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Abbreviations
AA: amino acid ; APE: atom percent excess ; CKK: cholecystokinin ; GCE: gelled coarse emulsion
; GI: gastro-intestinal ; GIP: gastric inhibitory peptide ; GLP-1: glucagon-like peptide-1 ; LFE: liquid
fine emulsion ; N: nitrogen ; NEFA: non esterified fatty acids ; OTU: operating taxonomy unit ; PYY:
peptide YY ; ROD: real whey protein oro-cecal digestibility ; TG: triglyceride ; peptide YY ; SCFA:
short chain fatty acids.

ABSTRACT
Scope
Food structure is a key factor controlling digestion and nutrient absorption. We tested the
hypothesis that protein emulsion structure in the diet may affect digestive and absorptive
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processes.
Methods & results
Rats (n=40) were fed for 3 weeks two diets chemically identical but based on lipid-protein
liquid-fine (LFE) or gelled-coarse (GCE) emulsions that differ at the macro- and microstructure levels. After an overnight fasting, they ingested a 15N-labeled LFE or GCE test meal
and were euthanized 0, 15min, 1h and 5h later. 15N enrichment in intestinal contents and 15N
blood fate were measured. Gastric emptying, protein digestion kinetics,

15

N absorption and

incorporation in blood protein and urea were faster with LFE than GCE. At 15min timepoint,
LFE group showed higher increase in GIP portal levels than GCE. Three weeks of dietary
adaptation led to higher expression of cationic amino acid-transporters in ileum of LFE
compared to GCE. LFE diet raised cecal butyrate and isovalerate proportion relative to GCE,
suggesting increased protein fermentation. LFE diet increased fecal Parabacteroides relative
abundance but decreased Bifidobacterium, Sutterella, Parasutterella genera, and Clostridium
cluster XIV abundance.
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Conclusion
Protein emulsion structure regulates digestion kinetics and gastrointestinal physiology, and
could be targeted to improve food health value.

Food processing alters food structure raising the question how that affects its digestion. To
investigate this we created two chemically identical diets which differed in macro- and microstructure of protein-lipid emulsion. We found that these structural differences in lipo-protein matrix
incorporated in the diet had major effects on dietary protein digestion kinetics, nitrogenous
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compound absorption and incorporation in blood protein. This was associated with changes
in endocrine response of the proximal intestine and modification and activity of the gut
microbiota.
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INTRODUCTION
Pre-processed or ultra-processed food has become a prominent part of the diet in western
countries [1, 2]. This rise in their consumption may partly account for the increased
prevalence of a number of metabolic diseases [3, 4]. Observational nutritional studies have
shown that the impact of diet on health parameters cannot be explained only by the chemical
composition itself, but that the food structure, which can be substantially altered by food
processing, should also be taken into account [5, 6]. Along with other food constituents, the
functional properties of proteins in food matrixes can be drastically modified by the
processing methods [7, 8]. The emulsifying properties of the proteins are particularly
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sensitive to thermal treatments, which reduce protein emulsion droplet size and may affect
their digestibility [9]. Other (food) processing procedures currently used in human and animal
food industry such as freezing, extrusion or high pressure treatment also alter the emulsion
properties of proteins [7], thereby potentially affecting food digestion and nutrient absorption.
In addition, according to different protein sources, heat treatments and gelation may influence
the micro- and macrostructure of food matrices, and consequently, dietary protein digestion
and absorption [10, 11]. In humans, different dietary nitrogen (N) sources can display
different coagulation properties in the stomach acidic environment. For instance, casein is
retained longer in the stomach than the whey proteins [12] [13], impacting the speed of amino
acid (AA) absorption in the gut and affecting the whole body protein anabolism [14]. When
compared to milk, dairy product gel structure delays gastric emptying rate and subsequently
decreases the kinetics of AA absorption in minipig [15]. Similarly, the way milk coagulates
(acidification versus renneting) affects the AA digestion, release and apparent bioavailability
in the same animal model [10]. In humans, a semi solid meal decreases the gastric emptying
rates and improves satiety feeling, when compared to liquid meal of similar composition,
This article is protected by copyright. All rights reserved.
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despite a lower release of cholecystokinin (CCK) [16]. Thus, by regulating gut emptying rate
and digestion kinetics, the physical properties of protein food matrix significantly affect AA
and peptide absorption kinetics and may thus impact gut hormone signaling, although the link
remains inconsistent in human studies [13, 17, 18]. The quantity and quality of undigested
food reaching the distal part of the gastro-intestinal (GI) tract (ileum and large intestine) may
also affect the colonic microbial ecosystem composition and its fermentation activities [19] as
well as the amount of metabolites produced by the intestinal microbiota from undigestible or
not fully digested substrates [20] [21] [22].
We generated two lipo-protein emulsions of identical chemical composition, namely a liquid
fine emulsion (LFE) and a gelled coarse emulsion (GCE), that display very different
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microstructure (ratio of fat globule diameter GCE / LFE = 26.5) and macrostructure (liquid or
gelified) characteristics [23]. We showed in vitro that LFE displays higher initial rate of both
proteolysis and lipolysis than GCE [23]. In a previous in vivo study, we showed that when
incorporated into the diet, the LFE up-regulates (relative to GCE) selective expression of AA
transporter systems in the ileum, increases the Lactobacillus abundance and enhances the
caecal concentration of isovalerate, a leucine-derived short chain fatty acids (SCFA) [24].
Here, we aimed to test, in vivo, the impact of the lipo-protein emulsion structure in the diet on
the dietary protein digestion kinetics and on the AA incorporation in N metabolic pools. This
was performed by measuring protein digestibility using 15N-labeled protein in the diet and by
tracing the

