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Abstract

Glucosamine is widely used to relieve symptoms from osteoarthritis. Its safety and effects on glucose metabolism are critically
evaluated in this review. The LDs, of oral glucosamine in animals is ~8000 mg/kg with no adverse effects at 2700 mg/kg for 12
months. Because altered glucose metabolism can be associated with parenteral administration of large doses of glucosamine in ani-
mals and with high concentrations in in vitro studies, we critically evaluated the clinical importance of these effects. Oral adminis-
tration of large doses of glucosamine in animals has no documented effects on glucose metabolism. In vitro studies demonstrating
effects of glucosamine on glucose metabolism have used concentrations that are 100-200 times higher than tissue levels expected with
oral glucosamine administration in humans. We reviewed clinical trial data for 3063 human subjects. Fasting plasma glucose values
decreased slightly for subjects after oral glucosamine for ~66 weeks. There were no adverse effects of oral glucosamine administra-
tion on blood, urine or fecal parameters. Side effects were significantly less common with glucosamine than placebo or non-steroidal
anti-inflammatory drugs (NSAID). In contrast to NSAID, no serious or fatal side effects have been reported for glucosamine. Our
critical evaluation indicates that glucosamine is safe under current conditions of use and does not affect glucose metabolism.
© 2004 Published by Elsevier Ltd.
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1. Introduction

Glucosamine, 2-amino-2-deoxy-D-glucose, is an
amino monosaccharide that is an essential component
of mucopolysaccharides and chitin. Glycosaminoglycans
(mucopolysaccharides) are large complexes of nega-
tively-charged carbohydrate chains that are incorporated
into mucous secretions, connective tissue, skin, tendons,
ligaments and cartilage. Glucosamine and its acetylated
derivative, N-acetylglucosamine, are readily synthesized
in the body from glucose. Because of its high concentra-
tion in joint tissues, the hypothesis that glucosamine sup-
plements would provide symptomatic relief for
osteoarthritis was developed more than 30 years ago
(D’Ambrosio et al., 1981). Many clinical trials have
tested this hypothesis (Institute of Medicine, 2004) and
glucosamine supplements are widely used to relieve
arthritic complaints (Houpt et al., 1999).

To meet the demand for glucosamine nutritional sup-
plements, three forms of glucosamine are commonly avail-
able: glucosamine hydrochloride, glucosamine sulfate, and
N-acetyl-glucosamine. These glucosamine compounds are
generally derived from chitin, a biopolymer present in the
exoskeleton of marine invertebrate animals. The glucosa-
mine derived from chitin in the cell walls of many fungi ap-
pears to be chemically identical to that found in marine
invertebrates (Institute of Medicine, 2004).

This report is a critical evaluation of the available
information on the safety of glucosamine in animals
and humans and its effects on glucose metabolism. The
effects of glucosamine intake on blood, urine, and fecal
parameters, blood pressure and pulse rate and reported
side effects are summarized. NSAID are widely pre-

scribed and purchased over-the-counter for osteoar-
thritic complaints but have significant side effects and
are associated with >16,000 deaths annually in the US
(Wolfe et al., 1999). The efficacy and safety of glucos-
amine for arthritic complaints will be compared to other
oral preparations.

2. Biological effects

2.1. Absorption, distribution, metabolism and excretion
(ADME)

Setnikar et al. (1986) administered uniformly labeled
['*C] glucosamine-HCI diluted with unlabeled glucosa-
mine sulfate by intravenous and oral routes of adminis-
tration to 8 male and 8 female Beagle dogs for 144 h.
Samples of plasma, feces, urine, CO, and all organs were
analyzed. Immediately after intravenous administration
of radiolabeled glucosamine, 10% of the labeled glucosa-
mine was found as free glucosamine in plasma; this was
quickly cleared by the liver and kidney and excreted in
urine. The remaining 90% of radioactivity in plasma
was bound to or incorporated into plasma proteins.
Plasma activity quickly increased reaching a peak at
8 h. During this phase, radioactivity diffused rapidly
into the liver and kidney and subsequently was found
in skeletal tissues and articular cartilage. After oral
administration of radiolabeled glucosamine to dogs,
87% was absorbed. In the dog, there were no gender
differences for any parameters.

Setnikar et al. (1984) also administered uniformly la-
beled [*C] glucosamine-HCI diluted with unlabeled glu-
cosamine sulfate intravenously and orally to 44 male
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and 44 female rats for 144 h. Samples of plasma, feces,
urine, CO», all organs and whole carcass were analyzed.
At 1-2 h after intravenous or oral administration, gluco-
samine radioactivity in plasma was bound to or incorpo-
rated into plasma proteins. After peaking at 2-4h,
radioactivity declined from plasma at a slower rate
(T1/2 =28 and 46 h, after IV or oral administration,
respectively). Analyses of radioactivity in urine, feces
and CO, revealed: (a) there were no gender differences;
(b) about half of the radioactivity was excreted as
CO»; (c) 40% of the radioactivity was excreted in the ur-
ine; and (d) only 2% of the administered dose ended up
feces indicating a high degree of glucosamine absorp-
tion. Analyses of radioactivity in tissues and organs
showed that ['*CJ-glucosamine quickly entered into all
tissues including cartilage reaching a maximum at 8 h.
Setnikar and Rovati (2001) concluded from these studies
that the ADME data for rats and dogs are similar to the
ADME data in humans, and therefore both animal
models are appropriate for establishing safety of gluco-
samine in humans.

Glucosamine is usually taken orally and in humans
90% is absorbed (Setnikar and Rovati, 2001). Orally
administered glucosamine has only 26% of the bioavail-
ability of intravenously administered glucosamine (Bar-
clay et al.,, 1998). A significant fraction of orally
administered glucosamine undergoes first-pass metabo-
lism in the liver (Barclay et al.,, 1998). Blood levels
achieved after oral glucosamine are only 20% those
achieved with intravenous glucosamine (Institute of
Medicine, 2004; Setnikar and Rovati, 2001). Recent
data on pharmacokinetics, bioavailability, and metabo-
lism of glucosamine in rats (Aghazadeh-Habashi and
Sattari, 2002) are similar to those reported for humans
(Setnikar and Rovati, 2001).

Healthy men have serum glucosamine concentrations
of ~0.04 mmol/L when they are not consuming supple-
mental glucosamine (Monauni et al., 2000; Pouwels
et al., 2001). Intravenous infusion of ~9.7 g of glucosa-
mine produced steady state serum glucosamine concen-
trations of ~0.65 mmol/L (Monauni et al., 2000;
Pouwels et al., 2001). Infusion of 30.45 g of glucosamine
produced steady state serum glucosamine concentra-
tions of ~1.42 mmol/L (Monauni et al., 2000). From
these concentrations we used regression analyses to esti-
mate serum glucosamine concentrations for humans
with daily intakes of usual doses (23.1 mg/kg body
weight). Intake of usual oral doses of glucosamine in hu-
mans would achieve serum levels of approximately
0.06 mmol/L.

