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a b s t r a c t 

Background: Viscosupplementation of synovial fluid with intra-articular (IA) injections of hyaluronic acid 

(HA) is widely used for symptomatic treatment of osteoarthritis (OA). Herein we present HCS, a new com- 

bination of chemicals, associating HA and chondroitin sulfate (CS), both members of the glycosaminogly- 

can (GAGs) family, which are major components of the joint. HA provides viscosity to the synovial fluid 

and CS provides elasticity to the cartilage. Reduced levels of HA and CS are observed in OA joints and are 

associated with progressive cartilage damage and loss. 

Objective: The objective of the study was to evaluate the pharmacokinetic (PK) properties of both HA 

and CS after IA administration in a validated OA animal model. 

Methods: Motion impairment measurements and histological examinations were used to validate the 

ability of an IA injection of mono-iodoacetate (MIA) in the knee of rats to induce OA symptoms. Then, 

the PK properties of HA and CS after IA administration were characterized and each active ingredient 

was independently profiled: HA was labeled with tritium (3H-HA) and CS was labeled with carbon 14. 

(14C-CS) The final radio-labeled solution reproduced the cold HCS formulation. 

Results: Four male Sprague-Dawley rats received a 1 mg MIA injection on day 1, then motor impairment 

was monitored from day 4 to day 18. Chondrocyte necrosis, loss of GAGs and other cartilage damage were 

observed. Twelve other rats received a MIA IA injection on day 1 then a radio-labeled HCS IA injection 

(50 μL) on day 8. Plasma and knee cartilage were collected postadministration and the terminal half-life 

was similar in both matrices (about 5 days), for both 3H-HA and 14C-CS. 

Conclusions: Despite differences in their molecular size, HA and CS showed PK behavior similarly charac- 

terized by prolonged residence inside the joint and slow release in plasma, favoring long-term beneficial 

effects. ( Curr Ther Res Clin Exp . 2020; 92:XXX–XXX) 

© 2019 LCA Pharmaceutical, Chartres, France. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Osteoarthitis (OA) is a painful and disabling disease affecting a

arge number of people older than age 50 years. 1 , 2 It is character-

zed by progressive cartilage degradation with loss of type II col-

agen and glycosaminoglycans (GAGs), which are normally present

n the healthy joint, 1 in particular hyaluronic acid (HA), 3 the vis-
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oelastic component of synovial fluid, and chondroitin sulfate (CS),

 major component of the cartilage matrix. 4 , 5 HA is also present

n the cartilage, where it contributes to formation of aggregates,

hich are large associations of proteoglycans. 4 The role of GAGs is

ssential. HA provides viscosity and elasticity to the synovial fluid

allowing lubrication and shock absorbance in the joint) due to its

igh molecular weight (MW), which is more than several million

altons. Cartilage hydration and elasticity depend on the presence

f CS. Other biological functions in the joint are also attributed to

A and CS. 

The depletion of GAGs is therefore an important factor leading

o accelerated cartilage degradation in the OA disease. The ability
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o self-repair cartilage is known to be very limited in young

eople, and almost absent in older people. 4 Although there is

o established disease modifying agent for OA, 4 symptomatic

reatments are proposed to alleviate pain and partially restore

echanical function. Among these treatments, viscosupplemen-

ation 

6–8 of the synovial fluid with intra-articular (IA) injections

f HA, has been widely used for several decades. The majority of

xogenous HA remains in the joint for only a few days, but the

linical therapeutic effects of HA treatment may be seen for up to

 months or more 2 , 6–8 ; that is, several months after total clearance

f the product. Because the administration local, viscosupplemen-

ation is considered as a safe treatment, free of systemic secondary

ffect. 6–8 

The presence of CS increases the tissue adherence properties

hen compared with an HA alone-based formulation. In this sense,

 specific IA product formulation (Arthrum HCS or Synovium HCS

rom LCA Pharmaceutical, Chartres, France), combining both HA

20 mg/mL) and CS (20 mg/mL) may offer new therapeutic per-

pectives, but the exogenous IA CS with its smaller MW—< 50

Da—may be subject to a faster rate of elimination with respect

o HA. In the absence of pharmacokinetic (PK) data in the litera-

ure, the exposure to the two GAGs (HA and CS) administered in

ombination needed to be directly measured and compared, both

ystemically and in the joint compartment. It was judged more rel-

vant to carry out this study on an OA animal model to reproduce

he influence of an altered joint context as in the case of a human

nee with OA disease. 

The objective of the study presented in this article was to eval-

ate the PK profiles of the radio-labeled test items: tritium-labeled

A ( 3 H-HA) and carbon 14-labeled CS ( 14 C-CS), administered in

ombination via a single IA (bolus) injection to an arthritis disease

odel developed in rats. The time profile of tritium- and carbon

4-associated radioactivity in the administration site and in plasma

ere measured. To validate this OA model before PK, evaluations of

otor activities together with histopathology examinations of the

nees were performed after mono-iodoacetate (MIA) injection in

ats. This study was entirely performed at Citoxlab France (BP 563,

7005 Evreux, France), from 2016 to 2018. 

ethods 

thical statement and animal welfare 

The study was conducted in compliance with animal health

egulations, in particular Council Directive No. 2010/63/EU of

eptember 22, 2010, on the protection of animals used for scien-

ific purposes. 

The Citoxlab France Ethical Committee (CEC)—accredited by the

nternational Association for Assessment and Accreditation of Lab-

ratory Animal Care—reviewed the present study plan to assess the

ompliance with the corresponding authorized project as defined

n Directive 2010/63/EU. The CEC notified the study director of the

eview before the finalization of the study plan. During the study,

he CEC was regularly informed of any amendments to the study

lan that could affect animal welfare. 

eceipt, identification, and acclimation 

On arrival, the animals were given a clinical examination to en-

ure that they were in good condition. Each animal was identified

y an individual ear tattoo, then they received a unique Citoxlab

dentity number at the beginning of the study. The animals were

cclimated to the study conditions for a period of 7 days before

he beginning of the treatment period. 
ousing and environmental conditions 

The animals were group housed (maximum 5 animals) in poly-

arbonate cages (2065 cm 

2 ) with stainless steel lids, containing

utoclaved sawdust, nylabone, and a rat hut for the environmen-

al enrichment of the animals. The animal room was controlled at

2 °C ±2 °C temperature, 50% ±20% relative humidity, 12-hour/12-

our light/dark cycle, and ventilated with filtered, nonrecycled air

8–15 cycles/hour). 

