


EFFECT OF GLUCOSAMINE ON GAIT, LIPID PEROXIDATION AND PLASMA LIPID FOLLOWING EXPERIMENTAL OSTEOARTHRITIS IN RABBITS


ABSTRACT
Introduction: Glucosamine is a disease modifying osteoarthritis agent commonly administered in humans and dogs. This study evaluated effect of prophylactic glucosamine on experimental osteoarthritis (OA) in rabbits. 
Materials and Methods: Twenty female rabbits were assigned into four groups. OA was induced using ovariectomy method. Group A rabbits were induced with OA but untreated, while Group B rabbits were administered glucosamine (75mg/kg) daily for 12 weeks after radiographic OA confirmation. Group C were neither induced with OA nor treated, while Group D was pretreated with glucosamine daily until OA confirmation. Gaits, knee radiographs and blood were evaluated before ovariectomy and at 4, 8, 12, 18 and 24 weeks post ovariectomy (PO). Plasma thiobarbituric acid reactive substance (TBARS), superoxide dismutase (SOD), glutathione (GSH), glutathione peroxidase (GPx), glutathione transferase (GST), total cholesterol (tCHOL), total triglycerides (TRIG), high density lipoprotein (HDL) and low density lipoprotein (LDL) were determined. Results were compared using analysis of variance and considered significant at p < 0.05. 	Comment by Sachin BP: In each group how many animals?
Results: Gait assessment score was significantly (p < 0.05) lowest in group A than groups B, C at 24 weeks PO. Conversely, radiographic score was significantly (p < 0.05) highest in group A at 24 weeks PO. Plasma concentration of TBARS was highest in group A, while SOD decreased significantly (p< 0.05) between weeks 4 and 12 PO. There were no significant differences in GSH, GPx, GST, tCHOL, TRIG, HDL and LDL.  
Conclusion: Glucosamine alters lipid peroxidation in rabbits OA. There is no advantage of prophylactic administration of glucosamine on OA.
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Introduction
Lipid peroxidation mediated by free radicals (FR) is considered to be the major mechanism of plasma membrane destruction and cell damage. Free radicals are formed in both physiological and pathological conditions in mammalian tissues (Maneesh et al., 2005). Uncontrolled production of FR is an important factor in tissue damage induced through several pathophysiologies ensuing from oxidative stress (OS). Age-related decline in the activity and number of mitochondria plays critical role in protecting cells from Reactive Oxygen Species (ROS) damage. 
Osteoarthritis is the most common form of arthritis affecting approximately 70-80% of the human population over the age of 50 years. It accounted for 70% of hospital visit for articular related diseases in dogs and cats (Mele, 2007). Commonly affected joints are the knee, hip, elbow and wrist joints. Destruction of articular cartilage results from a failure of chondrocytes to maintain the balance between synthesis and degradation of the extracellular cartilage matrix (ECM). Pro-inflammatory cytokines, such as interleukin-1 (IL-1) produced by macrophages, monocytes, synovial cells, and chondrocytes play an important role in the development of OA (Tamura and Ohmori, 2001).
Human articular chondrocytes actively produce ROS. The consequence of increased OS is deoxyribonucleic Acid (DNA) damage and telomere shortening, leading to reduced matrix production, chondrocyte senescence and apoptosis (Davie et al., 2008). Increased ROS also up-regulates the expression of pro-inflammatory cytokines and matrix metalloproteinase (MMP) factors that mediate cartilage degradation (Nakagawa et al., 2010). Thus OS is a relevant part of osteoarthritis (OA) and promotes cartilage destruction and inflammatory transformation (Ziskoven et al., 2010).
Glucosamine is an amino sugar found in the body which is a major component of the glycosaminoglycans and hyaluronan in articular cartilage. Its effects include stimulation of physiologic proteoglycan synthesis and decrease in the activity of catabolic enzymes such as metalloproteases (Pavelka et al., 2002). Despite the purported claim that glucosamine is chondroprotective, there appears to be controversy on the benefits of its prophylactic use. Currently, glucosamine is often administered to animals at high risk of OA to modify the outcome of OA. However, not enough evidence to support the benefit of this practice, exists. Moreover, there have been reports of glucosamine inducing endoplasmic reticulum dysfunctions leading to dyslipidemic induction of atherogenesis and steatosis (Beriault