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ARTICLE INFO ABSTRACT
Keywords: Background: Cervical ripening is crucial for induction. However, its influencing factors, mecha-
Cervicovaginal metabolome nistic understanding, and effective risk stratification are still challenging. Recent research sug-

Cervical ripening

b gested that microorganisms and their metabolites in vaginal spaces correlate to preterm birth.
regnancy

However, it remains unclear whether the cervicovaginal metabolome is related to the natural
physiological process of cervical maturation.

Objective: We aimed to analyze the cervicovaginal metabolome in women with favorable induc-
tion cervix and those unfavorable for induction when delivering at term.

Study design: Cervicovaginal swabs were collected between 40 and 41 weeks gestation from the
following 2 different groups of patients: Ripe group (n = 25) which was favorable for the in-
duction cervix and Unripe group which was unfavorable for the induction cervix (n = 25).
Samples were tested using untargeted metabolomics analysis and analyzed by a bioinformatics
platform. The correlation analysis between the metabolome and the previously acquired micro-
biome was also performed.

Results: A total of 629 metabolites were identified in cervicovaginal fluid. The cervicovaginal
metabolome was significantly different between the women with the ripe cervix and those with
the unripe cervix, especially within each stratum of the same CST. Metabolites within the amino
acid, carbohydrate, and dipeptide pathways may play a role in this distinction. Thirty-four me-
tabolites were significantly upregulated, and the remaining fourteen were significantly down-
regulated in the Unripe group with an unripe cervix unfavorable for induction. Statistical
modeling identified Arachidonic Acid and Nicotinate associated with the risk of cervical matu-
ration disorder (AUC 0.87) in negative ion mode. A combination of Choline and p-Mannose
identified a risk of cervical maturation disorder (AUC 0.80) in positive ion mode, improved by
Lactobacillus relative abundance (AUC 0.89).

Conclusion: These data suggested that the cervicovaginal space was metabolically active during
pregnancy and significantly altered among the women with the mature and immature cervix.
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Combining the genera-level phylotypes and metabolites could build better cervix maturity pre-
diction models. By using cervicovaginal fluid samples, we demonstrated the potential of multi-
data type integration for developing composite models toward understanding the contribution
of the vaginal environment to the remodeling of cervix during term pregnancy.

1. Introduction

The cervix plays a crucial role in maintaining pregnancy and ensuring the safe and, timely delivery of a fetus. Cervical ripening is
necessary for normal birth because it allows the fetus to pass through the cervix and vagina. This process refers to three phases of
softening, ripening, and dilation that begin before the onset of labor contractions [1]. Premature cervical ripening can lead to preterm
birth. Failure or disruption of cervical ripening during pregnancy results in various obstetric complications and often leads to drug
treatment and induction or even cesarean delivery [2,3]. The process of cervical ripening is influenced by complicating factors that are
still unclear.

Emerging data suggest an association between cervical microbes and the vaginal microenvironment [4-6]. The optimal and
non-optimal cervicovaginal microbes have an important effect on the health of the reproductive tract. A disorder microbial community
of the vagina named bacterial vaginosis (BV) has been related to poor obstetrical outcomes such as spontaneous preterm birth (sPTB)
[7,8], and poor health outcomes such as the increased transmission of sexually transmitted infections including chlamydia, gonorrhea
[9] and HIV [10,11]. Numerous researchers have found that the composition of the mother’s microbiota, particularly the mother’s
vaginal microbiome, significantly correlated with sPTB. Microorganisms and their products can induce a local inflammatory response
in gestational tissues (acute chorioamnionitis), leading to preterm labor [12-15].

The cervix is between a sterile uterine microenvironment and a microbial-rich vaginal environment [16,17]. Cervical remodeling
that has a short second-trimester cervical length has been well established as a risk factor for sPTB. Moreover, the relationship between
the cervicovaginal microbial communities and the short cervix has been examined. The mixed anaerobic bacterial community or
Lactobacillus iners has been associated with cervical shortening and subsequent sPTB [18-20]. Besides the vaginal microbiotas, the
metabolome of vaginal microbiota also has been found to correlate with the reproductive tract health [5,21]. Although the field of
pregnancy metabolomics is still emerging, existing research has shown that the cervicovaginal space is metabolically active during
pregnancy, with a distinct cervicovaginal metabolome in sPTB and term birth women [19,22,23]. These studies suggest that me-
tabolites may provide a lens into mechanisms underlying premature cervical remodeling.