ood and water 

All animals had free access to pelleted maintenance diet and

ap water (filtered at 0.22 μm) in bottles. The batches of diet and

awdust were analyzed by the suppliers for composition and con-

aminant levels. Bacterial and chemical analyses of water were per-

ormed regularly by external laboratories. No contaminants were

resent in the diet, drinking water, or sawdust at levels that could

ave been expected to interfere with, or prejudice, the outcome of

he study. 

art 1: Osteoarthritis model 

IA rat model 

The first step was selection of the method to induce OA in rats.

onsidering the risk of obtaining higher severity than for human

A, rather than using a surgical method such as anterior cross lig-

ment (ACL) transection or meniscectomy, our preference was for

A induction by IA injection. 9 An OA model was initially set up

ased on the IA injection of MIA, a known technique that induces

hondrocyte death in the articular cartilage of rodent and nonro-

ent species. 10–23 The rat model used in the present study was

dapted from a method described by Guingamp et al. 10 , 11 A sum-

ary of available studies describing MIA-induced OA in the rat is

iven in Table 1 . Among the different doses tested on animals, the

owest ( ≤0.3 mg) did not reach an appreciable impairment level

ithin 7 days postinjection, whilst the highest ( ≥2 mg) led to irre-

ersible damage that was too severe within a time as short as 14

ays ( Figure 1 ). After selection of an intermediate 1 mg MIA dose

hat was applied on day 1, OA symptoms were induced in rats a

ew days after administration. 12 The induced lesions were demon-

trated by observing the OA symptoms during motor activity test-

ng and by comparative joint histology. The remaining point was

o optimize the time-lapse for potential OA treatment (IA interven-

ion), as proposed in Figure 1 . Relatively fast evolution of OA was

xpected after MIA injection. Consequently, a gap of a few days

ad to be left before the next intervention. This gap started after

he earliest motor impairment in the animal and finished before

ny subchondral collapse. 

Nine male Sprague-Dawley rats—Rj:SD (IOPS Han)—were in-

luded in this part of the study. These animals were trained for

otor activity testing beforehand, including rearing and horizontal

ovements. Only trained animals were included in the group. 

IA-treated group 

Five animals were anesthetized (using isoflurane) and received

 single IA injection of 1 mg MIA (50 μL/injection at 20 mg/mL)

hrough the patellar ligament between the tibia and femur of the

ight knee using a 27-gauge needle. 

ontrol group 

Four untreated animals were used as a control group to obtain

omparative results on the physical assessment (ie, motor activity).

hese animals representing safe subjects, were the same species

nd age; similarly reared; and then submitted to the same initial

raining, follow-up, and testing as the MIA-treated group, except
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Table 1 

Mono-iodoacetate (MIA) rat studies: Tabulated summary. 

Study Rat strain Body weight 

(g) (age) 

MIA injected Observations ∗

Volume 

(μL) 

Dose level 

(mg) 

Dose 

(mg/kg) 

Guingamp 10,11 Wistar 150–225 50 0.3 1.6 Day 1–2: Activity reduced 

Day 3–6: Normal activity 

Day 7 + : Activity reduced 

50 3 16 Rapid degradation 

Janusz et al 12 Sprague- 

Dawley 

220–230 25 0.25 1.1 Day 1–7: Progressive GAG loss 

Day 21: Subchondral degradation 

Guzman et al 13 Wistar 175–200 50 1 5.3 Day 1: Chondrocytes degenerate 

Day 5–7: Cartilage and loss of 

chondrocytes 

Day 7–14: Subchondral bone marrow 

loss 

Day 28: Multiple collapse 

Saito 14 Wistar (10–11 wk) 50 0.1 0.4 Weak damage by MIA 

Degradation, 15 km walk 

Peng et al 15 Lewis (old males) 50 1 4 Day 3: Onset of pain, 

Day 14-28: Femorotibial and 

femoropatellar damages 

Ferland-Legault 16,17 Sprague- 

Dawley 

180–225 30 3 15 Day 3, 7, 14, 21, 28: Structural 

damages 

Day 7-21: Similar to OA in human 

Liu et al 18 Sprague- 

Dawley 

275–300 60 4.8 16 High doses have been deliberately 

selected 

Mannelli et al 19 Sprague- 

Dawley 

200–250 25 2 8.9 Day 0: Anti-O 2 − treatment 

Day 14: Slowed OA 

Day 14: MIA controls severely affected 

Benschop et al 20 Wistar 8 (wk) 50 0.3 1.5 NSAID responders : 

Day 14: Treatment 

Day 17: Pain evaluation 

50 1 5 NSAID non-responders : 

Day 40: Treatment 

Day 43: Treatment and pain evaluation 

at + 2 h 

Naveen et al 21 Sprague- 

Dawley 

100–150 (12 

wk) 

25 2 16 Cartilage thickness and GAG 

Day 7: Moderate degradation 

Day 14: Major degradation 

Calado et al 22 Wistar 250 25 2 8 Day 3: Major handicap 

Study limited to 10 days 

Jain et al 23 Charles 

Foster 

180–220 40 2 10 Day 7–14: Oral diacerein 

Day 28: OA slowed 

Day 56: Cartilage healed 

MIA controls: 

Day 7: Loss of hyalin cartilage 

Day 14: Deep fissures 

Day 28: Subchondral bone collapsed 

Day 56: Total loss of cartilage 

GAG = glycosaminoglycan; O 2 − = Superoxyde anion; OA = osteoarthritis; NSAID = non-steroidal anti-inflammatory drug 

Observations are in italic characters for the groups receiving a treatment 
∗ MIA was injected on Day 0. 
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hat they did not receive any injection. The interest of this post-

oc control group was to identify any factors (such as habituation)

hat could have an incidence on the test results and that were not

irectly related to the MIA effect. 

All animals were checked for mortality, morbidity, and clinical

igns at least once a day during the study, including weekends and

ublic holidays. Any signs of pain and/or dysfunction (or impair-

ent) were carefully recorded. The body weight of each surviving

nimal was recorded once before group allocation, before MIA ad-

inistration and on day 4, day 8, day 11, day 15, day 18, and day

2, post treatment. The schedule for each animal is described in

able 2 . 

otor activity 

Pain or locomotor impairment in animals was evaluated

rom the measurement of physical activity. Daily observation

ompleted the diagnosis, to evaluate the appearance, extent,

nd evolution of the OA symptoms in the MIA-injected rats.
nimals were not fasted or deprived of water before the

est. 