2.2. Biochemical pathways
Glucosamine is a prominent component of the hexos-

amine pathway, an important branch of glycolysis.
Exogenous glucosamine is actively transported from
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Fig. 1. Metabolic pathways of glucosamine glucose transporters are
indicated by arrow and major enzymes are included in ellipses.
Abbreviations are: Glucose-6-P, glucose-6-phosphate; Fructose-6-P,
fructose-6-phosphate; GlucN-6-P, glucosamine-6-phosphate; Gluc-
NAc-6-P, N-acetyl-glucosamine-6-phosphate; UDPGalNAc, uridine
diphosphate (UDP)-N-acetyl-galactosamine; UDP-GlucNAc,
UDP-N-acetyl-glucosamine; HK, hexokinase; GFAT, glucosa-
mine:fructose-6-phosphate amindotransferase; and, GNPDA, gluco-
samine-6-phosphate deaminase.

extracellular tissue into cells by glucose transporters
(Fig. 1) (Uldry et al., 2002); insulin facilitates glucos-
amine transport into cells (Heart et al., 2000). Glucosa-
mine is phosphorylated by one of the family of
hexokinases to glucosamine-6-phosphate (GlucN-6-P).
Endogenous GlucN-6-P is formed from fructose-6-
phosphate and glutamine by GlucN-6-P synthetase,
commonly called glucosamine:fructose-6-P amidotrans-
ferase (GFAT) (Wu et al., 2001). GFAT irreversibly
catalyzes the first and rate-controlling step in the syn-
thesis of wuridine diphosphate-N-acetylglucosamine
(UDP-GlucNAc), a precursor of all macromolecules
containing amino sugars. GlucN-6-P is readily con-
verted back to fructose-6-phosphate by glucosamine-6-
phosphate deaminase (GNPDA) (Wolosker et al.,
1998). GlucN-6-P is acetylated to N-acetyl-glucosa-
mine-6-P  (glucNAc-6-P) by glucosamine-phosphate
N- acetyltransferase and subsequently converted to
UDP-GlucNAc by UDP-N-acetyl-glucosamine pyro-
phosphorylase. In some tissues, glucNAc-6-P is con-
verted to glucNAc-1-P by phosphoacetylglucosamine
mutase during the formation of UDP-GlucNAc
(Milewski, 2002). UDP-GlucNAc can be converted to
UDP-N-acetylgalactosamine (UDP-GalNAc) by UDP-
N-acetylglucosamine 4-epimerase (Wu et al., 2001).
The metabolism of glucosamine is highly regulated
by rates of transport into various tissues and by effects
of intermediates on key enzymatic steps. For example,
in many tissues the affinity of glucosamine for glucose
transporters is several-fold lower than for glucose but
in some mammalian tissues, the affinity of glucosa-
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mine for GLUT?2 transporters is higher than for glu-
cose (Uldry et al.,, 2002). The affinity of the family
of hexokinases in different tissues for glucosamine
compared to glucose may also regulate utilization of
glucosamine in various tissues. GFAT is unique
among the subfamily of amidotransferase enzymes be-
cause it does not display any ammonia-dependent
activity and requires glutamine as amino donor
(Milewski, 2002). GFAT is strongly inhibited by the
end-product of this synthetic pathway, UDP-GlucNAc
(Milewski, 2002). Ambient testosterone or estrogen
levels may affect tissue GFAT activity (Milewski,
2002). Between 2-5% of fructose-6-P or of the flux
through the glycolytic pathway enters the hexosamine
pathway via glucosamine (Milewski, 2002). In humans
the endogenous production of glucosamine is in the
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range of 4-20 g/day or ~12 g/day (Vosseller et al.,
2002; Wells et al., 2001, 2003).

3. Animal toxicity
3.1. Acute oral toxicity

Oral administration of glucosamine at very large
doses (5000-15,000 mg/kg body weight) is well tolerated
without documented toxicity. The LDs, for glucosamine
for rats, mice, and rabbits exceeds 5000 mg/kg with a
median value of >8000 mg/kg (Table 1). Glaza (2002)
administered 5000 mg glucosamine/kg bw orally to 5
male and 5 female rats. All animals were observed clin-
ically, twice daily, for body weight changes, mortality

Table 1

Animal toxicity from oral administration of glucosamine

Species  Strain No. Sex  Route of Dose mg/kg Duration, LDsy,  Significant Findings Reference

administration days mg/kg

Rat Sprague-Dawley na M,F Gavage 8000 Acute >8000 No adverse effects reported Setnikar et al.

(1991a)

Rat Sprague-Dawley 6 Oral 960 12 nd No toxicity, Sugimura
decreased growth et al. (1959)
rate at high doses in
weanlings

Rat Sprague-Dawley 5 M Gavage 5000 15 >5000 No adverse effects reported Glaza (2002)

5 F Gavage 5000 15 >5000 No adverse effects reported
Rat D/A (RT1%Y) 12 F Diet 1500 52 nd**  No adverse effects reported Beren et al.
(2001)
Rat Sprague-Dawley 8 M Diet 300 63 nd No adverse effects reported Echard et al.
(2001)
Rat Spontaneously 8 M Diet 300 63 nd No adverse effects reported Echard et al.
Hypertensive (2001)

Rat Sprague-Dawley na na Diet 300-2700 365 nd No adverse effects reported, Setnikar et al.
NOAEL 2700 mg/kg (1991b)

Mouse na* na na Gavage 15000 Acute 15,000 Sigma

Aldrich (2001)

Mouse CDl1 na M, F Gavage 8000 Acute >8000 Setnikar et al.

(1991a)
Mouse Na na Gavage 5000 Acute >5000 Senin et al.
(1987)
Rabbit Na na na Gavage 8000 Acute >8000 Setnikar et al.
(1991a)
Rabbit White Danish 12 Diet 833 84 nd No adverse effects reported Stender and
Country Astrup (1977)

Dog Beagle 4 Diet 194 30 nd No adverse effects reported; McNamara
minor changes in et al. (1996)
hematologic and
hemostatic variables noted

6 F

Dog Na na na Diet 159-2149 183 nd No adverse effects reported, Setnikar et al.
NOAEL 2149 mg/kg (1991b)

Horse Na 25 na Diet 12 42 nd No adverse effects reported Hanson et al.

(1967)

Horse  Yearling Quarterhorses 21  na Diet 11 56 nd No adverse effects reported Fenton et al.

(1999)
Horse  Standardbred 10 na Diet 20 336 nd No adverse effects reported Caron et al.
(2002)

*** Abbreviations: na, not available; nd, not determined.
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and morbidity. After 15 days, all animals were eutha-
nized by overexposure to carbon dioxide and subjected
to macroscopic necropsy examination. The necropsy in-
cluded examination of the external surface of the carcass
and all organs and tissues in the thoracic, abdominal,
pelvic and oral cavities. There were no test material-
related effects. The acute oral LDs, of glucosamine
HCI is greater than 5000 mg/kg.

