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Serine proteases

and metalloproteases are highly
increased in irritable bowel
syndrome Tunisian patients

Souha Soussou?, Amin Jablaoui?, Vincent Mariaule?, Aicha Kriaa®, Houda Boudaya?,
Magdalena Wysocka*“, Ali Amouri3, Ali Gargouri?, Adam Lesner*, Emmanuelle Maguin® &
Moez Rhimi®*

Serine proteases are involved in many biological processes and are associated with irritable bowel
syndrome (IBS) pathology. An increase in serine protease activity has been widely reported in IBS
patients. While most of the studies focused on host proteases, the contribution of microbial proteases
are poorly studied. In the present study, we report the analysis of proteolytic activities in fecal samples
from the first Tunisian cohort of IBS-M patients and healthy individuals. We demonstrated, for the first
time, that metalloproteases activities were fourfold higher in fecal samples of IBS patients compared
to controls. Of interest, the functional characterization of serine protease activities revealed a 50-fold
increase in trypsin-like activities and a threefold in both elastase- and cathepsin G-like activities.
Remarkably, we also showed a fourfold increase in proteinase 3-like activity in the case of IBS. This
study also provides insight into the alteration of gut microbiota and its potential role in proteolytic
modulation in IBS. Our results stressed the impact of the disequilibrium of serine proteases,
metalloproteases and gut microbiota in IBS and the need of the further characterization of these
targets to set out new therapeutic approaches.

Irritable bowel syndrome (IBS) is considered one of the most common functional gastrointestinal disorders
that affect bowel habits and alters patients’ mental health and wellbeing"2. IBS can be classified based on the
predominant bowel habit into constipation IBS (IBS-C), diarrhea (IBS-D) and mixed or alternating IBS (IBS-M
or IBS-A) where the patient has mixed bowel habits®. IBS global prevalence is around 11%, varying from 5 to
10% in most European countries, China, and the United States"*. In Africa, the prevalence of IBS is also high;
however, there is a noteworthy lack of data as available African studies are primarily hospital-based or concern
specific populations, stressing the need for proper cohort-based studies™®. The annual healthcare costs of IBS
could be raised to billions of dollars, constituting a burden on the healthcare system’. With unsettled exclusive
biomarkers®, IBS is hardly diagnosed and clinicians rely mainly on symptom based-diagnosis, according to the
revised Rome IV criteria®>*!°. Symptomatic treatments for IBS are the only available remedies as no efficient
curative therapy has been reported so far''. IBS is a multifactorial syndrome whose etiology is far from being
understood. However, the scientific community gained more insight into this syndrome and shed light on two
major imbalances affecting the gut microbiota and the global proteolytic activity'>!*.

Proteases account for approximately 2% of the human genome and are involved in many important biologi-
cal functions, from digestion to nervous signaling and immunity defenses'%. A diverse repertoire of proteases of
host and gut microbiota origins is secreted in the intestinal tract. Tight regulation of such proteolytic activities is
mandatory to prevent tissue injury. Shifted balance of proteases or their specific inhibitors can induce disruption
of the intestinal barrier function and neuronal sensitization reported in IBS™. A significant increase in the total
protease activity in fecal and colonic supernatants from IBS patients has been reported'®-2°. Among the enhanced
proteolytic activities, cysteine- and serine-like activities were reported to be the most upregulated'*!*2°. Serine
proteases are responsible for the cleavage of epithelial tight-junctions such as ZO-1 and Occludin, and are known
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to target protease activated receptors (PAR) omnipresent on epithelial cells and neurons'®?!. PAR-1, 2, and 4
are the main receptors involved in the epithelial signaling in digestive diseases; meanwhile, PARI is associated
to the nerve signaling pathways in IBS!*%. The overexpression of proteases was thereby inferred to be causing
inflammation by increasing intestinal permeability, signaling and activating nociceptive and enteric neurons,
which induce hyperalgesia?. Most studies on IBS have been focused on host proteases as reflected by the recent
identification of the Trypsin-3 isoform as major source of trypsin activity in IBS colonic tissue'*. However, the
identity of upregulated serine protease and their respective contribution to the overall fecal proteolytic activity
still need to be unveiled.

In the present study, we constituted the first Tunisian cohort of IBS patients and analyzed their fecal proteo-
lytic activities distribution. Our results demonstrate that total proteolytic activity is increased in IBS patients
compared to healthy controls. Study of fecal protease activities shows that serine proteases are the most increased
proteases and that trypsin-like and, for the first time, protease 3-like activities were upregulated in IBS patients.
Remarkably, we demonstrate that metalloproteases are highly overactive in IBS patients. We also highlight that
dysbiotic gut microbiota composition is significantly correlated with upregulated proteolytic activities in IBS
patients.

Methods

Ethics declaration

This study was performed in line with the principles of the Declaration of Helsinki. All human experiments were
performed with the approval of ethic committee under the ethical approval number: CPP SUD No. 0203/2019.
Informed consent was obtained from all participants before recruitment to the study.

IBS-M cohort construction

This cohort was generated in the Department of Gastroenterology at the CHU Hedi CHAKER in Sfax-Tunisia.
After obtaining their consent, volunteers were subjected to clinical exams, including radiography and endoscopy
and IBS was diagnosed conforming to the Rome IV criteria*!. Participants’ medical records were verified to
confirm their eligibility according to inclusion and exclusion criteria?. These exclusion criteria included (1) the
use of probiotics, prebiotics or antibiotics in the last 6 months, (2) diagnosis or treatment of digestive inflamma-
tion or bacterial/parasitic infection and (3) other severe diseases or history of alcohol or drug abuse. The study’s
final cohort comprises 51 IBS-M patients against 31 healthy controls recruited randomly; their demographic
data are shown in Table 1. Fecal samples were collected, transferred and stored at — 80 °C under same conditions.