Motor activity (rearing and horizontal movements) was mea-

ured in MIA-treated animals and nontreated control animals

y automated infrared sensor equipment from Imetronic (Pessac,

rance), over a 60-minute period. Measurements were performed

n MIA-treated animals before treatment on day 1 and after treat-

ent on day 4, day 8, day 11, day 15, and day 18. For nontreated

nimals, these measurements were performed on the same days as

he MIA-treated animals. 

tatistical analysis 

Quantitative variables were described by their mean and SD at

ach observation time. Coefficient of variation (CV) percent, was

lso used. Whenever comparison between groups was possible,

he difference of variation to baseline (MD) was assessed and

ompleted with pooled standard deviation (SD p ), then the effect

ize (ES = MD / SD p ) and p -value were calculated. 
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Figure 1. Rationale graph. D = day; OA = osteoarthritis; MIA = mono-iodoacetate. 

Table 2 

Animal model motor activity schedule. 

Group Animal ID Training day Baseline treatment ∗ Follow-up day Day of euthanasia Comment 

MIA G23341 −4, −5 MIA 4, 8 8 Analyzed 

G23342 −4, −5 MIA 4, 8, 11, 15, 18 22 Analyzed 

G23343 −4, −5 MIA partial ( < 1 mg) 4, 8 8 Removed 

G23344 −4, −5 MIA 4, 8, 11, 15 15 Analyzed 

G23345 −4, −5 MIA 4, 8 9 Analyzed 

Control G23346 −3, −4 None 4, 8, 11, 15, 18 22 Analyzed 

G23347 −3, −4 None 4, 8, 11, 15, 18 22 Analyzed 

G23348 −3, −4 None 4, 8, 11, 15, 18 22 Analyzed 

G23349 −3, −4 None 4, 8, 11, 15, 18 22 Analyzed 

Training, follow-up and put-to-death information are presented as study day. MIA = mono-iodoacetate. 
∗ Baseline treatment occurred on day 1. 
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athology 

Cartilage lesion was evaluated by comparative histological ex-

minations of MIA injected knees and noninjected opposite knees

n treated animals. In the MIA group, one animal was eutha-

ized on day 8 (G23341), one on day 9 (G23345), one on day

5 (G23344), and another on day 22 (G23342), as shown in

able 2 . Animals were deeply anesthetized by an intraperitoneal

njection of sodium pentobarbital and sacrificed by exsanguina-
ion. Macroscopic examination, tissue processing, histological slide

reparation and microscopic examination were all performed at

itoxlab. 

Control animals were euthanized at the end of the experimen-

al phase (day 22). No macroscopic or microscopic post mortem

xaminations were performed and no tissues were preserved in

his group. These nontreated animals were deeply anesthetized by

n intraperitoneal injection of sodium pentobarbital, euthanized by

ervical dislocation, and discarded. 
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Figure 2. Cross-sectioning positions: longitudinal (yellow arrows) and transversal (green arrow). 
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acroscopic postmortem examination 

Macroscopic examination of the right and left femorotibial

oints was performed for animals euthanized on day 8 (G23341),

ay 9 (G23345), day 15 (G23344), or day 22 (G23342). Photographs

f right and left knees of animals euthanized on day 9 (G23345) or

ay 22 (G23342) were taken for macroscopic examination after in-

ian ink staining. 

reservation of tissues 

For all MIA-injected animals, the right and left femorotibial

oints were preserved in 10% buffered formalin. 

reparation of histological slides 

Both femorotibial joints (including the articular cartilage) were

rimmed according to the Registry of Industrial Toxicology Animal-

ata guidelines, 24–26 embedded in paraffin wax, sectioned at a

hickness of approximately 4 μm, and stained with hematoxylin

nd eosin (H&E) or with safranine O (to enhance the GAGs). The

amples were sectioned longitudinally ( Figure 2 ) for animals eu-

hanized on day 8 (G23341) or day 15 (G23344). A total of 4 his-

ological slides of femur and 4 of tibia (4 with H&E and 4 with

afranine O staining) were prepared from the right and left knees

f these animals. For the animals euthanized on day 9 (G23345)

r day 22 (G23342), 2 step sections, 150 μm apart, were prepared

ccording to the transverse sectioning angle ( Figure 2 ) in the tibial

late: 4 slides were made for each level (2 were stained with H&E

nd 2 with safranin O). 

icroscopic examination 

Microscopic examination of articular cartilage was performed

n left and right knees of each animal euthanized on day 8, day

, day 15, or day 22. Commented photographs were provided. 

art 2: Pharmacokinetics 

adio-labeled preparation 

The objective of this phase of the study, was to investigate the

K behavior of the HA and CS. A formulation containing 3 H-HA

nd 

14 C-CS, reproducing the original formula of the HCS solution,

as prepared. Cold ingredients HA and CS (as powders) and the

uffered saline solvent as used for the HCS formulation were

upplied by LCA Pharmaceutical. The active ingredients were radi-

labeled at Quotient Bioresearch (Cardiff, United Kingdom). Briefly,

ach individual polysaccharide was partially de-acetylated and 

econverted to the starting degree of acetylation by reactions with

adiolabeled acetic anhydride. Two preparations were synthetized, 

 containing 3 H-HA and the other 14 C-CS, in the same saline-

uffered solvent, and 5 mCi of each radio-labeled component were
btained. Size exclusion chromatography (SEC) confirmed quanti- 

atively the presence of each polymer. The cold starting material,

A and CS polymers, were used as reference marker respectively

or 3 H-HA and 

14 C-CS in the HPLC-SEC analysis. The retention time

uggested a low MW for 3 H-HA. However, previous studies re-

ealed that basic pathways of distribution of HA molecules and its

reakdown products showed only slight differences in the behavior

f molecules of different MWs in the rat model 27 . For this reason,

he obtained PK results in this study were considered representa-

ive of the HA and CS in the original pharmaceutical preparation. 

These radio-labeled ingredients were mixed with HA and CS

old active ingredients at Citoxlab to precisely reproduce the orig-

nal HCS formulation obtained from LCA Pharmaceutical (ie, 20

g/mL for total HA and 20 mg/mL for total CS), each at a conve-

ient radioactivity level. Because there was no evidence that this

ixed HCS radio-labeled preparation could have the same clini-

al effect as a cold only preparation, no clinical assessment was

lanned on PK animals. 

