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GENERAL INTRODUCTION 

 

There are many effective drugs in clinical usage, but some are restricted 

for dosage or dosing period due to several adverse effects. The reasons of these 

adverse effects are thought to be caused by the non -specific body distribution 

and subsequent unwanted biological function. In order to maximize efficacy and 

minimize adverse effect of drugs, it is necessary to control the pharmacokinetics 

and body distribution of drugs and achieve the optimum conditions for an 

appropriate time period. Such an approach is  so called Drug Delivery System 

(DDS). The technique to deliver and release a drug to a target region in the body 

is called drug targeting, and lot of researches have been attempted because it 

could lead to enlarge the beneficial potential of existing and new drugs.  

The drug targeting therapy has been examined in cancer and inflammatory 

diseases. This therapy utilized the phenomenon called enhanced permeability 

and retention (EPR) effect. The neovascular vessels surrounding cancer and 

inflammatory lesions have poor formation of endothelial cells and a tendency to 

extravasate the high molecular plasma contents, which is not observed in normal 

blood vessels. In addition, although the extravasation is resorbed via the 

lymphatics in normal tissues, such a resorption system is not fully developed, 

resulting in the accumulation of the extravasation. 1-3) 

High molecule weight polymer-linked drugs, and liposomes or 

nanoparticles containing drugs have been developed actively, and many have 

been examined as a targeted therapy. They have achieved certain success to 

deliver the drugs to target region effectively. 4-9) However, some problems such 

as prolonged remaining of the residual material in target tissue after the release 

of pharmaceuticals and immunological responsiveness to the systems still 

remain, leading to the requirement of further improved systems. 8, 9) 

Steroids are one of the most potent drugs for treatment of inflammatory 
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diseases including rheumatoid arthritis. 10-12)  

On the other hand, the drugs are used carefully in clinical practice, 

because of several risk of adverse effects, for example increased susceptibility 

to infection, osteoporosis, peptic ulcer, and hyperlipidemia. 13-16)  

In this thesis, novel high molecular weight polymer-drug conjugate was 

synthesized, in which prednisolone (PD) is linked to chondroitin sulfate (CS), 

and examined its pharmacological effect using rats with adjuvant -induced 

arthritis, which is one of the arthritis models widely used for evaluation of 

anti-rheumatic drugs.10, 17) Finally, in order to elucidate the targeting mechanism 

of the conjugate, its pharmacokinetic characteristics and drug distribution to the 

arthritic tissues were investigated using the same model.  

As for the linkage between PD and CS in the conjugate, an este r bond 

which is susceptible to hydrolysis under physiological conditions was 

chosen;18-22) that is an amino acid, glycine, was used as a linker for the 

combination between CS and PD. Although an ester bond is easily cleaved by 

enzymes in physiological conditions, the hydrolysis of the ester bond is 

expected to be suppressed in the conjugated form, because CS might form a 

steric barrier and protect the ester from enzymes. 23, 24) In addition, CS is one of 

glycosaminoglycans, and used as an injectable drug or health care supplement; 

namely, it has high safety and thought to be reasonable material as drug 

carrier.25-33) 

In chapter 1, a novel conjugate between PD and CS with glycine as a 

linker was prepared and examined the property and feasibility as a prodrug o f 

PD in vitro. First, PD was converted to the N-trityl-glycine ester (Tr-GP), and 

the glycine ester of PD (GP) was obtained by detritylation of Tr -GP. Then, GP 

and CS were condensed with water-soluble carbodiimide to yield the conjugate 

(CS-GP). The characteristics as a prodrug of PD were estimated by measuring 

the release of PD in buffered solutions of different pH values. The release tests 
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were performed under the conditions with rat plasma. Furthermore, as a 

preliminary study, the efficacy of CS-GP was estimated using rats with 

adjuvant-induced arthritis.34)  

In chapter 2, CS-GP with different PD contents was synthesized and 

estimated their conversion characteristics at different pH conditions. Next, 

anti-inflammatory effects of CS-GP, PD, CS and CS/PD mixture were examined 

using rat adjuvant-induced arthritis, and their efficacies were compared one 

another. Also, the pharmacokinetic properties of CS-GP and organ distributions 

were investigated in normal rats.35) 

 In chapter 3, in order to analyze the pharmacological mechanism of 

CS-GP, pharmacokinetic features and drug localization and retention were 

examined for CS-GP and PD. CS-GP and PD were administered to rats with 

adjuvant-induced arthritis, and plasma concentrations of the free PD released 

from CS-GP and the total PD (conjugated PD and free PD) were monitored. 

Further, the drug distribution in the inflammatory joints was investigated at 1, 7 

and 24 h after the administration to rats with adjuvant -induced arthritis.36)  
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Chapter 1 

 

 

Conjugate between Chondroitin Sulfate and Prednisolone with a Glycine 

Linker: Preparation and in Vitro Conversion Analysis 
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1. Introduction 

Rheumatoid arthritis (RA) is a chronic disease that causes inflammation 

of the synovial membrane located inside the art icular capsule. It is characterized 

by progressive destruction of the joints, involving synovial hyperplasia, 

synovial cell activation and articular inflammation. 37-39) Currently, the disease is 

a major problem worldwide, with many people suffering. 40) The symptoms of the 

disease, including persistent pain, stiffness and joint swelling, lead to 

deterioration of the quality of life (QOL). Both genetic and environmental 

factors are considered to be involved in the etiology. 4, 41,  42) The treatment of RA 

includes surgery to improve joint function, physiotherapy to recover motor 

function, and pharmacotherapy to ameliorate inflammation and joint destruction. 

As pharmacotherapy, non-steroidal anti-inflammatory drugs (NSAIDs),10, 11,  43) 

disease-modifying anti-rheumatic drugs (DMARDs)44) and glucocorticoids have 

been mainly used to manage various disease states. 10-12, 45,  46) In addition, 

recently, many antibody drugs have been developed actively, and their use is 

spreading progressively47-50); however, the aforementioned conventional drugs 

still play an important role in the treatment of RA. In particular, glucocorticoids 

are very highly potent and fast-acting agents in the treatment of RA; however, 

their chronic use often causes severe systemic side effects such as  diabetes, 

osteoporosis and adrenal failure, resulting in their limited use. 13-16)  

Therefore, recently, various attempts have been made to improve the use 

of glucocorticoids in the treatment of RA. 4-6,  23,  51, 52) As their efficacy is 

associated with the drug concentration at the diseased site, specific delivery of 

the drug to the target site is considered to be a key to the promotion of efficacy 

At the same time, such specific delivery to the target site is considered to enable 

the reduction of systemic side effects by decrease in their transfer to the other 

parts and/or reduction of the dose. These approaches are known as targeted 

delivery. 
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For example, liposomal formulations, polymer–drug conjugates and 

nanoparticles have been delivered to inflammatory s ites such as swelling   

joints.4-7) These systems are based on the enhanced permeability and retention 

(EPR) effect, which is caused physiologically because neovascular vessels 

develop at the diseased site of RA.5-7,  53)    

In this study, we focused on chondroitin sulfate (CS) as a carrier 

macromolecule, because CS is highly safe and can be applied intravenously and 

intramuscularly.25-27) To date, no toxic or adverse effects have been reported 

with the use of CS. 

Although CS, injected intravenously, is excreted into urine to a large 

extent, some of the excreted CS-related molecules exhibit a high molecular 

weight similar to that of the original polymer, and some of them appear in the 

degradation form of oligosaccharides or inorganic sulfate ions. 52, 54) From these 

pharmacokinetic features, CS is considered to behave as a polymer to a certain 

extent in the systemic circulation. Namely, CS is expected to contribute to 

systemic retention. In fact, prolonged systemic circulation and elevation of the 

area under the plasma concentration–time curve (AUC) were reported in the CS–

cisplatin conjugate.55) These safety and pharmacokinetics of CS suggest that CS 

should be a useful drug carrier for a delivery system of RA treatment.  

As far as we know, conjugates between CS and glucocorticoids for the 

treatment of RA have hardly been reported. Regarding CS–drug conjugates for 

anti-inflammatory therapy, Peng et al. reported conjugates of CS and NSAIDs, 

which were tested for their effect on carrageenan-induced edema.26) These 

conjugates were found to exhibit a prolonged effect. In the present study, 

prednisolone (PD), used often for the treatment of RA, was chosen as the 

glucocorticoid agent. The design of the conjugate of PD with CS was performed 

by taking into account the following matters. i) In order to enable the hydrolysis 

at the inflammatory acidic pH, the chemical bond such as hydrazone and cis 
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aconityl group could be proposed as an adequate linker because they are 

susceptible to hydrolysis at acidic pH with the fairly high stability at 

physiological pH.56, 57) Also, a peptide linker is another choice because they can 

be hydrolyzed by various peptidases in the tissues or cells after the localization 

there.58) However, in the case of glucocorticoid drugs with hydroxy groups,  

those chemical combinations are not necessarily easy to synthesize. In the case 

of PD, being one of the glucocorticoid drugs, the ester linkage is the most 

simple. In fact, various ester prodrugs for glucocorticoid drugs, including 

macromolecule–glucocorticoid conjugates, have been examined by many 

researchers.18-22) ii) If macromolecule–glucocorticoid conjugates are used for 

the delivery to the arthritic inflammatory site, it is required that they are stable 

to a fair extent at the systemic physiological condition and that they can release 

the active drug at an adequate rate at the target site. Although an ester bond is 

generally more susceptible to hydrolysis at higher pH, such requirements are 

considered to be achieved to a fair extent with the ester linkage of the 

macromolecular prodrugs. Namely, the ester bond is generally fairly stable at 

the systemic pH of 7.4, though it depends on the chemical structure. 

Furthermore, the ester linkage in the macromolecular prodrugs is generally 

stable against enzymatic hydrolysis due to the steric hindrance to the 

esterase.23,24) These stability characteristics of the ester bond in the 

macromolecular prodrugs suggest that the pH-dependent drug release might be 

caused simply at the tissues, which enables in vivo release to be more 

predictable as compared to other designs of prodrugs. iii) In addition, although 

the pH value tends to be acidic at the arthritic inflammatory site, it is reported to 

vary from pH 7.4 to 6.0, dependent on the diseased states, 61) suggesting that the 

ester bond, subjected to hydrolysis widely at weakly basic, neutral and weakly 

acidic pH, should be adequate as a linker for the activation. iv) In the case of 

design of the ester prodrug of PD with CS as a carrier, a bi -functional linker 
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with a carboxy group and an amino group is considered to be useful for the 

combination with the hydroxyl group of PD and the carboxy group of CS. 

Therefore, amino acids and peptides are proposed as an available linker; in 

particular, a simple amino acid, glycine, is suggested as a candidate for the 

linker. For instance, Conover et al. produced the conjugate of polyethylene 

glycol and camptothecin using a glycine linker, and investigated the 

pharmacokinetics and antitumor effect; the conjugate showed the gradual releas e 

in the conditions of physiological pH and rat plasma and achieved the fairly fast 

delivery to the diseased site, resulting in high antitumor effect. 59) Considering 

these chemical and biological conditions on the arthritis pharmacotherapy, 

glycine was employed as a linker in the present study. The produced conjugate 

was examined here for the detailed characteristics for the stability, drug release 

and pharmacological potential. The preparation of the conjugate was attempted 

as follows. First, PD was derivatized to a glycine ester of PD, named GP, and 

then the conjugate between CS and GP, called CS-GP, was prepared by a 

carbodiimide coupling method. GP and CS-GP were analyzed for in vitro 

conversion behaviors in different pH media and for the effect of plasm a on the 

conversion. Also, a preliminary pharmacological study was conducted using rats 

with adjuvant-induced arthritis10, 17) to confirm the effectiveness of CS-GP. 

 

2. Materials and Methods 

2.1. Materials 

PD, N,N-carbonyldiimidazole (CDI), 4-dimethylaminopyridine (DMAP), 

N-hydroxysuccinimide (NHS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride(WSC) and chondroitin sulfate C (CS) sodium salt (CS -Na) were 

purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The CS-Na 

was derived from shark cartilage and contained 2.6 % N and 6.6 % S. For its 

composition, the ratio of 6-sulfate to 4-sulfate was 9 : 1, that is, 6-sulfate is 
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major and the molecular weight (MW) was 40,000–80,000. N-Tritylglycine 

(Tr-G) was purchased from Sigma Chemical Company (St. Louis, MO, U.S.A.). 

Heat-killed and desiccated Mycobacterium tuberculosis  M37Ra was obtained 

from Difco Laboratories (Detroit, MI, U.S.A.) and used as an adjuvant. All other 

chemicals were of reagent grade. 

 

2.2. Physical Measurements  

A UV-VIS. absorption spectra were recorded using a Beckman DU640 

spectrophotometer. NMR spectra were measured with a JEOL Lambda -500 (500 

MHz) spectrometer, in which tetramethylsilane (TMS) was used as a reference 

with chemical shift of 0 ppm. MS spectra were obtained with a JEOL JSM600 

mass spectrometer for electron ionization-mass spectrometry (EI-MS) and with 

an AXIMA–CRF PLUS mass spectrometer (Shimadzu Corp., Kyoto, Japan) for 

matrix assisted laser desorption/ionization-time-of-flight mass spectrometry 

(MALDI-TOF-MS). 

 

2.3. Animals  

Male Wistar rats (7 weeks old; weighing 200–210 g) were purchased from 

Tokyo Laboratory Animals Science Co., Ltd. (Tokyo, Japan). Lewis female rats 

(8 weeks old, 150–160 g) were obtained from Charles River Laboratories Japan, 

Inc. (Yokohama, Japan). They were bred on the breeding diet MF supplied by 

Oriental Yeast, Co., Ltd. (Tokyo, Japan) with water ad libitum at 23±1 °C and 

relative humidity of 60±5 %. They were used for the experiments a few  days 

after purchase. The experimental protocol was approved by the Committee on 

Animal Research of Hoshi University, Japan. The animal experiments were 

performed in compliance with the Guiding Principles for the Care and Use of 

Laboratory Animals, Hoshi University, Japan. 
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2.4. Preparation of CS-PD Conjugate with a Glycine Linker 

Glycyl-prednisolone (GP) was synthesized by the two step method. First, 

the Tr-G ester of PD, named Tr-GP, was synthesized as follows. Tr-G (477 mg, 

1.5 mmol) and CDI (243 mg, 1.5 mmol) were dissolved in 10 mL tetrahydofuran 

(THF) at 0 °C, and stirred for 30 min at 0 °C. DMAP (15 mg, 0.12 mmol) and PD 

(270 mg, 0.75 mmol) were added to the solution, and the mixture was stirred at 

room temperature for 4.5 h. The solvent was evaporated, an d the resultant 

residue was dissolved in several milliliters of a mixture of chloroform and 

methanol (90 : 1, v/v). The resultant solution was added to a silica gel column [3 

cm (inner diameter)×30 cm (length); silica gel: 230–400 mesh size (Merck 

KGaA, Darmstadt, Germany)], and eluted using a mixture of chloroform and 

methanol (90 : 1, v/v) as a solvent at a flow rate of 3 mL/min using a pump. The 

eluted solution was fractionated, and the eluted compounds were assessed by 

thin-layer chromatography (TLC), which was performed using pre-coated DC 

Kieselgel 60 F254 plates (No. 1.05715.0001; Merck). The spots on TLC were 

detected by UV light at 254 nm. The fractions [Rf=0.08 with chloroform–

methanol (90 : 1, v/v)] were collected, and the solvent was evaporated. The 

yield of Tr-GP was 400 mg. 1H-NMR (DMSO-d6), δ (ppm): 7.20–7.42 (m, 16H, 

Tr-G Tr-H, PD C1-H), 6.15–6.18 (d, 1H, PD C2-H), 5.92 (s, 1H, PD C4-H), 

5.02–5.05 (d, 1H, PD C21-H΄), 4.72–4.75 (d, 1H, PD C21-H), 4.29 (s, 1H, PD 

C11-H), 2.97–2.99 (m, 2H, Tr-G C-H2). EI-MS m/z: 659 (M+·).  

GP was obtained by detritylation of Tr-GP using aqueous acetic acid. 

Namely, 75 % (v/v) aqueous acetic acid (10 mL) was added to Tr -GP (300 mg) 

and heated at 75 °C to dissolve Tr-GP completely. Immediately after the white 

powder started to precipitate, the mixture was cooled on the ice and kept for 30 

min. After the white precipitate was removed by the filtration, the solvent of the 

filtrate was evaporated. The residue was dissolved in several milliliters of a 

mixture of chloroform and methanol (15 : 1, v/v) and underwent column 
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chromatography using a silica gel column in the same manner as stated above 

except that the mixture of chloroform and methanol (15 : 1, v/v) was used as the 

elution solvent. Each fraction was assessed by TLC as above. The fractions in 

which Rf was 0.23 [chloroform–methanol (15 : 1, v/v)] were collected, and the 

solvent was evaporated. The yield of GP was 60 mg. 1H-NMR (DMSO-d6), δ 

(ppm): 7.31–7.33 (d, 1H, PD C1-H), 6.15–6.17 (d, 1H, PD C2-H), 5.92 (s, 1H, 

PD C4-H), 4.97–5.00 (d, 1H, PD C21-H), 4.84–4.87 (d, 1H, PD C21-H΄ ),  

4.27–4.38 (m, 3H, glycine C–H2, PD C11-H). MALDI-TOF-MS m/z: 418.54 

([M+ H]+). 

