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ABSTRACT 

Osteoarthritis (OA) is an irreversible joint disease, characterised by the gradual depletion of 

articular cartilage. The main symptoms of OA include pain and stiffness of the affected joint, 

impaired joint function and ultimately, physical disability. Glucosamine products are widely 

used for the management of OA symptoms. Unlike various pharmacological agents, 

glucosamine products are relatively safe, cost-effective and are proposed as a symptom-

relieving and structure modifying agent in OA. Apparently, the natural occurrence of 

glucosamine in the articular cartilage could be one of the reasons for its suggested role in OA. 

Many non-clinical studies have reported that glucosamine could alter the 

biochemical/pathophysiological changes in OA.  However, clinical studies have presented 

inconsistent clinical outcomes; therefore, the efficacy of glucosamine as a structure- or 

symptom-modifying agent in OA is still unclear.  

There could be a number of possible reasons for the reported inconsistent clinical outcomes, 

including the study designs and/or study duration, use of different salts, dosage forms, dose 

regimens and/or different brands of glucosamine. Apart from this, one of the possibilities is 

the use of either pharmaceutical or non-pharmaceutical grade glucosamine products, since 

glucosamine is marketed as non-pharmaceutical grade, over-the-counter (OTC) products in 

the majority of non-European countries. Hence, the thesis hypothesised that the difference 

between the labelled and the actual amount of glucosamine present in the marketed products 

and/or poor dissolution profile of the product could be a possible reason for inconsistent 

clinical outcomes. On the other hand, glucosamine has low oral bioavailability and erratic 

first-pass metabolism; therefore, the thesis hypothesised that another possible reason for the 
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discrepancies reported in the clinical results could be due to the differences in the 

pharmacokinetics, including bioavailability and elimination, of glucosamine in individuals.  

Therefore, the overall aim of this thesis was to investigate possible reasons behind inconsistent 

clinical outcomes of glucosamine, including assessing the quality of OTC glucosamine 

products, determining the association of different salts, doses, dosage forms, brands, and 

dosage regimens of glucosamine with the plasma levels of glucosamine in OA patients taking 

the therapy, and analysing pharmacokinetic differences between pharmaceutical and non-

pharmaceutical grade glucosamine in healthy individuals. The specific aims of this thesis were 

to: i) develop a novel analytical method for quantification of underivatised glucosamine in 

dietary supplements (Chapter 2); ii) analyse the content and dissolution profile of glucosamine 

products commercially available in Australia and India (Chapter 3); iii) develop a novel and 

sensitive method for quantifying underivatised glucosamine in human plasma (Chapter 4); iv) 

investigate variations in plasma levels of glucosamine in OA patients with chronic dosing in 

a real-world scenario (Chapter 5); and v) investigate the inter-brand and inter-individual 

variations in the pharmacokinetics of glucosamine in healthy volunteers (Chapter 6). 

To fulfil the first objective, a new analytical method using high-performance liquid 

chromatography-coupled (HPLC) with a Corona charged aerosol detector (CAD) was 

developed and validated to quantify glucosamine in commercially available OTC products 

(Chapter 2). The developed method was found to be linear (r2 > 0.99, 10-200 µg/mL 

glucosamine), and the relative standard deviations (%RSD) for intra- and inter-day accuracy, 

precision and reproducibility were all less than 4%. Unlike previous HPLC methods, this 

method does not require pre-derivatisation and can separate glucosamine from both 
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hydrochloride and sulphate salts, and from other common ingredients such as chondroitin 

sulphate and excipients present in glucosamine products.  

The second objective was to assess the quality of commercially available glucosamine 

products (Chapter 3). This objective was completed by applying the previously developed 

HPLC-CAD method to perform the content and dissolution analysis of Australian (n=25 

brands) and Indian (n=21 brands) glucosamine products according to the criteria specified in 

the United States Pharmacopoeia (USP). Overall, the results showed that the majority of the 

brands satisfied the content (84% Australian and 75% Indian brands) and dissolution (82% 

Australian and 81% Indian brands) standards specified by the USP. Also, the extent of 

deviation shown by the brands that failed to fulfil either one or both USP-specified criteria 

was not enough to conclude that glucosamine product quality alone would have a substantial 

impact on the broad variability of clinical outcomes observed in patients with OA. Hence as 

the second hypothesis proposed, the inter-individual differences in the pharmacokinetics of 

glucosamine could, in part, be another possible reason behind inconsistent clinical outcomes. 

This hypothesis was examined by completing the last three objectives of this thesis. 

To fulfil the third objective of the thesis, a new, simple and sensitive hydrophilic interaction 

liquid chromatography (HILIC) coupled with a CAD method was developed and validated to 

analyse underivatised glucosamine in human plasma (Chapter 4). The developed method was 

found to be linear (r2 = 0.999, 12.5-800 ng/mL), and the %RSD for intra- and inter-day 

accuracy, precision and repeatability were all less than 6%. The method was sensitive (lower 

limit of quantitation of 12.5 ng/mL) and can be applied for determining the glucosamine 

plasma concentrations in pharmacokinetic studies.  
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The fourth objective was fulfilled by determining the exogenous steady-state minimum 

plasma concentrations (Actual Css min) of glucosamine in OA patients who were taking the 

supplement and examining the variability in exogenous plasma levels between patients 

(Chapter 5). A total of ninety-one patients with OA (aged 68.2 ± 7.6 years, 70% females), 

who had been taking oral glucosamine (750 or 1500 mg/day) for at least one week were 

recruited. Blood samples of the participants were collected 24 hours after the ingestion of the 

previous dose of glucosamine and analysed using the previously-developed HILIC-CAD 

method (Chapter 4) to determine the Actual Css min of glucosamine at steady-state. A 

substantial variation (106-fold, 45% coefficient of variation) was observed between the Actual 

Css min levels (3-320 ng/mL) in participants. No significant association of Actual Css min was 

observed with patient-related (age, gender) or dose-related (daily dose, mg/day and 

standardised daily dose, mg/Kg/day) variables. The observed high variability could be due to 

inter-patient differences in the absorption and elimination of glucosamine. Therefore, the 

results support the hypothesis indicating variability in the pharmacokinetics of glucosamine 

in patients could be a cause for inconsistent clinical outcomes. Since, this study was performed 

in a real-world setting, with patients taking different brands of OTC glucosamine products 

and the majority of the recruited patients were elderly, were suffering from other health 

conditions and taking prescription medications, there is a possibility that glucosamine plasma 

levels are affected due to these factors. However, no significant differences in glucosamine 

plasma levels were observed between a) patients taking commonly-used brands, and b) 

patients who were not taking, and who were taking, commonly-used prescription medications. 

Hence, to further support the current finding, it was imperative to examine the inter-brand 

(between pharmaceutical and non-pharmaceutical grade glucosamine) and inter-individual 

variability in the pharmacokinetics of glucosamine in healthy individuals. 
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The final objective was fulfilled by recruiting fourteen healthy participants (aged 35.5 ± 8.75 

years, 64.2% were males), who ingested 1500 mg/day of each of Blackmores brand (non-

pharmaceutical grade) and DONA brand (pharmaceutical grade) glucosamine individually for 

six days to attain steady-state plasma levels (Chapter 6). The blood samples were collected 

before and after the ingestion of the last dose for up to 12 hours for each brand and analysed 

using the previously-developed HILIC-CAD method (Chapter 4) to determine pre- and post-

dose glucosamine plasma levels. The pharmacokinetic parameters at steady-state including 

the minimum (Css min) and maximum (Css max) plasma concentration of glucosamine, time to 

reach Css max post-dosing (Tss max), and area under the plasma concentration versus time curve 

(AUCss 0-12) were calculated and statistically compared. No significant differences were 

observed in the pharmacokinetic parameters between the two brands; however, for both 

brands, the coefficient of variation for Css min, Css max, Tss max and AUCss 0-12 exceeded 20%, 

indicating considerable differences in the parameters between participants. No significant 

association of the pharmacokinetic parameters was observed with various dosing- and patient-

related variables. Therefore, the results further substantiate our hypothesis that inter-

individual differences in the absorption and elimination of glucosamine could be a cause of 

variable clinical outcomes in OA. Based on the current findings, it is proposed that future 

studies should investigate the relationship between glucosamine plasma levels and its clinical 

outcomes in a large cohort of patients with OA. 
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CHAPTER 1: Introduction 

1.1. Osteoarthritis 

Osteoarthritis (OA) is a disease of the joints characterised by the slow and progressive 

degeneration of the articular cartilage and deterioration of other surrounding tissues of the 

affected joint, leading to destabilisation of the overall joint (1). OA commonly affects the 

synovial joints such as joints of the hand, hip, knee, foot, spine, etc. which are responsible for 

normal joint movement (2, 3). Images of OA affected knee and hand joints are shown in Fig 

1.1A (4) and 1.1B (5), respectively. The clinical symptoms of OA include pain and stiffness in 

the joint, limitation of joint movement, partial or complete loss of joint function and physical 

disability in severe cases (6, 7).  

Loss of physical function due to OA-related pain and symptoms can have a significant impact 

and limitations on daily activities and the psychological wellbeing of patients. For example, it 

affects a person’s ability to perform day-to-day tasks such as walking, sitting down, getting up 

from a chair, climbing up, and down the stairs, bending, and exercising performing social 

activities and caring for themselves as well as other family members. This could also result in 

loss of work and income, require assistance in performing regular activities, and probably 

Fig 1.1. Images of OA affected A) Knee joint showing knee effusion [4] and B) finger joint [5] 
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finding oneself cut-off from the community (8, 9). Disabling pain and functional immobility 

might also affect a person’s mental health and might lead to depression in the long run (10).  

1.1.1. Burden of disease 

More than 251 million people around the globe currently suffer from knee OA alone (11). 

Approximately, 9.3, 13.4, 14.2, 55.2 and 22-39% of the adult population in Australia (12), 

United States of America  (US) (13), Canada (14), Africa (15) and India (2), respectively, are 

affected by OA. OA was the eleventh most common cause of disability in the year 2010 (16) 

and now it is considered as the fourth leading cause of years lived with disability (17). It is 

forecasted that in the next thirty years due to the ageing population and increasing prevalence 

of OA throughout the world, approximately forty million OA patients will become physically 

disabled (18). OA not only causes physical impairment, but it may also affect the sleeping 

patterns, mood, ability to socialise, and the overall wellbeing of the patient, subsequently, 

resulting in a poor quality of life (9). The estimated cost for the management of OA ranges 

from 1 to 2.5% of the gross domestic product of the higher income nations, and the majority of 

this cost is attributed to joint replacement surgeries (17). The estimated annual expenditure for 

the management of OA reported between 2008-2009 in the United Kingdom (UK) (19), in 

2010 in Canada  (20), in 2011 in US (21) and between 2015-2016 in Australia (12) was United 

States Dollars (USD) $1.6 billion, $2.9 billion, $41.7 billion and $4.9 billion, respectively. 

1.1.2. Risk factors 

No specific cause has been established for OA manifestation; however, OA initiation could 

have a possible link with some non-modifiable (such as age, sex, ethnicity and genes/family 

history) and modifiable risk (such as obesity, trauma, occupation) factors (22, 23).  
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1.1.2.1. Non-modifiable risk factors 

Ageing is associated with wear and tear of the joints, a decrease in cellular activity and 

the inability of the joint tissue to repair an injury resulting in a degeneration of the joint 

(22, 24). A higher number of women (18%) than men (9%) are affected by OA (25). This 

could be because of hormonal imbalance in menopausal women (≥45 years) that affect genes 

or the regulatory proteins/enzymes responsible for maintaining the joint structure 

and reducing bone and cartilage turnover (26). Ethnicity is suggested to play a part in the 

development of OA; for example, a higher number of African-Americans suffer from 

OA than Caucasians (27). Similarly, studies based on family history, family grouping 

and adoption suggest that genes exhibit a substantial impact on OA initiation (28); some 

examples include the bone morphogenetic protein 2 (BMP2) gene involved in 

chondrogenesis and osteogenesis (29), the type II collagen (COL2A1) gene involved in 

maintaining components of cartilage structure, and the collagen and vitamin D receptor-

1 (VDR1) gene responsible for the progression of OA by modulating vitamin D levels 

(30, 31). A significant association has been found between specific genes and some of 

the radiographic features of OA, such as a disintegrin and metalloproteinase domain 12 

(ADAM12) gene that was found to have a strong association with the presence of 

osteophytes. In contrast, the BMP2 gene was found to be associated with the presence of joint 

space narrowing (29). 

1.1.2.2. Modifiable risk factors 

Obesity is proposed as an essential risk factor for OA since it can cause overloading and 

misalignment of the weight bearing joints (e.g. knee) resulting in physical damage to the joint. 

Also, it is believed that the stored fat acts as a key to initiate specific metabolic changes that 

could result in deterioration of joint tissue, although there is insufficient evidence to support 
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this explanation (23, 32). Joint trauma caused by direct injuries such as fracture or dislocation 

of the bone and cartilage tear or indirect damage by the inappropriate distribution of load within 

the joint can initiate OA in individuals between 25-45 years (22, 33). Many occupations require 

repeated use or overuse of a particular joint, and they pose a high risk for the development of 

OA. For example, farmers are commonly found to suffer from hip OA, while the occurrence 

of hand OA is common among cotton mill workers (23). 

1.1.3. Clinical symptoms of OA 

The clinical manifestations of OA can be observed during joint movement or weight-bearing 

activities. These symptoms include mild-to-severe joint pain mostly at night, early morning 

joint stiffness for a short duration, joint swelling, immobility, bone deformities, muscle 

weakness, impaired gait and balance, and locking of the knee and elbow joints, as well as a 

feeling of partial or complete inability to bear the bodyweight for even for a few seconds (34). 

Clinical symptoms may or may not be associated with structural modifications. This is because 

structural changes are gradual and relate to the advancement of the disease, while clinical 

features may be mild or severe irrespective of the severity of OA (35).  

1.1.3.1. Symptom severity 

The severity of the OA symptoms, including pain, stiffness and physical function, are 

commonly evaluated using instruments such as the Western Ontario and McMaster 

Universities OA-index (WOMAC), a questionnaire format, or the Lequesne OA-index (LI), an 

interview format.  

The WOMAC assessment questionnaire has a total twenty-four questions (36), out of which 

the pain scale, stiffness scale and function scale have five, two and seventeen questions, 

respectively. The pain scale includes questions related to the severity of pain experienced 
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during walking, sitting, standing, climbing stairs and while in bed; the stiffness scale includes 

questions related to the severity of stiffness experienced after waking up and during the rest of 

the day; and the function scale includes questions related to the degree of difficulty experienced 

when performing various everyday tasks such as walking, bending, getting up from a chair, 

and ascending or descending stairs (37). The WOMAC pain criterion is measured generally 

using various scales such as a five-point Likert scale (0-4 or 1-5 grading), visual analogue 

(VAS) scale (0-100 mm) or numerical rating scale (NRS) (0-10 scale) (38, 39). Each WOMAC 

symptom criterion is evaluated by a score obtained after completion of the WOMAC 

questionnaire by the OA patient. A maximum score of twenty, eight and sixty-eight have been 

assigned for pain, stiffness, and physical function, respectively, and the total sum of scores 

provides the global index or global score for overall severity of clinical symptoms; a higher 

WOMAC score represents worse symptom severity (39). The pain severity alone is usually 

assessed using a 0-100 mm VAS scale and this scale is also used for WOMAC pain assessment, 

where 0 mm represents ‘no pain’, and 100 mm represents ‘extreme possible pain’ (40).  

Similarly, the LI score is also used for assessing symptom severity and functional disability in 

OA patients. Unlike the WOMAC instrument, pain, stiffness and function are assessed 

collectively with the LI instrument. It has three different sections and a total of ten multiple-

choice questions. The first section has questions related to the pain or discomfort experienced 

when performing various tasks (such as walking and sitting), the second section is related to 

their ability to walk a maximum distance with or without any physical aids, and the third section 

has questions related to the level of difficulty experienced when performing various everyday 

tasks (such as getting out of a chair or picking up an object from the floor). Each section gets 

a score ranging from 0-8, which results in a total score ranging from 0-24; the total LI score is 

the sum of each score in each section and represents the severity of symptoms (36, 38).  
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Another scale or instrument commonly used in Japanese clinical trials for assessing the 

symptom severity (disease-specific measures) is the Japanese Knee Osteoarthritis Measure 

(JKOM). The JKOM has twenty-five questions and four subsections with questions related to 

pain and stiffness, functional difficulty in performing everyday tasks, degree of participation 

in social activities, and the effect of currently experienced OA pain on the present health 

condition. The total score of JKOM is calculated by adding the individual scores of each item 

in the questionnaire, and it ranges from 0-100, analogous to ‘no complain’ and ‘most severe 

condition possible’. It uses a VAS scale (0-100 mm) to assess the severity of pain (41). 

1.1.4. Radiographic features of OA 

The structural changes occurring in OA can be observed and diagnosed by specific 

radiographic features in the synovial joint (shown in Fig 1.2 and Fig 1.3 (42)). The particular 

structural features of an OA-affected joint include degenerated and thin cartilage (43), 

osteophytes or bone spurs along the joint margin, subchondral bone sclerosis (44), a decrease 

in joint space width (standard joint space width of the knee and hip joint ranges from 4.7-5.7 

mm and 2-7 mm, respectively (45, 46)), also known as joint space narrowing (JSN) (34), joint 

effusion (joint swelling) shown in Fig 1.1A, cystic lesions, synovial thickening (35, 47, 48), 

bone marrow lesions, intra-articular loose bodies/fragments and thickened collateral ligaments  

(49-51). Other features associated with advanced stage OA include bone erosion, increased 
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subchondral bone density and gradual demineralisation, which are also responsible for 

declining mechanical stability (52).  

Fig 1.2. X-ray images of OA affected A) knee, B) finger (hand) and C) hip joint showing: 1) joint space 

narrowing, 2) osteophytes, and 3) joint destruction. (The images are adapted from reference number [42]. 

The images were reproduced after seeking the permission from the copyright department of American Family 

Physician journal) 
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Fig 1.3. Diagram showing A) a normal knee joint and B) an OA affected knee joint 
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1.1.4.1. Disease severity 

Based on radiographical features, the severity of the disease can be determined using the 

Kellgren-Lawrence (KL) grade scheme, which categorises OA from grade 0 to 4, analogous to 

‘no OA’ and ‘severe OA’ as shown in Table 1.1 (53).  

Table 1.1. Kellgren-Lawrence grading for evaluating OA (53) 

1.1.5.  Structure and maintenance of articular cartilage 

1.1.5.1.  Structure of articular cartilage 

Articular cartilage is an avascular connective tissue lining the articulating surfaces (the surface 

at the rounded end of the two articulating bones that touch each other) of synovial joints in the 

human body, and it has a low capacity to renew itself (54). The articular cartilage has four 

zones, as shown in Fig 1.4, with specific functions and properties such as the superficial zone 

that repels compression (55), the intermediate zone that provides flexibility, and the deep zone 

that provides compressive strength. The subchondral bone not only helps in distributing the 

force but also undergoes regular remodelling to maintain the shape of the articular joint along 

OA Evaluation KL grading Radiographic structural changes 

None 0 No radiographic features of OA are present 

Doubtful 1 Doubtful joint space narrowing and possible osteophytes 

Mild / Minimal 2 Definite osteophytes and possible joint space narrowing 

Moderate 3 
Multiple osteophytes, definite joint space narrowing, 

sclerosis, possible bony deformity 

Severe 4 
Large osteophytes, marked joint space narrowing, 

severe sclerosis and definite bone distortion 
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with the calcified zone (56). Except for the calcified zone, all other zones include variable 

composition and arrangements of collagen type-II fibrils, chondrocytes and proteoglycans 

embedded inside an extracellular matrix (ECM). Each zone and the individual components 

embedded inside the ECM (Fig 1.4) are responsible for maintaining the structure of articular 

cartilage (55).  

Fig 1.4. Structure of articular cartilage 
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1.1.5.1.1. Structure of ECM 

The ECM is a glycoprotein forming a ground substance of the synovial fluid which provides 

turgidity, strength and elasticity to the cartilage. The embedded collagen fibrils in ECM give 

flexibility to the cartilage (57). Proteoglycan entrapped inside the collagen network comprises 

various glycosaminoglycan (GAG) chains that are attached to a core protein (Fig 1.5 Inset 1) 

(58). In general, the GAG chains, such as keratan sulphate or chondroitin sulphate, are formed 

by repeating units of disaccharide molecules such as N-acetyl glucosamine or N-acetyl 

galactosamine that are linked via glycosidic bonds to a non-nitrogenous sugar molecule such 

as galactose or glucuronic acid (59-61). The proteoglycan exists as a multi-molecular aggregate 

known as aggrecan in the ECM; this aggregate or aggrecan is formed by the attachment of 

several proteoglycans to a hyaluronic acid chain (a type of GAG) via a linker protein (62). 

Aggrecan helps to immobilise the proteoglycan molecules and provides compressive stiffness 

to the articular cartilage and resists its deformation (60). 

The collagen fibres form a network with proteoglycan aggregates and provide tensile strength 

to the articular cartilage. This network offers a framework and biochemical support to the 

surrounding chondrocytes embedded in the ECM (63, 64), which imparts overall management 

of the cartilage structure (65). Chondrocytes induce production of various enzymes for 

carbohydrate metabolism and the formation of the carbon skeleton that is essential for the 

maintenance of ECM. Chondrocytes are also responsible for maintaining haemostasis in the 

articular cartilage. Thus, by virtue of individual components, the articular cartilage is capable 

of maintaining its structure and protecting the synovial joint from wear and tear through an 

even distribution of force (66).  
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Fig 1.5. Structure of Extracellular matrix; Inset 1. Structure of proteoglycan [48] 
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Although it is suggested that any given set of risk factors could initiate OA, it is more likely 

that a complex combination of mechanical and biochemical changes are responsible for the 

overall destruction of articular cartilage and the synovial joint (24). Nevertheless, the cartilage 

depletion during OA is mainly due to the disruption of homeostasis in the articular cartilage. 

Homeostasis is a phenomenon that is responsible for maintaining the structure of articular 

cartilage and in many instances a mechanical injury to the synovial joint could instigate some 

pathological/biochemical changes, which might disturb the homeostasis in the articular 

cartilage (67, 68).  

1.1.5.2. Maintenance of articular cartilage 

Chondrocytes manage the composition of cartilage matrix via distinct regulatory proteins 

known as cytokines (65). The chondrocytes uphold an equilibrium between formation and 

disruption of articular cartilage, by keeping harmony between constructive, destructive and 

rehabilitation cytokines (69). Anabolic cytokines such as transforming growth factor-beta 

(TGF-β), insulin-like growth factor-1 (IGF-1), bone morphogenetic proteins (BMPs) and 

chondrocyte deprived morphogenic proteins (CDMPs) induce production and regeneration of 

articular cartilage and subchondral bone (70). Catabolic cytokines such as interleukins (IL) like 

IL-1, IL-17, IL-18, leukaemia inhibitory factor (LIF), tumour necrosis factor-alpha (TNF-α) 

and various matrix metalloproteinase (MMP) like MMP-3, MMP-7 and MMP-9, along with 

collagenases are induced during cartilage injury. They are responsible for the degradation of 

proteoglycan, collagen and the overall ECM of articular cartilage (1). The rehabilitation 

cytokines like IL-4, IL-10, IL-13 and IL-1 receptor antagonist (IL-1ra) are responsible for 

maintaining the cartilage structure. For example, IL-10 enhances anabolic activity via 

inhibiting destructive cytokines like IL-1 and TNF-α (70).    
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1.1.6. Pathophysiology of OA 

Specific pathological changes occurring in the ECM instigate OA. The pathophysiological 

pathway of OA is shown in Fig 1.6. The onset of the disease can be attributed to mechanical 

damage to the articular cartilage, containing breakdown fragments such as fibronectin-

fragments (Fnfs) of ECM that trigger autoimmune reactions, activating catabolic cytokines 

such as MMP-3 that accelerate proteoglycan degradation and induce TNF-α and IL-1β, 

suppressing proteoglycan and collagen production, and thereby initiating cartilage destruction 

(71, 72). IL-1β and TNF-α are mainly responsible for causing degradation of ECM and 

initiation of inflammation in the OA joint cartilage (73). TNF-α is also accountable for 

inhibiting gene expression that regulates collagen production and thus reduces cartilage repair, 

leading to further advancement of the disease (7). IL-1β and TNF-α initiate the production of 

nitric oxide by inducing the nitric oxide synthase (iNOS). Nitric oxide is responsible for 

initiating programmed cell death, inhibiting collagen and proteoglycan synthesis (74) and 

reducing IL-1ra; hence, enhancing IL-1 integration and inducing the cascade as mentioned 

above with regard to cartilage destruction (75).  

Abnormally high levels of TGF-β can result in the formation of lesions and osteophytes  (69, 

76, 77), and it can disturb the ratio of insulin-like growth factor/insulin-like growth factor 

binding proteins (IGF/IGFBP). Disturbance in the ratio of IGF/IGFBP leads to bone sclerosis 

and bone remodelling (78, 79); as well, it could reduce cartilage production via reduced levels 

of IGF-1, an anabolic cytokine that induces cartilage generation (80). The increased catabolic 

activity and decreased cartilage production contribute to accelerated cartilage destruction. IL-

18 is responsible for producing prostaglandin-E2 (PGE-2) (81), which augments bone 

resorption (82). Apart from this, an abnormal ratio of osteoprotegerin (OPG)/Receptor activator 
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of nuclear factor κB ligand (RANKL) could also lead to bone resorption by altering the 

functions of osteoblasts (cells responsible for maintenance of bone tissue) (78).  

Elevated collagenase levels directly induce collagen degradation (83). Decreased collagen 

weakens and reduces cartilage matrix, one of the essential parts of the ECM network. 

Diminished efficiency to overhaul cartilage can also be attributed to ageing chondrocytes as 

they get deprived of their mitotic ability over time (84). The effects of change in the 

concentration of various regulatory proteins and enzymes on the cartilage in OA are shown in 

Table 1.2. The biochemical changes in OA lead to structural modifications in the synovial joint, 

which could be observed through radiographic techniques and is a diagnostic criterion for OA. 

Evaluation of the clinical symptoms by physical examination of the patient is used to establish 

the initial diagnosis of OA, as radiological changes are commonly observed later in the well-

established, more advanced stage of the disease. The entire summary of OA onset, progression 

and outcome are shown in Fig 1.7.    
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Table 1. 2. Role of regulatory proteins and enzyme in OA 

Change in concentration of 

regulatory proteins/ enzymes 

Biochemical changes 

Increase in fibronectin fragments Induces production of degradative cytokines; 

suppresses proteoglycan and collagen synthesis 

Increase in matrix metalloproteinase 

levels 

Induces proteoglycan degradation 

Decrease in insulin-like growth factor-

1 (IGF-1) levels 

Decreases cartilage matrix by reducing the production 

and repair of damaged cartilage 

Abnormal levels of transforming 

growth factor-beta (TGF- β) 

Disrupts ratio between IGF-1/IGF binding proteins 

(IGFBP), leading to bone sclerosis, lesions, osteophytes 

and thickening of the synovial membrane; decreases 

IGF production (IGF initiates the generation of cartilage) 

Increase in pro-inflammatory 

cytokines, interleukin (IL)-1 beta (IL-1 

β) and tumour necrosis factor-alpha 

(TNF-α) levels 

Both cytokines can induce inflammation through 

extracellular matrix (ECM) degradation; specific gene 

expression for collagen type II decreases and reduce its 

production  

Nitric oxide production Induces programmed cell death of chondrocytes; 

increase the concentration of IL-1 by decreasing the 

levels of  IL-1 receptor antagonist; IL-1 inhibits collagen 

and proteoglycan synthesis  

Production of IL-18 and prostaglandin 

E2 (PGE-2) 

IL-18 increases production of PGE-2; PGE2 enhances 

bone erosion 

Decrease in IL-10 levels Repairs cartilage in normal conditions 

Increased collagenase enzyme activity Degrades collagen and thus responsible for the 

breakdown of ECM network 



Chapter 1: Introduction 

17 

Fig 1.6. Pathophysiology of OA 
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1.1.7. Current management strategies 

1.1.7.1. Surgical treatments 

1.1.7.1.1. Arthroscopy 

Arthroscopic treatments include removal of the degenerated or torn out fragments of loose 

cartilage from within the joint. It is believed that this procedure might decrease the 

concentration of catabolic cytokines and reduce the inflammation of the joint (85). Arthroscopy 

is widely used by OA patients, despite insufficient evidence of its efficacy.  

