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Disrupted metabolic signatures in
amniotic fluid associated with
increased risk of intestinal
inflammation in cesarean
section offspring

Yongjie Liu1, Jun Zhang1* and Liping Feng1,2*

1Ministry of Education and Shanghai Key Laboratory of Children’s Environmental Health, Xinhua
Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China, 2Department of
Obstetrics and Gynecology, Duke University School of Medicine, Durham, NC, United States
Introduction: Children born by cesarean section (CS) are at a greater risk of

inflammatory bowel disease (IBD). However, the mechanisms underlying the

association are not yet well understood. Herein, we investigated the impact of CS

delivery on colonic inflammation and mechanisms underlying these effects in offspring.

Methods: CS mice model and dextran sulfate sodium (DSS)-induced colitis model

were constructed and used to analyze the impact of CS on the development of

colitis. Colonic tight junction markers and epithelium differentiation markers were

analyzed by quantitative real-time polymerase chain reaction (qRT-PCR). Levels of

zonulin in serum were detected by enzyme-linked immunosorbent assay (ELISA).

Immune cells in colon were analyzed by flow cytometry. Metabolic profiling

between human vaginal delivery (VD) and CS AF were analyzed by using mass

spectrometry. Transcriptome changes between VD AF- and CS AF-treated human

intestine epithelial cells were analyzed by RNA-sequencing. A multi-omics

approach that integrated transcriptomics with metabolomics to identify the

pathways underlying colonic inflammation associated with delivery modes.

Then, the identified pathways were confirmed by immunoblotting and ELISA.

Results: Mice pups delivered by CS exhibited a defective intestinal homeostasis

manifested by decreased expression of tight junction markers of ZO-1 and

Occludin in the colons, increased levels of zonulin in serum and dysregulated

expression of intestinal epithelium differentiation markers of Lysozyme, Mucin2,

and Dipeptidyl peptidase-4. CS pups were more susceptible to DSS-induced colitis

compared to VD pups. The proportion of macrophage, dendritic cells (DCs), and

natural killer cells (NKs) in the colons were altered in an age-dependent manner

compared with pups born naturally. Themetabolites in AF differed between CS and

VD cases, and the CS AF-induced differentially expressed genes (DEGs) were

significantly enriched in pathways underlying IBD. Signal transducer and activator

of transcription 3 (STAT3) signaling was downregulated in NCM460 intestinal

epithelial cells by CS AF compared to VD AF and in colon of CS pups compared

to VD pups. Deficiency inmetabolites like vitamin D2 glucosiduronate in CS AFmay

attribute to the risk of inflammatory intestine through STAT3 signaling.
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Conclusion:Our study provides a novel insight into the underlying mechanisms of

CS-associated intestinal inflammation and potential prevention strategies.
KEYWORDS

cesarean section, vaginal delivery, amniotic fluid, multi-omics, intestinal inflammation
Introduction

Cesarean section (CS) may be a lifesaving surgical intervention for

an infant or mother who is at significant risk during childbirth. CS

rates are increasing globally (1), and an overall hospital-based CS rate

in China was 41.1% in 2016 (2, 3). Notably, the large increases in CS

use often result from non-medical indications. Epidemiological

studies have suggested that children born by CS are at greater risk

of developing chronic inflammatory diseases, including inflammatory

bowel disease (IBD), which comprises ulcerative colitis (UC) and

Crohn’s disease (CD) (4). In a national cohort of Danes, researchers

found that individuals born by CS were at an overall 14% increased

risk of developing IBD before age 36 years compared with vaginally

delivered peers, a risk increase that was most pronounced (29%) in

children aged less than 15 years (4). A register-based cohort study in

Australia reported that elective CS was significantly associated with

increased risk of CD before age 16 (5). A meta-analysis of pooled data

also indicates that CS is a risk factor for CD (6). However, there are

major challenges in demonstrating causality considering the

confounding factors, such as maternal health status, use of

antibiotics, and formula feeding. Additionally, the mechanisms

underlying the association are not yet well understood. It is

imperative to investigate the mechanisms by which CS leads to an

increased risk of intestinal inflammatory disease because it may

facilitate the development of prophylactic strategies.

Evidence is emerging that intrauterine exposures have far-reaching

effects on the lifelong health of infants, and the birth process and

intrapartum interventions can also affect normal physiological or

pathophysiological development (7). A greater risk of impaired

immune responses has been significantly associated with CS birth in

humans (8, 9). Previous animal studies have demonstrated that the fetal

intestine is a potential site for the initiation of immune activation due to

the existence of organized intestinal lymphoid structures (10–13). During

fetal development, amniotic fluid (AF) is in direct contact with the

gastrointestinal tract, whose components are in continuously change with

increasing gestational age (14). A CS birth is absent in marked hormonal

changes, regular contractions, and mechanical stimuli, compared to a

vaginal delivery (VD) (7, 15), and these extraordinary events shift the

composition of AF. However, the role of AF in the development of

intestinal mucosa inflammation in CS infants is not clear.

