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Epigenetic role of LINE‑1 
methylation and key genes 
in pregnancy maintenance
Veronica Tisato 1,2,3,4*, Juliana A. Silva 1, Fabio Scarpellini 5, Roberta Capucci 6, Roberto Marci 1, 
Ines Gallo 1, Francesca Salvatori 1, Elisabetta D’Aversa 1, Paola Secchiero 1, Maria L. Serino 3, 
Giorgio Zauli 7, Ajay V. Singh 8 & Donato Gemmati 1,2,3*

Spontaneous abortion is a pregnancy complication characterized by complex and multifactorial 
etiology. About 5% of childbearing women are globally affected by early pregnancy loss (EPL) and 
most of them experience recurrence (RPL). Epigenetic mechanisms and controlled inflammation 
are crucial for pregnancy maintenance and genetic predispositions may increase the risk affecting 
the maternal–fetal crosstalk. Combined analyses of global methylation, inflammation and inherited 
predispositions may contribute to define pregnancy loss etiopathogenesis. LINE‑1 epigenetic 
regulation plays crucial roles during embryo implantation, and its hypomethylation has been 
associated with senescence and several complex diseases. By analysing a group of 230 women who 
have gone through pregnancy interruption and comparing those experiencing spontaneous EPL 
(n = 123; RPL, 54.5%) with a group of normal pregnant who underwent to voluntary interruption (VPI, 
n = 107), the single statistical analysis revealed significant lower (P < 0.00001) LINE‑1 methylation 
and higher (P < 0.0001) mean cytokine levels (CKs: IL6, IL10, IL17A, IL23) in EPL. Genotyping of the 
following SNPs accounted for different EPL/RPL risk odds ratio: F13A1 rs5985 (OR = 0.24; 0.06–0.90); 
F13B rs6003 (OR = 0.23; 0.047–1.1); FGA rs6050 (OR = 0.58; 0.33–1.0); CRP rs2808635/rs876538 
(OR = 0.15; 0.014–0.81); ABO rs657152 (OR = 0.48; 0.22–1.08); TP53 rs1042522 (OR = 0.54; 0.32–0.92); 
MTHFR rs1801133/rs1801131 (OR = 2.03; 1.2–3.47) and FGB rs1800790 (OR = 1.97; 1.01–3.87), 
although Bonferroni correction did not reach significant outputs. Principal Component Analysis (PCA) 
and logistic regression disclosed further SNPs positive/negative associations (e.g. APOE rs7412/
rs429358; FGB rs1800790; CFH rs1061170) differently arranged and sorted in four significant PCs: 
PC1 (F13A, methylation, CKs); PC3 (CRP, MTHFR, age, methylation); PC4 (F13B, FGA, FGB, APOE, 
TP53, age, methylation); PC6 (F13A, CFH, ABO, MTHFR, TP53, age), yielding further statistical power 
to the association models. In detail, positive EPL risk association was with PC1 (OR = 1.81; 1.33–2.45; 
P < 0.0001) and negative associations with PC3 (OR = 0.489; 0.37–0.66; P < 0.0001); PC4 (OR = 0.72; 
0.55–0.94; P = 0.018) and PC6 (OR = 0.61; 0.46–0.81; P = 0.001). Moreover, significant inverse 
associations were detected between methylation and CKs levels in the whole group (rIL10 = − 0.22; 
rIL17A = − 0.25; rIL23 = − 0.19; rIL6 = − 0.22), and methylation with age in the whole group, EPL and RPL 
subgroups (r2

TOT = 0.147; r2
EPL = 0.136; r2 RPL = 0.248), while VPI controls lost significance (r2

VPI = 0.011). 
This study provides a valuable multilayer approach for investigating epigenetic abnormalities in 
pregnancy loss suggesting genetic‑driven dysregulations and anomalous epigenetic mechanisms 
potentially mediated by LINE‑1 hypomethylation. Women with unexplained EPL might benefit of such 
investigations, providing new insights for predicting the pregnancy outcome and for treating at risk 
women with novel targeted epidrugs.
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Pregnancy loss represents the most common adverse event occurring during the first stages of implantation and 
recent epidemiological data reveal that the pooled risk of miscarriage is about 15% of all recognized  pregnancies1. 
Early pregnancy loss (EPL) refers to spontaneous pregnancy termination within 12 weeks of gestational age, and 
several risk factors have been associated to recurrence (RPL) related to either maternal and/or fetal  conditions2. 
Overall, we are referring to a complex process in which several inherited or acquired factors play a role including 
abnormal chromosome structure as aneuploidies, endocrine and immune dysregulation, lupus, reproductive 
features, prothrombotic state, together with other conditions such as age, ethnicity, previous miscarriages, envi-
ronment and  lifestyle1–6. Given that variability, knowledge regarding the exact causes and pathophysiological 
mechanisms involved in pregnancy maintenance as well as in the dynamic of the maternal–fetal interface have 
not been completely defined.

The uterine environment plays a crucial role in determining the pregnancy outcome since a proper blastocyst 
grafting in a receptive uterine endometrium represents the first step for successful embryo implantation also 
after in vitro fertilization (IVF)7–9. Therefore, pregnancy maintenance is strictly dependent on a finely regulated 
fetal-maternal crosstalk in which balanced physical and metabolic modifications and adaptations occur. Of 
note, adverse external events during the embryonic and fetal development may negatively affect the postnatal 
health status by altering gene expression and phenotype, a concept referred as the “Barker hypothesis”10,11. 
Thus, mother/fetus mutual interactions, as in the genetic/epigenetic mother/child dyad studies (GEMCDS) are 
strongly  advised12,13.

Among the several factors involved on fetal-maternal crosstalk, DNA methylation is one of the most relevant. 
It occurs through the entire reproductive process from gametogenesis, embryonic development, and mater-
nal–fetal regulation that can impact fetal and adult life  health14–18. Methylation is a universal biochemical process 
in which methyl groups are covalently linked to different molecular targets, including but not limited to DNA. 
Methylation-driven gene regulation is heritable and leads to key DNA structural and functional modifications 
such as histones changes, chromatin remodelling and RNA  interference19. At the molecular level, methylation 
is ensured by DNA methyl-transferases encoded by DNMTs genes by transferring a methyl group to DNA using 
the folate cycle as methyl source and balanced by TETs enzymes to reestablish the unmethylated cytosine by 
active or passive  demethylation19–21. Folate cycle is finalized via the conversion of S-adenosylhomocysteine (SAH) 
to S-adenosylmethionine (SAM), considered the universal methyl donor, to the cytosine residue within CpG 
enriched  regions20. The availability of one-carbon units is essential for the correct establishment and mainte-
nance of methylome and imprinting, then inadequate availability of methionine or folate may affect epigenetic 
 processes22 and gene  expression23. In addition, DNA methylation levels is influenced by inflammation, cytokines 
(CKs) and CRP  levels24 suggesting altered CpG methylation as a consequence of high CRP  levels25. Direct and 
indirect associations with global DNA methylation have been demonstrated by abnormal inflammatory reactions 
and selected SNPs show complex mutual interactions towards inflammation and pregnancy loss.

Long Interspersed Nuclear Elements-1 (LINE-1) are a family of related class I transposable elements, one of 
the most successfully integrated mobile element in the human genome accounting for about 18% of the human 
genome. Although LINE-1 is widely present within the mammal genome, among the hundreds of thousands 
copies, only thousands contain 5’UTR, so LINE-1 methylation may represent in part the whole genome status. 
Methylation of another repeat-element (Alu) may represents global methylation more than LINE-1 because there 
are millions of copies among mammal genome. In practice, LINE-1 methylation status is commonly considered 
a valuable surrogate of global DNA  methylation26 and it has been recently assessed in combination with telomere 
length as a predictor of successful IVF or as a potential mechanism for pregnancy  maintenance27–29. Accordingly, 
events of epigenetic regulation in LINE-1 retrotransposition play crucial roles during embryogenesis, early fetus 
development, and adult life. LINE-1 hypomethylation has been associated with pathogenesis of several complex 
diseases as in the case of neural tube defect (NTD) in which lower levels of LINE-1 methylation was found in the 
placenta of NTD mothers versus controls with NTD risk increased as the level of LINE-1 methylation decreased, 
furtherly LINE-1 hypomethylation was also associated with a significant increase in expression level of a LINE-1 
encoded transcript. These findings have been ascribed to genomic DNA instability and changes in chromatin 
accessibility caused by  hypomethylation30,31. LINE-1s can be both intragenic or intergenic, and the insertion of 
active full-length LINE-1 sequences into the introns of host genes significantly disrupts gene expression, and 
this has been demonstrated by assessing the expression of genes containing LINE-1 having a higher chance to 
be repressed both in cancer and hypomethylated normal  cells32,33. This contributes to senescence and aging 
processes also in age related complex diseases as recently demonstrated in age related hearing loss or sudden 
hearing loss and in age related macular  degeneration34–36. Moreover, maintenance of genome integrity is cru-
cial for embryo development, and epigenetic remodeling during primordial germ cell and fetus evolution may 
contribute to genome instability since DNA methylation mechanisms are crucial to silence  retrotransposons37. 
DNA methylation plays an important role in the suppression of retrotransposon activation during early pre-
implantation embryo development, since differentiated cells have minimal to null retrotransposition and the 
expression of retrotransposons or reactivation of LINE-1 might cause pregnancy failure by causing mutations 
in the host genes by retrotransposition events disrupting in turn the coding  regions28. Finally, inflammation, 
oxidative stress, cancer and associated chemo-therapies can epigenetically affect the DNA of gametes, modify-
ing the biological cell age compared to the physiological effects of the chronological aging, and these dangerous 
epigenomic signatures may have possible transgenerational  transmission38.
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Moreover, genetics and epigenetics interplay is of interest for both those genes directly involved in the meth-
ylation processes, and those related to inflammation, immunity, angiogenesis and blood group, widely explored 
by association studies and meta-analyses suggestive of the existence for inheritance traits.