Fig 1.7. The summary of onset, progression and outcomes of OA 
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This treatment does not delay disease progression and might only be useful for a short duration 

in a handful of patients with KL grade 2, who have specific radiographic features of OA. 

Overall, it is not useful in reducing effusion or improving function in OA (85, 86). 

1.1.7.1.2. Total joint replacement (TJR) 

In TJR surgery the whole joint is replaced by a metallic prosthetic device. TJR surgery is 

reserved for patients who do not respond to any pharmacological treatment, who suffer from 

severe OA, show severe OA symptoms or suffer from partial or complete loss of joint function 

(85, 87).  

TJR is useful but expensive, and is an invasive procedure associated with surgical risks 

including infection, bleeding and thrombosis (88). One of the main problems is post-surgical 

pain that can last for over an year (85). TJR is one of the reasons for the growing burden on the 

healthcare system [77, 78].  

1.1.7.2. Pharmacological agents in brief 

Conventional treatments include pharmacological agents such as acetaminophen, non-steroidal 

anti-inflammatory drugs (NSAIDs) and opioids. Acetaminophen (also known as paracetamol) 

and topical NSAIDs such as diclofenac gel are considered as first-line therapy for mild 

symptoms (17). The oral NSAIDs such as ibuprofen, naproxen, and diclofenac are often used 

when the first-line therapy fails to provide symptomatic relief. Opioids are used either when 

paracetamol and NSAIDs do not relieve symptoms or patients are unable to tolerate the 

associated side effects (42).  

The most frequently prescribed pharmacological agents, such as acetaminophen and NSAIDs, 

do not illustrate any structure-modifying properties (89). Acetaminophen is considered 

relatively safe, but is a less effective analgesic than NSAIDs (90, 91). Also, the effectiveness 
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of acetaminophen in relieving OA symptoms is now considered doubtful (91). Its extended use 

may induce hepatic toxicity (92, 93). NSAIDs are more effective than paracetamol in relieving 

OA symptoms but are associated with relatively severe side effects. These side effects include 

dyspepsia, which often results in discontinuation of the treatment (94); duodenal/gastric ulcers, 

often leading to upper gastrointestinal (GI) bleeding, which can be life-threatening (95, 96); 

and prolonged use can result in liver and kidney toxicity, occasionally causing organ failure 

(97). Additionally, NSAIDs increase the risk of cardiovascular events (98). Drug dependence, 

increased drug tolerance and respiratory depression are some of the critical adverse effects 

associated with opioids (99), while pruritus, nausea and constipation are frequent but less 

severe side effects (100).  

1.1.7.3. Injectables 

Apart from this, intra-articular injections of corticosteroids and hyaluronate are also used for 

the management of OA (101, 102). Corticosteroids provide short term symptomatic relief, 

lasting almost four to eight weeks and treatment can be repeated as required, but should not 

exceed more than four injections per year. On the other hand, hyaluronate injections provide 

symptomatic relief for up to four to six months (42). A meta-analysis assessed the efficacy of 

corticosteroids and hyaluronate injections in more than 600 knee OA patients. This meta-

analysis reported that for the first four weeks corticosteroids were more effective in relieving 

pain compared to hyaluronate, but after that time period both treatments seemed to be equally 

effective. The effectiveness of corticosteroids diminished beyond week eight, but hyaluronate 

was effective in alleviating pain, for up to twenty-six weeks (103).  

The primary risk associated with the use of injectables includes loss of cartilage volume, 

increased risk of infection in patients who will undergo TJR, in some cases it can cause 
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hyperglycaemia, and frequently inflammation and pain occurs at the site of injection (88). 

Additionally, hyaluronate is expensive compared to other treatment options (42).  

The annual expenditure for the management of OA (pooled data from different countries 

around the world) on oral NSAIDs, TJR surgeries and various indirect costs (such as loss of 

productivity) were estimated to be USD $33 million, >$1000 million and >$19 billion, per 

annum, respectively (16, 19). Also, the expenditure on managing various adverse events 

associated with pharmacological agents is comparably higher than the expenditure on these 

agents. For example, the UK suggested that approximately USD $254 million per annum was 

spent for the management of NSAID related adverse events (104), which is approximately five 

times the amount spent on NSAIDs (~USD $55 million) and one-fourth of the total cost for 

managing OA in the UK (19). 

1.1.7.4. Other treatment options 

1.1.7.4.1. Non-pharmacological interventions 

Since pharmacological therapies and injectables do not impart any structural benefits in OA 

and are associated with multiple adverse effects, patients often use other non-pharmacological 

treatment approaches for the management of the disease - also known as complementary and 

alternative medicine (CAM). When the non-pharmacological treatment approach is used along 

with pharmacological treatment, it is referred as ‘complementary’, and when used instead of 

the pharmacological treatment, it is referred to as ‘alternative’ treatment (105). The percentage 

of OA patients who are reported to use CAM treatments in Australia (106), the US (107), 

Canada (108) and Mexico (109) are 69, 63, 43 and 69%, respectively.  

Some of the CAM approaches recommended by the American College of Rheumatology 

include walking, resistance exercises, weight management - achieved through balanced diet 
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and exercise, psychosocial treatments, aerobics, water therapy, thermal therapy and walking 

aids (101). Other options in this category used for conditional relief of OA symptoms include 

mind and body practices (acupuncture, acupressure, yoga, tai chi, meditation, spiritual 

activities, chiropractic, massage, energy therapy), traditional practices (homeopathy, ayurveda 

and naturopathy) (110-113).  

1.1.7.4.2.  Topical agents 

Topical agents such as diclofenac gel, homeopathic Spiroflor gel, glyceryl trinitrate gel, 

capsaicin gel and ointment, salicylic acid cream, lidocaine transdermal patch, cetyl 

myristoleate cream, and glucosamine sulphate cream are also commonly used for managing 

OA pain (110-113).  

1.1.7.4.3. Oral supplements 

Apart from CAM and topical agents, OA patients also often use a number of nutritional or 

dietary supplements/nutraceuticals such as fish oils, mussel extracts, celery extract, garlic, 

evening primrose oil, cod liver oil, goanna oil, turmeric, ginger vitamins and minerals, 

chondroitin, methyl sulphonyl methane and glucosamine  (110, 114).  

Glucosamine is one of the commonly used supplements in OA patients, since it is considered 

safer than conventional pharmacological agents, and is believed to slow down the disease 

progression (through repair and regeneration of cartilage) and alleviate OA symptoms (115, 

116). However, the reported clinical evidence for glucosamine as a structural and symptom 

modifying agent is unclear. Despite inconclusive evidence, the demand for glucosamine is 

continuously increasing in OA patients. For example, the recent global market size of 

glucosamine is estimated to be 29,000 tons per annum, which is expected to grow, and the 
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reported annual expenditure on glucosamine products in the year 2012 was approximately USD 

$750 million (117, 118). Thus, glucosamine, its role in OA, the reported clinical outcomes 

regarding its efficacy in OA and the potential reasons for the reported inconsistent outcomes 

are discussed below. 

1.2. Glucosamine 

Glucosamine (2-amino-2-deoxy-β-D-glucopyranose) is an amino sugar with the empirical 

formula C6H13NO5 and has a molecular weight of 179.171 Daltons (119). The structure of 

glucosamine has a configuration similar to D-glucose, as shown in Fig 1.8A (120), and consists 

of a pyranose ring with an amino group at the second carbon (Fig 1.8B (120))   (121, 122).  

Glucosamine occurs as N-acetylglucosamine (Fig 1.8C (120)) endogenously, and is 

synthesised via a hexosamine pathway (123). It is found in various body tissues such as blood, 

heparin (in mast cells), stomach lining, aorta, thyroid, salivary glands, uterus (124) and 

Fig 1.8. A) straight chain glucosamine; B) pyranose ring structure of glucosamine: Molecular 

weight (MW)=179.17 Daltons; C) N-acetylglucosamine: MW=221.19 Daltons [120] 
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cartilage (125). Glucosamine is one of the basic units of glycolipids, glycoproteins, GAG 

chains, proteoglycan and aggrecan molecules, and these are the critical components of the 

overall structure of articular cartilage and synovial fluid (Fig 1. 5 Inset 1) (126). Hence, 

exogenous glucosamine is also expected to regenerate and repair damaged cartilage in OA 

(114).  

1.2.1. Expected metabolism of glucosamine 

The metabolic pathway of glucosamine is shown in Fig 1.9 (127). After ingestion, glucosamine 

hydrochloride dissociates into D-glucosamine and hydrochloric acid, while glucosamine 

sulphate dissociates into D-glucosamine, sodium sulphate and sulphuric acid (128). Post-

absorption, D-glucosamine is distributed to various sites including enterocytes, where it enters 

into the hexosamine pathway and generates glycoproteins (129). After entering the hexosamine 

pathway, glucosamine is converted to glucosamine-6-phosphate (GlcN6P) by hexokinases. 

GlcN6P is then converted to fructose-6-phosphate by glucosamine-6-phosphate deaminase 

(GNPDA) and then reverted to GlcN6P by glucosamine:fructose-6-phosphate 

amidotransferase (GFAT) (130, 131). Then, the enzyme glucosamine-phosphate-N-

acetyltransferase converts GlcN6P to N-acetyl-GlcN6P, which is then converted to uridine 

diphosphate-N-Acetyl-GlcN by uridine diphosphate-N-acetyl-glucosamine pyrophosphorylase 

(130, 132).   

Uridine diphosphate-N-acetyl-glucosamine is the precursor of proteoglycans, glycoproteins 

and glycolipids that are building blocks of articular cartilage, and it also inhibits the GFAT 

enzyme. Since GFAT is crucial for the conversion of GlcN6P from fructose-6-phosphate, 

inhibition of this enzyme could be a rate-limiting factor in the formation of the uridine 

diphosphate-N-acetyl-glucosamine and, subsequently, affect the formation of molecules 

essential for the formation of the cartilage structure (127)
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Fig 1.9. Metabolic pathways of glucosamine [127] 
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1.2.2. Glucosamine in OA 

Glucosamine is categorised as a ‘Symptomatic Slow Acting Drug for Osteoarthritis’ 

(SYSADOA) (133). It is generally extracted from shellfish exoskeleton, and then it is converted 

into a salt (either hydrochloride or sulphate salt). However, glucosamine sulphate is 

hygroscopic and can degrade quickly; therefore, it is stabilised by converting it into a complex 

or mixed salt using either sodium chloride or potassium chloride (120). Commercially available 

glucosamine preparations contain either glucosamine hydrochloride (Fig 1.10A) or 

glucosamine sulphate salt (Fig 1.10B). In some European countries, it is available as a 

prescription/pharmaceutical grade crystalline glucosamine sulphate sodium chloride complex 

(Fig 1.10C), which has glucosamine, sulphate, sodium and chloride in a stoichiometric ratio of 

2:1:2:2 (134).  

The prescription-grade glucosamine is the original product of the Rottapharm/Madaus 

company, located in Italy; it is marketed under various trademarks (Dona®, Viartril-S®, 

Arthryl®, Xicil®, Osaflexan®, Glusartel®) and available as a branded over-the-counter (OTC) 

supplement in other non-European countries, such as the US and Australia. It is generally 

available in sachets as a soluble oral powder and tablets, containing 1500 and 750 mg 

glucosamine sulphate, respectively, and it is suggested that a 1500 mg dose should be 

administered once daily (120). All the products with different trademarks but manufactured by 

Rottapharm will be referred to as ‘Rotta brand’ throughout this chapter.  

On the other hand, in other parts of the world, such as the US or Canada, glucosamine is 

marketed as a non-pharmaceutical grade, OTC, nutraceutical, nutritional supplement or as 

dietary supplement products, which contain either glucosamine hydrochloride or glucosamine 

sulphate salt (135). All the different brands manufactured by companies other than Rottapharm 

will be referred to as the OTC brand throughout this chapter. It is estimated that 27, 13, 6.2, 
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glucosamine in OA is not clearly known. It is believed that glucosamine modulates the 

catabolic activity; it therefore protects the cartilage from further degeneration and enhances the 

anabolic activity that may help repair the damaged cartilage tissue (133). Hence, the effect of 

glucosamine on the regulation of various enzymes and proteins involved in the pathology of 

OA has been the main target of investigation for the in-vitro and ex-vivo studies into 

glucosamine (143). A summary of results reported by these studies, suggesting the potential 

mechanisms of action, are shown in Table 1.3 and is concisely discussed below.  

1.2.3.1. Inhibition of the catabolic activity  

Glucosamine hydrochloride, at a relatively high concentration (1400 – 140,000 µM) in horse 

tissue decreased nitric oxide levels, which inhibited proteoglycan degradation (144). In 

addition, glucosamine inhibited oxidation and degradation of collagen by inhibiting the lipid 

peroxidation reactions that produce end products of oxidised lipid; the end products instigate 

the inflammatory response and subsequent detrimental effect on cartilage tissue (145, 146). It 

has been shown to inhibit degradation of aggrecan at 2000, 5000 and 10,000 µM concentrations 

in a dose-dependent manner, and in fact, the study suggested that cartilage structure can be 

preserved by inhibiting the loss of aggrecan upon continuous exposure to glucosamine (147). 

Glucosamine sulphate has been shown to downregulate IL-1β expression, and reduce MMP-3 

activity, bone resorption and collagenase at concentrations ranging from 1 to 20,000 µM. Since 

these regulatory proteins have a critically negative influence on the cellular metabolism and 

production of ECM in the cartilage, reduction in the expression of these proteins can protect 

cartilage from further damage (143, 148, 149).   

1.2.3.2. Upregulation of anabolic activity and tissue regeneration 

Glucosamine at concentrations ranging from 0.7 – 2000 µM increased synthesis of 

proteoglycan, type II collagen (CTX- II), aggrecan and gene expressions for TGF-1β 
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messenger ribonucleic acid (mRNA) in a dose-dependent manner in a bovine cell line (150), 

while glucosamine was shown to enhance the synthesis of GAG, proteoglycan, IGF-1 and 

proteins (143, 151, 152) at concentrations ≤1000 µM. In fact, glucosamine has been shown to 

reduce cartilage degradation, induce its regeneration (153, 154), positively alter the cartilage 

volume and reduce the progression of OA at a concentration of 20,000 µM in ex-vivo studies 

(148). The reported mechanism indicated that glucosamine could upregulate the expression of 

growth factors in chondrocytes, stimulate the anabolic activity and, hence, induce the 

regeneration of cartilage matrix to repair and maintain its structure (150). 

The expected concentration of glucosamine in human synovial fluid following the use of the 

supplement might vary from 3.2 - 18 µM. Unfortunately, some of the reported mechanisms of 

glucosamine in in-vitro studies cannot be applied in-vivo studies, since these studies have used 

glucosamine concentrations much higher than the concentration actually achieved after oral 

ingestion (155).  
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Table 1. 3. Summary of the mechanism of action of glucosamine reported by non-clinical studies 

First Author 

[Reference] 

Tissue source; Glucosamine 

salt (Cellular concentration in 

µM or dose/body weight or 

dose/per day*) 

Reported Activity 

Dodge 

(143) 

Human; Glucosamine sulphate 

(GS) (1 – 150) 

Inhibited interleukin-1β (IL-1β) and matrix 

metalloproteinase (MMP3) activity; increased 

synthesis of glycosaminoglycan (GAG) via 

stimulating messenger ribonucleic acid (mRNA) 

and enhanced aggrecan protein 

Fenton 

(144) 

Horse; Glucosamine 

Hydrochloride (GH) 

(115.9 × 103) 

Inhibited production of nitric oxide, MMP and 

proteoglycan release from the cartilage tissue 

Tiku 

(146) 

Rabbit; GS and GH 

(25 × 103 - 50 × 103) 

Inhibited collagen degradation via inhibiting 

lipoxidation reactions 

Ilic 

(147) 

Bovine; D-Glucosamine 

(5 × 103 – 10 × 103) 

Modulated aggrecanase activity, thereby 

inhibiting aggrecan degradation 

Gibson 

(148) 

Rat; GH (20 × 103) Increased the ratio of healthy cartilage 

Tat 

(149) 

Human; GS (18 – 720) Decreased bone resorption by modulating mRNA 

gene expression for osteoprotegerin and receptor 

activator of nuclear factor κB ligand 

Varghese 

(150) 

Bovine; GH (1.9 × 103) Enhanced gene expression for aggrecan 

synthesis, collagen type II and transforming 

growth factor-β1 by stimulating mRNA; increased 

GAG synthesis 

Stoppoloni 

(151) 

Human; GH (1 × 103, 2.5 × 103, 

5 × 103) 

Upregulated synthesis of hyaluronic acid (a type 

of GAG), proteoglycan and insulin-like growth 

factor-1 

Piperno 

(152) 

Human; GS (50 – 500) Increased protein synthesis, decreased cellular 

phospholipase-A2 and collagen degradation 

Tamai 

(153) 

Rabbit; GH (Dose; 400 mg/kg; 

cellular concentration not 

reported) 

Restored cartilage injury; Increased GAG and 

proteoglycan content in the wounded and healthy 

tissues 

Ohnishi 

(154) 

Rabbit; GH (1g/day; cellular 

concentration not reported) 

Reduced artificially induced cartilage degradation 

* = if dose/body weight is reported; (Molecular Weights- GH=215.63, GS=277.25 Daltons, GS-

potassium salt= 456.42 Daltons, D-Glucosamine= 179.17 Daltons, and µM concentration were 

calculated using these weights)
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1.2.4. Pharmacokinetics of glucosamine 

Pharmacokinetic studies in animals suggest that the oral bioavailability of glucosamine in dogs 

is 12% (156), in rats it is either 26.6% (157) or 19% (158), and in horses is 5.9%  (159). Multiple 

pharmacokinetic studies were conducted in humans to determine absorption, distribution, 

metabolism and elimination data for glucosamine. The data reported by various 

pharmacokinetic studies are given below. 

The first study performed in the 1990s by Setnikar et al. used radioactive-labelled glucosamine 

(14C) to investigate the pharmacokinetics of glucosamine in humans. The study reported that 

90% of the oral dose is absorbed, but only 26% was bioavailable. The suggested reason for low 

bioavailability was the high first-pass hepatic metabolism (45%) of the absorbed dose. The 

estimated half-life of the oral dose was 68 hours. Approximately 21% of the oral dose was 

eliminated through faeces, urine and as traces through exhaled air. Distribution of glucosamine 

to various tissues including liver, kidney, and articular cartilage, and its interaction with plasma 

globulins was indicated as a possible cause of the slow elimination phase (160, 161). However, 

one major drawback of this study was the possible over-estimation of glucosamine absorption, 

since the reported radioactivity could be present in both glucosamine and its metabolites, which 

cannot be distinguished from the parent molecule (162, 163).  

Therefore, to overcome the issue of over-estimation, subsequent pharmacokinetic studies used 

high performance liquid chromatography (HPLC) methods to detect and quantify glucosamine 

in human plasma accurately and reported endogenous glucosamine plasma concentration 

ranging from 10 - 200 ng/mL in humans (155, 164). The pharmacokinetic studies have shown 

that glucosamine is systematically available and the net increase [exogenous concentration = 

(endogenous + exogenous concentration) – endogenous concentration] in plasma concentration 

of glucosamine after ingestion of exogenous glucosamine show a linear correlation for 750 and 
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1500 mg dose/day, but non-linear kinetics at a higher dose (3000 mg) (162). The maximum 

plasma concentration of glucosamine at steady-state (Css max), achieved at 3 hours (Tss max), was 

approximately 10 µM (1600 ng/mL) and estimated half-life was 15 hours at 1500 mg/day dose 

of glucosamine. The plasma level decreased multiexponentially with time, probably due to the 

distribution of glucosamine in various tissues and organs (160, 162).  

The absorption of glucosamine in the gut is facilitated through glucose transporter-2 (GLUT2), 

which has almost twenty-fold higher affinity for glucosamine compared to glucose (165). The 

absorption of glucosamine occurs throughout the intestine, and mainly through the duodenum, 

indicating a site-selective phenomenon (166). This site-selective absorption can be attributed 

to the relatively high expression of GLUT2 in the duodenal cells (167).  

Initially, it was reported that a large amount of glucosamine undergoes first-pass metabolism 

in the liver, which leads to only one-quarter of the drug being bioavailable (160). However, the 

exact mechanism behind the reported low bioavailability of glucosamine is still not clear. A 

recent study in a rat model reported that intra-peritoneal bioavailability of glucosamine was 

~100%, although it is also expected to undergo the first-pass metabolism (in the liver) at the 

same extent as the oral route and should show a similar absorption profile (as the drug is 

delivered to the liver via the portal circulation). Further, the same study indicated that 

antibiotic-treated (to eliminate gut bacteria) rats demonstrated increased bioavailability, 

suggesting the gut, rather than the liver, was responsible for the first-pass metabolism. It was 

suggested that the loss of glucosamine in the gut could be due to degradation, metabolism, and 

due to partial involvement of gut microflora (166). However, these findings still need to be 

confirmed in humans. 

A pharmacokinetic study in patients with OA reported that the concentrations of glucosamine 

in plasma and synovial fluid ranged from 3.35 - 22.7 µM and 3.22 - 18.1 µM, respectively, 

when using a 1500 mg/day dose. The study reported that the synovial fluid levels were 
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approximately 75% of the glucosamine levels found in plasma and these levels showed a 

positive correlation, suggesting that glucosamine is bioavailable both in plasma and at the site 

of action in humans (155). The reported glucosamine levels in synovial fluid (3.22 - 18.1 µM) 

of the OA patients (155) to a certain extent were comparable with the range of glucosamine 

concentrations (1 - 150 µM) that showed retardation of catabolic enzymatic activity and 

enhancement of essential protein content in cartilage in an in-vitro study (143). Presumably, 

the reported levels of glucosamine achieved after oral ingestion in humans may be clinically 

useful; however, there is only one study that reported the synovial fluid levels in humans and 

this study used pharmaceutical-grade glucosamine (155). Therefore, future pharmacokinetic 

studies should be designed to confirm the previously reported results in humans using OTC 

glucosamine products.   

1.2.5. Safety 

Some of the known adverse effects of glucosamine are gastrointestinal disorders, including 

diarrhoea and abdominal pain, headache, somnolence and tiredness, and rarely reported side 

effects include erythema, pruritis and skin rash. Insulin resistance and impaired glucose 

metabolism could develop with the consumption of glucosamine, and hence, requires thorough 

monitoring of the blood glucose levels of diabetic patients consuming the product (120, 168). 

It has been demonstrated that glucosamine does not instigate cardiovascular events, nor affects 

blood pressure or lipids, and it has been suggested that it has an excellent long-term safety 

profile (169). Overall, glucosamine is suggested to be a safer alternative to NSAIDs (170). 

1.2.6. Clinical studies- investigating the efficacy of glucosamine in OA 

In-vitro and ex-vivo studies have indicated that glucosamine can modulate the biochemical 

changes in OA and can possibly regenerate, repair and protect the articular cartilage. Clinical 

efficacy of glucosamine is commonly determined by a) an ability to slow down disease 
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progression and b) assessing the symptomatic relief and functional improvement in OA patients 

(171). The recommendations for determining disease progression during the treatment period 

includes analysing changes in joint space width between the OA joints (or assess the reduction 

in JSN) from baseline in the OA joint/s at different time points; the change in JSN should be 

statistically significant compared to placebo. If after two to three years of treatment, the 

progression of JSN is greater than 0.5 mm, then the treatment is considered to be a ‘failure’ or 

incapable of slowing down disease progression. Other endpoints (not commonly used) 

suggested for analysing structural modifications include analysing changes in the levels of 

biomarkers in biological fluids such as biomarkers for bone and cartilage remodelling, 

alteration in cartilage volume and thickness, as well as assessing the time to TJR surgery after 

the treatment with glucosamine (172). The severity of the clinical symptoms and function are 

assessed using either the WOMAC or LI instrument, and sometimes pain severity is assessed 

using a VAS scale (for a detailed description of these scales/instruments see section 1.1.2.1. 

symptom severity). The symptom-modifying efficacy is assessed using the Osteoarthritis 

Research Society International (OARSI) criteria. According to the OARSI criteria, patients are 

considered responders to treatment if: a) there is a 45% relative reduction in pain and at least 

20 mm absolute reduction observed on a VAS score; or b) there is 15% relative reduction in 

pain, at least a 10 mm absolute reduction on VAS score and absolute fifteen point change (30% 

relative change in function) in WOMAC function score; or c) a 35% relative change in the 

wellbeing of the patient assessed using a patient global index score (171). Another rarely used 

symptom assessment criteria in OA patients is analysing the disease flare. Disease flare is 

determined by assessing the worsening of OA symptoms from baseline according to the 

patient’s perspective; it should show a minimum of 20 mm increase in WOMAC pain 

compared to the pain at baseline, which is experienced during walking (173). A summary of 

various clinical trials that have assessed the clinical efficacy of glucosamine in OA patients is 

provided in Table 1.4, and these trials are discussed below.  
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Twenty-one different randomised clinical trials (RCTs) and seven non-randomised clinical 

trials (NRTs) are discussed in this section. These trials included patients with either OA of the 

knee (171), hip (174), temporomandibular (jaw) (175) or lumbar joint (176) with varying 

degree of disease severity, ranging from KL grades 1 – 4 [see Table 1.1], and mild to severe 

symptoms. The trials were performed for various durations (ranging from 1 (177) to 36 (178) 

months, with one clinical study that lasted for a total of eight years, which included three years 

treatment and five years follow-up period (179)); these studies assessed the efficacy of 

glucosamine as either a structure-modifying (180), symptom-modifying (181) or structure- and 

symptom-modifying (178) agent.  

1.2.6.1. Effect of glucosamine on symptoms in knee OA patients with various disease 

severity 

Total of twenty-three trials analysed the efficacy of glucosamine as a symptom modifying agent 

in knee OA patients with variable disease severity. These trials were grouped based on severity 

(KL grade) of OA, and a collective outcome is reported for each group. 

1.2.6.1.1. KL grade 0-2 

Out of twenty-three trials, a trial by Kanzaki et al. included 100 participants with knee OA (41). 

Among 100 patients, 30% had none (KL grade 0), 48% had doubtful (KL grade 1), and 22% 

had mild (KL grade 2) radiographic features of OA. This study reported that although 

glucosamine could enhance joint mobility, it was not useful in alleviating pain. 

1.2.6.1.2.  KL grade 1-2 

Belcaro et al. analysed efficacy of glucosamine in 124 knee OA patients with KL grade 1 and 

KL grade 2 (182). This study reported that glucosamine could improve symptoms and enhance 

joint mobility. 
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1.2.6.1.3. KL grade 1-3 

Two out of twenty-three clinical trials, by Noack et al. and Giordano et al., included 312 knee 

OA patients altogether (177, 183). Out of 312, 29, 39 and 32% participants had OA with KL 

grade 1, 2, and 3 (moderate), respectively. Apart from this, Kanzaki et al. included thirty-seven 

(93%) of forty knee OA patients with KL grade 1 - 2 and 3 (7%) with moderate OA (184). All 

three studies indicated that glucosamine could improve symptoms and enhance function in OA 

patients. 

1.2.6.1.4. KL grade 1-4 

Two out of the twenty-three clinical trials by Rindone et al. and Hughes et al. included 

altogether 178 patients, of which 26, 24, 36 and 14% participants had KL grade 1, 2, 3 and 4 

(severe) knee OA, respectively (171, 185). Both studies did not find any improvement in pain, 

stiffness and function in the participants.  

1.2.6.1.5. KL grade 2-3 

Nine out of twenty-three clinical trials, included overall 4348 patients with mild (KL grade 2) 

to moderate (KL grade 3) knee OA to investigate the efficacy of glucosamine as a symptom 

and function modifying agent  (177, 178, 181, 186-191). Out of the 4348 participants, 44% (n 

= 1913) had KL grade 2, 34% (n = 1478) had KL grade 3 and for the remaining 5% (n = 253) 

KL grade was not specified. Approximately, 67% of the trials (six out of nine trials) that 

included 94% of the total participants (n = 4095) reported that glucosamine could improve 

symptoms and function in OA patients (177, 178, 186-189). While, the other three trials by 

Roman-Blas et al., Clegg et al. and Messier et al. did not find any improvement in pain and 

function in a total of 1836 knee OA patients with KL grade 2-3 (181, 190, 191).   
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1.2.6.1.6.  KL grade 2-4 

Two out of the twenty-three clinical trials by Korkmaz et al. and Cibere et al. included 

altogether 189 patients, of which 52, 34 and 12% participants had mild (KL grade 2), moderate 

(KL grade 3) and severe (KL grade 4) knee OA, respectively (173, 192). In both the trials, 

glucosamine failed to show any improvement in symptoms and function on WOMAC.  

