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Abbreviations

AA: Amino acid

CKK: cholecystokinin

GCE: gelled coarse emulsion
GIP: gastric inhibitory peptide
GLP-1: glucagon-like peptide-1
LFE: liquid fine emulsion

MM: Mucus-associated microbiota
NEFA: non esterified fatty acids
OTU: Operating Taxonomy Unit
PYY: peptide YY

gPCR: quantitative PCR

SCFA: short chain fatty acid

ABSTRACT

Scope: Few studies have evaluated in vivo the impact of food structure on digestion, absorption of
nutrients and on microbiota composition and metabolism. In this study we evaluated in rat the impact
of two structures of protein emulsion in food on gut microbiota, luminal content composition, and

intestinal characteristics.

Methods and results: Rats received for 3 weeks two diets of identical composition but based on
lipid-protein matrices of liquid fine (LFE) or gelled coarse (GCE) emulsion. LFE diet led to higher
abundance, when compared to the GCE, of Lactobacillaceae (Lactobacillus reuteri) in the ileum,
higher B-diversity of the caecum mucus-associated bacteria. In contrast, the LFE diet led to a decrease
in Akkermansia municiphila in the caecum. This coincided with heavier caecum content and higher
amount of isovalerate in the LFE group. LFE diet induced an increased expression of i) amino acid
transporters in the ileum ii) glucagon in the caecum, together with an elevated level of GLP-1 in
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portal plasma. However, these intestinal effects were not associated with modification of food intake

or body weight gain.

Conclusion: Overall, the structure of protein emulsion in food affects the expression of amino acid
transporters and gut peptides concomitantly with modification of the gut microbiota composition and

activity. Our data suggest that these effects of the emulsion structure are the result of a modification

of protein digestion properties.

Few studies have evaluated, in vivo, the impact of food structure on health. The present study is
among the first ones demonstrating that the structure of protein emulsion impacts microbiota and
nutrient handling all along the distal gastro intestinal tract in rats. In the future, for populations at risk

or deficient, it might be possible to process food to deliver specific nutrients to the gut.
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1 Introduction

A substantial fraction of western diet incorporates processed or reconstituted food, which may
alter the ingredient structure without substantially changing the composition of the food. The spatial
arrangement of food constituents (food structure) is notably determined by food processing and
regulates digestion mostly through modifications of the accessibility of digestive enzymes [1]. Food
structure has been mostly studied by in vitro digestion, however, few in vivo published studies showed
that food structure may regulate transit time, nutrient sensing and absorption in the gastrointestinal
tract as well as satiety and post-prandial metabolism [2]. For instance, in humans a coarse fat
emulsion delivered intra-gastrically, decreased lipolysis in the duodenum relatively to a fine fat
emulsion [3]. In intra-duodenal infusion experiments in humans, an increase in the fat emulsion
droplet size induced a decrease in the lipid absorption rate together with an increase in the release of
the gut peptides cholecystokinin (CCK) and peptide YY (PYY) associated with satiety increase [4]. In
mini-pigs, gelation of milk protein slowed down amino acid (AA) absorption with little consequences
on the gut peptides CCK and ghrelin [5]. Mice fed for 18 weeks a standard powder diet display
increased body weight and fat mass owing to an increased food intake relative to mice fed an identical
diet in pellets, indicating a crucial role of diet macrostructure on food consumption [6].

Since food structure may affect digestive processes, it might modify the quantity and quality
of dietary compounds available in the lower gastrointestinal tract [7] which is colonized by the gut
microbiota [8-10]. In the pig model, diet macrostructure (fine versus coarsely ground) regulated gut
microbiota composition and total short chain fatty acids (SCFA) concentrations [11] suggesting
modifications of microbial metabolic activity. However, despite the crucial role of the gut microbiota
in nutrition and health [12, 13], the effects of food structure on intestinal ecosystems have so far been
widely neglected. The microbiota composition and metabolic activity have been shown to participate
in the regulation of digestion, nutrients transport, satiety and host metabolism [14]. Therefore, food
structure may impact host digestive physiology and metabolism notably through regulation of the gut
microbiota.

Recently, we have designed two lipid-protein matrices of identical composition but with one
being finely emulsified (liquid fine emulsion, LFE) while the other one was coarsely emulsified and
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heated for gelation (gelled coarse emulsion, GCE) resulting in two matrices differing both in
microstructure (fat droplet diameter ratio GCE / LFE = 26.5, soluble vs crosslinked proteins) and
macroscopic properties (liquid or gelled) [15]. In vitro, the initial rate of both proteolysis and lipolysis
are slower for GCE than for LFE (related to the gel state of GCE), while the extent of lipolysis is
higher in LFE (related to the fat droplets small size) and the extent of proteolysis is higher in GCE
(related to the denaturation of protein during heat treatment) [15]. In this context, the objective of the
present study was to evaluate in rats the effect of LFE or GCE consumption on the gut microbiota

composition and activity, nutrient sensing and transport, food intake and metabolism.

