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ABSTRACT 

Preeclampsia (PE) is a leading cause of maternal and neonatal morbidity and mortality, diagnosed 
aQer 20 weeks of gesta-on. Several subclasses of PE have been iden-fied, each with dis-nct 
pathophysiology. Notably, the inflamma-on-mediated subclass (I-PE) is characterized by a 
pronounced increase in placental PARyla-on and a marked deple-on of NAD⁺. This study 
inves-gates the mechanis-c basis of this phenotype by profiling placental NAD⁺-consuming 
enzymes and assessing whether selec-ve inhibi-on of PARyla-ng enzymes can restore 
trophoblast func-on and placenta health. HTR-8/SVneo trophoblast cells were exposed to TNF-α 
to mimic the I-PE inflammatory environment in vitro. Cells were also co-treated with Olaparib (a 
PARP1/2 inhibitor) or XAV939 (a PARP5a/5b inhibitor), as PARP1/2 and PARP5a/5b have been 
iden-fied as key PARyla-ng enzymes in the placenta. Total protein PARyla-on, cellular viability, 
mitochondrial func-on, and migratory capacity were assessed as cellular health and func-onal 
outcomes. TNF-α exposure increased total protein PARyla-on and impaired mitochondrial health 
by decreasing oxygen consump-on rates during respira-on, cellular viability and migra-on. Co-
treatment with Olaparib reduced protein PARyla-on within 1h and restored cellular viability and 
migra-on, and mitochondrial respira-on despite the con-nued pro-inflammatory condi-ons. In 
contrast, co-treatment with XAV939 showed no improvement in cellular health or func-on. These 
findings suggest that inflamma-on-induced PARP1/2 ac-va-on may contribute to placental 
PARyla-on and NAD+ deple-on in I-PE and highlight the PARP1/2- NAD⁺ axis as a poten-al 
therapeu-c target to improve placental health and func-on in affected pregnancies.  
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1 Introduc=on 

1.1 Preeclampsia: Clinical Significance and Epidemiology 

Preeclampsia (PE) is a complex hypertensive disorder of pregnancy and is a leading cause of 

maternal and fetal mortality and morbidity worldwide.1 It complicates approximately 5-10% of 

pregnancies globally, with a higher prevalence reported in low to middle-income countries.1 Each 

year, over 40,000 maternal deaths and more than 500,000 combined fetal and neonatal deaths 

are a?ributed to PE.1 In Canada, the prevalence of hypertensive disorder in pregnancy increased 

from 6.1% to 8.5% between 2012 and 2021, reflec-ng a rising public health concern even in 

higher-income seengs.2  PE is diagnosed aQer 20 weeks of gesta-on and is defined by new-onset 

hypertension (systolic blood pressure ≥ 140 or diastolic blood pressure ≥ 90 mmHg . In addi-on 

to elevated blood pressure, PE presents with signs of maternal-end organ dysfunc-on, including 

proteinuria, thrombocytopenia, elevated liver enzymes, and other systemic abnormali-es.2,3,4 

These features emphasize the mul-systemic and complexity of this disorder as well as its 

variability in presenta-on and severity.  Currently, the only treatment for PE is delivery, regardless 

of gesta-onal age.2,5,6 While  delivery can be lifesaving, preterm birth and the oQen-associated 

fetal growth restric-on (FGR) can increase the risk of long-term complica-ons, 

neurodevelopmental delays, cardiovascular dysfunc-on, and altered immune system 

development in the child. 2,6,7 Moreover, PE can have long-las-ng consequences for the mother, 

including an increased risk of major cardiovascular events6,8, chronic kidney disease (KD)2 , liver 

failure4, and metabolic or endocrine disorders in the postpartum period3.  
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1.2 Pathophysiology and Subtypes of Preeclampsia 

Historically, the e-ology of PE was thought to originate from an abnormal placental perfusion, 

resul-ng from the incomple-on of spiral artery remodelling.9,10 Normally, the fetal-placental 

circula-on system is established within the first 12 weeks of gesta-on, when maternal blood 

starts to flow into the intervillous space surrounding the fetal chorionic villi, encasing the fetal 

capillary networks (Figure 1).10–12 This process is essen-al to meet the required gas and nutrient 

exchange between the mother and fetus.10,13–15 The establishment of this circula-on depends on 

differen-a-on of placental cytotrophoblast cells into specialized extravillous trophoblast cells 

(EVTs).14,16,17 EVTs migrate and invade the maternal decidua to ini-ate vascular remodelling of the 

uterine spiral arteries that is crucial for the development of healthy placental (Figure 1). 6,14,16,17 

During this process, EVTs replace endothelial and smooth muscle cells that are lining the arteries, 

and transform them into high-capacity, low-resistance vessels that are no longer responsive to 

any circula-ng vasopressors.6,14,16,18–20 This remodelling facilitates the maternal blood flow into 

the placenta to meet the growing demands of the fetus.   

In the tradi-onal model of PE pathogenesis, when this remodelling process is incomplete or 

defec-ve, the placental blood flow is reduced and leads to placental hypoxia and oxida-ve stress 

(Figure 1).3,5–9 In response, the dysfunc-onal placenta releases a wide range of pro-inflammatory 

cytokines21–23, an--angiogenic factors23–26 (such as FLT-1 and endoglin), oxida-ve stress 

mediators23,27,28, and placental cell debris, including material from apopto-c and necro-c 

trophoblasts cells. These factors enter the maternal circula-on, triggering systemic endothelial 

dysfunc-on, heightened inflamma-on, and the characteris-c clinical features of PE-hypertension, 

proteinuria, and end-organ injury.29,30 This has given rise to the “two-stage model” of PE: 
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• Stage 1 occurs in the first trimester and involves poor placenta-on and abnormal spiral 

artery remodeling.6 

• Stage 2 arises later in pregnancy, in the second or third trimester, when maternal 

systemic responses to placental signals lead to disease.6 

However, emerging evidence suggests that this model may not fully capture the heterogeneity 

of PE. Approximately 40% of PE cases do not show any evidence of impaired spiral artery 

remodelling, challenging the historical paradigm.31,32 Moreover, no single circula-ng biomarker 

has proven effec-ve for early predic-on or diagnosis of PE, and no clinical trial aimed at 

preven-ng or trea-ng PE has consistently demonstrated success, par-cularly across diverse 

pa-ent popula-ons.  

These findings have led researchers to re-evaluate the classical paradigm, proposing instead that 

PE represents a syndrome with mul-ple subtypes, each with dis-nct molecular origins and clinical 

trajectories. Some forms of PE may be primarily placenta-driven, while others could be rooted in 

maternal cardiovascular, metabolic, or immune dysfunc-on, or inflammatory pathways that 

precede or occur independently of placental abnormali-es. This evolving perspec-ve 

underscores the need to define and study molecularly dis-nct subclasses of PE, which may 

ul-mately pave the way for personalized diagnos-cs, risk stra-fica-on, and targeted 

interven-ons. 



 

 4 

Figure 1. Schema=c of Utero-Placental Circula=on. (A) Schema-c of placenta (leQ) and the 
maternal-fetal circula-on (right), where maternal oxygenated blood is delivered into intervillous 
space surrounding the chorionic villi. (B) In normal pregnancy, spiral artery undergoes artery 
remodelling to allow sufficient blood to the intervillous space. Extravillous trophoblasts invade 
into the decidua, anchoring the chorionic villus and remodel the spiral arteries. In the historic 
e-ology of preeclampsia, spiral arteries fail to undergo artery remodelling, increasing the 
resistance and reducing the maternal blood delivery to the fetus. This illustra-on was created 
using BioRender.com. 
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As research on the heterogeneity of PE expands, there is a growing recogni-on that dis-nct 

clinical and molecular subtypes exist, each with differing pathophysiological underpinnings. This 

variability poses a major challenge in developing effec-ve diagnos-c tools and therapies that 

work across all pa-ents. Work from our group and others has iden-fied at least 3 clinically and 

molecularly dis-nct subclasses of PE using an integrated approach combining clinical data, 

placental histopathology, and microarray-based gene expression profiling. 33–37 

• Subclass 1 - Maternal-mediated PE (M-PE): This subtype appears to result from a maternal 

maladapta-on to pregnancy, rather than placental dysfunc-on. Placentas in this group are 

morphologically and molecularly indis-nguishable from healthy controls, and gene 

expression profiles show no signs of stress. Clinically, these pregnancies tend to progress to 

term or near-term, and infants are typically appropriate for gesta-onal age (AGA). However, 

mother present with hypertension and oQen have a history of cardiovascular abnormali-es, 

including chronic hypertension.33,35–37 This suggests the pathogenesis may lie primarily in 

maternal vascular or endothelial dysfunc-on, independent of placental insufficiency. 

• Subclass 2 - Hypoxia-mediated PE (H-PE):  This subclass represents the canonical for of PE 

that aligns with the historical two-stage model. These pa-ents show clear signs of utero-

placenta malperfusion, with placental histology revealing infarcts, reduced villous branching, 

increases in fibrin deposi-on and numerous syncy-al knots - hallmarks of impaired blood 

supply and compromised gas and nutrient exchange.33 Gene expression profiles are enriched 

for hypoxia- and oxida-ve stress–related pathways, indica-ng placental hypoxia as a central 

driver.33,34,36 Clinically, this subtype is associated with early-onset PE, severe maternal 

hypertension, and oQen preterm delivery, highligh-ng its more aggressive disease course. 
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• Subclass 3 – InflammaAon-mediated PE (I-PE): The third subclass, represen-ng approximately 

15-20% of PE cases, is characterized by chronic inflamma-on at the maternal-fetal 

interface.33–35 Placental histology frequently reveals inflammatory lesions, and 

transcriptomic analysis demonstrates upregula-on of immune-related genes, including those 

involved cytokine signalling, viral response pathways, and markers commonly associated with 

allograQ rejec-on. Despite the rela-vely mild maternal symptoms observed in these pa-ents, 

pregnancies are oQen complicated by fetal growth restric-on, and deliveries tend to occur in 

the late preterm period. This subtype underscores the possible role of immune dysregula-on 

in PE pathogenesis, independent of classical hypoxia-driven mechanisms.  

1.3 Inflamma=on-mediated Preeclampsia (I-PE) Subclass 

1.3.1 Immune acAvaAon and cytokine imbalance 

The I-PE subclass is s-ll being ac-vely defined, with many aspects of its physiopathology 

remaining unclear. However, emerging evidence suggests that this form of PE is characterized by 

aberrant immune ac-va-on at the maternal–fetal interface, mirroring responses typically 

observed in allograQ rejec-on and foreign -ssue recogni-on.38,39 Histological and immunological 

analyses of placentas from I-PE cases have revealed increased infiltra-on of innate and adap-ve 

immune cells, including CD8+ T cells, CD68+ macrophages, monocytes and myeloperoxidase 

(MPO)-posi-ve neutrophils.40,41 These immune popula-ons are typically associated with pro-

inflammatory responses, an-gen processing, and -ssue damage. 

Mul--omics profiling—including transcriptomics, proteomics, and metabolomics—has iden-fied 

elevated levels of pro-inflammatory cytokines in placental -ssue, par-cularly tumour-necrosis 
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factor alpha (TNF-a), interleukin (IL)- 6 and IL-17.38 In contrast, an--inflammatory cytokines such 

as IL-10 and IL-4 are oQen reduced, further skewing the immune environment toward 

inflamma-on and immune dysregula-on.38,42,43 This imbalance likely contributes to impaired 

immunotolerance and placental dysfunc-on. In par-cular, TNF-a plays a central role in 

orchestra-ng the inflammatory response in I-PE.35 It promotes upregula-on of endothelial 

adhesion molecules, increase vasculature permeability, and facilitates recruitment of leukocytes 

and other immune cells to the decidua and placental bed. 35,41,43 Sustained TNF-α signaling can 

also ac-vate apopto-c and necro-c pathways, leading to trophoblast cell death, -ssue injury, and 

release of placental debris into the maternal circula-on—further amplifying systemic 

inflamma-on. 22,41 Although TNF-α ac-vity is normally present and -ghtly regulated during 

healthy pregnancy, its dysregula-on in I-PE appears to disrupt the delicate immunological balance 

required for fetal development. However, direct TNF-α inhibi-on poses risks to fetal growth and 

immune matura-on, as TNF-α also plays important roles in placental morphogenesis and immune 

modula-on.44  Consequently, targe-ng downstream effectors or signalling pathways ac-vated by 

TNF-a , rather than the cytokine itself, may offer a safer and more effec-ve therapeu-cs strategy.  

