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5.1 Introduction

Proteases or proteinases are enzymes that catalyze cleavage of proteins at peptide
bonds generating smaller peptides. Some of them are very specific in their choice of
target site while others act rather nonspecifically and hydrolyze the protein substrate
if conditions allow into short peptides. They must have appeared early in evolution
along with proteins, to keep a balance between synthesis and protein degradation.
Their early emergence is confirmed by their ubiquitous presence in most living
forms including viruses, plants, and animals.
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Proteases involve two groups of enzymes: exoproteases, which cleave the initial
or terminal peptide bonds of substrates, designated as amino- or carboxy-peptidases,
respectively, and endoproteinases cleaving at inner bonds of the protein.

Classification of proteases is based upon the type of residue relevant at the active
site. The hydroxyl group of serine or threonine proteinases and the cysteine group
in cysteine proteinases are the nucleophiles during catalysis of these groups of
endoproteinases, while activated water is the nucleophile for aspartic-, glutamic-,
and metalloproteinases.

As of December 04, 2017, the database (release 12.0) lists 912,290 sequences
and provides links to 1022 PDB (Protein Data Bank) (http://www.pdb.org/pdb/
home/home.do) entries distributed among 268 families and 62 clans.

The MEROPS database (https://www.ebi.ac.uk/merops/), is a resource for anno-
tation of proteases, their substrates, and their inhibitors. This database is hosted at
EMBL-EBI since 2017. PANTHER (Protein Analysis Through Evolutionary
Relationships) (http://www.pantherdb.org/) is another tool that classifies proteases
by families and subfamilies, their biochemical function, the biological processes,
and metabolic pathways in which participate to facilitate high-throughput analysis.

Most annotated sequences belong to the serine group (36.6%), followed by
metallo- (32.6%), cysteine-, (19.5%), aspartic-, (4.9%), threonine- (3.8%), plus
minor groups including mixed-type proteases, and unclassified and unknown
sequences.

As stated above, proteases like most proteins must have arisen early in evolution
since primeval life forms required them for the digestion of food. In fact, a compari-
son of digestive proteases in evolved species shows similarities with those found in
prokaryotic organisms arguing for a common origin.

Once proteins became constituents of cellular structure, they were required to
metabolize endogenous proteins. With advances in genomic sequencing, it is now
estimated that about 2% of structural genes in an organism code for these enzymes
(Barrett and Fred Woessner 2013). For instance, it is estimated the presence in rice
(Oryza sativa) of >650 genes and in Arabidopsis thaliana >800 genes coding for
proteases (van der Hoorn 2008). A similar distribution is projected in animal organ-
isms. Despite these impressive figures, the lack of information about their physio-
logical function and their cognate substrates limit our knowledge of these enzymes.
A further problem during dissection of a single proteolytic activity is encountered
as most proteolytic enzymes act as a group of related members for a reaction(s) to
take place, thus coining the concept of “protease web” (Fortelny et al. 2014).

In plants, proteolytic enzymes are found in most cell compartments participating
in most stages of plant life, including growth, homeostasis, germination, breakdown
of storage proteins during seed germination, organ senescence, and programmed
cell death (Huffaker 1990).

An important function is their involvement in the proteasome proteolytic
pathway affecting several metabolic processes, such as hormone signaling, cell
cycle, embryogenesis, morphogenesis, and plant-environment interactions (van
Wijk 2015).


http://www.pdb.org/pdb/home/home.do
http://www.pdb.org/pdb/home/home.do
https://www.ebi.ac.uk/merops
http://www.pantherdb.org
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A major source of proteolytic activities is detected in latex producing plants.
Laticifers are specialized cells found in 20 plant families from angiosperm orders
representing between 15 and 20,000 species (Lewinsohn 1991). The cytoplasm of
laticifers stores latex containing defense metabolites which are released in response
to physical damage. By analogy, the proteolytic enzymes found in some laticifers
resemble the functionality of proteolytic enzymes present in mammalian circulatory
system.

In this review, that focuses in the last ten years, we present evidence supporting
the role of plant proteolytic enzymes as therapeutic options to treat several symp-
toms. Two early compilations described the advances in this field in 2008 (Domsalla
and Melzig 2008; Salas et al. 2008) and recently, while we were preparing this
review a revision covered this subject (Balakireva et al. 2017).

