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Abstract
Background: High-protein diets (HPD) alter the large intestine microbiota composition in association with a metabolic
shift towards protein degradation. Some amino acid-derived metabolites produced by the colon bacteria are beneficial
for the mucosa while others are deleterious at high concentrations. The aim of the present work was to define the
colonic epithelial response to an HPD. Transcriptome profiling was performed on colonocytes of rats fed an HPD or an
isocaloric normal-protein diet (NPD) for 2 weeks.
Results: The HPD downregulated the expression of genes notably implicated in pathways related to cellular metabolism,
NF-κB signaling, DNA repair, glutathione metabolism and cellular adhesion in colonocytes. In contrast, the HPD
upregulated the expression of genes related to cell proliferation and chemical barrier function. These changes
at the mRNA level in colonocytes were not associated with detrimental effects of the HPD on DNA integrity
(comet assay), epithelium renewal (quantification of proliferation and apoptosis markers by immunohistochemistry and
western blot) and colonic barrier integrity (Ussing chamber experiments).
Conclusion: The modifications of the luminal environment after an HPD were associated with maintenance of the
colonic homeostasis that might be the result of adaptive processes in the epithelium related to the observed
transcriptional regulations.
Keywords: Epithelial cells, Colon, Dietary protein, High-protein diet, Transcriptome, DNA damages, Barrier function,
Mucus, Epithelial renewal

Background
Colonic epithelium faces a highly complex mixture of
residual nutrients, resident bacteria and their metabolites. Modifications of the luminal environment are
known to affect the colonic epithelium and may result in colonic homeostasis perturbation by alteration
of the barrier function, modification of the epithelial
renewal and impairment of the mucosal immune
response [1]. Among several environmental factors,
dietary changes have been shown to affect the colon
luminal environment and mucosal homeostasis [2].
HPD have a significant effect on the large intestine
luminal ecosystem. Indeed, HPD increase the amount of
undigested peptides that reach the large intestine [3–5],
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modify the gut microbiota composition [6–8] and increase
protein fermentation by the large intestine bacteria [8–10]
resulting in the production of numerous amino acidderived metabolites [11, 12]. Among them, ammonia,
p-cresol and hydrogen sulfide have been found to
inhibit colonocyte respiration, when present at high
concentrations [10, 13, 14]. In addition, p-cresol has
been shown to induce DNA damage in colonocytes
[13]. In contrast, other amino acid-derived metabolites such as indolic compounds contribute to the
maintenance of epithelial homeostasis [15, 16].
These HPD-induced changes in the colonic luminal
environment have been associated with several effects
on the large intestine mucosa. In rats fed an HPD, the
height of colonocyte brush border (a key functional
feature of absorptive cells) is markedly reduced probably
in relation with the observed perturbation of mitochondrial metabolism [10]. An HPD also modifies goblet cell
distribution in rat colonic epithelium together with an
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increased gene expression of mucin 3 (Muc3) [17] while
it does not change colonic mucosal immune response
except for a decreased interleukin-6 (Il-6) mRNA
expression [17]. In HPD-fed piglets, mucin gene expression as well as pro- and anti-inflammatory cytokines are
upregulated in the colonic mucosa without modification
of the histological aspect [18, 19]. In this latter animal
model, there is no change in colonic barrier function
after the HPD [20]. Conflicting results, according to the
model and/or the type of HPD used, have been reported
regarding the induction of DNA damage in colonocytes
of rats fed an HPD [21–24]. Recently, it was concluded
from microarray experiments that an HPD upregulates
in rat colonic mucosa the expression of genes implicated
in glutathione metabolism, chemotaxis, tumor necrosis
factor-α signaling and apoptosis while it downregulates
genes related to oxidative phosphorylation, glycosylation
of mucins and innate immune responses [8]. Since the
colonic mucosa contains a cell mixture from epithelium,
lamina propia and muscularis mucosae layers, it is not
possible to determine from that study what are the effects of HPD specifically on colonic epithelial cells that
are directly exposed to luminal changes induced by these
diets.
In this context, the aim of the present study was to
characterize the epithelial response to a whole milk
protein-based HPD in rat colon compared to an NPD.
The experimental settings were similar to our previous
studies showing an HPD-induced modulation of the
microbiota composition and of the luminal bacteria
metabolite content in the rat large intestine [7, 10, 17].
Gene expression signature was determined by transcriptome profiling in combination with cellular and functional
analysis to define the effects of an HPD consumption at
the colonic epithelial level.

Methods
Animals and diet

The present protocol received written agreement from
the local animal ethical committee (COMETHEA at
Jouy-en-Josas, France, N°12/090). Male Wistar rats
(Harlan, Gannat, France) weighing 150 g (5–6 weeks)
were fed for 1 week a standard rodent diet containing
16% protein by weight. Subsequently, 16 rats received
for 15 days either an NPD (n = 8) or an HPD isocaloric
(n = 8) adjusted on digestible carbohydrates (Table 1)
and water ad libitum. The animals were maintained in a
12:12-h light-dark cycle with the dark period beginning
at 7:00 PM. At the end of the experiments, rats were
anesthetized with pentobarbital sodium (40 mg/kg body
weight). The whole colon was isolated and the last
2 cm-segment was used for Ussing chamber experiments
or for histology examination. The remaining part of the
colon was used for colonocyte isolation.
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Table 1 Composition of the experimental diets
Ingredients (g/kg)

NPDa

HPDa

Whole milk proteins

140

530

Corn starch

622.7

287.0

Sucrose

100

45.7

Cellulose

50

50

Soybean oil

40

40

Choline

2.3

2.3

Vitamin mixture, AIN 93-V

10

10

Mineral mixture, AIN 93-M

35

35

Energy, kJ/g

14.6

14.6

NPD normal-protein diet, HPD high-protein diet

a

Colonocyte isolation

Colonic epithelial cells (colonocytes) were isolated as
previously described [25]. Briefly, colon was flushed with a
NaCl 9 g/l solution and then with a Ca2+ and Mg2+ -free
Krebs Henseleit bicarbonate (pH 7.4) buffer solution
containing 10 mM HEPES, 5 mM DTT, and 2.5 g bovine
serum albumin and equilibrated against a mixture of O2
and CO2 (19:1, vol/vol). Then, colon was perfused for
20 min at 37 °C with the same buffer containing
10 mM EDTA. Colonocytes were detached by gently
tapping the colon.
RNA extraction from isolated colonocytes and microarray
experiment

After three washes in PBS by centrifugation (200 g,
3 min), isolated colonocytes were immediately homogenized in Trizol and stored at -80 °C prior total RNA
extraction [26]. A subsequent step of RNA purification
was performed using the RNeasy Mini Kit and DNase I
(Qiagen). RNA integrity was checked using a 2100
Bioanalyzer (Agilent Technologies). Sixteen colonocyte
RNA samples (8 from NPD and 8 from HPD groups)
were used for microarray experiment with SurePrint G3
Rat Gene Expression v2 8x60K Microarrays (AMADID:
028279) according to the manufacturer instructions
(Agilent Technologies). Differential analysis of transcriptomic data was performed with the Bioconductor R
package Limma [27]. Data were normalized with a log2
transformation, centered by array and replicate spots
were averaged. Principal component analysis revealed
two outliers (one in each group) that were removed from
further analysis (Additional file 1: Figure S1). A linear
model was fitted using lmFit function, with the diet as a
fixed effect. Empirical Bayes approach was used to compute p-values and change in gene expression (eBayes
function). Correction for multiple testing was done with
the Benjamini-Hochberg procedure [28]. Differentially
expressed (DE) genes selected with the adjusted p-value
(q) cut-off q < 0.1 were used for pathway analysis using
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Ingenuity Pathway Analysis Software (Qiagen, Build
version 355958 M, Content version 24718999, Release
Date 2015-09-14). A flow diagram of the transcriptome
analysis is presented in Additional file 2: Figure S2. The
data have been deposited in the Gene Expression
Omnibus with the accession number GSE83953.

