. Samples were mixed with 5x Laemmli sample buffer, containing 2-ME, and heated 

for 3 minutes at 90ºC prior to loading. SDS-PAGE with a 12% gel was performed at 110 V 

(Mini-Protein II gel system, Bio-Rad Laboratories, Hercules, CA). After electrophoresis, gel 

proteins were transferred onto a nitrocellulose membrane for 90 minutes at 400 mA in transfer 

buffer (20% methanol, 25 mM Tris, 190 mM Glycine). After transfer, the membrane was 
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blocked for 1 hour at room temperature with 50% blocking buffer (LI-COR Biosciences, 

Lincoln, NE) in 1xPBS. After blocking, membranes were incubated overnight at 4ºC with a 

rabbit polyclonal antibody against S1PR1 (1:500, ab11424, Abcam) combined with a mouse 

monoclonal α-Tubulin (1:1000, ab7291, Abcam) antibody to control for protein loading. 

Alternatively, membranes were incubated with a S1PR2 mouse monoclonal antibody (1:500, sc-

365589, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and with a mouse b-actin (1:2000, 

sc-4778, Santa Cruz Biotechnology, Inc.) to control for protein loading control. Loading controls 

were carefully chosen to avoid overlap in molecular weights between the protein of interest and 

the loading protein. The next day, membranes were washed with 1xPBS, and incubated with goat 

anti-rabbit or goat anti-mouse IRDye 800CW or IRDye 600CW (LI-COR Biosciences) on a 

shaker at room temperature for 1 hour in the dark. Blots were then washed with 1xPBS-Tween 

20 three times with a 20-minute wash each and imaged using the Odyssey infrared imaging 

system (LI-COR Biosciences). Blots were analyzed by densitometry using Image Studio Lite 

(LI-COR Biosciences) and genes of interest were normalized against their corresponding loading 

controls.  

 Primary Cultured Trophoblasts Staining for S1PR1/2 

Cells were cultured and stained as described in 2.3.3. The antibody used for staining 

S1PR1 is a rabbit polyclonal antibody (1:100, ab11424, Abcam) and for S1PR2 is a mouse 

monoclonal antibody (1:100, sc-365589, Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The 

secondary antibodies used were AlexaFluor goat anti-rabbit 594 and goat anti-mouse 488 (1:200, 

A32740 and A28175, Invitrogen). 
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2.5. Chapter 6 Specific Methods 

 Treatment of Villous Explants 

On day 4 of incubation, which corresponded to the beginning of the ST regeneration 

phase, Yoda1, a pharmacological Piezo1 agonist (Millipore Sigma) was added to insert wells in a 

dose response (0-20 µM). Co-treatment experiments were performed with 1 ng/mL TNF-α + 10 

µM Yoda1, 1ng/mL TNF-α alone, 10 µM Yoda1 alone, or the no treatment control + vehicle 

control (DMSO, Sigma Aldrich). Villous explants and supernatants were collected and frozen at 

times 0-48 hours after treatment. LDH release (described in 2.1.7), b-hCG release (described in 

2.1.8), hPL release (described in 2.1.9) villous PLAP activity (described in 2.1.10), and cytokine 

and growth factor release (described in 2.1.11) were assessed. 

 Statistics and Analysis 

Results were analyzed using the methods described in the general section above. For 

publication purposes and journal requirements, all values are displayed as mean +/- standard 

deviation (SD). 
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3. Chapter 3: TNF-α Regulation of Sphingosine 1-Phosphate Regulatory Enzymes in 

the Placenta 

A version of Figure 3.1, Figure 3.2, and Table 3.1 was published in: Fakhr Y, Koshti S, 

Habibyan YB, Webster K, Hemmings DG. Tumor Necrosis Factor-α Induces a Preeclamptic-like 

Phenotype in Placental Villi via Sphingosine Kinase 1 Activation. International Journal of 

Molecular Sciences. 2022; 23(7):3750. https://doi.org/10.3390/ijms23073750. 
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3.1. Introduction 

Intracellular and extracellular S1P levels are regulated by several enzymes. SphK1 

phosphorylates sphingosine at the inner cell membrane to produce S1P. S1P can then exit the cell 

via active transport and act in a paracrine or autocrine manner by interacting with one of its five 

G protein-coupled receptors (S1PR1-5). LPP1-3 are broad-specificity integral membrane 

proteins that can dephosphorylate S1P. LPP3 is the predominant LPP that acts on S1P and can 

function as an ectoenzyme, primarily dephosphorylating extracellular S1P (343). SphK1 and 

LPP3 hence mainly regulate extracellular S1P availability. 

SphK2 is typically located in the nucleus and synthesizes S1P that partakes in 

intracellular signaling (9). SGPP1,2 are S1P-specific phosphatases that generally 

dephosphorylate intracellular S1P. SGPP1, however, is also reported to exit into the extracellular 

space via ABC transporters, and hence may also regulate extracellular S1P (344). While the 

actions of LPPs and SGPPs are reversible, the degradation of intracellular S1P by SGPL1 is an 

irreversible reaction.  

S1P synthesizing and catabolic enzyme expression is regulated by various growth factors, 

endocrine factors, and inflammatory cytokines or stimuli (345-349), including TNF-α (347, 350). 

Elevated TNF-α is linked to pregnancy complications such as recurrent spontaneous abortions 

(135), preterm labour (136), and PE (137). Injecting TNF-α alone into pregnant non-human 

primates leads to the development of PE symptoms (138). Moreover, elevated TNF-α causes a 

PE-like placental phenotype that includes poor ST function, high ST shedding, and high 

inflammation (139, 140). 
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TNF-α increases SphK1 expression in MDA-MB-231 epithelial breast adenocarcinoma 

cells but not in MCF-7 breast cancer cells (351). In HUVEC cells, SphK2, SGPP1, and SGPP2 

mRNA expression decreases in response to TNF-α (347). However, the levels of S1P 

synthesizing and catabolic enzymes in response to TNF-α treatment have not been assessed in 

placental tissue yet. Because circulating S1P levels are increased in PE, a disorder with high 

levels of circulating TNF-α, it is important to measure the levels of all S1P metabolic enzymes in 

response to TNF-α. This will provide a better understanding of sphingolipid metabolism and the 

production of S1P in different intracellular and extracellular compartments. In this chapter, I will 

be using the villous explant model to understand TNF-α regulation of the enzyme levels over the 

entirety of the ST regeneration period.  

The placental ST is the epithelial barrier that separates maternal and fetal circulations and 

facilitates the exchange of materials between the mother and fetus (65). To maintain its integrity, 

ST formation is in constant turnover during pregnancy with a tight balance between ST 

generation and ST shedding. The ST is formed when the underlying CT proliferates, 

differentiates, and fuses into the basal membrane of the ST. When the ST reaches maturation, 

nuclear aggregates (also known as syncytial knots) form and egress from the barrier while 

undergoing apoptosis (65, 352). These multinucleated syncytial knots are normally shed into the 

maternal circulation, but are increased in PE. To better understand the regulatory role of SphK1 

in the ST regeneration cycle on proliferation, differentiation, and fusion, I investigated its levels 

throughout this phase. I also measured the response of SphK1 and other S1P regulatory enzymes 

in response to TNF-α treatment during ST formation. Altered S1P enzyme levels will likely lead 

to changes in S1P levels in various cellular compartments, leading to altered cellular responses. 
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S1P circulating levels are increased in mothers with PE (170, 176). Whether SphK1 

placental levels change in PE remains unclear, since conflicting trends have been reported (234, 

353). S1P and SphK1 activation regulate ST formation (46). While high levels of S1P inhibit 

syncytialization (10), inhibiting SphK1, which would decrease S1P production, increases 

trophoblast fusion (46). This suggests that SphK1-mediated regulation of ST formation might be 

due to the production of S1P that partakes in extracellular signaling. Since S1P enzymes are 

localized in specific cell compartments, it is important to understand the fluctuation of all S1P 

regulatory enzymes as a proxy to S1P levels in specific subcellular compartments. Since both 

S1P and SphK1 play independent roles in ST formation, it is important to measure the 

fluctuation of all S1P regulatory enzymes throughout ST formation on a gross tissue level as well 

as a cell-specific level. 

In this study, I investigated SphK1 levels in placental biopsies of women with PE and 

healthy controls using two different methods to confirm its change in expression in PE. Next, I 

investigated the physiological regulation of S1P enzymes, most importantly SphK1, in placental 

villi, the functional structural unit of the placenta, throughout the syncytialization process. I also 

determined the effect of TNF-α treatment on S1P regulatory enzyme expression in villous 

explants throughout the syncytialization cycle. Since TNF-α regulates S1P enzymes in a cell-

specific manner (354-356), I also investigated whether TNF-α alters SphK1 levels in primary 

human CTs, the key functional cell in the human placenta.  

My hypothesis was that SphK1 expression would be higher in placental biopsies of 

women with PE. I further hypothesized that SphK1 expression would remain consistent during 

the first 24 hours of regeneration but increase at the end of regeneration, potentially to allow the 

ST endocrine function to occur after fusion. Since TNF-ɑ mediates its effects by increasing S1P 
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in other tissues, I also hypothesized that placental SphK1 expression would increase whereas 

LPP3, SGPP1, and SGPL1 expression would decrease to allow for the increased levels of S1P, in 

response to TNF-ɑ treatment. I discovered that the overall placental expression of SphK1 was 

increased in the placentas of women with PE. In contrast, I found that the overall placental 

expression of S1P regulatory enzymes was not altered in response to TNF-ɑ treatment in villous 

explants. However, TNF-ɑ increased SphK1 expression in cultures of differentiating CTs. This 

implies that SphK1 regulation by TNF-ɑ only occurs in trophoblasts but not in the whole 

placental villi. SGPP1 expression increased at the end of ST regeneration in explants, regardless 

of TNF-ɑ treatment. This suggests that reduced S1P levels might signal the start of ST shedding. 

3.2. Results 

 SphK1 Expression in Placentas from Normal and PE Pregnancies 

17 women with healthy pregnancies and 12 women with PE were enrolled in the study 

and their clinical characteristics are summarized in Table 3.1. Women with PE had higher 

systolic (155.3 ± 7.6 versus 113.8 ± 3.7 mmHg; p<0.0001) and diastolic (107.9 ± -15.6 versus 

71.4 ± 3.6; p=0.008) blood pressures compared to those in the healthy control group. All 

participants in the PE group were positive for proteinuria. Infants born to mothers in the PE 

group had lower gestational ages (37.2 ± 0.3) compared to those from healthy control mothers 

(38.9 ± 0.3; p=0.005). There were no significant differences in maternal parity, infant birth 

weight, or fetal sex between groups. All samples in the PE group were collected from mothers 

who developed PE after 34 weeks of gestation and were categorized as displaying mild PE. 

Previous studies show that dysregulated SphK1-S1P levels are observed in the placentas 

of women with PE, and high levels of S1P or SphK1 activity are inhibitory to ST development 
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(46). I investigated whether cell-specific expression of SphK1 differed in placental biopsies from 

women with PE compared to those from normal pregnancies. To visualize expression differences 

in placental layers and cell types, I used immunohistochemistry. SphK1 was expressed 

throughout the villi and in trophoblastic layers (Figure 3.1A). This enzyme was expressed in both 

CTs and the multinucleated ST, as shown in the magnified images C1 and PE3, respectively 

(Figure 3.1A). In both healthy control and PE groups, SphK1 expression rarely overlapped with 

the nuclear stain, and SphK1 exhibited a strong overlap with the E-cadherin staining, as 

identified with white arrows. This implies that in trophoblastic layers, SphK1 is mainly localized 

to the cytoplasm and in close proximity to the cell membrane. Overall, no overt qualitative 

differences in SphK1 expression between the PE (n=12) and the healthy control (n=17) groups 

were observed in trophoblastic layers (Figure 3.1A), but SphK1 expression appeared higher in 

the villous core of biopsies from the PE group, as shown in samples PE2 and PE3. Quantitative 

analysis of whole sample images demonstrated increased SphK1 overall in placental biopsies 

from women with PE (p=0.02; Figure 3.1B). In Figure 3.1B, there were 3 samples in the healthy 

group that displayed much higher levels of SphK1 staining. Upon comparing the clinical 

characteristics of these samples with the rest of the group, I did not see any differences in the 

clinical characteristics, such as blood pressure, gestational age, or infant birth weight, that would 

suggest a resemblance to those characteristics seen in a PE phenotype.  

Quantitative analysis of SphK1 mRNA expression using the`DDCt method demonstrated 

increased SphK1 in placental biopsies from women with PE (p=0.03; Figure 3.1C; n=9). There 

were 3 samples in the PE group that displayed much higher levels of SphK1 mRNA expression. 

Upon comparing the clinical characteristics of these samples with the rest of the PE group, I did 

not see any differences in systolic or diastolic blood pressure, gestational age, infant birth 
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weight, or fetal sex with the other samples in this group. PE is a highly clinically heterogeneous 

disorder that can be caused by distinct factors. Benton et al report subtypes of PE based on 

placental gene expression clusters (357). This heterogeneity and the various presentations of 

placental dysfunction in PE can explain the heterogeneity that I saw in SphK1 expression, 

specifically the mRNA expression.  

 Experimental Villous Explant Model of Syncytial Self-Regeneration  

The self-regenerating explant model was chosen for this part of the study as it closely 

resembles the state of the placenta in the second trimester of pregnancy. In this model, the 

explant undergoes high levels of syncytial regeneration, and the placenta has the highest degree 

of syncytial regeneration during the second trimester. This is evidenced by the increase in the 

secretion of hPL, a marker of syncytial mass, at the start of the second trimester (358). PE 

manifests after the second trimester of pregnancy (31), sometimes as late as the third trimester in 

cases of late-onset PE. Even though early-onset PE starts developing during the first trimester, 

the poor development and function of the placenta during the second trimester exacerbates the 

disorder to clinically detectable levels. During the second trimester, the ST is characterized by 

high levels of regeneration to form an intact placental barrier.  

To characterize the time in culture needed for the ST to be fully shed prior to 

regeneration, explants were incubated for varying timepoints from dissection (0 days) up to 8 

days and then assessed for the presence of ST using immunohistochemistry (Figure 3.2; n=3). E-

cadherin is an epithelial adherens junction protein, which is found in both CTs and the ST in the 

placenta since trophoblasts are epithelial cells. High E-cadherin expression was saturated at the 

basal ST membrane where the apical side of the CT fuses into the ST. Since ST differentiation 

involves downregulating E-cadherin expression, the apical side of the ST expresses E-cadherin at 
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low levels and is often not visualized with the microscope parameters optimal for the signal on 

the basal membrane of the ST. Any nuclei present on the apical side of the heavy E-cadherin 

demarcation belong to the multinucleated ST layer. Explants incubated for 0, 1, 6, and 8 days 

after initiation of culture showed multiple nuclear clusters towards the apical side of the strong 

E-cadherin demarcation that define numerous areas of multinucleated ST (Figure 3.2A, white 

arrows). Explants incubated for 2 or 3 days showed progressively fewer nuclei outside the E-

cadherin staining than seen at 0 and 1 days, implying a lower syncytial area. By day 4 of 

incubation, the ST was almost fully shed (Figure 3.2A, red arrow). Day 4 of culture was then 

used as the first day of treatment for all further experiments. Multiple areas of multinucleated ST 

reappeared on days 6-8 (Figure 3.2A, white arrows) of culture showing evidence for regeneration 

of the ST layer. LDH levels peaked on day 2 of culture and dropped again on day 4 of culture, 

showing evidence of ST sloughing before day 4 of culture (Figure 3.2B). 

 Expression of S1P Synthesizing Enzymes in Villous Explants 

To determine the effect of TNF-ɑ on the expression of various components of the S1P 

regulatory pathway during ST regeneration, explants were cultured for 4 days in media to allow 

for shedding of the present ST, then treated with TNF-ɑ over the next 2 days. For each gene, the 

results were analyzed as follows: A) mRNA expression without treatment normalized to HPRT1 

expression, a commonly used housekeeping gene, and then relative to time 0; B) mRNA 

expression following treatment with TNF-ɑ normalized to HPRT1 expression and then relative 

to time 0, and C) normalized mRNA expression following treatment of TNF-ɑ relative to the 

normalized no treatment control. HPRT1 was chosen as the housekeeping gene as my analysis 

indicated that its expression did not vary in explants in response to TNF-ɑ or over time of culture 

(Figure 3.3A-C) or between normal and PE placental biopsies (Figure 3.3D). The discrepancies 
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in sample size in some timepoints are due to the exclusion of outliers, as measured by ROUT’s 

test, or exclusion of wells due to culture contamination. 

SphK1 expression in term placental villous explants from normal pregnancies undergoing 

ST regeneration in no treatment conditions did not change across 0-48 hours relative to HPRT1 

(Figure 3.4A, n=4, 5). Similarly, SphK1 expression remained unchanged across 0-48 hours with 

1 ng/mL of TNF-ɑ treatment (Figure 3.4B, n=4, 5). Upon comparing treated explants with 

untreated control explants from individual experiments at each timepoint, I also saw that the 

expression of SphK1 remains similar, indicating that SphK1 did not change in response to TNF-

ɑ treatment at any of the timepoints measured (Figure 3.4C, n=4, 5). This shows that overall 

placental SphK1 levels are not regulated during ST formation. Overall placental SphK1 levels 

also do not change in response to TNF-ɑ treatment in cultured villous explants. 

 Expression of S1P Catabolic Enzymes in Villous Explants 

The expression of SGPP1 in term placental villous explants from normal pregnancies 

increased in both the no treatment control and the TNF-ɑ treatment group after 48 hours (Figure 

3.5A, 3.5B, respectively, n=3-5). Moreover, SGPP1 expression in the TNF-ɑ-treated groups was 

unchanged compared to the untreated control groups at all measured timepoints (Figure 3.5C, 

n=3-5). This suggests that SGPP1 is normally upregulated at the end of ST regeneration and 

TNF-ɑ did not change this.  

SGPL1 expression in term placental villous explants from normal pregnancies 

undergoing ST regeneration in no treatment conditions did not change across 0-48 hours relative 

to HPRT1 (Figure 3.6A, n=3-5). Similarly, SGPL1 expression remained unchanged across 0-48 

hours with 1 ng/mL of TNF-ɑ treatment (Figure 3.6B, n=3-5). Upon comparing treated explants 
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with untreated control explants from individual experiments at each timepoint, I also saw that the 

expression of SGPL1 remains similar, indicating that SGPL1 did not change in response to TNF-

ɑ treatment at any of the timepoints measured (Figure 3.6C, n=3-5). This shows that SGPL1 

levels in whole placental tissues are not regulated during ST formation. Overall placental SGPL1 

levels also do not change in response to TNF-ɑ. 

Similarly, LPP3 mRNA expression in term placental villous explants from normal 

pregnancies undergoing ST regeneration in no treatment conditions did not change across 0-48 

hours (Figure 3.7A, n=3-6). LPP3 expression also remained unchanged across 0-48 hours with 1 

ng/mL of TNF-ɑ treatment (Figure 3.7B, n=3-6). Upon comparing treated explants with 

untreated control explants from individual experiments at each timepoint, it is clear that the 

expression of LPP3 remains similar, indicating that LPP3 did not change in response to TNF-ɑ 

treatment at any of the timepoints measured (Figure 3.7C, n=3-6). This shows that LPP3 levels 

in whole placental tissues are unchanged during ST formation. Overall placental LPP3 levels 

also do not change in response to TNF-ɑ. 

 Expression of SphK1 in Primary Human Trophoblasts 

Since SphK1 often responds to inflammatory stimuli in a cell-specific manner (359) 

(349), I aimed to investigate whether SphK1 levels were changed in differentiating trophoblasts 

in response to TNF-ɑ. For this part of the study, cultured primary human trophoblasts isolated 

from term uncomplicated pregnancies were plated overnight and then were treated with different 

concentrations of TNF-ɑ for 24 hours. Figure 3.8 confirms the purity of the isolated CTs after 24 

hours of culture. A high number of contaminating vimentin-positive cells, stained in red, were 

found in the pre-purified culture, as shown in Figure 3.8A. Post purification, cultured 
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trophoblasts displayed above 99% purity with fewer than 4 contaminating vimentin-positive cells 

per 2x105 plated CTs (Figure 3.8B). 

Next, I measured the effect of different concentrations of TNF-ɑ on SphK1 levels and 

mRNA expression in trophoblast cultures. The SphK1 mean intensity/total nuclei was calculated 

for each treatment group and this was then analyzed in a ratio to the SphK1 mean intensity/total 

nuclei of the control group (0 ng/ml TNF-α). SphK1 mean intensity in cultured primary 

trophoblasts was increased in response to 1 (p=0.04), 10 (p=0.02), and 20 ng/mL (p=0.006) of 

TNF-ɑ after 24 hours of treatment (Figure 3.9A). Qualitatively, SphK1 expression in the cultured 

trophoblasts in the no treatment control group was low, especially when compared to SphK1 

expression in trophoblast layers of whole placental biopsies (Figure 3.1). SphK1 was mainly 

expressed in the cytoplasm of trophoblasts with little nuclear localization. Next, I analyzed 

SphK1 mRNA expression in response to the minimal dose of TNF-ɑ that showed a significant 

increase in SphK1 staining expression, 1 ng/mL. I also treated villous explants with a lower dose 

of TNF-ɑ, 0.1 ng/mL, to investigate whether TNF-ɑ treatment would lead to a different response 

at lower levels. My findings showed no significant differences in SphK1 mRNA expression at 

either TNF-ɑ concentration when compared to the no treatment control (n=3. Figure 3.9B). 