To investigate whether phenotypic variability in miscarriage was under any hereditary influence, a large study 
explored genetic and environmental influences on miscarriage rates by a twin  study39. The authors, by analyzing 
3234 female twins equally distributed between monozygotic and dizygotic did not find genetic variation (herit-
ability) as a common cause of miscarriage apart from abnormal embryo karyotype, concluding that women 
propensity to miscarriage has low heritable basis, though genetic effects might be maintained by a constant and 
common insertion of novel mutations. On the other hand, single or compound analyses of gene variants sup-
port a genetic predisposition in the mother and or in the embryo, and also considering the case of the vanished 
twin or of the reduced fetal viability for particular coinheritance in cis or trans of MTHFR gene variants, this 
concept has not been confirmed by other studies that concluded the dizygotic twinning is not associated with 
MTHFR  haplotypes40–42. On the other hand, a recent report on the genetic architecture of sporadic and multiple 
miscarriage concludes stating that its complex etiopathogenesis is driven in part by genetic variations mainly 
related to placental biology, adding that SNP-heritability together with other acquired circumstances may have 
a larger  contribution43. Finally, several recent investigations on selected groups of SNPs recognized promising 
pathways to be further explored.

MTHFR gene (1p36.22) encodes a pivotal enzyme in cycling folate isoforms, producing the most active 
methyl-THF (CH3-THF). MTHFR gene variants (i.e., rs1801133, C677T and rs1801131, A1298C) significantly 
affect the enzyme activity leading to intracellular folate unbalancing affecting the maternal–fetal crosstalk during 
pregnancy as hypothesized in the  GEMCDS12,13,44. Association of homocysteine, CRP, fibrinogen and gestational 
diabetes with EPL and poor pregnancy outcomes have been recently  published45.

CRP gene (1q23.2) encodes a protein involved in the complement cascade activation and amplification. CRP 
greatly increases during the acute phase or other inflammatory stimuli and is associated with host defense based 
on its ability to recognize foreign antigens and damaged cells by interacting with humoral and cellular effector 
systems. High levels are associated to preterm delivery and other  complications46 and CRP genotype and maternal 
plasma levels in the first trimester have been also  investigated47 including rs2808635/rs876538 variants being 
associated to basal and stimulated CRP  levels48.

FGA and FGB genes belong to the fibrinogen cluster (4q32.1-4q31.3), FGG gene included. Stimulated by 
proinflammatory triggers also cooperate in the quality of the 3D-organization of the fibrin scaffold necessary in 
every heling process and also crucial in the blastocyst implantation and embryo transfer after  IVF49,50. Associa-
tions of gene variants in FGA (rs6050) and FGB (rs1800790) with pregnancy outcome have been investigated 
connecting both fibrinogen levels and fibrin  architectures51.

F13A1 (6p25.1) and F13B (1q31.3) genes have been investigated in complex diseases and in pregnancy loss 
with controversial results in association or not with fibrinogen levels often considering their main functional 
gene variants coinherited with the fibrinogen gene cluster  polymorphisms51–53. Combined investigations merit 
particular importance because rs5985 and rs6003, respectively in F13A1 and F13B genes, interact with the 
activation of the FXIIIA2B2 complex and with the fibrinogen gene cluster in both acute inflammation and 
coagulation phases tuning in turn fibrinogen levels, 3D-fibrin architecture and MMPs resistance in any healing 
or remodeling  phases35,54–57.

TP53 gene (17p13.1) has been widely investigated as tumor suppressor favoring genome stability. Its role in 
reproductive medicine and placental vasculature has been recently investigated, since many of the steps involved 
in implantation-apoptosis rate are regulated by p53, moreover the key gene variant P72R (rs1042522) has been 
studied in pregnancy maintenance, including implantation failure, IVF, and prenatal sex  selection58–62.

CFH gene (1q31.3) has essential role in the complement cascade activation and regulation also crucial for 
placentation and fetus  development63. Among the several SNPs of complement cascade genes investigated in 
pregnancy  complications64, rs1061170 has been found associated with RPL by uric acid and triglyceride anoma-
lous levels during  pregnancy65.

APOE gene (19q13.32) and Ɛ4 allele/haplotype (rs7412/rs429358) have been mostly investigated in neu-
rodegeneration and cognitive impairment and recently in the quality of immune response after SARS-CoV2 
 vaccine66–68. Its role in RPL and implantation failure has been investigated as single gene or in combination with 
selected candidate genes by meta-analysis ascribing to the Ɛ4 allele the highest  risk69,70.

ABO gene (9q34.2) by the association with ABO blood group has been considered an independent risk factor 
in the occurrence of pregnancy related complications with different  results71,72. Interestingly, ovarian capacity 
and menstrual disorders have been associated to blood groups and the common ABO gene variant (rs657152) 
may be an interesting candidate in the maternal tolerance-rejection  processes73,74.

Finally, pro- and anti-inflammatory CKs have been largely explored in pregnancy due to their role in the 
finely regulated immune  programming75 aimed at conferring the required tolerance to the developing embryo 
and the appropriate protection against  pathogens76,77. As a consequence, placental immunology dysfunctions 
and/or disturbances in specific subsets of maternal immune cells (e.g., natural killer, NK), T-helper unbalance 
(Th1/Th2) or between regulatory T cells (Treg)78 and Th17 are involved in  EPL79–81. A realistic vision of CKs 
role is that they do not play independent pathogenic actions, rather they are part of a more complex regulatory 
network methylation score  included25,82.

The main aim of the present research is to improve a mere case–control comparison performed by single gene 
analysis towards a more robust and multilayer tool able to disclose complex mutual interactions hardly recogniz-
able by standard statistical approaches. For these reasons, we investigated the association between global DNA 
methylation and SNPs of selected genes involved in immune regulation, implantation-apoptosis, angiogenesis, 
genomic stability, together with selected inflammatory markers (i.e. CKs) as key factors affecting the risk of EPL 
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and RPL. To highlight potential interactions, we included the variable-reduction methods based on the principal 
components analysis (PCA).

Material and methods
Study design and samples collection
A retrospective study aimed at assessing inherited/acquired predispositions to EPL has been performed in a 
cohort of 230 pregnant women by comparing those who experienced spontaneous miscarriage (EPL, n = 123) 
with a group of pregnant who underwent voluntary interruption according to the Italian law, 194, Art. 6 comma 
b (VPI controls, n = 107) referring to the Hospital-University of Ferrara, Italy. The study involving human par-
ticipants was reviewed and approved by the local regional ethical committee, the participants provided their 
written informed consent to participate in the study. The following exclusion criteria have been considered: (1) 
concomitant infections; (2) immune deficiency condition or immunosuppressive treatments; (3) inherited pre-
dispositions to abortion; (4) severe uterine malformation; (5) endocrine unbalancing and (6) accidental intake 
of teratogenic drugs. Finally, close relative patients have been excluded from the study.

Population characteristics for the whole group and after stratification by EPL-cases and VPI-controls are 
shown in Table 1. Participants had a gestational age ≤ 12 weeks and underwent to whole blood draw, plasma 
samples were processed within 2 h from drawing blood, and they were frozen at − 80 °C in multiple aliquots and 
blind tested. DNA was isolated from frozen whole blood by using an automated DNA extraction and purification 
robot (BioRobot EZ1 system, Qiagen; Hilden, Germany).

Genotyping
Detection of the selected gene variants was as follows: F13A1 (V34L; rs5985; G > T), F13B (H95R; rs6003; C > T), 
FGA (T312A; rs6050; T > C), FGB (rs1800790; −455G > A), TP53 (P72R; rs1042522; C > G), by rhAmp SNP 
genotyping technology (IDT, Integrated DNA Technologies, Coralville, IA, United States) on the QuantStudio3 
Real-Time PCR System (Thermo Fisher Scientific, USA), as previously  described67,83; CFH (Y402H; rs1061170; 
C > T), CRP (rs2808635; G > T; rs876538; T > C), ABO (rs657152; A > C), MTHFR (A223V; rs1801133, C > T; 
E429A; rs1801131; A > C), APOE (R158C; rs7412, C > T; C112R; rs429358, T > C), by pyrosequencing (Pyromark 
ID System, Biotage, AB, Uppsala, Sweden) after standard PCR on Agilent SureCycler 8800 (Agilent Technologies, 
Santa Clara, CA, USA) as previously  described67. DNA samples with known genotype were used as internal con-
trol references for all the sequencing, and a random number of samples (15% for each genotype) were reanalysed 
as internal quality control as previously  described84,85.

LINE‑1 methylation by pyrosequencing
Extracted DNA (500 ng) from each sample (DNA isolation Qiagen, Hilden, Germany), was bisulfite-converted by 
EpiTect 96 Bisulfite Kit (Qiagen, Hilden, Germany), according to the manufacturer’s recommendation and 50uL 
of converted DNA was stored at − 20 °C. The long interspersed nucleotide element 1 (LINE-1) was analysed as 
surrogate of genome DNA methylation. CpGs sites (+ 306 to + 364; GenBank accession number: X58075) were 
PCR amplified and then analysed by PyroMark Q96 ID (Qiagen). A 150 bp amplicon of the LINE-1 sequence 
was amplified by Pyromark PCR kit (Qiagen) and specific LINE-1 primers (Fw: 5’-TTT TGA GTT AGG TGT GGG 
ATATA-3’; Rev: 5’Bio-AAA ATC AAA AAA TTC CCT TTC-3’; Seq: 5’-AGT TAG GTG TGG GAT ATA GT-3’), on the 
SureCycler_8800 (Agilent Technologies, Mulgrave, AU). Thermo-cycling protocol was as follows: one initial step 
95 °C, 15 min; followed by 38 cycles of 94 °C, 30 s; 55 °C, 30 s; 72 °C, 30 s; plus, final 10 min extension at 72 °C. 
PCR specificity was verified by 8.5% PAGE. Methylation of CpG dinucleotides was calculated as the percentage 
of cytosine nucleotides relative to the sum of cytosine and thymine nucleotides in a given position by Pyromark 
Q96 software v1.01. Overall LINE-1 DNA methylation was calculated as the mean of the C percentage of the 
CpGs sites analysed.