Fecal water samples preparation

To prepare fecal waters, 200 mg of thawed feces were added to 1 ml of assay buffer (20 mM Tris-HCI, 200 mM
NaCl, pH 7.8). The samples underwent a 1 min sonication (10 s on/10 s off, amplitude 39%) and were centrifuged
at 4 °C, 10 000 rpm for 20 min. Supernatants were then harvested and filtered using a 0.8 uM Nalgene® sterile
filter. Fecal water samples were prepared freshly for protease activity assays.

Proteolytic activity assays

The proteolytic activity assessment consists of using specific chromogenic or fluorogenic substrates to monitor
each of the specified activities detailed in Table 22*-*". Total activity was quantified using azocasein as substrate
and the reaction was stopped with 10% (w/v) added trichloroacetic acid (TCA, Sigma). All reactions were per-
formed in Tris-HClI buffer (20 mM Tris-HCI, 200 mM NaCl, 1 mM CaCl2, pH 7.8). Fecal supernatants were
diluted to the appropriate concentration and 20 pl of the dilution were added to the reaction mixture containing
20 pl of the suitable substrate (Table 2) in a final volume of 200 pl. The reactions were then incubated on 96-well
plates for 30 min at 37 °C. Absorbance (410 nm) or fluorescence (Excitation: 360 nm, Emission: 460 nm) were
measured using a Perkinelmer® plate reader at room temperature. We considered that 1 unit of protease activity
refers to the quantity of enzyme catalyzing the degradation of 1 pM of substrate or the release of 1 uM of product
per minute in these conditions.

Inhibition assays

To estimate each protease family among the total proteolytic activity, inhibition assays were achieved using
selective inhibitors of serine proteases, cysteine proteases and metalloproteases that are phenylmethanesulfonyl
fluoride (PMSF, 1 mM), E-64 (10 uM) and EDTA (1 mM), respectively (Table 2). Other inhibitors were also
used to determine trypsin-like (100 uM), Chymotrypsin-like (Cmt, 0.1 uM), Human Neutrophil Elastase-like
(HNE, 10 uM), Proteinase 3-like (PR3, 0.1 uM), and Cathepsin G-like (CatG, 10 uM) activities (Table 2). Protein
concentrations were measured with Nanodrop (LabTech) at 280 nm (1 absorbance unit=1 mg/ml).

Group Number | Sex Age mean (SEM)
Healthy 31 20F/11M | 40.2 (3.7)
IBS-M 51 31F/20M | 43.5(2.9)

Table 1. Patients’ demographic data.
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Type Specificity Sequence
Cysteine-like AB2-Ile-Leu-Pro-Glu-ANB-NH2 (Chromogenic)
Metalloprotease-like | MCA-Lys-Pro-Leu-Gly-Leu-DNP-Dpa-Ala-Arg-NH2 (Fluorogenic)
Trypsin-like AB2-Val-Val-Ser-Lys-ANB-NH2 (Chromogenic)
Chymotrypsin-like AB2-Lys-His-Trp-Tyr-ANB-NH2 (Chromogenic)

Substrates HNE-like AB2-Met-Pro-Val-Ala-Trp-Glu-Tyr-(3-NO2)-NH2 (Fluorogenic)
PR3-like AB2-Tyr-Tyr-ABU-Asn-Glu-Pro-Tyr-(3-NO2)-NH2 (Fluorogenic)
CatG-like MCA-Phe-Val-Thr-Gnf-Ser-Trp-AB2-NH2 (Fluorogenic)
MMP-2-like MCA-Pro-Leu-Ala-Nva-Dap(DNP)-Ala-Arg-NH2 (Fluorogenic)
MMP-9-like Dabcyl-APFEMSAK(FAM)-NH2 (Fluorogenic)
Cysteine-like E-64
Metalloproteases EDTA
Serine-like PMSF

Inhibitors Trypsin-like Soybean Trypsin Inhibitor (STT)
Chymotrypsin-like Na-Tosyl-Phe Chloromethyl Ketone (TPCK)
HNE-like N-(Methoxysuccinyl)-Ala-Ala-Pro-Val-chloromethyl ketone
PR3-like Bt-Val-Tyr-Asp-nValP(O-C6H4-4-Cl)2
CatG-like Ac-Phe-Val-Thr-PhgP(4-guanidine)-(OC6H4-4-S-Me)2

Table 2. Specific substrates (0.3 mg/ml) and inhibitors (Cysteine-, HNE-, CatG-like: 10 uM; Metalloproteases
and Serine-like: 1 mM; Trypsin-like: 100uM; Chymotrypsin- and PR3-like: 0.1 uM).