Interestingly, however, trophoblasts isolated from two placentas showed no response, whereas 

trophoblasts from the third placenta showed a gradual increase in SphK1 levels in response to 

increasing levels of TNF-ɑ. While the clinical characteristics of infants and women who 

provided the samples were not different in gestational age, fetal sex, or maternal age, it is unclear 

what characteristics of the 3rd placenta enabled it to respond to TNF-ɑ treatment. Regardless, the 

low sample size makes it difficult to make any concrete conclusions.  
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Pregnancy Gestational 

Age (weeks) 

Infant 

Weight (g) 

Systolic 

Blood 

Pressure 

(mmHg) 

Diastolic 

Blood 

Pressure 

(mmHg) 

Percent 

Positive for 

Proteinuria 

(%) 

Fetal Sex 

Normal 

(n=17) 

38.9 ± 0.3 3074 ± 86.8 113.8 ± 3.7 71.4 ± 3.6 0 11/17 Male 
6/17 Female 

Preeclampsia 

(n=12) 

37.2 ± 0.3 2967 ± 274.2 155.3 ± 7.6 107.9 ± 
15.6 

100 7/12 Male 
5/12 Female 

p-value 0.003 ns p<0.0001 0.008 N/A ns 

 

Table 3.1: Table of Characteristics of Sample Donors 

Samples were analyzed using a Student’s T-test or Mann-Whitney test when non-parametric 

(Mean +/- SEM). 
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Figure 3.1: Sphk1 Expression was Higher in Placental Biopsies from Women with 

Preeclampsia (PE) 

(A): SphK1 was expressed throughout the villi, the cytotrophoblast (CT) and syncytium (ST). 

Images correspond to three representative samples from healthy control pregnancies (C1, C2, C3 

images) and PE (PE1, PE2, PE3 images). Whole tissue placental biopsies from women with 

normal or PE pregnancies were co-stained for SphK1 (AF488, green) and E-cadherin (AF594, 

red) expression and a nuclear stain (DAPI, blue) and visualized by confocal microscopy. For the 

negative control, both AF488 and AF594 secondary antibodies were used in the absence of 

primary antibodies. White arrows show examples of overlap between E-cadherin and SphK1 (B): 

Whole sample image analysis normalized to total nuclear count showed higher SphK1 

fluorescence in placental biopsies from women with PE compared to healthy control 

pregnancies. Student’s T-test (n = 17 normal, n = 12 PE, Mean ± SEM). (C): Fold change in 

SphK1 mRNA expression in placental biopsies from women with PE relative to healthy control 

pregnancies using the ΔΔCt method. Student’s T-test (n = 13 normal, n = 9 PE, Mean ± SEM). 
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Figure 3.2: Syncytial Shedding in Villous Explants was Maximal After 4 Days of 

Incubation 

(A): Confocal fluorescence microscopy was used to analyze the shedding of syncytium (ST) and 

resyncytialization of term explants after incubation for 0–8 days. DAPI stained nuclei blue and 

E-cadherin (AF488) stained epithelial cadherin junctions in cytotrophoblast (CT) and ST cell 

membranes green (n = 5). High areas of multinucleated ST are demarcated with white arrows 

and low areas of multinucleated ST are demarcated with red arrows. For the negative control, 

AF488 secondary antibodies were used in the absence of primary antibodies. (B): Lactate 

Dehydrogenase (LDH) released into supernatants from explants was measured across various 

timepoints. Linked data points correspond to individual experiments (n = 6) and each data point 

represents the average of duplicate wells. Measurements correspond to LDH release in the last 

24 h prior to every displayed time point. Values were plotted as a change from day 0. All values 

are relative to total protein mass in each culture well.  
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Figure 3.3: HPRT1 is Not Altered with Treatment or Time in Explants or in Biopsies from 

Women with PE 

After 4 days of incubation, explants were treated with 0 (A) or 1 ng/mL of TNF-ɑ (B) for 0-48 

hours. HPRT1 mRNA expression was calculated relative to an internal control and then to its 

expression at time 0 hours. Corresponding values for cultures treated with TNF-ɑ were 

calculated relative to the no treatment control (C). (A) HPRT1 mRNA expression did not 

significantly change from 0-48 hours in the no treatment cultures. (B) HPRT1 mRNA expression 

did not significantly change from 0-48 hours when treated with 1 ng/mL of TNF-ɑ. (C) HPRT1 

mRNA expression was not significantly affected by treatment with TNF-ɑ across times. Results 

were analyzed using the mixed effects model with the two-stage linear step-up procedure of 

Benjamini, Krieger, and Yekutieli post-hoc test (n = 5, Mean ± SEM). (D) HPRT1 mRNA 

expression was not altered in placental biopsies of mothers with PE when compared to those of 

healthy pregnancies. Results were analyzed using a Student’s T-test (n = 11 normal, n = 9 PE, 

Mean ± SEM). 
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Figure 3.4: Sphk1 mRNA Expression is Constant from 0-48 Hours and is Not Significantly 

Affected by TNF-ɑ in Term Villous Explants 

After 4 days of incubation, explants were treated with 0 (A) or 1 ng/mL of TNF-ɑ (B) for 0-48 

hours. SphK1 mRNA expression was calculated relative to HPRT1 mRNA expression and then 

to its expression at time 0 hours. Corresponding values for cultures treated with TNF-ɑ were 

calculated relative to the no treatment control (C). (A) SphK1 mRNA expression did not 

significantly change from 0-48 hours in the no treatment cultures. (B) SphK1 mRNA expression 

did not significantly change from 0-48 hours when treated with 1 ng/mL of TNF-ɑ. (C) SphK1 

mRNA expression was not significantly affected by treatment with TNF-ɑ. Results were 

analyzed using the mixed effects model with the two-stage linear step-up procedure of 

Benjamini, Krieger, and Yekutieli post-hoc test (n = 4, Mean ± SEM). 
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Figure 3.5: SGPP1 mRNA Expression Increases in Term Villous Explants After 48 Hours 

of Re-Syncytialization Even After TNF-ɑ Treatment 

After 4 days of incubation, explants were treated with 0 (A) or 1 ng/mL (B) of TNF-ɑ for 0-48 

hours. SGPP1 mRNA expression was calculated relative to HPRT1 mRNA expression and then 

to its expression at time 0 hours. Corresponding values for cultures treated with TNF-ɑ were 

calculated relative to the no treatment control (C). (A) SGPP1 mRNA expression increased after 

48 hours without treatment (p=0.04 by mixed effects model, 0.01 by post-hoc test). (B) SGPP1 

mRNA increased at 48 hours when treated with 1 ng/mL of TNF-ɑ (p=0.04, 0.009 by post-hoc 

test).(C) SGPP1 mRNA expression was not affected by treatment with TNF-ɑ. Results were 

analyzed using the mixed effects model with the two-stage linear step-up procedure of 

Benjamini, Krieger, and Yekutieli post-hoc test (n = 3-5, Mean ± SEM). 
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Figure 3.6: S1P Lyase (SGPL1) mRNA Expression is Constant from 0-48 Hours and is Not 

Affected by TNF-ɑ in Term Villous Explants 

After 4 days of incubation, explants were treated with 0 (A) or 1 ng/mL of TNF-ɑ (B) for 0-48 

hours. SGPL1 mRNA expression was calculated relative to HPRT1 mRNA expression and then 

to its expression at time 0 hours. Corresponding values for cultures treated with TNF-ɑ were 

calculated relative to the no treatment control (C). (A) SGPL1 mRNA expression did not 

significantly change from 0-48 hours in the no treatment cultures. (B) SGPL1 mRNA expression 

did not significantly change from 0-48 hours when treated with 1 ng/mL of TNF. (C) SGPL1 

mRNA expression was not significantly affected by treatment with TNF-ɑ (n=3-5). Results were 

analyzed using the mixed effects model with the two-stage linear step-up procedure of 

Benjamini, Krieger, and Yekutieli post-hoc test (n = 3-5, Mean ± SEM). 
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Figure 3.7: LPP3 mRNA Expression is Constant from 0-48 Hours and is Not Significantly 

Affected by TNF-ɑ in Term Villous Explants 

After 4 days of incubation, explants were treated with 0 (A) or 1 ng/mL of TNF-ɑ (B) for 0-48 

hours. LPP3 mRNA expression was calculated relative to HPRT1 mRNA expression and then to 

its expression at time 0 hours. Corresponding values for cultures treated with TNF-ɑ were 

calculated relative to the no treatment control (C). (A) LPP3 mRNA expression did not 

significantly change from 0-48 hours in the no treatment cultures. (B) LPP3 mRNA expression 

did not significantly change from 0-48 hours when treated with 1 ng/mL of TNF-ɑ. (C) LPP3 

mRNA expression was not significantly affected by treatment of TNF-ɑ. Results were analyzed 

using the mixed effects model with the two-stage linear step-up procedure of Benjamini, Krieger, 

and Yekutieli post-hoc test (n = 3-6, Mean ± SEM). 
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Figure 3.8: Cultured Primary Trophoblasts Collected Via a Negative Selection Column 

were Sufficiently Pure from Vimentin-Positive Cells 

Primary cytotrophoblasts (CTs) were cultured for 24 hours and stained for vimentin (a marker of 

mesenchymal cells, in red) before (A) and after (B) column purification. Placental cotyledons 

were dissected and trypsinized, and a mixture of cells was collected. Red blood cells in the 

mixture were lysed with a lysis buffer. MHC Class I, MHC Class II, and CD9-positive cells were 

removed using a negative selection column. Trophoblast cells were collected. Trophoblast 

isolations were considered sufficiently pure when there were less than 4 contaminating cells per 

2x105 cells.   
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Figure 3.9: TNF-α Treatment for 24 hrs Increased Sphk1 Protein Expression in Cultured 

Primary Trophoblasts from 1 to 20 Ng/Ml 

(A) Immunofluorescence staining was analyzed using ImageJ. The images displayed are 

representative of cells isolated from three different placentas and two replicates. The negative 

control was generated by adding the fluorescent secondary antibody in the absence of the 

primary antibody. All values are a ratio of total nuclei. The background was subtracted using the 

negative control and results were plotted relative to the no treatment control. Results were 

analyzed using the non-parametric Kruskal-Wallis test (p=0.01) and the two-stage linear step-up 

procedure of Benjamini, Krieger, and Yekutieli post-hoc test. (B) TNF-α treatment for 24 hrs did 

not significantly affect SphK1 mRNA expression in cultured primary trophoblasts from 0.1 to 1 

ng/mL. mRNA expression was measured by qRT-PCR using HPRT1 as the housekeeping gene 

and calculated relative to an internal control. Results were analyzed using the non-parametric 

Kruskal-Wallis test and the two-stage linear step-up procedure of Benjamini, Krieger, and 

Yekutieli post-hoc test. (n = 3-4, Mean ± SEM). 
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3.3. Discussion 

The objective of this study was to examine the alterations in S1P synthesizing and 

catabolic enzyme levels, especially SphK1, in placental explants during ST regeneration and to 

determine whether their expression is changed in response to high levels of TNF-ɑ or in PE. I 

found that SphK1 levels were higher in the placentas of women with PE. However, I also found 

that TNF-ɑ treatment did not alter S1P synthesizing and catabolic enzyme levels for SphK1, 

SGPP1, SGPL1, or LPP3, in placental villi as a whole in the ST regenerating villous explant 

model. However, it increased SphK1 expression in primary human differentiating CTs. This 

suggests that the elevated circulating and placental TNF-ɑ levels in PE (4) could increase 

trophoblast SphK1 expression and contribute to an increase in extracellular release of S1P, which 

is elevated in PE (170). Even though TNF-ɑ alone did not lead to an increase in placental SphK1, 

as seen in the explants, it might increase SphK1 expression in conjunction with other factors 

elevated in PE. The finding that SphK1 expression in placentas from mothers with PE was higher 

than in those without PE highlights the placenta as a potential contributor to the elevated levels 

of circulating S1P in PE (170). I also found that SGPP1 expression increased at the end of CT 

fusion and differentiation in the explant model, and this was unaffected by TNF-ɑ treatment. 

This higlights a role for S1P downregulation in the progression of syncytialization from ST 

formation to ST shedding.  

S1P is a bioactive sphingolipid involved in many physiological processes and it is 

produced by all cells in the placenta (9). S1P is produced when SphK1 or SphK2 phosphorylates 

sphingosine (9). SphK1 mRNA and protein expression are highly regulated at both the 

transcriptional and translational levels (360). SphK1 can be permanently degraded via ubiquitin-
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mediated proteolysis (361). Another mechanism of regulating intracellular SphK1 levels is by 

transporting it into the extracellular space via ABC transporters (362).  

S1P is elevated in the plasma of mothers with PE (170, 176). However, one study reports 

by qRT-PCR and Western Blot data that SphK1 mRNA and protein levels decrease in placental 

explants from women with PE compared to women with normal pregnancies (234). In contrast, 

using immunofluorescence, I observed that SphK1 levels were higher overall in placental 

sections from PE compared to normal pregnancies. This discrepancy could be attributed to 

distinct epitopes recognized by different antibodies using different methods. However, I 

confirmed these staining results using qRT-PCR. Recently, however, an article by Liao et al 

shows a lower level of SphK1 protein levels in placental villi from PE pregnancies, also 

measured by immunofluorescence (353). While maternal characteristics and sample size were 

comparable to those described in Section 3.2.1, the study by Liao et al used paraformaldehyde 

fixation that can result in lower levels of fluorescence and poor preservation of the cytoplasm 

(363) and most likely the villous core. Indeed, in my study, the staining showed a strong signal 

for SphK1 in the villous core, whereas the images from Liao et al show almost no expression 

aside from the outermost trophoblast layers. Liao et al also show that placental SphK1 activity is 

decreased in the PE group, however, the method utilized does not discriminate between SphK1 

and SphK2 (364). Although S1P is elevated in the plasma of women with PE (170, 176), it is 

unknown whether the placenta is the source of this surge. Liao et al show that placental S1P 

levels are lower in mothers with PE (353) but did not measure circulating S1P in the mother. 

Since S1P is constantly transported to the extracellular space, it is unclear whether this decrease 

is due to increased transport, decreased synthesis, or increased lyase or phosphatase activity.  
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The women in the healthy control group had newborns with higher gestational ages than 

those in the PE group. However, it is unlikely that the differences in SphK1 expression can be 

explained by gestational age differences. In my recent extensive review on sphingolipids in 

pregnancy I note that circulating S1P levels remain constant throughout normal pregnancy, and 

are therefore independent of gestational age (9). Previous studies in the Hemmings lab also show 

that SphK1 levels in the decidua are higher with increasing gestational age (365). For these 

reasons, I believe it is unlikely that higher levels of SphK1 in the placentas of mothers with PE 

are due to lower gestational ages.  

One of the interesting findings was that only SGPP1 expression was increased at the time 

the ST was fully reformed in villous explants. No other S1P synthesizing or catabolic enzymes 

that I tested were altered throughout the ST regeneration phase in untreated villous explants. 

While this increase in SGPP1 has not been found in other studies to date, it is in line with S1P 

levels decreasing in CTs as they differentiate to a final 10-fold decrease when compared to their 

expression in undifferentiated cells (46). This suggests a high level of S1P dephosphorylation at 

the end of ST formation, which can be explained by the increase in SGPP1 levels observed in 

this study. Reducing S1P levels at the end of syncytial regeneration could be important to 

remove the protective ability of S1P in order for sloughing and apoptosis to occur. This, 

however, remains to be investigated.  

SphK1 expression in primary human CTs decreases to 80% of its original value after 

three days of differentiation and fusion (46). In this study, however, I found that SphK1 levels 

remained constant in villous explants throughout differentiation. This discrepancy highlights the 

advantages and disadvantages of using the villous explant model. On one hand, the CTs in 

villous explants are in context with the extracellular matrix and the surrounding cell types, so the 
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model mimics a more physiological condition. Additionally, as SphK1 can be translocated into 

the extracellular space (362), it is important to know the overall levels in the whole tissue. 

Moreover, as SphK1 is the main producer of extracellular S1P, understanding the fluctuations in 

SphK1 expression can predict the levels of extracellular SphK1-produced S1P circulating in 

placental tissues. On the other hand, small differences in cell-specific expression can be masked 

by the overall trend of the enzyme expression in the whole tissue.  

SphK1 expression is regulated by various growth factors, endocrine factors, and 

inflammatory cytokines or stimuli (345-349). For instance, TGF-b1 upregulates SphK1 in 

hepatic stellate cells (348). Moreover, LPS-treated mice display increased SphK1 and SphK2 

levels in bronchoalveolar lavage fluids (349). Additionally, growth factors such as EGF (346, 

347) and PDGF (345) upregulate SphK1 expression. Notably, TNF-α increases SphK1 

expression in MDA-MB-231 epithelial breast adenocarcinoma cells but not in MCF-7 breast 

cancer cells (351). Interestingly, another study found that TNF-α decreases SphK1 expression in 

MCF-7 cells via cathepsin B cleavage of SphK1 (359). HUVEC cells, however, do not alter their 

SphK1 expression in response to TNF-α but increase their SphK1 mRNA expression in response 

to LPS (347). In this study, SphK1 expression was unaltered in response to TNF-α treatment in 

villous explants and only increased in cultured differentiating CTs. This further confirms that 

SphK1 regulation by TNF-α occurs in a cell-specific or tissue-specific manner. My results, 

however, also showed that 1-20 ng/mL of TNF-ɑ hinders this syncytialization, and hence 

differences in SphK1 expression in response to TNF-ɑ could be a direct effect of the cytokine or 

a response of hindered syncytialization. 

Due to its subcellular localization, SphK1 is the main producer of extracellular S1P. 

Whereas since SphK2 is primarily present in the nuclei, S1P produced by SphK2 mainly 
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contributes to intracellular signaling. SphK2 regulation is poorly understood, but as mentioned 

above it is upregulated in response to inflammatory stimuli such as LPS in bronchoalveolar 

lavage fluids (349). In HUVEC cells, however, SphK2 mRNA expression decreases in response 

to TNF-α and LPS (347). Contrary to SphK1, evidence suggests that SphK2 has signaling 

properties independent of S1P production. For instance, SphK2 directly binds and inhibits Bcl-

xL leading to apoptosis (366). Since SphK2 expression is regulated by inflammatory stimuli and 

controls processes crucial for maintaining placental function, it is important to investigate SphK2 

expression in response to TNF-α. However, in my study, I could not detect SphK2 mRNA 

expression in villous explants, due to its low expression in placental tissue. This is not surprising 

as a previous study from our lab shows extremely low levels of SphK2 in human decidua as well 

(365). Moreover, a study by Singh et al also could not detect SphK2 mRNA expression in CTs 

and STs (46). 

S1P can be dephosphorylated into sphingosine by SGPP1 or SGPP2 and LPP1-3, all 

enzymes belonging to the lipid phosphate phosphatase family. SGPP1/2 are S1P-specific 

enzymes located intracellularly at the endoplasmic reticulum. Similar to SphK1, SGPP1 can be 

transported into the extracellular space by ABC transporters (344). This can contribute to the 

regulation of extracellular S1P levels in the systemic circulation and signaling through cell 

surface S1PRs.  

The regulation of SGPP1 and 2 expression is only partially understood. One study shows 

that growth factor independence 1, a transcription factor, directly suppresses SGPP1 

transcription in multiple myeloma cell lines (367). SGPP1 mRNA expression but not protein 

expression in dendritic cells decreases in response to LPS stimulation (368). SGPP1 mRNA 

expression also decreases in response to LPS and TNF-α treatments in HUVECs (347). In 
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dendritic cells, SGPP1 translocates from the nucleus to the endoplasmic reticulum in response to 

inflammatory stimuli and dephosphorylates cytoplasmic S1P (368). In my study, SGPP1 

expression was not altered in response to TNF-α. However, whether its transport or localization 

is altered warrants further investigation. 

On the other hand, SGPP2 is increased in response to LPS treatment in HUVECs and 

neutrophils and to TNF-α treatment in HUVECs (347). SGPP2 is also upregulated in response to 

IL-1β treatment in A549 cells, an alveolar epithelial choriocarcinoma cell line (347). Similar to 

the Hemmings’ lab's previous study on the decidua (365), I was unable to detect SGPP2 levels in 

placental tissue by qRT-PCR. Singh et al, on the other hand, detected SGPP2 expression in CTs 

and STs (291). 

While SGPP1, SGPP2, and S1P lyase (SGPL1) work intracellularly, LPP1-3 

dephosphorylate extracellular S1P. LPP1-3 are transmembrane proteins that can have their active 

sites located in the inner leaflet of the cell membrane, but they also function as ectoenzymes, 

which dephosphorylate extracellular S1P, when their active site is on the outer leaflet of the cell 

membrane (369). LPP1-3 are non-specific for S1P and bind other substrates like CER and 

lysophosphatidate. As previously mentioned, LPP3 is the predominant ectoenzyme that acts on 

extracellular S1P (343). LPP3 mouse knockouts are embryonically lethal and do not form a 

placenta, in part due to poor vasculogenesis (370). To this date, there are no studies on LPP1 and 

LPP2 in the placenta. For this reason, I only examined LPP3 expression in response to TNF-α in 

villous explants. I found that LPP3 levels in the placenta were unchanged in response to TNF-α 

treatment. 

