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Abstract
The rate of Caesarean-section delivery in the United States 
has increased by 60% from 1996 through to 2013 and now 
accounts for > 30% of births [CDC, 2017]. The purpose of this 
review is to present the current understanding of both the 
microbial risk factors that increase the likelihood of a Caesar-
ean-section delivery and the microbial dysbiosis that is 
thought to result from the Caesarean section. We provide 
examples of research into the impact of early-life microbial 
dysbiosis on infant development and long-term health out-
comes, as well as consider the efficacy and the long-term 
implications of microbiome-based therapies to mitigate this 
dysbiosis. The steep rise in the Caesarean-section delivery 
rate makes it imperative to understand the potential of mi-
crobiota modulation for the treatment of dysbiosis.

© 2018 S. Karger AG, Basel

Introduction 

The gut microbiota plays a critical role in infant im-
mune and metabolic development, and the mode of deliv-
ery is a major determinant of early life exposure and colo-
nization [Madan et al., 2016]. The human gastrointestinal 
tract is essentially uncolonized in utero, so exposure to mi-
crobes during delivery and in the environment immediate-
ly following birth is key to the establishment of the micro-
biota. In the case of vaginal delivery, the infant is in contact 
with maternal vaginal and enteric contents [Rutayisire et al.,  
2016]. Vaginally delivered infants are colonized with mi-
crobes including Lactobacillus, Prevotella, Bacteroides, 
Escherichia/Shigella, and Bifidobacterium [Dominguez-
Bello et al., 2010], which have been identified in vaginal and  
fecal samples from adult mothers. Microbial dysbiosis dur-
ing pregnancy is often associated with complications that 
can indicate Caesarean-section delivery, such as pre-
term birth, extremes of maternal body mass index (BMI), 
infection, extremes of infant size, and gestational diabetes 
[Neu and Rushing, 2011]. Birth via Caesarean section inter- 
rupts the normal pattern of microbial colonization; infants 
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are no longer exposed to maternal vaginal or enteric mi-
crobes during birth. Instead, Caesarean-section-delivered 
infants are dominated by human skin and oral bacteria, in- 
cluding Staphylococcus, Streptococcus, Corynebacterium, 
Veillonella, and Propionibacterium [Dominguez-Bello et 
al., 2010; Bäckhed et al., 2015]. The gut microbiota is inti-
mately associated with training the innate immune system, 
and its disruption in early life can result in infections, sepsis,  
and systemic immune and metabolic disorders, which in-
fluence lifelong disease risk [Zhu et al., 2015]. Microbial 
dysbiosis caused by Caesarean-section delivery has been as- 
sociated with an increased risk of conditions such as asthma  
[Couzin-Frankel, 2010], obesity [Mueller et al., 2015], food 
allergies [Lieberman et al., 2018], type 1 diabetes (T1D) 
[Kostic, 2015], systemic connective tissue disorders, juve-
nile arthritis, inflammatory bowel disease (IBD), and leu-
kemia [Sevelsted et al., 2015] as shown Table 1. The purpose  
of this review is to present the current understanding of 
both the microbial risk factors that increase the likelihood 
of a Caesarean-section delivery and the microbial dysbiosis 
that is thought to result from it.

Maternal Microbiome During Pregnancy

The maternal microbiota can have an impact on the 
course of pregnancy and potentially determine infant 
health outcomes. During pregnancy, the maternal body 
undergoes radical physiological fluctuations in hormones 
and immune status [Fox and Eichelberger, 2015]. Recent 
studies have found that these changes are concurrent with 
alterations in the maternal gut microbiome, with signifi-
cant shifts occurring from the first to the third trimester 
[Koren et al., 2012]. During this period, the abundances 
of the phyla, Proteobacteria and Actinobacteria increases, 
and the overall species richness decreases [Koren et al., 
2012]. However, other studies have demonstrated that 
the gut and oral microbiome stay relatively stable over 
pregnancy, while the vaginal microbiome undergoes sig-
nificant changes [Bisanz et al., 2015].

Understanding the effects of microbial colonization 
during pregnancy is key for potential clinical applications, 
including risk stratification based on the maternal micro-
biome. Certain vaginal microbial community profiles are 
known to correlate with pregnancy outcomes like preterm 
birth [Hyman et al., 2014; Haque et al., 2017; Stout et al., 
2017]. The maternal microbiome is affected by treatment 
with antibiotics [Bennet et al., 1986], periodontal disease 
[Michalowicz et al., 2006], and smoking status, and has 
been tied to adverse pregnancy outcomes [Paropkari et al., 

2016]. While it has long been held that the inside of 
the amniotic sac is a sterile environment and that an in-
fant’s first microbial exposure occurs during delivery 
[Funkhouser and Bordenstein, 2013], recent studies have 
characterized bacterial DNA in amniotic fluid [DiGiulio 
et al., 2008], umbilical cord blood [Jiménez et al., 2005], 
meconium [Jiménez et al., 2008; Hu et al., 2013; Ardissone 
et al., 2014], and the placenta [Aagaard et al., 2014;  Collado 
et al., 2016]. Microbiome samples from these sites yield 
low biomass, potentially vulnerable to contamination 
from other DNA sources [Kliman, 2014; Lauder et al., 
2016]. Furthermore, it has been difficult to distinguish liv-
ing bacterial cells from DNA products; while some reports 
have used culture-based techniques to quantify bacteria in 
placental tissues, not all placentas appeared to harbor bac-
teria [Stout et al., 2013]. Overall, it remains to be deter-
mined whether the presence of an intrauterine microbio-
ta is part of a healthy and normal pregnancy. However, in 
several other species, such as marine sponges, domesti-
cated chickens, and turtles, maternal microbial transmis-
sion occurs pre-birth [Funkhouser and Bordenstein, 
2013]. Indeed, the identification of microbes in the meco-
nium suggests that the fetal gut itself may be seeded with 
bacteria before birth [Neu, 2015]. If pre-birth maternal 
microbial transmission does occur in healthy pregnancies, 
this could have wide-ranging implications for immune 
development [Tamburini et al., 2016].