The aim of this study was to investigate the impact of CS delivery on

colonic inflammation and mechanisms underlying these effects in

offspring. CS mice model and dextran sulfate sodium (DSS)-induced

colitis model were constructed and used to investigate the causality of CS
02
on colitis. Intestinal homeostasis was assessed by detecting the gut

permeability, intestinal epithelium differentiation markers, and

alteration of immune cells in colons of mice delivered by CS compared

to VD. Metabolic profiling, the measurement of the complement of low-

molecular-weight metabolites and their intermediates that reflects the

dynamic response to physiological stimuli (such as labor) enables us to

identify biomarkers and potential intervention strategies. We

characterized the differential metabolic profiles of AF collected from

women who had VD or CS using gas chromatography- and liquid

chromatography-tandemmass spectrometry (GC- and LC-MS/MS), and

then performed transcriptome analysis to compare gene expression

between human intestine epithelial cells treated with these VD or CS

AF samples. Finally, a multi-omics approach integrating transcriptomics

and metabolomics to identify the underlying pathways involved in

intestinal inflammation dictated by birth delivery modes.
Materials and methods

CS mice and DSS colitis model

Eight-week-old C57BL/6 mice were purchased from the Shanghai

Slac Laboratory, maintained under a 12-hour light cycle and fed

autoclaved chow to acclimate for 1 week. Adult female mice were

cohabited with male mice at 2:1 ratio, and separated into foster, CS

(n=6) and VD (n=6) dams. On gestational day E19, CS was

performed, and litters were transferred to a foster mom within

30 min. VD litters were also fed by a foster mom at day 0. Pups of

foster mom were removed from the cages before foster pups were

added. The survivability of the fostered pups was recorded for each

litter. One pup was collected randomly from each of the CS and VD

litters at day 10, day 20, and day 30, respectively. Then colon tissues

were collected for preparing the single-cell suspensions and total

RNA extraction.

To establish the DSS-induced colitis model, eight-week-old CS

and VD mice were treated with 2.5% (w/v) DSS (M.W. = 36,000-

50,000 Da; MP Biomedicals) in their drinking water for seven days

followed by regular access to water. Body weight, diarrhea, and other

changes in feces of mice were recorded every day, and disease activity

index (DAI) scores were calculated as described in Supplementary

Table S1. All animal care and experimental protocols performed were

approved by the Institutional Animal Care and Use Committee

(IACUC) of Xinhua Hospital Affiliated to Shanghai Jiao Tong

University School of Medicine.
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Human amniotic fluid and cord
blood collection

Women with healthy pregnancies were included as study

participants. AF samples were collected from seven non-indicative

prelabor CS by maternal request and seven VD mothers with an

uncomplicated singleton pregnancy. AF was centrifuged at 350×g, and

the supernatant was immediately stored at -80°C until use. Briefly, an

abdominal fenistil incision was made by an obstetrician through the

abdominal and uterine muscles without cutting into the amnion

membrane. A blunt end insertion with a catheter was made into the

amnion membrane, and the CS AF was aseptically suctioned into a

MediVac Container. VD AF was collected from expectant mothers with

regular contractions and cervical dilation (≥ 3cm) using a sterile catheter

after rupture of membranes. There were no visible blood or meconium

contaminations in the AF samples. Umbilical cord blood samples of VD

and CS subjects were collected, centrifuged for serum, and stored at -80 °

C for future use. The general characteristics of the study participants are

presented in Supplementary Table S2. Pregnant women with symptoms

or clinical evidence of chronic hypertension, diabetes, chronic renal

disease, human immunodeficiency virus infection or other sexually

transmitted infections were excluded. The studies were approved by

the Ethics Committees of Xinhua Hospital Affiliated to Shanghai Jiao

Tong University School of Medicine (XHEC-C-2015-036). A written

informed consent was received from participants prior to the inclusion

in study.
Metabolic profiling analyses of AF samples

AF samples collected from seven CS and seven VD mothers were

subjected to GC- and LC-MS/MS analyses as described previously (16,

17). The acquired raw data were analyzed by the Progenesis QI software

(Waters Corporation, Milford, USA) using the following parameters:

precursor tolerance at 5ppm, fragment tolerance at 10ppm, and product

ion threshold at 5%. Metabolites were identified based on public

databases such as the Human Metabolome Database (HMDB),

Lipidmaps (v2.3), and METLIN. Principle component analysis (PCA)

and (orthogonal) partial least-squares-discriminant analysis (OPLS-DA)

models were carried out to visualize the metabolic alterations among

experimental groups. A permutation test (n=200) was performed to

validate the model and avoid over fitting. Hierarchical cluster analysis

(HCA) was applied on Pearson distances using PermutMatrix (18).

Differentially expressed metabolites (DEMs) contributing to the

separation were identified using variable importance in the projection

(VIP) values obtained from the OPLS-DA model and p values from a

two-tailed Student’s t-test on the normalized peak areas from different

groups, where metabolites with VIP > 1.0, Fold Change >2, and p < 0.05

were considered as differential metabolites.
Cell culture and treatment

Human colon mucosal epithelial cell line NCM460 was a kind gift

from professor Fuping You at the Department of Immunology,

Peking University Health Science Center. Cells were cultured in
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RPMI 1640 medium supplemented with 10% (v/v) fetal bovine

serum and 100 units penicillin/streptomycin (Gibco, USA) at 37°C

with 5% CO2 atmosphere in a humidified incubator. Cells were

negative for mycoplasma. After sterile filtration with using a 0.22

mm filter (Millipore), AF samples were added to the cell culture

medium to the final 10% (v/v) concentration. Three AF samples were

selected randomly from each group (VD and CS) and used for

NCM460 cell treatment. After treatment with AF for 48h, cells were

collected and used for further experiments. All experiments were

carried out in duplicate.
RNA extraction and library construction

After treatment with AF samples for 48 h, NCM460 cells were

collected for transcriptomic analysis. After washing with sterile PBS,

1mL TRIzol regent (Invitrogen, USA) was added to the cells for total

RNA extraction (Ambion, USA). RNA integrity was evaluated using

the Agilent 4200 TapeStation (Agilent Technologies, USA). All

samples in this study had an RNA Integrity Number (RIN) ≥ 9.6.

