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ABSTRACT
[bookmark: _GoBack]Glycosaminoglycans (GAGs) are long unbranched polysaccharides which are composed of repeating disaccharide units. They are negatively charged molecules which associate with  proteins to yield proteoglycans. Histochemical identification methods of  GAGs include Hale’s colloidal iron method, Periodic-acid-Schiff’s reaction (PAS), Alcian blue, and Metachromatic dyes. They exist naturally in different parts of the body both in the free and protein-bound states. They play several important functions in human health such as angiogenesis, inflammation, wound healing, neurogenesis, to mention but a few. There are six different classes of glycosaminoglycans found in various tissues of the body. The classes and quantities of GAGs found in the body depend on the tissue location and whether the tissue is either in its normal or pathological state. It is commonly known that there is a change in amount of glycosaminoglycans in various tissues after injury. For example, it has been revealed that patients with radiculopathy showed significant lower GAGs values in nucleus pulposus of the intervertebral discs. Changes in the quantities of GAGs have been also observed during intrinsic aging and photoaging of the human skin. GAGs act as potential biomarkers of certain pathologies e.g. lung cancer. They are also believed to be crucial inhibitors of calcium oxalate crystal growth and crystallization. GAGs can be used in treatment. For example, minimally-invasive injectable GAG hydrogel has been introduced to reinstate the physiological properties of the spine. Physiologically based investigations show that the mediator proteins-GAGs interactions are majorly regulated by sulphation degree, sulphation pattern, and composition and structure of the carbohydrate. This study will examine the histochemistry, biological compositions and activities of glycosaminoglycans in the human body.
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INTRODUCTION
Carbohydrates are one of the major organic components of biological tissues. They encompass a large group of compounds with the general formula Cn(H2O)n.Carbohydrates are broken down into two wide categories which are simple carbohydrates  and glycoconjugates. Simple carbohydrates consist of purely carbohydrate molecules, while glycoconjugates consist of carbohydrate molecules and other molecules such as protein or lipid. There are three types of glycoconjugates which are proteoglycans,  glycoproteins, and glycolipids. Proteoglycans are greatly glycosylated. They consist of a large number of carbohydrate chains covalently linked to protein backbones, but glycoproteins consist of one or a few carbohydrate chains linked to protein backbones. Glycolipids consist of covalent conjugation of lipids and carbohydrate chains. Glycosaminoglycans (GAGs) are the carbohydrate constituents of proteoglycans. GAGs are long branchless polysaccharides whose components consist of repeating disaccharide units. They are negatively charged molecules which are also known as  mucopolysaccharides because of their sticky and moisturizing properties. They can be found in collagen and elastin, and their affinity to water enables them to withstand pressure. Each disaccharide unit is normally made up of a carboxylated uronic acetylglucosamine acid (glucuronic or iduronic acid) and a hexosamine such as N-acetylgalactosamine. The hexosamines usually contain much acidic sulfate groups. The six different classes of glycosaminoglycans and their disaccharide units include: chondroitin sulfate (Glucuronic acid and N-acetylgalactosamine), dermatan sulfate (Iduronic acid and N-acetylgalactosamine), keratan sulfate (Galactose and N-acetylglucosamine), heparin sulfate (Glucuronic acid and N-acetylglucosamine or N-sulfate glucosamine), heparin (Glucuronic acid and N-acetylglucosamine or N-sulfate glucosamine), and  hyaluronic acid (Glucuronic acid and N-acetylglucosamine). Chondroitin sulfates is further subdivided into chondroitin 4-sulfate or chondroitin 6-sulfate and this is based on the position of the sulfate group in the N-acetylgalactosamine. Heparin and heparin sulfate are structurally different in the level of sulfation of the glucosamine units.  Glycosaminoglycans carry out different extracellular and intracellular functions. Heparin carries the highest net negative charge of the disaccharides and behaves as a natural anticoagulant substance. It can form tough bond with antithrombin III (anti-clotting protein) and inhibits blood clotting. Hyaluronan molecules are crucial constituents of the vitreous humor in the eye and of synovial fluid found within  joints of the body. The keratan sulphate and chondroitin sulphate can be found in connective tissue like cartilage and tendons. The fixatives for glycosaminoglycans include: cetylpyridinium chloride (CPC) with an aqueous solution of formaldehyde and 5-amino-acridine chloride with 50% v/v ethanol. GAGs participate in several biological processes through the regulation of their various protein partners. Their  interaction with proteins is typically complex due to their dynamic flexibility and inherent sulfation patterns. Glycosaminoglycans (GAGs) can be found in the free and protein-bound states. And understanding their functions in both states is crucial for harnessing their diversities (Balaji et al., 2019). Molecular dynamics explains in details the principles responsible for GAG recognition by proteins. And the interaction of GAGs with functional proteins gives them the ability to regulate various biological events. GAGs are modified by sulfation at different positions of each saccharide residue thus giving rise to substantial structural diversity among them. This diversity is the reason for the wide range of biological activities of GAGs (Shuji et al., 2012). They are useful in the innovation of new drugs.

