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Abstract
We analyze the crucial biochemical and biophysical properties of the basic
constituents—connective tissues (CT), and interstitial fluid (IF) constituting
the non-cellular part of the fascia. We provide ample evidence that the resident cells and cells in transit in the fascia are continuously interacting with
the non-cellular constituents to form an active organ with well-defined functions. We show evidence that pathological states of diseases of internal organs, as well as that of the constituents of the fascia itself, manifest in certain
CTIF domains of the fascia. Numerous diseases originate from imbalance of
the digestion and synthesis of the native collagen triple helices. Review on the
scanning electron microscopy examination of cross-section of tendons indicates that micro-fibrils of collagen I form regular geometrical structures,
supporting the hypothesis that the collagen fibrils assemble like liquid crystals. Information on the age of Achilles tendons has been reported, based on
dating of the 14C atoms generated from the nuclear bomb tests in 1955-1963.
The causes of spontaneous tendon rupture and tendinopathy are analyzed.
Plausible clinical measures to treat tendinopathy are briefly discussed, including the application of synthetic mechano-growth factor, glyceryl trinitrate patch (to supply nitric oxide), platelet rich plasma, proteomic profile
analysis and microRNA 29a therapy.
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Achilles Tendon, Tendinopathy

1. Introduction
1.1. Mechanotransduction through Organisms on Earth
All living organisms on earth are inevitably subjected to (a) the gravitational
force that continuously acts as a mechanical pull on all parts of the body, and (b)
frequently occurring external mechanical stimuli/forces of various degrees from
other objects. In the past twenty years, research on intra- and inter-cellular signaling with reference to cellular structure variation indicates that (i) external
stimuli of mechanical or electrical nature control or trigger many fundamental
biochemical interactions; (ii) tissues are composed of a network of proteins
joining organs; (iii) the nucleus and other functional components inside individual cells are not floating in a fluid; rather many protein/peptides readily join
up to communicate between the extracellular matrix and the nucleus; (iv) certain
intact cells are migrating in the connective tissues to carry out important physiological functions.
Putting fourth these observations and recalling the two “disturbances” (a) and
(b) on organisms on earth, one is inclined to consider that a special architecture
system must be at work in each living entity particularly suitable for the transmission of mechanical signals, if the organism is to remain as that entity. Such
an architectural system is one important basis for allowing physical and biochemical signals to be transmitted inter- and intra-cellularly to certain parts of
the body. Mechanical signal, as one type of physical signal, is inferred to be
transmitted through mechanotransduction to various parts of the body based on
the hierarchy nature of the body [1] [2] [3].

1.2. The Basic Components of the Largest Organ
of the Human Body—The Fascia
In a multi-cellular organism, after a (fermented) cell has completed its first
mitosis into two and then more cells, a system of communication must have
existed to cater for the coordination of the function of a group of cells in a
controlled environment and morphogenic development, for the survival and
growth of the organism. Such a communication system must allow the exchange of various forms of energy and materials (such as the exchange of biomolecules via osmosis, diffusion) for both biophysical and biochemical interactions. A system that consists of both solid and liquid components could
serve these purposes. The connective-tissue system, which is developed from
the mesoderm, is a natural solid platform for communication between organs;
the embryonic water is a natural fluid to develop into a fluid for the transportation of both soluble and insoluble (via vehicles such as chylomicrons) [3]. The
connective tissues include 28 types of (a) fibrous (including collagen fibers,
DOI: 10.4236/ijcm.2019.103018
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elastic fibers and reticular fibers) and (b) non-fibrous collagen structures, plus
(c) non-collagenous proteins to support integrity of various visceral organs
and the body as a whole [3] [4] [5].
Part (c) contains two main classes of non-collagenous protein complexes (A)
and (B). Classes (A) i.e. Proteoglycans (PG) has subclasses aggrecan, fibromodulin, heparan sulfate, decorin, perlecan, glycosaminoglycan (GAG, such as hyaluronan, keratan, heparin) and others. Note that hyaluronan, which is the most
abundant and ubiquitous member of the GAGs, forms negatively charged long
chains. The hydronium ions together with layers of water (originated from the
blood stream) are then bound to the hyaluronan chains, forming a thick interstitial
fluid (IF) in the interstitium; IF, also named the ground substance, is just the
fluid for communication mentioned above. There is about 3 liters of interstitial
fluid processed through the human body per day. The other non-collagenous
protein complex (B), called Glycoproteins, have subclasses such as fibronectin,
tenuscin, thrombospondins-1 and -4 (as adhesive proteins), laminin. Members
of (B), together with members of (A), provide a potential bridge between parts
(a) and (b) and the cells adjacent/within the interstitium. The connective tissue
proper (CT) includes parts (a), (b) and (c). Since blood vessels do not “connect”
cells of organs in the body, all communications are transmitted through the
connective tissue-interstitial fluid (CTIF) system. The fascia is meant to be the
grand anatomical structure joining all the CTIF systems associated with different
parts of the body.
This fascia frame, including the solid parts and special fluid mentioned above,
has various types of linked, connective tissue layers which embed the neurovascular tracts, extending to form tunicae around the visceral organs. The frame also wraps around muscles (striations/spindles); the connective tissues of the
frame grow deep to form the periosteum which supplies vascular structure to the
bone [6] [7]. Since the bone is also built of collagen, it is not unreasonable even
to define the skeletal bone as the very “hard part” of the CTIF system.
There are intact cells migrating in the fascia. These cells are called the resident
cells. They are also called indigenous cells [8] and have a stable population; they
are mainly responsible for the synthesis and maintenance of the heterogeneous
extracellular matrices of CTIF associated with different organs; these cells are
also serving some other physiological functions. There are also cells in transit
when in need, to perform immunity duties. The “hard part” and “soft part”,
which are both non-cellular, together with the cells mentioned, constitute an integrated network to maintain the integrity of body shape against gravity, as well
as to serve as a grand active communication network. Research in the past decade recognizes the fascia to be highly dynamic and versatile (see force transmission aspect in [9]). Since this grand communication platform with solid and fluid constituents, has anatomical structure and has well defined functions, it is
rightful to call it an organ—in fact, the largest organ of the human body. Figure
1 summarizes the basic compositions of this organ.
DOI: 10.4236/ijcm.2019.103018
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Figure 1. Basic structure of the largest organ of the body.

1.3. Functions of the Circulation of Fluids in the Largest Organ of
the Body
We emphasize that as blood vessels do not “connect” cells of organs in the body,
all communications between two organs pass through the connective tissue-interstitial fluid (CTIF) system. The stated communications include the
transportation of molecules and various forms of energy signals (such as mechanical, sound, electrical signals). In particular, the IF is responsible for the
following main processes: 1) Exchange of O2 and CO2 in muscles and organ cells;
2) Provision and re-absorption of nutrients to organ cells; 3) Transportation of
metabolic debris and harmful cells to the peripheral lymphatic system via the
flow of the IF to the lymphatic collecting ducts; 4) Supplying shear forces (acting
as signals) during durotaxis/chemotaxis [10] of fibroblasts, chondrocytes, osteocytes, osteoblasts, mesenchymal stem cells and stem cells in the CT, including
those in the hair-follicles, for tissue homeostasis as well as repairs/turnover of
the CTIF system, cartilages and bones; 5) Provide a medium for the migration of
DOI: 10.4236/ijcm.2019.103018
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leucocytes from the blood vessels to the CTIF during inflammation; 6) It has
been discovered only in the recent few years that a lymphatic system in the brain
exists—called glymphatic system and the fluid is named the glymphatic fluid
(see review of [11]). This fluid is a mixture of the classical cerebrospinal fluid
flowing in the subarachnoid space and the brain interstitial fluid in the brain
parenchyma. One of the important functions of the IF flow is to provide a route
for the glymphatic fluid to join the peripheral IF which flows into the peripheral
lymphatic fluid system. 7) The IF, carrying debris and fragments of damaged
cells in the CTIF system, joins the subclavian vein vessels. These vessels have
branches flowing through the renal system; wastes are then discharged by urination [3] [11].

1.4. Intracellular Mechanotransduction
Integrins are cell membrane receptors, being composed of α- and β-subunits
with various combinations. They can bind to proteins in the extra-cellular matrix (ECM) with specificity [12]. When the integrins are stimulated mechanically, they connect intracellular proteins such as focal adhesion kinase (FAK),
src-family kinases. Activation of these kinases triggers off a series of pathways
associated with cytoskeletal remodeling. In particular, in vitro experimental results show that the stress-induced mechanical strain stimulated conformational
activation of α- and β-integrins of NIH3T3 cells [13].
Such activation is followed by new integrin ligand binding to ECM proteins;
this process then mediates c-Jun NH2-terminal kinase (JNK), initiating a series
of cellular responses without upsetting the existing integrin-ECM binding. Responding to mechanical stimulation, “focal adhesion” is said to be formed, leading to a stress-dependent increase in cytoskeletal (CSK) stiffness. The CSK stiffness changes because there is rearrangement of the microfilaments (MF), microtubules (MT) and intermediate filaments (IF), which are the three important
elements to participate in mechanotransduction, intracellularly. These connecting structures, together with other components, eventually join the nucleus surface after such CSK remodeling [14].
Then expressions of different genes are affected to produce the relevant proteins to maintain the cell integrity and to initiate the necessary physiological
processes [15]. There are different integrins for different cell types to trigger
different functions in response to mechanotransduction. For example, the integrins of the endothelial cells of blood vessel are born to react sensitively to
mechanical stimulus arising from fluid flow, in addition to “pull” from collagen
fibers. Thus, mechanical signals at the cell membrane can cascade a series of
signals reaching the cell nucleus with the integrin proteins, as mechanical sensors, starting the story.

1.5. Intercellular Mechanotransduction
Gap junction proteins, which are built by various connexin proteins, are “connection proteins” between adjacent cells [16]. It has already been known, based
DOI: 10.4236/ijcm.2019.103018
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on analysis of synchronous contraction of myocardial cells, that the gap junction
proteins participate in the transfer of mechanical stimulation, indicating that
mechanotransduction can be “passed on” between adjacent cells of a tissue/organ [17]. It has also been shown that electrical synaptic transmission between nerve cells depends again on the function of gap junctions [17]. The connexin protein Cx43 has been found to bind directly or indirectly to some intracellular proteins like caveolin, 20-β-catenin, tubulin, src, which have various
functions, providing evidence that gap junctions take part also in mechanotransduction [18].

1.6. Objectives and Layout of This Paper
As analyzed in Sections (1.2) and (1.3), all “ingredients” and signals for visceral
organ cells pass through part of the fascia. It is thus important to learn the physiological conditions of various parts of this large organ. Now collagen is the
main protein constituting the solid part of the fascia, and collagen forms loose
connective fibers/fibrils in the skin and supporting tissues, integument layers of
all organs, including even small blood vessels, nerve fibers, and lymphatic ducts.
We review the key features of synthesis of the basic collagen molecules and their
formation of fibrous morphology of different sizes, as well as some important
structural characteristics in Sections (2.1) to (2.4). Relevant features of the residence cells are briefly outlined in Section (2.5). The hierarchy nature of the
fibrous collagen constituents, together with roles played by resident cells and
cells in transit will be briefly analyzed in Section (2.6). The crimp structure of
collagen fibrils is important in absorbing force during movement of different
parts of the body, and two examples are presented to illustrate the morphology
of the crimps in Section (2.7). A living organism is a dynamical complex system. Homeostasis includes turnover procedures and repairing mechanisms of
collagen. Therefore, we review the classification and functions of the degrading
enzymes and the endogenously generated inhibitors of those enzymes in Sections (3.1) - (3.4). Based on the brief review presented in Sections (1) - (3), we
can then analyze the first class of disease of our series—rupture and tendinopathy of the tendons which are parts of the fascia proper. Section (4) is devoted to
the discussion of the interesting structural arrangement of the collagen fibrils
that allows tendons to withhold tensile strength based on in vitro investigation
of tendon specimens obtained from animal models. Thermal stability of collagen
triple helices is a debatable key issue in maintaining the mechanical strength of
tendons. We therefore present two types of contrasting experimental results in
Section (5). Every triple helix is built of three peptide chains, and wrong combinations (due to genetic mutation or incomplete folding correction by heat shock
proteins in the RER) lead to diseases of the fascia proper, which could trigger off
pathological states of other organs. This issue is discussed in Section (6). It is difficult to predict tendon rupture, and tendinopathy is difficult to treat clinically.
In Section (7), we present some updated information of the causes and introduce
DOI: 10.4236/ijcm.2019.103018
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plausible treatments. Section (8) emphasizes the evidence of viewing the fascia to
be the largest organ of the body and highlight the notion that pathological states
of many diseases manifest in the fascia, paving the way for the next related paper. Section (9) gives concluding remarks. This paper is lengthy as a rather
large amount of basic materials need to be introduced for meaningful discussion
of any disease involved.

2. Synthesis and Special Properties of Collagen Molecules in
the Fascia
2.1. Collagen as the Most Abundant Protein in the Body
Collagen fibrils have been supporting life of numerous species for over 600,000,000
years, and collagen is now known to be the most prominent protein component
of the hierarchy connective tissue systems of nearly all members of the animal
kingdom. It is indeed amazing to find that the basic architecture of collagen fibrils is conserved across different animal species during evolution [19] [20] [21]
[22].
In the human body, collagen constitutes about one third of the body mass
[23]. The basic unit of collagen is composed of three helical structures of amino
acids, with details specified later. According to different compositions of these
helices, collagen can be classified, up to the present, into at least 28 types.
Types I, II, and III account for quantitatively over 70% by weight of the total
connective tissues [24] which compose the biggest tissue system of the body. In
particular, type I collagen makes up 80% - 90% by weight of the collagenous
proteins.