S1P can be irreversibly degraded by S1P lyase (SGPL1) into delta2-hexadecenal and 

ethanolamine 1-phosphate. SPGL1 can also degrade dihydro S1P into hexadecenal and 
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phosphoethanolamine. SGPL1 is an integral membrane protein located mainly on the cytosolic 

side of the endoplasmic reticulum (9). From current evidence, fetal SGPL1 deficiencies lead to a 

myriad of dysfunctions likely resulting from greatly elevated levels of sphingolipids. SGPL1 

mRNA and protein expression in addition to enzyme activity in dendritic cells decreases in 

response to LPS stimulation (368). I found that SGPL1 levels in the placenta were unchanged in 

response to TNF-α. 

The results from the villous explant model did not confirm my hypotheses as S1P 

regulatory enzymes were unaffected by treatment with TNF-ɑ. This lack of effect that is contrary 

to previous published studies could be due to the high concentrations of TNF-ɑ used in those 

previous studies. For example, a study examining the impact of TNF-ɑ on SphK1 expression in 

breast cancer cells showed significant results at 50 ng/mL (351). Similarly, a study published in 

2012 showed significant changes in S1PR expression in human dermal microvascular endothelial 

cells using 50 and 100 ng/mL of TNF-ɑ (332). It is possible that these very high concentrations 

of TNF-ɑ caused mass cell death, and did not act through the S1P pathway, as is possible with 

treatments done for at least 24 hours. It is also possible that somewhat higher concentrations of 

TNF-ɑ are necessary to produce a clear result in in vitro experiments. This can occur due to the 

three-dimensional nature of the explant models, where drugs or factors can potentially bind 

proteins, get metabolized, or sequester within the tissue, thereby losing some potency. This could 

suggest that 1 ng/mL of TNF-ɑ was not a high enough concentration to lead to effects in 

sphingolipid enzyme regulation. Alternatively, villous explants could also be producing sTNFR 

to neutralize the effects of TNF-ɑ treatment, thereby reducing its potency (4). 

Overall, this study showed that SphK1 levels were higher in the placentas of women with 

PE, which implies that the placenta could be a primary contributor of the elevated systemic S1P 
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levels in the mother. SGPP1 expression was increased at the end of ST regeneration regardless of 

TNF-ɑ treatment, highlighting the importance of decreased S1P at the end of ST regeneration 

and before ST shedding. This shows the importance of S1P levels in regulating trophoblast 

turnover. The increase in only SGPP1 as opposed to other enzymes, like LPP3 or SGPL1, 

suggests an importance for dephosphorylating cytosolic S1P, leading to the production of 

sphingosine, at this phase of turnover. TNF-ɑ did not alter S1P enzyme expression in placental 

tissues but led to SphK1 upregulation in differentiating CTs. This implies the cell-specific TNF-

ɑ regulation of S1P synthesizing and catabolic enzymes. The TNF-ɑ-induced expression of 

SphK1 in differentiating CTs can be a mechanism to amplify TNF-ɑ signaling (371) or can lead 

to the increase of extracellular S1P which would then signal through its S1PRs. This study 

proposes that the elevated TNF-ɑ levels in PE can partially explain the elevated placental SphK1 

expression that is observed in my study, particularly in the CTs. TNF-ɑ and SphK1 activity (46) 

independently inhibit CT fusion, a step in the syncytialization process. Since my study showed 

altered SphK1 levels in the placenta in PE and in response to TNF-ɑ, it is important to 

investigate whether these molecules belong to the same signaling pathway that leads to the 

disruption of placental function in PE.  
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4. Chapter 4: Tumor Necrosis Factor-α Induces a Preeclamptic-like Phenotype in 

Placental Villi via Sphingosine Kinase 1 Activation 

A version of this article was published in: Fakhr Y, Koshti S, Habibyan YB, Webster K, 

Hemmings DG. Tumor Necrosis Factor-α Induces a Preeclamptic-like Phenotype in Placental 

Villi via Sphingosine Kinase 1 Activation. International Journal of Molecular Sciences. 2022; 

23(7):3750. https://doi.org/10.3390/ijms23073750. The study was conceptualized and 

administered by Yuliya Fakhr and Denise Hemmings. Data were collected and analyzed by 

Yuliya Fakhr, Saloni Koshti, Yasaman Habibyan, and Kirsten Webster. Yuliya Fakhr wrote the 

first draft. Yuliya Fakhr and Denise Hemmings performed all revisions and edits of the 

manuscript.  
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4.1. Introduction 

The placenta in PE is characterized by poor development of the ST, high levels of 

shedding and cell damage, and high levels of inflammatory cytokines (3). In PE, low CT 

proliferation leads to impaired differentiation and reduced fusion to ST, disrupting syncytial 

formation and thus, function. Abnormally high levels of placental cell death and ST shedding in 

PE (65) lead to a variety of pro-inflammatory responses (372) which further worsen the PE 

phenotype (373).  

Elevated TNF-α is a strong hinderer of syncytialization. TNF-α decreases trophoblast 

proliferation, trophoblast fusion, and the release of placental hormones by the ST (4). TNF-α also 

leads to high levels of placental cell death and CT cell death, particularly by signaling through 

TNFR1 (374). TNFR1 activation requires SphK1 activation as a co-factor (5). TNF-α also leads 

to the release of pro-inflammatory cytokines from the placenta (4). TNF-α-TNFR1 signaling 

activates NF-kB (211), which leads to the release of multiple cytokines and growth factors (375). 

Since TNFR1 signaling requires SphK1 activation, TNF-α could potentially induce its damaging 

effects on the placenta through SphK1 activation.  

Despite the established role for TNF-α in placental damage, physiological levels of TNF-

α have pregnancy-enhancing roles like inducing mucin 1 shedding from uterine epithelial cells, a 

major feature of embryo implantation (143). Normal levels of TNF-α also regulate the fate (144, 

145), proliferation (146-148), and differentiation (149, 150) of various cells, including CTs (4, 

139). TNF-α maintains normal levels of apoptosis that are necessary for fetal development (151). 

This deems market available TNF-α inhibitors controversial for use during pregnancy (152). My 

aim was to explore alternative factors downstream of TNF-α signaling that can be targeted.  
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The addition of TNF-α to HUVECs (6, 7), hepatocytes (328), lung, or fibroblast cell lines 

(376) activates SphK1, the main producer of S1P. Circulating levels of S1P are higher in women 

with PE (170, 176), where inflammation plays a role. I showed in Chapter 3 that SphK1 levels 

were higher in the placentas of women with PE. While high levels of S1P inhibit syncytialization 

(10), inhibiting SphK1, which would decrease S1P production, increases trophoblast fusion (46). 

Although the individual roles that TNF-α and S1P play in the pathogenesis of PE have been 

studied, we do not know whether TNF-α mediates its effects in the placenta through S1P by 

affecting SphK1 expression or activity. In Chapter 3, I showed that TNF-α did not alter the 

expression of S1P synthesizing and catabolic enzymes in whole placental villi in the explant 

model. However, in cultured primary CTs specifically, I showed that SphK1 levels were 

increased in response to TNF-α treatment. 

Given the importance of both TNF-α and S1P on placental function and pregnancy 

outcomes, it is essential to understand the interaction between TNF-α and SphK1, the main 

producer of extracellular S1P, in the placenta. In this study, I investigated the interaction of TNF-

a and SphK1 and their effects on ST formation and function, cell death, and cytokine and factor 

release during ST regeneration using the placental explant model. I hypothesized that high levels 

of TNF-α would decrease syncytialization, increase ST shedding, and increase placental cytokine 

release through activation of SphK1. This study showed that blocking SphK1 blocked TNF-α-

induced placental damage, ST shedding, and cytokine release. However, at lower concentrations, 

TNF-α decreased CT fusion independently of SphK1 activation.  
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4.2. Results 

 Effect of TNF-α on ST Regeneration and its Interaction with SphK1  

SphK1 expression and activity are increased in response to proinflammatory stimuli (377, 

378) and S1P increases epithelial cell extrusion (302). Epithelial cell extrusion can be construed 

as a form of epithelial cell turnover, a process crucial for the maintainance of the ST. For these 

reasons, I investigated the effects of SphK1 inhibition using PF-543, a SphK1 inhibitor, on ST 

formation, function, and shedding in normal and proinflammatory conditions. To determine the 

functional and cytotoxic impact of TNF-ɑ treatment in purified trophoblast cultures, I assessed 

b-hCG secretion and LDH release, respectively, after 24 hours of treatment at different 

concentrations of TNF-ɑ. 1 (p<0.0001), 10 (p<0.0001), and 20 ng/mL (p<0.0001) of TNF-ɑ 

decreased b-hCG secretion (Figure 4.1A) without affecting cell viability, as evidenced by stable 

levels of LDH released in response to each concentration of TNF-ɑ (Figure 4.1B). This 

suggested that 1 ng/mL of TNF-ɑ was sufficient to induce decreased ST regeneration. 

I then confirmed the concentration of TNF-α with maximum effects on resyncytialization 

in the explant model. After the initial 4-day culture to allow syncytial shedding, the explants 

were treated with TNF-α for 24 or 48 hours (n=3). As shown in Figure 3.2A, resyncytialization 

of term placental villous explants from normal pregnancies increased from 24 to 48 hours in the 

no treatment control. After 48 hours of incubation without TNF-α, the ST was relatively thick 

and consistent around the villi (white arrow). There were no overt differences seen with TNF-α 

treatment after 24 hours among the different TNF-α concentrations and the no treatment control. 

However, 48 hours of treatment with 0.1, 1, and 10 ng/mL of TNF-α resulted in reduced ST (red 

arrows). Treatment with 1 ng/mL or 10 ng/mL of TNF-α for 48 hours led to the most consistent 
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and reproducible hindrance of resyncytialization compared to the no treatment control, and hence 

were the chosen concentrations for further experiments. 

TNF-α treatment (1 ng/mL) decreased the area of multinucleated ST after 48 hours 

(p=0.003, n=4, Figure 4.2), regardless of PF-543 treatment. SphK1 inhibition with PF-543 (1 

µM) also decreased the area of the multinucleated ST after 48 hours (p=0.02, n=4, Figure 4.2), 

regardless of TNF-α treatment. The area of multinucleated ST was not different after co-

treatment of the explants with TNF-α and PF-543 when compared to individual TNF-α or PF-

543 treatments (n=4). I analyzed samples after 24 hours of treatment as well, but there were no 

significant differences among the groups. Levels of β-hCG released into the supernatant were 

measured in explants treated with 1 ng/mL TNF-α, 1 µM PF-543, or a combined treatment of 1 

ng/mL TNF-α and 1 µM PF-543 after 24 or 48 hours of treatment. None of these treatments 

affected β-hCG (n=6) or LDH (n=8) levels released by the explants (Figure 4.3).  

Since 1 ng/mL TNF-α had no significant effects on β-hCG and LDH release after 24 or 

48 hours of treatment, I tested whether a higher TNF-α concentration could hinder explant 

resyncytialization and increase cell death by acting through SphK1. Explants were treated with 

10 ng/mL TNF-α, 1 µM PF-543, or the combination of 10 ng/mL TNF-α and 1 µM PF-543 

(n=6). No significant changes were observed in β-hCG levels compared to controls in any of the 

groups at 24 hours post-treatment (Figure 4.4). At 48 hours post-treatment, however, 10 ng/mL 

TNF-α decreased β-hCG release (p=0.008). However, inhibiting SphK1 (1 µM PF-543) did not 

rescue this decrease (Figure 4.4). Furthermore, administration of 10 ng/mL TNF-α in explants 

with 1 µM PF543 significantly decreased β-hCG levels to control levels compared to 1 µM PF-

543 treatment alone (p=0.05). This is likely due to the inhibitory effects of TNF-α as the 

treatment interaction was not significant. As well, β-hCG levels after co-treatment with PF-543 
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and TNF-α compared to TNF-α alone were not significant. This all indicates that SphK1 activity 

did not mediate TNF-α effects on this ST endocrine function.  

No significant changes were observed in LDH levels compared to controls in any of the 

groups at 24 hours post-treatment (Figure 4.4). However, TNF-α increased cell membrane 

damage as detected by increased LDH release at 48 hours (10 ng/mL, p=0.01, Figure 4.4) that 

was inhibited by co-treatment with PF-543 (1 µM) with an interaction of p=0.006. Post-hoc tests 

further confirmed this interaction as TNF-α increased LDH levels (p=0.0005) and inhibiting 

SphK1 in the presence of TNF-α decreased LDH levels from TNF-α-induced levels (p=0.02). 

Since the 24-hour treatment showed no differences in LDH release, I measured ST shedding only 

at 48 hours. ST shedding, demarcated by positive PLAP activity in the culture supernatant, was 

elevated in response to TNF-α treatment (10 ng/mL, p=0.03, Figure 4.4, n=5). This effect was 

diminished upon Sphk1 inhibition (1 µM) with a treatment interaction of p=0.02. 

 Effect of TNF-ɑ on Placental Cytokine and Factor Release and its Dependence on 

SphK1 Activity  

Treating explants with 10 ng/mL of TNF-α increased the release of the inflammatory 

cytokines Eotaxin (p=0.03) and MIP-1β (p=0.001) after 48 hours (Figure 4.5, n=5). The 

treatment also increased the release of sCD40L (p=0.01), RANTES (p<0.0001), GM-CSF 

(p=0.06), IL-18 (p=0.0002), MCP-3 (p=0.0006), MIP-1α (p=0.009), IL-6 (p=0.055), IL-12p40 

(p=0.02), IL-12p70 (p=0.002), IL-2 (p=0.007), IL-15 (p=0.004), and IL-1RA (p=0.006), 

cytokines whose circulating levels are elevated in PE (Figure 4.5). The increased release of these 

factors in response to TNF-α was independent of SphK1 activation. TNF-α also increased the 
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release of IFNα2 (p=0.0006) and IP-10 (p=0.02). The increase in these cytokines was reversed 

by SphK1 inhibition with a treatment interaction of p=0.06 and p=0.03, respectively (Figure 4.5). 

TNF-α also increased the release of the following growth factors (Figure 4.6, n=5): 

fractalkine (p=0.009), IL-7 (p=0.01), EGF (p<0.0001), and Flt3L (p<0.0001). Two interleukins 

that are decreased in PE, IL-4 (p=0.002) and IL-9 (p=0.02), were also increased by this 

treatment. The increased release of these factors was independent of SphK1 activation. TNF-α 

increased the release of FGF2 (p=0.02) and PDGF-AA (p=0.01) (Figure 4.6) which was 

dependent on SphK1 since co-treatment of TNF-α with PF-543 decreased this release (p=0.02 

and p=0.01, respectively) with treatment interactions of p=0.06 and p=0.05, respectively. Post-

hoc tests further confirmed this interaction as TNF-α increased FGF2 (p=0.004) and PDGF-AA 

(p=0.003) and inhibiting SphK1 in the presence of TNF-α decreased FGF2 (p=0.02) and PDGF-

AA (p=0.01) levels from TNF-α-induced levels. PF-543 treatment showed an overall change in 

FGF2 levels (p=0.05). This change, however, was most likely due to its interaction with TNF-α, 

since post-hoc tests showed no difference between PF-543 treated groups and the no treatment 

control. The only cytokine tested that was decreased by TNF-α treatment alone was IL-10 

(p=0.05). PF-543 treatment in combination with TNF-α not only reversed this decrease but 

further increased IL-10 release to 44.7±20.6% higher than the no treatment control with a 

treatment interaction of p=0.003. This highlights the PF-543 treatment effect (p=0.02). Inhibiting 

SphK1 with PF-543 increased GRO-α release (p=0.01, Figure 4.6) but TNF-α had no effect on 

this cytokine. GRO-α was not detected in some samples and these were designated as 0 on the 

graph, and were excluded from statistical analysis. Neither TNF-α nor PF-543 treatments had 

any effect on IFNg, IL-1-α, IL-1β, IL-5, IL-8, MCP-1, G-CSF or PDGF-BB (Figure 4.7). 

Inhibiting SphK1 in the absence of TNF-α treatment decreased TNF-α release (p=0.008, Figure 



 120 

4.8). TNF-α and GRO-α were the only factors affected by PF-543 treatment alone. 

 PF-543 Dose Response in Villous Explants  

The dosage of 1 µM PF-543 to inhibit SphK1 was established based on effective dosages 

in other cell types that examined different outcome measures. However, the effects of PF-543 on 

placental explant resyncytialization or cell death have not been investigated. I, therefore, wanted 

to determine whether higher doses of PF-543 that are still highly specific for inhibiting SphK1, 

would lead to enhanced effects. Thus, a PF-543 dose-response was performed. Explants were 

treated with 0 µM, 1 µM, 10 µM, or 20 µM of PF-543 (n=4) on Day 4 of explant culture. β-hCG 

and LDH levels were measured. With respect to ST endocrine function, no significant changes 

were observed in β-hCG at any PF-543 concentration after 24 hours of treatment (Figure 4.9A). 

However, inhibiting SphK1 activity with 10 or 20 µM of PF-543 for 48 hours increased β-hCG 

secretion (p=0.04, p=0.02, respectively; Figure 4.9B). No significant changes in LDH levels 

were observed at any concentration of PF-543 at either time point (Figures 4.10C, 4.10D). 
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Figure 4.1: TNF-α Decreases b-hCG Release from Cultured Primary Trophoblasts 

Without Affecting Their Viability 

Primary CTs were cultured for 24 hours after which supernatants and cell lysates were collected. 

(A) TNF-α decreased b-hCG secretion from cultured trophoblast cells in a dose-dependent 

manner from 1 ng/mL to 10 ng/mL (p=0.0008). (B) TNF-α treatment for 24 hrs did not appear to 

affect the cytotoxicity of primary cultured trophoblast cells from 1 to 20 ng/mL. All results were 

calculated as a ratio of total protein in the well. These results were then calculated as a ratio 

relative to the no treatment control from the same experimental replicate and depicted as a fold-

change difference within their own experimental subset. The arbitrary units (a.u) reflect the 

relative nature of the results that were calculated as a ratio of the chosen reference. All results 

were analyzed using a one-way ANOVA, two-stage linear step-up procedure of Benjamini, 

Krieger, and Yekutieli post-hoc test and linear trend post-hoc analysis (n = 3, Mean ± SEM). 
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Figure 4.2: Resyncytialization in Term Placental Villous Explants from Normal 

Pregnancies Decreased in Response to TNF-α and Sphk1 Inhibition Independently 

(A): Explants were cultured for 4 days prior to treatment to induce syncytial shedding. 

Resyncytialization of term villous explants following treatment with 0–10 ng/mL of TNF-α after 

24 or 48 hours of treatment was analyzed using confocal fluorescence microscopy. DAPI stained 

nuclei blue and E-cadherin (AF488) stained adherens junctions green (n = 3). (B): Explants were 

pre-cultured for 4 days prior to treatment with 1 ng/mL of TNF-α, 1 μM PF-543, a co-treatment 

of both or a no treatment control for 48 hours. Results were analyzed by measuring the total area 

of the ST and normalizing it to the total surface area of the explant. Results are presented as 

relative to the no treatment control and analyzed using a two-way ANOVA with the two-stage 

linear step-up procedure of Benjamini, Krieger, and Yekutieli post-hoc test (n = 4, Mean ± 

SEM). 
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Figure 4.3: 1 ng/mL of TNFα with or without 1 μM PF-543 Treatment did not Affect β-

hCG or LDH Release into Supernatants 

Explants were cultured for 4 days prior to treatment with 1 ng/mL of TNF-ɑ, 1 μM PF-543, a co-

treatment of both or a no treatment control for 24 or 48 hours. Supernatants were centrifuged at 

15000 RPM for 15 mins prior to quantification of β-hCG and LDH. (A) and (B) represent β-hCG 

released into supernatants after 24 and 48 hours, respectively, as measured by ELISA (n = 6). 

(C) and (D) represent LDH released into supernatants after 24 and 48 hours, respectively, as 

measured with a colorimetric assay (n = 8). Results were normalized against total protein mass. 

