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Untargeted metabolomics reveals key
pathways in miscarriage: steroid, folate,
fatty acid & glycosaminoglycan

metabolism
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Metabolites influencing miscarriage outcomes remain understudied. We hypothesized that aberrant
metabolism impacts threatened miscarriage outcomes and that understanding these pathways could
offer new management strategies. This case-control study analyzed serum metabolomics from 80
women between 5 and 12 weeks’ gestation at KK Women’s and Children’s Hospital, Singapore,
comparing three groups: women with threatened miscarriage who miscarried (TMyc), those with
ongoing pregnancies (TMg), and women with normal pregnancies (NP). Using untargeted liquid
chromatography-mass spectrometry and pathway analysis through MetaboAnalyst 5.0 and the Kyoto
Encyclopedia of Genes and Genomes, 267 metabolites across 12 enriched pathways were identified.
Dysregulations in steroid (AUC 0.82), folate (AUC 0.59), fatty acid (AUC 0.70), and glucosaminoglycan
(AUC 0.64) pathways distinguished women who miscarried from those with ongoing pregnancies
(TMpmc vs TMo). We provide initial insights into the metabolic profile associated with miscarriage,
highlighting disruptions in steroid hormone, fatty acid, folate, and glucosaminoglycan biosynthesis.
Further validation may support biomarker development for prognostication.

Threatened miscarriage is characterized by per vaginal bleeding without
cervical changes within the first 20 weeks of gestation'. It affects about 20% of
pregnant women in their lifetime with a notable 25% of them progressing to
an actual miscarriage’. In Singapore, similar prevalence rates have been
observed, with an estimated 20% of pregnancies ending with miscarriage -
most occurring within the first trimester’. Notably, Singapore faces unique
demographic challenges, including an aging maternal population and the
rising prevalence of metabolic disorders®, both of which are known risk
factors for miscarriage. These factors underscore the pressing need for
enhanced risk stratification and targeted management strategies tailored to
the local context. This obstetric complication presents a prognostic challenge
due to its multifactorial aetiology encompassing various maternal demo-
graphic and clinical factors, including advanced maternal age’, a history of
miscarriage’, pre-existing medical conditions’, poor metabolic health®, and
progesterone insufficiency™'. Threatened miscarriage can be distressing,

both physically and psychologically, and comes at significant cost to indivi-
duals, healthcare systems and society-at-large''. Individualized diagnosis, risk
assessment and prevention of miscarriage continues to be challenging'. As of
2021, both the International Federation of Gynaecology and Obstetrics
(FIGO) and National Institute for Health and Care Excellence (NICE)
guidelines suggest a management approach for threatened miscarriage that
hinges on the history of previous miscarriages. Progesterone supplementa-
tion is recommended for women experiencing early pregnancy bleeding who
have a history of miscarriage, although the efficacy of this intervention
remains a subject of ongoing debate and investigation'*'*. Therefore, better
prognostication methods that guide treatment strategies to preserve preg-
nancy or counselling of potential adverse outcomes are urgently needed.
Successful pregnancy involves multiple metabolic adaptations that are
necessary in order to ensure a sufficient supply of essential nutrients and
energy to support the growth and the development of the fetus. Throughout
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gestation, maternal basal metabolic rate increases which causes energy
expenditure to increase to levels close to high performance endurance
athletic activities"’. The transformation to an ‘anabolic state’ of the first (and
second) trimester of the pregnancy, where lipids are stored, and glucose
homeostasis is regulated'®”, are known metabolic alterations in healthy
pregnancies. Barring inborn errors, the converse inability for the maternal
metabolic adaptations to occur can lead to insufficient support of fetal
nutritional and developmental needs, and adverse outcomes such as early
pregnancy loss. Emerging studies look to the use of metabolomics to identify
potential prognostic biomarkers for assessing miscarriage risk by closely
examining maternal metabolic health. This is driven by research that have
found that women with poor metabolic health, like those with metabolic
syndrome, are more likely to experience pregnancy complications com-
pared to those without such conditions'*". Metabolomics involves the
comprehensive analysis of metabolites in cells, fluids, and tissues™. It offers a
detailed snapshot of metabolic pathways and biochemical processes, thereby
providing a nuanced understanding of an individual’s metabolic state at a
given time point. Prior research has demonstrated significant urinary
metabolomic disparities between patients with miscarriages and those with
healthy pregnancies, suggesting dysfunctional placental mitochondrial
B-oxidation of fatty acids as a possible etiology of spontaneous miscarriage’".
Other serum metabolomic studies involving subjects with spontaneous
miscarriage implicate a wide array of metabolic pathways from lipid to
homocysteine metabolism® . These emerging evidence point towards the
role of metabolic abnormalities in miscarriage”.