2 Materials and methods

2.1 Lipid-protein matrices preparation

LFE and GCE were prepared as previously described [15]. Both matrices had identical composition
(10 wt % rapeseed oil (Lesieur) and 15 wt % whey proteins isolate, Prolacta 95 (Lactalis)). Briefly,
LFE was obtained by emulsification with a rotor-stator homogenizer and treatment with ultra-sound.
GCE was obtained by emulsification with a rotor-stator homogenizer and heating at 70°C for 5 min.
GCE was chopped for 3 sec with a kitchen food grinder (Braun Turbo 600 W type 4191) to produce
pieces ranging from 3 to 5 mm. Both matrices were then frozen at -80°C and freeze-dried. Differential
in vitro digestion properties of the two matrices were not affected by the freeze-drying rehydration

process (unpublished data).

2.2 Animals and experimental design

The present protocol received the authorization from the « Ministére de 1’Education Nationale, de
I’Enseignement Supérieur et de la Recherche » (APAFIS # 4179-2016021609463495 v2). For details,
see Supplementary Information. Briefly, sixteen male Wistar Han rcc rats (Harlan, Gannat, France)
weighing 190 g (7 weeks) received during 3 weeks the diet described in Table 1, with all proteins and
lipids included in the LFE (n=8) or in the GCE (n=8). Freeze-dried LFE and GCE were gently
homogenized with the powders of the other ingredients of the diet, and water was added to obtain a
dough texture. Body weight and food intake were measured daily. After 3 weeks, rats were
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anesthetized with pentobarbital (40 mg/kg body weight). Portal and peripheral blood, intestinal
contents (small intestine, caecum and colon), caecum mucus-associated microbiota (MM), intestinal

sections (duodenum, ileum, jejunum, caecum and colon), liver and adipose tissues were collected.

2.3 Analysis of intestinal contents

For calculation of water content, 0.1 g of caecum and colon contents was weighted before and after 24
hours at 50 °C. Caecal and colonic contents homogenates were obtained by vigorous homogenization
in ultrapure water followed by centrifugation (14 000 g, 15 min, 4°C). SCFA in the homogenates or in
portal serum were then derivatized by esterification and analyzed by gas chromatography as
previously described [16]. For ammonia measurement, the intestinal content homogenates were
filtered with nanosep 30K (Pall) and ammonia concentration was measured using the ammonia assay
kit (Megazyme) according to manufacturer instructions. Sulfide was quantified by gas-
chromatography mass-spectrometry in intestinal contents as previously described [17]. Cysteine
desulfhydrase and urease activity were measured in bacterial lysates from the caecal contents (see

Supplementary Information).

2.4 Microbiota analysis

DNA extraction and quantitative PCR (qPCR): Total DNA was extracted from ~150 mg of ileum
content, caecum contents, MM samples, re-suspended in Tris EDTA (50-100 pL) and stored at -20°C
as previously described [10, 18]. For MM samples, an overnight isopropanol incubation was added.
DNA concentration and integrity were assessed by spectrophotometry using a Nanodrop 1000
(Thermoscientific) and by electrophoresis on agarose gel 1% w/v with EtBr (1ul/ml). qPCR was
performed as described previously [19-22] (see Supplementary Information).

16S rDNA sequencing and analysis: PCR targeting the V3-V4 regions of the 16S rDNA genes (probes
used: V3F-TACGGRAGGCAGCAG-342, E. coli position, V4R-
ATCTTACCAGGGTATCTAATCCT-806, E. coli position) were performed as previously described
[23] on all the DNA extracted in this study. PCR mixes were assembled as follows: 22pL of reaction
mix (AccuPrime™ Pfx DNA Polymerase, 0.05U/pL, 10X PCR buffer minus Mg and H,0), 2uL of
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BC primers (800nM) and DNA (Caecum 100 ng, Mucosa 100-200 ng, Ileum 200-300 ng). Amplicons
were purified and normalized as described (Supplementary Information) and sequenced with the
Miseq® sequencing technology (Illumina) at the Institut Curie NGS platform. Paired-end reads
obtained were merged using FLASH v1.2.11 software (parameters: -m 20; -M 170; -x 0.25; PHRED
33) [24]. Reads with length > 400 pb were kept for downstream analysis. The merged sequences were
processed with QIIME v1.9.0 [25], (see Supplementary Information for bioinformatics pipeline). In
ileum, caeccum and MM, the average number of OTUs was 870, 1190, 1204 respectively. Supporting
Information Table S1 provides the detailed sequencing results.