3.2. Subchronic and chronic oral toxicity

Echard et al. (2001) examined the effects of oral
administration of glucosamine hydrochloride compared
to the baseline diet in 8 male spontaneously hypertensive
rats (SHR) and 8 male Sprague-Dawley rats for 9
weeks. They fed 0.5% w/w in the diet or ~300 mg/kg
(which they estimated at 10-20 times the usual human
dose). Samples taken included blood, heart, liver and
kidneys for analytical and histological analyses. The
analytical measurements included serum alanine amino-
transferase, aspartate aminotransferase and blood urea
nitrogen. The conclusion of this study was that there
were no consistent effects on blood chemical parameters
and organ histology suggesting no overall toxicity of
glucosamine in this 9 week study in these two strains
of rats.

In dietary studies cited by Setnikar et al. (1991b), rats
ingested glucosamine sulfate at 2700 mg/kg for 52 weeks
and dogs ingested 2149 mg/kg for 26 weeks. There were
no treatment-related adverse effects in either species and,
thus, the no adverse effects level (NOAEL) is 2700 mg/
kg in rats and 2149 mg/kg in dogs (Setnikar et al.,
1991b).

Studies in which rats, mice, rabbits and dogs received
glucosamine orally in doses of approximately 159-8000
mg/kg/day (median dose, 867 mg/kg/day) for 12-365
days are summarized in Table 1. Oral glucosamine ap-
pears to be well tolerated by rats, mice, rabbits, dogs
and horses.

3.3. Toxicity by the parenteral route

The effects of intravenous or intraperitoneal adminis-
tration of glucosamine have also been examined. The
LDs of glucosamine in rats for intraperitoneal injection
is ~5247 mg/kg body weight and for intravenous injec-
tion is 1674 mg/kg body weight. In mice the LDs, of glu-
cosamine for intraperitoneal injection is 6614 mg/kg
body weight while the LDs, for intravenous injection
is >1619 mg/kg (Setnikar et al., 1991a).

The rat model often has been selected for study be-
cause it is unusually sensitive to the effects of parenteral
glucosamine administration on glucose metabolism
(Institute of Medicine, 2004). The Institute of Medicine
report (2004) reviews 12 reports of administration of
glucosamine to rats by intravenous infusion. The doses

ranged from 240 to 9937 mg/kg body weight. Meininger
et al. (2000) reported that infusion of 564 mg/kg with
achieving a blood level of 0.28 mmol/l did not affect
blood glucose levels. The eight other studies using aver-
age infusion rates of 2496 mg/kg detected adverse effects
on glucose metabolism. The relevance of these studies to
the therapeutic use of glucosamine is difficult to inter-
pret for three reasons: first, these average doses are
equivalent an oral dose of ~9035 mg/kg body weight
since oral administration of glucosamine achieves only
20% of the serum concentrations seen with parenteral
administration (Setnikar and Rovati, 2001); second,
the usual therapeutic dose in animals and humans is
23 mg/kg or only 0.25% of the doses used to induce
alterations in glucose metabolism; and third, oral
administration, contrasted to parenteral administration,
of glucosamine at very high doses (300-2149 mg/kg
body weight) does not affect blood glucose levels in rats
(Echard et al., 2001), rabbits (Stender and Astrup,
1977), or dogs (Setnikar et al., 1991a).

3.4. In vitro studies

The Institute of Medicine Report (2004) summarized
~40 in vitro studies using a variety of isolated, cultured
and homogenized cell systems. The effects on glucose
metabolism, insulin secretion, lipid metabolism, cyto-
kine action, and cartilage function were studied. Con-
centrations of glucosamine ranged from 0.1 to
125 mmol/L for the low concentrations used (average,
13 mmol/L) and from 1 to 125 mmol/L for the high con-
centrations (average, 30 mmol/L). These average con-
centrations are ~200-500 fold higher than serum
concentrations that would be expected with oral admin-
istration of usual doses of glucosamine to humans—
0.06 mmol/L. These model systems are not designed to
assess safety but to evaluate biochemical or physiologi-
cal effects of glucosamine. In certain tissues glucosamine
has a higher affinity for glucose transporters than glu-
cose (Uldry et al., 2002) and is incorporated into glyco-
proteins faster than glucose (Ajiboye and Harding,
1989). Glucosamine stimulates proteoglycan synthesis
(Bassleer et al., 1992). Glucosamine also inhibits degra-
dation of equine articular cartilage induced by lipopoly-
saccaharides and interleukin 1 (Takamiya et al., 1993;
Yanase et al., 1993). This supports the suggestion that
exogenous glucosamine acts mainly as a substrate for
biosynthesis of mucopolysaccharides and biopolymers
of joints and bones (Setnikar and Rovati, 2001) and,
thus, contributes to restoration of damaged cartilage
(Bruyere, 2004).

Marshall et al. (1991) proposed that the insulin resis-
tance resulting from chronic hyperglycemia might relate
to increased flux of metabolites through the hexosamine
biosynthetic pathway. As recently reviewed (Wells et al.,
2003), many investigators have documented the effects
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of increasing glucosamine concentrations on glucose
transport and glycogen synthesis, predominantly in ro-
dent muscle or adipose tissue. Increasing tissue levels
of glucosamine also impair insulin secretion (Uldry
et al., 2002). To assess the biological importance of these
in vitro studies as they relate to intact animals, it seems
important to compare the glucosamine concentrations
used in vitro with those expected with in vivo use. In
11 in vitro studies related to glucose metabolism (Insti-
tute of Medicine, 2004) the average effective dose for a
50% change (ED5j) was ~6.6 mmol/l or >100 fold high-
er than expected serum levels with oral glucosamine use
in humans. While EDj5 levels for adipose tissue as low
as 0.36 mmol/l have been reported (Traxinger and Mar-
shall, 1991), levels of 25-30 mmol/l have also been
reported (Heart et al., 2000). Thus, it is difficult to inter-
pret these in vitro studies as they relate to oral adminis-
tration of glucosamine for therapeutic use.

3.5. Mutagenicity data

3.5.1. In vitro studies

Glucosamine was not mutagenic in the E. coli reverse
mutation studies of Brusick et al. (1980) However, in
studies by Nanjou et al. (1984), glucosamine was found
to induce strand breakage in the DNA of bacteriophage
®X174 RF1, which the authors believed to be associ-
ated with the presence of an amino group. Using plas-
mid pBR322 to study structure-activity relationships
in the induction of strand breakage by amino sugars,
Kashige et al. (1994) reported that the addition of
100 mM D-glucosamine in Tris—HCI buffer resulted in
a decrease in the amount of circular duplex plasmid
DNA (ccc-DNA) and an equivalent increase in the
amount of nicked open-circular plasmid DNA (oc-
DNA). The authors suggest that introduction of acidic
groups as sulfate and phosphate at the six position of
the molecule is responsible for the DNA-breaking activ-
ity of D-glucosamine. They also suggested that an active
oxygen species and/or D-glucosamine radicals generated
in the process of autoxidation of the amino sugar were
involved in the DNA strand breakage (Kashige et al.,
1991), a possibility supported by the electron spin reso-
nance analyses of glucosamine by Yamaguchi et al.
(1998).