For library construction, ribosomal RNA was removed and poly (A) +

mRNA was purified with magnetic Oligo-dT beads (Invitrogen,

USA). The purified mRNA was fragmented (200bp-300bp) using

divalent cations under elevated temperature. These short fragments

were copied into the first-strand cDNA using random hexamer

primers and M-MuLV reverse transcriptase (Invitrogen, USA).

Second-strand cDNA was synthesized by adding DNA Polymerase

I and RNase H. The products were then enriched by PCR

amplification for 15 cycles and separated by AMPure XP beads

(BECKMAN COULTER, USA). The amplicons sized of 300~400

bps were collected and purified. The six constructed cDNA libraries

(three VD-treated and three CS-treated) were sequenced using the

Illumina HiSeqTM 2500 platform (OEbiotech Co., Ltd.,

Shanghai, China).
RNA-seq data analysis

Trimmomatic (19) was used for cleaning the raw reads, including

the removal of adapter sequences (cutadapt v1.2.1) and low-quality

sequences (reads with ≥ 5% undetermined base pairs, denoted as ‘N’).

The high-quality reads were mapped to GRCh37/hg19 using HISAT2

(Hierarchical Indexing for Spliced Alignment of Transcripts) (20).

Count files of the sequencing reads were generated by the HTSeq-

count script (21). After combining all read counts from each sequenced

sample into a count file, differentially expressed genes (DEGs) analysis

was carried out using DESeq2 packages (version 1.23.3) following

standard normalization procedures (22). Genes with less than five

total counts were removed and not used in subsequent analyses. In this

study, adjusted P value < 0.05 and Fold Change >2 were set as the

threshold for significant differential expression. HCA of DEGs was

performed to explore transcripts expression patterns. Gene Ontology

(GO) enrichment and Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway enrichment analysis of DEGs were performed using

R packages based on the hypergeometric distribution.
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Quantitative real-time polymerase
chain reaction

Total RNA was isolated from cells using TRIzol reagent

(Invitrogen, USA), and 1mg of total RNA was used for cDNA

synthesis with PrimeScript™ RT reagent Kit with gDNA Eraser

(Takara, Japan). Next, qRT-PCR was performed to confirm DEGs

with GAPDH as the reference gene. Amplification of specific

transcripts was confirmed by melting curve profiles at the end of

each PCR cycle. The relative value to controls was determined by the

2-DDCT method (23). The primer sequences are listed in

Supplementary Table S3.
Flow cytometry

Fresh colon tissues of CS and VD mice was isolated and rinsed in

cold PBS. The tissue was opened longitudinally and sliced into small

fragments (~0.5cm in length). The tissue was incubated in PBS (with

5mM EDTA, 2mM DTT and 0.2% BSA) and then shaken vigorously

for 20 min at 37°C. The tissue was then washed with fresh EDTA-PBS

for three times. After washing, tissues were incubated in RPMI1640

supplemented with 0.5mg/mL each of neutral protease, collagenase

and DNase l with vigorously sharking at 37°C for 1h. The single cell

suspension was then passed through a 40mm filter and centrifuged at

300×g for 10min. Cell plates were resuspended in cold PBS and

stained with fluorochrome-conjugated anti-mouse antibodies

(Biolegend, San Diego, CA, USA) against macrophage (CD11b, F4/

80), dendritic cells (DCs) (CD11c, MHC II), and NK cells (CD3,

NK1.1) (Supplementary Table S4).
Immunofluorescence staining

Colon tissues from VD and CS pups were fixed with 4%

paraformaldehyde and embedded in paraffin, and cut into 3-mm
sections. Vector Antigen Unmasking Solutions (VECTOR

LABORATORIES) were used for antigen retrieval. Slides were

permeabilized with 0.5% Triton X-100 for 1 h at room temperature

and then incubated at 4°C for 16 h with primary antibodies

(Supplementary Table S4) at 2mg/mL followed by incubation with

a secondary antibody at 37°C for 2 h. Sections were counterstained

with 4,6-diamidino-2-phenylindole (DAPI) for nuclear staining.