DNA extraction and microbiota profiling

To analyze fecal microbiota composition and richness, total DNA was extracted from 200 mg of feces from
each subject conforming to Godon et al.?® described protocol. DNA amplification was performed during 30
amplification cycles at 65°C with primer pairs for the V3-V4 fragments of the 16S ribosomal RNA locus (F343
5'CTTTCCCTACACGACGCTCTTCCGATCTACGGRAGGCAGCAG'3 and R784 5’ GGAGTTCAGACGTGT
GCTCTTCCGATCTTACCAGGGTATCTAATCCT'3). The obtained amplicons (510 bp) were then purified and
undertook a second 12 cycles PCR by adding a 6 bp index to the reverse primer R784 (AATGATACGGCGACC
ACCGAGATCTACACTCTTTCCCTACACG AC) and by using a modified reverse primer (CAAGCAGAAGAC
GGCATACGAGAT-indexGTGACTGGAGTTCAGACGTGT) via the Illumina Miseq technology. The purifica-
tion and loading of the amplification products onto the Illumina MiSeq cartridge were fulfilled according to
the manufacturer’s instructions. To analyze raw sequences, we used the bioinformatics pipeline FROGS (Find
Rapidly OTU with Galaxy Solution)®. Sequences were clustered into 97% similarity operational taxonomic units
(OTUs) with a cut-off value of 0.03, then classified using a naive Bayesian method against the Silva Ribosomal
Database with an 80% confidence interval. OTU sequence data were computed to relative abundance + SEM. a
and f diversity analysis was accomplished with the phyloseq R package. Observed, Shannon and Simpson indices
were used to evaluate a-diversity. Community composition profiles between groups were evaluated using per-
mutational multivariate analysis of variances (PERMANOVA). Kruskal-Wallis test and Dunn’s test were applied
to analyze the differences in phyla, families, and genera®. Benjamini-Hochberg corrections (BH) were used to
avoid false positives (significance threshold =0.05)*'. The pairwise correlations between each specific genus and
host parameters were calculated using the Spearman’s nonparametric rank correlation coefficient. The R 3.3.1
software, along with the corrplot and Hmisc packages, were used to generate the Spearman correlation matrix.

Statistical analyses

Data are expressed as means + SEM. GraphPad Prism 9.0 (GraphPad software, Inc.) was used for statistical
analysis. Differences in proteolytic activities between IBS patients and controls were determined using the
Kruskal-Wallis test followed by the Dunn test for multiple comparisons. For inhibition assays, we compared
the proteolytic activity in the presence or absence of inhibitors using the Mann-Whitney test. Statistical signifi-
cance is indicated as *p <0.05, **p <0.01, and ***p <0.001. Statistical significance was considered at p value <0.05.

Results and discussion

IBS is a high-prevalence disorder that constitutes a worldwide concern, with annual medical costs averaging
billions of dollars in industrialized and Western populations®. In African and Asian developing countries, the
IBS prevalence is also estimated to be considerably high with dramatically increasing incidence, nevertheless
very limited epidemiologic reports are available’*-*°. Data regarding IBS in Africa and Tunisia, in particular, are
scarce®®?. The gap in statistical data in these countries could reflect poor healthcare systems, limited access to
medical cares, or deficient/not updated medical records databases'. Previous studies explored proteolytic pro-
files and human gut microbiota composition in IBS cohorts mainly from the Western population. The study of
African IBS cohorts would constitute an important step in tracking any differences due to geographic, genetic or
cultural diversities**-*%. In the present work, we built the first Tunisian IBS cohort. Collected fecal samples from
51 IBS-M patients and 31 healthy volunteers were subjected to a proteolytic characterization using specifically
engineered substrates and inhibitors as well as fecal microbiota profiling.
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Proteases profiling in IBS fecal samples

A dysregulation of proteolytic activities has been shown to contribute to several digestive inflammatory disor-
ders including IBS. In this study, we characterized the profile of proteolytic activities in Tunisian IBS patients.
For this purpose, we first assessed protease activity in fecal waters and showed that total protease activity was
about fourfold higher in IBS patients than in healthy controls (Fig. la, Table 2). To determine the respective
contribution of protease families to the increased proteolytic activities, several specific protease inhibitors were
tested (Fig. 1b, Table 2). Interestingly, the proteolytic activity was significantly reduced by 49.1% in IBS samples
(p<0.01) in the presence of PMSE, a broad-spectrum serine protease inhibitor, demonstrating a major con-
tribution of serine proteases. In the presence of the metalloprotease inhibitor EDTA, proteolytic activity was
also significantly reduced by 44.2% (p <0.01). When using cysteine protease inhibitor E-64, we observed only
16% decrease of the activity, although not statistically significant (Fig. 1b). Such data demonstrate that serine
proteases and metalloproteases were the major contributors to the increased protease activities in IBS patients.
These findings are consistent with prior studies reporting a significant increase in serine protease activity in IBS
patients compared to healthy controls!”'*2*, In contrast, previous studies did not investigate the upregulation
of metalloproteases in IBS. Interestingly, several studies described the involvement of metalloproteases in other
digestive inflammation including inflammatory bowel diseases®.

To further analyze the overactive serine proteases in IBS fecal samples, we used several substrates and inhibi-
tors specific to serine protease subfamilies known to be associated with gut inflammation*!~**. As shown in
Fig. 2a, trypsin-like activity was 50-fold higher in IBS patients than healthy subjects (p <0.001). We also assessed
HNE- and CatG-like activities in IBS fecal samples and both showed a threefold increase compared with healthy
subjects (p <0.001 and p < 0.01 respectively) as shown in Fig. 2b,c. Regarding the PR3-like activity, we showed a
nearly fourfold increase in IBS samples compared to controls (Fig. 2d). These results were confirmed by the use
of specific inhibitors of each targeted serine protease subfamily. In fact, using specific inhibitors, fecal trypsin-,
HNE-, CatG-, and PR3-like activities were significantly decreased to 27.3 (p <0.001; Fig. 2e), 27.2 (p <0.001;
Fig. 2f), 32.7 (p<0.01; Fig. 2g) and 26% respectively (p <0.001; Fig. 2h) in IBS samples. As for serine proteases,
we sought to assess metalloprotease activity. As shown in Fig. 2i, the measured metalloprotease activity showed
a fourfold increase in the fecal supernatants from IBS patients compared to those of healthy subjects (p <0.01).
In the presence of EDTA, such activity was significantly reduced to 18% (p <0.001; Fig. 2j). Further analysis
demonstrates that fecal MMP-2 and MMP-9 were 1.5 and 1.8 fold-higher in IBS-M subjects, respectively (Fig. 2k,
1). It is worth noting that, observed decrease of metalloprotease activity may reflect the contribution of both met-
alloproteinase and trypsin-like proteases as EDTA inhibitor will also impact calcium ions that stabilize trypsin
active conformation. This scenario remains unlikely given the high selectivity of the used substrate towards
metalloproteases*. We further, explored the specificity of the used substrates. For example we measured the fecal
HNE activity using its specific substrate and in presence of the HNE inhibitor we observed a significant decrease
of the HNE activity (Fig. 2f). However, when we used PR3 inhibitor or CatG inhibitor or EDTA no significant
decrease of the activity was observed stressing the specificity of the HNE substrate in our experiments. The same
experience was conducted in case of each SP (PR3, CatG) and metalloproteases, and same results were obtained
confirming the specificity of used substrates under operating conditions (data not shown). Of note, chymotrypsin
activity was also measured but no statistically significant differences were detected between the samples of IBS
and healthy subjects (data not shown).

