
Degradation of coeliac disease-inducing rye secalin by
germinating cereal enzymes: diminishing toxic effects in
intestinal epithelial cellscei_4119 242..249

S. M. Stenman,* K. Lindfors,*

J. I. Venäläinen,† A. Hautala,*

P. T. Männistö,‡

J. A. Garcia-Horsman,‡

A. Kaukovirta-Norja,§ S. Auriola,¶

T. Mauriala,** M. Mäki*†† and
K. Kaukinen*‡‡

*Pediatric Research Center, Medical School,

University of Tampere, ††Department of

Pediatrics, ‡‡Department of Gastroenterology and

Alimentary Tract Surgery, Tampere University

Hospital, Tampere, †Department of Pharmacology

and Toxicology, ¶Department of Pharmaceutical

Chemistry, University of Kuopio, Kuopio,
‡Division of Pharmacology and Toxicology,

**Division of Pharmaceutical Chemistry,

University of Helsinki, Helsinki, and §Technical

Research Centre of Finland, Espoo, Finland

Summary

Currently the only treatment for coeliac disease is a lifelong gluten-free diet
excluding food products containing wheat, rye and barley. There is, however,
only scarce evidence as to harmful effects of rye in coeliac disease. To
confirm the assumption that rye should be excluded from the coeliac
patient’s diet, we now sought to establish whether rye secalin activates toxic
reactions in vitro in intestinal epithelial cell models as extensively as wheat
gliadin. Further, we investigated the efficacy of germinating cereal enzymes
from oat, wheat and barley to hydrolyse secalin into short fragments and
whether secalin-induced harmful effects can be reduced by such pretreat-
ment. In the current study, secalin elicited toxic reactions in intestinal
Caco-2 epithelial cells similarly to gliadin: it induced epithelial cell layer per-
meability, tight junctional protein occludin and ZO-1 distortion and actin
reorganization. In high-performance liquid chromatography and mass spec-
troscopy (HPLC-MS), germinating barley enzymes provided the most effi-
cient degradation of secalin and gliadin peptides and was thus selected for
further in vitro analysis. After germinating barley enzyme pretreatment, all
toxic reactions induced by secalin were ameliorated. We conclude that ger-
minating enzymes from barley are particularly efficient in the degradation
of rye secalin. In future, these enzymes might be utilized as a novel medical
treatment for coeliac disease or in food processing in order to develop high-
quality coeliac-safe food products.
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Introduction

The unique composition of cereal prolamins in wheat, barley
and rye renders them resistant to gastrointestinal proteolytic
enzymes. This is due mainly to a high content of glutamine
and proline residues which leads to incomplete degradation
of these proteins during normal human digestion [1–3].
Such partial degradation is thought to be one crucial factor
in the activation of the immune response in the small-bowel
mucosa and the progression of coeliac disease in genetically
susceptible people [2,4]. Although coeliac disease has been
classified traditionally as a gluten-induced T cell-mediated
autoimmune disorder, during the last few years gluten rec-
ognition in the mucosal epithelial layer and the role of innate
immunity components such as interleukin (IL)-15 [5–9]
have claimed increasing attention in discussion of the
mechanisms underlying this disease. In particular, modula-

tion of the epithelial barrier is now thought to be a key
element in the increased small-intestinal permeability char-
acteristic for coeliac disease [10–13].

Currently the only treatment for coeliac disease is avoid-
ance of gluten prolamins (gliadin, hordein and secalin).
Regardless of the fact that oats avenin belongs to the gluten
prolamins, there is a large body of evidence for the safety of
oat consumption [14–16]. Wheat gliadin has been proved to
induce several toxic effects in coeliac disease [6,17–19].
Although rye and barley have also been found to contain
several potentially harmful peptides [20,21], which may acti-
vate immune reactions in coeliac disease patients, there are
only a few studies addressing this issue [22–27]. In practice,
rye and barley are excluded from the gluten-free diet mainly
in view of their protein homology to wheat.

Because gluten peptides remain fairly intact during
gastrointestinal digestion, enzyme supplements have been
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proposed as novel therapeutic agents for coeliac disease
[2,28–32]. Such supplementary proteases might ensure the
complete breakdown of gluten epitopes in advance of their
absorption in the small bowel. We have proposed previously
that the whole mixture of enzymes isolated from germinat-
ing wheat – selected evolutionarily for total cleavage of
storage proteins during the germination of kernels – are
highly efficient in degrading and detoxifying gliadin peptides
[33]. In addition to wheat, other cereals also contain a full
range of different enzymes with the potential to accelerate
gluten degradation. Interestingly, the proteolytic enzyme
EP-B2, isolated from germinating barley seeds, has proved
recently to be a particularly promising therapeutic tool for
gluten detoxification [32,34–36].

