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Abstract
Serine proteases (SP) are a defense mechanism for neutrophil, induce recruitment and activation of immune
cell, cytokine production and degradation of the extracellular matrix. However, the deregulated activity of SP
or their inhibitors can lead to the development of inflammatory diseases. Natural inhibitors of serine
proteases (iSP) modulate inflammation and can be found in the Fabaceae family. Inga laurina, for exemple, is
a species that has an iSP (ILTi) in its seeds.

To evaluate the anti-inflammatory and antinociceptive response of a protease inhibitor purified of Inga laurina
seeds (ILTi). Leukocyte infiltrate, mast cell degranulation, paw edema, writhing abdominal, formalin and
determination of cytokines levels were the assays realized. Male Swiss mice, 18-25g, were distributed in the
groups: Saline (10 mL/kg); Dexamethasone (0.5 mg/kg); ILTi (0.3; 3 or 30 mg/kg); Dipyrone (500 mg/kg), in
the writhing abdominal assay and Morphine (5 mg/kg), in the formalin test. Cytokine levels were determined
by flow cytometry. The results showed that ILTi (0.3 mg/kg) reduced the total leukocytes (64.5%) and
polymorphonuclear cell infiltrate (74%), mast cell degranulation (30.2 ± 3.2%) and inhibit paw edema in all
times at the doses 3 and 30 mg/kg. In addition, ILTi reduced IL-6 (35.6%) and TNF (79.2%) levels. In
antinociceptive evaluation ILTi reduced abdominal writhing (56.4%) and paw licking time at the both phases
(neurogenic, 43.2%; inflammatory, 23. 4%). ILTi has anti-inflammatory and antinociceptive effects probably
due to inhibition of inflammatory proteases or blocking the activation of protease-activated receptors.

Introduction
Serine proteases (SP) are enzymes that regulate various pathophysiological processes (Soualmia and el
Amri 2018). Their proteolytic action is as a defense mechanism for neutrophils. SP are involved in the
formation of extracellular traps (NETs) utilized for pathogen capture (Huang and Li 2020). However, an
imbalance between SP and their natural inhibitors can lead to the development of inflammatory diseases
(Soualmia and el Amri 2018).

Natural serine protease inhibitors (iSP) have been targeted for the development of drugs with potential
therapeutic applications in treatment cardiovascular disorders, chronic inflammation, Alzheimer’s disease
and cancer (Burster et al. 2021; Coppinger et al. 2024). Inhibitors from the Kunitz family act by inhibiting the
active site of the enzyme through non-covalent binding, thus regulating protease activity (Ranasinghe and
McManus, 2013).

These inhibitors are found in various plants, particularly in legumes belonging to the Fabaceae family
(Shamsi; Parveen; Fatima, 2016; Rodríguez-Sifuentes et al. 2020). Some of these compounds have
demonstrated the ability to modulate inflammation by inhibiting the activity of proteases involved in this
process (Shigetomi et al. 2010; Wittenauer et al. 2015; Bacha et al. 2017). Species from the genus Inga,
representatives of the Fabaceae family, exhibit anti-inflammatory (Machado 2013; Shamsi 2018), antioxidant
(Luís et al. 2010; Maziero et al. 2020), antiparasitic (Lima et al. 2020), fungicide (Pereira et al. 2024),
microbicide (Macedo et al. 2016; Jin et al. 2024), anticancer (Carneiro et al. 2018; Kakali 2024), and
insecticide (Machado et al. 2017) activities.
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Among these species, Inga laurina, commonly known as white inga, is found in the cerrado and is primarily
recognized for its insecticidal effect, attributed to the presence of an iSP in its seeds, classified as a trypsin
inhibitor known as ILTi (Inga laurina trypsin inhibitor) (Macedo et al. 2007). Therefore, this study aimed to
evaluate the anti-inflammatory and antinociceptive responses of the trypsin inhibitor purified from I. laurina
seeds (ILTi) in mice.

Material and methods
Plant material

The Inga laurina trypsin inhibitor (ILTi) was obtained from Inga laurina seeds in the city of Campo Grande,
Mato Grosso do Sul, Brazil (20°29'49“S 54°36'47”W) and purified at the Laboratory for the Purification of
Proteins and their Biological Functions-LPPFB/ UFMS. Access to the genetic heritage was registered in the
National System for the Management of Genetic Heritage and Associated Traditional Knowledge (SISGEN),
under number A315278.

Inga laurina Trypsin inhibitor (ILTi) purification

ILTi was purified as previously described (Macedo et al. 2007). A crude extract of I. laurina (ILCE) was
obtained by extraction with 100 mM phosphate buffer (pH 7.6). After, ILCE has been centrifuged at 7500g for
30 min, followed by ammonium sulphate precipitation into three fractions: 30%, 60% and 80% saturation. The
fraction with the highest inhibitory activity (30–60%) was selected for purification by ion-exchange
chromatography on HiTrap Q Sepharose column equilibrated with Tris–HCl (20 mM, pH 8.0) and eluted with
bugger containing NaCl (0–1M).

Animals

Male swiss mice (18–25g) were used in the experiments. There animals were supplied by the Federal
University of Mato Grosso do Sul (UFMS), maintained in a room under standard conditions, at temperature of
22 ± 2ºC, light cycle (12/12 h light/dark) and controlled humidity, with access to food and water. Experiments
were approved by UFMS Animal Ethics Committee (protocol number 1225/2022) and were according with
National Institutes of Health (NIH, 2024) regulations on the use animals for scientific assays.

Experimental design

Animals were pretreated with sterile saline (0.9% NaCl), ILTi (0.3, 3 or 30 mg/kg) for the leukocyte infiltrate
and 0.3 mg/kg for the others assays, or the standard drug, subcutaneously (s.c.; 200 µL) 30 min before the
injection of the inflammatory stimuli. Dexamethasone (1 mg/kg; Ache®, 4mg/mL), dipyrone (500 mg/kg;
Farmace®, 500 mg/mL) or morphine (2 mg/kg; Cristália®, 10 mg/mL) were used as the standard drug (anti-
inflammatory or analgesic) diluted in sterile saline. The saline group was pretreated with sterile 0.9% NaCl
(s.c.; 200 µL) and 30 min later the animals received sterile 0.9% NaCl as stimuli. For euthanasia, anesthetic
overdose (Xylazine 2%, Syntec®; Ketamyne 10%, Syntec®; Xilazine:Ketamyne, 1:2) was used.

Anti-inflammatory evaluation
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Leukocyte infiltrate into the peritoneal cavity

Inflammation was induced via intraperitoneal (i.p.) injection of 1% carrageenan (500 µL; Sigma Aldrich®).
Four hours later, the cell from the euthanized animals were harvested with 3 mL of phosphate-buffered saline
(PBS) and heparin (10 U/mL; Basel Switzerland). Total leukocyte counts were determined using a Neubauer
chamber with Turk’s solution (0.2% crystal violet in 30% acetic acid). For differential counts, exudates were
centrifuged (1000 rpm/8 min), supernatants stored at − 20°C for cytokine analysis and cell pellets
resuspended in 3% bovine serum albumin (200 µL; Prothermo®). Cells were stained with Hema3®
(NewProv®) and classified as polymorphonuclear (PMN) or mononuclear (Souza and Ferreira 1985). Data
were expressed as cells/mm³.

Mast cell degranulation

Mast cell degranulation in mice was induced by i.p. administration of compound 48/80 (1 µg/mL, 500 µL;
Sigma Aldrich®), while control group received saline solution. After 30 minutes, mesenteries were removed,
washed with PBS and fixed in 4% paraformaldehyde for 2 hours. Slides were mounted with the tissues,
stained with Hema3®. Degranulation was determined by granule dispersion, with mast cells exhibiting ≥ 10
extruded granules classified as degranulated and examined under light microscopy (Galvão-Nascimento et
al. 2010). Results were expressed as the percentage of degranulated cells per 100 counted.