Causes of Caesarean Section and  
Confounding Factors 

The host-microbiota relationship has a clear impact on 
health: microbial dysbiosis is known to drive a wide range of  
mucosal and systemic immune-mediated disorders, in-
cluding IBD [Bager et al., 2012], autoimmune conditions, 
and allergy [Kelly et al., 2007]. However, complications that 
can indicate Caesarean-section delivery, such as preterm 
birth, extremes of maternal BMI, infection, extremes of in-
fant size, and gestational diabetes, are often associated with 
microbial dysbiosis during pregnancy [Neu and Rushing, 
2011]. These indications for Caesarean section may them-
selves have an impact on the microbiota and therefore con-
found our understanding of the microbiota in Caesarean-
section delivery. 

Preterm Birth as a Special Case 
Despite improved technology and diagnosis, preterm 

birth (defined as < 37 weeks of gestation] still represents a 
globally relevant epidemiological burden [Purisch and 
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Table 1. A non-exhaustive list of recent studies examining the association of Caesarean-section delivery with long-term health  
outcomes

Illness/condition Study Cohort characteristics Major findings

Asthma Thavagnanam et al., 2008 Meta-analysis of 
23 studies with a 
sample size of 501,947

The summary risk estimates for asthma based
on 23 studies was 1.22 (95% CI 1.14–1.29).
In this meta-analysis, the authors observed a 20% 
 increase in the subsequent risk of asthma in infants 
who had been delivered by Caesarean-section

Asthma Huang et al., 2015 Meta-analysis 
of 26 studies

This meta-analysis indicates that infants born by 
Caesarean-section have a 16% higher risk of asthma 
compared to vaginally delivered infants. The risk of 
asthma in Caesarean-section infants is similar,  
independent of whether the delivery was elective or 
non-elective

Food allergy/
allergic rhinitis

Bager et al., 2008 Meta-analysis 
of 26 studies

Caesarean-section delivery was associated with an 
 increased risk for food allergy/food atopy (OR 1.32, 
95% CI 1.12–1.55; 6 studies), allergic rhinitis (OR 
1.23, 95% CI 1.12–1.35; 7 studies), asthma (OR 1.18, 
95% CI 1.05–1.32; 13 studies), and hospitalization for 
asthma (OR 1.21, 95% CI 1.12–1.31; 7 studies);  
whereas there was no association with inhalant atopy 
(OR 1.06, 95% CI 0.82–1.38; 4 studies), and eczema/
atopic dermatitis (OR 1.03, 95% CI 0.98–1.09;  
6 studies)

Allergic 
conditions

Negele et al., 2004 2,500 infants 
enrolled in a German 
prospective multicenter 
birth cohort study

The authors observed that Caesarean-section delivery 
may be an additional risk factor for wheezing and 
 allergic sensitization to at least food allergens up to 
the age of 2

Chronic 
immune 
conditions

Sevelsted et al., 2015 1.9 million children 
born in Denmark 
between ages 0 and15 

Infants delivered by Caesarean-section delivery had 
significantly increased risk of asthma, systemic 
connective tissue disorders, juvenile arthritis, 
IBD, immune deficiencies, and leukemia. No
associations were found between caesarean delivery 
and T1D, psoriasis, or celiac disease

Obesity Yuan et al., 2016 Cohort study of 22,068 
infants of which 4,921 
were Caesarean-section 
deliveries

Caesarean-section-delivered infants were 15% more 
likely to become obese than those delivered vaginally. 
Additionally, Caesarean-section-delivered infants 
had 64% higher odds of obesity compared with their 
siblings that were delivered vaginally.

Obesity Li et al., 2013 Meta-analysis of 
9 studies 

The pooled OR of obesity for Caesarean-section 
delivered infants compared with those delivered  
vaginally was 1.33 (95% CI 1.19–1.48)

Obesity Darmasseelane et al., 2014 Meta-analysis of 35 
studies with a sample 
size of 163,753 

The authors observed an average increase in BMI of 
almost 0.5 kg/m2 in Caesarean-section-delivered 
infants compared to those delivered vaginally, and 
increased odds of overweight and obesity (>20%)

IBD Bager et al., 2008 A register-based 
national cohort study 
of 2.1 million Danish 
children born between 
1973 and 2008

Caesarean-section delivery was associated with 
moderately, yet significantly, increased risk of IBD at 
age 0–14 (IRR 1.29, 95% CI 1.11–1.49), regardless of 
parental disposition to IBD
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Gyamfi-Bannerman, 2017]. In the United States alone,  
preterm delivery accounts for about 1 in 10 births and these 
infants are more likely to be delivered by Caesarean section 
[Racusin et al., 2016]. This reduces their exposure to ma-
ternal vaginal and enteric microbes, and results in differ-
ential immune system development, which can shape mi-
crobial colonization in their already immature guts.

In addition, they are subject to higher rates of formula 
feeding [Madan et al., 2016], invasive procedures, antibi-
otics [Yassour et al., 2016], and other medications that 
alter gastrointestinal pH, all of which contribute to the 
altered assembly of the microbial community [Donders 
et al., 2010]. Finally, preterm infants with extended stays 
in the neonatal intensive care unit (NICU) are dominated 
by microbes associated with the NICU environment, 
many of which harbor antibiotic resistance genes [Brooks 
et al., 2014].

