Athletes are mostly concerned with increasing strength or speed in specific activities. Increasing muscle size and power, endurance abilities, fuel utilization efficiency: these are often the primary concerns in training. We spend much time, effort and money in maximizing our muscle capabilities. However, an integral part of our anatomy often takes a back seat: connective tissue.

Soreness from exercising is a familiar experience, often an accepted incidental result of training. Most soreness results from muscle tissue trauma, but stress is also induced upon the tissues connected to the muscles: bones, tendons and ligaments. These tissues are also subject to a manifestation of the second law of thermodynamics: aging.

The human body is a magnificent piece of machinery with rubber bands, hinges and joints throughout. Unlike the tin man, the oilcan is not a option when our joints become ‘rusty’. When Humpty Dumpty had his great fall, all the king’s army couldn’t put him back together again. But if the tin man and poor Humpty had taken proper care of their connective tissue, perhaps they would have healed and continued squatting in their ripe old age.

I. What is connective tissue?

Aside from muscle tissue, connective tissue trauma is a major source of physical discomfort, especially in athletes. This is not surprising, considering that connective tissue is one of the most abundant and widely distributed tissues in the body. It forms our bones, surrounds our organs, holds our teeth in place, cushions and lubricates our joints, and connects the muscles to our skeleton.

Connective tissue serves multiple functions. It provides the organism with shape and mechanical support. Also, it modulates cell migration, growth, and differentiation. The following are major features of connective tissue:

Structural and mechanical: Connective tissue supports the shape of cells, tissues, and organs interacting with the cytoskeleton. The most obvious structural connective tissue is bone, comprising the skeleton and supporting the entire organism.

Defense: It contains cells and metabolites important in immune function, such as inflammation, and in tissue repair after injury.

Nutrition and transport of molecules: Blood vessels, a connective tissue, transports substances throughout the body. Components in connective tissue regulate movement of nutrients between cells.

Storage: Adipose tissue is a unique connective tissue, providing storage of energy and insulation.

Connective tissue function is mediated by its different components, most of which are macromolecules that interact with one another and with the cells. Varying the proportions and the arrangement of the individual components determine the function of the particular tissue. Several diseases are due to known defects in the primary structure of one or more components. Disruptions in the regulatory mechanisms of degradation contribute to conditions such as osteoarthritis and complications in diabetes. As well, nutrient deficiencies and various drugs may disrupt regulation of tissue synthesis and degradation.

This article examines the influences of various factors on the connective tissue types most affected by athletics: cartilage, tendons, and ligaments. Information on the histology and physiology of connective tissue is presented to enable readers to understand how nutrition and various pharmaceuticals influence the synthesis, degradation and remodeling of these tissues. Along with a brief discussion of the effects of specific activities and metabolic disorders, the roles of nutrition and several common drugs are examined.

II. Common characteristics (1,2)

Connective tissue is metabolically active and serves many structural functions. The tissue consists of three basic components: fibers, ground substance and cells. The fibers and ground substance, which exist outside the cells, are collectively called the extracellular matrix. The matrix separates and protects cells, bearing weight, tension and offering defense. Mixed populations of cells with various functions interact with the extracellular matrix contributing to the various mechanisms in tissue physiology. Except for cartilage, connective tissue is innervated (has a nerve supply). Vascularity (blood supply) in tendons and ligaments is sparse, whereas cartilage is avascular (has no blood supply). Further examination of the various components will elucidate their contributions toward these attributes.

Fibers: Three major types of fibrous proteins appear in connective tissue: collagen, elastic, and reticular fibers. Tissues contain one or more types of collagen, and different proportions of collagen and elastic fibers. Fibers associate with additional components of the extracellular components and minerals to form specialized connective tissue. The predominant fiber type usually determines a tissue’s specific properties. Expression of connective tissue types is largely a function of inherent cell types, external environment, and physiological age of the organism.

Collagen is the most abundant protein, comprising of ~30% of total protein in the body. At least 14 types of collagen have been isolated and characterized, and most tissues contain several types. Collagen types may form fibrils or sheets, providing strength or elasticity. All collagens share a common structure, varying in their chemical composition, macromolecule organization, tissue distribution and function. The most common collagen types are described in Table 1. The other types are considered minor, though they are found in nearly all tissues in tiny amounts.

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 fibers
	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


Synthesis of collagen involves a cascade of biochemical modifications of the original building blocks. Many enzymes, cofactors and growth promoters influence these modifications which are crucial to the structure and function of mature collagen. 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. Outside the cell, procollagen is altered to form tropocollagen, which is then able to form into microfibrils. 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 fibers. As we shall see throughout this article, 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 fibers. These fibers associate to form bundles in Type I collagen, but fibers are not formed in Type II collagen (cartilage). The diameter of the fibers 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.

Patterns between collagen types and orientation differ between various connective tissues and even species. In general, collagen fibers are inelastic, but have great tensile strength giving a combination of flexibility and strength to the tissues they are in. The diameter of the fibers and their orientation along the lines of stress constitutes the tensile strength of a tissue.

Elastic fibers 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 fibers differ in the various tissues. Elastic fibers are composed of elastin enclosed within tubular microfibrils, and are thinner and tauter than collagen fibers. These fibers stretch easily, up to one and one-half times their original length when the deforming force is relaxed. Each elastin fiber forms a cross-linked network with other elastin. The entire network can expand and contract like a rubber band.

Reticular fibers are extremely thin and branch to form an extensive network in certain organs such as in smooth muscle, adipose tissue, and bone marrow. These fibers consist of collagen protein associated with glycoproteins and proteoglycans. During inflammation and wound healing, most connective tissues have abundant reticular fibers, which are subsequently replaced by regular collagen fibers.

Ground substance: The ground substance fills the spaces in-between the cells and fibers. 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. The chemical structure of proteoglycans determines their size and structural function and are examined further.

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 sulfate 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 sulfate (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. The discussion of inflammation will portray their role in tissue repair.

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


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 fibers 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 (3). The discussions on inflammation and pharmaceuticals examine the influences of hormones and growth factors on cell function.

III. Physiology of connective tissue (2,4)

To understand how connective tissue is influenced by activities, nutrition and pharmaceuticals, we must understand some basic physiology of these tissues. Synthesis and degradation of tissues is a continual process and are integral parts of tissue remodeling and turnover. Many modulators can affect these processes, as we will see in the ensuing discussion.

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.

Several modulators regulate synthesis and degradation of connective tissue components: enzymes and cofactors, hormones and growth factors, and cytokines. Because their roles are so complex, examination of these specific regulators is beyond the scope of this article. However, energy and nutritional status and various drugs influence them and they will be discussed where relevant in the ensuing context.

Degradation of tissue components occurs during growth, remodeling, 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 fibers. This is more pronounced in area where collagen renewal tales place at a fast rate.

Specific enzymes initiate degradation of macromolecules. Collagenases, which degrade collagen fibers, 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. We will see how synthesis and degradation are an integral part of tissue turnover.

Remodeling of tissues is the process of changing and replacing tissue components with others. Normal remodeling during growth or repair requires a proper balance of synthesis and degradation of tissue components. Proteoglycans in the extracellular matrix appear to regulate remodeling of connective tissue by influencing collagen formation during the repair process. Remodeling is also regulated by mechanical stimulation. Mechanical tension and compression modify bone and cartilage remodeling, 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 fibers. Differences in amino acid composition of cross-links influence the stability and turnover of these fibers. 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 fibers. For instance, 50-80% of collagens from tissues in bone and cartilage is glycosylated and has a relatively higher turnover rate. However, collagen fibers 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 sulfated proteoglycans. In adult humans, 250 mg of proteoglycans are catabolized in one day (5). The polysaccharide chains of the proteoglycans are subject to modifications similar to those of collagen

IV. Repair of connective tissue (2,6)

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 (7). 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. Increased blood flow and fluids and proteins that leak from the permeable blood vessels cause edema 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 remodeling. 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 fiber 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 fibers. In addition to these fibers, newly formed capillary channels, clotting proteins, platelets and freshly synthesized matrix molecules form granulation tissue. However, this granulation tissue has little tensile strength.

