The most abundant form of collagen, Type I, consists of three units of polypeptide chains, which are comprised of subunits of amino acids. 
Differences in the chemical structure of the polypeptide chains determine the different collagen types. 
These chains intertwine in a triple helix to form molecules called procollagen. 
Procollagen is formed within the cell and subsequently transported outside of the cell into the extracellular matrix. 
Procollagen is formed within the cell and subsequently transported outside of the cell into the extracellular matrix. 
Outside the cell, PROCOLLAGEN is altered to form TROPOCOLLAGEN, which is then able to form into MICROFIBRILS. 
FIBRIL a small or delicate fibre or part of a fibre -
Microfibrils form fibrils when they are packed together in an overlapping fashion. 
The microfibrils are held by hydrogen bonds, hydrophobic interactions and reinforced by cross-links between tropocollagen molecules. 
The characteristic types and amounts of their cross-links largely determine the mechanical properties of collagen fibres. 
Nutrient deficiencies and pharmaceuticals may influence synthesis or metabolism during the critical stages in development of collagen. In collagen Type I and III, fibrils form fibres. 
These fibres associate to form bundles in Type I collagen, but fibres are not formed in Type II collagen (cartilage). 
The diameter of the fibres depends on the number of fibrils they contain. 
Changes in fibril diameter are often seen in aging and influenced by some pharmaceuticals such as anabolic steroids.

Collagen fibres are inelastic, but have great tensile strength giving a combination of flexibility and strength to the tissues they are in. The diameter of the fibres and their orientation along the lines of stress constitutes the tensile strength of a tissue.
Elastic fibres predominate in tissues subject to stretching, such as ligaments, but are also found with collagen in tendons, arteries, and skin. 
The length, thickness and distribution of elastic fibres differ in the various tissues.
Elastic fibres are composed of elastin enclosed within tubular microfibrils, and are thinner and tauter than collagen fibres.
These fibres stretch easily, up to one and one-half times their original length when the deforming force is relaxed. Each elastin fibre forms a cross-linked network with other elastin. The entire network can expand and contract like a rubber band.
Reticular fibres are extremely thin and branch to form an extensive network in certain organs such as in smooth muscle, adipose tissue, and bone marrow. These fibres consist of collagen protein associated with glycoproteins and proteoglycans.
During inflammation and wound healing, most connective tissues have abundant reticular fibres, which are subsequently replaced by regular collagen fibres.

Ground substance: The ground substance fills the spaces in-between the cells and fibres. 
Its viscosity acts as a lubricant due to the high water content. 
Soluble precursors of the fibrous proteins, proteoglycans, glycoproteins and other molecules secreted by cells are abundant in the ground substance.

The two major components of the ground substance are the proteoglycans and structural glycoproteins, which trap water molecules and lend strength, rigidity and resiliency to the extracellular matrix.

Proteoglycans are large molecules formed by many linear chains of polysaccharide units called glycosaminoglycans (GAGs). Proteoglycan monomers are grouped according to the length and type of GAG chains attached to a protein core. 
These GAG chains radiate out from the core like bristles of a bottlebrush. Six classes of GAGs consist of repeating modified two-sugar subunits. An amino sugar (glucosamine or galactosamine) is always present as one of the two sugars in the repeated subunits. These subunits are modified by the addition of sulphate groups. As we will see, sulfation of the GAGs determines their biological activity. 
Proteoglycan monomers may combine further with a chain of hyaluronic acid, an unsulfated GAG, to form larger proteoglycan complexes. As we shall see, these complexes, which may contain hundreds of attached proteoglycan aggregates, constitute a significant role in cartilage tissue.

Proteoglycans act as a molecular sieve moderating the movement of cells, and nutritive and inflammatory substances. The are also responsible for attracting and maintaining water balance within the tissue. The long chains of GAGs are negatively charged due to the carboxylic (COO-) and sulphate (SO4-) groups of the amino sugars. The high density of negative charges attracts and binds water molecules.

