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ARTICLE INFO ABSTRACT

Keywords: Birth by Caesarean-section (C-section), which increases the risk for metabolic and immune disorders, disrupts the
Stress normal initial microbial colonisation of the gut, in addition to preventing early priming of the stress and immune-
Microbiome systems.. Animal studies have shown there are enduring psychological processes in C-section born mice. How-
S:S?;:;i section ever, the long-term impact of microbiota-gut-brain axis disruptions due to birth by C-section on psychological
processes in humans is unknown. Forty age matched healthy young male university students born vaginally and
36 C-section delivered male students were recruited. Participants underwent an acute stressor, the Trier social
stress test (TSST), during a term-time study visit. A subset of participants also completed a study visit during the
university exam period, representing a naturalistic stressor. Participants completed a battery of cognitive tests
and self-report measures assessing mood, anxiety, and perceived stress. Saliva, blood, and stool samples were
collected for analysis of cortisol, peripheral immune profile, and the gut microbiota. Young adults born by C-
section exhibit increased psychological vulnerability to acute stress and a prolonged period of exam-related
stress. They did not exhibit an altered salivary cortisol awakening response to the TSST, but their measures of
positive affect were significantly lower than controls throughout the procedure. Both C-section and vaginally-
delivered participants performed equally well on cognitive assessments. Most of the initial effects of delivery
mode on the gut microbiome did not persist into adulthood as the gut microbiota profile showed modest changes
in composition in adult vaginally-delivered and C-sectioned delivered subjects. From an immune perspective,
concentrations of IL-1f and 1L-10 were higher in C-section participants. These data confirm that there is a po-
tential enduring effect of delivery mode on the psychological responses to acute stress during early adulthood.
The mental health implications of these observations require further study regarding policies on C-section use.

1. Introduction an increased risk of the baby developing immunological and metabolic

disorders later in childhood (Keag et al., 2018). Therefore, under-

Caesarean section can be lifesaving and vital for the safe delivery of a
baby and the health and welfare of the mother. However, there is a
worrying trend of increased numbers of elective but non-medically
indicated C-sections across the globe, which is associated with high
costs to healthcare systems as well as increased risk to the mother
(Betran et al., 2016, World Health Organization Human Reproduction
Programme, 2015). Furthermore, birth by C-section is associated with

standing the long-term impacts of C-section is important to develop
evidence-based interventions for the prevention of potential negative
health effects. Likewise, new evidence will help inform policy sur-
rounding the rise of non-medically indicated C-section procedures.
One clear difference in infants born by C-section is with regard to the
resultant gut microbial profile present. The gut microbiota is initially
colonised during parturition, whereby there is vertical transmission of
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microbiota from the mother to the baby. The resulting infant gut
microbiome closely resembles that of the maternal vaginal microbiome
(Dominguez-Bello et al., 2010). In contrast, the gut microbiome of in-
fants born by C-section is very different and closely resembles that of the
skin, including that of non-maternal sources, in addition to the envi-
ronment of the delivery suite (Dominguez-Bello et al., 2010). Intra-
partum antibiotic prophylaxis can also impact on the gut microbiome
profile of the infant (Azad et al., 2016; Hill et al., 2017). Infants born by
C-section have decreased diversity and richness of the gut microbiota, as
well as decreased Bifidobacterium, Bacteroides, and Lactobacillus (Bia-
succi et al., 2010; Penders et al., 2006). Furthermore, recent evidence
has shown a high colonisation of opportunistic pathogens, many con-
taining antibiotic resistance genes, in babies born by C-section (Shao
et al., 2019). In addition to differences in the bacteriome, differences in
the virome have also been described, with a higher diversity of the gut
virome present in vaginally-delivered infants at one year of age (McCann
et al., 2018). It should be noted though, that differences in the compo-
sition of the C-section microbiome are largely confined to early life, but
it is important to consider the effect of disrupting the microbiome during
such a critical window can have on the brain and behaviour.

With time, differences in the bacteriome between C-section and
naturally delivered infants diminish, with studies describing the effects
of birth mode on gut microbiota to be absent from 6 to 8 weeks (Chu
etal., 2017; Hill et al., 2017) to 2 years after birth (Bokulich et al., 2016;
Jakobsson et al., 2014; Palmer et al., 2007). There are also a variety of
other factors which impact on the gut microbiota in early life, including
prenatal antibiotic use, breastfeeding, growth in the early years of
childhood and geography (Vatanen et al., 2019). However, it is apparent
that the functional effects of differential colonisation of the gut during
this critical neurodevelopmental period may endure. Perturbations in
early life by C-section birth or antibiotic use have been linked to
increased risk for developing childhood obesity (Cho and Norman, 2013;
Li et al., 2013; Mueller et al., 2015; Yuan et al., 2016) and childhood
asthma (Darabi et al., 2019; Metsala et al., 2015). Indeed, the gut
microbiome significantly influences the development and maturation of
the immune system in early life (Cebra, 1999; Cho and Norman, 2013;
Schlinzig et al., 2017). It is of note that the initial seeding of the gut
microbiota also occurs at the same time as a critical period in the
development of the core stress axis, namely the
hypothalamic-pituitary-adrenal (HPA) axis (Ng, 2000). Birth by C-sec-
tion bypasses activation of the HPA axis which would otherwise occur
during passage through the birth canal and this may hamper the typical
development of the stress system (Lagercrantz, 2016; Lagercrantz and
Slotkin, 1986). Moreover, we have recently shown enduring effects of
C-section across the entire microbiota-gut-brain axis in a mouse model
(Morais et al., 2020).

There is increasing evidence to indicate that stress, both chronic and
acute together with the related psychological disorders anxiety and
depression are regulated by multiple factors including the gut microbial
profile (Dinan et al., 2018; Kennedy et al., 2014). To date there has been
limited investigation on the long-term effects of an initially altered gut
microbial profile on psychological and physiological responses to stress,
especially in human cohorts. To fill this knowledge gap, a cohort of
young adult volunteers of known birth mode underwent a Trier Social
Stress Test (during a non-exam period) to investigate the HPA axis, as
well as assessments of cognition, inflammatory and psychological
response to psychosocial stress. In addition, participants also underwent
similar assessments during an exam period.

2. Methods
2.1. Study population
The study protocol (APC050) and all procedures were approved by

the Cork Teaching Hospitals Ethics Committee and conducted in
accordance with the ICH Guidelines on Good Clinical Practice, and the
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Declaration of Helsinki. Study participants were all male between 18
and 25 years of age, recruited via advertisement from the student pop-
ulation of University College Cork, (Table 1). Forty vaginally delivered
participants and 36 participants born by C-section (18-planned C-sec-
tion; 15-emergency C-section; 3-unknown) were enrolled. Participants
were matched based on age, BMI and average units of alcohol consumed
per week. Exclusion criteria included having a BMI >30, formal psy-
chiatric diagnosis of major depression, anxiety disorder, bipolar spec-
trum disorder, schizophrenia, or other DSM-IV Axis-I disorder, use of
psychoactive medication(s) (anxiolytics, antipsychotics, antidepres-
sants, corticosteroids, and opioid pain relievers), regular use of non-
steroidal anti-inflammatory medications or antibiotic use in the previ-
ous 4 weeks. In addition, participants were excluded if they reported a
history of chronic physical illness. Based on previous findings from our
laboratory (Kennedy et al., 2014) we powered our study to detect be-
tween group differences in the salivary cortisol response with a medium
effect size (f = 0.25). At an alpha of 0.05 and obtaining a power of 0.08,
a total sample size of 74 was required. This calculation is based on a
repeated measures ANOVA, between factors, using G*Power software
(Faul et al., 2007).