Paw edema

Paw edema was induced via intraplantar injection of 1% carrageenan (40 µL) into the right hind paw, while
the contralateral paw was injected with saline solution (40 µL) as a control. Edema volume was measured at
30, 60, 120, and 240 minutes after injection using a digital plethysmometer (Insight®). Edema was calculated
as the difference between the volumes of the control and stimulated paws (Winter et al. 1962). Data were
presented as mL and percentage inhibition relative to controls.

Determination of cytokines levels in peritoneal cavity

Levels of interleukin-6 (IL-6), interleukin-10 (IL-10), monocyte chemoattractant protein-1 (MCP-1), and tumor
necrosis factor (TNF) were quantified in peritoneal exudates collected 4 hours after carrageenan injection.
Supernatants from centrifuged samples were analyzed using a flow cytometry (CBA; BD Biosciences®).
Cytokines concentrations were expressed as pg/mL.

Antinociceptive evaluation

Abdominal writhing

Abdominal writhing was performed via i.p. injection of 0.6% acetic acid (500 µL, Vetec®) in according Koster
et al., 1959. The total number of writhings was recorded over 30 minutes after injection.

Formalin test

Nociception was evaluated by intraplantar injection of 1.2% formalin (Neon®, 40 µL) into the right hind paw.
Paw licking duration was recorded in two phases: 0–5 minutes (neurogenic pain) and 15–30 minutes
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(inflammatory pain) (Hunskaar et al. 1985). Data were expressed as seconds of licking.

Statistical analysis
The results were expressed as mean ± standard error of the mean (SEM). Statistical significance was
determined using one-way or two-away ANOVA followed by Bonferroni’s post test (GraphPad Prism 5, USA).
A p-value < 0.05 was considered significant.

Results
Anti-inflammatory activities of ILTi

Effect of ILTi on leukocyte infiltrate into the peritoneal cavity

The infiltrate of leukocytes induced by carrageenan (4863.0 ± 995.3 cells/mm3) increased when compared to

saline (1425.0 ± 222.2 cell/mm3). ILTi pretreatment inhibited carrageenan induced leukocyte infiltrate into
mice peritoneal cavity (Fig. 1a) at 0.3 mg/kg in 64.5% (1725.0 ± 92.4 cell/mm3), at 3 mg/kg in 34.3% (3188.0
± 629.9 cell/mm3) and at 30 mg/kg in 36.8% (3075.0 ± 385.4 cell/mm3). However, there was not difference
as doses. Therefore, dexamethasone (0.5 mg/kg) reduced leukocyte influx in 50.4% (2413.0 ± 611.1
cell/mm3). ILTi pretreatment (0.3 mg/kg) decreased the polymorphonuclear cells infiltrate (Fig. 1b) in 74.0%
(394.8 ± 128.0 PMN/mm3) when compared to control (1517.0 ± 182.0 cell/mm3). But at 3 mg/kg (664.8 ±
70.45 PMN/mm3) and at 30 mg/ kg (409.3 ± 43.7 PMN/mm3) this effect was not observed. Dexamethasone
reduced PMN recruitment in 42.1% (877.8 ± 277.6 PMN/mm3). Regarding mononuclear cells, the treatment

with ILiT in all doses (0.3 mg/kg, 1330.0 ± 140.0 MN/mm3; 3 mg/kg, 2523.0 ± 581.2 MN/mm3; 30 mg/kg,
2666.0 ± 348.8 MN/mm3) and dexamethasone (1535.0 ± 437.4 MN/mm3) were not inhibited their
recruitment.

Effect of ILTi on peritoneal mast cell degranulation 

Fig. 2 shows the mast cell degranulation. Compound 48/80 induced degranulation (42.6 ± 4.0%) when
compared to the negative control group (19.3 ± 0.7%). The treatment with dexamethasone reduced mast cell
degranulation in 21 ± 2.3 %. ILTi inhibit this effect at all doses (0.3 mg/kg, 30.2 ± 3.2%; 3 mg/kg, 23.0 ± 2.7%;
30 mg/kg, 20.6 ± 3.2%).

Effect of ILTi on paw edema 

ILTi pretreatment inhibited paw edema induced by carrageenan in mice (Table 1). ILTi (0.3 mg/kg) dit not
reduced paw edema at all times observed. This effect was observed at doses 3 mg/kg at all times and 30
mg/kg until 120 minutes.

Table 1

Effects of the inhibitor from Inga laurina seeds (ILTi) on carrageenan induced mice paw edema.
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Group Dose

(mg/Kg)

Paw edema (mL) and % inhibition

  % 30 min % 60 min % 120 min % 240
min

%

Saline -   - 0.045 ±
0.015

- 0.047 ±
0.007

- 0.047 ±
0.007

- 0.045 ±
0.004

-

Dexamethasone 0.5   - 0.025 ±
0.002**

44 0.025 ±
0.002**

47 0.020 ±
0.003***

57 0.022 ±
0.004**

51

ILTi 0.3   - 0.045 ±
0.008

- 0.047 ±
0.006

- 0.045 ±
0.002

4 0.038 ±
0.005

16

ILTi 3   - 0.027 ±
0.007*

40 0.027 ±
0.007**

43 0.018 ±
0.004***

62 0.022 ±
0.003**

51

ILTi 30   - 0.022 ±
0.005**

51 0.025 ±
0.006**

47 0.020 ±
0.004***

57 0.040 ±
0.003

11

Animals were pretreated with saline (0.9% NaCl, vehicle), dexamethasone or ILTi, subcutaneously (s.c.; 200
μL), 30 min before intraplantar injection of carrageenan (1%, 40 μL) in the right hind paw. Sterile saline (0.9%
NaCl) was injected into the left hind paw. Values represent the mean ± SEM (n = 4) of edema (mL) difference
between right and left paws. Two-way ANOVA followed by Bonferroni test. * p < 0.05, ** p < 0.01, *** p <
0.001, compared to the negative control group (saline).

Effect of ILTi on cytokines concentration

ILTi reduced IL-6 and TNF concentration into mice peritoneal cavity (Fig. 3) in 35.6% (7228.0 ± 887.1 pg/mL)
and 79.2% (229.2 ± 25.9 pg/mL), respectively, compared to control (11224.0 ± 701.9 pg/mL, IL-6; 1104.0 ±
164.2 pg/mL, TNF). For IL-10 and MCP this effect was not observed. The treatment with dexamethasone also
reduced IL-6 (76.2%; 2672.0 ± 809.7 pg/mL) and TNF (91.5%; 93.3 ± 27.1 pg/mL) concentration.

Antinociceptive activities of ILTi 

Effect of ILTi on abdominal writhing 

Fig. 4 shows the number of writhings induced by acetic acid. ILTi (0.3 mg/kg) inhibited writhing response in
56.4% (52.8 ± 10.5 writhings) compared to control (121.0 ± 11.1 writhings). Dipyrone pretreatment (500
mg/kg) decreased the number of writhings by 95.9% (5.0 ± 0.0 writhings). 

Effect of ILTi on the formalin induced paw licking 

The ILTi (0.3 mg/kg) reduced the paw licking response (43.2%, 40.5 ± 5.7 s) when compared to the group
without treatment (71.3 ± 1.3 s) at first phase (Fig. 5a). Morphine (65.4%, 24.7 ± 5.4 s) and dipyrone (100%)
reduced licking response. At the second phase (Fig. 5b), morphine (77.1%, 55.7 ± 16.8 s) and dipyrone
(100%) reduced paw licking time. ILTi (23.4%, 187.0 ± 6.7 s) was effective when compared to the group
without treatment (244.0 ± 10.8 s).

Discussion
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SPs are enzymes that act in the acute inflammatory response by recruitment leukocytes, production of
cytokines and formation of NETs (Soualmia and El Amri 2018; Huang and Li 2020). However, it can cause
tissue damage and prolonged inflammation when in excess (Hidalgo et al. 2022). This has driven the search
for natural inhibitors of SPs (Sananes et al. 2023; Kontoh-Twumasi et al. 2024), such as those found in
species of the Fabaceae family, known for their anti-inflammatory and analgesic effects (Carvalho et al.
2023; Paulo-Pereira et al. 2012; Ferreira et al. 2019).