Inflammatory CKs analysis in plasma samples
Frozen plasma samples were analysed by the MILLIPLEX MAP Human Cytokine/Chemokine high sensitivity 
panel (Merck Millipore, Billerica, MA) to simultaneous quantify the following human CKs: IL6, IL10, IL17A, 
IL23. Samples were processed according to manufacturer’s protocols and read on a MAGPIX  instrument86 
equipped with the MILLIPLEX-Analyst Software using five-parameter nonlinear regression formula to compute 
CKs concentrations from the standard curves as previously  described87,88.

Table 1.  Demographic and clinical data of EPL and VPI control groups.

Whole cohort (n = 230) EPL cases (n = 123) VPI controls (n = 107)

Age, median (IQR) 34 (28–39) 36 (31.5–39) 32 (26.5–35)

Parity, n (%)

 0 121 (52.6) 88 (71.5) 33 (30.8)

  ≥ 1 109 (47.4) 35 (28.5) 74 (69.2)

Weeks of gestation (mean ± SD) 9.85 ± 1.52 10.01 ± 1.12 9.7 ± 1.78
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Statistical analysis
Statistical analyses were performed using SPSS Statistics Version 22 (SPSS Inc., Chicago, IL, USA) and MedCalc 
version 20.112 (MedCalc Software Ltd., Ostend, Belgium). All figures were produced by GraphPad Prism9 
(GraphPad Software, Inc., San Diego, California USA), unless otherwise specified. The Kolmogorov–Smirnov test 
was used to verify variables normal distribution. Normally distributed data are presented as mean and SD, while 
non-normally distributed data are presented as the median and interquartile ranges (IQR). Student’s t-test was to 
compare differences in normal variables between two independent groups and Mann–Whitney U test for non-
normal variables. Pearson’s test was used to assess correlation analyses. Crude ORs calculation and 95% CI have 
been applied in single SNP analyses and Bonferroni correction for multiple SNPs comparisons has been utilized.

Genotypes, methylation, CKs concentration and age were subjected to PCA. SNPs were scored 1, 2, 3 to 
represent common homozygous, heterozygous, and rare homozygous variant respectively, to indicate an increas-
ing copy number of the variant allele (i.e., 0, 1, 2 respectively). As regards CRP and MTHFR variants, when 
not specified the gene symbols account for both variants analysed, unless otherwise specified (i.e., CRP(1) 
accounts for rs876538; CRP(2) accounts for rs2808635; MTHFR(1) accounts for rs1801133; MTHFR(2) accounts 
for rs1801131); finally, APOE (rs7412/rs429358) accounts for ε3/ε4 haplotypes as previously  described67. Age, 
methylation and CKs were centred and scaled before PCA according to the formula (x-value—mean value)/SD; 
[Z = (x – μ)/σ]. Collinearity diagnostic evaluation was assessed by variance inflation factor and values below 5.0 
have been considered as threshold. PCA was performed by retaining those PCs with Eigenvalue exceeding 1.0. 
Eigenvector of independent variables with absolute value exceeding 0.3 (+ or −) was included. Variables with 
a loading above the cut-off point 0.3 were considered to be dominant in a component. Scores for each PC for 
each individual were extracted by using regression models. Retained PCs were computed in logistic regression 
analysis for presence/absence of EPL (Yes = 1, No = 0) versus PCs. P-values were two-sided with threshold for 
statistical significance fixed to P ≤ 0.05.

Ethics approval and consent to participate
This study was approved by the Ethics Committee of the Hospital-University of Ferrara, Italy (Protocol n. 
91-2013, 13/11/2014; PRUA1GR-2013-00000220), samples were collected after the patient signed an informed 
consent form according to the Declaration of Helsinki, all relevant ethical regulations were followed.

Results
LINE‑1 DNA methylation
Population group and subgroups are as shown in Table 1. LINE-1 mean methylation in EPL was significantly 
lower than in VPI controls (81.34 ± 4.66 vs 85.82 ± 3.65; respectively; P < 0.00001). Intra case analysis ascribed 
to the RPL subgroup the lowest mean methylation level when compared to the remaining EPL subgroup 
(80.39 ± 4.29 vs 82.48 ± 4.87 respectively; P = 0.001). In addition, the different mean age in the cases and control 
group did not account for changes in the statistical significance of the comparison when the test was corrected 
for age (adjusted P-value = 0.0001).

As shown in Fig. 1a, a negative correlation existed between methylation levels and age, and it was stronger 
among the whole EPL cases than VPI controls (r2 = 0.136 vs. r2 = 0.011 respectively) as well among RPL subgroup 
when compared to the remaining EPL subgroup (r2 = 0.248 vs. r2 = 0.023 respectively) (Fig. 1b). Moreover, by 
stratifying the age-matched subgroups (EPL cases vs VPI controls) both the mean methylation level comparison 
and the age-methylation correlations kept trends in favor of the control group, confirming that regardless differ-
ent mean age, EPL cases had significantly lower mean methylation levels (P = 0.0001) and higher age-dependent 
methylation declining (r2 = 0.140 vs. r2 = 0.033 respectively).

Interestingly, the same subanalysis (i.e. age vs methylation) stratified by MTHFR genotype, ascribed to the 
T-677 dysfunctional polymorphic allele a more robust negative correlation with age either by comparing the 
opposite genotypes in the whole cohort (r2 = 0.123 vs r2 = 0.212 respectively in 677C-carriers and 677TT-genotype; 
P = 0.025), or by comparing the TT-genotype in EPL versus VPI subgroup (r2 = 0.283 vs r2 = 0.057 respectively; 
P < 0.01) (Supplementary Fig. 1).

Single gene analyses
Table 2 shows the EPL risk calculation (crude OR and P-values) according to the genetic model applied and the 
considered subgroup of cases (see Supplementary Table 1 for the complete dataset). All the SNPs investigated 
were in Hardy–Weinberg equilibrium except for CFHrs1061170 (X2 = 6.852) and ABOrs657152 (X2 = 7.064).

F13A1 rs5985 genotypes were differently distributed between whole cases and controls (P = 0.069), reaching 
significant results in the alleles frequency comparison (P = 0.04). The under-representation of the T-allele in the 
case group yielded OR-values below the unit value for both genotype recessive model (OR = 0.24; 0.065–0.90; 
P = 0.03) and allele (OR = 0.60; 0.37–0.98; P = 0.04) comparisons. This accounted for a protective effect against 
EPL of more than 4-folds in TT-homozygous women.

F13B rs6003 genotypes were differently distributed between whole cases and controls (P = 0.07), reaching 
significant results in the alleles frequency comparison (P = 0.015). The under-representation of the C-allele in 
the case group yielded OR-values below the unit value for both genotype recessive model (OR = 0.23; 0.04–1.1; 
P = 0.07) and allele (OR = 0.50; 0.28–0.88; P = 0.015) comparisons. This latter accounted for a protective effect 
against EPL of about 2-folds in C-carrier women. The protective effect was even higher (i.e. 3-folds) in the RPL 
subgroup (OR = 0.33; 0.13–0.87; P = 0.025).

FGA rs6050 genotypes were similarly distributed in the whole cases and controls, reaching borderline signifi-
cant results by comparing the allele frequency in the RPL subgroup (OR = 0.58; 0.33–1.0; P = 0.05).
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FGB rs1800790 genotypes were similarly distributed in the whole cases and controls, though appreciable 
results were found in both allele (OR = 1.7; 0.98–2.98; P = 0.06) and genotype dominant model (OR = 1.97; 
1.01–3.87; P = 0.045) comparisons in the younger subgroup of cases. This latter accounted for an increased EPL 
risk of about 2-folds in A-carrier women.

CRP rs2808635 genotypes were similarly distributed between whole cases and controls, though significant 
results were found in the younger subgroup of cases both in genotype distribution (P = 0.03) and recessive model 

Figure 1.  Methylation-age correlation analysis. (a) Correlation between methylation and age distribution in 
the whole cohort stratified by VPI controls (green dots) and EPL cases (red dots). Regression lines are shown 
(green line and red line for VPI controls and EPL respectively). (b) Correlation between methylation and age 
distribution in the EPL group stratified by single event (non-recurrent) cases (sEPL, grey dots) and recurrent 
EPL (RPL, dark dots). Regression lines are shown (continuous and dotted line for RPL and sEPL respectively). 
Each panel shows the r2-coefficient for the regression lines.

Table 2.  EPL risk calculation (OR) in selected genes. Homozygotes for the common and polymorphic (rare) 
allele are indicated as −− and ++ respectively; heterozygotes are indicated as +−. Genetic models applied: 
dominant [(++/+−) vs. −−]; recessive [++ vs +−/−−]; opposite homozygotes [++ vs −−]; allele comparison 
[+ vs. −]. Genetic models were used for ORs computation as described in the “Methods” section. Significant 
P≤0.05 are shown in bold. * and ** indicate RPL and non-recurrent EPL respectively. Bonferroni correction for 
multiple comparisons did not reach significant outputs for the SNPs investigated.