To confirm the assumption that rye should be excluded
from coeliac disease patients’ diet, we investigated whether
rye secalin activates toxic reactions in the small-bowel
mucosal epithelial cells as extensively as wheat gliadin.
Further, we tested the efficacy of germinating enzymes from
oat, wheat and barley to hydrolyse secalin peptides and
studied whether the harmful effects elicited by secalin can be
reduced by such enzymatic pretreatment.

Materials and methods

Preparation of gliadin and secalin

Gliadin was extracted from wheat (Raisio Oy, Raisio,
Finland) and secalin from rye flour (Myllyn Paras Oy,
Hyvinkää, Finland). For cell culture experiments both were
digested using pepsin (P-6887; Sigma-Aldrich, Seelze,
Germany) and trypsin (T-7418, Sigma-Aldrich), as
described previously [37]. To abolish the harmful effects
exerted by pepsin and trypsin enzymes, the samples were
heat-inactivated at >95°C for 10 min. Bovine serum albumin
(BSA, A8806; Sigma-Aldrich) was treated similarly and
served as a negative control for peptic–tryptic (PT)
treatment.

Germination of cereals and comparison of their
cleaving capacities

Oat, wheat and barley seeds were germinated in a pilot
malting apparatus (Joe White Malting System, Melbourne,
Australia) until the most efficient activation of germinating
enzymes was achieved at day 8 (data not shown). Germi-
nated grains were isolated and homogenized as described
previously [33]. To compare the prolamin degrading capaci-
ties of germinating oat, wheat and barley enzymes, crude
gliadin and secalin (1 mg/ml) were incubated for 24 h at
37°C in 50 mM Na-acetate buffer, pH 4·0 containing differ-
ent concentrations of germinated cereal enzymes (0·1–
100 mg/ml). The degradation products were analysed by
high-performance liquid chromatography and mass spec-
troscopy (HPLC-MS) and sodium dodecyl sulphate poly-

acrylamide gel electrophoresis (SDS-PAGE), as described
below.

To study toxic in vitro reactions in intestinal epithelial
cells, secalin (6 mg/ml) was incubated similarly with the
most effective germinated cereal enzyme preparation
(0·3 mg/ml) found during the study and digested with
pepsin and trypsin as above.

HPLC-MS and SDS-PAGE of PT–secalin and
enzymatically pretreated PT–secalin

HPLC-MS was carried out as described previously [33] using
a linear trap quadrupole (LTQ) ion trap mass spectrometer
connected to a Surveyor HPLC-MS system (Finnigan, San
Jose, CA, USA). To compare the prolamin-cleaving capacity
of different germinated grains, several representative m/z
signals of full-length gliadin and secalin were selected and
their disappearance followed after incubation with increas-
ing concentrations (0·1–100 mg/ml) of grain enzymes. The
sum of the signals selected was plotted against enzyme con-
centration and the data fitted in a standard sigmoidal dose–
response curve. Half-maximal effective concentration (EC50)
values were calculated from these curves, which give an
approximation of the enzyme concentration needed to
reduce the amount of full-length prolamin by 50%.

The degradation of barley enzyme-pretreated PT–secalin
was monitored using similar HPLC-MS conditions. The size
of the peptides formed was approximated by retention
times of a-gliadin peptides 12-mer (QLQPFPQPQLPY;
New England Peptide, Fitchburg, MA, USA) and 33-mer
(LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF; New
England Peptide), which have been demonstrated to be
highly resistant to human digestive enzymes [2,3,38]. Secalin
was incubated with or without germinating oat, wheat or
barley as described above, whereafter the reaction was
stopped by heating (>95°C, 10 min). Subsequently, 2 ml
samples were subjected to standard SDS-PAGE analysis on
12% gel.