15

N fate in the gastrointestinal tract, and in the amino acids, proteins and urea in

peripheral blood. The impact of the lipo-protein emulsion structure was also assessed on
amino acid transporters expression in the ileum, portal concentration of entero-endocrine
hormones, bacterial metabolite composition in the caecum content and on fecal microbial
ecosystem.
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MATERIALS AND METHODS
Lipo-protein emulsion and diet preparation
Two food matrices displaying identical macro- and micro-nutriment composition (10 wt %
rapeseed oil, Lessieur, France and 15 wt % whey proteins isolate, Prolacta 80, Lactalis,
France) but with different lipo-proteinemulsion structures at the macroscopic and
microscopic scales were prepared as described previously [23]. The LFE displayed oil
droplets of ~ 0.75 µm and the GCE displayed oil droplet of ~19.5 µm. The GCE samples
were chopped with a kitchen food grinder (Braun Turbo 600 W type 4191) during 3 s to
produce pieces in the 3 to 5 mm range. Both matrices were then frozen at -80° and freezedried. Two diets, LFE and GCE, with a different lipo-protein emulsion structure were
composed with all the protein and lipids contained in LFE or GCE matrices respectively, and
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mixed with the other diet ingredients (Table 1).
Animals and experimental design
This study was conducted in accordance with French guidelines on animal experimentation
and validated by the Ethics Committee in Animal Experiment of INRA Jouy-en-Josas
(Comethea, registration number: APAFIS#4179-2016021609463495). Forty male Wistar Han
rats (Envigo, Gannat, France) aged 7 weeks were individually housed and maintained in an
inverted 12h-light/12h-dark cycle with the dark period beginning at 7:00 AM. After a 1-week
adaptation to a standard rodent diet containing 14 % protein, 2 groups of 20 rats were fed ad
libitum for 3 weeks GCE or LFE diet. Feces were sampled by manual expulsion before and
after 3 weeks of experimental diet (Figure 1A), immediately frozen in dry ice and stored at 80°C. From the beginning of the third week (Figure 1A), rats were habituated to promptly (<
15 min) consume test meals (3g, dry matter). For that, a test meal was given daily at the
beginning of the dark phase after an overnight (light phase) fasting and the food cups was
removed after 30 minutes. After 3 weeks (Figure 1B), overnight-fasted rats were fed test
This article is protected by copyright. All rights reserved.
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meals (3g, dry matter) which had the same composition as experimental diets but whey
proteins were intrinsically labeled with 15N. Rats were euthanized 15 min (n=10), 1 h (n=10)
or 5 h (n=10) after the end of the test meal (5 rats in each group for each time point). Five rats
from the LFE and 5 from GCE groups were fasting (not fed the test meal) when euthanized.
The rats were anesthetized with pentobarbital sodium (40 mg/kg body weight ip) before
collecting portal and peripheral blood into tubes containing EDTA and protease inhibitor as
described before [24]. Plasma were frozen after centrifugation and stored at -80°C for peptide
and biochemical analysis. Gastric, intestinal, cecal and colonic contents were collected,
weighed and frozen at -20°C for 15N enrichment measurements. An aliquot of cecal contents
to be used for SCFA analysis was immediately frozen in liquid N and stored at -80°C.
Rinsed jejunum and ileum segments were sampled and stored at -80°for gene expression
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analysis.
Protein digestibility and exogenous N transfer to serum N pools
For protein digestibility, total N and

15

N enrichment of intestinal contents were assessed

using an isotope ratio mass spectrometer (IRMS) (Isoprime, GV Instrument, Manchester,
UK) coupled with an elemental N analyser (Vario Micro Cube, Elementar, Lyon, France), as
previously described (for details see supplementary methods) [25]. The amount of dietary N
that was absorbed was calculated as the differences between ingested N and dietary N
recovered in all the segments of the gastrointestinal tract.
15

N enrichment in serum free amino acids and urea-derived ammonia were also measured by

IRMS after protein precipitation as previously described (for details see supplementary
methods) [26-28].