Normalized values were then calculated as a ratio relative to the no treatment control from the 

same experimental replicate and depicted as a fold-change difference within their own 

experimental subset. The arbitrary units (a.u) reflect the relative nature of the results that were 
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calculated as a ratio of the chosen reference. Results were analyzed using a two-way ANOVA 

with the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli post-hoc test 

(Mean ± SEM). 
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Figure 4.4: Inhibiting SphK1 with PF-543 Diminished TNF-α Effects on LDH Release and 

PLAP-Positive Shed Particles but not on β-hCG Secretion at 48 Hours 

Explants were pre-cultured for 4 days prior to treatment with 10 ng/mL of TNF-α, 1 μM PF-543, 

a co-treatment of both or a no treatment control for 48 hours. Supernatants were centrifuged at 

15,000 RPM for 15 min prior to analysis. (A) β-hCG released after 24 hours or (C) 48 hours was 

measured by ELISA. (B) LDH released into the supernatant after 24 hours or (D) 48 hours was 

measured with a colorimetric assay. (E) Non-centrifuged supernatants were analyzed for PLAP 

activity using an alkaline phosphatase activity assay. Results were normalized against total 

protein mass. Normalized values were then calculated as a ratio relative to the no treatment 

control from the same experimental replicate and depicted as a fold-change difference within 

their own experimental subset. The arbitrary units (a.u) reflect the relative nature of the results 

that were calculated as a ratio of the chosen reference. Results were analyzed using a two-way 

ANOVA with the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli post-

hoc test (n = 6 or n = 5, Mean ± SEM). 
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Figure 4.5: Inhibiting SphK1 with PF-543 Diminished TNF-α Effects on the Release of 

IFNα2 and IP-10 

Explants were cultured for 4 days prior to treatment with 10 ng/mL of TNF-α, 1 μM PF-543, a 

co-treatment of both, or a no treatment control for 48 hours. Supernatants were centrifuged at 

15,000 RPM for 15 min prior to quantification of pro-inflammatory cytokines and chemokines 

using a multiplex array. Results were normalized against total protein mass. Normalized values 

were then calculated as a ratio relative to the no treatment control from the same experimental 

replicate and depicted as a fold-change difference within their own experimental subset. The 

arbitrary units (a.u) reflect the relative nature of the results that were calculated as a ratio of the 

chosen reference. Results were analyzed using a two-way ANOVA with the two-stage linear 

step-up procedure of Benjamini, Krieger, and Yekutieli post-hoc test (n = 5, Mean ± SEM). 
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Figure 4.6: Inhibiting SphK1 with PF-543 Diminished TNF-α Effects on the Release of 

FGF2, PDGF-AA, and IL-10 

Explants were cultured for 4 days prior to treatment with 10 ng/mL of TNF-α, 1 μM PF-543, a 

co-treatment of both, or a no treatment control for 48 h. Supernatants were centrifuged at 15,000 

RPM for 15 min prior to quantification of growth factors and chemokines using a multiplex 

array. Results were normalized against total protein mass. Normalized values were then 

calculated as a ratio relative to the no treatment control from the same experimental replicate and 

therefore depicted as a fold-change difference within their own experimental subset. The 

arbitrary units (a.u) reflect the relative nature of the results that were calculated as a ratio of the 

chosen reference. Results were analyzed using a two-way ANOVA with the two-stage linear 

step-up procedure of Benjamini, Krieger, and Yekutieli post-hoc test (n = 5, Mean ± SEM). 
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Figure 4.7: Inhibiting SphK1 with PF-543 and/or TNF-α Treatment did not Affect the 

Release of Some Cytokines, Factors, or Chemokines 

Explants were cultured for 4 days prior to treatment with 10 ng/mL of TNF-ɑ, 1 μM PF-543, a 

co-treatment of both or a no treatment control for 48 hours. Supernatants were centrifuged at 

15000 RPM for 15 mins prior to quantification of inflammatory cytokines, growth factors, and 

chemokines on a multiplex array. Results were normalized against total protein mass. 

Normalized values were then calculated as a ratio relative to the no treatment control from the 

same experimental replicate and depicted as a fold-change difference within their own 

experimental subset. The arbitrary units (a.u) reflect the relative nature of the results that were 

calculated as a ratio of the chosen reference. Results were analyzed using a two-way ANOVA 

with the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli post-hoc test (n 

= 5, Mean ± SEM). 
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Figure 4.8: Inhibition of SphK1 Decreased Release of TNF-⍺ 

Explants were cultured for 4 days prior to treatment with 1 μM PF-543 or a no treatment control 

for 48 hours. Supernatants were centrifuged at 15000 RPM for 15 mins prior to quantification of 

TNF-⍺ using a multiplex array. Results were normalized against total protein mass. Normalized 

values were then calculated as a ratio relative to the no treatment control from the same 

experimental replicate and depicted as a fold-change difference within their own experimental 

subset. The arbitrary units (a.u) reflect the relative nature of the results that were calculated as a 

ratio of the chosen reference. Results were analyzed using a Mann-Whitney test (n = 5, Mean ± 

SEM).  
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Figure 4.9: SphK1 Inhibition with PF-543 Increased β-hCG Secretion After 48 Hours 

Explants were cultured for 4 days prior to treatment with a PF-543 dose response (0-20 μM). 

Supernatants were centrifuged at 15000 RPM for 15 mins prior to quantification of β-hCG and 

LDH. (A) and (B) represent β-hCG released into the supernatant after 24 and 48 hours, 

respectively, as measured by ELISA. (C) and (D) represent LDH released into the supernatant 

after 24 and 48 hours, respectively, as measured with a colorimetric assay. Results were 

normalized against total protein mass. Normalized values were then calculated as a ratio relative 

to the no-treatment control from the same experimental replicate and depicted as a fold-change 

difference within their own experimental subset. The arbitrary units (a.u) reflect the relative 

nature of the results that were calculated as a ratio of the chosen reference. Results were 

analyzed using the non-parametric Kruskal-Wallis test with the two-stage linear step-up 

procedure of Benjamini, Krieger, and Yekutieli post-hoc test (n = 4-5, Mean ± SEM). 
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4.3. Discussion  

The focus of this study was to determine whether the effects of elevated TNF-α, which 

induces a PE-like placental phenotype, characterized by poor ST function, high ST shedding, and 

high inflammation (139, 140), are mediated through changes in SphK1 activity in placental 

explants. TNF-α (4, 138, 379) and S1P (9, 176), which is produced by SphK1, are already each 

independently associated with PE pathophysiology by inhibiting ST formation (10, 46, 139). 

TNF-α increases SphK1 activation in HUVECs (6, 7), hepatocytes (328), lung or fibroblast cell 

lines (376). In the current study, TNF-α effects on syncytial hormone production and CT fusion 

were found to be independent of SphK1 activation. However, placental cell death and ST 

shedding induced by TNF-α were dependent of SphK1 activation. TNF-α also increased the 

release of 16 pro-inflammatory cytokines and 9 growth factors from cultured placental explants. 

However, TNF-α-induced changes were dependent on SphK1 activation for only five of these 

factors: IFNα2, IP-10, FGF2, and PDGF-AA were decreased while IL-10 was increased after 

inhibiting SphK1. Overall, I show that elevated TNF-α induced a PE-like placental phenotype, 

that was mediated in part through SphK1 activation.  

TNF-α acts through two receptors: TNFR1 and 2 (4). The signaling pathway through 

TNFR1 leads to cytotoxic effects in trophoblasts (374, 380). Recently, both S1P and SphK1 were 

deemed essential to the signaling cascade of TNF-α through TNFR1 in HEK293T and HeLa cell 

lines (5). S1P and SphK1 act as cofactors for TNFR1 signaling by interacting with TNFR1 (5) 

and ultimately leading to NF-kB activation (211). However, there is a knowledge gap in 

understanding the relationship between TNF-α and SphK1 signaling in inducing placental 

malfunction.  
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Hence, I aimed to decipher the independent role of SphK1 activation and its impact on 

TNF-α signaling in the placenta. Based on the existing knowledge regarding the role of SphK1 

as an essential factor for TNF-α signaling (8), it was expected that inhibiting SphK1 would 

inhibit all the effects of TNF-α. However, I found that some effects of TNF-α on placental 

function were independent of SphK1 activation. Although TNF-α decreased re-syncytialization 

of the explants as expected, this decrease was not affected when SphK1 activity was inhibited 

during treatment. This implies that TNF-α hindrance of ST formation is independent of SphK1 

activation. TNF-α decreased ST release of b-hCG independently of SphK1 activation but 

increased ST shedding was dependent on SphK1 activation. TNF-α decreased the area of 

multinucleated ST independently of SphK1 activation. This implies that the low amount of 

multinucleation is due to poor CT fusion into the ST rather than high levels of ST degradation. 

This can be inferred because the TNF-α-induced decrease in multinucleation was not dependent 

on SphK1, similar to the lack of dependence in b-hCG release. On the other hand, TNF-α-

induced ST shedding was dependent on SphK1. Nonetheless, my study showed that TNF-α 

hinders ST development by both decreasing its formation and differentiation and by increasing 

its degradation.   

On the other hand, only inhibiting SphK1 with PF-543 hindered fusion as well, 

suggesting an important role for this kinase and its product, S1P in the fusion process. This is 

contrary to what Singh et al. showed by using DMS to inhibit SphK1 (291). One explanation for 

this disparity is that DMS has many off-target effects, especially on trophoblast metabolism (46). 

Additionally, DMS inhibits both SphK1 and SphK2 and is a PKC inhibitor, which is downstream 

of S1PR2-3 signaling (381). PF-543, however, is reported to be specific and efficient, inhibiting 

over 95% of SphK1 activity at 1 µM with a 134-fold selectivity for the SphK1 isoform over 
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SphK2 (382). Moreover, these experiments were done in villous explant cultures where the CT is 

in context with the surrounding tissue and extracellular matrix as opposed to those done by Singh 

et al. which used cultured primary trophoblasts only. In a different study using BeWo 

choriocarcinoma cells, Singh and colleagues show that SphK1 levels decrease as cells fuse into a 

multinucleated ST (46). This could imply the importance of SphK1 in inducing CT fusion and its 

downregulation once fusion is complete. 

In contrast to the important role SphK1 may play in CT fusion, inhibiting SphK1 activity 

alone increased β-hCG release from cultured placental explants. The seemingly contradictory 

effects of SphK1 inhibition on syncytial function versus CT fusion in these findings might point 

to differential effects of SphK1 inhibition depending on the cell type, CT versus ST. This, 

however, remains to be investigated. While CT fusion and β-hCG release are both used as 

markers for syncytial differentiation, it is important to remember that these processes occur 

through separate signaling pathways and in different cell types. A differential effect on fusion 

versus endocrine function was also seen by Singh et al when using DMS to inhibit SphK; 

however, these results are opposite to mine where they found increased CT fusion and decreased 

β-hCG release.  

Although β-hCG release was decreased with treatment of 1 and 10 ng/mL of TNF-α in 

primary CT cultures, the effects on β-hCG release were only observed with 10 ng/mL of TNF-α 

in the explant model. The need for a higher dosage in explants compared to primary cells can be 

explained by the complex nature of explants, which often leads to degradation or sequestration of 

exogenous ligands, leading to a decrease in their potency. TNF-α was previously established to 

have pro-apoptotic effects in the ST and to decrease β-hCG release at 10 ng/mL in villous 

explants (139), whereas, 1 ng/mL of TNF-α had no effect on β-hCG release (139). Thus, my 
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results are in agreement with this previous literature. My results also showed that TNF-α at the 

lower concentration of 1 ng/mL did, however, decrease trophoblast fusion. This decrease, as 

mentioned, had no consequences on β-hCG release. This could have occurred because minimal 

ST could be sufficient to produce β-hCG at healthy levels even in the presence of 1 ng/mL of 

TNF-α; however, 10 ng/mL of TNF-α overcomes this compensating response by ST. 

The ST is maintained by a balance of trophoblast fusion/differentiation and syncytial 

shedding. Since cell damage and syncytial shedding are increased in PE, I assessed the levels of 

LDH release and PLAP-positive shed particles, respectively. Inhibiting SphK1 alone had no 

effect on placental cell membrane damage or syncytial shedding. However, these measures were 

increased in explants treated with TNF-α alone, reflecting increased cell death. Inhibiting SphK1 

while treating with TNF-α blocked the TNF-α-induced decrease in cell death and syncytial 

shedding. This indicates that TNF-α exerts its effects on cell death and shedding through SphK1. 

Since LDH is a cytosolic enzyme, the type of cell death that is most likely occuring in these 

experiments is necrosis, which involves releasing the contents of the cytoplasm due to cell 

membrane damage. However, another form of cell death that might be occuring is autophagy 

(383). While autophagy involves the secretion of autolysosomes that contain LDH (384), it is 

possible that these autolysosomes were lysed during supernatant collection and the freeze-thaw 

process. In this case, the LDH that was measured in the assay would have included 

autolysosomal LDH. For this reason, it would be important in the future to evaluate autophagy-

specific markers, such as LC3-II (microtubule-associated protein light chain 3) and WD repeat 

domain phosphoinositide-interacting familiy protein 2, or WIPI2 (385).  

Interestingly, LDH is a cytosolic enzyme that can induce autophagy in tumor cells (386). 

TNF-α (387) as well as SphK1 activation (388) increase autophagy. In fact, CER, a precursor of 
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S1P, increases autophagy in a trophoblast cell line (175). Autophagy is increased in the placental 

villi of women with PE (387), but the regulators of this process in the placenta are still unclear. 

My results showed that TNF-α-induced LDH release is dependent on SphK1 activity. Further 

research would investigate whether the TNF-α-SphK1-LDH release pathway regulates 

autophagy in the placenta.  

Studies in epithelial and endothelial cells show that TNF-α administration increases the 

activity and expression of SphK1 levels (5-8). Indeed, my study showed that TNF-α is dependent 

on SphK1 activity to induce cell death and syncytial shedding in the placenta. Potentially, this 

could occur through TNF-α-induced activation of NF-κB mediated cell death pathways (5). NF-

κB is a known activator of cell fate pathways as well as pro-inflammatory and growth factor 

production. Thus, SphK1-mediated TNF-α activation of IFNα2, IP-10, FGF2, and PDGF-AA 

release could in fact be occurring due to NF-κB activation. While the role of IFNα2 is not yet 

clear in the placenta, this type I interferon is expressed by epithelial cells and is responsible for 

upregulating genes of proteins involved in immune responses in the bovine endometrium (389). 

IFNα2 also increases choriocarcinoma trophoblast cell resistance to methotrexate by regulating 

cell viability (390). On the other hand, IP-10 inhibits angiogenesis by reducing endothelial cell 

viability and proliferation in various cell types, including human vascular endothelial cells. IP-

10, however, also stimulates vascular smooth muscle cell motility and hence differentiation (391, 

392). This step is critical for spiral artery remodeling in early pregnancy. Improper spiral artery 

remodeling is strongly associated with the development of PE. FGF2 and PDGF-AA are also 

upregulated in response to cell damage (393, 394), as a compensatory response. PDGF-AA 

particularly, rescues trophoblasts from TNF-α-induced cell death (298). Thus, this interaction 

might be occurring downstream of the cell death pathway induced by TNF-α, which is dependent 
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on SphK1 activation.  

In my study, the only factor that TNF-α treatment of placental explants decreased was IL-

10, and inhibiting SphK1 activation not only reversed this effect but led to increased levels above 

the control. Siwetz et al show that IL-10 levels are unchanged in response to TNF-α in first 

trimester villous explants (140). However, IL-10 circulating levels are lower in PE in second and 

third trimester pregnancies (395). This supports the idea that high levels of TNF-α in PE could be 

the reason behind the drop in circulating IL-10 levels. The TNF-α-induced decrease in IL-10 

release was dependent on SphK1 activation. As summarized by Kalkunte S et al, IL-10 is an 

anti-inflammatory cytokine that is crucial for pregnancy maintenance (396). Its levels are 

normally decreased at term to allow the rise in inflammation necessary for the induction of labor. 

Hence, high levels of TNF-α lead to a further decrease in IL-10 which would skew the balance 

towards a hyperinflammatory state. IL-10 serves a protective role in pregnant women exposed to 

hypoxia, a characteristic of PE. Pregnant IL-10 knockout mice exposed to a hypoxic 

environment developed placental damage and PE symptoms. Treating these mice with 

recombinant IL-10 reversed the PE symptoms induced by hypoxia. IL-10 is also protective in 

other aspects of the disorder, such as inflammation and vascular function, which are all 

summarized in the following review (396). Interestingly, IL-10 acts as a strong protector against 

autophagic activity (387). Hence, the SphK1-dependent TNF-α decrease of IL-10 could be a 

potential mechanism of TNF-α-induced autophagy in the placenta.  

TNF-α induced the release of a wide variety of inflammatory and growth cytokines but 

the majority of these were independent of SphK1 activation. This could be because TNF-α acts 

on specific cell types in the placenta that release some cytokines and not others. Hence, TNF-α 

could be dependent on SphK1 activation only in specific cell types. Alternatively, TNF-α could 
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be inducing certain cytokines through TNFR1 and some through TNFR2, whose signaling and 

interaction with SphK1 are yet to be investigated. Interestingly, inhibiting SphK1 led to a 

decrease in TNF-α release implying that SphK1 activity induces TNF-α release from the 

placenta. This release could be a normal physiological response when SphK1 activation levels 

are within normal ranges and could lead to the release of TNF-α to increase normal processes 

like angiogenesis and proliferation (4). However, high levels of TNF-α in pathological 

conditions such as PE could contribute to high levels of SphK1 activation in the placenta, which 

would further amplify TNF-α levels and exacerbate the PE-like phenotype. SphK1 activation 

induced by TNF-α was involved in syncytial shedding, membrane damage, secretion of 

proliferation and pro-survival factors, and secretion of proinflammatory factors IFNα2 and IP-10. 

SphK1 also increased TNF-α itself suggesting a feed-forward loop. The role of SphK1 activity in 

mediating the TNF-α-induced decrease in IL-10 as well as the decrease in TNF-α itself has 

important translational implications in other inflammatory disorders as well, particularly 

autoimmune diseases, such as inflammatory bowel disease (397). My findings propose 

investigating whether SphK1 inhibitors or agonists/antagonists regulating S1P signaling, in 

general, could be synergistic with TNF-α-targeted antibodies for the treatment of these disorders. 

Finally, only GRO-α increased in response to SphK1 inhibition. In this model, TNF-α 

had no effect on GRO-α. This is contrary to existing literature which shows that TNF-α increases 

GRO-α expression in airway smooth muscle cells (398), HUVECs (399) and keratocytes (400). 

However, in corneal epithelial cells, TNF-α has no effect on GRO-α expression, suggesting a 

cell-dependent differential response to TNF-α. The cell composition of the villous explants could 

have led to the lack of responsiveness to TNF-α with regards to GRO-α levels. Moreover, it is 

important to note that only secretion of the chemokine, and not expression, was measured in my 
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study. TNF-α can have different roles in regulation the transcription versus the secretion of 

GRO-α. In non-placental cells, GRO-α induces angiogenesis and plays a multifaceted role in 

tumor progression (401). While the role of GRO-α in placental and trophoblast function 

throughout pregnancy has not been extensively investigated, GRO-α is commonly secreted from 

trophoblasts in response to cell damage (402). In my study, inhibiting SphK1 could have led to a 

specific damage-induced signaling pathway, that was not triggered by TNF-α, that led to the 

increase in this cytokine.  

The explant model is a complex three-dimensional culture with multiple cell types, 

matrices, and cell-cell interactions. Hence, potent inhibitors, like PF-543, can potentially bind 

proteins, get degraded, or sequester within the tissue, thereby losing some potency. To 

investigate if increasing concentrations of PF-543 could  have distinguishable effects on explant 

syncytialization, I exposed explants to increasing PF-543 concentrations that were still within the 

specific range (382). PF-543 treatment at 10 and 20 µM increased the release of b-hCG from 

villous explants without affecting cell viability. An article shows that 10 µM of PF-543 in a 

monolayer cell culture did not bind any off-target kinases from the kinase profiling panel (382). 

Moreover, it had a 132-fold selectivity for SphK1 over SphK2 (382). As mentioned, PF-543 has 

not been tested in trophoblasts or in placental explants previously. Nonetheless, 1 µM (403, 404) 

and even 10 µM (405) of PF-543 are commonly used concentrations in a monolayer culture of 

cells isolated from other tissues.   

Certain studies show a difference in function for S1P produced by SphK1 or SphK2 

(406). SphK1 is the cytoplasmic isoform which contributes mainly to extracellular S1P that 

signals through its receptors. SphK2 is located in the nucleus and the rough endoplasmic 
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reticulum and is the main producer of S1P that signals intracellularly (407). SphK2 is poorly 

studied in the placenta and its interaction with TNF-α on placental function is unknown.  

 Currently, there are no definitive treatments for PE except for delivery of the fetus which 

often leads to preterm birth (408). This study showed that TNF-α induced its effects on several 

aspects of placental function by activating SphK1 and identifies the S1P signaling pathway as a 

potential treatable target. However, since blocking SphK1 activity also inhibited trophoblast 

fusion (291) and since S1P has many diverse protective functions, the market available SphK1 

inhibitors (409) may pose off-target effects that will impact placental health and potentially fetal 

health through placental programming. Moreover, inhibition of SphK1 activity will reduce the 

synthesis of S1P which is protective and anti-apoptotic at normal levels (9). One way to mitigate 

this is to target specific S1P receptors. For instance, S1PR1 is a key player in counteracting TNF-

α induced release of MCP-1 and IL-8 in placental vascular tissues (9). S1PR2 activation induces 

IL-6 secretion from trophoblasts (9). Hence, my next chapter will explore the role of S1PRs in 

the placenta as well as placental S1PR expression in PE and in response to TNF-α. 
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5. Chapter 5: S1P Receptors in Placental Physiology and Pathology 
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5.1. Introduction 

Increased proinflammatory cytokines alter placental growth and function, contributing to 

the pathophysiology of the disorder. As reviewed in Haider et al (4), TNF-α hinders the 

formation and function of the placental ST, the site of hormone production and maternofetal 

exchange of nutrients, water, and gases. In Chapter 3 (371), I showed that TNF-α induced a 

placental PE-like phenotype via SphK1 activation, specifically in the case of ST shedding, IL-10 

inhibition, and specific cytokine release. Currently, SphK1 inhibitors are strong pharmaceutical 

contenders for their therapeutic potential in inflammatory disorders, with some like Safingol 

entering the clinical trial stage (409). However, the total inhibition of SphK1 will affect overall 

S1P production and pose off-target effects (409). These effects are particularly concerning 

during pregnancy since S1P regulates pregnancy-enhancing functions such as regulating the 

balance between vasoconstriction and vasodilation, endothelial barrier function, trophoblast 

function, and inflammatory cytokine release in the placenta (9). For this reason, investigating 

S1PRs and understanding their function in the placenta might lead to a more targeted 

manipulation of dysfunctional S1P signaling.  