2.2. Study procedures

Participants were screened to check suitability for study inclusion
and were subsequently scheduled to attend one or two study visits at the
Clinical Research Facility in Mercy University Hospital, Cork City. All
participants provided full written informed consent before any experi-
mental procedures commenced. All participants attended one visit
during term-time (Non-Stress/TSST visit), but not within +6 weeks of a
formal end of term examination period, and a subset of 38 vaginally
delivered and 32 C-section participants completed another visit carried
out during the participants university examination period (Exam Stress
visit) (See Table 1 for detailed description of participants de-
mographics). Order of visits was counterbalanced so that roughly half of
each group completed the Non-Stress visit first and the other half
completed the Exam Stress visit first. At the Exam Stress and Non-Stress
visit, participants completed a battery of cognitive tests and completed
self-report measures assessing mood, anxiety, and perceived stress (see
Self-Report Measures). In addition, during the Non-Stress visit partici-
pants completed the Trier Social Stress Test.

Table 1

Participant Characteristics. Participants were grouped (Vaginally-delivered or
delivered by C-section) according to their birth mode, and they matched for
body mass index (BMI); years of education; average of units of alcohol intake per
week; habitual smoking status; socioeconomic (SE) status (as classified from
parental SE status. Data is represented as the mean + S.E.M.

Vaginally- C-section p-
delivered value
Age [years + S.E.M] 20.22 + 0.24 20.34 + 0.72
0.22
BMI [kg/m? + S.E.M] 23.66 + 0.46 24.58 + 0.21
0.63
Years of Education [years + S.E.M] 16.03 £+ 0.22 15.83 + 0.5
0.19
Alcohol consumption [units perweek +  7.42 + 1.04 9.96 + 0.17
S.E.M] 1.53
Cigarette smoking status [N (%)] 4(10) 2 (5.6) 0.473
SE Status 1 (Professional) 18 (45) 22 (61.1) 0.232
(%)
2 (Managerial/Technical) 6 (15) 1(2.8)
3 (Non-Manual) 3(7.5) 6 (16.7)
4 (Skilled Manual) 3(7.5) 3(8.3)
5 (Semi-Skilled) 4 (10) 1(2.8)
6 (Unskilled) 5(12.5) 3(8.3)
7 (Other gainfully 1(2.5) 0 (0)

occupied & unknown)
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2.3. Trier Social Stress Test

The TSST procedure began between 1300 and 14.30 h for each
participant to control for diurnal fluctuations in cortisol levels (Allen
et al., 2014). Participants were instructed to abstain from alcohol and
strenuous physical exercise for 24 h prior to visits. In addition, they were
asked not to consume any caffeine containing products on the day of
their Non-Stress study visit, and to consume only water for 2 h prior to
the TSST procedure. After collection of the first saliva sample for
measuring salivary cortisol, participants rested for a 45-min baseline
period. Participants were then given standardized written instructions,
introducing the TSST which was carried out as previously described
(Allen et al., 2014). Participants were then led to a separate room,
equipped with a video camera and microphone and two desks. After
reiterating the task instructions, participants were then given a 3-min
speech preparation period after which, participants were required to
perform a 5-min speech outlining their suitability for an ideal job of their
choice, followed by a 5-min mental arithmetic task in which they serially
subtracted 17 from 2023. Task were performed in front of two com-
mittee members (one male and one female), wearing white laboratory
coats and introduced as being experts in identifying non-verbal aspects
of behaviour. Participants were also informed that their speech would be
both audio and video recorded for later behavioural analysis. Saliva
samples and self-report measures of mood and stress were collected at a
number of time-points pre- and post-the TSST procedure (See Below).
Participants were fully debriefed following collection of the last sample.

2.4. Self-report measures

2.4.1. TSST mood & stress measures

Mood was assessed using the Positive and Negative Affect Schedule
(PANAS; (Watson et al., 1988)), and psychological stress was measured
using a visual analogue scale (VAS), ranging from 0 (‘not stressed at all”)
to 100 (‘As stressed as I could possibly imagine”).

2.4.2. State Trait Anxiety Inventory (STAD

The STAI is a self-report measure consisting of two subscales each
with 20 items, one measuring trait anxiety and the other measuring state
anxiety (Spielberger, 1983)). Participants rate how they feel either right
now (state) or generally (trait), in response to each item on a 4-point
scale from ‘not at all’ to ‘very much.” The range of scores for each
sub-scale is 20-80 with higher scores indicating greater anxiety.

2.5. Other self-report measures

2.5.1. Perceived Stress Scale (PSS)

The PSS is a self-report measure in which participants rate, on a 5
point scale ranging from 0 (never) to 4 (very often), how often they have
particular thoughts or feelings described by each of the 10 items (Cohen
et al., 1983). Scores range from 0 to 40 with higher scores indicating
greater stress over the previous month.

2.5.2. Beck depression inventory (BDD)-II

The BDI-II is a self-report measure consisting of 21 items rated on a 4-
point scale from 0 (absence of symptom) to 3 (severe manifestation of
symptom (Beck et al., 1996). Scores range from O to 63. Cut-off scores
indicating clinically relevant levels of depression have been determined
as 0-13 (minimal); 14-19 (mild); 20-28 (moderate); 29-63 (severe).

2.6. Other questionnaires

Dietary intake was quantified using a food frequency questionnaire
(Harrington et al., 2011). Nutrient intakes were calculated using the
FETA software (v2.53) to calculate macro- and micronutrient intakes.
All study participants completed the short version of the Childhood
Trauma Questionnaire (CTQ), which is an eight-item, self-report
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questionnaire that identifies the presence or absence of childhood
traumatic events (Bernstein et al., 2003).

2.7. Proinflammatory cytokine sampling & analysis

To determine the immune response to acute psychosocial stress 5-10
ml of whole blood was collected in EDTA tubes at 4 time-points
throughout the TSST: time(t) —45, t+20, t+50, t+80 min. To deter-
mine the effect of exam-stress on immune function 10-15 ml of whole
blood was collected in EDTA tubes during each study visit (Non-Stress/
Exam Stress). Samples were centrifuged immediately at 1500xg for 10
min and aliquoted plasma samples were frozen at —80 °C until analysis.
Plasma levels of IL-10, IL-1p, IL-6, IL-8, and TNF-a were assayed in
duplicate using high sensitivity commercially available electro-
chemiluminescence MULTI-SPOT® Meso Scale Discovery kits (MSD,
Rockville, MD, USA) as per manufacturer’s instructions. The median
lower limits of detection for each cytokine are IL-6- 0.06 pg/ml, IL-8-
0.04 pg/ml, TNF-a- 0.04 pg/ml and IFN-y- 0.2 pg/ml.

2.8. HPA axis response

Saliva samples were obtained using Salivette® devices (Sarstedt,
Ireland). Participants were instructed to roll the synthetic bud around
their mouths while chewing lightly for 1.5 min. To determine the HPA
axis response to acute psychosocial stress, saliva samples were collected
at seven time-points throughout the TSST: t —45, t0, t+20, t+35, t450,
t+65, t+80. Samples were kept chilled at ~4 °C until the end of the
experimental protocol. To determine the effect of exam stress on HPA
axis function, the salivary cortisol awakening response (CAR) was
measured. On the morning prior to each study visit (Non-Stress/Exam
Stress) participants were instructed to collect 4 saliva samples (upon
wakening, 30 min post-wakening (t+30), 45 min post-wakening (t+45),
and 60 min post-wakening (t+60).