1.2.6.1.7.  KL grade unspecified 

Three out of the twenty-three trials did not specify the disease severity in knee OA patients. 

Among these three trials, Scholtissen reported that compared to paracetamol, glucosamine 

could be a cost-effective option for treating pain in OA patients (193). On the other hand, Ng 

et al. reported improvement in pain, stiffness, function, and physical activity in the knee and 

hip OA patients (194). Also, Bertin et al. found a reduction in the usage of NSAIDs (195) in 

patients using glucosamine. 

1.2.6.2. Effect of glucosamine on symptoms in the hip, temporomandibular and 

lumbar OA patients with varying disease severity 

Among two RCTs that analysed the symptomatic changes with glucosamine use in hip OA 

patients, one study included 222 patients with KL grade 1-3 (196) and another included 201 

patients with KL grade 0-4 (180). Neither of these studies found any symptomatic improvement 

in patients. Two studies that included a total of 105 patients with OA of temporomandibular 

(jaw) joint reported that glucosamine was effective in reducing pain and observed that patients 

experienced less difficulty in the jaw movement during daily activities (175, 197). A study in 

twenty-five patients with radiographic features of lumbar OA, reported no improvement in 

pain, function and quality of life of patients with glucosamine use (176). 
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1.2.6.3. Effect of glucosamine on joint structure in the knee and hip OA patients  

Six out of twenty eight (21%) clinical studies analysed the effect of glucosamine as a structure-

modifying agent in a total 1930 knee OA patients. Three out of six studies that were conducted 

for either twenty-four or thirty-six months by Fransen et al., Reginster et al. and Pavelka et al. 

assessed changes in JSN using X-ray. These three studies altogether included 1019 knee OA 

patients with mild to moderate (KL grade 2-3) OA and all the studies observed that compared 

to placebo, glucosamine show a significant decrease in JSN in knee OA patients (178, 188, 

198). On the other hand, Martel-Pelletier et al. analysed structural changes using MRI in 600 

knee OA patients with KL grade 1-4. Out of 600 patients, 409 had mild to moderate (KL grade 

2-3) OA and the rest of the participants (n = 191) had either doubtful (KL grade 1) or severe

(KL grade 4) OA. The study did not observe significant structural changes in overall 600 

patients; however, a subgroup analysis showed that glucosamine could significantly decrease 

the cartilage volume loss among patients with mild to moderate (KL grade 2-3) OA (199). 

Another study by Petersen et al. analysed serum levels of cartilage oligomeric matrix protein 

(COMP), which is a biomarker of cartilage degradation, and found that compared to baseline 

levels, COMP levels decreased in thirty-six knee OA patients. High levels of COMP in the 

serum indicates increased cartilage degradation, and vice-versa (200). On the other hand, 

Bruyere et al. followed up 275 patients for five years who participated in two previous RCTs 

(organised by Reginster et al. and Pavelka et al.). This study reported that the number of 

surgeries was almost double in patients in the placebo group compared to the glucosamine 

group. The study suggested that glucosamine could delay disease progression and, 

subsequently, TJR surgery for up to five years in patients who were treated for one to three 

years. Additionally, this study for the first-time reported the number needed to treat (NNT) as 

twelve for glucosamine, i.e. twelve OA patients are required to be treated with glucosamine for 

up to three years to avoid one TJR surgery (179).   
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Among two studies that investigated the efficacy of glucosamine in hip OA patients, one study 

by Rozendaal et al. found no reduction in JSN in 222 patients (196). Similarly, another study 

by Kwoh et al. analysed the pace of cartilage destruction in 201 hip OA patients treated with 

glucosamine. They assessed the changes in bone marrow lesions and reduction in the levels of 

C-terminal cross-linking telopeptide of CTX-II protein (a biomarker for cartilage destruction)

in urine, compared to baseline. This study did not find any significant difference in either the 

severity of bone marrow lesions or CTX-II levels in urine at the end of the treatment period 

compared to placebo, suggesting glucosamine was ineffective in decreasing the rate of cartilage 

destruction in hip OA patients (180).  

1.2.6.4. Effect of glucosamine on the use of analgesics and anti-inflammatory drugs 

in OA patients and its cost-effectiveness 

Bertin et al. included 11,722 knee OA patients in an internet-based trial to analyse the usage of 

pharmacological agents in patients taking glucosamine. They reported that regular intake of 

glucosamine for twelve months could reduce the use of analgesics and anti-inflammatory drugs 

(195). On the other hand, Clegg et al. did not find a decrease in the usage of rescue medications 

such as NSAIDs in 1583 knee OA patients who took glucosamine for six months (191). 

Scholtissen et al. analysed the cost-effectiveness of glucosamine relative to paracetamol in 318 

patients with knee OA patients. This study reported that compared to paracetamol, glucosamine 

was not only cheaper but also more effective in alleviating pain (193). 

Overall, many trials reported favourable clinical outcomes in OA patients who were taking 

glucosamine. Considering studies that included knee OA patients with mild to moderate disease 

(KL grade 2 and 3), the majority of them reported that glucosamine could effectively relieve 

OA symptoms such as pain and stiffness, and improve joint function (177, 178, 186-189). Also, 

two studies that included patients with jaw OA unanimously reported a reduction in pain and 
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improvement in jaw function with glucosamine use (175, 197). Besides, four studies (178, 188, 

198, 199) suggested that glucosamine could delay the disease progression by reducing JSN and 

decreasing the loss of articular cartilage in knee OA. It was found that the effect of glucosamine 

on the joint structure could be more prominent when the patients take it for a longer duration, 

i.e. for one or more years, and the effect would continue even after discontinuation of the

treatment (179). In addition, one study suggested that regular use of glucosamine could reduce 

the use of pharmacological agents, which would subsequently decrease the incidences of 

adverse events associated with the long term use of these agents (195). On the other hand, 

another study suggested glucosamine to be more economical treatment option compared to 

acetaminophen (193).  

Many trials have also reported negative clinical outcomes or no efficacy related to glucosamine 

in OA. Most of the studies that included patients with severe (KL grade 4) knee OA did not 

find significant changes in symptoms and function (171, 173, 180, 185). Similarly, no 

significant improvement in pain and function was found in hip or lumbar OA patients (174, 

176, 180), as well as no significant radiographic changes in the joint structure observed in hip 

OA patients, irrespective of the disease severity (180, 196). Hence, suggesting glucosamine 

was clinically ineffective in providing symptomatic and structural benefits in hip OA. Also, 

one study suggested that there was no difference in the use of rescue medication between 

glucosamine and placebo group, indicating glucosamine use could not reduce the use of 

analgesic agents in OA patients (191).  
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Table 1. 4. Summary of clinical trials that investigated the efficacy of Rotta or OTC1 brand of glucosamine containing different salts, dosage forms and dose regimens 

in OA patients with different disease and symptom severity 

First Author/ 
Year   
[Reference] 

Study 
duration 
(months)
/ No. of 
patients 

OA 
joint 

Rotta or OTC brand/ 
Salt (GS2 or GH3)/ 
Dose Regimen (QD4, 
BD5 or TID6)/ Dosage 
form (Dose:1500 
mg/day unless 
otherwise stated) 

KL7 
grade 

Symptom 
severity 

Instrument used for 
extracting the outcomes 
(WOMAC8, LI9, VAS10, 
JOA11 or JKOM12 scale; 
X-rays or MRI13)

Reported clinical outcomes in 
patients treated with glucosamine 
(positive outcomes reported here 
were statistically significant) 

Funded by 
industry/ 
Industry 
name 

Randomised, placebo-controlled clinical trial 

Noack/ 1994 

(177) 

1/ 252 Knee Rotta/ GS/ TID/ Tablet  1-3 NR14 LI scale Improvement in symptoms was 

observed  

No 

Rindone/ 

2000 (185) 

2/ 98 Knee OTC/ GS/ TID/ Tablet 1-4 NR VAS scale No improvement in symptoms was 

observed 

No 

Thei/ 2001 

(175) 

3/45 Jaw OTC/ GS/ TID/ 

capsule 

NR Moderate VAS scale Glucosamine was equally effective to 

ibuprofen in reducing pain 

No 

Petersen/ 

2010 (200) 

4/ 36 Knee OTC/ GS/ TID/ Tablet 1-4 NR COMP15 levels in serum 

(high COMP levels = 

larger cartilage 

degradation) 

Serum COMP levels decreased in 

glucosamine group  

No 

Cibere/ 2004 

(173) 

6/ 209 Knee OTC/ GS/ NR/ Tablet 2-4 NR WOMAC scale No difference in severity of disease 

flare compared to placebo; no 

No 

1 Over-the-counter 
2 Glucosamine sulphate 
3 Glucosamine hydrochloride 
4 Once daily 
5 Twice daily 

6 Thrice daily 
7 Kellgren-Lawrence (KL) grade (KL 

grade 1-4) signify disease severity 
8 Western Ontario and McMaster 

Universities OA-index 

9   Lequesne OA-Index 
10 Visual analogue scale 
11 Japanese Orthopaedic Association 
12 Japanese knee osteoarthritis 
     Measure 

13 Magnetic resonance imaging 
14 Not reported 
15 Cartilage oligomeric matrix protein 



First Author/ 
Year   
[Reference] 

Study 
duration 
(months)
/ No. of 
patients 

OA 
joint 

Rotta or OTC brand/ 
Salt (GS2 or GH3)/ 
Dose Regimen (QD4, 
BD5 or TID6)/ Dosage 
form (Dose:1500 
mg/day unless 
otherwise stated) 

KL7 
grade 

Symptom 
severity 

Instrument used for 
extracting the outcomes 
(WOMAC8, LI9, VAS10, 
JOA11 or JKOM12 scale; 
X-rays or MRI13)

Reported clinical outcomes in 
patients treated with glucosamine 
(positive outcomes reported here 
were statistically significant) 

Funded by 
industry/ 
Industry 
name 

improvement in pain, stiffness and 

function was observed  

Hughes/ 

2002 (171) 

6/ 80 Knee OTC/ GS/ TID/ 

Capsule 

1-4 NR VAS pain scale and 

WOMAC scale 

No improvement in joint pain, 

stiffness and function was observed 

Yes/ Health 

Perception 

United 

Kingdom 

Herrero/ 

2007 (186) 

6/ 318 Knee Rotta/ GS/ QD/ 

Powder 

2-3 Mild to 

moderate 

WOMAC and LI scale Improvement in pain, stiffness and 

function was observed  

Yes/ 

Rottapharm 

Giordano/ 

2009 (183) 

6/ 60 Knee GS (brand not 

specified) / QD/ 

Powder 

1-3 Mild to 

moderate 

VAS pain scale and 

WOMAC scale 

Reduction in pain and improvement 

in function; reduction in the use of 

analgesics and anti-inflammatory 

drugs 

No 

Roman-Blas/ 

2017 (190) 

6/ 164 Knee OTC/ GS/ QD/ 

Powder 

2-3 Moderate 

to severe 

VAS pain scale and 

WOMAC scale 

No improvement in pain and function Yes/ Tedec 

Meiji Farma 

Wilkens/ 

2010 (176) 

12/ 25 Lumbar OTC/ GS/ QD or TID/ 

Capsule 

NR 

(radiogra

phic 

evidence 

was 

required) 

NR (lower 

back pain 

was 

required) 

Roland Morris Disability 

Questionnaire (RMDQ) 

scores were used for 

assessing overall 

wellbeing of patients with 

lumbar OA 

No improvement in chronic lower 

back pain, pain-related disability and 

quality of life  

No 

Rozendaal/ 

2008 (196) 

24/ 222 Hip OTC/ GS/ QD/ Tablet 1-3 Mild to 

moderate 

WOMAC scale; X-rays 

for assessing joint space 

narrowing (JSN) in 

patients 

No reduction in JSN and no 

improvement in symptoms and 

function  

No 
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First Author/ 
Year   
[Reference] 

Study 
duration 
(months)
/ No. of 
patients 

OA 
joint 

Rotta or OTC brand/ 
Salt (GS2 or GH3)/ 
Dose Regimen (QD4, 
BD5 or TID6)/ Dosage 
form (Dose:1500 
mg/day unless 
otherwise stated) 

KL7 
grade 

Symptom 
severity 

Instrument used for 
extracting the outcomes 
(WOMAC8, LI9, VAS10, 
JOA11 or JKOM12 scale; 
X-rays or MRI13)

Reported clinical outcomes in 
patients treated with glucosamine 
(positive outcomes reported here 
were statistically significant) 

Funded by 
industry/ 
Industry 
name 

Fransen/ 

2015 (198) 

24/ 605 Knee OTC/ GS/ QD/ 

Capsule 

< 2 Mild WOMAC scale; X-rays 

for assessing JSN 

Reduction in JSN; no improvement in 

symptoms and function 

No 

Reginster/ 

2001 (178) 

36/ 212 Knee Rotta/ GS/ QD / 

Powder 

2-3 Mild to 

moderate 

WOMAC scale; X-rays 

for assessing JSN 

Reduction in JSN and improvement 

in symptoms and function  

Yes/ 

Rottapharm 

Pavelka/ 

2002 (188) 

36/ 202 Knee Rotta/ GS/ QD/ 

Powder 

2-3 Mild to 

moderate 

WOMAC and LI scale; X-

rays for assessing JSN 

Reduction in JSN and improvement 

in joint pain and function  

Yes/ 

Rottapharm 

Bruyere/ 

2008 (179) 

8 years/ 

275 

Knee Rotta/ GS/ QD/ 

Powder 

2-3 Mild to 

moderate 

Incidence of total joint 

replacement [TJR] 

surgery for up to 5 years 

was observed in patients 

who previously took 

glucosamine for 1-3 

years. (participants from 

3-year duration trials

(178, 188) were followed-

up for 5 years)

57% fewer TJR surgeries occurred in 

the treatment group compared to the 

placebo group. First time reported 

outcome: glucosamine has a number 

needed to treat of 12 

No 

Kanzaki/ 

2012 (184) 

4/ 40 Knee OTC/ GH/ NR/ NR 

(Dose: 1200 mg/day) 

1-3 NR JOA criteria Improvement in symptoms and 

function  

No 

Kanzaki/ 

2015 (41) 

4/ 100 Knee OTC/ GH/ NR/ NR 

(Dose: 1200 mg/day) 

≤1- ≥2 VAS pain 

score ≥20 

VAS pain scale and 

JKOM scale 

Overall improvement in joint function 

but no improvement in pain; 

Improvement in moderate to severe 

pain in the subgroup with KL grade 1 

Yes/ Suntory 

Wellness Ltd 

Clegg/ 2006 

(191) 

6/ 1583 Knee OTC/ GH/ TID/ 

Capsule 

2-3 Mild to 

severe 

 WOMAC scale Overall, no improvement in symptoms 

and function; no reduction in the use 

of analgesics Improvement in 

No 
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First Author/ 
Year   
[Reference] 

Study 
duration 
(months)
/ No. of 
patients 

OA 
joint 

Rotta or OTC brand/ 
Salt (GS2 or GH3)/ 
Dose Regimen (QD4, 
BD5 or TID6)/ Dosage 
form (Dose:1500 
mg/day unless 
otherwise stated) 

KL7 
grade 

Symptom 
severity 

Instrument used for 
extracting the outcomes 
(WOMAC8, LI9, VAS10, 
JOA11 or JKOM12 scale; 
X-rays or MRI13)

Reported clinical outcomes in 
patients treated with glucosamine 
(positive outcomes reported here 
were statistically significant) 

Funded by 
industry/ 
Industry 
name 

symptoms in a subgroup with 

moderate to severe symptoms 

Kwoh/ 2014 

(180) 

6/ 201 Hip OTC/ GH/ QD/ Liquid 0-4 Mild to 

moderate 

MRI was used for 

assessing cartilage 

damage and Whole-

Organ MRI Score 

(WORMS) for assessing 

the severity of damage 

No difference in the severity of 

cartilage damage  

Yes/Coca-

Cola 

Hochberg/ 

2015 (187) 

6/ 606 Knee OTC/ GH/ TID/ 

Capsule 

2-3 Moderate 

to severe 

WOMAC scale Improvement in pain, stiffness and 

function and equal reduction in 

swelling comparable to celecoxib (a 

NSAID). 

Yes/ 

Bioiberica 

(no role in 

the study) 

Messier/ 

2007 (181) 

12/ 89 Knee OTC/ GH/ QD or TID/ 

Tablet 

2-3 Mild to 

moderate 

WOMAC scale; distance 

walked in 6-min for 

assessing mobility 

No improvement in pain, function and 

mobility  

Yes/ Rexall 

Sundown 

Non-randomized clinical trial 

Korkmaz/ 

2013 (192) 

3 / 52 Knee Rotta/ GS/ BD/ NR 2-4 NR Measurement of the 

knee circumference for 

assessing the change in 

knee effusion 

No change in knee effusion was 

observed compared to baseline  

No 

Haghighat/ 

2013 (197) 

3/ 60 Jaw OTC/ GS/ NR/ NR NR NR VAS scale Glucosamine was equally effective to 

ibuprofen in reducing pain and was 

relatively safer 

No 

Belcaro/ 

2014 (182) 

4/ 124 Knee OTC/ GH/ QD/ Tablet 

(Dose: 500 mg/day) 

1-2 NR WOMAC scale; Karnofsky 

Index (KI) was used for 

assessing total walking 

distance covered without 

Improvement in symptoms and joint 

mobility 

No 
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First Author/ 
Year   
[Reference] 

Study 
duration 
(months)
/ No. of 
patients 

OA 
joint 

Rotta or OTC brand/ 
Salt (GS2 or GH3)/ 
Dose Regimen (QD4, 
BD5 or TID6)/ Dosage 
form (Dose:1500 
mg/day unless 
otherwise stated) 

KL7 
grade 

Symptom 
severity 

Instrument used for 
extracting the outcomes 
(WOMAC8, LI9, VAS10, 
JOA11 or JKOM12 scale; 
X-rays or MRI13)

Reported clinical outcomes in 
patients treated with glucosamine 
(positive outcomes reported here 
were statistically significant) 

Funded by 
industry/ 
Industry 
name 

pain (lower KI score = 

poor joint function) 

Provenza/ 

2015 (189) 

4/ 922 Knee 
OTC/ GS/ TID/ 
Capsule 
OTC/ GS/ QD/ Powder 
OTC/ GH/ TID/ 
Capsule 

2-3 Moderate VAS pain scale and LI 

scale (non-inferiority 

analysis for assessing 

symptom modifying 

capability of different 

treatment group) 

Improvement in pain and symptoms 

was observed in all treatment groups, 

indicating different salts dose regimen 

and dosage forms are equally 

effective 

Yes/ Aché 

Laboratórios 

(no role in 

the study) 

Scholtissen/ 

2010 (193) 

6/ 318 Knee Rotta/ GS/ QD/ 

Powder  

NR NR Incremental cost-

effectiveness ratio (ICER) 

for assessing cost-

effectiveness of GS 

compared to paracetamol 

(ICER = [cost of GS – 

cost of paracetamol] / 

[clinical effect of GS – 

clinical effect of 

paracetamol) 

GS was more cost-effective than 

paracetamol (Most of the ICER 

analysis (79%) showed that GS was 

less costly and more effective than 

paracetamol) 

No 

Ng/ 2010 

(194) 

6/ 36 Knee, 

Hip 

OTC/ GS/ BD/ 

Capsule 

NR Moderate 

to 

moderately 

high 

WOMAC scale Improvement in pain, stiffness, and 

function as well as improvement in 

physical activity  

No 

Bertin/ 2014 

(195) 

12/ 

11722 

Knee OTC/ GS/ NR/ NR NR NR Change in usage of 

NSAIDs compared to the 

other group of patients 

who did not take 

glucosamine 

Reduction in the use of NSAID 

compared to the other group 

Yes/ Pierre 

Fabre 
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First Author/ 
Year   
[Reference] 

Study 
duration 
(months)
/ No. of 
patients 

OA 
joint 

Rotta or OTC brand/ 
Salt (GS2 or GH3)/ 
Dose Regimen (QD4, 
BD5 or TID6)/ Dosage 
form (Dose:1500 
mg/day unless 
otherwise stated) 

KL7 
grade 

Symptom 
severity 

Instrument used for 
extracting the outcomes 
(WOMAC8, LI9, VAS10, 
JOA11 or JKOM12 scale; 
X-rays or MRI13)

Reported clinical outcomes in 
patients treated with glucosamine 
(positive outcomes reported here 
were statistically significant) 

Funded by 
industry/ 
Industry 
name 

M-Pelletier/

2015 (199)

24/ 600 Knee OTC/ NR/ NR/ NR 

(Dose not indicated) 

1-4 Mild to 

severe 

MRI was used for 

assessing JSN and 

cartilage volume loss and 

compare the change 

among patients who had 

or had not taken 

glucosamine  

Overall, no change in cartilage 

volume loss was observed in patients 

with KL grade 1-4, compared to 

placebo 

Reduction in cartilage volume loss 

was observed in patients with mild to 

moderate (KL grade 2-3) OA 

compared to the other group   

No 
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1.2.7. Meta-analysis and systematic reviews of clinical studies 

Apart from clinical trials, various meta-analyses and systematic reviews (see Table 1.5) have 

also evaluated the efficacy of glucosamine in alleviating symptoms (pain and stiffness of the 

joint) (170, 201), and improving function (202, 203). These studies employed either one or 

more instruments, including LI, VAS, WOMAC scales (173, 204-207) to extract the overall 

outcomes of the meta-analyses. Some of these analyses also investigated the effect of 

glucosamine as a structure modifying agent by assessing the change in joint space width or 

JSN in OA patients (170, 207-209). Some meta-analyses exclusively included trials either with 

knee OA patients (170, 205, 207, 208), the Rotta brand (208) or the ones that used glucosamine 

sulphate only (207). Some meta-analyses included trials that used different brands (Rotta, 

OTC) and different salts (hydrochloride, sulphate) of glucosamine (170, 205).  Apart from this, 

some meta-analyses not only included trials that used different brands and salts, but also 

included trials that involved patients with knee OA as well as the trials that involved patients 

with hip OA (201-203). The inconsistencies between the trials that were included in a meta-

analysis were reported as heterogeneity or I2 value, where I2 value of 25, 50 and 75% represents 

low, moderate and high heterogeneity, respectively (210). The meta-analyses also reported the 

risk of biases associated with certain features of the trial design; the biases could be related to 

randomisation, allocation concealment, blinding of participants, blinding of outcome assessors, 

reporting incomplete outcome, and/or reporting selective outcome. Various biases can 

introduce flaws in a study design, which would ultimately lead to inaccurate, overestimated, or 

misleading results. A trial could be considered as having a poor methodological quality, if it 

shows three or more high risk of biases in any of the features (discussed above) in the trial 

design (207). Various information of trials that were used in the meta-analysis including 

heterogeneity between trials, risk of bias, main outcomes and limitations of a meta-analyses 
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are presented in Table 1.5. The main outcomes of these meta-analyses that indicate efficacy of 

glucosamine as a symptom alleviating and structure modifying agent are discussed below.  

1.2.7.1. Effect of glucosamine on pain analysed using various scales/instruments 

1.2.7.1.1. Effect on pain analysed using VAS scale 

Kongtharvonskul et al. and Simental-Mendia et al. found improvement in pain on a VAS scale 

in a total of 2043 knee OA patients (170, 205). However, contrary outcomes, i.e. no 

improvement in pain on VAS was observed in a meta-analysis by Wandel et al. that included 

3803 patients with either knee or hip OA (209).  

1.2.7.1.2. Effect on pain analysed using LI scale 

Towheed et al., Zeng et al. and Wu et al. used changes in LI score from baseline to assess the 

difference in pain between glucosamine and placebo. Zeng et al. reported improvement in pain 

in 16,427 knee OA patients (207). Similarly, Towheed et al. reported that nearly one-quarter 

of the total number of trials included in their analysis showed a reduction in pain among 4963 

patients with either knee or hip OA (206). On the contrary, the meta-analysis by Wu et al. did 

not find any significant improvement in 3159 patients with either knee or hip OA (203). 

1.2.7.1.3. Effect on pain analysed using WOMAC scale 

Four meta-analyses used changes in WOMAC pain score from baseline to assess the difference 

in pain between glucosamine and placebo. A meta-analysis by Zeng et al. showed improvement 

in the pain in knee OA patients (n = 16,427) (207), while other three meta-analyses by Towheed 

et al., Runhaar et al. and Zhu et al. that included both knee and hip OA patients (altogether 

10,633 patients) failed to show any significant improvement in pain (201, 202, 206). However, 

Towheed et al. also performed a subgroup analysis of studies that used Rotta or OTC brands, 

and reported that only Rotta brand showed a significant reduction in pain on WOMAC. 
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1.2.7.2. Effect of glucosamine on joint stiffness in OA analysed using WOMAC 

instrument 

Kongtharvonskul et al. included trials with knee OA patients (n = 2043) only, and Zhu et al. 

included trials that involved knee OA and trials that involved hip OA patients (n = 4045). Both 

meta-analysed observed that compared to placebo, glucosamine could significantly improve 

the WOMAC stiffness score (170, 201). 

1.2.7.3. Effect of glucosamine on function in OA analysed using various 

scales/instruments 

1.2.7.3.1. Effect on function analysed using LI scale 

Zeng et al. also reported improvement in function on LI in patients with knee OA taking either 

Rotta or OTC brands of glucosamine (207). On the other hand, Towheed et al. reported that 

nearly one-tenth of the total number of trials that used either brand showed improvement in 

function in the knee and hip OA patients on the LI scale (206). However, Wu et al. only 

observed an improvement in function with glucosamine sulphate but not with glucosamine 

hydrochloride, in knee and hip OA patients (203).  

1.2.7.3.2. Effect on function analysed using WOMAC scale 

Improvement in joint function on WOMAC was reported by Zeng et al. in overall 16,427 knee 

OA patients (207). However, considering together the studies by Towheed et al., Runhaar et 

al. and Zhu et al., no significant change in function was observed on WOMAC in a total of 

10,633 patients with either knee or hip OA (201, 202, 206). Towheed et al. reported that overall, 

no significant functional improvement was observed on WOMAC, but a subgroup analysis of 

the trials that used Rotta and OTC brands, showed that only Rotta brand could significantly 

improve joint function on this scale. 
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1.2.7.4. Effect of glucosamine on joint structure 

Lee et al. and Zeng et al. observed a significant change in JSN in knee OA patients who were 

treated with glucosamine sulphate for up to three years (207, 208), while Kongtharvonskul et 

al. did not report any significant structural modifications in knee OA (170). Similarly, Wandel 

et al. reported that though a change in JSN was observed, it was not clinically significant; which 

indicates that the magnitude of this change would not help make clinical decisions.  

It is evident that like different clinical studies, the various meta-analyses discussed above have 

also yielded variable clinical outcomes of glucosamine in OA patients. The overall clinical 

outcomes of these meta-analyses are summarised below.  

The majority of the meta-analyses that exclusively included patients with knee OA have 

reported that compared to placebo, glucosamine could show a significant reduction in pain on 

VAS, LI and WOMAC (170, 205, 207, 208), improvement in function on LI and WOMAC 

(206, 207) as well as show a significant change in JSN (207, 208). Also, among meta-analyses 

that included both knee and hip OA patients, one study reported that only the Rotta brand could 

reduce pain and improve function (206), and another one reported that only the sulphate salt 

was effective in improving joint function (203). Also, glucosamine was found to be effective 

in improving joint stiffness in the analysis that included only knee OA patients (170) and the 

one analysis with knee and hip OA patients (201). The majority of the meta-analyses (3 out of 

5) that included both knee and hip OA patients reported that overall glucosamine could not

alleviate joint pain (201-203, 206, 209) or improve joint function (201, 202, 206) and could not 

delay the disease progression (209).     