Gene

Genetic model OR(CI;95%); P

(+ + / + −) vs. −  −  +  + vs. (+ − / − −)  +  + vs. −  −  + vs. − 

F13A1
–

0.24(0.065–0.9) 0.23(0.06–0.88) 0.60(0.37–0.98)

rs5985 0.03 0.03 0.04

F13B
– – –

0.5(0.28–0.88)

rs6003 0.015

FGA*
– – –

0.58(0.33–1.0)

rs6050 0.05

FGB** 1.97(1.01–3.87)
– – –

rs1800790 0.045

CRP**
–

0.15(0.014–0.87)
– –

rs2808635 0.035

ABO*
–

0.23(0.06–0.82)
– –

rs657152 0.02

MTHFR 2.03(1.2–3.47)
– –

1.6(1.09–2.33)

rs1801133 0.009 0.015

TP53 0.54(0.32–0.92)
– –

0.65(0.43–1.00)

rs1042522 0.03 0.05
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(OR = 0.15; 0.014–0.87; P = 0.035) comparisons. This latter accounted for an increased EPL risk of more than 
6-folds in G-carrier women.

ABO rs657152 genotypes were similarly distributed between whole cases and controls (P = 0.08). Nonethe-
less, the under-representation of the TT-genotype in the case group yielded OR-values below the unit value in 
the genotype recessive model comparison (OR = 0.48; 0.22–1.08; P = 0.07). The protective effect was even higher 
in the RPL subgroup (OR = 0.23; 0.06–0.82; P = 0.02). This latter accounted for a protective effect against EPL of 
more than 4-folds in TT-homozygous women.

MTHFR rs1801133 genotypes were differently distributed between whole cases and controls (P = 0.03). The 
over-representation of the T-allele in the case group yielded increased risk values in both genotype dominant 
model (OR = 2.03; 1.2–3.47; P = 0.009) and allele (OR = 1.6; 1.09–2.33; P = 0.015) comparisons. The risk effect 
was even higher in the younger subgroup of cases (OR = 2.94; 1.44–6.01; P = 0.003).

TP53 rs1042522 genotypes were similarly distributed between whole cases and control groups (P = 0.069). 
Nonetheless, the under-representation of the G-allele in the case group yielded OR-values below the unit value 
in the genotypes dominant model comparison (OR = 0.54; 0.32–0.92; P = 0.03). The protective effect was even 
higher in the younger subgroup of cases (OR = 0.44; 0.23–0.88; P = 0.02). This latter accounted for a protective 
effect against EPL of more than 2-folds in the G-allele carrier women.

EPL risk calculation (crude OR and P-values) for the above mentioned SNPs is summarized in Table 2, after 
Bonferroni correction they did not reach significant outputs.

The remaining SNPs in CFH (rs1061170) and in APOE (rs7412; rs429358) genes did not yield significant 
results by single analysis, but they were included in the PCA multilayer exploration.

Serum cytokine profile
Figure 2 shows the mean circulating levels of IL6, IL17A, IL23 and IL10 significantly higher in the whole case 
group than in the controls (P < 0.0001). By comparing RPL versus the remaining EPL cases no statistical differ-
ences have been observed (data not shown).

Interestingly, strong inverse correlations have been obtained between each single CK mean level and mean 
methylation level in the whole group of 230 pregnant women (Fig. 3). Correlation was lost in the RPL subgroup 
and retained in the remaining EPL cases.

PCA and logistic regression analysis of the principal components (PCs)
We performed PCA and logistic regression analysis to explore relationships between the significant PCs and 
the risk of EPL. PCA was completed with all the 18 variables and the first 7 PCs have been retained (i.e., eigen-
value > 1.0) explaining approximately 65.8% of the total variation. 3D-loading plots show how all the 18 computed 
variables allocate (Fig. 4) and how the whole group of 230 cases stratifies (Fig. 5) along with the first three selected 
PCs overall explaining about 40% of dataset intergroup variance.

Considering those eigenvectors of independent variables with absolute value exceeding 0.3, the selected 7 
PCs mainly accounted for: PC1 (F13A, methylation, IL6, IL10, IL23, IL17A); PC2 (CRP, ABO, MTHFR); PC3 
(CRP, MTHFR, age, methylation); PC4 (F13B, FGA, FGB, APOE, TP53, age, methylation); PC5 (F13B, FGA, 
MTHFR, TP53); PC6 (F13A, CFH, ABO, MTHFR, TP53, age) and PC7 (FGB, CFH, ABO, APOE) as summarized 
in Table 3. By including EPL (Y/N) as dependent variable and PCs as the independent variables in a logistic 
regression model, we found significant positive association with EPL risk in PC1 and negative association with 
EPL risk in PC3, PC4 and PC6. In detail, the contribution of the significant PCs was: PC1 (19.8%); PC3 (9.6%); 
PC4 (7.6%), PC6 (6.4%), (see Table 4).

Considering that CKs resulted as the strongest components of the major PC (i.e., PC1) and that CKs levels 
were available for about 85.5% of the whole cohort, we recalculated PCA by excluding those cases lacking CKs 
assessment. PCA analysis yielded 8 PCs with eigenvalue > 1.0 that explained approximately 72% of the total vari-
ation. Considering those eigenvectors of independent variables with absolute value exceeding 0.3, the selected 
8 PCs mainly accounted for: PC1 (F13A, methylation, IL6, IL10, IL23, IL17A); PC2 (CRP, MTHFR, age, meth-
ylation); PC3 (CRP, ABO, MTHFR, TP53); PC4 (F13B, FGA, FGB, APOE, TP53, age, methylation); PC5 (F13A, 
CFH, MTHFR, TP53, age, methylation); PC6 (F13A, F13B, FGA, CFH, MTHFR, APOE), PC7 (FGB, CFH, ABO) 
and PC8 (ABO, APOE, TP53) as summarized in Supplementary Table 2. By including EPL (Y/N) as depend-
ent variable and PCs as the independent variables in a logistic regression model, we found significant positive 
association with EPL risk in PC1, PC3 and PC4 and negative association with EPL risk in PC2, and PC5 (see 
Supplementary Table 3). In detail, the contribution of the significant PCs was: PC1 (20.0%); PC2 (10.1%); PC3 
(9.3%); PC4 (8.01%); PC5 (6.7%).

Discussion
Pregnancy loss is a challenging area of the reproductive medicine in which the maternal–fetal crosstalk initiates a 
series of complex biochemical and cellular interactions in large part genetically and epigenetically  compelled89–91. 
According to the fetal origin of adult disease (FOAD), as well as the theory of the developmental origins of health 
and disease (DOHaD), maternal genetics and epigenetics burden have a great part. In utero and periconceptional 
exposures to environmental factors may act on genetic predispositions leading to pathological outcomes as preg-
nancy loss, and among the mechanisms linking environment and genetics, epigenetics (via methylome changes) 
plays a key  role16,17. EPL pathogenesis is not fully understood lacking in large part a causative recognition. To 
increase knowledge in this field, our approach assessed epigenetic, genetic, and biochemical investigations in a 
well characterized cohort of 230 pregnant women by single analyses and multilayer PCA approaches.

In general, reduction of LINE-1 methylation can be linked to reduced methyl-donor availability via one-car-
bon  metabolism16. High methyl groups availability does not necessarily result in increased LINE-1 methylation; 
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a proper channelling of methyl groups in the DNA methylation path is directly dependent on DNMTs enzyme 
activities and the several one-carbon metabolism enzymes ultimately represented by MTHFR44,92. Both groups of 
genes are highly polymorphic and functional gene variants can significantly alter direct associations as recently 
demonstrated in complex phenotypes as cancer, maternal LINE-1 methylation in Down syndrome, and in type 2 
diabetes patients with pre-symptomatic  dementia93–95. All these mechanisms led to DNA damage and instability 
reducing faithful DNA synthesis and promoting cell senescence also favouring detrimental LINE-1s activation 
and in turn aberrant host gene expression. A part, drastic effect as embryo death, abnormal epigenome can 
influence the onset of infant complex diseases as paediatric cancers or neuro neurodevelopmental diseases in 
which genetic-epigenetic mother–child dyad has a role (GEMCDS-Study)12,13.

The main result of our study is a clear progressive global methylation reduction found in spontaneous miscar-
riages compared to normal pregnant controls, in which RPL cases also showed the lowest methylation levels when 
compared either to controls or single pregnancy loss cases. Furthermore, the age-matched subgroup compari-
son ascribed to cases a significantly stronger age-effect on the lowering grade of the methylation trend, further 
confirmed in the intra-cases analysis, suggesting a basic dysregulation of the epigenetic mechanisms essential 
for the maintenance of a healthy  pregnancy27,76. In this line, correlations between epigenetic clocks and anti-
Müllerian hormone or ovarian reserve or successfully IVF have been  reported27,96,97 suggesting that accelerated 
epigenetics mechanisms might determine the pregnancy  outcome98. Abnormal in utero methylation setting may 
led to early embryo death, since DNA methylation greatly influences early embryo development and trophoblast 
proliferation assisting spiral artery remodelling essential for embryo implantation and maintenance of an effective 

Figure 2.  CKs levels distribution. Circulating IL6 (a), IL10 (b), IL17A (c) and IL23 (d) levels in VPI controls 
and EPL cases. Box plots show median and IQR. P values are indicated on top of each panel.
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maternal-foetal  crosstalk29. Balanced de novo DNA methylation is not only critical during placentation but also 
for embryo survival as very recently demonstrated due to a critical role of DNMT3B  action99. Accordingly, exten-
sive maternal health during pregnancy, including a balanced methylation status and appropriate methyl groups 
availability, may have permanent impacts on the future health of descendants via global or specific epigenetic 
mechanisms. Noteworthy, a more robust negative correlation between age and methylation levels was observed 
in the MTHFR 677TT dysfunctional genotype, and at a greater extent in the spontaneous abortion subgroup 
supporting the concept that a suboptimal haplotype-driven intracellular methyl-groups availability  exists13,44, 
and it may affect embryo survival and pregnancy maintenance.