2.5 mRNA quantification in intestinal mucosa

Total RNA was isolated from intestinal section using mirVana® miRNA isolation kit according to the
manufacturer’s instructions (Ambion, France). Reverse transcription was performed with 5 pg total
RNA using High capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA) in
a final volume of 25 pl. Real-time PCR was performed based on TagMan gene expression assays with
predesigned Taqman primers and probes for the Rat (Assays-on-Demand'™, Gene Expression
Products; Applied Biosystems) (Supporting Information Table S4), B-actin being the housekeeping
gene to normalize the mRNA abundance of each target gene. Expression values of target genes were
calculated based on the comparative threshold cycle (Ct) method to generate ACt values. The relative
abundance of each mRNA in each sample was then normalized according to the equation: Relative

Quantity RQ =2 ' [26].

2.6 Plasma and lipid analysis

Peripheral plasma was analyzed for glucose, triglycerides, total cholesterol, HDL and non-esterified
fatty acids (NEFA) by AU 400 automated biochemical analyzer (Olympus). Glucagon-like peptide-1
(GLP-1) level was determined by ELISA (Millipore) using 100 ul of portal plasma diluted 1:5. Lipids

collected from liver, fat tissues and diet were analyzed (see Supplementary Information).
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2.7 Statistical analysis

For microbiota qPCR data, log median values were compared with non-parametric Wilcoxon-Mann-
Whitney test using R software (http://www.R-project.org/) 16S rDNA sequencing data were analyzed
using the Phyloseq package in R [27]. Effect of emulsion structure on microbiota composition was
tested using a linear model with the DESeq?2 analysis pipeline (Supplementary Information). For all
the other parameters, Mann-Whitney test was performed using GraphPad Prism Version 6.02 for
Windows (GraphPad Software). Differences with p-values < 0.05 were considered as statistically

significant.

3 Results

3.1 Emulsion structure modifies the microbiota in the ileum, caecum and caecum mucus

To address the effects of emulsion structure on the microbiota in the distal gastro-intestinal tract we
first investigated the effects of the LFE and GCE diets on the ileum bacterial population (Figure 1,
Supporting Information Tables S1, S2 and S3). The qPCR analysis showed that the total bacterial
concentration in the ileum, 4.107 cell/g, was similar between the two groups. However, the
concentration of the dominant Lactobacillus group was significantly higher in the LFE group relative
to the GCE group (Figure 1). In contrast, the Bifidobacteria concentration tended (p = 0.06) to be
lower in the LFE group than in the GCE group (Figure 1). To address the ecosystem composition at a
broader level we performed 16S rDNA sequencing. The microbiota in the ileal content was mainly
composed of the Firmicutes (mainly Lactobacillaceae) and Proteobacteria phyla (Figure 2, A). The
sequencing confirmed that, the Lactobacillaceae family in the ileum, was more abundant under LFE
than GCE diet (Figure 2, B). Within this family, Lactobacillus reuteri and an unknown species were
over-represented in rat fed the LFE diet (Figure 2, B inset).

We next examined bacterial populations in the caecum content. The caecum content weight was
significantly increased in rats fed LFE when compared to rats fed GCE diet, while water and solid
matter content being proportionally increased (Table 2). qPCR analysis showed that the total bacterial
concentration in the caecal content was 2.10° cell/g, whatever the diet (Figure 1). Bifidobacteria
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concentration was lower with the LFE diet, while there was only a trend (p = 0.10) toward a higher
concentration of Lactobacillus group in the rats caecum (Figure 1). 16S rDNA sequencing data
pointed at several distinctive features between the two diets. Interestingly, the rare Verrucomicrobia
phylum was significantly less abundant in the caecum content of rats fed the LFE, when compared to
the GCE diet, and this was related to a lower abundance of the mucin-degrader Akkermansia
muciniphila (Figure 3, A). In the Firmicutes phyla, the Coprococcus genus (Lachnospiraceae family)
was more abundant in the caecum content of rats fed the LFE (Figure 3, B).

Since bacteria in the mucus layer have a more direct interaction with the epithelial cells, we next
analyzed the effects of the two diets on the caecum MM. The qPCR showed, again, that the diet did
not modify the total bacterial concentration. However, it also indicated that bacterial load was similar
in the mucus and the lumen content (Figure 1). Furthermore, under LFE diet, Bifidobacteria and
Lactobacillus groups were lower and higher, respectively (Figure 1). Strikingly, the caccum mucus
was the only compartment where bacterial B-diversity showed a strong segregation according to the
diet (Figure 4, A), indicating a distinct ecosystem structure. Within the Firmicutes, the abundance of
the genus Coprococcus (Lachnospiraceae family) was higher with the LFE diet (Figure 4, B). In
addition, the abundance of 27 "non dominant' OTUs (<1%) were significantly affected by the diet
(Supporting Information Table S3). In the Firmicutes, 6 OTUs from the Oscillispira and unknown
genera were less abundant in the LFE group than in the GCE group (Figure 4, C). Within the
Bacteroidetes, 9 OTUs from the Bacteroides, Parabacteroides or Prevotella genera but also from
unknown families of the Bacteroidales order were impacted, with one unknown OTUs from

undetected under LFE to 1% of the sequences counts with GCE diet (Figure 4, D).