Saliva samples were centrifuged for 5 min at 1000 g and saliva was
collected and stored at —80 °C until analysis. Cortisol concentrations
were determined using the Cortisol Enzyme Immunoassay Kit as per
manufacturers’ instruction (Enzo® Life Sciences, Exeter, UK). Assay
detection limit was 0.16 nmol/L. Inter and intra-assay % C.Vs were
11.24% and 8.2% respectively.

2.9. Cognitive assessment: tests from the CANTAB battery

(http://www.cambridgecognition.com/)

CANTAB tests were presented on a high-resolution touch-screen
monitor under computer control. Participants interact with the system
by touching the touch screen whilst a test administrator provides verbal
instructions from a standardised script, and specific verbal prompts and
encouragement when needed. The test administrator had full control of
a keyboard used to start, pause or abort each test. Participants were
assessed on the following tests from the battery:

2.9.1. IED: attentional flexibility and reversal learning

The IED is a test of executive function and assesses rule acquisition
and reversal, attentional set formation, maintenance and shifting. The
outcome measures assessed to determine reversal learning performance
were the errors made on stage 2, 5, 7 and 9, and to determine attentional
flexibility performance the errors made on stage 6 and 8.

2.10. Stop Signal Task (SST): response inhibition
The SST assesses participant’s ability to inhibit a prepotent response.
The outcome measure assessed was the stop signal reaction time (SSRT;

calculated for last 20 sub-blocks).

2.10.1. Paired Associates Learning (PAL): visuospatial memory
The PAL assesses conditional learning of pattern-location


http://www.cambridgecognition.com/
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associations and gives an index of visuospatial memory. The outcome
measure assessed to determine visuospatial memory was the PAL total
errors adjusted.

2.11. DNA isolation from faecal samples

Total bacterial DNA was extracted from the faecal samples using the
QIAamp DNA Stool Mini Kit (Qiagen, Sussex, UK) according to manu-
facturer’s instructions, coupled with an initial bead-beating step.

2.12. 16S rRNA gene amplicon sequencing of stool samples

DNA was prepared for 16S sequencing. The V3-V4 regions of the 16S
rRNA gene were amplified and prepared for sequencing according to the
16S Metagenomic Sequencing Library Protocol. The DNA was first
amplified using primers specific to the V3-V4 regions of the 16S rRNA
gene:

(Forward primer 5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
CCTACGGGNGGCWGCAG;

Reverse primer 5 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
GACTACHVGGGTATCTAATCQ).

Each reaction contained 2.5 pl genomic DNA, 5 pl forward primer (1
pm), 5 pl reverse primer (1 pm) and 12.5 pl 2X Kapa HiFi Hotstart
ReadyMix. PCR amplification was carried out using the following pro-
gram: 95 °C x 3 mins, 25 cycles of 95 °C x 30s, 55 °C x 30s, 72 °C x 30s,
72 °C x 5 mins and held at 4 °C. PCR products were visualised using gel
electrophoresis and then purified using AMPure XP beads. Following
this, a second PCR reaction was carried out on the purified DNA using
two indexing primers per sample. Each reaction contained 5 pl purified
DNA, 5 pl index 1 primer (N7xx), 5 pl index 2 primer (S5xx), 25 pl 2x
Kapa HiFi Hot Start Ready mix and 10 pl PCR grade water. PCR
amplification was completed using the previous program but with only 8
amplification cycles instead of 25. PCR products were visualised and
purified as described above. Samples were quantified using the Qubit™
3.0 Fluorometer along with the high sensitivity DNA quantification
assay kit and then pooled in an equimolar fashion (20 nM). The sample
pool was prepared following Illumina guidelines and sequenced on the
MiSeq sequencing platform in Teagasc Moorepark, Fermoy using stan-
dard Illumina sequencing protocols.

Raw sequences were merged using Flash (with a minimum overlap of
30 bp and minimum read length of 460bp). The forward primer was
removed using cutadapt. The reads were quality checked to a Phred
quality score of Q20 or better using the split libraries_fastq.py script
(with default parameters) from the QIIME package version 1.9.1. The
reverse primers were removed using truncate_reverse_primer.py from
the QIIME package. Reads were clustered into OTUs with 97% sequence
identity threshold and chimeras and singletons removed with the 64-bit
version of USEARCH (version 8.1). Subsequently, OTUs were aligned to
the SILVA rRNA specific database (version 128) to remove remaining
chimeras. The read counts were rarefied to a depth of 44673 reads for
alpha and beta diversity analysis. A phylogenetic tree for diversity cal-
culations was generated, followed by alpha and beta diversity compu-
tation, all within QIIME. Taxonomy to genus level was assigned using
the Mothur program (version 11.4) using the RDP database (version
11.4). Species level classification was performed using SPINGO (version
1.3) using the RDP database (version 11.2). The read counts for testing
differential abundance of taxa were normalised to proportions of each
sample.

2.13. Statistical analysis
Independent sample t-tests were used to explore differences in group

characteristics (age, BMI, years of education and units of alcohol per
week). To allow for repeated measures analysis and to avoid bias that
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may be introduced by using list-wise deletion of incomplete cases,
missing data analysis was performed on physiological, psychological
and cognitive variables subject to repeated measures analysis. In total
5.95% of data was missing and determined to be missing completely at
random (MCAR) using Littles MCAR test; x2 (688) = 703.356, p =
0.334)). Missing values were imputed by assigning the group mean for
that variable. All analyses were carried out with missing data excluded
(data not shown) and missing data imputed, which showed that
imputing values using this method did not significantly change the na-
ture of our results. Participants with four or more missing data points for
salivary cortisol were excluded from this analysis. If a participant had
missing data at all time-points for a given variable (during the TSST or
Exam Stress/Non Stress visit) missing values were not imputed and the
participant was excluded from this analysis. When the GG (Greenhouse-
Geisser) or HF (Huynh-Feldt) adjustments were made under conditions
where the test of sphericity was significant, adjusted df were used.
Following data imputation, normality checks were performed using the
Shapiro-Wilk test and visual inspection of histograms. Outliers were
checked using box and whisker plots and only extreme outliers (3rd
quartile + 3*interquartile range and 1st quartile — 3*interquartile range)
were considered for exclusion from analysis. Salivary cortisol, PANAS,
STAL, BDI and CANTAB PAL (Visuospatial Memory) data were not
normally distributed and transformed using a natural log transformation
(In); VAS psychological stress data was transformed using a square-root
transformation; CANTAB IED (Attentional Flexibility/Reversal
Learning) data was not normally distributed, but no transformations
improved normality, so we proceeded with parametric analysis but with
caution in interpreting the analysis. PSS and CANTAB SST data (stop
signal response time last 20) were normally distributed and no trans-
formations were performed. Following data imputation and trans-
formation (if needed) to improve normality, repeated measures analysis
of variance (ANOVA) with mode of delivery as between-subjects factor
and change across time points due to exam stress in each variable
(salivary cortisol, PANAS Positive/Negative, VAS psychological stress,
STAI State and Trait, BDI, PSS, PAL Total Errors Adj., SSRT last 20, IED
Attentional Flexibility, IED Reversal Learning) as the within-subjects
factor. Significant main effects were followed by post-hoc comparisons
using a Bonferroni correction for multiple comparisons as appropriate.
Where Mauchly’s test of sphericity was significant, the Greenhouse-
Geisser or Huynh-Feldt correction was applied. Our primary outcome
variable was salivary cortisol output in response to the TSST. Non-
transformed data are presented as mean + standard error of the mean
(SEM). Effect sizes are reported as partial Eta squared npz). All statistical
analyses were carried out using IBM SPSS Statistics 22.0 for Windows
software package. Statistical differences for microbiota composition
based on alpha diversity and for differentially abundant taxa were
calculated using the compareGroups package in R. Taxa below 0.5%
sample abundance and the unclassified taxa were grouped into the
“Other” category.