1.3.2 OxidaAve stress and ROS ProducAon 

Oxida-ve stress is a hallmark feature of PE and results from an imbalance of pro- and an-oxidant 

systems during gesta-on.27,38,45 One consequence of oxida-ve stress is the excessive 

accumula-on of reac-ve oxygen species (ROS), highly reac-ve molecules capable of damaging 

cellular structures and impairing cri-cal physiological func-ons.46,47 Under normal physiological 

condi-ons, low levels of ROS are essen-al for healthy pregnancy. 45,48,49 They act as cellular 

signalling molecules, playing a role in processes such as trophoblast differen-a-on, angiogenesis, 
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and feto-placental vascular development. 50–52 For example, ROS are involved in the ac-va-on of 

vascular endothelia growth factor (VEGF), promo-ng blood vessel forma-on in the developing 

placenta and fetus, and modulate MAPK signalling pathways, which contribute to proper 

trophoblast invasion and placental morphogenesis. 52–54 These roles are -ghtly regulated by 

endogenous an-oxidants (e.g. glutathione, superoxide dismutase, catalase), which help maintain 

redox homeostasis.45,48,55–57 

However, in the context of PE, this balance is disrupted. An-oxidant levels are significantly 

reduced, -pping the redox environment toward a pro-oxidant state.27,48,58 This leads to excess 

ROS accumula-on, which not only amplifies placental  inflamma-on – by enhancing cytokine 

signalling and leukocyte ac-va-on – but also contributes to a vicious cycle of cellular damage and 

dysfunc-on. 45,56,58–60 At high concentra-ons, ROS can damage key cellular components including 

lipids (via lipid peroxida-on), proteins (via carbonyla-on) and DNA (via oxida-ve base 

modifica-ons).57,61–65 A well-established marker of oxida-on DNA damage is 8-oxoguanine (8-oxo-

dG), formed by the oxida-on of guanine bases. This lesion has the propensity to mis pair with 

adenosine instead of cytosine during DNA replica-on, resul-ng in point muta-ons and genomic 

instability.66–69 The placenta, with its high metabolic ac-vity and sensi-vity to oxygen fluctua-ons, 

is par-cularly vulnerable to ROS-induced injury. Accumula-on of DNA damage and lipid 

peroxida-on products in placental cells can trigger apopto-c and necro-c pathways, leading 

increased shedding of trophoblast debris into the maternal circula-on. This contributes to the 

systemic inflammatory response and further compromises placenta health and func-on.70–73  

Thus, while ROS serve vital roles in early placental development, their dysregulated produc-on in 
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I-PE exacerbates inflamma-on, promotes -ssue injury, and may be a key driver of placental 

insufficiency in this subclass.5,31,43 

1.3.3 Mitochondrial damage in I-PE paAents  

The placenta supports a range of energy-intensive func-ons during pregnancy, many of which are 

dependent on healthy mitochondrial ac-vity. 34,74,75 As in other -ssues, mitochondrial integrity in 

the placenta is closely linked to cellular health, and disrup-ons in mitochondrial func-on have 

been implicated in placental dysfunc-on and fetal compromise in PE.34,60,74–77 In PE, studies have 

reported several indicators of mitochondrial damage compared to healthy pregnancies. These 

include swollen mitochondria, fragmenta-on of the mitochondrial network, and irregular cristae 

structure.34,75,78–81 Processes responsible for maintaining mitochondrial homeostasis - such as 

fission and fusion dynamics - appear to be dysregulated, impairing the placenta’s ability to 

respond to environmental stressors.82–84 This impairment can trigger mitochondrial stress 

signalling, leading to the ac-va-on of mitophagy and increased expression of autophagy-related 

markers. 75,80,85 

Interes-ngly, mitochondrial content in PE placentas remains an area of ac-ve debate. Some 

studies report increased mitochondrial biogenesis, evidenced by elevated expression of PGC-1α 

(a key regulator of mitochondrial biogenesis), as well as higher mtDNA copy numbers is both 

early- and late-onset PE compared to controls. 34,60,76,86,87 These findings suggest a possible 

compensatory response to mitochondrial injury and ROS overproduc-on. Conversely, other 

reports describe reduced mitochondrial content with downregulated expression of PGC-1a, 

par-cularly in early-onset PE, implying impaired mitochondrial replica-on.82 These opposing 
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results may reflect biological heterogeneity within PE cases, including differences in disease 

severity, gesta-onal age at onset, and maternal-fetal factors. Emerging research also suggest that 

fetal sex and maternal hormone levels may influence mitochondrial dynamics in PE.88–92 For 

instance, eleva-ons in testosterone levels in maternal circula-on during the third trimester have 

been associated with downregula-on of PGC-1a and suppression of mitochondrial biogenesis in 

PE pregnancies compared to healthy control pregnancies. 91,93 Interes-ngly, increased mtDNA 

copy number has been observed in specifically placentas from female fetuses, indica-ng a 

poten-al sex-linked regulatory mechanism.76,94   

These findings highlight a broader challenge: the lack of subclass-specific analysis in many prior 

studies. I-PE, with its unique inflammatory and immunological profile, may exhibit dis-nct 

mitochondrial adapta-ons compared to hypoxia-driven or maternal-mediated subtypes. 

Furthermore, mitochondrial phenotypes may be influenced by factors such as -ming of disease 

onset, clinical severity, trophoblast subtype, model system used, and gesta-onal stage at 

sampling. 34,95–97 In sum, mitochondrial dysfunc-on is likely a central contributor to placental 

pathology in PE. However, the direc-on and magnitude of mitochondrial responses remain 

incompletely understood within I-PE specifically, and may differ across PE subclasses, 

emphasizing the need for more targeted and stra-fied research approaches. 
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1.4 A PARP – SIRT Tug of War - NAD+ Consump=on in Health and Disease 

1.4.1 The family of Poly (ADP) – Ribose Polymerases (PARP) 

Poly (ADP) Ribose Polymerases (PARPs) are a group of enzymes that are involved in mul-ple 

cellular processes like DNA repair pathways, chroma-n remodelling, metabolism regula-on and 

apoptosis regula-ons98–102. PARPs catalyze the transfer of ADP-ribose units, oQen in the form of 

linear or branched poly – (ADP-ribose) chains, onto target proteins, in a process called 

PARyla-on.98,98–100,102,103 PARPs use nico-namide adenine dinucleo-de (NAD+) as a substrate for 

each of the ADP-ribose unit transferred, collec-vely serving as a predominant cellular NAD+ 

consumer. The PARP family of enzymes consists of 17 members, with 4 demonstra-ng PARyla-ng 

capabili-es.100 These poly-ADP-ribose chains added to PARylated proteins are heterogenous in 

length, up to 200 ADP units in length – and can be linear or branched.104 

The remaining of enzymes only  transfer one unit of ADP-ribose, in a process called MARyla-on 

(Mono-ADP-Ribosyla-on).99,100 The targets of MARyla-on and PARyla-on depend on the specific 

cellular pathway ac-vated by PARPs. There are over 9000 targets of PARPs with over 14,000 

different target sites found since 1975, which a majority of being PARylated.105,106 Addi-onally, in 

certain circumstances PARPs are able to auto-PARylated/MARylate themselves when ac-vated to 

physically dissociate itself from the DNA repair site or the cataly-c domain of the target 

protein.99,101 In the context of inflamma-on, PARP-1 is auto-PARylated to facilitate its removal 

from the cataly-c domain of inflammatory transcrip-onal complexes to further allow the 

expression of and downstream effects. 
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The most widely studied of the PARP enzymes is PARP-1, as it is the most abundantly expressed 

and ac-ve in human cells.103 In these cells, PARP-1 is rapidly ac-vated at sites of single-stranded 

or double-stranded DNA breaks/base excision repair, responding by PARyla-ng itself, nuclear 

targets or other recrui-ng proteins.103,107,108 PARP-2, one of the isoforms and the second most 

ac-ve PARP, is also ac-vated in responses to cellular stress and metabolic regula-on.109–112 

Tankyrase (TNKS) 1 and TNKS-2 (also known as PARP-5a and PARP-5b) are the last two PARPs with 

PARyla-on ac-vity that are involved in telomere maintenance, WNT signaling, glucose 

metabolism and mul-ple other cellular processes.113,114 While double knockout of Parp-1 and 

Parp-2 in mice results in very early embryonic lethality, single knock outs of either gene produce 

viable animals but mild abnormali-es.112 These results are also common in Tnks-1 and Tnks-2 

knockout mice.115 This indicates the important of the func-on of PARPs and PARyla-on in fetal 

development.112,115  

1.5 Overac=va=on of PARPs Across disease  

PARP-1 is responsible for over 85% of any PARyla-on ac-vity and its dysfunc-on – primarily in the 

form of unregulated over-ac-va-on – contributed to many diseases, including cancers, obesity 

cardiovascular, chronic inflammatory, and neurodegenera-ve diseases.99,116 Upon hyper-

ac-va-on of PARP, rapid intracellular NAD+ deple-on is noted, with consequences for other 

downstream NAD+-dependent cellular func-ons. For example, intracellular NAD+ deple-on can 

lead to energy failure and cell death in neurons.107 The mechanism behind this is controversial, 

with some studies sugges-ng a direct, NAD+-dependent deficit in ATP produc-on117,118, while 

others suggest compromised NAD+-dependent Sirtuin ac-vity, and subsequent mitochondrial 

dysfunc-on.119 Various studies have shown that PARP-1/2 inhibi-on or NAD+ replenishment, 
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through NAD+ precursors like vitamin B3, can rescue the poten-al nega-ve effect of elevated 

PARP ac-vity.120–123 Interes-ngly, the role of PARPs and NAD+-metabolism in placental disease has 

not yet been elucidated.  

1.5.1 PARP inhibitors 

PARP inhibitors (PARPi) have been inves-gated for over 20 years as poten-al therapeu-c 

strategies for many diseases.124 PARPi have been primarily used to target and inhibit PARP ac-vity 

in different cancers such as breast, ovarian and prostate.125–127 For example, PARPi can selec-vely 

target cancer cells with BRCA1/2 muta-ons by blocking PARP-dependent single-strand break 

repair. In the absence of func-onal BRCA1/2-mediated homologous recombina-on, unrepaired 

breaks accumulate and collapse into lethal double-strand breaks, a concept known as synthe-c 

lethality.124,125,127 Olaparib is a PARP-1/2 inhibitor that has shown significant poten-al to target 

BRCA-mutated cancers, becoming the first PARPi drug approved for treatments for BRCA-mutated 

ovarian cancers.125–128 Several others have been approved since then, including Niraparib, 

Rucaparib and Talazoparib.129 Generally, approved PARPi’s are capable of inhibi-ng ~ 90% of the 

cellular PARyla-on ac-vity. However there are a couple PARP enzymes capable of PARyla-on that 

are not inhibited by these broad spectrum inhibitors - notably TNKS-1/2 - whose inhibitors appear 

to target Wnt/β-catenin signalling in several types of cancers.130–132 Wnt/β-catenin signalling is an 

essen-al cellular processes such as cell prolifera-on and survival.130,131 XAV939, is a selec-ve 

TNKS-1/2 inhibitor that has been studied in inflammatory diseases and cancers.133 Interes-ngly, 

recent studies using in-vivo and in-vitro models of PE indicate that TNKS-1/2 inhibi-on impairs 

trophoblast prolifera-on and migra-on capabili-es through Wnt/β-catenin signalling , sugges-ng 

an important role for Tankyrase ac-vity in healthy placental development and func-on.134 
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1.5.2 NAD+ pathways and homeostasis 

NAD+ is a cellular co-factor that plays a role in energy metabolism, DNA repair and cellular redox 

homeostasis, amongst other cellular metabolic processes 135,136 In energy metabolism NAD+ acts 

as an essen-al electron acceptor and is reduced to NADH in redox reac-ons  at mul-ple steps 

during glycolysis and the tricarboxylic acid (TCA) cycle.137,138  Within the ETC, Complex I oxidizes 

NADH molecules back into NAD+, transferring the electrons to ubiquinone (CoQ). CoQ will then 

transfer the collected ETC electrons and transfer them to complex III (Figure 2). Complex III is 

responsible for transpor-ng electrons into the intermembrane space, crea-ng a proton gradient 

capable of pumping protons into the intermembrane space and drive the ATP synthase to create 

ATP produc-on.137 As a result, altera-ons in energy metabolism brought on by disease or diet can 

alter NAD+-homeostasis, by altering NAD+/NADH ra-os, oQen leading to the accumula-on of 

NADH and the reduc-on in ATP produc-on, crea-ng a shiQ in cellular energy metabolism (Figure 

2).139,140 Outside of redox reac-ons, NAD⁺ is consumed as a substrate of two primary enzyme 

families, including PARPs and SIRTs. Importantly, consump-on of NAD+ results in the produc-on 

of nico-namide (NAM), which can be recycled through the salvage pathway to regenerate 

intracellular NAD+ stores. Under normal condi-ons, the salvage pathway is used to help maintain 

NAD+ stores.138 The maintenance of intracellular NAD+ levels also relies on the biosynthesis 

pathways: the de novo pathway, in which dietary tryptophan (Trp) is converted to NAD+; and the 

Preiss-Handler pathway, which makes use of dietary nico-nic acid (NA) in the genera-on of 

NAD+.137 NAD+ precursors, including NA, NAM and nico-namide riboside (NR), are forms of 

vitamin B3 that can be u-lized by the biosynthe-c or salvage pathways to create NAD+, and as 
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such have been inves-gated as therapeu-c treatments to restore intracellular NAD+ stores under 

condi-ons of heightened cellular stress, such as aging and disease.120,141,142  

1.5.3 NAD+ DepleAon and Outcomes 

Cellular NAD+ levels play an essen-al role in many biological processes, where NAD+ homeostasis 

is highly sensi-ve to cellular stress and can change the direc-ons and outcomes of energy 

metabolism or signalling pathways that rely on NAD+. In a wide range of diseases, NAD+ deple-on 

is established secondary to hyper-ac-va-on of NAD+ consuming enzymes, ul-mately 

compromising cellular health.137 PARPs and SIRTs are the two most well-studied families of NAD+-

consuming enzymes that both rely on sufficient intracellular NAD+ stores to carry out their 

enzyma-c func-on. As a result, PARPs and SIRTs compete for intracellular NAD+ stores. Notably, 

some PARP family members, such as PARP-1, have a higher affinity for NAD+ compared to SIRTs, 

enabling them to func-on at lower NAD+ concentra-ons.143 Consequently, PARP ac-vity can 

remain rela-vely unaffected in low NAD+ condi-ons, while SIRT ac-vity and its downstream 

effects may be compromised.143  

1.5.4 The ProtecAve Role of SIRTs 

Sirtuins are a family of proteins that are generally responsible in the deacetyla-on of target 

histones and proteins.144 In humans, sirtuins comprise of seven different homologs (SIRT-1 – SIRT-

7) that differ in their enzyma-c ac-vi-es, target proteins and subcellular localiza-on.144 SIRTs are 

essen-al in many cellular metabolic processes and play a protec-ve role in cellular homeostasis 

in response to inflamma-on, oxida-ve stress or metabolic disrup-ons. SIRT-1 is the most 

extensively studied SIRTs, as it is highly ac-ve across a broad range of pathways involved in 
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metabolism, stress responses, inflamma-on and aging – including those relevant to placental 

development and func-on. SIRT-1 plays an essen-al role in placental trophoblast differen-a-on 

and stem cell maintenance, in fact,  SIRT-1 knockout (KO) mouse exhibit smaller placentas, 

structural deficits, and trophoblast differen-a-on impairment.145,146 Importantly, SIRT1 

expression and ac-vity is highly sensi-ve to pro-inflammatory environments, adversely impac-ng 

cri-cal downstream SIRT-1-mediated regulatory func-ons.147,148 In humans, SIRT-1 ac-vity is 

reduced in the serum of PE pa-ents and the human umbilical vein endothelial cells, sugges-ng 

that circula-ng factors found in the serum are preven-ng  the protec-on role of SIRT-1 in PE.149,150 

Considering the heightened inflamma-on observed at the maternal-fetal interface in the I-PE 

subclass, the impact of compromised SIRT-1 ac-vity in the observed placental dysfunc-on 

observed is of interest. 