Remodeling phase: Recall that remodeling reshapes and strengthen 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 fibers are reoriented in the direction of loading, especially in ligament repair. Collagen matures and elastin forms; tensile strength increases. However, the remodeled tissue may not completely resemble the original and thus the mechanical capabilities of that tissue may be altered.

Now that we have a background in connective tissue biology, we will commence Part II with discussion of specific connective tissues and some of their pathophysiology. We will also examine the roles of nutrition and several pharmaceuticals in tissue healing and remodeling.

In Part I of this series, readers were introduced to basic histology and physiology of connective tissue. We learned that 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. To illustrate, mechanical properties of articular cartilage that allow it to absorb impact and resist wear are partially due to the large proteoglycan aggregates.

We also learned that 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 remodeling. Recall from Part 1 that these 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.

Before examining the influences of nutrition and pharmaceuticals on connective tissue, three types of dense connective tissue that are most important to athletes will be briefly described. These three types are tendons, ligaments and articular cartilage. Details of biomechanics will not be examined except where physiologically relevant. Readers who are interested in learning more about biomechanics are referred to textbooks on the subject.



Tendons

Skeletal muscle and tendons are distinct tissues. However, 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 fibers, the bundles of fibers and wraps around the whole muscle. This connective tissue network is continuous through the muscle and into the tendon that inserts the bone. Although the entire framework is essential to the function of the musculo-tendon unit, the tendon will be the focus of this discussion.

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 fibers 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. In general, the large cartilage-type proteoglycan monomers are present in low concentrations and the smaller dermatan sulfate 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.

Vogel et al (1) demonstrated morphological and PG heterogeniety in tendon and ligaments excised from human cadavers of various ages. 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 fibers 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 tendonous 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 fibers 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. Unlike previous assumptions, ligaments and tendons differ from each other in several ways. 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 (1): 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.

More than tendons, most information on ligament injuries and repair are based on animal models where ligaments are partially or completely cut. Studies demonstrate the substantial differences in the site-specific repair process in ligaments as well as tendons. Animal models show varying healing capacities for various ligaments. 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. Studies demonstrate that remodeled tissue never achieves normal characteristics nor a return to original mechanical properties. Mature repaired ligament tissue lacks the strength of normal ligaments: usually 50-70% of normal tensile strength (2).

The Vogel et al (1) study validated the use of animal tissue models to study the cellular mechanisms that cause site-specific changes in connective tissue morphology. While this may be true for normal adaptive responses, differences in metabolism may limit extrapolations to nutrition and pharmaceuticals. Human and animal studies confirm that 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.

In addition to 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 sensitization of nerves during inflammation may elicit pain well after degenerative processes are stimulated.

The extracellular matrix is of great importance to the cartilage. Recall from Part I that collagen fibers and the ground substance make up the extracellular matrix. Collagen fibers 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 described in Part I play an important role in maintaining optimal function of our joints.

In cartilage, the predominant GAGs are chondroitin sulfate and keratan sulfate. As was discussed in Part I, the PG monomers link to hyaluronic acid to form large aggregates. Recall that 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 remodeling process.



PATHOPHYSIOLOGY

Most connective tissue injuries involve damage to the structural components of the tissue. In sports activities, injuries are classified into two types: acute and overuse injuries. Acute traumas occur from lacerations and partial or complete rupture of the tissue. These injuries heal by the repair process described in Part I. Overuse injuries, the most common category, result from chronic overloading or repetitive motion. The capacity of the tissue for repair greatly exceeds degradation and cellular metabolism is altered such that damage occurs at the cellular and structural levels.

Inflammation is the most prominent symptom of both types of injuries. As discussed in Part I, inflammation is a natural part of the healing process in any injury. However, chronic inflammation may lead to increased tissue degradation and impair the repair process. Indeed, chronic inflammation is a major factor in several connective tissue diseases, especially within articular joints. Pharmaceuticals are often used to manage or alleviate symptoms occurring with connective tissue inflammation. However, many of these exogenous substances may alter the healing and repair process.

Metabolic states, such as aging and diabetes, may also affect connective tissue health. Aging is often accompanied by a decline in joint function or general stiffness of the joints, and influences the nature and extent of the repair process in injured tissue. As connective tissues age, the composition of collagen and proteoglycans change which in turn alters the mechanical properties and physiology of the tissue. The tissue cells lose their ability to divide, especially in articular cartilage where the chondrocytes are poorly nourished. PGs produced from aging chondrocytes are very different from those produced by younger cells and alters the hydrostatic properties of the joint.

Species, site, zone and region of connective tissue dictate changes, both qualitative and quantitative, in PGs. However, age has the most notable effect on composition and stability of the extracellular matrix. PGs in the matrix have a protective effect on the collagen network. Continued loss of PGs and other matrix components appear to activate loss of collagen from connective tissues. For instance, a reduction of the size of hyaluronan and reduced stability of the GAG chains are age related. Studies (1,4) validate that concentration of small PG monomers increases with age. The resulting decrease in load absorption and redistribution properties is less efficient and renders the tissue more prone to damage.

Vogel et al showed that generally the alterations in the pattern of morphology and proteoglycan composition varied little in tendons with increasing age after puberty. However, PGs from tendons of younger individuals had greater homogeneity in GAG chain length. Effects of aging, however, may be tissue and site specific. For example, some ligaments maintain their mechanical characteristics throughout the life of the organism, whereas others show deterioration of strength with advanced age. Amount and composition of proteoglycans in human ligamentum flavum of the spine changed with age contributing to the ossification (calcification) of the tissue (3).

Osteoarthritis (OA) is the most common degenerative disease associated with aging of joint connective tissue. Degradation of the extracellular matrix is responsible for the pathogenesis of OA and is frequently associated with predisposing conditions such as traumatic injury to the joint. Chondrocytes in articular cartilage with OA may be unresponsive to local growth factors resulting in decreased synthesis of matrix components. Increased amounts of catabolic substances reduce concentrations of proteoglycans and glycoproteins resulting in reductions in tensile strength and resiliency.

Changes in connective tissue in diabetics parallel those evident in aging and cause many complications seen in later stage diabetes. The most apparent clinical disorders affect the skin, eyes, arteries and kidneys. Arteries and joints of diabetics become prematurely stiff with decreased elasticity. Nonenzymatic glycation of collagen protein and oxidative stress are associated with aging and diabetes, and caused by hyperglycemia (‘glucose toxicity’) (4,5,6 ,7, 8). Excessive plasma and tissue glucose undergo reactions that produce advanced glycation products. The long-lived proteins of collagen and elastin accumulate enough advanced glycation products that irreversibly alter many of the protein’s physical properties. The collagen becomes saturated and excessively cross-linked inhibiting normal turnover. Progressive changes in properties ultimately modify arrangements and functioning of the tissue (8). These alterations in the matrix may affect cell behavior such as migration, growth, proliferation and gene expression.

Glycation is the nonenzymatic reaction between a sugar and the free amino acid group of proteins. Several mechanisms initiate glycation including glucose auto-oxidation and the Amadori degradation pathway. Lipid peroxidation (oxidation of polyunsaturated fatty acids) may also contribute to oxidative reactants. Intermediates of carbohydrate peroxidation are similar to lipid peroxidation; both form carboxymethyllysine (CML). Under oxidative conditions and in the presence of a transition metal, such as copper or iron, CML forms and accumulates in tissue, altering collagen cross-linking. Other advanced glycation products also affect the physical, chemical and mechanical properties of collagen protein. Collagen becomes browned and excessively cross-linked, altering its tensile strength. Diabetic rats exhibit acceleration of procollagen degradation in tendons (9). An interventional strategy that shows success in animal models is glycemic control and is discussed further along with carbohydrate nutrition.