Real-time PCR

Quantitative real-time polymerase chain reaction (qRTPCR) was performed to validate microarray experiment
using a set of rat-specific primers (Eurogentec) which were
designed using the Oligo Explorer 1.1.0 software (GeneLink), based on published sequences of the target genes (sequences available on request). After cDNA synthesis from
mRNA using the High Capacity cDNA Reverse Transcription Kit (Life Technologies), qRT-PCR was performed using
the power SYBR Green PCR master mix on a StepOne
Real-Time PCR system platform (Life Technologies). Gene
expression levels for each sample were normalized relative
to the Hprt gene, using the 2−ΔΔCt calculation.

Comet assay

DNA strand breaks and alkali-labile sites in isolated
colonocytes were assessed using the alkaline version of
the comet assay. Cells were rinsed with PBS and pelleted
by centrifugation for 3 min at 200 g three times before
re-suspension in sucrose 85.5 g/L, DMSO 50 mL/L
prepared in citrate buffer (11.8 g/L), pH 7.6, and immediately frozen at -80 °C. Three microscope slides per
condition were coated with 1% normal melting point
agarose (NMA) and allowed to dry. Ten thousand cells
per slide were mixed with 0.6% low melting point
agarose (LMPA) and deposited over the NMA layer. The
cell/LMPA mix was then allowed to solidify on ice for
20 min. Slides were immersed in lysis solution (2.5 M
NaCl, 100 mM EDTA, 10 mM Tris, 10% DMSO, 1%
Triton X-100) overnight at 4 °C, before being rinsed in
0.4 M Tris pH 7.4. DNA was then allowed to unwind for
1 h in alkaline electrophoresis solution (300 mM NaOH,
1 mM EDTA, pH > 13). Electrophoresis was performed
in an electric field of 21 V and 300 mA for 20 min.
Slides were then neutralized in 0.4 M Tris pH 7.4 and
were stained with 20 μL of 10 000 X diluted Sybr Gold
(Life Technologies). Fifty μM H2O2 (positive control)
were directly deposited onto the agarose layer containing
the cells and were incubated for 20 min at 37 °C. At
least 50 comets per slide were analyzed under a fluorescence microscope (Carl Zeiss) connected to a chargecoupled device camera with a 350–390 nm excitation
and 456 nm emission filter at x 20 magnification.
Comets were measured and analyzed using Comet IV
software (Perceptive Instruments).
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Histology

After an overnight fixation, 0.5 cm sections of distal colon
were embedded in paraffin wax. Immunohistochemistry
Ki67 labelling was carried out on 4 μm-transversal colon
sections at the Cochin HistIM Facility. After antigen
unmasking in sodium citrate buffer 10 mM pH 6.0,
expression of Ki67 was detected using an anti-Ki67 antibody (ab15580, Abcam, dilution 1:500) and counterstained
with hematoxylin and eosin.
Western blot

Isolated rat colonocytes were lysed in RIPA buffer containing a protease inhibitors cocktail (Roche). Total protein extracts (30 μg) were loaded into 4–12% Criterion XT gel
(Bio-Rad) before electrophoresis in MOPS buffer (Bio-Rad).
After transfer on nitrocellulose membrane and incubation
in blocking solution (TBS pH 7.5, 0.05% Tween 20 and 5%
(weight:volume) BSA, membranes were incubated overnight (4 °C) with a primary antibody directed against
activated-caspase 3 (Abcam 2303, rabbit, 1/1000) or proliferating cell nuclear antigen (PCNA, Abcam 29, mouse, 1/
1000) or claudin-1 (Invitrogen, 717800, rabbit, 1/250)
diluted in the blocking solution. After washes, blots were
incubated for 2 h at room temperature with an anti-rabbit
or anti-mouse HRP-linked secondary antibody (Jackson
Immuno Research Laboratories, 1/5000) or a goat antiactin-HRP (Santacruz Biotechnologies C-11, 1/1000)
diluted in the blocking solution. After 3 washes, detection
was performed by chemiluminescence using Clarity
Western ECL substrate (Biorad) and the FluorChemFC2
device with AlphaView software (Cell Biosciences).
Ussing chambers experiments

Rat distal colon was mounted in the EasyMount (Physiologic Instrument Inc.) Ussing chambers with an exposed
area of 0.5 cm2. Tissues were bathed in Krebs-Ringer bicarbonate buffer (KRB) with the following composition
(in mM): 120 NaCl, 4.6 KCl, 0.5 MgCl2, 0.7 Na2HPO4,
1.9 NaH2PO4, 15 NaHCO3 and 1.2 CaCl2. Serosal KRB
contained 10 mM glucose (pH 7.35) and mucosal KRB,
10 mM mannitol (pH 7). Each chamber side was gassed
with 95% O2 – 5%CO2 and kept at 37 °C. After 15 min
equilibration, the trans-mural potential (Vt, mV) was
continuously recorded in open circuit configuration by
the automated dual-channel epithelial voltage clamp
EC825A (Warner Instruments LLC). Each 15 min, the
tissues were successively voltage-clamped to zero to obtain the short-circuit current (Isc, μA/cm2) and a ± 5 μA
current was pulsed to measure the trans-mural electrical
resistance (Rt, ohm∙cm2). Analogue signals were digitized
using the PowerLab® 8/35 data acquisition system and
analyzed with the LabChart® software (AD Instruments).
FITC dextran (FD4, Sigma) was used to evaluate the
epithelial barrier integrity. After the 15 min tissue
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equilibration step, FD4 was added to the chamber mucosal
side at the final concentration of 0.2 mM.100 μL aliquots
were collected from the serosal side every 15 min over two
h and replaced with 100 μL of fresh KRB. Fluorescence was
measured with the Infinite® 200 Pro spectrofluorimeter
(Tecan) with an excitation and emission wavelengths of
490 nm and 520 nm respectively, and FD4 amounts were
calculated against a FD4 standard curve. The FD4 apparent
permeability coefficient (Papp, cm/s) was determined using
the following equation: Papp = (dQ/dt) x (1/AC0) where dQ/
dt is the FD4 transport rate across the epithelium (mmol/
s), A is the exposed surface area (cm2), C0 is the initial FD4
concentration in the mucosal compartment (mmol/mL).

Statistical analysis

Statistical analyses were performed with Prism 7 sofware
(GraphPad). Mean values of measured parameters in
NPD and HPD-fed rat groups were compared with an
unpaired t-test. Differences with p-values < 0.05 were
considered as statistically significant.

Results
As shown in Fig. 1a, the macroscopic aspect of colon
from rats fed an HPD or an NPD were markedly different. Colons from rats fed an HPD were distended due to
a very large increase in luminal content (Fig. 1b). This
observation supports the hypothesis that the HPD
deeply reshaped the luminal environment in contact
with epithelial cells.