One such SIRT-mediated regulatory func-on of considerable interest is the maintenance of 

mitochondrial health and func-on. SIRT-3, SIRT-4 and SIRT-5 are mainly localized to the matrix of 

the mitochondria, where they play important regulatory roles in mitochondrial biogenesis and 

func-on – ul-mately being in-mately involved in the regula-on of both ATP and ROS 

produc-on.144,151 In accordance, several SIRT agonists (i.e. SRT2104 and SRT1720) are known to 

drama-cally improve mitochondrial biogenesis and func-on.152–154 Similarly to the use of SIRT1 

agonists, PARP-1 inhibitors and Parp1 knockout mice models have in some cases been associated 

with improved mitochondria biogenesis, ATP produc-on, increased SIRT ac-va-on, and 

importantly, protec-on against metabolic diseases due to elevated NAD+ levels.155–158  
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Together, these findings emphasize this tug-of-war in between PARPs and SIRTs over the limited 

availability of NAD+, where inhibi-ng the ac-vity of PARP can increase NAD+ availability, thus 

increasing SIRTs ac-vity and its downstream func-ons.136,155 

 

Figure 2.  NAD+ metabolism and synthesis pathways. NAD+ homeostasis is maintained by both 
the metabolism and the biosynthesis of NAD+ through dietary consump-on or pre-exis-ng 
precursors including nico-namide (NAM), nico-namide riboside (NR), tryptophan (Trp) and 
nico-nic acid (NA). Precursors, NAM and NR are metabolized through the salvage pathway, 
synthesizing nico-namide mononucleo-de (NMN) that can be subsequently converted to NAD+. 
Trp and NA can be metabolized into NAD+ through the De novo and Preiss Handler pathways 
respec-vely. NMN and NAD+ can be recycled in the cytosol, nucleus and the mitochondria for the 
consump-on of NAD+ by PARPs (nucleus) and SIRTs (found in nucleus and mitochondria), leaving 
NAM as a by-product. In the mitochondria, NAD+ is reduced into NADH during glycolysis and TCA 
cycle, prior to oxida-on in the electron transport chain (ETC). This illustra-on was created using 
BioRender.com. 
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1.6 NAD+ deple=on in I-PE 

1.6.1 NAD+ BoosAng Strategies in I-PE 

Recent work from our group, led by Jahan et al, demonstrated that there was a unique phenotype 

found in human placentas with I-PE, along with placenta collected from our rodent model of I-PE 

caused by the overac-va-on of PARPs. 120 Using an LPS-induced inflamma-on rodent model of 

PE, demonstrates that the pro-inflammatory response led to a reduc-on in placental weight, fetal 

weight, NAD+ deple-on and increased PAR levels.159 Using an NAD+ replenishing boost (NR 

supplement), was able to prevent hypertension, fetal growth restric-ons (FGR), reduced 

mitochondrial health, lower oxida-ve stress and improvement the overall func-on and health. 

Collec-vely, these findings suggest that using an NAD+ supplement could be a promising 

therapeu-c strategy for pa-ents with I-PE.120 However, the exact mechanism of how this 

inflammatory response leads to a rapid NAD++ deple-on resul-ng in poor placenta health is not 

known.  

 

 

 

 

 

 

  



 

 19 

2 Hypothesis and Research Aims 

Inflamma-on-mediated PE (I-PE) is a molecular subclass of PE characterized by chronic placental 

inflamma-on, excessive protein PARyla-on, NAD⁺ deple-on and mitochondrial dysfunc-on 

(Figure 3). These metabolic and func-onal impairments appear to reduce placental efficiency and 

contribute to fetal growth restric-on. Although PARP-1/2 and TNKS-1/2 enzymes are the principal 

NAD⁺-consuming PARyla-ng enzymes which are known to become highly ac-vated under 

inflammatory stress, their individual contribu-ons to these pathogenic features remain 

undefined. Addressing this gap is essen-al to pinpoint mechanisms linking inflamma-on to 

placental dysfunc-on.  By integra-ng cross-model comparisons (human placenta, a rodent model 

of I-PE, and trophoblast cell culture) with both expression profiling and targeted enzyme 

inhibi-on, this study will define the roles of PARP-1, PARP-2, TNKS-1, and TNKS-2 in trophoblast 

dysfunc-on. Together, these approaches increase transla-onal relevance and may iden-fy the 

PARP–NAD⁺ axis as a therapeu-c target in I-PE. 

Hypothesis:  

PARyla-ng enzymes (PARP-1, PARP-2, TNKS-1, TNKS-2) in I-PE drives NAD+ deple-on and 

mitochondrial dysfunc-on, leading to impaired trophoblast func-on, and thereby contribu-ng to 

placenta insufficiency.  

Aims: 

This hypothesis will be tested through the comple-on of the following research aims:  
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AIM 1 – Profile the mRNA expression and ac-vity of key NAD+-consuming PARyla-ng enzymes 

(PARP-1, PARP-2, TNKS-1 and TNKS-2) in placental -ssue from I-PE cases, a rodent model I-PE, and 

TNF-α–stimulated trophoblasts in vitro.  

AIM 2 – Determine the func-onal consequences of selec-vely inhibi-ng PARP-1, PARP-2, TNKS-1 

and TNKS-2 on protein PARyla-on, mitochondrial func-on, cell viability, and trophoblast 

migra-on in TNF-a s-mulated HTR-8/SVneo cells in vitro.  

 



 

 21 

 
Figure 3. Role of PARPs and dysregulated placental NAD+ signaling in the inflamma=on-driven 
subclass of preeclampsia. A pro-inflammatory response in the placenta leads to an increase in 
PARP ac-vity, leading to excessive PARyla-on. PARPs and SIRTs both compete for the same NAD+ 
pool and under inflamma-on, PARPs rapidly deplete this NAD+ availability, supressing the 
protec-ve role of SIRTs deacetyla-on in mitochondrial health and func-on. This cascade leads 
to mitochondrial dysfunc-on that ul-mately reduces trophoblast viability and overall, the 
health of trophoblasts. Olaparib and XAV939 are used to inhibit the ac-vity of PARP that can 
PARylate. This illustra-on was created using BioRender.com. 
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3 Materials and Methods 

3.1 Human Placenta Tissue  

Frozen human placenta biopsies were obtained from Research Centre for Women’s and Infants’ 

Health BioBank (RCWIH) and previously underwent detailed molecular profiling to determine PE 

subclassifica-on (University of O?awa REB protocol# H08-17-08, Mount Sinai Hospital REB 

protocol# 20-0037-E).35 Placental biopsies from healthy controls (n=23) and cases with I-PE (n=10) 

were iden-fied and selected for mRNA gene expression measurements. Characteris-cs of each 

control and I-PE case is listed in Table 1. PE was defined as the onset of hypertension (systolic 

pressure > 140 mm Hg and/or diastolic pressure > 90 mm Hg) aQer 20 weeks of gesta-on coupled 

with evidence of maternal end-organ dysfunc-on. Classifica-on of each subclass was done by 

microarray and histopathology analysis and confirmed by qPCR analysis, as described in Leavey 

et al., 2016.35 

3.1.1 RNA ExtracAon and PurificaAon 

Flash frozen human placenta -ssues (~20 mg) were homogenized in 500 µL of TRIzol™ with 2 

ceramic beads at room temperature. Samples were homogenized in the Bead Mill 24 

Homogenizer (Fisher Scien-fic) and homogenized for 40 seconds followed by 20 seconds of rest 

and repeated three -mes. 100 µL of chloroform was added to each sample and mixed by inversion 

followed by an incuba-on of 5 minutes to separate the phases. Samples were centrifuged for 15 

minutes at 12,000 x g at 4°C. The mixture separated into the lower organic phase and interphase 

containing lipids, proteins and any remaining cell debris while the upper aqueous layer contained 

mainly RNA and DNA. The aqueous phase was extracted carefully using a pipe?e and transferred 



 

 23 

into a new 1.5 mL microcentrifuge tube. The RNA was precipitated by mixing 250 µL of 

isopropanol to the extracted aqueous phase and incubated for 10 minutes at room temperature. 

The samples were then centrifuged for 10 minutes at 12,000 x g at 4°C to pellet the RNA. The 

supernatant was discarded, and the pellet was resuspended in 500 µL of 75% ethanol. Each 

sample was briefly vortexed and centrifuged for 5 minutes at 7,500 x g at 4°C. The supernant was 

discarded and the RNA pellet was leQ to air dry for 10 minutes and resuspended in 50 µL of RNase-

free water. 

3.1.2 RNA QuanAficaAon and Quality Analysis  

The concentra-on of the extracted mRNA was assessed using the NanoDrop2000 

Spectrophotometer, along with the mRNA quality via the A260/A280 ra-os. High quality RNA 

exhibit ra-os of absorbances at 260 nm and 280 nm of 1.9-2.0 to ensure no proteins or salt 

contamina-on were leQ. RNase-free water was used to blank the spectrophotometer and 1 µL of 

mRNA extracts was used on the Nanodrop. 

3.1.3 gDNA removal and cDNA Synthesis 

mRNA concentra-ons were normalized to 50 ng/µL in a final volume of 20 µL, and samples were 

prepared in 8-strip PCR tubes. To eliminate poten-al genomic DNA (gDNA) contamina-on, a 

DNase treatment was performed using the iScript™ gDNA Clear cDNA Synthesis Kit (Bio-Rad, Cat 

# 1725035). Samples were incubated with the DNA master mix at 25°C for 5 minutes, followed 

by DNase deac-va-on at 75°C for 5 minutes. Following gDNA- removal, cDNA synthesis was 

carried out by adding the iScript Reverse Transcrip-on Supermix (Bio-Rad, Cat # 1708840) 

according to the manufacturer’s protocol.  
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3.1.4 qPCR Analysis 

The mRNA expression levels of key NAD+-dependant PARyla-ng enzymes were quan-fied using 

quan-ta-ve PCR (qPCR). Primer sequences used for target genes are provided in Table 1. Each 

qPCR reac-on contained 5 µL of SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, Cat # 

1725270), 10 µM each of forward and reverse primer, and 20 ng of cDNA per well. Reac-ons were 

performed in triplicates on a 384 well plate using the CFX384 Real-Time PCR System (Bio-Rad, Cat 

#1855484). Cycle threshold (Ct) values were analyzed using the ΔΔCq method, normalized to the 

geometric mean of YWHAZ, RNA18S and GAPDH. Rela-ve gene expression (fold change) was 

calculated to compare expression levels of genes listed in Table 1.  
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Table 1: Characteris=cs of Pa=ents 
 

 
 
 
 
 
 
 
  

Characteris=c Control (n=23) I-PE (n=10) 

Maternal Age (years) 32.9 35.5 

Gesta-onal Age (weeks) 

 
37.5 36.1 

Fetal Sex (M) 14/23 6/10 

Birth Weight (g) 3177 2493 

Placental Weight (g) 601.8 466.6 

Mode of delivery (Vaginal) 8/23 1/10 

Maximum Systolic Blood 
Pressure (mm Hg) 116.6 138.1 

Maximum Diastolic Blood 
Pressure (mm Hg) 75.0 86.0 
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3.2 Rat Placenta Tissue 

Previously collected flash frozen placenta -ssue from Sprague Dawley Rats was used for this 

study, including samples from the lipopolysaccharide (LPS) -induced inflamma-on-mediated PE 

group (n=8) and saline-treated controls (n=8) from our previous study conducted by one of our 

previous lab members.120 To induce inflamma-on, rats were administered intraperitoneal 

injec-on of LPS every other day from gesta-onal day (GD) 13 to GD18 at escala-ng doses ranging 

from 20 to70 µg/kg/day. On GD19, pregnant dams were sacrificed, and placentas were collected 

and immediately flash frozen for downstream analysis.  