No single cause of preterm birth has been identified, but 
many of the risk factors involve microbial dysbiosis, in-

cluding ascending urogenital infections [Goldenberg et al., 
2008], descending periodontal infections [Michalowicz et 
al., 2006], and abnormal vaginal microbiota [Donders et  
al., 2010]. 

As mentioned above, the literature suggests significant 
differences in the vaginal microbiome from women with 
term and preterm delivery outcomes, implying poten-
tial diagnostic relevance [Haque et al., 2017]. Furthermore, 
epidemiologic studies have established a correlation be-
tween oral flora, periodontal disease, and preterm birth 
[Michalowicz et al., 2006]. Research from Hällström et al. 
[Hällström et al., 2004] found a link between altered intes-
tinal colonization and Caesarean-section delivery in pre-
term infants, and also identified changes in fecal microbi-
ota with the onset of necrotizing enterocolitis. Although 
preterm infants represent a significant fraction of Caesar-
ean-section-delivered infants, there are many confounding  
factors and for the purposes of this review, we will consider  
only full-term Caesarean-section-delivered infants. 

Illness/condition Study Cohort characteristics Major findings

IBD Bernstein et al., 2016 1,671 individuals 
with IBD and 
10,488 controls

Overall, there was no difference in the percentage of 
IBD cases born by Caesarean-section (11.6%) vs. 
controls (11.7%, p = 0.93). In a multivariate analysis, 
Caesarean-section delivery was not associated with 
an increased risk of subsequent IBD, controlling for 
age, Gender, urban residence, and income (OR 1.04; 
95% CI 0.89–1.23)

T1D Cardwell et al., 2008 Meta-analysis of 
20 studies with a sample 
size of 2,133,236

This analysis demonstrated a 20% increase in the risk 
of childhood-onset T1D after Caesarean-section 
 delivery

T1D Bonifacio et al., 2011 1,650 infants born to 
parents with T1D

Caesarean-section-delivered infants (n = 495) had a 
more than twofold higher risk for T1D than those 
 delivered vaginally (HR 2.5; 95% CI 1.4–4.3; p = 
0.001). Caesarean-section did not increase the risk 
for islet autoantibodies (p = 0.6) but was associated 
with a faster progression to T1D after the appearance 
of autoimmunity (p = 0.015)

T1D Stene et al., 2003 A total of 1,382,602 
individuals with 
1,863 cases of T1D 

Caesarean section was not associated with T1D

T1D Clausen et al., 2016 858,201 singleton 
births with 1,503 
cases of T1D

Broad-spectrum antibiotics was associated with an 
increased rate of T1D in infants delivered by either 
intrapartum caesarean section (HR 1.70; 95% CI 
1.15–2.51) or pre-labor Caesarean section (HR 1.63; 
95% CI 1.11–2.39), but not in vaginally delivered 
 infants

IBD, inflammatory bowel diseases; T1D, type 1 diabetes; HR, hazard ratio; IRR, incidence rate ratios.

Table 1 (continued)
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Other Confounding Conditions
Other conditions that result in increased rates of Cae-

sarean-section delivery include extremes of maternal 
BMI, infection, gestational diabetes, and infant size. High 
maternal BMI is not solely attributable to genetic factors 
but also microbial composition [Zhu et al., 2015]. Gut mi-
crobial dysbiosis can affect nutrient absorption, inflam-
mation, and microbial translocation, as well as fetal gut 
colonization and development of fetal metabolic tissues 
[Gohir et al., 2014]. During pregnancy, women are in 
an altered immune state and therefore more susceptible 
to  pathogens, such as human immunodeficiency virus 
[Yee et al., 2018], hepatitis C [Yi et al., 2018], Zika virus 
[Magnani et al., 2018], Listeria monocytogenes, Plasmodi-
um spp., influenza viruses, Chlamydia trachomatis, Group 
B Streptococcus, Treponema pallidum, and herpes viruses 
[Guo et al., 2018]. These pathogens can cause severe syn-
dromes, depending on the timing of infection during 
pregnancy [Vermillion and Klein, 2018]. For example, cy-
tomegalovirus is the most common congenital infection 
worldwide, and direct infection of the fetus can lead to 
neurosensory deficits, learning disabilities, microcephaly, 
and psychiatric disorders [Racicot and Mor, 2017]. When 
cytomegalovirus is latent or reactivated in the mother, 
even without directly infecting the fetus, it can lead to fetal 
growth restriction, spontaneous pregnancy loss, or pre-
eclampsia, all symptoms of early placental insufficiency 
[Racicot and Mor, 2017]. Notably, while these conditions 
are known to perturb the maternal microbiota and in-
crease the likelihood of Caesarean-section delivery, they 
may additionally have microbially mediated health effects 
on the infant, independent of the mode of delivery. 

Caesarean-Section and Long-Term Health Outcomes 

As mentioned previously, the human microbiota can 
have an impact on pregnancy and childhood health. In 
particular, the infant microbiota and therefore Caesare-
an-section-related dysbiosis may play a role in long-term 
health outcomes as shown in Figure 1. Although the in-
fant microbiota has been studied across multiple body 
sites, the bulk of the literature and the main focus of our 
review deals with the microbiota of the infant gut and im-
mune responses to microbial exposure. 

