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11 Symptomatic Slow Acting Drugs for Osteoarthritis (SYSADOA), such as hyaluronic acid (HA), chondroitin sulfate
12 (CS) and glucosamine (GlcN) are natural compounds, composed of repeating disaccharides, used to treat patients

13with osteoarthritis (OA). Many questions about the kinetics andmechanism of action of SYSADOA remain poorly
14answered. This review examines the data supporting oral absorption and body distribution of SYSADOA, and dis-
15cusses their mechanism of action. SYSADOA are absorbed in the small intestine with a bioavailability ranging
16from 5 to 45% and accumulate in articular tissues. Themechanism of action of HA and CS differs in several aspects
17from that of GlcN. Being largemolecules, HA and CS do not penetrate into chondrocytes, synoviocytes, osteoblast,
18osteoclast and osteocytes, and so elicit the anti-inflammatory effect by engagingmembrane receptors, e.g. CD44,
19TLR4, and ICAM1,with a resulting dual effect: impede the fragments of extracellularmatrix engaging these recep-
20tors, cause of inflammatory reaction, and block the signal transduction pathways activated by the fragments and
21so diminish the nuclear translocation of pro-inflammatory transcription factors. GlcN penetrates into cells by
22means of glucose transporters. The primary effect of GlcN is associated to its ability to O-GlcNAcylate proteins
23and as a consequence, modulates their activity, e.g. decrease nuclear factor-κB nuclear translocation. GlcN may
24also affect the transcription of pro-inflammatory cytokines by epigenetic mechanisms. The characteristics of
25the mechanism of action support the use of CS combined with GlcN, and suggest that HA and CS shall be more
26effective in initial phases of OA.
27© 2014 Published by Elsevier Inc.
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43 1. Introduction

44 This review will focus on three natural compounds, hyaluronic acid
45 (HA), chondroitin sulfate (CS) and glucosamine (GlcN) considered as
46 Symptomatic Slow Acting Drugs for Osteoarthritis (SYSADOA) with an
47 effect size of 0.60, 0.75 and 0.58, respectively (Zhang et al., 2010). HA is
48 a non-sulfated, high molecular weight glycosaminoglycan (N500 kDa)
49 composed of repeating disaccharides, D-glucuronic acid and N-acetyl-D-
50 glucosamine, linked by β(1 → 3) and β(1 → 4) bonds. Endogenous
51 HA iswidely distributed in the organismwhere it hasmultiple functions,
52 such as space filling, hydration, lubrication of joints, facilitation of
53 cell migration; moreover, HA is actively implicated in tissue injury/
54 inflammation, tissue repair, and wound healing (Jiang et al., 2011). CS
55 is a complex glycosaminoglycan formed by alternate disaccharide
56 sequences of differently sulfated residues of D-glucuronic acid and
57 N-acetyl-D-galactosamine; most frequent in human, are CS sulfated in
58 position 4 or 6 of N-acetyl-D-galactosamine, generating chondroitin-4-
59 sulfate (C4S or CSA) and chondroitin-6-sulfate (C6S or CSC), or sulfated
60 in position 2 of D-glucuronic acid; CS molecular weight depends upon
61 the source and varies between 10 and 40 kDa (Volpi, 2011). HA and CS
62 are primarily located in the extracellular matrix (ECM) and are essential
63 to the cellular–ECM interplay (Fig. 1). GlcN (2-amino-2-deoxy-β-D-
64 glucopyranose) is an endogenous aminomonosaccharide (179 Da) syn-
65 thesized from glucose and utilized for the biosynthesis of glycoproteins
66 and glycosaminoglycans (Dahmer & Schiller, 2008).
67 In recent years, understanding of the kinetics and dynamics of HA,
68 CS and GlcN has made considerable progress, however much of the in-
69 formation is scattered and unstructured. This review aims to integrate
70 and harmonize the knowledge on intestinal absorption, joint distribu-
71 tion and mechanism of action of HA, CS and GlcN.

72 2. Gastrointestinal absorption of SYSADOAS

73 2.1. Hyaluronic acid

74Q2 Due to its molecular weight, HA is poorly absorbed by the gastroin-
75 testinal tract and consequently, it has been administered locally, into
76 the joint. However, there is evidence that in the horse oral HA reduces
77 joint effusion (Bergin et al., 2006). Indirect and direct mechanisms
78 may contribute to the response of oral HA. In mice, oral HA binds to
79 Toll-like Receptor-4 (TLR4) in the luminal surface of the large intestine
80 to up-regulate the suppressor of cytokine signaling 3, and diminish
81 pleiotrophin expression, altogether resulting in the down-regulation
82 of systemic pro-inflammatory cytokines (Asari et al., 2010). On the
83 other hand, in the rat and dog the bioavailability of oral HA is around
84 5%, absorption mediated by lymphatic transport or paracellular path-
85 way (Reed et al., 1992; Balogh et al., 2008; Hisada et al., 2008). Further
86 studies are needed to explore whether oral HA is effective in patients
87 with osteoarthritis (OA).

88 2.2. Chondroitin sulfate

89 With the everted rat gut sac model, in two hours 9% of a dose of
90

14C–CS is absorbed from the small intestine, 17% from the cecum, and
91 23% from the colon (Barthe et al., 2004). In the rat and the dog, the bio-
92 availability of CS is around 10%, and total bioavailability, e.g. CS and
93 olygosaccharides derived from CS, is approximately 70%, and that inde-
94 pendently of the molecular weight of CS (Palmieri et al., 1990; Conte
95 et al., 1991, 1995; Ronca et al., 1998). In the horse, total bioavailability
96 appears to be around 30% (Du et al., 2004).
97 In healthy volunteers, the bioavailability of CS is 12% (Table 1);
98 although, the bioavailability of CS and derived olygosaccharides is
99 around 22% (Conte et al., 1991; Ronca & Conte, 1993; Ronca et al.,
100 1998). The absorption of CS occurs without lag-time and the time re-
101 quired to reach plasmaCSpeak concentration (tmax) is around 2–3 h, in-
102 dicating that CS rate of absorption is rapid. In humans, the profile of oral