It is well established that species of Caricaceae family (C. papaya and C. pubes-
cens, syn C. candamarcensis, syn Vasconcellea pubescens, and syn V. cundinamar-
censis) have been used ethnopharmacologically to treat digestive disorders and skin
fungal ailments by native American populations (Soplin et al. 1995). Similarly,
A. comosus the source of bromelains was used as medicine by indigenous cultures
and in 1957 Heinicke and Gortner (1957) initiated its therapeutic use. In this revi-
sion, we mainly focus on the scientific developments within this field covering the
last decade. A listing of pharmacological applications discussed here is shown in
Table 5.1.

5.2 Proteolytic Enzymes Inflammation
and Immunomodulation

Inflammation and immunomodulation are intertwined processes in which the
immune response, both innate and adaptive lead to inflammatory outcomes. The
plant proteases (papain, bromelain, ficin, etc.) have been used as anti-inflammatory
and especially bromelain is used as alternative and/or complementary therapy to
glucocorticoids, nonsteroidal antirheumatics, and immunomodulators.

For instance, different doses of the cysteine proteinases from Bromelia hiero-
nymi and bromelain used as reference on carrageenan- and serotonin-induced rat
paw edema, as well as cotton pellet granuloma model, induced 40-50% inhibition
of the inflammatory effect. If the enzyme fractions were treated with E-64 (cysteine
proteases inhibitor), the anti-inflammatory effect disappeared, demonstrating that
the effect was mediated by cysteinyl enzymes (Errasti et al. 2013). A similar result
was observed using the proteolytic fraction of V. cundinamarcensis using the rat
paw edema model. The anti-inflammatory response was equivalent to the dexameth-
asone positive control (unpublished data).

The anti-inflammatory action of bromelain has been linked to decreased secre-
tion of pro-inflammatory cytokines and chemokines [granulocyte—macrophage
colony-stimulating factor (GM-CSF), IFN-y, CCL4/macrophage inhibitory protein
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Table 5.1 List of plant proteolytic enzymes with pharmacological applications

Protease

Species

Biological activity

Reference

Bromelain, CP

Ananas comosus

Dermatology

Ho et al. (2016)

Bromelain, CP

Ananas comosus

Chronic rhinosinusitis

Biittner et al. (2013)

Bromelain, CP

Ananas comosus

Anti-inflammatory

Shing et al. (2015)

Amini et al. (2013)

Secor et al. (2012)

CP

Bromelia hieronymi

Anti-inflammatory

Errasti et al. (2013)

Bromelain, CP

Ananas comosus

Digestive disorders

Zhou et al. (2017)

Sahbaz et al. (2015)

Papain, CP

Carica papaya

Digestive disorders

Levecke et al. (2014)

Mansur et al. (2014)

Luoga et al. (2015)

Bromelain, CP

Ananas comosus

Wound healing/
mitogenic activity

Rosenberg et al.
(2012)

Cordts et al. (2016)

Golezar (2016)

Wu et al. (2012)

Aichele et al. (2013)

Iram et al. (2017)

Sp Wrightia tinctoria Wound healing/ Yariswamy et al.
R. Br. (Apocynaceae) | mitogenic activity (2013)
P1G10, CP Vasconcellea ‘Wound healing/ Freitas et al. (2017)
cundinamarcensis mitogenic activity Araujo e Silva et al.
(2015)
Papain, CP Carica papaya Wound healing/ Aranya et al. (2012)
mitogenic activity Chen et al. (2017)
Shoba et al. (2017)
Heynein, CP Ervatamia heyneana | Thrombolytic activity | Uday et al. (2017)
latex
SP Solanum tuberosum Thrombolytic activity | Pepe et al. (2016)
leaves
Euphorbia cf. lactea Siritapetawee et al.
latex (2015)
Petasites japonicus Kim et al. (2015)
Curcuma aromatica Shivalingu et al.
Salisb (2016)
MP-like Aster yomena (Kitam.) | Thrombolytic activity | Choi et al. (2014)
Honda
P1G10, CP Carica Thrombolytic activity Bilheiro et al. (2013)
candamarcensis
CP Cnidoscolus urens (L.) | Thrombolytic activity | de Menezes et al.

leaves

(2014)

(continued)
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Protease Species Biological activity Reference
CP Pseudananas Thrombolytic activity | Errasti et al. (2016)
macrodontes

Bromelia balansae
Bromelia hieronymi

Bromelain, CP

Ananas comosus

Antitumoral

Amini et al. (2013)

Pillai et al. (2013)

Romano et al. (2014)

Miranda et al. (2017)