3. Results

C-section and vaginally delivered participants did not significantly
differ in relation to age, BMI, years of education, units of alcohol
consumed per week, socioeconomic status, or early life stress (child
abuse, data not shown), (Table 1), or with respect to nutritional intake
(Table 2). Self-reported race and ethnicity for vaginally delivered par-
ticipants was 38 Caucasian and 2 Asian, and for C-section participants
was 34 Caucasian and 2 Asian. As a representation of the Irish popula-
tion this compares to the most recent national census where the largest
group is “White Irish” with 3,854,226 (82.2%) followed by “any other
white background” (9.5%), non-Chinese Asian (1.7%) and “other
including mixed background” (1.5%), (Ireland, 2016). The indication
for C-sections were, planned (18/36), emergency (10/36) and unknown
(8/36).
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Table 2
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Comparison of nutrient intake between groups at each visit Participants matched with regard to intake of macronutrients at each visit, although differences in the
micronutrients riboflavin and iodine were observed in the vaginally delivered cohort in the Exam Stress visit when compared with the Non-Stress visit.

Vaginally Delivered C-section
Nutrient Recommended daily intake® Non- Stressed Non-stressed  Stressed VD vs. CS non- VD vs. CS
Stressed stressed stressed
Kilocalories 2000-2400 (males; depending on activity level) 2329 + 140 2452 + 188 2427 + 187 2266 £ 135 NS NS
Protein (g) 10-35% of total energy 127 £11 125 +£12 114 £ 9 116 £ 10 NS NS
(22%) (20%) (19%) (20%)
Fat (8) 20-35% of total calories 92+7 98 +9 96 + 8.5 93+7 NS NS
(36%) (36%) (35%) (37%)
Carbohydrate (g) 45-65% of total calories 256 + 14 273 +£19 277 + 22 245 + 13 NS NS
(46%) (45%) (43%) (43%)
Alcohol (ml) 21 standard drinks (1/2 pint of beer, small glass 4.6 + 0.7 5.6 +1.1 9.1+24 6.6 +1.4 NS NS
of wine, one measure of spirits)
Monounsaturated fatty >12% of total energy 31+25 33+3.2 33+3.1 32427 NS NS
acids (g) (12%) (12%) (13%) (13%)
Polyunsaturated fatty >6% of total energy 15+1.2 19+2((7%) 18+1.8 16 + 1.4 NS NS
acids (g) (5.8%) (6.5%) (6%)
Saturated fatty acids (g) <10% of total energy 33+29 32+3 32427 32+27 NS NS
(12.7%) (12%) (11.5%) (13%)
Cholesterol (mg) 300 mg 420 + 45 402 + 47 386 + 38 432 + 50 NS NS
Total sugar (g) <10% of total energy 99 +7 98 +9 98 +9.7 90 + 7 NS NS
(17%) (16%) (16%) (16%)
Starch (g) 154 £9.7 173 £12 177 £ 15 152 +£ 8.3 NS NS
Fibre (g) >25¢g 26 +1.8 28 +£2.4 28 +2.8 24 +£22 NS NS
Retinol Equiv. (ug) 800 pg 989 + 9.88 876 + 102 844 + 93 991 + 158 NS NS
Thiamine (mg) 1.1 mg 1.9+0.1 2.0+0.2 1.8+ 0.2 1.7 £0.1 NS NS
Riboflavin (mg) 1.4 mg 2.0+ 0.2 1.6 £ 0.1 1.5+ 0.1 1.6 £ 0.1 0.03 NS
Niacin (mg) 16 mg 35+ 3.2 37 +£3.8 32+26 32+33 NS NS
Vitamin B6 (mg) 1.4 mg 3.5+0.3 3.5+0.3 3.2+0.3 3.1+0.2 NS NS
Vitamin B12 (pg) 2.5 g 59+ 0.6 4.6 £ 0.5* 49+0.5 5.5+ 0.6 NS NS
Folate (pg) 200 pg 347 + 29 333 + 33 320 + 31 293 + 21 NS NS
Vitamin C (mg) 80 mg 197 £ 25 181 + 27 143 £+ 20 125 £ 15 NS NS
Vitamin D (pg) 5 ug 3.8+0.4 3.6+0.4 3.7+ 0.6 41+05 NS NS
Vitamin E (mg) 12 mg 8.1 +0.7 8.7 £ 0.9 8.3+0.9 7.5+ 0.7 NS NS
Phosphorous (mg) 700 mg 1812 + 133 1685 + 144 1614 + 127 1557 + 111 NS NS
Calcium (mg) 1000 mg 893 + 93 661 + 60* 693 + 61 652 + 53 NS NS
Iron (mg) 7 mg 14+ 0.8 14+ 1.1 13+1.1 13+ 0.9 NS NS
Selenium (pg) 55 ug 66 + 5.7 646.2 60 + 5.4 61 £5.7 NS NS
Zinc (mg) 10 mg 14+ 1.1 13+1.1 13+ 1.0 13+ 0.9 NS NS
Sodium (mg) 1600 mg 3246 + 203 3515 + 252 3323 + 264 3245 + 221 NS NS
Potassium (mg) 2000 mg 4220 + 299 4079 + 356 3785 =+ 341 3556 + 225 NS NS
Magnesium (mg) 375 mg 384 + 27 388 + 33 375 + 33 338 + 22 NS NS
Copper (mg) 1 mg 1.5+0.1 1.6 £0.1 1.5+0.1 1.4+0.1 NS NS
Chloride (mg) 800 mg 5020 + 322 5280 + 379 5014 + 429 4812+ 355 NS NS
Manganese (mg) 2 mg 3.7+0.3 4.1 +0.3 3.9 +03 3.5+0.3 NS NS
Iodine (pg) 15 pg 170 £ 19 131 £ 15* 114 £ 11 127 £13 0.02 NS

NS — Not Significant.

 Source: Food Safety Authority of Ireland; *p < 0.05.

3.1. C-section participants have a greater psychological stress response to

an acute stressor

Participants born by C-section reported greater psychological stress

in response to the TSST when compared to vaginally delivered partici-
pants at T2 immediately post-stressor but were comparable with vagi-
nally delivered participants at T3 (Fig. la). However, C-section
participants did not exhibit a differential salivary cortisol response to the
TSST (Fig. 1b). Measures of positive affect were significantly lower
throughout the procedure in C-section participants (Fig. 1b), although
negative affect was not (Fig. 1c). Concentrations of IL-1f (Fig. 1e) and IL-
10 (Fig. 1f), but not IL-6, IL-8 or TNFa (Supplementary Fig. 1), were
significantly higher in C-Section participants compared with vaginally
delivered participants throughout the testing period, although this was
due to elevated baseline levels and not acute stress.