Building on this, our study aims to identify key serum metabolomic
differences that distinguish women who experience miscarriage, providing
novel insights into the metabolic signatures underpinning early pregnancy
outcomes. We hypothesize that women with threatened miscarriage exhibit
unique metabolic profiles in contrast to those with healthy pregnancies.
Among women with threatened miscarriage, we ask what are the key
metabolites and pathways that distinguishes those who eventually miscarry
compared to those who go on to have an ongoing pregnancy. A thorough
understanding of these metabolite variations may illuminate the underlying
metabolic imbalances that interplay with miscarriage, opening new possi-
bilities to guide upstream prognostication and downstream treatment
interventions.

Results

Prospectively collected serum samples from 80 patients, including 70
patients identified with threatened miscarriage (TM group) and 10 control
patients (NP group) with non-bleeding and normal pregnancy were col-
lected for metabolomic analysis. Of the 70 TM patients, 38 had ongoing

pregnancy beyond 16 weeks (TMg group); 32 eventually miscarried before
16 weeks’ gestation (TMyc group) (Table 1). TMo and TMyc patients were
significantly older than NP patients (p < 0.001). There was no significant age
difference between TMg and TM),¢ patients. Consistent with miscarriages
being associated with lower levels of progesterone, TMyc patients had
significantly lower progesterone levels than NP and TMq, patients.

Metabolomic differences in women with Threatened Miscarriage
(TM) as compared to Normal Pregnancies (NP)
Figure la presents the PLS-DA scores plot of the serum metabolome
between the TM and NP groups. A critical task in PLS modelling is the
selection of the number of PLS components to construct a pseudo inverse
which is optimal for prediction. To assess the statistical robustness of the
model, a 5-fold cross-validation using five principal components was per-
formed, giving an R’ (explained variation) of 0.99, Q* (predicted variation)
0f 0.65 and a classification accuracy of 0.99, indicating substantial predictive
ability and good fitting of the PLS-DA model. The analysis demonstrates a
clear separation of the samples into two distinct clusters. This separation
highlights the distinct metabolic profiles between the TM and NP groups
(Fig. 1a).

A total of 114 metabolites were found to be significantly different
between the TM and NP samples, with FC > 2 or <0.5, and raw p-value <
0.05. Figure 2a shows the volcano plot for these compounds. Eight meta-
bolic pathways were found to be enriched and significantly different
(p-value < 0.05) between the TM and NP samples. Table 2 summarises the
identified pathways and metabolite hits, along with the FC and raw and false
discovery rate (FDR)-adjusted p-values, as well as FC and p-values corrected
for age, BMI and smoking status. Within these pathways, 16 unique
metabolites were identified, of which five were significantly different (FC > 2
or 0.5, and raw p-value < 0.05), most of which remained significant after
correction and using FDR-adjusted p-values, with the exception of estrone
sulfate, which fell slightly below the FC threshold, and leukotriene D4.
Notably, products of steroid metabolism, namely estrone sulfate, dehy-
droepiandrosterone sulfate and cholesterol sulfate, key metabolites of
associated with pregnancy were observed to be significantly enriched in the
TM group™, thereby validating our results.

Metabolomic differences in women with threatened miscarriage
and different outcomes (TMpc vs TMo)

Figure 1b illustrates the results of the multivariate analysis between the
TMpc and TM groups using PLS-DA. Compared to the previous com-
parison (TM vs NP), this PLS-DA shows less distinct separation, with
noticeable overlaps between the two clusters (Fig. 1b). Despite this overlap,

Table 1 | Summary of maternal characteristics at presentation with threatened miscarriage

Characteristics Total (n =80) NP (n=10) TMo (n =38) TMwc (n =32) P-value
Age, years 32.0 (29.0-35.0) 26.0 (25.0-28.0) *° 32.0(30.0-35.0)* 32.5(30.0-36.0) ° <0.001
Ethnicity 0.986
Chinese 17 (21.3) 7 (70.0) 20 (52.6) 19 (59.4)