Excessive or high-intensity exercise may be traumatic to the body’s skeletal system and result in acute or overuse injuries that are discussed previously. Low-intensity exercise is not considered to be injurious to a healthy normal individual. In fact, immobilization can impair normal metabolism and remodeling of connective tissue. When a joint is immobilized, the diminished mechanical loading and unloading of cartilage and surrounding tissues interferes with normal turnover of cells and matrix components. Decreased stimulation of cells results in decreased proteoglycan synthesis. Consequently, matrix loss leads to increased vulnerability of the tissue to injury when normal activities are resumed.

Studies in animal models have shown exercise to be beneficial to healthy metabolism of connective tissues. Brown et al (10) measured urine levels of hydroxyproline (HP), hydroxylysine (HL) and pyridinoline (PYD) as indirect markers of connective tissue breakdown and remodeling after a bout of eccentric exercise. These amino acid biomarkers characteristic to cross-linking are released during breakdown and remodeling of collagen and elastin. Post-exercise levels of urine HP, HL and PYD increased indicating that eccentric exercise may disrupt skeletal muscle and connective tissue structures. The delay (two days after exercise bout) in increased biomarker levels suggest that breakdown is not immediate and does not result directly from mechanical damage to connective tissue. Otherwise, urine biomarker levels should increase within 24 hours. The authors suggest that connective tissue breakdown results from the localized inflammatory response to exercise-induced musculo-tendon trauma. Inflammatory mediators from inflammation in the musculo-tendon unit may promote collagen breakdown and subsequent synthesis in surrounding connective tissues.

Exercise may contribute to long- and short-term stimulation of cartilage metabolism by mechanical loading of the joints. Compression of the joint capsule induced by mechanical loading changes joint fluid and pressure, osmotic pressure, cell-matrix interactions and cell activities. In animal models (11), post-exercise PG synthesis was enhanced and breakdown was reduced in the carpel joint synovial fluid. Cartilage degradation was impaired and the extracellular matrix was more stable. Several studies (10,11) suggest that the effects of mechanical loading on articular cartilage metabolism is mediated by changes in composition and humoral factors released into the synovial fluid.



NUTRITION AND CONNECTIVE TISSUE

As many athletes know, exercise may increase turnover of muscle and connective tissue by elevated breakdown and synthesis. Nutritional aspects of muscle tissue remodeling are routinely addressed in weightlifting and fitness periodicals. However, connective tissue receives little attention except for occasional mention in training techniques and programs. Supplement companies have recently begun to add nutritional supplements to their product lines for connective tissue. Unfortunately, weight lifters (and the general public) generally know less about physiology of connective tissue than muscle tissue and may be confused with supplement advertisement claims. Some of these products may indeed benefit connective tissue health and integrity. Nonetheless, they can not replace a proper diet. Let us take a look at the nutritional macronutrients and discuss how they influence connective tissue turnover and remodeling.

Nearly all knowledge gathered about the nutritional influences on human connective tissues is extrapolated from investigations with in vitro tissue/cell research, animal models, and clinical and surgical practice. Human in vivo investigations are costly and relatively difficult because serum levels of nutrients ordinarily inadequately reflect total body content. Measuring total body level of specific nutrients is complex and sometimes impossible. As well, measuring direct clinical effects on specific tissues resulting from individual nutrients in humans is equally complicated. Nearly all human measurements are indirect and from clinical studies.



Calories (12,13,14)

Many studies demonstrate that collagen production is sensitive to changes in short and long-term food intake. Within 24 hours of fasting of some animal models, collagen synthesis in articular cartilage decreases to 50% of normal. This reduction declines to 8-12% of control levels after 96 hours. Most conditions are not as severe as starvation. However, energy restriction may reduce collagen synthesis depending on duration and degree of food deprivation. Specific effects of malnutrition on connective tissue turnover are dependant on many factors such as exercise activities, injuries, and disease. As well, nutrition restriction effects may be age-related. Youngsters that are still growing are more sensitive to nutritional changes. Replacement of tissue pools of macronutrients requires weeks to months and certainly affects turnover rates of tissue components. Likewise, dietary deficiencies or excess and physical activities influence turnover rates.

Calories provide the body with cellular energy for normal metabolism, building and repairing tissues and stimulate hormonal responses. Individuals with injuries or other trauma should avoid a decrease in calories below maintenance or slightly above, thereby providing the nutrients and energy needed for healing and repair. Considering that connective tissue structures are created from all macronutrients, each are discussed below.



Protein (12,13,14)

Severe caloric restriction is usually accompanied by protein deficiency. The two major sources of protein during times of bulk loss are muscle and connective tissue. Muscle tissue provides a steady source amino acids (AAs) for general body needs. Connective tissue is the second source, which is reflective of the relative rate of turnover to muscle tissue. Many studies have demonstrated that a protein deficient diet results in a reduction of growth and development of the organism as well as delay in wound healing and repairs.

All of the essential AAs are required for synthesis of proteins and other components and growth factors in the extracellular matrix. Some studies show that supplementing certain individual AAs (methionine, lysine, arginine, and proline) to a protein deficient diet may inhibit prolongation of the inflammation phase of connective tissue healing and aid in fiber cross-linking mechanisms during repair.

Although countless studies demonstrate that protein malnutrition is significantly detrimental to normal turnover and healing of connective tissues, most athletes are generally well nourished with protein intake. Unless an individual is presented with severe trauma, surgery, or diabetes, a protein deficit that would negatively affect normal connective tissue metabolism should not be an issue.

For more general information on dietary protein and metabolism, read the series of articles by Lyle McDonald in past issues of Mesomorphosis.



Carbohydrates (12,14)

Aside from protein, carbohydrates are a major component of an athlete’s diet and supply quick energy for the body in the form of glucose. Although little information exits on the direct effects of glucose deficiencies on connective tissues, it is well known that glucose is an energy source for several components and growth mediators. Phagocytes and other white cells that mediate the inflammatory process utilize glucose as an energy source. Activity by these cells during the acute and healing phases prepare tissue for repair after injury. Tissue cells such as fibroblasts and chondroblasts require glucose for synthesis of various macromolecules. Glucose is a building block of glycosaminoglycans and glycoproteins in the ground substance of the matrix. Arguably, hypoglycemia (abnormally low level of plasma glucose) impairs normal cell function and delays wound healing. As well, production and release of several hormones, such as insulin and growth hormone, decline with low levels of plasma glucose further delaying tissue growth and repair.

Conversely, high levels of plasma glucose may also be detrimental. Decreased insulin function may lead to hyperglycemia (abnormally high levels of plasma glucose) which also impairs wound healing. High levels of plasma glucose reportedly may inhibit the stimulatory action of ascorbic acid on proteoglycan and collagen production (15). Furthermore, recall that chronic high plasma and tissue glucose levels produce advanced glycation products that affect the physical, chemical and mechanical properties of collagen and elastin protein. Although associated with aging, this process is prematurely evident in diabetics. Proper glycemic control may delay the onset of complications related to excessive glycation and oxidation stress (6). For diabetics, exogenous insulin may be necessary for glycemic control. Additionally, avoiding a diet with excessive carbohydrate intake may postpone effects of high accumulation of glycation and oxidative products.

Diets low in carbohydrates typically cause body water loss. For athletes, the resultant dehydration may compromise integrity of connective tissues subject to mechanical loading. Considering that many connective tissues such as in articular joints require a relatively high water content for optimal functioning under stress, dehydration may increase incidence of injury or jeopardize healing and repair of injured tissue.