Short chain fatty acids in caecum contents
SCFA were extracted from cecal contents by vigorous homogenization in ultrapure water and
subsequent centrifugation (14000 g, 15 min, 4°C). SCFA in supernatants were then
This article is protected by copyright. All rights reserved.
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derivatized and analyzed with a gas chromatograph equipped with a capillary column (30 m,
0.32 mm ID; RestekRtx 502.2) and fitted with a flame ionization detector [29]. SCFA
concentrations were determined by external standards with reference to internal standards and
SCFA were expressed as percentage of total SCFA.
Plasma analysis
Peripheral plasma was analyzed for urea, glucose, triglycerides (TG) and non-esterified fatty
acids (NEFA) by AU 400 automated biochemical analyzer (Olympus, France). Additionally,
using Luminex technology (Millipore, Molsheim, France), portal plasma (undiluted) were
analyzed for gastric inhibitory polypeptide (GIP), glucagon-like peptide-1 (GLP-1), peptide YY
(PYY)), leptin and glucagon.
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Intestinal mRNA extraction and gene expression analysis
Total RNA was isolated from jejunum and ileum segments using mirVana® miRNA isolation
kit (Ambion, France). Reverse transcription was performed with 2 µg total RNA using High
capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). RT-PCR
was performed based on TaqMan gene expression assays with predesigned Taqman primers
and probes for the Rat (Assays-on-DemandTM, Gene Expression Products; Applied
Biosystems) (Table S1). β-actin, a housekeeping gene, was used to normalize the mRNA
abundance of each target gene as described previously [24].
Microbiota analysis
Sample preparation: Total microbial DNA was extracted from ~150 mg of fecal sample as
previously described [24] (for details see supplementary methods). 16S rDNA sequencing
bioinformatics pipeline: Paired-end reads obtained from MiSeq sequencing were merged
using FLASH v1.2.11 reads software (parameters: -m 20; -M 170; -x 0.25; PHRED 33) [30].
Reads with length ≥ 400 bp were kept and checked for quality and length using sickle [31]
and corrected for known sequencing error using SPAdes [32]. Reads were clustered at 97%
This article is protected by copyright. All rights reserved.
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of identity using Vsearch pipeline. Chimeric OTUs (operating taxonomic unit) were
identified using UCHIME and discarded. OTU classification was performed using RDP
classifier [33]. OTU sequences were aligned using ssu-align. OTUs with abundances lower
than 0.005% were removed from the analysis [34]. Supplementary Table S3 summarizes
sequencing results for each sample. Sequencing data were analyzed using the Phyloseq
package in R [35].
Statistical analysis
Effect of food structure on microbiota composition was tested using linear model with the
DESeq2 analysis pipeline, using Benjamini Hochberg multi-testing correction for the pvalues. Alpha-diversities (within sample microbial diversity) were verified using observed
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OTU numbers, Chao1 and Shannon indexes. Digestibility differences were tested using a ttest to compare the mean of the two groups at each time. Comparisons of the incorporation of
dietary N in the studied N pools were analyzed using a two-way analysis of variance
(structure of the emulsion and digestion time), performed with the GLM procedure of SAS.
Bonferroni’s posthoc tests were used for pairwise comparison (SAS 9.1, SAS Institute, Cary,
NC, USA: Mixed Procedure). Differences were considered statistically significant at P<
0.05. For all the other data two-way ANOVA was performed using GraphPad Prism Version
6.02 for Windows (GraphPad Software, La Jolla California).

RESULTS
Effect of the lipo-protein emulsion structure of the diet on food intake, body weight,
body composition and plasma metabolite concentration
Rats fed LFE or GCE diets displayed similar growth rates and food intake levels (Figure S1).
The decrease in food intake at day 30 matched the habituation of the rats for prompt test meal
ingestion. Plasma levels of glucose, TG, and NEFA were similar in both LFE and GCE
This article is protected by copyright. All rights reserved.
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groups, but TG and NEFA levels changed over time after the test meal (Table 2). The NEFA
levels were elevated 1h and 5h after the test meal compared to the levels in fasting rats. The
plasma concentrations of TG were higher 1h after the test meal but returned to the fasting
levels 5h after, in both groups.
Lipo-protein emulsion structure in the diet changed intestinal kinetics of dietary N
The amount of dietary N that remained in the stomach was lower for the LFE-diet fed group
of animals compared to the GCE group at 15 min and at 1 h (P<0.0001) (Figure 2A). In the
small intestine, there was no difference at 15 min and 1 h, however the amount of dietary N
was higher for the GCE group than for the LFE group 5 h after the test meal (P=0.0012)
(Figure 2B). Dietary N did not reach the cecum and the colon 15 min and 1 h after test meal
ingestion. At 5 h, dietary N that was not absorbed in the small intestine was found in the
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cecum and colon, without differences between groups (Figures 2C and D). The time course of
dietary N absorption (Figure 3) markedly differed between both groups (time x emulsion,
P=0.004). After 15 min, 74.8 ± 5.6 % of ingested N has already been absorbed in LFE
whereas it was 42.9 ± 3.7 % in CGE (P<0.0001). After 1 h, these values where 85.1 ± 5.1 and
52.1 ± 2.3 % (P<0.0001), respectively. After 5 h, N absorption was similar between groups
and reached an average value of 97.1 ± 0.2 %. Digestibility was also similar after 5h between
groups, with an average real whey protein orocecal digestibility (ROD) of 98.4 ± 0.1%.
Transfer of dietary N to serum proteins, amino acids and urea
The transfer of dietary N to serum proteins, amino acids and urea at different time points after
the test meal is shown in Figure 4. Significant effects of time and emulsion structure-by-time
interaction were observed in these three N pools. The incorporation of dietary N into serum
proteins progressively increased over the post-prandial period and was faster with the diet
containing the LFE than the GCE (Figure 4A). One hour after the test meal, the amount of
dietary N transferred to serum proteins was higher in the LFE group than in the GCE group
This article is protected by copyright. All rights reserved.
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(P=0.04). However, after 5 h of digestion, the incorporation of dietary N was slightly lower
for the LFE (3.12%) than for the GCE group (3.99%) (P=0.03). Transfer to serum AA pool
was stable from 1 h after the test meal in the LFE group whereas in the GCE group, it
continued to increase until 5h (Figure 4B). Five hours after the test meal, the transfer of
dietary N to serum AA pool was lower for the LFE than the GCE group (P=0.03). The
transfer of dietary N to body urea increased until 1 h for both groups, then slowly declined for
the LFE group but remained stable for the GCE group (Figure 4C). The amount of

