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Abstract

Background:

The risk of unexplained fetal death or stillbirticieases late in pregnancy suggesting that
placental aging is an etiological factor. Agingassociated with oxidative damage to DNA,
RNA and lipids. We hypothesized that placentas arenthan 41 completed weeks of
gestation (late-term) would show changes consistéhtaging that would also be present in
placentas associated with stillbirths.

Objective:

We sought to determine whether placentas from t&te- pregnancies and unexplained
stillbirth show oxidative damage and other biochmhisigns of aging. We also aimed to
develop ann vitro term placental explant culture modeltest the aging pathways.

Study design:

We collected placentas from women at 37-39 weektaten (early-term and term), late-term
and with unexplained stillbirth. We used immunobistemistry to compare the three groups
for. DNA/RNA oxidation (8-hydroxy-deoxyguanosine,OBdG), lysosomal distribution
(Lysosome-associated membrane protein 2, LAMPP)d loxidation (4-hydroxynonenal,
4HNE), and autophagosome size (Microtubule-assatigtroteins 1A/1B light chain 3B,
LC3B). The expression of aldehyde oxidase 1 (AOXBs measured by real-time PCR.
Using a placental explant culture model, we tedtesl hypothesis that AOX1 mediates
oxidative damage to lipids in the placenta.

Results:

Placentas from late-term pregnancies show increa®®X1 expression, oxidation of
DNA/RNA and lipid, perinuclear location of lysososand larger autophagosomes compared
to placentas from women delivered at 37-39 week#ibiBh associated placentas showed

similar changes in oxidation of DNA/RNA and lipigsosomal location and autophagosome
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size to placentas from late-term. Placental expldér@dm term deliveries cultured in serum
free medium also showed evidence of oxidation il)i perinuclear lysosomes and larger

autophagosomes, changes that were blocked by tpeot8in-coupled estrogen receptor 1

(GPER1) agonist G1, while the oxidation of lipid svalocked by the AOX1 inhibitor
raloxifene.

Conclusions;

Our data are consistent with a role for AOX1 ancEGR in mediating aging of the placenta

that may contribute to stillbirth. The placentaigactable model of aging in human tissue.

Key words: placenta; aging; stillbirth; fetal death; autopbsgme; DNA / RNA oxidation;

lipid oxidation; AOX1; GPER1,; raloxifene; placentatplant culture

Glossary of Terms
Aldehyde Oxidase 1(AOX1) — an oxidizing enzyme watkvide range of substrates, that

generates peroxides

Autophagosome — an intracellular organelle thalectd damaged proteins and old

mitochondria

G protein-coupled estrogen receptor 1 (GPERL1) -ellssarface estrogen receptor distinct

from nuclear estrogen receptors

8-hydroxy-deoxyguanosine (80OHd&) a product of DNA oxidation
4-hydroxynonenal (4HNE) — a product of lipid perdaiion

Lipid peroxidation — the oxidative degradation ipids

Lysosome — an intracellular organelle that contairgeolytic enzymes in an acid

environment
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Introduction

Unexplained fetal death is a common complicatioprefjnancy occurring in approximately 1
in 200 pregnancies in developed countriead more frequently in the developing world.
While no cause has been established, the rate taf death rises rapidly as gestation
progresses beyond 38 wegkdohnsonet al.® have proposed the operational definition of
aging as an increase in risk of mortality with timdnich is consistent with a role for aging in
the etiology of stillbirth. Supporting this view a histopathological study ptacentas
associated with cases of unexplained intrautergeghdat term revealed that 91% showed
thickening of the maternal spiral artery walls, 54%ntained placental infarcts, 10% had
calcified areas and 13% demonstrated vascular sioch) another reported increased
atheroscleros?s changes that are associated with aging in other organs. Supporting & lin
between placental aging and stillbirth, Ferrariaht have recently reported that telomere
length is reduced in placentas associated withbistii’. Fetal growth restriction is also
associated with both stillbirth and telomere shurtg’. We therefore sought to determine
whether placentas from women who delivered aftecdrmpleted weeks (late-term) or had
stillbirth had biochemical evidence of aging. Asrkeais of aging we chose to measure 8-
hydroxy-deoxyguanosine (a marker of DNA oxidatiamd 4-hydroxynonenal (a marker of
lipid oxidation) as both have been described tagease in the brain with aging, and the
enzyme aldehyde oxidase which is known to generattative damage in the kidney. Aging
is also known to affect the effectiveness of thieaicellular recycling process that involves
fusion of acidic hydrolase containing lysosomeshvatitophagosomes, we therefore sought
changes in these intracellular organelles in theterm placentas and those associated with

stillbirth.