et al., 2011; Werstuck et al., 2006). Thus, there is likelihood of glucosamine causing dyslipidemia especially following prolonged administration. Although, another study found no changes in plasma lipids with glucosamine supplementation in diabetic humans, that study was carried out for just two weeks and under the recommended human doses (Albert et al., 2007). In yet another study using rabbits, it was concluded that glucosamine could possess atheroprotective effects (Largo et al., 2009). These conflicting reports generate the need for further studies, especially with a longer exposure to the glucosamine treatment, in order to clarify and ascertain the exact role of glucosamine on lipid metabolism.
Metabolomics is the comprehensive analysis of small molecules in a biological system and has generated great interest for identifying novel biomarkers for disease diagnosis and pharmaceutical treatment (Serkova et al., 2007). Metabolomic studies performed on synovial fluid from experimentally induced OA in canine knee joints demonstrated increased concentrations of lactate, pyruvate, glycerol, alanine, isoleucine, hydroxybutyrate, hydroxyisobutyrate, and lipoprotein associated fatty acids (Damyonovich et al., 1999). Till now, very little has been done with regards to the use of metabolomic and lipidomic evaluations to monitor the efficacy of an osteoarthritic agent. In this study, changes in the plasma activities of free radicals and antioxidants, as well as that of the gait and plasma lipids were evaluated in rabbits experimentally induced with OA and treated with glucosamine before or after experimental OA to determine whether these metabolites can be used as part of a biomarker panel for the assessment of drug efficacy during OA. 
Materials and Methods
Animals
Twenty (20) adult female Chinchilla rabbits with mean weight 2.14 ± 0.45Kg were used for this study. They were adjudged to be free of musculoskeletal disease based on the visual assessment of gait and palpation of the joints. The rabbits were housed individually in wooden cages and were fed ad-libitum on growers’ mash (Vital Feeds®, Grand Cereals Limited, Nigeria), while water was provided ad libitum. The study was approved by the Research and Ethical Committee (FUNAAB/COLVET/CREC/2016/08/02) of the College of Veterinary Medicine, Federal University of Agriculture, Abeokuta, Ogun State.
Experimental Design 
Randomized blinded design was used with the rabbits randomly assigned into four groups: 
· Group A comprised of five rabbits in which OA was experimentally induced but not treated with oral glucosamine.
· Group B comprised of five rabbits treated daily with 75mg/kg of oral glucosamine for twelve weeks following radiographic confirmation of OA.
· Group C consisted of five rabbits in which OA was not induced nor treated with oral glucosamine.
· Group D comprised of five rabbits pretreated daily with 75mg/kg of glucosamine until radiographic confirmation of OA.  
Induction of Experimental Osteoarthritis
	Experimental OA was induced using the ovariectomy method. Fifteen rabbits were premedicated with intramuscular injection of 2% Xylazine hydrochloride (XYL-M2®, VMD, Belgium) at the rate of 3.0mg/kg. Thereafter, anaesthesia was induced and maintained with intramuscular injection of 5% Ketamine hydrochloride (Rotexmedica®, Trittau, Germany) at the rate of 50mg/kg. The rabbits were placed on dorsal recumbency, with the hind limb restrained in extension. Five milliliters of 2% Lignocaine was infiltrated sub-dermally along the linea alba. A skin incision measuring about 3cm was made along the ventral midline. After careful dissection of the subcutaneous tissue, the linea alba was located and a stab incision was made on it. The incision was then lengthened using a pair of myo-scissors to gain access into the abdominal cavity. The ovary was exteriorized by grasping the peri-ovarian fat with tissue forceps, and the pedicle ligated and excised between the uterine horn and the ovary. The remaining tissue was returned into the abdominal cavity. Linea alba and the muscle layer were closed using a simple continuous suture pattern with size 2/0 chromic catgut, the subcutaneous layer was closed using a subcorticular suture pattern with size 2/0 chromic catgut, the skin was closed using a simple interrupted suture pattern with size 0 polyester. Following ovariectomy, the rabbits were knee was radiographed fortnightly until radiographic signs of OA such as joint space narrowing, osteophytes formation were observed.

