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Inhibitory effect of oral glucosamine administration
on platelet activation in guinea pigs

Jian Hua", Shiori Suguro", Koji Sakamoto? and Isao Nagaoka'*

Department of Host Defense and Biochemical Research, Juntendo University, School of Medicine, Tokyo,
Japan
2Koyo Chemical Co., Ltd., Tokyo, Japan

Glucosamine, a naturally occurring amino monosaccharide, has been used to treat or prevent osteoarthri-
tis in humans. Recently, we have revealed that glucosamine inhibits platelet activation in vifro. However, the
effect of in vivo administration of glucosamine has not yet been clear. Recently, we have evaluated the effect
of oral glucosamine administration on platelet activation in guinea pigs. Guinea pigs were orally adminis-
tered with glucosamine (an average of 400 mg glucosamine/animal/day) for 22 days and thereafter platelet
functions were examined.

Glucosamine-administration suppressed platelet aggregation in response to ADP, but not platelet aggre-
gation induced by collagen. Furthermore, glucosamine-administration inhibited the ADP-induced extracellu-
lar release of ATP and production of thromboxane Az. In contrast, glucosamine did not affect the body-
weights, platelet counts and bleeding time in guinea pigs after the administration.

These observations suggest that glucosamine is likely to exert an inhibitory action on platelets in vivo by
suppressing platelet aggregation, ATP release, and thromboxane Az production. Thus, glucosamine could
be expected as a novel and safe anti-platelet agent.

Rec.5/11/2006, Acc.7/25/2006, pp446-452

*Correspondence should be addressed to:
Isao Nagaoka, Department of Host Defense and Biochemical Research, Juntendo University, School of Medicine, 2-1-1
Hongo, Bunkyo-ku, Tokyo 113-8421, Japan. Phone: +81-3-5802-1032, Fax: +81-3-3813-3157, e-mail: nagaokai@med.juntendo.ac.jp

glucosamine, platelet, aggregation, ADP, guinea pig

Introduction

Glucosamine, a naturally occurring amino monosaccharide,
has been used for a treatment of osteoarthritis for more than two
decades in Europe'. Several short-time and long-time of clini-
cal trials in osteoarthritis have shown the significant symptom-
modifying effect of glucosamine with no side effects’”. Glu-
cosamine, as a constituent of glycosaminoglycans, can increase

proteoglycan synthesis, thereby exhibiting a therapeutic poten-

tial for arthritis®. Recently, glucosamine has been shown to in-
hibit the expression of inducible nitric oxide (NO) synthase in
rats, thereby suppressing the excess production of NO that is
implicated in the pathogenesis of arthritis”. In addition, glu-
cosamine has been shown to act on chondrocytes to interfere
with the IL-1 3 -mediated cellular responses'?, such as production
of NO and prostaglandin E2, and suppression of galactose- /3-

1,3-glucuronosyltransferase, a key enzyme for glycosaminogly-
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can synthesis. Moreover, glucosamine has been suggested to
exhibit protective actions on carrageenin-induced inflammation
and inflammatory bowel disorders!"!'?. More recently glu-
cosamine is reported to exhibit anti-inflammatory action by in-
hibiting neutrophil function such as superoxide generation,
phagocytosis, granule enzyme release and chemotaxis'®.

In addition to the chondroprotective and anti-inflammatory
actions, glucosamine was demonstrated to prolong the allergenic
cardiac allograft survival by suppressing the activation of T-lym-

19, Furthermore, glucosamine has

phoblasts and dendritic cells
been shown to abrogate the acute phase of experimental autoim-
mune encephalomyelitis, an animal model of multiple sclerosis
by blockade of T helper-1 response (IFN-y and IL-17) and an
up-regulation of T helper-2 cytokines (IL-5 and IL-10)'9. Above
observations indicate that glucosamine functions not only as an
immunosuppressant but also as an immunomodulator for treat-
ment of autoimmune disorders.

Furthermore, we preliminarily found that glucosamine im-
proves the fluidity of blood (hemorheology) analyzed by a
microchannel array assay'®. Thereafter, we examined the effects
of glucosamine on the platelet functions in vitro using human
peripheral blood platelets. The results indicated that glucosamine
can suppress platelet aggregation, release of granule contents,
thromboxane A2 production'”. Thus, glucosamine could be ex-
pected as a novel anti-platelet agent for treatment of thrombotic
disorders.

However, the effect of in vivo administration of glucosamine
has not yet been clear. Thus, we orally administered glucosamine
to guinea pigs and examined its effects on platelet functions. In
this review, we present the data that glucosamine suppressed
ADP-induced platelet aggregation, secretion of granule contents
and thromboxane A2 (TXA:2) production, but did not affect the
body-weights, platelet counts and bleeding time after the admin-
istration, suggesting that glucosamine could be a novel and safe

anti-platelet agent'®.