Previously, we found that the vaginal microbiome significantly differed between the women with a mature cervix and those with an
immature cervix [24]. In addition, several bacterial taxa at different levels were found to be different in these two groups, and the
Lactobacillus profile seemed positive while the CST IV type seemed negative for the cervix ripening. It is unknown whether bacterial
metabolites play a role in delayed cervical ripening. Therefore, the study’s objective was to investigate whether there is a difference in
cervicovaginal metabolome in women with favorable induction cervix and those with unfavorable for induction when delivering at
term.

Enrolled Participants Between
January, 2020 - December, 2021

(n=500)
450 Excluded
»{ 1. Delivered before 40 weeks (n=432)
2. PROM (n=18)
A 4
Subjects in Our Study
(n=50)
[
A 4 A 4
Ripe Group Unripe Group
(Bishop =6; n=25) (Bishop <4; n=25)

Fig. 1. Flowchart illustrating women enrolled in this study. Abbreviation: PROM, premature rupture of membranes.



P. Chen et al. Heliyon 10 (2024) 34166

2. Materials and methods
2.1. Study population and sample collection

In this study, we conducted a prospective cohort study involving 500 low-risk nulliparous women with singleton pregnancies, 428
women delivered before 40 + 5 weeks and 22 women who were premature rupture of membranes were excluded, thus, 50 women
remained in the study. From this cohort, biospecimens were obtained from 50 participants, from whom the case and control groups
were derived (Fig. 1). The study protocol was approved by the Institutional Review Board of the Guangzhou Women and Children’s
Medical Center (approval number #202057401). Informed consent was obtained from all individual participants included in the
study.

The inclusion criteria for this study were as follows: low-risk nulliparous women at gestational age between 40 weeks 0 days and 40
weeks 6 days, determined by calculating from the date of the first day of the last menstrual period and confirmed by ultrasound scan.
These women had a live singleton fetus in cephalic presentation and no contraindication to vaginal delivery. Additionally, they had no
planned cesarean delivery and were free from any condition that would indicate the need for delivery before 40 weeks 5 days, such as
hypertensive disorders of pregnancy or suspected fetal growth restriction. Exclusion criteria included women who were in labor,
experienced premature rupture of membranes, had vaginal bleeding, had family history of diabetes, or had non-reassuring fetal status
requiring immediate delivery. All the participants in our study were no smokers. Women who had engaged in vaginal activity within
24 h prior to specimen collection were also excluded.

The cases, labeled as "Ripe,” were defined as women with a Bishop Score of >6 (n = 25). Controls, labeled as "Unripe”, were defined
as women with a Bishop Score between 0 and 4 (n = 25). Cervicovaginal biospecimens were collected under direct vision by the same
attending obstetrician using a sterile Dacron swab from the posterior vaginal fornix before the digital vaginal examination (Bishop
Scoring). The samples were collected in 0.5 mL phosphate-buffered saline, immediately frozen in liquid nitrogen, and stored at —80 °C
for future use. Based on the preliminary analysis of the microbiome using 16S ribosomal RNA gene high-throughput sequencing (the
data has been submitted for publication), the same set of samples was further subjected to metabolomic analysis in this study.

2.2. Sample preparation and untargeted metabolomics analysis

Metabolomics analysis was performed by Shanghai Applied Protein Technology Co. Ltd. Samples of 100 pL were extracted with
400 pL of cold methanol/acetonitrile/water (2:2:1, v/v). Analyses were performed using an Ultrahigh pressure liquid chromatography
(1290 Infinity LC, Agilent Technologies) coupled to a quadrupole time-of-flight (AB Sciex TripleTOF 6600) with an electrospray
ionization source operating in positive and negative ion modes. In order to be detected by mass spectrometry, substances need to be
ionized. Depending on the properties or structural characteristics of the compounds, some substances tend to acquire a positive charge
during ionization, while others tend to acquire a negative charge. Positive ions can be detected in positive ion mode, while negative
ions can be detected in negative ion mode. Therefore, for untargeted metabolomics analysis, it is necessary to pay attention to the
results obtained from both modes.