Our results showed that ILTi reduced the leukocyte infiltrate into the peritoneal cavity of mice, as well as the
number of PMN, predominant cells in the acute inflammatory response. In accordance with this results, in
another study conducted by our research group, an inhibitor obtained from Libidibia Ferrea (LfTI) reduced
carrageenan-induced total leukocyte and PMN influx (Carvalho et al. 2023). Furthermore, another Kunitz-type
inhibitor, from Schistosoma mansoni (Sm KI-1) decreased neutrophil migration into the pleural cavity of mice
in response to carrageenan (Morais et al. 2018). PMN are immune response cells that play a defense role in
cases of infection or tissue damage by recognizing the inflammatory stimulus through toll-like receptors
(TLR) (Jain; Pandey; Shukla 2015; Oishi and Manabe 2018). For this, they release the contents of their
granules, such as proteases, enzymes that remodel the extracellular matrix (ECM). One example is neutrophil
elastase, which at high levels degrades ECM components such as collagen and the intercellular junctions of
the endothelium, facilitating cell migration and exudate in the inflamed tissue (Zhu et al. 2021; Morales-Primo
et al. 2022). In acute inflammation, the ECM fragments generated by the action of elastase act as damage-
associated molecular patterns (DAMPs), are recognized by immune cells via TLR receptors and activate the
synthesis of cytokines, which amplify the inflammatory response (Zhu et al. 2021).

A possible explanation for the results found regarding leukocyte infiltrate is the binding of ILTi to neutrophil
proteases, especially elastase, an enzyme involved in the degradation of ECM, the migration of cells to the
focus of inflammation and the production of pro-inflammatory cytokines.

Following to mast cell degranulation, we observed that ILTi reduced this effect. These are granular and
resident cells that initiate allergic and inflammatory responses by inducing vasodilation, increased vascular
permeability and cell infiltrate (Elieh Ali Komi et al. 2020).

Mast cells express various receptors, which are activated by specific substances as FcεR and FcγR that are
stimulated by immunoglobulins; TLR bind to antigens, CR to complement factors, HR to histamine and CXCR
to chemokines; ILR, TGFβR and INFγR respond to interleukins, TGFβ and INFγ, respectively; while P2X and
EP2 are activated by ATP and prostaglandin E₂ (PGE₂) during degranulation (Sabato et al. 2021; Haque and
Frischmeyer-Guerrerio 2022; Schulman et al. 2023).

The interaction between these receptors and their ligands triggers the phosphorylation of intracellular protein
residues, which ends in degranulation, leading to the secretion of proteases such as chymase, tryptase and
metalloprotease and vasoactive substances, for example, serotonin and histamine (Haque e Frischmeyer-
Guerrerio, 2022). Furthermore, mast cells release newly formed lipid mediators, including platelet
aggregation factor (PAF), prostaglandin (PG), like PGE2 and leukotrienes (LT), mainly LTB4 and LTD4, which
positively modulate the inflammatory response (Elieh Ali Komi; Rambasek; Wöhrl 2018; Elieh Ali Komi et al.
2020).
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In addition, mast cells, neutrophils and endothelial cells have protease-activated receptors on their surface,
called PARs. These can be cleaved by endogenous proteases, such as thrombin and trypsin, or exogenous
proteases, such as proteases from microorganisms. Thus, they trigger G protein-mediated intracellular
signaling and are irreversibly activated (Heuberger and Schuepbach 2019). The PAR1 receptor is present on
platelets and endothelial cells. Its cleavage by thrombin results in platelet aggregation and PAR1 activation
on endothelial cells results in secretion of IL-1, IL-6, TNF and cell adhesion molecules, like intracellular
adhesion molecule 1 (ICAM-1) and adhesion molecule vascular cell adhesion molecule 1 (VCAM-1) (Peach et
al. 2023).The PAR2 receptor is expressed in the stomach, small intestine, gallbladder and inflammation, is

mainly activated by trypsin and is related to nociceptor sensitization (Heuberger and Schuepbach 2019;
Peach et al. 2023). Finally, receptor 3 is a regulator of the other PARs and PAR4 is cleaved by thrombin and
trypsin, mediating platelet responses (Peach et al. 2023).

The SP promotes leukocyte migration by degrading the ECM (Zhu et al. 2021; Morales-Primo et al. 2022) or
by activating PAR receptor (Heuberger; Schuepbach 2019), suggesting that ILTi may inhibit proteases
released from mast cells and neutrophils, which are responsible for the formation of DAMPs and the
degranulation of more leukocyte granules. Furthermore, ILTi can block PAR receptors, like PAR1 and PAR2,
present in mast cell and neutrophil. This receptors, when activated, lead to degranulation of these cells and
secretion of IL-6 and TNF (Ramachandran et al. 2012; Peach et al. 2023), effects whose reduction was
observed in our study.

Therefore, the serine proteases released by mast cell degranulation not only degrades ECM components,
generating DAMPs, which are a stimulus for leukocyte recruitment and inflammatory response amplification
(Zhu et al. 2021), but also cleave PAR2 receptors in inflammatory cells and induce nociception (Peach et al.
2023). Physiological serine protease inhibitors, such as the leukocyte protease inhibitor present in
secretions, are capable of blocking the action of proteases whose degranulation is mediated by IgE, via FcεR
(Kwiecinska et al. 2023). The inhibition of leukocyte degranulation by natural serine protease inhibitors has
been previously described (Carvalho et al. 2023; Buster et al. 2021). A protease inhibitor isolated from tick
saliva attenuates inflammation by inhibiting mast cell chymases and neutrophil cathepsin G, enzymes
released by degranulation, which modulate the influx of leukocytes (Fu et al. 2021). The activation of PAR2

and PAR4 by trypsin or tryptase increases leukocyte degranulation, leading to the release of pro-inflammatory

mediators, like PGE2 and cytokines (Heuberger; Schuepbach 2019).

In edematogenic activity of ILTi, the results showed that the inhibitor was effective in reducing edema at
superior doses. A Kunitz-type inhibitor isolated from the seeds of Enterolobium Contortisiliquum reduced
paw edema induced by Crotalus durissus terrificus venom (Costa et al. 2023). Similarly, Carvalho et al.
(2023) evaluated the effect of a protease inhibitor obtained from the seeds of Libidibia ferrea and confirmed
this activity.

Cg-induced paw edema consists of two phases, the first is mediated mainly by histamine, serotonin and
bradykinin from mast cells (30–60 minutes) and the second involves the participation of PGE2 and NO (after
60 minutes) (Di Rosa; Giroud; Willoughby 1971; Mehrzadi et al. 2021), whose increase derives from STAT3
and NF-κB activation by carrageenan (Mehrzadi et al. 2021). Histamine, serotonin and bradykinin are
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released from pre-formed mast cell granules, promoting vasodilation in initial phase, which favors the
migration of neutrophils to the inflamed site (Elieh Ali Komi; Rambasek; Wöhrl 2018). At the site of
inflammation, the leukocytes initiate the synthesis of PGE2, a majority product of COX-2, after the first hour
(Claudino et al. 2006).

ILTi was effective in reducing edema in both phases. Confirming this result, the inhibitor reduced mast cell
degranulation, which involves the release of vasoactive mediators in the first phase, such as histamine,
serotonin and bradykinin (Elieh Ali Komi; Rambasek; Wöhrl 2018). The explanation for these results is that
ILTi may be blocking intracellular serine proteases, such as mast cell tyrptase, or signaling pathways that
lead to the release of granules, thus reducing the secretion of vasoactive mediators. This effect can be
confirmed by the lower mast cell degranulation in treated animals with ILTi. Moreover, edema in the second
phase (after 60 minutes) was also reduced, suggesting that the inhibitor acts on the PG pathway. Possible
mechanisms of action include blocking the COX-2 enzyme or some stage of STAT3 signaling pathway, which
results in the production of this mediator (Mehrzadi et al. 2021).