Immune and Metabolic Health
Recently, the role of the gut microbiota has been ap-

preciated as essential to immune and metabolic develop-
ment in early life. In Caesarean-section-delivered infants, 
typical mother-to-infant microbial transmission is dis-
rupted, so this immune and metabolic development is al-
tered [Sevelsted et al., 2015a]. This has important ramifi-
cations for long-term immune-mediated health outcomes: 
Caesarean-section-delivered infants have increased the 
incidence of T1D, IBD, and autoimmune/allergic condi-
tions [Kelly et al., 2007]. 

Kostic Kostic, 2015 studied the dynamics of the human 
infant gut microbiome in the progression of T1D in a co-
hort of 33 Finnish and Estonian infants genetically pre-
disposed to T1D. While they noted great variation in the 
overall taxonomic composition between and within in-
fants over time, there was significantly less variation in 
the metabolic potential of the microbiome. They also ob-
served a drop in species richness, alterations in proin-
flammatory gene functions, and alterations in levels of 

Microbial exposure

Indications for Caesarean-section Long-term health outcomes

Infection

Extreme of infant size

Extremes of maternal BMI

Gestational diabetes

Preterm birth

Caesarean-section

Immune response Host genetics

IBD
Autoimmune conditions
Metabolic disorders
Allergies

Fig. 1. A summary of our current under-
standing of factors that indicate and condi-
tions linked with a Caesarean-section de-
livery. The developing gut microbiota, mi-
crobial exposures from the environment, 
and host genetics interact to mediate infant 
immune responses. Several indicators of 
Caesarean-section, including preterm 
birth, extremes of maternal body mass in-
dex (BMI), infection, extremes of infant 
size, and gestational diabetes, may inde-
pendently cause microbial dysbiosis and 
confound our understanding of the effects 
of Caesarean-section. Microbial dysbiosis 
caused by Caesarean-section delivery is 
linked with an increased risk for inflamma-
tory bowel disease (IBD) and a wide range 
of autoimmune, allergic, and metabolic 
conditions.
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serum and stool metabolites in infants who progressed to 
T1D. The trends they observed that distinguished T1D 
progressors from nonprogressors may have potential di-
agnostic applications [Kostic, 2015]. Additionally, other 
studies also suggested that the pathogenesis and clinical 
course of T1D result from the interplay between genetic 
susceptibility, early life environmental exposures, and the 
innate immune response [Vehik and Dabelea, 2012].

The impact of Caesarean section on immune-relat-
ed diseases is still a nascent area of research. However, 
another study examined a cohort of 2 million Danish  
children delivered at term between 1997 and 2012 and 
identified Caesarean-section delivery as a risk factor for 
immune-related diseases including asthma, systemic 
connective tissue disorders, juvenile arthritis, IBD, im-
mune deficiencies, and leukemia [Sevelsted et al., 2015a]. 
The results imply that early life events may dictate im-
mune abnormalities that increase risk for diseases later  
in life. 

Gastrointestinal Tract Outcomes 
Antibiotics are widely used during pregnancy and pri-

or to and immediately preceding Caesarean-section de-
livery to prevent infection. However, non-culture-based 
studies of the adult intestinal microbiome show that an-
tibiotic exposure may perturb the gastrointestinal tract 
microbiota for years [Murgas Torrazza and Neu, 2011]. 
Moreover, increasing rates of antibiotic resistance in chil-
dren can lead to infections and gut dysbiosis [Medernach 
and Logan, 2018].

Microbial perturbations in the gastrointestinal tract 
have been associated with Crohn’s disease. In a Danish 
national cohort study of 2.1 million people born during 
1973–2008, a total of 8,142 were diagnosed with IBD be-
fore the age of 36. Controlling for genetic disposition to 
IBD, the major factor associated with increased risk of 
IBD was Caesarean-section delivery. Furthermore, the 
majority of the IBD diagnoses occurred after age 15, im-
plying that dysbiosis from Caesarean-section delivery at 
the beginning of life may have lifelong health implica-
tions [Bager et al., 2012].

Risk of Atopy and Allergic Disease 
Food allergy is a global public health problem, affect-

ing up to 8% of children and up to 5% of adults in the 
United States, the United Kingdom, Canada, and Austra-
lia. While the drivers of allergic diseases remain unclear, 
evidence points to gene-environment interactions begin-
ning in early development [Lieberman et al., 2018]. In 
particular, Caesarean-section delivery has been shown to 

increase food allergy [Dominguez-Bello et al., 2016]. Fur-
thermore, an infant’s odds of developing allergy is influ-
enced by the feeding mode (breast milk or formula), 
which represents the first nutrition-related microbes en-
tering the human body [Cabrera-Rubio et al., 2012]. The 
feeding mode therefore plays an important role in expo-
sure to and response to food allergens in early develop-
ment. Bager et al. [Bager et al., 2008] performed a meta-
analysis on 26 studies to identify the association of Cae-
sarean-section delivery with the risk of atopy and allergic 
disease. They concluded that Caesarean section increased 
the risk for allergic rhinitis, asthma, hospitalization for 
asthma, and perhaps food allergy/food atopy but did not 
affect the risk of inhalant atopy or atopic dermatitis. 

Metabolic Syndrome
Maternal BMI may be a determinant of the infant gut 

microbial community over lactation. Studies have shown 
that breast milk from obese mothers tends to contain a 
distinct and less diverse microbial community compared 
with milk from normal-weight mothers [Cabrera-Rubio 
et al., 2012]. The breast milk microbiota also differs be-
tween mothers who delivered by Caesarean section vs. 
vaginally, which could be due to the surgery or the pres-
ence of physiological stress or hormonal signals. As breast 
milk represents one of most important postpartum sourc-
es of mother-to-infant microbial transmission, further 
work is necessary to quantify the impact of the breast milk 
microbiota on the infant’s gut. The Northern Manhattan 
Mothers and Children Study followed 436 mother-child 
dyads until age 7 to examine the effect of maternal use of 
antibiotics in the second or third trimester of pregnancy. 
The results showed that children exposed to antibiotics 
during the second or third trimesters had 84% higher risk 
of obesity. Caesarean-section delivery was independently 
associated with 46% greater risk for childhood obesity, 
independent of antibiotic use and independent of wheth-
er the Caesarean section was elective or non-elective 
[Mueller et al., 2015].