2.2. Types of Collagen Molecules, Fibrous and Non-Fibrous
Since both fibrous and non-fibrous collagen structures are involved in the pathogenesis of many diseases, we show Table 1 to summarize the classes of collagen so far found, their key characteristics and main locations in the human
body. There can be more than one isoform for one type of collagen. For example, in the second column, [α1(I)]∙2α2(I)] means that a type I collagen triple helix
can be composed of two α1 chains and one α2 chain of collagen I; the second isoform is simply built of three α1 chains of collagen I. The super-script 3 of [α1 (I)]3
means that there are three α1 (I) chains in a type I tropocollagen molecule. The
subscript 1 means that the chain is of class α1 (rather than the α2 chain). The
former structure is called a heterotrimer and the latter structure is called a homotrimer. These two classes of structure respond differently to enzyme degradation, as will be explained later in Section (6). The other symbols for other types
of collagen follow the same way. There are totally 28 types of collagen found up
to now. We show only 14 types out of 28 here as they are relevant to our discussion
on the physiological/pathological aspects involved in this paper. When we come to
some other diseases involving other types of collagen, they will be specified in other
papers to follow.
DOI: 10.4236/ijcm.2019.103018
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Table 1. Types of collagen [25].
Type of collagen Chains

Basic structural characteristics

Distribution in body

I

[α1(I)]∙2α2(I); [α1(I)]3
(not native)

fibrous

skin, tendon, ligament, bone, cornea, general
connective tissues

II

[α1(II)]3

fibrous

cartilage, vitreous humour, inner core of vertebral
disc—nucleus pulposus, less organized-meshwork

III

[α1(III)]3

fibrous

co-distributes with type I in smaller amount,
endotenon

IV

[α1(IV)]∙2α2(IV);
α3(IV)∙α4(IV)∙α5(IV);
[α5(IV)]2∙α6(IV)

forming network

basement membrane of organs

V

[α1(V)]∙2α2(V);
α1(V)∙α2(V)∙α3(V);
[α1(V)]3

fibrous

co-distributes with type I in smaller amount

VI

α1(VI).α2(VI).α3(VI)

with beaded-filament structure

around muscles, in “cross-structure between fibrils”

VII

[α1(VII)]3

forming anchoring fibrils

epidermal-dermal boundary

VIII

[α1(VIII)]2∙α2(VIII)

forming network

basement membrane between corneal proper and
endothelial-Descement’s membrane

IX

[α1(IX)]∙α2(IX)∙α3(IX) fibril associated collagens with interrupted triple co-distributes with type II
helices (FACIT)

X

[α1(X)]3

forming network

hypertrophic structure of cartilage

XI

α1(XI)∙α2(XI)∙α3(XI).

fibrous

co-distributes with type II

XII

[α1(XII)]3

FACIT

co-distributes with type I in small amount

XIII

[α1(XIII)]3

transmembrane protein

cell-matrix and cell—cell adhesion, neuromuscular
junctions

XIV

[α1(XIV)]3

FACIT

co-distributes with type I in small amount

2.3. Procollagen Molecules Are Synthesized, with Folding Checked
by Heat Shock Proteins and Exit to the Extra-Cellular Domain
via Exocytosis
Interstitial collagens consist of three α chains of approximately 1000 residues
with repeating Gly-X-Y triplets, where X and Y are often proline and hydroxyproline, respectively. Because of the high imino-acid content and the
tripeptide unit repeats, the α-chain adopts a left-handed poly-Pro II-like helix,
and three left-handed α-chains intertwine with each other to form a righthanded superhelix [25]. It is the occurrence of amino acid glycine as every third
residue throughout 95% of the α chains as well as the presence of large amounts
of proline and hydroxyproline (which together amount to approximately 22% of
the amino acid residues) that would allow each (alpha) polypeptide chain to be
arranged in a stretched polyproline helix. In other words, collagen triple helices
are said to be packed into a “quarter-staggered” pattern so that the nearest
neighbor molecules are staggered longitudinally by about 22% of their molecular
DOI: 10.4236/ijcm.2019.103018

190

International Journal of Clinical Medicine

P. C. W. Fung, R. K. C. Kong

lengths with a space gap between the N-terminal of one molecule and the
C-terminal of the next [25].
Each peptide chain of collagen is encoded by one gene in general. However,
many of the collagen types have two, or even three peptide chains of the same
class. In Figure 2, suppose three different collagen genes, α1, α2, α3 are triggered
to synthesize a collagen molecule. In the nucleus, the double helical gene structure is broken to form RNAs. Each RNA works as an mRNA and one associated
peptide is synthesized in the usual way in the ribosome; and the peptide is fed
into the (rough) endoplasmic reticulum (ER or RER) and then the Golgi apparatus, as shown schematically in Figure 2. The three raw peptides assemble, and
the resulting structure is quality checked for proper folding by heat shock proteins in the RER and Golgi apparatus (see [26]), with nucleation taking place at
the C terminal [27]. A number of sugars are added to the peptides in the RERGorgi apparatus “factory” too. The “tentative collagen molecule”, called “procollagen” of ~325 nm in length, is then excreted from the cell by the usual exocytosis process, with the help of the Golgi apparatus. The dotted arrow represents the fact that the last synthesis processes are carried out in the RER and
Golgi apparatus, not in the cytosol.
It was already known that HSP 47 is an ER-resident stress inducible glycoprotein that speciﬁcally and transiently binds to newly synthesized procollagens [28].

Figure 2. Schematic representation of the synthesis of collagen peptide chains, which may
be called pre-procollagen chains, in the Ribosomes close to the Rough Endoplasmic Reticulum (RER). These peptide chains are secreted into the lumen of the RER where they are
coiled to form a relatively loose triple helix, starting with nucleation [25] [26] [28]. A
procollagen molecule is secreted from the cell. This figure was hand-painted by author
PCWF.
DOI: 10.4236/ijcm.2019.103018
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2.4. Exocytosis of the Procollagen Molecules to Form
Tropocollagen Molecules and the Formation of
Micro-Fibrils and Fibrils in the Extra-Cellular Domain
A procollagen has a typical length of 325 nm, including a rod-like, tightly-packed
triple helix of 300 nm, plus loosely-structured N terminal (15 nm) and C terminal (10 nm) (Figure 3). When a procollagen molecule is secreted via the secretory vacuole originating from the Golgi apparatus into the extra-cellular
space, the N and C terminals are respectively cleaved by procollagen amino-protease and procollagen carboxy-protease, leaving a regular helical structure
called tropocollagen molecule [25] [29]. That five triple helices build up a micro-fibril is generally accepted as the highly likely model based on the observed
values of the cross-section of a triple helix and the length of a helix, but there are
other alternatives; for example, it was long ago that another 5-strand model, with
four helices in the cross-section, forming tetragonal stacking, plus another one
helix attached to any side of the tetragonal (see Figure 2 of [30]) was proposed.
For our analysis, the specific geometrical arrangement is not important at this
stage. Five tropocollagen molecules can self-assemble to build up a micro-fibril,
whose cross-section shows five helical structure in the over-lapped region, but
the cross-section shows only four helical structure in the cross-section cutting
across a gap. These two cross-sections are shown on the upper left part of the
above figure. Micro-fibrils build up a fibril with different configurations. The
one shown on the upper right of Figure 3 is just one possibility with radial
symmetry in the cross-section. This tight-pack model shows a quasi-hexagonal
boundary. The four-strand model of micro-fibril, built by four tropocollagen
molecules is another model structure of a micro-fibril, which is not shown here
because the structure is very simple—with four molecules arranged to form a
quasi-rectangular shape. A three-strand model is also proposed based on fractal
nature of the hierarchy [31]. These micro-fibrils, with effective diameter around
several nm, build up fibrils with effective diameter in the range around a few
tens of nm to around 1 μ-meter.

2.5. Resident Cells of the Fascia
Fibroblasts, reticular cells and stem cells
Fibroblasts are derived from primitive mesenchymal cells which develop from
the mesoderm of the embryo; they are called fibrocytes in general. In the dormant state, a fibroblast appears as an ellipsoid or said to have a spindle shape.
An active fibroblast has branches, crawling on collagen fibers so that the fibers
attain a certain degree of mechanical tension. The fibroblasts can be connected
among themselves, via inter-cellular gap-junction and desmosome proteins, lining up along collagen fibers. The main function of fibroblasts is to secrete precursors of collagen, elastic, fibers, proteoglycans (PG), glycosminoglycans (GAG),
together with glycoproteins [3]. Reticular fibers are synthesized by reticular cells
[5].
DOI: 10.4236/ijcm.2019.103018
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Figure 3. When a procollagen molecule is exocytosed from the fibroblast, the N and C
terminals are respectively cleaved by procollagen amino-protease and procollagen carboxy-protease, leaving a regular helical structure called tropocollagen molecule, of length
about 300 nm [25]. Micro-fibrils build up a fibril/sub-fibril with different configurations
[29]. The one shown on the upper right is just one possibility. This figure was painted by
author PCWF.

GAG with binding water molecules builds a jelly-like IF as the ground substance of the fascia, and the IF, together with other fluids forms an integrative
five-fluid system [11]. The fibroblasts are the most important, and most abundant cells in the largest organ of the body. Fibroblasts migrate to many parts of
the body, and they can change their phenotyping to become other cells. There is
evidence that gradient of the mechanical tension of collagen fibers controls the
direction along which cells would crawl—a process called durotaxis, which is the
key factor for the stated change in phenotyping. In that respect, fibroblasts function like stem cells, in response to mechanical clue. Stimulated by cytokines, fibroblasts can also migrate (chemotaxis) to participate in wound healing [32];
they become myo-fibroblasts which may be involved in carcinogenesis if not
properly regulated, as explained in the next related paper.
Mesenchymal stem cells (MSCs) also originate from the mesoderm of the
embryo and are bone-marrow-derived. There is evidence that MSCs could proDOI: 10.4236/ijcm.2019.103018
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mote synthesis of collagen type I and collagen type III in tissue-engineered ligaments [33]. It is not surprising that a certain number of stem cells, which are reside in many locations of the fascia, would differentiate into fibroblasts and other fibroblast-like cells, participating in repair and growth when in need [33]. In
addition to MSCs, there are stems cells found in the hair follicles [34] in the
dermis and the fasica [3] [35]. These stem cells are interacting actively with the
collagen molecules of the fascia.
Chondroblasts, chondrocytes and cartilages
A chondroblast or cartilage cell, like a fibroblast, originates from a mesenchymal stem cell. The extracellular matrix of cartilage is secreted by these chondroblasts, which reside in the outer covering layer of the cartilage. As the chondroblasts secrete matrix and fibers, they become trapped inside it, and mature
into cells called chondrocytes. The active chondrocytes are large secretory cells
with basophilic cytoplasm, containing many rough endoplasmic reticula. Older
chondrocytes contain fat droplets [36].
The cartilage also contains a mixture of collagen and elastic fibers plus other
non-fibrous protein components, of which there is 10% aggrecan (formed by
aggregating chondroitin sulfate) and hyaluronic acid. Cartilage is avascular and
can only be nourished (oxygen and nutrients) by long range diffusion from
nearby capillaries in the perichondrium. Therefore, cartilage is a layer which
does not grow to become thick. The ECM of cartilage entraps the PG (aggrecan)
molecules to form a sponge-like structure to soak up water, producing high water content ~75%. The water combines with the hyaluronic acid in the matrix to
form a gelatinous ground substance [37] [38].
The cartilage matrix, together with the thick fluid, is flexible, yet very durable,
has strong resistance to compression forces. The disorders of this intriguing
structure lead to the known diseases of the knee and other joints [38].
Osteoblasts and osteoclasts
Being mesenchymal in origin, osteoblasts are mononucleate, specialized fibroblasts which express bone sialoprotein and osteocalcin as well as other fibroblasts products. Osteoblasts are responsible for bone formation [37] [39].
First, osteoblasts produce a matrix of osteoid, composed mainly of Type I collagen, completely extra-cellular. To form a bone, osteoblasts are also responsible
for the mineralization of this matrix, with Zinc, Copper, Sodium plus other
minerals in this process. Osteoblasts separate bone from the IF by tight junctions
[40]. Note that bone is a dynamic tissue: it is broken down by another specialized fibroblasts—osteoclasts, and is constantly being reshaped by osteoblasts
[41]. The number of osteoblasts decrease with age, leading to osteoporosis [39].
Mast cells
It is known that mast cells (MC) develop, like other leukocytes, from haematopoietic stem cells but do not mature before exiting the bone marrow and circulate as committed progenitors [42]. It has been demonstrated that these undifferentiated but committed progenitors do not develop into mature MC but
DOI: 10.4236/ijcm.2019.103018
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traverse the vascular space and complete their maturation after migrating into
diverse peripheral tissues of the CTIF regions, such as skin, submucosa of stomach and intestine, breast parenchyma, myocardium, lymph nodes, conjunctiva
and synovium and other CTIF domains of the fascia [43]. The sizes of mast cells
in CT range from 20 - 30 μm; these cells are filled with deeply basophilic granules [44]. Human MC are conventionally divided mainly into two types, depending on the expression of different proteases in their granules. Mast cells are
not only responsible for allergy reactions, but are also responsible for numerous
physiological functions [3] [44], of which the relevant one in our study is that
mast cells are sources and inducers of fibroblasts synthesis, at least in the skin
[45].
Macrophages
Macrophages, very well known, also called histiocytes, are phagocytic cells derived from monocytes in the blood stream. They migrate in most loose CT, as
one of the major lines of defense against infection.
Adipocytes
These cells, distributed throughout the subcutaneous connective tissue layer
of the fascia, serve to aggregate a reserve store of energy and as a shock cushion,
as well as heat insulator for internal organs. They are long-lived, and do not divide. Apart from the basic function mentioned above, they are involved in other
important pathological states. We will discuss their special properties associated
with different diseases in later papers.
Melanocytes
These cells are pigment cells found in the skin and choroid of the eye. Melanocytes produce melanin, a pigment in the skin, eye, and hair via a process
called melanogenesis, protecting the hypodermis from the ultra violet B light
that causes photodamage to the DNA.
During inflammations or injuries of organs, leukocytes extravasate from the
blood stream and enter the CTIF system to carry out their immunity duties.
They are well-known, and we will only discuss their interaction with the constituents of the fascia when we analyze pathogenesis of various diseases. In our
nomenclature, we define leukocytes as cells in transit of the largest organ of the
body.

2.6. The Hierarchy Structure of the Fibrous Collagen
The micro-fibril has a very stable structure. In Figure 3, we have shown the
5-strand micro-fibril model. Based on the fractal and spectral dimension analysis
of 26 biopsy samples from fibrotic livers of patients, regular crystalline structure
of the collagen has been reported and confirmed [46]. Whatever geometric
model is used to describe the cross-section of collagen fibril, there is evidence
that the boundary of a fibril is a polygon. In Figure 4, at the lower right corner,
four tropocollagen molecules may form a tetragon, which can also be squashed
to become a squashed-4-strand model, with one tropocollagen molecule as one
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Figure 4. The right-hand corner at the bottom indicates that the quasi-square strand of four micro-fibrils would become the “squashed 4-strand model”, which is more stable. We propose that
many of these units form the hexagon or hexagonal like polygons observed in the cross-sections of
animal fibrils, as confirmed in [46]. The resident cells—fibroblast/tenocytes, (mesenchymal) stem
cells, mast cells, macrophages are painted in the ground substance of the CTIF system. The red
patch are immunity cells from the blood stream during inflammation. We present three sub-tendons
for an Achille tendon in human, and the tendon is closed by a layer called a paratenon (not painted
here). The bright green tenocyte crawls on a fiber, giving the fiber a tensile force. A dormant or inactive fibroblast/tenocyte becomes ellipsoid like in shape and is not attached to a collagen fiber; an
inactive fibroblast/tenocyte is marked in the figure. Note that the endotenon, epitenon, paratenon
form extrinsic compartments consisting synovium-like tissues where some cells and signals (such
as cytokines) of the immune, vascular, nervous systems can migrate/pass through [54] [55] [56].
This diagram is hand-painted by author PCWF.