2.3. Data processing and statistical analysis

The raw MS data were converted to MzXML files using ProteoWizard MSConvert and then importing them into XCMS software [25,
26]. After normalized to total peak intensity, the processed data were analyzed by R [27]. Statistical analysis included univariate
analysis and multivariate analysis. Univariate statistical analysis included Student’s t-test or Wilcoxon test and variance multiple
analysis or Kruskal-Wallis test, Fisher’s exact test. Multivariate statistical analysis included principal component analysis (PCA), partial
least squares discriminant analysis (PLS-DA), and orthogonal partial least squares discriminant analysis (OPLS-DA). The resulting
P-values were corrected by false discovery rates calculated using the Benjamini-Hochberg (BH) method. The calculation of adjusted
p-values in the Benjamini-Hochberg procedure involves comparing each individual p-value to a critical value or threshold. The critical
value is determined based on the desired false discovery rate (FDR) control. The 16S RNA gene sequencing data was from our previous
research, which has been submitted for publication. Prediction analyses with stepwise logistic regression were conducted on the
relationship between the cervicovaginal microbiome and metabolome in R version 3.4.1.

Table 1
Clinical and demographic characteristics of participants with ripe and unripe cervix [24].
Ripe group Unripe group P CI (95 %)

Age at conception in years; Median (IQR) 30 (26-32.75) 29 (26-31.75) 0.696 27.9-30.3
Gestational Age(days); Median (IQR) 286 (285-286) 286 (285-286) 0.637 39.5-40.6 (2.5-8.1)
Height at conception in cm mean (IQR) 160.97 (157.00-165.00) 161.23 (157.75-165.00) 0.539 (-45.8) —55.2
Weight at conception in kilograms mean (IQR) 68.56 (63.00-73.75) 68.84 (63.75-75.00) 0.894 49.9-89.0
BMI at conception; Median (IQR) 26.38 (25.31-27.84) 26.04 (24.81-27.73) 0.697 15.3-36.8
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Fig. 2. Quality control (QC) of UHPLC-Q-TOF/MS analysis. A and B Total ion chromatograms in positive and negative ion modes for QC samples. C
and D Principal component analysis (PCA) score charts in the positive and negative ion modes. Group Ripe with a mature cervix is shown as green
squares, group Unripe with immature cervix is shown as blue dots, and QC samples are shown as a red triangle. E and F Pearson correlation map of
QC samples for the positive and negative ion modes.
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3. Results
3.1. Demographic characteristics of the study population

A total of 50 age-matched individuals (25 each for ripe and unripe groups) were enrolled in the metabolic profiling study (Fig. 1),
which was also conducted in the matched 16S RNA gene sequencing analysis previously (under review). The general demographic and
clinical characteristics of the study participants were summarized in Table 1. The age, height, weight, body mass index, gestational

age, nulliparity, and birth weight of neonates between the two groups showed no statistical difference (Table 1). The samples were
classified into community state types (CST) based on the previously obtained microbiome composition (Table S1).

3.2. Quality control of UHPLC-Q-TOF/MS analysis
As shown by Fig. 2 and S1, the instrumental error and experiment repeatability were evaluated by several analyses using the quality

control (QC) samples and reflected mild instrument volatility and good repeatability. These results indicated that the data were
reliable and could be used for subsequent analysis.

3.3. Cervicovaginal metabolome

A total of 629 metabolites were identified in the cervicovaginal samples combined with positive (372) and negative (257) ion
modes with > level 2 annotation (Fig. S2).

3.4. Multivariate analysis of UHPLC-Q-TOF/MS data

The OPLS-DA showed that the metabolomic profiles of the Ripe group were separated from the Unripe group for both positive R%x
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Fig. 3. Orthogonal partial least square-discriminate analysis (OPLS-DA) score charts and cross-validation test in the positive and negative ion
modes. A and B Score plot of OPLS-DA in the positive and negative ion modes. C and D Cross-validation graph of permutation test results of the
OPLS-DA model in the positive and negative ion modes.
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= 0.286, R?Y = 0.641, @ = 0.132, Fig. 3A) and negative ion modes (R?X = 0.203, R?Y = 0.709, @ = 0.321, Fig. 3B). This suggested
that the cervix showed significant differences in the biochemical metabolites at different cervical maturity during late pregnancy. The
crossvalidation of the permutation test plot proved that the OPLS-DA model was reliable (Fig. 3C and D), as the line plot intercepted Y-
axis below zero, and all permutated values were lower than the original values at the right. We also analyzed the possibility that the
metabolomic profile differed by the cervix mature degree within each stratum of cervicovaginal CST. The CST types had got from our
previous research from the microbiome analysis (Table S1). Considering the CST types, metabolite profiles clustered better within each
stratum of the CST rather than directly according to the cervix mature degree (Fig. S3). Significant differences in the cervicovaginal
metabolome between the cervical maturity women (Ripe) and immaturity women (Unripe) within common microbial communities
were obvious.