3.2. C-section participants have a greater psychological stress response to
a naturalistic stressor

To further examine the effect of stress on individuals born by C-
section, a subset of participants attended two experimental days, one of

which took place during their end-of-term university examination
period (Exam Stress; after their 1st but prior to their last exam, and not
on the same day as an exam) and one took place during term-time, but at
least 4-6 weeks before or after their end-of-term examination period
(Non-Stress). When comparing psychological distress levels during the
Non-Stress and Exam-Stress periods, participants born by C-section re-
ported significantly greater levels of perceived stress at the Exam-Stress
period (Fig. 2a). However, HPA axis function, as measured by the
cortisol awakening response during the Non-Stress and Exam-Stress
periods, was not significantly different between C-section and vagi-
nally delivered participants (Fig. 2b). Furthermore, state (Fig. 2¢) and
trait anxiety (Fig. 2a), was elevated in participants born by C-section
when compared with vaginally delivered participants, during the Exam
Stress period but not during the Non-Stress period. The anti-
inflammatory cytokine IL-10 was significantly elevated during the
Exam-Stress period in C-Section participants (Fig. 2f). However, there
was no group difference in IL-1f (Fig. 2e), TNF-a, IL-6 or IL-8 (Fig. 2).
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Fig. 1. Heightened psychological response to an acute stress in C-section participants in young adulthood, and elevated inflammatory markers in C-section par-
ticipants

A) Self-reported psychological stress response (Stress (F(2, 146) = 92.53, p < 0.001, npz = 0.56); Delivery method (F(1, 73) = 4.72, p = 0.033, np2 = 0.061); Stress x
Delivery method (F(2, 146) = 1.17, p = 0.31, qu = 0.016; n = 40 [VB], n = 35 [C-section]), to the TSST procedure; B) Salivary cortisol response (Stress (F(3.19,
220.01) = 73.26, p = 0.001, qu = 0.52); Delivery method (F(1, 69) = 0.14, p = 0.7, npz = 0.002); Stress x Delivery method (F(3.19, 220.01) = 0.36, p = 0.79, np2 =
0.005; n = 3 [VB], n = 32 [C-section]); C) Positive Affect response as measured using the Positive and Negative Affect Schedule (Stress (F(2, 144) = 6.74, p = 0.02,
np2 = 0.086); Delivery method (F(1, 72) = 5.78, p = 0.019, r]p2 = 0.074); Stress x Delivery method (F(2, 144) = 0.17, p = 0.85, np2 =0.002; n =40 [VB],n = 34 [C-
section]). D) Negative Affect response to the TSST procedure as measured using the Positive and Negative Affect Schedule; (Stress (F(2, 144) = 101.12, p < 0.001,
npz = 0.58); Delivery method (F(1, 72) = 1.71, p = 0.19, np2 = 0.023); Stress x Delivery method (F(2, 144) = 0.86, p = 0.43, npz =0.012; n =35 [VB], n = 31 [C-
section]); E) Peripheral IL-1p response (Stress (F(3, 120) = 3.143, p = 0.026, npz = 0.043); Delivery method (F(1, 70) = 6.584, p = 0.012, npz = 0.086); Stress x
Delivery method (F(3,120) = 5.92, p = 0.62, qu = 0.008; n = 39 [VB], n = 33 [C-section]); F) Blood IL-10 levels are elevated in C-Section participants from baseline
and across time-points (Stress (F(2.492, 176.96) = 0.521, p = 0.634, npz = 0.007); Delivery method (F(1, 71) = 4.24, p = 0.043, npz = 0.056); Stress x Delivery
method (F(2.492, 176.96) = 0.615, p = 0.58, r]pz = 0.009; n = 39 [VB], n = 34 [C-section]).; Post hoc comparisons using Bonferroni correction: *p > 0.05; **p <
0.01. Data are presented as mean + standard error of the mean (S.E.M.).

3.3. Cognitive performance was the same for both C-section and vaginally performance on tests of visuospatial memory (Fig. 3a), response inhi-
delivered participants bition (Fig. 3b) attentional flexibility Fig. 3c) or reversal learning
(Fig. 3d) between C-section and vaginally delivered participants during

Interestingly, we did not identify any difference in cognitive the Non-Stress or Exam Stress period.



T.G. Dinan et al.

A B C

Neurobiology of Stress 16 (2022) 100425

Perceived Stress Cortisol Awakening Response State Anxiety
259 -8~ Vaginally Born 200000~ -8~ Vaginally Born 501 -8~ Vaginally Born
-#- C-Section . —#- C-Section -#- C-Section

o 20 *% 8150000- g 40- "
S 154 2 o

5 < »
@ < 100000 o 307
E §

~
- 20+

= 4 D 50000 =

0 0 10

T T T T T T
Non-Stress Exam Stress Non-Stress Exam Stress Non-Stress Exam Stress

O
m
-

Trait Anxiety Exam Stress TNFa Exam Stress IL-6
504 -~ Vaginally Born 107 -8- Vaginally Born 1.21 -8~ Vaginally Born
-#- C-Section -8~ C-Section —#- C-Section
8.
© 40 *% 1.0
3 r::‘_‘: = 6 =
@ 304 ?Em %, 0.8
H 8 4 <4
[«F]
= 204 24 0.6
10 T T 0 T T 0.4 T T
Non-Stress Exam Stress Non-Stress Exam Stress Non-Stress Exam Stress

Exam Stress IL-10

Exam Stress IL-1p Exam Stress IL-8

2.57 -8~ Vaginally Born 0.25+ -8~ Vaginally Born 8- -e- Vaginally Born
-~ C-Section -~ C-Section -~ C-Section
2.04 4
}_\3 0.20 o
=1.54 - i _
% E 0.15 E o l\l
81.0- I\! > D
i 2. 0.10+ o
2+
0.5+ 0.054
0.0 T T 0.00 T T 0 T T
Non-Stress Exam Stress Non-Stress Exam Stress Non-Stress Exam Stress

Fig. 2. Heightened response to a naturalistic stressor, exam stress, in C-section participants in young adulthood.

