General Introduction

Today, high-stressed lives paired with an increase in life expectancy lead to a natural
increase in chronic diseases, which inexorably boosts medical and pharmaceutical costs
worldwide. Despite the substantial advances in the treatment of complex, multigenic and
chronic human diseases, their occurrence rate is still increasing significantly in the recent
times. Also, many times traditional clinical treatments are not completely effective and
have major disadvantages such as high cost and adverse side effects (Kunnumakkara et
al., 2016). Hence, the development of cost effective, readily available, non-toxic and
highly effective agents for the management of different human diseases are a rapidly

increasing and desired area of research.

1. Matrix metalloproteinases as therapeutic targets

Although complex diseases like cardiovascular diseases, metabolic diseases, cancer and
neurological diseases occur due to perturbations of multiple signalling pathways
(Bordoloi et al., 2016), there are cases where targeting a single pathway among many
may be effective in prevention or cure (Fingleton, 2008). Such is the case of matrix
metalloproteinases (MMPs) pathways, which have been implicated in a number of
different human diseases and are currently one of the actively pursued targets in drug
discovery and development (Fingleton, 2008). MMPs are a family of zinc-dependent
endopeptidases which possess the unique role of remodeling and degrading the molecules
of the extracellular matrix (ECM) (Said, Raufman and Xie, 2014; VVandooren, Steen, Van
den and Opdenakker, 2013; Zucker and Vacirca, 2004). MMPs cleave most components
of the extracellular matrix including fibronectin, laminin, proteoglycans and type IV
collagen (Heppner Goss, Brown and Matrisian, 1998). Because of this, they regulate a
number of metabolic processes (Goldberg, 2015). In fact, proteolysis mediated by MMPs
plays a key role in the modulation of cellular homeostasis as it can initiate, enhance or
down-regulate signalling cascades involved in growth and inflammation, activate
cytokines and release growth factors, by modifying the tissue architecture and degrading
structural components of ECM (Kofla-Dtubacz et al., 2014; Marshall et al., 2015).




Although they are a major group within the proteome, being proteolytic enzymes (Puente
et al., 2003), the activity levels of proteases such as MMPs are tightly controlled
(Folgueras et al., 2004) in a way to maintain homeostasis. It is the deregulated MMP
expression that is associated to multiple disease types. For example, an overexpression of
MMPs followed by accelerated matrix degradation is related to several pathologies
including cancer cell invasion and metastasis, the loss of cartilage in osteoarthritis,
rheumatoid arthritis, cardiovascular diseases, acute lung injury, chronic obstructive
pulmonary disease, eye and skin diseases and periodontitis (Fingleton, 2007). Due to this,

in the last decades, MMPs inhibition quickly became an ideal drug target.

Being dependent on zinc for activity and up-regulated in diseases, MMPs seem a
straightforward target. However, as it turned out, targeting MMPs is much more complex
than initially realized (Fingleton, 2008). Although disease-associated, the ubiquitous
roles of these enzymes make broad-spectrum inhibition unsuccessful; targeting the
catalytic zinc with specificity is also difficult, since other related proteases as well as non-
related proteins can be affected by some chelating groups (Fingleton, 2008). Hence, the
early-generation MMP inhibitors were an overall disappointing failure, with dose-
dependent toxicity and severe side-effects (Coussens, 2002; Ndinguri et al., 2012).
Nonetheless, there has recently been a wealth of studies examining the basic biology of
MMPs which will greatly ‘inform’ new drug trials in this field (Fingleton, 2008). Because
there is a vast number of MMPs within the family, with different sets of activities and
specificities for substrates, it is apparent that the key for success may lie on specificity in

targeting and the mode of action of the inhibitor itself.

2. Classification of MMPs

Usually, MMPs were classified into six main groups — collagenases, gelatinases,
stromelysins, matrilysins, membrane type MMPs and others, unclassified to former
groups (Grzela, Bikowska and Litwiniuk, 2011). However, increasing knowledge about
their molecular structure, substrate specificity and mechanism of activation contributed
to an arrangement of a new MMP classification. According to this classification, MMPs

are divided into four groups: archetypal MMPs, matrilysins, gelatinases and furin-




activated MMPs (Fanjul-Fernandez et al., 2010; Hadler-Olsen et al., 2011), as described
in Figure 1.
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Figure 1. Structural classification of MMPs based on their domain arrangement. Almost all human MMPs contain
the signal peptide, a propeptide domain, and a catalytic domain with a highly conserved zinc-binding site. A conserved
cysteine in the propeptide domain coordinates with the zinc in the active site to maintain latency on the pro-MMPs.
MMPs (except matrilysins, MMP-23A and -23B) contain in addition a hemopexin-like (PEX) domain connected to the
catalytic domain via a hinge region. Adapted from Fanjul-Fernandez et al., (2010).

MMPs (except MMP-23A and -23B) are characterized by an N-terminus that contains a
signal sequence which directs the protein to the secretory pathway. This is followed by a
pro-peptide which comprises 80 amino acid residues, containing the “cysteine switch"
(Fanjul-Fernandez et al., 2010; Grzela, Bikowska and Litwiniuk, 2011). MMPs have a
catalytic site comprising a zinc metal binding domain and are initially synthesized as
inactive zymogens (Farina and Mackay, 2014; Vandooren, Steen, Van den and
Opdenakker, 2013). This pro-enzyme form is kept inactive by the cysteine- switch (Figure
2), a pro-peptide that binds to the nucleus of zinc via cysteines and must be later activated

through proteolysis (Farina and Mackay, 2014).
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Figure 2. Stepwise activation of pro-MMPs. Pro-MMPs secreted as inactive zymogens can be activated by
proteinases or by nonproteolytic agents. The catalytic domain is represented as a gray circle, with the active-site cleft
shown in white (not to scale) containing the catalytic-site zinc (Zn). The propeptide is schematically shown as a black
line containing the bait region (black rectangle) and the cysteine switch (C). SH indicates the sulfhydryl group of
cysteine. Activation by the proteinases is mediated by cleavage of the bait region; this partly activates the MMP.
Chemical activation relies on modification of the cysteine switch sulfhydryl (SX) resulting in partial activation of the
MMP. Full activation of partially activated MMPs is achieved by completing the removal of the propeptide by
intermolecular processing. (Visse and Nagase, 2003).

Most MMPs, excluding MMP-7, -23, -26, have one or more hemopexin domain. This
domain is involved in substrate specificity and interacts with cell surface receptors
(Fanjul-Fernandez et al., 2010; Farina and Mackay, 2014; Vandooren, Steen, Van den
and Opdenakker, 2013).

2.1. The gelatinases MMP-2 and MMP-9

Within the specific family of MMP enzymes there are two types of MMPs called
gelatinases, MMP-2 and MMP-9 (gelatinases A and B, respectively) which contain a
unique set of three repeats of fibronectin (Figure 3) that facilitate degradation of
gelatinous substrates such as elastin, collagen type I and IV, gelatin and fibrinogen (Malla
etal., 2008; Toth and Fridman, 2012, VVandooren, Steen, Van den and Opdenakker, 2013).
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Figure 3. Domain structure of gelatinases group. The MMP-2 and MMP-9 uniquely contain three fibronectin
repeats within their catalytic domain. (Vandooren, Steen, Van den and Opdenakker, 2013).

MMP-2 and MMP-9 can bind to inhibitors such as TIMP-1 and TIMP-3, to cell surface
receptors and can even induce self-activation (Vandooren, Steen, Van den and
Opdenakker, 2013). Exceptionally, MMP-9 contains an O-glycosylated (OG) domain
before the hemopexin domain present at the carboxyl terminus, as shown in Figure 3
(Grzela, Bikowska and Litwiniuk, 2011; Vandooren, Steen, Van den and Opdenakker,
2013). This OG domain binds to the active site and to the hemopexin domain. Several
studies indicate that this domain is essential for the correct functioning of the MMP-9,
which might be important for specific inhibition of the enzyme (Vandooren, Steen, Van
den and Opdenakker, 2013). Indeed, deletion of the OG domain dramatically reduces the
efficiency of the degradation of large gelatinous substrates by MMP-9 (Vandooren, Steen,
Van den and Opdenakker, 2013).

Despite the similarity in substrate selectivity for MMP-9 and MMP-2, they are
differentiated by tissue specificity. In normal tissues, MMP-2 is constitutively expressed
in fibroblasts, endothelial cells and epithelial cells, and may be up or down-regulated in
response to inflammatory stimuli (Moore et al., 2011). In contrast, MMP-9 expression is
observed in a variety of immune cells, e.g., neutrophils, macrophages, lymphocytes and
dendritic cells, as well as in other cells such as osteoblasts, fibroblasts and endothelial
cells (Vandooren, Steen, Van den and Opdenakker, 2013).




3. The role of MMP-9 and MMP-2 in cancer and inflammatory
diseases

3.1. Colorectal cancer and gelatinase activities

Colorectal cancer (CRC) is the second most common cancer diagnosed worldwide and
after lung cancer is the most common cause of death in Europe (Ait Ouakrim et al., 2015;
Ferlay et al., 2013). It is the second most common cancer in women, and the third in men
(American Cancer Society, 2015). In 2012, 241,600 European men have been diagnosed
with this type of tumour and 113,200 men died from the disease. In women, 205,200 cases
of CRC and 101 500 deaths associated with the disease were reported in that same year
(Ait Ouakrim et al., 2015; Ferlay et al., 2013). During the last decade intensive research
has been made to develop novel anti-cancer drugs for CRC, both prophylactic and
therapeutic. However, despite the significant advances in diagnosis, screening and
treatment, the overall long-term outcome in patients has not significantly changed
(Herszeényi et al., 2012). Under this context, there has been an intense search on various
biological sources to discover novel anti-cancer drugs to combat this disease, which could
be used in prevention, in aiding chemotherapy or even in preventing re-incidence
(Champ, 2002; Clemente and Arques, 2014; Roy, Boye and Simpson, 2010).

It is currently known that it is not tumour itself that causes mortality and morbidity of
patients suffering from CRC but its resulting metastases, which are responsible for 90%
of CRC deaths, highlighting the importance of the process by which tumour cells spread
from one tissue to another, through the bloodstream, thus colonizing other tissues in the
body (Araujo Jr et al., 2015; Guan, 2015). A myriad of studies have shown that MMP-2
and MMP-9 play an essential role in tumour invasion and metastasis (Figure 4) (Guan,
2015; Said, Raufman and Xie, 2014).
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Figure 4. Schematic diagram of the role of MMPs in metastasis process. In this complex process, cells detach from
a primary and vascularized tumour, penetrate the surrounding tissue, enter nearby in blood vessels (intravasation). Once
at the bloodstream, cancer cell distribution is determined by blood flow and some of this cells adhere to the blood vessel
walls and are able to extravasate and migrate into the local tissue, colonizing secondary organs. MMP-9 and MMP-2
have a crucial role in detachment, intravasation and extravasation. Adapted from Wirtz, Konstantopoulos and Searson,
(2011).

The increase in expression levels of these two MMPs has been observed in several types
of human cancer, as well as in tumour cell lines and animal models (Araujo Jr et al.,
2015). Consequently, their inhibitors (MMPIs) were demonstrated to be effective in
reducing cancer progression/metastasis in in vitro assays and in animal models. In
addition, they appear to be most effective at the early stages of cancer or in preventing
development of undetected micrometastases after surgery (Coussens, 2002; Herszényi et
al., 2012; Mook, Frederiks and Noorden, Van, 2004; Yoon et al., 2003; Zucker and
Vacirca, 2004). Because of this, and in view of MMP-2 and MMP-9 involvement in
various diseases, inhibition of specific MMPs up-regulation is believed to be able to
improve clinical symptoms of patients. However, as with the rest of the MMP family,
targeting gelatinases in disease treatment has proven itself difficult due to lack of
specificity and previous efforts to inhibit their activity in the treatment of cancer patients
yielded very unsatisfactory results with severe adverse side effects (Coussens, 2002;
Ndinguri et al., 2012).



3.2. Inflammatory bowel diseases (IBDs) and gelatinase activities

IBD are idiopathic and chronic inflammatory diseases of the gastrointestinal tract. These
ailments encompass three types of diseases: Crohn's disease (CD), ulcerative colitis (UC)
and indefinite inflammatory bowel disease (IBDU) (Matusiewicz et al., 2014; Silosi et
al., 2014), differing from each other by clinical symptoms, endoscopic findings,
pathological features and immunopathophysiology (Silosi et al., 2014). In UC, the
inflammatory process involves only the mucosa and extends continuously from the
rectum (Owczarek et al., 2016). In the CD case, the inflammatory process involves the
entire wall of the gastrointestinal tract, from mouth to anus, occurring more frequently in
the distal ileum and the colon, and being a transmural inflammation associated to other
complications such as fistulas, abscesses, and stenosis (Cosnes et al., 2011; Khor, Gardet
and Xavier, 2011; Owczarek et al., 2016). Being chronic, remitting and relapsing
inflammatory disorders, IBDs have become almost a global disease, affecting millions of
people of almost all ages (Cosnes et al., 2011). Worldwide incidence and prevalence of
these diseases have been dramatically increasing over recent times, evidencing their
emergence as a global ailment (Cosnes et al., 2011). Currently, the prevalence of IBD is
more than 200 cases per 100,000 inhabitants in the West (Cosnes et al., 2011), with a
major impact on health care resources. Overall IBD clinical treatments are prone to induce
side effects, affect unspecific targets, are extremely costly and their curative efficiencies
are not acceptable (Cosnes et al., 2011). Furthermore, with low mortality rates (Burisch
et al., 2013) and high incidence in the young (Lovasz et al., 2013; Molodecky et al.,
2012), it is predicted that IBD globally will continue to increase substantially in the next
decades (Cosnes et al., 2011).

Finally, one of the most feared complications of IBD is carcinogenesis, because in the
long-term, there is an increased risk of dying from UC-related causes such as, for
example, lymphoma, skin cancer and especially colorectal cancer (Duricova et al., 2010;
Jess, Rungoe and Peyrin-Biroulet, 2012). Indeed, many of the molecular alterations
responsible for sporadic CRC also play a role in colitis-associated colon carcinogenesis
(Xie and Itzkowitz, 2008) and the risk of CRC increases with the duration and anatomic
extent of colitis, whereas it decreases when patients are treated with anti-inflammatory
agents (Wu et al., 2016).




Numerous studies have documented the involvement of these MMPs in inflammatory
processes in animal models, cell lines, altered tissue cultures and biopsies of patients
(Baugh et al., 1999; Lee et al., 2013; Murphy and Nagase, 2009; Parks, Wilson and
Lopez-Boado, 2004). Although similar in their substrate selectivity, MMP-2 is
constitutively expressed in fibroblasts, endothelial cells and epithelial cells and is only
moderately involved in inflammatory diseases (Huhtala et al., 1991), whereas MMP-9
expression is observed primarily in leukocytes (Steen, Van den et al., 2002), being
strongly induced in response to a variety of inflammatory pathologies (Steen, VVan den et
al., 2002). MMP-9 has been pointed as the main metalloproteinase involved in IBD
(Matusiewicz et al., 2014; Moore et al., 2011). As a downstream effector and an upstream
mediator of pathways involved in growth and inflammation, MMP-9 expression was
found to be elevated under a variety of inflammatory conditions, including ulcerative
colitis (Baugh et al., 1999; Liu et al., 2013), showing a strong correlation to both the level
of inflammation and to the early IBD development stages (Medina et al., 2006). This
makes the gelatinases a good therapeutic target to prevent CRC, as well as to reduce 1BDs.
However, studies relating MMP-9 inhibition to pre-clinical and clinical IBD reduction

are very few.

4. MMP-9 as a therapeutical target

Overall, of all the MMPs, matrix metalloproteinase-9 (Figure 5) stands out as having an
important role in wound healing, angiogenesis, inflammation, tumour invasion and
metastasis (Ruhul Amin et al., 2003). Considering the links between CRC and IBDs,
MMP-9 has turned into a desirable therapeutic target in prevention and treatment. Hence
in the last decade the development of synthetic MMP-9 inhibitors (MMPI) became an
important branch of research in both academic and industrial settings. So far, numerous
MMP inhibitors have been tested in different clinical trials (Hidalgo and Eckhardt, 2001).




Figure 5. Tridimensional structure of MMP-9. Pro-MMP-9: pro-peptide (pink), catalytic domain (green)

with fibronectin domains (cyan), with detail of the "cysteine switch” (from Protein Data Base entry 1L6J).

4.1. MMP-9 inhibition by TIMPs

The Tissue Inhibitors of MMPs (TIMPs) are naturally occurring proteins in the human
body which inhibit MMPs. TIMP-1 is the most specific for MMP-9, by binding to the
hemopexin domain. TIMPs are not only protein inhibitors but also play a role in cellular
growth control, differentiation of oligodendrocytes and induction of erythropoiesis, for
example (Vandooren, Steen, Van den and Opdenakker, 2013). Under normal conditions,
there is a balance between MMPs and TIMPs. However, a disease condition is associated
with imbalances between MMPs and TIMPs and can result in excessive proteolysis due
to the presence of freely active MMPs or decreased proteolysis due to excessive inhibition
of MMP activity (Vandooren, Steen, Van den and Opdenakker, 2013). Previous studies
have attempted to manipulate TIMPs for a more specific and precise inhibition of MMPs

but so far they were not successful (Brew and Nagase, 2010; Visse and Nagase, 2003).
4.2.  Chemical inhibitors

Another type of inhibitors for MMPs are chemical inhibitors, such as tetracycline,
doxycycline and minocycline. These inhibit MMP-9 by decreasing its secretion and
consequently reducing the activity of gelatinase B (Vandooren, Steen, Van den and
Opdenakker, 2013). Anti-inflammatory molecules such as Interleukin (IL)-4, IL-10,
interferon-B (IFN-B) and retinoids (Kurzepa et al., 2014) are also inhibitors of MMP-9
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expression. Most of these inhibitors are toxic and non-specific in the human organism
and display many adverse side effects.

4.3. Natural inhibitors

A major problem associated to unspecific inhibition of MMP-9 is that this enzyme is
involved not only in various diseases but also in remodelling and scar tissue, so its
complete inhibition causes several complications in the human body (AbdElazeem and
El-Sayed, 2015; Marshall et al., 2015). A distinct and more recent strategy in the search
for novel MMP-9 inhibitors is to ‘look’ among the multitude of natural products that
nature placed at our disposal, particularly if they are plant-foods and are already present
in our regular diets. Plant organs and tissues, including seeds, have long been known to
contain metabolites, peptides and proteins with an array of potentially useful bioactivities.
One such bioactivity relates to their capacity to inhibit MMPs. For example, Cyr (2002)
provides a huge list of plants (either stressed and non-stressed) whose aqueous, ethanolic
and organic extracts exhibit inhibitory activity upon human MMP-2 and MMP-9
enzymes. These extracts encompass secondary metabolites and peptides such as
withaferin A, a steroidal lactone derived from Acnistus arborescens, Withania somnifera
and other members of Solanaceae family, as well as some of its stable derivatives (e.g.
3-azido withaferin A; Rah et al., 2012), which abolish secretory MMP-2 expression and
activity. The flavonoids chrysin, apigenin, genistein and their homoleptic copper(ll)
complexes have also been reported to attenuate the expression and secretion of the
metastasis-relevant MMP-2 and MMP-9 (Spoerlein et al., 2013). Many seeds have also
been reported to contain MMPIs, such as those from grape (La et al., 2009), soybean, and
dried longan (Euphoria longana Lam.) (Panyathep et al., 2013). In the case of grapevine,
proanthocyanidins are the MMP inhibitors (Vayalil, Mittal and Katiyar, 2004), whereas
in the case of soybean, the flavonoid genistein and the peptide lunasin seem to be the
active ingredients (Kennedy, 1995; Seber et al., 2012).

In summary, the presence of MMPIs of natural occurrence may be considered ubiquitous
in plant tissues. However, virtually all these suffer from at least one of the following
limitations: toxicity; chemical inactivation (e.g. denaturation) or destruction (e.g.
proteolysis) during the digestive process; absorption into the blood stream, with or

without triggering immunogenic (i.e. 1gG) or allergenic (i.e. IgE) responses; destruction
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during boiling (e.g. during cooking); no specificity towards the gelatinases and high dose

requirements.

5. Legume seeds as a rich source of MMPIs

The Food and Agricultural Organization (FAO) has selected 2016 as the International
Year of Pulses, which will highlight the health and environmental benefits they offer.
There is now evidence that regular consumption of pulses has multiple health benefits
including those on heart health, gastrointestinal health and cancer prevention with
improved all-cause mortality (Kouris-Blazos and Belski, 2016; Lee et al., 2016; Mudryj,
Yu and Aukema, 2014).