3.2.1 mRNA Expression Measurements 

The flash frozen placenta samples were prepared as described in 3.1.1 to 3.1.3 and mRNA 

expression measurements were performed as described in 3.1.4. Primer sequences used for 

target genes are provided in Table 2. Cycle threshold (Ct) values were analyzed using the ΔΔCq 

method, normalized to the geometric mean of YWHAZ, RNA18S, B-ACT.  

3.2.2 Protein ExtracAon and PreparaAon  

Approximately 20 mg of frozen placenta -ssue was homogenized in 10 µL/mg of prepared 

radioimmunoprecipita-on (RIPA) buffer, supplemented with Roche Complete Protease Inhibitor 

(0589297001, Roche Canada), Roche PHOStop Phosphatase inhibitor (04906837001, Roche 

Canada), Tannic acid (100 µM), Olaparib (1 µM), TSA (1 µM), and Sodium butyrate (5 mM). Three 

2.8 mm ceramic bead were added to each tube, and samples were homogenized at 2000 rpm for 

45 seconds using the Bead Mill 24 Homogenizer (Fisher Scien-fic), for up to 3 cycles. 

Homogenized samples were then centrifuged at 16, 000 r.p.f for 10 minutes at 4°C. The 
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supernatant was collected for downstream analysis, and the pellet was discarded.  Final lysates 

were stored for subsequent protein quan-fica-on.  

3.2.3 Protein QuanAficaAon and PreparaAon 

Protein concentra-ons were quan-fied using the DC protein assay, a colorimetry assay based on 

the Lowry method. A bovine serum albumin (BSA) stock solu-on (2 g/L) was freshly prepared in 

RIPA buffer and serially diluted into 7 standard concentra-ons ranging from 0 to 2000 mg/mL for 

the standard curve. All standards and protein samples were read in triplicate at 750 nm using a 

POLARstar Omega plate reader (BMG Labtech). Protein concentra-ons were calculated by 

applying the sample absorbance values to the linear regression equa-on generated using the BSA 

standard curve. All protein lysates were subsequently adjusted to 1 µg/µL by dilu-on with RIPA 

buffer. For downstream applica-ons, samples were prepared by adding 4X Laemmli buffer, in a 

1:4 ra-o (sample: buffer), and 10% β-mercaptoethanol.  

3.2.4 SDS-PAGE and Blot Transfer 

Prepared protein samples were denatured by heated at 95°C for 5 minutes, unless specified 

otherwise. Proteins were separated using 4-12% gradient acrylamide SDS-PAGE gels, selected 

based on the molecular weight of the target protein. Gels were prepared one day prior using TGX 

Stain-Free FastCast Acrylamide Kit (Bio-Rad, Cat# 1610183) with 10% ammonium persulfate 

(APS), cast using a 1.5 mm Mini-Protean gel caster system (Bio-Rad, Cat# 1658006FC) and stored 

at 4°C. Each gel included 8 µL of Precision Plus Protein™ All Blue Prestained Protein Standards 

(Bio-Rad, Cat#1610373). Protein lysates (10-30 µg per well) were loaded based target protein 
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abundance. Electrophoresis was carried out at 90 V for 20 min, followed by 120 V for 60 min, or 

un-l op-mal separa-on of the protein ladder was achieved.  

Following electrophoresis, stain-free polyacrylamide gels were ac-vated for 45 seconds using the 

Stain-Free Ac-va-on seeng on the ChemiDoc Touch Imaging System (Bio-Rad). Proteins were 

then transferred onto a 0.45 mm nitrocellulose membrane using the Trans-Blot Turbo System 

(BioRad), with the 1.5 mm gel seeng, and two stacks of ion-reservoir filter paper on each side. 

Membrane was imaged post transfer using the Stain-Free Blot seeng on the ChemiDoc Touch 

Imaging system (Bio-Rad) to ensure complete transfer of protein. Membranes were then blocked 

in 5% w/v bovine serum albumin (Sigma, SKU A7906) diluted in TBS-T and incubated at room 

temperature with gentle shaking (100 r.c.f.) or one hour.  

3.2.5 ImmunobloXng 

Following blocking, membranes was quickly rinsed with TBS-T and incubated overnight at 4°C 

with the appropriate primary an-body, diluted in 10 mL of 5% w/v BSA in TBS-T, in a slow-shaking 

incubator. The following day, membranes were washed once with TBS-T, then incubated for one 

hour at room temperature with the corresponding horseradish peroxidase (HRP)-conjugated 

secondary an-body, diluted in 5% w/v BSA in TBS-T. Following the incuba-on, membranes were 

washed three -mes for 5 minutes each with TBS-T on the shaking incubator at room temperature. 

Protein bands were visualized using a 1:1 mixture of Clarity Western Peroxide Reagent and Clarity 

Western Luminol/Enhancer Reagent (Bio-Rad, 1705061), or Clarity Max (Bio-Rad, 1705062S) 

when signal detec-on was weak. The membrane was then covered with the ECL mixture and 

imaged using the ChemiDoc Touch Imaging system (Bio-Rad) with automa-c exposure seengs 
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adjusted for op-mal signal clarity. Details of all primary and secondary an-bodies used are listed 

in Table 3. 

3.2.6 Densitometry Analysis 

Semi-quan-ta-ve densitometry analysis of protein expression was performed using ImageLab 

soQware (Bio-Rad). The intensity of the immunoreac-ve bands corresponding to the protein of 

interest was measured and normalized to the total protein signal from the stain-free blot image.  

3.3 Cell Culture 

HTR-8/SVneo cells, an immortalized trophoblast cell line derived from first-trimester human 

chorionic villi explants, were purchased from ATCC (CRL-3271) and used as an in vitro model of 

placental development and func-on. HTR-8/SVneo cells were maintained as describe in Figure 4. 

HTR-8/SVneo cells were cultured between passages 2-25 in RPMI-1640 medium (Wisent, Cat# 

350-000) supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin Streptomycin (P/S) 

at 37°C, 5% CO2, 20% O2 prior to one of the following experimental treatments.  

1. Vehicle control - 0.1% DMSO  

2. Pro-Inflammatory insult - 10 ng/uL TNF-α.  

3. Inhibi-on of PARP 1/2 - 3 uM Olaparib.  

4. Inhibi-on of PARP 1/2 + pro-inflammatory insult - 3 uM Olaparib + 10 ng/uL TNF-α. 

5. Inhibi-on of TNKS 1/2 - 10 uM XAV939 

6. Inhibi-on of TNKS 1/2 + pro-inflammatory insult - 10 uM XAV939 + 10 ng/uL TNF-α. 

7. Inhibi-on of PARP 1/2 and TNKS 1/2 - 3 uM Olaparib + 10 uM XAV939 
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Figure 4.  HTR-8/SVneo Model of I-PE. HTR-8/SVneo trophoblast used as a model of specialized 
extravillous trophoblast cells (EVTs) in the placenta. HTR-8/SVneo cells were seeded for 24 hours, 
prior to switching the media to different experimental treatments including a pro-inflammatory 
insult alone and combined with PARP inhibitor to inves-gate the role of PARP-1/2 and TNKS-1/2 
in I-PE. AQer 24 hours, HTR-8/SVneo cells were harvested for the different cellular assessment 
listed.  

3.3.1 mRNA Expression Measurements 

HTR-8/SVneo cells were seeded at a density of 2.5 x 105 cells/well in 6-well plates and allowed to 

adhere for 24 hours. Following adhesion, media was replaced with the experimental treatments 

and placed in the incubator for an addi-onal 24 hours. AQer treatment, cells were rinsed once 

with PBS, and total RNA was extracted using the EZ-10 DNAaway RNA Miniprep Kit (BioBasic, Cat# 

BS88133) as described in the manufacturer’s protocol. The cDNA synthesis and downstream qPCR 

analysis were performed as described in 3.1.2. to 3.1.4. Gene expression was quan-fied using 

primers listed in Table 2 and normalized to the geometric mean of YWHAZ, RNA18S, GAPDH.   

3.3.2 Protein Expression Measurements 

HTR-8/SVneo cells were seeded at a density of 2.5 x 105 cells/well in a 6-well plate and allowed 

to adhere for 24 hours prior to switched the media to the experimental treatments. AQer 24 hours 

of treatment, cells were washed with PBS 2x, followed by the addi-on of 200 µL of RIPA buffer 

supplemented with the following: Roche Complete Protease Inhibitor (0589297001, Roche 

Canada), Roche PHOStop Phosphatase inhibitor (04906837001, Roche Canada), Tannic acid (100 
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µM), Olaparib (1 µM), TSA (1 µM), and Sodium butyrate (5 mM).  Tannic acid was used to inhibit 

dePARyla-ng ac-vity by poly - (ADP) ribose glycohydrolase (PARG), Olaparib was used to inhibit 

PARyla-ng ac-vity from poly- (ADP) ribose polymerases (PARPs), and lastly sodium butyrate to 

inhibit the ac-vity from histone deacetylases (HDAC). Protein lysates were subjected to three 

freeze-thaw cycles, then sonicated on ice using three 10-second pulses with 20-second intervals 

between each to prevent overhea-ng. Samples were then centrifuged at 16, 000 r.p.f for 10 

minutes at 4°C, and the resul-ng supernatant was collected for protein quan-fica-on as 

described in 3.2.3. Protein analysis and immunobloeng procedure were performed as detailed 

in sec-ons 3.2.4 to 3.2.6., with an-bodies listed in Table 3. 

3.3.3 Mitochondrial RespiraAon Measurement 

HTR-8/SVneo trophoblast cells were seeded at 7.5 x 103 cells/well in a Seahorse XFe96 plate in 80 

µL of media and allowed to se?le at room temperature for 2 hours to reduce edge effects. Cells 

were plated in 12 technical replicates per treatment condi-on, excluding the outermost wells to 

serve as background controls for the Agilent Seahorse XF Cell Mito Stress Test. AQer the ini-al 2-

hour se?ling period, wells were topped up to 200 µL and incubated for an addi-onal 22 hours. 

Following this, media was replaced with fresh media containing the experimental treatments and 

leQ for 24 hours. The sensor cartridge was hydrated overnight at 37°C in a non-CO2 incubator and 

then equilibrated in calibrant solu-on for 4 hours prior to use. Two hours before the assay, cells 

were washed 3x with Seahorse XF RPMI assay media supplemented with 10 mM glucose, 1 mM 

pyruvate, and 2 mM glutamine (pH 7.4). Cells were maintained in 175 µL of the same media at 

37°C in a non-CO2 incubator. The baseline oxygen consump-on rate (OCR) was measured using 

the Seahorse XF Analyzer. AQer baseline OCR measurement, the following compounds were 
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sequen-ally injected: Oligomycin (1.5 µM) to assess ATP-linked respira-on, FCCP (1 µM) for 

maximal respira-on, and Rotenone + An-mycin A (1 µM) to measure non-mitochondrial 

respira-on. The final concentra-on of each mitochondrial complex inhibitor was op-mized by 

using range of concentra-ons to ensure inhibi-on during the Mito Stress Test: 

• Oligomycin: 0.5 – 2 µM 

• FCCP: 0.5 – 2 µM 

• Rotenone/an-mycin A: 0.5 – 2 µM 

AQer the assay, cells were washed once with 100 µL of PBS and lysed in 30 µL of RIPA buffer. 

Protein concentra-on was determined using the DC protein assay (BioRad) as described in sec-on 

3.2.3, and seahorse data were normalized to total protein content.  

3.3.4 MigraAon FuncAon Measurements 

HTR-8/SVneo cells were seeded at a density of 3.0 x 105 cells/well in a 6-well plate and cultured 

un-l 90-95% confluency was reached. AQer 20 hours, the media was replaced with starva-on 

media consis-ng of RPMI-1640 (Wisent, Cat# 350-000) and 1% P/S (in the absence of FBS 

supplementa-on) and incubated at 37°C, 5% CO2, 20% O2 for 5 hours. Following starva-on, a 

scratch assay was performed by making ver-cal and horizontal scratches using a P200 pipe?e -p, 

followed by a PBS wash to remove detached cells. The media was then replaced with starva-on 

media containing the appropriate experimental treatments. Images of each scratch intersec-on 

(where ver-cal and horizontal lines cross) were captured at 10X using the Invitrogen™ EVOS™ XL 

Core Imaging System (Fisher Scien-fic). AQer 24 hours, wells were washed once with PBS, and 
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final images were captured at the same intersec-on. Images processing and quan-ta-ve 

migra-on analysis were conducted as described by Ranzoni et al160. 

3.3.5 Cell Viability Measurements 

HTR-8/SVneo cells were seeded at 1.0 x 104 cells/well in a 96-well plate and incubated for for 48 

hours. Cells were plated in triplicate for each experimental treatment. Once cultures reached 50-

60% confluency, cells were washed once with PBS, followed by replacement with fresh media 

containing the experimental treatments. H2O2 (0.2 uM) was added to nega-ve control wells 30 

minutes before measurement as a cytotoxicity control. AQer 24 hours, cells were washed twice 

with 1X PBS, before adding Cell Dye II/Calcein AM buffer and reading the fluorescence at Ex/Em 

= 485/530 nm as per the Calcein AM assay (Abcam, Cat# ab228556) manufacturer’s protocol. 