K procedure 

Following the preparation of the radio-labeled HCS solution, the

K study (including the in vivo phase, bioanalysis, and PK inter-

retation) was performed at Citoxlab. To provoke arthritis-like im-

airments, 12 male Sprague-Dawley rats received a single 50-μL IA

njection of 1 mg/animal MIA in the right knee on day 1. Then on

ay 8, all animals received a single IA (bolus) injection containing

 mg each active ingredient (an isotopic mixture of cold HA and CS

nd radio-labeled 

3 H-HA and 

14 C-CS) in the articulation previously

reated with MIA, under a total dose volume of 50 μL. 

Samples for the determination of 3 H-HA and 

14 C-CS radioactiv-

ty in plasma and knee articulation were collected as follows: 

• Plasma: 0.25 hour, 0.5 hour, 1 hour, 3 hours, 6 hours, 24 hours,

48 hours, 72 hours, 96 hours, 168 hours, 240 hours, and 336

hours after administration; and 

• Knee: 6 hours, 24 hours, 240 hours, and 336 hours after admin-

istration. 

The plasma CS and HA levels and the residual concentrations in

he treated joint were monitored via Liquid scintillation counting

LSC). The energy spectrum differences of the beta particles emit-

ed by each radio isotope were used to quantify total HA-related

adioactivity and total CS-related radioactivity separately in each

ample. 28 

The joint cartilage was collected at time of sacrifice follow-

ng the terminal blood sample collection in each rat. The total

adioactivity levels of 3 H-HA or 14 C-CS in plasma and right knee

rticulation were determined. Each individual isotope was quanti-

ed independently, in the same sample, directly after the addition
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Figure 3. Motor activity I: Horizontal movements. Control group: n = 4 animals at 

all time points. Mono-iodoacetate (MIA)-treated animals: n = 4 up to day 8, n = 2 

on day 11 and day 15, and n = 1 on day 18. Error bars represent SE. Difference is 

significant at day 11. 
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Figure 4. Motor activity I: Rearing. Control group: n = 4 animals at all time points. 

Mono-iodoacetate (MIA)-treated animals: n = 4 up to day 8, n = 2 on day 11 and 

day 15, and n = 1 on day 18. Error bars represent SE. Difference is significant from 

day 4 to day 15. 

f  

t

 

1  

O  

b  

t

 

c  

l  

t  

O

 

o  

f  

m  

o

H

 

o  

m  

j

 

c  

t  

i  

(  

t  

a

 

w  

b  

c  

t  

w  

g

 

l  

l  

t

 

w  
f liquid scintillation for plasma, or after cartilage digestion using

 M sodium hydroxide followed by LSC (2 aliquots were analyzed

or each digested tissue and the average value of the duplicate

nalysis was used for the PK analysis). As scintillation cocktail,

ltima Gold (PerkinElmer, Waltham, Massachusetts), was used

using 10 equivalent plasma or homogenate volumes per sample).

 Tri-carb 2910TR Liquid Scintillation System (PerkinElmer) was

sed for the radio-detection. 

K analysis and statistics 

After quantification of carbon 14 or tritium total related ra-

ioactivity by LSC, for each active ingredient (HA or CS), the

elative PK parameters in plasma and knee articulation were

etermined in each matrix collected using the mean concentration

rofiles of 3 rats per time point. The following PK parameters were

alculated: maximal concentration (C max ), with corresponding time

T max ), concentration at time zero (C0), time constant elimination

 λz ), half life (t ½), area under the curve at various time intervals

AUC 0–t , and AUC 0–∞ 

). To complete an estimation was made of the

0% CI for the t ½ of 3 H-HA and 

14 C-CS in joint or plasma, using

 version 3.6.1 software (R Foundation for Statistical Computing,

ienna, Austria). 

esults 

nimal OA model 

On the first day of treatment, the MIA-treated animals had a

ean (SD) body weight of 253 (6) g (range, 248–262 g). For the

ontrol group, the mean (SD) body weight was 280 (5) g (range,

74–287 g) at inclusion in the study. This difference was not con-

idered critical as no treatment was performed on control animals.

ormal increases in body weight were observed throughout the

tudy in all animals (reaching between 414 g and 442 g on day

1 or day 22). Among animals treated, 1 (G23343) received an in-

omplete injection of MIA, so it was removed from the analysis

 Table 2 ). 

Motor activity was assessed using infrared detection ( Table 3 ,

igures 3 and 4 ). Decreased horizontal movement and rearing

cores were observed in all MIA-treated animals from day 4 to day

8. Comparison of the mean variations to baseline revealed a sig-

ificant difference ( P < 0.05) at day 11 for the horizontal move-

ents, and from day 4 to day 18 for the rearing scores, confirming

nimal impairment in the MIA-treated group. ES was always found
rom 0.76 to 5.14 for motor activity, which is quantitatively impor-

ant because it is close or largely over 0.8, accordingly to Cohen 

29 . 

At the histology examinations performed on day 8, day 9, day

5, and day 22, there was evidence of MIA-induced degenerative

A, which was characterized by thickening of the synovial lining

y inflammatory cells, necrosis and loss of chondrocytes in the ar-

icular cartilage, loss of GAGs, and also formation of clefts. 

On day 15 and day 22, trabecular bone remodeling in the sub-

hondral bone and release of eroded cartilage into the joint articu-

ar space were observed. There were signs of complete loss of pro-

eoglycans in several articular plate areas, as suggested by safranin

 staining. 

Taken together, these results indicate that single IA injection

f MIA (1 mg/animal) resulted in degenerative OA-like changes a

ew days after injection, associated with decreases in horizontal

ovement ( Figure 3 ) and rearing ( Figure 4 ) scores, but without any

ther clinical sign or mechanical dysfunctions. 

istology detailed results in MIA-treated rats 

The right and left tibiofemoral joints of rat G23341 euthanized

n day 8 and of rat G23344 euthanized on day 15 were examined

icroscopically. A longitudinal section through the femur, knee

oint, and tibia (anteroposterior) was performed ( Figure 2 ). 