CS and GP were conjugated by carbodiimide coupling to prepare CS -GP 

conjugate. CS (120 mg) was dissolved in 10 mL water, and 2.5 mL THF 

containing 30 mg GP was added. WSC (500 mg) and NHS (300 mg) were added 

to the solution, and the resultant mixture was stirred at room temperature for 4.5 

h. The solution was chromatographed with a Sephadex G50 gel column [2.8  cm 

(inner diameter) ×19 cm (length)] using 0.1 M NaCl aqueous solution as the 

elution solvent. The eluted solution was fractionated at 10 mL each. The high 

MW fractions were collected, and the mixture was dialyzed against water at 4 °C. 

The final solution was lyophilized. The amount of the product (CS-GP) was 120 

mg. 

 

2.5. Measurement of PD Content in CS-GP 

PD, CS and CS-GP were dissolved in a mixture of phosphate -buffered 

saline (PBS) at pH 7.4 and methanol (7 : 3, v/v) at concentrations of 12.5, 622 

and 528 μg/mL, respectively. The PD content of CS-GP was calculated by 

comparing the net absorbance at 246 nm of the conjugated PD, obtained from 

UV absorption profiles of CS and CS-GP, with the absorbance at 246 nm of PD 

alone. 

In addition, CS-GP (1.2 mg) was dissolved in 0.4 mL water, and PBS (1.2 
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mL) and methanol (0.533 mL) were added. To this solution, 0.1 M NaOH 

aqueous solution was added at the ratio of 1 : 1 (v/v). The resultant solution was 

incubated at 45 °C under horizontal shaking at 60 rpm. Aliquot samp les (50 μL) 

were withdrawn at 10, 20, 25 min after the start of incubation. Immediately after 

sampling, 0.1 M acetate buffer of pH 4 (150 μL) was added to stop the 

hydrolysis. After the addition of 150 μL of the mobile phase of high 

performance liquid chromatography (HPLC), the resultant solution was analyzed 

by HPLC for the regenerated PD. The content of PD in CS -GP was estimated 

from the maximal amount of regenerated PD.  

 

2.6. In Vitro Conversion Examination for GP in Various pH Media  

GP was dissolved in a mixture of methanol and aqueous buffer (1 : 3, v/v) to 

obtain solutions at a concentration of 60 μg/ml. As to the aqueous buffers, 0.1 M 

acetate buffer of pH 4, 1/15 M phosphate buffer at pH 6 and 8, and PBS (pH 7.4) 

were used. Each solution (0.5 mL) was incubated at 37 °C under horizontal 

shaking at 60 rpm. At appropriate time points, aliquot samples (50 μL) were 

withdrawn. To this sample, 0.1 M acetate buffer of pH 4 (150 μL) was added to 

stop the hydrolysis of GP. After the addition of 150 μL of the HPLC mo bile phase, 

the resultant solution was analyzed by HPLC for both GP and PD.  

 

2.7. In Vitro Conversion Examination of CS-GP in Various pH Media 

After CS-GP (1.2 mg) was dissolved in 0.4 mL water, aqueous buffer (1.2 

mL) and methanol (0.533 mL) were added. Regarding the aqueous buffers, the 

same buffers as stated above in the GP incubation were used. Each solution (0.5 

mL) was incubated at 37 °C under horizontal shaking at 60 rpm. At appropriate 

time points, aliquot samples (50 μL) were withdrawn. These samp les were treated 

in the same manner as stated in the incubation of GP, and analyzed similarly by 

HPLC. 
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2.8. In Vitro Conversion Examination of GP and CS-GP in PBS–Plasma 

Mixture 

A blood sample was taken from Wistar rats via the jugular vein using a 

heparinized syringe. Plasma was obtained by centrifugation of the blood and 

subsequent collection of the supernatant. A mixture of PBS and the plasma (10 : 3, 

v/v) was used as the incubation medium. GP and CS -GP were dissolved in the 

medium at concentrations of 7.7 and 230 μg/mL, respectively. Each solution (1.95 

mL) was incubated at 37 °C under horizontal shaking at 60 rpm. At appropriate 

time points, aliquot samples (100 μL) were withdrawn. To each sample (100 μL), 

saturated NaCl aqueous solution (100 μL) and 6 % (v/ v) phosphoric acid aqueous 

solution (100 μL) were added. Then, 4 mL of the mixture of t-butyl-methyl ether 

and n-pentane (3 : 2, v/v) was added, and the solution was shaken vigorously. 

After centrifugation of the mixture at 1400×g for 10 min, 3 mL of the r esultant 

supernatant was taken and evaporated to dryness under nitrogen gas. To the 

residue, 100 μL of the HPLC mobile phase was added, and 20 μL of the resultant 

solution was injected on the HPLC column to analyze the concentration of PD.  

 

2.9. Preliminary Anti-inflammatory Examination Using Rats with 

Adjuvant-Induced Arthritis 

CS-GP was examined in order to identify the pharmacological potential. 

Namely, in vivo potential was investigated based on the extent of the 

anti-inflammatory effect and its duration using Lewis rats with adjuvant -induced 

arthritis. First, arthritis was induced as follows. Heat -killed Mycobacterium 

tuberculosis M37Ra (20 mg) was suspended in 4 mL liquid paraffin. The 

suspension (100 μL) was injected intracutaneously into the pad of the right hind 

paw of each rat. CS-GP saline solution (0.14–0.18 mL) was then injected 

intravenously via the jugular vein at 2 mg PD equivalent (equiv.)/kg on the  day 

when the paw swelling reached the plateau. That is, CS-GP was administered 16 
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and 17 d after injection of the adjuvant; that is, total dose= 2×2 mg PD equiv./kg. 

On appropriate days after adjuvant injection, non-treated and CS-GP-injected 

rats were weighed and the volume of both hind paws investigated, in which the 

volume of the hind paw was measured by immersing it into water and reading 

the buoyant force. 

In addition, for the preliminary study of the PD therapeutic potential, PD 

was investigated for the suppressive effect on the paw volume. Namely, PD 

solution in 30 % (w/v) PEG400 solution in saline was injected intravenously via 

the jugular vein at 2.5 mg PD equiv./kg on the day when the paw swelling 

reached a maximal level. That is, PD was administe red 15 and 16 d after 

injection of the adjuvant; that is, total dose= 2.5×2 mg PD equiv./kg/mL. On 

appropriate days after adjuvant injection, non-treated and CS-GP-injected rats 

were weighed and the volume of both hind paws investigated in a similar manner  

as above. 

 

2.10. HPLC Assay 

As the HPLC apparatus, a Shimadzu LC-6AD pump equipped with a 

Shimadzu SPD-10AV VP UV-VIS detector and a Shimadzu C-R7A Chromatopac 

was used. An YMC Pack ODS-AM column (6 mm inner diameter×150 mm 

length; YMC Co., Ltd., Kyoto, Japan) was used as the analytical column. The 

detector was set at a wavelength of 246 nm, and a 26 % (v/v) 2 -propanol 

aqueous solution containing 0.1 % (v/v) trifluoroacetic acid was used as the 

mobile phase. The HPLC assay was conducted at room temperature. The 

injection volume was set at 20 μL. The concentration of GP and PD was 

determined by the absolute calibration curve method. For samples obtained by 

extraction with organic solvent, only PD was analyzed by the absolute 

calibration method using standard samples treated in the same manner as the 

tested samples. 
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2.11. Statistical Analysis  

For statistical analysis, the unpaired t-test was used, and significant 

difference was set as p< 0.05. 

 

3. Results and Discussion 

3.1. Chemical Characteristics of GP and CS-GP 

A flow chart for the preparation of CS-GP is illustrated in Fig. 1. For 

Tr-GP, it was observed that the chemical shifts of protons at the C21 of PD 

(4.04–4.09, 4.47–4.51 ppm) changed to those of 4.72–4.75 and 5.02–5.05 ppm. 

This change in the chemical shifts of C21-H2 to a low field indicated ester 

formation between the carboxy group of Tr-G and the hydroxyl group at the C21 

position of PD. Furthermore, the signals in the high field of 0 –3 ppm were 

observed to be derived from protons derived from PD (data not shown). In  

addition, the binding ratio between Tr-G and PD was calculated to be 1 : 1 

(mol/mol) from their signal integrated intensities. Mass spectra also supported 

the structure of Tr-GP. Furthermore, 13C-NMR spectra DEPT135°, DEPT90°, 

heteronuclear multiple bond connectivity (HMBC) and heteronuclear multiple 

quantum coherence (HMQC) (data not shown) supported the chemical structure 

of Tr-GP in Fig. 1. 

GP was obtained by acidic hydrolysis of Tr-GP. In GP, the ester formation 

at the C21 position of PD was confirmed from the 1H-NMR spectra, and the 

signals at 0–3 ppm was observed to be derived from PD (data not shown). Also, 

the binding ratio between glycine and PD was confirmed to be 1 : 1 (mol/mol) 

from the signal integrated intensities. 13C-NMR spectra indicated that the 

compound contained 23 carbons, and DEPT135° revealed two methylene 

carbons at 66.36 and 50.81 ppm, which were obviously derived from C21 and 

glycine methylene carbon, respectively. In addition, HMQC showed that C21 

was coupled with the protons at 4.97–5.00 and 4.84–4.87 ppm and that the 
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glycine methylene carbon was directly combined to the protons at 4.27 –4.38 

ppm. Mass spectra also supported the structure of GP. From these data, GP was 

identified as a glycine ester of PD at the C21 position as shown  in Fig. 1. 

CS-GP was prepared by carbodiimide coupling using WSC and NHS. The 

1H-NMR spectrum showed that CS-GP was formed by the combination of GP 

and CS. GP had a similar absorption curve in shape to that of PD, with the 

maximal wavelength at 246–247 nm in the mixture of PBS and methanol (7 : 3, 

v/v) (data not shown). The UV absorption profiles were compared among PD, 

CS-GP and CS (Fig. 2) for the drug content estimation. The PD content in 

CS-GP was calculated to be 2.24 % (w/w) from the net absorbance o f the 

conjugated PD at 246 nm. The results by HPLC analysis after the alkaline 

hydrolysis of CS-GP gave a near content, which was approximately 80 % of the 

value estimated by UV absorbance. Furthermore, the content calculated by the 

UV absorbance was also consistent with that estimated from integrated 

intensities of the proton signals in the 1H-NMR spectrum of CS-GP. Finally, the 

UV absorption measurement was employed to determine the PD content of 

CS-GP because it was the simplest and clearest approach. Th e MW distribution 

of CS-Na was checked using the ultrafilter (Amicon Ultracel ®, MW cutoff: 

30,000, 50,000, 100,000) produced by Millipore Corp. (Billerica, U.S.A.). The 

filtrate eluted with the ultrafilter was measured spectrophotometrically at 246 

nm. As a result, 80 %, 70 % and 14 % of CS-GP was eluted with the ultrafilters 

with MW cutoff of 100,000, 50,000 and 30,000, respectively, which suggested 

that MW of CS-GP was mainly distributed at 30,000–50,000. This supported that 

the original MW of CS (MW 30,000–80,000), reported by the supplier, was 

preserved well in CS-GP. 
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Fig. 1. Synthetic Procedures and Chemical Structures of Tr-GP, GP 

and CS-GP 
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Fig. 2. UV Absorption Spectra of PD, CS and CS-GP 
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3.2. Hydrolytic Conversion of GP at Different pH Media 

As it took some time for the powder of PD and GP to completely dissolve 

in the aqueous buffer alone, methanol was added at the degree not to influence 

the pH of the buffer, which allowed the rapid dissolution of the whole powder of 

GP and PD. In HPLC analysis, the retention times of GP and PD were 7.6 –7.7 

and 10.2–10.3 min, respectively (Fig. 3); therefore, GP and PD could be 

determined simultaneously. The degradation profiles of GP were obtained as 

shown in Fig. 4a. The stability of GP fell with the increase of pH of the media. 

At the same time, PD was released by the degradation of GP. The detected PD 

amount displayed a good mass balance with the degraded GP amount at acidic 

pH, but the mass balance became lower at weakly alkaline con ditions, 

particularly at pH 8. Although GP was decomposed almost completely at pH 8 

by 1 h incubation, the appearing PD was only 11.4 and 12.8 % at 1 and 4 h, 

respectively (Fig. 4b). Based on these observations, the conversion process was 

suggested as shown by the scheme in Table 1. The conversion rate was analyzed 

according that scheme. 

First, the stability of PD was checked independently using the same 

incubation media. PD was stable at pH 4 and 6, but degraded slowly at pH 7.4 

and somewhat fast at pH 8 (Fig. 5). As the remaining amount did not change 

greatly at these pH values, it was difficult to decide whether the degradation 

follow the pseudo-zero order or pseudo-first order kinetics. In the previous 

paper,23) PD was found to be degraded at pH 9 obviously in the 

mono-exponential decline manner (remaining percentage: 78.6 % at 7 h, 40.5 % 

at 24 h, 19.1 % at 48 h). Therefore, from the analogy to the stability in the 

weakly basic pH, the degradation profile of PD (PPD(t)) was considered to 

follow the pseudo-first order kinetics in the present study. Namely, it could be 

expressed by Eq. 1. Also, the conversion of GP was analyzed with the 

pseudo-first order kinetics according to the scheme in Table 1. The equations for 
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the remaining GP (G(t)) and appearing PD (PGP(t)) were expressed as shown in 

Eqs. 2 and 3. 

 

The analysis was conducted by fitting the equation to the plots 

represented by the mean observed values. The h0 values were calculated by 

fitting Eq. 1 to the observed profiles in Fig. 5. The h1 and h2 values were 

obtained by fitting Eqs. 2 and 3 to the observed profiles in Figs. 4a, b, 

respectively, with the simultaneous fitting method using the MULTI program, 60) 

in which the h0 values were fixed to the calculated values obtained by Eq. 1. The 

obtained values for the parameters are shown in Table 1. When the individual 

profile of each incubation sample, not being the mean profile, was processed in 

a similar manner, minus values were obtained in some cases, in particular, the 

stability parameter of PD itself. Furthermore, the variation was fairly large in 

some case, especially, the stability parameter of PD itself. Considering these 

points, the fitting was conducted to the observed mean profile, expressed in 

percentage. The half-lives of GP and PD were calculated with ln 2/(h1+h2) and ln 

2/h0.  The calculated curves were superimposed with various lines in Figs. 4 

and 5. The calculated profiles were well -fitted to the observed ones, supporting 

the conversion of GP followed the pseudo-first order kinetics. The peculiarity of 

GP conversion was observed at pH 8. Namely, GP degraded quickly at pH 8, but 

PD appeared to a slight extent, indicating abnormality in mass balance. In fact, 

many peaks, considered to exhibit various degradation products, were observed 

in the HPLC at pH 8. The glycine moiety appeared to promote the 

decomposition of GP at the parts other than the ester bond, though the detailed 
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mechanism was unknown. The calculated conversion profiles were well -fitted to 

the observed ones, even at pH 8. The large h2 values at pH 8 explained less 

conversion of GP to PD. 
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Fig. 3. HPLC Chromatogram in Conversion Studies of GP at 1 h after 

the Incubation at pH 4 and 37 oC  

Peak a: GP, peak b: PD.   
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Fig. 4. Conversion Profiles of GP in Different pH Media at 37 °C 

(a) Remaining GP (%), (b) appearing PD (%). Each result is expressed as 

the mean ± S.D. (n=3). The dotted, broken, dashed-dotted and solid lines are 

calculated curves for the observed profiles (mean values) at pH 4, 6, 7.4 and 8, 

respectively. 
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Fig. 5. Decomposition Profiles of PD in Different pH Media at 37 °C 

Each result is expressed as the mean ± S.D. (n=3). Dashed-dotted and 

solid lines are calculated curves for the observed profiles at pH 7.4 and 8, 

respectively. 
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Table 1.  In Vitro Conversion Rate Constants for PD and GP in 

Different pH Media at 37 oC 

 

 

 

 

For analysis, the mean values in Figs. 4 and 5 were used.  