Bhatnagar et al.
(2015)

Pillai et al. (2013)

P1G10, CP Vasconcellea Antitumoral Dittz et al. (2015)
cundinamarcensis
SP Asian pumpkin Bioactive peptides Dabrowska et al.
(2013)
Papain, CP Carica papaya Bioactive peptides Wang et al. (2012)

Papain—Bromelain,
CP

Ananas comosus/
Carica papaya

Bioactive peptides

Gajanan et al. (2016)

Bromelain, CP

Ananas comosus

Bioactive peptides

Li-Chan et al. (2012)

CP Latex Jacaratia Bioactive peptides Arruda et al. (2012)
corumbensis

Bromelain, CP Ananas comosus Antibacterial Pu and Tang (2017)

Papain, CP Carica papaya Antifibrotic Sahu et al. (2017)

Papain, CP Carica papaya Drug carrier Menzel and

Bernkop-Schniirch
(2018)

Bromelain, CP

Ananas comosus

Drug carrier

Parodi et al. (2014)

Papain, CP Carica papaya Antibacterial Atacan et al. (2018)
nanoparticles
Papain/Bromelain, CP | Carica papaya/Ananas | Oral applications Waleed Majid and
comosus Al-Mashhadani
(2014)

Ordesi et al. (2014)

Divya et al. (2015)

Mugita et al. (2017)

Sahana et al. (2016)

Tadikonda et al.
(2017)

Motta et al. (2014)

Abdul Khalek et al.
(2017)

Patil et al. (2015)

(continued)
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Protease

‘ Species

Biological activity

‘ Reference

Protease inhibitor

Kunitz-type inhibitor

Tamarindus indica L.
seeds

Biotechnological
health-related
application.

Medeiros et al.
(2018)

Kunitz family of - Antithrombogenic Salu et al. (2018)
protease inhibitors

Trypsin and Erythrina velutina Gastroprotective Oliveira de Lima
chymotrypsin seeds antielastase etal. (2017)
inhibitors

Purified protease
inhibitors LC-pi L, I,

Lavatera cashmeriana

Anticancer activity

Rakashanda et al.
(2015)

11, and IV

CP cysteine protease, SP serine protease, MP metalloprotease

(MIP-18)], and TNF by inflamed tissue in inflammatory bowel disease using an
in vitro human colon model. Bromelain also enhanced the expression of partly
inflammatory cytokines IL-2 and IL-4 and IFN-y leukocytes (Onken et al. 2008).

Fitzhugh et al. (2008) reported that bromelain decreases neutrophil migration
during acute inflammation and specifically removes chemokine receptor CD128
suggesting a reduction in leukocyte binding to blood vessels that consequently
impairs cell extravasation. Leukocyte migration is viewed as crucial for the inflam-
matory response. Furthermore, in some cases bromelain is being used to treat
inflammatory symptoms in osteoarthritis or asthma (Brien et al. 2006; Secor et al.
2012).

Instead, it is not clear if papain shares the anti-inflammatory effect attributed to
bromelain-like cysteine proteases, as a report shows that this protease activates
human mast cells via PAR-2 cell receptors. The induced activation of mast cell is
related to release of tryptase and B-hexosaminidase (Seaf et al. 2016). Also, papain
is currently used as a model substance to develop experimental osteoarthritis, lung
inflammation, and rhinosinusitis, and all these conditions are associated to inflam-
matory processes (Patel et al. 2015; Agoro et al. 2016; Tharakan et al. 2018). Also,
epicutaneous administration of papain may induce a dysfunction of the skin barrier
and increase circulatory IgE and IgG. In this study, the presence of papain in serum
is confirmed by identification of papain-specific IGs antibodies (Ilida et al. 2014).
These data suggest that papain may act as inflammatory protease departing from
other cysteine proteases. Meanwhile, topical application of papain to volunteers
stung by jellyfish Chrysaora chinensis showed pain remission and inhibition of
nematocyst discharge (DeClerck et al. 2016) and another report described that
papain at doses of 0.325 and 0.75 mg/kg possesses marked anti-inflammatory action
against infectious arthritis, like butadion and indomethacin (Rakhimov 2001).
Meanwhile, excepting for an early report describing allergic reactions and asthma
during occupational exposure to bromelain (Baur and Fruhmann 1979), no additional
evidence of inflammatory effect induced by bromelain was described. More recently,
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Dutta and Bhattacharyya (2013) rule out the presence of toxic substances in
A. comosus crown-leaf extracts containing bromelain. It is paradoxical that brome-
lain is used to treat symptoms, some of which appear to be triggered by papain. Since
both papain and bromelain belong to the same group of cysteine proteases (C1A), it
is conjectured that unaccounted structural differences must exist between these pro-
teases that justify their different biological role. It is also possible that papain and/
or bromelain containing fractions contain contaminating proteolytic isoforms
responsible for these “unexpected” effects.