Materials and Methods
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Ethics, Collection and Processing of Tissues

This study was approved by the human researchsatbimmittee of the Hunter New England
Health Services and the University of Newcastle \NSAustralia. Human placentas were
collected after written informed consent was olgdinfrom the patients by midwives.
Placentas were collected from women at 37-39 wgekgation undergoing caesarean section
for previous caesarean section or normal vaginivety, women at 41 weeks gestation
undergoing caesarean section or normal vaginavetgli and women who had stillborn
infants undergoing vaginal delivery. Placentasenallected immediately after delivery and
processed without further delay. Villous tissuesreveampled from multiple sites and
prepared for histology and RNA extraction. For epldtenta, tissues were obtained from at
least 5 different regions of the placenta and 4+ beneath the chorionic plate. Samples
from each individual placenta were immediately &éozinder liquid nitrogen and stored at -
80° C until subsequent experiments. For histologgeements, tissues were fixed in 2%
formaldehyde for 24 h, stored in 50% ethanol aimrdemperature (RT) and embedded in
paraffin. To create a placental roll a 2 cm stffiglworioamniotic membrane was cut from the
periphery of the placenta keeping a small amoumiatenta attached to the membrane. The
strip was rolled around forceps leaving residuacehta at the centre of the cylindrical roll.
The cylindrical roll was then cut perpendicularthe cylindrical axis to obtain 4 mm thick
sections and fixed in formalin. Placentas fromgra8 with infection, diabetes, pre-eclampsia,

placenta praevia, intra-uterine growth restrictoorabruption were excluded.

Reagents and Antibodies
Antibodies against LAMP2 and AOX1 were obtainedmir®D Biosciences (North Ryde,
Australia) and Proteintech (Rosemont, USA), respelst Antibody against LC3B and

GPERL1 were obtained from Novus Biologicals (Littlet USA). Antibodies against 8SOHAG
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and 4HNE were purchased from Abcam (Melbourne, rialia). Dulbecco’s modified Eagle’s
medium (DMEM), antibiotic-antimycotic (anti-antiNupage precast 12 well protein gel and
prolong gold antifade mounting media with DAPI, Rdeconjugated secondary antibodies
were obtained from Thermo Fisher Scientific Ausar&ty (Scoresby, Australia). The horse
radish peroxide (HRP) conjugated secondary antédsodiere purchased from Cell Signalling
Technologies (Beverly, MA, USA). Fetal bovine serumas obtained from Bovogen
Biologicals Pty Ltd (VIC, Australia). Protease ihlior and phosphatase inhibitor were
supplied by Roche (Castle Hill, Australia). Ral@xi& was purchased from Sigma-Aldrich
(Sydney, Australia) and G1 was supplied by Tocrstience (Bristol, UK). The BCA
protein assay kit was obtained from Thermo Fistwergific (Scoresby, Australia). All other
chemicals were purchased from either Ajax FineclitgnLtd or Sigma-Aldrich (Sydney,

Australia).

Placental Explant Culture

Forin vitro experiments, human term placentas (all at 39 weékgestation) were obtained
from women with normal singleton pregnancies withaoy symptoms of labour after an
elective (a scheduled repeat) caesarean sectianerRas were collected immediately after
delivery and prepared for explant culture. Villdissues of placentas were randomly sampled
from different regions of the placenta 4-5 mm bémahae chorionic plate. Tissues were
washed several times with Dulbecco's phosphatetmdf saline (PBS) under sterile
conditions to remove excess blood. Villous explarits2 mn? were dissected and placed into
100 mm culture dishes (30 pieces/dish) containtign?2of DMEM supplemented with 2 mM
L-glutamine, 1% Na-pyruvate, 1% penicillin/streptgrim (100X) solution with the addition
of 10% (v/v) fetal bovine serum (FBS) and cultuieda cell culture chamber at 37 °C

temperature under 95% air (20% oxygen) and 5% 0024 h. At day 2, villous explants
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were transferred to fresh 30 ml growth medium anodibated in a cell culture chamber for 90
minutes and washed in DMEM without FBS (referrecso’'serum-free medium’ or ‘growth

factor deficient medium’). Next 6-7 pieces of villotissue weighing approximately 400 mg
were transferred to a culture dish (60 mm) contgn® ml serum-free medium with or

without the addition of pharmacological agents,éwample, raloxifene (1 nM) or the GPERL1
agonist G1 (1 nM), for subsequent incubation foh24At the end of 24 h some tissues were
fixed in 2% formaldehyde, subjected to routine dimgical processing and embedded in
paraffin wax, and some tissues were immediatelgeinoin liquid nitrogen and stored at -80
°C until subsequent experiments. For each placeswplant culture, samples were also
collected at time ‘O (zero) h i.e., before incubatin serum free medium, and were formalin

fixed and stored frozen at -80 °C until further esiments.