3.2 Emulsion structure modifies the caecal luminal bacterial metabolite composition

In caecum, the total SCFA quantity was similar in both LFE and GCE fed rats (Table 2). The total
quantity of caecal SCFA resulting from bacterial metabolism of both carbohydrates and AA
(including acetate, propionate and butyrate) was similar in LFE and GCE fed rats (Table 2). In
contrast, the total quantities of AA-derived SCFA (isobutyrate, isovalerate and valerate) were more
abundant in the caecum of LFE fed rats when compared to GCE fed rats (Table 2). This accumulation
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of AA-derived SCFA was mostly driven by a significantly higher amount of isovalerate in the caccum
of LFE fed rats (Table 2). In the caeccum, the quantities of ammonia and sulfide, two metabolites
derived from bacterial amino acid metabolism were however not impacted by the emulsion structure.
The total enzymatic activity of bacterial cysteine desulthydrase and urease were slightly but
significantly higher in the caecum of rats fed LFE when compared to GCE (Table 2). None of the
parameters described in this paragraph were modified in the colon (data not shown) indicating that the
effects of the emulsion structure on microbial metabolic activities were restricted to the caecum.
Acetate, the major microbiota-derived SCFA present in the portal blood, displayed similar
concentrations whatever the diet (0.52 £ 0.14 and 0.35 = 0.10 mM in LFE and GCE fed rats,

respectively).

3.3 Emulsion structure regulates expression of AA transporters in the small intestine and gut
peptide in the caecum

Dietary composition and the resulting luminal content are important modulators of nutrient intestinal
transport systems and gut peptide release. Thus, we firstly investigated the impact of LFE and GCE
diets on AA and lipids transporters. In the duodenum and jejunum, the expression levels of all apical
AA and peptide transporters was similar in both LFE and GCE groups (Table 3). Only the basolateral
system A displayed a lower expression level in the duodenum of the LFE fed rats. In contrast, in the
ileum the expression of 2 apical AA transporters (the system ASC and the system X »g) were
increased significantly in the LFE fed rats when compared to the GCE fed rats. On the other hand,
LFE and GCE did not affect the expression level of the main lipid transporters and lipid metabolism-
related enzymes along the gastrointestinal tract (Supporting Information Table S5). Next, we
determined the effect of the two diets on gut peptide expression. In the small intestine (Supporting
Information Table S6) the emulsion structure did not change the level of expression of gastric
inhibitory peptide (GIP), CCK, glucagon, PYY and somatostatin. However more distally in the
caecum, but not in the colon, the expression level of glucagon was increased in the LFE fed rat when
compared to GCE fed rat (Figure 5, A). This increase in caecal glucagon gene expression was
associated with an elevated portal level of GLP-1 in the LFE fed rats (Figure 5, B). In contrast, in the
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caecum and the colon the gene expression of PYY remained unchanged in both groups of rats (Figure

5,C).

3.4 Emulsion structure has no effect on food intake, body weight, body composition and plasma
metabolite concentration

After 3 weeks of consumption of the LFE or GCE diet, cumulated food intake, body weight gain,
adipose tissue weight and adiposity were similar in both groups (Table 4). Plasma levels of glucose,
triglycerides, cholesterol and HDL were similar in both LFE and GCE rats (Table 4). However, the
NEFA levels were reduced by 50% in the plasma of LFE fed rats. Liver and adipose tissue lipid
content (data not shown) and fatty acid profile were similar in both groups (Supporting Information

Table S7).

4 Discussion

In this study we demonstrated that the structure of two non obesogenic diets of identical composition
can itself significantly impact nutrient handling and microbial composition and activity along the
lower gastro intestinal tract. The Figure 6 highlights the main significant results of this study: the LFE
of lipid-protein strongly modified the microbiota and increased the expression of AA transporter
systems in the ileum. In the caecum, LFE diet enhanced the isovalerate total quantity, a branched-
chain fatty acid produced by the microbiota from leucine. LFE diet also increased glucagon gene
expression in the caecum mucosa and led to an elevated circulating level of portal GLP-1 and reduced
NEFA concentration in the plasma. These results can be interpreted in the light of our previous in
vitro studies [15], showing that the emulsion structure might affect the digestion rate of lipids and
protein. By this latter process, LFE diet may modulate the quantity and quality of dietary compounds
available in the lower part of the gastrointestinal tract thus impacting the bacteria and epithelial cells
specifically in the distal compartments of the gut (ileum and caecum).