For example, observational studies found that eating legumes is associated with a reduced
risk of bowel cancer (Wang et al., 2013). Two meta-analyses from 2009 (Yang et al.,
2009) and 2011 (YYang et al., 2011) concluded that there is evidence that legumes provide
protection against prostate cancer, lung cancer, breast and colorectal cancers, although
much of the evidence is limited to the effect of soy intake. An analysis of the Nurses’
Health Study found that those who consumed four or more servings of legumes a week
had a lower incidence of colorectal adenomas than women who reported consuming one
serving or less (Michels et al., 2006). Researchers have attributed the anti-inflammatory
and anticarcinogenic effects of pulses to the antioxidant activities of hydrophilic phenolic
compounds, saponins and Bowman-Birk inhibitors (BBIs) (Clemente and Arques, 2014;
Kennedy, 1995; Mudryj, Yu and Aukema, 2014; Scarafoni et al., 2008).

5.1. A novel MMPI from Lupinus albus

Although there are many studies relating protease inhibitors such as BBIs to cancer
inhibition (Roy, Boye and Simpson, 2010; Sang et al., 2006; Seber et al., 2012) few
studies identified MMP inhibitors among legume seeds. However, recent work in our
group (Lima et al., 2016) led to the discovery that the albumin and globulin fractions
isolated from specific Mediterranean-type pulses presented high inhibitory activities
towards MMP-9, particularly three species: Cicer arietinum L. (chickpea), Glycine max

L, (soy bean), and Lupinus albus L. (lupin). However, lupin MMPI standed out for being
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the best and its potential as a cancer suppressing agent was demonstrated in colon cancer
cells (HT29 cells).

As one of the first protein MMPIs described in plants, we also found that the activity
seemed to be stable at low pH values, which suggests it may pass unaltered through the
human digestive tract. It also withstood boiling, implying a diet-associated usefulness of
the edible seed it derives from. The protein or proteins responsible for this activity are
therefore potential candidates for a novel and powerful anti-inflammatory nutraceutical.
Nonetheless, much further work is required, such as its isolation and characterization, to

ascertain its true efficacy in vivo, established required doses and MMP specificity.

6. Main Goals

Findings in our group led to the promising discovery of a mixture of water soluble
polypeptides extracted from the edible seeds of L. albus, which exhibits a highly potent
inhibitory activity towards MMP-9 and/or MMP-2 in colon cancer cells. This mixture of
polypeptides is therefore an excellent candidate to become valuable anti-inflammatory
nutraceutical agents. Hence, the goal of the present work was to ascertain if these
polypeptides can be used as a nutraceutical and functional food in colon cancer and

inflammation.

The overall work was aimed towards a more realistic diet approach, both curative as well
as preventive, using cell and animal models and a multidisciplinary approach, through a

network of collaborations. The overall main goals were:

o To develop a method of extraction for the MMPI protein(s) in L. albus, aiming
towards feasibility to up-scale and to be used in dietary approaches;

o To identify and characterize the isolated MMPIs;

o Understand its potential as MMP-9 inhibitors, establishing dose-response effects;
o Evaluate its potential for cancer inhibition using cell models of cancer invasion;
o Assess its potential as anti-inflammatory agent, using animal models of colitis;

o To test different forms of administration;

o Finally, results obtained here will be used to submit a patent application.
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These goals shall be addressed in three chapters, as follows:

Chapter 1: encompasses the method of extraction of the polypeptide fraction responsible

for MMPI in L. albus, which was named deflamin;

Chapter 2: relates to the anticancer activities of deflamin, involving dose-response effects

in colon cancer cells and the identification of the polypeptide mixture of deflamin;

Chapter 3: describes the anti-inflammatory activities of deflamin in animal models of

colitis.

7. References

ABDELAZEEM, Marwa A.; EL-SAYED, Mona - The pattern of CD44 and matrix
metalloproteinase 9 expression is a useful predictor of ulcerative colitis—associated
dysplasia and neoplasia. Annals of Diagnostic Pathology. . ISSN 10929134. 19:6 (2015)
369-374. doi: 10.1016/j.anndiagpath.2015.08.004.

AIT OUAKRIM, Driss et al. - Trends in colorectal cancer mortality in Europe:
retrospective analysis of the WHO mortality database. British Medical Journal (Clinical
Research ed.). . ISSN 1756-1833. 351:0ct06_4 (2015) h4970. doi: 10.1136/bm;j.h4970.
AMERICAN CANCER SOCIETY - Global Cancer Facts & Figures 3rd Edition.
American Cancer Society. . ISSN 1097-0215. 800 (2015) 1-64. doi: 10.1002/ijc.27711.
ARAUJO JR, R. F. et al. - Prognostic and diagnostic implications of MMP-2, MMP-9,
and VEGF-a expressions in colorectal cancer. Pathology - Research and Practice. .
ISSN 03440338. 211:1 (2015) 71-77. doi: 10.1016/j.prp.2014.09.007.

BAUGH, Mark D. et al. - Matrix metalloproteinase levels are elevated in inflammatory
bowel disease. Gastroenterology. . ISSN 00165085. 117:4 (1999) 814-822. doi:
10.1016/S0016-5085(99)70339-2.

BORDOLOI, Devivasha et al. - Multi-targeted agents in cancer cell chemosensitization:
What we learnt from curcumin thus far. Recent Patents on Anti-Cancer Drug
Discovery. 11:1 (2016) 67-97.

BREW, Keith; NAGASE, Hideaki - The tissue inhibitors of metalloproteinases (TIMPS):

14




An ancient family with structural and functional diversity. Biochimica et Biophysica
Acta - Molecular Cell Research. . ISSN 01674889. 1803:1 (2010) 55-71. doi:
10.1016/j.bbamcr.2010.01.003.

BURISCH, Johan et al. - The burden of inflammatory bowel disease in Europe. Journal
of Crohn’s and Colitis. . ISSN 18739946. 7:4 (2013) 322-337. doi:
10.1016/j.crohns.2013.01.010.

CHAMP, Martine M. J. - Non-nutrient bioactive substances of pulses. The British
Journal of Nutrition. . ISSN 0007-1145. 88 Suppl 3:S3 (2002) S307-19. doi:
10.1079/BJN2002721.

CLEMENTE, Alfonso; ARQUES, Maria Carmen - Bowman-Birk inhibitors from
legumes as colorectal chemopreventive agents. World Journal of Gastroenterology. .
ISSN 1007-9327. 20:30 (2014) 10305-10315. doi: 10.3748/wjg.v20.i30.10305.
COSNES, Jacques et al. - Epidemiology and natural history of inflammatory bowel
diseases. Gastroenterology. . ISSN 00165085. 140:6 (2011) 1785-1794. doi:
10.1053/j.gastro.2011.01.055.

COUSSENS, Lisa M. - Matrix Metalloproteinase Inhibitors and Cancer: Trials and
Tribulations. Science. . ISSN 00368075. 2387:295 (2002) 2387-2393. doi:
10.1126/science.1067100.

CYR, Benoit - Plant extracts and composition containing extracellular protease
inhibitors. [Online] Patent application no. WO2002069992 Al. 2001. Available in
WWW:<URL.: http://www.google.com/patents/\'WO2002069992A1?cl=en>.

DURANT]I, Marcello - Grain legume proteins and nutraceutical properties. Fitoterapia. .
ISSN 0367326X. 77:2 (2006) 67-82. doi: 10.1016/j.fitote.2005.11.008.

DURICOVA, Dana et al. - Overall and cause-specific mortality in Crohn’s disease: A
meta-analysis of population-based studies. Inflammatory Bowel Diseases. . ISSN
10780998. 16:2 (2010) 347-353. doi: 10.1002/ibd.21007.

FANJUL-FERNANDEZ, Miriam. et al. - Matrix metalloproteinases: evolution, gene
regulation and functional analysis in mouse models. Biochimica et Biophysica Acta. .
ISSN 0006-3002. 1803:1 (2010) 3-19. doi: 10.1016/j.bbamcr.2009.07.004\rS0167-
4889(09)00187-6 [pii].

FARINA, Antonietta Rosella, MACKAY, Andrew Reay - Gelatinase B/MMP-9 in
tumour pathogenesis and progression. Cancers. . ISSN 20726694. 6:1 (2014) 240-296.

15




doi: 10.3390/cancers6010240.

FERLAY, J. et al. - Cancer incidence and mortality patterns in Europe: Estimates for 40
countries in 2012. European Journal of Cancer. . ISSN 09598049. 49:6 (2013) 1374—
1403. doi: 10.1016/j.ejca.2012.12.027.

FINGLETON, Barbara - Matrix metalloproteinases as valid clinical targets. Current
Pharmaceutical Design. 13:3 (2007) 333-346.

FINGLETON, Barbara - MMPs as therapeutic targets-Still a viable option? Seminars in
Cell and Developmental Biology. . ISSN 10849521. 19:1 (2008) 61-68. doi:
10.1016/j.semcdb.2007.06.006.

FOLGUERAS, AliciaR. et al. - Matrix metalloproteinases in cancer: From new functions
to improved inhibition. International Journal of Developmental Biology. . ISSN
02146282. 48:5-6 (2004) 411-424. doi: 10.1387/ijdb.041811af.

GOLDBERG, Gregory I. - Renaissance of MMPs as therapeutic targets? Maybe.
Structure. . ISSN 18784186. 23:1 (2015) 6—7. doi: 10.1016/j.str.2014.12.003.
GRZELA, Tomasz.; BIKOWSKA, Barbara.; LITWINIUK, Malgorzata. - (2011). Matrix
metalloproteinases in aortic aneurysm - executors or executioners? [Online] Etiology,
Pathogenesis and Pathophysiology of Aortic Aneurysms and Aneurysm Rupture, Prof.
Reinhart Grundmann (Ed.)., InTech, 2011. Available in:

http://www.intechopen.com/books/etiology-pathogenesis-and-pathophysiology-of-

aortic-aneurysms-andaneurysm-rupture/matrix-metalloproteinases-in-aortic-aneurysm-
executors-or-executioners. ISBN: 978-953-307-523-5.

GUAN, Xiangming - Cancer metastases: Challenges and opportunities. Acta
Pharmaceutica Sinica B. . ISSN 22113843. 55 (2015) 402-418. doi:
10.1016/j.apsh.2015.07.005.

HADLER-OLSEN, Elin et al. - Regulation of matrix metalloproteinase activity in health
and disease. FEBS Journal. . ISSN 1742464X. 278:1 (2011) 28-45. doi: 10.1111/j.1742-
4658.2010.07920.x.

HEPPNER GOSS, Kathleen J.; BROWN, Peter D.; MATRISIAN, Lynn M. - Differing
effects of endogenous and synthetic inhibitors of metalloproteinases on intestinal
tumorigenesis. International Journal of Cancer. . ISSN 00207136. 78:5 (1998) 629—
635. doi: 10.1002/(SICI1)1097-0215(19981123)78:5<629::AID-1JC17>3.0.CO;2-8.
HERSZENY], LészI6 et al. - The Behavior of Matrix Metalloproteinases and Their

16



http://www.intechopen.com/books/etiology-pathogenesis-and-pathophysiology-of-aortic-aneurysms-andaneurysm-rupture/matrix-metalloproteinases-in-aortic-aneurysm-executors-or-executioners
http://www.intechopen.com/books/etiology-pathogenesis-and-pathophysiology-of-aortic-aneurysms-andaneurysm-rupture/matrix-metalloproteinases-in-aortic-aneurysm-executors-or-executioners
http://www.intechopen.com/books/etiology-pathogenesis-and-pathophysiology-of-aortic-aneurysms-andaneurysm-rupture/matrix-metalloproteinases-in-aortic-aneurysm-executors-or-executioners

Inhibitors in Colorectal Cancer. International Journal of Molecular Sciences. . ISSN
1422-0067. 13:12 (2012) 13240-13263. doi: 10.3390/ijms131013240.

HIDALGO, M.; ECKHARDT, S. G. - Development of Matrix Metalloproteinase
Inhibitors in Cancer Therapy. Journal of the National Cancer Institute. . ISSN 0027-
8874.93:3 (2001) 178-193. doi: 10.1093/jnci/93.3.178.

HUHTALA, P. et al. - Complete structure of the human gene for 92-kDa type IV
collagenase. Divergent regulation of expression for the 92- and 72-kilodalton enzyme
genes in HT-1080 cells. The Journal of Biological Chemistry. . ISSN 0021-9258.
266:25 (1991) 16485-16490.

JESS, Tine; RUNGOE, Christine; PEYRIN-BIROULET, Laurent - Risk of Colorectal
Cancer in Patients With Ulcerative Colitis: A Meta-analysis of Population-Based Cohort
Studies. Clinical Gastroenterology and Hepatology. . ISSN 15423565. 10:6 (2012)
639-645. doi: 10.1016/j.cgh.2012.01.010.

KENNEDY, Ann R. - The evidence for soybean products as cancer preventive agents.
The Journal of Nutrition. . ISSN 0022-3166. 125:3 Suppl (1995) 733S-743S.

KHOR, Bernard; GARDET, Agnes; XAVIER, Ramnik J. - Genetics and pathogenesis of
inflammatory bowel disease. Nature. . ISSN 0028-0836. 474:7351 (2011) 307-317. doi:
10.1038/nature10209.

KOFLA-DLUBACZ, Anna et al. - Metalloproteinase-3 and -9 as novel markers in the
evaluation of ulcerative colitis activity in children. Advances in Clinical and
Experimental Medicine. . ISSN 18995276. 23:1 (2014) 103-110.

KOURIS-BLAZOS, A.; BELSKI, R. - Health benefits of legumes and pulses with a focus
on Australian sweet lupins. Asia Pacific Journal Clinical Nutrition. . ISSN 09647058.
25:1 (2016) 1-17. doi: 10.6133/apjcn.2016.25.1.23.

KUNNUMAKKARA, Ajaikumar B. et al. - Curcumin, The Golden Nutraceutical:
Multitargeting for Multiple Chronic Diseases. British Journal of Pharmacology. . ISSN
1476-5381. (2016). doi: 10.1111/bph.13621.

KURZEPA, Jacek et al. - Role of MMP-2 and MMP-9 and their natural inhibitors in liver
fibrosis, chronic pancreatitis and non-specific inflammatory bowel diseases.
Hepatobiliary and Pancreatic Diseases International. . ISSN 14993872. 13:6 (2014)
570-579. doi: 10.1016/S1499-3872(14)60261-7.

LA, Vu Dang et al. - Grape seed extract suppresses lipopolysaccharide-induced matrix

17




metalloproteinase (MMP) secretion by macrophages and inhibits human MMP-1 and -9
activities. Journal of Periodontology. . ISSN 1943-3670. 80:11 (2009) 1875-1882. doi:
10.1902/jop.2009.090251.

LEE, In Kyu et al. - Increased metastases are associated with inflammation and matrix
metalloproteinase-9 activity at incision sites in a murine model of peritoneal dissemination
of colorectal cancer. Journal of Surgical Research. . ISSN 00224804. 180:2 (2013) 252—
259. doi: 10.1016/j.jss.2012.04.074.

LEE, Warren Tk et al. - Research Approaches and Methods for Evaluating the Protein
Quality of Human Foods Proposed by an FAO Expert Working Group in 2014. The
Journal of Nutrition. . ISSN 1541-6100. 146:5 (2016) 929-932. doi:
10.3945/jn.115.222109.

LIMA, A. I. G. et al. - Legume seeds and colorectal cancer revisited: Protease inhibitors
reduce MMP-9 activity and colon cancer cell migration. Food Chemistry. . ISSN
18737072. 197 (2016) 30-38. doi: 10.1016/j.foodchem.2015.10.063.

LIU, Hongchun et al. - Constitutive expression of MMP9 in intestinal epithelium worsens
murine acute colitis and is associated with increased levels of proinflammatory cytokine
Kc. American Journal Physiology: Gastrointestinal and Liver Physiology. . ISSN
0193-1857. 304:9 (2013) G793-G803. doi: 10.1152/ajpgi.00249.2012.

LOVASZ, Barbara D. et al. - New trends in inflammatory bowel disease epidemiology
and disease course in Eastern Europe. Digestive and Liver Disease. . ISSN 15908658.
45:4 (2013) 269-276. doi: 10.1016/j.d1d.2012.08.020.

MALLA, Nabin et al. - Biological and pathobiological functions of gelatinase dimers and
complexes. Connective Tissue Research. . ISSN 1607-8438. 49:3 (2008) 180-184. doi:
10.1080/03008200802151755.

MARSHALL, Derek C. et al. - Selective allosteric inhibition of MMP9 is efficacious in
preclinical models of ulcerative colitis and colorectal cancer. PLoS ONE. . ISSN
19326203. 10:5 (2015) 1-26. doi: 10.1371/journal.pone.0127063.

MATUSIEWICZ, Malgorzata et al. - Matrix Metalloproteinase-9: Its Interplay with
Angiogenic Factors in Inflammatory Bowel Diseases. Disease Markers. . ISSN 0278-
0240. 2014 (2014) 1-8. doi: 10.1155/2014/643645.

MEDINA, Carlos et al. - Matrix metalloproteinase-9 modulates intestinal injury in rats
with transmural colitis. Journal of Leukocyte Biology. . ISSN 0741-5400. 79:5 (2006)

18




954-962. doi: 10.1189/j1b.1005544.

MICHELS, Karin B. et al. - Fruit and vegetable consumption and colorectal adenomas in
the nurses’ health study. Cancer Research. . ISSN 00085472. 66:7 (2006) 3942—-3953.
doi: 10.1158/0008-5472.CAN-05-3637.

MOLODECKY, Natalie A. et al. - Increasing incidence and prevalence of the
inflammatory bowel diseases with time, based on systematic review. Gastroenterology.
. ISSN 00165085. 142:1 (2012) 46-54.e42. doi: 10.1053/j.gastr0.2011.10.001.

MOOK, Olaf R. F.; FREDERIKS, Wilma M.; NOORDEN, Cornelis J. F. VAN - The role
of gelatinases in colorectal cancer progression and metastasis. Biochimica et Biophysica
Acta - Reviews on Cancer. . ISSN 0304419X. 1705:2 (2004) 69-89. doi:
10.1016/j.bbcan.2004.09.006.

MOORE, Beverley A. et al. - Matrix Metalloproteinase-9 Inhibition Reduces
Inflammation and Improves Motility in Murine Models of Postoperative lleus.
Gastroenterology. . ISSN 00165085. 141:4 (2011) 1283-1292.e4. doi:
10.1053/j.gastro.2011.06.035.

MUDRYJ, Adriana N.; YU, Nancy; AUKEMA, Harold M. - Nutritional and health
benefits of pulses. Applied Physiology, Nutrition, and Metabolism. . ISSN 1938-3207.
39:11 (2014) 1197-1204. doi: 10.1139/apnm-2013-0557.

MURPHY, Gillian; NAGASE, Hideaki - Progress in matrix metalloproteinase research.
Molecular Aspects of Medicine. . ISSN 00982997. 29:5 (2009) 290-308. doi:
10.1016/j.mam.2008.05.002.

NDINGURI, Margaret W. et al. - Peptide-based selective inhibitors of matrix
metalloproteinase-mediated activities. Molecules. . ISSN 14203049. 17:12 (2012) 14230—
14248. doi: 10.3390/molecules171214230.

OWCZAREK, Danuta et al. - Diet and nutritional factors in inflammatory bowel diseases.
World Journal of Gastroenterology. . ISSN 22192840. 22:3 (2016) 895-905. doi:
10.3748/wjg.v22.i3.895.

PANYATHEP, Atita et al. - Inhibitory Effects of Dried Longan (Euphoria longana Lam.)
Seed Extract on Invasion and Matrix Metalloproteinases of Colon Cancer Cells. Journal
of Agricultural and Food Chemistry. . ISSN 00218561. 61:15 (2013) 3631-3641. doi:
10.1021/jf3052863.

PARKS, William C.; WILSON, Carole L.; LOPEZ-BOADO, Yolanda S. - Matrix

19




metalloproteinases as modulators of inflammation and innate immunity. Nature Reviews
Immunology. . ISSN 1474-1733. 4:8 (2004) 617—629. doi: 10.1038/nri1418.