15

N was

significantly higher for the LFE group than for the GCE group after 1 h (P=0.02), but the
residual amount of dietary N in body urea was not different among groups after 5 h and
represented 6% of the ingested N. Total urea level increased overtime after the test meal.
However, 5h after the test meal, the urea level dropped 30% in the LFE group but was
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maintained in the rats fed GCE diet. The 5-h AUCs for the transfer of dietary N to serum
proteins, amino acids and urea were identical in both groups.

Amino acid and peptide transporter expression in the small intestine
In the jejunum, none of the expression levels of AA and peptide transporters tested were
affected by the protein-lipid emulsion structure of the diet (Table 3). In the ileum, the
expression levels of two genes (Slc6a14 and Slc3a1) encoding the cationic AA transporter
systems, system B(0,+) and b(0,+), were higher in the LFE group than in the GCE group. A
similar tendency was also observed for the expression levels of the genes encoding the
system X-AG and the basolateral system A. Surprisingly, a strong time effect was observed in
the jejunum for four transporters (Slc15a1, Slc6a19, Slc36a1 and Slc3a1) and in the ileum for
two transporters (Slc15a1 and Slc6a14). The expression level of these genes was significantly
reduced 5h after feeding in both GCE and LFE groups. Possibly, this reduction in AA
transporter expression was the return to normal levels after an adaptive response to the
This article is protected by copyright. All rights reserved.
11
Comment citer ce document :
Oberli, M., Douard, V., Beaumont, M., Jaoui, D., Devime, F., Laurent, S., Chaumontet, C., Mat,
D., Le Feunteun, S., Michon, C., Davila, A.-M., Fromentin, G., Tomé, D., Souchon, I., Leclerc,
M., Gaudichon, C., Blachier, F. (2018). Lipo-protein emulsion structure in the diet affects
protein digestion kinetics, intestinal mucosa parameters and microbiota composition. Molecular

www.mnf-journal.com

Page 12

Molecular Nutrition & Food Research

overnight fast. Indeed, expression levels of Slc15a1, Slc6a19, Slc3a1 and Slc1a2 were upregulated by fasting (Table S2).
Impact of the lipo-protein emulsion structure on the gut peptide circulation levels
Changes in the kinetics of nutrient release from the diet could have modified their detection
by the entero-endocrine cells along the gastrointestinal tract, and thus affect the release of the
gut peptides. Thus, the effect of LFE and GCE diets on the circulating levels of gut peptide as
well as leptin and glucacon, was determined after the test meal (Figures 5). While the fasting
levels of GIP were similar in the portal plasma of LFE and GCE fed rats, GIP level was
stimulated after 15 min in response to the test meal and returned back to the fasting levels 5
hours later. This stimulation was significantly greater under the LFE diet than GCE diet
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(p=0.020 for 15 min time point) (Figure 5A). The fasting level of GLP-1 and PYY did no
vary between the 2 diets nor in response to the test meal (Figures 5B and C). Similarly the
level of glucagon and leptin in the portal plasma remained unchanged as a function of the
lipo-protein emulsion structure of the diet and of the feeding status (Figures 5D and E).
Bacterial metabolite composition in the lumen of the caecum
Since changes in the release of nutrients from the diet could potentially modify the substrates
available for the microbiota, we evaluated the caecal SCFA composition before and 5h after
the test meal. The feeding status did not modify the SCFA composition (Table 4). However,
the percentages of acetate and butyrate (products of bacterial metabolism of carbohydrates
and AA) varied according to the lipo-protein emulsion structure of the diet. In the caecum of
LFE fed rats, the proportion of acetate was lower while the percentage of butyrate increased
compared to GCE fed group (Table 4).