Radiographic Protocol
Antero-posterior radiography of the femoro-tibial joints of the rabbits was performed in a non-weight bearing extended caudo-cranial view. The rabbits were sedated with intramuscular injection of xylazine hydrochloride (XYL-M2®, VMD, Belgium) at 5mg/kg. The sedated rabbits were placed in sternal recumbency with both legs extended caudally. Radiographs were made with a vertical X-ray beam centered over the femoro-tibial joints and collimated from the mid-femur to the mid-tibia. Radiographs were taken at 12, 18 and 24 weeks post ovariectomy. Femoro-tibial medial joint space width were graded as normal (grade 0), reduced (grade 1), or absent (grade 2). Osteophytes of the medial femoral condyle were scored separately according to their presence and size (grade 0 = absent, grade 1= small, grade 2= moderate, grade 3= severe). Osteophytes of the medial fabella were scored dichotomously as absent or present (grade 0 or grade 1 respectively).
Gait Assessment Evaluation
Gait assessment was subjectively evaluated for each rabbit. The assessments were carried out at 0, 4, 8 12, 18 and 24 weeks post ovariectomy. Scores ranging from 1- 4 were assigned to criteria such as the ability to bear weight on the legs, pain perception from the knees and responses to walking and climbing.
Blood Collection
About 5ml of blood was collected from the jugular vein of each rabbit into Lithium heparin bottles. Blood samples were collected at 4, 12, 18 and 24 weeks post ovariectomy for the determination of plasma concentrations of thiobarbituric acid reactive substance (TBARS), glutathione peroxidase (GPx), glutathione (GSH), glutathione –s- transferase (GST), superoxide dismutase (SOD), total cholesterol (tCHOL), total triglycerides (TRIG), high density lipoprotein (HDL) and low density lipoprotein (LDL). 
Biochemical analysis
	The serum TBARS was determined using a colorimetric assay as described by Ajadi et al. (2020), while the antioxidant enzymes: GPx, GST, SOD, and glutathione were assayed using spectrophotometric methods as has been earlier comprehensively described (Ajadi et al., 2020). The plasma profile of tCHOL, TRIG, HDL and LDL were assessed spectrophotometrically using Randox Laboratory reagent kits (Randox, USA), as recommended by manufacturers and previously described (Thomas et al., 2011). 
Statistical Analysis
Data were expressed as means ± standard deviations (SD). Radiographic scores (RAS) were compared using Wilcoxon Rank sum test. Gait assessment scores were compared between the different groups using Mann’s Whitney test.  Plasma concentrations of TBARS, GSH, GST, GPx, SOD, tCHOL, TRIG, HDL and LDL were analyzed using Analysis of Variance (ANOVA) for repeated measures. Values were significant at P < 0.05. All statistical analyses were performed using Statistical Package for the Social Sciences (SPSS) 17.0 software (SPSS Inc., Chicago, IL, USA).	
Results
Gait assessment scores (GAS) significantly decreased in group A rabbits 4 weeks post ovariectomy and then increased gradually up to 12 weeks post ovariectomy where it then appeared to stabilize by 24 weeks post ovariectomy. The GAS was significantly (P < 0.05) lower in group A than groups B, C and D (Fig. 1). There were no significant differences in the GAS between rabbits in groups B, C and D
Radiographic signs of OA were detected 12 weeks post ovariectomy and were characterized by joint space narrowing and medial femoral condyle osteophyte formation. The RAS was significantly (P < 0.05) higher among rabbits in group A than those in groups B, C and D at 12 and 18 weeks post ovariectomy (Table 1). However, there were no significant differences in the RAS of rabbits in groups A, B and D by week 24 post ovariectomy. Although, there were no significant differences in the RAS between rabbits in group B and group D by 12 weeks post ovariectomy, the RAS was higher in group A than group B. 
Plasma concentrations of TBARS were higher in rabbits of groups A and B, than in rabbits in group C and D (Fig. 2). In groups A and B, TBARS increased up to 18 weeks post ovariectomy and then decreased gradually. However, the concentration of TBARS decreased in group C up to 18 weeks post ovariectomy and thereafter increased gradually (Fig. 2). Plasma concentration of SOD was significantly (P< 0.05) higher in groups A and D than groups B and C at 4 weeks post ovariectomy (Fig. 3). In all the groups, decreased significantly (P < 0.05) between the values at 4 and 12 weeks post ovariectomy (Fig. 3).