Based on our results, trypsin-like activity is the most increased in IBS-M patients compared to healthy indi-
viduals. A previous report showed a 55-fold increase of fecal trypsin-like activity in American IBS-C patients?!.
Furthermore, an increase in trypsin-like activity (about twofold) was shown in IBS-M patients’ colonic biopsies".

a) b) *%
*kk *k
> 20 __ 120~
S 16 )
'.E ° 12 ; 1004
c @ £ =
@ g 8 S 804
-
32 s & 60~ _
- o
.U -
E-E 4 % 40
|~ 2 © 204
3 2
b= 0 T T 0- T T
Healthy IBS IBS PMSF EDTA E-64

Figure 1. Measurement of the total proteolytic activity in fecal waters of healthy controls (N=31) and IBS
patients (N=51). (a) Total protease activity in fecal samples of healthy individuals and IBS patients. (b) The
relative protease activity with or without inhibition with PMSE, EDTA and E-64 in IBS samples. Data are
mean + SEM. The total protease activity was analyzed by Mann Whitney test in healthy and IBS patients. The
relative protease activity corresponds to the percentage of the measured activity in a given sample reported
to the mean activity measured in IBS patients’ samples which was considered 100% (IBS=24.5+0.26 U/mg).
Kruskal-Wallis test followed by Dunn’s test were performed to compare the relative activity in presence and
absence of inhibitors. **p <0.01, ***p <0.001.
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Figure 2. Characterisation of protease activities in fecal samples using specific substrates and inhibitors.

(a) Fecal trypsin-like activity in healthy controls (N=31) and IBS patients (N=51). (b) HNE-like activity in
fecal samples of healthy individuals and IBS patients. (c) Fecal Cat-G-like activity in healthy controls and IBS
patients. (d) PR3-like activity in healthy subjects and IBS patients. (e) Trypsin-like activity in absence and in
presence of its specific inhibitor. (f) Inhibition assays of HNE like-activity with the HNE specific inhibitor. (g)
Inhibition assays of CatG-like activity using specific inhibitor. (h) PR3-like activity without and in the presence
of its specific inhibitor. (i) Fecal metalloprotease activity in healthy and IBS patients. (j) Fecal metalloprotease
activity in presence and absence of its inhibitor. (k and 1) Fecal MMP-2-like and MMP-9-like activities in healthy
and IBS patients, respectively. The relative activity represents the measured activity divided by the maximal
activity defined as 100%. Error bars represent SEM. Data were analyzed using the Mann Whitney test. **p <0.01,
*p<0.001.

Such marked difference (about 50 vs. twofold) between biopsies, reflecting host proteases and fecal samples
encompassing both host and microbial proteases, raises the question of the contribution of microbial proteases
in the context of IBS. The increase of the HNE-like activity (threefold higher) observed in the samples of the
Tunisian cohort studied herein was also described in the case of American IBS-C patients with a stronger effect
(about 32-fold increase)?'. In contrast, Gecse et al. did not find significant differences in HNE-like activity
between Hungarian IBS-M also called IBS-A and healthy subjects'”. For CatG-like activity, our data showed a
two-fold increase in patients compared to healthy control. In contrast, a previous study on fecal CatG activity
concluded at the lack of significant difference between IBS-D versus healthy subjects®.

To the best of our knowledge, this is the first study showing an upregulation of the PR3-like and metallo-
protease activities in IBS. We may hypothesize that in IBS patients PR3 activities can be associated to visceral
sensitivity through the activation of MMP already described*®*’. Further mechanistic studies are needed to
investigate the role of PR3 in IBS physiopathology. Moreover, we previously demonstrated that fecal PR3-like
activity is also increased in IBD patients compared to healthy subjects stressing the key role of PR3 in digestive
inflammation*. For metalloprotease, many studies highlighted the role played by such enzymes in nociception
and hyperalgesia. In fact, human MMP-2 and MMP-9 are involved in the mediation of pain hypersensitivity**.
Interestingly, increased MMP activities have been reported in colonic biopsies from patients suffering from
IBD, a gastrointestinal disease characterized by abdominal pain®"*2. However, our previous study did not find a
significant difference in fecal metalloprotease activities between IBD patients and healthy subjects*. This presum-
ably indicates the crosstalk between MMP produced by the host and their corresponding microbial inhibitors.