STAINING METHODS IN GLYCOSAMINOGLYCAN HISTOCHEMISTRY 
Gycosaminoglycans (acidic and non-sulfated/sulfated) can be demonstrated by different methods like Hale’s colloidal iron method, Periodic-acid-Schiff’s reaction (PAS), Alcian blue, and Metachromatic dyes. Jas (2004) studied the double staining for glycosaminoglycans. Apart from the histochemical identification of GAGs, there are biochemical and analytical techniques of GAGs recognition which include mass spectrometry, chromatography, and electrophoresis (Kubaski F. et. al., 2017). The double staining involved Alcian Blue and combined Alcian Blue-Safranin O staining procedures. In the study, polyacrylamide films which contained different glycosaminoglycans were used in both procedures. Alcian Blue was observed to bind irreversibly to the glycosaminoglycan molecules contained in the polyacrylamide films. The results of the combined Alcian Blue-Safranin O staining applied to model films appeared to be highly dependent on the amount of Alcian Blue bound to the glycosaminoglycan in the first step of the double staining procedure. The study showed that double staining is not necessary for the histochemical identification of glycosaminoglycans. Furthermore, Schumacher et. al. (2024) noted that it was very important to unify the staining methods in glycosaminoglycan histochemistry. This was due to the inconsistent results obtained by different Alcian blue techniques. The diverse staining results is possible since there are various brands of Alcian blue available and also several staining protocols being followed. Sequel to these, the researchers developed a ‘dot blot technique’ for quality control of glycosaminoglycan histochemistry and for standardizing the staining protocols. This staining technique enables histochemists to test specified batches of Alcian blue or its analogues for selective glycosaminoglycan staining, thus enhancing control of histochemical results. In another research, Jas (2024) studied polyacrylamide films as a tool for investigating qualitative and quantitative aspects of the staining of glycosaminoglycans with basic dyes. Alcian Blue 8GX is a basic dye frequently used in GAGs histochemistry. The researcher did not find the presence of basic protein, electrostatically bound to the GAGs, to influence either the rate of staining or the maximal amount of dye binding. In contrast to the metachromatic dyes, the rate of staining with Alcian Blue depends to a large extent on the rate of penetration of the dye into the glycosaminoglycan enclosed model films.


BIOLOGICAL COMPOSITIONS AND ACTIVITIES OF GLYCOSAMINOGLYCANS IN THE HUMAN BODY
Glycosaminoglycans occur naturally in different parts of the body both in the free and protein-bound states. They play a number of roles in human health such as angiogenesis, inflammation, wound healing, neurogenesis, etc. Some of  the compositions of GAGs and their roles in different parts of the body are mention below.

GLYCOSAMINOGLYCANS (GAGS) AND THEGASTROINTESTINAL TRACT 
[bookmark: _Hlk190725892]Glycosaminoglycans play a crucial role in the modulation of host-microbial interactions in the gastrointestinal tract thereby ensuring adequate biological activities. Kendra et. al. (2024) noted that the intestinal extracellular matrix (ECM) assists in maintaining adequate tissue barrier function and control host-microbial interactions. The integral components of the intestinal extracellular matrix comprises chondroitin sulfate- and dermatan sulfate-glycosaminoglycans (CS/DS-GAGs). And variations in CS/DS-GAGs have been shown to significantly affect biological functions. The researchers recorded in their work that although pathologic ECM remodeling is implicated in inflammatory bowel disease (IBD), it is unknown whether changes in the intestinal CS/DS-GAG composition are also linked to IBD in humans. In their work, they identified intestinal CS/DS-GAGs in 69 pediatric and young adult patients (n = 13 control, n = 32 active IBD, n = 24 IBD in remission) and 6 adult patients. It was revealed in that study that patients with active IBD exhibited a significant decrease in the relative abundance of CS/DS isomers associated with matrix stability (CS-A and DS) compared to controls, while isomers implicated in matrix instability and inflammation (CS-C and CS-E) were significantly increased. This disparity of intestinal CS/DS isomers was reinstated among patients in clinical remission. It is worthy of note that gastric injuries occur due to exposure of the gastrointestinal (GI) mucosal barrier to inflammatory and erosive attacks. However, GAGs like hyaluronic acid (HA), chondroitin sulfate (CS), and N-acetylglucosamine (NAG) have been revealed to have potential benefits as gastrointestinal protectants. Traserra et. al., (2023) conducted a study aimed at evaluating the gastro-protective effects of oral GAGs in rats with indomethacin-induced GI lesions. Their study showed that the combination of sodium alginate with GAGs is gastro-protective and might be a safe and effective alternative to prescription drugs for gastric lesions.