103bovineCS plasma concentrations as a function of time suggests that CS is
104absorbed in the proximal segments of the small intestine (Ronca et al.,
1051998).
106In Caco-2 cells, CS (15 kDa) is not transported from the apical to the
107basolateral membrane; although 3% of oligosaccharides of lowmolecu-
108larweight (3 kDa) derived fromCS are transported across Caco-2 cells in
1093 h (Cho et al., 2004). On the other hand, CS and its disaccharides cross
110the intestinal barrier via a paracellular pathway, passage inversely asso-
111ciated to the transepithelial electrical resistance (Sim et al., 2005; Jin
112et al., 2010b); the passage is increased by the presence of bile acids
113that alter the tight junction structure (Raimondi et al., 2008). Absorp-
114tion through a paracellular pathway appears to be a common mecha-
115nism for saccharides, such as dextran (10 kDa) (Raimondi et al., 2008)
116and low molecular weight HA (b70 kDa) (Hisada et al., 2008).
117The low bioavailability of CS does not appear associated to intestinal
118degradation since in vitro studies suggest that CS is not depolymerized
119by stomach and intestinal contents and/or by the gastro-intestinal
120tissue; however, there is a steady degradation of CS in the presence of
121cecum and colon contents (Barthe et al., 2004). Since CS is absorbed in
122proximal segments of the small intestine, saturation of the paracellular
123pathway, rather than intestinal degradation, may be an explanation for
124CS low bioavailability.
125Bovine CS contains monosulfated disaccharides, of which 55% sul-
126fated in position 4 (ΔDi-4S), 40% in position 6 (ΔDi-6S), and 5% of
127nonsulfated disaccharide (ΔDi-0S). In humans, oral administration of
128bovine CS increases primarily the plasma concentrations of ΔDi-4S
129and ΔDi-6S (Table 1) (Volpi, 2002). On the other hand, CS from
130shark is absorbed more slowly and by containing 31% of ΔDi-4S, 50%
131ofΔDi-6S, 17% ofΔDi-2,6S and 2% ofΔDi-0S generates lower concentra-
132tions of ΔDi-4S and ΔDi-6S than bovine CS (Volpi, 2003) (Table 1).

1332.3. Glucosamine

134In the rat, the bioavailability of D(+)-GlcN HCl ranges between 6%
135and 19% (Aghazadeh-Habashi et al., 2002; Ibrahim et al., 2012), and
136the bioavailability of 14C-GlcN sulfate is 40% (Setnikar & Rovati, 2001).
137In the dog, GlcN HCl bioavailability is around 11% (Adebowale et al.,
1382002). In healthy volunteers, GlcN sulfate is absorbed rather rapidly
139with a tmax of around 3 h (Persiani et al., 2005), and a bioavailability
140of 44% (Setnikar & Rovati, 2001).
141Using the everted rat gut model, it was shown that GlcN is primarily
142absorbed in the duodenum and much less in the jejunum, ileum and
143colon (Ibrahim et al., 2012). GlcN is a substrate of the glucose trans-
144porters GLUT1, GLUT2 and GLUT4; however, the uptake of GlcN is
145done primarily by GLUT2 since its affinity for GlcN is higher than that
146of GLUT1 and GLUT4 (Uldry et al., 2002). Enteric absorption of GlcN is
147primarily carried out by GLUT2 (Caccia et al., 2007; Ibrahim et al., 2012).
148The incomplete oral bioavailability of GlcN might be explained by
149an intestinal first-pass metabolism. In the rat, oral bioavailability of
150GlcN is lower than following intraperitoneal and intravenous routes,
151supporting an intestinal first-passmetabolism (Ibrahim et al., 2012). In-
152side cells, GlcN is phosphorylated to form glucosamine-6-phosphate,
153which subsequently enters into the hexosamine biosynthetic pathway
154to form proteoglycans, glycolipids, and glycoproteins (Anderson et al.,
1552005).Moreover, in intestinal epithelial cells, exogenous GlcNmay con-
156tribute to the formation of mucin (Forstner, 1970). Therefore, first-pass
157metabolism in the epithelial cells of the intestine may explain GlcN in-
158complete bioavailability.
159When rats are given orally a combination of 100 mg/kg neomycin,
16050 mg/kg tetracycline and 50 mg/kg bacitracin twice daily for 2 days,
161the percentage of the dose of GlcN recovered in feces increases from
1620.1% in control to 11% in antibiotic-treated rats; in parallel, the percent-
163age of GlcN dose recovered in 24 hour urine increases from 1.8 to 5.5%
164(Ibrahim et al., 2012); suggesting that the intestinal flora may also con-
165tribute to reduce GlcN oral bioavailability.
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166 3. Body distribution of SYSADOAS

167 3.1. Hyaluronic acid

168Q3 In the rat, following oral administration, HA distributes into the
169 body, and 0.5% of the dose reaches the knee joint (Balogh et al., 2008).
170 In the joint, HA reaches synovial membranes by simple diffusion, and
171 the ECM of cartilage and subchondral bone through the lymph flow
172 (Antonas et al., 1973; Liu, 2004).
173 Under physiological conditions, the turnover of HA in the ECM of
174 the cartilage (Fig. 2), includes chondrocyte synthesis by membrane-

175bound hyaluronic acid synthase 2 (HAS2), release of high-molecular
176weight HA (HMW-HA) into the ECM, and degradation by extracellular
177enzymes, or receptor-mediated endocytosis, primarily conducted
178by the cell-surface glycoprotein cluster designation 44 (CD44)
179(Knudson et al., 2002). Endocytosis starts with the invagination of
180caveolin-rich membrane containing hyaluronidase 2 (Hyal2) to form
181endosomes, where Hyal2 will transform HMW-HA to olygosaccharides
182of around 20 kDa; these low molecular weight olygosaccharides
183are delivered to low pH lysosomes rich in Hyal1 that will further de-
184grade the olygosaccharides to fragments of 0.2–0.8 kDa (Stridh et al.,
1852012).

t1:1 Table 1
t1:1 Oral bioavailability of CS in humans.

Pre-dose Post-dose Ref.t1:1

CSmax

(μg/ml)
ΔDi-0S
(%)

ΔDi-4S
(%)

ΔDi-6S
(%)

Dose
(g)

F
(%)

CSmax

(μg/ml)
tmax

(h)
ΔDi-0S
(%)

ΔDi-4S
(%)

ΔDi-6S
(%)

t1:1

0.5a i.v.
3a p.o.

13.2
24.3b

11.4 ± 3.7 3.2 ± 0.4 Balogh et al., 2008t1:1

0.2c i.m.
1.2c p.o.