Fecal microbiota analysis

A significant modification of the gut microbiota composition in IBS patients compared to healthy subjects was
noted. Microbiota analysis in feces stressed a marked decrease in bacterial abundance and richness in IBS samples
compared to those of healthy controls based on Shannon and Simpson tests (p <0.001) (Fig. 3a). Beta diversity
analysis, based on the Principal Coordinate Analysis (PCoA), unraveled a distinctly altered clustering of the gut
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Figure 3. Microbiota composition of IBS patients in comparison to healthy controls. (a) Alpha diversity
indices. Patients with IBS (red) have lower microbial diversity than healthy controls (green) on observed
operational taxonomic units (OTU), Shannon and Simpson tests (p <0.001). (b) Beta diversity index. Principal
coordinate analysis (PCoA) revealed that IBS patients have altered microbial clustering compared to healthy
controls as shown by unweighted UniFrac algorithms of the beta diversity (p=0.0001). Statistical significance
was determined using the Mann Whitney and PERMANOVA tests for alpha and beta diversity respectively.

microbiota between IBS and healthy fecal samples (PERMANOVA; p=0.0001) (Fig. 3b). Our results are coherent
with previous studies assessing the gut microbiota in both IBS and healthy subjects where the overall abundance
of bacteria, but not necessarily diversity, was decreased in IBS patients!>32343%53,

As shown in Fig. 4, the IBS patients displayed more Bacillota (previously Firmicutes) than controls
(p<0.01) and a significant decrease of Bacteroidota (previously Bacteroidetes) (p <0.001) and thus an increased
Bacillota:Bacteroidota ratio. We also observed a significant decrease in Verrucomicrobiota, Pseudomonatota
(previously Proteobacteria) (p<0.01) and Actinomycetota (previously Actinobacteria) phyla (p <0.05) in IBS
patients. These data support previously reported bacterial phyla modulated in IBS patients compared to healthy
subjects®*>. It is worth noting the discrepancies between Actinomycetota and Pseudomonatota phyla abundance
observed between IBS cohorts®**-¢.
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Figure 4. Phyla richness and distribution. Relative abundance (percentage) of bacterial communities at phyla
level in IBS samples (red) compared to healthy controls (green). Statistical significance was assessed using the
Mann Whitney test. *p <0.05, **p <0.01, ***p <0.001.
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At family level, the comparative analysis displayed in IBS patients a significant decrease of five bacterial
families Bifidobacteriaceae (p <0.01), Akkermansiaceae (p <0.01), Christensenellaceae (p <0.001), Tannerellaceae
(p<0.001) and Peptostreptococcaceae (p <0.01) (Fig. 5). From depleted families identified in IBS patients, some
are associated with health benefits (e.g., Bifidobacteriaceae, Christensenellaceae and Akkermansiaceae). In fact,
a positive correlation between Christensenellaceae depletion and longer transit time or constipation has been
described, as well as its association with other gastrointestinal disorders, including IBD®!, In contrast, the Entero-
bacteriaceae family showed a strong increase of their relative abundance in IBS samples compared to controls.
Enrichment of Enterobacteriaceae encompassing known pathogenic species with pro-inflammatory potential is
commonly observed in patients with IBS, suggesting their potential contribution to the disorder progression®?.

At genus level, as shown in Fig. 6a, various genera were under-represented in fecal samples of IBS patients
compared to healthy controls. Bifidobacterium, Ruminococcus, Akkermansia, Erysipelotrichacea UCG-003 and
Christensenellaceae R-7 genera are highly decreased in IBS group. From these depleted genera, several bacte-
rial strains including Bifidobacterium longum and Akkermensia municiphila has been widely reported for their
anti-inflammatory properties through the production of short chain fatty acids such as butyrate. Furthermore,
although Ruminococcus genera members are also known producers of saturated fatty acids, two strains, namely
Ruminococcus gnavus and Ruminococcus torques, have been associated with IBS symptoms®. Besides, Prevo-
tella_7 and Prevotella_9, two genera known to be beneficial and associated with gut wellbeing, were significantly
decreased in IBS samples compared to healthy subjects (p <0.001). In this context, a negative correlation between
an increase of Prevotella and the risk of IBS diarrheal phenotype was previously reported®. However, the recent
study from Lo Presti et al. did not find such a correlation between Prevotella and IBS subtype highlighting the
need to use a large multicenter cohort of IBS patients®. Interestingly, IBS patients were characterized by an
overabundance of genera including Escherichia, Enterococcus and Enterobacter, considered as pathogenic. Con-
sistent with the findings of this study, previous studies have also found lower fecal Bifidobacterium and higher
levels of Escherichia, Enterococcus and Enterobacter in patients with IBS versus healthy controls*>°#%°_ Moreover,
the decrease of Erysipelotry UCG3 reported in our study agrees with the lower abundance of Erysipelotrichaceae
previously found in IBS-M and IBS-D patients®.

Gut microbiota association with differentially upregulated proteolytic activities

To investigate the relationship between increased proteolytic activities and altered gut microbiota, we performed
a correlation analysis. It revealed a positive correlation between total proteolytic activity and 3 microbial genera,
namely Escherichia, Enterococcus, and Klebsiella (Fig. 6b). Interestingly, Escherichia and Enterobacter were also
positively correlated to the increased trypsin-like activity in IBS patients. Such pathogenic bacteria encode for
a virulence factor named serine protease autotransporters of Enterobacteriaceae (SPATE) harboring a trypsin-
like serine protease domain. Moreover, we observed a significant negative correlation between Ruminococcus,
Erysipelotrichacea UCG-003, Bifidobacterium, and Christensenellaceae R-7 genus and the total proteolytic activity
increase. Ruminococcus and Christensenellaceae R-7 alteration were likely negatively correlated with trypsin-like
activity increase. It was previously shown that the Ruminococcaceae family has a negative correlation with fecal
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Figure 5. Differentially abundant bacterial families from IBS stools (red) compared to healthy ones (green).
Mann Whitney test was applied to analyze statistical differences. **p <0.01, ***p <0.001.
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Figure 6. (a) Differentially abundant bacterial communities at genera level from IBS samples (red) compared
to healthy controls (green). (b) Association between abundant bacterial genera and differentially upregulated
proteolytic activities. Escherichia, Enterococcus and Klebsiella genera are positively associated to the total
protease activity as well as Trypsin-like activity. Bifidobaterium was the only genus negatively correlated to
metalloproteases activity. Statistical analysis was achieved using the Mann Whitney test. *p <0.05, **p <0.01,
#0p < 0,001,