Commonly suggested reasons or limitations for the observed variability in outcomes reported 

by various meta-analyses include different patient and study characteristics (205, 207, 209), 

use of different instruments for symptom analysis (202, 203), poor methodological/trial quality 
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(due to various biases) (170, 206) and high inconsistency or heterogeneity (I2 >50%) between 

the trials (170, 201, 206). Hence, various biases would affect the quality of the clinical trial 

outcomes, and subsequently affect the meta-analysis outcomes. Similarly, a combined 

evaluation of trials with several inconsistencies might not lead to reliable meta-analyses 

outcomes. Therefore, it is crucial to consider the outcomes of meta-analyses that show the 

minimum possibility of predisposed outcomes. A few of these study outcomes are summarised 

below. 

The two recently published meta-analyses that included good quality trials with low risk of 

bias, and these trials involved knee OA patients who used either Rotta or OTC brands. One of 

these meta-analyses that only included products containing glucosamine sulphate showed that 

it could significantly reduce pain, improve function and delay disease progression (207). 

However, another meta-analysis, which involved products containing either hydrochloride or 

sulphate salt of glucosamine, observed improvement in pain, but no significant change on 

WOMAC global score, indicating glucosamine could not improve the overall quality of life of 

patients (205). On the other hand, another two recent meta-analyses, both including good 

quality trials with low risk of bias, and involved patients with both knee and hip OA who used 

either Rotta or OTC brand and either type of glucosamine salt, consistently reported that 

glucosamine was not effective in alleviating pain or improving function in OA (201, 202). 

Hence, it is evident that glucosamine is likely to provide clinical benefits in knee OA patients 

(a smaller joint) rather than in hip OA patients (a larger joint). However, not many trials 

investigated the efficacy of glucosamine in hip OA patients; therefore, meta-analyses could not 

exclusively analyse trials with hip OA patients. Hence, it is crucial to perform longitudinal 

trials involving a large cohort of participants to gain a better perspective of glucosamine 

efficacy in hip OA patients.     
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It is evident that the reported outcomes related to glucosamine efficacy in alleviating 

symptoms, improving function or producing structural changes in OA patients were widely 

different. Hence, due to the discrepancies in clinical outcomes, until this day, there is 

no conclusive evidence to evaluate the overall efficacy of glucosamine (102) successfully.

Despite the reported variability, glucosamine remains one of the most popular products 

for the management of OA, with a projected demand of USD $13 million per annum (211). 

Therefore, it is crucial to investigate the possible reasons for the reported inconsistent clinical 

outcomes of glucosamine, which can help in resolving the ambiguity related to glucosamine 

efficacy in OA. 
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Table 1. 5. The summary shows overall clinical outcomes reported by various meta-analysis and systematic review 

First/ 

Author/Year 

[Reference] 

Total no. 

of 

patients 

Characteristics of studies 

included in the meta-analysis and 

the systematic review 
Heterogeneity (I2)1 

between trials; Risk of 

bias 

Main limitation of 

the study 

Overall outcome of the meta-analysis 

(Positive outcomes mentioned here are 

statistically significant) Joint 
affected 

Brand   Salt  Outcomes 

analysed 

Towheed/ 

2005 (206) 

4963 Knee, hip Rotta, 

OTC2 

GH3, 

GS4 

Pain and 

function 

88%; 48% of the trials 

show randomisation 

and allocation 

concealment bias  

High heterogeneity 

could have impacted 

the analysis 

Pain:  
LI5 scale- overall 22% of the studies showed 
improvement in pain 
WOMAC6- Rotta brand showed improvement; 

overall no improvement Function:  

LI scale- overall 11% of studies showed 

improvement  

WOMAC- Rotta brand showed improvement; 

overall no improvement 

Lee/2009 

(208) 

1502 Knee Rotta GS JSN7 12.7%; risk of bias was 

not reported 

Only one brand 

included, results 

cannot be 

generalised 

JSN: Reduction in JSN after 3-years. Rotta brand 

can delay the disease progression and show a 

moderate protective effect on joints 

Wandel/ 

2010 (209) 

3803 Knee, hip Rotta, 

OTC 

GH, 

GS 

Pain and 

JSN 

Low heterogeneity; risk 

of biases was not 

reported 

Different patient and 

trial characteristics 

could have impacted 

the analysis 

Pain: 

VAS8 scale- No improvement in pain  

JSN: Change in JSN was clinically irrelevant 

Wu/2013 

(203) 

3159 Knee, hip Rotta, 

OTC 

GH, 

GS 

Pain and 

function 

92.9% in <6 months 

trials, but ~0% in >6 

months trials; risk of 

biases was not reported 

Different instrument 

could be a possible 

cause of variation in 

outcomes 

Pain: 

Effect size (ES9)- ES for GH and GS was not 
significant 
Function:  

1 I2 is 0%, 50% or >50% = no, moderate 
or high heterogeneity 
2 Over the counter 
3 Glucosamine hydrochloride 

4 Glucosamine sulphate 
5 Lequesne OA-Index 
6 Western Ontario and McMaster 
   Universities OA-index 

7 Joint space narrowing 
8 Visual Analog scale 
9 If ES is <0 = glucosamine is effective 

compared to placebo; if ES >0 = 

glucosamine is not effective compared 
to placebo 
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First/ 

Author/Year 

[Reference] 

Total no. 

of 

patients 

Characteristics of studies 

included in the meta-analysis and 

the systematic review 
Heterogeneity (I2)1 

between trials; Risk of 

bias 

Main limitation of 

the study 

Overall outcome of the meta-analysis 

(Positive outcomes mentioned here are 

statistically significant) Joint 
affected 

Brand   Salt Outcomes 

analysed 

LI scale- GS showed improvement in joint 

function  

Kongtharvon

skul/ 2015 

(170) 

883 Knee Rotta, 

OTC 

GH, 

GS 

Pain, 

stiffness 

and JSN 

>70%; 48% trials

showed randomisation

and allocation

concealment bias; trials

showed outcome

reporting bias such as

70% trials reported

incomplete outcome,

96% trials reported

selective outcome and

93% showed other

sources of bias

None reported Pain: 

VAS scale- Improvement in pain 

Stiffness:  

WOMAC scale- Improvement in stiffness  

JSN: no significant difference in JSN compared 

to placebo 

Zeng/ 2015 

(207) 

16,427 Knee Rotta, 

OTC 

GS Pain, 

stiffness, 

function 

and JSN 

40-80%; >50% trials

showed allocation

concealment bias

Different brand, 

doses, sample size, 

treatment duration 

possibly resulted in 

heterogeneity and 

affected the outcome 

Pain: 

LI and WOMAC scale - Improvement in pain  

Function:  

LI and WOMAC scale - Improvement in function 

JSN: Significant difference in JSN compared to 

placebo 

Runhaar/ 

2017 (202) 

1625 Knee, hip Rotta, 

OTC 

GH, 

GS 

Pain and 

function 

0 -14%; Low risk of bias Combined 

evaluation of 

different salts and 

OA joints 

Pain: 

WOMAC scale – No improvement in pain 

Function: 

WOMAC scale – No improvement in function 

Zhu/ 2018 

(201) 

4045 Knee, hip Rotta, 

OTC 

GH, 

GS 

Pain, 

stiffness 

and 

function 

>70%; Publication bias Quality of analysis

limited due to quality 

of original data 

Pain: 

WOMAC scale – No improvement in pain, 

Stiffness: 

WOMAC scale – Improvement in stiffness 

Function:  
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First/ 

Author/Year 

[Reference] 

Total no. 

of 

patients 

Characteristics of studies 

included in the meta-analysis and 

the systematic review 
Heterogeneity (I2)1 

between trials; Risk of 

bias 

Main limitation of 

the study 

Overall outcome of the meta-analysis 

(Positive outcomes mentioned here are 

statistically significant) Joint 
affected 

Brand   Salt  Outcomes 

analysed 

WOMAC scale – No improvement in function 

S-Mendia/

2018 (205)

1160 Knee Rotta, 

OTC 

GH, 

GS 

Pain 78%; Low risk Different disease 

severity, doses, 

treatment duration 

possibly resulted in 

heterogeneity and 

affected the outcome 

Pain: 

VAS scale- Improvement in pain 

Overall WOMAC score- no change compared in 

score from baseline 

Honvo/ 2019 

(212) 

1351 Knee, 

hip, 

temporo

mandibul

ar 

Rotta, 

OTC 

GH, 

GS 

Safety 29.8%; >60% of the 

studies showed 

outcome reporting bias 

Not full safety data 

was available for the 

analysis 

Glucosamine was safe for treating pain and 

symptoms of OA compared to diacerein (only 

safety information was provided) 
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1.3. Possible reasons for inconsistent clinical outcomes 

1.3.1. Variable study designs  

Both RCTs and NRTs have evaluated the efficacy of glucosamine in OA. Some RCTs were of 

high quality, for example, Herrero et al. used the double-blind, placebo-controlled approach 

(186) in their trial to minimise the related biases (213), while other trials such as the one by

Provenza et al. did not use this approach (189). On the other hand, clinical outcomes reported 

by some low-quality trials with a high risk of biases, inadequate study design or blinding 

methods (199) would provide relatively less reliable results compared to high-quality trials; the 

patient- and researcher-related biases are the main reasons for this issue (213). Also, the 

outcomes reported by meta-analyses that performed combined evaluation of low-quality trials 

and/or trials with significant inconsistencies or heterogeneity (I2 = >50%) should not be 

expected to provide reliable outcomes (115). For example, meta-analyses by Kongtharvonskul 

et al. included trials with high heterogeneity; in this study 50, 70 and 96% of the trials included 

in the analysis showed randomisation and allocation concealment bias, incomplete outcome 

reporting bias and selective outcome reporting bias, respectively. Hence, it is difficult to rely 

on the reported outcomes of this meta-analysis pertaining to improvement in pain and stiffness 

(170). Therefore, good/high quality trials with a low risk of bias and meta-analyses that include 

high quality trials, with low heterogeneity between those trials, are more likely to provide 

consistent and reliable outcomes that can be useful in clinical practice. For example, outcomes 

of the meta-analysis by Zeng et al. (207), Simental-Mendia et al. (205), Lee et al. (208) and 

Runhaar et al. (202) are more trustworthy, since all the studies included high-quality trials and 

two of these studies even reported little or no inconsistencies.   
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1.3.2. Difference in joint affected by OA, symptom and disease severity 

Symptomatic and structural benefits were observed in the majority of the trials that included 

knee OA patients compared to the studies that included patients with hip OA. For example, 

Reginster et al. (178) and Pavelka et al. (188) reported improvement in symptoms, and 

reduction in JSN in knee OA patients using 1500 mg/day dose of glucosamine. However, 

Rozendaal et al. and Kwoh et al. reported no symptomatic and structural changes in hip OA 

patients (174, 180) using a similar daily dose. Some trials that included patients with similar 

disease severity but with different symptom severity have presented variable outcomes. For 

example, Messier et al. (181) and Hochberg et al. (187) included knee OA patients with KL 

grade 2-3. Hochberg et al. (187) found that glucosamine could alleviate pain, stiffness, 

effusion and improve function in patients with moderate to severe symptoms. While Messier 

et al. failed to observe identical outcomes in patients with mild to moderate symptoms. Hence, 

symptomatic changes could be more prominent in patients with moderate to severe symptoms 

compared to patients with mild symptoms. The involvement of patients with different disease 

severity in various trials could be a reason for the variability in clinical outcomes of 

glucosamine. For example, symptomatic improvements were more prominent in trials that 

included OA patients with KL grade 2-3 (186, 187, 189), compared to the trials that included 

OA patients with KL grade 1-4 (171, 185). Hence, the inclusion of OA patients with 

radiographic features resembling either doubtful or severe disease could be another possible 

reason for the reported variability in observed clinical outcomes of glucosamine.   

1.3.3. Different glucosamine preparations 

Different clinical studies used either glucosamine hydrochloride [138, 149, 152] or 

glucosamine sulphate [135, 148] salts. Fourteen out of twenty-one (66%) clinical studies 

(including RCTs and NRTs) found that glucosamine sulphate could provide one or more 
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benefits in OA patients. These trials reported that it could alleviate pain and stiffness, 

enhance function, delay disease progression through structural modifications, reduce the 

use of pharmacological agents (e.g. NSAIDs) and is a cost-effective as well as a safer 

alternative for pain relief in OA  (175, 177-179, 183, 186, 188, 189, 193-195, 197, 198, 200). 

However, only five out of eight (62%) trials that used glucosamine hydrochloride showed 

positive clinical outcomes (41, 182, 187, 189, 191). It is possible, as indicated 

by Bruyere et al. that the sulphate salt of glucosamine is relatively more effective in 

managing symptoms of OA compared to glucosamine hydrochloride. One possible 

explanation for the observed superior effect of glucosamine sulphate over hydrochloride 

salt could be the lower bioavailability of hydrochloride compared to the sulphate salt 

(214). However, the proposed explanation was not justifiable, since a) the relative 

percentage (4%) difference between the trials that reported positive clinical benefits of 

glucosamine sulphate (66%) versus glucosamine hydrochloride (62%) was not large 

enough; b) glucosamine is chemically and structurally similar in the two salts, and both salts 

are expected to release glucosamine base proportionately in the stomach (215). The precise 

reason for the observed differences in the clinical outcomes of glucosamine salts remain 

unexplained, and hence, a large-high-quality clinical trial, comparing the efficacy 

of both salts in OA patients is needed to provide a logical explanation. 

1.3.4. Industry bias 

Ten out of twenty-eight clinical studies discussed here were funded by the pharmaceutical 

industry (41, 171, 178, 180, 181, 186-189, 195) and other trials were industry-independent 

(177, 191). Three out of ten clinical trials were funded by Rottapharm industry (178, 186, 188), 

and all studies reported that glucosamine could significantly improve symptoms, and delay 

disease progression in OA. Similarly, a meta-analysis by Towheed et al. and Lee et al. indicated 
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that Rotta brand was effective in managing symptoms (206) and reducing JSN in OA patients 

(208), respectively. Likewise, other trials funded by industries such as Suntory Wellness Ltd. 

company (41), Bioiberica (187), and Ache Laboratories (189) also reported that glucosamine 

was effective for the management of symptoms of OA (187, 189). In addition, the trial funded 

by Pierre Fabre reported that regular use of glucosamine could decrease the use of NSAIDs 

among OA patients (195). On the contrary, some of the industry-independent trials (173, 176, 

196) reported no clinical benefit of glucosamine over placebo, although the studies used similar

salt forms and a daily dose of glucosamine like few other industry-funded trials (178, 186, 188, 

189). Hence, some the trial outcomes were possibly influenced by the study sponsor/funding 

industry. Although, the proposed explanation cannot be wholly substantiated since some of the 

industry-funded trials, such as the trials funded by Health Perception UK (171) and Rexall 

Sundown (181) also failed to show any symptomatic benefits of glucosamine in OA. On the 

other hand, many industry-independent trials reported that glucosamine could show 

symptomatic improvement (177, 182-184, 191, 194) and delay the disease progression in OA 

(198-200).  

1.3.5. Different daily dose, dosage forms and dose-regimen 

Use of different daily doses of glucosamine (173, 184) could be a possible reason for different 

outcomes. For example, trial by Cibere et al., where OA patients used variable doses of 

glucosamine (≤1500 mg/day) failed to show any symptomatic improvement. While, many trials 

that used 1500 mg/day dose of glucosamine showed positive clinical outcomes (177, 186, 187, 

191). Furthermore, the use of various dosage forms and dose regimen (1500 mg/day dose) of 

glucosamine could also be an explanation for the reported diversity in clinical outcomes. For 

example, Reginster et al. reported improvement in symptoms, enhancement in function and 

decrease in JSN with the use of powder dosage form (1500 mg/day) of glucosamine (178). 
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While Rozendaal et al. (174) and Hughes et al. (171) trials used tablet and capsule forms (1500 

mg/day) of glucosamine, respectively, reported contradictory results. Also, the use of different 

dose-regimen could be responsible for diversified results  (178, 183, 188, 193). For example, 

Giordano et al. and Rindone et al. followed once-daily and thrice-daily dose regimen for 1500 

mg/day glucosamine dose, respectively. Among the two trials, Giordano et al. reported that 

glucosamine could provide symptomatic relief in OA (183), while Rindone et al. observed no 

symptomatic benefit (185). The above examples suggest that the trials that used different doses, 

dosage forms and dose regimens could be a possible cause of inconsistent clinical outcomes. 

However, this explanation could not be fully backed-up because some trials reported 

contradictory findings despite using similar dose, dosage form or dose regimen of glucosamine 

like other clinical studies. For example, unlike Reginster et al. (178), Roman-Blas et al. found 

no symptomatic benefits, even though they employed a similar salt, dose, and dosage form of 

glucosamine (190). On the other hand, symptomatic benefits were observed by different trials 

irrespective of using once-daily (178, 183) or thrice-daily (177, 189) dose regimen of 

glucosamine (1500 mg/day).  

1.3.6. Duration of clinical trials 

Glucosamine is considered as a slow-acting drug, and the minimum recommended duration for 

clinical trials analysing its efficacy as a symptom- and structure-modifying agent in OA is six 

and twelve months, respectively (216). Clinical trials analysing the efficacy of glucosamine in 

OA were conducted for various durations, ranging from 1 (177) to 36 (178) months. Many 

trials that were conducted for the recommended duration to analyse the efficacy of glucosamine 

reported that it could show symptomatic improvement (183, 186, 187) and structural 

modifications (178, 188, 198, 199) in OA. On the contrary, many trials that were conducted for 

less than six and twelve months failed to observe symptomatic (185, 192) and structural 
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benefits (180), respectively. For example, Rindone et al. did not find any improvement in 

symptoms in a six month trial (185), but Giordano et al. reported alleviation in pain and 

symptom in a six month trial (183). Similarly, Kwoh et al. did not observe structural changes 

in a six month trial (180); however, Fransen et al. found reduction in JSN with glucosamine in 

a twenty-four month trial (198). Nevertheless, the difference in trial duration could not provide 

a substantial explanation behind inconsistent clinical outcomes because a) some clinical trials 

although conducted for less than six months observed symptomatic (41, 177, 189) and 

structural benefits (200), while b) some trials conducted for more than twelve months, did not 

observe any benefit in OA patients (174, 176, 181). For example, Noack et al. observed 

improvement in symptoms and function in a one month trial (177). Likewise, Petersen et al. 

reported a possible reduction in cartilage degradation with glucosamine in a four month trial 

(200). On the contrary, Hughes et al. did not find any significant symptomatic, and functional 

benefits in a six month trial (171) and Rozendaal et al. did not report any structural changes in 

a twenty-four month trial (196).  

This study discussed a number of factors as a possible reason for the reported inconsistent 

clinical outcomes of glucosamine. However, there was no clear evidence to substantiate their 

role in the observed variability entirely. Hence, it is possible that apart from the reasons 

mentioned and discussed above, there may be other factors that influence the trial outcomes, 

which are needed to be further investigated. 

1.4. Rationale and Hypotheses 

The reported clinical outcomes show variability, irrespective of the type of salt, formulations, 

daily doses and dose regimen of glucosamine, as well as trial design and duration; hence, there 

is a need to investigate further other possible reasons behind inconsistent clinical outcomes of 
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glucosamine in patients affected by OA. This thesis explores two primary explanations, which 

are discussed below. 

1.4.1. First hypothesis 

Unlike some European countries, glucosamine is available as a dietary 

supplement/nutraceutical, non-pharmaceutical-grade, OTC product in the US, Australia, 

Canada and India. Contrary to pharmaceutical preparations, the OTC products do not 

necessarily undergo stringent quality control. Consequently, there is a possibility that the 

amount of glucosamine present in the dietary supplements is different from the labelled amount 

(186). Indeed, a European study reported that 13 out of 35 OTC glucosamine products that 

were tested, contained a different amount of glucosamine than the labelled amount. Similarly, 

other US studies found that the amount of glucosamine present in dietary products varied from 

41 to 108% of the amount stated on the product labels (217, 218). Apart from this, the 

dissolution property of a drug formulation exhibited in-vitro, influences its in-vivo behaviour, 

including the clinical response of the drug. Inadequate dissolution of a formulation in the gut 

following administration would not only affect the release and absorption of glucosamine into 

systemic circulation but may also alter its clinical response (219). However, currently, there is 

no data available related to both the content and dissolution characteristics of commercially 

available OTC glucosamine products. Hence, it is possible that the use of sub-standard OTC 

glucosamine products is responsible for producing a variable clinical response in patients. 

Therefore, the current thesis hypothesised that variability observed in the reported clinical 

outcomes could be due to differences in the labelled and actual amount of glucosamine present 

in the OTC products and/or due to poor dissolution profiles of products. 
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1.4.2. Second hypothesis 

The majority of the orally ingested glucosamine undergoes first-pass metabolism, and only 

one-quarter of the ingested dose is bioavailable. In the initial phase after systemic absorption, 

it is eliminated fast, followed by a relatively slower elimination in the later phase, probably due 

to its distribution into various tissues and later release (160, 161). Glucosamine becomes 

bioavailable in plasma and at the site of action (synovial fluid) following facilitated absorption 

in the gut via GLUT2. It has been proposed that the reported average concentration of 

glucosamine in synovial fluid is sufficient to achieve clinical efficacy (155), although currently, 

no such data is available showing a relationship between the clinical response and glucosamine 

concentration in plasma or synovial fluid in-vivo. Besides, studies in animals have provided 

evidence that first-pass metabolism occurs in the gut with the partial role of gut microflora in 

this process (166). Hence, it is evident that there are several rate-limiting steps including 

availability and concentration of GLUT2 at the absorption site, variable 

composition/concentration of the gut microflora and the inconsistent distribution of 

glucosamine in various body tissues, which can influence the overall pharmacokinetics 

including bioavailability and elimination of glucosamine. Apart from this, it is possible that 

Rotta glucosamine (pharmaceutical-grade), which is available as a powder, and was reported 

to provide symptomatic and structural improvement have superior bioavailability compared to 

other OTC products, mostly available as a tablet and capsule formulation. Hence, the thesis 

proposes another hypothesis that variable clinical effects observed among OA patients could 

be due to a) differences in the pharmacokinetics of glucosamine between individuals, and b) 

differences in the pharmacokinetics (bioavailability) of various glucosamine products. 

1.5. Thesis Aim

Therefore, the overall aim of this thesis was to investigate the possible reasons behind the
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inconsistencies reported in clinical outcomes of glucosamine including a quality assessment 

of OTC glucosamine products, determining the association between different characteristics 

of the OTC products (salts, doses, brands, and dosage regimens) of glucosamine with the 

plasma levels of glucosamine in OA patients taking the therapy, and analysing 

thepharmacokinetic differences between Rotta brand and OTC brand glucosamine products in 

healthy individuals. 

The specific aims of this thesis are discussed below: 

First Aim 

Most of the currently available analytical methods either use laborious and time-consuming, 

derivatisation techniques (204) or the methods available were not optimised for the separation 

of glucosamine from other amino sugars as well as excipients present in glucosamine 

supplements (220). Therefore, the first aim of the thesis was to develop and validate a simple 

HPLC with Corona charged aerosol detector (CAD) method that can effectively separate 

underivatised glucosamine from various ingredients present in OTC products and can be easily 

employed for the routine quality analysis of such products.  

Second Aim 

There is no data available regarding the quality of glucosamine products commercially 

available in Australia and India. Hence, the second aim was to analyse the content and 

dissolution profile of glucosamine products commercially available in Australia and India 

using the developed and validated HPLC-CAD method.  

Thus, the first hypothesis (variable clinical effects observed among OA patients could be due 

to differences in the labelled and actual amount of glucosamine present in OTC products and/or 
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poor dissolution profiles of some products) was analysed by fulfilling the first two aim of this 

thesis. 

Third Aim 

Most of the currently available analytical methods for analysing glucosamine in plasma use 

ultraviolet detection (UVD) (221) or fluorescence detection (FLD) (222), which require pre-

derivatisation of glucosamine. In contrast, the methods that use mass spectrometry (MS)  (164, 

223, 224), although not requiring derivatisation, suffer from practical drawbacks such as high 

operational costs. Therefore, the third aim of this thesis was to develop and validate a simple 

and sensitive hydrophilic interaction liquid chromatography (HILIC) coupled with CAD 

method that can separate and quantify underivatised glucosamine in human plasma, which can 

be effectively employed in the pharmacokinetic studies. 

Fourth Aim 

The fourth aim of this thesis was to determine the plasma concentration of glucosamine in 

patients with OA taking different brands, formulations, salts, and doses of glucosamine, using 

the developed and validated HILIC-CAD method and examine the variability in plasma levels 

between the patients. The study also aimed at finding the association between various patient- 

and product-related factors and the observed plasma concentrations.  

Fifth Aim 

The fourth aim was designed around a real-world perspective, where patients might have other 

comorbidities and use other medications concomitantly with glucosamine, which could affect 

the plasma levels of glucosamine; therefore, a controlled pharmacokinetic study of 

glucosamine was necessary. Hence, the fifth aim was to analyse the pharmacokinetics of two 

different brands (Rotta brand and OTC brand) with different dosage forms of glucosamine in 
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healthy individuals and examine the inter-brand and inter-individual differences in the 

pharmacokinetics. 

The second hypothesis (that variable clinical effects observed among OA patients could be due 

to a) differences in the pharmacokinetics of glucosamine between individuals, and b) 

differences in the bioavailability of various glucosamine products) was analysed by fulfilling 

the last three aim of the thesis.   

1.6. Thesis layout 

The thesis hypothesised that inconsistent clinical outcomes of glucosamine could be due to the 

use of poor-quality glucosamine products and in-part due to the variability in the 

pharmacokinetics of glucosamine between individuals and between different glucosamine 

products. These hypotheses were explored by developing and applying new analytical 

techniques. Initial sections of the thesis analysed the role of product quality, and the later 

sections explore the pharmacokinetic parameters of glucosamine as the potential factors for 

inconsistent clinical outcomes. 

These investigations are discussed in seven different chapters. Chapter 1 provides the 

background, introduces the current problem, presents the rationale, hypothesis, and aims of the 

thesis. Chapter 2 presents the rationale for developing a new analytical technique for the quality 

assessment of glucosamine products, method development details, validation procedures, and 

discusses its advantages over currently available methods. Chapter 3 presents the results of the 

quality assessment of the glucosamine products and discusses the extent of the effect that the 

product quality has on the reported discrepancies in clinical effects. Chapter 4 discusses the 

requirement for developing a new analytical technique for analysing glucosamine plasma levels 

in humans, method development details, validation procedures, its application and advantages. 
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Chapter 5 discusses the details of recruitment of patients with OA, blood sample collection and 

analysis, examining variability in glucosamine plasma levels, the association of various 

independent and dependent factors with glucosamine plasma levels and the limitations of the 

study. Chapter 6 presents the concept and design of a cross-over, clinical trial in healthy 

individuals, participant recruitment, intervention and dosing of two glucosamine products, 

blood sample collection, sample analyses, determination of pharmacokinetic parameters, and 

exploration of differences in these parameters as well as the association of the parameters with 

different variables. Chapter 7 summarises the overall findings of this thesis to present a general 

conclusion, limitations, implications and prospects.  
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CHAPTER-2: Development and validation of a novel high-performance liquid 

chromatography-coupled with Corona charged aerosol detector method for 

quantification of glucosamine in dietary supplements 

Overview 

This chapter presents a study that addresses the first aim of the thesis. This chapter provides a 

description of method development, validation and advantages of a HPLC-CAD method 

that can be successfully applied to separate and quantify glucosamine in commercially 

available dietary supplements. 
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CHAPTER-3: Quality of glucosamine products: Is it a potential reason for 

inconsistent clinical outcomes in osteoarthritis? 

Overview 

This chapter presents a study that addresses the second aim of the thesis. It summarises the 

criterias that were assessed to analyse the quality of glucosamine products. It also presents 

an association of the product quality with its cost as well as the possible effect of the product 

quality on the pharmacokinetics of glucosamine was also considered briefly in this chapter.  

This work is the reproduction of the online version of the accepted publication. The preprint 

version of the article is provided.  
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 Abstract 

Background: Clinical studies have reported inconsistent outcomes of glucosamine therapy in 

osteoarthritis patients. One possible reason could be the use of glucosamine products of varying 

quality. Hence, this study aimed to assess the quality of glucosamine products marketed in 

Australia and India. This is the first study to investigate both the content and dissolution 

profiles of glucosamine products.  