GLYCOSAMINOGLYCANS IN THE VITREOUS HUMOUR
Glycosaminoglycans (GAGs) play a vital role in stabilizing the gel state of eye vitreous humour. Yanfei et. al. (2018) studied GAG constituents present in bovine eye vitreous which was recognized through disaccharide analysis by liquid chromatography-mass spectrometry. The result showed the percentage value of hyaluronic acid (HA), chondroitin sulfate (CS) and heparan sulfate (HS), were 96.2%, 3.5% and 0.3%, respectively. The researchers noted that though both bovine vitreous CS and HS associate with collagen type II, vitreous HS showed a greater binding affinity. The study also showed that collagen type II binds to heparin with a binding affinity (KD) of 755 nM. Another research was conducted to find out the changes of glycosaminoglycans components in human vitreous body from patients with retinal detachment. The study revealed that the glycosaminoglycans compositions from normal vitreous were hyaluronate (92%) and chondroitin sulphate (8%). But in pathologic subjects, the percentage composition of CS was increased to 18% and about 10% of chondroitin and heparan sulphates were noted to be under-sulphated. Also a significant decrease in the hydrodynamic size of hyaluronate was identified in pathologic samples. (Theocharis et. al., 1991).

GLYCOSAMINOGLYCANS IN LUNG TISSUES 
Glycosaminoglycans like chondroitin sulfate (CS)/dermatan sulfate (DS), heparan sulfate (HS), and hyaluronan (HA) are contained in lung tissues. And the percentage compositions of GAGs is altered in pathological conditions.  Li et. al. (2017) compared variations between normal and cancerous lung tissues obtained from lung cancer patients. They analyzed the content and structure of glycosaminoglycans, glycolipids and selected proteins using liquid chromatography-mass spectrometry and Western blotting. The result showed that cancer tissue samples contained more than twice as much chondroitin sulfate (CS)/dermatan sulfate (DS) as did the normal tissue samples, while the amount of heparan sulfate (HS) and hyaluronan (HA) was the same as in normal tissues. They also compared the components and structure of GAGs in lung tissues from smoking and non-smoking patients. Analysis of the glycolipids showed all lipids present in these lung tissues, with the exception of sphingomyelin were elevated in cancer tissues than in normal tissues. Western analysis showed increased level of syndecan 1 and 2 proteoglycans in cancer tissue/biopsy samples. Syndecan are cell surface heparan sulfate and chondroitin sulfate proteoglycans involved in cell adhesion and intercellular signaling. This study reveals the roles of glycosaminoglycans and glycolipids as potential biomarkers in lung cancer. The analysis of Horne et. al. (1991) revealed raised amounts of plasma chondroitin sulfate as well as heparan sulfate in metastatic transitional cell carcinoma. And they noted that heparan sulfate (an anticoagulant) was the clinical sign of global abnormalities in the patient’s plasma glycosaminoglycans.

URINARY GLYCOSAMINOGLYCANS
It is obvious that urinary GAGs are breakdown products of high molecular weight proteoglycans though little is known about the procedure of their excretion. Renal excretion which takes place mainly as glomerular filtration, and tubular reabsorption or secretion has not been demonstrated. Hesse et. al. (1991) compared GAGs excretion in urolithiasis patients and healthy subjects but discovered no disparities between the two groups in several series. However, they noted that GAGs excretion in men is significantly higher than in women, and also that a circadian rhythm of GAGs concentration and excretion takes place in healthy subjects on a standardized diet. They showed that GAGs levels are raised after meal and at night. Seasonal course of GAGs excretion curves is almost simultaneous for men and women, disregarding the absolute values. Their study also revealed that GAG excretion is regulated by weather condition. For example they noted that GAG excretion in the spring and summer significantly exceeds that in winter months by up to 50%. All crystallization models they cited demonstrated that GAGs reduce the risk of calcium oxalate stone formation. They behave as inhibitors of crystal growth and aggregation by blocking the growth sites. Gianotti et. al. (1989) carried out a research to evaluate GAGs excretion and concentration in two groups of people. The first group were patients with calcium stone (with or without metabolic alteration) and second were healthy individuals who constituted the control group. The role of urinary glycosaminoglycans in calcium oxalate lithiasis is of great interest in urologic studies as it is believed that GAGs are crucial inhibitors of calcium oxalate crystal growth and aggregation. The findings of the study showed significant differences in the 24-hour average excretion between stone formers without alteration and healthy subjects and also in the mean concentration values between stone formers and the control group. The same results are obtained from the 2-hour urine analysis and it was concluded that 2-h urine analysis of GAGs have the same or more practical value than a 24-h urine analysis.
