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The human digestive tract has proteases capable
of gluten hydrolysis
Sergio Gutiérrez 1,3, Jenifer Pérez-Andrés 2,3, Honorina Martínez-Blanco 1,3, Miguel Angel Ferrero 1,3,
Luis Vaquero 4,5, Santiago Vivas 4,5, Javier Casqueiro 2,3, Leandro B. Rodríguez-Aparicio 1,3,*
ABSTRACT

Objective: To identify, purify, and characterize the proteins responsible for glutenase activity in the feces of healthy subjects and patients with
celiac disease (CD).
Methods: Sixteen subjects were included in this study; 8 were healthy with no known food intolerances, and 8 were treated CD patients on a
gluten-free diet. Fecal samples were homogenized, and precipitated proteins were purified by chromatography. Glutenase activity was evaluated
by bioassays, zymography, and high-performance liquid chromatography with immunogenic 33-mer, 19-mer, and 13-mer gliadin peptides.
Results: The gastrointestinal elastase 3B (CEL3B), elastase 2A (CEL2A), and carboxypeptidase A1 (CBPA1) enzymes degraded human gluten.
These proteins fully hydrolyzed 13-mer and 19-mer gliadin peptides that trigger immune-mediated enteropathy in individuals genetically pre-
disposed to CD and partially digested a 33-mer. Feces from patients with CD showed more glutenase activity than feces from individuals without
CD (171e466% higher). Peptidase activity against the gliadin peptides also increased in patients with CD.
Conclusion: The digestive tracts of patients with CD and healthy subjects have enzymatic machinery needed for gluten degradation. Patients
with CD showed more gluten hydrolysis than did healthy individuals, although, in both cases, a fraction of 33-mer peptide remained intact. Gliadin
peptides derived from gastrointestinal digestion, especially the 33-mer, can potentially be used by commensal microbiota from both CD-positive
and CD-negative individuals, and differences in bacterial hydrolysis can modify its immunogenic capacity.

� 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Celiac disease (CD) is a chronic, small intestinal, immune-mediated
enteropathy triggered by the exposure to gluten proteins in geneti-
cally predisposed individuals [1e3]. The pathogenesis of CD involves
genetic and environmental factors. Susceptibility to CD is strongly
associated with the human leukocyte antigen (HLA) genes of the major
histocompatibility complex, and approximately 90% of patients ex-
press alleles coding for the HLA-DQ2 (HLA-DQ2.5 and HLA-DQ2.2) and
HLA-DQ8 haplotypes [1,4,5]. The diet is the fundamental factor
contributing to the development of CD. The gliadin prolamin (from
gluten) and related prolamins (from wheat, barley, and rye) are
resistant to complete digestion by human digestive enzymes due to
their high glutamine and proline contents. Their digestion results in the
production of large peptides (10 to �30 amino acids) that cross the
small intestinal barrier, some of which (such as 13-, 19-, or 33-mer),
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are capable of triggering inflammatory processes associated with CD
[6e8].
Nevertheless, although 30% of the general population carries a genetic
predisposition for CD, only approximately 3% will develop this disease.
Moreover, additional environmental cofactors may be required [9],
including intestinal pathogens that can enhance gluten immunoge-
nicity and toxicity, e.g., rotavirus infections [10]; an altered gut-
microbiota composition [11,12]; and some immune-modulatory
drugs, e.g., IFN-alpha [13]. As such, intestinal dysbiosis has been
associated with patients with CD [9,14], and it has been purposed that
gliadin-metabolizing bacteria may represent one of the missing envi-
ronmental links in the development of CD [15,16].
Previous findings have revealed that human feces show glutenase
activity in both healthy individuals [17] and CD patients [9] and that
significant differences in fecal glutenase activity may occur between
these two groups [9]. These results suggest that human feces are
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potentially a good sample source for evaluating and identifying the
proteases involved in gluten metabolism.
Accordingly, in this work, we identified and characterized the proteins
responsible for fecal glutenase activity, and we compared the pro-
teolytic profiles involved in degrading gluten peptides between healthy
and individuals with CD.

