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Abstract

Elevated intake of high energy diets is a risk factor for the development of metabolic dis-
eases and obesity. High fat diets cause alterations in colonic microbiota composition and in-
crease gut permeability to bacterial lipopolysaccharide, and subsequent low-grade chronic
inflammation in mice. Chronic inflammatory bowel diseases are increasing worldwide and
may involve alterations in microbiota-host dialog. Metabolic disorders appearing in later life
are also suspected to reflect changes in early programming. However, how the latter affects
the colon remains poorly studied. Here, we hypothesized that various components of colon-
ic physiology, including permeability, ion exchange and protective inducible heat shock pro-
teins (HSP) are influenced in the short- and long-terms by early disturbances in microbial
colonization. The hypothesis was tested in a swine model. Offspring were born to control
mothers (n = 12) or mothers treated with the antibiotic (ATB) amoxicillin around parturition
(n=11). Offspring were slaughtered between 14 and 42 days of age to study short-term ef-
fects. For long-term effects, young adult offspring from the same litters consumed a normal
or a palm oil-enriched diet for 4 weeks between 140 and 169 days of age. ATB treatment
transiently modified maternal fecal microbiota although the minor differences observed for
offspring colonic microbiota were nonsignificant. In the short-term, consistently higher
HSP27 and HSP70 levels and transiently increased horseradish peroxidase permeability in
ATB offspring colon were observed. Importantly, long-term consequences included reduced
colonic horseradish peroxidase permeability, and increased colonic digesta alkaline phos-
phatase (AP) and TLR2- and TLR4-stimulant concentrations in rectal digesta in adult ATB
offspring. Inducible HSP27 and HSP70 did not change. Interactions between early ATB
treatment and later diet were noted for paracellular permeability and concentrations of
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colonic digesta AP. In conclusion, our data suggest that early ATB-induced changes in bac-
terial colonization modulate important aspects of colonic physiology in the short- and long-
terms.

Introduction

Inflammatory bowel diseases (IBD), including Crohn’s disease and ulcerative colitis are chronic
gut pathologies afflicting humans at different stages of their life [1]. The ethio-pathogenesis of
these diseases is considered multifactorial, with influences of heredity, environment, and even
the gut microbiota whose community structure is often perturbed [1]. Major gut functions such
as permeability and ion transport are altered in IBD [2,3]. Conversely, colonic chloride and fluid
secretion modulate bacterial-epithelial interaction for preventing bacterial translocation [4]. Be-
sides, metabolic diseases, including insulin resistance, type 2-diabetes, obesity, hypertension and
cardiovascular diseases causally involve alterations in colonic barrier function and leakage of so-
called microbial-associated microbial patterns (MAMPs) like lipopolysaccharide (LPS) into the
body, thus leading to chronic low-grade inflammation and disease development [5]. More wide-
ly, innate pathogen receptors and their ligands such as LPS are now recognized as linking diet,
gut microbiota, inflammation, host metabolic responses and obesity [6,7].

The gut microbiota favors host anatomical, physiological and metabolic development [8]. For
example, neonatal bacterial colonization determines gut angiogenesis, epithelial cell renewal, gut
permeability and colonic fermentation processes in the colon [8]. Colonic protective HSPs
(HSP27 and HSP70) are induced by the commensal microbiota, bacterial components (e.g. LPS;
flagellin) and specific fermentation products (e.g. butyrate) [9,10,11,12,13]. The microbiota-host
interplay leading to gut HSP expression involves MyD88- and Toll-Like Receptor (TLR)-
mediated mechanisms [11,14]. Gut-borne circulating microbial TLR-stimulants like LPS are also
suspected to cause metabolic disorders and obesity through triggering inflammation [5,6]. On
the other hand, gut chemical-induced inflammation or chronic consumption of very high fat
diets promotes changes in colonic microbiota associated with increased luminal concentrations
of TLR-stimulants (e.g. LPS) in mice [15,16]. However, little is known on gut TLR-stimulant
concentrations in more physiological situations, especially in non-rodent species like pigs.

Early programming of metabolic diseases seems to affect various tissues and organs but very
few data have been published on colonic programming and long-term outcomes thus far [17].
A study in rats with intra-uterine growth retardation reported postnatal colonic barrier alter-
ation and longer term alterations in mucin gene expression [18]. Early alterations in colonic
transcriptome as consequences of antibiotic treatment of gestating mothers or offspring were
reported [19], but functional data and late outcomes are lacking.

In the present work, our hypothesis was that early alterations in neonatal gut microbiota im-
pact colonic functions, including permeability, ion transport and protective HSPs later in life.
It was tested in offspring born to sows receiving amoxicillin orally around parturition, and
whose colon was investigated between 14 and 42 days of age (short-term study, ST), or at 169
days of age, after offspring had been fed either a normal, low fat (LF) or a high fat (HF), palm
oil-containing diet for 28 days (long-term study, LT). Our first report provided insights into
small intestinal function [20]. The main outcome of the present report is that specific colonic
functional parameters (permeability, luminal TLR-stimulants) were influenced in young and
adult offspring born to antibiotic-treated mothers, sometimes in interaction with offspring late
diet composition.
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Materials and Methods
Experimental procedure

Ethics statement: The experiment was designed and executed in 2010 in compliance with
French and European law (Decree No. 2001-464 29/05/01, 86/609/CEE) for the care and use
of laboratory animals. At that time (2010) getting approval from an ethic committee was not
mandatory. One of us (JPL) held the authorization certificate No. 006708 for experimentation
on living animals delivered by the French Veterinary Services. INRA Saint-Gilles, including the
on-site slaughterhouse has an institutional license (agreement No. A35-622) from the French
Veterinary Services.