Malay 5(6.3) 2(20.0) 8(21.1) 7(21.9)

Indian 12 (15.0) 0(0.0) 3(7.9) 2(6.3)

Others 46 (57.5) 1(10.0) 7(18.4) 4(15.0)

Body mass index, kg/m’ 22.0(20.0-25.0) 21.0(20.0-22.0) 23.0 (21.0-27.0) 21.5(19.0-24.5) 0.176
Gestational age, weeks 8.0(7.0-9.0) 10.0 9.0-11.0)*° 7.0 (6.0-7.5)*¢ 8.0 (7.0-9.0)*° <0.001
Progesterone, nmol/L 42.0 (21.0-64.0) 69.5 (59.0-83.0) ° 56.5 (40.0-72.0)° 18.0 (14.0-30.0) *° <0.001
Previous miscarriage 0.111
No 66 (82.5) 10 (100.0) 28 (73.7) 28 (87.5)

Yes 14 (17.5) 0(0.0) 10 (26.3) 4(12.5)

Data are presented as number (percentage) for categorical variables and median (25th-75th percentile) for continuous variables. ** °Significant pairwise comparisons. Gestational age information was
missing from three patients (1 NP, 2 TMo). NP normal pregnancy, TMo threatened miscarriage with eventual life birth, TM),c threatened miscarriage with eventual fetal demise.
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Fig. 1 | Partial least squares-discriminant analyses using serum metabolites of
women with normal pregnancies and threatened miscarriages. a The partial least
squares-discriminant analysis (PLS-DA) of serum metabolites in patients with
threatened miscarriage (TM) vs those with normal pregnancies (NP), with the
PLSDA showing separation into 2 distinct clusters (5 fold cross-validation with 5
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principal components — R* =0.99, Q* = 0.65, classification accuracy = 0.99). b The
PLS-DA of metabolites in patients with threatened miscarriage who eventually
miscarried (TMyc) vs those who had ongoing pregnancies (TMg). PLSDA shows
poor separation (5 fold cross-validation with 5 principal components — R*=0.98,
Q’ =0.22, classification accuracy = 0.66).
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Fig. 2 | Volcano plots of metabolites of women with normal pregnancies and
threatened miscarriages. a Volcano plot for metabolites in patients with threatened
miscarriage (TM) vs those with normal pregnancies (NP). Metabolites which were
significantly different (Fold Change (FC) = 2 or <0.5, and raw p-value < 0.05) are
highlighted. FC is expressed with NP as reference. b Volcano plot for metabolites in
patients with threatened miscarriage who eventually miscarried (TMpc) vs those
who had ongoing pregnancies (TM). Metabolites which were significantly different
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(Fold Change (FC) =2 or <0.5, and raw p-value < 0.05) are highlighted. (FC is
expressed with NP as reference). Red hues indicate metabolites with increased
abundance in the TM group compared to NP (positive fold change), while blue hues
indicate metabolites with decreased abundance in the TM group compared to NP
(negative fold change). Black/gray points represent metabolites that do not meet the
statistical significance threshold.

the 5-fold cross-validation of the model yielded an R® of 0.98, indicating
strong fit, but a lower Q* of 0.22, suggesting limited predictive ability. The
model yielded a classification accuracy of 0.66. This result reflects the
metabolic similarities between the two groups, both of which experienced a
threatened miscarriage.

However, despite the overlapping profiles, 28 metabolites were found
to be significantly different between the TMc and TM, groups, with a FC
of 22 or 0.5 and a raw p-value < 0.05, indicating statistical significance.
Table 2 summarises the identified pathways and metabolite hits, along with
the FC and raw and false discovery rate (FDR)-adjusted p-values, as well as
FC and p-values corrected for age, BMI and smoking status. Five com-
pounds (estrone sulfate, palmitic acid, 7,12-dimethylbenz[a]anthracene 5,6-
oxide, 4a-Hydroxytetrahydrobiopterin, dermatan) were significantly

different between the two groups based on raw p-value < 0.05 but not FC
criteria, and they continue to be significant after correction for age, BMI and
smoking status, but not when adjusted for FDR. Given the clinical simila-
rities between the 2 groups and the strictness of the Bonferroni method,
these compounds will be discussed below for their potential biological sig-
nificance despite not meeting the FC criteria. Figure 2b provides a volcano
plot highlighting these significantly altered compounds, with the FC and p-
value thresholds clearly visualized.