2. MATERIALS AND METHODS

2.1. Fecal sampling
Sixteen subjects were included in this study; 8 were healthy with no
known food intolerances (mean age 41; range 25e67), and 8 were
CD patients on a gluten-free diet (mean age 42; range 27e57). The
healthy subjects were symptom-free volunteers for whom CD was
ruled out based on normal serum tissue Transglutaminase Antibody
(tTGA) levels and an HLA-DQ phenotype that was not DQ2 or DQ8.
Treated CD patients were diagnosed on the basis of positive tTGA and
duodenal mucosa biopsy with villous atrophy (Marsh III in all of the
cases). They complied with a strict gluten-free diet for at least 2
years, showed negative serology markers, and displayed complete
recovery during the initial villous atrophy (Marsh 0 or Marsh I in the
biopsy control). No participants in this study were treated with anti-
biotics in the month before the provided samples. The study complied
with the Declaration of Helsinki guidelines, and all procedures
involving human subjects were approved by the local ethics com-
mittee of our hospital. Written informed consent was obtained from all
subjects. Fresh stools from both subject groups were collected and
immediately stored at �80 �C. Previously, we showed that glutenase
activity (evaluated by bioassay) in stool samples was not modified by
freezing at �80 �C. Fecal samples were homogenized and processed
immediately.

2.2. Purification of different fecal glutenase activities
All procedures were performed at 4 �C unless otherwise indicated.
Step 1: Sample preparation e Fecal samples were homogenized by
mechanical stirring (90 min) in 10 mM TriseHCl, pH 7.5 (1:5 w/v) and
centrifuged (3,100 �g, 30 min). The supernatant was re-centrifuged
at 30,000 �g for 15 min and filtered through a 0.44-mm nitrocellu-
lose filter.
Step 2: Ammonium sulfate fractionation e Each filtered supernatant
obtained from step 1 was precipitated with ammonium sulfate. The
fraction precipitating between 35 and 65% ammonium sulfate (con-
taining glutenase activity) was collected by centrifugation at
30,000 �g, 15 min. The pellet was dissolved in 10 mM TriseHCl (pH
7.5). Ammonium sulfate was eliminated by passing through a
Sephadex G-25 (PD-10) column (GE Healthcare Live Sources, San
Diego, CA) equilibrated with Tris-ClH (pH 7.5) according with manu-
facture indications.
Step3: Ion-exchange low-performance liquid chromatography (LPLC)
e Samples from step 2 were injected into an LPLC system (BioLogic
LP Systems, BioRad) equipped with a cation-exchange column (BioRad
Macro-Prep High Q, 1,000 Å, 50 mm), equilibrated with 10 mM Trise
HCl buffer, pH 7.5. Next, the column was washed with the same buffer
and eluted with a linear 0-to-0.3-M KCl gradient. Fractions (1 mL) were
collected at a flow rate of 1 mL/min and assayed in MCG-1 plates to
detect glutenase activity (see below). The non-retained proteins from a
cation-exchange column were applied to an anion exchange column
(BioRad Macro-Prep High S, 1,000 Å, 50 mm) equilibrated with 10 mM
TriseHCl (pH 7.5) or 10 mM MOPS (pH 6.5). The column was washed
with either buffer and proteins were eluted using a linear KCl gradient
(0e0.3 M). One-milliliter fractions were collected.
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2.3. Evaluation of fecal glutenase activity in bioassays
Fecal glutenase activities were measured as described [17]. Briefly,
fecal samples were spread on agar plates (MCG-1) containing gluten
(1.5%), 20 g/L glucose, 0.05 g/L CaCl2, 0.07 g/L ZnSO4, 0.05 g/L L-
cysteine, 0.1% Tween 80, 60 mM phosphate buffer (pH 6.5), and
1.5 g/L agar, and incubated at 37 �C for 24 h. The plates were
evaluated by measuring the diameter of the halo formed. Trypsin, at
different concentrations, was used to generate a standard curve. Fecal
glutenase activity (FGA) was expressed as trypsin-activity equivalents/
g feces [17].

2.4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)
SDS-PAGE (12%) was run as described by Laemmli [18], with modi-
fications described by Helmerhorst and Wei [19]. Protein molecular
weights were estimated using standard protein markers (97e
14.4 kDa; GE Healthcare, Amersham LMW, UK). Gels were stained with
Coomassie Brilliant Blue R-250.