3.5. Univariate analysis of UHPLC-Q-TOF/MS data

Volcano plots were created according to the p-value (<0.05) and fold change (>1.5 or < 0.67) that showed the dysregulated
metabolites (Fig. 4). The results also indicated that both ion modes significantly separated the Ripe and Unripe groups.

Based on the difference between the Ripe and Unripe groups of the OPLS-DA model, variable values were set at variable importance
for the projection (VIP) > 1 and P < 0.05 to select those metabolites with obvious discrimination potential. In total, 21 differential
metabolites in positive ion mode (Table S2) and 27 in negative ion mode (Table S3) were identified in the cervicovaginal fluid between
two groups.

The level of metabolites was used to perform hierarchical clustering of each group of samples to evaluate the rationality of me-
tabolites and to intuitively display the relationship between samples and the differences in the expression of metabolites in different
samples. As the metabolic heatmap shown in Fig. 5, compared with the Ripe group, the metabolites of the Unripe group changed
significantly. The differences in these metabolites may be related to cervical ripening.

The top 5 upregulated metabolites in positive ion mode were Choline, Ser-Pro, Tyramine, 4-Aminobenzoate, and Larixinic Acid.
Conversely, the top 5 downregulated metabolites in positive ion mode were Thr-Arg, Thioetheramide-PC, Creatine, Pro-Arg, and t-
Carnitine (Fig. 6 A). The top 5 upregulated metabolites in negative ion mode were 2-hydroxy-butanoic acid, 2-Hydroxy-3-methyl
butyric acid, Xanthine, Nicotinate, and Deoxyinosine. Conversely, the top 5 downregulated metabolites in negative ion mode were
Salicylic acid, Stearic acid, Azelaic acid, (R)-2-Hydroxycaprylic acid, and 3-Phosphoserine (Fig. 6B).

Spearman correlation analysis was performed to investigate the correlation between different metabolites in Ripe and Unripe
groups (Fig. 7). The two compounds with the most significant differential fold change were 2-hydroxy-butanoic acid and choline
(Fig. 6), which were significantly correlated with 9 and 15 different metabolites, respectively.

3.6. Metabolic pathway analysis
To further determine which metabolic and signal transduction pathways were significantly affected, we performed a KEGG

pathway analysis of the differential metabolites. The results showed that 10 pathways were significantly altered, and membrane
transport was highly altered (Fig. 8). It was worth noting that the differential metabolite choline significantly affected four pathways,
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Fig. 4. Volcano map based on fold change (FC) analysis and statistical test. A and B Volcano plot in the positive and negative ion modes. Each point
in the volcano plot represents a metabolite. Black dots represent metabolites with no significant difference. The red and blue dots in the figures are
differential metabolites with P < 0.05 and FC > 1.5 or FC < 0.6. Differentially abundant metabolites of different categories are individually
color coded.
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including ABC transporters, bile secretion, glycine, serine, and threonine metabolism, and Choline metabolism in cancer (Fig. 8). The
metabolites related to carbohydrate metabolisms, including fructose, mannose, and galactose metabolism in women with an unripe
cervix, revealed upregulation (Fig. 8). Three metabolites related to amino acid metabolism were upregulated in the Unripe group,
while two were downregulated (Fig. 8).

3.7. Relationship between cervicovaginal metabolites and previous microbiota

In our previous study, we observed significant differences in the relative abundance of Lactobacillus, Pseudoxanthomonas, TX1A-55,
Agromyces, Arthrobacter, and bacterium YC-ZSS-LKJ57 between the Ripe and Unripe groups (Fig. S4). To explore the relationship
between these different cervicovaginal genera and associated metabolites, a spearman correlation analysis was conducted. The results
were presented in a heatmap (Fig. 7). We found a strong correlation between Lactobacillus and 2-hydroxy-butanoic acid (—0.59), 2-
Hydroxy-3-methyl butyric acid (—0.58), Pro-Arg (0.51), and Thr-Arg (0.71).