Effect of glucosamine administration on
ADP-induced platelet aggregation
Recently, we have reported that glucosamine can suppress the
ADP-induced platelet aggregation, secretion of granule contents
(ATP and platelet factor 4) and TXA2 production in vitro using
human platelets'”. To determine whether glucosamine could
modulate platelet functions in vivo, glucosamine solution (an
average of 400 mg glucosamine) was orally administered to
guinea pigs ad libitum for 22 days. Thereafter, blood was col-
lected, and platelet rich plasma (PRP) was obtained. Aliquots of
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Fig.1 Effect of oral administration of glucosamine
to guinea pigs on ADP-induced platelet ag-
gregation

(A) PRP from control or glucosamine-administered animals

was preincubated for 1 min, and then stimulated with 2 M

ADP at 37°C for 15 min for monitoring platelet aggregation

with an aggregometer.

(B) The extent of aggregation was estimated quantitatively by

measuring the maximum curve height above the baseline level.

Data represent the mean & SD of 14 separate experiments in

each group. **p < 0.01.

(C) PRP from control or glucosamine-administered animals

was preincubated for 1 min, and then stimulated with 2 pg/ml

collagen for monitoring platelet aggregation.

PRP were stimulated with 2 M ADP or 2 x g/ml collagen, and
platelet aggregation was monitored by light transmission with
an aggregometer. As shown in Fig.1A and B, ADP-induced ag-
gregation was reduced, when platelets from glucosamine-admin-
istered animals were used. In contrast, collagen-induced platelet
aggregation was not affected by the glucosamine administration

(Fig.10).
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Fig.2 Effect of oral administration of glucosamine
to guinea pigs on ADP-induced release of
ATP from platelets
PRP from control or glucosamine-administered animals was
incubated without (Resting) or with 2 .M ADP (ADP-stimulation)
at 37°C for 15 min, and the supernatants were recovered for
measuring ATP. Extracellular release of ATP was determined
by using an ATP bioluminescent assay. Data represent the
mean = SD of 14 separate experiments in each group. Val-
ues were compared with Resting of control animals. Values
were also compared between control and glucosamine-ad-
ministered animals in ADP-stimulation. ***p < 0.001.

Effect of glucosamine administration on
ATP release from ADP-stimulated plate-
lets

To examine the effect of glucosamine administration on the
extracellular release of granule contents, we measured the
amounts of ATP (a content of dense granules) in the superna-
tants of ADP-stimulated platelets by using an ATP biolumines-
cent assay'”. As shown in Fig.2, in response to ADP, platelets
from control animals released approximately 0.8 x M ATP. Of
note, ATP release was significantly suppressed in platelets from
glucosamine-administered animals, compared with those from

control animals.

Effect of glucosamine administration on
TXAz2 production from ADP-stimulated
platelets

It is known that upon stimulation of platelets, arachidonic acid
is liberated from membrane phospholipids by phospholipase Az,
and metabolized to TXA2?”. To determine whether glucosamine
administration can inhibit TXA2 production, we measured the

levels of TXB2, a stable metabolite of TXA:2 in the supernatants
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Fig.3 Effect of oral administration of glucosamine
to guinea pigs on TXB2 production by plate-
lets

PRP from control or glucosamine-administered animals was

incubated without (Resting) or with 2 M ADP (ADP-stimulation)

at 37°C for 15 min, and the supernatants were recovered for
measuring TXBz, a stable metabolite of TXA2 by a TXB2 ELISA
kit. Data represent the mean = SD of 14 separate experi-
ments in each group. Values were compared with Resting of
control animals. Values were also compared between control
and glucosamine-administered animals in ADP-stimulation.
***p < 0.001.

of ADP-stimulated platelets by using a double antibody sand-
wich enzyme linked immunosorbent assay (ELISA). As shown
in Fig.3, platelets from control animals produced approximately
13 ng/ml TXB:2 in response to ADP; however, TXB2 production
was significantly suppressed in platelets from glucosamine-ad-
ministered animals, compared with those from control ani-

mals.

Effects on glucosamine administration on
body-weights, platelet counts and bleed-
ing time

Furthermore, we evaluated body-weights, platelet counts and
bleeding time after glucosamine administration. As shown in
Table 1, there were no substantial differences between control
and glucosamine-administered animals in body-weights, plate-

let counts and bleeding time.