Western Blotting

The western blotting was performed as previouslgcdeed. Samples of placenta (1gm)

were crushed under liquid nitrogen. Aliquots of 1@fg of placental tissues were

homogenised in 1 ml of lysis buffer (PBS, 1% Tri#&f100, 0.1 % Brij-35, 1 X protease

inhibitor, 1 X phosphatase inhibitor, pH 7.4). Tpeotein concentration of each placental
extract was measured using a BCA protein assawridt 40 pg of placental extract was
separated by electrophoresis in NuPage bis-trisaptel2 well gels for 50 mins at a constant
200 V. Separated proteins were then transferredittocellulose membrane using a Novex
transfer system for 70 mins and blocked overnight &C with 1% bovine serum albumin

(BSA) in tris buffered saline with 0.1 % tween-20BST). The membranes were then
incubated with primary antibody in 1% BSA in TBSdr 2 hours at RT, then washed three
times with TBST, followed by incubating with HRPrgogated secondary antibodies in 1%

BSA in TBST for an hour. After three further washath TBST, the immuno-reactive bands
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were developed in Luminata reagent (Merck Millipaaed detected using an Intelligent Dark

Box LAS-3000 Imager (Fuji Photo Film, Tokyo, Japan)

I mmunohistochemistry

Fluorescent immunohistochemistry (IHC) was perfatnaecording to previously published
method&. Six pm paraffin placental sections were deparaid and hydrated, then heated
with tris-EDTA buffer (pH 9) in a microwave ovenrfantigen retrieval. The sections were
blocked with 1 % BSA in TBST for an hour at RT. T¢extions were incubated with primary
antibodies overnight and washed three times wittBTBbefore incubation with Alexa-

conjugated secondary antibodies for 90 mins. Tleéses were mounted with prolong gold
antifade mounting media with DAPI. The fluorescphbtographs for Figures 2, 3, 4, 5, 6, 7,
S1, S2 and S3 were taken on a Nikon eclipse 90iocahmicroscope (Nikon Instruments
Inc.). The fluorescent photographs for Figure 8enmmkken on Nikon eclipse Ti fluorescence

microscopéNikon Instruments Inc.).

RNA isolation and Real time PCR

Placental tissues were crushed under liquid nitroggpproximately 100 mg of crushed
placental tissues were homogenised in 2 ml of Tnieagent (Life Technologies) with an
Ultra Turrax homogenizer. Total RNA was extracteahf the Trizol-extract by Direct-zol™
RNA MiniPrep (Zymo Research). The RNA was treatathvDNAse and purified with a
RNA Clean & Concentrator™-5 kit (Zymo Research)eTRNA quality was checked by
running the DNAse treated sample in agarose gél atiidium bromide in 1X TAE buffer.
The purified RNA was used to make cDNA using a $8pept® Il First-Strand Synthesis
System kit (Life Technologies). The cDNA was usedrain real time PCR by Tagman

primers for aldehyde oxidase 1 (AOX1) (Life Teclowes, Assay ID: Hs00154079_m1) and

10
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Tagman gene expression master mix (Life Technospgrdth an internal control of 18s
ribosomal RNA (Life Technologies) to quantify mRN&r AOX1. We used a SyBr green
master mix to quantify mRNA for G-protein coupledceptor 1 (GPER1) (Invitrogen,
Forward  primer 5-CGTCCTGTGCACCTTCATGT-3' Backward primer  5'-

AGCTCATCCAGGTGAGGAAGAA-3’) with respect to beta-amtas an internal control

using an Applied Biosystem 7500 PCR system.

Statistical analysis

Sample numbers are shown in the legends to indiVifigures. The data in Figures 2, 4, 5, 6
and 8 were analysed using the Mann-Whitney tesb (fv@y) and results are presented as
scatter plots showing the median. The data in EigyrS2 and S3 were analysed using the
Wilcoxon matched-pairs signed rank test and resaiés presented as mean showing the
standard error of the mean (S.E.M.). All theralues were calculated using the Graphpad
Prism software (Version 7, Graph Pad Software I8an Diego, California). A-value of

<0.05 was considered statistically significant.

Results
Subject characteristics

Demographic and clinical characteristics of thelgtparticipants are reported in table 1.

Relationship between stillbirth risk and length of gestation

To illustrate the relationship between stillbirtiskr and length of gestation we created a
Kaplan Myer plot of the data on human gestatioeagth in a population with relatively low
levels of medical intervention from Omigbodun ardevuyit® and combined it with the data

on risk of stillbirth per 1000 continuing pregnagsifrom Sutaret al.? (Figure 1 reproduced

11
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with permissiof). The data illustrate that stillbirth is considtevith an aging etiology as

defined by Johnsoet al ..

DNA/RNA Oxidation

We sought evidence of placental DNA/RNA oxidati@s measured by 8-hydroxy-
deoxyguanosine (80HdG), as a marker of DNA/RNA akwh that has previously been
observed in aging tissugsuch as the brain in Alzheimer’s disédsénmunohistochemistry

(IHC) was performed for 80HdG and the average sitgnof 80HdG staining in

nuclei/frame demonstrated a significant increas®MA/RNA oxidation in late-term and

stillbirth associated placentas (Figure 2).