Furthermore, Sidhu et. al. (1989) studied the 24-hour urinary excretion of glycosaminoglycans in 58 healthy adults and in 100 stone formers. And their result showed that 24-hour urinary excretion of GAGs was significantly less in stone formers as compared to healthy adults (15.32 +/- 6.94 vs. 22.44 +/- 5.54 mmol/day; p less than 0.001). The  study noted that the 24-hour urinary excretion of GAGs was not related to age or sex in both healthy adults as well as in stone formers. In contrast, Hemal et. al. (1989) showed that 24-hour urinary excretion of GAGs was related to age or sex. They found out that males excrete significantly more GAGs than females. Their result also showed that GAGs excretion increases with advancing age. Their study revealed significant difference between GAGs excretion in healthy persons and in Ca-oxalate-stone patients. GAGs excretion is diet-dependent and declines under conditions of balanced standardized diet. According to their work, there are evidences to show that GAGs excretion follows a circadian rhythm with highest value during the day and lowest value during the night. Both stone patients and healthy persons with hyperuricosuria show a raised GAG excretion (Hemal et al., 1989).
Hemal et. al. (1989) in another research stated that non-steroidal anti-inflammatory drugs (NSAID like indomethacin and flurbiprofen) reduce urinary calcium excretion in male Sprague-Dawley rats. They also noted that indomethacin lowers significantly the urinary calcium excretion in hypercalciuric patients. These observations encouraged the use of NSAID in the treatment of nephrolithiasis with encouraging initial results. Nevertheless, NSAID like indomethacin and naproxen reduce both glycosaminoglycans synthesis and degradation thereby causing a significant reduction in the urinary excretion of GAGs. And GAGs are known to be effective inhibitors of calcium oxalate crystallization. Therefore, the use of NSAID like indomethatcin, flurbiprofen, and naproxen is discouraged in the treatment of nephrolithiasis due to significant reduction in the urinary excretion of GAGs. They also evaluated the effect of diclofenac-Na (another NSAID), 50 mg t.i.d. for 4 weeks, on 31 recurrent calcium oxalate nephrolithiasis patients who were not hypercalciuric or hyperuricosuric. The 24-h urinary excretion of creatinine, calcium and uric acid remained unchanged at 2 weeks and 4 weeks of therapy. However, after treatment of 2 weeks and 4 weeks, there was a remarkable decrease in the 24-h urinary excretion and concentration of GAGs. Thus diclofenac-Na (50 mg t.i.d.) did not lower urinary excretion of calcium but significantly reduced the urinary excretion and concentration of GAGs in normocalciuric nephrolithiasis patients. This  observation discourages the use of diclofenac-Na in prevention of recurrent calcium oxalate nephrolithiasis patients. Boevé et. al. (1994) stated that processes involved in urinary stone formation are crystallization and crystal retention. Oxalate transport and renal tubular cell injury are determinants of these processes. Naturally occurring GAGs and other semisynthetic, sulphated polysaccharides are believed to play a vital role in urolithiasis. They reviewed experimental results concerning the feasible procedures of action of GAGs and other sulphated polysaccharides. They concluded that GAGs are inhibitors of crystal growth and agglomeration and likely also of nucleation. Their finding suggest that GAGs can prevent crystal adherence, correct an abnormal oxalate changes, and prevent renal tubular cell destruction.
GLYCOSAMINOGLYCANS IN THE CARDIOVASCULARSYSTEM
Rong-Rong et. al. (2018) studied changes in myocardial chondroitin sulphate CS in nonmucopolysaccharidosis failing hearts and assessed its generic role in pathological cardiac remodeling. They subjected healthy and diseased human and rat left ventricles to histological and immunostaining techniques to analyze glycosaminoglycans distributions. Glycosaminoglycans were obtained and analyzed for quantitative and compositional changes with Alcian blue assay and liquid chromatography–mass spectrometry. Their study revealed significant accumulation of perivascular and interstitial CS in failing human hearts (especially in areas with much fibrosis) during cardiac pathological remodeling and that CS mediate myocardial inflammation and fibrosis. 
Heart failure is a major cause of mortality and morbidity, and the search for innovative therapeutic approaches is on-going. It is commonly known that there is an increase of glycosaminoglycans in various tissues after injury though little is known about the metabolism of GAGs during the heart remodeling after infarction. In their study, Drobnik et. al.(2004) examined the changes of total GAGs concentrations in the viable myocardium and scar after experimental left coronary artery occlusion. And for comparison, GAGs in the skin were studied. From their results increased level of GAGs in the myocardial scar tissue was seen in the 3 weeks of follow up and got to its  maximum level in the 6 weeks and then decreased in week 12. Similar pattern of GAGs changes was found in the contractile part of the heart. In both viable part of the left ventricle and septum the highest level of GAGs was recorded in rats 6 weeks following the infarction. They found no change in the GAGs content in the skin and the wall of the right ventricle. This work revealed that there is temporary augmentation of GAGs content not only in myocardium directly injured by ischaemia but also in the viable part of the heart subjected mainly to increased haemodynamic stresses. 
