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Abstract

It was more than 25 years ago that two German relses quietly associated
supplementation of glucosamine to horses with imgneent of joint disease. In
the 25 years since, glucosamine and its relatechicika chondroitin have become
the most extensively used non-allopathic treatrf@marticular inflammation and
arthritis in horses. While the practice of supplaetirgy arthritic horses with these
products has, in earlier times, been considerednaptete unknown in terms of
safety and efficacy, the story is quite differeatldy. An expanding body of
knowledge on glucosamine continues to raise sdientiuriosity about the
general principles and cellular basis of treatinguiee osteoarthritis and
inflammation with glucosamine-based nutraceuticalis review critically
interprets the published vivo studies designed to investigate glucosamine-based
nutraceuticals for horses with joint pain and/dlammation. These studies have
contributed valuable preliminary information as ttee possible usefulness of
glucosamine-based nutraceuticals in horses, andomignate an encouraging
trend to manufacturers of these products investingesearch. Importantly,
however, these studies have significant limitatidghat untii now have not
previously been addressed. For example, measuréfatailability in horses
have not acknowledged fundamental binding of glaotee to serum proteins
and as such likely provide gross underestimatelsetQnore general limitations
include underpowered studies, unbalanced reseaedigrd non-existent or
inappropriate controls, unclear or non-represergagxperimental conditions and
uncharacterized or complex, heterogeneous expeténenmaterials.
Shortcomings such as these have heavily influencttpretation, as well as
misinterpretation, of results. Because of thesestsuibial limitations, the existing
data on glucosamine-based nutraceuticals for hocsemot be considered
conclusive evidence supporting the efficacy of geamine-based nutraceutical
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products. Recommendations are made as to mininsigntsic requirements for
future research into glucosamine-based nutracésificahorses.

Introduction

Lameness is among the most important causes of pexdormance in racing
horses (Verheyen and Wood 2004). While non-stat@dti-inflammatory drugs
(NSAIDs) and corticosteroids remain important thpenatic resources for
treatment of overt clinical lameness, nutracelgiesie becoming widespread as
therapeutic and prophylactic management stratefgiebiorses with low-grade,
sub-acute articular damage and for those at rigkeg€loping articular problems
(Trumble 2005; Neil et al., 2005). It was more tf&nyears ago that two German
authors quietly associated supplementation of gaoone to horses with
improvement in clinical signs of joint disease €ld&e and Steinbach 1982). In
the 25 years since, glucosamine and its relatechicla chondroitin have become
the most extensively used non-allopathic treatrf@marticular inflammation and
arthritis in horses (Trumble 2005). The contemppsaientific literature abounds
with new papers almost daily on glucosamine sukph@S), glucosamine
hydrochloride (GH) and chondroitin sulphate (CSj feeatment of cartilage
inflammation using a wide variety of animals, irdilig humans. With this
expanding body of knowledge on glucosamine arisegw scientific curiosity
about the general principle of, and cellular béasis treating equine arthritis and
inflammation with glucosamine-based nutraceuticals.

In an industry well-accustomed to extrapolatingritro data and data generated
from research in non-equine species, it is encongatp see scientific research
appearing that attempts to directly investigatei-anthritic nutraceuticals in
horses. Importantly, these publications illustrateencouraging trend to equine
supplement manufacturers investing in product reseto demonstrate safety
and/or efficacy. Often, however, there are methogichl and/or analytical
compromises made in these investigations which angee interpretation of the
data and limit the conclusions that can be drawre purposes of this paper are
to provide a critical review of tha vivo equine literature published between
1994 and 2006 relevant to the use of glucosamiseébautraceuticals, and to
make recommendations for minimal essential critémat should be adopted in
future equine research in this area.

