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This book Proteases in Human Disease is
dedicated to Prof. Asis Datta, who was born
in 1944 at Taki, West Bengal, India. His
individual and group achievements in the
field of molecular biology and genetic
engineering have been spectacular and have
secured him unique position in several areas
of frontier research. After getting Ph.D.
(in 1968) and D.Sc. in Biochemistry from
Calcutta University and spending several
years in USA (1968–1973) as a postdoctoral
research fellow and Assistant Virologist, he
joined School of Life Sciences, Jawaharlal
Nehru University (JNU) in 1973 and became
Professor of Biochemistry and Molecular



Biology (1978) and moved on to become its
Rector (1993–1996) and later its
Vice-Chancellor (1996–2002). In two spells
(1976–1977 and 1980–1981), he worked with
the Nobel Laureate Prof. Severo Ochoa at
Roche Institute of Molecular Biology, USA.
At JNU, Prof. Datta initiated research on
gene expression and its regulation in
eukaryotic cells. On completion of his tenure
as Vice-Chancellor, Jawaharlal Nehru
University, Prof. Datta assumed charge as
Founder Director, National Institute for
Plant Genome Research. In addition to
professional assignments, Prof. Datta pro-
vided leadership in development programs of
enormous importance to India in education,
science, and technology.
Professor Datta had abandoned a promising
career in the United States and returned to
India to promote scientific research and to
build institutions, which could take their
place on par with any in the world. With his
in-depth commitment to science and
technology, Prof. Datta believes that schol-
arly endeavor does not exclude a continuing
commitment to build a “better, safer and
healthier world”. Participating in the process
of scientific discovery does not preclude a full
engagement with courage and conviction in
the pursuit of social goals and ideals.
Professor Asis Datta has researched and
taught at many internationally acclaimed
institutions. He has been making significant
contributions in basic and applied
Biochemistry and Molecular Biology for
more than three decades with numerous
scientific papers in reputed international
journals and several patents. Indeed, he is the



first person who has patented genes from
India. Professor Datta and his team linked
New Biology with agriculture, medicine,
science, industry, and society to make a
global partner in biotechnology. Professor
Asis Datta is known for his work on
pathogenic yeast, Candida albicans as a
model system, which opened up the possibility
of designing a therapy to combat candidiasis.
In addition, the scientific/research contribu-
tions have been vital in areas of
food/nutritional security and use of
genetically modified food. His group is known
for pioneering contributions in molecular
biology and identification and manipulation
of novel genes leading to the production of
transgenics of high societal value. His unique
achievement that ranges from isolation of
novel genes to production of transgenics and
their field release have all been carried out
successfully by his group.Professor Datta
received several prestigious awards such as
Shanti Swaroop Bhatnagar Award (1980),
Guha Memorial Award (1988); Sir Amulya
Rattan Oration Award (1988); First G.D.
Birla Award for Science and Technology
(1991); Dr. Nitya Anand Endowment Award,
INSA (1993), The Federation of Indian
Chamber of Commerce and Industry Award
for R&D in Life Sciences (1994); Om Bhasin
Award for Science and Technology (1995),
Third World Academy of Sciences Awards
(TWAS) in Biology (1996), Goyal Prize in
Life Sciences (1996); Ranbaxy Award in
Medical Sciences (1996); Indira Gandhi
Priyadarshini Award (2000); R.D. Birla
Award for Bio-Medical (2001), Dr. B.R.
Ambedkar Centenary Award for Excellence in



Biomedical Research, ICMR, Govt. of India
(2003), Bashambar Nath Chopra Lecture
Award (2004). Government of India honored
Prof. Asis Datta with Padma Shri (1999) and
Padma Bhushan (2008). Professor Datta was
the president of the National Academy of
Sciences (India) (2009–2011). He received
life time achievement award by Biotech
Research Society (2011), Priyadarshini Gold
Medal Award for Outstanding Achievements
(2011), G.M. Modi Award for Innovative
Science and Technology (2011), Bharat
Ratna Mother Teresa Gold Medal Award
(2014), Pandit Jawaharlal Nehru Gold Me-
dal Award (2014). He is a Fellow of Third
World Academy of Sciences, Indian National
Science Academy, Indian Academy of Science
and National Science Academy. Several
Universities awarded Doctor of Science
(Honoris Causa) to Prof. Datta for his
wide-ranging contributions. Professor Datta
was the General President of Indian Science
Congress Association for 2003–2004. He was
awarded Asutosh Mookerjee Medal Award at
the Ninety-two Session of Indian Science
Congress, January 2005 and honored Life
Time Achievement Award for the year
2005–2006 in the Ninety-Three Session of
Indian Science Congress, January 2006. His
relentless effort throughout has established a
vibrant school of research on
“structure-function-application” of eukary-
otic genes, which led to the establishment
of the National Institute Plant Genome
Research, India’s first and only one research
center of its kind.



Professor Asis Datta undoubtedly is a
legendary figure in Indian Science. Professor
Datta has excellent ability to inspire and
motivate young researchers. We feel honored
to dedicate this book to Prof. Asis Datta and
wish him good health and success in his long
fruitful activities.



Preface

From dawn till dusk I sit here before my door and I know the
happy moment will arrive of a sudden.
When I will surely see… In the meanwhile the air is filling with
the perfume of promise.

Rabindranath Tagore (Gitanjali: Song of offerings)

Proteases, for a long time have received the attention of biochemists as degrading
enzymes. The first scientific documented research was published by P.A. Levine
entitled “The Cleavage Products of Proteoses” in the first issue of the Journal of
Biological Chemistry (October 1, 1905). Now, after about 110 years and with more
than 468,000 entries in MEDLINE database, proteases remain one of the focused
topics of current research. Approximately 2% of the genes in most organisms are
transcribed for proteases, which is second in number only to transcription factors.
Proteases are involved in virtually every physiological and pathological process.
Thus, proteases are considered as one of the important targets in drug development.

Proteases have likely arisen at the earliest stage of protein evolution as simple
destructive enzymes necessary for protein catabolism and generation of amino acids
in primitive organisms. For many years, studies on proteases have been focused
mainly on their roles associated with protein degradation. However, it has now
become clear that their role is not limited to breaking down of proteins and have
multiple functions: it modulates enzymes activity, regulates membrane function,
alters receptor channel properties, affects transcription, cell cycle, and reproduction,
forms active peptides and many more than we had assumed. The hydrolysis of
peptide bonds often involves multiple steps, for example, ubiquitination often
requires the activity of enzyme complexes. Their activation, modification, and
inactivation, therefore, play important roles in biological functions. Inhibitors of
many of the proteases have now been well characterized and they attract much
importance because of their great therapeutic potential in a number of diseases and
some of which are already in clinical use.

Proteolytic enzymes, which are known to play important roles in numerous
cellular and extracellular processes in health and diseases, are characterized. In
addition to new discoveries of proteolytic principles in a variety of biological
systems, proteases have gained importance as laboratory tools in the experimental
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investigation of peptides and proteins. An outstandingly large number of publica-
tions on recent developments led to the recognition of the serine, cysteine (espe-
cially calpains and caspases), metallo-, threonine, glutamic, and aspartic proteases
in different diseases such as allergy, asthma, atherosclerosis, cancer, AIDS, Alz-
heimer’s and Parkinson’s diseases, and also parasite-mediated diseases such as
malaria and leishmaniasis. Substantial data have been accumulated implicating the
role of proteases in numerous types of cancers including cancer of the breast, the
gastrointestinal and urological tract, the lungs, and the brain. A strong and sub-
stantial clinical relation exists between matrix metalloproteases (MMPs) and cancer,
and they are widely studied to predict disease progression among cancer patients.
There is substantial hope that substances designed to affect MMPs or turn off the
MMPs activation may prove useful for treatment against a variety of cancers, which
could open new avenues in cancer therapy.

In this book, we have presented 24 state-of-the-art articles. Several contributors
in this book illuminate our understanding on the role of different proteases with
their findings, interests, and problems. We are confident that researchers’ especially
young scholars will benefit out of that. Some of these articles emphasize existing
concepts while some shed light on newer ideas. In fact, these are the flowers of the
spring. So, “let a hundred flowers blossom and a hundred schools of thought
contend.”

We like to extend our sincere thanks to all the authors for their excellent writing
skills covered with current information that make every article a pleasure to read.
We are thankful to Dr. Naren Agarwal, Dr. Madhurima Kahali, Dr. Nidhi
Chandhoke, and Dr. Praveen Kumar (Biomedical Division, Springer, New Delhi)
for the time and energy they spent for achieving our goal. We are also thankful to
Prof. Sankar Kumar Ghosh, Vice Chancellor, University of Kalyani for his
encouragement.

Kalyani, India Sajal Chakraborti
Kalyani, India Tapati Chakraborti
Winnipeg, Canada Naranjan S. Dhalla
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1Matrix Metalloproteinases in Breast
Carcinoma
Immunohistology and Prognosis

Irena Ranogajec

Abstract
Since breast carcinoma is a group of heterogeneous tumors, the prognosis for
each of this is determined in terms of a whole range of clinicopathological
factors which can be divided into traditional (tumor size, lymph node status,
histological grade, hormone receptors, proliferation index) and new factors, most
of which are still being researched. This chapter shows the immunohistology and
the prognostic value of the analysed gelatinases (MMP-2 and MMP-9) in breast
carcinoma patients. Their expression in breast carcinoma patients is an
unfavorable prognostic indicator of the disease, and an indicator of the need
for more aggressive treatment in patients with negative lymph nodes. In the
future the inhibition of these proteins could play a role in preventing breast
carcinoma and in stopping the development of metastases in already existing
breast carcinoma. Therefore, there is need for the incorporation of new
prognostic factors into future studies and clinical trials that will provide new
approach for the breast carcinoma patients.

Keywords
Matrix metalloproteinases � Breast carcinoma � Prognosis � Immunohistology �
MMP-2 � MMP-9
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1 Introduction

Breast carcinoma is the most frequent malignant tumor in women and it accounts
for 27% of all malignant diseases affecting women, whereas it is rare in men. The
highest incidence of breast carcinoma has been reported in developed countries,
Northern America and Western Europe, and the lowest in Africa and Asia. How-
ever, growth of the number of newly detected breast carcinoma patients has recently
been observed insofar lower risk countries (China, India, Japan) [1–3]. According
to the WHO International Agency for Research on Carcinoma, breast carcinoma is
the most frequent carcinoma in women in developed and less developed countries,
and its incidence increases at the rate of 10%. In Europe the breast is the most
frequent carcinoma site in women; breast carcinoma accounts for 25.5% of all
deaths due to newly detected carcinoma sites in women, and for 17.5% of all deaths
due to carcinoma in women. The carcinoma risk is 60% higher in Western than in
Eastern Europe [4].

Breast carcinoma is also an important health problem for Croatia’s female
population. It accounts for 22% of new cancer cases, and in terms of incidence and
mortality it is the most frequent form of carcinoma in women. According to the
records of the National Carcinoma Register, breast carcinoma is diagnosed in about
2,300 women a year, and about 800–900 women die. The highest percentage of
deaths due to breast carcinoma and the cancer in general has been reported in the
40–59-year group. Both the incidence and the mortality due to breast carcinoma in
Croatia are on the increase, breast carcinoma being the most frequent single cause
of death in women aged 35–59 years [5, 6].

In most cases surgical treatment (tumorectomy, mastectomy, dissection of
axillary lymph nodes) is just the beginning of therapy, followed by adjuvant
chemotherapy, postoperative radiation and, in some cases, adjuvant hormone
therapy. Patients with an expression of the receptor of epidermal growth factor 2
(HER-2/neu) in tumor cells are also treated by an antibody blocking the receptor for
this factor. According to the currently generally accepted opinion, the majority of
women with negative lymph nodes and tumors up to 1–2 cm in size are healed by
local therapy only in more than 70% of cases and do not benefit from
chemotherapy. Metastases will develop in 20–30% of women in this group, and
recent research is focused on detecting patient subgroups that would benefit most
from adjuvant therapy [7]. Since breast carcinoma is a group of heterogeneous
tumors, the prognosis for each is determined in terms of a whole range of clinical
and pathological factors which can be divided into traditional and new factors, most
of which are still being researched. The probability of recurrence and the length of
survival depend on the stage of the disease (tumor size and histological grade,
lymph node involvement, total positive node count), hormone receptor status,
proliferation of malignant cell activity, oncogene expression or amplification
(HER-2) and general condition of the patient. Since recurrence and repeated surgery
can be expected in 25–30% of patients with breast carcinoma and negative lymph
nodes, increasing attention is being focused on the discovery of new prognostic
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markers which might help this group of patients by providing an additional future
therapeutic approach [1, 2]. Matrix metalloproteinases have recently been studied
intensively as possible prognostic factors in breast cancer patients. The numerous
recent studies suggest their role in carcinogenesis and especially in the dissemi-
nation of breast carcinoma [8–15].

Matrix metalloproteinases (matrixins) belong to the family of zinc-dependent
structural endoproteinases. In physiological conditions their role is essential in the
degradation of the extracellular matrix during development, in the angiogenesis
process, ovulation, involution of glandular breast tissue, and wound healing [16]. In
1962 Gross and Lapiere showed that skin cells from metamorphosing tadpole tails,
when cultivated on collagen gel, released an enzyme which can degrade the triple
collagen helix at neutral pH and 27 °C. The same study described a similar activity
in cultures of embryonic skin, post-partial uterus and bone cells [17]. After that first
discovery, collagenases were demonstrated in human tissue (MMP-1) and neu-
trophils (MMP-8). Over time other MMPs were discovered, starting with gelatinase
A (MMP-2) and stromelysin (MMP-3), all the way to the identification of ena-
malysin (MMP-20) [16]. So far more than 20 different human metalloproteinases
are known, and they are divided into four basic groups. The first group are colla-
genases which are involved in the remodeling and degradation of collagen; the
second group are gelatinases (or type IV collagenases) which degrade gel and
collagen type IV. The third group are stromelysins and matrilisins which degrade
various extracellular matrix substances, including proteoglycanes and the
non-collagen protein substance. The fourth group are membrane-type metallopro-
teinases which catalyze various ECM substrates and act as fibrinolytic enzymo-
plasmin. Proteinase inhibitors stimulating cellular proliferation and inhibiting
cellular apoptosis have also been reported [8, 9]. All the metalloproteinases have
some common features: each degrades at least one component of the basement
membrane; they are active at physiological pH status; they need two zinc molecules
for their activity; they are inhibited by metal chelases or tissue metalloproteinase
inhibitors. Different physiological substances can inhibit MMPs; such as
a2-macroglobulin molecules are larger molecules serum proteins which have an
inhibitory effect but cannot cross into tissues. TIMP are smaller molecules dis-
playing expression in different tissues and fluids; TIMP-1, TIMP-2, TIMP-3, and
TIMP-4 are known so far. The amino-terminal domain present in all TIMPs is
responsible for inhibitory activity. TIMPs form non-covalent complexes with all
active MMPs in a 1:1 ratio. The balance between proteases and inhibitors is the key
factor determining proteolytic activity. Moreover, MMPs are synthesized in the
inactive zymogen zone and require additional extracellular activation. These
proenzymes remain inactive owing to interaction between cysteine in the proregion
and zinc ions in the active site; the interaction blocks transition into the active form,
and this interruption leads to enzyme activation. Trypsin 2, cathepsin, elastases, and
plasmin/the plasminogenic system are factors which can lead to transition into the
active form and once activated, MMPs can activate the others; MMP-3 can activate
MMP-2, MMP-9, and MMP-7. Gelatinases, MMP-2 and MMP-9 can activate one
another. The recently discovered MT-MMP subgroup can activate proMMP-2
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through the transmembrane domain which is the most important in the process of
MMP-2 activation [8, 10]. All latent MMPs comprise at least three domains: 1. the
hydrophobic prepeptide domain required for signal secretion; 2. the amino-terminal
propeptide domain removed by activation; 3. the catalytic domain containing zinc.
This basic structure is present in all matrix metalloproteinases [8, 10].

2 Matrix Metalloproteinases in Breast Carcinoma

The role of metalloproteinases in the carcinogenesis of breast cancer cells is related
to tumor initiation and growth, primarily by promotion of angiogenesis in the
tumor, and activation of stimulating growth factors. The activation of growth fac-
tors and their receptors, and degradation of their inhibitors, is another significant
mechanism of their activity [9, 10, 12]. Tumor cell metalloproteinases are probably
responsible for invasive tumor growth, while stromal elements mainly influence the
remodeling process and the desmoplastic reaction of the tumor [18]. Angiogenesis
is stimulated by degradation of the barrier which permits endothelial invasion, and
by the release of factors promoting the angiogenic phenotype. Neoangiogenesis is a
key moment in the stimulation of tumor growth and development of metastases.
Angiogenesis develops in several steps, including the release of angiogenic factors,
release of proteolytic enzymes, migration within the extracellular matrix, EC pro-
liferation, and formation and differentiation of microvascular spaces. Proteases are
required for the invasion of extracellular space of malignant cells; metastatic cells
use proteases to cross the basement membranes, connective tissue and, after that,
the basement membranes of small blood vessels and lymph vessels. Type IV col-
lagen is the main structural protein of the basement membrane and extracellular
matrix. Studies have shown a correlation between the enhanced expression of
MMP-2 and MMP-9 and the occurrence of metastases. It has also been demon-
strated that the enhanced expression of MMP in the tumor is correlated with its
higher aggressiveness and metastasising capacity [10]. MMP-2, but not MMP-9,
releases the ectodomain of the FCG receptor. Since the hydrolysed ectodomain
retains the capacity to bind FCG, it can modulate FCG mitogenic and angiogenic
activities. Stromelsyn-3 can affect the promotion of MCF-7 cell growth by releasing
the extracellular matrix growth factor [13]. The field of carcinoma cell invasion and
metastasizing and inhibition by MMP inhibitors has also been studied so far in
carcinomas of the pancreas, head and neck, glioma and other CNS tumors, and
gastric carcinoma and melanoma. Pathological processes related to MMP activity,
the subject of continuous research, include tissue destruction in fibrotic diseases and
the weakening of the extracellular matrix in arthritis, oral pathology and periodontal
diseases, liver and kidney fibrosis, endometriosis, and aortal aneurysm and heart
failure due to the weakening of the extracellular matrix [16]. In situ hybridization
techniques have shown metalloproteinases to display expression in tumor cells, and
in stromal and inflammatory cells stimulated by factors released by tumor cells [18].
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2.1 Matrix metalloproteinase-2 (MMP-2) belongs to the gelatinase subgroup (type
IV collagenases) and is also called gelatinase A, 72-kD gelatinase; type IV colla-
genase is involved in the degradation of the basement membrane, elastase, and
denatured type I, II, and III collagen [8, 16, 19]. The MMP-2 gene is located in
chromosome 16q13, it is 17 kb long with 13 exons 110–901 bp in size and 12
introns 175–4.350 bp in size. 1–4 and 8–12 introns of type IV collagenase coincide
with intron localizations in genes for MMP-1 and MMP-3, indicating also the close
structural correlation of these genes with metalloproteinases. Unlike the stromelysin
genes, there is no TATA box in the promotor region, but there are two GC boxes.
There is no CAAT box, but the potential binding site to the transcription factor
AP-2 is on the first exon [20]. In 1972 Harris and Kane studied gelatinase activity in
rheumatoid sinovial tissue, probably related to MMP-2 activity. In 1978 Sellers
et al. separated gelatinase activity from the action of collagenase 1 and stromelysin
1 in a hare cell culture. Collier described the chemical structure of gelatinase which
consists of a triple repeat domain of type II fibronectin type introduced into the
catalytic domain [16]. MMP-2 is secerned in the latent, proenzyme form, and
activated through proteolytic modification by the activator MMP-2, i.e., the
membrane type 1 (MT1-MMP), the enhanced activity of which in malignant breast
tumors has so far been discussed in several studies [21–23]. ProMMP-2 activation
does not depend on uPA/plasmin activity, but it can be activated by thrombin,
plasmin, MMP-1 and MMP-7. Nevertheless, activation under the influence of
MT-MMP on the surface of the cell appears to be physiologically the most
acceptable [16]. ProMMP-2 forms a complex with TIMP-2, and this complex binds
on the surface of the cell with MT1-MMP and, by releasing TIMP-2, MT1-MMP
then activates proMMP-2. The activation of proMMP-2 through MT2-MMPa is
direct and does not depend in TIMP-2. MMP-2 is suppressed by inhibitor TIMP-2
[24]. This inhibitor is related to a reduced metastatic potential and invasion; it is a
nonglycosyling 21 kDa protein [10]. Although MMP-2 is referred to as gelatinase,
this enzyme can attack the native form of collagen type I, and elastin and other
proteins [16].

2.2 Matrix metalloproteinase-9 (MMP-9) is also known as gelatinase B, and is part
of the gelatinase group. Like MMP-2 it degrades gel (denatured collagen), elastin,
laminin, collagen type IV, V, XI and XVI, but not interstitial collagen. It also
activates growth factors such as TGFb and pro TNF [8, 25–27]. Sopata et al.
isolated it from human neutrophil granulocytes. Gelatinase B is the largest metal-
loproteinase and weighs 92 kDa. It is made up of three fibronectin domains and a
similar collagen V domain. TIMP-1 binds to proMMP-9 creating a complex which
regulates activation into MMP-9. Latent MMP-9 activators can include tripsin, as
the most efficient, plasmin, cathepsin G, chimotripsin, tissue kallikrein, elastase and
proteinase. ProMMP-9 can be activated by a cascade reaction through an inter-
mediate link by the influence of other metalloproteinases: MMP-1, MMP-2,
MMP-3, MMP-7, MMP-10 and MMP-13 [8]. So far MMP-9 expression in tumor
cells and in the stroma of breast carcinoma has been studied by immunohisto-
chemical methods or in situ hybridisation techniques [28–31]. It has also been
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demonstrated that an MMP-9 promoter with a T allele displays a significantly high
transcription activity as compared with the C allele. Accordingly, genetic poly-
morphism is also important for gene expression and, thereby, MMP-9 activity,
ultimately enhancing the risk of tumor invasion and disease progression in patients
with such a CT/TT genotype of the MMP-9 gene [32]. It has been demonstrated
that fibroblasts, i.e., the stromal cells of breast carcinoma, produce MMP-9, with the
involvement of TNF-alpha and TGF-beta inductors produced by breast carcinoma
cells [33]. Fibroblasts can also be active in regulating the invasion of breast car-
cinoma cells through the production of thrombospondin-1 in fibroblasts which in
turn induces MMP-9 production [34]. FGF also induces MMP-9 expression, as
demonstrated by cell lines in vitro; this is related to the enhanced activity of
NF-kappa B and AP-1 [35]. Because of the degradation of type IV collagen, which
is particularly abundant in the basement membrane, MMP-2 and MMP-9 are most
frequently and most strongly involved in tumor initiation, tumor growth and
metastasizing, especially in breast carcinoma. In this regard another important is the
promotion of angiogenesis by MMP-2 and MMP-9 which includes the degradation
of the basement membrane of vascular, interstitial spaces, and the release of VEGF
which is an angiogenic factor [22].

3 Immunohistology and Prognosis

Gelatinases and their tissue inhibitors can be valuable diagnostic and prognostic
markers in breast carcinoma patients. On the basis of current and future studies by
various authors they could eventually be incorporated into a standard prognostic
group for breast carcinoma patients. In view of the foregoing, quite a few studies
focused on the influence and application of metalloproteinase inhibitors and the
future therapeutic potential of these substances. Numerous studies have shown a
correlation of metalloproteinases with the initiation and progression of tumor
growth [10, 12, 24].

The expression of MMP-2 in different tissues has been analysed immunohis-
tochemically and by in situ hybridisation. MMP-2 is an enzyme present in normal
tissue, most strongly in stromal elements. In breast carcinoma the very tumor cells
modulate the level of MMP-2 by MT1-MMPa and TIMPa action. Since both tumor
cells and the surrounding stroma in tumorous tissue display MMP-2 expression, a
possible explanation is that tumor cell MMP influences invasive growth, while
stromal elements influence the remodeling process and the desmoplastic reactions
around the tumor cells [10]. In vivo studies have also confirmed the claim that
stromal cells, i.e., fibroblasts, in most carcinomas play an important role in MMP-2
production. Along with carcinoma cells, fibroblasts are also probably stimulated to
produce the higher MMP-2 levels observed in malignant tumors [12]. So far
numerous studies have demonstrated the positive correlation between enhanced
MMP-2 activity and tumor invasiveness and metastatic capacity [10, 18, 24, 25, 28,
29, 36–38]. In breast carcinoma cells enhanced MMP-2 expression was observed
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compared with expression in benign breast lesions, and in vitro studies have also
shown that active MMP-2 expression is linked with the more aggressive malignant
cell potential in breast carcinoma cell lines [24]. The level of pro-MMP2/MMP-2
affects the determination of cell invasive and metastatic capacity, and the higher
MT-MMPa level influences MMP-2 activation in carcinoma of the breast, cervix,
and lungs by promoting invasiveness and metastatic capacity [10].

The expression of MMP-9 is significantly higher in malignant breast carcinoma
cells than in benign lesions. As observed, MMP-9 expression is the highest in the
most aggressive invasive ductal carcinoma (NOS) of the breast, while the value of
the TIMP-1 inhibitor is the lowest. These results show that the MMP-9/TIMP-1
imbalance can influence the development and growth of ductal carcinoma (NOS),
and indicated the correlation between MMP-9/TIMP-1 and tumor size [22]. It has
been demonstrated that the high expression of MMP-9, especially in stromal breast
carcinoma cells, is related to the less differentiated ductal type tumors with a poorer
prognosis of survival and with the shorter recurrence time in breast carcinoma
patients [25]. Recent studies have also demonstrated the presence of higher MMP-9
expression in cells of lobular carcinoma in situ, both immunohistochemically and
by the RT-PCR method; this makes MMP-9 an interesting therapeutic and
chemoprotective agent in the future treatment of lobular neoplasias [39].

In view of the foregoing considerations quite a few studies have considered the
experimental models of cell lines in examining the influence and application of
metalloproteinase inhibitors and the future therapeutic potential of these substances.
Numerous studies have demonstrated the correlation between metalloproteinases
and tumor growth initiation and progression [10, 12, 24]. Thus, the integration of
their inhibitors is linked with the prevention of carcinogenic growth and the inhi-
bition of invasion and metastasizing [10].

3.1 Our study of matrix metalloproteinases in breast carcinoma hypothesized that
the enhanced expression of gelatinases (MMP-2, MMP-9) in tumor and stromal
cells in invasive breast carcinoma patients ought to be an unfavorable prognostic
factor, and suggested the need for more aggressive treatment in patients with
negative lymph nodes and HER-2 protein expression [40, 41]. The median age of
breast carcinoma patients in this study was 56 years and the majority of them was
postmenopausal, had a tumor less than 2 cm, ductal histological type, estrogen
positive, intermediate histological grade, with a low proliferative index. Lymph
node metastases were found in 36.9% of patients and HER-2 expression in 15.9%
of our study of matrix metalloproteinases. In 48.1% of patients more than 100
tumor newly formed vessels/mm2 were found (Table 1) [40, 41].

3.2 The expression of MMP-2 and MMP-9 in tumor cells, in our study, was
evaluated by the semiquantitative method as cytoplasmic and membrane staining.
The expression of MMP-2 and MMP-9 in tumor and stromal cells was compared
with standard clinicopathological prognostic factors and patient survival. We
showed MMP-2 and MMP-9 expression in cytoplasm and membrane of the tumor
cells and also positivity of stromal cells of the tumor in breast carcinoma patients
(Fig. 1 and 2) [40, 41].

1 Matrix Metalloproteinases in Breast Carcinoma 9



In 2004 Pellikainen et al. also demonstrated MMP-2 and MMP-9 expression in
the cytoplasm of tumor and stromal cells. Positive MMP-2 stromal cells (46%) were
associated with strong HER-2 expression in the group of patients with negative

Table 1 Overview of
studied clinicopathological
factors in 138 breast
carcinoma patients [41]

Factor Number of patients %

Age

<50 years 49 35.5

>50 years 89 64.5

Tumor size

<2 cm 74 53.6

>2 cm <5 cm 57 41.3

>5 cm 7 5.1

Histological tumor type

Ductal 81 58.7

Lobular 30 21.7

Other 27 19.6

Tumor grade

1 21 15.2

2 73 52.8

3 44 32.0

Vascular invasion

Negative 134 97.1

Positive 4 2.9

New blood vessels/square mm

<50 19 14.5

>50 < 100 49 37.4

>100 63 48.1

Ki-67

<10% 81 60.9

>10% 52 39.1

Lymph nodes

Negative 60 43.5

Positive 51 37.0

Unknown 27 19.5

Estrogen receptors

Negative 43 42.6

Positive 58 57.4

Progesteron receptors

Negative 56 55.4

Positive 45 44.6

HER-2

Negative 116 84.1

Positive 22 15.9
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lymph nodes, and this expression is correlated with more aggressive factors.
The strong MMP-2 expression in tumor cells was associated with strong stromal
expression to a statistically significant degree (p = 0.009). Stromal MMP-9
expression was observed in 38% of cases and was correlated, to a statistically
significant degree, with HER-2 expression in hormone positive tumors. MMP-2
expression in tumor cells was not correlated with HER-2 expression [25]. In 1999
Jones et al. demonstrated MMP-2 expression in more than 90% of studied breast
carcinoma patients, mainly in terms of cytoplasmatic staining; membrane expres-
sion was noted in 34% of patients. MMP-9 expression was seen in 68 of patients as
tumor cell or stroma staining [29]. In 2002 Singer et al. confirmed the importance of
cell–cell interaction and demonstrated, on an in vitro fibroblast and tumor cell
culture, enhanced expression and activity of both gelatinases, MMP-2 and MMP-9.
They thereby substantiated the claims regarding the importance of stroma in tumor
progression through the release of angiogenic substances, cytokines affecting cel-
lular growth, and protein degrading enzymes such as PDGF, EFG, FGF, IL-1,

Fig. 1 Membrane and
cytoplasmic MMP-2
positivity of tumor cells.
(MMP-2 � 40) [41]

Fig. 2 MMP-9 positivity of
tumor and stromal cells.
(MMP-9 � 10)
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TNFa, and EMMPRIN [42]. In the opinion of some authors—since both the tumor
cells and the surrounding stroma in tumor tissue display MMP-2 expression—the
possible explanation might be that tumor cell MMP affects invasive growth, while
stromal elements influence the remodeling process and desmoplastic reaction round
the tumor cells. In vivo studies also corroborate the claim that, in most carcinoma
cases, stromal cells, i.e., fibroblasts, play an important role in MMP-2 production.
Along with carcinoma cells, fibroblasts are also probably stimulated to produce the
higher MMP-2 levels noted in malignant tumors [12]. In 2006 Tetu et al. demon-
strated stromal MMP-2 expression in about 50% of breast carcinoma patients,
whereas tumor cells were not positive as shown by the results obtained by in situ
hybridisation. The same author has demonstrated that breast cancer cells produce
factors (TGF, PDGF, EMMPRIN) inducing stromal cells to produce proteases
which in their turn stimulate tumor cells by binding to receptors. These results
support the hypothesis that biological behavior of the tumor does not depend only
on its characteristics but also on its stroma. Moreover, this finding conceals possible
therapeutic potential since reactive stromal cells display greater genetic stability
than carcinoma cells and are hence theoretically less subject to mutation and
resistance to therapy [24].

3.3 Our study presented the correlation of tumor and stromal MMP-2 and MMP-9
expression with other prognostic factors in breast carcinoma patients (Table 2). The
results have shown a correlation between the studied factors and MMP-2 expression
in tumor cells, but the correlation is not statistically significant (p > 0.05). How-
ever, stromal MMP-2 expression showed a statistically significant difference with
regard to neoangiogenesis and tumor size, meaning that a stronger MMP-2 stromal
expression also denotes stronger neoangiogenesis and greater probability of >5 cm
tumors [40, 41].

In 2006 Liu et al. demonstrated the statistically significant correlation between
MMP-2 expression and tumor size, tumor grade and metastasis development,
concluded that MMP-2 expression can reflect the possible invasiveness of breast
cancer and that, therefore, different selective MMP inhibitors could eventually be
used as potential anti-metastatic drugs taking tumor size into account [43]. A group
of Chinese authors, Peihong et al., showed in 2007 a strong MMP-2 expression in
DCIS, and thereby demonstrated MMP-2 correlation with tumor invasion, i.e., more
aggressive biological tumor potential, and suggested the possible use of MMP-2
expression as an early prognostic factor of invasiveness [44]. On the other hand,
another group of authors, Kim et al., failed in 2006 to demonstrate a statistically
significant difference in MMP-2 between DCIS and DIC [30]. In 2007 Ogura et al.
demonstrated the statistical significance of MMP-2 expression in patients with T1
N0 grade breast carcinoma and recurrence within 10 years, and thereby suggested
the possible use of MMP-2 as a promising predictor of recurrence risk in patients
with earlier breast cancer stages [45].

The tumor cell MMP-9 expression in our study demonstrated a statistically
significant correlation with the histological tumor type (ductal and other tumor
types) (p < 0.05, data not shown), hormone status (p = 0.02), and a marginal
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significance for HER-2 expression (p = 0.08) and patient age (p = 0.06). This
means that there is a statistically significant correlation between higher MMP-9
expression in tumor cells and positive estrogen and progesterone receptors, ductal
and other breast carcinoma types, HER-2 expression, and postmenopausal patient
status [40, 41].

In 2006 Jinga et al. compared gelatinase activity and expression with prognostic
factors in breast carcinoma patients (tumor stage, histological type and grade, tumor
size, nodal status, and NPI). Because of the small number of patients in the studied
groups they failed to demonstrate statistically the correlation between MMP and the
tumor stage and histological grade: a weak positive correlation was found between
tumor size and MMP-9, while correlation between MMP-9 expression and histo-
logical tumor type was statistically significant. Thus, in invasive breast carcinoma
NOS MMP-9 expression was the strongest, and TIMP-1 value the lowest. Positive
correlation was found between MMP-2 expression and lymph node status;
enhanced MMP-2 expression and reduced TIMP-2 expression were found in
patients with tumor cell invasion into lymph nodes. A positive correlation was
found between MMP-2 expression and estrogen receptor status in breast tumors; in
tumors with a stronger ER expression a stronger MMP-2 activity was observed.
Estradiol is deemed to stimulate, through estrogen receptors, the signal transduction
cascade leading to gelatinase (MMP-2 and MMP-9) activation. Gelatinases can be
considered to be valuable diagnostic and prognostic markers in breast carcinoma
patients, and in the future they can be incorporated into the prognostic factor group
[22]. In 2007 Nilsson et al. demonstrated that estradiol and tamoxifen regulate

Table 2 Correlation of MMP-2 and MMP-9 expression with clinicopathological factors [40]

Prognostic
factors

MMP-2
tumor
cells
p

MMP-2
stromal
cells
p

MMP-9
tumor
cells
p

MMP-9
stromal
cells
p

MMP-2/MMP-9
tumor cells
p

MMP-2/MMP-9
stromal cells
p

Age 0.28 0.32 0.06 0.53 0.55 0.35

Tumor type 0.63 0.52 0.06 0.08 0.50 0.51

Tumor grade 0.86 0.97 0.25 0.67 0.87 0.73

Vascular
invasion

0.64 0.26 0.51 0.45 0.64 0.27

Estrogen
receptors

0.25 0.47 0.02* 0.44 0.46 0.53

Progesteron
receptors

0.42 0.57 0.02* 0.43 0.31 0.37

Lymph node 0.99 0.24 0.99 0.96 0.83 0.41

HER-2 0.47 0.28 0.08 0.41 0.52 0.49

Ki-67 0.40 0.14 0.12 0.12 0.39 0.06

Neoangiogenesis 0.28 0.04* 0.78 0.74 0.13 0.67

Tumor size 0.31 0.01* 0.94 0.46 0.39 0.01*
*Significantly different
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MMP-2 and MMP-9 in hormone positive breast carcinoma. During tamoxifen
therapy MMP-2 and MMP-9 activity is enhanced by MMP modulation through
anti-angiogenic fragments [46]. In 2005 Di et al. demonstrated in their in vitro study
that gelatinase expression can be stimulated by estrogen in hormone dependent
breast carcinomas which have positive estrogen as well as progesterone receptors.
Thus, during therapy the blocking of estrogen or aromatase by aromatase inhibitors
can reduce tumor growth and the tumor metastatic potential [31].

In our results the stromal expression of MMP-9 was correlated, to a statistically
significant extent, with lobular breast carcinoma (p = 0.02, data not shown),
whereas for ductal carcinoma the statistical significance was marginal (p = 0.08)
[40, 41]. A similar result was confirmed by Jones et al. by demonstrating a sta-
tistically significant correlation between MMP-9 and the histological tumor type; in
invasive lobular carcinoma, unlike the invasive ductal type, a more homogeneous
cytoplasmatic MMP-9 expression was observed [29]. In 2008 Dengfeng et al.
correlated MMP-9 expression with lobular carcinoma in situ. Accordingly, acti-
vated MMP-9 is believed to be involved in the formation of the typical indian file
histological picture of lobular carcinoma; similarly, MMP-9 RNA and protein are
believed to act as precursors of (LCIS) stage invasive lobular carcinoma, and
factors activating it can trigger the development of the invasive disease. This makes
MMP-9 an interesting therapeutic and chemopreventive target for patients with
lobular invasion of the infiltrating or non-infiltrating type [39]. Similarly, Pel-
likainen correlates stromal MMP-9 expression with poor tumor differentiation,
hormone-negative tumors, and ductal carcinoma [25]. In 2004 Rahko et al.
demonstrated MMP-9 expression in 61.3% of patients with breast cancer. With
MMP-9 expression, 5-year DFS amounted to 37%, as compared with 63% of
patients with negative MMP-9 in the subgroup of hormone negative tumors. The
study did not confirm the correlation of MMP-9 expression with clinical stage,
histological prognostic factors, and hormone status [26].

Our study also analysed the tumoral and stromal MMP-2 and MMP-9 coex-
pression, and the correlation between this coexpression and other prognostic factors
(Table 2). The results show a correlation with all factors, but it is statistically
significant in stromal MMP-2/MMP-9 coexpression regarding tumor size
(p = 0.01), i.e., positive tumors were more often larger [40, 41].

3.4 Our study analysed the correlation between the number of deaths and recur-
rences, and the MMP-2 and MMP-9 expression in tumor cells and stroma; corre-
lation was demonstrated between tumor cell MMP-2 and the number of deaths
(p = 0.08, data not shown), but it was marginal in terms of statistical significance;
accordingly, the stronger the tumor cell MMP-2 expression the higher is the
probable number of deaths for breast carcinoma patients. Survival and recurrence
probability curves (Kaplan–Meier) over months showed no statistically significant
difference between positive and negative MMP-2 and MMP-9 expression in 138
analysed patients (p > 0.05) with the exception of tumor cell MMP-2 expression as
related to overall survival, where a statistically significant difference was observed
between the curves for the positive and negative group (p = 0.025) (Fig. 3). This
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means that breast cancer patients with tumor cell MMP-2 expression die faster
during the period of observation as compared with the group with negative MMP-2,
and this difference is statistically significant [40, 41].

In 2003 Talvensaari-Matilla et al. demonstrated a statistically significant corre-
lation betweenMMP-2 expression and survival. In the group of patients with negative
progesterone receptors andMMP-2 positive tumors the rate of survival was 58%, and
in the group of MMP-2 negative tumors survival observed over 10 years was 95%
(p = 0.005). These results showed for the first time that negative MMP-2 in breast
carcinoma patients with negative hormone receptors can serve as a marker indicating
a much better prognosis [47]. Even earlier, in 1999, the same authors demonstrated a
higher recurrence risk in patients with positive lymph nodes and MMP-2 expression
in younger than 40 years, but the difference was not statistically significant [48]. In
2006 Tetu et al. showed, when MMP-2, TIMP-2, and MMP-14 were analysed
together, that survival was the poorest for patients with strong stromal MMP-2 and
MMP-14 and weak stromal TIMP-2 expression (five-year survival rate: 50%); it was
the best with weak stromal MMP-2 and MMP-14 expression, and strong stromal
TIMP-2 expression (5-year survival = 74%); however, the difference was not sta-
tistically significant [24]. In 2003 Wang et al. demonstrated the correlation between
MMP-9 and metastases, i.e., positive lymph nodes. The correlation between MMP-9
expression and overall survival was also demonstrated, and the group of patients with
survival longer than 3 years had a lower MMP-2 expression unlike the group with
survival of less than 3 years [49]. Pellikainen also demonstrated that positive stromal
MMP-9 expression is a predictor of a shorter DFS and shorter overall survival in
estrogen positive tumors; thus, the rate of 5-year survival in negative stromal MMP-9
tumors was 89% as compared with 70% in positive stromal MMP-9 tumors [25].

Fig. 3 Overall survival in relation to MMP-2 expression in breast tumor cells [40]
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Considering the course of the disease, the correlation between tumoral
MMP-2/MMP-9 coexpression, in our study, and the number of deaths and recur-
rences demonstrated a statistically significant correlation between tumoral
MMP-2/MMP-9 coexpression and the number of deaths (p = 0.001, data not
shown). The classic survival probability curve (Kaplan–Meier) showed a statisti-
cally significant difference between positive and negative tumoral MMP-2/MMP-9
coexpression over the followed-up months (p = 0.004) (Fig. 4). In other words,
after a 60-month follow-up 30% of breast cancer patients with a positive tumoral
MMP-2/MMP-9 coexpression died, as compared with only 5% deaths in the group
with negative tumoral MMP-2/MMP-9 staining. This confirmed the value of
MMP-2/MMP-9 coexpression for the clinical course of breast cancer patients
[40, 41]. In 2004 Li et al. studied the prognostic value of immunohistochemical
MMP-2/MMP-9 coexpression in breast cancer patients with negative lymph nodes.
Positive MMP-2 expression was found in 56.7% of tumors and positive MMP-9 in
59.6%. In this patients group a statistically significant correlation was established
between positive MMP-2 and tumor size and histological grade, whereas
MMP-2/MMP-9 coexpression was statistically significant with respect to DFS
(p = 0.013) but not with respect to overall survival (p = 0.122). This showed that
gelatinases are poor prognostic factors with regard to the shorter survival and
demonstrated the statistically significant value of MMP-2/MMP-9 coexpression in
patients with negative lymph nodes [28].

In 2003 Fan et al. demonstrated a stronger MMP-2 and MMP-9 expression in
breast cancer with positive lymph nodes. Moreover, there was a statistically sig-
nificant correlation between gelatinases and tumor size and shorter survival. Uni-
variate analysis confirmed MMP-2 and MMP-9 as predictors of an unfavorable

Fig. 4 Overall survival in relation to MMP-2/MMP-9 coexpression in breast tumor cells [40]
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prognosis regarding overall survival (p < 0.05) [50]. In 2009 Shah et al. confirmed,
in their recent study, that MMP-2 and MMP-9 expression in breast cancer patients
and negative lymph nodes can predict the risk of metastasis development in lymph
nodes, and that such patients need to be followed-up more closely, with targeted
gelatinase inhibitor therapy added in the future [51].

3.5 Multivariate analysis of specific survival, in our study, showed that patients
with tumor size larger than 5 cm with positive lymph nodes and coexpression of
MMP-2/MMP-9 in tumor cells had an independent prognostic significance
(Table 3). Coexpression of MMP-2/MMP-9 in tumor cells was an independent poor
prognostic factor in our breast carcinoma patients [40, 41].

Talvensaari-Matilla et al. showed that after a 10-year follow-up 56% of patients
with a strongly positive MMP-2 were alive, as compared with 88% of patients with
negative MMP-2 regardless of other prognostic factors. In this study MMP-2 was
confirmed for the first time, by multivariate analysis, as an independent prognostic
factor for survival in breast cancer patients, increasing the death risk 3.6 times over
a 10-year follow-up [47].

Our study has demonstrated the value of MMP-2 and MMP-9 determination in
breast cancer patients since the expression of these proteins in breast cancer, along
with the already existing traditional prognostic factors, represents an additional
piece of information on poor prognosis in breast cancer patients. The expression of
MMP-2 and MMP-9 (tumor cells and stroma) and their coexpression in breast
cancer patients is an unfavorable prognostic indicator of the disease, and an indi-
cator of the need for more aggressive treatment in patients with negative lymph
nodes [40, 41].

The latest studies and their results provide information on so far statistically
insignificant results in terms of the effect of MMP-2 and MMP-9 expression as
independent poor prognostic factors of survival in breast cancer patients, but in
combination with other prognostic factors they can provide valuable information,
especially in the group with negative lymph nodes and negative hormone receptors.
However, considering the still inconsistent results and the still unexplained true
nature of behavior of these markers, many authors refer to the necessary additional
study of these markers and of the entire metalloproteinase group since this field
continues to yield more and more information on the importance of cell–cell
interaction and on the influence of the extracellular matrix in carcinogenesis and in
the evaluation of the biological tumor behavior.

Table 3 Multivariate model of breast carcinoma specific survival [40]

Risk factors P SE OD 95% CI

Tumor size
>5 cm

0.0044 1.0241 19.4076 2.560–147.09

Lymph node
positivity

0.0068 0.6105 5.3544 1.600–17.910

Tumor cell MMP-2/MMP-9 coexpression 0.0022 0.8460 13.961 2.619–74.409

OD Odds ratio CI Confidence intervals
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Where breast carcinoma is involved, in the future the implementation of addi-
tional methods will slowly shift from classis prognostic parameters to new markers
which can help in selecting therapy and be factors predicting its use. In molecular
diagnostics, the basis of additional research in breast cancer continues to be the
determination of hormone receptors and the HER-2 status. However, the incorpo-
ration of new prognostic factors into the increasing number of studies and clinical
trials will provide new contributions to the coming era of personalized medicine
and help in the choice of the best individual therapeutic option for each patient.

Theoretically speaking, in the future we can expect that the main contribution of
the study of all these compounds will provide for the appearance of a new approach
in adjuvant or neoadjuvant therapy of breast cancer patients. Analogously, since
metalloproteinases, as demonstrated by recent research, are involved in the initia-
tion of carcinogenesis, in the future their inhibitors can be taken into account in the
evaluation of the quest of appropriate chemopreventive substances.
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2Multifaceted Role of Matrix
Metalloproteases on Human Diseases
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Abstract
Matrix metalloproteases (MMPs) are important enzymes required in extracellular
matrix (ECM) degradation for creating the cellular environments to maintain
numerous physiological processes ranging from development to wound repair.
However, MMP activity is strictly controlled and imbalance in the levels of
MMP family members and its inhibitors has been implicated as an etiological
factor in several diseases. Herein, involvement of MMPs and their natural
inhibitors, tissue inhibitors of metalloproteases (TIMPs), in several disease
processes have been considered for discussion.
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1 Introduction

Matrix metalloproteases (MMPs) are zinc-containing endopeptidases capable of
degrading various components of extracellular matrix (ECM) [1]. They are produced
as latent zymogens (pro-MMPs). Once activated, they participate in the regulation of

S. Roy (&)
Department of Physiology and Cell Biology, Faculty of Health Sciences,
Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel
e-mail: soumitra@post.bgu.ac.il

A. Pramanik � T. Chakraborti � S. Chakraborti
Department of Biochemistry and Biophysics, University of Kalyani,
Kalyani 741235, West Bengal, India

© Springer Nature Singapore Pte Ltd. 2017
S. Chakraborti et al. (eds.), Proteases in Human Diseases,
DOI 10.1007/978-981-10-3162-5_2

21



diverse physiological and pathological processes. Since its discovery about a few
decades ago, MMPs have emerged as crucial mediators in defining interaction of
cells with their surrounding microenvironment [2]. MMPs can be categorized into
five major groups according to their substrate specificity: collagenases, gelatinases,
membrane-type metalloproteases, stromelysins, and matrilysins [3].

MMP activity is tightly regulated at the transcriptional as well as at the
post-translational level. MMPs enzymatic activities are controlled by tissue inhi-
bitors of metalloproteases (TIMPs) after secretion in the extracellular milieu [4].
Among the four distinct TIMP molecules (TIMP-1, TIMP-2, TIMP-3, and
TIMP-4), TIMP-1 is the major endogenous inhibitor of pro and active MMP-9 and
inhibits their activity by forming a noncovalent complex [5].

The ECM is a three-dimensional, extracellular scaffold required for maintenance
of life. Every tissue and organ is composed of ECM generated in early embryonic
stages. The ECM provides structural support for organs, tissues, cell layers and for
individual cells as substrates for cell motility. The function of ECM is much more
than to provide physical support for tissues and organs; the ECM is constantly
remodeled to provide a dynamic structure during tissue homeostasis [6]. MMPs can
impact the development of several diseases through different pathophysiological
mechanisms, mainly via tissue destruction and ECM degradation. Imbalance in
MMP/TIMP ratio can cause a threat to mortality and severity of diseases. This
chapter examines the detrimental role of MMPs and their endogenous inhibitors in
the development of variety of pathological conditions, including neurodegenerative
and lung diseases.

2 Structure and Function of MMPs

Members of the MMP family (Table 1) were initially grouped according to their
preferred substrates, e.g., gelatinases, collagenases, matrilysins, and stromelysins.
A sequential numbering system for MMPs was employed according to the
chronology of their discovery when it became evident that more MMPs exist than
was initially assumed and that the names based on substrate specificity were not
sufficient. Some MMPs, like MMP-4, MMP-5 and MMP-6 are missing in the
nomenclature as further studies showed that either the gene products did not exist or
were identical to previously predicted MMP members [5]. MMPs are synthesized as
pre proenzymes and secreted as latent pro-MMPs. The primary structures of ver-
tebrate MMPs contain several domains. The propeptide domain consists of con-
served PRCG(V/N)PD sequence. The conserved Cys within this sequence, called
cysteine switch, coordinates with the catalytic zinc to prevent latent pro-MMPs from
becoming inappropriately activated [7]. This sequence is missing in MMP-21 [8].
Stromelysin 3 (MMP-11) and Xenopus MMP possess a proprotein converting
sequence RX(K/R)R at their C-terminal end. The catalytic domain possesses a zinc
binding segment HEXXHXXGXXH and a unique methionine containing conserved
stretch, called ‘Met-turn’ [9]. This domain is made up of three a-helices,
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one five-stranded b-sheet and bridging loops [10]. This basic topology including the
strictly conserved methionine containing ‘Met-turn’ is part of a larger metallopro-
tease family called metzincins, which include matrixins, adamalysin, astacins, and
serralysins [9]. MMP catalytic domains are coordinated with zinc and calcium ions
which are needed for their stability and enzymatic activity. Gelatinases (MMP-2
and MMP-9) contain three fibronectin-type II repeats which are located in the

Table 1 Secreted MMPs and their substrates

MMP Alternate
names

Selected substrates

MMP-1 Collagenase-1 Collagen I, II, III, entactin, perlectan, IGFBP-2 and -3,
proIL-1b, IL-1b

MMP-2 Gelatinase A Gelatin, collagen IV, V, XI, laminin, aggrecan, proTGF-b,
proTNF-a, IGFBP-3 and -5

MMP-3 Stromelysin-1 Aggrecan, laminin, fibronectin, fibrinogen, MCP-1 to -4,
proMMP-1, -3, -7,-8, -9, -13

MMP-7 Matrilysin Plasminogen, pro-a-defensin, FasL, proTNF-a, E-cadherin,
syndecan, proMMPs

MMP-8 Collagenase-2 Collagen I-III, VII, X, aggrecan, fibronectin, proTNF-a,
IGF-BP, MCP-1, angiotensin

MMP-9 Gelatinase B Gelatin, collagen IV, V, XI, pro-IL-8, ProTNF-a, proTGF-b,
proMMP-2, -9, -13

MMP-10 Stromelysin-2 Gelatins, fibronectin, proteoglycan, pro-MMP-1, -8, -10

MMP-11 Stromelysin-3 Fibronectin, laminin, aggrecan, IGFBP-1

MMP-12 Metalloelastase Elastin, fibronectin, laminin, plasminogen, proTNF-a

MMP-13 Collagenase-3 Collagen I, II, III, entactin, aggrecan, tenascin, proTNF-a,
proMMP-9, -13

MMP-14 MT1-MMP Collagen I, II, III, laminin, fibronectin, proMMP-2, -13, CD44,
tissue transglutaminase

MMP-15 MT2-MMP Pro-MMP-2, pro-TNF-a, tissue transglutaminase 1

MMP-16 MT3-MMP Collagen III, proMMP-2, proTNF-a, tissue transglutaminase

MMP-17 MT4-MMP Gelatin, fibronectin, fibrin, proMMP-2, ADAMTS-4, TIMPs,
proTNF-a

MMP-18 Collagenase-4 Collagen I, II, III

MMP-19 Stromelysin-4 Collagen IV, gelatin, laminin

MMP-20 Enamelysin Amelogenin, aggrecan, cartilage oligomeric matrix protein
(COMP)

MMP-21 Gelatin, a1-antitrypsin

MMP-24 MT5-MMP ProMMP-2

MMP-25 MT6-MMP Collagen IV, gelatin, fibrin, fironectin, proMMP-2 and -9,
TIMPs, uPAR

MMP-26 Matrilysin-2 Collagen IV, fibronectin, fibrin, fibrinogen, proMMP-9
MMP-27 Gelatin, casein

MMP-28 Epilysin Neural cell adhesion molecule (NCAM), casein

uPAR urokinase-type plasminogen activator receptor; IGFBP-1 insulin-like growth factor binding
protein

2 Multifaceted Role of Matrix Metalloproteases on Human Diseases 23



catalytic domain (Fig. 1). These repeats interact with collagens and gelatins [11, 12].
The C-terminal hemopexin-like domain has an ellipsoidal disk shape with a four
bladed b-propeller structure; each blade comprising an a-helix and four antiparallel
b-strands [13]. The hemopexin domain of collagenases is necessary for cleavage of
triple helical interstitial collagens [14], although the proteolytic activity can be
retained by the catalytic domains alone [15].

3 Role of MMPs in Neurodegenerative Diseases

3.1 Aging

Neurodegenerative diseases may be caused by multiple factors which include
complex interactions of genetic elements and environmental factors. One of the

Fig. 1 Schematic representation of secreted MMP domain structure. The domain organization of
MMPs is as indicated: Pre prepeptide; Pro propeptide; Cat catalytic domain; Zn2+ active-site zinc;
H hinge region; Hx hemopexin domain; Fn fibronectin domain; Vtr vitronectin insert; Cy/TM,
cytoplasmic/transmembrane domain
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main features of aging is accumulation of advanced glycation end products (AGE).
Activation of the receptor for AGE (RAGE) causes release of proinflammatory
cytokines and free radicals which contributes to inflammatory processes [16]. A few
reports suggest that vascular-derived insults could be a causal factor in propagating
aging and to some of the age-related ailments, for instance, Alzheimer’s disease
(AD) [17, 18]. Age-related vascular diseases can indeed be triggered by dysregu-
lation in the physiological balance between MMPs and TIMPs [19].

RNA profiling and DNA microarray analysis have shown TIMP-2, a potent
inhibitor of MMP-2, to be a common biomarker of aging in heart and cerebellum of
multiple mice strains, suggesting that an increase in the level of TIMP-2 may
modulate impaired angiogenesis and fibrosis in aged tissues [20]. This study is
corollary of the role of TIMPs in aging as transcription profiling data by Zahn et al.
[21] indicates that TIMP-1 is the key gene product that exhibits maximum change
in gene expression in several age-related human tissues. Elevated level of MMP-9
has been observed to be associated with aging and circulating MMP-9 and TIMP-1
levels in patients with brain ischemia and aging [22]. Moreover, Safciuc et al. [23]
showed that microvessels in the brain of aged rats exhibit diminished MMP-2
activity and specific occurrence of MMP-9. Liu et al. [24] have suggested that an
increase in MMP-12 could contribute to aging-associated neuroinflammation as
they showed high level of MMP-12 in microglia in the brain of aging mice.

3.2 Alzheimer’s Disease

Alzheimer’s Disease (AD) is the commonest neurodegenerative disorder. Major
characteristics of AD include neuronal cell death mediated brain atrophy, decreased
dendritic arborization in the cerebral cortex and other subcortical areas. The hall-
marks of AD include abundance of amyloid plaques in the nerve cells of the brain
and neurofibrillary tangles, made up of misfolded proteins [25]. The relationship
between MMPs and AD has been studied intensely. Using immunochemical
methods Bjerke et al. [26] suggested that MMP-9 and TIMP-1 could be used as
biomarkers of AD in addition to T-tau, P-tau, Ab1–42, and white matter lesions.
Another group proposed that high abundance of MMP-9 in a protease cascade,
responsible for degradation of pronerve growth factor (proNGF) mature NGF
(mNGF), resulting in degradation of mNGF which may cause the pathogenesis of
cognitive deficits in AD [27] (Fig. 2). Lorenzl et al. [28] also documented higher
levels of MMP-9 in serum of AD patients. MMP-9 expression was also demon-
strated to be induced in neuronal cytoplasm, neurofibrillary tangles, amyloid pla-
ques, and vascular tissue in AD patients [29], as well as in cultured rat astrocytes
upon stimulation with Ab [30]. Latent MMP-9 detected in pyramidal neurons of
AD patients and near amyloid plaques by Backstrom et al. [31]. They also proposed
that the lack of active MMP-9 contributes to the accumulation of insoluble
beta-amyloid peptides in plaques. Yan et al. [32] demonstrated that MMP-9 can
degrade Ab fibrils in vitro, as well as amyloid plaques in brain of aged APP/PS1
(double-transgenic AD mouse model expressing variants of amyloid precursor
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protein (APP) and presenelin-1 (PS1) genes) and APPsw (APP gene bearing the
Swedish mutation) mice, and increased MMP activity was selectively observed in
compact Thioflavin S-positive plaques (a staining method to detect amyloid pla-
ques). In rat primary astrocytes, treatment with oligomeric Ab decreases MMP-2
expression and extracellular activity, whereas, in the brain of APP/PS1 AD mice,
they found an increase in MMP-2 activity as well as mRNA level using
immunohistochemistry and real time PCR, respectively. Furthermore, they sug-
gested that Ab can directly decrease the expression and activation of MMP-2 in
astrocytes, while stimulates microglia to produce proinflammatory cytokines such
as IL-1b and TGFb, which in turn could induce MMP-2 expression and contribute
to disease condition [33]. Liao et al. [34] using a transgenic mouse model of AD
demonstrated expression of MMP-2 and membrane-type matrix metalloprotease
(MT1-MMP), a potent activator of MMP-2, in reactive astrocytes around amyloid
plaques and suggested their involvement in degradation of Ab. In another finding,
MMP-12 has been shown to exacerbate the proteolytic cascade by subsequent
activation of other MMPs such as MMP-2 and MMP-3 [35]. By zymographic

MMP-9

tau

Zn2+

NMDA 
receptor

Aβ

ApoE −

mNGF

proNGF

Int 1

Fig. 2 MMP-9 in AD pathology: MMP-9 is responsible for degradation of pro nerve growth
factor (proNGF) to mature NGF (mNGF) as well as Ab fibrills. ApoE inbits Ab induced MMP-9
synthesis. Activation of NMDA receptor is mediated by MMP-9 in integrin b1 (Intb1) dependent
manner which may facilitate AD. MMP-9 also mediates oligomeric deposition of tau protein in
brain regions
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study, Horstmann et al. [36] showed that MMP-3 levels were significantly elevated
in plasma as well as in cerebrospinal fluid (CSF) of AD patients, whereas MMP-2
levels were significantly decreased. Interestingly in another study the levels of
MMP-2 and MMP-3 were significantly down regulated in CSF of AD patients [37].
In a study, MMP-3 was demonstrated to express in astrocytes, microglia, and in
endothelial cells in the brain as well as near-neuritic plaques in AD [38]. MMP-3
has also been shown to be induced in response to Ab peptides in cultured astrocytes
and neuronal cells [39]. A connection was found between MMP-3 and APOE 4
(apolipoprotein E) alleles and the presence of both is a risk factor for developing
AD [40]. Furthermore, Ab1–42 oligomers induce loss of barrier integrity at the
blood–CSF barrier and were linked to increased MMP-3 expression and MMP
activity [41]. Other MMPs, like MMP-1 has also been reported to be at increased
level in brain of AD patients [42].

3.3 Parkinson’s Disease

Parkinson’s disease (PD) is a progressive movement disorder of the central nervous
system that deteriorates over time mostly affecting middle- and old-aged people.
Area of the brain called substantia nigra is mainly affected in PD. The exacerbated
neurons emanate a chemical called dopamine that transmits signal to the brain to
control movement and coordination of the body. With progression of PD, the
amount of dopamine is downregulated in the brain, causing inability in controlling
movement by the affected individual. Another hallmark of PD is the formation of
Lewy bodies, an abnormal aggregate of proteins inside the nerve cells. These
protein aggregates form fibrils and composed mainly of a-synuclein. The biological
role of these protein aggregates is unclear [43]. Other symptoms of PD include
mood and sleep disorders, dementia, and partial autonomic nervous system
impairment [44]. It has been postulated that prolonged overactivation of microglia
and production of proinflammatory cytokines could lead to neuronal degeneration
in PD [45]. The hypothesis is supported by other studies which also predict
involvement of active microglia in triggering neurodegeneration of dopaminergic
neurons in the substantia nigra by lipopolysaccharide (LPS) [46, 47]. Initial neu-
rotoxic insult to dopaminergic neurons could result in the release of certain factors
that activate microglia to be damaging [48], however, the mechanism of this acti-
vation is largely unknown. MMP-3, produced by stress related dopaminergic
neurons, could participate in microglial activation in the absence of any other
inflammatory molecule as report suggests it could activate microglia, leading to the
release of cytokines and receptors for phagocytosis of apoptotic cells [49]. In an
in vitro study, Kim et al. [49] showed that MMP-3 could trigger microglia to
produce proinflammatory cytokines, which in turn causes apoptosis of neuron,
propagating further induction of apoptosis in neighboring dopaminergic neuronal
cells. The presence of active microglia and extensive loss of dopaminergic neurons
has been shown in a postmortem study by McGeer et al. [50] when they admin-
istered 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to monkeys for
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5–14 years. In MMP-3 deficient mice using a broad spectrum MMP inhibitor, it has
been shown that depletion of MMP-3 can significantly reduce MPTP induced
degeneration of nigrostriatal dopaminergic neurons in the brain [51]. Involvement
of MMP-9 was found in both striatum and substantia nigra after MPTP treatment
and pharmacological MMP inhibitors protected against MPTP neurotoxicity [52].
The same group also demonstrated that post mortem analysis of brain tissue from
PD patients did not display any change in the activities of MMP-9 and MMP-1 in
substantia nigra, cortex or hippocampus, whereas MMP-2 was markedly down-
regulated in the substantia nigra [53]. Additionally, they showed that MMP-9 was
restricted predominantly in neurons and MMP-2 in astrocytes and microglia. In the
same study, TIMP-2 levels were unaltered, whereas TIMP-1 was increased in
substantia nigra but not in the hippocampus and cortex [53]. The increase in
MMP-9 expression in substantia nigra and striatum in mice acutely injected with
MPTP has been reported in reactive microglia and astrocytes, which indicates
plausible role of MMP-9 in the onset of neuroinflammation in PD [54].

3.4 Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic Lateral Sclerosis (ALS), also known as Lou Gehrig’s disease, is
characterized by degeneration of motor neurons in the brain, brainstem, and spinal
cord. In ALS all voluntary muscles are affected and manifested by muscular atrophy
and weakness followed by paralysis and eventually respiratory failure and death
[55]. Involvement of MMPs in this scenario was indicated by Lim et al. [56] when
they studied brain and spinal cord specimens of ALS patients. They found MMP-2
in astrocytes and MMP-9 in pyramidal neurons in the spinal cord of ALS patient. In
addition to that, MMP-2 activity was decreased in motor cortex, whereas MMP-9
activity was increased in spinal cord. Another group showed reduced MMP-9
activity during disease progression, with the peak at the onset of ALS and described
a similar profile for MMP-2 [57]. Two separate groups have found elevated levels
of both pro and active form of MMP-9 in the serum of ALS patients relative to
healthy controls [58, 59]. In mild cases of ALS, expressions of MMP-2, MMP-9,
TIMP-1 and MT-MMP-1 are elevated in serum compared to CSF, whereas MMP-2,
MT-MMP-1 and TIMP-1 were either increased or remain unchanged with con-
comitant decrease in MMP-9 level [60]. Moreover, Fang et al. [61] found an
increase in the levels of MMP-9 in CSF and skin in patients suffering from rapidly
progressing ALS and suggested possible involvement of MMP-9 in progression of
the disease, poor survival of the patients and neurodegeneration. Nevertheless,
MMP-2 showed a slow but progressive decrease with the development of the
disease [61]. In an ALS model with mice expressing mutant superoxide dismutase
(SOD1), a reduction of MMP-9 function using gene ablation, viral gene therapy, or
pharmacological inhibition has been shown to significantly delay muscle dener-
vation, thereby assigning MMP-9 as a candidate therapeutic target for ALS [62].
Kaplan et al. [62] focused on the early stage of the disease and expression of
MMP-9 by neurons, whereas another study by Kiaei et al. [63] at the later stages of
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the disease revealed expression of MMP-9 by activated microglia, however, since
the abrogation of MMP-9 gene does not rescue transgenic SOD1 mice from death,
ALS indeed has complex background.

3.5 Multiple Sclerosis

Multiple Sclerosis (MS) is a chronic, autoimmune disease of the brain and spinal
cord (central nervous system). In MS, the body’s immune system causes inflam-
mation in the protective myelin sheath that surrounds nerve fibers and blocks
messages between brain and the rest of the body. As the disease progresses the
nerves start to deteriorate or become permanently damaged. MS can be categorized
into four major groups. (1) Relapsing–remitting MS (RRMS) happens in majority
of patients suffering from MS. Alternate periods of remission (improvement of
symptom) and relapses (deterioration) are seen to occur in a patient the disease.
(2) Secondary progressive MS (SPMS), which is characterized by progressive
deterioration of the symptoms, affects some individuals affected by RRMS.
(3) Primary progressive MS (PPMS). Individuals in this category display pro-
gressive worsening of the disease with no remissions or relapses. (4) Progressive
relapsing MS (PRMS) is the rarest type. The condition is characterized by a pro-
gressive worsening of the situation from the beginning. However, there are occa-
sional relapse periods.

Cuzner et al. [64] suggested presence of MMP-9 and its inhibitor in reactive
astrocytes in the CNS of MS patients. Increased levels of MMP-9 were found in
CSF of acute phase and primary progressive MS patients [65]. Maeda et al. [65]
showed expression of MMP-1, MMP-2, MMP-3 and MMP-9 in macrophages in
active MS and necrotic lesions and in small numbers in astrocytes in acute and
chronic MS lesions. CSF samples from patients suffering from both RRMS and
PPMS and demonstrated up regulation of MMP-9 in all the RRMS cases
throughout both stages of the disease [66]. However, in PPMS patients, elevated
MMP-9 was found only in about half of the samples and in smaller quantity than in
the relapsing–remitting form and suggesting T-cells and macrophages are respon-
sible for the secretion of MMP-9 in MS. Moreover, Lepert et al. [66] suggested that
elevation in MMP-9 level throughout the progress of the disease may cause damage
of neighboring tissue and neuronal cell loss. Employing MRI study Lee et al. [67]
showed elevated levels of MMP-9 in serum of MS patients, along with an increase
in TIMP-1 and TIMP-2 levels and proposed that an abnormality in the inhibitory
response to metalloproteases might play an aetiological role in the chronicity of
multiple sclerosis. However, in another MRI study, elevated levels of MMP-9, but
not TIMP-1, in serum were observed in RRMS patients and this imbalance of
MMP-9 and TIMP-1 was postulated to take part in new lesions in MS [68].
Analysis of mRNA also showed an increase in the levels of MMP-1, MMP-3,
MMP-7, MMP-9 and TIMP-1 in blood monocytes of MS patients [69]. In an
interesting study by Althoff et al. [70] using the encephalomyelitis model, mice
that genetically modified to constitutively express TIMP-1 in the CNS had a
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normal phenotype but had reduced symptoms of experimental autoimmune
encephalomyelitis. MMP-9 deficient mice have been observed to be less susceptible
to the development of experimental autoimmune encephalomyelitis [71].

3.6 Japanese Encephalitis

Japanese encephalitis (JE) that normally affects children is mediated by a
single-stranded RNA virus, called JE virus (JEV) which results in severe neuro-
logical disorders [72, 73]. JE virus is from the genus Flavivirus and is closely
related to West Nile and Saint Louis encephalitis viruses. Humans are infected by
JE virus through the bite of infected mosquitos. It infects the central nervous system
leading to acute encephalitis. JEV infection causes severe damage to neurons and in
various parts of the brain such as thalamus, brainstem and striatum [74].

The exact mechanism of neuronal cell death in JE is not fully clear yet, however
some studies indicate the role of MMPs in neuronal cell death. Recent study
suggests that JEV infection causes upregulation in the expression of MMPs
(MMP-2, -7, -9) and TIMPs (TIMP-1 and -3) and can contribute to the severity of
the disease [75]. Pieces of evidence also suggests expression of MMP-9 is induced
during JEV infection in rat brain astrocytes through generation of reactive oxygen
species (ROS) during JEV infection [76, 77]. Higher concentrations of MMP-2,
TIMP-2 and TIMP-3 have been demonstrated in cerebrospinal fluid (CSF) and in
serum of JEV infected children compared with control [78]. Additionally, higher
serum concentrations of MMP-9 and MMP-7 have also been detected in JEV
patients compared with healthy control.

3.7 MMPs in Glaucoma

Glaucoma, a neurodegenerative disease, is related to a group of eye disorders that
cause impairment to the optic nerve that transmits signal from the eye to the brain.
Glaucoma normally has few or no early symptoms. Glaucoma can be categorized
into two major divisions: open angle glaucoma and closed angle glaucoma. In open
angle glaucoma the retinal ganglion cells (RGCs) degenerate slowly without any
display of symptoms at the early stage while vision loss occurs quickly at later
stage. The most predominant and major risk factor for glaucoma is amplification in
intraocular pressure (IOP) mainly used to diagnose the disease. Glaucoma is
associated with apoptosis of RGCs and optic nerve degeneration which may lead to
vision loss [79].

The mechanism of RGC and optic nerve degeneration is unclear till date.
However, role of MMPs in the pathophysiology of glaucoma has been reported by
some authors. MMPs are involved in modulating the trabecular ECM to maintain
stable aqueous humor outflow resistance and IOP [80]. MMP-9 was shown to have
a role in glaucoma by promoting loss of laminin, RGC apoptosis, and elevated IOP
[81]. In steroid-induced glaucoma (SIG), role of MMPs in the regulation of outflow
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resistance has also been studied. SIG, a form of open angle glaucoma, results from
continuous use of corticosteroid usage causes a decreased trabecular outflow
leading to increased IOP [82]. Several MMPs (MMP-2, MMP-9, and MMP-13)
have shown to be elevated in steroid induced mice model of glaucoma [83]. Ger-
ometta et al. [84] has shown that mRNA expression of MMP-1 was elevated in
steroid induced sheep model of glaucoma.

4 Role of MMPs in Lung Diseases

4.1 MMP in Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is a lung disease that causes dif-
ficulty in breathing. It is caused by injury to the lungs, usually from smoking.
COPD is mainly referred to a mix of two diseases: Chronic bronchitis in which the
bronchial tubes that carry air to the lungs are inflamed and increases mucus pro-
duction. This results in narrowing and blockage in the airways, making it harder in
the respiration process. Emphysema in which the tiny air sacs in the lungs are
damaged and lose their flexibility, less air gets in and out of the lungs, which makes
someone feel short of breath. COPD gets worse over time. The damage to the lung
can’t be undone. But preventive measures could be taken to check more damage
and to feel better. Hallmark of COPD include elevated level of alveolar macro-
phages, neutrophils and cytotoxic T‐lymphocytes and the release of multiple
inflammatory mediators (lipids, chemokines, cytokines, growth factors). Worsening
of inflammation may be caused by a high level of oxidative stress. There is also
increased evidence for involvement of MMPs in this scenario [85].

Role of MMPs in COPD has been established by several studies on human
subjects. Sputum of COPD patients demonstrated to have an increased MMP-2 and
MMP-9 activity and higher levels of TIMP-1 [86]. Active MMP-9 was found in the
sputum from 85% of COPD patients, whereas pro-MMP-2 (72 kDa) was found in
50% of COPD patients and in only 5% of controls [86]. COPD patients also showed
higher levels of TIMP-1. This finding was substantiated by similar study done by
Beeh et al. [87], who demonstrated an increase in MMP-9 and TIMP-1 levels in
sputum from COPD patients, as well as an increased ratio of MMP-9 to TIMP-1. In
bronchoalveolar lavage fluid (BAL) from COPD patients, there is an increase in
collagenase activity (possibly due to elevated MMP-8 level) when compared with
healthy controls. Additionally, MMP-9 has been observed to be present in the
majority of COPD patients, whereas it was absent in control subjects matched for
sex and smoking status [88]. In smokers with emphysema, MMP-8 and MMP-9
levels in BAL fluid were significantly upregulated compared to smokers without
emphysema [89]. Russel et al. [90] found that cultured alveolar macrophages from
COPD patients release higher amounts of MMP-9 than the alveolar macrophages
from healthy smokers and nonsmokers.
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Activity and expression of MMPs are up regulated in alveolar macrophages
from COPD patients exposed with either tobacco smoke or wood smoke [91]. The
study demonstrated increased macrophage elastolytic activity in COPD patients and
suggested that the enzymatic activity is imparted by MMP-12. MMP-9 activity was
increased in both COPD groups, whereas MMP-2 activity was higher in samples
from wood smoke induced COPD than in those from COPD patients afflicted by
tobacco smoking and in healthy controls. RT-PCR study revealed increased
MMP-2 and MMP-12 expression in COPD patients. No significant difference has,
however, been observed in alveolar macrophages from COPD patients when
compared with healthy controls. However, earlier studies have shown up regulation
in MMP-9 and MMP-1 mRNA levels in alveolar macrophages from emphysema-
tous lung [92]. Immunohistochemical analysis on human lung tissue demonstrated
elevated expression of MMP-1, -2, -8 and -9 in COPD patients [93]. MMP-1 and -2
were localized mainly in alveolar and interstitial macrophages and in epithelial
cells, whereas MMP-8 and MMP-9 were primarily detected in neutrophils [93].
RT-PCR and ELISA studies revealed that mRNA and protein expression as well as
MMP-1 activity were increased in the lung parenchyma of emphysema patients
compared to control patients [94]. Studies of a group of researchers revealed an
imbalance between MMP-9 and TIMP-1 levels in human lung tissue, which is
associated with cigarette smoking [95]. They found positive correlation of MMP-9
level and the MMP-9/TIMP-1 ratio in the lung tissue extracts from cigarette
smoking individual. However, MMP-9 levels were negatively correlated with
FEV1 (forced expiratory volume; how much air a person can exhale during a forced
breath), suggesting role of MMP-9 in the progression of airway obstruction in
smokers. Genetic studies revealed that MMP-1 and MMP-12 polymorphisms are
causal factors for worsening of lung function in smokers [96]. Polymorphism in the
MMP-9 promoter region (-1562C/T) is responsible for the development of
smoking-induced emphysema [97]. The allele frequency was greater in smokers
with distinct emphysema compared with those without emphysema.

4.2 MMPs and Asthma

Asthma is a chronic disease of the airways that is manifested by inflammation
resulting in narrowing of the air passage. Asthma causes repeated phases of
wheezing (a high-pitched whistling sound made during breathing), shortness of
breath, chest pain, and cough. The frequency of cough increases during night
or early in the morning and it can be problematic as it hampers daily activities
which may cause lethal asthma attack. Asthma cannot be cured completely, but its
dangerous symptoms can be lessened by medication. Several reports indicate role of
MMPs associated with asthma.

Zymographic analysis of sputum samples from patients with asthma revealed an
increase in the activity of MMP-2 and MMP-9 and higher levels of TIMP-1 in their
sputum [86]. Patients with severe asthma had increased MMP-9 levels and activity
in their sputum than patients with mild asthma and normal individual.
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Allergen challenge increases the MMP-9/TIMP-1 ratio and consequently an increase
in MMP-9 activity. Moreover, Inhalation of budesonide (which reduces inflamma-
tion) had no effect on MMP-9 or TIMP-1 in patients with mild asthma [98]. Report
suggests an increase in the MMP-9 levels, but not TIMP-1 level in allergen induced
sputum of asthmatic patients [99]. Additionally, this study also indicates a significant
correlation between MMP-9 levels at 6 h and the maximum percent fall in FEV1
(forced expiratory volume in 1 s; a parameter for the degree of airway obstruction in
obstructive lung diseases) during the late response [99]. MMP-1 and MMP-2 are
involved in IL-13 induced elastin, a protease known for its role in airway remod-
eling, expression in airway fibroblast in mild asthmatic subjects [100]. Inhibition of
MMP expression reverses the effect of IL-13 induced suppression of elastin. Gelatin
zymography and enzyme immunoassay of sputum samples revealed significantly
increased activities of pro-MMP-9 in acute asthmatic patients than in stable asth-
matic patients. [101]. Elevated MMP-9 activity significantly decreased after 7 and
28 days of therapy. Tenascin-C, an extracellular matrix protein increases MMP-1
expression in asthma derived airway smooth muscle cells and bronchial biopsies of
asthmatic patients when compared with control [102]. Levels of MMP-9 in the
sputum were significantly increased in patients with toluene diisocyanate (TDI)-
induced asthma [103]. In a study in patients ventilated because of acute severe
asthma, a 10- to 160-fold increase of MMP-9 and activated forms (46 and 26 kDa) of
stromelysin-1 (MMP-3) in epithelial lining fluid was found [104]. About fourfold
circadian increase in MMP-9 was found in bronchoalveolar lavage (BAL) fluid, and
a twofold increase in MMP-9/TIMP-1 ratio in subjects with nocturnal asthma [105].
High molecular weight form of MMP-9 has been observed to be significantly higher
in BAL fluid in patients with severe asthma, and MMP-9 level was correlated with
BAL neutrophils [106]. A marked increase in MMP-9 production and activity has
been observed in the plasma of patients with severe acute asthma following stim-
ulation with Formyl-Methionyl-Leucyl-Phenylalanine (fMLP) and phorbol-12-
myristate-13-acetate (PMA) [107]. MMP-9 immunoreactivity was identified in
endobronchial biopsy specimens from all the asthmatic subjects, but could not be
identified in healthy controls. Immunoreactivity of MMP-9 was found in bronchial
epithelium and extracellular matrix in submucosa [108]. Immunohistochemical
analysis revealed that in a higher percentage of severe asthmatic patients MMP-9
staining of the subepithelial basement membrane is prominent compared to control
subjects. MMP-9 levels in the BAL fluid were also increased in patients with severe
asthma [109]. RT-PCR analysis demonstrated up regulation of mRNA transcripts for
MMP-1 and TIMP-1 in cell pellets of induced sputum from asthmatic patients
compared with control subjects [110]. The intensity of MMP-1 mRNA expression
was inversely correlated with the FEV(1) in asthmatic patients. Vermaelen et al.
[111] have shown that MMP-9 deficiency inhibits the development of allergic air-
way inflammation by impairing the recruitment of dendritic cells into the airways
and the local production of dendritic cell-derived proallergic chemokines.
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5 Conclusion and Future Perspective

An impaired pattern of MMPs and TIMPs is associated with an elevated risk
in several human diseases. Currently there is no available clinical therapy to
completely cure or postpone neurodegenerative diseases. Therefore, novel thera-
peutic approaches are needed to prevent the progression of the disease for a better
and healthy lifespan of patients. More basic research is also required to fully
understand the diverse roles of MMPs in the pathophysiology of neurodegenerative
diseases in order to design plausible MMP inhibitors to set strategies for prevention
or cure of chronic neurodegenerative diseases. The development of new inhibitors
is also necessary and that may also alleviate the pain inflicted in patients with
asthma and COPD. Targeted delivery of MMP inhibitors directly to the lung might
result in fewer side effects, which needs to be explored.
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3Complex Mechanisms of Matrix
Metalloproteinases Involvement
in Endometrial Physiology
and Pathology—An Update

Cornelia Amalinei, Irina-Draga Căruntu, Simona Eliza Giuşcă
and Raluca Anca Balan

Abstract
Matrix metalloproteinases (MMPs) belong to a multigenic family of proteolytic
enzymes with great structural variability which provide a complex intervention
in pathophysiological conditions. Our review is focused on both MMPs key role
in physiological reproductive events, such as embryo implantation, uterine
involution, normal endometrial cycle, and on their role in the main endometrial
pathologies. MMPs activity is closely regulated by tissue inhibitors of MMPs
(TIMPs). MMP: TIMP imbalance has been incriminated in various pathological
conditions, including endometrial cancer and endometriosis. Accumulated data
support the involvement of a large spectrum of MMPs and TIMPs in endometrial
carcinogenesis. Strong MMP-2 and weak TIMP-2 tissue immunoexpressions
have a powerful prognosis value, while MMP-9 high expression suggests its
important involvement in endometrial tumor invasiveness. Endometriosis
development implies an accumulation of events showing partial overlap with
endometrial carcinogenesis and invasion, requiring MMPs involvement. There-
fore, increased levels of several MMPs have been detected in peritoneal fluid
and/or endometrial tissue of patients diagnosed with endometriosis. Endometri-
otic mesenchymal stem cells (MSCs) may be involved in the pathogenesis of
endometriosis due to their upregulated expression for markers of migration and
angiogenesis, such as MMP-2, MMP-3, MMP-9, and VEGF. The hypothesis of
therapeutic benefits of synthetic MMPs inhibitors, added to the progesterone or
progestins action, has been based on the complex MMPs involvement in
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endometrial pathology. Future research is necessary to elucidate the complex
interactions between molecules involved in proliferation, angiogenesis and
apoptosis, opening new perspectives in the early diagnosis and treatment of
endometrial neoplasia and endometriosis.

Keywords
Matrix metalloproteinases (MMPs) � Tissue inhibitors of MMPs (TIMPs) �
Endometrial cycle � Endometrial carcinoma � Endometriosis

1 Introduction

Matrix degrading metalloenzymes, matrix metalloproteinases, matrixins, or metal-
loproteinases (MMPs) [1] belong to a multigenic family of proteolytic,
zinc-dependent enzymes, functioning at neutral pH [2]. MMPs have latent forms,
proenzymes, inactive zymogens, or pro-MMPs that require proteolytic activation [3].

Matrix metalloproteinases (MMPs) family consists of endopeptidases that share
homologous protein sequences, with conserved domain structures and specific
domains related to substrate specificity and recognition of other proteins [2]. MMPs
structure consists of a signal peptide which directs their secretion from the cell, a
propeptide which is essential for pro-MMP latent form preservation, a catalytic
domain which contains the highly conserved Zn2+-binding site, a proline-rich hinge
region which links the catalytic domain to the C-terminal hemopexin-like domain
which determines MMPs’ substrate specificity and mediates the interactions with
endogenous inhibitors [4]. Their possibility of great structural variability provides a
complex MMPs intervention in pathophysiological conditions.

MMPs, together with cysteine proteinases, aspartic proteinases, and serine
proteinases are mainly involved in extracellular matrix (ECM) and basement
membranes (BMs) degradation [5].

MMPs possess a key role in embryogenesis and in physiological activities, such
as proliferation, cell motility, remodeling, wound healing, angiogenesis, and
reproductive events, such as ovulation, embryo implantation, uterine, breast, and
prostate involution, menstruation, and endometrial proliferation [6–8].

MMPs have distinct substrate spectra [3] and their activity is closely regulated
by their endogenous inhibitors, TIMPs.

MMP: TIMP imbalance has been incriminated in various pathologic conditions,
as tumor invasion, rheumatoid arthritis inflammation, atherosclerosis, aneurysms,
nephritis, tissue ulcers, fibrosis, and endometriosis [1, 9].
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2 Types of MMPs

Currently, 23 different human MMPs and their codifying genes have been identified
[1, 2, 10]. Based on substrate specificity, sequence similarity, and domain organiza-
tion, vertebrateMMPs are classified into seven groups: collagenases (collagenase-1 or
MMP-1, collagenase-2 or MMP-8, and collagenase-3 or MMP-13), gelatinases (ge-
latinase A or MMP-2 and gelatinase B or MMP-9), stromelysines (stromelysin-1 or
MMP-3 and stromelysin-2 or MMP-10), stromelysin-like MMPs (stromelysin-3 or
MMP-11 and metalloelastase or MMP-12), matrilysins (matrylisin or MMP-7 and
matrylisin-2 or MMP-26), membrane type MMPs (MT1-MMP or MMP-14,
MT2-MMP or MMP-15, MT3-MMP or MMP-16, MT4-MMP or MMP-17,
MT5-MMP or MMP-24, and MT6-MMP or MMP-25), and other MMPs (MMP-19,
MMP-20 or enamelysin,MMP-22,MMP-23,MMP-27, andMMP-28 or epilysin) [1].

3 Mechanisms of MMPs Regulation

MMPs need activation for their in vivo action, thus zymogen forms codified by
MMPs genes have to be transformed into active proteinases [11]. MMPs regulation
may take place during transcription or secretion by activation or by inhibition of the
activated forms.

MMPs can be activated in vitro by proteases, including plasmin, MT-MMPs,
and MMP-3, or by treatment with organomercurial compounds. While these
enzymes are weakly expressed in normal adult tissues, they become upregulated
during normal or pathological remodeling process [7].

MMPs regulation during secretion may be achieved by MMP-7 storage in the
secretory component of the exocrine glands and by MMP-8 and MMP-9 storage in
secretory granules of eosinophils and neutrophils and their release during active
secretion. In vivo expression of MMPs may be induced by exogenous signals, e.g.,
growth factors, cytokines, which modulate MMP mRNA half-life [12], or altered
cell–cell or cell–matrix interactions.

The inhibition of MMPs is mainly attributed to a stoichiometric binding of
TIMPs which are able to regulate both the zymogens and the active forms [3].

4 MMPs Physiological Functions

MMPs are involved in embryogenesis and tissue remodeling, due to their capacity
of regulation of ECM proteins and variable soluble factors. MMP-1 contributes to
keratinocyte migration [7], while MMP-2 and MMP-3 are important in mammary
gland branching during morphogenesis [13]. MMP-2 and MMP-9 are involved in
lipogenesis [14] and angiogenesis [15], in association with MMP-13 and

3 Complex Mechanisms of Matrix Metalloproteinases … 43



MT1-MMP, as demonstrated by inhibition of this process with endostatin (en-
dogenous angiogenic inhibitor) [7].

MMP-9 is involved in endochondral bone formation, being associated to
MT1-MMP which regulates skeletal muscle and connective tissue growth [7].

As the reproductive system needs remodelation, MMPs are expected to be
involved in the related processes. During postpartum uterus involution, gelatinase
A, collagenase-2 and -3, stromelysins, and matrilysin are upregulated [7]. Experi-
mental studies also demonstrate the significant involvement of gelatinase A, stro-
melysins, and matrilysin in estrous cycle [7]. Moreover, a MMP-9 role has been
demonstrated in the implantation process [7].

Experiments in MMPs deficient mutant mice support a functional redundancy
between deficient enzymes and the components of the plasminogen system or
between different MMPs [7, 16].

5 Endogenous MMP Inhibitors

The extracellular activity of MMPs is strictly controlled by their specific inhibitors
and by nonspecific inhibitors, e.g., a2-macroglobulin [12].

5.1 TIMPs

Natural inhibitors of MMPs or TIMPs [17] have N- and C-terminal domains, each
containing three conserved disulfide bonds [18]. The N-terminal domain acts as a
MMP inhibitor [7].

TIMPs gene family comprises only four members: TIMP-1, TIMP-2, TIMP-3,
and TIMP-4.

TIMP-1, expressed by fibroblasts nuclei [19], acts as a broad spectrum MMP
inhibitor, except for MT1-MMP and MMP-2 [12]. TIMP-1 has the ability to bind to
the hemopexin domain of latent MMP-9 and forms a TIMP-1-pro-MMP-9 complex
which blocks the enzyme [20]. Moreover, TIMP-1 binds and consequently inacti-
vates MMP-1, MMP-2, and MMP-3. Several growth factors, cytokines, and
phorbol esters may act as TIMP-1 activators by enhancing its expression in cell
cultures [20].

TIMP-2 has a constitutive expression, exhibiting the capacity to bind to the
hemopexin domain of pro-MMP-2 and to inhibit most MMPs, except MMP-9 [7].
TIMP-2 role is dual, depending on the TIMP-2-MT1-MMP-pro-MMP-2 complex
formation. A threshold level of TIMP-2 is required for the trimolecular complex
construction, which leaves sufficient MT1-MMP uninhibited to cleave pro-MMP-2.
Higher TIMP-2 concentrations are preventing MMP-2 processing by the inhibitory
action on free MT1-MMP [21].
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TIMP-3 expression is noticed during normal cell cycle progression or as a
response to mitogenic stimulation. TIMP-3 may be inhibited by TNF-a in fibrob-
lasts [12]. TIMP-3 may inhibit several MMPs, such as: MMP-1, MMP-2, MMP-3,
MMP-9, MMP-13, and MT1-MMP. TIMP-3 has a unique characteristic among the
TIMP family as it is bound to the ECM sulfated glycosaminoglycans [20, 21] rather
than as a free soluble protein. TIMP-3 has a broader inhibitory spectrum, including
members of ADAM (a disintegrin and metalloproteinase domain) and ADAM-TS
(aggrecanases—ADAMs with thrombospondin domains) families, as proteases
involved in bioactivity of cytokines and growth factors regulation [7, 17]. TIMP-3
shows a better inhibitory effect for ADAM-17 and aggrecanases than that for
MMPs, as has been proved by kinetic studies [22]. Supplementary, TIMP-3 shows
a proapoptotic activity, either by TNF-a cell receptor 1 stabilization, either by Fas
or by TNF-related apoptosis, as has been demonstrated in tumoral cells [22].

TIMP-4 is the most recently identified member of the TIMP family, being
expressed in heart but also at the sites of tissue injury, i.e., vascular lesions and
dermal wounds. TIMP-4 is able to inhibit MMP-2, MMP-7, MMP-9, and
MT1-MMP [17].

Although TIMPs are considered as endogenous inhibitors, wild-type TIMPs
could have drawbacks because of multiple MMPs inhibition and TIMP-3 supple-
mentary inhibition of ADAMs and ADAM-TS [12]. As a consequence, a successful
therapeutic application would be targeting specific proteinases by development of
engineered TIMPs exhibiting altered specificity [12].

In addition to MMPs inhibiting activities, TIMPs have other biological func-
tions. Moreover, TIMP-1 and TIMP-2 exhibit cell growth-promoting activities,
antiapoptotic activity, and erythroid-potentiating activity [12]. TIMP-2 is able to
inhibit FGF-b induced endothelial growth, in vivo angiogenesis, and in vitro
endothelial cell proliferation by means of a MMP-independent mechanism [20, 23].
Likewise, TIMP-3 can also prevent VEGF to VEGF receptor-2 binding, thereby
inhibiting downstream signaling and angiogenesis [24].

5.2 Miscellaneous Inhibitors of MMPs

MMPs may be inhibited by several other proteins, as tissue factor pathway
inhibitor-2 (a serine protease inhibitor), C-terminal fragment of the procollagen
C-terminal proteinase enhancer protein, membrane-bound b-amyloid precursor
protein, RECK (reversion-inducing cysteine-rich protein with kazal motifs), a GPI
(Glycosylphosphatidylinositol)-anchored glycoprotein [25, 26], chlorotoxin, a
scorpion toxin [27], and plasma-macroglobulins (general endopeptidase inhibitors
by enzymes trapping within the macroglobulin after proteolysis of the bait region of
the inhibitor), as the most active MMP-1 inhibitors [28].
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6 MMPs Involvement in Endometrial Physiology

Female genital tract can be interpreted as a highly dynamic environment, coordi-
nated by ovarian steroid hormones, in combination with cytokines and local growth
factors. Uterine mucosa is made up of a highly vascularized tissue adapted to create
conditions for pregnancy, fetal support, and allows a complex invasive mechanism
during implantation and placentation [6].

Although initially only a proteolytic function has been attributed to MMPs,
relatively recent studies have shown their interference in the processes of differ-
entiation, proliferation, angiogenesis, and apoptosis, due to their ability to catalyze
the hydrolysis of cytokines precursors, growth factors, hormone receptors, serum
amyloid A, IGFBP (Insulin-like growth factor-binding protein), proteinase inhibi-
tors, and IL-1b [29]. Thus, complex activities of MMPs and TIMPs are responsible
for uterine reshufflings.

Some MMPs, such as MMP-9, are involved in implantation [7], while other
MMPs, such as matrilysin, stromelysin, gelatinase A, collagenase-2 and
collagenase-3, are responsible for postpartum uterine involution [7].

6.1 MMPs and TIMPs Dynamic Expression in Endometrial
Physiology

A dynamic MMPs and TIMPs expression, under hormonal regulation, has been
associated to the endometrium physiology, both in common endometrial cycle
physiology and in pregnancy, their abnormal levels being responsible of several
pregnancy-related conditions.

6.1.1 MMPs Expression in Endometrial Cycle
MMPs expression during various phases of endometrial cycle registers quantifiable
variations [6, 30] (Table 1).

Moreover, MMPs may be epithelial-specific, such as MMP-7, stromal or vas-
cular- specific, such as MMP-1, MMP-2, MMP-3, MMP-9, MMP-10, MMP-11,
MMP-23, and MT1-MMP, or specifically expressed by resident immune cells
(neutrophils, eosinophils, and macrophages), such as MMP-8, MMP-9, and
MT1-MMP [30].

Supplementary, a possible compensatory role may be expressed by some MMPs.
Thus, although MMP-7 has a key role in achieving endometrial cyclic sequences, as
a response to estrogen stimulation, experimental models show that its absence does
not result in cycle or fertility abnormalities, due to compensatory role of MMP-3
and MMP-10 [30].

Regarding MMPs expression along the endometrial cycle (Table 1), an
increased stromal expression of MMP-1, MMP-2, MMP-3, MMP-10, MMP-11,
and MT1-MMP, along with an enhanced MMP-9 expression in developing
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arterioles, and strong MMP-7 epithelial expression are characteristic for the pro-
liferative phase [30].

The secretory phase is characterized by increased stromal and vascular MMP-2
expression and, therefore, this pattern of expression is suggestive for MMP-2
involvement in angiogenesis [30]. The advanced secretory phase is supplemented
by epithelial MMP-7 expression, along with MMP-10 and MMP-11 (Table 1).

During menstruation, there is an increased epithelial MMP-7 expression, along
with MMP-11 and MMP-2 stromal and vascular expression (Table 1). Moreover,
MMP-3 expression in basal epithelium, stroma, and vessels, associated with stromal
and vessels MMP-9, MMP-10, MMP-1, and MT1-MMP expression have been
demonstrated [30].

In pregnancy, there is an increased expression of MMP-2, MMP-7, MMP-9,
MMP-13, MT1-MMP, MMP-11, and MT2-MMP (Table 1).

Enhanced MMP-9 levels, along with MMP-7, MMP-1, MMP-2, and MMP-3
expression, during childbirth has been reported, while MMP-9 exhibits variable
involvement in endometrial cycle, without consensus between different reports
(Table 1).

6.1.2 Mechanisms of MMP Regulation During Endometrial Cycle
VEGF is intimately associated to MMPs expression in endometrium. A strong
interaction between VEGF stromal cell expression, induced by estradiol, in possible
association with hypoxia, and MMP-2 increased expression has been demonstrated
[31].

Conversely, progesterone increases the expression of stromal cells
Angiopoietin-1 (Ang-1), stabilizing vessels and blocking further unlimited angio-
genesis [32].

Progesterone also induces tissue factor expression in decidualized stromal cells
[31]. Tissue factor has a receptor for coagulation factor VII and its active form, and
therefore has the ability to initiate the clotting cascade which promotes hemostasis.

Moreover, EGFR expression is induced by progesterone and ligand binding to
EGFR is required for tissue factor expression by stromal cells [31].

Progesterone also induces stromal cells plasminogen activator inhibitor-1
(PAI-1) expression [32] which displays anti-fibrinolytic properties and restrains
trophoblast invasion mediated by urokinase-type plasminogen activator [32].

Consequently, the progesterone-dominated midluteal phase has maximal
hemostatic, anti-fibrinolytic, and antiproteolytic properties.

Progesterone withdrawal in the perimenstrual period, or progestin withdrawal
and/or in vitro treatment with the antiprogestin RU486 result in tissue factor
decrease and PAI-1 expression [32], creating a prohemorrhagic environment around
endometrial blood vessels and promoting menstrual bleeding, a mechanism
incriminated in the failure of conception.

The hemostatic factor expression represents a parallel progestational inhibition
of stromal MMP-1, MMP-3, and MMP-9 expression in luteal phase, while pro-
gesterone withdrawal or treatment with RU486 enhances MMPs expression in
stromal cells [32]. In contrast, neither progestins nor progestational withdrawal is
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reflected in MMP-2 or TIMPs expression [32]. Progesterone withdrawal is also
associated with upregulation of the neutrophil and macrophage chemoattractants,
such as interleukin-8 (CXCL8), and macrophage chemoattractant protein-1 (CCL2)
[32].

Thus, luteal phase and gestational endometrium are associated with reduced
MMPs activity, resulting in stromal and underlying vascular stabilization in order to
impede endometrial hemorrhage during pregnancy.

Conversely, perimenstrual progesterone withdrawal in non-fertile cycles is
associated with increased MMPs expression as well as chemokines expression
which stimulate leukocyte infiltration, resulting in a proteolytic environment, pro-
moting menstrual bleeding and tissue sloughing [32].

6.1.3 TIMPs Expression in Endometrial Cycle
Co-expression of MMPs and TIMPs demonstrates the importance of their com-
pensatory intervention in the endometrial turnover. The expression of various
TIMPs during endometrial cycle phases shows quantifiable variations, with
opposed levels of expression registered in pregnancy (MMPs are reduced and
TIMPs are amplified) [6, 30] (Table 2).

TIMP-1 and TIMP-3 are expressed in both epithelial and stromal cells and
exhibit a strong expression particularly in the luminal compartment of the
endometrial epithelium [6], with marked TIMP-1 stromal expression variations,
during endometrial cycle.

TIMP-1 and TIMP-2 expressions in endometrial small arterioles and capillaries,
in the secretory phase, suggest their intervention in the vascular network stabi-
lization during the endometrial cycle phases and pregnancy [6]. Moreover, TIMP-1
and TIMP-2 also exhibit an antiangiogenic function due to inhibition of VEGF
expression [6].

Although TIMP-4 intervention during the endometrial cycle has not been yet
demonstrated, it shows a typical expression in term deciduas [6].

6.1.4 MMPs and TIMPs Expression in Menstrual Phase
and Regulation Mechanisms

While the endometrial cycle is associated with maximum hemostasis and vascular
stability in the midluteal phase, being controlled by progestational induction of
tissue factor and PAI-1 expression, inhibition of MMP activity, along with
angiogenesis regulation [32], the menstruation is considered a controlled hemor-
rhage and tissue sloughing in non-fertile cycles. The mechanism involved in
menstrual phase is initiated by progesterone withdrawal which diminishes the
hemostatic effect and enhances MMP activity, resulting in controlled hemorrhage
[32].

Although menstruation has been traditionally attributed to ischemic necrosis, as
a consequence of vasospasm of the spiral arterioles, an increasing importance has
recently been attributed to proteolysis performed by locally synthesized MMPs, as
products of various types of endometrial cells [6, 30]. The loss of progesterone
support during menstruation causes focal lysis of reticular fibers and collagen type I
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and II, along with an increase in the local expression of different types of MMPs.
Thus, MMP-1, MMP-2, and MMP-3 are increased, as a result of autoactivation.
Supplementary, pro-MMP-9 is activated by MMP-3, in endothelium. MMP-1,
MMP-10, and MMP-11 show an increased expression in stromal fibroblasts, while
MMP-7 is enhanced in epithelium, preceding MMPs stromal expression.

MMP-2, MMP-3, and MMP-9 expressions in functional endometrial vessels
suggest their involvement in the mechanism of vascular wall damage during menses
[30].

A greater hypoxia in the superior regions of the endometrium during menstru-
ation due to spiral arterioles constriction, followed by endometrial tissue shedding
are hypothetically induced by an increased expression of MMP-1, MMP-2, and
MMP-3. TNF-a seems to play a key role in the induction of apoptosis in the
endometrial epithelium and a possible similar action is attributed to IL-1a and
IL-1b. Moreover, “LEFTY (left-right determination factor)-A” protein is transitory
expressed prior to menstruation [33] and shows an abnormal expression in patients
with dysfunctional bleeding.

MT1-MMP and MT2-MMP have been also identified in stromal endometrial
cells during the menstrual phase, their mechanism of action being incompletely
deciphered.

TIMP-1 reaches its maximum level during menstruation and its vascular
co-expression with TIMP-2 in the secretory endometrium and in areas of demar-
cation between necrotic and viable areas during menses demonstrates their role in
vascular stability and in bleeding limitation during menses [30].

Although menstruation is considered as a process of tissue destruction,
endometrial repair begins during the first 24 h after initiation of tissue fragmenta-
tion, as a mechanism of tissue damage minimization. The transition to the growth
phase associated with estrogen secretion is achieved through a complex mechanism,
in which VEGF, EGF, IGF, and FGF-b are also involved [33].

VEGF is co-localized with MMPs in newly formed endometrial capillaries,
stimulating MMPs expression in vascular smooth muscle. The proinflammatory
cytokines produced by epithelial and stromal cells regulate MMPs expression,
being supplemented by an influx of lymphomyeloid cells prior to menstruation,
co-mediating MMPs activation [33].

6.1.5 MMPs and TIMPs Expression in Pregnancy and Their
Involvement in Related Pathology

Receptive endometrium, regulated by ovarian steroids exhibits complex events
during pregnancy, such as: blastocyst attachment, implantation, and subsequent
development of the placenta. During the last years, researches on MMPs inhibitors
were focused mainly on endometrial tissue during implantation and pregnancy. The
invasion of trophoblastic cells into the maternal endometrium requires a precisely
regulated secretion of specific proteolytic enzymes for the degradation of the
endometrial BM and ECM and plays a substantial role during human embryo
implantation and placentation. This process is facilitated by MMPs activity regu-
lated by TIMPs.
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Thus, the expression of various MMPs during pregnancy registers variable
expressions, most of them being quantifiable [6] (Table 1).

The expression of TIMPs in the endometrium also registers quantifiable varia-
tions during pregnancy [6] (Table 2). TIMPs decidual levels are increased, mainly
that of TIMP-3 [8], while trophoblast levels of both TIMP-3 and TIMP-1 are
constantly increased (Table 2). Supplementary, high serum levels of TIMP-1 and
TIMP-2 have been detected in ongoing pregnancies [34].

All TIMPs levels are more increased in decidua at childbirth compared to that of
trophoblast (Table 2).

Moreover, TIMP-1, TIMP-2, and TIMP-3 are also involved in uterine involution
after childbirth (Table 2).

The proinvasive effects of preimplantation factor (PIF), an embryo derived
peptide secreted by viable mammalian embryos, are associated with activation of
the gelatinase activity of MMP-9 and inhibition of TIMP-1 expression [35].

MMP-9 deficiency results in placental abnormalities in experimental studies,
similar to preeclampsia, as MMP-9 activity plays a major role in trophoblast
invasion [35]. Thus, MMP: TIMP balance is a component of the mechanism
required for PIF induction of trophoblast invasion.

PIF modulates trophoblast invasion via multiple signaling pathways, such as
PI3K, MAPK, and JAK-STAT transduction pathways, as have been also identified
for other proinvasive factors [35].

PIF upregulates variable proinflammatory cytokines, like IL-6 [35], in human
endometrium. Consequently, PIF could promote the extravillous trophoblast inva-
sive activity by modulation of IL-6 placental secretion [35].

It is now considered that MMP: TIMP imbalance and the expression pattern of
integrins associated to PIF anomalies could be responsible of pregnancy pathology
[35].

The family of IL-1 proinflammatory cytokines modulates MMP expression,
facilitating cytotrophoblast endometrial invasion. IL-1a production at the maternal–
fetal interface is critical for successful implantation, the exogenous antagonists of
IL-1 receptor being able to prevent pregnancy. Thus, IL-1 receptor polymorphism
may be associated to a high risk of recurrent miscarriage [33].

Progesterone inhibits MMP-3 and MMP-7 and gradually decreases MMP-9
expression. Thus, progesterone antagonists, such as onapristone, produce an
increased MMP-9 expression [9].

Production of IL-1 regulates the expression of leptin (a circulating hormone that
regulates food intake) secreted by cytotrophoblast. Leptin exerts a stimulatory effect
on MMP-2 and MMP-9 released at the laterobasal domains of the syncytiotro-
phoblast and is responsible for trophoblast conversion toward an invasive pheno-
type [33].

The parturition requires inhibition of progesterone, performed also by mifepri-
stone, resulting in cervical infiltration with immune cells and increased expression
of MMP-1, MMP-3, MMP-8, MMP-9, TIMP-1, IL-1, IL-8, and TNF-a [6].
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Thus, MMP-9 and TIMP-2 or MMP-2-TIMP-2 complex levels are markedly
elevated in missed abortions or in mifepristone–misoprostol (steroidian antipro-
gestative and synthetic prostaglandin E1 combination) medical abortion [36].

Recent researches have shown that aberrant TNF-a increases the expression of
MMP-1, MMP-3, and MMP-9 by decidual cells, resulting in abnormal
integrin-mediated extravillous trophoblast invasion of the decidua and later onset of
preeclampsia [37]. This could be reversed by IFN-c with restoration of normal
stepwise extravillous trophoblast invasion of the deciduas [37]. These findings
suggest a mechanism by which IFN-c derived from decidual NK cells counteracts
the shallow trophoblast invasion, a mechanism strongly implicated in impaired
decidual vascular remodeling, leading to the later development of preeclampsia
[37].

6.2 MMPs and TIMPs Complex Mechanism of Endometrium
Regulation

MMPs and TIMPs are regulated by local variations of cytokines and by modulation
of gene transcription, by the means of steroid receptors related mechanisms.

As a consequence of exposure to high levels of estrogen, formation of ligand–
ER complex results in expression of transcription factors fos and jun that bind
activation element AP-1. Since the most MMPs gene promoters contain AP-1
elements, the mechanism of estrogenic MMPs regulation may be initiated [33].

AP-1 activation also occurs in transactivation of MMPs promoters by phorbol
esters and by proinflammatory cytokines, such as IL-1 and TNF-a [33].

Most MMPs promoters contain an A3 amplifier of the polyoma virus, PEA-3,
which is connected to the Ets (E-twenty six) transcription factors family. PEA-3 is
involved in MMPs regulation by growth factors and cytokines, acting synergisti-
cally with AP-1 proteins in activation of MMPs genes transcription [33].

Progesterone stimulates the mechanisms which limit the expression of MMPs, as
a consequence of progesterone inhibition of estrogen-induced c-fos expression.
Thus, c-jun and c-fos are inhibited during pregnancy. During stromal decidual-
ization, retinoic acid is synthesized, resulting in MMPs inhibitory effects, by
sequestration of fos and jun proteins by retinoic acid receptor binding. Progesterone
inhibits the expression of MMP-1 by inhibition of IL-1a release and suppression of
this cytokine endometrial action [33].

Androgens inhibit MMPs expression by interacting with Ets proteins. As
MMP-2 has no AP-1 site or PEA-3, it is constitutively expressed in the endome-
trium, being activated by its association with MT-MMPs and TIMP-2 [38].