Microbiota Restoration Therapies for Infants

A perturbed infant gut microbiota may be returned to 
a baseline state through the reintroduction of commensal 
bacteria along with breastfeeding and/or through pre/
probiotic formulations [Neut et al., 1987; Azad et al., 
2013]. However, the US Food and Drug Administration 
is yet to approve any pre/probiotic formulations to treat 
microbial dysbiosis caused by Caesarean-section deliv-
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ery. That said, an ongoing clinical trial in the United 
Kingdom (clinical ID: ISRCTN11690200) will investigate 
whether short-term daily probiotic supplementation with 
Bifidobacterium infantis in breastfed babies delivered by 
Caesarean section promotes a healthy fecal microbiota 
that can be maintained with breastfeeding until weaning 
at 6 months [“ISRCTN – ISRCTN11690200, 2018].

Likewise, a growing number of US Food and Drug 
 Administration trials are testing the safety and efficacy 
of  pre/probiotics that target illnesses associated with 
 Caesarean-section delivery. One example is a recent trial 
of early-life supplementation with Lactobacillus rhamno-
sus GG in infants at high risk for asthma. The supplemen-
tation promoted subtle yet important taxonomic and 
metabolic remodeling in the infant gut, and Durack et al. 
[Durack et al., 2018] observed an increase in the number 
of regulatory T cells ex vivo at 6 months of age, providing 
evidence for immunomodulation. It should be noted that 
this supplementation’s efficacy in asthma prevention is 
yet to be determined. 

Another strategy to restore a healthy microbiota is 
called “vaginal seeding,” exposing Caesarean-section-de-
livered infants to maternal vaginal contents [Braegger et 
al., 2011]. Recent results suggest that the fecal, skin, and 

oral microbiome of seeded infants more closely resemble 
those of vaginally delivered than Caesarean-section-de-
livered infants [Dominguez-Bello et al., 2010]. Although 
the efficacy and long-term health consequences of vaginal 
seeding remain unclear, these results demonstrate that 
maternally transmitted vaginal microbes can be partially 
restored at birth in Caesarean-section-delivered infants. 
While this strategy is limited, as it does not expose the 
infant to maternal enteric contents, it sets the stage for the 
development of novel microbial therapies and/or small 
molecules for restoring the composition and develop-
ment of a healthy infant microbiota. 

Overall, the association between microbial dysbiosis in 
infants delivered by Caesarean section and long-term 
health outcomes is a new field of research. Going forward, 
it will be necessary to elucidate mechanisms involved, 
such as metabolic and immune pathways and microbial 
function, in order to apply this research to personalized 
microbiome-based therapies. 

Disclosure Statement

All authors have no financial relationships relevant to this ar-
ticle. All authors have no conflicts of interest to disclose.

References

Aagaard K, Ma J, Antony KM, Ganu R, Petrosino 
J, Versalovic J: The placenta harbors a unique 
microbiome. Sci Transl Med 2014; 6: 237ra65.

Kostic AD, et al: The dynamics of the human in-
fant gut microbiome in development and in 
progression toward type 1 diabetes. Cell Host 
Microbe 2015; 17: 260–273.

Alexandria AN, de la Cruz DM, Davis-Richard-
son AG, Rechcigl KT, Li N, Drew JC, Murgas-
Torrazza R, et al: Meconium microbiome 
analysis identifies bacteria correlated with 
premature birth. PLoS One 2014; 9:e90784.

Azad MB, Konya T, Maughan H, Guttman DS, 
Field CJ, Chari RS, Sears MR, et al: Gut micro-
biota of healthy Canadian infants: profiles by 
mode of delivery and infant diet at 4 months. 
CMAJ 2013; 185: 385–394.

Bäckhed F, Roswall J, Peng Y, Feng Q, Jia H, Ko-
vatcheva-Datchary P, Li Y, et al: Dynamics 
and stabilization of the human gut microbi-
ome during the first year of life. Cell Host Mi-
crobe 2015; 17: 690–703.

Bager P, Wohlfahrt J, Westergaard T: Caesarean de-
livery and risk of atopy and allergic disease: me-
ta-analyses. Clin Exp Allergy 2008; 38: 634–642.

Bager P, Simonsen J, Nielsen NM, Frisch M: Ce-
sarean section and offspring’s risk of inflam-
matory bowel disease: a national cohort study. 
Inflamm Bowel Dis 2012; 18: 857–862.

Bennet R, Eriksson M, Nord CE, Zetterström R: 
Fecal bacterial microflora of newborn infants 
during intensive care management and treat-
ment with five antibiotic regimens. Pediatr 
Infect Dis 1986; 5: 533–539.

Bernstein CN, Banerjee A, Targownik LE, Singh 
H, Ghia JE, Burchill C, Chateau D, Roos LL: 
Cesarean section delivery is not a risk factor 
for development of inflammatory bowel dis-
ease: a population-based analysis. Clin Gas-
troenterol Hepatol 2016; 14: 50–57. 