In unpublished studies performed by Cargill, the
mutagenic activity of glucosamine HCl (REGENA-
SURE™Gerif) was evaluated in the Salmonella—Escher-
icia colilMammalian-Microsome Reverse Mutation
Assay (Mecchi, 2003). Tester strains used in the mutage-
nicity assay were Salmonella typhimurium tester strains
TA98, TA100, TA1535, and TA1537 and Escherichia
coli strain WP2uvrA. The assay was conducted with five
concentrations of glucosamine HCI in both the presence
and absence of microsomal enzymes prepared from
Aroclor™-induced rat liver (S9 mix), along with vehicle

and positive controls using three plates per dose. Con-
centrations tested with all tester strains were 100, 333,
1000, 3330, and 5000 ug per plate or concentrations of
~0.53-26.5 mmol/L. Results from this assay indicate
that under the conditions of this study, glucosamine
HCI did not cause a positive increase in the mean num-
ber of revertants per plate with any of the tester strains.
These test results indicate that glucosamine is not muta-
genic (Mecchi, 2003).

3.5.2. In vivo studies

The effect of D-glucosamine on bone marrow chro-
mosomes was examined in mice by Banerjee and Manna
(1984). Glucosamine HCI (10 mg/kg body weight)
was administered to Swiss albino mice via intraperito-
neal injection. Bone marrow chromosome aberrations
were assessed at 12 different intervals between 10 min
and 30 days and compared to mice injected with dis-
tilled water as controls. Whereas chromosome aberra-
tions in control bone marrow samples were
negligible, there was a significant increase in chromo-
some aberration frequency in samples from mice trea-
ted with glucosamine. The nonrandom distribution of
chromatid breaks within the chromosomes led the
authors to speculate these might be due to some phys-
icochemical stress at inherently weaker regions in the
chromosomes. Manna et al. (2004) also examined the
micronuclei of five exotic fish injected intraperitoneally
with glucosamine HCI at 10 mg/kg body weight. The
percentage of micronuclei was slightly but not signifi-
cantly higher in glucosamine injected fish than in
controls.

A mouse micronucleus assay was conducted to eval-
uate clastogenic activity and/or disruption of the mitotic
apparatus by glucosamine hydrochloride by detecting
micronuclei in polychromatic erythrocyte (PCE) cells
in Crl: CD-1®(ICR) BR mouse bone marrow (Cantox
Report, 2001). The high dose of 2000 mg/kg selected
for this study was based on relevant acute toxicity infor-
mation (refer Section 3.1). It is also the maximum allow-
able dose in various regulatory guidelines. For the
micronucleus assay, glucosamine hydrochloride was
mixed with cell culture grade water and dosed by oral
gavage to six males per dose level (500, 1000, or
2000 mg/kg) for each scheduled harvest time point. Five
animals per group per harvest time point were eutha-
nized approximately 24 or 48 h after dosing for extrac-
tion of the bone marrow. At least 2000 PCEs per
animal were analyzed for the frequency of micronuclei.
Cytotoxicity was assessed by scoring the number of
PCEs and normochromatic erythrocytes (NCEs) in at
least the first 500 erythrocytes for each animal. Glucosa-
mine HCI did not induce signs of clinical toxicity in any
of the treated animals at up to 2000 mg/kg. Glucosa-
mine did not induce any statistically significant increases
in micronucleated PCEs at any dose level examined.
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Glucosamine HCI was not cytotoxic to the bone marrow
at any dose level tested (i.e., no statistically signifi-
cant decrease in the PCE:NCE ratios were observed).
Glucosamine HCI was negative in the mouse bone mar-
row micronucleus assay under the conditions of this
assay.

4. Human clinical studies
4.1. Clinical trial selection

For human clinical studies the relevant articles were
identified by Medline search and by review of articles
referenced in primary reports and review articles. De-
tailed literature searches were performed previously
(Institute of Medicine, 2004) and in three meta-analyses
(McAlindon et al., 2000; Richy et al., 2003; Towheed
et al., 2004). For this current review, articles from these
four previous reports were reviewed and a Medline
search was performed for the years 2000-2003 using
these key words, glucosamine and humans. We reviewed
references of all relevant articles for additional refer-
ences. Articles included in this review relate to glucos-
amine administration to humans for investigational or
therapeutic purposes. Relevant data were extracted
and tabulated. Semiquantitative and statistical analyses
of data were performed (Anderson et al., 1995, 1999).

The total number of patients represents the sum of all
patients studied or the sum of all patients who had the
specific measure described. The weighted average num-
ber of weeks for patients was calculated as follows:
sum of (number of patients in each trial times number
of weeks in each individual trial) divided by total num-
ber of patient in all studies. The ratio of side effects from
glucosamine or placebo was calculated as follows: num-
ber of patients treated with glucosamine with side effects
divided by number of patients treated with placebo with
side effects. The average ratio of side effects in each
study for glucosamine and placebo was averaged, the
standard error of these values calculated, and the 95%
upper and lower confidence interval were calculated.
Side effects with NSAID were calculated in a similar
manner.

Since three meta-analyses (McAlindon et al., 2000;
Richy et al., 2003; Towheed et al., 2004) have carefully
evaluated efficacy, we tabulated reported outcomes and
used simple arithmetic means and median values to
characterize the primary reports. The P-value reported
represents the median of P-values reported for each
individual study since many studies had multiple P-val-
ues reported. When a significance difference was re-
ported but the P-value was not provided, a value of
0.05 was assigned. When values were not clinically sig-
nificant, a value of 0.1 was assigned; this is justified
because these studies reported favorable trends in effi-

cacy or significant values for some outcome measures.
The average P-value is simply the average of reported
P-values. Five studies included comparisons of gluco-
samine to ibuprofen. These values are reported as per-
centages of patients who developed side effects in these
two groups.

4.2. Characteristics of clinical studies

Thirty-three studies of chronic glucosamine adminis-
tration were included in this analysis (Table 2). This in-
cludes data on 3063 patients treated with glucosamine
for a weighted average of 17 weeks (range 3-156).
Twenty-eight studies used a randomized, controlled trial
(RCT) design, one study was controlled and five studies
were observational. Twenty-seven studies used glucosa-
mine alone, five included chondroitin sulfate and two in-
cluded other supplements in the test preparation. Seven
studies were comparator trials in which glucosamine was
compared to other agents (ibuprofen in five studies, phe-
nylbutazone in one study and piroxicam in one study).
Twenty-nine studies used oral therapy exclusively, one
used intramuscular administration alone, and three used
oral administration in conjunction with intravenous,
intramuscular, or intra-articular administration. Two
short-term studies (Monauni et al., 2000; Pouwels
et al., 2001) were reviewed to assess glucose metabolism.
Four studies, one on skin wrinkles (Murad and Tabi-
bian, 2001) and three on temporomandibular joint com-
plaints (Nguyen et al., 2003; Shankland, 1998; Thie
et al., 2001) were included to make the safety assessment
as comprehensive as possible.