PUENTE, X. S. et al. - Human and mouse proteases: a comparative genomic approach.
Nature Reviews Genetics. . ISSN 14710056. 4:7 (2003) 544-558. doi: 10.1038/nrg1111.
RAH, Bilal et al. - A Novel MMP-2 Inhibitor 3-azidowithaferin A (3-azidoWA)
Abrogates Cancer Cell Invasion and Angiogenesis by Modulating Extracellular Par-4.
PL0S ONE. . ISSN 1932-6203. 7:9 (2012) e44039. doi: 10.1371/journal.pone.0044039.
ROY, F.; BOYE, J. I.; SIMPSON, B. K. - Bioactive proteins and peptides in pulse crops:
Pea, chickpea and lentil. Food Research International. . ISSN 09639969. 43:2 (2010)
432—442. doi: 10.1016/j.foodres.2009.09.002.

RUHUL AMIN, A. R. M. et al. - Secretion of matrix metalloproteinase-9 by the
proinflammatory cytokine, I1L-1beta: a role for the dual signalling pathways, Akt and Erk.
Genes to Cells. . ISSN 1356-9597. 8:6 (2003) 515-523. doi: 10.1046/j.1365-
2443.2003.00652 X.

SAID, Anan; RAUFMAN, Jean-Pierre; XIE, Guofeng - The Role of Matrix
Metalloproteinases in Colorectal Cancer. Cancers. . ISSN 2072-6694. 6:1 (2014) 366
375. doi: 10.3390/cancers6010366.

SANG, Shengmin et al. - Wheat bran oil and its fractions inhibit human colon cancer cell
growth and intestinal tumorigenesis in Apcmin/+ mice. Journal of Agricultural and
Food Chemistry. . ISSN 00218561. 54:26 (2006) 9792-9797. doi: 10.1021/jf0620665.
SCARAFONI, Alessio et al. - Identification and characterization of a Bowman-Birk
inhibitor active towards trypsin but not chymotrypsin in Lupinus albus seeds.
Phytochemistry. . ISSN  00319422. 699 (2008) 1820-1825. doi:
10.1016/j.phytochem.2008.03.023.

SEBER, Lauren E. et al. - Scalable Purification and Characterization of the Anticancer
Lunasin Peptide from Soybean. PLoS ONE. . ISSN 1932-6203. 7:4 (2012) e35409. doi:
10.1371/journal.pone.00354009.

SILOSI, Isabela et al. - Matrix metalloproteinases (MMP-3 and MMP-9) implication in
the pathogenesis of inflammatory bowel disease (IBD). Romanian Journal of
Morphology and Embryology = Revue Roumaine de Morphologie et Embryologie. .
ISSN 1220-0522. 55:4 (2014) 1317-1324.

SPOERLEIN, Cornelia et al. - Effects of chrysin, apigenin, genistein and their homoleptic

20




copper(Il) complexes on the growth and metastatic potential of cancer cells. Journal of
Inorganic Biochemistry. . ISSN 01620134. 127 (2013) 107-115. doi:
10.1016/j.jinorghio.2013.07.038.

STEEN, Philippe E. VAN DEN et al. - Biochemistry and molecular biology of gelatinase
B or matrix metalloproteinase-9 (MMP-9). Critical Reviews in Biochemistry and
Molecular Biology. . ISBN 1040923029077. 37:6 (2002) 375-536. doi:
10.1080/10409230290771546.

TOTH, Marta; FRIDMAN, Rafael - Assessment of Gelatinases (MMP-2 and MMP-9) by
Gelatin Zymography. In Metastasis Research Protocols [Online]. New Jersey : Humana
Press, 2012. Avaiable in WWW:<URL.:http://link.springer.com/10.1007/978-1-61779-
854-2>. ISBN 978-1-61779-853-5v. 878. 163-174.

VANDOOREN, Jennifer; STEEN, Philippe E. VAN DEN; OPDENAKKER, Ghislain -
Biochemistry and molecular biology of gelatinase B or matrix metalloproteinase-9
(MMP-9): The next decade. Critical Reviews in Biochemistry and Molecular Biology.
. ISSN 1040-9238. 48:3 (2013) 222-272. doi: 10.3109/10409238.2013.770819.
VAYALIL, Praveen K.; MITTAL, Anshu; KATIYAR, Santosh K. - Proanthocycanidins
from grape seeds inhibit expression of matrix metalloproteinases in human prostate
carcinoma cells, which is associated with the inhibition of activation of MAPK and NF«B.
Carcinogenesis. . ISSN 01433334. 25:6 (2004) 987-995. doi: 10.1093/carcin/bgh095.
VISSE, Robert; NAGASE, Hideaki - Matrix metalloproteinases and tissue inhibitors of
metalloproteinases: Structure, function, and biochemistry. Circulation Research. . ISSN
00097330. 92:8 (2003) 827-839. doi: 10.1161/01.RES.0000070112.80711.3D.

WANG, Yungian et al. - Legume Consumption and Colorectal Adenoma Risk: A Meta-
Analysis of Observational Studies. PLoS ONE. . ISSN 19326203. 8:6 (2013) 6-12. doi:
10.1371/journal.pone.0067335.

WIRTZ, Denis; KONSTANTOPOULOS, Konstantinos; SEARSON, Peter C. - The
physics of cancer: the role of physical interactions and mechanical forces in metastasis.
Nature Reviews. Cancer. . ISSN 1474-175X. 11:7 (2011) 512-522. doi:
10.1038/nrc3080.

WU, Ting et al. - Macrophage targeting contributes to the inhibitory effects of embelin on
colitis-associated cancer. Oncotarget. . ISSN 1949-2553. 7:5 (2016) 19545-19558. doi:
10.18632/oncotarget.6969.

21




XIE, Jianlin; ITZKOWITZ, Steven H. - Cancer in inflammatory bowel disease. World
Journal of Gastroenterology. . ISSN 10079327. 14:3 (2008) 378-389. doi:
10.3748/wjg.14.378.

YANG, Gong et al. - Prospective cohort study of soy food intake and colorectal cancer
risk in women. American Journal of Clinical Nutrition. . ISSN 0002-9165. 89:2 (2009)
577-583. doi: 10.3945/ajcn.2008.26742.

YANG, W. S. et al. - Soy intake is associated with lower lung cancer risk: results from a
meta-analysis of epidemiologic studies. American Journal of Clinical Nutrition. . ISSN
0002-9165. 94:6 (2011) 1575-1583. doi: 10.3945/ajcn.111.020966.

YOON, Sang-Oh et al. - Roles of Matrix Metalloproteinases in Tumor Metastasis and
Angiogenesis. Journal of Biochemistry and Molecular Biology. . ISSN 1225-8687.
36:1 (2003) 128-137. doi: 10.5483/BMBRep.2003.36.1.128.

ZUCKER, Stanley; VACIRCA, Jeffrey - Role of matrix metalloproteinases (MMPS) in
colorectal cancer. Cancer Metastasis Reviews. . ISSN 0167-7659. 23:1-2 (2004) 101
117. doi: 10.1023/A:1025867130437.

22




Chapter 1

An up-scalable, cost effective methodology for isolating
deflamin, an MMP-9 inhibitor polypeptide mixture

from Lupinus albus seeds

Joana Mota 2, Ana Lima 2, Filipe Saude @ Maria E. Figueira °, Ricardo Boavida

Ferreira @

4Disease & Stress Biology Group, LEAF, Instituto Superior de Agronomia, Universidade
de Lisboa, 1349-017 Lisbon, Portugal

b Research Institute for Medicines and Pharmaceutical Sciences (iMed.UL) and Faculty

of Pharmacy, University of Lisbon, Av. Prof. Gama Pinto, 1649-003 Lisboa - Portugal
Keywords: MMP-9, HT29, invasion, proliferation, deflamin, lupin
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1. Introduction

Plants have long been utilized as an important natural source of compounds for medical
therapy. It has been estimated that over the last 20 years, 25 to 30% of the new drugs
entering the US market were discovered in plants (Bent, 2008; Ekor, 2014). Worldwide,
the over-the-counter value of these drugs sustains multi-billion dollar incomes (Samy,
Pushparaj and Gopalakrishnakone, 2008). During the last decades, intensive research has
been made to develop novel anticancer and anti-inflammatory drugs, both prophylactic
and therapeutic, from plant-food products or bioactive plant compounds (Su et al., 2006).
One attractive target for these bioactive compounds in cancer therapy is a group of matrix
metalloproteinases (MMPs), a family of zinc-dependent endopeptidases (Herszényi et al.,
2012; Lee et al., 2013), particularly two members of the MMP family, the gelatinases,
MMP-9 and MMP-2, which have for long been recognized as important key-players in
the degradation of extracellular matrix proteins during inflammation (Heimesaat et al.,

2011; Parks, Wilson and Lopez-Boado, 2004) and in oncologic processes such as

23




tumourigenesis, cell adhesion and metastasis (Baugh et al., 1999; Garg et al., 2009). As
a result, many synthetic MMP inhibitors (MMPIs) were developed as potential anticancer
drugs. Well known examples are provided by tetracycline, zoledronate,
ethylenediaminetetraacetic acid (EDTA), 1,10-phenanthroline, 2S,3R-3-amino-2-
hydroxy-4-(4-nitrophenyl)butanoyl-L-leucine, and neovastat® (isolated from shark
cartilage). Up to now, a myriad of MMPI has already been synthesized, some of which
have been used as potential therapeutic agents to limit tumour progression (Bourguet et
al., 2012). However, only a few small MMPIs entered the clinical trial stage, most of
which terminated prematurely either due to lack of benefits or to strong adverse side
effects (Wang et al., 2012). A distinct and more recent strategy is to search for MMPIs
among the multitude of nontoxic natural products that nature placed at our disposal. There
is abundant evidence in the published literature concerning the anticancer activities of
many edible foodstuffs. Cyr (2002) provides a huge list of plants whose aqueous,
ethanolic and organic extracts exhibit inhibitory activity upon human MMP-2 and MMP-
9 enzymes. These extracts encompass secondary metabolites and peptides, such as
withaferin A, a steroidal lactone derived from Acnistus arborescens, Withania somnifera
and other members of Solanaceae family (Rah et al., 2012), which abolishes MMP-2
expression and activity; the flavonoids chrysin, apigenin, genistein and their homoleptic
copper(1) complexes, which have also been reported to attenuate the expression and
secretion of MMP-2 and MMP-9 (Spoerlein et al., 2013), as has curcumin from Curcuma
longa (Jeong et al., 2003). Many seeds have also been reported to contain MMPIs (La et
al., 2009; Panyathep et al., 2013). Legume seeds are no exception and have been long
recognized to contain a variety of proteinaceous enzyme inhibitors, such as the trypsin
inhibitors and the Bowman-Birk inhibitors (BBIs; Clemente and Arques, 2014; Duranti
et al., 2008). However, although the presence of MMPIs of natural occurrence may be
considered ubiquitous in plant tissues, virtually all these suffer from at least one of the
following limitations, handicaps, disadvantages or weaknesses when we consider their
possibility of clinical and/or nutraceutical application: toxicity; chemical inactivation
(e.g. denaturation) or destruction (e.g. proteolysis) during the digestive process;
absorption into the blood stream, with or without triggering immunogenic (i.e. I1gG) or
allergenic (i.e. IgE) responses; destruction during boiling (e.g. during cooking); low water

solubility and the lack of a specific, low-cost and efficient method of isolation, that could
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also be efficiently up-scaled to an industrial level (Jeong et al., 2003; La et al., 2009;
Panyathep et al., 2013; Rah et al., 2012; Spoerlein et al., 2013). This certainly explains,
for the most part, why there is not yet a single, plant derived biological compound which
found successful application in the realms of human health and nutrition at the level of
MMP inhibition.

Lunasin from soybean is one of the first anticancer plant-based compounds (Jeong et al.,
2003). It is the smaller polypeptide chain of the larger cotyledon-specific 2S seed albumin
(Gm2S-1) complex that has both anticancer and anti-inflammatory activities. Initially
identified in soybean and then also in barley, wheat, rye, triticale, Solanum nigrum and
Amaranthus seeds (Jeong et al., 2007), lunasin’s large-scale animal studies and human
clinical trials have been hampered by the cost of synthetic lunasin and the lack of a
method for obtaining gram quantities of highly purified lunasin from plant sources (Seber
etal., 2012). A scalable method was developed that utilizes the sequential application of
anion-exchange chromatography, ultrafiltration, and reversed-phase chromatography.
This method generates lunasin preparations of 0.99% purity with a yield of 442 mg.kg™*
defatted soy flour. Nonetheless, the proposed mode of lunasin action, as presented by
Kyle, James and McPherson (2012), does not include a role in MMP inhibition. Rather,
physical interactions seem to take place between this peptide with chromatin and histones
(Jiang et al., 2016). Hence, the isolation of an effective MMPI from plants remains to be

achieved.

Recently, we compared the anti-proliferation and anti-invasion properties of protein
extracts of the seeds from eight different legume species, which are usually consumed in
Mediterranean diets, and demonstrated that their protein fractions can inhibit MMPs and
cancer cell invasion (Lima et al., 2016). Particularly, the water soluble albumin fraction
of Lupinus albus, exhibited a strong inhibitory activity against MMP-9 and MMP-2
enzymes in HT29 cells, without exerting any apparent cytotoxicity (Lima et al., 2016).
Reverse zymography revealed this inhibitory activity could be related to small
polypeptides/proteins present in the albumin fraction. Compared to other small MMPIs
found in legume seeds, these polypeptides can offer various advantages, such as high
specificity, low toxicity and easiness to isolate in larger amounts. Therefore, the isolation
and characterization of the proteins/peptides responsible for such effect is of high
importance and may open novel possibilities in the field of cancer treatment or
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prevention. However, this remained to be attained (Lima et al., 2016). Since preliminary
results suggested that those L. albus polypeptides are resistant to heat and acid
denaturation, an efficient method of isolation using heat, acid and sequential
precipitations (appropriate for scaling-up to an industrial scale) was established. The
activities of this isolated polypeptide mixture were compared to those already detected in

the total extract.

2. Materials and Methods

2.1. Protein extraction isolation

Dry, mature seeds of Lupinus albus L. (lupin) were used in this work. The MMPI protein
extract was isolated using its ability to resist boiling and acid denaturation, and by
conjugation of several methods described and tested by Duranti et al. (2008) and Lima et
al. (2016), with several modifications. Briefly, approximately 100 g £ 0.1 g of dry lupin
seed (without embryo and tegument) was extracted using 50 mM of Tris-HCI buffer, pH
7.5 (1:10, w/v), The homogenate was centrifuged at 13,500 g for 30 min at 4 °C yielding
the buffer extract (BE). The supernatant was collected, boiled for 10 min and centrifuged
at 13,500 g for 20 min at 4 °C. The supernatant was collected and provided the heat treated
extract (HT). Subsequently, the supernatant was made to pH 4.0 and centrifuged at
13,500 g for 20 min at 4 °C. The pellet was resuspended in 40% (v/v) ethanol containing
0.4 M NacCl, and centrifuged at 13,500 g, 30 min, 4 °C. The supernatant was made to 90%
(v/v) ethanol and left overnight at -20 °C. The following day, the mixture was centrifuged
at 13,500 g for 30 min at 4 °C. The pellet was suspended in 40% (v/v) ethanol containing
0.4 M NaCl, centrifuged at 13,500 g, 30 min, 4 °C and then made to 90% (v/v) ethanol
and left once more overnight at -20 °C. Finally, after centrifuging the mixture at 13,500
g, 20 min, 4 °C, the pellet was resupended in the smallest possible volume of mili-Q
water. The extract obtained, containing isolated deflamin, was stored frozen in falcon
tubes at -20 °C.
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2.2. In vitro colon cancer cell assays

2.2.1. HT29 cell cultures

The human colon adenocarcinoma cell line, HT29 (ECACC 85061109), established from
a 44-year-old Caucasian female, and obtained from (ATCC; DSMZ....) was used
throughout this work. HT29 cells were maintained in RPMI medium supplemented with
10% (w/v) of heat-inactivated fetal bovine serum (FBS), 200 mM glutamine, 2x10*
UL.mL* penicillin and 20 mg.mL* streptomycin at 37 °C, in a humidified atmosphere of
5% (v/v) COa.

2.2.2. Cell proliferation assay

HT29 cultured cells were seeded in 96-well plates (2x10* cells/well) and protein samples
were added to the growth media at a 100 pg.mL! concentration, and incubated for 24 h.
After each treatment, the extracellular media was collected, and the wells were washed
with phosphate buffer saline (PBS) in order to remove unattached cells. Cell proliferation
and viability was determined using the standard 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) assay as described by Carmichael et al. (1987).

2.2.3. Cell migration assay

For cell migration analysis, the wound healing assay was performed. HT29 cells (5x10°
cells/well) were seeded in 6-well plates and allowed to reach 80% confluence. Wounds
were performed by making a scratch with a pipette tip across the cell monolayer to create
an open gap, mimicking a wound. Cells were then washed twice with PBS to remove
floating debris. Each well was subsequently filled with fresh medium containing the
protein fractions under study, in a concentration of 100 ug.mL, and allowed to grow for
48 h. The invaded area after 48 h was calculated in each treatment and compared to the
initial area at O h, to measure the area covered de novo by migrating cells into the denuded
zone at the beginning of treatment. This comparison allowed us to assess the inhibitory

effect (if any) exerted by each protein fraction on the HT29 cell migrating capacity.

27




2.3. MMP-9 and MMP-2 catalytic activities
2.3.1. Inhibition of gelatinolytic activity

The fluorogenic substrate dye-quenched (DQ)-gelatin was purchased from Invitrogen
(Carlshad, CA, USA) and dissolved in water at 1 mg.mL*. All solutions and dilutions
were prepared in assay-buffer (50 mM Tris-HCI buffer, pH 7.6, containing 150 mM NacCl,
5 mM CaClz and 0.01% v/v Tween 20). A 96-well micro-assay plate (chimney, 96-well,
black) was used. Each well was loaded with 0.1 mM MMP-9 (Sigma), to which 100
ug.mL* of the protein fraction under study (for a final volume of 200 pL) was added, and
the plate was incubated for 1 h at 37 °C. Subsequently, DQ-gelatin (at a final
concentration of 2.5 pg.mL™?) was added to each well and the plate was allowed to
incubate again, for 1 h. Fluorescence levels were measured (ex. 485 nm/em. 530 nm). In
each experiment, both positive (no protein fraction) and negative (no enzyme) controls
were included for all samples, to correct for possible proteolytic activities present in the
protein samples under analysis. All data were corrected by subtraction of their

corresponding negative controls.

2.3.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Samples were treated with 100 mM Tris-HCI buffer, pH 6.8, containing 100 mM f-
mercaptoethanol, 2% (w/v) SDS, 15% (v/v) glycerol and 0.006% (w/v) m-cresol purple,
and heated at 100 °C for 5 min. One-dimensional electrophoresis was carried out,
following the method described by Laemmli (1970) in a 12.5% (w/v) acrylamide
resolving gel and a 5% (w/v) acrylamide stacking gel, and performed in a vertical slab
electrophoresis unit at 100 V and 20 mA per gel. Gels were fixed for 20 min in 10% (w/v)
Trichloroacetic acid (TCA), and stained in 0.25% (w/v) Comassie Brilliant Blue (CBB)
R-250, 25% (v/v) 2-propanol and 10% (v/v) acetic acid. Destaining was carried in a
solution of 25% (v/v) 2-propanol and 10% (v/v) acetic acid until polypeptide bands were

clearly visible against a clear background.

2.3.3. Reverse gelatin zymography

Reverse zymography, used to detect and quantify MMPI proteins in different samples,

was performed as described by Hawkes, Li and Taniguchi (2001), with some
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modifications. Protein samples were treated with zymographic buffer (313 mM Tris-HCI
buffer, pH 6.8, containing 10% w/v SDS, 50% v/v glycerol and 0.05% w/v bromofenol
blue) and then loaded on SDS-polyacrylamide (12.5% wi/v acrylamide) slab gels
copolymerized with gelatin (1% w/v) and 1 pmol.mL* MMP-9. Electrophoresis was
performed as described in section 2.3.2 and the gels washed three times in 2.5% (v/v)
Triton X-100, for 60 min each, to remove SDS. Gels were then incubated overnight at 37
°C, immersed in developing buffer (50 mM Tris-HCI buffer, pH 7.4, containing 5 mM
CaClz, 1 pM ZnCl; and 0.01% wi/v sodium azide), stained with CBB G-250 0.5% (w/v)
in 50% (v/v) methanol and 10% (v/v) acetic acid for 30 min, and destained with a solution
of 50% (v/v) methanol and 10% (v/v) acetic acid. Dark bands visible against a white
background marked the MMPI-mediated inhibition of gelatin degradation (Hawkes, Li
and Taniguchi, 2001).