Concentrations of GSH decreased up to 24 weeks post ovariectomy in all the groups, while there was no significant difference in GSH concentration in all the groups (Fig. 4). In addition, plasma concentration of GPx increased gradually up to 24 weeks post ovariectomy in all the groups, while there was no significant difference in GPx concentration in all the groups (Fig. 5). The concentration of GST was significantly (p < 0.05) higher in groups A and B than groups C and D at 18 and 24 weeks post ovariectomy respectively (Fig. 6). Similarly, the plasma GST increased significantly (p < 0.05) from 12 to 18 weeks post ovariectomy (Fig. 6).
Total plasma tCHOL tended to increase in all the groups up to 12 weeks post ovariectomy except for rabbits in group B. In general, there was no significant difference in the tCHOL concentrations, except in group D where the value was significantly (p < 0.05) higher at 12 weeks post ovariectomy (Fig. 7). The total plasma TRIG tended to increase in group A, while it decreased in other groups. In general, there was no significant difference in the TRIG concentration in any the groups (Fig. 8). 
Plasma concentration of HDL was higher in group A than the other groups at 4 weeks post ovariectomy. In general, there was no significant difference in the plasma concentration of HDL in all the groups except at 24 weeks post ovariectomy where it was significantly (p < 0.05) higher in group B than other groups (Fig. 9). The LDL was higher in groups A and D than in groups B and C. Plasma LDL tended to increase in groups A and B, while it decreased in groups B and C (Fig. 10).
Discussion
The results of this study showed that oral glucosamine improved GAS and reduced radiographic scores following experimental OA in rabbits. However, there were no significant differences in the gait assessment and radiographic scores when glucosamine was administered before the onset of OA and when it was administered after onset of OA. In addition, the plasma concentrations of TBARS were elevated in rabbits with experimental OA, while the plasma concentration of superoxide dismutase was decreased. Also, OA or treatment with glucosamine did not have any significant effect on the plasma lipid profile.
Early stages of OA are difficult to diagnose with radiography. Radiographic changes including joint effusion, narrowing of joint space, osteophytosis, and subchondral sclerosis are seen at the later stages of OA (Matyas et al., 2004). In this study, major radiographic changes observed was joint space narrowing mainly affecting the medial compartment of the joint and mild osteophyte formation at the medial condylar aspect of the joint. The medial compartment appeared to be more affected than the lateral compartment because of the more severe joint space narrowing involving the medial compartment. 
	Plasma TBARS increased gradually in the rabbits except the control rabbits up to six weeks after commencement of treatment suggesting that there is increased lipid peroxidation following ovariectomy in the rabbits and might explain the possible antioxidant role of both exogenous and endogenous oestrogen. Previous population study in humans has also reported significant increase in oxidative response in postmenopausal women (Trevisan et al., 2001). The lower concentration of TBARS in rabbits treated prophylactically with glucosamine probably suggests the antioxidant role of glucosamine. In vitro studies have shown that glucosamine inhibits cartilage catabolism and prevents IL-1β induced increase in nitric oxide synthesis (Hauselmann, 2001; Fenton et al., 2002). The prophylactic administration of glucosamine may have reduced the severity of lipid peroxidation suggesting that prophylactic use of glucosamine might be advantageous in patients that are at high risk of developing OA.
	Superoxide dismutase is the enzyme that catalyzes the dismutation of superoxide (O2) radicals into either oxygen or hydrogen peroxide. It is an important antioxidant defense in nearly all living cells. Decreases in the expression of SOD has been associated with the early stage of OA and linked to an increase in concentration of ROS (Scott et al., 2010). In this study, the concentration of SOD decreased from 4 weeks after ovariectomy. This is supported by the increased plasma level of TBARS at this period, signifying an increased on-going lipid peroxidation. This could have been occasioned by the absence of oestrogen due to ovariectomy, resulting in increased lipid peroxidation that led to the consequent cartilage damage. .
	In this study, the GSH decreased, while GPx and GST increased with progression of OA. This implies the depletion of the antioxidant buffer in the blood and confirms the role of ROS in the pathogenesis of OA (Sutipornpalangkul et al., 2009). The absence of significant differences in the levels of antioxidants between rabbits treated prophylactically with glucosamine and those in which glucosamine treatment commenced after OA could suggest that prophylactic glucosamine may not have a beneficial advantage over glucosamine administration following OA. This assertion is further supported by the lack of significant difference in both the GAS and RAS of the rabbits.