I'n vivo studiesin horses

It is important that the experimental model chogetest nutraceutical products
provides a reasonable representation of the patisigibgical condition for
which it is (to be) used as a prophylaxis or atimemt. For this reason, an early
report of glucosamine-based nutraceuticals in sofééhite et al., 1994) was not
particularly useful for furthering our understargliof the effect of dietary
glucosamine-based nutraceuticals for horses. How&Vhite et al. (1994) made
an important point with respect to the type of gtuttsigns that are not well
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suited to the assessment of nutraceutical prodddts. authors evaluated the
effect of a dietary nutraceutical “Cosequin” (Nutax; 9g twice daily for 30
days) on inflammation induced by intra-articulajeation of Freunds Complete
Adjuvant (FCA). Cosequin is a dietary product fotated for performance
horses, and is composed of glucosamine hydrocleqi@&H; 60%), chondroitin
sulphate (CS; 20%), manganese (0.5%), ascorbdi®o)3and undisclosed filler
(16%). The authors concluded that Cosequin hadnflamimatory effect in an
equine model of inflammation induced by intra-artis FCA. FCA is a
concentrated formulation of mycobacteria (usudlycobacterium tuberculogis
in mineral oil. Injection of FCA results in a largecrease in tumour necrosis
factor-alpha (TNFa) (Geboes et al., 2007), pronounced effusion andiroghilia
(Levy et al., 2000) and marked and sustained las®efgrade 4, AAEP scale;
Toutain and Cester 2004; White et al., 1996). Ihighly likely that this very
rapid onset and severe model of inflammation ovelmled any inflammatory
pathways that had the potential to be inhibiteddietary Cosequin. This model
of inflammation did not emulate the condition forhish the product was
intended; powerful drugs are typically used tottaaute, severe inflammation. In
contrast, dietary nutraceuticals are generallyiadphs a preventative and/or to
treat low-grade, chronic lameness (Trumble 2006 horse turned up lame in a
stable to a similar magnitude as that induced hyaiarticular FCA, it is
extremely unlikely that horse would be treated véttietary nutraceutical. Thus
a negative result in this model does not further anderstanding of the
effectiveness of the product within a context déimded use. A second important
limitation of this study is that, while the compasin of the experimental product
was provided, there was no confirmatory analysiprofduct label composition
conducted by the investigators. This is not to ssgghat the label information
for the product was inaccurate; rather it is to destrate independently that the
information isnot inaccurate. A well-known characteristic of therageuticals
industry is one of inconsistent quality control @4t al., 2006), and confirmatory
analysis of experimental products should becomedstal due diligence on the
part of investigators.

In contrast to the White study, authors of a subsatjn vivo study of Cosequin
concluded that the product was beneficial in atithhiorses (Hanson et al. 1997).
Twenty five horses with degenerative joint disesezeived 9 (for horses < 500
kg) or 12g (for horses > 500kg) Cosequin twiceydftt 6 weeks, and the authors
reported improvements in lameness grade and daidgh. The most important
limitation to this study is that there was no cohtgroup maintained under
similar conditions in the absence of supplementatidth Cosequin. Thus it is not
possible to determine whether the improved outcormes due to normal healing
as a function of time, reduced activity, suppleraoh with Cosequin, or to
other confounding factors. Indeed, many casesmétess in performance horses
improve over time without any treatment at all (Resal., 1999), which suggests
that the null hypothesis tested in this study (lbaseline measurement and the
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following repeat examinations are the same”) hgde@d chance of being rejected
even in the absence of any treatment. Some imgadiaoussion points missing
from this study include the duration and aetiology lameness of the
experimental horses, records of exercise and/arafter inclusion of horses in
the study, and potential influences of differingtdior management strategies for
the horses over the course of the study. Withoueast this information the
experimental data provide little useful informatiam the efficacy of the
supplement. Unilateral study designs (without appete control groups) such as
this can provide some useful information. But intpotly, balanced
interpretation is critical in that researchers neded acknowledge potential
confounding factors to the reader in order to supploe interpretations and
conclusions made. So, like the White study, theeermental design of this study
prohibits a conclusion addressing whether Coseggiinally does work in horses
or not.

Caron et al. (2002) reported thevivo effect of GH on serum markers of bone
[osteocalcin (OC) and pyridinoline crosslinks opéyl collagen (PYD)] and
cartilage [keratan sulphate (KS)] metabolism. &ixt juvenile standardbreds in
early race training completed the 48-week studyieNreatment horses received
4g GH twice per day and 7 control horses receivgdyiicose twice per day. GH
had no effect on serum concentrations of OC, PYIKS8rand, as such, the
authors concluded that they were not able to olggidence that GH influences
metabolism of bone or cartilage in growing and ebséng horses. A number of
factors influence the interpretation of these ddthe choice of glucose as a
placebo may be questioned because glucose carencfutype | collagen
expressionn vitro (Zhang et al., 2007). Although the small amounglacose
fed in this study probably did not have a markeddatfin the Caron study, there
are no data in the literature to confirm this. Toatrol group in this study should
have demonstrated a significant decline in PYD oter time course of the
protocol, an effect previously demonstrated in yperercising horses (Brama et
al., 2000) and growing chickens (Pedrini-Mille &t 4988). The fact that this
decline was not observed in either the controlreatment group suggests that
either the study was underpowered or that bothrésment (glucosamine) and
the control (glucose) influenced this particulapeledent variable. This raises a
major concern regarding the absence of control ggdior stage of growth or
activity level of the experimental animals. Thetaus acknowledge that they did
not use a sedentary and/or mature control groupthie®e study, but they
inappropriately dismiss this as unimportant torpteting outcomes of the study.
In fact, having no such controls leaves the autlamig readers with no way in
which to tease out effects of growth and/or exeréiem effects of glucosamine
(or placebo) on the serum levels of these biomark&he authors chose a model
(exercise training) expected to significantly elev®C (Smith et al. 2007) and
keratan sulphate (Yoon and Halper 2005); such ewa&bn has the potential to
mask any stimulatory effects of glucosamine onéhlg@emarkers. An experiment
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quantifying the effect of glucosamine steady-statd’YD, KS and OC, eveim
vitro, would be a useful prefix or adjunct to this studpd would improve the
interpretations that can be made from it.

