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Abstract: Inflammatory bowel diseases (IBD) are chronic and relapsing gastrointestinal disorders,
where a significant proportion of patients are unresponsive or lose response to traditional and cur-
rently used therapies. In the current study, we propose a new concept for anti-inflammatory treatment
based on a selective acidic mammalian chitinase (AMCase) inhibitor. The functions of chitinases
remain unclear, but they have been shown to be implicated in the pathology of various inflammatory
disorders regarding the lung (asthma, idiopathic pulmonary fibrosis) and gastrointestinal tract (IBD
and colon cancer). The aim of the study is to investigate the impact of AMCase inhibitor (OAT-177)
on the dextran sulfate sodium (DSS)-induced models of colitis. In the short-term therapeutic protocol,
OAT-177 given intragastrically in a 30 mg/kg dose, twice daily, produced a significant (p < 0.001)
anti-inflammatory effect, as shown by the macroscopic score. Additionally, OAT-177 significantly
decreased TNF-α mRNA levels and MPO activity compared to DSS-only treated mice. Intraperitoneal
administration of OAT-177 at a dose of 50 mg/kg caused statistically relevant reduction of the colon
length. In the long-term therapeutic protocol, OAT-177 given intragastrically in a dose of 30 mg/kg,
twice daily, significantly improved colon length and body weight compared to DSS-induced colitis.
This is the first study proving that AMCase inhibitors may have therapeutic potential in the treatment
of IBD.

Keywords: acidic mammalian chitinase; colitis; inflammatory bowel diseases; inhibitor

1. Introduction

Inflammatory bowel diseases (IBD), including ulcerative colitis (UC) and Crohn’s
disease (CD), are chronic and relapsing intestinal disorders characterized by prolonged
inflammation of the digestive tract. The precise etiology of IBD remains unknown de-
spite ongoing studies. It is believed that besides the genetic and environmental factors,
a dysregulated immune system, intestinal microbiota, and dysfunction in the mucosal
barrier are also involved [1,2]. Treatment strategies currently used in IBD rely mainly on
reduction of inflammation by administration of aminosalicylates, corticosteroids, and im-
munomodulators, or inhibition of TNFα [3]. However, a significant proportion of patients
are unresponsive or lose response to these traditional therapies. What is more, current
IBD treatments are associated with significant side effects, including neoplasia [4]. There
are a number of promising clinical trials ongoing—for example, those based on α4β7 and
α4β1 integrin inhibitors and IL-12/IL-23 inhibitors [5,6]. Stem-cell transplant and fecal
microbiota transplant also show a beneficial effect as experimental therapies [7,8]. However,
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it is still necessary to develop alternative and novel approaches in IBD treatment based on
new molecular targets.

Two chitinases, chitotriosidase-1 (CHIT-1) and acidic mammalian chitinase (AMCase)—
enzymes belonging to the GH 18 family that catalyze cleavage of 1,4-b-glycosidic bond in
chitin and chitooligosaccharides—have been identified as factors regulating the GI tract
functioning [9]. CHIT-1, expressed by activated macrophages, appears to be an important
component in colon homeostasis. It has been found that CHIT1 was down-regulated in
active UC patients, while in healthy controls it was actively secreted by mucin-producing
cells, and it has been postulated that decreased secretion of this enzyme exacerbates colonic
inflammation [10].

While CHIT-1 is produced in a number of organs, AMCase, expressed by the epithelial
cells and macrophages, is present mainly in the GI tract and in the lung [11]. It is believed to
be responsible for digestion of the food-derived chitin and for the host defense against chitin-
producing pathogens present in the GI tract. It is highly upregulated in the pathological
conditions involving Th2 inflammatory response, both in animal models of asthma and in
allergic patients [12,13].

Several natural products are known to inhibit AMCase, but they are characterized by
moderate activity and lack of selectivity versus CHIT-1 [14]. A small-molecule compound
OAT-177 [15] has been reported to effectively inhibit murine acidic chitinase (mAMCase
IC50 = 19 nM), while being much less active versus its sister-enzyme mCHIT-1 (IC50 = 3 µM;
155-fold selectivity) and completely inactive against chitinase-like proteins YKL-40 and
YKL-39 [16]. OAT-177 showed anti-inflammatory efficacy (evidenced by significant re-
duction of inflammatory markers) in the asthma animal model driven by the acute HDM-
induced allergic airway inflammation [15]. As it is postulated that the tissue remodeling
observed in IBD is caused by a similar inflammatory mechanism to the one operating in
asthma, we decided to investigate how the selective mAMCase inhibition would impact
the progression of the disease in the dextran sulfate sodium (DSS)-induced mouse models
of colitis.