A

B

Fig. 1 a Macroscopic aspects of colon from rats fed a normal-protein
diet (NPD) or a high-protein diet (HPD). b Colonic content weight. a-b
Data presented on histograms are means +/- S.E.M. Mean values were
compared with a t test. ***: p < 0.001
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Effects of the high-protein diet on transcriptomic profile
in colonocytes

Microarrays were used to compare the transcriptome profile
in colonocytes from rats fed an HPD or an NPD. The analysis identified 1910 differentially expressed (DE) genes
between the HPD and the NPD groups at a q-value of 0.1.
Among these genes, 646 were upregulated by the HPD
while around twice more genes (1264) were downregulated
by the HPD. Fold changes in DE genes between HPD and
NPD-fed rats ranged from 5.85 (Mt2a, metallothionein 2A)
to -2.09 (Slc39a4, solute carrier family 39 zinc transporter,
member 4). The 20 top DE genes between HPD and NPDfed rats are listed in Table 2 while the full list is shown in
Additional file 3: Table S1. In total, 315 genes were upregulated with a fold change > 1.2 while 1103 were downregulated with a fold change < -1.2, and 492 had limited changes
in expression level (-1.2 < fold change < 1.2). To validate
microarray data, the expression level of four genes of interest was measured by qRT-PCR (Additional file 4: Figure S3).
The results confirmed that Tfrc (transferrin receptor) and
Table 2 Most differentially expressed genes in colonocytes isolated
from rats fed a high-protein diet compared to rats fed a normalprotein diet
Gene Symbol

Gene name

Fold change

q-value

Slc39a

Solute Carrier Family 39
(Zinc Transporter), Member 4

- 2.09

0.001

Cela1

Chymotrypsin-Like Elastase
Family, Member 1

-1.97

0.049

Ppp2r2a

Protein Phosphatase 2,
Regulatory Subunit B, Alpha

-1.97

0.012

Cpd

Carboxylpeptidase D

-1.92

0.034

Hla-a

Human Leucocyte Antigen-A

-1.80

0.013

Ostc

Oligosaccharyltransferase
complex subunit (non-catalytic)

-1.76

0.035

Ndrg1

N-myc downstream regulated 1

-1.75

0.069

Pnrc2

Proline-rich nuclear receptor
coactivator 2

-1.73

0.043

Prdx1

Peroxiredoxin 1

-1.72

0.078

Rpl5

Riposomal protein L5

-1.71

0.052

Pdha2

Pyruvate dehydrogenase
E1 alpha 2

1.63

0.052

Prap1

Proline-rich acidic protein 1

1.66

0.078

Tfrc

Transferrin receptor

1.67

0.043

Rab44

Member RAS oncogene family

1.67

0.069

Krtap13-2

Keratin associated protein 13-2

1.67

0.035

Znf780b

Zinc finger protein 780B

1.68

0.013

Mt4

Metallothionein 4

1.84

0.034

Mt1

Metallothionein 1

2.90

0.012

Spink4

Serine peptidase inhibitor,
Kazal type 4

3.06

0.049

Mt1m/Mt2A

Metallothionein 2A

5.85

0.001
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Mt1a were upregulated in the HPD group while Slc39a4
and Sdc4 (syndecan 4) were downregulated (q < 0.1).
Functional analysis was performed to identify the biological pathways regulated at the mRNA level by the HPD
in rat colonocytes. Seventy-seven biological functions were
found to be significantly enriched in the set of genes DE between NPD- and HPD-fed rats (p < 0.05) (Additional file 5:
Table S2). Repartition of these functions into biological categories is shown in Fig. 2a. Eighteen canonical pathways
significantly enriched (p < 0.05) were predicted to be downregulated in colonocyte of HPD-fed rats (Z-score < -2) and
only 1 was predicted to be upregulated (Z-score > 2)
(Fig. 2b). The full list of significantly enriched canonical
pathways is shown in Additional file 6: Table S3. Functional
analysis also identified two predicted transcription regulators: MYC and E2F1, that are known to regulate, respectively, the expression of 29 and 13 genes DE between HPD
and NPD-fed rats (p < 0.05).
Effects of the high-protein diet on the expression of
genes related to metabolism in colonocytes

Many significantly enriched functions in the set of DE
genes belonged to cell metabolism-related categories. Indeed, Small Molecule Biochemistry, Protein Synthesis and
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Lipid Metabolism were among the most represented
biological categories (Fig. 2a). A full list of significantly
enriched functions related to cell metabolism is presented
in Table 3. The majority of the genes implicated in these
pathways were downregulated in colonocytes of rats fed
with an HPD. Interestingly, Protein Synthesis was the most
affected metabolic pathway according to the number of
enriched functions and to the number of genes implicated
in each function.
Effects of the high-protein diet on glutathione metabolism, oxidative stress and DNA damages in colonocytes

Two canonical pathways related to glutathione metabolism
were found to be significantly enriched in the set of genes
regulated by the HPD (Additional file 6: Table S3), namely
Glutathione Redox Reactions II and Glutathione-Mediated
Detoxification. The 8 DE genes participating to these pathways were all downregulated by the HPD as shown in
Fig. 3a with selected DE genes as examples (q < 0.01). The
canonical pathway of Nuclear factor (erythroid-derived 2)like 2 (NRF2)-Mediated Oxidative Stress Response was also
predicted to be downregulated after the HPD (Z-score:
-2.83, Fig. 2b). The functional analysis revealed that the
function Repair of DNA was significantly enriched in

A

B

Fig. 2 Functional analysis of differentially expressed genes in colonocytes isolated from rats fed a high-protein diet (HPD) compared to a normalprotein diet was performed with Ingenuity Pathway Analysis software. a Distribution of significantly enriched functions (p < 0.05) into biological
categories is presented as a percentage of the total number of enriched functions (77). b Canonical pathways significantly enriched (p < 0.05). A
pathway was considered downregulated in the colonocytes of HPD-fed rats when Z-score was < -2 and upregulated when Z-score was > 2. Canonical
pathways significantly enriched but not associated with a significant Z-score are not shown
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Table 3 Significantly enriched functions related to cellular
metabolism in the set of genes differentially expressed in
colonocytes isolated from rats fed a high-protein diet compared to
rats fed a normal-protein diet. ‘Genes’ indicates the number of genes
differently expressed implicated in the function, ‘Up’ and ‘Down’
indicate the number of genes upregulated and downregulated,
respectively
Biological category
Function annotation