The most significantly impacted pathway was steroid hormone bio-
synthesis (p < 0.001), characterized by a marked decrease in estrone sulfate
(FC=0.39). Additionally, unsaturated fatty acid biosynthesis (p <0.05)
showed notable alterations, with palmitic acid exhibiting the largest fold
change (FC=2.02). In the folate synthesis pathway (p<0.05), 4a-
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hydroxytetrahydrobiopterin was significantly reduced (FC = 0.70). Inter-
estingly, we also observed a significant reduction in dermatan (FC = 0.75), a
glycosaminoglycan metabolite (p < 0.05) found in blood vessels and stroma
of the placental villi that prevents placenta thrombosis”, in individuals who
ultimately experienced miscarriage, suggesting a potential link between
dermatan levels and pregnancy outcomes.

ROC analyses revealed that serum estrone sulfate demonstrated the
strongest discriminatory performance between TMyc and TMp with an
AUC 0f 0.81 (95% C10.71-0.92), followed by palmitic acid (AUC 0.70, 95%
Cl 0.57-0.82), dermatan (AUC 0.64, 95% Cl 0.51-0.77), and 4a-
hydroxytetrahydrobiopterin (AUC 0.59, 95% Cl 0.45-0.73).

The metabolomic differences between TM and NP, as well as between
TMuic and NP, are detailed in Supplementary Tables 1 and 2, respectively.

Discussion

The staggering number of miscarriages coupled with recent calls for
improved medical approaches to address this issue, underscores the urgency
of advancing our understanding of the biological mechanisms and meta-
bolic pathways involved in miscarriages'". This study compares the serum
metabolomic profiles of three groups of women: those experiencing
threatened miscarriage who subsequently miscarry (TMyc), those who
experienced threatened miscarriages with ongoing pregnancies at 16 weeks
(TMo), and those with normal pregnancies (NP).

Our study clearly indicates that the serum metabolomic profile of those
who miscarried is clearly different from those with normal pregnancies,
identifying a total of 267 metabolites belonging to 12 enriched pathways,
and possessing predicative abilities. Importantly, among women with
threatened miscarriage, TMyc had a distinct metabolomic profile from
TMo with a total of 28 different metabolites. Specifically, we identified
alterations in steroid, fatty acid, glycosaminoglycan and folate metabolic
pathways, which mediates inflammation and mitochondrial dysfunction, in
women who miscarried (Fig. 3; Table 3).

While several metabolic pathways were significantly altered in both the
TM vs NP and TM vs TMyc comparisons, their biological interpretations
differ based on clinical context. The TM vs NP comparison reflects broader
systemic alterations in response to early pregnancy bleeding, regardless of
outcome. However, as a larger proportion of women in the TM group
ultimately had ongoing pregnancies (TMo, 38 out of 70), the overall
metabolomic profile of TM is skewed toward the metabolic signature of
TMo, which is in turn more similar to NP. This may explain the observed
overlap in enriched pathways between TM and NP groups, as well as the
relatively modest group separation seen in multivariate analysis.

In contrast, the TMq vs TMyic comparison specifically isolates outcome-
related differences among women who all presented with early bleeding. The
metabolites that distinguished TMyic from TMo—such as estrone sulfate,
palmitic acid, dermatan sulfate, and 4a-hydroxytetrahydrobiopterin—repre-
sent potential prognostic biomarkers for eventual miscarriage.

Steroid hormones are integral to the conception and maintenance of a
healthy pregnancy, with progesterone promoting immune tolerance and
endometrial preparation®®, while androgens and estrogens facilitate vascular
development, and myometrial preparation for labour””’. Perturbation in the
homeostasis of these hormones has been linked to the pathogenesis of
threatened miscarriage™”". In our study, we observed significant alterations in
the metabolites involved in steroid hormone synthesis pathway across both
comparisons (TM vs NP and TMyc vs TMo) (Table 3). Specifically, estrone
sulfate levels were significantly decreased in TMyc as compared to TMo.
Estrone sulfate, an important precursor to estradiol, can be used as a proxy for
serum estradiol levels. These findings align with prior evidence indicating that
low serum estradiol levels is associated with higher miscarriage rates™”.