TGF-b mediates the suppression of MMP-7 in the endometrial epithelium, as a
response to progesterone but concomitantly induces the expression of TIMP-1 and
TIMP-3 in stromal cells [33].

Among the cytokines that regulate MMPs endometrial expression, there is also a
cytokine, LEFTY-A, originally designated as endometrial bleeding associated
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factor (EBAF). LEFTY-A is a TGF-b family member secreted as a precursor of
42 kDa. The active form induces MAPK activity, inhibits TGF-b signaling, and
induces the expression of pro-MMP-3, pro-MMP-7, and MMP-9 [33].

7 MMPs Involvement in Abnormal Endometrial Bleeding

Currently, the abnormal endometrial bleeding is considered as a disordered process
of physiological menstrual cycle, due to impaired endometrial hemostasis and
unrestrained aberrant angiogenesis. This abnormal bleeding can be related to
bleeding diatheses, long-term progestin-only contraception, uterine leiomyomas,
and endometrial polyps [32].

Bleeding diatheses are characterized by menorrhagia onset at menarche and the
most common defect associated with menorrhagia is Von Willebrand’s disease
[32]. By combined hormonal contraceptives treatment applied in this disease,
stromal cells are induced to secrete tissue factor and PAI-1 with consequent
hemostatic effect [32].

Long-term progestin-only contraceptives induce reductions in endometrial blood
flow resulting in hypoxia–reperfusion injury and free radical production. These
induce aberrant angiogenesis by VEGF and Ang-2 increased expression and Ang-1
suppression as well as direct damage of blood vessels [32].

Endometrial biopsies demonstrate the presence of enlarged, thin walled blood
vessels at bleeding sites despite increased tissue factor expression [32] and a general
dramatic increase in immature and partially mature vessel number, area, and density
[32], and perivascular extracellular matrix degeneration due to excess MMP-2
activity, culminating in bleeding and collapsed stroma [32].

The most common presentation in leiomyomas is menorrhagia, due to venule
ectasia. This is the result of tumor and/or hypoxia-derived angiogenic factors, such
as VEGF, FGF-b, PDGF, HBEGF, TGF-b, parathyroid hormone related protein,
and prolactin [32]. There is also spiral artery vasodilation due to increased estrogen
receptor expression [32]. The most common presentation in endometrial polyps is
metrorrhagia, due to increased cyclo-oxygenases and MMPs production [32] and
due to enhanced microvascular density by aberrant angiogenesis [32].

In contrast to physiological regulated cycle, anovulatory bleeding is associated
with both impaired hemostasis due to an absence of progestational induction of
tissue factor and PAI-1 and increased MMP and angiogenesis due to unrestrained
estrogenic effects. On the other hand, long-term progestin-only contraceptives-
associated bleeding reflects sustained hemostasis with persistently elevated tissue
factor expression and vessel damage due to impaired endometrial blood flow with
hypoxia-induced unrestrained angiogenesis [32]. Similar defects appear to account
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for abnormal bleeding with myomas and endometrial polyps, though in the former
condition macrovascular changes lead to menorrhagia while microvascular changes
promote metrorrhagia in the latter [32].

8 MMPs Involvement in Endometrial Hyperplasia
and Carcinoma

Endometrial carcinoma has the highest incidence among the malignancies of the
feminine genital tract [39] and morphologic expressions of precursor lesions
(atypical hyperplasia) and carcinoma are correlated to progressive accumulation of
genes mutations. The imbalance between MMPs and TIMPs is incriminated in
endometrial carcinogenesis, added to hormonal influences, adhesion molecules
alteration, and apoptosis deregulation. Endometrial multistep carcinogenesis shows
a partial correlation between molecular markers expression and progression of
precursors or aggressiveness of carcinomas [39]. Accumulated data support the
involvement of a large spectrum of MMPs and TIMPs in endometrial carcino-
genesis, such as MMP-1, MMP-2, MMP-3, MMP-9, MT1-MMP, although MMPs
real involvement in endometrial pathology is difficult to evaluate considering
stromal remodeling during normal menstrual turnover [33, 40].

The progesterone decreased expression seems to be both responsible for an
increased production of pro-MMPs [9, 41] and for MMPs activation [9]. Moreover,
MMPs genetic polymorphism is considered as a risk factor for endometrial cancer
susceptibility [42].

The effects of MMPs and their inhibitors depend on their ratio in local tumor
microenvironment, thus individual markers analysis may not reveal the whole
picture of the disease. The imbalance in favor of the proteinases is supported by the
molar ratio of MMPs to TIMPs which is higher in carcinoma compared to
non-neoplastic control tissues [43].

Numerous studies have demonstrated a high MMP-2, MMP-9, and TIMP-2
expression in both endometrial and cervical carcinoma [15, 44–50].

MMP-2 seems to be the main MMP involved in endometrial carcinomas
aggressiveness [50], being activated by MT1-MMP and TIMP-2. MMP-2 stimu-
lates cell proliferation and migration of epithelial cells, via fibronectin degradation.
Due to pro-MMP-2 stimulation by MT1-MMP, MMP-2-MT1-MMP co-expression
in the tumor invasive front has been reported [49]. MMP-2 shows a strong tumor
expression, in correlation with histological grade and type, patients’ age, and depth
of myometrial invasion [39].

High MMP-2 expression is also correlated to a poor survival in endometrial
carcinoma [51].

According to the literature reports, MMP-9 expression shows an increasing
expression in endometrial hyperplasia and furthermore in carcinoma, in both
stromal and epithelial components [49]. MMP-9 effects are attributed to its high
affinity to collagen substrates, the capacity to generate fragments of angiostatin
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type, the participation in the protection of tumor cells, and the ability to suppress the
proliferation of T cells [52]. MMP-9 expression in smooth myocytes may be cor-
related to myometrial invasion mechanisms of endometrial neoplasia [49].

Although TIMP-2 expression is increased in endometrial carcinoma, it shows a
weaker expression in grade 3 endometrial carcinoma when compared to grade 1 or
2, exhibiting an analogous pattern to that previously reported in breast, colorectal,
hepatocellular, and gallbladder carcinomas [44].

Due to their synthesis and translocation from stromal to epithelial cells, MMP-2
and MMP-9 mRNAs have been located in endometrial stroma, including in
endothelial cells, macrophages and fibroblasts, mainly in areas within or sur-
rounding tumor aggregates, and show variable expression in epithelial tumor cells
[39].

Increased co-expression of MMP-2 and MMP-9 is also correlated to the stage
transition and the depth of myometrial invasion [53].

The significance of MMP-2 and TIMP-2 expression is different in terms of
prognosis significance. Thus, TIMP-2 overexpression is associated to a favorable
prognosis and overall survival in endometrial carcinoma patients but it is still
debatable which of the two, MMP-2 or TIMP-2, has superior effect on the prognosis
[54]. Moreover, MMP-2 seems to be superior to TIMP-2 in determining the
prognosis in endometrial cancer if used separately [55]. Associated strong MMP-2
and weak TIMP-2 expressions have a powerful value of poor prognosis when
compared to MMP-2 or TIMP-2 alone.

MMP-2 and TIMP-2 expression patterns are different in the two main types of
endometrial cancer [55]. Type II endometrial tumors which consist mainly of serous
and clear cell carcinomas show a positive immunoreaction for MMP-2 and negative
for TIMP-2 and carry a higher mortality than type I tumors (endometrioid adeno-
carcinomas) in which MMP-2 immunostaining negativity is associated to a
favorable prognosis [56]. Negative MMP-2 and TIMP-2 immunostainings in ade-
noacanthomas render a prognosis which resembles the prognosis of endometrioid
adenocarcinoma [55]. In contrast, histologic types correlated with MMP-2 posi-
tivity and TIMP-2 negativity are associated to a poor prognosis.

MMP-9 and Bcl-2 are overexpressed, unlike steroid receptors and CD44-v6
variant, in carcinoma compared to atypical hyperplasia [57]. KAI1 (a metastasis
suppressor protein) as well as ER and PR might modulate MMP-2 and MMP-9
expressions in endometrial cancer. The overlapping expression of these biomarkers
suggests their possible cooperation, even at early stages of endometrial cancer
growth, modulating the speed of tumor cell dissemination [58].

MMP-9 immunoexpression in the areas containing tumor-infiltrating CD3
lymphocytes suggests a possible role of these lymphocytes in mediating the
endometrial cancer microenvironment [59].

MMP-9 overexpression is associated to LCN-2 (lipocalin-2) increased expres-
sion in several cancers, including high-grade endometrial cancer [60]. Accordingly,
the immunopositivity of LCN-2 and MMP-9 are correlated with shorter survival in
patients with high-grade endometrial carcinoma, LCN-2 overexpression being
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associated with shorter overall and disease-free survival. Moreover, LCN2
immunopositivity has been associated with expression of the angiogenesis marker,
VEGF-A, but not with several EMT (epithelial–mesenchymal transition)-related
markers, like E-cadherin, N-cadherin, P-cadherin, b-catenin, nor with vascular
invasion [61]. Furthermore, LCN2 is significantly associated with distant tumor
recurrences, as well as with the S100A family of metastasis related genes, thereby
this marker being associated with aggressive features and poor prognosis in
endometrial cancer [61].

MMPs immunolocation in endometrial carcinoma reveals correlations between
MMP-1 and TIMP-1 expressions and histologic stage, depth of infiltration, histo-
logic type, and patients’ age [39].

TIMP-1 slightly decreases in expression in hyperplasia and endometrial carci-
noma, in both endometrial components, suggesting a MMP-9: TIMP-1 imbalance in
endometrial carcinogenesis [49].

MMP-26 (matrilysin-2 or endometase) promotes matrix destruction in
estrogen-dependent tumors, like type I endometrial carcinomas, contributing to
malignant progression, by inactivating a1-antitrypsin serpin. Moreover, the trans-
activation of MMP-26 promoter activity and the enhancing of the endogenous
MMP-26 expression by estrogen may represent one of the mechanisms involved in
endometrial carcinogenesis [62].

A low constitutive expression of the ECM metalloproteinase inducer (Emmprin)
or CD147, a member of the immunoglobulin superfamily [63], has been identified
in most cells, being involved in different physiologic processes. High Emmprin
expression is observed during remodeling processes associated to embryonic
development, wound healing, inflammatory processes [63], and in malignancies.
Emmprin has been identified as a modulator of tumor–stromal interaction and of a
wide spectrum of molecular events, such as acquisition of anchorage-independent
growth capacities, invasive abilities, and tumor angiogenesis [64]. Consequently,
Emmprin overexpression in human cancers is correlated with aggressive behavior
and poor prognosis. Emmprin modality of action implies stimulation of peritumoral
fibroblasts or even tumor cells to produce large amounts of MMPs which facilitate
tumor invasion and metastasis processes [65]. Emmprin promotes invasion via
activation of urokinase-type plasminogen activator, nuclear factor kappa B
(NF-jB), and c-Jun N-terminal kinase (JNK). Moreover, Emmprin stimulates tumor
angiogenesis via VEGF [66].

High levels of Emmprin expression have a significant correlation with
endometrial carcinoma recurrence [67]. Moreover, increased Emmprin expression
is correlated to clinicopathological parameters (histology, depth of myometrial
invasion, FIGO stage, cervical involvement, lymphatic vessels involvement, lymph
node metastasis, and peritoneal cytology) [68]. Supplementary, strong Emmprin
expression is significantly associated with disease-free and overall survival [68].
These findings suggest that low Emmprin expression might have the predictor value
of a favorable prognosis in endometrial cancer [68].
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EMT occurs during cancer progression, being responsible of tumor cells
acquirement of migration, invasion, and metastasizing abilities [69] by induction of
E-cadherin transcription repressors, such as Slug, Snail, Smad-interacting protein 1
(SIP1), and Twist [70].

An important role in mesenchymal phenotype promotion is attributed to NF-jB
involvement in the transcription of several mesenchymal genes encoding MMP-2,
MMP-9, VEGF, and Vimentin [68].

The inhibitory effect of Emmprin on cell proliferation, migration, and invasion in
endometrial carcinoma is achieved by NF-jB, TGF-b, EGF, VEGF, MMP-2, and
MMP-9 expression and results in increased expression of E-cadherin and reduced
levels of Vimentin and Snail, suggesting Emmprin identification as a potential
therapeutic target [68].

9 MMPs Involvement in Endometriosis and Updated
Therapeutic Approach

Endometriosis development requires accumulation of events represented by the
increased capacity of the migrated endometrial tissue to prevent apoptosis, to
adhere to and to invade the host tissue, to proliferate, and to stimulate the host
angiogenic activity [71]. These may be achieved by alterations in the apoptotic
pathways, with upregulation of Bcl-2 and downregulation of Bax, and an increased
expression of avb3 integrin receptors, as markers of neovascularization and cell
adhesion to the extracellular matrix [71]. A recent study using tissue microarrays in
endometriotic and normal endometrial tissues has found higher expression of sur-
vivin in endometriotic tissues compared to normal endometrium, with a higher
glandular expression in non-ovarian than in ovarian endometriotic tissues and lower
expression in stromal components [72].

Showing a similar pattern to that previously detected in cancer [73], an increased
MMP activity [74] correlated to plasminogen and cathepsin D expression is
detected in endometriosis. Moreover, b-catenin mutations result in intercellular
adhesion anomalies, associated with E-cadherin mutations, both in endometriosis
[75–77] and in female genital malignancies [78]. Consequently, endometriosis
management could be oriented to catenin and cadherin signalization, along with
MMP selective inhibitors.

In order to perform extracellular matrix degradation and to stimulate the
sprouting of new vessels from preexisting capillaries, MMPs, VEGF, IL-8, and
COX2 are required [71]. Therefore, increased levels of several MMPs have been
detected in peritoneal fluid of patients diagnosed with endometriosis, such as:
MMP-1, MMP-2, MMP-7, and MMP-9 or in endometrial tissue, such as MMP-2
and MMP-9 [79]. Moreover, the assessment of MMP-2 and MMP-9 levels in the
follicular fluid of infertile patients demonstrates the direct correlation between
pelvic endometriosis severity and MMP-2 higher serum levels [80]. Furthermore,
MMPs involvement in endometriosis invasiveness is attributed to MMP-2 and
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MT1-MMP, in correlation with TIMP-2, feature that underscores its possible key
regulatory role [80].

MMPs seem to be activated by IL-1 and TNF-a, in endometriosis. TNF-a
exhibits an inhibitory action on TIMP-2 expression in vitro, increasing the
MMP-2/MMP-9/TIMP-1: TIMP-2 ratio imbalance [81]. Taking into account the
regulatory role of MMP-1, MMP-3, pro-MMP-9, or MMP-9, low TIMP-1 levels
may be considered as a result of characteristic MMP-TIMP-1 complexes detected in
the endometriotic peritoneal fluid [20]. Supplementary, MMP hemopexin domain is
probably recognized by T-like autoantibodies, except MMP-7 [82], as an important
pathway of the characteristic immunologic pattern of endometriosis.

A specific MMP, MMP-27, is expressed in a subset of endometrial macrophages
(CD45+, CD163+, and CD206+) related to both menstruation and endometriotic
lesions, with different patterns of expression in ovarian and peritoneal locations
[83].

New data have demonstrated that selected MMPs confer a degree of genetic
susceptibility for endometriosis, as haplotypes of angiotensin I-converting enzyme
(ACE) and MMP-2 genes are not associated with endometriosis, while those of
MMP-1, MMP-3, and MMP-9 genes are related to a high risk for the disease [84].
Moreover, a comparative analysis of the allelic polymorphism of MMPs gene
family, which included MMP-3 (rs3025058), MMP-7 (rs11568818), MMP-9
(rs17576, rs2250889), MMP-12 (rs2276109), and MMP-13 (rs2252070), has found
important differences in the incidence of particular MMP-3 and MMP-9 allelic
combinations in patients with endometriosis [85]. Supplementary, a recent study
points out that DNA methylation at the promoter region of MMP-9 gene can
enhance the expression of MMP-9 in ectopic endometrial stromal cells [86].

A comparative analysis of MSCs phenotypes, differentiation potential, gene
expression for pattern recognition receptors (PRRs) and proinflammatory cytokine
release, along with markers of migration and angiogenesis, between eutopic and
ectopic locations, showed that TGF-b exhibits significant downregulation, while
IL-10 exhibits a significant increase in endometriotic MSCs. Moreover, these cells
show an upregulated expression for markers of migration and angiogenesis such as
MMP-2, MMP-3, MMP-9, and VEGF, respectively. By exhibiting this distinct
immune phenotype, the endometriotic MSCs may be responsible for the reduced
immunosuppressive host reaction [87].

Relatively recent data show that Lipoxin A4 (LXA4), a member of the
lipid-derived mediators generated at sites of vascular and mucosal inflammation
[88], suppresses the development of endometriosis, by anti-inflammatory,
anti-proliferative and anti-invasive effects on ectopic endometrial tissue, by p38
MAPK (mitogen-activated protein kinase) downregulation mediated by ALX
receptors (LXA4 receptors). LXA4 also decreases the invasive activity of
endometriotic stromal cells by suppressing the expression and activity of MMP-9
[89, 90].

The results of a prospective experimental study suggested that resveratrol is a
potential agent for the treatment of endometriosis and may be an alternative to
leuprolide acetate (LA). This possible therapy has been supported by significantly
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reduced immunoreactivity to MMP-2, MMP-9, and VEGF of surgically induced
endometriotic implants by administration of resveratrol, LA or both, correlated with
decreased plasmatic and peritoneal levels of IL-6, IL-8, and TNF-a, in experimental
models [91].

10 MMPs Inhibitors Spectrum and Potential Utility
in Endometrium

The hypothesis of therapeutic benefit of MMP inhibition has been based on the
complex MMPs involvement in endometrial pathology.

Added to TIMPs, as previously mentioned, several natural inhibitors or com-
pounds obtained from natural sources have been identified, such as tissue factor
pathway inhibitor-2, membrane-bound b-amyloid precursor protein (MMP-2 inhi-
bitor), RECK (inhibition of MMP-9, MMP-2, and MT1-MMP), chlorotoxin
(MMP-2 inhibitor), a-macroglobulins (inhibitors of the most MMPs), added to
hydroxamates (BE16627B and matlystatin B), and BE16627B (broad spectrum
MMPs inhibitor) [48, 92].

In the early 80s, the first synthetic MMP inhibitor was produced. Consequently,
several MMPs inhibitors have been tested in experimental models, such as: bati-
mastat, CDP-845 (inhibitor of stromelysin-1), RO32-3555 (hydroxamate-based
selective gelatinase inhibitor), hydroxamate inhibitors (GI168 and GI173) [93],
GI173 (gelatinases inhibitor), GI168 (stromelysin-1 inhibitor), ilomastat or
GM6001 (related batimastat compound) [93], marimastat [94], chelating agents
(EDTA, 1,10-phenanthroline, or EGTA—inhibitory action on matrixins), cysteine
and dithiothreitol (MMP-3 inhibition), phosphonamidate compounds (MMP-3
inhibitors), nonpeptide hydroxamate inhibitors (MMP-3 inhibitors),
pseudopeptide-hydroxamate compounds (MMP-3 inhibitors) [95], and SC-44463
(broad range MMP inhibitor and of pro-MMP-3 activation in cultures) [96].

The mechanisms of action had been thought to be: fibrotic changes, angiogenesis
inhibition, constriction of invasive growth resulting in an increased interstitial
pressure, compression of blood vessels, followed by ischemia and subsequent
necrosis, inhibition of collagen degradation, and collagen biosynthesis stimulation
(“encapsulation” of primary or secondary tumors) [93, 94].

However, in cancer models, synthetic MMP inhibitors are applied when the
tumor diameter is small and they lack stromal tissue, the source of most MMP
activity. Therefore, the clinical effects may be amplified.

Considering the local environment, Progesterone may be considered an
endometrial MMP inhibitor, acting by negative control of the production of MMP-1
(interstitial collagenase) and MMP-3 (stromelysin-1), in experimental models [97].
Withdrawal of progesterone results in increased stromal cell MMP-1, MMP-2, and
MMP-3 production [97], in downregulation of TIMP-2 [98], without any change in
expression or secretion of TIMP-1 and TIMP-3 [97].
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Progestins are able to continuously inhibit the production of MMP-1 and
MMP-3 in cultures that have been designed to mimic the control of long-acting
progestogenic contraceptives on endometrium. Although progesterone has the
potential to inhibit MMP production by stromal cells within the short term, it may
lose the capacity to maintain this inhibition in the longer term administration.

Endometrial stromal cells show variable immunopositivity for endothelin-1 and
TIMPs in cultures [99], corresponding to focal endometrial tissue breakdown at
menstruation due to local, rather than endocrine regulation. Endothelin-1, TNF-a
and IL-1 stimulate MMP-1 and MMP-3 production in short-term culture [100].
Endometrial paracrine actions of both IL-1 [101] and TGF-b [102] may modify the
production of certain endometrial MMPs, while mast cells mediators modulate both
MMPs production and activation by stromal cells [103]. In slow release progestins
users, the endometrium shows an increased number of macrophages, neutrophils,
and eosinophils and their products are stimuli for local MMP expression, overriding
the inhibitory effect of the progestins on MMP production.

Progestins responses variability could be accounted to endometrial PR subtypes
in normal cycling women, compared with those using progestogenic steroids.
Surprisingly, women receiving slow release progestins show increased total
immunoreactive endometrial PR and PR mRNA [104]. PR B is a stronger activator
of target genes while PR A can act as a dominant repressor of PR B and other
hormone receptors.

ARs have been demonstrated as cycle dependent in normal endometrium [105],
showing a B subtype dominance [106]. Some of the synthetic progestins may also
exhibit androgenic activity and regulate MMPs expression by ARs activation [107].
As a consequence, the identification of endometrial ARs and their subtypes could
be relevant in administration of synthetic progestins and may offer important
information related to their mechanism of endometrial MMPs regulation. In this
regard, it is assumed that androgens have a significant role in MMP-1 regulation.
The secretion and production of MMP-1 is inhibited by testosterone by specific
ARs binding, in the same manner to that noticed for progesterone, in human
endometrial stromal cells cultures [37].

11 Conclusions

MMPs are involved in many biological processes, mainly due to their ability of
ECM proteolysis and/or capacity to initiate unrevealed functions. Recent progresses
were made in understanding biochemical and structural aspects of MMPs, and their
molecular complexes with TIMPs allow them to play a complex role in endometrial
physiology and pathology by facilitating both turnover and invasion mechanisms.

MMPs: TIMPs ratio imbalances are involved in hormonal disorders and fur-
thermore in hyperplasia, as steps along endometrial malignant transformation.
Partially using the mechanisms already identified in carcinogenesis, an increased
MMP activity is also detected in endometriosis.
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Future studies are necessary to elucidate the complex interactions between
molecules involved in proliferation, angiogenesis, and apoptosis, as part of EMT
mechanism, opening new perspectives in the early diagnosis and treatment of
endometrial neoplasia.

The design of potent specific inhibitors for MMPs represents a challenge for
scientists, not only for gaining insights into the biological roles of MMPs but also
for the development of new targeted therapies in endometrial neoplasia and
endometriosis.
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4Plasmodium Proteases as Therapeutic
Targets Against Malaria

Asrar Alam

Abstract
Malaria is a major global parasitic disease responsible for tremendous health
burden and mortality in tropical and subtropical regions of the world.
Plasmodium falciparum is the causative agent of severe malaria, which accounts
for most of the global malaria-related deaths, mainly in sub-Saharan Africa.
Despite the enormous global efforts to curb the spread of the disease and
significant decline in malaria-related deaths in the last decade, development of
parasite resistance to currently used drugs is widespread, which necessitates the
development of novel antimalarial targeting crucial parasite molecules. Parasite
proteases are a group of molecules crucial for the development and propagation
of the parasite inside the host cell. The major parasite-specific processes
dependent on protease activity for their completion are hemoglobin degradation,
merozoite egress from the host cell, and invasion of the host cells. A number of
proteases of various classes are found in P. falciparum, many of which have the
potential to be used as antimalarial drug targets. I this chapter, I have described
the role of the proteases, which have the potential to be targeted for antimalarial
drug development and the progresses made in the direction of drug development
against these targets.
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1 Introduction

Malaria is an ancient disease caused by protozoan parasite of the genus Plas-
modium. Till date malaria remains a major health burden for impoverished regions
of the world with limited sanitation and healthcare facilities. In humans, malaria is
caused by five Plasmodium species, namely, P. falciparum, P. vivax, P. ovale,
P. malariae, and P. cynomolgi. Of the five species, P. falciparum is the causative
agent of severe malaria, responsible for most of the malaria-related deaths. Due to
the combined global efforts to curb the menace of malaria, disease cases have come
down by 37% globally and by 42% in Africa between 2000 and 2015. The more
encouraging outcome of the efforts has been the drastic reduction in malaria-related
deaths that have come down by 60% globally and 66% in the African regions in the
same time span [1].

Despite these successes in malaria control, complete malaria eradication remains
an ambitious goal for the global scientific community and healthcare providers.
A completely protective malaria vaccine is still a dream for the scientists and the
available arsenals of antimalarial drugs are limited. Till date major antimalarials are
natural compounds or their derivatives and the knowledge about their mechanisms
of action are limited. In addition, the ability of the parasite to develop resistance
against antimalarials is common. The parasite quickly develops resistance against
the extensively used antimalarials, especially when they are used as a monotherapy,
although successes have been achieved to counter drug resistance using combina-
tion therapy [2–11]. Due to above-mentioned reasons, development of novel anti-
malarial drugs remains a high priority.

For development of new drugs, identification of crucial parasite-specific mole-
cules is required, which could be used for specific targeting. One group of such
molecules is parasite proteases. They constitute the major virulence factors in var-
ious parasitic diseases and are crucial for the pathogens for their survival and ability
to cause the diseases [12]. Malarial proteases are crucial molecules for parasite
development and virulence. Some of these proteases possess parasite-specific
functions and structural features that could be specifically targeted by drugs.
Potential of these molecules as antimalarial drug targets has been substantiated by
the use of protease inhibitors as drugs against a number of diseases. Protease inhi-
bitors are already in use as drugs against human immunodeficiency virus (HIV) [13],
hepatitis C virus (HCV) [14], and in the treatment of hypertension [15] and coag-
ulopathies [16].

These groups of molecules are widespread in organisms and carry out a variety of
biological processes by regulating the fate, localization, and activity of the target
proteins [17]. Through evolution they have adapted to a variety of physiological
conditions found in complex organisms and employ different mechanisms for sub-
strate hydrolysis. Depending on the mechanisms of action, proteases have been
classified into different classes (serine, cysteine, metallo, aspartic, threonine, and
glutamic proteases). Serine, threonine, and cysteine proteases rely upon the nucle-
ophilic character of the side chains of serine, threonine, and cysteine, respectively, at
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the active site. These side chains directly attack the peptide bond to form a transient,
covalent enzyme–substrate intermediate, which breaks to give rise to the product and
the enzyme. Aspartic and metalloproteases employ water molecule as nucleophile
and do not form a covalent intermediates [18]. A number of proteases of various
classes are found in Plasmodium. This chapter describes the available information
on P. falciparum proteases crucial for parasite development in the human host and
the studies related to drug development efforts to target these molecules.

2 Proteases as Potential Antimalarial Drug Targets

Malaria parasite completes its life cycle inside the vertebrate and invertebrate host
cells. The host cell provides a rich source of nutrients for the parasite and a safe
niche where the parasite is protected from the host immune responses. Asexual
erythrocytic life cycle is responsible for the clinical manifestations of malaria,
which starts when the merozoites released from liver infect the erythrocytes. The
intracellular parasite feeds on erythrocyte hemoglobin and develops into more
metabolically active trophozoite, which then undergoes nuclear division to trans-
form into multinucleated schizont. After maturation, schizonts rupture to release the
merozoites, which start a new wave of infection by invading new erythrocytes.

Completion of parasite life cycle in vertebrate and invertebrate hosts is depen-
dent on a number of proteolytic activities. Inhibitor studies have shown that cys-
teine, aspartic, metallo, and serine proteases play critical roles in parasite-specific
processes during the erythrocytic cycle such as hemoglobin digestion, merozoite
release from infected erythrocytes, and invasion of fresh erythrocytes by the
released merozoites. In addition a number of proteases are involved in metabolic
processes necessary for parasite survival (Fig. 1). These processes have been the
focus of drug development efforts [19]. In addition to erythrocytic stages, liver
stages of the parasite are also attractive drug targets due to their low numbers and
distinct metabolism [20, 21]. Liver stage parasites also employ proteolytic activities
for their maturation and subsequent dispersal in the blood stream [22, 23].
Aspartate, cysteine, and metalloproteases are involved in hemoglobin degradation,
a pathway necessary for parasite growth in the blood stages, whereas serine and
cysteine proteases are crucial for the parasite egress and invasion at blood and liver
stages. Table 1 summarizes the role of parasite proteases in P. falciparum devel-
opment and propagation. Data mining revealed the presence of 92 putative pro-
teases in P. falciparum genome [24]. Further analysis of P. falciparum genome
database revealed the presence of 124 predicted proteases [25]. The roles of pro-
teases in various parasite-specific processes and their potential as drug targets are
described below.
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3 Proteases Involved in Hemoglobin Digestion

P. falciparum has a limited capacity to synthesize amino acids [26]. In the blood
stages, it relies on degradation of abundant host cell molecule hemoglobin for its
utilization [27, 28]. During the trophozoite stage, parasite proteases degrade most of
the hemoglobin [29] and supply the parasite with amino acids for protein synthesis
and metabolism [30]. Plasmodium ingests hemoglobin by an invagination spanning
from parasite plasma membrane to parasitophorous vascuolar membrane known as
cytostome. The cytostome takes host cell cytoplasm and pinches off to form
double-membrane transport vesicles loaded with hemoglobin, which fuse with food
vacuoles to empty their contents there. Food vacuoles are acidic compartments with
a pH between 5.0 and 5.4 [31, 32] and provide the site for hemoglobin degradation
and heme detoxification [33].

Hydrolysis of hemoglobin is a semi-ordered process mediated by the action of a
series of proteases. Aspartic [34–36] and metalloproteases [37] are involved in
hemoglobin degradation in the food vacuole. Four proteases predominantly carry
out hemoglobin degradation (aspartic proteases plasmepsin 1 and 2, cysteine pro-
tease falcipain 2, and metalloprotease falcilysin) [38]. Plasmepsin 1 and 2 possess
the ability to cleave hemoglobin under non-denaturing conditions between Phe33
and Leu34 in the hinge region of the alpha globin chain, which probably allows the
globin subunits to unwind that facilitates further proteolysis [33, 39]. After the
initial cleavage by plasmepsins 1 and 2, falcipain 2 cleaves the globin fragments

Asexual Erythrocytic
Schizogony Ring

Trophozoite

RBC

Schizont

Hemoglobin degradation
1. Aspartic protease
2. Cysteine protease
3. Metallo proteases
4. Aminopeptidases

Invasion
Serine proteases
(PfSUB1, PfSUB2 and 
rhomboid proteases)

Egress
1. Serine protease PfSUB1
2. SERA cysteine proteases
3. Cysteine protease DPAP3

Other cellular processes
1. Signal peptide cleavage (SSP)
2. Transit peptide cleavage (SPP)
3. Transit peptide degradation (falcilysin)
4. PEXEL motif cleavage (plasmepsin V)

Fig. 1 Role of proteases in asexual erythrocytic life cycle of malaria parasite
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Table 1 Role of proteases in development of P. falciparum parasitic stages

Parasitic-specific
process

Class of
protease
involved

Name of the
protease

Putative function References

Hemoglobin
degradation

Aspartic Plasmepsin 1 Food vacuole hemoglobinase (initial
cleavage of hemoglobin)

[41, 44]

Plasmepsin 2 Food vacuole hemoglobinase (initial
cleavage of hemoglobin)

[41, 44]

Plasmepsin 4 Food vacuole hemoglobinase [41, 44]

Histo-aspartic
protease

Food vacuole hemoglobinase [41, 44]

Cysteine Falcipain 2 Food vacuole hemoglobinase (active at
early trophozoite stage)

[57–59]

Falcipain 3 Food vacuole hemoglobinase (active at
late trophozoite stage)

[57–59]

Metallo Falcilysin Food vacuole hemoglobinase
(hydrolysis of peptide fragments
generated by aspartic and cysteine
proteases)

[37]

Amino M1 alanyl
aminopeptidase

Hydrolysis of peptides generated by
hemoglobin degradation; essential for
parasite growth

[70, 71]

M17 leucine
aminopeptidase

Hydrolysis of peptides generated by
hemoglobin degradation, essential for
parasite growth

[70, 71]

Egress Aspartic Plasmepsin 2 In vitro digestion of spectrin, protein
4.1 and actin (probable role in RBC
cytoskeleton degradation)

[84]

Cysteine Falcipain 2 In vitro digestion of ankyrin and
protein 4.1 (probable role in RBC
cytoskeleton degradation)

[85, 86]

SERA5 Merozoite egress from RBCs (exact
mechanism unknown)

[100–103]

SERA6 Active site Cys mutant and blockade of
processing by PfSUB1 lethal for
parasite (probable role in egress)

[104]

DPAP3 Probable role in PfSUB1 maturation [101]

Serine PfSUB1 Mediates egress by causing maturation
of SERA5 and SERA6

[100]

Invasion Serine PfSUB1 Primary processing of MSP1 complex [123]

PfSUB2 Secondary processing of MSP1
complex (sheddase activity) and
processing of AMA1

[115, 124,
125]

PfROM1 Intramembrane cleavage of AMA1 [125, 130]

PfROM4 Intramembrane cleavage of EBA-175 [131]

Other cellular
processes

Threonine ClpQ Exact substrate not known [143]

Stromal
processing
protease (SPP)

Cleavage of transit peptide [146]

Metallo Falcilysin Degradation of transit peptide [69]
(continued)
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[38]. It has been demonstrated that plasmepsin 1 can degrade native hemoglobin
efficiently under nonreducing conditions while plasmepsin 2 has a preference for
denatured hemoglobin. Although falcipains cleave denatured globin but not native
hemoglobin [39], under mild reducing conditions falcipain 2 cleaves both native
and denatured globin [40]. Falcilysin further cleaves the globin fragments into
smaller peptides [41]. The digested peptides are then transported to parasite cytosol,
where cytosolic aminopeptidases hydrolyse these peptides to free amino acids [42].

Human hemoglobin lacks a single amino acid isoleucine. Liu et al. [43]
demonstrated that P. falciparum could grow in a medium containing only a single
amino acid isoleucine. This finding indicated that host hemoglobin is sufficient to
provide the rest of the amino acid requirements of the parasite. Knockout parasite
lines of the hemoglobin-degrading enzymes (falcipain-2, plasmepsins, alone or in
combination) grown in this medium showed reduced growth. A potent inhibitor of
plasmepsin pepstatin A did not significantly affect the growth of wild-type parasites
but was able to kill the parasites lacking falcipain-2 at low concentrations. It was
even more effective in killing the parasites triple knockout parasites lacking
falcipain-2, plasmepsin 1, and 4. This study provided evidence that both plasmepsins
and falcipain-2 are hemoglobinases with overlapping functions. While falcipain-2
was essential for parasite survival plasmepsins provided subsidiary roles and were
dispensable for the parasite [43], different classes of hemoglobin-degrading pro-
teases and their role in the parasite are summarized below.

3.1 Aspartic Proteases (Plasmepsins)

P. falciparum genome data predicted the presence of 10 plasmepsin genes.
Expression, localization, and enzymatic data suggested that four of the plasmepsins
(plasmepsin 1, plasmepsin 2, plasmepsin 4, and a histo-aspartic protease (HAP))
were found in the food vacuole and were capable to degrade hemoglobin [41, 44].
Gene knockout of P. falciparum food vacuole plasmepsins revealed that growth
rates were reduced by 30–35% upon plasmepsin 1 and plasmepsin 4 disruption,
whereas disruption of plasmepsin 2 did not cause any growth defect. Disruption of
HAP caused a slight drop in growth rates that was not statistically significant [45].
In another similar study, targeted gene disruption by double crossover homologous
recombination was carried out for plasmepsin 1, plasmepsin 2, HAP, and

Table 1 (continued)

Parasitic-specific
process

Class of
protease
involved

Name of the
protease

Putative function References

Serine ClpP Exact substrate not known [147]

Signal
peptidase

SSP Cleavage of signal peptide [24, 150]

Aspartic Plasmepsin V Cleavage of PEXEL motif [155]
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plasmepsin 4/plasmepsin 1. All the four knockout parasites were morphologically
normal. In amino acid-limited medium, they exhibited slower growth rate as
compared to the parental strain. Sensitivity of the knockout parasites to aspartic and
cysteine protease inhibitors changed minimally, compared to wild-type 3D7 para-
site, suggesting the functional redundancy of these proteases [46].

Among the two major hemoglobin-degrading plasmepsins, 1 and 2, plasmepsin
2 was found to be 5–10-fold more efficient on peptide substrates and also had
80-fold higher inhibition constant compared to plasmepsin 1 [47]. Because of their
higher hemoglobin-degrading activities, a number of studies on drug screening
have been focused on plasmepsins 1 and 2 [48–54]. Due to their redundant func-
tion, it is suggested that in order to achieve higher antiparasite activity, as many as
of these enzymes have to been targeted by the inhibitors [55] and inhibitors tar-
geting multiple plasmepsins could be used as antimalarials [56].

3.2 Cysteine Proteases (Falcipains)

P. falciparum genome encodes four clan CA cysteine proteases known as falcipains
(falcipain 1, falcipain 2, falcipain 2′, and falcipain 3). These proteases have been
biochemical and genetically characterized [57–59]. Genetic disruption of falcipain 2
caused block in hemoglobin degradation resulting in accumulation of undegraded
hemoglobin in the food vacuole, similar to that caused by cysteine protease inhi-
bitors [58]. Falcipain 3 was refractory to genetic deletion, although a tagged copy of
the gene could readily be produced. Falcipain 1 and falcipain 2′ were dispensable
for the parasite as their disruption did not cause any defect in parasite phenotype
[59]. Based on these studies, falcipains 2 and 3 appear to be crucial hemoglobinases
with redundant functions [57–59].

Activities of falcipain 2 and 3 have been assessed on peptide substrates in vitro.
Falcipain 2 accounted for 90% of the cysteine protease activity on peptide sub-
strates in trophozoite lysates [40], while falcipain 3 showed relatively lesser activity
on peptide substrates [57]. Differential activities of these enzymes correlated with
their timings of expression. Falcipain 2 was predominantly expressed in early
trophozoites when parasite growth is maximum and hence maximum hemoglobin
degradation is required while falcipain 3 showed maximum expressions in late
trophozoites when the nutrient requirement is minimal and parasite prepares for
division [58]. Falcipain 2′ did not exhibit any biochemical differences with falcipain
2. Gene knockout of falcipain 2′ did not cause any phenotypic defect in the parasite
and the biological role of this enzyme remains unknown [60–62].

Due to the crucial role of falcipains 2 and 3, numerous studies have been focused
on designing of their inhibitors [38, 63]. These inhibitors caused accumulation of
undegraded hemoglobin in the food vacuole resulting in swollen morphology. They
have also inhibited parasite development and have been effective in cure of
experimental malaria [28, 40, 64–67].
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3.3 Metalloproteases

Following degradation by aspartic and cysteine proteases, peptide fragments gen-
erated from hemoglobin are further hydrolyzed by metalloprotease falcilysin [37].
Specificity analysis using hydrolysis of a series of random peptide substrates
revealed that the enzyme was highly active at acidic pH, consistent with its role in
hemoglobin degradation. Surprisingly, the enzyme also showed robust activity at
neutral pH and with slightly different substrate specificities [68]. Further studies
revealed that in addition to food vacuole falcilysin was also translocated to the
apicoplast. Based on in vitro studies, it was suggested that this enzyme might have a
role in transit peptide hydrolysis [69].

3.4 Aminopeptidases

Nine aminopeptidases are annotated in P. falciparum genome. These enzymes
catalyze the hydrolysis of amino acids from the N-terminus. Five aminopeptidases
are involved in hydrolysis of peptides generated by hemoglobin digestion [70]. Two
of these enzymes M1 alanyl aminopeptidase (PfM1AAP) and M17 leucine
aminopeptidase (PfM17LAP) are essential for P. falciparum growth and develop-
ment as inhibitors of these peptidases were found to be lethal to P. falciparum
culture in vitro [71].

4 Proteases Involved in Parasite Egress from Erythrocytes

Erythrocyte rupture by malaria parasites is a temporally regulated process. Different
models of erythrocyte rupture have been proposed based on live video microscopic
and electron microscopic studies [72–76]. Although the exact mechanism of egress
is obscure, the most widely experimentally supported model of erythrocyte rupture
suggests that egress is a two-step process, in which the degradation of para-
sitophorous vacuole membrane takes place prior to RBC membrane rupture [74].
This model was supported by electron microscopy (EM)-based evidences demon-
strating that highly mature schizonts occasionally lack a discrete parasitophorous
vacuole membrane (PVM) [77, 78]. Similar results were obtained by immune
electron microscopy of mature schizonts with antibody against parasitophorous
vacuole (PV) resident protein S-antigen [74].

Mechanistically egress consists of destabilization of erythrocyte cytoskeleton,
PVM, and the erythrocyte membrane. Studies based on serine, cysteine, and
aspartic protease inhibitors suggest that egress is dependent on proteolytic activities
[79–83]. Analysis on unruptured schizonts in the protease inhibitor-treated parasites
revealed the defects in processing of merozoite surface protein (MSP1) [82] and PV
protein p126 that is now known as SERA5 [83].
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In vitro studies have suggested that hemoglobin-degrading proteases plasmepsin
2 and falcipain 2 could also have role in egress. Plasmepsin 2 digested erythrocyte
cytoskeleton proteins spectrin, protein 4.1, and actin at neutral pH in vitro.
Detection of this protease in the cytoplasm of schizont-infected erythrocytes was
also suggestive of its role in destabilization of host cell membrane skeleton [84].
Falcipain 2 digested cytoskeleton proteins ankyrin and protein 4.1 at neutral pH
in vitro [85, 86]. A peptide based on ankyrin cleavage site was found to be inhi-
bitory to falcipain 2 activity and merozoite egress when added to schizont-stage
parasites. Localization of falcipain 2 in PV and subcellular structures extending into
the erythrocyte cytosol also provide strength to its possible involvement in ery-
throcyte cytoskeleton destabilization [87]. Surprisingly, plasmepsin 2 and falcipain
2 were dispensable for the parasite as shown by gene disruption studies and these
knockout lines showed no defect in egress [43, 45, 46, 57, 58]. Although the role of
these proteases in egress has not been conclusively ascertained, they seem to be
redundant in function [88].

The role of a protease in egress was demonstrated in an exquisite study by Aly
and Matuschewski [89] using reverse genetics approach. They showed that dis-
ruption of a P. berghei gene termed as “egress cysteine protease 1” (ecp1) inhibited
the release of sporozoites from mosquito oocyst [89]. ecp1 belongs a family of
cysteine proteases known as serine repeat antigens (SERAs). There are nine
members of SERA proteases found in P. falciparum genome. Eight of them are
arranged on chromosome 2 in a head-to-tail tandem orientation, whereas the ninth
member SERA9 is located on chromosome 9 [90]. P. berghei ecp1 was found to be
ortholog of P.falciparum SERA8.

The central regions of SERA proteins show homology to papain family cysteine
proteases. However, in some SERAs active site cysteine is substituted with a serine
residue [91–93]. In P. falciparum, SERAs 1–5 and SERA9 possess active site
serine and SERAs 6–8 possess active site cysteine [93]. Proteolytic activity of
P. falciparum SERA5, the most highly expressed member, has been demonstrated
in vitro on peptide substrates [94]. To study the essentiality of P. falciparum
SERAs, gene knockout studies were conducted. All but SERA5 and SERA6 could
not be disrupted suggesting the essential function of these proteins for the parasite
[90, 95].

SERA5, also known as SERA, is the most highly expressed member and a
number of studies have suggested its involvement in merozoite egress from ery-
throcytes. It is synthesized as a 126 kDa precursor (p126) [96] and secreted into the
lumen of the parasitophorous vacuole. Around the time of schizont rupture, it
undergoes proteolytic processing into multiple fragments. These processing seem to
be essential for its role in egress. The full-length p126 is processed into a
47-kDa N-terminal and a 73-kDa fragment (P73) C-terminal fragments. P73 is
processed into 56-kDa and 18-kDa fragments and the 56-kDa fragment is further
processed to form a 50-kDa central domain and a 6-kDa fragment [97]. The
complex of N-terminal 47-kDa and C-terminal 18-kDa fragments is found associ-
ated with the merozoite surface and the central 50-kDa fragment is detected in the
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culture medium after schizont rupture [98, 99]. The cleavage that produces p47 and
p73 from p126 and cleavage of p73 to p56 and p18 is carried out by PfSUB1. p56 is
cleaved by an unknown protease to produce p50 and a 6-kDa fragment [88].

Evidence for involvement of SERA5 and other SERA family members came
from inhibitor studies. A specific inhibitor of PfSUB1 was found to block the
rupture of schizonts. Further biochemical analysis revealed that PfSUB1 mediated
rupture of schizonts through the processing of SERA5 and other SERA family
members including SERA4 and SERA6 [100]. In a similar but reciprocal approach
to identify the mediators of merozoite egress, using a chemical screen of 1200
covalent serine and cysteine protease inhibitors demonstrated that PfSUB1 and a
cysteine protease DPAP3 as the regulators of this process. This study demonstrated
that chemical blocking of PfSUB1 and DPAP3 resulted in blockade of SERA5
processing, correlating with the blockade in schizont rupture. Inhibition of DPAP3
resulted in reduced level of mature PfSUB1 suggesting that both the proteases
regulate the efficient release of merozoites from the infected red blood cells by
SERA5 processing [101]. Attempts to target the enzyme domain of SERA5 using
peptides resulted in the block of merozoite egress [102]. In another study, incu-
bation of P. falciparum culture with the SERA5 prodomain and a peptide derived
from it resulted in block in schizont rupture [103]. These studies also suggested the
role of SERA5 in merozoite egress and the possibility of targeting the protein for
parasite growth inhibition. In addition to SERA5, SERA6 is also supposed to have
role in merozoite egress. It is cleaved in the PV by PfSUB1 just before egress.
Mutation of active site cysteine or the blockade in processing by PfSUB1 was lethal
for the parasite. Processing of P. berghei ortholog of SERA6 (PbSERA3) by
PfSUB1 converted it into an active cysteine protease. Taken together, these findings
suggest the role of SERA6 in merozoite egress [104].

Based on these studies, PfSUB1 appears to be involved in maturation of multiple
SERA proteases and hence is an important regulator of merozoite egress. Its role in
egress at blood stages and expression in liver stages raised the possibility of similar
role in liver stages. A conditional mutagenesis-based invalidation of P. berghei
SUB1 in liver stages revealed that SUB1-deficient parasites failed to egress from
hepatocytes [23]. Based on its role in both blood and liver stages, PfSUB1 qualifies
an attractive multistage target against malaria. Molecular modeling, substrate
specificity, and characterization of PfSUB1 and its homologs from Plasmodium
vivax, Plasmodium knowlesi, and P. berghei revealed many unusual features in
SUB1 substrate-binding cleft, although SUB1 from all the species cleaved the
conserved parasite substrates. Two peptidyl alpha-ketoamides based on an authentic
PfSUB1 substrate inhibited SUB1 from all the species [105]. In another study, high
throughput screening of a proprietary library of compounds against PfSUB1
identified hydrazine 2 as an inhibitor of PfSUB1 [106]. Due to its potential as an
attractive multistage druggable target, identification of potent inhibitors against
PfSUB1 could pave the way for the development antimalarials acting at schizont
rupture.
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5 Proteases Involved in Erythrocyte Invasion
by Merozoites

Malaria parasites efficiently invade their host cells to survive inside the host and
protect themselves from the host immune responses. Apicomplexan parasites utilize
their specialized invasion apparatuses to identify, penetrate, and establish them-
selves within the host cells. Host cell entry is a crucial checkpoint where parasite
development can be blocked, and hence an important target for antimalarial drug
development [107]. Evidences for the involvement of parasite proteases in invasion
came from inhibitor studies. Protease inhibitors phenylmethylsulfonyl fluoride
(PMSF) and chymostatin blocked merozoite invasion in P. falciparum and a
number of other Plasmodium species [108, 109]. The chymostatin-sensitive effect
was reversed by pretreatment of RBCs with chymotrypsin, suggesting that
parasite-induced proteolytic modification of RBCs was involved in
chymostatin-sensitive step [108, 110, 111]. Inhibitor studies on simian malaria
parasite P. knowlesi revealed that treatment of isolated, invasive merozoites with N-
tosyl phenylalanyl chloromethyl ketone, or N-tosyl lysyl chloromethyl ketone
prevented primary attachment of parasites to host cells, whereas chymostatin
blocked invasion at a later stage suggesting the involvement of multiple proteolytic
activities in the pathway [81]. Consistent with this, a P. falciparum serine protease
activity that mediated an essential processing and shedding of a major merozoite
surface protein (merozoite surface protein 1; MSP1) at invasion was identified that
was highly sensitive to inhibition by PMSF but not by chymostatin [112].

Invasion is a rapid process, taking about 60 s for the egressed merozoites to
invade new erythrocytes. These merozoites distinguish between erythrocytes and
other cells by initial low-affinity reversible contacts between merozoite and ery-
throcyte surface molecules [113]. The initial attachment occurs anywhere between
the merozoite surface and erythrocyte; hence, the apical end of the merozoite
orientates toward the erythrocyte surface in the subsequent steps. This orientation
results in the formation of a tight junction between the merozoite apical end and the
erythrocyte surface. This junction moves from anterior to the posterior end of the
merozoite with the help of actin-myosin motor as it invades the erythrocytes [114].
The interaction between the merozoite and the erythrocyte molecules during the
movement of the tight junction involves activity of parasite proteases [116–118].
Studies in Toxoplasma gondii and P. falciparum have revealed that micronemal
secretion is induced upon initial contact. These secretory proteins are exposed at the
parasite surface and mediate parasite orientation and formation of tight junction.
Soon after microneme secretion, another apical organelles known as rhoptries
discharge their contents, which are also supposed to have role in tight junction
formation, although their precise role is not known [119, 120].

The initial interaction between the merozoite and the host cell is mediated by a
protein complex on the merozoite surface known as merozoite surface protein
(MSP1) complex MSP1 complex is composed of MSP1 and its associated proteins
MSP6 and MSP7 [121–123]. This complex is processed in the parasitophorous
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vacuole by the serine protease PfSUB1. This processing termed as “primary pro-
cessing” makes the merozoite competent for the initial interaction [124]. After
initial interaction, micronemal secretions mediate the high affinity interaction
resulting in the formation of tight junction. This tight junction moves from anterior
to posterior pole of the parasite in actomyosin motor-dependent manner. During this
movement, shedding of MSP1 complexes and another micronemal protein apical
membrane antigen (PfAMA1) takes place that is essential for invasion. Cleavage of
both these proteins takes place at the juxtamembrane site. MSP1 is cleaved at the
site distal to the epidermal growth factor-like domain at its C-terminal, shedding the
MSP1 complex except the C-terminal region known as MSP119 that enters into the
host cell following invasion [125]. Similarly, cleavage of AMA1 29 residues away
from the transmembrane domain releases the bulk of the ectodomain. In this way
the juxtamembrane “stub” along with the transmembrane and cytoplasmic domains
enters into the host cell after invasion [126]. In vitro studies on the shedding of
these parasite proteins strongly suggest that micronemal subtilisin-like serine pro-
tease PfSUB2 is the most likely candidate for these processing events, and hence
termed as “merozoite surface sheddase” (MESH) [116].

By reverse genetics approaches both PfSUB1 and PfSUB2 appear to be essential
for the parasite [100, 105]. Based on the numerous studies on their role in merozoite
egress and invasion, these two proteases appear to be promising drug targets against
malaria. Recently, efforts have been made to identify PfSUB1 and PfSUB2 inhi-
bitors. Characterization of PfSUB1 and its orthologs in P. knowlesi and P. berghei
revealed that cleavage sites in the parasite substrates of these proteases in conserved
despite the differences in the enzyme substrate-binding sites. Consistent with these
features, two peptidyl alpha-ketoamide inhibitors of PfSUB1 also inhibited its
orthologs [127]. A low toxic natural pentacyclic triterpene maslinic acid (MA) was
inhibitory to P. falciparum transition from ring to schizont stage. MA also inhibited
the processing of MSP1 complex and hence supposed to target PfSUB1 [128]. In an
in vitro study, PfSUB2 prodomain selectively inhibited the shedding of MSP1 and
AMA1, it could be used an attractive design for PfSUB2 inhibitors. Structural study
of PfSUB2 prodomain using nuclear magnetic resonance (NMR) identified a likely
catalytic domain-binding interface region in it, which could act as a design for
peptidomimetic inhibitor against the enzyme [129].

In addition to subtilisin-like proteases, intramembrane rhomboid proteases also
have role during parasite invasion by cleaving the adhesins inside the parasite
membrane. Rhomboid proteases carry out intramembrane proteolysis, and hence
have their catalytic triad embedded within the membrane bilayer that is surrounded
by a hydrophilic cavity [130]. P. falciparum rhomboid proteases are largely
uncharacterized till date with two members PfROM1 and PfPROM4 partially
characterized. PfROM1 andPfROM4 carried out the intramembrane cleavage of the
adhesins AMA1 [126, 131] and erythrocyte-binding antigen 175 (EBA-175),
respectively [132]. In addition, they were able to cleave a variety of adhesins
involved in host–parasite interaction within the transmembrane domains [131].
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Although this group of proteases seems to be crucial for the invasion process, they
need to be extensively characterized and evaluated for druggability.

Overall, proteolytic enzymes involved in invasion are considered to be attractive
targets of antimalarial drug development. Invasion is a very rapid process, taking
place within a minute of merozoite release; the access of parasite molecules
involved in invasion is debatable. Dowse et al. [132] suggested that proteases
involved in invasion have the potential to serve as drug targets as their biosynthesis
and maturation start much earlier in the life cycle, making them available for
targeting by drugs [132].

6 Other Cellular Proteases

In addition to the above-described proteases, a number of parasitic proteases are
involved in regular metabolic processes and cell cycle regulation in the parasite,
with unique parasite-specific features. The parasite possesses a single mitochon-
drion and a relict plant plastid-like organelle called apicoplast [133–137]. The
mitochondrion possesses some unique biochemical features. It is defective in tri-
carboxylic acid cycle and does not appear to oxidize glucose to produce ATP in the
blood stages of the parasite [138], although it seems to be involved in pyrimidine
biosynthesis [139]. An intriguing P. falciparum protease is ClpQ threonine protease
(heat shock loci V or HslV) is localized in the mitochondrion [140, 141]. Its
ATPase partner is ClpY (heat shock loci U or HslU) [142]. These two proteins
interact to form ClpQY machinery, a prokaryotic predecessor of the eukaryotic
proteosomal machinery [142]. ClpQ appears to be critical for parasite survival as
the disruption of the interaction between ClpQ and ClpY using peptide inhibitors
resulted in the death of asexual blood stages in a phenotype resembling apoptosis
[143].

The apicoplast is crucial for the biosynthesis of parasite heme, isopentenyl
diphosphate, fatty acids, and isoprenoid precursors [144, 145]. The apicoplast
possesses its own genome but 95% of its proteins are nuclear-encoded and trans-
ported to the organelle. Targeting of proteins to apicoplast through the secretory
pathway is mediated by bipartite signal and transit peptide sequences. Two parasite
proteases are involved in the targeting process; the stromal processing protease
(SPP) cleaves the transit peptide to release the mature protein [146] and the met-
alloprotease falcilysin carries out the degradation of the transit peptide [69].
Another serine protease ClpP dependent on ATPase for functioning has been
localized in the apicoplast and its inhibitor was found to significantly inhibit par-
asite growth in vitro [147].

Parasite signal peptide peptidases mediate protein trafficking to their destinations
within the parasite and host cytosol [24, 147–149]. The P. falciparum signal
peptide peptidase (PfSPP) is essential for parasite growth inside the erythrocytes
and could be targeted by small molecule inhibitors [150]. Gamma secretase and
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signal peptide peptidase inhibitor LY411,575 was evaluated for the targeting
Plasmodium berghei liver stages in human hepatoma cell lines and in mouse pri-
mary hepatocytes. LY411,575 was found to be inhibitory for normal liver stage
development at nanomolar concentration (IC50 value of 80 nM). This inhibitor also
decreased the liver stage parasite load in vivo and also conferred 55% resistance to
cerebral malaria in mice [151].

The malaria parasite contains a minimal endoplasmic reticulum-associated
degradation (ERAD) network relative to higher eukaryotes. P. falciparum is highly
sensitive to the inhibition of protease component of this system (PfSSP). The
compounds inhibiting PfSSP also showed low nanomolar activity against liver
stage malaria parasites [152]. Many nuclear-encoded proteins are targeted to sub-
cellular organelles like apicoplast and mitochondria using the signal and transit
peptides. Upon reaching the target, the transit peptides are cleaved to release the
proteins. Metalloprotease falcilysin is known to cleave the transit peptide in malaria
parasite [68, 69]. Parasite exports a number of proteins to modify the host ery-
throcytes. These proteins contain a pentameric (RxLxE/Q/D) motif required for
export into the erythrocytes known as PEXEL (Plasmodium EXport ELement)
motif, which is responsible for trafficking of these proteins into the host cytosol
[153, 154]. An ER-resident aspartic protease plasmepsin V is responsible for
cleavage of PEXEL and facilitating trafficking of the proteins [155].

7 Conclusion

Despite the availability of drugs and significant successes in reducing
malaria-related illnesses and deaths globally, malaria still poses a serious threat to
human health. Due to the ability of the parasite to quickly acquire resistance against
the drugs, development of novel drugs against parasite-specific molecules remains a
priority. The parasite genome encodes proteases of many different classes, many of
which carry out processes crucial for parasite survival and propagation. These
molecules have been extensively studied and many of these have been shown
promises as potential drug targets because they posses unique parasite-specific
features that could be specifically targeted. The success of protease inhibitors as
drugs has already been shown against other infectious agents like HIV and HCV,
invoking interest in the use of malarial protease inhibitors as drugs. Overall,
malarial proteases represent an intriguing group of molecules that could be utilized
for specific targeting by the novel drugs.
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5Role of Metalloproteinases
in Melanoma Growth and Progression

Cinthia Figueiredo and Ana Candida Araujo e Silva

Abstract
Matrix metalloproteinases (MMPs) are zinc-containing endopeptidases with an
extensive range of substrate specificities. Together, these enzymes are able to
degrade various components of extracellular matrix (ECM) proteins and driven
important physiological and pathological process, such as reproduction, wound
healing, inflammation, and cancer development. Inmelanoma,MMPs are involved
in growth, invasion, and metastasis process. In this disease, as in other tumors, the
degradation of ECM permits angiogenesis and the migration of melanoma cells to
distant sites. In this chapter, we focus on the functional characteristic of the main
MMPs and their contributions to melanoma development.
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1 Introduction

Matrix metalloproteinases (MMPs), also known as matrixins, form an important
group of endopeptidases, active at neutral pH, which can cleave almost every
component of extracellular matrix (ECM) proteins and other non-ECM proteins.
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There are about 27 different MMPs discovered so far (24 in mammals), subdivided
in groups according to substrate specificity and structural integrity. Structurally,
MMPs present high similarity, all have zinc in their catalytic site and their activity
is dependent of calcium [1, 2]. These endopeptidases play a central role in normal
physiological processes such as proliferation, cell motility, remodeling, wound
healing, angiogenesis, and control key events of reproduction as menstruation,
endometrial proliferation, embryogenesis, ovulation, and implantation [3].

MMPs are secreted by several cell types including inflammatory and tumor cells,
fibroblast, and keratinocytes as inactive proenzymes, referred to as zymogens or
pro-MMPs, requiring proteolytic activation. The activity of MMPs is regulated by
their endogenous inhibitors, tissue inhibitors of MMPs (TIMPs). The imbalances in
the expression of MMPs and TIMPs have been linked to the pathogenesis of
various conditions, such as rheumatoid arthritis, atherosclerosis, aneurysm, ulcers,
fibrosis, endometriosis, and tumor progression [3, 4].

The role of MMPs in cancer progression is well established and has been
extensively studied in recent years. MMPs not only degrade the ECM, but their
activity directs cell growth, expression of growth factors and their receptors, and
many other important molecules in tumor pathogenesis. In melanomas, MMPs play
a crucial role in tumor growth and establishment of metastasis now becoming
important therapeutic targets in this condition [5]. In this chapter we discuss about
the role of the major MMPs involved in the pathogenesis and progression of cancer,
in special in melanoma.

2 General Features

MMPs were discovered in 1962, and the interstitial collagenase (MMP-1) was first
isolated in 1968 [6, 7]. Originally, MMPs were classified according to the speci-
ficity of components of the ECM and structural features, in five groups: collage-
nases, gelatinases, stromelysins, membrane-type MMPs (MT-MMPs), and other
[2]. Currently, desintegrin and metalloproteinase (ADAMs) and ADAM with motifs
thrombospondin (ADAMTS) are also classified as MMPs. These enzymes have a
methionine residue conserved in the active site and depend on the zinc ion to
enzymatic reactions [8]. Table 1 reports the main matrix metalloproteinases already
described with their respective substrates.

All members of the MMP family share a common structural organization
including (1) a pro-domain that maintains the enzyme in its latent form; (2) a
catalytic domain containing the consensus sequence HEXXHXXGXXH, which
binds a Zn+2 atom and is essential for catalysis; and (3) a carboxy-terminal
hemopexin-like domain, which depending on the MMP is involved in substrate
recognition and/or interactions with the TIMPs. A hinge region links the catalytic
domain with the hemopexin-like domain. Figure 1 shows the basic structure of
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MMP-2 and MMP-9, which have an additional fibronectin type II (FN) domain,
located between the catalytic domain and the active site [2].

Similar to all secreted proteinases, the catalytic activity of MMPs is regulated at
four points—gene expression, compartmentalization (that is, the pericellular
accumulation of enzymes), pro-enzyme (or zymogen) activation, and enzyme
inactivation—and is further controlled by substrate availability and affinity [9]. The
activity of MMPs in tissue is highly regulated to ensure they are in inactive form in
the most steady-state conditions. By contrast, MMP expression can be increased
during repair or remodeling processes, in inflamed tissues and tumors, and its

Table 1 Classification of some human metalloproteinases (MMPs) and their substrates

MMP subgroup MMP
number

Alternative name Substrate

Collagenases MMP-1 Interstitial
collagenase;
collagenase-1

Collagen type I, II, and III

MMP-8 Neutrophil
collagenase;
collagenase-2

Collagen type I and II

MMP-13 Collagenase-3 Collagen type II (more effectively),
I, and III collagens; gelatin

Gelatinases MMP-2 Gelatinase A Pro-MMP-9, fibronectin, collagen type
I and IV, denaturated collagen

MMP-9 Gelatinase B Fibronectin, gelatin, elastin, collagen
IV, V, VII, X, and type I denaturated
collagen

Stromelysins MMP-3 Stromelysin-1 Fibronectin, laminin, elastin,
proteoglycan, collagen IV, V, IX, and
X., Pro-MMP-1

MMP-10 Stromelysin-2 Fibronectin, laminin, elastin,
proteoglycan and collagen IV, V, IX,
and X

Matrilysins MMP-7 Matrilysin-1 Fibronectin, elastin, collagen IV, b-4
integrin

Membrane-type MMP-14 MT1-MMP Pro-MMP-2, pro-MMP-13, collagen
type I, II and III, fibronectin, laminin-1,
gelatin

MMP-15 MT2-MMP Pro-MMP-2, pro-MMP-13, laminin,
fibronectin, and tenascin

MMP-16 MT3-MMP Pro-MMP-2, gelatin, casein, type III
collagen, and fibronectin

Other types MMP-12 Metalloelastase Elastin, collagen type IV, gelatin type
I, fibronectin a1-antitrypsin

MMP-20 Enamelysin Enamel matrix
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production is regulated by specific signal that are temporally limited and spatially
confined [2, 9]. MMPs are synthesized as pro-MMPs that require the enzymatic or
chemical removal of pro-domain [10]. Various proteinases or ROS disrupt the
interaction between the active site zinc atom in the catalytic domain and a con-
served cysteine within the pro-domain. Exposure of the zinc atom results in the
autolytic cleavage of the pro-domain, a process known as the “cysteine switch”
[11].

Once activated, MMP catalytic activity is controlled, in part, by TIMPs, which
act as specific proteinase inhibitors. The TIMP family comprises four homologous
proteins: TIMP-1, TIMP-2, TIMP-3, and TIMP-4, weighing 21–29 kDa and
domains N and C-terminal of 125 and 65 amino acids, respectively, each containing
three disulfide bonds conserved. The TIMPs bind to the catalytic domain similar to
the substrate and inhibit the enzymatic activity of both MMPs, active and latent
form [12]. Concerning about TIMPs location, TIMP-1, TIMP-2, and TIMP-4
inhibitors were thought to be soluble, whereas TIMP-3 was in the ECM, bound
proteoglycans [13, 14]. More recently, TIMPs have been shown to localize with cell
surface proteins; however, this interaction has primarily been associated with
metalloproteinase-independent functions for the various TIMPs and, as yet, has not
been found to impact ECM turnover [15, 16]. The balance between MMPs and
TIMPs is important to keep tissues health. A shift in the balance in favor of MMPs
resulted in increased ECM proteolysis, as it occurs in inflammation or tumor pro-
gression, whereas a shift in balance in favor of TIMPs decreased ECM proteolysis
leading to an accumulation of matrix, as seen in lung fibrosis [17, 18]. Importantly,

Fig. 1 Basic domain structural of MMP groups. At least, all human MMPs share signal peptide,
pro-domain, and catalytic domain. Gelatinases MMP-2 and MMP-9 have an additional fibronectin
domain in their catalytic domain. Membrane-type MMP as MMP-14 has a furin site, which allows
its intracellular activation by this protein and transmembrane and cytosolic domains. With
exception of matrilysins, all groups present the hinge region and a hemopexin-like domain in
C-terminal, which displays functions in substrate recognition
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examination of the phenotypes of mice lacking different TIMPs demonstrated that
TIMPs have many different roles, one of which is directly regulating ECM prote-
olysis. For example, the modulation of cell surface cytokines and cytokine receptors
by MMPs can lead to increased inflammation (i.e., neutrophil chemotaxis). TIMP
activity can inhibit shedding of these cell surface proteins, and as a result, indirectly
regulate ECM turnover through control of inflammation [9, 18].

3 MMPs and Cancer

Cancer originates from mutations in genes that regulate cell proliferation and death,
leading to uncontrolled outgrowth of tissue cells. Tumors are complex structures of
mutated cells, presenting vascular growing and a dynamic stroma consisting of
various nonmalignant cells, such as fibroblasts and myeloid cells. The tumor
microenvironment is similar to an inflammatory response in a healing wound,
which promotes angiogenesis, turnover of the ECM, and tumor cell motility [14,
19]. The knowledge about the involvement of MMPs in these processes lead to an
association between MMPs and cancer and its progression. However, further
studies showed that the cancer progression is much more complex than that derived
from their contribution to the last invasive stages of the tumorigenic process. MMPs
may be critically involved in disrupting the balance between growth and antigrowth
signals in the tumor microenvironment, modulating its growth [14].

MMPs may target growth factor, cytokines, chemokines, cell adhesion mole-
cules, angiogenic factors, and growth factor receptors, and contribute to adhesion,
proliferation, migration, apoptosis, angiogenesis, and evasion of the immune sys-
tem [8, 20–22]. Cell proliferation is driven by ligands for the epidermal growth
factor receptor (EGFR). Genetic mutations in molecules involved in this system are
observed in breast cancer and other cancers as ADAM proteinases. ADAM-10 and
ADAM-17 are thought to promote the release of soluble EGF and the activation of
TNF-a, which activate EGFR. This results in the up regulation of MMP-9, which in
turn degrades E-cadherin, a potent control element of cell–cell adhesion and dif-
ferentiation. This association between EGFR, MMP-9, and E-cadherin was thought
to have an important role in ovarian cancer and metastasis, since activated EGFR
and MMP-9 in these specimens colocalize with a region of reduced E-cadherin [23].
In mammary epithelium, over-expressed MMP-3 promotes the cleavage of
E-cadherin resulting in epithelial–mesenchymal transition [24], which is related to
the cancer progression and a poor prognostic.

Apoptosis in malignant cells can be inhibited through cleavage by MMPs of
ligands or receptors that transduce proapoptotic signals. Fas ligand cleavage is
mediated by MMP-7 in doxorubicin-treated cancer cells, reducing the effect of the
chemotherapy by apoptosis. Indeed, MMP-7 expression may serve as a predictive
marker for the resistance to chemotherapy in patients with non-small cell lung
cancer [14, 25, 26].
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One fundamental signaling pathway with essential roles in tissue homeostasis is
the transforming growth factor-b (TGF-b) pathway. TGF-b normally exerts
tumor-suppressive effects by enforcing cytostasis and differentiation. However,
during tumor progression, accumulated mutations in TGF-b receptor become cells
unresponsive to this factor. Furthermore, TGF-b can be activated to a
tumor-promoting factor pro-form by proteolytic conversion by MMP-9 and other
proteases, which is usually expressed by inflammatory cells [27]. Similarly,
MMP-14 and MMP-2 proteolytically activate TGF-b1 [28]. These actions can
selectively drive stroma-mediated invasion and metastasis of the tumor.

MMPs display important function in tumor angiogenesis. When components of
the ECM degrade, MMPs facilitate migration of endothelial cells and blood vessels
murals, stimulating the growth of tumor blood network [29, 30]. The degradation of
ECM and plasmatic membrane from cells in the neighborhood activates the release
of vascular endothelial growth factor (VEGF), basic fibroblast-derived growth
factor (bFGF), and other factors related to angiogenesis. Gelatinases MMP-2 and
MMP-9 degrade Type IV collagen, the major component of the ECM, and basal
membrane of blood vessels. This process facilitates invasion, enabling the spread of
tumor cells in circulation and the occurrence of metastases [31, 32]. In studies with
experimental animals deficient in MMP-9 enzyme, metastasis was suppressed [33].

To produce metastases, tumor cells are required to cross several physical bar-
riers, such as the endothelial basement membrane, and interact with inflammatory
and local cells of the pre-metastatic niches [34]. In these processes, MMPs have
important participation. In breast, colon, and lung tumor, MMP-1 cleaves and
activates proteinase-activated receptors 1 (PAR-1), resulting in acute endothelial
activation that generates a pro-inflammatory environment associated with tumor
progression [35]. MMPs are able to increase osteolysis and dissemination of tumor
into bone tissue. In rodent model of prostate cancer, MMP-7 promotes activation of
osteoclast by releasing an active form of RANKL (Receptor Activator for Nuclear
Factor jB Ligand) and promotes osteolysis and subsequent bone metastasis [36].
Taken together, these proteinases could serve as therapeutic targets to prevent
metastasis to the bone in breast or prostate cancer [14].

4 MMPs in Melanoma Progression

Melanoma is a neoplasm derived from melanocytes, melanin specialized cells
producers, which occurs in many anatomical sites including the skin, mucosal
surfaces, conjunctiva, and uveal structures. Although only 2% of skin cancers are
melanoma, this type is the most aggressive, with a high incidence of metastases and
death [22].

MMPs are strongly involved in maintenance of skin integrity, but during the
aging, changes occur in ECM deposition and degradation by these enzymes, which
frequently lead to tumor development [5, 37]. In addition, exposure to UV radiation
increases the expression of matrix metalloproteinases (MMPs) in human,
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contributing to photoaging and photocarcinogenesis [38–40]. Photoaging is caused
by an imbalance in equilibrium between the accumulation and degradation of ECM
components that provide structural and functional supports to the skin tissue.
Cumulative exposure to the sun results in continuous degradation of ECM proteins
such as collagen and elastin and a decrease rate of renewal/syntheses of collage and
also triggered important mutations pathways such as serine–threonine kinase BRAF
and MAPK pathways, determining uncontrolled proliferation and migration of
mutated cells [21, 40]. In addition to these effects, MMPs can modify signalization
through growth factors receptors, as EGFR, and stimulate proliferation of tumor
cells, contributing melanoma [5, 23].

Malignant melanoma cells express several MMPs including MMP-1, MMP-2,
MMP-9, MMP-13, and MMP-14 as well as inhibitors of MMPs, TIMP-1, TIMP-2,
and TIMP-3 [41]. The balance between MMPs and TIMPs determines the pro-
gression of melanoma [42], with higher expressions of MMPs associated to lower
survival rates in patients [43].

The most studied MMPs for melanomas are MMP-2 and MMP-9, also known as
gelatinase A and B, respectively. They are related to the most metastatic and
invasive phenotypes of melanoma and its expression directly related to atypia and
dedifferentiation of tumor cells [44, 45]. These enzymes degrade basement mem-
brane proteins such as collagen in types IV, V, VII, X, XI and XIV, gelatin, elastin,
fibronectin, TNF-a precursor, and IL-1b [46]. Studies using immunohistochem-
istry, tissue microarray, and tissue biopsies show that there is increased MMP-2
expression in primary and metastatic melanoma in common nevus in relation to the
dysplastic tissue [47].

Malignant melanoma lesions in different stages show that MMPs are usually
located in the tumor stroma interface and the invasive portion of the tumor [41]. In
in vivo studies, MMP-2 activity was located in peripheral areas of the tumors,
suggesting that the processing of type I collagen and fibronectin cleavage are
needed to promote adhesion and cell migration [48]. MMP-2 also have a role in
angiogenesis as demonstrated by in vitro studies, where the highest concentration of
MMP-2 enhanced growth of tumor cells in matrigel enhances the migration of these
cells in laminin and colony formation in agarose [49]. MMP-2 expression has been
associated with malignant progression and indicated as a prognostic marker in
melanoma [47].

MMP-9 expression in melanoma tumor cells was found exclusively during the
horizontal growth phase but not during the vertical growth phase, suggesting that
expression of MMP-9 is an early event in melanoma progression [50]. Further,
melanomas expressing constitutively high levels of MMP-9 exhibited increased
lung colonization in experimental lung metastasis models and are associated to
more invasive forms [51, 52]. In melanoma angiogenesis, MMP-9 enhances the
availability of VEGF that up-regulate MMP-2 expression in melanoma cells. Taken
together, interaction between gelatinases and VEGF promotes tumor progression by
regulating tumor angiogenesis and metastasis [40].
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The collagenases, MMP-1, MMP-8, and MMP-13, are particularly relevant in
melanoma for their ability to cleave native fibrillar collagen types I, II, III, and V.
MMP-1, secreted by melanoma and activated stromal cells, contributes to the
progression of melanoma by stimulate invasion and metastasis by breaking down
interstitial collagen and by activating PAR-1. The expression of PAR-1 correlates
with the depth of melanoma invasion, as described previously [35].

MMP-13 has also been detected in human melanoma, and evidence indicated
that it is released by peritumoral fibroblasts as well as MMP-1 [53, 54]. Its
expression in stromal cells immediately adjacent to the tumor is higher upon tumor
cell invasion, indicating that MMP-13 is important to melanoma growth and
invasion. Some studies showed that MMP-13 promotes vascularization through the
proteolytic release of VEGF and in mice lacking MMP-13, the melanoma growth
was decreased [55, 56].

In the opposite way, MMP-8 (collagenase-2) displays antimetastatic activities.
Previous in vivo studies had shown that over-expression of wild-type MMP-8 in
melanoma cells reduces lung metastasis formation. The mechanism involved seems
to be through increased adhesion of cells expressing wild-type MMP-8 to type I
collagen and laminin-1 when compared with control cells. In addition, tumor cells
over-expressing wild-type MMP-8 have a reduced invasive capability through
matrigel. Mutations in MMP-8 are found in 6.3% of melanoma and the most of its
mutations were accompanied by a loss of heterozygosity and because it has been
previously shown to protect against skin tumor development [57]. These findings
suggest MMP-8 to be a tumor suppressor gene [8, 58].

Stromelysins and matrilysins are also associated to melanoma growth and
metastasis. In vitro, MMP-3 (stromelysin) is expressed in more aggressive meta-
static cells lines and is associated to melanoma metastasis formation. This MMP
was just found in metastatic sites and its presence is correlated with shorter
disease-free survival. The pro-invasive function in melanoma was attributed to its
capability to activated MMP-1 and pro-MMP-13. It is expressed in metastatic
melanoma and is correlated with shorter disease-free survival [5, 59].

MMP-7 or matrilysin is expressed and produced by primary cutaneous and
metastatic melanomas [5]. Its expression in melanomas enhances tumor cell growth
and metastasis, thereby reducing the survival rate. MMP-7 (called matrilysin) can
efficiently degrade elastin. Upon UV irradiation, MMP-7 can cleave not only elastin
but also many other substrates of the ECM, such as collagen type IV, entactin,
fibronectin, laminin, and cartilage proteoglycan aggregates [40].

MT1-MMP (MMP-14) is localized at the invasive front of tumor invading cells
and acts as a membrane activator of other soluble MMPs, such as MMP-2. Thus,
expression of MT1-MMP is strongly involved in tumor invasion [60]. In addition to
its ability to degrade multiple components of the ECM, MT1-MMP can degrade
cell adhesion molecules and signaling receptors such as CD44 and E-cadherin and
promoting the expression of VEGF, mediating endothelial cell migration and
vascular formation processes [5, 61]. Regarding to MT2-MMP (MMP-15) and
MT3-MMP (MMP-16), their expression is increased in primary and metastatic
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melanoma, and also activates pro-MMP-2, contributing for tumor growth and
metastasis [62].

MMP-12 is the most effective MMP against elastin and secreted by macrophages
and fibroblasts in response to acute UV radiation. Because of that, MMP is asso-
ciated to elastosis in photodamaged skin. In addition to elastin, MMP-12 can cleave
other ECM components and pro-MMPs, such as pro-MMP-1, MMP-2, MMP-3,
and MMP-9, all involved in melanoma growth and metastasis [40, 63, 64]. A recent
study showed the association of the expression of MMP-12, a metalloelastase, with
clinical features and prognosis melanoma. High MMP-12 expression was increased
in cutaneous melanoma compared with that in normal skin, and significantly
associated with tumor invasion, metastasis, and an unfavorable overall survival.
From the results, MMP-12 expression was pointed as an independent prognostic
marker of overall survival for patients with cutaneous melanoma [65].

5 Final Considerations

MMPs are important actors in melanoma development, growth, angiogenesis, and
metastasis. Through specific roles organized in locally and temporally manner,
MMPs determine the invasive capacity of the tumor and the occurrence of
metastasis. In despite of this knowledge, clinical trials with certain MMP inhibitors
have failure. It is possible that the multi-role of MMPs in the tumor environment,
including protective actions in the development of melanoma, did not permit a
driven antitumor action [8, 14]. Thus, recognizing some particular effects, poly-
morphism and mutations on MMPs involved in melanoma can change the treatment
of this malignance. Efforts have been applied to discover new agents that restoring
the protective nature of certain MMPs or increasing their proteolytic activity in
tumors with a particular MMP mutation or deficiency can hinder the progression of
the cancer.
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6Cysteine Cathepsins: In Health
and Rheumatoid Arthritis

Nalini Ganesan

Abstract
Proteases are enzymes which catalyze the irreversible hydrolysis of peptide
bonds in proteins. Cysteine cathepsins belonging to proteases have also been
termed as papain-like proteases because they resemble the overall fold of papain.
The present chapter aims to focus on the historical aspects, structure, cellular
distribution, biosynthesis, mechanism of catalysis, its regulation, physiological
functions, and its association with rheumatoid arthritis. As these enzymes are
also new therapeutic drug targets, information on available assays of cysteine
cathepsins and their inhibitors are also highlighted which will help in the
development of therapies in various diseases.
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1 Introduction

The health of an organism is maintained by number of factors, of which the major
contribution is governed by controlled biosynthesis, maturation, function, and
terminal catabolism of proteins. The selective and well-controlled proteolytic events
are accomplished by a group of proteases. These simple destructive enzymes likely
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arose at the earliest stages of protein evolution in primitive organisms [1]. The
proteases constitute 1–4% of the genes per genomes sequenced to date [2] and are
found in all known life forms from viruses to mammalian. In mammal, two main
groups of cysteine proteases (CP) are present: cytosolic proteases (calpains type I
and calpains type II) and lysosomal cathepsins [3]. More than 670 proteases and
200 endogenous proteases were encoded by the human genome [2, 4]. The cysteine
proteases also known as cysteine cathepsin (CC) account for about 25% of the
proteases and traditionally were believed to perform nonspecific bulk proteolysis
within lysosomes. Cathepsin, derived from the Greek word “KATHEPSIN”
meaning “to digest”, was first proposed by Willstatter and Bamann [5] for the acid
proteinase activity found in the aqueous extracts of several mammalian tissues.

The lysosomes discovered more than 50 years ago are membrane-bound orga-
nelles representing the important degradative compartments in eukaryotic cells.
Some cell types, from the hematopoietic lineage, contain a specialized lysosomal
compartment which secretes its contents into the extracellular environment in
response to external stimuli [6]. These are termed as “secretory lysosomes” or
lysosomal-related organelles sharing properties which are similar and differing from
the conventional lysosomes. The acidic pH and presence of degradative proteins are
found in both types of lysosomes but the secretory lysosomes have the ability to
undergo regulated secretion [7].

In this chapter, the main aim is to review the various aspects of CC pertaining to
its historical heritage, cellular localization, structure, biosynthesis, mechanism of
catalysis, biological functions, structure-function relationship, activity regulation,
available assays, therapeutic strategies, and its association with diseased state such
as rheumatoid arthritis (RA) to give a current knowledge on CC.

2 Historical Heritage

The discovery of lysosomal cysteine proteases also known as cathepsins was in the
first half of the twentieth century [8]. Since its discovery, it has been known that
these enzymes nonselectively degrade proteins in lysosomes and are also respon-
sible for a number of important cellular processes. The term cathepsin comprises
proteases from three different mechanistic classes—the cysteine, serine, and
aspartic proteases. In humans, 11 CC are known: cathepsin B, C (J, Dipeptidyl
peptidase I or DPPI), F, H, K (O2), L, O, S, V (L2), X (P, Y, Z), and W
(lymphopain) [9]. Being members of papain family, they belong to clan CA
(cathepsin) of cysteine proteases. The papain-like thiol protease forms the largest
subfamily (C1) among the cysteine protease clan CA.

Cathepsin C, the first pure enzyme, was found in the 1940s [10]. The enzymes
cathepsin B and H were identified in the early 1970s followed soon after by
cathepsin L [11]. In early 1980s, the amino acid sequences of rat cathepsins B and
H were published [12]. The crystal structure of human cathepsin B was determined
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in 1990 [13] indicating a rapid progress in this field. It is also known as the golden
era of lysosomal cysteine protease research wherein 6 out of 11 known human
enzymes were identified.

3 Cellular Localization

The physiological function of cathepsins can be partly attributed to the differences
in localization of them in specific cell types. The expression profile of cathepsins
B, H, L, C, X, F, O, and V in human tissues is ubiquitous indicating that these
enzymes are involved in a normal cellular protein degradation and turnover [14].
On the other hand, cathepsins K, W, and S show a restricted cell or tissue specific
distribution revealing their more specific role. Cathepsin K is highly expressed in
osteoclasts, epithelial cells and in synovial fibroblast in RA joints [15], therefore
reflecting the major role for cathepsin K in bone resorption. Cathepsin W is pre-
dominantly expressed in CD8+ lymphocytes and natural killer cells [16] but its
biological function still remains elusive. The antigen-presenting cells (APCs) such
as dendritic cells, macrophages, and B cells express cathepsin S [17]. There is high
homology between cathepsin L and V but the former cellular expression is ubiq-
uitous in contrast to restricted distribution of the latter to thymus and testis [18].
There is huge body of evidence that active cathepsins are also localized in other
cellular compartments such as nucleus, cytoplasm, and plasma membrane. Nuclear
cathepsin L plays a role in the regulation of cell cycle progression through prote-
olytic processing of the CDP/Cux transcription factor [19]. The interaction between
nucleosomes and stefin B inhibits nuclear cathepsin L thereby delaying cell cycle
progression [20]. Cathepsin L mediates the proteolysis of histone H3 which
modulates cell cycle progression [21].

4 Structure

The crystal structure of papain [22] together with actinidin [23] has provided the
first insights into the three-dimensional (3D) structure of cysteine cathepsins. They
are small monomeric proteins with molecular weight around 30 kDa with the
exception of cathepsin C which is tetrameric with 200 kDa. The CC structurally
similar to papain [24] consists of two domains the L and R which specify the left
and right domain of the catalytic unit and is in accordance with standard view as
shown in (Fig. 1). The L-domain has three a-helices, one of which is vertical and
also known as central helix having around 30 residues. The R-domain is a kind of
b-barrel with the front strand forming a coiled structure. The bottom the barrel is
enclosed by a-helix. The two domains separate at the top forming a V-shaped active
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cleft. In the middle of the cleft resides the catalytic residues Cys 25 in the L-domain
and His 159 in the R-domain. The proteolytic activity of the enzymes is mediated
through these catalytic residues forming thiolate-imidazolium ion pair and has a low
pka around 2.5–3.5 [25].

4.1 Substrate Binding Sites

Studies with known number of amino acid residues in peptides and
substrates-mimicking inhibitor molecules have shown that the substrate binding
sites are well defined in all CP. Schechter and Berger [26] have revealed that the
substrate pocket binds at least seven amino acid residues in appropriate subsites.
They proposed the nomenclature for the substrate residues (P) and the subsites
(S) where they bind to the surface of the protease as shown in (Fig. 2). The
non-primed side refers to the N-terminal and the primed refers to the C-terminal of
the substrate.

The surface of the substrate binding sites is formed by four chain segments with
two shorter loops on the L-domain and two longer loops on the right domain as
shown in (Fig. 3). The additional loop with a disulphide linkage connects the two
L-domains loops at the top. The substrate binding sites S1, S3, and S2′ are seen in
the left and S2, S1′ on the right side of the active site of the enzyme.

Fig. 1 General structure of cysteine cathepsin. The fold of the two chains form of native
cathepsin is shown as purple ribbon with secondary structures a-helices and b-sheets shown in red
and green respectively. The catalytic residues Cys 25 and His 159 are indicated in ball–stick
representation
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The substrates bind along the active site in an extended conformation [27]. The
kinetic and structural studies by Turk et al. [28] have demonstrated that only five
subsites are important for substrate binding. The S2, S1, and S1′ pockets are
important for both backbone and side chain binding whereas S3 and S2 are essential
only for amino acid side chain binding. Among the substrate binding sites, S2 and
S1′ represent major specificity determinants. Most of the cysteine cathepsins are
endopeptidases. In endopeptidases, the active cleft extends along the entire length
of the two domains interface and in exopeptidases (Cathepsin B, C, H, and X)
possesses additional features [29] of dual nature that reduce the number of substrate
binding sites. They prevent the binding of longer peptidyl substrates and dock with
charged N or C chain termini of substrates with electrostatic interactions.

4.2 Understanding Substrate Binding Sites

The substrate specificity of a protease depends upon the interaction between the
surface of the protease and its substrates. There exist two complementary approa-
ches to understand the interaction between protease and substrates [14]. One of
them is the studies of the structure-function relationship and the other is the studies
of substrate specificity and the combination of both has been used for more than
two decades to know the specificity of CC for target proteins. In the first approach,
certain residues in the enzyme are mutated to reveal their relevance and role in

Fig. 2 Substrate residues P and substrate subsites S in a cysteine protease

Fig. 3 Indicates the substrate
binding sites on cysteine
protease along the active side
cleft
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certain interactions. In the second approach, the enzymes are left intact but the
substrates are manipulated in size and composition.

It was observed that mutation of Glu245 in the S2 pocket of cathepsin B to Gln
showed the importance of processing the substrate with an arginine in the P2
position, but had no effect on the phenylalanine substrate [30]. Another example is
the mutation at the S1 site of cathepsin B which made the site more favorable for
glycine [31]. The mutation of two histidine residues or the deletion of the additional
loop of L-domain in the enzyme has shown its importance to the endopeptidase
activity of cathepsin B [32]. Similarly attempts were made to understand the dif-
ferences between the S2 sites of cathepsin L and K [33]. These studies demon-
strated that we have a basic understanding of how specificity is encoded in
structure. However, this knowledge is still not adequate to predict the selectivity for
the substrates based on the sequence and atomic structure of the CC.

The prediction of highly selective substrates was found to be crucial for moni-
toring the activities of individual CC in biological samples. The focus of substrate
studies therefore shifted to the discovery of substrate specific for individual
cathepsins. These studies utilized peptidyl libraries in combination with scanning of
individual position [34]. The screening of the P3 to P1′ sites of cathepsin B has
revealed that Ab2-GIVRAK (Dnp)-OH peptide is the most favorable residue for
cathepsin B. Among the mammalian CC, cathepsin K was found to have a unique
preference for a proline residue in the P2 position, the primary determinant of its
substrate specificity [35]. The processing of MHC class-II-associated invariant
chain (Ii), a natural protein substrate of cathepsin S, resulted in peptides whose
amino acid residues in position P3, P1, and P1′ were similar to a number of
synthetic peptides [36]. It was also found that S1 and S3 sites of cathepsin V
exhibited a broad specificity, while cathepsin L has preference for positively
charged residues in the same positions. The S2 sites of both enzymes were found to
require hydrophobic residues with a preference for phenyl alanine and leucine [37].

5 Biosynthesis, Processing and Trafficking of Cysteine
Cathepsin

CC like any other protein is synthesized with a N-terminal signal peptide which
targets the lumen of endoplasmic reticulum (ER). There is a co-translational
cleavage of the signal peptide and initial N-linked glycosylation occurs within ER
which generates a high mannose glycans content in the enzyme. Figure 4 illustrates
the formation of cathepsin [38]. The next step involves the modification of mannose
residues to mannose-6-phosphate in the Golgi apparatus. The recognition of
cathepsin D by the initial enzyme in mannose-6-phosphate requires interaction with
the surface loops in the structure [39]. The modified cathepsins bind to
mannose-6-receptors for targeting to lysosomes. Upon initial acidification in the
endosomes, the cathepsins are activated which leads to cleavage of the proregion and
activation of cathepsin, resulting in further proteolytic processing in the lysosome
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into heavy and light chains. The cleavage of the proregion occurs autocatalytically
for both cathepsin B [40] and L [41] and the process is believed to involve inter-
molecular rather than intramolecular due to the distance between the active site and
identified cleavage site. The unmodified mannose residues in portions of cathepsin
results in shunting the enzyme into extracellular compartment by exocytosis.

6 Biological Functions

CC are well known for a long period of time that they are responsible for intra-
cellular protein degradation [42]. Studies from gene knock out revealed that the
intracellular protein degradation is not dependent on any single cathepsin. The
majority of cathepsins (B, C, H, K, L, O, S, V, X, and W) are ubiquitously
expressed in human tissues and are involved in bulk protein degradation which is
considered as the main function of CC. Some of the CC are located in diverse

Fig. 4 Illustrates the steps involved in the biosynthesis, processing, and trafficking of cathepsin.
Ribbon diagrams represent the structure of mature cathepsin L in the lysosome and extracellular
matrix. The signal peptide directs the inactive form of the enzyme into the ER followed by
glycosylation to produce a high content of mannose in cathepsin. 1 Transfer of proenzyme into
Golgi apparatus for the phosphorylation of mannose to mannose-6-phosphate. This is the rate
limiting step. 2 Upon acidification in the endosome, cleavage of the proregion of the enzyme. 3
Sorting of the enzyme into the lysosome by mannose-6-phosphate residues. Lysosomal proteolytic
processing of the enzyme into light and heavy chains. 4 A small percentage of proenzyme secreted
into the extracellular matrix (ECM) by exocytosis. 5 Structure of active cathepsin L. 6 Structure of
cathepsin L without proregion
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tissues which suggests that their action is not solely attributed to protein degrada-
tion. These functions include thyroglobulin processing and thyroid hormone release
[43] and bone resorption action by cathepsins K [15], histone H3 processing by
mouse cathepsin L [44] and the role of cathepsin X in integrin processing and T-cell
signaling [45]. Yet another function of cathepsin L in epidermal homeostasis,
regular hair follicle morphogenesis and cycling has been indicated [46] by gene
knock out analysis in mice. All of these functions such as protein degradation,
extracellular breakdown, apoptosis, and inflammation indicate the physiological
importance of CC and a disturbance in these functions may lead to pathological
conditions.

6.1 Cysteine Cathepsins and Extracellular Matrix Turnover

Extracellular matrix (ECM) is a complex macromolecular structure which is
important for tissue homeostasis [47]. A number of enzymatic or nonenzymatic
processes are involved in posttranslational modifications where this dynamic
structure is remodeled. Among the enzymatic modifications, the proteolytic pro-
cessing and degradation are most important. The main agents of ECM degradation
are metalloproteases and serine proteinases because of their extracellular localiza-
tion and are active at neutral pH [48]. In contrast to this, CC are effective at acidic
pH and are mainly regarded as intracellular proteases. This view was shifted by the
discovery that under specific physiological and pathological conditions, the
cathepsins can be secreted into the extracellular space and can degrade the com-
ponents of the ECM.

The ECM consists of two main classes of molecules: the proteoglycans and
fibrous proteins which are substrates for CC [38]. The proteoglycans are glycosy-
lated proteins which are covalently attached to glycosaminoglycans (GAGs). The
GAGs such as chondroitin sulfate or keratin sulfate, heparan sulfate have a major
effect on the activation and stability of CC by forming complex with them. Different
GAGs have opposing effects on cathepsin activity. Chondroitin sulfate inhibits the
degradation of elastin by cathepsin V and K [49] and collagenolytic activity of
cathepsin S [50]. In contrast, chondroitin sulfate strongly increases the col-
lagenolytic activity of cathepsin K [38, 51]. Among the CC, capable of cleaving
aggrecan are cathepsin B, K, L, and S. Cathepsin B cleaves aggrecan as an
endoprotease within the E1 region (G344) in close proximity to the matrix metal-
loproteinase (MMP) cleavage site [52]. Cathepsin K was reported to cleave the G1,
E1, and E2 domains of aggrecan [53]. Besides this, CC are also involved in
cleaving the proteoglycans of the basement membrane [54] thus making them
important in exerting pathological roles.

Collagen is the most abundant fibrous proteins which are degraded by MMPs,
serine proteases, elastase, and CP. Among the CC, cathepsin K is the only physi-
ologically relevant collagenase [55]. Its collagenolytic activity strongly depends on
its complex formation with GAGs [56]. This interaction helps in unfolding of the
triple helix of collagen and makes it more susceptible to degradation. In contrast to
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other collagenases like the MMPs and neutrophil elastase, cathepsin K has the
ability to attack at multiple sites of the collagen molecule [57]. Besides the triple
helix, cathepsin K can also cleave the telopeptides which are the common feature of
other cathepsins (cathepsins B, L, S).

Another important feature of cathepsin K which distinguishes it from other CC is
its ability to accept proline residue in P1 and P2 positions [58]. This is essential for
degradation of collagens because of the presence of highly repetitive motifs
Gly-Pro-X and Gly-X-Hyp in this fibrous protein. The combined effect of GAG
complex and active site specificity for proline residue [59] is required for effective
cleavage of collagen. Cathepsin V was found to lack collagenolytic activity [55]
because it cannot accept proline in P2 position [34]. Cathepsin L was suggested to
be in addition to metalloproteases, an important enzyme in generation of endostatin,
an angiogenesis inhibitor, by processing the C-terminus of collagen XVIII in both
mouse and human system [60]. Elastin is another major ECM protein. Among CC,
cathepsin K, S, and V are potent elastases while cathepsin L has only weak
elastinolytic activity [61]. This property is due to the discovery of two hydrophobic
exosites which stabilize the complex between elastin and the enzyme. The studies
have revealed that cathepsin V variant is generated because the exosites are distant
from the active site [62]. Fibronectin, another ECM protein, was found to be
cleaved by cathepsin S, L, and B [63]. Other ECM-related cathepsin substrates are
osteocalcin, osteonectin, and heparanase.

6.2 Cysteine Cathepsins and Antigen Processing
and Presentation

One of the main biological functions of CC cathepsins is in antigen presentation
and induction of immunity [64]. They are constitutively expressed in most cell
types, especially in macrophages and dendritic cells. Among the CC, cathepsin S
and L were found to be expressed in professional and nonprofessional
antigen-presenting cells such as B cells, macrophages, specialized thymic epithelial
cells, intestinal epithelium, and dendritic cells.

CC are involved in two critical stages of MHC class-II-mediated antigen pre-
sentation that is the degradation of invariant chain, a chaperone molecule critical for
MHC class II assembly, transport, and generation of class II binding peptides in the
endocytic compartment [65]. MHC class II a/b heterodimers assemble in the
endoplasmic reticulum (ER) with the assistance of invariant chain (Ii) and this gly-
coprotein promotes the proper folding and assembly of MHC molecule [66]. A motif
in the cytoplasmic tail of Ii directs the MHC class II: li complex to the
endosomal/lysosomal pathway and CC mediates the stepwise degradation of the
invariant chain leaving behind only class-II-associated Ii peptide (CLIP). This pep-
tide associates with HLA-DM (H2 in mice) at the MHC class II peptide binding
groove [67]. This interaction results in the removal of CLIP in exchange for a diverse
array of peptide of self or foreign origin derived from the endosomes and lysosomes.
The MHC class II complexes reach the plasma membrane by a poorly understood
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mechanism on peptide binding [68]. Cathepsin S is regarded as the major protease
involved in MHC II Ag processing and presentation and the steps involved are
illustrated [69] in Fig. 5. Studies on antigen presentation with Cat S−/− bone
marrow-derived APCs revealed an impaired Ii degradation and diminished presen-
tation of exogenous antigens compared with the wild-type mice. In spite of reduced
presentation of exogenous antigens by B cells, the number of CD+4 T cells remained
normal in Cat S−/− mice [70]. The role of cathepsin L as an essential protease in
MHC II antigen presentation in thymus was confirmed by the studies of Nakagawa
et al. [71]. In humans, this proposed function of mouse cathepsin L is performed by
its homologue cathepsin V [72]. These data reveal that both the cathepsins participate
in the late stages but display a distinct function in different cell types. This differential

Fig. 5 The role of cathepsins in MHC class II antigen processing and presentation
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function displayed by these cathepsins helps in not only limiting immunogenicity but
may also comprise tolerance to self-proteins [73]. The study by Chyi-Song Hsieh
et al. has shown that cysteine proteases such as Cathepsin S and L participate in
antigen processing and display qualitative and quantitative differences in the peptide
repertoires displayed byMHC class II molecules [74]. The results by Beers et al. [75]
suggest that in vivo, both professional and nonprofessional MHC class-II-expressing
APC use Cat S, but not Cat L, for MHC class-II-mediated Ag presentation.

6.3 Cysteine Cathepsin and Apoptosis

The use of factors like TNFa and H2O2 in cell culture studies have shown that the
lysosomes and lysosomal proteases are involved in apoptosis [76–79]. Evidences
from in vitro [80] and in vivo [81] studies revealed that cathepsins take part in the
process of programmed cell death. A number of direct or indirect stimuli cause
lysosomal damage with the release of cathepsins (B, H, K, L, and S) into the cytosol
[82–84]. In turn these enzymes cleave Bid, a cytoplasmtic factor which releases
cytochromeC and forms a ternary complexwith protein Apaf-1 and procaspase (pC9)
leading to the activation of caspase-9 (C9) and caspase-3 (C3). Apoptosis is also
triggered by the release of apoptosis inducing factor (AIF) by cathepsin-D-activated
Bax. Lysosomal mediated apoptosis is shown in Fig. 6. Salt-induced hepatic apop-
tosis [85] and oxidative stress induced apoptosis [86] cause the translocation of
cathepsins from lysosomes into the cytosol resulting in cell death. A diminished
release of cathepsin Bwas observed in hepatocytes of B−/B−mice by TNF a induced
apoptosis [87]. A reduction in the activity of lysosomal hydrolases and a resistance to
TNF a induced apoptosis were observed in fibroblast isolated from patients with
inclusion cell disease [83].

The cleavage at the residue Arg 65 in the flexible loop of the Bid molecule
facilitates the release of cytochrome C by cathepsins B, H, K, L, and S. An
impairment in this process was noted in hepatocytes isolated from Bid deficient
(B−/B−) mouse cells highlighting the physiological importance of this pathway
[88]. The mechanism by which the lysosomes mediate programmed cell death is still
not clearly understood and warrants more studies.

6.4 Cathepsin and Bone Remodeling

Bone development and homeostasis are mediated by osteoblasts and osteocytes
[89]. The involvement of CP in bone matrix degradation was evident from the
studies using cysteine protease inhibitors such as leupeptin, antipain, and E-64 in
isolated osteoclasts [90]. The presence of intact collagen fibrils in E-64 treated
osteoclasts confirms the role of CC in the breakdown of phagocytosed collagen
[91]. The main enzyme in the degradation of organic bone matrix was found to be
cathepsin K [92, 93] as it was expressed widely in the osteoclasts. Previously, this
function was attributed to cathepsin B and L. These cathepsins cleave only the
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Fig. 6 Illustrates lysosomal mediated apoptosis

telopeptides and not the native triple helix resulting in monomers of type I collagen
[93] whereas cathepsin K cleaves not only the telopeptides but at multiple sites
within the native triple helix [57]. The degradation of collagen by cathepsin K
involves a complex formation with glycosaminoglycans in bone and cartilage [51].
The use of cathepsin K inhibitors in vitro and in vivo experiments revealed a
marked reduction in bone resorption [94].

6.5 Cathepsins, Lipid Metabolism and Inflammation

Lipids or modified lipoproteins affect CC cellular expression and localization. The
cathepsins exhibit diverse functions in lipid metabolism and thus contribute to
atherosclerosis. Sun et al. [95] demonstrated that free cholesterol accumulation
stimulated cathepsin K expression via activation of toll-like receptors and p38
mitogen-activated protein kinase. Likewise macrophages also expressed higher
level of cathepsin B and L when exposed to oxidized low-density lipoprotein or
7-hydroxycholesterol [96]. The lysosomal membrane damage and translocation of
its content into the cytoplasm are because of the uptake of oxidized LDL. The
released enzymes contribute to apoptosis of the macrophage [96]. The studies with
HDL and/or vitamin E have found to reduce the harmful effects of oxidized LDL on
lysosomes [97].
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The cathepsin K-deficient apo E−/− bone marrow (BM) derived macrophages
showed an increase in uptake of modified LDL and storage of cholesterol ester [98].
The increased uptake is mediated by CD36 and caveolins [99]. Cathepsins may also
play a role in (modified) LDL degradation. Cathepsin F degrades LDL more
extensively than cathepsin K and cathepsin S [100]. The deficiency of cathepsin K
leads to foam cell formation. Cathepsin F mediated proteolytic modification of LDL
leads to aggregation, fusion of LDL particles which in turn binds to proteoglycans
subsequently leading to the accumulation of lipid droplets in arterial wall which is
the key feature in atherosclerosis. The proteolysis of pre-HDL by cathepsin results
in reduction of cholesterol efflux from macrophages [101]. The reverse cholesterol
transport by HDL was found to be decreased in cathepsin K and cathepsin S
deficient macrophages. Tertov and Orekhov [102] have reported that cathepsin D is
involved in the initial degradation of LDL and the increased uptake and decreased
lysosomal degradation of modified LDL lead to accumulation of foam cells in
human aortic smooth muscle cells.

The relocation of cathepsins in the cytosol and its contribution to apoptosis point
out toward its atherosclerotic stimulating role. The reduced lysosomal degradation of
LDL by cathepsins reveals the atherosclerotic protection function. The cathepsins
thus have both atherosclerosis-stimulating or protective role. The atherosclerotic-
stimulating or protective role of cathepsins is under question.

7 Activity Regulation

The prime physiological function of CC is proteolytic breakdown of peptides and
proteins. There are various ways by which this activity is kept under control to
prevent harmful effects which include compartmentalization of cathepsins within
lysosomes or organelles, zymogen activation, pH changes or the existence of small
molecule inhibitors A combination of all these factors may also exist for effective
enzyme function [8, 103].

Like most of the enzymes, CC are also synthesized as inactive forms. These
zymogens need to be activated to perform its function. The human propeptide chain
in CC positions on the active site cleft of the enzyme in a direction opposite to that
of a substrate thereby preventing substrate binding. This was evident from crystal
structures of human procathepsin B [104], procathepsin L [105], procathepsin
K [106], and procathepsin X [107]. The interactions in the propeptide and between
the propeptide and mature enzyme are hydrophobic, salt bridge formation or
hydrogen bonding. The autocatalytic processing of cathepsin X can be prevented by
disulphide bond formation between cysteines residues in propeptide and active site
[107]. It has been suggested that an additional sorting motif other than mannose 6
phosphate is essential for activation of cathepsin S [108]. It is also postulated that
cathepsin D, an aspartic protease, is responsible for intracellular processing of
cathepsin L [109]. The activation of recombinant cathepsin B has been demon-
strated by providing an acidic environment [110]. It is now evident that both
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unimolecular and bimolecular mechanisms are involved in autoactivation of
cathepsins [111]. The activation of endopeptidases such as the cathepsins B, H, L,
S, and K is by removal of propeptide, but however the activation of exopeptidases
such as cathepsin C and X requires the help of endopeptidases [112]. The presence
of negatively charged molecules like GAGs and dextran sulfate is involved in
acceleration of autocatalytic activation of CC [113]. The propeptides themselves act
as potent inhibitors which was evident from studies using synthetic propeptides.
The synthetic propeptide of cathepsin B inhibits the enzyme at pH 6 and with a
weaker inhibition at pH 4 [114]. Carmona et al. [115] have indicated that the
inhibitory effect resides in the first 20 residues of the N-terminal region of the
propeptide of cathepsin L. A very little similarity exists in amino acid sequences
and length of the propeptides [116] of CC which contrasts to strong homology
between the mature forms of the enzymes. This structural difference in propeptides
and the mature enzymes can be related to the requirement of selective inhibition and
prevention of continued inhibition during processing and degradation of the enzyme
in the lysosomal compartment, respectively [14].

The endogenous inhibitors which are the major regulators of CC can be clas-
sified into four types: cystatins, thyropins, serpins (propeptide like inhibitors) and
the b-barrel type inhibitors [117].

The cystatins are the best characterized inhibitors and are further classified into
three: stefins which are intracellular (Family I), extracellular and/or transcellular
cystatins (Family II), and intracellular cystatins known as kininogens (Family III)
[118]. Based on the physiological function, they can be classified as emergency and
regulatory inhibitors [119]. The cystatins and thyropins are emergency inhibitors
[120] primarily acting on the escaped proteases from invaded pathogens. The
regulatory inhibitors co-localized with the target enzymes are classified into
threshold, buffer, and delay type. These inhibitors block and modulate the protease
activity. The propeptides of lysosomal cathepsins complexed with the substrates
belong to buffer type of inhibitors. The levels of these endogenous inhibitors are
balanced under physiological conditions [117].

An rapid increase in number of cystatins from various sources led to a new type
of classification of cystatins. The basis for this classification depends on the pres-
ence of number of cystatin-like domains and disulphide linkages [121]. According
to this classification, stefins, cystatins, and kininogens are inhibitory in nature [122]
whereas fetuins, a histidine rich glycoprotein, are non-inhibitory homologs of
cystatins [123–125]. The mutational change in the structurally important region has
resulted in the loss of their inhibitory nature [126].