2.4. Statistical analysis

All experiments were performed in triplicate, in at least three independent times and the
data are expressed as the mean + standard deviation (SD). SigmaPlot software (version
12.5) was used for comparing different treatments, using one-way and two-way analysis
of variance (ANOVA). Tukey’s test was used to compare differences among groups and
the statistical differences with P values lower than 0.05 where considered statistically

significant.

3. Results and Discussion

There is much evidence suggesting that several compounds present in legume seeds, and
especially in soybean can prevent cancer in many different organs (Kennedy, 1995), and
that peptides such as BBIs have been reported to exhibit a benefic role at the levels of
anticancer and antimetastasis in various animal models (Roy, Boye and Simpson, 2010).
But none of these compounds has been effectively isolated for nutraceutical purposes and
those which, such as lunasin, have no apparent effect on MMPs. Previous findings in our
group (Lima et al., 2016) led to the discovery of a promising water soluble polypeptide
fraction present in the edible seeds of Lupinus albus, a legume species often neglected in
this type of studies, which exhibits a highly potent inhibitory activity towards MMP-9
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and MMP-2 in cultured colon cancer cells without exerting any significant cytotoxicity.
Furthermore, this activity was seemingly higher in L. albus than in other legume seeds
tested, namely soybean. This protein fraction presents high potential to be produced as an
anticancer drug or nutraceutical. Hence, in this work, an efficient method to isolate it, in

a matter which can be appropriate for scaling-up to an industrial level was attempted.

3.1. MMPI activity from L. albus seeds is resistant to heat

denaturation

Preliminary findings showed that the MMPI polypeptide mixture may have a high
stability to temperature (unpublished results). Considering the fact that lupin seeds are
cooked before consumption, the maintenance of the MMPI activity after boiling is a
preferable feature for its use in anticancer or cancer-preventive diets. To ascertain Lupinus
seed MMPI activity after boiling, the polypeptide profile and the presence of MMPI bands
by reverse zymography with MMP-9 included in the gel matrix were evaluated. Figure 1
shows a representative image of the polypeptide distribution between L. albus seeds
simply extracted with buffer (buffer extraction; BE) or after heat treatment (HT), and

visualized by SDS-PAGE (left) and by reverse gelatin zymography (right).

SDS-PAGE Reverse Zymography

kDa BE wa BE HT

Figure 1. BE and HT extracts present MMPI activity. Representative images of the polypeptide distribution
between Lupinus albus seeds simply extracted with buffer (buffer extraction; BE) or after heat treatment (HT), and
visualized by SDS-PAGE (left) or by reverse gelatin zymography (right). Protein extracts (50 pug.mL™) were loaded
onto 17.5% (w/v acrylamide) polyacrylamide slab gels, copolymerized with gelatin and MMP-9 in the case of reverse

zymography.
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SDS-PAGE profiles of the HT extracts show the presence of several polypeptide bands
that survive heat denaturation at 100 °C, whilst the reverse zymography reveals the
presence of only one major band, which maintains its biological activity after the heat
treatment. The polypeptide band visible in both lanes BE and HT presents a molecular
mass lower than 20 kDa. In Lima et al. (2016), the presence of this band seemed to be
related to the high MMPI activity present in L. albus seeds.

3.2. Sequential extractions allow the isolation of deflamin, which
presents higher MMPI activity than the total extracts from which

it derives

Taking advantage of the fact that the MMPI band is heat resistant and that this MMPI
fraction is highly soluble in water, a method for its isolation with sequential precipitations
(appropriate for scaling-up to an industrial scale) was attempted. This method was
developed based on several protocols described before (Duranti et al., 2008; Lima et al.,
2016), whilst introducing some modifications, mostly targeted at the lower molecular
mass of the heat resistant soluble proteins from L. albus seeds. Hence, an initial total
soluble protein extract was obtained and then boiled at 100 °C to yield the heat resistant
protein fractions. After acid precipitation, the more hydrophilic fractions were obtained
by ethanol precipitation.

The representative images of the electrophoretic polypeptide profiles obtained after the
several sequential extractions, including both the pellets and the soluble fractions
throughout the established protocol are shown in Figure 2.

MW BE HTs HTp pH4 s pH4 p 40% s 40% p 90% D
150 ‘S
75 |-

50 -
37 —

25—

20 S
15'8

10

Figure 2. Representative images of the polypeptide profiles obtained after each step of the purification method

as specified on the top of the gels. The protein samples (25 pg) were loaded onto 17.5% (w/v acrylamide)
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polyacrylamide slab gels. MW- Molecular mass markers; BE — Buffer Extration; HT s — Heat Treatment, supernatant;
HT p — Heat Treatment, pellet; pH4 s — Acid precipitation, supernatant; pH4 p — acid precipitation, pellet; 40% s — 40%
v/v EtOH containing 0.4 M NaCl, supernatant; 40% p — 40% v/v EtOH containing 0.4 M NaCl, pellet; 90% - 90% v/v
EtOH overnight at -20 °C, pellet; and D - deflamin.

Analysis of the polypeptide profiles following each step of the isolation method depicted
in Figure 2 revealed the gradual purification of a polypeptide fraction with a molecular
mass below 20 kDa, which was termed deflamin and which matched the band obtained

in Figure 1 right.

While the heat treatment allows the removal of a significant portion of soluble proteins,
the use of acid precipitation followed by ethanol solubilization assures the removal of
possible toxic contaminants such as saponins, phenolic compounds and other known
secondary metabolites present in legume seeds (Xu and Chang, 2012). The final 90%
(v/v) ethanol solubilization yields the lower molecular mass, more hydrophilic,
polypeptide fraction. The presence of high molecular mass contaminants still present after
90% (v/v) ethanol precipitation was observed, which rendered the need to an additional
precipitation with 40% (v/v) ethanol to obtain a purer fraction.

To determine if deflamin was indeed the responsible fraction for MMPI activities in L.
albus seeds, we compared lupins previously detected activities (Lima et al., 2016) in the
different fractions. Results are shown in Figure 3. Buffer extraction (BE), heat treatment
(HT) and deflamin (D) protein fractions were used to assess their inhibitory activity upon
the proteolytic activity of MMP-9 on DQ-gelatin. The negative control (C) does not
inhibit MMP-9, resulting in 100% proteolytic activity for this protease.
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Figure 3. The effect of buffer extraction, heat treatment and deflamin on the proteolytic activity of MMP-9.
Buffer extraction (BE), heat treatment (HT) and deflamin (D) protein fractions were obtained from L. albus seeds and
used to assess their inhibitory activity upon the proteolytic activity of MMP-9. The negative control (C) does not inhibit
MMP-9, resulting in 100% proteolytic activity for this protease. Protein samples were added at a concentration of 50
ug.mL " and gelatinolytic activity was measured by the DQ fluorogenic assay. MMP activities are expressed as relative
fluorescence as a % of controls, and represent the averages of at least three replicate experiments (n = 3) + SD. * P <
0.05, #* P <0.001.

At the protein concentration tested (50 pg.mL™?), Figure 3 shows that all samples were
able to significantly inhibit MMP-9 proteolytic activity. However, significant differences
(P<0.05) were observed among the samples analysed, with the highest inhibition level
(P<0.05) detected for deflamin, which induced a very significant (P<0.001) reduction of
MMP-9 activity greater than 80%. In summary, as deflamin is gradually purified, its
apparent inhibitory effect as an MMPI increases. Indeed, its effect is significantly higher
than both BE and HT (P<0.05). This suggests that although L. albus total protein pool
contains deflamin and can inhibit MMP-9 activities as described by Lima et al. (2016),
isolated deflamin is most likely more effective that the consumption of lupin as a
functional food. This effect is at least in part explained by the observation that deflamin
specific activity increases from BE to HT to D. In other words, 50 pug of BE protein

contains less deflamin than 50 pg of HT and so forth.
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3.3. Deflamin is more effective in inhibiting colon cancer cell

invasion

In Lima et al. (2016), 100 pg.mL* of total protein extract from lupin seed was able to
reduce cancer cell invasion but was not cytotoxic. Hence, in this work, we further aimed
to characterize deflamin’s ability to reduce cancer cell invasion in HT29 cells, while

comparing it to the total extract and to the heat-treated extract of L. albus.

Figure 4 shows the effect of each protein fraction on HT29 cell migration after 48 h of

exposure to the total extract, heat treatment and deflamin (50 ug protein.mL™).
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Figure 4. HT29 cell migration after exposure to Buffer Extraction (BE), Heat treatment (HT) and deflamin (D),
as determined by the wound healing assays. (A) - Relative migration rates. Values are the means of at least three
replicate experiments + SD, and are expressed as a % the wound closure in relation to 0 h. (B) - Examples of cell
migration showing the inhibitory effect of deflamin on HT29 cell migration. Cells were grown until reaching 80%
confluence and the monolayer was scratched with a pipette tip (0 h). Cells were then exposed to 50 pg protein.mLt

extract and cell migration was recorded after 48 h. * P < 0.05, =+ P < 0.001.
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Results show that isolated deflamin presented the highest inhibition in migration rates
when compared to the other deflamin-containing protein samples studied (P<0.001),
inducing a 60% reduction in cell migration rates. Furthermore, at the concentration used,
HT and deflamin were also statistically different from controls (P<0.05) whilst the BE
sample remained statistically similar to controls (P>0.05), once again corroborating the
higher efficiency of the isolated deflamin fraction, already noted in Figure 3. This means
that, as the purification methodology proceeds from the initial total protein extract to
isolated deflamin, its biological activity gradually increases, reaching a maximum with
isolated deflamin. This result was expected given the concomitant increment in deflamin
specific activity as the other proteins are gradually removed along the purification
process. Indeed, as comparative tests performed after each purification step use identical
amounts of proteins from each sample, as the degree of deflamin purification increases,
the amount of deflamin relative to total protein in each fraction also increases, justifying
the increment in deflamin bioactivity when one moves from less pure to purer deflamin
fractions. This also justifies why the use of 50 pg protein.mL™ reduced its ability to inhibit
cell invasion, when compared to the 100 pg protein.mL* concentrations used by Lima et
al. (2016). Being more diluted in the BE fraction, these results suggest a dose-dependent

response action for deflamin.

3.4. Deflamin is the first proteinaceous MMPI which can be purified

by a cost-effective and up-scalable procedure

Legume seeds have been long recognized by containing a variety of proteinaceous
enzyme inhibitors, such as the trypsin inhibitors and the BBIs. However, although the
presence of MMPIs of natural occurrence may be considered ubiquitous in plant tissues,
all of them present several disadvantages when considering their production for clinical
and/or nutraceutical purposes: toxicity; chemical inactivation (e.g. denaturation) or
destruction (e.g. proteolysis) upon cooking and/or by the digestive process; the lack of a
specific; and a high-cost and inefficient method of isolation, which prevent MMPIs in
general to undergo efficient scaling-up to an industrial level . Isolated deflamin reported
in this work surpasses all of these constraints, as it is resistant to boiling and is an enzyme
inhibitor; on the other hand, the sequential precipitation method developed is simple, cost-

effective and easily applied in an industrial context. As a mixture of edible polypeptides
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which occur naturally in lupin seeds, it doesn’t pose the problem of toxicity in higher
doses, that most phenolic compounds and other bioactive secondary metabolites do, and
the use of the acid and ethanol precipitations assures the removal of possible toxic

contaminants as well as higher molecular mass proteins.

The yield of the extraction procedure is present in Table 1. Results show that per 100 g
of dry seed yields 100 mg of deflamin, which correspond to around 0.5% of total protein

content of the seed.

Table 1. Yield (expressed in %) of dry L. albus seeds in deflamin.

Deflamin % yield
Per 100 g of dry lupin seed 100 mg 0.1%
Per 100 mg of total protein 520 pg 0.5%

These results corroborate that deflamin is indeed present in very low concentrations in
the seed, hence the lower activities observed in the BE fractions. It also suggests that the
consumption of lupin alone may not provide enough deflamin to induce the same effects

that its isolated form can provide.

It is important to notice that the low yields of the extraction procedure are not due to the
method itself, but rather to the low amount of deflamin in the seed. Still, the relative ease
of the procedure and the possibility to up-scale to larger amounts, in a cost-effective and
simple manner, using filtrations and flow centrifugation as well as low cost reagents such

as ethanol suggest a high potential for industrial production.

Furthermore, given the potential of deflamin, our developed procedure is also of
particular importance to pursue a more thorough characterization of this proteinaceous
fraction, such as its identity, dose-response effects and EC50, as well as clinical and pre-
clinical studies. The fact that isolated deflamin is efficient in inhibiting MMP-9 and
reducing cancer cell invasion suggests its high potential for a vast array of clinical uses.
Since MMP-9 is closely involved in inflammation (Garg et al., 2010; Heimesaat et al.,

2011) as well as in oncologic processes (Baugh et al., 1999; Garg et al., 2009), the MMPI
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deflamin could possibly be used in both anticancer approaches as well as anti-
inflammatory treatments, especially those related to the digestive tract, such as colorectal

cancer (CRC) and inflammable bowel diseases (IBDs).

4. Conclusion

Here we report for the first time the isolation of deflamin, a potent MMPI proteinaceous
fraction from L. albus seeds, which also inhibits cancer cell invasion, and assure its
isolation by measuring the bioactivities of the various fractions along the purification
process. This is, to the best of our knowledge, the first effective method for isolating a
proteinaceous MMPI from food sources which is scalable to an industrial level, in a cost-
effective manner. The facts that deflamin is an MMPI, is apparently resistant to digestion
and derives from plant foods make it a perfect candidate to be used as a nutraceutical in
cancer and inflammation preventing/curative diets, particularly in the case of colon
diseases, where it can act in situ, without exerting side effects. Our developed method is
not only useful for a future industrial production as a nutraceutical, but it also provides a

way to isolate deflamin for further necessary studies.
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This chapter will be submitted as a paper in Food Chemistry

1. Introduction

Colorectal cancer (CRC) is the second most common cause of cancer death in the
European Union, with an enormous health and economic burden (Ait Ouakrim et al.,
2015; Ferlay et al., 2013). Despite the significant advances in diagnosis, screening and
treatment, the overall long-term outcome in patients has not significantly changed in the
last decades (Herszényi et al., 2012). Intensive research has been made to develop novel

anticancer drugs, both prophylactic and therapeutic (Su et al., 2006).

A subgroup of matrix metalloproteinases (MMPs) called gelatinases (MMP-2 and MMP-
9) was found to be largely implicated in CRC progression/metastasis in animal models
and patients (Farina and Mackay, 2014; Lotfi et al., 2015; Marshall et al., 2015).
Consequently, for over 30 years now, MMPs have been considered by researchers across
the world as attractive cancer targets. Their inhibitors (MMPIs) were demonstrated to be
effective in reducing cancer progression/metastasis in an array of in vitro assays, animal

models and clinical trials and appear to be overall mostly effective at the early stages of
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cancer or in preventing development of undetected micrometastases after surgery
(Coussens, 2002; Herszényi et al., 2012; Mook, Frederiks and Noorden, Van, 2004; Yoon
et al., 2003; Zucker and Vacirca, 2004). These observations could make them the perfect
target for prevention or to limit tumour progression. Up to now, several MMPIs have
already been synthesized, some of which have been used as potential therapeutic agents
(Bourguet et al., 2012). However, only a few small MMPIs entered the clinical trial stage,
and most presented strong adverse side effects (Wang et al., 2012). Thus, so far, most of

their clinical trials in cancer have been rather disappointing.

Since tumour invasion from a primary site to progressively colonize distant organs is the
major contributor to cancer mortality, one important therapeutic goal is the prevention of
initial cancer cell invasion in high-risk patients as well as prevention of additional
metastases in patients already with this disease (Steeg, 2016). One way to partly achieve
this, particularly in CRC, might be by long-term ingestion of natural food-based MMPIs,
which are colon-available, rather than serum-bioavailable, thus avoiding troublesome
side-effects. There is indeed a substantial amount of research that has turned towards the
discovery of novel plant-food derived MMPIs which are clinically active against various
types of cancer cells and currently there is abundant evidence in the published literature
concerning the anticancer activities of many edible foodstuffs. Legume seeds are a strong
example, although most studies have focused primarily on soybean. There is much
evidence suggesting that certain compounds present in soybean can prevent cancer in
many different organ systems. Besides non-protein compounds such phytic acid, -
sitosterol, isoflavones (e.g. genistein and daidzein) and saponins (Kennedy, 1995),
legume seed peptides and proteins (including Bowman-Birk inhibitors (BBIs) and other
trypsin inhibitors) have been reported to exhibit anticancer and antimetastatic activities
in various animal models (Roy, Boye and Simpson, 2010). For example, Champ (2002)
reported that BBIs derived from soybean inhibited or prevented the development of
chemically induced cancers of the liver, lung, colon, mouth and oesophagus in mice, rats
and hamsters. However, very few studies demonstrate their effects on MMPs and animal
studies and human clinical trials to determine their efficacy are usually hampered by the
cost of their synthetic production and/or the lack of a method for obtaining gram
quantities of highly purified forms of these compounds (Seber et al., 2012). Also, most

of them are destroyed during the digestive process and some are considered to be anti-
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nutrients and can exert cytotoxicity. Hence, the identification of a non-toxic, digestion-
resistant MMPI from a plant-food source can be of extreme potential for cancer
prevention and cancer treatments. Its applications could range from developing novel
anticancer drugs to combat metastasis formation, or to be used in diet prevention, or even

aiding chemotherapy or to prevent re-incidence after surgery.

Findings in our group led to the discovery of a group of water soluble polypeptides
isolated from the edible seeds of Lupinus albus, which exhibit a highly potent inhibitory
activity towards MMP-9 and MMP-2. This extract presented a high stability to pH and
temperature, making it an excellent candidate to become a valuable anticancer
nutraceutical agent. An efficient method to isolate this fraction was established and led to
the isolation of deflamin, a specific polypeptide mixture from L. albus which presents
high MMP-9 activity and was recently the subject of a patent application. Being
proteinaceous in nature, cooking resistant and present in edible seeds, deflamin is likely
to present no toxic effects and can be used safely in preventive diets. However, its effects
on colon cancer cells, particularly its cytotoxic levels have yet to be proven. Also, the

polypeptides that constitute deflamin remain to be identified.

The goal of the present work was to identify deflamin and to characterize its MMPI
activities in colon cancer cells. Dose-response effects, cancer cell invasion and MMP
minimal inhibitory concentrations were determined in colon cancer cells and the specific
isolated polypeptide mixture were tentatively identified through mass spectrometry.
Results show that deflamin is an excellent candidate to become a valuable anti-

inflammatory and anticancer nutraceutical agents for colon diseases and possibly more.

2. Materials and Methods

2.1. Protein extraction isolation

Dry, mature seeds of Lupinus albus L. (lupin) were used in this work. The MMPI protein
extract was isolated using its ability to resist boiling and acid denaturation, and by
conjugation of several methods described and tested by Duranti et al. (2008) and Lima et

al. (2016), with several modifications. Briefly, approximately 100 g £ 0.1 g of dry lupin
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seed (without embryo and tegument) was extracted using 50 mM of Tris-HCI buffer, pH
7.5 (1:10, w/v), The homogenate was centrifuged at 13,500 g for 30 min at 4 °C yielding
the buffer extract (BE). The supernatant was collected, boiled for 10 min and centrifuged
at 13,500 g for 20 min at 4 °C. The supernatant was collected and provided the heat treated
extract (HT). Subsequently, the supernatant was made to pH 4.0 and centrifuged at
13,500 g for 20 min at 4 °C. The pellet was resuspended in 40% (v/v) ethanol containing
0.4 M NacCl, and centrifuged at 13,500 g, 30 min, 4 °C. The supernatant was made to 90%
(v/v) ethanol and left overnight at -20 °C. The following day, the mixture was centrifuged
at 13,500 g for 30 min at 4 °C. The pellet was suspended in 40% (v/v) ethanol containing
0.4 M NaCl, centrifuged at 13,500 g, 30 min, 4 °C and then made to 90% (v/v) ethanol
and left once more overnight at -20 °C. Finally, after centrifuging the mixture at 13,500
g, 20 min, 4 °C, the pellet was resupended in the smallest possible volume of mili-Q
water. The extract obtained, containing isolated deflamin, was stored frozen in falcon
tubes at -20 °C.

2.2. In vitro colon cancer cell assays
2.2.1. HT29 cell cultures

The human colon adenocarcinoma cell line, HT29 (ECACC 85061109), obtained from a
44-year-old Caucasian female, was used throughout this work. HT29 cells were
maintained in RPMI medium supplemented with 10% (w/v) of heat-inactivated fetal
bovine serum (FBS), 200 mM glutamine, 2x10* Ul.mL™* penicillin and 20 mg.mL*
streptomycin at 37 °C, in a humidified atmosphere of 5% (v/v) CO..