Data relating to the present publication will be made available upon request.

The experiment has been presented in detail in our previous report [20]. Briefly, 23 sows
were used in two successive batches in time, taking into account parity and resistance of select-
ed fecal bacteria to amoxicillin. For each batch, the sows with amoxicillin-sensitive fecal bacte-
ria were assigned to the antibiotic (ATB, n = 11) group in priority, the remaining sows being
assigned to the control (CTL, n = 12) group. Groups of sows were located into different rooms
of the same farrowing unit, and specific measures were taken to minimize cross contaminations
between rooms. Amoxicillin (40 mg/kg body weight, BW) was given orally to the sows with the
morning meal (2 kg/day), from 10 days before the estimated farrowing date till 21 days after
farrowing. Parturition was not induced.

Litter size in each group was adjusted (n = 12) after birth and male offspring were not cas-
trated later on. Offspring were slaughtered at 14, 21 (for microbiota investigations only), 28
and 42 days after birth (1 per litter, ST study). Weaning occurred at 28 days when offspring
were moved to the post-weaning and the fattening units. Homogeneous pairs of males or fe-
males within litters were randomly fed either low fat (LF) or HF diet between 140 and 169 days
of age (n = 10 litters per treatment) (LT study). The fat source used to prepare the HF diet was
palm oil. Chronic HF diet consumption is a stress generating gut barrier alterations, LPS entry
and low grade, metabolic inflammation [5]. A late dietary treatment with contrasted fat con-
tents was used because it allowed us to demonstrate long-term consequences of early events on
the small intestine of pigs [20] and rats [21]. The composition of diets given to sows and off-
spring is available in our previous report (S1 Table, [20]).

Offspring slaughter and collection of colonic digesta and tissue samples

Offspring were killed on site in our slaughterhouse by electronarcosis and exsanguination
[20]. After laparotomy, 20-cm segments of proximal colon situated 10 cm (ST study) to 30 cm
(LT study) after the cecum were collected. Colonic digesta were collected (at d14, d21, d28, d42
and d169) for microbiota analysis and frozen at -20°C. Luminal contents from the cecum and
rectum were also collected for determination of alkaline phosphatase (AP) activity concentra-
tions (at d14, d28 and d42, ST study), and AP and TLR-stimulant concentrations (d169, LT
study), respectively. Empty colonic segments were then flushed with sterile cold saline. Cross-
sectional colonic tissue samples were prepared as follows: 10 cm for immediate use in Ussing
chambers for electrophysiology and permeability measurements; 5 cm for immediate fixation
in buffered formalin 10%, paraffin embedding and histology of colonic crypts; and two por-
tions of whole tissue of 1-cm (cut in 34 pieces) each snap-frozen in liquid nitrogen and then
stored at -80°C for HSP and heat shock factor-1 (HSF1) analysis and at -20°C for determina-
tion of AP activity concentration in colonic tissue.

Microbiota analysis

Microbial composition analysis was carried out in the feces of five sows and in colonic con-
tents of their offspring randomly taken per treatment in the first batch of pigs [20]. Samples
were analyzed using the Porcine Intestinal Tract Chip (PITChip) at each slaughter age [22,23].
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In brief, the PITChip is an oligonucleotide microarray targeting the 16S ribosomal RNA genes
of 627 porcine intestinal microbial species-level phylotypes, grouped into 144 genus-like
groups [22,23]. Data were processed first using Agilent’s Feature Extraction Software version
9.1 and second in R (library ‘microbiome’ available from: http://microbiome.github.com) as
described previously [20].

Colonic crypt morphometry

Colonic tissue sections were prepared using standard procedures and full-size crypt mor-
phometry (depth, width, perimeter and surface area; 10-15 crypts per section) was determined
by light microscopy as reported previously [21,24]. An average value for each parameter was
calculated per animal prior to statistical analysis.

Colonic permeability and electrophysiology in Ussing chambers

At each time-point of interest, pigs (two by two: one CTL and one ATB) were randomly
slaughtered at 15-20 min intervals each time, and 3 Ussing chambers were used for investiga-
tion of colonic permeability and electrophysiology in each pig. Colonic mucosa was stripped
off the muscular layers, cut in 3 contiguous pieces and immediately mounted in lucite cham-
bers (1.13 cm? tissue in contact with buffers) equipped with large glassware buffer containers
(8 mL of buffer each side), as described previously [25]. Two chambers were used for measur-
ing colonic electrophysiology parameters in basal conditions (values averaged per tissue), one
of these chambers also serving for permeability determination. The third chamber was used for
electrophysiology and permeability measurements under oxidative stress using monochlora-
mine (final concentration 1 mM, both sides of the tissue) [26]. The Ringer-bicarbonate buffer
contained 16 mmol/L of glucose and 16 mmol/L of mannitol on the serosal and mucosal sides,
respectively. Chambers were kept at 39°C and buffers oxygenated all the time. Tissue viability
was checked every 30 min by recording tissue electrical potential difference (PD) automatically
[25].