Various data on the glycosaminoglycans composition and the collagen fibril diameter distribution have been derived from a diverse range of connective tissues. And it has been shown that tissues with the smallest diameter collagen fibrils (mass-average diameter < 60 nm) have raised concentrations of hyaluronic acid and that tissues with the largest diameter collagen fibrils (mass-average diameter ∼200 nm) have high concentrations of dermatan sulphate. In their work, David et. al. (1982)  noted also that it has been proposed that the lateral growth of fibrils above a diameter of about 60 nm is inhibited by the abundant supply of hyaluronic acid but that this inhibitory effect may be abolished by an increasing concentration of chondroitin sulphate and/or dermatan sulphate. Likewise, it was postulated that high concentrations of chondroitin sulphate will inhibit fibril growth beyond a mass-average diameter of ∼150 nm. This type of inhibition may in turn be erased by an increasing concentration of dermatan sulphate thus making it the dominant GAG present in the tissue.
A modified form of the dimethylmethylene blue assay that has enhanced specificity for sulphated glycosaminoglycans in the presence of other polyanions has been described and in conjunction with specific polysaccharidases, it can be used to quantitate individual sulphated glycosaminoglycans (Farndale et. al., 1986).

GLYCOSAMINOGLYCANS IN THE INTERVERTEBRAL DISCS

Pousty (1978) stained the intervertebral discs of six distinct animals with Alcian blue and PAS method for GAGs identification and noted that  glycosaminoglycans are majorly concentrated in ‘ring-like’ pericellular areas and in material situated in between lamellae and bundles of collagen. Remember that a little increase occurs early in life around the disc center. His result showed that the concentration of glycosaminoglycans cannot be correlated with animals with intervertebral disc disease. Though certain scoliosis can be idiopathic, it has been suggested that it can be caused by increased elasticity of the intervertebral structures. Pedrini et. al. (1973) studied the glycosaminoglycans and collagen content of intervertebral discs from 15 scoliotic and 13 normal adolescents. And they noted that the GAGs content of nucleus pulposus of 14 patients with adolescent scoliosis was decreased by an average of  25 per cent and was reduced by 70 per cent in the only case of juvenile scoliosis. The collagen content was proportionately increased in all cases. There were no changes observed in the annulus fibrosus, apart from the subject with severe juvenile scoliosis. Chondroitin-6-sulfate, chondroitin-4-sulfate, and hyaluronan were all reduced in the nucleus pulposus of scoliotic subjects. Their relative proportions, determined by enzymatic attack with chondroitinase and chondrosulfatases, were not appreciably different from those of normal tissue. Fractionation of nucleus pulposus glycosaminoglycans on cellulose-cetylpyrydinium chloride columns revealed an aberrant behavior of the chondroitin sulfates in the more severe cases. Keratan sulfate KS was also decreased in the nucleus pulposus of scoliotic subjects. KS derived from the nucleus pulposus of 5 scoliotic adolescents and fractionated on diethylaminoethyl (DEAE) cellulose seems to have lower molecular weight than KS from the nucleus pulposus of normal adolescents. It was suggested that these changes may be due to an overwhelming degradation of proteoglycans in the nucleus pulposus of scoliotic patients. The changes may affect the physical properties of the intervertebral discs which may result to instability of the spine as seen in scoliosis. This work has gained support from Heüveldop et. al. (2019) who examined the lumbar spines of 15 patients with radiculopathy and 13 healthy controls without lumbar back pain or previous spine surgery at a 3 Tesla (T) magnetic resonance imaging (MRI) scanner in a prospective study. And their result revealed that patients with radiculopathy showed significant lower GAGs values in nucleus pulposus than healthy volunteers (2.82% ± 3.12% vs. 4.09% ± 2.25%, P = 0.017). The GAGs content of annulus fibrosus showed no significant difference between volunteers and patients (2.66% ± 2.01% vs. 1.92% ± 2.56%; P = 0.175). The lower GAGs values observed in nucleus pulposus of patients with radiculopathy shows an association between pain and intervertebral disc degeneration.