2.2.2. Cell proliferation assay

HT29 cultured cells were seeded in 96-well plates (2x10* cells/well) and protein samples
were added to the growth media at a 100 pg.mL! concentration, and incubated for 24 h.
After each treatment, the extracellular media was collected, and the wells were washed
with phosphate buffer saline (PBS) in order to remove unattached cells. Cell proliferation
and viability was determined using the standard 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) assay as described by Carmichael et al. (1987).

45




2.2.3. Cell migration assay

For cell migration analysis, the wound healing assay was performed. HT29 cells (5x10°
cells/well) were seeded in 6-well plates and allowed to reach 80% confluence. Wounds
were performed by making a scratch with a pipette tip across the cell monolayer to create
an open gap, mimicking a wound. Cells were then washed twice with PBS to remove
floating debris. Each well was subsequently filled with fresh medium containing the
protein fractions under study, in a concentration of 100 pg.mL%, and allowed to grow for
48 h. The invaded area after 48 h was calculated in each treatment and compared to the
initial area at 0 h, to measure the area covered de novo by migrating cells into the denuded
zone at the beginning of treatment. This comparison allowed us to assess the inhibitory

effect (if any) exerted by each protein fraction on the HT29 cell migrating capacity.
2.3. MMP-9 and MMP-2 catalytic activities

2.3.1. Inhibition of gelatinolytic activity

The fluorogenic substrate dye-quenched (DQ)-gelatin was purchased from Invitrogen
(Carlshad, CA, USA) and dissolved in water at 1 mg.mL*. All solutions and dilutions
were prepared in assay-buffer (50 mM Tris-HCI buffer, pH 7.6, containing 150 mM NacCl,
5 mM CaClz and 0.01% v/v Tween 20). A 96-well micro-assay plate (chimney, 96-well,
black) was used. Each well was loaded with 0.1 mM MMP-9 (Sigma), to which 100
pg.mL* of the protein fraction under study (for a final volume of 200 pL) was added, and
the plate was incubated for 1 h at 37 °C. Subsequently, DQ-gelatin (at a final
concentration of 2.5 ug.mL™?) was added to each well and the plate was allowed to
incubate again, for 1 h. Fluorescence levels were measured (ex. 485 nm/em. 530 nm). In
each experiment, both positive (no protein fraction) and negative (no enzyme) controls
were included for all samples, to correct for possible proteolytic activities present in the
protein samples under analysis. All data were corrected by subtraction of their

corresponding negative controls.

2.3.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Samples were treated with 100 mM Tris-HCI buffer, pH 6.8, containing 100 mM (-
mercaptoethanol, 2% (w/v) SDS, 15% (v/v) glycerol and 0.006% (w/v) m-cresol purple,
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and heated at 100 °C for 5 min. One-dimensional electrophoresis was carried out,
following the method described by Laemmli (1970) in a 12.5% (w/v) acrylamide
resolving gel and a 5% (w/v) acrylamide stacking gel, and performed in a vertical slab
electrophoresis unit at 100 V and 20 mA per gel. Gels were fixed for 20 min in 10% (w/v)
Trichloroacetic acid (TCA), and stained in 0.25% (w/v) Comassie Brilliant Blue (CBB)
R-250, 25% (v/v) 2-propanol and 10% (v/v) acetic acid. Destaining was carried in a
solution of 25% (v/v) 2-propanol and 10% (v/v) acetic acid until polypeptide bands were

clearly visible against a clear background.

2.3.3. Reverse gelatin zymography

Reverse zymography, used to detect and quantify MMPI proteins in different samples,
was performed as described by Hawkes, Li and Taniguchi (2001), with some
modifications. Protein samples were treated with zymographic buffer (313 mM Tris-HCI
buffer, pH 6.8, containing 10% w/v SDS, 50% v/v glycerol and 0.05% w/v bromofenol
blue) and then loaded on SDS-polyacrylamide (12.5% wi/v acrylamide) slab gels
copolymerized with gelatin (1% w/v) and 1 pmol.mL* MMP-9. Electrophoresis was
performed as described in section 2.3.2 and the gels washed three times in 2.5% (v/v)
Triton X-100, for 60 min each, to remove SDS. Gels were then incubated overnight at 37
°C, immersed in developing buffer (50 mM Tris-HCI buffer, pH 7.4, containing 5 mM
CaClz, 1 pM ZnCl; and 0.01% wi/v sodium azide), stained with CBB G-250 0.5% (w/v)
in 50% (v/v) methanol and 10% (v/v) acetic acid for 30 min, and destained with a solution
of 50% (v/v) methanol and 10% (v/v) acetic acid. Dark bands visible against a white
background marked the MMPI-mediated inhibition of gelatin degradation (Hawkes, Li
and Taniguchi, 2001).

2.4. Minimal inhibitory concentrations (MICs)

Minimal inhibitory concentrations (MICs) were assessed in sterile 96-well plates (Greiner
Bio-one, Germany), using the micro dilution method as described before (Bouhdid et al.,
2010). Briefly, 50 uL of RPMI medium was added to each well. Then, 50 uL of each
sample was added to the first well and serially diluted 1:2 to each adjacent well, up to 10
dilutions. Subsequently, 50 uL of the HT-29 cell suspension with a concentration of 2 x
10° cells.mL, was added to the wells. A positive control (50 uL RPMI medium + 50 pL
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cell suspension) and a negative control (100 uL. RPMI medium) were performed. Plates
were incubated for 24 h, at 37 °C, and cell growth was measured by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Carmichael et al.,
1987). For MMP-9 MIC determination, the media from each well was collected and

gelatinolytic activities were determined with DQ-gelatin, as described above.

2.5. Deflamin fractionation through High-Performance Liquid

Chromatography

Deflamin samples were fractionated in a High-Performance Liquid Chromatography
(HPLC) device (Waters 2695 Separations Module) equipped with a Waters 2998
Photodiode Array Detector. Protein samples were separated in a C18 reverse phase
collumn, Zorbax 300SB 5 pm, 250 mm x 4.6 mm. The elution was made with eluent A
(0.1 % (v/v) Trifluoroacetic acid (TFA)) and solvent B (acetonitrile in 0.1 % (v/v) TFA).

Peak detection was made at 214 nm and 280 nm.
2.6. Mass spectrometry analysis

Selected isolated peaks were analyzed on a 5600 TripleTOF mass spectrometer
(ABSciex®) in information-dependent acquisition (IDA) mode. Peptides were resolved
by liquid chromatography (nanoLC Ultra 2D, Eksigent®) on a MicroLC column
ChromXPTM C18CL reverse phase column (300 um ID X% 15 cm length, 3 um particles,
120 A pore size, Eksigent®) at SuL.min. Peptides were eluted into the mass
spectrometer with a multistep gradient: 0-2 min linear gradient from 5 to 10%, 2-45 min
linear gradient from 10% to 30% and, 45-46 min to 35% of acetonitrile in 0.1% TFA.
Peptides were eluted into the mass spectrometer using an electrospray ionization source
(DuoSpray™ Source, AB Sciex) with a 50 pm internal diameter (ID) stainless steel

emitter (New Objective).

For information dependent acquisition (IDA) experiments the mass spectrometer was set
to scanning full spectra (350-1250 m/z) for 250 ms, followed by up to 100 MS/MS scans
(100-1500 m/z from a dynamic accumulation time — minimum 30 ms for precursor above
the intensity threshold of 1000 — in order to maintain a cycle time of 3.3 s). Candidate
ions with a charge state between +2 and +5 and counts above a minimum threshold of 10

counts per second were isolated for fragmentation and one MS/MS spectra was collected
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before adding those ions to the exclusion list for 25 s (mass spectrometer operated by
Analyst® TF 1.6, ABSciex®). Rolling collision was used with a collision energy spread
of 5. Two IDA experiments were performed for each sample with the second analysis

performed with an exclusion list of the peptides previously identified.

Protein identification was obtained using Protein Pilot™ software (v 5.0, ABSciex®)
with the following search parameters: identification from uniprot database from March
2016, with no alkylation or digestion for the peptide samples. As a criteria for protein
filtering we used 1.3 unused score value and a 95 % peptide confidence filtering and >0

contribution.
2.7. Statistical analysis

All experiments were performed in triplicate, in at least three independent times and the
data were expressed as the mean + standard deviation (SD). SigmaPlot software (version
12.5) was used for comparing different treatments, using one-way and two-way analysis
of variance (ANOVA). Tukey’s test was used to compare differences between groups
and the statistical differences with P value less than 0.05 where considered statistically

significant.

3. Results and Discussion

It has been predicted that the continued ingestion of functional foods and/or nutraceuticals
with bioactivities will constitute the most effective human tool against the majority of the
ailments that inflict today’s modern societies (Das et al., 2012). MMP-9 inhibitors
(MMPIs) are considered anti-angiogenic agents for primary tumours and metastasis
deterrents, and have also been demonstrated to effectively inhibit pre-cancer states such
as colitis and other inflammatory bowel diseases (Bourguet et al., 2012). In the last decade
a substantial amount of research has turned towards novel plant foods presenting MMPIs,
but targeting these gelatinases has proven itself difficult. In a previous work, we described
the isolation of deflamin, a novel type of MMPIs that are proteinaceous in nature and
which are potent inhibitors of the matrix metalloproteinases MMP-9 and MMP-2,
exhibiting powerful anti-invasion activities. Hence deflamin has the potential to prove
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useful as a nutraceutical or in functional foods in the prevention and/or treatment of a
very wide array of MMP-9-related diseases. In the present work we ascertained deflamin
effects on colon cancer HT29 cells and further characterized the polypeptide nature of

deflamin.

3.1. L. albus deflamin activities are dose dependent

Previous works (chapter 1) showed deflamin’s isolation and demonstrated it to be the
MMPI fraction responsible for L. albus MMPI activities previously detected by Lima et
al. (2016). A methodology was developed (see Chapter 1) to extract and isolate deflamin
from seeds that is suitable to undergo up-scaling, allowing its mass production in
industrial facilities. This methodology demonstrated to be highly efficient in isolating the
MMPI fraction responsible for L. albus MMPI activities. In this work, we have therefore
further tested if the effect of this fraction (i.e. deflamin) was dose-dependent. A set of
four different deflamin concentrations (100, 50, 10 and 5 pg.mL™) were tested using the
DQ gelatin method and the wound invasion assay in HT29 colon cancer cells and the

results are expressed in Figure 1 and 2, respectively.
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Figure 1. The effect of different concentrations of deflamin on gelatinase activities. Four different concentrations
of deflamin were obtained from L. albus seeds and used to assess their inhibitory activity upon the proteolytic activity
of MMP-9 on DQ-gelatin. The negative control (C) does not inhibit MMP-9, resulting in 100% proteolytic activity for
this protease. Deflamin was added at concentrations of 100, 50, 10 and 5 pg.mL™ and gelatinolytic activity was
measured by the DQ fluorogenic assay. Gelatinase activities are expressed as relative fluorescence as a % of controls,

and represent the averages of at least three replicate experiments (n = 3) £ SD. *x P <0.001 when compared to controls.

50



Figure 1 shows that all concentrations tested (100, 50, 10 and 5 pg.mL™) were able to
significantly inhibit gelatinase proteolytic activity (P<00.1), when compared to controls.
However, the inhibition level in each concentration differed, in a dose-dependent manner,
with the highest inhibition detected for 100 pg.mL? of deflamin, which induced a
reduction greater than 90% of gelatinolytic activity.

Figure 2 shows that the capacity of deflamin to inhibit colon cancer cell invasion.
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Figure 2. HT29 cell invasion after exposure to different concentrations of deflamin, as determined by the wound healing

assay. (A) - Relative migration rates. Values are the means of at least three replicate experiments + SD, and are expressed as %
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wound closure in relation to time 0. (B) - Examples of cell migration obtained for the four deflamin concentrations tested plus the
control. Cells were grown until reaching 80% confluence and the monolayer was scratched with a pipette tip (0 h). Cells were
then exposed to 100, 50, 10 and 5 pg.mL™* deflamin and cell migration was recorded after 48 h. *x represents P<0.001 and =

represents P<0.05 when compared to controls.

Although all concentrations inhibited cell invasion, unlike in the gelatinolytic activities
in Figure 1, where all inhibitions were significant, in the invasion assay the lowest
concentration (5 pg deflamin.mL™) was not significantly different from controls, whilst
10 and 50 pg deflamin.mL® were statistically and very significantly different from
controls, respectively (P<0.05 and P<0.001). For the highest deflamin concentration
studied (100 pg.mL™Y), a different and interesting result was obtained: HT29 cells were
completely detached (see figure 1B), justifying the absence of this concentration in the
graph from Figure 1A. The fact that higher doses of deflamin inhibits gelatinolytic
activities and reduce the ability of HT29 cells to invade the scratch corroborates our
previous results (chapter 1) and reveals a dose-response effect which can be useful for
future studies; however, the detachment observed in the highest dose might suggest a
cytotoxic effect, hence we proceeded for the evaluation of deflamin’s effect on cell

growth and metabolism.

3.2. Deflamin does not reduce cell growth and metabolism in colon

cancer cells

To test whether deflamin was cytotoxic to HT29 cells, and if it influenced cell growth,
we studied the same concentrations using a standard cell proliferation assay. Figure 3
illustrates the number of HT29 living cells after growth in the presence of different
deflamin concentrations (100, 50, 10 and 5 pg.mL™), determined after staining with 3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) (which can only be
metabolized by living cells). The results show that a 2-day exposure to deflamin did not
induce a significant reduction (P>0.001) in cell growth or in the number of living cells,
when compared to controls. Furthermore, there were no visible cytotoxic effects (data not
shown). This result indicates that deflamin is relatively non-cytotoxic to HT29 cells even

at 100 pg deflamin.mL* and that it does not interfere with the normal cellular metabolism.

52




120

T
100 - T T

[0}
o
1

N
o
1

N
o
1

» 8

C 100 50 10
Deflamin concentrations (ug.puL?)

Figure 3. HT29 cell proliferation after a 24 h exposure to different concentrations of deflamin. Cells
were grown for 24 h in the presence of 100, 50, 10 and 5 pg deflamin.mL* and stained with MTT. Values
represented are the means of at least three replicate experiments (n = 3) £ SD and are expressed as a

percentage of the control.

However, for the highest deflamin dose, HT29 cells were detached (Figure 1) which if
not related to any degree of cytotoxicity, it might possibly be related to cell adhesion. It
is known that cells adhere to a substrate via their integrins, i.e. transmembrane receptors
that are the bridges for cell-cell and cell-extracellular matrix (ECM) interactions. One
important function of integrins on cells in tissue culture is their role in cell migration.
Recent studies demonstrated that integrins are modulated by tumour progression and
metastasis and are tightly connected to both MMP-9 and MMP-2 activities (Hood and
Cheresh, 2002) Nevertheless, few studies have shown a cell detachment effect in the
presence of MMPIs. These results suggest that deflamin’s mode of action might involve
a broader mechanism than induces more than just gelatinase inhibition. The observation
that the highest deflamin dose tested (i.e. 100 pg.mL™) causes no apparent cytotoxic
effect suggests it is not harmful to the digestive system and may therefore be used in

preventive diets, without any secondary effects.

Since cell growth was not impaired with deflamin, we set out to determine the minimal

inhibitory concentrations (MICs) and the concentration necessary to induce 50% effect
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(EC50) of deflamin, in the different tests: cell growth, cell invasion, cell detachment and
MMP inhibition. Results are present in Table 1.

Tablel. Determination of Minimal Inhibitory Concentrations (MICs) and the concentrations which induce
a 50% effect (EC50) for deflamin bioactivities on cell growth, cell invasion, cell detachment and MMP

inhibition. Results are expressed in pg.mL™. ND: not determined.

MIC (ug.mL™?) EC50 (ug.mL™?)
Cell Growth >100 >100
Cell Invasion <10 10
Cell Detachment 100 ND
MMP inhibition <5 10

Under the conditions tested, MIC values for cell invasion and MMP inhibition were lower
than the MICs found for the other parameters studied. A 10 pg.mL? deflamin
concentration was found enough to significantly inhibit 50% of cell invasion (P<0.05)
making it the EC50 value for cell invasion. For MMP inhibition the EC50 is of 10 ug
deflamin.mL? as well. This is in accordance to the high relation between MMP-9
activities and cell invasion, and corroborates that MMP inhibition is at least one of the
major modes of action of deflamin. Nonetheless, the MIC levels determined for cell
invasion were lower than 10 pg.mL™ but were not statistically significant (P<0.05) at 5
ug.mL2, whilst MMPs were already very significantly inhibited in the presence 5 pug.mL"
! which is why the MIC values are lower than this concentration. With MIC values lower
for MMP inhibition than for cell invasion, it is expected that MMP inhibition only induces
a noticeable cell invasion reduction after a certain degree of inhibition. On the other hand,
the MIC for cell detachment was only achieved for >100 pg.mL?, at the highest deflamin

concentrations tested, at which no significant cell toxicity was detected.

Clearly, MMP inhibition and the reduction in cell invasion are the strongest activities of
deflamin, when compared to cell growth impairment or cytotoxicity which were only

affected in a very low degree. This could be of significant importance. MMPIs with high
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specificity and low side effects have been very hard to find, and most clinical trials
yielded unsatisfactory results. On the other hand, in cancer preventing diets, reducing
MMP-9 and -2 activities in low amounts is desired but low toxicity levels against colon
cells even in higher doses are a very important requirement. Compared to low molecular
mass compounds such as polyphenols, polypeptide MMPIs may offer various advantages,
such as high specificity and low toxicity. According to Park, Jeong and Lumen (2007),
compared to the traditional cancer treatments such as chemotherapy or radioactive
treatment, peptides and small proteins with high specificity against tumour promoters
such as MMPs that simultaneously present low toxicity may represent the future in cancer

treatment/prevention.

3.3. L. albus deflamin is a mixture of low molecular mass
polypeptides
Isolated deflamin was analysed by denaturing electrophoresis, under reducing and non-

reducing conditions to detect its polypeptide composition as well as to determine the
potential presence of disulphide bonds. The results obtained are presented in Figure 4.
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Figure 4. Deflamin polypeptide profile analysed by denaturing electrophoresis under reducing and non-reducing
conditions. Representative image of the polypeptide distribution of isolated deflamin from Lupinus albus seeds
separated by SDS-PAGE under reducing (R) and non-reducing (NR) conditions. Deflamin (50 pg.mL!) was loaded
onto a 17.5% (w/v acrylamide) polyacrylamide gel with reducing buffer (100 mM Tris-HCI buffer, pH 6.8, containing
100 mM B-mercaptoethanol, 2% (w/v) SDS, 15% (v/v) glycerol and 0.006% (w/v) m-cresol purple) and non-reducing
buffer (100 mM Tris-HCI buffer, pH 6.8, containing 2% (w/v) SDS, 15% (v/v) glycerol and 0.006% (w/v) m-cresol

purple).

Results indicate the presence of different polypeptide bands in both conditions,

suggesting the presence of disulphide bonds — possibly of an interchain disulphide bond,
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as judged by the difference in polypeptide patterns between lanes R and NR in Figure 4.,
since the standard deflamin band (below 20 kDa) apparently does not present marked

differences in mass when exposed to reducing or non-reducing conditions.

Deflamin was further analysed by reverse-phase HPLC, in order to separate its different
polypeptide constituents. Figure 5 shows the chromatographic profiles obtained at 280
and 214 nm, and the respective electrophoretic patterns. Results show the presence of the

deflamin standard bands (Figure 4), scattered throughout peaks 2 to 4.
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Figure 5. Deflamin analysis by RP-HPLC. Representative images of deflamin fractionation by RP-HPLC and SDS-

PAGE into its constituent polypeptides. Deflamin was extracted and purified from Lupinus albus seeds by the
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methodology developed and illustrated in Figure 1. (A) and (B) - Reverse Phase (RP)-HPLC chromatography of
deflamin monitored at 214 nm (A) and at 280 nm (B). (C) Polypeptide profile of each peak collected from the HPLC
run as visualized by SDS-PAGE (17.5% w/v acrylamide) performed under reducing conditions (R-SDS-PAGE).
Protein peaks (50 pg) were loaded onto 17.5% (w/v acrylamide) polyacrylamide gels. Total polypeptides were stained

with Coomassie Brilliant Blue.