2.5. Evaluation of gliadin activity by zymography
Gliadin degradation was assessed with 12% SDS-PAGE zymogram
gels containing wheat gliadin (0.6 mg/mL; Sigma, St. Louis, MO),
without b-mercaptoethanol. The protein samples were diluted (1/20) in
10 mM TriseHCl (pH 7.5), and electrophoresis was performed at
100 V at 4 �C. Protein renaturing in the gels was achieved by washing
twice for 30 min at room temperature in renaturing buffer containing
2% (v/v) Triton-X-100, 0.1 M NaCl, and 0.05 M TriseHCl (pH 7.8).
Subsequently, the Triton-X-100 was removed by washing (3� 20 min)
in developing buffer (0.05 M TriseHCl, pH 7.8). After overnight in
developing buffer at 37 �C, gels were stained for 30 min with 0.1% (w/
v) Coomassie Brilliant Blue R-250.

2.6. Densitometric evaluation of the electrophoretic results
SDS-PAGE and zymogram gels were digitalized using a densitometer
(Bio-Rad GS800) and Quantity One 1-D analysis software (Bio-Rad
Laboratories Inc., Hercules, CA). Densitometry analyses were per-
formed using lane-based background subtraction, followed by
measuring the peak areas, and optical density (OD) values were used
for statistical analysis. Each sample was analyzed on duplicate gels.
Proteins were represented by comparing their relative mobilities with
those of molecular weight standards.

2.7. Determining 33-mer, 19-mer, and 13-mer hydrolysis
Peptides were synthetized by Proteogenix SAS (Schiltigheim, France).
The 33-mer (LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF), 19-mer
(LGQQQPFPPQQPYPQPQPF), and 13-mer (LGQQQPFPPQQPY) pep-
tides had purities of 95%, 97%, and 96%, respectively. Since the HPLC
chromatograms of the commercial 19-mer and 13-mer peptides
showed 2 peaks, purity was verified by the Laboratorio de Técnicas
Instrumentales (Universidad de León, Spain), confirming that the
appearance 2 peaks were caused by the assay pH and not by impu-
rities (Figures 2, 5 and 7).
We assayed 33-mer, 19-mer, and 13-mer hydrolysis as described
previously [20], with modifications. Reaction mixtures (40-mL) con-
tained 3.4 mL (0.8 mg/mL) of desalted protein extract (purification step
2, described above) or purified proteins (above); 4.7 mL of 33-, 19-, or
13-mer peptide (60 mM); and 31.9 mL of phosphate-buffered saline
(pH 7.3). Reactions were incubated at 37 �C for 60 min and stopped by
boiling at 100 �C for 10 min. Each reaction was filtered using a 0.22-
mm Cellulose Acetate Spin-X Centrifuge Tube Filter (Thermofisher), and
10-mL aliquots were subjected to reverse-phase HPLC using a C-18
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Fecal glutenase activity (FGA) of non-celiac disease (NCD) volunteers. (A) Bioassay results showed the gluten was degraded in solid gluten media. Data rep-
resented as the mean � SEM, in terms of the number of units of trypsin/g feces. Representative SDS-PAGE (B) and gliadin zymogram (C) results from whole-protein fecal samples
from non-CD volunteers (1e8). M: electrophoretic molecular weight marker. The boxed-in areas correspond to the 3 zones with gliadinase activity, as determined by densitometric
analysis at >97, 45e35, and 30e25 kDa.
column (LiChrospher 100 RP18 column, 5 mm, 4 � 250 mm,
Teknokroma SL). The elution phases consisted of (A) MilliQ H2O con-
taining 0.1% trifluoroacetic acid (TFA) (v/v) and (B) acetonitrile and
0.1% TFA (v/v). The gradient program started with 100% of solution A
for 2 min and changed linearly to reach 100% of B solution at a flow
rate of 1 mL/min over 20 min [20]. The eluate was monitored by
measuring UV absorbance at 215 nm. Negative controls included runs
with proteins denatured by boiling for 15 min, or 33-, 19-, and 13-mer
peptides assayed without protein extract or purified enzymes.

