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The feto-placental metabolome of spontaneous labour is not reproduced 
following induction of labour 
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A B S T R A C T   

Introduction: The mechanism for human labour remains poorly understood, limiting our ability to manage 
complications including spontaneous preterm birth and induction of labour (IOL). The study of fetal signals poses 
specific challenges. Metabolomic analysis of maternal blood, the cord artery (CA), and cord vein (CV), allows 
simultaneous interrogation of multiple metabolic pathways associated with different modes of labour onset and 
birth. 
Methods: Global mass spectrometry metabolomics analysis was performed on serial samples collected from 
participants during pregnancy, in latent phase of labour, and following birth (CA, CV, and intervillous (IV) 
blood), from those who spontaneously laboured and birthed vaginally (SL group), had IOL and birthed vaginally 
(IOL group), or birthed via elective caesarean section (no labour; ECS group). 
Results: There were clear differences in fetal and maternal steroid, arachidonate and sphingosine pathways be
tween the SL and IOL groups, despite similar uterine contractions and vaginal birth. The CA/CV ratio for key 
steroids of the IOL group were more alike the ECS group than the SL group, including progesterone (CA/CV ratio 
for: SL group=3.5; IOL group=0.5; and ECS group=0.5), and oestriol (CA/CV ratio for: SL group=4.3; IOL 
group=0.4; and for ECS group=0.2). There were no such changes in the maternal samples. 
Discussion: These findings indicate that IOL does not reproduce the pathways activated in spontaneous labour. 
The decreased placental progesterone production observed with spontaneous labour may represent a local in
trauterine progesterone withdrawal, which, together with other signals, would activate parturition pathways 
involving arachidonate and sphingosine metabolism.   

1. Introduction 

The pathways involved in spontaneous human labour remain elusive 
[1–3], limiting our effectiveness at managing complications such as 
preterm labour (PTL) and failed induction of labour (IOL) [1,4,5]. 
Improved understanding of the mechanisms of human parturition would 
allow more effective strategies for PTL prevention and improved IOL. 
Although infection and inflammatory processes are implicated in some 
episodes of PTL, in most cases no clear cause is found, and there may be 
an early triggering of the physiological events of spontaneous parturi
tion which would normally occur at term [6,7]. 

Placentally-derived hormones include progesterone, oestradiol, and 
oestriol. A substantial proportion of the steroid substrates required are 
produced by the fetus, involving an active exchange of molecules across 
the fetoplacental unit [8–10]. As with other mammals, progesterone 

appears essential for quiescence of the uterine myometrium during 
human pregnancy [11], while oestrogen promotes transcription of genes 
which encode proteins associated with myometrial excitability and 
contractility [12]. In many non-human mammals, there is a shift in the 
steroid balance from progesterone towards oestrogens at the time of 
labour [13–15]: for example, following luteolysis in rabbits and mice 
[16], and following fetal adrenal maturation in sheep [13,14]. These 
mechanisms are not present in humans [4,11,17], with no measurable 
fall in maternal progesterone until after completion of the third stage of 
labour [8,18]. Instead, a functional progesterone withdrawal may alter 
the steroid responses, involving local changes in activity and structure of 
progesterone [11,19] and oestrogen receptors [15,20]. 

Intrauterine paracrine and autocrine changes likely have important 
direct effects on the myometrium and cervix at the initiation of labour 
[2,4,21,22], however these molecular changes are difficult to detect by 
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maternal peripheral blood sampling. Furthermore, ethical consider
ations limit invasive experimentation during pregnancy. Modern 
metabolomics methodologies allow simultaneous analysis of multiple 
biochemical pathways in relation to different clinical or physiological 
situations. In a previous study we compared the concentration of me
tabolites in cord and maternal (intervillous (IV)) plasma sampled from 
participants who had a vaginal birth following spontaneous labour at 
term with those sampled from participants who did not labour and had 
an elective caesarean section (elCS) at term. Of 826 metabolites 
measured, 26.9% were significantly changed between the different 
modes of labour (MOL) in maternal plasma, and 21.1% in cord plasma. 
We concluded that while a proportion of these differences are likely due 
to the metabolic challenges of labour itself, the findings present clues as 
to the biochemical pathways involved in spontaneous labour, including 
steroid, endocannabinoid, sphingolipid, and ceramide systems [23]. 

