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Introduction

The use of oral structure-modifying agents, specifically
glucosamine and chondroitin sulphate, for the prevention and
treatment of osteoarthritis has been the focus of much debate
in the veterinary and human literature. While effectiveness for
some of these structure-modifying products has been
anecdotally reported and documented in clinical trials, the
regulation and manufacturing of these glucosamine and
chondroitin sulphate as nutraceuticals or dietary supplements
has led to confusion regarding product selection, specific
application, and expected efficacy. 

The purpose of this article is to review and
summarise the relevant literature involving glucosamine
and chondroitin sulphate in the treatment of
osteoarthritis in horses.

Mechanisms of action  

As structure-modifying agents, glucosamine and chondroitin
sulphate are proposed to promote the maintenance and
restoration of the intra-articular environment and to provide
relief from the pain and disability of osteoarthritis. In general,
these agents are thought to prevent or slow the progressive
deterioration of articular cartilage in osteoarthritis through 
3 primary mechanisms 1) reduce cartilage degradation 
2) stimulate cartilage synthesis and 3) counteract
inflammation (Fig 1).

In vitro studies have been used to investigate and define
the effects of glucosamine and chondroitin sulphate,
individually or in combination, on normal and abnormal
articular cartilage and chondrocyte metabolism. These studies
vary widely in the specific agents evaluated, dosages used, 
in vitro study conditions, and responses measured. In general,
glucosamine and/or chondroitin sulphate are thought to

counteract cartilage degradation (Sandy et al. 1998; Fenton 
et al. 2000, 2002; Grande et al. 2000; Lippiello et al. 2000,
2002; Nerucci et al. 2000;  Orth et al. 2002; Ilic et al. 2003;
Mello et al. 2004; Dechant et al. 2005; Neil et al. 2005) by
inhibiting degradative enzymes, such as collagenase and
aggrecanase (Wright 2001; Lippiello et al. 2002; Orth et al.
2002; Mello et al. 2004; Chan et al. 2005), and intermediary
mediators, such as nitric oxide, prostaglandin E2, and nuclear
factor kappa B (Bassleer et al. 1998a; Fenton et al. 2000,
2002; Orth et al. 2002; Byron et al. 2003; Dodge et al. 2003;
Largo et al. 2003; Mello et al. 2004; Nakamura et al. 2004;
Schlueter et al. 2004; Neil et al. 2005). Cartilage synthesis is
thought to be stimulated in the presence of glucosamine
and/or chondroitin sulphate (Bassleer et al. 1998a,b; Nerucci
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Fig 1: Diagram describing 3 potential mechanisms by which
glucosamine (GU) and chondroitin sulphate (CS) can affect the
pathogenesis of osteoarthritis. Glucosamine and chondroitin
sulphate are theorised to treat osteoarthritis by increasing
matrix synthesis, decreasing matrix degradation, and
counteracting inflammatory processes (adapted from
Abramson 2003). 
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et al. 2000; Noyszewski et al. 2001; Lippiello 2003; Dechant
et al. 2005) by provision of substrate, which may be deficient
through dilution or hypermetabolic states (Lippiello 2003);
upregulation of gene expression (Grande et al. 2000; Dodge
and Jimenez 2003); stimulation of cellular receptors and
cellular signaling mechanisms, such as CD44 involved in
positive feedback (Bassleer et al. 1998a; Esford et al. 1998;
Platt 2001); and inhibition of negative intermediary
messengers, such as nuclear factor kappa B, nitric oxide and
prostaglandin E2 (Bassleer et al. 1998a; Fenton et al. 2000,
2002; Orth et al. 2002; Largo et al. 2003; Mello et al. 2004;
Nakamura et al. 2004; Schlueter et al. 2004). In addition,
these structure-modifying agents appear to counteract
inflammation primarily through their inhibition of intermediate
messengers, such as nuclear factor kappa B, nitric oxide and
prostaglandin E2 (Bassleer et al. 1998a; Fenton et al. 2000,
2002; Orth et al. 2002; Largo et al. 2003; Mello et al. 2004;
Nakamura et al. 2004; Schlueter et al. 2004; Neil et al. 2005),
that mediate inflammatory responses, in addition to their
previously described anti-anabolic and pro-catabolic effects.
Chondroitin sulphate has also been shown to affect cell based
inflammatory events by inhibiting chemotaxis, reducing
phagocytosis and lysozyme release, and protecting cell
membranes from free radical injury (Ronca et al. 1998).
However, these structure-modifying agents have not been
found to directly inhibit cyclo-oxygenase enzymes, in contrast
to many anti-arthritic medications (Seaver and Smith 2004). 