3.8. Developing cervix maturity degree models using genera-level phylotypes, and metabolites

Exploratory statistical modeling was undertaken to gain insight into which metabolites and bacteria influence the risk of
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immature cervix and Ripe group with mature cervix. The differential abundance score captures the average, gross changes for all metabolites in a
pathway. A score of 1 indicates all measured metabolites in the pathway increase. The differential color of pathway is mapped into corresponding
category of pathway hierarchy.

cervix maturity prediction. Using genera-level phylotypes (Fig. S4) alone for prediction estimates and stepwise logistic regression,
only Lactobacillus remained significant. The ROC curve area for this microbiota model was 0.76. The accuracy, specificity, and
sensitivity for the Lactobacillus model were 0.70, 0.92, and 0.48, respectively (Fig. 9A).

Considering metabolites alone, A composite of 2 significant metabolites (positive ion mode: Choline and p-Mannose, AUC 0.80;
negative ion mode: Arachidonic Acid and Nicotinate, AUC 0.87) respectively in two ion modes were retained in the model that could
predict cervix maturity (Fig. 9 B and C). The accuracy, specificity, and sensitivity for the 2-metabolites model in positive ion mode were
0.70, 0.72, and 0.68, respectively, and 0.82, 0.84, 0.80, respectively.

We further assessed the metabolite composite model by combining it with the phylotypes to assess prediction performance. The
stepwise logistic regression selected Lactobacillus to the metabolite model could improve its performance (AUC 0.89) in the positive ion
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Fig. 9. Receiver operating characteristic (ROC) curves areas and AUC for composite models for cervix maturity predictions. A Model using the
phylotypes alone. B Model using the metabolites alone. C Model combined the metabolite and microbiota composite.

mode model (Fig. 9D). The accuracy, specificity, and sensitivity of the 2-metabolite combined Lactobacillus model were 0.80, 0.88, and
0.72, respectively. However, no phylotypes were selected through the selection in the negative model.

4. Discussion
4.1. Principal findings

Our data demonstrated that 48 out of 561 differential metabolites were identified in the cervicovaginal samples between ripe
cervix group and unripe cervix group, 34 metabolites were significantly upregulated, while the remaining 14 were significantly
downregulated in the unripe cervix group. Statistical modeling showed Arachidonic Acid and Nicotinate associated with the risk of
delayed cervical maturation (AUC 0.87) in negative ion mode. A combination of Choline and p-Mannose identified a risk for delayed
cervical maturation (AUC 0.80) in positive ion mode, improved by Lactobacillus relative abundance (AUC 0.89).

Arachidonic acid (AA) is a polyunsaturated fatty acid that serves as a precursor for the synthesis of various bioactive lipid com-
pounds, including prostaglandins [28]. The precise regulation of Prostaglandin synthesis and activity is crucial for successful repro-
ductive outcomes. Arachidonic Acid acts as a key component in the production of Prostaglandins, enabling their involvement in
ovulation, fertilization, implantation, pregnancy maintenance, and labor initiation [29]. Nicotinate, also known as nicotinic acid or
niacin, is a form of vitamin B3 [30,31]. Nicotinate, as a form of vitamin B3, does not directly participate in cervical ripening or
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prostaglandin production. However, maintaining appropriate nutritional status, including sufficient intake of essential vitamins, can
support overall reproductive health [32]. Choline is an essential nutrient that plays a vital role in various physiological processes in the
body [33]. When it comes to cervical health, choline indirectly contributes to maintaining the integrity and function of cervical cells.
Choline indirectly supports cervical health by contributing to the proper structure and function of cervical cells [34,35]. Ensuring an
adequate intake of choline through a balanced diet can help promote optimal cervical function and overall reproductive well-being.
p-Mannose is a sugar that is commonly used as a dietary supplement for urinary tract health [36]. While its direct effects on the cervix
are not well-established, maintaining a healthy urinary tract environment with p-Mannose may indirectly contribute to a healthy
cervical environment by reducing the risk of urinary tract infections and potential complications associated with bacterial infections
[36,37]. Arachidonic acid may play an important role in pregnancy complications such as preeclampsia. First, arachidonic acid, as an
inflammatory modulator, may influence the pathogenesis of preeclampsia by regulating prostaglandin levels and the synthesis of other
bioactive lipids [38]. Second, the elevated level of PGT in placental tissue in patients with preeclampsia may promote the proliferation
of trophoblast cells and arachidonic acid synthesis may be closely related to this process [39]. Therefore, the metabolism and action of
arachidonic acid may affect trophoblast function and thus the development of preeclampsia.