The present prospective study was designed to investigate the 
metabolomic changes of pregnancy and labour through serial sampling 
of maternal plasma during pregnancy, and of cord vein (CV), cord artery 
(CA), and IV plasma at birth, across different types of labour onset. CAs 
transport blood from the fetus to the placenta, while the CV transports 
blood from the placenta to the fetus. Performing metabolomics analysis 
on paired CA and CV samples was expected to provide a comprehensive 
assessment of multiple metabolites in the fetoplacental unit associated 
with labour and mode of birth [23]. There is much interest in the 
identification of relevant pathways for human parturition [23–30]. If 
any deviation from the observed metabolic profile of spontaneous la
bour was observed with either IOL or no labour, this would enable 
further elucidation of the physiological pathways of spontaneous labour. 
Here we report novel and significant changes in maternal metabolite 
concentrations associated with late pregnancy, and further changes in 
CA and CV steroid, sphingosine, and fatty acid metabolites between 
different MOL onset and birth. 

Our specific questions were:  

1. Are there associations between the maternal metabolomic profile at 
28 weeks’ gestation, 34 weeks’ gestation, or latent phase, and the 
gestational age (GA) at the onset of spontaneous labour?  

2. Are there differences in the metabolomic profiles of maternal blood 
in latent phase, and IV, CA and CV blood at birth, between different 
MOL onset, which could provide clues as to the physiological 
mechanisms of spontaneous labour? 

2. Methods 

2.1. Participants 

Ethical approval for the study was granted by the National Research 
Ethics Service Committee South-West, Bristol (reference: E5431). 
Eligible individuals were approached at community health centres 
during their first trimester booking appointments. Individuals gave 
informed, written consent for participation in the study. Inclusion 
criteria were a low-risk singleton pregnancy, Body Mass Index (BMI) 18 
kg/m2-30 kg/m2, age 20–40 years, and planning to birth at St Michael’s 
Hospital (SMH), Bristol, UK. Exclusion criteria were BMI <18 kg/m2 or 
>30 kg/m2, age <20 or >40 years, multiple pregnancy, and develop
ment of maternal or fetal pathology such as diabetes, preeclampsia, or 
infection. Participants were excluded from the analysis of metabolites in 
relation to GA at spontaneous labour if their birth was iatrogenically 
expedited, either with IOL or elCS. Participants who remained low-risk 
but were induced for prolonged gestation (post-maturity) to reduce the 
risk of stillbirth [31] were included in the analysis of GA at birth. 
Clinical characteristics of included pregnancies for whom cord blood 
was sampled were collated according to previously described criteria for 
placental investigation [32] (Supplementary Table (ST)1). 

At SMH, IOL involves intravaginal administration of prostaglandin 
(10 mg Dinoprostone (Propess), a prostaglandin PGE2 analogue [33], 

then 0.5–1 mg Dinoprostone (Prostin), if required), followed by artificial 
rupture of membranes (ARM). If labour does not establish within 2 h of 
ARM, an oxytocin infusion is commenced to promote uterine 
contractions. 

2.2. Sample collection 

Maternal peripheral blood samples were obtained at 28-weeks’ 
(28WG) and 34-weeks’ gestation (34WG) and in the latent phase (LP) of 
labour. For participants who remained low-risk and who spontaneously 
laboured (SL group), LP samples were obtained when participants 
attended hospital with a cervical dilatation between 1 and 4 cm; for 
participants who were induced (IOL group), the LP sample was obtained 
at the time of transfer to the Central Delivery Suite (CDS) for ARM. For 
participants who had an elCS (ECS group), the LP sample was obtained 
at the preoperative appointment attended the day before their elCS. 
Intervillous, CA, and CV blood samples were obtained from the placenta 
within 30 min of birth, following routine delayed cord clamping, as 
described previously [23]. Samples were collected into Vacutainer tubes 
containing EDTA and centrifuged at 1000 g for 10 min. 200 μl of the 
clear upper plasma layer was transferred into chilled propylene tubes 
and stored at − 80 ◦C, all within 60 min of placental delivery. 