Images were captured using a Pannoramic MIDI digital scanner

(3D HISTECH).
Gut permeability detection in CS mice

Blood samples of CS and VD pups were collected and centrifuged

for serum collection. The zonulin concentration in serum of CS and

VD pups was determined by an enzyme-linked immunosorbent assay

(ELISA) kit (DY4409-05, R&D Systems) using the double antibody

sandwich ABC-ELISA method. All tests were carried out in duplicates

in a blinded manner.
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Immunoblotting analyses

Immunoblotting was carried out by standard procedures. Briefly,

protein samples were extracted by using RIPA lysis with protease

inhibitor cocktail and concentrations were determined using a BCA

Protein Assay kit (EpiZyme, China). Then protein samples eluted

with SDS-PAGE sample loading buffer were boiled at 100°C for 5min

and then loaded to gels. After electrophoresis, proteins were

transferred to a 0.22-mm PVDF membrane (Millipore). The

membrane was blocked with 5% skim milk powder (Merck) in

TBST. After incubation with the following primary antibodies: anti-

Occludin (sc-133256, Santa Cruz), anti-ZO1 (sc-33725), anti-Stat3

(sc-8019), anti-p-Stat3 (sc-8059), and anti-b-Actin (sc-47778) at a

recommend dilution overnight at 4°C, and with m-IgGk BP-HRP

antibodies (sc-516102) for 2h at room temperature, the membranes

were detected by enhanced chemiluminescence.
Cytokines quantification

AF samples were centrifuged at 350×g and passed through a 0.22-

mm filter (Millipore). Serum samples were collected by centrifugation

from cord blood of CS and VD subjects. The levels of IL-6 in AF, and

IL-10 and tumor necrosis factor-a (TNF-a) in serum of CS (n=7) and

VD (n=7) subjects were measured according to a commercial ELISA

kit (R&D Systems, USA).
Statistical analysis

Statistical analyses and graphs were carried out using Prism 8

software (GraphPad Software). For all bar graphs, data were expressed

as means ± standard error of mean (SEM). A two-tail student’s t-test

was performed to analyze the differential in metabolites abundance,

mRNA expression, and cell proportion between the VD and CS

groups. P < 0.05 was considered statistically significant, and the p-

value was adjusted by the Benjamini-Hochberg (BH) FDR correction.
Results

Pups delivered by CS had lower body
weight, shortened colons, and dysregulated
expression of intestinal epithelium
differentiation genes

After CS surgery, both CS pups and VD pups were transferred to a

foster mom. There was no significant difference in litter size

(Figure 1A) and the survivability of the fostered pups (Figure 1B)

between the CS group and the VD group. The characteristics of CS

and VD pups including body weight and sex were listed in

Supplementary Table S5. No differences in birth weight (p=0.26)

were found between pups delivered by CS vs. VD. The body weight of

CS pups at day 20 was significantly lower than that of VD pups

(p=0.002, Figure 1C). After adjusting for sex, there was still a
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significant difference of body weight between CS pups and VD pups at

day 20 (b=2.46 (1.68-3.24), p=0.0002, Supplementary Table S6).

Although a similar trend was also observed, no significances were

found at day 10 (p=0.06) and day 30 (p=0.06) after birth (Figure 1C).

CS pups had shorter colons compared with VD-delivered pups at day

20 and day 30 after birth, and no significances were found at day 10

(Figure 1D). Moreover, RT-qPCR results demonstrated that the gene

expression of intestinal secretory cell markers, Lysozyme (Lyz1,

Figure 1E) and Mucin2 (Muc2, Figure 1F) were significantly

decreased in colon of CS-delivered pups compared with VD pups

at day 20. While intestinal absorptive cell maker, Dipeptidyl peptidase-

4 (Dpp4, Figure 1H) was markedly increased in colons of CS pups at
Frontiers in Immunology 05
day 20, but was decreased at day 30 compared to VD pups. No

differences were found for Chromogranin-A (ChgA, Figure 1G) and

Villin (Figure 1I).
Pups delivered by CS exhibited a defective
epithelial barrier and an increased
susceptibility to DSS-induced colitis

RT-qPCR results showed that the gene expression of gut integrity

biomarkers, tight junction protein 1 (ZO-1) and Occludin, was

significantly downregulated in the colon of CS-delivered pups
B C

D

E F G

H
I

A

FIGURE 1

Body weight, the length of colons, and expression of intestinal epithelium differentiation genes in a murine model. Litter size (A) and the survivability of
the fostered pups (B) between the cesarean section (CS) group (n = 6) and the vaginal delivery (VD) group (n = 6). (C), body weight between pups
delivered by CS (n = 6) and VD (n = 6) at day 0, day 10, day 20, and day 30 after birth. (D), Colon length for CS-delivered (n = 6) compared with VD (n =
6) pups at day 10, day 20, and day 30 after birth. Relative mRNA expression of intestinal epithelium differentiation biomarkers, Lysozyme (Lyz1, E), Mucin2
(Muc2, F), Chromogranin-A (ChgA, G), Dipeptidyl peptidase-4 (Dpp4, H), and Villin (I) in colons of CS delivered pups (n = 6) compared with VD pups (n =
6). Significance was calculated with a two-tail student’s t test. Error bars represent SEM. *p < 0.05, **p < 0.01, ns indicates no significance.
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compared with VD pups at day 10 and day 20 (Figures 2A, B). The

concentration of the gut permeability biomarker zonulin, was notably

increased in the serum of CS pups in comparison with VD pups at day

20 (Figure 2C), and also showed an increase trend at day 10 (p=0.06).

Moreover, ZO-1 and Occludin were also down-regulated in CS AF-

treated NCM460 cells (Figure 2D). An aggravated features of DSS-

induced colitis were present in CS pups, including increased weight

loss (Figure 2E), disease activity index (DAI) scores (calculated by

body weight decreases + stool consistency + rectal bleeding)

(Figure 2F), mucosal damage, and crypt destruction (Figure 2G), as

well as a decreased colon length compared to VD pups (Figure 2H).
The proportions of immune cells were
altered in colon of pups delivered by CS

A higher proportion of macrophage (Figure 3A), DCs (Figure 3B),

and NK cells (Figure 3C) were present in colon in CS pups compared

with VD pups at day 10 (p=0.02, p=0.01, p=0.004, respectively).