In addition, the percentage of isovalerate was

approximately 3 times higher in the rats fed LFE when compared to GCE. The total
proportion of SCFA specifically derived from AA (isobutyrate, isovalerate and valerate) was
This article is protected by copyright. All rights reserved.
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also higher in LFE than in GCE, due to the higher proportion of isovalerate in the caecum of
LFE fed rats.
Impact of the lipo-protein emulsion structure on gut microbiota composition
Fecal microbiota composition, in terms of phyla (Figure 6A) and alpha diversity, was similar
whether the diet was GCE or LFE (data not shown). At lower taxonomic levels, important
differences were observed in the three most abundant phyla. In the Firmicutes phylum,
abundances of OTUs from Clostridium Cluster XIV, and from Streptococcaceae family, were
lower in feces from LFE fed rats compared to GCE (Figure 6B). In contrast, OTUs assigned
to the Parabacteroides genus (Bacteroidetes phylum), were significantly more abundant in
LFE fed rats (Figure 6C). Moreover, OTUs assigned to Bifidobacterium genus
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(Actinobacteria phylum) were significantly less abundant in LFE fed rats compared to GCE
fed rats. Interestingly, OTUs from the Proteobacteria phylum were strongly impacted at
almost all taxonomic levels (Figure S2, A, B, C.1, C.2 and C.3). The most impacted OTUs
were from the Gammaproteobacteria class, being more abundant in LFE than in GCE fed
rats, and from the Betaproteobacteria class, conversely less abundant in LFE fed rats (Figure
S2, A). Among the Betaproteobacteria, , the abundance of Sutterella and Parasutterella
genera was decreased in LFE relative to GCE fed rats (Figure S2, B, C.1, C.2, C.3).

DISCUSSION
Our results clearly indicate that the structure of the lipo-protein emulsion in the diet markedly
impacts dietary protein digestion kinetics and the subsequent absorption of amino acids and
oligopeptides. Indeed, when compared to the GCE diet, the LFE diet was found to accelerate
protein digestion and incorporation of the
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N label into blood proteins and urea. These

differences were paralleled by a rapid and transient increase of the GIP in the portal blood
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following LFE diet ingestion. Chronic effects of the lipo-protein emulsion structure in the
LFE diet were visible in the distal regions of the GI tract. Indeed, in the ileum, LFE diet
increased the expression of cationic AA transporters relative to GCE diet, while in the
caecum the structure of the emulsion affected the SCFA composition in association with
modification of the fecal microbial ecosystem.
Thus, our current study indicates that the previous data obtained on in vitro digestion [23]
with two similar lipo-protein emulsions, can be extrapolated to an in vivo physiological
situation.
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Digestion kinetics and endocrine response of the gut.
We observed more rapid digestion kinetics with LFE diet than with GCE diet. This likely
results in faster nutrient (AA and peptide) release into the lumen and their subsequent
absorption. Solid foods are known to be emptied more slowly than liquid meals when
matched for caloric content [36] and macronutrient composition [37], due to the role of the
pylorus that allows only small particles to leave the stomach. The increase in consistency and
viscosity has also been shown to impact gastric emptying [38], as reported with milk gelation
[15] or fermentation [39] that markedly slowed the gastric emptying of proteins. Accordingly,
in our study, the texture triggered important differences in N kinetics. It is noticeable that 1 h
after the meal, 80 % of N from LFE has already been absorbed subsequently to faster
digestion kinetics. This is in agreement with previous studies in humans showing that whey
protein is completely emptied from the stomach within 2h hours after ingestion, displaying a
marked peak of dietary N appearance in plasmatic AA [13, 40]. Protein digestibility is mainly
driven by intrinsic protein characteristics, such as chemical composition and tridimensional
structure that are responsible for resistance to hydrolysis [41]. In the present study, protein
This article is protected by copyright. All rights reserved.
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digestibility did not differ between GCE and LFE groups despite important kinetic
differences, likely resulting from differences in tridimensional structure between the two lipoprotein emulsions. This discrepancy between digestion kinetic and digestibility had been
shown previously in humans in whom delaying gastric emptying by adding sucrose did not
modify ileal digestibility of milk protein [42]. In addition, milk protein, both casein and
whey, have been found to be the most digestible among dietary proteins [43, 44], whatever
their digestion speed, fast for whey and slow for casein. Thus, despite a more rapid kinetic of
protein digestion in the LFE diet compared to the GCE diet, we did not observe any
difference in dietary N absorption 5h after the meal, this being consistent with the similar
weight gain of animals in the two groups.
These differences in digestive kinetics were confirmed by the 15N appearance in circulating N
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pools, with an earlier pic in serum AA, urea and proteins after the LFE meal compared to
CGE. This earlier appearance resulted in a lower dietary N amount in those pools 5h after the
meal, due to the marginal dietary AA delivery after 1h. Because the AA afflux was massive
within the first hour after the LFE meal, we logically observed a higher transfer of 15N in the
plasma protein pool, reflecting an increased anabolism in the liver. However, as previously
shown [40], such a massive afflux also increases the postprandial catabolism of dietary AA,
finally resulting in a lower

15

N amount in serum proteins 5h after the meal. This result is

consistent with previous works showing a better postprandial retention of slow digested
proteins compared to rapid proteins [45] [40].
Several gastrointestinal peptides such as GIP, PYY and GLP-1, are secreted from enteroendocrine cells into the circulation in response to food stimuli [46], and are part of the
mechanisms regulating gastric emptying rate. However, in this study the postprandial level of
PYY and GLP-1 remained unchanged between the two groups while GIP levels increased in
the plasma of LFE fed rats. This confirms that the delayed digestion in the stomach of GCE
This article is protected by copyright. All rights reserved.
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fed rats compared to LFE primarily results from gel like texture of GCE diet. GIP is secreted
by the intestinal K-cells while PYY and GLP-1 are secreted by the L-cells. K-cells are mainly
located in the duodenum and the proximal jejunum while L-cells are found in progressively
increasing numbers from the jejunum to the colon [46]. This suggests that by inducing a
faster release of nutrients into the lumen, LFE diet impacted the nutrient-sensing by the GIPproducing entero-endocrine cells in the proximal part of the small intestine, but not the
entero-endocrine cells located in the distal GI tract. This may be linked to the absence of any
significant impact of the emulsion structure on the overall digestibility 5h after the test meal
as observed in our study. GIP release is well known to be stimulated by carbohydrates and
lipids [47]. Despite a less clear mechanism of the K-cell activation by AA or proteins, a
previous human study showed a pronounced postprandial increase in GIP as soon as 15 min