20.9d 4.6 ± 1.7 4.0 ± 0.4 Bassleer et al., 1998bt1:1

0.8e p.o. 12
19f

6.6 ± 0.7 1.0 ± 0.3 Bandow et al., 2010t1:1

3.9 ± 0.9 60 ± 9 40 ± 9 NQ 4g p.o. NA 12.7 ± 4.7 2.4 ± 1.4 23 ± 12 61 ± 11 17 ± 7 Bastow et al., 2008t1:1

2.1 ± 1.3 60 ± 9 40 ± 9 NQ 4h p.o. NA 4.9 ± 2.1 8.7 ± 4.5 31 ± 21 52 ± 26 15 ± 17 Beier and Loeser, 2010t1:1

t1:1 CSmax, peak concentration of CS; ΔDi-0S, non-sulfated disaccharide; ΔDi-4S and ΔDi-6S, disaccharide sulfated in positions 4 and 6, respectively; F, bioavailability; tmax, time required to
reach CSmax.

t1:1 NQ not quantifiable.
t1:1 NA not available.
t1:1 a Bovine CS, mw 16 kDa.
t1:1 b CS + low molecular weight disaccharides in urine.
t1:1 c Shark depolymerized CS, mw 7.5 kDa.
t1:1 d CS + low molecular weight disaccharides.
t1:1 e 131I-labeled bovine CS.
t1:1 f CS + low molecular weight disaccharides in urine.
t1:1 g Bovine CS, mw 25–30 kDa.
t1:1 h Shark CS, mw 45 kDa.

Fig. 1.Molecular organization of healthy articular cartilage. Pericellular and territorial matrix surrounding the chondrocyte contains collagen, hyaluronic acid (HA) and aggrecan. The pro-
teoglycan aggrecan includes chondroitin sulfate and keratin sulfate domains;moreover, aggrecan core contains three globular domains (Gdomains). Aggrecans are anchored in thematrix
by binding to hyaluronic acid through the link protein. The chondrocyte presents several surface receptors essential to the chondrocyte–pericellular interplay, such as CD44, TLR4, ICAM1
and RHAMM. In addition, the membrane encloses HA synthase-2 (HAS2) to synthesize HA, and hyaluronidase 2 (Hyal2) to cleave HA.
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186 3.2. Chondroitin sulfate

187 In the rat, 6 h after the injection of 3H–CS (3.2 mg/kg), the concen-
188 trations of CS plus derived olygosaccharides are 4.2 μg/g in articular car-
189 tilage and 3.6 μg/ml in synovial fluid (Ronca et al., 1998). In healthy
190 volunteers, for the first 40 min after oral administration of 99mTc–CS,
191 the concentrations of CS and derived olygosaccharides are greater in
192 the thigh and in the calf as compared with knee tissues, but afterwards
193 the radioactivity progressively increases in knee joint to become much
194 higher than in the adjacent tissues (Ronca et al., 1998).
195 Incubation 99mTc–CS (24 kDa) with human rib cartilage, leads to a
196 progressive accumulation of 99mTc–CS in the cartilage to amount 53%
197 of the dose after 72 h (Sobal et al., 2009a). Following incubation of
198

99mTc–CS with human knee cartilage, 45% of 99mTc–CS uptake is found
199 in superficial cartilage and 35% in subchondral layers (Sobal et al.,
200 2013). On the other hand, using monolayers of chondrocytes and
201 chondrocytes in suspension, the uptake of 99mTc–CS by the chondrocytes
202 does not exceed 1% (Sobal et al., 2009a). These results strongly suggest
203 that oral CS reaches the joint, distributes into the cartilage and
204 subchondral layers, but the penetration into the chondrocyte is very
205 limited.

206 3.3. Glucosamine

207 In the horse, both GlcN sulfate and GlcN HCl administered orally ac-
208 cumulate into the synovial fluid of radiocarpal joints (Laverty et al.,
209 2005; Meulyzer et al., 2008). It is noteworthy that synovial fluid GlcN
210 concentrations are four fold higher in presence of a LPS-induced joint in-
211 flammation (Meulyzer et al., 2009).
212 When 99mTc–GlcN is incubated with human rib cartilage, uptake of
213 GlcN is around 85% (Sobal et al., 2009b). In Xenopus oocytes, the uptake
214 of GlcN is primarily conducted by GLUT2, with a minor contribution of
215 GLUT1 and GLUT4 (Uldry et al., 2002). Chondrocytes express GLUT1,
216 2, 3, 4, and 5 (Ohara et al., 2001), supporting that in human knee
217 chondrocytes GlcN uptake is carried out by GLUT transporters (Mroz
218 & Silbert, 2004; Shikhman et al., 2009).
219 It is improbable that HMW-HA and CS penetrate into synoviocytes,
220 osteoblasts or osteoclasts. However, due to the presence of GLUT

221transporters across the cell membrane, GlcN may be able to penetrate
222into synoviocytes (Tai & Carter-Su, 1988; Tai et al., 1992), osteoblasts
223(Zoidis et al., 2011) and osteoclasts (Larsen et al., 2005).

2244. Mechanism of action of SYSADOAS

225Q4Most ECM–chondrocyte interactions aremediated bymembrane re-
226ceptors, such as CD44, TLRs, intercellular adhesion molecule 1 (ICAM1),
227receptor for hyaluronan-mediated motility (RHAMM), integrins, and
228layilin (Fig. 1). These membrane receptors have in common that they
229bind not only HA, but also collagen and CS (except layilin), and that
230they modulate transcriptional factors such as nuclear factor-κB (NF-
231κB). Moreover, CD44, TLRs, ICAM1, integrins and RHAMM respond to
232fragments of components of the ECM, such as fragments of HA (HA-f),
233collagen II (CII-f), fibronectin (FN-f), and aggrecan (Agg-f) (Bobacz
234et al., 2007).
235It is noteworthy that CD44, TLRs, ICAM1, and integrins are also
236expressed in synoviocytes, osteoblasts and osteocytes, strongly suggest-
237ing that matrix–cell interactions in synovial membranes and in
238subchondral bone occur as do in cartilage. Effectively, synoviocytes ex-
239press CD44 (Zhang et al., 2013), integrins (Pirila et al., 2001), ICAM1
240(Hiramitsu et al., 2006), TLR4 (Gutierrez-Canas et al., 2006), and layilin
241(Murata et al., 2012). Osteoblasts express CD44 (Diaz-Rodriguez et al.,
2422012), integrins (Rubert et al., 2012), ICAM1 (Bloemen et al., 2009),
243and TLR4 (Kim et al., 2009; Bandow et al., 2010). Osteocytes express
244CD44, integrins (Rochefort et al., 2010), and may express TLR2 and 4
245(Bidwell et al., 2008). Moreover, chondrocytes (Nishida et al., 1999),
246synoviocytes (Momberger et al., 2005), osteoblasts (Falconi & Aubin,
2472007), and osteocytes (Bastow et al., 2008) express HAS2 and synthe-
248size HA.
249Whether initial events of OA occur in the cartilage, synovial mem-
250braneor subchondral bone is still under debate, although it is commonly
251believed that an early cause of OA is the alteration of the interplay be-
252tween ECM components and chondrocytes. In normal resting cartilage,
253non-stressed situation, chondrocytes are quiescent cells, with little
254turnover of the cartilage matrix. Under physiological conditions, in the
255ECM, HA is primarily found as HMW-HA, e.g. N500 kDa (Fig. 2).
256HMW-HA promotes cell quiescence and tissue integrity by binding to