p-value

Genes

Up

Down

1.08E-04

36

7

31

Protein synthesis
Polymerization of protein
Metabolism of protein

3.52E-02

31

2

29

Oligomerization of protein

6.50E-05

30

6

24

Hetero-oligomerization of protein

1.69E-03

17

2

15

Homo-oligomerization of protein

2.12E-03

14

4

10

Hydrolysis of protein fragment

4.32E-02

12

2

9

Metabolism of peptide

1.39E-02

10

0

10

Translation

6.87E-03

9

0

9

Assembly of protein-protein complex

5.90E-03

8

0

8

Translation of protein

1.83E-02

8

0

8

Folding of protein

1.29E-03

7

1

6

Translation of mRNA

1.71E-02

7

0

7

Metabolism of neutral amino acid

3.38E-02

3

0

3

Transport of D-serine

9.13E-03

2

1

1

Lipid metabolism
Synthesis of glycolipid

3.88E-02

6

1

5

Beta-oxidation of fatty acid

4.56E-02

6

1

5

Synthesis of long chain fatty acid

4.81E-02

2

0

2

Uptake of long chain fatty acid

4.81E-02

2

0

2

Metabolism of purine nucleotide

3.31E-02

8

0

8

Metabolism of nucleoside triphosphate

3.88E-02

6

0

6

Transport of nucleoside

7.52E-03

3

0

3

Metabolism of carbohydrate

3.81E-02

28

3

25

Nucleic acid metabolism

the set of genes DE between NPD and HPD-fed rats
(Additional file 5: Table S2). Indeed, the HPD significantly decreased the gene expression of several DNA
repair proteins in colonocytes (q < 0.01) (Fig. 3b).
DNA damages in colonocytes were then evaluated by
the comet assay. As shown in Fig. 3c, a trend towards
lower DNA damage in colonocytes isolated from
HPD-fed rats was observed when compared to NPDfed rats (p = 0.06).
Effects of the high-protein diet on NF-κB related pathways in colonocytes

An important finding of the present study was the predicted downregulation of NF-κB Signaling canonical

pathway in colonocytes of HPD-fed rats (Z-score: -3.13,
Fig. 2b). Twenty-three genes DE in colonocytes of rats
fed an HPD were implicated in this pathway, among
which 19 were downregulated and only 4 were upregulated (q < 0.01) (Fig. 4a and Additional file 6: Table S3).
The relative expressions of several of these DE genes are
shown in Fig. 4b (q < 0.01). Other NF-κB-related canonical pathways such as IL-6 and iNOS Signaling were also
predicted to be inhibited in colonocytes of rats fed an
HPD (Z-score: -2.36 and -2.12, respectively, Fig. 2b).
Effects of the high-protein diet on epithelium renewal in
colon

HPD regulated numerous functions implicated in biological processes related to Cell Death and Survival, Development, Morphology, Growth and Proliferation (Fig. 2a).
A list of selected significantly enriched functions related
to these biological categories is presented in Table 4. For
all these functions, a majority of genes were downregulated by the HPD and some of them were highly relevant
to epithelial renewal (Cell Death, Anoïkis, Neoplasia of
Epithelial Tissue) (Table 4). Strikingly, the function with
the greatest number of genes regulated by the HPD was
Cell Death (103 genes, 82.5% of which were downregulated) (Table 4 and Additional file 5: Table S2). The relative expression of selected DE genes included in the
function Cell Death are presented in Fig. 5a (q < 0.01).
However, the expression of the apoptosis marker activated
caspase 3 measured by western blot in colonocytes was
highly variable among rats and there was no significant
effect of the diet (Fig. 5b). Numerous genes known to be
highly expressed in proliferating cells (Tfrc, metallothioneins genes) were upregulated by the HPD while tumor
suppressor genes (Ppp2r2a, Ndrg1 and Prdx1) were downregulated by the HPD (q < 0.01) (Fig. 6a) [29–33]. Proliferation in colonocytes was evaluated by immunodetection
of Ki67 in distal colonic mucosa and by quantification of
PCNA in colonocytes by western blot (Fig. 6b and c).
Although visually Ki67-labelling seemed generally more
intense in the crypts of rats fed an HPD, there was no
significant difference with NPD-fed rats (Fig. 6b). PCNA
also tended to be more expressed in colonocytes of rats
fed an HPD (p = 0.06) (Fig. 6c).
Effects of the high-protein diet on barrier function in
colon

Based on the predefined hypothesis that HPD could
regulate mucus secretion [17, 18, 34], mucins gene
expression was specifically compared in the colonocytes
of rats fed an HPD or an NPD (Fig. 7a). The HPD significantly upregulated the expression of Muc2, Muc5ac,
Muc6, Muc16 and Muc20 (p < 0.05). Moreover, in the list
of DE genes (Additional file 1: Table S1), seven βdefensin genes were upregulated in colonocytes of rats
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A

B

C

Fig. 3 a and b Relative expression values of a selection of significantly differentially expressed genes (q < 0.01) participating to the enriched pathways
Glutathione-Mediated Detoxification (a) and DNA repair (b) in the colonocytes of rats fed a high-protein diet (HPD) compared to a normal-protein diet
(NPD). The expression values were obtained by microarray experiment and normalized to the mean value in the NPD group. Gstm1, 3 and 5
(glutathione S-transferase mu 1, 3 and 5), Mgst1 (microsomal glutathione S-transferase 1), Gstt1 (glutathione S-transferase theta 1), Gsto1
(glutathione S-transferase omega 1), Nhej1 (non-homologous end-joining factor 1), Xab2 (XPA Binding Protein 2), Ddb1 (damage-specific DNA binding
protein 1), Ogg1 (8-oxoguanine DNA glycosylase), Ung (uracil DNA glycosylase). c - DNA damages in colonocytes of rats fed an HPD or an NPD were
assessed with the comet assay. The percentage of DNA in the tail of the comet is proportional to the amount of DNA damages in the cells. Mean
values were compared with a t test. a-c Data presented are means +/- S.E.M

fed an HPD when compared to an NPD (q < 0.1) (Fig. 7b).
Several canonical pathways related to cell adhesion were
significantly enriched in the set of genes regulated by the
HPD (Additional file 6: Table S3). The Integrin Signaling
canonical pathway was predicted to be inhibited in
colonocytes of HPD-fed rats (Z-score: -3.16, Fig. 2b

and Additional file 7: Figure S4). The HPD also regulated the expression of genes implicated in the following canonical pathways: Tight Junction Signaling
(Additional file 8: Figure S5), Actin-based Motility by
Rho Family GTPases, ILK (Integrin Linked Kinase)
Signaling, FAK (Focal Adhesion Kinase) Signaling
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B

Fig. 4 a NF-κB signaling canonical pathway diagram. This pathway was significantly enriched in the set of genes regulated by the high-protein
diet (HPD). The diagram was obtained from Ingenuity Pathway Analysis software and depicts genes implicated in this pathway and their interactions.
Expression of genes colored in green and red were respectively downregulated (q < 0.1) and upregulated (q < 0.1) in colonocytes of rats fed an HPD
when compared to a normal-protein diet (NPD). The list of differentially expressed genes implicated in this pathway is presented in Additional file 6:
Table S3. b Relative expression values of a selection of significantly differentially expressed genes (q < 0.01) participating to the NF-κB signaling pathway
in the colonocytes of rats fed an HPD when compared to an NPD. The expression values were obtained by microarray experiment and normalized to
the mean value in the NPD group. Nfkbie (NF-κB inhibitor epsilon), Rela (RELA proto-oncogene, NF-κB subunit), Nfkb1 and 2 (NF-κB subunit 1 and 2),
Traf2 and 6 (TNF receptor associated factor 2 and 6). Data presented on histograms are means +/- S.E.M