2.8. Protein identification
Proteins with glutenase/gliadinase activity were identified as described
previously [21]. Briefly, protein spots of interest were manually excised
from stained SDS/PAGE gels by biopsy punches, placed in an
Eppendorf tube, and washed twice with double-distilled water. Pro-
teins were digested [22] and processed for further analysis, as
described [23]. Samples were analyzed with a 4800 Proteomics
Analyzer matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF/TOF) mass spectrometer (AB Sciex). A 4700 Proteomics
Analyzer Calibration Mixture (Cal Mix 5; AB Sciex) was used for external
calibration. All mass spectrometry (MS) spectra were internally cali-
brated using peptides from trypsin auto-digestion. MALDI-TOF/TOF MS
analysis produced peptide mass fingerprints, and the peptides
observed (up to 65/spot) were collected and represented as a list of
monoisotopic molecular weights with a signal-to-noise (S/N) ratio
>20, using 4000 Series Explorer v3.5.3 software (AB Sciex). All known
MOLECULAR METABOLISM 6 (2017) 693e702 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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contaminant ions (trypsin- and keratin-derived peptides) were
excluded from later MS/MS analyses. Hence, from each MS spectra,
the 10 most intensive precursors with an S/N greater >20 were
selected for MS/MS analyses with CID (atmospheric gas was used) in
2-kV ion-reflector mode and precursor mass windows of �7 Da.
Default calibration was optimized for the MS/MS spectra. For protein
identification, generic Mascot files combining MS and MS/MS spectra
were created automatically and used to interrogate a non-redundant
protein database with Mascot version 2.2.04 (Matrix Science)
through the Global Protein Server version 3.6 (AB Sciex). The search
parameters for peptide-mass fingerprints and tandem-MS spectra
obtained were set as follows: i) NCBInr (2009.11.03) sequence data-
bases were used, ii) the taxonomy of all entries (9,993,394 sequences,
3,409,286,210 residues) was included in the analysis, iii) fixed and
variable modifications were considered (Cys as S-carbamidomethyl
derivative and Met as oxidized methionine), iv) 1 missed cleavage site
was allowed, v) precursor tolerance was 50 ppm and MS/MS-fragment
tolerance was 0.3 Da, vi) peptide charge: 1þ, and vii) trypsin was set
as the enzyme. Protein candidates produced by this combined peptide
mass fingerprinting/tandem MS search were considered valid when
the global Mascot score was >83, with p < 0.05.

2.9. Statistical analysis
Statistical analysis was performed with Graph-Pad Prism software.
When 2 groups were compared, an unpaired t-test was used. p< 0.05
was considered significant. Data are displayed as the mean � SE.
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Figure 2: Fecal hydrolytic activity against gliadin derived peptides of samples from non-celiac disease (NCD) volunteers. HPLC chromatograms generated after incubating
the 33-, 19-, and 13-mer peptides for 60-min at 37 �C with desalted ecal protein extracts from healthy volunteers (NCD1eNCD8). The bottom of the figure shows the chro-
matographic migration of the peptides.
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3. RESULTS

3.1. Specific degradation of gluten in human feces
Previous data have demonstrated fecal hydrolytic activity against
gluten and the gliadin-derived 33-mer peptide in healthy volunteers,
CD patients, and first-degree relatives [9]. Here, we identified and
characterized proteins responsible for these glutenase activities, first
using feces from 8 healthy non-celiac-disease (NCD) volunteers.
Glutenase activity was confirmed in all samples assayed (between
1500 and 63,000 FGA/g of faeces) by: i) running a bioassay
(Figure 1A), ii) SDS-PAGE (Figure 1B), and iii) zymography, using
gliadin the substrate and (Figure 1C). Despite the high fecal protein
diversity and variability observed by SDS-PAGE (Figure 1B), densito-
metric analysis of zymograms revealed the presence of 3 principal
zones with gliadinase activity at >97, 45e35, and 30e25 kDa
(Figure 1C). By HPLC, we also observed that the fecal samples from
NCD individuals showed hydrolytic activity against the 33-, 19- and
13-mer gliadin-derived peptides (Figure 2). However, complete peptide
degradation was not observed in any case, even after a 60-min in-
cubation (Figure 2).