Depending on the structure and types of GAGs, proteoglycans can trap as much as 50 times their weight in water. The hyaluronic-proteoglycan aggregate molecules in cartilage resemble long centipedes with hairy legs. The negatively charged GAGs ("hairs") repel each other and give the complex an open structure, which occupies a lot of space. The highly polar 'hairs' attract water molecules and the complex acts like a stiff sponge bounded by the collagen network. When this 'sponge' is compressed, some of the bound water is lost and therefore absorbs forces and redistributes them equally. This is how cartilage protects structures in the joint from mechanical (stress and weight) damage.

Glycoproteins are similar to proteoglycans. In contrast, the protein fraction predominates over the carbohydrates, which are branched structures. The primary glycoproteins are fibronectin, laminin, and chondronectin. Their role in the ground substance is the migration and adhesion of cells to their substrates. For example, fibronectin connects fibroblasts to collagen and binds to proteoglycans. 
These compounds contribute to the scaffolding in connective tissue to provide support and influence movement of cells.

CELLS

The various cells in connective tissue store vital metabolites and synthesize fibrous proteins and other components of the extracellular matrix. 
They play important roles in immune and inflammatory responses as well as in tissue repair. 
Many cells are indigenous to connective tissue. 
Some originate in bone marrow, but are constantly present in the tissue. 
These resident cells and their functions are listed in Table 2. 
Other cells migrate from blood vessels in response to tissue injury, inflammation and repair. 
They tend to disappear as healing progresses and inflammation subsides. 
These cells include plasma cells, neutrophils, monocytes and basophils. 
Each class of tissues contains a fundamental cell type that exists in mature and immature form. 
The active cells that proliferate and secrete the ground substance and fibres are indicated by the suffix -blast (meaning "forming"). 
The primary blast cells are fibroblasts, chondroblasts and osteoblasts (see Table 2). 
Once the adult matrix is formed, the blast cells assume a less active and mature mode and are indicated with the suffix -cyte (meaning a cell). However, when the tissue is injured, cells can revert to their more active mode to regenerate and repair the matrix components.

The rate of secretion of different substances by the same cell varies with the age and hormonal influences of the organism. Individual cells, such as the fibroblasts in connective tissue, rarely divide into new cells unless the tissue requires additional cells as when a tissue is damaged. 
During inflammation and repair, the numbers of fibroblasts increase within some connective tissues. The extracellular matrix greatly influences function and differentiation of the cells. Tensile forces may also influence cell function, as changes in cell shape may alter the responsiveness of the cell to hormones and growth factors. The discussions on inflammation and pharmaceuticals examine the influences of hormones and growth factors on cell function.

Table 1

 Major collagen types and their characteristics

	Collagen types
	Tissue distribution
	Ultrastructure
	Synthesis
	Function

	I
	Skin, bone, tendon, fascia
	Densely packed thick fibrils
	Fibroblasts, osteoblasts, chondroblasts
	Mechanical stability, resistance to tension

	II
	Cartilage
	Very thin fibres
	chondroblasts
	Tensile strength

	III
	Skin, vessels, internal organs, smooth muscle
	Loosely packed thin fibrils
	Smooth muscle, fibroblasts, hepatoblasts
	Flexibility

	IV
	Ground substance
	Thin amorphous sheets
	Endothelial, epithelial cells
	Support and filtration


Table 2. Connective tissue resident cell types and their functions.

	Cell type
	Distribution
	Main product/function

	Fibroblasts
	All connective tissues
	Structural fibers and ground substance

	Chondroblasts
	Cartilage
	GAGs and Type II collagen

	Osteoblasts
	Bone
	Collagen fibers and matrix

	Macrophages
	Originates in bone marrow, present in all connective tissue
	Defense: phagocytosis of foreign bodies and debris

	Mast cells
	Originates in bone marrow, present in all connective tissue
	Histamines, cytokines, etc. immune function