 

 

 

 

 

 

 



２６ 

 

3.3. Hydrolytic Conversion of CS-GP at Different pH Media 

The conversion analysis for CS-GP was performed in a way similar to that 

in the above GP conversion except that a mixture of water, aqueous buffer and 

methanol (1 : 3 : 1.33, v/v) was used as a solvent. GP and PD existing during the 

incubation period were investigated by HPLC. As a result, no GP was detected 

in any incubation. The generated PD was obtained as shown in Fig. 6. The 

release rate of PD became faster with the increase in pH. Overall, the conversion 

to PD was much slower in CS-GP than GP. In particular, the release pattern at 

pH 8 was crucially different between CS-GP and GP. CS-GP released PD 

gradually and much more effectively at pH 8 than GP. The difference in release 

patterns was considered to be due to the structural difference. That is, the amino 

group of GP was presumed to make the compound more unstable because of its 

high reactivity, while, in CS-GP, the GP part appeared to be more stable due to 

the poor reactivity of the amide form. As the composition of the incubation 

media is slightly different from that in GP, the PD stability was checked. A s a 

result, the degradation rate was found to be similar to but a little different from 

that in the media used for GP incubation (Fig. 7). No difference in pH was 

observed between CS-GP medium and GP medium. Therefore, the small 

difference in the composition between media might cause the slight difference in 

the stability of PD. The conversion scheme was set as shown in Table 2. The 

degradation profile of PD in the used media (PPD2(t)) was analyzed by the 

pseudo-first order kinetics as state above, and was expressed with Eq. 4. When 

the conversion of CS-GP was analyzed with the pseudo-first order kinetics based 

on the scheme in Table 2, the equation for the appearing PD (PCS-GP(t)) was 

expressed as shown in Eq. 5.  
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in which PTCS-GP was an initial content of  PD in the CS-GP. The rate constant 

and half-life were determined in the same manner as for GP. The parameter 

values were calculated as shown in Table 2. The calculated curves were 

superimposed with various lines in Figs. 6 and 7. The k1 value was smaller than 

the h1 value at each pH. The k2 value was much smaller than the h2 value at pH 

7.4 and 8, which indicated that the degradation rate and manner should be very 

different between GP and CS-GP at these pH conditions. These results suggested 

that CS-GP should exhibit a gradual and effective release of PD at physiological 

pH, but the release rate of PD would become lower at the inflammatory pH, 

which is known to be weakly acidic, pH 6–7.4.61) 
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Fig. 6. Conversion Profiles of CS-GP to PD in Different pH Media at 

37 °C  

Each result is expressed as the mean ± S.D. (n=3). Dotted, broken, 

dashed-dotted and solid lines are calculated curves for the observed profiles at 

pH 4, 6, 7.4 and 8, respectively.  
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Fig. 7. Decomposition Profiles of PD in Different pH Media at 37 °C 

Each result is expressed as the mean ± S.D. (n=3). The solid line is the 

calculated curve for the observed profiles at pH 8.  
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Table  2.  In Vitro Conversion Rate Constants for PD and CS-GP in 

Different pH Media at 37 oC 

 

 

 

 

  

 

 

For analysis, the mean values in Figs. 6 and 7 were used.  
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3.4. Release of PD from GP and CS-GP in the PBS–Plasma Mixture 

In order to elucidate more clearly the stability under the physiological 

conditions, effect of rat plasma on the release rate of PD was examined for GP 

and CS-GP. The release profiles are shown in Fig. 8. The release rate was 

accelerated in GP to a fair extent by the addition of rat plasma. Namely, more  

than 75 % of PD was released within 2 h, while approximately 50 % of PD was 

released without plasma. As to CS-GP, the release rate of PD was increased to a 

small extent by the addition of rat plasma; a slow release was maintained, and 

the release ratio was less than 50 % at 6 h even by the addition of rat plasma.  

The activity of carboxy esterase is known to be fairly high in rat 

plasma.62) The hydrolysis of GP was accelerated appreciably by the addition of 

rat plasma. On the other hand, the release rate from CS-GP was accelerated to a 

small extent. Probably, in CS-GP, the ester bond might be insusceptible to the 

enzymatic hydrolysis due to the bulky CS backbone. The results suggested that 

CS-GP should function as a prodrug showing slow release of PD in the systemic 

or physiological conditions, which was adequate because the conjugate should 

be stable before delivered to the target site.  

Those findings for the stability and drug release of CS-GP suggested that 

PD should be released gradually systemically (approximately pH 7.4) and the 

diseased part (approximately pH 6–7.461)). According to the targeting of 

macromolecular conjugates to the inflammatory sites such as tumor tissues 

based on the high permeability of neovascular vessels, the conjugates with 

several tens of thousands of MW are known to be distributed well to the target 

site within a fairly short period (several h). 58, 59) Therefore, CS-GP, being 

moderate in size (30,000–50,000), is expected to be distributed fairly fast to the 

inflammatory diseased site such as rheumatoid arthritis. Although CS-GP was 

not stable completely in the systemic circulation conditions, it was considered to 

be delivered to the inflammatory site and to release drug gradually, leading to 
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the promotion of effectiveness.  
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Fig. 8. Release Profiles of PD from GP (a) and CS-GP (b) in PBS with 

or without Rat Plasma at 37 °C 

With plasma: the results, obtained using the PBS–rat plasma (10 : 3, v/v) 

mixture as a medium, are expressed as the mean ± S.D. (n=3). Without plasma: 

the results, obtained using PBS as a medium, are expressed by one experiment.  
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3.5. Preliminary Studies for Anti-inflammatory Effect of CS-GP 

In this study, CS-GP was examined for its pharmacological effectiveness 

in vivo for a preliminary evaluation. The volumes of both hind paws were 

measured on the adequate time (d), and the first dosing was conducted on the 

day when the paw volume reached plateau, and the second dosing was performed 

on the next day. Higaki et al. evaluated the drug potential by comparing the 

inflammatory volumes between after and immediately before treatment. 6) 

Therefore, the drug pharmacological potential was evaluated in a similar 

concept. Namely, the drug effect was investigated from the volume ratio ( VR) 

obtained by the comparison between the paw volume after treatment (V(t)) and 

that immediately before the first dosing (V(1st dosing)) as follows. 

Volume ratio (VR) =V (t) /V (1st dosing)   (6) 

in which t was the time (d) after injection of the adjuvant. In addition, the 

change in body weight was checked in order to check the animal conditions 

including toxic side effect. Namely, the weight ratio (WR) was calculated in the 

following equation. 

Weight ratio (WR)=W(t) /W(1st dosing)   (7) 

in which W(t) is the body weight t d after injection of the adjuvant and W(1st 

dosing) is that just before the first drug administration.  

One day after injection of the adjuvant, swelling and redness appeared in 

the adjuvant-injected hind paw (right paw), while no such change was observed 

in the opposite hind paw (left paw); however, from 10d after injection of the 

adjuvant, disseminated arthritis was observed in both hind paws. For both hind 

paws, the paw volume reached a maximal level (plateau) 15 or 16 d after 

injection of the adjuvant. The VR value was observed to decrease to a fair extent 

in both hind paws after the dosing of CS-GP (2 mg PD eq/kg×2 d), while it was 

maintained at almost the constant level around the value of 1.0 for the control 

(Fig. 9). When the VR values were compared between CS-GP and the control, 
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they were significantly lower with CS-GP. This demonstrated that CS-GP was 

pharmacologically effective against the adjuvant -induced arthritis in rats. In 

addition, the comparison of the VR values between PD (2.5 mg/kg×2 d) and 

control was performed separately. As shown in Fig. 10, PD exhibited no 

suppression of the paw volume, and the VR values were hardly different between 

PD and the control. This suggested that PD should not be effective against the 

present arthritis model. As to the change in body weight, the WR value increased 

a little in CS-GP (Fig. 9), while it was not changed with PD (Fig. 10). 

Furthermore, the change in body weight was not different between PD and 

control (Fig. 10), which suggested that the intravenous dosing of PD should not 

lead to the increase in the body weight. van den Hoven et al . reported that 

liposomal glucocorticoids exhibited improved therapeutic effect and that the 

body weight regain was observed in conjunction with the improvement. 6) They 

considered the remission of inflammation to  be the main reason for the body 

weight recovery.6) Furthermore, it was stated that the body weight loss was 

induced by the arthritis itself and the toxic side effect of glucocorticoids. 6) In 

the treatment with CS-GP (2 mg PD equiv./kg×2), the change in body weight 

was not marked. Probably, the slight weight increase in CS-GP was due to the 

remission of the inflammation.  

The present in vivo studies were performed as a preliminary study to get 

the rough outline of the pharmacological potential of CS -GP. That is, PD was 

administered at a little greater dose. In addition, the in vivo present results of 

CS-GP and PD were obtained separately at the different periods. In the in vivo 

study of CS-GP, the plateau of the right paw swelling tended to retard a little, 

which was recognized from the fact that the VR value increased on 17 d. 

Therefore, the 1st dosing time was conducted on the 16 d for CS-GP, while that 

was done on the 15 d for PD. The suppressive effect against the arthritis based 

on the paw volume ratio indicated that CS-GP appeared to be more potent than 
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PD alone (Figs. 9, 10). Probably, the design concept, stated at i) –iv) in the 

introduction, appeared to be completed to a fair extent. However, the present  

in vivo results were preliminarily obtained. For  more precise and detailed 

evaluation of the CS-GP efficacy, further refined dosing studies, including time 

schedules and check of the contribution of CS will be elucidated in Chapter 2.  
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Fig. 9.  Effect of CS-GP against Adjuvant-Induced Arthritis in Rats 

CS-GP was administered intravenously consecutively on the 16 d and 17 d 

(total dose: 2 x 2 mg PD equiv./kg).  (a)Right hind paw (injected paw); (b) left 

hind paw (opposite paw); (c) change in body weight.  Each result is expressed 

as the mean ± S.E. (n=3).  *  p < 0.05, # p < 0.01, & p < 0.001 vs. control.  
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Fig. 10.  Effect of PD against Adjuvant-Induced Arthritis in Rats 

PD was administered intravenously consecutively on the 15 d and 16 d 

(total dose: 2.5 x 2 mg PD equiv./kg).  (a) Right hind paw (injected paw); (b)  

left hind paw (opposite paw); (c) change in body weight.  Each result is 

expressed as the mean ± S.E. (n=4).  * p < 0.05 vs. control. 
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4. Conclusion 

The conjugate of PD with CS, named CS-GP, was prepared using glycine 

as a linker. Synthesis of GP was performed by the two-step method. CS-GP was 

prepared by coupling between CS and GP with water-soluble carbodiimide. 

Overall, GP was less stable than CS-GP. For GP, PD released well in the buffer 

at pH 6–7.4, but not at pH 8 due to rapid composition other than conversion to 

PD. On the other hand, PD was released more slowly in CS -GP. CS-GP released 

PD efficiently at a moderate rate at physiological pH. All the conversion profiles 

could be analyzed with pseudo-first order kinetics models. The calculated rate 

constants supported the slower release of PD from CS-GP. The addition of rat 

plasma accelerated the release rate of PD from CS-GP to a small extent, 

suggesting that PD should be released gradually under the physiological 

conditions. The pharmacological tests using rats with adjuvant -induced arthritis 

revealed that CS-GP should have a good anti-inflammatory potential, while PD 

hardly exhibited effectiveness. At the same time, CS-GP did not display toxic 

side effects related with the body weight loss. Thus, it was elucidated that 

CS-GP behaved as a macromolecular prodrug of PD and showed good 

effectiveness against arthritis. The more detailed evaluation of the efficacy for 

CS-GP will be reported in the next chapter 2. 

 

 

 

 

 

 

 

 

 



４０ 

 

 

 

 

 

 

 

 

Chapter 2 

 

 

In Vivo Evaluation of Chondroitin Sulfate-Glycyl-Prednisolone for 

Anti-arthritic Effectiveness and Pharmacokinetic Characteristics  
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1.  Introduction 

In chapter 1, PD commonly used for the treatment of RA was chosen as an 

anti-inflammatory agent, and a CS-GP conjugate with glycine as a linker was 

prepared. The in vitro characteristics and pharmacological potential using rat 

adjuvant-induced arthritis were examined. As a result, it was suggested that 

CS-GP could be a prodrug of PD in several in vitro study and preliminary rat 

arthritis model.  

As glucocorticoids are highly potent and fast -acting10, 11), they are often 

used in the treatment of refractory inflammatory diseases such as RA, ulcerative 

colitis and Crohn’s disease; however, their chronic use often leads to severe 

systemic side effects like diabetes, osteoporosis and adrenal failure, resulting in 

the decrease of patients’ QOL.16, 63) At the same time, these toxic side effects 

prevent the agents from displaying sufficient action in many clinical uses.  

Recently, a lot of attempts have been made to improve such drawbacks of 

conventional anti-inflammatory drugs.14, 64,  65) For RA, various drug delivery 

systems have been developed for conventional anti-inflammatory 

agents.6,16,51,52,66) In particular, a targeted delivery system is an important 

method to improve therapeutic usefulness because it enables a high drug 

concentration at the target site while reducing drug distribution in other areas. 

Such an excellent delivery system is expected to display higher potency at lower 

doses or frequencies, resulting in the reduction of toxic side effects.  

However, there are several issues in applying delivery sys tem to clinical 

treatment. In fact it is known that immunological reactions can occur with 

protein carriers and pegylated liposomes. 51, 67) Since nano-sized carrier systems 

are distributed in various organs and tissues, non -degradable large carriers 

might remain there, suggesting the problem of bioaccumulation.  

CS, a glycosaminoglycan, is commercially available and used 

clinically.68,69,70) CS is water-soluble, non-toxic and can be administered 
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intramuscularly and intravenously. It is susceptible to substan tial excretion into 

urine; the excreted CS-related molecules are partly compounds of high 

molecular weight, similar to the original polymer, and partly degraded forms 

such as oligosaccharides and inorganic sulfate ions. 25, 54,  71) These 

pharmacokinetic features suggest that CS should behave as a polymer, showing 

marked retention in the systemic circulation.  

For the reasons set forth above, in this chapter 2, CS-GP conjugates with 

different drug contents were prepared and characterized in vitro , and the in vivo 

efficacy was investigated in detail from comparison with PD alone, the carrier 

and their mixture using rats with adjuvant-induced arthritis. In addition, the 

pharmacokinetic characteristics of the conjugate were examined and used for 

evaluation of efficacy and toxicity.  

 

2. Materials and Methods 

2.1. Materials and Instruments 

Chondroitin sulfate C (CS) sodium salt (CS-Na; MW40,000–80,000, 

derived from shark cartilage), with N and S of 2.6 and 6.6 %, respectively, and a 

ratio of 6-sulfate to 4-sulfateof 9 : 1, was obtained from Wako Pure Chemical 

Industries, Ltd. (Osaka, Japan).  Prednisolone (PD), N,N_-carbonyldiimidazole 

(CDI), 4-dimethylaminopyridine (DMAP), N-hydroxysuccinimide (NHS), 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (WSC) were 

purchased from the same company. N-Tritylglycine (Tr-G) was purchased from 

Sigma Chemical Company (St. Louis, MO, USA). Heat -killed and desiccated 

Mycobacterium tuberculosis  M37Ra was obtained from Difco Laboratories 

(Detroit, MI, USA) and used as an adjuvant. All other chemicals were of r eagent 

grade. 

1H and 13C NMR spectra were measured with a JEOL Lambda-500 (500 

MHz) spectrometer, in which TMS was used as a reference with a chemical shift 
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of 0 ppm. UV–Vis. absorption spectra were recorded using a Beckman DU640 

spectrophotometer. MS spectra were obtained with a JEOL JSM600 mass 

spectrometer for EI-MS and with an AXIMA–CRF PLUS mass spectrometer 

(Shimadzu Corp., Kyoto, Japan) for MALDI-TOFMS. 

 

2.2.  Animals 

     Male Wistar rats (7 weeks old; weighing 200–210 g) were purchased from 

Tokyo Laboratory Animals Science Co., Ltd., (Tokyo, Japan). Female Lewis rats 

(8 weeks old, 150–160 g) were obtained from Charles River Laboratories Japan, 

Inc. (Yokohama, Japan). They were bred on the breeding diet MF supplied by 

Oriental Yeast Co., Ltd., (Tokyo, Japan) with water ad libitum, at 23±1 oC and 

relative humidity of 60±5 %. They were used for the experiments several days 

after purchase. The experimental protocol was approved by the Committee on 

Animal Research of Hoshi University, Japan. The animal ex periments were 

performed in compliance with the Guiding Principles for the Care and Use of 

Laboratory Animals, Hoshi University, Japan.  

 

2.3. Preparation of Chondroitin Sulfate-Glycyl-Prednisolone Conjugate 

(CS-GP) 

GP (Fig. 11) was synthesized as described  above,34) although with partial 

modification. Briefly, the Tr-G ester of PD, named Tr-GP, was synthesized in the 

first step, in which purification was conducted without column chromatography, 

different from the previous method. Tr-G (477 mg, 1.5 mmol) and CDI (243 mg, 

1.5 mmol) were dissolved in 10 mL tetrahydofuran at 0 oC, and stirred for 30 

min at 0 oC. DMAP (15 mg, 0.12 mmol) and PD (270 mg, 0.75 mmol) were 

added to the solution, and the mixture was stirred at room temperature for 4.5 h. 

After the solvent was evaporated, Tr-GP was obtained by washing the residue 

with methanol. The obtained compound exhibited the same results in the TLC, 
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1H NMR, 13C NMR, and EI–MS measurements as previously.  

GP was obtained by detritylation of Tr-GP using aqueous acetic acid. 

Namely, 75 % (v/v) aqueous acetic acid (10 mL) was added to Tr -GP (300 mg) 

and heated at 75 oC to dissolve Tr-GP completely. As soon as the precipitate 

began appearing, the mixture was cooled on ice, and the white precipitate was 

removed by filtration. After the solvent of the filtrate was evaporated, the 

residue was dissolved in a mixture of chloroform and methanol (15 : 1, v/v), and 

GP was separated by silica gel column chromatography with a mixture of 

chloroform and methanol (15:1, v/v). The obtained compound showed the same 

results in TLC, 1H NMR, 13C NMR, and MALDI-TOF-MS measurements as 

previously. 