Reduced levels of dehydroepiandrosterone sulfate (DHEA-S), a pre-
cursor in the steroid hormone pathway, may contribute to lower levels of
estrone sulfate, as DHEA-S acts as an intermediate substrate between
cholesterol and sex steroids necessary for a healthy pregnancy. Low DHEA-
S levels has been linked to impaired pregnancy viability’***. Corroborating
this hypothesis, a recent systematic review and meta-analysis found that

DHEA-S supplementation was associated with significant improvements in
clinical pregnancy rates, live birth outcomes, and endometrial receptivity in
in-vitro fertilization procedures”. Furthermore, Boyle et al. (2024)
demonstrated that estradiol restoration via DHEA-S supplementation sig-
nificantly reduced in miscarriage rates”. These observations lend credence
to the potential utility of DHEA-S as a therapeutic intervention in the
prevention of miscarriage, encouraging additional research in this novel
therapeutic modality™. The balance between these hormones is crucial in
preventing the excessive inflammatory reactions that can lead to mis-
carriage, underscoring the hormone’s protective role in early gestation.

Tetrahydrobiopterin (BH4) is an essential cofactor for lipid ester
metabolism and the synthesis of various neurotransmitters and nitric oxide,
producing 4a-hydroxytetrahydrobiopterin (BH4 4a carbolamine) which
will be recycled back to BH4*"**. Our study observed BH4 4a-carbolamine to
be significantly lower in TMj;c compared to TMo. This suggests reduced
BH4 levels and thus decreased synthesis of neurotransmitters which could
affect neuronal functions and signaling during pregnancy and fetal
neurodevelopment™*’. Reduced BH4 levels have also been reported to be
associated with hypertensive pregnancies and impaired uteroplacental
vascular ~ remodeling  that could be  normalized  with
5-methytetrahydrofolate supplementation in an animal model*. Taken
together, adequacy of BH4 levels may be a key determinant of healthy
pregnancy. To ensure BH4 adequacy going into pregnancy, folic acid sup-
plementation may be recommended from preconception to pregnancy.
Previous research had investigated the utility of folic acid supplementation
as a potential treatment target in the context of threatened miscarriage.
However, the evidence regarding the relationship between serum folic acid
levels and the risk of threatened miscarriage remains inconclusive. Some
studies found no association***’ while other research has observed a link***".
In terms of supplementation, Gindler et al. found that the miscarriage rate of
primiparous women was not influenced by 400pug of folic acid
supplementation®. Beyond supplementation, as it is difficult to directly
measure BH4 in the blood™, BH4 4a-carbolamine may also serve as an
indirect method of measurement along with the potential to predict mis-
carriage in women with threatened miscarriage.

Fatty acids are crucial for foetal development and growth during
pregnancy”’, with palmitic acid being the predominant saturated free fatty
acid observed in maternal serum®. Our study found significantly elevated
levels of palmitic acid among patients with TMy;c as compared to TMo.
This increase in palmitic acid has been associated with placental inflam-
mation via activation of the NLRP3 inflammasome, resulting in miscarriage
and other adverse pregnancy outcomes in a murine study”. In another
murine study, exposure to excess palmitic acid has also been shown to
hinder embryonic development and growth™. The lipotoxic effect of
excessive palmitic acid, through stress induction of the mitochondria and
endoplasmic reticulum, can lead to embryo apoptosis™. These findings align
with a human metabolomics study by Fei et al. who reported higher levels of
the pro-inflammatory metabolite sphingosine and lower levels of the anti-
inflammatory metabolite sphingosine 1-phosphate in individuals with
missed miscarriages, pointing to an inflammatory mechanism at play”'. Our
study suggests that a similar inflammatory dysregulation via palmitic acid
may apply to those with threatened miscarriage and hold the potential to
predict the eventual outcome of the pregnancy.

Glycosaminoglycans (GAGs) are crucial components of the extracellular
matrix (ECM) in uterine tissue”. They support cell signaling, tissue remo-
deling and hydration, essential for embryo implantation and placental
development™”. GAG levels increase during pregnancy to accommodate
fetal growth and uterine expansion™. In our study, dermatan sulfate levels
were significantly reduced in the TMyic group compared to the TM group.
Dermatan sulfate is a GAG that activates the anti-thrombin activity of heparin
cofactor II found in maternal and fetal blood. Maternal-fetal exchange of
blood gases and nutrients occurs at placental villi, which are covered by a layer
of syncytiotrophoblasts. Heparin cofactor I come in contact with dermatan
sulfate with injury to these syncytiotrophoblasts covering the surface of pla-
cental villi. Heparin cofactor IT serve to limit fibrin coagulation and deposits at

npj Women's Health | (2025)3:35


www.nature.com/npjwomenshealth

https://doi.org/10.1038/s44294-025-00085-9

Article

(a) Estrone sulfate

Normalized conc.