Bisanz JE, Enos MK, PrayGod G, Seney S, Mack-
laim JM, Chilton S, Willner D, et al: Micro-
biota at multiple body sites during pregnancy 
in a rural tanzanian population and effects of 
moringa-supplemented probiotic yogurt. 
Appl Environ Microbiol 2015; 81: 4965–4975.

Bonifacio E, Warncke K, Winkler C, Wallner M, 
Ziegler AG: Cesarean section and interferon-
induced helicase gene polymorphisms com-
bine to increase childhood type 1 diabetes 
risk. Diabetes 2011; 60: 3300–3306.

Braegger C, Chmielewska A, Decsi T, Kolacek S, 
Mihatsch W, Moreno L, Piescik M, et al: Sup-
plementation of infant formula with probiot-
ics and/or prebiotics: a systematic review and 
comment by the ESPGHAN committee on 
nutrition. J Pediatr Gastroenterol Nutr 2011; 

52: 238–250.

Brooks B, Firek BA, Miller CS, Sharon I, Thomas 
BC, Baker R, Morowitz MJ, Banfield JF: Mi-
crobes in the neonatal intensive care unit re-
semble those found in the gut of premature 
infants. Microbiome 2014; 2: 1.

Cabrera-Rubio R, Collado MC, Laitinen K, Sal-
minen S, Isolauri E, Mira A: The human milk 
microbiome changes over lactation and is 
shaped by maternal weight and mode of de-
livery. Am J Clin Nutr 2012; 96: 544–551. 

Cardwell CR, Stene LC, Joner G, Cinek O, Svens-
son J, Goldacre MJ, Parslow RC, et al: Caesar-
ean section is associated with an increased 
risk of childhood-onset type 1 diabetes mel-
litus: a meta-analysis of observational studies. 
Diabetologia 2008; 51: 726–735.

CDC: Centers for Disease Control and Preven-
tion, 2017. https://www.cdc.gov/index.htm.

Clausen TD, Bergholt T, Bouaziz O, Arpi M, Eriks- 
son F, Rasmussen S, Keiding N, Løkkegaard 
EC: Broad-spectrum antibiotic treatment and 
subsequent childhood type 1 diabetes: a Na-
tionwide Danish Cohort Study. PLoS One 
2016; 11:e0161654.

Collado MC, Rautava S, Aakko J, Isolauri E, Sal-
minen S: Human gut colonisation may be ini-
tiated in utero by distinct microbial commu-
nities in the placenta and amniotic fluid. Sci 
Rep 2016; 6: 23129.

MartinezM
Texte surligné 

MartinezM
Texte surligné 

MartinezM
Texte surligné 



Dysbiosis in Children Born by Caesarean 
Section

31Ann Nutr Metab 2018;73(suppl 3):24–32
DOI: 10.1159/000492168

Couzin-Frankel J: Bacteria and asthma: untan-
gling the links. Science 2010; 330: 1168–1169.

Darmasseelane K, Hyde MJ, Santhakumaran S, 
Gale C, Modi N: Mode of delivery and off-
spring body mass index, overweight and obe-
sity in adult life: a systematic review and meta-
analysis. PloS One 2014; 9:e87896.

DiGiulio DB, Romero R, Amogan HP, Kusa-
novic JP, Bik EM, Gotsch F, Kim CJ, Erez O, 
Edwin S, Relman DA: Microbial prevalence, 
diversity and abundance in amniotic fluid 
during preterm labor: a molecular and cul-
ture-based investigation. PloS One 2008; 

3:e3056.
Dominguez-Bello MG, Costello EK, Contreras M, 

Magris M, Hidalgo G, Fierer N, Knight R: De-
livery mode shapes the acquisition and struc-
ture of the initial microbiota across multiple 
body habitats in newborns. Proc Natl Acad 
Sci U S A 2010; 107: 11971–11975.

Dominguez-Bello MG, De Jesus-Laboy KM, Shen 
N, Cox LM, Amir A, Gonzalez A, Bokulich 
NA, et al: Partial restoration of the microbio-
ta of cesarean-born infants via vaginal micro-
bial transfer. Nat Med 2016; 22: 250–253.

Donders GG, Van Calsteren C, Bellen G, Reyb-
rouck R, Van den Bosch T, Riphagen I, Van 
Lierde S: Association between abnormal vagi-
nal flora and cervical length as risk factors for 
preterm birth. Ultrasound Obstet Gynecol 
2010, Epub ahead of print.

Durack J, Kimes NE, Lin DL, Rauch M, McKean 
M, McCauley K, Panzer AR, Mar JS, Cabana 
MD, Lynch SV: Delayed gut microbiota de-
velopment in high-risk for asthma infants is 
temporarily modifiable by lactobacillus sup-
plementation. Nat Commun 2018; 9: 707. 

Fox C, Eichelberger K: Maternal microbiome and 
pregnancy outcomes. Fertil Steril 2015; 104: 

1358–1363.
Funkhouser LJ, Bordenstein SR: Mom knows 

best: the universality of maternal microbial 
transmission. PLoS Biol 2013; 11:e1001631. 

Gohir W, Ratcliffe EM, Sloboda DM: Of the bugs 
that shape us: maternal obesity, the gut micro-
biome, and long-term disease risk. Pediatr 
Res 2014; 77: 196–204. 

Guo L, Qu P, Zhang R, Zhao D, Wang H, Liu R, 
Mi B, Yan H, Dang S: Propensity score-
matched analysis on the association between 
pregnancy infections and adverse birth out-
comes in rural northwestern China. Sci Rep 
2018; 8: 5154. 