basic unit. In view of the fractal nature mentioned, the basic unit can also be a
microfibril (instead of a tropocollagen). At this point, we do not specify which
strand model is the correct one; we take the squashed-4-strand model to show
that with 64 tropocollagen molecules, the cross-section can become a hexagon,
as shown in the figure. In Section (4.2), scanning electron microscopy (SEM)
examination of human Achille tendon shows that the cross-sections of many fibrils in a tendon are polygons—in fact, quite a number are quasi-hexagon within
the resolution of revelation (see e.g. Figure 1 of [47]). When the number of sides
of a polygon is large, the cross-section becomes like a circle. The effective
cross-section diameters (diameter of a circle having an area equal to that of the
polygon) of fibrils vary from about ~10 nm to 1 μ-m in human. Each fibril is
composed of parallel tropocollagens shown in Figure 4, bound by hydrogen and
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other chemical bonds, depending on the class of collagen involved. However,
due to the very specific chemical composition of a tropocollagen (Section (2.3)),
there are always gaps and overlapping regions as shown in Figure 4. Thus the
“white and black” bands with D values within a narrow range of (64 - 67 nm)
appear in the optical/SEM micrographs of the fibrils. Many fibrils form a fiber;
the blue background of the “second circumference” from the right of Figure 4
represent some proteins (proteoglycans and glycoproteins) plus the viscous interstitial fluid (IF); it is basically the inter-tropocollagen bonds that keep the integrity of a fibril. Collagen fibrils would self-assemble in physiological fluid [48],
and there is evidence that the collagen fibrils are in fact liquid crystals—that is
where the regular structure comes from [49] [50]. Many fibrils constitute a collagen fiber, having diameters in the range of ~few to tens of micro-m. This size
scale is important because the cells in the human body have diameters/length
size starting from ~7 μ-m to 35 μ-m. Therefore cells, the living units, are only
interacting with fibers (or fibrils) around the same order of magnitude. Collagen
fibers must have the benefit of the service of repair by the cells—the fibroblasts—which synthesize them. When some parts of the fiber or fibrils are damaged, enzymes called matrix metalloproteinases (MMPs) are secreted by fibroblasts to degrade the fragments/damaged portions, starting from very specific
sites inside a fibril. When a fibroblast is activated, it stretches out with pseudopodia, crawling along a fiber with force. A string of fibroblasts line-up by
cell-cell-interaction (see Fig.6 of [51]), subjecting the fibers to a certain amount
of mechanical tension. The active sites for MMP degradation are then hidden,
protecting the good fibers. A fibroblast (bright green) was painted to crawl on a
fiber in Figure 4. The whole solid body structure of the connective tissues between two organs (even the small blood/lymphatic vessels, nerve fibers) is embedded in the viscous interstitial fluid as mentioned in Section (1). Since the
connective tissue is developed from the mesoderm, evolution leaves some number of stem cells (deep green) around in the CTIF system [52], including some in
the hair follicles [53]. They can change the phenotyping and become cells performing specific functions, such as wound healing. There are also some macrophages (one is labeled in the Figure 4) residing always in the CTIF system for
surveillance. There are also mast cells which carry “bags of biochemical treasures”; a mast cell can secret one or more such bags by exocytosis to carry out
physiological functions, including response to allergy [3] [44]. We have taken
the environment of an Achille tendon as an example. In many parts of the body,
there are adipocytes in the sub-cutaneous layer of the CTIF system. As the fat
cell also plays important roles in physiology (details to be discussed in a future
paper on obesity), a part of fat cell has been painted in the upper part of the figure. The fascicle (with diameter ~few tens to ~ 800 μ-m, even up to 1 mm [51])
is formed by fibers. These fascicles are bounded by a sheath/layer also of collagen in origin, called endotenon. The fascicles have crimp structure to absorb
tensile force, as required during locomotion, because they form the (macroscopic) force enduring units of a sub-tendon. The little curvy lines on the fascicle in
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Figure 4 represent the crimp structure. A crimp structure automatically develops in a fibrous collagen structure which endures tensile force during daily life.
In fact, one can find fibers (of various sizes) having crimps in different parts of
animal models. Several fascicles build up the sub-tendon (with size ~ several mm
in human), bounded by a sheath called epitenon. Several (three are shown in the
figure) sub-tendons form an Achille tendon, having diameter ~1 cm.
During inflammation, the white blood cells extravasate to the CTIF domain.
The basophils become the mast cells which cannot reverse their identity and remain as resident cells there. In order to enforce immunity power, monocytes
develop into dendritic cells (as antigen presenting cells) and macrophages. The
B-lymphocytes, the neutrophils, and eosinophils can also extravasate to the tissues. These cells, called cells in transit in our nomenclature, are schematically
painted within the “red patch”, indicating that they originate from the blood
circulation, and enter the CTIF during inflammation. We would emphasize that
in different parts of the body, other cells are actively interacting with the CTIF to
perform their physiological functions. For example, the chondrocyte, chondroblasts interact with the CTIF in the knee region; we would discuss activities of
these cells elsewhere. Note that the endotenon, epitenon, paratenon form extrinsic compartments consisting of synovium-like tissues where some cells and biomedical signals (such as cytokines) of the immune, vascular, nervous systems
can migrate/pass through [54] [55] [56].

2.7. Crimp Structure of Collagen Structure Observed in Animal
Models and Humans—Presenting Two Examples
Crimps observed in the Achille tendon of rat
Polarized light micrograph of a relaxed Achille tendon of the rat model after
dehydration is obtained in Fig.3 of [57]. The crimps look like flat sheets bent into triangular-like structures, (instead of a wavy pattern) as shown in Figure
5(A), a simplified representation by a hand-painted picture of the discovery in
[57]. From Figure 4, we have learned that the cross-sections of fibrils are polygons in general, and many appear circular when the orders of the polygons are
high. Due to inter-fibrillar chemical binding force, the fibrils can form flat
structures. In a later study, highly regular planar crimps of Achille, flexor digitorum profundus tendons, collateral ligament of knee (of animal models) were
also revealed [58].
When similar Achille tendon specimens were stretched, the bending became flattened, showing some “wrinkles” which are the small parts that were not stretched, as
shown by the polarized light micrograph in Fig. 3 of [57]. Based on such micrograph, another water color painting was done and presented as Figure 5(B) here.
Below we shall present an example of wavy crimps, rather planar ones.
Crimps revealed in the chordae tendineae of the mitral valve, as a miniature tendon, of humans
The chordae tendineae of the human mitral valve shows orderly, wavy crimps
in the scanning electron microscopy (SEM) micrograph of [59]. The effective
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Figure 5. (A) Polarized light micrograph of a relaxed Achille tendon of the rat model after dehydration is obtained in [57]. The crimps look like flat sheets bent into triangular-like structures. This is a simplified, hand-painted representation of their micrograph
in the above reference by author PCWF; (B) When the rat Achille tendon specimens of
[57] were pulled by tensile force, the “triangular structures” disappeared, leaving some
wrinkles, indicating certain small parts were not stretched. This is a hand-painting adaptation, simplified, following the work of [57].

diameters are around ten to several tens of nm, being equal to the smallest fibrils
in the Achille tendon of humans to be discussed in Section (4.2). Degenerative
disease of the mitral valve is known to be always accompanied by lengthening
and/or rupture of chordae tendineae, as shown in Figure 8(b) to (d) of [59]. In
Figure 6(A), we present a hand-painted interpretation of the SEM micrograph
of Fig. 8(a) of [59], showing clearly crimps of normal human chordae tendineae.
The magnification is about 2400 times. Three green spindle-shaped cells are fibroblasts. Therefore, crimps can be found in fibrils and fibers in the collagen
hierarchy; we have not indicated crimps of fibers and fibrils in Figure 4 for the
DOI: 10.4236/ijcm.2019.103018
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Figure 6. (A) In a healthy human mitral valve of the heart, the wavy crimps are rather
ordered and very few ruptures are found. During the diseased state, the crimps disappear,
and the fibrils are ruptured. The organization of the fibrils becomes disordered. We
present only a simplified hand-painted interpretation (by PCWF) of the discovery of the
healthy chordae tendineae of the mitral valve in [59]. The green spindle-shaped cells are
fibroblasts, already “pressed” during the preparation of the SEM sample. The reader is
referred to Figure 8(b)-(d) of [59] for the morphology of the diseased chordate; (B) Definitions of the crimp angle θ, crimp hight h, and crimp length l.

Achille tendon. In fact, the existence of crimp in fibrous collagen structure is well
established. It is intuitively true that any heavy-duty tendon or ligament would
have developed such a structure to absorb force. Only after the tendon is straightened, the collagen fiber/fascicles would experience force to unwind the helices.
Collagen crimps are developed to absorb tensile force and protect the host organism. To estimate the degree of such “protection”, normally the parameters of
crimp angle θ, crimp height h and crimp base length l are used in literature. The definitions of these terms are depicted in Figure 6(B) for convenience of discussion.

3. Degradation of Collagen by Metalloproteinases (MMPs)
and Inhibition of Such Degradation by Tissue Inhibitors
Metalloproteinases (TIMPs) in the CTIF Regions
We already know that collagens are the major structural proteins of connective
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tissues such as skin, tendon, bone, cartilage, blood vessels and basement membranes of all organs, irrespective to their size. The scaffoldings of various types of
collagen provide the most important communication network and integrity of
these organs. The degradation of these collagen macromolecules, with various
fibrous and non-fibrous structures, is naturally an integral part of many physiopathological processes such as embryogenesis, organ morphogenesis, tissue remodelling in tissue homeostasis, wound healing, angiogenesis, arthritis, atherosclerosis, aneurysm, fibrosis and carcinogenesis. A group of degrading enzymes,
the matrix metalloproteinases (MMPs) feature to digest collagen molecules in
various very specific ways in the above processes; on the other hand, inhibitors,
called TIMPs regulate the degradation until a physiological balance is reached.
Upsetting the balance either way could lead to important consequences—various
kinds of diseases manifest themselves in certain CTIF domains of the fascia. We
shall summarize below some characteristics of MMPs and TIMPs; much research
on the balance of these classes of enzymes is going on.

3.1. Types of Digestive Enzymes for Degradation of Collagen in
Humans
The triple-helical conformation makes interstitial collagens resistant to most
proteinases because the MMPs, produced by many cell types such as epithelial
cells, macrophages and other leukocytes, fibroblasts, marrow stromal cells
have to bind to specific sites of the collagen macromolecules (for interaction)
and these sites are “hidden” inside the triple helix structure (see evidence of
collagen IV, as an example in [60]). Likewise, specific sites for MMP degradation are also hidden in the triple helix in general, an aspect mentioned in many
papers on collagen degradation. In Table 2, we list some characteristics of the
MMPs discussed in this paper. Briefly, MMP-1, 3, 8 are the endogenous digestive enzymes for the ECM collagen fibrils, and MMP-2 and -9 are more relevant to degrade basal membranes in the ECM of cell-groups/organs, whereas
MMP-10 digests some important proteoglycans and some other collagen
molecules, the types of which are yet to be confirmed. MMP-14, 15, 16 are anchored on the external side of the cell membrane in their dormant states.
When activated by ECM proteinases, they can digest some collagen and noncollagenous molecules and regulate the activity of MMP-2, which is a powerful
digestive enzyme to break the basal membrane of organ; for this reason, if
these MT-MMPs are not regulated, they are involved in cancer invasion, as
will be discussed in another paper.

3.2. Atomic Force Microscopy Investigation of the Action during
Collagen II (Obtained from Cartilage, Rather than Tendon)
Degradation by MMP-9, as an Example
Technically, by now, there is ample evidence that other members of the MMP
family, cooperatively degrade a variety of extracellular proteins, including collagens which are resistant to other proteases due to their tightly packed structure
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[71] [72]. As an example, native human collagen type-II can be cleaved by the
collagenases MMP-1, MMP-8, and MMP-13. These MMPs will cleave all three

α-chains of interstitial collagens by a single scission at a specific site, located 3/4
from the N terminal and 1/4 from the C terminal, leaving two fragments of the
collagen molecule [73]. In fact, a more recent study [74] provides a direct visualization of MMP-9 action on the triple helical structure of intact collagen II
molecule, using AFM observation. It is interesting to note that their single
molecule imaging techniques provide direct evidence that during the initial
state of the degradation process, the protease diffused laterally along the collagen type II fragment (to find and) to bind the relatively loose tail. During this
process, the MMP-9 molecule changed its elongated conformation in the free
state to a more globular conformation upon binding to the tail of the collagen
fragment.
As the reaction progressed, and before collagen degradation, gelatin-like
morphology arising from the denaturation of the triple helical collagen was observed [74]. Following the first cleavage, other MMPs, like MT1-MMP [75],
MMP-1, MMP-8, MMP-13 (mainly gelatinases and stromelysins) can collectively further degrade the collagen fragments. Thus, the MMPs work collectively to
cleave some collagen molecules, meaning that to inhibit “over-digestion” (such
Table 2. Characteristics of some relevant metalloproteinases (MMPs) and tissue inhibitors of MMPs discussed in this paper.
MMP member Collagen types of the proteins being Remarks
substrates
MMP-1

I, II, III

when gene is mutated, member is associated with obstructive pulmonary disease (COPD)
[61]

MMP-2

IV, V, elastin

when gene is mutated, member is associated with Winchester syndrome,
Nodulosis-Arthropathy-Osteolysis (NAO) syndrome [62]

MMP-3

III, IV, IX, X

involved in wound healing, progression of atherosclerosis, tumor initiation [63]

MMP-8

I, II, III

involved in embryonic development, reproduction, tissue remodelling, arthritis, metastasis
[64]

MMP-9

IV, V

animal studies suggest member is involved in tumor associated tissue remodelling [65]

MMP-10

fibronectin, elastin, proteoglycan
core protein, laminin and some
collagen types to be confirmed

involved in tissue remodelling, arthritis, metastasis [66]

MMP-13

I, II, III

involved in articular cartilage turnover and its pathology [67]

MMP-14

I, II, III, fibronectin, vitronectin

also known as membrane type MMP (MT-MMP); expressed at the cell membrane and is
activated when cleaved by ECM proteinase. This member also activates MMP-2 and is
suggested to be involved in tumor invasion [68] [69]

MMP-15

ProMMP-2, fibronectin, laminin,
very small amount of I

this member is also an MT-MMP; suggested to be involved in tissue remodelling,
development, reproduction, arthritis and metastasis [69] [70]

MMP-16

III, ProMMP-2, gelatin, fibronectin, this member is also an MT-MMP; suggested to be also involved in tissue remodelling,
laminin
development, reproduction, arthritis and metastasis [69]
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as during cancer invasion), we might need to break off one of the processes in
the progressive cleavage phenomenon.
Normally, the proteolytic activities of MMPs are regulated precisely by endogenous tissue inhibitors of metalloproteinases (TIMPs). Recent research in the
past few years have shed light on the complexity of the functions and activities of
these MMP and MT-MMP as they can be “re-absorbed” back into the cells that
synthesize them, and the processes are not fully understood up to now.

3.3. Another Example: Two Domains in MMP-1 Work Together to
Cleave Collagen II in Three Steps
MMP-1 consists of an N-terminal catalytic (Cat) domain containing an active-site zinc ion and a C-terminal hemopexin (Hpx, the plasma protein with the
highest binding affinity to heme and is mainly expressed in liver) domain comprised of a four-bladed β-propeller, which are connected by a “linker region”
[76]. Although the Cat domain can cleave some non-collagenous proteins plus
heat-denatured collagen (gelatin), its activity on native triple helical collagen is
negligible. However, experimentally, the combination of the Cat and Hpx domains is required for MMP-1 to degrade native collagen. The statement holds
true also for MMP-2, MMP-8, MMP-13, and MMP-14 [77]. It has been demonstrated that MMP-1 first unwinds triple-helical collagen locally before peptide
bond hydrolysis. Employing combined biochemical experiments and crystallographic structure analysis (i.e. screening of a triple-helical peptide library of collagen II with MMP-1, (see Fig.2 of [78]) the authors of [78] discovered that extensive interaction of all three chains (of a collagen II triple helix) with the two
stated domains of MMP-1 was required for collagenolysis in three steps: (i) positioning of the scissile bond (i.e. a covalent chemical bond that could be broken
by the MMP enzyme) near the active site; (ii) locally unwinding the triple helix;
(iii) chemical interaction of the enzymatic action; (iv) the Cat and Hpx domains
worked cooperatively in a temperature-dependent manner, up to 37˚C for degrading collagen II, and the interaction (of degradation process) decreased
sharply, indicating that MMP-1 prefered a looser triple helix but not denatured
collagen. This result is very interesting, as it implies, at least for collagen II, that
degradation is insignificant above core body temperature. Above core body
temperature, there are supposedly more triple helices being denatured (gelatin-like). We interpret such a result as: at least for collagen II, MMP-1 degrades
the injured triple helices below and up to body temperature. Since the fibroblasts
would synthesize collagen molecules as explained in previous sections, a natural
healing process is at work if the activities of MMPs are being regulated. The very
subtle problem on folding and refolding of triple helices will be followed up in
Sections (5) and (8.5).