L]
24 .
(J
11 o ¢
L4
0 * ¢
0-‘ ) ... L]
L]
14
L4 .
L]
24 .
34 ® .
L]
o %) [9)
z = =
= ~
=

(b) Dermatan

Normalized conc.

NP7
TMMC T
TMO'T

(¢) 4a-hydroxytetrahydrobiopterin (d) Palmitic acid

Normalized conc.

NP
TMMC
TMOT

Fig. 3 | Box plots of significantly altered serum metabolites in women with
normal pregnancies,threatened miscarriage who eventually miscarried, and
threatened miscarriage with ongoing pregnancies. Box plots showing the nor-
malized concentrations of (a) estrone sulfate, (b) dermatan, (c) 4a-hydro-
xytetrahydrobiopterin and (d) palmitic acid in the NP (red), TMy;¢ (green), and

Normalized conc.

TMMC T
TMO T

TMo (blue) groups. The yellow diamonds represent the mean concentrations for
each group, while the black dots indicate individual data points. NP normal preg-
nancies, TMyc patients with threatened miscarriage who eventually miscarried,
TM, patients with threatened miscarriage who had ongoing pregnancies.

such sites of syncytiotrophoblast injury. Therefore, it is tempting to speculate
that a reduction in dermatan sulfate might lead to thrombotic lesions, com-
promise placental function and lead to miscarriages™.

Maternal age is a major risk factor of miscarriage with the risk rising
sharply in women of age of 35 years and above. Our study might reflect age-

related metabolic aberrations associated with the exponential increase in
chromosomal aberrations in oocytes and foetal tissues precipitating in
miscarriage”. Clinically, the aetiology of threatened miscarriage is a highly
heterogenous and there is no “one-size-fits” all management strategy™*. At
present, management ends at serum progesterone supplementation but
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accumulating evidence have shown that it is ineffective at improving
pregnancy outcomes'“”’. Suggestions have been made to incorporate indi-
g vidualised risk assessment, including metabolic profiles to tailor surveillance
= E° * * of women who are likely to experience recurrent miscarriages. Our study
EES & 0|5 b [ : : : :
) : s S IS = AR suggest that such an approach may be warranted in first-time miscarriages.
Z° o bl © © Our study utilized serum metabolomics to identify metabolites which
T may serve as screening biomarkers and therapeutic targets. From our
2 findings, dysregulation in key metabolic pathways which converge on
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5 S ° represent the metabolic diversity of the general population of women with
= 2 % normal pregnancies, limiting the comparability between groups. However,
T -i & the most clinically relevant comparison lies between women with threatened
a g o miscarriage who subsequently miscarried (TMc) and those who progressed
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g a) £ 9 8 to term (TMo), as these groups present similarly at baseline yet experience
@ (N5 c| £ markedly different outcomes. This focus justifies the prioritization of case
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Finally, longitudinal data in our study would have provided time-
course changes to the serum metabolomic profiles. Our research design is
cross-sectional, capturing a single snapshot in time, which restricts our
ability to establish causal relationships or to track the progression of
metabolic changes over the course of pregnancy leading up to miscarriage.
Longitudinal studies are essential to understand the dynamic changes in
serum metabolites and their interaction with the risk of miscarriage. The
absence of such data limits our ability to draw robust conclusions about the
temporal nature of the metabolic alterations observed and their potential
role in the pathophysiology of miscarriage.

As such, future research involving larger and more diverse cohorts and
employing a longitudinal design is necessary to validate and extend our
understanding of the metabolic pathways associated with miscarriage.
Extending metabolomic studies to pre-pregnancy individuals would
enlighten the plausibility and validity of metabolites and metabolic altera-
tions found in this study as early predictive biomarkers of miscarriage. These
alterations may also reflect and emphasize biologically entrenched inter-
ference in placenta formation in women with a higher risk of miscarriage®.
The advent of endometrial and placenta organoids offers experimental
models to dissect the metabolic and potentially age-related metabolic
mechanisms in miscarriages”**.