Higher levels of DC cells (p=0.01), but not macrophage (p=0.06)

and NK cells (p=0.06), were seen in CS pups vs VD pups at day 20. At

day 30, lower levels of macrophage (p=0.005), DCs (p=0.03), and NK

cells (p=0.009) were observed in CS pups compared with VD pups.

Moreover, IF staining further demonstrated the changes of quantities
Frontiers in Immunology 06
of macrophage, DCs, and NK cells in colons of CS mice compared

with VD mice at day 30 (Supplementary Figure S1). These results

suggest that CS is associated with an increased susceptibility to

immune cells-mediated colonic inflammation.
AF metabolites profile differed significantly
in CS and VD

Both GC-MS/MS and LC-MS/MS were performed to analyze the

AF metabolic profiles between VD and CS subjects. The quality

control (QC) samples in the PCA score plot overlapped, which

indicates that samples behaved stably for the duration of the run.

Using PCA and OPLS-DA, we found that the CS group was clearly

distinct from VD group, demonstrating that metabolic disturbances

exist between the two groups (Figures 4A, B, D, E). Based on the

differential screening strategy, 62 differential metabolites were found

in the CS AF compared with the VD AF by GC-MS/MS (Figure 4C),

and 200 differential metabolites were identified by using the LC-MS/

MS method (Figure 4F). The HCA of the metabolites that differed

between the CS and VD subjects revealed three large clusters: (i)

glycerophosphplipids, (ii) sterol lipids and prenol lipids, and (iii) fatty

acyls, all of which were in lower abundance in CS AF than in VD AF

(Figure 4G). The KEGG pathway enrichment analyses showed that
B C

D E F

G
H

A

FIGURE 2

Pups delivered by CS exhibited a defective epithelial barrier and an increased susceptibility to DSS-induced colitis. Relative mRNA expression of tight
junction protein 1 (ZO-1, (A) and Occludin (B) in colons of CS delivered pups compared with VD pups. (C), Concentrations of zonulin were quantified by
ELISA in serum of VD (n = 6) and CS (n = 6) pups at day 10 and day 20. (D), Protein expression of ZO-1 and Occludin in CS amniotic fluid (AF)-treated
NCM460 cells. (E) Weight loss compared to day 0 after administration of DSS in VD (n = 5) or CS (n = 5) pups for 7 days. (F) Disease activity index (DAI)
scores for mice in VD and CS groups. (G) Representative H&E-stained colon sections of VD and CS mice after administration of DSS. (H) Representative
images of colons of VD and CS mice after administration of DSS. Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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these differentially presented metabolites were related to 1)

biosynthesis of amino acids (L-aspartic acid, L-glutamic acid,

s e r ine , c i t r i c a c id , c i t ru l l i ne , and L- i so l euc ine ) ; 2 )

glycerophospholipid metabolism (PC, PE, and 2,3-Bis-O-

(geranylgeranyl)glycerol 1-phosphate); 3) carbon metabolism (L-

aspartic acid, L-glutamic acid, serine and citric acid); and 4) fatty

acid degradation (Lauroyl-CoA, and trans,cis-Lauro-2,6-dienoyl-

CoA) et al. (Figure 4H). Specifically, the metabolites with higher

VIP values, such as PG, PI, PS, and Vitamin D2 glucosiduronate were

at significantly higher levels in VD AF compared to CS AF sample

(Figure 4I). Taken together, our data demonstrated that CS has a

unique AF metabolome, suggesting that certain metabolites may be

associated with fetal or infant intestinal development, as fetuses

swallow AF constantly.
Frontiers in Immunology 07
Differentially expressed genes were
identified in human intestinal mucosal
epithelial cells treated by CS AF

Transcriptomic analysis was performed to investigate the effect of

AF samples on intestinal mucosal epithelial cells. A heatmap was used

to analyze the correlation between the treatment groups and

biological replicates, with the correlation increasing as the value

approaches 1.00. As shown in Figures 5A, B, there were significant

differences between the VD-treated and CS-treated cells, and the

grouping is clear. The volcano maps were drawn to intuitively

represent the differential gene distribution between the VD- and

CS-treatment groups. According to the cut-off values (Fold Change ≥

2, FDR < 0.05), there were 2,516 DEGs between VD and CS treated
B

C

A

FIGURE 3

Cesarean section altered the proportions of intestinal immune cells in mice offspring. (A), Representative flow cytometric analysis of macrophage from
lymphocyte of colons from CS and VD pups at day 10, day 20, and day 30 after birth (n = 6). (B), Representative flow cytometric analysis of dendritic
cells from lymphocyte of colons from CS and VD pups at day 10, day 20, and day 30 after birth (n = 6). (C), Representative flow cytometric analysis of NK
cells from lymphocyte of colons from CS and VD pups at day 10, day 20, and day 30 after birth (n = 6). Significance calculated with a two-tail student’s t
test. Error bars represent SEM. *p < 0.05, **p < 0.01.
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cells, of which 1,275 were upregulated and 1,241 were downregulated

(Figure 5C). KEGG classification analysis indicated that 252 (26.06%)