In an 8-year study of 10 show hunter-jumpers (2rygmior to treatment + 6
years of dietary treatment of 10g/day of an undsetl glucosamine-based
nutraceutical product), Rodgers (2006) reportedgaificant reduction in the
frequency of intra-articular injection of hyaluranand steroid from an average
of 1.7 to 0.85 injections per year. Also, the melmation between injections
increased from 6.8 to 10.0 months after 2 or me@y of supplementation, after
which there was no additional improvement. Rodd2696) concludes that the
dietary glucosamine-based nutraceutical decre&sended for distal tarsal joint
injections to maintain soundness. This study didy weell in considering a
number of confounding factors, appeared to haved gomtrol over lameness
evaluations, and was long term. But the study ohetlionly a small number of
horses, and lacked any parallel control group. séeh, it cannot be considered
“proof” that the benefits noted over time accruedmgarily as a result of
supplementation with the glucosamine—based nuttaatu

Forsyth et al. (2006) presents the most recentaf§i report of a glucosamine-
based nutraceutical “Synoquin” for improving artarufunction in horses. In this
study, 20 mixed breed, mixed age elderly geldingd mares were randomly
allocated to treatment (n=15) or control (n=5) d@@t 12 weeks. Treatment and
control diets contained Synoquin (VetPlus) or anatég@mount of ‘filler — the
composition of which is not disclosed in the paggynoquin is composed of
chondroitin sulphate (CS - 19% w/w), GH (50%), Neyt-D-glucosamine (5%)
and filler (25%). The label composition was not fiwned by the investigators.
Given the heterogeneous profile of the horses haduhbalanced allocation of
horses to treatment and control groups, use oforarassignment of horses to the
groups is a limitation of this study. Allocation bbrses to the control group
should have been stratified to be representatiieocges in the treatment group;
this is particularly important because the cong@up (n=5) was substantially
smaller than the treatment group (n=15). Each hioréke control group should
have represented characteristics of 3 horses itrélaément group. Matching of
control horses by sex, age, breed, and/or body mikdreatment horses would
have improved the validity of the of the data ofegi. Furthermore, the baseline
characteristics of horses allocated to each grdwquld have been provided,
particularly as the data were only reported as melaange from baseline.
Without any information on what the baseline datenfor each group it is not
possible to determine whether the results indefidctean improvement due to
treatment, as concluded by the authors, or if ffferdnces were simply artefacts
of differing baselines. The authors do report thatdata were of equal variance,
but presumably it was the transformed data (chanhge from baselirfjethat
were of equal variance, and not the actual basefieans from each group. This
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is a major limitation which substantially limitsettonclusions that can be drawn
from the data.