Fats (16,17)

Fats are very calorically dense and provide energy for the body. Furthermore, saturated fats and polyunsaturated fatty acids (PUFAs) are precursors for many hormones such as steroids and prostaglandins. PUFAs are essential constituents of the cell membrane, contributing to their structural and functional integrity. Saturated fats are commonly found in animal foods and in some vegetable plants and have little direct import in the physiology of connective tissue. Therefore, discussion will concentrate on the influences of PUFAs and their influence on injured connective tissue.

The major PUFAs are classified as two types: n-3 and n-6 PUFAs. The n-6 family is the major PUFA in cell membranes and is derived from vegetable oils. Low levels of n-3 PUFAs exist in most individual cell membranes because diets are generally low in fish oils which are the source of this PUFA family. PUFAs are precursors for a family of hormones called eicosanoids, which are released by macrophages and other cells and mediate many cellular functions. These substances have powerful autocrine (act on cell where released) and paracrine (act on nearby cell) actions. The major role of eicosanoids is in the inflammatory response; therefore, dietary PUFAs may moderate the length of the inflammatory phase.

The n-6 PUFAs are precursors for arachidonic acid and the series 1 and 3 eicosanoids. Eicosapentanoic acid and eicosanoid series 2 are formed from the n-3 PUFAs. Generally, the 1 and 3 eicosanoid series are anti-inflammatory and the series 2 eicosanoids are pro-inflammatory. A relative excess of n-6 PUFAs stimulates production of prostaglandin E2 which may prolong the inflammatory response.

Dietary n-3 PUFAs can replace n-6 PUFAs. Increasing the ratio of dietary n-3:n-6 PUFAs may decrease macrophage prostaglandin E2 and cytokine release, and a balance between the eicosanoids may maintain the repair process with the least amount of inflammation. Although increasing intake of n-3 PUFAs may not impact acute inflammation, such nutritional support quite possibly moderate long-term inflammation related to excessive prostaglandin E2 production and cytokine release from activated macrophages.

As we have seen, dietary macronutrient deficiencies and excesses influence metabolism of connective tissue components during growth, stress, and repair. As well, vitamins and minerals play significant roles in connective tissue metabolism and will be addressed in Part 3 of this series. Conceivably, nutrition may be used as adjunct therapy for tissue repair. However, most commonly, pharmaceuticals are used to moderate symptoms of inflammation resulting from injuries and may potentially interfere with normal turnover or repair of tissues. Some of these applications, including nutriceuticals, will be examined in Part 3 along with their effects on connective tissue physiology.



As was discussed in Part II of this series, the major impact of diet upon connective tissue integrity is a deficiency in energy intake, usually associated with inadequate protein and carbohydrates. Aside from its role in mediation of inflammation, there is little research in effects of dietary fats on connective tissue. Micronutrients (minerals and vitamins) have many documented roles in cellular function and thus are critical in the wound healing process. Of nearly any population, athletes generally maintain an adequate diet specifically designed to meet the demands of their sport. Most athletes eat a balanced diet that adequately supplies both macro and micronutrients. Therefore, defects in collagen, elastin and proteoglycan metabolism are generally only seen as a result of deficiencies or excess. As well, successful healing of connective tissue injuries will rely on the presence of adequate nutritional stores. The roles of micronutrients in connective tissue injury healing are discussed in Part III of this series.

As voiced in the field of protein balance, is a state of "accommodation" of micronutrient intake satisfactory in wound healing? (1,2) The body adjusts to changes within different ranges of a nutrient intake. In relation to protein, Waterlow (2) stated that "some adaptations may be at the expense of full functional ability." for instance, a child may survive on an undernourished diet, but with a slower rate of growth and develop into a smaller-sized adult with sub-average muscle mass and physical strength. Such an adjustment has been termed "accommodation" rather than full adaptation with no loss of function (1,3). This then poses the question of the need for pharmacological supplementation of micronutrients during wound healing. During wound healing is there a need for higher than normally recommended levels to obtain micronutrient balance?

There are several ways a micronutrient deficiency can manifest: deficiencies caused by dietary intake, diet-gene interactions, and nutrient-drug interactions. The first is self-explanatory. Secondly, a genetic dysfunction may produce a differential response to a diet that is deficient or marginal in a nutrient. Additionally, a single or multiple mutant genes may result in expression which resembles a nutrient deficiency or toxicity. These are clinically seen as genetic disorders resulting in abnormal metabolism of micronutrients. Thirdly, some studies suggest that connective tissue defects result from drug interaction with micronutrients.

Those vitamins and minerals that are shown to have profound roles in connective tissue metabolism are addressed along with consequences of their deficiencies on connective tissue metabolism and healing. In addition to diet-induced deficiencies, the article examines some of the defects related to connective tissue metabolism resulting from ingesting drugs that interact with one or more micronutrients. Pharmaceuticals and nutraceuticals most commonly used for connective tissue injuries and healing are discussed separately.



Vitamins

Vitamin C

Of all the vitamins, ascorbic acid probably has the most influence on connective tissue metabolism and has been the most studied. The roles of AA in connective tissue metabolism can be quite complex and varied. Recall from Part I of this series that macromolecule turnover is affected by synthesis and intracellular and extracellular degradation. Important mediators of these two processes are enzymes. Ascorbic acid (AA) is a cofactor for many of the enzymatic reactions in synthetic processes. As described in Part I, degradation of collagen outpaces synthesis; new collagen cannot replace losses and results in disease (scurvy).

In connective tissue, AA is involved in several metabolic reactions. Iron is necessary for a variety of enzymatic reactions, and AA protects iron from oxidation. AA preserves the enzyme-iron complex that catalyzes the reaction for intracellular assembly of collagen (6,35,36). Underhydroxylated collagen is unable to fold into a stable triple-helix (see Part I) and therefore is subject to increased intracellular degradation. The turnover rate of collagen is then in negative balance and degradation outpaces the rate of synthesis.

A large focus of research in AA and connective tissue has been related to the pathophysiology of diabetes. Animal and human diabetics appear to be deficient in plasma concentrations of AA which may be connected to associated delays in wound healing be decreased synthesis of collagen and PGs (33,36). AA is structurally similar to glucose and its cellular uptake is mediated by glucose transport mechanisms. Studies have shown that cellular uptake of AA is inhibited by high extracellular concentrations of glucose (in the presence of as well as in the absence of insulin) as seen in diabetes (4,5,33). This inhibition of AA uptake may exacerbate problems associated with AA deficiencies. Thus, increased intake of dietary AA may prevent inhibition induced by high glucose on collagen and proteoglycan synthesis (4,5).

In addition to collagen, the influence of AA extends to proteoglycans (PGs). AA may serve as a cofactor in sulfation reactions in PGs (4,6,35). However, the exact mechanism of AA influence in GAG metabolism is not yet elucidated.

The most commonly known role of AA is as an antioxidant. Although not clearly demonstrated in the literature, AA may protect macromolecules from damage by free radicals by acting as a scavenger. These deleterious metabolites are highly reactive by-products produced endogenously or by metabolism of drugs in the body. Part II of this series discussed oxidative products produced from metabolism of glucose, one of which is free radicals. Thus, some authors postulate that AA deficiency may intensify oxidative damage leading to secondary effects on cellular structures and functions (5,33,36).

Recommendations for dietary intake of AA remain controversial. The increased demand for collagen synthesis in growing or injured individuals, or in diabetics with low plasma levels may require higher intakes of dietary AA. Studies with animals are difficult to extrapolate to humans as species requirement for AA most likely varies (4). As well, alterations in connective tissue by nutrition or other factors such as pharmaceuticals depend on whether they are of short-term or long-term duration. Age, type of nutritional alteration and specific tissue are also factors.