In summary, substances like arachidonic acid, nicotinate, choline, and p-Mannose are discussed about cervical health and repro-
ductive outcomes, and their roles in cervical ripening vary. Arachidonic acid is involved in prostaglandin synthesis and cervical
ripening, while nicotinate supports overall reproductive health. Choline indirectly contributes to cervical health by maintaining the
integrity and function of cervical cells. p-Mannose primarily focuses on urinary tract health, indirectly promoting a healthy cervical
environment by reducing the risk of urinary tract infections. By in-depth study of the mechanism of action of arachidonic acid in
reproductive health and pregnancy complications, its potential role in diseases such as preeclampsia can be better understood,
providing more insights for future treatment and prevention measures. These studies will help uncover the key role of arachidonic acid
in reproductive diseases and provide new ideas for the development of treatments for these diseases.

4.2. Results in the context of what is known

Several investigators investigated the metabolome in cervicovaginal fluid and its association with preterm birth [18,23,26,40-43].
Some of the discriminatory metabolites identified in our research have been previously reported [18,23,26,40,41,43] and have bio-
logically plausible roles in mediating vaginal health and disease [42]. For example, increased vaginal levels of biogenic amines are
associated with activation of pro-inflammatory pathways, which contribute to reduced barrier integrity of epithelia [44]. At the same
time, some metabolites were reported for the first time in the cervicovaginal space that might correlate to the cervix ripening (Figs. 6
and 8).

Membrane transport and carbohydrate metabolisms were the top two significantly altered pathways, and all metabolites in these
two pathways were upregulated in women with cervix immaturity (Fig. 8). Glycogen is deposited in large amounts when highly es-
trogenic states and metabolized to lactic acid in the epithelial cells [45]. These activities were related to the membrane transport and
carbohydrate metabolism pathways. Microbiota uses glycogen as a substrate and is thought to support lactobacilli colonization [46,47]
during a healthy pregnancy. The significant upregulation of carbohydrate metabolism was also reported in women with preterm
delivery [23]. It has been reported that down-regulation of carbohydrate metabolism in women destined to have a term delivery may
represent a ‘quiescent state’ in the CV space [23]. These findings indicated that women with cervix immaturity used more active
energy, whereas those with cervix maturity benefited from the nature of birth and appeared to maintain a relatively steady energy state
regulation in late pregnancy. The cervix remodeling before delivery involves the coordination of immune cell activities for degradation
of collagen structure in the extracellular matrix presented as the physiological inflammation [47]. Sialic acid is a ubiquitous
cell-signaling molecule with essential roles in immunity [48]. A significant increase among women with preterm birth compared to
term birth has been reported, while our results revealed a significantly decreased number of women with cervical immaturity
compared to cervical maturity (Fig. 6). Its notable increase among women with cervix maturity may represent enhanced immunization
activities. Overall, a relatively steady energy metabolic state and active immune cell activities seemed to present in the women with
cervical maturity favorable for induction compared to the women with cervical immaturity unfavorable for induction.

The upregulated metabolites numbers of amino acid metabolism pathway were relatively more in women with unripe cervix than
in women with a ripe cervix. The observation supported our prior results that a significantly high frequency of vaginal CST IV was
observed in women whose cervix was immature. It has been reported that anaerobic organisms preferentially utilize amino
acids as carbon and nitrogen energy sources, in contrast to Lactobacillus species, thereby leading to an increased abundance
of amino acid catabolites [43,49]. Alternatively, anaerobes may produce more significant amounts of amino acids, con-
verting them to biogenic amines (such as tyramine presented in Fig. 6) or other metabolites. Similar to the results of the
metabolome in the cervicovaginal fluid of preterm birth study [42], when comparing ripe cervix to unripe cervicovaginal microbiota,
metabolites in the amino acid super pathway were both significantly upregulated and downregulated. This observation may reflect
physiological shifts to maintain homeostasis in response to distinct microenvironments. Therefore, metabolites could provide
metabolomic equipoise by increasing some metabolites to counteract those decreased metabolites.

Among the different significant metabolites, most dipeptides decreased among the women with an unripe cervix, consistent with
the report that dipeptides decreased among the women with preterm birth [23] (Fig. 6). The decrease in dipeptides may represent
alterations in proteases and their inhibitors among women with cervix immaturity, as the expression change of proteases and protease
inhibitors have been detected before spontaneous labor [50,51]. This may not be conducive to collagen degradation leading to cervical
maturation disorders.