Bioavailability and phar macokinetics

Bioavailability may be defined as the total amoahingested substance that is
absorbed across the gastro-intestinal tract irgdotbod for distribution to tissues.
Bioavailability of glucosamine is inherently diffitt to measure accurately and,
in general, these difficulties often result in ureitimates of bioavailability.
Important considerations when evaluating bioavditgbof glucosamine in any
species include: (1) there is substantial firstspemmoval of glucosamine by
intestinal epithelial cells and the liver in all mmals which has been quantified
(humans, dogs and rats; reviewed by Setnikar ancitR@001, Anderson et al.
2005); (2) the parent compound or its metabolitey e metabolized by cells of
the blood, gastrointestinal tract and/or the li@&); glucosamine is very rapidly
bound to plasma globulins, such that less than fLgguzosamine remain free in
plasma. Therefore when plasma proteins are pratgpitprior to analysis of the
supernatant for glucosamine, the glucosamine méactéfely be precipitated
along with the protein resulting in net analysisoafy free glucosamine. Thus, it
may be erroneously concluded that the bioavailghilf glucosamine in horses is
very low (2.5 or 5.9%; Du et al 2004 and Lavertyakt2005, respectively). In
this regard it is important to note that even thogducosamine is transported
within the circulation bound to globulins, it doappear to remain in dynamic
equilibrium with free plasma glucosamine and heisceapable of being rapidly
extracted by virtually all cells receiving nutriévblood flow. In humans, dogs
and rats the absolute oral bioavailability of gls@mine, based on the globulin-
incorporated radioactivity of‘C-labelled glucosamine, is 40-45%, with g.i.
absorption as high at 88% of the administered @®stikar and Rovati 2001).
There are other inherent difficulties in studyihg bioavailability and kinetics of
glucosamine and glucosamine-based nutraceuticaltico&mine is an
endogenous substance that can be formed withirs aeding glucose as a
precursor. Due to its structural similarity to gbse, it is a competitive inhibitor
of glucose transport, probably via GLUT2 in hepgtes (Uldry et al., 2002) or
GLUT3 in chondrocytes (Windhaber et al., 2003). c8kamine is taken up by
virtually all cell-types in the body, leading topgrent volume of distribution that
exceeds total body water (Setnikar and Rovati 28@tlerson et al. 2005). Rapid
tissue extraction of glucosamine could in and &élitcontribute to the very low
plasma concentrations measured by Du et al. (280d)Laverty et al. (2005).
But because ~99% of circulating glucosamine is laienglobulin, and lost from
the plasma phase with current deproteinizing methbighly sensitive analytical
techniques are necessary to track free plasma gputioe kinetics after oral
dosing; techniques that have only recently becovragable.

The first report of GH and CS bioavailability inrses (Du et al., 2004) was
composed of 2 parts. Initially 10 horses receivedadr oral doses of GH + low
molecular weight CS (LMWCS: 8kDa; 3 + 9 g) or GHhigh molecular weight
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CS (HMWCS: 16kDa; 3 + 9 g). Not surprisingly, givehe rapidity and
magnitude of glucosamine binding to plasma glolsylthe authors were not able
to detect GH in plasma with this protocol.

In their second experiment, 2 horses receivedi.\aral GH (125mg/kg; approx.
62.5 g per horse). An apparent bioavailability o ®ased on free serum
glucosamine (~2.5%) was significantly lower thanthb&S products. With
respect to experiment 2, it is unfortunate thaadedm only 2 horses were used
to estimate bioavailability of GH, because the tharses showed markedly
different absorption profiles after oral administva of GH. The maximum
plasma concentration {fg) of GH in Horse 1 (~fug/mL) was achieved about
2.5 h after dosing, whereas Horse 2 reached a nuaximof ~15 ug/mL in
approximately 1.5 hours. Similarly, the Area Untter Curve (AUC) for GH was
varied widely between the two horses (38.23.8ug/mL h).

Limitations of the Du et al. (2004) studies inclutie failure to account for the
majority of glucosamine in plasma, the probablernattion between CS and GH
because CS was administered in the presence onGheifirst experiment, the
dose of GH administered to horses in tAstudy (125 mg/kg) was far in excess
of what would normally be given to horses prophiiadly or therapeutically
(usually ~20mg/kg), and the small number of horseesdl in the ¥ experiment.
The second equine glucosamine [/ chondroitin  bidabdity and
pharmacokinetics study (Laverty et al., 2005) assked some of the limitations
noted in the former study. In this study 8 horsived i.v. or oral doses of GH
at 20mg/kg — a dose typical of what might be usetthé field — after an overnight
fast. The pharmacokinetic behaviour of a singld d@se was determined by
collecting jugular venous blood over a 12 hour @eariSynovial fluid was also
obtained from each horse at 0, 1 and 12 hours déising in order to quantify
hypothesized increases in synovial fluid GH. Ashwitu et al. (2004), only free
glucosamine was determined, and the fraction boopdasma globulins ignored.
The mean apparent bioavailability of GH (5.9%) sansilar to that reported by
Du et al. (2004), and confirmed the high variapilietween horses with respect
to magnitude (Ga) and time course of pharmacokinetic behaviour. oSial
fluid GH also increased, albeit to a negligible megy(>9-fold less than that seen
in serum); a small increase in synovial fluid GHsgi&ted beyond the time at
which GH was no longer detectable in serum. Thé&ast concluded that the
appearance of ingested glucosamine in synoviadl fagiuld not be expected to
exert any substantial modification to chondrocytetabolism, and thug vivo
bioactivity must result from a non-physiologicak.i pharmacological, effect of
GH on tissues other than cartilage.