Movement and clustering of lysosomes in late-term and stillbirth placentas

Misfolded proteins and damaged mitochondria arenadly recycled in autophagosomes in a
process that involves autophagosome fusion witiephgtic enzyme containing lysosomes.
Accumulation of abnormal protein is thought to payole in aging particularly in the brain,
for instance the accumulation of tau and amyloidtgin in Alzheimer’s diseas® ** and
mutant huntin in Huntington’s dised3eln Huntington’s disease, the distribution of the
lysosomes within neurones is altered with incregerthuclear accumulation of lysosortfes
We used a lysosomal marker, lysosome-associatecoraem protein-2 (LAMP2) to analyse
the distribution of lysosomes in the placenta b IHHC showed lysosomes positioned on
the apical surface of early-term placental syndgaghoblast (Figures 3A, 3D and 3E),
whereas lysosomes relocated to the perinucleatrenbasal surface in late-term and stillbirth

placentas (Figures 3B, 3C, 3F and 3G).

Lipid oxidation in placental tissue

12
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The increase in DNA oxidation which we had demaistt suggested free radical damage
that might also lead to lipid peroxidation. Lipidrpxidation has been observed to increase in
Alzheimer’s disease as measured by the formatiom-bfydroxynonenal (4HNE). We
therefore performed IHC for 4HNE in late-term, Ibtith and 37-39 weeks placental tissue.
This revealed a marked, statistically significantrease in 4HNE staining in late-term
syncytiotrophoblast that we also observed in pleEmssociated with stillbirth shown in

Figure 4 (A-D).

Larger autophagosomes containing 4HNE occur in late-term and stillbirth associated
placentas

Inhibition of autophagosome function with failuré fusion with lysosomes leads to an
increase in autophagosome $7z&° This process leads to inhibition of overall altagic
function that is seen in Alzheimer’s dise¥s®anon’s diseas&and neurodegeneratiSnWe
detected autophagosomes using IHC with an antibaglginst LC3B. We observed a
significant increase in the size of autophagosofragire 5D) in both late-term (Figure 5B)
and stillbirth (Figure 5C) associated placentasmaned to 37-39 week placentas (Figure 5A).
Dual labelled fluorescence immunostaining showed the larger autophagosomes of late-
term and stillbirth placentas contained 4HNE, adpat of lipid peroxidation (Supplementary

Figure S1).

Role of aldehyde oxidase 1 (AOX1) in placental oxidative damage

Aldehyde oxidase 1 (AOX1) is a molybdoflavoenzymwhjch oxidises a range of aldehydes
including 4HNE into corresponding acids and peregitl We provide evidence that AOX1 is

involved in the generation of the increased 4HNEeobked in late-term and stillbirth

associated placentas using co-localisation. Diallked fluorescence IHC showed that AOX1

13
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co-localises to 4HNE positive particles in lateate(Figure 6A-C) and stillbirth placentas
(Figure 6D-F). Additionally real-time qPCR showdtht late-term and stillbirth placentas
expressed significantly higher mRNA for AOX1 than-39 week placentas (6G). These data
support the concept that AOX1 plays a role in thigl@tive damage that occurs in the late-

term and stillbirth associated placentas.

Pharmacological inhibition of AOX1 using placental explant culture

Our data provide clear evidence for increased lipiidation, disordered lysosome-
autophagosome interactions and increased AOX1 ssiore in the late-term and stillbirth
placental syncytiotrophoblast. To determine if thegents were causally linked we developed
a placental explant culture system using term piatdissue cultured in serum-free (growth
factor deficient) medium. IHC showed that serum rigpion significantly increased
production of 4HNE at 24 h after incubation (FigutA-C, F and G). We also found a
significant increase in the size of autophagoso(Bepplementary Figure S2) and a change
in lysosomal distribution to a perinuclear locatafter 24 h incubation in serum-free medium
(Supplementary Figure S3)Ve sought to determine cause and effect relatipsshetween
the development of lipid oxidation observed wheacphtal explants were cultured in the
absence of serum, and AOX1. To achieve this we ageotent AOX1 inhibitor, raloxiferfé
and a GPER1 agonist, G1. We used the GPER1 agGdishts we had detected GPER1
expression on the apical surface of syncytiotropdsib(Figure 8A and B) and the GPERL1
agonist has been shown to inhibit production of #HN the kidne§’. Both raloxifene and
G1 inhibited the production of 4HNE in the serurargéd placental explants after 24 h of
treatment (Figure 7D, E, F and G). G1 also preuktite changes in lysosomal distribution

within the syncytiotrophoblast (Supplementary Feg63).
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Presence of the cell surface estrogen receptor GPER1 on the apical surface of the
syncytiotrophoblast