CS-GP conjugates (Fig. 11) were prepared by the carbodiimide coupling of 

CS and GP with different formulations. CS (120 mg) was dissolved in 10 mL 

water, and 2.5 mL tetrahydrofuran (THF) containing GP (15, 30 and 60 mg) was 

added. WSC (500 mg) and NHS (300 mg) were added to the solution, and the 

resultant mixture was stirred at room temperature for 4.5 h. The solution was 

chromatographed with a Sephadex G50 gel column [2.8 cm (inner diameter) × 

19 cm (length)] using 0.1 M NaCl aqueous solution as the elution solvent. The 

eluted solution was fractionated at 10 mL each. The high MW fractions were 

collected, and the mixture was dialyzed against water at 4 oC. The final solution 

was lyophilized to yield CS-GP. 
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Fig. 11. Structures of Glycyl-Prednisolone (GP) and Chondroitin 

Sulfate-GP Conjugate (CS-GP) 
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2.4.  In Vitro  Analysis of CS-GP 

The content of CS-GP was measured as shown previously.34) Briefly, PD, 

CS and CS-GP were dissolved in a mixture of phosphate -buffered saline (PBS) 

at pH 7.4 and methanol (7 : 3, v/v) at concentrations of 12, 500 and 500 g/mL, 

respectively. The net absorbance at 246 nm of the conjugated PD was obta ined 

by the subtraction of CS absorbance (246 nm) from the absorbance (246 nm) of 

CS-GP, and was compared with the absorbance of PD alone at 246 nm in order to 

calculate the PD content.  

In vitro release characteristics were investigated for CS -GP conjugates 

with different PD contents. After the conjugate (1.2 mg) was dissolved in 0.4 

mL water, aqueous buffer (1.2 mL) and methanol (0.533 mL) were added. 

Regarding the aqueous buffers, 1/15 M phosphate buffer adjusted to pH 6.0 and 

phosphate-buffered saline with pH 7.4 (PBS) were used. Each solution (0.5 mL) 

was incubated at 37  oC  under horizontal shaking at 60 rpm. At appropriate time 

points, aliquot samples (50μL) were withdrawn. Immediately after sampling, 

150 μL of 1/10 M acetate buffer (pH 4.0) was added to suppress the release of 

PD. Then, 150 μL of the HPLC mobile phase was added, and the mixture was 

analyzed by HPLC. 

 

2.5.  Animal Experiments Using Rats with Adjuvant-Induced Arthritis 

CS-GP was investigated for detailed effectiveness by comparison with PD 

alone, CS alone and the mixture of PD and CS. Rat models with 

adjuvant-induced arthritis were made by the known method, 72) and the inhibitory 

effect of each preparation was compared. The in vivo experiment procedure was 

performed as in Fig. 12. Namely, heat-killed M. tuberculosis M37Ra was 

suspended in liquid paraffin at 5 mg/mL. The suspension (100 μL) was injected 

intracutaneously into the pad of the right hind paw of each Lewis rat. The 

volume of the hind paws reached a plateau around 14 and 15 days a fter adjuvant 
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injection. PD solution (2.5 mg/mL) was made using 50 % (w/v) PEG400 saline 

as a solvent. CS-GP with high PD content (CS-GP(H)) was used in this 

experiment. CS-GP was dissolved in saline at 2.5 mg PD equiv./mL. CS was 

dissolved in saline at the same concentration as that of CS-GP. The mixture of 

CS and PD in saline contained the same concentrations of PD and CS as those in 

CS-GP, respectively. The preparations were injected intravenously via the 

jugular vein at 2.5 mg PD equiv./kg 14 and 15 days after injection of the 

adjuvant; that is, total dose = 2.5 × 2 mg PD equiv./kg. As to PD, the treatment 

was additionally conducted in a similar manner at twice the dose (total dose = 5 

× 2 mg/kg). CS alone was administered similarly with the same volume of CS–

GP preparation. No treatment was done for the control group. On appropriate 

days after adjuvant injection, the rats were weighed and the volume of each hind 

paw was measured by immersing it in water and reading the buoyancy.  
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Fig. 12. Production of Arthritis Model and Schedules of Dosing and 

Observation 
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2.6.  Evaluation of Therapeutic Efficacy and Toxic Side Effect  

The animals were examined for body weight and both hind paws from just 

before adjuvant injection until the end of the efficacy experiment. The 

therapeutic efficacy was evaluated from two methods. One was performed by 

investigating a swelling ratio to the initial paw volume. Namely, the ratio of the 

paw volume at t-th day (V(t)) to the volume just before adjuvant injection (V(0)), 

expressed as V(t)/V(0), were compared among each preparation. The V(t)/V(0) 

values were considered to reflect the inflammation degree of the animals. As the 

other index of efficacy, the ratio of the paw volume at t-th day (V(t)) to the 

volume just before drug administration (V(14)), expressed as V(t)/V(14), was 

calculated and compared among the dosing preparations. The V(t)/V(14)values 

were considered to represent the suppressive effect of each preparation against 

the inflammation. At the same time, the animals were checked for changes in 

body weight, which were used as an overall toxic index. Change in body weight 

was examined in two modes. The ratio of the body weight at  t-th day (W(t))to 

the weight just before adjuvant injection (W(0)), expressed as W(t)/W(0), was 

investigated throughout the efficacy experiment. In addition, the ratio of the 

body weight at t-th day (W(t)) to the weight just before drug administration 

(W(14)), expressed as W(t)/W(14),was calculated to check the overall toxic side 

effect of each preparation. 

 

2.7.  Investigation of Pharmacokinetic Characteristics of CS -GP in Rats 

PD was dissolved in 50 % (w/v) PEG400 saline solution and injected 

intravenously into Wistar rats via the jugular vein at 2.5 mg/kg/mL. In this 

pharmacokinetic examination, CS-GP(H) was also used. CS-GP was dissolved in 

saline and administered intravenously to Wistar rats via the jugular vein at 2.5 

mg PD equiv./kg/mL. At 0.25, 0.5, 1, 3, 7 and 24  h after administration, blood 

samples (0.35 mL) were withdrawn and centrifuged at 1500×g for 10 min to 
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obtain plasma. Saturated NaCl aqueous solution (100 μL), 6 % (w/v) phosphoric 

acid (100 μL) and 4 mL of the mixture of t-butylmethyl ether and pentane (3 : 2, 

v/v) were added to the plasma (100 μL) and shaken vigorously100 times. After 

the mixture was centrifuged at 1500×g for 10 min, the supernatant (3 mL) was 

taken and dried under nitrogen gas. The residue was dissolved with 100 μL 

HPLC mobile phase and analyzed for PD concentration by HPLC. For CS -GP, 

the obtained PD concentration corresponded to the concentration of free PD.  

As for the samples for CS-GP administration, the plasma concentration of 

total PD (= free PD + conjugated PD) was investigated as follows. Fifty 

microliters of plasma sample, obtained as stated above,  and 50 μL of 0.1 M 

NaOH aqueous solution were mixed and then incubated at 45  oC by shaking 

horizontally at 60 rpm for 10 min. Then, 150 μL of 0.1 M acetate buffer of pH 4 

was added to the mixture. To the resultant mixture, saturated NaCl aqueous 

solution (200 μL), 6 % (w/v) phosphoric acid (200 μL) and 8 mL of the mixture 

of t-butylmethyl ether and pentane (3 : 2, v/v) were added and shaken vigorously 

100 times. After the mixture was centrifuged at 1500×g for 10 min, the 

supernatant (3 mL) was taken and dried under nitrogen gas. The residue was 

dissolved in 100 μL HPLC mobile phase and analyzed for PD concentration by 

HPLC. This PD concentration was the concentration of total PD, and the 

concentration of conjugated PD was calculated by subtracting the concentration 

of the above free PD from that of the total PD.  

Immediately after blood sampling at 24 h, the animals were sacrificed by 

extra anesthesia with ether inhalation, and the liver, lung, kidney and spleen 

were excised and washed with saline. After each organ was weighed, the same 

amount of saline was added, and it was homogenized  with a glass homogenizer 

with a Teflon pestle under ice cooling. The homogenate was treated as stated 

above in the measurement of the plasma concentration. Namely, to the 

homogenate (200 μL), saturated NaCl aqueous solution (200 μL), 6 % (w/v) 
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phosphoric acid (200 μL) and 8 mL of the mixture of t-butylmethyl ether and 

pentane (3 : 2, v/v) were added and shaken vigorously 100 times. After the 

mixture was centrifuged at 1500×g for 10 min, the supernatant (6 mL) was taken 

and dried under nitrogen gas. The res idue was dissolved in 200μL HPLC mobile 

phase and analyzed by HPLC. For CS-GP, the obtained PD concentration 

corresponded to the concentration of free PD.  

In addition, the organ concentration of total PD (= free PD + conjugated 

PD) was investigated in a similar manner to that for the plasma concentration 

measurement. Namely, the homogenate (100 μL) and 0.1 N NaOH aqueous 

solution (100 μL) were mixed and incubated at 45 oC by shaking horizontally at 

60 rpm for 10 min. Then, 300 μL of 0.1 M acetate buffer of pH 4 was added to 

the mixture. To the resultant mixture, saturated NaCl aqueous solution (400 μL), 

6 % (w/v) phosphoric acid (400 μL) and 16 mL of the mixture of t-butylmethyl 

ether and pentane (3 : 2, v/v) were added. After the resultant mixture was shake n 

vigorously 100 times, it was centrifuged at 1500×g for 10 min. The organic 

phase (6 mL) was taken and dried under nitrogen gas. The residue was dissolved 

in 200 μL HPLC mobile phase and analyzed by HPLC.  

 

2.8.  HPLC Assay 

As the HPLC apparatus, a Shimadzu LC-6AD pump was used with a 

Shimadzu SPD-10AV VP UV–VIS detector set at a wavelength of 246 nm and a 

Shimadzu C-R7A plus Chromatopac. A YMC Pack ODS-AM column (6 mm 

inner diameter × 150 mm length; YMC Co., Ltd., Kyoto, Japan) was used as the 

analytical column. A 26 % (v/v) 2-propanol aqueous solution containing 0.1 % 

(v/v) trifluoroacetic acid was used as the mobile phase. The HPLC assay was 

performed at room temperature, with the flow rate set at 1 mL/min and an 

injection volume of 20 μL. The PD concentration was determined by the 

absolute calibration curve method.  



５２ 

 

2.9.  Statistical Analysis  

Statistical analyses were performed with one-way ANOVA followed by 

Dunnett’s test, and the significant difference was set as p< 0.05. 

 

3.  Results and Discussion 

3.1.  In Vitro  Characteristics of CS-GP Conjugates with Different Drug 

Contents 

Synthesis was performed in the same manner as in a previous study 34) 

except that the separation of Tr-GP was conducted only with methanol washing 

and no use of silica gel column chromatography. 1H NMR, 13C NMR, DEPT135o, 

DEPT90o, HMBC and HMQC spectra and mass spectra supported a glycine ester 

of PD at the C21 position (Fig. 11) was synthesized (data not shown). Also, the 

1H NMR spectrum showed that CS-GP was formed by the combination of GP and 

CS, and the PD content calculated from UV absorption spectra was consistent 

with that estimated from integrated intensities of the proton signals in the 1H 

NMR spectrum of CS GP (data not shown).  

The conjugates with different PD contents were prepared only by 

changing the amount of GP added. As a result, the PD content rose with the 

increase in the GP amount (Table 3). The amounts of the conjugates yielded 

were almost the same because their drug contents were small. The CS -GP 

conjugates with low, intermediate and high PD content were named CS -GP(L), 

CS-GP(M) and CS-GP(H), respectively. Their release characteristics were 

analyzed at pH 6 and 7.4. The results are shown in Fig. 13. The release rates 

were relatively similar among all the conjugates at both pH 6 and 7.4. It was 

suggested that ester hydrolysis should occur basically independently of the PD 

content. Also, this meant that the conjugate with greater drug content would 

release more PD according to the amount of the conjugate. PD was re leased 

gradually over 24 h under physiological pH, while the PD release rate fell at 
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acidic pH. The inflammatory joint space was acidified and its pH sometimes 

neared 6.  52,  61,73) In the previous study, the effect of plasma on the release rate 

of PD from CS-GP was small; therefore, when ignoring the enzymatic effect on 

the release, the actual release was expected to be caused between release curves 

of pH 6 and 7.4 under disease conditions.  
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Table 3 

Preparation Conditions of CS-GP and the Yield and Drug Content 
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Fig. 13. Release Profiles of PD from CS-GP Conjugates with Different 

Drug Contents under the Conditions of pH 6 (A) and 7.4 (B) at 37  oC 

(mean ± SD, n = 3) 
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3.2.  Therapeutic Effectiveness of CS-GP 

CS-GP, PD alone, CS alone and PD/CS mixture were investigated for their 

anti-inflammatory potency. At the same time, the animals were checked for 

changes in body weight, which were used as an overall toxic index. PD (2.5 

mg/kg), CS-GP (2.5 mg PD equiv./kg), CS, PD (2.5 mg/kg)/CS and PD (5 

mg/kg) were expressed as PD (2.5), CS-GP (2.5), CS, PD (2.5)/CS and PD (5) in 

Figs. 14–17, and the control (no treatment) was expressed as control. The 

change in body weight is shown in Fig. 14. For each group, the body we ight 

changed in a similar pattern to disease progression. Even after injection on 14 d 

and 15 d, a decrease in body weight was hardly observed in each preparation, 

indicating that all the preparations had low toxicity under the present dosing 

conditions. The therapeutic effect of each preparation was examined from 

suppression of the swelling of the hind paws. The inflammation extent was 

evaluated from swelling ratio of paw volume to the initial one (V(t)/V(0)) and 

from change in paw volume after the dosing of preparations (V(t)/V(14)). The 

profiles of the V(t)/V(0) values were obtained as shown in Figs. 15 and 16.  

Swelling was reduced more obviously by the preparations in the right paw   

(Fig. 15). As to a right hind paw, CS-GP exhibited a significant reduction of paw 

volume against the control for a long period, while other preparations did not. 

PD alone, CS alone and the PD/CS mixture tended to decrease swelling but the 

significant effect was obtained only at some time points; PD (2.5 mg/kg) 

exhibited a significant reduction against the control on the 15 d (p< 0.05), and 

the swelling was significantly lower in PD (5 mg/kg) than the control on 15 d, 

17 d–19 d (p< 0.05). CS is known to exhibit anti -inflammatory actions on 

adjuvant arthritis in rats, although the effect appears to be low, particularly in 

therapeutic use74). Also, CS tends to display an elevated therapeutic effect 

against osteoarthritis in combination with other agents, such as glucosamine 

sulfate.37) In the present experiment, the tendency to suppress swelling was 



５７ 

 

observed with CS, but the effect was not significant except for on 19 d. The 

mixture of CS and PD was also not significantly effective against swelling; CS 

and PD appeared not to act synergistically.  

The suppressive effect of each preparation on the swelling of the left hind 

paw was observed to a lesser extent (Fig. 16). Only CS -GP suppressed the 

swelling of the left hind paw significantly against the control ( p< 0.05 on 17 d 

and 18 d). Although PD alone, CS alone and the PD/CS mixture tended to 

decrease the swelling of the left hind paw as compared with the control, none of 

them was significantly effective.  