Type 1 cystatins are major eukaryotic intracellular protein having around
100 amino acid residues, lacking carbohydrates, disulphide bonds, and signal
peptides [126, 127].

Type 2 cystatins are more widely distributed extracellular proteins with a single
chain of *115 amino acid residues and signal peptide which facilitates its secretion
into extracellular milieu [128].

Kininogens are multidomain glycoproteins belonging to Type 3 cystatins present
predominantly in blood of mammals [128]. Thyrotropins have structural homology
with thyroglobulin type I domain and also inhibits cathepsin L [129, 130].
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7.1 Cysteine Protease–Cystatin Interaction

The mechanism of CP inhibition by cystatins is explained by various spectroscopic,
kinetic, and crystallographic studies. This inhibition has been found to be a simple,
reversible, and second-order type. These studies have also indicated that though the
enzymes have a blocked active center, they bind with a lower affinity with cystatins
[131]. The cysteine protease–cystatin interactions are hydrophobic in nature
involving binding regions of the cystatin with residues in active site of the enzymes
[118]. The structural studies by Stubbs et al. [132] have shown that a tripartite
complex is formed between the amino terminal and two hairpin loops of the cystatin
which involves hydrophobic interactions. This complex is complementary and
strengthens the binding with the S2 subsite of papain [133]. These inhibitors are
able to differentiate the interacting regions of exo- and endopeptidases.

8 Assay of Cysteine Cathepsins

The activity of cathepsin is quantitated by using substrates assays whereas
immunological assays such as ELISA measure cathepsins as protein. Immunohis-
tochemistry enables to detect these proteins in biopsy samples. Cox et al. [134]
developed an immunoassay and liquid chromatography–tandem mass spectrometry
(LC–MS/MS) for measuring the activity and protein mass of cathepsin S, respec-
tively. It was of interest to note from these studies that only 0.4–1% of the enzyme
was active in circulation because majority of the enzyme was bound with its inhi-
bitor. The disadvantage of these substrate-based assays and ELISA is the inability to
discriminate between the active and inactive forms of proteases and hence cannot
provide selective and sensitive readouts of cathepsin activity in disease.

A lot of progress was directed toward the quantitation of cathepsins by
substrate-based probes and activity-based probes. The substrate-based probes
consist of a protease recognition sequence and a signal moiety which permits its
detection noninvasively. The recognition sequence renders the specificity toward
the protease and the signal molecule gets activated and cleaved by the target pro-
tease. Mamhood et al. [135] has developed an in vivo method to image
tumor-associated lysosomal protease activity in a xenograft mouse model using
autoquenched near-infrared fluorescence probes.

Prosense 680, a broad-spectrum polymeric substrate containing a near-infrared
fluorophore has been used to localize cathepsin protease activity in in vivo
molecular imaging of lung cancer [136]. Cortez-Retamozo et al. [137] have utilized
the combination of enzymes targeted sensor and noninvasive molecular imaging
techniques to evaluate the severity of airway inflammation. Likewise, infrared
(NIR) fluorescent probes were used to localize cathepsin activity in intestinal polyps
of mice indicating inflammatory reactions that are etiologically linked with cancer
progression and form a suitable approach for monitoring the response to therapy
[138].
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A chemical concept of “Reverse Design” involves redesigning the electrophilic
group in the probe by another moiety which improves the selectivity of the
cathepsins [139]. The newly developed activity-based probe AW-091 was
demonstrated to be highly selective for cathepsin S in vitro and proved useful in
monitoring cysteine cathepsin activity in vivo in zymosan-induced mouse model of
inflammation [140].

Another new method for analyzing protease activity is the use of activity-based
probes (ABPs). This method permits the selective covalent binding with the active
protease and also visualization of the enzyme within the diseased site [141]. These
probes contain a domain which binds to the protease of interest, a spacer which has
recognition domain which confers specificity and a tagged signal element which
quantifies the enzyme. Activity-based protein profiling has emerged as a powerful
chemical proteomic strategy to characterize enzyme function directly in native
biological systems on a global scale [142]. Blum et al. [143] have shown that an
intravenous injection of NIRF-ABPs into mice bearing grafted tumors helps in
visualizing the whole-body image and direct monitoring of cathepsin B and L
activity. The synthesis and characterization of several ABPs that target active
cathepsin X have also been developed [144].

The main limitation of substrate-based probes is that single protease can convert
hundreds of substrate probes, therefore compromising accuracy in quantitation of
the protease. The drawback in ABPs is that the covalent binding of the signal probe
with the active site of the enzyme results in reduction of amplification. A compar-
ative analysis of substrates and activity-based probes as tools for noninvasive
optical imaging of cysteine protease activity has been demonstrated [145]. Edg-
ington et al. [146] highlight the strengths and weaknesses of both substrate-based
and activity-based probes and their applications for imaging cysteine proteases
which are important biomarkers for multiple human diseases.

Nanocarrier systems are an interesting approach to providing in vivo localization
of drugs and probes in tumors. Nanocarriers contain surface-conjugated probes
targeting proteases providing a unique mechanism by which tumors may be visu-
alized. One such study demonstrates the use of a cathepsin B inhibitor,
LNC-NS-629, which has been tethered onto a liposomal nanocarrier [147] primarily
for the delivery of adjuvant therapy to tumor sites.

These detection technologies will help in validating the proteases with diagnostic
and/or prognostic value in various diseases such as cancer, rheumatoid arthritis,
osteoarthritis, cardiovascular diseases, and asthma.

9 Cysteine Cathepsin, Therapeutic Strategies,
and Rheumatoid Arthritis

An imbalance in enzymatic activity of CC is observed in a number of pathological
conditions such as RA, osteoarthritis, cancer, neurological disorders, osteoporosis,
and lysosomal storage disorders [148, 149]. CC have been considered as valuable
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therapeutic targets because of their involvement in these numerous pathologies.
They have gathered a lot of interest in various areas such as cancer, viral infections,
cardiovascular disease, osteoarthritis, and RA. The selective expression of cathepsin
K and S in immune cells has been exploited in development of inhibitors and has
made them as potential targets in diseased states. The rationale for targeting
cathepsin K inhibitor as anti-resorptive agent has been reviewed extensively [150].
The use of appropriate cell-based studies and animal model has made a good
progress in development of cathepsin K inhibitors [151]. The neutralizing mono-
clonal antibody (Mab) 2A2 against cathepsin B has been found to impair the
degradation of intra- and extracellular matrix of MCF-10A neo cell line [152]. The
properties of cathepsin inhibitors such as non-covalent reversible binding, high
selectivity, and low probability of an adverse immune response have helped its
development. These inhibitors have sequences similar to the substrate and are
attached to nitriles, aldehydes a-keto heterocycles or aliphatic ketones as war heads.
Cathepsin K inhibitors are peptidic in nature and have entered clinical studies. Early
human data support a promising future for this therapeutic class of osteoporosis
drugs [153].

Autoimmune disease is characterized as the host’s recognition of self-antigens as
foreign entities, inducing a subsequent immune response against these self-antigens,
resulting in an inappropriate inflammatory response. RA an autoimmune disease
characterized by erosive joint synovitis leading to the destruction of bone and
cartilage [154]. This chronic inflammatory state results due to the accumulation of
monocytes/macrophages activated by interleukin 1b in rheumatoid synovium. The
caspase-3 activity was increased 0.7-fold in llsAM114, a proteasome inhibitor
(PI) IL-1-b treated peripheral blood macrophage cultured cells from RA patients in
comparison with unstimulated PI-treated cells [155]. The destructive metallopro-
teinases in articular joints of RA are produced by stimulation of synoviocytes and
chondrocytes by the cellular products such as cytokines and histamine [156].

The cathepsins B and L were found to be elevated in the synovial fluid and
synovial lining tissues in RA patients [157, 158]. Immunohistochemistry studies by
Hansen et al. [159] have shown that normal synovium exhibited limited expression
of these enzymes when compared to RA synovium. Keyszer and co-authors [160]
have shown that the expression of MMP mRNA only was more pronounced in RA
synovium compared to OA. However, immunohistochemical evaluation of proteins
like MMP and cysteine proteinases were more prominent in RA synovial lining
compared with OA. The cytokines induce a selective secretion of cathepsins B and
L by synovial fibroblast-like cells and that cell-mediated articular degradation is a
highly regulated process [161]. A marked increase in the activity of collagenolytic
lysosomal enzyme, cathepsin L, was observed during the initiation and develop-
ment of antigen-induced arthritis [162]. The studies with selective inactivators of
CP demonstrate that cathepsin B L, and/or S are involved in bone resorption [163].

The ribozymes cleaving cathepsin L mRNA were able to decrease the synthesis
of this protease in RA synovial fibroblasts thereby reducing the invasiveness into
cartilage in mouse model [164].
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Hou et al. [165] have investigated the expression of cathepsin K in synovial
fibroblast and found a correlation between cathepsin K expression and disease
severity. These studies have also shown that cocultures of RA synovial fibroblasts
on cartilage disk had the ability to degrade collagen fibrils. The presence of inhi-
bitors was effective in reducing the activity of cathepsin K and not cathepsin L, B,
and S. The collagenolytic activity of cathepsin K in bone and cartilage requires
interaction with soluble glycosaminoglycans [53]. Proinflammatory cytokines such
as −1b and tumor necrosis factor alpha induces expression of cathepsin K in the
rheumatoid synovium indicating that it can be a specific marker for RA [166].
A significant increase in serum cathepsin K levels correlating with the radiological
destruction was observed in RA patient compared with healthy individuals [167].
The activated macrophages in the inflammatory process secrete the pro and mature
forms of cathepsins into the cartilage matrix [168].

CatS-deficient mice showed diminished susceptibility to collagen-induced
arthritis, suggesting a potential therapeutic target for regulation of immune
responsiveness [169]. The in vivo administration of vinyl sulfone, an inhibitor of
cathepsin S, resulted in a decrease in inflammation of the joint in adjuvant-induced
arthritis [170]. Cathepsin S has a weaker collagenolytic activity when compared to
cathepsin K which reveals its lesser involvement in collagen degradation [171].
Pozgan et al. [172] have observed a significant elevation in cathepsin L and S in the
synovial fluid of RA patients. Interleukin-6 was also increased indicating that it
stimulates the proteases during inflammation. Synovial fluid levels of cathepsin S
and L were higher than the paired serum samples in RA patients. These proteases
were also found to correlate with DA28 and CRP levels in seropositive patients
[173]. It was noticed that anti-collagen antibodies did not induce arthritis in mice
which was deficient in cathepsin C thus ruling out its pathological role in acute
inflammatory arthritis [174].

In spite of the ubiquitous expression of the CC in human tissues, the multitude of
functions demonstrated by them in healthy individuals has made them attractive
therapeutic targets in diseased states.

10 Perspectives

Over the past few decades, tremendous advances have been made in understanding
the structure, properties, biological functions, and inhibitors of cysteine cathepsins.
Their main function is the catabolism of intracellular and endocytosed proteins.
There is increasing urge to understand the biology of these proteins under physi-
ological and pathological states. In pathological states, the inhibitors of CC form a
therapeutic target for drug design. The modern techniques such as protease
microarrays, in vivo imaging of CC and computational approaches can lead to
identifying more substrates and inhibitors of CC. The combination of the improving
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knowledge and new creative strategies can lead a rapid progress in basic and
applied research which provides starting points for the development of new ther-
apeutic modalities for various human diseases.
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7Proteases in Neuropathophysiology
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Abstract
Proteases in normal cells are important in performing essential biological processes
in living systems. A balance between proteases and their inhibitors occurs for
normal physiological functions and any disturbance of this balance usually leads to
many diseases. The neuronal diseases are one of them. In this chapter, wewill focus
on the role of proteases and some protease inhibitors in various neurological
disorders. Here, we would like to discuss about the role of different proteases
(serine protease, cysteine protease, aspartic protease, matrix metallo protease, etc.)
in neuropathology, like neuropathy, neuroinflammation, and also some neurolog-
ical diseases, namely, Alzheimer’s disease and Parkinson’s disease. At the end of
this chapter, we will also discuss about the involvement of serine proteases and
their inhibitors in overall neurological disorder.

Keywords
Proteases � Neuropathy � Neuroinflammation � Alzheimer’s � Parkinson’s �
Glioma

1 Introduction

Proteases or proteolytic enzymes are a group of enzymes which belong to the class of
hydrolases. They hydrolyse peptide bonds of proteins without consuming energy
because peptide bond hydrolysis is exothermic. These enzymes are widely dis-
tributed nearly in all plant and animal groups, including microorganisms. Proteases
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have adapted to variations in pH, reductive environment, and much other wide range
of conditions through evolution and have been reported to use different mechanisms
for various substrate hydrolysis in complex organisms. They are classified as either
serine, cysteine or threonine proteases (acting as amino-terminal nucleophile
hydrolases), or as aspartic, metallo, and glutamic proteases (no report so far
with glutamic proteases in mammals) depending on their mechanism of action.
Proteases specifically cleave protein substrates either from the N terminals or from
the C terminals. The former class of proteases is called aminopeptidases and the
latter one is called carboxypeptidases, respectively. Besides, endopeptidases are
another class that cleave in the middle of the molecule [1]. By cleaving, proteases
generate small peptides and amino acids needed for the body. Mammalian digestive
enzymes (trypsin, chymotrypsin, and pepsin) and the lysosomal enzymes (cathepsin
B and D) have the ability to modify protein structures by limited cleavage via
activation of zymogens, blood clotting factors, and also by induction of lysis offibrin
clots and processing and transport of secretory proteins across the membranes. These
are also used in many important biological processes such as regulation of meta-
bolism, enzyme modification, complement system, apoptosis pathways, etc. [2].

Proteolytic enzymes are important because of their use in various forms of
medical therapies such as reagents in laboratory, clinical, and industrial processes.
Proteases represent a large group of industrial enzymes and this is about 60% of the
total worldwide sale of enzyme [3].

It was estimated previously that about 2% of the human genes encode proteolytic
enzymes and proteases have become an important therapeutic target because of
their importance in many biological processes [4].

Studies suggest that uncontrolled proteolysis is associated with several diseases
[5, 6]. The neuronal diseases are no exception to this as proteases have emerging
roles in, neurodegenerative disorders and neuropathy, ischemia, neurological
inflammation, traumatic brain injury, inflammatory and infectious diseases. This
chapter basically describes the involvement of proteases in neurological disorder.

2 Role of MMPs in Neuroinflammation

Matrix metalloproteases (MMPs) comprise a large family of endopeptidases which
require Zn2+ for their enzymatic activity. They play a crucial role in inflammation
[7]. The activity of MMPs is regulated by endogenous inhibitors, TIMPs (tissue
inhibitors of metalloproteases). As a therapeutic strategy, MMP inhibitors have
been developed to target different kinds of inflammation-related diseases [8]. The
gelatinases, MMP-2 and MMP-9, are the best studied members of the MMP family.
They are found in the cerebrospinal fluid, serum, and extracellular matrix. MMP-9
and MMP-2 are activated by other proteases. MMP-2 is constitutively expressed in
many tissues unlike MMP-9 which needs to be induced to elicit its activity. MMP-2
is activated by MMP-14 and MMP-9 is activated by MMP-3. The activity of
MMP-9 and MMP-2 is inhibited by TIMP-1 and TIMP-2, respectively [9]. MMPs

132 A. Sarkar et al.



also play important role in neuroinflammation and are involved in a wide range of
diseases including Alzheimer’s, multiple sclerosis, epilepsy, etc. MMP-2 and
MMP-9 are upregulated in the CNS in these diseased conditions [10]. MMPs
damage the blood–brain barrier, interrupt cell-matrix homeostasis, and trigger
anoikis in order to induce brain cell death. Tetracycline and minocycline have been
recently proposed for treating different types of neurological diseases as they are
inhibitors of MMP-9 [11].

3 Role of MMPS in Neuropathic Pain

Neuropathic pain is associated with painful responses to non-painful mechanical
stimuli. Proteases play an important role in the genesis of neuropathic pain. Mice
lacking MMP-24 experience reduced neuropathic pain [12]. The lysosomal cysteine
protease, cathepsin S, facilitates neuropathic pain through cleavage of the chemo-
kine, CX3CL1 [13]. MMP-9 is upregulated in the sciatic nerve after nerve crush,
leading to nerve demyelination by the degradation of the myelin basic protein [14].
It has been observed that ligation of the spinal cord induces a rapid but transient
upregulation of MMP-9 in the dorsal root ganglia. MMP-9 expression has been
found to increase in these neurons within 1 day of ligation [15]. It has also been
observed that inhibition of MMP-9 can attenuate the early phase of neuropathic
pain. However, TIMP-1 has been found to be extremely potent in preventing both,
early and late phases, of neuropathic pain. Literature suggests that MMP-9 can
induce symptoms of neuropathic pain via IL-1b [16]. Both MMP-9 and IL-1b are
co-expressed in the dorsal root ganglia [16]. The precursor form of IL-1b exhibits
no biological activity. Though caspase-1 is known to exhibit cleavage-induced
activation, the enzyme gets inactivated after nerve injury. In such cases, MMP-2
and MMP-9 induce IL-1b cleavage [17]. It is reported that nerve injury mediated
spontaneous discharge in the sensory neurons leads to the release of MMP-9 into
the extracellular matrix where it cleaves pro-IL-1b to produce active IL-1b, which
then acts on adjacent neurons to generate hyper-excitation. MMP-9 in soma of the
dorsal root ganglia is translocated to the nerve terminals to activate the microglia. It
is also reported that MMP-9 is required for the development of epilepsy [18].

Neuropathic pain in the late phase is blocked by TIMP-2. MMP-2 induces IL-1b
cleavage in the late phase. MMP-2 is reported to activate astrocytes of the spinal
cord. Inhibition of MMP-2 can suppress the induction of pERK in astrocytes of the
spinal cord in the late phase [16]. Thus, MMP-2 contributes to the late phase of
development of neuropathic pain by activating IL-1b and astrocytes.

Transient receptor potential vanilloid 1 (TRPV1) and cannabinoid receptors
(CBRs) are reported to link MMP network and mechanisms of nociception. The
concerned pathways diminish thermal hyperalgesia and induce the activity of
TIMPs [19]. Activation of TRPV1R occurs in animals suffering from spinal cord
injury induced neuropathic pain [20].
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In systemic lupus erythematosus (SLE), peripheral neuropathy is often observed.
The pathogenic mechanisms involve ischemic nerve damage due to vasculopathy
and vasculitis of the nutritional vessels. Abnormal MMP levels have been reported
in the serum of SLE patients [21]. MMP expression in mononuclear cells may be
related to leukocyte trafficking through the vessel walls. The upregulation of
MMP-3 and MMP-9 within the vessel walls leads to vascular damage in SLE.

Cortical spreading depression (CSD) is associated with slow propagating waves
of depolarization that increase the expression of many genes, most prominently
MMPs which alter the permeability of the blood–brain barrier and allow nitric
oxide, adenosine, potassium, and other factors to sensitize the perivascular
trigeminal afferent endings of the dura mater [22].

Migraine is usually characterized by recurrent bouts of severe throbbing head pain.
The pathophysiology of this disorder includes neuronal hyperexcitability, hypoper-
fusion, abnormalities of neurotransmitters as well as neurogenic inflammation [23].
Highly significant increase in MMP activity in migraine patients has been found to be
associated with atherogenic lipid alterations and hyperinsulinemia [24].

4 Role of Cysteine Proteases in Neuroinflammation

Neuroinflammation is associated with selective loss and/or dysfunction of neurons,
thereby leading to neurodegenerative disorders. Lysosomal cathepsins, derived
from microglia, are important markers of neuroinflammation. Microglial expres-
sion, release, and activity of cathepsins Cat B, D, H, L, and S (cysteine proteases) in
the brain are reported to induce neuroinflammation [25]. On the other hand, the
expression of stefin B (cystatin B), an endogenous inhibitor of cysteine cathepsin is
localized in the cytosol, nucleus, and mitochondria. It is upregulated by activation
of macrophages and induction of cellular stress. Mutations of stefin B gene induce
the Unverricht–Lundborg disease (EPM1), a neurodegenerative disorder. Activa-
tion of stefin B-deficient microglia exhibits a significantly higher proportion of both
pro-inflammatory M1 and anti-inflammatory M2 microglia in the stefin B-deficient
mice brains compared with the control mice. Such stefin B-deficient mice are highly
sensitive to the lipopolysaccharide (LPS)-induced sepsis, owing to the increased
expression of caspase-11 and some pro-inflammatory cytokines, like IL-1 b and
IL-18 [26].

5 Role of PARs and Serine Proteases in Neuropathic Pain

Protease-activated receptors (PARs) initiate and maintain neuropathic pain. Fol-
lowing nerve injury, alterations in neurons and neuron functions induce abnormal
increase of some neuromodulators and neurotransmitters, such as substance P (SP),
kinins, prostaglandins, etc. Such factors induce sensations of pain and ultimately
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lead to PAR-mediated activation of glial cells (astrocytes and microglia), which
induce the progress of neuropathic pain. Inflammatory factors have profound effect
on PARs (especially PAR1 and PAR2) in the surrounding neurons and aggravate
the status of pain. With the progress of neuroinflammatory pain, microglia are
activated, release inflammatory factors and complements which in turn activate
astrocytes and making the pain worse. Thus, PARs may play an important role in
the induction and maintenance of chronic neuropathic pain [27].

Serine proteases are well-known enzymes involved in digestion of dietary pro-
teins, coagulation of blood and maintenance of homeostasis [28]. SerpinA3N, a
serine protease inhibitor is upregulated in the dorsal root ganglia (DRG) in mice
suffering from neuropathic pain. Mice lacking SerpinA3N develop excessive neu-
ropathic allodynia. T lymphocytes, infiltrating the DRG after nerve injury, release
the leukocyte elastase (LE), which is inhibited by SerpinA3N derived from DRG
neurons [29].

6 Proteases in Glioma

A glioma is a common type of tumor originating in the brain. It is called a glioma
because it arises from glial cells. There are three types of normal glial cells that can
produce tumors. Astrocyte, oligodendrocyte, and ependymal cells produce astro-
cytomas (including glioblastomas), oligodendrogliomas, and ependymomas,
respectively. Mixed gliomas are the mixture of these different cells tumors. The
“optic nerve glioma” and “brain stem glioma” are not the tissue type from which
they originate. They are named for their locations. The invasive nature of brain
tumor cells makes it an important cause of mortality and underscores the need to
understand in more detail the mechanisms of tumor invasiveness. There are several
steps involved in tumor invasion such as interaction of tumor cells with extracel-
lular matrix (ECM) ligands, hydrolytic destruction of the matrix by proteolytic
enzymes and the migration of those cells through the destructed area. Among these,
the best correlation with the tissue invasiveness is the ability of tumor cells to digest
the ECM by secretion of proteolytic enzymes. To degrade extracellular matrix
components selectively and maintain a microenvironment facilitating tumor cell
survival, increased synthesis, and secretion of several proteases namely, cysteine,
serine, and metalloproteinases are induced. Protease profiling studies indicate that
the expression of the serine protease urokinase-type plasminogen activator
(uPA) and its receptor (uPAR), of the cysteine protease cathepsin B and of the
matrix metalloproteinases MMP-2 and MMP-9 are increased in astrocytomas of the
inflamed brain [30]. CNS tissue contains three major groups of proteases and their
inhibitors: (1) serine proteases, including tissue plasminogen activator (tPA),
urokinase, and plasminogen activator inhibitors (PAIs); (2) matrix metalloproteases
(MMPs) and tissue inhibitors of MMPs (TIMPs); and (3) cysteine proteases. Of
these groups, most is known about the role of MMPs in tumor invasion. Interest-
ingly, however, the level of expression of cathepsins B (cysteine proteases) and its
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natural inhibitor, cystatin C, have shown a role in invasiveness in gliomas [31].
MMP-2 is the member of the MMP family that emerges as the most central in
glioma invasiveness. Inhibitors of MMP-2 have been reported to block glioma
invasion in vitro whereas increasing MMP-2 activity increases glioma invasiveness
in the same [32, 33]. A recent ex vivo studies also demonstrated increased MMP-2
activity in resected glioblastoma specimens compared to normal brain or low-grade
glioma [34]. The progressions of tumors from the premalignant to malignant state
have been implicated in the increased levels of human cysteine proteases. Inter-
action with specific cysteine protease inhibitors (CPI) regulates the physiological
activities of these proteases and a decrease in CPI activity may contribute to the
malignant properties of brain tumors [35].

7 Alzheimer’s Disease and Proteases

In 1907, Alois Alzheimer published a short note about a 56-year-old woman
Auguste D, who was suffering from severe memory impairment [36]. After the
death of that woman, Alzheimer saw some of the characteristic structural alterations
like compromised neurons, intraneuronal tangles, and extracellular plaques in her
brain which now are commonly accepted as neuropathological hallmarks of the
disease carrying his name [37, 38]. Alzheimer disease (AD) is not a single disorder;
at least two different types exist, among which 5% of the cases is due to mutations
of certain genes [39]. Studies suggest that proteases are prominently involved in the
pathobiology of this disease. The present part of the chapter describes the
involvement of proteases in the development and progression of AD. Alzheimer’s
disease affects every tenth human aged over 65. It is a progressive degenerative
encephalopathy, characterized by behavioral disorders and personality changes.
Neuropathological hallmarks of AD are accelerated atrophy and loss of neurons
from specific areas of the brain. The exact cause of Alzheimer’s disease is still
unknown. Most gene mutations in Alzheimer’s disease are associated with the
amyloid precursor protein and ultimately amyloid b. The proteases a-, b-, and
c-secretase are the three executioners of amyloid precursor protein processing and
disruption of their balance and are suspected to result in Alzheimer’s disease [40].
Basically this 40–43 amino acid long fragment is generated from the beta-amyloid
precursor protein (betaAPP) by two distinct enzymes, namely the beta- and the
gamma-secretases. Besides these amyloid beta peptide (Abeta)-forming proteases, a
third cleavage performed by the so-called alpha-secretase takes place in the middle
of the Abeta sequence and not only prevents its formation but also generates the
secreted product sAPPalpha that possesses neurotrophic and neuroprotective
properties. This functional upregulation is mediated by protein kinase C
(PKC) agonists and ADAM proteases [41]. Abnormally folded Abeta protein
fragments and tau precipitate in amyloid plaques and neuronal tangles, respectively.
The interaction between the proteolytic pathways responsible for the generation and
clearance of these fragments and disturbances in these pathways is believed to
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provide a background for a novel understanding of Alzheimer disease as a multi-
factorial disorder [42].

In AD brain, certain enzymes such as calpains and cathepsins become dramat-
ically upregulated. It has been seen that changes in the lysosomal cathepsins are an
early and reliable cellular marker for AD [43–45]. It has been repeatedly shown that
cathepsin D contributes to the intracellular clearance of Abeta peptides and remains
responsible for their degradation [46]. Thus, for the prevention of the amyloid
formation resulting from the digestion of Abeta, cathepsin D appears to play some
important roles [47].

8 Proteolytic Stress and Its Effect on Parkinson’s Disease

The cause and subsequent development of an irregular condition in Parkinson’s
disease (PD) has been studied for many years and recent indication suggests that
insufficiencies in the ubiquitin-proteasome system (UPS) and proteolytic stress
underlying nigral pathology in both familial and sporadic forms of the illness are
responsible [48]. Mutations in alpha-synuclein, that cause the protein to misfold and
resist proteasomal degradation, cause familial PD [49, 50]. In the same way, for
hereditary PD, mutations in two enzymes (parkin and ubiquitin C-terminal
hydrolase L1), involved in the normal purpose of the ubiquitin-proteasome system,
are found to be responsible [51]. Additionally, structural and functional deficiencies
in 26/20S proteasomes with growth and collection of potentially cytotoxic unusual
proteins have been documented in the substantia nigra pars compacta of patients
with sporadic PD [52]. So, a deficiency in protein handling seems to be a mutual
factor in sporadic and the various familial forms of PD. Deficiencies in the UPS can
induce protein escalation, formation of Lewy body-like inclusions, and dopamin-
ergic cell death in both in vitro and in vivo model systems. Reduced UPS action is
responsible for substantia nigra pars compacta (SNc) dopaminergic neurons vul-
nerability to the neurodegenerative progression and poor UPS PD activity is also
responsible for an age-associated disorder [51]. The evidences that prove prote-
olytic stress play an important role in the cause and/or mechanism responsible for
PD, should assist the improvement of novel model systems for studying hypotheses
associated with the mechanism of neurodegeneration and for the study of familiar
neuroprotective therapies [48].

Abnormality in the UPS system responsible for the development of both familial
and sporadic PD helps to clarify clinical and neuropathological disorders [53]. The
accumulation of intracellular unwanted proteins due to failure of the UPS is
common to both type of PD and could be responsible for the introduction and/or
development of nigrostriatal deterioration in these conditions. Damage to the pro-
teosomal system could incidentally affect mitochondrial dysfunction [54] and the
increase of oxidative stress [55]. Protein gathering is also thought to bring apoptotic
cell death by upregulating pro-apoptotic signal, like Jun kinase. So, it is striking that
neuronal death in the SNc in PD has been related with an apoptotic process [56].

7 Proteases in Neuropathophysiology 137



9 Cysteine Protease’s Role in Parkinson’s Disease

The knowledge on the cellular and molecular mechanisms of midbrain, dopamine
neurons worsening in Parkinson’s disease (PD) is limited. Contribution of the cal-
pains (calcium-dependent proteases) in the impairment of dopamine
neurons has been recently reported in an animal model (mouse) of PD [57].
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) administration has been
shown to amplify calpain-facilitated proteolysis in nigral dopamine neurons. On the
other hand, a calpain inhibitor (MDL-28170) or adenovirus-facilitated overex-
pression of the internal calpain inhibitor protein, calpastatin, inhibited proteolysis of
calpain resulting in a significant attenuation of MPTP-induced loss of nigral
dopamine neurons. At the same time, MPTP-induced locomotor shortages were
eliminated and striatal postsynaptic activity markers were normalized with this
calpain inhibitor-induced neuroprotection in the experimental animals. Behavioral
improvements, however, could not linearly establish a relationship with restored
levels of striatal dopamine in MPTP-treated, calpain-inhibited mice. Based on these
results, the researchers feel that defence against nigral neuron degeneration in PD
may be sufficient without necessitating striatal reinnervation to facilitate normalized
locomotor activity. Increased calpain-related proteolytic activity was also found in
human suffering from PD (as verified by immunohistochemical analyses of post-
mortem midbrain tissues) although that was absent in age-matched control subjects.
On combining, these data appear to provide a new potent association between the
proteolytic action of calpain (in an MPTP animal model of PD) and the etymology
of neuronal injury in PD in humans [57].

Tyrosine nitration of a-synuclein can potentially create fibril development of
original a-synuclein. It also can decrease the rate of deprivation by the 20S pro-
teasome and the cysteine protease calpain I [58]. Alternative pathways of
a-synuclein deprivation including dispensation by the lysosomal autophagy path-
way and by cytoplasmic proteases, like calpain I, have also been projected [59, 60].
Quantitative analysis of m-calpain staining in the substantia nigra and locus coer-
uleus indicated an increased density of fibers and neuronal perikarya in parkinso-
nian patients [61].

DJ-1 may contribute an important diversified role in apparently distinct neu-
rodegenerative disorders. Additionally, indecipherable forms of DJ-1 are radically
amplified in the brains of sporadic PD patients [62] and perhaps it is also reproving
DJ-1 in sporadic forms of this disease. The crystal structure of human DJ-1 shows a
flavodoxin-like fold structure similar with the bacterial protease PH1704 and the
stress inducible molecular chaperone Hsp31 isolated from E. coli and yeast [63,
64]. The crystal structure of DJ-1 also indicated that it exists as a dimer in solution.
This dimer form of DJ-1 has been established in cultured cells [65, 66]. An active
site has been documented near the dimer interface with resemblances to the active
site catalytic triad (Cys-His-Asp/Glu) of cysteine proteases, linking residues
Cys106, His126, and perhaps Glu18 although these residues do not show an
direction favorable for proton transfer that is characteristic of cysteine protease
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catalysis. DJ-1 is a component of the UPS and may confer protection by functioning
as a molecular chaperone or protease to refold or promote the possibility of dual
enzymatic purpose, i.e., chaperone and protease activities [62].

10 Neurodisorders Related to Serine Proteases

Serine proteases are a diversified specialized group of enzymes which involve a
serine residue for nucleophilic catalysis. Associates of the serine protease family,
like thrombin, possess a catalytic site containing a serine, histidine, and an aspartic
acid residue [67]. Equilibrium is sustained between serine proteases and their
particular inhibitors in many tissues of the body where they are included in a variety
of physiological processes related with inflammation, complement activation,
connective tissue turnover and repair. After activation, proteases may play a threat
to tissues and other circulating proteins. So, they are regulated by their respective
inhibitors [68–70]. Here in this part of the chapter, we restrict our argument to a
brief mentioning of serine proteases and their inhibitors that have been exactly
related with neurological disorders.

The serine proteases and their inhibitors (serpins) have been recommended to
play a crucial role in the nervous system. Cultured sympathetic and sensory neurons
have been found to release serine proteases which help in growth cone elongation
and target cells secrete serpins that assist to inhibit growth cone elongation and
stimulate firm synapse formation [71].

Vigorously proliferating Schwann cells secrete serine proteases which are
involved in helping these cells to enter and subdivide large bundles of axons which
ensure separate myelin ensheathment [72].

Recent evidence suggests that association of the serine protease family (e.g.,
thrombin, chymotrypsin, urokinase plasminogen activator, and kallikrein) shows an
important role in normal change and pathology of the nervous system. Serine
proteases and their potent inhibitors have been found to be increased in the neural
parenchyma and cerebrospinal fluid after injury to the blood–brain barrier (BBB).
Thrombin-like proteases play detrimental effects on different neuronal and non-
neuronal cell populations in vitro. These effects can be prevented with specific
serine protease inhibitors like serpins. Furthermore, it has been found that treatment
with protease nexin-1, a serpin, inhibits thrombin-like proteases and promotes the
survival and growth of spinal motor neurons during the period of programmed cell
death after injury. Taken together, these views suggest that thrombin-like proteases
play a negative role, but serpins promote the development and maintenance of
neuronal cells. Changes in the balance between serine proteases and their inhibitors
may lead to neuropathological states similar to Alzheimer’s disease [73].

Kallikrein 6 (K6) is a newly identified associate of the Kallikrein family of serine
proteases. K6 preferentially expressed in the adult central nervous system (CNS). It
was established that K6 is predominantly expressed by inflammatory cells at sites of
CNS inflammation in animal and human models of multiple sclerosis. This enzyme
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participates in CNS inflammatory diseases and may represent a novel therapeutic
target for the treatment of progressive inflammatory disorders, like multiple scle-
rosis [74]. Alterations of the levels of this enzyme were found in sera and central
nervous system (CNS) in different neurological disorders namely, multiple scle-
rosis, neurodegeneration, Alzheimer’s disease. The alterations have also been
reported within the central nervous system of ischemic and active multiple sclerosis
lesions [75–79]. In multiple sclerosis, several kallikreins have been linked to
immune cell activation [80]. Kallikrein 1 (K1) and K6 can be treated as serological
markers for progressive multiple sclerosis and also responsible for the advancement
of neurological disability due to axonal injury and neuronal cell death [76]. Neu-
rosin, another kallikrein-like serine protease, is highly expressed in the human brain
and is responsible for aging. Decreased cerebrospinal fluid concentration of neu-
rosin increases risk factor for developing of Alzheimer’s disease [81].

Urokinase plasminogen activator is another important serine protease which
cleans neurotoxic amyloid peptides from CNS. Neurotoxic amyloid peptides are the
characteristic pathophysiological feature of Alzheimer’s disease [82]. Urokinase
plasminogen activator (PLAU) gene rs2227564 polymorphism might raise the risk
of Alzheimer’s disease [83]. Urinary-type plasminogen activator (uPA), after
binding with uPA receptor (uPAR), encourages the activation of matrix
metalloproteinase-9 (MMP-9). Experiments were carried out to identify the
expression level of MMP-9, uPA and uPAR in postmortem brains from patients
with Alzheimer’s disease (AD) and vascular dementia (VD) and found that the
neurons in the AD brains show high level of MMP-9 and uPAR. MMP-9 was
activated by uPA and helped in degradation of Abeta. Immunolocalization of uPA
in the neurosin of the AD brains was well expressed [84].

Abraham and Potter [85] suggested that serine protease inhibitor,
1-antichymotrypsin, plays a major role in different neuropathological diseases, like
Alzheimer’s disease, hereditary cerebral hemorrhage and in normal aging.
Immunocytochemical study suggests that pericytes and astrocytes (near areas of
neuronal or tissue loss) express this serine protease inhibitor. However, it is not
expressed in Creutzfeldt–Jakob disease, familial amyloidotic neuropathy, primary
amyloidosis, or secondary amyloidosis [68, 85].

Activated protein C (APC) is a plasma serine protease which is capable of
different immunological and cytological activities. Animal injury studies indicated
that recombinant APC and mutants’ apc are remarkably capable of therapeutic
approaches for a wide range of injuries including neurological injuries. In case of
neurological injuries, APC reduces damage caused by ischemia in the brain, by
acute brain trauma, and by chronic neurodegenerative conditions. Endothelial cell
protein C receptor helps APCs for these neuroprotective effects. APC activates cell
signalling networks by activating protease-activated receptors 1 and 3 with alter-
ations in gene expression profiles. To minimize APC-induced bleeding risk, APC
variants were engineered to have <10% anticoagulant activity but retain normal cell
signalling (Lys191-193 mutated to Ala191-193). These variants are safe and could
set the stage for ongoing and future clinical trials for ischemic stroke or for other
brain pathologies [86].

140 A. Sarkar et al.



Protein C also plays unique roles in therapies of neuropathological conditions,
like multiple sclerosis. Relative proteomic profiles recognized protein C inhibitor
within chronic active plaque samples of multiple sclerosis, suggesting dysregulation
of molecules related with coagulation. In vivo administration of recombinant
activated protein C diminished autoimmune encephalomyelitis by its anticoagulant
and signalling functions and suppressed Th1 and Th17 cytokines in astrocytes and
immune cells [87].

Pigment epithelium-derived factor (PEDF), a secretory protein derived from
cultured pigment epithelial cells of the fetal human retina, is capable of inducing a
neuronal phenotype in cultured human retinoblastoma cells. The differentiated cells
also display increased expression of neuron-specific enolase and the 200 kDa
neurofilament subunit. Amino acid and DNA sequencing data indicated that PEDF
belongs to the serine protease inhibitor (serpins) family. PEDF could exert a
paracrine effect in the embryonic retina which influences neuronal differentiation by
a mechanism other than classical serine protease inhibition activity [88].

Neuroserpin is a novel serine protease inhibitor and is secreted from the axons of
both PNS and CNS neurons. It is predominantly neuronal in origin and expressed
predominantly in the formation and reorganization of synapses during nervous
system development. In the adult central nervous system, it is found in areas in
which the synaptic changes are associated with learning and memory. Neuroserpin
is maintaining the equilibrium between proteolytic and anti-proteolytic activities at
the synapse needed for the formation or reorganization of synaptic connections, as
well as for synaptic plasticity in the adult nervous system [89].

11 Conclusion

Proteases play an eminent role in the neuropathophysiological conditions. Proteases
like membrane matrix proteases (MMP-2, MMP-9, TIMP-1, and TIMP-2), cysteine
proteases, serine proteases, and their inhibitors are important in this regard.
Parkinson’s disease, Alzheimer’s disease, Lupus erythematosus, neuropathic pain,
neurological inflammation, ischemia, and traumatic brain injury are mostly affected
by these proteases. The interplay between proteases and protease inhibitors is
therapeutically significant and needs to be further investigated.
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8Proteases in Wound Healing
and Immunity

Namrata Singh and Debasish Bhattacharyya

Abstract
Proteases play a pivotal role in wound management. They are present in acute and
chronic wound in different proportions. Balance between protease and their
inhibitors are crucial for healing of wound because irregularity can lead to
excessive extracellular matrix (ECM) degradation and deposition leading to
impaired healing. Recent advancements in wound care established several means
to control the level of proteases, such as MMP modulators including protease-
modulating dressing, signaling molecules, peptides, and microRNA. Besides
wound healing, proteases also play a significant role in immunity. They activate
immune cells by proteolysis. Function of proteases in the areas of wound healing
and immunity can be targeted as an alternative therapeutic approach for treatment.
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1 Introduction

Wound is an injury caused by any physical or chemical means or a result of any
disease. In a wound, rupture of the protective function of the skin occurs leading to
disruption of continuity of epithelium, connective tissue, or underlying
tissues/organs [1–4]. There are several types of wounds that can damage the pro-
tective layers such as abrasions, lacerations, rupture injuries, punctures, and pen-
etrating wounds. Various wounds are superficial that need only local first aid of
cleansing and dressing. But, some wounds are deeper and cannot be handled by first
aid. They require medical attention to prevent infection and loss of function,
because of damage to underlying structures like bone, muscle, tendon, arteries, and
nerves. Thus, an important aspect in minimizing these effects and initiating proper
care is careful asepsis.

2 Classification of Wound

There are various criteria for classification of wounds. Clinically, wounds can be
categorized into acute and chronic wounds according to their rate of healing [5–7].
Wounds which can repair themselves and follow normal healing cascades with
restoration of both functional and anatomical integrity are called acute wounds [5].
In contrast, chronic wounds fail to repair through the normal stages of healing [8].
In this type of wound, the process of healing is partial due to several reasons
including infection, tissue hypoxia, necrosis, exudate, and excess levels of
inflammatory cytokines. These factors can extend the stages of healing, such as
hemostasis, inflammation, proliferation, or remodeling [9]. Chronic wound can be
subclassified into three categories; vascular ulcers (e.g., venous and arterial ulcers),
diabetics ulcers, and pressure ulcers [10]. A third category now emerged as com-
plicated wound. This type is a special entity and is defined as a combination of an
infection and tissue reformation defect. Infection persistently poses a hazard to the
healing status of a wound, while the cause of the defect evolves the traumatic or
postinfectious etiology or a wide tissue resection, e.g., tumor management. They
cannot be closed primarily without complex surgical manipulation. There are
various aspects on which closure of wound depends, such as the causes, location,
physical characteristics, and healing potential of the wound.

3 Wound Healing

Wound healing is a complex and dynamic process where cascade of cellular events
occurs including replacing, resurfacing, reconstitution, and restoration of skin
integrity [11–14]. Curing of wound is followed by primary, secondary, and tertiary
intention depending on the extent of tissue loss [15] primary intention is also called
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‘primary union’ or ‘first intention healing’. In this case, wound is precise and there
is minimal damage to the local tissue and the epithelial basement membrane.
Restoration of continuity occurs directly by fibrous adhesion, without formation of
granulation tissue resulting in a thin scar. Surgical incisions, well-repaired lacera-
tions, well-reduced bone fractures and healing after flap surgeries are examples of
primary intention. In secondary intention of healing, wound is left open and closes
naturally. In this type, edges of the wound are far apart and cannot be brought
together thus healing occurs by adhesion of granulating surfaces. Granulations form
the base and sides of the wound toward the surface. In contrast, healing by tertiary
intention is of delayed primary closure. Wound cavity is gradually filled by gran-
ulations and a cicatrix (Fig. 1) [16].

Commonly, wound healing is divided into three distinct but overlapping phases
(i) Inflammatory phase, (ii) Proliferation phase, (iii) Maturation phase [17] (Fig. 2).
Inflammatory phase includes coagulation and recruitment of inflammatory cell at
the site of injury. Proliferative phase includes angiogenesis, granulation tissue
formation, epithelialization, and wound contraction. Finally, in the maturation

Fig. 1 Types of wound healing
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(remodeling) phase, type III collagen is mainly replaced by type I and cross-linked
also aligned along tension lines, cells die out by programmed cell death, or
apoptosis and scar formation occurs [18].

4 Cascades of Events in Wound Healing

4.1 Inflammation

The first stage of wound healing is inflammation. It begins immediately after tissue
damage or injury. It arises in response to several factors such as physical trauma,
intense heat, corrosive chemicals as well as infection by microbes. The inflam-
matory response prevents the spreading of damaging agents to nearby tissues,
eradicates cell debris, pathogens, and establishes the platform for the repair process.
Components of the coagulation cascade, inflammatory pathways and immune
system get activated to prevent further loss of blood and body fluids, eliminate dead
tissues, and prevent infection. Initially, hemostasis leads to contraction of injured
blood vessels and initiation of blood clotting by activation and aggregation of
platelets. Then formation of fibrin matrix takes place, which serves as scaffold for
infiltrating cells. Therefore, complement system, the degranulation of platelets and
the products of bacterial degradation give signals for activation of neutrophils for
recruitment to the wounded area [19]. First, neutrophils predominate, subsequently
these cells die out and monocytes become the dominant cell type in the wound.

Fig. 2 Phases of acute wound healing
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Monocytes are recruited from the blood at the site of injury and differentiate into
macrophages. Macrophages discharge additional proinflammatory cytokines, such
as IL-1, TGF-b, and tumor necrosis factor-a (TNF-a). They also remove foreign
debris and remain there for prolonged period of time depending on the level of
injury and the amount of debris to be removed. Although neutrophils phagocytize
bacteria, but monocytes are considered essential for coordinating advanced events
in the response to wound. Though, recent studies have suggested that a deficiency
in either of the cell types can be compensated by the redundancy in the inflam-
matory response [20]. Repair of small wounds can occur with less scar formation in
absence of both cell types.

4.2 Proliferation

In general, proliferative phase follows and overlaps with inflammatory phase and
begins after 2–3 days of injury which last for weeks. This phase consists of different
sub phases are angiogenesis, granular formation tissues, epithelialization, and
wound contraction. Formation of new blood vessels (angiogenesis) takes place
thereby activating intracellular signaling cascades to provide nutrients and oxygen
to the newly formed granulation tissue [18]. Reconstitution of dermis through
formation of granulation tissue starts within 4 days after injury. Keratinocytes
migrate over the injured dermis. During proliferation stage, mesenchymal cells
convert into fibroblasts which form fibrin strands for cellular migration. These
fibroblasts initially secrete several growth factors like interstitial growth factor-1,
Transforming growth factor-b, platelet derived growth factor and epidermal growth
factor. Meanwhile, components of basement membrane are secreted, such as col-
lagen, glycosaminoglycans, and glycoproteins, e.g., fibronectin and tenascin
resulting synthesis of a new collagen-rich matrix and this process is called fibro-
plasia. Initially, fibroblasts are secreted. Then, endothelial cells synthesize VEGF,
bFGF, and PDGF, whereas keratinocytes synthesize TGF-a, TGF-b, and
keratinocytes-derived autocrine factor [21]. These mediators act as stimulator and
modulator for biosynthesis and epithelialization of extracellular matrix (ECM) and
angiogenesis which eventually form mature scar [22]. Fibroblasts begin synthe-
sizing collagen and proliferate to form granulation tissue. TGF-b induces fibroblasts
to synthesize type I collagen and reduce matrix metallo proteases (MMP) produc-
tion. Fibroblasts produce collagen and substances of extracellular matrix, like
fibronectin, glycosaminoglycans, proteoglycans, and hyaluronic acid. Finally, in
this proliferative stage, fibroblasts differentiated into myofibroblasts. Myofibrob-
lasts are bringing the edges of a wound together and stimulate wound contraction.
Cytokines play an important role in contraction, for example, TGF-b increases the
rate and degree of contraction possibly through the induction of PDGF. At the end
of this phase, these myofibroblasts die out by apoptosis [22, 23].
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4.3 Remodeling (Maturation)

Remodeling is the last phase of wound healing. It begins by 2–3 weeks after injury
and lasts for a year or more. This phase comprises remodeling of collagen from type
III to type I. During this stage, all processes are activated, cellular activities are
reduced and the many of newly formed capillaries in the wounded area is regressed
and decreased. Maximum cells including endothelial cells, macrophages and
myofibroblasts die away through apoptosis (i.e., programmed cell death) or leave
the wound area keeping behind an agglomeration of cells mostly consisting col-
lagen and other extracellular matrix proteins. This process is significant because its
abnormality can lead to hypertrophic scarring and keloids formation. As the wound
matures, the composition of the extracellular matrix is changed. Type III collagen
that was deposited during the proliferative phase now get slowly degraded and
replaced by a stronger variety of type I collagen which is secreted by fibroblasts,
macrophages, and endothelial cells and it strengthens the repaired tissue [24, 25].

5 Difference Between Acute and Chronic Wound

Acute wounds generally heal without significant intrusions and exhibit accurate
balance between production and degradation of molecules such as collagen. However
in chronic wounds, there is physiological imbalance between two and thus displays
obstruction in healing due to cellular and molecular abnormalities occurring within
the wound bed [26, 27]. Earlier studies indicated that there is difference in the bio-
chemical environment of the non-healing wound to healing wound. There are several
reasons for delayed healing in chronic wounds, for example, obstinate infections,
augmented inflammatory cytokines, formation of drug-resistant microbial biofilms,
defective macrophage function, impaired neovascularization, abnormal matrix met-
alloproteinase regulation, poor oxygenation of the wound, cellular senescence, and
the incapability of dermal and/or epidermal cells to respond to reparative stimuli [26,
28–31]. In chronic wound, infection, and abnormal secretion of vascular and inter-
stitial cell adhesion molecule 1 by resident endothelial cells activate excessive
inflammatory cells causing cell extravasation. Excessive inflammatory cells generate
various ROS. These ROS along with proinflammatory cytokines induce MMPs and
serine proteinases production that degrade structural elements of the ECM and cell
membranes. This inactivates ECM components and growth factors necessary for
normal cell function causing premature cell senescence [30, 32]. Inactivation of
proteinase inhibitors also enhances this process.Moreover, there are other phenotypic
irregularities commonly found in chronic wound are lower density of growth factor
receptors and lowered mitogenic/motogenic potential [33, 34].
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6 Proteases

Proteases are enzymes, which catalyze hydrolysis of proteins into smaller frag-
ments, i.e., peptides. Proteases can be classified by several criteria such as speci-
ficity of the amino acid peptide bond hydrolysing, protein substrate, pH optima,
amino acid involved at the catalytic site and involvement of metal ions. Proteases
can also be divided into two major groups as exopeptidases and endopeptidases.
Exopeptidases target the C- or N-terminal peptide linkages, whereas endopeptidases
cleave peptide bonds distant from the termini of the protein substrate. Based on the
functional group present at the active site, proteases are classified into four
prominent groups such as serine proteases, aspartic proteases, cysteine proteases
and metalloproteases [35]. There are also other few proteases which do not exactly
suitable into these standard classifications, e.g., ATP-dependent proteases which
require ATP for activity [36]. Likewise, based on their amino acid sequences,
proteases are classified into different families and subdivided into groups that have
diverged from a common ancestor [37].

6.1 Role of Proteases in Wound Healing

Over the decades, research in the area of pathophysiology of wound healing
revealed a number of key factors essential for curing wounds. Proteases are one of
those factors significantly involved in wound healing mechanism. They play an
essential role in migration and activation of fibroblasts, remodeling of extracellular
matrix and activation of growth factors [38]. During inflammatory stage of wound
healing, proteases play a crucial role in debridement and removing of the necrotic
tissues, foreign bodies, and bacteria load at the site of the wound [39–43]. Previous
reports indicated that excessive proteolysis and degradation due to an increased
level of proteases and an imbalance in protease/protease-inhibitor levels can impair
healing of wound by increasing the period of inflammatory stage. Later in the
proliferative phase, these proteases are expressed quickly at the budding tip of
blood vessels to facilitate vascular invasion during angiogenesis. Finally, during the
last phase of maturation and remodeling, proteases digest the extracellular matrix
and assists in tissue remodeling. In fact, one of the major functions of proteases is to
regulate the balance between tissue synthesis and tissue degradation. This
requirement is maintained throughout the process of wound repair [44].

Background studies are inclined to the hypothesis that higher levels of proteases
are always found in exudates from chronic wounds as compared to acute wounds.
This observation contributes to the chronic character of the wound resulting in
delay even failure of healing [41, 42, 45, 46]. Evidence showed that abnormal level
of proteases can degrade growth factors and their receptors, granulation tissue,
inhibits angiogenesis causing tissue damage leading to impaired healing of wound
[47]. Growth factors like epidermal growth factor (EGF), platelet derived growth
factor (PDGF), vascular endothelial growth factor (VEGF) and transforming growth
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factor-beta (TGF-N) play significant roles in cell migration, proliferation, protein
synthesis, and extracellular matrix formation during wound healing. Therefore,
degradation of growth factors by proteases increases tissue destruction causing
delayed wound healing [48]. It was estimated that more than 100 enzymes are
involved in this complex process of tissue remodeling and repairing of wound [49].
The major proteases involved in wound healing are metalloproteases of the metz-
incin family [MMPs, ADAM (TS)s], serine proteases (e.g., plasmin), tolloids,
meprins, pappalysins, whereas cysteine proteases play less prominent roles [50, 51].

Several regulatory proteins and hundreds of substrates have been identified for
these proteases. Where its irregularities can delay the process of healing; for
example, Neutrophil-derived elastase, plasmin, and matrix metalloproteases or
MMP’s are major proteases present in chronic wounds that delay the process of
healing. Predominant protease activity in chronic wounds is offered by the
neutrophil-derived elastase. Its presence supports the notion that healing is delayed
in chronic wounds because the wound is trapped in the inflammatory phase of
repair.

7 Matrix Metalloproteases and Their Role in Repairing
of Wound

MMPs are a family of endoproteases, a group of calcium-dependent zinc-containing
enzymes which consists ‘classical’ MMPs, membrane-bound MMPs, ADAMs
(a disintegrin and metalloproteinases, also known as adamlysins) and ADAMTSs
(ADAMs with thrombospondin motif) [52, 53]. They mostly involved in the
degradation of ECM [54]. Based on the substrate preference and domain organi-
zation, MMPs are classified into seven groups: (1) collagenases, (2) gelatinases,
(3) stromelysins, (4) matrilysins, (5) metalloelastases, (6) membrane-type MMPs
(MT-MMPs), and (7) other MMPs [55]. Exudates from acute and chronic wounds
contain matrix metalloproteases (MMPs). But the level of MMP is observed very
low in acute wound as compared to chronic wound suggesting that expression of
protease depends on the extent of injury [52, 53, 56, 57]. They play a crucial role in
all phase of wound healing by modifying the wound matrix, allowing migration of
cells and remodeling of tissues [57]. Different types of cell express several MMPs
including MMP-1, 2, 3, 7, 9, 10, and 29 within the skin (keratinocytes, fibroblasts,
endothelial cells, and inflammatory cells such as monocytes, lymphocytes, and
macrophages) [Table 1] [58–65]. Range of signals, such as cytokines, hormones,
and contact with other cell types or the ECM induces expression of MMPs.
MMP-1, 3, and 9 plays a vital role among all MMPs in regulating chemokine
signaling where they completely degrade chemokine or create receptor antagonists
and increases chemokine activity [57, 66]. Previous reports also indicated that
during wound repair, gene expression of MMP-2, and -3, -9, -11, -12, -13, and -14
increases. Additionally, investigators also pointed out the significant role of
ADAM10, which can cleave CXCL16 from the cell surface and, therefore, allow it
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Table 1 Different matrix metalloproteinases (MMPs) and their substrates

Subgroup MMP Trivial name Substrates

Collagenases MMP-1 Collagenases-1
(interstitial
collagenase)

Collagens (I–III, Vll, Vlll, and X), gelatin,
aggrecan, L-selectin, IL-Iß, proteoglycans,
entactin, ovostatin, MMP-2, and MMP-9

MMP-8 Collagenases-2
(neutrophil
collagenase)

Collagens (I–III, V, VII, VIII, and X),
gelatin, aggrecan, and fibronectin

MMP-13 Collagenases-3 Collagens (I–IV, IX, X, and XIV), gelatin,
plasminogen, (preliminary aggrecan,
perlecan, fibronectin, osteonectin, and
MMP-9

MMP-18 Collagenases-4 Type I collagen

Gelatinases MMP-2 Gelatinase A Gelatin, collagen IV–VI and X, elastin,
and fibronectin

MMP-9 Gelatinase B Collagens (IV, V, VI′, X, and XIV),
gelatin, entactin, aggrecan, elastin,
fibronectin, osteonectin, plasminogen,
MBP, and IL-IB

Stromelysins MMP-3 Stromelysin-1 Collagens (Ill–V and 1 > 0, gelatin,
aggrecan, perlecan, decorin, laminin,
elastin, casein, osteonectin, ovostatin,
entactin, plasminogen, MBP,
MMP-2/TlMP-2, MMP-7, MMP-8,
MMP-9, and MMP-13

MMP-10 Stromelysin-2 Collagens (III–V), gelatin, casein,
aggrecan, elastin, MMP-I, and MMP-8

MMP-11 Stromelysin-3 Unknown

Matrilysins MMP-7 Matrilysin-1 Collagens (IV, X), gelatin, aggrecan,
decorin, fibronectin, laminin, elastin,
casein, transferrin, plasminogen, MBP,
ß4-integrin, MMR-I, MMP-2, MMP-9,
and MMP-9/TlMP-1

MMP-26 Matrilysin-2 Collagen IV, fibronectin, fibrinogen,
gelatin, a(1) proteinase inhibitor

MT-MMPs MMP-14 MT1-MMP Collagens (I–III), gelatin, casein,
fibronectin, laminin, vitronectin, laminin,
vitronectin, entactin, proteoglycans,
MMP-2, and MMP-13

MMP-15 MT2-MMP Fibronectin, entactin, laminin, aggrecan,
perlecan, and MMP-2

MMP-16 MT3-MMP Collagen III, gelatin, casein, fibronectin,
and MMP-2

MMP-17 MT4-MMP Fibrin; fibrinogen; tumor necrosis factor
precursor

MMP-24 MT5-MMP Fibronectin, but not collagen type I or
laminin

MMP-25 MT6-MMP Progelatinase A
(continued)
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to bind to its receptor and regulate T-cell activation in the wounded area [67]. All
these data suggested that metalloproteinase, including both MMPs and ADAMs, are
involved in regulation of chemokine activity.

7.1 MMP-1, MMP-8, and MMP-13 (Collagenases Group)

MMP-1, MMP-8, and MMP-13 are the main secreted endopeptidases capable of
cleaving collagenous extracellular matrix [68]. An important aspect of these
enzymes is their ability to cleave interstitial collagens I, II, and III at a specific site
three-fourths from the N-terminus. These MMPs can also degrade a number of other
ECM and non-ECM molecules. MMP-1 cleaves type II collagen whereas MMP-13
has intense activity than MMP-1 on type II collagen and MMP-8 has greatest activity
against type I collagen. Fibroblasts and macrophages secrete MMP-1 during normal
tissue remodeling. During wound healing, degradation of ECM triggers quick
expression of MMP1 in basal keratinocytes at the migrating epithelial front in
wounds. Expression of MMP-1 is induced when cells are in contact with type I
collagen promoting migration. Its expression is controlled by the binding of type I
collagen to a2b1 integrin. At day 1, after wounding in migrating basal keratinocytes,
MMP-1 expression rises at the wound edge followed by a steady decrease until
re-epithelialization is over. Later in final stages of tissue remodeling in keratinocytes,
laminin isoforms serve as a signal for the down-regulation of MMP-1. Collagenase-8
(MMP-8) is another most effective collagenase in initiating type I collagen degra-
dation that is secreted by wound fibroblasts, neutrophils, and macrophages. An
increased expression of MMP-8 in chronic wounds is detrimental to wound repair
causing breakdown of type I collagen. Another collagenase, MMP-13 expressed by

Table 1 (continued)

Subgroup MMP Trivial name Substrates

Other MMPs MMP-12 Macrophage
metalloelastase

Collagen IV, gelatin, elastin, casein,
fibronectin, vitronectin, laminin, entactin,
MBP, fibrinogen, fibrin, and plasminogen

MMP-19 RASI-1 Type I collagen

MMP-20 Enamelysin Amelogenin; aggrecan; cartilage
oligomeric matrix protein

MMP-21 MMP identified
on chromosome
1

Unknown

MMP-23 CA-MMP Unknown

MMP-27 MMP identified
on chromosome
1

Unknown

MMP-28 Epilysin Casein

MMP-29 Unknown
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fibroblasts plays a substantial role in the maturation of granulation tissue, comprising
modulating myofibroblast function, inflammation, angiogenesis, and degradation of
the matrix [38, 69, 70].

7.2 MMP-2 and MMP-9 (Gelatinases)

Gelatinases are matrix zinc-dependent metalloproteases capable of degrading
denatured collagens as well as other extracellular matrix proteins [71]. MMP-2 and
MMP-9 are also called gelatinases A and B, respectively that are expressed by
chondrocytes, fibroblasts, endothelial cells, and macrophages. They can degrade
type IV, V, VII, X, XI, and XII collagens, elastin, and fibronectin. Earlier
researchers suggested their role in cell migration and re-epithelialization [72]. High
level of these two gelatinases was observed in diabetic ulcers. After the initial
cleavage of intact collagen by MMP-1, these two MMPs further degrade it into
small fragments. Likewise, MMP-2 and MMP-9 can also degrade type IV collagen,
which is the major type of collagen found in basement membranes. Expression of
laminin-332 and increased keratinocyte migration directs expression of MMP-2 in
acute wounds. Exogenous MMP2 stimulates cleave c-2 chain of laminin-332 for
epithelial migration [73, 74]. MMP-9 is expressed by epithelial injury, another
gelatinase that play a significant role in wound healing and cell signaling [75]. It has
also been implicated in re-epithelialization after injury. It has been reported that
MMP-9 is significantly up-regulated during human respiratory epithelial healing
[76]. Importance of MMP-9 in wound repair was studied using a MMP-9 deficient
mouse model, where, MMP-9 coordinated epithelial wound repair and deficient
showed wound healing with delayed re-epithelization and disordered collagen
fibrillogenesis [77]. It also stimulates collagen contraction interacting with TGF-ß1
assisting in wound closure [78]. Hypoxia is an example of MMP-9 indicated
increase in keratinocyte migration and MMP-9 activity [79]. Alternatively, there are
reports that MMP-9 activates the movement of lung epithelial cell in culture by
modifying adhesion to type IV collagen, whereas when injury of lung was severe,
re-epithelialization was unaffected in MMP-9 deficient mice [80]. In the eye,
MMP-9 slows cornea wound closure by inhibiting cell proliferation through Smad2
signaling [76]. Both MMP-2 and MMP-9 play a significant role in angiogenesis and
remodeling phase of wound healing. They activate cytokines, including TNF-a and
VEGF, and generate antiangiogenic peptides such as endostatin from type XVII
collagen which is expressed in the basement membrane [81].

7.3 MMP-3 and MMP-10, MMP-11 (Stromelysin-1, -2 and -3)

Stromelysins are metallo proteases that are capable of cleaving extracellular matrix
proteins but are incapable of cleaving triple helical fibrillar collagens. There are
three members in this group are MMP-3, MMP-10, and MMP-11. Collagen II, III,
IV, IX, and X are degraded by MMP-3. MMP-10 can cleave collagen III, IV, and V
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along with non-collagenous connective tissue macromolecules with proteoglycans,
laminin, and fibronectin [82]. MMP-3 and MMP-10 are involved in proteolysis and
tissue remodeling through participating in pro-MMP activation and digests ECM
molecules. However, MMP-11 demonstrates weak activity with the ECM mole-
cules. In chronic wound, keratinocytes and fibroblast cells prominently express
MMP-3. MMP-10 has a unique pattern of expression produced by basal ker-
atinocytes at the edge of migrating cells. Though gelatinases are commonly found
in acute wound, they are observed in large quantities in chronic wound and ulcers.
Unregulated expression of MMP-10 can leads to irregularity in wound healing.
Aberration in expression can cause proteolysis of newly formed matrix, disorga-
nization of migrating epithelium, deviation in cell–cell contacts of the migrating
keratinocytes, and an increased rate of cell death of wound edge keratinocytes.
Other factors, which control expression, are the cytokines EGF, TGF-b1, and
TNF-a. Alternatively, MMP-3 plays a vital role in wound contraction regulating the
rate of wound healing.

7.4 Matrilysins (MMP 7, MMP 26, and MMP 28)

Matrilysins are capable of cleaving ECM components and cell surface molecules
like Fas-ligand, pro-a-defensin, pro-tumor necrosis factor a and E-cadherin (Parks
2004) [66]. Two members of this group are MMP-7 and MMP-26. They are mostly
expressed by injured mucosal epithelia [83]. MMP-7 has established an integral role
in re-epithelialization. It can cleave aggrecan, fibronectin, type IV collagen, lami-
nin, and entactin. There are reports indicating that re-epithelialization of tracheal
wounds are almost completely abolished in absence of MMP-7 [59, 84]. MMP-7
regulates re-epithelialization by cleavage of E-cadherin within the adherens junc-
tion, which enables the migration of epithelial cells away from the wound edge.
Moreover, loss of MMP-7 can lead to impaired E-cadherin cleavage in vivo fol-
lowing bleomycin injury [84]. Another MMP in matrilysin group is MMP-26, also
called endometase. Matrilysin-2 is a small protein of the MMP-family expressed in
some epithelial carcinomas and normal tissues. It is up-regulated in keratinocytes
during wound healing. It can degrade type IV collagen, fibronectin, fibrinogen,
vitronectin, denaturated collagen types I–IV, a1-antitrypsin, a2-macroglobulin
in vitro, and insulin-like growth factor-binding protein 1 (IGFBP-1) and activates
pro-MMP-9 [85, 86].

MMP-28 (epilysin) is a new member of MMP-family, a caseinolytic enzyme
which is expressed by proliferating basal keratinocytes distally from the wound
edge and is not expressed by migrating keratinocytes. This pattern of expression
suggests a possible role of MMP-28 in re-epithelialization through reorganizing the
basement membrane or by cleaving cellular adhesion molecules and thus, giving
more cells for the migrating front [61, 87]
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7.5 Other MMPs

There is other MMPs play an important role in re-epithelialization. For example,
MMP-14 (MT1-MMP) exhibit a vital role in remodeling of extracellular matrix
(ECM) and enhancing cell migration during wound healing. Its expression is
localized in the migrating front of the wound which is expressed by keratinocytes. It
also cleaves various types of ECM proteins, comprising collagens, gelatin, lami-
nins, and fibronectin along with its ligands, the integrins [88]. In addition to
cleaving ECM proteins, it can also activate other MMPs like MMP-2 through
coordinated process with TIMP-2 thereby intensifying the process of proteolysis
[89]. It is important in the migration of cells in type I collagen and even required
during angiogenesis [90]. Growth factors such as VEGF and HGF (hepatocyte
growth factor) induces MT1-MMPs. Earlier citation also discussed activation of
a number of intracellular signaling, pathways, such as the MAPK family pathway,
focal adhesion kinase (FAK), Src family, Rac, and CD44, during cell migration and
tumor invasion by MMP-14 [91]. They also regulate and induce epithelial cell
proliferation and migration in vitro by varying the expression of the KGF receptor
through the cleavage of syndecan-1, CD44 and laminin-332, respectively, during
wound healing. In MMP-8 deficient mice, wound healing got delayed which is
thought because of sustained inflammation to reduced neutrophil apoptosis and
clearance.

7.6 Tissue Inhibitors of Metalloproteinases

The MMPs are inhibited by specific endogenous tissue inhibitors of metallopro-
teinases (TIMPs). They are classified under four family members, TIMP-1, -2, -3,
and -4. They regulate the action of MMPs and inhibit them in a 1:1 stoichiometry
by interacting active site of the MMP with their N-terminal domain although their
affinities may differ [92]. Two TIMPs among four, play crucial roles by regulating
several MMPs. TIMP-1 is present in epithelial cells and fibroblasts and inhibits
MMP (-1, -2, -3, -7, -8, -9, -10, -11, -12, -13, and -16). Studies indicated the role of
TIMP-2 in modulating cell migration and inhibits MMP-1, -2, -3, -7, -8, -9, -10,
-13, -14, -15, -16, and -19) [93]. Similarly, TIMP-3 plays a significant role in
controlling ECM remodeling during wound healing and inhibits MMP-1, -2, -3, -7,
-9, -13, -14, and -15.

8 Serine Proteases

Along with MMPs, there are numerous serine proteases involved in wound healing
such as neutrophil elastase (human leukocyte elastase), urokinase-type plasminogen
activator, possibly cathepsin, and plasmin among with predominance of human
neutrophil elastase [51]. These proteases regulate the inflammatory process.
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Elevated levels of serine proteases like neutrophil elastase (human leukocyte
elastase), urokinase-type plasminogen activator, plasmin, and possibly cathepsin
are found in chronic wounds. In this case, the activity of neutrophil-derived elastase
dominates. Its presence supports the notion that healing is delayed in chronic
wounds because the wound is stuck in the inflammatory phase of repair. Elastase
and cathepsin are capable of cleaving a variety of extracellular matrix proteins
including elastin, fibronectin, laminin, vitronectin, and collagen IV [94]. Recent
investigation has recommended that the activity of these proteases could be used as
an early biomarker to detect wound infection due to their high elevation by
neutrophils during infection. Plasminogen also exhibits significant role in the
re-epithelialization process.

9 Level of Protease Activity in Acute and Chronic Wound

Several investigations indicated variation in proteolytic activity between acute and
chronic wounds [44–47]. It is widely accepted that an imbalance between proteases
and their inhibitors in chronic wounds obstructs healing. High level of proteases
activity destroys growth factors and their receptors, inhibits angiogenesis and
degrades granulation tissue, resulting in tissue damage. In normal healing, prote-
olytic activity is properly regulated but this is not followed in chronic wounds.
Increased levels of various MMPs and serine proteases are observed in fluids from
chronic wounds. These variations in acute surgical and chronic wounds were ini-
tially studied by Trengove and his team in 1999 using substrate assays and
gelatine-zymography. Level of MMP activity is higher within chronic wound fluids
as compared to acute wound fluids. Chronic wounds are characterized by elevated
levels and activities of collagenases (MMP-1 and MMP-8) and gelatinases (MMP-2
and MMP-9), serine proteases such as neutrophil elastase and abnormally low
levels of TIMPs along with higher degradation of the growth factors like epidermal
growth factors. Unregulated high level of serine proteases degrade fibronectin, an
essential protein involved in the remodeling of the ECM resulting in delay in
wound healing. In vitro studies suggest that under such conditions certain growth
factors are also degraded by proteases [95].

10 Factors Affecting Protease Activity

Protease activity is the best biomarker for predicting the healing of any wound. It is
recommended that clinicians should identify the level of protease appropriate for
debridement. The specific point on the healing trajectory where protease activity
becomes imbalanced should be detected. There are several factors which can affect
protease activity to halt healing of wounds. For example, sometimes factors related
to the patient also contribute in obstructing healing of wounds, such as age,
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hormone levels, and diabetes. The other factors are production and regulation of
proteases, which are complex. MMPs are produced by tissue cells involved in
healing, e.g., neutrophils, fibroblasts, endothelial cells, and epithelial cells. They are
also produced by immune cells as part of the inflammatory process or in response to
infection. Likewise, MMPs are activated by neutrophil elastases and other pro-
teases. TIMPs are produced by a variety of tissue cells; inhibit the activation of
pro-MMPs and the activity of activated MMPs. But the main inhibitor of elastase is
a-1 protease inhibitor which is secreted by macrophages and liver cells. Similarly,
infection may increase protease activity because presence of bacteria in wounds
induces an inflammatory response that stimulates protease production. This is in
addition to production of proteases by the bacteria themselves [96]. Therefore,
slight abnormality in any of the cascades can lead to imbalance in protease level
resulting tissue damage.

11 Detection of Elevated Protease Activity

There are several evidence suggesting that elevated level of proteases activities
particularly MMPs and human neutrophil elastase obstruct wound healing.
Generally, in the course of normal healing, the level of proteases rises gradually
and remains at peak for about three days and start reducing by day five. The reasons
for generation of imbalance between elevated level of protease and a lack of pro-
tease inhibition in non-healing or chronic wounds are not completely understood.
However, regular monitoring of protease activities during treatment can give an
idea for appropriate wound care management. Earlier researchers used techniques
like gelatine-zymography that primarily detects MMP-2 and MMP-9. Alternative
method is ELISAs which use antibodies to measure levels of proteases and assays.
Studies were consistent about low levels of proteases in acute wounds and high
levels in stalled or poorly healing wounds that decrease when the wounds begin to
heal. However, this laboratory evaluation of protease activity is not always feasible.
Recent development in tissue viability offered better protocol to detect abnormally
elevated levels of protease activity in about 15 min (WoundChek™ Protease Status,
Systagenix, see http://www.woundchek.com). WoundChek™ Protease Status is a
point of care test that evaluates wound fluid swabbed from chronic wounds.

12 Protease Modulating Dressings

Several dressings are commercially available that modulate protease activity. They
act by various means, such as absorbing exudate, removing cofactors, or releasing
inhibitors. Protease modulators are a new range of interactive dressings that not
only create a moist wound healing environment but also regulating protease activity
directly by binding or inactivating proteases to promote wound healing [96].
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There are various categories of technology and modality of dressings. For example,
starch-based matrix which can modulate the wound pH, fibrous-based consist of
superabsorbent polymers or oxidized regenerated cellulose (ORC)/collagen and
have a gel-blocking action which creates a soft gel when in contact with exudate
such as Promogran. Protease modulating matrix composed of 55% collagen and
45% oxidized regenerated cellulose (ORC) is an advanced topical treatment for
chronic wounds. It has the potential to modify the wound environment and stim-
ulate healing. This can help to improve consequences for patients with static or
hard-to-heal wounds [97–100]. While doing protease-modulating dressings, it is
always necessary to regularly monitor and regulate the duration of treatment as per
clearly documented with a review date. Because every patient has different needs
that should be considered while choosing the correct dressing protocol. Thus,
selecting dressing for any patients, following question should be addressed.
Amount of exudate volume produced in a particular wound. If a chronic wound is
generating moderate-to-high volumes of exudate, a protease-modulating dressing
may be required. Moisture management is vital to sustain a moist wound healing
thereby controlling wound proteases so that they do not exceed their required levels
of activity and prolong the inflammatory phase of healing. Second question should
be types of wound for protease-modulating dressings because these dressings can
only be done on wound that is failing to heal over a period of time. However, not all
wounds with delayed healing have elevated protease activity. Therefore, researchers
should identify which wounds have elevated protease activity in which protease
modulating strategies will be effective. There are no visual signs specific to elevated
protease activity. They should know at what level protease activity is probably
started to cause harm and to be able to easily identify affected wounds. Earlier it
was suggested an eight-week period without evidence of healing whereas currently
the time frame extended to 12 weeks [5, 101]. Third question should be about the
fragility of the skin of the patient according to which adhesive fixation will be low
or high. Similarly, other questions which should be addressed are needed to have
dressings to reduce antimicrobial activity as the wound is infected or should be
done under compression. Applying compression may be a problem for wounds that
produce heavy volumes of exudate, which is often where protease-modulating
dressings are used in order to absorb protease-rich wound fluid. An international
consensus suggested that protease modulating dressings should be used for small
courses of 2–4 weeks, followed by a full reassessment. There are other MMP
modulators attracted researchers for regulating MMPs level in non-healing or
delayed wound such as signaling molecules, microRNA regulation, and peptides.
Expression of MMP is regulated by signal transduction mechanisms. Recently, a
member of the FAK family that is proline-rich protein tyrosine kinase 2 (Pyk2)
exhibited an important role in wound healing by regulating of both keratinocyte
migration and MMP expression. Currently, MiR noncoding RNAs also showed in
regulating gene expression of MMPs. MMP-1 expression can be regulated by
down-regulation of MiR-199a-5p which induces wound angiogenesis. Likewise,
there are reports on peptides which can regulate MMPs. Lipocalin-2 present in the
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venom of the Lonomia obliqua caterpillar, can bind and stabilize MMP-9 pro-
moting cell migration and wound healing [102–104].

There are also natural products used as potent wound healer. One of our ongoing
endeavors is to characterize an aqueous extract of human placenta which is used as
a wound healer. NADPH, fibronectin type III-like peptide that stabilizes trypsin
activity and an ubiquitin-like protein which exhibits collagenase activity have been
detected in the extract. The extract also exhibited antimicrobial activity against
common disease causing microorganisms, which together with induction of NO by
mouse peritoneal macrophages together with enhancement of their adhesion
property [105–111]. These findings collectively support wound healing potency of
the extract. Figure 3 demonstrate such activity on wound using a sterile biopsy
punch of 5 mm diameter on inner thigh surface of rats (Namrata Singh, Unpub-
lished results).

13 Proteases and Immunity

Besides significant attribution in wound healing, proteases are also discussed in
immunity. Proteases are capable of recognizing and eliminating invading patho-
gens, alter host cells through different activation routes thereby activating immune
cells. Previous studies showed that trypsin, papain, and other proteolytic enzymes
can degrade existing pathogenic immune complexes and even prevent their for-
mation augmenting lymphatic drainage. This action stimulates immune system.
Proteolytic enzymes also increase the potency of natural killer cells. While these
immune complexes are a normal part of the immune response, when they occur in
excess, it can be the cause of certain kidney diseases, nerve inflammations and a
number of rheumatologic diseases. Serine proteases act as a central component in
complement system. Proteolytic products, e.g., anaphylatoxins of complement
system trigger inflammatory reactions by activating the cellular elements of the

Fig. 3 Wound contraction in rat after treatment with an aqueous extract of placenta. Pictures
indicated that 5 mm wound was contracted to 3.75 mm on 6th day of wounding in control whereas
placental extract treated set, healing of wound was prominent with contraction of wound to
1.50 mm along with hair growth
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immune system like leukocytes and endothelial cells. Prior findings indicated that
TIMP-3 and ADAM-17 act as regulators of key inflammatory, proliferative, and
developmental pathways. They provide stimulus to expand our understanding of
this important family of enzymes in mammalian signal transduction. There are
several studies suggested that the innate and adaptive immune system utilize
endocytic protease activity to promote functional immune responses. Cysteine and
aspartic proteases (cathepsins) constitute a subset of endocytic proteases, the
immune function of which has been described extensively. Earlier these studies
have focused on the role of proteases in antigen presentation and zymogen pro-
cessing within the endocytic compartment but currently, investigation indicated a
crucial role in other intracellular compartments, and within the extracellular envi-
ronment. Moreover, the coagulation system is activated in response to infection by
a variety of different viruses, such as HIV, CVB3, Dengue virus, and Ebola virus.
This response likely evolved as host defenders [112–115].

14 Conclusion and Future Directions

Regulatory roles of proteases in wound healing and immunity are well established.
Enhancement of proteolytic activity could be achieved by genetically overpro-
duction of the enzyme itself or conversion of proenzyme to the active form by
proteolysis. Presence of an inhibitor in variable amount may also regulate a protease
activity. From the perspective of enzyme functioning, the inhibitors are likely to be
an analog of its substrate i,e, proteins or peptides. However, inhibitors whose
structures are completely unrelated to proteins/peptides are emerging. Heparin can
reversibly inactivate Proteinase K [116] while cholesterol on cell surface can
reversibly bind to the bacterial protease Proteinase K forming an inactive entity
[117]. In either set, autodigestion of the proteases could be reduced. It is hypoth-
esized that the cell bound Proteinase K may act in defending the second serge of
microbial infection by destroying proteins of the invading pathogens. It appears that
more biomolecules of unrelated structures to that of the substrates will be attributed
as inhibitor of proteases. Proteomic studies including interactions with small
biomolecules could unravel complete pathway of proteases functioning.
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9Translating the Knowledge
of Functional Dynamics Toward
Designing Inhibitors of BACE1, a Key
Aspartate Protease in Alzheimer’s
Disease

Sandipan Chakraborty and Soumalee Basu

Abstract
Beta-site APP cleaving enzyme 1 (BACE1) which plays a major role in
Alzheimer’s disease (AD) is being currently considered as a promising target in
AD therapeutics by designing inhibitors against it. But there exists very little
information regarding the physiological function of the protein. Many highly
potent BACE1 inhibitors failed in the clinical trials due to undesired side effects
and toxicity. Thus more research to explore the physiological role of BACE1 is
an urgent need. The protein is highly flexible and exhibits significant
ligand-induced flexibility which poses a serious challenge in computer-aided
drug designing. Recent advances in simulation methods as well as increase
in computational resources shed novel insight into the ligand recognition
process of BACE1, which stimulates the field of research that deals with
devising novel methods to incorporate receptor flexibility in BACE1 for
computational drug discovery. This chapter aims to provide up-to-date
information of the physiological role of BACE1 as well as its localization and
sorting pathways and discuss in details the inherent structural flexibility and
ligand-induced motion of BACE1. Also, novel drug designing strategies
developed targeting this receptor flexibility has been discussed in critical details
which paves the path for developing novel method/algorithm in computational
drug discovery of BACE1 inhibitors for AD.
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1 Introduction

b-secretase 1 (BACE1) is an aspartyl protease in human, that is believed to play prime
role in Alzheimer’s disease (AD). In the diseased condition, the protein is
over-expressed and competes with a-secretase to initiate the cleavage of APP at the
b-site. The cleavage by c-secretase follows leading to the secretion of a highly
aggregate-prone Ab peptide [1, 2]. Ab aggregation stimulates many toxic pathways
leading to the extensive neuronal loss in the region of brain that controls memory and
cognition. BACE1 is currently considered a lucrative target in AD therapeutics due to
the fact that BACE1 knockout mice lack amyloid production without any noticeable
toxicity [3]. Physiologically, BACE1 is known to play amajor role in the formation of
myelin sheaths in peripheral nervous system during developmental stages [4, 5]. This
observation does not hold back development of CNS (Central Nervous System) drugs
in AD therapeutics as AD is primarily a disease of older people. But very little
information is available regarding other physiological roles of BACE1, if any, and
also how inhibition of BACE1 would influence other signaling cascades. Thus, dif-
ferent functions of the protein need to be understood more extensively to eliminate
mechanism-based toxicity associated with BACE1 inhibitors. Another challenge in
computational designing of BACE1 inhibitors is the flexibility of the protein. The
protein is highly flexible and undergoes significant induced fit motion after ligand
binding. Not much is known about this functional motion, which needs to be explored
in critical details in order to design strategies, incorporating receptor flexibility in
structure-based drug design. Hit prediction during virtual screening can certainly be
improved if the flexibility of the receptor can be mimicked properly. This chapter
briefly describes the cell biology and trafficking of the protease and also provides
up-to-date information regarding its biological substrates identified so far. Functional
motions of the protein and how the protein recognizes its substrate have been dis-
cussed in critical details along with different strategies/methods that have been
developed to incorporate receptor flexibility.

2 BACE1: Identification of the Enzyme

Emergence of the amyloid hypothesis as the principal pathogenesis paradigm of AD
prompted the research of identification of novel proteases involved in aberrant
processing of amyloid precursor protein (APP) and generation of amyloid b
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thereafter. These resulted in the identification of the b-site APP cleavage enzyme
simultaneously by five different groups within 1999–2000, although the denotations
of the enzyme are different in different groups like BACE, Asp2, or memapsin 2 [6–
10]. Different approaches, namely genomic or biochemical strategies used to
characterize the protein always, led to the same primary sequence of the protein.
The protein was finally termed BACE1. Interestingly, its paralogous counterpart
BACE2 is functionally different and behaves more like “a-secretase” by promoting
the non-amyloidogenic processing of APP [11].

BACE1 is a 501-amino-acid-long peptide, while BACE2 is composed of 518
amino acids. Sequence alignment reveals that the primary sequences of both the
proteins are 45.8% identical and up to 61% similar (Fig. 1a). Structurally, both the
proteins are highly similar and share the same structural fold. Structural superpo-
sition of inhibitor bound crystal structure of the active site domain of BACE1 (PDB
ID: 4BEK) and BACE2 (PDB ID: 2EWY) is shown in Fig. 1b. Both the proteins
have highly similar secondary and tertiary structure, and structural superposition
reveals that the Ca root-mean-square deviation is only 0.826 Å.

Among these two proteins, BACE1 satisfies all previously determined charac-
teristics of b-secretase involved in APP proteolysis [6]. The pattern and level of
expression of BACE1 is highly consistent with the reported activity of b-secretase
in cells and tissues. Maximal b-secretase activity was observed in neural tissue and
neuronal cell lines, although some activity was detected in majority of body tissues
[6]. Interestingly, astrocytes exhibited less b-secretase activity than neuronal cells
(Fig. 2).

Fig. 1 Sequence and structural alignment of BACE1 and BACE2. a Pair-wise sequence
alignment of human BACE1 and BACE2 sequences. b Structural superposition of the active site
domain of BACE1 (PDB ID: 4BEK) and BACE2 (PDB ID: 2EWY). Both the proteins are shown
in cartoon representation and colored cyan for BACE1 and deep salmon for BACE2
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BACE1 mRNA is highly expressed in brain and pancreas, whereas the
expression is significantly less in most other body tissues [12]. Moreover, BACE1
mRNA is highly expressed in neurons but little is found in resting glial cells [13].
Northern blot analysis of human BACE1 mRNA shows low levels of expression in
peripheral tissues, while brain sub-regions show uniform, moderately high
expression across all the regions [6]. In situ hybridization probes the strongest
signal of the protein in hippocampus, cortex, and cerebellum. Overall, the pattern of
BACE1 expression is consistent with the expected pattern of expression of
b-secretase involved in APP proteolysis [6]. Overexpression of BACE1 shows
increased production of b-secretase cleavage products. The paradoxically high
BACE1 mRNA level in pancreatic cells was resolved when a splice variant of
BACE1 mRNA with missing major portion of exon 3 was identified [14, 15]. This
splice variant encodes a BACE1 isoform devoid of b-secretase activity, but the
functional relevance of this pancreas-specific splice variant still remains elusive.

Till date, the functional role of BACE2 in AD pathogenesis is somewhat con-
troversial. Some studies demonstrated that BACE2 cleavage occurs around the
a-site [11], whereas there are some reports revealing that the enzyme cleaves at the
b-site of APP [16]. The BACE1 gene is localized on chromosome 11q23.3,
whereas the BACE2 gene is located on chromosome 21q22.3. Genotyping shows
no association between AD and the intronic polymorphism in BACE2. Tissue
expression of BACE2 is also markedly different with respect to its homolog,

Fig. 2 Schematic representation of cellular sorting pathway of BACE1
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BACE1. BACE2 mRNA is nearly undetectable in human adult or fetal brain [17].
However, in kidney, prostate, placenta, colon, and pancreas, BACE2 mRNA is
highly expressed [17]. Studies also demonstrated that BACE1 and BACE2 are
transcriptionally regulated differently. The BACE2 gene is controlled by a
TATA-less promoter and transcription factor prediction showed little similarity
between the promoters of the two proteins. A comparative analysis of the tran-
scription factor-binding sites of both BACE1 and BACE2 genes was carried out by
Sun et al. [18]. All these observations symbolize BACE1 as the probable
b-secretase candidate in brain that is involved in APP processing.

3 BACE1: Cell Biology of the Protein

Many years of pain-staking research has shed some light on the cellular sorting
mechanism of BACE1. The protein is synthesized in the endoplasmic reticulum as a
zymogen [19]. Acetylation of seven lysine residues at the N-terminal domain of
nascent BACE1 dictates its trafficking from ER to trans-Golgi network [20]. Pro-
BACE1 matures into the active form in Golgi. Here, the pro-peptide domain is
cleaved between Arg45 and Glu46. Furin, a ubiquitous proprotein convertase (PC),
present in the Golgi, plays an essential role in the peptidic cleavage [21]. Glyco-
sylation of four asparagine residues and palmitoylation of three cytosolic cysteine
residues of BACE1 occur during the final maturation of the protein which directs its
intracellular trafficking [22]. In Golgi lumen, the seven lysine residues are
de-acetylated after the maturation of BACE1. Mature BACE1 mostly localizes
within cholesterol-rich noncaveolar lipid rafts in plasma membrane [23]. What is
fascinating is that, within lipid rafts, BACE1 co-localizes with APP and c-secetase.
BACE1 has reportedly shown optimal activity in the acidic pH (pH 4.5–5.5) [24].
Therefore, within plasma membrane, BACE1 shows very low activity. Also, it has
been demonstrated that in normal physiological condition, BACE1 is unable to
readily bind to APP within lipid rafts. It is noteworthy that BACE1 in its lifetime
shuttles many times between the cell surface and early endosome, where it is
activated due to the low pH. Interestingly, APP co-localizes with BACE1 within the
endocytic compartment, where most of the proteolysis take place. Particularly, the
dileucine motif of BACE1 and the YENPTY motif of APP in the cytoplasmic
domain dictate their co-localization into endosomes [22]. Several adapter proteins
play crucial roles in appropriate sorting of BACE1. Although the co-localizations of
BACE1 and APP occur in early endosome, whether they follow similar trafficking
pathway or not is highly debatable. It appears that APP and BACE1 are internalized
through distinct sorting pathways which converge in early endosome. From
endosomes, BACE1 is either sorted in Golgi using a retrograde pathway or toward
lysosome for degradation. Golgi-localized, c-ear-containing, ADP-ribosylation
factor-binding (GGA) proteins dictate the trafficking of BACE1 between the late
Golgi and early endosomes [25, 26]. These proteins recognize the DXXLL motif of
the C-terminal domain of BACE1. GGA1 negatively regulates the residence time of
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BACE1 in endosome through a complicated pathway that are not fully character-
ized. However, it has been demonstrated that GGA1 recognizes the dileucine motif
of BACE1 and its binding is highly dependent on the phosphorylation status of
BACE1. On the other hand, GGA3 regulates the trafficking of ubiquitinated
BACE1 between early endosomes and lysosome [27]. In AD brains, GGA3
expression is significantly reduced [26] and reduced GGA3 levels increase local-
ization of BACE1 to early endosomes by preventing the trafficking of BACE1 to
lysosomes where it is degraded. A significant population of BACE1 is also recycled
back to endosome from the cell surface in Rab11-dependent pathway [28]. Recent
advances in live cell imaging techniques provide evidence that trafficking of
BACE1 from the dendrite surface to the soma in hippocampal neuron occurs
through EHD1/3-dependent pathway, whereas axonal BACE1 undergoes
Rab11-dependent endosomal recycling pathway [29, 30]. Thus, a balance between
Rab11 and EDH proteins fine tunes the sorting of BACE1 toward endosomes and
impairing this balance can lead to an increased pool of active BACE1 within neuron
capable of producing more Ab.

An interesting note for BACE1 is that unlike zymogens of other related pro-
teases, proBACE1 demonstrates considerable b-secretase activity and can cleave
APP to produce an intracellular pool of Ab early in the cellular trafficking pathway.
It has been demonstrated that intracellular Ab is more neurotoxic than its extra-
cellular counterpart [31].

Another interesting observation, although minor, is that BACE1 undergoes ecto-
domain shedding [32]. Co-expression of APP and the soluble ectodomain of BACE1
increase generation of Ab which indicate that ectodomain shedding of BACE1
increases the amyloidogenic processing of APP and the process is suppressed by
palmitoylation. Another intriguing observation is that, soluble, functionally active
BACE1 has been detected in the cerebrospinal fluid (CSF) of AD brains.

4 BACE1: Physiological Function of the Protein

Initial reports demonstrated that BACE1 knockout mice live with normal physi-
ology without any associated morbidity [3]. Recent studies, however, revealed a
complex phenotypic behavior of BACE1 knockout mice, which implicate func-
tional role of BACE1. However, it may be mentioned that a consensus about the
physiological role of BACE1 is yet to be achieved. BACE1-/- mice exhibit sig-
nificant evidence of hypomyelination of peripheral nerves [33]. The phenotype is
very similar to that observed in type III NRG1 mutation. Type III NRG1
(neuregulin1) functions as a signaling molecule and stimulates the production of
myelin sheaths by the accompanying Schwann cells, which ensheath the nerve
axons. NRG1 contains an epidermal growth factor (EGF) domain. A proteolytic
cleavage releases the EGF domain to interact with ErbB receptor and thereby
activate the protein. It is now believed that BACE1 might be one of the proteases
involved in the ectodomain shedding of the type III NRG1 [34]. Thus, BACE1 is
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required for myelination and correct bundling of axons by Schwann cells, probably
through processing of type III NRG1.

It has also been reported that BACE1 can cleave the P-selectin glycoprotein
ligand 1 (PSGL-1) to generate a soluble ectodomain and a C-terminal
trans-membrane fragment which mediates leukocyte adhesion during inflamma-
tory reactions [35]. Alongside, research evidence clearly indicates a functional role
of BACE1 in neuronal activity through the regulation of voltage-dependent sodium
channels. Neuronal action potentials are highly dependent on the voltage-dependent
sodium channel Nav1.1. The voltage-gated sodium channel (Nav) b2-subunit is a
type I membrane protein that covalently binds to Nav1 a-subunit. Interestingly, it
was demonstrated that the b2-subunit is sequentially processed by BACE1 and
c-secretase leading to the secretion of a fragment which regulates the transcription
of the a-subunit through a feedback mechanism [36, 37]. As a result the a-subunits
accumulate inside the cell. Decrease of functional sodium channels at the cell
surface results in the lowering of sodium current densities. However, the status of
sodium current densities in BACE1 knockout mice is yet to be explored.

Researchers also demonstrated that the neural cell adhesion molecule L1 or close
homolog of L1 (CHL1) is also another possible substrate of BACE1. CHL1 is a
type I membrane protein which is cleaved by BACE1 to liberate a soluble ecto-
domain fragment that binds to neuropilin-1 and semaphorin 3A [38]. These two
proteins play crucial role in axonal guidance. Mice model study demonstrated that
BACE1 null mice possess a significant amount of mis-targeted axons in the
olfactory bulb and hippocampus region.

Recently, high-throughput OMICS approach has been adopted to identify novel
BACE1 substrates. Hemming et al. used an unbiased quantitative proteomic
approach on two human epithelial cell lines, HEK and HeLa, stably expressing
BACE1 to identify novel BACE1 substrates [39]. They have identified 68 putative
substrates and a number of them were further validated in cell culture system. On
the other hand, Kuhn et al. used novel secretome protein enrichment with click
sugars (SPECS) method to identify novel BACE1 targets. Interestingly, 34 sub-
strates of BACE1 have been identified in primary neurons. Among them seizure
protein 6, L1, CHL1, and contactin-2 were validated in brains of BACE1
inhibitor-treated and BACE1 knockout mice [40].

5 BACE1: Role of the Protein in Alzheimer’s Disease

Autopsy of the brain of AD patients shows extensive neuronal loss in the region of
the brain that controls memory and cognition. Interestingly, the presence of
extracellular aggregates of proteinaceous debris, known as “amyloid plaques” and
intracellular filamentous “neurofibrillary tangles”, has been noticed. Plaques are
composed of aggregates of amyloid-b peptide (Ab), mostly insoluble. On the
contrary, tangles are intracellular insoluble twisted fibers of the tau protein [41, 42].
Neurons possess an internal support system called microtubules which guide the
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flow of nutrients and molecules from the body of the cell down to the axon. Tau, a
microtubule-associated protein, is known to stabilize microtubules. In AD patients,
tau has been found to be hyper-phosphorylated. The hyper-phosphorylated tau
rapidly aggregates as paired helical filaments known as neurofibrillary tangles
(NFT) [43]. Interestingly, it has been demonstrated that NFT formation is induced
upon Ab treatment in transgenic mice model. Studies on APP-transgenic mice
model demonstrated that mutation in the tau gene causes autosomal dominant
frontotemporal lobe dementia with tau pathology and symptoms as observed in AD
but without the appearance of Ab plaques [44, 45]. Thus, fibrillar Ab might alter the
phosphorylation state of tau, which in turn facilitates NFT formation. Therefore,
“amyloid hypothesis” emerges as the principal paradigm in AD pathology.
According to this hypothesis, the central pathogenic event is the formation and
aggregation of Ab. Ab is generated due to the proteolysis of a larger integral type I
trans-membrane glycoprotein, amyloid precursor protein (APP). Generally, three
proteases, namely a, b, c, proteases are involved in APP proteolysis (Fig. 3).

Fig. 3 Schematic representation of the processing of the amyloid precursor protein (APP) in the
normal condition and amyloid fibril formation as observed in the diseased (AD) condition. In
normal physiology, APP processing is primarily composed of successive cleavage by a-secretase
and c-secretase leading to the secretion of a 3 kDa peptide, p3. In the amyloidogenic pathway,
cleavage by b-secretase, followed by c-secretase, releases the aggregate-prone peptide, Ab, which
rapidly aggregates in a nucleation-dependent manner to form “amyloid fibril” that has the
characteristic highly stable cross b-sheeted arrangement
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In non-diseased condition, a-secretase cleaves APP to produce a-APP and an
83-residue COOH-terminal fragment (CT83). c-secretase acts on CT83 to generate
a 3-kDa peptide called p3 and the AICD peptide. In AD, b-secretase competes with
a-secretase and cuts APP at the NH2-terminus of the Ab peptide domain to produce
a soluble extracellular APP (b-APP) and a 99-residue fragment (CT99). c-secretase
then acts on CT99 to produce Ab and amyloid intracellular domain (AICD) peptide
[46].

It is to be noted that in the diseased condition, Ab is generated by the sequential
cleavage of APP by b and c-secretase producing peptide fragments ranging from 39
to 43 residues. Among these several fragments, Ab42 is highly aggregate-prone and
the most abundant component in cerebral plaques observed in AD brains. Moreover,
AD-causing mutations in APP near the b and c secretase cleavage sites increase the
production of Ab. Site-directed mutagenesis shows that the substitution of the Met
residue at P1 by a larger hydrophobic amino acid Leu (found in the Swedish FAD
mutation) improves the efficiency of b-secretase cleavage. Conversely, substitution
at the same position by Val, a smaller hydrophobic amino acid, inhibits cleavage
[47]. Thus b-secretase recognition is highly sequence-specific. Interestingly, a
number of Ab species with different N-terminus residues have been identified.
Although the predominant cleavage component of APP begins at the Asp+1 residue
of Ab, other minor Ab species beginning at Val-3, Ile-6, and Glu+11 too have been
reported. Inhibitor-binding studies suggest that the Val-3 and Ile-6 species are
generated by a protease that is different from b-secretase but Glu+11 species is
produced in parallel with Asp+1 species of Ab fragment which implies that
b-secretase is responsible for cleaving at both these positions [48–50].

6 BACE1: A Therapeutic Target in AD

In AD, BACE1 initiates the proteolysis of APP. Although initial reports demon-
strate that BACE1 knockout mice live with normal physiology without any
noticeable morbidity, later studies confirm the functional role of BACE1 on
myelination of the peripheral nervous system. However, the process is activated
during the developmental stage. Therefore, hypomyelination is not a limitation for
BACE1-targeted therapies in AD which is primarily an age-related disorder. But
recent advances on high-throughput proteomics and genomics technologies indicate
functional role of BACE1 in nervous system. New physiological targets have been
identified for BACE1, which certainly limit the application of BACE1-based
therapy in AD. However, a recent interest is to explore the possibilities of partial
inhibition of BACE1 activity such that optimum CNS beneficial effects may be
achieved while limiting mechanism-based toxicities. Studies on APPswe; PS1DE9;
BACE1+/– mice interestingly demonstrated a significant reduction in amyloid
burden without any noticeable lethal phenotype as compared to that of APPswe;
PS1DE9; BACE1+/+ mice. This suggests exciting possibility of partial inhibition of
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BACE1 in AD therapeutics which can effectively reduce Ab deposition without any
mechanism-based toxicity [51].

All these results intensify the urge for the identification of novel inhibitors of
BACE1 for AD therapeutics. The biological target of BACE1 is a peptide; there-
fore, initial interest was to design/synthesize non-cleavable peptide-based transition
state analogs or peptidomimetics inspired by the BACE1 recognition motif in
APP. The first inhibitor in this category is P10–P4’StatVal which shows IC50 value
of 30 nM. The second one is known as OM99-2 which exhibits an IC50 value of
1.6 nM [52]. These compounds show high efficacies in vitro but their unfavorable
in vivo pharmacological properties restrict their potential as drug candidate.
Therefore, the focus was shifted toward designing small-molecule BACE1 inhibi-
tors. Several classes of small molecular scaffolds were lately reported as BACE1
inhibitors that include imidazolidinone analogs, hydroxymethylcarbonyl isosteres,
pyridinium-based derivatives, flavonoids, and acyl guanidines [53–57]. But till date
there are only few phase III clinical trials of BACE1 inhibitors, which implicate
difficulty in the development of inhibitors targeting BACE1. Effects of two CNS
drugs, pioglitazone and rosiglitazone, on cognition in AD patients were not posi-
tive. Currently, CTS-21166, an oral drug targeting BACE1, is under phase I trial
and it has been documented that it is well tolerated and exhibits reduced plasma Ab
concentrations [58]. Another compound LY2886721, developed by Eli Lilly
pharmaceutical company, demonstrated encouraging result in phase I clinical trial
[59]. The drug significantly reduced both plasma and CSF Ab40 as well as Ab42
levels with significant increase in CSF sAPPa level. There was no noticeable
mechanism-based toxicity during the course of the 14 day study. But the drug failed
in phase II trial where the drug showed liver toxicity in a small group of volunteers.
A BACE1 inhibitor, MK-8931, developed by Merck pharmaceutical company
exhibits promising result in phase I clinical trial. MK-8931 noticeably reduced Ab
levels in the CSF in a dose-dependent manner. A single oral dose of 100/550 mg of
the drug decreased CSF Ab40 levels by 75 and 92%, respectively. During the
randomized, double-blind, placebo-controlled phase I clinical trial, the drug was
reported to be safe and well tolerated with no serious adverse effects. Phase II
clinical studies of MK-8931 are also very encouraging [60, 61]. In both the EPOCH
study and NCT01739348, the drug was well tolerated and highly effective. The
results are waiting to be validated further in phase III clinical trials which pre-
sumably has started in 2017. Another BACE1 inhibitor, AZD3293, developed by
AstraZeneca has been demonstrated to be safe, well tolerated and with promising
pharmacokinetics in phase I randomized, double-blind, placebo-controlled, SAD
(single-ascending dose), and MAD (multiple-ascending dose) studies [62]. The
drug significantly reduced plasma and CSF Ab levels in healthy young (18–
55 years) and elderly (55–80 years) subjects. The drug now will be under phase II
clinical trials.

Failure of many BACE1 inhibitors in clinical trials due to safety as well as
cross-reactivity with other targets shifts the focus to develop BACE1 inhibitors
from natural origin. Polyphenols are of particular interest as BACE1 inhibitor.
Shimmyo et al. demonstrated that five flavonoids, namely, myricetin, kaempherol,
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morin, quercetin, and apigenin, inhibit BACE1 as evident from in vitro and cell
culture-based assays [63]. Chitosan derivatives from crab shell display weak
b-secretase inhibitory activity [64], while green tea catechins [65], ellagic acid from
pomegranate [66], and hispidin from mycelial cultures of Phellinus linteus have
shown moderate b-secretase inhibitory activity [67]. Oral administration of tannic
acid for 6 months improves cognitive function in transgenic PSAPP mouse model
[68]. Recently, hesperidin has been found to be nM active as BACE1 inhibitor,
in vitro [69]. Prevalence of these compounds in commonly consumed food items
and beverages makes them viable alternative in conventional AD therapeutics as
well as their applicability as functional food.

Experimental identification of inhibitors using synthesis followed by in vitro
validation is both time consuming and expensive. State-of-the-art computational drug
discovery methods have been widely used to discover novel compounds. They are
broadly classified as ligand-based and structure-based drug designing methods. The
ligand-based designing process is particularly useful in such cases where little or no
structural information of the receptor is available and information of known active
compounds is used to mine novel inhibitors. Pharmacophore modeling and quanti-
tative structure activity relationship (QSAR)methods arewidely used in this category.
But the success of such modeling is highly dependent on the dataset used to derive the
model and therefore, for unknown compounds these procedures can predict reliably if
it falls within the “domain of applicability”, i.e., the chemical and physical space
where the model makes reliable prediction. In structure-based drug designing,
receptor–inhibitor interaction features are used to mine novel inhibitors. Molecular
docking is the most widely used method in this category. Most of the docking pro-
grams ignore receptor flexibility; they only consider the ligand flexibility. Incorpo-
ration of both receptor and ligand flexibility increases the complexity of the search
problem. Thus mimicking receptor flexibility during structure-based drug designing
has ample opportunity in computational drug discovery. This is particularly important
for flexible enzyme like BACE1. BACE1 happens to be a difficult target for
structure-based drug design. Not a single BACE1 inhibitor was found in a library
containing more than 1800 renin inhibitors, despite the fact that both BACE1 and
renin are pepsin-like enzymes [70]. Flexibility of BACE1 is a prime challenge that
needs to be addressed during discovery of inhibitors, computationally.

7 BACE1: Flexibility of the Receptor as Evident
from Crystal Structures

Currently, there are more than 350 crystal structures of BACE1 available in the public
structural repository, protein data bank (PDB). Analyses of the crystal structures of
BACE1 show that the protein possesses a bilobate structure composed of a single
polypeptide chain. The catalytic dyad consists of two conserved aspartic acid residues
(Asp), one from each lobe. Comparison of inhibitor free and bound BACE1 crystal
structure reveals high degree of flexibility of the protein. Effects are particularly
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pronounced in the “flap region”, a b-hairpin (residue 67–77), which covers the
opening of the catalytic cavity of BACE1. In the presence of a bound ligand, the flap
moves closer to the catalyticAsp dyad to tightly retain the ligandwithin the active site,
representing a closed conformation of BACE1. In the APO form, the flap generally
moves away from the catalytic dyad, representing an open conformation.

Interestingly, the orientation and exposure of flap opening greatly varies in
different reported crystal structures. Comparison of several inhibitor bound BACE1
structures reveals variety of flap conformations. Also it shows that the position and
orientation of the flap depends on the volume of the bound inhibitor. Furthermore,
recently, Xu et al. reported two crystal structures of BACE1 bound to the same
inhibitor belonging to different space groups and exhibiting differential flap opening
[71]. Hydrogen-bonding interactions between main-chain atoms of flap residues and
the bound ligand lock the flap in the closed conformation. When this hydrogen
bonding is absent, the bound ligand resists flap closing due to steric effect leading to
an open conformation of the protein. An interesting observation is that most of the
crystal structures of BACE1 inhibitor complexes belonging to space group P6122
exhibit open flap conformation [71]. Thus, there is strong influence of crystal
packing on the flap orientation of the BACE1 inhibitor complexes. A completely
conserved tyrosine residue, Tyr71, close to the flap tip has an unusual orientation in
an open BACE1 crystal structure, where it forms a hydrogen bond with a lysine
residue, Lys107, outside the ligand binding site. Usually, Tyr71 is involved in
hydrogen-bonding interaction with the bound ligand, thus tightly retaining the flap
in a closed conformation upon inhibitor binding. In addition, significant flexibility
in other loop regions of the active site (Fig. 4b) such as “10s loop” (residues 9–14)

Fig. 4 Structure of BACE1 in open and closed form. Left panel Superimposed structure of
BACE1 in open (PDB ID: 1W50, green) and closed form (PDB ID: 1FKN, deep salmon) in
cartoon representation. Right panel Structure of BACE1 as green cartoon where different flexible
loops that line the active site cavity are labeled and colored in red. Catalytic aspartate dyad is
represented in CPK representation
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located at the base of the S3 subpocket, “A loop” (residues 158–167), “F loop”
(residues 311–318), and the “D loop” (residues 270–273) also has been reported
[72, 73]. Their concomitant movement places the ligand appropriately within the
active site cavity of the protein.