LFE-diet did strongly modify the gut microbiota composition in the ileum by increasing the relative
abundance of so far unknown Lactobacillus species, and of Lactobacillus reuteri, a probiotic species
[28]. Such an increase in Lactobacillus and lower abundance of Bifidobacteria was found consistently
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in the ileum and in the caecum. Interestingly, high-protein diet in humans, pigs and rats also decreased
Bifidobacteria and/or increased Lactobacillus abundances [29-31]. Therefore, LFE diet seems to
replicate some of the effects of high-protein diets, which are related to a greater peptides supply in the
distal part of the gut. In agreement with this proposition, LFE diet induced an increase in isovalerate
quantity in the caecum. Isovalerate is a branched-chain fatty acid exclusively originating from the
catabolism of leucine and is considered as a marker of microbial protein fermentation [32-34].
Furthermore, isovalerate is produced from leucine, an amino acid known as abundant in whey
proteins, the ones used in this study. In humans, up to 12-18g of proteins from dietary and
endogenous origins can reach the colon each day [35], leading to amino acid release and metabolism
by the microbiota [36, 37], but the impact on human health of bacterial proteolysis remains unclear

[33, 38-40]. Despite being understudied, proteins and byproducts of their breakdown can be energy
sources for the bacteria and they also act as substrates or signal molecules for the epithelial cells. It is
noteworthy that the total amount of two other AA derived bacterial metabolites, ammonia and
hydrogen sulfide, were not different according to the diet structure, despite higher activities of
cysteine desulfhydrase and urease in the caecum of LFE animals. This is likely due to the fact that
ammonia is known to be efficiently and rapidly transported across the large intestine epithelium [41,
42] and that hydrogen sulfide easily and rapidly penetrates the biological membranes [43]. The
increased caecal protein fermentation after LFE diet consumption may result from a modification of
the transit time of the intestinal content, but also from an increased bacterial metabolic capacity for
protein and amino acid disposal. Members of Lactobacillus and Bifidobacteria genera, commonly
used as probiotics and shown to be beneficial for metabolic health [44], are also known to present
proteolytic activities [33].

Interestingly, Coprococcus was also more abundant in the caecum under LFE diet. This genus is
highly prevalent in the feces [10] or gut biopsies of healthy humans [45]. In addition, the use of
Lactobacillus reuteri as a probiotics led to a significant increase of both Lactobacillus and
Coprococcus in newborn microbiota [46]. Recently, Coprococcus species have been shown to
produce short chain fatty acids from lactate that typically originates from Lactobacillus species [47].
In the first enumeration [48] and further description of the genus in 1974, Coprococcus catus was
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shown to produce isovalerate. Whether species from the Coprococcus genus can be proteolytic, or are
engaged in synthrophic interactions with the proteolytic Lactobacillus species, remains to be
investigated.

Interestingly, the emulsion structure modified the microbiota structure in the caecum mucosa
in distinct ways. On a quantitative aspect, it recapitulated the effects seen in the ileum and the
caecum, an increased biomass of Lactobacillus, Coprococcus, and a decreased of Bifidobacteria
group. In addition, the bacterial B-diversity reflected diet-based dissimilarity, distinct ecosystem
structures, consistent with B-diversity in human presenting a faster transit time [49]. Finally, some
unknown genera and OTUs were significantly impacted in the caecum mucus, reflecting that a
number of functional aspects of mucus associated-microbiota remain unknown.

A striking result of the present study is the decreased abundance of Akkermansia muciniphila in the
caecum of rats fed the LFE diet when compared to rats fed the GCE diet. This bacterial species is the
only known member of the Verrucomicrobia phylum in the intestinal ecosystem [50] and has been
positively correlated with beneficial metabolic outcomes in humans [51]. In animal models,
administration of 4. muciniphila counteracts the detrimental metabolic effects of a high-fat diet
through the reinforcement of the intestinal barrier function [52]. Moreover, A. muciniphila presence in
human and rodent is inversely correlated with body weight [52]. This bacterium is a mucin utilizer,
mucin being composed of glycoprotein [53]. However, in our experiments, neither mucins mRNA
MUCI1 and MUC?2 expression in the caecum (data not shown), nor 4. muciniphila in mucosa, were
modified suggesting an alternative mechanism for the modification of its abundance in caccum
content. Interestingly, A. muciniphila has been shown to be more prevalent in humans with slow
transit time [54] reinforcing the view that emulsion structure is likely to have impacted transit time.
Moreover, it is conceivable that few dietary proteins reached the caecum in rats fed the GCE diet,
bringing an ecological advantage to bacterial groups such as A. muciniphila able to use endogenous
protein (mucins) as nitrogen source.