Fig. 2. Interplay between the chondrocyte andHA in the extracellularmatrix. HighmolecularweightHA is synthesized byHAS2 and once released in the extracellularmatrix itmay engage
and inactivate cell-surface CD44, TLR4, ICAM1 and RHAMM. Binding to CD44 may also initiate the endocytosis and degradation of HA by Hyal2 and Hyal1.
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257 CD44, ICAM1, TLR4 and RHAMM, thus blocking pro-inflammatory sig-
258 naling pathways (Stern et al., 2006; Jiang et al., 2011; Campo et al.,
259 2012a). On the other hand, CD44 contributes to the turnover of HA by
260 carrying out HA internalization and degradation by Hyal (Knudson &
261 Loeser, 2002; Jiang et al., 2011).
262 Early OA includes splitting of the ECM, increased cellular activity in
263 cartilage and synovial membranes, increased tissue hydration, and
264 remodeling of the subchondral bone (Guilak, 2011). Chondrocytes are
265 activated, with cell proliferation, cluster formation, and increased pro-
266 duction of both matrix proteins and matrix degrading proteins, such
267 as Hyals, aggrecanases (ADAMTS), matrix metalloproteinases (MMPs),
268 and chondroitinases, as well as enhanced formation of reactive oxygen
269 species (ROS) (Loeser et al., 2012). As a result, there is an accumulation
270 of HA-f, CII-f, FN-f, and Agg-f in the ECM (Sofat, 2009; Heinegard &
271 Saxne, 2011; Loeser et al., 2012) that may bind and activate TLR4,
272 CD44, ICAM1, RHAMM and integrins in chondrocytes (Sofat, 2009),
273 synoviocytes (Sandell, 2012; Scanzello & Goldring, 2012) and osteo-
274 blasts (Falconi & Aubin, 2007; Woeckel et al., 2012).
275 The increase in HA-f enhances NF-κB nuclear translocation, and con-
276 sequently, induces the expression of tumor necrosis factor-α (TNF-α),
277 IL-6, MMP13, and nitric oxide synthase-2 (NOS2); the effects of HA-f
278 are reverted by antibodies anti-CD44 and by HA binding protein
279 (HABP) (Campo et al., 2012b). In addition, HA-f induce also NF-κB nu-
280 clear translocation by activating TRL4 (Campo et al., 2010a, 2010b)
281 and ICAM1 (Stern et al., 2006). Similar effects are observed with FN-f
282 and CII-f, e.g. both increase NF-κB nuclear translocation by activating
283 CD44 and ICAM1 (Yasuda, 2010, 2011a, 2012).
284 The signal transduction pathways activated by engagement of ECM
285 fragments to CD44 are depicted in Fig. 3, resulting in the increase of
286 the nuclear translocation of NF-κB, p38MAPK, c-jun NH2-terminal ki-
287 nase (JNK), extracellular signal-regulated kinases 1 and 2 (ERK1/2),

288and activating protein-1 (AP-1) with up-regulation of target genes,
289such as ADAMTS, MMPs, Hyal2, IL-1β, and NOS2 (Slevin et al., 1998;
290Fitzgerald et al., 2000; Luo et al., 2005; Roman-Blas & Jimenez, 2006;
291Bourguignon et al., 2011; Prasadam et al., 2012; Roget et al., 2012).
292Less is known about ICAM1 signal transduction pathways, but may in
293part be redundant with CD44 intracellular signaling (Holland &
294Owens, 1997; Turowski et al., 2005; Hiramitsu et al., 2006; Yasuda,
2952007; Appleton et al., 2010; Beier & Loeser, 2010; Yasuda, 2011b, 2012).
296FN-f bind to integrin α5β1 and increase the expression of MMP13
297via the activation of PKCδ, p38MAPK, JNK, ERK1/2, and probably NF-κB
298(Forsyth et al., 2002; Loeser et al., 2003). Moreover, FN-f engage CD44
299and activate the PI3K/Akt pathway and enhance NF-κB nuclear translo-
300cation (Yasuda, 2011a).
301The cytoplasmic regions of TLR4 and IL-1β receptor I (IL-1RI) are
302highly homologous, since both have a Toll/IL-1 Receptor (TIR) domain
303(Kariko et al., 2004). Engagement of TLR4 by HA-f causes receptor
304dimerisation and recruitment of the TIR domain contained in the
305adaptor protein myeloid differentiation factor 88 (MyD88), ultimately
306leading to the activation of NF-κB, p38MAPK, JNK, ERK1/2, and AP-1,
307and increase in expression of Hyals, ADAMTS, MMPs, chondroitinase,
308phospholipase A2 (PLA2), cyclooxygenase 2 (COX2), NOS2, and pro-
309inflammatory cytokines, as well as the formation of ROS (Fig. 3), that
310once released in the ECM will form additional fragments to sustain the
311inflammatory reaction (Kariko et al., 2004; Campo et al., 2009b;
312Vallieres & du Souich, 2010; Brown et al., 2011; Kim et al., 2012;
313Madry et al., 2012).
314The signal transduction pathways triggered by CD44, ICMA1 and
315TLR4/IL-1RI in synoviocytes (Gutierrez-Canas et al., 2006; Hiramitsu
316et al., 2006; Wang et al., 2006), osteoblasts/osteocytes and osteoclasts
317(Bastow et al., 2008; Kim et al., 2009; Bandow et al., 2010; Kular et al.,
3182012; Schaffler & Kennedy, 2012; Yang et al., 2012) are similar to the