In conclusion, our study elucidates a detailed network of altered
metabolic pathways linking inflammation to threatened miscarriage. We
also present a key set of metabolites that distinguishes eventual outcome of
threatened miscarriage. This research represents the first to delineate these
distinct metabolic pathways in previously healthy women who have
experienced threatened miscarriage, laying the foundations for predictive
tools for more tailored management.

Methods

Patient characteristics

This is a case-control study, involving 80 patients recruited at the KK
Women’s and Children’s Hospital. Recruitment for the negative control
group took place from July 1 to July 29, 2019, while patients with
threatened miscarriage were enrolled between October 26, 2020, and
March 21, 2022. All selected patients were pregnant with a single
intrauterine fetus confirmed by ultrasonography at 5-12 gestation
weeks. Patients who were age 40 years and above, had two or more
previous miscarriages, had a previous episode of pregnancy-related per
vagina bleeding in the current pregnancy, underwent progesterone
treatment for previous per vagina bleeding or for any other medical
reasons in this current pregnancy, diagnosed with inevitable mis-
carriage, planning to terminate the pregnancy and those with uncon-
trolled medical conditions, were excluded.

Pregnancy outcomes were determined at 16 weeks gestation to be
either that of miscarriage at or before 16 weeks, or ongoing pregnancy
beyond 16 weeks gestation. Of the 70 patients identified with threatened
miscarriage (TM group), 38 had normal pregnancy and delivery (TMo
group); 32 eventually miscarried before 16-weeks gestation (TMyc group).
10 control patients (NP group) with non-bleeding and normal pregnancy
were selected (Table 1).

Ethics approval

This study was conducted in accordance with the ethical principles
outlined in the Declaration of Helsinki. Ethics approval was obtained
from the SingHealth Centralised Institutional Review Board (CIRB
2019/2513 and CIRB 2016/2950) and all patients provided informed
written consent.

Sample collection & data storage

Blood samples were collected at recruitment during the initial pre-
sentation. 20 ml of peripheral blood samples were collected and cen-
trifuged at 3000 g for 10 min at 20 °C. Aliquoted serum was stored at
—80 °C until analysis. Patient data is stored in REDCap and a password-
encrypted laptop.

Serum metabolomics analyses: LC-MS
Serum metabolomic processing was conducted with the following pro-
tocol: 100 pL ice-cold extraction solvent (V methanol: V water=9:1)
reconstitution was added to the sample. The sample solution (30 uL) was
collected into a fresh 2 mL LC/MS glass vial for the UHPLC-QTOF-MS
analysis. The supernatant fraction was analysed using Agilent 1290
ultrahigh pressure liquid chromatography system. The column used for
the separation was an Agilent ZORBAX RRHD (1.8 pm*2.1¥100 mm).
The oven temperature was set at 50 °C. The gradient elution involved a
mobile phase consisting of (A) 0.1% Acetonitrile in water and (B) 0.1%
Acetonitrile in methanol. The initial condition was set at 5% B. A 7 min
linear gradient to 70% B was applied, followed by a 12 min gradient to
100% B which was held for 3 min, then returned to starting conditions
over 0.1 min. Flow rate was set at 0.4 ml/min, and 10 pL of samples was
injected. The electrospray ionization mass spectra were acquired in
negative ion mode, due to the lower background noise®’. Mass data were
collected between m/z 100 and 1000 at a rate of two scans per second. The
ion spray voltage was set at 4000 V, and the heated capillary temperature
was maintained at 350 °C. The drying gas and nebulizer nitrogen gas flow
rates were 12.0 L/min and 35 psi, respectively. Washing samples were
injected in between every 5 samples for maintaining stability and washing
the needle. A rigorous quality assurance / quality control (QA/QC)
pipeline was implemented. Pooled quality control (QC) samples were
injected at regular intervals during the analytical sequence to monitor
instrument stability, and features with a relative standard deviation
(RSD) >20% in QC samples were excluded. Missing values due to tech-
nical limitations were imputed using the half-minimum approach within
QC samples; biological missing values (absent in >70% of samples within a
group) were excluded. Features with low signal-to-noise ratio (S/N < 5) or
detected in <50% of QC samples were removed to reduce noise. Combat
algorithm (parametric adjustment) was applied to correct for intra-batch
variability. Probabilistic quotient normalization (PQN) was performed
using QC-based reference spectra to account for systematic variations.
For metabolomics analysis, raw spectrometric data were converted to
CEF formats via Mass Hunter Profinder (Agilent, US) and input to Mass
Profiler Professional (MPP) for peak finding, peak alignment and peak
normalization across all samples. Molecular features were filtered by
abundance, mass range, number of ions per feature, and charge state in the
MS Experiment Creation Wizard. The minimum absolute abundance was
set at 2000 counts for filtering. Significance Testing and Fold Change
Wizard were employed to improve the quality of results and to create an
initial differential expression from data. The steps are predetermined and
based on the experiment type, experiment grouping, and conditions you
entered when creating your project and setting up your experiment. The
elemental compositions of the metabolites were first calculated based on the
exact mass, the nitrogen rule and the isotope pattern by Mass Hunter
software from Agilent. The elemental composition and exact mass were
used for database searching. The identification of untargeted metabolites
followed the Metabolomics Standards Initiative (MSI) guidelines, with 15%
of annotated metabolites matched to in-house authentic chemical stan-
dards, 60% matched to public databases (HMDB, METLIN), and the
remaining metabolites assigned based on mass-to-charge ratio (m/z) and
fragmentation patterns consistent with a metabolite class, or retained as
“unknowns” but excluded from downstream biological interpretation. All
annotations were cross-validated using XCMS Online and MS-DIAL
platforms, with manual curation to resolve ambiguities (e.g., isomer dis-
crimination via collision energy-resolved fragmentation). A total of 1538
metabolites were detected and quantified in the dataset following peak
alignment, deconvolution, and compound identification.

