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General Introduction

     Recently, it has attempted that drugs were selectively reached a pathological site with

little distribution to undesirable site. The designed preparation system (a delivery to target

site, at an appropriate dose, for required time and term) is termed as drug delivery system

(DDS). DDS can be classified into (1) controlled release, (2) improvement of absorption

and (3) targeting.i'2) To target drugs into apathological site, which reduces the side effects

of drugs and enhances efficacy, is the goal of DDS.3) The demand for DDS is increasing

rapidly, especially in the United States.4)

     Targeting can be classified into active targeting and passive targeting (Figure A). The

concept of a passive targeting is that drug-carrier device retains long in the body and delivers

to the target site selectively by making use of EPR effect, especially tumor or inflammatory

site.5"7) Then, drug is released there gradually. It is known that the permeation from the

blood stream is enhanced in turnor or inflammatory site.8'iO) These effects were named EPR

effect by Maeda et al.ii) The cancer chemotherapy using anticancer drugs together with

passlve targetlng

.
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angiotensin IIi2'i3) or angiotensin converting enzyme inhibitori4) make effective use of EPR

effect. At present, the particulates such as liposomei5-22) and microparticle,23'24) and the

macromolecular carriers such as dextran,25'27) N-(2-hydroxypropyl)methacrylamide (HPMA)

copolymers,28"3i) albumin,32'33) pullulaniO'34) and chitosan derivatives35'37) are utilized. In

case of the particulates, the control of the particle size can give variety to the distribution to

the target tissue.38-4i) The strategy ofmacromolecular prodmgs is that the conjugate has the

dmg retained long in the body and released in the target site; although a free drug with low

MW rapidly excretes by the kidney. Furthermore, it is also known that these carriers

circumvent immuno-system by attaching polyethylene glycol and the retention in the systemic

circulation is improved in the resultant carriers.42'48) On the other hand, the concept of an

active targeting is the system using carriers having specific aflrinity to target site, and the

conjugate have the drug delivered to the target site positively and released there.

Liposome,49'50) microcapsule5i) and macromolecule52'57) attached ligand such as

antibody,29'49'54'58) hormone,59'60) growth factor,52'53) and sugar chain50'56'S7) are used as carriers.

These carriers make use of antigen-antibody reaction and biological specificity of receptor.

Inereasing attention has been paid in recent years to the research which has these carriers

applied to gene therapy.39'6i) Based on these concepts, the following systems have been

developed as commercial products: LeuprinQ (poly(d,l-lactic acid-co-glycolic acid)

copolymer microcapsulated leuprolide acetate),62'64) LipoPGEiQ (lipid microsphere containing

prostagrandin Ei), SMANCSIIipiodol@ (conjugate of neocarzinostatin and poly(styrene-co-

maleic acidlanhydride) in a lipid contrast medium)65"67) and so on.

     Among macromolecules, which may be usefu1 as drug carriers, I have noted Suc that is

chitosan derivative. Chitosan is produced by deacethylation of chitin that constitutes the

exoskeleton of crustacea, insects and some fungi and that is one of the most abundant

polysaccharides in nature, second only to cellulose. Biomedically, chitosan is reported to

have pharmacological properties such as hypocholesterolemic action,68) wound-healing

properties,69) antacid and antiulcer activity.70) In addition, in the field ofDDS, much interest
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has been focused on chitosan and its derivatives.7i) On the other hand, Suc is obtained by

introduction of succinyl groups into chitosan at the N-position of the glucosamine units

(Figure B). Suc is water-soluble, low toxic72'73) and less biodegradable in the body37);

therefore, it is expected as a usefu1 macromolecular drug carrier showing long-term retention

in the body. However, further studies are needed to confer aqueous solubility to the

conjugates of Suc with MMC because the conjugates were reported to be almost water-

insoluble.74)

    Next, I shall confine my attention to cancer chemotherapy. Although the prevalence of

cancer differs among countries, races and ethnicity,75'76) cancer incidence and death rates
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declined between 1990 - 1997 in USA.75'76) On the contrary, in Japan, those rates increased

and cancer has been at the head of death since 1981.77'78) Some cancers can now often be

cured due to marked medical progress if found and treated at a sufficiently early stage.