Before the start of electrophysiology studies, colonic mucosae were left equilibrating for
20 min before short-circuit current (Isc) and the transepithelial electrical resistance (TEER)
were determined under clamp condition (3 mV for 300 ms every 30 s) using Ohm’s law [25].
Colonic mucosa sodium-dependent glucose absorption capacity and chloride secretion capaci-
ty were determined after addition of D-glucose (16 mM, mucosal side) and the cholinergic ago-
nist carbachol (1073 M, serosal side), respectively [25]. These measurements were determined
in both basal and oxidative condition as explained above, and the latter data were expressed as
percentage of the former ones.

Colonic permeability to FITC-dextran 4000 (FD4, MW 4 kDa; Sigma-Aldrich, Saint-
Quentin Fallavier, France) and horseradish peroxidase (HRP type II, MW 40 kDa; Sigma-
Aldrich were assessed as described previously [27]. FD4 and HRP are considered as markers of
para-cellular and trans-cellular permeabilities, respectively, although para-cellular leakage of
HRP may also happen under carbachol stimulation [28]. HRP After tissue electrophysiology
stabilization as indicated above, both marker probes were added on the mucosal side of Ussing
chambers and then serosal fluid (500 pL, immediately replaced by 500 pL of Ringer-glucose)
was collected every 30 min for 120 min for marker passage analysis. Fluid FD4 and HRP con-
centrations were determined by fluorimetry and spectrophotometry, and marker transmucosal
flows calculated as detailed previously [27].

Inducible heat shock proteins and heat shock factor-1

Frozen colonic tissue was ground in liquid nitrogen and then soluble protein were extracted
in borate buffer and protease inhibitor cocktail [29]. Protein concentration was determined
using Pierce™ BCA protein assay kit (ref. 23225; Thermo Scientific, Rockford, IL). Tissue con-
centrations of HSPs (HSP27, HSP70; relative to B-actin as the reference protein) were assayed
by Western blotting as previously reported [29]. However, we used for this study new
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equipment (including: Mini Protean Tetra Cell system; electrophoresis system, Trans Blot
Turbo Transfer Starter System) and reagents (including: Tris/Glycine/SDS buffer, pre-casted
12% TGX gels, PVDF membranes and molecular weight standards) for Western blotting, all
purchased from Bio-Rad (Marne-La-Coquette, France), as described previously [20]. Western
blotting of HSF1, the main transcription factor for HSPs was also conducted as in our previous
study [20]. All the technical conditions (incubation times and references of reagents, including
primary and secondary antibodies) applied here were the same as previously [20]. Briefly,

10 pg of sample protein were deposited in each well and the electrophoresis was conducted in
Tris/Glycine/SDS buffer. After protein transfer, membranes were then blocked in defatted milk
powder prepared in Tris buffer saline and 0.1% Tween 20. The membranes, after being cut hor-
izontally at the right location were incubated with anti-HSP or anti-HSF1 antibodies for one
part, and with anti- B-actin antibodies for the other part of the membrane. Membranes were
washed in TBS Tween buffer before incubation with the second antibodies coupled to horse-
radish peroxidase. After final membrane washing, protein bands were stained by chemilumi-
nescence and analyzed by imaging for density determination. Results of a given HSP or HSF1
band were expressed as a ratio to B-actin band density as determined for the same sample on
the same membrane.

Alkaline phosphatase activity concentrations in colonic tissue and digesta

The concentration of bioactive AP (E.C. 3.1.3.1) was determined in colonic tissue homoge-
nates and in digesta as previously reported [21,24]. Colonic AP activity concentrations were ex-
pressed per mg of soluble protein, and per g of tissue or g of fresh digesta, depending on the
type of samples.

Determination of TLR-stimulants in rectal contents (LT study)

The concentrations of TLR-stimulants in feed and rectal contents (LT study) were deter-
mined using biocellular quantitative assays specific for TLR2- and TLR4-stimulants, as de-
scribed elsewhere [15]. Briefly, samples were extracted in phosphate buffer saline and then
centrifuged at 13,000 g for 20 min. These extracts were made sterile by filtration (Millipore fil-
ters, 0.25 pum, Acrodisc ref. 4612) before being loaded in triplicates on TLR-deficient HEK-293
cell lines. These cells were transfected 3 days before with a firefly luciferase-reporter construct
driven by a NF-kB dependent E-selectin promoter, a transfection efficiency control renilla
based reporter and constructs coding for either TLR2 or TLR4. Synthetic bacterial lipopeptide
(Pam3CSK4) and Escherichia coli LPS, as TLR2- and TLR4- stimulants respectively, were used
for making standard curves [15].

Statistical analysis

In order to relate changes in total bacterial community composition to treatment and sampling
time (ST) or diet composition (LT), redundancy analysis (RDA) and principal response curves
(PRC) testing were performed as described in detail previously, using the CANOCO 4.5 soft-
ware package (Biometris, Wageningen, the Netherlands) [20]. In brief, PRC analysis is a specif-
ic type of RDA [30]. PRC analysis, as used in the present study is able to explain the variation
in microbial composition between different experimental groups by including ATB treatment
as explanatory variable, and the interaction between treatment and the sampling times or late
diet as covariables. The signal intensities for 144 genus-level phylogenetic groups targeted by
the PITChip were used as response variables. Significance of the effect of ATB treatment on the
variation in microbial composition was tested by Monte Carlo permutation analysis.