Fig. 3. Schematic representation of signal transduction pathways of activated surface receptors, CD44, TLR4, ICAM1 and IL-1R, resulting in increase of ADAMTS, Hyal2, MMPs, cyclooxy-
genase 2 (COX2), phospholipase A2 (LPA2), NOS2, and pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, etc. Where DD is death domain; CREB is cAMP-responsive element binding
protein. Chains of open circles indicate ubiquitination and sites for proteasomal degradation; red circles indicate phosphorylation sites. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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319 ones triggered in the chondrocyte. For instance, HA-f activates the oste-
320 oblast by engaging the CD44/RHAMM complex and activating the Raf-1
321 pathway (Hatano et al., 2012).
322 In osteocytes and osteoblasts (Fig. 4), mechanical stress, ECM frag-
323 ments, prostaglandin E2 and cytokines, increase both membrane-
324 bound and soluble receptor activator of NF-κB ligand (RANKL), as well
325 as osteoprotegerin (OPG), a soluble decoy receptor able to antagonize
326 RANKL. Free RANKL binds the RANK receptor on osteoclast, quiescent
327 and precursors, to promote osteoclastogenesis, essentially by activating
328 NF-κB nuclear translocation, via the MyD88/TRAF6 signaling pathway,
329 andAP-1 (Lacey et al., 2012). NF-κB andAP-1 enhance the transcriptional
330 activity of nuclear factor of activated T cells cytoplasmic1 (NFATc1) that
331 regulates the expression of osteoclastogenic-specific genes, such as ca-
332 thepsin K, calpain, MMP13 and MMP14 (Delaisse et al., 2003; Cawston
333 & Young, 2010; Nakahama, 2010; Braun & Schett, 2012).

334 4.1. High molecular weight hyaluronic acid

335 There is compelling evidence that HMW-HA reverses the pro-
336 inflammatory effects of ECM fragments via CD44, TLR4 and ICAM1. In
337 chondrocytes, by engaging CD44 and TLR4, HA-f increase NF-κB nuclear
338 translocation and enhance IL-1β, IL-6 and TNF-α expression (Campo
339 et al., 2010b, 2012a), response partially reversed by HMW-HA (Campo
340 et al., 2012a). In chondrocytes stimulated with FN-f, HMW-HA reduces
341 p38MAPK phosphorylation, effect mediated by the binding of HA to
342 CD44 and ICAM1 (Yasuda, 2010, 2011a).
343 It has been proposed that the mechanism underlying the effect of
344 HMW-HA is a simple effect of competition, where HMW-HA binds to
345 CD44, TLR4 and ICAM1 and impedes the binding of ECM fragments or
346 LPS (Campo et al., 2010a, 2010b). This may be the case when activation
347 of NF-κB is elicited by LPS, via TLR4 (Campo et al., 2010a). However, in
348 macrophages, HMW-HA diminishes LPS-induced increase in NF-κB nu-
349 clear translocation, and IL-1β, IL-6 and TNF-α expression, effect almost
350 totally reversed by specific antibodies anti-ICAM1 (Yasuda, 2007).
351 Since LPS binds to TLR4, these results suggest that HA elicits an anti-
352 inflammatory effect by other mechanisms than simple competition.

353Moreover, CII-f enhance MMP13, increase partially prevented by
354HMW-HA by engaging ICAM1; an antibody anti-ICAM1 did not impede
355the CII-f-induced increase in MMP13, implying that the response to
356HMW-HA is not elicited by competing with CII-f, but rather by binding
357to ICAM1 and triggering an anti-inflammatory response (Yasuda, 2012).
358Further supporting a direct anti-inflammatory effect, HMW-HA
359diminishes IL-1β-induced p38MAPK phosphorylation and MMP13
360expression in a dose-dependent manner, effect mediated by CD44
361(Julovi et al., 2011). The fact that the response to IL-1β depends upon
362its binding to IL-1R and activation of the MyD88/IRAK signaling path-
363way, and that HMW-HA does not bind IL-1R, supports the notion that
364HMW-HA can achieve an anti-inflammatory effect directly, without
365competing for the binding sites of the agent inducing the expression
366of MMPs.
367In human osteoarthritic chondrocytes, Yatabe et al. (2009) have
368shown thatHMW-HAblocks IL-1α-induced increase inADAMTS4 by in-
369creasing the expression of IL-1 receptor associated kinase-M (IRAK-M),
370a negative regulator of IRAK1, effect mediated by CD44 and possibly
371ICAM1. On the other hand, HMW-HA, following engagement of TLR4,
372also leads to the over-expression of IRAK-M (del Fresno et al., 2005).
373Incubation of human chondrocytes with HMW-HA prevents the in-
374crease of expression of MMP1, MMP3 and MMP13 triggered by IL-6
375and soluble IL-6R. HMW-HA by a mechanism CD44-dependent acti-
376vates MAPK phosphatase-1 (MKP-1) that dephosphorylates ERK1/2 at
377threonine and tyrosine residues (Hashizume & Mihara, 2010). More-
378over, MKP-1 also dephosphorylates p38MAPK and JNK (Comalada
379et al., 2012; Wancket et al., 2012).
380In summary, in chondrocytes, the anti-inflammatory effect of
381HMW-HA is secondary to the engagement to TLR4, CD44 and ICAM1,
382preventing thebinding of ECM fragments, and increasing the expression
383of IRAK-M and MKP-1.
384In the rabbit with OA, following intra-articular injection, HMW-HA
385accumulates in the cartilage and subchondral bone. At 10 weeks, com-
386pared with the control group, in the HMW-HA treated group, the
387gross morphological OA score is significantly improved, and MMP13
388and IL-6 are reduced in cartilage and in subchondral bone (Hiraoka

Fig. 4. Schematic representation of the osteoclastogenesis in the subchondral bone. Matrix (ECM) fragments, cytokines and prostaglandins (PgE2) activate osteoblasts and osteocytes to
enhancemembrane-bound and soluble RANKL, as well as osteoprotegerin (OPG), a soluble decoy receptor able to antagonize RANKL. Soluble RANKLwill bind to its receptor RANK on the
quiescent osteoclast precursor (QuOP) to initiate itsmaturation to osteoclast precursor and tomature osteoclasts, e.g. osteoclastogenesis. Differentiation of osteoclast is driven internally by
RANKL-induced activation of NF-κB and nuclear factor of activated T cells cytoplasmic1 (NFATc1). Mature activated osteoclasts bind the surface of osteocytes and release cathepsin K and
MMPs, primarily MMP9, to initiate bone resorption.