However, it is still considered as one ofjeopardous diseases for humankind. One of the

reasons is cancer metastasis. Ifa tumor is not removed completely by surgical operation, the

relapse or metastasis can occur, and it is then quite difficult to cure the disease. When cancer

cells metastasize all over the body, it is impossible to remove them perfectly by surgical

operation. Accordingly, chemotherapy with antitumor drugs is then used. However,

antitumor drugs with strong cytotoxicity usually cause strong side effects because they do not

ki11 only tumor cells but also damage some normal cells. Nausea, vomiting, loss ofhair and

mouth sores are frequently seen as temporary side effects of such drugs, and further lethal

side effects also occur sometimes. Therefore, methods are required for the specific targeting

of antitumor drugs to the tumor tissue to reduce the side effects and to make effective use of

antitumor drugs.

     The liver is the largest internal organ ofthe body. The hepatic artery supplies the liver

with blood that is rich in oxygen. The portal vein carries nutrient-rich blood from the

intestines to the liver. Some nutrients and vitamins absorbed by the intestines are stored in

the liver until they are needed by other organs. Funhermore, the liver inactivates many

dmgs and toxic chemicals. If the liver is not working well, these substances can build up

and interfere with many of the physiological fimctions. Humans cannot survive without a

liver because the liver is involved in many important metabolic functions as stated above.

Hepatocellular carcinoma is one of the most common malignancies, causing estimated over

100,OOO deaths per year worldwide.79) The effectiveness of chemotherapy on liver cancer is

low. Chemotherapy administered via the tumor-feeding arteries suppresses the plasma

concentration in comparison with systemic administration, and enhances the concentration in

cancer tissue. For this purpose, macromolecular prodrugs have been developed.

SMANCSIIipiodol@ is now commonly utilized clinically.
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     In the present study, I tried to prepare a novel water-soluble macromolecular prodrug

with MMC using Suc, and examined administration form (route and schedule) which reduce

side effects and which show an effective antitumor activity against tumor-bearing mice.

     This thesis is composed of biological characteristics of Suc as a drug carrier and

antiturnor properties of prodrugs of MMC with Suc(II) and lactosaminated Suc. The

contents are as follows:

In Chapter 1, I examined the characteristics of Suc as a drug carrier.

The purpose of Chapter 2 was to prepare a water-soluble Suc(II)-MMC by direct

carbodiimide coupling.

In Chapter 3, the biodisposition profiles of Suc(II) were compared between i.v. and i.p.

administration, and the antitumor characteristics of its conjugate with MMC against

subcutaneous Sarcoma 1 80 solid tumor were examined by both administration routes.

In Chapter 4, the introduction oflactose to Suc by reductive amination was attempted. The

product, Lac-Suc was examined for pharmacokinetics and biodistribution in mice.

Furthermore, the specific binding properties of Lac-Suc to the asialoglycoprotein receptor of

the liver were examined.

In Chapter 5, the biodistribution of Lac-Suc and Suc was examined using mice bearing

experimenta1 liver metastasis of M5076 cells in the early and advanced stage of the disease.

Further, conjugates of MMC were investigated in vivo for antituinor characteristics using

M5076-bearing mice.

In Chapter 6, the differences in biodistribution of Lac-Suc between single and repeated

administration was investigated. Further, antitumor effects ofLac•-Suc-MMC against M5076

cells as a liver metastatic tumor model were examined after intravenous administration at

single or repeated administration. Similarly, the antitumor effects ofwater-soluble Suc(II)-

MMC against M5076 cells were also examined.
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                          Chapter 1

Evaluation oflV-Succinyl-chitosan as a Systemic Long-circulating Polymer





Summary

     The water-soluble, low toxic and less biodegradable chitosan derivative Suc was

investigated for body distribution and urinary excretion on a long time scale (24 - 72 h after

i.v. injection) using a fiuorescein-labeling technique. Suc-FTC was characterized for MW,

succinylation degree and FTC content. Systemic retention and tissue distribution of Suc-

FTC were examined after i.v. administration to normal and Sarcoma 180 tumor-bearing mice.

Suc-FTC was sustained at a high level in the circulation over 72 h; that is, the plasma half-life

in normal mice was 100.3 h and that in tumor-bearing mice was 43.0 h, which was longer

than those of other long-circulating macromolecules reported to date. As to the tissues

except blood circulation, Suc-FTC was distributed very little in tissues other than the tumor.