Statistical analysis of electrophysiology, permeability and biology data was carried out using
the Statistical Analyzing System (SAS). Offspring data were analyzed using SAS MIXED mod-
els for testing the effects of treatment (error between litters) and time of slaughter (error within
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litters) (ST study), and the effects of treatment (between litters) and diet (within litters) (LT
study). The models also included the interaction term between early treatment and age of
slaughter (ST study) or late diet (LT study). Results are presented as SAS-calculated least-
square means (LSmeans) and pooled SEM. LSmeans comparisons for each combination of
treatment and time (ST study) or diet (LT study) were made using Bonferroni post-hoc com-
parisons when a tendency (P < 0.10) for an interaction between these terms was observed. Ef-
fects were considered significant at P < 0.05 (trends at P < 0.10). Age effects per se are not
commented because it was not the scope of this study.

Results
Zootechnical results

ATB treatment of sows did not influence their reproduction performance, offspring’s growth
performance along ST and LT trials, nor dietary energy intake, (LT study) as reported previ-
ously [20].

Short-term experiment

Microbiota composition in sows and their offspring

In our previous publication on this extensive experiment [20], we reported that ATB treat-
ment of sows peripartum influenced the composition of their fecal microbiota and ileal micro-
biota composition of their offspring [20]. Here, in contrast to these earlier observations, PRC
analysis showed no significant effects of maternal antibiotic treatment on colonic microbiota
composition of offspring during the ST experiment. However, amplitude and direction of
minor differences observed between both groups was altered with time (Fig. 1A). Compared to
the control, the relative contribution of bacteria (red) with a positive species weight (bk value)
in the treated group was lower from day 14 to 21, but increased between day 21 and 28, and de-
creased again after day 28. Importantly, these bacteria included various species of lactobacilli.

B 8.00 ¢ Lactobacillus gasseri et rel.

B Lactobacillus delbrueckii et rel.
& A Lactobacillus plantarum et rel.
1 x Enterococcus
* Mycoplasma
® Porphyromonas asaccharolytica et rel.
+ Fibrobacter succinogenes et rel.
= Campylobacter
— Eubacterium cellulosi et rel
+ Streptococcus salivarius et rel.
m Uncultured Clostridia XIVa
s Clostridium nexile et rel.
» Lachnospira pectinoschiza et rel.
0.00 # Escherichia coli et rel.

Eubacterium hallii et rel.
4] Clostridium perfringens et rel.
200 Streptococeus intermedius et rel.
| Streptococcus suis et rel.

Streptococcus bovis et rel.
Lactobacillus acidophilus et rel.

6.00

4.00

—e—Control ~
—m— Treatment

h—&—>—

-4.00 -

Fig 1. Effects of maternal antibiotic (ATB) treatment on colonic microbiota of offspring between 14 and 42 days of age (weaning at day 28). (n=5
per treatment). A. Principle Response Curve (PRC) showed no overall significant effects of maternal ATB treatment on colonic microbiota composition in
offspring, however, the microbial composition of the ATB group showed a remarkable shift between day 21 and 28 especially for those microbial groups
depicted in the B-panel. C4, canonical coefficient. B. The relative contribution of bacteria (red) with a positive species weight (bk) was lower in the ATB group
compared to the treatment group on day 14 and 21, but increased between day 21 and 28, and decreased again after weaning at day 28; while those (black)
with a negative species weight (bk) showed an opposite trend.

doi:10.1371/journal.pone.0118092.9001
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Table 1. Mucosal-to-serosal fluxes of FD4 and HRP for basal and monochloramine-stimulated colonic mucosa of pigs born to control or
antibiotic-treated sows and slaughtered at different ages (LSmeans and SEM, n = 6-8 per treatment and age).

Sow’s treatment

Offspring’s age di14
FD4

FD4, basal (ng/cm?/h) 304
FD4, + monochloramine (% basal) 155
HRP

HRP, basal (ng/cm?/h) 19
HRP, + monochloramine (% basal) 191

Control Antibiotics Statistics (P =)
d28 d42 di4 d28 d42 SEM treat. age treat.*age
213 148 240 235 108 47 0.50 0.012 0.74
172 134 131 225 185 40 0.45 0.51 0.51
19 10 32 9 18 10 0.67 0.37 0.53
nd? 386° 1496° nd 293F 444 0.103 0.18 0.066

"Treat.: Treatment of sows pre- and post-partum (control versus antibiotic); age (d14 and d28, unweaned; d42 weaned from d28); treat*age: treatment by

age interaction.
2nd: not calculated by the analysis of variance
4 B |S means with different superscript letters

doi:10.1371/journal.pone.0118092.t001

(MIXED model) due to low and unbalanced numbers (n = 2-3) of available HRP data at day 28.
in a row differ (P<0.10).

The relative contribution of bacteria (black) with a negative species weight showed an opposite
trend (Fig. 1B). These bacteria included various species of clostridiae and streptococci.

Colonic crypt architecture

The architecture of colonic crypts in the offspring was not significantly influenced by ATB
treatment of the mothers, and treatment by age interaction was not significant (S1 Table).