Calcein fluorescence was quan-fied using POLARstar Omega plate reader (BMG Labtech). 

3.4 Sta=s=cal Analysis 

All data are presented as mean ± standard error of the mean (SEM) unless otherwise indicated to 

reflect the es-mated mean across experiments. Sta-s-cal analyses were performed using 

Graphpad Prism (version 10; GraphPad SoQware). For comparisons between two groups, 

unpaired two-tailed student’s t-test were conducted for the human and rodent results. Any 

comparisons made with the cell culture experiments were paired, as they were treated at the 

same -me and from the same batch of cells. For experiments involving more than two groups, a 

one-way ANOVA was used, followed by Tukey’s post hoc test, unless otherwise specified. 

Normality of the data was assessed using the Shapiro-Wilk test. A p-value ≤ 0.05 was deemed 

sta-s-cally significant.  
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Table 2: List of Primer Pairs 

Species Gene of Interest Sequence 

Human 
PARP-1 

F: TGGAAAAGTCCCACACTGGTA 

R: AAGCTCAGAGAACCCATCCAC 

Human 
PARP-2 

F: GGCACAAATCAAGGCAGGTTA 

R: AAGTCATGCGGAATCCTGGTG 

Human 
TNKS-1 

F: TGGATCTCTGGCAGTTTACTCC 

R: TCAATCTCTCCCTAAGCTCCG 

Human 
TNKS-2 

F: GGGTGTCCAGTTCACAAAGA 

R: AAGCCTGTTCTCCTCTGTAAATAA 

Human 
PARP-7 

F: ACTTTGATCCCCGTGTCTGT 

R: GCCCATTGTGTATCTGCCAG 

Human 
PARP-10 

F: ATGACTGGCTTTCGGCTCTG 

R: GCACAACACATGGCAGCTAA 

Human 
PARP-12 

F: GCCATGACTTACGGTGCTACC 

R: CCAAACTCATCACTCCAGTACCA 

Human 
PARP-14 

F: CACCTGGAAGATGATGGAGCCA 

R: GAGGTTCACTTTCTGCTGCACC  

Rodent 
Parp-1 

F: TTGACTATGGCCAGGACGAAGA 

R: CTGCCTTCTGCTCAGTTTCCC 

Rodent 
Parp-2 

F: CCAAGGTCGGAAAGGCTCAT 

R: TGTGCTGCCCTGTTTTCCCA 

Rodent 
Tnks-1 

F: ACGGCTCTGACCCTTCCATC 

R: GGCTGCACAGTTGCTTCACA 

Rodent 
Tnks-2 

F: TAGCAGACCCATCCGCCAAA 

R: TTCTCCTCATTGCCACTCCTGG 
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Rodent 
Sirt-1 

F: AAGTTGACTGTGAAGCTGTACG 

R: TGCTACTGGTCTTACTTTGAGGG 

Rodent 
Sirt-2 

F: CACGCAGAACATAGATACCCTG 

R: CAGTGTGATGTGTAGAAGGTGC 

Rodent 
Sirt-3 

F: CCCCAAGCCCTTTTTCACTTT 

R: CGACACTCTCTCAAGCCCA 

Rodent 
Sirt-4 

F: CCGTAGAGCTGTGAGAGAATGA 

R: ACCCAATGGAGGCTTTCGAG 

Rodent 
Sirt-6 

F: TGTTTGTGGAAGAATGTGCCA 

R: CCTTAGCCACGGTGCAGAG 

Housekeeping genes 

Human 
RNA18S 

F GCGGCGGAAAATAGCCTTTG 

R: GATCACACGTTCCACCTCATC 

Human 
GAPDH 

F: AGCCACATCGCTCAGACAC 

R: GCCCAATACGACCAAATCC 

Human 
YWHAZ 

F: TGTAGGAGCCCGTAGGTCATC 

R: GTGAAGCATTGGGGATCAAGA 

Rodent 
B-act 

F: ATTGGCAATGAGCGGTTC 

R: GGATGCCACAGGACTCCAT 

Rodent 
Gapdh 

F: GTGAAGGTCGGTGTGAACGG 

R: TGAACTTGCCGTGGGTAGAGT 

Rodent 
Ywhaz 

F: GGTCATCTTGGAGGGTCGTCT 

R: CTGCGAAGCATTGGGGATCAA 
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Table 3: Primary An=bodies used in Western Bloang 

An=body  Company Cat # 

Poly/Mono-ADP Ribose 
an-body  Cell Signalling Technology E6F6A 

PARP1 An-body  Santa Cruz Biotechnology SC-8007 

Total OXPHOS WB 
An-body Cocktail  ABCAM ab110413 

4-hydroxynonenal 
An-body  R&D systems MAB3249 
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4 Results  

4.1 Expression of PARPs Across Models of I-PE 

Two models of I-PE were employed to compare the gene expression of PARPs rela-ve to their 

respec-ve controls. The first model consisted of human placenta samples obtained from the 

RCWIH Biobank, comparing placentas from I-PE cases to those from healthy pregnancies. The 

second model u-lized an in-vivo LPS-induced model of I-PE previously established by our group, 

which mimics many characteris-cs seen in human cases of I-PE.159 Across the two models of I-PE, 

the expression of MAR- and PAR-yla-ng PARPs was quan-fied and analyzed. Parp-1 expression 

was upregulated in the LPS-induced rodent model but remained unchanged in human I-PE 

placenta samples (Figure 5A-B). 

Mul-ple RT-qPCR a?empts using the human placenta samples yielded inconsistent amplifica-on, 

with some reac-ons showing no detectable signal. This likely resulted from RNA degrada-on or 

contamina-on. Indeed, the RNA integrity number (RIN) for these samples was below the 

acceptable threshold of 7, reducing confidence in the resul-ng data.161 The human placenta 

samples had been curated by our group more than 5 years ago, and most had undergone at least 

one freeze-thaw cycle during long-term storage. Consequently, we suspect that cumula-ve RNA 

degrada-on over -me and repeated handling contributed to the compromised RNA quality 

observed in these specimens. 

The gene expression of other PARyla-ng PARPs and Tankyrases (PARP-2, TNKS-1, TNKS-2), 

remained consistent and showed no significant differences across I-PE models (Figure 5A-B). 

These findings align with prior research iden-fying PARP-1 as the principal PARyla-ng enzyme 
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media-ng inflammatory responses.99,100,120,121 MARyla-ng enzymes (PARP-7, PARP-10, PARP-12, 

PARP-14) are also known contributors to inflamma-on; however, in our study, upregulated gene 

expression of these mediators was only observed in the LPS-induced rodent model (Figure 5C). 

As noted, compromised RNA integrity limited reliable interpreta-on of the human biobank mRNA 

data. Suppor-ng this, microarray data acquired from previous group work on these same samples 

(when freshly acquired) did in fact show increased gene expression of these MARyla-ng enzymes, 

in a similar fashion to that observed in the LPS-induced model.162 

To examine whether changes in PARP transcript expression correlated with modula-on of SIRT 

genes, we focused on the LPS rodent model – the only system showing significant Parp transcript 

varia-on.  Notably, increased expression of Parp-1, Parp-7, Parp-10, Parp-12 and Parp-14 was 

accompanied by significant upregula-on in Sirt-1, Sirt-3, Sirt-4, Sirt-6 (Figure 5D). As previously 

described, sirtuins regulate mitochondrial func-on and oxida-ve stress responses: SIRT-3 and 

SIRT-4 are localized to the mitochondria, maintaining redox balance and metabolic homeostasis, 

whereas SIRT-1 and SIRT-6 are nuclear, governing transcrip-onal control of mitochondrial 

biogenesis and inflammatory signaling.  
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Figure 5. Expression of NAD+ Consuming Enzymes Across Models of the Inflammatory subclass 
of Preeclampsia (I-PE). The mRNA expression of PARP-1, PARP-2, TNKS-1, TNKS-2, PARP-7, PARP-
10, PARP-12 and PARP-14 was measured and compared in two experimental models: i) human 
placenta biopsies from I-PE pa-ents versus healthy controls and ii) an in vivo rodent model of LPS-
induced I-PE compared with saline control. mRNA expression was quan-fied by RT-qPCR and are 
presented as fold change rela-ve to controls, normalized to the geometric mean of three 
housekeeping genes. Summary visualiza-on of mRNA expression changes for PARP and TNKS 
family members of (A) human placenta samples and (B) LPS-induced rodent model of I-PE.  The 

C 

B 

A 

D 
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fold change in the mRNA expression of (C) MARyla-ng enzymes and (D) SIRT family members in 
the LPS-models were quan-fied and shown. Rela-ve mRNA expression data for these same 
enzymes are presented as mean ± S.E.M. across both models, with individual data points 
represen-ng biological replicates. Sta-s-cal significance was determined using student’s t-test 
where *p<0.05, ** p<0.01, ***p<0.001.  

 

While our mRNA expression analysis provided an ini-al overview of transcrip-onal changes, the 

results suggest that inflammatory signaling in preeclampsia may not be primarily driven at the 

transcrip-onal level. Instead, many of the relevant regulatory events likely occur post-

transla-onally through altera-ons in enzyme ac-vity and protein modifica-on. This aligns with 

current understanding that MAR/PARyla-on dynamics are oQen regulated by enzyme ac-va-on, 

substrate availability, and cellular stress responses, rather than by changes in PARP gene 

transcrip-on.163 Moreover, modest or inconsistent mRNA changes across models may reflect the 

complex interplay between transcrip-onal and post-transla-onal regula-on during inflamma-on. 

Given these observa-ons, subsequent experiments focused on the in vitro HTR-8/SVneo model, 

which provides a controlled system to dissect these mechanisms. Using this model allows for 

direct manipula-on of enzyme ac-vity through pharmacological inhibitors of PARP and related 

NAD⁺-consuming enzymes, thereby isola-ng the contribu-on of enzyma-c ac-vity and 

MAR/PARyla-on to inflammatory signaling. This approach enables a clearer understanding of 

how inflammatory stress modulates PARP func-on and downstream cellular responses. 

4.2 Confirma=on of MAR/PAR inhibi=on with PARP Inhibitors 

We next moved to examine the effects of PARP inhibi-on on MAR/PARyla-on in HTR-8/SVneo 

cells under inflammatory condi-ons. First, we wanted to confirm basal levels of MAR/PARyla-on 
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in this cell line and ensure that the enzyme inhibitors selected would work appropriately in this 

cell culture model. 

Under basal condi-ons, global MAR/PAR modifica-on levels were low, consistent with minimal 

PARP ac-va-on under res-ng condi-ons (Figure 6A). Following oxida-ve stress induc-on (via 

H2O2 treatment) global MAR/PARyla-on levels were trending upwards, reflec-ng ac-va-on of 

PARP-mediated DNA damage response pathways. Treatment with the PARP-1/2 inhibitor olaparib 

led to a dose-dependent trend in MAR/PAR signal intensity, demonstra-ng inhibi-on of PARP-1/2 

ac-vity (Figure 6A).  Similarly, inhibi-on of TNKS-1/2 using XAV939 produced a trending decrease 

in global MAR/PARyla-on in a dose-dependent manner (Figure 6B). This reduc-on was observed 

even in the presence of recombinant Wnt ligand (Thermo Fisher, 120-49-20UG), which normally 

enhances TNKS-mediated signaling. Increasing the sample size may allow the trends to reach 

sta-s-cal significance.  Together, our preliminary results suggest that both olaparib and XAV939 

may suppress MAR/PAR forma-on, along with the current concentra-on being used in the 

literature to support their use as pharmacological tools for dissec-ng enzyme-specific 

contribu-ons to inflammatory signaling in subsequent experiments.  
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Figure 6. Valida=on of MAR/PAR inhibi=on with Olaparib and XAV939 in HTR-8/SVneo cells. 
HTR-8/SVneo cells were treated with increasing concentra-ons of (A) the PARP-1/2 inhibitor 
Olaparib (10 nM - 10 uM) and (B) the TNKS-1/2 inhibitor XAV939 (1 nM- 10 uM).  Cells were 
subsequently s-mulated with either H₂O₂ (0.8 mM, 30 min) or Wnt ligand (100 ng/µL, 24 h) to 
induce MAR/PARyla-on. Global MAR/PAR modifica-ons were quan-fied by western blot to 
confirm effec-ve inhibi-on of enzyme ac-vity in a dose-dependent manner. Representa-ve  
western blots (right) and corresponding densitometric analyses (leQ) are shown for each inhibitor. 
Global MAR/PAR signals were normalized to stain-free total protein. n = 2 biological replicates. 

 

4.3 PARP-1/2 Inhibi=on decreases MAR/PAR Modifica=on under TNF-α-induced 

Inflammatory condi=ons 

As shown previously, global MAR/PARyla-on levels in HTR-/SV cell increased following TNF-α 

treatment in vitro (Figure 7 A-B), mirroring the elevated MAR/PAR signal observed in human I-PE 

placentas and the LPS-induced rodent model.120 Upon further analysis, the nitrocellulose 

membrane probed with an an--MAR-PAR an-body revealed a prominent band at approximately 

120-130 kDa. This band showed a marked reduc-on in intensity when cells were co-treated with 

Olaparib during TNF-α s-mula-on (Figure 7A). Given the expected molecular weight and 

PARyla-on profile, this band was hypothesized to correspond to auto-PARylated PARP-1. PARP-1. 