Change in paw volume and body weight was evaluated from the other 

mode; effect of each preparation on the inflamed paws and body co nditions was 

estimated from the comparison between after and just before dosing. Namely, 

the ratio of the paw volume on the t-th day (V(t)) to that on 14 d (V(14)), 

V(t)/V(14), was calculated and compared among the preparations. Also, the ratio 

of the body weight on the t-th day (W(t)) to that the just before dosing (W(14)), 

W(t)/W(14), was evaluated as overall toxic side effect. The results are shown in 

Fig. 17. Change in body weight after dosing was not significantly different 

among each preparation (Fig.  17A). As to a right hind paw, only CS-GP 

significantly reduced the volume ratio (V(t)/V(14)) as compared with the control 

(Fig. 17B). On the other hand, the V(t)/V(14) values calculated for the left hind 

paws were significantly lower in PD (2.5 mg/kg), PD (5 mg/kg) and CS-GP (2.5 

mg PD equiv./kg) than the control across multiple days (Fig. 17C). In particular, 

CS-GP showed the lower V(t)/V(14) values than other preparations for a long 

period, and tended to be superior in paw volume reduction to PD (5 mg/kg ). The 

profiles given by V(t)/V(0) values were somewhat different from those shown by 

V(t)/V(14) values. The reason was that the V(14) values were varied to some 

extent among the preparations, while the V(0) values were almost the same, 1.3 

or 1.4 mL, for all the preparations. However, both the analyses using V(t)/V(0) 



５８ 

 

and V(t)/V(14) values suggested that CS-GP should be the most suppressive 

against the inflammation of both hind paws. The results in change in body 

weight indicated that CS-GP should not be toxic at the present dosing 

conditions. 
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Fig. 14. Change in Body Weight after Adjuvant Injection into Rats 

(mean ± SE, n = 3)  

*p< 0.05 vs. control (Dunnett’s test). The arrow shows the dosing time.  
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Fig. 15. Swelling of Right Hind Paw after Adjuvant Injection into 

Rats, and Therapeutic Effect of Each Preparation against Arthritis  

(mean ± SE, n = 3) 

*p< 0.05, #p< 0.01 vs. control (Dunnett’s test). The arrow shows the 

dosing time. 
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Fig. 16. Swelling of Left Hind Paw after Adjuvant Injection into Rats, 

and Therapeutic Effect of Each Preparation against Arthritis  

(mean ± SE, n = 3) 

 *p< 0.05 vs. control (Dunnett’s test). The arrow shows the dosing time.  
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Fig. 17.  Effect of Each Preparation on Body Weight (A), Right Paw 

Volume (B) and Left Paw Volume (C), expressed as the Ratio to the 

Value Just before I.V. Administration (mean ± S.E., n=3)  

     * p< 0.05, # p< 0.05 vs. control (Dunnett’s test).  The results were 

calculated based on the data of Figs. 14 – 16.  The arrow shows the dosing 

time.   
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3.3.  Pharmacokinetics and Biodistribution 

The pharmacokinetic features of CS-GP and PD were investigated after i.v. 

injection into normal rats at 2.5 mg PD equiv./kg. The plasma 

concentration-time profiles were obtained as shown in Fig. 18. After i.v. 

injection of PD alone, the plasma concentration declined rapidly until 1 h, and 

then was eliminated slowly (Fig. 18A). For CS-GP, both free and total (= free + 

conjugated) PD concentrations were assessed after i.v. administration at 2.5 mg 

PD equiv./kg. The conjugated PD concentration is shown with a broken line   

(Fig. 18B). The total PD concentrations were 20.2, 19.2, 14.2 and 3.9 g/mL at 

0.25, 0.5, 1 and 3 h, respectively, after the injection, which were approximately 

10 times larger than the free PD concentrations, respectively. This was based on 

the high plasma retention of the conjugated PD. The pharmacokinetic 

parameters were calculated according to the trapezoidal rule using the program 

MULTI.60) The plasma concentration at 0 h was calculated by the extrapolation 

of the initial 2–3 points to time 0, and used for pharmacokinetic analysis. The 

pharmacokinetic parameters were obtained as shown in Table 4. The AUC(0–24 

h) values of the total PD and conjugated PD were significantly greater than that 

of PD alone, being approximately 20 and 19 times larger. For free PD, no 

significant difference in AUC(0–24 h) was observed between CS-GP and PD 

alone, although CS-GP tended to display a greater AUC(0–24 h) value for free 

PD as compared with PD alone. Although the blood sample was quickly cooled 

in the pharmacokinetic experiments, it took some time (5 min or more) for the 

next steps, including centrifugation and treatment with other solutions. 

Therefore, during those operations, additional release might have occurred to 

some extent; in particular, the influence would be greater at an earlier time. This 

might be because the free PD generated from CS-GP tended to show a higher 

concentration and larger AUC (0–24 h) value, though both the AUC (0–24 h) 

values were not significantly different.  
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Fig. 18. Plasma Concentration–Time Profiles after I.V. Administration 

of PD Alone (A) and CS-GP (B) to Normal Rats (mean ± SE, n = 3) 
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Table 4  

Pharmacokinetic Parameters for PD Alone and CS-GP after I.V. 

Administration to Normal Rats (mean ± SE, n = 3).  

 

# p< 0.01 vs. PD alone (Dunnett’s test).  
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The pharmacokinetic results demonstrated that CS -GP enhanced the 

systemic retention of PD extensively, which  was due to the much higher 

localization of CS-GP in the blood circulation. Although CS-GP did not prolong 

the systemic retention of PD so much, the AUC value increased to a great extent. 

This high localization of CS-GP in the systemic circulation was considered to 

facilitate the accumulation of the drug at the inflammatory site based on EPR 

effect.7) Furthermore, it was found out that CS-GP did not maintain the plasma 

PD level for long because of the pharmacokinetic characteristics of CS, 25,54,71) 

which is not retained so long in the blood circulation.  

The drug distribution was investigated in several organs 24 h after i.v. 

injection. The distribution profiles were obtained as described in Fig. 19. For 

PD alone, PD was detected in only the kidney and liver.  The kidney 

concentration was lower than 0.4 g/g, and the concentration was even less in 

the liver. For CS-GP, free and total concentrations were examined. PD and 

CS-PD were detected in only the liver and lung. Total PD concentrations in the 

liver and lung were 2.2 and 0.2 g/g, respectively, which were larger than the 

PD concentrations observed in PD alone. The conjugated PD was observed more 

than free PD in the liver, but the conjugated PD was not found in the lung. 

However, this drug distribution extent  was very low; even in the liver, being the 

largest tissue, the total distributed amount for CS-GP was 20.3 g PD equiv. per 

rat (<5 % of dose). These low organ distributions were probably due to the 

biological features of CS, which is metabolized and excr eted relatively easily. 

Non-accumulation in organs suggested that CS should be a suitable carrier for 

the drug delivery system. 
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Fig. 19. Organ Distribution at 24 h after I.V. Administration of PD 

Alone (A) and CS-GP (B) to Normal Rats (mean ± SE, n = 3) 
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4.  Conclusion 

CS-GP conjugates with different PD contents, and 1.4–4.3 % (w/w) was 

prepared based on the method reported previously and investigated for release at 

pH 6 and 7.4 at 37 oC. At each pH, the release rate was not so different 

irrespective of the drug content. PD was released gradually and fairly rapidly at 

the physiological pH 7.4, while it was released slowly at the severely 

inflammatory pH 6, suggesting that CS-GP would release PD gradually in the 

body and more slowly in the diseased part. The effectiveness of CS -GP was 

investigated in vivo using rats with adjuvant-induced arthritis. Efficacy was 

evaluated by the comparison of anti -arthritic effects among CS-GP (2.5 mg PD 

equiv./kg), PD alone (2.5 and 5 mg/kg), CS alone and the PD (2.5 mg/kg)/CS 

mixture. CS-GP showed the most suppressive effect against arthritic swelling in 

both hind paws and reduced the paw volume significantly than the control for a 

fairly long period, but other preparations were less effective. The 

pharmacokinetic characteristics of CS-GP were investigated after i.v. injection 

into normal rats. CS-GP showed much higher plasma levels, resulting in a much 

greater AUC value, indicating that CS-GP showed a high retentive property in 

the systemic circulation. In addition, CS-GP exhibited no localization in tested 

major organs. These results suggested that CS-GP should be highly effective, 

less toxic and suitable for a targeting delivery system for the treatment o f RA. 
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Chapter 3 

 

 

Chondroitin Sulfate-Glycyl-Prednisolone Conjugate as Arthritis Targeting 

System: Localization and Drug Release in Inflammatory Joints  
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1. Introduction 

In chapter 2, the conjugate of chondroitin sulfate-glycyl-prednisolone 

(CS-GP), was found to act as a macromolecular prodrug of PD and to promote 

anti-arthritic effect,35) in which efficacy was evaluated using the rats with 

adjuvant-induced arthritis.17, 72) In the pharmacokinetics in healthy rats, it was 

suggested that good retention of CS-GP in the plasma should facilitate the drug 

distribution to the arthritis site based on EPR effect. As the used CS has a 

molecular weight (MW) of only several tens of thousands,34) its EPR effect 

might not be very high.   

Therefore, in this chapter 3, the pharmacokinetic features and the extent 

of the drug localization to the arthritis site were examined using rats with 

adjuvant-induced arthritis in order to elucidate the mechanism of the promoted 

efficacy by CS-GP. At the same time, the passive targeting ability of CS-GP was 

evaluated by comparison of the drug localization between arthritic and healthy 

rats.  Furthermore, the MW situation of CS-GP in the systemic circulation was 

investigated after i.v. administration.  

 

2.  Materials and Methods   

2.1. Materials      

Chondroitin sulfate C (CS) sodium salt (CS-Na), derived from shark 

cartilage and containing 2.6 % N and 6.6 % S, was purchased from Wako Pure 

Chemical Industries, Ltd. (Osaka, Japan), and the ratio of 6-sulfate to 4-sulfate 

in CS-Na was 9 : 1, that is, 6-sulfate was greater, and the average MW was 

40,000–80,000. N, N’-Carbonyldiimidazole (CDI), 4-dimethylaminopyridine 

(DMAP), N-hydroxysuccinimide (NHS) and 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (WSC) were also 

obtained from the same manufacturer. N-Tritylglycine (Tr-G) was purchased 

from Sigma Chemical Company (St. Louis, MO, USA). Heat -killed and 
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desiccated Mycobacterium tuberculosis  M37Ra was obtained from Difco 

Laboratories (Detroit, MI, USA) and used as an adjuvant. All other chemicals 

were of reagent grade. Sephadex G-50 fine powder was purchased from GE 

Healthcare Bio-Sciences AB (Uppsala, Sweden), and used for gel 

chromatography. Amicon Ultra-0.5 mL centrifugal filters with molecular weight 

(MW) cutoffs of 30 K and 100 K were obtained from Merck Millipore, Ltd. 

(Darmstadt, Germany), and used for estimation of molecular weight distribution.  

 

2.2. Animals      

Lewis female rats (8 weeks old, 150-160 g) were obtained from Charles 

River Laboratories Japan, Inc. (Yokohama, Japan). They were bred on the 

breeding diet MF supplied by Oriental Yeast, Co., Ltd. (Tokyo, Japan) with 

water ad libitum at 23±1 °C and relative humidity of 60±5 %. They were used 

for the experiments a few days after purchase. The experimental protocol was 

approved by the Committee on Animal Research of Hoshi University, Japan. The 

animal experiments were performed in compliance with the Guiding Principles 

for the Care and Use of Laboratory Animals, Hoshi University, Japan.  

 

2.3. Preparation and Chemical Characterization of CS-GP      

Chondroitin sulfate-glycyl-prednisolone (CS-GP) were produced 

according to the previously-reported procedure.34, 35) The production scheme is 

shown in Fig. 20. In the first step, glycyl-prednisolone (GP) was synthesized as 

follows.  Tr-G (477 mg, 1.5 mmol) and CDI (243 mg, 1.5 mmol) were dissolved 

in 10 mL tetrahydofuran at 0 °C and stirred for 30 min at 0 °C. DMAP (15 mg, 

0.12 mmol) and PD (270 mg, 0.75 mmol) were added to the solution and stirred 

at room temperature for 4.5 h. After evaporation of the solvent, the ester of PD 

with Tr-G, called Tr-GP, was obtained by washing the residue with methanol. 

The chemical structure of Tr-GP was confirmed by TLC, 1H-NMR, 13C-NMR, 
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and EI-MS measurements as reported previously. Then, Tr-GP (300 mg) 

underwent detritylation by heating in 75 % (v/v) aqueous acetic acid (10 mL) at 

75 oC. As soon as the white precipitate began appearing while heating, the 

mixture was cooled on ice. After the white precipitate was removed by filtration, 

the filtrate was evaporated and the resultant residue was chromatographed with 

a silica gel column with a mixture of chloroform and methanol (15 : 1, v/v) as 

elution solvent. The fractions corresponding to GP were collected and 

evaporated to dryness. The obtained compound, GP, was confirmed for its 

chemical structure by TLC, 1H-NMR, 13C-NMR, and MALDI-TOF-MS 

measurements, as reported previously.  

     CS-GP was prepared by carbodiimide coupling as follows. CS (240 mg) 

was dissolved in 20 mL water, and 5 mL tetrahydrofuran (THF) containing GP 

(60 mg) was added. WSC (1 g) and NHS (0.6 g) were added to the solution, and 

the resultant mixture was stirred at room temperature for 4.5 h. The solution was 

chromatographed with a Sephadex G50 gel column [2.8 cm (inner diameter) x 25 

cm (length)] using 0.1 M NaCl aqueous solution as the elution solvent. The 

eluted solution was fractionated at 15 mL each. The high molecular weight 

fractions were collected and dialyzed against water at 4 °C. The final solution 

was lyophilized to yield CS-GP, which was shown to contain PD at 3.9 % (w/w) 

from the UV absorbance at 246 nm in the purified water/phosphate -buffered 

saline with pH 7.4/methanol solution (0.4/2/0.533, v/v). CS -GP in powder form 

was kept stable at room temperature in a desiccator with dry silica gel, in which 

free PD was little found even in half a year.  
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Fig. 20.  Synthesis of Chondroitin Sulfate-Glycyl-Prednisolone 

Conjugate (CS-GP). 
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2.4. In Vitro Release Studies at Inflammatory Joint pH      

The in vitro  release of PD from CS-GP was examined using a mixture of 

purified water/buffer/methanol (0.4/1.2/0.533, v/v), in which 1/15 M phosphate 

buffers of pH 6.5 and 7 (typical pH of inflamed tissue media) were used as the 

buffer solution. The mixture containing CS-GP (2.13 mL) was incubated at 2.61 

g PD equiv./ mL at 37 oC under horizontal shaking at 60 rpm. At appropriate 

time points, aliquot samples (50 L) were withdrawn, and 1/10 M acetate buffer 

of pH 4 (150 L) was added to stop the hydrolysis. After 150 L of HPLC 

mobile phase was added, the mixture was injected onto HPLC to analyze the PD 

concentration in the incubation media.  

 

2.5. Pharmacokinetic Experiment in Rats with Adjuvant-Induced 

Arthritis 

Animal models with adjuvant-induced arthritis were made according to 

the method by Hirano et al. (1994).17) Namely, heat-killed Mycobacterium 

tuberculosis M37Ra was suspended in liquid paraffin at 5 mg/mL. The 

suspension (100 L) was injected intracutaneously into the footpad of the right 

hind paw of each Lewis rat. The volume of the hind paws reached a plateau 

around 14 days after the adjuvant injection. Dosing samples were prepared as 

follows. CS-GP was dissolved in saline at 2.5 mg PD equiv./mL, and PD was 

dissolved in 50 % (w/v) PEG400 saline solution at 2.5 mg/mL.  

     The pharmacokinetic experiment was performed according to the schedule 

in Fig. 21A. Namely, 14 d after adjuvant injection, the rats were administered 

CS-GP or PD solution at 2.5 mg PD equiv./kg/mL via the jugular vein. Blood 

sampling (each, 0.3 mL) was performed immediately before dosing and 15 min, 

30 min, 1 h, 3 h and 7 h after drug administration.   

For dosing of PD alone (PD solution), the blood sample was centrifuged at 

1500xg for 10 min to obtain plasma. Saturated NaCl aqueous solution (100 L), 
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6 % (w/v) phosphoric acid (100 L) and 4 mL of the mixture of t-tributylmethyl 

ether and pentane (3 : 2, v/v) were added to the plasma (100 L). The mixture 

was shaken vigorously 100 times and then centrifuged at 1500xg for 10 min.  

The supernatant (3 mL) was taken and dried under nitrogen gas. The residue was 

dissolved with 100 L HPLC mobile phase and analyzed by HPLC to determine 

the concentration of PD in plasma.   

For CS-GP, the plasma concentration of free PD and that of total (free + 

conjugated) PD were measured. After centrifugation of the blood sample, two 

plasma samples (each, 50 L) were obtained; one sample (50 L) was used for 

analysis of the free PD concentration, and the other (50 L) was used for 

measurement of the total PD concentration. First, 50 L of the plasma sample 

was treated in a similar manner to PD alone. Namely, saturated NaCl aqueous 

solution (50 L), 6 % (w/v) phosphoric acid (50 L) and 2 mL of the mixture of 

t-tributylmethyl ether and pentane (3 : 2, v/v) were added to the plasma (50 L).  

After the mixture was shaken vigorously 100 times and centrifuged at 1500xg 

for 10 min, the resultant supernatant (1.5 mL) was taken and dried under 

nitrogen gas. The residue was dissolved in 100 L HPLC mobile phase and 

analyzed by HPLC to obtain the free PD concentration.   

Second, to another plasma sample (50 L), 50 L of 0.1 M NaOH aqueous 

solution was added, mixed and then incubated at 45 oC by shaking horizontally 

at 60 rpm for 10 min. Then, 150 L of 0.1 M acetate buffer of pH 4 was added.  

Saturated NaCl aqueous solution (200 L), 6 % (w/v) phosphoric acid (200 L) 

and 8 mL of the mixture of t-tributylmethyl ether and pentane (3 : 2, v/v) were 

added to the whole resultant mixture and shaken vigorously 100 times. After the 

mixture was centrifuged at 1500xg for 10 min, the supernatant (3 mL) was taken 

and dried under nitrogen gas. The residue was dissolved in 100 L HPLC mobile 

phase and analyzed by HPLC to determine the total drug concentration. The 

concentration of conjugated PD was calculated by subtracting the concentration 
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of the above free PD from that of the total PD.  

 

2.6. Drug Distribution Studies at Inflammatory Joints in Rats with 

Adjuvant-Induced Arthritis      

The drug distribution at the inflammatory joint was analyzed as shown in 

Fig. 21B. This was performed separately from the above pharmacokinetic 

experiment.  On 14 d after adjuvant injection, CS -GP or PD solution, prepared 

in the same manner as in the pharmacokinetic study, was injected at 2.5 mg PD 

equiv./kg/mL into the jugular vein. At 1, 7 or 24 h after drug administration, a 

blood sample (0.3 mL) was taken from the jugular vein under anesthesia with 

ethyl ether. Immediately after, the animals were sacrificed by excessive 

anesthesia with ethyl ether inhalation. Then, both right and left hind paws were 

taken using scissors for bone resection so that the inflamed part around the 

ankle was taken with each neighboring side (each: approximately 0.5 cm). After 

the skin was removed from the taken leg part, the resultant tissue (1.0 g –2.0 g) 

was treated as follows to measure the drug concentration.   