PHYSIOLOGY OF CONNECTIVE TISSUE 

Synthesis and degradation of tissues is a continual process and are integral parts of tissue remodelling and turnover many modulators can affect these processes - 
Each of the intracellular and extracellular events involved in macromolecule synthesis is subject to alteration or biochemical modification. 
Changes in gene transcription and in events after translation of macromolecules can alter distribution and deposition of tissue proteins and proteoglycans. 
For example, many pathological conditions are attributable to abnormal or insufficient collagen synthesis, such as scurvy and vitamin C deficiency.
Enzymes and cofactors hormones and growth factors, and cytokines are the modulators that regulate synthesis and degradation of connective tissue components

Degradation of tissue components occurs during growth, remodelling, inflammation, and repair of tissues. 
It can take place during any point in synthesis of the various components. 
For example, scurvy is a disease caused by deficiency of dietary vitamin C. 

Ascorbic acid (vitamin C) is required in the enzymatic hydroxylation of the prolyl and lysyl residues of collagen. 
Procollagen molecules lacking the hydroxyproline residues have an unstable triple helix formation, are susceptible to alteration and they are inadequately cross-linked. 
Consequently, these molecules are then mechanically unstable and prone to degradation. 
Therefore, the degree of degradation occurs at a much greater rate than synthesis of collagen fibres. 
This is more pronounced in area where collagen renewal tales place at a fast rate.
Specific enzymes initiate degradation of macromolecules. 
Collagenase degrade collagen fibres are synthesized by various cell types and stimulated by hormones, prostaglandins, and other substances secreted by lymphocytes and macrophages. 
Metal ions, such as calcium, also regulate collagenase activity. 
Enzymes within cellular lysosomes degrade proteoglycans. 
Remodelling of tissues is the process of changing and replacing tissue components with others. 
Normal remodelling during growth or repair requires a proper balance of synthesis and degradation of tissue components. 
Proteoglycans in the extracellular matrix appear to regulate remodelling of connective tissue by influencing collagen formation during the repair process. 
Remodelling is also regulated by mechanical stimulation. 
Mechanical tension and compression modify bone and cartilage remodelling, where tissues such as these depend on diffusion of nutrients for maintenance since they have no direct blood supply.

Turnover of connective tissue is the net balance between synthesis and degradation of the macromolecules. 
A turnover negative balance is characteristic of several inflammatory and joint diseases where degradation occurs at a higher rate than synthesis. 
The previous example of scurvy and ascorbic acid deficiency portrays the significance of turnover balance of tissue components. 
The repair process in tissue injury involves managing macromolecule turnover so that synthesis equals degradation.

Turnover rate of various connective tissue components varies. 
Elastin may take months to years for renewal. 
Collagen is also a stable protein and renewal is slow. 
Replacement of mature collagen can require weeks to several months. 
Collagen turnover rates vary in different structures. 
Tendon collagen renewal is very slow, whereas the collagen of loose connective tissue that surrounds our organs is renewed more rapidly.
Many alterations of connective tissue metabolism may be due to changes in cross-linking in both collagen and elastin fibres. 
Differences in amino acid composition of cross-links influence the stability and turnover of these fibres. Although the same enzymes process the collagen types and elastin during synthesis, the resultant cross-links may be significantly different. 
Some types of cross-links are more stable than others and therefore indirectly influence turnover of fibres. For instance, 50-80% of collagens from tissues in bone and cartilage is glycosylated and has a relatively higher turnover rate. 
However, collagen fibres in tendons are not glycosylated and have a lower turnover rate.
Proteoglycans turnover rapidly: 2-4 days for hyaluronic acid and 7-10 days for the sulphated proteoglycans. 
In adult humans, 250 mg of proteoglycans are catabolised in one day. 
The polysaccharide chains of the proteoglycans are subject to modifications similar to those of collagen

IV. 
Repair of connective tissue
Injury to connective tissue involves damage to the cells and structural components of the tissue. 
Several responses are triggered and a sequence of events begins to repair the tissue. 
The reaction to injury includes vascular, cellular and biochemical responses which are outlined here.