The apparent disparity between serum and synoliia €oncentrations of post-
dosing glucosamine in the Laverty et al (2006) gtiscchallenged by others, who
report human synovial fluid concentrations of glsezmine only about 25% lower
that that of blood after dosing (Persiani et @0Q2). It is unlikely that this simply
reflects a species difference. Perhaps most impioiita that synovial fluid
glucosamine was determined after 2 weeks of orsingowith GS (Persiani et al.,
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2007) whereas Laverty et al. (2006) described aotation 12 hours after a
single oral dose. While there was no attempt at-{imurse assessment of
glucosamine in human synovial fluid, Persiani e{(2007) were likely detecting
an accumulation of glucosamine over time, consisteith the reported
accumulation of chondroitin sulphate in canine syaldfluid a period of repeated
dosing (Adebowale et al., 2002).
Another important consideration is that the inceeas synovial fluid GH
represents only the net effect of free GH transpatd synovial fluid. This
includes uptake of glucosamine by cells within fleint, binding to other
molecules, and incorporation into joint structurbwleed, in a review of their
detailed pharmacokinetic studies in mammals, Satrékd Rovati (2001) noted
that 2 h after administration dfC-labelled glucosamine to rats and dogs, the
radioactivity accumulated in the knee cartilagethe treated animals to values
13-fold greater than in plasma. Therefore, it iBkety that the discrepancy is just
a species difference. It is not clear why the redeas performing the
glucosamine bioavailability studies in horses dat guantify the total plasma
glucosamine concentrations. They were seeminglyrewé this literature, yet
neglected to even mention its importance in det@ngi bioavailability and
discuss the impact on tissue distribution.
While a definitive conclusion as to the bioavaildypi and fate of oral
glucosamine in horses has not been provided by ttvas equine studies, they do
support at least 2 important hypotheses:

1.) glucosamine and chondroitin are absorbed from titesfinal tract of

horses

2.) glucosamine does appear in the synovial fluid oés

General recommendationsfor futureresearch and Conclusions
Further studies, accounting for total plasma glaotse, and preferably using
larger numbers of horses to account for the wid#akdity in individual horse
responses to dietary glucosamine, are needed tce mtwarly define the
differential bioavailability and post-absorptivehaeiour of GH, GS, and CS in
horses. It might also be interesting to look at phst-dosing intracellular
glucosamine or glucosamine metabolite content afireg erythrocytes as this
may be a significant sequestration compartmenthigr species. Glucosamine is
often administered to performance horses in ordepre-empt or treat joint
disease (Trumble 2005). It is possible that glusose is actively transported
into erythrocytes and because equine hematocriircarase to more than 60%
of total blood volume during high intensity exeeci¢Catalani et al., 2007),
erythrocyte distribution and fate may be an impdrtaonsideration in this
species. Furthermore, glucosamine-based nutraeésutiare administered to
horses almost exclusively as part of the diet. Thbh®availability and
pharmacokinetics of glucosamine in the presen@erafrmal meal would provide
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meaningful information on what can be expectechefsupplement under normal
conditions of use.

Species-specific research into glucosamine-bastdaauticals for horses has, as
yet, failed to produce substantial evidence forfthectionality of these products
in this species. Conclusions of both ‘effectivedaimot effective’ in the peer
reviewed equine literature have been compromisedvarying degrees by
numerous experimental factors including underpodestudies, unbalanced
research design, non-existent or inappropriate rotsjt unclear or non-
representative experimental conditions (i.e. mgdelsd uncharacterized or
complex, heterogeneous experimental materials.r€ugtudies on glucosamine-
based nutraceuticals in horses need to embracearemntal experimental
paradigms in design and interpretation of data. Okappropriate statistical
methods for determining sample size will reduce pgheblem of underpowered
studies. Studies should have balanced treatmentcanttol groups, and the
experimental material should be independently atar&zed by the investigators
— i.e. investigators should perform confirmatoryalgsis on label composition
and purity. Experimental research designs shoudldatethe expected conditions
of use, and placebos should be chosen such thahthe confirmed inactivity in
the experimental model or condition. The improveppl&ation of sound
scientific principles to the assessment of glucasarand its related nutraceutical
products will lead to a better understanding ofritie that this class of products
can play in supporting joint health in horses.
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