The obtained tissue containing flesh and bone was minced using scissors 

for bone resection and those for cutting meat in a small plastic box. After the 

obtained joint fragments (0.5–1 g) were put into a glass bottle, liquid nitrogen (3 

mL) was added several times until the fragments were completely frozen. The 

frozen fragments were mixed well in the bott le and placed in an iron cylinder 

(1.5 cm x 2.5 cm long) which had been cooled in advance by dipping in liquid 

nitrogen. The frozen fragments were pressed manually with a pestle at 300 kg 

for 30 s. Thus, 1 or 2 disks were obtained for each inflamed tissu e and were 

preserved at –80 oC until drug extraction for preparation of the HPLC sample. 

Small pieces of debris and liquid derived from the tissue fragments were 

collected by washing the plastic box, and the washings, total volume of which 

was set to be equal to the total weight of the above tissue disks, were put in the 
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glass bottle used for drug extraction; the final liquid was called wash liquid and 

was used for preparation of the HPLC sample.   

The sample for HPLC analysis was prepared as follows. A por tion of the 

above frozen disk (0.2 g) was cut out, and 0.2 mL of the above wash liquid and 

0.2 mL of 0.1 M acetate buffer (pH 4) were added. After the mixture was stirred 

by a vortex mixer and sonicated at 20 kHz (100 kW) at 5 min, 1.8 mL 

acetonitrile was added, stirred by a vortex mixer and sonicated at 20 kHz (100 

kW) at 5 min. Then, the mixture was left to stand at room temperature for 1.5 h, 

during which the whole tissue fragments were denatured almost completely. 

After centrifugation, 1.2 mL of the supernatant was withdrawn, and the organic 

solvent was evaporated at 30 oC under nitrogen gas. The remaining aqueous 

liquid underwent lyophilization. To the residue, 200 µL HPLC mobile phase was 

added, and the resultant solution was analyzed by HPLC to determ ine the tissue 

concentration of free PD. 

     The total (free + conjugated) PD concentration in the inflamed tissue was 

measured as follows. The frozen disk (0.2 g) and wash liquid (0.2 mL), prepared 

as above, were mixed, and 0.1 M NaOH aqueous solution (0 .4 mL) was added.  

Then, the mixture was warmed to 45 oC for 8 min while shaking horizontally at 

60 rpm. Then, 0.1 M HCl aqueous solution (0.4 mL) was added to neutralize the 

pH, and 3.6 mL acetonitrile was added. The mixture was stirred by a vortex 

mixer and sonicated at 20 kHz (100 W) for 10 min, then centrifuged at 1500xg 

for 10 min.  After 2.4 mL of the supernatant was taken, the contained organic 

solvent was dried at 40 oC under nitrogen gas. Then, the remaining aqueous 

liquid was lyophilized. To the residue, 200 L HPLC mobile phase was added, 

and the resultant solution was analyzed by HPLC to obtain the total drug 

concentration of the inflammatory joint.   

     Furthermore, the control study using healthy rats was performed to 

evaluate the passive targeting ability of CS-GP. That is, CS-GP was 
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administered intravenously to healthy rats at 2.5 mg PD equiv./kg. At 24 h after 

administration, the rats were sacrificed by excessive anesthesia with ethyl ether 

inhalation. Immediately after that, both right and left hind paws were taken 

using scissors for bone resection with each neighboring side (each: 

approximately 0.5 cm). The skin of the taken tissue was removed, and the 

resultant tissue (ca. 0.3 g) was analyzed for the total PD concentration in the 

same manner as described above. The obtained total PD concentrations were 

compared between adjuvant-induced arthritis and healthy rats.   
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Fig. 21.  Schemes of Studies on Pharmacokinetics (A) and Drug 

Distribution in the Inflammatory Joints (B) after I.V. Administration 

to Rats with Adjuvant-Induced Arthritis 
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2.7. Estimation of Physicochemical State of CS-GP in Systemic Circulation 

The blood sample taken 1 h after i.v. injection of CS-GP was used for 

examination of its apparent molecular weight in the systemic circulation. First, 

the original molecular weight distribution of CS-GP was measured using 

ultrafilter membranes with molecular weight (MW) cutoffs of 30K and 100K 

(Amicon Ultra). Namely, 0.5 mg/mL CS-GP solution in phosphate-buffered 

saline at pH 7.4 was filtered using the ultrafilter membranes. The original 

solution and the filtrates were diluted with PBS and measured 

spectrophotometrically at 246 nm.  

     For the blood sample, the plasma was obtained after centrifugation.  The 

MW distribution of CS-GP was estimated based on the total drug concentration 

in each eluted filtrate obtained after ultrafiltration, because the concentration of 

free PD is low in the plasma 1 h after i.v. injection. Namely, the examination 

was conducted as follows. The plasma (50 L) and PBS (450 L) were mixed 

and filtered using the ultrafilter with an MW cutoff of 100K. In addition, the 

plasma (25 L) and PBS (450 L) were mixed and filtered using the ultrafilter 

of 30K cutoff. The mixture before ul trafiltration and the filtrates were treated in 

the same manner as the plasma sample in the pharmacokinetic experiment. 

Namely, 50 µL of 0.1 M NaOH aqueous solution was added to each sample (50 

L) and then incubated at 45 oC by shaking horizontally at 60 rpm for 10 min. 

Then, 150 µL of 0.1 M acetate buffer of pH 4 was added. Saturated NaCl 

aqueous solution (200 µL), 6 % (w/v) phosphoric acid (200 L) and 8 mL of the 

mixture of t-tributylmethyl ether and pentane (3 : 2, v/v) were added and shaken 

vigorously 100 times. After centrifugation, the supernatant (3 mL) was taken 

and dried under nitrogen gas. The residue was dissolved in 100 L HPLC mobile 

phase and analyzed by HPLC to determine the total drug concentration. From 

the total PD amount in the sample or  filtrate, the distribution of CS-GP in the 

individual MW range was estimated, because the free PD concentration was 
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much less than the total PD concentration 1 h after i.v. injection ( see Fig. 23). 

 

2.8. HPLC Assay      

For the HPLC apparatus, a Shimadzu LC-6AD pump was used with a 

Shimadzu SPD-10AV VP UV-VIS detector set at a wavelength of 246 nm and a 

Shimadzu C-R7A plus Chromatopac (Kyoto, Japan). A YMC Pack ODS -AM 

column (6 mm inner diameter × 150 mm length; YMC Co. Ltd., Kyoto, Japan) 

was used as the analytical column. A 26 % (v/v) 2-propanol aqueous solution 

containing 0.1 % (v/v) trifluoroacetic acid was used as the mobile phase. The 

HPLC assay was performed at room temperature, with the flow rate set at 1 

mL/min and an injection volume of 40 µL. The  PD concentration was 

determined using the absolute calibration curve, which was obtained after 

treating fresh samples spiked with a known amount of the drug in the same way 

as the treatment of the test sample.  

 

2.9. Statistical Analysis      

Statistical analyses of more than 2 groups were performed with one-way 

ANOVA followed by Dunnett’s test, and comparison of two groups was 

conducted with unpaired t-test. Significant difference was set as p<0.05. 

 

3. Results and Discussion 

3.1.  In Vitro Release of PD from CS-GP at Inflammatory Joint pH 

According to the literature on the medium pH at joints with rheumatoid 

arthritis, the pH is 7–7.4 in a moderate disease state, and falls to <7 as the 

disease condition worsens. In a severe disease state, the pH falls to 6 –6.5. In the 

previous study, the release profiles were investigated at pH 6 and 7.4. Therefore, 

the release of PD was further examined at pH 6.5 and 7 in the present study. The 

release profiles are shown in Fig. 22, including the release profiles at pH 6 and 
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7.4, obtained previously. The release rate constants, obtained by pseudo -first 

order kinetic analysis, were 0.013 and 0.031 h -1, respectively; that is, the 50 % 

release time periods were calculated to be 53 and 22 h at pH 6.5 and 7, 

respectively. Considering that the release rate of PD was dependent mainly on 

pH, not caused enzymatically,  34) PD was considered to be released slowly over 

one to several days in the inflammatory joint area. As the PD release was caused 

gradually at physiological pH 7.4 (approximately 50 % for 7 h), two-long 

systemic circulation might be unsuitable for the localization to the diseased area. 

In the case of CS-GP, the systemic retention was not so long as stated below in 

the plasma concentration study, probably due to the metabolic fate of CS itself. 

Therefore, the loss by release of PD in the systemic circulation was not a critical 

problem, though it would be desirable to suppress the drug release in the 

systemic circulation maximally.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



８３ 
 

 

 

 

 

 

 

 

Fig. 22.  In Vitro Drug Release from CS-GP during Incubation of Its 

Aqueous Solutions at Different pH Related to Inflammatory Joints.   

Each point represents the mean ± S.D. (n=3).     
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3.2.  Pharmacokinetics after I.V. Injection in Rats with Adjuvant -Induced 

Arthritis      

After PD alone and CS-GP were intravenously administered to rats with 

adjuvant-induced arthritis, the plasma levels were investigated from 0.25 –7 h.  

For PD alone, the plasma concentration immediately after i.v. injection (0 h) 

was calculated by extrapolation with the exponential curve obtained for the 

points of 0.25 and 0.5 h. Also, for CS-GP, the total PD concentration 

immediately after i.v. injection (0 h) was calculated in the same manner. The 

conjugated PD concentration (CS-GP(C)) was calculated by subtraction of the 

free PD level from the total level. For both administrations, the plasma 

concentration profiles were basically similar to those obtained previously in 

normal rats.  35) The results are shown in Fig. 23. For PD alone, the plasma 

concentration was eliminated in a bi-phasic manner, in which rapid elimination 

at 0–30 min and slow decline at 0.5–7 h were observed. For CS-GP, the total 

concentration was eliminated in a mono-exponential manner from 0.25 h to 7 h. 

At 0.25–3 h after administration, the total concentration was more than 10 times 

greater in CS-GP than in PD alone; a significant difference was observed from 0 

h to 3 h in comparison of PD alone with both total and conjugated PDs ( p< 0.05 

or 0.01). The concentration of free PD was much less than the total 

concentration from 0 h to 7 h after administration of CS-GP, and not so different 

from that given by PD alone.   

Thus, conjugated PD was found to contribute to the high plasma level o f 

the total concentration of CS-GP. Considering that CS is eliminated by hepatic 

metabolism and urinary excretion generally with a half -life of several dozen min 

– a few h in human and animals,25, 71, 75) CS-GP was considered to be 

concentrated well in the systemic circulation. Thus, it could be proposed that the 

high distribution of CS-GP in the systemic circulation should promote the 

localization of PD at the inflamed tissue due to EPR effect. 76) Table 5 
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summarizes the results in moment analysis of the pl asma concentration-time 

profiles, in which the computer program MULTI was used. 60) The AUC value of 

the total PD was nearly 13 times significantly greater in CS -GP than in PD alone 

(p< 0.01). As the AUC value of the conjugated PD was 11 times significantly  

higher than the PD level in PD alone (p< 0.01), the conjugated PD was 

considered to raise the drug retention in the systemic circulation. The values of 

MRT and VRT were similar among all the types of drugs in Table 5 except for 

the VRT value of PD alone. The greater value of VRT in PD alone was due to the 

slow elimination in the later phase of the plasma concentration -time curve after 

administration of PD alone. On the other hand, after i.v. injection of CS -GP, the 

concentrations of the total and free dugs  decayed in a more linear manner. 

However, the VRT values of total, free and conjugated PD given by CS -GP were 

not significantly different from that given by PD alone.  
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Fig. 23.  Plasma Concentration-Time Profiles after I.V. 

Administration of PD Alone (A) and CS-GP (B) at the Dose of 2.5 mg 

PD equiv./kg in Rats with Adjuvant-Induced Arthritis.   

Each point represents the mean ± S.E. (n=4).  * p< 0.05, # p< 0.01 vs. PD 

alone (Dunnett’s test).  
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Table 5.  Pharmacokinetic Parameters Obtained from the Moment 

Analysis 

 

The results are expressed as the mean ± S.E. (n=4). # p< 0.01 vs. PD (PD 

alone) (Dunnett’s test).   
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3.3.  Drug Distribution Profiles in Inflammatory Joints after I.V. Injection 

in Rats with Adjuvant-Induced Arthritis      

Inflammation was found to occur most severely near the heel in both right 

and left hind paws. Each inflammatory joint was taken by cutting the limb and 

foot close to the joint. The skin of the taken joint was pe eled, and the resultant 

peeled inflammatory joint was used as a sample for measurement of the 

distributed drug amount. The right hind paw joint weighed 1.5 –2.0 g, and the 

left hind paw joint weighed 1.0–1.6 g; that is, the right hind paw joint tended to 

be heavier than the left hind paw joint.   

The amount of drug recovered from the inflammatory joint was 

determined by spiking the homogenate with a known amount of the drug and 

subsequent treatment for HPLC analysis. Namely, free PD was recovered by 

denaturation with acetonitrile under the condition of weakly acidic pH. The 

recovery ratio of free PD from the joint homogenate was 85 % (w/w). On the 

other hand, total PD was investigated by hydrolysis of the ester bond with a 0.1 

N NaOH aqueous solution and subsequent treatment using acetonitrile. The 

recovery rate of the total (free + conjugated) PD for CS-GP was 49 % (w/w). 

The decrease in the recovery rate for the total PD was considered to be due to 

the use of 0.1 N NaOH at 45 oC in ester hydrolysis. Therefore, the stability 

characteristics of PD and CS-GP were investigated using 0.1 N NaOH aqueous 

solution at 45 oC (Fig. 24). As a result, PD remained at approximately 60 % after 

incubation in 0.1 N NaOH aqueous solution for 10 min. For CS -GP, nearly 30 % 

of PD was decomposed 10 min after incubation of the stability test in a 0.1 N 

NaOH aqueous solution. Treatment under an alkaline condition was a major 

reason in the decrease in the recovery of the total PD. The determination was 

conducted with the standard curve including these phenomena; that is, 

correction by the recovery rates of PD and CS-GP were taken into account in the 

results (see Fig. 25).  
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The drug concentration-time profiles in the inflammatory joint tissues 

were measured after i.v. administration to disease-model rats. Free PD 

concentration was measured after i.v. administration of both PD alone and 

CS-GP. The results are shown in Fig. 25. In addition, the distribution of 

conjugated PD was calculated by subtracting the free PD amount from the total 

PD amount, and is described in Fig. 25. At 1 h after i.v. administration, PD alone 

exhibited a higher PD level than the total PD level given by CS -GP, but the drug 

concentration was eliminated fairly rapidly. At 7 h after i.v. administration, the 

total and conjugated PD concentrations by CS-GP were higher than the PD 

concentration by PD alone; a significant difference was observed for the left 

hind paw joint (p<0.01). At 24 h, the total and conjugated PD levels were 

significantly higher than that by PD alone (p<0.05 for the right hind paw joint, 

p< 0.01 for the left hind paw joint). These total and conjugated PD levels tended 

to be rather higher at 24 h than at 7 h. This might be due to the following 

reasons; although the plasma level of CS-GP decreased to the fairly low level at 

7 h after administration, CS-GP still remained in the systemic circulation to 

some extent. Therefore, CS-GP was considered to be possibly delivered to the 

inflammatory site even after 7 h. In addition, CS-GP seemed to be well-retained 

in the joint tissues once delivered there; CS-GP might interact with the joint 

tissue components, which was found from the preliminary studies in the mixing 

of CS-GP and the tissues (data not shown). Also, as the release of PD from 

CS-GP was slow at the acidic joint pH, CS-GP was considered to be kept long in 

the conjugate form at the joint. These features were presumed to contribute to 

the high localization of CS-GP in the inflammatory joint at 24 h.   

After administration of CS-GP, free PD was observed at  a low but almost 

constant level, which was 0.09–0.14 g/mL for the right hind paw joint and 

0.06–0.11 g/mL for the left hind paw joint. At 24 h after i.v. administration, the 

free PD concentrations were similar for both CS-GP and PD alone. Since the pH 
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of an inflammatory joint tends to be weakly acidic, the drug release was 

considered to be caused slowly. As CS-GP remained in inflammatory joints at 

much higher level at 24 h, the free PD level was expected to be retained longer 

because of the drug supply from the conjugate distributed in the inflammatory 

tissue. On the other hand, the drug was eliminated faster for PD alone. 

Reportedly, the effective concentration of PD for immunological suppressio n 

was shown to be several dozen–nearly one hundred ng/mL.77,78) CS-GP showed 

good localization to inflammatory joint, prolonged retention there and sustained 

release of free PD, leading to higher efficacy of CS-GP than PD alone, which 

was reported previously.35) 
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Fig. 24.  Ratio of PD Recovered after Incubation of 0.1 M NaOH 

Aqueous Solution with PD Alone ( △  )  and CS-GP ( ○  ) at 45 oC 

(n=1)  
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Fig. 25.  Distributed Drug Concentration in the Right (A) and Left 

(B) Hind Paws after I.V. Administration of PD Alone and CS-GP at 

the Dose of 2.5 mg PD equiv./kg to Rats with Adjuvant-Induced 

Arthritis.   