2.3. Metabolomics analysis 

Samples were transported on dry ice to Metabolon, Inc., (Morrisville, 
NC, USA) for ultrahigh performance liquid chromatography-tandem 
mass spectrometry, as described previously [23,34–36]. In brief, 
plasma samples were subjected to methanol extraction then split into 
aliquots for analysis by UHPLC/MS in the negative, positive (involving 
two methods, one optimised for hydrophobic compounds and the other 
for hydrophilic), or polar ion mode. Metabolites were then identified by 
automated comparison of ion features to a reference library of chemical 
standard [23,37]. Multiple water blanks were included on each plate of 
experimental samples to identify any compounds resulting from 
handling or storage. Compounds which were detected at a level at least 
three times that found in the water blanks, and which were confirmed to 
be present relative to a chemical reference standard, were included in 
the final analysis. For quality control and quality assurance, pooled 
quality control plasma replicates, as well as several internal standards, 
were assessed to determine instrument variability, with representative 
relative standard deviations of 3% for internal standards and 7% for 
endogenous biochemicals. 

2.4. Statistical analysis 

Metabolites were normalised to sample volume and then log- 
transformed. For comparisons between metabolites, each metabolite 
value was rescaled to set the median to be equal to 1. 

2.4.1. Associations with GA at spontaneous labour 
Spearman’s rank correlation was used to assess potential associations 

between the GA at spontaneous labour (or gestation at IOL for post- 
maturity) and maternal metabolomic profile at 28WG, 34WG, and LP. 
Paired t-tests were conducted to assess changes in metabolites between 
each time point (28WG vs 34WG; 28WG vs LP; and 34WG vs LP). 

2.4.2. Cord blood analysis 
Welch’s t-test was used to compare the mean value of each metab

olite between the three MOL onset and birth groups (SL, IOL, and ECS) 
for the LP, IV, CA, and CV samples. Paired t-tests were used to compare 
the mean amount of each metabolite measured between each of the 
different samples (LP/CV/CA/IV) within the same mode of birth groups. 

2.4.3. Over-representation analysis 
Over-representation analysis (ORA) was performed using 
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MetaboAnalyst (version 4.0), a tool that maps common compound 
names to a range of database identifiers [38–41]. Human Metabolome 
Database (HMDB) identifiers for those metabolites which were signifi
cantly different (p ≤ 0.05) between pregnancy time points or mode of 
birth groups were entered into MetaboAnalyst for each experimental 
comparison. Enrichment analysis using the hypergeometric test was 
performed to evaluate whether a specific metabolite group was repre
sented more than would be expected by chance within the given com
pound list. Both raw one-tailed p-values and a p-value following 
adjustment for multiple testing using the Holm method were calculated 
[40,41]. 

3. Results 

3.1. Participants 

Between August 2018 and August 2019, 61 individuals with low-risk 
pregnancies were approached to take part in the study. Supplementary 
Figure (SF)1 presents the numbers of participants approached, recruited, 
and reasons for any withdrawal for those included in the association 
between maternal metabolome and GA at spontaneous labour analysis. 
Table (T)1 shows the maternal characteristics for these participants. SF2 
presents the participants included in the MOL onset and birth analysis. 