	Changes in the lipoprotein fractions of blood during inflammatory and non-inflammatory arthropathies have been reported to be related to the degree of inflammation in the course of the disease (Davies-Tuck et al., 2009). Results of experimental studies indicated that in the course of inflammation, the liver preferentially utilizes amino acids for the production of inflammatory mediators rather than for manufacturing enzymes important in lipid metabolism, with the resultant reduction in the production of lipoproteins (Borman et al., 1999). Since the inflammatory component of OA is minimal, it is thus expected that the changes in the lipid profiles during OA will be less compared with that of rheumatoid arthritis. Positive association between HDL cholesterol and TBARS has been reported in postmenopausal women (Trevisan et al., 2001). In the present study, the HDL decreased with increasing TBARS. 
In humans with rheumatoid arthritis, altered lipoprotein patterns have been reportedly characterized by low levels of serum tCHOL, LDL, VLDL and TRIG. However, in OA patients, alteration of lipid levels was characterized by increased concentrations of tCHOL (Hurt-Camejo et al., 2001; Dessein et al., 2002). Dogs with hip OA were also shown to have increased serum lipid levels with evidence of hypofibrinolysis and increased platelets aggregations (Ghosh and Cheras, 2001). This has been associated with decreased physical activity of the patient. In this study, the tCHOL increased as the OA progressed in the rabbits. The depletion of oestrogen as a result of ovariectomy, with resultant effect on cartilage degeneration, is a likely explanation for this phenomenon.
	One of the objectives of this study was to evaluate the usefulness of the changes in lipid peroxidation, antioxidant systems and plasma lipids as metabolomic and lipidomic biomarkers to monitor the efficacy of drug for management of OA. The National Institute of Health (NIH), USA defines a biomarker as a characteristic that is objectively measured and evaluated as an indicator of normal biologic processes, pathogenic processes or pharmacologic responses to a therapeutic intervention (Lotz et al., 2013). The inconsistent results in the measured parameters between rabbits treated before OA and those treated after OA induction make it difficult to recommend any of these parameters as a useful biomarker to monitor efficacy of the drug. These inconsistencies might be because the parameters were determined from blood where it is expected that the changes in the plasma concentration of the substances might also reflect changes in other parts of the body apart from the joint. Thus, evaluation of the levels of these compounds in the synovial fluid could be optimal for giving more precise and specific disease indication.  
	Finally, the model of OA used in this study represents a model similar to that obtainable in post-menopausal OA in women. Thus the biological changes observed in this study may not be completely the same as for other natural forms of OA. The effect of glucosamine on OA reported here could be due to their anti-inflammatory effects on the regulation of the activity of IL-6 and MMP-3, reduction of lipid peroxidation and consequent inhibition of ROS formation. 
The duration of this experimental study, may have hindered the full development of the OA course, which is commonly of prolonged duration beyond the time scale of the present study.  For example, in humans and dogs, natural OA might take over two years to develop and can progress over a life time. This is one of the limitations of using animal models for studying pattern of OA in humans. 
Conclusion
Prophylactic glucosamine ameliorated experimental OA in the rabbits but did not prevent the development of OA in the rabbits. Also, there was no significant difference in the effect of pre- OA and post- OA glucosamine in the rabbits. Plasma levels of TBARS, SOD and glutathione changed slightly with progression of OA and treatment with glucosamine. However, these changes were inconsistent, making it difficult to recommend them as blood biomarkers for the assessment of drug efficacy in OA. Plasma concentration of cholesterol increased following ovariectomy in the rabbits. This might be related to the depletion of oestrogen as a result of ovariectomy with attendant negative effect of cartilage turnover
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Table 1: Radiographic scores following ovariectomy and glucosamine administration in rabbits
 