As the GPER1 agonist had evident effects in pladeakplant cultures we undertook
characterisation of GPER1 expression in placemsalié. The expression of GPERL1 in a
section of placenta roll (described in the Methecti®n) detected by fluorescent IHC showed
that GPERL1 in expressed in placental villi (FigBAg, which at higher magnification (100X),
was localised to the apical surface of placentil (igure 8B). Real time PCR for GPERL1
showed that placental villi have significantly heghexpression of GPER1 than amnion,
chorion or decidua (Figure 8C). Western-blot forERR also confirmed higher protein levels
of GPER1 in placental villous tissue than amniohgron or decidua (Figure 8D). The
demonstration of GPER1 localisation on the apiaaifage of the syncytiotrophoblast

indicates the plausibility of estrogen inhibitiohA®DX1 activity in the placenta.

Comment

Our data indicate that between 37-39 and 41 wekgsstation dramatic changes occur in the
biochemistry and physiology of the placenta. Irtipatar there is increased oxidative damage
to DNA/RNA and lipid, a change in position of lysmses which accumulate at the
perinuclear and basal surface of the syncytiotrbfdst, the formation of larger
autophagosomes which are associated with oxidigel] and there is increased expression of
the enzyme AOX1. The same changes are observetheenpas associated with stillbirth.
Some of our results are semi-quantitative as ghike nature of western analysis, nevertheless
the robustness of our results is supported by sieeofil multiple end points for aging, and the
biological plausibility of the reported links. Fher supporting our hypothesis, similar

changes in oxidation of lipid, localisation of lgsones and size of autophagosomes occurred

15



331 in placental explants deprived of growth factorad ahese changes were blocked by
332  inhibition of AOX1.

333

334  Stillbirth occurs in approximately 1 in 200 pregni@s in developed countriesThe Lancet
335 and the BM¥ have recently highlighted gaps in our knowledgehig condition. Stillbirth
336 frequently occurs in the setting of fetal growthstrietion and in this setting telomere
337 shortening and oxidative damage have been obsémvassociated placenfdsThe risk of
338  stillbirth per 1000 continuing pregnancies riseandatically after 38 weeks of gestation. We
339  have suggestédhat stillbirths in late gestation are a consegeeof placental aging. More
340 than 90% of pregnancies have delivered by the endhe® 40th week of gestatibh
341 consequently changes that occur in the placenpaeignancies that have gone past the usual
342 term have little effect on population level infamirvival, since most have already delivered.
343 Such late gestation changes may exist in a kindVleflawar's Shadof? that allows
344 deleterious genes to persist in the population h¢irt damaging effects occur after
345 reproduction, especially if the same genes exesttige actions earlier in pregnancy. This
346 Medawar’s Shadow effect has been proposed to exfiai high prevalence of Huntington’s
347 disease that is associated with increased feriitityearly life but disastrous neurological
348  deterioration after reproduction has occuffedur immunofluorescence data show high
349 levels of 80OHAG and 4HNE in late-term and stillbigilacentas supporting this postulated
350 pathway to placental aging. Increases in oxidatimages to DNA and lipid have also been
351 reported in Alzheimer’s diseaSe®®

352

353 We have also seen marked accumulation of partiptestive for the lysosomal marker
354 LAMPZ2 in the perinuclear and basal side of the gtintrophoblast of late-term placentas and

355 placentas associated with stillbirth. This phenoomenclosely resembles ‘lysosomal
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positioning’ which occurs in cells under nutritibnstres®. Autophagy is an important
cellular recycling process that involves fusionaofdic lysosomes with the autophagosomes.
Our data show that stillbirth and late-term plaesntontain larger autophagosomes than 37-
39 week placentas indicating inhibition of the gltagic process in these placentas. Our data
further indicate that the autophagosomes are comithdoxidised lipid in the form of 4HNE
which may play a role in the failure of lysosomataphagosome fusion. Such disturbances in
the function of autophagosomes may lead to the magkation of abnormal protein and

deterioration in the function of the syncytiotropleast.

Stillbirth is not restricted to the late-term segtiand is known to be associated with cigarette
smoking and growth restriction. It seems likely tttmoking accelerates aging related

pathways. Evidence for this is the finding thabbeére length is reduced in the fetuses of
women who actively smoke during pregnaficgnd similar changes are to be expected in the
placentas of smokers. Down’s syndrome is associatédadvanced aging or progetia®

and also with increased rates of stillbifti* raising the possibility that accelerated pladenta

aging may play a part in stillbirth related to Ddsviand some other congenital anomalies.