3.4. There Are Only Four Types of Endogenous Inhibitors of MMPs
Found So Far to Regulate the Digestion of Collagen in Humans
On the other hand, the proteolysis of the collagen molecules, whatever their
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forms, must be regulated. So far, four members of the tissue inhibitors of metalloproteinases (TIMPs) have been identified. The N-terminal domain of a TIMP
interacts with the active site of the associated MMP, resulting in inhibition of
catalytic activity. Table 3 presents some characteristics of these TIMPs only, because such inhibitors participate in many other functions, and are candidates of
rather intensive research, and they have been applied to treat various cancers.
Both Table 2 and Table 3 are by no means comprehensive but show special features of those versatile proteins.

4. Probing the Reasons for Tendons Having the Ability to
Sustain Lengthy Periods of Mechanical Tensile Loading
Tendons in many parts of the body are prone to sustain heavy mechanical loading duties, though we have learned that the crimp structure can absorb some
tensile loading in Section (2.7). Clinically, there are many cases of spontaneous
tendons ruptures, without alarming pre-rupture symptoms [94]. To prevent
tendon rupture and to design treatments when rupture does occur, it is important to understand the physiological process of tendons’ response to tensile
loading. The following sub-sections serve this purpose.

4.1. Distribution of Kinks in Overload Bovine Tail Tendon
Specimens of tendons from the tails of steers were employed to analyze the response of the collagen fibrils to tensile force in [95]. The bundle of collagen fibrils was anchored in the manner specified in Figure 2 of [95]. We show schematically in Figure 7(A) such a bundle following their SEM micrograph—
without showing crimps in the length scale of the experiment; it is difficult to
distinguish the difference between fibrils and fibers. Collagen tubes having diameters within a range of a few hundreds of nm are called fibrils by many authors—e.g. authors of [95]. We follow such nomenclature here. Tensile force
Table 3. Some characteristics of tissue inhibitors of metalloproteinases (TIMP).
TIMP member Source of TIMP member

Types of MMPs inhibited

Remarks

TIMP-1

human skin [79] fibroblast;
most of the known MMPs
tendons [80]; many other cells

TIMP-2

endothelial and other cells [82] forms a complex with
suppresses proliferation of endothelial cells; involved in cardiac
collagen IV, but inhibits also fibroblast ECM remodelling; osteoarthritis in Chinese Han
other MMPs in tissues
population [83]

TIMP-3

gingival fibroblasts [84];
intestinal epithelial cells [85];
liver cells plus other cells

most of the dominant MMPs mutation of this gene is associated with Sorsby’s fundus dystrophy;
in tissue
after myocardiac infarction, over expression of this member
promotes angiogenesis; on the other hand, it inhibits vascular
endothelial factor (VEGF)—mediated angiogenesis [86] [87];
prevent fatty liver and carcinoma [88]

TIMP-4

brain cells, fat cells [89]

anticipated to inhibit a
regulates carcinogenesis through enriching tumor progenitor
number of MMPs but results cervical cancer cells [90]; triggers apoptosis in cervical cancer cells
are not yet confirmed
[91]; related to focal epilepsy in Malaysian Chinese [92]; involved
in human gliomas [93]
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Figure 7. (A) Schematic representation of the bovine tail tendon specimen of [95] before
overload tensile force was applied. The D bands showed up clearly in the collagen fibrils.
The rough scale is for the effective diameters (ranging around one to three nm roughly)
of the fibrils only, as the length of the sample is 1.2 mm, much longer than that shown in
the painting. (B) Overload tensile force was applied at both ends of the tendon specimen
of (A), causing it to rupture, and kinks were found along the collagen fibrils as shown in
the SEM micrograph in Figure 3(A) of [95]. (B) was a hand-painted interpretation of such
kinks in the gauge length of the fibrils. In their experiment, about half of the whole
cross-section of the tendon was ruptured. (C) SEM micrographs of [95] indicate that at
the kinks of the ruptured tendon fibrils, the cross-sections became irregular in shape, and
the D bands became a little blurred. Instead, longitudinal small tubes appeared; these
tubes are obviously sub-fibrils. However, other parts of the fibrils still showed clear D
bands. This hand-painted picture is interpreted based on Figure 3(C) of [95]. (D)
Hand-painted interpretation of the SEM micrograph of Figure 3(D) in [95], showing the
sub-fibrils with effective diameters around a few tens of nm after the specimen was
treated with digestive enzyme which dissolved the uncoiled/damaged triple helices. Many
portions of the fibrils showed irregular cross-sectional shape. (E) Now refer to the work
of reference [96]. After 5 cyclic tensile overloaded with strength below rupture as described in the text, a hand-painted, simplified interpretation of Figure (1B) of [96] is presented here. Special features of the damaged tendon are described in the text. The pictures
were painted by author PCWF.

was then applied to the tendon specimen until rupture occurred. The SEM mircrographs indicate that many kinks occurred along the ruptured fibrils. The distance between two consecutive kinks along a fibril was reported to vary between
about 300 to 800 nm, though some samples showed values up to 1100 nm according to their Figure 5. Interpretation (of Figure 2 of [95]) of the present authors on the rupturing process is shown schematically in Figure 7(B) by a
painting. The two red arrows indicated that tensile forces were applied at both
ends of the sample. Kinks formed along fibrils before rupture, after tensile force
was applied. The green bar scale is about 200 nm on the vertical scale, as the
length of the specimen is out of the scale here. Figure 7(C) is the simplified interpretation of the present authors with a painting, based on their SEM micrograph (i.e. Figure 2 of [95]), highlighting the few main features only. In Figure
7(C), while kinks were formed, there were sites indicative of “blurring of the
D-band of 67 Dalton”; a few are marked in this figure. At these sites, tubes with
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diameters around a few tens of nm appeared vaguely, indicative of sub-fibrillar
structure. There are also many regions along the fibrils suggesting that the “close
to circular” cross-sections of the fibrils were altered. In their original experiment, the digestive enzyme trysin (an enzyme stronger than the human MMPs)
was applied to the ruptured fibrils specimens, dissolving the denatured tropocollagen molecules. We should remark that denature is defined here to be uncoiling of the triple helical structure of a tropocollagen molecule. Note that the
fibrils have a range of sizes, depending on the anatomical sites of the body. In
order just to point out only the main features, we present a picture in Figure
7(D) to represent the structure of the ruptured fibrils after the denatured triple
helices have been digested by the degrading enzyme based on the SEM micrographs published in [95]. We highlight the clear appearance of the sub-fibrils
with diameters around a few tens of nm after the specimen is treated with digestive enzyme. Many portions of the fibrils showed irregular cross-sectional shape,
because quite a number of sub-fibrils were uncoiled during the rupturing process.
We would like to emphasize that despite the fibrils being ruptured, the appearance of the D bands between kinks of the fragments implies that the ordered
molecular packing of micro-fibrils in the fragments of the fibrils was still retained. This property is important. Following up, the researchers applied a cyclic
overload tensile force to similar bovine tail tendon specimens [96]. Before proceeding, the displacement (effectively the extension) versus load graph was plotted, in order to find out at what load the sample would rupture. When the data
points reached a plateau region, further increase of load would not cause any
extension, and the sample would rupture. The rupture force was found to be 25
Newton. In the “cyclic experiment”, a similar sample was stretched using a strain
rate of 0.5% per second. Before rupture occurred, the force was decreased at the
same strain rate of −0.5% per second, until the tendon resumed its original
length. After 5 sub-rupture overload cycles (pertaining to the SEM micrograph
discussed; 5 - 15 cycles of overloading were carried out in other parts of their
experiment), the specimen was examined by SEM as before. Based on the SEM
micrographs published in [96], the authors present here a painting of the structure of the tendon after overloading below the rupture threshold in Figure 7(E).
Note that (a) Only a small number of fibrils show a structure similar to that of
the ruptured fibrils (i.e. Figure 7(C)), with smaller kinks. (b) The D bands disappeared in most of the fibrils, and longitudinal sub-fibrillar structure appearred
instead. (c) Most fibrils demonstrated high density of kinks (with distance between consecutive kinks around 200-400 nm). (d) In some parts of overloaded
fibrils, D bands still appeared in the regions between kinks, again implying that
ordered molecular packing of micro-fibrils in these regions was retained. Interpretations (a)-(d) of the present authors are marked in Figure 7(E). After digestive action of trysin, the micrographs of [96] show that the outer layers of the fibrils were dissolved, leaving fibrils with smaller diameters, with some sub-fibrillar
“fragments” attached to the host fibril. These smaller fibrils showed the D bands
again, as expected, because they were triple helices with definite order of arDOI: 10.4236/ijcm.2019.103018
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rangement. While in real life, the fibrils would remain stable, many of the damaged fibrils should be dissolved and repaired by new tropocollagen molecules, if
the tendon is to keep its physiological state. As emphasized in [95], the damaged
sites were spread out so that no crowding of big kinks occurred in a small spatial
region. The failure to sustain the strength of the fibril group, i.e. the tendon, occurred in many parts which were spaced apart. This is an important aspect,
enabling the tendon to endure tensile forces within a rather wide range. In fact,
the rupture process is like the rupture of a rope [97] in our daily life during a
tug-of-war game. We would emphasize that the tendons of the tail of a bovine is
not normally subjected to strong tensile force. Tendons in some other parts of
the body, e.g. the Achille tendons of the ankle, would have to endure strong tensile force in exercise. Nature has allowed this to happen by synthesizing fibrils
with crimp structure in many of our tendons. This important aspect has already
been mentioned in Section (2.7). Note that the loaded Collagen I fibrils as elements of the ECM would promote cell adhesion, accompanied with reorganization of the actin cytoskeleton inside the fibroblasts. The fibroblasts, therefore,
are in their active states, stretching out to form a network-like structure among
themselves; repair work can be carried out readily [3] [98].

4.2. Evidence of Ruptured Human Achille Tendons Have Fewer
Number of Larger Fibrils, Smaller Crimp Angle, and the Occurrence of Disrupted Crimp Continuity
Achille tendon tissues were obtained at the central core/central plus the posterior peripheral/distal superficial as well as the proximally intact (proximal superficial) part of the of the Achille tendons of subjects who suffered from complete rupture core [47]. These specimens of Achilles tendons were taken during
routine forensic autopsy. The cross-sectional area density and diameter distribution of fibrils were analyzed using stereological techniques of digitized SEM biopsy cross-sections. It is interesting to note that the “fibrils” are polygons, and
some displayed “quasi-hexagonal” shape or even rectangular shape. We notice
that sizes of these fibrils cover a wide range. Notice also that the fibrils are separated—the space is occupied by the interstitial fluid and some non-collagenous
proteins.
We present the finding of the SEM micrograph in Fig.1(a) of [47] by a schematic painting in Figure 8. As the collagen fibrils are liquid crystals, it is not difficult to understand that such orderly geometrical shapes appear, as briefly discussed in Section (2.7) with Figure 4.
Clearly, there is variation of the cross-sectional areas of the fibrils. The “diameter”, strictly speaking, can only be defined as the “effective circular diameter” of the fibril/fiber. The magnitude of the effective diameter is in the range of
250 nm down to 10 - 20 nm. Revelation of such patterns of the cross-sections of
fibers/fibrils is not surprising, as there are different possible ways of forming the
micro-fibril and bigger basic regular collagen units (Section (2.6)). There is clear
evidence, using optical interferometry measurement, that liquid crystalline
DOI: 10.4236/ijcm.2019.103018
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Figure 8. Schematic representation of the scanning electron microscopy result of the
cross-section of a typical Achille tendon of ten subjects under study reported in Fig.1 of
[47]. We observe that most of the cross-sections of the collagen fibrils have polygonal
shapes of various types. See also Figure 4 of the present paper. The scale bar is painted in
green. The painting was done by PCWF.

mesophases exist in living organisms [49]. Later, other studies also indicate that
collagen molecules (and other polypeptides of living organisms) behave like liquid crystals with self-assembly ability [50] [99] [100] [101]; they can assemble
into regular geometrical shapes. The longitudinal, tube-like structure is maintained by the special tropocollagen molecules with “quarter-staggered” pattern
(Section (2.3)), a well-established aspect in collagen studies. By analyzing the
distribution of the effective diameters of these fibers/fibrils, we observe from
Figure 2(a) of [47], that there were clearly fewer comparative larger fibers (effective diameter in the range from 70 to 190 nm) in the ruptured tendon. We show
the schematic representation of their discovery in Figure 9, where the first graph
(histogram) of Fig.1(a) of [47] is approximated by two continuous functions
(solid line for the intact tendon, and dotted line for the ruptured tendon); the
vertical axis gives the number of fibrils per micrometer squared and the horizontal axis indicates the effective averaged diameter as defined above. It is sufficient to show qualitatively that the ruptured Achille tendons of the 10 subjects
had fewer relatively large fibrils (represented by the deep red region), and had a
higher number of smaller fibrils (represented by the pink region) as compared to
the intact tendon.
Since the variation of the crimp angle plays a role on the absorption of force, it
was also measured in [47]. In short, the periodic banding pattern of collagen fibers was revealed to be changed when it was rotated between crossed optical polaroids. When the transmission direction of a fiber coincided with one of the
polarizers, a dark extinction band became visible. When the sample was rotated
with respect to the polaroids, the extinction band moved continuously along the
DOI: 10.4236/ijcm.2019.103018
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Figure 9. A rough estimation of the variation of the number of fibrils per micro-meter
squared with respect to variation of effective averaged diameters in the distal core region
of the tendon samples, where the histograms are approximated by two continuous functions here—solid line for the intact Achille tendon and dotted line for the ruptured tendon, according to the data of [47]. The ruptured tendon has fewer relative large fibrils
(read portion) and more smaller fibrils (pink portion). The graph was painted by PCWF.

tendon; from the data on the variation of the extinction band, the crimp angle
could be calculated according to a method established long ago [102]. The averaged crimp angle was found to be smaller in the ruptured tendons [47].
In another study, 66 spontaneously human ruptured tendons, including those
in Achilles, quadriceps, biceps brachii and extensor pollicis longus, were studied.
Even though the size distribution of the crimp angle and effective averaged diameters varied a lot in these samples, the measured effective averaged diameter
(using SEM) and crimp angle were found to be smaller in the localized raptured
sites, showing also disrupted crimp continuity [103].