TIME OF 	     	GROUP A		GROUP B		GROUP C	     GROUP D
RADIOGRAPHY
POST OVX

12 WEEKS	 	4.2 ± 1.5a		2.5 ± 1.2b		0.0 ± 0.0c	     1.5 ± 0.9b

18 WEEKS		3.4 ± 1.0a		1.5 ± 0.8b		0.0 ± 0.0c	     1.3 ±1.0b	

24 WEEKS		2.5 ± 1.1b		1.3 ± 0.9b		0.0 ± 0.0c	     1.0 ± 0.9b


Keys: 
A: OA without glucosamine administration
B:  OA + post OA administration of glucosamine 
C: No OA and No glucosamine administration
D: OA + pre OA administration of glucosamine
OVX: Ovariectomy
* Values with different superscripts on the same row are significant at P < 0.


  


Fig. 1: Gait assessment score following ovariectomy and treatment with glucosamine in rabbits



Fig. 2: Changes in plasma concentration of TBARS following ovariectomy and glucosamine administration in rabbits



Fig. 3: Changes in plasma concentration of superoxide dismutase following ovariectomy and glucosamine administration in rabbits


Fig. 4: Changes in plasma concentration of glutathione following ovariectomy and glucosamine administration in rabbits


Fig. 5: Changes in plasma concentration of glutathione peroxidase following ovariectomy and glucosamine administration in rabbits


Fig. 6: Changes in plasma concentration of glutathione-s-transferase following ovariectomy and glucosamine administration in rabbits


Fig. 7: Changes in total plasma cholesterol concentration following ovariectomy and glucosamine administration in rabbits

Fig. 8: Changes in total plasma triglyceride concentration following ovariectomy and glucosamine administration in rabbits


Fig. 9: Changes in plasma concentration of high density lipoprotein following ovariectomy and glucosamine administration in rabbits