2. Results
2.1. OAT-177 Administered Intragastrically in the Short-Term Therapeutic Protocol Attenuated
Colitis in the DSS-Induced Mouse Model

DSS treatment induced colitis, as evidenced by the increased macroscopic score (9.40 ± 0.69
for DSS-only treated mice vs. 1.87 ± 0.35 for control animals) (Figure 1A), which is consistent
with our previous observations [17]. The p.o. administration of OAT-177 in DSS-treated
animals decreased the macroscopic score: 4.2 ± 0.74 for a dose of 30 mg/kg, 6.92 ± 0.61
for a dose of 50 mg/kg, and 8.57 ± 1.00 for a dose of 100 mg/kg compared to DSS-only
treated mice (respectively, p < 0.001; p = 0.05; p = 0.92) (Figure 1A). Similarly, colon length was
decreased in DSS-only treated mice (7.08 ± 0.19 cm vs. 9.42 ± 0.17 cm for control animals),
and this effect was reversed by treatment with 30 mg/kg OAT-177 (8.49 ± 0.30 cm, p < 0.01)
(Figure 1B). Additionally, colon weight was decreased for DSS-only treated mice (0.39 ± 0.01 g
vs. 0.50 ± 0.03 g for control animals), while mice treated with the lowest dose of OAT-177
showed colon weight comparable to the control group (0.47 ± 0.02 g) (Figure 1C).
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Figure 1. The effect of OAT-177 administered intragastrically in the short-term therapeutic protocol
on: (A) macroscopic score, (B) colon length, (C) colon weight, and (D) myeloperoxidase (MPO)
activity in a dextran sulfate sodium (DSS)-induced colitis. Data are expressed as mean ± SEM.
Statistical significance from the one-way ANOVA, Tukey’s post hoc test: *** p < 0.001, ** p < 0.01,
* p < 0.05 vs. control group; and $$$ p < 0.001, $$ p < 0.01 vs. DSS-only treated group.
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The MPO activity represents neutrophil infiltration of the intestine; therefore, it is
the highest in the inflamed tissue [18]. In line, the MPO activity was lowest in the colon
of control animals (2.48 ± 0.38 U) and DSS-treated mice, which received OAT-177 at the
lowest dose (2.46 ± 0.55 U). Higher MPO activity was observed in the DSS-only treated
mice (4.04 ± 0.45 U) and DSS-treated mice upon administration of OAT-177 at doses of
50 mg/kg (4.19 ± 0.88 U) and 100 mg/kg (3.59 ± 1.73 U). (Figure 1D).

The parameters taken into consideration during microscopic evaluation included mus-
cle thickness, cell infiltration, mucosal architecture, crypts morphology, and the presence
of goblet cells. DSS treatment significantly increased the microscopic score (9.58 ± 0.62
for DSS-only treated animals vs. 5.5 ± 0.20 for control animals, p < 0.01). The lowest dose
of OAT-177 (30 mg/kg, p.o.) caused a statistically significant decrease in the microscopic
score (6.62 ± 0.23, p = 0.01) (Figure 2).

2.2. OAT-177 Administered Intragastrically in the Short-Term Therapeutic-Protocol-Induced
Changes in the Inflammatory Cytokine Profile

The expression of genes for AMCase, CHIT-1, and selected cytokines (TNF-α, IL-1β,
and IL-13) was assessed in the mouse colon samples at the mRNA level. OAT-177 at the
dose of 100 mg/kg (p.o.) significantly inhibited the AMCase compared to DSS-only treated
mice (0.52 ± 0.21 vs. 9.44 ± 7.17, Figure 3A). We also observed a reverse dose-dependent
shift in the relative expression of chitinase 1: the group with DSS-induced colitis treated
with OAT-177 at the dose of 100 mg/kg (p.o.) showed the highest chitinase 1 mRNA level
(16.35 ± 2.28), while the expression in the group treated with the dose of 30 mg/kg (p.o.)
was similar to the control animals (0.64 ± 0.94 vs. 0.13 ± 0.08, respectively) (Figure 3B).
OAT-177 at doses of 30 and 50 mg/kg (p.o.) significantly decreased TNF-α mRNA levels
compared to DSS-only treated mice (OAT-177 30 mg/kg: 4.11 ± 1.20; OAT-177 50 mg/kg:
4.40 ± 2.10; and DSS: 19.88 ± 5.07, Figure 3C). The IL-1β and IL-13 expression levels
showed no significant changes between the groups (Figure 3D,E).

2.3. The Anti-Inflammatory Effect of OAT-177 Is Also Present after Intraperitoneal Administration
in the Short-Term Therapeutic Protocol

Based on the macroscopic score and colon weight, OAT-177 administered i.p. in a
dose of 50 mg/kg did not reverse the effect of DSS-induced colitis (Figure 4A). However,
i.p. administration of OAT-177 in the DSS-treated group significantly increased colon
length compared with DSS-only treated mice (7.46 ± 0.32 cm vs. 6.1 ± 0.21 cm; p < 0.01)
(Figure 4B) and non-significantly increased colon weight (Figure 4C). The MPO activity in
this experiment did not present any significant differences between the groups (Figure 4D).