4.3. Evidence of Tendons under a Certain Degree of Mechanical
Tension Resist Degradation by MMPs
Types I, II, III, V and XI form fibrils, fibers which are the predominant tensile
load-bearing proteins in the connective tissue of various parts of the body such
as skin, blood vessels, corneal stroma, tendon, ligaments, cartilage, intervertebral
disc and bone. The load-bearing fibrils persist to adapt to applied strain during
daily life, including the early growth period. During adaptive matrix remodelling
under load, mechanically-activated fibroblasts synthesize both procollagen and
MMPs; the detailed mechanism of removal of (damaged) collagen and repairing
them by the new collagen molecules is still under research, but we know that
such repair must have happened. Also, there is evidence to suggest that the collagen molecules are stabilized by mechanical strain against both thermal denaturation [104] and enzymatic degradation [105] [106] [107]. We will review
briefly below the work of [108], relevant to proceeding with our analysis.
DOI: 10.4236/ijcm.2019.103018
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A “differential interference contrast (DIC)/edge detector” has been built to
take optical image of the kinetics and pattern of the samples of collagen micro-networks during enzymatic degradation (see Figure 1 of [108]). A pepsin-extracted, commercial bovine sclera type I sample of atelo-collagen monomers (the outer collagen layer that protects the eye) at a concentration of 3.0 mg
ml−1 was obtained commercially for the experiment. The collagen specimen was
strained gently between micro-pipettes; the intensity of the CID recording indicated the strained sample was significantly persistent to degradation by the established bacterial enzyme Clostridium histolyticum as compared to the unstrained one.
Following up, the same CID technique was applied to measure the resistance
of reconstituted bovine type I collagen (at Ph 7.4) to digestion by MMP8, which
is rather specific to degradation of collagen I [109]. In more detail, there is evidence that MMP-8 cleaves the native type I collagen triple helix preferentially at
a site located between Gly775 and Ile776 [110]. This experiment is one step
ahead (of those using bacterial degradation enzymes) because MMP-8 is physiological encountered.
Intuition tells us that MMPs cannot cleave all three alpha chains simultaneously due to size restrictions at the catalytic cleft. With the above background,
we proceed to review briefly the experiment of [111], leading to hysteresis loops
discussed in many papers. A single fibril mechanochemical erosion assay with
nN force resolution was developed to detect the loss of a few layers of monomer
from the surface of single native bovine sclera collagen specimen. The specimens
were subjected to zero or finite tensile loads. When the unstrained specimens
were subjected to digestion by Clostridium histolyticum collagenase A, they
were degraded rapidly in 20 min. When a tensile force of 1.8 pN/monomer was
applied, the fibrils were degraded in a longer time of 35 - 55 min. Moreover, if
the load was increased to 23.9 pN/monomer, the fibrils were not degraded at all.
The enzymatic degradation of collagen follows two steps; (i) binding; (ii) cleavage. This process as a whole is called the “Michaelis-Menten reaction process”,
discovered long ago [112]. The amount of monomer being cleaved is estimated
by the binding and cleavage rates. For insoluble monomers, as in this case, only
the cleavage rate kc is nonzero. Analysing the decrease of diameter of the
monomer in time, the strain-stress relation, the kc values, the authors concluded
that the result strongly supports the hypothesis of “mechanical tension stabilizes
collagen monomers against enzymatic degradation” [111] [113]. The action of
such degradation was called a mechanochemical switch. Therefore, there is evidence that the collagen monomer has an intrinsic protection against enzymatic
digestion. Using the data of [111], incorporating mathematical model analysis
(which is omitted here) the effective diameter (of the collagen monomer) versus
time graphs for the zero load, a load of 46 nN, and a large load of 1054 nN was
plotted with discrete points in [114]. To show the idea of their discoveries, in
Figure 10 we show three lines of best fit (roughly) based on the data presented
in Fig. 2 of [114].
DOI: 10.4236/ijcm.2019.103018
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Such data suggest that tension may generally pull the collagen alpha chains
into a tighter apposition, limiting enzyme access all along the molecule.
In view of the experimental investigations analysed above, we consider that
the healthy tendons, ligaments, skin collagen fibrils/fibers, cartilages, bones must
be under certain, but various degrees of tension to sustain homeostasis, avoiding
over degradation. It will be fruitful if there is a way in future to quantify the tensions needed for each collagen structure of a subject.

4.4. While Repair Work of Degradation and Neo-Synthesis of
Tropocollagen Is Going on Through Life, Cores of Tendons
Are Not Turned over Since the Age of 17, Based on
Radioactive Examination of Specimens of Humans
during the Period of Atomic Bob Tests
From the rupture and pre-rupture overload experiments on bovine tail tendon
discussed in Section (4.1), we have learned that when the tail tendon was overused, the damaged sites spread over a vast domain all over the tendon. If the
tensile force is below the threshold of rupture, after degradation by a strong bacterial degrading enzyme to digest the damaged fragments, the tendon is still intact (see Figures 7(A)-(D)). In a human body, the digestive enzymes (MMP-1,
3, 8) employed to degrade collagen I are not so strong as the bacterial enzyme.
Moreover, there are stringent conditions under which collagen fibrils can be degraded— the enzyme has to interact to a full length to detect the site of interaction; the enzyme has to unfold the deformed portion (i.e. the kinks) of the fibrils,
and then chemical reaction takes place to degrade. There is evidence, as presented in Section (4.3) with Figure 10 that when a tendon is under stretched,

Figure 10. Effective diameter d (nm) of collagen monomer versus time (s). Three lines of
best fit are shown, based on the data presented in Fig.2 in [114] with reference to the data
obtained in [111]. The red line with a longer time scale substantiates the previous result
presented in Fig.4 of [111].
DOI: 10.4236/ijcm.2019.103018
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the activation site of degradation is “hidden” inside so that tension on the tendon
actually protects it from degradation. Moreover, in the experiments reported in
[95] and [96], the repair process of synthesis of new collagen was excluded. In
real life, when a tendon is stretched, the fibroblasts are activated, with their
pseudopodia stretched out. Procollagen molecules are synthezised and their exocytosis would bring them to an extra-cellular domain where they are trimmed
at both ends by enzymes as described in Figure 3. The resulting tropocollagen
molecules can self-assemble and repair the damaged regions. During wound
healing, collagen III molecules are produced first and are replaced by collagen I
molecules on completion of healing [115]. The tendons are very heavy-duty
structures of the body. It might be expected, at first thought, that tendon turnover should be fast to enable the tendons to carry out their heavy duties. However, measurement/estimates of the lives of tendons of the past few decades give
rather controversial results: a wide range from 2 months to 200 years have been
reported [116]. In order to give a precise answer to the turnover time accurately,
it was noted that there were nuclear bomb tests in the time period 1955-1963,
releasing the isotope C14 which can be distinguished from the common isotope
of C12, according to accelerator mass spectrometry (AMS) analysis. Levels of C14
were measured using AMS in 28 forensic samples of Achilles tendon core and 4
skeletal muscle samples (donors were born in the period 1945-1983). Such investigation indicates that the tendon core is formed at about 17 years of age (during
height growth) and is essentially not renewed thereafter. The accurate experimental result explains why Achille tendon tear is so common and difficult to
treat. For similar results, the diseases of other tendons, due to overuse in many
cases, are also difficult to treat clinically, an issue to be followed up in this paper.

5. On the Controversial Issue of Thermal Stability of Collagen
Triple Helices below and above Body Temperature
There have been controversial results on the thermal stability of collagen triple
helices for decades. It started off in the work [117] in which collagen samples
from human lungs were heated and differential scanning calorimetry as well as
circular dichroism experiments were conducted on the samples. Their analysis
led to the conclusion that collagen fibrils are unstable even at body temperature.
Note that the magnitude of the heating rate is one decisive factor, and debates
went on for over one decade. We will not review the pros and cons but describe
two sets of controversial results below and draw our conclusion based on common experience in daily life, together with the ability of self-assembly of collagen
molecules in the discussion section.

5.1. Newly Synthesized Peptide Chains of Collagen I in Chick
Tendon Fibrobasts Fold Faster to Form Triple Helices as
Temperature Was Increased, Up to 40˚C
Chick embryo metatarsal tendon cells were cultured and collagen I peptides
were synthesized as a natural process [118]. These cells were pulse-labelled for 4
DOI: 10.4236/ijcm.2019.103018
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- 10 min. with 14C proline which is the amino acid that would preferentially label
collagen, so that the synthesized collagen peptides would contain radioactive 14C.
As the synthesis of the peptide begins with the N-terminal, and the labelling occurred in time series, the young peptides were labelled near the N-terminals,
whereas the oldest peptides were labelled near the C-terminals. The peptides
with intermediate ages were labelled throughout sites of the chain. The experiment was carried out at different temperature steps. Once the peptides were
synthesized, they began to fold. Note that the chromotography technique was
used in order that the constituents (folded helices and peptides/loose coils) could
be separated due to difference of their mobilities. In that way, the relative
amounts of folded helices and procollagen peptides were determined at specific
temperature points.
Based on the briefly reviewed experimental steps, the authors demonstrated
that the rate of triple-helix formation increased with increasing temperature.
Roughly, at 33˚C, it took 14 min. for the newly synthesized peptides to form
triple helices; it took only 6 min. for such folding at 40˚C. The fast folding rate
was explained by the occurrence of a series of cis-tran isomerization of peptide
bonds; in short, such a process means a rotation of the interactive part of the
peptide (from a “cis” orientation to a “tran” direction) favorable to the elongation of the folding, governed by chemical force. It was also found that the triple
helices resisted the action of collagen digestive enzyme within the temperature
range studied.
It was noted that the temperature-dependence of rates of proteins synthesis,
being conserved during evolution, are similar in all organisms known so far;
such rates are characterized by an approximate activation energy of 125 kJ/mol.
Taking that value to estimate the rate of elongation/production of procollagen
molecules at 37˚C, a general equation expressing the time of elongation as a
function of temperature was derived. The derived results on kinetics was found
to be consistent to the time of folding found experimentally.
In a follow-up study along the line of [118], it was noted that (cyclosporin
A)-bind protein (cyclophilin) is chemically identical to peptidyl-prolyl cis-transisomerase. Using chick leg tenocytes as specimens, it was demonstrated that cyclosporin A would slow down collagen triple helix formation, as an indirect support
for the cis-trans-isomerization process for folding mentioned above [119].

5.2. Investigation on Folding of Procollagen Derived from Human
Skin, with the N-Terminal Cleaved, to Form Fibrils in the
Temperature Range of 29˚C - 41˚C
C-labelled type I procollagen was purified from cultured fibroblasts of human

14

skin in [120]. We have noted in Figure 2 that the procollagen includes loosely-structured N terminal (about 15 nm) and C terminal (about 10 nm). The typical sample was digested by N-proteinase, leaving a specimen called pC-collagen
with the C-terminal still attached. In our terminology, it is the intermediate form
from the propagation from procollagen to tropocollagen (Figure 2 and Figure
DOI: 10.4236/ijcm.2019.103018
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3) with one “surplus C-terminal”. The pC-collagen specimen and the C-proteinase
solution was heated in the temperature range of 29˚C-41˚C. When the C-terminal
was cleaved, the pC-collagen became a tropocollagen (Figure 3). Tropocollagen
molecules, once formed, would fold and form triple helices, and the solution
would become turbid. The amount of turbidity, representing the amount of
folded collagen, was measured by recording the absorbance of light at a wave
length of 313 nm by a spectrophotometer fitted with a temperature recorder.
Fluorography (or photofluorography) is the technique of photographing an image produced by light emitted from a fluorescent screen on collagen solution.
Light is produced by the excitation of a fluorescent material by ionizing radiation which is produced when charged particles (electrons from the 14C-labelled
collagen) can interact with the fluorescent material. In the experiment, the
amount of soluble collagen (“unfolded collagen”) was assayed by the stated
technique of “fluorography”. In fact, the fluorograms revealed the α1(I) band,
confirming the identity of the soluble collagen I in the buffer. The (supposed)
collagen fibrils were centrifuged out and the effective diameters of the fibrils
were measured using specimens from SEM examination (to justify that the
folded protein molecules were triple helices) and the authors reported (without
showing micrographs) that the effective diameter was inversely proportional to
temperature. Based on the turbidity measurement as a function of temperature,
Fig.3 of [120] shows effectively that the folding of tropocollagen molecules to
form triple helices increased with temperature until 37˚C. This result contrasts
that using collagen III as reviewed briefly in Section (5.3) below. At a higher
temperature range of 37˚C - 41˚C, the assembly rate decreased. The authors interpreted that result is due to the formation of micro-unfolded monomer states,

i.e., a collagen monomer has some portions of unfolded α chains along the monomer. It was also noted that fibronectin binded readily to denatured collagen,
and that the resulting unfolded collagen chains would have a better chance of
self-assembling to form fibrils according to the relevant authors in their later
paper, in line with an earlier study of [121]. We interpret that the rate of triple
helices assembled is proportional to the degree of turbidity in the experiment of
[120], though the relationship may not be linear. To show the basic idea qualitatively, we present the schematic representation of the rate of tropocollagen folding versus temperature in Figure 11, showing positive slope up to body temperature, and negative slope when T was higher than 37˚C.
This result is supporting the experiment described in Section (5.1), contrasting to another typical in vitro experimental result reviewed below.

5.3. Heating Bovine Fetal Skin beyond Body Temperature Will
Cause Denaturing of Triple Helical Collagen Molecules, but
the Resulting Molecules Will Refold during Cooling to Resume
Their Intrinsic Helical Structure—An Example of Results
Contrasting that Presented in 5.1 and 5.2
The skin is built up of molecules of collagen I and III, and collagen I was studied
DOI: 10.4236/ijcm.2019.103018
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Figure 11. 14C-labelled type I procollagen was purified from cultured fibroblasts of human skin [120]. The typical sample was first digested by N-proteinase, leaving a specimen
called pC-collagen with the C-terminal attached. The specimen was put in buffer composition and temperature close to the physiological conditions with the presence of
C-proteinase enzyme, so that the pC-collagen molecules became tropocollagen molecules
in our terminology (see Figure 2 and Figure 3). We plot the schematic representation of
the rate of tropocollagen folding versus temperature in the above figure based on data of
[120], obtained by measuring the turbidity as described in the text. Notice that the slope
is positive up to body temperature.

rather extensively. Some groups therefore used collagen III to investigate the
thermal stability problem.
A tropocollagen III of bovine, like that of human, consists of three identical

α1(III) chains containing 342 tripeptide units or 1026 amino acids each, extending to a length of about 300 nm (see Figure 3).
Type III collagen contains interchain disulfide bonds in its mature processed
form, holding the chains at the carboxyl-terminal end. Some pioneering works
were done in the 1980s for the stated purpose, applying the Circular Dichroism
(CD) or Optical Rotatory Dispersion technique (ORD) [122] [123] to measure
the fraction of collagen molecules to be in the helical form. We will leave out the
technicality details, and review very briefly a more recent experiment below.
In [124], bovine fetal skin was extracted and denatured by heating at a rate of
1˚C per hour, to a temperature of 45˚C. The sample was then cooled and the
(ORD) method was used to measure the fraction of the protein sample that was
in the α-helix conformation. The reading of the ORD signal was found to remain
stable at the points indicated by the triangles in the original Figure 1 of [124].
DOI: 10.4236/ijcm.2019.103018
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We roughly estimate the five temperature points to be at 39˚C, 35.5˚C, 34.5˚C,
33.5˚C and 25˚C. In Figure 12 we followed their heating curve and joined the
stated five points in the cooling part, obtaining a hysteresis loop (painted with
deep orange color). We interpret the appearance of this loop using the energy
concept. In fact, we can draw an analogy to the action of a piston in a car engine.
During one cycle of the piston action, the pressure of the gas inside the cylinder
compresses and expands in cycles (by the chemical reaction of the burning fuel)
and the volume of the cylinder changes from zero to a maximum as limited by
the structure. When the piston resumes its original volume, some energy is
wasted in friction. This loss of energy also happens in the refolding of the collagen molecules. The larger the area enclosed by the hysteresis loop, the more
energy is wasted/stored in refolding, and in general, more time is needed to refold. There are similar results published showing hysteresis loops, but we shall
not repeat to review these works. The key issue we point out is that, in these sets
of experiment, as temperature increases, the folding rate is not increasing up to
body temperature, as found by experiments stated in Sections (5.1) and (5.2);
rather, it is negative (unfolding) all the way to the highest temperature designed
for the experiment (in Figure 12, it is 45˚C). The hysteresis area is not zero,
meaning energy is wasted/stored in refolding and it takes hours for the refolding
process to complete during cooling in results where time period was recorded.
The contradictory issue, which is very important in medicine, will be followed
up in the discussion section.