Optimal BACE1 activity is reported at*pH 4.5–5. In this pH range the catalytic
Asp dyad is probably mono-protonated which facilitates the water-mediated
nucleophilic attack. Shimizu et al. determined the crystal structure of the active
form of BACE1 and inferred that the activation of BACE1 in low pH is related with
the conformational switching of the protein from the inactive to the active form
[74]. These observations implicate that the catalytic properties of BACE1 are
modulated by large-scale conformational changes between the active and inactive
forms. Interestingly, two conserved water molecules, Wat1 and Wat2, play
important role in the catalytic process [75]. Wat1 is involved in a hydrogen-bonding
network with the catalytic aspartate dyad, Asp32 and Asp228 of BACE1. This
water takes part in the proteolysis directly through an acid–base reaction. After
substrate binding, the Asp dyad activates Wat1 by forming a hydrogen bond with it
and this activated water nucleophilically attacks the carbonyl carbon to form a
germinal diol. Finally, decomposition of the scissile C–N bond is accompanied by
the transfer of a proton from Asp to the leaving amino group. The second water
molecule, Wat2, indirectly facilitates this nucleophilic reaction. Wat2 is involved in
a hydrogen-bonding network, Wat2-Ser35-Asp32-Wat1-Asp228, which stabilizes
the substrate APP and reaction intermediates [75].

8 BACE1: Functional Dynamics of the Protein Explored
by Molecular Dynamics Simulation

Crystal structure reveals the static picture of a protein. But proteins are not static in
solution rather they exhibit small motions like residue side chain rotations, back-
bone dihedral bending to large-scale motions that include domain motion. Recent
advances in computational architecture and development of novel algorithm allow
one to explore the dynamics of a protein in solution and also to explore the
ligand-induced protein motion using molecular dynamics simulation. Molecular
simulations were employed to explore the dynamics of BACE1 both in its free and
inhibitor bound form [72, 73, 75]. Coarse grain and also all-atom molecular
dynamics simulations were employed to explore the atomistic details of the inherent
flexibility of BACE1. Simple computationally inexpensive elastic network model
was used to explore the collective dynamics of BACE1, which revealed that the
low-frequency mode is able to capture the conformational transition of the protein
[72]. In its open conformation, BACE1 possesses a large catalytic cavity that allows
binding of wide range of substrates. In the open conformation, D and F loops frame
the C-terminal lining of the cavity and 10 s loop is included within the cavity. The
intermediate half-open-half-closed (HOHC) conformations have intermediate cav-
ity opening where the 10 s loop moves upward and lines the cavity side, the F loop
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detaches away from the catalytic cavity thus reducing the cavity volume. In the
closed conformation the upward movement of the 10 s loop further squeezes the
cavity (Fig. 5).

Interestingly, this conformational transition of the protein is associated with a
large-scale domain motion. A hinge motion has been observed where the two
domains move in an anti-correlated motion with respect to each other leading to the
cavity closure (Fig. 5, lower panel). Equilibrium molecular dynamics simulation
reveals that free BACE1 can visit both open and closed conformations during
simulation timescale [73]. Distance between Thr72 at the flap region and Thr329 at
the other side of the active site cleft has been used as a criterion for flap opening
[73, 75]. Throughout the simulation of free BACE1, the cavity opening varies
constantly, never settling to any particular cavity opening distance. Simulation
indicates that free BACE1 is very dynamic in nature and can visit numerous
conformations with varied cavity exposure. This is so as the energy landscape of the
protein around its native structure minima is relatively flat and there are many local
minima close to its native minima with small energy barrier. Therefore, free
BACE1 is polymorphic in solution. Interestingly, when substrate APP binds to the
protein, there is a conformational stabilization. The cavity opening distances of the
BACE1–APP complex are distributed within a narrower region and the complex is

Fig. 5 Changes in the active site cavity of BACE1 during the conformational transition of the
protein from open to HOHC (half-open-half-closed) to closed form. Lower panel shows projection
vector on each Ca atom obtained from normal mode analysis
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highly stable throughout the simulation. During APP recognition, the flexibility of
BACE1, particularly the flap region, reduces significantly. Simulation reveals that
the flap and its opposite loop region move toward each other and also the D loop, F
loop, and 113 loop regions move toward bound APP, thus allowing maximum
surface complementarity between the receptor and bound APP. All these concerted
movement enable APP to tightly bind in the BACE1 active site cavity forming a
BACE1–APP closed complex [73]. It is worth mentioning that BACE1 is capable
of binding a wide range of compounds that include peptide, peptidomimetics to
small molecule. Simulation data suggest that binding of ligand to BACE1 is a
conformational selection process.

Currently, two most probable hypotheses of substrate recognition are accepted:
one is conformational selection and the other is induced fit [76, 77]. In the con-
formational selection approach, a ligand binds to preexisting ensemble of confor-
mations and substrate recognition leads to an equilibrium shift toward the most
stable protein–ligand complex. Choosing the receptor conformation depends on the
volume of the ligand. Larger ligands choose wider cavity conformations while
small ligands choose small cavity conformation of the receptor. On the other hand,
induced fit approximation is generally associated with substrate-induced structural
changes in the receptor. Free BACE1 in solution constantly fluctuates between open
and closed conformations. Binding of ligand induces a population shift of the
protein toward a stable closed complex where maximum surface complementarity is
observed. The process is summarized in Fig. 6.

Fig. 6 A schematic representation of the substrate recognition mechanism of BACE1. Left panel
Free BACE1 and Right panel BACE1-APP complex. Highly fluctuating loops in two different
conformers of BACE1 (green and deep salmon) are colored differently with yellow and blue
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9 BACE1: Mimicking Receptor Flexibility
in Inhibitor Design

In silico virtual screening is now becoming an integral part of computational drug
design, because identification of new inhibitors by random synthesis and experi-
mental validation is time consuming and expensive too. In this process, a structural
library of ligands is used to dock to the protein of interest for the identification of
novel lead compounds and the receptor structure is used to predict/optimize the
binding of small molecule as potential drug candidate. The success of such process
depends on the choice of receptor conformation for proper elucidation of phar-
macophoric feature of receptor–ligand interaction. Ligand-induced flexibility of the
protein is the most critical issue that needs to be addressed during structure-based
drug designing. Molecular dynamics simulation can be applied to probe
ligand-induced protein flexibilities. However, large-scale protein motions are dif-
ficult to explore using all-atom molecular dynamics simulations and it is worth
mentioning that the biologically relevant functional motion of a protein occurs on a
timescale inaccessible to standard simulation using existing computational archi-
tecture. Moreover, simulations are computationally highly expensive and, therefore,
inapplicable in the virtual screening of large compound database. Recently, several
methods have been proposed to incorporate protein flexibility into the docking
process, but those processes can only incorporate limited flexibility of few residues
in the active site within reasonable computational demands. Thus, large-scale
conformational plasticity of the receptor during ligand binding is still an unsolved
puzzle in structure-based drug design. Ensemble docking emerges as the most
popular solution to incorporate receptor flexibility in molecular docking of BACE1
[69, 78, 79]. Molecular dynamics simulation reveals that the ligand recognition by
BACE1 is a conformational selection process. Therefore, construction of a proper
receptor ensemble of BACE1 is a prime challenge in structure-based designing of
the protein. The number of conformation in the receptor ensemble must be small
enough to reduce the cost of computation, and simultaneously the ensemble must be
diverse enough to capture the collective dynamics of the active site cavity. Chak-
raborty et al. in the recent past showed the applicability of NMA (Normal Mode
Analysis)-derived multiple receptor conformation (MRC) of BACE1 to in silico
virtual screening [72, 78]. An ensemble of 11 BACE1 conformations representing
open-to-closed conformational transition obtained by simulating the protein in its
lowest frequency normal mode using an elastic network model has been generated.
Most suitable receptor conformation of BACE1 for small-molecule docking has
been selected based on the prediction statistics of a developed hybrid QSAR model
using a combination of ligand and structure-based descriptors from structurally
diverse set of compounds. The 11th conformation of BACE1 was most suited for
docking since it significantly enhanced the prediction ability of the designed
equation [78]. The hybrid QSAR model based on the 11th conformation of BACE1
was then subsequently used to screen an in-house developed phytochemical
structural library of 731 compounds. Of late, a unique hybrid-designing strategy has
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been developed encompassing receptor flexibility during virtual screening of a
phytochemical library [78]. A combination of structure- and ligand-based approach
has been adopted. In the structure-based design, an ensemble of two crystal
structures of BACE1 (PDB ID: 3IND and 3TPP) was considered during ensemble
docking and it was found that this small number yet diverse conformations of the
receptor successfully docked the seven structurally distinct inhibitors within the
BACE1 cavity and reproduced crystallographic contacts as observed in the seven
original BACE1 inhibitor crystal structure [69]. In the ligand-based designing
strategy, a 2-D QSAR of BACE1 inhibition has been derived using heuristic
approach from 20 structurally diverse BACE1 inhibitors and validated on a test set
comprising 10 known BACE1 inhibitors. The model showed excellent prediction
ability judged by R2 and RCV

2 . Both structure-based and ligand-based models were
then simultaneously used to mine an in-house developed phytochemical library. As
a result several potential inhibitors were identified with predicted activity in the nM
range. The efficacy of a potential hit, hesperidin, was then validated using several
in vitro bioassays [69]. The flow of the work carried out has been summarized in
Fig. 7.

Ensemble docking is frequently used in the structure-based designing of BACE1
inhibitors. Limongelli et al. successfully predicted the binding modes of six potent
BACE1 inhibitors using an ensemble of five different BACE1 crystal structures
[79]. Since the molecular recognition of BACE1 is a conformational selection

Fig. 7 Schematic representation of the mixed structure and ligand-based designing model for
BACE1 inhibitor design
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process, this observation justifies the success of ensemble docking in inhibitor
screening using docking. But the prime challenge is to select a set of conformation
of the receptor that explains the functional dynamics of the protein. In a benchmark
study, application of molecular docking in the virtual screening of BACE1 has been
performed using two different docking methods, FlexX and FlexX-Pharm with five
different scoring functions, Dock, Gold, Chem, PMF, and FlexX, on open and
closed conformations of the protein [80]. Interestingly, both open and closed
conformations of BACE1 were found to be suitable for virtual screening. In
addition, it has been demonstrated that the protonation states of the catalytic dyad,
Asp32 and Asp228, play a crucial role in docking. Vijayan et al., on the other hand,
employed a novel algorithm based on the active site pharmacophore feature in rapid
overlay of chemical structure within the structure-based docking process imple-
mented in GOLD [81]. During the virtual screening of a ligand structural library, it
was found that the method possesses higher degree of prediction ability compared
to standard single receptor docking process. Kacker et al. applied both quantum
mechanical calculations in combination with molecular dynamics simulation and
receptor ensemble concept to construct a drug designing pipeline for BACE1
inhibitors [82]. Forty seven high-resolution BACE1 inhibitor crystal structures were
clustered into seven groups based on structural diversity of bound inhibitors. Then
density functional theory calculation on a representative structure from each cluster
was performed to identify most favorable dyad protonation. Five different proto-
nation states were considered. Four mono-protonated states were 32i, 32o, 228i,
and 228o (where 32 and 228 represent the catalytic Asp dyad residue numbers and i
and o represent the inner and outer oxygen conformations), and the fifth one is the
di-deprotonated state. Using QM and MD simulation it was observed that 32i is the
most stable BACE1 catalytic dyad configuration, in general. Interestingly, when
the DFT predicted protonation state was used for a particular cluster, docking
methods were successfully reproducing the near-native inhibitor conformation in
85% cases during self-docking procedure. In cross-docking procedure, in general,
using the 32i protonation state significant accuracy was shown in producing the
native binding conformation as observed in the crystal structure.

10 Conclusion and Future Perspective

BACE1, which is over-expressed in the diseased condition, accelerates amyloid
production and thus plays a major role in Alzheimer’s disease. Designing BACE1
inhibitors is currently being considered as one of the promising drug development
strategies in AD. Plenty of BACE1 inhibitors are now in phase I and phase II
clinical trials. Many promising drug candidates failed in the clinical trials due to
toxicity and cross-reactivity. One of the main limitations of drug development
targeting BACE1 is that very little information is available of the physiological
function of the protease. BACE1 probably plays a role in myelination of the
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peripheral nervous system during the developmental stage. Therefore, BACE1-
targeted therapies in AD may be a lucrative strategy since AD is primarily an
age-related disorder. But physiological role of BACE1 needs to be explored more
extensively to eliminate mechanism-based toxicity associated with BACE1 inhi-
bitors. More recently, possibilities of drug development based on partial inhibition
of BACE1 activity have been explored such that maximum CNS beneficial effects
have been achieved while limiting mechanism-based toxicities. Mice model data
suggest promising aspects of this approach.

Another challenge in drug discovery based on BACE1 inhibition is the
cross-reactivity. BACE1 belongs to the pepsin family of aspartyl protease and its
structural organization is very similar with other proteases of this family which play
crucial role in several biochemical and signaling pathways. Thus designing inhibi-
tors that specifically target and bind BACE1 is a challenge. Computational
approaches reveal novel insight into the functional dynamics of the protein. Par-
ticularly, ligand recognition by BACE1 has been found to be a conformational
selection process. This knowledge makes ensemble docking a promising approach to
incorporate receptor flexibility in computational drug discovery of BACE1 inhibi-
tors. Different approaches have been adopted to design a suitable conformational
ensemble of BACE1 that significantly increases the hits during virtual screening. But
more development in terms of devising novel algorithm and strategy to incorporate
protein flexibility is an urgent need on BACE1-targeted therapy in AD.
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Abstract
Serine proteases and their inhibitors are being extensively studied in the past few
decades, accentuating their pivotal role in diverse biological processes. In this
chapter, we have discussed about their role as drug targets, associated
pathologies and therapeutic interventions. Fine tune equilibrium between
proteolytic enzymes and their respective inhibitors enables normal functions
of the body. The upregulation or downregulation of this class of molecules is
deleterious and results in various diseased conditions like inflammation, cancer,
skin diseases, atherosclerosis, immunological disorders, coagulation abnormal-
ities, pulmonary and neuronal disorders, and other pathologies. Several
approaches to illustrate this relationship are comprehended with consequent
stress on how these findings apply to pathologies that are the outcome of
malfunction of serine proteases or their inhibitors. We have outlined the history
and classification of proteases and their inhibitors as therapeutics and drug
targets. Also an overview of their current clinical applications and approaches to
improve and expand their use is discussed.
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1 Introduction

Cellular life is orchestrated by equilibrium between proteolytic activity and their
respective inhibitors as well as the concentration and state of the enzymes. Pro-
teases, the enzymes that hydrolyse proteins, are therefore critical elements of the
genome. Proteolytic enzymes are encoded by 2–4% of genes in a typical genome
[1]. In some of the physiological processes like complement activation, phagocy-
tosis, immune responses, tissue reorganization, blood clotting, fibrinolysis, blood
pressure regulation, food digestion, defence mechanisms, etc. proteases serve a
promising role. The human degradome consists of at least 1449 proteases and
homologues, of which 399 are serine proteases (MEROPS release 10.0) [2]. The
cascade of activation and deactivation mechanisms of proteases needs to be con-
trolled at every point of regulation, for example at mRNA translation, transcription
of protease gene, activation of zymogen, etc. Undesired proteolysis leading to
various disease states is prevented by plethora of protease inhibitors with diverse
specificities. Increase in proteolytic activity in certain instances mediates damage of
cartilage in diarthrodial joints [3]. In certain diseases like tumor invasion, gingivitis,
emphysema and other inflammatory ailments it is thought that proteases are the
cause for tissue injury [3]. Fibrous proteins such as elastin and collagen can be
solubilized by some serine proteases like cathepsin G, collagenase and elastase that
are the culprits in extracellular matrix damage [4].

If the specificity of proteases is known with respect to their amino acid residues,
there is every probability to inhibit those enzymes that are involved in various
pathologies. Inhibitors with prospective inhibitory potential can be developed as
new therapeutic agents. It is known that there are specific protease inhibitors against
serine proteases of mammals, which are isolated from various plants and animals.
This provides an excellent opportunity for developing novel medicines. Hence, the
extracts of PIs from various sources are key in developing non-toxic drugs [3]. The
future studies will mostly be concentrated on testing the specificity of protease
inhibitors at clinical level against inflammation, cancer, dermatitis and emphysema.
A good number of proteases are potential drug targets or are versatile molecules of
consideration as diagnostic and prognostic biomarkers [5].

2 Serine Proteases

2.1 Introduction and Classification

Nature has provided abundant sources of serine proteases which are distributed
among all living cells. The presences of nucleophilic Serine residue in the active
site that attacks the carbonyl moiety of substrate, derives its name as serine pro-
tease. Ser proteases are endoproteases and catalyse polypeptide bond hydrolysis in
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the middle of the chain. A similar feature can be observed in several other exo-
protease families.

Barrett and Rawlings classified all known proteolytic enzymes based on
sequence similarity and structure into clans and families and termed this database as
MEROPS [6].

Three useful methods of grouping peptidases are currently in use as shown in
Table 1.

1. Based on catalytic mechanism
2. Based on reaction catalysed and
3. Based on molecular structure and homology.

2.1.1 Based on Catalytic Mechanism
Enzymes exhibiting proteolytic activity are classified as cysteine, glutamic, serine,
threonine, aspartic, asparagine or metalloproteases. Depending upon the catalytic
type, the clans and families of proteolytic enzymes are named as C, G, S, T, A, M,
N and U in the MEROPS database. Plus, P is given to proteases which are of mixed
type [7].

2.1.2 Based on Reaction Catalysed
Though peptidases are known to catalyse peptide bond, no single type of enzyme
catalyses all peptide bonds. They are specific to certain polypeptide chains of the
substrate. Based on the polypeptide chain specificity they are classified into exopepti-
dases, endopeptidases, aminopeptidases, carboxypeptidases, omega-peptidases,
dipeptidases, dipeptidyl-peptidases, peptidyl-dipeptidases and tripeptidyl-peptidases
[8].

2.1.3 Based on Homology and Molecular Structure
With the advent of high throughput technologies, classification based on homology
and molecular structure is the latest. Classification by Rawlings and Barrett assigns
individual peptidases into families and further into clans. In order to develop the
MEROPS database, such scheme was designed which was further extended to store
the information about proteins that inhibit peptidases [8].

2.2 Serine Proteases as Therapeutics

Despite many studies on proteases, their physiologically specific substrates are
unknown. Their activity in a particular tissue in the human body also differs. The
characteristics manifested by most proteases also differ in disease. Dysregulation of
hydrolysis of proteins is a common trait identified in different diseases and in
inflammatory responses. Tumor metastasis, invasion and growth in different types
of cancer are commonly associated with upregulation of proteolysis [7]. In using
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Table 1 Serine proteases classification and catalytic mechanism

Clan Family Families
in
humans

Prevalent Catalytic
residues

Counts of
peptidase
homologues

Activation mechanism

PA 14 S1 E Asp, His,
Ser

199 Cleavage of an N-terminal
propeptide that permits
folding to the active
configuration
Regulation of peptidase
activity

SB 2 S8 B, Ar,
Pr, F, Pl,
An, V

Asp, His,
Ser

20 Process the proteins along
secretion pathway
Catalyses the proteolytic
activation of sterol regulatory
element-binding protein
Have an ability to function at
acidic pH

S53 B, Ar,
Pr, F, Pl,
An

Glu, Asp,
Asp, Ser

5

SC 6 S9 B, Ar,
Pr, F, Pl,
An, V

Ser, Asp,
His

58 Associated with pro-specific
N-terminal, process peptides
and proteins
Degrades biologically active
peptides
Have an ability to function at
acidic pH
Serine carboxypeptidases are
synthesized as
preproenzymes
Degrades caseins and
removes N-terminal pro and
hydroxyproline residues
from peptides
Catalyse hydrolysis of
epoxide bonds into diols and
play a role in detoxification
or cell signalling

S10 B, Ar,
Pr, F, Pl,
An

7

S15 B, Ar,
Pr, F, Pl,
An

3

S28 B, Ar,
Pr, F, Pl,
An, V

9

S33 B, Ar,
Pr, F, Pl,
An, V

24

S37 B Not been
determined

– Processes the
transglutaminase precursor
from Streptomyces
mobaraensis

SE 3 S12 B, Ar,
Pr, F, Pl,
An, V

Ser, Lys 2 Carboxypeptidase B is
involved in the synthesis and
remodelling of bacterial cell
walls

SF 2 S26 B, Ar,
Pr, F, Pl,
An, V

Ser, Lys or
His

10 Removes the signal peptides
and facilitate secretion

SH 5 S21,
S73,
S77,
S78, S80

B, Ar,
Pr, F, Pl,
An, V

His, Ser,
His

– –

SJ 3 S16 B, Ar,
Pr, F, Pl,
An, V

Ser, Lys 5 It is ATP-dependent
proteolysis and ability to act
as protein-activated ATPases

(continued)
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proteases as therapeutics, one needs to understand the regulatory mode of their
activity in both intra and extra cellular regions [8].

2.2.1 Thrombolytic Therapeutic u-PA (Urokinase-Type
Plasminogen Activator)

Thrombolytic therapy based on enzymes is one of the best alternatives for surgical
treatment and the first protease drug approved by FDA is u-PA (urokinase). u-PA is
in vogue since 1978 for its efficacy in reviving patency of clogged blood vessels
and catheters clearing. u-PA is obtained from cultures of primary neonatal kidney
cells and known to possess three domains. u-PA exhibits lower affinity for fibrin

Table 1 (continued)

Clan Family Families
in
humans

Prevalent Catalytic
residues

Counts of
peptidase
homologues

Activation mechanism

SK 3 S14 B, Ar,
Pr, F, Pl,
An, V

Ser, His,
Asp

2 Play important role in both
protein quality control and
the regulatory degradation of
specific proteins
Responsible for the
degradation of nascent
polypeptides
Degradation of incorrectly
synthesized proteins

S41 B, Ar, F,
Pl, An

3

SO 1 S74 B, An, V Ser, Lys – –

SP 1 S59 B, Ar,
Pr, F, Pl,
An

His, Ser 2 Autolytic processing to
generate nucleoporins

SR 1 S60 Ar, Pl,
An

Lys, Ser 9 Proteolytic activity towards a
number of proteins

SS 1 S66 B, Ar,
Pr, F, Pl,
An

Ser, His,
Glu

– –

ST 1 S54 B, Ar,
Pr, F, Pl,
An, V

Ser, His 14 Hydrolyze peptide bonds
within a phospholipid bilayer
Cleaves the single span
transmembrane proteins near
the periplasmic edge of the
membrane

Unassigned 7 S68 An His, Ser 2 C-terminal fragments
translocate from the
cytoplasm to the nucleus
where they lead to activation
of cell survival or apoptotic
pathways

S71 An Ser 15 –

S72 B, An Ser 1 –

S79 An Ser 3 –

E Eukaryotes, B bacteria, Ar archaea, Pr protozoa, F fungi, Pl plants, An animal, V viruses
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relative to other molecules known for fibrinolytic activity. Localized administration
of u-PA to the site of thrombosis minimizes the adverse side effects and enhances
focused activity. u-PA is a potential drug for both cancer treatment and diagnosis
due to its association with the degeneration of matrix proteins in cancer cell pro-
liferation [9]. Though newer agents with similar properties are coming up u-PA
continues to be the choice for catheters cleaning due to its low cost [10].

t-PA is the second protease to be marketed as drug for treatment of thrombotic
disease [11]. t-PA also hydrolyses plasminogen to form active enzyme plasmin.
Plasmin exhibits property of digestion of blood clots by degrading fibrin mesh. The
difference between u-PA and t-PA is their specificity towards fibrin [12]. Of the five
domains of t-PA, the EGF2 and fibronectin finger domains, binds explicitly to
fibrin. Characteristically t-PA acts locally, i.e. at the site of fibrin mesh formation
contrary to streptokinase and u-PA. Systemic fibrinolysis is prevented by prefer-
ential activation of plasminogen by t-PA. First generation product of t-PA is alte-
plase marketed by Genentech as Activase®. In addition to alteplase, reteplase
(Retavase®; Boehringer Mannheim) and tenecteplase (TNKase®, TNK-tPA;
Genentech) are the bi-variants of t-PA which are in current usage.

The t-PA’s truncated form reteplase is also an approved drug for treatment of
thrombolytic AMI (Acute Myocardial Infarction). Protease affinity is reduced on
fibrin due to deletion of EGF, Kringle and N-terminal fibronectin, which increases
the clearance rate. Thus, half-life of reteplase is increased in plasma. Rather than
infusing reteplase, it can be directed by double bolus, which is cost-effective and
lowers time of administration. Genetic engineering methods like manipulation of
carbohydrate content and site-directed mutagenesis are employed to improve
tenecteplase half-life [13].

Thrombolytic therapy is the frontline method for treatment of stroke and AMI.
There is still a significant need in development for improved pharmacodynamics
and pharmacokinetics. Continuous efforts are made for developing next generation
t-PAs and simultaneously for developing formulation of plasmin, the serine pro-
tease formed in vivo by t-PA activity. Genetic engineering techniques are in vogue
for increasing the life span of therapeutic proteases [14].

2.2.2 Coagulation Factors
Many of the bleeding disorders are nowadays treated by employing proteases and
proteins of coagulation cascade, as well as in combination also. FVII, FVIII and
FIX are employed in treating haemophilia A, B and C, respectively. FVII and FIX
are serine protease zymogens whereas FVIII is a bulky protein which on activation
figures in as the cofactor for FIXa. Replacement of missing coagulation factors
extracted from plasma is the mode of treatment for haemophilia in earlier days [15].
But in the recent past numerous plasma-derived biologicals having proteases are
accepted. Safe recombinant versions of coagulation factors are the need of the day
especially in AIDS and hepatitis C cases. Risk of contamination by prions and
human viruses is a major challenge in plasma-derived biologicals. However, viral
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inactivation and screening can be done to remove contaminants. Genetic engi-
neering is the favoured method for the production of proteases [16].

Thrombin
Thrombin is the heart of coagulation cascade converting fibrinogen to fibrin [17]. It
also activates factor V, VIII, PAR-1 and even PAR-4 in severe injury [18]. It also
exhibits anticoagulant activity by complexing with thrombomodulin there by
activating protein-C. This dual nature facilitated the production of anticoagulant
molecules that lack procoagulant functionality [19].

Prothrombin an inactive thrombin consists of a serine protease domain,
N-terminal Gla domain and two kringle domains [20]. Removal of calcium- and
membrane-binding Gla domain by FXa bound to FVa allows thrombin to diffuse
locally to the site of its action. This leads to the development of Recothrom®

(Zymogenetics) a topical recombinant human thrombin which helps in stopping
small blood vessels bleeding after surgery. It was approved by FDA in 2008 and it
is less immunogenic compared to bovine thrombin [21].

Activated Protein C (APC)
APC a serine protease is associated with both inflammation and blood clotting; this
property augments its use as a therapeutic molecule [22]. APC removes cofactors
function from FVa and FVIIIa in the presence of the cofactor Protein-S and down
regulates the coagulation response [23]. The pleiotropic effects exhibited by APC
limits its use clinically through its interaction with endothelial Protein-C receptor.
APC functions as anti-apoptotic and anti-inflammatory agent [24]. Riewald and his
co-workers elucidated the cytoprotective effect of APC [25]. The gene expression
profile towards the anti-inflammatory and anti-apoptotic pathways is due to
downstream signalling through PAR-1 [26]. Activation by thrombin is in paradox
to that of PAR-1 [27]. Downstream signalling via APC is independent of PAR-1
but is through apolipoprotein-E receptor [28] and integrins b3 and b1 [29]. Severe
sepsis is treated by recombinant human APC and it is marketed as Xigris® [dro-
trecogin alfa, (EliLilly) and was approved in 2001].

2.2.3 In Dermatology—Penzyme
Proteinases from lysosomes are under active consideration for the treatment of scar
tissue and for restoration of healthy tissue. A combination of chymotrypsin and
trypsin, the Penzyme digests the outer layer of skin for the treatment of psoriasis, in
addition to treatment of dermatological conditions. Penzyme is isolated from the
alimentary canal of North Atlantic Cod and shows promise [8].

Owing to the multifaceted physiological roles and undesired emanations, ther-
apeutic usage of proteases should be meticulously executed. For example, Lane-
toplase an isoform of t-PA was developed for reduced dosage regime and extended
half-life, but was found to exhibit adverse effects like intracranial haemorrhage [30].
The pharmacological and physiological role at biological level is needed to be
understood for use of proteases as therapeutics. Development of proteins via
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engineering with site specific protease activity is inevitable for future course of
research and development.

2.3 Serine Proteases as Drug Targets

Proteases play a vital role in development of drugs which are articulated to act upon
the proteases and proteasome involved in dysregulation and tumor suppression.
Irregular protease signalling pathways lead to cancer, cardiovascular, neurode-
generative and pulmonary diseases. Substrates that are specific to upregulated
proteases are used as prodrugs and the prodrug is activated into therapeutic by
substrate catalysation. At present, a number of proteases are recognized as diag-
nostic and prognostic biomarkers. Activation of pro-MMPs is initiated by urokinase
plasminogen activator (u-PA), membrane-type matrix metalloproteinase
(MMP) and cathepsin B. Extracellular serine proteases u-PA, urokinase plas-
minogen activator receptor (u-PAR), plasminogen and MMPs activate extracellular
matrix (ECM) degradation and also initiate, invasiveness, cellular motility and
tumor growth factors cascade [31, 32].

2.3.1 Kallikreins in Relation to Cancer
Kallikreins are serine protease secretions of epithelial cells from skin, brain, breast,
pancreas and prostate. They are also found in saliva, cerebrospinal fluid, sweat and
seminal plasma milk. These are conventionally linked to clinical prognosis of
human carcinoma. Human kallikrein 3 (hK3) is the most often used diagnostic
biomarker for prostate cancer and hk3 thereby is also known as prostate specific
antigen. Amino acids serine, histidine and aspartic acid present in serine proteases
in proximity to hKs and also to one another bring about substrate cleavage.
Sex-steroid hormones regulate the expression of tissue kallikrein gene (KLK) [31],
like androgen regulation of KLK2 and KLK3 [33]. In some diseased conditions like
cancer, dysregulation of hKs occur. Upregulation of 12 KLK genes take place in
ovarian cancer [31]. Based on the type of tissue and hormone balance, tumor
progression is either inhibited or promoted by hKs [34]. hK3, hK8, hK9, hK10,
hK13 and hK14 play role in tumor suppression [35]. hKs are overexpressed in
various cancers and are the choice for drug delivery.

Various hKs are involved in cancer progression, with its interaction through
other serine proteases like u-PA and u-PAR. hK3 endorses prostate tumor growth
by instigating growth factors and proteolytic surge to vitiate the extracellular
matrix. Binding protein proteases hK3 and hK2 are recognized as insulin-like
growth factors (IGF) [36]. Bioavailability of IGF is increased, when binding pro-
teases degrade the binding protein in the tumor fuelling proliferation of prostate
cancer. Moreover, the inactive plasminogen activator inhibitor-1 form active u-PA
proteolytic cascade by hK2 and hK4 [37]. In the absence of inhibitor, activation of
plasminogen to plasmin takes place via u-PA and its receptor. Plasmin further
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activates pro-MMPs and causes the discharge of growth factors like EGF, augment
angiogenesis and ECM degradation [38]. hK3 influences the activity of TFGb
(tumor growth factor b) and can also block FGF-2 (fibroblast growth factor-2) [39].
In addition, ECM degrades MMPs like type IV collagenases through activation of
hKs [40]. u-PA–u-PAR pathway offer potential drug targets such as PSA, hK2,
u-PA, plasmin and MMPs (proteases) for therapeutic applications in cancer [41].
Upregulation of u-PA and other serine proteases was reported in different cancers
like gastric [42], prostate [43], cervical [9] and colorectal [44]. PAR
(Protease-activated receptor) G-protein coupled receptor is expressed both in cancer
and tumor cells. PAR signalling is another pathway that has been implicated in
different cancers. Trypsin and thrombin activate PAR by cleaving its extracellular
domain and mediate signals in the cell that trigger cancer cell proliferation [45].

2.3.2 Epidermal Serine Proteases

Matriptase and Prostasin
Profilaggrin plays a significant role in epidermal barrier function of skin. It is
converted into filaggrin monomers at stratum granulosum/stratum corneum
(SG/SC) interphase. Filaggrins form macro fibrils by crosslinking and maintain
hydration of SC and act as natural moisturizing factors (NMFs) [46]. Human
genetic studies have underscored profilaggrin proteolysis in maintaining epidermal
architecture and hydration. It was also reported that ichthyosis vulgaris, asthma and
atopic dermatitis are caused due to loss-of-functional mutations in profilaggrin,
which disturb epidermal barrier and allow the free entry of infection causing agents
and allergens [47].

Serine proteases prostasin, a membrane anchored glycosyl-phosphatidyl-inositol,
and type II transmembrane matriptase are essential for initiation of profilaggrin
processing. Arnett et al., has reported that in cascade of zymogen activation, the
auto-activated protease matriptase acts upstream to that of prostasin. Autoactivating
protease matriptase regulates terminal epidermal differentiation and is required for
prostasin zymogen activation [48]. Epidermal appendages, incomplete terminal
differentiation of epidermis and oral epithelium are associated with reduced
expression of matriptase [49]. Recent reports also suggest that mutations in
matriptase gene cause icthyosis [50]. Matriptase is present in the skin and when
exposed to acidic pH it gets activated immediately, which suggests that its activation
is a response of direct exposure to proton [51]. The proteolytic cascade of
matriptase-prostasin, is regulated either by the hepatocyte growth factor activator
inhibitor-1 (HAI-1) or by prostasin activation. These mechanisms rapidly inhibit
both prostasin and matriptase, which provides the opportunity for matriptase and
prostasins to act on their respective substrates [52]. The role of these
membrane-bound proteins was thought to be limited only for skin homeostasis.
However, recent studies suggest that matriptase has ability to activate
kallikrein-related proteases which play a significant role in conditions causing skin
inflammation [53].
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Kallikreins
One of the major family in tryptic–chymotryptic serine protease cluster is
kallikrein-related proteases (KLKs) encoded by 15 different genes located on
chromosome 19q13.4. Keratinocytes of the stratum granulosum (SG) present in
skin produces KLKs and are liberated into upper SG and lower SC. The present
knowledge on serine protease activity in SC is ascribed to KLKs of human tissues
[54]. In healthy skin tissues around eight different KLKs are known to be expressed,
among those KLK14, KLK8, KLK7 and KLK5 are observed to be most important
[55]. These KLKs are extensively studied and their putative functions were
determined [55, 56]. There are a number of reports which suggest that KLK5 and
KLK7 have proteolytic function in SC. Previously KLK5 and KLK7 proteases were
termed as ‘stratum corneum tryptic enzyme (SCTE)’ and ‘stratum corneum chy-
motryptic enzyme (SCCE)’ respectively. In ex vivo conditions it is known that
serine protease inhibitors are capable of inhibiting shedding of corneocytes, hence
KLK5 and KLK7 are very important in desquamation process [57]. They are most
commonly found to be expressed in SG, and located in SC interstices. Both KLK5
and KLK7 are thought to have self-activation capabilities to form a proteolytic
cascade [46]. It is believed that these two enzymes are capable of hydrolysing
DSG-1, corneodesmosin and desmocollin-1 when they are active as suggested in
in vitro studies. Recent studies have also shown certain evidences that other KLKs
also have role in desquamation, as about half of the total proteolytic activity in SC
is carried out by KLK14. The reason behind this may be that KLK14 can catalyse
and also can be triggered by KLK5.

KLK8 is also known for its role in the cascade of proteolytic activity controlling
desquamation. KLK8 is synthesized abundantly and is co-localized with other
KLKs of sweat glands and human epidermis. KLKs play an important role in
barrier function of SC and are transported and exocytosed into the SG/SC interface
by lamellar bodies. The recombinant KLK8 plays an important part in the upper SG
where in the pH is normal and the optimum activity is at pH 8.5 [56]. KLK8 activity
was also identified in extracts of SC and sweat where, kininase II and KLK1 were
known to be active. Invariably, this suggests its prospective role in desquamation of
skin, although there is lot to know about its physiological substrates.

Neutrophil Serine Proteases
The primary cell infiltrates are neutrophils, during skin infection causing ‘neu-
trophilic dermatoses’. Pustule formation can be observed in the epidermis when
there is massive infiltrate. At the time of infection, microbes are phagocytosed by
neutrophils within the phagolysosome. This is done by the a-defensins, ROS
generating systems, as well as by proteases and is liberated from 1° to 2° granules
[58]. High levels of cathepsin-G, protease-3 and human leukocyte elastase are
found only in primary granules. Phagocytosis alone is not responsible for the
release of these enzyme, also ‘frustrating phagocytosis’ and development of NETs
(neutrophil extracellular traps) comprising neutrophil-derived DNA [59]. In patients
with psoriasis (neutrophilic dermatosis) the HLE activity is observed on the surface
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of skin lesion [60]. Hence, neutrophil serine proteases are said to be important in
innate immune regulation [61].

2.3.3 Serine Protease in Synaptic Function and Behaviour
A large number of studies suggest that the activity of proteases, the corresponding
receptors and inhibitors are co-opted by brain to regulate various synaptic activities.

Thrombin
The normal functioning of brain is associated with synthesis of thrombin from
prothrombin in brain [62, 63]. Thrombin has a profound impact on both glial cells
and neurons. The neurite outgrowth inhibition with growth cone collapse [64] was
observed in cultured neurons and neuroblastoma cells when thrombin was applied
[65]. A number of responses in Astrocytes like reversal of stellate morphology and
stimulating proliferation are induced by thrombin [66]. Administration of high
amounts of thrombin for therapy exhibits programmed cell death in astrocytes and
neurons [67]. These observations emphasise a significant role of thrombin in
neuronal development and maintenance. The deleterious effects on cognitive
function of brain are most likely associated with high levels of thrombin. It was
observed that when rats were treated with thrombin via intra cerebroventricular
infusion, it resulted in higher memory errors and task completion potency in 8 arm
radial maze [68]. Numerous neuropathological changes can be observed with such
behavioural deficits which include increased astrogliosis, cell death and expanded
cerebral ventricles. Even increase in levels of apolipoprotein-E (ApoE) and phos-
phorylated neurofilament proteins were also observed. These findings also predict
the role of thrombin in cognitive decline and neuropathology related to Alzheimer’s
disease [62, 63, 66, 68].

Tissue Plasminogen Activator (t-PA)
Tissue plasminogen activator (t-PA) is one of the most widely studied serine pro-
tease associated with CNS. Endothelial cell, Neurons and Glial cells synthesize and
release t-PA in brain, and are expressed highly in hippocampus, amygdala cere-
bellum and cortex [69]. Literature available on t-PA suggests it to be a synaptic
activity modulator, but this mechanism is under debate [70]. It is also reported that
NMDAR (N-Methyl-D-Aspartate receptor) signalling is enhanced by cleavage of
the GluN1 subunit and is associated with proteolytic activity of t-PA [71].

2.3.4 Serine Proteases in Human Immune System
The human immune system consists of cells known as endosomal vesicles which
are responsible for expression of chymase and tryptase in mast cells, proteases in
granulocytes and granzymes in lymphocytes. Serine proteases from endosomal
vesicles are associated with inflammation, tissue remodelling, apoptosis and
phagocytosis. Increase in serine protease activity contributes to pathology in
allergy, auto-immune disorders and in cancer proliferation.
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Granzymes
Apoptosis via granule associated enzymes (granzymes) and by death receptor
pathway are the two mechanisms employed by CTLs (cytotoxic T lymphocytes)
and NK cells (natural killer cells) to efficiently combat virus-infected cells and
tumor cells [67]. Apoptosis induced by granzyme relies on a pore-forming protein
called perforin. Perforins are localized in the same granules and helps in delivering
granzymes to target [72]. Granzymes are efficient in activating the apoptotic
pathways in cytoplasm in two ways, by targeting proteins responsible for integrity
of mitochondria and DNA, secondly by cleavage of caspases.

In humans, five variants of granzymes are known which include Gzm A, B, H, K
and M. All the variants have exclusive pattern of expression and possess substrate
specificity, despite structural similarities among them. The best-studied and most
abundant members among human granzyme family are GzmA and GzmB. Both
GzmA and GzmB granzymes are expressed in effector CD8+ T cells and
CD56dim NK cells. Additionally, with GzmA expression GzmK is also expressed
simultaneously within the granules of memory T cells [73]. Expression of GzmA
and GzmB is higher with activation of T and NK cells but GzmK levels are unaltered
[74]. After activation Regulatory T cells expresses only granzymes. GzmA are most
prominently expressed by activated natural Treg cells whereas GzmB levels are
highly expressed by adaptive Treg cells. Perforin-dependent apoptosis can be
induced by both the Treg subtypes in autologous target cells. This property suggests
that granzymes are utilized by Treg cells to exert their anti-proliferative effects [75].
Non-cytolytic cell types like basophils, mast cells and chondrocytes lack perforin but
expresses GzmB supporting alternative function of granzymes i.e. inducing cell
death [76]. Several studies suggest that granzymes are important in
immuno-pathological processes. Increased numbers of positive granzyme lympho-
cytes was observed during various immune-mediated disorders which include
transplant rejection, systemic lupus erythematosus and rheumatoid arthritis [77].

Proteases from Neutrophils
Neutrophils are the first cells from bodies defence mechanism that turn up in the
vicinity of inflammation. Neutrophils through acquiescent action of proteases, free
radicals and antimicrobial peptides successfully mortify microorganisms. Three
serine proteases are identified in neutrophil granules: (1) Neutrophil elastase (NE),
(2) Proteinase-3 (PR3) and (3) Cat-G. They exhibit intra and extracellular activities.
Cat-C cleaves them into active forms as they are synthesized as zymogens [78].
G-CSF, C5a and TNF trigger neutrophil degranulation and remarkably augment
inflammation by interacting with cellular surfaces and extracellular matrix [79].
Neutrophil proteases inside the phagolysosome are implicated in phagocytosis and
tissue injury. Neutrophils are meant for first line of defence and are essential during
infections. However, in some cases imbalance in its activity contribute to certain
diseases. The reason for imbalance of neutrophils may be due to lack of control on
neutrophil proteases or may be because of over-exposure to proteolytic activity in
the vicinity of inflamed region. Inflammatory bowel disease (IBD), chronic
obstructive pulmonary disease (COPD) and inflammation of genital tract exhibit
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increased levels of neutrophil elastase [80]. This strong parallel correspondence
between neutrophil elastase and activation has attracted scientists to study the usage
of neutrophil elastase as a biomarker. This will be a breakthrough in diagnosing and
monitoring inflammation in episodes like COPD [81]. However, lack of specificity
dissuades elastases from neutrophils and like serine proteases as biomarkers for
diagnosis in the clinic. More or less, same NE levels are observed in sputum of
healthy smokers and COPD patients. But serine protease can be of use in moni-
toring disease progression and reflects the standing of immune cells. Neutrophil
proteases in blood can be utilized for diagnosis of the origin of the disease. Neu-
tropenia is caused by massive neutrophil activation. Low levels of neutrophil
elastase combined with neutropenia indicate defective production and survival of
neutrophils.

Another example of imbalance of neutrophil proteases leading to disease is
cystic fibrosis (CF), which is characterized by gentle and persistent breakdown of
airway architecture. Viscosity of the mucus increases paving way for bacteria to
invade small airways and colonize. The colonized bacteria trapped in the mucus
layer draw good number of neutrophils that eventually undergoes necrosis. The
release of pro-inflammatory compounds and toxic substances initiates epithelial
damage; reduce mucus clearance and inflammatory cell infiltration [82]. This is a
vicious cycle of events and the activity of protease from neutrophils in CF makes
serine proteases as potential drug targets (Fig. 1).

Fig. 1 The importance of the balance between proteases and anti-proteases in CF airways
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NE induces Chemokine IL-8 production in epithelial cells of lungs and can
inactivate the innate defence system by inhibiting surfactant D molecule which
thereby enhances the colonization of bacteria and hence NE are said to be funda-
mental mediators of inflammatory responses [83]. The expression of CD40, CD80
and CD86 is downregulated when neutrophil elastase from sputum of COPD
patients or purified neutrophil elastase is incubated with dendritic cells (DC). DC
antigen-presenting function and maturation also is impaired by NE. Collectively,
this outcome advocates that NE disables DC and restricts ample immune responses
towards microbial infections. There is reduced expression of CD8 and CD4 on
CD3+ T cells when incubated with purified NE or Cat-G which renders these cells
less cytotoxic [84]. Hence it is clear that, sputum from patients suffering from CF
exhibit lower CD4+ and CD8+ T cells and increased Cat-G and NE levels. Neu-
trophil proteases induce T-cell dysfunction need to be targeted to combat CF.

Wegener’s granulomatosis is another example of imbalance of neutrophil pro-
teases. The disease characterized by granulomatous inflammation affects several
organs like kidneys and lungs. PR3 combating antibodies known as anti-neutrophils
are present in most of the patients. As observed in the literature such antibodies can
activate neutrophils [85].

Proteases from Mastocytes
Mastocytes (Mast cells) is synonymous with reactions to allergens. Mast cells are
loaded with granules containing cytokines, histamine, proteases and proteoglycans,
chymase and tryptase as zymogens. Stimulation of mastocytes leads to degranu-
lation [86]. Degranulation releases granular contents initiating inflammation,
vasoconstriction, blood coagulation and extracellular matrix degradation [87].
Expression of GzmB and Cat-G depends on the activation status and/or localization
of mastocytes [88]. Pathogen clearance is efficiently enabled by the action of
mastocyte proteases.

Mastocytes are associated with a host of IMID (Immune-Mediated Inflammatory
Diseases); e.g. allergic diseases, IBD (Inflammatory Bowel disease) and
atherothrombosis allied with the activity of proteases from mastocytes [89]. Mast
cell degranulation is evidenced by increased levels of tryptase in vivo and suggests
IgE-mediated response [90]. Mastocytes present in the joints of patients suffering
from rheumatoid arthritis and tumor invasion sites account for degradation of
neighbouring connective tissue [91]. This phenomenon points to role of serine
proteases and are yet to be elucidated for their role in induction and perpetuation of
disease. IgA nephropathy and lupus nephritis are inflammatory kidney diseases due
to protease activity of mast cells [92]. Tryptase plays a vital role through activated
receptors and formation of type I collagen in the genesis of connective tissue
fibrosis [93]. Increase of tryptase levels in blood represents mastocyte incitement
and is associated with itching in patients undergoing hemodialysis. Mastocytes
release various pruritogens and influence of tryptase on subsequent itch develop-
ment in vivo is difficult to separate [94]. In a nut shell Table 2 depicts serine
proteases as potential drug targets.
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3 Serine Protease Inhibitors

3.1 Introduction

Fermi and Pernossi in 1894, for the first time, reported the presence and availability
of protease inhibitors in nature [95]. They are very important as they regulate the
activity of proteolytic enzymes thereby maintaining homeostasis [96]. Proteins
proficient in impeding the catalytic activity of proteolytic enzymes, stoichiometri-
cally, competitively and reversibly are categorized as protease inhibitors. Uncon-
trolled proteolysis by endogenous and exogenous proteases is prevented by these
inhibitors. Protease inhibitors specificity is very helpful in targeting some of the
proteases which are known for pathogenesis in humans, viz. hepatitis, pancreatitis,
cancer, arthritis, AIDS, emphysema, high blood pressure, thrombosis, muscular
dystrophy, etc. Having such potential, the new era of drugs and diagnostics asso-
ciated to protease inhibitors are being emerged [97]. The most abundant and
extensively distributed protease inhibitors are from serine protease family [98].
Around 17,451 serine protease inhibitors account from genomes of all five king-
doms [99, 100]. In order to inhibit the targets, serine proteases use specific changes
in the conformation [96]. The molecular weight of serine proteases is about 40–
60 kDa, having 330–500 amino acid residue and are monomeric protein molecules

Table 2 Serine proteases as potential therapeutic targets

Serine
proteases

Function Association with disease

Tryptase Promotes extracellular pathogen clearance
ECM compounds degradation
Regulates inflammatory responses
Induces release of TGFb from ECM
Promotes IL-8 production
Promotes cell signalling
Restricts blood coagulation

Promotes atherosclerosis
Contributes to allergic reactions
Aggravates psoriasis
Attributes to inflammatory kidney
diseases
Correlates with poor prognosis in
liver cancer
Inflammatory role in asthma and
allergic rhinitis

Cathepsin
G

ECM degradation, migration, regulation of
inflammatory disorders

Inflammation, metastasis

Matriptase Matrix degradation, regulation of intestinal
barrier, ironmetabolism

Pathogenesis of epithelialtissues,
tumor growth and progression

Human
elastase

Pathogen killing, ECM degradation,
inflammatory disorders

Pulmonary disease, inflammation

Chymase Promotes extracellular pathogen clearance
ECM compounds degradation
Might promote vasoconstriction
Regulates inflammatory responses
Activates pro-inflammatory cytokines

Inflammation, asthma, Promotes
atherosclerosis
Involved in gastric cancer

Proteasome Protein degradation, cell proliferation,
differentiation, angiogenesis and apoptosis

Carcinogenesis, inflammation,
neurodegeneration
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[101]. These are homologous proteins exhibiting sundry functions that carry out
many physiological and biological activities like fibrinolysis, clot formation,
apoptosis, cell growth, inflammation, angiogenesis and tumor suppression [96,
102]. Table 3 shows function and dysfunction of serpins.

Table 3 Serpins function and dysfunction diversity

Clade name Gene name Serpin known as Target Involvement in
disease

a1 proteinase
inhibitor
anti-trypsin

SERPINA1 a1-anti-trypsin Neutrophil elastase Emphysema,
cirrhosis

SERPINA2 Anti-trypsin-related
protein

Not characterized

SERPINA3 a1-antichymotrypsin Cathepsin G Emphysema

SERPINA4 Kallistatin Kallikrein

SERPINA5 Protein C inhibitor Active protein C Angioedema

SERPINA6 Corticosteroid-binding
globulin

Cortisol binding Chronic fatigue

SERPINA7 Thyroxine-binding
globulin

Thyroxine binding Hypothyroidism

SERPINA8 Angiotensinogen Release of the
decapeptide
angiotensin I

Hypertension

SERPINA9 Centerin Maintenance of
naive B cells

SERPINA10 Protein Z-dependent
proteinase inhibitor

Inhibition of
activated factor Z
and XI

Venous
thromboembolic

SERPINA11 XP_170754.3 Not characterized

SERPINA12 Vaspin Insulin-sensitizing
adipocytokine

SERPINA13 XM_370772 Not characterized

Ov serpins SERPINB1 Monocyte neutrophil
elastase inhibitor

Inhibition of
neutrophil elastase

SERPINB2 Plasminogen activator
inhibitor-2

Inhibition of uPA

SERPINB3 Squamous cell
carcinoma antigen-1

Inhibition of
cathepsins L and V

SERPINB4 Squamous cell
carcinoma antigen-2

Inhibition of
cathepsins G and
chymase

SERPINB5 Maspin Inhibition of
metastasis

Tumor
progression

SERPINB6 Proteinase inhibitor-6 Inhibition of
cathepsin G

SERPINB7 Megsin Megakaryocyte
maturation

IgA
nephropathy

SERPINB8 Cytoplasmic
antiproteinase 8

Inhibition of furin

SERPINB9 Cytoplasmic
antiproteinase 9

Inhibition of
granzyme B

SERPINB10 Bomapin Inhibition of
thrombin and trypsin

(continued)
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3.2 Classification

SERPINs represent a superfamily of proteins deriving its terminology from serine
protease inhibitors [103]. MEROPS database currently holds 71 different families
accounting for about 17,451 inhibitors based on sequence homology of proteins.
Serpins are segregated into 38 clans depending on tertiary structure and this clas-
sification is regularly updated [99]. The term proteinase was replaced with pepti-
dase in human gene in 2005. Serpins are classified based on

1. Clade
2. Group

3.2.1 Based on Clade
Serpins are divided into clades, known as clade based classification system. Serpins
are categorized into 16 clades as A-P, among them A to I include first nine clades

Table 3 (continued)

Clade name Gene name Serpin known as Target Involvement in
disease

Epipin Not characterized

SERPINB12 Yukopin Inhibition of trypsin

SERPINB13 Headpin Inhibition of
cathepsins L and K

Anti-thrombin SERPINC1 Anti-thrombin thrombin and factor
Xa inhibitor

Thrombosis

Heparin cofactor SERPIND1 Heparin cofactor II Thrombin inhibitor Thrombotic risk

Plasminogen
activator inhibitor
1

SERPINE1 Plasminogen activator
inhibitor 1

Inhibitor of
thrombin, u-PA,
t-PA and plasmin

Abnormal
bleeding

SERPINE2 Protease nexin I Inhibition of u-PA
and tPA

SERPINE3 Hs.512272 Not characterized

Alpha-2 pigment
epithelium derived
factor

SERPINF1 Pigment epithelium
derived factor

Potent
anti-angiogenic
molecule

SERPINF2 Alpha-2-antiplasmin Plasmin inhibitor Bleeding

C1 inhibitor SERPING1 C1 inhibitor C1 esterase inhibitor Angioedema

Heat-shock protein SERPINH1 Heat-shock protein Chaperone for
collagens

Neuroserpin SERPINI1 Neuroserpin (PI12) Inhibitor of t-PA,
u-PA and plasmin

Dementia

SERPINI2 Myoepithelium-derived
serine proteinase
inhibitor

Inhibition of cancer
metastasis
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which are human serpins [104]. The sequence similarity and specific phylogenetic
relationships are grouped and determined as clade where as those which cannot be
grouped are known as orphans, around 10 orphan sequences are found. Based on
the function and inhibitory activity they are classified into inhibitory and
non-inhibitory groups [98]. Based on the amino acid sites and gene structure clades
further consist of six sub-groups [105]. To understand the nomenclature, for
example in SERPINA1, letter A denotes the clade and number 1 denotes the gene
number within clade. In eukaryotes, serpins are omnipresent. About 36 functional
protein coding human genes are identified, clade A representing extracellular ser-
pins whereas clade B with intracellular serpins. In humans, SERPIN-A the a1
proteinase inhibitor anti-trypsin accounts as the largest group followed by
SERPIN-B the ov-like serpins. SERPIN-C and SERPIN-D involve orphan heparin
cofactor II (HCF-II) and anti-thrombin (ATIII) [106].

3.2.2 Based on Group
In vertebrates, serpin genes are categorized based on “group-based classification”.
The criteria of classification is based on gene structure and comprises of 6 groups
namely V1–V6 [107]. Serpins are very specific and target mostly serine proteases,
in some cases even target caspases known as cathepsins [108], papain-like cysteine
proteases [109] and some proteases involved in hormone transport and blood
pressure regulation [106]. Serpins play a significant role in corticosteroid binding,
blood pressure regulation, coagulation and hormone transport. And in seldom, a
non-inhibitory function is also significant, for example, they function as molecular
chaperones [110], as hormone transporters [111] and some as tumor suppressors
[112]. Inhibitors play a vital role in protease characterization and are used in the
pharmaceutical industry [99].

3.3 Serpins Mechanism

Serpins structurally comprise 3-b-sheets viz., A, B and C, 8-9 a-helices and a
Reactive Centre Loop (RCL) (Fig. 2). RCL plays an important role in targeting
proteases [113]. Based on RCL these protein inhibitors exist in different variants
viz., active, latent, cleaved, delta and polymeric. The amino acid terminus of the
RCL inserts into the b-A sheet forming a fourth strand, this progression is called
stressed (S) to relaxed (R) shift and results eventually into a cleaved form. Increase
of potential in inhibition is observed for serpins which bind to cofactors. Serpins are
capable of interchanging from active form to latent form and vice versa. However,
such shift is not observed in all serpins. The inhibitory activity is not seen in latent
form, but through refolding and denaturation it can translate into active form. The
secondary structures of serpins have noticeable RCL, which target the protease
active site and inhibit its activity. The inhibitory activities of protease indispensably
rely on the conformational change of tertiary structure [103]. Ser195, His57 and
Asp102 are catalytic triad residues in serpins liable for hydrolysis of amide bond
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(Fig. 3). Serpins are grouped into three major classes which are trypsin-like,
elastase-like and chymotrypsin-like [114].

With all these potential functions this class of protease inhibitors are the
emerging therapeutics, which are used in treating infections pertaining to fungal—
Candida albicans, viral—HIV, Hepatitis, Herpes and parasitic—schistosomiasis,
malaria and diseases of respiratory, cardiovascular, inflammatory, immunological
and neurodegenerative disorders [115].

Sometimes the change in conformation and deficiency of serpins leads to different
diseases like emphysema, thrombosis and angioedema. Increase in the levels of ser-
pins in endoplasmic reticulum is defined in diseases like chronic fatigue, hypothy-
roidism, hypertension, cirrhosis, tumor progression and familial dementia [116].

3.4 Serpins as Therapeutics

In human plasma, next to albumin and immunoglobulins, the third largest func-
tional groups of proteins are plasma protease inhibitors based on the weight of
molecule. These inhibitors account for about 10% of plasma proteins which are
capable of controlling many critical processes like complement activation, coagu-
lation, connective tissue turnover, inflammatory reactions and fibrinolysis.

a1PI-neutrophil elastase; a2-AP-plasmin; a1Achy-cathepsin G and AT
III-thrombin are present in human proteome which are specific of pairing with
inhibitor-target. Clr and Cls are the complement proteases which are controlled by

Fig. 2 The five-stranded A-sheet is in red, the six-stranded B-sheet in green, and the
four-stranded B-sheet in yellow. a-helices are shown in cyan. The RCL is at the top of the
molecule in magenta. Two functionally important regions of the serpin, the breach and the shutter,
are labelled. a Structure of human native anti-trypsin. b Mechanism of protease inhibition by
serpins
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CI-Inh, yet this mechanism needs to be completely understood and that in regu-
lation of mast cell chymase a1Achy are involved. Human a2M, functions as fast and
effective clearing agent due to its ability to inactivate proteases, whenever they are
freely found in circulation. Till date there are no specific reports about the func-
tional role of IaI, b1AC and aCPI [117].

3.4.1 In Diabetes
Protease inhibitors inhibit the enzymatic degradation of insulin and hence are
widely used along with insulin to increase absorption. There are several reports that
suggest that in clinical trials, when protease inhibitors and insulin are administered
together it had showed better hypoglycemic effect when compared to patients who
were administered only with insulin. Contradictory to this even there are some
reports, which suggest that concomitant administration of protease inhibitors and
insulin has shown no improvement in absorption of insulin. This may be due to
short period of exposure time of aprotinin, i.e. 24 h only and even, dose of aprotinin
may be low. Nevertheless, their role in insulin therapy still remains uncertain. To
understand their positive effect in insulin therapy more clinical studies in larger
settings is required [118].

In diabetic nephropathy, mesangial matrix accumulation is associated with
reduction in activity of plasmin, MMP-2 (matrix metalloproteinase) and MMP-9.
Megsin is the recently identified protein belonging to serpin family and is over-
expressed in mesangial cells that progressively induce mesangial proliferation in
mice. Hyperglycemia upregulates megsin at translational level in both in vivo
model of type II diabetic nephropathy and in vitro model of cultured mesangial
cells. The decreased degradation of mesangial matrix was observed when MMP-2

Fig. 3 Role of proteases in ECM degradation, invasion and metastasis
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and MMP-9 were inhibited by megsin. Anti-megsin neutralizing antibodies specific
to MMPs reinstated MMP activity. Hyperglycemia in diabetes upregulates megsin
which in turn inhibits plasmin and MMP activities suggesting the accumulation of
mesangial matrix [119].

3.4.2 In Obesity
Vaspin a serine protease inhibitor is recognized in visceral adipose tissue. Vaspin
exerts an insulin-sensitizing effect targeted toward visceral white adipose tissues
(WATs) in states of obesity. These findings drive the search for identification of
potential protease substrate that helps in developing anti-protease inhibitor therapy.
This would enhance insulin sensitivity and reverse altered expression of insulin
resistance in subjects suffering from diabetes [120].

3.4.3 In Cancer
Human Serpins associated with cancers and role of proteases in ECM degradation,
invasion and metastasis are depicted in Table 4 and Fig. 4.

3.4.4 In Central Nervous System
The role of serine proteases in glial and neuronal function is suggestive for their
involvement in health and disease of nervous system. Deranged proteolytic balance
is identified in many pathological conditions of nervous system. It is known that in
cognitive function, the synaptic proteolysis plays a very important role. Further
understanding of the association of neurotrypsin in mental retardation is of prime
importance. Extrication of molecular basis of other neurological disorders which are
not associated with the mutation of neuroserpin or neurotrypsin may involve dif-
ferent components which are associated with the extracellular proteolytic signalling
pathway. Understanding such phenotypes associated neurological disorders will
help in elucidating novel targets. Identification of novel targets will optimistically
contribute to proper management of these disorders [121].

3.4.5 In Skin Diseases
In desquamation and terminal differentiation process, serine proteases play a very
crucial role. Stratified epithelium is formed by a complex differentiation mechanism
without disturbing the barrier function. Corneocytes are separated from one another
by the timely and specially orchestrated proteolytic system. In recent times, it is also
known that the proteolytic homeostasis is crucial not only for physical barrier but also
for immunological responses. Most of the recent research was focused on epidermal
proteases their inhibitors and their role in pathogenesis (Fig. 4). Augmented
desquamation, atopy, dry skin and abnormalities of hair, e.g. bamboo hair are the
characteristic feature of ichthyosiform skin disease. The symptoms are decreased
levels of functional LEKTI (Lympho Epithelial Kazal-Type Related Inhibitor) or the
synthesis of abnormal LEKTI forms that are devoid of enzyme inhibiting domains. It
is also demonstrated that decreased levels of LEKTIs are inversely correlated to
activity of serine protease in Statum Corneum (SC). Specific expression of another
Kazal-type inhibitor in hand and foot is an interesting speculation attributed to be a
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Table 4 Human serpins associated with cancers

Serpins Molecular target Associated
cancers

Effects on cancers Experimental
therapy

a1-Anti-trypsin
(SERPINA1)

Neutrophil elastate,
trypsin,
chymotrypsin

Liver
Thyroid
Cervical
Lung

Tumor formation
Tumor formation
Poor prognosis
Invasion

Kallistatin
(SERPINA4)

Kallikrein Liver Lung
Liver
Colon

PAI-2
(SERPINB2)

u-PA, t-PA Colon Poor prognosis Colon

SERPINB3/B4 Granzyme M Lung
Head/neck
squamous

Anti-apoptosis

Maspin
(SERPINB5)

GST,
HDAC1-integrin,
collagen I, III -
catenin, EGR1,
Rac1, PI3 K/ERK

Gastric
Colon
Bladder
Lung
Ovarian
Breast
Oral
Laryngeal
Gallbladder
Melanoma

Growth retardation
Anti-apoptosis,
poor prognosis
Favourable
prognosis
Migration
inhibition,
migration
inhibition
Less invasive
Favourable
prognosis
Anti-angiogenesis

Protease
inhibitor-9
(SERPINB9)

Granzyme B Melanoma
Breast
Cervical
Colon

Poor prognosis,
immune escape

SERPINB13 Skin Anti-angiogenesis Head/neck
squamous

PAI-1
(SERPINE1)

u-PA, t-PA,
thrombin, protein C,
vitronectin

Lung
Colon
Breast
Fibrosarcoma
Thyroid
Endometrial
Pancreatic

Anti-apoptosis
Anti-apoptosis,
dissemination,
poor prognosis
Anti-apoptosis,
poor prognosis
Anti-apoptosis
Poor prognosis
Poor prognosis
Dissemination

Gastric

Protease
nexin-1
(SERPINE2)

Prostasin, t-PA,
u-PA, plasmin,
trypsin

Prostate
Breast
Colon
Oral
Breast
Testicular

Inhibition of
growth and
angiogenesis
Enhanced
metastasis
Tumor formation
Enhanced
metastasis

(continued)
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Table 4 (continued)

Serpins Molecular target Associated
cancers

Effects on cancers Experimental
therapy

PEDF
(SERPINF1)

Prostate
Osteosarcoma
Pancreatic
Colon
Breast
Lung
Melanoma
Ovarian
Glioma

Anti-angiogenesis,
pro-apoptosis
Anti-angiogenesis
Anti-angiogenesis
Anti-angiogenesis

Prostate
Endometrial
Colon
Lung
Brain metastasis
Chondrosarcoma
Cervical
Liver
Retinoblastoma
Melanoma

Neuroserpin
(SERPINI1,
protease
inhibitor-12)

u-PA, t-PA Gastric
prostate

Growth retardation
Poor prognosis

Courtesy by Zheng et al. [127]

Fig. 4 Proteases the common culprits in human skin disorders
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significant factor in eczema of hand and foot. This Kazal-type inhibitor named as
LEKTI2/SPINK9 specifically inhibits KLK5. Meyer-Hoffert and Wiedow in 2011
identified SPINK6 in skin which is a selective inhibitor of KLKs [61]. SPINK6 was
identified in skin appendages like sweat glands and sebaceous glands in SG of healthy
individuals. On the contrary, downregulated expression of SPINK6 is identified in
lesions of patients suffering from atopic dermatitis.

Other than LEKTIs a large number of other protease inhibitors are produced by
keratinocytes. Of which, one group is termed as ‘trappins’ (transglutaminase sub-
strate, WAP-domain-containing proteins) [122]. Elafin and secretory leukocyte pro-
tease inhibitor (SLPI) are two human epidermal protease inhibitors. Inhibition of
elastase and protease-3 by elafin, cathepsinG and elastase by SLPI is suggestive of the
efficacy of these two inhibitors against neutrophil serine proteases. All these findings
demonstrate the protective role of neutrophil serine proteases during inflammation. In
psoriasis, a highly inflammatory disease elafin is upregulated, whereas SLPI gene is a
housekeeping gene expressed continuously in the epidermis [123]. Elafin is stored as a
proenzyme in lamellar bodies and is secreted at the junction of SG and SC and via
transglutamination is crosslinked to the proteinaceous molecules of cornified envel-
opes. It is reported that in human skin few members of SERPIN family are expressed
which include SERPINB13 (headpin/hurpin), SERPINB4 (squamous cell carcinoma
antigen-2) and SERPINB3 (squamous cell carcinoma antigen-1). Subtilisin A is
inhibited by SERPINB8 andSERPINB9which suggest that SERPINs has a protective
role from tissue proteolysis caused by bacterial proteases.

Dandruff or Seborrheic Dermatitis (SD) is most common affliction of human
scalp. Generally, dandruff or SD is caused by dermatophytic fungi, most commonly
Malassezia furfur and other species of Malassezia, which are opportunistic patho-
gens on human scalp and skin. SD is often characterized by scaling on the scalp and
causes inflammation [124].Malassezia degrade sebum and release multiple free fatty
acids from available triglycerides. Fungal colonies consume specific saturated fatty
acids to proliferate leaving unsaturated fatty acids (USFAs) behind. These USFAs
alters the combination of sebaceous secretions and penetrates into stratum corneum,
the outermost layer of epidermis, disrupting the skin barrier function, resulting in
inflammation, irritation and leads to scalp flaking. Studies found that SNTI, a Soap
Nut Trypsin Inhibitor, was effective against dandruff causing fungi compared to the
antifungal chemical drugs—fluconazole and ketoconazole [125].

3.4.6 In Human Airway Inflammation
Bronchial asthma, fever and COPD are the symptoms in response to viral repli-
cation and release of inflammatory cytokines in influenza. Viral entry and repli-
cation is facilitated by serine proteases secreted by epithelial cells of the airway.
Surface epithelial cells of the human nasal mucosa, trachea, distal airways, lung and
human alveolar epithelial cell line A549 expressed TMPRSS-1 (Transmembrane
protease serine S-1), TMPRSS-2, TMPRSS-4 and TMPRSS-11D which belong to
serine protease family. Protease inhibitors like aprotinin and camostat are found to
reduce replication of influenza virus and release TNF-a (Tumor Necrosis Factor)
and IL-6 (InterLeukin) into cell supernatants. Conversion of HA0 the precursor
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protein into subunit HA1 in influenza virus is retarded by camostat. These findings
authenticate the role of serine proteases in the proteolytic activation of influenza
virus in human tracheal epithelial cells. Thus, serpins are coveted therapeutics
candidates in treating viral influenza [126].

3.4.7 In Blood Clotting Abnormalities
To curb excessive thrombin activity a few anticoagulant strategies are in vogue which
in turn control hyper-coagulation. Warfarin, agonist of vitamin K is being used since
1950, but its administration requires careful monitoring because of its interactions
with different drugs and food and also because of its narrow therapeutic range.
Heparin and LMWH (Low Molecular Weight Heparin) are used to enhance
anti-thrombin activity and are incapable to inhibit clot-bound thrombin. Based on
these elements, over the last twenty years’ enormous efforts are put forward to design
low molecular weight, orally bioavailable and selective thrombin inhibitors [115].
Table 5 portrays the clinical status of serine protease inhibitors as therapeutics.

Table 5 Serine protease inhibitor drugs in clinic

Target Drug name Indication Clinical status

Thrombin Ximelagatran Venous thrombosis Launched

Melagatran Thrombosis, general Pre-registration

Argatroban Arterial thrombosis Launched

BIBR-1048 Venous thrombosis Phase III

MCC-977 Thrombosis Phase II

TGN-167, TGN-255 Thrombosis Phase I

SSR-182289 Thrombosis Phase I

AZD-0837 Thrombosis Phase I

E-5555 Thrombosis Phase I

LB-30870 Venous thrombosis Preclinical

Factor Xa DX-9065a Thrombosis, angina Phase II

DPC-906 Venous thrombosis Phase II

CI-1031 Thrombosis Phase II

JTV-803 Venous thrombosis Phase II

NS3-protease BILN-2061 Hepatitis C virus infection Phase II

VX-950 Hepatitis C virus infection Phase I

Elastase Sivelestat, Elaspol SIRS, inflammation Launched

Midesteine COPD Pre-registration

AE-3763 COPD Preclinical

R-448 COPD Phase I

Broad-spectrum Nafamostat, FUT-175 Pancreatitis, inflammation Launched

Camostat mesilate Pancreatits Launched

Urokinase WX-UK1 Cancer, Gastrointestinal Phase II

Chymase NK-3201 Restenosis Preclinical

DPP IV LAF-237 Diabetes type II Phase III

MK-0431 Diabetes Phase II

P32/98 (P3/01) Diabetes Phase I

T-6666 Diabetes Phase I

NN-7201 Diabetes Phase I
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4 Conclusion

Serine proteases account to about one-third of all the known proteases. Large and
diversified clusters of serine proteases and their inhibitors are encoded by human
genome. Search for low molecular weight inhibitors to regulate proteases and their
activity is attracting pharmaceutical industry. However, it is an uphill task in view
of the expression of closely related proteins in the genome. Active site recognition
enables the regulation of multiple protease targets and focuses on active
site-directed therapies. But now other regions are also being targeted. Macro-
molecular recognition is envisaged by exosites and allosteric communication
between these regions and the active site resulting in conformational changes. This
interplay is crucial in biological system as exemplified by proteases in coagulation
and immune system. Disturbance in the delicate balance between serine protease
and serpins is the reason for a wide range of pathologies. Early reports of such
imbalance are identified in blood coagulation in which there was deficiency of
factor IX. On the contrary, overexpression of immune system serine proteases
culminates in inflammatory states. So also, imbalance in serine protease inhibition
affects multiple biological systems. Emphysema, cirrhosis and thrombosis result
from aberrant conformations and belong to proteinopathies. Unravelling the
molecular interactions in the regulatory pathways of proteolysis in vivo continues to
be a puzzling and intuitive venture to alleviate human well-being. Pharmaceutical,
biotechnological industries, academic researchers and their financial backers con-
sider serine proteases and serpins as future medicine worthy for clinical trials in
human applications.

This is a humble endeavour to elucidate the progress of protease and protease
inhibitors, predict their future and some of the hurdles overcome till date. They
remain to be the challenging molecules that are to be expounded as a promising
class of new drug targets and therapeutic agents.
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11Metalloproteases and Human
Diseases: The Astacin Family

Sibani Chakraborty, Asim K. Bera, Ankur Chaudhuri
and Satyajit Sen

Abstract
Astacins are a group of zinc metalloproteases characterized by a signature
sequence of 18 amino acid residues (HExxHxxGxxHxxxRxDR) and a conserved
SXMHYdomain containing theMet-turn characteristic of themetzincins. They are
synthesized as inactive zymogens whereby they are activated after the
post-translational removal of the amino-terminal pro-segments. Astacins are
widely spread in bacteria and throughout animal kingdom. They aremulti-domain,
glycosylated complex endopeptidases which may be membrane-bound or
secretory in nature. The astacins are known to play diverse role in bone
morphogenesis, tissue differentiation, wound healing, digestion and in diseases
like fibrosis, cancer, neurodegenerative andAlzheimer’s disease. The homologous
protease domain containing about 200 residues and two conserved disulphide
bridges present in most astacins is the common thread linking all the members of
this family. Though similar in structure the astacins differ widely in their substrate
specificity. In humans, six astacins have been reported. They are meprin-a and-b,
bone morphogenetic protein-1 (BMP-1) with its major splice variant mammalian
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tolloid, mammalian tolloid-like enzymes and ovastacin. Among them meprins a
and b and bone morphogenetic protein1 have been found to be expressed at
elevated level in certain diseases and hence important druggable targets. Several
small molecule inhibitors and macromolecular inhibitors are known to control the
activity of the astacins thereby contributing to the control of several diseases.

Keywords
Astacins � Subsites � Meprins � Bone morphogenetic protein1 � Inhibitors

1 Introduction

The astacin family represents a group of zinc metalloproteases having a unique 18
amino acid signature sequence (HExxHxxGxxHxxxRxDR) which is a part of an
approximately 200 amino acid protease/catalytic domain. The astacins are a sub-
family of the metzincin superfamily of metalloproteases. All astacins contain a
catalytic domain with an amino acid sequence similarity of 29–99%. The prototype
of the astacin family was first isolated as digestive enzyme from the fresh water
crayfish Astacus astacus [1]. Structural studies indicate that the zinc atom is
penta-coordinately bound to all the astacins except in bone morphogenetic protein-1
(BMP-1), where the tyrosine residue does not participate in zinc binding to the
active site cleft of the protease domain. The astacins are structurally similar to other
members of the metalloprotease family, i.e., serralysins, matrixins and snake-venom
metalloproteases but distinctly differ from the thermolysin-like metalloproteases.
The astacins are complex, glycosylated, multi-domain proteins which may be
membrane-bound or secretory in nature and are expressed in tissue and
species-specific manner in mature organisms and in a temporal and spatial specific
manner in developmental systems. They have been identified to perform a various
role in mature and developmental systems such as bone morphogenesis, tissue
differentiation, hatching process, digestive function as well as several disease
including cancer [2]. Eukaryotic members contain a pre- and pro-domain sequence
at the amino-terminal and one or two copies of the epidermal growth factor (EGF)-
like domains and complement-like domains (Clr/Cls) at the carboxy-terminal
whereas prokaryotic member contains only the protease domain. These metallo-
protease have been detected in animal kingdom as well as in bacteria.

Meprins and bone morphogenetic protein-1 (BMP-1) belonging to the astacin
family are responsible for several diseases in humans. Meprins reported in verte-
brates are found in small intestine, skin and kidney where they proteolytically
degrade biologically active peptides such as cytokines and different constituents of
the extracellular matrix [2]. BMP-1/tolloid-like proteinases (BTPs) have been
detected in species from Drosophila to human. Procollagen C-proteinase or bone
morphogenetic protein-1 of the astacin family cleaves procollagen and non-collagen
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substrates into the insoluble fibrillar collagen. It also processes prolysyl oxidase to
its active form which is responsible for catalyzing the cross-linking of collagen
fibrils thereby contributing to the structural stability of collagen [3]. This chapter
reviews the recent advances on the structure, function and diverse role of the
disease causing metalloproteases of the astacin family. Special attention will be
focused on discussing the meprins and bone morphogenetic protein-1 (BMP-1) as
these metalloproteases of the astacin family are important therapeutic targets for
combating several diseases in human. Astacin family is widely spread in bacteria
and throughout animal kingdom. Table 1 describes the different members of the
astacin family reported so far in animal kingdom.

The astacin family ranges in molecular weight of 23–110 kDa. The smallest is
astacin from fresh water crayfish A. astacus and the largest is meprin b-subunit. The
common thread linking all members of the astacin family is the homologous pro-
tease domain comprising of about 200 amino acid residues. The domain

Table 1 Members of the astacin family in animal kingdom

Protease Species/tissue UniProt
ID

Total
length

Length of protease
domain

Identity
(%)

HCE1 Fish hatching
gland cells

P31580 270 71–270 (200) 34.8

HCE2 Fish hatching
gland cells

P31581 279 80–279 (200) 36.2

LCE Fish hatching
gland cells

P31579 271 72–271 (200) 36.4

Humepa Kidney, intestine,
embryo

Q16819 746 66–263 (198) 30.5

Humepb Kidney, intestine,
embryo

Q16820 701 64–259 (196) 36.1

Mumepa Kidney, intestine,
embryo

P28825 747 65–262 (198) 30.5

Mumepb Kidney, intestine,
embryo

Q61847 704 63–260 (198) 34.5

QuCAM1 Quail embryos P42662 310 1–183 (184) 36.9

HMP1 Hydra tentacles Q25174 285 52–241 (190) 33.2

Hubmp1 Embryos, tissues P13497 986 121–321 (201) 35.3

Mubmp1 Mouse embryos P98063 991 126–326 (201) 35.3

Xebmp1 Frog embryos P98070 707 84–284 (201) 35.8

Tll1 Embryos, tissues O43897 1031 148–348 (201) 37.1

Tll2 Embryos, tissues Q9Y6L7 866 150–350 (201) 36.6

Note Sequence identity of protease domain with astacin
HCE High choriolytic enzyme; LCE low choriolytic enzyme; Hu human; Mu mouse; Xe Xenopus;
QuCAM1 quail chorioallantoic membrane-1; HMP hydra metalloprotease-1; BMP-1 bone
morphogenetic protein-1; Tll1 tolloid-like 1; Tll2 tolloid-like 2
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composition of some known astacin family members is shown in Fig. 1. Unique
zinc-binding motif and presence of an unusually conserved methionine refers
astacins as metzincins. In humans six astacins are known, namely meprin-a and -b
[1], bone morphogenetic protein-1 (BMP-1) with its major splice variant mam-
malian tolloid, mammalian tolloid-like enzymes [4] and ovastacin [5]. Their diverse
role in embryogenesis, bone morphogenesis, digestion, tissue differentiation and
also in certain diseases like cancer, renal and neurodegenerative diseases identify
them as important therapeutic targets. Thus regulating activity of astacins by
specific inhibition may be a suitable approach in the treatment of certain patho-
logical conditions.

2 Structure of the Protease Domain of Astacin
Family Members

The common thread linking different members of the astacin family is the
homologous catalytic domain consisting of approximately 200 amino acid residues
(Fig. 2). This domain in most astacins contain four conserved cysteine residues
contributing to two disulphide bridges Cys42–Cys198 and Cys64–Cys84 imparting
stability to the proteolytic unit. BMP-1 contains an additional disulphide bond

Fig. 1 Domain structure of astacins. N-terminal signal peptide, pro-peptide, catalytic protease
domain, EGF (epidermal growth factor-like), CUB (embryonic sea urchin Uegf, and BMP1),
MAM (meprin, A5 receptor protein, tyrosine phosphatase l), TRAF (intracellular signaling
proteins), C (cytosolic domain), I (inserted domain), and TM (transmembrane domain)
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between Cys62 and Cys65. The catalytic unit is compact kidney-shaped ellipsoid
with dimensions of about 55 � 45 � 35 Å. The active site cleft sub-divided the
catalytic domain into the amino-terminal and carboxy-terminal domains of the
protein. The deep active site cleft is buried within the two domains in the structure.

2.1 Primary Structure

The amino acid sequences of all members of the astacin family except for the
digestive enzyme astacin from A. astacus were deduced from their cDNA
sequences [6]. All eukaryotic members of the astacin family contain the 18 amino
acid signature sequence extending from His92 to Arg109. In addition to the signature
sequence, they also contain the SXMHY sequence, Ser145 to Tyr149 which is also
conserved as in metzincins [7]. Each of the eukaryotic astacins contain two
disulphide bridges [8] comprising of four cysteine residues, Cys42–Cys198 and
Cys64–Cys84 respectively (All residue numbering as in astacin). The prokaryotic
astacin isolated from Flavobacterium meningosepticum called flavastacin differ
from the eukaryotic members in that it lacks the four conserved cysteine residues. In
addition the conserved SXMHY region also contains Met in place of His. Presence

Fig. 2 Multiple sequence alignment of protease domain of represented astacin family members.
Identical (conserved), strong and weak residues represented as orange, blue and cyan color
respectively. The abbreviation for species are the same as used in Table 1
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of Ile instead of Phe in the signature sequence also distinguishes the prokaryotic
astacin from its eukaryotic members [9]. The phylogenetic tree constructed based
on the sequence alignment of protease domains has three major branches. The fish
enzymes (hce1, hce2 and lce) and qcam-1 from quail form one branch, meprins
form other branch and bmp1, tolloid-like enzymes and hmp1 form another branch
(Fig. 3).

2.2 X-ray Structure

The first solved structure of the protease domain is that of the digestive enzyme
astacin from fresh water crayfish A. astacus at 1.8 Å resolution [10, 11]. A kidney-
shaped structure with active site located in a deep cleft has been observed (Fig. 4).
The NH2-terminal domain contains a five-stranded pleated b-sheet as well as two
extended a-helices. The COOH-terminal domain is mainly organized in irregular
turns but contains a large number of hydrophobic residues important for folding.
The zinc atom is penta-coordinately connected to three His residues (His92, His96

and His102) present in the signature sequence. The fourth and fifth coordination is
with Tyr149 and a water molecule bound to the carboxylate side chain of Glu93. The
four amino acids which participate in coordination at the active site of astacin with
catalytic zinc are conserved in BMP-1. The catalytic zinc of BMP-1 is bound with
His92, His96, and His102 but not to Tyr149 in contrast to astacin [12]. Astacins
contain two to three disulphide bridges in their catalytic domain. Most common to
all structures are the two disulphide bonds between Cys42 and Cys198 and between
Cys64 and Cys84. BMP-1 has an additional disulphide bridge between Cys62 and
Cys65.

Fig. 3 Phylogenetic tree based on the sequence alignment of the protease domain of astacins
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3 Substrate Specificity

Chemical reactants that bind to a specific enzyme are termed substrates. There may
be more than one substrate for each type of enzyme, depending on the particular
chemical reaction. The enzyme’s active site binds to the substrate and the binding or
active site is composed of a unique combination of amino acid residues. The
positions, sequences, structures and properties of the amino acids create a specific
chemical environment at the binding site. A specific chemical substrate binds to the
active site in an enzyme-specific manner. This particular property of an enzyme
makes them very important as research and diagnostic tools. Astacins are Zn+2

dependent metalloproteinases though they exhibit arylamidase activity, which is not
typical for metalloproteinases. Substrate specificity and domain composition of the
astacin family enzymes are more variable than other thermolysin or matrix metal-
loproteinase families. Substrate specificities of the astacin super family differ
especially with respect to P′-site of substrate molecule. Moreover, specificity of
metalloproteinase binding to substrate or inhibitor is determined by specific
sequence of S′-site of the enzyme though proteolytic domains share structural

Fig. 4 X-ray structure of astacin from fresh water crayfish A. astacus. The active site zinc ion
(orange) of astacin is trigonal bipyramidally coordinated by three histidine residues, a water
molecule (red) and a tyrosine residue. His92, His96, His102 and the water-linked Glu93 are part of
the consensus sequence HExxHxxGxxH. Tyr149 is located in the conserved Met-turn motif
(SXMHY)
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similarity throughout the family. This possibly prevents enzyme inhibition by
reaction product containing free carboxyl group, which can bind zinc. Blasting
available astacins sequences with meprin-a revealed at least seven residues form a
wide substrate-binding core. We have seen both broad and narrow substrate
specificity in this family. Extreme examples are crab Paralithodes camtschatica
metalloproteinase [13] and flavastacin [14] respectively. Flavastacin cleaves only
Xaa-Asp bonds and does not cleave peptide bonds formed by amino groups of other
amino acids including asparagine and glutamine, though it is less active in
hydrolysis of Xaa-Glu bonds. Another super-specific substrate is dimethy-
laminonaphthalene sulfonyl-PKFAPWV for crayfish astacin and it homologs. Only
F-A is cleavable by these enzymes, which differentiate them from matrix metal-
loproteinases. Astacin prefers alanine at the P1′ position over other short aliphatic
side chains (i.e. serine, threonine and glycine). Human meprin-a subunit forms
bond with aromatic amino acid at P1′-position is determined by interaction of
substrate with Tyr-199, whereas preference of b-subunit for Asp or Glu is deter-
mined by substrate interaction with the Lys-185 residue. b-meprin is characterized
by affinity for substrates containing Glu residues at positions from P2 to P2′. Mouse
kidney meprin-a cleaves arginine, lysine or phenylalanine containing substrate at
P1′ site more than 103 times faster than astacin. Literature suggests substrate
specificity of astacin and meprin is possibly determined by Pro-176 of astacin
molecule, which causes substantial steric hindrances for binding of residues con-
taining larger side chain. Pro-176 is substituted by Gly-176 in meprin and forms a
deep cleft. In meprin, Leu-178 and Tyr-149 is involved into substrate binding in
absence of Tyr at 177th position as in astacin structure [10]. Phenylalanine at 165th
position is crucial for binding of P2′ amino acid residue of astacin substrates.
Binding of proline residue localized at P3 of astacin substrates involves interaction
with Trp and Tyr residues. Tyr-177 and/or Trp-158 side chains of astacin molecule
favor binding of aromatic amino acid residues at P3′. Absence of Tyr at the 177th
position and substitution of Trp to Asn at 158th position in meprin is observed.
Amino acid substitutions at P1′ and P1-position influence the kinetic property of
meprin-a. BMP-1 substrates have an [conserved] aspartic acid residue at P1′ sub-
site. Analysis of crystal structure has reported an arginine at the S1′ site of BMP-1.
A bulky vicinal disulphide contributes to a restricted S1 pocket, explaining the
preference of small aliphatic residues in substrate P1 positions [4, 12]. Lysines (87
and 176) are involved in substrate recognition and binding for all BMP-1 pro-
teinases. The loop containing Lys-176 at S1′ subsite has been found only in astacin
proteinases related to the BMP-1 and its homologues [15]. Though we talked about
residues at the core substrate-binding pocket, moreover, substitutions of specific
residues located distantly from cleavable bond also influence binding and hydrol-
ysis of substrates, thus suggesting formation of an extended system of non-covalent
interactions (Table 2).
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4 Role of Metal Ions

Astacin family proteases require Zn2+ for their catalysis. Zn2+ ion’s coordination
with active site residues is essential for catalysis. Zn2+ ion preference over other
divalent ion is due to its tolerance to oxidants and reductants present in the
organism, which provide the possibility for interaction of this cation with ligands of
various nature. Crayfish astacin, meprins, choriolysins, and BP10 proteinase from
the Paracentrotus lividus sea urchin were active after substitution of active site zinc
cation by copper or cobalt cation. Some enzymes of the astacin family may addi-
tionally bind cations stabilizing structure and/or acting as effectors of the enzymatic
reaction [16]. Meprin-a and choriolysins contain calcium ions other than Zn2+ to
maintain structure. Thermolysin family as well as matrix metalloproteinases require
calcium ion for structural stabilization. Interestingly crayfish astacins do not require
any extra ion to stabilize the protein structure; disulfide bonds do the job [17].
Disulfide bonds are formed by conserved cysteine residues, and suggest their
important role in stabilization of tertiary structure of other astacin proteinases. The
only exception is flavastacin [14].

Proteolytic activity of some astacin proteinases depends on Ca2+ concentration.
BMP-1 and mTld as well as related sea urchin BP10 proteinases cleave substrates
more effectively in the presence of Ca2+. Activity of mTLL belonging to the same
subfamily of astacin proteinases does not depend on Ca2+ ion. Human meprin
activity decreases if Ca2+ concentration exceeds 1 mM. Mutant BMP-1 and mTld
lacking EGF-domains (which may bind Ca2+) are also calcium-dependent enzymes.
BMP-1 is more sensitive to inhibition by zinc salts: 0.1 mM ZnCl2 caused almost
total inhibition of this enzyme. Cadmium and copper chlorides are highly effective
inhibitors of BMP-1. Zinc salts (1–500 lM) activate T. spiralis metalloproteinase.
More than 1 mM Zn2+ salts inhibit human meprin and T. spiralis metalloproteinase.

Table 2 Amino acid preference for specificity in astacin family

Enzyme P4 P3 P2 P1 P1′ P2′ P3′ P4′

Astacin P K, R, N, Y K, R, N, Y A P HPa HPa

Meprin A, V A, S, T V, S, P E, Y, N, L, R E, Q, T, V, S E T S, V

BMP-1 S, A, F Y, M, A Y, M, Q G, A, D, S D, Q D, E, V A, M G, D

Nephrosin P P P F

Fundulus
Choriolysin

P A

Choriolysin H V Y
aHP Hydrophobic
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5 Biological Roles of Astacins

Astacins are involved into various physiological processes including digestion,
processing of extracellular proteins, morphogenesis, embryonic hatching. Specifi-
cally, astacin proteases are involved in hydrolysis of dietary proteins, extracellular
matrix formation, morphogenesis and development of organisms.

5.1 Development and Morphogenesis

Astacins play an important role in several physiological functions which include
digestion, hatching, morphogenesis and pattern formation. These metalloproteases
exits as either membrane bound or secretary in nature. Therefore, two main sub-
groups of astacins are reported, one contains secreted enzymes and the other is
membrane-bound. The secretary astacins are involved in proteolytic processing
which occurs during developmental stage of early invertebrates and vertebrates.
They also play an important role in digestion. Involvement of astacins in mor-
phogenesis in cnidarians have also been reported and a meprin-like astacin was
found to be involved in the morphogenesis of hydra foot. In addition, meprins play
an important role in tissue differentiation and signaling [16].

5.2 Matrix Assembly and Wound Healing

Among the astacins, meprin metalloproteases are important enzymes needed for
fibrillar collagen assembly. It has been proved that both meprins-a and meprin-b
help in the maturation of procollagen by cleaving of the C- and N-terminal
propeptides of collagen I and III. The prteolytic maturation of procollagen is needed
to start fibrillar assembly [18–20]. Bone morphogenic protein 1 can cleave off only
the C-terminal and ADAMTS proteases can cleave only the N-terminal propeptides
of procollagen which is insufficient for collagen assembly [4, 21]. Both meprins on
the other hand on incubation with procollagen I led to spontaneous fibril formation
as studied by transmission electron microscopy [22]. The process of collagen for-
mation is essential in wound healing as well as it is an important phenomena in the
formation of extracellular matrix (ECM).

5.3 Hatching

Development of embryos of many aquatic invertebrates like crustaceans, fishes,
amphibians and reptiles require cleaving off of the embryonic shell after a certain
stage of embryosis by proteolytic enzymes, thereby releasing the young larva in free
ambient water. This process known as “hatching” requires astacin metalloproteases.
Some of the astacins in the process include crayfish embryonic astacin [23], low
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chorolytic enzymes and high chorolytic enzymes [24] or corresponding proteases of
amphibians from the frog Xenopus laevis [25]. The hatching process has been
extensively studied for the chorolytic enzymes. The high chorolytic enzymes cleave
off the zona pellucida proteins at specific sites allowing the envelope to swell.
Subsequently the low chorolytic enzymes completely digest the egg envelope [26]
releasing the young larva.

5.4 Tissue Differentiation

Meprins play an important for in tissue differentiation and pericellular signaling.
A variety of meprin substrates have been reported [27] which include biologically
active peptides such as gastrin and cholecystokinin, substance P, cytokines, and
chemokines. Astacins in general, are involved in proteolytic cleaving of precursors
of extracellular matrix constituents and growth factors including their antagonists
and cell surface receptors during embryonic patterning and cell differentiation. In
late developmental stage and in the adult, BMP-1, mTLD, and mTLL1 were
required for bone formation and connective tissue differentiation, since they are
involved in specific activation and trimming of a variety of procollagens.

5.5 Digestion

Astacins with digestive function are mostly found in decapods crustacean species
[28, 29]. The first enzyme isolated from the astacin family with digestive property
was from the crayfish A. astacus. Astacin isolated from the hepatopancreas of the
crayfish was found to play an important role in the digestion of the organism.

6 Astacins and Disease

The involvement of astacin metalloproteases in a wide range of diseases in human
have been reported. Since meprins and Procollagen C-Proteinase (also known as
bone morphogenetic protein 1) have been shown to be responsible for a number of
diseases in human being, both of these astacins can be used as important druggable
targets.

Meprins, are a sub-group of the astacin family belonging to the “metzincin”
superfamily which are confined to vertebrates and found in abundance in the small
intestine, kidney and skin, where they are thought to cleave biologically active
peptides, cytokines and components of the extracellular matrix [1, 30]. Meprins are
oligomeric zinc endopeptidases and exists as two subunits a and/or b [1]. Struc-
turally meprin-a differs from meprin-b in having an inserted element that can be
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cleaved by furin (Fig. 5). Meprin-a exist as a homo-oligomeric secretory protein or
hetero-oligomeric membrane bound a/b protein and is known as the largest
secretory protease in nature. Meprin-b is present as a homodimeric membrane
bound protein and is secretory in nature when it is present as a a/b heterodimeric
structure. Meprins-a and -b participate in the processing and degradation of pep-
tides and proteins at the cell surface. Meprins may also be involved in the
remodeling of the extracellular matrix in response to renal injury [31]. Meprin-b
dimer exhibits a compact shape whose catalytic domain undergoes major rear-
rangement upon activation. Meprin-b is involved in the sheddase function of
membrane-bound cytokines and growth factors, thereby contributing to inflam-
matory diseases, angiogenesis and tumor progression [2]. Though meprin-a and-b
share 44% sequence identity they exhibit strikingly differences in activation and
substrate specificity. They differ in their substrate specificity because of preferences
in binding at active site. Meprin-a prefers neutral aliphatic and aromatic side chains
in the P1′ position, whereas meprin-b prefers negatively charged amino acid resi-
dues [32].

Bone morphogenetic protein 1 (BMP-1), a sub-group within the astacin family
co-purified with TGF b-like growth factors, was found in vertebrates as a
bone-inducing factor, illustrating the range of physiological functions associated
with these proteases. The BMP-1 is also known as the procollagen C-proteinase is a
multi-domain, glycosylated, secretory, zinc endopeptidase. Each member of BMP-1
has an astacin-like protease domain, CUB protein–protein interaction domains and
EGF motifs [1, 33]. In mammals there are four BMP-1-like proteases: BMP-1 and
mTLD (mammalian tolloid), which are alternative spliced products of the same
gene [34] and also mTLL-1 and mTLL-2 (mammalian tolloid-like1 and 2) [3, 35].

Fig. 5 Domain composition of meprins. Meprin-a and meprin-b are multi-domain enzymes,
building dimers linked by one intermolecular disulfide bond between the MAM domains. Meprins
are expressed as zymogens with a pro-peptide (PRO) N-terminal to the protease domain
(CAT) that must be cleaved off proteolytically to gain full activity. Only meprin-a contains an
inserted domain (I) which is cleaved by furin during the secretary pathway, resulting in secretion
of the protein and further oligomerization. C Cytosolic; TM transmembrane
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Structurally BMP-1 is closely related to the digestive enzyme astacin from the
crayfish A. astacus with a sequence identity of 35%. Crystal structure of BMP-1
indicates it has a deep active site cleft within which is the three conserved His
residues binding to the catalytic zinc. But unlike the prototypical protease astacin
and other members of the family it differs in that a conserved tyrosine does not
participate in zinc binding [12]. Like other astacin-like proteases, BMP-1 consists
of a 100 residue N-terminal domain and a C-terminal domain separated by the
active site cleft. BMP1s are characterized by a cysteine rich loop comprising
residues Pro61–Cys–Gly–Cys–Cys–Ser66 which correspond to the b-edge strand of
matrix metalloproteases [12]. The N-terminal domain contains a five-stranded b-
sheet and two long helices. The C-terminal domain contains few regular secondary
structures. The two disulphide bonds present in the other astacin members is
conserved in BMP-1 (Cys64–Cys84 and Cys42–Cys198) with another additional
disulphide bridge between Cys62 and Cys65.

6.1 Neurodegenerative and Alzheimer Disease

Amyloid precursor protein is cleaved by meprin b in vivo. The subsequent release
of amyloid b peptides is reported to be one of the major causes of Alzheimer’s
disease [2].

6.2 Keloid Formation and Overgrowth of Fibrous Tissue
or Fibrosis

Both the a and b subunits of meprin are responsible for maturation of procollagen
III and are overexpressed in fibrotic overgrowth where fibrillar collagen is accu-
mulated in excess. In vertebrates, the BMP-1/Procollagen C-Proteinase catalyzes
the cleavage of the solubilizing C-terminal globular domain from procollagen
resulting in the formation of insoluble fibrillar collagen responsible for fibrosis.
This group of metalloproteinases are important in regulating extracellular matrix
(ECM) formation by biosynthetic processing of various precursor proteins into
mature functional enzymes, structural proteins, and proteins involved in initiating
mineralization of the ECM of hard tissues [36, 37]. The production of extracellular
matrix (ECM) is a tightly regulated process required for bone morphogenesis,
normal wound healing and repair of bone fractures in adult. Excessive accumulation
of ECM, particularly fibrillar collagen results in a variety of chronic fibrotic con-
ditions including pulmonary, renal and liver fibrosis and scleroderma. Inhibition of
Procollagen C-Proteinases/BMP-1 may interfere in the progression of fibrosis and
are thus important druggable targets as excessive fibrillogenesis of collagen can
lead to a number of diseases ranging from keloids, to the formation of surgical
adhesions, to deep-seated fibroses of organs.
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6.3 Kidney Disease and Inflammatory Bowel Disease

Meprins are normally found in kidneys and intestine. In intestine meprin is acti-
vated by the pancreatic enzyme trypsin. Enhanced level of meprins can be seen in
kidney damage. Treatment of animals with inhibitor actinonin has been shown to
prevent kidney damage. The intestinal mucosa is continuously undergoing
damage-inflammation-repair cycle due to toxic peptides and bacteria which
involves different inflammatory mediators such as growth factors, cytokines, etc.
Meprins can degrade toxic peptide and components of bacteria cell surface and may
play a role in this process.

6.4 Cancer

Meprin a and b genes are expressed in various cancer cells. Meprin expression may
play a role in tumor cell invasion and migration and in doing so may be involved in
tumor progression. In colorectal tumor meprin a subunit is detected into the stroma
of the tumor in contrast to normal colon [38]. The role of astacins in fibrosarcoma is
yet to be established; however, astacins have been identified to be responsible for
overgrowth of fibrous tissue. Recently it has been shown that BMP-1 is involved in
modulation of angiogenesis through processing of prolactin and growth hormone
[39]. So the role of BMP-1 in genesis of cancer is to be explored.

The involvement of meprins in cancer progression, inflammatory bowel disease
and acute/chronic renal disease indicate the potential of meprins as drug targets for
therapy with the development of potent and specific inhibitors [38].

7 Inhibitors of Astacins

Astacin family proteinases are insensitive to inhibitors of serine, cysteine and
aspartyl proteinases. But metal chelating inhibitors of metalloproteinases from other
families may also inhibit astacin proteinases, though inhibition efficiency is deter-
mined by the structure of substrate-binding region of these enzymes. Thus inhibi-
tory mechanism depends on particular site of the enzyme molecule involved into
interaction with inhibitor. Peptide and protein inhibitors have also been found for
some astacin metalloproteinases. Activities of some astacin proteinases are also
regulated by endogenous inhibitors.

7.1 Small-Molecular Inhibitors

Small molecule inhibitors like hydroxamates, actinonin, batimastat, galardin,
NNGH, TAPI-0, TAPI-2 (tumor necrosis factor alpha protease inhibitors), Ro
32-7315, captopril are potent inhibitors of meprins [40]. Inhibition of Procollagen
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C-Proteinases/BMP-1 may interfere in the progression of fibrosis and are thus
important druggable targets as excessive fibrillogenesis of collagen can lead to a
number of diseases ranging from keloids to the formation of surgical adhesions, to
deep-seated fibroses of organs. Some small molecules functioning as inhibitors of
PCP have been reported. Small molecule inhibitors such as EDTA,
1,10-phenanthroline [41] N-ethylmaleimide (NAM) [42], UK3863 [43] and glu-
tamic acid/diamino acid derived hydroxamates also inhibit BMP-1. Hydroxamate
derivatives of several diamino acids were described as potent inhibitors of PCP
[44]. As a part of the anti-fibrosis program several non peptidic inhibitors con-
taining different zinc chelating groups like hydroxamates, thiols, carboxylic acids
have been designed [45]. It is reported that the hydroxamate bearing scaffolds
present as the zinc chelating group as BMP-1 inhibitor has the most potent binding
[45]. The hydroxamate inhibitor utilizing a N-arylsulphonamide aspartic acid core
showed greater potency compared to the initial peptidyl mimetic. Hydroxamate-
containing compounds can functions as systemic drugs for other zinc metallopro-
teases [46–48].

7.2 Macromolecular Inhibitors

Different macromolecular inhibitors inhibit astacins. A plasma protein fetuin-A
inhibits the proteolytic activity of both meprins [49]. Interestingly, cystatin C
inhibits human meprin-a and not meprin-b [50]. Fetuin-A and cystatin C, members
of cystatin superfamily, are both involved in inhibition, thereby pointing to a
common role played by both these proteins in the regulation of meprins. This finding
is corroborated by a fetuin A homolog from carp, the nephrosin inhibitor which
shows inhibition towards both meprin metalloproteases [51]. Hall and co-worker
reported that N-terminal of the cystatin C is of major importance for its tight binding
with the proteinase [52]. Mannan-binding protein has been reported to inhibit
meprins in mice [53], but the inhibitory potential has not yet been reported for the
human enzymes [51]. A natural inhibitor of astacin is scavenger a 2-macroglobulin.
Modified form of a 2-macroglobulin also shows inhibition for bone morphogenetic
protein 1 [54–56]. Nephrosin, a fish astacin in complex with “nephrosin inhibitor,”
circulates in blood stream of carp [57]. Fish fetuin contains cystatin-like domains
similar to fetuin A. The exogenous inhibitor Xenopus sizzled tightly binds human
BMP-1 (Ki of 1.5 ± 0.5 nM) and is reported to strongly inhibits mTLD and
mTLL-1 [58].

8 Conclusion and Future Perspectives

Astacins isolated from different organisms show diverse biological functions and
hence studies using this group of metalloproteases are very promising in future
studies. They have important roles in pharmaceutical and medicine industry due to
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its involvement in several diseases and hence important targets for the drug
industry. Astacins have high implication in biotechnology applications and can also
be used as bio tools for research purpose.

This chapter has reviewed the diverse roles of astacins on the basis of mecha-
nisms and regulation. The astacin family metalloproteases represent important drug
targets in several diseases like cardiovascular disease, inflammatory diseases,
neurodegeneration and cancer. While the search to identify potential targets are
going on, there are numerous metalloproteases whose substrates and functions
remain unknown and which may provide new novel therapeutic opportunities.
Knowledge on the intricate interrelationships of metalloproteases and their sub-
strates and inhibitors is yet to reveal.
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Abstract
Proteases catalyze hydrolysis of peptide bonds in proteins and play an important
role in the survival of living organisms, encoded by about 2% of the whole
genome in all kind of organisms. Mostly they are nonspecific, while some are
highly specific toward a peptide bond. Generally, proteases are grouped into
different clan, family, and type, depending on kinds of reaction they catalyze,
mechanism of catalysis, and their molecular structure and homology. Proteases
control many biological processes in living organisms including helminths.
There are about 1828 sequences that pertain to 25 genera of helminth parasites.
In this chapter, we have discussed various types of proteases found in helminth
parasites, like aspartic-, cysteine-, metallo-, and serine proteases, and their
possible role in these parasites and their hosts.
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1 Introduction

Proteases are the biological scissors, which hydrolyze the peptide bonds in proteins,
and may have appeared in biological systems during early periods of protein
evolution. Protein degradation plays an important role in the survival of all living
organisms as it is involved in food digestion and defense mechanism against the
pathogen. Activation and inactivation of proteins by degrading some specific
portion of them regulate some physiological and cellular processes, thus preventing
the accumulation of unwanted or abnormal proteins within the cells [1]. Proteases
are found in almost all living organisms from viruses to human, and they are
encoded by about 2% of the whole genome in all kind of organisms [2]. Most of
these proteases are relatively nonspecific for their substrates, like proteinase K,
while some are highly specific toward a particular peptide bond, like
angiotensin-converting enzyme; the later group, thus, launched a new and exciting
filed of protease research [3]. The proteases also vary in their molecular sizes from
simple catalytic units (*20 kDa) to sophisticated molecular machines, like the
proteasome and meprin metalloproteinase isoforms (*6000 kDa) [4]. Till today,
even after 100 years of their discovery, these enzymes remain at the cutting edge of
research in most laboratories around the globe.

Generally proteases are classified into endopeptidases, which target internal
peptide bonds, and exopeptidases, which catalyze the terminal NH2 (aminopepti-
dases) or COOH (carboxypeptidases) bonds. However, the availability of structural
and mechanistic information on these enzymes facilitates new classification
schemes [5]. According to recent information, proteolytic enzymes may be grouped
depending on the kinds of reaction they catalyze (like endopeptidases, omega
peptidases, exopeptidases, aminopeptidases, carboxypeptidases, dipeptidyl pepti-
dases, tripeptidyl peptidases, peptidyl dipeptidases, and dipeptidases), or on the
mechanism of catalysis (such as aspartic-, glutamic-, cysteine-, serine-, threonine-,
and metalloproteases) [6], or on their molecular structure and homology (such as
clan, family, and type) [7].

Proteases control many biological processes in living organisms, like regulation
of proteins, creation of new bioactive molecules, processing of cellular information,
and molecular signaling [8–16]. Hence, alterations in proteolytic systems in human
cause many diseases such as cancer, neurodegenerative disorders, and inflammatory
and cardiovascular diseases. Accordingly, many proteases are of special attention
for the pharmaceutical industry as potential drug targets or as biomarkers [17].
Unswerving with other higher animals, in parasitic helminths too, proteases play
crucial roles, like tissue penetration, digestion of host’s tissue for nutrition and
evasion of host’s immune response, and thus determine the establishment and
survival of the pathogen in its host [18].

