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Summary: Recent decades have seen a notable increase in cesarean section rates. Although lifesaving, cesarean delivery is associated with an 
elevated risk of adverse health outcomes in newborns, including respiratory dis eases, atopic disorders, obesity, diabetes, and severe autoimmune 
conditions. The exact mechanisms underlying these associations remain elusive; however, epigenetic modifications have emerged as a plausible 
molecular basis linking perinatal factors with future dis ease susceptibility. This review summarizes current literature, revealing that the delivery 
method may influence epigenetic markers in neonates, primarily through alterations in global DNA methylation and gene-specific methylation 
patterns.
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Súhrn: V posledných desaťročiach sme zaznamenali výrazný nárast počtu cisárskych rezov. Hoci je pôrod cisárskym rezom život zachraňujúci, 
je spojený so zvýšeným rizikom nepriaznivých zdravotných následkov u novorodencov, vrátane respiračných a atopických ochorení, obezity, 
cukrovky a závažných autoimunitných ochorení. Presné mechanizmy, ktoré sú základom týchto spojitostí zostávajú nepochopené; epigenetické 
modifikácie sa však ukázali ako pravdepodobný molekulárny základ spájajúci perinatálne faktory s  budúcou náchylnosťou na ochorenie. 
Tento prehľad spája súčasnú literatúru a odhaľuje, že spôsob pôrodu môže ovplyvniť epigenetické markery u novorodencov, predovšetkým 
prostredníctvom zmien globálnej metylácie DNA a génovo špecifických metylačných vzorcov.

Kľúčové slová: epigenetika –  metylácia DNA –  cisársky rez

be lifesaving, they significantly alter 
the physiological processes inherent to 
spontaneous vaginal birth. Newborns 
delivered via C-section are exposed to 
a  variety of hormonal, physical, bacte-
rial, and medical interventions, includ-
ing intrapartum antibio tics and utero-
tonics, which can subtly influence 
physiological outcomes [5]. A critical as-
pect of C-sections is the marked reduc-
tion in childbirth-related stress [6]. Elec-
tive C-sections, performed before labor 
onset, interrupt the natural release of 
catecholamines, potentially leading to 
immune system maladaptation [7]. Im-
mediate consequences for the newborn 

a  rise in cephalopelvic disproportion, 
genetic factors, and significant environ-
mental shifts over the years. Improved 
living conditions and maternal nutri-
tion have contributed to an increase in 
maternal body mass index (BMI) and 
the age at which women have their first 
child. These factors are associated with 
a higher prevalence of diabetes with dia-
betic fetopathy, fetal macrosomia, and 
maternal hypertensive disorders [3,4].

The escalating prevalence of C-sec-
tions has sparked considerable scien-
tific interest in examining the proce-
dure's implications for children's health 
and development. While C-sections can 

Introduction
In recent decades, the incidence of ce-
sarean sections (C-sections) has surged 
globally, becoming the most frequent 
surgical intervention among women. 
According to a report by The Lancet, the 
global rate of C-sections increased from 
12.2% in 2000 to approximately 21.1% 
by 2015 [1]. Notably, countries such as 
Brazil, Cyprus, and the Dominican Re-
public have reported C-section rates ex-
ceeding 50%, with more than 26 coun-
tries worldwide surpassing the 30% 
mark  [2]. This upward trend can be at-
tributed to a  combination of anatomi-
cal and evolutionary changes, including 
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adaptation observed post-cesarean did 
not achieve the physiological bench-
marks observed in vaginal deliveries, in-
dicating a potential deviation in epige-
netic activity. The study, however, was 
limited by its small sample size [28].

Expanding on this work, Virani et al. 
(2012) [40] assessed global methylation 
in a larger cohort (408 births), exploring 
the association between delivery type 
and epigenetic alterations. This study dif-
ferentiated between spontaneous vag-
inal, elective cesarean, and emergency 
cesarean deliveries post-labor onset. 
Using DNA isolated from cord blood, 
the study employed two global methyl-
ation measurement techniques –  Lumi-
nometric Methylation Assay (LUMA) and 
LINE-1 methylation assay –  to enhance 
result reliability. The findings indicated 
significantly lower DNA methylation lev-
els in cesarean deliveries, both planned 
and total, compared to vaginal deliv-
eries. However, these associations dissi-
pated after adjusting for maternal age, 
smoking, and infant gender, suggest-
ing that while delivery mode may influ-
ence health outcomes, global genomic 
methylation might not be the underly-
ing mechanism. This study also noted 
limitations, including the lack of adjust-
ment for critical perinatal and maternal 
factors potentially influencing fetal epi-
genetic modifications.