In addition, edema in rodents can be modulated by administration of PAR receptor agonists and antagonists,
demonstrating the participation of these receptors in this event (Suen et al. 2012; Peach et al. 2023). The
cleavage of PAR2 receptors on inflammatory cells leads to the release of PGE2 and cytokines (Heuberger;
Schuepbach, 2019). PGE2 is a substance produced by the COX-2 enzyme from arachidonic acid, whose

function is to increase the vasodilation, induce fever and sensitize nociceptors to the stimulation of algesic
substances, such as bradykinin (Calder 2020).

SPs released during the inflammatory response can stimulate the production of cytokines such as IL-6,
interleukin 1 beta (IL-1β) and TNF (Caughey 2016; Heuberger; Schuepbach 2019). This occurs through the
cleavage of G-protein-coupled PAR receptors, which activates the NFκB and MAPKs (JNK/p38) signaling
pathways, regulating the transcription of pro-inflammatory genes (Nennig and Schank 2017; Ren et al. 2023).
In the present study, ILTi inhibited the concentration of IL-6 and TNF in the peritoneal exudate of mice
injected with carrageenan. Corroborating our results, Silva et al. (2023) evaluated the anti-inflammatory
efficacy of a kallikrein inhibitor isolated from Bauhinia bauhinioides in an experimental asthma model and
observed a reduction inflammatory mediators in the alveolar fluid and in the leukocyte infiltrate, including IL-6
and TNF. Rajegowda and SnehaRani (2023) observed the decrease in the release of inflammatory mediators
(NO, IL-6, TNF) and on the activity of elastase (NE) in macrophage cell of a protease inhibitor isolated from
the seeds of Caesalpinia decapetala (CdTI), a species belonging to the same family as ILTi. Therefore, lower
levels of nuclear factor kappa B (NFkB) and inducible nitric oxide synthase (iNOS) were observed in animals
treated with this inhibitor.

NFkB is a transcription factor for the production of cytokines production (Nennig and Schank 2017). DAMPs
from ECM degradation by SPs are detected by macrophage toll-like receptors and activate the NFkB
phosphorylation, leading to the synthesis of proinflammatory cytokines (Mitchell, Vargas and Hoffmann
2016). In addition, activation of PAR2 by proteases induces TNF/IL-6 synthesis by this same pathway
(Ramachandran et al. 2012). Thus, ILTi may have prevented NFkB activation by binding to the SP and
reducing the formation of DAMPs or may have impeded PAR2 activation, resulting in lower cytokine
production.
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However, ILTi did not reduce IL-10 and MCP-1 and levels. IL-10 is a cytokine secreted by activated
macrophages that regulates the expression of pro-inflammatory cytokines, preventing tissue damage as a
result of an exacerbated defense cell response (Ouyang et al. 2011). MCP-1 is regulated via PPAR-γ and
activated by IL-10 (via STAT3) in response to TLR3/TLR4 activation in macrophages. Its function to stimulate
the migration and differentiation of monocytes (Zhang et al. 2018; Singh, Anshita and Ravichandiran 2021).
Corroborating, ILTi also did not change MN migration (data not shown).

Thus, it is possible that ILTi acts on NF-κB/MAPK dependent pathways that increase TNF and IL-6 and does
not interfere with compensatory (MCP-1) or anti-inflammatory (IL-10) mechanisms. This is positive for a
therapeutic profile, as maintaining the synthesis of IL-10 and MCP-1 can prevent excessive
immunosuppression.

The results of the nociception showed that ILTi has antinociceptive andantihyperalgesic properties. The
induction of nociception by acetic acid promotes an increase in the concentration of prostaglandins in the
peritoneal cavity of mice and the activation of mast cells by trypsin, via PAR2 receptors, contribute to the
production of PGE2 (Ribeiro et al. 2000; Heuberger and Schuepbach 2019). Moreover, the elastase secreted
by neutrophils activates PAR2 receptors, which results in the conversion of AA into prostaglandins (Muley et

al. 2016). This effect can be reversed with the administration of PAR2 antagonists as demonstrated by Zhao
et al. (2015). The cleavage of PAR2 by elastase activates transient receptor potentials (TPRs) in sensory
neurons, which process the effects of prostaglandins, histamine, serotonin and bradykinin and lead to the
detection of pain (Sun et al. 2020).

Therefore, ILTi might interacted with neutrophil elastase, preventing the activation or the cleavage of PAR2

resulting in less activation of nociceptors through TPR and decreased pain signaling. In addition, the
decrease in degranulation of mast cells and neutrophils by ILTi may have contributed to the reduced release
of algesic mediators such as histamine, serotonin and bradykinin.

In the formalin test, a reduction in paw licking time was observed in both phases of the experiment. Carvalho
et al. (2023) reported similar results when evaluating the antinociceptive potential of LfTI. The explanation
given for these results was the possible blockade of PAR3 receptors or a decrease in substance P, a
neuropeptide that activates nociceptors and is produced via activation of PARs.Thus, Clark et al. (2007)
described a cathepsin S inhibitor with anti-hyperalgesic and antinociceptive effects in neuropathic pain
models. Zhao et al. (2014) observed that this same protease exerts pro-inflammatory and nociceptive effects
via PAR2 activation.

In our study, ILTi showed efficacy in phase I of formalin, which can be attributed to the blocking of proteases.
This prevents the action of SP on the PAR receptors of pain fibres, since these receptors, mainly PAR1, PAR2

and PAR4, increase nociceptor sensitization when activated by proteases (Ribeiro et al. 2000; Heuberger and
Schuepbach 2019). This can occur in the presence of inflammatory mediators, such as PGE2 (Calder, 2020)
or pro-nociceptive peptides, such as substance P and CGRP, released from nerve terminals (Merighi 2024).
Thus, the possible blockade of PAR receptors by ILTi may have contributed to the reduction in pain
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perception induced by formalin. Similarly, blocking the PAR3 of nociceptive fibres can reduce the release of
neurotransmitters, and decrease the sensitization of nociceptive fibres (Bunnet 2006).

In the inflammatory phase of the formalin test (phase II), the results corroborate those obtained in the
abdominal writhing model, given that the mediators involved are similar (Carvalho et al., 2023). In this
context, it is possible that ILTi mechanism of action is related to reducing leukocyte degranulation,
considering that mediators present in mast cell and neutrophil granules, such as, histamine, serotonin and
bradykinin, are responsible for activating nociceptors, while PG, pre-formed or synthesized by COX during
inflammation, sensitive the nerve fibers (Caughey 2016).

Nociceptors are constituted of type Aσ or C fibers, myelinated or unmyelinated, respectively. Type Aσ fibers
conduct acute and rapid pain, while C fibers conduct moderate and persistent pain (Feng 2025). These fibers
respond immediately to any irritation or local stimulus and after this first interpretation, there is the central
signaling that will lead to the inflammatory response and the release of neurotransmitters.

In addition, formalin activates TRP in sensory neurons, causing pain (Pereira 2014) and the cleavage of PAR
receptors by SP causes a similar effect (Heuberger and Schuepbach 2019). Therefore, ILTi may have
prevented the cleavage of PARs by SP, decreasing the degranulation of mast cells and neutrophils and the
release of algesic substances from their granules. This effect, particularly on PAR2 and PAR4 receptors, may
decrease signaling for the release of cytokines and prostaglandins, as well as reducing leukocyte
degranulation (Heuberger and Schuepbach 2019). Thus, the involvement of substances responsible for the
direct activation of nociceptors or for reducing the pain threshold is reduced.

Conclusion
This study showed that ILTi has anti-inflammatory and antinociceptive effects. Our results suggest that these
effects may be associated with the inhibition of inflammatory proteases by prevention of the cleavage of PAR
receptors, whose activation leads to the degranulation of mast cells and neutrophils, the production of pro-
inflammatory cytokines and PGE2 and nociception. This possible mechanism is promising and because it is
different from the inhibition of PGE2 synthesis promoted by conventional anti-inflammatory drugs, which
block COX-2 leading to the traditional side effects known.