In rat G23341, there was evidence of induced degenerative OA,

haracterized by thickening of the synovial lining by inflamma-

ory cells ( Figures 5 and 6 ), necrosis and loss of chondrocytes

n the articular cartilage ( Figures 5–8 ), and formation of clefts

 Figure 7 ). There was a marked decrease of safranin O staining in

he affected areas, suggesting loss of proteoglycans and GAGs (HA

nd CS) ( Figure 8 ). 

In rat G23344, similar lesions to those shown in rat G23341

ere observed ( Figures 9–11 ). In addition, evidence of trabecular

one remodeling was noted ( Figure 9 ), as well as release of eroded

artilage into the joint articular space ( Figure 10 ). This was consis-

ent with more prolonged insults to the articular surfaces. There

ere signs of complete proteoglycan loss in some areas, as sug-

ested by the loss of safranin O staining ( Figure 11 ). 

In summary, degenerative changes were identified in the articu-

ar cartilages and lining synovial membranes from these 2 rats. The

esions were more severe and advanced in animal G23344 (day 15)

han in animal G23341 (day 8). 

Knee articulation samples from rats G23345 and G23342,

hich were euthanized on day 9 and day 22, respectively, were
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Figure 5. Rat G23341 (day 8). Comparison of right versus left (control) tibiofemoral joints. The arrow denotes synovial membrane thickening by inflammatory cells. The 

asterisk denotes area where chondrocyte density is decreased. 

Figure 6. Rat G23341 (day 8). Comparison of right versus left tibiofemoral joints. The arrow denotes thickening of the synovial lining by inflammatory cells. 

Figure 7. Rat G23341 (day 8). Comparison of right versus left tibiofemoral joints. Higher magnification reveals cartilage fibrillation and necrosis with a severe loss of 

chondrocytes for both tibial and femoral plates (denoted by asterisks). In the superficial layers, a cleft is seen in the tibial plate, and the arrow denotes clusters of proliferative 

chondrocytes. 
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Figure 8. Rat G23341 (day 8). Comparison of right versus left tibiofemoral joints. Safranin O staining reveals the loss of proteoglycans along with decrease and thinning in 

the superficial cartilage matrix. 

Figure 9. Rat G23344 (day 15). The trabeculae of the subchondral bone show variable degrees of thickening and remodeling (denoted by arrow). 

Figure 10. Rat G23344 (day 15). Hypertrophic villi lined with plump synoviocytes and infiltrated with mononuclear inflammatory cells (denoted by arrow). Fragments of 

degenerated cartilage, presumably derived from the eroded articular surface, embedded in the synovium or attached to its surface (denoted by double arrow). 
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Table 3 

Motor activity I: Automated infrared sensor. 

Group Animal ID Day 1 Day 4 Day 8 Day 11 Day 15 Day 18 

Horizontal movements (scoring) 

MIA G23341 50 59 24 

G23342 58 50 62 29 16 29 

G23344 53 49 47 26 32 

G23345 66 20 34 

Mean (SD) 56.8 (7.0) 44.5 (16.9) 41.8 (16.5) 27.5 (2.1) 24.0 (11.3) 29.0 

Control G23346 72 43 58 26 76 101 

G23347 53 50 42 75 26 41 

G23348 35 47 31 42 26 23 

G23349 29 51 41 52 41 23 

Mean (SD) 47.3 (19.4) 47.8 (3.6) 43.0 (11.2) 48.8 (20.5) 42.3 (23.6) 47.0 (37.0) 

Comparison 

Mean difference (pooled SD) 0 (14.6) 12.8 (12.2) 10.8 (14.1) 30.8 (17.8) 27.8 (21.2) 

Effect size 1.04 0.76 1.73 1.31 

P value 0.14 0.28 0.046 0.13 

Rearings (scoring) 

MIA G23341 108 51 47 

G23342 133 59 52 48 19 37 

G23344 161 83 73 55 46 

G23345 159 39 51 

Mean (SD) 140.3 (25.0) 58.0 (18.6) 55.8 (11.7) 51.5 (4.9) 32.5 (19.1) 37.0 

Control G23346 137 81 101 76 105 125 

G23347 79 80 89 52 54 82 

G23348 90 84 55 92 46 76 

G23349 68 99 59 90 57 28 

Mean (SD) 93.5 (30.4) 86.0 (8.8) 76.0 (22.5) 77.5 (18.4) 65.5 (26.7) 77.8 (39.7) 

Comparison 

Mean difference (pooled SD) 0 (27.8) 74.8 (14.5) 67.0 (18.0) 72.8 (16.2) 79.8 (25.0) 

Effect size 5.14 3.73 4.50 3.18 

P value < 0.001 < 0.001 < 0.001 < 0.001 

MIA = mono-iodoacetate. 

Figure 11. Rat G23344 (day 15). Loss of safranin staining on the superficial cartilage matrix, indicative of proteoglycan loss (denoted by arrow). 
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xamined using transverse (left to right) sectioning as shown in

igure 2 . Findings on the tibial plate confirmed focal necrosis of

he cartilage leading to fissures ( Figure 12 ) and remodeling of the

ubchondral bone ( Figures 13 and 14 ). This was associated with

arked decreased in safranin O staining ( Figure 14 ). 

adio-labeled injections and in-life results 

The specific activity of the isotopic mix in stock solutions and

ose formulations is reported in Table 4 . 

The animals received 0.261 MBq/50 μL of 3 H-HA and 0.466

Bq/50 μL of 14 C-CS. 
Per the planned schedule ( Table 5 ), the 12 animals (identified:

23921–H23932) received MIA on day 1 then the HA and CS for-

ulation on day 8 by IA injection. A good correspondence between

he nominal dose volume and the actual administered volume was

bserved for the majority of the animals. 

OA symptoms were considered to have been correctly induced

n the animals by the MIA injection as locomotor difficulties were

bserved from day 4 to day 7. 

Hematomas and swelling of the knees were observed from day

 to day 4 after HA and CS administration. These clinical signs

ere considered to be due to the administration procedure. There

as no mortality or morbidity during the study, and no analgesia

as required. 
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Figure 12. Rat G23345 (day 9). Comparison of right versus left tibia (transverse section). There is evidence of cartilage thinning and necrosis (denoted by arrow), leading to 

cracks. Subchondral bone seems to be nearly unchanged. 

Figure 13. Rat G23342 (day 22). Right tibia (transverse section). The trabeculae of the subchondral bone show variable degrees of thickening and/or remodeling and a loss 

of hematopoietic cells (denoted by asterisk). The arrow denotes focal necrosis of the articular plate cartilage. 