DNA methylation of imprinted genes, and/or genes directly or not related to methyl groups cycling, uterine 
immune tolerance, inflammation, neo-angiogenesis, apoptosis, cytokine expression, and lipid or folate metabo-
lism, globally contribute to the kaleidoscope of pregnancy  maintenance100. On the other hand, many genetic risk 
factors have been largely investigated, mainly by SNPs analysis and meta-analyses utilized for risk prediction, 
often leading to conflicting or partial  results100.

Among the most investigated variants there are those of the MTHFR gene (rs1801133, rs1801131), that play 
a key role in the availability of active folate isoforms essential for both faithful DNA neo-synthesis and balanced 
de-novo DNA methylation, crucial processes in embryo survival and foetal  growth12,101. MTHFR T-677 allele 
(rs1801133) causes low intracellular level of 5CH3-THF, the most active isoform for methyl-group unit transfer 
by DNMTs. Moreover, a direct correlation has been found between global methylation and systemic inflam-
mation assessed by high CRP levels particularly among carriers of the MTHFR T-677 allele that causes global 

Figure 3.  Pearson correlation heatmap between methylation and CKs in the whole group. 
Red and green indicate a positive and a negative association, respectively. Colour intensity represents the 
strength of the correlation.

Figure 4.  Principal component analysis result for the computed 18 variables: PC1, PC2 and PC3 loadings. 
Abbreviations: CRP_1 (rs876538); CRP_2 (rs2808635); MTHFR_1 (rs1801133); MTHFR_2 (rs1801131); APOE 
(rs7412/rs429358) accounts for ε3/ε4 haplotypes; Methyl: methylation. Plotted by SPSS (Statistics Version 22).
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Figure 5.  3D-loading plot of the scores of the whole cohort (n = 230) based on PC1, PC2 and PC3. Red dots: 
n = 123 EPL; green dots: n = 107 VPI controls. Plotted by bioinformatics.com.cn/srplot.

Table 3.  Loadings of Principal Components in the whole cohort (n = 230). In bold the main loadings 
exceeding the absolute cut-off value > 0.30.

Variables PC1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7

F13A1 (rs5985)  − 0.317 0.193 0.031  − 0.294  − 0.211 0.506 0.130

F13B (rs6003)  − 0.026  − 0.172 0.287  − 0.325 0.634  − 0.035 0.144

FGA (rs6050 0.068  − 0.090 0.038 0.601 0.329  − 0.117  − 0.110

FGB (rs1800790)  − 0.028 0.188  − 0.043 0.414  − 0.124 0.082 0.473

CFH (rs1061170) 0.204 0.070 0.216 0.005  − 0.184 0.395  − 0.454

CRP (rs876538) 0.126 0.791 0.409 0.048 0.011  − 0.194  − 0.088

CRP (rs2808635) 0.201 0.691 0.569  − 0.007 0.052  − 0.115  − 0.066

ABO (rs657152) 0.157  − 0.352 0.202 0.231 0.187  − 0.317  − 0.365

MTHFR (rs1801133) 0.049 0.328  − 0.605 0.181 0.275 0.146  − 0.020

MTHFR (rs1801131)  − 0.087  − 0.402 0.400  − 0.125  − 0.524  − 0.324  − 0.019

APOE (rs7412/rs429358)  − 0.001  − 0.018 0.186  − 0.324 0.149  − 0.271 0.517

TP53 (rs1042522)  − 0.030  − 0.140 0.229  − 0.361 0.418 0.346  − 0.204

Age 0.190 0.247  − 0.510  − 0.326 0.043  − 0.389  − 0.082

Methylation  − 0.316  − 0.175 0.428 0.417 0.124 0.247 0.281

IL10 0.911  − 0.030  − 0.030 0.077  − 0.021 0.054 0.051

IL17A 0.817  − 0.145 0.057  − 0.102  − 0.040 0.107 0.054

IL23 0.917  − 0.051 0.040 0.023  − 0.051 0.112 0.105

IL6 0.922  − 0.103 0.020  − 0.019 0.004 0.080 0.165

Table 4.  Principal Component regression analysis in the whole cohort (n = 230). In bold significant P values.

PCs OR (95%CI) P Main loadings of PCs

PC1 1.805 (1.330–2.449) 0.000 F13A1, Methylation, CKs

PC2 1.283 (0.984–1.674) 0.066 CRP, ABO, MTHFR

PC3 0.489 (0.362–0.660) 0.000 CRP, MTHFR, Age, Methylation

PC4 0.722 (0.551–0.946) 0.018 F13B, FGA, FGB, APOE, TP53, Age, Methylation

PC5 0.766 (0.585–1.002) 0.052 F13B, FGA, MTHFR(2), TP53

PC6 0.612 (0.462–0.811) 0.001 F13A1, CFH, ABO, MTHFR(2), TP53, Age

PC7 0.887 (0.683–1.151) 0.292 FGB, CFH, ABO, APOE
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hypomethylation in the low folate range and hyperhomocysteinemia also leading to incomplete vasculature and 
decreased placental  transport102,103.

On the other hand, CRP rs2808635 and rs876538 gene variants modulate the basal and stimulated circulat-
ing levels of  CRP48, and several studies ascribed to these SNPs prognostic pharmacogenomics information on 
treatment and drug response included the extent of the humoral response after COVID-19  vaccination67,104–106. 
CRP genotypes and CRP levels in pregnant women have been widely  investigated15,19,21 and rs2808635/rs876538 
variants are associated to basal and stimulated circulating levels of CRP and inflammation.

Systemic inflammation reflects not only high circulating CRP and CKs levels but also fibrinogen concen-
tration considered one of the reactive-phase molecules particularly important in  pregnancy107. Fibrinogen is 
a target of autoimmune reactions and is involved in the generation of a stable 3D-fibrin meshwork necessary 
for inflammation control. Stability and perfect fibrin architecture also depend on coagulation  FXIIIA108,109 and 
complex fibrinogen/FXIIIA haplotypes (FGA, FGB, FGG, F13A1) have been found related to CRP levels dur-
ing acute-phase  reactions110. For these reasons, the most investigated SNPs (FGA rs6050, FGB rs1800790, FGG 
rs1049636, F13A1 rs5985 F13B rs6003) should be globally considered and analysed in complex diseases because 
of common functional (i.e., 3D-Fibrin structure organization) and genetic associations (i.e., Fibrinogen genes 
cluster; 4q32.1-4q31.3). Accordingly, compound haplotypes investigations might better account for the global 
risk assessment.

Similarly, F13A1 and F13B genes carry two main functional loci (rs5985, rs6003 respectively) synergisti-
cally involved in the catalytic enzyme activation of the FXIIIA2B2 tetramer, not only in the 3D-Fibrin mesh-
work organization together with FVII/TF  complex111,112, but also in the novel angiogenesis processes and tissue 
 healing109,113 via TSP1-inhibition and VEGF  expression114 crucial mechanisms in embryo implantation and 
pregnancy  maintenance51–53,85.

Normal embryo growth also needs appropriate trophoblast proliferation and adequate neo-vessel develop-
ment; therefore, balanced angiogenesis and apoptosis play important roles for cyto-trophoblast development. 
TP53 coding product (i.e., p53 protein) gives protection to germinative cells and embryos by LIF-regulation 
a crucial cytokine helpful in blastocyst successful  implantation115. A recent metanalysis on the role of TP53 
rs1042522 found associated risk for RPL in women carrying the P72-allele in every genetic model  analyzed116 
and among the recent explanations for this phenomena, reduced apoptosis, impaired placental structure lacking 
adequate gas and nutrient exchange, and a prolonged arrest of cells in G1-cycle have been proposed as mecha-
nistic causative  reasons62.

The role of maternal ABO blood group and pregnancy outcome have been extensively investigated and asso-
ciation with hypertension, preterm birth, diabetes, and cardiovascular complications are well  known117. Recent 
attention has been done toward ABO rs657152 as responsible for maternal tolerance-rejection  processes73,74 
suggesting involvement of the immune response in carrier cases as recently found in the dynamic of circulating 
antibody levels detected in healthy subjects after anti-SARS-CoV-2  vaccine67.

Basically, a single variable analysis just in part can explain the global complex mechanism responsible for 
EPL, and after Bonferroni correction for multiple comparisons the investigated SNPs did not reach significant 
outputs. Globally, the causative discussed rationale altogether reminds to unbalanced inflammation, angiogen-
esis, apoptosis, immunity, and methylation dysfunctions. In an explorative attempt we decided to investigate the 
same variables in a cumulative statistics approach accounted by PCA to have a more realistic and comprehensive 
picture as recently reported for inflammatory biomarker profiles and adverse birth  outcome82 also supported by 
the correlation we also found between inflammation (i.e., CKs levels) and  methylation25,118. Interestingly, PCA 
analyses in the whole group yielded four principal components with different variables clustering, and these 
were also significantly associated with the risk of EPL as confirmed by further logistic regression analysis. In 
detail, PC1 mainly explains cytokines, methylation, and coagulation F13A1; PC3 is mainly represented by CRP, 
MTHFR, age and methylation. Finally, PC4 was strongly characterized by F13B, FGA, FGB and TP53, together 
with APOE, age and methylation, while PC6 was characterized by F13A, CFH, ABO, MTHFR, TP53 and age. 
With regard to PC2 and PC5, thought with borderline significant associations in regression analysis, they yielded 
interesting outputs: in PC2, CRP represented almost all of the component constituents with ABO and MTHFR, 
and PC5 was a comprehensive measure of F13B, FGA, MTHFR, and TP53. Considering the further PCA analysis 
performed by excluding those few cases in which cytokines have not been assessed, the outputs largely resembled 
those of the whole group and CRP accounted by PC2 reached now stronger significant association in logistic 
regression analysis.