Abbreviations
ILTi
Inga laurina trypsin inhibitor
SP
Serine proteases
iSP
Inhibitors of serine proteases
NETs
Neutrophil extracellular traps
PMN



Page 13/27

Polymorphonuclear cells
MN
Mononuclear cells
ECM
Extracellular matrix
DAMPs
Damage associated molecular patterns
TLR
Toll–like receptors
PARs
Protease activated receptors
PGE₂
Prostaglandin E₂
LT
Leukotrienes
PAF
Platelet aggregation factor
ICAM
1–Intracellular adhesion molecule 1
VCAM
1–Vascular cell adhesion molecule 1
COX
2–Cyclooxygenase–2
NF
κB–Nuclear factor kappa B
MAPKs
Mitogen activated protein kinases
JNK
c–Jun N–terminal kinase
iNOS
Inducible nitric oxide synthase
STAT3
Signal transducer and activator of transcription 3
PPAR
γ–Peroxisome proliferator activated receptor gamma
TRP
Transient receptor potential
CGRP
Calcitonin gene related peptide
CBA
Cytometric bead array
PBS



Page 14/27

Phosphate buffered saline
IL
6–Interleukin–6
IL
10–Interleukin–10
TNF
Tumor necrosis factor
MCP
1–Monocyte chemoattractant protein–1
UFMS
Federal University of Mato Grosso do Sul
SISGEN
National System for the Management of Genetic Heritage and Associated Traditional Knowledge
NIH
National Institutes of Health
SEM
Standard error of the mean
ANOVA
Analysis of variance

Declarations
Author contributions 

AS, WM and SA performed the experimental work. WY and Alamgeer designed the study, MNHM helped for
qPCR study. MZH and JU helped in molecular docking studies. AMU and UHS write the initial draft that was
further fnalized by KSL. ANH, FARL and AGJ writing, reviewing and editing the original draft. All authors read
and approved the fnal manuscript.

Acknowledgment

The authors are grateful to the research funding agencies: CNPq (Conselho Nacional de Desenvolvimento
Científico e Tecnológico), Fundect (Fundação de Apoio ao Desenvolvimento do Ensino, Ciência e Tecnologia
do Estado de Mato Grosso do Sul) and FINEP (Financiadora de Estudos e Projetos). Author A.B. has received
research support from 

Declarations conflict of interest 

The authors declare that they have no financial interest or non-fnancial interests to disclose.

Ethical approval 

Experiments were approved by UFMS Animal Ethics Committee (protocol number 1225/2022) and were
according with National Institutes of Health regulations on the use animals for scientific assays.



Page 15/27

Data availability statement

All data are available in this publication.

References
1. Bacha, A.B., Jemel, I., Moubayed, N.M., Abdelmalek, I.B., 2017. Purification and characterization of a

newly serine protease inhibitor from Rhamnus frangula with potential for use as a therapeutic drug. 3
Biotech. 7(2), 148. https://doi.org/10.1007/s13205-017-0764-z.

2. Bunnett N.W. 2006. Protease-activated receptors: how proteases signal to cells to cause inflammation
and pain. Seminars in Thrombosis and Hemostasis. 32 Suppl 1. 39–48. https://doi.org/10.1055/s-2006-
939553.

3. Burster, T., Mustafa, Z., Myrzakhmetova, D., Zhanapiya, A., Zimecki, M., 2021. Hindrance of the proteolytic
activity of neutrophil-derived serine proteases by serine protease inhibitors as a management of
cardiovascular diseases and chronic inflammation. Frontiers in chemistry. 9, 784003.
https://doi.org/10.3389/fchem.2021.784003.

4. Calder P.C. 2020. Eicosanoids. Essays in Biochemistry. 64(3), 423–441.
https://doi.org/10.1042/EBC20190083.

5. Carneiro, F.C., Weber, S.S., Silva, O.N., Jacobowski, A.C., Ramada, M.H., Macedo, M.L., Franco, O.L.,
Parachin, N.S., 2018. Recombinant Inga laurina trypsin inhibitor (ILTI) production in Komagataella phaffii
confirms its potential anti-biofilm effect and reveals an anti-tumoral activity. Microorganisms. 6(2), 37.
https://doi.org/10.3390/microorganisms6020037.

6. Carvalho, R., Bonfá, I.S., de Araújo, J.A.I., Pando, S.C., Toffoli-Kadri, M.C., 2023. Protease inhibitor from
Libidibia ferrea seeds attenuates inflammatory and nociceptive responses in mice. Journal of
Ethnopharmacology. 300, 115694. https://doi.org/10.1016/j.jep.2022.115694.

7. Caughey, G. 2016. Mast cell proteases as pharmacological targets. European Journal of Pharmacology.
778, 44–55. https://doi.org/10.1016/j.ejphar.2015.04.045.

8. Chen, S., Wang, M., Lu, T., Liu, Y., Hong, W., He, X., Zhang, L., Li, Y., Wei, X. 2023. JMJD6 in tumor-
associated macrophage regulates macrophage polarization and cancer progression via STAT3/IL-10
axis. Oncogene. 42(37), 2737–2750. https://doi.org/10.1038/s41388-023-02781-9.

9. Clark, A.K., Yip, P.K., Grist, J., Gentry, C., Staniland, A.A., Marchand, F., Malcangio, M. 2007. Inhibition of
spinal microglial cathepsin S for the reversal of neuropathic pain. Proceedings of the National Academy
of Sciences. 104(25). 10655–10660. https://doi.org/10.1073/pnas.0610811104

10. Coppinger, C., Pomales, B., Movahed, M.R., Marefat, M., Hashemzadeh, M., 2024. Berberine: A multi-
target natural PCSK9 inhibitor with the potential to treat diabetes, Alzheimer’s, cancer and cardiovascular
disease. Current Reviews in Clinical and Experimental Pharmacology. 19(4), 312–326.
https://doi.org/10.2174/0127724328250471231222094648.

11. Costa, C.R., Costa, E.A., Oliveira, P.H., Santana, A., Alves, R.C., Souza, T.L., Gomes, A.N., Lima, T.C.,
Gadelha, F.R., Silva, A.V., Viana, G.S., Pinto, A.F., Feitosa, C.M., Costa, A.C. 2023. The first anti-snakebite
and hepatoprotective characterization of a trypsin Kunitz-like inhibitor (EcTI) from the plant



Page 16/27

Enterolobium contortisiliquum: A case of two soul mates meeting. Pharmaceuticals. 16(4), 632.
https://doi.org/10.3390/ph16040632.

12. Di Rosa, M.L., Giroud, J.P., Willoughby, D.A., 1971. Studies of the mediators of the acute inflammatory
response induced in rats in different sites by carrageenan and turpentine. The Journal of pathology.
104(1), 15–29. https://doi.org/10.1002/path.1711040103.

13. Elieh Ali Komi, D., Wöhrl, S., Bielory, L., 2020. Mast cell biology at molecular level: a comprehensive
review. Clinical Reviews in Allergy & Immunology. 58(3), 342–365. https://doi.org/10.1007/s12016-019-
08769-2.

14. Elieh Ali Komi, D., Rambasek, T., Wöhrl, S., 2018. Mastocytosis: from a molecular point of view. Clinical
Reviews in Allergy & Immunology. 54(3), 397–411. https://doi.org/10.1007/s12016-017-8619-2.

15. Feng, B. 2025. Chronic pain as a neurological disease and neural engineering strategies for its
management, in Handbook of Neural Engineering. Academic Press. Elsevier Inc., pp. 271-297.
https://doi.org/10.1016/C2022-0-00096-9.

16. Ferreira, G.C., Duran, A.F.A., da Silva, F.R.S., Bomediano, L.D.M., Machado, G.C., Sasaki, S.D., 2019.
Neutrophil elastase inhibitor purification strategy from cowpea seeds. PLoS One. 14(10).
https://doi.org/10.1371/journal.pone.0223713.