6 P. du Souich / Pharmacology & Therapeutics xxx (2014) xxx–xxx

Please cite this article as: du Souich, P., Absorption, distribution and mechanism of action of SYSADOAS, Pharmacology & Therapeutics (2014),
http://dx.doi.org/10.1016/j.pharmthera.2014.01.002

http://dx.doi.org/10.1016/j.pharmthera.2014.01.002


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

389 et al., 2011). The same authors incubated human osteoblasts with IL-6
390 and soluble IL-6R, with and without HMW-HA, and reported that
391 HMW-HA reduces dose-dependently MMP13 expression, response
392 probable mediated by the binding of HMW-HA to CD44 (Hiraoka
393 et al., 2011).
394 Osteoclast differentiation and bone resorption are increased dose-
395 dependently by low molecular weight HA (LMW-HA); moreover,
396 LMW-HA potentiate the effect of RANKL on osteoclast differentiation
397 and bone resorption, in part by increasing p38MAPK and ERK1/2 phos-
398 phorylation, and enhancing RANK receptor expression. The effects of
399 LMW-HA are prevented by a CD44 function-blocking monoclonal anti-
400 body. In contrast, HMW-HA (2000 kDa) reduces the effect of RANKL on
401 osteoclast differentiation (Ariyoshi et al., 2005). On the other hand, in
402 mouse bone marrow stromal cells ST2, as model of osteoblasts, co-
403 cultured with mouse monocyte RAW 264.7 cells, HMW-HA (2500 kDa)
404 down-regulates RANKL expression and diminishes osteoclastogenesis
405 of RAW 264.7 cells (Ariyoshi et al., 2013).
406 Inmouse synovialfibroblasts, HA-f activate TLR-4 and CD44, and en-
407 hance the inflammatory response (Campo et al., 2012c). In cultured
408 rheumatoid synovial fibroblasts, FN-f bind to α5β1 integrin, activate
409 ERK, P38MAPK and JNK, and up-regulate the expression of MMP1,
410 MMP3 and MMP13 (Yasuda et al., 2003). In contrast, in human
411 fibroblast-like synoviocyte (HFLS) cells, HMW-HA (2500 kDa) inhibits
412 IL-1β-induced ADAMTS4 expression by engaging CD44 and reducing
413 p38MAPK and JNK activation (Kataoka et al., 2013). Moreover, in
414 HFLS from patients with OA, HMW-HA prevents IL-1β-induced expres-
415 sion of TNF-α, IL-8 and NOS2, effect mediated by CD44 (Wang et al.,
416 2006). In synovial fibroblasts from rheumatoid synovial tissues, IL-1β

417activates p38MAPK, JNK and NF-κB and up-regulates MMP1 and
418MMP3 expression; HMW-HA by reducing p38MAPK, JNK and NF-κB
419phosphorylation diminishes the expression of MMP1/3, effectmediated
420by ICAM1 (Hiramitsu et al., 2006).
421These reports strongly support that HMW-HA diminishes
422osteoblast/osteoclast and synoviocyte activation bymechanisms similar
423to those described for the chondrocyte, e.g. primarily by engaging CD44
424and ICAM1.

4254.2. Chondroitin sulfate

426The primary effect of CS as a SYSADOA appears to be associated with
427the inhibition of NF-κB nuclear translocation by reducing the phosphor-
428ylation of ERK1/2 and p38MAPK (Campo et al., 2008; Jomphe et al.,
4292008). Several mechanisms contribute to the effect of CS (Fig. 5).
430In humans with knee OA, treated for ten days with 800 mg/day of
431CS, HA concentration and intrinsic viscosity of synovial fluid increase
432significantly (Ronca et al., 1998). In rabbit knee synovial membranes,
433CS increases HA synthesis (Nishikawa et al., 1988). Themechanisms un-
434derlying CS-induced synthesis of HA include the up-regulation of HAS1
435and HAS2 (Itano et al., 1999; David-Raoudi et al., 2009). This effect may
436be explained by engagement of CS to β1-integrin (Wu et al., 2002), and
437up-regulation of transforming growth factor-β1 (TGF-β1) (Legendre
438et al., 2008; Gonzalez-Ramos et al., 2013) and of HAS2 (Meran et al.,
4392011; Foley et al., 2012). Therefore, the inhibition of NF-κB activation
440by CS is in part be mediated by an increase in HMW-HA synthesis.
441In chondrocytes, LPS up-regulates gene and protein expression of
442TNF-α, IL-1β, IL-6, IFN-γ, MMP1, MMP13, and iNOS secondary to the

Fig. 5.Mechanism of action of CS. CS engages CD44, TLR4 and ICAM1 and so impedes their activation by HA-f, and possibly FN-f, Agg-f and CII-f. CS by engaging CD44 and ICAM1 may
promote the release of IRAK-M, an inhibitor of IRAK, or the release of MKP-1, that will dephosphorylate p38MAPK and ERK1/2. These effects will reduce the nuclear translocation of
NF-κB and the inflammatory reaction. In addition, CS engages integrins and increases TGF-β1 expression thatwill foster the synthesis of HMW-HA and of collagen II. Finally, CS diminishes
the proteolysis of kininogen to BK and induces the desentization and internalization of B2R.
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443 activation of the MyD88/IRAK4/TRAF6 signaling pathway and NF-κB
444 nuclear translocation (Campo et al., 2008, 2009a). C4S and C6S diminish
445 dose-dependently LPS-induced MyD88 and TRAF6 expression, and
446 NF-κB activation, and consequently reduce IL-1β, TNF-α, iNOS and
447 MMP13 increment, effect abrogated by an anti-TLR4 antibody (Campo
448 et al., 2009a, 2009b). Therefore, like HMW-HA, C4S and C6S reduce
449 LPS inflammatory reaction by interacting with TLR4.
450 There is some evidence supporting that C4S oligosaccharides and
451 ΔDi-4S modulate TLR4 as do C4S and C6S. In macrophages stimulated
452 by LPS, C4S oligosaccharides and ΔDi-4S inhibit the up-regulation of
453 IL-6 by preventing IRAK1 activation (Jin et al., 2010a, 2011). This effect
454 may be explained by the fact that C4S oligosaccharides and ΔDi-4S
455 bind to the cysteine-rich motifs bordering the N- and C-terminal sides
456 of leucine-rich repeats of TLR4, and so could impede LPS activation of
457 TLR4 (Jin et al., 2011). Alternatively, it cannot be excluded that C4S oli-
458 gosaccharides and ΔDi-4S may inhibit IRAK1 activation via the activa-
459 tion of CD44 and ICAM1 and release of IRAK-M.
460 CS reverses IL-1β-induced activation of chondrocytes (Jomphe et al.,
461 2008), synoviocytes (Imada et al., 2010; Lambert et al., 2012), and oste-
462 oblasts (Pecchi et al., 2012); since CS does not bind IL-1βRI or IL-1βRII, it
463 implies that CS blocks the IL-1β-induced activation of cells by a mecha-
464 nism possibly involving CD44 and/or ICAM1.
465 There is evidence that CS directly and/or indirectly modulates CD44
466 anti-inflammatory effects. CS engages CD44 (Aruffo et al., 1990;
467 Fujimoto et al., 2001; Naor & Nedvetzki, 2003), and is internalized by
468 CD44 (Lo et al., 2013). Versican, a proteoglycan with up to 23 chains
469 of CS, binds to CD44 (Kawashima et al., 2000), and inhibits HA-f-
470 induced CD44 activation and ERK1/2 phosphorylation (Suwan et al.,
471 2009). On the other hand, CS by increasing CD44 sulfation facilitates
472 HA binding to CD44 (Esford et al., 1998).
473 Bradykinin (BK) and BK2 receptors (B2R) in synovial membranes
474 and chondrocytes modulate pain and inflammation in the joint with
475 OA (Meini & Maggi, 2008). In human chondrocytes, BK increases the