Hällström M, Eerola E, Vuento R, Janas M, Tam-
mela O: Effects of mode of delivery and necro-
tising enterocolitis on the intestinal microflo-
ra in preterm infants. Eur J Clin Microbiol 
Infect Dis 2004; 23: 463–470. 

Haque MM, Merchant M, Kumar PN, Dutta A, 
Mande SS: First-trimester vaginal microbi-
ome diversity: a potential indicator of pre-
term delivery risk. Sci Rep 2017; 7: 16145. 

Hu J, Nomura Y, Bashir A, Fernandez-Hernandez 
H, Itzkowitz S, Pei Z, Stone J, Loudon H, Peter 
I: Diversified microbiota of meconium is af-
fected by maternal diabetes status. PLoS One 
2013; 8:e78257. 

Huang L, Chen Q, Zhao Y, Wang W, Fang F, Bao 
Y: Is elective cesarean section associated with 
a higher risk of asthma? A meta-analysis." J 
Asthma 2015; 52: 16–25. 

Hyman RW, Fukushima M, Jiang H, Fung E, 
Rand L, Johnson B, Vo KC, Caughey AB, Hil-
ton JF, Davis RW, Giudice LC: Diversity of 
the vaginal microbiome correlates with pre-
term birth. Reprod Sci 2014; 1: 32–40. 

ISRCTN – ISRCTN11690200: Promotion of a 
Healthy Gut Microbiome in Elective Caesar-
ean Section Arrivals (PROMESA) by Supple-
menting Breastfed Newborns with an Infant 
Probiotic, 2018. 

Jiménez E, Fernández L, Marín ML, Martín R, 
Odriozola JM, Nueno-Palop C, Narbad A, Ol-
ivares M, Xaus J, Rodríguez JM: Isolation of 
commensal bacteria from umbilical cord 
blood of healthy neonates born by cesarean 
section. Curr Microbiol 2005; 51: 270–274. 

Jiménez E, Marín ML, Martín R, Odriozola JM, Ol-
ivares M, Xaus J, Fernández L, Rodríguez JM:  
Is meconium from healthy newborns actually 
sterile? Res Microbiol 2008; 159: 187–193. 

Kelly D, King T, Aminov R: Importance of micro-
bial colonization of the gut in early life to the 
development of immunity. Mutat Res 2007; 

622: 58–69. 
Kliman HJ: Comment on “the placenta harbors a 

unique microbiome.” Sci Transl Medicine 
2014; 6: 254le4. 

Koren O, Goodrich JK, Cullender TC, Spor A, 
Laitinen K, Bäckhed HK, Gonzalez A, Werner 
JJ, Angenent LT, Knight R, Bäckhed F, Iso-
lauri E, Salminen S, Ley RE: Host remodeling 
of the gut microbiome and metabolic changes 
during pregnancy. Cell 2012; 150: 470–480. 

Goldenberg RL, Culhane JF, Iams JD, Romero R: 
Epidemiology and causes of preterm birth. 
Lancet 2008; 371: 75–84. 

Lauder AP, Roche AM, Sherrill-Mix S, Bailey A, 
Laughlin AL, Bittinger K, Leite R, Elovitz MA, 
Parry S, Bushman FD: Comparison of placen-
ta samples with contamination controls does 
not provide evidence for a distinct placenta 
microbiota. Microbiome 2016; 4: 29. 

Li HT, Zhou YB, Liu JM: The impact of cesarean 
section on offspring overweight and obesity: 
a systematic review and meta-analysis. Int J 
Obes (Lond) 2013; 37: 893–899. 

Lieberman JA, Greenhawt M, Nowak-Wegrzyn 
A: The environment and food allergy. Ann 
Allergy Asthma Immunol 2018; 120: 455–457. 

Madan JC, Hoen AG, Lundgren SN, Farzan SF, 
Cottingham KL, Morrison HG, Sogin ML, Li 
H, Moore JH, Karagas MR: Association of ce-
sarean delivery and formula supplementation 
with the intestinal microbiome of 6-week-old 
infants. JAMA Pediatr 2016; 170: 212–219. 

Magnani DM, Rogers TF, Maness NJ, Grubaugh 
ND, Beutler N, Bailey VK, Gonzalez-Nieto L, 
Gutman MJ, Pedreño-Lopez N, Kwal JM, Ric-
ciardi MJ, Myers TA, Julander JG, Bohm RP, 
Gilbert MH, Schiro F, Aye PP, Blair RV, Martins 
MA, Falkenstein KP, Kaur A, Curry CL, Kallas 
EG, Desrosiers RC, Goldschmidt-Clermont PJ, 
Whitehead SS, Andersen KG, Bonaldo MC, 

Lackner AA, Panganiban AT, Burton DR, Wat-
kins DI: Fetal demise and failed antibody thera-
py during Zika virus infection of pregnant ma-
caques. Nat Commun 2018; 9: 1624. 

Medernach RL, Logan LK: The growing threat of 
antibiotic resistance in children. Infect Dis 
Clin North Am 2018; 32: 1–17. 

Michalowicz BS, Hodges JS, DiAngelis AJ, Lupo 
VR, Novak MJ, Ferguson JE, Buchanan W, 
Bofill J, Papapanou PN, Mitchell DA, Matseo-
ane S, Tschida PA: Treatment of periodontal 
disease and the risk of preterm birth. N Engl J 
Med 2006; 355: 1885–1894. 

Mueller NT, Whyatt R, Hoepner L, Oberfield S, 
Dominguez-Bello MG, Widen EM, Hassoun 
A, Perera F, Rundle A: Prenatal exposure to 
antibiotics, cesarean section and risk of  
childhood obesity. Int J Obes 2015; 39: 665–
670. 