3.2. Digestive tract proteins are involved in gluten degradation
Protein purification was performed to identify the protein(s) responsible
for fecal glutenase activity. Because all volunteer samples tested
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showed similar gliadinase activities (Figure 1C), we used the fecal
sample from NCD volunteer number 1 (NCD 1) because of its high
glutenase activity (Figure 1A) and accessibility (NCD 1 was a volunteer
from our laboratory). Different ion-exchange chromatography columns
were used for purification. First, 2.5 mg protein from feces (40 g),
which was homogenized, ammonium sulfate-fractionated, and
desalted, was applied to a cation-exchange chromatography (High Q
column) and 2 areas with glutenase activity (evaluated in the bioassay)
were obtained (Figure 3A): a non-retained fraction (peak 1) and a
retained fraction (peak 2). Zymographic and densitometric evaluation
of pooled fractions 4e8 from peak 1 (Figure 3A inset) showed glia-
dinase activity at >97, 45e35, and 30e25 kDa, while peak 2 frac-
tions 37e45 showed activity between 30 and 25 kDa (Figure 3A inset).
By re-chromatography of 3 pooled fractions from peak 2 (1.67 mg
protein) using the same column (High Q) and conditions (10 mM Trise
HCl, pH 7.5), we obtained a single protein peak showing glutenase
activity (Figure 3B). By electrophoresis and zymography of pooled
fractions 32e37, we observed 2 proteins of 29 and 28 kDa with
gliadinase activity (Figure 3B inset). Sequencing these purified mole-
cules by MALDI-TOF/TOF and MS/MS analyses revealed that had
molecular masses (Mr) of 29.8 and 29.7 kD, respectively. Amino acid
sequence comparison showed high homology (Mowse score from
Mascot database search: 475) with human elastase 3B (CEL3B and
ELA3B, respectively), using the UniProt and BRENDA databases.
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: High Q chromatographic elution profiles of protein and glutenase/gliadinase activity from a non-CD volunteer fecal sample (NCD1). A: Elution profile of a fecal
sample following homogenization, ammonium sulfate-based fractionation, and cation-exchange chromatography. Inset: electrophoretic weight markers (Mw) and zymogram
profiles obtained from pooled fractions from peak 1 (P1, pooled fractions 4e8) and peak 2 (P2, pooled fractions 37e45), both of which had glutenase/gliadinase activity. B: Elution
profile of proteins obtained from peak 2 (from Figure 3A) after re-chromatography using a High Q column. Inset: electrophoretic weight markers (Mw), electrophoretic profile, and
zymogram profile obtained from pooled, retained fractions 32e37.
Three pooled peak-1 fractions (2.57 mg protein) were separated by
anion-exchange chromatography (High S column; mobile phase:
10 mM TriseHCl, pH 7.5), and we saw only 1 protein area with glu-
tenase activity (Figure 4A). By electrophoresis and zymography of
fraction 36, we observed only 1 band of w35 kDa (Figure 4A inset).
Sequencing this purified protein revealed that it had a Mr of 29.4 kDa
and showed a high homology grade (score: 601) with the human
elastase 2A proteins CEL2A and ELA2A, using the UniProt and BRENDA
databases, respectively. As human elastases are glycoproteins [24],
the different Mr values found by electrophoresis and sequencing may
have resulted from variable glycosylation.
When the 3 pooled peak-1 fractions (2.57 mg protein) were separated
with the High S column using a different mobile phase (10 mM MOPS,
pH 6.5), a different peak with glutenase activity was identified
(Figure 4B). By electrophoresis, we observed only 1 protein band
MOLECULAR METABOLISM 6 (2017) 693e702 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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(>97 kDa) in fraction 34 that, by zymography, also showed gliadinase
activity (Figure 4B inset). Similarly, sequencing this purified protein
from fractions 30e36 revealed it had an Mr of 104 kDa and that its
amino acid sequence had a high homology grade (score: 193) with
human carboxypeptidase A1 (CBPA1), using the UniProt database.
Next, we tested the glutenase and gliadinase activities of similar
commercial proteases. By performing the bioassay and zymography,
we found that recombinant mouse chymotrypsin-like elastase family
member 3B (3.4.21.70), recombinant bovine chymotrypsin-like
elastase family member 2A (3.4.21.71), recombinant rat carboxy-
peptidase A1 (3.4.17.1), all from MyBioSource (USA) and porcine
elastase (3.4.21.36) from Sigma, (USA) showed hydrolytic activity
against gluten and gliadin. Moreover, all these commercial proteases
showed peptidase activity against the tree peptides tested (not
show).
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Figure 4: High S chromatographic elution profile of protein and glutenase/liadinase activity of peak-1 from high Q column. Elution profile of proteins from peak 1 after
High Q chromatography (see Figure 1), using an anion-exchange column (High S) and 10 mM TriseHCl, pH 7.5 (A) or 10 mM MOPS, pH 6.5 (B) as the mobile phase. Inset A:
electrophoretic weight markers (Mw), electrophoretic profile, and zymogram profile obtained from the retained fraction 36. Inset B: Mw, electrophoretic profile, and zymogram
profile of the retained fraction 34.
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3.3. Specific digestive proteins hydrolyze toxic, gliadin-derived
peptides
To establish the glutenase specificity of the isolated human proteins
(CEL2A, CBPA1, and CEL3B), we studied their hydrolytic activity
against the 33-, 19-, and 13-mer peptides. All 3 purified proteins
showed hydrolytic activity against all 3 gliadin-derived peptides
(Figure 5). The 33-mer gliadin fragment, which generates immune-
adaptive response in CD, was not completely degraded under stan-
dard time assay (60 min) and, even after a 24-h incubation (not
shown), although cleavage products were generated (Figure 5A). The
CEL2A and CEL3B elastases were most effective in degrading the 33-
mer (66% and 56% respectively). When CEL2A, CBPA1, and CEL3B
were all 3 added (simultaneously or sequentially) to the peptide-
hydrolysis reaction, 33-mer degradation did not increase after
60 min (not shown). CEL2A and CBPA1 (but not CEL3B) fully degraded
the 19-mer and 13-mer peptides after a 60-min incubation (Figures 5B
and 7C, respectively), although small peptides were observed after
digestion with the 19-mer (but not the 13-mer).
Figure 5: Fecal hydrolytic activity from human fecal purified proteins against gliadin
(B), and 13-mer (C) peptides for 60-min at 37 �C with the human fecal purified Elastase 2A
the figure shows the chromatographic migration of the peptides.
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3.4. Feces from patients with CD more efficiently degrade gluten
and toxic gliadin-derived peptides
To uncover differences between NCD individuals and CD patients, we
next evaluated fecal glutenase, gliadinase, and peptidase activities in
samples from 8 CD patients on a gluten-free diet. Similar to samples
from NCD volunteers, our bioassay results showed that glutenase
activity was present in fecal samples from all CD patients tested
(Figure 6A). Moreover, the fecal activity (7000e108,000 FGA/g feces)
was 171e466% higher than observed in NCD samples (1500e63,000
FGA/g feces; Figure 1A).
Electrophoresis and zymography (using gliadin as a substrate) results
also revealed gliadinase activity in all CD fecal samples tested
(Figure 6C). As observed with the NCD volunteer samples (Figure 1B),
high fecal protein diversity and variability was present in the CD fecal
samples (Figure 6B), and 3 principal zones with gliadinase activity
were detected by zymography (>97, 45e35, and 30e25 kDa;
Figure 6C). Moreover, densitometric evaluation of proteolytic cleavage
products in both the NCD and CD zymographs (Figures 1C and 6C,
derived peptides. Chromatograms generated after incubating the 33-mer (A), 19-mer
(CEL2A), Carboxypeptidase 1A (CBPA1) and Elastase 3B (CEL3B) proteins. The bottom of
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Figure 6: Fecal glutenase activity (FGA) of CD patients. (A) Bioassay results showing that the gluten was degraded in solid gluten media. The data shown represent the
mean � SEM (units of trypsin/g faeces). Representative SDS-PAGE (B) and gliadin zymogram (C) results of several whole-protein fecal samples from patients with CD. The lanes
were loaded with samples from different patients with CD (1e8). The boxed-in areas correspond to the 3 zones with gliadinase activity, as determined by densitometric analysis at
>97, 45e35, and 30e25 kDa. M: electrophoretic molecular weight marker. The boxed-in areas correspond to the 3 zones with gliadinase activity, as determined by densitometric
analysis at >97, 45e35, and 30e25 kDa.
respectively) revealed that the gliadinase activity was>3-fold higher in
samples from patients with CD (not shown). Thus, feces from patients
with CD had increased glutenase activity even when the patients were
on a gluten-free diet. Moreover, the zymography results (Figure 6C)
revealed similar gluten-degradation patterns, compared with the NCD
samples (Figure 1C). Figure 7 shows that fecal samples from patients
with CD displayed hydrolytic activity against the 33-, 19-, and 13-mer
gliadin-derived peptides. Moreover, as previously reported using 33-
mer peptides [9], our results revealed elevated fecal peptidase activ-
ity in CD patient samples against the 3 peptides assayed (Figures 2 and
7). Degradation of the 33-mer was 37% higher in CD patients.
Nevertheless, and similar to the NCD samples, degradation of the 33-
mer was incomplete (Figure 7A) even after a 24-h incubation (not
shown). All fecal samples had sufficient activity to completely degrade
the gliadin-derived 19-mer and 13-mer peptides derived during a 60-
min incubation, except for samples from patient CD7 (with the 19-mer)
and CD1 and CD3 (with the 13-mer) (Figure 7B,C). Moreover, after a
24-h incubation, all CD samples tested completely degraded 19- and
13-mer (not shown).
MOLECULAR METABOLISM 6 (2017) 693e702 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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4. DISCUSSION