Methods: The content and dissolution analysis of Australian (n=25 brands) and Indian (n=21 

brands) glucosamine products was performed according to the criteria specified in the United 

States Pharmacopoeia (USP).  

Results: The quality analysis revealed that 16 and 18% of Australian brands, as well as 24 and 

19% of Indian brands, did not fulfil the USP content and dissolution criteria, respectively. In 

approximately half of these cases, the glucosamine content was only slightly below (<3%) that 

specified by the USP and dissolution was achieved within 15 min after the duration specified 

by the USP.  

Conclusions: The majority of the brands did meet both the content and dissolution analysis 

criteria of the USP. The extent of deviation from the specified criteria for the other brands was 

probably insufficient to account for the significant variability in clinical effects. Hence, the 

study proposed that inter-patient pharmacokinetic variations in glucosamine could be another 

potential reason for inconsistent therapeutic effects. 

Keywords: Glucosamine; Quality; Content-Analysis; Dissolution; Osteoarthritis 
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Introduction 

Osteoarthritis (OA) is a joint disease, with characteristic symptoms of pain and stiffness of the 

affected joint causing partial or complete loss of joint function, that may ultimately result in 

physical disability [225]. Glucosamine is a fundamental component of cartilage and, hence, is 

widely used as a dietary supplement or nutraceutical for the management of OA. It is 

categorised as a symptomatic slow-acting drug and is recommended to be used for at least 12 

months to display any structural benefits [133, 179]. Some clinical trials have reported that 

long-term use of glucosamine can help delay the need for joint replacement surgery [179], as 

well as improving joint function and reducing the use of analgesics in OA patients [178]. 

However, other clinical studies did not find any improvement in function or pain reduction in 

OA-affected joints [171, 180]. A clinical study in Australia investigated the efficacy of 

glucosamine in OA and reported that glucosamine showed a reduction in joint space narrowing 

but did not demonstrate any significant symptomatic benefits above placebo [198]. Similar 

contradictory results were reported by recently published meta-analyses; for example, one 

study reported that glucosamine could alleviate OA symptoms [226], while other study 

reported that glucosamine was not effective in relieving OA symptoms [227].  

There could be a number of possible reasons behind inconsistent clinical outcomes of 

glucosamine such as the use of different salts of glucosamine (hydrochloride or sulphate) [178, 

180] dose regimen (once- or thrice-daily) [171, 178] dosage forms (capsule, powder or

liquid),[171, 178, 180] and variable trial lengths (six, twenty-four or thirty-six months) [171, 

178, 198]. Apart from this, one of the possible explanations for the discrepancies in observed 

clinical outcomes could be the use of pharmaceutical grade [179] and non-pharmaceutical 
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grade glucosamine [171, 180]. Glucosamine is available as a pharmaceutical grade (or 

prescription) drug in some European countries. At the same time, it is available as a dietary 

supplement in many other countries, including the United States [228], Australia [198] and as 

a nutraceutical in India [141, 229]. Reportedly 22 and 26% of patients with OA in Australia 

and India, respectively, take commercially available glucosamine products [141, 198]. Studies 

in the United States [228], Canada [217] European countries [218] and Iran [230] that 

quantified the glucosamine content in commercially available products reported that the 

amount of glucosamine present in the majority of the products was different from what was 

stated on the label. For example, an American and a Canadian study indicated that the 

glucosamine content in the tested products (n=14) varied from 25 to 115% [228] and 41 to 

108% [217], respectively. One of the European studies indicated that 36% of the tested 

products (n=33) contained less than 90% of the glucosamine amount claimed on the label [218]. 

In contrast, a study in Iran reported that 40% of tested glucosamine products (n=10) did not 

satisfy the United States Pharmacopoeia (USP) criteria [230]. The reported results suggest that 

sub-standard glucosamine products are not only marketed in developing nations, such as Iran, 

but also in developed countries, including the United States, Canada and European countries. 

Unlike prescription drugs, glucosamine products do not regularly undergo stringent quality 

control procedures, possibly resulting in sub-standard finished products [228]. Also, apart from 

the studies above, little information has been reported regarding the quality of glucosamine 

products that are available in other developed and developing nations.  In addition, most of the 

reported studies were performed more than a decade ago and there have been no recent studies 

reporting the quality of the commercial glucosamine products. 
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Thus, based on the available data on the quality of glucosamine products, we hypothesised that 

the use of sub-standard glucosamine products could be one of the reasons behind variable 

clinical outcomes observed in practice and trials. Although approximately a quarter of the 

patients with OA in Australia and India take glucosamine [141, 142], there is no data available 

regarding the quality of glucosamine products that are marketed in these countries. Therefore, 

this study aimed to perform content and dissolution analyses to determine the quality of 

different brands of glucosamine products that are commercially available in these two 

countries. To our knowledge, this is the first study to investigate both the content and 

dissolution profile of glucosamine products. 

Methods 

Glucosamine products 

Twenty-five brands of glucosamine products (capsule, tablet, powder and liquid) were obtained 

at random from local pharmacies in Hobart, Tasmania, Australia and from other Australian 

online pharmacies. Twenty-one brands of glucosamine products (capsule and tablets) were 

obtained from pharmacies at Bengaluru (Karnataka, India) and other Indian online pharmacies. 

Further details of the glucosamine products are shown in Table-1. For each brand, three 

randomly selected capsules or tablets were weighed individually to determine their weight (w), 

and their mean weight (W) was calculated, followed by calculation of the percent weight 

variation (%WV) using the following equation, %WV = (w/W) × 100 [231].   
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Quality analysis 

The content of active ingredient present and dissolution test results is considered as the two 

main criteria specified in the USP to analyse the quality of a solid dosage form of any 

drug/active pharmaceutical ingredient. According to the USP, the glucosamine product will be 

of a standard quality if: (i) the glucosamine content is within the range of 90-110% of the 

amount that is claimed on the label [232] and (ii) at least 75% of the glucosamine content in an 

oral dosage form is released and dissolves within 45 min [232]. Therefore, the quality of 

various brands of glucosamine was analysed according to these two criteria. 

Glucosamine standard 

A 2 mg/ml stock solution of glucosamine was prepared by dissolving glucosamine reference 

standard (glucosamine hydrochloride or glucosamine sulphate, Sigma Aldrich, NSW, 

Australia) containing 20 mg of glucosamine base to 10 ml of Milli-Q water (Millipore 

Corporation, MA, United States). The glucosamine stock solution was diluted serially with 

Milli-Q water to obtain the calibration standards containing 200, 160, 80, 20 and 10 µg/ml of 

glucosamine base. 

Content analysis 

Glucosamine was extracted from various dosage forms using the extraction procedure 

described elsewhere [233]. Briefly, the contents of each capsule (n = 3) were emptied into a 

plastic tube (size). Each tablet (n = 3) was finely crushed using a mortar and a pestle; then the 

content was carefully transferred into a plastic tube (50 mL). One mL of the liquid dosage form 

(n = 3) was withdrawn and transferred into a plastic tube. Fifteen-gram powder (n = 3) 

(product 
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no. A-17) was weighed, and 3.95 g crystalline powder in a sachet (n = 3) (product no. A-22) 

was placed in an individual plastic tube (50 mL). An appropriate volume of Milli-Q water was 

added to each tube, and vortexed to obtain a mixture containing approximately 50 mg/mL 

glucosamine base. Each tube containing the mixture (capsule, crushed tablet, liquid and powder 

content) was centrifuged for 15 min (CM-6MT, ELMI Ltd., Riga, Latvia) at 2300 rpm and the 

supernatant (3 mL) was collected. 

The collected supernatant was diluted to obtain a concentration expected to contain 100 µg/ml 

of glucosamine base. The prepared samples were filtered using a 0.22 µm (25 mm) 

polyethersulphone (PES) syringe filter (Livingstone, NSW, Australia) to remove any 

particulate matter. Each sample was prepared in triplicate and analysed in triplicate, as 

described below, under sample analysis.  

Dissolution test 

Dissolution was performed using an Erweka® GmbH, DT6 (Heusenstamm, Germany) 

dissolution apparatus. The paddle (apparatus-2) and the rotating basket (apparatus-1) methods 

were employed for analysing the dissolution properties of glucosamine tablets and capsules, 

respectively. The dissolution medium (water), temperature (37°C), rotation speed (75 RPM) 

and dissolution time (60 min) were selected as per the USP monograph recommendations for 

glucosamine. Dissolution media was pre-warmed and maintained at 37±0.5°C. Three dosage 

units were introduced into separate vessels and rotation was initiated immediately. Syringes 

were used to withdraw 5 ml samples through cannulas fitted with in-line filters (pore size 10 

µm). The sampling period was extended by 15 min from the USP specified time to determine 

the extent of dissolution of samples that did not fulfil the USP specified criteria. The collected 

95



Chapter 3: Quality of glucosamine products: Is it a potential reason for inconsistent clinical 

outcomes in osteoarthritis? 

samples were diluted with Milli-Q water to obtain a concentration within the standard curve 

range. Each sample was prepared in triplicate and analysed in triplicate.  

Sample analysis 

The glucosamine content and dissolution analyses were performed using a previously 

developed and validated high-performance liquid chromatography (HPLC), coupled with 

charged aerosol detector (CAD), technique [233]. Briefly, chromatographic separation of 

glucosamine was achieved using a zwitterionic hydrophilic interaction liquid chromatography 

column (SeQuant ZIC-HILIC, 150 mm × 4.6 mm × 5 µm, Merck Millipore, VIC, Australia) 

with a mobile phase consisting of 60% acetonitrile (Sigma Aldrich, NSW, Australia) and 40% 

of 85 mM ammonium acetate (Sigma Aldrich, NSW, Australia), at a flow rate of 0.3 ml /min 

and column temperature set at 40°C. The standard curve was generated by plotting the peak 

areas of glucosamine against the concentration of the calibration standards, and the linear 

regression equation was determined. The concentration of each sample prepared for content 

analysis and dissolution sample was determined using the linear regression equation.  

Data Analysis 

A Mann-Whitney U Test was performed to analyse the difference in price between the 

glucosamine products that fulfilled and did not fulfil the content and dissolution criteria 

specified in the USP, using the Statistical Package for Social Sciences (SPSS) (v.26.0; IBM, 

Armonk, New York, USA). 

96



Chapter 3: Quality of glucosamine products: Is it a potential reason for inconsistent clinical 

outcomes in osteoarthritis? 

97

Results and discussion 

The amount of glucosamine determined in 25 Australian and 21 Indian brands of glucosamine 

products ranged between 77-110% and 61-117% of the amount claimed on the label, 

respectively (Table-1). The glucosamine content present in 4 of the 25 (16%) Australian brands 

and 5 of the 21 (24%) Indian brands were outside the 90-110% range of the amount claimed 

on the label. Excluding powder and liquid dosage forms, 4 of the 22 (18%) Australian brands 

and 4 of the 21 (19%) Indian brands did not comply with the USP dissolution criteria (Table-

3.1).  

Table 3. 1.  Australian and Indian brands with the assigned product number, type of formulation, 

salt form, price in Australian dollar (AUD) per unit dose per day, amount claimed on the label, % of 

claimed amount of glucosamine found and % of glucosamine dissolved within 45 min and within 60 

min 

Country-

Product 

No. 

SaltDosage form Claimed 

Amount of 

glucosamine 

(mg) 

Price 

(AUD)/1500 

mg/day 

% Weight 

variation* 

% of the 

claimed 

amount 

found 

% dissolved 

in 45 min 

(% dissolved 

in 60 min) 

Brands that contained glucosamine outside 90-110% range 

I-1 GST 750 0.6 1.43 87.6 77 (87) 

I-2 GST 1500 0.3 0.34 87.8 87 (88) 

A-1 GST 1500 0.18 0.3 87.9 80 (81) 

I-3 GST 750 1.1 0.96 88.1  85 (88) 

I-4 GST 500 0.3 0.19 117.4 101 (103) 

Brands that did not fulfil USP dissolution criteria 

I-5 GST 750 0.5 0.92 101.8 31 (32) 

I-6 GST 500 2.7 1.17 105.9 64 (81) 

I-7 GST 750 1.1 1.34 99.2 70 (85) 

A-2 GSC 750 0.20 1.35 93.6 73 (85) 
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Country-

Product 

No. 

SaltDosage form Claimed 

Amount of 

glucosamine 

(mg) 

Price 

(AUD)/1500 

mg/day 

% Weight 

variation* 

% of the 

claimed 

amount 

found 

% dissolved 

in 45 min 

(% dissolved 

in 60 min) 

I-8 GST 500 1.1 1.7 101.8 74 (101) 

I-9 GST 750 0.7 0.51 97.2 74 (84) 

Brands that did not fulfil both USP content and dissolution analysis criteria 

I-10 GST 750 0.9 0.77 61.5 13 (18) 

I-11 GST 750 0.6 0.6 66.2 48 (58) 

A-3 GHC 500 0.67 1.32 78.4 39 (64) 

A-4 GST 1500 0.32 0.2 80.9 63 (78) 

Brands that contained 90-110% of glucosamine and fulfilled dissolution analysis criteria 

I-12 GST 750 1.2 0.64 90 86 (89) 

A-5 GST 1500 0.22 0.35 90.9 89 (101) 

A-6 GST 1500 0.24 1.9 92.5 85 (86) 

A-7 GST 1500 0.24 0.85 93.6 90 (92) 

A-8 GST 1500 0.37 0.52 93.6 78 (88) 

A-9 GST 1500 0.10 0.81 93.8 78(86) 

I-13 GST 750 0.4 0.82 94.2 93 (94) 

A-10 GST 1500 0.12 0.35 94.8 84 (87) 

A-11 GST 1500 0.28 0.64 95.1 76 (82) 

I-14 GST 750 0.7 0.56 95.5 93 (95) 

A-12 GST 1500 0.13 0.61 97 87 (87.2) 

I-15 GST 750 0.3 1.07 97.7 96 (97) 

A-13 GST 1500 0.21 1.9 97.8 83 (85) 

A-14 GHL 1500 1.19 N/A 97.9 N/A 

A-15 GST 1500 0.12 1.88 98.5 97 (98) 

I-16 GSC 500 0.5 0.04 98.6 86 (87) 
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Country-

Product 

No. 

SaltDosage form Claimed 

Amount of 

glucosamine 

(mg) 

Price 

(AUD)/1500 

mg/day 

% Weight 

variation* 

% of the 

claimed 

amount 

found 

% dissolved 

in 45 min 

(% dissolved 

in 60 min) 

A-16 GST 375 1.10 0.49 100.1 84 (89) 

A-17 GSP 565 2.97 N/A 101.1 N/A 

A-18 GST 1500 0.28 1.08 101.1 90 (93) 

I-17 GSC 500 0.4 1.62 101.2 90 (91) 

I-18 GST 750 0.3 0.53 101.5 100 (101) 

I-19 GST 1500 0.2 0.4 102.5 92 (93) 

A-19 GST 1500 0.30 1.93 103.5 105 (110) 

A-20 GST 1500 0.14 0.32 103.8 104 (105) 

I-20 GST 1000 0.3 0.42 103.9 88 (90) 

A-21 GST 750 0.62 0.52 105.5 77 (93) 

A-22 GSP 1500 1.10 N/A 105.9 N/A 

A-23 GHC 1500 0.10 0.37 106 81 (82) 

I-21 GST 250 1.3 0.97 107.4 99 (100) 

A-24 GST 1500 0.29 0.46 110 80 (81) 

A-25 GST 2105 0.12 1.67 110.7 100 (102) 

GH = glucosamine hydrochloride; GS = glucosamine sulphate; Α = Australian Brand; Ι = Indian Brand;

* overall percent weight variation in each brand, N/A = Not applicable; AUD = Australian dollar; T =

Tablet; C = Capsule; L = Liquid; P= Powder 

Our findings indicate that 15 out of 46 glucosamine brands were sub-standard, in terms of not 

meeting the USP requirements. Among the sub-standard brands, four (~9%) brands (I-10, 

I-11, A-3 and A-4) neither complied with the claimed label content nor fulfilled the

dissolution criteria; five (~11%) brands (I-1 to I-4 and A-1) did not fulfil the USP requirement 

of content analysis, but fulfilled the USP dissolution criteria; six (13%) brands (I-5 to I-9 

and A-2) did 
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not fulfil the USP specified dissolution criteria, but the content was within the USP-

recommended limits. 

The cost of overall brands ranged between 0.1 to 2.97 AUD/unit dose per day (standardised to 

1500 mg), as shown in Table-1. The median price of the brands that met both USP standards 

was half that of the brands failing the content and/or dissolution requirements (0.285 and 0.6 

AUD/1500 mg, respectively; Mann-Whitney U = 106, z = 2.65, p < 0.01). 

It is suggested that the daily administration of 1500 mg glucosamine for at least six months can 

show symptomatic benefit in OA [133]; therefore, irrespective of the type of glucosamine salt 

(hydrochloride or sulphate) present in a product, it should contain a dose equivalent to 1500 

mg of glucosamine base [228]. Apart from the content, the delivery of the active ingredient 

over a specified time frame to the sites in the gastrointestinal tract where it is well absorbed 

could be a rate-limiting step in absorption and subsequently achieving the desired concentration 

of glucosamine in the systemic circulation for an effective pharmacological effect [219, 234].  

Overall, 65% of the 43 solid dosage form products fulfilled both the content and dissolution 

criteria specified in the USP, indicating that most of the tested products were of acceptable 

quality. Somewhat surprisingly, the median price of the brands that met both USP content and 

dissolution standards was considerably less than for the brands failing the content and/or 

dissolution requirements, indicating that price did not correlate with the quality of the product. 

Closer inspection revealed that 4 out of 5 sub-standard brands (I-1, I-2, I-3 and A-1) and 5 out 

of 6 sub-standard brands (I-6, I-7, I-8, I-9 and A-2) only marginally failed the USP criteria for 

content and dissolution analysis, respectively. For example, I-1, I-2, I-3 and A-1 

brands 
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contained more than 87% of the claimed amount of glucosamine, while I-6, I-7, I-8, I-9 and A-

2 brands achieved more than 80% dissolution within 60 min. According to the 

Biopharmaceutics Classification System, glucosamine can be considered a class III drug, with 

high aqueous solubility but relatively limited permeability through the intestinal wall to reach 

the portal circulation [166, 235].  

Glucosamine is a slow-acting drug and is used on a chronic basis for the symptomatic 

management of OA [133]. It then follows that the extent, rather than the rate of dissolution and 

absorption influence steady-state plasma concentrations of a drug with chronic dosing. An 

altered rate of absorption with chronic use of glucosamine is unlikely to influence the steady-

state plasma concentration or therapeutic effect. Therefore, under normal gastrointestinal 

transit times, for brands that marginally failed to fulfil the USP content and dissolution criteria, 

such as I-3 (containing 88% of the claimed amount of glucosamine) or I-8 (100% dissolution 

was achieved within 60 min), a relatively small difference between the actual and the expected 

amount of glucosamine present, or a slightly faster or delayed dissolution, is unlikely to affect 

the overall extent of absorption. Thus, these marginally sub-standard brands would probably 

not produce a significantly reduced therapeutic response to glucosamine with chronic therapy. 

A limitation of our study is that we only tested commonly used brands available in local 

pharmacies and advertised on the internet. Therefore, other brands were not included in our 

study, and we cannot comment on the quality of those products. In conclusion, poor product 

quality is unlikely to be the inclusive reason behind the reported variability in the clinical 

effects of glucosamine. Most of the previous studies [217, 218, 228, 230] were conducted 

almost a decade ago, and it is likely that the quality assessment procedures and standards 

have 
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improved since, resulting in improved glucosamine product quality. For example, a recent 

Canadian study [236]  reanalysed content uniformity in glucosamine brands that were tested 

earlier by Russell et al. [217] and found that more than 80% of brands fulfilled the USP content 

criteria. 

We suggest that future studies should test the quality of less popular glucosamine products, 

including generic (also known as ‘pharmacy owned’ brands) and online brands. Besides, we 

also, suggest that future clinical studies should be designed to investigate whether inter- and 

intra-patient variability in the extent of absorption, along with clearance, may be associated 

with the discrepant clinical findings. 
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CHAPTER-4: A novel HILIC-CAD method for glucosamine quantification in 

plasma and its application to a human pharmacokinetic study 

Overview 

This chapter presents a study that addresses the third aim of this thesis. This chapter provides 

a description of method development, validation and advantages of a novel HILIC-CAD 

assay that can be successfully applied to separate and quantify glucosamine in human plasma. 

The application of this method to analyse endogenous and exogenous glucosamine levels in 

plasma samples collected from osteoarthritis patients’ is also discussed in this chapter.  
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ions due to the presence of by-products and excessive derivatising
gent [14]. Although MS does not require pre-derivatisation of glu-
osamine, it is associated with practical drawbacks, including its
igh operational costs [16].

Therefore, this research aimed to develop and validate a simple
nd sensitive method using hydrophilic interaction liquid chro-
atography (HILIC) coupled with a Charged Aerosol Detector (CAD)

or the separation and quantification of glucosamine in human
lasma. Furthermore, the application of this newly-developed
ethod was demonstrated by determining the minimum plasma

oncentrations of glucosamine at steady-state (Css min) in 12
atients with OA, who had been taking dietary supplements of
lucosamine (1500 mg/day) for at least one week.

. Materials and methods

.1. Chemicals and biological samples

Glucosamine hydrochloride reference standard and ammonium
ormate (AF) were purchased from Sigma Aldrich (NSW, Australia).
cetonitrile (ACN) was purchased from Chem-Supply Pty. Ltd. (SA,
ustralia) and Milli-Q water was obtained in-house using a Mil-

ipore purifier (Millipore Corporation, MA, United States). Blank
uman plasma was kindly donated by Australian Red Cross Blood
ervices (Hobart, TAS, Australia). Blood samples from OA patients
ere collected using a needle (Wingset SLBCS, 21 G × 0.75 Luer
E, Becton and Dickinson, VIC, Australia) connected to a vacu-
ainer holder (BD Vacutainer® holder, Becton and Dickinson, VIC,
ustralia) and a vacutainer blood collection tube (EDTA tube, 6 mL,
ecton and Dickinson, VIC, Australia) from the antecubital vein.

mmediately after the collection, blood samples were centrifuged
Hettich Zentrifugen EBA 12 centrifuge, Tuttlingen, Germany) at
300 RPM for 10 min, and the plasma supernatant was collected
nd stored at -80 ◦C.

.2. Ethics approval

The study protocol was approved by the Tasmanian Health and
edical Human Research Ethics Committee, Australia (Approval

umbers: H0015879, approval date: 06/09/2016; H0016273,
pproval date: 22/05/2017). The study was carried out in accor-
ance with the current revision of the Declaration of Helsinki
oncerning medical research in humans and with Good Clinical and
aboratory Practice Guidelines.

.3. HPLC instrumentation

A Dionex 3300 HPLC system (Thermo Fisher, California, USA),
onsisting of an Ultimate 3000 RS pump, an autosampler, a column
ompartment and Ultra RS CAD, was employed for the analysis
f glucosamine. The temperatures of the column and autosam-
ler compartments were maintained at 30 ◦C and 4 ◦C, respectively.
AD was used as per the manufacturer’s recommended settings of
5 ± 0.2 psi for the nitrogen gas flow at 25 ◦C nebuliser temperature.
he data collection rate, power function and filter time constant
ere maintained at 100 Hz, 1 and 3 s, respectively. Chromeleon®

Chromatography software was used to control the operations of
he instrument and to run data acquisition.

.4. Chromatographic conditions

The separation of glucosamine was carried out using a HILIC

hapter 4: A novel HILIC-CAD method for glucosamine quant
sahipak® NH2P-50 4E amino column (250 mm × 4.6 mm inter-
al diameter; particle size: 5 �m; pore size: 100 Å, Phenomenex®,
SW, Australia) and Asahipak® NH2P-50 G 4A guard column

10 mm × 4.6 mm ID; particle size: 5 �m; pore size: 100 Å). The flow
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rate was either 0.7 or 1 mL/min, and the mobile phase consisted of
various compositions of AF (90, 100 or 110 mM) (mobile phase-A)
and ACN (mobile phase-B). The mobile phases were filtered using
a Millipore vacuum equipped with a 0.45 �m filter and degassed
using ultrasonic bath (Sonorex RK-100, Bandelin Electronic, Berlin,
Germany) for 10 min prior to use. For CAD, nitrogen carrier gas was
employed at a flow rate of 2 L/min to nebulise the mobile phase
into small droplets. The injection volume was 5 �L.

2.5. Calibration plasma standards

The reference standard solutions containing 8, 4, 2, 1, 0.5, 0.25
and 0.125 �g/mL of glucosamine were prepared by appropriately
diluting a 100 �g/mL glucosamine hydrochloride solution with
Milli-Q water. Fresh glucosamine reference standard solution was
prepared every 48 h since it has been reported to be stable for
this period at both 4 ◦C and room temperature [17]. Spiked plasma
samples containing 1600, 800, 400, 200, 100, 50, and 25, 12.5 and
6.25 ng/mL of glucosamine were prepared by spiking 400 �L of
blank plasma with 100 �L of 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.062 and
0.031 �g/mL of reference standard solutions, respectively. After the
addition of ACN (500 �L) as mentioned in Section 2.6 below, the
calibration plasma standards containing 800, 400, 200, 100, 50, 25,
12.5, 6.25 and 3.12 ng/mL of glucosamine were finally obtained.

2.6. Plasma sample preparation

Blank plasma and patient plasma samples (400 �L) were spiked
with 100 �L of Milli-Q water and vortexed (Microanalytix Pty
Ltd. NSW, Australia) for 10 s. To precipitate plasma proteins, an
equal volume of ice-cold ACN (500 �L) was added to calibra-
tion plasma standards, blank plasma and patient plasma samples
before vortexing for 1 min. These solutions were then centrifuged
(Espresso, ThermoFisher Scientific, VIC, Australia) at 14,600 RPM
for 5 min. After centrifugation, the supernatant was collected, fil-
tered through a nylon syringe filter (Membrane Solutions®, pore
size 0.45 �m, diameter 13 mm, Lab Direct, NSW, Australia) into a
glass vial and analysed using HILIC-CAD.

2.7. Method development

The mobile phases were composed of either 90 (pH = 5.95), 100
(pH = 6.15) or 110 mM (pH = 6.35) AF, prepared by adding 5.94,
6.603, 7.26 g of AF in 1 L of Milli-Q water, respectively, and ACN.
Both isocratic and gradient modes were used for method develop-
ment. In an isocratic mode, various compositions of ACN (58%, 60%
or 65%) were employed. Different gradient modes were tried as dis-
cussed in section 3.2.2. The flow rate was 1 mL/min during isocratic
separation and 0.7 mL/min during the various gradient modes.

2.7.1. Method validation
The method was validated using calibration plasma standards

(12.5, 25, 50, 200 and 800 ng/mL) for linearity, accuracy, precision,
carry-over effect, repeatability, recovery and stability. The actual
(due to the addition of external glucosamine) peak area of exoge-
nous glucosamine (A) in calibration plasma standard was calculated
as shown in Eq. (1), and ‘A’ values were used for method validation.

A = T–E (1)

tion in plasma and its application to a human pharmacokinetic
Where, A = Actual peak area of exogenous glucosamine in the
spiked sample, T = total peak area of exogenous + endogenous
glucosamine in spiked plasma and E = peak area of endogenous
glucosamine in blank plasma.
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ig. 1. Influence of various concentrations of AF on the separation of glucosamine. Exp
nternal diameter (ID), particle size 5 �m, pore size 100 Å; guard column: Asahipak
8% of ACN with 90 mM (A) 100 mM (B) 110 mM (C) AF; column temperature: 30 ◦C

The same human plasma pool was used for all method validation
rocedures to ensure a consistent level of endogenous glucosamine
as present.

.7.1.1. Linearity. Linearity was analysed using the linear regres-
ion coefficient (r2) obtained from the calibration graph generated
y plotting the peak areas versus glucosamine concentrations (800,
00, 200, 100, 50, 25 and 12.5 ng/mL). The samples were prepared

n triplicate and analysed in triplicate.