2.4. OAT-177 Administered Intragastrically in the Long-Term Therapeutic-Protocol-Attenuated
Colitis in the DSS-Induced Mouse Model

To further determine the anti-inflammatory effect of the tested inhibitor, we admin-
istered OAT-177 (30 mg/kg, intragastrically, twice daily from day 3) in the long-term
therapeutic protocol. The body weight (Figure 5A) and colon length at day 15 (Figure 5B)
had significantly improved parameters compared to DSS-induced colitis.
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Figure 2. The effect of OAT-177 administered intragastrically in the short-term therapeutic protocol
on the microscopic score in a dextran sulfate sodium (DSS)-induced colitis. Data are expressed as
mean ± SEM. The statistical significance from the one-way ANOVA, Tukey’s post hoc test: ** p < 0.01
vs. control group; and $$ p < 0.05 vs. DSS-only treated group. Representative photos of hematoxylin
and eosin staining of colon samples ((A): control group; (B): DSS-only treated group; (C): OAT-177
30 mg/kg; (D): OAT-177 50 mg/kg; and (E): OAT-177 100 mg/kg). Scale bar = 250 µm.
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 Figure 3. AMCase (A), Chitinase 1 (B), and selected cytokine: TNF-α (C), IL-1β (D), and IL-13
(E) mRNA expression in the mouse colon for control, DSS-only treated mice, and mice with DSS-
induced colitis treated with OAT-177 at doses of 30, 50, and 100 mg/kg (p.o.) in the short-term
therapeutic protocol. *** p < 0.001, * p < 0.05 vs. control group; $$ p < 0.01, $ p < 0.05 vs. DSS-only
treated group.
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 Figure 4. The effect of OAT-177 administered intraperitoneally in the short-term therapeutic protocol
on: (A) macroscopic score, (B) colon length, (C) colon weight, and (D) myeloperoxidase (MPO)
activity in a dextran sulfate sodium (DSS)-induced colitis. Data are expressed as mean ± SEM.
Statistical significance from the one-way ANOVA, Tukey’s post hoc test: *** p < 0.001, * p < 0.05 vs.
control group.
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Figure 5. The effect of OAT-177 (30 mg/kg) administered intragastrically in the long-term therapeutic
protocol on: (A) body weight changes (dotted line indicates the onset of mortality) and (B) colon
length at day 15 in a dextran sulfate sodium (DSS)-induced colitis. Data are expressed as medi-
ans ± IQR. (C) Colons dissected with distal ileum and caecum (representatives for each group).
Statistical significance from the U-Mann Whitney test: $$ p < 0.01 vs. DSS-only treated group.

3. Discussion

In this report, we demonstrate the efficacy of a selective murine AMCase inhibitor,
compound OAT-177, in the DSS-induced mouse models of colitis. In the short-term thera-
peutic protocol, OAT-177 administered intragastrically in a dose of 30 mg/kg BID produced
a significant anti-inflammatory effect and improved overall colon health. Importantly, we
also found that at higher doses of the inhibitor, the expression of mAMCase is reversed
to the level of a healthy control mouse. However, this is accompanied by a profound
induction of a second chitin-cleaving enzyme—chitotriosidase-1, known to be a strongly
pro-inflammatory protein. The net result of such a compensation mechanism is an exac-
erbation of the disease observed at higher doses of mAMCase inhibitor. Despite ongoing
studies, the physiological functions of chitinases remain to be fully elucidated, but these
enzymes have already been shown to be involved in the pathogenesis of various human
inflammatory and fibrotic disorders [19–21]. In terms of IBD, particularly YKL-40 and, to
somewhat less extent, AMCase appear to play a pivotal role [22,23]. The role of YKL-40 in
IBD was recently summarized in a review published by our group [9]. Briefly, YKL-40 is
actively produced by colonic epithelial cells, lamina propria macrophages, and neutrophils
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under inflammatory conditions of colon [24,25]. YKL-40 is also engaged in enhancing bacte-
rial adhesion and invasion into colonic epithelial cells [22,26]. AMCase is highly expressed
in the glandular cells of the stomach and intestinal tissues under normal physiological
conditions, purportedly to aid in host defense and food processing. What is noteworthy,
as revealed by Okawa et al., is that the expression level of AMCase and its chitinolytic
activity in the stomach tissues is significantly higher in mice than in humans [27]. AMCase
is also present in the mouse lung, although at a considerably lower level [27]. AMCase was
demonstrated to be activated during the Th2-type inflammatory responses in OVA- and
HDM-induced mouse models and asthma patients [11].