PARP-1 is known to undergo auto-modifica-on in response to DNA damage and inflammatory 

A B 
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stress, consistent with the observed size shiQ, as the addi-on of ADP-ribose chains increases its 

apparent molecular weight. 

To validate this, the nitrocellulose membrane was stripped and re-probe with an an--PARP-1 

an-body, which detected a signal at the same molecular weight, suppor-ng the iden-fica-on of 

the band as PARP-1 (Figure 7C). Further analysis of the excised band by liquid chromatography-

mass spectrometry (LC-MS) confirmed the presence of PARP-1 among 267 iden-fied proteins. 

Although mul-ple proteins were detected, the correspondence in molecular weight and an-body 

reac-vity strongly support our interpreta-on that this signal represents auto-PARyla-on of PARP-

1. Quan-fica-on of this band intensity revealed a significant reduc-on in MAR/PARyla-on 

following Olaparib treatment, confirming effec-ve inhibi-on of PARP-1/2 under inflammatory 

condi-ons (Figure 7A).  In contrast, XAV939 treatment produced a downward trend that did not 

reach sta-s-cal significance (Figure 7B).  

When assessing global protein MAR/PAR levels, normalized to total protein content, co-treatment 

with TNF-α and Olaparib produced a downward trend compared to TNF-α alone, although not 

sta-s-cally significant (Figure 7A). A similar downward trend was observed with TNF-α and 

XAV939 co-treatment, though inhibi-on of TNKS-1/2 produced a smaller reduc-on in total 

MAR/PARyla-on compared with PARP-1/2 inhibi-on (Figure 7A). These findings indicate that 

TNF-α – driven MAR/PARyla-on is predominantly mediated by PARP-1/2 ac-vity, and that 

Olaparib may be capable of somewhat suppressing this post-transla-onal modifica-on under 

inflammatory condi-ons. At 24 hours of treatment, levels of PARP-1 expression were increased 

with TNF-α and Olaparib co-treatments, along with Olaparib alone. However, PARP-1 expression 

in trophoblast cells treated with TNF-α showed no changes compared to the vehicle control 
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(Figure 7D). This may suggest that the increase in MAR/PARyla-on is due to the increase in 

enzyma-c ac-vity rather than an upregula-on in expression.  

4.4 Early =mepoints show an Increase in PARP-1 MAR/PARyla=on under TNF-α 

Inflammatory Condi=ons.  

Upon an inflammatory response, the transi-on from this response to the ac-va-on of PARPs is 

rapid and can occur within minutes. To examine how early this overac-va-on of PARPs occurs 

during a TNF-α induced inflammatory response, levels of MAR/PAR modifica-on were assessed 

at 30 minutes (Figure 7E). When HTR-8/SVneo trophoblasts cells were treated with TNF-α, 

MAR/PAR levels trended upwards just aQer 30 minutes compared to the vehicle control (Figure 

7E).  

 
 
 
 
 
 
 
 
 
 
 
 

DMSO 
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Figure 7. PARP-1/2 Inhibi=on Reduced MAR/PARyla=on Protein Modifica=ons under TNF-α-
induced Inflammatory Condi=ons in HTR-8/SVneo cells. HTR-8/SVneo trophoblast cells were 
treated with TNF-α (10 ng/mL) to induce inflammatory signalling, with or without co-treatments 
using the PARP-1/2 inhibitor Olaparib (3 µM) or the TKNS-1/2 inhibitor XAV939 (10 µM). MAR/PAR 
modifica-ons were quan-fied by western blot to assess the impact of PARP inhibi-on on TNF-α-
induced MAR/PARyla-on. (A)  Western blot represen-ng global MAR/PARyla-on with Olaparib 
treatment (top) normalized to total protein (bo?om) western blot. Densitometry bar graph 
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showing global MAR/PARyla-on normalized to total protein (leQ) and 120 kDa MAR/PARyla-on 
normalized to total protein (right). Co-treatment with TNF-α and Olaparib produced a downward 
trend in global MAR/PAR levels compared to TNF-α alone (leQ), that became highly significant 
when specifically examining 120 kDA band (right). (B) Western blot represen-ng global 
MAR/PARyla-on with XAV939 treatment (top) normalized to total protein (bo?om) western blot. 
Densitometry bar graph showing global MAR/PARyla-on normalized to total protein (leQ) and 
120 kDa MAR/PARyla-on normalized to total protein (right). In contrast to Olaparib, co-treatment 
with TNF-α and XAV939 did not significantly alter total (leQ) or 120 kDa specific MAR/PAR signal 
intensity compared to TNF-α alone (right). (C) Representa-ve western blots re-probed specifically 
for PARP-1 aQer MAR/PAR, confirming the ~120 kDa band corresponds to PARP-1 and showing 
reduced MAR/PAR signal intensity following PARP inhibi-on. (D) Densitometric quan-fica-on of 
PARP-1 protein expression in Olaparib (leQ) and XAV939 (right) co-treatments with TNF-α. (E) 
Western blot displays MAR/PAR intensity aQer 30 minutes of each treatment, showing inhibi-on 
of Olaparib and upwards trend in MAR/PAR with TNF-α alone. Sta-s-cal significance was 
determined by one-way ANOVA with Tukey’s post hoc test (*p<0.05, ** p<0.01, ***p<0.001). 
Data are shown as mean ± S.E.M., with individual points represen-ng biological replicates. 

 

4.5 TNF-α-induced inflamma=on impairs mitochondrial respira=on, which is rescued by 

PARP-1/2 inhibi=on. 

Excessive ac-va-on of PARP-1/2 can deplete intracellular NAD+ stores that are shared with sirtuins 

(SIRTs), compromising mitochondrial homeostasis and energy metabolism. Because NAD⁺ 

availability supports SIRT-dependent an-oxidant and metabolic func-ons, its deple-on during 

inflamma-on is expected to impair mitochondrial health. To test whether inhibi-on of PARP-1/2 

could mi-gate TNF-α induced mitochondrial dysregula-on, mitochondrial respira-on was 

assessed in HTR-8/SVneo EVTs cells using the Seahorse XF Mito-Stress Test following 24 hours of 

treatment with TNF-α, PARP-1/2 (Olaparib) or TNKS-1/2 (XAV939) inhibitors, alone or in 

combina-on.  

Basal mitochondrial oxygen consump-on rate (OCR), which reflects total mitochondrial oxygen 

consump-on under normal energe-c demand, was significantly reduced by TNF-α treatment, 

indica-ng a indica-ng a global suppression of oxida-ve metabolism (Figure 8A). ATP-linked OCR, 
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represen-ng oxygen consump-on used for ATP synthesis via oxida-ve phosphoryla-on, was 

similarly decreased, confirming reduced mitochondrial ATP produc-on (Figure 8B). Proton leak 

OCR - oxygen consump-on not coupled to ATP synthesis and reflec-ve of membrane poten-al 

integrity - was also diminished, sugges-ng decreased mitochondrial membrane efficiency or 

reduced uncoupling (Figure 8C).  

Maximal OCR, which indicates the highest respiratory capacity of the electron transport chain 

(ETC) upon FCCP-induced uncoupling, was markedly a?enuated in TNF-α–treated cells (Figure 

8D). Non-mitochondrial OCR, reflec-ng oxygen consump-on by oxidases or other non-ETC 

enzymes, trended downward but did not reach sta-s-cal significance (Figure 8E). The spare 

respiratory capacity, calculated as the difference between maximal and basal OCR and 

represen-ng the cell’s ability to respond to increased energe-c demand, was likewise decreased 

(Figure 8F). Coupling efficiency—the propor-on of basal OCR devoted to ATP synthesis versus 

proton leak—showed li?le to no change with TNF-α, indica-ng that the rela-ve par--oning of 

basal respira-on remained largely stable under these condi-ons (Figure 8G).  

Treatment with Olaparib or XAV939 alone did not significantly alter OCR parameters under basal 

condi-ons. However, co-treatment with TNF-α and Olaparib significantly improved mitochondrial 

respira-on, restoring basal and ATP-linked OCR, as well as spare respiratory capacity and non-

mitochondrial OCR (Figure 8A-G). These findings suggest that inhibi-ng PARP-1/2 ac-vity protects 

against TNF-α–induced mitochondrial dysfunc-on, likely through preserva-on of NAD⁺ 

availability and SIRT ac-vity. In contrast, TNKS-1/2 inhibi-on with XAV939 failed to rescue TNF-α–

induced reduc-ons across most OCR parameters, producing only minor, non-significant 

improvements (Figure 8A-G). Combined inhibi-on of PARP-1/2 and TNKS-1/2 modestly elevated 
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basal OCR and proton leak, further support the conclusion PARP-1/2 ac-vity is the primary driver 

of inflamma-on-associated mitochondrial dysfunc-on in trophoblast cells (Figure 8A, C).  

Figure 8. Mitochondrial Respira=on in HTR-8/SVneo Cells following TNF-α–induced 
inflamma=on and PARP inhibi=on. Mitochondrial oxygen consump-on rate (OCR) was measured 
in HTR-8/SVneo cells using the Seahorse XF Mito-Stress Test following 24 hours of treatment with 
TNF-α (10 ng/mL), alone or in combina-on the PARP-1/2 inhibitor Olaparib (3 µM) or the TNKS-
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1/2 inhibitor XAV939 (10 µM). Sequen-al injec-ons of Oligomycin (1.5 uM), FCCP (1 uM)  and 
Rotenone/An-mycin A (1 uM) were used to interrograte mitchondrial repiratory parameters over 
a 74-minute assay period, with OCR recorded every 6 minutes. These included: (A) Basal 
respira-on - total mitochondrial OCR under res-ng condi-ons; (B) ATP-linked Respira-on - OCR 
coupled to ATP synthesis via oxida-ve phosphoryla-on; (C) Proton leak - OCR not used for ATP 
synthesis, indica-ve of mitochondrial membrane integrity; (D) Maximal Repira-on - OCR 
following FCCP uncoupling, represen-ng the ETC’s full capacity; (E) Non-mitochondrial 
Respira-on - OCR from non-ETC sources such as oxidases; (F) Spare Capaicity Reserve - the 
difference between maximal and basal OCR, indica-ng the ability to respond to energe-c stress;  
(G) Coupling Efficiency - the propor-on of basal OCR used for ATP produc-on versus proton leak. 
Representa-ve kine-c OCR traces showing temporal respira-on profiles for TNF-α with co-
treatments of (H) Olaparib and (I) XAV939. Data are presented as mean ± S.E.M. (n = 5 biological 
replicates). Sta-s-cal significance was determined by one-way ANOVA with Tukey’s post hoc test 
(*p<0.05, ** p<0.01, ***p<0.001). 

 

4.6 No altera=ons in OXPHOS protein expression during TNF-α-induced Inflamma=on. 

TNF-α is well known to induce oxida-ve stress, lipid peroxidiza-on and mitochondrial dysfunc-on 

across mul-ple cell types. In HTR-8/SVneo trophoblast cells, we previously demonstrated tat TNF-

α treatment increased MAR/PARyla-on and disrupts mitochondrial respira-on, consistent with 

our proposed mechanism of PARP overac-va-on and NAD⁺ deple-on. To determine if the 

observed mitochondrial dysfunc-on resulted from altered expression of OXPHOS complexes, we 

next quan-fied the protein levels of individual electron transport chain (ETC) components 

(Complexes I–V). Western blot analysis revealed no changes in the expression of any OXPHOS 

complexes following TNF-α treatment, either alone or in combina-on with PARP inhibi-on (Figure 

9 A-K). These results indicate that the impaired mitochondrial respira-on observed under 

inflammatory condi-ons is not due to decreased abundance of OXPHOS proteins. Instead, the 

data suggest that post-transi-onal mechanisms, such as PARyla-on-mediated modula-on of 

enzyme ac-vity or disrup-ons in NAD⁺-dependent signaling, are responsible for the observed 

reduc-ons in mitochondrial func-on.   
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Figure 9. Expression of OXPHOS Complex Proteins in HTR-8 Cells Following PARP Inhibi=on 
under Inflammatory condi=ons. HTR-8/SVneo cells were treated with TNF-α (10 ng/mL) to 
induce an inflammatory response, with or without co-treatment of the PARP-1/2 inhibitor 
Olaparib (3 µM) or the TNKS-1/2 inhibitor XAV939 (10 µM). AQer 24 hours, protein was extracted 
and analyzed by Western blot for the expression of oxida-ve phosphoryla-on (OXPHOS) complex 
subunits. Densitometric quan-fica-on of OXPHOS components is shown for (A) C-I NDUF, C-II 
SDH, C-III Cyt-bc1, C-IV COX C-V ATP5 for Olaparib co-treatments, and corresponding complexes 
for XAV939 co-treatments. (B) Representa-ve Western blot images for each treatment group are 
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shown. Data are presented as mean ± S.E.M (n=3 biological replicates). Sta-s-cal significance was 
determined using a one-way ANOVA and Tukey’s post hoc test (*p ≤ 0.05). 

 

4.7 TNF-α - Induced Inflamma=on does not alter Lipid Peroxida=on.  

Lipid peroxida-on is a hallmark of oxida-ve stress resul-ng from the reac-on of highly reac-ve 

oxygen species (ROS) with polyunsaturated fa?y acids (PUFAs) in serves as a widely recognized 

biomarker for oxida-ve damage in various disease contexts. TNF-α is also known to promote 

oxida-ve stress through ac-va-on of pro-inflammatory signalling pathways, including those 

involving NF-kB and NADPH oxidases.  