Figure 14. Rat G23342 (day 22). Comparison of right versus left tibia (transverse section). Marked decrease in safranin O positive area showing proteoglycan loss (cartilage 

necrosis) as denoted by an arrow. Subchondral bone shows variable degrees of remodeling and loss of hematopoietic cells (denoted by asterisk). 
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Table 4 

Radio-labeled preparation and injection. 

ID number, sex, and 

identity of animals 

Radioactivity 3 H-HA 

MBq/kg (MBq/50 μL) 

Radioactivity 14 C-CS 

MBq/kg (MBq/50 μL) 

Dose-level of each test 

item (mg/articulation) 

Concentration each test 

item (mg/mL) 

Day of administration 

12 males: H23921 to 

H23932 

2.45 ∗ (0.491) 1.30 ∗ (0.261) 1 20 8 

14 C-CS = carbon 14-labeled chondroitin sulfate 
3 H-HA = tritium-labeled hyaluronic acid. 

∗ Calculated for a 200-g animal. 

Table 5 

Individual concentration of tritium-labeled hyaluronic acid-related radioactivity (μg-eq/g) in plasma. 

Animal ID Sampling time (h) 

0.25 0.5 1 3 6 24 48 72 96 168 240 336 

H23921 0.585 1.17 2.13 

H23922 0.594 1.99 4.14 

H23923 0.685 1.44 4.40 

H23924 0.792 2.43 7.80 

H23925 1.01 2.40 7.11 

H23926 0.864 2.09 7.50 

H23927 5.53 3.84 1.37 

H23928 5.36 3.75 1.54 

H23929 6.71 4.54 1.50 

H23930 4.64 2.43 0.935 

H23931 4.43 2.21 0.757 

H23932 5.99 2.73 0.954 

Mean 0.620 0.887 1.53 2.31 3.56 7.47 5.87 5.02 4.04 2.46 1.47 0.882 

SD 0.053 0.109 0.414 0.190 1.24 0.342 0.736 0.847 0.430 0.257 0.09 0.109 

SE 0.031 0.063 0.239 0.110 0.72 0.197 0.425 0.489 0.248 0.148 0.052 0.063 

CV 9% 12% 27% 8% 35% 5% 13% 17% 11% 10% 6% 12% 

Table 6 

Individual concentration of carbon 14-labeled chondroitin sulfate-related radioactivity (μg-eq/g) in plasma. 

Animal ID Sampling time (h) 

0.25 0.5 1 3 6 24 48 72 96 168 240 336 

H23921 3.29 3.43 0.705 

H23922 3.74 5.87 0.617 

H23923 3.88 5.38 0.790 

H23924 4.08 0.855 0.394 

H23925 5.03 1.14 0.338 

H23926 4.35 1.13 0.317 

H23927 0.164 0.0791 0.0128 

H23928 0.163 0.0777 0.0177 

H23929 0.187 0.0976 0.0180 

H23930 0.120 0.0325 0.00917 

H23931 0.118 0.0348 0.00817 

H23932 0.163 0.0410 0.0109 

Mean 3.64 4.49 4.90 1.04 0.704 0.350 0.171 0.134 0.0848 0.0361 0.0162 0.0094 

SD 0.307 0.488 1.29 0.161 0.087 0.040 0.013 0.026 0.0111 0.0044 0.0030 0.0014 

SE 0.177 0.282 0.74 0.093 0.050 0.023 0.008 0.015 0.0064 0.0026 0.0017 0.0008 

CV 8% 11% 26% 15% 12% 11% 8% 19% 13% 12% 18% 15% 
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ioanalysis and PK results 

3 H-HA and 

14 C-CS related radioactivity was easily detected

nd quantified in plasma and knee articulation throughout the

tudy, with signals well above the instrumental detection limits

 Tables 5–7 ). The variations are also expressed from curves

 Figures 15 and 16 ). 

Moderate interanimal variability among the concentrations 

easured was observed. CV values for plasma concentrations

anged from 5% and 35% and from 8% to 26%, respectively, for 3 H-

A and 

14 C-CS, and CV values for knee concentrations ranged from

% to 36% for 3 H-HA and from 28% to 34% for 14 C-CS. The radioac-

ivity related to 3 H-HA and 

14 C-CS was quantifiable from 0.25 hour
o 336 hours after the end of administration in plasma, and from

 hours to 336 hours in the knee. 

Plasma radioactivity levels were quantifiable at all collection

ime points in this study, but at concentrations that were much

ower than in the knee articulation (at the site of injection). Plasma

oncentrations represented approximately 1% and 6% of knee con-

entrations for 3 H-HA and 

14 C-CS related radioactivity, respectively,

nd, based on AUC values, plasma exposure to 3 H-HA and 

14 C-CS

elated radioactivity represented approximately 5.21% and 0.8% of

nee exposure. 
14 C-CS terminal t ½ value was similar in the knee and in plasma.

his suggests that the rate of disappearance of CS from the injec-

ion site corresponds to the absorption rate from the injection site
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Table 7 

Individual concentration of tritium-labeled hyaluronic acid ( 3 H-HA) and carbon 14-labeled chondroitin sulfate ( 14 C-CS)-related radioactivity (μg-eq/g) in knee. 

Animal ID Sampling time (sacrifice) 

3 H-HA 14 C-CS 

6 h 24 h 240 h 336 h 6 h 24 h 240 h 336 h 

H23921 362 48.9 

H23922 524 61.7 

H23923 632 84.5 

H23924 13.0 ∗ 3.57 ∗

H23925 160 32.3 

H23926 170 35.4 

H23927 5.67 2.84 

H23928 11.7 5.79 

H23929 8.25 4.66 

H23930 5.44 1.97 

H23931 4.56 2.22 

H23932 4.82 3.54 

Mean 506 165 8.55 4.94 65.1 34 4.43 2.57 

SD 136 7.07 3.04 0.453 18.0 2.2 1.49 0.842 

SE 79 5.00 1.76 0.262 10.4 1.6 0.86 0.49 

CV 27% 4% 36% 9% 28% 6% 34% 33% 

∗ Not included in calculations because the sample was overturned during preparation. 

Figure 15. Knee and plasma concentration (μg-eq/g) of tritium labeled-hyaluronic 

acid ( 3 H-HA)-related radioactivity over time after single intra-articular administra- 

tion of 1 mg/animal (equivalent to 0.491 MBq/animal) of HA to male Sprague- 

Dawley rats (arthritis model) (semi-logarithmic scale). Error bars represent SE. 