Figure 12. Bovine fetal skin was extracted and denatured by heating at a rate of 1˚C per
hour, to a temperature of 45˚C. The sample was then cooled and the ORD method was
used to measure the fraction of the protein sample that was in the α-helix conformation.
We roughly estimate the data of Fig.1 in [124], and plot their result, showing a hysteresis
loop in the fraction of triple helix III-temperature plot.
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6. The Presence of Homotrimers in Collagen Types I, II and
III and Related Diseases
MMP degradation of damaged domains of collagen molecules is a physiological
process, leading to tissue remodeling, homeostasis, and to allow for wound repair. The basic unit, i.e., tropocollagen of collagen I which is the most abundant
type in humans, consists of two α1(I) chains and one α2(I) chain (Table 1). To
digest a portion of a collagen fibril, the MMP first unwinds the collagenous
cleavage site, so that the individual α chains can be placed (by chemical force)
inside the catalytic cleft of the enzyme. The unwinding process is rate limiting.
The presence of the α2(I) chain is to allow efficient unwinding for digestion to
take place. Due to genetic mutation or disorders in the folding process at the
RER by heat shock proteins/chaperones, the isoform of three α1(I) chains, forming the homotrimers, is also present in collagen I of various unhealthy tissues of
the human body. Investigation of the difference in reactions of the homotrimers
and the (native) heterotrimers of collagen I to MMP-1 and other MMPs enzymatic processes during the past three decades indicate that it is the structure of
the homotrimers that hinders the exposure of the cleavage sites of such collagen
fibrils [125], leading to the phenomenon that type I homotrimers resist cleavage
of all tissue MMPs [126] [127] [128]. Accelerated degradation of dermal collagen
matrix plus decrease in collagen synthesis lead to skin aging [129], correlated
with other diseases such as rheumatoid arthritis [130], hypertensive cardiac
[131], hypertrophic cardiomyopathy [132] (both are caused by the predominance of synthesis over degradation), and others. On the other hand, resistance to
physiological digestion also leads to many diseases, such as osteogenesis imperfecta (brittle bone disease in mice model) [133] (interpreted to be due to disordered alignment of mineralized collagen fibrils in the bone), weakening in tail
tendon of mice model [134]. A type of glomerulopathy was detected in tissues of
mouse model with homozygous null for α2(I) gene [135]. Note that not all the
diseases mentioned are analyzed with respect to the presence of homotrimers.
There are other factors involved, but for collagen I, the correlation of the progression of the diseases mentioned with the resistance to digestion (because of
the presence of homotrimers) is more clearly established. Note that collagen III
is a homotrimer in its native form; it is established that during wound healing,
the collagen structure is synthesized by stem cells in the injured CTIF site during
the earliest phase of wound healing, followed by synthesis of collagen I by the
matured fibroblasts [136]. Since collagen III is observed to be replaced by collagen I, MMPs 1, 3, 8 must be able to digest collagen III far more readily than collagen I due to the difference in their structures. Collagen II is also a homotrimer
(Table 1). The cartilages (with some amount of collagen IX) are turned over very
slowly during live time after adulthood, and the common degenerative disorder is
arthritis when one ages (see e.g. [137] [138]). We consider the homotrimer
structure of the vertebral discs is one factor that causes fibrosis; the loss of gelaDOI: 10.4236/ijcm.2019.103018
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tinous characters of the nucleus pulosus is another important factor that leads
to degenerative disorder. The other types of collagen having homotrimer
compositions are found in small amounts only, and present in a small part of
the fascia.

7. Causes of Tendinopathy and Some Plausible Clinical
Treatments
7.1. Manifestation of Tendinopathy in the Fascia
Having explained the “longevity” of tendon cores, it has been a problem to understand the cause of tendinopathy. Tendinopathy is a complex multi-faceted
tendon pathology, leading to decline in musculoskeletal function, not only limited to sports medicine. There is usually no symptom at the initial stage. When
the disease is recognized, common pain is felt with stretching, together with a
certain degree of localized swelling, and palpitation of the pathological area
[139] [140]. Under clinical settings, rheumatologists commonly used the term
tendonitis to describe painful symptoms as a result of tendon inflammation
[141], whereas other clinical experts might consider the painful symptoms as
disorders, called tendinosis, reflecting degenerative changes at the microscopic
level [142]. The treatments are usually temporary, costing a lot of resources to
the society. Tendinopathy refers to overuse tendon injury; the intrinsic pathogenetic mechanism of this disease has been under rather intense research and
debate during the past ten years. One key issue is whether inflammation is involved during the pathological process. From the collagen view point, tendinopathy is characterized by the change of collagen production from type I to III,
resulting in a decrease in tensile strength that explains the fact that tendinopathy
has a higher risk of tendon rupture [143].

7.2. The Evidence that Tendinopathy Starts with Inflammation
and the Disease Progresses as a Complex Interplay between
the Intrinsic and Extrinsic Compartments
We have in the beginning remarked that there are cells migrating in the CTIF
system and the collagen structures were interspersed with various non-collagenous proteins, predominantly proteoglycans and glycoproteins, as matrix molecules. Structural integrity is kept by collagen crosslinks at the molecular and
sub-fibrillar levels. In the normal state, the fibroblasts attached to the tendons
are called tenocytes, and are found to be residing in rows (via connection protein connexin 43) following the direction of the crimp of collagen fibers [144]
[145] [146]. It is not surprising that the resident cells, cells in transit, fibrous
collagen constituents, plus the above-mentioned “linkage proteins” are involved in the development of the pathological state, when a tendon is overused. In more details, the concept of complex interplay has been introduced.
The progress of the disease is a complex interplay between two compartments:
the intrinsic and extrinsic compartments as named in [51]. The intrinsic one is
composed of: (i) The fibrous collagen core (mainly collagen I with small amounts
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of collagen III, V and VI) [147]. (ii) Fibril-associated collagen with interrupted
triple helices (FACITs). (iii) The resident cells (mainly tenocytes, mast cells,
some macrophages, plus some stem cells [148]). (iv) Some attached proteins
(such as the small leucine-rich proteoglycans (SLRP) which regulate collagen
self-assembly to form fibrils [149], plus some glycoproteins). (v) Resident stem
cells in the CTIF system (one origin is from hair follicles, because there is no
evidence that they migrate from the bone marrow when they are in need)
[150] [151].
The extrinsic compartment is composed of: (i) Interstitial fluid. (ii) Nerve
fibers/fibrils with various endings. (iii) Blood vessels. (iv) Lymphatic vessels.
(v) Cells in transit (immunity cells which migrate to the target when inflammation occurs) as well as some stem cells migrating into the region of interest
[148]. Here we emphasize the importance of including the interstitial fluid
which is not commonly mentioned in other works in general. In particular, the
tenocytes have mechanical sensors in the cell membrane. Tenocyte behaviour,
including change of phenotyping, is much affected by all the mechanical forces
experienced, including (a) shear force of the interstitial fluid flow, (b) collagen-structure-mediated integrin activity, leading to focal adhesion and other
functions as described in Sections (1) and (3). The IF flow shear force is experienced by the known ion-channels as well as the prime cilia in the cell
membrane of tenocytes which have only been found recently to be highly oriented along the collagen direction and the long axis of extensor tendon [152].
We postulate that similar structure could be found in other tendons too. Interaction (a) is an example of interaction between the extrinsic and intrinsic
compartments. Interaction (b) is an example of interaction among members of
the intrinsics compartment.
Since the collagen fibers have long turnover time, microstructure disorder
among the fibers, fascicles, sub-tendons are accumulative, for instance, glycation
in diabetic patients (details will be treated in another paper). Tendon repair is
then a complex interaction between the intrinsic and extrinsic compartments,
involving degradation of collagen fragments, synthesis of new procollagens for
repair as experienced in wound healing. Overdoing healing leads to scarring, and
even fibrosis.
Including the “accumulative factor” just mentioned, we consider that overuse
of the tendons could trigger off the very complex interplay between the two
mentioned compartments, with inflammation starting the pathological process.
Table 4 lists some special features of typical examples of tendinopathy, suggesting strongly that the disease begins with inflammation. In fact, human tissue biopsy specimens obtained from small rotator cuff tears of 40 patients during surgery operation showed a significant inflammatory infiltrate of macrophages and
mast cells in cases of more severe mechanical tears of the tendons [153], supporting the hypothesis that tendinopathy is associated with inflammation at the
early stage.
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Table 4. Some typical examples of inflammatory response of injured tendons.
Treatment

Genes of cytokines expressed;
secreted cytokines detected

Types of cells Models of
mRNA or proteins found Expected biomedical Reference
examined
in vitro study
consequences

Cyclic mechanical
stretching

Interleukin IL-1β over
production—17 times of
control

Tenocytes of
Achille
tendon

Rabbit

 of collagenase-1 and
stormelysin-1 genes

Over degradation of [154]
collagen I;
inflammation

IL-1β added to cell
culture

NIL

Tenocytes

Human

mRNA of COX-1,
MMP-1, MMP-3
expressed; prostaglandin
PGE2 secreted

Over degradation of [155]
collagen I;
inflammation

Torn edges of
supraspinatus
tendon

Genes expressed: IL-18, IL-15,
IL-16, macrophage inhibitory
factor (MIF), tumor necrosis
factor α (TNF-α)

Tenocytes of Human
supraspinatus
tendon

Proteins of IL-18, IL-15, Apoptosis of
IL-6, MIF, TNF-α,
tenocytes via the
caspases 3 and 8 detected caspase pathway

[26] [156]

7.3. The Very Recent Evidence that a Model System with
Tenocytes Cultured on Aligned Biomaterial Scaffolds Would
be Less Susceptible to a Catabolic Inflammatory Stimulus
than the One with Tenocytes Seeded on Disorganized
Topography—We Postulate that Well Aligned
Collagen Fibers Have “Anti-Inflammatory Effect”
The anterior cruciate ligament (ACL) and posterior cruciate ligament constitute
a pair of cruciate ligaments in the human knee. The hamstring tendons form two
groups of tendons at the back of the knee. In [157], fragments of healthy hamstring tendons were collected from patients who underwent surgical reconstruction of the anterior cruciate ligament. Tenocytes were stripped from surrounding tissues in the way described in [158]. Monocytes were differentiated towards
the uncommitted macrophages called MO macrophages by stimulation with
phorbol 12-myristate 13-acetate. These MO macrophages were chemically
stimulated by Interferon-c and Lipopolysaccharide (LPS) to arrive at the M1
phenotype, which is known to be able to induce strong immune response and
tumoricidal activity. When MO cells were activated with Interleukin-4 (IL-4),
they acquire the M2-polarized phenotype, and they would shut down their
TIMP1 gene expression, would also initiate the production of highly angiogenic
TIMP-deficient proMMP-9 molecules [159]. All three types of macrophages
(MO, M1- and M2-phenotypes) plus human tendon fibroblasts were seeded on
two substrates; (i) electrospun polycaprolactone (PCL) mats with either highly
aligned, or (ii) randomly oriented fiber structures. The mono-cultured tenocytes
on aligned scaffolds served as control. Leaving out the technicality of the analysis, the main findings were: (a) There was crosstalk between the tenocytes with
the immune cells (macrophages of two phenotypes) with results dependent on
the mechanical conditions of the scaffolds they were seeding. When the substrate, which represented the ECM collagen fibril/fiber network, was well aligned
(parallel), such cross-talk led to a result tending to downregulate the expression
of MMPs. The result was aberrant collagen matrix turnover. (b) As expected
with the result of (a), highly aligned tendon cell scaffolds would promote tendon
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matrix synthesis. (c) The tenocytes would be less sensitive to stimulation of immunity cells with substrate (i) because they were involved in the synthesis activity as a postulate. In other words, we infer that there is anti-inflammatory effect
when the tenocytes are seeding on highly aligned scaffold [157].

7.4. Application of Synthetic Mechano-Growth Factor to Cultured
Rat Achille Tendon Tenocytes Would Lead to Enhancement of
MMP-2 Activity, a Condition Necessary for Tendon Repair
Directional migration is a fundamental cellular process essential for embryonic
development, wound healing, immune response, and tissue development. We
use the term pseudopodia for physiological migration to distinguish migration
during cancer invasion (called invadosome, to be treated in the next paper).
To repair an injured tendon, tenocytes need to move to the repair site, require
remodelling of the ECM, giving room/way for migration, to begin with. After
that, synthesis of collagen and other proteins follow, which might be considered
as the second stage of wound healing. The major part of collagen III is eventually
replaced by collagen I in the tissue, and the healing is complete. Employing cultured tenocytes from rat’s Achille tendon, it has been shown in [160] that treatment of these tenocytes with a new synthetic growth factor, called the mechano-growth factor (MGF), would lead to enhanced MMP-2 activity (but not the
MMP-9 activity) via the activation of the FAK-ERK1/2 signalling pathway.
Whereas both MMP-2 and 9 can degrade collagen IV, V (as constituents of the
basal membrane), MMP-2 also degrades elastin. It has been found that elastic
fibers are broadly distributed in tendon and localized around tenocytes [161],
though the total amount is small [162]. It therefore makes sense that MGF would
expedite tendon repair. However, we also note that elastin has an extremely slow
turnover rate. It is therefore desirable to find out later whether tendon repair itself would cause elastin degeneration.

7.5. Proteomic Profile Analysis in the Fascicle Matrix (FM) and
Inter-Fascicle Matrix (IFM) and Its Relevance to Development
of Future Clinical Treatment for Tendinopathy
We have noted that the “core” of a tendon has a very slow turnover rate. This
core of a tendon is referred to the collagen fibrils/fibers forming aligned (along
the direction of force transmission) structure for obvious physical demand—to
sustain tensile force. A fascicle is composed of many fibrils and enclosed by a
sheath called endotenon as shown in Figure 4. The blue region inside a fascicle
contains proteoglycans and glycoproteins of which only several of each class
have been named in Section (1.2). These proteins are embedded in the interstitial fluid, and the blue region may be called a fascicle matrix (FM) in Figure 4.
Likewise, in a hierarchy way, a sub-tendon contains fascicles embedded in a blue
domain, enclosed by a layer called epitenon; this blue domain is called inter-fascicle matrix (IFM). Resident cells and cells in transit can reach both FM
and IFM. The abundance of proteins in FM and IFM may differ according to
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functional demands. In a recent investigation, superficial digital flexor tendons
(SDFT) of the forelimbs of horses, euthanased based on an incurable disease
rather than that related to the tendons, were taken as samples [163]. Using laser-capture microdissection and mass spectrometry, it has been demonstrated
that majority of the proteins found in FM were ECM proteins, such as collagen
types I and XII, thrombospondins-1 and-4, COMP, fibromodulin and decorin.
Both Thrombospondin 1 and 4 are adhesive glycoproteins that mediates cell−cell
and cell−matrix interactions [164]. Thrombospondin-1 binds fibrinogen, fibronectin, laminin, type V collagen and integrins αVβ1, and is inferred to participate
in angiogenesis and platelet aggregation. Thrombospondin-4 binds heparin (a
glycosaminoglycan having anti-coagulant property) and calcium. It is involved
in local signaling in the nervous system. The protein COMP has been thought to
be more involved in the cartilage structure, but it has other functions: binding to
bone morphogenetic protein (BMP), binding to heparan sulfate proteoglycan,
playing a role in collagen fibril organization, as an ECM structural constituent
[165]. Fibromodulin is involved in collagen fibrillogenesis, keratan sulfate (major glycosaminoglycan in the cornea) biosynthesis, transforming growth factor β
receptor complex assembly [166]. Decorin is a leucine-rich proteoglycan mainly
involved in collagen fibril assembly [167]. Thus from protein analysis, the FM’s
functions are mainly fibril synthesis and refolding.
The proteins found in higher abundance in the IFM were mainly cellular proteins. The IFM contains more protein fragments (neopeptides), implying that
greater matrix degradation has happened in this compartment for homeostasis.
This revelation is intuitively understandable because the fascicles, as basic units
of the tendon (macroscopically), need to slide along the force direction to absorb
external force, causing deformation of the IFM. In addition, the number of these
neopeptides was found to reduce with ageing, implying that the turnover rate of
the IFM decreases in aged tendons, offering less resistance to cyclic load. Collagen type III concentration, perlecan (a basement membrane-specific heparan
sulfate proteoglycan core protein), and 5 glycoproteins (3 laminin subunits,
transforming growth factor β -induced protein and adiponectin) are enriched in
the IFM. The laminin is a major component of the basal lamina, a protein network. The transforming growth factor-β (TGF-β) protein is involved in regulating and mediating processes at the cellular level, including cell proliferation, differentiation, motility, adhesion and apoptosis, as well as processes of tissue organism. The adiponectin protein, being secreted by adipocyte, is a novel adipocyte-specific protein. It is suggested to play a role in the development of insulin
resistance and atherosclerosis.
Summing up, these data suggest that reduced turnover of the IFM with increasing age may result in damage accumulation and alterations in IFM mechanical properties, increasing the risk of tendon injury, and hence tendinopathy, in aged individuals [168]. Since the tendon inserts into the bone and joins
the muscle, it will be a fruitful future project to study the functions of the FM
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and IFM proteins during the development of tendinopathy, including that due
to aging. We might even consider the development of local application of deficient proteins when a pathological state emerges.