In order to determine the peak fraction with the highest activity, we further determined
the MMPI activities of the four HPLC peaks (Figure 5 A and B), using the DQ gelatin
and the cell invasion assays. Results are shown in Figure 6 and 7, respectively. The 280

nm peak eluting from the HPLC reverse phase column at 45 to 50 min does not contain

neither protein nor bioactivity. For this reason, its study it was not continued.
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Figure 6. MMP-9 proteolytic activity of peaks 1 to 4 obtained by HPLC fractionation of deflamin.
MMP-9 proteolytic activity of peaks 1 to 4 (Figure 5 A and B) obtained by HPLC fractionation of deflamin.
Protein samples were added at a concentration of 25 pug.mL* and gelatinolytic activity was measured by
the DQ fluorogenic assay. Results are expressed in arbitrary units of fluorescence and represent the average
of at least three replicate experiments (n = 3) £ SD. == represents P<0.001 and = represents P<0.05 when

compared to controls.

Results demonstrate that all the selected peaks presented some degree of gelatinolytic
inhibition when compared to controls (P<0.05), but peak 1 and peak 3 stand out as
presenting the highest MMPI activities, which were very significantly different from
controls (P<0.001). Figure 7 presents HT29 cell migration after exposure to the selected

deflamin peaks collected through RP-HPLC separation. With the cell invasion assay,
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results differed significantly between peaks (P<0.05), as only peak 1 and peak 3 were
able to significantly reduce cell invasion (P<0.001), whereas peaks 2 and 4 were not

significantly different from controls (P>0.05).
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Figure 7. HT29 cell migration after exposure to the selected deflamin peaks collected after RP-HPLC separation
- HT29 cell migration after exposure to each of the selected deflamin peaks collected after RP-HPLC fractionation
(Figure 5 A and B) - Relative migration rates. Values are the means of at least three replicate experiments + SD, and
are expressed as % wound closure in relation to 0 h. Cells were grown until reaching 80% confluence and the monolayer
was scratched with a pipette tip (0 h). Cells were then exposed to 25 pg protein.mL* extract and cell migration was

recorded after 48 h. x represents P < 0.001 when compared to the controls.

Therefore, the highest degree of activity seems to be related to the 15 kDa large band
present in peak 3 and also to peak 1, the latter of which did not show any visible

polypeptide bands in the electrophoretic pattern.

3.4. L. albus deflamin mass is a mixture of p-conglutin and J-

conglutin large chain fragments

The four selected peaks obtained from the HPLC separation illustrated in Figure 5 were
further analysed by mass spectrometry, for identification. The results obtained are
presented in Figures 8 A (peak 1), B (peak 2), C (peak 3) and D (peak 4).
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The main seed storage proteins in lupins, referred to as conglutins, have been classified
into four families: a-, -, y- and &-conglutins. $-conglutin, a globulin and the main seed
storage protein in lupins, is the vicilin or 7S member of the seed storage proteins, whereas
a-conglutin, another globulin, is the legumin or 11S member of the seed storage proteins.
In narrow-leafed lupin (Lupinus angustifolius), a total of three a-conglutin, seven -
conglutin, two vy-conglutin and four o&-conglutin encoding genes were previously
identified (Foley et al., 2011, 2015). These genes have been referred to as conglutin alpha
1, 2 and 3, conglutin beta 1, 2, 3, 4, 5, 6 and 7, conglutin gamma 1 and 2, and conglutin
delta 1, 2, 3 and 4, respectively. In addition, the resulting polypeptides undergo extensive
and complex processing and assembly processes, resulting in the high degree of

microheterogeneity which characterizes these proteins.

In this work, mass sequencing of the four peaks revealed the presence of fragments of

two of these major proteins, 3- and &-conglutin, but with a specific distribution:

Peak 1: fragments of conglutin beta 1, 2, 3, 4, 5 and 7 (Figure 8A). Note that -conglutin
fragments were detected which span the entire molecule. No 6-conglutin fragments were

detected in peak 1.

Peak 2: fragments of conglutin beta 1, 2 and 6, and conglutin delta-2 large chain (Figure
8B). Note that B-conglutin and 6-conglutin fragments were detected which span the entire

molecules of their precursors.

Peak 3: fragments of conglutin beta 1 and conglutin delta-2 large chain (Figure 8C). Also
in here, note that B-conglutin and 3-conglutin fragments were detected which span the

entire molecules of their precursors.

Peak 4: fragments of conglutin beta 1, 2, 3, 6 and 7 (Figure 5). Once more, note that [3-
conglutin fragments were detected which span the entire molecule and, as in peak 1, no
d-conglutin fragments were detected in peak 4. These results allow us to conclude that L.
albus deflamin is composed of a complex mixture of B-conglutin and &-conglutin

fragments and that B-conglutin and 3-conglutin are both precursors of deflamin.
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Peak 1: Conglutinbeta 1, 2,3,4,5and 7

N Unused Total %Cov(95) Accession Name Species Peptides(95%)
1 70.99 70.99 55.41 P0O0761|TRYP_PIG Trypsin PIG 35
13 6.56 6.57 4.31 F5B8W1|CONB3_LUPAN Conglutin beta 3 LUPAN 5
13 0 6.57 4.146 F5B8WO|CONB2_LUPAN Conglutinbeta 2 LUPAN 5
13 0 6.57 3.925 F5B8W3|CONBS5_LUPAN Conglutinbeta s LUPAN 5
13 0 6.57 4.237 F5B8W2|CONB4_LUPAN Conglutin beta4 LUPAN 5
17 4 6.03 7.156 Q53HY0|CONB1_LUPAL Conglutinbeta 1 LUPAL 2
21 2 2.01 2.149 F5B8WS|CONB7_LUPAN Conglutinbeta 7 LUPAN 1

N13 - Conglutin beta 3

NHERPQEREQEERD
YERREQREEREQE
RLENLONYRIVEFQ YIL
VVLNGSATITI AGTTSYILNPDD FYPSSSKDQQS
YFSGFSKNTL YEEIQSILLG
NKFGNFYEIT LLLPHYNS ELV
GIRDQQORQOQODEQEVR P]—\GEPISINASSNLRLLGFGINABENQRNFLAGSEDNVIR
LIKNQQQOSYFANAQPQ
N17- Conglutin beta 1
RORNPYHFNSQRFQTLY RLENLQ
NYRIVEFQ QKLRV

VKLAIPIN

KYAQSSSGKDKPSQSGPEN
LLLPHYNS EQEEEPEEVRR IFVIPAGYPISVNASSNLR
LLGFGINAYENQRNFLAGSEDNVIRQLDREVKELTFPGSAEDIERLIKNQQQOSYFA

N21- Conglutin beta 7

RPGEREHEERDPRQQPRP
RLENLONYRIVE
FQ AGTTSYILNPDD
NKFGNFYEIT LLLPHY
NS IFVIPAGYPISVNASSNLRLLGFGI
NANENQRNFLAG QLDREVKELTFPGSAQDVERLIKNQQQSYFANAQPQ

Figure 8A. Mass spectrometry analyses of the peak 1 component (see Figure 5) of L. albus deflamin.
The fractionation of L. albus deflamin by RP-HPLC of deflamin resulted in four peaks, each of which
contain polypeptides that were identified by mass spectrometry. Colour code indicates peptides confidence:
green residues corresponds to peptides with 95% confidence; for peptides with confidence between

; red for peptides with confidence bellow 50%; and grey corresponds to unidentified residues.

60



Peak 2: Conglutin beta 1, 2 and 6 + conglutin delta 2 (large chain)

N Unused Total %Cov(95) Accession Name Species Peptides(95%)
1 54.24 54.24 62.34 P00761|TRYP_PIG Trypsin PIG 27
3 14.97 14.97 1111 Q53HYO|CONB1_LUPAL Conglutin beta 1 LUPAL 11
10 3.14 3.14 425 P09931|CGD2L_LUPAN Conglutin delta-2 large chain LUPAN B
17 243 9.79 253 F5B8W4|CONB6_LUPAN Conglutin beta 6 LUPAN 1
82 173 7.4 8.63 Q6EBC1|CONB2_LUPAL Conglutin beta 2 LUPAL 1

N3- Conglutin beta 1

MGKMRVREFPTLVLVLGIVFLMAVSIGIAYGEKDVLKSHERPEEREQEEWQPRRORPOSRREEREQEQEQGSPSYP
RROSGYERRQYHERSEQREEREQEQQQGSPSYSRRORNPYHEFNSQRFQTLYKNRNGKIRVLERFDQRTNRLENLQ
NYRIVEFOSKPNTLILPKHSDADYVLVVLNGRATITIVNPDRROQAYNLEYGDALRIPAGSTSYILNPDDNQKLRV
VKLAIPINNPGYFYDFYPSSTKDQQSYFSGEFSRNTLEATFNTRYEEIQRILLGNEDEQEYEEQRRGQEQSHQDEG
VIVRVSREQIQELTKYAQSSSGKDKPSQSGPFNLRSNEPIYSNKYGNEFYEITPDRNPQVODLDISLTEFTEINEGA
LLLPHYNSKAIFIVVVGEGNGKYELVGIRDQQROQQODEQEEEPEEVRRY SARLSEGDIFVIPAGYPISVNASSNLR
LLGFGINAYENQRNFLAGSEDNVIRQLDREVKELTFPGSAEDIERLIKNQQQSYFANALPQQOQOSEKEGRRGRR
GPISST

N10- Conglutin delta-2 large chain

RHKSSQ SEELDQCCEQLNELNSQRCOCRALQQIYESQSEQCEGRQOQEQQLEGELEKLPR RCNT
NPDEE

N17- Conglutin beta 6

MIKMRVREPTLVLLLGIVFLMAVSIGIAYGEKNVIKNHERPQEREQEERDPRQOPRPHHQEEQEREHRREEERDR

EPSRGRRESEESREEEREQRREPRREREQEQQPQHGR RORPOSRREEREQEQGSSSSSRRQSAYE
RR RORNPYYFSSERFQTLYRNRNGQIRVLERFDKRTDRLENLONYRIVEFQSKPNT
LILPKHSDADYILVVLNGSATITIVNPDKRQSYNLENGDALRLPAGTTSYILNPDDNONLRVVKLAIPINNPGNF

YDEFYPSSSKDQQOSYFSGFSRNTLEATFNTRYEEIQRILLGNEDEQEDDEQRHGQEQSHQDEGVIVRVSKEQVQEL
RKYAQSSSRKGKPSKSGPENLRSNKPIYSNKEGNEFYEITPNRNPQAQDLDISLTFIEINEGALLLPHYNSKATIEV
VLVDEGEGNYELVGIRDOORQODEQEVRRYSARLSEGDIFVIPAGHPISINASSNFRLLGEFGINADENQRNFELAG
FEDNVIRQLDREVKGLTFPGFAEDVERLIKNQQQOSYFANAQPQOQOQOREREGRHGRRGHIFSILSTLY

Figure 8B. Mass spectrometry analyses of the peak 2 component (see Figure 5) of L. albus deflamin.
The fractionation of L. albus deflamin by RP-HPLC of deflamin resulted in four peaks, each of which
contain polypeptides that were identified by mass spectrometry. Colour code indicates peptides confidence:
green residues corresponds to peptides with 95% confidence; for peptides with confidence between

; red for peptides with confidence bellow 50%; and grey corresponds to unidentified residues.
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Peak 3: Conglutin beta 1 + conglutin delta 2 (large chain)

N Unused Total %Cov(95) Accession Name Species Peptides(95%)
3522 3522 62.77 PO0761|TRYP_PIG Trypsin PIG 17

3 12.48 12.48 36.25 P09931|CGD2L_LUPAN Conglutin delta-2 large chain LUPAN 8

98 213 2.22 8.286 (Q53HYO|CONB1_LUPAL Conglutin beta 1 LUPAL 3

N3- Conglutin delta-2 large chain

RHKSSQESEESEELDQCCEQLNELNSQRCQCRALQQIYES QQEQQLEGELE CGFGPLRRCNI
NPDEE

N2- Conglutin beta 1

N

RROSGYERRQYHERSEQREEREQEQQQOGSPSYSRRORNPYHEFNSQRFQTLYKNRNGKIRVLERFDQR TNRLENILC(
NYRIVEFQSKPNTLILPKHSDADYVLVVLNGRATITIVNPDRROAYNLEYGDALRIPAGSTSYILNPDDNQKLR
VKLAIPINNPGYFYDFYPSS JOOSYFSGEFSRNTLEATFNTRYEEIQRILLGNEDEQEYEEQRRGQEQSHQDEG
VIVRVSREQIQELTKYAQSSSGKDKPSQSGPFNLRSNEPIYSNKYGNFYEITPDRNPQVODLDISLTFTEINEGA
LLLPHYNSKAIFIVVVGEGNGKYELVGIRDOQOROODEQEEEPEEVRRYSARLSEGDIFVIPAGYPISVNASSNLR
LLGFGINAYENQRNFLAGSEDNVIROLDREVKELTFPGSAEDIERLIKNQQQSYFANALPQOQQQOSEKEGRRGRR
GPISSI

Figure 8C. Mass spectrometry analyses of the peak 3 component (see Figure 5) of L. albus deflamin.
The fractionation of L. albus deflamin by RP-HPLC of deflamin resulted in four peaks, each of which
contain polypeptides that were identified by mass spectrometry. Colour code indicates peptides confidence:
green residues corresponds to peptides with 95% confidence; for peptides with confidence between

; red for peptides with confidence bellow 50%; and grey corresponds to unidentified residues.
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Peak 4: Conglutinbetal, 2,3,6and?7

N Unused  Total %Cov(95)  Accession Name Species  Peptides(95%)
1 177.74 177.74 21.9 F5B8W1|CONB3_LUPAN Conglutin beta 3 LUPAN 103
2 91.12 17311 40.3 Q53HYO|CONB1_LUPAL Conglutin beta 1 LUPAL 50
B 22.91 2291 51.08 PO0O761|TRYP_PIG Trypsin PIG 12
4 18.34 124.85 30.58 Q6EBC1|CONB2_LUPAL Conglutin beta 2 LUPAL 13
5 15.16 74.85 20 FS5B8WS|CONB7_LUPAN Conglutin beta 7 LUPAN 12
8 4.68 78.45 17.88 F5B8W4|CONB6_LUPAN Conglutin beta 6 LUPAN 4

N1- Conglutin beta 3

MAKMRVREPTLVLLLGIVELMAVSIGIAYGEKNVLKNHERPQEREQEERDPRQQPRPHHQEEQEREHRRESEESQ
EEEREQRREPRREREQEQQPQHGRREEEEEWQPRRORPQSRREEREOEOGSSSSSRRQSGYERREQREEREQEQE
OGSRSDSRRORNPYYFSSERFQTLYRNRNGQIRVLERFDQRTNRLENLONYR SKPNTLILPKISDADYIL
VVLNGSATITIVNPDKRQSYNLENGDALRLPAGTTSYILNPDDNONLRVVKLATIPINNPGNFYDFYPSSSKDQOS
YFSGFSKNTLEATFNTRYEEIQSILLGNEDEQEDDEQWHGOEOSHQDEGVIVRVSKEQVOELRKYAQSSSRKGKP
YE SNKPIYSNKFGNFYEITPDRNPOAQDLDISLTFIEINEGALLLPHYNSKAIFVVVVDEGEGN
QQRQQDEQEVRR‘;~RLSEGDIFVIPAGHPISINASSNLRLLGFGINADENQRNFLAGSEDNVIRQLD
GLIFPGSAEDVERLIKNQQQSYFANAQPOQQQOQREREGRHGRRGHISSILSTLY

N2- Conglutin beta 1

MGKMRVREFEP" . "LMAVSIGIAYGEKDVLKSHERPEEREQEEWQPRRORPQSRREEREQEQEQGSPSYP
RROSGYERROYHERSEQREEREQEQQQGSPSYSRRQRNPYHENSORFQTLYKNRNGKIRVLERFDQRTNRLENLQ
NYR SKPNTLILPKHSDADYVLVVLNGR ROAYNLEYGDALRIPAGSTSYILNPDDNQKLRV

'KLAIPINNPGYFYDEFYPSST NTLEATFNTR ILLGNEDEQEYEEORRGQEQSHQDEG
VIVRVSREQIQELTKY/ <DKPSQ SNEPIYSNKYGNFYEITPDRNPOQVQODLDISLTFTEINEGA
LLLPHYNSKAIFIVVVGEGNGKYELVGIRDOQORQQVEQEEEPEEVRRYSARLSEGDIFVIPAGYPISVNASSNLR
LLGFGINAYENQRNFLAGSEDNVIRQLDREVKELTFPGSAEDIERLIKNQQQSYFANALPQQQQQSEKEGRRGRf

GP

N4 - Conglutin beta 2

MGKMRVREPTLVLVLGIVFLMAVSIGIAYGEKDVLKSHERPEEREQEEWQPRRORPQSRREEREQEQEQGSPSYP
RROSGYERROYHERSEQREEREQEQQQGSPSYSRROR FOTLYKNRNGKIRVLERFDQRTNRLENLQ
NYR SKPNTLILPKHSDADYVLVVLNGR ROAYNLEYGDALRIPAGSTSYILNPDDNQKLR
KLA NPGYFYDF ‘ NTLEATFNTR [ ILGNEDI \QRRGQEQSDQDEG
VIVIVSKKQO T SNEPIYSNKYGNFYEITPDRNPOVODLNISLTYIKINEGA

LLLPHYNSKAIYVVVVY ] QQRQQDEQEEKEEEVIRYSARLSEGDIFVIPAGYPISINASSNLR
LLGFGINADENQRNFLAGSKDNVIRQLDRAVNELTFPGSAEDIERLIKNQQQSYFANGQPQQQQQQQSEKEGRRG
RRGSSLPE

N5 - Conglutin beta 7

MARMRVRFPTL LLGILFLMAVSIGIAYGEKDVIKNHERPGEREHEERDPRQQP<V<'QEEQEREHRM\\\H R
RGRRESEERQEEERERRREPCREREQEQQPOQHGRREEEEEEEEWQPRRLRPQSRKEEREQEQGSSSSSRKOS
GYERRQYHERREQRDEKEKEQD SRRQRNPYHFSSERFOTRYRNRNGQIRVLERFDOQRTNRLENLONYRIVE
FOSNPNTLILPKHSDADYILV ATITIVNPDKRQAYNLEYGDALRVPAGTTSYILNPDDNONLRVVKLATP
NNPSNEYDFYPSSTKDOOSYFSGEFSKNTLEATEFNTR I GNEDEQEDEEQRRGQEQSYQDEGV
KEQIOELRKHAQSSSRKGKPSESGPFNLRSNESIYSNKEGNEYEITPERNPQVODLDISLTFTEINEGALLLPHY
NSKAIFTI DEGEGN QORQODEQEEEEEEVRRY SARLSEGDIFVIPAGYPISVNASSNLRLLGFGI
NANENQRNFLAGSEDNVIS REVKELTFPGSAQDVERLIKNQQQOSYFANAQPQQOKQOREKEGRRGRRSLISST

Figure8D* Mass spectrometry analyses of the peak 4 component (see Figure 5) of L. albus deflamin.

The fractionation of L. albus deflamin by RP-HPLC of deflamin resulted in four peaks, each of which
contain polypeptides that were identified by mass spectrometry. Colour code indicates peptides confidence:
green residues corresponds to peptides with 95% confidence; for peptides with confidence between

; red for peptides with confidence bellow 50%; and grey corresponds to unidentified residues.

The presence of fragments of these two proteins is rather interesting. 3-conglutin is a
trimeric protein devoid of disulphide bridges in which the monomers consist of a very
large number of polypeptides, glycosylated or not, ranging from 16 to over 70 kDa, but a

large number of proteolytic processing sites give rise to the abundance of 7S mature
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polypeptides observed (Duranti et al., 1992). According to Duranti, Cucchetti and Cerletti
(1984), the complete degradation post-germination strongly supports the storage function
of B-conglutin. Interestingly, another fragment of this protein is known for its potent
bioactivities against fungi: Blad, an abundant transient B-conglutin derived polypeptide
chain of 20 kDa displaying lectin like activity (Ramos, et al., 1997). Being highly reactive
and with the presence of bioactive cupine domain, it is possible that there are many
fragments of B-conglutin with specific uncharted activities yet to be discovered. Previous
works revealed however that deflamin has no antifungal nor bactericide activity (results

not shown), and the sequence of the -conglutin fragments does not match that of BLAD.

d-Conglutin belongs to the 2S sulphur-rich albumin family which might also have specific
unknown bioactivities in lupine. Lupinus seeds 2S albumin, also termed &-conglutin
(Sironi et al., 2005), is a monomeric protein which comprises two small polypeptide
chains linked by two interchain disulfide bonds: a smaller polypeptide chain, which
consists of 37 amino acid residues resulting in a molecular mass of 4.4 kDa, and a larger
polypeptide chain containing 75 amino acid residues with a molecular mass of 8.8 kDa
(Salmanowicz and Weder, 1997). This later, larger polypeptide chain is somewhat similar
to some of the polypeptide profiles obtained for deflamin, particularly in peak 3 (see
Figure 5). The larger polypeptide chain contains two intrachain disulfide bridges and one
free sulfhydryl group (Salmanowicz and Weder, 1997). This could tentatively explain the
slight difference in apparent molecular mass detected between R- and NR-SDS-PAGE of
deflamin (see Figure 4). This protein presents specific inherent unique features among
the proteins from L. albus: besides its high cysteine content, it exhibits a low absorbance
at 280 nm.