17. Galvão-Nascimento, N., Sampaio, M.C., Olivo, R.A., Teixeira, C., 2010. Contribution of mast cells to the
oedema induced by Bothrops moojeni snake venom and a pharmacological assessment of the
inflammatory mediators involved. Toxicon. 55(2–3), 343–352.
https://doi.org/10.1016/j.toxicon.2009.08.009.

18. Goldsmith, H. L., Spain, S., 1984. Margination of leukocytes in blood flow through small tubes.
Microvascular research. 27(2), 204–222. https://doi.org/10.1016/0026-2862(84)90054-2.

19. Haque, T.T., Frischmeyer-Guerrerio P.A., 2022. The role of TGFβ and other cytokines in regulating mast
cell functions in allergic inflammation. International Journal of Molecular Sciences. 23(18), 10864.
https://doi.org/10.3390/ijms231810864.

20. Heuberger, D.M., Schuepbach, R.A., 2019. Protease-activated receptors (PARs): mechanisms of action
and potential therapeutic modulators in PAR-driven inflammatory diseases. Thrombosis Journal. 17, 4.
https://doi.org/10.1186/s12959-019-0194-8.

21. Hidalgo, A., Libby, P., Soehnlein, O., Aramburu, I.V., Papayannopoulos, V., Silvestre-Roig, C., 2022.
Neutrophil extracellular traps: from physiology to pathology. Cardiovascular Research. 118(13), 2737–
2753. https://doi.org/10.1093/cvr/cvab329.

22. Huang, J., Li, J.J., 2020. Multiple dynamics in tumor microenvironment under radiotherapy, in: Birbrair, A.
(Ed.), Tumor Microenvironment. Springer International Publishing, Cham. pp. 175–202.
https://doi.org/10.1007/978-3-030-44518-8_10.

23. Hunskaar, S., Fasmer, O.B., Hole, K., 1985. Formalin test in mice, a useful technique for evaluating mild
analgesics. Journal of Neuroscience Methods. 14(1), 69–76. https://doi.org/10.1016/0165-
0270(85)90116-5.

24. Jain, P., Pandey, R., Shukla, S.S., 2015. Inflammation: Natural resources and its applications. Springer
India, New Delhi. https://doi.org/10.1007/978-81-322-2163-0.



Page 17/27

25. Jin, C., Cheng, K., Jiang, R., Zhang, Y., Luo, W., 2024. A novel Kunitz-type serine protease inhibitor
(HcKuSPI) is involved in antibacterial defense in innate immunity and participates in shell formation of
Hyriopsis cumingii. Marine Biotechnology. 26(1), 37–49. https://doi.org/10.1007/s10126-023-10275-8.

26. Kakali, B., 2024. Natural compounds as protease inhibitors in therapeutic focus on cancer therapy. Anti-
Cancer Agents in Medicinal Chemistry. 24(16), 1167–1181.
https://doi.org/10.2174/0118715206303964240708095110.

27. Kim, S.M., Park, S., Hwang, S.H., Lee, E.Y., Kim, J.H., Lee, G.S., Lee, G., Chang, D.H., Lee, J.G., Hwang, J.,
Lee, Y., Kyung, M., Kim, E.K., Kim, J.H., Kim, T.H., Moon, J.H., Kim, B.C., Ko, G., Kim, S.Y., Ryu, J.H., Lee,
J.S., Lee, C.H., Kim, J.Y., Kim, S., Lee, W.J., Kim, M.H., 2023. Secreted Akkermansia muciniphila threonyl-
tRNA synthetase functions to monitor and modulate immune homeostasis. Cell host & microbe, 31(6),
1021–1037. https://doi.org/10.1016/j.chom.2023.05.007.

28. Kobpornchai, P., Reamtong, O., Phuphisut, O., Malaitong, P., Adisakwattana, P., 2022. Serine protease
inhibitor derived from Trichinella spiralis (TsSERP) inhibits neutrophil elastase and impairs human
neutrophil functions. Frontiers in cellular and infection microbiology, 12.
https://doi.org/10.3389/fcimb.2022.919835.

29. Kontoh-Twumasi, R., Budkin, S., Edupuganti, N., Vashishtha, A., Sharma, S., 2024. Role of Serine Protease
Inhibitors A1 and A3 in Ocular Pathologies. Investigative ophthalmology & visual science, 65(2).
https://doi.org/10.1167/iovs.65.2.16.

30. Koster, R., Anderson, M., De Beer, E.J., 1959. Acetic acid for analgesic screening. Federation Proceedings
18, 412–417.

31. Lima, N.M., de Marqui, S.R., Andrade, T.D.J.A., Silva, D.H., 2022. Phytochemical, metabolic profiling and
antiparasitic potential from Inga semialata leaves (Fabaceae). Natural Product Research. 36(7), 1898–
1903. https://doi.org/10.1080/14786419.2020.1817918.

32. Macedo, M.L.R., Garcia, V.A., Freire, M.D., Richardson, M., 2007. Characterization of a Kunitz trypsin
inhibitor with a single disulfide bridge from seeds of Inga laurina (SW.) Willd. Phytochemistry. 68(8),
68(8), 1104–1111. https://doi.org/10.1016/j.phytochem.2007.01.024.

33. Macedo, M.L.R., Ribeiro, S.F.F., Taveira, G.B., Gomes, V.M., Barros, K.M.C.A., Maria-Neto, S., 2016.
Antimicrobial activity of ILTI, a Kunitz‐type trypsin inhibitor from Inga laurina (SW.) Willd. Current
microbiology. 72(5), 538–544. https://doi.org/10.1007/s00284-015-0970-z.

34. Machado, S.W., de Oliveira, C.F.R., Zério, N.G., Parra, J.R.P., Macedo, M.L.R., 2017. Inga laurina trypsin
inhibitor (ILTI) obstructs Spodoptera frugiperda trypsins expressed during adaptive mechanisms against
plant protease inhibitors. Archives of Insect Biochemistry and Physiology. 95(4).
https://doi.org/10.1002/arch.21393.

35. Machado, R.J., Monteiro, N.K., Migliolo, L., Silva, O.N., Pinto, M.F., Oliveira, A.S., Santos, E.A., Silva, D.B.,
Lima, L.S., Figueiredo, L.D., 2013. Characterization and pharmacological properties of a novel
multifunctional Kunitz inhibitor from Erythrina velutina seeds. PloS one. 8(5).
https://doi.org/10.1371/journal.pone.0063571.

36. Maziero, M., Lovatto, M.O., Lorenzoni, V.V., Moraes, G.G., Dornelles, R.C., Sagrillo, M.R., De Paula, J.B.,
Manfron, M.P., 2020. Phytochemical study, an evaluation of the antioxidant potential and the



Page 18/27

antimicrobial activity of Inga semialata (Vell.) C. Mart. hydroalcohol extract. Natural Product Research.
34(1), 192–196. https://doi.org/10.1080/14786419.2019.1634715.

37. Mehrzadi, S., Khalili, H., Fatemi, I., Malayeri, A., Siahpoosh, A., & Goudarzi, M., 2021. Zingerone Mitigates
Carrageenan-Induced Inflammation Through Antioxidant and Anti-inflammatory Activities. Inflammation.
44(1), 186–193. https://doi.org/10.1007/s10753-020-01320-y.

38. Merighi, A., 2024. Brain-Derived neurotrophic factor, nociception, and pain. Biomolecules. 14(5), 539.
https://doi.org/10.3390/biom14050539.

39. Mitchell, S., Vargas, J., & Hoffmann, A., 2016. Signaling via the NFκB system. Wiley interdisciplinary
reviews. Systems biology and medicine. 8(3), 227–241. https://doi.org/10.1002/wsbm.1331.

40. Morais, S.B., Figueiredo, B.C., Assis, N.R., Alvarenga, D.M., de Magalhães, M.T., Ferreira, R.S., Oliveira,
S.C., 2018. Schistosoma mansoni Sm KI-1 serine protease inhibitor binds to elastase and impairs
neutrophil function and inflammation. PLoS pathogens. 14(2).
https://doi.org/10.1371/journal.ppat.1006870.