S1P is a bioactive lipid that regulates multiple physiological processes by signaling through 

its five specific receptors, S1PR1-5. These S1PRs are differentially expressed in different 

placental cell types and regulate different responses. In most cases, S1PR1 and S1PR3 signaling 

is protective and anti-apoptotic (9). Whereas, S1PR2 signaling induces secretion of 

proinflammatory cytokines from trophoblast cell lines (286). In HUVECs and rat hepatocytes, 

treatment with S1PR2 antagonists reduces apoptosis (410, 411), implying a pro-apoptotic effect 

upon S1PR2 activation. The role of S1PR2 signaling in the placenta, however, is poorly 

understood.  



 147 

Placental S1PR expression in PE may be altered in a manner that promotes destructive 

physiological signaling. For instance, S1PR1 and S1PR3 mRNA expression is lower in human 

placental samples from women with PE, while S1PR2 expression is higher in placentas of 

women with severe PE (234). Since placental S1PR2 is overexpressed in severe PE, it is 

important to decipher the role of S1PR2 in placental signaling, specifically in ST formation.  

Altered placental S1PR expression as seen in PE can be the result of numerous factors. 

TNF-α is implicated in regulating S1PR expression in various cell types. TNF-α treatment leads 

to mRNA and protein upregulation of S1PR2 in cultured human microvascular endothelial cells 

and to increased vascular permeability, a hallmark of inflammation (332). However, in 

fibroblast-like human synoviocytes, that are located inside joints, the addition of TNF-α 

upregulates S1PR3 mRNA and protein leading to inflammatory cytokine secretion, with no 

effects on S1PR1 or S1PR2 expression (333). This variation in regulation of S1PR expression 

appears to be cell-specific and warrants investigation in the placenta in general and in the 

trophoblast specifically. 

In summary, studies in various cell types suggest that S1PR2 signaling is involved in 

inflammatory cytokine release and apoptosis. S1PR1 signaling is often protective and therefore 

can counterbalance the detrimental S1PR2-mediated signaling. Additionally, TNF-α increases 

S1PR2 expression in non-placental microvascular cells. S1PR2 is also increased in severe PE. 

Hence, I hypothesized that inhibiting S1PR2 will increase placental ST function and decrease 

cell membrane damage. I further hypothesized that TNF-α will increase S1PR2 expression and 

decrease S1PR1 expression in BeWo cells, primary trophoblasts, and villous explants. I will also 

confirm that S1PR2 is higher in placentas of women with PE using a different method than that 

published, Western Blots. 
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My study showed that S1PR2 inhibition in the absence of any other treatment altered ST 

endocrine secretion in a hormone-specific manner and also led to an increase in cell membrane 

damage. S1PR2 was increased in placentas of women with mild PE. S1PR2, however, was 

decreased in response to TNF-α in BeWo cells, but it was increased in cultured primary human 

CTs. The overall expression of S1PR2 and S1PR3 in villous explants from normal term 

placentas increased in response to TNF-α, and TNF-α muted the S1PR1 surge that was seen in 

untreated cultures at the end of ST regeneration. 

5.2. Results 

 S1P and Placental ST Function 

I first aimed to test the effect of S1P treatment alone on the placental release of b-hCG 

and hPL, two prominent markers of ST function. Villous explants were cultured for 4 days to 

induce spontaneous ST shedding, as was described in Chapter 3 (371). On day 4, when the ST 

was maximally shed, explants were treated with 1 or 10 µM of S1P in a solution containing 

bovine serum albumin as the lipid carrier. In Chapter 4, explants needed 48 hours of treatment to 

show a response in b-hCG release. So, I only examined the effects of S1P after 48 hours of 

treatment. My results showed that 1 and 10 µM of S1P did not affect LDH, a marker of cell 

membrane damage or cell death (Figure 5.1A). However, 10 µM of S1P increased β-hCG release 

from villous explants (p=0.03) after 48 hours of treatment. On the other hand, neither 

concentration of S1P altered hPL levels after 48 hours of treatment.  

 S1PR2 and Placental ST Function 

Next, I aimed to identify the importance of S1PR2 signaling in unstimulated cultures on 

LDH release as S1PR2 signaling is a strong inducer of various forms of cell death in other cell 
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types. I also aimed to identify the effects of S1PR2 signaling on β-hCG and hPL release since 

placental S1PR2 is increased in severe PE, in which placental ST function is impaired. My 

results showed that inhibiting S1PR2 in the absence of any other treatment increased LDH 

release (Figure 5.2A, p=0.005), which suggests that S1PR2 activation might be decreasing cell 

membrane damage. Inhibiting S1PR2 with JTE-013 increased β-hCG release (Figure 5.2B, 

p=0.01) but decreased hPL (Figure 5.2C, p=0.02), suggesting that activation of S1PR2 by 

endogenous sources of S1P decreases β-hCG release but increases hPL release from the ST.  

 Placental S1PR Expression in PE 

Thirteen women with healthy pregnancies and 4 women with PE were enrolled in this 

study and their clinical characteristics are summarized in Table 5.1. Women with PE had higher 

systolic (156.4 ± 14.35 versus 112.7 ± 4.976 mmHg; p<0.0001) and diastolic (111.6 ± 29.1 

versus 70.98 ± 5.54; p=0.038) blood pressures compared to those in the healthy control group. 

All participants in the PE group were positive for proteinuria. There were no significant 

differences in infant birth weight and gestational age between the groups. 

Previous studies report a general decrease in S1PR1 mRNA expression in placentas of 

women with PE, including in biopsies from the basal plate (maternal side) and in placental 

chorionic arteries (9). S1PR1 protein levels in the placentas of women with healthy pregnancies 

or those with PE have not been examined yet. My results in Figure 5.3A confirmed the lack of 

difference in S1PR1 protein expression in placentas from these groups of women, in agreement 

with the previously reported mRNA results (234). These results were confirmed by performing 

immunofluorescent staining of S1PR1 in placental biopsies (Figure 5.3C). Qualitatively, S1PR1 

appears to be evenly expressed throughout the placentas from both the healthy and the PE 

groups. There were no overt differences in S1PR1 expression patterns between the groups. 
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Overall quantification of immunofluorescence confirmed the lack of difference in S1PR1 levels.   

Reports on S1PR2 expression in placentas from women with PE vary and warrant further 

investigation. Some studies show no changes in expression in PE (353), and others show an 

increase in S1PR2 mRNA expression in severe PE (234). Other studies show increased S1PR2 

mRNA expression in placental chorionic arteries (172). The protein expression, however, of this 

receptor has not been investigated in the placenta. In this study, I compared S1PR2 levels in 

placentas from normal pregnant women to those from women with PE by Western Blot. My  

study showed an increase in S1PR2 protein levels in placentas from women with PE (Figure 

5.3B, p=0.02) 

 S1PR Expression in BeWo Cells 

Since the disruption in placental S1PR expression is associated with the diagnosis of PE, 

it is important to investigate factors in PE that could lead to this imbalance. To start with, I 

investigated the effects of TNF-α treatment on S1PR1 and S1PR2 expression in BeWo cells, a 

choriocarcinoma cell line that closely mimics second trimester trophoblasts that can differentiate 

into a multinucleated ST with barrier-like properties (412). S1PR1 protein expression remained 

unchanged in response to 10 or 20 ng/mL of TNF-α after 24 hours of treatment (Figure 5.4A). 

S1PR2 expression, however, decreased in a dose-dependent manner (p=0.02) with significant 

decreases at 10 ng/mL (p=0.03) and 20 ng/mL (p=0.02) of TNF-α (Figure 5.4B). No changes in 

S1PR2 expression were observed on post-hoc testing in response to 1 or 5 ng/mL of TNF-α 

(Figure 5.4B). Since LPS treatment increases S1PR2 levels in other cell types, I used 20 µg/mL 

of LPS as a positive control. In my study, however, LPS decreased S1PR2 expression (p=0.01, 

Figure 5.4B), similar to the TNF-α effect. 
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 S1PR Expression in Primary Human Cytotrophoblasts 

Since BeWo cells are a choriocarcinoma cell line and S1P signaling is altered in cancer 

(413), BeWo cells might not accurately mimic physiological trophoblast responses with respect 

to their S1PRs. For this reason, I also tested the effect of TNF-α on S1PR expression in primary 

human CTs. Since protein mass extracted from cultured CTs was not sufficient for S1PR 

detection by Western Blot, I used immunofluorescence to measure S1PR1 and S1PR2 levels. 

Similar to BeWo cells, S1PR1 expression did not change in response to TNF-α at 1, 5, 10, or 20 

ng/mL of treatment for 24 hours (Figure 5.5A). On the other hand, S1PR2 expression increased 

after 24 hours of treatment with 20 ng/mL of TNF-α (p=0.005, Figure 5.5B), in contrast to the 

results in BeWo cells. Unlike the BeWo cells, S1PR1 and S1PR2 expression remained 

unchanged in response to 20 µg/mL of LPS (Figure 5.5B), suggesting that the term primary 

human CTs lacked responsiveness to LPS in regards to S1PR expression. 

 S1PR Expression in Regenerating Villous Explants 

Finally, since S1PR1 and S1PR2 expression is altered in PE in the whole placental tissue 

rather than trophoblasts specifically, I investigated the effect of treatment with 1 ng/mL of TNF-

α on S1PR expression in villous explants isolated from healthy term pregnancies. To better 

understand S1PR expression during ST formation, I investigated the fluctuation of receptor 

mRNA expression at various time points throughout the ST regenerative process. Finally, as the 

role of S1PR3 is under-investigated in the placenta and S1PR3 expression is increased in 

response to TNF-α in synoviocytes (333), I also measured S1PR3 villous expression across ST 

formation in the absence and presence of 1 ng/mL of TNF-α. Treatment wells that were 

contaminated or identified as outliers by ROUT’s test were excluded from the analysis. S1PR1 

mRNA expression was constant during the initial phases of ST formation, from 0 to 36 hours, 
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and peaked at 48 hours, at the end of the regenerative cycle (p=0.01, Figure 5.6A). In contrast, 

TNF-α muted this increase in S1PR1 expression, and values remained constant throughout the 

ST formation phase (Figure 5.6B). Upon comparing S1PR1 mRNA expression in TNF-α-treated 

villi with that in untreated villi, I found that TNF-α decreased S1PR1 mRNA expression after 48 

hours of treatment (p=0.04, Figure 5.6C).   

Alternatively, S1PR2 and S1PR3 expression remained constant during ST formation 

(Figure 5.6D and 5.6G, respectively). In the presence of TNF-α, S1PR2 and S1PR3 mRNA 

expression was constant during the initial phases of ST formation, from 0 to 36 hours, and 

peaked at 48 hours, at the end of the regenerative cycle (p=0.03, Figure 5.6E and p=0.007, 

Figure 5.6H respectively). Upon comparing S1PR2 or S1PR3 mRNA expression in TNF-α-

treated villi with that in untreated villi, I found that TNF-α increased S1PR2 and S1PR3 mRNA 

expression after 48 hours of treatment (p=0.04, Figure 5.6F and p=0.002, Figure 5.6I).   
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Figure 5.1: S1P Treatment Increases Secretion of β-hCG at 48 Hours but not LDH or hPL 

Term chorionic villous explants were pre-cultured for 4 days prior to treatment with 0, 1, or 10 

μM of S1P. Supernatants were centrifuged at 15,000 RPM for 15 min prior to analysis. (A) LDH 

released after 48 h was measured with a colorimetric assay. (B) β-hCG released after 48 h was 

measured by ELISA. (C) hPL released after 48 h was measured by ELISA. Results were 

normalized against total protein mass. Normalized values were then calculated as a ratio relative 

to the no treatment control from the same experimental replicate and depicted as a fold-change 

difference within their own experimental subset. The arbitrary units (a.u) reflect the relative 

nature of the results that were calculated as a ratio of the chosen reference. Results were 

analyzed using the non-parametric Kruskal-Wallis test (n = 3 or n = 4, Mean ± SEM). 
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Figure 5.2: Inhibiting S1PR2 with JTE-013 Treatment Increases LDH and Beta-Human 

Chorionic Gonadotropin (β-hCG) Secretion at 48 Hours but Decreases Human Placental 

Lactogn (hPL) Release 

Term chorionic villous explants were cultured for 4 days prior to treatment with 0 or 10 μM of 

JTE-013. Supernatants were centrifuged at 15,000 RPM for 15 min prior to analysis. (A) LDH 

released into the supernatant after 48 h was measured with a colorimetric assay. (B) β-hCG 

released after 48 h was measured by ELISA. (C) hPL released after 48 h was measured by 

ELISA. Results were normalized against total protein mass. Normalized values were then 

calculated as a ratio relative to the no treatment control from the same experimental replicate and 

depicted as a fold-change difference within their own experimental subset. The arbitrary units 

(a.u) reflect the relative nature of the results that were calculated as a ratio of the chosen 

reference. Results were analyzed using the non-parametric one sample T-test. (n = 3, Mean ± 

SEM). 
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Pregnancy Gestational 

Age (weeks) 

Infant Weight 

(g) 

Systolic Blood 

Pressure 

(mmHg) 

Diastolic Blood 

Pressure 

(mmHg) 

Percent 

Positive for 

Proteinuria 

(%) 

Normal 

(n=13) 

38.54 ± 0.37  3175 ± 105.9  112.7 ± 4.976  70.98 ± 5.54  0 

Preeclampsia 

(n=4) 

37.2 ± 0.69 2875 ± 147.2 156.4 ± 14.35 111.6 ± 29.1 100 

p-value ns ns p<0.0001 0.038 N/A 

 

 

Table 5.1: Table of Characteristics of Sample Donors 

Samples were analyzed using a Student’s T-test or Mann-Whitney test when non-parametric 

(Mean +/- SEM)  
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Figure 5.3: S1PR2 Protein Expression is Higher in Whole Placental Biopsies from Mothers 

with PE Compared to Placental Biopsies from Mothers with Normal Pregnancies 

Placental lysates were quantified for S1PR1 (A) or S1PR2 (B) expression using Western Blot 

analysis with a 50 μg protein load for S1PR1 and 100 μg for S1PR2. Results were normalized to 

α-Tubulin expression for S1PR1 or to β-actin expression for S1PR2 and plotted as a ratio of an 

internal sample control to control for samples run on different blots. Results were analyzed using 

a Student’s T-test. (n = 4 PE and n = 13 or n =7 normal, Mean ± SEM). (C) Placental biopsies 

were stained for S1PR1 and E-cadherin using immunofluorescent staining, visualized with 

secondary antibodies labelled with AF488 (shown in green) and AF594 (shown in red), 

respectively. DAPI was used to stain the nuclei (shown in blue) and mean fluorescence intensity 

for S1PR1 was normalized against total nuclei. Results were analyzed using a Student’s T-test. 

(n = 4 PE and n =7 healthy control, Mean ± SEM).  
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Figure 5.4: TNF-α Decreases S1PR2 Expression in BeWo cells without Affecting S1PR1 

Expression 

BeWo cells were cultured in 0-20 ng/mL of TNF-α or 20 μg/mL of LPS as a positive control for 

24 hrs. Lysates were analyzed for S1PR1 (A) and S1PR2 (B) protein expression by Western Blot 

with a 50 μg protein load. Results were normalized to α-Tubulin expression for S1PR1 or β-actin 

expression for S1PR2 and plotted as a ratio of the untreated control. Results were analyzed using 

the non-parametric Kruskal-Wallis test with the two-stage linear step-up procedure of Benjamini, 

Krieger, and Yekutieli post-hoc test and a linear trend post-hoc analysis (p=0.04). LPS results 

were analyzed using a Student’s T-test against the no treatment control (n =3, Mean ± SEM).  
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Figure 5.5: TNF-α Increases S1PR2 Expression in Cultured Primary Trophoblasts without 

Affecting S1PR1 Expression 

Primary human cytotrophoblasts were cultured in 0-20 ng/mL of TNF-α or 20 μg/mL of LPS as a 

positive control for 24 hrs. Cells were analyzed for S1PR1 (A) or S1PR2 (B) protein expression 

by immunofluorescent staining visualized with secondary antibodies labelled with AF594 for 

S1PR1 (shown in red) or AF488 for S1PR2 (shown in green), respectively. DAPI was used to 

stain the nuclei (shown in blue) and mean fluorescence intensity for each receptor was 

normalized against total nuclei. Results were analyzed using a one-way ANOVA test with the 

two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli post-hoc test and a 

linear trend post-hoc analysis. LPS results were analyzed using a Student’s T-test against the no 

treatment control (n = 4 or n = 5, Mean ± SEM).  
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Figure 5.6: S1PR1 mRNA Expression Decreases Whereas S1PR2 and S1PR3 Expression 

Increase After 48 Hours of TNF-ɑ Treatment in Term Chorionic Explants 

After 4 days of incubation, explants were treated with 0 (A, D, G) or 1 ng/mL of TNF-ɑ (B, E, 

H) for 0-48 hours. S1PR1-3 mRNA expression was calculated relative to HPRT1 and then time 0 

hrs mRNA expression. (A, D, G): S1PR1, 2, 3 mRNA expression, respectively, in the no 

treatment control was plotted from 0-48 hours as a ratio of change from time 0. (B, E, H): 

S1PR1, 2, 3 mRNA expression, respectively, after 1 ng/mL of TNF-ɑ treatment was plotted from 

0-48 hours as a ratio of change from time 0. (C, F, I): Values from the TNF-ɑ-treated group was 

calculated as a ratio to the no treatment control from the same placenta at each timepoint. Results 

were analyzed using the mixed effects model with the two-stage linear step-up procedure of 

Benjamini, Krieger, and Yekutieli post-hoc test (n = 3-5 Mean ± SEM). 
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5.2 Discussion 

The focus of this study was to understand the role of S1PR2 signaling in placental ST 

function and to investigate how the expression of S1PRs is altered in PE and in high 

inflammatory conditions, mimicking a PE environment. Since S1PR2 increases inflammatory 

cytokines in trophoblasts (286, 414), is pro-apoptotic (413), and is increased in placentas of 

women with severe PE (234), I hypothesized that S1PR2 activation by endogenous S1P would 

lead to placental cell membrane damage and would be increased in response to TNF-α in BeWo 

cells, primary CTs, and in cultured chorionic villi. On the contrary, the expression of S1PR1 and 

S1PR3, with protective S1P-mediated signaling properties (9), was predicted to decrease in 

response to TNF-α treatment. In this study, I found that S1PR2 activation decreased placental 

cell membrane damage, decreased b-hCG release, and increased hPL release. S1PR1 levels 

remained unaltered in placental biopsies from women with mild PE and also did not change in 

response to TNF-α treatment in cultures of BeWo cells or primary human CTs. In contrast, 

S1PR1 was decreased in response to TNF-α treatment in chorionic villi explants. Placental 

S1PR2 expression was higher in women with PE, and it was increased in primary CTs and in 

villous explants, along with S1PR3 in villous explants, in response to TNF-α treatment. BeWo 

cells decreased S1PR2 expression in response to TNF-α and to LPS. To my surprise, the isolated 

term primary human CTs were not responsive to LPS treatment in regards to S1PR expression.  

My study is the first to show that S1P treatment increases β-hCG release without 

affecting cell viability. This finding is contrary to the previous research that showed that S1P 

inhibits b-hCG release from primary human CTs differentiated to ST (46). Since my experiments 

were done in a villous explant model, it could be argued that responses by trophoblasts are 

changed when these cells are in the context of their extracellular matrix and surrounding cell 
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types. However, this finding is also in contradiction with my previous finding in Chapter 4 that 

SphK1 inhibition with PF-543 increased b-hCG release from explants (371). These discrepancies 

have been reported previously by Singh et al (46), where SphK1 inhibition compared to S1P 

treatment led to contradictory results. This suggests that SphK1 inhibition effects might not be 

limited to decreased S1P release, but also a reorganization of the whole sphingolipid balance and 

possibly altering the S1P: CER rheostat and leading to alternate signaling (9). This 

reorganization can involve the upregulation of SphK2 to overcompensate for the loss of SphK1. 

This increase would potentially lead to S1P localized to different subcellular compartments that 

stimulates differential signaling, as noted in Chapter 1.  

Inhibiting S1PR2 with JTE-013 increased cell death and b-hCG release but decreased 

hPL release. This implies that S1PR2 activation protects against cell death and induces hPL 

release, contrary to my hypothesis and existing literature. While JTE-013 is a commonly used 

inhibitor for S1PR2 and was previously deemed specific, a new article (415) shows that it 

increases CER and sphingosine levels, causing alterations in sphingolipid metabolism. 

Moreover, JTE-013 can also inhibit S1PR4 (415), a receptor mostly expressed in immune cells. 

This suggests that these results should be interpreted with caution, and that JTE-013 treatment 

might not strictly equate to S1PR2 inhibition but could also alter sphingolipid levels and immune 

responses. Recently, a new S1PR2 antagonist, GLPG2938 (1-[2-Ethoxy-6-(trifluoromethyl)-4-

pyridyl]-3-[[5-methyl-6-[1-methyl-3-(trifluoromethyl)pyrazol-4-yl]pyridazin-3-yl]methyl]urea is 

now available (416). Hence, future studies could cross-examine the difference in responses 

between GLPG2938 and JTE-013. Alternatively, siRNA knockdowns of S1PR2 in villous 

explants or primary trophoblasts could also shed light on the role of S1PR2 in placental function.  
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The unexpected discrepancy between hPL and b-hCG responses was not previously seen 

in my other studies. However, although these hormones are used to measure ST function as a 

surrogate measure of ST development, each of these hormones are formed and secreted through 

different pathways and can be regulated differently, as seen with my S1PR2 results. As well, one 

study shows that cAMP treatment induces b-hCG release while inhibiting hPL release in human 

term trophoblasts (417). 