As far as the physiological role of d-conglutin is concerned, a storage function has been
proposed for this class of proteins. However, structural similarity with the plant cereal
inhibitor family, which includes bi-functional trypsin/alpha-amylase inhibitors, may
suggest a defense function for this protein in addition to its storage role and might
corroborate its role as MMPI (Duranti et al., 2008). The presence of free sulfhydryl
groups in §-conglutin could be related to a high degree of affinity towards the Zn?* active
site in MMPs, and could explain its mode of inhibition. Indeed, on way to isolate these

conglutins is through Zn precipitation (Duranti et al., 2008). Furthermore, its presence in
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L. albus seeds was assessed to be around 3 to 4% of the seed weight (Sironi, Sessa and
Duranti, 2005), which is consistent to the yields we obtained in chapter 1. Also, the
Lupinus seed 2S albumin is typically present in both the albumin and the globulin
fractions (Salmanowicz and Przybylska, 1994), thus explaining our results obtained

previously for the MMP inhibitory activity in the two protein fractions (Lima et al., 2016).

Nonetheless, we must not forget that the HPLC peaks 1 and 4 of deflamin (Figure 5) were
only composed by B-conglutin fragments and still presented MMPI activities, albeit at
lower levels. Therefore, the highest activity seems may be attributed to a specific mixture
comprising fragments of both proteins, B- and d-conglutins, and not to &-conglutin
exclusively. The fact that only the large polypeptide chain of 3-conglutin was found to be
present in deflamin might suggest that its three sulfhydryl groups could be free to interact
(this could explain the presence of a group of apparently three minor higher molecular
mass bands which comprise deflamin) and that this complex holds the highest activity.
Alternatively, -conglutin smaller polypeptide chain may be present in deflamin and the
inability to detect its presence may be due to an artefact resulting from the techniques
surrounding the mass spectrometry procedure. Future works would be necessary to fully

characterize this polypeptide mixture.

4. Conclusion

In the last decade a substantial amount of research has turned towards the discovery of
novel plant foods containing MMPIs, but few, if any present the potential of deflamin, as
it is easy to isolate and displays high MMP-9 inhibitory activities. Here we have
characterized deflamin as a complex mixture of soluble fragments from two specific
protein precursors: 6- and 3-conglutins. Overall, this polypeptide mixture was shown to
be highly soluble in water; its bioactivities resist to boiling, to low pH values and possibly
to digestive proteases; it strongly inhibits matrix metalloproteinase (MMP)-9 and/or
MMP-2, i.e. it is an MMP inhibitor (MMPI) at low concentrations and in a dose-
dependent manner, and it reduces the invasion capacity of the human colon
adenocarcinoma cell line HT29 without exerting cytotoxicity. These features make

deflamin a novel type of MMPI that can be used as a nutraceutical or as an ingredient of
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functional foods in the prevention/treatment of tumourigenesis and cell invasion, as well
as of any disease derived from them. As a potent inhibitor of the matrix
metalloproteinases MMP-9 and MMP-2, deflamin may prove useful as a nutraceutical or
in functional foods in the prevention and treatment of a very wide array of diseases related
to MMP-9 activity. Its efficacy when administered orally and its capacity to survive the
digestive process suggests that it may act efficiently in the colon, without exerting the
deleterious side-effects which characterize the synthetic MMPIs, making deflamin an

excellent candidate to be used in the prevention and treatment of colorectal cancer.
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1. Introduction

With the current general increase in the incidence of inflammatory diseases incurs an
inevitable boost in medical and pharmaceutical costs. A well-known example is provided
by the various inflammatory bowel diseases (IBDs) which have been dramatically
increasing over time, considered as an emerging global disease (Burisch et al., 2014;
Molodecky et al., 2012). Since mortality in IBDs is low (Burisch et al., 2014; Duricova
et al., 2010) and the disease is most often diagnosed in the young (Burisch et al., 2014;
Loftus, Schoenfeld and Sandborn, 2002), it is predicted that the global prevalence of IBDs
will continue to increase substantially in the next years (Abraham and Cho, 2009;

Molodecky et al., 2012). IBDs are mainly characterized by chronic mucosal inflammation
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in pathologic histology of the gastrointestinal tract in susceptible individuals (Abraham
and Cho, 2009; Danese, Sans and Fiocchi, 2004; Mikhailov and Furner, 2009; Podolsky,
2002). Overall, IBD clinical treatments are very prone to induce side effects, have very
unspecific targets and are extremely costly, whilst presenting low success rates (Dyson
and Rutter, 2012). Colitis-associated colorectal cancer (CAC) is a tumour that develops
in the context of chronic inflammation, and is considered the most serious complication
of IBD (Taleban et al., 2016). Patients with ulcerative colitis (UC) are more likely (a 20
to 30-fold higher risk) to develop colorectal cancer (CRC) when compared to the general
population (Romano et al., 2016). In addition, the risk of developing CAC increases
notably 8 to 10 years after diagnosis of IBD, being estimated that CRC accounts for 10
to 15% of IBD-related deaths (Taleban et al., 2016).

One important link between CRC and IBD is the involvement of matrix
metalloproteinases (MMPs), a family of zinc-dependent endopeptidases which are
engaged in the remodeling of connective tissue (Baugh et al., 1999; Lee et al., 2013;
Markle, May and Majumdar, 2010; Murphy and Nagase, 2009; Parks, Wilson and Lépez-
Boado, 2004), mostly the gelatinases MMP-9 and MMP-2, which play important and
well-recognized roles in inflammation (Malla et al., 2008) and also in several oncologic
processes, such as tumourigenesis, cell adhesion and metastasis (Herszényi et al.,
2012). Although similar in their substrate selectivity, the two gelatinases differ in their
roles in IBDs. While MMP-2 is only moderately involved in inflammation (Huhtala et
al., 1991), MMP-9 expression is observed primarily in leukocytes (Vandooren, Steen,
Van den and Opdenakker, 2013), being highly induced during ulcerative colitis and other
IBDs (Garg et al., 2009; Moore et al., 2011). Recently, the involvement of MMPs in
inflammatory processes has been observed both in animal models of induced IBD and in
lines of intestinal cells and tissue cultures (AbdElazeem and El-Sayed, 2015; Kofla-
Dtubacz et al., 2014; Silosi et al., 2014). Although studies relating MMP-9 inhibition to
pre-clinical and clinical IBD reduction are very few, they already suggest that applying
MMP inhibitors (MMPIs) can decrease the incidence of IBDs (Matusiewicz et al., 2014),

similarly to what happens to the oncological disease (Spoerlein et al., 2013).

Although pharmacological and clinical treatments of IBDs are known to be fairly

unsuccessful so far, the ingestion of functional foods and/or nutraceuticals that reduce
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inflammation has been suggested to be an effective human tool against these diseases. In
the last decade a substantial amount of research has turned towards discovering novel
plant foods containing MMPIs (Jeong et al., 2007; Su et al., 2006; Vayalil, Mittal and
Katiyar, 2004). Targeting MMP-9 in IBDs could be achieved, at least partly, through the
long-term ingestion of natural food-born specific MMP-9 inhibitors that are colon-
available, rather than serum-bioavailable, resistant to digestion and non-toxic, which is
not always the case for most of the natural MMPIs discovered in several, studies such as
phenolic compounds and other secondary metabolites (Kennedy, 1995; Xu and Chang,
2012).

Previous work in our lab has led to the isolation of deflamin, a novel proteinaceous MMPI
from Lupinus albus, which presents a high inhibitory action against MMP-9 and that has
been the subject of a patent application. This proteinaceous mixture is also resistant to
heat and acid denaturation, suggesting it may survive the digestive process without
reducing its activity. Deflamin has been shown to decrease MMP-9 activity in colon
cancer cells and in enzymatic studies, but its effects on IBDs and on in vivo animal models

has never been tested.

In the present work, we aimed to test the anti-inflammatory effects of deflamin, using in
vivo experimental animal models of acute inflammation, and with different administration
procedures. With that in mind, we evaluated its effect on a model of 2,4,6-
Trinitrobenzenesulfonic acid (TNBS)-induced colitis in mice, a widely used animal
model of experimental IBD. Gelatinolytic activity was also evaluated to ascertain if
results observed were related to MMP inhibition. The expression of inflammatory
biomarkers such as cyclooxygenase-2 (COX-2) and nitric oxide synthase (iNOS) were
also evaluated.

2. Materials and Methods

2.1. Materials, solvents and reagents

2,4,6-Trinitrobenzenesulfonic acid (TNBS) 5% (w/v) aqueous solution was purchased
from Sigma Chemical Co. Ketamine (Imalgene® 1000) and xilazine (Rompun® 2%)
were purchased from Bio2 Produtos Veterinarios (Lisboa, Portugal). All other reagents
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were purchased from Sigma-Aldrich (St. Louis, USA). Dye-quenched (DQ)-gelatin was
purchased from Invitrogen (Carlsbad, CA, USA).

2.2. Sampling / Preparation of the lupin extract

Seeds lupin (Lupinus albus L.) was used in this study. The lupin extract was prepared by
conjugation of several methods (Duranti et al., 2008; Lima et al., 2016), with some
modifications. Briefly, approximately 200 g + 0.1 g of dry lupin seed (without embryo
and tegument) was extracted using 50mM of Tris-HCI pH 7,5 (1:10, m/v). The extracted
sample was centrifuged at 13500 g for 30 min at 4 °C. The supernatant was collected and
boiled for 10 min and centrifuged at 13500 g for 20 min at 4 °C. After, the supernatant
was reduced to pH4 centrifuging again at 13500 g 20 min 4 °C. The pellet was
resuspended in 40% (v/v) ethanol and 0.4M NacCl, centrifuging it 13500 g 30 min 4 °C.
Is added 90% (v/v) ethanol to the supernatant leaving overnight at -20 °C. The next day
centrifuged at 13500 g for 30 min at 4 °C and was again added 40% (v/v) ethanol and
0.4M NacCl, centrifuging again at 13500 g 30 min 4 °C and added 90% (v/v) ethanol
leaving again overnight at -20 °C. Finally, after centrifugation 13500 g 20 min 4 °C, the
pellet was resuspended in the smallest possible volume of mili-Q water. The extract

obtained was stored in falcon tubes at -20 °C.

2.3. Experimental colitis model
2.3.1. Animals

Male CD-1 mice, 25 to 30 g in weight and 5 to 6 weeks of age (Harlan Iberica, Barcelona,
Spain), were housed in standard polypropylene cages with ad libitum access to food and
water, inside a controlled environment room kept at 22 °C + 1 °C with a 12 h light, 12 h

dark cycle at the Faculty of Pharmacy Central Animal Facility, University of Lisbon.

2.3.2. Animal care and maintenance for the in vivo experiments

Experiments were conducted according to the Home Office Guidance in the Operation of
Animals (Scientific Procedures) Act 1986, published by Her Majesty’s Stationary Office,
London, UK and the Institutional Animal Research Committee Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of Health (NIH

Publication no. 85-23, revised 1996), as well as to the currently adopted EC regulations
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(Directive 2010/63/EU). The studies were performed in compliance with the ARRIVE
Guidelines for Reporting Animal Research summarized at http://www.nc3rs.org.uk. The

experimental protocol was also endorsed by the Ethics Committee of the Faculty of

Pharmacy, University of Lisbon.

2.3.3. Induction of colitis

TNBS was instilled as an intracolonic single dose as previously described (Impellizzeri
et al., 2014). Briefly, mice were left unfed during 24 h. On the induction day (day 0),
mice were anesthetized with ketamine 100 mg.kg™ + xilazine 10 mg.kg™*. Then, 100 pL
of TNBS solution was administered through a catheter carefully inserted until 4.5 cm into
the colon. Mice were kept for 1 min in a Tredelenburg position to avoid reflux. Four days
after induction, mice were anesthetized and blood samples were collected by cardiac
puncture. Mice were euthanized by cervical dislocation and necropsied. The abdomen
was opened by a midline incision. The colon was removed, freed from surrounding tissues
and opened longitudinally for observation and classification of diarrhea severity.
Afterwards, the colon was washed with PBS for macroscopical observation of the tissue

and subsequently fixed in paraformaldehyde for further processing.

2.3.4. Experimental groups

Animals were randomly allocated into four experimental groups as described:

1. Sham group (n = 6): animals were subjected to the procedures described above except
the intracolonic administration was with 100 pL of saline solution. During the 4 days
of the protocol the animals were administered orally with 10 mL.kg? of distilled
water.

2. Ethanol (EtOH) group (n = 6): animals were subjected to the procedures described
above except the intracolonic administration was with 100 pL of 50% (v/v) ethanol.
During the 4 days of the protocol the animals were administered orally with 10 mL.kg
L of distilled water.

3. TNBS group (n = 10): animals were administered with 100 pL of 2.5% (w/v) TNBS
in 50% (v/v) ethanol. During the 4 days of the protocol the animals were administered
orally with 10 mL.kg™* of distilled water.
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4. TNBS + deflamin p.o. (n = 9): animals were administered with 100 pL of 2.5% (w/v)
TNBS in 50% (v/v) ethanol. During the 4 days of the protocol the animals were
administered orally with deflamin (15 mg.kg™).

5. TNBS + deflamin i.p. (n = 10): animals were administered with 100 pL of 2.5% (w/v)
TNBS in 50% (v/v) ethanol. During the 4 days of the protocol the animals were
administered intraperitoneal injection with deflamin (10 mg.kg™).

Oral administrations were performed daily, starting from 3 h after the initial
administration of TNBS, by gastric gavage.

2.3.5. Macroscopic evaluation of colitis severity

After colon removal, a longitudinal incision was performed for observation of content
and classification of diarrhea severity by an observer blinded regarding the experimental
groups. Afterwards, the colon was rinsed with saline and analyzed with a surgical
microscope for closer observation of the tissue and capture of lesion pictures. The colon

was then measured, as well as the extent of injury (if present).

2.3.6. Histology and immunohistochemistry procedures

Colons were removed, fixed in 4% (w/v) paraformaldehyde in PBS for 72 h at room
temperature, dehydrated through a graded ethanol series and embedded in paraffin (n = 3
per group). Hematoxylin & Eosin (H&E) staining was performed as previously described
(Rocha et al., 2015) and images were acquired using a bright field Axioscop microscope
(Zeiss, Gottingen, Germany).

The degree of inflammation and colon damage on microscopic cross-sections was graded
semi-quantitatively from 0 to 3, normal colon with no lesions, mucosa of uniform
thickness, crypts straight, normal crypt architecture, no cellular infiltration, edema, or
exudate meaning no signs of inflammation; 1, colon with mild lesions, mucosal erosion
and small superficial ulcers scattered along the length of the colon, with slight crypt loss
and mononuclear cell infiltration; 2, colon with moderate lesions, intestines with
extensive erosion and ulceration, with moderate crypt loss and neutrophil infiltration; 3,
colon with very severe ulceration, thin mucosa with loss of crypts and markedly increased

infiltration of neutrophils and acute inflammatory exudate.
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For immunostaining, 6 pm thick colon sections were submitted to antigen retrieval in 20
mM citrate buffer containing 1.5% (v/v) H20> for 15 min at room temperature in the dark,
incubated for 10 min in TrissEDTA buffer at 84 °C and blocked for 1 h at room
temperature with 1% (w/v) bovine serum albumin (BSA) in PBS. Primary antibodies
[rabbit anti-COX2 (Cell Signaling #4842, 1:100) and mouse anti-iINOS (BD Transduction
Laboratories #610328, 1:100)] were used in 0.5% (w/v) BSA in PBS overnight at 4 °C.
After washing in PBS, sections were incubated for 1 h at room temperature with anti-
rabbit antibodies coupled to horseradish peroxidase (Santa Cruz Biotechnology, 1:5000)
in 0.5% (w/v) BSA in PBS, incubated for 10 min in SIGMAFAST DAB with Metal
Enhancer (Sigma, USA) and mounted with Entellan (Merck, Germany). Tissue sections

were visualized with a AxioScope brightfield microscope (Zeiss, Géttingen, Germany).

2.3.7. Preventive effects vs curative effects of deflamin.

To compare the preventive effect of deflamin with its curative effect, mice were
maintained and treated as described (2.3.2 and 2.3.3) above and randomly allocated into

four experimental groups:

. Sham group (n = 6): animals were subjected to the procedures described before (2.3.3)
except the intracolonic administration was with 100 pL of saline solution. During the 4
days of the protocol the animals were administered orally with 10 mL.kg™ of distilled
water.

Ethanol (EtOH) group (n = 6): animals were subjected to the procedures described above
except the intracolonic administration was with 100 puL of 50% (v/v) ethanol. During the
4 days of the protocol the animals were administered orally with 10 mL.kg™ of distilled
water.

. TNBS group (n = 10): animals were administered with 100 pL of 2.5% (w/v) TNBS in
50% (v/v) ethanol. During the 4 days of the protocol the animals were administered orally
with 10 mL.kg? of distilled water.

. TNBS + deflamin p.o. (n = 9): animals were administered with 100 puL of 2.5% (w/v)
TNBS in 50% (v/v) ethanol. During the 4 days of the protocol the animals were
administered orally with deflamin (15 mg.kg™)

. TNBS + deflamin preventive treatments (n = 10): Three days before of TNBS induction,

animals were administered orally with deflamin (15 mg.kg™).

76




Animals were administered with 100 pL of 2.5% (w/v) TNBS in 50% (v/v) ethanol.
During the 4 days of the protocol the animals were administered orally with deflamin (15

mg.kg™).

After the 4 days experiment, macroscopic evaluation of colitis severity was performed as
described above (2.3.5).

2.4. The effect of deflamin on MMP-9 and MMP-2 catalytic activities

2.4.1. Total gelatinolytic activity from colonic tissues

Combined MMP-9 and MMP-2 activities were determined in the colons of the mice
subjected to deflamin extract treatments, as described in Garg et al., (2009) and Medina
et al., (2006), with few alterations. Briefly, colonic tissue was homogenized in a 1/100
ratio (weight/vol) in 50 mM Tris HCI (pH 7.6), 150 mM NaCl (samples were sonicated
three times for 10 s each, at 1 min intervals). After 10 min on ice, protein extracts were
centrifuged for 10 min at 13,000 g at 4 °C, the supernatants were preserved, and protein
concentrations were determined by the Lowry method (Lowry et al., 1951). Samples were
stored at -80 °C until assayed. Protein extraction of each colon, as described above, was
used to quantify the respective gelatinolytic activities. The fluorogenic substrate dye-
quenched (DQ)-gelatin purchased from Invitrogen (Carlsbad, CA, USA) was used to
quantify MMP-9 and MMP-2 activities. DQ gelatin was dissolved in water at 1 mg. mL"
! as per the manufacturer’s instructions. All solutions and dilutions were prepared in
assay-buffer (50 mM Tris-HCI pH 7.6, 150 mM NaCl, 5 mM CaCl; and 0.01% v/v Tween
20). A 96-well micro-assay plate (Chimney, 96-well, black) was used. Each colonic tissue
supernatant from each treatment was loaded (100 pL). Subsequently, DQ-gelatin (at a
final concentration of 2.5 ug.mL*) was added to each well and the plate was allowed to
incubate for 1 h. Fluorescence levels were measured (ex. 485 nm/em. 530 nm). All data

were corrected by subtracting of their corresponding negative controls.