We confirm that human feces contain proteins specifically capable of
gluten degradation (Figures 1A and 2), which can hydrolyze the
potentially toxic 33-, 19-, and 13-mer gliadin-derived peptides
(Figure 2). Protein-purification (Figures 3e4) and amino acid-
sequencing results indicated that CEL3B, CEL2A, and CBPA1 were
responsible for fecal glutenase activity. These proteases are commonly
present in the human small intestine, the digestive tract that is affected
by CD and where the main protein degradation process takes place
[25,26]. Thus, our results allow us to conclude that the human
digestive tract has the necessary tools for gluten-protein hydrolysis.
Nevertheless, different authors have indicated that gluten is not
completely degraded by proteolytic gastrointestinal activity and
consequently, gliadin-derived peptides such as 33-, 19- and 13-mer
can accumulate and trigger inflammatory process associated with
CD [8,27]. Using partially purified extracts (ammonium sulfate-frac-
tioned), we verified this (Figure 2). However, as revealed in Figure 5,
purified CEL2A and CBPA1 hydrolyzed the 19- and 13-mer (Figure 5),
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 699
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Figure 7: Fecal hydrolytic activity against gliadin derived peptides of samples from celiac disease (CD) volunteers. HPLC chromatograms generated after incubating the
33-, 19-, and 13-mer peptides for 60-min at 37 �C with human fecal samples from CD patients (CD1eCD8). The bottom of the figure shows the chromatographic migration of
peptides.