DEGs were associated with signal transduction, 205 (21.2%) DEGs

were associated with infectious diseases, and 155 (16.03%) DEGs were

associated with the immune system (Figure 5D). The genes with a

great fold change including complement C3 (C3), intercellular

adhesion molecule 5 (ICAM5), CD68 molecule (CD68),

prostaglandin-endoperoxide synthase 1 (PTGS1), hypoxia inducible

factor 1 subunit alpha (HIF-1A), G-coupled protein receptor 1

(GPR1), RAS guanyl releasing protein 1 (RASGRP1), and
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dehydrogenase/reductase 2 (DHRS2) were confirmed by RT-

qPCR (Figure 5E).
Pathways underlying IBD were significantly
enriched in CS AF-treated human intestinal
mucosal epithelial cells

The imminent development of Crohn’s disease is associated with

changes in the complement cascade, lysosomes, innate immune
B C

D E
F

G
H

I

A

FIGURE 4

Metabolomics analysis for AF metabolites profiles in CS women compared with VD women. PCA (A) and OPLS-DA (B) score plots for differentiating the
metabolites in each group by GC-MS/MS. (C), Volcano plot showing the differentially accumulated metabolites in the CS AF (n = 7) and VD AF (n = 7) by
GC-MS/MS. PCA (D) and OPLS-DA (E) score plots for differentiating the metabolites in each group by LC-MS/MS. (F), Volcano plot showing the
differentially accumulated metabolites in the CS AF and VD AF by LC-MS/MS. (G), Hierarchical clustering analysis (HCA) of the metabolites that differed
between the CS (n = 7) and VD (n = 7) subjects. (H), Enriched KEGG pathways in CS AF group compared with VD AF group. (I), Abundance comparisons
of metabolites between CS AF group and VD AF group. Error bars represent SEM. **p < 0.01, ***p < 0.001.
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response, and glycosaminoglycan metabolism. In this study, KEGG

pathway enrichment analysis demonstrated that the lysosome,

glycosaminoglycan degradation, and complement and coagulation

cascades were significantly enriched by DEGs (Figure 6A). Lysosome,

as well as complement and coagulation cascades pathways were also

identified by gene set enrichment analysis (GSEA) (Figure 6B).
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Moreover, other IBD-related pathways like parathyroid hormone

synthesis, secretion and action, melanogenesis, vitamin digestion

and absorption, and pentose phosphate pathway were significantly

enriched in CS AF-treated intestinal mucosal epithelial cells

(Figure 6C). Validation on the relative expression levels of key

genes related to these pathways was performed by qRT-PCR
B

C

D

E

A

FIGURE 5

Transcriptome analyses of human intestinal epithelial NCM460 cells after CS AF stimuli. (A), Correlation heatmap analysis between CS AF-treated cells (n
= 3) and VD AF-treated cells (n = 3). (B), PCA score plots for differentiating the genes in each group. (C), Volcano plot showing the differentially
expressed genes (DEGs) in the CS AF-treated group (n = 3) and VD AF-treated cells (n = 3). Red dots represent the DEGs up-regulated in the CS AF-
treated cells, and green dots represent the DEGs down-regulated in the CS AF-treated cells. (D), KEGG classification analysis of DEGs. (E), Validation of
DEGs between CS AF-treated group (n = 3) and VD AF-treated group (n = 3) using RT-qPCR. The change in fold-expression was calculated by the 2-
ΔΔCT method using GAPDH as a reference gene. Error bars represent SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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(Figure 6D). Furthermore, a correlation-based joint analysis between

the representative DEMs and DEGs was conducted. Positive

correlations were observed between IBD relevant metabolites

(Lauroyl-CoA, PG, PI, PS, and Vitamin D2 glucosiduronate et al.)

and DEGs (mitogen-activated protein kinase 3 (MAPK3),

hyaluronidase 3 (HYAL3), frizzled class receptor 6 (FZD6), E1A

binding protein p300 (EP300), complement C1s (C1S), CD63, and

CD68 et al) (Figure 6E). These results indicate that the differential

metabolic profiles in CS AF might contribute to the development of

IBD in offspring.
Frontiers in Immunology 10
CS abrogated IL-6 signaling through
inhibition of both STAT3 protein and STAT3
phosphorylation

Genes differentially expressed by CS AF indicated that STAT3 was

significantly downregulated in CS AF treated NCM460 intestinal

epithelial cells (Figure 7A). Immunoblotting confirmed the

downregulation of STAT3 protein and STAT3 phosphorylation in

colon of CS pups compared to VD pups (Figure 7B). Moreover, the

levels of IL-6 (p=0.004) in AF samples were significantly lower in CS
B

C

D E

A

FIGURE 6

Correlation analyses of differential transcripts and metabolites. (A), Heat map comparing the expression of DEGs between CS AF- (n = 3) and VD AF-
treated (n = 3) human intestinal epithelial NCM460 cells. In the heat map, yellow represents high expression, and blue represents low expression.
(B), Gene Set Enrichment Analysis (GSEA) for the potential altered pathways between CS AF- and VD AF-treated NCM460 cells. (C), KEGG pathway
enrichment analysis indicated that the lysosome, glycosaminoglycan degradation, and complement and coagulation cascades were significantly enriched
by DEGs. (D), Validation of DEGs involved in above pathways between CS AF- (n = 3) and VD AF-treated (n = 3) group by using RT-qPCR. The change in
fold-expression was calculated by the 2-ΔΔCT method using GAPDH as a reference gene. Error bars represent SEM. **p < 0.01; ***p < 0.001.
(E), Correlation-based joint analysis between the representative differentially expressed metabolites (DEMs) and DEGs.
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subjects compared to the VD subjects (Figure 7C). Additionally, lower