Statistical analysis

Maternal characteristics across the four study groups (TM, TMo, TMyc,
and NP) were compared with Fisher’s exact tests for categorical variables
and Kruskal-Wallis tests for continuous variables with a p <0.05. Where
overall differences were significant, pairwise comparisons were performed
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using the Mann-Whitney U test with Bonferroni correction applied
(p <0.0167 considered significant).

Metabolomic data from the negative ion mode LC-MS were analysed
using Metaboanalyst 5.0°“. For every pairwise comparison between the four
groups, data were normalized by median, log-transformed, and auto-scaled.
Fold changes (FC) was calculated for each metabolite, and univariate dif-
ferential analysis was conducted using the Student’s t-test. Metabolites were
considered significant if they met both a fold change threshold (FC =2 or <
0.5) and a raw p-value < 0.05. A total of 1538 unique metabolites were tested.
To adjust for multiple hypothesis testing, the Benjamini-Hochberg false
discovery rate (FDR) correction was applied*’. However, raw p-values were
ultimately used for feature selection to balance sensitivity with interpret-
ability in downstream pathway analysis, given the exploratory nature of the
study and the limited sample size. The univariate analysis was repeated with
adjustments for potential confounders including age, BMI, and smoking
status.

Multivariate analysis was performed using partial least squares-
discriminant analysis (PLS-DA) to assess group separation. To evaluate
model robustness and minimize the risk of overfitting, cross-validation
metrics including the explained variance (R?) and cross-validated predictive
ability (Q?) were reported.

Significant metabolites were subjected to pathway enrichment analysis
was performed using Metaboanalyst 5.0 and the Kyoto Encyclopaedia of
Genes and Genomes (KEGG) (http://www.Genome.jp/kegg/) to identify
the key metabolic pathways involved in miscarriage. Statistically significant
pathways were identified by p-value < 0.05.

To evaluate the discriminatory performance of each significant
pathway, a pathway activity score was computed for each sample by
calculating the average of the normalized intensities of all metabolites
mapped to that pathway. These pathway scores were used as predictors in
logistic regression models to classify between groups (e.g., TM vs NP).
Receiver operating characteristic (ROC) curve analysis was performed,
and the area under the curve (AUC) was calculated to quantify the dis-
criminatory performance of each pathway. All ROC and AUC analyses
were conducted using the PROC LOGISTIC procedure in SAS version 9.4
(SAS Institute Inc., Cary, NC).

Data Availability
The datasets used and/or analysed during the current study available from
the corresponding author on reasonable request.

Code availability

The underlying code for this study is not publicly available but may be made
available to qualified researchers on reasonable request from the corre-
sponding author.
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