Similarly placental abruption is associated witlowgth restriction, maternal smoking and

stillbirth, and placental aging may play a parttiis conditior®

We have used cultured term placental explantstesrmgate the pathways leading to the lipid
oxidation and disturbed autophagosome function.méasured production of 4HNE and the
diameter of autophagosomes following serum depietid/e observed a significant increase
in 4HNE and a significant increase in autophagossize suggesting inhibition of autophagy
by oxidative damage as we had previous observatarstillbirth and late-term placentas.

Raloxifene a potent inhibitor of AOX1 has been shote reduce oxidative damage in
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endothelial cell¥. We have demonstrated that the AOX1 inhibitor xéiéme is also able to
block the oxidative damage to the lipid in placérgaplants. The role of AOX1 was
confirmed using the GPER1 agonist G1 that has Bbewn to block AOX1 activation and
reduce 4HNE in renal tisstle The G1 also blocked the changes in lysosomaitipoisg
within the explants. We report the novel findingtbé presence of the cell surface estrogen
receptor GPER1 on the syncytiotrophoblast apicainbrane, suggesting that this receptor
may play a role in modulating oxidative damage imitthe placenta. It has been shown that
urine from pregnant women carrying a fetus with tpoaturity syndrome have lower
estrogen:creatinine ratios than women carrying abrfoetuse¥. These data support the
possibility that low estrogen concentrations magdlé¢o loss of the cell surface estrogen
receptor (GPER1) mediated inhibition of AOX1 ands®quently placental oxidative damage

and impaired function.

The changes in the late-term placenta occur adetins continues to grow and to require
additional supplies of nutrients. Post-maturity drgtme is a condition seen in post-dates
infants who show evidence of late gestation faikfreutritior®®. Normal human infants born

at term have 12-14% body fat whereas post matayityglrome is associated with the birth of
a baby with severe wrinkling of the skin due tosla¥ subcutaneous fat. Post-maturity
syndrome is rarely seen in modern obstetric pracaticere delivery is usually effected before
42 weeks of gestation using induction of labourcaesarean section if labour has not
occurred spontaneously. While none of the infamshldo mothers in our study exhibited

post-maturity syndrome, our data suggest that kbysiplogical function of the placenta after

41 completed weeks is showing evidence of dechia lhas many features in common with
aging in other tissues. The known exponential ®eein unexplained intrauterine death that

occurs after 38 weeks of gestation may therefora bensequence of aging of the placenta
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and decreasing ability to adequately supply thee@msing needs of the growing fetus. This
knowledge may impact on obstetric practice to emsafants are born before the placenta
ages to the point of critical failuf® However, it is notable that not all placentain late-
term cohort exhibited evidence of aging and it m®wn that infants born later in gestation
have lower rates of special school needs, withghosrn at 41 weeks having the lowest
rate’. The conflicting pressures of late gestation iases in stillbirth and falling rates of
intellectual disability make obstetric care at ttime very challenging, diagnostics that can
predict pregnancies at increased risk of stillowtbuld be useful and some progress in their
development has been m&d@ur data also indicate that the placenta mayigeoa tractable
model of aging in a human tissue that uniquely ages9 month period of time. The results
suggest that the rate of aging of the placentaesan different pregnancies and raises the
possibility that the rate of aging of the placemtay parallel the rate of aging of the associated
fetus carrying the same genome. Our work identifietential therapeutic targets such as
AOX1, that may arrest the oxidative damage to plta® in pregnancies identified at high
risk of stillbirth when extreme prematurity prechsddelivery. Finally, our data raise the
possibility that markers of placental oxidative day@ and AOX1 mRNA may be released
into maternal blood where they may have diagnostlae in predicting the fetus at risk for

stillbirth.
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List of Tablesand Figures

Table 1. Demographic and clinical characteristics of thelgtsubjects.

Figure L egends:

Figure 1. Relationship between stillbirth and number of continuing pregnancies. Kaplan
Myer plot of number of continuing pregnancies asirection of gestational age and plot of
unexplained stillbirth per 1000 continuing pregriascdata from Omigbodun and Adewtlyi
and Sutan et &l. Plot shows the increase in risk of stillbirth kviime consistent with the
operational definition of aging proposed by Johnebal® and the relatively small number of
pregnancies at risk of stillbirth by 41 weeks beeawf prior delivery. Reproduced with

permission from Smith et af*.