In vitro effect of glucosamine on ADP-
induced platelet aggregation
Based on the intake amounts of glucosamine, 400 mg glu-

cosamine was administered to each animal by gastric gavage, and
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Table 1 Effects of glucosamine-administration on
body-weights, platelet counts and bleeding

Glucosamine-administered

Control animals .
animals

Body-weights (g) 369.14 % 25.50 361.57 = 32.80
Platelet counts (% 10 cells/ul) 556 = 182 653 £ 80
Bleeding time (s) 289 = 19 279 £ 37
These parameters were measured on day 22 after glu istration, and body

weights of guinea pigs were 250 + 31 g on 0 day.

plasma glucosamine levels were measured by a high performance
liquid chromatography method using phenylisothiocyanate-

derivatized glucosamine?"

. The glucosamine level was found
to reach 1.39 = 2.56 mM after glucosamine administration,
although glucosamine was hardly detected in the plasma from
control animals. Thus, we evaluated the effects of 0.01 ~1 mM
glucosamine on the ADP-induced platelet aggregation in vitro.
As shown in Fig.4A and B, 0.1 mM and 1 mM glucosamine
significantly inhibited the ADP-induced platelet aggregation.
Interestingly, 1 mM glucosamine suppressed both the initial and
secondary phases of ADP (2 #M)-induced platelet aggregation
by 17 and 28%, respectively (Fig.4A). Thus, glucosamine could
inhibit both the initial and secondary phases of ADP-induced
platelet aggregation; however, the suppressive effect seemed to
be more prominent on the secondary phase than the first phase
of aggregation. In contrast, collagen-induced platelet aggrega-
tion was not affected by glucosamine in vitro, as observed with
platelets from control and glucosamine-administered animals

(data not shown).

Effects of glucosamine on ADP-binding
to the receptors

ADP activates platelets via the binding of ADP to its
receptors®. To determine whether the inhibitory action of glu-
cosamine is mediated by the suppression of ADP-binding to the
receptors, we analyzed the ADP-binding using *H-labeled ADP
as a ligand. As shown in Fig.5A, glucosamine modestly inhib-
ited the binding of ADP to its receptors. To further clarify whether
glucosamine affects the binding of ADP to high and/or low af-
finity binding sites on platelets*”, we performed Scatchard analy-
sis. As shown in Fig.5B, 1 mM glucosamine reduced the maxi-
mum number of both high and low affinity binding sites without

significant effect on the apparent dissociation constants (Kd)
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Fig.4 In vitro effect of glucosamine on ADP-
induced platelet aggregation

(A) PRP from control animals was preincubated in the
absence (Control) or presence of 0.01 ~ 1mM glu-
cosamine (+GlcN) for 10 min, and then stimulated with
2 uM ADRP for evaluating the effect of glucosamine on
platelet aggregation with an aggregometer.

(B) The extent of aggregation was estimated quantita-
tively by measuring the maximum curve height above
the baseline level. Date represent the mean = SD of
six separate experiments. Values were compared with
Control (without addition of glucosamine). *p < 0.05,
**p < 0.01.

for ADP, suggesting that glucosamine suppresses the ADP-bind-
ing to the receptor in a noncompetitive manner, in which an in-
hibitor possibly binds to either the receptor or the agonist-recep-
tor complex®?. Moreover, we previously demonstrated that glu-
cosamine is unable to bind with a ligand (ADP) itself to form a
glucosamine-ADP complex, using Sephadex G-10 gel filtration

chromatography'”.

Perspective

Glycosaminoglycans are large complexes of negatively-
charged carbohydrate chains that are present in mucous secre-
tions, connective tissue, skin, tendons, ligaments and cartilage.

Glucosamine, an amino monosaccharide is an essential compo-
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Fig.5 Effect of glucosamine on the binding of
[*H] ADP to platelets

(A) Paraformaldehyde-fixed platelets were incubated with
10 M of [°H] ADP in the absence or presence of 0.01~
1 mM glucosamine for 30 min. After washing over a glass-
fiber filter, the radioactivities of platelets were measured
by scintillation counting, and specific binding was deter-
mined. The binding of [*H] ADP was expressed as a
percentage of that obtained with platelets (Control) in-
cubated in the absence of glucosamine. Data represent
the mean = SD of three separate experiments.