Cell cultures

Caco-2 cells (passages 19–70, HTB-37; American Type
Culture Collection, Rockville, MD, USA) were grown under
standard cell culture conditions, maintained in minimum
essential medium (Gibco Invitrogen, Paisley, UK) supple-
mented with 20% fetal bovine serum (FBS; Gibco Invitro-
gen), 50 U/ml penicillin–streptomycin (Gibco Invitrogen),
1 mM sodium pyruvate (Sigma-Aldrich), 1·5 g/l sodium
bicarbonate (Gibco Invitrogen) and 0·1 mM non-essential
amino acids (Gibco Invitrogen). The cells were passaged
twice a week upon reaching 80% confluence. Before experi-
ments, the culture medium was replaced with starvation
media containing 1% fetal bovine serum (FBS), penicillin–
streptomycin, sodium pyruvate and non-essential amino
acids.
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Epithelial cell layer permeability

Caco-2 cells were plated on Millicell Culture (Millipore Cor-
porate, Billerica, MA, USA) and cultured until reaching
confluency, measured by Millicell-ERS volt-ohm meter (Mil-
lipore Corporate). Once transepithelial resistance (TER)
reached 1000 ohms ¥ cm2, cells were starved overnight and
challenged with PT–SA, PT–gliadin, PT–secalin or enzymati-
cally pretreated PT–secalin in a concentration of 1 mg/ml.
Thereafter, the recovery of TER was measured once an hour
until reaching baseline level within 6 h. The experiments were
performed independently in duplicate at least six times.

Immunofluorescence stainings

Expression of the tight junction-associated proteins occludin
and ZO-1 was investigated in confluent Caco-2 cell layers,
cultured on Transwell polyester membrane inserts (Milli-
pore Corporate) for 5–7 days. The cells were then starved
overnight and supplemented with PT-digested BSA, gliadin,
secalin or enzymatically pretreated secalin and challenged
for 24 h. For stainings, samples were fixed with 4%
paraformaldehyde, permeabilized and incubated with
mouse monoclonal anti-occludin antibody (1:100; Zymed,
San Francisco, CA, USA) or mouse anti-ZO-1 antibody
(1:100; Zymed) for 60 min. AlexaFluor 568 goat anti-mouse
immunoglobulin (Ig)G (1:1000; Invitrogen, Carlsbad, CA,
USA) was used as secondary antibody for 30 min. Stainings
were visualized with an Olympus BX60 microscope
(Olympus, Hamburg, Germany).

To study actin reorganization, Caco-2 cells were plated
onto eight-chamber glass slides (BD Biosciences, Erembode-
gem, Belgium) and cultured as described previously [33,37].
The cells were then starved and incubated in the presence of
study compounds as above. Intracellular F-actin was stained
with phalloidin–fluorescein isothiocyanate (1:300; Sigma-
Aldrich). The extent of actin cytoskeleton rearrangement
was quantified by measuring the cellular edge covered by
membrane ruffles as a percentage of the total length of at
least 60 different cell clusters in three independent
experiments. Calculations were made with analySIS software
(Olympus Soft Imaging System GmbH, Munster, Germany).

Statistical analysis

Results are given as means and standard error of means. The
two-tailed Mann–Whitney U-test was used to assess the sta-
tistical significance of differences. P-values lower than 0·05
were considered significant.

Results

Comparison of enzymatic degradation of gliadin
and secalin

The cleaving capacities of germinating oat, wheat and barley
enzymes were compared by incubating gliadin and secalin

with several concentrations of enzyme preparations. When
calculating the enzyme amounts needed to reduce the level
of full-length prolamin by 50% (Table 1), it appeared that
the barley enzymes degrade both gliadin and secalin more
efficiently than oat and wheat enzymes, even though the
differences in EC50 values between the enzyme preparations
are small. This is evidenced by Fig. 1, showing the peptide
profiles of gliadin (Fig. 1a) and secalin (Fig. 1b) after incu-
bation with germinating grain enzymes. Finally, the SDS-
PAGE gel of secalin pretreated with oat, wheat or barley
enzymes illustrates clearly the superiority of barley enzymes
in secalin degradation (Fig. 1c). Of note, heat-inactivated
barley enzymes were not able to cleave secalin (Fig. 1c).

Because germinating barley enzymes proved most effica-
cious in degrading prolamins, this enzyme mixture was
selected for further experiments. Sequential digestion of
PT–secalin with germinating barley enzymes was studied
by HPLC-MS analysis (Fig. 1d). Pretreatment of PT–secalin
with barley enzymes (red line) resulted in much more effi-
cient secalin degradation than PT–digestion alone (black
line). After enzymatic pretreatment, most of the long pep-
tides eluting after 15 min had disappeared, leaving only
cleavage products of the pepsin, trypsin and barley enzyme
preparation (blue line). Examination of the remaining
peptide products by comparison to the standard toxic
a-gliadin peptides 12-mer (p57–68) and 33-mer (p56–88)
eluted at 16·5 and 23·3 min, showed that germinating
barley enzymes efficiently hydrolysed coeliac toxic peptides,
as only scant short fragments were left (Fig. 1d).