Fig. 10: Changes in plasma concentration of low density lipoprotein following ovariectomy and glucosamine administration in rabbits
OA alone	4.0	12.0	18.0	24.0	85.1	101.02	95.71	104.49	OA + post OA glucosamine	4.0	12.0	18.0	24.0	82.04	69.18	84.48	80.0	Control	4.0	12.0	18.0	24.0	82.04	86.53	72.04	83.67	OA + prophylactic glucosamine	4.0	12.0	18.0	24.0	91.02	123.67	104.69	120.4	Weeks post ovariectomy 
Mean Plasma total cholesterol concentration (mg/dl)
OA alone	4.0	12.0	18.0	24.0	203.42	219.94	221.33	203.94	OA + post OA glucosamine	4.0	12.0	18.0	24.0	219.94	211.71	207.07	231.42	Control	4.0	12.0	18.0	24.0	221.33	204.87	208.0	220.4	OA + prophylactic glucosamine	4.0	12.0	18.0	24.0	203.94	216.11	208.92	230.02	Weeks post ovariectomy 
Mean Plasma triglyceride concentration (mg/dl)
OA alone	4.0	12.0	18.0	24.0	62.19	41.36	36.57	37.67	OA + post OA glucosamine	4.0	12.0	18.0	24.0	43.7	43.15	41.64	67.26	Control	4.0	12.0	18.0	24.0	44.93	51.91	40.54	31.78	OA + prophylactic glucosamine	4.0	12.0	18.0	24.0	28.63	45.06	26.16	39.86	Weeks post ovariectomy
Mean Plasma concentration of high density lipoprotein (mg/dl)
OA alone	4.0	12.0	18.0	24.0	22.91	59.66	59.14	66.82	OA + post OA glucosamine	4.0	12.0	18.0	24.0	38.34	26.03	42.84	12.74	Control	4.0	12.0	18.0	24.0	37.12	34.62	31.5	51.89	OA + prophylactic glucosamine	4.0	12.0	18.0	24.0	62.39	78.61	78.53	80.54	Weeks post ovariectomy 
Mean Plasma concentration of low density lipoprotein (mg/dl)
OA ALONE	O	4	8	12	18	24	44.0	30.0	32.0	36.0	35.0	37.0	OA + post OA glucosamine	O	4	8	12	18	24	44.0	40.0	40.0	40.0	42.0	42.0	OA + pre OA glucosamine	O	4	8	12	18	24	44.0	40.0	42.0	42.0	40.0	42.0	CONTROL	O	4	8	12	18	24	44.0	44.0	44.0	44.0	44.0	44.0	Weeks post ovariectomy
Mean Gait Assessment Score
OA alone	4.0	12.0	18.0	24.0	4.93	4.97	5.06	4.95	OA + post OA glucosamine	4.0	12.0	18.0	24.0	4.96	5.04	5.13	5.13	Control	4.0	12.0	18.0	24.0	5.04	4.9	4.89	5.06	OA + prophylactic glucosamine	4.0	12.0	18.0	24.0	4.87	4.87	4.97	4.94	Weeks post ovariectomy
Mean Plasma concentration of thiobarbituric acid reactive substance (µM)
OA alone	4.0	12.0	18.0	24.0	4.53	0.46	0.58	0.28	OA + post OA glucosamine	4.0	12.0	18.0	24.0	1.24	1.03	0.42	0.47	Control	4.0	12.0	18.0	24.0	1.5	0.29	0.51	0.48	OA + prophylactic glucosamine	4.0	12.0	18.0	24.0	3.23	0.4	1.12	0.73	Weeks post ovariectomy
Mean Plasma concentration of superoxide dismutase (µ/ml)
OA  alone	4.0	12.0	18.0	24.0	3.09	2.56	2.66	2.49	OA +  post OA glucosamine	4.0	12.0	18.0	24.0	3.49	2.33	2.32	2.19	Control	4.0	12.0	18.0	24.0	3.42	2.35	2.46	2.36	OA + prophylactic glucosamine	4.0	12.0	18.0	24.0	3.06	2.64	2.46	2.43	Weeks post ovariectomy
Mean Plasma concentration of glutathione (µ/ml)
OA alone	4.0	12.0	18.0	24.0	1.94	1.94	2.11	2.11	OA + post OA glucosamine	4.0	12.0	18.0	24.0	1.98	2.05	2.1	2.15	Control	4.0	12.0	18.0	24.0	1.93	2.09	2.13	2.07	OA + prophylactic glucosamine	4.0	12.0	18.0	24.0	1.84	2.12	2.12	2.17	Weeks post ovariectomy 
Mean Plasma concentration of glutathione  peroxidase (µ/ml)
OA alone	4.0	12.0	18.0	24.0	10.56	12.29	11.23	14.11	OA + post OA glucosamine	4.0	12.0	18.0	24.0	11.81	13.25	22.65	18.52	Control	4.0	12.0	18.0	24.0	10.56	10.56	9.79	8.54	OA + prophylactic glucosamine	4.0	12.0	18.0	24.0	11.62	10.27	7.68	9.4	Weeks post ovariectomy
Mean Plasma concentration of glutathione-s- transferase (µ/ml)
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