(B) For Scatchard analysis of [*(H] ADP-binding to plate-
lets, paraformaldehyde-fixed platelets were incubated
with various concentrations (10° ~ 10-¢ M) of [*H] ADP
in the absence (O) or presence (@) of 1 mM glu-
cosamine (GlcN). Binding parameters for binding sites
and dissociation constants (Kd) were calculated by non-
linear regression (Prism) using a two-site binding equa-
tion. Broken lines and solid lines were predicted by bind-
ing sites and Kd values in the absence and presence of
glucosamine, respectively. Inserted table shows the re-
sults from Scatchard analysis.

nent of glycosaminoglycans. Because of its high concentration
in joint cartilage, it was hypothesized that glucosamine supple-

ments would provide symptomatic relief for osteoarthritis, and

many clinical trials have shown the significant symptom-modi-
fying effects of glucosamine for osteoarthritis'7?>. As mecha-
nisms for the chondroprotective action, glucosamine is assumed
to increase proteoglycan synthesis, and to inhibit the degrada-
tion of proteoglycan®®, thereby exhibiting the therapeutic effi-
cacy in arthritis®. Moreover, it has been suggested that glu-
cosamine may have an anti-inflammatory action by suppressing
the neutrophil function such as superoxide anion generation,
phagocytosis, granule enzyme release and chemotaxis'?.

In addition to its chondroprotective and anti-inflammatory
actions, glucosamine is also reported to exert the inhibitory ac-
tions on human platelet functions in vitro using human platelets'”.
Recently, we have evaluated the effects of oral glucosamine ad-
ministration on platelet functions in guinea pigs. Consistent with
our in vitro study using human platelets'”, the suppressive ac-
tions of glucosamine were observed using platelets from glu-
cosamine-administered animals; ADP- but not collagen-induced
aggregation, ATP release and TXA:2 production were inhibited
in platelets from glucosamine-administered animals, compared
with those from control animals. Interestingly, ADP-induced
platelet aggregation was decreased after oral administration of
glucosamine, and the serum levels of glucosamine reached 1.39
=+ 2.56 mM after glucosamine administration, as measured by a
high performance liquid chromatography method?". Supporting
this, glucosamine similarly inhibited platelet aggregation in vitro
at 0.1 ~ 1 mM. Of note, glucosamine modestly inhibited the
binding of ADP to its receptors on platelets (Fig.5A). Moreover,
Scatchard analysis revealed that glucosamine reduced the maxi-
mum number of both high and low affinity binding sites for ADP
without significant effect on the apparent dissociation constants
(Ka) for ADP; however, the suppressive effect was more intense
on the low affinity binding sites than the high affinity binding
sites. A high affinity ADP-binding site (P2Y1) induces an initial
phase of small and rapid reversible platelet aggregation, while a
low affinity ADP-binding site (P2Y12) participates in a full and
stabilized secondary aggregation in response to ADP?223:27-29),
Thus, it is tempting to speculate that glucosamine administra-
tion inhibits the low-affinity binding site-mediated secondary
phase of aggregation more strongly than the high-affinity bind-
ing site-mediated initial phase aggregation in vivo by possibly
suppressing the ADP binding to the receptors.

Platelets have a critical role in normal hemostasis, whereas
they also contribute to thrombotic disorders such as myocardial
infarction and peripheral vascular diseases®”. In recent years, a
number of anti-platelet drugs such as aspirin, ADP receptor in-

hibitors (clopidogrel and ticlopidine), and glycoprotein IIb/IIla
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Fig.6 Schematic representation of
the effect of glucosamine on
platelet functions

Left half: When activated by ADP and injured

endothelium, platelets extracellularly release

granule contents (ADP, ATP) and produce

TXAz2, which subsequently activates plate-

lets to induce aggregation.

Right half: glucosamine can suppress (1)

release of granule contents, TXAz2 produc-

tion and platelet aggregation via the inhibi-
tion of ADP binding to its receptors.

Granule I:Dntants
receptor antagonists (e.g., abciximab) have been clinically used
to treat or prevent the thrombotic disorders®”**». However, most
of these agents have a significantly higher rate of complication
with bleeding upon treatment of thrombotic disorders®3%3», In
addition, aspirin causes gastrointestinal damage®, and ticlopidine
and abciximab show adverse effects such as neutropenia and
thrombocytopenia, respectively?”¥. The present study clearly
indicated that there were no substantial differences between
control and glucosamine-administered animals in body weight
changes, platelet counts and bleeding time. Furthermore, long-
term clinical trials with oral administration of glucosamine for 3
years to humans indicated that no apparent side effects were re-
corded and routine laboratory tests did not show any abnormali-
ties during treatment of osteoarthritis”. Together these observa-
tions suggest that glucosamine could be expected as a novel and
safe anti-platelet agent.

In conclusion, we revealed that in vivo administration of glu-
cosamine is able to moderately suppress platelet functions
(aggregation, release of granule content and TXA:2 production)

possibly via the inhibition of ADP-induced activation (Fig.6).
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