Mueller NT, Bakacs E, Combellick J, Grigoryan Z, 
Dominguez-Bello MG: The infant microbi-
ome development: mom matters. Trends Mol 
Med 2015; 21: 109–117. 

Murgas Torrazza R, Neu J: The developing intes-
tinal microbiome and its relationship to 
health and disease in the neonate. J Perinatol 
2011; 31(suppl 1):S29–S34. 

Negele K, Heinrich J, Borte M, von Berg A, Schaaf 
B, Lehmann I, Wichmann HE, Bolte G; LISA 
Study Group: Mode of delivery and develop-
ment of atopic disease during the first 2 years 
of life. Pediatr Allergy Immunol 2004; 15: 48–
54. 

Neu J: Developmental aspects of maternal-fetal, 
and infant gut microbiota and implications 
for long-term health. Matern Health Neona-
tol Perinatol 2015; 1: 6. 

Neu J, Rushing J: Cesarean versus vaginal deliv-
ery: long-term infant outcomes and the hy-
giene hypothesis. Clin Perinatol 2011; 38: 321–
331. 

Neut C, Bezirtzoglou E, Romond C, Beerens H, 
Delcroix M, Noel AM: Bacterial colonization 
of the large intestine in newborns delivered by 
cesarean section. Zentralbl Bakteriol Mikro-
biol Hyg A 1987; 266: 330–337. 

Paropkari AD, Leblebicioglu B, Christian LM, 
Kumar PS: Smoking, pregnancy and the sub-
gingival microbiome. Sci Rep 2016; 6: 30388. 

Purisch SE, Gyamfi-Bannerman C: Epidemiology 
of preterm birth. Semin Perinatol 2017; 41: 

387–391. 
Racicot K, Mor G: Risks associated with viral in-

fections during pregnancy. J Clin Invest 
12017; 27: 1591–1599. 

Racusin DA, Antony KM, Haase J, Bondy M, 
Aagaard KM: Mode of delivery in premature 
neonates: does it matter? AJP Rep 2016; 

6:e251–e259. 
Rutayisire E, Huang K, Liu Y, Tao FThe mode of 

delivery affects the diversity and colonization 
pattern of the gut microbiota during the first 
year of infants' life: a systematic review. BMC 
Gastroenterol 2016; 16: 86. 

Sevelsted A, Stokholm J, Bønnelykke K, Bisgaard 
H: Cesarean section and chronic immune dis-
orders. Pediatrics 2015; 135:e92–e98.



Salas Garcia/Yee/Gilbert/DsouzaAnn Nutr Metab 2018;73(suppl 3):24–3232
DOI: 10.1159/000492168

Stene LC, Magnus P, Lie RT, Søvik O, Joner G: No 
association between preeclampsia or cesarean 
section and incidence of type 1 diabetes 
among children: a large, population-based 
cohort study. Pediatr Res 2003; 54: 487–490. 

Stout MJ, Goetzinger KR, Tuuli MG, Cahill AG, 
Macones GA, Odibo AO: First trimester se-
rum analytes, maternal characteristics and ul-
trasound markers to predict pregnancies at 
risk for preterm birth. Placenta 2013; 34: 14–
19. 

Stout MJ, Zhou Y, Wylie KM, Tarr PI, Macones 
GA, Tuuli MG: Early pregnancy vaginal mi-
crobiome trends and preterm birth. Am J Ob-
stet Gynecol 2017; 217: 356.e1–356.e18. 

Tamburini S, Shen N, Wu HC, Clemente JC:  
The microbiome in early life: implications  
for health outcomes. Nat Med 2016; 22: 713–
722. 

Thavagnanam S, Fleming J, Bromley A, Shields 
MD, Cardwell CR: A meta-analysis of the as-
sociation between caesarean section and 
childhood asthma. Clin Exp Allergy 2008; 38: 

629–633. 
Vehik K, Dabelea D: Why are C-section deliveries 

linked to childhood type 1 diabetes?" Diabetes 
2012; 61: 36–37. 

Vermillion MS, Klein SL: Pregnancy and infec-
tion: using disease pathogenesis to inform 
vaccine strategy. NPJ Vaccines 20118; 3: 6. 

Yassour M, Vatanen T, Siljander H, Hämäläinen 
AM, Härkönen T, Ryhänen SJ, Franzosa EA, 
Vlamakis H, Huttenhower C, Gevers D, 
Lander ES, Knip M: Natural history of the in-
fant gut microbiome and impact of antibiotic 
treatment on bacterial strain diversity and 
stability. Sci Transl Med 2016; 8: 343ra81–
343ra81. 

Yee LM, McGregor DV, Sutton SH, Garcia PM, 
Miller ES: Association between maternal HIV 
disclosure and risk factors for perinatal trans-
mission. J Perinatol 2018; 38: 639–644.

Yi W, Pan CQ, Li MH, Wan G, Lv YW, Liu M, Hu 
YH, Zhang ZY, Xie Y: The characteristics and 
predictors of postpartum hepatitis flares in 
women with chronic hepatitis B. Am J Gas-
troenterol 2018; 113: 686–693. 

Yuan C, Gaskins AJ, Blaine AI, Zhang C, Gillman 
MW, Missmer SA, Field AE, Chavarro JE: As-
sociation between cesarean birth and risk of 
obesity in offspring in childhood, adoles-
cence, and early adulthood. JAMA Pediatr 
2016; 170:e162385. 

Zhu T, Tang J, Zhao F, Qu Y, Mu D: Association 
between maternal obesity and offspring Ap-
gar score or cord pH: a systematic review and 
meta-analysis. Sci Rep 2015; 5: 18386. 