41. Morales-Primo, A.U., Becker, I., Zamora-Chimal, J., 2022. Neutrophil extracellular trap-associated
molecules: a review on their immunophysiological and inflammatory roles. International Reviews of
Immunology. 41(2), 253–274. https://doi.org/10.1080/08830185.2021.1921174.

42. Muley, M.M., Reid, A.R., Botz, B., Bölcskei, K., Helyes, Z., McDougall, J.J., 2016. Neutrophil elastase
induces inflammation and pain in mouse knee joints via activation of proteinase-activated receptor-2.
British journal of pharmacology. 173(4), 766–777. https://doi.org/10.1111/bph.13237.

43. National Academies of Sciences, Engineering, and medicine, 2024. Future Topical Updates to the Guide
for the Care and Use of Laboratory Animals. National Academies Press, Washington, DC.
https://doi.org/10.17226/27936.

44. National Research Council (US) Committee for the Update of the Guide for the Care and Use of
Laboratory Animals, 2011. Guide for the Care and Use of Laboratory Animals, eighth ed. National
Academies Press, Washington, DC.

45. Nennig S.E., Schank J., 2017. The role of NFkB in drug addiction: beyond inflammation. Alcohol and
Alcoholism. 52(2), 172–179. https://doi.org/10.1093/alcalc/agw098.

46. Oishi, Y., Manabe, I., 2018. Macrophages in inflammation, repair and regeneration. International
immunology. 30(11), 511–528. https://doi.org/10.1093/intimm/dxy054.

47. Ouyang, W., Rutz, S., Crellin, N.K., Valdez, P.A., Hymowitz, S.G., 2011. Regulation and functions of the IL-
10 family of cytokines in inflammation and disease. Annual Review of Immunology. 29(1), 71–109.
https://doi.org/10.1146/annurev-immunol-031210-101312.

48. Paulo-Pereira, L., da Silva, R.O., Bringel, P.H.D.S.F., da Silva, K.E.S., Assreuy, A.M.S., Pereira, M.G., 2012.
Polysaccharide fractions of Caesalpinia ferrea pods: potential anti-inflammatory usage. Journal of
Ethnopharmacology. 139(2), 642–648. https://doi.org/10.1016/j.jep.2011.12.012.

49. Peach, C.J., Smith, G.M., Brassart, B., Kern, N., Hoyle, C., Hutchinson, E.G., Murdoch, C., 2023. Protease-
activated receptors in health and disease. Physiological Reviews. 103(1), 717-785.
https://doi.org/10.1152/physrev.00044.2021.



Page 19/27

50. Pereira, A.P.R., Silva, R.A., Souza, T.L., Santos, J.H., Almeida, M.S., Oliveira, P.S., Costa, D.S., Barreto, S.M.,
Araújo, A.A., Lima, T.C., Gadelha, F.R., 2024. Antimicrobial and antibiofilm activities of Inga cylindrica
trypsin inhibitor. Brazilian Journal of Biology. 84. https://doi.org/10.1590/1519-6984.283106.

51. Puente, X., Sanchez, L., Overall, C., Lopez-Otín, C., 2003. Human and mouse proteases: a comparative
genomic approach. Nature Reviews Genetics. 4, 544–558. https://doi.org/10.1038/nrg1111.

52. Rajegowda, S.H., SnehaRani, A.H., 2023. Mechanistic study on the anti‐proinflammatory activity of Kunitz
type inhibitor from Caesalpinia decapetala seeds. Cell Biochemistry and Function. 41(8), 1133–1146.
https://doi.org/10.1002/cbf.3845.

53. Ramachandran, S., Haddad, D., Tatlisu, M.A., Lloyd, T.D., Mergental, H., Isaac, J.R., Dennison, A.R.,
Maddern, G.J., Neuhaus, P., Buckels, J.A., Mirza, D.F., 2012. Ischemia–reperfusion injury in rat steatotic
liver is dependent on NFκB P65 activation. Transplant Immunology. 26(4), 201–206.
https://doi.org/10.1016/j.trim.2012.01.001.

54. Ranasinghe, S., McManus, D.P., 2013. Structure and function of invertebrate Kunitz serine protease
inhibitors. Developmental and Comparative Immunology 39(3), 219–227.
https://doi.org/10.1016/j.dci.2012.10.005.

55. Ren, Q., Zhang, M., Liu, W., Zhao, Y., Wang, Z., Li, J., Liu, Y., Zhang, X., Jiang, T., Li, X., 2023. C/EBPβ: the
structure, regulation, and its roles in inflammation-related diseases. Biomedicine & Pharmacotherapy.
169, 115938. https://doi.org/10.1016/j.biopha.2023.115938.

56. Ribeiro, R.A., Vale, M.L., Thomazzi, S.M., Paschoalato, A.B., Poole, S., Ferreira, S.H., Cunha, F.Q., 2000.
Involvement of resident macrophages and mast cells in the writhing nociceptive response induced by
zymosan and acetic acid in mice. European Journal of Pharmacology. 387(1), 111–118.
https://doi.org/10.1016/s0014-2999(99)00790-6.

57. Rodríguez-Sifuentes, L., Marszalek, J.E., Chuck-Hernández, C., Serna-Saldívar, S.O., 2020. Legumes
protease inhibitors as biopesticides and their defense mechanisms against biotic factors. International
Journal of Molecular Sciences. 21(9), 3322. https://doi.org/10.3390/ijms21093322.

58. Sabato, V., Michel, M., Blank, U., Ebo, D.G., Vitte, J., 2021. Mast cell activation syndrome: is anaphylaxis
part of the phenotype? A systematic review. Current Opinion in Allergy and Clinical Immunology 21(5),
426–434. https://doi.org/10.1097/aci.0000000000000768.

59. Sananes, A., Cohen, I., Allon, I., Ben‐David, O., Abu Shareb, R., Yegodayev, K.M., Shabat-Simon, M.,
Greenberg, E., Barshack, I., Sionov, R.V., Papo, N., 2023. Serine protease inhibitors decrease metastasis in
prostate, breast, and ovarian cancers. Molecular Oncology 17(11), 2337–2355.
https://doi.org/10.1002/1878-0261.13513.

60. Saraiva, M., O'Garra, A., 2010. The regulation of IL-10 production by immune cells. Nature Reviews
Immunology. 10(3), 170–181. https://doi.org/10.1038/nri2711.

61. Sawada, L.A., Monteiro, V.S.D.C., Rabelo, G.R., Dias, G.B., Da Cunha, M. Nascimento, J.L.M., Bastos,
G.D.N.T., 2014. Libidibia ferrea mature seeds promote antinociceptive effect by peripheral and central
pathway: possible involvement of opioid and cholinergic receptors. BioMed Research International,
508725. https://doi.org/10.1155/2014/508725.

62. Schmid-Schönbein, G. W., Usami, S., Skalak, R., Chien, S., 1980. The interaction of leukocytes and
erythrocytes in capillary and postcapillary vessels. Microvascular research. 19(1), 45–70.



Page 20/27

https://doi.org/10.1016/0026-2862(80)90083-7.

63. Schulman, E.S., Nishi, H., Pelleg, A., 2023. Degranulation of human mast cells: modulation by P2
receptors’ agonists. Frontiers in Immunology. 14, 1216580.
https://doi.org/10.3389/fimmu.2023.1216580.

64. Shamsi, T.N., Parveen, R., Fatima, S., 2016. Characterization, biomedical and agricultural applications of
protease inhibitors: A review. International Journal of Biological Macromolecules. 91, 1120–1133.
https://doi.org/10.1016/j.ijbiomac.2016.02.069.

65. Shamsi, T.N., Parveen, R., Afreen, S., Azam, M., Sen, P., Sharma, Y., Mahdi, A.A., Fatima, S., 2018. Trypsin
inhibitors from Cajanus cajan and Phaseolus limensis possess antioxidant, anti-inflammatory, and
antibacterial activity. Journal of Dietary Supplements. 15(6), 939–950.
https://doi.org/10.1080/19390211.2017.1407383.