A condition known as endometriosis displaying inflammatory symptoms and
affecting around 10% of females is apparently caused by estrogen in which
endometrium-like tissue grows outside the uterine cavity (Eskenazi and Warner
1997). The disease is accompanied by increased level of inflammatory cytokines
IL-1pB, IL-6 (Harada et al. 1997), IL-8, TNF-a, and monocyte chemoattractant pro-
tein-1 (MCP-1) (Burney and Giudice 2012). Bromelain has been used in combina-
tion with N-acetyl cysteine and o-lipoic acid as successful treatment for
endometrioses both in vitro and in a rodent model (Agostinis et al. 2015).

5.3 Digestive Disorders

The efficacy of proteinases has been studied at least in three digestive disorders:
ulcerative colitis, inflammatory bowel disease, and Crohn’s disease. Oral bromelain
was initially reported to reduce the severity of colon inflammation in a rodent model
(Hale et al. 2005) and fresh pineapple juice decreases inflammation in IL-10-
deficient mice with colitis (Hale et al. 2010). Colon biopsies from patients with
ulcerative colitis and Crohn’s disease had decreased levels of inflammatory cyto-
kines if treated with bromelain (Onken et al. 2008). Meanwhile, bromelain effec-
tively decreases neutrophil migration to sites of acute inflammation and support the
specific removal of the CD128 chemokine receptor responsible for activation of
IL-8 (Fitzhugh et al. 2008). A recent report suggests participation of TNF-a recep-
tors in the anti-inflammatory effect of bromelain (Zhou et al. 2017). In a related
study, papain applied peritoneally or oral bromelain was used to reduce or prevent
intraperitoneal adhesions mainly resulting from abdominal surgery (Ochsner and
Storck 1936; Sahbaz et al. 2015). However, Stevens (1968) could not confirm the
protective effect of papain in an animal model.

Intestinal disorders caused by parasites have been treated with proteolytic plant
enzymes. The anthelmintic efficacy of papain and bromelain against rodent ces-
todes Hymenolepis diminuta and Hymenolepis microstoma and Trichuris suis was
demonstrated in vitro and in vivo (Levecke et al. 2014; Mansur et al. 2014; Luoga
et al. 2015). In a study analyzing the efficacy of bromelain, actinidin, and papain
against Heligmosomoides bakeri, papain was more efficacious than bromelain or
actinidin as anthelmintic (Luoga et al. 2015).
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5.4 Wound Healing and Mitogenic Activity

Initially, the ethnopharmacological properties attributed to plant proteases from the
genus Caricaceae were: wound healing of fungal or viral lesions and resolution of
digestive problems (Soplin et al. 1995). In most instances, the proteases bromelain
and papain, alone or in combination, are nowadays applied in commercial formula-
tions (NexoBrid™ (NXB, Debriding Gel Dressing-DGD, Debrase®) or as isolated
active complex fractions in surgical wounds, experimentally induced wounds or
burns, as healing enhancers (Singer et al. 2010; Rosenberg et al. 2012; Rosenberg
et al. 2014; Cordts et al. 2016; Schulz et al. 2017).

Bromelain has been used to treat symptoms linked to healing: to reduce pain and
manage healing after episiotomy (Golezar 2016), improving healing caused by fire-
arm wounds (Wu et al. 2012) and healing of acute crush tendon injury (Aiyegbusi
et al. 2010). For a recent review covering the surgical applications of bromelain, we
refer to Muhammad and Ahmad (2017). In addition, other proteins like a serine
protease from Wrightia tinctoria R. Br enhances healing in experimental wound
incisions in mice (Yariswamy et al. 2013), and latex of rubber tree Hevea brasilien-
sis increased vascular permeability, angiogenesis, and wound healing in animal
model (Mendonga et al. 2010).