(Additional file 6: Table S3), reinforcing the possibility
of an HPD-induced modification of colonocyte adhesion
and interaction with extracellular matrix. However, the expression in colonocytes of the tight junction protein
Claudin-1 was not significantly regulated (p = 0.10) by the
HPD as measured by western blot (Fig. 7c). To evaluate the
effect of the level of protein intake on colonic barrier
Table 4 Significantly enriched functions in the set of genes
differentially expressed in colonocytes isolated from rats fed a
high-protein diet compared to rats fed a normal-protein diet.
‘Genes’ indicates the number of genes differently expressed
implicated in the function, ‘Up’ and ‘Down’ indicate the number
of genes upregulated and downregulated, respectively
Function annotation

p-value

Genes

Up

Down

Cell death

4.89E-02

103

18

85

Autophagy

2.96E-03

10

1

9

Neoplasia of epithelial tissue

1.83E-02

8

3

5

Senescence of cells

2.27E-02

3

0

3

Organization of mitochondria

2.27E-02

3

0

3

Anoïkis of carcinoma cell lines

9.13E-03

2

0

2

Morphology of intestinal cell lines

9.13E-03

2

0

2

Polarity of cells

4.81E-02

2

0

2

integrity, distal colon segments were mounted into Ussing
chambers. After 15 min, distal colon transmural resistance
tended (p = 0.07) to be higher in rats fed an HPD when
compared to rats fed an NPD (Fig. 7d) while it was similar
between both groups after 60 min (data not shown). Moreover, FD4-apparent paracellular permeability across the
colon wall was similar in NPD- and HPD-fed rats (Fig. 7e).
In conclusion, these experiments showed that the HPD did
not impair colonic barrier function in rat distal colon.

Discussion
The results of the present study indicate that in the rat
model, there is a marked colonic epithelial response to
an HPD that is characterized by a specific transcriptional
signature. The HPD downregulated, at the gene expression level, biological pathways related to cellular metabolism, glutathione metabolism, DNA repair, NF-κB
signaling, apoptosis and epithelial cell adhesion. In
contrast, genes related to proliferation and chemical
barrier function were upregulated by the HPD. These
transcriptional changes induced by a short-term HPD
were not associated with detrimental effects on the
colonic epithelium in terms of genotoxicity, epithelial
renewal and barrier integrity.

Beaumont et al. BMC Genomics (2017) 18:116

Page 9 of 14

A

B

Fig. 5 a Relative expression values of a selection of significantly differentially expressed genes (q < 0.01) participating to the enriched pathway
Cell death in the colonocytes of rats fed a high-protein diet (HPD) when compared to a normal-protein diet (NPD). The expression values were
obtained by microarray experiment and normalized to the mean value in the NPD group. Bax (BCL2 associated X, apoptosis regulator), Ripk1
(receptor interacting serine/threonine kinase 1), Ilk (integrin linked kinase). b The expression of the apoptotic marker activated caspase 3 protein
was quantified by western blot in colonocytes of rats fed an HPD or an NPD. Band intensity was quantified and normalized to the intensity of the
band corresponding to actin. For each protein, mean values were compared with a t test. a-b Data presented on histograms are means +/- S.E.M

Numerous genes downregulated in colonocytes by the
HPD participate in cell metabolism and notably in protein
synthesis. Interestingly, several bacterial metabolites derived
from amino acids (p-cresol, hydrogen sulfide and ammonia)
inhibit mitochondrial respiration when present in excess
[10, 13, 14]. In addition, HPD increased proton leaks in rat
colonocyte mitochondria leading to a lower energetic efficiency [10]. Therefore, it is tempting to propose that the
downregulation of genes implicated in cell metabolism may
represent an adaptation allowing ATP saving in colonocytes
during HPD. Indeed, the colonic epithelium has a high
energy need related to its constant renewal, water and electrolyte transports and barrier function maintenance [35].
Several genes related to glutathione metabolism were
downregulated in rat colonocytes after the HPD. Notably,

the HPD induced a decrease in gene expression of several
glutathione-S-transferases (GST) which are implicated in
phase II metabolism of xenobiotics but also in the control
of reactive oxygen species [36]. In agreement with the
present study, GST gene expression appeared to be
reduced in the colon of pigs fed an HPD [18]. The HPD
also induced a downregulation of genes encoding proteins
involved in several DNA-repair pathways, namely base
excision repair (Ogg1, Ung), non-homologous end joining
(Nhej1) and nucleotide excision repair (Ddb1) [37] but this
was not associated with significant changes in DNA damages in colonocytes of rats fed an HPD when compared to
rats fed an NPD. However, the HPD induced a trend
toward lower DNA damage in colonocytes. This result is
in agreement with a recent report showing lower DNA
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Fig. 6 a Relative expression values of a selection of significantly differentially expressed genes (q < 0.01) related to proliferation in the colonocytes
of rats fed a high-protein diet (HPD) when compared to a normal-protein diet (NPD). The expression values were obtained by microarray experiment
and normalized to the mean value in the NPD group. Tfrc (transferrin receptor), Mt1a, 2a, 3 and 4 (metallothionein 1A, 2A, 3 and 4), Ppp2r2a (protein
phosphatase 2 regulatory subunit B alpha), Ndrg1 (N-myc downstream regulated 1), Prdx1 (peroxiredoxin 1). b Staining of Ki67 by immunohistochemistry
on distal colon of rats fed an NPD or an HPD. Ki67 labelling index was calculated as the percentage of Ki67 positive cells relative to the total number of
cells within the same crypts. c Proliferating cell nuclear antigen (PCNA) protein expression was quantified by western blot in colonocytes of rats fed an
HPD or an NPD. Band intensity was quantified and normalized to the intensity of the band corresponding to actin. b-c Mean values were compared with
a t test. a-c Data presented on histograms are means +/- S.E.M

damages in rats fed with a moderate protein intake (20%)
compared to an NPD (14%) [24]. Moreover, two human
studies found no increase in fecal water genotoxicity after
a HPD [21, 22]. In contrast, Toden et al found that a
casein-based or soy protein-based HPD induce DNA
damages in rat colonocytes while this effect was not found
with whey protein-based HPD [23]. In the present study,
the HPD contained whole milk protein. These differences in
protein sources used in the studies might contribute to the
divergent effects of HPD consumption. Indeed, all the protein sources do not have the same digestibility, potentially

modulating the quantity of dietary nitrogen entering in the
large intestine [38]. However, all milk protein have very high
digestibility in rats (around 96%) [39], precluding a major
role of this parameter to explain the divergent reported
effects of milk protein-based HPD on DNA damage.
Alternatively, differences between protein sources in
amino acid composition, bioactive peptides or associated microconstituents might be implicated [40].
The proliferation markers Ki67 and PCNA tended to
be both more expressed in colonocytes of rats fed an
HPD. This was concordant with the transcriptional
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D
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Fig. 7 a Heatmap representing the expression values of mucin genes in colonocytes (Muc). Each row corresponds to one Muc gene. Each column
corresponds to a single rat fed a normal-protein diet (NPD), or a high-protein diet (HPD). The color indicates the relative expression value (as indicated
by the key) obtained from microarray experiment and normalized to the mean value in the NPD group. Mean expression values of the HPD and the
NPD groups were compared with a t test. *: p < 0.05. b Relative expression values of defensin genes significantly differentially expressed (q < 0.01) in
the colonocytes of rats fed a HPD when compared to a NPD. The expression values were obtained by microarray experiment and normalized to the
mean value in the NPD group. Defb3, 4, 10, 15, 19, 22 and 30 (β-defensin 3, 4, 10, 15, 19, 22 and 30). c Claudin 1 protein expression was assessed by
western blot in colonocytes of rats fed an HPD or an NPD. Band intensity was quantified and normalized to the intensity of the band corresponding to
actin. e-f Barrier function was evaluated with Ussing-chambers in distal colon of rats fed an NPD or an HDP. e Transmural resistance was measured for
15 min after mucosa mounting in the chamber. f FITC-dextran (FD4) transport from mucosal to serosal side was recorded during two hours and FD4
apparent permeability (FD4 Papp) was calculated. c-e For each parameter, mean values were compared with a t test. b-e Data presented on histograms
are means +/- S.E.M