Version postprint

after the ingestion of whey drink compared to other protein sources [48]. This was associated
with the marked raise in leucine, isoleucine, valine, lysine, and threonine in plasma
suggesting the potentially crucial role these AA play in whey-induced GIP release [48].
However, subsequent study showed that ingestion of a mixture of these AA failed to
stimulated GIP release [49] suggesting that GIP secretion is affected differently by free AA
vs AA released from dietary protein, perhaps because of different absorption kinetics.
Chronic effects of the emulsion structure in the distal region of the gut.
While the lipo-protein emulsion structure did not have acute effects on the endocrine
response in the distal region of the gut following the test meal, the chronic ingestion of the
two diets during 3 weeks differentially affected the ileum AA transporter expression profile
and caecum microbiota metabolic activity and fecal bacteria communities. Despite a similar
N absorption between groups after 5h, the impact of emulsion structure on digestion kinetics
likely affected the nature of proteins or peptides reaching the lower part of the gut and thus
the bioavailability of specific AA for the microbiota metabolic activity. This is supported by
This article is protected by copyright. All rights reserved.
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the effects that we observed of the emulsion structure on the SCFA composition in the
caecum, especially the relative increase in isovalerate under the LFE diet. Since isovalerate is
a branched SCFA exclusively produced by deamination of leucine, our results suggests an
increased protein fermentation in the caecum after LFE consumption (branched-chain fatty
acids are markers of protein fermentation [50]). This effect may also be ascribed to the longer
residence time of residual proteins in the caecum that arrive earlier with LFE than with CGE.
In addition to isovalerate, the relative amount of butyrate was also higher in the caecum of
the LFE fed rats while acetate was decreased compared to the GCE group. Thus, in this study
fermentation processes led to various bacterial metabolite profiles associated with, according
to the chemical structure and luminal concentrations of metabolites, both detrimental and
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beneficial effects on the colonic epithelium [51].
The composition of bacterial metabolites in the caecum could also be affected by changes in
the microbiota composition and metabolic activity following ingestion of the two different
diets: the LFE-fed rats showed an increase in OTUs from the Parabacteroides genus
(isovalerate producers) which could also partly explain the increase of the isovalerate
percentage measured in the caecum of those rats [52, 53]. Among the other bacterial groups
significantly impacted by the lipo-protein emulsion structure, Sutterella and Parasutterella
proportions significantly increased under the GCE diet. Both genera contain bile acids
resistant species [54, 55]. We previously proposed that lipids in GCE diet are less digestible
[23] [24]. They may require longer exposure to bile acids in the digestive system for
complete absorption. Relative increase in Sutterella and Parasutterella may have resulted
from such putative changes in bile acid concentrations or time of exposure. Further work is
required to test this hypothesis. It cannot be ruled out whether differences in starch digestion
have influenced microbiota composition. Even if starch was mixed with the freeze-dried
emulsions without being impacted by the microstructure, interactions might have occurred.
This article is protected by copyright. All rights reserved.
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However, total gastric contents were not significantly different between the two groups
15min and 1h after the test meal (data not shown). Therefore, since starch is the main
component of the diet, it is unlikely that starch digestive kinetics were altered by the
emulsion structure.
The two diets also differentially affected gene expression of specific AA transporters in the
ileum (Slc6a14, Slc3a1), an effect that was not observed in the jejunum. This confirms our
previous work describing similar effect of the lipo-protein emulsion structure on the
expression of specific AA transporters only in the lower part of the small intestine [24]. This
result suggests that in the LFE group, compared to the GCE group, AA absorption was partly
displaced from the proximal to the distal small intestine, probably due to the faster transit of
protein. This subsequent rise in the amount of AA in the ileal content might have increased
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AA fermentation by small intestine bacteria and contributed to the SCFA modifications in the
caecum. In the current study, the nutritional status strongly affected the expression of 4 genes
encoding for AA transporters (Slc36a1, Slc6a19, Slc3a1 and Slc1a2) and the gene encoding
the peptide transporter PEPT1. The impact of fasting on PEPT1 had been previously assessed
[56], but is less clearly established for most AA transporters. However our data (table S2)
clearly demonstrate a significant impact of overnight fasting on Slc6a19, Slc3a1 and Slc1a2.
This suggests that the difference in the expression of genes corresponding to the AA
transporter may be affected by the nutritional status of the rats.