Studies by our group using P1G10, the proteinase fraction from V. cundinamar-
censis (equivalent to bromelain or papain) show that its topical application increases
healing, in dermabrasion (Lemos et al. 2011), burns (Gomes et al. 2010), and inci-
sional (Freitas et al. 2017) skin models. It also enhances protection and healing of
induced gastric ulcers in animal model (Mello et al. 2008; Araujo e Silva et al.
2015). Interestingly, we observed that except for the dermabrasion model, in the
other injury models the proteolytic activity is required to achieve efficacy.
Also, along with the debriding effect, there is a mitogenic stimulus at the wounding
site. The mitogenic property was demonstrated earlier in two of the isoforms
(CMS2MS2, CMS2MS3) present in P1G10 fraction (Gomes et al. 2005). We dem-
onstrated that the mitogenic effect found in P1G10 is independent of the proteolytic
activity, as CMS2MS?2 inhibited with iodoacetamide retained the mitogenic activity
(Gomes et al. 2009). Therefore, we proposed that along with the debriding action
induced by the proteolytic activity, a mitogenic stimulus triggered by these isoforms
is contributing to the healing process (Freitas et al. 2017). Remarkably, almost 50
years before, a study anticipated the mitogenic activity of bromelain, but no further
reports confirmed or rebutted this finding (Zetter et al. 1976). Meanwhile, a mito-
genic action has been described in thrombin, the serine protease involved in the
coagulation cascade, which acts as a mitogen in many cells, following proteolytic
cleavage and activation of its cognate PAR receptor (Déry et al. 1998). Also, a cys-
teine protease in plerocercoid Spirometra mansonoides displays growth hormone-
like properties (Phares and Kubik 1996). Therefore, involvement of proteases from
different sources in proliferative effects is part of the function repertoire. The
detailed analysis of structural features of purified proteases unrelated to the canoni-
cal proteolytic role is required to identify these novel biological actions.
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5.5 Thrombolytic Activity

The thrombolytic role of plant proteases can be examined in two ways; by direct
action of proteases within the circulatory network or by indirect action through
cleavage of target protein substrates releasing peptides with antithrombotic or pro-
thrombotic action. The first group encompasses two activities; procoagulant and
anticoagulant, yet, there is a third group of enzymes which can act both as proco-
agulant and as anticoagulant depending on the concentration used in the assay.

The thrombolytic effect of plant cysteine proteases has been demonstrated in
many cases; heynein—a protease from Ervatamia heyneana latex (Uday et al.
2017), a serine-like protease from Solanum tuberosum (StSBTc-3) (Pepe et al.
2016), a glycosylated serine protease from Euphorbia cf. lactea latex (Siritapetawee
et al. 2015), a serine-like protease from Petasites japonicas (Kim et al. 2015), a
metalloprotease-like enzyme from the edible and medicinal plant Aster yomena
Kitamura-Honda (Choi et al. 2014), and the proteolytic fraction P1G10 from V.
cundinamarcensis (Bilheiro et al. 2013). On the other hand, a procoagulant activity
was described in a serine protease from Curcuma aromatica Salisb (Shivalingu
et al. 2016), a cysteine protease in Cnidoscolus urens (L.) leaves (de Menezes et al.
2014), and in a thrombin-like activity in latex of Asclepias curassavica L.
(Shivaprasad et al. 2009). Meanwhile, both prothrombotic and thrombolytic activity
have been described in cysteine proteases from Bromelia balansae, Pseudananas
macrodontes, and B. hieronymi (Errasti et al. 2016). In sum, plant proteolytic
enzymes can act both as procoagulant and as anticoagulant factors.

5.6 Antitumoral

Proteases from different families and sources have been traditionally used in folk
medicine for tumor treatment (Guimardes-Ferreira et al. 2007; Beuth 2008).
Cysteine endoproteinases such as bromelain and papain and serine endopeptidases
such as trypsin or chymotrypsin, alone or in combination, are some of the proteases
with described antitumor activity (Beuth 2008). Despite the studies about their
activity in cancer, the underlying mechanism of action is unclear.

Among the proteases with antitumor property, bromelain is the best studied. Its
activities include modulation of cell adhesion molecules, reduction of reactive oxy-
gen species (ROS) formation, antiproliferative effect, and induction of apoptosis.
Amini et al. (2013) showed that bromelain reduced glycoprotein MUCI in cells of
gastric carcinoma. This adhesion molecule provides invasive, metastatic, and che-
moresistant properties to tumor cells. When exposed to bromelain, cells with high
level of MUCI (such as gastric, pancreatic, and breast cells) displayed reduced
survival as result of a cascade mediated by ER, EGFR, and PDGFR, as these
receptors are stabilized by the external domain of MUCT (Pillai et al. 2013).
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In Caco-2 cells, bromelain also reduced ROS production, which is linked to gas-
trointestinal tumor development. This activity was observed in a concentration and
proteolytically dependent manner, since inhibition of proteolytic activity by iodo-
acetamide did not decrease ROS production (Romano et al. 2014). Recently, the
bromelain antiproliferative effect has been reported in murine melanoma as well as
human gastric carcinoma and colon adenocarcinoma cells (Amini et al. 2013;
Romano et al. 2014; Miranda et al. 2017).