2.4.2. Gelatin zymography of colon extracts

To determine the specific metalloproteinase activities in colon extraction supernatants, a
gelatin-zymography was performed according to standard methods (Toth, Sohail and
Fridman, 2012), with the following modifications: SDS-polyacrylamide gels (12.5% w/v
acrylamide) were copolymerized with 1% (w/v) gelatin. Colon extraction supernatants
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was treated with a non-reducing buffer containing 62.6 mM Tris-HCI pH 6.8, 2% (w/v)
SDS, 10% (v/v) glycerol and 0.01% (w/v) bromophenol blue were loaded into each well
of the SDS-gel. Electrophoresis was carried out as described before (Laemmli, 1970) in
a 12,5% (w/v) acrylamide resolving gel and a 5% (w/v) acrylamide stacking gel,
performed in a vertical electrophoresis unit at 100 V and 20 mA per gel. After
electrophoresis, gels were washed three times in 2.5% (v/v) Triton X-100 for 60 min each,
to remove the SDS. Gels were then incubated two days with developing buffer (50 mM
Tris-HCI pH 7.4, 5 mM CaClz, 1 uM ZnCl; and 0.01% w/v sodium azide), stained with
Coomassie Brilliant Blue G-250 0.5% (w/v) in 50% (v/v) methanol and 10% (v/v) acetic
acid, for 30 min, and destained with a solution of 50% (v/v) methanol, 10% (v/v) acetic
acid. White bands visible against a blue background marked the gelatinase activity of

each proteinase (Toth, Sohail and Fridman, 2012).
2.5. Statistical analysis

For the animal colitis model, all results were expressed as mean £ SEM of n observations,
where n represents the number of animals studied. Results were compared using a one-
factorial ANOVA test, followed by a Bonferroni’s post hoc test using GraphPad Prism
5.0 software (GraphPad, San Diego, CA, USA). For gelatinolytic activities, all
experiments were performed in triplicate, in at least three independent times and the data
were expressed as the mean + standard deviation (SD). SigmaPlot software (version 12.5)
was used for comparing different treatments, using one-way and two-way analysis of
variance (ANOVA). Tukey’s test was used to compare differences between groups and

a P value less than 0.05 was considered to be statistically significant.

3. Results and Discussion

MMP-9 inhibitors (MMPIs) are mostly regarded as anti-angiogenic agents for primary
tumours and metastasis deterrents, but they have also been demonstrated to effectively
inhibit pre-cancer states such as colitis and other inflammatory bowel diseases. For over
30 years now, MMPs have been considered by researchers across the world as attractive
therapeutic targets, for cancer as well as inflammation. As a result, a myriad of MMPI
has already been synthesized, some of which have been used as potential therapeutic
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agents (Bourguet et al., 2012), but only a few small MMPIs entered the clinical trial stage,
most of which terminated prematurely either due to lack of benefits or to strong adverse
side effects (Wang et al., 2012). Ideally, for a specific MMP-9 inhibitor to be successfully
used in IBD treatments as a dietary supplement, it should be colon-available, rather than
serum-bioavailable, resistant to the digestion process and also non-toxic for colon cells.
Previous works on deflamin, a novel protein MMP-9 and MMP-2 inhibitor isolated from
Lupinus albus showed that small doses of this protein complex can significantly reduce
cancer invasion and gelatinolytic activities in colon cells, and in a dose-dependent manner
(chapters 1 and 2). Being an MMP-9 inhibitor, it is very plausible that it can be an anti-
inflammatory agent. Furthermore, although no in vivo assays have been performed on
deflamin yet, previous results also showed that deflamin is acid-resistant, suggesting it
can possibly survive the digestive process. Hence, in this work we tested the anti-

inflammatory effects of deflamin in an in vivo model of colitis.

3.1. Deflamin administration reduces the macroscopical and

functional signs of colitis injury

In order to ascertain the anti-inflammatory effects of deflamin, we tested its effects on
mice with TNBS-induced colitis, using two types of administrations, oral administration
(p.0.) and intraperitoneal injection (i.p.), applied 3 hours after induction. Figure 1 and 2
show the effect of deflamin on the length of colons (cm) and on the extent of intestine
injury (cm), respectively-.

The animals in the Sham and Ethanol groups exhibited no macroscopical signs of colon
injury, and presented no mortality, whilst intracolonic injection of TNBS/EtOH led to a
very significant (P<0.05) decrease in colon length and an increase in the extent of visible

injury (ulcer formation).
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Figure 1. Effect of deflamin administration on the length of colon (cm). Sham group (n=6), EtOH group (n=6),
TNBS group (n=10), TNBS+deflamin p.o. (15 mg.kg; n=9), TNBS+deflamin i.p. (10 mg.kg'*; n=10). #P<0.001 vs
Sham group, *P<0.001 vs TNBS group.

In the deflamin-treatment group (both p.o. and i.p.) all of the macroscopical signs of colon

injury were significantly reduced, comparing to the TNBS group (Figure 1 and Figure 2).
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Figure 2. Effect of deflamin administration on the extent of intestine injury (cm). Sham group (n=6), EtOH group
(n=6), TNBS group (n=10), TNBS+deflamin p.o. group (15 mg.kg*; n=9), TNBS+deflamin i.p. (10 mg.kg*; n=10).
#P<0.001 vs Sham group, *P<0.01 vs TNBS group.

Results presented here corroborate the anti-inflammatory activities of deflamin in vivo,

and also that it maintains its biological activity throughout the digestive process, showing
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that the administration of deflamin (both i.p. as well as p.o.) led to an overall reduction in
colon inflammation, and in the case of p.o., a significant (P<0.05) attenuation of colon
length reduction, a significant reduction (P<0.05) in the extent of visible injury (ulcer
formation). These differences can be easily perceived with a macroscopical observation
of the fresh and rinsed colons immediately after colon collection at the end of the
experiments. Figure 3 and 4 demonstrate representative pictures of these macroscopic
observations obtained by a bench surgical macroscope of the colons isolated from the
different treatments groups. Four days after intra-colonic administration of TNBS, the
colons appeared flaccid and filled with liquid stool. Observations of images show a clear
attenuation of colon injury in animal treated with deflamin when compared to the TNBS-
induced colitis (Figure 3 and 4).
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Figure 3. Effect of deflamin administration on the macroscopic observation of colon. (A) Sham group (n=6), (B)
EtOH group (n=6), (C) TNBS group (n=8), (D) TNBS+deflamin p.o. group (15 mg.kg*; n=9).
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Figure 4. Effect of deflamin administration on the macroscopic observation of colon. (A) Sham group (n=6),
(B) EtOH group (n=6), (C) TNBS group (n=8), (D) TNBS+deflamin i.p. group (10 mg.kg*; n=10).
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Concerning the type of administration, some differences were observed between the two
types of administration when comparing the morphological signs of colitis and the extent
of the colonic injury which were higher in i.p. administrations (Figure 2) (P<0.05). The
macroscopical observations also corroborate this trend between administrations (Figure
3and 4).

3.2. Deflamin reduces the expression inflammatory markers involved

in the inflammatory signaling cascade.

In order to enlighten the mechanisms responsible for the effect of deflamin, we analyzed
the severity of histological injuries and also determined the presence of specific markers

of inflammation and cancer progression, COX2 and iNOS.

Histological evaluations are present in Figure 5. As expected, while control samples
exhibit a normal colon with no lesions, a mucosa with uniform thickness, normal crypt
architecture and no signs of inflammation, in the TNBS treatments the colons exhibited a

severe ulceration with crypt loss and a thinner mucosa with a marked neutrophil

infiltration, equivalent to a score 3.

Figure 5. Effect of deflamin administration on the histological features of colon inflammation. (A) Sham group
(n=6), (B) EtOH group (n=6), (C) TNBS group (n=8), (D) TNBS+deflamin p.o. (15 mg.kg, n=9), (E) TNBS+deflamin
i.p. (10 mg.kgt, n=10).
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In comparison, the samples from animals administered with deflamin show more
moderate lesions with partial intact crypts and some neutrophil infiltration indicating a

lower damage score of 2, particularly in the p.o. administrations.

1) 2 3) “
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Figure 6. Effect of deflamin administration on the colon tissue expression of inflammation markers COX-2 and
iNOS. (A) — COX-2 expression: (1) Sham group, (2) TNBS group, (3) TNBS+deflamin p.o. group, (4) TNBS+deflamin
i.p. group; (B) — iNOS expression: (1) Sham group, (2) TNBS group, (3) TNBS+deflamin p.o. group (15 mg.kg, n=9),
(4) TNBS+deflamin i.p. group (10 mg.kg™?, n=10).

Figure 6 shows COX2 and iNOS expression in colonic tissues. Overall, the histological
analysis and the expression of important markers of inflammation also corroborated the
anti-inflammatory effects of deflamin. Results show that TNBS treatment induced a
marked increase in COX2 and iNOS expression along the remaining crypts, indicated by
brown color when compared with control samples (Figure 6). This is in accordance to
clinical and epidemiologic studies that prove the important role of COX-2 and
prostaglandins in the progression of intestinal inflammation in patients with 1BD
(Ogasawara, Matsunaga and Suzuki, 2007) and (Chen et al., 2014). Also, specifically in
the intestine, the up-regulation of the production of nitric oxide is produced and released
locally in much greater quantities in the inflamed gut than in the non-inflamed gut, being
suggested as a novel clinical biomarker for diagnosis and monitoring of IBD patients (Lee
etal., 2013).

Administration of deflamin led to a reduced staining for COX-2, indicating that it
impaired the expression of COX-2 in the injured intestinal tissue. Similarly, to COX-2,

immunostaining assays in the experimental colitis study showed that there was in fact an
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increased expression of iINOS in animals subjected to colitis induction (Figure 6). Again,
deflamin administration, particularly via p.o., was able to reduce iNOS expression and

therefore contribute to impairment of the inflammatory process in the colon.

When comparing both types of administrations, better results were again obtained for p.o.
when compared to intraperitoneally. For obvious reasons, oral administrations are a far
easier and practical method of administration than i.p. administrations. Many bioactive
compounds have to be injected intraperitoneally or intravenously because their biological
activities do not survive the digestive tract. Our results suggest that deflamin not only
survives the digestion process, oral administration was found to be a superior method for
reducing colon inflammation compared with intraperitoneal applications. This could be
related to a higher concentration in the colons, acting in situ or because in i.p.
administrations the protein complex in deflamin can trigger an immune response. In any

case, in the follow-up work, we decided to use only oral administrations instead of i.p.

3.3. Deflamin’s effects are evident in preventive as well as in curative

treatments

Since p.o. administrations induced better results, we further tested if a preventive
approach through an oral diet supplementation with deflamin, rather than a just a curative
approach would present similar effects. Table 1 shows the morphological and functional
signs of colitis in both treatments, curative (D — p.o. administration of deflamin 3 h after
TNBS induction) and preventive (Dp — p.o. administration of deflamin 3 days prior to
TNBS administration).

The animals in the Sham and Ethanol groups exhibited no macroscopical signs of colon
injury, and presented no mortality, whilst intracolonic injection of TNBS/EtOH led to a
very significant (P<0.05) decrease in colon length and an increase in the extent of visible

injury (ulcer formation) and diarrhea severity, exhibiting a mortality rate of 50%.
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Table 1. Morphologic and functional observations of the colon, immediately after collection in both
treatments, curative (D — p.o. administration of deflamin 3 h after TNBS induction) and preventive (Dp —
p.o. administration of deflamin 3 days prior to TNBS administration). *P < 0.001 versus Sham group; #P

< 0.05 versus TNBS group and ¢P < 0.05 D versus Dp group.

] Length of colon Extent of injury Presence/consistency .
Animal Group ) Mortality (%)
(cm) (cm) of diarrhea

Sham 145 £0.08 0 0 0%
EtOH 50% 14.1 £0.20 0 0 0%
TNBS 11.8+0.19 3.6 £0.14° 3" 50%
NBS +D 14.8 + 0337 2.44 +0.847 1.13 £ 0.35% 11%
TNBS + Dp 13.1+ 1,98 248 + 1247 1.63 +0.747 12%

Results show that the administration of deflamin, both curative as well as preventive, led
to an overall reduction in colon inflammation, with a significant (P<0.05) attenuation of
colon length reduction, a significant reduction (P<0.05) in the extent of visible injury
(ulcer formation). Also, a significant decrease (P<0.05) in diarrhea severity, mortality
rates and a reduction of general histological features of colon inflammation were observed

when compared to the TNBS group.

Interestingly, a preventive approach, with a more prolonged dietary administration of
deflamin was not significantly different from the curative approach, were deflamin was
administered 3 h after TNBS induction as there were no significant differences (P>0.05)
observed between preventive and curative approaches. Also there were no differences
between both deflamin treatments and the controls. These results suggest that deflamin
can act quickly an inflammatory deterrent when in the presence of acute inflammation,
but is also effective in preventing it from arising when administered continuously before
the inflammatory episode, suggesting it can be used in both curative as well as preventive

approaches.

3.4. Deflamin reduces MMP-9 activity in vivo

Previous results obtained in our groups had shown that deflamin inhibits MMP-9 and
MMP-2 in colon cells (see chapter 2) in vitro assays, and that it was resistant to heat and
acid denaturation, making it a good candidate to become a nutraceutical for IBDs and

colon cancer. However, in vivo tests were required to further determine its effectiveness
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after digestion and corroborate its potential as a nutraceutic. In order to corroborate if the
anti-inflammatory effects observed in the deflamin treatments were due to MMP-9 and -
2 inhibition in situ, the gelatinolytic activities of MMP-9 and MMP-2 in the fresh colon
tissue of the different experimental groups (curative and preventive) were tested, using
the DQ-gelatin kit and zymographic assays. Figure 7 shows the total gelatinolytic activity
in the colon samples, quantified by the quenched-dye DQ-gelatin method.
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Figure 7. Effect of deflamin administration on the colon tissue gelatinase activities of MMP-2 and MMP-9 from
colitis-induced mice. Proteolytic activity of the gelatinases presents in colons quantified by the DQ fluorogenic
method. Results are expressed as relative fluorescence as a % of controls and represent the average of at least three
replicate experiments (n=3) + SD. Sham group (n=6); TNBS group (n=10); D=Curative treatments with deflamin (15
mg.kg!; n=9, p.o.) and Dp=Preventive treatments with deflamin (15 mg.kg?, n=9, p.0.). *P < 0.001 versus Sham
group; #P < 0.05 versus TNBS group and ¢P < 0.05 D versus Dp group.

Results obtained in Figure 7 show that the TNBS induced a very significant increase in
gelatinolytic activities, when compared to controls (P<0.001), whereas both curative and
preventive deflamin administrations reduced significantly (P<0.05) the total MMP-9 and
MMP-2 activity when compared to the TNBS treatment, but there were no significant

differences (P>0,05) between the curative and preventive administrations.

Given that the DQ-gelatin assay provides evidence for total gelatinolytic activity in the
colon tissue, we further tested its specificity through substrate zymography, where MMP-
9 and MMP-2, in their active and non-active forms can be separated through

electrophoresis. Figure 8 shows an example of a zymographic profile of the protein
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extract from the colonic tissues in the different experimental groups. White bands show

the gelatinolytic activity of the specific bands.

The zymographic profile show how TNBS increased MMP-9 and MMP-2 activities both
in the active as well as in the inactive forms of the enzymes, when compared to controls
where there is low activity of the active forms of MMP-2 and MMP-9. However, in
deflamin treatments there was an evident reduction in MMP-9 and MMP-2 activities

(active and inactive forms), when compared to the TNBS group.

KDa D TNBS Sham
150
100 == Pro MMP-9
= MMP-9 (92 KDa)
= Pro MMP-2

75 ——MMP-2 (72 KDa)

KDa Dp TNBS Sham
150
= Pro MMP-9
100 ——MMP-9 (92 KDa)
e Pro MMP-2
75 —— MMP-2 (72 KDa)

Figure 8. Effect of deflamin administration on the colon tissue gelatinase activities of MMP-2 and MMP-9 from
colitis-induced mice. Representative image of the zymographic profiles of MMP-9 and MMP-2 activities of the
colons. Protein extracts of the colon were loaded on 12.5% (w/v acrylamide) polyacrylamide gels co-polymerized with
1% (wi/v) gelatin. Sham group (n=6); TNBS group (n=10); D=colon from animals treated with deflamin in curative
treatments (15 mg.kg?, n=9, p.o.) and Dp=colon from animals treated with deflamin in preventive treatments (15

mg.kgt, n=9, p.o.)

Interestingly, although there were no morphological and functional differences observed
between preventive and curative treatments, there were significant differences between
the specific inhibitions in both enzymes in the zymographic assays. Whilst in the curative
treatments both MMP-2 and MMP-9 were reduced in a similar fashion, (and in both

forms), this trend was not the same in the preventive approach, where the active MMP-9
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was more visibly inhibited than the pro-MMP-9, whereas the pro-MMP-2 was inhibited,
but the active MMP-2 was not (Figure 8). MMPs are usually synthesized as zymogens
(pro-MMPs), with their catalytic activity blocked by a cysteine switch and are only
activated by its removal, through proteolysis. In the zymography, the pro-gelatinases also
become active because they are denaturated by the SDS exposing the catalytic site (hence
the slightly higher mass of the pro-enzymes in the zymography that still maintain the short
amino acid sequence of the cysteine switch). The fact that only the active MMP-9 is
inhibited by deflamin suggests that it has a certain degree of specificity towards this form,

perhaps to the catalytic site, only exposed in the active form.

On the other hand, pro-MMP-2 seems to be inhibited and not MMP-2. Because MMP-2
is one of the proteases that activate MMP-9, it seems plausible that in a more prolonged
exposure to deflamin, a high inhibition of MMP-9 would induce, through feedback, a
higher activation of MMP-2 to activate MMP-9.

Although a more prolonged exposure to deflamin seems to suggest more profound effects
in the synthesis and activation of the gelatinases, results suggest that its administration in
a curative approach is just as effective in reducing colitis injuries as the preventive. The
higher specificity towards MMP-9 is nonetheless important because it insures low side-

effects, as opposed to the majority of broad-range MMPIs used in clinical trials.

4. Conclusion

Deflamin is a novel digestion-resistant gelatinase inhibitor that reduces colitis injury

through oral supplementation

Results presented here clearly show that deflamin survives the digestion process and is
able to attenuate the lesions provoked by TNBS-induced colitis, leading to a reduction in
several functional and histological markers of colon inflammation, namely: attenuation
of colon length decrease, reduction of the extent of visible injury (ulcer formation),
decrease in diarrhea severity, reduced mortality rate, reduction of mucosal hemorrhage
and reduction of general histological features of colon inflammation. Moreover, this
effect was more evident in the oral treatments corroborating its potential use in a dietary

approach. Furthermore, the overall physiological and morphological results presented
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here corroborated that oral administration of deflamin can indeed inhibit the colitis-

induced rise in MMP-9 and MMP-2 activities observed in animal models, leveling them

to physiological and morphological levels closer to that observed in healthy controls.

Besides being a potent inhibitor of the gelatinases and exhibiting powerful anti-

inflammatory activities, deflamin was efficient both in the prevention and curative

treatments of inflammation. Under the current context of the fast growing incidence of

inflammatory diseaes worldwide, deflamin may be of enormous clinical potential as a

nutraceutical or as an additive in functional foods, targeted at the prevention or treatment
of IBDs and also other MMP-9-related diseases.
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General Conclusions

Although the presence of MMPIs of natural occurrence may be considered ubiquitous in
plant tissues, virtually all of them suffer from limitations, handicaps, disadvantages or
weaknesses when one considers the possibility of clinical and/or nutraceutical

applications.

In this work we report the isolation of deflamin, a potent polypeptide mixture from
Lupinus albus seeds, which inhibits cancer cell invasion and colitis, but that doesn’t
present most of those handicaps: it is highly soluble in water; its bioactivities resist to
boiling, to low pH values and to the digestive process; it strongly inhibits MMP-9 and/or
MMP-2 at low concentrations and in a dose-dependent manner, without exerting any
apparent cytotoxicity. Its bioactivities include a strong reduction of the invasion capacity
of the human colon adenocarcinoma cell line HT29 and it inhibits the colitis-induced
lesions observed in animal models, leveling colons to physiological and morphological
levels similar to those of the controls. Additionally, it is more effective when administered
orally and is equally actived in curative or preventive approaches. Nevertheless, deflamin
may also be administered intraperitoneally and topically with good results. This work
presents, as far as we are aware, the first effective method for isolating proteinaceous
MMPI fraction from food sources, which is scalable to an industrial level, in a cost-
effective manner. Although much work is still needed to properly assess deflamin full
potential, the fact that it is an MMPI, derives from plant foods, and can be taken orally
makes it the perfect candidate to be used as a nutraceutical or as food additive in
preventing/curative diets, particularly in the case of colon diseases such as CRC and
IBDs, where it can act in situ, without exerting side effects. Looking over the last decade,
where a substantial amount of research has turned towards novel plant foods presenting

MMPIs, few (if any!) compounds present the potential of deflamin.

Hence, under the current worldwide context of the increasingly higher incidence of cancer
and inflammatory diseases worldwide, the overall activities of deflamin may be of
enormous clinical potential, targeted at the prevention or treatment of MMP-9-related

diseases
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