Consequently, inhibition of chitinases AMCase and CHIT1, and also of the chitinase-
like protein YKL-40 (CHI3L1), may prove a viable strategy for treatment of inflamma-
tory and fibrotic diseases, including colitis [21,28,29]. Previously, both selective and non-
selective chitinase inhibitors were investigated principally in inflammatory and fibrotic
models of pulmonary diseases. The first selective AMCase inhibitor bisdionin F [30]
showed in vivo efficacy in the OVA-induced allergic airway inflammation mouse model
by attenuated lung chitinase activity, reduced eosinophil influx, and improved ventilatory
function. The Wyeth research group used a combination of high-throughput screening with
in silico screening to identify an AMCase inhibitor (Wyeth-1 compound), which reduced
AMCase enzymatic activity in the bronchoalveolar lavage fluid in allergen-challenged
mice after oral dosing [31]. Further investigation of the aminotriazole series (analogs of
the Wyeth-1 compound improved in terms of activity and pharmacokinetic properties) by
Mazur et al. led to the discovery of highly potent chitinase inhibitors displaying various
modes of AMCase vs. CHIT-1 selectivity. As mentioned above, a selective mAMCase
inhibitor, compound OAT-177, showed a significant anti-inflammatory efficacy in acute
house dust mite (HDM)-induced allergic airway inflammation [15].

The same group reported the discovery of the compound OAT-1441, which proved to
be more than 130 times more active against human AMCase (IC50 = 7 nM) versus human
CHIT-1 (IC50 = 915 nM) [32].

Also, dual AMCase and CHIT1 inhibitors, compound 30 described in reference [33]
and OATD-01, proved efficacious in HDM-induced pulmonary inflammation and the
bleomycin-induced pulmonary fibrosis mice model [28,33].

The possible application of chitinase inhibitors in the treatment of gastrointestinal
inflammatory diseases has been far less advanced. Mizoguchi group demonstrated that
naturally occurring chitinase inhibitors, methylxanthine derivatives including caffeine,
theophylline, and pentoxifylline reduced inflammation in mice treated with DSS via CHI3L1
inhibition [14,34,35]. The downregulation of CHI3L1 expression was associated with re-
duction of the bacterial invasion effect. They also demonstrated that in IEC lines treated
with caffeine the CHI3L1 mRNA expression is decreased and correlates with a reduction of
bacterial invasion in a dose-dependent manner. Peterson et al. [36] showed that intra-rectal
administration of pentoxifylline or 1-(5-hydroxyhexyl)-3,7-dimethylxanthine in a mouse
2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis model attenuated colonic inflam-
mation and intestinal fibrosis. The same research group demonstrated similar efficacy of
pentoxifylline in TNBS-induced colitis in rats [36]. Murthy et al. showed that a combined
therapy of pentoxifylline and anti-TNF antibody in DSS-induced colitis mice can be benefi-
cial to limit the side effects associated with anti-TNF antibody treatment alone [37]. Ex vivo
studies also illustrated that treatment of pentoxifylline of peripheral mononuclear cells
from the inflamed mucosa of CD and UC patients reduced TNF secretion by 50 %.

All the above prompted us to investigate whether the selective mAMCase inhibi-
tion would be effective in the DSS-induced mouse model of colitis. As detailed in the
Results section, we found that oral administration of a 30 mg/kg dose of OAT-177 exerted
the expected, significant anti-inflammatory effect in both the short-term and long-term
therapeutic protocols. Our results also suggest that for the human acidic mammalian
chitinase (hAMCase) inhibition to be an effective IBD treatment, it is important to ensure
the local presence of the inhibitor in the colon. It would further implicate the appropriate
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hAMCase inhibitors design aimed at molecules that should be poorly absorbed from the
gastrointestinal tract to allow them to act locally.

In the current study, a strong escalation of expression of mAMCase in the DSS-
challenged mice as compared to the control group was observed. This increase was
attenuated by administration of the mAMCase inhibitor in a dose-dependent manner
achieving the healthy control level at the highest (100 mg/kg) dose studied. Interestingly,
an opposite observation was made regarding the expression of mCHIT-1 enzyme, whose
level in this group increased 16-fold versus the control group. These findings are in line
with the results of Mizoguchi et al. [34], who discovered that oral caffeine (reported as a
pan-family 18 chitinase inhibitor) administration, downregulates CHI3L1 and AMCase
expression, but induces CHIT-1 expression.

In summary, the present study reports the therapeutic effect of the selective mAM-
Case inhibitor, compound OAT-177, in the DSS-induced colitis model. The statistically
significant positive impact of the administration of the drug was observed for the lowest
dose investigated, while in higher doses it proved not to be effective. This may be driven
by the induction of mouse CHIT-1 protein, which, as we show, is intensely produced to
compensate for the lack of AMCase activity. While the TNF-α level rose only slightly and,
on the other hand, it is well known that CHIT-1 is upregulated in inflammatory conditions,
we speculate that its overexpression is a root cause of an exacerbation of the inflammation
in the two higher-dosed mice groups. Therefore, the proper dosing of the selective AMCase
inhibitor may be a critical factor for balancing the efficacy of the treatment versus its safety.
Also, given the apparent role of CHIT-1 in colon inflammation, selective CHIT-1 inhibition
or simultaneous inhibition of both chitinases may provide efficient strategies for treatment
of colitis. Beside all the known differences between expression levels and the roles of the
two chitinases in mouse versus human, this fact would also have to be taken into account,
should targeting AMCase be contemplated as a strategy to treat IBD in patients. Also,
while the expression of AMCase in healthy humans is known to be negligible, its level in
IBD patients has not been studied so far. Both the serum concentration and the level of the
enzyme in the diseased tissue would be of interest when planning the potential application
of human AMCase inhibitors in the clinic.