It has been observed that only few human tissues like the intervertebral disc have roles as closely linked to the composition of their extracellular matrices. In reality, it is the continuous loss of extracellular matrix molecules like the GAGs that is responsible for intervertebral disc degeneration, which can manifest as low back and neck pain. There are convincing proofs that relate disc degeneration to dysregulation of the enzymes involved in GAG biosynthesis (Silagi et. al., 2018). Quantitative analyses have shown that GAG biosynthesis may be influenced by  the activities of key glycolytic enzymes (hexokinase (HK) and phosphofructokinase (PFK)), mainly at low glucose supply. GAG biosynthesis can be significantly increased by a minute increase in activities of HK and PFK. This suggests that metabolic reorganization could be a potential method for enhancing  proteoglycan PG biosynthesis in intervertebral disc cells. GAG biosynthesis may also be improved by increasing intracellular glutamine concentration (Huang et. al., 2023). It is clear that loss of PG is a potential factor responsible for degeneration of the intervertebral disc (IVD). 
Present surgical treatments for back pain are mainly invasive and the success rates are unimpressive. Minimally-invasive methods that reinstate the physiological properties of the spine are needed. Miles et. al. (2016) introduced an injectable peptide (GAG hydrogel) which quickly assembles itself  in situ and re-establishes the mechanical properties of denucleated intervertebral discs depending on the preferred peptide. These hybrid hydrogels can be injected via a very narrow 25 G gauge needle which reduces injuries to the surrounding soft tissue. The researchers demonstrated that the hydrogels can restore the compressive stiffness of denucleated bovine intervertebral discs. If commonly adopted in the clinical setting, the innovation has the ability of transforming the clinical management of back pain, thereby reducing the chances of  surgical approaches, and thus, enhancing patient’s quality of life.

SKELETAL MUSCLE GLYCOSAMINOGLYCAN LEVELS IN PATHOLOGICAL CONDITIONS
A study was carried out to determine the intramuscular hyaluronan content in post-stroke individuals using hyaluronidase. It showed an  increased hyaluronan content in patients with post-stroke muscle stiffness. In the study, Rajiv et. al. (2019) recruited healthy controls (n = 5), and patients with post-stroke muscle stiffness (n = 5). And T1ρ magnetic resonance imaging MRI and Dixon water-fat MRI of the affected upper arms were performed before and after off-label treatment with hyaluronidase injections. While the study recommended T1ρ mapping for the measurement of GAG content in the stiff muscles of post-stroke patients., it noted that muscle hyaluronan level is elevated in stiff muscles(Rajiv et. al., 2019). It has also been observed that generalized skeletal muscle degeneration and impaired regeneration lead to progressive muscle weakness and early deaths in patients with Duchenne muscular dystrophy (DMD). Dystrophic muscles are progressively substituted by inactive tissue due to lack of muscle precursor cells and excess accumulation of extracellular matrix (ECM). Sulfated glycosaminoglycan are parts of the ECM and are increasingly connected in the regulation of biologic processes, but their possible action in the progression of DMD pathology is not clear. In a study, Negroni et. al. (2014) have implied that GAGs could stand for a new and original therapeutic target for enhancing the success of gene or cell therapy for the treatment of muscular dystrophies. The study showed a higher deposits of chondroitin sulfate/dermatan sulfate in DMD patient biopsies when compared with the control biopsies. The selective accumulation of CS/DS in DMD biopsies was confirmed by biochemical quantification assay. 

GLYCOSAMINOGLYCANS IN THE SKIN
GAGs, PGs and collagen fibers are abundant morphological components of the extracellular matrix. Hyaluronic acid (HA) gives rise to proteoglycan aggregates. Their interconnection with other matrix proteins such as the ‘collagen network’ results in the formation of giant molecular structures and functions to enhance tissue stiffness. Skin aging can be classified into intrinsic aging and photo-aging. The classification is based on the phenotypes and putative mechanism. While intrinsic aging is characterized by a thinned epidermis and fine wrinkles caused by advancing age, photo-aging is characterized by deep wrinkles, skin laxity, telangiectasias, and appearance of lentigines. It is mainly caused by chronic sun exposure. The major molecular process regulating skin aging processes has been attributed to the loss of mature collagen and increased matrix metalloproteinase expression. And various strategies focusing on collagen replacement remain unsatisfactory for the reversal or prevention of skin aging. In their work, Lee et. al. (2016) focused on skin-abundant GAGs and PGs and their changes in human skin during the skin aging process. They confirmed that there were certain changes in GAGs and PGs in aged skin, suggesting that these molecules are vital contributors to skin aging. 