.7.1.2. Accuracy, precision, repeatability, lower limit of quantita-
ion and lower limit of detection. The calibration plasma standards
00, 200, 50 and 25 ng/mL were used for the determination of
ccuracy, precision and repeatability. Mean intra- and inter-day
3 consecutive days) accuracy values for the glucosamine peak
n = 6) were determined by the percentage recovery using the equa-
ion: observed concentration/expected concentration × 100. Intra-
nd inter-day (3 consecutive days) precision values were investi-
ated using peak areas of glucosamine with repeat analysis (n = 6)
f calibration plasma standards. Repeatability was investigated by
etermining mean intra- and inter-day (3 consecutive days) peak
lution time of glucosamine in calibration plasma standards. Each
ample was prepared in triplicate and analysed in triplicate. The
ower limit of quantification (LLOQ) was determined by signal-to-
oise (S/N) ratio. The S/N ratio was established using the equation,
H/h, where H = peak height of each glucosamine concentration

12.5, 6.25, and 3.125 ng/mL of glucosamine spiked sample, n = 5)
nd h = the difference between the largest and smallest noise val-
es of the blank (water only, n = 5) sample. Both H and h values
ere measured between the same time width in chromatograms

f the analyte (glucosamine spiked plasma) and the blank sam-
les, respectively [18]. The S/N ratio of each sample concentration
12.5, 6.25, and 3.12 ng/mL of glucosamine spiked plasma sample)
as determined by comparing the peak height of the sample with
hose of the blank sample. The LLOQ was established when the S/N
atio of the glucosamine in the sample was 5 times higher than the
esponse of the blank. The percentage relative standard deviations
%RSDs) for the accuracy, precision and repeatability were accept-

106
ental conditions – column: Asahipak® NH2P-50 4E amino column, 250 mm × 4.6 mm
P-50 G 4A, 10 mm × 4.6 mm ID, particle size 5 �m, pore size: 100 Å; mobile phase:
ctor: CAD; flow rate: 1 mL/min; Injection volume: 5 �L.

able at ± 15% for calibration plasma standards and at ± 20% for
LLOQ [19]. The limit of detection (LOD) was determined using the
following equation: LOD = 3.3 × LLOQ/Average of S/N ratio for LLOQ
[20].

2.7.1.3. Carry-over effect. The carry-over effect was determined by
injecting a calibration plasma standard (800 ng/mL; n = 2) followed
by an injection of a blank sample (water; n = 2). This process was
repeated three times. After the injection of each calibration plasma
standard and blank sample, the peak area of glucosamine was
determined.

2.7.1.4. Recovery. The recovery was determined by comparing the
glucosamine response obtained after the analysis of processed cal-
ibration plasma standard (glucosamine reference standard was
spiked before protein precipitation of blank plasma; 400 ng/mL;
n = 3) and unextracted plasma sample (glucosamine reference
standard was spiked after protein precipitation of blank plasma;
400 ng/mL; n = 3). The percentage recovery was obtained by the
following equation: concentration of glucosamine in processed
calibration plasma standard/concentration of glucosamine in unex-
tracted sample × 100. The samples were prepared in triplicate and
analysed in triplicate.

2.7.1.5. Stability. To determine the stability of glucosamine
in plasma at low temperatures, calibration plasma standard
(400 ng/mL; n = 6) were stored at -20 ◦C (n = 3) and −80 ◦C (n = 3) for
7 and 30 days, respectively. The freeze-thaw stability of calibration
plasma standard (400 ng/mL, n = 3) was also analysed by perform-
ing three freeze-thaw cycles at -20 ◦C and−80 ◦C. During stability
analysis, the samples stored at -20 ◦C and−80 ◦C were thawed at
room temperature for approximately 30 and 90 min, respectively,
followed by protein precipitation before HPLC analysis. Each sam-

ple was analysed in triplicate.

To determine the stability of glucosamine at room and refrig-
erated temperatures, the processed calibration plasma standard
(400 ng/mL, n = 6) was stored at 20 ◦C (n = 3) and at 4 ◦C (in HPLC



4 Pharm

a
a

2

c
a
s
[
p
v

i
e
d
t
u
s
p
c
t
E

A

2

t
i
p
s
e

F
p
A

Chapter 4: A novel HILIC-CAD method for glucosamine quantification in plasma and its application to a human pharmacokinetic study
C. Asthana, G.M. Peterson, M.D. Shastri et al. / Journal of

utosampler; n = 3) for 24 and 48 h, respectively. Each sample was
nalysed in triplicate.

.8. Method application

The HILIC–CAD method was employed to measure the plasma
oncentrations of glucosamine in 12 patients with OA (six males
nd six females). A previous study demonstrated that the steady-
tate is achieved after three repeated daily doses of glucosamine
21]; therefore, participants who had been taking glucosamine sup-
lements (1500 mg/day) for at least one week were recruited. The
olunteers understood and signed an ‘Informed Consent Form’.

The standardised daily dose (mg/Kg) was determined by divid-
ng the daily dose with the individual weight. A plasma sample from
ach participant was collected 24 h after ingestion of their previous
ose of glucosamine to determine the minimum plasma concentra-
ion of glucosamine at steady-state (Observed Css min). Participants
nderwent a washout period for five days, after which their blood
ample was collected to analyse the endogenous glucosamine
lasma concentration (GlcNend). The actual minimum plasma con-
entration of glucosamine at steady-state (Actual Css min) achieved
hrough exogenous glucosamine intake was then calculated using
q. (2):

ctualCssmin=ObservedCssmin-GlcNend (2)

.8.1. Data analysis
The % coefficient of variation in Actual Css min between par-

icipants was calculated. Coefficients of variation above 20% are

ndicative of substantial inter-individual variability [22]. A non-
arametric correlation was performed between Actual Css min and
tandardised daily dose, using the Statistical Package for Social Sci-
nces (SPSS) (v.26.0; IBM, Armonk, New York, USA).

ig. 2. Influence of various compositions of ACN on the separation of glucosamine. Expe
hase contained 100 mM AF and various compositions of ACN – chromatogram of gluco
CN; chromatograms of plasma sample spiked with glucosamine (1000 ng/mL) and blank
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3. Results and discussion

3.1. Optimisation of chromatographic conditions for HILIC-CAD
method development

3.1.1. Effect of AF
To investigate the effect of AF on the chromatographic separa-

tion of glucosamine, the proportion of ACN:AF phases (58%:42%)
was kept constant, but the concentration of AF was changed
systematically from 90 mM to 100 mM and then to 110 mM. In
comparison with the water only sample, a small peak probably rep-
resenting glucosamine was eluted at 2.6 min (Fig. 1A). As it eluted
with the solvent front, the concentration of AF was increased to
100 mM, resulting in a better glucosamine peak shape (Fig. 1B),
but it still co-eluted with the solvent front. A further increase
in the concentration of AF to 110 mM extended the elution time
of glucosamine to 3.3 min (Fig. 1C), but the peak became broad,
and its height decreased. These chromatographic results would
not allow the quantification of endogenous glucosamine in plasma
(expected concentrations: 10–204 ng/mL) [21]. Therefore, at this
stage, 100 mM AF was selected for further investigations based
on the characteristics of the glucosamine peak. Separation of glu-
cosamine was then attempted by altering the composition ACN in
the mobile phase while keeping the concentration of AF (100 mM)
constant.

3.1.2. Effect of ACN
3.1.2.1. Isocratic mode. The chromatographic profiles of the glu-
cosamine reference standard and glucosamine spiked in blank
plasma are shown in Fig. 2. The separation of glucosamine was

first investigated using glucosamine reference standard under dif-
ferent isocratic conditions in which the concentration of ACN was
changed systematically over a range of 58–65%. As shown in Fig. 2Ai,
at the lowest studied ACN concentration (58%), glucosamine co-

rimental conditions were the same as those described in Fig. 1 except the mobile
samine (1000 ng/mL) reference standard solution (A) at 58 (i) 60 (ii) and 65% (iii)
human plasma at 65% ACN (B).
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luted with the solvent front, suggesting a weak adsorption and/or
ts poor liquid-liquid partitioning in the pseudo-stationary water
ayer formed on the polar stationary phase that is composed of
mino groups chemically bound to polyvinyl alcohol gel [23].

To increase the partitioning of glucosamine into the pseudo-
tationary layer, as well as to enhance its adsorption on the
tationary sites primarily provided by less acidic amino groups [24],
he composition of ACN was increased to 60% (Fig. 2Aii) and then
5%. Although the increase in ACN composition resulted in the
eparation of glucosamine from the solvent front (Fig. 2Aiii), the
ifference in elution time between 58% and 65% ACN was approxi-
ately 0.6 min. only. When extraction of pharmaceutical molecules

rom plasma is performed, it is almost impossible not to have the
resence of endogenous substances in the extracted sample. There-
ore, at this concentration of ACN, polar endogenous substances
re also expected to elute just before, after or with the solvent
ront, interfering with the analyses of glucosamine, as shown in
ig. 2B. Since the effective separation of glucosamine from endoge-
ous substances was not achieved using the isocratic mode, further

nvestigations were made using a gradient mode of elution.

.1.2.2. Gradient mode. The initial composition (time 0 min) of ACN
as kept at 80%, which was then changed linearly to 40, 30, 20, 10

r 5% within the next 25 min; after that, ACN was increased to 80%
ithin 25–26 min. When the composition of ACN was decreased to

0%, the elution time of glucosamine was increased compared to
he isocratic mode (65% ACN). However, when this gradient mode
as applied to blank plasma and glucosamine spiked blank plasma

1000 ng/mL), a broad peak was observed at 10.5 min (Fig. 3A),
ndicating co-elution of glucosamine (endogenous and exogenous)

ith other possible endogenous compounds. The co-elution of
lucosamine was confirmed by further addition of 500 ng/mL of
lucosamine to the glucosamine spiked blank plasma (data not
hown).

Therefore, the ACN composition was changed from 80 to either
0, 20 or 10%. This resulted in decreased elution times of glu-
osamine, as shown in Fig. 3B, C and D, respectively. However, only
artial separation of glucosamine and co-eluting endogenous sub-
tances was observed. Finally, glucosamine was separated (elution
ime 8.7 min) from co-eluting endogenous substances when the
omposition of ACN changed from 80 to 5% (Fig. 3E). In addition
o partitioning, in the early phase of gradient mode when the ACN
omposition was high, endogenous saccharides and glucosamine
ay have been immobilised in the thin pseudo-stationary layer,
hich is strongly bound to the polar stationary phase [25]. Hence,
uring the early phase, endogenous saccharides and glucosamine,
wing to the presence of hydroxyl groups, would have formed
ydrogen-bonds with amino groups on the stationary phase. With
he increased proportion of water over time (for example, ACN from
0% to 5%), water molecules would have competed with saccharides
nd glucosamine for amino groups, resulting in the displacement
f sugar molecules in increasing order of their hydrogen-bond
trength and molecular size [26]. Also, in blank plasma, a peak
luted at the same time as glucosamine (Fig. 3E), confirming the
etection of endogenous glucosamine.

.2. Assay performance

The mean correlation coefficient (r2) for calibration standards of
lucosamine in spiked plasma was found to be 0.9991 intra-day and
.9996 inter-day, indicating good linearity. The assay performance
esults are shown in Table 1. The mean inter- and intra-day accu-

acy and precision percentage relative standard deviations (%RSDs)
or each of the tested concentrations of glucosamine (25, 50, 200
nd 800 ng/mL) were found to be less than 9%. The mean inter-
nd intra-day repeatability %RSDs for each of the tested concen-
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trations of glucosamine (25, 50, 200 and 800 ng/mL) were found to
be less than 1%. The LLOQ was established at 12.5 ng/mL with S/N
ratio = 11.3 (%RSDs of mean intra- and inter-day accuracy, precision
and repeatability was less than 7%). The LOD was determined to be
3.3 ng/mL. The results are within acceptable limits and shown in
Table 1.

3.3. Carry-over effect, recovery and stability

The carry-over evaluation did not show any residual peak of
glucosamine in blank (water only) samples injected immediately
after the injection of plasma samples spiked with glucosamine
(800 ng/mL), as shown in Table 2. The % mean recovery was found
to be 99.7% (Table 3).

The % of initial concentrations of unextracted plasma and
processed calibration plasma standards containing 400 ng/mL glu-
cosamine were found to be ≥99% at various storage conditions and
time-periods (Table 4). The calibration plasma standard was found
to be stable for 30 days at −80 ◦C and for 7 days at -20 ◦C. The pro-
cessed samples were stable for 24 h at room temperature, allowing
extraction of multiple samples before HPLC analysis. The extracted
samples were stable for up to 48 h at 4 ◦C. As the run time of the
method was 26 min, the observed stability would allow simulta-
neous analysis of approximately 115 samples without the risk of
glucosamine being degraded while sitting in the HPLC autosampler
at 4 ◦C.

4. Advantages of HILIC-CAD method

The newly-developed method offers several advantages over
previously reported methods for the quantification of glucosamine
in human plasma (Table 5). Previous studies employed multi-
ple steps for the extraction of glucosamine from plasma, as well
as the use of relatively expensive pre-preparation ion-exchange
columns, evaporation for sample pre-concentration and use of
cocktails of chemicals for sample pre-derivatisation [9,11–13].
In contrast, the current study employed a single-step extraction
procedure and did not require pre-derivatisation of glucosamine,
since CAD detection is primarily based on the mass of an analyte.
Although pre-derivatisation is not needed with a method coupled
with an electrochemical detector (ECD), however unlike CAD, ECD
electrodes are required to be cleaned after each run, increasing
the overall analysis time [27]. Detection sensitivity of the cur-
rent method is higher than HPLC-ECD and CE-MS methods, as the
latter methods require 8 and 3.2 times higher amounts of mini-
mum glucosamine mass on the column and capillary, respectively
than the current method [15,27]. The LLOQ of the current method
(12.5 ng/mL) is comparable to the LOQ (10 ng/mL) of the previ-
ous HPLC-MS method [14], indicating both methods are equally
sensitive; yet, unlike MS, CAD does not require ionisation for the
detection, nor any specialised training is required to operate the
instrument and is also economical to use [28].

5. Application of HILIC-CAD method

The chromatograms for blank plasma spiked with 12.5 ng/mL of
glucosamine and a patient’s plasma sample is shown in Fig. 4A and
B respectively. The age, weight and standardised daily glucosamine
dose for the OA patients ranged between 65–81 years, 61.6–119 K g
and 4.4–12.6 mg/Kg, respectively. The GlcNend and Observed Css min

varied from 35 to 215 ng/mL and 50–425 ng/mL, respectively. The
Actual Css min (Actual Css min [found by difference] = Observed Css min
- GlcNend) varied between 2.5–300 ng/mL. Overall, the Actual Css min
values varied 120-fold, with an 81.7% coefficient of variation. No
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Fig. 3. Influence of various compositions of ACN on the separation of glucosamine when various gradient modes were employed. Experimental conditions were the same
as those described in Fig. 1 except the flow rate was 0.7 mL/min, and the mobile phase contained 100 mM AF and different compositions of ACN - the initial (time 0 min)
composition of ACN was kept at 80%, which was then changed linearly within the next 25 min to 40 (A), 30 (B), 20 (C), 10 (D) or 5% (E), after that ACN was increased to 80%
within.25–26 min.

Table 1
Inter- and intra-day accuracy, precision, repeatability and linearity for glucosamine in spiked plasma samples, and accuracy and precision for the lower limit of quantitation
(LLOQ).

Glucosamine
Concentration (ng/mL)

Accuracya (%RSD) Precisionb (%RSD) Repeatabilityc (%RSD) the (%RSD)

Inter-daye Intra-day Inter-daye Intra-day Inter-daye Intra-day Inter-daye Intra-day

12.5f 6.27 4.64 3.78 3.85 1.25 0.98

0.04 0.08
25 6.45 8.90 5.67 7.89 0.02 0.36
50 4.03 5.97 5.26 3.36 0.69 0.15
200 5.59 3.68 5.56 5.55 0.46 0.24
800 3.09 2.55 2.32 5.54 0.28 0.16

%RSD = relative standard deviation; a = determined by the percentage recovery: observed concentration/expected concentration × 100; b= determined using peak areas with
repeat analysis; c = determined using peak retention time of glucosamine with repeat analysis; d = determined by the regression coefficient obtained from calibration curve
with repeated analysis; e= mean; f= lower limit of quantitation.

Table 2
Carry-over effect of glucosamine (800 ng/mL) in spiked blank plasma.

Sample No. Retention time (min) ± SD Peak area of glucosamine in the
spiked sample (pA*min) ± SD

Peak area in the blank
sample (pA*min)

1 8.76 ± 0.06 0.384 ± 0.02 0.00
2 8.74 ± 0.07 0.408 ± 0.01 0.00
3 8.70 ± 0.12 0.414 ± 0.03 0.00

SD = standard deviation.

Table 3
Recovery of glucosamine (400 ng/mL) in spiked blank plasma.

Sample No. Observed concentration of
glucosamine in processed calibration
plasma standard*a ± SD

Observed concentration of
glucosamine in unextracted plasma
samples*b ± SD

1 383.6 ± 3.0 382.9 ± 4.0
2 368.6 ± 4.0 367.8 ± 5.0
3 356.4 ± 3.0 361.3 ± 3.9
Mean ± SD 369.5 ± 13.5 370.6 ± 11.0
% Recovery** 99.7 %

SD = standard deviation; *= sample containing 400 ng/mL of glucosamine a= glucosamine reference standard was spiked before protein precipitation of blank plasma;
b= glucosamine reference standard was spiked after protein precipitation of blank plasma; **= percentage recovery was calculated using the following equation: mean
concentration of glucosamine in processed calibration plasma standard/mean concentration of glucosamine in unextracted plasma sample × 100.
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Table 4
Stability of glucosamine (400 ng/mL) in spiked human plasma under various storage conditions and time-periods.

Storage conditions Storage time Mean % of initial concentration
remaining (ng/mL) ± SD

Three freeze-thaw cycles after storing at -20 ◦C* 3 days 101.7 ± 1.5
−20 ◦C* 7 days 101.6 ± 0.9
Three freeze-thaw cycles after storing at −80 ◦C* 3 days 102.0 ± 0.7
−80 ◦C* 30 days 99.1 ± 2.1
Room temperature** 24 hours 101.3 ± 2.4
4 ◦C** 48 hours 99.6 ± 2.1

SD = standard deviation; * = calibration plasma standard; ** = processed sample.

Table 5
Comparison of the newly-developed HILIC-CAD method with other available analytical methods for quantification of glucosamine in plasma.

First Author
(Year) [reference]

Analytical
Technique
(Type of
chromatography)

Detector Derivatisation
required

Retention time (Total
run time) (min)

Injection volume (�L)
(Minimum mass (ng) on
column)a

LOD (LOQ) (ng/mL)

Habashi (2005) [11] HPLC (RP) UV Yes 28.0 (∼30) 100 (20) 100 (200)
Ibrahim (2010) [12] HPLC (RP) FLD Yes 14.0 (15) 5 (0.25) 50 (NM)
Song (2012) [13] HPLC (RP) MS Yes 4.1 (6) 25 (0.30) NM (12)
Pashkova(2009) [27] HPLC (IE) ECD No 6.8 (12) 50 (0.50) 2 (10)
Roda (2006) [14] HPLC (NP) MS No 4.4 (27) 3 (0.03) 5 (10)
Cesar (2012) [15] CE (N/A) MS No 6.3 (NM) 4 (0.20) NM (50)
New Method HPLC (NP) CAD No 8.7 (26) 5 (0.06) 3.3 (12.5*)

LOD = limit of detection; LOQ = limit of quantitation; HPLC = high performance liquid chromatography; CE = capillary electrophoresis; RP = reversed phase; IE = ion-exchange;
NP = normal phase; N/A = not applicable; UV = ultra-violet; FLD = fluorescence detector; ECD = electrochemical detector; MS = mass spectrometry; CAD = charged aerosol detec-
tor; NM = not mentioned in the reference; a = minimum mass (ng) on the column is the minimum quantifiable mass injected onto the column and calculated by the following
equation: injection volume (�L) × LOQ or minimal concentration of standard curve of glucosamine (ng/�L); * = lower limit of quantitation (LLOQ).

Fig. 4. Plasma samples analysed using the newly developed HPLC-CAD method. Experimental conditions were the same as those described in Fig 3E – chromatograms of
endogenous glucosamine in blank plasma and blank plasma spiked with 12.5 ng/mL (LLOQ) of glucosamine (A); chromatograms of patient plasma sample containing 35 ng/mL
of endogenous glucosamine and 50 ng/mL of Observed Css min (endogenous + exogenous glucosamine), i.e. Actual Css min =15 ng/mL (B).
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ig. 5. Scattered plot showing the correlation between the standardised daily dose
found by difference] = Observed Css min - GlcNend).

ignificant correlation was observed between Actual Css min and the
tandardised daily dose (p = 0.276), as shown in Fig. 5.

The current study determined Css min levels as these levels are

ndependent of the rate of absorption; hence, are expected to show

inimum intra-patient variability [29]. We observed enormous
nter-patient variability in Actual Css min levels among patients

ith OA taking the same total dose of glucosamine, with no

Fig. 6. Metabolic pathways o

11
cosamine and actual minimum plasma concentration at steady-state (Actual Css min

association with a weight-standardised daily dose. It is known
that glucosamine undergoes high and variable intestinal first-
pass metabolism [9], which would be expected to result in the

inconsistent extent of absorption and potentially highly variable
steady-state plasma concentrations, as reported in the current
study. It is reported that the majority of glucosamine undergoes
the first-pass metabolism inside the gut rather than liver and

f glucosamine [34,11].
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he metabolism depends on the availability of gut microbes. Also,
lucosamine is actively transported through the intestinal mem-
rane by glucose transporters (GLUT); therefore, a saturation of
LUT could result in diminished absorption of glucosamine [9]. The
etabolism of glucosamine is represented in Fig. 6 [30].
Although the sample size was relatively small, the results

rovide support to our hypothesis that the reported inconsis-
ent clinical outcomes with glucosamine therapy could be due to
ubstantial inter-patient pharmacokinetic differences, such as vari-
bility in the extent of absorption and/or rate of elimination of
he compound. Large clinical studies correlating the response to
herapy with plasma concentration of glucosamine are needed.

. Conclusion

Despite the contradictory outcomes reported in various clini-
al trials, glucosamine is still widely used for the management of
A. Well-designed pharmacokinetic studies are required to investi-
ate the reasons behind the variable clinical outcomes. However, a
ajor rate-limiting step to conduct these studies is the availability

f a simple analytical technique. We have developed and validated
simple, effective and sensitive HILIC-CAD method to quantify glu-
osamine in human plasma. Further, to the best of our knowledge,
his is the first study to indicate that large inter-patient variabil-
ty in the pharmacokinetics of glucosamine could be a reason for
he previously reported inconsistent clinical outcomes in patients
aking glucosamine for the management of OA.
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Overview 

This chapter presents a study that addresses the fourth aim of the thesis. It presents the 

demographics of the recruited OA patients’, time-points when their blood sample was 

collected and how the minimum plasma concentration (Css min) of glucosamine at steady-state 

was determined. The study discussed in this chapter investigated the variability in Css min 

among the OA patients and also, analysed if there was an association of various independent 

and dependent variables with Css min.  
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Abstract 

Purpose. Glucosamine is widely used by patients with osteoarthritis (OA) to provide 

symptomatic relief and to delay disease progression. However, clinical studies have reported 

inconsistent clinical outcomes. The current study hypothesised that the reported inconsistent 

clinical results could, in part, be due to variable bioavailability and elimination of glucosamine. 

Therefore, the study aimed to determine steady-state plasma concentrations (Css min) of 

glucosamine in patients taking the supplement, to examine the variability among patients.  

Methods. Patients with OA, who had been taking glucosamine for at least one week, were 

recruited. Patients’ blood samples were collected 24 hours after the ingestion of the previous 

dose to determine Observed Css min and after a 5-day washout period to determine the 

endogenous glucosamine levels (GlcNend). The Actual Css min was calculated using the 

following equation: Actual Css min = Observed Css min – GlcNend. The glucosamine plasma 

concentrations were determined using a previously-developed high-performance liquid 

chromatography method.  

Findings. Ninety-one participants (42-89 years; 68.2 ± 7.6 years) were recruited (70% were 

females). There was substantial (106-fold) variation, with a 45% coefficient of variation, 

between the Actual Css min levels (3-320 ng/mL) in participants. No significant association of 

Actual Css min was observed with various dosing- and patient-related variables.  

Implications. The observed high variability in steady-state plasma concentrations indicates 

substantial inter-patient differences in the absorption and elimination of glucosamine, which 

could be a cause for inconsistent clinical outcomes in patients with OA.  

Key words: osteoarthritis, glucosamine, pharmacokinetics, plasma concentration, variability
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Introduction 

Osteoarthritis (OA) is an irreversible condition characterised mainly by degeneration of the 

articular cartilage and associated with symptoms including joint pain, loss of joint function, 

and ultimately leading to physical disability. More than 240 million adults worldwide suffer 

from OA; it is estimated that it affects 9.6% of males and 18% of females above 60 years of 

age [237]. Current treatments, such as non-steroidal anti-inflammatory drugs, paracetamol and 

opioids, can alleviate symptoms but do not produce disease remission and are associated with 

significant side effects, including upper gastrointestinal bleeding, death in overdose and 

dependence [237].  

Articular cartilage is naturally composed of glucosamine. Hence, it has been widely used for 

the management of OA [198]. In-vitro studies have reported that glucosamine can reduce 

cartilage degradation and induce cartilage production [153]. Clinical studies investigated the 

symptom- and structure-modifying efficacy of glucosamine in patients with knee [178, 181, 

183, 198] and hip [180, 196] OA, for either 6 [180, 183], 12 [181], 24 [196, 198] or 36 months 

[178]. Some of these studies have indicated that glucosamine could alleviate symptoms [183] 

and slow disease progression, thereby delaying the need for joint replacement surgery [178, 

198]. In contrast, other studies did not find any significant effect on OA symptoms [181, 198] 

or disease progression [180, 196]. There are several possible explanations for the observed 

variability in the effectiveness of glucosamine. These possible reasons could include a) 

differences in the affected joint, for example, the studies that investigated glucosamine efficacy 

in knee OA observed symptomatic [178, 183] and structural improvement [178, 198], in 

contrast to the studies that involved hip OA [180, 196];  b) different study durations, for 

example, at least 12 months or longer treatment is recommended before assessing the structural 

changes in the joint [216] (mostly studies that were conducted for ≥12 months have observed 
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structural changes in the joint [178, 198] compared to studies that were conducted for less than 

12 months [180]); c) use of different dose regimens, for example, the study that used a once-

daily dose regimen of glucosamine (1500 mg/day) observed symptomatic [183] and structural 

[198] benefits compared to a study that used a thrice-daily dose regimen [181]; d) use of

different dosage forms, for example,  the studies that used a powder dosage form[178, 183] 

reported symptomatic and structural improvement compared to studies that used either a tablet 

[196] or capsule [198]; and e) use of different glucosamine salts, for example, a study that used

glucosamine sulphate reported that it could improve symptoms [178, 183] and reduce joint 

space narrowing in OA [178, 198], while no significant symptomatic improvement [181] 

and/or structural modifications [180] were reported in a study that used glucosamine 

hydrochloride. One of the suggested reasons for the reported difference in the efficacy of the 

two salts was the lower bioavailability of hydrochloride compared to the sulphate salt [162, 

183]. However, this seems unlikely as both salts are expected to release a similar amount of 

glucosamine base in the body if the products have a similar glucosamine content [215].  

Therefore, the observed differences in the efficacy of glucosamine in OA remain unexplained 

[215]. Apart from the reasons above, one possibility could be the use of sub-standard 

glucosamine supplements. However, we recently performed a quality analysis of 46 brands of 

glucosamine supplements commercially available in Australia and India, and showed that the 

majority (65%) fulfilled content and dissolution criteria specified in the United States 

Pharmacopoeia [238], with most of the other brands being only slightly outside the 

requirements (unpublished data).  

Another possible explanation could be inter-patient differences in the bioavailability and 

elimination of glucosamine. It is known that glucosamine has low bioavailability, with 

significant intestinal first-pass metabolism, that could result in variable plasma concentrations 
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with chronic use in OA [181]. However, this has not been studied. Therefore, this study 

determined steady-state minimum plasma concentrations (Css min) of glucosamine in OA 

patients taking the supplement. This was a pilot study exclusively aimed to investigate variation 

between patients.  