4.3. Effects of glucosamine on glucose metabolism in
humans

In two acute metabolic ward studies (Monauni et al.,
2000; Pouwels et al., 2001), large amounts of glucosa-
mine—~7.2 g or 9.7 g of the glucosamine free base—
were infused over 5 h with no change in blood glucose
values. Sixteen chronic studies have evaluated fasting
plasma glucose values. Fasting blood glucose values de-
creased non-significantly from 92.9 to 89.9 mg/dl for val-
ues reported from five trials (Table 3). The Reginster
study enrolled 108 subjects and followed them for 3
years; they reported that blood glucose values were
slightly lower than baseline values (Reginster et al.,
2001). Scroggie et al. (2003) measured glycosylated
hemoglobin (HbA.) and blood glucose values in 22 dia-
betic and 12 control subjects over 90 days and noted no
significant changes. Tannis et al. (2004) reported that
daily administration of 1500 mg glucosamine sulfate
over 12 weeks was associated with no significant changes
in fasting plasma glucose or insulin values or oral glu-
cose tolerance test. Yu et al. (2003) reported that admin-
istration of 1500 mg glucosamine for 28 days had no
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Table 2
Human clinical trial summary
Study Type study Glucosamine  Other treatment Routex Dose mg/d  No. of Duration
form subjects  days
Almada et al. (2000) RCT SOy None Oral 1500 6 84
Braham et al. (2003) RCT HCI None Oral 2000 25 84
D’Ambrosio et al. (1981) RCT SO, None Oral/iv/iim 1500 15 21
Das and Hammad (2000) RCT HCI CHS Oral 2000 46 192
Drovanti et al. (1980) RCT SOy None Oral 1500 40 30
Forster et al. (1996) RCT SO, None Oral 1500 78 90
Giordano et al. (1996) Observational SOy None Oral 1500 20 365
Houpt et al. (1999) RCT HCI1 None Oral 1500 45 147
Hughes and Carr (2002) RCT SOy None Oral 1500 39 168
Leffler et al. (1999) RCT HCI CHS, Mn Oral 1500 31 112
Muller-Fabbender et al. (1994) RCT-C SOy Vs. ibuprofen Oral 1500 100 28
Mund-Hoym (1980) Controlled SO, Vs. phenylbutazone  Oral/im 1000 40 32
Murad and Tabibian (2001) Controlled SO, Supplement Oral Uncert 57 35
Nguyen et al. (2003) RCT HCI CHS Oral 1500 19 84
Noack et al. (1994) RCT SOy None Oral 1500 120 28
Pavelka et al. (2002) RCT SO, None Oral 1500 84 1095
Pujalte et al. (1980) RCT SOy None Oral 1500 11 49
Qui et al. (1998) RCT-C SO, Vs. ibuprofen Oral 1500 88 28
Reicheit et al. (1994) RCT SOy None M 114 73 42
Reginster et al. (2001) RCT SO, None Oral 1500 87 1095
Rindone et al. (2000) RCT SOy None Oral 1500 49 60
Rovati (1997) RCT-P-C SO, Vs. piroxicam Oral 1500 80 150
Rovati (1992), study 1 RCT SOy None Oral 1500 123 28
Rovati (1992), study 2 RCT SO, None Oral 1500 76 42
Rovati (1992), study 3 RCT-C SO, Vs. ibuprofen Oral 1500 100 28
Scroggie et al. (2003) RCT HCI CHS Oral 1500 22 90
Shankland (1998) Observational ~ HCI CHS Oral 3200 50 35
Tannis et al. (2004) RCT SO4 None Oral 1500 11 84
Tapadinhas et al. (1982) Observational SOy None Oral 1500 1367 50
Thie et al. (2001) RCT-C SO, Vs. ibuprofen Oral 1500 22 90
Yu et al. (2003) Observational SO, None Oral 1500 12 28
Vajranetra (1984) Observational SOy, None Oral/ia 1500 108 84
Vas (1982) RCT-C SOy Vs. ibuprofen Oral 1500 19 56

* Abbreviations: RCT, randomized controlled trial; C, comparator; P, placebo; CHS, chondrotin sulfate; iv, intravenous; im, intramuscular;

ia, intraarticular.

effect on glucose tolerance or insulin sensitivity of 10
non-diabetic subjects. In total, reports from 16 trials
including 854 subjects followed for a weighted average
of 37 weeks indicated that there were no significant
changes in blood glucose values. For the entire group
of 33 chronic studies of predominantly older subjects,
three developed diabetes with placebo treatment and
two developed diabetes with glucosamine treatment.

4.4. Objective measures of safety

In two metabolic ward studies, volunteers have re-
ceived large doses of glucosamine intravenously over
300 min. Pouwels et al. (2001) intravenously infused
~7.2 g of glucosamine as the sulfate salt over a
300 min period into 10 healthy volunteers. This was well
tolerated and not associated with reported side effects.
Monauni et al. (2000) intravenously infused 9.7 g of glu-
cosamine over a 300 min period into 10 healthy volun-
teers. Again this was well tolerated with no reported

side effects. When they subsequently intravenously in-
fused 30.5 g of glucosamine—achieving plasma levels
>20-fold higher than would be expected with usual
doses of oral glucosamine—into five healthy volunteers,
this dose was well tolerated by four subjects and only
one had symptoms—he developed a headache.
Thirteen studies reported specific safety measures
including some of these assessments: chemistry panel
including liver and kidney safety assessments, hemato-
logic values (white blood count, red blood count, hemo-
globin, and platelet count), urinalyses, occult blood
measurements of stool, and cardiovascular parameters
including blood pressure and pulse rate (Table 3). None
of the studies reported adverse effects on these measure-
ments from glucosamine administration. In general
these safety reports included >800 subjects treated for
a weighted average of ~40 weeks. Specifically the num-
ber of studies assessing various parameters were as fol-
lows: chemistry panel, 12; hematologic parameters, 13;
urinalyses, 10; occult blood in stool, 3; and cardiovascu-
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Table 3
Evaluation of fasting plasma glucose and safety parameters

Study Glucose mg/dl after ~ Summary Blood CBC UA Occult blood  BP P  Side effects
before chem GIluN/P