3.2. Associations between maternal metabolites during pregnancy and GA 
at onset of spontaneous labour 

The pregnancies included in this part of the study either spontane
ously laboured or were induced for post-maturity (SF2). The maternal 
metabolome was remarkably stable with advancing gestation, with only: 
63 of the 1032 metabolites measured at 28WG significantly correlated 
with GA at spontaneous birth (49 negative association; 14 positive as
sociation) (ST2); 84 of the 1032 metabolites measured at 34WG signif
icantly correlated with GA at spontaneous birth (75 negative 

association; 9 positive association) (ST3); and 53 of the 1032 metabo
lites measured in the LP (n = 11) or at the beginning of IOL (n = 3) 
significantly correlated with GA at spontaneous birth (50 negative as
sociation; 3 positive association) (ST4). Seven metabolites had a sig
nificant negative correlation with GA at spontaneous labour at all three 
maternal blood sampling time points (i.e., 28WG, 34WG and LP), these 
were: octadecanedioylcarnitine (C18-DC), octadecenedioylcarnitine 
(C18:1-DC), 5alpha-androstan-3alpha,17alpha-diol disulfate, glyco
chenodeoxycholate glucuronide (1), tauroursodeoxycholic acid sulfate 
(1), N4-acetylcytidine and perfluorooctanesulfonate. 17alpha-hydroxy
pregnanolone glucuronide, 5alpha-androstan-3alpha,17beta-diol disul
fate, oestriol 3-sulfate and oestriol 16-glucuronide were significantly 
correlated at 34WG and in LP. All were negatively correlated with GA at 
spontaneous labour except for DHEA-S and androstenediol (3beta, 
17beta) monosulfate (1), which were positively correlated (Figure (F)1 
and ST5). 

Table 1 
Maternal characteristics for the 17 participants included in the GA association 
analysis.  

Characteristic (range) 

Age at Recruitment (years) 31.6a 

(24–40) 
BMI (weight (Kg)/height (m2)) 24.5 a 

(20–28.8) 
Past Medical History 100% (17/17) had no relevant past 

medical history 
Gravida 2b 

(1–4) 
Parity 0 b 

(0–1) 
Alcohol during pregnancy (units) 0% (0/17) 
Ethnicity 94% (16/17) WE 

6% (1/17) WE/Chinese 
Smoking during pregnancy 

(cigarettes per day) 
6% (1/17) 5/day 
94% (16/17) 0/day 

Type of labour onset 82% (14/17) SP 
18% (3/17) IOL PT 

Gestational age at birth 287 b 

(days) (240–295) 
Maternal complications 100% (17/17) None 
Apgar scores at 1, 5 and 10 min 1 min: 9 b (7–9) 

5 min: 10 b (8¡10) 
10 min: 10 b (9¡10) 

Birthweight (Kg) 3.620 a 

(2.44–4.18) 
Baby sex 41.2% (7/17) M 

58% (10/17) F  

a Mean. 
b Median; Kg = kilograms; m = meters; BMI=Body Mass Index; WE=White 

European; PT=Post-Term; F=Female; M = Male; SP = Spontaneous; IOL PT =
Induction of labour for post-term. 

Fig. 1. Scatter plots showing correlation between gestational age at birth and 
scaled metabolite at 34 weeks’ gestation and latent phase, for: A. 17α- 
hydroxypregnanolone glucuronide at (i) 34 weeks’ gestation and (ii) latent 
phase; B. 5α-androstan-3α, 17β-diol disulfate at (i) 34 weeks’ gestation and (ii) 
latent phase; C. estriol 3-sulfate at (i) 34 weeks’ gestation and (ii) latent phase; 
and D. estriol 16-glucuronide at (i) 34 weeks’ gestation and (ii) latent phase. 
Spearman’s correlation with p-value shown for each comparison. Scaled 
metabolite for each sample determined following normalisation by sample 
volume, log-transformation, then rescaling to set the median for all samples to 
be equal to 1. 
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3.3. Changes in the metabolomic profile of the different vascular 
components between the different onsets of labour 

Latent phase, CA, CV, and IV samples were obtained from four par
ticipants with SL, four with IOL, and four who birthed via elCS, all at 
term. One-way ANOVA analysis indicated no statistical differences be
tween the three groups regarding age, BMI, gravidity, parity, estimated- 
blood-loss at birth, and birthweight. There was a significant difference 
between GA at birth (p = 0.03), expected as participants who sponta
neously laboured did so after 40 weeks’ gestation, whereas all elCSs 
occurred prior to 40 weeks’, as per national guidance [31]. 