Although the total amount of Suc-FTC residing in tested tissues decreased gradually, urinary

excretiQn did not increase from 24 h after injection. These observations suggested that Suc-

FTC may be eliminated by mechanisms other than in the urine or moved to tissues other than

those tested. The ratio oftumor accumulation reached a plateau at 48 h after injection, and

the accumulation level, ten and a few percent, was similar to those observed for other reported

long-circulating macromolecules.
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1-1. Introduction

     Chitin and chitosan are produced as major components of the exoskeleton of Crustacea

Pennant such as shrimp and crab. Chitosan is a D-glucosamine polysaccharide polymerized

by P-1,4 linkage and easily obtained by deacetylation of chitin. Suc synthesized by

introduction of succinyl groups into chitosan at the N-position of the glucosamine units is

water-soluble, low toxic72'73) and less biodegradable in the body;37) therefore, it is expected as

a useful macromolecular dmg carrier showing long-term retention in the body. A

macromolecular prodrug of MMC with Suc has been reported to permit MMC to remain for

long periods in the body.35'36'74'80'8i) Systemic long-circulating water-soluble

macromolecules are known to be concentrated into diseased parts such as tumor tissues where

vascular permeability is enhanced.5) The biodisposition characteristics of Suc with 55 O/o N-

succinylation degree at O - 24 h were reported previously.37) The results raised the question

ofhow Suc could be retained for longer periods and how the further retention would influence

tumor accumulation. Thus, it is important to perform more exact and detailed evaluation of

the in vivo behavior of Suc to elucidate its biodistribution and excretion characteristics on a

longer time scale. In this study, such properties were examined using Suc•-FTC after its

physicochemical characterization.

1-2. Materials and methods

1-2-1. Materials

     Suc was obtained from Katalarra Chikkarin Co., Ltd. (Tokyo, Japan), FITC was

purchased from Sigma Chemical Company (St. Louis, U.S.A.). Deuterium oxide (D20) was

obtained from Merck (Darmstadt, Germany). Twenty O/o deuterium chloride (DCI) and 3-

(trimethylsilyl)propionic 2,2,3,3--d4 acid sodium salt (TSP) were purchased from Aldrich

Chemical Co., Inc. (Milwaukee, U.S,A). All other chemicals were ofreagent grade.
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     Suc-FTC was synthesized according to the method by Tanaka et al.82) and Kamiyama et

al.3') Briefly, FITC (4 mg) was reacted with Suc (100 mg) in 14 ml of O.5 M carbonate

buffer (pH 8.94), and then the reaction mixture was divided into 7 ml fractions. The Suc-

FTc thus produced was purified by gel-fi1tration of each fraction with a Sephadex@ G-50

column (3.5 Å~ 30 cm) using O.5 M carbonate buffer as an elution solvent and subsequent

dialysis against water. Finally, Suc-FTC was obtained as a powder by lyophilization of

dialyzed solution.

1-2-2. Animals

     Male ddY mice (6 weeks old) weighing 24 - 28 g were purchased from Tokyo

Laboratory Animals Science Co., Ltd. (Tokyo, Japan). The experirnental protocol was

approved by the Ethics Review Committee for Animal Experimentation ofHoshi University.

iL2-3. 'itimors

     Sarcoma 180 cells were maintained by weekly transplantation of 1 Å~ 106 cells

suspended in Hanks' balanced solution (O.1 ml) into the peritoneal cavity of each mouse.

Sarcoma 180 cells (1 Å~ 106) suspended in O.1 ml of Hanks' balanced solution, which were

obtained from the above tumor-bearing mice, were inoculated subcutaneously into each

mouse at the axillary region.

1-2-4. Polymer characterization

     Suc used in this study was examined frrst for degree of deacetylation by iH-NMR

                         espectra (D20-DCI; pD 5-6; 90 C; reference TSP) with a JEOL JNM-LA500 spectrometer.