476release of IL-6 and IL-8 via p38MAPK and NF-κB activation (Meini
477et al., 2011). The BK system is modulated by CS in two ways; on the
478onehand, CS binds to BK large precursor protein kininogen and impedes
479its proteolysis to BK (Renne et al., 2005); on the other hand, CS induces
480the desensitization and internalization of B2R by promoting G-protein-
481coupled receptor kinase phosphorylation of B2R (Shimazaki et al.,
4822012).
483The integrity of the ECM ismaintained by CS by reducing the expres-
484sion of MMP1, MMP3, MMP13, ADAMTS1 and ADAMTS2, hence
485preventing the degradation of collagen, proteoglycans and aggrecan
486(Legendre et al., 2008). On theother hand, C4S andC6S increase the pro-
487duction and release of proteoglycans by human chondrocytes (Bassleer
488et al., 1998a Q5; Nishimoto et al., 2005). Since CS increases TGF-β1 expres-
489sion (Wu et al., 2002; Legendre et al., 2008), and TGF-β1 enhances col-
490lagen II synthesis (Gouttenoire et al., 2004; Patil et al., 2011), we may
491speculate that CS increases the synthesis of collagen II through TGF-β1.
492Clinical trials have shown that CS diminishes synovitis (Clegg et al.,
4932006) and subchondral lesions (Wildi et al., 2011). In vitro, CS reduces
494IL-1β-induced inflammatory reaction in the subchondral bone (Tat
495et al., 2007; Pecchi et al., 2012), and in synovial membranes (Largo
496et al., 2010).Wemay speculate that themechanismof actionunderlying
497the effect of CS in subchondral bone and in synoviocytes implicates
498CD44 and perhaps ICAM1. Indeed, further studies are required to better
499characterize how in vivo CS reduces synovial inflammation and reduces
500the progression of subchondral lesions.

5014.3. Glucosamine

502The SYSADOA effect of GlcN is associated with its ability to reduce
503NF-κB nuclear translocation (Largo et al., 2003; Lin et al., 2008), and
504that through several mechanisms. Q6

505Once in the cell, GlcN is subjected to the hexosamine biosynthetic
506pathway (Fig. 6) to generate UDP-N-acetylglucosamine (UDP-GlcNAc)