7.6. Enhancement of Collagen Synthesis via Growth Factors
Derived from Platelet-Rich Plasma: Can It Be a Therapeutic
Measure to Treat Tendinopathy?
Platelet-rich plasma (PRP), obtained simply by centrifugation of whole blood, is
a portion of the plasma fraction that has a platelet concentration above that of
whole blood. Being activated by activator such as thrombin, the PRP forms a gel.
Platelets enclose different types of granules that can perform different functions.
The three main types of granules are 𝛼𝛼-granules, dense granules, and lysosomes.

In particular, the 𝛼𝛼-granules store up some grow factors such as platelet-derived
growth factor (PDGF), transforming growth factor- (TGF-) β, insulin-like

growth factor (IGF), vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), and epidermal growth factor (EGF) [169]. Analyzing the
relevant growth factors, it was shown in [170] that intermediate concentration of
platelet-rich plasma within the range of (0.5 × 106, 1 × 106 plt/μL) strongly en-

hanced the processes of proliferation, migration, collagen production, and
MMPs production; these processes are needed for tendon repair. Such a result
suggests that further experimentation is encouraged to apply an intermediate
concentration of platelet-rich plasma locally to sites of tendon injury.

7.7. A Balance between Reparation and Degeneration in Treating
Tendinopathy: Sparing Inflammation-Induced Healing
Moieties and Encouraging Robust and Rapid ECM Repair
Treatment by Exploiting miRNA-29a
Let us follow on from Table 4. Among the cytokines, IL-33, a member of the
IL-1 family, plays a major role in innate and acquired immune responses. It is
expressed in endothelial cells and fibroblasts, and is released after cellular damage and biomechanical overload; it has the nickname of “alarmin” [171].
On the other hand, we note that a microRNA (miRNA) is a small non-coding
RNA molecule that functions in post-transcriptional regulation of gene expression [172]. Along this line the following specimens were obtained in the investigation of [173]: (i) Seventeen supraspinatus (torn) tendon specimens were obtained from 12 patients with rotator cuff tears undergoing shoulder surgery in
[173]. (ii) Samples of both the subscapularis part of the tendon (thus representing
the onset or early sample of tendinopathy) were also collected from the same patients. Arthroscopic repair, a minimally invasive surgical procedure of the rotator cuff was carried out. Human tenocyte cells were explanted from hamstring
tendon tissues; a hamstring tendon is one of the three tendons from the three
hamstring muscles in the back of the thigh. These tenocytes were transfected
with synthetic mature miRNA for miR-29a and b. The tenocytes were the human in vitro cell cultured on two tendon tissues (i) and (ii) stated above. AnaDOI: 10.4236/ijcm.2019.103018
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lyzing these cultured models, we leave out the details here, the authors reported
that IL-33 was secreted from the tenocytes at the early stage of tendinopathy,
leading to a transition of collagen I to III, the latter of which is well known to
play a key role in collagen repair. The use of synthetic miRNA-29a provides information that miRNA-29a is a post-transcriptional regulator of matrix/inflamematory genes during tendon repair. It has been suggested [173] to exploit miRNA-29a as a future therapy for quick collagen repair in the presence of inflammation, to treat tendinopathy. The reader is referred to a very recent review
[174] for the concept of balancing between reparation and degeneration in
treating tendinopathy: sparing inflammation-induced healing moieties and
encouraging robust and rapid ECM repair. While we have to wait for further
experimental results adopting this miRNA-29a therapy, the present authors
wish to draw an analogy discovered a few decades ago in treating pain: applying needle acupuncture to initiate a neurogenic inflammation, resulting in
quick repair and analgesic effect; the reader is referred to [3] [175] for more details.

7.8. Wound Healing of Tendon is Initiated by Endogenous Nitric
Oxide Generation, with All the Three Isoforms iNOS, eNOS,
nNOS of the Nitric Oxide Synthases Participating in Time
Sequence, Suggesting the Usage of Glyceryl Trinitrate Patches
to Treat Tendinopathy Might Be Useful
When NOS catalyzes the substrate L-arginine to L-citrulline, nitric oxide (NO) is
produced. Cofactors calmodulin, tetrahydrobiopterin (BH4), heme, flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD) are working to regulate the production. There are three isoforms of the nitric oxide synthase:
eNOS is mainly expressed in endothelial cells; nNOS is expressed in neurons.
The third, inducible, isoform iNOS is expressed in macrophages, and is induced
by proinflammatory cytokines (such as interleukin-1 and tumor necrosis factor),
and cytokines from alien cells. Normally, the amount of NO produced by iNOS
is vast. For example, after transplantation of organ (liver, say), the huge amount
of NO produced can react with super-oxide, a natural product in ATP generation in the mitochondria, to form peroxynitrite (ONOO)−, a biochemical molecule being detrimental to all cells, and the transplanted organ will be readily
damaged. The inhibitors of iNOS can be used as anti-rejection drug after organ
transplantation, such as myco-phynolate mofetil, which was further developed
to treat renal ischemia-reperfusion injury [176]. The enzyme iNOS is doing its
immunity duties, some of which are involved in physiological processes, but the
degree of activation has to be strictly regulated.
Using in vivo mouse models, it was demonstrated in [177] that nitric oxide is
an important mediator of normal wound healing, resulting in collagen synthesis
and accumulation at the wound site. Injection of S-methyl isothiouronium sulphate (S-Methyl-ITU), a potent inhibitor of nitric oxide synthase NOS, was
shown to inhibit the healing process, as a check.
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Figure 13. Surgery injury was introduced to the right Achille tendons of 44 rat models
and the left Achille tendons were uninjured, as control specimens. The mRNA expressions of the inducible nitric oxide synthase iNOS, the endothelial NO synthase eNOS, the
neuronal NO synthase nNOS were detected in the injured tendons. Taking the histogram
values in Fig.2 of [179], we show that the wound healing process was initiated by iNOS,
an immunity action, followed by enhanced expression of eNOS, causing blood vessel dilation. The neuronal NOS expression was activated from the beginning of injury, and was
enhanced in general during the healing process.

Note that there is also evidence that NO induces collagen synthesis in cultured
human tendon cells [178]. In another study [179], Achilles tendon and plantaris
of the right hind limb (of the animal model with 44 rats) were dissected free
from the surrounding fascia. The Achilles tendon was transected with a scalpel
from its calcaneal insertion. The tendinous portion of the plantaris was removed
to prevent any possible action as an internal splint. RNA expressions of eNOS,
iNOS, nNOS were investigated at 4, 7, 14 and 21 days following the stated surgery by the usual RT-PCR procedure. Based on the values of the histogram published in Fig.2 of [179], we plot three lines in Figure 13, representing respectively the activity of the three stated enzymes, after the stated surgery operation was
carried out to induce injury of the Achille tendon. The data points (circles in
black, red and blue) at day 1 are the relative mRNA expressions of the control
samples. The other circles with three different colors are taken from the maximum values of the histogram in Fig.2 of [179]. The dotted lines are only the
speculated data points if more data of the expressions of mRNA had been measured. The purpose of this figure is to show, qualitatively, that iNOS (black dotted
line) is responsible for initiating the healing process, substantiating the result of
[177]. After the first 7 days, the expression of iNOS remained at a very low level.
Such an initiation is not unreasonable, as the damaged tissues would have been
broken down, and carried away (by the interstitial fluid). Significant expression
of eNOS was observed at day 7. We interpret that result as representing dilation
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of the blood vessel for better blood supply to the wound site occurred after the
immunity act was about to complete. Here NO (from eNOS) acted purely as a
vessel dilator. NO is also a potent neuro-transmitter. Right from the start, the
neurons at the wound site were informed, and have been playing roles to regulate the healing process, all the way to over 21 days after injury. The uninjured
Achille tendon was found not to express any significant isoform of nitric oxide
synthase [179]. There are other studies published on the application of supplying
NO to treat tendinopathy, and the reader is referred to the review of [180].
More recently, glyceryl trinitrate patches, which can release nitric oxide, have
been developed to treat tendinopathy, but noting that an exercise program must
accompany the patch treatment [181]. Such a consequence is in line with the
analysis presented in Section (7.3). Without a certain amount of mechanical tension, the tenocytes are in the dormant state and would not synthesize much collagen. At this stage, we do not have quantified data as to the magnitude of tension required for the injured tendon for certain type of tendinopathy.

7.9. Effects of Taking Antibiotic Ciprofloxacin on the Strength of
Tendon Based on Explant Experiment According to
Reference [182]
Tendon fragments were obtained from 6 healthy subjects, undergoing surgical
procedures to treat anterior cruciate ligament rupture, excluding cases of tendinopathy [182]. Ciprofloxacin (CPX), an antibiotic to treat possible infection
(which might have been acquired during surgical operations), was applied with
different dosages, to three groups of tenocyte cultures obtained from the mentioned tendon explants. The following measurements were carried out on the
treated and untreated tenocytes: (i) MMP-1,2 protein expressions; (ii) mRNA
expressions of collagen I; (iii) LH2b (protein for cross-linking of newly synthesized collagen); (iii) mRNA expressions of TIMP-1,2; (iv) mRNA expressions of
Cx43 & N-cadherin (as intercellular connexin proteins). The levels of these expressions of three groups associated with different dosage of the medicine, plus
that of the control group receiving no treatment, were measured. Analyzing the
difference of these levels, the authors of [182] conclude that application of CPX
could lead to “toxicity” that weakens the regularity of the tendon structure,
causes over degradation of collagen, and reduces the ability of the tenocytes to
repair the tendon tissues. The result implies that the application of CPX may
lead to failure of the tendon’s resistance to mechanical loading in vivo. Such investigation suggests that the effects of medicines during the repairing process
needs to be monitored with care.

8. Discussion
8.1. The Fascia Is an Active Organ with Cells Interacting Continuously
with the Protein Network via Mechanotransduction
The fascia is not a passive organ. The resident cells and the cells in transit when
inflammation occurs are continuously communicating with the collagenous and
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non-collagenous proteins (28 types, Table 1), the interstitial fluid via mechanotransduction. Characteristics of the communications are different in different
CTIF domains that make up the whole fascia, because the constituents of the irregular-shaped fascia embed all internal organs, even as small as nerve fibers,
lymphatic and the smallest blood vessels. The forces involved include fluid shear
force exerted by the viscous IF on the cilia and mechano-sensors (integrins) at
the cell membrane of the resident cells (such as fibroblast, mast cell), as well as
organ cells (such as hepatocytes). Mechanical forces are also exerted by collagen
fibers/fibrils/basal membranes, elastic fibers, reticular fibers on these sensors on
any cell in contact. On reception of these forces, focal adhesion complexes are
built, attached to the inner sides of the integrins. Cytoskeletal elements like
F-actin, myocin-II, microfilaments, microtubules, intermediate filaments are
induced to form “bridges” bringing the mechanical signals directly to the nucleus surface. Depending on the features of the signals, the associated genes are
expressed, splitting into mRNA. The corresponding peptide chains are synthesized at the ribosomes which are attached to the surface of the RER. Passing
through the RER-Gorgi apparatus “factory”, sugars are added and the peptides
are folded with the help of heat shock proteins (HSP). The misfolded proteins
(beyond repair) are sent to apoptosis pathways [26]. For any type of collagen,
three peptide chains with the proper combinations (Table 1) form the procollagen molecules which exit to the CTIF domain. Thus the types of proteins synthesized by the cells depend much on the type and intensity of the mechanotransduction signals received; these signals are transmitted through certain parts
of the fascia. In short, the constituents of the fascia are communicating continuously with the cells in contact. Note that cells migrate according to the rule of
durotaxis (towards collagen network of higher gradient of mechanical tension
[10]) and chemotaxis (attracted by biochemicals released by other cells or from
the stores in the associated CTIF domain, a rather well-known process). The
migrating cells therefore react on the collagen fibers and other protein structure
during their crawling action; at the same time the tension of the collagen structure is increased. The resident cells, cells in transit, and the non-cellular network
form the largest active organ of the body. Moreover, the mechanical tension of
the collagen network can change the fate of the stem cells and fibroblasts crawling via durotaxis [52]. The concept of the CTIF system being a dynamic microenvironment for stem cell niche has been introduced [35]. The six main
functions of the ground substance, or interstitial fluid have been stated in Section (1.3), and also described in more details in our previous work [11]. This
fascia organ therefore also forms the largest communication network of the
body. In short, since all transport of materialistic constituents and energy signals
pass back and forth between the blood circulation and organs, it is easy to understand that malfunctions of such transportation, in any form, are causes of the
pathological states; and these states manifest with certain characteristics in the
fascia.
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The fascia is also affecting the functions of internal organs. For example, during cyclic heart beating, the heart cells do the least amount of work for the same
output (the best possible efficiency) if the heart cells and the ECM around the
heart (which is part of the fascia) play the “push and pull” game in synchrony;
details are described in [11].

8.2. Homeostasis of the Fibrous and Non-Fibrous Collagen
Structures is Maintained by a Balance of the Following Two
Main Processes: (a) An Intricate Process of Degradation and
Its Inhibition; (b) A Proper Rate of Synthesis of Collagen
Let us consider three scenarios concerning the synthesis of collagen. (i) If the
tension of the collagen network is low at a CTIF domain, the main resident cells,
i.e., the fibroblasts, are in the dormant state, leading to low collagen output. (ii)
If the mechanical tension of the collagen network is “properly high”, the fibroblasts are in the activated state, stretching to form cell-cell connection, and there
is a good communication network. The fibroblasts themselves form part of the
collagen network, and the synthesis rate of collagen is proper. (iii) If the tension
of the collagenous network is too high, the fibroblasts are over-activated, and
would produce collagen at a rate which is too fast. However, we should note that
scenario (i) would lead to the degeneration of the CT, but condition (iii) might
not necessarily lead to fibrosis. The digestive enzymes MMPs, (23 classes, 15 are
mentioned in Table 1) with specificity to types of collagen digested are secreted
by the fibroblasts which digest the damaged fibrils after certain collagen structures, such as the tendons, have been loaded (exercise or injury). A clear explanation of degradation processes, with the example of the loading/overloading the
bovine tail tendon, is reviewed in Section (4). Degradation actions of the MMPs
are regulated by 4 inhibitors TIMP -1 to 4 (Table 3). The regulations are carried
out in very subtle ways, as some MMPs are bound to the receptors of the cell
membrane, whereas some are soluble. Normal physiological remodeling processes
requires precise regulation of collagen degradation. We can use the concept of
“net degradation rate” to simplify matters in our series. The overall ratio of
(synthesis rate)/(net degradation rate) decides whether (A) fibrosis or (B) excessive breakdown occurs. So far, there are not enough parameters for us to quantify the stated ratio, which is specific for the type of collagen concerned.
A number of examples of (A) have been reported; to name a few: hypertensive
myocardiac fibrosis [183], heart failure [184], spontaneous abnormal endochondral bone development in mice model [185], liver fibrosis [186]. Examples
of (B) include rheumatoid arthritis [187], atherosclerotic heart disease [188],
glomerulonephritis [189]. Also, Crohn’s disease is a chronic inflammatory disease of the digestive tract, manifesting clinical symptoms such as pain and diarrhea. Recently, analysis of serological biomarkers (P1NP, Pro-C3, Pro-C5,
Pro-C6) indicates that the active inflammation in Crohn’s disease is characterized by increased formation of type V collagen and increased matrix metalloproteinase mediated breakdown of both type I and III collagen. The penetrating
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Crohn’s disease is characterized by increased matrix metalloproteinase-9 degraded type III collagen and formation of type V collagen [190].