Colonic permeability and electrophysiology (Ussing chambers)

Offspring colonic permeability to FD4 in basal or oxidative condition was not influenced by
ATB treatment of mothers and the treatment by age was not significant (Table 1). This held
true for permeability to HRP in basal condition. However, under oxidative condition, the treat-
ment by age interaction tended towards significance (P = 0.066), showing that HRP permeabil-
ity tended to be transiently higher in offspring born to ATB-treated mothers at day 14
compared to day 42 (P < 0.10), while these differences were not significant in CTL offspring
and were not different from values in ATB offspring aged 42 days (Table 1).

Offspring colonic electrophysiology parameters were not influenced by maternal ATB treat-
ment, except for glucose-induced change in Isc in basal condition that tended (P = 0.059) to be
higher in offspring born to ATB mothers than in CTL (S2 Table). Interactions were
never significant.

Colonic heat shock proteins and heat shock factor-1

ATB treatment of mothers strongly increased protein concentrations of HSP27 and HSP70

(relative to B-actin) in the colon of their offspring (P < 0.001 and P < 0.01, respectively)
(Fig. 2A and 2B). However, offspring colonic HSF1 levels were not influenced by ATB treat-
ment, and treatment by age interaction was not significant [HSF1/B-actin values at 14, 28 and
42 days of age in CTL and ATB offspring: 0.36-0.28-0.24 and 0.38-0.26-0.33 (SEM 0.05), re-
spectively; Treatment, P = 0.47; Age, P = 0.14; Interaction, P = 0.52].

AP activity concentration in colonic tissues and in cecal and rectal digesta contents

AP activity concentrations in colonic tissues and in cecal and rectal contents were not influ-

enced by maternal ATB treatment and treatment by age interaction was never significant
(S3 Table).

Long-term experiment

Microbiota composition in 6 month-old offspring
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Fig 2. Effects of maternal antibiotic (ATB) treatment on protein expression of inducible heat shock
proteins (relative to B-actin) in colonic tissues of offspring between 14 and 42 days of age (weaning at
day 28). (LSmeans and SEM, n = 10-12 per treatment and age). A. HSP27. Maternal ATB treatment
significantly increased offspring colonic HSP27 levels between d14 and d42 of age (P < 0.001). B. HSP70.
Maternal ATB treatment significantly increased offspring colonic HSP70 levels between d14 and d42 of age
(P < 0.01). Western blot bands from representative pigs are shown for HSP27 and -actin (A) and for HSP70
and B-actin (B).

doi:10.1371/journal.pone.0118092.9002

Table 2. Mucosal-to-serosal fluxes of FD4 and HRP for basal and monochloramine-stimulated colonic mucosa of pigs born to control or
antibiotic-treated sows and fed a low (LF) or a high (HF) fat diet between 140 and 169 days of age (LSmeans and SEM, n = 8-10 per treatment).

Sow’s treatment Control Antibiotics Statistics (P =) '

Offspring’s diet LF HF LF HF SEM treat. diet treat.*diet
FD4

FD4, basal (ng/cm2/h) 1310° 726° 851° 10572° 142 0.65 0.33 0.009

FD4, + monochloramine (% basal) 92 137 139 148 17 0.10 0.15 0.26

HRP

HRP, basal (ng/cm?/h) 158 117 187 169 47 0.37 0.48 0.80

HRP, + monochloramine (% basal) 261 140 116 105 41 0.047 0.20 0.18

"Treat.: Treatment of sows pre- and post-partum (control versus antibiotic); diet (low versus high fat diet); treat.*diet: treatment by diet interaction.
P | 5 means with different superscript letters in a row differ (P<0.05).

doi:10.1371/journal.pone.0118092.t002
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The RDA analysis showed no significant effects of maternal ATB treatment and offspring
late diet on offspring colonic microbiota composition (data not shown).

Colonic crypt architecture

Colonic crypt architecture of pigs in the LT trial was not influenced by treatments, except
for a trend (P = 0.067) for a small numerical difference (4%) between treatments (ATB > CTL)
in crypt width (54 Table).

Colonic permeability and electrophysiology (Ussing chambers)

Colonic permeability to FD4 in basal condition displayed a highly significant interaction be-
tween maternal ATB treatment and offspring late diet (P < 0.01) (Table 2). In CTL offspring,
FD4 permeability was lower when fed the HF compared to the LF diet (P < 0.05) while this dif-
ference was not significant in ATB offspring. Under oxidative condition, colonic permeability
to FD4 tended (P = 0.10) to be higher in ATB offspring compared to CTL. In this case, the
treatment by diet interaction was not significant.

Colonic permeability to HRP in basal condition was not influenced by maternal treatment
or offspring diet. However, under oxidative condition, permeability to HRP was lower in ATB
offspring than in CTL (P = 0.047) (Table 2). The treatment by diet interaction was
never significant.

Offspring colonic electrophysiology was not influenced by maternal ATB treatment or off-
spring late diet, except for glucose-induced change in Isc in oxidative condition that tended
(P =0.087) to be higher in offspring born to ATB mothers than in CTL (S5 Table). Diet effects
and interactions were not significant.

Colonic heat shock proteins

Protein concentrations of HSP27 and HSP70 (relative to B-actin) in colonic tissues did not
display any significant effects of maternal ATB treatment or offspring diet, or significant treat-
ment by diet interactions (S1 Fig.). Therefore, protein concentrations of HSF1 in colonic tissues
were not determined in the LT experiment.