The Recommended Daily Allowance (RDA) for vitamin C was determined by the amount necessary to prevent scurvy and the amount where excess is eliminated from the body (by urine). The daily amount believed to prevent scurvy in an adult on a diet deficient in vitamin C is 10 mg/day. Considering depletion and turnover rates of whole body AA, the RDA was arbitrarily set at 60 mg/day for an adult male and female. However, by conventional reasoning, if the body requires higher levels of AA due to higher turnover rates, such as in disease or injury, then higher doses may be warranted and tolerated. Some proponents of increased vitamin C dosages use bowel tolerance to determine the maximal therapeutic dose.

Bowel tolerance is a method to determine body tolerance to AA. Theoretically, the sicker the body is, the more AA the body utilizes and can therefore tolerate higher doses. When plasma, intracellular and extracellular compartments are maximized, whole body tolerance is reached. Excess intake results in increased bowel activity. The levels where such symptoms appear vary individually with physiological status. During illness or injury, an individual may tolerate very high doses and experience no diarrhea. After the sickness or injury, the body does not require high doses and tolerance decreases, causing diarrhea. Many proponents claim that doses just below the bowel tolerance are most therapeutic. However, studies with such therapeutic doses have not been performed with human subjects. Nevertheless, research with animal models has shown that such therapeutic doses of AA resulted in reduced symptoms of osteoarthritis. Also, AA supplementation in surgical and non-surgical patients resulted in improved wound healing, reduced inflammation and improved recovery.



Vitamin B complex

The B vitamin complex is a large group of compounds with different structure and biological activity. They are usually found within the same food sources. The primary role of the B vitamins is cellular energy metabolism. Any deficit in cellular energy will have adverse effects on cellular function. Therefore, the B vitamins are essential in connective tissue metabolism.

Many of the B complex serve as cofactors in process of collagen and elastin cross-linking. Deficiencies in several of the B vitamins influence expression of collagen genes and induce decreased mechanical strength of repaired and remodeled tissue (32, 34,35).

Since most all B vitamins are found together in similar food groups, deficiencies of one singular vitamin is uncommon. However, deficiencies may exist if overall dietary intake is reduced. A mixture of all B vitamins should adequately provide for daily needs. Since most athletes supplement with a multivitamin product, intakes are generally at or above the RDA.



Vitamin A

Retinoids are a group of compounds of which some have vitamin A activity and others do not. Vitamin A is often referred to as retinol in much of the literature and will be used interchangeably here. Although carotenoids are commonly mistaken for vitamin A, only a fraction of them have any vitamin A activity. b -Carotene is the most significant because in the body it can be broken down into two retinol molecules and therefore supply vitamin A when needed. Retinol is stored in the liver and distributed to peripheral tissues by strict regulatory mechanisms and metabolized in several pathways (7).

Retinol is converted to retinoic acid inside cells and both are potent regulators of specific genes, including expression of fibronectin and type I procollagen (32,35). Other metabolites of retinol regulate cell differentiation and are associated with glycosaminoglycan (GAG), glycoprotein and proteoglycan (PG) synthesis. Although still unclear, the role of vitamin A in PG synthesis may be involved in sulfation of GAGs. Tissue from animals deficient in vitamin A typically displays decreased synthesis of highly sulfated GAGs (35).

Few in vivo studies exist documenting specific roles of retinoids in connective tissue, except for those studying wound healing in animal models. That rapidly growing tissues are sensitive to vitamin A deficiency is well known. Deficiency of other nutrients, such as zinc and protein, that assist in transport and metabolism of retinol may induce deficiency symptoms (8). Therefore, since retinol distribution from the liver is tightly regulated, functional deficiencies may result with normal vitamin A intake and stores. Additionally, extra-physiological doses of vitamin A may counteract the inhibitory effects of systemic corticosteroids on plasma retinol transport (32, 34).

Because vitamin A is fat-soluble, toxicity is also a concern in connective tissue metabolism. High levels may inhibit collagen synthesis, as seen in the skin, and increase catabolism of cartilage. This may be concentration dependent since excessively high levels affect ascorbate induced lipid peroxidation, which in turn inhibits AA-induced collagen synthesis (35,36).



Vitamin E

Vitamin E is a group of compounds comprising of two major classes: tocopherols and tocotrienols. The basic chemical structure in each class is similar with variations of substituents and confirmation resulting in different relative activity. For a complete discussion of these vitamers, readers are referred to a text on nutrition or medicinal chemistry. I use the term vitamin E in this article as a reference primarily to the tocopherols, as they have the greatest activity in the body.

Literature information on the role of vitamin E in connective tissue metabolism is controversial. The major function of vitamin E is as an antioxidant and in the maintenance of cell membrane integrity. Its role as an antioxidant is thought to require vitamin C and selenium. Although no specific disease of connective tissue can be attributed to vitamin E deficiency, it is no doubt needed for life and cell processes.

Animal model studies have shown that severe deficiency in vitamin E influence collagen cross-linking and an increase in susceptibility of insoluble collagen to degradation by proteinases (35). Conversely, excessive doses of vitamin E elicit effects similar to those of corticosteroids: inhibition of collagen synthesis and wound repair. Rats given supra-physiological doses of vitamin E exhibited less tensile strength in skin of healed wounds. Indeed, vitamin E may potentiate adverse effects of corticosteroids (34,35).

Vitamin E has exhibited anti-inflammatory effects in some animal models. As an antioxidant, vitamin E may protect lysosome membranes leading to a decrease in histamine and serotonin from mast cells during inflammation. However, studies show that the vitamin E has a preventative role rather than therapeutic. If sufficient vitamin E is present before inflammation response is initiated, the inflammatory phase may be shortened. Apparently, therapeutic administration (i.e. administration after the induction of inflammation) did not affect duration or progress of the inflammation phase (32). Thus perhaps optimal results may be seen only in individuals with degenerative joint conditions or with chronic inflammation.



Minerals

Minerals are required for normal cell function and several serve as cofactors in the many enzymatic processes involved in synthesis connective tissue macromolecules. Copper and manganese are critical cofactors for collagen and GAG synthesis and metabolism. Some recent research alludes to an increased role of manganese in synthesis of GAGs (10). However, a deficiency in these minerals is extremely rare. Some pharmaceuticals are known to negatively interact with some minerals. Nonetheless, defects in collagen synthesis are generally observed only at the lowest levels of dietary intake of most minerals. An athlete eating a diet with adequate protein and calories is likely to have normal levels of minerals.

Clinical evidence is largely lacking for effects of mineral deficiencies on connective tissue except for zinc. This mineral primarily acts as cofactor in many enzyme systems that regulate cell proliferation and growth and in immune integrity. Diminution of collagen synthesis and strength as well as impaired healing is seen in animal tissues with zinc deficiencies.

Controversy exists in whether supplemental zinc can accelerate healing above the normal rate. Several supplement companies in the sports marketing arena claim that most athletes are deficient in this mineral. However, total body assessment of zinc is not easily obtained and many published studies have erroneously relied on data interpretation from zinc plasma concentrations in humans (8,9,11,32). As well, most studies do not measure plasma concentration versus time to assess fluctuations.

Zinc exists in intracellular and extracellular pools and its exchange in the body is tightly regulated (12). Many factors influence tissue pool concentrations, such as absorption, oral contraceptives, and steroid therapy (11). Nonetheless, a well-nourished athlete with a healthy intake of animal protein, fruit, vegetables and a vitamin/mineral supplement is unlikely to be deficient in zinc. Populations who may exhibit deficiencies are the elderly, those with malabsorption, and lactovegetarians who consume large amounts of foods with phytates.



Pharmaceuticals

Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)

NSAIDs, such as aspirin and ibuprofen, are routinely administered to treat connective tissue injuries. The anti-inflammatory and analgesic properties of these drugs are effectively employed for short-term relief. The immediate action of NSAIDs is due to decreased prostaglandin E2 (PGE2) synthesis by inhibition of cyclooxygenase (the rate-limiting enzyme involved in PGE2 synthesis). Invariably, the most common side effect is gastrointestinal (GI) upset, sometimes leading to peptic ulcers. Recent research has identified two isoforms of cyclooxygenase. The GI irritability of NSAIDs is due to their inhibition of Cox-l in the intestinal tract, whereas the therapeutic inflammatory effects are a result of inhibition of Cox-2 (13) New compounds are being developed to preferentially target Cox-2 and offer some relief of GI irritability (14,15).