Moreover, in porcine intestinal epithelial cells line, the addition of leucine up-regulated expression of

Slclab, a gene that encodes for transport system ASC for neutral amino acids [55], in accordance with
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the present results which show increased expression of this latter gene in rats fed LFE diet. Thus, this
supports our two aforementioned hypotheses: an increase AA supply in the ileum/caecum with the
LFE diet and/or a longer transit time in the caecum that has been associated with increased protein
degradation by the gut microbiota [56]. In addition to S/c/a5, LFE diet increased the expression of the
Slclal gene (encoding for X sg transport system) in the ileum, while the expression of this amino acid
transporter remained unchanged in the duodenum and jejunum, indicating a specific effect on the
distal part of the small intestine. In the intestine, AA transporters are expressed along the small
intestine and each transport system has its own specific expression profile in the gut [57]. PET1,
which remained unchanged between the LFE and GCE diets, is mostly expressed in the proximal
region of the small intestine likely as a way to allow the rapid absorption of di and tri-peptides in the
proximal GI tract [57]. However, for most of the AA transport system, expression increases from the
duodenum to ileum likely reflecting the gradual release of AA into the lumen by the proteolysis. The
expression of AA transporters is known to be increased during high-protein diet and repressed during
low-protein diet through AA sensing [58]. Then, our results suggest that the release of AA was shifted
from the proximal small intestine to the ileum with the LFE diet when compared to the GCE diet.
Moreover, proteins denaturation during GCE preparation might increase the extent of proteolysis
when compared to the LFE, consistently with our in vitro study [15]. The gelled structure of the GCE
might also have increased the gastric residence time [5], thereby increasing protein digestion by
pepsin and resulting in a more proximal release of AA. In contrast, the emulsion structure had no
effects on lipids transporters in the small intestine suggesting differential effects between
macronutrients within the same matrix.

In the present study, the rat fed LFE diet displayed an increased glucagon gene expression in
the caecum associated with an elevated portal level of GLP-1. The endocrine peptide GLP-1 is
produced by L-cells whose population increased toward the distal compartments of the
gastrointestinal tract (jejunum>ileum>colon). Among the various AA released during proteins
digestion, L-glutamine has been described in vivo as activating the secretion of GLP-1 [59]. Others
AA such as glycine and alanine are also potent activator of GLP-1 secretion on the enterotendocrine
cell line GLUTag [60]. Alanine and glutamine are transported by the ASC system. As mentioned
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previously, the increased ASC system expression in the ileum likely reflects an increase AA supply in
the ileum/caecum with the LFE diet. Thus, a higher amount of AA in the distal intestine is indeed
expected to stimulate the large number of GLP-1 secreting cells present at the distal level [61].

In addition, the emulsion structure might have modulated the kinetics and the anatomical site
of peptides, AA and none esterified fatty acids release in the gut, all of them stimulating the release of
GLP-1 by L-cells [62]. The LFE diet induced decrease in plasma NEFA concentration might be
mediated through GLP-1 [63]. However, we did not observe any effects of the emulsion structure on
glycemia, triglycerides, cholesterol, food intake, and body composition. It is important to consider
that in the present study the experimental diets were not obesogenic and that the rats were exposed to
the two diets for only three weeks. Further experiments are needed to determine if the effect of
emulsion structure that we observed would modulate the metabolic outcomes of diets high in fat or

with high saturated fatty acid content.

Concluding remarks

In conclusion, the present study is among the first ones demonstrating that the structure of
protein emulsion impacts microbiota and nutrient handling all along the distal gastro intestinal tract in
rats. The LFE diet, in comparison with the GCE diet, modifies the composition and the metabolic
activity of the gut microbiota, increasing the caecal content weight and the concentration of
isobutyrate, indicating an increased bacterial protein fermentation in this content. These results are
likely to be related to a modification of the transit time and of the nutrient release kinetics in the
gastrointestinal tract according to the emulsion structure. Similar mechanisms are probably involved
in the alteration of the expression of AA transporters and of GLP-1 production induced by the
experimental diets. "Food constituents when incorporated to the diet may lead to different structures
that will themselves impact the gut microbiota and the animal physiology. One can hypothesize that
studies aiming at investigating the addition of a given compound in the diet might combine the effect
of the compound itself with the obtained chow structure versus the control one without the
compound". Thus, our study reinforces the view that food structure is an important parameter, which
impacts microbiota composition and some aspects of host intestinal physiology.
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FIGURE LEGENDS