Almada et al. (2000) 94 94 NA NA NA NA NA NA
Braham et al. (2003) NA NA NA NA NA NA 1.10
D’Ambrosio et al. (1981) 109 97 NCS NCS NCS NA NCS 1.00
Das and Hammad (2000) NA NA NA NA NA NA 0.89
Drovanti et al. (1980) 82 82 NCS NCS NA NCS NA 0.83
Forster et al. (1996) NA NA NA NA NA NA 0.20
Giordano et al. (1996) NCS NCS NCS NCS NA NA 1.00
Houpt et al. (1999) NA NA NA NA NA NA 1.00
Hughes and Carr (2002) NCS NCS NCS NCS NA NA 0.90
Lefiler et al. (1999) NA NA NCS NA NCS NCS 097
Muller-Fabbender et al. (1994) NA NA NA NA NA NCS NA
Nguyen et al. (2003) NA NA NA NA NA NA 1.43
Noack et al. (1994) NCS NCS NCS NCS NA NCS  0.62
Pavelka et al. (2002) NCS NCS NCS NCS NA NA 0.56
Pujalte et al. (1980) NA NCS NCS NCS NA NA 0.00
Qui et al. (1998) NA NCS NCS NCS NA NA NA
Reginster et al. (2001) Slightly lower NCS NCS NCS NA NCS  0.82
Rindone et al. (2000) NA NA NA NA NA NA 0.50
Rovati (1997) NA NA NA NA NA NA 0.62
Rovati (1992), study 1 NA NCS NCS NCS NA NA 0.62
Rovati (1992), study 2 NA NCS NCS NCS NA NA 0.71
Rovati (1992), study 3 NA NCS NCS NCS NA NA NA
Scroggie et al. (2003) HbAlc NCS NA NA NA NA NA NA
Tannis et al. (2004) 82.3 79.2 NA NA NA NA NA NA
Yu et al. (2003) 97.2 97.2 NA NA NA NA NA NA
Vas (1982) NA NA NCS NA NCS NCS NA
Average 92.9 89.9 0.76
No. with reports S 16 12 13 10 3 6 18
Total patients 84 854 803 826 736 90 372 988
Weighted average no. of weeks 5.6 37.2 38.9 38.6 41.7 9.1 40.7 37.2

Abbreviations: NA, not available; NCS, not clinically significant; HbAlc, glycosylated hemoglobin; chem., chemistry; UA, urinalysis; occult blood,
stool measurement; BP, blood pressure; P, pulse; GlucN/P, ratio of side effects from glucosamine divided by those from placebo.

lar parameters, 6. Blood pressure and pulse rate were
monitored continuously for the 21 subjects who had
large amounts of glucosamine infused intravenously
with no reported adverse effects (Monauni et al., 2000;
Pouwels et al., 2001). None of the studies reported
significant changes in these parameters.

4.5. Common symptoms with placebo, glucosamine and
NSAID

Nonspecific symptoms are commonly reported in
clinical trials. In a 3-year study, 93% of subjects receiv-
ing placebo reported symptoms (Reginster et al., 2001).
The most common symptoms reported with placebo or
glucosamine were: mild gastrointestinal symptoms
including constipation, diarrhea, nausea, dyspepsia,
excessive gas, abdominal distension, and abdominal
cramps; headache; and skin rash or pruritis. Eighteen
chronic studies that provided side effect data comparing
glucosamine to placebo were analyzed (Table 3). The
contents of the placebo capsules used in these studies
were: not stated, in 9 studies; lactose, in 3; excipients,
in 3; inert material, in 1; calcium carbonate, in 1; and

50% maltodextrin and 50% whey protein, in 1. These
studies included 988 subjects followed for a weighted
average of 37 weeks. In 13 of the 18 studies, symptoms
were reported less commonly in glucosamine-treated
subjects than in placebo-treated subjects. The ratio of
symptoms for glucosamine compared to those for pla-
cebo is presented for each study. The placebo has a score
of 1.0 and the frequency of symptoms with glucosamine
is a fraction of this. When the frequency of symptoms is
the same the ratio for glucosamine is 1.0. When less
symptoms are reported for glucosamine than placebo,
the ratio is less than 1.0. Only two studies reported that
symptoms were more common with glucosamine than
placebo. The frequency of symptoms with glucosamine
ranged from none (0.0) to 143% (1.43) of those reported
for placebo. The average for the ratio of symptoms for
glucosamine compared to placebo was 0.76 (95% confi-
dence interval, 0.61-0.92). This suggests that symptoms
were 24% less common with glucosamine than placebo
and that this was statistically significant. Richy et al.
(2003), in their meta-analysis, indicated that the adverse
effect rate with glucosamine was 20% lower than
placebo.
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The Institute of Medicine Report (2004) summarizes
case reports and other adverse events occurring with
glucosamine use. This report concludes that: “Human
studies show an equal incidence of mild, transient
adverse effects in placebo control groups and glucosa-
mine groups.” (p. 4, 2004)

Five studies compared side effects of glucosamine
with ibuprofen, the most commonly used non-steroidal
anti-inflammatory drug (NSAID) for arthritis. The
prevalence of side effects in patients using glucosamine
was 10.0% compared to 32.5% for patients using ibupro-
fen. The Institute of Medicine (2004) report also con-
cluded that side effects were less common with
glucosamine than with ibuprofen.

4.6. Assessment of efficacy

The efficacy of glucosamine for arthritic complaints
has been extensively studied and three recent meta-anal-
yses (McAlindon et al., 2000; Richy et al., 2003; Tow-
heed et al., 2004) that critically review randomized
controlled trials (RCTs) are available. McAlindon
et al. (2000) conclude that glucosamine was moderately
efficacious for relief of arthritic complaints. Richy et al.
(2003) conclude that glucosamine had highly significant
efficacy on all aspects of knee osteoarthritis including
joint space narrowing, pain, and mobility scores. Tow-
heed et al. (2004) report that “In the 13 RCTs in which

Table 4

Overview of efficacy of glucosamine for arthritic complaints

Study Joints evaluated  Arthritis symptoms
significant difference

Braham et al. (2003) Knees 0.038

D’Ambrosio et al. (1981)  Generalized OA  0.01

Das and Hammad (2000) Knees 0.04
Drovanti et al. (1980) Generalized OA  0.005

Forster et al. (1996) Knees Sign. diff. (0.05)

Giordano et al. (1996) Generalized OA  0.001

Houpt et al. (1999) Knees NCS (0.1)

Hughes and Carr (2002)  Knees NCS (0.1)

Leffler et al. (1999) Knees or back 0.02

Muller-Fabbender Knees Sign. diff. (0.05)
et al. (1994)

Mund-Hoym (1980) Back Sign. diff. (0.05)

Noack et al. (1994) Knees 0.05

Pavelka et al. (2002) Knees 0.01

Pujalte et al. (1980) Generalized OA  0.01

Qui et al. (1998) Knees Sign. diff. (0.05)

Reicheit et al. (1994) Knees Sign. diff. (0.05)

Reginster et al. (2001) Knees Sign. diff. (0.05)

Rindone et al. (2000) Knees NCS (0.1)