An additional theory for the mechanism of action for these
supplements could be the provision of dietary sulphate (Hoffer
et al. 2001; Cordoba and Nimni 2003). Sulphur is important
for the synthesis of many biological molecules, including
proteins and glycosaminoglycans, and a sulphur deficiency can
inhibit glycosaminoglycan synthesis (van der Kraan et al.
1990). It has been proposed that osteoarthritis may
exacerbate sulphur deficiencies by increasing demand as the
stressed cartilage enters a hypermetabolic state and
upregulates synthetic processes (Cordoba and Nimni 2003). In
addition, biotransformation of certain anti-arthritic and
analgesic medications by sulphation could further deplete
sulphur stores (Hoffer et al. 2001). This theory is supported by
the dramatic increase in serum sulphate levels following
glucosamine sulphate or chondroitin sulphate administration
(Hoffer et al. 2001; Cordoba and Nimni 2003). In addition,
sulphur excretion after glucosamine sulphate or chondroitin
sulphate supplementation was found to be directly related to
the level of other dietary sources of sulphur (Cordoba and
Nimni 2003). This alternate theory, if true, implies that
glucosamine sulphate and chondroitin sulphate would be
bioactive as sulphur supplements, whereas glucosamine
hydrochloride may not be effective. 

The dosages used to determine the effects of glucosamine
and chondroitin sulphate on cartilage metabolism varied from
physiological (µg/ml) to pharmacological (mg/ml)
concentrations. Depending on the study, beneficial effects
have been reported for dosages as low as 10 µg/ml to as high
as 25 mg/ml. A subset of studies compared combination
treatment to glucosamine or chondroitin sulphate alone

(Grande et al. 2000; Lippiello et al. 2000; Orth et al. 2002;
Dechant et al. 2005). Broadly stated, the combination of
glucosamine and chondroitin sulphate were considered to be
most effective in those studies (Grande et al. 2000; Lippiello 
et al. 2000; Orth et al. 2002; Dechant et al. 2005) and,
although synergy was claimed in some circumstances
(Lippiello et al. 2000), the effect tended to be additive and
not synergistic.

Bioavailability and pharmacokinetics

The efficacy of orally administered products depends on the
absorption of an oral dose to a sufficient degree to attain
therapeutic blood and tissue levels. Studies have also
suggested that glucosamine and chondroitin sulphate exhibit
a high degree of tropism for articular cartilage (Ronca et al.
1998; Dodge et al. 2001), which means that blood levels may
not equate to tissue levels. Studies incorporating high-
performance liquid chromatography have redefined the oral
bioavailability of glucosamine and chondroitin sulphate in 
a number of species. A study in dogs found the oral
bioavailability for glucosamine hydrochloride to be 12% and
for chondroitin sulphate to be 5% (Adebowale et al. 2002).
This same study evaluated the effect of repeated dosing and
demonstrated that chondroitin sulphate accumulates after
multiple doses, although accumulation was not found after
multiple glucosamine doses (Adebowale et al. 2002). In
horses, the oral absorption of 8.0 and 16.9 kDa molecular
weight chondroitin sulphate was compared, because in vitro
studies suggested that the molecular weight of chondroitin
sulphate was negatively associated with its permeability across
the gastrointestinal tract (Adebowale et al. 2000). In horses,
the oral bioavailability of 8.0 kDa chondroitin sulphate was
32% compared with 22% for 16.9 kDa chondroitin sulphate
(Eddington et al. 2001; Du et al. 2004). The oral bioavailability
of glucosamine hydrochloride in horses was found to be 
2.5–5.9% with a large volume of distribution, which indicates
very poor absorption from the intestinal tract, but extensive
tissue uptake (Du et al. 2004; Laverty et al. 2005). Serum levels
of 4.53–36.5 µg/ml for disaccharide fractions of chondroitin
sulphate (Eddington et al. 2001; Du et al. 2004) and 
10.6 µg/ml for glucosamine (Du et al. 2004) have been
documented, but a dose of 5–10 times typical label dose of
glucosamine was administered to result in measurable serum
levels. In another study, glucosamine serum levels of 1 µg/ml
and glucosamine synovial levels of 0.1 µg/ml were measured
after clinically suggested dosages of glucosamine
hydrochloride were administered orally to horses (Laverty et al.
2005). These authors found that glucosamine concentrations
in the synovial fluid appeared to be relatively stable over time,
which could suggest minimal utilisation of glucosamine by
articular tissues.