Each point represent the mean ± S.E. (n=3 for 1 and 7 h, 4 for 24 h).    

* p< 0.05, # p< 0.01 vs. PD alone (Dunnett’t test).  
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3.4.  Joint Drug Distribution in Adjuvant-Induced Arthritis and Healthy 

Rats 

In order to evaluate the passive targeting ability of CS -GP, the 

concentrations of the total (conjugated + free) PD distributed into the joint 

tissue at 24 h after i.v. administration were compared between adjuvant -induced 

arthritis and healthy rats. The results are shown in Fig. 26. The total PD 

concentration in the joint tissue was found to be higher in adjuvant -induced 

arthritis rats than healthy rats. The total PD concentration of the left hind paw 

was significantly greater in adjuvant-induced arthritis rats than in healthy rats 

(p< 0.05). As to the right hind paw, the mean total PD level was more than twice 

greater in adjuvant-induced arthritis rats than in healthy rats, though the 

significant difference was not found (p> 0.05), which was probably due to the 

large variation of the data in adjuvant -induced arthritis rats. These results 

suggested that CS-GP could give better localization of the drug in the arthritic 

tissue than in the normal one, which supported that CS-GP should exhibit a good 

passive targeting ability based on EPR effect.  
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Fig. 26.  Distributed Drug Concentration in the Right (A) and Left 

(B) Hind Paws at 24 h after I.V. Administration of PD Alone and 

CS-GP at the Dose of 2.5 mg PD equiv./kg to Adjuvant-Induced 

Arthritis Rats (  ) and Healthy Rats (  )  

Each column represent the mean ± S.E. (n=4 for adjuvant-induced arthritis 

rats, 3 for healthy rats).  * p< 0.05 (unpaired t-test). 
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3.5.  Physicochemical State of CS-GP in Systemic Circulation      

The plasma sample collected 1 h after i.v. injection of CS -GP was diluted 

with PBS so that the resultant mixture could pass smoothly through the 

ultrafiltration membrane (Amicon Ultra). Namely, the plasma sample was 

diluted to 10-fold volume for the membrane with MW 100K cutoff, and to 

20-fold volume for membrane with MW 30K cutoff. The diluted plasma and its 

filtrates obtained by ultrafiltration were analyzed for their concentration of total 

PD. The amount of CS-GP was calculated from the content of total PD in the 

MW range (<30K, 30K–100K, 100K<). The results were obtained as shown in 

Fig. 27B. The MW distribution of original CS-GP was investigated in a similar 

manner after CS-GP was dissolved in PBS, and is shown in Fig. 27A. CS-GP in 

PBS was mainly distributed in the MW range of 30K – 100K, which was 

consistent with the average MW from the company product information.   

The apparent MW of CS-GP in the plasma sample was higher than the MW 

of original CS-GP before administration. As to this reason, two poss ibilities 

could be proposed. One was that the part of CS with low MW was eliminated by 

the urinary excretion, resulting in the part of CS with high MW remained in the 

systemic circulation. The other possibility was that the apparent molecular 

weight of CS might increase in the systemic circulation. In the literature, CS is 

known to interact with a cationic protein, lysozyme. 79) Various plasma proteins, 

particularly cationic proteins, might be related to the interaction with CS. The 

interaction of CS with different plasma proteins including serum albumin will be 

clarified in the following report. The pharmacokinetics and MW change of CS 

have already been reported, and it is known to be present systemically or 

excreted in urine, partly with fairly high MW and partly with small fragments 

including sulfate ion.54, 80,  81) Namely, CS was considered to undergo its own 

metabolism and elimination in the body, and CS-GP was expected to be 

subjected to the fate of CS. CS-GP obtained from the plasma at 1 h after the 
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intravenous injection was considered to have high MW to a considerable extent. 

Its MW distribution profile might imply the interaction of remaining high MW 

CS-GP with the plasma components. At that time, the increase in apparent 

molecular weight might be associated with the good localization and prolonged 

retention of CS-GP in inflammatory joints; generally, macromolecules with high 

MW display higher systemic retention and better localization at an inflammation 

site.55, 82) The electrical properties of CS might function beneficially for passive 

targeting to arthritic sites. The interaction of CS and plasma components will be 

made clear in the future.  
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Fig. 27.  Distribution of Apparent Molecular Weight of CS-GP in 

PBS (A) and Plasma Obtained 1 h after I.V. Administration (B)   

Each column represents the mean ± S.E. (n=3) for B; for A, the original 

value is shown (n=1).  
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4. Conclusion 

The pharmacokinetic features and drug distribution at the arthritic site of 

chondroitin sulfate-glycyl-prednisolone conjugate (CS-GP) were investigated to 

elucidate the mechanism of high and promoted efficacy. The release of PD from 

CS-GP at weakly acidic pH in rheumatoid arthritis was analyzed, in which PD 

was released slowly for several days or more. Pharmacokinetics and drug 

distribution studies were performed using rats with adjuvant -induced arthritis. 

From the plasma concentration-time profiles after i .v. administration, CS-GP 

exhibited very high retention in the systemic circulation, which suggested the 

passive targeting ability of CS-GP based on the EPR effect. More PD was 

distributed in inflammatory joints with PD alone than CS-GP at 1 h after i.v. 

administration, but the drug concentration was eliminated faster with PD alone. 

On the other hand, CS-GP exhibited prolonged joint distribution from 1 h until 

24 h, and the regenerated free PD was also maintained at a fairly constant level. 

At 24 h after i.v. administration, the total and conjugated PD levels were much 

higher with CS-GP than PD alone. The good localization and prolonged 

retention of the drug were considered to be due to the EPR effect at the 

inflammatory site. The apparent molecular weight o f CS-GP in the systemic 

circulation was observed to be high, which might be associated with the good 

delivery of CS-GP to the diseased site. The pharmacokinetics, biodistribution 

and physicochemical properties of CS-GP were considered to lead to its 

excellent anti-arthritic function.   
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SUMMARY 

 

There are many effective drugs in clinical usage, but some are restricted 

for dosage or dosing period due to several adverse effects. Drug targeting 

therapy is a technique in which a drug is delivered to target  tissues and 

remaining for appropriate time periods to maximize the efficacy and minimize 

the side effect. Although a lot of studies have been examined, some issues 

remain to apply clinically. For example, undesirable body distribution, residue 

to tissues and immunological reaction to drug carriers are reported. Therefore, 

more safe and efficient systems are required. The aim of this thesis is to develop 

a conjugate between prednisolone and chondroitin sulfate and examined the 

property and feasibility as a prodrug for the treatment of rheumatoid arthritis.  

In chapter 1, a conjugate between prednisolone (PD) and chondroitin 

sulfate (CS) with glycine as a linker was prepared in order to obtain an effective 

macromolecular prodrug against inflammatory disease, especially rheumatoid 

arthritis. First, PD was converted to the N-trityl-glycine ester (Tr-GP), and the 

glycine ester of PD (GP) was obtained by detritylation of Tr-GP. Then, GP and  

CS were condensed with water-soluble carbodiimide to yield chondroitin 

sulfate-glycyl-prednisolone conjugate (CS-GP). The obtained conjugate had a 

PD content of 2.24 % (w/w). Conversion characteristics were investigated for 

GP and CS-GP to evaluate their potential as a prodrug. In the stability test of GP, 

PD was released well in the buffer at pH 6–7.4, but degraded rapidly at pH 8 

without sufficient release of PD. As to CS-GP, PD was released more slowly 

than in GP, and the release rate rose with the increase in the medium pH. PD was 

released gradually from CS-GP over 24 h at a physiological pH. The conversion 

profiles of both GP and CS-GP almost followed pseudo-first order kinetics. The 

calculated conversion rate constants supported the gradual and effecti ve release 

from CS-GP. The release rate of PD from GP and CS-GP was accelerated by the 
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addition of rat plasma, but the promotion of release from CS -GP was small, 

suggesting that PD should be released gradually from CS -GP in the systemic 

circulation. It was demonstrated from the preliminary pharmacological study 

using rats with adjuvant-induced arthritis that CS-GP had high 

anti-inflammatory potential against arthritis.  

     In chapter 2, CS-GP conjugates with different PD contents of 1.4, 2.0 and 

4.3 % (w/w) were obtained, and their conversion characteristics were 

investigated at 37 oC under pH 6 and 7.4. Release profiles were similar among 

the conjugates, being slow at pH 6 (24 h: 9–14 %), and fairly fast at pH 7.4 (7 h: 

46–58 %). In order to evaluate in vivo efficacy in detail, CS-GP, PD, CS and the 

PD/CS mixture were investigated for anti -inflammatory effects by i.v. 

administration to rats with adjuvant-induced arthritis. At 2.5 mg PD equiv./kg × 

2 d, CS-GP significantly suppressed swelling of both hind paws, while other 

preparations were less effective. CS-GP (2.5 mg PD equiv./kg × 2 d) tended to 

be more effective than PD (5 mg/kg × 2 d). Change in body weight indicated that 

CS-GP was not toxic. After i.v. injection in normal rats, CS -GP showed much 

higher plasma levels than PD alone, and organ accumulation of CS-GP was not 

observed. CS-GP was suggested to be possibly useful for the treatment of 

rheumatoid arthritis.  

In chapter 3, CS-GP was examined for its pharmacokinetic features and 

tropism for inflammatory joints using rats with adjuvant -induced arthritis in 

order to identify the mechanism of the potential enhancement. After intravenous 

injection (2.5 mg PD equiv./kg), CS-GP gave an AUC of the total (free + 

conjugated) drug much higher than PD alone. After intravenous administration, 

the drug distribution to the inflammatory joints was investigated between 

CG-GP and PD alone. For PD alone, the PD concentration was 1.2–1.7 g/g at 1 

h and fell to 0.12–0.14 g/g at 24 h. On the other hand, CS-GP maintained the 

total concentration in the range of 0.55–0.97 g/g for 1–24 h, and maintained 
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the free PD concentration at 0.06–0.14 g/g for 1–24 h. In addition, after 

intravenous administration at the same dose, the drug concentrations at each 

joint tissue were compared between arthritic and healthy rats. The total PD 

concentration in the joint tissue was found to be higher in adjuvant -induced 

arthritis rats than healthy rats. The total PD concentration of the left hind paw 

was significantly greater in adjuvant -induced arthritis rats than in healthy rats 

(p< 0.05). As to the right hind paw, the mean total PD level was more than twice 

greater in adjuvant-induced arthritis rats than in healthy rats. Theses suggested 

that CS-GP could give better localization of the drug in the arthritic tissue than 

in the normal one, which supported that CS-GP should exhibit a good passive 

targeting ability based on EPR effect. Furthermore, CS-GP showed high MW in 

plasma, which might be associated with high plasma retention and good tropi sm 

to the inflammatory sites.  

The conjugate between prednisolone and chondroitin sulfate via glycine 

linker (CS-GP), synthesized newly, was evaluated in vitro and in vivo. The 

resultant physicochemical characteristics, biological functions and 

pharmacokinetic features demonstrated the possible usefulness of CS -GP as an 

anti-arthritic delivery system. 

 

 

 

 

 

 

 

 

 

 



１０２ 

 

ACKNOWLEDGEMENT 

 

First I would like to express my gratitude and appreciation to Professor Dr. 

Hiraku Onishi (Department of Drug Delivery Research Hoshi University) for 

invaluable suggestions in my research work.  

 

 

Also, I would like to thank Assistant professor Dr. Yuri Ikeuchi and Research 

associate Dr. Masanaho Sasatsu (Department of Drug Delivery Research Hoshi 

University) for encouragement and helpful advice. 

 

 

In addition, I would like to thank Mr. Yusuke Isoda and Mr. Ryuya Yoshida for 

their helpful assistance in my research work.  

 

 

And I would like to thank all the colleagues of Department of Drug Delivery 

Research Hoshi University for a lot of friendliness and kindness.  

 

 

Finally, I wish to express my sincere gratitude to my family. This thesis would 

not have been fulfilled without their encouragement and support of my life.  

 

 

 

 

 

 



１０３ 

 

REFERENCES 

 

1) Matsumura Y, Maeda H. A new concept for macromolecular therapeutics in 

cancer chemotherapy: mechanism of tumoritropic accumulation of proteins 

and the antitumor agent smancs. Cancer Res., 46, 6387-92 (1986) 

2) Maeda H. SMANCS and polymer-conjugated macromolecular drugs: 

advantages in cancer chemotherapy. Adv. Drug Deliv. Rev., 46, 169-185 

(2001) 

3) Fang J, Nakamura H, Maeda H. The EPR effect: Unique features of tumor 

blood vessels for drug delivery, factors involved, and limitations and 

augmentation of the effect. Adv. Drug Deliv. Rev., 63, 136-151 (2011) 

4) Quan LD, Yuan F, Liu, XM, Huang JG, Alnouti Y, Wang D. Pharmacokinetic 

and biodistribution studies of 

N-(2-hydroxypropyl)methacrylamidecopolymer-dexamethasone conjugates 

in adjuvant-induced arthritis rat model. Mol. Pharm. , 7, 1041–1049 (2010) 

5) Metselaar JM, Wauben MH, Wagenaar-Hilbers JP, Boerman OC, Storm G. 

Complete remission of experimental arthritis by joint targeting of 

glucocorticoids with long-circulating liposomes. Arthritis Rheum., 48, 

2059-2066 (2003) 

6) Higaki M, Ishihara T, Izumo N, Takatsu M, Mizushima Y. Treatment of 

experimental arthritis with poly(d, l -lactic/glycolic acid) nanoparticles 

encapsulating betamethasone sodium phosphate. Ann. Rheum. Dis ., 64, 

1132–1136 (2005) 

7) Wang D, Miller SC, Sima M, Parker D, Buswell H, Goodrich KC, Ko pecková 

P, Kopecek J. The arthrotropism of macromolecules in adjuvant -induced 

arthritis rat model: a preliminary study. Pharm. Res., 21, 1741–1749 (2004) 

8) Metselaar JM, Wauben MH, Wagenaar-Hilbers JP, Boerman OC, Storm G. 

Complete remission of experimental arthritis by joint targeting of 



１０４ 

 

glucocorticoids with long-circulating liposomes. Arthritis Rheum., 48, 

2059–2066 (2003) 

9) Teshima M, Fumoto S, Nishida K, Nakamura J, Ohyama K, Nakamura T, 

Ichikawa N, Nakashima M, Sasaki H. Prolonged blood concentration of 

prednisolone after intravenous injection of liposomal palmitoyl prednisolone. 

J. Control. Release , 112, 320-328 (2006) 

10) Ward JR, Cloud RS. Comparative effect of antirheumatic drugs on 

adjuvant-induced polyarthritis in rats. J. Pharmacol. Exp. Ther ., 152, 116–

121 (1966) 

11) Walz DT, DiMartino MJ, Misher A. Adjuvant-induced arthritis in rats. II. 

Drug effects on physiologic, biochemical and immunologic parameters. J. 

Pharmacol. Exp. Ther ., 178, 223–231 (1971) 

12) Quan LD, Purdue PE, Liu XM, Boska MD, Lele SM, Thiele GM,  Mikuls TR, 

Dou H, Goldring SR, Wang D. Development of a macromolecular prodrug 

for the treatment of inflammatory arthritis: mechanisms involved in 

arthrotropism and sustained therapeutic efficacy. Arthritis Res. Ther ., 12, 

R170 (2010) 

13) Yano H, Hirayama F, Kamada M, Arima H, Uekama K. Colon-specific            

delivery of prednisolone-appended alpha-cyclodextrin conjugate: alleviation 

of systemic side effect after oral administration. J. Control. Release , 79, 

103-12 (2002) 

14) Onishi H, Oosegi T, Machida Y. Efficacy and toxicity of 

Eudragit-coatedchitosan-succinyl-prednisolone conjugate microspheres 

using rats with 2,4,6-trinitrobenzenesulfonic acid-induced colitis. Int. J. 

Pharm., 358, 296–302 (2008) 

15) Kong H, Lee Y, Hong S, Han J, Choi B, Jung Y, Kim YM. Sulfate -conjugated 

methylprednisolone as a colon-targeted methylprednisolone prodrug with 

improved therapeutic properties against rat colitis. J. Drug Target , 17, 



１０５ 

 

450-458 (2009) 

16) van den Hoven JM, Hofkens W, Wauben MH, Wagenaar-Hilbers JP, Beijnen           

JH, Nuijen, B, Metselaar JM, Storm G. Optimizing the therapeutic index of    

liposomal glucocorticoids in experimental arthritis. Int. J. Pharm., 416,   

471–477 (2011) 

17) Hirano S, Wakazono K, Agata N, Mase T, Yamamoto R, Matsufuji M, Sakata   

N, Iguchi H, Tone H, Ishizuka M, Takeuchi T, Abe C. Effects of cytogenin,    

a novel anti-arthritic agent, on type II collagen-induced arthritis in DBA/1J  

mice and adjuvant arthritis in Lewis rats. Int. J. Tissue React ., 16, 155-162  

(1994) 

18) Anderson BD, Taphouse V. Initial rate studies of hydrolysis and acyl               

migration in methylprednisolone 21-hemisuccinate and 17-hemisuccinate. J.    