Methods 

Ethics approval 

The study protocol was approved by the Tasmanian Health and Medical Human Research 

Ethics Committee, Australia (Approval number: H0016273). The study was carried out in 

accordance with the current version of the Declaration of Helsinki and Good Clinical and 

Laboratory Practice Guidelines.  

Design and participant recruitment 

Patients with OA were invited to participate in the study through advertising in the local 

newspaper and internet (Facebook), and by displaying posters in local shops and cafes. 

Informed consent was obtained from all the participants. Participants were eligible if they were 

above 18 years of age, had OA (the participants were diagnosed by either a general physician, 

rheumatologist, orthopaedic surgeon or radiologist), had been taking 750 or 1500 mg 

glucosamine supplement once daily (any commercially available brand, containing either 

hydrochloride or sulphate salt of glucosamine) for at least one week and were not taking more 

than five prescribed medications. 

Participant characteristics 

Participants’ age, gender, joint(s) affected by OA and duration of the disease, other medical 

conditions, brand, daily dose and type of glucosamine salt consumed, adherence and 

concurrently administered medications were self-reported.  
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Blood sample collection and pharmacokinetics 

Each participant was asked to take the product at the same time each day for at least one week 

before their blood sample collection. Each participant was weighed before the first blood 

sample collection. The blood samples were collected on two different occasions for each 

participant. On the first occasion, a blood sample was collected 24 hours after the ingestion of 

the previous dose of glucosamine, to determine the minimum plasma concentration of 

glucosamine at steady-state (Observed Css min, ng/mL). Glucosamine is also an endogenous 

substance, naturally occurring in biological fluids such as human blood, plasma, and synovial 

fluid. Hence, the Observed Css min reflects the combined value of actual Css min achieved after 

the ingestion of glucosamine supplement (Actual Css min, ng/mL) and endogenous (GlcNend, 

ng/mL) glucosamine plasma concentration (i.e. Observed Css min =  Actual Css min + GlcNend). 

Participants stopped taking glucosamine for five days to undergo a washout period, and their 

second blood sample was collected to determine the GlcNend levels. The Actual Css min achieved 

after the ingestion of glucosamine supplement was then calculated by subtracting GlcNend from 

Observed Css min (i.e. Actual Css min =  Observed Css min - GlcNend). The standardised Css min (Std 

Css min, g/L) was then calculated by dividing the Actual Css min with the standardised daily dose 

of glucosamine; the latter was determined by dividing the daily dose with the weight of the 

participant (mg/Kg/day). 

Blood samples were collected using a needle (Wingset SLBCS, 21G × 0.75 Luer CE, 

Becton and Dickinson, VIC, Australia), vacutainer holder (BD Vacutainer® holder, Becton and 

Dickinson, VIC, Australia) and vacutainer blood collection tube (EDTA tube, 6 mL, Becton 

and Dickinson, VIC, Australia) from the antecubital vein.  The blood samples were centrifuged 

(Hettich Zentrifugen EBA 12 centrifuge, Tuttlingen, Germany) at 1300 RPM for 10 min 

immediately after collection, and the supernatant (plasma) was collected and stored at -80ºC 

until analysed.  



Chapter-5: Variation in plasma levels of glucosamine with chronic dosing: a possible reason for 

inconsistent clinical outcomes in osteoarthritis 

119

Sample analysis 

The plasma sample analyses were performed using a previously developed and validated high-

performance liquid chromatography coupled with charged aerosol detector technique [239].  

Data Analysis 

The coefficient of variation in GlcNend, Observed, Actual and Std Css min between participants 

was calculated. Coefficients of variation above 20% are indicative of substantial inter-

individual variability [240]. Non-parametric associations were examined between various 

independent variables (age and standardised dose) and the dependent variables, Actual Css min 

and Std Css min. The medications under the four most commonly used medication categories and 

the five most commonly used brands of glucosamine were determined. The difference in Actual 

Css min and Std Css min achieved between genders, daily dose (750 or 1500 mg), glucosamine 

salts, and across participants who were either taking or not taking medication from any of the 

four common medication categories were assessed with Mann-Whitney tests. The difference 

in Actual Css min and Std Css min achieved in participants across the five most commonly used 

brands of glucosamine were evaluated using Kruskal-Wallis tests. The Statistical Package for 

Social Sciences (SPSS) (v.26.0; IBM, Armonk, New York, USA) was used for data analysis, 

and p < 0.05 was considered statistically significant. 

Results 

Out of 99 pre-screened participants, 91 were recruited; their characteristics are given in Table 

5.1 and other medical conditions are summarised in Supplementary Table 5.1. The majority 

(70.3%) were females. Twenty-three different brands, containing either the hydrochloride 

(50.5%, n = 46) or sulphate (49.5%, n = 45) salt of glucosamine were reported to be used among 

the participants, and they were taking either a 750 (13.2%, n = 12) or 1500 mg (86.8%, n = 79) 

once-daily dose of glucosamine. 



Chapter-5: Variation in plasma levels of glucosamine with chronic dosing: a possible reason for 

inconsistent clinical outcomes in osteoarthritis 

120

The summarised values for GlcNend, Observed, Actual and Std Css min are shown in Table 

5.1. The GlcNend, Observed, Actual and Std Css min varied 11, 12.4, 106 and 305-fold, 

respectively, among the 91 participants. The coefficient of variation for GlcNend, Observed, 

Actual and Std Css min was found to be 47.6, 35.3, 45.3 and 72.8%, respectively. With the 

administration of glucosamine supplements, the GlcNend levels were increased by a factor of 

1.01 - 9.67-fold (median 2.12). No association was observed between the GlcNend and Actual 

Css min levels (Fig 5.1). 

The actual Css min levels of participants did not show a significant correlation with age or 

standardised dose (Fig 5.2A) and there was no significant difference across the two daily doses 

of glucosamine (Fig 5.2B). Similarly, the Std Css min levels of participants did not show a 

significant correlation with age. Medications under four commonly used prescribed medication 

categories (antihypertensives, analgesics and anti-inflammatory drugs, antihyperlipidaemic 

agents and proton pump inhibitors; see Supplementary Table 5.2) that were being taken by 20 

or more participants (n = 68) were selected for further analysis. Also, five commonly used 

brands of glucosamine (see Supplementary Table 5.3) that were being used by five or more 

participants (n = 55) were selected for further analysis. There were no significant differences 

in Actual and Std Css min across genders, the two salts of glucosamine, participants who were 

either taking or not taking medication(s) from one of the four commonly prescribed medication 

categories, or between the five commonly used brands of glucosamine.
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Table 5. 1. Participants’ characteristics, and endogenous glucosamine plasma concentration 

(GlcNend), Observed, Actual and Standardised Css min  

SD=standard Deviation; * = the daily dose/weight of the individual participant; 1 = list of other medical 

conditions is provided in Supplementary Table 1; 2 = categories of prescribed medications are provided 

in Supplementary Table 2. Css min = minimum plasma concentration of glucosamine at steady-state; 

Actual Css min = actual Css min achieved after the ingestion of glucosamine supplement; Observed Css min 

= GlcNend + Actual Css min; Actual Css min = Observed Css min - GlcNend; Std Css min = Actual Css min / 

standardised dose  (mg/Kg)

Characteristics % of participants (frequency) Mean (SD), Range 

Age (years) 68.2 (7.6), 42-89 

Gender 

Male 29.7% (n =27) 

Female 70.3% (n=64) 

Glucosamine salt 

Hydrochloride 51% (n=46) 

Sulphate 50% (n=45) 

Weight (Kg) 78.8 (24.7), 50-123 

Daily dose (mg/day) 

1500 mg:  86.8% (n=79) 

750 mg:  13.2% (n=12) 

Standardised daily dose 

(mg/Kg/day)* 
18.4 (5), 5-29 

Duration of OA (year) 12.9 (8.9), 1-40 

Other medical conditions1  70.3% (n=64) 

Prescription medications use2 84.6% (n=77) 

GlcNend (ng/mL) 138.5 (64.5), 28-310 

Observed Css min (ng/mL) 297 (101.7), 50-620  

Actual Css min (ng/mL) 157 (67.2), 3-320 

Standardised Css min (mg/mL) 9.7 (7.1), 0.17-52 
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Fig 5.1. Line plot showing a lack of association between Actual minimum plasma concentrations 
at steady state (Actual Css min) and endogenous glucosamine (GlcNend) levels. 

Fig 5.2. Variation in actual minimum plasma concentrations at steady state (Actual Css min) with 
A) standardised dose (mg/Kg/day) and B) daily dose (mg/day).
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Discussion 

The current study determined the Css min level since it is likely to show relatively little intra-

patient variability [241]. Steady-state occurs after oral administration of glucosamine for a 

minimum of three consecutive days [162]. Intake of glucosamine for at least a week ensured 

that a steady-state glucosamine concentration in plasma was achieved in participants at the time 

of blood collection. Also, since the ingestion time of glucosamine was the same as the sample 

collection time, it ensured that the glucosamine concentration in blood was at the trough level 

at the time of blood collection.   

There was high inter-patient variability in the Actual Css min levels of glucosamine, even when 

controlling for dosage and body weight. High variation in the levels of glucosamine within 

joints is also likely, as it has been previously shown that glucosamine levels in synovial fluid 

are significantly correlated with plasma levels [155]. The results of this study indicate that the 

observed variability in glucosamine plasma levels achieved after the ingestion of glucosamine 

product could be associated with the pharmacokinetic variation, including the extent of 

absorption and rate of elimination of glucosamine. The majority of the participants were 

females, almost an equal number of participants were taking hydrochloride and sulphate salts 

of glucosamine, more than half the participants were taking other medications from one or 

more of four commonly prescribed medication categories, and more than half the participants 

were taking one of the five commonly used brands of glucosamine. However, none of these 

factors was related to the Actual Css min levels.  

Unlike previous pharmacokinetic studies that involved a small number of participants either 

with OA[155]  or healthy participants without OA [162]  and who were not ingesting any other 

medications, the current study was performed considering the real-world scenario, since 

patients with OA are elderly and likely to suffer from other medical conditions. Thus, it is 



Chapter-5: Variation in plasma levels of glucosamine with chronic dosing: a possible reason for 

inconsistent clinical outcomes in osteoarthritis 

124

possible that high variation observed in glucosamine plasma levels in patients could be 

associated with various medical conditions and/or concomitant use of different medications, 

although this was not obvious from our results.  

In most of the previous pharmacokinetic studies, DONA glucosamine, a crystalline powder 

which is available as a prescription medication in European countries and as an over-the-

counter medication in Australia, was used [155, 162]. None of the participants in the current 

study was taking the DONA brand; therefore, the current study could not directly compare the 

plasma levels obtained with this brand with other commonly used brands. 

Other research has reported GlcNend involving small numbers of healthy volunteers, showing 

a variation of 20-fold (n = 12) in one study [162] and 120-fold (n = 30) in another study [223]. 

However, the current study found a much lower variation in GlcNend (11-fold) among a 

relatively large number of participants (n=91). The reported difference in GlcNend could be due 

to differences in the ethnicity of the participants [223].  

One of the limitations of the current study was that only verbal information supplied by the 

participants was used to ensure compliance with glucosamine therapy. Secondly, we did not 

examine clinical outcomes in patients and the relationship with glucosamine plasma levels. 

Future studies should be conducted to analyse the plasma and synovial concentrations of 

glucosamine at steady-state and to explore the correlation between these levels and the clinical 

response in patients with OA.  

Conclusion 

The results of this study suggest that differences in the pharmacokinetics of glucosamine and 

resulting plasma concentrations could, at least in part, be a possible reason for the observed 

discrepancy in clinical outcomes in patients with OA. 



Chapter-5: Variation in plasma levels of glucosamine with chronic dosing: a possible reason for 

inconsistent clinical outcomes in osteoarthritis 

125

Acknowledgement 

We would also like to thank the adjunct researcher Dr Yogendra U Tikare (Hospital Medical 

Officer at Calvary Hospital, Hobart) for the collection of blood samples from the participants. 

Funding 

This work was supported by the Royal Hobart Hospital Research Foundation Grant (Ref # 17-

106). The funder had no role in the design or conduct of the study, including collection, 

management, analysis, or interpretation of the data; or preparation, review, or approval of the 

manuscript. 

Conflict of Interest 

The authors declare no conflicts of interest. 

Data availability 

The data that supports the findings of this study are available in the supplementary tables of 

this article. 



Chapter-5: Variation in plasma levels of glucosamine with chronic dosing: a possible reason for 

inconsistent clinical outcomes in osteoarthritis 

126

Supplementary Tables 

Supplementary Table 5. 1. Other medical conditions self-reported by the participants 

1 = hypothyroidism, hernia, osteoporosis, depression, epilepsy, prostate enlargement, kidney 

disease, bipolar disease, androgenic alopecia, neuropathy.

Other Medical Conditions % of participants (frequency) 

Heart disease 11.0% (n=10) 

Hypertension 29.7% (n=27) 

Asthma/respiratory disorder 14.3% (n=13) 

Irritable bowel syndrome  12.1% (n=11) 

Gastric reflux 8.8% (n=8) 

Diabetes 5.5% (n=5) 

Hypercholesterolaemia 5.5% (n=5) 

Chronic constipation 3.3% (n=3) 

Miscellaneous medical conditions1 24.2% (n=22) 
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Supplementary Table 5. 2. Prescribed medications categories self-reported by the participant 

1 = prokinetic drugs, amitriptyline, alendronic acid, digoxin, histamine receptor antagonist, 

serotonin agonist, 5-alpha-reductase enzyme inhibitor, alpha-blockers, antiadrenergic, 

risedronate  

No Prescribed Medication Categories % of participants (frequency) 

1 Antihypertensives 42.9% (n=39) 

2 Analgesics and anti-inflammatory drugs 33.0% (n=30) 

3 Antihyperlipidaemic agents 29.7% (n=27) 

4 Proton pump inhibitors 26.4% (n=24) 

5 Antithrombotics 19.8% (n=18) 

6 Calcium channel blockers 13.2% (n=12) 

7 Hormonal therapy 13.2% (n=12) 

8 Diuretics 8.8% (n=8) 

9 Beta-blockers 7.7% (n=7) 

10 Immunosuppressant and corticosteroids 7.7% (n=7) 

11 Selective serotonin reuptake inhibitors and 

Serotonin-norepinephrine reuptake inhibitors 

6.6% (n=6) 

12 Antipsychotics, psychotropic agents and 

acetylcholinesterase inhibitors 

5.5% (n=5) 

13 Antihyperalgesics and anticonvulsants 5.5% (n=5) 

14 Antidiabetics 5.5% (n=5) 

15 Antiasthmatic bronchodilators 5.5% (n=5) 

16 Sodium channel blockers 4.4% (n=4) 

17 Antianginals 3.3% (n=3) 

18 Antibiotics 3.3% (n=3) 

19 Anticholinergic drugs 3.3% (n=3) 

20 Urate lowering drugs 2.2% (n=2) 

21 Miscellaneous medications1 12.1% (n=11) 
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Supplementary Table 5. 3. Glucosamine brands self-reported by the participants 

* = A product number was assigned to each brand

Glucosamine Brands* % of participants (frequency) 

Product 1 22% (20) 

Product 2 12% (11) 

Product 3 6.6% (6) 

Product 4 7.7% (7) 

Product 5 3.3% (3) 

Product 6 3.3% (3) 

Product 7 2.2% (2) 

Product 8 2.2% (2) 

Product 9 4.4% (4) 

Product 10 12.1% (11) 

Product 11 4.4% (4) 

Product 12 2.2% (2) 

Product 13 1.1% (1) 

Product 14 1.1%  (1) 

Product 15 1.1% (1) 

Product 16 1.1% (1) 

Product 17 1.1% (1) 

Product 18 2.2% (2) 

Product 19 4.4% (4) 

Product 20 1.1% (1) 

Product 21 1.1% (1) 

Product 22 2.2% (2) 

Product 23 1.1% (1) 
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Supplementary Table 5. 4. Non-parametric test to analyse the difference in Actual Css min and Std Actual Css min levels across the gender, dose, salt, 

medication use and five commonly used brands of glucosamine t (≥5% participants were taking each of these brands) 

Variables Median values for 

Actual Css min 

Test of variation in Actual Css 

min; U, z, (p value)1; median  

Median values for Std 

Css min 

Test of variation in Std Css min; U, 

z, (p value)1 

Gender Males: 180.0 

Females: 152.8 

U = 665, z = -1.72, (0.08) Males: 10.0 

Females:   8.0 

U = 694, z = -1.48, (0.13) 

Daily dose 

(mg/day) 

  750: 165.0 

1500: 151.3 

U = 450, z = -0.276, (0.78)   750:   8.0 

1500: 14.5 

U = 281, z = -2.26, (0.02)*; Cohen’s 

d2 or effect size = 0.2 (small) 

Glucosamine 

Salt   

        Sulphate: 165 

Hydrochloride: 161 

U = 1017, z = -0.14, (0.88)         Sulphate: 9.0 

Hydrochloride: 8.0 

U = 976, z = -0.47, (0.63) 

Medication use3   No: 152 

Yes: 165  

U = 437, z = -1.12, (0.264) No: 7 

Yes: 9 

U = 513, z = -0.281, (0.77) 

Common brands 

(n=5) 

  Product #1: 151.25 

  Product #2: 160.00 

  Product #3: 149.15 

  Product #4: 175.00 

Product #10: 172.5 

No variation4a (p = 0.59)   Product #1:   7.5 

  Product #2:   8.0 

  Product #3: 12.0 

  Product #4:   8.0 

Product #10: 10.0 

No variation4b (p = 0.75) 

1 = Mann-Whitney U Test was performed unless a different test is specified;* = statistically significant difference;  2 = Cohen’s d or effect size = z/√(Total 

number of participants) = 2.26/√91 = 0.2, according to cohen’s d statistic although the difference between two doses was statistically significant, but it will 

have a small effect; 3 = test performed across participants either taking or not taking any medications; 4a = A Kruskal-Wallis Test revealed no statistically 

significant difference in Actual Css min levels across five commonly used brands; 4b = A Kruskal-Wallis Test revealed no statistically significant difference in 

Standardised Css min levels across five commonly used brands;  
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CHAPTER 6: Variation in pharmacokinetics of glucosamine in healthy 

individuals 

Overview 

This chapter presents a study that addresses the fifth aim of the thesis. It discusses the specifics 

of the clinical trials that was performed to analyse pharmacokinetics of two different brands of 

glucosamine in healthy participants. It presents participant demographics, time-points when 

their blood sample was collected and details of how the pharmacokinetic parameters were 

determined. The study discussed in this chapter investigated the variability in the 

pharmacokinetic parameters between the brands, and among the participants.  

Clinical trial registration: The study was registered with the Australian New Zealand 

Clinical Trials Registry (Australian Clinical Trial Register number: 

ACTRN12618000699268p; http://www.ANZCTR.org.au/ACTRN12618000699268p.aspx).  

This work has been accepted for publication by the Rheumatology journal. The preprint 

version of the article is provided.

Rheumatology. 2020. Keaa418. DOI: https://doi.org/10.1093/rheumatology/keaa418

(published by Oxford University Press) 
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Abstract 

Objectives. Clinical trial data for the efficacy of glucosamine in osteoarthritis (OA) are 

conflicting. Reportedly, Rotta-manufactured glucosamine products are more likely to be 

effective, and a possible explanation is greater bioavailability than other brands. Specifically, 

the aim was to compare the steady-state pharmacokinetics of Rotta- and non-Rotta-

manufactured glucosamine products in healthy volunteers and examine the inter-individual 

variability. 

Methods. In a cross-over design, adult healthy participants ingested 1500 mg/day of a Rotta 

(DONA powder sachets) and a non-Rotta (Blackmores glucosamine sulphate 1500 mg One-A-

Day) glucosamine product/brand individually for six days. Blood samples were collected 

immediately before and for 12 hours after the ingestion of the last dose of each brand and 

analysed to determine plasma levels of glucosamine. The pharmacokinetic parameters at 

steady-state (including the minimum (Css  min) and maximum (Css  max) plasma concentration of 

glucosamine, time to reach Css max post-dosing (Tss max), and area under the plasma concentration 

versus time curve (AUCss 0-12)) for each brand were calculated and statistically compared.  

Results. Fourteen participants (aged 35.5 ± 8.8 years) were recruited (64.2% males). No 

significant differences were observed in the pharmacokinetic parameters between the two 

brands. However, for both brands, the coefficient of variation for Css min, Tss max and AUCss 0-12 

exceeded 20%, indicating considerable differences in the parameters between participants. No 

significant association of the pharmacokinetic parameters was observed with various dosing- 

and participant-related variables.  

Conclusion. Substantial inter-individual differences in the absorption and elimination of 

glucosamine could be a cause of variable clinical outcomes in OA. 

Key words: osteoarthritis, glucosamine, pharmacokinetics, absorption, elimination, variability 
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Introduction 

Glucosamine products are widely used  by patients with osteoarthritis (OA) [206]. Some 

clinical studies have suggested that glucosamine can alleviate symptoms, delay disease 

progression, is a cost-effective treatment [178, 179], and reduces the use of analgesics and anti-

inflammatory agents [195]. In contrast, other clinical studies have indicated that glucosamine 

could alleviate pain in moderate-to-severe OA only [191] or is ineffective in the management 

of OA symptoms [198]. 

Clinical studies that used Rotta-manufactured glucosamine products, approved as a prescribed 

once-daily treatment for OA in many countries in Europe, have shown decreased pain, 

improved joint function, delayed radiological disease progression [178], and delayed need for 

total joint replacement surgery in long-term users for up to five years [179]. However, the 

majority of the studies that have used non-prescription grade glucosamine products, not 

manufactured by Rotta, did not show a decrease in pain, improvement in symptoms [198], or 

delay in disease progression [196]. This discrepancy in clinical outcomes remains unexplained 

[206]. Possible explanations include potential differences in bioavailability between 

glucosamine products (e.g. superior absorption of the Rotta products) and in the 

pharmacokinetics of glucosamine between individuals. Therefore, the aim of this study was to 

investigate possible variation in bioavailability between a Rotta and non-Rotta glucosamine 

product, and in the pharmacokinetics of glucosamine between healthy volunteers. 

Participants and methods 

Ethics approval  

The study protocol was approved by the Tasmanian Human Research Ethics Committee 

(Approval number: H0016956) and was carried out in accordance with the Declaration of 
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Helsinki and Good Clinical and Laboratory Practice Guidelines. It was registered with the 

Australian New Zealand Clinical Trials Registry (Australian Clinical Trial Register number: 

ACTRN12618000699268p; web address: 

http://www.ANZCTR.org.au/ACTRN12618000699268p.aspx).  

Participant recruitment 

Healthy volunteers were invited to participate in the study through advertising in the local 

newspaper, Facebook and distributing pamphlets (from November 2018 to January 2019). 

Adult (≥18 years) healthy participants were eligible to participate in the study. Participants 

were excluded if they were (i) taking a glucosamine supplement, (ii) pregnant or breastfeeding, 

(iii) allergic to glucosamine or shellfish, (iv) suffering from any chronic medical condition or

(v) taking any regular medications. Participants understood and signed the informed consent

form. The information regarding participants’ health and medication use was collected through 

a questionnaire. According to the European Medicines Agency guidelines, adopted by 

Australia’s Therapeutic Goods Administration (TGA) [242], the 

(bioequivalence/pharmacokinetic) study required at least 12 participants.  

Intervention and dosing  

The two brands of 1500 mg glucosamine, Blackmores Glucosamine Sulphate 1500 mg One-

A-Day tablets (AUST L 164270) and DONA powder sachets (AUST L 161135), both listed

products with the TGA and commercially available in Australia, were purchased from a local 

pharmacy. The DONA brand is a Rotta glucosamine product (locally imported by Mylan 

Health Pty Ltd, Carole Park, QLD, Australia). Both brands contain glucosamine sulphate 

sodium chloride complex and are expected to provide a standard daily dose of glucosamine 

equivalent to 1500 mg.  
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Each participant was provided with six tablets of the Blackmores brand in a pill/medicine-

organiser box and six powder sachets of the DONA brand in a plastic container and was asked 

to take the product at the same time each day of the study. At the end of the study, the 

participant returned the pill/medicine-organiser box and plastic container, and the remaining 

tablets and sachets were counted to determine whether the participant had missed any doses 

and was asked if they deviated from the given instructions. The participants were instructed to 

ingest the Blackmores tablet by swallowing it with a glass of water, and the DONA powder 

was ingested as an oral solution, prepared by dissolving the powder in 250 mL water. Each 

brand was administered individually for a total of six days to reach a steady-state plasma 

concentration of glucosamine, with an intervening washout period of five days, based on a 

previous study [162].  

Blood sample collection, analysis and pharmacokinetics 

All the equipment required for blood sample collection was purchased from Becton and 

Dickinson, VIC, Australia. Before commencing, the weight and height of each participant was 

measured, and a blood sample (to determine the endogenous glucosamine levels, GlcNend) was 

collected using a needle (Wingset SLBCS, 21G × 0.75 Luer CE), vacutainer holder (BD 

Vacutainer® holder) and vacutainer blood collection tube (EDTA tube, 6 mL) from the 

antecubital vein.  

During the last (sixth) day of each dosing period, a cannula (BD Insyte™ IV Cannula with BD 

Vialon™ Biomaterial,  20 G x 1.0”) fitted with a plug (BD Q-Syte™ Luer Access Split septum 

Stand-Alone Device) was inserted in the antecubital vein of each participant and blood samples 

(10 mL each time) were collected using a syringe (BD™ Syringes, 10 mL, Luer-Lok)  just 

before the ingestion (0 hour) and then at 1, 1.5, 2, 3, 4, 5, 6, 10 and 12 hours after taking the 

dose. 
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The collected blood samples were immediately transferred from the syringe into a vacutainer 

blood collection tube (EDTA tube, 10 mL) using a blood transfer device (BD Vacutainer® 

Blood Transfer Device with female Luer) and centrifuged (Hettich Zentrifugen EBA 12 

centrifuge, Tuttlingen, Germany) at 1300 RPM for 10 min. The plasma (supernatant) was 

collected and stored at -80ºC until analysed. 

The plasma samples were analysed using a previously developed and validated high-

performance liquid chromatography (HPLC) coupled with charged aerosol detector (CAD) 

technique [239].  The blood sample collected just before the first dosing period was used to 

determine GlcNend (ng/mL). The blood samples collected pre- and post-dose from each 

participant, on the last/sixth day of each dosing period, were used to determine the observed 

minimum (Observed Css  min, ng/mL) and post-dose (Observed Css  post-dose, ng/mL) plasma 

concentrations of glucosamine at steady-state, respectively, for each brand. The observed 

values were the sum of Css min or Css post-dose and GlcNend (Equation-1) 

Observed Css min or Css post-dose = Css min or Css post-dose + GlcNend……. Eq-1 

Hence, the net increase in plasma levels, Css min or Css post-dose, obtained from the ingestion of 

exogenous glucosamine was calculated using equation 2. 

Css min or Css post-dose = Observed Css min or Css post-dose – GlcNend………. Eq-2 

The standardised Css min (Std Css min, g/L) was then calculated by dividing the Css min with the 

standardised daily dose (Std dose) of glucosamine (Std dose = daily dose (1500 mg)/ individual 

weight of the participant; mg/Kg/day). 

The maximum plasma concentration of glucosamine at steady-state (Css  max, ng/mL) and time 

to reach Css  max (Tss max, hr) post-dose were determined directly from the raw data. PK Solver, 
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(https://www.boomer.org/boomer/software/pksolver.zip), was employed for estimating the 

other pharmacokinetic parameters. The Css min and Css post-dose values obtained for each brand 

were used to perform a non-compartmental analysis and to determine the area under the plasma 

concentration versus time curve at steady-state (AUCss) for zero to twelve hours (AUCss 0-12, 

ng/mL/hr), AUCss for zero to infinite hours (AUCss 0-∞, ng/mL/hr), and elimination half-life 

(T1/2, hr) of glucosamine.  

Data Analysis 

The difference in the pharmacokinetic parameters (Css min, Css  max,  Tss max, AUCss 0-12, AUCss 0-

∞, and T1/2) between the two brands were analysed using paired t-tests. The percent coefficient 

of variation (%CV) between individuals in Css min, AUCss 0-12, AUCss 0-∞, Css  max, Tss max, and 

T1/2 was calculated for each brand (%CV of > 20% indicates substantial inter-individual 

variability (240)).