Ten percent (104/1032) of the metabolites measured were signifi
cantly (p ≤ 0.05) different between the CA of the SL and IOL groups 
(ST6), and 11.0% (113/1032) significantly different between the CV 
samples (ST7). This is in comparison with only 3.1% (32/1032) signif
icantly different between the LP samples (ST8), and 2.9% (30/1032) 
significantly different between the IV samples (ST9). The greatest dif
ference for all was a higher mean concentration of Ranitidine in the IOL 
group: two IOL participants had epidurals and administered Ranitidine 
to reduce aspiration risk in case of general anaesthetic, as per local 
protocol. Fig. 2 presents these results as volcano plots, and ST10 and 
ST11 present those metabolites which significantly at least doubled or 
halved with SL as the comparison group. Most differences were seen 
between the ECS and SL groups, which is not surprising given the 
physiological difference between labour and no labour. Interestingly, 
although both the IOL and SL groups experienced uterine contractions 
and vaginal births, there were differences in more than 10% of the 
metabolites measured in the CA and CV. 

3.4. Metabolite differences in the fetoplacental circulation between 
induction of labour, elective caesarean section (no labour), and 
spontaneous labour 

3.4.1. Latent phase 
Regarding the LP samples, between the IOL and SL groups, only 1.8% 

(19/1032) were significantly lower (1.3% (14/1032) at least halved), 
and 1.3% (13/1032) significantly increased (0.9% at least doubled), in 
the IOL group compared with the SL group. Between the ECS and SL 
groups, 1.1% (11/1032) metabolites significantly increased in the ECS 
group (0.2% at least doubled), and 7.4% (76/1032) were significantly 
lower (5% at least halved) (Fig. 2, ST10 and ST11). 

3.4.2. Intervillous blood 
Regarding the IV samples, only Ranitidine and its metabolite Ra

nitidine N-oxide were significantly increased in the IOL group compared 
with the SL group; and 2.7% (28/1032) metabolites were significantly 
lower (1.4% at least halved). Between the ECS group and the SL group, 
1.7% (18/1032) were significantly higher in the ECS group (1.3% at 
least doubled), and 9.0% (93/1032) were significantly lower (4.9% at 
least halved), including corticosterone, cortisone, estriol-3-glucuronide, 
and testosterone sulfate (Fig. 2, ST10 and ST11). 

3.4.3. Cord artery 
Regarding the CA samples, between the IOL and SL groups, 8.5% 

(88/1032) metabolites were significantly lower (with 4.4% at least 
halving), and 1.5% (16/1032) significantly higher (with 0.7% at least 
doubling), in the IOL group compared with the SL group. Those me
tabolites which significantly at least halved in the IOL group compared 
with the SL group include 1-stearoyl-GPS (18:0), inosine 5′-mono 
phosphate, 1-stearoyl-2-oleoyl-GPS (18:0/18:1), androsterone sulfate, 
and sphinganine-1-phosphate. The seven metabolites which at least 
doubled in the CA of the IOL group compared with the SL group were 
five fibrinogen peptide metabolites, adenosine 5′-monophosphate 
(AMP), and Ranitidine. Between the ECS and SL groups, 1.9% (20/1032) 
metabolites were significantly higher (1.6% at least doubled) and 20.5% 
(212/1032) were significantly lower (15.4% at least halved) in the ECS 

group (Fig. 2, ST10 and ST11). 