levels of IL-10 (p=0.015) and TNF-a (p=0.032) were found in the cord

blood of CS compared with VD subjects (Figure 7D). And vitamin D2

glucosiduronate with high abundance in VD AF showed a significant

positive correlation to levels of IL-10 (p=0.007, Figure 7E) and TNF-a
(p=0.012, Figure 7F) in the cord blood. Collectively, a lower level of

vitamin D metabolite in CS AF was correlated with STAT3 signaling

in both in vitro and in vivo animal and human samples.
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Discussion

Although epidemiological studies have linked the increasing use

of CS to IBD, the causal effects of CS delivery on colonic inflammation

and mechanisms underlying these effects in offspring are poorly

understood. In this study, we found that mice delivered by CS

exhibited a defective epithelial barrier and an increased

susceptibility to DSS-induced colitis compared to VD pups. Multi-
B

C D

E F

A

FIGURE 7

CS abrogated IL-6 signaling through inhibition of both STAT3 protein and STAT3 phosphorylation. (A), Relative mRNA expression of STAT3 in CS AF-
treated (n = 3) NCM460 intestinal epithelial cells compared to VD AF-treated group (n = 3); (B), Immunoblotting analyses of the expression of STAT3 and
p-STAT3 in colon of CS pups; (C), IL-6 levels in AF samples of CS women (n = 7) compared to the VD women (n = 7); (D), IL-10 and TNF-a levels in
serum of CS-born cord blood from CS women (n = 7) compared to VD women (n = 7). Correlation analyses of AF vitamin D2 glucosiduronate and levels
of IL-10 (E) and TNF-a (F) in the cord blood. Significance calculated with a two-tail student’s t test. Error bars represent SEM. *p < 0.05, **p < 0.01.
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omics analyses using transcriptomics integrated with metabolomics

demonstrated that metabolites with low abundances in human CS AF

were correlated with DEGs in human intestinal epithelial cells treated

with AF collected from CS patients at term. These genes were

significantly enriched in pathways underlying IBD. Interestingly,

lower levels of a vitamin D metabolite in CS AF was correlated

with STAT3 signaling both in vitro and in vivo in animal and human

samples, this may represent one of the underlying mechanisms of the

association between CS and the risk of IBD in offspring. Overall, our

findings may fill the knowledge gap of the role of CS-disrupted AF

metabolites in intestinal inflammation and provide a novel insight

into mechanisms underlying CS-originated disease.

Evidence suggests that the disruption of intestinal homeostasis

linked by epithelial barrier function and mucosal immune cells is an

important risk factor for IBD (24). An impaired gut barrier

characterized by downregulation of the tight junction proteins,

including ZO-1 and Occludin, and increases of serum zonulin have

been observed in IBD (25, 26). In accordance, we found decreased

gene expression of ZO-1 and Occludin in the colons and increased

levels of zonulin in serum of CS-delivered pups compared to VD pups

before weaning, which indicates the disruption of the intestinal

barrier integrity in CS-delivered pups during this stage. Moreover,

the disturbed IEC differentiation has been linked to the develop of

IBD (27), thus the generation of absorptive cells increases, the

formation of secretory cells decreases, suggesting that CS may alter

the IEC differentiation and disrupt the intestinal homeostasis. It is

worth noting that no significant differences for the expression of tight

junction markers (ZO-1, Occludin) and IEC markers (Lyz1, Muc2) in

the colons were found at day 30. We speculate that breast feeding and

an establishment of an adult-type microbiota signature progressively

during growth may improve the disturbed intestinal barrier integrity.

Studies have shown that gut microbiota composition and activity are

involved in the regulation of the intestinal permeability (16, 28).

Collectively, the disrupted intestinal homeostasis induced by CS may

contribute to an increased susceptibility to DSS-induced colitis

compared to VD pups.

An aberrant infiltration of immune cells to the mucosa can

exacerbate inflammation in IBD patients (29–31). We herein

detected an increased proportion of macrophages, DCs, and NK

cells in the colons of CS-delivered pups at 10 days old. Recently, it

has been demonstrated that intestine-resident macrophages and NK

cells have a close association with epithelial cells and help maintain

barrier integrity of the intestinal tract (32, 33). DCs are professional

antigen presenting cells (APCs) with the ability to initiate adaptive

immune responses against potential stimuli (34). Thus, the

accumulation of these immune cells at 10 days old in our model

might be a protective reaction of the host to distructive stimuli, such

as components in AF. Strikingly, we observed dynamic changes in the

immune cell populations in intestinal tissues during the growth of

offspring. Specifically, we observed a decreased proportion of DCs,

NK, and macrophages at 30 days old. Considering the protective role

of DCs, NK, and macrophages in the intestine, the decreased

proportions of these immune cells may progressively exacerbate

colitis and cause weight loss and a shorter colon. Moreover, due to

the absence of “trained and experienced” T and B cells, the neonatal

gut exhibited a distinct immune system from adult (35). Macrophages

and DCs are presented in low frequencies in neonatal gut, which may
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result in imperfect function and inactivity demonstrated by lower

chemotaxis, reduced extravasation and a Th2 type response, and

make neonates more vulnerable to infective agents (36). The

frequencies of these monocytes increased and reaching adult levels

by the establishment of gut microbiota and mature of immune

system. Thus, the decreased proportions of these immune cells in

CS colons compared to VD colons at postnatal day 30 might indicate

a delay for the transition of immune cells from immature to mature.