Despite the efficacy of NSAIDs to reduce inflammation and pain, several in vitro and in vivo animal studies suggest that chronic use of some NSAIDs may promote degradation of articular cartilage. In vitro studies with several NSAIDs, such as aspirin, fenoprofen, and ibuprofen, reported inhibited net proteoglycan synthesis by chondrocytes in normal and osteoarthritic cartilage (16-18). Inhibition was concentration-dependant; however, effects were more profound in cartilage from osteoarthritic subjects. This suggests that cartilage degeneration in arthritic patients could be accelerated with NSAID treatment.

Consequently, avoidance or short-term use of NSAIDs is increasingly favored by care-providers in connective tissue injuries. Less-hazardous use of acetaminophen may be effective, although long-term use can be hepatotoxic. Most NSAID research has focused on articular cartilage with few studies examining effects on dense connective tissue (i.e. tendons and ligaments). NSAIDs may have an effect on early stages of dense tissue repair, although significant inhibition of healing has not been documented (20,21).



Corticosteroids

Anti-inflammatory steroids, such as cortisone, hydrocortisone and prednisone, may be administered systemically or by injection into connective tissue such as in the synovial cavity of a joint. They act by suppressing the immune response: preventing the migration of inflammatory cells and stabilizing the lysosomal membranes in cells thereby inhibiting the production of prostaglandins (24). In addition, corticosteroids also inhibit fibroblast proliferation and collagen and GAG synthesis resulting in compromised wound healing (23). Short-term intra- and periarticular administration of low-dose steroids has not been documented to cause serious complications in normal individuals (19). However, reports of tendon ruptures, bone necrosis, accelerated joint destruction, impaired wound healing and metabolic disturbances have been reported with prolonged usage (20).

Recalling the discussion of inflammation in Part I of this article series: its important role in connective tissue macromolecule metabolism. Lymphocytes and neutrophils (inflammatory cells) may directly influence macromolecule turnover and promote collagen deposition and PG synthesis (22). Arguably, inflammation is an integral part of the healing process. Thus, by their very actions as anti-inflammatories, corticosteroids and NSAIDs may delay or impair the repair and remodeling process. Instead, treatment of inflammation during injuries should be considered as "managed inflammation": relying on alternative means for pain relief (acetaminophen, ice packs and reduced activity) during the acute inflammation phase, and proper subsequent treatment depending on the nature of the injury. Rheumatic arthritis and osteoarthritis, however, require specific treatment due to the chronic inflammation typically seen in these diseases.



Anabolic Steroids

Athletes have used anabolic/androgenic steroids for decades with the intent to enhance performance or increase muscle mass. Steroids (testosterone analogs) that athletes use vary in their anabolic and androgenic activity; they are referred to as anabolic steroids (AS) for sake of simplicity in this article. Although their primary activity is anabolic and androgenic, AS influence other cellular and tissue functions. Their impact on connective tissue is discussed based on the research that is available.

As expected, the studies of AS impact on connective tissue is conflicting due to many factors: methodology, lack of dependable information submitted by human subjects, poor control of variables (diet, training, other drug use, etc), and subjective bias. The most reliable information is studies on animal models; however, extrapolation to humans is limited for obvious reasons. Haupt comprehensively reviews the literature on athletic steroid use and connective tissue as well as some of the animal studies (25). He rightly comments; "Extrapolating from current research provides some insight, but whether anabolic steroid use is beneficial or not remains unclear."

Much of the literature focusing on athletic AS use case studies reporting increased injury rate, especially with concomitant use of corticosteroids. Few mention the dosage levels used by many of these athletes, which are generally supra-physiological and for long durations. Although AS have a reputation within the athletic arena as promoting recovery from injuries, there are no human studies to support accelerated healing of connective tissue. Some of the animal studies suggest that short-term low-dose AS administration may increase the collagen fibril diameter and thus strength of new collagen (2930,30). Inhofe et al. demonstrated that a 6-week course of AS (at doses comparable to the typical athlete’s administration) produced a stiffer tendon in exercised rats that failed with less elongation and energy than in control groups (26). The ultrastructural changes in tendon morphology of the AS+exercise subjects varied with an insignificant trend towards larger fibril diameters. These results contrast those reported by other authors (27,28) who observed changes in collagen fibril crimp angle and fibril length.

Inhofe et al. also examined the biomechanical and ultrastructural changes at 6 weeks after cessation of AS administration. Since the observed differences in the AS+exercise group were eliminated at 12 weeks, apparently effects induced by AS are reversible with drug withdrawal. Based on these results, AS use may have accelerated the same changes in mechanical properties that ultimately occurred in the control groups. However, this has limited extrapolation to repairing connective tissues in humans.  

Thus far, we have seen how caloric intake, macro- and micronutrients, and several pharmaceuticals can influence metabolism of connective tissue. The import of this information is ultimately on maintaining the integrity of our joints, ligaments and tendons through life and injury. As we have learned, normal repair and remodeling of injured tissue requires a symphony of numerous processes and nutritive constituents. The last part of this series will examine the most recent non-conventional and non-drug protection and treatment for connective tissue: glycosaminoglycans.

What are glycosaminoglycans?

Proteoglycans are very large molecules consisting of proteins with attached chains of polysaccharides called glycosaminoglycans (GAGs)(see Part 1). GAG chains contain repeating units of modified sugars: one of two amino sugars (glucosamine or galactosamine) and a uronic acid. Many of these chains attach to a protein core and are collectively referred to as a proteoglycan (PG) monomer. Imagine, if you will, a bottlebrush with the bristles as GAGs. The molecular weight of a PG monomer may be one million. In articular cartilage, up to a hundred of these monomers can link to a hyaluronic acid chain to form a PG aggregate. The molecular weight of the aggregate may be as much as 100,000,000.

The major GAGs are classified according to the saccharide-uronic acid subunits: 

Hyaluronic acid (HA), which is unsulfated, is a large molecule that is found in the synovial fluid of articular joints. 

Dermatan sulfate, a relatively small GAG, is widely distributed in the body (skin, blood vessels and heart valves). It is found in small amounts in cartilage and dense connective tissue. 

Chondroitin sulfate (CS), a very large molecule, often aggregates with HA. CS is the most abundant GAG in the body and predominant in cartilage, tendons and ligaments. 

Heparin is an intracellular component of mast cells and exists in the liver, lung and skin. It is used clinically as an anti-coagulant and lipid-clearing agent. 

Keratan sulfate is found along with chondroitin sulfates in several types of connective tissue, including cartilage.

With the exception of hyaluronic acid, GAG units are sulfated and, consequently, highly negatively charged (due to high density of SO4- and COO-), allowing attraction and binding of water. The nature of the high density of negative charges imparts the physical properties to PGs. Because of their great attraction for water, PGs are viscous, making them ideal for lubricating fluid in joints. The charges repel each other, which gives them an open structure and is space-filling. These biochemical traits contribute to the mechanical properties of PGs in articular cartilage, such as absorption and distribution of compressive weight, and protect structures in the joints from mechanical damage.

PGs carry two or more types of GAG chains, whose size and composition change with species, age or disease. Part 2-3 of the series discussed the alterations in connective tissue during the aging process and in some pathophysiologies, due to nutritional deficits, overuse, inflammation, diabetes, and by several pharmaceuticals (see Part 2-3). Following secretion by the chondrocytes and fibroblasts, PGs are continuously but slowly turned over (see Part 1). Recall from Part 1 that mechanisms of PG turnover must be synchronized with synthesis so that PG content is maintained at a constant level. Since PGs contribute to regulation of collagen synthesis by tissue cells, sustained PG loss may precede major loss of collagen.