Conclusion
The present explorative analysis suggests how a multilayer approach accounting for genetic, epigenetic, and 
biochemical factors may allow a rigorous EPL risk assessment. This is in line with the multifactorial nature of 
spontaneous EPL in which the coexistence of different factors may have effects on the final clinical phenotype 
showing additive/synergic/antagonistic effects finely detectable by multiple analysis procedures. Several questions 
have been raised, and to better answer them larger population cohorts must be recruited, also by investigating 
the foetus (epi)genome. Although the maternal (epi)genetics landscape has a protagonist role, the mother-foetal 
crosstalk is not less important as estimated by the GEMCDS group in other complex diseases in which the in-
utero origin of the disease has to be  considered12,13. Recognizing the etiopathogenesis of EPL embraces great 
promise and will help to identify prognostic biomarkers and efficient therapeutic targets, as well as designing 
of novel epidrugs, inducing favorable epigenetic modulation to target and modulate the epigenetic pathways.
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Data availability
The datasets supporting the conclusions of this article are included within the article and its additional sup-
plementary files.

Received: 29 September 2023; Accepted: 4 February 2024

References
 1. Quenby, S. et al. Miscarriage matters: The epidemiological, physical, psychological, and economic costs of early pregnancy loss. 

Lancet 397(10285), 1658–1667 (2021).
 2. Devall, A. J. & Coomarasamy, A. Sporadic pregnancy loss and recurrent miscarriage. Best Pract. Res. Clin. Obstet. Gynaecol. 

https:// doi. org/ 10. 1016/j. bpobg yn. 2020. 09. 002 (2020).
 3. Hoekema, L. et al. Functional properties of factor V and factor Va encoded by the R2-gene. Thromb. Haemost. 85(1), 75–81 

(2001).
 4. Gemmati, D. et al. Cis-segregation of c.1171C>T stop codon (p.R391*) in SERPINC1 gene and c.1691G>A transition (p.R506Q) 

in F5 gene and selected GWAS multilocus approach in inherited thrombophilia. Genes (Basel) 12(6), 934 (2021).
 5. Carp, H. Immunotherapy for recurrent pregnancy loss. Best Pract. Res. Clin. Obstet. Gynaecol. 60, 77–86 (2019).
 6. Molad, Y. et al. Maternal and fetal outcome of lupus pregnancy: A prospective study of 29 pregnancies. Lupus 14(2), 145–151 

(2005).
 7. Achache, H. & Revel, A. Endometrial receptivity markers, the journey to successful embryo implantation. Hum. Reprod. Update 

12(6), 731–746 (2006).
 8. Massimiani, M. et al. Molecular signaling regulating endometrium-blastocyst crosstalk. Int. J. Mol. Sci. 21(1), 23 (2019).
 9. Buckett, W. M. et al. Pregnancy loss in pregnancies conceived after in vitro oocyte maturation, conventional in vitro fertilization, 

and intracytoplasmic sperm injection. Fertil. Steril. 90(3), 546–550 (2008).
 10. Barker, D. J. et al. Fetal nutrition and cardiovascular disease in adult life. Lancet 341(8850), 938–941 (1993).
 11. Barker, D. J. In utero programming of chronic disease. Clin Sci. (Lond.) 95(2), 115–128 (1998).
 12. Tisato, V. et al. Genetics and epigenetics of one-carbon metabolism pathway in autism spectrum disorder: A sex-specific brain 

epigenome?. Genes (Basel) 12(5), 782 (2021).
 13. Tisato, V. et al. Maternal haplotypes in DHFR promoter and MTHFR gene in tuning childhood acute lymphoblastic leukemia 

onset-latency: Genetic/Epigenetic Mother/Child Dyad study (GEMCDS). Genes (Basel) 10(9), 634 (2019).
 14. Lapehn, S. & Paquette, A. G. The placental epigenome as a molecular link between prenatal exposures and fetal health outcomes 

through the DOHaD hypothesis. Curr. Environ. Health Rep. 9(3), 490–501 (2022).
 15. Koukoura, O., Sifakis, S. & Spandidos, D. A. DNA methylation in the human placenta and fetal growth (review). Mol. Med. Rep. 

5(4), 883–889 (2012).
 16. Gemmati, D. & Tisato, V. Chapter 24—Genomic and epigenomic signature at the branch-point among genome, phenome, 

and sexome in health and disease: A multiomics approach. In Principles of Gender-Specific Medicine 4th edn (ed. Legato, M. J.) 
393–408 (Academic Press, 2023).

 17. Gemmati, D. & Tisato, V. Chapter 15—Genetics and epigenetics of the one carbon metabolism pathway in autism spectrum 
disorder: Role of a sex-specific brain epigenome. In Sex, Gender, and Epigenetics From Molecule to Bedside (eds Legato, M. et 
al.) (Elsevier, 2023).

 18. Feldberg, J. D. Chapter 19. Epigenetic aspects of human reproduction and early pregnancy. In Sex, Gender, and Epigenetics From 
Molecule to Bedside (eds Legato, M. et al.) (Elsevier, 2023).

 19. Moore, L. D., Le, T. & Fan, G. DNA methylation and its basic function. Neuropsychopharmacology 38(1), 23–38 (2013).
 20. Gemmati, D. Folate-Pathway Gene Variants in Cancer: Haematological Malignancies 269 (Transworld Research Network, 2008).
 21. Yang, J., Bashkenova, N., Zang, R., Huang, X. & Wang, J. The roles of TET family proteins in development and stem cells. Devel-

opment https:// doi. org/ 10. 1242/ dev. 183129 (2020).
 22. Mentch, S. J. & Locasale, J. W. One-carbon metabolism and epigenetics: Understanding the specificity. Ann. N. Y. Acad. Sci. 

1363(1), 91–98 (2016).
 23. Korsmo, H. W. & Jiang, X. One carbon metabolism and early development: A diet-dependent destiny. Trends Endocrinol. Metab. 

32(8), 579–593 (2021).
 24. Ferrero-Miliani, L., Nielsen, O. H., Andersen, P. S. & Girardin, S. E. Chronic inflammation: importance of NOD2 and NALP3 

in interleukin-1beta generation. Clin. Exp. Immunol. 147(2), 227–235 (2007).
 25. Wielscher, M. et al. DNA methylation signature of chronic low-grade inflammation and its role in cardio-respiratory diseases. 

Nat. Commun. 13(1), 2408 (2022).
 26. Lander, E. S. et al. Initial sequencing and analysis of the human genome. Nature 409(6822), 860–921 (2001).
 27. Li Piani, L. et al. Peripheral mitochondrial DNA, telomere length and DNA methylation as predictors of live birth in in vitro 

fertilization cycles. PLoS One 17(1), e0261591 (2022).
 28. Lou, C., Goodier, J. L. & Qiang, R. A potential new mechanism for pregnancy loss: Considering the role of LINE-1 retrotrans-

posons in early spontaneous miscarriage. Reprod. Biol. Endocrinol. 18(1), 6 (2020).
 29. Zhou, Q., Xiong, Y., Qu, B., Bao, A. & Zhang, Y. DNA methylation and recurrent pregnancy loss: A mysterious compass?. Front. 

Immunol. 12, 738962 (2021).
 30. Wang, L. et al. Tissue-specific methylation of long interspersed nucleotide element-1 of Homo sapiens (L1Hs) during human 

embryogenesis and roles in neural tube defects. Curr. Mol. Med. 15(5), 497–507 (2015).
 31. Wang, L. et al. Relation between hypomethylation of long interspersed nucleotide elements and risk of neural tube defects. Am. 

J. Clin. Nutr. 91(5), 1359–1367 (2010).
 32. Aporntewan, C. et al. Hypomethylation of intragenic LINE-1 represses transcription in cancer cells through AGO2. PLoS One 

6(3), e17934 (2011).
 33. Cardelli, M. The epigenetic alterations of endogenous retroelements in aging. Mech. Ageing Dev. 174, 30–46 (2018).
 34. Tisato, V. et al. LINE-1 global DNA methylation, iron homeostasis genes, sex and age in sudden sensorineural hearing loss 

(SSNHL). Hum. Genom. 17(1), 112 (2023).
 35. Parmeggiani, F. et al. Predictive role of coagulation-balance gene polymorphisms in the efficacy of photodynamic therapy with 

verteporfin for classic choroidal neovascularization secondary to age-related macular degeneration. Pharmacogenet. Genom. 
17(12), 1039–1046 (2007).

 36. Khan, M. et al. Molecular mechanisms of Alu and LINE-1 interspersed repetitive sequences reveal diseases of visual system 
dysfunction. Ocul. Immunol. Inflamm. 31(9), 1848–1858 (2023).

 37. Kohlrausch, F. B., Berteli, T. S., Wang, F., Navarro, P. A. & Keefe, D. L. Control of LINE-1 expression maintains genome integrity 
in germline and early embryo development. Reprod. Sci. 29(2), 328–340 (2022).

 38. Peluso, G., Tisato, V., Singh, A. V., Gemmati, D. & Scarpellini, F. Semen cryopreservation to expand male fertility in cancer 
patients: Intracase evaluation of semen quality. J. Pers. Med. 13(12), 1654 (2023).

https://doi.org/10.1016/j.bpobgyn.2020.09.002
https://doi.org/10.1242/dev.183129


13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:3275  | https://doi.org/10.1038/s41598-024-53737-2

www.nature.com/scientificreports/

 39. Burri, A. V., Cherkas, L. & Spector, T. D. Exploring genetic and environmental influences on miscarriage rates: A twin study. 
Twin Res. Hum. Genet. 13(2), 201–206 (2010).