One of the  various structural and physiological regulatory functions of GAGs  in skin include tissue water maintenance which is as a result of their high water-holding capacity. Jang-Hee et. al. (2011) carried out a study to observe changes of GAGs during intrinsic aging and photoaging of human skin and their correlations with water content. They discovered higher content of HA in dermis of the buttock than in epidermis, meanwhile, the total sulfated GAGs (tsGAG) and total uronic acid (tUA) were higher in epidermis. The work noted that in intrinsically aged buttock, epidermal HA and dermal tsGAG and tUA were reduced. And an analysis for each gender showed that epidermal tsGAG, tUA, and tissue water decreased only in females. Further investigation showed that forearm/buttock ratios of HA, tsGAG, tUA, and tissue water increased in aged dermis, but did not show any change in aged epidermis. Gender-based analysis indicated that ratios of epidermal HA and tissue water increased only in aged females, while ratios of epidermal tsGAG, tUA, and tissue water reduced only in aged males. Correlations of water content with HA, tsGAG, and tUA were noted in epidermis, but not with tsGAG in dermis. These changes in glycosaminoglycans’ composition both in intrinsic aging- and photo aging- dependent and their correlations with water content provide new perceptions into the pathophysiology of dry skin in the elderly. Half of the body’s hyaluronan resides in the skin and it ensures adequate water content of skin. Its composition differs remarkably between dermis and epidermis. HA composition do not reduce with age but instead become increasingly linked with tissues and resistant to extraction in vitro. Hyaluronan size is critical for its various functions. Big molecular size of HA indicates intact tissues and antiangiogenic and immunosuppressive state, whereas smaller polymers are signals for distress, inflammation and angiogenesis (Robert & Howard, 2008).
GAGs are known to improve skin hydration and plumpness due to their affinity to water. Hyaluronic acid has been identified as a molecule that plays a big role in plumpness and hydration of the skin. Hyaluronic acid assist in the maintenance of moisture balance due to their ability to bind and hold onto water molecules. Glycosaminoglycans are often used as humectants since they assist to attract and retain moisture from the air. They also assist the skinin improvingits protective function from environmental damage. Hyaluronic acid, chondroitin sulfate, and dermatan sulfate are common glycosaminoglycans used in skincare (Wobensmith, 2024). Since it has been proved that glycosaminoglycans play a crucial role in preserving the skin against the effects of aging, a clinical trial was conducted which revealed that a cream which contained GAGs decreased wrinkles and increased skin elasticity, dermal density and skin tightening(Jungtae et. al., 2018).
Pedlar (1979) studied the histochemistry of glycosaminoglycans in the skin and oral mucosa of the rat, and discovered that dermatan sulphate was associated with collagen in skin and all regions of the oral mucosa. An increased concentration of hyaluronic acid was noted in the antemolar rugae of the palate and the connective tissue papillae of the posterior rugae of the palate had an elevated density of sulphated GAG (likely chondroitin sulphate) between plump cells but not associated with collagen. The distribution of GAGs was studied by staining with the Alcian blue-critical electrolyte concentration, Alcian blue-pH, aldehyde fuchsin and modified Periodic acid-Schiff procedures. GAGs were identified by specific withdrawal from sections with testicular hyaluronidase, chondroitinase ABC or nitrous acid. Stanley et. al. (1980) examined hypertrophic scar by histochemical procedures and selective enzymatic digestions for glycosaminoglycan localization. The study showed the absence of hyaluronidase activity within the tissue which identified some abnormality or inactivity of this enzyme and may be responsible for disclosed increases of chondroitin-4-sulfate in hypertrophic scars. 

GLYCOSAMINOGLCANS IN BONE TISSUES 
The stimulation of bone formation is vital for bone anabolism in osteoporosis or to repair bone defects. Mansouri et. al. (2017) used a transgenic mouse model with high syndecan-2 expression in osteoblasts to supply the bone surface with cellular GAGs. The results show that GAG supply may enhance osteogenesis, but also interfere with the crosstalk between the bone surface and marrow cells, altering the supporting function of osteoblasts.
Bone mass was increased in those transgenic mice. Osteoblast activity was not modified in the transgenic mice, but bone formation was decreased in 4-month-old transgenic mice because of reduced osteoblast number. Increased proteoglycan expression at the bone surface led to lowered osteoblastic and osteoclastic precursors in bone marrow. It is noteworthy that syndecan-2 overexpression increased death of mesenchymal precursors within the bone marrow. Syndecan-2 specifically promoted the vasculature in 6-week-old transgenic mice, but this was reduced in 12-week-old transgenic mice. 
The bone microenvironment is a sophisticated tissue in which heterogeneous cell populations of hematopoietic and mesenchymal origin relate with environmental signals to maintain tissue integrity. Both cellular and matrix components are subject to physiologic alterations and can dynamically adjust by modifying cell-matrix interactions. And when any of the components is malfunctioned, the physiologic alignment is lost. Salbach-Hirsch et. al. (2021) evaluated the current state of knowledge of how GAGs influence the bone microenvironment. They revealed that GAGs interact with mediators of distinct signaling pathways such as the RANKL/OPG axis, BMP and WNT signaling, and affect the activity of bone remodeling cells within the endosteal space. This has revealed GAGs potentials for therapeutic interventions.