A Polish study by Słabuszewska-
Jóźwiak (2020)  [31] involved 111 preg-
nant women identifying notably lower 
DNA methylation levels in elective ce-
sarean deliveries compared to vaginal 
and intrapartum cesarean deliveries. 
This study was unique in its examination 
of global DNA methylation levels in pla-
cental tissue, rather than in cord or pe-
ripheral infant blood, unveiling the im-
pact of uterine contractions prior to 
cesarean delivery on DNA methylation 
levels [31,40] and demonstrating sexual 
dimorphism in placental global DNA 
methylation. As an ongoing pilot study, 
the outcomes of neonatal fol low-up 
promise further insights.

cell divisions. DNA methylation and 
the epigenetic cellular memory asso-
ciated with the mode of delivery could 
constitute a  molecular mechanism for 
later development of immune-related 
dis eases, particularly if DNA methylation 
occurs in progenitor cells  [30]. Epige-
netic programming is most active dur-
ing the fetal period and extends from 
conception until the child reaches two 
years of age, making the first 1,000 days 
critical [35,36].

The epigenome's responsiveness to 
environmental factors, including the 
conditions of delivery, suggests that al-
tered fetal or neonatal epigenetic mod-
ifications may influence susceptibility 
to dis eases later in life  [37– 39]. Global 
DNA methylation pattern measure-
ments serve as a practical approach for 
detecting different epigenetic effects in 
neonates. This review aims to provide 
a comprehensive overview of studies fo-
cusing on changes in DNA methylation 
in the newborns' blood, depending on 
the mode of delivery.

DNA methylation changes
The earliest documentation of a corre-
lation between elective cesarean sec-
tion and elevated DNA methylation 
levels at birth compared to vaginal de-
livery was introduced by Schlinzig et al. 
in 2009 [28]. This foundational study in-
cluded 37  healthy newborns, compris-
ing 21  spontaneous vaginal deliveries 
and 16 elective cesarean sections. By an-
alyzing DNA extracted from white blood 
cells in umbilical cord blood immediately 
after birth and again during the third to 
fifth round of routine newborn screen-
ing, they discovered significantly higher 
global DNA methylation levels in the ce-
sarean section group at birth. However, 
these levels stabilized in newborns de-
livered vaginally when assessed from 
birth to 3– 5 days postnatally. Although 
the cesarean section group experienced 
a  reduction in DNA methylation levels 
by days 3– 5, making them comparable 
to vaginal delivery levels, the epigenetic 

may include altered immune reactiv-
ity, diminished inflammatory marker 
expression, and an elevated risk of de-
veloping hypersensitivity, skin atopy, 
asthma  [8– 10], and decreased intesti-
nal microbio me diversity  [11– 14]. The 
long-term persistence of these risks is 
not well-understood [5]. Numerous ep-
idemiological studies have identified 
an association between C-section de-
livery and an increased risk of autoim-
mune responses later in life, including 
type 1  diabetes  [15,16], inflammatory 
bowel dis eases, celiac dis ease  [17], al-
lergies  [18], metabolic syndrome, obe-
sity  [19– 23], arterial hypertension, and 
certain malignancies such as leuke-
mia  [24,25] and neuroblastoma [26,27] 
in childhood and adolescence.

The mechanisms by which delivery 
mode impacts the development of im-
munity and the incidence of immune-
related dis eases in children are not fully 
elucidated. Specifically, the reduction in 
childbirth stress associated with C-sec-
tions, which may result in immune sys-
tem maladaptation, has been linked to 
epigenetic alterations in gene expres-
sion regulating white blood cells. Such 
alterations are referred to as epigenetic 
changes when they occur at the gene 
expression level. Epigenetic mecha-
nisms, which include DNA methylation, 
histone modification, and the activity 
of non-coding RNA molecules, regulate 
gene expression without altering the 
DNA sequence, leading to changes in 
gene activity or function due to epimu-
tations. Studies suggest that the mode 
of delivery may trigger epigenetic mod-
ifications that influence immunological 
processes in children during the postna-
tal period  [28– 34]. Among the various 
epigenetic control mechanisms, DNA 
methylation is the most extensively 
studied. Unlike true genetic mutations, 
which are generally random and irre-
versible, epigenetic changes are often 
reversible and modifiable. Nonetheless, 
epigenetic DNA methylation can remain 
stable throughout a cell's life and across 
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bles, generally shows no significant dif-
ferences in global DNA methylation be-
tween cesarean and vaginal delivery 
groups [28,32,34,40]. However, Almgren 
et al.'s analysis of CD34+ hematopoietic 
stem cells stands out, revealing a nota-
ble impact of delivery mode on global 
DNA methylation patterns, with ce-
sarean-delivered newborns exhibiting 
higher levels of DNA methylation com-
pared to vaginally delivered infants [30]. 
This discrepancy highlights the im-
portance of cellular context in epige-
netic studies, as Almgren et al.'s focus on 
CD34+ cells may account for their dis-
tinct findings.

Moreover, global methylation as-
sessments do not preclude variations 
at the single-gene level. For instance, 
Franz et al.  [32] detected hypermeth-
ylation in specific genes –  FOXP3, CD7, 
ELA2, and IRF1  –  regardless of deliv-
ery mode, with notable differences in 
ELA2 and IRF1 methylation between ce-
sarean and vaginal deliveries. This sug-
gests that vaginal birth may activate 
these genes more effectively. Such ge-
netic alterations have implications for 
various dis eases  [47– 49], underscoring 
the necessity of examining methylation 
at both global and gene-specific levels.