As mentioned previously (Part 2), animals serve as an important model for connective tissue (CT) research. Therefore, most of our understanding of CT metabolism and physiology is derived from animal and in vitro studies. Obtaining intact human CT tissue for histological and biochemical studies is often prohibitive. However, intact human CT tissues for studies have been obtained from fresh cadavers or patients with orthopedic surgery. Some studies have used urine concentrations of biochemical markers (indices) to measure collagen breakdown in exercise (1). Although less predominant in the literature, measurements of cartilage PG metabolites may be used as markers, but require extractions of joint fluid (2). Arguably, these indirect indices are not as reliable as actual tissue studies; therefore, human CT studies in vivo rely mostly on clinical cases. Also, methodology problems have plagued literature of human CT. Therefore, extreme care must be used in interpretation and extrapolation of the literature.



Chondroprotective Agents

A recent non-conventional modality for some CT injuries and diseases is a group of naturally occurring compounds referred to as ‘chondroprotective agents’ (CAs). Often grouped in a larger class of substances called ‘nutriceuticals’, these agents are non-pharmaceuticals as well. Because the literature on these substances has been contradictory, most mainstream physicians and therapy for CT rehabilitation and diseases have not acknowledged the benefits of (CAs). Although claims that CAs alone may cure joint diseases or completely prevent injury are surely misguided, they may indeed prove worthy as adjunct therapy. Procuring and maintaining control of other factors, such as weight control and diet changes, is a crucial action. As well, other modalities, such as physical therapy, thermotherapy and appropriate pharmaceuticals, may be implemented in conjunction with the aforementioned factors and CAs. The various CAs available are discussed here with reference to other modalities where applicable.

Interestingly, CAs have been used for veterinary purposes for several decades. Only within the last 10 years have these compounds been studied for human therapy. Nearly all of the human research focuses on osteoarthritis (OA), with little, if any, addressing other CT such as ligament and tendon maladies. Currently, some veterinarians are using CAs as an adjunct modality for equine tendon and ligament injuries (personal communications). Hopefully, such treatments will eventually be studied in humans as well. Until then, extrapolation of CA literature to tendon and ligament metabolism is limited.

Several classes of compounds are referred to as CAs, with varied chemical structure and effectiveness. The OA research focuses mostly on delayed cartilage breakdown and stimulation of cartilage regeneration, with concomitant alleviation of symptoms such as pain, stiffness, etc. These compounds may be administered by injecting into the articular joint (intra-articular), intramuscularly (into the muscle), or orally. A few of those compounds delivered intra-articularly and intramuscularly are discussed here; however, emphasis will be on the orally administered compounds.



Pentosan Polysulfate

Pentosan polysulfate (PPS) is a semisynthetic product derived from beech trees. As a polysulfated polysaccharide, it is similar to heparin. Although some athletic ‘gurus’ tout its use for athletes with CT injuries, human use of PPS is approved in the US only for the management of interstitial cystitis (inflammation of the bladder) (5). It is used clinically here and in Europe as an antithrombotic agent.

A few research studies have shown some benefit in treating 0A in animals, but results are inconclusive because of administration route. Intra-articular injections of PPS reduced hyaluronic acid loss induced by concomitant intra-articular injections of hydrocortisone in rabbit joint cartilage (3). Additionally, intra-articular injections of PPS reduced cartilage erosion in canines with artificially induced OA (4). However, several cases have been reported in humans of PPS-induced thrombocytopenia, a condition of abnormally small number of platelets in circulating blood and which may lead to stroke (6,7). The literature suggests that PPS may induce this condition if the route of administration is intramuscular or subcutaneous and regardless of dose (prophylactic or curative). Although the literature does not address the safety of intra-articular injections of PPS, this may be the only safe route of administration to treat OA.



Hyaluronate

Sodium hyaluronate (HA) is a high-molecular-weight polysaccharide manufactured from bacterial fermentation. It differs from other GAGs in that it is unsulfated. Recall form Part 1-2 of this series that normal synovial fluid contains hyaluronic acid as a natural lubricating and cushioning substance. It is also a very integral component of articular cartilage PGs.

Long used in treatment of OA in horses, HA and derivatives have also been administered for use in treatment of human OA. Having been used clinically for several decades in Europe, most of the studies with HA originate from overseas. Because HA is not well absorbed orally, intra-articular injections of highly-purified HA aim to restore the fluid properties of the extracellular matrix in arthritic joints. Although the mechanisms of action are not clear, scientists posit that HA modulates several cellular functions thereby reducing inflammation and pain response (8).



Glycosaminoglycan polysulfates (Arteparon)

A group of over-sulfated chondroitin GAGs have been studied and used extensively in Europe for several decades. Arteparon is the trade name for the most commonly used glycosaminoglycan polysulfate in human administration, whereas Adequan is used for veterinary cases in dogs and horses. Arteparon is commonly administered intra-articularly, but the intramuscular route has also proven to be therapeutic as well. Several clinical studies have demonstrated Arteparon’s effectiveness in treatment of cartilage calcification, chondromalacia (softening of the cartilage) and other degenerative joint diseases. Proposed mechanisms include anabolic (increases synthesis of PGs and collagen) and anticatabolic (inhibition of degradative enzymes and inflammatory mediators) effects.

When GAGs are injected into the joint, the commencement of action is rapid and pain relief may appear after a few days. However, treatment with the compounds above requires many (3-5) weekly injections for several weeks. Consequently, treatment utilizing this route of administration necessitates several office visits and a high cost. Alternatively, oral administration of GAGs (glucosamine and chondroitin sulfate) may offer a less expensive and easily administered modality for joint injuries and degenerative diseases.



Glucosamine

Until recently physicians have relied mostly on symptom alleviation to restore a degree of normal mobility and function to patients with OA and other joint degenerative diseases. Conventional treatment generally includes non-steroidal anti-inflammatory drugs (NSAIDs) or corticosteroids. However, as discussed in Part 3 of this series, use of these pharmaceuticals is not devoid of side effects. Additionally, research has shown that long-term use of these substances may inhibit synthesis of collagen and GAGs, depressing the repair mechanisms. Search for new treatments has focused on substances that might enhance synthesis and inhibit catabolism of matrix components. Affordability and ease of administration have also been strong criteria. An increasing number of research and clinical studies support that oral GAGs (glucosamine and chondroitin sulfates) may be likely candidates.

Glucosamine (GA) is a naturally occurring amino-sugar synthesized by chondrocytes from glucose. Most GAGs contain glucosamine: heparin, hyaluronate, keratan sulfates. As well, GA easily converts to galactosamine (by enzymes), which is incorporated into chondroitin and dermatan sulfates. Since glucosamine availability is the rate-limiting step in GAG and PG synthesis, increases in availability of GA may augment synthesis of these macromolecules. Conceivably, enhanced synthesis of GAGs and PGs may overcome or possibly reverse some of the degradation that occurs with joint injuries and diseases.

Unlike other GAGs, studies have used intramuscular, intravenous and oral routes of administration of GA in animal models years prior to studies in humans. Similarly, clinical veterinary use of GA in canines and equines has been prevalent for decades. Many authors report good to excellent efficacy of GAGs for OA and other degenerative joint diseases in these animal species (9-11).

Results from human trials demonstrate that GA may produce a gradual and progressive reduction in joint pain as well as an increase in joint mobility and function with no toxicity (12,13). In fact, some studies show that GA may be equal to treatment with some NSAIDs in controlling symptoms with less side effects (14,15). Based on several recent short-term studies, there is increasing evidence suggesting that GA may provide therapeutic benefits for individuals with OA.