AP activity concentration in colonic tissues and digesta contents

AP activity concentrations in colonic tissues were not influenced by maternal ATB treat-
ment or offspring late diet, and the treatment by diet interaction was not significant (Table 3).
By contrast, maternal treatment was (P = 0.037) (or tended to be, P = 0.097, depending on the
mode of expression of data) significant for colonic digesta AP concentration, and the treatment
by diet interaction was significant (P < 0.05 and P < 0.01, for data expressed per weight of

Table 3. Alkaline phosphatase (AP) activity concentrations in colonic tissue and digesta contents of pigs born to control or antibiotic-treated
sows and fed a low (LF) or a high (HF) fat diet between 140 and 169 days of age (LSmeans and SEM, n = 10 per treatment).

Sow’s treatment Control Antibiotics Statistics (P =)

Offspring’s diet LF HF LF HF SEM treat. diet treat.*diet
Colonic tissue

ug AP/ g tissue 4.73 4.47 5.34 4.48 0.78 0.71 0.47 0.70

ug AP/ g protein 117 106 131 121 17 0.43 0.52 0.97
Colonic digesta

ug AP/ g fresh digesta 17 14° 18P 302 3 0.037 0.37 0.042

ug AP/ g protein 1.06%° 0.73° 0.85° 1.552 0.17 0.097 0.27 0.005

"Treat.: Treatment of sows pre- and post-partum (control versus antibiotic); diet (low versus high fat diet); treat.*diet: treatment by diet interaction.
P | 5 means with different superscript letters in a row differ (P<0.05).

doi:10.1371/journal.pone.0118092.t003
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Fig 3. Rectal TLR-stimulant concentrations in fresh rectal contents of offspring born to control or
antibiotic-treated sows and fed a LF or a HF diet between 140 and 169 days of age (LSmeans and SEM,
n =10 per treatment and diet). A. TLR2-stimulant concentration was significantly higher (P < 0.05) in fresh
rectal contents of offspring born to ATB sows compared to controls when fed the LF diet. B. Rectal TLR4-
stimulant concentration was significantly higher (P < 0.05) in fresh rectal contents of offspring born to ATB
sows and fed the LF diet, compared to the other groups (treatment by diet interaction, P = 0.061; LSmean
with # tended to be different from the others, P < 0.10).

doi:10.1371/journal.pone.0118092.9003

fresh digesta and g of soluble protein, respectively) (Table 3). Colonic digesta AP was 80%
higher (P < 0.05) in ATB offspring consuming the HF diet, compared to the other groups.

Concentrations of TLR2- and TLR4- stimulants in feed and rectal contents

The concentrations of TLR-stimulants amounted to 1772 and 1322 pg/g for TLR2-
stimulants, and 924 and 1275 pg/g for TLR4-stimulants, in LF and HF feed, respectively. The
concentrations of TLR2- and TLR4- stimulants in fresh rectal contents were higher in offspring
born to ATB-treated sows than in CTL offspring (P < 0.05) (Fig. 3A and 3B). The diet effect
and the treatment by diet interaction were not significant for TLR2-stimulants, but the interac-
tion tended towards significance for TLR4-stimulants (P = 0.061). Rectal concentration of
TLR4-stimulants tended to be higher in offspring born to ATB-treated sows and fed the HF
diet than in the other groups (Fig. 3B, P < 0.10). Expressing TLR-stimulant concentrations on
a dry matter basis confirmed the results obtained with fresh rectal contents since dry matter
content was not influenced by the tested factors (S6 Table).
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Discussion

We report important data on short-term and long-term effects of early changes in microbial
colonization on colonic physiology in a swine model of maternal antibiotic treatment around
parturition. We show that this treatment increased inducible HSP proteins consistently in co-
lonic tissue, and increased transiently HRP permeability under oxidative stress in the ST trial
in offspring born to ATB-treated mothers. The long term effects on the colon were character-
ized by lower colonic HRP permeability under oxidative stress and higher concentrations of
AP activity and TLR-stimulants in colonic and rectal contents, respectively. Importantly, late
HF diet also disclosed interactions with early treatment on a number of colonic parameters
(permeability, AP activity concentration, rectal TLR-stimulants). Conversely, many variables
(e.g HSPs in the long-term study) were not influenced by early mother treatment (or interac-
tion), illustrating the selectivity of early programming of colonic functions.

The pig model: effects of maternal ATB treatment on offspring colonic
microbiota

Changes in colonic microbiota composition appeared limited in this study, as already men-
tioned for ileal microbiota, and may suggest that our model of maternal antibiotic induction of
disturbances in offspring gut colonization is rather mild and physiological [20]. This is in
sharp contrast with the dramatic effects observed on the gut microbiota when amoxicillin was
directly administered orally or intramuscularly to rodent or pig offspring [19,31,32]. Neverthe-
less, some changes in the relative contribution of various bacterial genera and species were re-
corded here, and one cannot exclude the possibility that microbiota metabolic activities were
also modified. Unfortunately, we did not look to that aspect in the present work. The conse-
quences of these bacterial changes on colonic physiology are difficult to interpret in a simple
way as they occurred simultaneously. But it is noteworthy mentioning that some species (e.g.
Lactobacillus plantarum) or mixtures (e.g. VSL#3 mixture, containing, among others: L. plan-
tarum, L. acidophilus, L. delbrueckii) of some of these bacteria can modulate gut epithelial
physiology as shown with rodent cell cultures [13,33,34]. Other bacteria may have opposite ef-
fects. The underlying mechanisms of action are sometimes unknown, but they may involve
various bacterial factors (e.g. bacterial components, secreted molecules or fermentation prod-
ucts) and signaling pathways [33].