3.4.4. Cord vein 
Regarding the CV samples, 4.1% (42/1032) of the metabolites were 

significantly lower (3.0% at least halved), and 6.9% (71/1032) higher 
(5.0% at least doubled), in the IOL group compared with the SL group. 
Those that at least doubled include oestriol and progesterone, 17alpha- 
hydroxyprogesterone, and arachidonate (20:4n6). Those that were 
significantly at least halved in the CV of the IOL group compared with 
the SL group included corticosterone and cortisol, sphingosine, sphin
ganine, adenosine 3′,5′-cyclic monophosphate, and cytidine 5′- 

Fig. 2. Volcano plots illustrating the mean log2-fold change for each of the 
1032 metabolites between mode of labour onset for each of the vascular 
compartments measured: A. Induction of labour (IOL) compared with sponta
neous labour (SL) for maternal latent phase (LP) samples; B. elective caesarean 
section (ECS) compared with SL for maternal LP samples; C. IOL compared with 
SL for intervillous (IV) blood samples; D. ECS compared with SL for IV blood 
samples; E. IOL compared with SL for cord artery (CA) samples; F. ECS 
compared with SL for CA samples; G. IOL compared with SL for cord vein (CV) 
samples; H. ECS compared with SL for CV samples. Horizontal dashed red line 
indicates p = 0.05, above which differences between the two groups are sig
nificant; two vertical red dashed lines indicate halving and doubling between 
the two groups. Dot colour scheme: red = non-significant; green = significant 
difference smaller than a doubling or halving; blue = significant doubling 
or halving. 
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monoposphate. Between the ECS and SL groups, 4.8% (50/1032) me
tabolites were significantly increased (2.6% at least doubled) in the ECS 
samples compared with the SL samples, and 7.7% (79/1032) were 
significantly lower (5.9% at least halved), including cortisol, cortico
sterone, estrone 3-sulfate, sphingosine and sphinganine (Fig. 2, ST3, 
ST10, and ST11). 

3.4.5. Comparing steroids and fatty acids between vascular compartments 
The heatmaps of Table 2 illustrate differences in the normalised 

concentrations of progesterone, oestriol, 17α-hydroxyprogesterone, 
DHEA-S, sphingosine, sphingosine 1-phosphate, arachidonate and lino
leate, in the LP, IV, CA and CV samples across the different MOL onset 
studied. For all, the LP and IV values were similar for each of the MOL 
onset. Interestingly, while the CV/CA ratio for each of these metabolites 
were similar between the IOL and ECS groups, they were reversed for the 
SL group. For example, while progesterone was significantly lower in the 
CV than CA in the SL group, with a CV/CA ratio of 0.28, it was signifi
cantly higher in the CV than CA of the IOL group, with a CV/CA ratio of 
2.23, and non-significantly twice as high in the CV sample than the CA 
sample in the ECS group, with a CV/CA ratio of 2.23. 

3.5. Over-representation analysis 

The alpha linolenic acid and linoleic acid metabolic pathway was 
significantly over-represented in comparisons between the CV of the IOL 
group and CV of the SL group (Fig. 3). The raw p indicated that this 
pathway tended to be overrepresented between the CA of the ECS and SL 
group, and between the CA of the IOL group and SL group, although not 
statistically significant. 

4. Discussion 

This study provides the first detailed analysis of the maternal, CA and 
CV metabolome with different MOL onset and birth, demonstrating 
specific metabolite changes within the fetoplacental circulation associ
ated with spontaneous labour. 

4.1. Steroids 

There were no differences in maternal steroid concentrations in the 
LP samples among the different MOL onset, confirming the previously 
described lack of detectable steroid changes in maternal blood prior to 
parturition. Further, it is well known that progesterone is a major 
placental product [8,18], and for all MOL onset and birth, progesterone 
concentrations were consistently higher in the IV samples than the CA 
and CV samples. Importantly, while the CV/CA progesterone ratios of 
the IOL and ECS groups reflect a passive gradient of progesterone from 
the placenta, this ratio was reversed in the SL group, suggesting active 
fetal production, and oestriol concentrations followed the same pattern. 
These findings indicate differences in placental and fetal production of 
steroids associated with spontaneous labour which do not occur with 
IOL, despite the intervening events of uterine contractions and cervical 
dilatation of both spontaneous and induced labour. Thus, iatrogenic IOL 
does not replicate the physiological signals that originate in the fetus 
with spontaneous labour, and this may explain the higher incidence of 
complications, such as failure to progress in labour and emergency 
caesarean section, associated with IOL [42]. Moreover, the actions of 
progesterone on the myometrium include relaxation, inhibition of gap 
junction formation, and blockage of oxytocin responses [43]. The shift in 