The 2-hydroxy-butanoic acid significantly increased in the women with unripe cervix and strongly correlated with Lactobacillus.
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The previous study found that 2-hydroxy-butanoic acid is primarily produced in 1-threonine metabolism or glutathione synthesis as a
coproduct of protein metabolism associated with microbiota [52]. It regulated the expression of genes involved in inflammation,
oxidative stress, cell proliferation, and DNA damage process [38]. So, the 2-hydroxy-butanoic acid might play a role in the cervix
remodeling process by regulating the inflammation and oxidative stress under the Lactobacillus dysfunctional state, which is revealed
as the unripe cervix that is unfavorable for induction.

Choline, betaine, and carnitine were involved in the trimethylamine synthesis pathway [53]. Choline and betaine were higher in
the unripe group compared with the ripe group, while carnitine was converse. It was consistent with the result that choline and betaine
were higher in Lactobacillus iners and mixed dysbiotic groups [18], as the main CST types of cervix immaturity group were CST III
(Lactobacillus iners) and CSTIV (Diverse microbes and higher proportion of anaerobes) according to our previous study. Simulta-
neously, choline was the second-highest fold change metabolite at 8.2. Our previous animal study also found that prolonged nicotine
gestation inhibited cervical ripening in pregnant rats [3]. A high-choline diet has also been found to exacerbate cardiac dysfunction
and myocardial fibrosis [54]. As the main component of the cervix is collagen, a high concentration of choline in the cervix inhibited
cervical ripening. The fibrogenic effect of choline and nicotine activates the cholinergic anti-inflammatory pathway, which is vital in
regulating local and systemic inflammation.

A simpler model comprising Arachidonic Acid and Nicotinate was the best predictor in negative ion mode. A composite model
including two metabolites, Choline and p-Mannose, plus the inclusion of Lactobacillus, was useful in positive ion mode. However, the
highest fold change metabolite 2-hydroxy-butanoic acid was not included in the models, which might be due to the correlation of the
metabolite to Lactobacillus.

4.3. Research implications

The results of this study revealed a relationship between the metabolome and cervical maturity, and proposed a predictive model
for assessing cervical maturity. This has significant implications for understanding the mechanisms underlying cervical maturity and
predicting associated physiological processes. Further research and validation of this model could provide a simple and effective
clinical approach for evaluating cervical maturity and implementing appropriate interventions. These findings hold potential to
enhance obstetric care and optimize maternal healthcare.

4.4. Strengths and limitations

Our results first uncovered a correlation between metabolites and cervical maturation degree. To improve the reliability and
generalizability of our findings, we need to validate these results with a larger sample size and diverse populations. The assessment of
host defense peptides will also enhance our understanding of the functional roles of the identified microbial taxa and their impact on
immune and inflammatory status. Furthermore, including data on diet, environment, and social stressors will provide valuable insights
into the complex interactions between microbiota and host health. Considering these additional factors is crucial in future studies to
strengthen the scientific significance of our research.

5. Conclusion

In summary, we shared the difference in the cervicovaginal metabolome in women with favorable induction cervix and those
unfavorable for induction at term delivery. We have developed 2-metabolites combined (Choline and p-Mannose) with Lactobacillus
and 2-metabolites (Arachidonic Acid and Nicotinate) statistical models in positive and negative ion modes that may predict the unripe
cervix risk. The metabolites we found to be associated with Lactobacillus may be helpful as microbiome cultivation approaches are
developed to direct the composition of the vaginal microbiome. Future research should incorporate multiple omics techniques to focus
on larger prospective cohorts and mechanisms mediating microbiota-immune interactions in cervical remodeling and ripening.
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A.Why was this study conducted?
eDespite being extensively studied, the role of vaginal metabolome in the process of cervical remodeling remains unclear.
oThe differences between vaginal metabolome at different cervical maturity were analyzed during late pregnancy to make up
for the lack of research in this field.

B.What are the key findings?
oThe cervicovaginal metabolites of Choline and p-Mannose identified cases of delayed cervical maturation (AUC 0.80), which
was improved by Lactobacillus relative abundance (AUC 0.89).

C.What does this add to what is known?
eDelayed cervical maturity could be predicted by detecting vaginal microbiome and metabolome.
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