An interesting observation is the difference in LDH, b-hCG, and hPL release in response 

to elevated S1P as shown in the S1P dose-response experiment and inferred from the JTE-013 

inhibitor experiments. At physiological circulating levels and at levels used in this study, S1P 

binds S1PR1-3 at similar binding affinities, with an IC50 in the low nM range (271). Brunnert et 

al, however, shows that BeWo cells express S1PR2 more abundantly compared to other S1P 

receptors (274). Since I showed that primary trophoblasts behave differently than BeWo cells, it 

is likely that primary trophoblasts might express lower levels of S1PR2 and S1P-S1PR2 

signaling would be diminished upon treatment with S1P, and S1P-S1PR1 signaling, for example, 

would be more prominent. Since the explant contains a variety of placental cells, each with their 

own differential expression of S1PRs, it is possible that inhibiting S1PR2 or treating with S1P 

also affected the surrounding non-trophoblast cells and potentially influenced ST maturation. It 

is also likely that S1P binds to other S1PRs and balances the effects of S1PR2 on LDH, b-hCG, 

and hPL release. Another factor that might be altering the effects seen is the differential binding 

affinity of albumin-bound S1P in this study. For instance, a recent article shows that HDL-bound 

S1P preferentially binds S1PR1 (297). Hence, in this study, albumin-bound S1P might 

preferentially bind and signal through S1PR1, explaining the contradiction in effects between 

S1P stimulation and S1PR2 signaling. 
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I next showed that S1PR1 expression was not changed in the placentas of mothers with 

mild PE compared to those of mothers with healthy pregnancies. However, S1PR2 expression 

was higher. This is in agreement with previous studies that show unchanged S1PR1 levels and 

increased S1PR2 in severe PE and increased expression of S1PR2 in placental chorionic arteries 

(172, 234). Although the increase in S1PR2 mRNA expression in PE has been investigated 

before, my study examined its protein expression, which complimented the existing evidence.  

Given that placental S1PR levels were altered in PE, I aimed to investigate whether they 

were altered in response to TNF-α, which is increased in PE (418, 419) and plays a major role in 

inducing a PE phenotype, as shown in Chapter 4 (138). My study shows that S1PR1 was not 

altered in response to TNF-α in either BeWo cells or primary term human CTs. However, S1PR1 

decreased in villous explants in response to TNF-α treatment. No changes are seen in S1PR1 

expression in synoviocytes (333) or human dermal vascular endothelial cells (332), in agreement 

with my results in the monolayer trophoblast cultures. However, TNF-α treatment decreases 

S1PR1 in a human umbilical vein cell line (420), similar to the effect seen in villous explants in 

my study. On the other hand, TNF-α treatment increases S1PR1 expression in astrocytes (421), 

suggesting that S1PR1 responds to TNF-α in a cell-specific manner. My cultured explant results 

suggest that S1PR1 decreases in response to TNF-α in other placental cells but perhaps not in 

trophoblasts.  

Under normal physiological conditions, S1PR1 expression in villous explants increased 

at 48 hours when the ST was fully matured and ready to shed. This timeline represents the villi 

with a fully formed mature ST, as previously shown (371), nearing shedding. This increase 

might occur as a protective mechanism against excessive shedding and cell damage that is 

activated upon the maturation of the ST. TNF-α inhibits this surge preventing cell survival 
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processes and leading to excessive shedding and cell death. However, to fully understand the role 

of S1PR1 in the syncytial cycle, further investigation using specific S1PR1 agonists and 

inhibitors must be completed. 

My study also found that S1PR2 expression increased in response to TNF-α in primary 

CTs and in villous explants, which is in agreement with the higher S1PR2 levels I saw in PE and 

with previous literature (332). BeWo cells, however, downregulated their S1PR2 expression in 

response to TNF-α, in contradiction with the results I saw in other models. This suggests that 

BeWo cells might be a poor model for studying sphingolipid signaling in trophoblasts. In fact, 

recent studies highlight other reasons for the problematic use of BeWo cells as a model for 

human trophoblasts. First, they are near-triploid in their karyotype (422, 423) and hence do not 

reflect physiological signaling. Second, the heterogeneity of BeWo cells in long-term cultures 

can lead to non-reproducible results and inaccurate information on normal cell physiology (422).  

Interestingly, cultured CTs did not respond to LPS treatment, a positive control, by 

altering their S1PR expression, as the BeWo cells did. This could be due to the changes in 

signaling as noted above between BeWo cells and primary cells. Since BeWo cells are a second 

trimester trophoblast model, this discrepancy could also be due to primary CTs downregulating 

their toll-like receptor 4 at term, since these receptors change across gestational age (424). LPS 

exerts its effects by binding to toll-like receptor 4. Since primary cells were isolated from 

placentas from term pregnancies, they might exhibit low expression for this receptor and hence 

exhibit diminished LPS signaling. Another explanation, although unlikely, could be that the toll-

like receptors were stripped off the membrane during the trophoblast isolation process. However, 

the cultured cells should re-express these receptors which could be confirmed by staining.  



 168 

Finally, TNF-α increased S1PR3 expression in chorionic villi, which is in agreement with 

its effect on synoviocytes (333). However, S1PR3 signaling in the placenta is poorly understood 

and warrants further investigation. Knocking out S1PR3 in mice leads to only minor alterations 

in phenotype (263), since S1PR3 signaling often strongly overlaps with S1PR1. For instance, 

S1PR1 and S1PR3 activation triggers angiogenesis in the ovine uterus. Moreover, activating 

S1PR1 and S1PR3 leads to the release of IL-8 from EVTs. IL-8 is a pleiotropic pro-

inflammatory cytokine that is increased in the circulation of mothers with PE (425). However, 

IL-8 also induces the secretion of progesterone from BeWo cells (426). Interestingly, S1PR3 

activation in luteal cells, leads to the secretion of prostaglandin E2, a strong inducer of 

progesterone (329). This all suggests a potential role for S1PR3 in the secretion of progesterone 

from the placenta. S1PR3 might also increase in response to TNF-α as a protective mechanism 

against the TNF-α-induced decrease in S1PR1 expression. In this case, the increase in S1PR3 

would enable the placenta to rescue some of the S1PR1 signaling essential for cell viability. 

Nonetheless, both S1PR1 and S1PR3 expressions were lower in the placentas of women with 

severe PE (234). Thus, factors in addition to TNF-α are likely responsible for this change in PE.  

To conclude, this study highlights the differential expression of S1PR1, S1PR2, and 

S1PR3 in the placenta under normal and high inflammatory conditions. Understanding the roles 

of these receptors in placental processes, such as ST shedding and maturation, inflammatory 

cytokine release, and trophoblast invasion can make them attractive targets for manipulating 

placental function to improve outcomes in pregnancy disorders.  
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6. Chapter 6: Piezo1 Activation Induces Syncytial Function and Cytokine Release in 

Human Term Placental Chorionic Explants  

This chapter was submitted for publication as “Piezo1 Activation Induces Syncytial 

Function and Cytokine Release in Human Term Placental Chorionic Explants” with the 

following authors, Y Fakhr1, 2, S Koshti1, 2, Y Bahojb Habibyan1,2,3, DG Hemmings1,2,3, and 

affiliations, 1Obstetrics and Gynecology, 2Women and Children’s Health Research Institute, 

3Medical Microbiology and Immunology and is under revision. This chapter was formatted 

according to specific journal requirements, which include presenting all values as Mean ± SD 

and presenting all p-values with 3 significant digits.  
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6.1. Introduction   

This study aims to identify a role for Piezo1, a mechanosensory channel, in the 

development of a PE placental phenotype: poor ST endocrine function, increased placental cell 

death and inflammatory cytokine release. In the previous chapters, I identified a connection 

between TNF-α and SphK1 in their signaling on the effects of placental dysfunction. Eisenhoffer 

et al reports that Piezo1 induces epithelial cell extrusion via SphK1 activation (301, 302). Hence, 

in this chapter, I will situate Piezo1 in the TNF-α and SphK1 signaling pathway by indicating its 

interactions with TNF-α and SphK1, separately, in placental dysfunction that is observed in PE. 

PE is characterized by de novo hypertension and end-organ damage diagnosed by at least 

one of the following: proteinuria, headache/visual symptoms, chest pain, elevated white blood 

cell count, and/or low platelet count during the last 20 weeks of gestation or in postpartum 

(SOGC, 2014). In PE, circulating proinflammatory cytokines, such as TNF-α, are increased (4). 

The mechanism of PE etiology is still unknown; however, improper placental development due 

to insufficient trophoblast invasion and syncytium formation along with excessive trophoblast 

shedding are implicated in PE complications (427).  

The placental ST is the epithelial barrier that separates maternal and fetal circulations and 

facilitates the exchange of materials between the mother and fetus (65). The ST also has an 

endocrine role, releasing hormones that maintain the pregnancy such as b-hCG, hPL, and 

progesterone into maternal circulation (428). To maintain ST integrity, the CTs undergo cycles 

of proliferation, differentiation, fusion followed by ST apoptosis and shedding throughout 

pregnancy (352). ST regeneration also includes the production of syncytial knots, the outgrowths 

of the barrier containing apoptotic ST nuclei (65). These multinucleated syncytial knots are 

normally shed into the maternal circulation and are increased in PE. Numerous factors have been 
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identified as key regulators of the syncytial cycle. Albeit, limited information is available on the 

role of mechanosensory channels in this process. 

Piezo1 is a transmembrane mechanosensitive cation channel that when activated 

increases the influx of Ca2+ and other cations into cells (303). Piezo1 responds to mechanical 

stress and maintains homeostatic conditions in cells, and more specifically in a broad range of 

epithelial cells. Furthermore, Piezo1 channels expressed in epithelial cells can sense membrane 

stretching and membrane crowding (302). Using these sensing mechanisms, increased signaling 

through Piezo1 channels helps maintain homeostasis among epithelial cells by regulating cell 

proliferation and cell apoptosis (302, 309). Moreover, Piezo1 induces differentiation of various 

cell types, such as mesenchymal stem cells (311).  

During the syncytialization process in placental development, a balance of proliferation 

and apoptosis is required to maintain healthy ST function (61). Increased trophoblast apoptosis 

and decreased proliferation, differentiation, and fusion result in a dysfunctional ST which is 

observed in PE (310); however, it is unknown whether Piezo1 activation regulates this balance in 

the placenta in physiological conditions. Additionally, it is unknown whether a change in Piezo1 

expression can explain the resulting imbalance between trophoblast apoptosis and proliferation 

that is seen in placentas of women with PE. High flow rate, which can activate Piezo1, induces 

cultured rabbit trophoblast syncytialization through a Ca2+-dependent mechanism (318). 

However, little else is known about the factors regulating Piezo1 activation and expression in the 

human placenta.  

Piezo1 activation has recently been associated with the induction of pro-inflammatory 

pathways in a variety of cell types (11, 12). Piezo1 expression also increases in response to 

inflammatory cytokines. For instance, Piezo1 mRNA increases in chondrocytes treated with IL-
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1α (11). No evidence on the role of Piezo1 in placental inflammation, a hallmark of PE, is 

available. I proposed a relationship between Piezo1 and TNF-α in the placenta. TNF-α is a 

prominent proinflammatory cytokine that is elevated in the placenta and circulation of women 

with PE  and is disruptive of placental syncytium formation and function (4).  

Different levels of Piezo1 activation with its pharmacological agonist, Yoda1, show a 

dose-dependent increase in Ca2+ influx (314), suggesting that Piezo1 can be activated to different 

levels and that this can lead to distinctive effects. I hypothesized that activation of Piezo1 

induces syncytialization at low levels of activation,but increases proinflammatory cytokine 

release and cell membrane damage at higher activation levels. I also hypothesized that Piezo1 

signaling intersects with TNF-α and that levels of Piezo1 in the placenta would be higher in PE 

patients. This study is the first to define a role for Piezo1 in placental function using the villous 

explant model. Piezo1 activation increased placental endocrine function and increased cell 

membrane damage at higher levels of activation. Higher levels of Piezo1 activation also 

increased placental cytokine release, and specifically TNF-α release. Piezo1 expression was also 

increased in response to TNF-α and was higher in placentas of women with PE.  

6.2. Results 

 Higher Levels of Piezo1 in Placental Biopsies from Women with PE 

Placental biopsies were obtained from 12 women with healthy pregnancies and 9 women 

with PE. Women from the PE group had higher systolic and diastolic blood pressures (p=0.0028 

and p=0.0501, Table 6.1) and were positive for proteinuria. Newborns from the PE group were 

similar in gestational age compared to those from the control group (37.00 ± 1.027 week versus 
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38.60 ± 1.235 weeks; p=0.0599). There were no differences in infant birth weight between 

groups.  

Piezo1 was expressed in the vasculature and the stromal core as well as trophoblastic 

layers of stained placental biopsies from women with normal (n=12) pregnancies (Fig 6.1A, B). 

Notably, blood vessels (yellow arrows) and the syncytium (white arrows) showed a strong 

localization of Piezo1. E-cadherin, an adherens junction transmembrane protein, is highly 

expressed on the apical side of the CTs which fuses with the basal ST membrane. Nuclei 

expressed outside the E-cadherin demarcation represent syncytial nuclei. Piezo1 co-localized 

with E-cadherin at the CT apical membrane and was expressed around ST nuclei (Fig 6.1A, 

white arrows). This suggests that Piezo1 is expressed by both CTs and STs. Piezo1 was also 

expressed to a greater extent in blood vessels and trophoblast layers in placentas from PE 

pregnancies (Fig 6.1C, D; n=5), with a similar localization as shown in the magnified images of 

Fig 6.1C and 6.1D. Furthermore, quantitative analysis of whole images showed Piezo1 

expression was significantly higher in sections from PE placental biopsies (p=0.0088, Fig 6.1E). 

However, no significant differences in Piezo1 mRNA expression was observed in whole 

placental biopsies from women with PE compared to normal pregnancies (p=0.95, Fig 6.1F).  

 Pharmacologically Activating Piezo1 with Yoda1 Increased Markers of ST Function  

After four days of culture, the ST on explants sloughed off and then there was gradual 

resyncytialization after 48 hours, referred to as the regenerative phase, shown in Chapter 3, 

Figure 3.2 (429). Pharmacologically activating Piezo1 with 1 µM Yoda1 in villous explants at 

the beginning of the regenerative cycle increased b-hCG release after 48 hours of treatment (Fig 

6.2A, B). Moreover, hPL secretion (Fig 6.2C) and villous PLAP activity (Fig 6.2D) increased 
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with 1 µM (p=0.0422, 0.0284), 10 µM (p=0.0139, 0.0088), and 20 µM (p=0.0139, 0.0103), 

respectively, after 48 hours of Yoda1 treatment.  

 Pharmacologically Activating Piezo1 with Higher Concentrations of Yoda1 

Increased Placental Cell Damage and Release of Inflammatory Cytokines and Growth 

Factors 

Lower levels of Yoda1 (1 µM) had no effects on LDH release (p=0.181). Activating 

Piezo1 with higher concentrations of Yoda1 increased LDH release from villous explants after 

24 (p=0.0325) and 48 hours of regeneration (p=0.0139) with 10 µM of Yoda1 and at 24 

(p=0.0248) and 48 hours (p=0.0003) after regeneration with 20 µM of Yoda1 (Fig 6.3A, 3B). 

Treating with 10 µM Yoda1 for 48 hours during regeneration also increased the release of pro-

inflammatory cytokines IL-2 (p=0.0278), and IFN-α2 (p=0.0552) (Fig 6.4). It also increased the 

release of IL-1b (p=0.0557), IL-7 (p=0.0103), IL-17 (p=0.0058), IL-18 (p=0.0324), IL-6 

(p=0.0172), RANTES (p=0.0604) and IL-12p70 (p=0.0415), cytokines whose circulating levels 

are elevated in PE. Yoda1 also increased the release of growth factors EGF (p=0.0010), MDC 

(p=0.0294) and Flt-3L (p=0.0115), in addition to interleukins normally decreased in PE, IL-4 

(p=0.0168) and IL-9 (p=0.0226) (Fig 6.4). Yoda1 treatment did not change the levels of the 

following factors: Eotaxin (p=0.700), IFNg (p=0.191), scd40L (p=0.0902), FGF2 (p=0.274), 

Fractalkine (p=0.213), G-CSF (p=0.153), GM-CSF (p=0.191), GRO-α (p=0.713), IL-1α 

(p=0.190), IL-1RA (p=0.272), IL-5 (p=0.237), IL-8 (p=0.419), IL-10 (p=0.912), IL-12p40 

(p=0.554), IL-15 (p=0.267), IP-10 (p=0.500), MCP3 (p=0.172), MIP-1a (p=0.121) and MIP-1b 

(p=0.228), TGF-α (p=0.0989), TGF-b (p=0.409), PDGF-AA (p=0.164), and PDGF-BB 

(p=0.630) (Fig 6.5). VEGF and IL-3 levels secreted into the supernatants were undetectable.  
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 Piezo1 and TNF-α Signaling Intersection in the Placenta 

Since Piezo1 is increased by proinflammatory stimuli and activation of Piezo1 increased 

the release of markers demonstrating syncytial formation, I sought to determine whether these 

effects of Piezo1 activation on ST re-syncytialization and cell viability could be impacted by 

proinflammatory conditions, modelled by TNF-α treatment. 10 µM Yoda1, which I showed 

increased LDH release, also increased TNF-α levels after 48 hours of treatment during 

regeneration (p=0.0330, Figure 6.6A). I then showed the reciprocal effect, that TNF-α treatment 

during regeneration increased Piezo1 mRNA expression after 3 hours compared to controls 

(p=0.0263, Figure 6.6B).  

Levels of β-hCG and LDH release were measured in explants treated with 1 ng/mL TNF-

α, 1 µM Yoda1, or a combined treatment of 1 ng/mL TNF-α and 1 µM Yoda1 (n=6) at 24- and 

48-hours post-treatment during regeneration. 1 ng/mL of TNF-α alone had no effects on explant 

re-syncytialization and cell death assessed by β-hCG (Figure 6.7A, 6.7B) and LDH levels 

(Figure 6.7C, 6.7D), respectively. 1 µM Yoda1 alone increased β-hCG release at 48 hours 

(p=0.0286, Fig 6.7C). Co-treating explants with 1 ng/mL TNF-α and 1 µM Yoda1 decreased β-

hCG after 48 Hours With A Significant Treatment Interaction (P=0.0090; Fig 6.7C).  

 Piezo1 and Sphk1 Signaling Intersection in the Placenta 

Since Piezo1 exerts its some of its effects in epithelial cells by increasing S1P release 

(302), I investigated whether Yoda1 effects on the placenta are dependent on the activation of 

SphK1, an S1P synthesizing enzyme and the main producer of extracellular S1P. 