Table 2 
Heat maps comparing scaled normalised mean values of progesterone, oestriol, 17α-hydroxyprogesterone, DHEA-S, 
sphingosine, sphingosine 1-phosphate, arachidonate (20:4n6) and linoleate (18:2n6) between the spontaneous la
bour group, the induction of labour group and the elective caesarean section group for: A. the latent phase and 
intervillous (IV) samples; and B. the cord vein (CV) and cord artery (CA) samples. N = 4 in each group.. 
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progesterone CV/CA ratios between the SL group and the IOL and ECS 
groups presented here may reflect a reduction in progesterone produc
tion by the placenta associated with spontaneous labour. This could be 
perceived as a local progesterone withdrawal by the myometrium, even 
if maternal progesterone concentrations remain high. 

Oestriol is formed via 16 hydroxy DHEA-S, produced by the fetal 
adrenal glands and liver upon stimulation with ACTH and placental 
corticotrophin releasing hormone (CRH). In contrast, oestradiol is pro
duced from conversion of oestrone produced from DHEA-S from both 
the maternal and fetal adrenal glands [10,44]. Oestriol is an inhibitor of 
oestradiol at low concentrations but becomes an agonist when the ratio 
of oestriol to oestradiol exceeds 10 to 1, creating an oestrogenic envi
ronment suggested to favour the onset of spontaneous labour [45]. ERα 
appears to be the oestrogen receptor through which the uterotonic ac
tions of oestrogen are driven, and the spliced ERα receptor variant ERΔ7 
dominantly suppresses the uterotonic actions of oestrogen and is with
drawn at term in an oestrogen-dependent manner, proposed to 
contribute to the loss of myometrial quiescence at term [15,44]. Our 
findings show that while the mean concentrations of maternal oestriol 
did not significantly change during pregnancy, there were changes in the 
ratio of oestrogen to progesterone between the different types of 
labouring groups, and between the different vascular compartments, 
with an increase in oestriol in CA in the SL group that may produce a 
localised oestrogenic environment required for spontaneous labour. 

4.2. Sphingosine and ceramide 

Both sphingosine and sphingosine 1-phosphate concentrations were 
greater in the CA of the SL and the IOL groups than the ECS group, with 

no such difference detected in the LP or IV samples. Sphingosine 1-phos
phate and ceramide play essential but often opposing roles in cellular 
signalling and metabolism: sphingosine 1-phosphate stimulates prolif
eration, cell survival and tissue regeneration while ceramide is involved 
in apoptosis and stress-related responses [46–49]. In smooth muscle 
cells, Ca2+ mobilised via sphingosine 1-phosphate promotes an increase 
in cAMP and protein kinase A activation (a different response to that in 
other cells), resulting in disassembly of actin and relaxation. Moreover, 
protein kinase C activates sphingosine kinase which increases levels of 
sphingosine 1-phosphate [49]. Drugs which increase cAMP temporarily 
suppress myometrial contractions, although this effect wears off after 
approximately 24–48 h [50]. In the present study, sphingosine con
centrations were greater in the CV of the SL group than the CV of both 
the IOL and ECS groups, which could indicate that the placenta produces 
more sphingosine with spontaneous labour than with IOL. The higher 
concentrations of sphingosine and sphingosine 1-phosphate observed in 
the SL group suggest a role for this pathway in the regulation of uterine 
activity during labour. This could be via fine-tuning of the con
traction/relaxation cycles in myometrial cells through changes in Ca2+

mobilization from internal stores, cAMP production, and actin assembly 
[49,51]. Some of these changes may result from increased phosphory
lation of sphingosine to sphingosine 1-phosphate by the fetus (as 
sphingosine was significantly lower in both the CA and CV than the IV in 
the SL group), that is not observed with IOL or no labour (elCS). 
Increased sphingosine 1-phosphate production could be one of the fetal 
signals for spontaneous labour through stimulating uterine smooth 
muscle contractions. 