Conclusions and perspectives
In conclusion, our study highlights the impact of lipo-protein emulsion structure on gastric
emptying, kinetics of protein digestion, and nitrogenous compound absorption and
metabolism. The LFE diet, when compared to the GCE diet, accelerated dietary N disposal
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and metabolism and likely as a consequence, modified the microbiota and bacterial
metabolite composition in the large intestine. However, these differences were not associated
with any difference in the food consumption and body weight. Thus, the modifications in
food structure tested here, although impacting important parameters of GI physiology and
metabolism, are not sufficient per se to affect such rough endpoints. This is likely explained
by the fact that LFE and GCE diets were both well-balanced diets. In the future, in order to
evaluate the impact of lipo-protein structure on metabolic and physiological parameters
related to the health status it will be important to make lipo-protein emulsion structure in the
context of unbalanced diets using different sources or amount of lipids or carbohydrates. To
distinguish between deleterious and beneficial effects of the metabolites resulting from
bacterial proteolysis, the impact of the lipo-protein emulsion structure should be evaluated on
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renewal, homeostasis, and barrier function of the colonic epithelium in a long-term
perspective [57]. Finally, our data support the idea that food structure and its impact on the
digestion kinetics should be taken into account to fully understand the impact of the food on
health, and to develop future food products with optimal structure from these points of view.
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Table 1: Composition of the experimental diets
Ingredients

g/kg (dry matter)

Whey protein isolate*

165.3

Rapeseed oil*

110.2

Corn starch

489.7

Sucrose

79.7

Cellulose

50

Choline

2.3

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

* Indicates ingredients included in the emulsion
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Table 2: Peripheral plasma metabolites LFE: liquid fine emulsion; GCE: gelled coarse emulsion, NEFA: non-esterified fatty acids. Values are
mean ± SEM. Means were compared with two way ANOVA test, NS: not statistically significant (p > 0.05). T: time effect, E: emulsion structure
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effect, E x T: interaction effect.
fasting
GCE

Urea (mmol/L)
Triglyceride (mmol/L)
NEFA (mmol/L)
Glucose (mmol/L)

LFE

6.76  0.15

b

0.63  0.09

a

0.25  0.04

15min after feeding

ab

11.76  0.64

6.64  0.27

GCE
ab

0.77  0.11
0.26  0.04

a

ab

12.55  0.78

1h after feeding

LFE

7.56  0.49

b

0.73  0.10

a

0.21  0.04

a

10.70  0.65

7.36  0.36

GCE
ab

0.68  0.15

a

0.16  0.04

a

13.47  2.08

5h after feeding

LFE

8.10  0.49

b

2.61  0.50

b

0.49  0.05

b

12.22  0.58

GCE

7.92  0.44

b

2.08  0.49

b

0.47  0.09

b

12.34  1.49

significance

LFE

8.00  0.58

b

0.96  0.14

ab

0.31  0.06

ab

14.56  1.22

T

5.58  0.23

a

0.60  0.03

a

0.37  0.09

ab

13.21  0.46

E

ExT

0.006

0.012

0.017

<0.0001

NS

NS

0.0002

NS

NS

NS

NS

NS

Means with different superscript letters are significantly different from others in the same row (P<0.05 by posthoc HSD Tukey)
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Table 3: AA and peptide transporter gene expression in the jejunum and ileum after overnight fasting and 5 h after re-feeding. LFE:
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liquid fine emulsion; GCE: gelled coarse emulsion. Values are mean ± SEM. Means were compared with two-way ANOVA, NS: not statistically
significant (p > 0.05). T: time effect, E: emulsion structure effect, E x T: interaction effect. Data were normalized relative to levels seen in GCE
fasted group in jejunum and ileum.

Jejunum

Ileum

Transporter name

Fasted

(peptides or AA

5h after feeding

Statistics

Fasted

5h after feeding

Statistics

transported)
GCE

LFE

GCE

LFE

GCE

LFE

GCE

LFE

T

E

TxE

ab

0.001

NS

NS

b

0.003

NS

NS

1,000.04

0,980.10

1,070.08

0.560.11

0.009

NS

NS

1,000.11

1,120.12

1,010.10

T

E

TxE

0.006

NS

NS

1,060.15

NS

NS

NS

0,910.06

NS

NS

NS

Apical transporters:
Peptide transporter
PEPT1 (Slc15a1) di &

a

1.030.10

ab

1.270.21

1.000.01

ab

0.660.05

b

0.680.12

a

0.710.04

ab

0.630.07

1,000.05

ab

1,110.10

a

0,860.02

ab

0,860.04

b

tri peptides
System Bo (Slc6a19)
neutral AA

Imino acid carrier
(Slc36a1)
Imino acids. glycine.
alanine. taurine

1.000.15

1.000.01

0.940.20

0.620.11
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System Bo.+ (Slc6a14)
1.000.23

1.130.16

1.160.13

1.410.30

NS

NS

NS

1.000.11

a

1,390.10

b

0,760.06

a

neutral and cationic AA

0,970.07

a

SystemASC (Slc1a5)
alanine. serine. cystine.
threonine. glutamine

1.000.12

0.920.05

0.880.04

1.130.15

NS

NS

0.049

1,000.22

1,300.35

0,780.09

0,840.07

1.000.06

1.080.11

0.800.09

0.930.02

0.030

NS

NS

1,000.06

a

0,890.03

1.000.17

1.06  0.18

1.08  0.08

1.09  0.11

NS

NS

NS

1,00  0.09

0.004

0.002

NS

NS

NS

NS

0.073

0.004

NS

System bo.+ (Slc3a1)
cationic AA. cystine

ab

System X-AG (Slc1a1)
anionic AA
Basolateral
transporters:
System A (Slc38a2)
neutral and imino AA