8.3. On Possible Treatment of Inherited Diseases Which Manifest
Pathological States in the Fascia
We have reviewed in Section (6) that collagen I, II, III built of homotrimers
would resist the normal degradation by MMPs. In particular, the osteogenesis
imperfecta (OI) disease is interpreted to be due to disordered alignment of mineralized collagen fibrils (particular collagen I) in the bone, leading to a brittle
structure, as well as weakening of other tissues built of collagen I [113] [191].
In fact, more than 70 mutations in the two structural genes (COL1A1 and
COL1A2) for type I procollagen have been found in probands in patients with
Ehiers-Danlos syndromes, osteoarihritis, chondrodysplasias, (familial) intracranial aneurysms [192], in addition to OI [193]. The two common Ehiers-Danlos
syndromes refer to loose/unstable joints which are prone to dislocations, and
fragile skin that tears or bruises easily [194]. Intracranial aneurysms cause subarachnoid hemorrhage (SAH). Osteoarihritis is well-known. These diseases are
usually found to have either abnormal collagen triple helices or abnormal (too
much or shortage of) proteoglycans (or glycoproteins). We post the following
questions: (i) Are all the peptides that are supposed to fold up to become the
proper procollagen (or non-collagenous proteins) mutated? If the answer is positive, measures on genetic correction are needed, and would have been considered by genetic experts. (ii) If among the related peptides synthesized, some do
have the correct sequences, but are not folded properly in the RER, can activation of the related heat shock proteins help to improve their intracellular refolding processes? We propose to investigate on whether heat shock proteins can
help in the issue of folding correction intracellularly in the future.

8.4. Pathological States of Inflammation Often Manifest as Edema
in Certain Part of the Fascia
We have already listed the seven key functions of the interstitial fluid in Section
(1.3). In the experimental study of [195], fluid shifts were measured in eight
subjects employing a “simultaneous, radionuclide dilution technique” for three
postures: (a) seating (control), (b) supine, and (c) standing. Technically, radioiodinated serum fibrinogen, radiochromated crythrocytes, radiobromine and tritiated water were used to measure plasma volume, red cell volume, extracellular
and total body water volumes. Vascular fluid lost during standing was found to
be filtered into the interstitial compartment, while the extracellular and intracellular volumes remaining unaffected. The loss of intravascular fluid during
standing was caused by the filtration of plasma into the fascia. On the other
hand, in the supine position, intravascular volume was found to increase, indicating that there is IF fluid flow from the fascia back to the blood circulation.
Although there is overall balance of fluid volumes in the fascia and blood circulation, since the geometrical structure of the fascia is so irregular, the IF presDOI: 10.4236/ijcm.2019.103018
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sures in different CTIF domains of the fascia are in general not equal [196]. It is
the difference in pressure that drives the thick IF to flow from sites to sites. In
the above statement, it has been assumed that the flow rate of IF into the lymphatic system remains constant. Moreover, it has recently been discovered that a
lymphatic system inside the skull exists, and the “glymphatic lymph”, which is a
mixture of the classical cerebrospinal fluid and the interstitial fluid in the brain
parenchyma, will flow from the brain via sheaths of nerve fibers, sheaths and inside the collagen layers of blood vessels to join the IF of the neck and peripheral
lymphatic vessels (see Fig.3, 4, 6, 7, 8 and 10 of [11]). The fluids inside the body
form a complicated circulation system. Many diseases manifest their pathological states in the fascia which includes properties of these fluids. For example, we
infer that blockage of the glymphatic fluid to join the peripheral IF and hence
the peripheral lymphatic system will naturally inibit the clearance of the debris
of metabolism inside the brain, lead to the accumulation of proteins such as
β-Amyloid and τ-protein, which are highly correlated to neurodegenerative diseases such as Alzheimer disease. Peripheral edema, due to disorder of IF-lymph
flow is associated with some well-known diseases, details of which will not be
discussed in this paper. However, we would like to point out that due to overuse
of muscle cells, intracellular edema of these cells is the cause of the exertional
compartment syndrome. The largest organ which enclosed many muscle stripes/
striations, are partitioned into pulley systems including bones (and bone joints),
tendons, ligaments, for efficient locomotion of different parts of the body. Each
of these pulley systems is “protected” by sophisticated collagenous connective
layers, which are stiffer than the common connective tissues (such as that in the
skin). Readers are referred to Fig.2, 3, 4 of [197] for details in some anatomy
structures. During the development of the exertion compartment syndrome, the
IF pressure in the compartment concerned highly increases, resulting in the
augmentation of lyses of the muscle cells (which have been overused). The only
way, so far, is to release the IF pressure by surgery procedure, well known to orthopaedics surgeons. We may consider the exertional compartment syndrome as
the failure of potent flow of IF from one compartment to another; this restriction is inevitable if we need efficient locomotion of certain muscle-joint systems.
It is not out of the blue to say that treating the IF to release pressure, together
with clinical measures to repair the overused muscle cells, might help to prevent
certain excertion compartment syndromes.
On the other hand, to study the cause of inflammatory edema in the fasica, the

in vivo burn model with rats was set up some decades ago [198]. The interstitial
fluid pressure (IFP) was found to drop from −1.3 mm Hg (preburn) to −5.5 mm
Hg after 10% total body surface (BSA) burn. After a 40% BSA, the IFP dropped
drastically to −50 mm Hg at 25 min. postburn. This quick exchange of water
between the IF and the blood circulation is much stronger than that due to the
classically known capillary leakage. Such a leakage was thought to be an imbalance of the transcapillary hydrostatic pressure (P), colloid osmotic pressure
(COP) and capillary filtration coefficient (CFC), a theory established before
DOI: 10.4236/ijcm.2019.103018
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1980s. After a series of investigations [199] [200], inflammatory edema was considered to originate from the sudden drop (as observed in the burn experiment)
of IFP due to interaction of the dermal fibroblasts with the connective tissues,
leading to contraction of the IF gel via the integrins, and a new one (α11β1) was
identified to be involved by 2009 [201]. Treatment on edema was suggested to
develop inhibitors of the integrin(s) involved. We shall not discuss the mechanism of the integrin mediated edema here, leaving it to topics on specific diseases
related to edema. It suffices to note that inflammation of organs often leads to
edema, manifesting as a pathological state in some parts of the fascia. Of course,
the noninvasive measure is to drain the stagnant IF via the lymphatic vessels. We
would also note that it is well-known that chemo-therapy medicine cannot reach
the tumor site because the IFP is high around the tumor.

8.5. From a Half-Century Puzzle on Protein Folding to the Debate
on Thermal Stability of the Collagen Triple Helices below and
above Body Temperature
A proper process of unfolding and refolding of collagen proteins process must
be at work in catering homeostasis of the fascia for survival—understanding this
process is crucial to develop therapeutic measures for treating many diseases.
We shall briefly list below some lines of thought on the search of the half-century
puzzle—why and how a peptide can fold up into the same native three-dimensional conformation, despite there being trillions of choices.
First, mRNA transcription gives only a peptide chain. How does such a chain
fold up spontaneously to a three-dimension configuration with extremely high
conformation specificity has been a mystery for half a century because there are
ways, of astronomical order in number, to fold up this chain. In physics, a photon finds the shortest way to go from one point to another, following the principle of least action. A similar, but more complicated, principle must be at work
also in the formation of a protein, for survival, because any deviation of the
structure has a similar consequence of a gene mutation, leading to pathology
state(s). Note also that when the protein is denatured to become a random coil,
it can refold back into the same conformation. After decades of research, in
short, experts propose several principles/routes that could lead a peptide to follow, ending up with the same structure every time it folds. We will only list a few
below as examples because there are other models. (i) The peptide follows the
easiest path (also the quickest) towards a state with the lowest “local free energy”—this route is called the kinetic principle/control. (ii) The peptide “finds”
among all the possible paths that also lead towards the lowest possible energy
minimum state, but that state pertains to the highest degree of stability (of the
native protein with respect to the protein environment in vivo) thermodynamically—reaching thermodynamical equilibrium. Both models (i) and (ii) are said
to follow the energy landscape [202]. (iii) A protein is built of cooperative unfolding-refolding units called foldons (each with 15 - 35 residues) so that the
folding is separated into some defined discrete steps; each step-wise process,
DOI: 10.4236/ijcm.2019.103018
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however, has to include also the energy landscape of (i) or/and (ii). Each foldon
remains part of the folded native protein configuration [203]. While intensive
research on this big puzzle continues, we have to reconsider the issue of thermal
stability of collagen fibrils within the context of this paper.
In Section (5), we have presented only three pieces of experimental evidence
on folding and unfolding of collagen tropocollagen molecules. Results discussed
in Sections (5.1) and (5.2) are in line, contrasting the result of Section (5.3)
which is only one example of other in vitro experiments showing evidence of
unfolding of collagen fibrils as temperature is raised, in general, below and above
body temperature. Daily experience tells us that a person practicing long run,
gymnastic exercise, playing a full football match would have core body temperature a few degrees higher than 37˚C. If the result of Section (5.3) occurs in vivo,
we should expect that a person, after a relatively long period of exercise, would
have very loose skin, would have lost the ability for basic locomotion because
parts of the tendons/ligaments would have been denatured and degraded significantly by MMPs. This is not what we experience. Moreover, as explained in Section (4.4), the 14C dating examination of the 28 forensic specimens of Achille
tendon gives strong support to the fact that the tendon core is formed at about
17 years of age, without further significant renewal [116]. However, degradation
and replacement of the collagen fibrils by new tropocollagen/fibrils outside the
core tendon have been taking place all the time.
The continuous collagen fibril structure, with the end of one fibril connecting
another fibril in mouse tendon modelled, has recently been revealed [204]. We
infer that collagen fibrils, either newly synthesized or resulting from MMP digestion, can elongate to join other fibrils during the repair process.
We would also emphasize that in the investigation of thermal stability of collagen molecules, the parts played by the proteoglycans and glycoproteins are
usually difficult to be incorporated in the specimens of in vitro experiments. As
demonstrated in atomic force and scanning electron microscopy examination of
rat’s Achille tendon, the SEM micrograph of Fig. 2A of [205] revealed that the
collagen fibrils were interwoven with glycosaminoglycan filament structure.
Such inter-fibrillar weaving structure is a factor of keeping the collagen fibrils
and hence the triple helices in a tight structure even when the temperature is
above body temperature in vivo. In view of the analysis stated in this sub-section,
we put forth the notion that tropocollagen fibrils will spontaneously fold in a
range of temperature (35˚C - 42˚C) and the denatured collagen molecules, e.g.,
triple helices with unfolded regions, tend to refold via a mechanism satisfying
one of the principles still under research briefly mentioned above in this section.
There is not enough evidence at present for us to draw a concrete conclusion as
to which mechanism is at work for this puzzle, but a collagen system needs to
climb through an energy barrier to refold. Understanding more about the nature
of the mechanism will help in taking measures to refold fibrils when collagen
homeostasis or more collagen fibrils are needed in a certain part of the fascia. On
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the other hand, counter-measures may be developed in case pathological fibrosis
occurs.

8.6. Limitations of This Paper
We have provided some basic material of different constituents/components of
the fascia, so that disorders in certain domains of the fascia can be related to the
type of disease analyzed in each paper of the series. The reviewed basics in Sections (1) - (3) are by no means exhaustive. We have not analyzed on the special
roles played by the elastic and reticular fibers, because elastin fibers amount to
only 1% - 2% by weight of the tendon [4] [162], and the fine reticular fibers play
a role mainly in supporting the integrity of various internal organs [5], but there
is no information, so far, that they are involved in the pathogenesis of the tendon. We have analyzed only very briefly the functions of the proteoglycans and
glycoproteins with respect to diseases of the tendons. For diseases of the knee,
for instance, we will analyze the very special roles of proteoglycans in the pathogenesis involved. In other words, more basic material of the fascia will be supplemented as needed for discussion on the manifestation of pathological states in
the fascia for the type of diseases concerned in the future.

9. Concluding Remarks
All organ cells need (i) oxygen, (ii) nutrients, (iii) peptides/proteins (such as
hormones) from other cells to perform their physiological duties. All (i)-(ii) are
carried by the blood stream before they can be used by organs. However, (i)-(iii)
are transported by the IF fluid to the organ cells. The CT of various structures
enclose all organs, even the small vessels, to maintain the organs’ integrity and to
provide a platform of communication and durotaxis of cells. The CT must be
synthesized and maintained by resident cells (fibroblasts, fibroblast-like cells and
stem cells). These cells, together with different CTIF domains, form the largest
communication network and organ of the body. To further appreciate the extensivity of this organ, we present in Figure 14 a simplified painting based on the
SEM (Figure 2(C) of [206]) of the three-dimensional collagen network forming
the endomysium embracing human cardiomyocytes.
Genetic mutation of collagen and other proteins can lead to disorders in the
structure of the CT. A pathological state of the CTIF of a certain domain occurs
when there is an imbalance of the digestion and synthesis of collagen triple helices in the CT. Such disorders also affect the function of organ cells. Hence the
pathological states of numerous diseases manifest in the fascia.
Tendinopathy is initiated by inflammation due to overuse or blockage of the
IF, developed by a complex display between the extrinsic and intrinsic compartments, the mechanisms of which are still under research. Development of
different groups on plausible treatments of this disease is in process.
Pathological states of inflammation often manifest as edema in certain parts of
the fascia. Serological biomarkers (P1NP, Pro-C3, Pro-C5, Pro-C6) have been
DOI: 10.4236/ijcm.2019.103018
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Figure 14. A collagen network forming the endomysium connects human cardiomyocytes was reported in the SEM (Figure 2(C) of [206]). The collagen fibrils grow in multi-directions, allowing movement of the heart cells with three degrees of freedom. The
“caves” hold the cardiomyocytes in vivo. This diagram is a hand-painted diagram by author PCWF based on the stated SEM micrograph.

found for the Crohn’s disase, targeting disorders of collagen V. Another practical example is the recent usage of the “flash glucose monitoring system” (attached
to the upper arm) to detect sugar concentration in the IF any time at the wish of
the subject (particular for diabetic patient), rather than basing on blood test. We
hypothesize other biomarkers related to the fascia are to be found in the future.
Since nerve fibers are also inside the fascia, stimulating the sensory nerves would
lead to profound biomedical consequences as explained in [207].
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