protease activity in IBS, which agrees with our findings®®. Concerning Bifidobacterium, it was the only genus
negatively correlated to metalloprotease activity. Of interest, some Bifidobacterium strains have been shown to
downregulate the expression of metalloproteases in cancer and skin photoaging®”®. It will then be interesting to
further investigate the relationship between gut microbiota and metalloprotease activities in the context of IBS
notably through a further characterization of upregulated proteases using proteomic approaches.

Conclusion

This study has reported the profiling of fecal proteolytic activities in the first Tunisian cohort of IBS-M patients
and has shown a marked increase in serine protease activity in IBS patients, especially trypsin-like activity. For
the first time, we showed an increase in PR3 and metalloproteinase activities in IBS-M patients. Even though
the proteolytic activity of substrates assumed to be specific for PR3, elastase, cathepsin G, and metalloproteases
are increased in patients with IBS-M, is it not possible to conclusively rule out the possibility of non-specific
cleavage of the substrate by some other protease and that confirming the identity of the exact proteases that are
up-regulated in IBS-M should await future proteomic analysis. This study also provides new insights on the
alteration of the gut microbiota composition and its potential role in proteolytic imbalance in IBS-M. Although
in this study we did not investigate the origin of up-regulated serine- and metallo- proteases, IBS symptoms result
from both proteolytic-mediated and microbiota-mediated alteration of the epithelial barrier. Evidence suggests
the existence of an overlap between host and microbial protease activities and their strong impact on intestinal
barrier homeostasis. Larger and multicenter cohorts of IBS patients are required to further investigate the asso-
ciation between proteolytic profiles, microbiome profiles and IBS symptoms in African populations compared
to occidental ones. Demographic, genetic and dietary factors should be included to assess their impact on the
gut wellbeing in the case of IBS. In addition, further analyses are needed to shed light on the mechanistic mode
of action of over-abundant proteases and gut microbiota dysbiosis in IBS disorder. This knowledge cohort will
provide fundamental insight on the host-microbiota interactions in the IBS context and can constitute with the
advancement of knowledge, a new avenue to develop novel therapeutic strategies aiming the treatment of IBS.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 24 July 2023; Accepted: 9 October 2023
Published online: 16 October 2023

Scientific Reports |

(2023) 13:17571 | https://doi.org/10.1038/s41598-023-44454-3 nature portfolio



www.nature.com/scientificreports/

References

1.
2.

3.
. Bosman, M. et al. The socioeconomic impact of irritable bowel syndrome: An analysis of direct and indirect healthcare costs. Clin.

12.
13.
14.
. Cenag, N. et al. Role for protease activity in visceral pain in irritable bowel syndrome. J. Clin. Invest. 117, 636-647 (2007).
.
18.

19.
20.

21.
22.
23.
24.
25.
26.

27.

34.
35.

36.
37.

38.

45.
46.
47.

48.

Enck, P. et al. Irritable bowel syndrome. Nat. Rev. Dis. Prim. 2, 16014 (2016).

Hu, Z. et al. The level and prevalence of depression and anxiety among patients with different subtypes of irritable bowel syndrome:
A network meta-analysis. BMC Gastroenterol. 21, 1-18 (2021).

Lacy, B. E. & Patel, N. K. Rome criteria and a diagnostic approach to irritable bowel syndrome. J. Clin. Med. 6, 99-106 (2017).

Gastroenterol. Hepatol. $1542-3565(23), 00076-00079 (2023).

. Okeke, E. N. et al. Prevalence of irritable bowel syndrome: A community survey in an African population. Ann. Afr. Med. 8, 177-180

(2009).

. Sperber, A. D. et al. The global prevalence of IBS in adults remains elusive due to the heterogeneity of studies: A Rome Foundation

working team literature review. Gut 66, 1075-1082 (2017).

. Sperber, A. D. et al. Worldwide prevalence and burden of functional gastrointestinal disorders, results of Rome Foundation Global

Study. Gastroenterology. 160, 99-114 (2021).

. Soares, R. L. S. Irritable bowel syndrome: A clinical review. World J. Gastroenterol. 20, 12144-12160 (2014).

. Fukudo, S. et al. Evidence-based clinical practice guidelines for irritable bowel syndrome 2020. J. Gastroenterol. 56, 193-217 (2021).
10.
11.

Schmulson, M. J. & Drossman, D. A. What is new in Rome IV. J. Neurogastroenterol. Motil. 23, 151-163 (2017).

El-Salhy, M. Recent developments in the pathophysiology of irritable bowel syndrome. World J. Gastroenterol. 21, 7621-7636
(2015).

Carco, C. et al. Increasing evidence that irritable bowel syndrome and functional gastrointestinal disorders have a microbial
pathogenesis. Front. Cell. Infect. Microbiol. 10, 468-491 (2020).

Hou, J. J. et al. The relationship between gut microbiota and proteolytic activity in irritable bowel syndrome. Microb. Pathog. 157,
104995-105002 (2021).

Biancheri, P, Sabatino, A., Corazza, G. R. & MacDonald, T. T. Proteases and the gut barrier. Cell Tissue Res. 3512, 269-280 (2012).

Cenac, N. Protease-activated receptors as therapeutic targets in visceral pain. Curr. Neuropharmacol. 11, 598-605 (2013).