In vitro toxic reactions in intestinal epithelial cells

Culture media exchange caused an immediate drop of TER in
all cell cultures, as described elsewhere [33,39]. However, TER
began to recover and reached baseline level in control cultures
after 6 h (Fig. 2). In contrast, TER in cultures challenged with
PT–secalin failed to recover to the baseline levels similarly to
those treated with the positive control, PT–gliadin (Fig. 2).
When PT–secalin was pretreated with germinating barley
enzymes, the TER recovery paralleled that of negative control
cultures supplemented with PT–BSA.

Table 1. Efficiency of gliadin and secalin degradation by germinated

oat, wheat and barley enzyme preparations.

Enzyme preparation

EC50 (mg/ml)

Gliadin Secalin

Oat 4·3 (3·1–5·8) 1·3 (1·2–1·4)

Wheat 2·6 (2·0–3·4) 1·0 (0·9–1·1)

Barley 2·3 (1·6–3·2) 0·7 (0·3–1·5)

Half-maximal effective concentration (EC50) value (mg/ml) repre-

sents the mean of enzyme preparation concentrations, needed to reduce

the amount of full-length prolamin (1 mg/ml) by 50%. The data are

derived from three independent experiments; 95% confidence limits are

included in parenthesis.
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This altered barrier function induced by PT–secalin was
accompanied by modulation of distinct tight junctional
protein expression. In cultures supplemented with either
PT–secalin or PT–gliadin the normal curly appearance of
occludin and its associated protein ZO-1 expression was
altered and the tight junctions were straightened (Fig. 3a and
b). In addition, PT–secalin or PT–gliadin-treated cultures
showed marked disruption of the occludin network
(Fig. 3a). The pretreatment of PT–secalin with germinating
barley enzymes was able to circumvent these harmful effects
(Fig. 3a and b).

In another in vitro model for gliadin toxicity, addition of
PT–secalin induced as extensive membrane ruffles at the
edge of the Caco-2 cell layer as PT–gliadin treatment (Fig. 4a
and b). This toxic effect of PT–secalin was, however, abol-
ished when PT–secalin was pretreated with germinating
barley enzymes. These enzymes themselves had no effects on
TER, tight junctional protein expression or actin cytoskel-
eton rearrangement (data not shown).

Discussion

In this study we have demonstrated that PT–secalin exerts
toxic effects similar to those of PT–gliadin in all intestinal
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Fig. 1. Enzymatic degradation of gliadin and secalin analysed by high-performance liquid chromatography and mass spectroscopy (HPLC-MS) and

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). HPLC-MS elution profiles of gliadin (a) and secalin (b) (both 6 mg/ml)

incubated with 0·3 mg/ml of oat, wheat and barley enzyme preparations. Full range m/z = 480–2000. (c) SDS-PAGE analysis of secalin (1 mg/ml)

degraded by germinated grain preparations (1 mg/ml). Lane 1 = size standard, lane 2 = secalin, lane 3 = secalin + germinating oat enzymes, lane

4 = secalin + germinating wheat enzymes, lane 5 = secalin + germinating barley enzymes, lane 6 = secalin + heat inactivated germinating barley

enzymes. (d) HPLC-MS elution profiles of pepsin–trypsin (PT)-digested secalin (black line), PT–secalin pretreated with germinating barley enzymes

(red line) and germinating barley enzymes + PT (blue line). Full range m/z = 480–2000. Retention times of the standard peptides 12-mer (16·5 min)

and 33-mer (23·3 min) are shown by arrows.
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Fig. 2. Transepithelial resistance (TER) in Caco-2 cells cultured with
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Fig. 3. The appearance of tight junctions in

Caco-2 cells cultured with medium only,

pepsin–trypsin-digested bovine serum albumin

(PT–BSA), pepsin–trypsin-digested gliadin

(PT–G), pepsin–trypsin-digested secalin

(PT–S) or enzymatically pretreated

pepsin–trypsin-digested secalin (PT–S +
enzymes). Immunofluorescent staining of

occludin (a) and ZO-1 (b). Magnification 100¥.