Figure 2: DNA/RNA oxidation in late-term and stillbirth placentas. Confocal microscopy
showed increased 80OHdG staining (red) in nuclenftate-term (B) and stillbirth placentas
(C) compared to 37-39 week placentas (A). DAPI €blstaining identifies the nuclei. The
graph (D) illustrates that late-term and stillbiglacentas have increased intensity of nuclear
80OHdG staining (p<0.0001 for late-term placenta=).p005 for stillbirth placentas, Mann
Whitney test) compared to 37-39 week placenta&idare 2D open circles and filled circles
represent 37-39 week caesarean non-labouring péscefm=10) and vaginal delivery
labouring placentas (n=8) respectively, and operaszs and filled squares represent late-term
labouring caesarean placentas (n=5) and labouriaginal delivery placentas (n=13)
respectively, and filled triangles represent thimimester labouring vaginal delivery

unexplained stillbirth placentas (n=4). Each pamthe graph represents the average intensity

25



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

of 80OHAG of 60 nuclei in 6 images per placenta ph@phed at 100X magnification and 1.4
optical resolution. Scale bar, 20 um. The microgcalgo indicates increased staining in the
cytosol of late-term and stillbirth placentas regamating oxidised RNA (8-hydroxyguanosine)

that is also detected by the antibody.

Figure 3. Changesin lysosomal distribution in late-term and stillbirth placentas. IHC of
LAMP2 (red), a lysosomal marker showed that lysos®rpredominantly localise to the
apical surface of 37-39 week placentas (A), whefgagsome distribution extends to the
perinuclear and basal surface of syncytiotrophabiasate-term (B) and stillbirth placentas
(C). Intensity calculation across the syncytiotroplast showed that the distribution of
LAMP2 in late-term (n=5, Figure 3F) and unexplairstilbirth placentas (n=4, Figure 3G)
shifts to the perinuclear and basal surface whelgsmmssome distribution in 37-39 week
caesarean placentas (n=5, Figure 3D) and vaginatede placentas (n=5, Figure 3E)
remained in the apical region of the syncytiotrdphet. DAPI (blue) staining identifies the
nuclei. In Figures 3D to 3G each coloured line espnts results on an individual placenta,
and shows the mean intensity of LAMP2 across timeyjotrophoblast at 5 random sites per
image (example represented by light green lineAn3B and 3C) for 6 separate images per

placenta. Images were photographed at 100X magnification; scale bar, 20 um.

Figure 4. Lipid peroxidation is increased in late-term and stillbirth placentas. 4HNE
(red) immunostaining in 37-39 week (A), late-terB),(and stillbirth (C) placentas. DAPI
(blue) staining identifies nuclei. The intensity4dfiINE is significantly increased in late-term
placentas (D) (p<0.0001, Mann Whitney test) andlbsth placentas (p=0.0014, Mann
Whitney test). In Figure 4D open circles and filleidcles represent 37-39 week caesarean

non-labouring placentas (n=20) and vaginal delivabpuring placentas (n=14) respectively,
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and open squares and filled squares representelatelabouring caesarean placentas (n=10)
and vaginal delivery placentas (n=18) respectivelijle filled triangles represent third
trimester labouring vaginal delivery unexplaineiilstth placentas (n=4). Each point in 4D
represents the mean intensity per unit area fon&ges taken for each individual placenta.

Images were photographed at 100X magnification; scale bar, 20 um.

Figure 5: Larger autophagosomes occur in lateterm and stillbirth placentas.

Immunofluorescence staining of LC3B (green) in 8®39 week (A), late-term (B), and
unexplained stillbirth (C) placentas. DAPI (blue)taising indicates the nuclei.
Autophagosome size was quantified using NIS elensaftware and the diameter was
measured at an arbitrary intensity range of 100@3Qdiameter range 0.2-1 um and
circularity range 0.5-1. Analysis (D) showed thatetterm and stillbirth placentas have
significantly larger (p=0.012 and p=0.0019, respety, Mann Whitney test)

autophagosomes than 37-39 week placentas. In ‘Bhapcles and filled circles represent
37-39 week caesarean non-labouring placentas (nabtl) vaginal delivery labouring
placentas (n=10) respectively, and open squares filed squares represent late-term
labouring caesarean placentas (n=8) and labouriaginal delivery placentas (n=15)
respectively, while filled triangles represents xplained stillbirth placentas (n=4). Each
point in the graph represents the average dianoéte€3B particles in six images taken for
each placenta. Original magnification, 100X; scale bar, 20 um. Arrow heads indicate

autophagosomes (LC3B positive particles).

Figure 6: Co-localisation of aldehyde oxidase (AOX1) and 4HNE, and increased
expression of AOX1 mRNA in late-term and stillbirth placentas. Representative dual

labelled fluorescence immunostaining in late-ter&xQ) and stillbirth (D-F) placentas
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showed that AOX1 positive particles (green) ardamalized with 4HNE (red). Orange dots
(pointed by arrow heads in C and F) indicate c@liaation. Nuclei are stained with DAPI
(blue). Real-time PCR showed that expression of AOXRNA is increased in late-term
(p=0.0097) and stillbirth (p=0.012) placentas coredao early-term placentas (G). Original

maghification100X; scale bar 20 um.