In BI6F10, a highly metastatic murine melanoma cell line, 50 and 25 pg/mL
bromelain dose inhibited proliferation at 99.4% and 51.7%, respectively (Miranda
et al. 2017). Bromelain also reduced the proliferation in human gastric carcinoma
cell lines (KATO-III and MKN45) and in two chemoresistant subpopulations of
colon adenocarcinoma (HT29-5M21 and HT29-5F12) with half-maximal inhibi-
tory concentration at 142, 94, 34, and 29 pg/mL, respectively. In MKN45 cells,
treatment with bromelain (100 and 200 pg/mL) up to 72 h interrupted Akt signaling
pathway (Amini et al. 2013). Both bromelain (3 pg/mL) and iodoacetamide inacti-
vated bromelain (1 pg/mL) reduced proliferation of human colon adenocarcinoma
cells (Caco-2) suggesting that proteolytic activity is not involved in antiproliferative
effect in this cell line. The downregulation of p-Akt/Akt, ERK, and total expression
of p-ERK1/2/, as well as reduction of ROS production was associated to the antip-
roliferative effect of bromelain (Romano et al. 2014).

The proapoptotic effect of bromelain is largely described in different tumor cell
lines. In MCF-7 (human breast carcinoma) cells, bromelain induced autophagy,
positively regulated by p38 and JNK but, negatively regulated by ERK1/2 and
ensued by apoptosis. This effect is evidenced by chromatin condensation, DNA
fragmentation, and nuclear cleavage (Bhui et al. 2010). Likewise, an increase in
caspase-9 and caspase-3 activity was observed when GI-101A (human breast carci-
noma cells) were exposed to bromelain for 24 h in a dose-dependent manner (5, 10,
and 20 pg/mL) achieving 95% of cell death at the highest concentration. The
increase in caspase activity was related to an increase of cleaved cytokeratin 18
(CK18), a caspase substrate, and DNA fragmentation (Dhandayuthapani et al.
2012). At 1 and 10 pg/mL, bromelain, but not proteolytically inactive bromelain,
increased caspase 3 and 7 in Caco-2 cells. In these cells, the proapoptotic effect of
bromelain was not a consequence of its antiproliferative activity, since the protease
at 1 pg/mL did not inhibit Caco-2 proliferation (Romano et al. 2014). In gastric
cancer cells (MKN45), bromelain reduced levels of Bcl-2, activated the caspase
system, and led to an overexpression of cytochrome ¢ which, in association to a
reduction in phospho-Akt, contributed to cell death (Amini et al. 2013).

Bromelain also shows a chemopreventive effect in a murine model of colon and
skin cancer (Romano et al. 2014; Bhatnagar et al. 2015). In mice colon cancer
induced with azoxymethane, intraperitoneal (IP) bromelain reduced crypt foci, pol-
yps, and tumors at 1 mg/kg dose. This dose is 40-fold lower than the documented
lethal IP dose of bromelain (Romano et al. 2014). Nanoparticles of bromelain
(loaded with lactic-co-glycolic acid) also have chemopreventive action in
anthracene-induced skin carcinogenesis murine model. In this model, topical appli-
cation of formulated nanoparticles containing bromelain delayed onset of
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tumorigeneses about 4 weeks, plus mortality rate as well as tumor volume were
decreased by 70% and 45%, respectively (Bhatnagar et al. 2015). Compared to the
chemotherapeutic effect in animals treated after tumor induction, the chemopreven-
tive activity of bromelain nanoparticles was higher using a 10-fold lower dose than
the protocol using free bromelain. Also, bromelain nanoparticles enhanced DNA
protection from DMBA-induced damage, as assessed by alkaline unwinding assay
and upregulating proapoptotic protein p53 and BAX and downregulating Bcl-2 anti-
apoptotic protein (Bhatnagar et al. 2015).