Although one cannot exclude the possibility that a small fraction of amoxicillin given orally to
sows would actually be transferred to their offspring through colostrum and milk, and act direct-
ly on offspring microbiota, this might be very limited for the following reasons. First, the present
data indicate a very limited impact of maternal amoxicillin treatment on offspring colonic micro-
biota composition. Second, pharmacokinetic studies carried out in growing pigs (25 kg BW) with
an oral bolus of amoxicillin (20 mg/kg BW) revealed low bioavailability (22.8%) and very short
plasma elimination half-life (0.73 h) [35]. Third, we previously showed that single intramuscular
injection of amoxicillin (15 mg/kg BW) to one day-old piglets profoundly disturbed their colonic
microbiota ecosystem as investigated 38 days later (final BW: 11 kg) [31]. Therefore, for all these
reasons, we can reasonably suggest that the direct action of maternally provided amoxicillin on
offspring microbiota may be very limited in the present study.

Short-term influence of maternal ATB administration on offspring colonic
physiology
Inducible HSPs

The major finding of the present work is that early changes in offspring gut bacterial coloni-
zation, as induced by maternal ATB administration peripartum led to a twofold increase in
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both HSP27 and HSP70 levels in offspring colonic tissue consistently between 14 and 42 days
of age. This may mirror subtle changes in microbiota composition or activity as luminal bacte-
ria (e.g. E. coli, Bacillus fragilis) [10], bacterial components (e.g. LPS, flagellin) [11,13], and fer-
mentation products (e.g. propionate and butyrate) [9] have been reported to induce protective
HSPs specifically in colonic epithelial cells. This induction involves MyD88 and TLR-
dependent signaling pathways [11,14]. We previously reported in the present model that ma-
ternal ATB treatment actually decreased offspring intestinal HSP70 with no effect on HSP27 in
the small intestine [20]. Collectively, these data suggest a higher bacterial stimulation in the
colon, and a lower one in the small intestine of pigs born to antibiotic-treated sows. They also
suggest site-dependent differential responses between HSP27 and HSP70. Importantly, a direct
link was recently revealed between colonic HSP levels and richness and diversity of the micro-
biota in close contact with the colonic mucosa in mice [36]. There was no significant correla-
tion between microbiota diversity composition and colonic HSP levels in the present study,
possibly because it was the luminal microbiota that we analyzed. Indeed, a recent study in pigs
disclosed more frequent correlations between (intestinal or colonic) inducible HSPs and muco-
sal than with luminal microbiota [37]. Beside, inducible HSPs are major protective factors for
the gut epithelium submitted to various stressors, including oxidation and inflammation. The
fact that we did not evidence differences between treatment groups in colonic responsiveness
to oxidative stress in Ussing chambers may indicate that higher HSP levels in ATB offspring
did not apparently confer more protection than that observed in CTL offspring. HSF1 is a key
transcriptional regulator of HSP gene expression [38]. The level of HSF1 protein expression
did not vary significantly in colonic tissues, as reported for ileal tissues [20]. Our data thus sug-
gest a post-translational regulation of intracellular HSP concentration that may reflect for ex-
ample differences in HSP degradation pathways (e.g. ubiquitination) [39,40]. These
mechanisms could have been downregulated in offspring born to ATB-treated mothers.

Colonic permeability and electrophysiology

Our study with the oxidant monochloramine revealed higher transcellular permeability in
ATB offspring transiently at 14 days of age. This may have impacted the education of the un-
derlying immune system in developing offspring [41], but we did not investigate this question.

Long-term influence of maternal ATB treatment on offspring colonic
physiology
Colonic permeability

Colonic permeability under oxidative condition was influenced by maternal ATB treatment.
HRP permeability was lower in ATB offspring. Molecular mechanisms of gut permeability are
quite complex but increased permeability is often associated with mucosal inflammation and
chronic diseases [41]. In the present swine model, we noted a higher plasma concentration of
o-acid glycoprotein in adult ATB offspring [20]. This finding may suggest less systemic inflam-
mation in these ATB offspring as plasma o-acid glycoprotein decreases in many models of
aseptic inflammation or following infections [42]. Increased paracellular permeability has been
ascribed to reduced levels of epithelial HSPs in some studies [26,43], but we did not see any
treatment effect on inducible HSPs in the present LT trial.

As HRP crossing the epithelium is essentially trans-cellular under non-stimulated condi-
tions [28], the decreased HRP permeability observed here suggests partial reduction in colonic
cell protein endocytosis [41]. Inhibition of transcellular transport has been shown to involve
various functional proteins (e.g. caveolin-1, dynamin and intersectins) and, more importantly,
to increase paracellular permeability in lung epithelium [44]. This inverse relationship between
trans- and para-cellular permeabilities may account for our observations. Another possible
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mechanism may be lower colonic stimulation by corticotropin-releasing factor (CRF) because
this neuro-immune mediator is known to specifically stimulate trans-cellular uptake of macro-
molecules in human colon [45].