Three phases of the repair process can be applied to the general healing of connective tissue. 
These phases, however, may overlap. 
These responses prevent the spread of damaging agents to nearby tissues, dispose of damaged cells, and replace damaged tissue with newly synthesized components.

ACUTE INFLAMMATION PHASE
Immediately after injury, several vascular and cellular reactions initiate the response known as inflammation. 
The process begins with a release of chemical mediators from cells into the extracellular fluid. 
The initial tissue damage stimulates release of histamine from mast cells, which causes dilation of blood vessels in the local area and increases vascular permeability. 
OEDEMA = a build-up of excess serous fluid between tissue cells]

Increased blood flow and fluids and proteins that leak from the permeable blood vessels cause oedema in the tissue and consequent swelling. 
Cells migrate from nearby blood vessels and cause release of more inflammatory mediators, such as kinins and prostaglandins (PGs). 
Local tissue pressure and some of these mediators act on nearby nerves to cause pain. 
These events lead to the classical signs of inflammation – redness – swelling - pain - and heat.
The primary purpose of inflammation is to rid the site of damaged tissue cells and set the stage for tissue repair. 
Acute inflammation generally lasts from 48 to 72 hours after an injury and gradually subsides as the repair process progresses.
Many of the events that occur during this time initiate tissue repair. 
PGs are considered important mediators of inflammation and are often the target of intervention with 
Anti-inflammatory agents

However, PGs may also have a significant role in tissue repair. 
Many immigrant cells also have significant roles in tissue remodelling. 
Leukocytes (white blood cells), such as neutrophils and monocytes, accumulate within the damaged tissue along with resident macrophages. 
Enzymes released from these cells help digest necrotic cells and degrade matrix molecules; neutrophils and macrophages engulf cell debris. 
Blood platelets release growth factors that stimulate new fibre and matrix molecule synthesis.
MATRIX AND CELLULAR PROLIFERATION PHASE - Chemical mediators released by inflammatory cells stimulate migration and proliferation of fibroblasts, which participate in the repair process. 
Fibroblasts secrete fibronectin, proteoglycans and small diameter Type III collagen fibres. 
In addition to these fibres, newly formed capillary channels, clotting proteins, platelets and freshly synthesized matrix molecules form granulation tissue. 
However, this granulation tissue has little tensile strength.

REMODELLING PHASE
Remodelling reshapes and strengthens damaged tissue by removing and reforming the matrix and replacing cells. 
As repair progresses, inflammatory cells disappear, the number of blood vessels and the density of fibroblasts decrease. 
The proportion of Type I collagen to Type III collagen and the matrix organization increases. 
Collagen fibres are reoriented in the direction of loading, especially in ligament repair. 
Collagen matures and elastin forms; tensile strength increases.
Though, the remodelled tissue may not completely resemble the original and so the mechanical capabilities of that tissue may be altered.
All connective tissue has similar components, although the proportions of these components vary. 
These variations impart the mechanical and biochemical attributes to specific connective tissue. 
Mechanical properties of articular cartilage that allow it to absorb impact and resist wear are partially due to the large proteoglycan aggregates.
Each component of connective tissue is built up with modular pieces. 
Each of these molecular modules requires energy and catalysts, such as enzymes and cofactors, for every given reaction of synthesis. 
Therefore any alteration in the synthesis or degradation of a module will affect its ultimate constitution. 
When there are numerous altered modules, a domino effect may eventually modify the complex community of macromolecules and result in changed characteristics of a tissue.
Many modulators influence turnover of connective tissue components and tissue remodelling.   
Modulators may be growth factors, hormones, cytokines, enzymes, and basic building blocks such as amino acids and carbohydrates. 
When dietary constituents or pharmaceuticals alter normal function of these modulators, resulting modified mechanical and metabolic characteristics may impair the normal biomechanics of a given connective tissue.