4. Materials and Methods
4.1. Experimental Animals

Male BALB/c mice were obtained from the Animal Facility of the University of Lodz,
Poland; the animals used in the experiments weighed 20–25 g (approx. 8 weeks of age).
Female C57BL/6 mice were obtained from the Charles River Laboratories (Germany); the
animals used in the experiments weighed 18–21 g (approx. 10 weeks old). The animals were
housed at a constant temperature (22–23 ◦C) and maintained under a 12 h light/dark cycle
with free access to laboratory chow and tap water. Animal protocols were approved by the
Local Ethics Committee for Animal Research at the Medical University of Lodz (Approval
Nos. 2/ŁB123/2019 and 17/ŁB132/2019) or by the Second Warsaw Local Ethics Committee
for Animal Research (Approval No. 46/2015). All efforts were made to minimize animal
suffering and to reduce the number of animals used.

4.2. Induction of Colitis

In the short-term therapeutic protocol, BALB/c mice (n = 6–8 per experimental group)
received 4 % DSS (MW 40 kDa, Biochemica, PanReac AppliChem, Darmstadt, Germany)
in drinking water from day 0 to day 5. On days 6 and 7 the animals received drinking
water alone. Mice were sacrificed by cervical dislocation on day 7 and colonic damage
was evaluated.

In the long-term therapeutic protocol, C57BL/6 mice (n = 6–7 per experimental group)
received 3 % DSS (MW 36–50 kDa, MP Biomedicals) in drinking water from day 0 to day 7,
and then regular drinking water until day 15. Mice were sacrificed on day 15 and colonic
damage was evaluated.
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In both experimental protocols, control mice were given drinking water throughout
the whole experiment. Animal body weight was monitored daily.

4.3. Pharmacological Treatment

In the short-term therapeutic protocol, OAT-177 was administered twice daily from
day 3 to day 6 after colitis induction: intragastrically (p.o., 100 µL/mouse) at doses of 30,
50, and 100 mg/kg, and intraperitoneally (i.p., 100 µL/mouse) at the dose of 50 mg/kg.
Control and DSS groups received 0.9 % NaCl alone. In the long-term therapeutic protocol,
OAT-177 was administered intragastrically twice daily from day 3 until the end of the
experiment (last dose in the afternoon on day 14). The control and DSS-treated groups
received the vehicle alone (20 % solutol, 5 % dextrose in water).

4.4. Macroscopic Evaluation of Colonic Damage

For total macroscopic inflammation score evaluation, the colon was removed imme-
diately after cervical dislocation and weighed (including fecal content). The colon was
opened longitudinally and the feces removed. The well-established semiquantitative scor-
ing system used throughout the study took into consideration the following parameters:
colon length and weight scores (0–4), stool consistence (0–3), and colon epithelial damage,
i.e., the number of ulcers (0–3), where score = 0 means no inflammation. The presence
(score = 1) or absence (score = 0) of fecal blood was also recorded. The macroscopic scoring
was performed in a blind manner.

4.5. Microscopic Inflammation Score Evaluation

Distal colon sections (approx. 0.5 cm in length) were stapled flat, mucosal side up,
onto cardboard and fixed in 10 % neutral-buffered formalin for at least 24 h at 4 ◦C. Next,
samples were dehydrated in sucrose and embedded in paraffin, sectioned at 5 µm and
mounted onto slides. The hematoxylin-eosin-stained sections were examined using a Zeiss
Axio Imager setup (Jena, Germany). The microscopic total damage score was determined
based on the following parameters: presence (score = 1) or absence (score = 0) of goblet cell
depletion, the presence (score = 1) or absence (score = 0) of crypt abscesses, the destruction
of mucosal architecture (normal = 1, moderate = 2, extensive = 3), the extent of muscle
thickening (normal = 1, moderate = 2, extensive = 3), and the presence and degree of
immune cell infiltration (normal = 1, moderate = 2, transmural = 3). The microscopic
scoring was performed in a blind manner.