Pictures are representative images from

experiments performed in duplicate three

independent times.
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Fig. 4. Actin cytoskeleton rearrangement as membrane ruffling in Caco-2 cells. (a) Representative images of actin membrane ruffling (arrows) in

Caco-2 cells cultured with medium only, pepsin–trypsin-digested bovine serum albumin (PT–BSA), pepsin–trypsin-digested gliadin (PT–G),

pepsin–trypsin-digested secalin (PT–S) or germinating barley enzyme-pretreated PT–S (PT–S + enzymes). Magnification 20¥. (b) Quantitation of

ruffle formation was measured as percentage of total cell layer edge length. Data are given as mean values � standard error of the mean derived

from three independent experiments performed in duplicate. Statistical analyses by two-tailed Mann–Whitney U-test, where P < 0·05 was considered

statistically significant; n.s.: not significant.
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epithelial cell culture experiments in vitro: it affected epithe-
lial barrier function by increasing cell monolayer permeabil-
ity, altered tight junctional protein occludin and ZO-1
expressions and induced extensive actin reorganization at
the edges of intestinal epithelial cell clusters. These observa-
tions would indicate that secalin contains epitopes which are
also able to activate innate immunity pathways in addition to
stimulating the T cell-mediated adaptive immunity reactions
shown in previous studies [23,27]. These results support the
earlier case reports in which it was observed that coeliac
disease patients developed symptoms and small-bowel
mucosal histological alterations after ingestion of rye
[24–26]. Similarly, Kieffer and coworkers [22] demonstrated
that coeliac patient serum samples contained antibodies
which recognize rye and barley in addition to wheat, sug-
gesting that the immunological response of coeliac disease
patients can be activated by all these cereals, including rye.

During recent years, discussion has arisen of alternative
therapeutic strategies for coeliac disease. Several external
enzymes have been proposed to detoxify gluten epitopes
[2,31,34,40]. However, the complexity of the wheat gliadin
molecule has made the procedure a very challenging task
[28,41]. For the full cleavage of gluten peptides a combina-
tion of different enzymes, rather than one specific protease,
is probably needed [32,35,42]. To this end, we have intro-
duced previously a natural means of gluten detoxification
using a whole mixture of wheat own enzymes, intended
evolutionarily for the total digestion of wheat storage
proteins during the germination of wheat kernels [33].
In the study in question, germinating wheat proteases
cleaved gliadin peptides efficiently into short fragments,
whereafter the toxicity of gliadin was diminished markedly
in different in vitro models. Similarly, in the current
study, germinating cereal enzymes proved particularly pow-
erful in hydrolysing secalin. However, instead of using ger-
minating wheat enzymes, we now compared the efficacy of
three different cereal (oat, wheat and barley) enzymes to
achieve the maximum cleavage of secalin peptides. Of
these, barley enzymes were superior in cleaving gliadin and
secalin (Table 1, Fig. 1). Furthermore, when testing the
toxic reactions of PT–secalin pretreated with germinating
barley enzymes we observed diminished toxicity in all
Caco-2 cell culture experiments compared to unprocessed
PT–secalin.

In the current study we used the Caco-2 cell line as a
model to investigate the toxicity of gluten-containing cereals.
As Caco-2 cells originate from the colon, they have some
limitations when studying coeliac disease. For example, it has
been published that Caco-2 cells do not express a wide
variety of different proinflammatory cytokines [43]. IL-15 is
a central cytokine in coeliac disease-related innate immune
reactions [5,7–9]; however, it is secreted poorly in the cul-
tured intestinal cells as well as organ culture biopsy samples
of coeliac disease patients, as shown in previous studies
[5,9]. Similarly, we were unable to measure the amount of

IL-15 in the Caco-2 culture medium even in the presence of
gliadin (data not shown).

Of note, it was observed that PT–BSA had minor toxic
effects in all cell culture experiments when compared to cells
cultured without any supplementation, as also seen in earlier
studies [33,37]. This is due probably to remaining amounts
of pepsin and trypsin in the samples in spite of heat
inactivation. In earlier studies it has been demonstrated that
contaminating trypsin might alter gliadin peptide-binding
characteristics by direct binding to intestinal epithelial cell
brush border membranes [44]. Therefore, the inclusion of
PT-treated control in the experiments is important to reveal
the true effect exerted by toxic compounds. In spite of these
limitations, the Caco-2 cell line has been used widely in
coeliac disease research, especially when studying the toxicity
of gliadin [11,12,37,45,46].

We conclude that rye secalin activates toxic reactions in
vitro similarly to wheat gliadin and should thus be excluded
from the diet of coeliac disease patients, as suggested previ-
ously [23,25–27]. However, the taste and nutritional value of
rye is highly appreciated in some countries and therefore
coeliac-safe processed rye-based products are called for. Our
present results indicate that the whole mixture of germinat-
ing barley enzymes is highly efficient in the elimination of
residual toxic peptides of rye secalin and could therefore be
of value in the medical treatment of coeliac disease or in the
food industry in developing novel coeliac-safe food products
in the future.
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