Fig. 6. Transmembrane transport of glucose and GlcN is facilitated by GLUT to be incorporated into the hexosamine biosynthetic pathway to finally generate uridin diphospho (UDP )
glucuronic acid (UDP-GlcUA ) and UDP-N-acetylglucosamine (UDP-GlcNAc ), saccharides required for the synthesis of HA and CS. UDP-GlcNAc is the substrate for protein O-
GlcNAcylation, reaction catalyzed by O-linked N-acetylglucosaminyl transferase (OGT); protein deacylation is carried out by O-GlcNAc hydrolase (OGA). Where G6P is glucose-6-
phosphate; F6P is fructose-6-phosphate; GlcN6P is glucosamine-6-phosphate; GlcNAc6P is N-acetylglucosamine-6-phosphate; GlcNAc1P is N-acetylglucosamine-1-phosphate; G1P is
glucose-1-phosphate; UDP-G is UDP-glucose; ATP is adenosine triphosphate; ADP is adenosine diphosphate; UTP is uridin triphosphate; Ac-CoA is acetyl-coenzyme A; GLN is glutamine;
GLU is glutamate; PP is pyrophosphate; Ub is ubiquitin.
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507 (Tammi et al., 2011; Vigetti et al., 2012). UDP-GlcNAc is a substrate
508 for protein acylation through O-linked GlcNAcylation (O-GlcNAc).
509 Proteins can be modified reversibly at serine or threonine residues by
510 attachment of a GlcNAc molecule, reaction catalyzed by O-linked
511 N-acetylglucosaminyl transferase (OGT). O-GlcNAcmodification of pro-
512 teins may reduce or increase their activity (Ozcan et al., 2010).
513 Several mechanisms contribute to GlcN-induced decline in NF-κB
514 nuclear translocation. O-GlcNAcylation of IKKα inhibits its activity
515 and hence reduces IκBα phosphorylation (Scotto d'Abusco et al.,
516 2010);moreover,O-GlcNAcylation of IκBα impedes its phosphorylation
517 and degradation by the proteasome (Zou et al., 2009). On the other
518 hand, increased concentrations of GlcNAc inhibit ubiquitin-activating
519 enzyme E1 (Guinez et al., 2008), and reduce proteasome activity and
520 consequently, diminish IκBα degradation (Zhang et al., 2003; Liu et al.,
521 2011).
522 GlcN is in part mediated by HA and CS. HAS2 promoter contains
523 functional response elements for different transcription factors, includ-
524 ing SP1 (specificity protein 1) and YY1 (Yin-Yang 1), both repressors of
525 HAS2 expression. GlcN promotes the O-GlcNAc modification of SP1 and
526 YY1, and reduces their binding to HAS2 promoter and as a result, up-
527 regulates HAS2 and enhances HA synthesis (Jokela et al., 2011). More-
528 over, UDP-GlcNAc induces the O-GlcNAcylation of HAS2 on serine 221,
529 modification that not only prevents HAS2 degradation by the ubiqui-
530 tin–proteasome system, but also increases its activity and enhances
531 HA synthesis (Vigetti et al., 2012).
532 UDP-GlcNAc in the inner surfaces of the endoplasmic reticulum
533 and Golgi vesicles is converted to N-acetylgalactosamine (GalNAc) by
534 UDP-galactose 4′-epimerase and sulfated in positions 4 and 6 by
535 sulfo-transferases to initiate the synthesis of CS (Nigro et al., 2009;
536 Vigetti et al., 2012). In these vesicles, GalNAc residues with sulfate
537 linked to 4- and/or 6-hydroxyl positions, are bound to D-glucuronic
538 acid (GlcUA) to form C4S and C6S (Silbert & Sugumaran, 2002).
539 Contributing to GlcN anti-inflammatory properties, GlcN prevents
540 COX2 N-glycosylation and as a consequence, increases COX2 degrada-
541 tion by the proteasome (Jang et al., 2007; Park et al., 2013).
542 There is growing evidence that epigenetics is a contributing mecha-
543 nism to the progression of OA. DNAmethylation of clusters of cytosine–
544 phosphate–guanine (CpG) dinucleotides in the promoter represses
545 gene transcription. In chondrocytes from patients with OA, DNA meth-
546 ylation is reduced and consequently, there is an epigenetic derepression
547 of the genes coding for MMP3,MMP9,MMP13, ADAMTS4, and IL-1β; in
548 addition, CpG islands of the DNA of superoxide dismutase-2 (SOD-2)
549 and of bone morphogenetic protein-7 (BMP-7) are hypermethylated,
550 with decreased transcription and expression of SOD-2 and BMP-7 pro-
551 teins (Goldring & Marcu, 2012; Im & Choi, 2013).
552 In human chondrocytes, around 65% of CpG in −256 site of IL-1β
553 promoter are methylated; incubation of chondrocytes with IL-1β/
554 oncostatin decreases the methylation to 36% by reducing DNA
555 methyl transferase-1 and consequently, gene expression of IL-1β is
556 enhanced. GlcN increases −256 CpG methylation to 44%, and reduces
557 IL-1β/oncostatin-induced IL-1β expression (Imagawa et al., 2011).
558 Based on the evidence that NF-κB binding to the promoter of target
559 genes reduces CpG methylation (Kirillov et al., 1996), Imagawa et al.
560 proposed that GlcN enhances IL-1β-256 CpG methylation by reducing
561 NF-κB nuclear translocation and binding to IL-1β promoter (Imagawa
562 et al., 2011).
563 The effect of GlcN on epigenetics is probably substantial since
564 OGT may O-GlcNAcylate methyltransferases, the carboxy-terminal
565 domain of RNA polymerase II, the co-repressor switch-independent
566 3A–histone deacetylase, and core histones of the nucleosome and as a
567 consequence, alter their activities (Hanover et al., 2012; Deplus et al.,
568 2013).
569 In human osteoarthritic articular cartilage, GlcN does not appear to
570 activate the synthesis of collagen II or of aggrecan, but may increase
571 the release of proteoglycans (Bassleer et al., 1998bQ7 ; Uitterlinden et al.,
572 2006).

5735. Conclusions

574Oral bioavailability of HA is around 5% and that of CS of the order of
57520%. HA and CS absorption is mediated by lymphatic transport and/or
576paracellularmechanisms and the lowbioavailabilitymight be secondary
577to the saturation of these processes. GlcN bioavailability approximates
57845% and ismediated bymembraneGLUT. The incomplete bioavailability
579of GlcN is due to an extensive first-pass effect through the hexosamine
580pathway in the epithelial cells of the intestine. Orally administered
581SYSADOA accumulate in the joints.
582HMW-HA does not penetrate into the cell, except for its internaliza-
583tion by CD44 into chondrocytes and synoviocytes, and subsequent deg-
584radation by Hyal. HMW-HA prevents the inflammatory response in
585chondrocytes, osteoblasts, osteoclasts and synoviocytes triggered by
586ECM fragments and IL-1β, primarily by engaging TLR4, CD44 and/or
587ICAM1. Binding of HMW-HA to these membrane receptors impedes
588the binding of ECM fragments and the subsequent activation of the re-
589ceptors. Moreover, HMW-HA binding to CD44 and ICAM1 promotes
590the release of IRAK-M and MKP-1 that block signal transduction path-
591ways leading to the activation of transcription factors such as NF-κB.
592Cell penetration of CS and its oligosaccharides is very limited; there-
593fore, CS inhibits NF-κB nuclear translocation and the inflammatory reac-
594tion by engaging TLR4, CD44 and perhaps ICAM1, and preventing ECM
595fragments to trigger the inflammatory reaction. Moreover, by binding
596to TLR4, CD44 and perhaps ICAM1, CS may foster the release of IRAK-M
597andMKP-1. On the other hand, CS promotes HMW-HA synthesis and fa-
598cilitates HMW-HA binding to CD44. In addition, CS contributes to main-
599tain ECM integrity by increasing the expression of TGF-β1 and the
600synthesis of HA and collagen II. Finally, CS reduces the effect of BK.
601The major effect of GlcN derives from its capacity to O-GlcNAcylate
602proteins, primarily IKKα and IκBα; as a consequence, GlcN reduces NF-
603κB nuclear translocation and abrogates the transcription of proteolytic
604and pro-inflammatory target genes.Moreover, diminishedNF-κB activa-
605tion increases the methylation of the promoter of pro-inflammatory
606genes and reduces their transcription. O-GlcNAcylation of ICAM1
607increases its proteolysis by the proteasome. Finally, GlcNAc induces
608the synthesis of HA and CS. The great majority of studies aimed at eluci-
609dating GlcN mechanism of action have been conducted with GlcN-
610hydrochloride, therefore it cannot be assumed that the SYSADOA effect
611of GlcN-sulfate implicates identical mechanism of action.
612The differences in mechanism of action between CS and GlcN ex-
613plain why the combination of CS and GlcN is more effective than each
614individual drug. Moreover, based on the mechanism of action of
615SYSADOA, we may postulate that HA and CS will be more effective in
616early phases of OAwhen ECM fragments trigger the inflammatory reac-
617tion. On the other hand, GlcN should be more effective in more ad-
618vanced phases of OA.
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