Rovati (1997) Knees Sign. diff. (0.05)

Rovati (1992), study 1 Knees 0.014

Rovati (1992), study 2 Knees 0.012

Tapadinhas et al. (1982) Generalized OA  0.001

Vajranetra (1984) Knees Sign. diff. (0.05)

Abbreviations: NA, not applicable; OA, osteoarthritis; NA, not avail-
able; NCS, not clinically significant.

glucosamine was compared to placebo, glucosamine was
found to be superior in all RCTs, except one. In the four
RCTs in which glucosamine was compared to an
NSAID, glucosamine was superior in two and equiva-
lent in two.” In our current evaluation 23 clinical studies
of patients with osteoarthritis were reviewed (Table 4);
this does not include the three studies of temporo-man-
dibular joint (TMJ) symptoms. Twelve studies reported
significant differences and included P-values (from 0.05
to 0.001). Seven indicated that significant improvement
was seen but did not provide P-values; a P-value of
0.05 was assigned to these studies. Only three studies
indicated that no significant difference was seen and
two noted a slight improvement with glucosamine
administration; a P-value of 0.1 was assigned to these
studies since they reported favorable but not quite statis-
tically significant results. The average of all reported and
imputed P-values for the 22 studies was 0.040 and the
median P-value was 0.05. While a detailed analysis of
efficacy was not undertaken, this survey indicates that
glucosamine administration, at a dose of 1500 mg/day,
is moderately effective in decreasing arthritic complaints.

5. Discussion

Glucosamine has been extensively studied in animals
and humans. Acute studies in animals indicate that very
large doses (5000-15,000 mg/kg) can be administered or-
ally without evidence of toxicity; the LDsq in rats and
mice is >8000 mg/kg. Subacute and chronic studies in
rats, mice, rabbits and dogs received glucosamine orally
in doses of approximately 159-2700 mg/kg/day for 12—
365 days and no adverse effects were noted; the NOAEL
for rats is 2700 mg/kg and for dogs is 2149 mg/kg. This
compares to the usual dose for humans of ~23 mg/kg.

The entry of glucosamine into cells is stimulated by
insulin and involves the glucose-transporter system
(Heart et al., 2000; Pouwels et al., 2001). Glucosamine
is then phosphorylated to glucosamine-6-phosphate by
tissue hexokinases (Monauni et al., 2000; Pouwels
et al., 2001). These intermediary metabolism pathways
are finely regulated as indicated by the following obser-
vations: (1) glucose-6-phosphate is a potent inhibitor of
most hexokinases and glucosamine-6-phosphate is a
weak inhibitor of this family of enzymes (Nelson
et al., 2000); (2) glucosamine inhibits the glucose trans-
porter system (e.g., GLUT-4) further limiting its entry
into cells (Nelson et al., 2000); (3) glucosamine inhibits
GFAT activity, limiting formation of glucosamine-6-
phosphate from fructose-6-phosphate; (4) glucosamine-
6-phosphate is converted to fructose-6-phosphate by
glucosamine-6-phosphate deaminase, preventing exces-
sive flux through this relatively minor metabolic path-
way (Wolosker et al., 1998); and (5) when free
glucosamine enters cells, its downstream metabolism is
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significantly limited by one or two steps distal to its
phosphorylation. The conversion of glucosamine-6-
phosphate to N-acetyl-glucosamine-6-phosphate and
then further conversion to UDP-N-acetylglucosamine-
6-phosphate, specifically, are limited (Nelson et al.,
2000). Thus, it appears very unlikely that cellular metab-
olites of free glucosamine would exceed physiologic lev-
els after oral glucosamine intake (Reicheit et al., 1994).

The effects of glucosamine on glucose metabolism
have interested laboratory investigators for many years
because pharmacologic concentrations of glucosamine
affect insulin action and secretion. Glucosamine is a
common metabolic product in most tissues of the body
and is incorporated into glycosaminoglycans (Setnikar
and Rovati, 2001). Setnikar and Rovati (2001) reviewed
the metabolism of glucosamine in humans and these
data can be summarized. Glucosamine sulfate or hydro-
chloride salts are dissociated in the stomach and free
glucosamine enters the small intestine where 90% is ab-
sorbed. Much of the glucosamine is metabolized in the
first pass through the liver. The blood level of glucosa-
mine after oral administration approximates 20% of that
observed with intravenous administration. Glucosamine
is taken up by cells by glucose transporter proteins but
the affinity of glucosamine for these transporters is sub-
stantially lower than that of glucose (Nelson et al.,
2000). Thus, it seems likely that the concentration of
glucosamine in most cells would be substantially lower
than that in plasma. With intravenous administration
of 9.7 g over 5 h, serum glucosamine concentrations of
0.7 mmol/l were achieved (Monauni et al., 2000). With
administration of 500 mg in three divided doses it seems
unlikely that serum concentrations above 0.06 mmol/l
would be achieved. In 11 relevant in vitro studies exam-
ining the effects of glucosamine on glucose metabolism
the glucosamine concentrations ranged from 0.1 to
50 mmol/l (Heart et al., 2000; Institute of Medicine,
2004; Nelson et al., 2000; Sakai and Clemmons, 2003).
The effective dose for a 50% change (ED5g) for a wide
range of regulatory activities for glucose metabolism
averaged 6.6 mmol/l or >100-fold higher than expected
serum concentrations in humans with usual doses of
oral glucosamine. For example, the EDs, for insulin-
stimulated glucose uptake in isolated fat cells is
25-30 mmol/l (Heart et al., 2000). Thus, it seems very un-
likely that oral administration of 1500 mg/d (23.1 mg/kg,
the commonly used amount) to 3200 mg/d (49.2 mg/kg,
an amount used in one chronic study) of glucosamine
would have a discernable effect on metabolic pathways
involved in glucose metabolism in humans.

Because the blood level achieved with intravenous
glucosamine is approximately five-fold higher than with
oral administration (Setnikar and Rovati, 2001), it ap-
pears that humans can easily tolerate more than 9.7 g/
day. The tolerable daily intake of glucosamine was cal-
culated as follows. Humans tolerate more than 9.7 g of

free-base glucosamine. We assumed that these young
men have average weights of ~70 kg. The calculation
of mg/kg is as follows: 9700 mg divided by 70 kg is
>138 mg/kg/day of the free base glucosamine. Because
glucosamine hydrochloride provides 83% free base,
humans tolerate >166 mg/kg/day (138 divided by 0.83)
of glucosamine hydrochloride. Furthermore, since only
90% of glucosamine is absorbed (Setnikar et al., 1993),
humans tolerate >184 mg/kg/day (166 divided by 0.9)
of the glucosamine hydrochloride. Our conservative rec-
ommendation is that a tolerable daily intake of glucos-
amine is 184 mg/kg/day.