Colonic tissue and digesta AP activities

Colonic tissue AP activity is a marker of inflammation [46]. Oxidative stress up-regulates
colonic tissue non-specific AP (TNAP) and neutrophils infiltrating colonic tissues also express
the TNAP isoform [46,47]. Thus, colonic tissue inflammation was equally low on both treat-
ments groups in the present study. By contrast, we found colonic digesta AP activity concentra-
tion to be much higher in adult ATB offspring compared to controls. Colonic AP activity may
reasonably come from undigested (but still active) AP enzyme from the small intestine as it is
an enterocyte-secreted enzyme protein resisting partially intestinal digestion and colonic fer-
mentation [48,49]. In the small intestine, we observed treatment differences in jejunal (but not
ileal) tissue AP activity concentrations [20], but this was surprisingly not reflected in ileal
digesta AP activity concentrations (J.P. Lalles, unpublished data). As quantitative digesta flows
were not measured here, we can only suggest that colonic microbiota proteolytic activity to-
wards AP enzyme may have been probably higher in adult ATB offspring than in controls. The
actual reasons for this are presently unknown.

Bioactive TLR-stimulants in rectal contents

An original aspect of the present works is that we show early maternal ATB administration
to impact on rectal concentrations of bioactive MAMPs in ATB offspring in adulthood. This is
important because MAMPs such as LPS, once having entered the body at the gut level (e.g.
after chronic consumption of a HF diet), are strongly suspected to induce low-grade, metabolic
inflammation and be causally responsible for the development of metabolic diseases and obesi-
ty [5]. Indeed, particular TLRs such as TLR2 and TLR4 link inflammation to metabolism and
obesity [6,7].

Chemical-induced gut inflammation dramatically increased colonic concentrations of lipo-
peptide (ligand of TLR2; fourfold) and LPS in mice (ligand for TLR4; 550-fold) [15]. This re-
flected increased colonic concentrations of enterobacterial species rather than Bacteroides or
Gram-positive Firmicutes [15]. Here, we observed variations in TLR-stimulant concentrations
that were more reasonable (1.5 to twofold). Of note, we were able to discriminate between early
treatments: ATB offspring displayed higher rectal concentrations of TLR2- and TLR4- stimu-
lants than CTL offspring. Although the physiological meaning of our observations is not
known yet, it may reflect differences in bacterial production and/or degradation of TLR-stimu-
lants in the large intestine. Indeed, concentrations of TLR2- and TLR4- stimulants in the ileum
did not differ between CTL and ATB treatments or between diets (data not shown). Finally,
these differences in rectal bioactive MAMP concentrations did not seem to reflect differences
in digesta AP activities (and MAMP-detoxifying capacity) in the proximal colon.

Dietary modulation of functional responses of the colon in adult offspring

Our data show that some colonic functions programmed early in life may be revealed only
under challenge with an unbalanced (HF) diet consumed later in life. These include colonic
basal HRP permeability, AP activity concentration in colonic digesta, and rectal concentrations
of TLR4-stimulants to some extent.

Surprisingly, colonic basal paracellular permeability was found to be lower in CTL offspring
fed the LF compared to the HF diet. HF diet increased colonic paracellular permeability in rats,
an effect mediated through bile acids [50]. Unfortunately, we did not find published data on
the effects of palm oil on colonic barrier function. A study in pigs suggested that acute con-
sumption of saturated (but medium chain, coconut oil) fat increased plasma LPS
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concentrations compared to a poly-unsaturated fatty acid-containing test diet [51]. Plasma
LPS mirrors gut permeability [5]. Here, plasma levels of haptoglobin, a marker of inflamma-
tion, tended to be higher with the HF diet, but with no differences between CTL and ATB off-
spring [20]. Nevertheless, our data show that this difference between LF and HF diets in CTL
offspring completely vanished in offspring born to ATB-treated sows, suggesting an influence
of maternal ATB treatment peripartum on offspring colonic paracellular permeability later in
life. This clearly needs more specific investigations.

AP activity concentration in colonic digesta was twofold higher in ATB offspring fed the HF
diet compared to the other groups. This might suggest that HF intake may have stimulated AP
protein fermentation in the colon of ATB offspring. In a recent study in pigs, an HF diet (17%
fat provided by lard) was reported to decrease cecal fermentation, with no effects on microbiota
diversity composition [52]. Reasons for these apparent discrepancies and underlying mecha-
nisms are presently unknown. Rectal concentration of TLR4-stimulants also tended to be
higher in ATB offspring fed the HF diet compared to the other groups, suggesting the possibili-
ty of a higher bacterial production and/or a lower detoxification of these TLR-stimulants in
this ATB-HF group. This would be consistent with previous observations on digesta TLR-stim-
ulant concentrations in mice fed a very high fat diet [16].

Conclusions and Perspectives

We developed a swine model of mild neonatal changes in microbial colonization induced by
antibiotic treatment of dams around parturition and we showed that this treatment influenced
selectively some aspects of colonic physiology in the short-term, including a large increase in
tissue levels of inducible HSPs. More importantly, our data support the notion that these early
changes in gut microbial colonization might have long-term influences on various facets of co-
lonic physiology especially under stressful condition, although these changes did not seem to
be directly related to late colonic microbiota composition. This area warrants further investiga-
tion on the underlying mechanisms of early colonic programming.
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