These oral bioavailability studies provide an important link
for the extrapolation of results from in vitro studies to in vivo
studies, because they allow some prediction of fluid and
tissue concentrations for glucosamine and chondroitin
sulphate after oral dosing. Based on the bioavailability
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studies, chondroitin sulphate may have increased potential
for efficacy due to greater oral absorption (Eddington et al.
2001; Du et al. 2004) and evidence of accumulation with
repeated dosing (Adebowale et al. 2002). However, the
clinical relevance of the chondroitin sulphate bioavailability
studies may be disputed, because the assays measured
disaccharide fractions of chondroitin sulphate, which are not
known to be biologically active. It is important to note that
oral bioavailability studies were performed in fasted
individuals, and absorption may differ in unfasted patients in
clinical situations.

Experimental studies

In vivo studies have been performed in several animal species
to assess the ability of glucosamine and chondroitin sulphate
to maintain and restore articular cartilage under controlled
conditions. Two studies have been performed in horses using
Complete Freund’s Adjuvant to induce joint disease (White 
et al. 1994; Dorna and Guerrero 1998). One study found that
glucosamine hydrochloride and chondroitin sulphate
treatment before and after model induction did not result in
any clinically detectable benefits (White et al. 1994). The
second study used oral and intramuscular chondroitin
sulphate and found a significant treatment effect (Dorna and
Guerrero 1998). Both studies were limited by a short 30 day
evaluation period, small numbers, lack of blinded observers
and a severe model for joint disease; however, treatments with
Cosequin1 were given at, or below, equivalent label
recommendations. More recently, glucosamine hydrochloride
was evaluated using young horses in training programs to
assess its effect on serum markers of bone and joint
metabolism. Both studies used the equivalent label dose of
Cosequin for 8 weeks in Quarter Horses and 48 weeks in
Standardbreds, but neither study found that the treatment
significantly affected serum concentrations of these markers
(Fenton et al. 1999; Caron et al. 2002).

Experimental studies in rats and rabbits found a reduction
in prevalence and severity of cartilage lesions and increased
cartilage glycosaminoglycan content following experimental
induction of arthritis and treatment with glucosamine
hydrochloride and chondroitin sulphate (Lippiello et al. 2000;
Beren et al. 2001) or chondroitin sulphate alone (Uebelhart 
et al. 1998). Similarly, experimental studies in dogs showed
that combination treatment with glucosamine hydrochloride
and chondroitin sulphate modulated articular cartilage
metabolism, and improved lameness and scintigraphy scores
(Canapp et al. 1999; Lippiello et al. 1999; Johnson et al.
2001). While these studies documented varying degrees of
protection, it is important to note that the experimental
designs involved pretreatment with the structure-modifying
agent before induction of joint disease and the use of doses
that were 2–100 times the equivalent label dose of Cosequin
for man or companion animals.

In summary, beneficial effects have been associated with 
in vivo experiments using glucosamine hydrochloride and
chondroitin sulphate in several different species; however, the

most consistent and dramatic effects required high doses of
structure-modifying agents and/or pretreatment prior to
induction of joint disease. 

Clinical trials

Two clinical trials evaluating glucosamine hydrochloride and
chondroitin sulphate have been conducted in horses using
naturally occurring osteoarthritis and navicular disease
(Hanson et al. 1997, 2001). In both studies, lameness scores
and clinical scores improved as a result of treatment (Hanson
et al. 1997, 2001). One study used the recommended label
dose of Cosequin, but was not blinded or controlled, and
improvement was seen within 2 weeks (Hanson et al. 1997).
The second study was double-blinded and placebo controlled,
with significant improvement in investigator scores at 8
weeks, but less improvement in owner scores during the same
period (Hanson et al. 2001). This study (Hanson et al. 2001)
was well designed, but used doses of Cosequin that were
twice the label recommendations.