Pharmacologically activating Yoda1 in the presence of PF-543 did not alter b-hCG or LDH 

release into the supernatant (Fig 6.8A-D). Inhibiting the kinase with 1 µM PF-543 prevents the 
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increase in villous PLAP activity induced by Yoda1. This is confirmed by a significant treatment 

interaction (p=0.045, Figure 6.8).  
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Pregnancy Gestational 

Age (weeks) 

Infant Weight 

(g) 

Systolic Blood 

Pressure 

(mmHg) 

Diastolic 

Blood 

Pressure 

(mmHg) 

Percent 

Positive for 

Proteinuria 

(%) 

Normal 

(n=12) 

38.60 ± 1.235  3055 ± 341.5  113.8 ± 15.84  71.88 ± 14.89  0 

Preeclampsia 

(n=9) 

37.00 ± 1.027 2766 ± 511.6 157.2 ± 24.13 114.4 ± 47.10 100 

p-value 0.0599 0.3814 0.0028 0.0501 N/A 

 

Table 6.1: Pregnancy Characteristics 

Results were analyzed using a Students’ T-test (n=12 normal, n=9 PE, mean +/- SD). 
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Figure 6.1: Piezo1 Levels but not mRNA Levels were Higher in Placental Biopsies from 

Women with PE 

(A-E): A, B are representative images of two different placentas from normal pregnancies. C, D 

are representative images of two different placentas from PE pregnancies. Whole tissue placental 

biopsies from women with normal or PE pregnancies were co-stained for Piezo1 (secondary 

antibody tagged with AF488, green) and E-cadherin (secondary antibody tagged with AF594, 

red) expression and a nuclear stain, DAPI (blue) and visualized by confocal microscopy. Piezo1 

was observed in the fetal blood vessels and ST in biopsies from women with normal pregnanies 

and PE. For the negative control, both AF488 and AF594 secondary antibodies were used in the 

absence of primary antibody. (E) Whole sample image analysis of sections from placental 

biopsies were compared between women with PE and normal pregnancies. Fluorescence was 

normalized to the number of nuclei. Samples were analyzed using an unpaired Students’ T-test 

(p=0.0088). Values are displayed as mean +/- SD (n = 12 normal, n = 5 PE). (F) Piezo1 mRNA 

was measured in lysates of placental biopsies from women with normal and PE pregnancies. The 

housekeeping gene HPRT-1 mRNA levels were used to normalize Piezo1 levels. Samples were 

analyzed using an unpaired Students’ T-test (p=0.951). Values are displayed as mean +/- SD (n = 

9 normal, n = 9 PE). 
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Figure 6.2: Yoda1 Significantly Increased Markers of Syncytial Function 

Villous explants were pre-cultured for 4 days and then incubated with Yoda1 in a dose response 

(1-20 µM)	or vehicle control (DMSO). (A) and (B) represent β-hCG released by the villous 

explants into the culture media at 24 (p=0.555) and 48 hours (p=0.0963) after treatment, 

respectively. (C) represents hPL released by the villous explants into the culture media after 48 

hours of treatment (p=0.0404). (D) represents villous PLAP activity (p=0.0257). Explants were 

lysed after 48 hours of treatment and assayed for PLAP activity. All results were normalized 

against total protein mass of the explants per well. Normalized values were then calculated as a 

ratio relative to the no-treatment control from the same experimental replicate and depicted as a 

fold-change difference within their own experimental subset. The arbitrary units (a.u) reflect the 

relative nature of the results that were calculated as a ratio of the chosen reference. Results were 

analyzed using the non-parametric Kruskal-Wallis test and the two-stage linear step-up 

procedure of Benjamini, Krieger, and Yekutieli post-hoc (n = 5, mean +/- SD). 
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Figure 6.3: Pharmacologically Activating Piezo1 Significantly Increased Placental Cell 

Membrane Damage 

Villous explants were pre-cultured for 4 days and incubated with Yoda1 in a dose response (1-20 

µM)	or vehicle control (DMSO) for 24 (A, p=0.0911) or 48 hours (B, p=0.0028). All results 

were normalized against total protein mass of the explants per well. Normalized values were then 

calculated as a ratio relative to the no treatment control from the same experimental replicate and 

depicted as a fold-change difference within their own experimental subset. The arbitrary units 

(a.u) reflect the relative nature of the results that were calculated as a ratio of the chosen 

reference. Results were analyzed using the non-parametric Kruskal-Wallis test and the two-stage 

linear step-up procedure of Benjamini, Krieger, and Yekutieli post-hoc (n = 5, mean +/- SD).  
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Figure 6.4: Release Of Inflammatory Cytokines and Growth Factors from Villous Explants 

Treated with Yoda1 for 48 Hours was Increased 

Villous explants were pre-cultured for 4 days and incubated with 10 µM Yoda1 or vehicle 

control (DMSO). Culture supernatants were collected, centrifuged at 15000 rpm and sent to Eve 

Technologies for cytokine analysis by Multiplex assays. Results were normalized against total 

protein mass and all displayed values are per mg of protein. Results were analyzed using an 

unpaired Student’s T-test (n = 5, mean +/- SD). 
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Figure 6.5: Inflammatory Cytokines and Growth Factors from Villous Explants Treated 

with Yoda1 for 48 Hours for Which There were No Changes 

Villous explants were pre-cultured for 4 days and incubated with 10 µM Yoda1 or vehicle 

control (DMSO). Culture supernatants were collected, centrifuged at 15000 rpm and sent to Eve 

Technologies for cytokine analysis by Multiplex assays. Results were normalized against total 

protein mass and all displayed values are per mg of protein. Results were analyzed using an 

unpaired Student’s T-test (n = 5, mean +/- SD).  
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Figure 6.6: Activation of Piezo1 Elevated TNF-α, Which in Turn Upregulated Piezo1 

Transcription After 3 Hours 

(A) Villous explants were pre-cultured for 4 days and incubated with 10 µM Yoda1 or vehicle 

control (DMSO). Results were normalized against total protein concentration and analyzed using 

the Student’s T-test (n = 5, mean +/- SD). (B) Villous explants were pre-cultured for 4 days and 

incubated with 1 ng/mL TNF-α or no treatment control. Results were analyzed using the mixed 

effects model analysis (p=0.144), and the two-stage linear step-up procedure of Benjamini, 

Krieger, and Yekutieli post-hoc (n = 3-4, mean +/- SD).  
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Figure 6.7: Pharmacologically Activating Piezo1 in the Presence of TNF-α Decreased β-

hCG Release 

Villous explants were pre-cultured for 4 days and incubated with 1 ng/mL TNF-α, 1 µM Yoda1, 

TNF-α and Yoda1 co-treatment, or vehicle control (DMSO). Release of β-hCG at (A) 24 hours 

(Interaction: p=0.854, TNF-α Factor: p=0.575, Yoda1 Factor: p=0.290) and (B) 48 hours post-

treatment (Interaction: p=0.0090, TNF-α Factor: p=0.892, Yoda1 Factor: p=0.0286). Release of 

LDH at (C) 24 hours  (Interaction: p=0.614, TNF-α Factor: p=0.611, Yoda1 Factor: p=0.327) 

and (D) 48 hours post-treatment  (Interaction: p=0.169, TNF-α Factor: p=0.699, Yoda1 Factor: 

p=0.698). All results were normalized against total protein mass. Normalized values were then 

calculated as a ratio relative to the no treatment control from the same experimental replicate and 
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depicted as a fold-change difference within their own experimental subset. The arbitrary units 

(a.u) reflect the relative nature of the results that were calculated as a ratio of the chosen 

reference. Results were analyzed using a two-way ANOVA and Tukey post-hoc test (n = 5, 

mean +/- SD).  
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Figure 6.8 Inhibiting SphK1 Decreases the Effect of Yoda1 on PLAP Activity but not b-

hCG or LDH Release 

Villous explants were pre-cultured for 4 days and incubated with 1 µM PF-543, 1 µM Yoda1, 

PF-543 and Yoda1 co-treatment, or vehicle control (DMSO). Release of β-hCG at (A) 24 hours 

and (B) 48 hours, release of LDH at (C) 24 hours and (D) 48 hours, and (E) villous PLAP 

activity at 48 hours were measured post-treatment. All results were normalized against total 

protein mass. Normalized values were then calculated as a ratio relative to the no treatment 

control from the same experimental replicate and depicted as a fold-change difference within 

their own experimental subset. The arbitrary units (a.u) reflect the relative nature of the results 
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that were calculated as a ratio of the chosen reference. Results were analyzed using a two-way 

ANOVA and Tukey post-hoc test (n = 4, mean +/- SD).  
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6.3. Discussion 

Piezo1 is a relatively novel channel, and therefore, little is known regarding its role in the 

placenta. I show for the first time that Piezo1 is expressed in the trophoblastic layers of the 

human placenta along with the blood vessels. My study also demonstrated that Piezo1 activation 

leads to contrasting responses: increased syncytial endocrine function and growth factor release 

as well as placental cell membrane damage and pro-inflammatory cytokine release. This study 

also revealed that Piezo1 signaling was altered in unfavorable conditions. Notably, placental 

Piezo1 levels were higher in PE and its signaling was altered in the presence of TNF-α, a key 

inducer of placental dysfunction in PE. Overall, this is the first study demonstrating that Piezo1 

activation affects placental function and sheds light on the importance of investigating its 

signaling in healthy and diseased conditions of pregnancy.   

Piezo1 has been mostly studied in the nervous and vascular system. In reproductive 

tissues, Piezo1 has been previously identified in mouse yolk sacs (315), rat uterine tissue (312), 

in isolated human fetoplacental endothelial cells, and in isolated human placental arterial 

endothelial cells (313). Piezo1 exhibited a strong localization in blood vessels as expected. To 

my knowledge, this study is the first to demonstrate Piezo1 expression in human CTs and STs. I 

also demonstrated that overall Piezo1 levels were elevated in placental biopsies from women 

with PE without any changes in mRNA expression. The mRNA expression of another 

mechanosensory channel, transient receptor potential vanilloid 1 (TRPV1), is downregulated in 

placentas from women with PE, whereas its placental protein expression is upregulated (430). 

This hints at the possible role of dysregulated placenta mechanosensory signaling in PE. The 

placenta in PE is characterized by poor invasion into the uterine wall resulting in poor 

uteroplacental perfusion. Other aspects of the dysregulated placental function in PE include the 
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malformation of the placental barrier due to high levels of CT apoptosis and low levels of CT 

differentiation and fusion into ST. The role of Piezo1 in pregnancy overall is understudied with 

only a few studies examining the role of Piezo1 in placental vascular function (313, 314). Piezo1 

expression, however, is crucial for embryo viability as Piezo1 knockout mouse embryos are non-

viable and die on the 8th day of gestation (313).  

Recently, other mechanosensory stimuli and channels have been identified as key 

regulators of syncytialization. Sanz et al show that a high flow rate, which activates 

mechanosensory channels, induces cultured rabbit trophoblast syncytialization through a Ca2+-

dependent mechanism (318). Moreover, a high flow rate reduces apoptosis in the JAR cell line 

and increases production of placental growth factor by ST derived from primary human 

trophoblasts (317). With respect to mechanosensory channels, the focus in placental 

syncytialization has been on TRPVs. For instance, activating TRPV6 with fluid shear stress 

induces microvilli formation, characteristic of a mature ST, in BeWo-derived syncytia (316). 

TRPV6 also enhances invasive EVT function by inducing proliferation and inhibiting apoptosis 

of HTR-8/SVneo trophoblasts (321). On the other hand, TRPV1 induces apoptosis and hinders 

syncytialization of primary human term CTs (322). I showed that Piezo1 activation with Yoda1 

in an explant model increased b-hCG and hPL secretion, in addition to increased villous PLAP 

activity. b-hCG, HPL, and PLAP are commonly used as markers of functional ST. And hence, 

Piezo1 activation increased ST function. While b-hCG levels increased only at lower 

concentrations of Yoda1, hPL levels and PLAP activity increased at both lower and higher levels 

of activation. The increase in hPL and PLAP occurred alongside the increased placental cell 

membrane damage induced by the high levels of Yoda1 to activate Piezo1. This seemingly 

contrasting occurrence is not surprising as Piezo1 is a strong inducer of cell damage and 
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apoptosis (431). Inducing cell death and yet inducing the production of factors that support ST 

function could result from Piezo1 regulating the whole cell regeneration process, which involves 

a level of cell death. Alternatively, the cytotoxic effect of Piezo1 observed could be occurring 

due to its activation in tissues of mesenchymal origins also present in villous explants and not in 

trophoblast layers. Moreover, the activation of Piezo1 is unlikely to be an all or nothing event as 

Morley et al show a Yoda1 dose response revealing increased Ca2+ influx with increased doses 

of Yoda1 (314). This suggests that there might be dose effects of Yoda1 that can explain the 

differences in responses observed at 1 vs. 10 µM of Yoda1.  

Increased ST apoptosis and ST aggregates have been reported in patients with PE (65). 

Increased ST apoptosis can result in a weak placental barrier and expose the conceptus to 

harmful factors present in the maternal blood, such as pathogens and immune cells. Additionally 

a poorly formed ST release inadequate levels of hormones, which are crucial for the maintenance 

of pregnancy to term. Placentas from women with PE are characterized by decreased ST 

formation and increased ST apoptosis, indicating that a weakened ST is a feature of PE (352). 

Increased inflammatory cytokines, as seen in patients with PE, can contribute to placental 

apoptosis (4). Piezo1 activation induces a pro-inflammatory response by endothelial cells 

through NF-κB activation since these responses were decreased in endothelial-specific Piezo1 

knockout mice (324). Piezo1 activation of cells from myeloid lineages increases their cytokine 

release (325). An intriguing study shows that adipose-specific Piezo1 knockout mice on a high 

fat diet have higher levels of inflammatory cytokines in their adipose tissues (323). The same 

study reveals that activating the channel in primary adipocytes decreases the cytokine 

expression, contrary to the effects seen in cells of endothelial and myeloid origins. This implies 

that there are differential tissue-specific effects of Piezo1 on inflammation.  
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I showed that pharmacologically activating Piezo1 with a higher concentration of 10 µM 

Yoda1 for 48 hours in villous explants during ST regeneration increases the release of pro-

inflammatory cytokines IL-2 and IL-18. It also increased the release of several other cytokines 

whose circulating levels are also elevated in PE (419, 432, 433). Yoda1 also increased the release 

of growth factors MDC, EGF, and Flt-3L, in addition to interleukins that are decreased in PE, IL-

4 and IL-9 (395, 434). EGF is a strong inducer of ST differentiation (435) and the increase in 

EGF induced by Piezo1 activation could explain the mechanism behind Piezo1-induced ST 

function. IL-4 is known for its anti-inflammatory roles in the placenta and is able to counteract 

the pro-inflammatory effects of cytokines such as TNF-α (436). IL-4 supplementation in a 

reduced uterine perfusion pressure rat model of PE alleviates the pro-inflammatory and 

hypertensive phenotype (437). The increased production of IL-4 in response to Piezo1 could be a 

physiological protective mechanism to alleviate the consequences of the placental pro-

inflammatory state triggered by Piezo1. Similarly, IL-9 is crucial for HTR-8/SVneo trophoblast 

proliferation, invasion, and tubule-formation (434). And hence the increased production of IL-9 

could be a protective mechanism to counterbalance the cytokine surge in response to Piezo1.   

Piezo1 increased TNF-α release from placental explants. TNF-α is a prominent 

proinflammatory cytokine released primarily by macrophages and other cells such as human CTs 

and mesenchymal cells. The cytokine is notorious for its detrimental effects on placental 

function, as summarized by Haider et al (4). High TNF-α protein and mRNA levels in the 

placenta are characteristic of PE. Exposing primary human trophoblasts to high levels of TNF-α 

induces apoptotic effects in the ST. Elevated TNF-α also decreases ST fusion in first-trimester 

human CTs (4). I sought to establish whether TNF-α also regulates the expression of Piezo1 in 

the placenta. The concentration of TNF-α used was similar to what Williams and colleagues 
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observe in patients with PE (438). TNF-α treatment upregulated Piezo1 mRNA expression after 

3 hours, in support of my hypothesis and existing literature. Astrocytes pretreated with 

proinflammatory LPS, which induces TNF-α, increase the expression of Piezo1 (12). Piezo1 

mRNA also increases in chondrocytes with IL-1α treatment (326).  

 Activating Piezo1 in the presence of pathological TNF-α levels led to decreased b-hCG 

release that was not due to decreased cell viability. Piezo1 and TNF-α signaling pathways are 

interdependent. Since both these molecules upregulated each other, the decreased b-hCG release 

could be due to a gradual feedforward upregulation of TNF-α to a level that is detrimental to b-

hCG release. Notably, Zhu and colleagues find that treatment of hepatocellular carcinoma cells 

with TNF-a leads to an increase of Ca2+ influx (439). The activation of Piezo1 channels elicits 

the influx of Ca2+ into cells (303). Hence, the interaction between TNF-α and Piezo1 is 

potentially Ca2+ mediated leading to a high level of Ca2+ release that is inhibitory to ST function.  

Piezo1 responds to mechanical stress and maintains homeostatic conditions in a broad 

range of cells. Piezo1 is a relatively novel mechanosensory channel and hence its mechanical 

inducers in the placenta remain unclear. Piezo1 responds to shear stress in the uterine and feto-

placental vasculature (312, 314) and optimal shear stress is necessary for ST function where both 

upper and lower ranges of shear stress are detrimental for appropriate syncytialization (316-318). 

TNF-α increases Piezo1 levels, potentially to detrimental levels. This might explain the 

contrasting effect of Piezo1 signaling in the presence and absence of TNF-α.  

I chose the explant model as the heterogeneous cell types and the microenvironment 

present in the explant best models the physiological environment of the villous CT. The static 

conditions using a specific pharmacological agent were chosen to limit mechanosensory 
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activation to Piezo1 alone. However, a 2021 study demonstrates the development of a promising 

placental explant flow model which could be used to examine further questions of Piezo1 

activation and its interaction with other mechanosensory channels (440). A limitation of my 

study was using agonists alone without any antagonists. This choice was due to the non-

specificity of the commonly used compounds to inhibit Piezo1 action. For instance, Gsmtx4 is 

used to inhibit Piezo family channels but also inhibits the transient receptor potential channels 

(441). Other inhibitors such as ruthenium red and gadolinium ions (+3) are also used in Piezo1 

studies. However, these ions are potent inhibitors of Ca2+  channels in general (442, 443), which 

also deems them as non-specific inhibitors of Piezo1 since Piezo1 is a non-selective cation 

channel and multiple mechanosensory channels involve Ca2+  transport .  

My experiments were timed to begin at the start of the regeneration of the ST layer. In 

that context, my findings suggest that Piezo1 activates multiple signaling pathways during the 

regenerative phase of the ST. The ST regeneration cycle is most active in the second trimester of 

pregnancy, during which the symptoms of PE intensify to a clinically detectable and diagnosable 

level. Piezo1 also regulates cell death and epithelial extrusion (302). Hence, studying Piezo1 in 

the shedding phase of the trophoblast cycle could increase our understanding of its effects on ST 

shedding in healthy and disease conditions. High levels of trophoblast death and shedding are a 

hallmark of PE (427) and contribute to the development and progression of the disorder in 

various body systems. This places Piezo1 as an important mediator of placental function, and 

whether its altered signaling could lead to PE pathophysiology should be investigated further. 

This is the first study to characterize Piezo1 expression and function in the human placenta. I 

show that Piezo1 increases syncytial endocrine function, placental inflammatory cytokine 

release, and placental cell membrane damage that is dependent on the level of Piezo1 activation. 
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I also reveal that Piezo1 interacts with TNF-a in a feedforward manner where my results show 

that TNF-a upregulates Piezo1 and Piezo1 increases TNF-a bioavailability in the villous explant 

model. Ultimately, Piezo1 decreases b-hCG release by ST upon activation in the presence of 

TNF-a.  
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7. Chapter 7: General Discussion and Future Directions 

 In this chapter, I will make connections between all four of the chapters showing my 

results. For interpretations, discussions, and limitations of studies belonging to a specific chapter, 

please refer to that chapter itself. In this chapter, I will highlight gaps that will need to be 

addressed to better understand the proposed model that highlights the intersections of TNF-α, 

SphK1, S1PR, and Piezo1 in placental dysfunction in PE. I will also highlight the strengths and 

limitations of my experimental models. Finally, as part of my future directions, I will propose 

studies that will examine TNF-α, SphK1, S1PR, and Piezo1 signaling in an animal model of PE. 

This study will provide answers on feasible targets that could improve overall pregnancy 

outcomes, including maternal, fetal, and placental health.  
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7.1. Proposed Model and Mechanisms of Placental Function 

 ST Endocrine Function 

The summary of the intersection of TNF-α, SphK1, S1PR, and Piezo1signaling pathways 

on placental function is presented in Figure 7.1. b-hCG was the only consistent marker I 

measured in response to TNF-α, SphK1 inhibition, Piezo1 activation, and S1PR2 inhibition. 

Therefore, I will use my experimental findings to describe the functional consequences in ST of 

each these factors alone, TNF-α, SphK1, Piezo1, and S1PR2, or in combination by assessing 

hCG release from the ST. The intersection of the signaling pathways of these moleccules might 

not apply to other markers of ST function or differentiation, such as villous PLAP activity, hPL 

release, or even CT fusion as my results have consistently shown that these outcome measures do 

not necessarily all follow the same trends. Low levels of TNF-α did not affect hCG release but 

high TNF-α levels decreased hCG release. Low levels of SphK1 had no effect but high levels of 

SphK1 activation decreased hCG release. High TNF-α increased S1PR2 levels and S1PR2 

activation decreased hCG release. Low levels of Piezo1 activation increased hCG release but 

high levels of Piezo1 activity did not affect hCG. At physiological conditions, TNF-α and SphK1 

were not inhibitory of TNF-α, and Piezo1 increased  hCG release independent of either. At high 

levels of TNF-α, which models a PE-like condition, SphK1 activity led to a decrease in hCG 

release through a common pathway. TNF-α also increased S1PR2 expression, which would shift 

the balance towards increasing S1PR2 signaling, leading to low hCG release. High levels of 

Piezo1 expression led to the amplification of these pathways by increasing TNF-α and 

decreasing hCG release.  
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 Cell Membrane Damage and ST Shedding 

Low levels of TNF-α led to no change in LDH release or cell membrane damage. SphK1 

activity at any level did not affect LDH release on its own but mediated TNF-α-induced release. 

Only high levels of Piezo1 activity increased LDH release. At physiological levels, TNF-α, 

SphK1, and Piezo1 led to physiological levels of cell death, comparable to those of the no 

treatment or vehicle control. At high levels, TNF-α increased LDH release and ST shedding via 

SphK1 activity. Piezo1, however, was not dependent on TNF-α or SphK1 to increase LDH. This 

could be due to the lack of interaction in this specific pathway. Alternatively, this could be due to 

the Piezo1-induced increase of growth factors, not induced by TNF-α or SphK1, that can protect 

the placenta from TNF-α-induced cell death, and even ST shedding. S1PR2 activation decreased 

LDH release, but TNF-α increased S1PR2. This suggests that S1PR2 activation can also be 

releasing growth factors that protect the placenta from cell membrane damage.  

 Cytokine and Growth Release 

TNF-α and Piezo1 activation each released similar cytokines and growth factors, 

including EGF, Flt-3L, IFNα2, IL-2, IL-4, IL-6, IL-9, IL-12 p70, IL-18, and RANTES. This 

suggests that TNF-α and Piezo1 use similar downstream signaling pathway to mediate these 

effects, involving the release of these cytokines and factors. Interestingly, IFNα2 release was 

stimulated by Piezo1 and its TNF-α-induced release was also dependent on SphK1 activity. This 

suggests that IFNα2 might be part of the TNF-α-SphK1-Piezo1 signaling system. This, however, 

remains, to be experimentally confirmed.  
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Figure 7.1: Signaling Intersections Between TNF-α, SphK1, Piezo1, and S1PRs in Placentas 

of Women with PE 

 

7.2. Summary and Relevance to PE 

PE is a serious pregnancy disorder and is a leading cause of fetal and maternal deaths. 