 40. Ozek, M. A. et al. Comparison of different types of twin pregnancies in terms of obstetric and perinatal outcomes: Associa-
tion of vanished twins with methylenetetrahydrofolate reductase (MTHFR) polymorphism(s). J. Assist. Reprod. Genet. 35(12), 
2149–2154 (2018).

 41. Isotalo, P. A., Wells, G. A. & Donnelly, J. G. Neonatal and fetal methylenetetrahydrofolate reductase genetic polymorphisms: An 
examination of C677T and A1298C mutations. Am. J. Hum. Genet. 67(4), 986–990 (2000).

 42. Montgomery, G. W. et al. Dizygotic twinning is not associated with methylenetetrahydrofolate reductase haplotypes. Hum. 
Reprod. 18(11), 2460–2464 (2003).

 43. Laisk, T. et al. The genetic architecture of sporadic and multiple consecutive miscarriage. Nat. Commun. 11(1), 5980 (2020).
 44. Gemmati, D. et al. DHFR 19-bp insertion/deletion polymorphism and MTHFR C677T in adult acute lymphoblastic leukaemia: 

Is the risk reduction due to intracellular folate unbalancing?. Am. J. Hematol. 84(8), 526–529 (2009).
 45. Cui, S., Zhu, X., Li, S. & Zhang, C. Study on the predictive value of serum hypersensitive C-reactive protein, homocysteine, 

fibrinogen, and omentin-1 levels with gestational diabetes mellitus. Gynecol. Endocrinol. 39(1), 2183046 (2023).
 46. Chen, Y. Y. et al. Serum hsCRP in early pregnancy and preterm delivery in twin gestations: A prospective cohort study. BMC 

Pregnancy Childbirth 23(1), 123 (2023).
 47. Hackney, D. N., Dunigan, J. T. & Simhan, H. N. Maternal and fetal C-reactive protein genotype and first trimester CRP concen-

trations in maternal plasma. J. Reprod. Immunol. 79(1), 44–49 (2008).
 48. Brull, D. J. et al. Human CRP gene polymorphism influences CRP levels: Implications for the prediction and pathogenesis of 

coronary heart disease. Arterioscler. Thromb. Vasc. Biol. 23(11), 2063–2069 (2003).
 49. Wang, H. et al. A novel model of human implantation: 3D endometrium-like culture system to study attachment of human 

trophoblast (Jar) cell spheroids. Mol. Hum. Reprod. 18(1), 33–43 (2012).
 50. Heymann, D., Vidal, L., Or, Y. & Shoham, Z. Hyaluronic acid in embryo transfer media for assisted reproductive technologies. 

Cochrane Database Syst. Rev. 9(9), CD007421 (2020).
 51. Schwedler, C., Heymann, G., Bukreeva, L. & Hoppe, B. Association of genetic polymorphisms of fibrinogen, factor XIII A-subunit 

and alpha(2)-antiplasmin with fibrinogen levels in pregnant women. Life (Basel) 11(12), 1340 (2021).
 52. Dossenbach-Glaninger, A., van Trotsenburg, M., Oberkanins, C. & Atamaniuk, J. Risk for early pregnancy loss by factor XIII 

Val34Leu: The impact of fibrinogen concentration. J. Clin. Lab. Anal. 27(6), 444–449 (2013).
 53. Jung, J. H., Kim, J. H., Song, G. G. & Choi, S. J. Association of the F13A1 Val34Leu polymorphism and recurrent pregnancy loss: 

A meta-analysis. Eur. J. Obstet. Gynecol. Reprod. Biol. 215, 234–240 (2017).
 54. Singh, A. V., Subhashree, L., Milani, P., Gemmati, D. & Zamboni, P. Interplay of iron metallobiology, metalloproteinases, and 

FXIII, and role of their gene variants in venous leg ulcer. Int. J. Low Extrem. Wounds 9(4), 166–179 (2010).
 55. Gemmati, D. et al. Factor XIIIA-V34L and factor XIIIB-H95R gene variants: Effects on survival in myocardial infarction patients. 

Mol. Med. 13(1–2), 112–120 (2007).
 56. Zamboni, P. et al. Factor XIII contrasts the effects of metalloproteinases in human dermal fibroblast cultured cells. Vasc. Endovasc. 

Surg. 38(5), 431–438 (2004).
 57. Salvatori, F. et al. miRNAs epigenetic tuning of wall remodeling in the early phase after myocardial infarction: A Novel epidrug 

approach. Int. J. Mol. Sci. 24(17), 13268 (2023).
 58. Mohammadzadeh, M., Ghorbian, S. & Nouri, M. Evaluation of clinical utility of P53 gene variations in repeated implantation 

failure. Mol. Biol. Rep. 46(3), 2885–2891 (2019).
 59. Dedousi, D. et al. Association between TP53 Arg72Pro variant and recurrent pregnancy loss in the Greek population. Horm. 

Mol. Biol. Clin. Investig. 43(4), 421–426 (2022).
 60. Ucisik-Akkaya, E. et al. Examination of genetic polymorphisms in newborns for signatures of sex-specific prenatal selection. 

Mol. Hum. Reprod. 16(10), 770–777 (2010).
 61. Palomares, A. R., Castillo-Domínguez, A. A., Ruiz-Galdón, M., Rodriguez-Wallberg, K. A. & Reyes-Engel, A. Genetic variants 

in the p53 pathway influence implantation and pregnancy maintenance in IVF treatments using donor oocytes. J. Assist. Reprod. 
Genet. 38(12), 3267–3275 (2021).

 62. Kang, H. J. & Rosenwaks, Z. p53 and reproduction. Fertil. Steril. 109(1), 39–43 (2018).
 63. Agostinis, C. et al. An alternative role of C1q in cell migration and tissue remodeling: Contribution to trophoblast invasion and 

placental development. J. Immunol. 185(7), 4420–4429 (2010).
 64. Banadakoppa, M., Balakrishnan, M. & Yallampalli, C. Common variants of fetal and maternal complement genes in preeclampsia: 

Pregnancy specific complotype. Sci. Rep. 10(1), 4811 (2020).
 65. Cho, H. Y. et al. Association of complement factor D and H polymorphisms with recurrent pregnancy loss. Int. J. Mol. Sci. 21(1), 

17 (2019).
 66. Tisato, V. et al. Gene-gene interactions among coding genes of iron-homeostasis proteins and APOE-alleles in cognitive impair-

ment diseases. PLoS One 13(3), e0193867 (2018).
 67. Gemmati, D. et al. Host genetics impact on SARS-CoV-2 vaccine-induced immunoglobulin levels and dynamics: The role of 

TP53, ABO, APOE, ACE2, HLA-A, and CRP genes. Front. Genet. 13, 1028081 (2022).
 68. Gemmati, D. & Tisato, V. Genetic hypothesis and pharmacogenetics side of renin-angiotensin-system in COVID-19. Genes 

(Basel) 11(9), 1044 (2020).
 69. Cargnin, S., Agnusdei, F., Shin, J. I. & Terrazzino, S. Maternal ApoE genotype and risk of recurrent pregnancy loss: An updated 

systematic review and meta-analysis. J. Gene Med. 25(3), e3467 (2023).
 70. Turienzo, A. et al. Prevalence of candidate single nucleotide polymorphisms on p53, IL-11, IL-10, VEGF and APOE in patients 

with repeated implantation failure (RIF) and pregnancy loss (RPL). Hum. Fertil. (Camb.) 23(2), 117–122 (2020).
 71. Franchini, M., Mengoli, C. & Lippi, G. Relationship between ABO blood group and pregnancy complications: A systematic 

literature analysis. Blood Transfus 14(5), 441–448 (2016).
 72. Sajan, R. et al. Frequency of ABO blood group in pregnant women and its correlation with pregnancy-related complications. 

Cureus 13(4), e14487 (2021).
 73. Su, Y. et al. Association of gene polymorphisms in ABO blood group chromosomal regions and menstrual disorders. Exp. Ther. 

Med. 9(6), 2325–2330 (2015).
 74. Valenzuela, C. Y. Sexual orientation, handedness, sex ratio and fetomaternal tolerance-rejection. Biol. Res. 43, 347–356 (2010).
 75. Marco, Sbracia Brett, McKinnon Fabio, Scarpellini Daniela, Marconi Gabriele, Rossi Cedric, Simmilion Michael D., Mueller 

Eytan R., Barnea Martin, Mueller. PreImplantation Factor in endometriosis: A potential role in inducing immune privilege for 
ectopic endometrium PLOS ONE 12(9) e0184399. https:// doi. org/ 10. 1371/ journ al. pone. 01843 99 (2017) 

 76. Peterson, L. S. et al. Multiomic immune clockworks of pregnancy. Semin. Immunopathol. 42(4), 397–412 (2020).
 77. Agostinis, C. et al. Soluble TRAIL is elevated in recurrent miscarriage and inhibits the in vitro adhesion and migration of HTR8 

trophoblastic cells. Hum. Reprod. 27(10), 2941–2947 (2012).
 78. Scarpellini, F., Sbracia, M. Modification of peripheric Treg and CD56brightNK levels in RIF women after egg donation treated 

with GM-CSF or placebo J. Reprod. Immunol. 158, 103983. https:// doi. org/ 10. 1016/j. jri. 2023. 103983 (2023).
 79. Yang, X., Tian, Y., Zheng, L., Luu, T. & Kwak-Kim, J. The update immune-regulatory role of pro- and anti-inflammatory cytokines 

in recurrent pregnancy losses. Int. J. Mol. Sci. 24(1), 132 (2022).

https://doi.org/10.1371/journal.pone.0184399
https://doi.org/10.1016/j.jri.2023.103983


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:3275  | https://doi.org/10.1038/s41598-024-53737-2

www.nature.com/scientificreports/

 80. Piccinni, M. P., Raghupathy, R., Saito, S. & Szekeres-Bartho, J. Cytokines, hormones and cellular regulatory mechanisms favoring 
successful reproduction. Front. Immunol. 12, 717808 (2021).