More recently, a prospective, double-blind, placebo-
controlled study was performed in dogs with clinical 
and radiographic evidence of osteoarthritis, comparing 
2 nonsteroidal anti-inflammatory drugs and a glucosamine
hydrochloride and chondroitin sulphate nutraceutical product
(Moreau et al. 2003). The nutraceutical product caused no
improvement in clinical signs compared to baseline or control
through either repeated subjective or objective assessments
during 60 days of treatment (Moreau et al. 2003). 

Numerous clinical trials have been performed on human
patients with various forms of osteoarthritis. A large multi-
centre, randomised, double-blind, placebo- and nonsteroidal 
anti-inflammatory drug-controlled trial concluded that
glucosamine hydrochloride and chondroitin sulphate alone or
in combination did not improve symptoms of osteoarthritis,
although the combination of glucosamine and chondroitin
sulphate may have had some beneficial effects in patients with
moderate-to-severe symptoms (Clegg et al. 2006). Other
studies found that mild to moderate osteoarthritis improved
after >2 months’ treatment with structure-modifying agents
(Das and Hammad 2000; Verbruggen et al. 2002). In these
studies, severe forms of osteoarthritis did not show
improvement with treatment and, even in mild to moderate
osteoarthritis, not all measured parameters or scores
demonstrated improvement (Das and Hammad 2000;
Verbruggen et al. 2002). Another study associated
glucosamine sulphate treatment with maintenance or
restoration of joint spaces on radiographs, but also found that
symptoms improved regardless of radiographic assessment
(Reginster et al. 2001). A different analysis of this same study
concluded that patients with the least severe radiographic
signs of osteoarthritis experienced the most dramatic joint
space narrowing (i.e. articular cartilage loss) and, therefore,
these patients may have the most potential to respond to
therapy with structure-modifying agents (Bruyere et al. 2003).
Although these studies (Reginster et al. 2001; Bruyere et al.
2003) evaluated the ability of glucosamine sulphate to reduce
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radiographic joint space narrowing, the differences between
placebo and glucosamine sulphate treatments were less than
the change considered to be relevant, according to published
guidelines (Lequesne et al. 1994). Therefore, the beneficial
effects of glucosamine sulphate treatment on radiographic
joint space measurements may not have been clinically
significant. 

Critical reviews (meta-analyses) of several clinical trials in
man have been performed. In one study, the authors
concluded that although reported moderate to high efficacy
of these products were likely exaggerated due to quality issues
and publication bias, some degree of efficacy appeared
probable (McAlindon et al. 2000). Another study concluded
that daily administration of oral glucosamine sulphate at a
minimum dosage of 1500 mg for at least 3 years slowed
degeneration of articular cartilage (Richy et al. 2003).
Chondroitin sulphate was concluded to provide symptomatic
relief, but the trials lacked quality scores and structural
evaluations for broader statements (Richy et al. 2003). Since
the publication of the analysis of Richy et al. (2003), 
3 randomised, double-blind, placebo-controlled studies have
been published that concluded that glucosamine sulphate
(Cibere et al. 2004; McAlindon et al. 2004) and glucosamine
hydrochloride and/or chondroitin sulphate (Clegg et al. 2006)
do not provide any symptomatic relief from osteoarthritis.
These studies were of significantly shorter duration than the 3
year time span proposed by Richy et al. (2003), but their
findings demonstrate that the issue of efficacy for oral
structure-modifying agents may not be resolved. 

Toxicity and side effects

One concern with the use of glucosamine and chondroitin
sulphate is the potential for detrimental or toxic effects.
Glucosamine has been shown to have toxic effects on
chondrocyte and cartilage explant metabolism in 2 studies.
Using healthy canine chondrocytes, Anderson et al. (1999)
found decreased matrix glycosaminoglycan content treated
with 100 µg/ml of glucosamine compared to control cultures.
Another study found that high, pharmacological doses of
glucosamine in bovine cartilage explants had detrimental
effects on cell viability and explant metabolism (De Mattei et
al. 2002). These high concentrations of glucosamine
(Anderson et al. 1999; De Mattei et al. 2002; Ilic et al. 2003;
Mroz and Silbert 2003, 2004) would not be attainable with
clinical applications and oral administration. 