4.6. Determination of Tissue Myeloperoxidase Activity

To monitor the degree of inflammation, myeloperoxidase (MPO) activity was deter-
mined using a standardized method, as described earlier [17]. Briefly, colon segments
(weighing approx. 30 mg) were homogenized in a hexadecyltrimethylammonium bromide
(HTAB) buffer (0.5 % HTAB in 50 mM potassium phosphate buffer, pH 6.0; 50 mg tis-
sue/mL). Homogenates were centrifuged (15 min, 13,200× g, 4 ◦C). On a 96-well plate,
200 µL of 50 mM potassium phosphate buffer (pH 6.0), supplemented with 0.167 mg/mL of
O-dianisidine hydrochloride and 0.05 µL of 1 % hydrogen peroxide, was added to 7 µL of
the supernatant. Absorbance was measured at 450 nm after 30 and 60 s (iMARK Microplate
Reader, Biorad, Hertfordshire, UK). All measurements were performed in triplicate. MPO
activity was expressed in milliunits per gram of wet tissue, 1 unit being the quantity of
enzyme able to convert 1 µmol of hydrogen peroxide to water in 1 min at room temperature.

4.7. RNA Isolation

Total RNA was isolated from snap-frozen colonic tissue obtained from the control
and experimental groups using a Total RNA Mini Plus kit (A&A Biotechnology, Gdansk,
Poland). RNA was eluted from ion-exchange columns by DEPC water (50 µL). The quality
and quantity of RNA samples were determined with a Colibri Microvolume Spectropho-
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tometer (Biocompare, San Francisco, CA, USA). The RNA was characterized with an
A260 nm/A280 nm ratio, which was in the range of 1.7–2.0.

4.8. Reverse Transcription and Real-Time RT PCR

Total RNA (2 µg) was transcribed with a cDNA using High-Capacity cDNA Re-
verse Transcriptase Kit (Life Technologies, Carlsbad, CA, USA). Quantitative analysis was
performed using fluorescently labeled TaqMan probes: Mm01291360_m1 for chitinase 1,
Mm00458221_m1 for AMCase, Mm00443258_m1 for TNF-α, Mm00434228_m1 for IL-1β,
Mm00434204_m1 for IL-13, and Mm99999915_g1 for GAPDH as endogenous control (Life
Technologies, Carlsbad, CA, USA), and a TaqMan Gene Expression Master Mix without
UNG (Life Technologies, Carlsbad, CA, USA) in accordance with manufacturer’s proto-
col on a Lightcycler 96 apparatus (Roche, Warsaw, Poland). The cycle parameters were
designed as follows: initial denaturation at 95 ◦C for 10 min, 55 cycles of sequential in-
cubations at 95 ◦C for 15 s, and at 60 ◦C for 1 min. All experiments were performed in
triplicate and the obtained results were normalized to the expression of GAPDH. The
fluorescent dye emission was a function of the cycle number. The Ct value corresponded
to the threshold cycle number at which PCR amplification reached a significant threshold.
The relative expression level was calculated as 2−∆Ct × 1000 and the results are expressed
as the number of examined mRNA copies per 1000 copies of mRNA for GAPDH.

4.9. Statistical Analysis

The statistical analysis was performed in a Prism 9 (GraphPad Software Inc., La
Jolla, CA, USA) with the use of one-way ANOVA followed by Tukey’s post hoc test.
For non-parametric analysis, the U Mann-Whitney test was used. The data with normal
distribution were presented as mean with standard error of the mean (SEM); otherwise,
median with interquartile range (IQR) was shown. Differences at p < 0.05 were considered
statistically significant.
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J.F.; writing—original draft preparation, M.M., J.W., M.M.G., J.O. and J.F.; writing—review and
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9. Mazur, M.; Zielińska, A.; Grzybowski, M.M.; Olczak, J.; Fichna, J. Chitinases and Chitinase-Like Proteins as Therapeutic Targets
in Inflammatory Diseases, with a Special Focus on Inflammatory Bowel Diseases. Int. J. Mol. Sci. 2021, 22, 6966. [CrossRef]

10. Kanneganti, M.; Kamba, A.; Mizoguchi, E. Role of chitotriosidase (Chitinase 1) under normal and disease conditions. J. Epithel.
Biol. Pharmacol. 2012, 5, 1–9. [CrossRef]

11. Cozzarini, E.; Bellin, M.; Norberto, L.; Polese, L.; Musumeci, S.; Lanfranchi, G.; Paoletti, M.G. CHIT1 and AMCase expression in
human gastric mucosa: Correlation with inflammation and Helicobacter pylori infection. Eur. J. Gastroenterol. Hepatol. 2009, 21,
1119–1126. [CrossRef]

12. Kim, L.K.; Morita, R.; Kobayashi, Y.; Eisenbarth, S.C.; Lee, C.G.; Elias, J.; Eynon, E.E.; Flavell, R.A. AMCase is a crucial regulator
of type 2 immune responses to inhaled house dust mites. Proc. Natl. Acad. Sci. USA 2015, 112, E2891–E2899. [CrossRef]