TENDONS 
Skeletal muscle and tendons are distinct tissue but they function as one unit –

THE MUSCULO-TENDON UNIT
 Tendons attach the muscle to bones and transmit force from the muscle to the bone. 
Connective tissue forms a network throughout the muscle. 
It surrounds the fibres, the bundles of fibres and wraps around the whole muscle. 
This connective tissue network is continuous through the muscle and into the tendon that inserts the bone. 
Tendons primarily consist of collagen – up to 85% of the dry weight – which imparts the mechanical and physiological properties of this tissue. 
Type I collagen predominates with small amounts (approximately 5%) of Type III and Type V collagen. 
Smaller amounts of elastin exist in the extracellular matrix. 
The type and quality of cross-linking varies in tendon fibres and is associated with the degree of mechanical loading experienced by the musculo-tendon unit. 
The regulation of the cross-link quality in new collagen is established by the mechanical loading during growth and development. 
Tendons that transmit the highest forces have the highest degree of cross-linking. 
Mechanical forces also determine morphology of collagen. 
The distal end of human tibialis posterior tendon, which receives compressive forces as well as tensional forces, exhibited less linear and more swirled collagen formation than seen in the proximal end (which receives mostly tensional forces).
Proteoglycans (PGs) in the tendon extracellular matrix are typically of two major classes that differ in structure and function. 
Generally the large cartilage-type proteoglycan monomers are present in low concentrations and the smaller dermatan sulphate proteoglycans (DS-PGs) are present in high concentrations. 
However, in tendons that are subject to compressive loads, the concentration of cartilage-type PGs is increased to impart special biomechanical properties to the tissues. 
The DS-PGs regulate the growth and size of the collagen fibrils during tendon development and repair.

Different cell shapes and concentration and type of glycosaminoglycans (GAGs) exist between the distal and proximal ends of tendons. 
Similar differences exist along the length and in the thickness of the tissues. 
The PG content of the tendon region that experiences compression and tensional forces (e.g. in the region of the tendon that passes under or around a bone) increases by as much as three times that of the tensional region. 
Increased concentration of large PG content may enhance a tissue’s compressive stiffness.
The closely packed fibres are bundled together and run parallel to the long axis of the tendon.
Fibroblasts are few and located in the spaces between the collagen bundles. 
Many collagen bundles grouped together form the fascicle, and a synovial-like membrane, the epitenon, surrounds several fascicles to form the tendon unit. 
This membrane contains blood and lymphatic vessels and nerves. 
Several layers of elastic connective tissue sheaths enclose the tendon unit. 
The properties of these layers vary depending on site. Some tendons (such as the flexor tendons in forearm) are enclosed by a synovial sheath which carries many blood vessels.

THE NERVE SUPPLY TO TENDONS AND LIGAMENTS ORIGINATES FROM THE NERVES OF THE MUSCLES. 
Tendons are well vascularized: less than muscle and more than ligaments. 
Degree of vascularity differs depending on structure and site of the tissue. 
Blood vessels within the tendinous tissue are relatively sparse. 
Altered blood flow and consequent production or accumulation of soluble factors may modulate the type and amounts of PGs and collagen. 
The more vascularized tendons have blood vessels that infiltrate throughout the tendon from the outer connective sheath. 
The less vascular tendons have outer membranes that act as conduits of blood supply for the tendon fibres within. 
The other source of nutrition is diffusion from the synovial fluid which provides a significant supply of nutrients for many tendons. 
The tissues enclosing and surrounding the tendon provide a cellular and vascular component for healing and providing nutrition to the tissue within.

LIGAMENTS

Ligaments are bands of connective tissue that bind bones to each other, crossing joints with wide ranges of motion as well as joints with little motion.
Unlike tendons, both ends of ligaments insert into bone. 
The tissue may exist as fibrous bands, sheets or short thickened strips in joint capsules. 
Collagen content is generally similar in tendons and ligaments. 
Type I collagen predominates (90%) with small amounts of type III (10%), which is more than tendons. 
Ligamentous collagen has more reducible cross-linking. 
The tightly packed bundles of collagen with many fibroblasts are aligned along the axis of tension.