PK = pharmacokinetic. 

i  

t  

r  

k  

c  

Figure 16. Knee and plasma concentration (μg-eq/g) of carbon 14 labeled- 

chondroitin sulfate ( 14 C-CS)-related radioactivity over time after single intra- 

articular administration of 1 mg/animal (equivalent to 0.261 MBq/animal) of CS to 

male Sprague-Dawley rats (arthritis model) (semi-logarithmic scale). Error bars rep- 

resent SE. PK = pharmacokinetic. 
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nto blood, which is a flip-flop case: 30 , 31 When the k a is greater

han the k e , the elimination phase of the active ingredient profile

eflects the input k a , rather than the output k e . This causes the

 a to be the rate-limiting step (k e > k a ), making it slower and

ausing an increase in half-life. This was also the case for HA,
 t  
ecause the elimination phase observed in the plasma profile

hould reflect the input rate from the IA injection site, rather than

he plasma output k e . 

It was difficult to profile the t ½ for 3 H-HA related radioac-

ivity in knees due to the multiphasic trend and the limited
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Table 8 

Pharmacokinetic results. Dose-level: 1 mg/animal. 

Analyte Matrix Rsq No. of points used 

to calculate λz 

λz t 1/2 (90% CI) ∗ T max C max C0 AUC 0–t AUC 0–∞ AUC t–∞ 
extrapolated 

1/h h h μg-eq/g μg-eq/g h ∗μg-eq/g h ∗μg-eq/g % 

HA Knee 0.957 3 0.0061 114 (101–131) 6 na 736 21,223 21,647 2 

na 2 0.0053 131 (77–441) nc nc 

HA Plasma 0.995 4 0.0088 79 (57–130) 24 7.47 na 989 1127 12 

na 2 0.0054 129 (102–174) nc nc 

CS Knee 0.989 3 0.0085 82 (69–99) 6 na 80.9 4746 5051 6 

na 2 0.0056 125 (67–845) nc nc 

CS Plasma 0.971 4 0.0079 88 (74–109) 1 4.90 na 39.8 40.8 3 

na 2 0.0056 124 (87–218) nc nc 

CS = chondroitin sulfate; HA = hyaluronic acid; na = not applicable; nc = not calculated; Rsq = R-squared; λz = elimination time constant; t 1/2 = half-life; CI = confidence 

interval; C0 = concentration at time zero (extrapolated); C max = maximal concentration; T max = time for maximal reading; AUC = area under the curve. 
∗ Calculated using R version 3.6.1. (R Foundation for Statistical Computing, Vienna, Austria). 
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umber of sampling time points available; it is apparently shorter

han in plasma if the 3 last time points: 24 hours, 240 hours, and

36 hours are used in the calculation. But looking at the profile

f the curve, the terminal elimination phase had probably not yet

een reached after 24 hours and the true t ½ would be better rep-

esented by the time point at 240 hours and 336 hours, excluding

he 24-hour time point. Therefore, based on the 2 latest points,

40 hours and 336 hours, mean (90% CI) half-life in knee joint and

lasma were found to be 131 hours (90% CI, 77–441 hours) and 129

ours [90% CI, 102– 174 hours] for 3 H-HA, and 125 hours [90% CI,

7–845 hours] and 124 hours [90% CI, 87–218 hours), respectively,

or 14 C-CS. 

Maximum concentrations in plasma were reached at 1 hour and

4 hours after IA administration for 3 H-HA and 

14 C-CS related ra-

ioactivity, respectively. A large difference was observed between

oncentrations in the joint and in plasma. For 3 H-HA, the joint

oncentration to plasma concentration ratio was 142 at 6 hours,

hen became smaller over time: 22 at 24 hours, 5.8 at 240 hours

nd 5.6 at 336 hours. For 14 C-CS, the ratio was 92 at 6 hours, 97 at

4 hours, 273 at 240 hours and 272 at 336 hours. In both cases, the

atio was stable between 240 hours and 336 hours, although evolv-

ng in opposite directions. Logically, the low ratio for HA could re-

ult from the presence of HA in the synovial fluid. And the much

igher ratio reached for CS could result from a penetration and

xation of CS inside the cartilage as the plasma-eliminated frac-

ion becomes very small over time. PK results are summarized in

able 8 . 

iscussion 

IA rat OA model 

Altogether, the OA induced on this MIA rat model appeared

o satisfactorily mimic OA in humans. The disease status can be

apidly induced in animals, thus making this model attractive.

here are some recognized concerns about using this type of ap-

roach. Firstly, according to the literature and to our observations,

A induced in rats by MIA injection, progressed very fast, when

ompared with human OA, and this appeared to be a potential lim-

tation to study the HCS clinical efficacy in MIA treated animals,

s response to viscosupplementation could be delayed as in hu-

ans. 6–8 Secondly, and related to the clinical end point normally

dopted, the evaluation of pain that can only be indirectly assessed

rom the impaired motion in animals. 

Our approach to assessing the development of OA symptoms in

nimals was based on: 

• Physical performance tests, as automated infrared sensor, using

measurable parameters such as rearing scores (spontaneous ex-

ercise), represent experimental conditions in which low stress-
related environments are observed during the evaluation of

motor activity in rats. 
• Knee joint histology: Several MIA rat studies indicate an im-

portant loss of GAGs in cartilage, together with chondrocyte

necrosis, which are key characteristics of OA in humans. At

the advanced stage of MIA-induced OA, the integrity of the

subchondral bone is compromised (bone marrow loss, then

collapse). In such a situation, cartilage cannot be restored

or healed by any available treatment. In our OA model, no

collapse was detected up to day 22. 

An equivalence to the Kellgren-Lawrence radiological scale (I–

V) used in humans is of course impossible to establish. Radiology

s not an available approach for rats in comparison with humans.

ther limitations might be related to the number of animals in-

olved in both treated and control animals. But our intention was

o use a reduced number of animals as the MIA model was clearly

stablished in the literature. 