In gene-targeted analyses, dispari-
ties in methylation patterns have been 
linked to immune system development 
and potential autoimmune dis ease risks. 
For example, Chen et al.  [34] identi-
fied genes with significant implications 
for immune response development in 
newborns. Furthermore, Uslu Yuvaci 
et al. [34] found higher PTEN gene meth-
ylation rates in the cesarean delivery 
group, correlating with the concept of 
the “DNA methylation clock,“ which may 
be influenced by maternal age [50,51].

Almgren et al. also reported methyl-
ation changes related to glucose me-
tabolism regulation, suggesting possi-
ble links to the increased risk of obesity 
and diabetes in individuals delivered by 
cesarean section  [52– 54]. Additionally, 
Schlinzig's work suggests that cesarean 

identified differential DNA methylation 
patterns that could influence lifelong 
dis ease susceptibility. The study high-
lighted the modulation of genes related 
to immunoglobulin bio synthesis and 
metabolic regulation, suggesting that 
labor duration and the delivery mode 
significantly impact DNA methylation.

Further expanding on this research, 
Schlinzig et al. (2017) [29] analyzed im-
mune deficiency markers in 6014 new-
borns, adjusting for perinatal and ma-
ternal factors. The study suggested that 
elective cesarean sections might af-
fect the formation of new T- and B-lym-
phocytes, a  hypothesis requiring fur-
ther exploration for its immunological 
implications.

Lastly, experimental studies  [45] on 
neonatal stress in rats have linked DNA 
methylation changes in glucocorticoid 
receptors to increased stress reactivity, 
underscoring the need for continued in-
vestigation into the epigenetic impacts 
of birth mode on health outcomes.

Discussion
The correlation between the increasing 
prevalence of cesarean deliveries and 
the incidence of immune-related disor-
ders is an area of growing concern and 
investigation. The hypothesis that varia-
tions in DNA methylation between in-
dividuals born via cesarean section ver-
sus those born vaginally may explain 
the potential long-term health effects 
of cesarean sections is particularly com-
pelling. Aberrant DNA methylation pat-
terns are linked to a  range of immune 
deficiencies and autoimmune dis eases, 
highlighting the importance of under-
standing the epigenetic consequences 
of birth modes [46].

Although several studies have ex-
plored the relationship between DNA 
methylation changes and delivery 
methods, inconsistencies in their find-
ings –  attributable to diverse research 
methodologies –  offer a  complex but 
intriguing picture. Current literature, 
after adjusting for confounding varia-

Franz et al. (2014)  [32] conducted 
a  prospective pilot study with 41  neo-
nates, comparing global methyla-
tion and methylation of 96  individual 
genes between spontaneous and elec-
tive cesarean deliveries. This investiga-
tion found no significant differences 
in global methylation based on deliv-
ery mode but identified specific genes 
with hypermethylation patterns. Nota-
bly, genes related to T cell activation and 
inflammatory responses exhibited lower 
methylation in vaginally born infants, 
suggesting enhanced gene activity [32]. 
Despite its strengths, including strin-
gent inclusion criteria and a well-charac-
terized cohort, the study's small sample 
size was a limitation.

In China, where cesarean delivery rates 
are among the highest globally  [41], 
a study compared DNA methylation in 
cord blood fol lowing maternal-request 
cesarean deliveries without medical in-
dications to spontaneous vaginal de-
liveries  [33]. Analyzing 70  cases each, 
through both Illumina Infinium Human 
Methylation 450  K  BeadChip and tar-
geted bisulfite sequencing, the study 
identified 165 differentially methylated 
positions associated with immune sys-
tem development. After adjusting for 
cell type proportions, significant dif-
ferences in DNA methylation between 
groups were minimal, aligning with prior 
research findings [33].

A recent Turkish study found no sig-
nificant differences in global DNA meth-
ylation between delivery modes  [34]. 
However, it reported a  significant in-
crease in global DNA methylation lev-
els associated with maternal age over 
30 in both mothers and infants. Focus-
ing on the PTEN gene, known for its 
role in cellular functions and epigenetic 
dis eases  [42– 45], the study observed 
higher methylation rates in the cesarean 
delivery group, suggesting potential im-
plications for dis ease susceptibility.

An observational study [30] examining 
the effect of delivery mode on neona-
tal hematopoietic stem cell epigenetics 
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related dis eases. Exploring diverse gene 
panels may uncover additional genes 
that undergo aberrant methylation in 
newborns delivered via cesarean section 
as compared to vaginal delivery. Com-
prehensive evaluations of these genes in 
large cohorts are essential to determine 
if differential methylation levels are as-
sociated with distinct long-term health 
outcomes post-cesarean section. Con-
tinuous fol low-up is necessary to con-
clusively determine whether cesarean 
delivery impacts DNA methylation in 
a  manner that predisposes to dis ease 
later in life, including during childhood, 
adolescence, and adulthood.
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