Figure 1: Microbiota structure assessed by qPCR. LFE: liquid fine emulsion, GCE: gelled coarse
emulsion, Caecum MM: caecum mucus-associated microbiota. Cells count/gram are represented for
each probe. Boxplots represent median, and quartiles (Q25% and Q75%). Mean ranks were compared

with Mann-Whitney test. *: p<0.05, **: p<0.01. LFE: n=8, GCE: n= 8.
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Figure 2: 16S rDNA microbiota composition in the ileum. LFE: liquid fine emulsion, GCE: gelled
coarse emulsion. A: Most abundant Phyla, B: Most abundant families from the Firmicutes, inset:
species of the Lactobacillus genus impacted by the diet. The Y-axis represents sequences normalized
to the total number of reads. Normalized counts were compared with Wald test, Benjamini Hochberg

correction. *: p<0.05. LFE: n=7, GCE: n=4.
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Figure 3: 16S rDNA microbiota composition in the caecum. LFE: liquid fine emulsion, GCE:
gelled coarse emulsion. A: Most abundant Phyla, inset relative abondance of Akkermansia
muciniphila OTUs from the Verrucomicrobia phylum, B: Most abundant genera from the
Lachnospiraceae family. The Y-axis represents sequences normalized to the total number of reads.
Normalized counts were compared with Wald test, using Benjamini Hochberg correction. *: p<0.05.

LFE:n=6, GCE: n=6.
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Figure 4: 16S rDNA microbiota composition in the caecum mucus. LFE: liquid fine emulsion,
GCE: gelled coarse emulsion. A: Multidimensional scaling showing B-diversity calculated on
normalized sequences counts using data Jaccard distances. B: Most abundant genera from the
Lachnospiraceae family, inset: OTUs of the Lachnospiraceae impacted by the diet. C: OTUs from the
Ruminococcaceae impacted by the diet. D: OTUs from the Bacteroidales order impacted by the diet.
The Y-axis represents sequences normalized to the total number of reads. Normalized counts were

compared using Wald test and Benjamini Hochberg correction. *: p<0.05. LFE: n=5, GCE: n=5.
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Figure 5: Gut peptide mRNA expression levels in large intestine and portal blood concentration.
LFE: liquid fine emulsion, GCE: gelled coarse emulsion. A: Glucagon (Gcg) relative mRNA
expression level in the caecum and colon. B: Glucagon-like peptide-1 (GLP-1) concentration in portal
plasma. C: Peptide YY (Pyy) relative expression level in the caecum and colon. Gene expression data
were normalized relative to levels seen in LFE group of each segment. Values represented are mean +

SEM. Means were compared with Mann-Whitney test. *: p <0.05. LFE: n=8, GCE: n=8.
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Figure 6: Schematic view of the impact of diet structure on the animal gastrointestinal tract,
peripheral organs and gut microbiota. LFE: liquid fine emulsion, GCE: gelled coarse emulsion.
LFE diet increased Lactobacillaceac and decreased Bifidobacteria abundance (1) and enhanced
expression of AA transporters (2) in the ileum. In the caecum, LFE diet increased Lactobacillus and
Coprococcus, decreased A. municiphila, (3) and is associated to higher B-diversity of the caecum
mucus-associated bacteria (4). In parallel, caecum content was augmented in the LFE as well as the
isovalerate total content and the total urease and cystein desulthydrase activities (5). LFE diet also
increased glucagon expression in the caecum, together with an elevated level of GLP-1 in portal
plasma (6). No modifications of food intake or of body weight gain were observed between the two

diets (7).
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TABLES
Table 1: Composition of the experimental diet. * indicates ingredients included in the lipid-protein
matrices of identical composition but with different structures in the LFE liquid fine emulsion and

GCE gelled coarse emulsion.

Ingredients g/kg (dry matter)

Whey protein isolate™® 214.9
Rapeseed oil* 110.2
Corn starch 489.7
Sucrose 79.7
Cellulose 50
Choline 23
Vitamin mixture, AIN 93-V 10
Mineral mixture, AIN 93-M 35
Energy

Energy density (kJ/g) 16.7
Carbohydrate (% energy) 53
Protein (% energy) 20
Fat (% energy) 26
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Table 2: Bacterial metabolites in caecum content. LFE: liquid fine emulsion; GCE: gelled coarse

emulsion, SCFA: short chain fatty acids, AA: amino-acid. AA-derived SCFA includes isobutyrate,

isovalerate and valerate. Values are mean + SEM. Means were compared with Mann-Whitney test,

NS: not statistically significant (p > 0.05).