 In our proposed mechanism, excessive PARP ac-va-on depletes intracellular NAD+ levels, 

thereby reducing SIRT ac-vity and weakening the cell’s an-oxidant defenses. To determine 

whether PARP-1/2 inhibi-on could mi-gate oxida-ve stress downstream of TNF-α signalling, we 

quan-fied 4-HNE levels in HTR-8/SVneo EVTs by Western Blot following 24 hours of treatment 

with TNF-α, with or without PARP inhibi-on.  

Across all treatment groups, no sta-s-cally significant differences in 4-HNE levels were observed 

(p > 0.05; Figure 10A-B). The absence of detectable changes suggests that TNF-α–induced 

oxida-ve stress at this -me point does not manifest as increased lipid peroxida-on in HTR-

8/SVneo cells. Alterna-vely, lipid peroxida-on may occur earlier in the inflammatory response or 

may not be a dominant oxida-ve stress pathway in this trophoblast model.  
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Figure 10. Expression of 4-HNE as a marker of lipid peroxida=on and oxida=ve stress in HTR-
8/SVneo Cells during Inflammatory Insult. HTR-8/SVneo cells were treated with TNF-α (10 
ng/mL) to induce an inflammatory response, with and without co-treatments with the PARP-1/2 
inhibitor Olaparib (3 µM) or the TNKS-1/2 inhibitor XAV939 (10 µM). DMSO served as a vehicle 
control. AQer 24 hours of treatment, total protein extracts were collected, and to 4-
Hydroxynonenal (4-HNE) levels were quan-fied by Western blot as an indicator of lipid 
peroxida-on. (A) Densitometric quan-fica-on of 4-HNE signal intensity was normalized to stain-
free total protein blots. (B) Representa-ve western blot images of 4-HNE signal and 
corresponding stain-free blots are shown. Data are presented as mean ± S.E.M (n = 3 biological 
replicates). 
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4.8 Olaparib restores trophoblast migra=on supressed by TNF-α-induced inflamma=on. 

Having established that TNF-α impairs mitochondrial respira-on in HTR-8/SVneo trophoblasts 

and that this deficit can be rescued by PARP-1/2 inhibi-on, we next examined whether these 

metabolic altera-ons translated into func-onal consequences. Extravillous trophoblast cells 

(EVTs) play a crucial role in migra-ng and invading into the maternal endometrium to establish 

the utero-placenta interface and remodel spiral arteries into blood supply to the developing fetus. 

EVTs play an important role anchoring the chorionic villi to the decidua, providing a secure 

connec-on between the mother and the fetus. In addi-on, EVTs are responsible for vascular 

remodelling of maternal spiral arteries, replacing endothelial -ssues with smooth muscle -ssues 

– crea-ng low-resistance spiral arteries. HTR-8/SVneo cells are widely used to assess the 

migra-on and invasive func-on of EVTs in preeclampsia, amongst other diseases. Here, we sought 

out to inves-gate if TNF-α induced inflamma-on affected the migra-ng func-on of trophoblast 

cells through PARP-1/2 overac-va-on. Scratch wound assay was used to assess the migra-on 

func-on of HTR-8/SVneo, simply by crea-ng a scratch on the plate and comparing the wound 

area aQer 24 hours. Differences in wound confluence % did not reach sta-s-cal significance, 

however trends across experimental treatments support our hypothesis in our proposed 

mechanism.  The wound confluence % of HTR-8/SVneo cells exposed to a TNF-α induced 

inflamma-on, was trending downwards compared to the vehicle control (Figure 11A-B). During 

this TNF-α inflammatory insult, EVT migra-on may be restored with PARP-1/2 inhibi-on by 



 

 54 

Olaparib as the wound confluence % trended upwards, improving migra-on func-on.  Inhibi-on 

of TNKS-1/2 combined with TNF-α inflamma-on was not able to restore EVT migra-on func-on 

(Figure 11A-B). These trends support our hypothesis in that – the overac-va-on of specifically 

PARP-1/2, suppresses the func-on of EVT in migra-ng downstream of I-PE mechanism. 

 
Figure 11. Trophoblast Migra=on Func=on Assessed by Scratch Assay Following PARP Inhibi=on 
during Inflammatory Insult. The migra-on func-on of HTR-8/SVneo was assessed using the 
scratch migra-on assay by allowing the cells to grow to 90-100% confluency followed by a 6H 
starva-on period. Each well was scratched ver-cally and horizontally and treated with different 
experiments including TNF-α (100 ng/µL) to s-mulate an inflammatory response along with 
separate co-treatments of Olaparib (3 µM) and XAV939 (10 µM). DMSO was used as a vehicle 
control. AQer 24 hours of treatment, final images were captured using Invitrogen™ EVOS™ XL 
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Core [Imaging System (Fisher Scien-fic) at 10X. Scratch area was quan-fied, and the wound 
confluence percentage area was calculated as described by Ranzoni et al.160 (A) Wound 
confluence quan-fica-on data is presented as mean ± S.E.M. Individual data points represent 
biological replicates (n=5). Sta-s-cal significance was determined using a one-way ANOVA and 
Tukey’s post hoc test (*p < 0.05). (B) Representa-ve images of the intersec-on of the scratch at 0 
hour and 24 hour is shown for each treatment.  

 

4.9 TNF-α alone or combined with PARP-1/2 inhibitors does not show any signs of 

cytotoxicity 

The final step in our proposed mechanism from a TNF-α induced inflamma-on is the ac-va-on 

of cytotoxicity pathways, leading trophoblast to cell death. TNF-α induced cell death is well-

established in pro-inflammatory signalling where TNF-α can induce cytotoxicity by triggering 

mul-ple, and in some condi-on, overlapping apopto-c pathways. Mul-ple studies have reported 

cell death as early as 6 hours and as late as 48 hours depending on the cell type or the pathways 

that are ac-vated. Given that, our previous results showed signs of mitochondria dysfunc-on and 

a reduc-on in migra-on func-on at 24 hours, we sought out to confirm if cytotoxicity signs would 

be detectable at this -mepoint. Cell viability was assessed using the Calcein-AM assay that 

measures the rela-ve fluorescence units (RFU) of live cells. Viable cells can hydrolyze non-

fluorescent Calcein-AM into a fluorescent molecule that is directly propor-onal to cell viability.  

This assay is widely used across different studies to measure cell viability and membrane integrity. 

As this is not a measure of cell death, Calcein-AM assay was used to assess the change in viability 

in trophoblast cells. In contrast to many studies, under our condi-ons, there are no significant 

changes in cell viability in between any of the experimental treatments showed at 24 hours 

(Figure 12).  Collec-vely, these observa-ons can suggest that trophoblast cytotoxicity may be at 

later -mepoint or does not occur in I-PE 
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Figure 12. Trophoblast Calcein-AM Viability Following PARP Inhibi=on Under Inflammatory 
Condi=ons. HTR-8/SVneo cells were plated for 24 hours following by a treatment of the different 
groups. HTR-8/SVneo cells were treated with TNF-α (10 ng/mL) to s-mulate an inflammatory 
response. (A) Olaparib (3 µM) and (B) XAV939 (10 µM) were added separately to TNF-α as a co-
treatment to inves-gate the effects of PARP ac-va-on in cell viability. DMSO served as a vehicle 
control, H2O2 served as a cytotoxicity control.  AQer 24 hours, cells were washed twice with 1X 
PBS, before adding Cell Dye II/Calcein AM buffer and reading the fluorescence at Ex/Em = 485/530 
nm. Calcein fluorescence was quan-fied using POLARstar Omega plate reader (BMG Labtech). 
Data is presented as mean ± S.E.M. Individual data points represent biological replicates (n=3). 
Sta-s-cal significance was determined using a one-way ANOVA and Tukey’s post hoc test 
(*p < 0.05). 

 

4.10 PARP-1 linked MAR/PAR modifica=on target associated to Immune response pathways 

in HTR-8/SVneo cells. 

Previously men-oned, PARP-1 confirma-on was observed with western blots at the specific 

region where MAR/PAR modifica-ons were increased with TNF-α and inhibited specifically with 

PARP-1/2 inhibitor, Olaparib. We ques-oned ourselves if there were any other target of 

MAR/PARyla-on and if there were targets of PARP-1 specifically. Across 267 iden-fied proteins, 
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203 (76%) were known to be target of MAR/PARyla-on modifica-ons – of those protein, 143 

(70%) were known PARP-1 targets. (Figure 13A). The majority of PARP-1 targets are known to be 

PARylated rather than MARylated (Figure 13B).  

To further examine these proteins, reactome enrichments pathways were performed in the 

proteins located at this specific molecular weight that are known targets of PARP-1 – to gain 

insights of what pathways are involved. (Figure 13C). Most prominent enrichment pathway with 

a high gene count was immunological ac-vated proteins – this includes metabolism of proteins, 

ac-vated innate immune system and cellular responses to stress. Mul-ple studies have reported 

altera-ons in protein metabolism upon pro-inflamma-on responses. In our dataset, addi-onal 

pathways exhibit strong evidence of post-transla-onal protein modifica-ons, cytokine signalling 

in immune systems and common pathways that link the overac-va-on of PARP-1/2 and TNF-α 

induced inflamma-on (Figure 13C). 
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Figure 13. MAR/PAR Modifica=on of Proteins found in MALDI-MS Analysis. Nitrocellulose 
membranes (Figure. 7 D-E) were cut to separate the region of interest for PARP-1 confirma-on at 
~ 120 kDa. List of proteins that were found at this molecular weight were analyzed.  (A) Pie-chart 
of the full list of proteins found at this region. (B) Venn diagram of the proteins demonstrates the 
shared protein iden-fica-on of PARyla-on, MARyla-on and PARP-1 specific targets. (C) Reactome 
pathway enrichment showing protein-protein interac-on network using STRING planorm (string-
db.org). 
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5  DISCUSSION  

Inflamma-on-mediated preeclampsia (I-PE) remains to be the subclass of PE that is the least 

understood in both the molecular mechanism and physiology of this disease. There is compelling 

evidence that links the instability of NAD+ metabolism to inflammatory diseases, oxida-ve stress 

and mitochondria disease.120,137,164 Nonetheless, despite their established role in inflammatory 

diseases, the role of NAD+ in placenta biology remains largely uniden-fied. Previously, our group 

was the first to study the role of NAD+ in placenta health and iden-fied two phenotypes that are 

unique to I-PE.120 

1. NAD+ deple-on in the intracellular stores of human cases of I-PE 

2. Increase in PARyla-on levels in placenta -ssues of I-PE cases 

As there are 4 out of the 17 PARPs members that exhibit PARyla-on ac-vity, the increase in 

PARyla-on levels that are causing this rapid deple-on on NAD+ intracellular stores was unknown. 

In the presence work, I have provided evidence that the increase in PARyla-on is consequently 

due to the overac-va-on of auto-PARylated PARP-1 in HTR-8/SVneo EVT induced with TNF-α 

Inflamma-on. 

TNF-α is key signalling cytokine that plays an important role in inflamma-on, obesity, and figh-ng 

against infec-ons.22,44,165 Under prolonged inflammatory responses, extensive research has 

established that excessive TNF-α accumula-on can eventually lead to the development of chronic 

inflammatory diseases.166,167 The mechanism behind TNF-α and PARP-1 overac-va-on has been 

well-established under pro-inflamma-on condi-ons. 168–170 TNF-α acts as a signalling molecule 

and binds to its receptor - Tumour Necrosis Factor Receptor (TNFR), ac-va-ng a cascade of kinase 

events involved with the Mitogen-ac-vated protein kinase (MEK)/ Extracellular-signal-regulated 
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kinase (ERK) pathways. Eventually, PARP-1 is phosphorylated by ERK-1/2 – leading to the 

overac-va-on of PARP-1 PARyla-on. In addi-on, PARP-1 can increase its own ac-vity by 

PARyla-ng itself, which is observed across many molecular processes. To date, this molecular 

mechanism remains undefined in placenta health and func-on.  

Analysis of mRNA expression of PARPs across the two different models of I-PE show varia-on in 

PARP-1 transcrip-on. Outside of the placenta, studies focusing on inflammatory condi-ons have 

reported no changes in PARP-1 mRNA or protein expression – thus, suspec-ng the increasing in 

PARyla-on, is a result of increased enzyma-c ac-vity. In placenta -ssue, the human protein atlas 

reports that PARP-1 at the mRNA and protein level is highly expressed in cytotrophoblast cells 

compared to extravillous trophoblast cells. In cytotrophoblast cells, PARP-1 is a key regulator in 

the differen-a-on into syncy-otrophoblast cells during placental development (Figure 14A-B).    