13. Zhu, Z.; Zheng, T.; Homer, R.J.; Kim, Y.K.; Chen, N.Y.; Cohn, L.; Hamid, Q.; Elias, J.A. Acidic mammalian chitinase in asthmatic
Th2 inflammation and IL-13 pathway activation. Science 2004, 304, 1678–1682. [CrossRef]

14. Rao, F.V.; Andersen, O.A.; Vora, K.A.; Demartino, J.A.; van Aalten, D.M.F. Methylxanthine drugs are chitinase inhibitors:
Investigation of inhibition and binding modes. Chem. Biol. 2005, 12, 973–980. [CrossRef]

15. Mazur, M.; Olczak, J.; Olejniczak, S.; Koralewski, R.; Czestkowski, W.; Jedrzejczak, A.; Golab, J.; Dzwonek, K.; Dymek, B.;
Sklepkiewicz, P.L.; et al. Targeting Acidic Mammalian chitinase Is Effective in Animal Model of Asthma. J. Med. Chem. 2018, 61,
695–710. [CrossRef]

16. Krzeminski, L.; Czestkowski, W.; Mazur, M.; Bartoszewicz, A.; Olejniczak, S.; Siwinska, A.; Krysztofiak, K.; Belczyk-Ciesielska,
A.; Koziel, R.; Papiernik, D.; et al. Discovery of small molecule compounds interfering with YKL-40 carbohydrate binding as
potential therapeutics for cancer. In Proceedings of the Abstracts of Papers of the American Chemical Society, San Diego, CA,
USA, 25–29 August 2019; Volume 258.

17. Zielinska, M.; Szymaszkiewicz, A.; Salaga, M.; Zatorski, H.; Wlodarczyk, J.; Jacenik, D.; Kordek, R.; Krajewska, W.M.; Misicka, A.;
Fichna, J.; et al. High activity of the endogenous opioid system and acute but not chronic stress influence experimental colitis
development in mice. J. Physiol. Pharmacol. An Off. J. Polish Physiol. Soc. 2018, 69, 769–778. [CrossRef]

18. Krajewska, J.B.; Włodarczyk, J.; Jacenik, D.; Kordek, R.; Taciak, P.; Szczepaniak, R.; Fichna, J. New Class of Anti-Inflammatory
Therapeutics Based on Gold (III) Complexes in Intestinal Inflammation-Proof of Concept Based on In Vitro and In Vivo Studies.
Int. J. Mol. Sci. 2021, 22, 3121. [CrossRef]

19. Grosso, S.; Margollicci, M.A.; Bargagli, E.; Buccoliero, R.; Perrone, A.; Galimberti, D.; Morgese, G.; Balestri, P.; Rottoli, P. Serum
levels of chitotriosidase as a marker of disease activity and clinical stage in sarcoidosis. Scand. J. Clin. Lab. Invest. 2004, 64, 57–62.
[CrossRef]

20. Létuvé, S.; Kozhich, A.; Humbles, A.; Brewah, Y.; Dombret, M.-C.; Grandsaigne, M.; Adle, H.; Kolbeck, R.; Aubier, M.; Coyle, A.J.;
et al. Lung chitinolytic activity and chitotriosidase are elevated in chronic obstructive pulmonary disease and contribute to lung
inflammation. Am. J. Pathol. 2010, 176, 638–649. [CrossRef]

21. Lee, C.G.; Herzog, E.L.; Ahangari, F.; Zhou, Y.; Gulati, M.; Lee, C.-M.; Peng, X.; Feghali-Bostwick, C.; Jimenez, S.A.; Varga, J.;
et al. Chitinase 1 Is a Biomarker for and Therapeutic Target in Scleroderma-Associated Interstitial Lung Disease That Augments
TGF-β1 Signaling. J. Immunol. 2012, 189, 2635–2644. [CrossRef]

22. Mizoguchi, E. Chitinase 3-like-1 exacerbates intestinal inflammation by enhancing bacterial adhesion and invasion in colonic
epithelial cells. Gastroenterology 2006, 130, 398–411. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ejps.2020.105550
http://www.ncbi.nlm.nih.gov/pubmed/32937210
http://doi.org/10.1016/j.pharep.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25149979
http://doi.org/10.1177/2040622319899297
http://www.ncbi.nlm.nih.gov/pubmed/32076497
http://doi.org/10.1016/S1734-1140(11)70575-8
http://doi.org/10.1053/j.gastro.2019.08.043
http://doi.org/10.1056/NEJMoa1900750
http://www.ncbi.nlm.nih.gov/pubmed/31553833
http://doi.org/10.1136/bmjopen-2019-030120
http://doi.org/10.4252/wjsc.v12.i10.1050
http://doi.org/10.3390/ijms22136966
http://doi.org/10.2174/1875044301205010001
http://doi.org/10.1097/MEG.0b013e328329742a
http://doi.org/10.1073/pnas.1507393112
http://doi.org/10.1126/science.1095336
http://doi.org/10.1016/j.chembiol.2005.07.009
http://doi.org/10.1021/acs.jmedchem.7b01051
http://doi.org/10.26402/jpp.2018.5.11
http://doi.org/10.3390/ijms22063121
http://doi.org/10.1080/00365510410004092
http://doi.org/10.2353/ajpath.2010.090455
http://doi.org/10.4049/jimmunol.1201115
http://doi.org/10.1053/j.gastro.2005.12.007
http://www.ncbi.nlm.nih.gov/pubmed/16472595