Caecum
GCE (n=8) LFE (n=7-8) P value
Content characteristics
Content weight (g) 1.68 £0.05 2.14£0.10 0.003
Water (%) 77.06 £ 0.84 75.25+0.92 NS
Total amount in the caecum content (umol)
Acetate 40.04 £4.49 48.12+3.93 NS
Propionate 13.25+1.40 15.15+0.62 NS
Butyrate 6.19 +0.80 7.72 £0.73 NS
Isobutyrate 0.68 £0.08 0.80+0.05 NS
Isovalerate 1.34+0.21 1.96 £0.17 0.049
Valerate 1.34+£0.15 1.54 £ 0.06 NS
Total SCFA 62.84 + 6.83 75.29 £5.20 NS
AA derived SCFA 3.35+0.39 4.30+0.19 0.049
Ammonia 4.95+£0.85 5.85+0.85 NS
Sulfide 0.25+£0.02 0.43+£0.12 NS
Total enzymatic activity in caecum content
Cystein desulthydrase (umol sulfide/min) 0.20£0.02 0.27 +£0.03 0.049
Urease (umol ammonia/min) 2.39+0.27 3.51+0.31 0.028
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Table 3: Gene expression of AA and peptide transporters in various regions of the small intestine. LFE: liquid fine emulsion; GCE: gelled coarse

emulsion. Values are mean + SEM. Means were compared with Mann-Whitney test, NS: not statistically significant (p > 0.05), P values < 0.10 are shown. In

each region, data were normalized relative to levels seen in GCE group.

ccepted Article

Duodenum Jejunum lleum

Transporter name
(peptides or AA transported)

GCE LFE Pvalue GCE LFE Pvalue GCE LFE P value
Apical transporters
Peptide transporter PEPT1 (di & tri 1.00 = 0.08 098+£0.12 NS 1.00 £ 0.15 1.13+0.16 NS 1.00£0.06 0.94+£0.05 NS
peptides)
System B° (neutral AA) 1.00+0.10 0.85+£0.07 NS 1.00 £ 0.06 1.18 £0.12 NS 1.00£0.08 1.20+0.07 NS
Imino acid carrier (Imino acids, 1.00 £ 0.01 0.87+£0.09 NS 1.00 + 0.07 1.19+0.12 NS 1.00£0.06 1.26+0.12 0.081
glycine, alanine, taurine)
System B”" (neutral and cationic AA) 1.00+0.11 1.20+0.10 NS 1.00 £0.10 1.26 £0.09 0.092 1.00£0.09 1.13+£0.13 NS
System ASC (alanine, serine, cystine, 1.00 +0.08 0.92+£0.12 NS 1.00 £0.08 1.05+0.11 NS 1.00+0.05 1.23+0.06 0.013
threonine, glutamine)
System bo,+(cationic AA, cystine) 1.00 +0.04 0.92+£0.04 NS 1.00 £0.07 0.93+£0.05 NS 1.00£0.05 1.08+0.05 NS

System X ¢ (anionic AA)
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1.00+0.11 1.00+0.10
Basolateral transporters
System A (neutral and imino AA) 1.00 £0.08 0.77 £0.05
System X s¢ (anionic AA) 1.00 £0.16 1.21 £0.26
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NS

0.048
NS

1.00 £ 0.07

1.00 £0.08
1.00 £0.12

1.13+£0.10 NS

0.98+£0.05 NS
1.44+£0.18 0.062

1.00 £ 0.07

1.00 £ 0.07
1.00+£0.18

1.19 +0.03

1.11 £0.07
1.55+0.37

0.027

NS
NS
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Table 4: Peripheral plasma metabolites, camulated food intake, body weight gain and adiposity

of rats. LFE: liquid fine emulsion; GCE: gelled coarse emulsion, NEFA: non-esterified fatty acids.

Values are mean + SEM.* Adiposity = (Body fat / body weight)*100. Means were compared with

Mann-Whitney test, NS: not statistically significant (p > 0.05)

GCE (n=7-8)  LFE (n=7-8) P value

Cumulated food intake (kJ) 13.90 £ 0.43 14.50 + 0.47 NS
Body weight gain (g) 82.21 +£4.80 93.11+£7.55 NS
White pad fat (g) 48.05 + 5.63 45.89 +3.76 NS
Adiposity* (%) 14.06 + 1.03 12.86 + 0.65 NS
Peripheral plasma metabolites

Glucose (g/L) 10.09 £0.65 10.52 +0.69 NS
Triglyceride (mmol/L) 1.59+0.29 2.05+0.28 NS
Total cholesterol (mmol/L) 1.74 £ 0.07 1.78 £ 0.08 NS
Total HDL (mmol/L) 0.84 +0.08 0.93 £0.06 NS
NEFA (mmol/L) 0.21+0.03 0.12+0.01 0.05
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