Figure 7: Pharmacologic inhibition of 4HNE production. Fluorescence immunostaining

with antibody against 4HNE (red) in serum starvdaicgntal explant (A) at time 0 (just

before starvation) (B) at 24 h after culturing iedium containing FBS (control treatment),
(C) at 24 after starvation (culturing in mediumhatt FBS), (D) 24 h after treatment with an
AOX1 inhibitor, raloxifene (RLX) and (E) 24 h aftéreatment with a membrane estrogen
receptor GPER1 agonist, G1. Intensity calculatibowed that the production of 4HNE

(induced by serum starvation) is significantly reeld after treating placental explants with
raloxifene (F) and G1 (G). Data are mean = S.E*{@<0.05 (N=6) Original magnification,

20X; scale bar, 100 um. DAPI (blue) staining indicates the nuclei.

Figure 8: Expression of GPERL1 in placenta and myometrium, but not in membranes by
IHC, real-time PCR and western-blotting. Fluorescence IHC showed that GPER1 (green)
is localized predominantly in the placental in atmm of a term placental roll photographed
at 10X magnification (A). GPER1 (green) was shownldcalize in the apical layer of
syncytiotrophoblast of placental villi (B), whengibgraphed at 100X magnification. Scale
bar in ‘A" and ‘B’ represent 100 uM and 20 uM, respively. The real-time gPCR data
showed that the mRNA for GPER1 is expressed indrigimounts in term placenta, whereas
amnion, chorion and decidua show very low expressbGPER1 (C). The expression of

MRNA for GPERL1 follows the order: decidua<choriomx@on<placenta. The western blot of
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protein extract from the breast cancer cell line MG term placenta, myometrium, amnion,
chorion and decidua are presented in ‘D’. Placentgpmetrium and MCF-7 cell lines
expressed higher amounts of GPER1 than amnionjocthor decidua (D). Western-blotting
data showed that all the tissues expressed ghatesylGPER1 (denoted by ** or by ***) and
non-glycosylated nascent GPER1 (denoted by *). 3ymo-ruby stain of the same PVDF

membrane is used as internal loading control (E).

Supplementary Figure L egends

Figure S1: Oxidised lipids within autophagosomes of late-term placentas. Representative

dual labelled fluorescence immunostaining showet ttC3B, an autophagosome marker
(green) is co-localised with 4HNE, a marker ofdipieroxidation (red). Orange dots (pointed
by arrow heads in C) indicate the co-localizatibAPI1 (blue) staining indicates the nuclei.

Original magnifications 100X; scale bar 20 pum.

Figure S2: Changes in autophagosome size in placental explants cultured in serum
deprived medium. Fluorescence immunostaining with antibody agaltS8B (green) in
serum starved placental explant (A) at time O (hefiore starvation) and (B) at 24 h after
starvation. DAPI (blue) staining indicates nucl&) Immunohistochemical analysis showed
that the size of autophagosomes (LC3B positiveigles) increased 24 h after serum
starvation compared to 0 h. Data presented as meai.M., ***p=0.0002 (N=13). Scale

bar, 20 pM.

Figure S3: GPERL1 regulates lysosomal distribution in placental explants cultured in

serum deprived medium. Fluorescence immunostaining with antibody agalb&MP?2
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(red) in serum starved placental explant (A) aetidn(just before starvation), (B) at 24 h after
culturing in medium containing FBS, (C) at 24 aft&rvation (culturing in medium without)
FBS, and (D) 24 h after treatment with GPER agor@gt. DAPI (blue) staining indicates
nuclei. Intensity calculation (E) across the syiatyphoblast showed that the distribution of
LAMP2 at 24 h after starvation shifts to the pediear and basal surface compared to control
treatment (N=7). Each coloured line in 'E' représéime mean intensity of LAMP2 across the
syncytiotrophoblast at 5 random sites per imagesfeeparate images per experiment. In 'F,
each coloured bar indicates mean of the area uhéecurve (AUC) of the corresponding
coloured line presented in 'E' and statistical eddhces were calculated. Original

magnifications, 40X; scale bar, 20 um; error bar, S.E.M.; *p<0.05 (N=7).
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Table 1: Demographic and clinical characteristics of the study subjects

Characteristic 37-39 Weeks Late-term Stillbirth
Number of cases 34 28 4
Gestationa ages (weeks) 38.57+£0.15 41.46 + 0.06 32 32.57 39 40.14
Fetal growth restriction (number of cases) 0 0 No Yes No Yes
Maternal age (years) 31.03+0.88 28.81+1.15 30.21 + 2.68
Vagina birth (%) 41.20 % 64.30 % 100.00 %
BMI (kg/m?) at second trimester or at birth ~ 29.10 + 1.50 2852+ 1.10 27.40 + 2.40
Ethnicity
Caucasian (%) 82.35% 96.42 % 75.00 %
Smoker (%) 17.64 % 17.85 % 0.00 %

Data are presented as (Mean + SEM) or percentage. BMI, Body Mass Index
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