Fig. 3. Over-representation enrichment analysis 
using MetaboAnalyst software [38] for metabolites 
significantly different (p ≤ 0.05) between the cord 
vein (CV) of the induction of labour (IOL) group and 
the CV of the spontaneous labour (SL) group, with 
metabolite pathways on the y-axis, and enrichment 
ratio on the x-axis. The colour of the bar represents 
the unadjusted p value (see key). Only the Alpha 
Linolenic Acid and Linoleic Acid Metabolism pathway 
analysis reached significance (p = 1.53E-08; Holm p 
1.5E-06), with 11 out of the 19 metabolites of the 
pathway significantly different between the two 
groups (expected 1.48/19): linoleic acid 
(HMDB00673), arachidonic Acid (HMDB01043), 
docosapentaenoic acid (22n-6) (HMDB01976); eico
sapentaenoic acid (HMDB01999); tetracosahexaenoic 
acid (HMDB02007); docosahexaenoic acid 
(HMDB02183); adrenic acid (HMDB02226); docosa
pentaenoic acid (HMDB01976); and stearidonic acid 
(HMDB06547).   
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4.3. Linoleic acid 

The alpha linolenic acid and linoleic acid pathway was significantly 
over-represented among those metabolites which were different be
tween the CV of the IOL and SL groups. Linoleic acid is a poly
unsaturated fatty acid (PUFA) and has become the most common n-6 
PUFA in the human diet. Linoleate is the conjugate base of linoleic acid 
[52,53]. Elongation and desaturation of linoleic acid results in produc
tion of arachidonic acid [53], a precursor to prostaglandins as well as 
other eicosanoid mediators such as leukotrienes and thromboxanes, 
which in turn are associated with inflammatory processes [53]. Arach
idonic acid concentrations within the amniotic fluid increases with la
bour [54], and there is enhanced conversion by amnion cells resulting in 
an increase in prostaglandin E2 [55] with labour. This process is stim
ulated by exposure to fetal surfactant, a key indicator of fetal lung 
maturation [56]. Our results show that arachidonate levels increased 
between 28WG and latent phase, and were significantly lower in the LP 
samples of the ECS group than the SL group. Further, both arachidonate 
and linoleate were higher in the CA than CV in the SL group compared to 
both the IOL and ECS groups. The availability of these precursors will be 
important for activation of prostaglandin pathways in spontaneous 
labour. 

4.4. Limitations 

Although the number of participants is relatively small, clear dif
ferences in metabolite concentrations across MOL groups are identified, 
demonstrating suitability and reliability of the methodological 
approach. Ethical and clinical considerations, including not disturbing 
mother-baby bonding, make sampling of maternal and fetal circulations 
around birth challenging. While future minimally invasive sampling 
technologies may improve options, IV sampling currently provides non- 
invasive access to maternal blood immediately following birth; howev
er, IV may not exactly represent circulating maternal blood as syncy
tiotrophoblast and fetal diffusion/transport products will temporarily be 
at higher local concentrations until redistributed [23,57]. Differences in 
medication among MOL groups may also influence the metabolome. 

4.5. Summary 

In summary, this study highlights important differences in the ratio 
of key metabolites between the CA and CV sampled from participants 
who spontaneously laboured and those who were either induced or had 
an elCS. We provide detailed information about the maternal metab
olome in late pregnancy and at birth which indicates that fetal matu
ration and changes in steroid metabolic pathways in the fetoplacental 
unit are important for human parturition. Importantly, our findings 
indicate that IOL does not reproduce the pathways activated in spon
taneous labour. This may contribute to the higher risk for adverse 
pregnancy outcomes associated with IOL, as without the appropriate 
signals from the fetus, the myometrium may not contract as efficiently, 
and the uterine cervix may not undergo the essential changes necessary 
for spontaneous labour. 
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