Int. J. Mol. Sci. 2022, 23, 2159 14 of 14

23. Low, D.; Tran, H.T.; Lee, I.-A.; Dreux, N.; Kamba, A.; Reinecker, H.-C.; Darfeuille-Michaud, A.; Barnich, N.; Mizoguchi, E. Chitin-
binding domains of Escherichia coli ChiA mediate interactions with intestinal epithelial cells in mice with colitis. Gastroenterology
2013, 145, 602–612.e9. [CrossRef]

24. Di Rosa, M.; Distefano, G.; Zorena, K.; Malaguarnera, L. Chitinases and immunity: Ancestral molecules with new functions.
Immunobiology 2015, 221, 399–411. [CrossRef] [PubMed]

25. Ziatabar, S.; Zepf, J.; Rich, S.; Danielson, B.T.; Bollyky, P.I.; Stern, R. Chitin, chitinases, and chitin lectins: Emerging roles in human
pathophysiology. Pathophysiology 2018, 25, 253–262. [CrossRef] [PubMed]

26. Kawada, M.; Chen, C.-C.; Arihiro, A.; Nagatani, K.; Watanabe, T.; Mizoguchi, E. Chitinase 3-like-1 enhances bacterial adhesion to
colonic epithelial cells through the interaction with bacterial chitin-binding protein. Lab. Investig. 2008, 88, 883–895. [CrossRef]
[PubMed]

27. Ohno, M.; Togashi, Y.; Tsuda, K.; Okawa, K.; Kamaya, M.; Sakaguchi, M.; Sugahara, Y.; Oyama, F. Quantification of Chitinase
mRNA Levels in Human and Mouse Tissues by Real-Time PCR: Species-Specific Expression of Acidic Mammalian Chitinase in
Stomach Tissues. PLoS ONE 2013, 8, e67399. [CrossRef] [PubMed]

28. Dymek, B.; Sklepkiewicz, P.; Mlacki, M.; Zagozdzon, A.; Koralewski, R.; Mazur, M.; Paplinska-Goryca, M.; Nejman-Gryz, P.;
Proboszcz, M.; Gorska, K.; et al. CHIT1 is a novel therapeutic target in idiopathic pulmonary fibrosis (IPF): Anti-fibrotic efficacy
of OATD-01, a potent and selective chitinase inhibitor in the mouse model of pulmonary fibrosis. Eur. Respir. J. 2018, 52, OA5361.
[CrossRef]

29. Yang, C.J.; Liu, Y.K.; Liu, C.L.; Shen, C.N.; Kuo, M.L.; Su, C.C.; Tseng, C.P.; Yen, T.C.; Shen, C.R. Inhibition of acidic mammalian
chitinase by RNA interference suppresses ovalbumin-sensitized allergic asthma. Hum. Gene Ther. 2009, 20, 1597–1606. [CrossRef]

30. Sutherland, T.E.; Andersen, O.A.; Betou, M.; Eggleston, I.M.; Maizels, R.M.; van Aalten, D.; Allen, J.E. Analyzing airway
inflammation with chemical biology: Dissection of acidic mammalian chitinase function with a selective drug-like inhibitor. Chem.
Biol. 2011, 18, 569–579. [CrossRef]

31. Cole, D.C.; Olland, A.M.; Jacob, J.; Brooks, J.; Bursavich, M.G.; Czerwinski, R.; DeClercq, C.; Johnson, M.; Joseph-McCarthy,
D.; Ellingboe, J.W.; et al. Identification and characterization of acidic mammalian chitinase inhibitors. J. Med. Chem. 2010, 53,
6122–6128. [CrossRef]

32. Andryianau, G.; Kowalski, M.; Piotrowicz, M.C.; Rajkiewicz, A.A.; Dymek, B.; Sklepkiewicz, P.L.; Pluta, E.; Stefaniak, F.;
Czestkowski, W.; Olejniczak, S.; et al. Benzoxazepine-Derived Selective, Orally Bioavailable Inhibitor of Human Acidic Mam-
malian Chitinase. ACS Med. Chem. Lett. 2020, 11, 1228–1235. [CrossRef]

33. Mazur, M.; Dymek, B.; Koralewski, R.; Sklepkiewicz, P.; Olejniczak, S.; Mazurkiewicz, M.; Piotrowicz, M.; Salamon, M.;
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