The innovation of new adaptive biomaterials is needful to satisfy the growing demand for tissue replacement materials for our aging society. The skin and bone are tissues with the greatest requirement for implant materials, and these tissues share various similarities, including signaling pathways and extracellular matrix composition. Hyaluronan and chondroitin sulfate are the important organic extracellular matrix components. They control the movement of skin and bone precursor cells and their successive differentiation and gene expression and control the function of proteins required for bone and skin regeneration. The specific action of glycosaminoglycans differs based on their structural compositions especially in the degree of sulfation and polymer length. Changes in the glycosaminoglycan compositions are frequently seen in physiological and pathological remodeling processes, such as bone formation or scaring. A good understanding of how chondroitin sulfate and hyaluronan interact with bone and skin cells is essential in tissue engineering for skeletal and skin diseases (Salbach et. al., 2012).GAGs maintain bone tissue toughness and also control collagen formation and mineralization in the extracellular matrix. Several means for identification of GAGs in bone are destructive. This makes it difficult to record in situ differences in GAGs between experimental groups. Sequel to that, Heath et. al. (2023) have shown that Raman spectroscopy is a non-destructive technique which can identify concurrent changes in GAGs and other bone constituents. Raman spectroscopy can detect changes in the amount of GAGs of bone matrix with regards to treatment, genotype, and age. Various biological processes like tissue formation, remodeling and healing are strongly modulated by the cellular microenvironment. GAGs are potential candidates for functional biomaterials to influence healing processes especially among health-compromised individuals. Biophysical investigations show that the mediator proteins-GAGs interactions are strongly influenced by (i) sulphation degree, (ii) sulphation pattern, and (iii) composition and structure of the carbohydrate. Hyaluronan derivatives reveal a greater binding affinity in their interaction with biological mediators than chondroitin sulphate(Scharnweber, 2015).
The concentration of glycosaminoglycans and collagen in the synovial intercellular spaces is accepted to be responsible for the hydraulic resistance of the synovial lining of a joint. Price et. al. (1996) conducted a research aimed at acquiring accurately separated milligram samples of the very thin synovium from eight rabbit knees, and to examine the samples quantitatively for chondroitin sulphate, heparan sulphate, hyaluronan and collagen in order to compare with published hydraulic resistance data. Synovial fluid SF and femoral cartilage were also studied. Their result showed that the concentration of chondroitin 4-sulphate (C4S) plus chondroitin 6-sulphate (C6S), obtained by capillary zone electrophoresis was highest in the cartilage (27.8 mg g-1), followed by its concentration in the synovium (0.55 mg g-1), and lowest in synovial fluid (0.04 mg g-1). The heparan sulphate concentration was greatest in the synovium (0.92 mg g-1), followed by its concentration in the cartilage (0.72 mg g-1), and lowest in the synovial fluid (0.08 mg-1). Contrary to sulphated GAGs, the hyaluronan concentration was highest in synovial fluid (3.53 mg g-1). Its concentration in the synovium was 0.56 mg g-1.The researchers noted that GAGs and glycoproteins modulate the formation and mechanics of high powered load-bearing films. And the load-bearing abilities of the formed SF films relies heavily on its components' integrity. And such components include GAGs. And cleavage of GAGs lowers the elasticity of the films and results in non-reversible molecular reorganization of the film components when subjected to confinement. The thin film operations of SF can revea the progression of diseases, like arthritis. Such awareness may be applied in the innovation of new surgical implants and lubricants (Mann et. al., 2022). Kulkarni et. al. (2016) have noted that glycosaminoglycans measured from synovial fluid can serve as a useful monitor for progression of osteoarthritis (OA). This measurement can supplement plain radiograph and  Kellgren–Lawrence score. Plain radiography has been useful for diagnosis and monitoring of knee OA while Kellgren–Lawrence score (KL) is commonly useful in grading OA severity. Synovial GAGs measurement is considered adequate for reproducibility of joint space measurement which  is crucial for early diagnosis of joint diseases.  


CONCLUSION
Glycosaminoglycans are found throughout the body and their histochemical demonstration has major applications in biomedical researches. They occur naturally in different parts of the body both in the free and protein-bound states. They interact with core protein to form proteoglycans. It is crucial to adhere tostandardizedGAGs identification techniques in order to maintain consistency in the results. Glycosaminoglycans are important organic molecules which can act as potential biomarkers. They are also vital in the assessment and management of certain pathological conditions. Studies on glycosaminoglycans are evolving and more researches are required to exploit its characteristics, compositions, and importance.
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