overexpression in colonocytes of markers of epithelial
proliferation such as metallothioneins (up to 5.84 fold
change) and Tfrc [29, 31] while tumor suppressor genes
such as Ppp2r2a, Ndrg1 and Prdx1 were downregulated
by the HPD [30, 32, 33]. In rats fed with the HPD, the
expression of the apoptosis marker caspase 3 was
unchanged in colonocytes, while there was a massive
downregulation of cell death-related pathways at the
mRNA level. Similar results were obtained in the colon of
pigs fed an HPD: PCNA being upregulated at the gene expression level while caspase 3 remaining unchanged [18].

Collectively, these data suggest that HPD act on epithelium renewal by favoring colonocyte proliferation but not
apoptosis.
The HPD-induced downregulation of pathways implicated in epithelial cell junction and adhesion of colonocytes
to extracellular matrix might jeopardize barrier function.
However, in Ussing chamber experiments, transmural
resistance and apparent permeability to FD4 (that cross the
epithelium by the paracellular route) were similar in rat fed
an NPD or an HPD, indicating that colonic barrier integrity
was not altered. These results are consistent with our
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previous electronic microscopy observation showing that
there was no alteration of tight junction structure in colonic
epithelium of rats fed an HPD [10] and with another study
showing that colonic barrier function is preserved in HPDfed piglets [20].
A very striking result of the present study was the inhibition of the NF-κB pathway in colonocytes of rats fed an
HPD. In epithelial cells, NF-κB plays a central role in
immune homeostasis, epithelial renewal and maintenance
of barrier function [41]. Since one of the NF-κB activation
pathways is the stimulation of pattern recognition receptors by luminal bacteria, it can be hypothesized that the
HPD decreased the contact between commensals and the
epithelium. A lower stimulation by toxic compounds from
the luminal side could also explain the decreased expression of genes related to glutathione metabolism and DNA
repair observed in colonocytes of rats fed an HPD. In the
present study, potential mechanisms for a reduced contact
of the microbiota and its metabolites with the epithelium
are the reinforcement of the mucus barrier and the
increase in antimicrobial peptides secretion [42, 43].
Indeed, five mucin genes, including Muc2 (the major gelforming mucin), were upregulated in epithelial cells of
HPD-fed rats in agreement with previous studies in rats
and pigs [17, 18]. Moreover, seven β-defensin genes were
overexpressed after the HPD. Since Muc2 has been shown
to induce the expression of β-defensin 2 [44], the simultaneous mucin and β-defensin gene upregulations in colonocytes after the HPD might be two coordinated components
of a protective adaptive response to the modifications of
the luminal environment induced by the HPD [7, 10].
The results obtained in the present study are not in
agreement with the transcriptome profile recently
described in the colonic mucosa of rats fed an HPD [8].
Indeed, Mu et al. found that genes related to glutathione
metabolism and apoptosis were upregulated by the HPD
while the data of the present study indicated the opposite.
For example, Mgst1 (microsomal glutathione S-transferase
1) and Ripk1 (receptor interacting serine/threonine kinase
1) were significantly regulated by the HPD in the two
studies but with opposite direction. Three differences in
the experimental designs of the two studies may explain
these discrepancies. First, the present study used whole
milk protein while Mu et al. used a protein isolate of
casein [8]. As discussed above, the protein source might
modulate the effects of HPD on gene expression in the
colon. Secondly, gene expression was analyzed in the
present study in isolated colonic epithelial cells while Mu
et al. described the transcriptome in the whole colonic
mucosa [8]. Since the gene expression patterns in the colonic epithelium and in the stroma are clearly distinct
[45], the discrepancies between the two studies might be
related to the different type of cells analyzed. Thirdly, the
different durations of the studies (2 versus 6 weeks)
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probably also explain part of the differences in the regulation of gene expression by the HPD. Indeed, time-course
microarray experiments revealed early and late transcriptomic response to dietary challenge in mice [46]. In the
present study, the HPD lasted 2 weeks since previous
results obtained using the same experimental model
indicated that changes in gut microbiota composition
and luminal bacteria metabolite content occurred
within this duration [7, 10, 47].

Conclusions
In conclusion, a 2-week HPD in rat did not impair the
colonic epithelium in term of DNA-damages, epithelial
renewal and barrier function. However, the transcriptional
signature in colonocytes of rats fed an HPD indicates a
downregulation of pathways implicated in crucial cellular
processes such as NF-κB signaling, DNA repair and glutathione metabolism. These changes might be detrimental
for the epithelium since a decreased expression and activity of GST is associated with colorectal cancer through a
defect in carcinogen detoxification [48], unrepaired DNA
damages can lead to genomic instability [37] and maintenance of an appropriate activation of NF-κB is crucial for
epithelial homeostasis [41]. Further experiments are obviously required to determine the long-term consequences
of HPD on the colonic epithelium, taking into account
that prolonged downregulation of the expression of genes
associated with cell protection may be detrimental for
colon mucosa health.
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component (PC1 and PC2) of the PCA analysis of microarray data. a Results of the PCA with all the samples (n = 16). #: Samples considered as
outliers. b – Results of the PCA after removal of the two outliers (n = 14).
Samples of rats fed a high-protein diet are in black and samples from rats
fed a normal-protein diet are in red. (PDF 27 kb)
Additional file 2: Figure S2. Flow diagram of the transcriptome
analysis in colonocytes of rats fed with a normal or a high-protein diet. a:
for canonical pathways, Z-score statistics are calculated and indicate
whether the canonical pathway is predicted to be activated (Z-score > 2)
or inhibited (Z-score < 2). b: the p-value of overlap measures whether
there is a statistical significant overlap between the set of genes differentially
expressed between the two groups and the set of genes known to be
associated with a given process or pathway. All the statistics were obtained
with Ingenuity Pathways Software. (PDF 13 kb)
Additional file 3: Table S1. List of genes differentially expressed in
colonocytes of rats fed a high-protein diet compared to rats fed a normal
protein diet (q < 0.1).(.xls). (XLSX 122 kb)
Additional file 4: Figure S3. Validation of microarray data on differentially
expressed genes of interest. Relative mRNA levels were measured by qPCR in
colonocytes isolated from rats fed a normal-protein diet (NPD) or a high-protein diet (HPD). Mt1a (metallothionein 1A), Sdc4 (syndecan 4), Tfrc
(transferrin receptor), Slc39a4 (solute carrier family 39 zinc transporter,
member 4). Data presented are means +/- S.E.M. For each gene, mean
values were compared with a t test. *: q < 0.05, ***: q < 0.001. (PDF 27 kb)
Additional file 5: Table S2. List of Ingenuity Pathway Analysis software
biological categories and functions significantly enriched (p < 0.05) in the

Beaumont et al. BMC Genomics (2017) 18:116

Page 13 of 14

set of genes differentially expressed in colonocytes of rats fed a highprotein diet compared to rats fed a normal protein diet. (.xls). (XLSX 125 kb)

2.