A) Psychological stress as measured using the Perceived Stress Scale (Stress (F(1, 68) = 5.12,p = 0.027, qu = 0.07); Delivery method (F(1, 68) = 5.45, p = 0.023, r]p2
= 0.074); Stress x Delivery method (F(1, 68) = 2.98, p = 0.089, np2 = 0.07; n = 38 [Vaginally born], n = 32 [C-section]), during a Non-Stress and Exam Stress
period.; B) Salivary cortisol awakening response (Stress (F(1, 56) = 2.692, p = 0.11, np2 = 0.046); Delivery method (F(1, 56) = 0.146, p = 0.704, np2 = 0.003); Stress
x Delivery method (F(1, 56) = 3.711, p = 0.059, np2 = 0.062; n = 33 [VB], n = 35 [C-section]). C) State anxiety levels as measured using the State Trait Anxiety
Inventory (Stress (F(1, 67) = 35.48, p < 0.001, np2 = 0.35); Delivery method (F(1, 67) = 5.21, p = 0.026, np2 = 0.072); Stress x Delivery method (F(1, 67) = 0.59, p
=0.59, npz = 0.45; n = 38 [VB], n = 31 [C-section]); D) Trait anxiety levels as measured using the State Trait Anxiety Inventory (Stress(F1,68) = 6.372,p = 0.14, np2
= 0.086); (Delivery method (F(1, 68) = 6.638, p = 0.012, np2 = 0.089); Stress x Delivery method = (F(1,68) = 8.335, p = 0.005, npz =0.109;n =38 [VB], n = 31 [C-
section]); E) Exam Stress TNF-a, Stress: (F(1, 65) = 30.448, p < 0.001, np2 = 0.319), Delivery: F(1,65) = 4.513, p = 0.037, np2 = 0.065, Stress x Delivery: (F(1, 65) =
0.006, p = 0.936, np2 < 0.001); F) Exam Stress IL-6, Stress: (F(1, 64) = 0.434, p = 0.512, np2 = 0.007), Delivery: F(1,61) = 2.304, p = 0.134, np2 = 0.035, Stress x
Delivery: (F(1, 64) = 0.825, p = 0.367, np2 = 0.013); G) Exam stress IL-10, Stress: (F(1, 66) = 0.853, p = 0.359, = 0.013), Delivery: (F(1,66) = 6.044, p = 0.017, np2
= 0.084), Stress x Delivery: (F(1, 66) = 0.22, p = 0.884, np2 < 0.001); H) Exam Stress IL-1p,Stress: (F(1, 61) = 7.878, p = 0.007, np2 = 0.114), Delivery: F(1,61) =
2.934, p = 0.092, npz = 0.046, Stress x Delivery: (F(1, 61) = 0.57, p = 0.453, np2 = 0.009); I) Exam Stress IL-8, Stress: (F(1, 65) = 11.557, p = 0.001, np2 =0.151),
Delivery: F(1,65) = 0.027, p = 0.87, npz < 0.001, Stress x Delivery: (F(1, 65) = 0.25, p = 0.619, qu = 0.004).

3.4. Faecal 16S microbiome sequencing shows modest differences between
C-section and vaginally delivered participants by adulthood

With regard to the microbiome composition, beta-diversity was
assessed using unweighted UniFrac distances from the averaged rarefied
16S rRNA gene dataset determined that the microbiota data from C-
section delivered young adult participants did not separate from vagi-
nally delivered young adult participants (Fig. 4, Table 3). Likewise,
there were no differences in alpha diversity while a small number of
differences in relative phylum abundance in vaginally delivered and C-
section born adults (Fig. 4) were present. When we examined specific

differential abundance, we saw an increase in the phylum Verrucomi-
crobia in faeces from vaginally born participants, similarly at the family
level, Verrucomicrobiaceae was increased in the vaginally born group
while at the genus level, Akkermansia was significantly increased
compared to participants born by C-section (Table 4). There was no
significant correlation between any of the other parameters measured
and the modest relative abundance changes seen in Table 4.

4. Discussion

Mode of delivery at birth is a vital factor regulating the initial
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Fig. 3. No differences in cognition between participants, born either by C-section or naturally delivered, in young adulthood.

A) Visuospatial memory as measured by the Paired Associates Learning (PAL) test, Total Errors Adjusted (Adj) (Stress (F(1, 67) = 0.02, p = 0.89, np2 < 0.001);
Delivery method (F(1, 67) = 0.462, p = 0.499, '11:2 < 0.007); Stress x Delivery method (F(1, 67) = 0.076, p = 0.783, np2 =0.001; n = 37 [VB], n = 32 [C-section]). B)
Response inhibition as measured by the Stop Signal Task (SST), stop signal reaction time (SSRT; calculated for last 20 sub-blocks) (Stress (F(1, 67) = 1.44, p = 0.24,
np2 = 0.021); Delivery method (F(1, 67) = 0.494, p = 0.484, np2 = 0.007); Stress x Delivery method (F(1, 67) = 1.37, p = 0.25, npz =0.02;n =37 [VB],n =32 [C-
section]). C) Attentional Flexibility as measured by the Intra-Extra Dimensional Set Shift (IED), total errors made on stage 6 and 8 (Stress (F(1, 67) = 0.28, p = 0.598,
np2 = 0.004); Delivery method (F(1, 67) = 0.016, p = 0.9, np2 = 0.001); Stress x Delivery method (F(1, 67) = 1.82, p = 0.182, qu =0.026; n = 37 [VB], n = 32 [C-
section]). D) Reversal Learning as measured by the IED, total errors on stage 2, 5, 7 and 9 (Stress (F(1, 67) = 0.795, p = 0.376, r]p2 = 0.012); Delivery method (F(1,
67) = 0.009, p = 0.93, np2 = 0.001); Stress x Delivery method (F(1, 67) = 1.81, p = 0.183, npz = 0.026; n = 37 [VB], n = 32 [C-section]). Data are presented as mean

+ standard error of the mean (S.E.M.).

composition and subsequent assembly pattern of the gut microbiota in
infants (Brestoff and Artis, 2013; Makino et al., 2013). Alterations in the
normal colonisation of the gut microbial profile can lead to long-term
negative consequences for health, including increased risk for immune
and metabolic disorders (Brestoff and Artis, 2013). At the same time,
C-section rates are dramatically increasing across the developing and
developed world. The long-term consequences that this may have on
health, including brain health, remain poorly understood. Here, to our
knowledge for the first time, we report that the known negative out-
comes of C-section can include lasting changes in stress sensitivity,
demonstrated by increased psychological distress and anxiety in healthy
young males born by C-section.

We demonstrate that, by adulthood, any differences in early life gut
microbiota composition which could have occurred due to differing
birth modes (Dominguez-Bello et al., 2010; Fouhy et al., 2019; Shao
etal., 2019; Stewart et al., 2018) were not robustly evident in adulthood,
with modest changes in relative abundance. At the phylum level, there
was an increase in Verrucomicrobia in vaginally born participants,
similarly at the family level, Verrucomicrobiaceae was also increased in
the vaginally born group while at the genus level, Akkermansia was
significantly increased compared to participants born by C-section. This
supports the majority of previous work describing progression towards
normalisation of gut microbiota profile in C-section babies during early
life (Bokulich et al., 2016; Chu et al., 2017; Hill et al., 2017; Jakobsson
et al., 2014; Palmer et al., 2007), and differs from other work showing
long-lasting microbial effects of C-section in adulthood (Goedert et al.,

2014). Nonetheless, altered microbiome composition at critical periods
during early life, at a time during which the central nervous system is in
a state of rapid development, has been negatively implicated in a
number of behavioural changes in both animals (Cowan et al., 2020;
O’Mahony et al., 2017) and humans (Carlson et al., 2018; Christian
et al., 2015). It is interesting to note that while the alterations in mi-
crobial composition mostly stabilise in this young adult cohort, the
negative psychological effects of C-section endure. It is tempting to
postulate that interventions during the early critical periods could
reverse these potential C-section-induced changes in adulthood.