Original Article
and only a minor portion of the 33-mer peptide remained intact (33%).
These results confirmed previous data [27] indicating that >30% of
the gliadin-reactive peptides remain intact after in vitro gastrointestinal
digestion. The fact that ammonium sulfate-extracted proteins did not
completely degrade the 19- and 13-mer (Figure 2), even after a 24-h
incubation (not shown), suggests that human feces contains molecules
that can inhibit CEL2A and CBPA1 activity. a-Amylase/trypsin inhibitors
as ATIs from wheat cereal or other protease inhibitors (serpins such as
elafin which has been related in celiac disease) as well as other factors
(enzymes or microbes or blocking proteases) from bacterial, host or
diet origin could be present in the crude extract and reduce the activity
of proteases involved in gliadin digestion [28]. This inhibitory effect
could promote the in vivo accumulation of different gliadin-derived
peptides, which could be hydrolyzed by other proteases present in
the gastrointestinal tract or excreted in the feces. In this sense, the
presence of gluten (or gluten-derived peptides) and bacteria from the
intestinal microbiota with glutenase activity have already been iden-
tified in human feces [14,16,17,27,29,30].
In this work, surprisingly, we did not observe the presence of fecal
bacterial proteins with glutenase activity. Because our method of fecal-
protein extraction involved isolating soluble proteins without cellular
rupture, it is probable that, under these conditions, microbial proteins
were not present in our protein extracts. In previous studies, gluten-
enrichment culture media were necessary to ensure efficient isola-
tion and identification of fecal bacteria communities involved in gluten
metabolism [9]. Moreover, comparison of the peptide-degrading
700 MOLECULAR METABOLISM 6 (2017) 693e702 � 2017 The Authors. Published by Elsevier GmbH. Thi
capacity of the ammonium sulfate protein extract from NCD volunteer 1
(Figure 2) with the corresponding purified proteins (Figure 5), revealed
that this ammonium sulfate extract had more 33-mer-degrading ca-
pacity (from 66e56 to 78%). These differences suggest that additional
proteins are present in human feces that can participate in degrading
the 33-mer. Thus, our results do not rule out the presence of other
proteases in human feces that participate in gliadin metabolism or
toxic peptide hydrolysis, as Caminero et al. [16] recently published
(discussed below). It is possible that other proteases (in minor con-
centration, less activity or non-stable) could be masked and not being
characterized in this study. Moreover, peptidases could be acting in
gluten metabolism and not being detected by bioassay and
zymography.
Our results (Figure 6B,C) suggested that gluten degradation in feces
from patients with CD is caused by the same proteases that we purified
and identified in NCD individuals, namely human elastase 3B, elastase
2A, and carboxypeptidase A1. Moreover, our data confirmed previous
findings reported by Caminero et al. [9] and revealed that fecal CD
samples have up to 2e5-fold more glutenase activity than NCD in-
dividuals (Figures 1A and 6A). We also observed that, unlike NCD
samples (Figure 2) ammonium sulfate protein extracts from CD pa-
tients were capable of completely degrading the 19- and 13-mer
gliadin-derived peptides (Figure 7). Importantly, the patients with CD
that provided fecal samples were on a gluten-free diet; thus, ATIs from
wheat cereal were not present. Accordingly, the total degradation
capacity shown by feces from patients with CD against the 19- and 13-
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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mer support a potential inhibitory effect proposed to ATIs against
digestive enzymes with gliadinase activity [28].
Our data revealed that CD patients can more efficiently degrade gliadin
than can NCD individuals, even with a gluten-free diet. It is possible
that patients with CD have developed greater ability to degrade gluten,
gliadin, and toxic peptides than NCD individuals as a protective
mechanism. As Bernardo et al. [15] proposed, increased gluten pro-
teolysis in the human gut might not be the solution for CD, but rather
the origin of CD. Increased gluten proteolysis can generate different
patterns of gluten-protein degradation between CD and NCD in-
dividuals and promote differences in the intestinal microbiota involved
in gluten metabolism. Differences in intestinal flora occur between
NCD and CD individuals [14], and it has been proposed that dysbiosis
arises in patients with CD [5]. Olivares et al. [31] and De Angelis et al.
[32], reported that increased pro-inflammatory bacteria correlated with
low levels of probiotic microorganisms in patients with CD. This
microbiota displacement involves differences in bacterial glutenase
activity that can be fundamental in gluten toxicity. After gastrointestinal
gluten degradation by elastase 3B, elastase 2A, and carboxypeptidase
A1, the gluten-degraded products may be used by intestinal microbiota
in CD and NCD individuals to generate peptides with different immu-
nogenic capacities. Recently, differences in 33-mer-degradation pat-
terns were observed between microorganisms isolated from NCD and
CD individuals, which correlated with different immunogenic capacities
[16]. With this in mind, we hypothesize that patients with CD have
increased gluten-digestion activity, which modifies the pattern of
gluten-derived peptides and promotes the selective proliferation of
microorganisms that generate more immunogenic peptides. As gluten
products are found in human feces [9], it may be essential to deter-
mine the immunogenic capacities of gliadin products present in the
feces from non-treated CD and NCD individuals to test this hypothesis.
In addition, it will be essential to establish whether gliadin metabolism
occurs in individuals with a genetic predisposition to CD who do not
develop the disease, which is a current focus in our lab.
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