Mothers and newborns that survive PE are at an elevated risk of metabolic and cardiovascular 

disorders later in life (25, 26). Placental development and function play a key role in the 

pathophysiology of PE. In PE, a high level of placental cell death, pro-inflammatory cytokine 

release, ST shedding, and poor ST endocrine function are key characteristics of a PE phenotype 

(408). TNF-α is elevated in the placentas and serum of mothers with PE (444, 445). Elevated 

placental TNF-α leads to abnormal responses including trophoblast apoptosis (374) and 

inhibition of syncytialization (139). The injection of TNF-α induces PE symptoms in baboons 

(138) and rats (446). Despite the disruptive role of elevated TNF-α levels, TNF-α inhibitors are 
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controversial in pregnancy due to off-target effects such as congenital malformations (447). 

Thus, my thesis aimed to identify the S1P system and Piezo1 as mediators downstream of TNF-α 

signaling that may be targeted to decrease pregnancy disruptive responses and retain pregnancy 

enhancing roles of TNF-α. 

TNF-α and SphK1 activation are both implicated, separately, in disrupting ST function. 

TNF-α signaling is dependent on SphK1 activation in non-placental cells. In Chapter 3, I showed 

that increased cell death, shedding, IFNα2, and IP-10, all of which are involved in inducing pro-

inflammatory signaling and placental cell damage, were reversed upon SphK1 inhibition. FGF-2 

and PDGF-AA, growth factors are released to counteract inflammatory-driven cell death. The 

release of these factors was induced by TNF-α and reversed upon SphK1 inhibition. TNF-α also 

increased the release of 26 cytokines and growth factors and hCG independently of SphK1. For 

instance, TNF-α increased the release of MIP-1β, IL-6, sCD40L, RANTES, IL-2, IL-1RA, all of 

which are pro-inflammatory cytokines with elevated circulating levels in mothers with PE (107, 

419, 448-450). The increase in these cytokines was independent of SphK1, and this suggests that 

SphK1 may not mediate the TNF-α-induced Th1 shift that occurs in PE. TNF-α decreased the 

release of hCG, a marker of ST endocrine function, and inhibiting SphK1 reversed this effect. 

The placenta in PE is characterized by poor ST formation and function. My results show that this 

phenotype can be induced by high levels of TNF-α and is dependent on SphK1 activation. TNF-

α decreased the release of IL-10, whose decrease is associated with the onset of PE. Inhibiting 

SphK1 reversed these effects. Inhibiting SphK1 alone decreased TNF-α release. These results 

show that SphK1 only partially mediates the TNF-α-induced PE placental phenotype, primarily 

through cell damage, shedding, and specific cytokine release. The clinical implication is that 
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inhibiting SphK1 can be a viable option to explore to protect mothers with PE that display high 

circulating TNF-α from placental cell damage.  

TNF-α and S1P circulating levels are elevated in mothers with PE (4, 176). However, 

whether elevated SphK1 levels in the placentas of women with PE are a source of high 

circulating S1P is unknown. It is also unknown whether elevated circulating TNF-α leads to 

these increased SphK1 levels in the placenta, thereby contributing to the high S1P levels. It is 

also unknown how TNF-α affects the levels of other placental metabolic and catabolic S1P 

enzymes. Chapter 3 showed that SphK1 levels were higher in placental tissue of women with PE. 

This hints that the placenta could be a source of the pathologically elevated circulating S1P in 

PE. However, TNF-α did not alter enzyme levels in whole biopsies of placental tissue. This 

implies that elevated TNF-α in PE alone does not lead to the elevated SphK1 seen in PE, hinting 

at the presence of other factors such as cytokines that might be inducing this increase in 

conjunction or separately from TNF-α. However, TNF-α increased SphK1 levels in 

differentiating primary trophoblasts. This provides an argument that the ST can be a source of 

S1P released into maternal circulation in response to TNF-α. When circulating or placental TNF-

α levels are elevated in PE, SphK1-mediated S1P production can be increased in the ST, thereby 

contributing to pathological S1P levels. This suggests that targeting placental SphK1 in women 

with PE, that exhibit high TNF-α levels, can ameliorate the overproduction of S1P in 

trophoblastic layers and its release into maternal circulation. Together with Chapter 3, I show 

that targeting placental SphK1 in cases of increased TNF-α can in fact partially resolve the 

placental PE-like phenotype. For this reason, it is important to investigate S1PR signaling in 

placental function to potentially identify more suitable targets.  
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Studies in various cell types show that S1PR2 signaling is involved in cell differentiation, 

inflammatory cytokine release, and apoptosis (9). TNF-α increases S1PR2 expression in non-

placental microvascular cells (332). However, the role of S1PR2 in the placenta is poorly 

understood, and the regulation of S1PR2 by TNF-α in the placenta and specifically in 

trophoblasts were also unknown. My work in Chapter 5 demonstates that S1PR2 activation 

decreases placental cell membrane damage and decreases hCG release while increasing hPL. 

This suggests that S1PR2 signaling is not completely detrimental and can have varying effects on 

placental function, contrary to what I hypothesized. A very interesting finding in this chapter is 

the discrepancy of S1PR2 regulation in response to TNF-α, based on the models used. My study 

shows that TNF-α increases S1PR2 expression in the placenta as a whole and in differentiating 

primary CTs. However, in BeWo cells, S1PR2 decreases in response to TNF-α. Thus, BeWo 

cells, and perhaps choriocarcinoma or immortalized cell lines in general, are not an accurate 

model to study placental regulation of sphingolipid signaling.  

Finally, I identify a secondary mediator of TNF-α and SphK1 signaling, Piezo1. In the 

last chapter, I identified a novel role of Piezo1 in the placenta and showed that its signaling 

amplifies TNF-α signaling and some of Piezo1 effects are dependent on SphK1 activation. 

Mechanosensory channels are recently implicated as regulators of trophoblast syncytialization 

(316). Moreover, Piezo1 induces cell damage and apoptosis in other cell types by stimulating 

inflammatory cytokine release (325). Piezo1 was recently identified in the rat placenta (314), but 

its expression and function are unknown in human placentas. Moreover, inflammatory cytokines 

increase Piezo1 expression. However, the effect of TNF-α on Piezo1 expression and activity 

were unclear. Piezo1 exerts its effects on epithelial extrusion by SphK1 activation and 

subsequent S1P release (302). However, the relationship between TNF-α, SphK1, and Piezo1 in 
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the placenta had not been investigated. In Chapter 6, I showed that Piezo1 expression was higher 

in the placentas of women with PE, suggesting that Piezo1 plays a role in the pathophysiology or 

is increased as a protective mechanism. I later showed that Piezo1 has distinctive functions based 

on the levels of activation, with increased endocrine function at lower levels and increased 

placental cell membrane damage and inflammatory cytokine release at higher levels of 

activation. This suggests that the increase in Piezo1 in placentas from women with PE can lead 

to more overall Piezo1 activity and the relay of its secondary messengers, ultimately leading to 

the detrimental effects listed. Importantly, I found that TNF-α increased Piezo1 expression and 

vice versa, suggesting a feedforward loop between these two factors. It also suggests that the 

high levels of circulating TNF-α in PE could be the leading cause of the increased Piezo1 

expression seen in PE. I also showed that elevated TNF-α counteracted the endocrine function 

induced by low levels of Piezo1 activation. This unexpected result can be explained by the 

upregulated feedforward loop between TNF-α-and Piezo1 levels, resulting in high TNF-α and 

Piezo1 levels and leading to detrimental effects. Lastly, I showed that activation of Piezo1 

induced ST PLAP activity via SphK1 activation. This shows that TNF-α, S1P, and Piezo1 

regulate placental functions that are important for pregnancy maintanence through overlapping 

pathways.  

7.3. Experimental Model Strengths and Limitations 

The experimental strengths and limitations pertinent to a specific chapter are discussed in 

that chapter’s discussion. In this section, I will describe the overall strengths and limitations of 

the thesis. To start with, the choice of the various models throughout my thesis comes with both 

strengths and limitations. The choice of villous explants for assessing ST endocrine function and 

shedding is a very physiological model. Choosing villous explants to investigate cell death 
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through LDH release is physiologically relevant; however, this outcome measure does not 

identify the cell types experiencing cell death, nor does it identify the type of cell death. 

Similarly, choosing the villous explant model to study cytokine and growth factor release is 

physiologically relevant for addressing the state of placental health, however, this makes it hard 

to discern the specific cell types leading to these changes. In Chapters 4 and 5, I used both tissue 

cultures as well as monolayer trophoblast cultures, which highlights both tissue-level changes 

that are relevant on a gross physiology level, as well as trophoblast-specific changes that are 

relevant from a cell-specific signaling perspective. Using these different models, I showed that 

the SphK1 increase in expression in response to TNF-α was trophoblast-specfic.  

One of the biggest limitations of the monolayer cell model and the villous explant model 

are the culture conditions that I used. Due to resource availability, specifically the lack of low 

oxygen biocontainment cabinets, all culture treatments occurred in a 21% O2 environment. 

Explant dissection requires 2 hours and trophoblast isolation requires over 8 hours in a 

biocontainment cabinet, exposed to atmospheric oxygen conditions. Although low oxygen 

incubators were available, the back-and-forth adjustment of tissues between different oxygen 

levels might lead to a shock and alter physiology. Thus, I chose to do al experiments at 21% O2. 

Numerous reports suggest that CT development and fusion occur in hypoxic conditions 

of 3% O2 in early trimesters and reach 6% O2 at term (451). The most physiological conditions to 

use for my models would hence be 6% O2 since all tissues were collected from term pregnancies. 

However, a recent article shows that there is no difference in measures of cell death and b-hCG 

release from trophoblast cultures in 21% O2 compared to 8% O2. In fact, CTs exhibited a higher 

level of fusion when grown in 21% O2 (452). This suggests that while lower oxygen levels might 
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be more physiologically relevant, atmospheric levels can lead to more consistent culture 

conditions.  

Finally, another main limitation of these studies was isolating tissues and cells from 

placentas in the third trimester of pregnancy. All of my samples were obtained from elective 

Cesaerean sections of women not in labor. However, as discussed in Chapter 1, the placenta goes 

through various developmental stages throughout pregnancy. Additionally, the expression of 

S1PRs and S1P synthesizing and catabolizing enzymes in reproductive tissues changes over the 

progression of pregnancy, as discussed in my recent review and in Chapter 1 (9). For my 

particular study, using late first trimester or early second trimester placental tissue would be ideal 

since during those timepoints the placenta is at its peak of ST formation. This, however, was not 

feasible due to difficulties with setting up a reliable tissue collection system with pregnancy 

termination centers. Moreover, the majority of pregnancy terminations occuring in the second 

trimester are complicated with genetic or chromosomal anomalies and therefore would be not 

suitable for these studies. 

7.4. Future Directions 

Several further studies can be performed to strengthen the conclusions of the studies in 

this thesis. All the studies comparing healthy control placentas and placentas from mothers with 

PE measured differences in expression of SphK1 and Piezo1, but not their activity. Whereas, the 

experiments examining the roles of SphK1, Piezo1, and S1PR2 on the placental dysfunction in 

PE involved altering activity levels of these molecules, via agonists or inhibitors, but not their 

expression. So, there is a gap in understanding whether the change in expression of these 

molecules that occurs in PE correlates with the change of their activities that lead to the PE-like 

placental dysfunction that was observed in my studies. For future experiments, measuring 
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activity of the different factors in placentas and trophoblasts of women with healthy pregnancies 

or PE would shed light on the agreement of expression patterns and activity. In addition to that, 

siRNA knockdowns of SphK1, S1PRs, or Piezo1 could be performed using trophoblast cell lines 

or placental explants to investigate whether decreased levels of SphK1, S1PRs, or Piezo1 can 

affect placental physiology. Additionally, these knockdowns can be performed in conjunction 

with TNF-α treatment to test the dependence of TNF-α signaling on the expression rather than 

activation of SphK1, S1PRs, or Piezo1. Additionally, in order to investigate cell-specific 

interactions, these experiments should be performed in isolated primary human trophoblasts, 

placental endothelial cells, and placental fibroblasts.  

Another aspect to investigate would be the mechanisms of activation of TNF-α, SphK1, 

S1PRs, and Piezo1 amongst each other, and their regulation of each other’s expression. For 

instance, Piezo1 mediates its effects in other cell types by inducing a Ca2+ influx; thus, it would 

be beneficial to test whether TNF-α administration and SphK1 inhibition in placental explants 

increase intracellular Ca2+ in the syncytium. Testing whether SphK1 or S1PR activation or TNF-

α treatment can induce a Ca2+ influx in the placenta would help us identify a mechanism through 

which TNF-α, SphK1, S1PRs, and Piezo1 pathways intersect. This can be tested by using an 

ratiometric fluorescent dye such as Fura-2 that binds to free Ca2+ or electrophysiological 

techniques using either a monolayer cell culture of various placental cell types or an explant 

model, similar to the one used in my studies. For the purpose of investigating whether signaling 

by these molecules intersects via Ca2+ influx, a monolayer cell culture model would be most 

appropriate, since it is a more experimentally feasible to set-up and the interpretation of the 

results would be easier with one cell type. However, repeating these experiments in my explant 

model can help make interpretations about the overall levels of intracellular and extracellular 
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Ca2+ bioavailability in response to these treatments, since extracellular Ca2+ can move between 

different cell types to mediate their signaling.  

SphK1 acts as a co-factor for TNF-α-TNFR1 signaling in other cell types (9), that is 

mediated through NF-kB. Hence, future experiments would utilize specific small molecule 

TNFR1 inhibitors (453) to block TNFR1 activation and confirm it mediates the TNF-α 

intersection with SphK1 and Piezo1 signaling. Additionally, testing the TNF-α-TNFR1-induced 

translocation of NF-kB and its dependence on SphK1 activation would establish NF-kB as a 

mediator in ST for IFNα2, IP-10, FGF-2, PDGF-AA and IL-10 release and cell damage. TRAF-

interacting protein, or TRIP, inhibits the SphK1-TRAF2 interaction during TNFR1 activation 

and inhibits the subsequent activation of NF-kB (300). Using exogenous TRIP to inhibit the 

SphK1-dependent TNF-α effects can be a more targeted and specific approach, enabling the 

conservation of vital SphK1 signaling in cells. Hence, future studies examining the effects of 

TRIP in the presence of high TNF-α levels on placental outcomes can uncover a more specific 

target.  

Another important aspect to investigate is the order of Piezo1 activation with respect to 

the activation of NF-kB. From Chapter 6, I saw that Piezo1 induced TNF-α release, and TNF-α 

also increased Piezo1 levels. Thus, it becomes complicated to understand which signals are 

upstream when there appears to be a feedforward loop amongst the molecules. Nonetheless, 

assessing NF-kB translocation in response to Piezo1 activation, using Yoda1 would be important 

to complete. Adding TNFR inhibitors in addition to Yoda1 and assessing NF-kB translocation 

would aid in investigating the effects of Piezo1 activation on NF-kB translocation independent 

of TNF-α signaling.  
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In this thesis, I showed that TNF-α alters the expression of S1PR1, S1PR2, and S1PR3 in 

the placenta and suggested using S1PR inhibitors in conjunction with TNF-α treatments. 

Investigating the role of Piezo1 on S1PR expression and the dependence of Piezo1 signaling in 

the placenta on S1PR activation would further complete our knowledge of this pathway. This 

could be done by measuring the various placental outcomes that were investigated in my thesis 

in response to S1PR1, S1PR2, or S1PR3 inhibitors in the presence or absence of Yoda1, the 

Piezo1 agonist. Since Piezo1 is physiologically activated by shear stress and cell crowding, 

placental cell models could be cultured and exposed to these conditions to investigate how 

Piezo1 may affect S1PR1, S1PR2, S1PR3 or SphK1 expression and activation while exposed to 

shear stress and cell crowding. As mentioned in Chapter 6, a recent article was published on an 

explant flow model (440). This model could be utilized to examine the role of shear stress-

activated Piezo1 on the expression and activation of these molecules. On the other hand, 

examining the effects of cell-crowding induced activation of Piezo1 and its effects on S1PR1, 

S1PR2, S1PR3 or SphK1 expression and activation by using cell overcrowding models. Some of 

the available models include growing cells to confluency on an overstrectched membrane and 

then releasing the tension, which would increase the cell density by 1.3 fold and induce an 

overcrowded state (302). Recently, another model emerged involving growing cells to 

confluency on a small petri dish, inverting the small petri dish into a large petri dish, such that 

the cells are in contact with the media from the large petri dish. In this study, cells were collected 

at the bottom of the large petri dish as an evidence of crowding-induced extrusion (454). 

A big unknown in this pathway is whether SphK1 leads to mediation of TNF-α-induced 

placental damage via producing S1P that is mainly transported into extracellular space, where it 

exerts its extracellular effects through binding to S1PR1-5, or whether the effects on placental 
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function are independent of SphK1 production of S1P. I showed that SphK1 activity, that was 

inferred by using a potent SphK1 inhibitor PF-543, and S1P treatment do not lead to the same 

effects. This has also been observed by Singh et al (46). This complicates our understanding of 

the role of SphK1 in this pathway as it was previously thought to mainly function as a producer 

of S1P. So, a future study would examine SphK1 activity via SphK1 activity assays in response 

to TNF-α and Yoda1 and in response to PF-543, to determine the level of activity inhibition in 

the villous explant model (275, 455). The next study would examine the secretion of S1P in 

response to TNF-α or Piezo1 activity, in addition to examining whether S1P levels are altered in 

combined treatment of TNF-α with PF-543, Piezo1, and PF-543, and the three treatments 

combined. An important aspect to consider would be the localization of produced S1P since 

cytosolic, nuclear, and extracellular S1P contribute to different processes (9). S1P localization 

can be examined using immunodetection, as described in a recent article (456). Measuring 

secreted S1P by mass spectrometry has its limitations as secreted S1P immediately binds to its 

receptors, making it difficult to measure S1P secretion, especially if this secretion is gradual and 

regulated by its transporters. One way to address this would be to develop an assay with 

fluorescent anti-S1P antibodies (457), that do not present steric hindrance. These would be added 

to the culture media and the rate of these tags binding to the S1PRs on the cellular surface would 

be examined using live microscopy. This would help us identify how quickly S1P binds to its 

receptors and shed light on the appropriate window of time that S1P release should be measured 

within. Alternatively, developing an assay with a fluorescent antibody with a higher binding 

affinity than each of the S1PRs would be another way to measure S1P release.  

Finally, in order to assess the feasibility of SphK1 or S1PR inhibition as viable targets to 

prevent the TNF-α-induced PE phenotype in the placenta, as well as pregnancy outcomes with 
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respect to maternal and fetal health, transitioning into animal models is required. Inducing PE 

with injections of TNF-α is already an established model of PE in multiple animal models (4, 

138). Thus, inducing PE using this approach in rats and then treating with PF-543 or specific 

S1PR inhibitors/agonists such as S1PR1 agonist, SEW2871; S1PR1 inhibitor, W146; S1PR2 

inhibitor, AB1; or S1PR3 inhibitor, TY-5215 would be the next steps (458). Outcomes 

investigated would include clinical manifestations of PE, such as proteinuria, blood pressure, any 

other evidence of end-organ damage, and excessive maternal weight gain, another characteristic 

of PE. I would also examine the balance of circulating Th1 and Th2 cytokines, and the presence 

of PE biomarkers throughout the different stages of pregnancy. These biomarkers would include 

the placental expression of placenta protein 13 and pregnancy-associated plasma protein A, 

which are lower in the first trimester of mothers who later develop PE. Finally, measuring 

common markers such as sFlt-1, sEng, VEGF, and placental growth factor would be conducted 

(459). Fetal outcomes such as size and cardiac function would be assessed, since fetal cardiac 

function is altered in PE (460). Placental morphology and function and vascular function would 

be assessed. Additionally, measuring placental and maternal vascular Piezo1 expression and 

function in animal models of healthy pregnancies and PE would clarify whether this treatment 

has any effects on Piezo1 signaling in placental physiology and pathophysiology. 

7.5. Conclusions 

In conclusion, this thesis aimed to elucidate the mechanisms through which TNF-α, 

Piezo1, and SphK1 could mediate placental villous explant decrease in ST function and increase 

placental cell death. To my knowledge, these are the first studies demonstrating Piezo1 

expression in the human placenta, particularly the trophoblasts, and establishes the increased 

expression of Piezo1 and SphK1 in the placentas of women with normal and PE pregnancies. 
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These are also the first studies investigating the effects of Piezo1 on ST endocrine function in a 

proinflammatory state. Moreover, this is the first time investigating the novel mechanism of 

TNF-α acting through a SphK1 pathway in the placenta. Lastly, this thesis also showed that 

Piezo1 can act through a SphK1 pathway to mediate effects in ST endocrine function and TNF-α 

can act through a Piezo1-SphK1 mechanism to decrease resyncytialization and increase cell 

death. These studies are crucial to understanding the mechanisms which cause impaired syncytial 

development and function during PE. Moreover, determining the roles of Piezo1 and SphK1 in 

the TNF-α mediated effects on placental syncytialization can open novel avenues for the 

development of therapeutics to treat PE, which would allow for a greater range of available 

treatments for PE, a common pregnancy complication. 
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