Miiller et al. (2016) compared the antitumor effects of bromelain and papain in
cholangiocarcinoma (CC) cell lines. Both proteases decreased proliferation, inva-
sion, and migration of tumor cells acting downstream of NFkB/AMPK pathway,
though bromelain was more effective than papain. Apoptosis was induced after bro-
melain and papain treatment, attaining 70% and 50% of cell death for bromelain
and papain, respectively. Bromelain, but not papain, increased E-cadherin and
downregulated N-cadherin in CC cell lines, in a dose- and time-dependent manner,
demonstrating an inhibitory effect during the epithelial-mesenchymal transition.

In studies using the proteolytic fraction P1G10, from V. cundinamarcensis we
confirmed the antitumoral effect. Mice bearing B16F1, a low metastasizing mela-
noma, subcutaneous injection of 5 mg/kg of P1G10 reduced ~70% the tumor mass
and survival rate increased ~97% compared to the control. In tumor, P1G10 reduced
hemoglobin and vascular endothelial growth factor (VEGF), resulting in antiangio-
genic effect, and increased N-acetylglucosaminidase (NAG) which was linked to
macrophage activation. P1G10 also induced around 60% of DNA fragmentation in
B16F1 cells after 24 h of exposure (50 pg/mL) leading to apoptosis, as pretreatment
with the pan-caspase inhibitor (ZVAD) abolishes this effect. A cell rounding and
reduced ability to adhere to ECM components was initially observed after 15 min
exposure to P1G10 (Dittz et al. 2015).

In clinical trials, there are evidences that proteases improve cancer treatment as
a complementary systemic enzyme therapy. Stage II clinical studies demonstrate
that systemic enzyme therapy (trypsin, chymotrypsin, and papain) decrease tumor—
and/or side effects—therapy induced in plasmocytoma, and breast and colorectal
cancer patients (Beuth 2008). These findings motivate further studies to unravel the
mechanism underlying the antitumoral effect of plant proteases.

5.7 Production of Bioactive Peptides

Enzymatic hydrolysis to produce bioactive peptides with nutraceutical activity is an
area of intense research. Use of plant proteases for production of bioactive peptides
from food proteins is being investigated. Papain, bromelain, ficin, or pumpkin ser-
ine protease have been used separately or in combination with other proteolytic
enzymes to produce antihypertensive peptides inhibiting the angiotensin-converting
enzyme (Tavares et al. 2011), peptides with antithrombotic activity whose efficacy
was like aspirin (Shimizu et al. 2009), peptides with antioxidant activity (Wang
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et al. 2012; Gajanan et al. 2016), peptides that inhibit dipeptidyl-aminopeptidase IV
and a-glucosidase during diabetes (Li-Chan et al. 2012; Lacroix and Li-Chan 2012;
Nongonierma and FitzGerald 2014), peptides with hypolipidemic hypocholesterol-
emic activity (Morimatsu et al. 1996), antimicrobial peptides (Salampessy et al.
2010; Arruda et al. 2012; Dabrowska et al. 2013), and immunomodulating peptides
(Kong et al. 2008) are described. We refer here to a recent report reviewing the
production of bioactive peptides (Mazorra-Manzano et al. 2017).

5.8 Other Applications

Without doubt, the applications of proteolytic enzymes are not restricted to the uses
described above. New promising applications appear in the literature and are men-
tioned now.