Gecse, K. et al. Increased faecal serine protease activity in diarrhoeic IBS patients: A colonic lumenal factor impairing colonic
permeability and sensitivity. Gut 57, 591-599 (2008).

Roka, R. A. et al. A pilot study of fecal serine-protease activity: A pathophysiologic factor in diarrhea-predominant irritable bowel
syndrome. Clin. Gastroenterol. Hepatol. 5, 550-555 (2007).

Rolland-Fourcade, C. et al. Epithelial expression and function of trypsin-3 in irritable bowel syndrome. Gut 66, 1767-1778 (2017).
Annahézi, A. et al. Luminal cysteine-proteases degrade colonic tight junction structure and are responsible for abdominal pain
in constipation-predominant IBS. Am. J. Gastroenterol. 108, 1322-1331 (2013).

Edogawa, S. et al. Serine proteases as luminal mediators of intestinal barrier dysfunction and symptom severity in irritable bowel
syndrome. Gut 69, 62-73 (2020).

Mishima, Y. & Ishihara, S. Molecular mechanisms of microbiota-mediated pathology in irritable bowel syndrome. Int. J. Mol. Sci.
21, 8664-8688 (2020).

Hanning, N. et al. Intestinal barrier dysfunction in irritable bowel syndrome: A systematic review. Therap. Adv. Gastroenterol. 14,
1756284821993586 (2021).

Wysocka, M. et al. The new fluorogenic substrates of neutrophil proteinase 3 optimized in prime site region. Anal. Biochem. 399,
196-201 (2010).

Popow-Stellmaszyk, J. et al. A new proteinase 3 substrate with improved selectivity over human neutrophil elastase. Anal. Biochem.
442,75-82 (2013).

Seren, S. et al. Proteinase release from activated neutrophils in mechanically ventilated patients with non-COVID-19 and COVID-
19 pneumonia. Eur. Respir. J. 57, 2003755 (2021).

Haskamp, S. et al. Myeloperoxidase modulates inflammation in generalized pustular psoriasis and additional rare pustular skin
diseases. Am. J. Hum. Genet. 107, 527-538 (2020).

. Godon, J. ]., Zumstein, E., Dabert, P., Habouzit, F. & Moletta, R. Microbial 16S rDNA diversity in an anaerobic digester. Water Sci.

Technol. 36, 49-55 (1997).

. Escudié, E. et al. FROGS: Find, rapidly, OTUs with galaxy solution. Bioinformatics 34, 1287-1294 (2017).

. Dunn, O. J. Multiple comparisons using rank sums. Technometrics 6, 241-252 (1964).

. Hochberg, Y. & Benjamini, Y. More powerful procedures for multiple significance testing. Stat. Med. 9, 811-818 (1990).

. Pittayanon, R. et al. Gut microbiota in patients with irritable bowel syndrome—A systematic review. Gastroenterology 157, 97-108

(2019).

. Agnello, M. et al. Gut microbiome composition and risk factors in a large cross-sectional IBS cohort. BM] Open Gastroenterol. 7,

€000345 (2020).

Richard, M. L. & Sokol, H. The gut mycobiota: Insights into analysis, environmental interactions and role in gastrointestinal
diseases. Nat. Rev. Gastroenterol. Hepatol. 16, 331-345 (2019).

Thiel, I. A. M. et al. Genetic and phenotypic diversity of fecal Candida albicans strains in irritable bowel syndrome. Sci. Rep. 12,
5391-5405 (2022).

Ray, K. Unravelling the genetics of irritable bowel syndrome. Nat. Rev. Gastroenterol. Hepatol. 19, 5 (2022).

Eijsbouts, C. et al. Genome-wide analysis of 53,400 people with irritable bowel syndrome highlights shared genetic pathways with
mood and anxiety disorders. Nat. Genet. 53, 1543-1552 (2021).

Rajili¢-Stojanovic, M. et al. Intestinal microbiota and diet in IBS: Causes, consequences, or epiphenomena?. Am. J. Gastroenterol.
110, 278-287 (2015).

. Ceuleers, H. et al. Visceral hypersensitivity in inflammatory bowel diseases and irritable bowel syndrome: The role of proteases.

World ]. Gastroenterol. 22, 10275-10286 (2016).

. Vergnolle, N. Protease inhibition as new therapeutic strategy for GI diseases. Gut 65, 1215-1224 (2016).

. Mariaule, V. et al. Digestive inflammation: Role of proteolytic dysregulation. Int. J. Mol. Sci. 22, 2817-2834 (2021).

. Mkaouar, H. et al. Gut serpinome: Emerging evidence in IBD. Int. J. Mol. Sci. 22, 6088-6103 (2021).

. Kriaa, A. et al. Serine proteases at the cutting edge of IBD: Focus on gastrointestinal inflammation. FASEB J. 34, 7270-7282 (2020).
. Neumann, U. et al. Characterization of Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2, a fluorogenic substrate with increased

specificity constants for collagenases and tumor necrosis factor converting enzyme. Anal. Biochem. 328, 166-173 (2004).
Annahazi, A. et al. Fecal proteases from diarrheic-IBS and ulcerative colitis patients exert opposite effect on visceral sensitivity in
mice. Pain 144, 209-217 (2009).

Pezzato, E. et al. Proteinase-3 directly activates MMP-2 and degrades gelatin and Matrigel; differential inhibition by (-)epigallo-
catechin-3-gallate. J. Leukoc. Biol. 74, 88-94 (2003).

Shamamian, P. et al. Activation of progelatinase A (MMP-2) by neutrophil elastase, cathepsin G, and proteinase-3: A role for
inflammatory cells in tumor invasion and angiogenesis. J. Cell Physiol. 189, 197-206 (2001).