In “protease.lib” of the latest MEROPS-10.0 database (http://merops.sanger.ac.
uk), a huge number (362,652) of protease sequences (including protease inhibitors)
are found. Of these, only 1828 sequences pertain to 25 genera of helminth parasites
(Table 1). In class/clan-wise categorization, the protease sequences in helminths fall
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under six protease groups; cysteine protease (CsP-546 sequences), aspartic protease
(AsP-152 sequences), metalloprotease (MtP-681 sequences), serine protease
(SeP-245 sequences), mixed protease (MxP-including cysteine, aspartic, and serine
clans; 195 sequences) and unassigned protease (UsP-9 sequences) (Fig. 1). Using
Database of Essential Genes (eDEG; http://tubic.tju.edu.cn/deg/) and applying a
two-layered filtering approach via protein–protein BLAST against (mammalian)
host proteases, highly diverse and essential proteases could be sieved out of the
total sequences identified to exist among helminths (Fig. 2). Out of 1828 sequences,
only 108 are predicted as highly diverse and essential proteases, of which 36, 12,
26, 1, 24, and 9 sequences belong to AsP, CsP, MtP, SeP, MxP, and UsP,

Table 1 Genus-wise distribution of 1828 proteases found in helminths

S. No. Helminth parasite
(Genus)

CsP AsP MtP SeP MxP UsC Total

Trematodes

1. Clonorchis 60 34 50 20 16 0 180

2. Fasciola 41 2 2 0 0 0 45

3. Metagonimus 7 0 0 0 0 0 7

4. Opisthorchis 6 1 0 1 1 0 9

5. Paragonimus 12 0 1 0 0 0 13

6. Schistosoma 130 40 173 71 58 0 472

7. Trichobilharzia 6 0 0 0 0 0 6

Cestodes

8. Echinococcus 56 6 81 43 33 9 228

9. Spirometra 2 0 0 0 0 0 2

10. Taenia 4 0 1 0 0 0 5

Nematodes

11. Ancylostoma 7 3 14 0 0 0 24

12. Angiostrongylus 4 1 1 0 0 0 6

13. Anisakis 1 1 0 0 1 0 3

14. Ascaris 40 15 94 40 16 0 205

15. Brugia 58 13 77 30 22 0 200

16. Dirofilaria 1 0 1 1 0 0 3

17. Gnathostoma 1 0 1 0 1 0 3

18. Loa 60 12 117 19 10 0 218

19. Necator 5 2 1 1 0 0 9

20. Onchocerca 2 1 1 2 0 0 6

21. Strongyloides 1 10 1 1 0 0 13

22. Toxocara 3 0 0 0 0 0 3

23. Trichinella 38 10 67 17 37 0 169

24. Trichuris 1 0 1 0 0 0 2

25. Wuchereria 0 1 0 0 0 0 1

Total 546 152 681 245 195 9 1828
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Fig. 1 Total protease sequences available in “protease.lib” of MEROPS-10.0. Available type of
proteases and their clan-wise distribution in helminth parasites

Fig. 2 Two-level filtering approach for finding highly diverse and essential proteases.
Two-level-filtering approach means two times protein–protein BLAST program was used with
mammalian (human and cattle) proteases and database of essential genes
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respectively (Fig. 3). It is noteworthy that protease sequences of glutamine
(GuP) and asparagine (AnP) groups are conspicuously missing in helminths group
(http://merops.sanger.ac.uk).

The fact that many infectious microorganisms require proteases for replication or
use them as virulence factors has facilitated the development of protease-targeted
therapies for diseases of great relevance to human life [3]. Besides, proteases are also
important tools of the biotechnological industry because of their usefulness as
biochemical reagents [19]. Like microbes, macropathogens such as helminths also
possess proteases, which have diverse functions in parasite biology. These enzymes
are secreted by helminth parasites and used for their entry into the host as well as
feeding and migration. In this chapter, we focus on various types of proteases in
parasitic helminths and their metabolic roles in establishment of infection in the host.

2 Role of Proteases in Parasitic Helminths

Besides therapeutic importance of proteases in various types of cancers, respiratory
and cardiovascular disorders, they have also been considered as potent therapeutic
targets for various infections. When a parasite infects a host, it survives by escaping
from the host immune system; parasites must have sufficient mechanisms by which

Fig. 3 Types and clan-wise distribution of 108 protease sequences after two-level filtration by
BLAST with mammalian (human and cattle) proteases and database of essential genes (DEG)
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they can cross various barriers, such as epithelial cell wall, connecting tissues and
extracellular matrix to reach their final destination [20]. The roles of various pro-
teases in helminth parasites are discussed under.

2.1 Aspartic proteases are associated with digestion of host hemoglobin in
blood-feeding nematodes such as the trichostrongylids, Haemonchus contortus,
hookworms (Ancylostoma caninum and Necator americanus), and Angiostrongylus
costaricensis [21, 22]. Consequently, many aspartic proteases are being used to
develop vaccines against trichostrongylids and hookworm infections [23, 24]. It has
been observed that aspartic proteases of hookworms are also capable to degrade
skin macromolecules and aid skin penetration, suggesting that their role in nema-
tode parasitism is not limited to digestion of hemoglobin but they also function in
intestinal digestion and tissue degradation of the host [25, 26]. Substrate specificity
of hemoglobin-degrading proteases employed by blood-feeding helminth parasites
influences the parasite–host species range. The differences in amino acid sequences
in the catalytic sites of these proteases interact less or more efficiently with
hemoglobin of permissive or nonpermissive hosts [27]. In the human liver fluke,
Opisthorchis viverrini, cathepsin D-like aspartic protease, Ov-APR-1, is expressed
in the gut and reproductive tissues of the mature hermaphroditic parasite. This is
also present in the developing larval miracidium stage within the eggshell, and in
the excretory/secretory products (ESPs) of the cultured adult flukes. The presence
of Ov-APR-1 in all developmental stages and ESPs of O. viverrini shows its
indispensable role in the host–parasite relationship [26].

2.2 Cysteine proteases are the most widely reported class of proteases from parasitic
nematodes and are secreted by larval and adult parasites for tissue invasion, feeding
and defense against effector mechanisms of the host immune response. Major cys-
teine proteases belong to the papain superfamily (Family C1) and are common in
nematodes. Cathepsins B of H. contortus are expressed in the intestine of adult
worms that are capable of digesting hemoglobin (Hb), fibrinogen, collagen, and
immunoglobulin-G. Similarly, cysteine proteases in ES products of N. americanus
have lytic activity against Hb, fibrinogen and antibodies [28, 29]. Comparative
analysis of the transcriptome of various life-cycle stages of Brugia malayi shows that
cathepsin-like cysteine proteases (including Bm-cpl-1, 4 and 5) are expressed at
every stage, though more prominently in MF, L3, and L4 stages [30]. The expression
of cathepsin B, AcCP-2, was more abundant in eggs and larval developmental stages
of A. caninum, showing that cathepsin B might play a role in the early development
of the dog hookworm [31]. Similarly, intestinal expression of four distinct
Cathepsin B (Na-CP-2, -3, -4, -5) from the human hookworm, N. americanus, shows
that these cysteine proteases and likely to be involved in nutrient acquisition [32].

The whole-genome analysis of various trematode parasites, for example Schis-
tosoma japonicum and other Schistosoma species reveals that cysteine proteases are
the largest and most important protease family. A total of 102 cysteine protease
sequences have been identified from the whole genome of S. japonicum and all are
assigned to 17 subtypes. Among them, the cathepsins B, C, F, L, K, and S have a
pivotal role in schistosome feeding and nutrition, as well as in migration through
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human tissues [33]. Analysis of the expressed sequence tags (ESTs) of Clonorchis
sinensis revealed that proteases are the largest proportion of the protein population
of this fluke, which are essential for stage transition, nutrient uptake, and immune
evasion [34, 35]. Furthermore, the partially purified cysteine proteases from ESPs
of C. sinensis adult worms show cytotoxic effects on cultured cells, and the
endogenous cysteine proteases of the metacercaria appear to be involved in
excystation from the cyst [36]. Several cysteine proteases were identified in C.
sinensis and are phylogenetically more close to the mammalian cathepsin F
enzymes [37]. Recently, the published draft genome of C. sinensis shows that the
largest part of protease members belong to cysteine protease superfamily. Some
cysteine proteases are also reported for the first time and probably contribute to the
catabolism of bilirubin and other host proteins [38].

Various developmental stages of the liver fluke Fasciola hepatica also express
different types of cysteine proteases. The transcriptome analysis of the invasive
juvenile stage of F. hepatica shows that cathepsins L3, L4, and L6 are specifically
identified in the juvenile ESTs, while these are not present in the adult stage. Some
isoforms of various cathepsins are expressed in different developmental stages. For
example, the secretome analysis of the adult F. hepatica shows that FhCL1 and
FhCL2 peptidases are the most abundant proteins, comprising 67 and 27%,
respectively of the total cathepsin Ls. A total 31% cysteine peptidases are made up
of the total proteins secreted by the newly excysted juvenile (NEJ), in which
various isoforms of cathepsin Ls; L3, L4, and L6 (37%), Cathepsin B (45%), and
Asparaginyl endopeptidases (18%) have been identified [39, 40]. The total RNA
analysis of the adult form of another liver fluke, O. viverrini, the causative agent of
cholangiocarcinoma, shows two novel cysteine proteases—cathepsin F (Ov-CF-1)
and cathepsin B1 (Ov-CB-1). Ov-CF-1 is secreted as an inactive zymogen that
autocatalytically processes and activates itself to mature enzyme at pH 4.5 via an
intermolecular cleavage at the prosegment–mature domain junction. Also, Ov-CB-1
is secreted as a zymogen but, in contrast to Ov-CF-1, is fully active against peptide
and macromolecular substrates despite retaining the N-terminal prosegment [41].

The cysteine proteases of the lung fluke Pargonimus westermani newly excysted
metacercariae (PwNEM) play a role in host tissue invasion. Two isoforms
(PwMc27 and PwMc28) of a particular type of cysteine protease enzyme having 27
and 28 kDa molecular weight and purified from PwNEM ESPs, preferentially
degrade fibrillar proteins, but not globular proteins [42].

In the case of Echinococcus multilocularis metacestodes, two cDNA clones,
encoding cathepsin L-like (EmCLP1 and EmCLP2) and cathepsin B—like
(EmCBP1 and EmCBP2) cysteine proteases, are isolated from ESPs and the extract
of the metacestodes. These are suggested to play a key role during protein digestion
for the parasite’s nutrition and in parasite–host interactions [43, 44]. Taenia solium
and other species of Taenia are the cause of neurocysticercosis in human and other
animals, respectively. Immunoglobulin degradation by cysteine proteinases of the
pathogenic Taenia species is suggested to play a key role in escaping from the host
immune system and thus could be employed as a target for chemotherapy [45].
Another cysteine protease, cathepsin L-like peptidase, is secreted by Taenia
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species, which can be utilized as immunodiagnostic antigen for cysticercosis
treatment [46]. In another tapeworm, Spirometra erinaceieuropaei, a cysteine
protease (SeCP), recognized in the sparganum ES proteins by early infection sera
and identified by MALDI-TOF/TOF-MS, is a 336-amino acid long chain. In SeCP,
15 potential antigenic epitopes and 19 HLA-I restricted epitopes are computation-
ally predicted, giving insights on the diagnostic antigens and target molecular sites
of antisparganum drugs [47].

2.3Metalloproteases comprise a heterogeneous group of proteolytic enzymes whose
main characteristic is the utilization of a metal ion to polarize a water molecule for
performing hydrolytic reactions. A major group of metalloproteases includes
zinc-dependent endopeptidases, which have the ability to cleave one or more extra-
cellular matrix components as well as non-matrix proteins [48]. According to their
substrate specificity, MMPs can be categorized as collagenases, gelatinases, elastases,
stromelysins, and membrane-type. In nematodes, metalloproteases including colla-
genases, gelatinases, and elastases play an important and essential role in larval and
adult migration and invasion through host’s connective tissues [48]. A novel
astacin-like metalloprotease (Ac-MTP-1) is characterized in ESP of A. caninum L3
larvae. Ac-MTP-1 has significant sequence similarity with Zinc-metalloprotease and
is exclusively expressed in L3 stage, indicating its role in host tissue invasion [49].
More recently, an ortholog of Ac-MTP-1, known as Ay-MTP-1, has also been iden-
tified in Ancylostoma ceylanicum and is believed to be a plausible protein target for
vaccine development to prevent larval migration through tissues [50]. Recently, two
metalloproteases, a 175 kDa collagenase and another leucine aminopeptidase (LAP),
have been purified and characterized from adult female Setaria cervi (a filarial parasite
of Indian buffalo). In vivo study for these enzymes reveals that collagenase plays an
important role in host immune evasion and immunoprotection by specifically cleaving
human IgG in vitro [51].

2.4 Serine proteases, secreted by the intestinal nematode parasites, have the ability
to change the properties of the mucus barrier, making it more porous by degrading
the mucin component of the mucus gel [52]. The parasitoid nematode, Steinernema
carpocapsae, is capable of killing its insect host within 48 h. The ESP of the
parasitic stage of this worm shows high proteolytic activity; a chymotripsin-like
serine protease, Sc-SP-3, participates in degradation of extracellular proteins and is
thus involved in nematode pathogenesis [53, 54]. Serine proteases derived from
ESPs of in vitro cultures of Trichinella spiralis L1 muscle larval have been shown
to participate in hydrolysis of collagens and elastin proteins [55].

3 Proteases as Drug Targets in Helminths

From the foregoing account, it clearly emerges that proteases have multifarious
functions in the biology and pathogenesis of parasitic organisms. They are unusually
immunogenic and have been exploited as serodiagnostic markers and vaccine targets.
Although host homologs exist, parasite proteases have distinct structural and
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biochemical properties including optimum pH and stability, alteration in peptide
loops or domain extensions, diverse substrate specificity, and cellular location. The
disparate nature of parasite proteases compared to the host orthologous proteins has
opened opportunities for chemotherapy [56]. For comprehensive understanding of the
role proteases in molecular and biochemical mechanisms for survivability, nutrition,
metabolism, host-dependent development and maturation, immune evasion and
evolution, numerous parasitewhole genomes have been sequenced in recent years and
some are still in the pipeline [57, 58]. Depending on the chemical groups in their active
sites, proteases found in helminths parasites are grouped as four major classes (as-
partic-, cysteine-, metallo-, and serine proteases), which are discussed below.

3.1 Aspartic proteases, like pepsin proteases (Clan AA and Family A01), digest the
ingested food. In blood-feeding nematodes, aspartic proteases, along with cysteine
proteases, are involved in degrading the host’s blood in a multienzyme cascade
manner [59]. Aspartic proteases in adult O. viverrini and Heligmosomoides poly-
gyrus secretome are found to play a key role in hemoglobin degradation [60, 61].
Comparative genomic analysis of aspartic proteases in eight parasitic platyhelminths
reveals that aspartic protease members of family A01 are prevalent in schistosomes
than in cestodes. Proteases of family A22 are evolutionarily highly conserved among
all the parasites, and one retroviral-like AP in family A28 shares a highly similar
predicted 3D structure with the HIV protease, thus implying its potential to be
inhibited by HIV inhibitor-like molecules [62]. Analysis of secretory cDNA of C.
sinensis reveals a 425 amino acids-long Cathepsin D-like Aspartic protease that may
be potential to diagnose the antigen and the drug target of clonorchiasis [63].

3.2 Cysteine proteases are the most studied proteases in helminth parasites and
involved many aspects of hosts–parasite relationship. These proteases are mainly
intracellular in higher organisms, but are often extracellular proteases in helminths
parasites [64]. Such diverse utility of this group of proteases reveals their thera-
peutic importance against helminth infections. Recently, K11777, a potent cysteine
protease inhibitor has been developed and its clinical trial is being tested [64].
A recent study about Cathepsin F (member of Cysteine protease group) of Tri-
chinella spp has shown that it is a major virulence factor for parasitic helminths, and
it may be a potential anthelmintic drug target and vaccine candidate of trichinel-
losis, a reemerging infectious disease [65]. Whole genome sequencing of the
whipworm Trichuris and its comparative analysis to find new predicted drug targets
based on transcript-level expression, essentiality of protein homologs. It has been
shown that Cathepsin B and gut-specific cysteine protease-1, and -2 are novel
drugable targets in the parasite [66]. Phylogenetic analysis using Bayes approach of
T. solium genome shows their functional divergence among regulatory cysteine-
and serine proteases from their hosts, hence, these proteases can be used for drug
targets [67]. Analysis of the ESPs of the encysted progenetic metacercariae of the
digenetic trematode parasite, Euclinostomum heterostomum, has shown that cys-
teine proteases, being a major component, can be exploited as serodiagnostic
markers and therapeutic and vaccine targets [68]. Similar study of C. sinensis ESPs
shows the presence of four C. sinensis cathepsin B cysteine proteases (CsCB1,
CsCB2, CsCB3, and CsCB4), and immunological and biochemical studies reveal
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their potential to be vaccine candidates and drug targets in C. sinensis prevention
[69]. S. mansoni cathepsin B1 (SmCB1) is the most abundant papain-like cysteine
peptidase in the parasite gastrodermis, gut lumen, and probably in caeca and pro-
tonephridia [70]. Immunological studies of schistosomiasis patients suggest that
SmCB1 is an immunodominant target of the immune response during pre-patent
schistosome infection. It has been demonstrated that SmCB1 is targeted by IgG-
and IgE-specific antibodies. In the first situation, SmCB1 significantly reduces the
worm burden (by 66–73%), eggs in the liver (51%), and in the small intestine
(25%). However, when SmCB1 is incubated with the proteinase-inhibitor prior to
immunization, levels of protection decrease significantly. This study points out the
importance of the peptidase activity in protective potential. Therefore, SmCB1 has
been considered a strong candidate for drug development and vaccine designing
[71]. Some natural and synthetic compounds are being developed as cysteine
protease inhibitors for pathogenic helminths [72–75].

3.3 Metalloproteases (like aspartic- and cysteine proteases) also play an important
role in survival of the parasite in the host system. From bioinformatics analysis, 26
metalloproteases are mined from MEROPS database which are considered highly
diverse and essential, and thus, potent therapeutic drug targets. Two novel leucine
aminopeptidases (CsLAP1 and CsLAP2), identified from C. sinensis, are sug-
gestedly involved in the digestion of intestinal peptides of the host [76]. Another
study of the ESPs of C. sinensis suggested that methionine aminopeptidase 2
(MAP-2), belonging to metallopeptidase family M24, is highly expressed in eggs,
metacercaria, and adult stages of C. sinensis. These proteases have been considered
as potential drug targets in immunotherapy of clonorchiasis and biliary diseases
[77]. The differential expression profile of proteases in S. japonicum degradome
reveals that 14 putative M8 family members are surface proteases. Their annotation
reveals similarity with leishmanolysin protease of protozoan parasites, which plays
a crucial role in host body invasion. It has been speculated that leishmanolysin
(invadolysin) may also contribute to tissue invasion by schistosome cercaria; thus
leishmanolysin inhibition could serve as a novel intervention strategy for schisto-
somiasis [78]. In protease analysis of T. solium genome, it has been revealed that
27% of total metalloprotease are membrane bound. It has been speculated that their
inhibition will be effective in eradication of T. solium infection [67]. Neurocys-
ticercosis (NCC) is the central nervous system (CNS) infection caused by the larva
of T. solium tapeworm. Its matrix metalloprotease (MMP) expression plays a
crucial role in the differential breakdown of the blood–brain barrier (BBB), and
inhibition of this enzyme has been considered its therapeutic importance [79].
Inhibition of metalloprotease by selected chemical compounds shows prolongation
of the moulting process in nematode larvae [80]. In A. cantonensis, the L3 larva
releases heavily secreted proteases, in which metalloproteases are dominantly
found. The study shows the capability of A. cantonensis secretory metalloproteases
to degrade human metalloproteinase (MMP-9). This analysis has revealed the
therapeutic importance of the metalloprotease of A. cantonensis [81]. The
third-stage larvae of Strongyloides stercoralis have an ability to migrate through

256 V. Tandon et al.



tissues at a speed of 5–15 cm per hour. This process of migration is facilitated by a
metalloproteinase with elastase activity, which is determined by inhibition study
[82]. The parasitic virulence factor may be guided by metalloproteinase and could
be a molecule for therapeutic purpose [23].

3.4 Serine proteases also play an important role in a broad range of biological pro-
cesses, such as intra- and extracellular protein metabolism, digestion, blood coagu-
lation, regulation of development, and fertilization. Therefore, this group of enzymes
is also therapeutically important like aspartic-, cysteine-, and metalloproteinases.
Expression of different types of serine proteases is observed in some nematodes
parasites. In T. spiralis a novel serine protease (i.e., TsSerP) is found during all
life-cycle stages, whereas two TsSP-1 and TsSP-2 are expressed only during the
invasive larvae stage in the host muscle [83]. Recently, a newborn larval
stage-specific serine protease gene (NBL1) has been identified via a subtractive
cDNA library of T. spiralis newborn larvae. Based on the high immunogenicity of its
C-terminal domain, it is speculated that it may be important therapeutic target [84].
Novel serine protease was isolated from the infective larvae of Anisakis simplex,
which is similar to the extracellular serine protease of the pathogenic bacterium
Dichelobacter nodosus, which can degrade elastin, keratin, and collagen [85]. Blis-
terase, a subtilisin-like serine protease, is expressed in Onchocerca volvulus, and
plays an important role in the nematode biology including the cuticle production and
maintenance, neural signaling, and development. Thus, it is a potential drug target for
controlling the parasite infection [86]. Three neutral serine proteases, two trypsin-like
proteases (198 and 104 kDa) and one chymotrypsin-like protease (36 kDa), have
been extracted from the plerocercoid larvae (spargana) of S. mansoni. These purified
proteins elicit strong antibody responses in infected patients, suggesting that they
could be potential antigens in serologic diagnosis of human sparganosis [87].

A novel antigen 5 (Ag5) proteins that harbors two subunits has been charac-
terized by RT-PCR from Echinococcus granulosus. One of them, the 22-kDa
subunit, contains a highly conserved glycosaminoglycan-binding motif, and the
other is a 38 kDa subunit that shows high similarity to serine proteases of the
trypsin family. But, biochemical tests reveal that in native purified Ag5 neither the
proteolytic activity nor the binding to protease inhibitors could be found. This
intriguing feature of Ag5 suggests that it could be a new drug target [88]. In a recent
study, a trypsin-like serine protease TsAg5 protein has been identified from T.
solium, which has high homology with the E. granulosus antigen Ag5. Detected
from the cyst fluid and ES of the cysticercus, TsAg5 seems to be a potential
candidate for immunodiagnostic and drug designing [89].

A secreted dipeptidylpeptidase (DPP) (a type of serine protease) has been iso-
lated from F. hepatica and characterized [90]. Recently, serine proteases like
proteins (Pic and PII) have been partially purified from Fasciola gigantica [91].
Genomes and transcriptomes analysis of blood flukes, S. mansoni, S. japonicum S.
haematobium, and S. douthitti, reveal that the skin invasion is facilitated by
secretions from the acetabular and head glands, which contains cercarial elastase, a
chymotrypsin-like protease. Disruption of the enzyme activity by specific
drugs/vaccines may provide therapeutic benefits in schistosomiasis [33, 92–95].
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4 Conclusions

Finally, detailed analyses of complex protease-mediated processes in helminths and
their role in parasitic metabolic activities will help in better understanding the
establishment of infection in their host. However, proteolytic regulation of the
transcription factor activity, protein ectodomain shedding, and regulated
intra-membrane proteolysis are challenges to be addressed in the near future.
Hopefully, this chapter will provide a current view various types of proteases found
in helminth parasites.
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13Natural Polyphenols as Prospective
Inhibitors for MMPs Remodeling
in Human Diseases

Yashika Rustagi, Aditi Jain, Sharad Saxena
and Vibha Rani

Abstract
ECM composition and turnover is carefully regulated by various proteases,
among which the most important are matrix metalloproteinases (MMPs).
Many MMP inhibitors have been followed as clinical applicants for targeting
MMPs, but most of these studies have failed during clinical trials due to side
effects resulting from broad-spectrum inhibition and inefficiency of inhibitors
and regulation of MMPs during diseases is very complicated. Development of
MMPs inhibitors from natural products showed beneficial effects in various
diseases like cancer, cardiovascular, skin-aging, neurodegenerative diseases, and
other. These natural products include secondary metabolites of edible and
nonedible plants, such as polyphenols, monophenols, and others. Polyphenols
are ample micronutrients in our diet and its beneficial effects depend on the
quantity consumed and on their bioavailability. In this chapter, the various types
of polyphenols, such as flavonoids, curcuminoids, phenolic acids, etc. and their
biological activity to regulate the MMPs in cancer, cardiovascular and other
diseases are reviewed.
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1 Introduction

Matrix metalloproteinases (MMPs), major players of extracellular matrix
(ECM) biology, are involved in different biological processes at extracellular,
intracellular, and at the cellular membrane interfaces [1]. As discussed earlier,
MMPs are a family of 23 structurally correlated, zinc-dependent, and multifunc-
tional proteases that are present in both soluble and membrane bound states. MMPs
are responsible for the degradation and turnover of ECM components [2, 3]. MMPs
are secreted as inactive zymogen having four conserved modular structures namely
a pro-peptide and catalytic domain; hinge region; and a hemopexin-like C-terminal
domain [4]. MMP genes have been found in humans and have roles in several
physiological and pathological processes, mainly tissue remodeling, wound heal-
ing, embryonic development, and bone resorption [5, 6]. Although ECM is always
undergoing remodeling process thereby regulating cell differentiation but dysreg-
ulation of ECM dynamics may also lead to tissue fibrosis and cancer [7, 8]. MMPs
are found to be upregulated in many diseases including cancer, inflammatory, and
vascular diseases, where they are mainly responsible for reorganization of tissues,
wound healing, cancer cell invasion, etc. [9]. Figure 1 briefly displays the list of
different diseases associated with improper upregulation of different classes of
MMPs in humans.

The recent advances in the MMP domain has gone together with the expansion
of different MMP inhibitors where targeting MMPs as therapeutics has been
expanded significantly in the past decade. Recent advances in drug delivery
methods and the expanded knowledge of compounds binding outside the active
sites further contributes to the progress of the field [10].

Current literature reports suggest that synthetic MMP inhibitors shows disap-
pointing results in clinical trials and very few inhibitors only accomplish into new
therapies [11]. At present, there is only one approved therapeutic agent for
inhibiting MMPs in cancerous cells, doxycycline (Periostat®), which is chemically
modified tetracycline antibiotic and inhibit MMPs by a mechanism unrelated to its
antimicrobial effects and most useful against the collagenases, but the drug
(doxycycline) concentration’s lower half is enough for inhibition [12].

This leads to a need of exploring natural sources to discover MMP inhibitors
with better mechanism of action and reduced associated side effects.
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In this chapter, we discuss the natural polyphenols-based MMP inhibitors, their
sources, structure, and mechanism of action in detail. We also highlight the role of
MMPs in major human diseases including cardiovascular diseases and cancer, and
clinical trials for MMP inhibitors.

2 Polyphenols and Their Classification

Polyphenols, groups of polyhydroxylated phytochemicals, are structured molecules
with several hydroxyl groups present on aromatic rings and abundant micronutri-
ents in our diet which are having antioxidant properties [13]. They are found
ubiquitously in plants; mostly in edible plants (known as secondary metabolites)
and their great dietary consumption in our body decreased risk of many diseases,
such as various form of cancer, cardiovascular, and neurodegenerative diseases
[14]. The basic properties of polyphenols are that they are water soluble compounds
and having 500–4000 Da in weight with more than 12 phenolic hydroxyl groups
and 5–7 aromatic rings per 1000 Da. Polyphenols can be classified into many
classes according their structures based on the number of phenolic rings present, the

Fig. 1 Different classes of MMPs and their involvement in human diseases
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structure elements binding the rings and other substituents linked to the rings. There
are three major classes of polyphenols; flavonoids, stilbenoids, and phenolic acids.
These polyphenols are found in plants as free aglycones or in the esterified form
with glucose and other carbohydrates [15]. There are some other polyphenols such
as dietary polyphenols; these are isolated from plants like berries, apple, cherries
citrus, etc. Vegetables like onion, herbs, roots, wine, black tea, and spices like
turmeric, etc. Polyphenols are potential antioxidants, pro-oxidants, antitoxic,
antibacterial, antiviral, antiallergic, anti-inflammatory, anti-ischemic, free radicals,
lipid lowering, enzyme inhibitors, anti-mutagenic, multidrug resistant, and anti-
carcinogenic and they reduce toxicity, cytotoxicity, oxidative stress, and apoptosis
[16]. Research on animals and in vitro has been extensively demonstrated and
various positive effects of polyphenols were analyzed as human health benefits
against many diseases. Figure 2 shows the broad classification of polyphenols and
the major polyphenols are discussed in detail in the following sections.

2.1 Flavonoids

This class of polyphenols contains two or more number of aromatic rings with each
ring having one or more phenolic hydroxyl groups, and connected by a carbon
bridge. One ring is connected to the second by a carbon bridge of three carbon
atoms. The formed structure becomes cyclic as a result of the connection of two

Fig. 2 Different classes of MMPs and their involvement in human diseases
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3-carbon chain and most of the flavonoids carry this type of phenylbenzenepyrane
structure. Flavonoids are further subdivided into seven classes; Flavones, Iso-
flavones, Flavonones, Flavonols, Flavanols, Anthocyanidins, and Chalcones, and
their structures are shown in Fig. 3.

Fig. 3 Chemical structures of different subtypes of polyphenols
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2.1.1 Flavones
Flavones are those flavonoids when the two or more aromatics rings are adhered on
a carbon bridge of two carbon atoms. These are the methylated compounds and they
are generally more active than non-methylated compounds. There are 10 commonly
used flavones which are used to regulate various diseases following as:

(a) Aminogenistein is also known as 4′-Amino-6-hydroxyflavone and it is the
inhibitor of p56lck protein-tyrosine kinase [17].

(b) Apigenin is also known as 4′,5,7-Trihydroxyflavone and it is synthetic fla-
vonoid which is having chemopreventive and antitumor activity. Apigenin
inhibits expression of MMP-9 TNFa- triggered activation of Akt, signaling of
p38 MAPK, JNK, and HIF-1, and vascular endothelial growth factor
expression [18].

(c) Chrysin is also known as 5,7-Dihydroxyflavone. It is an antioxidant flavonoid
which displays anti-inflammatory and antitumor properties. It also inhibits
HIF-1a but induces apoptosis. Chrysin showed the anticancer effect by reg-
ulating MMP-9 expression through suppression of AP-1 activity through
blockage of the JNK1/2 and ERK1/2 signaling pathways in gastric cancer
AGS cells [19].

(d) Nobiletin is a citrus polymethoxy flavonoid and a novel MEK inhibitor and
displays antitumor metastasis in human fibrosarcoma cells. It is an antioxidant
and anti-inflammatory compound and inhibits mitogen-activated protein
kinase MEK. It also suppresses the expression of MMP 1, 3, and 9. It is also
shown to suppress the NF-jB transcriptional activation, nitric oxide (NO) and
PGE2 production, inducible nitric oxide (NOS; NOS II), and
cyclooxygenase-2 (COX-2) expression [20].

2.1.2 Isoflavones
Isoflavones are flavonoids with structural similarities with estrogens and not similar
to steroids. Hydroxyl groups are present at the positions 7 and 4′ in a configuration
analogous like estradiol molecule. They are most found in the part of leguminous in
plants. The main source of isoflavones in the human diet is soya and its processed
products. The three main molecules are genistein, daidzein, and glycitein, present in
ratio of 1:1:0.2 and found in four forms: aglycone, 7-O-glucoside, 7-O-glucoside,
6-O-acetyl-, and 6-O-malonyl-7-O-glucoside [21].

(a) Genistein is also known as 6,7,4′-trihydroxyisoflavone. It is a major
metabolite of daidzein. It inhibits tyrosine protein kinase thereby inhibiting the
phosphorylation of EGFR kinase, topoisomerase II, and tumor cell prolifera-
tion. It results in cell cycle arrest and apoptosis. It is also a direct inhibitor in
adipocytes for insulin-induced glucose uptake.

(b) Daidzein is also known as 4′,7-Dihydroxyisoflavone and a synthetic
polyphenol. It shows anti-inflammatory effect as it is an inactive analog of
tyrosine kinase inhibitor.
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(c) Glycitein is also known as 4′,7-Dihydroxy-6-methoxyisoflavone that mainly
accounts for the total isoflavones present in soy food products. It is a phytoe-
strogen with weak estrogenic activity as compared to the other soy isoflavones.
It has shown to inhibit Jurkat cell invasion at comparable levels of genistein.
Genistein and glycitein have also shown to downregulate the MMP-13 prote-
olytic activity and MMP-8 expression significantly. It is also reported that the
combination of genistein and caffeine could block G2/M arrest, but could not
block the inhibition of invasion by genistein and glycitein [22].

2.1.3 Flavonols
Flavonols are the subclass of flavonoids, structurally similar to flavones, having a
double bond between positions 2 and 3, andn oxygen of a ketone group in position
4, but they do differ in the presence of a hydroxyl group at the position 3 and hence,
flavonols’ skeleton is 3-hydroxyflavone. Flavonols are present in high concentra-
tions in apples, apricots, beans, broad beans, broccoli, cherry tomatoes, chives,
cranberries, kale, leeks, pear, onions, red grapes, sweet cherries, and white currants
[23]. Glycosides of quercetin, kaempferol, myricetin, and isorhamnetin mainly
represent the flavonols. Derivatives of quercetin and kaempferol are commonly
found ubiquitous compounds, and both the molecules have around 280–350 dif-
ferent glycosidic combinations, respectively [24].

(a) Quercetin is also known as 3,3′,4′,5,7-Pentahydroxyflavone. 2H2O. It is found
in different plant and food items including red wine, onions, green tea, apple,
and berries. Buckwheat tea is rich in quercetin amount. Epidemiological studies
have shown a contrasting association between the consumption of diet rich in
flavonoids and atherosclerosis risk. Gliomas are considered as the most com-
mon and malignant primary brain tumors. They are associated with a poor
prognosis despite the presence of various therapeutic options. Recent studies
showed that the treatment of glioblastoma and glioma cell lines with quercetin
inhibits cell viability in a dose-dependent manner [25].

(b) Kaempferol is also known as 3,4′,5,7-Tetrahydroxyflavone, an antioxidant
flavonoid. Studies have shown that kaempferol protects against cardiovascular
disease and cancer. It induces apoptosis and reversible inhibitor of fatty acid
synthase [FAS].

2.1.4 Flavanols
Flavanols are also known as flavan-3-ols are the derivatives of flavones having
2-phenyl-3, 4-dihydro-2H-chromen-3-ol skeleton. Flavanolsmajorly includes catechin,
epicatechin gallate, epigallocatechin, epigallocatechin gallate, and proanthocyanidins.

(a) Catechins is also known as (±)-3,3′,4′,5,7-Flavanpentol and it is antioxidant
flavonoid and free scavenger which shows chemopreventive and antitumor
properties [26].

13 Natural Polyphenols as Prospective Inhibitors for MMPs … 269



(b) (−)-Epigallocatechin gallate (EGCG) or epigallocatechin-3-gallate is the
ester of epigallocatechin and gallic acid and isolated from green tea. Green tea
has many beneficial actions including anti-mutagenic, antibacterial, hypoc-
holesterolemic, antioxidant, and cancer preventive properties. It is also
involved in cell cycle regulation, apoptotic cellular death, angiogenesis, and
metastasis. It inhibits MAP kinase signaling, angiogenesis telomerase activity,
and DNA methyltransferase thereby preventing DNA damage [27]. Angio-
genesis is a life-threatening event for tumor growth and metastasis [28].
EGCG functions as a pro-oxidant and directly interacts with the plasma
membrane components thereby regulating signal transduction pathways and
displays the beneficial biological actions [29]. EGCG competitively inhibits
the enzyme dihydrofolate reductase.

2.1.5 Anthocyanidins
Anthocyanidins are the sugar-free counterparts of anthocyanins. Chloride is mostly
the counterion of the flavylium cation and results in the dissimilarity of the
anthocyanidins differ from other flavonoids. The anti-metastatic effects, major
anthocyanins extracted from black rice have shown to inhibit the invasion and
motility of SKHep-1 cancer cells. This effect was shown to be associated with a
reduced expression of MMP-9 and urokinase-type plasminogen activator (u-PA).
These major anthocyanins—Peonidin 3-glucoside and cyanidin 3-glucoside, also
inhibited the DNA binding activity and AP-1 nuclear translocation. As reported in
various studies, these compounds also exert an inhibitory effect of cell invasion in
various cancer cells including SCC-4, Huh-7, and HeLa [30]. Most common
examples of anthocyanidins are Cyanidin chloride, Delphinidin chloride, Malvidin
chloride, Pelargonidin chloride, and Peonidin chloride.

2.1.6 Chalcones
Chalcones are subtype of flavonoids and plant polyphenols. They are potent
antioxidant and anti-inflammatory agents. Xanthohumol is the most common
chalcones falvonoids which is isolated from hops. It is a potential inhibitor of
diacylglycerol acetyltransferase and s DNA polymerases and human P450 enzymes
[31]. It has anti-proliferative and cytotoxic effects in human carcinoma cell lines. It
induces quinone reductase to inhibit the expression of HIF-1a and VEGF in
hypoxic environment [32]. Butein is another subtype of chalcones which is acti-
vator of human decetylase SIRT1 and it inhibits aromatase which directly inhibits
IKK and shows chemopreventive properties [33].

2.2 Curcuminoids

Curcuminoids are natural phenols, structurally linear diarylheptanoids, present in
turmeric and mustard and gives a prominent yellow color to these plants. Curcumin
is a natural polyphenol present in the rhizomes of turmeric plant, and well known
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for its antimicrobial, antifungal, anti-inflammatory, antioxidant, and anticarcino-
genic characteristics [34–37]. Curcumin has been a part of the diet from more than
200 years in many countries demonstrates its safe consumption [38, 39]. Curcumin
has shown to display anti-metastatic properties in cancer cells by regulating MMP
and TIMP expressions.

2.3 Phenolic Acids

Phenolic acids are derived from benzoic acids and are generally characterized into
two main subparts: Hydroxycinnamic acids and hydroxybenzoic acids. They are
rarely found in the free form, except in processed food that has undergone various
processing steps including freezing, sterilization, or fermentation. The bound forms
of phenolic acids are either glycosylated or esters of quinic acid, shikimic acid, and
tartaric acid. The most common representative isolated phenolic compounds are
ferulic acid, chlorogenic acid, gallic acid, caffeic acid, gentisic acid, and p-coumaric
acid.

2.3.1 Caffeic Acid
Caffeic acid or 3-(3,4-Dihydroxyphenyl)-2-propenoic acid is a synthetic polyphe-
nol and displays antitumor, antiviral, antioxidant, and anti-inflammatory effects. It
is the chief inhibitor of 5- and 12-lipoxygenase. It is a potential inhibitor for
leukotriene biosynthesis [40]. Caffeic acid derivatives also display in vitro and
in vivo anti-inflammatory properties.

2.3.2 3,5-Di-O-Caffeoylquinic Acid
3,5-Di-O-caffeoylquinic acid is also known as 3,5-CQA; Isochlorogenic acid. Its
source is Cynara scolymus and displays antioxidant and anti-proliferative activities.
In vitro antioxidative effects and tyrosinase inhibitory activities of hydroxycin-
namoyl derivatives in green coffee beans have been reported [41].

2.3.3 Chlorogenic Acid
Chlorogenic acid is also known as 3-O-Caffeoylquinic acid. It is an analog of
caffeic acid and shows antioxidant, analgesic, antipyretic, and chemopreventive
activity [42].

2.3.4 Gallic Acid
Gallic Acid is also known as 3,4,5-trihydroxybenzoic acid. It is universally present
as a component of tannins, known as gallotannins. Few natural products are rich in
gallic acid content like bananas, strawberries, pineapples, lemons, gallnuts, red and
white wines, tea leaves, apple peels, and oak bark. Gallic acid has antibacterial,
antiviral, anti-inflammatory properties along with anti-melanogenic activity with
the inhibition of tyrosinase activity [43].
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2.4 Stilbenoids

Stilbenoids are an eminent subclass of natural polyphenols, they are chemically
characterized because of their structure which is 1,2-diphenylethylene. Stilbenoids
are mostly stress metabolites, produced in plants and shows antifungal phytoalex-
ins. They are reported as potential cancer chemo-protective compounds, which are
able to inhibit number of cellular events, involved in carcinogenesis, and includes
tumor initiation to progression [44].

2.4.1 Resveratrol
Resveratrol, also known as trans-3,4′,5-Trihydroxystilbene, is a polyphenol pre-
sent in red wine having range of unique biological properties. It is a natural
polyphenolic compound present in various types of plants and food products. The
beneficial properties include antioxidant, antithrombogenic, anti-inflammatory,
cardioprotective, neuroprotective, and cancer preventive activities. MMPs appear to
be responsible for much of the ECM degradation observed in cancer progression,
aging, and inflammation. Resveratrol in combination of Zn is reported as an
enhancer of the intracellular altered free zinc in epithelial cells of human prostrate
[45]. Additionally, resveratrol is shown to influence Zn homeostasis via enhancing
intracellular zinc accumulation [46].

2.4.2 Piceatannol
Piceatannol is also known as 3, 4, 3′, 5′-Tetrahydroxy-trans-stilbene. Piceatannol
occurs in both natural as well as in synthetic forms and found in in berries, peanuts,
sugarcane, wine, and grape skins. It is a biotransformed metabolite from resveratrol,
and displays anti-inflammatory, anticancerous, and cardioprotective effects. Its
pharmacological properties suggests that it might be a potential biomolecule for
prostate cancer prevention; however, more detailed research on its bioavailability
and toxicity is required in humans [47].

2.4.3 Pterostilbene
Pterostilbene is also known as trans-3,5-dimethoxy-4-hydroxystilbene and is a
well-known antioxidant that is mainly found in barriers and grapes. It also displays
chemopreventive and potential therapeutic effects for different types of cancers [48].
Smooth muscle cells migration and MMP-2 activation are two important processes
in atherosclerosis [49]. It is also further demonstrated to play a novel role in the
treatment of prostate cancer and cardiac diseases.

3 Targeting MMPs in Different Human Diseases

MMPs comprise the major share of the cellular microenvironment and hence,
become an important player in the pathogenesis of numerous diseased states as well
as a promising therapeutic target.
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3.1 Cancer

Cancer research generally involves the study of mutations in proliferative and
survival pathways in the cancerous cells. Cancer therapies include the destruction of
tumors, but the focus has recently been diverted toward the microenvironment of
cancer cells, mainly ECM and its components. Studies have shown that MMPs are
present in mostly all human cancers where their expression has been witnessed by
the fibroblasts cells thereby promoting angiogenesis, tumor growth, and metastasis
[50]. Based on the preclinical studies, MMPs have been found as a prevailing factor
for cancer progression and emerged as a potential therapeutic target for treating
cancers [51]. Studies on MMPs and TIMPS in cancer research have provided a
novel platform for developing anti-metastatic drugs.

Apart from the chemical-based MMP inhibitors, dietary polyphenols has been
examined for their anticancerous potential in wide range of tumors [52]. Dietary
polyphenols are nontoxic natural components significantly modulating signaling
pathways. They are considered as idyllic and effective chemopreventive agents as
they are involved in epigenetic changes, microRNA expressions and posttransla-
tional modifications associated with the cancer cells [53].

Genistein inhibited on MMP-2 and -9 gene expressions in prostate cancer
in vitro in PC-3 and DU 145 cell lines. Genistein reduced significantly the
expression of MMP-9 in both cell lines but only diminished expression of MMP-2
in DU-145 cell line [54]. The expression of various MMPs in human prostate
cancer cells was shown to be inhibited by genistein treatment [55].

In brain tumor, glycitein was reported as potential inhibitor of the expression of
MMP-3 and MMP-9 at transcriptional and translational levels in PMA-stimulated
U87MG human astroglioma cells. The glycitein-mediated inhibition of MMP-3 and
MMP-9 also suppressed the in vitro invasiveness of glioma cells. Few mechanistic
mechanism of glycitein revealed that it also suppresses the DNA binding and other
transcriptional activities of NFƘB and AP-1, both transcription factors are very
important for MMP-3 or MMP-9 gene expression. Additionally, it controls
PMA-induced phosphorylation of three different MAP kinases, which are upstream
signaling molecules in NFƘB and AP-1 activities and MMPs gene expressions in
glioma cells. Therefore, glycitein-based inhibition of MMP-3 and MMP-9
expression may do have therapeutic regulatory effects for invasiveness of malig-
nant gliomas.

Quercetin is a competitive inhibitor of MMP-9 and could downregulate the
expression of MMP-9 and TGF-b1, which plays a crucial role in A549 apoptosis.
Lung cancer growth and metastasis of A549 lung cancer cells have been shown to
be inhibited by quercetin induction with the activation of apoptosis mediated
events. It was a reversible competitive inhibitor of MMP-9 and with the increase in
quercetin concentration, the levels of MMP-9 and TGF-b1 were decreased, and the
number of tumor cells on wear filter membrane was reduced. The combination of
quercetin (at low concentrations) with TIMP-1 showed synergistic inhibitory effect
on the A549 cells growth [58]. The protein levels of p-AKT, p-ERK, Bcl-2,
MMP-9, and fibronectin were also shown to be significantly reduced by quercetin
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treatment. Hence, Quercetin also might be a potential candidate for glioma thera-
peutics [56].

Pterostilbene, polyphenol found in berries and grapes, is known for its antiox-
idative and chemopreventive potential. It has shown to induce prostrate-specific
antigens in human androgen-responsive LNCaP cells thereby leading to apoptosis
and cell cycle arrest [57]. It significantly suppressed 12-O-tetradecanoylphorbol
13-acetate (TPA)-induced invasion, migration, and metastasis of human hepatoma
cells (HepG2 cells) where TPA-treated HepG2 cells displayed the increased
enzyme activity, higher MMP-9 protein, and mRNA levels were found to be
blocked by pterostilbene [58]. The MMP-2 and urokinase-type plasminogen acti-
vator (u-PA) activities as well as protein levels were also found to be inhibited in
the presence of pterostilbene. These inhibitory effects were associated with the
upregulation of MMP-2 tissue inhibitor, plasminogen activator inhibitor-1, and the
downregulation of the major transcription factors [59]. Additionally, it was found
that TPA-induced expression of vascular endothelial growth factor, epidermal
growth factor, and its receptor can also be inhibited by pterostilbene in HepG2 cells
[56]. Recently, a study also showed that pterostilbene can also act as a chemo-
preventive agent in oral cancer metastasis as it significantly inhibited the migration
and invasion capacities of SCC-9 cells in vitro.

EGCG inhibits MT1-MMP, resulted in suppressed tumor and inhibited
urokinase-type plasminogen activator that is responsible for ECM degradation. The
activities of MMP-2 and -9 were also inhibited by EGCG and reduced mRNA
expression of MMP-2 and MMP-9 was reported in HT1080 fibrosarcoma cells [60].
EGCG modulates any of NF-jB/MAPK/IGFR/COX-2 signaling pathways and
inhibits prostate carcinogenesis, many protein kinases and suppressing the activa-
tion of numerous transcription factors which are involved in the pathways [61].
Recent studies showed that EGCG induced prostate cancer cell death by three
mechanism; downregulation of ID2 and upregulation and stabilization of p53 [62].
EGCG also stimulated apoptosis with increased expression of CASP-9a (both alone
and in combination with cisplatin) splice variants in prostate cancer cells, [63, 64].
EGCG suppressed proinflammatory cytokines and MMPs specially MMP-2 and
MMP-9 in prostrate cancer cells, and protects inflammation [65].

Anticancerous property of Gallic acid has been reported in oral tumor, leukemia,
and esophageal cancer cells [66]. This polyphenol is reported as potential inhibitor
of the tumor growth in DU145 and 22Rm1 prostate cancer xenografts in nude mice
[67]. Penta-O-galloyl-beta-D-glucose (5GG), other substitute, and form of Gallic
acid induce apoptosis and inhibit fatty acid synthase (FAS) expression,
lipopolysaccharide-induced NFjB activation, and by reducing MMP-9 expression,
it suppressed cell invasion [68]. 5GG’s was found as a novel inhibitor of DNA
polymerases where the studies showed that 5GG blocked DNA replication by
inducing PCa S-phase arrest and induced G1 arrest via cyclin D1 downregulation
[69].

Resveratrol induced the expression of type II collagen and sex-determining
region and MMP-9 and the production of sulfated proteoglycans, but it is inhibited
the expression of MMP-2 in HTB94 chondrosarcoma cells [70]. It inhibited cancer
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metastasis both in vitro and in vivo, likely reduced MMP-9 activity caused by
resveratrol. It also suppresses the heme oxygenase mediated NFjB pathway acti-
vation and positively downregulated many MMPs expression level, which results
reduced lung adenocarcinoma cell metastasis [71]. Resveratrol effects are enhanced
further by inhibition of MMP-2 and MMP-9 with MMP inhibitor III. Additionally,
it was shown to significantly reduce the phosphorylation of JNK and induced
phosphorylation of p38 in HTB94 cells [72].

The anticancerous effects of Piceatannol observed in prostate cancer cells, where
it was found that Piceatannol is QR2-dependent and Piceatannol-mediated inhibi-
tion of proliferation takes place. The activity of QR2 was observed very less in
QR2-knockdown cells relative to QR2 expressing cells. This study suggested
prostate cancer prevention by Piceatannol is more recognized than resveratrol [73].
Earlier, there was one more study that showed the inhibitory effect of Piceatannol
on the expression of MMP-9 that further reduced the invasive potential of DU145
cells. Piceatannol suppressed MMP-9 activation via Akt-mediated NFjB pathways,
resulted inhibition of TNF-a-induced invasion by suppression in DU145 PCa cells
[74]. It was also reported that oral dose of Piceatannol inhibits tumor formation and
growth, and able to diminished cell colonization in LNCaP prostrate cancer
xenografts [75]. Piceatannol is a polyphenol present in fruits including peanuts,
rhubarb, sugar cane, wine, berries etc., is a biotransformed metabolite of resveratrol
and has been shown to have anticancerous, anti-inflammatory and cardio-preventive
effects [76]. Piceatannol has been shown to inhibit MMP-9 activation and decrease
the TNF-a-induced invasion of tumor in prostate cancer cell line by Akt-mediated
NFjB pathways [74].

Ellagic acid, polyphenolic compound from fruits and berries has anti-mutagenic
and antioxidant properties [77]. It has shown to have protease activities against
MMP-2 secretion in prostate cancer cell line where nontoxic doses of Ellagic acid
was shown to inhibit the invasion and motility of cancer cells. It also significantly
decreased the collagenase and gelatinase proteolytic activity in PLS-10 cell line
thereby inhibiting the invasive potential of prostate cancer cells [78].
Penta-O-galloyl-beta-D-glucose, a gallic acid derivative, have shown reduced
MMP-9 expression and suppressed cancer cell invasion along with G1 arrest and
initiation of apoptosis. Mechanistic studies of MMP-9 regulation by
Penta-O-galloyl-beta-D-glucose showed reduced EGFR expression thereby sup-
pressing tumor invasion and growth in vivo [79].

Concentration-dependent treatment of kaempferol inhibits the invasion and
adhesion of U-2 osteosarcoma (OS) cells. Treatment of kaempferol with optimized
dose decreased the DNA binding activity of AP-1, which results in the reduced
expression of MMP-2, MMP-9, and uPA. Kaempferol also diminished the MAPK
signaling pathways and ERK, JNK, and p38 pathways, resulted in the reduced
DNA binding ability of AP-1. Therefore, the expression and enzymatic activities of
MMP-2, MMP-9, and uPA is downregulated which contributes in the inhibition of
metastasis of U-2 OS cells [80]. This polyphenol also showed the anti-metastatic
effects in human tongue squamous cell carcinoma SCC4 cells [81]. It could also
inhibit adhesion, migration, and invasion of other cancer cells like MDA-MB-231
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human breast carcinoma cells which headed to the reduced activity and expression
of MMP-2 and MMP-9. Treated cells with this polyphenol showed the inhibition of
the activation of many transcription factors such as activator protein-1 (AP-1) and
MAPK signaling pathway. The reduced expression and activity of PMA-induced
MMP-9 was studied through suppressing the translocation of protein kinase Cd
(PKCd) and MAPK signaling pathway in kaempferol treated cancer cells [82].
Taken all kaempferol studies together, it is concluded that this polyphenol could
inhibit cancer cell invasion by blocking the PKCd/MAPK/AP-1 cascade and fol-
lowing MMP-9 expression and its activity, and might act as a therapeutic potential
compound for cancer metastasis.

Curcumin, polyphenol from turmeric, has been shown to regulate cell metastasis
by downregulating MMP-2 and -9 expressions, and upregulating TIMP-1 and -4
gene expressions in vitro in breast cancer cell lines [83].

3.2 Cardiovascular Diseases

MMPs have been drawn in numerous cardiovascular pathologies and circulating
levels of MMPs are found in heart patients with acute myocardial infraction and
atherosclerotic plaques. The higher activation of MMPs is seems to be involved in
the resistance of the plaque to rupture. The increased expression of MMPs was also
observed after coronary angioplasty, even with stent placement. In a murine model
of cardiac infarction, the in vivo upregulation of MMP-2 and MMP-9 was showed
the maximal expression at 1–2 weeks, persevering to 4 weeks following induction
of the infarct by utilizing an activated fluorescent probes upon proteolytic cleavage
[84]. With the point of the higher risk gradation and clinical administration of
coronary artery disease patients, the enhanced levels of MMP3 in circulating
plasma were observed in these patients [85].

In earlier studies, the consumption of many polyphenols has been demonstrated
which makes the limits to incidence of cardiac diseases. Daidzein inhibits in vitro
casein kinase II activity, but does not hinder MAP2 kinase activity. Activation of
casein kinase II by polylysine enhances the activity of MAP2 kinase in fibroblast
cells, suggesting that daidzein blocked G1 phase cell cycle progression by
inhibiting the action of casein kinase II [86].

Quercetin competitively binds to plasminogen which shows anticlotting abilities
and controls the plasmin concentration via urokinase plasminogen activator mod-
ulation. Its anti-proliferative effect on vascular smooth muscle cells occurs chiefly
by inhibiting JNK and AP-1 signaling pathways [87, 88]. Quercetin acts primarily
to modulate Ang II and then reduced ventricular hypertrophy [89, 90]. Quercetin
prevents telomere shortening thereby reducing cardiac myocyte apoptosis [91].
Quercetin is also shown to inhibit MMP-9 activity by interacting with the MMP-9
active site [92].

The anti-atherosclerotic property of pterostilbene and its underlying mechanism
was reported recently in the rat smooth muscle cell (SMC) A7r9 cell lines. The
pterostilbene treatment successively inhibited migration level in A7r9 cell. The
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decreased activity and expression of MMP-2 was also found in A7r9 cell by the
treatment of pterostilbene. In the MAPK signaling pathway, the upregulated
phosphorylation of extracellular-signal-regulated kinase (Erk)1/2 and inhibition of
Erk1/2 by pterostilbene and other specific inhibitors may significantly terminated
the pterostilbene-dependent decreased expression of MMP-2 and migration
capacities. These findings concludes that pterostilbene inhibited Erk1/2 phospho-
rylation mediated SMC migration and that MMP-2 activation [93].

Prominent in red wine is resveratrol can maintain mitochondrial integrity, reduce
insulin like growth factor-1, activate Sir2/SIRT1, and increase lifespan from yeast
to mammals [94, 95]. Resveratrol also improves outcome after ischemic episodes in
the heart and brain [96] and requires SIRT1 to mediate ischemic protection [97, 98].
Resveratrol stimulates the NAD-dependent deacetylase SIRT1 that is an important
subcellular target of resveratrol. SIRT1 is a major modulator of pathways down-
stream of calorie restraint that produces various beneficial effects on glucose
homeostasis and insulin sensitivity thereby affecting the lifespan. The higher sugar
level induced significant increases in oxidative stress and inflammation in the hearts
and kidneys just after 3 months. Resveratrol was found to attenuated these diabetic
cardiorenal pathogenic changes by downregulated the expression of NF-kB,
upregulated the expression of Nrf2 and its downstream antioxidants [99]. There is
one case study from France where the population of France consumes foods high in
saturated fats, yet experiences less cardiovascular pathology, known as the “French
paradox” and may be partially explained by their daily consumption of red wine
[100]. Many clinical trials are reported of patients with stable coronary artery
diseases where the effect of a daily oral intake of 10 mg resveratrol capsule for
3 months showed extreme increase in flow-mediated vasodilation [101].

Anthocyanins are very much involved in the preclusion of cardiovascular dis-
eases which is highly linked to defence against ROS induced stress. Few years back
a study was reported where four anthocyanins was extracted from elderberries, they
were further transfected into the plasma, lemma, and cytosol of endothelial cells
in vitro to directly finding their role and the results were indicated that anthocyanins
produce significant oxidative stress protection if it can be directly incorporated into
endothelial cells [102].

If normal human consume catechin-rich tea (EGCG), it is positively affects body
weight, body-mass-index, body weight, waist circumference, body fat mass, and
subcutaneous fat of individuals [103]. There are various epidemiological observa-
tions which spotted the association between the ratio of heavy tea consumption and
the superficial risk reduction in cardiovascular disease [104]. High intake of green
tea has made the incidence of decrease in triglycerides, total and LDL cholesterol. It
has also resulted in increasing the HDL cholesterol in cardiovascular diseases.
Epidemiological studied the relation between green tea intake and cardiovascular
risk and the results revealed the significant benefits of green tea consumption [105].

The polyphenol curcumin is the active component of turmeric, commonly found
as Indian spice. A dose of 500 mg of curcumin could decrease lipid peroxides and
total serum cholesterol, and increased serum HDL levels in CVDs patients [106].
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3.3 Others

MMPs play a critical role in the degrading collagen in skin, thereby rushing the
aging process of skin. In a study, the effect of 6,7,4′-THIF was investigated against
solar UV (sUV)-induced MMPs in normal human dermal fibroblasts. MMP-1
function is modulated by numerous signaling pathways such as the
mitogen-activated protein/extracellular-signal-regulated kinase (MEK)/
extracellular-signal-regulated kinase, mitogen-activated protein kinase (MKK)
3/6/p38 and MKK4/c-Jun N-terminal kinases signaling pathways and their acti-
vation by sUV was significantly reduced by 6,7,4′-THIF pretreatment [107]. Oral
administration of EGCG resulted in inhibition of UVB-induced expression of
matrix degrading MMPs significantly in hairless mouse skin. This study suggested
that the GTP as a dietary supplement could be beneficial to reduce solar UVB
light-induced premature skin -aging [108]. Few Studies also revealed the EGCG
levels found in tissue and blood samples of people who drank green tea were
sufficient to bind DHFR, induce apoptosis, inhibit the growth of cells, and reduce
tumor growth [109]. Nitric oxide was found as key player in the neuropathogenesis,
it get induced during brain ischemia/reperfusion and hypoxia. The hypoxic rats
treated with high dosages of EGCG (25 or 50 mg/kg) showed significant reduced
expression of NADPH-d/nNOS, its suggesting that EGCG may reduce oxidative
stress by following acute hypoxia [110].

4 Conclusion

Recent studies deliver generous evidences suggesting the huge potential of
polyphenols to prevent various human diseases, but better understanding of
bioavailability is required for exploring the health effects of polyphenols, whatever the
approach used. Given, the potential cancer, cardiovascular, neurodegenerative and
diseases preventing activities of these natural compounds as regulating MMPs and
other disease responsible genes, wewould expect to observe these beneficial activities
in human populations. Future developed drug or synthetic compounds from
polyphenols may afford actual, modified therapy affecting a subgroup of MMPs
specific to a particular disease condition with minimal adverse side effects in patients.
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14Autophagic Proteases: Functional
and Pathophysiological Aspects
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Md Nur Alam, Partha Das and Tapati Chakraborti

Abstract
Autophagy is a ubiquitous eukaryotic cellular process, in which cells degrade
their own cytoplasmic components by hydrolases within the lysosome. Among
many processes, the proteolytic processing of autophagy mediator protein Atg8 is
catalyzed by a cysteine protease Atg4, to form Atg8—phosphatidylethanolamine
(PE) conjugation, one of the most important step for autophagosome formation.
Deconjugation of existing Atg8-PE is also catalyzed by Atg4 facilitates the
release of Atg8 from the autophagosome membrane to recycle autophagy
progression. Lysosomal hydrolases, familiar as cathepsins, divided into diverse
number of enzyme subtypes namely cysteine, serine and aspartic proteases
contribute to autophagy by catalyzing the cleavage of peptide bonds of
autophagic substrates and thus help disposing the autophagic flux, albeit with
the help of many other factors. Even though the cathepsins are implicated in
autophagic processes, cathepsin A shows contrasting effect by reducing the rate
of chaperone-mediated autophagy through proteolytic processing of
lysosome-associated membrane protein type 2a (Lamp2a). Moreover, other
families of proteases, such as calpains and caspases, may cleave autophagy-
related proteins, negating the execution of autophagic processes. In this review,
the overall focus is on the functional role of proteases in autophagy mainly,
lysosomal hydrolases known as cathepsins, the cysteine protease Atg4 in yeast
and the four orthologs of yeast protease Atg4 in mammalian system termed as
“autophagins.” The present review also highlights the fundamental processes of
autophagy including dysregulation of Atg4 protease in diverse pathological
conditions such as cancer, cardiac diseases, neurodegenerative and infectious
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diseases. The overall approach of this article has also been extended with a view
to emphasize on therapeutic strategies by targeting dysregulation of Atg4
protease associated with various diseases.

Keywords
Atg4 � Atg8 � Autophagy � Cathepsins � Pathogenesis � Protease � Therapeutic
approach

1 Introduction

Autophagy is an intracellular degradation process in lysosome which involves the
engulfment of cytoplasmic constituents essential for maintaining cell survival under
various stress conditions [1]. The concept of autophagy comes sequentially, first,
through the observation of “dense bodies” by Clark and Novikoff. They examined
mitochondria from mouse kidneys within membrane-bound compartments and
termed as “dense bodies” [2]. Ashford and Porter observed that membrane-bound
vesicles contain semi-digested mitochondria and endoplasmic reticulum in rat
hepatocyte cells that have been exposed to glucagon [3]. They further confirmed
that the same bodies also carried lysosomal hydrolases. Before 1960s, Belgian
cytologist Christian de Duve proposed that for nonspecific bulk segregation and
digestion of own cytoplasmic constituents in the lysosomes, most (not all) living
cells utilize a mechanism preferentially at the requirement of selective proteolysis
which acts on abnormal cellular proteins or organelles [4]. Later, in 1963, at the
Ciba Foundation conference on lysosomes, Duve first coined the term ‘autophagy’
which comes from the Greek words “auto” meaning “self” and “phagy” means
“eat” [5]. He is also known as the discoverer of lysosome and awarded Nobel Prize
in 1974 [6]. In 1973, Bolender and Weibel confirmed that the smooth endoplasmic
reticulum can be engulfed by autophagic process [7]. Veenhuis also revealed that in
Hansenula polymorpha yeast system, superfluous peroxisomes are selectively
degraded by autophagy [8]. In 1998, Lemasters et al. suggested that autophagy is
also induced by mitochondrial membrane potential change [9]. It is also reported
that in yeast, nitrogen starvation triggers the accumulation of autophagic bodies in
the vacuoles, but deficiency of other stimulus such as carbon, nucleic acids, even
sulfate can also induce autophagy, though with less efficiency [10]. In plant cells,
autophagy is induced not only by the nitrogen starvation but also by the depletion
of carbon [11]. In many types of cultured cells, autophagy is significantly persuaded
by depletion of total amino acid but the effects of individual amino acids are
different [12]. In mammalian cells, degradation processes of most long-lived
cytoplasmic proteins usually occur within the lysosomes [13] (Table 1).
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Therefore, autophagy is evolutionary conserved catalytic machinery, which
strictly regulates lysosomal pathway that degrades cytoplasmic constituents.
Depending upon the mode of cargo delivery to the lysosome, autophagy process is
categorized into three types namely, microautophagy, chaperone-mediated autop-
hagy (CMA) and macroautophagy [14]. In microautophagy, the cytoplasmic
components are directly engulfed by lysosomal membrane, whereas in CMA for the
delivery of cytoplasmic protein to the lysosome first chaperone protein binds to its
cytosolic target substrate and then to receptor of lysosomal membrane where
unfolding of proteins takes place. The unfolded cytosolic target protein is then
directly translocated into the lysosome for degradation. Macroautophagy, the pre-
dominant phenomenon, involves in the formation of a cytoplasmic
double-membrane vesicle, called autophagosomes, which eventually fuse with
lysosomes to form autolysosomes, where cytoplasmic cargos are degraded. The
resulting degradation products are then returned to the cytoplasm as basic building
blocks for reuse by the cell to synthesize new biomolecules.

Proteases are engaged in several different steps of autophagy mainly coordinated
by complex molecular systems, comprising the ubiquitin-like protein (Ubl) conju-
gation system and the cysteine protease Atg4 are involved in the formation, elon-
gation and fusion of autophagic vesicles [15]. Moreover, in the final degradative
stages of the autophagic process a huge number of lysosomal proteases are also
involved [16]. The autophagy machinery proteins are encoded by the
autophagy-related genes (ATGs) and the autophagosome formation is mediated by
a set of autophagy-related proteins (Atg), which are highly conserved from yeast to
mammals [17].

Among the numerous Atg proteinases identified in yeast, cysteine protease, Atg4
and four mammalian orthologs of yeast protease Atg4, termed as “autophagins”
have paramount role and are directly implicated in autophagy. Atg4 plays a key role
in the proteolytic processing of a particular protein Atg8 resulting the formation of
autophagosome. In plant cells, these ubiquitin-like processing of protein Atg8 is
also mediated by cysteine protease Atg4 [18].

Apart from cysteine protease Atg4, lysosomal hydrolases known as cathepsins
are also active members in autophagic events. These cathepsins catalyze the peptide
bonds cleavage of autophagic substrates and also help in the formation of autop-
hagic flux along with other factors [19]. Initially, the autophagy process was very
perplexing as the cells itself destroy its own unwanted biomolecules by virtue of the

Table 1 Main phenomena of cellular death

Cell
death

Apoptosis Programmed cell death
Associated with moderate stress
Involving two main pathways

Autophagy Mild stress associated self-eating catabolic process involving
lysosomes and several hydrolytic enzymes

Necrosis Death caused by external factors like extreme stress and toxins
Not programmed
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process. Later, it was thought that these self-eating mechanisms are nothing but the
process of disposing cellular rubbish, for example unwanted or misfolded proteins,
damaged organelles or invading microorganisms. But still then, the real conse-
quence of autophagic events is still under debate. Since last 15 years, accumulated
evidence suggested that in variety of physiological and pathophysiological condi-
tions autophagy plays important roles, although the mechanisms of which rather
appear sometimes complex, particularly in aging process, cancer, immune response,
neurodegenerative diseases [20]. So, autophagy encompasses the regulation of an
array of cellular responses by proteolytic modifications involving different
proteases.

2 Cysteine Protease Atg4 in Yeast System

Autophagy is a dynamic membrane phenomenon by which large amount of proteins
is degraded in membrane-bound vacuoles like lysosomes by different types of
proteases. The first step of autophagy (macroautophagy) process is the formation of
autophagosome which is a double-membrane-bound vacuole containing segregated
parts of the cytoplasm. In keeping with traditional point of view, once
autophagosomes are fused with lysosomes, the internal proteins are subjected to
degradation by different types of hydrolytic enzymes through different cellular
pathways [21]. According to recent report, Atg4 plays very active roles in several
steps of autophagy processes [22]. In the yeast system, Atg4 cleaves the C-terminus
part of Atg8, a unique ubiquitin-like (Ubl) protein synthesized as an inactive sol-
uble protein and consists of a single member in yeast and multiple homologues in
higher eukaryotes [23]. Atg8 is post-translationally modified to facilitate the
covalent attachment with phosphatidylethanolamine (PE) molecule from the
preautophagosomal membrane [24]. In this process Atg4 plays a central role in the
activation of Atg8 through C-terminal cleavage to form Atg8G116 by exposing a
glycine residue. Subsequently, resulting Atg8G116 involves in the formation of
autophagosomes by a ubiquitin-like conjugation reactions catalyzed by other
additional autophagic proteins like Atg7 (E1-ubiquitin ligase like enzyme), Atg3
(E2-ubiquitin ligase like enzyme) and Atg12-Atg5-Atg16 complex (E3 like
enzyme). These interactions of autophagic proteins lead to the final conjugation of
Atg8 with the amino group of PE (Fig. 1). Atg8-PE employs Atg12-Atg5-Atg16
complex to the membrane to assemble in a scaffold formation that is crucial for
phagophore biogenesis [25, 26].

This proteolytic conjugation of Atg8-PE was found to be essential regulators of
autophagic vesicle formation [17]. Finally, Atg4 attacks Atg8 proteins which are
associated with the outer membrane of autophagosome and deconjugated the pro-
tein from its target lipid and released back to the cytosol [12, 16]. Thus, Atg4 makes
the lipidation process reversible. In this way the liberated Atg8 recycled and par-
ticipates in a new conjugation reaction, whereas Atg8-PE entrapped within the
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autophagosome is degraded following fusion with the lysosome. Thus, both the
conjugation and deconjugation activities of Atg4 are required for normal progres-
sion of autophagy.

3 Atg4 Protease Family in Mammals

Four mammalian Atg4 orthologs were identified as “Autophagins,” which show
sequence similarity to single yeast Atg4. These are autophagin-1/Atg4B,
autophagin-2/Atg4A, autophagin-3/Atg4C, and autophagin-4/Atg4D [27]. These
four proteinases (autophagins) target at least six distinct substrates in Atg4-Atg8
proteolytic systems. Generally, it is assumed that in the mammalian system, pro-
teolysis by Atg4 autophagic protease to its corresponding substrate is more complex
when compared to the yeast system where one single protease cleaves a sole
substrate. But, this cysteine proteolysis is very important for Atg8 processing for

Fig. 1 Processing of Atg8 in autophagosome formation: the following steps are involved in the
processing of Atg8; A cysteine protease Atg4 cleaves Atg8 exposing C-terminal glycine residue
(Gly), B formation of thioester bond between exposed Gly residue of Atg8 and catalytic cysteine
(Cys) residue of Atg7, C activated Atg8 conjugates with Atg3 through amide bond, D Finally, Gly
residue of Atg8 binds with PE through another amide bond, E deconjugation of Atg8-PE with the
help of Atg4 forming free Atg8
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the initiation of macroautophagy. In yeast single Atg8 expresses, where as the
mammalian Atg8 homologs compose of three subfamilies those have different
structural and functional features in the autophagosome formation. These three
subfamilies include microtubule-associated protein 1 light-chain 3 (MAP1-LC3)
subfamily (consisting MAP1-LC3A, MAP1-LC3B, and MAP1-LC3C), which
participate in the elongation of initial phagophore. Other two subfamilies
c-aminobutyric acid receptor-associated protein (GABARAP) and Golgi associated
ATPase enhancer of 16 kDa (GATE-16) (including GABARAP,
GABARAPL1/Atg8L and GABARAPL2/GATE16) are involved in the final mat-
uration of double-membrane vesicles [15, 28–31].

In the proteolytic system these Atg8 homologues are differentially cleaved by the
different Atg4 family members of which Atg4B (autophagin-1) representing the
broadest substrate spectrum with similar affinity and catalytic efficiency towards the
Atg8 substrates [32]. Atg4A (autophagin-2) is the second best enzyme among four
autophagins with the ability to target GABARAPL2 (belongs to subfamily of
GABARAP), where as Atg4C and Atg4D represents the minimal activity in terms
of substrate specificity and can only process MAP1-LC3B and GABARAPL2 [32].
Thus, these proteolysis are involved in the processing of Atg8 proteins, and are
essential for the initial steps of macroautophagy by acting as important regulators of
autophagic vesicle formation.

For all these proteolytic activities Atg4 itself needs activation by proteases which
are governed by caspase dependent or independent manner. For example Cleavage
of human Atg4D is assisted by caspase-3 to increase the activity towards
GABARAPL1 which belongs to subfamily of GABARAP [33]. Not only Atg4D,
in vitro caspase mediated activation of Atg4C is also facilitated due to the presence
of canonical cleavage site DEVD [34]. It is important to note that Atg4A and Atg4B
do not show any caspase-mediated activation due to lack of such motif. In cleavage
process of Atg4D, a BH3-like domain is exposed which facilitates the recruitment
of the protein to the mitochondria, where it induces apoptosis. Therefore, Atg4D
seems to be a central component in the crosstalk between autophagy and apoptosis.

4 Lysosomal Proteases in Autophagy Process

Lysosomes are single membrane-bound cytoplasmic organelles present almost in all
eukaryotic cells. They are the major degradative compartment of the
endosomal/lysosomal system and the terminal part of the endocytic pathway, where
various macromolecules, such as proteins, glycoconjugates, lipids, and nucleic
acids, are degraded [35]. The degradation is carried out by a number of acid
hydrolases (phosphatases, nucleases, glycosidases, proteases, peptidases, sul-
phatases, lipases, etc.), which are capable of digesting all major cellular macro-
molecules. The best-studied lysosomal hydrolases are the cathepsins. Cathepsins
are the cluster of proteases in the endosomal proteolytic system which is originated
from the Greek term meaning “to digest.” The general function of cathepsins is

290 P.K. Pramanik et al.



considered to be in disintegrating large proteins by irreversibly cleaving peptide
bonds. They are classified according to their active site amino acids, into three
sub-groups i.e. cysteine (B, C, H, F, K, L, O, S, V, W and X), serine (A and G) and
aspartate cathepsins (D and E) [36].

4.1 Cysteine Family Cathepsins

Cysteine cathepsins belong to the members of the family of papain-like cysteine
proteases localized in lysosomes [37]. Primarily, cysteine cathepsins were regarded as
intracellular enzymes which are responsible for the nonspecific, bulk proteolytic
action in the acidic environment of the endosomal/lysosomal compartment, where
they degrade intracellular and extracellular proteins [38]. However, this view is
changing rapidly with the clear evidence of their localization in other cellular com-
partments [37, 38]. Not only they are implicated in protein degradation but also
cysteine cathepsins are believed to be important regulators and signalling molecules
of a large number of biological processes as well as a vital participant in terminal
protein degradation during necrotic and autophagic cell death [39]. In humans, there
are 11 cysteine cathepsins have been identified till now, including cathepsins B, C, F,
H, K, L, O, S, V, X and W [40]. Pucer et al. suggested that cathepsins B and L are
involved in autophagy-associated cell death induced by arsenic trioxide inU87 human
glioblastoma cells [41]. The cathepsin L is considerably upregulated with other
autophagy-related proteins, such as LC3 and BNIP3 (Bcl-2 19 kilodalton interacting
protein 3; a pro-apoptotic BH3 protein and potent inducer of autophagy) by the
transcription factor FoxO3 dependent pathway followed by high levels of oxidative
stress [42]. Similarly, other research showed cathepsin B-deficient cells fuses with
LC3-containing autophagic vacuoles with lysosomes, does not show any defect.
Another observation by Takahashi et al. has implicated the importance of cathepsins
in autophagy by applying inhibitors of cathepsin B (CA-074) and cathepsin L
(CAA0225) that substantially reduced the degradation of long-lived proteins. Fur-
thermore, several results suggest that cathepsin B is associated with the degradation of
the whole autophagosomes, whereas cathepsin L is involved in the degradation of
GABARAP-II and LC3-II autophagosomal membrane markers [43–47].

4.2 Serine Protease Family Cathepsins

In mammalian cells, two cathepsins (cathepsin A and cathepsin G) are expressed
with serine protease activity. Cathepsin A with serine carboxypeptidase activity
plays a vital role in the regulation of chaperone-mediated autophagy
(CMA) through cleavage of the lysosomal receptor. Cuervo and colleagues reported
that the lysosome-associated membrane protein type 2a (Lamp2a) is a substrate of
cathepsin A [48]. Lamp2a is one of the three forms of lamp2 that originates by
alternative splicing of mRNA from a single gene [49], acts as a receptor for CMA
substrates in chaperone-mediated autophagy. Triggering of lamp2a degradation by
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this protease cathepsin A appears very significant because the amount of receptor in
the lysosomal membrane is a rate-limiting step of CMA [50]. In cathepsin A
defective cells degradation rate of lamp2a is diminished, higher lamp2a levels and
higher the rates of CMA. Restoration of cathepsin A protease activity increases
rates of lamp2a degradation, reduces levels of lysosomal lamp2a and reduces rates
of CMA. Cathepsin A interacts with lamp2a on the lysosomal membrane and this
interaction promotes the cleavage of lamp2a close to the border line between the
luminal and transmembrane domains [51]. Thus, role of cathepsin A is indispen-
sible in the regulation of various physiological processes where CMA is involved,
for example the immune response, cellular response to oxidative stress, aging and
general cell homeostasis [52]. Additionally, cathepsin A also takes part in a pro-
tective function towards two lysosomal glycosidases namely, b-D-galactosidase
and N-acetyl-a-neuraminidase and regulates their lysosomal activity as well as their
stability also by targeting lysosomes in the case of a-neuraminidase [53, 54]. The
second serine protease, cathepsin G, an endopeptidase expressed in promyelocytes
regulates a critical role in antigen presenting and autoantigen processing [55, 56].
But, the function of Cathepsin G in autophagy process awaits further investigation.

4.3 Aspartic Protease Family Cathepsins

Cathepsin E which belongs to endolysosomal aspartic proteinase of the pepsin
superfamily mainly expressed in immune-related cells [57]. Cathepsin E shared
substrate specificity with cathepsin D that was totally involved in endolysosomal
pathway, whereas its deficiency leads to macrophage lysosomal storage disorder. The
disorder is associated with accumulation of lysosomal membrane sialoglycoproteins,
LAMP-1 and LAMP-2, resulting in elevation of pH in lysosome, without changing in
vacuolar-typeH(+)-ATPase activity [58]. It was further noted that cathepsinE showed
cell-type specificity [59, 60]. Tsukuba et al. also proposed that deficiency of
Cathepsin E causes impairment of autophagic proteolysis in macrophages [61].

Additionally, aspartyl protease also plays a major role in imparting fungal
resistance in plants by autophagic cleavage of BAG6 [62]. The Bcl-2-associated
athanogene (BAG) family is an evolutionarily conserved group of cochaperones that
adjust numerous cellular processes. It is also reported that autophagy is induced
through the coupling of an aspartyl protease with a molecular cochaperone to trigger
autophagy, which is associated with plant defense system, providing a key link
between fungal recognition and the induction of cell death and resistance [62, 63].

5 Inhibition of Autophagy Process by Proteases

Unlike cathepsins that are involved in autophagy execution, other proteases like
caspases and calpains are also engaged in the inhibition of macroautophagy, by
altering autophagy-related proteins. Atg proteins are truncated by caspases which
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are cysteine aspartate-specific proteases. This proteolytic cleavage leads to form a
switch between autophagy to apoptosis by inactivating autophagy signal. It is
reported that two caspase-3 cleavage sites are present in Beclin-1, i.e., downstream
of the BH3 domain (aa 108–127) at D133 and D149. After cleavage, this truncated
Beclin-1 may produce apoptotic amplification loop inside mitochondria [64].
Additionally, caspases-3 may also cleave Atg4D [33] to is truncated form Del-
taN63, which stimulates delipidation mammalian Atg8 paralog,
gamma-aminobutyric acid receptor-associated protein-like 1 (GABARAP-L1) and
reduces GABARAP-L1 dependent autophagosome formation. Apart from
caspase-3, Beclin-1 is also targeted by caspase-6. Furthermore, caspase-3, -6 and -8
truncate human Atg3 whereas Atg9, Atg7 and Atg4 may be cleaved merely by
caspase-3 [34]. Additionally, LC3-binding protein p62, another critical modulator
of autophagy, undergoes proteolytic modification by caspase-3 and caspase-8.
Moreover, both Beclin-1 and PI3KC3 (phosphatidylinositol-3-kinase class-3) two
vital components of the autophagy-inducing complex are lacking
autophagy-inducing capacity [64, 65] when truncated by caspase mediated prote-
olysis and promote apoptosis.

In recent times, various reports suggested that calpain-1, a non-lysosomal
calcium-dependent cysteine protease cleaves majority of human Atg proteins [34].
Calpain-1 plays a crucial role in controlling autophagy, by regulating the intensity
of Atg5–Atg12 conjugation [66]. It is proposed that calpain mediated cleavage of
Atg5 attenuates the level of Atg5–Atg12 conjugation [67]. The truncated form of
Atg5 is translocated from the cytosol to mitochondria, where it combines with the
Bcl-XL anti-apoptotic protein, eliciting the release of cytochrome c and activation
of caspases. Similarly, the Ras oncogene activates the GTPase RhoA, which
endorses activation of calpain followed by Beclin-1 degradation [68] and this
phenomenon induces the increase of malignant intestinal epithelial cells. Calpain-2
mediated degradation of Atg7 and Beclin-1 damages mitochondrial autophagy,
which may cause mitochondria permeability-dependent hepatocyte death after
anoxia [69]. In CVB4 virus infected neurons, calpains elicit similar function by
hindering viral replication, where the calpain inhibitors prominently condensed
autophagosome development [70]. In addition, reports show that MEFs (mouse
embryonic fibroblasts) from Capns1 (a regulatory subunit of calpain1 and calpain2
proteases, encoded by the calpain gene) knockout mice and human cells with
depleted Capns1 demonstrate disrupted macroautophagy [71]. Accordingly, during
starvation of these cells, the level of lysosomal activity and degradation of
long-lived proteins was considerably reduced.

Therefore, although cathepsins actively participate in the completion or in the
breakdown phases of autophagy, caspases and calpains are equally important and
involved in the Atg cleavage process leading to inactivation of autophagic events.
So, it has been established that Atg proteins have a crucial role in the regulation of
autophagy and thus its proteolytic cleavage may constitute a switch between
autophagy to apoptosis [19].
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6 Dysfunction of Atg4 Protease Family in Pathological
Conditions

Autophagy is prompted by different stress signals both in mammalian and yeast
cells as evidenced by damaged organelles, pathogenic infection and/or a variety of
disease conditions [72]. Recent studies have shown that basal level of autophagy is
crucial for maintaining normal physiological processes in humans while abnormal
autophagy is associated with different disease conditions. Dysregulation of autop-
hagic processes has been reported to be associated with various pathologies
including cancer, cardiac diseases, neurological disorder, microbial infections and
many other diseases [73–77]. Aberrant autophagy is mainly related to dysregulation
of Atg4 cysteine protease family during the beginning or development of these
diseases. The functions of this protease are controlled by a number of different
regulatory transcription factors such as p53, EGR1, Foxo3 and some micro RNAs
namely miR-376b, miR-101 and miR-34a. Moreover, Atg4 proteases are also
regulated by the ROS-dependent oxidation [78–83].

Current evidence has indicated that aberrant expression of Atg4 protein occurs in
several types of human cancer and that may be related to the development and
suppression of tumor and resistance against tumor chemotherapy [84]. Some
experimental evidence has been suggested that during tumor development autop-
hagic activity is reduced. During development of prostate cancer accumulation of
ROS is higher and it causes the inhibition of Atg4 [85, 86]. In the contrary,
autophagy also plays a crucial role in the survival of the existing tumor, e.g., in
several cancer cell lines, ROS can induce the autophagy and increases the survival
of cancerous cells [87]. In various malignancies such as ovarian cancer, uterine
carcinosarcoma, adrenocortical carcinoma structural alteration of ATG4 genes with
higher copy number has been found [88].

The Crohn’s disease is a chronic inflammatory bowel disease where ATG4A and
ATG4D genes mutation is responsible for the outcome of this disease [89].
Mutations in ATG4A, ATG4B, and ATG4D genes are also connected to some other
inflammatory bowel diseases (IBDs). Experimental evidence suggested that
ATG4B expression increases in experimental mice model of colitis [90].

During the developmental stage or in the neurodegenerative diseases neuronal
cell death occurs and this type of the neuronal death involves the autophagic
processes. It is reported that patients with various neurodegenerative diseases such
as Alzheimer’s, Huntington’s, and Parkinson’s diseases where the neuronal death
occurs due to the autophagic cell death. Conversely, severe oxidative stress and
increasing amounts of ROS may activate signalling pathways that promote
autophagy-induced cell death in the neuronal cell [91].

Cardiac diseases are associated with the increased levels of reactive oxygen
species and other oxidative stresses. Elevation of ROS in the cell may cause cell
survival or death and the fate of this situation depends on the severity of the stress
arises in the specific disease [92]. In myocardial infarction xanthine oxidase
mediated ROS generation exacerbates autophagy and leads to the death of
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cardiomyocytes [93]. Oxidative stress-mediated autophagic cellular death is also
observed during cardiac tissue remodeling [94].

Different autophagic proteins including Atg4 are involved in many infectious
diseases. In HIV-1 infected host cell, viruses can escape the pathway by which host
cells can eliminate the viruses leading to an increase in viral population. This
subversion process occurs by autophagy due to overexpression of ATG4 gene [95].
In the case of Hepatitis C virus, it evades host cell defense mechanism and develops
autophagy by using autophagic components such as Atg4B (autophagin-1), which
initiates their replication [96]. Recent evidence has shown that parasites including
Trypanosoma cruzi, responsible for Chagas disease and Leishmania major which
cause leishmaniasis exploit the autophagy machinery [97]. Genome database
searches have revealed that most of the proteins that are involved in the autophagy
pathways in S. cerevisiae have orthologs in the trypanosomatids [98, 99]. In try-
panosomatids, two types of Atg4 protein were found. In the case of Leishmania
major, LmATG4.1 is necessary for the proteolytic processing of the Atg8B and
Atg8C, and LmATG4.2 is also engaged for the proteolytic processing of the
Atg8A. In fact, the activity of their Atg4 orthologs is fundamental for their survival,
differentiation and virulence [100–103].

7 Therapeutic Approach Targeting Atg4 Protease Family

Growing scientific evidence suggested that the dysfunction of mammalian homo-
logs of yeast Atg4 protease occurs in different human pathophysiological condi-
tions. Additionally, many research articles demonstrated that some stimulators
could clear autophagosomes that can be used for prevention and/or treatment of
infection, cancer, neurodegenerative diseases and some inhibitors also inhibit the
autophagy which could be used for cancer resistance therapy. The unique prote-
olytic process involved in the autophagy has opened a new opportunity for the
advancement of treatments by targeting the autophagic cysteine protease particu-
larly Atg4. As Atg4 plays an essential role in the autophagic processes, various
specific inhibitors of Atg4 are now being developed for the treatment of human
pathologic conditions where the activity of the autophagic protease is excess [104].
The inactive mutant forms of Atg4 proteases that could not cleave their specific
substrate can also be employed as another strategy for inhibiting the autophagy
[105]. Preferably, conjugation and deconjugation steps might be specifically
targeted.

According to the recent findings, attenuated activity of Atg4 protease in different
pathological conditions has shown the probable approach of new therapeutics for
the diseases. The viability of hepatocellular carcinoma cells is increased by the
overexpression of Atg4B [106], whereas their viability has been reduced due to
inhibition of autophagy by miR-101 [107]. Moreover, in vitro model of various
lung infections, ischemia heart diseases and neurodegenerative diseases such as in
Huntington’s disease overexpression of this protease is also used as a potential
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therapeutic target and stimulation of autophagic response improve the disease
condition [108–110].

However, the function of Atg4 proteases in most of the diseases is case
dependent, and the consequences of their modulation could differ to a great extent.
In the case of cancer, autophagy plays a dual role. Some anti-cancer drug can
induce the autophagy. For example, it has been suggested that alteration in the
expression of Atg4B in prostate cancer acts as chemotherapy for treatment of
prostate cancer [111]. In most of the cases, inhibition of Atg4 proteases in radiation
therapies sensitizes resistant carcinoma cells [112].

The dysregulation of the activity of Atg4 is associated with various diseases and
its dual roles in cancer arise from the complexity regarding its functional speci-
ficities. Thus, the development of novel therapies based on targeting the Atg4
proteases is yet at a very initial stage and hence deserves better understanding of the
molecular basis of this protease. To date, so many modulators of this protease have
been tested in clinical trials (Phase I/II) and development of specific inhibitors of
this protease is still ongoing [113]. Consequently, new proteomic approaches will
be essential for the improvement of Atg4-targeted treatments.

8 Conclusions and Future Perspectives

Originally, autophagy is involved in adaptive mechanism of cells to provide
nutrients under stress conditions and since it has been related to diverse physio-
logical and pathological processes. It is clear that proteases play a key role in
regulation of various steps of autophagy. Cysteine protease Atg4 plays a role in
Atg8 processing to be conjugated with PE on autophagosomal membranes, a vital
step in autophagosome biogenesis. Lysosomal acidic proteases, viz. cathepsins, also
participate in the execution of autophagic events, which are essential for the effi-
cient degradation of autophagic substrates. In this context, it needs to be mentioned
that activation of some other proteases like calpains and/or caspases suppress the
levels of autophagosome formation through the cleavage of autophagy-related
proteins. Additionally, cathepsin A, belonging to serine protease family, also
inhibits chaperone-mediated autophagy through the cleavage of its receptor
Lamp-2a. Dysregulation of Atg4 protease activity has been connected with various
diseases such as cancer, neurodegenarative diseases, inflammatory diseases and
parasitic diseases.

Therefore, with overall perspective we can conclude that the autophagic
machinery is tightly controlled by Atg4 protease family. Additionally, lysosomal
proteases like different classes of cathepsins regulate the machinery of autophagic
processes. Overall control of autophagic events by Atg4 protease family makes an
emerging target for therapeutic approach of various diseases which are caused by
dysregulation of these autophagic proteases. However, many questions remain
unanswered regarding the specificity of the Atg4 family proteins and need further
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investigation to elucidate better understanding of their roles in pathophysiological
consequences in humans to develop appropriate therapies for concerned diseases in
future.
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Abstract
The adamalysins, which include the ADAMs and ADAMTSs, are multidomain,
multifunctional proteins of the metzincin superfamily of zinc-dependent
metalloproteinases that play a key role in extracellular matrix remodeling and
regulation of the tissue microenvironment. While ADAMs are mostly
membrane-anchored proteinases, the ADAMTSs are secreted proteinases
and/or adhesion molecules. A major function of the ADAMs is ectodomain
shedding of membrane-bound growth factors, receptors, cytokines, chemokines,
and proteoglycans. The adamalysins are also involved in a multitude of
biological processes including fertilization, organogenesis, hemostasis, cell
adhesion, intracellular signaling, angiogenesis, and ECM assembly and turnover.
These metalloproteinases exert both promoting and inhibitory effects on
tumorigenesis and serve as biomarkers of cancer progression and prognosis.
Dysregulated expression of adamalysins leads to acquisition of cancer hallmarks
such as increased cell proliferation, apoptosis evasion, migration, neovascular-
ization, invasion, and metastasis. In addition, aberrant expression of these
proteases also results in drug resistance. Of late, the adamalysins have emerged
as potential molecular targets for cancer therapeutics. This chapter summarizes
current knowledge on the different types of ADAMs and ADAMTSs, their
general structure, functions, role in cancer progression, and acquisition of major
cancer hallmarks as well as their potential as diagnostic and prognostic aids and
therapeutic targets based on available literature.
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1 Introduction

Cancer, a multifactorial, heterogeneous disease, arises due to sequential accumu-
lation of mutations that promote clonal selection of cells characterized by uncon-
trolled proliferation, apoptosis evasion, invasion of surrounding tissues, and
metastasis to other organs [1, 2]. Tumor invasion, an essential prerequisite for
cancer metastasis, involves remodeling of the extracellular matrix (ECM), a process
initially considered to be the prerogative of the matrix metalloproteinases (MMPs)
[3]. It has now become apparent that adamalysins, which include the ADAMs (A
Disintegrin And Metalloproteinase) and ADAMTSs (A Disintegrin And Metallo-
proteinase with Thrombospondin motifs), are also key players in ECM homeostasis
and regulation of the tissue microenvironment [4–7]. The metalloproteinase system
is in turn regulated by tissue inhibitors of metalloproteinases (TIMPs) [8] and
reversion-inducing cysteine-rich protein with Kazal motifs (RECK) [9, 10].

The adamalysins are multidomain, multifunctional proteins of the metzincin
superfamily of zinc-dependent metalloproteinases [11]. While ADAMs are mostly
membrane-anchored proteinases, the ADAMTSs are secreted proteinases and/or
adhesion molecules [12]. Although 40 different proteins have been recognized as
members of the ADAMs family, only 25 of these are believed to function in
humans (Table 1). Of these, only 13 ADAMs display proteolytic activity. Infor-
mation on ADAMs is constantly updated in http://people.virginia.edu/*jw7g/
Table_of_the_ADAMs.html and http://degradome.uniovi.es/). Members of the
ADAMs family are localized to specific organs such as, the heart (ADAM9, -17, -
19) [13], kidney (ADAM19) [14], lungs (ADAM33) [15], teeth (ADAM28), and
pancreas (ADAM-9, -10, -17) [16].

The human family of ADAMTs comprising 19 known members [17] is classi-
fied based on their preferred substrates as the aggrecanases or proteoglycanases
(ADAMTS1, 4, 5, 8, 9, 15 and 20), the procollagen N-propeptidases (ADAMTS2, 3
and 14), the cartilage oligomeric matrix protein-cleaving enzymes (ADAMTS7 and
12), the von Willebrand Factor proteinase (ADAMTS13), and orphan enzymes
(ADAMTS6, 10, 16, 17, 18 and 19). Table 2 lists the various ADAMTs. Data on
ADAMTs is available at http://www.lerner.ccf.org/bme/apte/adamts.

The adamalysins play a central role in biological processes including fertiliza-
tion, organogenesis, hemostasis, cell adhesion, intracellular signaling, angiogenesis,
and ECM assembly and turnover. Mutations and aberrant expression of ADAMs
and ADAMTs have been implicated in diverse pathologies including thrombotic
thrombocytopenic purpura, inflammatory bowel diseases, airway diseases,
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Table 1 ADAMs: chromosomal loci, tissue expression and functions

ADAM Chromosomal
locus

Tissue distribution Function Reference
(s)

ADAM
1a,b

12q24.13 Sperm Sperm–egg binding and
fusion, interaction with the
integrins: a6b1 and a9b1

[121, 122]

ADAM2 8p11.22 Sperm Sperm–egg binding and
fusion, interaction with the
integrins: a4b1, a6b1 and
a9b1

[123, 124]

ADAM6 14q32.33 Testis Not fully defined [125]

ADAM7 8p21.2 Testis Not fully defined but it
interacts with the integrins
like a4b1, a4b7 and a9b1

[126, 127]

ADAM8 10q26.3 Lung, kidney, brain,
macrophage, neutrophils

Cancer cell migration,
neutrophil infiltration and
shedding of CD23

[128]

ADAM9 8p11.23 Breast, pancreas, lung,
stomach, and skin

Promotion of cell
adhesion, invasion,
binding to integrins,
shedding of HB-EGF,
tumor necrosis factor-p75
receptor, cleavage of
amyloid precursor protein
(APP) and digestion of
fibronectin and gelatin

[129]

ADAM10 15q22 Brain, breast, liver, oral
cavity, ovary, prostate,
colon, kidney

Promotion of cell growth
and migration, release of
TNFa, digestion of
collagen IV, gelatin and
myelin basic protein;
cleavage of delta, APP, L1,
and CD44 and shedding of
HB-EGF

[130–132]

ADAM11 17q21.3 Brain Not fully defined but may
act as a tumor suppressor

[133]

ADAM12 10q26.3 Liver, stomach, colon,
brain, breast, osteoblast,
muscle, placenta and
chondrocytes

Promotion of cell growth,
muscle formation, binding
to integrins, insulin-like
growth factor binding
protein-3 (IGFBP-3) and
IGFBP-5, shedding of
HB-EGF, digestion of
collagen IV, gelatin, and
fibronectin

[134]

ADAM15 1q21.3 Brain, prostate, lungs,
stomach, endothelium
smooth muscle,
chondrocyte, and
osteoclast

Promotion of cell growth,
Expressed in
arteriosclerosis, binds to
integrins: aVb3, a5b1 and
a9b1 and helps in digestion
of collagen IV and gelatin

[135, 136]

(continued)
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osteoarthritis, atherosclerosis, neurodegeneration, and cancer. Adam-19 KO mouse
suffers from developmental defects and embryos died due to abnormalities of the
heart and other cardiovascular system disorders [18]. The proteolytic activities,
regulation of growth factors and cytokines and the ability to degrade ECM com-
ponents, suggest that these enzymes may be involved in cell migration, invasion,
angiogenesis, and metastatic spread of tumor cells [19, 20]. This chapter summa-
rizes current knowledge on different types of ADAMs and ADAMTSs, their general
structure, functions, role in cancer progression, and acquisition of major cancer

Table 1 (continued)

ADAM Chromosomal
locus

Tissue distribution Function Reference
(s)

ADAM17 2p25 Macrophage, ovary,
prostate, kidney, colon,
and breast tissue

Promotion of cell growth,
binding with integrins:
shedding of signaling
molecules/surface
receptors (TNFa, TGF-b,
TNF-p75 receptor, ErbB4,
TNF-related activation
induced cytokine
HB-EGF, APP, Notch,
L-selectin and CD44)

[137]

ADAM18 8p11.22 Brain, testis, kidney Not fully defined [138]

ADAM19 5q32–q33 Testis Formation of neuron,
digestion of neuregulin
and interacts with the
integrins like a4b1, a5b1

[128]

ADAM20 14q24.1 Testis Formation of sperm [139]

ADAM21 14q24.1 Testis – [139]

ADAM22 7q21 Brain – [140]

ADAM23 2q33 Brain, Heart Not fully defined but it
interacts with the integrins
like aVb3

[140]

ADAM28 8p21.2 Testis, lung, lymphocyte,
pancreas, uterus

IGFBP-3 cleavage,
promotion of cell growth,
binding with integrins:
a4b1, a4b7, a9b1;
digestion of myelin basic
protein and IGFBP-3

[141, 142]

ADAM29 4q34 Testis – [143]

ADAM30 1p13–p11 Testis – [144]

ADAM32 8p11.23 Testis – [145]

ADAM33 20p13 Lung (fibroblast, smooth
muscle)

Interactions with integrins;
cleavage of APP,
Kit-ligand-1 (KL-1) and
insulin B chain

[146]
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Table 2 ADAMTs: chromosomal loci, tissue expression and functions

ADAMT Chromosomal
locus

Tissue distribution Function Reference
(s)

ADAMTS1 21q21 Ovary, breast, bronchial
epithelial cells, fetal
lung, placenta, smooth
muscle, uterus, adrenal
cortex, adipocytes,
ciliary ganglion,
prostate, olfactory bulb,
breast stromal fibroblasts
and myoepithelial cells

Promotion of cell
growth, cell survival and
invasion, Binding to
heparin, HB-EGF and
AR shedding, digestion
of aggrecan and
versican, syndecan 4,
TFPI-2, semaphorin 3C,
nidogen-1, -2,
desmocollin-3,
dystroglycan, mac-2,
gelatin, amphiregulin,
TGF-a

[89, 100,
147, 148]

ADAMTS2 5q35 Adipocyte, skeletal
muscle, superior cervical
ganglion, uterus,
placenta, heart, liver,
lung, tongue, smooth
muscle, breast stromal
fibroblasts

Processing of collagen I
and II N-propeptides,
Glucocorticoids (in
monocytes) and IL-6

[149]

ADAMTS3 4q21
(NM014243.1)

Skeletal muscle, tendon,
cartilage, bone, breast
myoepithelial cells,
CD105+ endothelial
cells, CD34+ cells and
pineal gland

Processing of collagen
N-propeptides, fibrillar
procollagen type II and
biglycan

[150]

ADAMTS4 1q23 Brain, heart, ovary,
spinal cord, adrenal
cortex, ciliary ganglion,
trigeminal ganglion,
retina, pancreas (islets),
fetal lung and breast
myoepithelial cells

Digestion of aggrecan,
brevican and versican,
reelin, biglycan,
matrilin-3,
a2-macroglobulin,
COMP, IL-1
+ oncostatin M, TNFa,
S100A8, S100A9,
leptin, IL-6

[31, 151,
152]

ADAMTS5 21q21 Brain, adipocyte, uterus,
breast myoepithelial
cells, uterus, placenta

Promotion of invasion,
Digestion of aggrecan,
versican, reelin,
biglycan, matrilin-4,
brevican,
a2-macroglobulin
cleavage, IL-1, TNFa,
S100A8, S100A9,
leptin, IL-6

[153–
155]

(continued)
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Table 2 (continued)

ADAMT Chromosomal
locus

Tissue distribution Function Reference
(s)

ADAMTS6 5q12 Heart, breast
myoepithelial cells,
superior cervical
ganglion, trigeminal
ganglion, appendix

Regulation of TNFa [151]

ADAMTS7 5q24 Liver, heart, skeletal
muscle, trigeminal
ganglion, adrenal cortex,
intervertebral disc and
breast stromal fibroblasts

Regulation of PTHrP,
acts on COMP

[156,
157]

ADAMTS8 11q24 Skeletal muscle, heart,
lungs, liver, superior
cervical ganglion,
adrenal cortex, breast
stromal fibroblasts and
luminal epithelial cells

Inhibitor of
angiogenesis, helps in
digestion of aggrecan

[102]

ADAMTS9 3p14 Dorsal root ganglion,
breast and myoepithelial
cells

Digestion of aggrecan,
versican, TNFa, IL1
+ oncostatin M and
leptin

[56, 158]

ADAMTS10 19p13 Brain, uterus, breast
stromal fibroblasts and
CD8+ T cells

Acts on fibrillin-1 [159]

ADAMTS12 Liver, bone marrow,
atrioventricular node,
intervertebral disc, breast
stromal fibroblasts and
myoepithelial cells

Acts on COMP [160,
161]

ADAMTS13 9q34 Liver, CD71+ early
erythroid cells, lung,
thyroid, breast
myoepithelial cells;
prostate, brain

Cleavage of von
Willebrand factor
(vWF) and IL-1

[162]

ADAMTS14 10q22 Thalamus, brain, uterus,
bone marrow, fetal
thyroid, adipocyte,
cerebellum, bone, skin,
fibroblasts, breast
myoepithelial and
luminal epithelial cells

Processing of collagen
N-propeptides such as
fibrillar procollagen type
I (pNa1 and pNa2
chains)

[163]

ADAMTS15 11q24 Colon, brain, heart,
uterus, musculoskeletal
system, breast
myoepithelial cells,
Liver (fetus), Kudney
(fetus)

Digestion of aggrecan
and versican

[57, 58,
93]

(continued)
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hallmarks as well as their potential as diagnostic aids and therapeutic targets based
on available literature.

2 Structure of Adamalysin Family of Proteins

The adamalysins family of proteins shows sequence similarities with the MMP
family members as well as the reprolysin family of snake venomases [21, 22].
Based on their structure, the adamalysin family proteins are classified into the
membrane-anchored ADAMs and the secreted ADAMTSs (Fig. 1).

The ADAM family members have a complex structure with multiple domains.
The structural elements from the amino terminus comprise a signal peptide that
marks the protein for the secretory pathway, a prodomain that ensures accurate
folding of the protein and prevents catalytic activity of the metalloproteinase
domain via a cysteine-switch mechanism until it is cleaved in the Golgi apparatus, a
metalloproteinase domain, with the consensus sequence HEXGHXXGXXHD [23],
a highly conserved disintegrin domain that interacts with integrins and mediates
cell adhesion [24, 25], a cysteine-rich domain involved in substrate recognition and
cell adhesion [26], an EGF-like domain, a transmembrane domain, and a cyto-
plasmic tail that contains phosphorylation sites and interacts with proteins con-
taining the Src homology domain [27].

Table 2 (continued)

ADAMT Chromosomal
locus

Tissue distribution Function Reference
(s)

ADAMTS16 5p15 Breast myoepithelial
cells

Regulated by follicle
stimulating hormone;
forskolin cAMP;
Transcription factors:
Wilm’s tumor-1; Egr-1
and Sp1

[164]

ADAMTS17 15q26 Breast myoepithelial
cells

– [165]

ADAMTS18 16q23 Ciliary ganglion, heart,
skin, brain and breast
myoepithelial cells

– [166,
167]

ADAMTS19 5q23 Dorsal root ganglion,
breast myoepithelial
cells

– [168]

ADAMTS20 2q12 Brain, appendix, heart,
liver, skeletal muscle,
pituitary, trigeminal
ganglion, breast
myoepithelial cells

– [169]
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The activation of ADAMs involves removal of the prodomain from the pre-
cursor protein by a proprotein convertase of furin type or by an autocatalytic
process [28, 29]. Analysis of the crystal structure revealed that the disintegrin and
cysteine-rich domains form a C-shaped structure, restricting accessibility for protein
binding. Isoforms of ADAM9, ADAM11, ADAM12, and ADAM28 are secreted
proteins that lack the transmembrane and cytoplasmic domains. The ADAM19
isoform lacks the propeptide, metalloproteinase, and disintegrin domains. Splice
variants of ADAM15 and ADAM22 have also been identified.

Unlike the ADAMs, the ADAMTS do not possess the EGF-like, transmembrane
and cytoplasmic domains [30, 31]. These proteins are characterized by the presence
of a thrombospondin type I sequence repeat (TSR) motif. Some of the members
contain one or two additional specific C-terminal modules such as a mucin domain
(ADAMTS-7, and -12). Members of the ADAMTs family differ in the
carboxy-terminal region downstream of the TSR, known as the ancillary domain.
The ancillary domains provide substrate-binding specificity and ensure correct
tissue compartmentalization, whereas cleavage site specificity is endowed by the
protease domain. The ADAMTS differ from the ADAMs in their cysteine signa-
tures. A unique family of seven ADAMTS-like (ADAMTSL) proteins that include
ADAMTSL 1–6 and papilin, contain the ancillary domains of ADAMTS but lack
the catalytic domains may modulate the activities of the ADAMTSs. The
ADAMTS with the exception of ADAMTS4 as well as the ADAMTSL undergo
posttranslational modifications that involve the addition of N-linked carbohydrate
essential for activity.

3 Functions

Like the MMPs, both ADAMs and ADAMTs exhibit catalytic activity. Several
ADAMs degrade ECM substrates and insulin-like growth factor binding proteins
(IGFBPs). For example, ADAM10 cleaves type IV collagen, ADAM12 cleaves
gelatin, type IV collagen and fibronectin, ADAM15 digests type IV collagen and
gelatin, and ADAM28 cleaves IGFBP-3. Unlike ADAMs which due to their

Fig. 1 General structure of adamalysin family of proteins. ADAM family members contain a
propeptide domain (PD), a metalloproteinase domain (MPD), disintegrin domain (Dis-D),
cysteine-rich domain (CRD), EGF-like domain (ED), transmembrane (TM) and cytoplasmic tail
(CT). On the other hand, the secretory ADAMTs do not possess a functional TM, CT and ED but
contain a thrombospondin-like domain (TSLD) and spacer domain (SPD)
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membrane localization are predominantly involved in ectodomain shedding of
proteins from the cell surface, the ADAMTS being secreted proteases are primarily
involved in proteolytic events in the ECM. The ADAMTS1, 2, 3, 4, 5, 7, 8, 9, 14,
15, 16, 18, and 20 have been documented to degrade the ECM. ADAMTS1
remodels the ECM via proteolytic degradation of chondroitin sulfated proteogly-
cans and collagen [32]. ADAMTS-4 and ADAMTS-5 cleave aggrecan and are
referred to as aggrecanases. These proteases also cleave brevican and versican [33,
34], while ADAMTS-2 is known to process procollagen chains [35]. However, in
contrast to MMPs, most ADAMTS proteases do not cleave short peptides. Fur-
thermore, proteolysis by ADAMTS may require posttranslational modifications of
the substrate. ADAMTS2 processes procollagen efficiently when it is in the
triple-helical conformation, but is unable to cleave the heat-denatured form.
Mutation of ADAMTS13, a von Willebrand factor-cleaving protease, causes
thrombotic thrombocytopenic purpura, a potentially fatal disease.

Considering the fact that only half of the proteins of the ADAMs and ADAMTS
family display catalytic activity, it is apparent that the functions of these proteins
extend beyond proteolytic activity and ECM remodeling. The first identified
ADAMs (ADAM-1 and -2) were shown to induce the fusion of the sperm with the
egg through interactions with the disintegrin domain. ADAM-15, a component of
adherens junctions, is believed to regulate cell adhesion through interaction with
various integrins via the disintegrin domain [36]. ADAM-10 regulates central
nervous system development by cleaving the NOTCH protein [37]. ADAMs play a
key role in signal transduction by interacting with tyrosin kinases and cytoskeletal
components through their cytoplasmic domain [38].