In our study, LPS-induced rodents have trends of PARPs mRNA increases – which could be coming 

from the lack of sensi-vity to this immune response, needing a boost of PARP-1 at the 

transcrip-on level to increasing PARyla-on. Recent evidence has reported the increase of PARP-1 

expression through the ac-va-on of nuclear factor kappa-light-chain-enhancer of ac-vated B 

cells (NF-κB) pathways under inflammatory condi-ons. Under prolonged TNF-α condi-ons, some 

studies have demonstrated that PARP-1 PARyla-on of RelA (p65 subunit) is required for NF-κB 

transcrip-on.171 RelA (p65 subunit) is a transcrip-on factor of NF-κB, that has shown evidence of 

promo-ng the transcrip-on of PARP-1 as well. NF-κB and PARP-1 regulate each other in a posi-ve-

feedback loop – amplifying and sustaining this inflammatory response enhancing the produc-on 

of TNF-α. These mediators of immune-mediated inflamma-on are driven and posi-vely influence 

each other crea-ng the pathogenesis of chronic inflammatory disease.172 
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PARP-1 overac-va-on is associated with intracellular NAD+ deple-on across various inflammatory 

diseases. NAD+ is an essen-al co-factor involved in redox reac-ons, energy metabolism, cell 

signalling, and mitochondrial health. Previous members from our group confirmed this NAD+ 

deple-on across the three models of I-PE. Levels of NAD+, NADt (NAD+ and NADH) and NAD+ 

/NADH ra-os were measured and revealed a decreased in NAD+ and NADt, however NADH levels 

remain unchanged. NAD+ is metabolized in separate cellular sub-compartments including the 

mitochondria, cytosol and nucleus – each possessing their own pool of NAD+. The NAD+ 

concentra-ons in each cellular sub-compartment are cell-type dependant as the range of 

concentra-ons of NAD+ can vary as well of the distribu-on of NAD+ to each sub-compartment. 

The NAD+ concentra-on in healthy placenta in mice is approximately 0.17 umol/gProt in the 

mitochondrial,  0.2 umol/gProt in the cytoplasm and 0.015 umol/gProt in the nucleus.173 The 

concentra-on distribu-on of NAD+ has not even inves-gated n HTR-8/SVneo cell model.  Nuclear 

NAD+ pools are mainly used by NAD+ heavy consuming enzymes such as PARPs and SIRTs, 

genera-ng NAM as a by-product. In the mitochondria, NAD+ is reduced into NADH in the TCA cycle 

for the purpose of energy produc-on during oxida-ve respira-on.  Studies have observed an 

increased in NAM levels, yet NADH levels are not affected during PARP-1 overac-va-on, 

sugges-ng that nuclear NAD+ pools are not directly affec-ng the mitochondrial NAD+ stores.120 

The mechanism by which the sub-compartments of NAD+ pools have not affected by each other 

is unknown.  

Nonetheless, PARP-1 overac-va-on is associated with mitochondrial dysfunc-on downstream of 

its mechanism. As previously men-oned, nuclear NAD+ pools are mainly shared between PARPs 

and SIRTs. Under pro-inflammatory condi-ons, PARPs and SIRTs have an antagonis-c rela-onship 
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and compete for NAD+ stores, oQen leading to rapid deple-on of NAD+ used by PARP-1 and 

comprising the ac-vity of SIRTs. During the ac-va-on of PARP-1 PARyla-on, studies have reported 

that a deple-on of 80% of NAD+ levels compared to total intracellular NAD+. 174,175 SIRTs play an 

essen-al role during PARP-1 overac-va-on by promo-ng an--inflammatory cytokines and 

suppressing the produc-on of pro-inflammatory cytokines. Not only does it have a protec-ve role 

in mitochondrial health, but it also essen-al in placenta development and differen-a-on. Our 

LPS-induced rodent model shows an increase in the transcrip-on of SIRTs that suggest it may be 

recompensa-ng for the reduc-on in ac-vity.  The Human Protein Atlas indicates that SIRTs 

expression in placenta -ssue is generally highly expressed compared other -ssue types, 

sugges-ng it’s important role in placenta health and func-on (for example SIRT4; Figure 14C). As 

previously men-oned, NF-κB and PARP-1 overac-va-on in inflammatory diseases drive the 

ac-va-on of both pathways. SIRT-1 ac-vity inhibits the ac-va-on of NF-κB pathways by 

deacetyla-ng the p65 subunit – transcrip-on factor of NF-κB and decreasing pro-inflammatory 

cytokine produc-on. PARP-1 overac-va-on inhibits SIRT ac-vity in protec-ng against NF-κB 

pathways, further exacerba-ng the inflammatory response.  

The imbalance in inflammatory cytokines generally leads to the produc-on of oxida-ve stress and 

the increase in ROS produc-on. ROS levels could increase through the TNF-α-signalling pathways 

or through mitochondrial dysfunc-on. 4-HNE is common marker in lipid peroxida-on and 

oxida-ve stress, observed during PARP-1 ac-va-on. In TNF-α treated HTR-8/SVneo cells, there 

were no significant changes in 4-HNE levels at 24 hours. Mul-ple studies have reported rapid 

changes in 4-HNE, with detectable changes at earlier -mepoints within the first hour to 24 hours 

depending on the cell line and s-mula-on.176,177  In colorectal cancer cells, TNKS-1/2 has been 



 

 63 

linked to the inac-va-on of oxida-ve stress - sugges-ng that inhibi-ng TNKS-1/2 may eliminate 

its protec-ve role against cellular stress, however this mechanism is not fully understood.178 

Compelling evidence indicates, an accumula-on of 4-HNE can directly and indirectly impair 

mitochondrial health by altering the structure/func-on of OXPHOS complexes and further 

ac-va-ng cellular stress pathways.179 

Mitochondrial dysfunc-on is a hallmark of preeclampsia, commonly seen across all subclasses of 

PE. As we’ve seen previously, nuclear SIRTs ac-vity is inhibited during the overac-va-on of PARP-

1, that directly affects the expression and ac-vity of mitochondrial SIRTs. Here, we’ve reported 

that PARP-1/2 inhibi-on rescues mitochondrial health and func-on during a TNF-α-induced 

inflamma-on in trophoblast cells. PARP-1/2 overac-va-on reduces baseline levels, ATP-linked- 

respira-on, maximal respira-on, proton leak, spare capacity reserves and non-mitochondrial 

respira-on. This suggest that instead of PARP-1 affec-ng specific complexes, it is impairing the 

overall health of the mitochondria. During inflammatory responses, studies have generally 

observed increases in non-mitochondrial respira-on from cytosolic oxidases.180 In contrary, under 

our condi-on we have reported a decrease in non-mitochondrial oxygen consump-on - in which 

the mechanism behind this remain unknown. The decrease in oxida-ve respira-on may also be 

comprised by mitochondrial biogenesis repressors. SIRT-1 is responsible for the deacetyla-on of 

PCG-1α – master transcrip-on factor of mitochondria biogenesis and func-on. PARP-1 

overac-va-on can lead to SIRT-1 inhibi-on, reducing mitochondria mass and integrity. The 

expression of OXPHOS protein did not change under TNF-α condi-ons, however trends reveal 

slight increases with PARP-1/2 inhibi-on – aligning with other studies. In addi-on,  our previous 

study, reveals that the popula-on of the I-PE subclass show an increased trend in maternal age 
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compared to other subclasses of PE.35  The prevalence of preeclampsia increases in mother from 

age 35-40 and doubles aQer 40 years compared to the general popula-on of pregnant women.181 

This supports our hypothesis that a decline in mitochondrial func-on is a hallmark of aging. 

Migra-on and invasive capacity are the primary func-ons of extravillous trophoblast cells in 

establishing a strong utero-placental circula-on by migra-ng and invading into the decidua. 

Mitochondrial dysfunc-on has previously been linked to reduced trophoblast func-on; however, 

the exact mechanism is not known. ATP deple-ons from mitochondrial dysfunc-on have been 

associated to the inhibi-on of invasive capacity and migra-on.182 This ATP deple-on can be 

produced from the impairment of oxida-ve respira-on processes in the produc-on of ATP. 

Alterna-vely, ATP can also be deple-on for its usage in the salvage pathways, producing NAD+ 

from its by-product NAM in PARyla-on. Here, I have demonstrated that PARP-1/2 inhibi-on may 

restore migra-ng func-on of EVTs that may be inhibited by TNF-α inflammatory ac-va-on. TNKS-

1/2 inhibi-on was not able to restore migra-on capabili-es with TNF-α treated EVTs, aligning with 

our hypothesis that PARP-1 PARyla-on may be responsible for inhibi-ng migra-on in EVTs.  

Inflammatory pathways, mitochondrial dysfunc-on pathways and the accumula-on of oxida-ve 

stressors are all common phenotypes that have strong evidence of eventually leading to cell 

death. Under different condi-ons, PARP-1 has the ability to promote or suppress cell death 

depending on the ac-vated pathways. The canonical pathway of PARP-1 is involved with DNA 

damage repair, recrui-ng DNA repair proteins and altering chroma-n structures to facilitate with 

DNA repair. In the case where DNA damage is far beyond repair and there is an accumula-on of 

nuclear PAR, PARP-1 is able to ac-vate regulated apopto-c pathways. In addi-on, excessive 

ac-va-on of PARP-1 under inflammatory reac-ons can trigger necrosis, a form of cell death under 
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cellular stress. Energy exhaus-on or ATP deple-ons from the increase in PARyla-on is a major 

contribu-on to necrosis under PARP-1 ac-va-on. Furthermore, the rupture of necro-c cells 

further ac-vates inflammatory responses to surrounding cells, amplifying this response. In our 

study, TNF-α induced inflamma-on did not affect cell viability in EVTs at 24 hours. In trophoblasts, 

differences may become detectable at later -mepoints with a prolonged exposure of TNF-α. 
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Figure 14. Human Protein Atlas: Expression of NAD+ Consumers in Placenta Tissue. PARP-1 (A) 
protein expression and (B) mRNA expression in placenta -ssue and cells. Abbrevia-on n: Not 
detected, l: Low expression, m: medium expression and h: High expression. (C) mRNA expression 
of SIRTs across different organs, revealing a high score in placenta -ssue. Images were obtained 
from the Human Protein Atlas.  
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6 Limita=ons 

The findings of this project gave us insights on the effects of PARP-1/2 inhibi-on on TNF-α-induced 

inflamma-on in extravillous trophoblast cell model. One of the primary limita-ons of this study 

lies on the HTR-8/SVneo trophoblast in-vitro model that is used to mirror the effect of I-PE in 

pregnant popula-ons. The human immune system is extremely complex, diverse and dynamic, 

that 2D in-vitro models cannot fully reproduce the responses we see in humans. I-PE is immune-

mediated disease in humans that is ac-vated by an ini-ated immune response. During early 

pregnancy, the popula-on of immune cells could reach to 70% in the placenta and is reduced to 

~40% aQer the first trimester un-l delivery. Immunological analysis of I-PE placenta exhibits an 

increased in filtra-on of adap-ve and innate immune cells that are absent in-vitro. In HTR-

8/SVneo model, the lack of immune cells limits this project as it does not allow us to observe the 

effects of the surrounding environment during this response as we have seen in the human 

placenta.  

Furthermore, we are using a TNF-α recombinant protein to ini-ate this immune response from 

HTR-8/SVneo EVTs as we see in I-PE. As previously men-oned, TNF-α is the central role in 

ac-va-ng an immune response in I-PE. Nonetheless, a mul--omics analysis of I-PE has confirmed 

various upregula-ons of pro-inflammatory cytokines and downregula-ons of an--inflammatory 

cytokines that lead to the ac-va-on of mul-ple immunology pathways. 

Another limita-on in this study is the RNA quality that may affect the results of the gene 

expression in human placenta samples. Acquiring a high yield of RNA with high Integrity and 

quality is quite difficult in human placenta collec-on. There are two main factors during the 

delivery of the placenta that is essen-al to the RNA integrity that affects the quality of our data. 
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The first factor is -ming, where it is unknown how long the placenta was at room temperature 

before taking a -ssue sample and freezing it. The second factor is how the -ssue was stored 

before RNA extrac-on. Placenta -ssue that was handled and dissected before storage generally 

exhibit a low RNA integra-on number (RIN) than -ssues that were immediately stored flash frozen 

(FF) or using an RNA-stabilizing solu-on (RNALater).183 The samples used in the mRNA analysis 

were purchased from the Research Centre for Women’s and Infants’ Health BioBank (RCWIH), 

with no knowledge of how these samples were collected.  

7 Conclusion  

In this thesis, I have provided insights on the mechanism behind I-PE and how the ac-vated 

immune response is affec-ng the overall health of extravillous trophoblast. Previously, the PARP 

member that is responsible for excessive PARyla-on ac-vity and a rapid NAD+ deple-on was not 

well-defined in I-PE. In HTR-8/SVneo cells treated with an TNF-α inflammatory insult reduced the 

oxygen consump-on in mul-ple mitochondrial parameters and increased lipid peroxida-on levels 

thus damaging the mitochondrial health and func-on. In addi-on, visible trends show the 

inhibi-on of the migra-ng func-on and a reduc-on in viability in trophoblast cells treated with 

TNF-α. EVT cells co-treated with only PARP-1/2 inhibitor and TNF-α rescued the effect of its pro-

inflammatory insults, however these results were not reproduced with TNKS-1/2 inhibitor. Here 

we have confirmed that PARP-1 is the member of the PARP family that is mainly responsible for 

this increase in PARyla-on causing the deple-on in intracellular NAD+ levels.  The findings from 

this study help elucidate the development of immune-mediated preeclampsia and define the 

underlying mechanisms that may aid in iden-fying targets to prevent or a?enuate I-PE, while also 

suppor-ng our hypothesis regarding NAD⁺ supplementa-on during pregnancy. PARP1/2 
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inhibi-on in this study shows improved cellular func-on and health, however it should be noted 

that PARP1/2 inhibi-on is not recommended during pregnancy as it can cause serious harm in 

the development of the fetus.  
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