The data from these healthy human volunteers, although pre-
liminary, implies that mode of delivery at birth has an enduring effect on
host immune system and behavioural response to stress. Indeed, while
the microbiota of both groups is indistinguishable in adulthood, the
higher levels of IL-1p and IL-10 in C-section participants compared with
vaginally-delivered participants supports a dysregulation of immune-
brain signalling in regulating behaviour (Sternberg, 2006). Some early
gut bacteria colonizers (i.e. Bacteroides; Bifidobacteria and Lactoba-
cillus species) promote regulatory T cells Foxp3(+) regulatory T cells
(Tregs) and induce IL-10 production (Johansson et al., 2012; Round and
Mazmanian, 2010). Indeed C-section has been associated with a lower
production of T lymphocytes (Schlinzig et al., 2017). These early bac-
terial colonizers are important for the activation of regulatory B cells
that can drive IL-10 and IL1-p production (Rosser et al., 2014). The as-
sociation between the mode of delivery and the production of IL-10 and
IL1- B has been previously described in early life in humans
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Fig. 4. Similar microbiome compositions in participants, born either by C-section or naturally delivered, in young adulthood. Alpha diversity estimation in
Natural vs. Caesarean born patients. Chaol and Shannon indices are shown (Chaol p = 0.08, Shannon p = 0.36). The full dataset is tested, and the p-value refers to a
nonparametric test on the median. B) Principle Coordinates Analysis (PCoA) plots of beta diversity metrics Bray-Curtis. The first and second axes are shown with the
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Table 3

Beta-diversity statistics.
Beta-diversity metric R statistic Significance
Unweighted UniFrac —0.01752 0.758
Weighted UniFrac —0.01796 0.812
Bray-Curtis —0.01367 0.705

(Malamitsi-Puchner et al., 2005). Future work should examine if
mode-of-delivery can influence specific aspects of cellular immune
function in adulthood.

Measures of positive affect in the cohort born via C-section were
significantly lower throughout the acute stress procedure and these in-
dividuals reported greater psychological stress in response to the TSST.
Perhaps surprisingly, there is a dissociation between self-reported stress
measures and cortisol output in the TSST. However, there are a large
number of studies which have not reported any relationship between

self-reported stress and cortisol output [See (Campbell and Ehlert, 2012)
for review]. To probe this dysregulation in stress sensitivity we took
advantage of a naturalistic stressor, University examination stress, and
found that the anti-inflammatory cytokine IL-10 was significantly
elevated during the Exam-Stress period in C-section participants and
levels of TNF-a were increased. Individuals born by C-section also re-
ported significantly greater levels of trait anxiety and perceived stress
during the Exam Stress period but not during the Non-Stress period.
Given the importance of mode of delivery in microbiota composition
and subsequent immune and HPA axis priming, it is tempting to spec-
ulate that it may be causally related to the changes observed (Zijlmans
et al., 2015). However, the nature of the current study design does not
allow us to investigate factors that are responsible for such changes in
this cohort as they occurred >20 years prior to testing. Throughout life
the composition of the gut microbiome is further influenced by
numerous factors including diet (David et al., 2014; Sandhu et al.,
2017), exercise (Clarke et al., 2014; O’Sullivan et al., 2015), medication
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Table 4 Table 4 (continued)
Differentially abundance taxa between VB and CS groups in adults. Taxa Taxonomic VB s P
Taxa Taxonomic VB CS P- Level value
Level value 0.05[0.01;  0.03 [0.01;

Actinobacteria P 4.29 [2.95; 4.06 [2.52; 0.847 0.09] 0.08]

5.87] 6.64] Blautia g 5.58 [4.52; 6.10 [4.48; 0.793
Bacteroidetes P 13.7 [7.31; 15.7 [9.64; 0.448 9.30] 8.48]

19.7] 22.0] Butyricicoccus g 0.43 [0.31; 0.41 [0.28; 0.783
Firmicutes P 77.4 [71.5; 77.3 [72.1; 0.934 0.59] 0.66]

81.8] 82.9] Butyricimonas g 0.02 [0.00; 0.02 [0.00; 0.792
Proteobacteria P 0.30 [0.20; 0.33 [0.15; 0.815 0.04] 0.05]

0.61] 0.66] Clostridium_IV g 0.50 [0.23; 0.40 [0.26; 0.6
Verrucomicrobia P 0.62 0.02 0.027 1.42] 0.89]

[0.02;2.16] [0.00;0.33] Clostridium_sensu_stricto g 0.58 [0.21; 0.45 [0.11; 0.62
Actinomycetaceae f 0.01 [0.00; 0.01 [0.01; 0.098 1.13] 1.09]

0.01] 0.02] Clostridium_XI g 1.19 [0.63; 1.55 [0.61; 0.858
Bifidobacteriaceae f 2.73 [1.98; 2.71 [1.30; 0.945 2.43] 2.10]

3.70] 3.96] Clostridium_X1Va g 1.06 [0.77; 1.26 [0.92; 0.408
Coriobacteriaceae f 1.55 [0.87; 1.13 [0.83; 0.491 1.94] 1.67]

2.15] 2.28] Clostridium_X1Vb g 0.05 [0.02; 0.04 [0.01; 0.517
Bacteroidaceae f 5.45 [3.91; 9.19 [5.74; 0.092 0.17] 0.14]

11.0] 14.0] Clostridium_XVIII g 0.53 [0.18; 0.74 [0.27; 0.16
Porphyromonadaceae f 1.05 [0.52; 0.92 [0.53; 0.424 0.92] 1.24]

2.07] 1.46] Collinsella g 0.90 [0.63; 0.84 [0.50; 0.416
Prevotellaceae f 0.46 [0.01; 0.12 [0.01; 0.624 1.83] 1.62]

4.30] 1.82] Coprococcus g 3.32[1.20; 2.13 [1.07; 0.195
Rikenellaceae f 0.96 [0.52; 1.04 [0.37; 0.836 6.18] 3.76]

1.55] 1.86] Dialister g 1.98 [0.74; 0.64 [0.01; 0.067
Enterococcaceae f 0.01 [0.00; 0.01 [0.00; 0.195 4.11] 3.40]

0.03] 0.02] Dorea g 1.41 [0.81; 1.64 [0.94; 0.264
Lactobacillaceae f 0.01 [0.00; 0.01 [0.01; 0.689 1.96] 2.56]

0.09] 0.03] Eerthella g 0.00 [0.00; 0.00 [0.00; 0.814
Streptococcaceae f 0.34 [0.13; 0.37 [0.16; 0.526 0.02] 0.02]

0.66] 0.73] Enterococcus g 0.01 [0.01; 0.01 [0.00; 0.209
Clostridiaceae_1 f 0.57 [0.21; 0.44 [0.11; 0.629 0.03] 0.02]

1.12] 1.09] Escherichia.Shilla g 0.01 [0.00; 0.01 [0.00; 0.71
Eubacteriaceae f 0.01 [0.01; 0.02 [0.01; 0.572 0.06] 0.05]

0.02] 0.03] Eubacterium g 0.01 [0.01; 0.01 [0.01; 0.699
Lachnospiraceae f 32.1 [27.5; 33.3 [29.6; 0.424 0.02] 0.03]

42.0] 39.0] Faecalibacterium g 13.1 [9.81; 11.9 [7.84; 0.535
Peptostreptococcaceae f 1.19 [0.62; 1.54 [0.60; 0.879 16.0] 15.7]

2.39] 2.06] Flavonifractor g 0.03 [0.02; 0.02 [0.02; 0.61
Ruminococcaceae f 28.6 [24.7; 29.5 [23.7; 0.679 0.04] 0.10]

32.2] 34.8] Gemmir g 1.11 [0.57; 1.15 [0.64; 0.572
Erysipelotrichaceae f 1.07 [0.54; 1.67 [0.84; 0.356 1.78] 2.51]

2.52] 2.23] Gordonibacter g 0.01 [0.00; 0.01 [0.00; 0.571
Acidaminococcaceae f 0.07 [0.01; 0.47 [0.01; 0.244 0.03] 0.02]