From the estimates of endogenous glucosamine pro-
duction, 2-5% of ingested carbohydrate (Milewski,
2002), it appears that endogenous production would
far exceed the levels of ingested glucosamine. With in-
takes of 200-350 g of carbohydrate, humans would pro-
duce an estimated 4-20 g of glucosamine per day (~12 g/
day) (Vosseller et al., 2002). With the intake of 0-1.5 g
of oral glucosamine daily, blood levels would be equiv-
alent to infusing 20% of this amount (Institute of Med-
icine, 2004; Setnikar and Rovati, 2001), or 0.3 g per day.
Furthermore, when large amounts of carbohydrate are
ingested chronically, insulin sensitivity improves in
healthy subjects (Anderson et al., 1973) and in diabetic
subjects (Anderson, 1977). For example, when we fed
80% of energy as carbohydrate (~400g of carbohy-
drate) to healthy volunteers for 11-13 weeks, they had
improved glucose tolerance and insulin sensitivity
(Anderson et al., 1973) despite estimated endogenous
production of 8-20 g of glucosamine per day. Thus, in
humans, it seems unlikely when providing 1.5 g of exog-
enous glucosamine—with anticipated metabolic effects
on liver and peripheral tissues of only 20-26% (0.3—
0.4 g) (Institute of Medicine, 2004; Setnikar and Rovati,
2001) of this—that adverse effects on glucose metabolism
or insulin sensitivity in humans will be seen.

Because of the effects of large concentrations of glu-
cosamine on glucose metabolism in animal and in vitro
models, we rigorously examined the available data re-
lated to this question in humans. In clinical trials there
is no evidence that glucosamine in usual doses affects
fasting plasma glucose concentrations. In two clinical
trials (Tannis et al., 2004; Yu et al., 2003) glucosamine
administration had no effect on estimates of insulin sen-
sitivity and in one study (Scroggie et al., 2003) glucosa-
mine intake had no effect on glycemic control of diabetic
subjects. Finally, when large amounts of glucosamine
(7.2 or 9.7 g) were infused into healthy volunteers, no
adverse effects on blood glucose concentrations were ob-
served over the 5-h period of study (Monauni et al.,
2000; Pouwels et al., 2001).

In reviewing human clinical trials we tabulated data
on efficacy of glucosamine administration on symptoms
of osteoarthritis. Our observations are consistent with
those from three rigorous meta-analyses (McAlindon
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et al., 2000; Richy et al., 2003; Towheed et al., 2004).
Individuals with osteoarthritis of the knee or spine have
significantly less symptoms while taking glucosamine
than those taking placebo. McAlindon et al. (2000)
conclude that glucosamine is moderately efficacious for
relief of symptoms of osteoarthritis. Richy et al. (2003)
conclude that glucosamine has highly significant effects
on all aspects of knee osteoarthritis. Two recent ran-
domized clinical trials (Bruyere, 2004) included 414 wo-
men followed for three years. These studies documented
an increase in joint space with glucosamine treatment
while there was a decrease in the placebo group; the dif-
ferences were significant (P < 0.001).

To evaluate safety for humans, we reviewed data
from 32 clinical trials including 3073 individuals treated
with glucosamine for periods of 3-156 weeks (weighted
average, 17 weeks). We concur with the conclusions of
the Institute of Medicine (2004) that mild, transient side
effects were seen in both placebo and glucosamine trea-
ted individuals. Our analysis of side effects suggests that
they were significantly (24%) less frequent in glucosa-
mine-treated individuals than in placebo-treated individ-
uals; Richy et al. (2003) calculated that side effects are
20% less common in glucosamine-treated subjects than
in the placebo groups.

NSAID are widely used for relief of osteoarthritic
symptoms with >110 million prescriptions and drug
costs of $4.8 billion annually in the US; these estimates
do not include over-the-counter purchases (Laine, 2001).
In 1997 the estimated deaths from NSAID-related gas-
trointestinal adverse events in the US was 16,500 (Wolfe
et al., 1999). NSAID with specific COX-2 inhibitory ac-
tion have lower gastrointestinal side effects than other
NSAID (Silverstein et al., 2000) but are associated with
higher rates of hypertension and cardiovascular compli-
cations (Mukherjee et al., 2001; Solomon et al., 2004). In
contrast, the Institute of Medicine (2004) carefully re-
viewed reported adverse events reported for glucos-
amine and noted three adverse events reports (Special
Nutritionals Adverse Event Monitoring System) and
three clinical case reports. Furthermore, our analysis
and that of the Institute of Medicine (2004) indicate that
side effects from glucosamine are less than one third
those from ibuprofen, a widely used NSAID. All the
available data indicate that glucosamine and NSAID
have similar efficacy but that glucosamine has substan-
tially less toxicity.

6. Conclusions

Oral glucosamine administration is well tolerated by
animals and humans. Glucosamine had been orally
administered to rats, mice, rabbits, dogs and horses in
more than 17 reported studies. The estimated LDs, for
oral glucosamine administration is as follows: for rats,

>5000 mg/kg; for mice, >8000 mg/kg; and for rabbits,
>8000 mg/kg. In 13 animal subacute or chronic studies,
daily doses of 194-2700 mg/kg body weight were
administered for 12-365 days and there were no treat-
ment-related adverse effects reported. Many in vitro
studies used glucosamine with average low concentra-
tion of 13 mmol/l and average high concentrations of
30 mmol/l. EDsy calculations for glucosamine effects
on glucose metabolism averaged 6.6 mmol/l. Since the
cellular concentration of glucosamine with usual doses
in humans is estimated at 0.06 mmol/l, these ED5, esti-
mations are >100-fold higher than expected tissue levels
with usual therapeutic doses.

To examine possible toxic effects in humans, results
from 32 clinical trials with glucosamine were reviewed.
These trials included 3063 subjects studied for an
average of 17 weeks. While there have been concerns
originating from in vitro studies and intravenous
administration to rodents that glucosamine might ad-
versely affect glucose metabolism, careful studies in hu-
mans show no adverse effects on glucose homeostasis.
Overall, 16 studies including 854 subjects for 37 weeks
reported no adverse effects on glucose metabolism. Glu-
cosamine is well tolerated by humans for periods of up
to three years. While the usual dose is 1500 mg/day in
three doses, doses of up to 3200 mg/day were well toler-
ated. Healthy young subjects had no adverse effects
from infusion of 9.7 g and only one of five developed
a headache when 30.5 g was infused. This suggests that
humans tolerate intake of at least 184 mg/kg/day of glu-
cosamine daily. In 13 clinical trials reporting safety
information there were no adverse effects of glucosamine
on blood chemistries, hematologic parameters, urinaly-
sis, occult blood in feces, or cardiovascular parameters.
Symptoms or side effects were reported significantly less
frequently with glucosamine than with placebo.
Reported side effects were 24% less common in subjects
treated with glucosamine than with placebo. Finally,
glucosamine appears to be moderately to highly effec-
tive in decreasing symptoms resulting from osteo-
arthritis.
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