66. Shigetomi, H., Onogi, A., Kajiwara, H., Yoshida, S., Furukawa, N., Haruta, S., Tanase, Y., Nakayama, T.,
Kobayashi, H., 2010. Anti-inflammatory actions of serine protease inhibitors containing the Kunitz
domain. Inflammation Research. 59, 679–687. https://doi.org/10.1007/s00011-010-0205-5.

67. Singh S, Anshita D, Ravichandiran V., 2021. MCP-1: Function, regulation, and involvement in disease.
International Immunopharmacology. 101, 107598. https://doi.org/10.1016/j.intimp.2021.107598.

68. Singh, N., Baby, D., Rajguru, J.P., Patil, P.B., Thakkannavar, S.S., Pujari, V.B., 2019. Inflammation and
cancer. Annals of African Medicine. 18(3), 121–126. https://doi.org/10.4103/aam.aam_56_18.

69. Soualmia, F., El Amri, C., 2018. Serine protease inhibitors to treat inflammation: a patent review (2011–
2016). Expert opinion on therapeutic patents. 28(2), 93–110.
https://doi.org/10.1080/13543776.2018.1406478.

70. Souza, G.E., Ferreira, S.H., 1985. Blockade by antimacrophage serum of the migration of PMN
neutrophils into the inflamed peritoneal cavity. Agents and Actions. 17, 97–103.
https://doi.org/10.1007/bf01966691.

71. Suen, J.Y., Lee, Y.T., Lo, J.F., Wu, C.Y., Chiu, W.Y., Hsu, K., Liou, J.R., Yang, C.T., 2012. Modulating human
proteinase activated receptor 2 with a novel antagonist (GB88) and agonist (GB110). British Journal of
Pharmacology. 165(5), 1413–1423. https://doi.org/10.1111/j.1476-5381.2011.01610.x.

72. Sun, Z.C., Ma, S.B., Chu, W.G., Jia, D., Luo, C., 2020. Canonical transient receptor potential (TRPC)
channels in nociception and pathological pain. Neural Plasticity. https://doi.org/10.1155/2020/3764193.

73. Winter, C.A., Risley, E.A., Nuss, G.W., 1962. Carrageenin-induced edema in hind paw of the rat as an assay
for anti-inflammatory drugs. Proceedings of the Society for Experimental Biology and medicine. 111(3),
544–547. https://doi.org/10.3181/00379727-111-27849.

74. Wittenauer, J., Mäckle, S., Sußmann, D., Schweiggert-Weisz, U., Carle, R., 2015. Inhibitory effects of
polyphenols from grape pomace extract on collagenase and elastase activity. Fitoterapia. 101, 179–187.
https://doi.org/10.1016/j.fitote.2015.01.005.

75. Zhang, Y., Guo, H., Cheng, B.C.Y., Su, T., Fu, X.Q., Li, T., Yu, Z.L., 2018. Dingchuan tang essential oil inhibits
the production of inflammatory mediators via suppressing the IRAK/NF-κB, IRAK/AP-1, and TBK1/IRF3
pathways in lipopolysaccharide-stimulated RAW264.7 cells. Drug Design, Development and Therapy.
2731–2748. https://doi.org/10.2147/dddt.s160645.



Page 21/27

76. Zhao, P., Lieu, T., Barlow, N., Metcalf, M., Veldhuis, N.A., Jensen, D.D., Kocan, M., Sostegni, S., Haerteis, S.,
Baraznenok, V., Henderson, I., Lindström, E., Guerrero-Alba, R., Valdez-Morales, E.E., Liedtke, W., McIntyre,
P., Vanner, S.J., Korbmacher, C., Bunnett, N.W., 2014. Cathepsin S causes inflammatory pain via biased
agonism of PAR2 and TRPV4. Journal of Biological Chemistry. 289(32), 21928–21942.
https://doi.org/10.1074/jbc.m114.599712.

77. Zhao, P., Lieu, T., Barlow, N., Sostegni, S., Haerteis, S., Korbmacher, C., Bunnett, N.W., 2015. Neutrophil
elastase activates protease-activated receptor-2 (PAR2) and transient receptor potential vanilloid 4
(TRPV4) to cause inflammation and pain. Journal of Biological Chemistry. 290(22), 13875–13887.
https://doi.org/10.1074/jbc.M115.642736.

78. Zhu, Y., Huang, Y., Ji, Q., Fu, S., Gu, J., Tai, N., Wang, X., 2021. Interplay between extracellular matrix and
neutrophils in diseases. Journal of Immunology Research. 2021(1), 8243378.
https://doi.org/10.1155/2021/8243378.

Figures



Page 22/27

Figure 1

Leukocyte infiltrate into mice peritoneal cavity after treatment with Inga laurina trypsin inhibitor (ILTi).
Animals were pretreated (s.c.) with saline (0.9% NaCl, vehicle), dexamethasone (Dex, 0.5 mg/kg) or ILTi (0.3,
3 and 30 mg/kg), subcutaneously (s.c.; 200 μL), 30 min before injection of carrageenan (1%, i.p.). Four hours
later, exudates were collected for cell counting. Columns represent the mean ± SEM (n = 5) of cell
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numbers/mm3. ANOVA was performed followed by the Bonferroni test. # p < 0.05, compared to the saline
group. * p < 0.05, compared to the groups without treatment.

Figure 2

Mast cell degranulation writhing after treatment with Inga laurina trypsin inhibitor (ILTi) in mice. Animals were
pre-treated (s.c.) with saline (0.9% NaCl, vehicle), dexamethasone (Dex, 0.5 mg/kg) or ILTi (0.3 mg/kg),
subcutaneously (s.c.; 200 μL), 30 min before intraperitoneal injection of compound 48/80 (1 μg/mL). The
saline group pretreated and stimulated with sterile saline (0.9% NaCl). The mesenteries were removed and
fixed with 4% paraformaldehyde for cell counting. Columns represent the mean ± SEM (n = 5) of % of
degranulated mast cells. Values were subjected to one-way ANOVA followed by by the Bonferroni test. # p <
0.001, compared to the saline group. * p < 0.05, *** p < 0.001, compared to the groups without treatment.
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Figure 3

Cytokines concentration after treatment with Inga laurina trypsin inhibitor (ILTi) in mice. Animals were
pretreated (200 μL, s.c.) with saline (0.9% NaCl, vehicle), dexamethasone (Dex, 0.5 mg/kg) or ILTi (0.3
mg/kg). Four hours after injection of carrageenan (1%, i.p.) the exudate was collected and stored for
cytokines a IL-6, b IL-10, c MCP and dTNF quantified by flow cytometry. Columns represent the mean ± SEM
(n = 3). ANOVA was performed followed by the Bonferroni test. * p < 0.05, ** p < 0.01, *** p < 0.001, compared
to the saline group.
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Figure 4

Abdominal writhing after treatment with Inga laurina trypsin inhibitor (ILTi) in mice. Animals were pretreated
(200 μL, s.c.) with saline (0.9% NaCl, vehicle), dipyrone, or ILTi (0.3 mg/kg), 30 min before acetic acid injection
(0.6%, 500 μL, i.p.). Columns represent the mean ± SEM (n = 5) of writhings. ANOVA was performed followed
by the Bonferroni test. ** p < 0.01, *** p < 0.001, compared to the saline group.
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Figure 5

Formalin induced paw licking after treatment with Inga laurina trypsin inhibitor (ILTi) in mice. Animals were
tested in the first phase (0 - 5 minutes, a) and second phase (15 - 30 minutes, b). Animals were pretreated
(200 μL, s.c.) with saline (0.9% NaCl, vehicle), morphine (5 mg/kg), dipyrone (500 mg/kg) or ILTi (0.3 mg/kg)
30 min before intraplantar injection of formalin (1.2%, 40 μL). ANOVA was performed followed by the
Bonferroni test. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the saline group.
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