1.15] 1.52] Haemophilus g 0.01 [0.00; 0.02 [0.00; 0.374
Veillonellaceae f 3.74 [1.38; 1.54 [0.18; 0.19 0.04] 0.06]

5.49] 5.44] Holdemania g 0.01 [0.01; 0.01 [0.01; 0.581
Sutterellaceae f 0.10 [0.02; 0.05 [0.01; 0.436 0.01] 0.02]

0.22] 0.18] Lachnospira g 0.23 [0.02; 0.24 [0.03; 0.836
Desulfovibrionaceae f 0.07 [0.03; 0.04 [0.02; 0.639 0.72] 1.12]

0.12] 0.15] Lactobacillus g 0.01 [0.00; 0.01 [0.01; 0.689
Enterobacteriaceae f 0.01 [0.00; 0.02 [0.01; 0.25 0.09] 0.03]

0.06] 0.09] Odoribacter g 0.07 [0.02; 0.06 [0.02; 0.783
Pasteurellaceae f 0.01 [0.00; 0.02 [0.00; 0.33 0.17] 0.16]

0.03] 0.07] Oscillibacter g 0.20 [0.09; 0.17 [0.08; 0.858
Verrucomicrobiaceae f 0.62 0.02 0.027 0.29] 0.39]

[0.02;2.16] [0.00;0.33] Parabacteroides g 0.59 [0.28; 0.41 [0.25; 0.491
Actinomyces g 0.01 [0.00; 0.01 [0.01; 0.136 0.84] 0.83]

0.02] 0.02] Parasutterella g 0.01 [0.00; 0.01 [0.00; 0.562
Akkermansia g 0.65 0.02 0.025 0.07] 0.02]

[0.02;2.18] [0.00;0.34] Phascolarctobacterium g 0.01 [0.00; 0.22 [0.00; 0.214
Alistipes g 0.96 [0.54; 1.06 [0.40; 0.858 0.55] 1.36]

1.56] 1.89] Prevotella g 0.07 [0.00; 0.01 [0.00; 0.276
Anaerostipes g 1.26 [0.58; 1.14 [0.59; 0.689 4.29] 1.71]

1.59] 2.03] Roseburia g 7.48 [6.28; 10.4 [5.73; 0.639
Asaccharobacter g 0.10 [0.04; 0.05 [0.02; 0.209 13.2] 12.3]

0.17] 0.13] Ruminococcus g 4.59 [3.23; 5.35 [1.66; 0.526
Bacteroides g 5.90 [4.00; 9.67 [6.02; 0.098 6.60] 7.42]

11.0] 15.6] Ruminococcus2 g 1.16 [0.93; 1.23 [0.72; 0.783
Barnesiella g 0.23 [0.12; 0.23 [0.15; 0.684 1.81] 1.87]

0.69] 0.48] Streptococcus g 0.34 [0.12; 0.37 [0.14; 0.699
Bifidobacterium g 2.75 [1.99; 2.85 [1.31; 0.912 0.68] 0.65]

3.76] 3.99] Sutterella g 0.01 [0.00; 0.02 [0.00; 0.78
Bilophila g 0.535 0.15] 0.11]

Turicibacter g 0.416

(continued on next page)
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Table 4 (continued)

Taxa Taxonomic VB Cs P-
Level value
0.04 [0.01; 0.08 [0.01;
0.14] 0.20]
Veillonella g 0.04 [0.01; 0.06 [0.01; 0.62
0.12] 0.19]

Relative abundance data (Median [1st Quartile; 3rd Quartile] at phylum (p),
family (f) and genus (g) level, as tested with a Mann-Whitney U test. The p-
values are correct for multiple testing at a defined false discovery. Significant
effects (p < 0.05) are given in bold. Vaginal birth = VB; C-section = CS.

usage (Falony et al., 2016; Zhernakova et al., 2016), and geography (De
Filippo et al., 2010; Vujkovic-Cvijin et al., 2020). Although the partici-
pants did not significantly differ with regard to these factors during the
study, they still are potential confounds to any causal relationship.
Furthermore, the participants did not differ significantly with regard to
self-reported early life or recent life stressors (data not shown). Future
cohort studies, which have temporal microbiota analysis coupled with
different mode of delivery stratifications, across the lifespan, are now
warranted to investigate mechanisms. Such studies should take into
account the rationale underpinning the C-section (e.g. complicated
pregnancy) and could also include prenatal maternal stress measures
which are known to affect microbiome composition and offspring stress
responses (Jasarevic et al., 2015a, 2015b). Moreover, the role of sex,
birth-order and season of testing should be explored in future studies.
Until recently there has been limited epidemiological data examining
behavioural and psychiatric outcomes in individuals born by C-section.
Indeed, where associations have been made in autism and psychosis they
disappear when familial confounding is taken into place (Curran et al.,
2015; O’Neill et al., 2016). However, associations between mode of
delivery and attention deficit disorder (Curran et al., 2016) and school
performance in Swedish adolescents (Curran et al., 2017), and numeracy
skills in childhood (Polidano et al., 2017) have been described, however,
direct measures of stress and cognitive performance in adulthood have
not been investigated to date. Thus, our human data are to our knowl-
edge the first attempt at stratification of stress response by mode of
delivery. Longitudinal studies are required to determine if the alter-
ations in stress responses seen in C-section delivered adults result in
vulnerability to stress-related disorders such as depression.

Together these findings raise significant concerns regarding the
increased use of C-section deliveries because of likely consequential
stress effects. We postulate that the gut microbiome has a role in
mediating such effects. However, it is clear that C-section may modify
other physiological changes, such as stress and immune priming, during
the birthing process that may also contribute to the phenotype (Golu-
beva et al., 2015; Jasarevic et al., 2015b, 2018; Lagercrantz and Slotkin,
1986; Zijlmans et al., 2015). Finally, since C-section deliveries when
medically indicated are unavoidable lifesaving interventions, our data
point to the importance of developing strategies to counteract the
long-term negative consequences of C-section (Tribe et al., 2018) on
stress responsivity later in life.

5. Strengths and limitations

The strengths of this study include the interdisciplinary analyses
undertaken on the sample set, including psychological, cognitive, gut
microbial, endocrine, and immune markers. This allowed for a thorough
investigation of the potential enduring effects of C-section on multiple
aspects of stress and anxiety in the young adults. Furthermore, use of a
naturalistic stressor allowed within-subject analysis of stress outcomes
during both times of high and low stress. Limitations of the study include
the use of a male cohort only, in addition to the high percentage of
Caucasian participants, and a relatively young population, therefore
limiting the generalisability of our findings. Future studies should focus
on females and the role that mode-of-delivery plays in the stress
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response. An assessment of sleep quality along with a more rigorous
profiling of peripheral immune status would have also strengthened our
conclusions. Furthermore, reasons for the C-section procedure were not
determined. Future studies should include female participants, as well as
a wider age-range as well as a more racially and ethnically diverse
population.

6. Conclusion

Major differences in gut microbial profile found between infants
born by C-section versus those vaginally delivered are not found to the
same extent in a young adult population. However, an enduring impact
of birth by C-section on psychological measures in young adulthood was
observed. This has significant implications for stress-related disorders
and warrants consideration of early intervention strategies to prevent
the impact of c-section delivery on the developing gut microbiota from
manifesting as psychological vulnerability to stress exposures.
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