Additional file 6: Table S3. List of Ingenuity Pathway Analysis software
canonical pathways significantly enriched (p < 0.05) in the set of genes
differentially expressed in colonocytes of rats fed a high-protein diet
compared to rats fed a normal protein diet. (.xls). (XLSX 67 kb)

3.

Additional file 7: Figure S4. Integrin signaling canonical pathway
diagram. This pathway was significantly enriched in the set of genes
regulated by the high-protein diet. The diagram was obtained from
Ingenuity Pathway Analysis software and depicts genes implicated in this
pathway and their interactions. Expression of genes colored in green
were downregulated (q < 0.1) in colonocytes of rats fed a high-protein
diet when compared to a normal-protein diet. (PDF 269 kb)
Additional file 8: Figure S5. Tight-junction signaling canonical pathway
diagram. This pathway was significantly enriched in the set of genes
regulated by the high-protein diet. The diagram was obtained from
Ingenuity Pathway Analysis software and depicts genes implicated in this
pathway and their interactions. Expression of genes colored in green
were downregulated (q < 0.1) in colonocytes of rats fed a high-protein
diet when compared to a normal-protein diet. (PDF 465 kb)

4.
5.

6.

7.

8.

9.
Abbreviations
DE: Differentially expressed; HPD: High-protein diet; NPD: Normal-protein diet
10.
Acknowledgements
The authors are grateful to Dr M. Carrière (Nucleic Acid Lesions Laboratory,
Grenoble) for the use of the Comet Assay IV software and to J. Lecardonnel
from the CRB GADIE core facility (INRA, Jouy en Josas, France) for his technical
assistance and expertise for microarray experiments.
Funding
This work was supported by the European Commission (project My New Gut,
grant agreement no. 613979), INRA and AgroParisTech. Martin Beaumont is a
recipient of a PhD grant from INRA-Université Paris-Saclay (ALIAS program).
Funding bodies had no role in the design of the study and collection, analysis,
and interpretation of data and in writing the manuscript.
Availability of data and materials’ statement
The dataset generated and analyzed during the current study are available in
the Gene Expression Omnibus with the accession number GSE83953.
Authors’ contributions
M.B., A.L., M.A., L.A., M.G., A-M.D. performed experiments. M.B., A.L., F.J., D.L.,
M.M. analyzed the data. A.L., F.B. and D.T. conceived and supervised the
study. All authors read and approved the manuscript.
Competing interests
The authors declare that they have no competing interests.

11.

12.

13.

14.

15.

16.

17.

Consent for publication
Not applicable.

18.

Ethics approval
The present protocol received written agreement from the local animal
ethical committee (COMETHEA at Jouy-en-Josas, France, N°12/090).

19.

Author details
1
UMR Physiologie de la Nutrition et du Comportement Alimentaire,
AgroParisTech, INRA, Université Paris-Saclay, 16 rue Claude Bernard, 75005
Paris, France. 2UMR1313 Génétique Animale et Biologie Intégrative, INRA,
78350 Jouy-en-Josas, France. 3CRB GADIE, INRA, 78350 Jouy-en-Josas, France.

20.

21.
Received: 23 September 2016 Accepted: 25 January 2017
22.
References
1. Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function
and immune homeostasis. Nat Rev Immunol. 2014;14:141–53.

Lee D, Albenberg L, Compher C, Baldassano R, Piccoli D, Lewis JD, et al. Diet
in the pathogenesis and treatment of inflammatory bowel diseases.
Gastroenterology. 2015;148:1087–106.
Gibson JA, Sladen GE, Dawson AM. Protein absorption and ammonia
production: the effects of dietary protein and removal of the colon. Br J
Nutr. 1976;35:61–5.
Silvester KR, Cummings JH. Does digestibility of meat protein help explain
large bowel cancer risk? Nutr Cancer. 1995;24:279–88.
Bax M-L, Buffière C, Hafnaoui N, Gaudichon C, Savary-Auzeloux I, Dardevet D,
et al. Effects of meat cooking, and of ingested amount, on protein digestion
speed and entry of residual proteins into the colon: a study in minipigs. PLoS
One. 2013;8:e61252.
Russell WR, Gratz SW, Duncan SH, Holtrop G, Ince J, Scobbie L, et al. Highprotein, reduced-carbohydrate weight-loss diets promote metabolite profiles
likely to be detrimental to colonic health. Am J Clin Nutr. 2011;93:1062–72.
Liu X, Blouin J-M, Santacruz A, Lan A, Andriamihaja M, Wilkanowicz S, et al.
High-protein diet modifies colonic microbiota and luminal environment but
not colonocyte metabolism in the rat model: the increased luminal bulk
connection. Am J Physiol Gastrointest Liver Physiol. 2014;307:G459–70.
Mu C, Yang Y, Luo Z, Guan L, Zhu W. The Colonic Microbiome and
Epithelial Transcriptome Are Altered in Rats Fed a High-Protein Diet
Compared with a Normal-Protein Diet. J Nutr. 2016;146:474–83.
Geypens B, Claus D, Evenepoel P, Hiele M, Maes B, Peeters M, et al.
Influence of dietary protein supplements on the formation of bacterial
metabolites in the colon. Gut. 1997;41:70–6.
Andriamihaja M, Davila A-M, Eklou-Lawson M, Petit N, Delpal S, Allek F, et al.
Colon luminal content and epithelial cell morphology are markedly
modified in rats fed with a high-protein diet. Am J Physiol Gastrointest Liver
Physiol. 2010;299:G1030–7.
Davila A-M, Blachier F, Gotteland M, Andriamihaja M, Benetti P-H, Sanz Y,
et al. Intestinal luminal nitrogen metabolism: role of the gut microbiota
and consequences for the host. Pharmacol Res Off J Ital Pharmacol Soc.
2013;68:95–107.
Portune KJ, Beaumont M, Davila A-M, Tomé D, Blachier F, Sanz Y. Gut
microbiota role in dietary protein metabolism and health-related outcomes:
the two sides of the coin. Trends Food Sci Technol. 2016;57:213-232.
Andriamihaja M, Lan A, Beaumont M, Audebert M, Wong X, Yamada K, et al.
The deleterious metabolic and genotoxic effects of the bacterial metabolite
p-cresol on colonic epithelial cells. Free Radic Biol Med. 2015;85:219–27.
Beaumont M, Andriamihaja M, Lan A, Khodorova N, Audebert M, Blouin J-M,
et al. Detrimental effects for colonocytes of an increased exposure to luminal
hydrogen sulfide: The adaptive response. Free Radic Biol Med. 2016;93:155–64.
Bansal T, Alaniz RC, Wood TK, Jayaraman A. The bacterial signal indole
increases epithelial-cell tight-junction resistance and attenuates indicators of
inflammation. Proc Natl Acad Sci. 2010;107:228–33.
Shimada Y, Kinoshita M, Harada K, Mizutani M, Masahata K, Kayama H, et al.
Commensal Bacteria-Dependent Indole Production Enhances Epithelial Barrier
Function in the Colon. Heimesaat MM, editor. PLoS ONE. 2013;8:e80604.
Lan A, Andriamihaja M, Blouin J-M, Liu X, Descatoire V, Desclée de
Maredsous C, et al. High-protein diet differently modifies intestinal goblet
cell characteristics and mucosal cytokine expression in ileum and colon.
J Nutr Biochem. 2015;26:91–8.
Pieper R, Kröger S, Richter JF, Wang J, Martin L, Bindelle J, et al. Fermentable
fiber ameliorates fermentable protein-induced changes in microbial
ecology, but not the mucosal response, in the colon of piglets. J Nutr.
2012;142:661–7.
Villodre Tudela C, Boudry C, Stumpff F, Aschenbach JR, Vahjen W, Zentek J,
et al. Down-regulation of monocarboxylate transporter 1 (MCT1) gene
expression in the colon of piglets is linked to bacterial protein fermentation
and pro-inflammatory cytokine-mediated signalling. Br J Nutr. 2015;113:610–7.
Richter JF, Pieper R, Zakrzewski SS, Günzel D, Schulzke JD, Van Kessel AG.
Diets high in fermentable protein and fibre alter tight junction protein
composition with minor effects on barrier function in piglet colon. Br J
Nutr. 2014;111:1040–9.
Windey K, De Preter V, Louat T, Schuit F, Herman J, Vansant G, et al.
Modulation of protein fermentation does not affect fecal water toxicity: a
randomized cross-over study in healthy subjects. PLoS One. 2012;7:e52387.
Benassi-Evans B, Clifton P, Noakes M, Fenech M. High-protein/high red meat
and high-carbohydrate weight-loss diets do not differ in their effect on
faecal water genotoxicity tested by use of the WIL2-NS cell line and with
other biomarkers of bowel health. Mutat Res. 2010;703:130–6.