Toxicological studies have been performed in dogs, cats
and horses, using twice the labelled loading dose
recommendations of Cosequin for 30 days, and no clinically
significant changes in haematological, haemostatic or
biochemical variables were identified (McNamara et al. 1996,
2000; Kirker-Head and Kirker-Head 2001). Additionally,
studies in laboratory animals used doses that were 
20–100 times greater than equivalent label recommendations
for man and companion animals, and these studies did not
document any adverse side-effects (Uebelhart et al. 1998;
Lippiello et al. 2000; Beren et al. 2001). Clinical trials in man

have also documented a low incidence of significant side-
effects (Richy et al. 2003).

Other concerns have been raised for potential toxicity for
subsets of the general population, especially given the wide-
spread availability and unregulated use of these products.
Glucosamine has been suggested to impair glucose
homeostasis, specifically through insulin resistance and
reduced insulin secretion, and the administration of
glucosamine may be harmful in diabetic or insulin resistant
patients (AbdelFattah and Hammad 2001). This theory is
supported by the induction of insulin resistance in
experimental animal models after intravenous infusions of
high doses of glucosamine (Balkan and Dunning 1994; Baron
et al. 1995; Giaccari et al. 1995; Rossetti et al. 1995; Barzilai
et al. 1996; Hawkins et al. 1996; Virkamaki et al. 1997;
Shankar et al. 1998), but refuted by a lack of effect on glucose
metabolism in normal and insulin-resistant humans (Monauni
et al. 2000; Pouwels et al. 2001; Scroggie et al. 2003) and
normal animals (McNamara et al. 1996, 2000; Kirker-Head
and Kirker-Head 2001). Glucosamine and chondroitin
sulphate have also been hypothesised to have the potential to
exacerbate asthma through effects on respiratory secretions
(Tallia and Cardone 2002). Chondroitin sulphate is structurally
similar to heparin sulphate and there may be a potential for
adverse reactions in patients with genetic or drug-associated
alterations in hemostasis (Davidson 2000). This concern is
supported by a recent human case report associating
glucosamine and chondroitin sulphate with possible
augmentation of warfarin’s anti-coagulatory effects
(Rozenfeld et al. 2004). These potential adverse effects have
not been conclusively linked with administration of structure-
modifying agents, but it would be advisable to use caution in
patients with these underlying conditions.

Product quality and purity

Further concerns with these products are related to product
purity and quality. Due to the lack of regulations governing the
nutraceutical industry, product quality varies between
manufacturers. One study compared the label claims 
with the laboratory analysis for glucosamine and chondroitin
sulphate content, and found that the measured composition
varied significantly (0–115%) from label claims (Adebowale 
et al. 2000). Other studies performed similar evaluations for
equine nutraceutical products and likewise discovered that
measured quantities varied by 0–221% from label claims
(Ramey et al. 2002; Oke et al. 2006). Some studies
(Adebowale et al. 2000; Ramey et al. 2002) found no
correlation between the accuracy of label claims or product
purity and the price of the product. As a result, potential
efficacy and toxicity would be expected to vary between
products. Additional factors to consider in association with
product purity are the source of chondroitin sulphate and the
specific glucosamine salt in the product. Given this variability,
it may not be appropriate to extrapolate the results from
studies using one specific nutraceutical product to other
similar nutraceutical products.
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Conclusions

In general, there may be evidence for a beneficial effect with
glucosamine and chondroitin sulphate structure-modifying
products. Although few studies have compared combination
treatment to glucosamine and chondroitin sulphate
individually, the combination of glucosamine and chondroitin
sulphate may be most effective, especially for prevention of
cartilage degradation. 

Many experimental studies and clinical trials used
conditions, such as increased doses and preloading, that
favoured demonstration of efficacy. When the bioavailability
studies are compared with the in vitro concentrations 
needed for a beneficial effect, current labelled dosing
recommendations may be too low. These products are not
inexpensive, and consumers and practitioners must balance
the impact of cost and potential toxicity with increased dosing
of these products. With the beneficial effect of preloading in
some experiments, the use of glucosamine and chondroitin
sulphate may be indicated as a preventative treatment for
osteoarthritis, especially in young performance animals.
However, recommendation of these products needs to
balance product expense with modest expectations for
efficacy. 

Manufacturer’s address

1Nutramax Laboratories, Inc., Edgewood, Maryland, USA.
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