K compared results 

Previously published data indicate that the plasma half-life of

ntravenously injected 

3 H-HA in humans ranged between 2.5 and

.5 minutes. 32 This PK analysis in MIA rats showed that the ra-

ioactivity coming from HA and/or CS stays in the joint, with a

alf-life of nearly 5 days (around 120 hours). Similar terminal t ½
alues were detected in plasma following the IA injection, thus in-

icating that via this administration route, the plasma half-life is

ainly influenced by the release rate from the injection site and

ot by the systemic clearance rate. This first important result in

ur study is that HA, but also CS, despite its smaller average MW,

re very slowly released from the IA injection site, resulting in a

alf-life of several days. The second important result indicates that

uch higher concentrations of labeled HA and CS related material

ere observed at the injection site than in plasma for the entire

uration of the observation period. 

No PK data were available in the literature concerning IA injec-

ion of CS, but we found several previous studies describing IA ad-

inistration of HA. After IA in rabbits, HA residence time has been

escribed as relatively short, with half-life values of 10.2 hours for

ow MW HA (90 kDa) versus 13.2 hours for very high MW HA ( > 6

Da). 33 This confirmed that PK properties of HA were not strongly

ependent on MW. In another study in rabbits, 34 the HA half-life

as 15.8 hours in synovial fluid and 17.5 hours in plasma. Cross-

inked HA materials have been specifically designed to extend this

esidence time by increasing the resistance of HA to metabolism

hydrolysis). High MW was considered to prolong the t ½ by delay-

ng filtration through the synovial membrane (synovium) 35 before

eaching the lymph and then the blood circulation system. 36 , 37 The

alf-life of Hylan GF-20 (Synvisc; Sanofi-Aventis US, Bridgewater,



14 M. Fonsi, A.-I. El Amrani and F. Gervais et al. / Current Therapeutic Research 92 (2020) 100573 

N  

f  

l  

f  

t  

e  

s  

t

 

i  

o  

h  

C  

s  

o  

p  

d  

1
 

p  

i  

a  

t  

H  

t  

s

 

o  

t  

a  

f  

f

 

r  

a  

t  

o  

c  

P  

C  

G  

i  

i  

t  

h  

i  

t  

t  

i  

a  

o

C

 

r  

s  

T  

t  

s  

p  

a  

T  

r

 

l  

a  

t  

t  

i  

o  

o  

i  

j  

t  

t  

i  

i  

i

D

 

a  

f  

V  

T  

t

A

 

f  

s  

t

C

 

w

 

a

 

s  

t

 

p

 

o

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ew Jersey) was found to be 1.5 day (36 hours) for the hylan A

raction ( > 6 MDa) and 8.8 days (211 hours) for the hylan B cross-

inked fraction, from joint sampling. 38 These results were not far

rom those measured in this study. This contributes to establishing

hat plasmatic exposure and systemic clearance of HA are influ-

nced by the absorption rate from the site of injection and that a

ignificant part of injected HA remains in the joint area for a long

ime before being eliminated. 

Unlike HA, CS is not present in the normal synovial fluid, but

t is abundant in the cartilage matrix. The ability of CS to fix

nto synoviocytes or chondrocytes and stimulate HA production

as been proved in vitro, 39–42 but the ability of IA-administered

S to deeply penetrate the cartilage has not yet been demon-

trated. CS clearance from the IA injection site may occur via syn-

vial membrane filtration and lymph drainage, as for HA. But other

athways (ie, via blood capillaries in the synovium and subchon-

ral bone) may not be excluded. In plasma, we measured 

3 H and
4 C radioactivity probably coming essentially from degradation by

roducts in the initial radio-labeled, active, principle GAGs, follow-

ng hyaluronidases or CS hydrolases. These elimination pathways

re the same for the exogen GAGs as for the endogen GAGs, due

o their molecular identity. There is great similarity between the

A and CS degradation processes. The main difference for CS is

he need to eliminate the sulfate compounds through additional

teps. 43 

Compared with other alternative administration routes, such as

ral or intravenous, the IA injections of GAGs offers the advan-

age of producing higher concentrations at the target site of action

long with low systemic exposure, thus avoiding loss of the larger

raction of the administered dose due to poor absorption and/or

ast systemic metabolism. 44 

We believe that the ability of GAGs to fix on tissues and cell

eceptors contributing to the biological equilibrium inside the joint

rea 39–42 is largely influenced by the local GAGs concentration and

he length of exposure. In consequence, the effect of HA and CS

n cartilage degradation, being more complex than a purely me-

hanical role, 2 , 44 may be positively and largely influenced by their

K properties. This PK study involving IA administration of HA and

S associated in the same formulation demonstrated that these 2

AGs have a very similar residence time, with half-lives of approx-

mately 5 days, despite their difference in MW. Clearly, combin-

ng CS with HA in the same viscosupplement offers several advan-

ages, 45 and on the clinical side in human OA, at least 2 studies

ave already proposed results in favor of IA preparations associat-

ng HA and CS. 46 , 47 Due to its steric size, high MW HA is supposed

o stay in the synovial fluid 

36 , 37 rather than to easily penetrate the

issue meshwork. For the small CS molecules that stay, surprisingly,

n the joint, the probability of penetration into tissue seems high,

nd cartilage could be the best candidate as tissue receptor, but

ther trials are necessary to confirm this hypothesis. 

onclusions 

After local administration of sodium MIA to Sprague-Dawley

ats (to obtain an animal model for arthritis), impairments of

pontaneous motor activity were observed from day 4 to day 15.

he clinical signs were considered to be related to MIA adminis-

ration and the histology investigation of the cartilage confirmed

ynovium inflammation, great loss of GAGs, chondrocyte necrosis,

resence of clefts, and later modifications in the subchondral bone,

ll of which are symptoms and effects associated with human OA.

herefore, the OA disease status was considered to have been cor-

ectly reproduced in the animals used in this study. 

The PK study allowed us to demonstrate a relatively long half-

ife for both HA and CS (about 5 days), estimated at 129 hours

nd 124 hours in the plasma versus 131 hours and 125 hours in
he knee joint, respectively. The difference in molecular weight be-

ween HA and CS does not seem to have had a large influence

n the half-life according to results obtained in this study. An-

ther important aspect of the results is the concentration levels

btained for HA and CS. These were much higher in the joint than

n plasma. Particularly for CS at 240 hours and 336 hours postin-

ection, when the concentration was found to be more than 270

imes higher in the joint than in plasma. Globally, this study leads

o the conclusion that IA administration of GAGs led to PK behav-

or characterized by prolonged residence inside the joint, allow-

ng induced long-term beneficial effects, and only a slow release

n plasma. 
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