The Pearson correlation test was performed to determine any association of GlcNend with age, 

weight and standardised dose (mg/kg/day). Similarly, Pearson correlation test was performed 

to determine any association of age, weight, and standardised dose with Css min, Css  max, Tss max, 

AUCss 0-12, AUCss 0-∞ and T1/2 for each brand. The differences in the pharmacokinetic 

parameters between genders were analysed using independent t-tests. A p-value ≤ 0.05 

indicated statistical significance. The data analysis was performed using Statistical Package for 

Social Sciences (SPSS) (v.26.0; IBM, Armonk, New York, USA). 

Results 

Out of 17 pre-screened participants, three withdrew before the start of the study due to personal 

reasons. All the recruited 14 participants completed the study, and none reported the occurrence 
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of any potential side effects. The mean ± standard deviation (SD) of age, weight, and 

standardised glucosamine dose for the participants were 35.5 ± 8.8 (range: 23-58 years), 71.1 

± 8.0 (62-93 Kg) and 21.2 ± 2.1 (16.0-23.9 mg/Kg/day), respectively. The majority (n = 9; 

64.2%) were males. (Demographics for each participant are provided in Supplementary Table 

6.1)  

The mean GlcNend was 154.6 ± 65.2 ng/mL (%CV = 42.1%) (GlcNend value for each participant 

is provided in Supplementary Table 6.1), and summarised values for all the pharmacokinetic 

parameters are shown in Table 6.1 (pharmacokinetic parameters for each participant and each 

brand are provided in Supplementary Table 6.2). The average plasma concentration versus time 

curves for the Blackmores and DONA brands were generated by plotting the mean values of 

Css min and the various Css post-dose obtained for each brand with time (Fig 6.1). 

Fig 6.1. The average plasma concentration versus time curve for Blackmores and DONA brands (n = 

14 participants for both brands). The bars represent standard error of the mean. 

The results of paired and independent t-tests, and Pearson correlation tests are summarised in 

Supplementary Table 6.3. No significant intra-individual differences in the pharmacokinetic 

parameters were observed between the two brands. The %CV for the pharmacokinetic 



Chapter-6: Variation in pharmacokinetics of glucosamine in healthy individuals 

138

parameters, except Css max (Blackmores: 15.9%; DONA: 17.4%), were all higher than 20%,  

indicating considerable inter-individual differences in the pharmacokinetics of glucosamine for 

both brands (Table 6.1).  

No significant correlation of GlcNend was observed with age (p = 0.5) or weight (p = 0.4), 

although there was a significant difference in GlcNend  (p = 0.05) between males (mean ± SD = 

179 ± 69 ng/mL) and females (mean ± SD = 109 ± 19.5 ng/mL). However, there were no 

significant differences in the pharmacokinetic parameters between genders (Supplementary 

Table 6.3). Also, there was no significant correlation of age, weight, and standardised dose 

with any pharmacokinetic parameter for each brand (Supplementary Table 6.3). 
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Table 6. 1. Mean (SD), range and %CV for various pharmacokinetic parameters for Blackmores and 

DONA brands, determined in 14 participants 

Parameters 

Blackmores brand DONA 

Mean (SD), Range %CV Mean (SD), Range %CV 

Css min (ng/mL) 258.2 (68.9), 135-363 26.7 261.5 (77.6), 114-422 29.7 

Std Css min (g/L) 12.1 (3.1), 6.2-15.9 25.5 12.4 (4.2), 6.1-21.4 34 

Css  max (ng/mL) 2224 (354.5), 1691-3044 15.9 2125 (369), 1516-2766 17.4 

Tss max (hr) 2.4 (1), 1.03-4.08 41 1.96 (0.72), 1.46-4 36.8 

AUCss 0-12 (ng hr/mL) 12819 (3178), 6084-18100 24.8 12279 (2578), 8433-16873 21 

AUCss 0-∞ (ng hr/mL) 16874 (5311), 7613-27360 31.5 16718 (5310), 9609-29852 31.8 

T1/2 (hr) 5.6 (1.6), 3.2-9.7 29 5.8 (1.7), 3.4-9.9 30 

SD: standard deviation; %CV: percent coefficient of variation; Css min: minimum plasma concentration of 

glucosamine at steady-state, Std Css min = Css min /Standardised dose; Css max: maximum plasma 

concentration of glucosamine at steady-state; Tss max: time to reach Css max; AUCss 0-12: area under the 

concentration-time curve at steady-state for zero to twelve hours; AUCss 0-∞: AUCss for zero to infinite 

hours; T1/2: elimination half-life 
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Discussion 

To our knowledge, this is the first cross-over study designed to compare the pharmacokinetics 

of a Rotta glucosamine product (DONA brand) with that of a non-Rotta glucosamine product 

(Blackmores brand). There were no significant differences in the pharmacokinetic parameters 

between the products.  

High inter-individual differences were observed in the pharmacokinetic parameters for both 

glucosamine products. This result was similar to that of our recent study, that found high inter-

patient variability in the Css min levels of glucosamine in patients with OA taking glucosamine 

on a chronic basis (data not published). As with previous studies [155, 162], the current study 

found large variation in GlcNend levels among the participants, but only one study reported 

slightly higher GlcNend levels in males like the present finding [155].  

Glucosamine undergoes facilitated absorption, via glucose transporter (GLUT2) and undergoes 

first-pass metabolism in the gut by intestinal microflora [166]. Hence, availability of GLUT2 

and/or differences in the intestinal microflora in individuals could  influence the extent of 

absorption of glucosamine, resulting in erratic bioavailability [166], and possibly producing 

variable clinical outcomes in OA patients taking glucosamine. A high inter-individual variation 

in T1/2 (%CV = ~30% for both brands) was observed, indicating variability in the elimination 

of glucosamine in individuals could also be responsible for inconsistent clinical effects in OA 

patients. 

A limitation of this study was the relatively limited age range of the participants. Including a 

higher number of older individuals would have enabled a comparison of glucosamine 

pharmacokinetics within various age groups and perhaps highlighted even greater inter-

individual pharmacokinetic variability.  
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Another limitation of the study was it only included two glucosamine brands. Hence, the study 

could not compare the pharmacokinetics of other non-Rotta brands with the DONA brand.  

The current findings suggest that previously reported variable clinical outcomes with 

glucosamine could be due to differences in the pharmacokinetics of glucosamine between 

patients, rather than the use of prescription grade or over-the-counter products. However, the 

current study could not comment on the clinical outcomes of these products in relation to the 

plasma levels of glucosamine in patients with OA. Therefore, prospective studies should focus 

on investigating the association between glucosamine plasma levels and the clinical outcomes 

achieved in patients with OA, as it may indicate the plasma levels of glucosamine required to 

achieve a desired clinical effect. 
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Supplementary Tables 

Supplementary Table 6. 1. Demographics and endogenous glucosamine levels (GlcNend) of each 

participant 

No. Age (years) Weight (Kg) 
Standardised 

Dose 
(mg/Kg/day) 

Gender 
GlcNend

(ng/mL) 

1 39 72.4 20.72 Male 292 

2 39 69.4 21.61 Female 123 

3 58 67.6 22.19 Male 143 

4 39 68.5 21.90 Male 170 

5 35 63.9 23.47 Male 122 

6 42 67.9 22.09 Female 116 

7 27 79.8 18.80 Male 191 

8 34 62.7 23.92 Female 77 

9 42 68.9 21.77 Male 265 

10 31 66.3 22.62 Male 66 

11 28 75.3 19.92 Female 125 

12 23 93.4 16.06 Female 108 

13 30 64.6 23.22 Male 170 

14 30 76 19.74 Male 197 
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Supplementary Table 6. 2. Pharmacokinetic parameters of Blackmores and DONA brand 

determined for each participant (n =14) 

Blackmores  
Pharmacokinetic parameters 

DONA 
Pharmacokinetic parameters 

No. 
Css 

min 

Std 
Css min  

Css

max 

Tss 

max 

AUCss 

0-12

AUCss 

0-∞ 
T1/2 

Css 

min 

Std 
Css min  

Css

max 

Tss 

max

AUCss 

0-12 

AUCss 

0-∞ 
T1/2 

1 210 10.1 2300 1.91 11716 17495 7.2 275 13.3 2283 1.5 10242 15353 7.3 

2 135 6.2 1691 1.58 6084 7613 5.9 253 11.7 2300 2.01 11635 14308 5.4 

3 352 15.9 2616 4 15396 27360 9.7 230 10.4 2766 1.5 16230 29852 9.9 

4 158 7.2 2222 2 12127 16106 6.2 333 15.2 1875 1.5 11146 15832 6.1 

5 344 14.7 3044 2 14435 19850 6.6 211 9.0 1919 1.5 10794 15374 7.5 

6 279 12.6 2425 2 17702 22899 5.85 298 13.5 1616 3.01 12877 18369 6.4 

7 270 14.4 1925 1.5 12597 15804 5.8 114 6.1 2358 4 16873 22933 5.6 

8 363 15.2 2055 2.03 14091 17046 4.3 259 10.8 2564 2 13198 14474 3.5 

9 282 13.0 1833 3.08 8650 9462 3.2 158 7.3 1516 2.03 9296 10542 3.9 

10 228 10.1 2416 2.13 11771 13178 3.7 203 9.0 1792 1.5 8433 9609 3.4 

11 308 15.5 1917 2.91 11071 14708 6.04 275 13.8 1966 1.46 11763 15227 5.65 

12 233 14.5 2444 1.03 13051 15490 4.6 300 18.7 2041 2 13021 17252 5.5 

13 228 9.8 2066 4 12672 15522 4.31 331 14.3 2233 1.5 10534 12715 4.7 

14 225 11.4 2183 4.08 18100 23698 5.5 422 21.4 2533 1.98 15870 22217 6.3 

Css min: minimum plasma concentration of glucosamine at steady-state (ng/mL); Std Css min = Css min

/Standardised dose (g/L); Css  max: maximum plasma concentration of glucosamine at steady-state 

(ng/mL); Tss max: time to reach Css  max (hr); AUCss 0-12: area under the concentration-time curve at 

steady-state for zero to twelve hours (ng hr/mL); AUCss 0-∞: AUCss for zero to infinite hours (ng hr/mL); 

T1/2: elimination half-life (hr) 
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Supplementary Table 6. 3. Differences in the pharmacokinetic parameters between brands and 

genders, and the association of parameters with age (years), weight (Wt, Kg) and standardised dose 

(Std dose, mg/Kg/day)  

Parametersa 

Difference  

in brandsb 

(p value) 

Blackmores DONA 

Difference  

in gendersc 

(p value) 

Association with 

parametersd

(p value) 

Difference  

in gendersc 

(p value) 

Association with 

parametersd

(p value) 

Age Wt 
Std 

dose 
Age Wt 

Std 

dose 

Css min 

(ng/mL) 
0.9 0.8 0.8 0.4 0.4 0.6 0.6 0.8 0.8 

Std Css min 

(g/L) 
0.8 0.6 0.7 0.8 0.6 0.4 0.3 0.3 0.1 

Css  max 

(ng/mL) 
0.5 0.3 0.6 0.7 0.6 0.8 0.6 0.9 0.9 

Tss max (hr) 0.2 0.1 0.5 0.2 0.3 0.6 0.8 0.3 0.2 

AUCss 0-12 

(ng hr/mL) 
0.5 0.7 0.9 0.9 0.9 0.8 0.4 0.2 0.2 

AUCss 0-∞ (ng 

hr/mL) 
0.8 0.5 0.4 0.8 0.8 0.6 0.9 0.4 0.3 

T1/2 (hr) 0.3 0.6 0.3 0.8 0.9 0.4 0.3 0.7 0.8 

a: Please refer to Supplementary Table 6.2 footnotes for full-form of pharmacokinetic parameters; 

b: analysed by paired t-tests; c: analysed by independent t-tests; d: analysed by Pearson correlation 

tests 
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CHAPTER 7: General Conclusion 

Summary 

Glucosamine is widely used by osteoarthritis (OA) patients, despite conflicting evidence. The 

purpose of this thesis was to investigate the possible reasons behind inconsistent clinical 

outcomes of glucosamine when used for the management of OA. Two main hypotheses were 

proposed to explore these potential reasons (as discussed below) and fulfil the objective of this 

thesis.  

Glucosamine is available as a pharmaceutical grade product (Rotta brand) in some European 

countries, while it is available as an over-the-counter (OTC) product in other parts of the world. 

Unlike pharmaceutical grade products, in some instances, OTC products might not undergo 

regular and/or stringent quality control measures, resulting in the potential production and 

marketing of substandard products. These products are readily available and could be 

conveniently purchased in pharmacies, and/or over the internet by OA patients. Therefore, the 

first hypothesis proposed was that the use of substandard glucosamine products could be one 

of the reasons for the observed variable clinical outcomes. This is because substandard products 

may not provide adequate plasma levels of glucosamine, resulting in under-dosing or variable-

dosing and which consequently results in variable clinical outcomes.  

To test the first hypothesis, quality analysis of various glucosamine brands was performed

(Chapter 3). The analysis revealed that 65% of the brands fulfilled content and dissolution

criteria specified by the United States Pharmacopoeia (USP) (as per the USP content criteria, 

glucosamine amount present in a formulation should be between 90-110% of the labelled 

amount; USP dissolution criteria states that 75% of the glucosamine should be dissolved 

within 45 minutes).
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On the other hand, the majority of the substandard brands (9 out of 15 brands) only

marginally deviated from the criteria specified by the USP. Glucosamine is recommended to 

be taken long term (at least 4 - 12 weeks) to show any clinical effects (134). Hence it 

implies that steady-state plasma levels of glucosamine have a higher impact on its efficacy in 

OA, which means the extent of absorption rather than the rate of absorption should be the 

primary focus for these products. Therefore, it is unlikely that minor differences in the content 

or slightly slower/faster dissolution of these (marginally sub-standard) brands would make 

any considerable difference in the extent of absorption of glucosamine in OA patients. 

This indicates that steady-state plasma levels achieved using these marginally sub-standard 

products would probably not be widely different from the levels achieved when standard 

quality products are used. Based on these results, it was concluded that glucosamine product 

quality could only partially account for the inconsistent clinical outcomes in OA patients. 

Apart from this, different clinical outcomes are also observed in the literature among patients 

who use standard quality glucosamine products. Thus, the second hypothesis proposed that the 

difference in the pharmacokinetics of glucosamine between patients could be another reason 

for varying clinical outcomes.  

The second hypothesis was analysed by determining the stead-state glucosamine plasma 

levels in OA patients who were taking the glucosamine products (Chapter 5). This analysis 

showed high inter-patient variability in the plasma levels of glucosamine at steady-state (Css 

min) in OA patients (n = 91). The results indicated that variability in the therapeutic effects of 

glucosamine among patients could be related to the variability in the pharmacokinetics. 

However, this study was conducted in a real-world scenario and therefore, some OA patients 

included in the study had other health conditions and were taking other medications. Hence, it 

is possible that the use of other medications might have affected the bioavailability and 

consequently caused variable 
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plasma levels of glucosamine, although no association was observed between glucosamine 

plasma levels and varying medication use among patients. Hence, to validate these results a 

pharmacokinetic study was performed in healthy volunteers. Also, compared to the many trials 

that used OTC glucosamine, the majority of the trials that used a Rotta brand suggested that 

Rotta brand was effective in improving symptoms (pain) and function associated with OA. 

This study, therefore, additionally hypothesised that the reported difference in efficacy of Rotta 

and OTC brand could be due to the difference in pharmacokinetics (bioavailability) of these 

products.  

Thus, to investigate whether inter-individual and/or inter-brand variations in the 

pharmacokinetics could be a reason for the discrepant clinical outcomes of glucosamine, a 

cross-over clinical trial was designed and healthy volunteers (n = 14) were recruited

(Chapter 6). Participants ingested Rotta brand (DONA) and OTC brand (Blackmores) of

glucosamine separately for six consecutive days to attain steady-state and their blood samples 

were collected pre- and post-dose on the last day of dosing of each brand. This study not 

only aimed at determining the difference in the extent of absorption and the rate of 

elimination between participants, but it also aimed to investigate the difference in the steady-

state pharmacokinetics between Rotta brand (DONA) and OTC brand (Blackmores).   

This clinical trial found no significant inter-brand differences in the pharmacokinetics of 

glucosamine, indicating glucosamine has comparable bioavailability in an individual, 

irrespective of the type of brand being taken. On the other hand, high inter-individual 

variability was observed in the pharmacokinetic parameters (the coefficient of variation 

exceeded 20% for Css min, Tss max and AUCss, indicating high variation in these parameters) for 

both the DONA and Blackmores brand. Hence, it indicates a possible inconsistency in the 

extent of absorption and/or rate of elimination of glucosamine among individuals. Therefore, 
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the overall results of both the pharmacokinetic studies (in OA patients and healthy individuals) 

indicated that inter-individual differences in the pharmacokinetics could be a significant reason 

for the reported inconsistent clinical outcomes of glucosamine. 

Limitations 

One of the limitations of this study was that it only performed quality analysis for a limited 

number of the commonly available OTC products in Australia and India. However, there are 

some generic (pharmacy own brands) and other products that are less commonly used and apart 

from this, there are several other glucosamine products available worldwide, which were not 

tested in this study and hence, it is difficult to comment on the quality of all these products. 

The second limitation of this study was that it did not investigate the bioavailability of 

glucosamine in synovial fluid. Therefore, this study could not to establish a relationship 

between the plasma levels and synovial fluid levels in OA patients.  

The third limitation was that the compliance information was directly collected from the 

participants and, unfortunately, this information could not be verified by any usual measures, 

since they were taking the glucosamine brands purchased by themselves. Hence, poor 

compliance in some patients would have resulted in different plasma levels of glucosamine. 

There was an attempt to mitigate against this limitation by pill counting measures during the 

control study in healthy volunteers.. However, this measure could not be considered completely 

accurate, due to a possibility of dumping the product by the participant, before returning the 

pill container/box.  

The fourth limitation was that it could not to establish a relationship between the plasma (or 

synovial) levels and clinical outcomes of glucosamine in OA patients. Since the study was 

conducted in OA patients who were already taking glucosamine supplements and was 
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conducted for a short-duration (<6 months), hence the clinical effects of glucosamine (such as 

symptomatic improvement or pain reduction) could not be analysed in the recruited patients, 

which was only possible if the symptoms were measured at the baseline (before the patient 

started taking glucosamine) and if the study would have been conducted for at least six months 

or longer duration.  

The fifth limitation of this study was that the clinical trial included healthy participants with a 

limited age distribution, and not many elderly participants were recruited. The significant 

advantage of including a wide range of age group and elderly participants would have been 

able to assess the difference in the pharmacokinetics of glucosamine not only within the elderly 

individuals but also compare it across the various age groups. This is because the 

pharmacokinetics of glucosamine in younger and elderly individuals could be different, due to 

the elimination differences between the two age groups.  

Future research 

Currently, in many countries, glucosamine products are not only sold OTC in local pharmacies 

but also over the internet. Some of these products are available at relatively low prices over the 

internet. The low cost most likely attracts buyers on a large scale, although it is challenging to 

vouch for the quality of these products. On another note, the results reported in one of our 

studies (chapter 3), that analysed the quality of  OTC products, demonstrated that the cost of 

the standard quality products was almost half the cost of the sub-standard products. Thus, 

unlike the common notion, good quality glucosamine products do not need to be always 

expensive. Therefore, we recommend that a multi-centre study (consumers’ survey) should be 

performed not only in Australia but also in other countries to determine the extent of 

consumption of OTC and Rotta brands; these surveys should collect relevant information 

including the source (pharmacy or internet) and the cost of purchase of these products. Perhaps, 



Chapter-7: General conclusion 

151 

based on the results of the survey, the most commonly used glucosamine products should be 

analysed by industry-independent laboratories to provide unbiased quality analysis results. 

Subsequently, the correlation of product quality with its cost should be determined, which 

could assist the consumers to make informed decisions in the future.  

The current study found inter-individual differences in the pharmacokinetics of glucosamine, 

indicating this could result in different clinical effects. Thus, this study provides a robust 

platform to investigate the relationship between glucosamine plasma levels and its synovial 

fluid levels. Also, future studies should determine the association between clinical effects in 

OA patients and glucosamine levels in plasma and synovial fluid. We recommend that to find 

quality evidence of the relationship and avoid any possible biases, it is essential that a 

randomised, double-blinded, placebo-controlled, long-term clinical trial approach should be 

followed. The clinical trials in future should employ strategies such as- a) inclusion of OA 

patients with similar symptom and disease severity with no other underlying health condition 

to exclude the possibility of different outcomes due to these factors; and b) including patients 

who had never taken any other supplement (including glucosamine) and/or corticosteroids, and 

have not undergone any surgical procedures for OA. The prospective clinical trial should 

observe and analyse changes in both radiographical and clinical symptoms among the recruited 

patients to establish clear and robust evidence of the relationship between glucosamine plasma 

(and synovial) levels and its clinical effects.  

It has been reported that only one-fourth of the ingested dose of glucosamine reaches the 

systemic circulation (166). The low oral bioavailability of glucosamine in plasma and 

subsequently at the site of action could be a major hindrance in achieving clinical effects. Apart 

from this, a previous study in rats proposed that the low bioavailability could be attributed to 

the saturation of glucose transporter-2 (GLUT2), and it could be affected by the first-pass 
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metabolism of glucosamine in the gut due to the gut microflora (166). Hence, if the same is 

true for humans, it indicates that the amount of glucosamine available for absorption in the gut 

will depend on the extent of the first-pass metabolism. It might also depend on the composition 

of the gut microbiota residing in an individual’s gut. Though it is too early to predict, there is 

a possibility that glucosamine undergoes variable first-pass metabolism due to the inter-

individual differences in gut microflora composition, since gut microbial composition changes 

with age and diet (243). Therefore, the amount of glucosamine available for absorption after 

its first-pass metabolism might vary between individuals. This indicates that the entire 

phenomenon mentioned above would not only affect its bioavailability, but also the amount of 

glucosamine reaching the site of action and ultimately, its clinical effects. 

Thus, future clinical studies should investigate the role of gut microflora as well as the effect 

of variable composition of gut microflora on the extent of the first-pass metabolism of 

glucosamine. The contribution of first-pass metabolism on the bioavailability of glucosamine 

in humans should also be investigated. 

Another issue to be addressed, which has been recently reported is the allergic reactions to 

glucosamine products commonly occurring in OA patients who have hypersensitivity to 

shellfish (244). The study suggested that the lack of appropriate allergy warning on the product 

label was the main reason for the reported side effects. Hence, it was suggested that a clear 

warning should be provided on the product label containing glucosamine, indicating it may 

lead to adverse reactions in people allergic to shellfish and they should consult a healthcare 

professional before taking this supplement (244). The study could not verify whether the side-

effects were due to glucosamine alone, or due to consumption of other medications along with 

glucosamine or due to other underlying medical conditions. Based on this report, one 

newspaper article claimed that the harm imposed might outweigh the potential benefits of 
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glucosamine, but this article was not backed-up by any substantial evidence (245). While later, 

an article was published in another newsletter indicating that people who are already taking 

this product without experiencing any side effects, and if they have experienced potential 

benefits, can continue its use (246). However, people with specific diseases, including asthma 

and diabetes, and who are taking other medications, including warfarin, should consult their 

physicians and pharmacist before taking this product (246). Hence, it seems that multiple 

perceptions and concerns are circulated regarding glucosamine use in OA. The issue raised by 

Hoban et al. must be addressed, and objective measures should be used to identify the number 

of adverse drug reactions exclusively related to glucosamine use in OA patients (244). 

To address the recently raised issues regarding the safety profile of glucosamine it is proposed 

that prospective clinical studies should evaluate a benefit-risk ratio of glucosamine in OA 

patients who have a specific medical condition (such as asthma, diabetes) and in patients taking 

any specific medication (such as medication for diabetes, high blood pressure, heart disease). 

The results could help the consumers/healthcare professionals in making informed decisions 

and might reduce the number of adverse events experienced by the patients taking this product. 

Another problem discussed many times in this thesis is low and variable plasma levels of 

glucosamine, leading to inconsistent clinical effects or no clinical benefit at all. It appears that 

the clinical effects of glucosamine could become more prominent if its bioavailability is 

increased and sustained levels could be maintained in plasma and at the site of action. 

Therefore, further research should focus on various avenues that can offer higher 

bioavailability/plasma concentration compared to the oral bioavailability attained using 

currently available products. Some of these approaches could be: a) to determine clinically 

relevant and a safer dose of glucosamine- future clinical studies should consider using higher 

doses than the dose that was used in the majority of the clinical trials (1500 mg/day) and 
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investigate its clinical potency and safety in OA patients (a similar suggestion was provided by 

McCarty et al., in a recently published review article) (247)); b) alternate route of 

administration - administration through intramuscular (248), intra-articular (249), or topical 

(113) route. Intra-articular delivery of modified slow-release dosage forms of glucosamine

(249) could offer other advantages such as direct administration to the site of action, means

this method would require significantly lower doses of glucosamine, and fewer treatments as 

well as various systemic side effects could be avoided. However, few concern with this 

approach would be requirement of a specialist healthcare professional and discomfort during 

administration, and c) modified glucosamine preparations- use of a chemically modified 

glucosamine such as alkyl carbamate- and ester-based prodrug (250). These prodrugs are 

lipophilic, which would enable glucosamine to undergo passive absorption, independent of 

GLUT2, and active glucosamine could then be released in plasma by hydrolysis that could be 

facilitated by various enzymes such as butyrylcholinesterases or paraoxonases. This approach 

would avoid pre-systemic degradation and thus would help achieve clinically relevant plasma 

levels. 

In conclusion, glucosamine offers a possibility of symptomatic and structural benefits in OA, 

and unlike other analgesics and anti-inflammatory agents, it shows a relatively lower incidence 

of severe adverse effects. The reported differences in clinical effects of glucosamine are most 

likely due to large differences in its plasma levels between patients; hence, it is essential to find 

a clinically useful plasma concentration for future studies. Based on clinically effective 

glucosamine plasma levels, in the future, it is feasible that healthcare professionals could apply 

a personalised approach such as dose adjustment, to achieve the desired therapeutic outcomes 

in OA patients and avoid undesired side effects.  
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Appendices 

Appendix A. Ethics approval letter ref no. H0015879 

Study title-‘Development of a novel high-performance liquid chromatography method for the 

detection and quantification of glucosamine in blank human plasma’ 
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Appendix B. Ethics approval letter (ref no. H0016273) 

Study title ‘Glucosamine in osteoarthritis study: An investigation into possible reasons for 

inconsistent clinical outcomes’ 
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Information for Participants: 

What are we investigating in current study? 

The current study is investigating into the reasons why glucosamine helps some but not all 

patients with osteoarthritis.

We propose that the one of the main reasons behind different outcomes in different individuals 

taking glucosamine could be differences in the absorption of glucosamine into the bloodstream 

after it is taken.  

Methods 

To perform this study, we will measure the concentration of glucosamine in blood in patients with 

osteoarthritis taking various types of glucosamine supplements. 

  

The purpose of this questionnaire is to provide the researchers with the relevant information 

that will help them to find suitable participants for this study. 
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Appendix E. Ethics approval letter (ref no. H0016956) 

Study Title-‘An investigation into possible reasons for inconsistent clinical outcomes to 

glucosamine therapy-A pilot study’ 
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Information for Participants: 

What are we investigating in the current study? 

The current study is investigating the reasons why glucosamine helps some but not all patients 

with osteoarthritis.

We propose that one of the main reasons behind different outcomes in different individuals taking 

glucosamine could be differences in the absorption of glucosamine into the bloodstream after it is 

taken.  

Methods 

To perform this study, we will measure the plasma concentration of glucosamine in individuals who 

will take two brands of glucosamine supplements for six days. 

  

The purpose of this questionnaire is to provide the researchers with the relevant information 

that will help them to find suitable participants for this study. 
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Participant signature: ___________________________________________________ 

Name:______________________________________________________ Date:___________ 

17 

Could you please specify the name of all the medications, including dietary supplements or vitamins, you are 

currently taking for any medical conditions: 

1.__________________________  2. _________________________  3._________________________________ 

4. _________________________   5.  _________________________  6. ________________________________
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