As in tendons, site-specific structural and biochemical differences exist in ligaments due to different mechanical demands and the nutritional environment. 
The elastin content in ligaments varies depending on function. 
Most ligaments have less than 5% elastin.
 However, others have higher concentrations (up to 75%) imparting more elastic properties. Intraligamentous blood vessels are sparse. 
Therefore, mid-tissue nutrition relies greatly on diffusion from nearby blood vessels which lie parallel to the tissue and synovial fluid.

Many ligaments contain more GAGs than tendons. 

As well, ligaments contain the three major types of PGs: the small PGs, decorin and biglycan, and the larger PGs. 
The smaller PG, decorin, is the major type of PG in tendons.
How these differences affect the tensile strength is not elucidated.

The nerve supply to ligaments is similar to that of tendons: primarily supplied from the nerves of the muscles acting on the joint. 

However, numerous free nerve endings in ligaments may moderate pain sensation.

Because ligaments are generally less vascularized than tendons, the healing and repair process takes much longer and, in some ligaments, may regress or disappear completely. 
Remodelled tissue never achieves normal characteristics or a return to original mechanical properties. 
Mature repaired ligament tissue lacks the strength of normal ligaments: usually 50-70% of normal tensile strength.

Differences in metabolism may limit extrapolations to nutrition and pharmaceuticals. 
The amount of PGs that accumulate in specific regions of tendons is directly correlated with compressive and tensional loads placed on the tissue.

ARTICULAR CARTILAGE

A joint is a junction of two bones, holding them together while allowing for smooth movement against one another. 
The joint capsule and fibrous lining holds many components where the bone-ends meet. 
The synovial cavity, which is surrounded by a membrane, contains fluid that lubricates and nourishes the articular cartilage, the tissue that caps the ends of the bones.
Also supplying nutrients to cartilage, synovial fluid contains phygocytic cells that remove debris resulting from wear and tear in the joint capsule. 
The amount of fluid in the synovium varies depending on the size of the joint. 
The fluid is normally viscous when there is no joint movement; as movement increases, the fluid becomes less viscous.

Cartilage is a resilient material that absorbs shock and provides an elastic surface for smooth gliding of joints. 
Chondrocytes are embedded in the extracellular matrix comprised of type II collagen, proteoglycans and water. 
Cartilage lacks blood vessels, nerves and a lymphatic system. 
The cells must therefore rely on diffusion of nutrients through the extracellular matrix from the underlying bone or the synovial fluid. 
Damage to articular cartilage may be present long before it is noticed since these joints are 
Non-innervated

Peripheral activation and sensitisation of nerves during inflammation may elicit pain well after degenerative processes are stimulated.
The extracellular matrix is of great importance to the cartilage. 
Collagen fibres and the ground substance make up the extracellular matrix. 
Collagen fibres and the glycoproteins comprise the fibrous web that anchors the chondrocytes within the matrix and provide tensile strength to cartilage. 
The fundamental component in the ground substance is the GAGs. 
The large proteoglycan aggregates play important role in maintaining optimal function of our joints.
In cartilage, the predominant GAGs are CHONDROITIN SULPHATE and KERATAN SULPHATE.

 PG monomers link to hyaluronic acid to form large aggregates. 
 These large PGs are highly negatively charged, repelling one another and attracting water which makes up 80% of the wet weight of articular cartilage. 
These PGs provide the compressive strength to the joints. When the joint is loaded the matrix compresses and water is squeezed out of the matrix. When the compressive force is removed, the negatively charged GAGs reabsorb water. Also, the high content of GAGs in the synovial fluid provides lubrication minimizing wear between the two joints.

Considering the importance of the extracellular matrix to normal physiology and function of articular joints, any factor that increases the ratio of degradation to loss of matrix components will cause cartilage health to deteriorate. Alterations in cellular activity may also affect the turnover rate and remodelling process.

PROTEOGLYCANS ARE LARGE MOLECULES FORMED BY MANY LINEAR CHAINS OF POLYSACCHARIDE UNITS CALLED GLYCOSAMINOGLYCANS (GAGS).