One of the most important functions of the proteolytic ADAMs is their ability to
cleave membrane-bound growth factors, receptors, cytokines, chemokines, and
proteoglycans, thereby releasing the mature soluble forms, by their sheddase
activity. ADAM-17, a prototype sheddase that cleaves pro-tumor necrosis factor-a
(pro-TNF-a), is also known as TNF-a converting enzyme (TACE) [39–41]. In
addition to TNF-a, ADAM-17 is also involved in shedding other membrane pro-
teins such as proTGF-a, pro-amphiregulin and pro-epiregulin. ADAM-17 as well as
ADAM9 and ADAM12 are responsible for shedding pro-heparin-binding epider-
mal growth factor (pro-HB-EGF) thereby regulating cell proliferation. ADAM-10 is
responsible for shedding the low-affinity immunoglobulin E receptor CD23 [40,
42]. Some ADAMTS also participate in ectodomain shedding, such as ADAMTS1
which sheds syndecan-4 besides enhancing the shedding of HB-EGF. The sheddase
activity of ADAMs is thought to be regulated through the PKC and MAPK path-
ways [43].

Regulated intramembrane proteolysis (RIP) is a highly conserved signaling
process by which membrane-bound signaling proteins are cleaved before being
released into the cytoplasm. In most cases, RIP is preceded by ectodomain shed-
ding. The membrane proteins Notch, CD44 and amyloid precursor protein, first
undergo ADAM-dependent ectodomain cleavage followed by RIPping by
c-secretase [44].
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4 Adamalysins in Cancer

There is substantial evidence to implicate the role of adamalysins in the
aetiopathogenesis of various cancer types. The adamalysins exert both promoting
and inhibitory effects on tumorigenesis. These dual roles probably reflect the
complex interplay between the tumor, the surrounding stroma and the immune
system (Figs. 2 and 3).

ADAMs and ADAMTs are primarily involved in processing the ligands of
growth factor receptors thereby facilitating extracellular matrix remodeling to
promote tumor progression and metastasis. Overexpression of several members of
the ADAM family proteins has been reported in diverse malignancies. These
include ADAM8, ADAM9, ADAM10, ADAM12, ADAM15, ADAM17,
ADAM19, and ADAM28 [22]. ADAM-9 is upregulated in a number of cancers
including renal, breast, and prostate cancer [45–47]. Upregulation of ADAM10
expression has been documented in diverse malignancies including cancer of the

Fig. 2 The role of ADAM family of metalloproteinases in cancer. ADAM-mediated cancer cell
proliferation and progression. ProADAMs are activated by furin or matrix metalloproteinases
(MMPs). The sheddase activity of ADAMs cleaves and releases the cell surface ligands such as
heparin-binding epidermal growth factor (HP-EGF), transforming growth factor TGFa and
epidermal growth factor receptor (EGFR) to promote cancer. The interaction of ADAMs with
integrins or syndecans on the cells enables cleavage of substrates, enhances invasion/metastasis or
promotes proliferation signals. Many membrane-anchored molecules like chemokines, cytokines
and their receptors, may interact with various ADAMs and promote cancer cell proliferation,
angiogenesis, lymphangiogenesis and thus contribute to cancer cell progression. N nontransformed
cell, T transformed cell, S stromal cell, F fibroblast cell, BM basement membrane, BV blood vessel,
LV lymphatic vessel
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stomach, oral cavity, ovary, uterus, colon, prostate as well as leukemia [22, 48].
ADAM15 has been reported to be overexpressed in breast, prostate, stomach, and
lung cancer [22]. ADAM-17 expression is increased in breast cancer tissues with
higher expression in advanced-grade compared to low-grade tumors. Patients dis-
playing a higher expression of ADAM17 have a shorter overall survival than those
with low expression [49]. The increased level of ADAM29 has been suggested to
have a significant prognostic value for patients with CLL [50]. Likewise
ADAMTS1, ADAMTS4, ADAMTS5, ADAMTS6, and ADAMTS14 are also
upregulated in malignant tumors [22, 51].

Several adamalysins are also downregulated in malignant tumors due to loss by
mutation or epigenetic silencing. Interestingly most of these belong to the
ADAMTS family including ADAMTS1, ADAMTS3, ADAMTS5, ADAMTS8,
ADAMTS9, ADAMTS10, ADAMTS15, and ADAMTS18. These proteins appar-
ently function as tumor suppressors [51]. ADAMTS1 is poorly expressed in hep-
atocellular carcinoma (HCC) [52]. Expression profiling has shown downregulation

Fig. 3 The pro/anticancer effects mediated by different members of ADAMTS family of
proteases. Many of the ADAMTSs family members are produced by stromal or cancer cells.
Epigenetic modification of ADAMTS genes is mainly responsible for their expression. Their
contribution to cancer progression is not fully understood. While most members exert
cancer-promoting effects, other members (including ADAMT-1, 2, 9, 12 and 15) are involved
directly or indirectly in inhibiting carcinogenesis. ADAMTs thus have either positive or negative
influence on angiogenesis or lymphangiogenesis, or affect cancer-promoting signaling pathways
through the degradation of extracellular components such as thrombospondin 1/2, nidogen 1/2,
VEGF sequestration, activation of pro-angiogenic factors (HB-EGF, amphiregulin, IGFBP2),
digest extracellular matrix components (proteoglycans), and recruitment of fibroblasts involved in
cancer growth
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of ADAMTS8 gene expression in breast carcinoma, non-small cell lung cancer
(NSCLC), and brain cancers [53–55]. Knockdown of ADAMTS-9 and
ADAMTS-15 increases the tumorigenic potential of breast, gastric, and colon
cancer cells [56, 57]. Clinical studies on patients with breast cancer revealed
reduced ADAMTS15 expression that correlates with a higher probability of cancer
development and increased mortality [58]. Notably, ADAMTS15 gene is not only
epigenetically silenced, but also frequently mutated in colon and pancreatic carci-
nomas [57, 59, 60]. Studies on cancer cell lines indicated that ADAMTS18 gene is
frequently epigenetically silenced that was subsequently confirmed in tissue sam-
ples from cancer patients [61].

5 Adamalysins and Cancer Hallmarks

Dysregulated functions and activities of adamalysins lead to acquisition of cancer
hallmarks such as increased cell proliferation, apoptosis evasion, migration, inva-
sion, and neovascularization. In addition, aberrant expression of these proteases
also results in drug resistance.

5.1 Cell Proliferation and Apoptosis

Apoptosis evasion, a key hallmark capability of cancer, plays a critical role in
promoting cell proliferation and cell survival. ADAM family of proteolytic
enzymes regulates cell proliferation by cleaving growth factors or cell surface
proteins. The EGF receptor ligands (heparin-binding EGF, amphiregulin, betacel-
lulin, epiregulin) are synthesized as transmembrane proteins and all these require
ectodomain shedding for their activation [62, 63].

ADAM9 has been reported to facilitate cell proliferation and cell survival by
promoting the degradation of E-cadherin. Silencing of ADAM9 reduced ESCC cell
proliferation and migration by inhibiting EGF receptor-AKT signaling [64].
ADAM9 has been reported to be involved in the proteolytic cleavage of the
HB-EGF precursor and contribute to melanoma progression [65].

ADAM-10 has a broad substrate range and contains the six EGFR ligands, TNF,
epireguline, HB-EGF and EGF. It also contributes to E-cadherin shedding [66, 67].
ADAM-10 promotes cell proliferation by modulating b-catenin signaling and
regulating cyclin D1 levels [68]. ADAM-10 knockout (KO) embryos suffer from
cell growth arrest and apoptosis associated with overexpression of full-length
E-cadherin [67]. ADAM10 plays a role in regulated intramembrane proteolysis
(RIP), which is part of the Notch/Delta signaling pathway involved in the cleavage
of Notch membrane receptor and tumor promotion [69–71]. ADAM12 that pro-
motes HB-EGF shedding was found to be overexpressed in colorectal, breast, liver,
and stomach cancer [22]. ADAM-12 has been shown to increase stromal cell
apoptosis and decrease tumor cell apoptosis.
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ADAM17, a potent inducer of tumor growth and cell division promotes the
cleavage of different substrates including TGF-b [72]. ADAM-17 cleavage of
amphiregulin enhances proliferation of cancer cells. ADAM-17 cleaves and releases
bioactive epigen that serves as a ligand of EGFR and promotes growth and
tumorigenesis. ADAM17-catalyzed HB-EGF shedding was demonstrated to induce
mitogenic ERK1/2 signaling [73].

The expression of membrane-anchored ADAM28m and secreted-type
ADAM28s was found to be significantly higher in breast carcinomas compared
to nonneoplastic breast tissues. Treatment of ADAM28-expressing MDA-MB231
breast carcinoma cells with insulin-like growth factor-I (IGF-I) increased cell
proliferation, cleavage of IGF binding protein (IGFBP)-3, and IGF-I cell signaling.
However, treatment with ADAM inhibitor, anti-ADAM28 antibody or siRNA
silencing of ADAM-28, attenuated these processes as well as growth of xenografts
in mice. These results suggest that ADAM28 enhances proliferation of breast
cancer cells by releasing IGF-I released from the IGF-I/IGFBP-3 complex [74].

ADAMTS1 is reported to play a role in breast cancer development and pro-
gression. Induced overexpression of ADAMTS1 results in poor survival and
accelerated tumor growth in mouse models of breast cancer. Overexpression of
full-length ADAMTS-1 in CHO cells enhances tumor growth [75]. A recent study
showed a link between overexpression of ADAMTS1 and tumor growth rate in a
fibrosarcoma model.

5.2 Cell Migration, Invasion, and Metastasis

Excessive cell proliferation coupled with apoptosis evasion enables accumulation of
mutations that facilitate cell migration, invasion, and metastasis which are the most
important events in tumor progression responsible for cancer morbidity and mor-
tality. Adamalysins that play an important role in sculpting the tumor microenvi-
ronment are invaluable biomarkers of disease progression and therapeutic outcome.

ADAM9 abrogates cell–cell contact and facilitates cellular migration by pro-
moting the degradation of E-cadherin. ADAM9 was found to reduce cellular
migration, invasion, and induction of the epithelial marker E-cadherin in pancreatic
cancer [76]. The possible binding of DIS domain of ADAM9 to a6b4 and a2b1
integrins and subsequent proteolytic activity of ADAM9 enables cleavage of
laminins and promotes invasion in cancer of the breast, pancreas, stomach, skin,
liver, and lung [22]. Phosphorylation of the cytoplasmic domain of ADAM9 by
PKCd has been reported to lead to HB-EGF shedding. Abety et al.
(2012) demonstrated increased proliferation and reduced apoptosis in coculture of
melanoma cells and ADAM-9(−/−) fibroblasts, as well as in ADAM-9(−/−) mice
injected melanoma cells. The data indicate that stromal expression of ADAM-9
influences melanoma development both in vitro and in vivo by targeting TIMP-1
and sTNFR1. Chang et al. (2015; 2016) provided evidence to indicate that ADAM9
is a potential candidate for targeted therapy of non-small cell lung carcinoma
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(NSCLC). Downregulation of ADAM9 expression by RNA interference-mediated
gene silencing in human A549 NSCLC cells inhibited cell proliferation, migration
and invasion, and induced apoptosis. ADAM9 gene silencing also suppressed
tumor growth in a mouse model of lung metastasis [77].

ADAM-10 contributes to E-cadherin shedding and subsequent release of soluble
E-cadherin in the extracellular environment thereby promoting cell migration.
Overexpression of ADAM10 was demonstrated to drive metastasis in various
cancers. Knockout of ADAM10 by siRNA enhanced the antitumor activity of the
VEGFR inhibitor sorafenib as evidenced by reduced proliferation, migration and
invasion, and induction of apoptosis in hepatoma cells in vitro, and suppressed
tumor growth in vivo. This was associated with inhibition of PI3K and AKT
phosphorylation implying the involvement of ADAM10 in the activation of
PI3/Akt signaling pathway [78].

ADAM17 is involved in the proteolysis of collagen IV of the ECM as well as the
release of several integrins from the cell surface, suggesting that ADAM17 has a
profound influence on the invasive activity of different cancer cells. Furthermore,
ADAM17 as a primary upstream component for multiple EGFR pro-ligands may also
activate MEK/ERK and PI3K/Akt pathways, which contribute to invasiveness. Pri-
mary blood blasts CD13+ CD33+ from patients with acute myeloid leukemia
(AML) expressed ADAM17 transcript with higher surface expression in subtype M4
(myelomonocytic) and M5 (monocytic) specimens than in M0 and M1/M2 (early and
granulocytic) specimens. Knockdown of CD13 revealed that it is required for
downregulation of ADAM17. Interaction of ADAM17 with CD13 is believed to be
essential for ADAM17 mediated cell growth, migration, and invasion [79].

ADAMTS-1 is involved in tumor progression and facilitates local invasion and
lymph node metastasis. It is overexpressed in pancreatic cancer. Further, the
overexpression of a catalytically inactive ADAMTS-1 impedes these events, which
strongly suggests a prometastatic role for this metalloprotease mediated by its
proteolytic activity. Elevated ADAMTS-1 expression has also been associated with
high risk of bone and lung metastasis in breast cancer patients. It has been proposed
that ADAMTS-1 could facilitate the spread of tumor cells through the degradation
of versican, a predictor of metastatic relapse in human breast cancer. Similarly,
ADAMTS5 promotes brain tumor invasion [22].

Overexpression of ADAMTS-1 promotes pulmonary metastasis of TA3 mammary
carcinoma and Lewis lung carcinoma cells associated with angiogenesis, invasion,
shedding of the transmembrane precursors of heparin-binding epidermal growth
factor (EGF) and amphiregulin (AR), and activation of the EGF receptor and ErbB-2.
However, the proteinase-dead mutant of ADAMTS-1 (ADAMTS-1E/Q) inhibits
metastasis. Overexpression of the NH(2)- and COOH-terminal fragments generated
by auto-proteolytic cleavage of ADAMTS-1 also inhibits pulmonary tumor metas-
tasis as well as Erk1/2 kinase activation induced by soluble heparin-binding EGF and
AR. These results suggest that the metalloproteinase activity of ADAMTS-1 is
essential for its prometastatic activity [80].
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5.3 Angiogenesis

Angiogenesis, the formation of new blood vessels from preexisting microvascula-
ture plays a central role in tumor growth, invasion, and metastasis. The transfor-
mation from a microscopic prevascular lesion to a rapidly expanding highly
vascularized referred to as an “angiogenic switch” occurs when the pro-angiogenic
factors outweigh the effect of angiostatic molecules. Angiogenesis is a complex and
tightly regulated process involving the activation of diverse intracellular signaling
pathways, chiefly vascular endothelial growth factor (VEGF) signaling. Specific
ADAMTSs play a pivotal role in regulating tumor angiogenesis. Multiple mecha-
nisms have been proposed to explain the inhibition of angiogenesis by members of
the ADAM and ADAMTS family.

Transfection of both the full-length ADAMTS1 and catalytic domain-deleted
ADAMTS1 (delta ADAMTS1) inhibited endothelial cell proliferation, migration,
and tube formation by inducing apoptosis. These effects were abolished following
immunoprecipitation of the secreted protein from the medium. Both full
ADAMTS1 and delta ADAMTS1 gene transfer into tumor-bearing mice signifi-
cantly inhibited tumor growth as well as angiogenesis and induced apoptosis. These
results demonstrate that the antiproliferative and antiangiogenic effects of
ADAMTS1 are independent of its protease activity [81].

ADAM-15 expressed in smooth muscle cells, umbilical vein endothelial cells,
and activated endothelial cells is documented to regulate angiogenesis [82]. In
ADAM-15-deficient mice, angiogenesis was found to be inhibited [83]. The pres-
ence of Arg-Gly-Asp (RGD) sequence in the disintegrin domain that binds integrins
has been suggested to play a role in regulating angiogenesis. The recombinant
human disintegrin domain (rhdd) of ADAM15 was found to be a potent inhibitor of
tumor formation and angiogenesis. ADAM-15 RDD decreases tumor growth
associated with reduced vascularization of MDA-MB-231and B16F10 cells [84].
rhddADAM15 inhibited the proliferation of Bel-7402 hepatoma cells via the
mitogen-activated protein kinase pathway and reduced the activation of Src. In
addition, rhddADAM15 inhibited the proliferation, migration, and tube formation
of vascular endothelial EA.hy926 cells in vitro and angiogenesis in zebrafish
in vivo [85]. However, contrary to these reports, mice with sufficient or deficient
ADAM-15 showed no difference in tumor vascularity between wild-type and
mutant mice [83].

ADAMTS-1 and ADAMTS-8 have been established as antiangiogenic factors
[86]. The thrombospondin motifs of ADAMTS-1/-8 interact directly with a mem-
brane glycoprotein receptor CD36 of endothelial cells or directly through VEGF
binding [87, 88]. The TSP-1 repeats in ADAMTS-1 are believed to contribute to its
antiangiogenic activity by trapping VEGF [87, 89].

ADAMTS-2 plays a crucial role in processing fibrillar procollagen to mature
collagen. Recombinant ADAMTS-2 reduces proliferation of endothelial cells,
inhibits vasculature, and induces apoptosis associated with dephosphorylation of
Erk1/2 and MLC. ADAMTS-2 also suppressed growth and vascularization of
tumors induced in nude mice by HEK 293-EBNA cells. The antiangiogenic
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properties of ADAMTS-2 were shown to be mediated by nucleolin, a receptor
found in the nucleus and the cell membrane [90].

ADAMTS5 and 8 ADAMTS-8 have been demonstrated to exert antiangiogenic
function in tumors. Overexpression of full-length ADAMTS5 inhibited B16 mel-
anoma growth in mice by suppressing angiogenesis through the central TSR
(TSR1) presumably by downregulating the pro-angiogenic factors VEGF, placental
growth factor (PlGF), and platelet-derived endothelial growth factor (PD-EGF).
This was associated with diminished cell proliferation and enhanced apoptosis.
Catalytically active ADAMTS5 proteolytic fragment also suppressed angiogenesis
in vitro [91]. ADAMTS8 was shown to block angiogenesis via the inhibition of
FGF-induced vascularization and VEGF-induced angiogenesis. Mice with a single
silenced Adamts9 allele showed spontaneous neovascularization, thus confirming
the antiangiogenic activity of ADAMTS9 [92].

Decreased ADAMTS15 expression correlated with a worse prognosis in mam-
mary carcinoma [58]. Kelwick et al. [93] investigated the effects of ADAMTS15 on
MDA-MB-231 and MCF-7 breast cancer cells by stable expression of either a
wild-type (wt) or metalloproteinase-inactive (E362A) protein. While neither form
influenced cell proliferation or apoptosis, both forms suppressed cell migration on
fibronectin or laminin matrices. The wt ADAMTS-15 but not the E362A mutant
inhibited endothelial tubulogenesis and angiogenesis indicating that catalytic
functionality is essential for antiangiogenic effects. Experimental metastasis assays
in nude mice revealed decreased spread to the liver for both the wt and mutant
forms, with enhanced lung colonization for cells expressing wt ADAMTS-15
implying tissue niche-dependent effects [93].

Unlike other ADAMTSs, which exert antiangiogenic effects, ADAMTS-4 has
been shown to promote angiogenesis in Ewing’s sarcoma. It is noteworthy that
ADAMTS-4 undergoes an autocatalytic processing similar to that described for
ADAMTS-1, which affects the balance between protumorigenic and antitumori-
genic functions of this metalloprotease.

6 Adamalysins and Chemoresistance

Resistance to chemotherapeutic drugs, especially multidrug resistance is a major
obstacle in cancer treatment. Several adamalysin family members are reported to
induce drug resistance given their intricate involvement in proliferation, migration
and invasion. Large-scale expression analysis of drug-resistant cells using
high-density oligonucleotide microarrays revealed altered expression of 13 genes
encoding MMPs, ADAMs, ADAMTSs, and TIMPs in drug-resistant sublines when
compared with sensitive MCF-7 breast cancer cells [94]. Recent research is focused
on developing strategies to overcome chemoresistance by silencing these
molecules.
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Increased expression of ADAM-17 that leads to growth factor shedding and
growth factor receptor activation is postulated to induce drug resistance. In
multidrug-resistant colorectal carcinoma (CRC), an inverse correlation was
observed between the expression levels of ADAM-17 and miR-222. Transfection of
HCT116/L-OHP and HCT-8/VCR cells with miR-22 mimics reduced ADAM-17
expression and sensitized these cells to apoptosis induced by anticancer drugs.
Pharmacological inhibition of ADAM-17 in conjunction with chemotherapy may
have greater therapeutic efficacy [95].

Wang et al. [96] reported that hypoxia-induced resistance to cisplatin treatment
in Hep3B and HepG2 hepatocarcinoma cells is mediated by upregulation of
ADAM-17 via HIF1-a. Furthermore, overexpression of ADAM17 inhibited
cisplatin-induced apoptosis and enhanced the phosphorylation of epidermal growth
factor receptor (EGFR) and Akt, suggesting that ADAM17 causes cisplatin resis-
tance via the HIF1a/EGFR/PI3K/Akt pathway [96].

Cancer stem cells (CSCs) are known to mediate chemoresistance in patients with
metastatic colorectal cancer. Analysis of the effect of ADAM-17 inhibition by
siRNA knockdown or by TAPI-2 revealed a role for ADAM17 on cancer stem cell
(CSC) phenotype and chemosensitivity to 5-fluorouracil (5-FU) in colorectal cancer
via cleavage and release of soluble Jagged-1 and -2 and activation of Notch sig-
naling [97].

ADAM10 is upregulated in several cancers and is associated with advanced
tumor stage and grade. Small interfering RNA (siRNA) knockdown of ADAM10
decreased cell proliferation, migration, and invasion and increased
cisplatin-induced apoptosis in bladder cancer cell lines indicating that ADAM10 is
a candidate therapeutic target [98].

7 Epigenetic Modifications of Adamalysins

Epigenetic mechanisms including aberrant DNA methylation at CpG islands and
histone modifications play a fundamental role in the development and progression
of cancer. In addition, microRNAs also control target gene expression
posttranscriptionally.

Significantly higher methylation of ADAM23 was observed in estrogen receptor
(ER) positive breast cancers compared to ER negative cases [99]. The frequency of
ADAMTS1 methylation was significantly higher in gastric cancer and positively
correlated with depth of tumor invasion and tumor node, metastasis and stage [100].
Downregulation of ADAMTS9 in multiple myeloma was associated with promoter
methylation [101]. ADAMTS8, a novel tumor suppressor that inhibits EGFR sig-
naling and phosphorylation of MEK and ERK was frequently silenced by promoter
methylation in nasopharyngeal, esophageal squamous cell, gastric, and colorectal
carcinomas [102]. Using high-resolution melting (HRM) as a tool for analysis of
promoter methylation, higher degree of methylation of ADAMTS9 and
ADAMTS18 was observed in several cancers indicating gene silencing [61, 103].
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ADAMTS12 promoter is epigenetically silenced in tumor cells by hypermethyla-
tion, whereas in the surrounding stromal cells, expression of this protease is higher
presumably as a protective response [104]. Methylation of ADAMTS19 gene pro-
moter was linked to altered in vivo migration and invasion capabilities of CRC cells
[105].

ADAM17 was identified as a direct target of miR-145, a tumor suppressor miR
that is significantly downregulated in glioma cells. Ectopic expression of miR-145
decreased in vitro proliferation, migration, and invasion of glioma cells as well as
the expression of ADAM17 and EGFR [106]. High expression of ADAM9 in
bladder cancer was found to correlate inversely with miR-126 and indicated poor
prognosis. While knockdown of ADAM9 ameliorated invasiveness of bladder
cancer cells, restoration of miR-126 levels suppressed invasion [107].

8 Therapeutic Potential

Adamalysins have emerged as potential molecular targets for cancer therapeutics.
Synthetic molecules targeting ADAMs such as KB-R7785, a GM6001-derived
hydroxamate have been developed [108]. KB-R7785 is believed to inhibit
ADAM17 and block the synthesis of TNF-a, inhibit ADAM10 processing of CD44
and consequent cell migration. Drugs targeting the cysteine-rich region of
ADAM-12 have been suggested to inhibit invasion and metastasis [109].

ADAM-17 has been implicated in the development and progression of breast
cancer and is an independent predictor of prognosis [49]. Several strategies have
been developed to target ADAM-17 including selective low-molecular-weight
inhibitors [49, 110, 111]. An inhibitory humanized monoclonal antibody D1(A12),
that binds to both the catalytic domain and the disintegrin/cysteine-rich domain of
ADAM-17, was found to inhibit the proteolysis of several substrates as well as
tumor growth in an animal model of ovarian cancer and in triple-negative breast
cancer cell lines [112–114].

The ADAM10 inhibitor GI254023X was shown to suppress proliferation and
induce apoptosis of H929 multiple myeloma cells and acute T-lymphoblastic leu-
kemia Jurkat cells by preventing Notch1 activation [115, 116].

Overexpression of the ErbB family of receptors in human tumors is associated
with poor prognosis and resistance to therapy. An attractive approach to prevent
ErbB-mediated tumor growth and survival is to block sheddase activity. The
selective potent, orally bioavailable small-molecule ADAM inhibitor, INCB3619,
blocks the shedding of ErbB ligands including heregulin and reduces tumor cell
survival. INCB3619 also inhibits gefitinib-resistant HER3 signaling and augments
gefitinib blockade of EGFR signaling. Combining INCB3619 with a lapatinib-like
dual inhibitor of EGFR and HER-2/neu kinases inhibited growth of MCF-7 and
HER-2/neu-transfected MCF-7 human breast cancer cells. The second-generation
sheddase inhibitor INCB7839 when combined with lapatinib suppressed the growth
of HER-2/neu-positive BT474-SC1 human breast cancer xenografts in vivo.
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These findings underscore the scope for ADAM inhibition in pharmacological
intervention, either alone or in combination with other drugs [110, 117, 118].

Wiernik et al. [119] tested whether combination treatment through CD16 sig-
naling and targeting CD33 (CD16 � 33 bispecific killer cell engager (BiKE) plus
ADAM17 inhibitor could activate NK cells against acute myelogenous leukemia
(AML). They found that the combination inhibited CD16 shedding in NK cells, and
enhanced NK cell activation highlighting its potential for patients with relapsed
AML or for adjuvant antileukemic therapy posttransplantation [119].

9 Conclusion

Adamalysins are relatively new players in cancer biology. Recent evidences suggest
their role in cancer cell growth and proliferation [62, 63]; invasion andmetastasis [22];
angiogenesis and cancer cell stemness [120]. These enzymes release
membrane-bound growth factors, receptors, cytokines, and other molecules by
shedding and RIPping, resulting in the activation of key signaling pathways. They
also act on integrins or syndecans and influence cell–cell adhesion. These enzymes
cleave ECM molecules and facilitate metastasis of cancer cells to metastasize to
distant organs. The adamalysis have dual roles, while some members promote tumor
development and progression, several others function as tumor suppressors. Although
understanding the complex roles of adamalysins in cancer is technically challenging,
the emerging knowledge and exciting new discoveries will provide deeper mecha-
nistic insights into the tumor microenvironment besides enabling drug development.
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16Role of Proteases in Lung Disease:
A Brief Overview

Sajal Chakraborti, Jaganmay Sarkar, Pijush Kanti Pramanik
and Tapati Chakraborti

Abstract
Proteases play an important role in health and disease of the lung. In the normal
lungs, proteases maintain their homeostatic functions that regulate processes like
its regeneration and repair. Dysregulation of proteases–antiproteases balance is
crucial in the manifestation of different types of lung diseases. Chronic
inflammatory lung pathologies are associated with a marked increase in protease
activities. Thus, in addition to protease activities, inhibition of anti-proteolytic
control mechanisms are also important for effective microbial infection and
inflammation in the lung. Herein, we briefly summarize the role of different
proteases and to some extent antiproteases in regulating a variety of lung diseases.

Keywords
Protease � Antiprotease � Lung diseases � Infection � Inflammation

1 Introduction

The lung possesses a large number of anti-inflammatory components [1], which
fight against microbial infections.

Serine, cysteine, aspartic, and metalloproteases are the principal classes of
protease present in the human lung. A good number of evidence suggest that
neutrophil serine proteases (NSPs) such as elastase, proteinase 3 (PR3), cathepsin G
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(CatG), and matrix metalloproteases (MMPs) are major pathogenic determinants of
chronic inflammatory lung disorders [1]. The lung proteases act in concert with the
proteases of invading microbes, inactivate antiproteases, and antimicrobial com-
pounds and thereby play a pivotal role in different types of lung diseases including
chronic obstructive pulmonary disease (COPD), asthma, acute respiratory distress
syndrome (ARDS), influenza, and cancer [1].

The lung proteases can either intracellularly or extracellularly regulate processes
such as tissue remodeling, mucin production, neutrophil chemotaxis, and microbial
destruction. Additionally, they regulate infection and inflammation in the lung, for
example neutrophil elastase (NE), a serine protease, which plays critical role in the
progression of a variety of lung diseases. It can regulate activities of CatB and
MMP-2 in alveolar macrophages [2] and also activates proMMP-2, MMP-7, and
MMP-9 [3–5], indicating that NE may act as a proinflammatory mediator. In some
cases, NE regulates important signaling pathways that modulate innate immunity
[6, 7]. NE’s multiple roles characterize it as a decisive factor controlling many
aspects of infection and inflammation in the lung.

2 Pulmonary Hypertension

Pulmonary hypertension (PAH) occurs due to elevation of pulmonary artery
pressure and if it is prolonged, then right ventricular failure may occur with sub-
sequent fatality [8]. PAH often leads to secondary complications of many pul-
monary disorders such as COPD, asthma and chronic bronchitis bronchopulmonary
displasia, cystic fibrosis, chronic bronchitis, and emphysema [9, 10].

2.1 Serine Protease and Pulmonary Hypertension

The role of oxidants such as hydrogen peroxide, hydroperoxides, superoxide, and
peroxynitrite in producing PAH is now well established [11–15]. Administration of
the oxidant, tert-butylhydroperoxide (tert-buOOH) to the perfusate of isolated rabbit
lungs causes pulmonary vasospasm [16]. Oxidant-induced pulmonary vasocon-
striction can be blocked by the cyclooxygenase or thromboxane synthase inhibitor,
indomethacin and is closely correlated with the thromboxane level in the effluent
perfusate [13, 16–19], suggesting a critical role of thromboxane in pulmonary
vasoconstriction. On the other hand, TMB-8, an intracellular Ca2+ ([Ca2+]i)
antagonists, has been shown to prevent oxidant-mediated pulmonary vasocon-
striction [13]. Thus, oxidant-mediated PAH is triggered by an increase in [Ca2+]i.
In many occasions PAH occur due to an increase in [Ca2+]i caused by stimulants
such as thromboxane A2 and endothelin-1 that generates oxidants. Oxidant and Ca2
+ ionophore-mediated pulmonary hypertension has been observed to be inhibited by
serine protease inhibitors, for example, aprotinin [19–21].
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The mechanism by which oxidants stimulate production of the arachidonic acid
(AA) metabolites has gained considerable interest. A report by Chakraborti et al.
[22] indicated that oxidants, e.g., tert-buOOH stimulation of pulmonary artery
endothelial and smooth muscle cells caused a marked increase in phospholipase A2

(PLA2) activity with subsequent generation of AA. Mepacrine, an inhibitor of PLA2

inhibits tert-buOOH-induced increase in PLA2 activity, thromboxane B2 produc-
tion, and PAH [19, 22]. Some investigators, considering the analogy of activation
of pancreatic phospholipase A2 [23], suggested that a serine protease might be
involved in regulating PLA2 activity [24]. Chakraborti et al. [25, 26] demonstrated
that oxidant-mediated activation of PLA2 activity in pulmonary endothelial and
smooth muscle cells occur with the involvement of proteolytically activated protein
kinase Ca (PKCa). They have also demonstrated that oxidants caused increase in
[Ca2+]i in pulmonary endothelial and smooth muscle cells can activate an aprotinin
sensitive protease having mol mass of *43 kDa [26]. The protease then prote-
olytically activates PKCa resulting in stimulation of cPLA2 (Fig. 1), which gen-
erates thromboxane and that has been observed to be important in producing PAH
[25, 26]. Oxidants elicit an increase in [Ca2+]i due to proteolytic activation of

Fig. 1 Schematic representation of the underlying mechanism associated with oxidant (reactive
oxygen species: ROS)-mediated cPLA2 activation in pulmonary vascular endothelial and smooth
muscle cells. A calcium channels; B membrane bound Ca2+ stores; C anion channels; D diffusion;
E inhibition of Na+ dependent Ca2+ uptake
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PKC-d by MMP-2 resulting in phosphorylation of a pertussis toxin sensitive protein
(Gi) leading to inhibition of Na+ dependent Ca2+ uptake (Na+/Ca2+ exchanger) in
the endoplasmic reticulum (ER) [27–31] (Fig. 2), whereas the role of cell mem-
brane for an increase in [Ca2+]i has been observed to be due to phosphorylation of
Gi via proteolytically activated PKCa by an aprotinin sensitive serine protease
leading to inhibition of Na+ dependent Ca2+ efflux (Na+/Ca2+ exchanger) (Fig. 1) in
pulmonary vascular cells [24–26].

In many systems, Ca2+-ATPase represents only about 1% of the total proteins
[32]. In heart sarcolemmal vesicles, Ca2+ uptake via NCX produces maximum
transport velocity and that has been demonstrated to be about 30-fold up than that
elicited by the sarcoplasmic reticulum {S(ER)} Ca2+ pump system [33]. In addition

Fig. 2 Schematic representation of the underlying mechanism of oxidant (reactive oxygen
species: ROS) triggered inhibition of Na+ dependent Ca2+ uptake in bovine pulmonary smooth
muscle ER resulting in an increase in [Ca2+]i. A Anion channel; B diffusion; MMP-2 matrix
metalloprotease-2; TIMP-2 tissue inhibitor of metalloprotease-2; PKCd protein kinase C delta;
RACK-1 receptor for activated C kinase-1; Gia inhibitory G protein a subunit; GiaP
phosphorylated Gia; C Na+-K+-ATPase/Na+-H+ exchanger. (Taken from Chakraborti et al.
(2005) Mol Cell Biochem. 280: 107–117 with permission)
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to the Ca2+ pump, Na+ dependent Ca2+ uptake system is an important mechanism to
sequester Ca2+ in the ER of pulmonary vascular cells [29–33]. A decrease in Ca2+

sequestration by proteolytic inhibition of Na+ dependent Ca2+ uptake has been
observed to measure duration of free [Ca2+]i transient, which eventually produces
vasoconstriction [34, 35]. In different systems, Na+/Ca2+ exchanger controls the
contractility of smooth muscle cells [34, 35]. For example, contractile dysregulation
in the myocardium could be related with activation of proteases [36]. Thus, the role
of cell membrane associated aprotinin sensitive protease and ER MMP-2 on Na+/
Ca2+ exchange in pulmonary artery endothelial and smooth muscle cells under
oxidant triggered condition is an important mechanism for the pathological mani-
festation of pulmonary vasoconstriction [24–26, 29–31].

2.2 MMPs and Pulmonary Hypertension

PAH is characterized by persistent vasoconstriction and remodeling of pulmonary
vasculature associated with activation of proteases, for instance, MMPs [34].
Remodeling of pulmonary artery is associated with an alteration of extracellular
matrix (ECM) turnover with concomitant change in ECM proteins level. In PAH,
dysregulation of ECM turnover has been suggested to play an important role in the
pathological remodeling process [35, 36]. ECM degradation occurs by different
proteases of which matrix metalloproteases (MMPs) has been shown to play the
crucial role [37, 38]. Of the MMPs, MMP-2, and MMP-9 are able to cleave
basement membrane associated type IV collagen, which increase remodeling of the
pulmonary vasculature in PAH [39]. Given the potency of MMPs, its activity is
tightly regulated at the transcriptional and post-translational level, where the tissue
inhibitors of MMP (TIMPs) play a pivotal role [40, 41].

IL-1, a potent endogenously generated inducer of PAH, elicits its effect via an
increase in the level of TGF and TNF in pulmonary smooth muscle cells. TGF
causes an increase in the expression of the 92 kDa proMMP-9 and 72 kDa
proMMP-2 mRNAs, while TNF triggers activation of proMMP-9 and proMMP-2
[42].

MMP-2 is produced upon activation of proMMP-2 by a variety of stimuli under
different pathophysiological conditions. It has been observed that the activation of
proMMP-2 occurs at the cell membrane. Interaction between MT1-MMP and
TIMP-2 is an important phenomenon in the activation of proMMP-2. The
MT1MMP-TIMP2 associates with proMMP-2 and forms a trimolecular complex,
which triggers the activation of proMMP-2 and subsequently generates MMP-2
[41, 42]. The activation of proMMP-2 in pulmonary artery smooth muscle cells
occur with the involvement of protein kinase C-a dependent and
NF-кB-MT1MMP-mediated signaling mechanism. TNF-a augments mRNA and
protein expression of MT1MMP, while the expression level of TIMP-2 diminishes.
The increase in TNF-a leads to IKK activation, IB phosphorylation and degrada-
tion, and subsequently activation of NF-кB. Upon activation, NF-кB binds to the
MT1-MMP promoter, thereby enhancing its expression and subsequently increases
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proMMP-2 level in association with TIMP-2 that is modulated by protein kinase
C-a at the cell membrane [41, 42] (Fig. 3). This indicates therapeutic potentiality of
PKC inhibitors in ameliorating the PAH, where activation of proMMP-2 is an
important phenomenon.

ProMMP-9 activation by TNF-a has been observed to occur with the involve-
ment of an aprotinin sensitive serine protease [42]. TNF-a was shown to inhibit
aprotinin and TIMP-1 mRNA and protein expression, which trigger activation of
proMMP-2 resulting in the stimulation of MMP-2 (Fig. 4). Under IL-1b stimula-
tion, the aprotinin sensitive protease was not activated, although a discernible
inhibition of TIMP-2 mRNA and protein expression were triggered by TNF-a [42].
Thus, IL-1-induced stimulation of the two progelatinases occurs via different
mechanisms.

Fig. 3 Schematic representation of TNFa-induced proMMP-2 activation in the SMCs. TNFa
binds to cell surface receptor TNFR1. Upon binding, TNFa induces PKCa activation, which
subsequently activates IKK by phosphorylation. Activated IKK then phosphorylates IkB-a, which
upon phosphorylation is ubiquitinated and degraded in the cytosol. The free NF-кB then
translocates to the nucleus and increases the expression of MT1-MMP, which then accumulates on
the cell surface. PKC-a, on the other hand, also down regulates TIMP-2 expression by mechanism
that is currently unknown. (Taken from Roy et al. (2013) J Biochem 153:289–302 with
permission)
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3 Influenza

Influenza viruses are highly infectious and trigger acute respiratory diseases with
significant morbidity and mortality in humans and other animals [43–46].

Influenza viruses can be classified as A, B, or C. Influenza virus A, found in
humans and other mammals and birds, played a nefarious role in causing the three
twentieth century major influenza outbreak and also the influenza outbreak of swine
origin that occurred in the recent past [47]. Many of the influenza A-related mor-
talities are attributable to secondary bacterial pneumonia [48, 49].

Haemagglutinin (HA) protein contributes critically to influenza virus-mediated
pathogenicity. HA of influenza virus binds to sialic acid containing cell surface
receptors. HA upon cleavage by a good number of host of protease(s) forms HA1
and HA2 subunits and that has been fused with host cell membrane, which sub-
sequently initiates the infection process [49–52]. In most cases, the cleavage site of
HA of avian and mammalian influenza viruses is a single arginine, albeit a single
lysine amino acid has also been observed at the cleavage site in some cases.
Cleavage can occur extracellularly by trypsin [53, 54] and proteases such as

Fig. 4 Schematic representation of proMMP-9 activation by an aprotinin sensitive protease
during IL-1b stimulation of pulmonary artery smooth muscle cells. IL-1b treatment to the cells
stimulates TGF-b and TNF-a. TGF-b stimulates expression of proMMP-9, while TNF-a activates
proMMP-9 via an increase in a *43 kDa aprotinin sensitive protease concomitant with the down
regulation of aprotinin and TIMP-1 expression
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plasmin [55–57], tryptase of bronchiolar epithelial and mast cells [58], and also by
bacterial proteases [59–61].

Several other proteases expressed in the lung are also able to facilitate influenza virus
spread. Böttcher et al. [62] demonstrated that TMPRSS2 and TMPRSS11D, trans-
membrane serine proteases, (a.k.a. human airway trypsin-like protease: HAT) activate
the influenza viruses H1N1 (A/Memphis/14/96), H2N9 (A/Mallard/Alberta/205/98),
andH3N2 (A/Texas/6/96) upon cleavage of haemagglutinin (HA) and contribute to the
high pathogenicity of these influenza viruses in the lung [63]. In addition to HAT,
TMPRSS-2 and -4, the granzymes (Gzm) such asGzmA,GzmB, andGzmE are known
to play a key role in the process of cleavage of 1918 H1N1 HA as a part of the
progression of the influenza disease [62, 63].

The sites of virus replication in the microenvironments of respiratory tract
represent complex extracellular proteases (such as trypsin and tryptase), which
activate a family of receptors called protease activated receptors (PARs) [64, 65]
and that play an important role in both virus replication and innate immune
response [58, 66]. Four PARs (PAR1-4) are known to be activated by different
proteases. After cleavage of the receptor(s) by proteases, the newly released amino
terminal sequence binds and internally activates the receptor [67]. In the airways of
IAV-infected mice, an increase in the level PAR2 upon IFNc-mediated modulation
has been shown to play a crucial role in influenza pathology [68, 69].

Multiple serine protease activities are implicated in mediating influenza virus
infection. Inhibition of influenza A virus infection in cultured lung epithelial cells
by serine protease inhibitors, for example, aprotinin markedly protects mice from
infection [70]. Another serine protease inhibitor, camostat has also been shown to
possess anti-influenza (Taiwan/1/86) virus pathology [71].

4 Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is associated with the pathological
manifestations of emphysema and chronic bronchitis. Emphysema is characterized
by a marked destruction of the alveolar septa with concomitant decrease in lung
plasticity and that results in gas trapping leading to a marked decrease in pulmonary
oxygenation in the lung. Chronic bronchitis usually occurs with inflamed and
thickened airways along with an increase in mucus production by the cells in the
airways, which leads to a marked increase in cough and difficulty in breathing.
Noxious particles present in cigarette smoke and automobile exhaustion have been
observed to be an important causative agent of COPD [72, 73].

In the early 1960s, proteases have been shown to produce lung lesions in
experimental animals similar to human emphysema. Initial studies in this scenario
included metalloproteinases, papain and subsequently serine proteases, for exam-
ple, porcine pancreatic elastase [74].
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4.1 Serine Proteases and COPD

The identification of a1-PI (an endogenous serine protease inhibitor) and subse-
quent research confirmed that a strong association exists between the development
of emphysema and inherited deficiency of the inhibitor [75]. A critical role of serine
proteases have been established in the pathobiology of emphysema. Preliminary
studies in this genetic condition of inherited a1-PI deficiency indicated that chronic
bronchitis is associated with the early onset of the disease [76, 77].

The lung epithelium of normal individuals is protected from the detrimental
effects of neutrophil serine proteases (NSPs) by a battery of antiproteases. Large
quantities of NSPs (*20-fold w.r.t. normal subjects) released by neutrophils in
acute and chronic inflammatory conditions overpowered antiprotease activities,
leading to uncontrolled proteolysis and subsequently lung damage [74–76].

Alpha-1-PI deficiency increases activities of different enzymes secreted by
activated neutrophils such as NE, cathepsin G (CatG), and proteinase 3 (PR3), all of
which are capable of damaging different components of the ECM such as collagen,
laminin, fibrillin, and elastin. However, several evidences suggest that it is the
destruction of lung elastin that is important in causing emphysema, which generates
COPD pathophysiology in animal model systems [75, 76].

Human neutrophil elastase (HNE), by destroying elastin, plays a critical role in
the development of pulmonary emphysema [76, 77]. HNE has many other bio-
logical activities. For example, it stimulates mucin production [78], activates MMPs
[5], inactivates TIMPs [79], and generates neutrophil chemotactic elastin-derived
fragments [80, 81]. PR3 and CatG, two elastase homologues secreted in massive
quantities from neutrophils at inflammatory sites, have also been shown to have
proinflammatory functions acting through various mechanisms [80–82]. The most
abundant is the a1-PI, which targets preferentially HNE. Secretory leukoprotease
inhibitor (SLPI), an inhibitor of HNE and CatG, but not of PR3, has been shown to
control excess proteolysis in the upper airways [83]. Elafin, derived from trappin-2
(pre-elafin) [84], is an NSP inhibitor that controls the activities of HNE and PR3
[85]. Other NSP inhibitors including 1-antichymotrypsin and monocyte/NE inhi-
bitor (MNEI) were found to play relatively minor role as protease inhibitors [86,
87]. NSPs, therefore, could prove useful as therapeutic target for a number of
inflammatory lung diseases.

There are differences in pathological manifestations among smoking and
non-smoking a1-PI deficient COPD patients. The smokers with COPD frequently
show pulmonary emphysema and bronchitis, while patients of the latter category
often show emphysema without bronchitis. Although the chronic smokers usually
suffer from the antiprotease inactivation in both the airways and respiratory units as
a result of oxidant-mediated inactivation of a1-PI, the non-smoking a1-PI deficient
individuals possess diminished antiprotease content primarily in respiring units,
which are free of mucus glands and depends upon a1-PI for antiprotease defence
[88].

Oxidative stress induced by cigarette smoke in COPD patients may promote the
inflammatory state by recruiting additional neutrophils and upregulating the
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inflammatory transcription factor, NF-кB and neutralizing TIMPs in addition to
a1-PI and SLPI [89].

4.2 Urokinase Plasminogen Activator and COPD

In COPD patients, an increase in urokinase plasminogen activator (uPA) level in the
airway epithelial and alveolar cells, and lung macrophages cause destruction of
small airways and alveolus of the lung [90]. Urokinase plasminogen activator
receptor (uPAR), in addition to functioning as a protease receptor, mediates
intracellular signaling [91]. An increase in uPAR level in the macrophages has been
observed in patients with COPD, which suggests the critical role of uPAR in
inflammation and tissue remodeling including parenchymal destruction and fibrosis
of small airways [92].

4.3 MMPs and COPD

MMPs are known to induce morphological changes in the lung that are prevalent in
COPD. Several MMPs are known to play important roles in the pathogenesis of
COPD [93]. Lung parenchyma and inflammatory cells such as neutrophils and
macrophages are the major sources of MMPs in patients with COPD [94].

MMP-12 (a.k.a. macrophage elastase) is known to play an important role in
COPD pathogenesis. A marked increase in MMP-12 expression in alveolar mac-
rophages is associated with smoking associated emphysema [95]. In mouse, dele-
tion of MMP-12 gene prevents cigarette smoke-induced inflammation, neutrophil
influx, and emphysema in the lung [96, 97]. Genetic analysis of human COPD
patients demonstrated that the common serine (codon 357) of the MMP-12 gene
plays a crucial role in the pathological manifestations of matrix degradation, which
has been observed to be related with the severity of the disease [98, 99].

Analysis of COPD lung tissue indicated an increase in the activity of MMP-1
and MMP-8, but not MMP-13 [100, 101]. An increase in MMP-1 activity was
found in type II pneumocytes in patients with emphysema, but not in normal control
subjects [101]. Neutrophil-derived MMP-8 levels were markedly increased in
patients with COPD in comparison to the normal subjects [101]. Prominent increase
in MMP-2 and MMP-9 expression has been observed in the lung of COPD patients
[102]. During interleukin-10 (IL-10)-mediated airflow obstruction, an imbalance
between MMP-9 and TIMP-1 results in an increase in MMP-9 activity was found in
an animal model system [103].

Acrolein, a component of cigarette smoke‚ has been shown to initiate cleavage
of proMMP-9, thereby producing active MMP-9. However, MMP-9 knockout mice
do not completely inhibit cigarette smoke-induced emphysema, suggesting that
other MMPs also play role in COPD pathogenesis [103]. Importantly, MMP-14, the
membrane-type MMP (MT1-MMP), has been observed to be induced by acrolein
which upon increase in mucin production leads to COPD [104] (Fig. 5).
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5 Lung Fibrosis

Lung fibrosis (a.k.a. interstitial lung diseases) is a chronic disorder, exemplified by
a marked increase in matrix degradation and intra-alveolar fibrosis leading to
dyspenea, impaired oxygen transfer and alveolar collapse [105, 106]. Lung fibrosis
occurs in the alveolar space and interstitium and is characterized by a widespread
accumulation of differentiated fibroblasts (i.e., myofibroblasts) and ECM
components.

Fibrotic disorders in the lung are associated with dysregulation of proteolytic
activities. A considerable number of reports have suggested the involvement of
cathepsins in this scenario. Enhanced proteolytic processing of CatB was observed
in the lungs during an increase in TGF-b, suggesting that CatB may participate in
fibrogenesis [107].

Microarray studies have revealed that in addition to NE, MMP-7 (a.k.a. matri-
lysin) is an important COPD marker. MMP-7 degrades decorin, the extracellular
proteoglycan, which subsequently releases decorin-bound transforming growth

Fig. 5 Cigarette smoke and other noxious volatile components-mediated dysregulation of
protease–antiprotease balance resulting in an increase in protease activity for pathological
manifestation of COPD
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factor-b (TGF-b) [108] and that subsequently contributes to TGF-b activation,
which is known as a critical marker of COPD [109].

6 Silicosis

An increase in the activity of MMP-2, MMP-9, and stromelysin has been
demonstrated in alveolar macrophages from silica-treated rats, which contribute to
extracellular matrix (ECM) and basement membrane (BM) degradation [110].
Administration of silica particles to mice causes upregulation of cathepsin K (CatK)
expression and activity in silicotic lung homogenates compared to control lungs.
Lung fibroblasts and macrophages were known as the main CatK-producing cells.
Expression of CatK is inversely correlated to the level of TGF-b1, suggesting a
protective role of CatK during silicotic process [111]. Mature active CatB, -H, -K,
-L, and -S were identified in the broncho alveolar lavage fluids (BALFs) of patients
suffering from silicosis. Among them, CatH has been observed to be the most
abundant aminopeptidase, while CatB and CatL were mostly found thiol dependant
endoproteases. Importantly, an increase in cathepsins/inhibitors ratio has been
shown to favor uncontrolled proteolysis during silicosis [110, 111].

7 Cystic Fibrosis

In cystic fibrosis (CF), a marked increase in the activities of proteases could damage
the airway architecture and that contributes to progressive bronchiectasis, a con-
dition where the bronchial tubes of lungs are permanently damaged and enlarged
due to infection in the bronchi [112, 113]. CF is an autosomal recessive genetic
disorder caused by loss of expression or functional mutations to the cystic fibrosis
transmembrane conductance regulator (CFTR) [114, 115]. CF affects multiple
organs, albeit the pathology associated with CF appears to be due to its effect on the
respiratory system. Non-functional CFTR channels in CF patients prevent the
regulation of chloride and sodium ions across epithelial membranes leading to an
increase in dehydrated mucus secretions in the lungs [112–116].

The key immune cell mediators seen in CF patients are polymorphonuclear
neutrophils [115]. Upon recruitment, activated neutrophils release a wide variety of
proteases, which induce inflammatory response and subsequently tissue damage
[115, 116].

The impairment of mucociliary clearance mainly revolves around the interac-
tions between NE and mucins. Mucins are a family of highly glycosylated proteins
produced by epithelial cells and are the main components of the mucus found
clogging of the airways in CF patients [117, 118]. NE has been shown to regulate
the mucins via activation of TNF—converting enzyme, which upregulates their
expression via epidermal growth factor receptor (EGFR) pathway [118–120].
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CF patients cannot efficiently clear mucus due to damage by proteases to the cilia
structures in the lungs and, therefore, are highly susceptible to chronic bacterial
infections [121–123].

MMPs were found to play a crucial role in CF pathogenesis [124]. MMP levels
are increased in the BAL of CF individuals [125]. MMPs produce
proline-glycine-proline (PGP), a neutrophil chemoattractant derived from extra-
cellular matrix, which regulates the immune response during CF [126].

A marked increase in NE has been shown in CF lung, which causes airway
remodeling by degrading ECM proteins such as elastin and fibronectin [127]. The
resulting alteration of airway epithelial cell membrane by NE induces
neutrophil-mediated inflammation upon increase in the expression of proinflam-
matory cytokines, for example, IL-8, which results in neutrophil-mediated
inflammation by upregulating the proinflammatory MMPs, CatG, and PR3 lead-
ing to tissue damage in the CF lung [6].

8 Asthma and Allergy

8.1 Asthma

Asthma is a chronic inflammatory disease of the airways and its occurence and
propagation is on the rise. The number of patients with asthma is estimated to attain
a staggering figure of 100 million globally by 2025 [128]. Generally, asthma is
triggered by the activation of adaptive immune response that upon inducing the
lung triggers mucus production, increased IgE level, airway remodeling, and airway
hyperactivity [129].

Manifestation of Asthma is characterized by acute inflammatory response and
airway obstruction [130]. In both acute and chronic asthma, proinflammatory cells,
including neutrophils, eosinophils, mast cells and macrophages enters into the lung
tissue [131, 132]. These proinflammatory cells secrete a variety of extracellular
proteases of which serine proteases and MMPs are important as these enzymes play
prominent role in asthma pathogenesis [133–139].

Plasminogen can be converted to the active enzyme plasmin by tissue type
plasminogen activator (PA) or urokinase-type PA (u-PA). Tissue PA and u-PA are
associated with the dissolution of fibrin and also in the degradation of ECM
components [140]. Plasminogen activator inhibitor-1 (PAI-1) is a major inhibitor of
tissue type plasminogen activator and u-PA, and thereby contributes to matrix
formation by preventing matrix degradation. Mast cells (MCs) in the airways of
patients with asthma are crucial in initiating allergic inflammation [141]. MCs and
bronchial epithelial cells (BECs) are the major source of plasminogen activator
inhibitor (PAI-1). The interactions between the BECs and the MCs are important in
maintaining persistent inflammation and structural changes in asthma [142].

IgE-mediated inflammation is well known for the pathogenesis of asthma.
MCs-derived TGF-b upon cross-linking with IgE receptor enhances PAI-1
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production in BECs. This increase in the production of PAI-1 has been suggested to
play a critical role in the development of fibrosis that occurs adjacent to the
epithelium [143]. Conceivably, drugs that inhibit activation of MCs, for example,
by anti-IgE may prove useful in preventing airway remodeling in asthma.

8.2 Serine Protease and MMP in Asthma Pathophysiology

Proteolytic enzymes including NE and MMP-9 play important roles in tissue
remodeling and repair in the airways [144]. The proteolytic enzymes levels are
increased in asthma, which occurs due to an imbalance in the protease–antiprotease
system.

In neutrophilic asthma, high levels of active NE and proMMP-9 were observed,
whereas only a small amount of MMP-9 has been observed to be active. However,
eosinophilic asthma was characterized with high level of active MMP-9 without
free elastase. Thus, a differential profile of protease activity has been observed in
asthma. A deficiency of antiproteases may explain the differential enzyme activity
observed in eosinophilic and neutrophilic asthma. An increase in the level of
MMP-9 bound to TIMP-1 in subjects with neutrophilic asthma in comparison to the
eosinophilic asthma has been observed. This could explain about the presence of
low level of active MMP-9 in neutrophilic asthma. This relative deficiency of
TIMP-1 in subjects with eosinophilic asthma in comparison to neutrophilic asthma
may explain about the high level of active MMP-9 that exists in the sputum of
subjects in this group [144–146].

Alpha1-PI level has been observed to be increased in neutrophilic asthma, but its
function was impaired leading to a marked increase in free elastase (NE) activity.
Proteolytic inactivation of a1PI may lead to a form, which acts as an activator of
neutrophils and that could result in superoxide (O2

.−) production [146]. However,
role of proteolytic enzymes in specific inflammatory phenotypes of asthma is not
clearly known. In contrast, IL-8 (a potent chemoattractant and an activator of
neutrophils) plays an important role in eosinophilic asthma [6]. NE can induce
production of IL-8 and its potency has been observed to be elevated upon prote-
olytic processing by MMP-9 [147].

Patients with persistent inflammatory asthma elicit more non-eosinophilic asthma
progression than that of the eosinophilic asthma. These exacerbations are not pre-
vented by corticosteroid treatment [148]. COPD and neutrophilic asthmatic patients
generally show chronic airway inflammation associated with a marked airway neu-
trophilia, which are not discernibly responsive to inhaled corticosteroids [148, 149].

8.3 Cytokines and Asthma

Inflammation in asthma has been observed to be mediated by a specific subclass of
T-lymphocytes referred primarily to Th2 lymphocytes, which causes inflammation
and remodeling via secretion of specific cytokines [150].
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Cytokines, for example, IL-11 play primary role in mediating asthma patho-
physiology through its receptor (IL-11R). ADAM-10, a matrix metalloprotease, can
release the IL-11R ectodomain upon cleavage of IL-11 receptor. Serine proteases
such as NE and PR3 can also cleave the IL-11R. The resulting truncated soluble
IL-11R (sIL-11R) activates the inflammatory cells. Thus, IL-11 signaling pathology
proceeds upon proteolytic cleavage of its receptor [151].

An increase in the numbers of apoptotic airway epithelial cells in COPD has
been observed to be associated with secondary necrosis [152, 153]. In severe
asthma, conditions associated with increased airway neutrophilia, tissue damage
and an increase in apoptosis of airway epithelial and smooth muscle cells have also
been demonstrated [154]. Granzymes, a family of serine protease, have a repute to
initiate immune-mediated cell death. Cytotoxic T cells and natural killer (NK) via
granzyme-mediated pathway induces apoptosis of target cells, e.g., bronchial
epithelial cells. Granzymes play critical roles in a variety of age-related chronic
inflammatory diseases. There are five human granzymes identified so far in the
lungs. These are granzyme A (GzmA-tryptase), granzyme B (GzmB-aspase),
granzyme H (GzmH-chymase), granzyme K (GzmK-tryptase), and granzyme M
(GzmM-metase). Granzymes, especially granzyme B and perforin, are stored in
secretory granules of cytotoxic cells, and are released into the intercellular space
following adhesion to the target cells. In presence of Ca2+, perforin pores in the cell
membrane enable entry of granzyme B and subsequently induces
caspase-dependent apoptosis [155], which may be an important mechanism of lung
injury in asthma.

8.4 Allergy

Many aeroallergens like house dust mites and fungal allergens associated proteases
play important role in asthma pathophysiology. Epidemiological studies suggested
that sensitivity to fungal allergens could be an important cause of allergic asthma
[156].

8.5 Alternaria Alternate and Asthma Severity

The fungus Alternaria alternate has been observed to cause asthma under certain
circumstances [157, 158]. The allergen of the fungus possesses intrinsic proteolytic
activities and that upon activating protease activated receptors (PARs) play a
prominent role in mediating allergic airway diseases. Interleukin-33 (IL-33) has
been observed to be associated with the development of allergic asthma [159].
IL-33 expression in the lung was found to be elevated in the asthmatic subjects and
the asthma severity could be positively correlated with the IL-33 expression in the
airways [160, 161].

Alternaria driven release of IL-33 occurs with the involvement of a serine
protease specific to this aeroallergen. The Alternaria serine proteases cause marked
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inflammation because of the capacity of the serine protease to drive IL-33 release,
which in turn induces rapid onset of asthma exacerbations. Thus, targeting the
protease—IL-33 signaling axis could prove useful as a therapeutic measure in this
kind of asthma pathogenesis [162].

8.6 Aeroallergenicity of Acanthamoeba

The free living amoeba, Acanthamoeba trophozoite, is found in human airway
cavities and possesses high protease activities, which can elicit allergic airway
inflammation [163]. Intranasal inoculation of A. trophozoite or its excretory
secretory (ES) proteins in mice have been shown to elicit allergic airway inflam-
mation. ES proteins with strong protease activities stimulate dendritic cells and also
able to enhance the differentiation of early T cells into mature IL-4 secreting T cells.
Treatment of ES proteins in the protease activated receptor (PAR-2) knockout
mouse showed inhibition of lung airway inflammation and Th2 immune responses
with lower IgE level compared with the normal mouse. This suggests a role of
PAR-2 in the aeroallergenicity of Acanthamoeba allergens [163].

8.7 Seasonal Rhinitis and Asthma

Allergic diseases like seasonal rhinitis and asthma are generally result from
exposure to airborne pollens. Asthmatic patients allergic to pollen have been
observed to develop a chronic inflammation of the airways leading to bronchial
obstruction and hyper responsiveness. Upon inhalation, pollen grains release a wide
variety of allergens with protease activities, which may act as inflammatory
mediators and subsequently pathogenesis of respiratory allergies. The proteases
were known to inactivate lung regulatory neuropeptides, for example, substance P
and vasoactive intestinal peptide (VIP) [164] leading to dysregulation of the
contraction-relaxation rhythm of the respiratory airways. The inhaled allergens
were processed by dendritic cells (DCs) present at the subepithelial regions, and
then present allergen peptides to native T-lymphocytes for stimulation of IgE
production. Some pollen allergens exhibit proteases such as aminopeptidase and
trypsin-like serine protease activities, which can cleave proteins from junctional
complexes between epithelial cells [165]. A 98 kDa aminopeptidase of Parietaria
judaica, for instance, has been shown to cause detachment of A549 human alveolar
epithelial cells by degrading intercellular adhesion proteins from tight junctions and
adherens junctions [165, 166]. Pollen proteases can induce degradation of cell
junction proteins such as occluding, claudin-1 and E-cadherin, thereby help aller-
gens to cross the epithelial barrier and contact with DCs for intensifying immune
response [164–166].

348 S. Chakraborti et al.



8.8 Organic Dust Allergy

Organic dusts made for agriculture may lead to airway inflammation, which may
cause sinusitis and chronic bronchitis to workers in agricultural industries [167–
170]. Workers in livestock industries working in concentrated animal feeding
operations (CAFOs) are susceptible to chronic airway diseases [171]. Extracts of
dust collected from CAFOs are potent stimulators of lung inflammatory responses.
Hog dust extract (HDE) contains active proteases, which play a critical role in lung
inflammatory processes [172, 173].

Epidermal growth factor receptor (EGFR) signaling has been shown to play an
important role in the proinflammatory response of bronchial epithelial cells (BECs)
to HDE [172]. The proinflammatory effect of HDE has been suggested to be due to
the proteolytic activation of PARs, especially PAR-2 [173]. In lung epithelial cells,
actions of fungal, cockroach and dust mite allergen proteases are mediated by the
cleavage and activation of protease activated receptor-2 (PAR-2) [174–176].
However, PAR-1 is unable to mediate the effects of these proteases. PARS play an
important role in bronchial fibroblast proliferation; epithelial cell wound healing
and hypersecretion of mucus [177, 178]. By inhibiting HDE proteases or abrogating
activation of epithelial cells, PAR-2 could inhibit HDE-induced inflammatory
indexes in bronchial epithelial cells (BECs) and subsequently inhibition of the
allergic response [179]. Thus, targeting the protease activity of organic dusts made
for agricultural usage and other air borne dusts may prove useful as a strategy for
preventing airway inflammation in agricultural workers, who are generally exposed
to dusty agricultural environments.

8.9 Cockroach Allergy

Bernton and Brown [180] first observed skin rashes upon exposure of cockroach
over the skin of allergic patients. Subsequently, a considerable number of evidence
have confirmed that exposure to cockroach can induce allergy. Proteases associated
with cockroach can produce bleb formation to the skin, which could play a critical
role in the development of allergic disease [181–183].

Cockroach allergens such as saliva, feces, cast skins, and dead bodies contain
serine protease activities, however, feces (frass) was found to be the prominent
source of allergens, which contains serine protease activity [184, 185]. Sensitization
of wild type mice to German cockroach frass (GC frass) has been shown to increase
allergic hyperactivity (AHR) due to a marked increase in serum IgE and also
production of cytokines such as IL-13, IL-4, IL-5, and IL-17 [186]. Sensitization of
PAR-2 deficient mice with GC frass, however, did not show a discernible increase
in allergic airway inflammation indicating a role of PAR-2 in mediating allergic
airway inflammation [185].
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9 Lung Cancer

Lung cancer is one the most prevalent and lethal diseases worldwide. Despite recent
advances in chemotherapy, the molecular basis of its progression to a metastatic
disease remains unclear.

Exposure of bronchial epithelial cells of smokers produce oxidants and reactive
oxygen species (ROS) with consequent cellular responses to activate NF-кB and
other transcription factors that regulate inflammation-related genes and initiates
several signaling pathways depending on both genetic and epigenetic factors and
manifest COPD and lung cancer [187, 188].

9.1 MMPs and Lung Cancer

Lung cancers are of two major types: (i) small cell lung carcinoma (LC); and
(ii) non-small cell lung carcinoma (NSCLC). ECM and basement membrane
components are proteolytically cleaved by MMPs. These components play a pivotal
role in cancer progression. Lung cancers express high levels of MMPs. MMP-7 and
MMP-9 expressions were found to be markedly high in NSCLC in comparison to
the normal tissue [189]. MMP-1 and MMP-3 promoter polymorphisms are asso-
ciated in modifying susceptibility to NSCLC and also to an increase in the risk of
lymphatic metastasis of these tumors [190]. MMP-2 and MMP-9 activities have
been found to be associated with an increase in tumor spread [191].

Treatment of mice with CH1104I (dual inhibitor of MMP-2 and -9) has been
shown to markedly inhibit metastasis of lung carcinoma, which suggests that
inhibition of MMP-2 and -9 could significantly inhibit tumor invasion and metas-
tasis [192]. MMP-2 and -9 expressions may have prognostic implications in
patients with NSCLC [193]. Over expression of MMP-1 has been observed to
induce the formation of lung metastases [194, 195].

9.2 High Temperature Requirement A (HtrA) Serine
Protease and Lung Cancer

HtrA (a.k.a. DegP) is a heat shock-induced serine protease that is active in the
periplasm of Escherichia coli. Homologues of HtrA were found in a wide range of
bacteria and in eukaryotes. Till date, four human homologues of the bacterial serine
protease HtrA have been described, which are named as HtrA-1, -2, -3, and -4 [196,
197]. They have a variety of functions including cancer [198].

HtrA1 has been observed to be downregulated in lung cancers [198]. In human
cancer cells, HtrA1 over expression prevents cancer cell growth and proliferation
suggesting HtrA1 as a tumor suppressor. A modest expression of HtrA1 has been
observed in primary tumors and lymph node metastases. However, the exact
functions of HtrA1 in cancer are mostly unknown. A previous report suggested that
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HtrA1 elicits its function by inhibiting TGF-b pathway [199]. The role of TGF-b in
cancer progression is well documented [200]. Accordingly, the TGF-b signaling
pathway has been considered as both a tumor suppressor and promoter pathway of
tumor progression and invasion. It, therefore, seems probable that activation of
TGF-b signaling pathway occurs when HtrA1 is downregulated, thereby con-
tributing to the cancer progression. Alternatively, over expression of HtrA1 has
been shown to induce apoptosis [201]. Thus, loss of HtrA1 expression alters reg-
ulation of apoptosis and could lead to cancer progression [201].

HtrA1 degrades tubulin by disrupting microtubules (MTs), which suggest that
HtrA1 could play an important role in regulating MT and tubulin stability and
MT-associated cellular functions [245]. HtrA1 also regulates cell migration and
offers a potential role in regulating MT organization associated with cell migration.
However, the exact mechanism(s) by which HtrA1 regulates cell migration is
currently unclear. Active HtrA1 upon removal of N-terminal Kazal-type trypsin
inhibitory domains contributes to cell death through caspase dependent, as well
caspase-independent mechanisms [202].

The role of HtrA2 protease in stress responses and apoptosis in lung cells has
been established and a previous report suggested its involvement in
cisplatin-induced death of renal cells [203]. Over expression of HtrA2 by cisplatin
has been observed to follow the release of HtrA2 from mitochondria to the cytosol
and it degrades anti-apoptotic proteins. This mechanism seems to be obligatory to
trigger mitochondrial permeabilization for HtrA2 to participate in cell death [203,
204]. Therefore, HtrA2 plays a vital role in programmed cell death upon elimi-
nating the caspase inhibitory activity of apoptosis [205, 206]. However, the detail
mechanism(s) by which HtrA2 regulates lung cancer is currently unknown.

Smoking is a critical factor for lung cancers and the HtrA3 has been shown to be
associated with smoking-induced lung cancer. HtrA3 expression has been found to
be markedly downregulated in lung cancer cell lines and also primary lung tumors
isolated from heavy smokers [207]. HtrA3, in contrast to the steady HtrA1 and
HtrA2 expression, has been identified as a probable target for cigarette
smoke-induced changes in normal human bronchial epithelial cells [207]. It has also
been suggested that cigarette smoke-induced methylation of HtrA3 may play an
important role in the etiology of smoking-linked lung cancer [207].

Studies on HtrA3 exon in lung cancer cell lines indicates that it possesses core
xenobiotic response element (XRE) consensus sequence, 5-TNGCGTG-3 and is a
target for methylation at CpG. XRE is located in the promoter region of the genes
involved in metabolizing xenobiotic carcinogens, mainly aryl hydrocarbons from
cigarette smoke and environmental pollutants, for instance, automobile exhaust
[208, 209]. These compounds upregulate the gene products of XRE via aryl
hydrocarbon receptors and multitude of other transcription factors [210, 211]. The
degree of methylation of HtAr3 is similar when studied in A549 and H157 lung
epithelial cells, when treated with NNK (Nicotine-derived nitrosamine ketone), a.k.
a 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, an important tobacco-specific
nitrosamines, which play key role in carcinogenesis [208]. NNK suppressed the
expression of HtAr3, whereas 5-azo-dc has been shown to induce it [208].
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Differential expressivity of HtAr3 may be controlled by other cross-talking
mechanisms such as histone deacetylation, micro RNA activation, loss of
heterozygosity and genetic mutation. Along with that HTAr3, HtAr1, and HtAr2
are also believed to be upregulated by xenobiotic stress [208, 212]. However, more
research is needed to ascertain them as therapeutic targets pertaining to lung cancer
for epigenetic therapies as well as prognosis to forecast tumor response.

10 Tuberculosis

Upregulation of CatG, but not NE, has been shown to induce cell death of activated
Mycobacterium tuberculosis infected macrophages. The substrate specificity of
CatG and NE is distinct. CatG cleaves the C-terminus of aromatic or positively
charged amino acid residues, while NE cleaves the C-terminus of small
hydrophobic amino acid residues [213, 214]. Enhanced necrosis in infected mac-
rophages by CatG may result from proteolysis of specific target sequences, which
are currently unknown. It has been shown that serpinb3a inhibition of CatG is
necessary to prevent necrosis induced by IFN-c in M. tuberculosis infected mac-
rophages [214].

Role of matrix metalloproteinases (MMPs) as an important mediator of tissue
destructive response in TB has now been clearly known [215, 216]. MMPs can
cleave ECM components [217]. In humans, MMP-1 cleaves fibrillar components
(types I and III collagen) of ECM. The level of MMP-3, the activator of MMP-1 is
high in respiratory secretions of TB patients than control subjects [216–218]. In
rabbits, MMP-1, -3, -7, -12, and -13 expressions are elevated in granulomatous and
cavitary pathologies in human respiratory secretions observed in vivo model sys-
tems of TB [218–220]. In a human monocyte infection model, a marked reduction
in TIMP-3 has been observed to be correlated with TB pathogenesis [221]. In a
mice model, TIMP-3 has been observed to be associated with cavity formation and
subsequently ECM degradation, which are important for TB pathogenesis [221,
222].

11 Acute Lung Injury

Severe acute respiratory distress syndrome (SARS) was identified in 2003, which
triggered death of thousands of people worldwide [223, 224]. A new type of
coronavirus has been identified and found responsible for the SARS, which pro-
duces pneumonia and associated high fever and severe dyspnea and subsequently
acute respiratory distress syndrome (ARDS) followed by death due to acute lung
injury (ALI) [224, 225]. ARDS is characterized by accumulation of inflammatory
cells and severe hypoxia that leads to pulmonary edema [226].
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Renin-angiotensin system (RAS) has been observed to play a critical role in
SARS. In animal studies, a prominent role of angiotensin converting enzyme
(ACE) in the pathogenesis of ARDS has been suggested [227, 228]. ACE2, a
homologue of ACE, was shown to be a key regulator for coronovirus infection that
produces SARS. ACE2 has been shown to be expressed in the lungs of both healthy
and diseased humans, and it protects against SARS-induced ALI [229–231].
Therefore, it seems conceivable that ACE2 might prove a novel therapeutic target
for SARS-coronovirus-induced ARDS that develops in emerging lung infectious
diseases including influenza [231].

12 Elafin and ALI

Elafin, a serine protease inhibitor having mol wt of 6 kDa, found in lung secretions.
Elafin is formed by proteolytic cleavage of its precursor protein, trappin-2 [232].
The antiprotease activity of elafin is located in the C-terminal domain having
specificity for NE and proteinase 3. The N-terminus transglutaminase substrate
binding motif (GQDPVK) of elafin cross-links with extracellular matrix proteins
[233, 234].

In ALI, the protease–antiprotease balance alters in favor of proteases leading to
an increase in protease activity, and this protease burden can produce pulmonary
edema [235]. A decrease in plasma elafin level has been observed to be correlated
with altered elafin gene expression and seems a critical component for an increase
in acute respiratory distress syndrome (ARDS) [236–238].

In ALI patients, the 20S proteasome was observed to be markedly higher
compared with normal subjects [239], but elafin level was shown to be decreased
with consequent proteolytic degradation of antiproteases by the 20S proteasome in
lung patients with ALI. This decrease may contribute to an increase in NE activity
in ALI regulation and expression; however, its biological role in the lung is cur-
rently unknown. The cleavage of elafin by 20S proteosome suggests that the
increment of antiprotease levels in ALI patients could prove clinically beneficial in
attenuating uncontrolled activity of NE. Elafin’s multifunctional properties could
prove useful as the therapeutic target for ALI [239–241].

13 Elane and ALI

Elane has a potential catalytic activity to hydrolyze elastin. Under physiological
conditions, lungs are protected from this enzyme by endogenous inhibitors such as
a1-PI, a2-macroglobulin, and SLPI. However, in the course of ALI, the balance
between elane and its endogenous inhibitors is disregulated in favor of the enzyme
[242–244] leading to massive infiltration of neutrophils into the lungs and
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subsequently tissue injury. Therefore, peptidic and non-peptidic elane inhibitors
may prove useful for treating ALI associated with systemic inflammation
[245, 246].

14 Age-Related Pulmonary Diseases

Granzymes, especially granzyme A and granzyme B, are the most abundant
granzymes involving the membrane perforating molecule, perforin, which induce
cell death [247]. Perforin facilitates granzymes entry into the target cell and that
subsequently induces cell death [248]. Granzyme A has originally been thought to
induce caspase-independent cell death; however, recent findings suggest that
granzyme A may be involved in immune regulation of age-related lung disorders
[249, 250]. In contrast, granzyme B induces apoptosis through caspase-dependent
and -independent pathways [251]. An increase in granzyme A and B activities is
known to promote generation of proinflammatory cytokines. ECM degradation and
formation of autoantigens may exacerbate the inflammatory response [251].
Chronic inflammation is a hallmark of age-related cardiovascular and lung diseases.
Thus, granzyme A and B may serve as important agent in promoting a positive
feedback cycle that may be common to many persistent age-related disorders [251,
252]. However, role of other granzymes such as GzmH, GzmK, and GzmM in
age-related ARDS are currently unknown.

15 Aspergillosis

Invasive pulmonary aspergillosis (IPA) elicited by the filamentous members of the
genus Aspergillus can have devastating role in immune compromised individuals
[253, 254]. Aspergillus fumigatus is responsible for the majority of IPA infections.
Normal individuals are at little risk because of the effectiveness of their lung
defences. However, inhalation of conidia becomes life threatening to subjects
having weak immunity, which could allow the conidia to germinate into invasive
hyphae in the lung [255].

The populations at greatest risk for IPA are patients with cancer, solid organ
transplants, bone marrow transplants and those with advanced AIDS [256].
A. fumigatus secretes proteases like an alkaline serine protease (ALP), a metallo-
protease (Mep), an aspartic protease (Pep) and a prolyl endopeptidase in the lungs
[257–260]. A. fumigates secreted proteases are expressed in the lung during
infection [261, 262].

A. fumigates binds to ECM proteins with the involvement of polysaccharides
and glycoproteins of the conidial cell wall [263]. Several agents secreted from
fungus such as proteases and toxins have been shown to influence its infection in
host lung tissue [263].

354 S. Chakraborti et al.



16 Systemic Sclerosis

Systemic sclerosis (SSc) is an autoimmune disease, which could occur due to
vascular injuries and fibrosis in skin and certain internal organs [264]. Some
cytokines and growth factors like transforming growth factor-b (TGF-b) have been
observed to stimulate fibroblast proliferation [264]. The disintegrin and
metalloprotease-12 (ADAM-12) possess the extracellular cell binding functions.
ADAM-12 is expressed in two alternative forms: (i) membrane-anchored form
(ADAM12-L); and (ii) a short secreted form (ADAM12-S). An increase in the level
of serum ADAM12-S level plays an important role in the pathological events of
diffuse cutaneous systemic sclerosis (dcSSc) [264, 265].

ADAM-12 plays a critical role in fibrotic process. ADAM12-S has the ability to
degrade physiological substrates such as the ECM substrates: fibronectin, type IV
collagen [265] and also insulin-like growth factor binding protein (IGFBPs) [266,
267]. Degradation of IGFBPs augments the association between insulin-like growth
factors, for example, IGF-I and its receptors. IGF-I down regulates collagenase
activity with consequent increase in collagen production [268], which indicates that
IGF-I could be an important mediator in the progression of fibrosis. Additionally,
ADAM-12 has been observed to be upregulated in chronic wound suggesting that
ADAM-12 could be related to the fibrotic process [269].

17 Bronchopulmonary Dysplasia

Bronchopulmonary dysplasia (BPD) usually occurs in prematurely born infants.
Due to deficiency of lung development, BPD patients require prolonged medical
ventilation for oxygen. BPD causes an increase in morbidity and mortality in
preterm infants. BPD is characterized by chronic inflammation, alveolar hypoplasia
and respiratory infections [270, 271]. In an animal model of BPD, a significant high
elastase activity along with excessive proteolytic degradation of the elastic fibers
due to a marked decrease in the levels of endogenous protease inhibitors are usually
observed in the lung secretion [272]. Additionally, a discernible increase in mRNA
and protein expression and also activities of cathepsins-B, -H, -K, -L, and -S have
been observed in new borne BPD tracheal aspirates [273]. BAL fluid of newborn
preterm infants with BPD showed elevation of MMP-9 and a decrease in free
TIMP-1 level [274, 275].

18 Lymphangioleiomyomatosis

Lymphangioleiomyomatosis, a rare and progressive lung disease, usually affects
women of pre-menopausal age. This disease is characterized by the infiltration of
smooth muscle cells that express contractile proteins, for example, desmin.
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Immunohistochemical studies have demonstrated a strong expression of CatK
restricted to lymphangioleiomyomatosis cells. CatK has been suggested as a marker
for diagnosis of lymphangioleiomyomatosis [276].

19 Bronchiolitis Obliterans Syndrome

Bronchiolitis obliterans syndrome (BOS) is a complication, which usually occurs
during chronic rejection of lung transplant patients. Elevated levels of MMP-8 and
MMP-9 were observed in obliterative bronchiolitis patients after a few years of lung
transplantation [277]. A marked elevation in gelatinase activity was found in BAL
fluid from BOS patients that could be due to MMP-9 secretion by local neutrophils
[278]. In lung transplant model, inhibition of matrix metalloproteases in the donor
and recipient, respectively, before lung harvest and after lung transplantation have
been shown to improve oxygenation and markedly decreased PMN leukocyte influx
into the isograft [279]. Both MMP-8 and MMP-9 deficient mice were observed to
be protected from BOS as evidenced by a marked decrease in neutrophil influx and
collagen deposition [280, 281].

MMPs and TIMPs were suggested to play a crucial role important role during
lung allograft rejection. While TIMP-1 and TIMP-2 over expression have not been
observed to elicit consistent effect on the level of cytokines or rejection pathology,
MMP inhibition via systemic administration of MMP inhibitors were shown to
reduce lung allograft rejection [282].

20 Lung Surfactant Proteins and Proteases

Lung surfactants are a mixture of lipids and proteins complex, which form a thin
film in the lung alveoli and that plays a vital role in respiratory function especially
gas exchange [283]. Additionally, the surfactant also shows the first line of innate
immune defence in the lung. Its mode of action appears to lie in the inhibition of
microbial infectivity and attenuation of inflammatory responses [284]. SP-A, SP-B,
SP-C, and SP-D are the major surfactant proteins, which elicit important roles to
trigger immune response in the lung [285–289]. SP-A has been demonstrated to be
an important surfactant component having relevant functional immune response
during Staphylococcus aureus infection [290].

Surfactant protein D (SP-D) is an important target of numerous proteases present
in the CF lung. Host defence appears to be impaired due to proteolysis of SP-D and
may contribute to the supportive lung disease in CF. SP-D, a glycoprotein of the
collecting family, is produced and secreted by alveolar type II cells and non-ciliated
bronchial epithelial cells [291].
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SP-D has been observed to be protective against a wide variety of pathogens
such as Pseudomonas aeruginosa, Haemophilus influenza, and A. fumigates
[291–293]. Upon binding with SP-D, these pathogens trigger their agglutination,
enhanced killing and clearance [294, 295]. SP-D has been shown to cause a number
of secretions, which present larger protection in the body. An important charac-
teristic of CF is chronic neutrophil-mediated inflammation in the airways mainly
with an increase in the levels of HLE and PR3 [296–298]. Proteolytic degradation
of some proteins such as SP-A and SP-D was found in BALF of CF patients [299].

Proteases have been observed to modulate surfactant activity in addition to its
action on mucus proteins. Secretory proteases of P. aeruginosa can degrade SP-A
and SP-B from lipid–protein complexes [300]. Purified elastase or secretory pro-
tease IV of P. aeruginosa supernatants have also been shown to degrade SP-A and
SP-D [301–303]. The protease IV-mediated degradation of SP-A and SP-D may
cause a discernible loss of bacterial aggregation or increase bacterial phagocytosis
by alveolar macrophages [304]. NSPs like NE, PR3 and CatG can cleave the
surfactant proteins [305]. These proteases may also cleave SP-D within the con-
served sub-region of the C-terminal lectin domain with the generation of
a *35-kDa fragment, which decreases bacterial aggregation and mannan binding
of SP-D [306]. P. aeruginosa elastase digestion of SP-D has also been shown to
produce the 35-kDa fragment that retain the N-terminal collagen tail, albeit devoid
of functional C-terminal globular lectin domain, which consequently elicit loss of
innate immune functions [300, 303, 304].

In CF, COPD and asthma, like chronic lung airway diseases, an increase in the
epidermal growth factor receptor (EGFR) could be the mechanism for mucus
production [307, 308]. EGFR phosphorylation has been observed to activate
mitogen activated protein kinases (MAPKs)-dependent signaling pathways, which
in turn stimulates MMPs, for example, ADAM-17 and also NSPs leading to the
production of mucins [309–312].

Human airway trypsin-like protease (HAT) has been observed to enhance the
synthesis of mucus glycoconjugates in airway epithelial cells [313]. HAT is a
natural ligand for PAR-2 present in bronchial cells [314] and HAT-dependent
upregulation of mucin genes have also been shown to occur via PAR-EGFR sig-
naling pathway [313].

21 Particulate Matter

Particulate matter (PM) having diameter of about 10 nm (PM10) is a complex
mixture of metals, polycyclic aromatic hydrocarbons, nitrates, sulfates and other
chemicals [315], where traffic and industrial activities have an important impact on
that composition. Adverse effects of PM10, especially on alveolar epithelia were
related to inflammation triggered by phagocytic cells upon PM10 internalization
[316]. An immediate response is to augment generation of cytokines and
chemokines such as IL-1, IL-6, and IL-8, TNF-a [317, 318].
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Airborne PM10 is a risk factor for the development of a variety of lung diseases
including cancer [315, 316]. In vitro, treatment of PM10 induces an increase in
MMP-2 and MMP-9 activities, which causes ECM degradation during acute lung
injury [319]. PM10 was found to be responsible for lung diseases such as tuber-
culosis [320], emphysema [321] and COPD [322]. In A549 lung epithelial cells,
PM10 causes a marked decrease in E-cadherin/b-catenin expression and subse-
quently induces potentially invasive characteristics and thereby could contribute to
cancer development [323].

22 Conclusion and Future Perspective

In order to fight against infections, the lung is orchestrated with different antipro-
teases and anti-inflammatory components. In pulmonary diseases like COPD and
asthma, the balance between host proteases and their secreted endogenous inhibi-
tors shift toward the proteases. Proteases such as NSPs, MMPs, and cathepsins are
known to act along with the bacterial proteases and play important role in the
manifestation of a variety of pulmonary diseases. Thus, agents that restore lung
protease–antiprotease balance by upregulating endogenous protease inhibitors
and/or down regulating host protease activities, appear important to control
excessive inflammatory responses in the lung.

Inflammatory cells, which are rich in oxidants and proteases cause proteolytic
inactivation of protein inhibitors of proteases. SLPI and trappin-2/elafin are rela-
tively stable; even though they may be cleaved and inactivated by proteases, for
example, by cathepsins at their N-terminal end, albeit it does not affect their
inhibitory potency [324]. In contrast, cleavage of elafin by P. aeruginosa proteases
may inactivate its antiprotease activity [325]. To overcome the unwanted proteol-
ysis of antiproteases, encapsulations of protease inhibitors within liposomes have
been suggested [326]. Aerosol delivery of liposomes entrapped antiproteases may
prove useful since it has several features such as sustained release and relatively
high loading capacities.

NE has been chosen as a target for inhibition by synthetic compounds because it
is a widely recognized serine protease, which has been shown to be associated with
a variety of lung diseases including CF [327]. DX-890, a small protein inhibitor of
NE, has been observed to be tolerable in rats and humans after phase 1 clinical trial
[328]. This compound was shown to be involved in IL-8 release from CF neu-
trophils and to reduce neutrophil transmigration through the epithelial barrier.
Outcome of phase 3 clinical trials will reveal the usefulness of DX-890 as a ther-
apeutic measure for a variety of lung diseases.

In a guinea pig model system, the dual MMP9/MMP12 inhibitor, AZ11557272
was found to be protective toward cigarette smoke-induced emphysema [329]. This
compound markedly reduces number of inflammatory cells in bronchoalveolar
lavage (BAL) fluid and has also been shown to decrease smoke-induced air space
enlargement, which suggests that MMP-2 and MMP-12 could be the potential
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targets for therapeutic intervention in COPD. AS112108, another dual
MMP-9/MMP-12 inhibitor, has been shown to inhibit the early inflammatory
responses with a decrease in neutrophil numbers [330]. AS111793, a selective
MMP-12 inhibitor, elicited dose-dependent inhibition in the levels of neutrophils
and macrophages in bronchoalveolar lavage (BAL) fluid, and also on the concen-
tration of several inflammation markers that express after cigarette smoke exposure
[331]. However, it did not inhibit lung inflammation observed by lipopolysaccharide
(LPS). Understanding the mechanism of these antiproteases will eventually lead us
to gain an insight into the basic biochemical mechanisms that regulate COPD.

MMP-1 has been considered as one of the target proteases in lung cancer [332].
The generation of MMP-1 deficient mouse model suggested pro-tumorigenic role of
the enzyme [333]. Further studies on MMP-1 and other MMPs in knockout mice
will be required to evaluate the functional redundancy and relative relevance of
MMP-1 and other MMPs in cell proliferation, regulation of inflammatory cells, and
different stages of cancer progression.
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17Caspases: Moonlighting Proteins
with Theranostic Potential

Siddavaram Nagini and Satwinderjeet Kaur

Abstract
Apoptosis evasion, a major hallmark of cancer, promotes tumour development and
progression as well as chemoresistance and angiogenesis. Cancer cells resist
apoptosis through a variety of strategies including downregulation of death
receptors, overexpression of anti-apoptotic proteins, reduced expression of
pro-apoptotic proteins, and dysregulation of caspases. Caspases are highly
versatile, multifunctional proteolytic enzymes that are involved in both initiation
and execution phases of apoptotic cell death. These enzymes are regulated by
members of the inhibitor of apoptosis proteins (IAP) family and cellular FLICE
inhibitory protein. Although caspases function as tumour suppressors in general,
mutations, polymorphisms and their non-apoptotic roles render the involvement of
caspases in tumorigenesis more complex and context-specific. Caspases have been
extensively exploited as a therapeutic platform to reinstate apoptosis signalling as
well as in chemo- and radio-sensitization of malignant tumours. A number of
approaches and molecules have been developed to activate caspases for cancer
therapeutics. These include SMAC mimetics, caspase activators, proteasomal and
histone deacetylase inhibitors among several others. Although targeting caspases
has shown promise, it is not clear whether they can be used in diverse
malignancies given the pro-survival functions of these enzymes. Deeper insights
into the varied functions of caspases will enable development of more effective
and safer treatment options for diverse malignancies.
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1 Introduction

Apoptosis, a distinct, genetically programmed form of cell death is a fundamental
process vital for normal embryonic development, maintenance of adult tissue
homeostasis, execution of immune effector functions, and elimination of unwanted
and damaged cells from an organism. The process involves characteristic mor-
phological and biochemical changes that include cell shrinkage, membrane bleb-
bing, chromatin compaction, cytoplasmic condensation, formation of apoptotic
bodies, DNA fragmentation, phosphatidylserine externalization and cleavage of
cellular proteins such as poly(ADP-ribose) polymerase (PARP). Accumulating
evidence indicates apoptosis avoidance during tumour development and progres-
sion as well as in blunting therapeutic responses [1]. Of late, apoptosis is
increasingly recognized to cause oncogenic effects [2]. It is therefore imperative to
maximize tumour cell kill while minimizing adverse pro-tumorigenic effects in
order to fully exploit the therapeutic benefits of apoptosis. In this context, regulation
of caspases, which play a critical role in apoptotic signalling pathways has
evolved as a promising strategy to reinstate apoptosis in tumour cells.

This chapter summarizes the major pathways of apoptosis, the mechanisms of
apoptosis evasion in cancer as well as the pro-oncogenic effects of apoptosis. The
major focus is on the emerging functions of caspases, their role in tumour sup-
pression and caspase-based strategies to selectively reinstate apoptosis in tumour
cells.

2 Pathways of Apoptosis

Classically, apoptosis is transduced via two major pathways, the extrinsic or death
receptor pathway and the intrinsic or mitochondrial pathway [3]. Both these
pathways activate proteases, termed caspases, that degrade a variety of cellular
components resulting in apoptotic cell death. Figure 1 gives a schematic repre-
sentation of the two major pathways of apoptosis.

The extrinsic pathway is initiated by extracellular ligands of the tumour-necrosis
factor (TNF) cytokine family, Fas ligand (FasL), TRAIL (TNF-related
apoptosis-inducing ligand) that bind to their cognate receptors on the cell sur-
face. FasL and TRAIL induce apoptosis via formation of the death-inducing sig-
nalling complex (DISC) that activates the initiator caspases-8 and -10, which in turn

376 S. Nagini and S. Kaur



activate the effector caspases-3 and -7 that eventually execute the death programme
[4]. TNF-a, on the other hand is capable of triggering either the prosurvival
pathway or the apoptotic pathway depending on the type of complex formed.
Binding of TNF-a to its cognate receptor TNFR1 recruits TNFR1-associated death
domain (TRADD), TNF receptor-associated factor-2 (TRAF-2), TRAF5, bac-
uloviral IAP repeat containing 2 (cIAP1/2) and ribosome-inactivating protein
(RIP) to form complex 1, which stimulates the prosurvival nuclear factor jB
(NF-jB), c-Jun N-terminal kinase (JNK) and p38 signalling pathways. Deubiqui-
tination of RIP leads to dissociation of RIP1 and TRADD from the complex, which
then bind to Fas-associated death domain (FADD) and caspase-8/-10 to form
complex 2 that promotes apoptosis.

Fig. 1 Apoptosis signalling pathways. Apoptosis can be transduced either via the extrinsic (death
receptor) pathway or the intrinsic (mitochondrial) pathway. Stimulation of the extrinsic pathway
by FasL leads to the formation of DISC with activation of the caspase cascade. TNF-a on the other
hand can trigger the prosurvival pathway through complex I formation. Dissociation of RIP1
and TRADD from the complex I is followed by formation of complex II that promotes apoptosis.
The intrinsic pathway is regulated by the interactions between members of the BCL-2 family
proteins. Oligomerization of BAX and/or BAK leads to MOMP, release of cytochrome C into the
cytosol, formation of the apoptosome, and caspase activation resulting in cell death. Crosstalk
between the two pathways occurs via BID. The anti-apoptotic proteins BCL-2 and BCL-XL inhibit
the release of apoptogenic molecules from the mitochondria. IAPs prevent apoptosis by binding to
caspases and antagonizing SMAC
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The intrinsic pathway triggered by a variety of stimuli including DNA damage,
radiation, cytokine deprivation, endoplasmic reticulum (ER) stress and cytotoxic
agents is regulated by the interactions between members of the BCL-2 family
proteins. The BCL-2 family comprises three major subfamilies: the anti-apoptotic
proteins such as BCL-2 and BCL-XL, pro-apoptotic BAX and BAK, and the BH-3
only proteins such as BID and BIM. Oligomerization of BAX and/or BAK causes
mitochondrial outer membrane permeabilization (MOMP) with efflux of several
inter-membrane space proteins such as cytochrome C and second
mitochondria-derived activator of caspases (SMAC) into the cytosol [5, 6].
Cytochrome C released into the cytosol forms an apoptosome complex with
apoptotic protease activating factor 1 (APAF1) that activates caspase-9. Active
caspase-9 in turn activates the effector caspases-3 and -7 that cleave a number of
substrates resulting in cell death. Crosstalk between the two pathways occurs via
caspase-8 catalysed cleavage of the pro-apoptotic BCL-2 family member, BID to
form a 15 kDa protein termed truncated BID (tBID) that induces MOMP and
intrinsic apoptosis [7, 8].

The anti-apoptotic proteins BCL-2 and BCL-XL inhibit the release of apopto-
genic molecules from the mitochondria. They function by binding directly to
BH3-only proteins or to BAX–BAK heterodimer. The inhibitors of apoptosis
(IAP) family of proteins prevent apoptosis by binding to caspases and antagonizing
SMAC [9, 10].

3 Evasion of Apoptosis

Apoptosis evasion, a major hallmark of cancer, promotes tumour development and
progression as well as chemoresistance. Apoptosis avoidance enables cancer cells
to survive, acquire mutations and facilitate neovascularization. Cancer cells resist
apoptosis through a variety of strategies including downregulation of death
receptors, overexpression of anti-apoptotic proteins, reduced expression of
pro-apoptotic proteins, inactivating mutations of caspases and p53 as well as epi-
genetic modifications [11–14].

Signalling via the death receptor pathway is impaired in several human cancers
through downregulation of death receptors believed to be mediated by promoter
hypermethylation or through the expression of decoy receptors that competitively
bind to CD95 and TRAIL ligands thereby blocking transduction of apoptotic sig-
nals. Aberrant expression of proteins containing death effector domains such as
cellular FLICE Inhibitory Protein (c-FLIP) are recruited into the DISC complex in
place of caspase-8 due to sequence homology thereby blocking activation of
caspase-8 [4].

Evasion of intrinsic apoptosis occurs as a result of a shift in the balance of the
anti- and pro-apoptotic members of the BCL-2 family proteins. These include
overexpression of BCL-2 and BCL-XL, mutational inactivation of BAX and BAK,
and phosphorylation of BAD that renders it anti-apoptotic. Overexpression of IAPs,
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in particular survivin, and mutational inactivation of p53 endorse apoptosis evasion
in a wide range of malignancies. Post-mitochondrial changes that affect mito-
chondrial apoptosis include promoter hypermethylation or loss of heterozygosity at
chromosome 12q22-23 that impairs apoptosome formation. In addition, dysregu-
lated expression of caspases due to mutations, promoter hypermethylation and
phosphorylation also confer resistance to apoptosis [5, 7, 13].

There is overwhelming evidence to indicate that aberrant caspase activation as
well as mutations and polymorphisms are central for apoptosis evasion in cancer
[15, 16].

4 Caspases

Caspases are proteolytic enzymes that belong to the clan CD, family C14. These
enzymes cleave their substrates after specific aspartate residues in the tetrapeptide
motifs (P4–P3–P2–P1) where P1 is an aspartate residue. The term caspase is a
contraction of cysteine-dependent aspartate-specific protease. Till date, 15 caspase
family members that recognize 400 different substrates have been identified in
mammals. These enzymes process hundreds of protein substrates leading to loss or
gain of function and change in subcellular localisation [17].

Although all caspases cleave after aspartate residues, preferential recognition
sequences have been identified for some caspases. While the consensus recognition
motif for caspase-8 is isoleucine-glutamic acid-threonine-aspartic acid, it can also
cleave other tetrapeptide sequences, including aspartic acid-glutamic
acid-valine-aspartic acid (DEVD), the target sequence for effector caspases.

4.1 Caspases: Structure and Classification

Caspases are synthesized as inactive zymogens consisting of four domains: an
N-terminal prodomain, a large subunit, a C-terminal small subunit and a short linker
region that separates the large and small subunits. Activation of caspases separates
the large and small subunits generating a hetero-tetrameric complex comprising two
large (p20) and two small (p10) subunits [8].

Based on their functions, caspases are classified into two broad groups: those
involved in inflammation (caspase-1, -4, -5, -11, -12), and those involved in
apoptosis (caspase-2, -3, -8, -9, -10). The inflammatory caspases play a role in
cytokine maturation. The apoptotic caspases are further subgrouped into initiator
(caspase-2, -8, -9, and -10), and effector (caspase-3, -7 and -6) caspases. Initiator
caspases synthesized as monomers undergo dimerization, followed by association
with activation complexes, leading to conformational change and cleavage. On the
other hand, effector caspases are synthesized as dimers that are proteolytically
activated by initiator caspases [8, 15].
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The initiator caspases that are first activated in response to apoptotic signals
contain N-terminal modular regions known as the death effector domain (DED;
caspase-8 and -10) or caspase recruitment domain (CARD; caspase-2, -9, and -11),
which mediate their dimerization and interaction with adaptor proteins. The initiator
caspases subsequently activate the downstream effector caspases that directly
mediate the cascade of events leading to apoptotic cell death. Activation of effector
caspases is also mediated by non-caspase proteases such as cathepsins, calpains,
and granzymes [8, 15]. Figure 2 illustrates the functional classification and domain
structure of mammalian caspases.

Fig. 2 Functional classification and domain structure of mammalian caspases. Based on their
function, caspases are classified into inflammatory caspases (Caspase-1, -4, -5, -11 and -12) and
apoptotic caspases. The apoptotic caspases are subgrouped into initiator (Caspase-2, -8, -9 and -10)
and effector (Caspase-3, -6 and -7) caspases. Caspase-13 is of bovine origin. Caspase-14 is
involved in cornification of the skin. Caspase-16 is believed to be a pseudogene. CARD Caspase
recruitment domain; DED death effector domain; L large subunit; S small subunit
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4.2 Caspases: Archetypal Moonlighting Proteins

Caspases are increasingly recognized as highly versatile, multifunctional proteins
that perform opposing, autonomous cellular functions and constitute striking
examples of moonlighting proteins. The role of caspases in apoptosis has been
extensively documented. The initiator caspases such as caspase-8 and -9 are
involved in transducing the apoptotic signal in the intrinsic and extrinsic pathways,
respectively, during which process the effector caspases are activated. Following
activation, the effector caspase-3 and -7 cleave caspase-activated DNase
(CAD) which translocates to the nucleus and cleaves DNA. The effector caspases
also cleave several vital structural and regulatory proteins including ICAD 1 (in-
hibitor of CAD), Rho kinase 1 (ROCK 1), PARP, actin, fodrin, lamin, gelsolin,
oncoproteins such as mdm2 and tumour suppressor gene products such as
retinoblastoma proteins eventually leading to cell disassembly and cell death.
Substrates of caspase-3 also include cyclin-dependent kinase (CDK) inhibitors such
as p27 and p21 [18].

Beyond their well-defined role in apoptosis, caspases are also involved in other
forms of cell death including pyroptosis, necroptosis and autophagy. In particular,
interplay between these modes of cell death has been observed in cancer.
Caspases-3, -7 and -8 are involved in autophagy, a lysosomal mediated process that
degrades long-lived proteins and damaged organelles. Cleavage of Beclin-1 and
Atg5 that play a crucial role in autophagy generates truncated proteins that are
capable of activating caspase-mediated apoptosis [19].

In addition to cell death, caspases are known to play a role in proliferation,
migration, tumour suppression, differentiation and genomic stability. Caspases also
play a key role in normal tissue homeostasis, tissue specialization, cytokine mat-
uration during inflammation, metabolism, neural development and aging. Caspases
have been documented to modulate intracellular signalling by regulating kinases,
phosphatases and other signalling molecules [15, 20].

The executioner caspase-3 has been increasingly reported to be pro-tumorigenic,
based on its crucial role in DNA damage-induced genomic instability and in the
generation of the prosurvival factor prostaglandin E2 (PGE2) that promotes tumour cell
repopulation. During apoptosis, caspases cleave and activate calcium-independent
phospholipase A2 (iPLA2) generating PGE2, a key mediator of apoptosis-induced
proliferation [21]. The secreted PGE2 was shown to stimulate tumour cell proliferation
and repopulation by activating Wnt/b-catenin signalling [20].

Caspase-8 functions in several cellular processes independent of its role in
extrinsic apoptosis. Phosphorylation of caspase-8 by SRC kinase on tyrosine 380
was shown to inhibit its proteolytic activation uncoupling it from apoptosis and
channelising it to cell migration and adhesion. In addition, caspase-8 promotes cell
survival via NF-jB activation, regulates autophagy and alters endosomal traffick-
ing. Caspase-8 has also been reported to be involved in epidermal growth factor
(EGF) signalling and extracellular-regulated kinase (ERK) activation. Thus,
depending on the cellular context, caspase-8 functions as a tumour suppressor or
promoter [22].
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The levels of intracellular reactive oxygen species (ROS) may act as a switch
between the apoptotic and non-apoptotic functions of caspase-8. It has been sug-
gested that ROS mobilize sequestered caspase-8 from the mitochondria followed by
binding to the mitochondrial surface via Bifunctional Apoptosis Regulator
(BAR) [23]. ROS also inhibit transcription of NF-jB target genes, including
mitochondrial superoxide dismutase [24], which limits ROS accumulation in the
mitochondria.

4.3 Regulation of Caspases

The IAP family consists of eight members of which X-linked IAP (XIAP) and
survivin function as direct caspase inhibitors [10, 25]. These proteins contain E3
ligases that can block apoptosome formation through binding directly to APAF-1 or
caspase-9, thus inhibiting caspase-9 activation [26]. The mechanism involves
monoubiquitination of the proenzyme, and ubiquitination and proteasomal degra-
dation of the active enzyme. XIAP, the most potent of the IAPs, also binds directly
to caspase-3 preventing its activation, and in addition, facilitates the transfer of
ubiquitin, thereby tagging the caspases for degradation by the 26S proteasome [27].
Survivin, a prototype IAP, functions by inhibiting caspases and sequestering
SMAC [28]. The IAPs in turn are counteracted by mitochondria-derived SMAC,
Omi/HtrA2, and XIAP-associated factor-1 (XAF1) enabling caspase-mediated cell
death. Thus cell survival or cell death is determined by a fine and intricate balance
of a plethora of proteins.

The cellular FLICE inhibitory protein (c-FLIP), a catalytically inactive homo-
logue of caspase-8 and -10, prevents their activation by blocking binding sites on
the DISC. Expression of c-FLIPL, one of the isoforms of c-FLIP was found to be
enhanced in several malignant tumours. Following recruitment to the DISC,
caspase-8 undergoes successive cleavage, first at aspartate 384 in the p10 subunit
that generates a p43/41 intermediate, and a second cleavage at aspartate residues
210, 216 with subsequent release of caspase-8 from the DISC into the cytosol.
c-FLIP inhibits caspase-8 recruitment to the DISC as well as its activation [29]. In
addition, XIAP and cIAP also block caspase-8 activation [30]. Caspase-8 polyu-
biquitination mediated by E3 ligases incorporates caspase-8 into an aggresome [31].

4.4 Role of Individual Caspases in Cancer

Since caspases are involved in cell death, it follows that loss of caspases would lead
to malignant transformation. However, since caspases also have several
non-apoptotic functions, they have been implicated in proliferation, migration and
invasion. While caspases function as tumour suppressors in general, mutations,
polymorphisms and their non-apoptotic roles render the involvement of caspases in
tumorigenesis more complex and context-specific [32]. Sequence analysis across a
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wide spectrum of tumours revealed high frequency of mutations in caspase-8,
followed by caspase-3 and -7 [16, 33].

4.4.1 Caspase-1
The tumour suppressor function of caspase-1 has been extensively documented. It
is frequently downregulated in cancer [20, 34].

4.4.2 Caspase-2
Caspase 2 has a tumour suppressor function and loss of even one allele leads to
increased cell proliferation and loss of G2/M checkpoint control. Reduced
expression of caspase-2 was found to correlate with poor prognosis in several
malignancies. High caspase-2 expression was associated with better survival in
leukaemias, whereas in neuroblastomas, it correlated with poor survival indicating
that the tumour suppressor function of caspase-2 is tissue- and context-specific [35].

4.4.3 Caspase-3
Although caspase-3 expression was found to be reduced in malignant tumours, high
CASP3 levels coincident with increased apoptosis were also observed in certain
tumours. In patients with breast cancer, caspase-3 levels correlated with worse
treatment outcome [36]. Caspase 3s, a splice variant of the CASP-3 gene, has
anti-apoptotic function. Both caspase-3 and its splice variant are coexpressed in
tumour cell lines and their relative expression determines chemosensitivity [37].
Variant alleles of CASP3 are associated with increased risk of squamous cell
carcinomas of the head and neck (SCCHN), endometrial cancer, non-Hodgkin
lymphoma and multiple myeloma [38–40]. The CASP3 rs4647601:TT variant was
associated with an increased risk of SSCHN compared with the GG genotype [38].
In a study involving 128 multiple myeloma cases, subjects with the CC genotype of
CASP3 Ex8 had a fivefold lower risk compared with the TT genotype [41]. Single
nucleotide polymorphisms (SNP) were reported in cancers of the lung and head and
neck [20].

4.4.4 Caspase-6
Caspase-6 is an effector caspase that is activated downstream of caspase-3 and -7. It
is more relevant in neurodegenerative disorders than in cancer [15].

4.4.5 Caspase-7
Caspase-7, an effector caspase, shares many similarities with caspase-3 in terms of
substrate specificity and role in apoptosis and is therefore believed to be func-
tionally redundant. A study involving 720 lung cancer patients, polymorphisms in
CASP7 were associated with increased susceptibility to lung cancer [42]. SNPs in
CASP7 were associated with altered risk of endometrial cancer. Although muta-
tions in CASP6 and CASP7 are rare, they have been detected in some tumours.
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4.4.6 Caspase-8
According to the Human Protein Atlas, loss of caspase-8 is rare in epithelial can-
cers. However, loss of caspase-8 expression is frequently seen in malignant neu-
roendocrine tumours. A number of malignant tumours express high levels of
caspase-8 [43].