1,250.10

1,27 

b

1,100.05

ab

0,99  0.09

1,17  0.09

NS

0.062

NS

0.20

1.00  0.07

0.98  0.02

0.87  0.09

1.29  0.30

NS

NS

NS

1,000.09

1,120.12

0,92  0.06

1,11  0.03

NS

0.089

NS

1.00  0.08

0.64  0.13

0.75  0.11

0.94  0.06

NS

NS

0.016

1,000.06

2,281.08

1,20  0.15

1,17  0.19

NS

NS

NS

System X-AG (Slc1a2)
anionic AA

Means with different superscript letters are significantly different from others in the same row (P<0.05 by posthoc HSD Tukey)
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Table 4: Short chain fatty acids produced by microbiota in the caecum. LFE: liquid fine emulsion; GCE: gelled coarse emulsion, SCFA:
short chain fatty acids, AA: amino-acid. SCFA specifically derived from AA includes isobutyrate, isovalerate and valerate. Values are mean ±
SEM. Means were compared by two- way ANOVA, NS: not statistically significant (p > 0.05).

fasted
GCE (n=5)

5h after feeding
LFE (n=3)

GCE (n=4)

P value

LFE (n=5)

SCFA composition (% of total SCFA)
Acétate

65,69  0.96

ab

61,84  1.1

a

b

67,99  1.29

Emulsion

Time

interaction

62,42  0.98

0.0015

NS

NS

a

Propionate

21,45  1.04

19,16  0.79

19,90  0.82

20,33  0.68

NS

NS

NS

Isobutyrate

1,66  .12

1,58  0.25

1,27  0.08

1,42  0.03

NS

NS

NS

Butyrate

0.0006

NS

NS

<0.0001

NS

NS

7,25  0.79

a

11,35  0.79

Isovalérate

1,10  0.14

a

3,05  0.59

b

Valérate

2,23  0.16

Caproate

0,63  0.17

SCFA specifically derived from AA

5,61  0.55

ab

7,59  0.47

a

9,42  0.74

0,90  0.08

a

3,40  0.40

2,43  0.16

1,96  0.14

2,33  0.10

NS

NS

NS

0,59  0.12

0,38  0.08

0,68  0.38

NS

NS

NS

4,52  0.23

7,84  0.68

0.0021

NS

NS

b

7,65  0.91

ab

a

ab
b

b

Means with different superscript letters are significantly different from others in the same row (P<0.05 by posthoc HSD Tukey)
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FIGURE LEGENDS
Figure 1: Design of the three weeks feeding experiment (A) and of the test meal experiment
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(B). LFE: liquid fine emulsion; GCE: gelled coarse emulsion.
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Figure 2: Dietary N recovered after 15 min, 1 h or 5 h of digestion of the

15

N-labelled test

meal from the stomach (A), the small intestine (B), the cecum (C) and the colon (D) of rats
fed for 3 weeks the diets containing the LFE or the GCE. Values are means ± SEM
(n=5/group). * indicates a significant difference among groups (p<0.05). LFE: liquid fine
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emulsion; GCE: gelled coarse emulsion.
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Figure 3: Absorption of dietary N in rats 15 min, 1 h and 5 h after the 15N-labelled test meal.
* indicates a significant difference among groups. LFE: liquid fine emulsion; GCE: gelled
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coarse emulsion.
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Figure 4: Incorporation of dietary N in serum proteins (A), serum amino acids (B) and body
urea (C) in fasted rats or 15 min, 1 h or 5 h after the 15N-labelled test meal. Values are means
± SEM (n=5/group). * indicates a significant difference among groups. LFE: liquid fine
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emulsion; GCE: gelled coarse emulsion. APE: atom percent excess; AA: amino acid.
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Figure 5: Portal blood concentration of gastric inhibitory polypeptide (GIP) (A), glucagonlike peptide 1 (GLP-1) (B), peptide YY (PYY) (C), glucagon (D) and leptin (E) in fasted rats
or 15 min, 1 h or 5 h after the

15

N-labelled test meal. Values are means ± SEMs (n=3-

5/group). * indicates a significant difference among groups. LFE: liquid fine emulsion; GCE:
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Figure 6: Microbiota composition after three weeks under LFE or GCE diet. Most abundant
Phyla (A). Most abundant families from the Firmicutes phylum (B); the left inset indicates
impacted members of the Clostridium Cluster IV (from the Ruminococcaceae Family); the
right inset indicates impacted Streptococcaceae Family. Most abundant families from the
Bacteroidetes

phylum

(C);

inset

impacted

Parabacteroides

genus

(from

the

Porphyromonadaceae Family). Impacted Bifidobacterium genus from the Actinobacteria
phylum (D). For all plots, the Y-axis refers to relative normalized abundances. Normalized
counts were compared with Wald test, and p-values were adjusted using Benjamini Hochberg
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correction (n = 15-16). LFE: liquid fine emulsion; GCE: gelled coarse emulsion.
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