Pharm. Sci., 70, 181-186 (1981) 

19) Anderson BD, Conradi RA, Lambert WJ. Carboxyl group catalysis of acyl  

transfer reactions in corticosteroid 17- and 21-monoesters. J. Pharm. Sci ., 

73, 604-611 (1984) 

20) McLeod AD, Friend DR, Tozera TN. Synthesis and chemical stability of 

glucocorticoid-dextran esters: potential prodrugs for colon-specific  

delivery. Int. J. Pharm., 92, 105-114 (1993) 

21) Mehvar R, Dann RO, Hoganson DA. Kinetics of hydrolysis of 

dextran-methylprednisolone succinate, a macromolecular prodrug of  

methylprednisolone, in rat blood and liver lysosomes. J. Control. Release , 

68, 53-61 (2000)  

22) Oosegi T, Onishi H, Machida Y. Gastrointestinal distribution and absorption   

behavior of Eudragit-coated chitosan-prednisolone conjugate microspheres 

in rats with TNBS-induced colitis. Int. J. Pharm., 348, 80-88 (2008)  

23) Onishi H, Saito Y, Sasatsu M, Machida Y. Kinetic analysis of in vitro and in   

vivo release of prednisolone from the conjugate of glycol -chitosan and 



１０６ 

 

succinyl-prednisolone. Int. J. Pharm ., 410, 17-22 (2011) 

24) Onishi H, Kawaguchi T, Nagai T. In vitro drug release from 

macromolecule-drug conjugates of 

3'-(7-carboxyheptanoyl)-5-fluoro-2'-deoxyuridine with  

decylenediamine-dextran T70 of poly-L-lysine. Chem. Pharm. Bull . 35, 

3370-3374 (1987)  

25) Conte A, de Bernardi M, Palmieri L, Lualdi P, Mautone G, Ronca G.    

Metabolic fate of exogenous chondroitin sulfate in man. 

Arzneimittelforschung , 41, 768–772 (1991) 

26) Peng YS, Lin SC, Huang SJ, Wang YM, Lin YJ, Wang LF, Chen JS.   

Chondroitin sulfate-based anti-inflammatory macromolecular prodrugs. Eur. 

J. Pharm. Sci. 29, 60-9 (2006) 

27) Volpi N. Anti-inflammatory activity of chondroitin sulphate: new functions   

from an old natural macromolecule. Inflammopharmacology , 19, 299-306 

(2011) 

28) Clegg DO, Reda DJ, Harris CL, Klein MA, O'Dell JR, Hooper MM, Bradley   

JD, Bingham III CO, Weisman MH, Jackson CG, Lane NE, Cush JJ, 

Moreland LW, Schumacher Jr HR, Oddis CV, Wolfe F, Molitor JA, Yocum 

DE, Schnitzer TJ, Furst DE, Sawitzke AD, Shi H, Brandt KD, Moskowitz 

RW, Williams HJ. Glucosamine, chondroitin sulfate, and the two in 

combination for painful knee osteoarthritis. N. Engl. J. Med., 354, 795-808 

(2006) 

29) Henrotin Y, Hauzeur JP, Bruel P, Appelboom T. Intra-articular use of a  

medical device composed of hyaluronic acid and chondroitin sulfate 

(StructovialCS): effects on clinical, ultrasonographic and biological 

parameters. BMC Res. Notes  5, 407 (2012) 

30) Imada K, Oka H, Kawasaki D, Miura N, Sato T, Ito A. Anti -arthritic action  

mechanisms of natural chondroitin sulfate in human articular chondrocytes 



１０７ 

 

and synovial fibroblasts. Biol. Pharm. Bull . 33, 410-414 (2010) 

31) Sawitzke AD, Shi H, Finco MF, Dunlop DD, Bingham III CO, Harris CL, 

Singer NG, Bradley JD, Silver D, Jackson CG, Lane NE, Oddis CV, Wolfe F, 

Lisse J, Furst DE, Reda DJ, Moskowitz RW, Williams HJ, Clegg DO. The 

effect of glucosamine and/or chondroitin sulfate on the progression of knee 

osteoarthritis: a report from the glucosamine/chondroitin arthritis 

intervention trial. Arthritis Rheum. 58, 3183-3191 (2008) 

32) Schauss AG, Merkel, DJ, Glaza SM, Sorenson SR. Acute and subchronicoral   

toxicity studies in rats of a hydrolyzed chicken sternal cartilage preparation. 

Food Chem. Toxicol ., 45, 315–321 (2007) 

33) Becker LC, Bergfeld WF, Belsito DV, Klaassen CD, Marks Jr JG, Shank RC,  

Slaga TJ, Snyder PW. Cosmetic Ingredient Review Expert Panel, Andersen, 

F.A. Final report of the safety assessment of hyaluronic acid, potassium 

hyaluronate, and sodium hyaluronate. Int. J. Toxicol . 28, 5–67 (2009) 

34) Onishi H, Matsuyama M. Conjugate between chondroitin sulfate and 

prednisolone with a glycine linker: preparation and in vivo  conversion 

analysis. Chem. Pharm. Bull . 61, 902-912 (2013) 

35) Onishi H, Isoda Y, Matsuyama M. In vivo  evaluation of chondroitin 

sulfate-glycyl-prednisolone for anti-arthritic effectiveness and 

pharmacokinetic characterist ics. Int. J. Pharm., 456, 113-120 (2013) 

36) Onishi H, Yoshida R and Matsuyama M. Chondroitin 

sulfate-glycyl-prednisolone conjugate as arthritis targeting system: 

localization and drug release in inflammatory joints. Biol. Pharm. Bull . 

(accepted) 

37) Chou MM, Vergnolle N, McDougall JJ, Wallace JL, Marty S, Teskey V, 

Buret AG. Effects of chondroitin and glucosamine sulfate in a dietary bar 

formulation on inflammation, interleukin-1beta, matrix metalloprotease-9, 

and cartilage damage in arthritis. Exp. Biol. Med., 230, 255–262 (2005) 



１０８ 

 

38) Liu XM, Quan LD, Tian J, Alnouti Y, Fu K, Thiele GM, Wang D. Synthesis  

and evaluation of a well-defined HPMA copolymer-dexamethasone 

conjugate for effective treatment of rheumatoid arthritis. Pharm. Res., 25, 

2910-2919 (2008) 

39) Andreas K, Lübke C, Häupl T, Dehne T, Morawietz L, Ringe J, Kaps C,  

Sittinger M. Key regulatory molecules of cartilage destruction in    

rheumatoid arthritis: an in vitro study. Arthritis Res. Ther ., 10, R9 (2008) 

40) Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi H, Deyo RA, 

Gabriel S, Hirsch R, Hochberg MC, Hunder GG, Jordan JM, Katz JN, 

Kremers HM, Wolfe F. National Arthritis Data Workgroup. Estimates of the 

prevalence of arthritis and other rheumatic conditions in the United States. 

Part II. Arthritis Rheum., 58, 26-35 (2008) 

41) Cojocaru M, Chicoş B. Genetic differences between patients with 

rheumatoid arthritis.  Rom. J. Intern. Med ., 51, 89-91 (2013) 

42) Glant TT, Mikecz K, Rauch TA. Epigenetics in the pathogenesis of   

rheumatoid arthritis. BMC Med., 12, 35 (2014) 

43) Manjanna KM, Shivakumar B, Pramod Kumar TM. Microencapsulation: an 

acclaimed novel drug-delivery system for NSAIDs in arthritis. Crit. Rev. 

Ther. Drug Carrier Syst ., 27, 509-45 (2010)   

44) Fiehn C, Neumann E, Wunder A, Krienke S, Gay S, Müller-Ladner U. 

Methotrexate (MTX) and albumin coupled with MTX (MTX-HSA) suppress 

synovial fibroblast invasion and cartilage degradation in vivo. Ann. Rheum. 

Dis., 63, 884-6 (2004)  

45) Wevers-de Boer K, Visser K, Heimans L, Ronday HK, Molenaar E, 

Groenen-dael JH, Peeters AJ, Westedt MA, Collée G, de Sonnaville PB, 

Grillet BA, Huizinga TW, Allaart CF. Remission induction therapy with 

methotrexate and prednisone in patients with early rheumatoid and 

undifferentiated arthritis (the IMPROVED study). Ann. Rheum. Dis ., 71, 



１０９ 

 

1472–1477 (2012) 

46) Zintzaras E, Dahabreh IJ, Giannouli S, Voulgarelis M, Moutsopoulos HM.   

Infliximab and methotrexate in the treatment of rheumatoid arthritis: a 

systematic review and meta-analysis of dosage regimens. Clin. Ther., 30, 

1939–1955 (2008) 

47) Carter CT, Changolkar AK, Scott McKenzie R. Adalimumab, etanercept, and 

infliximab utilization patterns and drug costs among rheumatoid arthritis 

patients. J. Med. Econ., 15, 332-339 (2012) 

48) Ash Z, Emery P. The role of tocilizumab in the management of rheumatoid 

arthritis. Expert Opin. Biol. Ther ., 12, 1277-1289 (2012)  

49) Braun J, Sieper J. Overview of the use of the anti -TNF agent infliximab in 

chronic inflammatory diseases. Expert Opin. Biol. Ther ., 3, 141–168 (2003) 

50) Silva LC, Ortigosa LC, Benard G. Anti -TNF-alpha agents in the treatment of 

immune-mediated inflammatory diseases: mechanisms of action and pitfalls. 

Immunotherapy, 2, 817–833 (2010) 

51) Rauchhaus U, Schwaiger FW, Panzner  S. Separating therapeutic efficacy 

from glucocorticoid side-effects in rodent arthritis using novel, liposomal 

delivery of dexamethasone phosphate: long-term suppression of arthritis 

facilitates interval treatment. Arthritis Res. Ther ., 11, R190 (2009) 

52) Wang D, Miller SC, Liu XM, Anderson B, Wang XS, Goldring SR. Novel 

dexamethasone-HPMA copolymer conjugate and its potential application in 

treatment of rheumatoid arthritis. Arthritis Res. Ther ., 9, R2 (2007) 

53) Taylor PC, Sivakumar B. Hypoxia and angiogenesis in rheumatoid arthritis. 

Curr. Opin. Rheumatol ., 17, 293–298 (2005) 

54) Wood KM, Wusteman FS, Curtis CG. The degradation of intravenously 

injected chondroitin 4-sulphate in the rat. Biochem. J., 134, 1009–1013 

(1973) 

55) Zhang JS, Imai T, Suenaga A, Otagiri M. Molecular-weight-dependent 



１１０ 

 

pharmacokinetics and cytotoxic properties of cisplatin complexes prepared 

with chondroitin sulfate A and C. Int. J. Pharm., 240, 23–31 (2002) 

56) Ríhová B, Etrych T, Pechar M, Jelínková M, Stastný M, Hovorka O, Kovár 

M, Ulbrich K. Doxorubicin bound to a HPMA copolymer carrier through 

hydrazone bond is effective also in a cancer cell line with a limited content 

of lysosomes. J. Control Release , 74, 225-32 (2001) 

57) Ulbrich K, Etrych T, Chytil P, Jelínková M, Ríhová  B. HPMA copolymers 

with pH-controlled release of doxorubicin: in vitro  cytotoxicity and in vivo 

antitumor activity. J. Control Release, 87, 33-47 (2003) 

58) Loadman PM, Bibby MC, Double JA, Al-Shakhaa WM, Duncan R. 

Pharmacokinetics of PK1 and doxorubicin in experimental colon tumor 

models with differing responses to PK1. Clin Cancer Res., 5, 3682-3688 

(1999) 

59) Conover CD, Greenwald RB, Pendri A, Gilbert CW, Shum KL. Camptothecin 

delivery systems: enhanced efficacy and tumor accumulation of 

camptothecin following its conjugation to polyethylene glycol via a glycine 

linker. Cancer Chemother Pharmacol ., 42, 407-414 (1998)  

60) Yamaoka K, Tanigawara Y, Nakagawa T, Uno T. A pharmacokinetic analysis 

program (multi) for microcomputer. J. Pharmacobiodyn ., 4, 879–885 (1981) 

61) Goldie I, Nachemson A. Synovial pH in rheumatoid knee-joints. I. The 

effect of synovectomy. Acta Orthop. Scand ., 40, 634-41 (1969) 

62) Tsuji T, Kaneda N, Kado K, Yokokura T, Yoshimoto T, Tsuru D. CPT-11 

converting enzyme from rat serum: purification and some pr operties. J. 

Pharmacobiodyn ., 14, 341-349 (1991) 

63) Saag KG. Glucocorticoid use in rheumatoid arthritis.  Curr. Rheumatol. Rep ., 

4, 218–225 (2002) 

64) Yamamoto A. Study on the colon specific delivery of prednisolone using 

chitosan capsules. Yakugaku Zasshi , 127, 621–630 (2007) 



１１１ 

 

65) Zimmermann GR, Avery W, Finelli AL, Farwell M, Fraser CC, Borisy AA. 

Selective amplification of glucocorticoid anti -inflammatory activity through 

synergistic multi-target action of a combination drug. Arthritis Res. Ther ., 

11, R12 (2009) 

66) Hwang J, Rodgers K, Oliver JC, Schluep T. Alpha-methylprednisolone   

conjugated cyclodextrin polymer-based nanoparticles for rheumatoid 

arthritis therapy. Int. J. Nanomed ., 3, 359–371 (2008) 

67) Ishida T, Ichihara M, Wang X, Yamamoto K, Kimura J, Majima E, Kiwada H. 

Injection of PEGylated liposomes in rats elicits PEG-specific IgM, which is 

responsible for rapid elimination of a second dose of PEGylated liposomes. 

J. Control. Release , 112, 15–25 (2006) 

68) Bucsi L, Poór G. Efficacy and tolerability of oral chondroitin sulfate as 

asymptomatic slow-acting drug for osteoarthritis (SYSADOA) in the 

treatment of knee osteoarthritis. Osteoarthritis Cartilage , 6, 31–36 (1998) 

69) Berman B. A 60-year-old woman considering acupuncture for knee pain. J. 

Am. Med. Assoc., 297, 1697–1707 (2007) 

70) Volpi N. Analytical aspects of pharmaceutical grade chondroitin sulfates. J. 

Pharm. Sci., 96, 3168–3180 (2007) 

71) Pecly IM, Melo-Filho NM, Mourão PA. Effects of molecular size and 

chemical structure on renal and hepatic removal of exogenously 

administered chondroitin sulfate in rats. Biochim. Biophys. Acta ., 1760, 

865–876 (2006) 

72) Tachibana M, Inoue N, Yoshida E, Matsui M, Ukai Y, Yano J. 

Anti-inflammatory effect and low ulcerogenic activity of etodolac, a 

cyclooxygenase-2 selective non-steroidal anti-inflammatory drug, on 

adjuvant-induced arthritis in rats. Pharmacology , 68, 96–104 (2003) 

73) Geborek P, Saxne T, Pettersson H, Wollheim FA. Synovial fluid acido sis 

correlates with radiological joint destruction in rheumatoid arthritis knee 



１１２ 

 

joints. J. Rheumatol ., 16, 468–472 (1989) 

74) Bauerova K, Ponist S, Kuncirova V, Mihalova D, Paulovicova E, Volpi N.  

Chondroitin sulfate effect on induced arthritis in rats. Osteoarthritis 

Cartilage, 19, 1373–1379 (2011) 

75) Konador A, Kawiak J. Changes in chondroitin sulfate concentration in rabbit 

blood plasma depending on the method of its administration. Arch. Immunol. 

Ther. Exp., 25, 895-903 (1977). 

76) van den Hoven JM, Van Tomme SR,  Metselaar JM, Nuijen B, Beijnen JH, 

Storm G. Liposomal drug formulations in the treatment of rheumatoid 

arthritis. Mol. Pharm., 8, 1002-1015 (2011) 

77) Briggs WA, Gao ZH, Scheel Jr PJ, Burdick JF, Gimenez LF, Choi MJ. 

Differential glucocorticoid responsiveness of dialysis patients' lymphocytes. 

Perit. Dial. Int ., 16, 406-411 (1996) 

78) Czock D, Keller F, Rasche FM, Häussler U. Pharmacokinetics and 

pharmacodynamics of systemically administered glucocorticoids. Clin. 

Pharmacokinet., 44, 61-98 (2005) 

79) Lee ES, Park KH, Kang D, Park IS, Min HY, Lee DH, Kim S, Kim JH, Na K. 

Protein complexed with chondroitin sulfate in poly(lactide -co-glycolide) 

microspheres. Biomaterials , 28, 2754-2762 (2007) 

80) Palmieri L, Conte A, Giovannini L, Lualdi P, Ronca G. Metabolic  fate of 

exogenous chondroitin sulfate in the experimental animal. 

Arzneimittelforschung , 40, 319-323 (1990) 

81) Ronca G, Conte A. Metabolic fate of partially depolymerized shark 

chondroitin sulfate in man. Int. J. Clin. Pharmacol Res ., 13 Suppl, 27-34 

(1993) 

82) Seymour LW, Miyamoto Y, Maeda H, Brereton M, Strohalm J, Ulbrich K, 

Duncan R. Influence of molecular weight on passive tumour accumulation of 

a soluble macromolecular drug carrier. Eur. J. Cancer ., 31A, 766-770 (1995) 