Somatic CASP8 mutations were detected in 5% of invasive colorectal carcinomas
and advanced gastric cancers associated with reduced apoptosis [44]. In hepatocel-
lular carcinomas (HCCs), a frameshift mutation in CASP8 with loss of function was
detected that was caused by a two base-pair deletion (1225_1226delTG) [45, 46].
Hepatocyte-specific deletion of caspase-8 (Casp8Dhepa) was demonstrated to protect
against hepatocarcinogenesis in NEMODhepa mice [47]. Frameshift and missense
mutations in caspase-8 that induce changes in the amino acid sequence of the DED
domain critical for its recruitment to the DISC diminished apoptosis in various
tumours [15, 20].

A six-nucleotide deletion (-652 6N del) in the CASP8 promoter has been linked to
the decreased susceptibility to multiple cancers [48]. Likewise, CASP8 D302H
polymorphism is associated with a reduced risk of breast cancer [49]. Silencing of
CASP8 by gene deletion or promoter methylation was associated with amplification
of the MYCN oncogene. In neuroblastomas, caspase-8 is silenced by CpG hyper-
methylation in the 5′ promoter region, as well as loss of heterozygosity allelic
deletion [50]. The caspase-8 promoter is upregulated by interferon-c (IFN-c) sig-
nalling owing to the presence of IFN-c responsive elements within its promoter [51].

4.4.7 Caspase-9
Caspase-9b a caspase-9 mutant that lacks the large active subunit prevents
caspase-3 activation [52]. Phosphorylation of caspase-9 at Thr 129 prevents
caspase-9 recruitment to the apoptosome and its activation [53]. SNPs in caspase-3
have also been reported.

4.4.8 Caspase-10
Inactivating CASP10 mutations have been documented in diverse malignancies
[54]. Myeloma cells were found to require caspase-10 for survival.

4.4.9 Caspase-14
Reduced expression of caspase-14 is associated with more advanced cancers [15, 20].

5 Targeting Apoptosis Pathways for Cancer Treatment

Strategies that induce tumour cell apoptosis are considered central in designing
effective anticancer drugs. Several points in the extrinsic and intrinsic apoptotic
signalling pathways are amenable for therapeutic intervention. Many tumours are
highly sensitive to TRAIL-induced apoptosis due to high expression of TRAILRs.
Recombinant human TRAIL (rhTRAIL) that binds to both TRAIL-R1 and
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TRAIL-R2 was demonstrated to induce DISC formation and selective apoptosis of
cancer cells. Agonistic TRAIL receptor (TRAIL-R1/R2) antibodies were however,
more effective than rhTRAIL due to longer bioavailability and specific targeting of
receptors. Addition of rhTRAIL or agonistic TRAILR1/R2 antibodies together with
compounds that activate and stabilize caspase-8 was found to be more effective in
triggering apoptosis [3, 13, 55, 56].

Approaches to induce the intrinsic pathway involve targeting the anti-apoptotic
proteins of the BCL-2 family either by using specific inhibitors or BH3 mimetics. The
BCL-2 inhibitor ABT-199 was successful as a single agent in chronic lymphocytic
leukaemia (CLL). BH3-only protein mimetics containing the pro-apoptotic BH3
domain capable of binding to and neutralizing anti-apoptotic proteins, and agonistic
mimetics that target the prosurvival BH4 domain have been developed. Paradoxically
in some cancers such as CLL, increased expression of anti-apoptotic proteins cor-
related with better prognosis. Furthermore, these tumours were highly sensitive to
anti-apoptotic therapies [57, 58].

6 Caspase-Based Therapeutics

Caspases have been extensively exploited as a therapeutic platform to reinstate
apoptosis signalling as well as in chemo- and radio-sensitization of malignant
tumours. A number of approaches and molecules have been developed to activate
the initiator and effector caspases and inhibit the IAPs [15, 20].

Targeting caspase-8 is believed to improve therapeutic outcome in tumours
manifesting gene dosage effects or hypermethylation of caspase-8 promoter.
The DNA methyltransferase inhibitor 5′aza2′deoxycytidine (decitabine) was found
to restore caspase 8 in neuroblastoma [59]. The expression of caspase-8 facilitates
tumour cell apoptosis by chemotherapeutic agents. Caspase-8 mediated killing may
be influenced by the status of cellular tubulin. While microtubule-stabilizing agents
such as taxanes, promote caspase-8 mediated apoptosis, microtubule disrupting
agents such as colchicine protect against FAS-mediated killing [22, 60].

Retinoic acid (RA) and its derivatives induce tumour cell apoptosis and
chemosensitization by paracrine release of TRAIL associated with phospho-CREB
mediated upregulation of caspase-8 [61, 62]. Proteasomal inhibitors such as
bortezomib also increase caspase-8 expression. Clinically, the retinoic acid fenre-
tinide and interferon-c are promising because they increase caspase-8 expression
and activate cell death. Derivatives from the traditional Chinese herb Justicia
procumbens are documented to induce apoptosis via caspase-8 activation, upreg-
ulation of BID and subsequent release of cytochrome c [63]. 6-hydroxy justicidin A
(JR6), a novel compound from J. procumbens, that shares a common molecular
nucleus with the tubulin destabilizing anticancer drug podophyllotoxin induces
apoptosis by ROS generation and caspase activation in human bladder cancer cells
[64]. FKBP12, a caspase-9 fusion protein that induces caspase-9 dimerization was
demonstrated to exert anti-angiogenic effects in mouse models [65].
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Use of caspase activators may potentiate apoptosis of tumour cells that already
have sublethal caspase activity MacCorkle et al. [66] have developed a ‘death
switch’ by which caspases are selectively activated in cancer cells. There has been
considerable interest in turning on caspases using selective small-molecule acti-
vators that could bypass upstream mutational events which prevent apoptosis.
Several approaches have been used including protein fragment complementation
assays and chemical-induced dimerization (CID). In particular, CID strategies
enable testing different activation modes for apoptotic caspases, oligomerization
and processing. Conditional control of caspase activation and use of small mole-
cules to selectively kill cancer cells have been attempted. Procaspase-activating
compound 1 (PAC-1) is a zinc chelator that activates procaspase-3 by relieving it
from zinc inhibition. Compound-1541 that activates both caspase-3 and -7,
self-assembles into nanofibrils that colocalize caspase-3 with procaspase-3 bringing
about activation. Compound-42 activates procaspase-3 by releasing the
inter-subunit linker from the dimer interface, allowing the enzyme to auto-process
this linker in trans [17].

Induction of caspases by demethylating agents and transcriptional activators
such as inhibitors of histone deacetylases (HDACs) has been attempted. Inhibitors
of HDAC that increase the transcriptional availability of caspase-3 promoters
reinstate apoptosis besides enhancing sensitization to TRAIL-, radiation- and
chemotherapeutic-induced apoptosis of cancer cells [67, 68].

Apoptin encoded by the chicken anaemia virus (CAV) selectively induces
apoptosis of tumour cells by activating caspase-3 and -7 and releasing cytochrome
c. A triplet sequence of aspartic acid residues that maintains procaspase-3 in an
inactive state in resting cells is regarded as a target for intervention. A series of
molecules capable of activating caspase-3 such as a-(trichloromethyl)-
4-pyridineethanol (PETCM), gambonic acid, and the gambonic acid derivative
MX-2060 have been identified by high throughput screening (HTS) projects (re-
viewed in [69, 70]). Small peptides with the RGD motif (arginine-glycine-aspartate)
stimulate apoptosis by inducing auto-processing of procaspase-3 [71]. Immuno-
casp-3, a fusion protein containing a single-chain anti-erbB2/HER2 antibody and
active caspase-3, was demonstrated to cause tumour regression in mouse xenografts
of HER2-positive tumour cells by autoactivation of caspase-3 [72]. Replacement of
defective caspases in cancer cells with their normal counterparts by gene therapy
have been attempted using Ad-G/iCasp3, a replication-incompetent adenoviral
vector carrying the caspase-3 gene [73]. Agents that target both caspase-3 and -9
such as Brucea javanica oil, niflumic acid–ciglitazone and tetrandrine were found
to induce apoptosis [74–76].

SMAC mimetics that enhance caspase activity by inhibiting IAPs and by
inducing ubiquitin-mediated degradation of cIAPs have been designed. The SMAC
mimetic BV6 was found to be effective in combination with glucocorticoids in
childhood acute lymphocytic leukaemia (ALL) [77]. RMT5265.2HCL, a SMAC
mimetic, not only functions as an IAP inhibitor but also stimulates release of
cytochrome c from the mitochondria [78]. A novel SMAC mimetic, SM-1200 was
demonstrated to inhibit growth of MDA-MB-231 breast cancer xenograft models
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[79]. The antisense oligonucleotide LY2181308 reduces survivin mRNA and
restores caspase-3 mediated apoptosis [80]. YM155 (sepantronium bromide), an
imidazolium-based small-molecule inhibitor of survivin induced caspase-mediated
apoptosis and sensitized tumour cells to radiation and platinum-based chemother-
apeutics [81, 82].

Extensive investigations from this laboratory provide compelling evidence that
phytochemicals from medicinal plants and dietary agents induce caspase-mediated
apoptosis by modulating the expression of a multitude of molecules involved in the
apoptotic signalling cascade [83–88].

7 Targeting Apoptosis for Cancer Therapy—The Flip Side

Although targeting proteins in the apoptosis signalling pathways has shown pro-
mise in preclinical trials, disruption of the non-apoptotic functions of these
proteins leads to on-target adverse effects and/or off-target toxicity, limiting their
translation to the clinical setting, especially in combinations. Significant hepato-
toxicity due to TRAIL treatment was reported probably due to its role in cell
proliferation and migration. Agents activating TRAIL signalling have also been
shown to induce mutations and develop more aggressive tumours [2, 89, 90]. The
BCL-2/BCL-xL antagonist ABT-263 (Navitoclax) was found to induce platelet
death leading to thrombocytopenia. Inhibition of cIAPs increases inflammatory
cytokines that promote tumour progression [91].

Several studies have shown that cells that survive despite caspase activity sustain
damage. In particular, TRAIL-induced apoptosis causes limited caspase activation
and DNA fragmentation catalysed by caspase-activated DNase (CAD) resulting in
mutations and genomic instability in surviving cells. Likewise, sublethal doses of
stresses that induce MOMP in limited number of mitochondria without killing the
cell, a phenomenon termed minority MOMP can also cause CAD-dependent DNA
damage and genomic instability. In addition to CAD, caspase-3 is also known to
release endonuclease G (ENDOG) from the mitochondria to promote
radiation-induced DNA damage and transformation. Failed apoptosis can also
induce DNA damage during inflammation and promote acquired resistance to
apoptosis-inducing anticancer therapies [2].

Tumour cells that respond to apoptosis can provide a vacant niche into which
more competitive tumour cells can proliferate leading to tumour repopulation.
Apoptotic cells release molecules to signal phagocytosis, such as fractalkine (FKN),
ATP and lactotransferrin (LTF). These signals transform tumour-associated mac-
rophages (TAMs) into a pro-oncogenic state facilitating angiogenesis, metastasis
and evade immune surveillance. To target cancer cells for therapy, it is important to
block the prosurvival function of caspase-3 as well as PGE2 release. Administration
of celecoxib, a pharmacological inhibitor of cyclooxygenase-2 (COX-2) that
mediates PGE2 production, was found to attenuate tumour cell repopulation [92].
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One method of achieving tumour cell apoptosis without causing oncogenic
effects is to inhibit caspase activity. Inhibition of caspase function does not ulti-
mately protect against cell death following MOMP. Caspase inhibitors have been
used in combination with chemotherapy and radiotherapy. The caspase inhibitors
Z-VAD-FMK and M867 were demonstrated to sensitize tumour cells to irradiation
both in vitro and in vivo. However, this can lead to undesirable effects such as
activation of the stimulator of interferon genes (STING) signalling pathway and
blockade of extrinsic apoptosis [93, 94].

8 Conclusions

Regulation of caspase-mediated apoptosis is essential for maintaining tissue
homeostasis and protecting against neoplastic transformation. Given that caspases
are moonlighting proteins that perform multiple, autonomous, often opposing and
unrelated functions, reinstating apoptosis in tumour cells while preventing the
tumour promoting effects of key players in apoptosis is of prime concern. It is
important to achieve apoptosis without disrupting the non-apoptotic pathways
influenced by these proteins that could render cancer cells more aggressive or
resistant to treatment. Powerful bioinformatics, proteomics and imaging tools will
help predict the sensitivity of tumours to caspase-based therapeutics. Deeper
insights into the varied functions of caspases will enable development of more
effective and safer treatment options for diverse malignancies.
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18Functional Aspects of Activated
Protein C (APC) in Regulating
Homeostasis and Disease

Ramesh Prasad, Abhishek Roy and Prosenjit Sen

Abstract
Activated protein C is an intrinsic cytoprotective, anti-inflammatory, and
anticoagulant factor. It acts as an active therapeutic molecule against the
progression of number of systemic disorders. APC performs majority of its cell
survival and homeostatic activities through binding with EPCR and activation of
PAR1. Future research on the multifunctionality of APC protein may provide a
novel insight into the mechanisms and interrelation of various coagulation and
systemic disorders to provide an improved pathophysiological therapeutic
approach to diseases.

Keywords
APC � EPCR � PAR � TM

1 Introduction

In cell system, the balance between coagulant and anticoagulant factors is very
crucial to sustain life during normal cellular homeostasis. Whenever there is a
vascular or endothelial cell rupture/injury, the activation of various coagulant pro-
tease factors leads to blood clot formation in order to prevent blood flow. Being a
multifunctional homeostatic protein, thrombin regulates its anticoagulant effect by
activating protein C and initiating the anticoagulant pathway of protein C. Protein C
pathway has become a primary focus of attention in the past decade because of its
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critical role in maintaining hemostasis [1, 2]. In normal hemostasis, the conversion
of prothrombin to thrombin occurs through a negative feedback control manner. As
protein C is present in the circulatory system (bloodstream) in zymogen form (in-
active), it gets activated to form APC (activated protein C) after the formation of
active thrombin–thrombomodulin complex. It has been reported that EPCR (en-
dothelial cell protein C receptor) accelerates the generation of activated protein C,
when it interacts with thrombin–thrombomodulin complex [3]. Recent studies
performed in last few years have shown that APC-mediated cytoprotective signaling
is solely dependent on interaction with EPCR. EPCR is a type I transmembrane
protein that shares structural homology with the major histocompatibility complex
class1/CD1 family of molecules. APC/protein C binding site for EPCR is mediated
almost entirely by the vitamin K-dependent GLA domain. Detailed structural
investigation of EPCR reveals that EPCR carries a tightly bound phospholipid along
with it in the antigen presenting groove and this phospholipid plays a crucial role in
protein C binding. Experimental evidence also suggests that removal of lipid from
EPCR groove could result in the loss of protein C binding [4]. Therefore, EPCR
binding with APC has important functional aspects in regulating APC function.
Based on various animal model studies of sepsis, stroke, and ischemic injury, it has
been found that APC activation also reduces organ or tissue damages [5, 6]. Apart
from its anticoagulant activity, APC in the presence of EPCR also mediates various
cellular events like, (a) cytoprotective effects, (b) endothelial barriers protection,
(c) anti-inflammatory activities, (d) angiogenic activity through PAR1 activation.
The study performed by Chen et al. suggests that APC administration in low dose
have neuroprotective effects, which is independent of its anticoagulant activity.
APC protects brain cells from ischemic injury directly by blocking p53-mediated
apoptosis pathway [7]. In this chapter, we will focus mainly on the implications of
APC and its pathophysiological role in the cell system.

2 Anticoagulant Activity of APC

Protein C (PC) is a 461 amino acids single polypeptide serine protease, which is
synthesized predominantly in the liver and circulates in the blood in zymogen form.
Recent studies suggest that protein C is also synthesized by other cell types like
keratinocytes, endothelial, male reproductive tissue, and some hematopoietic cell
types [8]. PC is a co-translational and posttranslational modified protein, in which
N-terminal region contains vitamin K-dependent posttranslationally modified resi-
dues. Structurally, PC consists of four domains; GLA (gamma-carboxyl
glutamate-rich residue) (residues 1–37), EGF1 (residues 46–92), EGF2 (residues
93–136) (epidermal growth factor-like domain), and SP (serine protease) (residues
170–419) domain [9] as shown in Fig. 1. In the presence of negatively charged
phospholipid (phosphatidylserine/phosphatidylethanolamine) and Ca2+ ions, GLA
domain of APC/PC binds with membrane surface to show anticoagulant activity.
During activation, on endothelilal surface thrombin forms thrombin–
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thrombomodulin complex and cleaves the PC activation peptide (residues 158–169)
to generate APC. However, in the presence of its receptor EPCR, APC activation
gets enhanced several times. Like other serine proteases, it also contains catalytic
triad; His211(57), Asp257(102), and Ser360(195) in the serine protease domain (the
chymotrypsin numbering is denoted in superscript with parentheses) [9].

In the presence of various cofactors like protein S, negatively charged membrane
lipid (phosphatidylserine, cardiolipin), high-density lipoprotein and glycosphin-
golipids (glucosylceramide), and Ca2+ ions, APC prevents the thrombin generation,
which is mediated by the inactivation of FVa and FVIIIa, as shown in Fig. 2. This
leads to the selective inhibition of prothrombinase and FXase complexes, resulting
APC anticoagulant function in circulatory system [10]. In this way, body maintains
normal homeostasis by regulating anticoagulant APC and procoagulant thrombin
formation. In addition, APC also promotes the conversion of plasminogen to plasmin
by binding with plasminogen activator inhibitor and thus promoting fibrinolysis [11].

Fig. 1 Structure of activated
protein C on lipid bilayer.
Ribbon representation of APC
showing four major domains,
GLA (green), EGF1 (pink),
EGF2 (blue), and SP (cyan).
Calcium ions are shown by
red color ball representation.
Catalytic triad (CT) residues
(His57, Ser195, and Asp102)
of serine protease domain are
shown in stick representation
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3 APC-Mediated Cytoprotective Signaling

APC-mediated cytoprotective signaling is dependent on APC, EPCR, and
protease-activated receptor 1 (PAR-1). Although the cleavage site of the receptor is
identical, activation of PAR-1 by EPCR-APC complex evokes different signaling
pathways in comparison to thrombin-mediated PAR-1 activation [12]. This dif-
ferential response is due to binding of protein C with EPCR, which leads to the
migration of EPCR out of the lipid rafts. Eventually, caveolin-1 is replaced with
PAR-1; therefore, APC causes PAR-1 activation, in which PAR-1 couples to a
G-protein to initiate cytoprotective signaling. In case of thrombin, PAR-1 activation
results to different signaling phenomenon, which promote inflammatory response,
involving platelet activation, increase of vascular permeability, NFjb activation,
and an abrupt increase in the level of cytokines responsible for inflammatory
processes [13–15].

To mediate the cytoprotective effect, APC in the presence of EPCR, cleaves
PAR-1 (proteinase-activated receptor) and activates Gi protein. Gi activation causes
phosphorylation of sphingosine to sphingosine-1-phosphate. APC further accom-
plishes to generate the transactivation of sphingosine-1-phosphate (S1P) receptor,
via Rac1 activation through b-arrestin [13, 16–19]. This signaling further causes
inhibition of inflammatory gene expression as shown in Fig. 3. Recent in vivo and
in vitro studies reveal that APC cytoprotective effects can cause alteration of var-
ious gene expressions that includes anti-apoptotic gene, anti-inflammatory gene and
genes responsible for endothelial barrier protection [20, 21]. It has been found that
APC-treated cells show downregulation of pro-apoptotic (BIRC5, TP53) and
pro-inflammatory (B2M, CALR, LTB) gene expression. On the other hand, it also
upregulates the expression profile of anti-inflammatory (like CCL2, CXCL2,
NOS3, PTGS2) and anti-apoptotic (like BCL2A1, NR4A1, SMAD3, TNFAIP3) to
perform anti-inflammatory and anti-apoptotic activities [12, 22–25]. Both in vitro

Fig. 2 Activation of protein
C to perform the
anticoagulant function
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and in vivo experiments have shown that APC in the presence of its receptor, EPCR
and PAR-1 manifests anti-apoptotic activity [7, 23, 24]. APC downregulates
pro-apoptotic Bax protein expression level and thereby maintains anti-apoptotic
Bcl-2 protein levels. In this process, APC also reduces the degradation of DNA,
activation of caspase-3 and translocation of PS to the outer membrane surface,
hence, reduces the intrinsic apoptotic pathway [7, 24, 26]. During hypoxic condi-
tion of human brain endothelial cells, APC is involved in the reduction of p53 at
both protein and mRNA level; thereby inhibiting apoptotic pathway of cells as
shown in Fig. 4. These various observations illustrate the role of APC in
anti-apoptotic activity; further work is needed to know whether this anti-apoptotic
activity is limited to APC-specific cellular signaling, various gene expression
profiling, or specific receptors dependent phenomenon.

In addition, APC suppresses the transcription factors related to inflammation,
like AP-1 (activator protein-1) family c-Fos and FosB. APC also downregulates
vascular adhesion molecules expression (ICAM-1, VCAM-1, and E-selectin),
chemotaxis and cytokine production, thereby limiting the adhesion and infiltration
of leukocytes on the endothelium surface [25, 27–29], as shown in Fig. 3. This
limitation of leukocyte adhesion is probably mediated by decrease in
thrombin-dependent movement of selectins, which leads to decrease in the mono-
cyte chemotactic protein-1 synthesis; however, the detailed mechanisms of APC
action on leukocytes are yet to be resolved. Several studies also suggest that in
addition to barrier stabilization on endothelial cells, other receptors of APC include
several integrins, Tie2, PAR3, S1P1 (sphingosine-1-phosphate receptor1), ApoER2
(apolipoprotein E receptor2), glycoprotein lb [30–34]. It has been reported that

Fig. 3 The cytoprotective protein C pathway for activated protein C anti-inflammatory activity
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APC treatment inhibits LPS-mediated release of pro-inflammatory factors in
monocytes [35]. Besides it also interacts with b1 and b3 integrins directly through
RGD (Arg-Gly-Asp) sequence leading to the inhibition of neutrophil migration
[36]. APC treatment also shows anti-inflammatory effect involving PI3 K-Akt
survival pathway in U937 cell line via activation of Src family kinases [30, 32].
Together all these observations suggest how APC acts as a key regulatory molecule
in maintaining homeostasis by its cytoprotective, anti-apoptotic, and
anti-inflammatory effect.

4 Involvement of APC in Angiogenesis (Formation of New
Blood Vessels) and Wound Healing

Natural anticoagulant APC has also been demonstrated as an effective
pro-angiogenic molecule. It induces the activation of both ERK1/2 and MEK1/2;
and found responsible for increasing DNA synthesis and proliferation of cultured
HUVECs [37]. It also activates eNOS by PI3K/AKT pathway, which leads to
increase in the level of nitric oxide (NO) required for signaling activation and
proliferation in endothelial cells. It has also been shown that EPCR bound with APC
induces phosphorylation of MAPK via PAR1 activation. Furthermore, APC induces

Fig. 4 Involvement of cytoprotective pathway of protein C in anti-apoptotic activity
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the upregulation of endothelial cytokines, such as IL-6, IL-8, or chemokines such as
MCP-1, which induces wound healing and promotes the endothelial cell migration
and proliferation [23, 38, 39]. Studies reveal that APC effectively stimulates ker-
atinocyte proliferation and migration, through the degradation of extracellular
matrix by activating matrix metalloproteinase-2 (MMP-2) [40]. In summary, APC
appears as a promising molecule for enhancing the blood vessel formation by
gelatinase-A activation and wound healing potential of cells [41].

5 Role of APC in Pathophysiological/Disease Condition

In general, protein C is present in plasma in 70 nM concentration having a half-life
of 8 h. However, plasma also contains a minimal level of APC (<40 pM) [42]. In
the context of several diseases, both homozygous and heterozygous APC defi-
ciencies have been reported. Symptomatic heterozygous deficiencies of APC are
associated with pulmonary embolism and deep vein thrombosis, however,
homozygous deficiencies are linked with purpura fulminans in newborns and fatal
systemic disseminated intravascular thrombosis conditions [43]. The function of
APC is completely dependent on the pattern of EPCR and PAR-1 expression. It will
be very interesting to establish the relation between APC response and its associ-
ation with co-receptor, depending on a particular cell’s location, condition, and
receptor profile. Recently, investigators often presumed in a clinical trial that APC
has the ability to reduce mortality in severe sepsis condition in comparison with
other anticoagulants like antithrombin or tissue factor pathway inhibitor. APC
variants are also useful to reduce endotoxemia-induced death in mice, in addition to
its neuroprotective effect. Due to distinct cytoprotective and anticoagulant actions in
relation to bleeding risks, the development of APC variant with improved profile
could provide a new insight to understand the mechanism of maintaining home-
ostasis. Several pieces of evidences suggest that APC has therapeutic implications
in a number of pathological/disease condition, which is mention as below.

5.1 Sepsis/Endotoxemia

Sepsis is a severe disease condition in which body’s response to external infection
(gram-negative bacteria) harms its own organs and tissues. In these conditions,
blood contains a low amount of oxygen and high amount of lactate. The importance
of PC pathway has been widely investigated in animal models and humans in such
disease conditions [44–46]. Experiments performed on endotoxemia (LPS)-based
animal model of sepsis have established an intricate relationship between
hemostasis and inflammation. LPS is the ligand of Toll-like receptor-4, its treatment
upregulates TF (tissue factor), leading to increase in coagulation activity and
especially increase in the cytokines level of TNF-a, IL-8, IL-6, and IL-1. This
increase in cytokine activity is NF-jb nuclear translocation dependent. These
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cytokines reduce the potential ability of the endothelial cells to activate PC into
APC by downregulating thrombomodulin in endothelial cells. Thus, increased level
of cytokines in sepsis condition diminishes the anticoagulant pathways and
enhances coagulation. Patients suffering from acute sepsis having a high risk of
death due to organ dysfunction, can be treated with recombinant form of human
APC [47], commercially marketed by Eli Lilly at Xigris. Whereas, APC adminis-
tration is still not accepted as an authentic drug for sepsis, due to excessive bleeding
complications in patients especially children. Till date there are various relevant
medical issues need to be addressed.

5.2 Stroke Protection and Brain Injury

In addition to anti-thrombotic and anti-inflammatory properties, APC has also a
neuroprotective effect for stroke conditions. Studies reveal that APC administration
reduces brain damage and cerebrovascular injury in focal cerebral ischemic con-
dition in murine model [5, 31, 48]. The mechanism of neuroprotective effect in a
hypoxic condition of human brain endothelium is mediated by blocking
p53-mediated apoptosis by APC [7]. APC inhibits the transcription of tumor sup-
pressor protein p53, it reduces the level of caspase-3 (vital for apoptosis) and it also
attenuates the level of proapoptotic protein ratio of Bax/Bcl-2. Cytoprotective
activity of APC in brain endothelium is both EPCR and PAR1-dependent. The
involvement of APC in neuroprotective effect gets enhanced due to its ability to
cross the blood–brain barrier and blood-spinal cord barrier [49]. In the presence of
APC, the expression of superoxide dismutase-1 gets attenuated in microvessels,
motor neurons, neuronal cells, and microglial cells [50, 51]. In ischemic injury
condition, APC protects brain cells by the inhibition of TNF-a production and
hence downregulates the inflammatory gene production. APC can also regulate the
tissue plasminogen activator’s neurotoxic effects in stroke and hence reduce neu-
ronal damage [52, 53]. Altogether, these findings collectively indicate that APC has
a wide range of clinical applications in protecting stroke and brain injury.

5.3 Rheumatoid Arthritis (RA)

Progressive articular damage due to consistent inflammation of multiple synovial
joints is an important characteristic of RA. Commonly in endothelial and synovial
cells, the expression level of APC is higher and it is found colocalized with MMP-2
in these cells, suggesting its vital role in tissue remodeling [54]. Expression level of
MMP-9 gets directly inhibited at the gene and protein level after addition of
recombinant APC, it directly suppresses the production of TNF-a and activation of
NF-jb [55]. Due to reduced TNF-a and blockade of MMP-9, APC emerges as a
beneficial molecule for the prevention of inflammation and joint pain relief in
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patients with RA. Studies have concluded that in developing and arthritic joints, but
not in normal cartilage, APC may play a pivotal role in the progressive degradation
of cartilage by activating MMPs [54].

5.4 Coronary Reperfusion Injury

In ischemic condition, due to limited oxygen supply, tissues suffer from reperfusion
injury. APC shows cardio-protective effects on cardiomyocytes by inhibition of
apoptosis and the expression of inflammatory cytokines after myocardial ischemia.
Further studies reveal that APC directly stimulates the AMP-activated protein kinase
(APMK) signaling pathway. AMPK acts as an energy sensor protein, gets activated
in response to ATP depletion. AMPK mediates the translocation of glucose trans-
porter protein (GLUT4) for enhancing the glucose uptake. As mentioned previously,
APC upregulates AMPK activity and attenuates the reperfusion injury by down-
regulating the JNKinase and NF-jb pathways [22, 56], hence inhibiting the
inflammatory cytokines (like TNFa and IL-6) in the cardiac ischemic condition [57].

5.5 Asthma

Asthma is airway’s chronic inflammatory disease, in which structural alteration of
the airway wall takes place due to hypertrophy and hyperplasia of smooth muscle
cells. Recent studies demonstrate that PC pathway is also involved in the remod-
eling and inflammation of airway cell in asthma [58, 59]. Increased levels of
thrombin in asthmatic patients induce extensive production of mucus by epithelial
cells and stimulate the proliferation of smooth muscle cells. Further in vitro and
in vivo studies confirmed that administration of APC decreases thrombin-induced
goblet cells hyperplasia and development of allergic inflammation [59, 60].
Moreover, APC has also been found as an endogenous anticoagulant which
enhances fibrinolysis and decreases the obstruction caused by fibrin-deposition.
Anti-inflammatory activity of APC is partially the result of its capacity to block the
transcription of certain inflammatory cytokines, e.g., NFjb-dependent cytokines
(IL-4, IL-5, IL-13, and TNF-a), which leads to the infiltration of leukocytes at the
site of inflammation of airway wall [28, 61, 62]. APC also significantly inhibits
bronchial hyper responsiveness and the expression level of T-helper 2 cytokines,
immunoglobulin E, and eosinophilic inflammation [59]. More evidently, APC
inhalation reduces the nuclear translocation of NFjb p50 and other members of its
family. In support of this, NFjb p50-deficient mice have reduced allergic airway
inflammation, confirming that blockade of this transcription factor is an essential
step in the resolution of inflammatory response [63, 64]. Activation of PC has also
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been found reduced in the sputum of patients with bronchial asthma. The imbalance
between insufficient activation of PC system and increased thrombin leads to
enhanced coagulation and exacerbates inflammation of airway cells.

5.6 Diabetes

Apoptosis of kidney cells is one of the characteristic features of diabetes. In the
patients with persistent hyperglycemia, decreased level of thrombomodulin
(TM) was observed, accompanied by impaired APC formation. Low levels of APC
in the glomeruli of animals with diabetes, elevates blood coagulation activation, and
fibrin deposition in kidney cells, conciliating the glomerular barrier function [65,
66]. Elevated endogenous APC expression have beneficial effects with diabetic
nephropathy by inhibiting apoptosis of endothelial and podocyte cells with
improved kidney function in mouse model of Type1 diabetes, thereby preventing
hyperglycemia-induced renal dysfunction and enhances glomerular barrier function
[67]. In response to renal injury caused by ischemia/reperfusion, APC has the
potential to cure renal damage by inhibiting leukocyte activation. Simultaneous
administration of soluble TM (sTM) and increased expression of APC are found to
be highly effective against diabetic complications. Altogether, these studies evi-
dently support the importance of APC and sTM in curing tubular inflammation and
histological damage.

5.7 Tumor Adhesion and Propagation

It has already been established that cancer cells have an activated blood coagulation
cascade ultimately resulting in thrombin generation, which plays an exceptional
role in providing metastatic property to it. But the ability of APC to abate thrombin
formation may have a pivotal role in compromising cancer metastasis. Studies have
reported that APC inhibits cancer cells extravasation by targeting VE-cadherin
expression, hence preserving endothelial cell-to-cell junction stability [68, 69].
Interestingly, patients having certain types of chemotherapy treatment have been
observed with APC deficiency. Additionally, the anticoagulant treatment to the
cancer patient with thrombotic complications significantly affects the endogenous
APC generation. It has been also found in a murine model of hematogenous
B16-F10 melanoma model that APC/EPCR axis helps in reducing tumor cell
adhesion and transmigration [68]. It is also been confirmed in
EPCR-overexpressing and recombinant human APC (rhAPC) administered mice,
that activation of PC pathways inhibits the development of tumor cell metastasis
and transmigration by inhibiting P-selectin in the lung [68]. Lastly, the concept of
utilizing rhAPC protein against tumor cell metastasis and adhesion has sufficient
evidence to establish the role of APC as a potential therapeutic agent.
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6 Conclusion

Besides having excellent anticoagulant properties, APC also demonstrates a pivotal
role in maintaining a conscientious balance between coagulation, inflammatory and
cytoprotective processes during normal homeostasis. In vitro and preclinical data
also suggest the pharmacological importance of APC in curing severe sepsis and
inflammatory diseases. APC directly affects the leukocytes and endothelial cells,
depending on the signaling through EPCR/PAR1 axis. Although the therapeutic use
of recombinant human APC was approved in the case of severe sepsis patients with
high death risk in 2002 (APACHEII > 25), but due to excessive bleeding com-
plications in few individuals its use in sepsis is still a matter of controversy.
Nonetheless, the increased perception of the mechanism of APC activity has
extensively contributed to meticulously understand the complicated pathophysiol-
ogy of acute sepsis and inflammatory complications in several disorders. In future,
various forms of active APC molecules (recombinant human APC, its variants, and
conjugates) may provide a remarkable assurance for future preparation of com-
mercial therapeutic anticoagulants and anti-inflammatory drugs. These diverse
properties of APC to maintain homeostasis in circulation and the ability of EPCR to
initiate PC signaling support the persistent development of APC-mediated strategies
that are focused to attenuate the cellular process, whereby coagulation aggravates
inflammation and vice versa.
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19Role of Calpains (Calcium-Dependent
Proteases) on Coronary Artery Disease
and Metabolic Syndrome
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Abstract
Coronary artery disease and metabolic syndrome together are two major causes
of death in the United States and the numbers of people afflicted by these
diseases are increasing around the world. Overactivation of calpain has been
shown to contribute to cardiovascular disease and its associated comorbidities.
Therefore, calpain inhibition may offer a novel potential medical therapy for
treating not only coronary artery disease but also the individual aspects of the
associated comorbidities.

Keywords
Coronary artery disease � Metabolic syndrome � Calpain � Pharmacologic
therapy

1 Introduction

Metabolic syndrome is defined as having the presence of at least three of five risk
factors for coronary artery disease (insulin resistance, obesity, hypertension, ele-
vated triglycerides, and low high-density lipoprotein). Mortality from coronary
vascular disease is increased in patients with metabolic syndrome [1]. The preva-
lence of metabolic syndrome in the adult US population is approximately 24% and
is currently increasing [1]. Research has attempted to find a pharmacological
therapy to reduce the incidence of coronary disease in patients with metabolic
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syndrome but so far the mechanism through which arterial disease is being accel-
erated in this group of patients has not been identified. Calpain is a protease whose
overactivity has been found to promote coronary disease, insulin resistance,
retinopathy, renal disease, and obesity. Overactivation of calpain has been shown to
contribute to cardiovascular disease and its associated comorbidities [2–6] (Fig. 1).
Moderate calpain inhibition in the setting of hypercholesterolemia and chronic
myocardial ischemia has been found to improve proangiogenic protein expression,
microvascular relaxation, and myocardial perfusion [5–7]. Therefore, calpain
inhibition may be a mechanism through which to treat the coronary vascular disease
associated with metabolic syndrome.

2 Calpains

Calpains are a class of calcium activated, intracellular, non-lysosomal cysteine
proteases which play a key role in maintaining cellular homeostasis through their
proteolytic activity [8]. In conjunction with all cysteine proteases, calpains contain
the amino acid cysteine in their active site. The three major groups of cysteine
proteases include caspases, cathepsins, and calcium-dependent calpains [4]. When
not active, calpain is predominantly situated in the cytosol. Once calpain becomes
activated it translocates to the membrane. Calpain works through cleavage of its
substrates which results in proteolysis of several cytoskeletal proteins, membrane
proteins, enzymes, cytokines, and transcription factors [9]. Excessive activation

Fig. 1 Metabolic syndrome and coronary artery disease cause overactivation of calpain which has
detrimental effects on various organs. Calpain is overactivated in various tissues during times of
stress. This over activation of calpain has been shown to contribute to the organ dysfunction seen
in patients with metabolic syndrome and coronary vascular disease
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of calpain has been found to be a part of the pathophysiology leading to several
disorders including ischemia reperfusion injury, trauma, diabetes mellitus, coronary
vascular disease, and inflammation [4, 8]. Therefore, an effective calpain inhibitor
may serve as a beneficial potential medical therapy for patients suffering from a
number of diseases including coronary artery disease and metabolic syndrome.

The calpain family is similar in many different species (ranging from fungi to
humans). In mammals, there are 15 isoforms of calpain. Some calpains are
expressed ubiquitously (calpains 1, 2, 4, 5, 7, and 10) while others are thought be
found in specific tissues. For example, calpain 1 and 2 are thought to be located in
endothelial cells, calpain 3 in skeletal muscle, calpain 6 in placenta, calpain 8 in
smooth muscle, calpain 9 in the stomach, calpain 11 in the testes, calpain 12 in the
skin and calpain 13 in the testes and lung [9, 10]. Ten of the 15 calpain isoforms are
thought have been found to be expressed in the heart. Calpain 1 (U-calpain) and
calpain 2 (m-calpain) are the most well studied of the calpains [4].

Among the 15 isoforms of calpains found in mammals, 14 are large subunit
members (80-kDa catalytic subunit), and there is 1 small subunit member (30-kDA
subunit). One endogenous inhibitor (calpastatin) also exists [9]. Calpains can be
divided into two groups based on the structure of domain IV (Typical and Atypi-
cal). Typical calpains (1, 2, 3, 8, 9, 11, 12, 14) contain a penta-EF motif in domain
IV that can bind calcium, the calpain small subunit or calpastatin. Only calpains 1,
2, and 9 have the ability to bind to another calpain small subunit and “dimerize”
Atypical calpains (5, 6, 7, 10, 12, and 15) do not have a penta-EF motif in domain
IV. They are therefore unable to dimerize or be inhibited by calpastatin [9].

In general, calpains contain four structural domains. In some of the typical
calpains (1, 2, and 9), domain I is cleaved after calcium activation. This cleavage is
termed autolysis and it leads to autoactivation of the protease. In calpain 10,
a calpain found to be a key player in diabetes, domain 1 contains a mitochondrial
targeting sequence. The function of domain 1 for the atypical calpains is unknown
[9]. Domain II contains the catalytic active site. This active site is described as the
“catalytic triad” which consists of cysteine, asparagine, and histidine. The catalytic
active site is the functional unit of the protease and it is present in both typical and
atypical calpains (except for calpain 6 which lacks any proteolytic activity).
Domain II also has the ability to assist in autoactivation by binding two atoms of
calcium ion. Domain III contains a phospholipid-binding motif and two Ca2+

binding sites. These structures are also present in both typical and atypical calpains
(except Calpain 10). Domain III also plays a role in substrate recognition and works
to regulate calpain activity through specific electrostatic interactions [9] (Fig. 2). As
mentioned, domain IV contains the penta-EF domain that can bind calcium, the
calpain small subunit or calpastatin. As mentioned, atypical calpains have the same
general structure for domain I, II, and III but they do not have a penta-EF motif on
domain IV. Due to these differences in structure, it is thought that atypical domains
have different activation and inhibition requirements than typical domains [9].

Calpain 4 has a unique structure consisting of domain V and VI. Calpain 4 is a
small calpain subunit that dimerizes with domain IV of the typical calpains.
Domain V binds the C-terminus region of domain IV on the large typical calpain
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subunits. Domain VI contains a penta-EF domain that, similar to the penta-EF
domain on domain IV of the typical calpains, can bind to dimerize with another
calpain or bind calcium [9].

3 Calpastatin

Calpastatin is an endogenous protein calpain inhibitor. It is believed to be specific to
typical calpains. Interestingly, calpastatin preferentially binds to calcium-activated
calpains. This suggests that calpastatin inhibition does not interfere with basal
calpain activity which is required for normal homeostasis [11]. Calpastatin has eight
splice variants ranging in size from 18.7 to 85 kDA. The largest spice variant
contains six domains (I, II, III, IV, L, and XL). Domains I–IV contain subdomains
(A–C) that play an essential role calpain inhibition. These domains range in
effectiveness as follows: I > IV > III > II. Domain XL contains three protein kinase
A phosphorylation sites. The function of domain L is unknown. Calpastatin binds to
domain II, IV or VI therefore it only inhibits typical calpains [9].

Fig. 2 Schematic of typical calpain structure. Most calpain isoforms contain four structural
domains. Calpains are divided into two groups (typical and atypical) based on the structure of
domain IV. Typical calpains contain a penta-EF motif in domain IV that can bind calcium, the
calpain small subunit or calpastatin. Atypical calpains do not have a penta-EF motif in domain IV.
Most calpain isoforms contain four structural domains. In some of the typical calpains, domain I is
cleaved after calcium activation a term called autolysis which leads to autoactivation. Domain II
contains the catalytic active site known as the “catalytic triad” of cysteine, asparagine and
histidine. Domain III contains a phospholipid-binding motif and two Ca2+ binding sites
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4 Calpain and Coronary Artery Disease

4.1 Calpain Overactivity and Myocardial Cell Death

In normal metabolic conditions, calpain 1 is active in myocytes. Calpain is
responsible for preventing abnormal accumulation of proteins via the
ubiquitin/proteasome protein degradation pathway. Overactivation of calpain is an
important component of the mechanism that leads to detrimental mitochondrial
permeability, aberrant apoptotic cell death, and ischemia/reperfusion injury in the
heart [9].

Myocardial ischemia results in dysregulation of calcium homeostasis which
leads to calpain overactivation and results in myocardial cell injury. Calpain activity
is mainly regulated by calcium binding and that calcium binding is required for its
proteolytic activity. It is also known that calcium overload causes auto proteolysis
of the N-terminal peptide of calpain contributing to its overactivation [9]. However,
studies also suggest that calpain activity is regulated by other means. For example,
nicotinamide adenine dinucleotide phosphate (NADPH) is a co-factor used in
anabolic reactions. NADPH oxidase has been found to induce calpain activation in
stressed cardiomyocytes via upregulation of reactive oxygen species [11].

The mechanism through which calpain inhibition has a beneficial effect on the
heart in the setting of stress is not fully known but there are many theories. One
thought is that calpain cleaves proteins involved in apoptotic cell signaling
including caspase 3, 7, 8, 9, 12, Bcl-2, Bcl-xl, Bid, Bax, and NF-kB [6, 11]. In the
presence of a calpain inhibitor, the expression levels of these proteins are modulated
and apoptosis is decreased [6, 11]. Additional calpain substrates include the tran-
scription factors c-mos, YY1, c-fos, and c-jun and pro-apoptotic protein p53 [12,
13]. Specifically calpain cleaves the transcription factor YYI which decreases
myogenic transcription [14].

Calpains also play a role in regulating mitochondrial function. In the setting of
calcium overload (or mitochondrial stress), calpains located in the mitochondrion
have been reported to cleave of Apoptosis Inducing Factor (AIF). This cleavage
allows it to translocate to the nucleus where it functions to induce DNA degrada-
tion. In the presence of a calpain inhibitor, this process is reduced leading to
reduced cardiac cell death [15].

4.2 Calpain Overactivity and Myocardial Contractile
Dysfunction

Calpain overactivity has been found to cause cardiac dysfunction. Upregulation of
calpain has been found to exacerbate the remodeling that takes place during
myocardial infarction. This remodeling is associated with contractile dysfunction,
chamber dilatation, and reduced overall function. Interestingly, one study found that
calpain-mediated proteolysis is increased in the chronic phase (7 days or later) but
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not in the acute phase (before 24 h) after a myocardial infarct and that calpain
activity seemed to be located in the border zone of ischemia [8]. Calpain has also
been implicated in the remodeling that leads to development of the atrial fibrillation
seen in patients with diabetes and valvular heart disease [16]. There are a number of
mechanisms through which this remodeling of cardiac tissue may occur.

In diseased myocardial tissue, ischemia induces changes to cytoskeletal, con-
tractile, and myofibrillar proteins. Calpain has been found to cleave myofibrillar
specific proteins including N-cadherin, connexin 43, troponin T, troponin I, troponin
T, titin, a-fodrin, and desmin in cardiomyocytes [8, 11, 13, 17]. In the ischemic
myocardial territory after a myocardial infarct, research has found that there is
decreased expression of the important cytoskeletal protein N-cadherin and upregu-
lation of molecular markers for cardiac hypertrophy and fibroses. Importantly, cal-
pain is known to cleave N-cadherin and calpain overexpression is assocaited with
decreased expression levels other cytoskeletal markers including B-catenin and
connexin 43. These changes are attenuated in the presence of a calpain inhibitor [8].

Troponin I is a cardiac subunit of the troponin complex and is a component of
cardiac muscle contraction. Calpain induces breakdown of troponin I in chronically
ischemic cardiomyocytes [13]. This breakdown has been found to be associated with
systolic dysfunction. Interestingly, overexpression of calpastatin and the presence of
a calpain inhibitor have been found to improve this contractile dysfunction [13].

Intracoronary infusion of high calcium levels leads to overload-induced cardiac
dysfunction through proteolysis of a-fodrin. A-fodrin is a member of the sar-
colemma membrane. Calpain inhibition downregulates this proteolysis and protects
the heart from ischemia/reperfusion injury possibly through a conformational
change to the L-type calcium channel receptor on the cell membrane which results
in protection of left ventricular function [2, 18].

4.3 Calpain Overactivity and Myocardial Endothelial Cell
Dysfunction

Endothelial cells are integral to multiple homeostatic functions including blood
vessel formation, coagulation, vascular tone, angiogenesis, inflammation, and cell–
cell barrier. Calpain plays an integral role in modulating endothelial cell function
[19]. Interestingly, calpain is known to cleave numerous cytoskeletal proteins of the
endothelial cell including filamin, talin, paxillin, spectrin, vinculin, a tubulin, and
vimentin [9, 11, 12, 20]. Angiotensin II is an effector peptide in the renin–
angiotensin system which is often dysregulated in the setting of arterial disease and
metabolic syndrome. Angiotensin II release induces matrix metalloproteinase-2
(MMP-2) and calpain-1 expression and activity in the smooth muscle of the arterial
wall. It is thought that the calpain-1 overactivity induces MMP-2 activation which
modulates extracellular matrix remodeling and causes increased collagen I and III
production leading to vascular calcification [21]. Calpain is also thought to lead to
the increase of transforming growth factor beta 1 (TGF-b1) expression which is a
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major profibrotic factor causing the activation of downstream signaling pathways
including collagen I synthesis [22].

Additionally, oxidized low-density lipoprotein (oxLDL), which is present in many
patients with vascular disease and metabolic syndrome, induces apoptosis in
endothelial cells leading to the development of atherosclerosis. OxLDL activates
calpain which cleaves proteins on the cytoskeletal membrane and many apoptotic
proteins. Inhibition of calpain reverses these negative effects in endothelial cells [23].

In hypoxic retinal endothelial cells, hypoxia-induced calpain activity has been
found to lead to a disorganized actin cytoskeleton which leads to neovessel for-
mations that are defective both functionally and architecturally. Moderate calpain
inhibition has been found to reduce these architectural abnormalities, reduce vas-
cular leakage, and ultimately lead to a more functional vessel that reduces overall
hypoxia. It is thought that this calpain inhibition works by stabilizing and organizing
the actin cytoskeletal in the retinal endothelial cells that are undergoing capillary
morphogenesis. The result is improved actin cables within the new blood vessels
[19, 24]. Interestingly, while moderate calpain inhibition has been shown to be
beneficial, complete suppression results in nonfunctional endothelial cells. The
optimal amount of calpain inhibition appears to be about 30–35% inhibition [19, 24].

Vascular Endothelial Grown Factor-A (VEGF-A) therapy has been found to
induce angiogenesis, however this new vascular growth has been found to be highly
abnormal in pathological settings. Interestingly, this vascular growth has been
associated with increased calpain activity in endothelial cells. Calpain inhibition has
been found to lead to a functional angiogenesis which reduces myocardial infarct
size and improves contractile function and hemodynamics in large animal model of
cardiac ischemia/reperfusion [25].

A large animal model of chronic myocardial ischemia in the setting of metabolic
syndrome shows that calpain activity is increased in the ischemic myocardium.
Calpain inhibition improves collateral dependent perfusion, improves
endothelial-dependent microvessel relaxation and increases expression of proteins
involved in vasodilatation. Furthermore, calpain inhibition promotes expression of
the survival proteins, decreases oxidative stress and inhibits apoptotic pathways in
animals with metabolic syndrome and chronic myocardial ischemia [5, 6].

4.4 Calpain Overactivity and Myocardial Inflammation

Calpain activity also promotes inflammatory pathways [20]. The proinflammatory
cytokine tumor necrosis factor-alpha (TNF-a) is released after myocardiali
schemia/reperfusion injury possibly leading to cardiomyocyte apoptosis [11]. In the
setting of sepsis, calpain activation is associated with overexpression of TNF-a and
nitric oxide (NO) which leads to depressed myocardial contractile function [4, 11].

Calpain cleaves and leads to the degradation of IkBa. This degradation allows
transcription factor NF-jB to translocate from the cytosol to the nucleus [20, 26].
NF-kB then binds to the promoter region of genes which serve as inflammatory
mediators including interleukin-1 (Il-1), interleukin-6 (IL-6), vascular molecule-1
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(VCAM-1), inducible nitric oxide synthase (iNOS), TNF-a and cyclooxygenase-2
(Cox-2) [4, 9].

In cultured rat cardiomyocytes, lipopolysaccharide induces calpain overactivity
and is associated with increased TNF-a expression. The same study showed that
calpastatin attenuates this TNF-a expression and improves cardiac function in a
small animal model of endotoxemia [11].

5 Calpain and Metabolic Syndrome

Interestingly, calpain overactivation has been implicated in the pathogenesis of
many of the aspects of metabolic syndrome including diabetes, obesity, diabetic
nephropathy and diabetic retinopathy [10].

5.1 Calpain Overactivity and Diabetic-Induced Inflammatory
Pathways

Overactivation of the inflammatory response causes damage to blood vessels and
surrounding tissues. The endothelial cells of the vascular tract direct leukocytes to
the site of injury. This is referred to as leukocyte trafficking. Pathologic leukocyte
trafficking leads to vascular disease [20]. The inappropriate activation of calpain has
been found to change platelet function, partially degrade proteins resulting in
hyperaggregability and increase leukocyte trafficking in the microcirculation of
NIDDM (noninsulin-dependent DM). Interestingly, inhibition of calpain activity
attenuates leukocyte–endothelium interactions [10]. Therefore, inhibition of calpain
activity may improve myocardial function by the means of the attenuation of tissue
leukocyte infiltration and endothelial cell activation in the inflamed coronary vas-
culature [4].

5.2 Calpain Overactivity and Diabetic Pancreatic Dysfunction

Glucose metabolism triggers the entry of calcium into the pancreatic islets of
Langerhans b-cells leading to exocytosis of insulin granules. Hyperglycemia in type
2 diabetes is caused by both impaired insulin secretion from these b-cells and
insulin resistance. Patients with diabetes demonstrate not only a deficit in b-cell
function, but they also experience an increase in b-cell apoptosis.

Calpain-10 is the first diabetic gene identified. Calpain 10 plays a role in the
actin reorganization required for glucose-stimulated insulin release from the pan-
creatic b-cells. Calpain 10 regulates both insulin-stimulated glucose metabolism
and insulin secretion in pancreatic islet cells [27]. Calpain inhibition has been found
to lead to decreased insulin secretion [28, 29]. Calpain also plays a key role in the
pathophysiology of beta-cell death in patients with type 2 diabetes [30]. It is
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thought that elevated plasma-free fatty acids lead to b-cell apoptosis via an inter-
action between calpain-2 and endoplasmic reticulum stress-induced apoptotic factor
(CHOP) [31].

5.3 Calpain Overactivity and Diabetic Cardiomyopathy

Diabetic cardiomyopathy is distinct from the coronary vascular disease that
develops in patients with metabolic syndrome. Diabetic cardiomyopathy is defined
as the ventricular dysfunction that occurs in patients with diabetes [32]. Calpain
activity is increased in the acute inflammatory processes associated with the cardiac
hypertrophy of diabetic cardiomyopathy [20]. Elevated glucose levels lead to
increased levels of free fatty acids and growth factors. This results in dysregulation
of substrate supply, calcium levels and lipid metabolism. Elevated glucose levels
also increase production of reactive oxygen species causing oxidative stress leading
to cardiomyocyte apoptosis. Reactive oxygen species also lead to stimulation of
connective tissue growth factor which causes myocardial fibrosis and the formation
of glycation end products. Together this leads to the increased cardiac stiffness
associated with diabetic cardiomyopathy [32]. Calpain inhibition is associated with
decreased (1) left ventricular hypertrophy, (2) perivascular inflammation and
(3) fibrosis in myocardial tissue in mouse models of diabetes [33, 34].

5.4 Calpain Overactivity and Diabetic Endothelial
Dysfunction

Calpain is overexpressed in diabetic vasculature. Inhibition of this overactivity
attenuates the vascular dysfunction associated with chronic diabetic mellitus [20, 35].

High glucose levels lead to calcium overload and overactivation of calpain in
endothelial cells. This is associated with the formation of reactive oxygen species,
mitochondrial superoxide generation, cellular apoptosis, and endothelium-
dependent vascular dysfunction in the setting of diabetes. Inhibition of calpain
prevents glucose-induced reactive oxygen species expression and production of
mitochondrial superoxide generation. This leads to decreased endothelial apoptosis
and improved endothelium-dependent relaxation [35, 36].

A proposed mechanism of this beneficial effect on endothelial cells is that cal-
pain inhibition leads to the increased expression of endothelial nitric oxide
(NO) and attenuates expression of Intercellular Adhesion Molecule 1 (ICAM-1) and
VCAM-1 in the diabetic vasculature [20, 37]. In diabetic rats there is decreased
expression levels of endothelial heat shock protein 90 (hsp90) and endothelial nitric
oxide synthase (enols). It is thought that calpain regulates hsp90 which serves as a
dock site for eNOS activation by AKT. Inhibition of calpain activity in these
vessels restores eNOS/hsp90 interaction, increases NO release and attenuates
leukocyte trafficking [20, 37].
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5.5 Calpain overactivity and Obesity

Calpain 10 plays an important role in regulating diabetic obesity. This obesity has
been partially contributed to inadequate diet and sedentary lifestyle. However, one
study has shown that in obese patients there is a significant association between
having the genotype 1/1 (SNP19 of Calpain10) and the phenotype of excess weight.
This relationship exists even in patients who have an active lifestyle [38]. Similarly,
calpain expression is greater in obese rats with diabetes than in lean rats with
diabetes. Exercise and weight reduction have been found to be associated with
decreased calpain expression in the skeletal muscle of diabetic rats [10]. In fact,
exercise reduces calpain mRNA expression in a rat model of diabetes.
Finally, calpain activity is thought to reduce glucose transport turnover in skeletal
muscle. Therefore, calpain may modulate muscle glucose equilibrium and mass [10].

5.6 Calpain overactivity and Diabetic Nephropathy

Diabetic nephropathy is the leading cause of end stage renal disease [27]. The
kidney is responsible for maintaining ion, water, and metabolic substrate
homoeostasis. Diabetic nephropathy is characterized by the loss of the charge
barrier and the expansion of the molecular matrix of the glomerular basement
membrane [27, 39]. Calpains degrade cytoskeletal proteins leading to increased
plasma membrane permeability, water influx, and eventual necrosis in renal prox-
imal tubular cells [9, 15, 40–43].

Calpain overactivation is also associated with acute renal cell death [15]. In the
late phase of renal proximal tubule cell injury there is an influx of calcium into the
cell. This influx leads to the overactivation of calpain. Inhibition of calpain blocks
this renal proximal tubule cell death [40]. Interestingly, calpain 10 protein
expression is decreased in the kidney of aging rats. This decreased expression is
attenuated by caloric restriction. In humans, calpain 10 protein and mRNA levels
decrease linearly in kidney samples with age as renal function decreases [44]. This
contributes to the idea that basal calpain expression is necessary for appropriate cell
function but overactivity of calpain in the setting of stressful cellular conditions is
detrimental.

5.7 Calpain Overactivity and Ischemic Retinopathy

Retinopathy caused by endothelial dysfunction is a serious comorbidity of both
coronary artery disease and metabolic syndrome. Diabetic retinopathy is a leading
cause of blindness worldwide [45]. Patients with diabetic retinopathy develop
diabetic macular edema, proliferative retinopathy, and retinal blood vessel dys-
function [46]. Calpain hyperactivation has been implicated in this retinal pathology.
Calpain expression has been found to be increased in patients with diabetic
retinopathy and cataract formation [47]. In a mouse model of ischemic retinopathy
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vascular endothelial growth factor induced neovessel formation was not found to
relieve hypoxia. However, in the same mouse model, the addition of moderate
calpain inhibition normalized pathological retinal neovessel formation and relieved
the underlying hypoxia. Calpain inhibition functions by (1) improving the archi-
tecture and function of the new vessels and (2) improving vascular regrowth.
A mechanism through which calpain inhibition is thought to work is by improving
the organization of the endothelial tau protein and actin cytoskeleton in the newly
formed vessels [19, 24]. In cultured monkey cells, hypoxia/reoxygenation was
found to lead to apoptotic rod, cone, and Muller cell death by activation of calpain.
This retinal cell death was inhibited by adding a calpain inhibitor [48].

6 Conclusion

Coronary artery disease and metabolic syndrome together are two major causes of
death in the United States and the number of people afflicted by these diseases is
increasing around the world [10]. Calpain overactivity is implicated in the patho-
physiology of coronary artery disease and its associated comorbidities (obesity,
hypertension, hyperlipidemia, insulin intolerance). Currently, there are no medi-
cations available that will treat both the components of metabolic syndrome and its
associated coronary artery disease. In fact, there is limited evidence that treatment
with metformin has a beneficial effect on the risk factors for the development of
atherosclerosis [49]. Therefore, calpain inhibition may offer a novel potential
medical therapy for treating not only coronary artery disease but also the individual
aspects of the associated comorbidities.
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20Role of Matrix Metalloproteinases
in the Development and Progression
of Atherosclerosis

Karina Di Gregoli and Jason Lee Johnson

Abstract
Atherosclerosis underlies the majority of cardiovascular diseases and is accepted
as a primary cause of mortality worldwide. Matrix metalloproteinases (MMPs)
and their endogenous tissue inhibitors (TIMPs) perform complex roles during
the progression and development of atherosclerosis and subsequent plaque
instability. Proposed actions of MMPs include extracellular matrix remodeling
alongside regulation of vascular cell proliferation, migration and apoptosis
including cell types such as monocytes, macrophages and vascular smooth
muscle cells. As such, a large body of evidence from both in vitro and in vivo
studies has shown that individual MMPs and TIMPs are utilized by distinct cell
types to regulate their behavior. Consequently, it is now accepted that some
MMPs promote the growth and development of advanced atherosclerotic
plaques in experimental models whilst others do not. Similarly, human genetic
and pathological findings reveal some MMPs correlate with vulnerable
atherosclerotic plaque phenotypes, whereas others associate with stable lesions.
Furthermore, broad-spectrum MMP inhibition in both mouse and man has
proved ineffective at protecting from atherosclerotic plaque progression and
instability. Considering the divergent effects MMPs exert on atherosclerotic
lesions, selectively targeting individual deleterious MMPs may serve as a more
efficacious therapeutic strategy. For example, our recent data demonstrate that a
selective MMP-12 inhibitor retards atherosclerotic plaque progression in the
apolipoprotein E (Apoe) mouse atherosclerosis model, whilst also promoting
plaque stabilization through reducing monocyte recruitment into plaques whilst
augmenting fibrosis. Similar studies have been conducted assessing MMP-13
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inhibition. Accordingly, as our knowledge of the complex roles MMPs play
during the development, progression and rupture of atherosclerotic plaques
expands, new impetus is required for clinical trials evaluating the therapeutic
potential of selective MMP inhibition, especially in the context of
atherosclerosis.

Keywords
MMPs �Macrophages �Atherosclerosis � Vascular smooth muscle cells � Plaque
rupture

1 Introduction

Atherosclerotic plaque development and progression is the principal underlying
cause of cardiovascular disease, now reported as the primary cause of mortality and
morbidity in developed countries [1]. Atherosclerosis is characterized by the
accumulation of lipids (atheroma) and fibrous elements (sclerosis) within major
arteries sustaining the heart (coronary arteries) and the brain (carotid arteries) [1]. It
has been defined as a chronic, autoimmune-like disease, which develops in the
presence of elevated circulating lipid levels [2]. Atherosclerotic plaque formation
and progression is usually clinically silent. However, plaque rupture followed by
thrombus formation and subsequent vessel occlusion can precipitate several clinical
events including myocardial infarction, stroke, and peripheral vascular disease. The
main underlying trigger for plaque rupture is ascribed to the loss of extracellular
matrix (ECM) proteins, such as elastin and collagen, alongside decreased smooth
muscle cells content within the plaques, which commonly corresponds to areas of
marked inflammation [3]. These areas are characterized by the presence of foam cell
macrophages, B- and T-cells, mast cells and smaller amounts of other white bloods
cells [4]. Over the last quarter of a century, a large number of pathological and
experimental studies have been conducted in this field to elucidate the patho-
physiology of atherosclerotic lesion development, progression, and rupture. One of
the principal goals in cardiovascular research is to find suitable targets to allow the
development of new therapies, aimed at specific cell types or select molecules,
attributed deleterious roles in atherosclerotic disease onset and progression. Matrix
metalloproteinases (MMPs) have been implicated in all the stages of atheroscle-
rosis, from plaque development to plaque rupture, through a large body of pub-
lished work [5, 6]. Elevated expression levels of MMPs including MMP-1, -2, -7,
-8, -9, -11, -12, -13, and -14 have been identified in human atherosclerotic plaques
(see Table 1) [7–15]. Moreover, the majority of increased MMP expression within
atherosclerotic lesions is specifically located to macrophages-rich areas (shoulder
regions and around the lipid core) suggesting that macrophage-derived MMPs may
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play a key role in atherosclerotic plaque progression. Furthermore, considering
MMPs have been proposed to induce plaque rupture in a dual manner: by direct
degradation of ECM proteins (such as elastin and collagen) and by promoting the
death of vascular smooth muscle cells (VSMCs), the main cell type responsible for
ECM synthesis within the plaque [16]; many studies have focused their attention on
inhibitors of MMPs as a therapeutic strategy to stabilize and perhaps induce
regression of atherosclerosis [17].

2 Matrix Metalloproteinases (MMPs)

Matrix metalloproteinases (MMPs), also named matrixins, are a large family of at
least 24 proteolytic enzymes having a role is several physiological and pathological
processes such as morphogenesis, angiogenesis, tissue repair, wound healing and
remodeling. For these reasons, MMPs are involved in several pathologies including
cancer progression and atherosclerosis, highlighting them as key therapeutic targets
for medical research. The MMPs are multi-domain enzymes capable to degrade
both ECM components and several non-ECM molecules. MMPs share similarity
with two other proteinase families: ADAMs (a disintegrin and metalloproteinase
family) and ADAMTSs (ADAM with thrombospondin motifs), as they all contain a
zinc atom and a conserved methionine in the catalytic domain, and collectively
consist the Metzincin family [18]. Due to its destructive capabilities, MMP activity
is tightly regulated by a family of endogenous inhibitors named the tissue inhibitors
of metalloproteinases (TIMPs) that, together with MMPs, are responsible the
maintenance and balance of ECM homeostasis during physiological and patho-
logical conditions. This equilibrium contributes to multiple other processes such as
differentiation, growth, inflammation, migration, and apoptosis due in part to the

Table 1 MMPs up-regulated
in human atherosclerotic
plaques compared to normal
arteries

MMP# Cell type Principal reference

MMP-1 Mø, VSMC, EC, and T cell [7]

MMP-2 Mø and VSMC [8]

MMP-3 Mø, VSMC, EC, and T cell [9]

MMP-7 Mø [10]

MMP-8 Mø, VSMC, and EC [11]

MMP-9 Mø, VSMC, EC, and T cell [7]

MMP-11 Mø, VSMC, and EC [12]

MMP-12 Mø [10]

MMP-13 Mø [13]

MMP-14 Mø and VSMC [14]

MMP-16 Mø and VSMC [15]

Mø Macrophage, VSMC vascular smooth muscle cell, EC
endothelial cell
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capacity of MMPs to target non-ECM substrates. MMP and TIMP expression,
which exhibit distinct tissue/cell, temporal and spatial differences, are tightly reg-
ulated by numerous molecules including inflammatory cytokines, hormones,
growth factors, and physical cell–cell and cell–matrix interactions (as reviewed by
[19]).

3 MMP Classification and Structure

MMPs share some structural homology. Usually they present:

(i) Signal peptide at the N-Terminus: a hydrophobic sequence of 18–30 residues
responsible for intracellular trafficking from the Golgi apparatus to the cell
membrane which is cleaved during secretion [19].

(ii) Pro-peptide: a highly conserved motif responsible for pro-MMP latency
[19].

(iii) Catalytic Domain: which contains a zinc-binding site responsible for the
endopeptidase activity of MMPs.

(iv) Hinge Domain: known also as a linker peptide, it is situated between the
catalytic domain and the hemopexin-like domain. It stabilizes the col-
lagenolytic activity due to the presence of several proline residues.

(v) Hemopexin-like Domain: positioned at the C-terminus, it has strong
sequence similarity to the serum protein hemopexin and an extensive range
of roles amongst diverse MMPs [18].

Nevertheless, there are notable structural differences between MMPs that confer
diverse biological properties. Based on their domain organization, MMPs can be
divided into six groups [20] (see Fig. 1).

(i) MMPs presenting the pro-domain and the catalytic domain. This group
includes MMP-7 and MMP-26, also known as Matrilysins.

(ii) MMPs containing the pro-domain, the catalytic domain, the hinge domain,
and the hemopexin-like domain. This group contains several MMPs with
diverse substrate specificities; MMP-1, -8, -13 (Collagenases), MMP-3, -10,
-11 (Stromelysins), MMP-12 (Metalloelastase), MMP-20 (Enamelysin),
MMP-19, MMP-22, and MMP-28.

(iii) MMPs comprising the pro-domain, a catalytic domain containing
fibronectin-like repeats, the hinge domain and the hemopexin-like domain. In
this group there are MMP-2 and -9, also named Gelatinases for their affinity
to degrade gelatin.

(iv) The transmembrane type I MMPs are a group of MMPs that present, together
with the pro-domain, the catalytic domain, hinge domain and the
hemopexin-like domain, a transmembrane domain at the N-terminus. This
domain allows this group of MMPs to localize on to the cell membrane,
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projecting toward the extracellular space. This characteristic facilitates
pericellular matrix degradation, and hence plays a prominent role in directing
cell migration [21]. This group includes MMP-14, -15, -16, and -24.

(v) The transmembrane type II MMPs include one single MMP, MMP-23.
Differently from the type I, type II MMP has the transmembrane domain at
the C-terminus and additionally present an IgG-like domain.

(vi) There is a third group of membrane-type MMPs localized to the cell mem-
brane via glycosylphosphatidyl inositol (GPI) anchor on the N-terminus.
This group includes MMP-17 and -25.

4 MMP Activation and Inhibition

MMPs are produced as zymogens; the interaction between the pro-domain and the
catalytic domain keep the MMP in an inactive conformation. In order to achieve full
activation of these enzymes the pro-domain has to be cleaved, an essential regu-
latory step toward MMP activation [19]. Activation of the biologically inactive
MMP (pro-form) follows a multi-step sequence of events also known as ‘stepwise

Fig. 1 Domain structure for the major classes of MMPs. Diagram illustrating the differing domain
structures of the major MMP classes, including the pro-domain, catalytic domain with the active
site zinc (Zn) bound to cysteine residues within this domain and “cysteine switch-residue” in the
pro-domain, the hinge domain, the hemopexin-domain, the fibronectin-like type II repeats, and in
some cases for MT-MMPs, either a transmembrane domain or a glycophosphatidylinositol (GPI)-
anchor domain
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activation’. First, the cleavage of a ‘proteinase susceptible bait region’ through the
action of plasma or bacterial proteinases, destabilise the cysteine–Zn2+ negative
interaction within the pro-domain, resulting in a MMP intermediate form. To
achieve full activation, the in-trans activity of other intermediary or active MMPs is
required in order to fully remove the inhibitory pro-domain [19]. Some MMPs are
completely activated intracellularly by furin or other pro-protein convertases and
then either translocated to the cell membrane or secreted, as active enzymes. MMP
activity is closely regulated by endogenous inhibitors (such as TIMPs and
a2-macroglobulin), proteolysis, or internalization and recycling [19]. In addition,
other proteins with the ability to inhibit MMPs have been described, including the
reversion-inducing cysteine-rich protein with Kazal motifs (RECK), tissue factor
pathway inhibitor-2 (TFPI-2), and the pro-collagen C-terminal proteinase enhancer
(PCPE). Nevertheless, TIMPs are the most potent endogenous inhibitors of MMPs
and therefore considered key regulators in the physiological regulation of MMP
activity. Four TIMPs have been identified within vertebrates, TIMP-1, -2, -3, and
-4, which exhibit diverse inhibitory actions toward different MMP family members
[22]. For example, TIMP-1 has a poor inhibitory effect on MMP-9, -14, -15, -16,
and -24. TIMPs also harbor the ability to inhibit members of both the ADAM and
ADAMTS family of proteinases [22]. TIMP expression is tissue specific and,
similarly to MMPs, is finely regulated during development and remodeling. Most of
their inhibitory capacity has been ascribed to the N-Terminal domain since it is able
to form, when isolated, a stable native molecule with an inhibitory effect on MMPs
[23]. TIMPs are normally secreted proteins, however they can localize to the cell
membrane associated with membrane protein, including several MT-MMPs. Reg-
ulation of the equilibrium between MMPs and TIMPs is essential in homeostasis.
Alterations in this balance can trigger patho-physiological conditions associated
with atypical ECM turnover of the matrix and/or dysregulation of processes
involved in wound healing, remodeling and inflammation. Cardiovascular disease,
cancer, arthritis, and neurological disorders are all examples of pathologies where
an imbalance between MMPs and TIMPs is apparent [23].

5 MMPs and Atherogenesis

5.1 Early Stage: Pathological Intimal Thickening

Atherogenesis is a multi-step sequence of events that leads to atherosclerotic plaque
formation on the luminal side of major arteries. In humans, it is a process that
develops and evolves over several decades, beginning with early lesions that can
occur during childhood. The development of atherosclerotic lesions is dependent on
multiple risk factors which can be genetic or modifiable in nature, including
hypercholesterolemia, smoking, high blood pressure, sedentary lifestyle, and dia-
betes [24]. In man, the first event that generally occurs branch points within major
arteries, is the formation of an early lesion, commonly termed pathological intimal
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thickening (although sometimes referred to as fatty streaks) [25]. These early
lesions are characterized by the accumulation of lipid-laden macrophages (also
called foam-cell macrophages due to their appearance under the microscope),
within a preexisting smooth muscle and ECM-rich intima. Raised levels of low
density lipoprotein (LDL) within the blood stream, alongside alterations in shear
stress, the presence of free radicals such as reactive oxygen species (ROS), or
exposure to infection-related pathogens, can result endothelial damage. A damaged
endothelium is subject to inflammatory activation that triggers expression of
adhesion molecules (including vascular cell adhesion molecule-1; VCAM-1) that
mediate leukocyte recruitment. Such adhesion molecules facilitate a transient
contact, allowing leukocyte rolling at the luminal surface of the vessel wall. After
firm adhesion to the endothelium, monocytes and lymphocytes transmigrate, pen-
etrating into the tunica intima (the innermost layer of the artery) driven by a
chemoattractant gradient, through molecules including monocyte chemoattractant
protein-1 (MCP-1). Monocyte recruitment is considered a fundamental process
during early lesion formation and atherosclerosis onset. In order to invade the
arterial wall, monocytes are required to degrade the physical barrier represented by
the ECM, therefore it is essential that they possess potent protease activity. Human
monocytes constitutively express several MMPs and TIMPs including MMP-8,
MMP-12, MMP-19, TIMP-1, and TIMP-2. Whereas upon adhesion and in response
to inflammatory stimuli they can be activated and subsequently upregulate the
expression of MMP-1, MMP-3, MMP-10, and MMP-14 via the stimulation of
MAP kinase and NF-jB transcription factors [26]. Specifically, MMP-14 expres-
sion and activity is necessary for monocyte endothelial transmigration and invasion
this process can be blocked by MMP-14 inhibition either by a neutralizing anti-
body, recombinant TIMP-2 or gene silencing in vitro [27–30]. Moreover, MMP14
inhibition of activated circulating monocytes by a neutralizing antibody, retards
monocyte recruitment into existing atherosclerotic lesions in mouse model of
atherosclerosis [30]. Once within the intima monocytes differentiate into macro-
phages in response to several stimuli, in particular the Colony Stimulating Factors
(CSFs), which concomitantly drives the expression of scavenger receptors, growth
factors, cytokines giving rise to a survival impulse [31]. Accordingly, recently
recruited monocytes at sites within the artery where lipoproteins have accumulated
and after their differentiation into macrophages, begin to internalize the modified
lipoproteins from the surrounding areas, through their cell-surface scavenger
receptors. This process results in transformation of macrophages into foam-cells
macrophages (FCMs) [32]. Macrophages also interact with T-cells which are also
recruited to developing plaques, inducing an array of immune and inflammatory
responses including the expression of adhesion molecules, MMPs, cytokines,
apoptotic mediators, and pro-thrombotic activities, which collectively drive an
inflammatory amplification loop and therefore promoting atherosclerotic plaque
progression [33]. Intra-plaque macrophages and foam-cells express a diverse range
of MMPs and TIMPs [34]. In particular, it has been observed that MMP-7, MMP-9,
and TIMP-3 expression is induced during macrophage differentiation in vitro [26],
whereas MMP-1, MMP-3, and MMP-12 expression can be induced in macrophages
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in response to inflammatory mediators and cytokines [34]. However, within
atherosclerotic plaques, most macrophages are lipid-laden and therefore charac-
terized as foam cell macrophages, therefore the accumulation of lipid within
macrophages may exert the most dominant role on MMP and TIMP regulation.
Indeed, immunohistochemistry (a valuable method for studying atherosclerotic
plaque composition alongside macrophages and foam-cell macrophages in situ), has
revealed the expression of MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, MMP-11,
MMP-12, MMP-13, MMP-14, and MMP-16 in foam-cell macrophages within
lesions (Table 1). Moreover, the detection of matrix proteolysis (as assessed by
in situ zymography) [35, 36] alongside the presence of cleaved collagen fibres at the
corresponding sites [13], suggest that at least some of the MMPs expressed within
these regions are in an active form. Recent direct evidence has demonstrated that
MMP-1, MMP-3, and MMP-14 are over-expressed in foam-cell macrophages
isolated from human plaques [37, 38] and that in vivo generated foam-cell mac-
rophages from cholesterol-fed rabbits display heightened expression of MMP-1,
MMP-3, MMP-12, and MMP-14, when compared to nonlipid-laden macrophages
[39]. Additionally, increased expression and activity of MMP-14 in a
sub-population of rabbit foam cell macrophages was associated with a concomitant
loss of TIMP-3 expression, resulting in their increased invasiveness, proteolytic
activity, and susceptibility to undergo apoptosis [40]. Therefore, the presence of
foam-cell macrophage-derived MMPs within the atherosclerotic lesions may direct
disease progression and predict future clinical outcome.

5.2 MMPs and Atherosclerotic Plaque Progression

One of the principal processes that determines the progression of a pathological
intimal thickening toward the development of a mature atherosclerotic plaque is the
formation of a fibrous cap which overlies a recently formed lipid core. The fibrous
cap originates following the organized migration of vascular smooth muscle cells
(VSMCs) from the tunica media (the middle layer of the artery that lies between the
tunica intima on the inside and the tunica externa on the outside) toward the arterial
lumen, alongside the continual growth of VSMCs already resident within the
intimal thickening. The VSMCs overlying the lipid core proliferate and produce
fibrous ECM components, such as collagen and fibronectin, providing a structural
barrier that separates the thrombogenic lipid core from the blood stream, providing
strength and hemodynamic stability to the developing lesion. In addition to the
production of MMPs and TIMPs, macrophages within the plaque secrete numerous
cytokines and mediators such as platelet-derived growth factor (PDGF),
heparin-binding epidermal growth factor (EGF), and insulin-like growth factor
(IGF) that facilitate the mobilization and recruitment of VSMCs [41]. In order to
expedite their migration, VSMCs need to release themselves from their cell–cell
and cell–matrix interactions which act as physical barriers—dysregulated MMP
activity directs this process. Studies investigating the role of MMP activity on
VSMC migration have focused their attention principally on MMP-2, MMP-9, and
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MMP-14, presumably due to these MMPs harboring the ability to degrade the
basement membrane protein collagen type IV [16]. MMP-2 has been shown to
augment VSMC migration across basement membrane proteins in vitro [42, 43],
and MMP-9 overexpression can also promote the migratory capacity of isolated
VSMCs [44]. A comprehensive study revealed MMP-14 is critical during VSMC
migration, facilitating VSMCs to first degrade and then infiltrate 3-D collagen
barriers, including the arterial wall [45]. These findings have been substantiated
through subsequent in vivo studies utilizing genetically modified mice lacking
either MMP-2, MMP-9, or MMP-14 which all reported attenuated VSMC migra-
tion. MMP-3 has also been shown to promote VSMC migration, predominantly
through the activation of MMP-9 [46]. A role for the collagenase MMP-13 in
VSMC migration has been documented, induced through an Akt-ERK dependent
pathway [47]. Additionally, MMPs can contribute to VSMC migration by cleavage
of nonmatrix substrates. For instance, MMP-14 can cleave and shed from the cell
membrane CD44 (a cell surface hyaluronan receptor), promoting increased cell
motility [48]. Conversely, intact CD44 can serve as a docking station for secreted
MMP-7 and MMP-9 on the VSMC membrane, localizing their proteolytic activity
to the cell surface and potentially facilitating cell migration [49, 50]. MMP activity
has also been linked to VSMC proliferation. Similarly to migration, proliferation
requires the removal of cell–cell and cell–matrix interactions, which otherwise exert
an inhibitory effect on cell division. Cadherins are a family of adhesion proteins
involved in cell–cell contact regulation of proliferation, and have recently been
identified as new substrates of MMP activity [51]. Cadherins also serve as mem-
brane receptors for cell signaling transduction and their cleavage by MMPs can
modulate b-catenin nuclear translocation (a member of Wnt/wingless signaling
pathway), known to activate the transcription of several pro-proliferative genes
[51]. Indeed, MMP-7 and MMP-12 can induce N-cadherin cleavage/shedding, and
through b-catenin signaling, promote VSMC proliferation [52]. Taken together,
MMP-directed VSMC growth and migration participates in fibrous cap formation
and therefore plays a prominent role in atherosclerotic plaque formation—but is
considered beneficial as it protects the developing plaque from instability.

5.3 MMPs and Unstable Plaque Development and Rupture

During atherosclerotic plaque progression, foam-cell macrophages undergo cell
death via apoptosis or necrosis. Macrophage and foam-cell death promotes the
establishment and expansion of an extracellular lipid-rich core, which is highly
thrombogenic and harbors the potential to destabilise advanced atherosclerotic
plaques. Unsurprisingly, a role for MMPs has been suggested in macrophage and
foam-cell apoptosis [53]. For example, macrophage and foam-cell susceptibility to
undergo apoptosis can be retarded by inhibition of MMP-12 or MMP-14 activity,
through use of a selective inhibitor or a neutralizing antibody, respectively [40, 54].
Accordingly, TIMP-2 and TIMP-3 can both reduce foam-cell macrophage apop-
tosis, in part through inhibition of MMP-14-dependent N-Cadherin cleavage [30,
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40, 55]. Furthermore, loss of TIMP-2 in vivo increases the number of apoptotic
macrophages within atherosclerotic plaques of hypercholesteroleamic mice, whilst
TIMP-1 depletion had no effect [30]. Therefore, uncontrolled cell death and sub-
sequent lipid core enlargement contributes to plaque progression and is associated
with plaque instability and propensity to rupture [56]. As can know be appreciated,
the stability of atherosclerotic plaques is determined by its composition, specifically
the VSMC and fibrous ECM content (which reflects the thickness and strength of
the fibrous cap), together with the macrophage and lipid content (which reveals the
size and possible rate of expansion of the lipid core) [57]. The vast majority of acute
coronary events originate from atherosclerotic plaque instability, notably the rup-
ture of the fibrous cap and ensuing leakage of the thrombogenic lipid core into the
arterial lumen, triggering thrombosis [58]. As such, clinical symptoms, including
myocardial infarction or stroke, are often a result of plaque rupture and subsequent
thrombus formation, resulting in distal impairment of blood flow or embolization
and consequent ischemia. Indeed, fibrous cap disruption leads to the exposure of
highly thrombogenic plaque constituents such as tissue factor (TF), lipids or
modified collagen fragments. The interaction of these factors with the flowing blood
results in thrombus formation by triggering activation of the coagulation cascade
[59]. As earlier discussed, mature atherosclerotic plaques are characterized by a soft
and highly thrombogenic lipid-rich core and associated macrophages infiltration,
which is encapsulated by a VSMC and ECM-rich fibrous cap that provides struc-
tural integrity [56]. However, atherosclerotic lesions are heterogeneous in nature
and can vary in fibrous cap thickness and lipid-core size; different combinations of
these two variables results in different plaque phenotypes and susceptibility to
rupture, with diverse clinical outcome. Pathological studies of human coronary
artery atherosclerotic plaques permit histological discrimination between stable and
unstable (also defined as vulnerable or rupture-prone) atherosclerotic plaques [25,
56]. Characteristically, stable plaques constitute of a thick fibrous cap, particularly
enriched with VSMCs and collagen, and a small lipid core with reduced macro-
phage accumulation. Plaques with thick caps (and nonstenotic) are generally clin-
ically silent. However, unstable plaques typically present with a large lipid-core and
a thin fibrous cap [5] and are characterized by a high number of macrophages plus
other inflammatory cell types; and are commonly referred to as thin-cap
fibro-atheromas (TCFAs). Histological and in vivo animal studies have demon-
strated that inflammation (T-cells and macrophages) not only promotes
atherosclerotic plaque formation, but also contributes to plaque destabilization [5].
Foam-cell macrophages produce several pro-inflammatory cytokines such as IFNc,
which in addition to mediating inflammatory responses, can also inhibit VSMC
collagen synthesis [60]. As discussed earlier, within atherosclerotic plaques, mac-
rophages are a major source of proteolytic enzymes, especially MMPs, alongside a
plethora of inflammatory mediators in plaques, and are therefore considered to play
a fundamental in ECM degradation (i.e., collagen and elastin) and subsequent
fibrous cap weakening [5]. There is also evidence that macrophage-dependent
MMP activity can promote fibrous cap thinning through potentiating VSMC death.
For example, MMP activity may detrimentally affect VSMC survival by disrupting
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cell–matrix interactions and therefore attenuating matrix-dependent survival signals
[16]. The cleavage of death signal molecules and their receptors from the cell
surface can trigger apoptosis through autocrine and paracrine processes. A number
of MMPs including MMP-7 are able to generate the pro-apoptotic factor TNFa
through proteolytic cleavage of pro-TNFa [16]. In addition, MMP-7 can cleave Fas
ligand (FasL) to its pro-apoptotic soluble form (sFasL) [61]. Interestingly, MMP-7,
TNFa, and FasL all co-localize in human atherosclerotic plaques, suggesting this
apoptotic triptych may contribute to formation and expansion of the lipid-rich core
[62]. The lateral aspects of an atherosclerotic plaque (commonly termed the
shoulder regions) are the sites considered most prone to rupture, and reside between
the lipid-rich core and the thinnest part of the fibrous cap. These areas are char-
acterized by accumulations of macrophages and particularly foam-cell macro-
phages, alongside notable neovascularization [63]. Pathological studies of human
atherosclerotic plaques have revealed that macrophages, VSMCs, lymphocytes, and
endothelial cells within the rupture-prone shoulder regions express MMP-1,
MMP-3, and MMP-9 [64]. MMP-2, MMP-7, MMP-11, MMP-12, MMP-13,
MMP-14, and MMP-16 levels are also elevated at the shoulder regions of unstable
plaques [8, 10, 12–15], where increased MMP activity and substrate cleavage has
also been documented [7, 11, 13, 36]. These findings suggest that MMP expression
and activity is strongly associated atherosclerotic plaque progression, highlighting
them as therapeutic targets and predictors of clinical outcome in patients with
advanced atherosclerotic disease.

6 MMPs as Therapeutic Target for Atherosclerosis

Animal models of atherosclerosis have been widely utilized to investigate the
pathogenesis of plaque formation, progression, and instability with the objective of
identifying novel therapeutic targets to prevent the clinical manifestations associ-
ated with atherosclerosis. Rabbits have been used in multiple studies as several
strains spontaneously develop atherosclerotic plaques when fed a high-fat diet.
However, most atherosclerosis in vivo studies are conducted in mouse models,
despite the fact that wild-type mice atherosclerosis-resistant even after prolonged
periods of high fat feeding. The two most commonly used mouse models of
atherosclerosis are genetically modified where a key gene of the cholesterol
transport pathway has been deleted; these genes are Apolipoprotein E (Apoe) or
LDL receptor (Ldlr), thus rendering them hypercholesteroleamic [65–67]. These
mice develop atherosclerotic lesions throughout the arterial tree including similar
sites to plaque formation in man, even when fed on a normal diet [68]. However, on
consumption of a high-fat diet, atherogenesis is significantly accelerated in either
Apoe or Ldlr deficient mice, although the hypercholesterolemia is more marked in
the Apoe deficient animals. There are also striking similarities in lesion develop-
ment and progression between both models and humans, as early lesions closely
resemble fatty streaks whilst longer periods of high-fat feeding produce complex
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advanced lesions [68, 69]. A multitude of studies have been conducted in Apoe
deficient mice (and to a lesser degree Ldlr knockout mice) to investigate the roles of
MMPs in atherosclerosis. Such studies have utilized genetically modified mice
which have global or cell specific knockout or over-expression of a single
MMP/TIMP, or treated with a potential therapeutic agent that targets select or all
MMPs. These studies have aided the elucidation of potential pathogenic roles of
multiple MMPs and TIMPs in atherosclerosis plaque progression and stability
(summarized in Table 2).

Table 2 Effect of MMP modulation on atherosclerotic plaque development and stability in
animal models

Modulation Model (species) Site Size VSMCs Mø References

MMP-1 Tg Apoe KO (Ms) Aorta and root # $ $ [70]

MMP-2 KO Apoe KO (Ms) Aorta and root # # $ [74]

MMP-3 KO Apoe KO (Ms) Aorta, BCA "/" #/ND #/$ [76, 77]

MMP-7 KO Apoe KO (Ms) BCA $ " $ [77]

MMP-8 KO Apoe KO (Ms) Aorta # $ # [80]

MMP-9 KO Apoe KO (Ms) Aorta, BCA #/" ND/# #/" [77, 78]

MMP-9 Tg Apoe KO (Ms) Arch, collar $ $ $ [71, 72]

MMP-12 KO Apoe KO (Ms) Aorta, BCA $/# $/" $/# [77, 78]

MMP-12 Tg kbt:JW (Rb) Aorta " " " [73]

MMP-13 KO Apoe KO (Ms) Root $ $ $ [81]

MMP-14 KO Ldlr KO (Ms) Root $ $ $ [82]

Non selective MMP
inhibitor

Ldlr or
Apoe KO (Ms)

Aorta, BCA $ $ $ [87–89]

MMP-12 inhibitor Apoe KO (Ms) Aorta, BCA
and root

# " # [54]

MMP-13 inhibitor Apoe KO (Ms) Carotid $ $ $ [92]

miR-24 inhibitor (MMP-
14 over-expression)

Apoe KO (Ms) BCA " $ " [84]

TIMP-1 KO Apoe KO (Ms) Aorta and root $/# $/ND $/" [30, 83]

TIMP-2 KO ApoE KO (Ms) BCA $ # " [30]

TIMP-3 KO ApoE KO (Ms) Aorta and root # ND # [85]

TIMP-1 RAd Apoe KO (Ms) BCA and root #/$ ND/$ #/$ [55, 86]

TIMP-2 RAd Apoe KO (Ms) BCA # " # [55]

miR-712 inhibitor
(TIMP-3 over-
expression)

Apoe KO (Ms) Carotid, aorta
and aortic arch

# ND # [103]

Results of in vivo animal studies evaluating the effects of modulating matrix metalloproteinases
(MMP) or tissue inhibitors of MMPs (TIMP) on atherosclerotic plaque size and cellular
composition, using transgenic (Tg) or adenoviral (Rad) over-expression, gene knockout (KO),
pharmacological inhibitors of MMPs, or microRNA (miR) inhibitors.
VSMC Vascular smooth muscle cell,Mømacrophage, BCA brachiocephalic artery, root aortic root,
(#) decreased, (") increased, ($) no change, and ND not determined
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6.1 Overexpression Studies

Dissimilar to humans, mice do not constitutively express MMP-1. However, when
human MMP-1 was over-expressed exclusively in macrophages of Apoe deficient
mice, an unexpected reduction in plaque size, and collagen content was observed
[70]. In contrast, macrophage-specific over-expression of pro-MMP-9 did not affect
atherosclerotic plaques [71]. However, in a collar-induced carotid artery model of
atherosclerosis in Apoe deficient mice, local over-expression of pro-MMP-9 pro-
moted intra-plaque hemorrhage [72]. Furthermore, the transplantation of transduced
stem cells permitting the over-expression of an active form of MMP-9, increased
plaque progression [71]. Similarly, macrophage-specific over-expression of active
of MMP-12 in transgenic rabbits, augmented plaque size and markers of inflam-
mation [73], suggesting that MMP-9 and MMP-12 activation may promote
atherosclerosis progression (summarized in Table 2).

6.2 Knockout Studies

A number of studies have been conducted in Apoe knockout mice which are also
deficiency for a single MMP or TIMP to elucidate the roles for a selected
MMP/TIMP in atherosclerotic plaque formation. Interestingly, these studies have
revealed that MMPs exert protective and detrimental effects on atherosclerosis. For
instance, Mmp2 knockout mice exhibits a reduction in plaque size, attributed in part
to a reduction in VSMC content and implying that plaque stability is compromised
in the absence of MMP-2 [74], as MMP-2 is necessary for VSMC migration and
intimal formation in vivo [75]. Equally, although Mmp3 deletion resulted in larger
aortic and brachiocephalic plaques, a reduction in VSMC number was observed,
associated with an increased number of buried fibrous layers (a surrogate marker of
plaque instability), suggesting that MMP-3 may promotes plaque stability through
promoting VSMC accumulation [76, 77]. Indeed, after carotid ligation, Mmp3
knockout mice shows decreased VSMC migration and associated neo-intimal for-
mation [46]. Likewise Mmp9 deficient mice develop larger plaques with an
increased number of buried fibrous layers, and a concomitant reduction in VSMC
content [77]. Taken together with findings from an arterial injury model demon-
strating MMP-9 promotes VSMC migration and concomitant neo-intimal formation
[46], these studies support a beneficial role for MMP-9 in promoting plaque sta-
bility through favouring VSMC accumulation. However in another study assessing
aortic plaques in mmp9 KO studies, revealed no change in plaque area and a
reduced number of lesions, although they also suggested that plaque VSMC
number was lowered in Mmp9 deficient animals [78].

In contrast, an increase in VSMC content was reported within the brachio-
cephalic plaques of mmp7 knockout mice [77], in agreement with a pro-apoptotic
role attributed to MMP-7 on VSMCs [79], and indicating a deleterious role for this
MMP in atherosclerosis. Mmp8 deficient mice show reduced plaque size and
macrophage number but increased collagen content, suggesting MMP-8 promotes
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plaque progression [80]. Several lines of evidence have strongly indicated a
detrimental role for MMP-12 in plaque progression and instability. Mmp12 defi-
ciency results in smaller brachiocephalic artery plaques, with a reduced number of
macrophages and buried fibrous layers [77] and diminished indicators of elastin
degradation [78]. Moreover, the ratio between macrophages and VSMCs within the
plaques of Mmp12 knockout mice are favourably increased toward VSMCs, in part
due to reduced monocyte/macrophage invasion and apoptosis [54], suggesting
MMP-12 promotes plaque instability. Further studies in a rabbit model of
atherosclerosis have confirmed a detrimental role for MMP-12 in atherosclerosis
[73]. Collectively these findings strongly imply that MMP-12 promotes plaque
progression and instability. Whilst exerting moderate effects on plaque size, mac-
rophage and VSMC content, mice with either global deletion of MMP-13 or
macrophage-specific loss of MMP-14 exhibit a marked increase in plaque fibrillar
collagen content, indicating significant roles for these two MMPs in collagen
degradation and consequently plaque destabilization [81, 82].

Consequently, these studies imply that some MMPs, such as MMP-2, -3, and -9,
exert a protective effect on atherosclerotic plaque progression by promoting VSMC
growth and consequent fibrous cap formation. Contrastingly, other MMPs includ-
ing MMP-7, -8, -12, -13, and -14, may promote plaque instability via increased
inflammation, matrix degradation and apoptosis, therefore increasing the propensity
of plaque rupture (summarized in Table 2).

6.3 Inhibitor Studies

Although Timp1 deficient mice had larger aortic atherosclerotic lesions with
enhanced MMP activity, accompanied with heightened macrophage and lipid
content [83], Timp2 knockout mice display a more unstable plaque phenotype than
their Timp1 deficient counterparts [30]. These plaques were characterized by
increased necrotic core size, buried fibrous layers, macrophage number, and mac-
rophages undergoing apoptosis and proliferation; they also presented reduced
collagen and VSMC content, indicative of reduced stability [84]. Equally, Timp3
deficiency in Apoe knockout mice increased lesion size within the aorta and at the
aortic root, associated with heightened macrophage accumulation [85]. As therefore
expected, systemic over-expression of TIMP-1 or TIMP-2, via adenovirus-mediated
gene transfer, reduced lesion development and plaque progression in Apoe
knockout mice [55, 86]. Additionally, gene transfer long term over-expression of
TIMP-2, but not TIMP-1, arrested progression of established plaques at least in part
by constraining monocyte/macrophage invasion and their susceptibility to apoptosis
[55]. These findings lend robust support for MMP inhibition as a therapeutic
strategy to prevent plaque progression and destabilization. Accordingly, there have
been numerous endeavours by academia and industry to develop and deploy syn-
thetic inhibitors of MMPs. Nevertheless, broad spectrum inhibitors containing
zinc-chelating groups (such as thiol or hydroxamate groups, or tetracycline deri-
vates) have given inconsistent results. Administration of hydroxamic acid-based,
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nonselective MMPs inhibitors to either Lldr knockout or Apoe KO deficient mice
revealed no beneficial effects on plaque development or progression [87, 88].
Likewise, doxycycline (a commonly used antibiotic with known nonspecific MMP
inhibitory ability) failed to prevent atherosclerosis development in Apoe deficient
mice [89]. Furthermore, two independent, randomized, double-blind, and placebo
controlled clinical trials involving treatment with of patients with symptomatic
coronary and carotid artery disease with doxycycline, did not favourably influence
plaque composition or clinical outcome [90, 91]. In contrast, use of a highly
selective MMP-12 inhibitor, RXP470.1, arrested plaque progression and improved
stability in Apoe deficient mice with preexisting atherosclerosis [54]. In response to
MMP-12 inhibition, lesions exhibited reduced lipid core expansion and macro-
phage apoptosis, increased VSMC to macrophage ratio, decreased plaque calcifi-
cation, and attenuated elastin degradation [54]. These results, together with a
reduction of buried fibrous layers, reflected those observed previously in
Mmp12/Apoe double knockout mice [77]. Similarly, a second study where a highly
specific MMP-13 inhibitor was deployed, revealed intra-plaque collagenolytic
activity was reduced and associated with preservation of fibrillar collagen content
within plaques [92], mirroring the effects also witnessed in Mmp13 deficient mice
[81]. Taken together, considering broad spectrum MMP inhibition failed to exert
any striking benefits on atherosclerosis in either clinical or animal studies, whilst
selective MMP inhibition was beneficial in mice, support the tenet that individual
MMPs (and therefore possibly TIMPs) play divergent roles in disease development
and progression. Consequently, these proof-of-principle studies in mice provide an
incentive to translate selective MMP inhibitor treatment into human atherosclerotic
patients (summarized in Table 2).

6.4 microRNA Regulation of MMPs

microRNAs (miRs) are small noncoding RNA molecules of approximately 22
nucleotides in length which have the ability to post-transcriptionally regulate gene
expression. They are transcribed by polymerase II in the nucleus and are initially
produced as primary miRs (pri-miRs). These pri-miRs are processed to miR pre-
cursors (pre-miRs) by RNAse III Drosha before they can be exported to the
cytoplasm where they are eventually processed into mature and biologically
functional miRs through the action of another RNAse III named Dicer. Mature
miRs are able to target and bind the 3′ untranslated regions (3′-UTR) of messenger
RNA (mRNA) and modulate their expression. It has been predicted that miRs may
modulate up to 90% of mammalian genes and therefore play fundamental roles in
regulating cellular function [93]. Numerous studies have recently investigated that
ability of miRs to regulate MMP expression. For instance, the 3′UTR region of
MMP-1 is targeted and regulated by miR-526 [94], which could have potential
implications for collagenolysis in plaques. MMP-2 is a direct target of miR-29b,
and consequently miR-29b over-expression can inhibit VSMC migration and
proliferation and subsequent neo-intimal formation [95]. MMP-3 has been
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identified and validated as a putative target of miR-93, as such miR-93
over-expression in human nucleus pulposus cells promoted collagen accumula-
tion [96]. In osteocarcinoma, miR-539 plays a key role in inhibiting osteosarcoma
cell invasion and migration through regulating MMP-8 expression in osteosarcoma
cells [97]. Direct targeting of MMP-9 by miR-204 can suppress trophoblast-like cell
invasion, contributing to the development of pre-eclampsia [98]. Furthermore,
MMP-9 expression may also be indirectly regulated by miR-497 via direct targeting
of MEK1 in endothelial cells, in response to the anti-hyperlipidaemia drug probucol
[99]. Another study conducted in chondrocytes revealed miR-320 was able to
directly target and down-regulate MMP-13 expression during chondrogenesis, and
vice versa during inflammatory osteoarthritis [100]. Numerous microRNAs have
been identified and predicted to target and regulate the expression of MMP-14.
miR181a-5p has been shown to downregulate MMP-14 expression by direct tar-
geting of its 3′UTR, reducing cancer cell invasion, and angiogenesis [101]. Simi-
larly, miR-9 can inhibit neuroblastoma cell invasion, metastasis, and angiogenesis
by targeting of MMP-14 mRNA [102]. With regard to atherosclerosis, MMP-14
protein expression can be directly modulated by miR-24 in macrophages in
response to GM-CSF, influencing the invasive capacity of macrophages [84].
Consequently, administration of a locked nucleic acid (LNA)-miR-24 inhibitor
significantly exacerbated preexisting atherosclerosis in Apoe deficient mice,
through increasing lesion size, macrophage content, and MMP-14 expression [84].
Moreover, miR-24 expression correlate with more stable coronary plaques in
humans, suggesting a protective role of miR-24 in atherosclerosis, presumably
through decreased MMP-14 activity [84]. Finally, miR-712 is induced in response
to shear stress in endothelial cells of Apoe deficient mice, and through targeting of
TIMP-3, exerts a detrimental effect on atherosclerosis via promotion of endothelial
inflammation [103]. Collectively, these findings suggest modulation of microRNA
may serve as a valuable tool for regulating MMP and TIMP expression in
atherosclerosis, highlighting these important and powerful molecules as significant
targets for medical intervention.

7 Conclusions

Through studies conducted in isolated cells and animal models, alongside human
pathological and clinical findings, MMPs have been established to play a funda-
mental role in cardiovascular diseases, especially the development, progression, and
rupture of atherosclerotic plaques. Seminal studies utilizing animal models that
permit genetic modulation of individual MMPs or TIMPs has allowed the identi-
fication of specific roles select MMPs exert on all vascular cell types, and the
ensuing significance to atherosclerosis. Collectively, this large body of work has
demonstrated that modulation of MMP expression/activity can halt and even
reverse atherosclerosis, whilst disappointingly broad-spectrum MMP inhibition
does not replicate these effects, presumably due perturbation of both beneficial and
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detrimental MMPs (summarized in Fig. 2). Therefore, it is acknowledged and
necessary to generate and deploy inhibitors which harbor restricted specificity
towards selected MMPs, including MMP-12 and MMP-13, to facilitate transition to
man—particularly in the context of atherosclerotic plaque stabilization.

miR-712

Plaque Rupture Plaque Stability

Lipid core

Thrombus

Endothelial cell

Medial VSMC

Migratory VSMC

Plaque VSMC

Monocyte

Macrophage

Foam-cell macrophage

Apoptotic cell

MMP-2, -3 & -9MMP-1, -8, -12, -13 & -14 TIMP-2 & -3

miR-24

Fig. 2 Divergent roles of MMPs in atherosclerotic plaque progression and stability. Hypothetical
model of the potential beneficial and deleterious roles of MMPs and TIMPs during atherosclerotic
plaque progression and rupture. Matrix metalloproteinase (MMP)-2, -3, and -9 can facilitate
vascular smooth muscle cell (VSMC) migration from the media into the developing atherosclerotic
plaque where they participate in fibrous cap formation and maintenance, thus promoting plaque
stability. In opposition, MMP-1, MMP-8, MMP-12, MMP-13, and MMP-14 can degrade
extracellular matrix proteins present in the fibrous cap whilst also encouraging the recruitment and
accumulation of monocytes and macrophages, and their subsequent susceptibility to apoptosis as
foam cells—which collectively enhance lipid core expansion, thrombogenicity of the plaque, and
thinning of the fibrous cap. Consequently, the stability of the plaque is compromised and
vulnerable to plaque rupture and ensuing thrombus formation. More recently, microRNA
(miR) have been identified which can regulate MMP and TIMP expression/activity, exerting direct
effects on plaque progression
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Abstract
Cardiovascular disease is the leading cause of death in the United States. Risk
factors that contribute to the heart disease and cardiac dysfunction include
diabetes, obesity, hypertension, high blood cholesterol, smoking, alcohol abuse,
sedentary life style, unhealthy diet, family history, and aging. Whereas obesity
and uncontrolled hypertension can lead to hypertrophic cardiomyopathy; chronic
alcohol consumption and diabetes can cause dilated cardiomyopathy, both of
which can eventually result in an impaired cardiac function and heart failure.
Cathepsins are lysosomal proteases that are capable of degrading proteins.
Studies have shown that cathepsins, particularly those that belong to the cysteine
protease family exhibit an important role in the development of cardiomyopathy
and heart failure, probably by regulating cardiac remodeling. In diabetic
cardiomyopathy, cathepsin K, the most potent cathepsin in terms of its
collagenolytic and elastolytic properties, regulates calcineurin/NFAT transcrip-
tional signaling critical for cardiac remodeling. Under obese conditions,
inhibition of cathepsin K results in cardioprotection. Cathepsins also exhibit
potential effects on epigenetics associated with alcoholic cardiomyopathy.
Therefore, targeting cathepsins may represent a novel therapeutic strategy for the
prevention and/or treatment of cardiovascular diseases.
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1 Introduction

Cardiovascular disease is the leading cause of morbidity and mortality in the United
States [1]. Diabetes, obesity, and alcoholism are among the major risk factors that
contribute to heart diseases in the modern society. According to the statistics from
Centers for Disease Control and Prevention (CDC), in the year 2012, more than 29
million people or 9.3% of the U.S. population was diabetic. Diabetic subjects are at
higher risk for heart attack, congestive heart failure, and atherosclerotic disease all
of which can lead to diabetic cardiomyopathy and heart failure [2]. Alcohol abuse is
another notable problem worldwide. Chronic alcohol consumption can result in
alcoholic cardiomyopathy, characterized by thinned and enlarged heart (dilated
cardiomyopathy), disruption of myofibrillary architecture, and cardiac contractile
anomalies [3]. Current therapeutic options for dilated cardiomyopathy, such as
diabetic cardiomyopathy and alcoholic cardiomyopathy, are limited. Moreover,
obesity is an emerging health problem worldwide and is an independent risk factor
for developing cardiovascular diseases. Obesity-associated myocardial damage is
characterized by cardiac hypertrophy and contractile dysfunction, which is referred
to as hypertrophic cardiomyopathy. The numerous preclinical and clinical studies
aimed at preventing and/or treating cardiac disorders have not made any dent on the
staggering numbers of cardiomyopathies, warranting newer pharmacological
strategies to address this problem. This review aims at a brief discussion of the
mechanisms leading to the progression of cardiomyopathy under diabetic, obesity,
and alcoholic conditions, and addresses the possibility of employing cathepsins as
novel targets for prevention and/or treatment of cardiomyopathy.

2 Biological Properties and Functions of Protease
Cathepsins

Cathepsins are proteolytic enzymes that are involved in lysosomal protein degra-
dation, which plays a vital role in physiological and pathological processes in living
organisms [4, 5]. Dysregulation of cathepsins have been shown to correlate with
numbers of diseases such as arthritis [6, 7], cancer [8, 9], autoimmune disease [10],
stroke [11], neurodegenerative diseases [12, 13], gastrointestinal diseases [14–16],
cardiovascular diseases [17], diabetes, and obesity [18, 19]. The proteolytic prop-
erty of cathepsins rely on their broad specificities, thus the cleavage sites are
different among different cathepsins. Most cathepsins are endopeptidases that cat-
alyze the cleavage of nonterminal amino acids or break peptide bonds within the

448 R. Guo and S. Nair



target sequences. A few of them are carboxy- or amino-peptidases that cleave the
peptide bond at only carboxy- or amino-terminal residues. A main physiological
role of cathepsins is protein turnover in the lysosome [5]. Generally, cathepsins are
contained and activated within the acidic pH of the lysosomes, sparing the cytosol
and membrane of the cells from proteolysis. However, impaired lysosomal integrity
leads to leakage of cathepsins to the cytosol and eventually outside of the cell
resulting in degradation of cellular components or proteins in the extracellular
matrix (ECM) [20].