Jablaoui, A. et al. Fecal serine protease profiling in inflammatory bowel diseases. Front. Cell Infect. Microbiol. 10, 21-27 (2020).

Scientific Reports |

(2023) 13:17571 | https://doi.org/10.1038/s41598-023-44454-3 nature portfolio



www.nature.com/scientificreports/

49. Lakhan, S. E. & Avramut, M. Matrix metalloproteinases in neuropathic pain and migraine: Friends, enemies, and therapeutic
targets. Pain Res. Treat. 2012, 952906 (2012).

50. Escolano-Lozano, F. et al. Local and systemic expression pattern of MMP-2 and MMP-9 in complex regional pain syndrome. J.
Pain 22, 1294-1302 (2021).

51. Meijer, M. J. et al. Increased mucosal matrix metalloproteinase-1, -2, -3 and -9 activity in patients with inflammatory bowel disease
and the relation with Crohn’s disease phenotype. Dig. Liver Dis. 39, 733-739 (2007).

52. Gao, Q. et al. Expression of matrix metalloproteinases-2 and -9 in intestinal tissue of patients with inflammatory bowel diseases.
Dig. Liver Dis. 37, 584-592 (2005).

53. Mei, L. et al. Gut microbiota composition and functional prediction in diarrhea-predominant irritable bowel syndrome. BMC
Gastroenterol. 21, 105-116 (2021).

54. Su, Q. et al. Gut microbiome signatures reflect different subtypes of irritable bowel syndrome. Gut Microbes 15, 2157697-2157709
(2023).

55. Duan, R, Zhu, S., Wang, B. & Duan, L. Alterations of gut microbiota in patients with irritable bowel syndrome based on 16S
rRNA-targeted sequencing: A systematic review. Clin. Transl. Gastroenterol. 2, e00012 (2019).

56. Jeffery, I. B. et al. An irritable bowel syndrome subtype defined by species-specific alterations in faecal microbiota. Gut 61,997-1006
(2012).

57. Tap, J. et al. Identification of an intestinal microbiota signature associated with severity of irritable bowel syndrome. Gastroenterol-
ogy 152, 111-123.¢8 (2017).

58. Jalanka-Tuovinen, J. et al. Faecal microbiota composition and host-microbe cross-talk following gastroenteritis and in postinfec-
tious irritable bowel syndrome. Gut 63, 1737-1745 (2014).

59. Pan, R. ef al. Crosstalk between the gut microbiome and colonic motility in chronic constipation: Potential mechanisms and
microbiota modulation. Nutrients 14, 3704-3731 (2022).

60. Pozuelo, M. et al. Reduction of butyrate- and methane-producing microorganisms in patients with Irritable Bowel Syndrome. Sci.
Rep. 4, 12693-12704 (2015).

61. Waters, J. L. & Ley, R. E. The human gut bacteria Christensenellaceae are widespread, heritable, and associated with health. BMC
Biol. 17, 83-93 (2019).

62. Giamarellos-Bourboulis, E. ef al. Molecular assessment of differences in the duodenal microbiome in subjects with irritable bowel
syndrome. Scand. J. Gastroenterol. 50, 1076-1087 (2015).

63. Rajili¢-Stojanovi¢, M. et al. Global and deep molecular analysis of microbiota signatures in fecal samples from patients with irritable
bowel syndrome. Gastroenterology 141, 1792-1801 (2011).

64. Su, T. et al. Altered intestinal microbiota with increased abundance of Prevotella is associated with high risk of diarrhea-predom-
inant irritable bowel syndrome. Gastroenterol. Res. Pract. 2018, 6961783 (2018).

65. Lo Presti, A. et al. Phylogenetic analysis of Prevotella copri from fecal and mucosal microbiota of IBS and IBD patients. Therap.
Adv. Gastroenterol. 16, 17562848221136328 (2023).

66. Carroll, I. M. et al. Fecal protease activity is associated with compositional alterations in the intestinal microbiota. PLoS ONE 8,
€78017 (2013).

67. Lee, ]. Y, Park, J. Y., Kim, Y. & Kang, C. H. Protective effect of Bifidobacterium animalis subs. lactis MG741 as probiotics against
UVB-exposed fibroblasts and hairless mice. Microorganisms 10, 2343-2353 (2022).

68. An, ], Kim, H. & Yang, K. M. An aqueous extract of a bifidobacterium species induces apoptosis and inhibits invasiveness of non-
small cell lung cancer cells. J. Microbiol. Biotechnol. 30, 885-893 (2020).

Acknowledgements
The authors would like to express their gratitude to Dr H. Mkaouar for proofreading this manuscript.

Author contributions

S.S, AJ, VM, AK, A.G, AA, AG,EM., and M.R. conceived and designed this study. S.S., A.J., V.M., AK.,
H.B.,, A.A, MW, AL, and M.R. conducted analysis. S.S., A.]., VM., A K., A.A., and M.R. wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding
This work was supported by the project CMCU-PHC Utique (no 19G0819)-Campus France (no 41786NC) and
the twinning European project: 952583-MICAfrica.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:17571 | https://doi.org/10.1038/s41598-023-44454-3 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Serine proteases and metalloproteases are highly increased in irritable bowel syndrome Tunisian patients
	Methods
	Ethics declaration
	IBS-M cohort construction
	Fecal water samples preparation
	Proteolytic activity assays
	Inhibition assays
	DNA extraction and microbiota profiling
	Statistical analyses

	Results and discussion
	Proteases profiling in IBS fecal samples
	Fecal microbiota analysis
	Gut microbiota association with differentially upregulated proteolytic activities

	Conclusion
	References
	Acknowledgements