Liposomes or nanoparticles to deliver proteolytic enzymes or products obtained
by hydrolysis with plant proteases have been recently developed and described
here: fabrication of core-shell nanofibers for controlled delivery of bromelain and
salvianolic acid B for skin regeneration used in wound therapeutics (Shoba et al.
2017) magnetic nanoparticles containing papain as antibacterial (Atacan et al.
2018), papain-containing liposomes for treatment of skin fibrosis resulting from
second degree burn (Sahu et al. 2017), a liposome for skin application of papain on
hypertrophic scar (Chen et al. 2017), liposomes containing papain hydrolyzed bio-
active peptides with antioxidative and ACE-inhibitory properties, from bean seeds
protein (Chay et al. 2015), a bromelain hydrolyzed antibacterial liposomal peptide
from rice bran protein against Listeria monocytogenes (Pu and Tang 2017), antihy-
pertensive biopeptides from stone fish (Actinopyga lecanora) protein hydrolyzed
with bromelain and stabilized by encapsulation in chitosan nanoparticles (Auwal
et al. 2017), nanoparticles as well as self-emulsifying drug delivery systems dis-
playing papain or bromelain to cleave mucin (Menzel and Bernkop-Schniirch 2018),
encapsulated gold nanoparticles containing bromelain, cisplatin, and doxorubicin
for treatment of osteosarcoma (Iram et al. 2017), bromelain hybrid nanoparticles on
lactobionic acid conjugated to chitosan in an antitumoral study (Wei et al. 2017),
nanofibers for delivery of bromelain and salvianolic acid B during skin regeneration
after wounding (Shoba et al. 2017), bromelain-functionalized lipid-core nanocap-
sules to investigate their effect against human breast cancer cells (Oliveira et al.
2017), hyaluronic acid nanoparticles to enhance targeted delivery of bromelain in
Ehrlich’s ascites carcinoma (Bhatnagar et al. 2016), katira gum nanoparticles to
enhance the anti-inflammatory effect of bromelain (Bernela et al. 2016), to enhance
the therapeutic effect of the antibiotic levofloxacin (Bagga et al. 2016), as nanopar-
ticles to protect against 7,12-dimethylbenz[a]anthracene-induced skin carcinogen-
esis (Bhatnagar et al. 2015), as oral anticancer treatment formulated as nanoparticles
(Bhatnagar et al. 2014), to enhance diffusion of silica nanoparticles at the tumor
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extracellular matrix (Parodi et al. 2014), and both papain and bromelain to decrease
the toxicity of elastic niosomes (a microsphere used for drug delivery) and to
increase the activity of metalloprotease-2 (Manosroi et al. 2012).

5.9 Protease Inhibitors

Protease inhibitors from Tamarindus indica L. seeds have been described with the
ability to reduce levels of plasmatic leptin (Medeiros et al. 2018), two proteins from
Delonix regia and Acacia schweinfurthii, of the Kunitz protease family, inhibited
blood coagulation, platelet aggregation, and thrombus formation (Salu et al. 2018),
two proteins fractions with gastroprotective and antielastase properties were
described in Erythrina velutina seeds (Oliveira de Lima et al. 2017), protease inhib-
itors in Lavatera cashmeriana preventing human lung cancer cell proliferation in
vitro (Rakashanda et al. 2015) and lupin seeds peptides inhibitors of metalloprotein-
ases (Carrilho et al. 2009). In addition to these plant proteins, many nonprotein plant
metabolites have been isolated and display inhibitory properties. Their analysis is
not included here.

5.10 Oral Applications

Following an initial account describing the application of papain to remove dental
decayed tissue (Bussadori et al. 2005), more than 40 reports confirm the initial find-
ing. Several commercial preparations containing proteases, such as Papacarie® and
Carie Care™: are now available and used alone or in combination, as alternatives to
mechanical drilling for caries (Divya et al. 2015; Sahana et al. 2016).

It is claimed that Papacarie® does not adversely affect the microleakage of com-
posite restorations and provides a suitable surface for bonding like conventional
tooth drilling (Hafez et al. 2017), it offers a less painful alternative among children
for caries removal, Carie Care™ a papain-containing formulation demonstrates
antimicrobial action against A. actinomycetemcomitans, a major periodontal dis-
ease causing pathogen (Kush et al. 2015), local application of actinidin or papain
prevents or reduces dental plaque formation and reduces oral biofilm on the tongue
in elder subjects in vivo and in vitro (Mugita et al. 2017) and three randomized
controlled trials; one using papain, bromelain and Miswak (teeth cleaning twig
made from the Salvadora persica) containing dentifrice to combat dental plaque
formation and gingivitis in human subjects (Tadikonda et al. 2017); the other two
controlled clinical trials evaluating the long-term chemo-mechanical removal of
caries and pain using Papacarie® confirming the absence of pain during the inter-
vention and the preservation of intact dental tissue (Motta et al. 2014; Abdul Khalek
et al. 2017).
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5.11 Final Statement

The number of therapeutic applications involving plant proteolytic enzymes
increased significantly within the last 10 years. Reports on oral applications involv-
ing Papacarie® and Carie Care™ experienced a significant increase suggesting a
possible future commercial use. On the other hand, reports highlighting the use of
bromelain to treat several conditions are on the rise. Treatment of digestive disor-
ders, as anti-inflammatory and as immunomodulator, deserves attention for their
link with cancer. A possible drawback is that most studies involve a proteolytic frac-
tion composed of isoforms with diverse properties. Assessment of the biological
properties of each isoform is necessary to precisely adjust formulations with the
appropriate combination of isoforms to treat specific conditions.
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