Beaumont et al. BMC Genomics (2017) 18:116

23. Toden S, Bird AR, Topping DL, Conlon MA. Differential effects of dietary
whey, casein and soya on colonic DNA damage and large bowel SCFA in
rats fed diets low and high in resistant starch. Br J Nutr. 2007;97:535–43.
24. Taciak M, Barszcz M, Tuśnio A, Pastuszewska B. Interactive Effects of
Indigestible Carbohydrates, Protein Type, and Protein Level on Biomarkers
of Large Intestine Health in Rats. Covasa M, editor. PLOS ONE. 2015;10:e0142176.
25. Cherbuy C, Darcy-Vrillon B, Morel MT, Pégorier JP, Duée PH. Effect of
germfree state on the capacities of isolated rat colonocytes to metabolize
n-butyrate, glucose, and glutamine. Gastroenterology. 1995;109:1890–9.
26. Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem.
1987;162:156–9.
27. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers
differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 2015;43:e47.
28. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical
and Powerful Approach to Multiple Testing. J R Stat Soc Ser B Methodol.
1995;57:289–300.
29. Cherian M. Metallothioneins in human tumors and potential roles in
carcinogenesis. Mutat Res Mol Mech Mutagen. 2003;533:201–9.
30. Kovacevic Z, Sivagurunathan S, Mangs H, Chikhani S, Zhang D, Richardson
DR. The metastasis suppressor, N-myc downstream regulated gene 1
(NDRG1), upregulates p21 via p53-independent mechanisms. Carcinogenesis.
2011;32:732–40.
31. Sutherland R, Delia D, Schneider C, Newman R, Kemshead J, Greaves M.
Ubiquitous cell-surface glycoprotein on tumor cells is proliferation-associated
receptor for transferrin. Proc Natl Acad Sci U S A. 1981;78:4515–9.
32. Shen S, Yue H, Li Y, Qin J, Li K, Liu Y, et al. Upregulation of miR-136 in
human non-small cell lung cancer cells promotes Erk1/2 activation by
targeting PPP2R2A. Tumour Biol J Int Soc Oncodevelopmental Biol Med.
2014;35:631–40.
33. Cao J, Schulte J, Knight A, Leslie NR, Zagozdzon A, Bronson R, et al.
Prdx1 inhibits tumorigenesis via regulating PTEN/AKT activity. EMBO J.
2009;28:1505–17.
34. Keijer J, van Helden YGJ, Bunschoten A, van Schothorst EM. Transcriptome
analysis in benefit-risk assessment of micronutrients and bioactive food
components. Mol Nutr Food Res. 2010;54:240–8.
35. Roediger WE. Utilization of nutrients by isolated epithelial cells of the rat
colon. Gastroenterology. 1982;83:424–9.
36. Beyerle J, Frei E, Stiborova M, Habermann N, Ulrich CM. Biotransformation of
xenobiotics in the human colon and rectum and its association with
colorectal cancer. Drug Metab Rev. 2015;47:199–221.
37. Hakem R. DNA-damage repair; the good, the bad, and the ugly. EMBO J.
2008;27:589–605.
38. Gaudichon C, Bos C, Morens C, Petzke KJ, Mariotti F, Everwand J, et al. Ileal
losses of nitrogen and amino acids in humans and their importance to the
assessment of amino acid requirements. Gastroenterology. 2002;123:50–9.
39. Lacroix M, Léonil J, Bos C, Henry G, Airinei G, Fauquant J, et al. Heat markers
and quality indexes of industrially heat-treated [15 N] milk protein
measured in rats. J Agric Food Chem. 2006;54:1508–17.
40. Lönnerdal B. Nutritional and physiologic significance of human milk proteins.
Am J Clin Nutr. 2003;77:1537S–43S.
41. Pasparakis M. Role of NF-κB in epithelial biology. Immunol Rev. 2012;
246:346–58.
42. Johansson MEV, Sjövall H, Hansson GC. The gastrointestinal mucus system
in health and disease. Nat Rev Gastroenterol Hepatol. 2013;10:352–61.
43. Cobo E, Chadee K. Antimicrobial Human β-Defensins in the Colon and Their
Role in Infectious and Non-Infectious Diseases. Pathogens. 2013;2:177–92.
44. Cobo ER, Kissoon-Singh V, Moreau F, Chadee K. Colonic MUC2 mucin
regulates the expression and antimicrobial activity of β-defensin 2. Mucosal
Immunol. 2015;8:1360–72.
45. Thomas SS, Makar KW, Li L, Zheng Y, Yang P, Levy L, et al. Tissue-specific
patterns of gene expression in the epithelium and stroma of normal colon
in healthy individuals in an aspirin intervention trial. BMC Med Genet. 2015;16:
154–158.
46. Kwon E-Y, Shin S-K, Cho Y-Y, Jung UJ, Kim E, Park T, et al. Time-course
microarrays reveal early activation of the immune transcriptome and
adipokine dysregulation leads to fibrosis in visceral adipose depots during
diet-induced obesity. BMC Genomics. 2012;13:1.

Page 14 of 14

47. Mouille B, Robert V, Blachier F. Adaptative increase of ornithine production
and decrease of ammonia metabolism in rat colonocytes after hyperproteic
diet ingestion. AJP Gastrointest Liver Physiol. 2004;287:G344–51.
48. Traverso N, Ricciarelli R, Nitti M, Marengo B, Furfaro AL, Pronzato MA, et al.
Role of Glutathione in Cancer Progression and Chemoresistance. Oxid Med
Cell Longev. 2013;2013:e972913.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