 81. Hahn, S., Gupta, A. K., Troeger, C., Rusterholz, C. & Holzgreve, W. Disturbances in placental immunology: Ready for therapeutic 
interventions?. Springer Semin. Immunopathol. 27(4), 477–493 (2006).

 82. Keenan-Devlin, L. S. et al. Using principal component analysis to examine associations of early pregnancy inflammatory bio-
marker profiles and adverse birth outcomes. Am. J. Reprod. Immunol. 86(6), e13497 (2021).

 83. Milani, D. et al. p53/NF-kB balance in SARS-CoV-2 infection: From OMICs, genomics and pharmacogenomics insights to 
tailored therapeutic perspectives (COVIDomics). Front. Pharmacol. 13, 871583 (2022).

 84. Zamboni, P. & Gemmati, D. Clinical implications of gene polymorphisms in venous leg ulcer: A model in tissue injury and 
reparative process. Thromb. Haemost. 98(1), 131–137 (2007).

 85. Gemmati, D. et al. Factor XIII V34L polymorphism modulates the risk of chronic venous leg ulcer progression and extension. 
Wound Repair Regen. 12(5), 512–517 (2004).

 86. Lombardo, L. et al. Quantitive evaluation of dentin sialoprotein (DSP) using microbeads—A potential early marker of root 
resorption. Oral Implantol. (Rome) 9(3), 132–142 (2016).

 87. Tisato, V. et al. Inhibitory effect of natural anti-inflammatory compounds on cytokines released by chronic venous disease 
patient-derived endothelial cells. Mediat. Inflamm. 2013, 423407 (2013).

 88. Cervellati, C. et al. Association between circulatory levels of adipokines and bone mineral density in postmenopausal women. 
Menopause 23(9), 984–992 (2016).

 89. Hocher, B. & Hocher, C. F. Epigenetics of recurrent pregnancy loss. EBioMedicine 35, 18–19 (2018).
 90. Meister, S. et al. Epigenetic changes occur in placentas of spontaneous and recurrent miscarriages. J. Reprod. Immunol. 149, 

103466 (2022).
 91. Zuccarello, D. et al. Epigenetics of pregnancy: Looking beyond the DNA code. J. Assist. Reprod. Genet. 39(4), 801–816 (2022).
 92. Amenyah, S. D. et al. Riboflavin supplementation alters global and gene-specific DNA methylation in adults with the MTHFR 

677 TT genotype. Biochimie 173, 17–26 (2020).
 93. Szigeti, K. A. et al. Global DNA hypomethylation of colorectal tumours detected in tissue and liquid biopsies may be related to 

decreased methyl-donor content. BMC Cancer 22(1), 605 (2022).
 94. Babic Bozovic, I. et al. Maternal LINE-1 DNA methylation and congenital heart defects in down syndrome. Front. Genet. 10, 

41 (2019).
 95. Sae-Lee, C. et al. DNA methylation patterns of LINE-1 and Alu for pre-symptomatic dementia in type 2 diabetes. PLoS One 

15(6), e0234578 (2020).
 96. Monseur, B., Murugappan, G., Bentley, J., Teng, N. & Westphal, L. Epigenetic clock measuring age acceleration via DNA meth-

ylation levels in blood is associated with decreased oocyte yield. J. Assist. Reprod. Genet. 37(5), 1097–1103 (2020).
 97. Olsen, K. W. et al. A distinctive epigenetic ageing profile in human granulosa cells. Hum. Reprod. 35(6), 1332–1345 (2020).
 98. Phillippe, M. Telomeres, oxidative stress, and timing for spontaneous term and preterm labor. Am. J. Obstet. Gynecol. 227(2), 

148–162 (2022).
 99. Andrews, S. et al. Mechanisms and function of de novo DNA methylation in placental development reveals an essential role for 

DNMT3B. Nat. Commun. 14(1), 371 (2023).
 100. Li, Q. et al. The progress of research on genetic factors of recurrent pregnancy loss. Genet. Res. (Camb.) 2023, 9164374 (2023).
 101. Zhang, Y. et al. The association between maternal methylenetetrahydrofolate reductase C677T and A1298C polymorphism and 

birth defects and adverse pregnancy outcomes. Prenat. Diagn. 39(1), 3–9 (2019).
 102. Nojima, M. et al. Correlation between global methylation level of peripheral blood leukocytes and serum C reactive protein 

level modified by MTHFR polymorphism: A cross-sectional study. BMC Cancer 18(1), 184 (2018).
 103. Arutjunyan, A. V. et al. Imbalance of angiogenic and growth factors in placenta in maternal hyperhomocysteinemia. Biochemistry 

(Mosc) 88(2), 262–279 (2023).
 104. Parmeggiani, F. et al. Coagulation gene predictors of photodynamic therapy for occult choroidal neovascularization in age-related 

macular degeneration. Investig. Ophthalmol. Vis. Sci. 49(7), 3100–3106 (2008).
 105. Parmeggiani, F. et al. Genetic predictors of response to photodynamictherapy. Mol. Diagn. Ther. 15(4), 195–210 (2011).
 106. Moran, C. J., Kaplan, J. L. & Winter, H. S. Genetic variation affects C-reactive protein elevations in Crohn’s disease. Inflamm. 

Bowel Dis. 24(9), 2048–2052 (2018).
 107. Wang, L. et al. Pre-delivery fibrinogen predicts adverse maternal or neonatal outcomes in patients with placental abruption. J. 

Obstet. Gynaecol. Res. 42(7), 796–802 (2016).
 108. Gemmati, D. et al. Coagulation factor XIIIA (F13A1): Novel perspectives in treatment and pharmacogenetics. Curr. Pharm. 

Des. 22(11), 1449–1459 (2016).
 109. Gemmati, D. et al. Inherited genetic predispositions in F13A1 and F13B genes predict abdominal adhesion formation: Identi-

fication of gender prognostic indicators. Sci. Rep. 8(1), 16916 (2018).
 110. Hoppe, B. et al. Fibrinogen and factor XIII A-subunit genotypes interactively influence C-reactive protein levels during inflam-

mation. Ann. Rheum. Dis. 71(7), 1163–1169 (2012).
 111. Coleman, L. S. A hypothesis: Factor VII governs clot formation, tissue repair and apoptosis. Med. Hypotheses 69(4), 903–907 

(2007).
 112. Marchetti, G., Gemmati, D., Patracchini, P., Pinotti, M. & Bernardi, F. PCR detection of a repeat polymorphism within the F7 

gene. Nucleic Acids Res. 19(16), 4570 (1991).
 113. Ansani, L. et al. F13A1 gene variant (V34L) and residual circulating FXIIIA levels predict short- and long-term mortality in 

acute myocardial infarction after coronary angioplasty. Int. J. Mol. Sci. 19(9), 2766 (2018).
 114. Inbal, A. & Dardik, R. Role of coagulation factor XIII (FXIII) in angiogenesis and tissue repair. Pathophysiol. Haemost. Thromb. 

35(1–2), 162–165 (2006).
 115. Kusama, K., Yoshie, M., Tamura, K., Imakawa, K. & Tachikawa, E. EPAC2-mediated calreticulin regulates LIF and COX2 expres-

sion in human endometrial glandular cells. J. Mol. Endocrinol. 54(1), 17–24 (2015).
 116. Chen, H., Yang, X. & Wang, Z. Association between p53 Arg72Pro polymorphism and recurrent pregnancy loss: An updated 

systematic review and meta-analysis. Reprod. Biomed. Online 31(2), 149–153 (2015).
 117. Chen, D., Mao, X., Zhang, J. & Wu, L. The impact of maternal ABO blood type on obstetric and perinatal outcomes after frozen 

embryo transfer. Reprod. Biomed. Online 46(4), 767–777 (2023).
 118. Rath, S., Hawsawi, Y. M., Alzahrani, F. & Khan, M. I. Epigenetic regulation of inflammation: The metabolomics connection. In 

Seminars in Cell and Developmental Biology (eds Rath, S. et al.) (Elsevier, 2022).

Acknowledgements
The authors would like to thank the National Recovery and Resilience Plan (NRRP), Mission 04 Component 2 
Investment 1.5—NextGenerationEU, Call for tender n. 3277 dated 30/12/2021; Award Number: 0001052 dated 
23/06/2022.



15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:3275  | https://doi.org/10.1038/s41598-024-53737-2

www.nature.com/scientificreports/

Author contributions
Conception and design of the work: D.G., V.T. Acquisition of data: J.A.S., I.G., F.S., R.C., R.M., F.S., E.D.A., P.S., 
M.L.S., G.Z., A.V.S. Data analysis and interpretation: D.G., V.T. Manuscript writing: D.G., V.T. All authors have 
approved the submitted version.

Funding
Local FAR and FIR and FIRD grants from University of Ferrara (to D.G. and V.T.)

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 53737-2.

Correspondence and requests for materials should be addressed to V.T. or D.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-53737-2
https://doi.org/10.1038/s41598-024-53737-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Epigenetic role of LINE-1 methylation and key genes in pregnancy maintenance
	Material and methods
	Study design and samples collection
	Genotyping
	LINE-1 methylation by pyrosequencing
	Inflammatory CKs analysis in plasma samples
	Statistical analysis
	Ethics approval and consent to participate

	Results
	LINE-1 DNA methylation
	Single gene analyses
	Serum cytokine profile
	PCA and logistic regression analysis of the principal components (PCs)

	Discussion
	Conclusion
	References
	Acknowledgements