Collectively, our data suggest that CS induced imbalanced immune

cells might be a high-risk factor for developing IBD.

Studies have showed that AF obtained from women delivered at

term possesses anti-inflammatory property that makes it attractive for

use in clinical applications (14, 37, 38). Given that these studies used

sterile filtered AF and that the filtration process of AF eliminates

cellular elements, hair, lanugo, and vernix from the fluid, we

hypothesize that it is the soluble components of AF that are

responsible for immunomodulatory and anti-inflammation

processes. Data from our study revealed that the metabolites

profiles of CS AF significantly differed from those of VD AF. These

findings support our initial hypothesis that the composition of AF can

be influenced by delivery mode. One of the limitations of our study is

that we didn’t collect the stress and dietary data from mothers. Thus,

we couldn’t eliminate the impact of maternal stress and diet during

pregnancy on the composition of AF. Several products of

glycerophospholipid metabolism (PC, PE, and PI et al.), which play

an anti-inflammatory role in colitis (39) were significantly reduced in

human CS AF. Comparison of transcriptomes between CS AF-treated

and VD AF-treated IECs revealed a disturbance of genes involved in

the lysosome, glycosaminoglycan degradation, complement and

coagulation cascades, melanogenesis, and pentose phosphate

pathway (PPP), all of which were associated with imminent

development of CD (40). It is well documented that the fetus

produces complement protein as early as the first trimester of

development, and the complement cascade is fully developed at

birth (41). However, decreased expression of C3, C1S, complement

C1r (C1R), and plasminogen activator, urokinase receptor (PLAUR)

were detected in CS AF-treated IECs, which indicates that the

complement and coagulation cascades have not developed

completely. IBD has a close association with transketolase (TKT),

which links glycolysis and the PPP (42). The reduced expression of

TKT in CS AF-treated IECs may disturb PPP metabolites and

decreases glycolytic metabolites, result in a defective intestinal

barrier (43). Thus, our data support the view that CS-induced

discriminatory AF metabolites might contribute to the chronic

intestinal inflammation in offspring.

It has been demonstrated that colonic vitamin D signaling

activation protects the mucosal epithelial barrier and suppresses

colonic inflammation (44). Vitamin D deficiency is associated with

higher prevalence and worse outcomes from autoimmune diseases,

including IBD (45). Notably, we found that vitamin D2 glucosiduronate

(vitamin D2 metabolite) was dramatically decreased in CS AF than VD

AF, with a fold-change of 19498. This massive difference in levels of

vitamin D2 glucosiduronate suggests that it plays a role in intestinal

inflammation mediated through CS AF. A recent study indicated that

vitamin D promoted IL-10 via IL-6 signaling through induction of both

STAT3 protein and STAT3 phosphorylation (46). In our study, a lower

level of a vitamin D metabolite in CS AF is correlated with STAT3
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signaling both in vitro and in vivo animal and human samples.

Specifically, STAT3 was significantly reduced in CS AF vs. VD AF-

treated IECs, and a reduction of STAT3 protein and STAT3

phosphorylation was detected in colons of CS pups compared to VD

pups at 20 days old. Proinflammatory cytokines are increased in

maternal blood at term pregnancy and are associated with cervical

ripening and the initiation of labor (47). Studies also reported higher

levels of IL-6 and TNF-a in cord blood in vaginal delivery cases (48,

49). This is consistent with our observation that lower levels of IL-6 in

CS AF and lower levels of IL-10 and TNF-a in cord blood collected

from CS cases compared to VD cases. We speculate that vitamin D

promoted IL-10 via IL-6 signaling through induction of both STAT3

protein and STAT3 phosphorylation. These data are in accordance with

previously identified vitamin D/STAT signaling in intestinal

inflammation. Moreover, we found that genes involved in vitamin

digestion and absorption, such as solute carrier family 19 member 2

(SLC19A2), scavenger receptor class B member 1 (SCARB1), Wnt

family member 6 (WNT6), and biotinidase (BTD) were significantly

downregulated in CS AF-treated IECs. Taken together, our data suggest

that the significantly lower level of the vitamin D metabolite, vitamin

D2 glucosiduronate in CS AF might link the association between CS

and intestinal inflammation in offspring. Vitamin D supplementation

in children born by CS may be a potential intervention to reduce the

risk of IBD. Functional studies of the discriminating metabolites in AF

induced by CS, such as vitamin D2 glucosiduronate, are needed in

further studies.

In conclusion, CS offspring exhibits an increased susceptibility to

DSS-induced colitis in mice. Transcriptomics integrated with

metabolomics analysis revealed that CS AF metabolites-induced DEGs

in human intestine epithelial cells were significantly enriched in pathways

underlying IBD. Deficiency of metabolites like vitamin D2

glucosiduronate in CS-AF may attribute to the risk of intestinal

inflammation through blocking of STAT3 signaling in offspring. Our

study provides novel insights into the underlying mechanisms and

prevention strategies for CS-associated intestinal inflammation.
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