Cathepsin B, C, F, H, K, L, O, S, V, W, X, and Z, are cysteine proteases with
cysteine residue in their catalytic site. Histidine residue in the active site can also
assist in the hydrolysis of target peptide bonds on the substrate, as evidenced in
cathepsin B His197 or His199, and cathepsin H His166. Other cathepsins are serine
protease (cathepsin G), aspartyl proteases (cathepsins D and E), and exopeptidase
(cathepsin A). The knowledge of the catalytic sites of different cathepsins is of great
importance in developing specific inhibitors for these proteases [5, 21]. Cathepsin K
is by far the most potent mammalian cysteine protease [5]. It hydrolyzes various
synthetic substrates such as Z-Gly-pro-Arg-MCA, Z-Arg-Phe-AMC,
Z-Arg-Arg-AMC, and Bz-Val-Lys-Lys-Arg-AMC [22, 23]. In contrast to the
cathepsins B, L, and S, cathepsin K is predominantly present in osteoclasts, and has
strong elastase and collagenase properties for the degradation of bone collagen,
indicating a special role in bone resorption. Therefore, cathepsin K has been
implicated in the pathophysiology of osteoporosis and arthritis [24, 25].

3 Cathepsins in Cardiomyopathies and Heart Failure

Cardiomyopathy, literally “heart muscle disease,” is a chronic and sometimes
progressive disease of the myocardium (heart muscle) that is abnormally enlarged,
thickened, and/or stiffened. The most common case of cardiomyopathy is dilated
cardiomyopathy, and posteriorly hypertrophic cardiomyopathy. The weakened
heart muscle in these conditions is unable to pump blood to the rest of the body.
Cardiomyopathy is caused by a range of risk factors including heredity, coronary
heart disease (e.g., atherosclerosis), amyloidosis, diabetes, obesity, long-term
alcoholism, endocrine diseases, sarcoidosis, hypertension, and certain drugs (e.g.,
doxorubicin). All these can lead to peripheral edema, irregular heartbeat, a heart
valve problem, heart failure, or other complications.

Cathepsins are ubiquitously expressed in various tissues and play important roles
in cardiovascular diseases [17, 26]. Alterations of both extra and intracellular pro-
teolytic activities are invariably observed in heart failure and have been linked to
hypertrophic cardiomyopathy, dilated cardiomyopathy, hypertensive cardiomyopa-
thy, ischemic cardiomyopathy, and diabetic cardiomyopathy [27]. Cathepsins B, L,
and S are capable of regulating autophagy [28–30], ECM turnover, antigen pre-
sentation, neuropeptide and hormone processing, inflammatory response, and
apoptosis [10, 26]. Previous studies have shown that the expression and activity of
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cathepsin, B, D, K, and S were elevated in atherosclerotic plaque and in the
hypertrophic and failing heart in both human and animal models [7, 54, 55].
Cathepsin S and G also displayed detrimental effects by altering ECM degradation,
and causing cardiac remodeling [31, 32]. On the contrary, knockout of cathepsin L in
mice resulted in dilated cardiomyopathy, whereas over expression of cathepsin L
displayed decreased inflammation, fibrosis, and cardiac hypertrophy, probably
through AKT/GSK3 beta pathway [33]. These studies strongly suggest a pivotal role
for cathepsins in cardiac remodeling and heart failure and attribute protective and
detrimental roles for these cysteine proteases. Despite the growing number of recent
studies on the role of cathepsins in cardiovascular disease, the cellular and molecular
mechanisms by which cathepsin K regulates cardiac dysfunction in the setting of
cardiomyopathy and heart failure are yet to be explored. Growing evidence suggests
that the expression and activity of cathepsin K are elevated in both clinical and
experimental models of neointimal lesions, atherosclerosis, coronary artery disease,
hypertrophy, and heart failure [34–37]. Our recent studies have suggested that
cathepsin K protein levels were markedly upregulated in human hearts of end-stage
dilated cardiomyopathy, and deletion of ctsk gene protected against cardiac
anomalies induced by pressure overload or high-fat diet (HFD) feeding in mice [38,
39]. We also found that ctsk knockout exhibited an overall improvement in systemic
glucose utilization [39], which was consistent with the evidence that cathepsin K
displayed a negative effect on glucose and lipid metabolism, and inhibition of
cathepsin K attenuated body weight gain, elevated serum glucose, and insulin levels
in obese mice [19, 40, 41]. Cathepsin K may therefore represent a potential target for
prevention or treatment of cardiac hypertrophy and heart failure.

4 Cathepsin K and Calcineurin/NFAT Signaling in Diabetic
Cardiomyopathy

Myopathic state of the heart in diabetic subjects is manifested as left ventricular
dilation, impaired left ventricular contractility, reduced ejection fraction and cardiac
output, cardiac compensatory hypertrophy, and enhanced risk of stroke and hyper-
tension, eventually leading to maladaptation and heart failure [42].
Micro/macrovascular complications also contribute to the cardiac anomalies associ-
ated with diabetes [43, 44]. However, the explicit mechanisms underlying the disease
are still controversial as the pathogenesis of diabetic cardiomyopathy ismultifactorial.
Myocardial contractile dysfunction can be attributed to structural changes in the heart
as a result of atherosclerosis and hypertension. Recent evidence suggests that diabetes
affects cardiac structure and function in the absence of coronary artery disease,
valvular disease, or high blood pressure [45]. The general triggering mechanisms
behind the complicacy of diabetic cardiomyopathy include metabolic disturbances,
altered cellular insulin signaling, small vessel diseases, andmyocardial fibrosis which
mainly associated with the stimulation of renin–angiotensin–aldosterone system
(RAAS) and increased cytokines. Additionally, cardiac autonomic neuropathy,
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autophagy, and epigenetics may also contribute to the pathogenesis of diabetic car-
diomyopathy [46, 47]. Studies have shown that cathepsin D accelerates cardiac
muscle degradation that occurs in the late stage of diabetic cardiomyopathy by trig-
gering autophagy [48, 49]. Impairment of cathepsin L by hyperglycemia has been
suggested as a cause of poor neovascularization and regeneration capacity of ischemic
tissues in diabetics [50].

Hyperinsulinemia under diabetic conditions contributes to cardiac hypertrophy
and remodeling, which can be explained, at least in part, to the inactivation of
glycogen synthases kinase-3b (GSK-3b), a well-recognized antagonist of the cal-
cineurin, which in turn inhibits nuclear transcription governing the hypertrophic
process via the nuclear factor of activated T cells (NFAT) [51, 52]. It has been
demonstrated that a transgene encoding a constitutively active form of calcineurin
was sufficient to induce cardiac hypertrophy that progressed to dilated cardiomy-
opathy, heart failure, and sudden death in transgenic mice [53]. Suppression of
calcineurin activity or NFAT transcription inhibits brain natriuretic peptide
(BNP) induction and cardiac hypertrophy [52, 54], indicating a potential therapy
strategy targeting on calcineurin/NFAT signaling.

Calcineurin is a Ca2+/calmodulin-dependent serine/threonine-protein phos-
phatase ubiquitously expressed in eukaryotic cells, and involves in a number of
cellular processes including Ca2+ dependent signaling pathways. In skeletal muscle,
calcineurin can modulate fiber type-specific gene expression which is dependent on
Ca2+ signaling and contractile activity [55, 56]. Indeed, calcineurin has been shown
to influence Ca2+ fluxes by modulating the activities of L-type Ca2+ channel [57],
ryanodine receptor (RyR)/Ca2+-release channels [58, 59], sarco/endoplasmic retic-
ulum Ca2+-ATPase 2a (SERCA 2a) [60] and the inositol 1,4,5-triphosphate receptor
[61] in the heart. It has been known that Ca2+-mediated signal transduction is
essential for cardiac remodeling and hypertrophy process, and the disturbance of Ca2
+ homeostasis leads to contractile dysfunction of the cardiomyocyte [62]. Such
alterations of Ca2+ signals could play a role in the pathophysiology of heart failure.
Furthermore, decreased activity of cardiac L-type Ca2+ channel induces hypertrophy
and heart failure through activation of calcineurin/NFAT signaling in mice [63].

Activation of calcineurin can dephosphorylate the regulatory domains of NFATs
within the cytoplasm, and the translocation of dephosphorylated NFATs regulates
gene expression in the nucleus [51]. Studies by Fiedlerm [52] and Gao [64] suggest
that L-type Ca2+-channel current can also cause NFAT activation. There are four
calcineurin-regulated NFAT transcriptional factors, NFATc1-c4, each of which is
present in the myocardium [65]. To date, NFATc3, and NFATc4 (NFAT3) have been
shown as two main downstream targets of calcineurin for the initiation of hyper-
trophic response [66]. NFATc4 can in turn stimulate the transcription of
pro-hypertrophic genes MEF2 and GATA4, thereby promoting pathological hyper-
trophy [67]. In addition, NFATc1 has been shown critical for endocardial valve
remodeling, coronary vessels, and fibrous matrix formation in the maturing heart, and
serves as an essential effector of receptor activator of NFjB ligand (RANKL) sig-
naling, which in turn regulates cathepsin K expression [68, 69]. Research also
indicated that in the cardiomyocytes, NFATsmay interact with NFjB/p65 and induce
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the nuclear translocation of NFjB, and genetic deletion of calcineurin/NFATs dis-
plays compromised NFjB transcriptional activation, which predisposes pressure
overload-induced cardiac hypertrophy. On the other hand, full transcriptional acti-
vation of NFATs requires intact NFjB signaling and p65 transcriptional activity [70].
NFATs and NFjB have also been associated with apoptosis [71, 72].

Both cathepsin K and calcineurin/NFATs signaling pathway have been impli-
cated as critical regulators of cardiomyocyte hypertrophy. It can be postulated that
these two previously deemed independent signaling pathways may actually cross-
talk with each other, based on the following suppositions: First, increased
cathepsins K activity can lead to dysregulated glucose metabolism and increase in
glucotoxicity, which can trigger calcineurin/NFATs signaling. Evidence suggests
that both hyperinsulinemia and hyperglycemia can trigger calcineurin-NFATs
pathway [16, 25, 78, 79]. In our studies, mice rendered diabetic by streptozotocin
injection exhibited elevated levels of cardiac cathepsin K, whereas similarly treated
cathepsin K knockout mice exhibited attenuation in fasting blood glucose levels
and reduced cardiac calcineurin A expression. In addition, diabetic mice exhibited
ventricular dilation and cardiac dysfunction that was markedly alleviated by
cathepsin K deletion. Since insulin levels were decreased in mice subjected to
streptozotocin treatment, it is likely that hyperglycemia and glucotoxicity as a
consequence of streptozotocin challenge is the possible trigger for dilated car-
diomyopathy and cardiac dysfunction, via the upregulation of cathepsin K. Second,
higher level of cathepsin K may induce cardiac anomalies by dysregulation of
calcium homeostasis which triggers calcineurin activation. Our studies have
demonstrated that cathepsin K knockout dramatically reversed diabetes-induced
reduction in SERCA2 and phosphorylation levels of phospholamban at Ser16 and
Thr17, as well as attenuated diabetes-induced elevation of intracellular calcium
concentration. Taken together, this would suggest that cathepsin K is an upstream
signal for regulating Ca2+ flux, which contributes to calcineurin stimulation. It is
likely that cathepsin K, by virtue of its protease function, cleaves calcineurin to its
active form resulting in the activation of NFATs, and subsequently triggers
diabetes-induced cardiac anomalies and cardiomyopathy. This may be akin to
calpain, a Ca2+-dependent cysteine protease that has been shown to directly cleave
calcineurin into its active form both in vitro and in vivo [20]. Future work still
needs to be done and to explore the specific cleavage sites of cathepsin K and the
structural basis for activation of calcineurin.

5 Role of Cathepsin K in Obesity Cardiomyopathy
and Cardiac Dysfunction

Obesity is an independent risk factor for the pathogenesis of cardiovascular diseases
such as arteriosclerosis, coronary heart disease, hypertension, cardiomyopathy, and
heart failure [73, 74]. Obesity increases the risk for high blood pressure, metabolic
syndrome, and abnormal energy metabolism such as glucose intolerance,
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dyslipidemia, and insulin resistance, all of which contribute to cardiac anomalies. In
addition to genetic predisposition, both clinical and experimental evidence suggests
a pivotal role of obesity in cardiac hypertrophy and myocardial dysfunction.
Accumulating human studies also confirm that obese people are prone to heart
failure [74, 75].

A number of molecular mechanisms including the alteration in cardiac substrate
utilization, inflammation, oxidative stress, mitochondrial injury, apoptosis, disrupt
of extracellular matrix, fibrosis, endoplasmic reticulum stress, leptin resistance,
endothelial dysfunction, lipotoxicity, and impaired Ca2+ homeostasis have been
speculated as causes for obesity-induced cardiac dysfunction [76–80]. It is specu-
lated that both calcium-dependent CaMKK and calcineurin might participate in
obesity-associated cardiac hypertrophy and cardiomyopathy [51, 81, 82]. Similar to
diabetic cardiomyopathy, calcineurin may also play an essential role in transducing
hypertrophic signals in obese individuals, partially by activating NFAT transcrip-
tion factors, the signaling of which may involve cathepsin K.

Cathepsin B, L, and K have been shown to be positively associated with lipo-
toxicity, and cathepsin K negatively regulates lipid metabolism. According to
Chiara and co-workers, mRNA levels of ctsk, as well as Mitf and TFE3, two
transcription factors involved in ctsk induction in osteoclasts, were dramatically
higher in white adipose tissue (WAT) of obese mice, compared to their wild-type
littermates. Interestingly, mRNAs were attenuated in mice undergoing weight loss.
Ctsk gene expression has been positively correlated with body mass index [41]. In
human studies both cathepsin K protein and ctsk mRNA expression were elevated
in the WAT of overweight/obese patients, supporting the notion that ctsk is a novel
and reliable marker of adiposity [83]. Studies from our lab showed that ctsk
knockout significantly attenuated HFD-induced obesity and cardiac dysfunction
evidenced as cardiac hypertrophy, cardiomyocyte contractile dysfunction, impaired
intracellular Ca2+ handling, and apoptosis [39].

Obesity is characterized by defective fat storage, increase in intracellular lipid
accumulation, and dyslipidemia. Xiao and co-workers found that ctsk is involved in
the pathogenesis of obesity by promoting adipocyte differentiation in both human and
in cultured cells. Expression and activity of cathepsin K gradually elevates con-
comitant with the differentiation of 3T3-L1 pre-adipocytes intomature adipocyte [83].
Similar to matrix metalloproteinase (MMP)-2, -3, and -9, cathepsin K, as a cysteine
protease, has ability to degrade certain components of the ECM, which contribute to
the ECM remodeling and adipocyte differentiation, likely via regulation of peroxi-
some proliferator-activated receptors (PPAR) and/or CCAAT/enhancer-binding
proteins (CEBPB) [84, 85]. In addition, osteonectin that modulates cell adhesion,
differentiation, and angiogenesis can be cleaved by cathepsin K in theWAT, resulting
in enhanced matrix plasticity, and facilitating adipose remodeling and angiogenesis.
Funicello and co-workers [40] found that the rate of lipolysis in adipocytes together
with CPT-1 activity were increased in both young and HFD-fed ctsk−/− mice com-
pared to wild-typemice, suggesting an increased release and/or utilization of free fatty
acid (FFA) by down-regulating cathepsin K. Furthermore, plasma levels of leptin and
triglyceride were significantly lower in adult ctsk−/−mice. The authors concluded that

21 Protease Cathepsins in Cardiomyopathy … 453



the absence of ctsk is associated with increased energy expenditure, which might be
due to increased activation of brown adipose tissue (BAT) for thermogenesis. Studies
from Podgorski and co-workers indicated an involvement of cathepsin K in the reg-
ulation of adiponectin, an adipokine with anti-inflammatory and anti-angiogenic
properties, which is dramatically decreased in obesity [86].

Platt and co-authors revealed that cathepsin K expression is regulated by shear
stress in cultured mouse aortic endothelial cells (MAECs) and is elevated in
endothelium in human atherosclerosis. Elastase and gelatinase activity was also
increased in MAECs exposed to shear stress, which was attenuated by knocking
down ctsk with siRNA, suggesting that cathepsin K is a shear-sensitive protease
[87]. Their study also showed a positive correlation between the cathepsin K
expression in endothelium and the integrity of the elastic lamina. These findings
suggest that cathepsin K may function as an ECM protease and is involved in
arterial wall remodeling and atherosclerosis. Indeed, cathepsin K levels have been
positively correlated to plaque volume, and blood levels of cathepsin K have been
suggested as independent predictor of coronary artery disease [36].

Sustained obesity can lead to type 2 diabetes and dampened insulin signaling has
been observed in the heart from HFD-fed mice. Knockout of cathepsin K improved
cardiac function and insulin signaling and reduced apoptosis in obese mice [39].
Yang and co-workers have shown that inhibition of cathepsin K reduced serum
glucose and insulin levels by degrading fibronectin [19]. Collectively, these studies
suggest that cathepsin K plays may play a role in regulating insulin signaling and
preventing apoptosis of the heart of obese mice.

In addition to the above mechanisms, cathepsin K inhibition prevents cardiac
hypertrophy by alleviating cardiac remodeling, both in vivo and in vitro studies.
Indeed, the stimulation of the mTOR and Erk signaling pathways both of which
were induced in the hypertrophic heart was blunted by ctsk deletion [38]. HFD can
induce not only increased body weight, but also increased heart weight, left ven-
tricular wall thickness, excessive epicardial fat and fatty infiltration of the myo-
cardium, as well as increased total blood volume and cardiac output, all of which
contribute to cardiac dysfunction, cardiomyopathy and heart failure. Under these
conditions, inhibition of cathepsin K protects against the development of
obesity-associated cardiomyopathy via mitigating cardiac remodeling. Furthermore,
cathepsin K inhibition by virtue of its beneficial effects on the vasculature can also
attenuate obesity-induced hypertension [38]. Furthermore, studies form our lab
demonstrated that inhibition of cathepsin K suppresses oxidative stress in the mouse
heart and in cultured H9c2 cells.

6 Cathepsins, Alcoholic Cardiomyopathy, and Epigenetics

Alcohol abuse is a serious medical and social problem. Excessive or chronic
alcohol intake can lead to alcoholic cardiomyopathy, a disorder of the heart muscle
characterized by compensatory cardiac hypertrophy, left ventricular dilation,
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impaired left ventricular contractility, reduced ejection fraction and cardiac output
accompanied with myocardial fibrosis, cardiomyocyte apoptosis, and mitochondrial
impairment. Cardiac remodeling and compensatory cardiac hypertrophy can
eventually result in maladaptation and heart failure [88, 89]. However, the explicit
mechanisms underlying the disease are yet unclear. A number of mechanisms
including direct toxicity of ethanol, indirect toxicity through its metabolites [ac-
etaldehyde and fatty acid ethyl esters (FAEEs)], oxidative stress and impaired
autophagy may be involved in alcoholic complications. Acetaldehyde, the primary
intermediate in the metabolism of ethanol, is an essential candidate toxin in
developing alcoholic cardiomyopathy through hypertrophic responses, interruption
of myocardial protein synthesis (as a result of adduct formation) and impairment of
mitochondrial integrity [90]. Meanwhile, free radicals produced during ethanol
metabolism and FAEEs are also important triggers for alcoholic heart diseases [91].
Additionally, racial and gender differences, genetic variation in certain myocardial
proteins, genetic polymorphism of alcohol metabolizing enzymes, epigenetics, and
alterations in the levels of microRNA levels may also contribute to the development
of alcoholic cardiomyopathy [92].

Epigenetics is a science studying heritable change in the genome, which affects
gene expression without any change in the DNA sequence. Potential epigenetic
mechanisms include DNA methylation, histone modification, and RNA-based
mechanisms such as microRNAs (miRNAs) and long non-coding RNAs (ncRNAs),
leading to either transcriptional suppression or activation of the genes indepen-
dently of the DNA genome sequence [93, 94]. Ethanol can induce epigenetic
alterations in different immune cell types including granulocytes, macrophages, and
T-lymphocytes which promote inflammation [95]. Epigenetic is emerging as a hot
research topic and is a potential target for primary prevention or treating cardio-
vascular diseases. Epigenetic factors such as methylation and acetylation of his-
tones have been shown to be correlated with enhanced expression of small
non-protein-coding ribonucleic acids [92]. Preliminary studies have found that
DNA methylation, histone modifications, and RNA-based mechanisms may have
an association with the development of cardiac hypertrophy and heart failure.
A recent study showed a significant difference in plasma microRNA profile
between patients with alcoholic cardiomyopathy and a healthy population [96]. Our
previous studies have suggested that ethanol feeding increased the levels of Beclin1
and triggered the formation of autophagosomes in cardiomyocytes, which results in
myocardial contractile dysfunction through autophagy. Meanwhile, the expression
of miR-30a, a target of Beclin1 was reduced in cardiomyocytes [90]. However, no
active epigenetic agents or drugs targeting histone methylation and/or acetylation
have actually reached clinical trials for cardiovascular diseases [93].

Generally, epigenetic alterations can be reversed via therapeutic approaches
including but not limited in DNA methyltransferase (DNMT) inhibitors, histone
deacetylase (HDAC) inhibitors, histone acetyltransferase (HAT) inhibitors, miRNA
therapeutics and commonly used medicines like statins [97]. For example,
polyphenols and folic acid may be as decent candidates to reduce lipid and ROS
levels by regulating DNA methylation and histone modification. Resveratrol, a
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DNMT inhibitor, can modulate sirtuin 1, MAP38 kinase, NF-jB, AP-1, eNOS and
inflammatory cytokines. Moreover, the HAT inhibitor curcumin is a polyphenol
and actually modulates various epigenetic factors such as HDAC, HAT, DNMT,
and miRNAs [98]. Curcumin as an antioxidant may influence both acetylation and
deacetylation by regulating oxidative stress. Trichostatin A, as a HDAC inhibitor,
can also play a pivotal role in the prevention of cardiac performance and alleviate
myocardial remodeling through stimulating endogenous cardiac regeneration [93].
Besides, the role of miRNAs in drug exploration as genetic targets has also been
investigated. MicroRNAs are a class of short non-coding RNAs that target specific
mRNAs thereby inducing degradation or translational inhibition during various
physiological or pathological processes. Evidence indicated that miRNAs are
involved in the actions of ethanol and play a key role in regulating the progression
of cardiomyopathy. Ethanol can cause some miRNAs upregulated and others
downregulated simultaneously [94]. For instance, upregulation of miR-212 by
alcohol can lead to activation of fetal gene program and heart failure. Therefore,
miR-212 can be a potential therapeutic target to protect the heart from chronic
alcoholism. According to Jing and colleagues, nine differentially expressed miR-
NAs including miR-506, miR-1285, miR-512-3P, miR-138, miR-485-5P,
miR-4262, miR-548c-3P, miR-548a-5P, and miR-K12-1 may be involved in the
development of alcoholic cardiomyopathy. Particularly, miR-138, may be consid-
ered as a novel biomarker for the early diagnosis and treatment of human alcoholic
cardiomyopathy [96]. Additionally, miR-340 was also regarded as a novel thera-
peutic target for the heart failure progression by restricting cardiac remodeling [99].

Cathepsin L has been shown to cleave histone H3 that is generated in vivo
during mouse embryonic stem cell differentiation. In addition, it was demonstrated
that an endogenous osteogenic growth peptide (OGP) that is identical to the histone
H4 is responsible for bone regeneration [100]. These findings indicate that the
proteolysis of H3 tail may associate with mammalian differentiation and a prolif-
erative effect. Our study found that ethanol treatment increased osteoprotegerin
(OPG) level in H9c2 myoblast, which was restored by pharmacological inhibitor
of cathepsin K. OPG could increase OGP levels and was recently considered as a
hypertrophic marker in patients with cardiomyopathy and heart failure, therefore we
postulate that histone H3 and/or H4 may be regulated by cathepsins thereby reg-
ulating cardiac remodeling in alcoholic cardiomyopathy. Bulynko and co-workers
speculated that cathepsin L-linked phenotypes such as defective skin and bone cell
differentiation and dilated cardiomyopathy may result from cathepsin L
deficiency-induced epigenetic heterochromatin changes in histone H3(K9) and the
histone H2A.Z [101]. It has been suggested that ctsk, as a potential cardiovascular
target gene, may be regulated by miR-107 that is upregulated in experimental
models of heart failure, and gene of cathepsin S (ctss) has consensus binding sites
for repressed miRNAs [102, 103]. MiR-212 may interact with cathepsin G in
connection with collagen deposition [104].
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7 Conclusion

Determination of the specific signaling pathways in the development of heart failure
is essential for the discovery of novel therapeutic strategies. Cathepsins, especially
cysteine cathepsins, are closely associated with cardiac remodeling and contribute
to cardiomyopathy and heart failure. Cathepsins may also serve as diagnostic tools
or biomarkers for heart failure. Cathepsin inhibitors have already been investigated
in clinical trials for a variety of disease conditions such as osteoporosis and
rheumatoid arthritis. These agents should be evaluated for their efficacy in pre-
venting and/or treating cardiovascular diseases particularly the progression of heart
failure. Inhibition of cathepsins may also alter genetic and epigenetic changes.
Further studies are necessary to understand the broader implications and role of
cathepsins to successfully target these proteases to treat or control heart disease.
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Abstract
The incidence of coronary artery disease has been the major cause of death all
over the globe. Apoptosis an ordered and coordinated cellular process has now
been perceived in various vascular diseases including coronary artery disease. It
is initiated by atherosclerotic risk factors and is regulated by local and systemic
factors and contributes to growth, development, and rupture of plaque.
Cysteine-dependent aspartate proteases mediate the both extrinsic and intrinsic
apoptotic pathways. Caspases are evolutionarily conserved, intracellular endo-
proteolytic enzymes involved in pleiotropic functions like apoptosis, regulation
of innate immune system, cell proliferation, cytokine release. Altered caspase
activity promotes the various pathological conditions including coronary artery
disease. Inhibition of caspases and apoptosis guarantees to be an exceptionally
vital focus for coronary artery disease.

Keywords
Coronary artery disease � Proteases � Caspases � Apoptosis � Plaque rupture

1 Introduction

The incidence of coronary artery disease has been the major cause of death all over
the globe. It is a chronic multifocal, lipid and immuno inflammatory disease
reducing the sufficient blood and nutrient supply to heart leading to heart attack.
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The interplay between genetic and environmental risk factors causes the develop-
ment of coronary artery disease [1].

Atherosclerosis, principal cause of coronary artery disease develops through the
disruption of endothelial function and accumulation of lipoproteins in the intima of
the coronary arteries. Elevated concentration of low density lipoprotein
(LDL) permeates into disrupted endothelium and modifies into oxidized LDL
which is engulfed by macrophages leading to formation of foam cells and a fatty
streak, the earliest hallmark of atherosclerosis [2]. Smooth muscle cells are then
recruited and undergo proliferation at the site of foamy cells resulting in the initi-
ation of plaque. The plaque is occupied by extra cellular matrix such as collagen
and proteoglycans, secreted components of smooth muscle cells. The fatty streak
converts into the fibrous plaque and the lesions begins to encroach the lumen of the
vessel and disrupts the blood supply to the heart [2].

Apoptosis is a prototypic mode of programmed cell death involved in vital
processes such as cell turnover, embryonic development, senescence, and immu-
nity. It has now been perceived in various vascular diseases including coronary
atherosclerosis. The occurrence of apoptosis depends on different physiological and
pathological conditions of the cell [3].

Apoptosis, a genetically regulated process involves in the pathophysiological
progression of atherosclerosis. It is initiated by atherosclerotic risk factors and has
been observed in all cells of the atherosclerotic plaque. It also contributes to the
growth and development of atherosclerotic plaque. Apoptosis of smooth muscle
cells destabilizes the fibrous cap and causes plaque rupture and thrombosis. The
effects of apoptosis on plaque depend on various factors such as the cells that are
involved, stage of plaque, and region of in plaque [2–5].

The main hallmarks of apoptosis include condensation of chromatin, fragmen-
tation of DNA, membrane blebbing, shrinkage of cell. Membrane-bound apoptotic
bodies, processed organelles are removed by macrophages by phagocytosis. The
impaired phagocytosis mechanism of foam cells in plaque causes defective effe-
rocytosis and enhances the development of atherosclerosis [3, 6].

2 Biochemical Changes in Apoptosis

The main biochemical changes during apoptosis include breakdown of DNA,
changes in membrane structure and phagocytosis. Activation of Caspases (“c”
refers to a cysteine protease, the “aspase” refers the cleavage of aspartic acid) is the
unique characteristic feature of apoptosis [7].

3 Proteases

Proteases involved in protein catabolism generate amino acids by hydrolyzing the
peptide bonds. Intracellular proteases degrade damaged or excess peptides within a
cell and are essential for the transport of peptides to their active site. Extracellular
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proteases involves in the digestion, activates the blood-clotting system, the com-
plement system, and the fibrinolytic system of the body.

The functions of proteases include regulation of interactions between proteins,
production of new bioactive molecules, generation, transformation, and multipli-
cation of molecular signals and processing of cellular information along with various
other known functions such as replication, transcription, necrosis, apoptosis, etc. [8].
The size of the proteases ranges from 20 kDa to 0.7–6 MDa. Proteases exhibit
different specificity toward the substrates. Proteases like angiotensin-converting
enzymes have an exquisite specificity and most of the proteases show the non-
specificity toward the substrate while that of proteinase K protease targets on mul-
tiple substrates. Altered proteolytic systems have been reported in various
pathophysiological conditions including cardiovascular disease [8].

4 Classifications of Proteases

Proteases are enzymes that can hydrolytically break down the enzymes, proteins,
and polypeptides.

I. Based on the point of attack used by the proteases, they are classified as
either exoproteases or endoproteases. Exoproteases remove a single amino
acid from the end (either the N- or C-terminus) of the peptide chain and are
subdivided into N-terminal or C-terminal exoproteases. Hydrolytic splitting
in the middle of the chain is catalyzed by endoproteases.

II. Depending on the mechanism of catalysis, proteases are classified into six
distinct classes, aspartic, glutamic, metalloproteases, cysteine, serine, thre-
onine proteases.

III. On the basis of amino acid sequence, proteases are further grouped into
following families.

1. Metalloproteases
2. Serine proteases
3. Cysteine proteases
4. Threonine proteases
5. Aspartic proteases.

Metalloproteases, serine proteases are the most abundant proteases, with 194 and
176 members, respectively, followed by 150 cysteine proteases, whereas threonine
and aspartic proteases contain only 28 and 21 members, respectively [7]. Cysteine
proteases, i.e., caspase enzymes participates in both death receptor and mitochon-
drial apoptotic pathways as initiators and executors [8].
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5 Cysteine-Dependent Aspartate Proteases

Caspases are generated constantly and exists as inactive proenzymes. Caspases are
found in the cytoplasm of cells as inactive monomeric zymogenic precursors known
as procaspases. Cell death stimulants activate the procaspases leading to dimer-
ization and formation of mature caspases, which become proteolytically active
heterotetramers with two small and two large subunits [9]. These activated caspases
are associated with various functions such as tissue differentiation, cleavage of
various apoptotic, inflammatory substrates, DNA damage, aging, etc. [9].

6 Discovery and Nomenclature of Caspases

Robert Horvitz H was the pioneer, found the role of caspases in apoptosis and along
with Junying Yuan discovered that Ced-3 gene of C.elegans encodes cysteine
protease. Cysteine protease enzyme is necessary for apoptosis and has similarities
with mammalian interleukin-1-beta converting enzyme (ICE), which is also known
as caspase 1. Caspase 1 is the only known enzyme in 1990s, later on other
mammalian caspases were subsequently identified and numbered in the order in
which they were identified [10, 11].

7 Caspases: Structure and Classification

Caspases are 30–50 kDa zymogens synthesized as inactive proteases. Each caspase
consists of three parts including an amine (N) terminal (prodomain), an active site
which is located within the large subunit (p20), and a small subunit (p10)
(C-terminal) with similar sequences and specificities. These three regions are sep-
arated from each other through a cleavage site of aspartic acid. Proteolytic cleavage
activates the zymogens and separates the large and small subunits and removes the
prodomain and could be recognized as a tetrameric heterodimer. Thus, an active
caspase encompasses two subunits of large and small with an active site within the
large one [12].

Regarding to amino acid sequences, cysteine proteases can be classified into
three classes:

(i) Initiator or apical caspases

Initiator caspases are low in abundance and initiates the cell death by receiving
pro-death signal and proteolytically activates the effector caspases. For e.g.,
caspase-2, caspase-8, caspase-9, caspase-10 [13].
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(ii) Executioner or effector caspases

These caspases are activated by initiators and executes the cell death by proteolysis of
essential proteins for life. These caspases also cleave the other protein substrates
within the cell, to trigger the apoptosis. For e.g., caspase-3, caspase-6, caspase-7 [13].

(iii) Inflammation mediators

During the inflammation process inflammation mediators regulate the cytokine
maturation and activated mediators induces apoptosis [12]. For e.g., caspases-1,
caspase-4, caspase-5, caspase-12, caspase-14.

8 Caspase Cascade

Regulation of caspases occurs at a posttranslational level as follows.
Cytotoxic T lymphocytes and NK cells releases Granzyme B which activates the

caspase-3 and -7.

• Fas, TRAIL, and TNF receptors are considered as death receptors, activates
caspase-8 and -10.

• The cytochrome c and Bcl-2 family regulates the apoptosome which activates
caspase-9 leading to the execution of apoptotic events.

9 Pleiotropic Functions of Caspases

Caspases are evolutionarily conserved proteases hydrolyze the substrates with
aspartic acid and generate active form of caspases from procaspases.

Several studies demonstrated that caspases have pleiotropic functions like
apoptosis, regulation of innate immune system, cell proliferation, cytokine release,
stem cell self-renewal, and differentiation [8, 14]. Caspases also involves in other
cell death types such as pyroptosis, necroptosis, autophagy (antiautophagic
(caspase-2, -3, -6, -7, -8, -10) proautophagic (caspase-3 and caspase-9), and mitotic
catastrophe. Functions of various caspase genes are shown in Table 1.
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10 Caspase-Mediated Apoptosis

Caspases cleave the proteins responsible for the apoptotic pathways, thereby pro-
moting or inhibiting further reactions. The capase-8, caspase-9, caspase-12,
caspase-7, caspase-3 and receptors such as TNF-alpha, FasL, Toll-Like Receptors
(TLRs), Death Receptor (DR), etc., participate in the caspase-mediated apoptosis.

(i) Phases of Apoptosis

The apoptosis can be divided into:

(a) Initiation or signaling phase

Initiation phase of apoptosis may occur following pro-apoptotic stimuli and
attachment of relevant promoting molecules to cell surface receptors and subse-
quent recruitment of death domain proteins promotes the apoptosis [15].

(b) Control and effector phase

This phase is dependent on the sequential activation of caspases mediating the
transduction and execution of the apoptosis [15].

Table 1 Cysteine-dependent aspartate proteases (caspases) genes and their functions

S. No. Caspase
gene

Chromosome
location

Exons Functions

1 Caspase 1 11q23 11 Innate immune system, inflammatory apoptosis
(pyroptosis)

2 Caspase 2 7q34-q35 13 Apoptosis initiator

3 Caspase 3 4q34 8 Apoptosis executor, activated through both extrinsic
and intrinsic pathways

4 Caspase 4 11q22.2-q22.3 10 Inflammation, activator for immature ILs

5 Caspase 5 11q22.2-q22.3 10 Inflammation, activator for immature ILs

6 Caspase 6 4q25 8 Activator of caspase 8

7 Caspase 7 10q25 12 Contributes to apoptosis by influencing on granzyme

8 Caspase 8 2q33-q34 16 Fas-Fas L-apoptosis initiator

9 Caspase 9 1p36.21 14 Apoptosis initiator (mitochondrial-mediated pathway),
essential component for activation of apoptosis
executioner, activates caspases-3 and 7 which are
effective players

10 Caspase 10 2q33-q34 13 Cleaves Bid, activate the mitochondrial pathway

11 Caspase 11 7p22 26 Similarity with Caspase 4, 5 (inflammation)

12 Caspase 12 11q22.3 9 ER stress-induced cell death

13 Caspase 14 19p13.1 7 Least evolved gene, found in keratinocytes, skin barrier

14 Caspase 16 16p13.3 11 Pseudogene
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(c) The structural alterations phase

The structural alterations phase occurs due to activation of executor caspases,
resulting in the cleavage of lamin, fragmentation, and degradation of genomic DNA
leading to an irreversible loss of cell viability [15].

(d) Recognition and removal phase

During recognition and removal phase, dead cells and apoptotic bodies are removed
as a result of phagocytosis by macrophage cells [15].

11 Apoptotic Pathways

Apoptosis is triggered either by extrinsic or intrinsic pathways involving different
caspases but finally these two pathways usually converge on a common effector
caspase, such as caspase-3.

(i) The extrinsic/death receptor apoptosis pathway

The binding of extra cellular ligand to its specific death receptor triggers the
extrinsic apoptotic pathway, resulting in the recruitment of procaspase 8 protein
which further activate the downstream effector caspases (caspase-3, caspase-6,
caspase-7) to execute the final morphological and biochemical events of apoptosis
[16–18]. These effector caspases accelerate the various events targeting the
degradation of proteins, DNA fragmentation, cell shrinkage, etc. [19].

(ii) Intrinsic/mitochondrial apoptosis pathway

Factors such as deprivation of growth factors, DNA damage, hypoxia, concentration
of Ca2+ ions, oxidants trigger the intrinsic or mitochondrial apoptotic pathway. The
changes in the electrochemical gradient of the inner membrane of the mitochondria
are regulated by the Bcl-2 family of proteins resulting in the activation of caspases
(caspase 9 and downstream caspases) leading to release of cytochrome c into the
cytosol [17, 20]. Bcl-2 family of proteins can be either proapoptotic or antiapoptotic
and also determines the commitment of the cell to apoptosis [20].

12 Caspases in Pathogenesis of Human Diseases

Apoptosis eliminates the intracellular components and maintains the homeostasis
between cell proliferation and cell death. Activation of initiator and executioner
caspases promotes the degradation of important cellular proteins and also activates
other enzymes. Altered caspase activation promotes the various pathological
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conditions such as cancer, autoimmune diseases, sepsis, immunodeficiency, neu-
rodegenerative, and cardiovascular disorders [17, 21].

13 Apoptosis as Therapeutic Target for Coronary
Artery Disease

Apoptosis involves in growth, development, and rupture of atherosclerotic plaque
in coronary artery disease and contributes to disease progression and poor prognosis
of coronary artery disease. The complexity of the apoptotic pathways is not well
defined and the importance of apoptosis in different cell types during the various
stages of CAD and its clinical complications are limited. Therefore treatment
strategies might be directed towards the stimulants and mechanisms contributing to
apoptosis in coronary artery disease [22].

14 Conclusions

Cysteine-dependent aspartate proteases have a significant role in the apoptotic
events of coronary artery disease. Several atherosclerotic risk factors induce the
apoptosis and all cell types of plaque are involved in the progression of apoptosis
resulting in plaque rupture. Inhibition of caspases and apoptosis guarantees to be an
exceptionally vital focus for restorative intercession for coronary artery disease.
Nonetheless, more work is important to comprehend the molecular mechanisms and
the significance of apoptosis in coronary artery disease.
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23Association of Matrix
Metalloproteinases with CVD:
Functional Aspects

Veena Dhawan and Riyaz Ahmad Rather

Abstract
Matrix metalloproteinases (MMPs) are the members of the family of proteolytic
enzymes that have an imperative role in several physiologic and pathologic
processes. MMPs mediate changes in extracellular matrix and target growth
factor-binding proteins, cell–cell adhesion molecules, and other structural
extracellular matrix proteins besides others. Along with their tissue inhibitors,
they play an apparent role, ranging from vascular remodeling to neogenesis;
extracellular matrix degradation to plaque formation; and from plaque rupture to
heart failure. Hence, MMPs regulate a plethora of biological processes and are
regulated in vivo by their endogenous inhibitors, e.g., tissue inhibitors of
metalloproteinases (TIMPs). Keeping in view the plenty of evidence available in
the literature, MMPs can be envisaged as central players in cardiovascular
disorders such as heart failure, atherosclerosis, platelet aggregation, stroke,
cardiomyopathy, peripheral vascular disease, hypertensive heart disease, and
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aortic aneurysms. Thus, MMPs can be viewed as a most versatile potential
targets for therapeutic intervention in such disorders. This chapter highlights the
functional role of MMPs in various cardiovascular disease conditions.

Keywords
Cardiovascular disease � Atherosclerosis � Matrix metalloproteinases � Stroke �
Tissue inhibitors of metalloproteinases

1 Introduction

Proteinases, either extracellular or intracellular are needed for various develop-
mental and biological processes. The competence to degrade a protein by an
enzyme is crucial for a cell to interact correctly with immediate surroundings, either
to maintain a controlled physiological process or to disrupt the normal milieu of the
cell. The degrading substrates could range from structural to functional proteins.
Any unwarranted alteration in protein structure or function may have a deleterious
effect on normal physiology, and an abnormal physiology may culminate into a
disease or a syndrome. Among these surging cumulative diseases, is a complex set
of heart dysfunctions caused due to the degradation of extracellular matrix (ECM).
The massive spectrum of cardiovascular diseases triggers the onset of cardiovas-
cular complications from heart failure to acute myocardial infarction (MI) or sudden
death, branding it as a major cause of mortality worldwide. Due to the complexity
and heterogeneity of cardiovascular disease (CVD), this ailment takes more lives
annually than any other disease. Global statistics show that CVD is the foremost
cause of death worldwide, representing 31% of all global deaths [1, 2].

The cardiac tissue and cellular framework play an important role in the proper
functioning of the heart and vessels. Even a mild change in the cellular framework
has been linked to the pathogenesis of several cardiovascular conditions, like
peripheral arterial disease, atherosclerosis, and heart failure [3, 4]. A number of
molecules have been characterized that have the tendency to alter the cardiac cellular
framework and initiate cardiovascular dysfunctions, which are considered as the
hallmarks of CVD. Counted in the list are collagen, matrix metalloproteinases
(MMPs), and tissue inhibitors of metalloproteinases (TIMPs) [5]. Of these analytes,
MMPs are the proteases that have provided an exciting functional insight into the
CVD pathology, prognosis, and management. MMPs play an essential role in the
ECM remodeling in both normal and pathological conditions of degradative disor-
ders [6, 7]. Though MMPs monitor cell behavior closely and regulate numerous
biologic processes like morphogenesis, angiogenesis, or wound healing [8], our
focus in this chapter is to discuss the functional aspects of proteases in the context of
CVD perspective. In the present chapter, we highlight the role of these MMPs, their
functional and therapeutic aspects related to various categories of CVD pathology.
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2 What Are MMPs?

Wayback in 1992,MMPswere discovered in an effort tofind how themetamorphosing
tadpole of a frog lost its tail. Further studies prompted scientists to postulate that, they
are omnipresent from the simplest bacteria to the fungi and to the humans [9].MMPs are
a family of Zn2+- and Ca2+-dependent endopeptidases, that degrade several ECM
proteins like elastins, gelatin, collagens, matrix glycoproteins, and proteoglycans.

MMPs are secreted as zymogens by a variety of connective tissue and cells like
monocytes, endothelial cells, smooth muscle cells, and macrophages or inflam-
matory T cells. A pro-peptide domain of MMP is connected by a cysteine bond,
which when hydrolyzed, frees the pro-peptide domain and exposes the enzymatic
site on the parent MMP molecule [10]. Proteolytic activity of MMPs is kept in
check under normal physiological conditions and is mainly controlled by zymogen
activation, transcription, and by the active forms of their tissue inhibitors known as
TIMPs. MMPs are constitutively expressed in low concentrations during normal
physiological conditions, however, if this homeostasis is dysregulated, they invoke
various pathological responses as is seen in many cardiovascular disease conditions
like atherosclerosis, angina, or congestive heart failure besides others [11]. Apart
from structural ECM components, MMP substrates also include a cluster of
receptors and ligands such as growth factors, cytokines, chemokines, and adhesion
proteins that modify cellular migration, adhesion, and activation. MMPs, therefore,
have a strong impact on cardiac makeover through various mechanisms [8, 12].
MMPs also play a dominant role in neogenesis or organ development and subse-
quent tissue remodeling in inflammation and injury. Their role is progressively
appreciated in understanding the process of plaque formation and subsequent
rupture or in the development of cardiomyopathies, hence MMPs are considered as
reliable indicators with regard to CVD diagnosis, prognosis, and management.

2.1 MMP Classification, Structure, and Function

At present, 25 vertebrate MMPs and, at least, 26 human MMPs are known [13].
Additionally, few nonvertebrate MMPs have also been identified that regulate cell
differentiation and development process [14, 15]. On the basis of their substrate
specificity, these MMPs are categorized into collagenases, gelatinases, stromelysins,
and matrilysins (Table 1). Another subtype of MMPs is known as membrane-type
MMPs (MT-MMPs) which are membrane-associated proteases and contain addition-
ally a transmembrane and an intracellular domainwith amembrane linker domain [16].

A typical MMP consists of four discrete domains of variable amino acid lengths,
which are N-terminal, hemopexin (Hpx) or C-terminal domain, a linker peptide or
hinge region, and a catalytic domain (Fig. 1). Though there are few exceptions to
this general structure, some MMPs may lack one or more domains, for example,
MMP-7, MMP-23, and MMP-26 are deficient in the hinge and Hpx domain [17].
These domains may be responsible for the interaction with TIMPs or entail different
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functions like substrate recognition, regulation and mediation [18]. The
zinc-binding motif HEXXHXXGXXH and PRCGXPD motif of the catalytic
domain and the pro-peptide domain, respectively, are the most common structural
units among the MMPs. The catalytic zinc ion is coordinated by three histidines of
zinc-binding motif and cysteine of the pro-peptide. This Cys-Zn2+ coordination
complex keeps pro-MMPs inactive by averting a water molecule vital for catalysis
from binding to the zinc atom [19]. A highly conserved domain “Met-turn” is also
found in the catalytic domain next to the zinc-binding motif, which forms the
structural base around the whole catalytic domain [20]. However, the MT-MMP
structure is rather different than MMPs and the former contains an extra trans-
membrane domain that anchors them to the cell surface [21]. It has been also
observed that MMP catalytic domains share a noticeable sequence similarity,
ranging from 33% between MMP-21 and -23 to a maximum of 86% between
MMP-3 and -10 [22], concluding that the overall topology of the enzyme active-site
is extremely conserved among the MMPs.

Although, MMPs enjoy a modest way to interfere in cardiovascular dysfunction
and angiogenesis, they also inherit competence to; intervene in the mechanisms of
cell behavior like cell shape and movement, growth and differentiation or survival;
an affinity to cleave several circulating and pericellular proteins, which empowers
them to control cell behavior in copious ways. These mechanisms include the
potential activation or inactivation of the cell surface receptors; or inactivation of
autocrine or paracrine signaling molecules; or alteration of cell–cell interactions [8].
MMP-mediated ECM degradation disrupts the structural barriers of the cell and
such degradation processes allow the cellular invasion to take place. As ECM is not
just an inert cellular framework; MMPs affect cell behavior via ECM dysregulation
and by sequestering signaling cascade molecules, like growth factors and their
binding proteins, or by acting as suitable ligands for cell adhesion receptors, that
transduce the signal to the cell interior [23].

Fig. 1 Domain arrangement and structure of MMP. All the MMP family members share the
common signaling sequence peptide, propeptide domain, catalytic and hemopexin-like domains.
SSP Signal sequence peptide; Pro-d pro-domain; Sub substrate; Cat.domain catalytic domain; Ln1
linker-1; Hpx hemopexin; Ln2 linker-2; TM transmembrane domain; CY cytoplasmic tail
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3 MMPs and Cardiovascular Diseases

As discussed from time to time, MMPs not only take part in biological processes,
such as cell growth and migration, morphogenesis, inflammation, angiogenesis,
apoptosis, etc., but also participate in pathological remodeling like CVD or tumor
growth [24–27]. Oxidative stress, which is involved in the cardiovascular disease,
stimulates endothelial cells, smooth muscle cells, and fibroblasts for MMP pro-
duction and activation [28]. It is evident now that MMPs play a significant role in
any process in which matrix turnover and tissue repair are involved; hence, they
have an impending role in various facets of vascular biology, from atherosclerosis
to acute MI (Fig. 2). In the following section, we will describe thoroughly the
functional role of MMPs in various cardiovascular pathological conditions.

3.1 MMPs and Atherosclerosis

The atherosclerotic plaque comprises a lipid core, fibrous cap and a mixture of
inflammatory cells, like lipid-laden macrophages. The fibrous cap is normally built
up of ECM surrounded by the smooth muscle cells. The components of the ECM,
like collagen and elastin, play a decisive role in the fibrous cap annihilation and
creation process [29]. Under normal physiological conditions the annihilation and
creation processes, also known as a remodeling process, are balanced and the

Fig. 2 Mechanism and role of matrix metalloproteinases (MMPs) in various cardiovascular
disease conditions
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plaque protects the lumen of the vessel to come in contact with the underlying
thrombogenic or atherogenic material [30]. However, under hypoxic conditions,
which initiate the pro-inflammatory process, the remodeling process can be shifted
in favor of resorption of the matrix, leading to a possibly weak fibrous cap and
consequent erosion and rupture of the plaque. Previous animal and human studies
have documented the presence of co-localization of MMPs (MMP-9 and -3) in the
progressing edges of the atherosclerotic plaques [31]. While other MMPs (like
MMP-1, -2, -3, -7, -8, -10, -11, -12, and -13) have also been assessed, MMP-9 has
been the most studied MMP in the context of atherosclerosis pathology. The
increasing presence of the MMPs with inflammatory cells like T-lymphocytes and
macrophages at the plaque rupture sites or where extensive remodeling is taking
place, have been previously extensively investigated [6].

Interestingly, the atherosclerotic plaque is also embedded with TIMPs, the
natural inhibitors of MMPs [32]. However, it has been observed that at certain sites
where augmented TIMPs are present, MMPs are associated with vascular calcifi-
cation [31]. This implicates that vascular calcification is nature’s own way of
modulating the vascular remodeling and it is possible that TIMPs may overtake the
function of MMPs. In nutshell, under normal conditions a balance exists between
MMPs and TIMPs, however, if this balance is disturbed by any incitement, the
TIMP and MMP activity ratio ceases, favoring an increase in atherosclerotic plaque
formation. Further, MMPs once locally activated by inflammatory signals such as
free radicals, hypoxia, or by any external stimuli, lead to the degradation of the
basic components of ECM like collagen and elastin into free peptide fragments that
permit the plaque to rupture. Studies, like those of Luttun et al. [33] have shown
that MMPs, particularly MMP-9 is a front runner and plays a vital role in plaque
growth and remodeling in the presence of enhanced cholesterol [33]. This study
was carried out in transgenic knockout mice deficient in MMP-9, mated with the
atherogenic apolipoprotein-E knockout mice. Their study proved that despite excess
cholesterol feeding, these mice displayed much less atherosclerotic burden [33].

The MMP activation can also lead to mitogenic signal or growth factor pro-
duction at the plaque site. The change in the matrix scaffold along with the mito-
genic signals induces smooth muscle cell migration into the intima of the vessel and
there, these cells transform into macrophage-like structures [34]. Consequently, the
activation of MMPs sets up a malicious cycle of the progressive transformation of
cells contributing to the atherosclerotic plaque growth and potential rupture [35].
The resultant forces of remodeling with increased inflammatory changes further
augment the expression, production, and activation of local MMPs, creating a
feedback amplification loop.

Conclusively, it can be summarized that an external stimulus like oxidized
low-density lipoprotein (LDL) from the plaque microenvironment results in the
elevated transcription of many MMPs while TIMP expression is often depressed in
comparison to MMPs. Pro-peptide activation is further enhanced by oxidative stress
and foam cell-derived signals. Although growth factors encourage vascular smooth
muscle cells to secrete TIMPs, the overall equilibrium between MMP-TIMP bal-
ance at the plaque milieu encourages superfluous ECM proteolysis. This is further
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aggravated by increased foam cell formation that degrades TIMPs in the extra-
cellular environment, resulting in reduced inhibition of MMPs by TIMPs (Fig. 2).

3.2 MMPs and Heart Failure

The MMP activity and levels have been shown to be augmented in MI and in the
development of heart failure [36]. Additionally, during myocardial infarction,
plasma MMP levels increase rapidly within hours of the infarction, following the
activation of resident macrophages, cytokines, and inflammatory cells [37]. How-
ever, as the vascularization process continues, the MMP concentrations decline, but
the second upsurge of activation is followed, which is related to ventricular dilation
and progression toward heart failure [38]. These observations were also reported
earlier in postmortem samples of the patients following a significant MI [36]. In this
study, the lytic bands were found to be increased, as evident on the zymographic
electrophoretic gels in the myocardial extracts of MI patients, reflective of increased
MMP activity particularly of MMP-2 and -9. The levels of these two MMPs are
shown to be increased in pericardial and myocardial samples after performing
emergent cardiac surgeries of the MI patients [39, 40].

Following MI, a significant contribution of local inflammatory cytokines is
attributed toward MMP production and regulation. In a study carried out in an
animal model of myocardial infarction, the authors demonstrated that the elevated
level of cytokines in the myocardium are directly linked to the augmented pro-
duction of local MMPs [41], which leads to collagen dissolution that can cause
acute myocardial rupture. However, if the process prolongs without myocardial
rupture, the heart becomes considerably dilated, promoting reduced heart function
and pitiable survival rate. In another animal model study, Spinale et al. [42]
reported a time-dependent surge in myocardial MMP levels that accompanies the
progression of left ventricular (LV) dysfunction and dilation. These variations in
myocardial MMP levels were also accompanied by changes in the ECM structure.
These observations suggest that the generation of myocardial MMPs is an early
event in the development of LV remodeling and dysfunction. In a rat model of
hypertensive heart failure, myocardial MMP levels were shown to increase during
the change from compensated LV hypertrophy to the decompensated dilated phe-
notype [43]. Thus, these animal model studies demonstrate a time-dependent
relationship between augmented MMP levels and expression, the remodeling
process, and thereby progression to heart failure.

Among the complications which lead to heart failure, diastolic dysfunction is an
important contributor toward clinical heart failure [44]. Aberrations in the structure,
function, and composition of the ECM have been established to subsidize
myocardial compliance and, in turn, impacts the normal diastolic function [45, 46].
Clinical evidence suggests that diminished myocardial MMP activity can facilitate
collagen build-up in developing hypertrophy [47–49]. Mujumdar et al. [47] and Li
et al. [49] postulated that a time-dependent myocardial MMP activation occurs with
the growth of pressure-overload hypertrophy and suppresses the remodeling
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process. This hypothesis was corroborated by the findings of Nagatomo et al. [50]
where a time-dependent variation in myocardial MMP levels was demonstrated
after an acute and lengthy pressure-overload stimulus. These findings suggest that
myocardial MMP activity rises with a stimulus that, in turn, changes the archi-
tecture of extracellular fibrillar and myocyte support, which is the structural
foundation of cardiac hypertrophy.

3.3 MMPs and Cardiomyopathy

Cardiomyopathy is an intrinsic cardiac muscle disease, which can occur due to a
genetic disorder, infection, or metabolic dysfunction. One of the common car-
diomyopathic disease states that are considered as a major contributor toward the
CVD, is known as dilated cardiomyopathy (DCM) [51]. This disease is charac-
terized by significant LV chamber dilatation and severe systolic dysfunction.
Since DCM is considered as an advanced CVD condition, this often culminates in
severe heart failure and hemodynamic collapse [52].

An easy access to myocardial samples from DCM patients has allowed for an
extensive study of the MMP/TIMP system. Additionally, the use of several animal
models has paved the way to study changes in myocardial MMPs during the
development of DCM [53–55]. These human and animal model studies facilitated
significant understanding into the variations in the myocardial MMP system and the
relation to the remodeling process [56]. The appearance of MMPs such as MMP-13
and MT1-MMP with DCM clearly indicated that this disease contained the diverse
collection of proteolytic substrates and hence may have significantly subsidized to
hostile LV remodeling. Rouet-Benzineb et al. [57] demonstrated that MMP-2 and
-9 were augmented in DCM and found that MMP-2 levels were actually increased
within the myocardial interstitium and cardiomyocytes. Moreover, these investi-
gators came up with the evidence that MMP-2 may destroy contractile proteins such
as myosin [58, 59]. Thus, augmented MMP levels within the myocardium of DCM
patients may have various deleterious consequences like matrix degradation or
proteolytic activation of biologically active signaling molecules and thus, directly
affect the structure and function of contractile proteins like myosin. While the
earlier studies uniformly established an increase in specific MMP types with DCM,
previous studies have reported augmented myocardial TIMP levels [60, 61].
In DCM patients, though the intracellular signaling events and posttranscriptional/-
translational processes that enhance the levels of certain MMPs coupled with the
decrease in TIMP levels remain to be established, the extracellular outcome of the
matrix protein imbalance and of their tissue inhibitors is expected to be significant.
Specifically, amplified levels of pro-MMPs within the interstitium would rather
deliver a larger pool of MMPs for eventual activation and conversely reduced TIMP
levels would favor extended proteolytic activity of MMPs within the interstitium.
Conclusively, changes in MMP/TIMP levels would in turn favor myocardial matrix
and remodeling, a structural hallmark of DCM [62].
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One of the disadvantages of the clinical DCM studies is that the MMP
myocardial profiles are determined at the time of transplantation and, therefore,
these levels are reflective of end-stage heart failure. Therefore, older studies could
not openly address the cause-effect association between LV myocardial matrix
remodeling and changes in the MMP/TIMP system. However, few clinical studies
have been accomplished in which comparative MMP/TIMP levels were determined
in DCM subjects during LV assist device placement, and then reexamined after
following several months when the device was detached [63, 64]. For example, the
study of Klotz et al. [63] reported that the MMP-1/TIMP-1 ratio was near normal in
DCM patients when followed after several months of LV mechanical assisted
support. Thus, the data of these clinical findings provide a basis for the mechanistic
association between changes in relative MMP/TIMP levels and matrix remodeling
in patients with DCM.

3.4 MMPs and Peripheral Vascular Disease

Peripheral vascular disease (PVD) is a chronic circulatory disorder that affects the
peripheral blood vessels which supply blood to the arms, legs, and organs located
below the stomach. It affects a substantial fraction of the population worldwide. It is
projected that around 20% of the adult population older than 55 years have PVD
with a linked strong surge in cardiovascular morbidity and mortality [65]. The
clinical manifestation of PVD is sporadic claudication, with leg pain at rest and
upon exercise. Ulcers and gangrene develop in the later stage of the disease, known
as critical limb ischemia. It has been usually observed that PVD patients are
completely asymptomatic, whereas others display symptoms mimicking muscu-
loskeletal diseases. Several observations are briefly mentioned below which show
that MMPs play a pivotal role in PVD.

3.4.1 Angiogenesis
A series of adaptive changes like angiogenesis and arteriogenesis are observed in
response to arterial stenosis and reduced blood flow, aimed at maintaining blood
flow to the ischemic tissue. Endothelial cell activation-assisted capillary growth
culminates into the proteolysis of the basement membrane, that permits cell pro-
liferation and growth of fresh capillaries [66]. The degradation of the capillary
basement membrane is accomplished by MMPs, hence, may modulate angiogenesis
by multiple mechanisms. The ECM degradation permits the collapse of the vascular
basement membrane, a prerequisite for the dissemination of endothelial cells in the
subendothelial matrix and for the formation of a new vascular lumen [66]. Few
members of the MMP family like, MMP-1, -2, and -9 have been associated in the
angiogenic response to ischemia. MMP-9 appears to play a dual role in the regu-
lation of endothelial cell proliferation; either it promotes the process or inhibits it by
angiostatin activation. Angiostatin is produced by the hydrolysis of specific peptide
bonds in plasminogen, mediated by several MMPs like MMP-2, -3, -7, -9, and -12
[67].
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3.4.2 Post-angioplasty Restenosis
Post-revascularization restenosis is one of the main limitations of the endovascular
treatment in PVD. The revascularization episode is the result of two discrete pro-
cesses: intimal hyperplasia and constructive remodeling. The endothelial damage
prompted by angioplasty leads to an enlarged deposition of ECM in the vessel wall,
resulting in constrictive remodeling with the reduction of the arterial diameter. As
demonstrated by Jenkins et al. [68] in an isolated animal model study, this
remodeling infers an upregulation of MMPs. A recent study using MMP activated
specific “in-labeled” tracer reported MMP activation in the common carotid artery,
2–4 weeks post-injury in an apolipoprotein E(−/−) mice [69].

Intimal hyperplasia is another condition that may hinder in endovascular man-
agement of arterial stenoses in PVD. Whether MMPs have any functional role in
intimal hyperplasia, was established by the observation that pretreatment with
MMP inhibitors, like tetracyclines or batimastat, diminishes neointima formation.
Though the exact role of MMPs in intimal hyperplasia is uncertain, an earlier study
carried out in knockout mice does suggest that MMP-2 and -9 are intimately
involved in this process [70].

3.4.3 Arteriogenesis
The growth of preexisting arteriolar connections into the collateral arteries in retort
to the compression of a major axial artery is known as arteriogenesis. During
arteriogenesis, normal vessels dilate to form natural bypasses, paving a way for an
improved blood flow to the limb [66]. MMPs along with other growth factors and
cytokines, stimulate a remodeling cascade that alters small vessels into arterioles
proficient of a markedly increased blood flow. MMP-2 and -9 levels are shown to
be *tenfold higher in the adventitia of coronary vessels as compared to the normal
coronaries, endorsing the important role of MMPs in arteriogenesis [71]. Arterio-
genesis is prominently seen in skeletal muscle of patients with critical limb
ischemia, with condensing of the basement membrane of capillaries. This phe-
nomenon is observed early in PVD and is also noticed in patients with recurrent
claudication. MMPs are shown to play a pivotal role in the thickening of capillary
basement membranes, thus promoting arteriogenesis in PVD subjects.

3.4.4 Arterial Calcification
Arterial calcification, earlier considered to be a degenerative process is a multi-
faceted and controlled phenomenon [72]. Recent prospective studies endorse a
strong prognostic value of arterial calcifications for adverse cardiovascular events.
Unambiguously with PVD, arterial calcifications in the mid-thigh femoral artery are
connected with an increase in the risk of amputation [73]. MMPs play an active role
in the generation of arterial calcifications via elastin degradation, which favors
calcium deposition. The elastin degradation leads to the specific cascade process
that secretes chemokines, which recruit other inflammatory cells. In fact, different
animal model studies demonstrated that in mice where MMP-2 and -9 were deleted,
remain resistant to CaCl2-mediated aortic calcification [74, 75].
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3.5 MMPs and Aortic Aneurysm

The vascular remodeling process that leads to the formation of an aortic aneurysm
(AA) involves inflammation, damage of elastin fibers, and increased collagen in the
aortic wall. The structural alterations are complemented by a widespread infiltration
of B- and T-lymphocytes, plasma cells, macrophages, cytokines, and increased local
concentrations of MMPs. In particular, an imbalance in MMP-2 and -9, and their
respective tissue inhibitors, which accounts for degradation of elastin and collagen,
is accountable for the fading and dilatation of the aortic wall [32]. Few studies
endorse the fact that MMP activity is increased in AA specimens, in particular
MMP-2, than cells derived from non-aneurysm tissues [32, 76]. Interestingly, in one
of the studies, augmented levels of MMP-2 were detected in vascular tissue distant
from the aneurysm site, but not in the healthy controls, demonstrating that the AA
exhibits a universal predisposition toward enhanced ECM proteolysis [76]. MMP-9
seems to be the major metalloproteinase expressed in AAs, as evidence in the
literature demonstrates much higher levels of MMP-9 than other MMPs studied.
Studies have shown that not only are the aortic wall levels of MMPs augmented in
patients with AA, but plasma levels of MMP-2 and -9 are also increased, inferring
that circulating MMP levels could be considered as biologically applicable markers
of connective tissue metabolism in patients suffering from AA [77].

3.6 MMPs and Platelet Aggregation

Numerous MMPs have been identified in platelets, including MMP-1, -2, -3, -9,
and MT1-MMP [78]. Platelet aggregation is positively moderated by the release of
MMP-2 from the platelets, whereas MMP-9 stabilizes the pro-aggregatory effect of
MMP-2 [79]. MMP-2 augments the pro-aggregatory effects of agonists on diverse
receptors, delineating the fact that the proteinase facilitates platelet initiation at the
level of second messenger system. It is an established fact that MMP-2 primes
platelet activation by facilitating phosphatidylinositol 3-kinase activation system
[80]. Additionally, as demonstrated in the above-mentioned study, MT1-MMP at
the platelet surface contributes to the activation of MMP-2 by the formation of a
complex MT1-MMP/TIMP-2/MMP-2 [79].

Apart from MMP-2, MMP-1 is also shown to positively moderate platelet
activation by causing accumulation of tyrosine-phosphorylated proteins in platelets,
thus initiating the transfer of b3-integrins to cell contact sites [81]. Platelets though
impart functional kinetics in hemostasis and thrombosis, they equally contribute to
the inflammation and atherogenesis process, via inflammatory mediators [82].
A specific and important role in the inflammatory and pro-atherogenic activity of
platelets appears to be played by the CD40/CD40L pathway [83] and it is
remarkable to note that the release of sCD40L from platelets is partly reliant on
MMP production [84].
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3.7 MMPs and Stroke

Stroke is caused by disruption of the blood supply to the brain either by blockage
(ischemic stroke) or by the rupture of a blood vessel (hemorrhagic stroke). This
pathological condition takes 6 million lives every year, is one of the major con-
tributors to CVD after coronary heart disease which alone accounts for 7 million
deaths every year [85]. The pathophysiology and biochemistry of stroke are mul-
tifaceted. The earliest vascular events in stroke rapidly lead to energy loss, which
eventually initiates a wide and complicatedly linked cascade of neuronal death
pathways.

MMPs play an essential role in stroke by crumbling ECM substrates that are
indispensable for customary signaling and homeostasis within the neurovascular
unit. Stroke onset culminates into uninhibited MMP activity, which facilitates
abnormal proteolysis thus leading to blood–brain barrier leakage and ultimately cell
death [86, 87]. Two earlier independent studies of Clark et al. [88] and Anthony
et al. [89] published in 1997, confirmed for the first time that MMP-9 and -2 levels
are elevated in the ischemic human brain. Rosell et al. [90] revealed the presence of
high MMP-9 levels not only in the infarcted tissue but also in the peri-infarct areas,
suggesting the dominant role of MMPs in the infarct development. MMP-9 levels
appear to rise within infarcts after hemorrhagic conversion, correlating with
improved neutrophil infiltration surrounding the affected capillaries leading to
blood–brain barrier breakage and further capillary damage [91]. These human
studies corroborate with the animal model data showing basal lamina injury and
loss of collagen type IV, which can be treated with hypothermic therapy that
decreases the enzymatic action of MMP-2 and -9 in ischemia-reperfusion rat
models [92, 93]. Though, the role of MMP-2 and -9 in stroke is the most discussed
topic in the literature, other MMP members, although least studied, may play a
significant role as well. For example, MMP-3 can be stimulated after
ischemia-reperfusion in rat brain, triggering the cleavage of the cerebral matrix [94].
Similarly, MMP-3 knockout mice display less degradation of tight junctions pro-
teins like claudin-5 and laminin-alpha-1 with condensed neutrophil infiltration as
compared with wild-type animals [95].

Although evidence in the literature strongly implicates the role of MMPs in the
stroke, the cellular foundation basis of this protease rests to be fully distinct. In an
advent of stroke, MMPs are synthesized by local brain cells or peripheral cells that
migrate to the damaged brain from the blood stream through the neuroinflammatory
response. Increased MMP levels from brain endothelial cells or neurons facilitate
neurovascular loss and prolong infarct volumes [96, 97]. Consequently, both brain
and blood MMP-9 responses may possibly contribute to the progression of neuronal
death, inflammatory infiltration, and neurovascular damage. Future studies in this
direction may help to evoke MMP inhibition strategies in stroke.
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3.8 MMPs and Hypertensive Heart Disease

Hypertensive heart disease (HHD) is the clinical manifestation in patients that
clinically have both diastolic and systolic heart dysfunction. LV hypertrophy and
cardiac fibrosis, which are caused by the modifications in the local and systemic
neurohormonal environment are the two key facets of heart failure secondary to
HHD. As mentioned earlier, every abnormal cardiovascular event is culminated by
ECM degradation and the initiation of HHD is no more different. The fibrotic state
in HHD develops due to the imbalance between MMPs and their inhibitors, which
modify the ECM environment and hence, weaken cardiomyocyte function [98].

Cardiomyocyte and ECM protein synthesis is the predominant process during
the onset of HHD and scant data is available regarding the role of MMPs during the
early stages of this disease. However, clinical evidence suggests a bigger role of
MMP proteases like MMP-1, -2, -8, -9, and -13 in the transaction of this heart
dysfunction from compensating state to clinically apparent heart failure, where
systolic dysfunction is implicated as the main cause of heart failure in HHD.
Further, deterioration of systolic function may trigger the MMP protein activation
via the cytokines, causing ECM mutilation, perivascular fibrosis and scarring in the
myocardium [99]. These observations suggest that an imbalance in the MMP/TIMP
ratio might cause LV dilation and condensed ejection fraction in systolic heart
failure. MMPs, either membrane attached or secreted, once exceed the activity level
of TIMPs, contribute to the fibrotic process via the ECM degradation by cleaving
the a-chains of type I and type II collagens.

Various human and animal model study data has provided a valuable insight into
the mechanistic role of MMP proteases in different stages of HHD. The inferences
of these studies have given a better understanding of the functional aspects of
MMPs in HHD. Laviades et al. [100] have shown that in hypertensive patients with
left ventricular hypertrophy (LVH), augmented levels of circulating TIMP-1 are
observed, whereas circulating MMP-1 levels and collagen type I telopeptide are
reduced when compared with hypertensive patients without LVH. A study con-
ducted in 2006 by Ahmed and his colleagues [101] revealed that patients with
normal LV structure and function but with hypertension had normal plasma
MMP/TIMP ratio. In contrast, patients with hypertension and LVH had augmented
levels of MMP-9 but reduced levels of MMP-2 and -13. Based on these observa-
tions, the authors concluded that diminished ECM degradation, a hallmark of
cardiovascular dysfunction, was linked with LVH and diastolic dysfunction.
Likewise, in an animal model study carried out by Iwanaga et al. [102] in hyper-
tensive Dahl salt-sensitive rats, MMP-2 expression levels were shown to increase
along with TIMP-1 and TIMP-2 as LVH progressed. Similarly, in an another
isolated study, mice deficient either in MMP-9 or plasminogen activator, were
conjointly protected from cardiac fibrosis and LV dysfunction following pressure
overload [103]. These human and animal study data further confirm that dysreg-
ulation of MMP/TIMP ratio and altered activity of MMPs bear a deleterious effect
on the development of HHD.

23 Association of Matrix Metalloproteinases with CVD … 487



4 MMPs as Potential Targets in Cardiovascular Disorders

As mentioned in earlier sections of this chapter, enhanced activity of MMPs has
been implicated in several physiological and pathological processes such as
angiogenesis, morphogenesis, chronic inflammation, autoimmune, neurodegenera-
tive and cardiovascular diseases, chronic obstructive pulmonary disease, cancer,
arthritis, etc. The activities of MMPs are kept in check under physiological con-
ditions at the level of transcription and inhibition by endogenous TIMPs. An
imbalance in the MMP/TIMP activity ratio is the underlying determining factor in
the pathophysiology of vascular diseases associated with tissue remodeling.

In the context of cardiovascular diseases, MMPs have been targeted in several
preclinical studies in animal models. Use of synthetic inhibitors in experimental
animal models is shown to significantly inhibit aortic calcification, neointima for-
mation, ischemia-reperfusion injury, left ventricular remodeling, and protect against
the development of hypertension, heart failure, and atherosclerosis.

The TIMPS are natural endogenous tissue inhibitors of MMPs and are shown to
regulate MMP activity at various levels. TIMPs have unique functions and speci-
ficity that has been evaluated in experimental animal models in the form of
gene-based therapies and provides novel insights into the pathophysiology of such
disorders. Using a viral or transgenic approach Zavadzkas et al. [104] demonstrated
for the first time, which targeted overexpression of TIMP-4 modified post-MI
remodeling in mice. TIMP-2 levels were found to be inversely correlated with
infarct size and severity as well as LV dilation. TIMPs have been successfully used
in animal models to target neointimal hyperplasia progression and prevent vein
graft failure and in-stent restenosis. Though, phase I trials to evaluate the safety of
these therapies have been successful with less adverse effects, the efficacy of TIMP
therapy has not been confirmed in Phase 2 studies. TIMP-3 gene transfection was
associated with reduced left ventricular dilation and recovery of systolic function
after MI in a rat model of post-MI, TIMP-3 transfection enhanced the effects of
transplanted vascular smooth muscle cells (VSMCs) by inhibiting MMP-2 and
MMP-9 and inflammation thus leading to improved myocardial remodeling [105].
Tian et al. [105] reported that cell-based gene transfer of TIMP-3 augmented MMP
inhibition and preserved ventricular morphometry and cardiac function in a rat
model of MI knockouts. Several other MMP inhibitors including TIMPs, synthetic
small molecular weight MMP inhibitors (MMPis), tetracyclines, and inhibitory
antibodies have all been tested in experimental animal models of vascular disease
till date but only doxycycline which is FDA approved has been extensively eval-
uated in patients. The TIPTOP (Early Short-term Doxycycline Therapy In Patients
with Acute Myocardial Infarction and Left Ventricular Dysfunction to Prevent The
Ominous Progression to Adverse Remodelling) trial in primary percutaneous
intervention (pPCI)-treated patients demonstrated that doxycycline therapy when
used early and for a short term, reduced LV dilation and both infarct size and
severity and reduced LV dysfunction and a first ST-elevation myocardial infarction
(STEMI) in these patients [106].
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Mostly MMP-9 and -2 have been targeted, but the inhibitors have also been
considered to target MMP-12 and -13, and for other novel MMPs such as MMP-8,
-10, -14, -19, -25, and -28. Several drugs like statins, calcium channel blockers, beta
blockers, type II receptor antagonists, angiotensin converting enzyme inhibitors,
cholesterol absorption inhibitors, COX-inhibitors have also been shown to inhibit
MMP activity in various clinical trials. Polyphenols and flavonoids from natural
resources have also been reported to act as potent inhibitors of MMP activity and
therefore exert cardioprotective effects [107, 108]. Though many experimental and
clinical trials of MMP inhibitors did not demonstrate significant benefits, some
trials showed promising results.

Recent studies have reported that MMPs like MMP-2, -9, and -13 are also
potential targets of histone deacetylase inhibitors that attenuate biomarkers of
cardiovascular risk and inflammation [109]. A study by Lin et al. [110] demon-
strated that siRNA increases myocardial contractility and protects against simulated
ischemic-reperfusion injury by inhibition of MMP-2 expression. High-mobility
group box 1 (HMGB1) is an important mediator of the inflammatory response.
HMGB1 knockdown was shown to alleviate cardiac fibrosis and remodeling in
diabetic cardiomyopathy in streptozotocin-induced diabetic mice [111]. Recently,
in a porcine model of myocardial infarction, Purcell et al. [112] reported that a
targeted delivery of polysaccharide-based hydrogels/TIMP-3 construct to areas of
MMP overexpression following MI significantly reduced MMP activity and
attenuated left ventricular remodeling, thereby demonstrating a localized on
demand inhibitor.

The use of several synthetic small molecule inhibitors in experimental animal
models, though successful, MMP inhibitors in clinical trials have met with a mixed
rate of success and failure. MMP inhibitors have not been translated into clinical
application in humans due to adverse side effects following systemic administration
of the drugs. The clinical trials have failed due to the problems of lack of selectivity,
specificity, and bioavailability of MMP inhibitors. The primary goal in the design of
MMP inhibitors is their selectivity to eliminate unwanted side effects to improve
their efficacy. The MMP inhibitors with broad specificity may influence the func-
tions of different MMPs in terms of both matrix degradation and tissue repair,
Therefore, MMP inhibitors with more restricted specificity are being developed.
New genetic and pharmacological tools are now available that may help design
disease-specific MMP inhibitors with fewer adverse effects from their use in the
therapy of degradative disorders. The MMPs form a part of a diverse and complex
proteolytic system involved in performing vital functions in the body. Recent
advances in medicinal chemistry may help design future strategies to develop
specific MMP inhibitors targeting specific MMPs to minimize their side effects and
to enhance their selectivity, bioavailability, and potency.
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5 Conclusion

MMPs are the enzymes that degrade substrates ranging from a variety of structural
and functional proteins and thus enable the cell to maintain a physiological process
or to disrupt the normal milieu of the cell. The present review highlights the crucial
functional aspects of MMPs in cardiovascular disorders, highlighting them as key
central players involved in remodeling and restructuring functions in vascular
biology. Together with their well-documented function in cardiovascular diseases,
MMPs have been viewed as potential drug targets and a great interest has been
garnered in developing MMP inhibitors to treat them. The effects of MMP inhi-
bition have been well explored in vitro and in preclinical studies in various
experimental animal models. The results of the various clinical trials where MMP
inhibitors have been used have yielded disappointing and mixed results, therefore
translating these results into clinical practice have been unsuccessful. Thus,
well-planned and carefully designed preclinical and clinical trials are needed using
MMP inhibitors imbibing safety standards, that display therapeutic promise to
prevent the development and progression of CVD.
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24microRNAs-Mediated MMPs
Regulation: Novel Mechanism
for Cardiovascular Diseases

Sharad Saxena, Yashika Rustagi, Aditi Jain, Sonali Dubey
and Vibha Rani

Abstract
Cardiac remodeling and its role in disease progression is a multimechanistic and
complex process. Disruption of normal extracellular matrix homeostasis is the
most important event responsible for cardiac remodeling, altering heart structure
and function. Therefore, targeting extracellular matrix remodeling enzymes such
as matrix metalloproteinases has received much interest in terms of developing
novel therapeutics strategies. Recent findings of microRNAs (endogenous,
non-coding, *22 nucleotide small RNA) in the cardiac tissue as dynamic
modifiers of disease pathogenesis have provided glimpses of undiscovered
regulatory mechanisms underlying cardiovascular diseases. The implication of
several microRNAs in targeting extracellular matrix components
(microRNA-29: collagen, fibrillin, elastin) and matrix metalloproteinases
(microRNA-21: MMP-2; microRNA-320: MMP-9) has been well documented.
The combined strategy of manipulating extracellular matrix remodeling through
targeting matrix metalloproteinases by microRNAs has produced encouraging
results in preclinical studies. This chapter reviews the potential of microRNA as
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therapeutics tool for cardiovascular diseases through direct and indirect
interactions with the matrix metalloproteinases.

Keywords
Cardiovascular diseases � Extracellular matrix � Matrix metalloproteinases �
microRNAs

1 Introduction

Cardiovascular diseases (CVD) are the leading cause of human morbidity and
mortality worldwide. Adverse myocardial remodeling in response to hemodynamic
load and cardiac stress in association with the hormonal response is a significant
cause of CVD. In almost all CVD, an increase in cardiac fibroblasts number (due to
the transformation of bone marrow (BM)-derived monocytes, BM progenitors, and
fibrocytes) and extracellular matrix (ECM) deposition occurs [1]. The ECM forms a
milieu surrounding cells that reciprocally influences many aspects of normal cell
behavior, including proliferation, adhesion, migration, and survival; thereby
assuring the harmonic structure and function of the heart. To do so, ECM undergoes
dynamic remodeling regulated by a number of ECM synthesizing as well as
degrading enzymes such as matrix metalloproteinases (MMPs) and their tissue
inhibitors (TIMPs). MMPs are zinc-dependent endopeptidase that plays a funda-
mental role in remodeling of the ECM under both normal and pathological con-
ditions. The proteolytic activity of MMPs is strictly controlled by tissue inhibitors
of metalloproteinases (TIMPs) [2, 3]. Considerable evidence implicates that the
expression level of MMPs deregulates in cardiovascular diseases such as hyper-
trophy, atherosclerosis, leading to myocardial infarction and heart failure. Nearby,
60 MMP inhibitors have been pursued as clinical candidates targeting multiple
disorders such as cardiovascular diseases, arthritis, and cancer. Since, the actual
molecular mechanisms underlying their role in onset and progression of disease are
still uncertain, clinical developments of most of the drugs have been discontinued
due to nontargeted approach. The aim of this chapter is to review the involvement
of a novel class of small noncoding RNAs (microRNA) known to acts as fine-tuner
of the protein expression, in the regulation of MMPs and their use as a potential
therapeutic tool in CVD.

2 Extracellular Matrix Remodeling in Cardiovascular
Diseases

Every cell influences their surroundings and gets influenced from the same. In the
human body, fibroblasts are present in every tissue bridging the voids and medi-
ating the connections between other cell types. In myocardium, although cardiac

498 S. Saxena et al.



myocytes constitute nearly three-fourth of normal myocardial tissue volume, car-
diac fibroblast accounts for more than two-third of cell population [2]. Fibroblast is
cells of mesenchymal origin, predominantly responsible for synthesizing and
secreting a diverse group of proteins and nonprotein components which constitute a
dynamic, noncellular, and three-dimensional support structure called the ECM.
Nearly 300 proteins which constitute the ECM are fibrillar, non-fibrillar as well as
glycosylated in nature. They include 43 subunits of collagens, 36 glycosylated
proteins, and nearly 200 glycoproteins complex. The nonprotein component
includes water, minerals, and polysaccharides such as glycosaminoglycans [3].
Depending upon their origin, composition, location, and interactions among dif-
ferent cellular components (epithelial-endothelial elements, fibroblast, myocytes,
and adipocyte), ECM forms different specialized structures unique to each tissue. In
the cardiac matrix, collagen (types I, III, IV, V, and VI), glycoproteins (fibronectin,
laminins, periostin, fibromodulin, and vitronectin), proteoglycans (versican, lumi-
can, and biglycan), and glycosaminoglycans (hyaluronic acid and dermatan sulfate)
are the major constituents. The components such as collagen IV, laminin, nidogen,
and heparan sulfate synthesized by epithelial and endothelial cells forms the
basement membrane. Whereas, the fibrillar collagens, fibronectin, and proteogly-
cans primarily synthesized by stromal cells (fibroblasts, pericytes) forms the
interstitial matrix. Combined together in a systematic manner, the ECM component
regulates the cardiac cells behavior biochemically, biophysically, and biomechan-
ically. The biochemical regulations enable the cells to interact with their sur-
roundings through direct and indirect signaling. Whereas, biophysical and
biomechanical regulation is the support provided for tissue architecture and
integrity which further decides cell proliferation, differentiation, migration, polarity,
adhesion, and survival. These dynamic interactions between ECM and intracellular
events are mediated by a family of transmembrane receptors known as integrins,
discoidin domain receptors, and syndecans [4]. The substitution of even a single
amino acid in any ECM component can alter the cell structure as well as its
behavior. Therefore, under normal development and physiology, ECM modifying
enzymes maintains a precise equilibrium between ECM synthesis and degradation.
This equilibrium insures harmonic structure and function of every tissue including
myocardium. However, if unconstrained, it leads to accumulation of ECM resulting
in fibrosis or disruption of ECM network altering heart structure and function. As
discussed above, the arterial wall consists of collagen types I and III, macrophages,
and smooth muscle cells. Precursors released during biosynthesis of collagen type I
and III such as carboxy-terminal or the amino-terminal propeptides (PICP, PINP,
PIIICP, PIIINP) as well as during degradation such as carboxy-terminal or the
amino-terminal telopeptide for type I and III collagen (CITP, NITP, CIIITP,
PIIINP) have been studied as serological marker of ECM turnover in cardiac
patients. A reduced serum level of CITP as well as increased level of CITP, PICP,
and TIMP1 has been observed in hypertensive patients’ suggesting both elevated
synthesis and degradation occurs during high blood pressure [5–7]. Similarly,
elevated levels of PIIINP and PICP (fibrosis) have been reported in patients with
congestive heart failure and acute myocardial infarction (MI) [8]. These studies
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vividly illustrate that dysregulation in ECM rebuilding and remodeling contributes
to several pathological conditions as severe as heart failure and MI. Majorly, ECM
remodeling is mediated by families of metalloproteinases viz., matrix metallopro-
teinase (MMPs), meprins, a disintegrin and metalloproteinase (ADAMs), and a
disintegrin and metalloprotease with thrombospondin motifs (ADAMTS) [9, 10]. In
addition, serine, cysteine, heparanases, sulphatases, and cathepsin proteases also
degrade ECM resulting in the release of growth factors and cytokines. Alterations in
the level of proteases may lead to different types of heart diseases. Therefore,
regulating MMPs may prevent the onset or progression of disease.

3 Matrix Metalloproteinases-Mediated Cardiac
Remodeling

MMPs are the major class of proteases involved in ECM remodeling, therefore;
playing a key role in biological (morphogenesis, angiogenesis, and wound healing)
and pathological (tumor growth, arthritis, tissue ulceration, and cardiovascular
disease) processes [11]. In 1962, a study on collagen remodeling during tadpole tail
metamorphosis leads to the discovery of MMPs [12]. Since then, 25 vertebrate
MMPs and 23 human homologues have been identified. Although human carries 24
MMP genes, chromosome 1 possesses two identical genes for MMP-23 making a
total 23 MMP proteins [13]. On the basis of substrate specificity, domain organi-
zation and sequence similarity they are classified into four groups namely:
(a) archetypal MMPs that includes collagenases (MMP-1, -8, -13), stromelysins
(MMP-3, -10), and other archetypal MMPs (MMP-12, -19, -20, -27), (b) ma-
trilysins (MMP-7, -26), (c) gelatinases (MMP-2, 9), and (d) furin-activatable MMPs
such as secreted MMPs (MMP-11, -21, and -28), membrane-type MMPs (MMP-14,
-15, -16, -17, -24, and -25), and type II transmembrane MMPs (MMP-23A and
-23B). Generally, MMPs possesses four domains structure: a � 80-residue
pro-peptide at the amino terminus, a � 165-residue catalytic domain with zinc
localized at the active site, a � 200-residue hemopexin-like carboxyl-terminal
domain linked to the catalytic domain by 15–65 residue linker region and a
transmembrane domain. MMP-7 and MMP-26 lacks hemopexin domain whereas,
MMP-23 has unique cysteine-rich, proline-rich, and IL-1 type II receptor-like
domains instead of a hemopexin domain. Due to the interaction of a cysteine
residue of the pro-peptide domain with the zinc ion of the catalytic site, the MMPs
are proteolytically inactive [14]. The proteolytic activity of MMPs is strictly con-
trolled and activated at three different levels: (a) transcriptional and posttranscrip-
tional level (by several cytokines (IL-1, TNF-a), growth factors (TGF-b),
glucocorticoids, interferons), (b) zymogen activation (by other already activated
MMPs, several serine proteinases or auto-proteolysis), and (c) by tissue inhibitors
of metalloproteinases (TIMPs) [15, 16]. These regulatory measures insure the
presence of MMPs in precise amount, at the right time and precise location, and in
appropriate state (activated or inactive). However, cardiac or hemodynamic load
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(hypertension), hyperhomocysteinemia, myocarditis, and RAAS-mediated cardiac
stress alters the level of MMPs and their regulators leading to morphological,
structural, and functional changes of the heart, referred to as cardiac remodeling.
Cardiac remodeling includes degradation or deposition of extracellular matrix
(ECM), myocardiocytes hypertrophy, abnormal angiogenesis, coronary collateral-
ization, alterations in receptor signaling cascade, apoptosis, abnormal differentia-
tion, and survival of cardiac stem cell, differential expressions of miRNAs and
epigenetic modifications.

4 Matric Metalloproteinases and Cardiovascular Diseases

In heart, the function of MMPs extends well beyond ECM degradation, such as,
stimulation of multiple biological effects through liberating and mobilizing growth
factors, cytokines [17]. Since all cardiac remodeling and myocardial architecture is
associated with a change in the ECM composition; MMPs and their tissue inhibitors
(TIMPs) are involved in the pathogenesis of a wide spectrum of cardiovascular
disorders including atherosclerosis, restenosis, cardiomyopathy, congestive heart
failure, myocardial infarction, and aortic aneurysm. Out of 23 MMPs identified in
human, MMP-1, -2, -3, -7, -8, -9, -12, -13, -14, and TIMPs-1, -2, -3, -4 have been
evaluated to respond to cardiac tissue repair stimuli [18]. The studies on patients
tissue extracts with dilated cardiomyopathy revealed a decrease in MMP-1,-12, and
increase in MMP-3 level [19, 20]. Similarly, post-MI studies on murine detected an
increased level of MMP-8, -9, -13, and -14 [21–23]. Out of 23 MMPs, MMP-9 is
surfaced as a leading candidate for having direct effects on cardiac remodeling. Its
level increases post-MI, its inhibition improves post-MI outcomes and patients with
the highest MMP-9 levels at baseline showed the greatest cardiovascular mortality
[24]. A study on rat MI model also demonstrated time-dependent increase in rel-
ative TIMP-1 and TIMP-2 mRNA levels and decrease in TIMP-4 level [25]. Later,
several clinical studies have utilized plasma samples to profile TIMP levels [26, 27].

These observations have led to the recognition of MMPs and TIMPs as potential
therapeutic targets through the development of pharmacological reagents. Previous
studies revealed that MMP inhibition have reduced the accumulation of myocardial
ECM (fibrosis), LV dilation as well as preserved cardiac function and geometry in
ischemic cardiomyopathy [25]. A number of pharmacological MMP inhibitors such
as trandolapril and ramipril studied in vitro as well as in rat model have found to
control MMP level but at the expense of induction or reduction of other MMPs and
TIMPS [28–30]. Lately, though peptides were found to be selective inhibitors of
MMP-9 and MMP-2, their clinical usage is highly questionable because of their
susceptibility to proteolysis [31]. In addition, clinical trials of other MMP inhibitors
like PG-116800 failed to reduce cardiac remodeling or improve clinical outcomes
after MI [32]. Therefore, novel molecular therapies have been investigated to more
effectively treat or prevent CVDs. RNA-based epigenetics mechanisms including
those controlled by small noncoding micro-RNAs (miRNAs) plays a pivotal role in
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the regulation of cardiovascular diseases [33]. As a result, miRNAs have emerged
as potential diagnostic and therapeutic tool for cardiovascular disease.

5 Small Non-coding RNAs with Big Potential

The existence of miRNAs came into picture nearly two decades ago (1993) when
Victor Ambros, Rosalind Lee, and Rhonda Feinbaum discovered that lin-4, a gene
involved in development of C. elegans larvae does not code for protein but instead
codes a pair of small RNAs [34]. These small RNAs are highly conserved,
endogenously expressed, and noncoding RNAs that negatively modulate gene
expression by either promoting the degradation of mRNA or downregulating the
protein production by translational repression. They are transcribed from either
intergenic, intronic, or polycistronic regions of the genome previously thought to be
the junk region (*97%). Since their discovery, more than 2000 humanmiRNAs have
been cataloged inmirBase (miRNAs database) (http://www.mirbase.org) predicted to
regulate expressions of at least 30% of all human protein-encoding genes. The bio-
genesis of miRNAs is a complex process where every step is subjected to tight
molecular regulation (Fig. 1). It begins within nucleus by transcription of miRNAs
genes by RNA polymerase II into *2000 nucleotides primary transcripts
(pri-miRNAs) that can encode one or more miRNAs. A combination of Drosha (an
RNase III enzyme) and Pasha also known as DGCR8 (an RNA-binding protein)
cleaves primary miRNAs into precursor miRNAs (60–100 nucleotides) which gets
transported to cytoplasm in a Ran/GTP/Exportin-5-dependent manner. Once in the
cytoplasm, another cleaving enzyme Dicer (RNase III) modifies the precursor
miRNAs and generates double-stranded miRNA duplexes of 19–23 nucleotides
containing functional guide strand and a passenger strand. The duplex miRNA gets
incorporated into RNA-induced silencing complex (RISC) by associating with
Argonaute proteins (Ago). The passenger strand gets degraded while the guide
strands remains intact and binds the 3′ untranslated region (UTR) of target messenger
RNA (mRNA). Pairing across all 22 nucleotides rarely occurs in mammalian cells
instead, the seed region of the miRNA (nucleotides 2–7 or 8) appears most important
for targeting mRNAs. If the base pair at 3′ UTR matches perfectly, the mRNA gets
cleaved and degraded by Ago2-RISC complex. Otherwise, it causes downregulating
of protein production through translational repression [35, 36]. miRNAs not only
target single gene but often functionally related genes networks thus maintain optimal
amount of cellular proteins and hence play a crucial role in the regulation of biological
functions. In human cardiac tissue, miRNAs have been identified at all stages of
development (for example, miR-1, miR-16, miR-27b, miR-30d, miR-126, miR-133,
miR-143, miR-208, and the let-7 family) [37]. Our previous study has characterized
several known and novel miRNAs in chicken cardiac tissue at all stages of devel-
opment. Using next-generation sequencing, we identified a total of 1056microRNAs,
out of which 353 were known (for example, let-7, miR-140, miR-181, miR-30,
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miR-205, miR-103, and miR-22) while 703 were novel miRNAs [38]. These finding
implicate that the miRNAs are highly expressed in non-diseased cardiac tissue from
embryogenesis to adult life and play a key role in both normal cardiac maintenance
and disease. The role of miRNAs in cardiac remodeling of the adult heart was further
established with Dicer deletion through the use of a tamoxifen-inducible Cre
recombinase in the postnatal murine myocardium. In juvenile, it lead to premature
death within 1 week due to atrial enlargement and mild ventricular remodeling
whereas, in adult, it induced myocyte hypertrophy, fibrosis, biventricular enlarge-
ment, and induction of fetal transcription [39]. These phenotypes were consistent with
the defects during heart development observed in zebrafish embryos devoid of Dicer

Fig. 1 Schematic representation of miRNA biogenesis as well as therapeutics. Inside nucleus,
either of the intergenic, polycistronic or intronic regions of DNA gets transcribed by RNA
Polymerase II (RNA Pol II) into nearly 2 kb long primary transcripts (pri-miRNAs).
Drosha/DGCR8 cleaves pri-miRNAs into precursor miRNAs (pre-miRNA) of 60–100 bp which
gets transported to cytoplasm by exportin 5. In cytoplasm, Dicer modifies pre-miRNA into
double-stranded miRNA duplexes. One of the strand (guide strand) activates the RNA-induced
silencing complex (RISC) which in turn causes translational repression as well as mRNA cleavage.
mirmimics (left) activates RISC and reduce protein and gene expression while, antagomirs (right)
reduce RISC activation resulting in translational repression/mRNA cleavage and in the end
increase protein and gene expression
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function [40]. Later, another study came up with the similar outcome but by deletion
of the DiGeorge syndrome critical region gene 8 (DGCR8 instead of dicer) using
muscle creatine kinase-Cre mice and a conditional floxed allele of the DGCR8 [41].
MicroRNA expression profiling studies revealed that, the 18 most strongly expressed
miRNAs and miRNA families account for >90% of all miRNA expressed in the adult
mouse heart. Surprisingly, most of them are differentially expressed during cardiac
disease, indicating the importance of miRNAs as modifiers of gene expression pro-
grams in cardiovascular disease. However, not all differentially expressed miRNAs
are implicated in the cardiac disease. For example, miR-214, which is most highly
upregulated among the 24 miRNAs studied, failed to induce cardiac phenotypes in
transgenic mice in ischemic cardiomyopathy, dilated cardiomyopathy, and aortic
stenosis, [42].Whereas, ablation of miR-133 via double knockout resulted in aberrant
proliferation and apoptosis of myocytes, cardiac defects, suggesting their therapeutic
application in heart disease [43].

6 Role of microRNAs in Cardiovascular Diseases

miRNAs are highly stable in blood circulation due to their incorporation into
microvesicles, exosomes, their association with RNA-binding proteins, and their
adherence to circulating lipoproteins. These protective mechanisms enable miRNAs
to fulfill biological functions outside the cell and serve as potential prognostic or
diagnostic biomarkers in CVD pathologies [44]. Because of their nucleic acid
nature they can be detected with high sensitivity and specificity using various
molecular techniques such as microarrays and quantitative real-time PCR. Previous
studies have shown a number of miRNAs to be unregulated in plasma of cardio-
vascular disease patients (Fig. 2). miR-208b and miR-499 were highly elevated
(1600-fold and 100-fold respectively) in plasma from acute myocardial infarction
(AMI) patients as compared with patients presenting with atypical chest pain
without AMI [45]. Similarly, elevated miR-208a was detected in plasma of *90%
AMI patients whereas; it was undetectable in patients with non-AMI coronary heart
disease or patients with other cardiovascular diseases [46]. However, unlike
miR-208a which is specifically expressed in the heart, not all miRNAs are tissue
specific. For example, miR-208b and miR-499 are also expressed in skeletal muscle
therefore confounding the interpretation of miRNAs as diagnostic biomarkers in
cardiac diseases [47]. Although recent advances in prognostics and/or diagnostics
have increased the survival rate of patients with AMI, no significant change in
mortality rates in patients who survive the initial AMI is observed. In a recent
cohort study of 7733 AMI patients, 71% of AMI survival developed heart failure
within 5 years [48]. Therefore, an expanded understanding of the function of
miRNAs in gene regulatory networks engaged in MMP mediated cardiac remod-
eling is looked upon as a novel therapeutic strategy for CVD.
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7 microRNAs-Mediated Matrix Metalloproteinases
Regulation

Recent studies have predicted/validated multiple gene targets of several miRNAs
implicated in the pathophysiology of cardiovascular diseases [49] (Fig. 3). How-
ever, a major deficiency in the available literature on miRNA alterations occurring

Fig. 2 Overview of upregulated and downregulated miRNAs in acute myocardial infarction
(AMI), acute coronary syndromes (ACS) and coronary artery disease (CAD). Information is
extracted from multiple studies included in references section [37, 42, 78, 80, 81]
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during cardiovascular diseases is that very few studies have assessed miRNA/MMP
interactions. Since all the MMPs have not been explored to the same intensity,
especially in the context of miRNA/MMP interactions as it relates to onset and
progression of cardiovascular diseases, this part of discussion is skewed in favor of
those miRNAs/MMPs and ECM components where the literature is more abundant.
Roy et al. published the first report showing that miR-21 regulates MMP-2
expression in cardiac fibroblasts in response to myocardial ischaemia–reperfusion
via PTEN (phosphatase and tensin homologue) pathway [50]. Later, Chen et al.
found that miR-29b epigenetically regulates MMP-2/MMP-9 genes expression in
the context of atherosclerosis. They observed that oxidized low-density lipoprotein
(oxLDL) reduces methylation (DNA methyltransferases) of the MMP-2/MMP-9
genes via upregulation of miRNA-29b leading to the increase MMP-2/MMP-9 gene
expression which is known to have a profound influence on cardiovascular diseases
[51]. The member of miR-29 family suppresses the expression of several ECM
proteins and has been predicted to downregulate during myocardial infarction.

Fig. 3 Schematic representation of miRNAs, involved in development of cardiac hypertrophy
and myocardial fibrosis. Cardiac stress leads to the dysregulation of miRNAs (few of them are
represented: miR133, miR29, miR21 and miR21) as well as their target genes/proteins (few of
them are represented). Rho A Ras homolog gene family, member A, Cdc42 Cell division control
protein 42, Nelf-A Negative elongation factor A, WHSC2 Wolf–Hirschhorn syndrome candidate 2,
IGFR1 Insulin-like growth factor receptor 1, SGK1 Serum-and glucose- regulated kinase, Col1A1
Collagen type 1 a1, ADAM A disintegrin and metalloproteinase, MMP-2Matrix metalloprotease-2,
ITGB1 Integrin beta-1, ITGA1 Integrin Alpha 1, Spry1 Sprouty RTK Signaling Antagonist 1,
PTEN Phosphatase and tensin homolog, ERK Extracellular signal–regulated kinases, MAPK
Mitogen-activated protein kinases, Col Collagen, Mef2a Myocyte Enhancer Factor 2A, Fibro
Fibronectin, Ras-GAP GTPase-Activating Protein, Cdk9 Cyclin-dependent kinase 9, Rheb Ras
homolog enriched in brain
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Abonnenc et al. confirmed the role of miR29 in ECM remodeling through
pre-miR-29b and anti-miR-29b transfection in murine cardiac fibroblast (CF) [52].
Based on CF secretome data, they concluded that pre-miR-29b treatment reduced
the collagen and MMP-2 secretion while anti-miR-29b did not stimulate their
secretion [52, 53]. Lately, Chen et al. examined miRNA changes in different
heart-cell compartments using congestive heart-failure experimental model. They
observed that with decrease expression of miR-29b, the expression of MMP-2 did
not change significantly in fibroblasts of left atrial. However, with increases
expression miR-21 in left ventricular fibroblasts, the expression of MMP-2 did
change [54]. These studies clearly suggest that aberrant posttranscriptional regu-
lation of matrix metalloproteinases (MMPs) by miRNA is an important factor in
cardiovascular diseases. Considering, the possibility of exploiting small noncoding
RNAs as therapeutic tool for cardiovascular pathology, few studies used exogenous
small interfering RNA (siRNA) which follow the same mechanism as miRNA to
targets MMP-2 and -9. As described previously, MMP-2 is known to involve in
various vascular complications including plaque destabilization and restenosis. Due
to its constitutive expression by vascular smooth muscle cells, MMP-2 can facilitate
vascular SMCs migration through hydrolysis of numerous extracellular matrix
components leading to atherosclerosis. Transfection of vascular smooth muscle
cells with MMP-2 siRNA has significantly decreased MMP-2 gene expression,
resulting in the suppression of cell migration [55]. Similarly, atherosclerotic plaque
stability has been obtained through silencing of MMP-9 gene using MMP-9 siRNA
in apolipoprotein E (ApoE)-/- mice, suggesting that miRNAs and/or siRNAs rep-
resents potential pharmacological tool to target MMPs and their associated proteins
[56].

8 microRNA Research and Therapeutics

Despite tremendous efforts in the traditional approach of drug design involving
enzymes, cell surface receptors, increasing number of mortality and morbidity due
to cardiovascular disease poses a great challenge to the therapeutic strategy adopted
until now. Because of their specificity to their targets in a particular cellular
pathway, miRNAs are rapidly becoming the most promising pharmacological tool
to diagnose and treat cardiovascular disease. Therefore, it is necessary to understand
methods, material, and tools required to resolve complex findings of miRNA
research. miRNAs represent only about 0.01% of total cell RNA requiring extre-
mely precise and sensitive instruments often with additional purification and
enrichment steps. For visualization of individual pre-miRNA or mature miRNA
expression in cells or tissues, quantitative real-time PCR (qRT-PCR), northern
blotting, and in situ hybridization (ISH) in combination with immunohistochemistry
are widely used. Northern blotting and ISH are very simple yet sensitive techniques
but consumes relatively more time and sample since they do not involve miRNA
amplification. qRT-PCR represents a balance of cost, precision, and sample size
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using modified way of reverse transcribing individual miRNA from a pool of
miRNAs present in isolated total mRNAs. For screening of genome-wide miRNA
expression, high-throughput molecular biology techniques such as miRNA
microarray, deep sequencing are followed by validation with qRT-PCR. While
miRNA microarray and qRT-PCR are two of the most common methods for
evaluating known miRs, there are still contrasting reports on the correlation
between microarray and qRT-PCR [57, 58]. To study novel miRNAs whose
complement has not been ascertained, a more sensitive technique for small RNA
sequences, which provides absolute abundance values of miRNAs is
next-generation sequencing. It is known that a specific miRNA can regulate the
expression of multiple genes (targets) while the expression of individual gene can
be regulated by multiple miRNAs [59]. Therefore, for a comprehensive under-
standing of miRNA function and potential therapeutic use in heart disease, iden-
tification and validation of miRNA targets is of fundamental importance. There are
several in silico target prediction programs such as TargetScan, PicTar,
MiRanda/mirSVR, miRBase/MicroCosm, RNA22, and PITA. These databases use
common feature like complementarity between the 3′ UTR of the target mRNA and
the 5′-seed of the miRNA, conservation among species, the presence of several
miRNA target sites and pattern recognition [60–62]. The predicted target needs to
be further validated which can be achieved using biochemical methods,
proteomic/transcriptome analysis, and RISCome analysis. Biochemical methods
include qRT-PCR, western blotting, reporter assays, hybrid PCR,
cytoplasm/nucleus ratio of mRNA, affinity purification, biotin-tagged miRNAs, and
labeled microRNA pull-down assay (LAMP) [63–68]. Proteome analysis includes
stable isotype labeling with amino acids in cell culture (SILCA) along with mass
spectrometry to identify miRNA–mRNA interactions [69, 70]. Lastly, RISCome
analysis includes target identification by sequencing of RNA-induced silencing
complex and Argonaute. Other novel high-throughput assays based on immuno-
precipitation are RIP-Chip (RNA-Binding Protein Immunoprecipitation-Microarray
Profiling), PAR-CLIP (Photoactivatable-Ribonucleoside-Enhanced Crosslinking
and Immunoprecipitation), and HITS-CLIP (High-throughput Sequencing of RNAs
isolated by cross-linking immunoprecipitation [46, 71–76]. Not all these methods
have been applied for cardiovascular research yet, but since miRNA research is a
growing field, these methods could be adapted because of their accurate and
quantitative estimation of miRNA profiles and expression.

The general strategy of therapy for any disease is to reverse the pathological
changes that resulted due to disease. Therefore, those MMPs and miRNAs whose
overexpression is responsible for cardiovascular disease should be suppressed and
vice versa. The suppression of overexpressed MMPs/miRNAs can be achieved by
miRNA mimic technology (miR-mimic) which is an approach for gene silencing by
generating artificial double-stranded miRNA-like RNA fragments. These RNA
fragments mimic endogenous miRNAs and bind specifically to its target mRNA
activating the RNA-induced silencing complex (RISC), downregulating specific
mRNAs and thus induce gene suppression [77]. On the contrary, the expression of
MMPs can be induced by antimiRs (cholesterol-conjugated, 2-O-methyl–modified

508 S. Saxena et al.



antimiRs, called antagomiRs), which are a class of chemically engineered
oligonucleotides specifically silencing single endogenous miRNA (Fig. 1). They
competitively inhibit specific miRNA by binding to the target mature miRNA and
lead to a reduced activation of RISC and consequently to an upregulation of specific
mRNA and gene expression [78]. As mentioned above, few studies have demon-
strated the value of mimic in downregulating the expression of MMP-9 in mouse
model of atherosclerosis as well as in vitro. Besides, to promote miRNAs as a
viable therapeutic target there are several difficulties to overcome such as, difference
in predicted and actual physiological targets, potential off-target effects of antimiRs,
and global effect on ECM of other organs. Further studies are required to elucidate
the exact methods by which miRNAs are able to repress translation and initiate
mRNA degradation of selected targets. The recent success of the first human
clinical trial of a miravirsen (SPC3649) therapeutic for suppression of hepatitis C
virus (HCV) replication has raised possibilities for the use miRNAs as a therapeutic
target in CVD and clinical trials are eagerly awaited [79].

9 Conclusion

Recent studies have established a cause-and-effect relationship between the
induction and activation of MMPs and cardiovascular diseases raising great
expectations for MMPs as promising target. Also, miRNAs targeting MMPs and/or
their regulators, as directly or indirectly discussed above are sufficient to draw a
plausible inference that miRNA regulation of MMPs expression is an important
mechanism for causing CVD. Since the activity of MMPs relies upon several
complex interconnected molecular interactions, many clinical trials of MMP inhi-
bitors failed to improve clinical outcomes. miRNA-based therapeutics under pre-
clinical trials have shown promising results in numerous animal models of CVD
such as cardiac hypertrophy, fibrosis, and MI. Till now, the role of less than 12
MMPs have been investigated post-myocardial infraction and very few MMPs have
been predicted to be the targets of miRNAs. Therefore, extensive studies analyzing
the complex interactions between specific miRNAs and MMPs in context with
CVD will definitely bridge this gap and provide novel opportunities for diagnosis
and therapy of CVD.
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