Much of the information available on absorption, bioavailability, and efficacy in animal models has laid the foundation for human pharmacokinetics and therapeutic effects. GA administered as a salt (hydrochloride, sulfate, or hydroiodide) is well absorbed in animals and humans (16,17). Moreover, studies show the pharmacokinetics of GA in humans does not differ significantly from that in rats and dogs. Approximately 87% of orally administered radiolabeled GA was absorbed with approximately 26% bioavailability after first-pass metabolism in humans. Radiolabeled GA absorbed from the gut is well distributed in the plasma and subsequently into tissues throughout the body. Articular cartilage is one of the tissues with highest concentrations.



Chondroitin sulfate

Chondroitin sulfate (CS) is found in many tissues in the body such as tendon, bone, and eye cornea. Additionally, CS is the most abundant GAG in articular cartilage. CS has been demonstrated in vitro to inhibit several degradative enzymes that destroy cartilage and exhibit anti-inflammatory activity. Therefore, authors postulate that CS has a protective effect rather than an anabolic effect as seen in GA.

Similar to GA studies, CS has been demonstrated in clinical trials to increase movement as well as decrease pain and use of NSAIDs in human OA patients (23-25). As in the case of GA, the therapeutic response to CS is gradual, appearing weeks after beginning of therapy. Exogenous GAGs require prolonged periods of treatment because the compounds must enter into the metabolism of the joint cartilage. Nevertheless, the clinical improvements persist after stopping treatment. As well, patients report few side effects.

The literature on bioavailability studies is conflicting. Baici et al reported statistically little change in serum GAG concentration after oral administration of CS in humans (18). However, the validity of methodology used in the Baici et al study was questioned (19). Conte et al demonstrated in two studies, of which one included radiolabeled CS, that 70% of oral doses were absorbed in rats and dogs (20,21). Radioactivity was associated with high, intermediate and low molecular mass polysaccharide compounds. Because CS is a large molecule, authors posit that it is partially absorbed in the gut after digestion with smaller molecules being preferentially absorbed (21,22). Conte et al also demonstrated an increased (10-20%) steady-state plasma level of CS when administered daily to human subjects after 2-3 days (21). After 5 days of daily CS administration, increases in hyaluronate and changes in GAG size were observed in synovial fluid samples from human subjects. Such results demonstrate that polysaccharides originating from oral GAGs are incorporated into tissues.



Synergy of GA and CS

Although studies report beneficial results from using the two GAGs singly, some authors speculate that combining the two GAGs are synergistic. Because glucosamine and chondroitin sulfate have beneficial but different mechanisms of action, combining these compounds produces a synergistic response in articular cartilage. Using the two GAGs together will: 

stimulate chondrocyte and synoviocyte metabolism, 

inhibit degradative enzymes.

Consequently, concomitant use of both GAGs may result in a net increase in cartilage synthesis thereby slowing progression of OA as well as reducing disease symptoms. Several studies in both animal and human models have administered CS and GA combined, but no comparisons to singularly administered GAGs have been made.

The available published studies offer promising results of improvement in affliction from osteoarthritis with treatment of exogenous GAGs. However, the evidence is met with controversy from mainstream medical practitioners. For example, GAGs are not recommended by the Arthritis Foundation. Despite mounting testimony that GAGs may have a role in management of osteoarthritis, their use is not recommended based on the available scientific studies due to serious design flaws or insufficient details. Studies are criticized for their small sample populations. Additionally, although no short-term toxicity has been reported, long-term safety of GAGs needs to be investigated. Although few side-effects in humans have been reported, GAG effects on patients with underlying diseases should be examined, especially diseases affecting coagulation. Thirdly, no studies have examined their use in other forms of arthritis or other connective tissue maladies.

Historically, most of the data on use of GAGs has been derived from European studies. Until last year, no studies had been published from the US. Das et al conducted the first clinical investigation in the USA of GAG use for treatment of OA (27). Philippi et al performed the first study of GAG use to treat degenerative joint disease of the knee or low back in athletic populations (28). Both studies demonstrate effectiveness of GAGs in treatment of OA in the knee. The second study did not show any statistical benefit in spinal degenerative joint disease. There was, however, a trend for some benefit and the authors suggest a follow-up trial with a larger sample base over a longer time period for further elucidation.

A protocol has been established for design and conduct of clinical trials in studies of OA (26). Hopefully, more studies will examine the most effective dose and long-term effects of GAGs as well as their combination with traditional OA treatments. On-going animal research may demonstrate GAG efficacy in other forms of connective tissue diseases. In the interim, individuals are advised to follow standard treatment recommendations, such as weight control, exercise, adequate nutrition and thermotherapy. Nonetheless, use of GAGs, in conjunction with proper use of other medications, may provide additional relief from symptoms and protect cartilage from degradation.

Glucosamine and chondroitin sulfate are available over the counter in many commercial products: singly and combined. Because they are considered a natural product and a dietary supplement, GAGs are not evaluated nor regulated by the Federal Drug Administration (FDA) for purity which can vary tremendously depending on extraction techniques and analysis technology. Purity can determine effectiveness, especially considering that all research and clinical studies used purified substances. Information from University of Maryland School of Pharmacy has shown that analysis of several commercial GAG products do not meet label claims (29). Purchasers should therefore be careful to buy from a reputable manufacturer that uses pure substances and can validate their finished product. Nutramax Laboratories Inc (31) currently offers the only patented GAG combination product for animal and human use in the US. Their products are used extensively in both animal and human clinical trials.

According to the studies, the standard daily dosage for glucosamine is 1000-1500 mg and 800-1200 mg of chondroitin sulfate divided into 2-3 dosages. A loading dose is recommended for a minimum of two months. Most individuals should see an improvement in eight weeks or less. Thereafter, daily maintenance dosages may be reduced to 500 mg GA and 400 mg of CS or more, depending on disease status. Two other compounds that are frequently used with GAGs are manganese and ascorbic acid. Manganese is a mineral that serves as a cofactor in biochemical reactions in joint connective tissue metabolism, such as GAG synthesis. Deficiencies of manganese result in formation of abnormal bone and cartilage. However, evidence of efficacy of manganese in osteoarthritis is lacking. Recall from previous sections of this series that ascorbic acid (vitamin C) is an important cofactor in collagen synthesis and deficiencies result in poor wound healing (see Part 3).

Questions raised by individuals with diabetes address the safety of GAG use. Although GA and CS are classed as carbohydrates, the body does not break them down into glucose. Consequently, they will not raise blood sugar levels by providing a source of glucose. However, since many factors can affect insulin secretion and blood glucose levels in diabetic patients, those who use GAGs are advised to check their glucose levels frequently.

The general media has recently proclaimed GAGs as the "cure" for arthritis. The evidence supporting this claim is less than impressive. Critical review of the literature with few well-controlled studies thus far does not support GAGs as a cure. However, mounting evidence provided by in vitro studies and improved (larger study size, consistent treatment regime, randomized and double-blind protocols) clinical trials in animals and humans demonstrate that GAGs may be effective as adjunct therapy for OA. As well, future studies will hopefully investigate their usefulness in therapy with other types of arthritis and connective tissue diseases and injuries. Thus supplementation of GAGs may be of importance to athletes, considering the stress to connective tissue during sports activities and the mounting frequency of soft tissue injuries over the last two decades (30). Nonetheless, consumers are urged to be cautious when choosing a GAG product. Studies tend to support the synergism of GA and CS and not all commercial products contain both GAGs. Additionally, because they are classified as a dietary supplement, the strength and purity of GAG products are not subject to FDA regulation or control. Therefore, look for a product from a reputable manufacturer that can provide analysis of quality. Meanwhile; eat right, train sensibly, and supplement with only that which is needed.

Note: CosaminDS is the human product; Cosaquin is the product for horses, dogs and cats. They are formulated differently based on absorption by specific species, despite recent claims by an internet athletic guru’s recommendation for athletes to dose with the animal product.