Tlie N-succinylation degree of Suc was investigated by elemental analysis (Yanako Analytical

Industrial Co., Japan) after extensive drying at 80 eC in desiccator with P20s for 3 h, and it

was also checked by iH-mm spectra (D20-DCI; pD 5-6; 90 OC; reference TSP). The FTC

COntent of Suc-FTC was calculated from the absorbance at 495 nm using a DU@640

spectrophotometer (Beckman, USA) in PBS based on the absorbance of FITC at 495 nm in
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the same buffer, and it was also determined from the fluorescence intensity at 520 nm with

excitation at 495 mm using an FP-777 spectrofluorometer (Jasco Co., Japan) in PBS based on

that of FITC in the same buffer. The MW of Suc was checked by simple GPC or SEC-

MALS. The simple GPC was performed at room temperature using a Shimadzu LC-6AD

equipped with a Shimadzu SPD-10AV for UV absorption, a Shimadzu RF-10AXL for

fluorescence intensity and a Shimadzu RID-10A for differential refractive index. TSK-gel

G3000SW (7.5 mm I.D. Å~ 60 cm; Tosoh Co.; Tokyo, Japan) and TSK-gel G5000PW (7.5 mm

I.D. Å~ 60 cm; Tosoh Co.; Tokyo, Japan) were used as columns using O.2 MNaCl-containing

and non-containing O.05 Mphosphate buffer, pH 7.0, respectively, as the elution solvent at the

flow rate of O.8 ml/min Blue-dextran 2000 (MW 2 Å~ 106), catalase (MW 2.32 Å~ 105),

bovine serum albumin (MW 6.7 Å~ 10`), ribonucleaseA (MW 1.3 x1O`) and uracil (MW 112.1)

were used as a MW calibration for protein markers, and polyethylene oxides with established

MWs (PEO; MW 9.2 Å~ 105, 2.5 x 105, 10.7 Å~ 10` and 2.4 Å~ 10`; Tosoh, Japan) were applied

for a MW calibration as linear macromolecule markers. The forrner and the latter markers

were checked by UV absorption at 280 rm and by RID, respectively, and Suc-FTC was

determined fiuorometrically at 520 nm with an exchation wavelength of 495 nm. SEC-

MALS was carried out using a Shodex DS-4 (Shoko Co., Ltd., Tokyo) apparatus equipped

with a Shodex OH-pak SB-805HQ column. The flow rate was 1.0 mllmin, and the

temperature of the column was 40 OC. A Wyatt DAWN E and Shodex RI-71 were used as a

multi angle light scattering detector and a differential refractive index detector, respectively.

The elution solvent was O.05 M phosphate buffer, pH 7.0. Suc was dissolved in O.05 M

phosphate buffer at an appropriate concentration, and aliquots of200 pt ofthese samples were

applied on SEC-xuS. The MW of Suc was determined as 3 10,OOO.

1-2-5. Biodisposition studies

     Body distribution of Suc-FTC in normal and Sarcoma 180 tumor-bearing mice was

examined by i.v. administration. The recovery ratio was determined msing tumor-bearing

mice according to the method by Karniyama et al.37) Briefiy, the mice underwent fast for 24
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h, then blood was withdrawn. The liver, kidneys, spleen and tumor were excised, washed

with PBS and wiped briefly with a filter paper. Fifty pt1 ofSuc-FTC solution in PBS each at

the concentration ofO•1, 1 and 1O mg/ml was added to the blood(1 ml) and mixed. PBS was

added to the tissue by a three-fold volume of the tissue weight, 50 pt1 of Suc-FTC solution in

pBS each at the concentration of O.1, 1 and 1O mglml was added to the mixture, and then the

mixture was homogenized using a glass homogenizer with a Teflon pestle and mixed. These

tissue homogenates and blood containing a certain amount of Suc-FTC were centrifuged at

3000 rpm for 10 min. The fluorescence intensity ofthe supernatant diluted with PBS was

measured at 520 nm with excitation at 495 nm. Blank samples were prepared in the same

way except that 50 ptl of PBS alone was added to the tissue or blood instead of Suc-FTC

solution, and fiuorescence was checked fluorometrically under the same conditions. The

concentration of Suc-FTC in each sample was calculated from the net fiuorescence intensity

obtained by subtracting the fiuorescence intensity ofthe blank from that ofeach sample based

on the standard calibration curve. The ratio of the observed concentration to the

concentration calculated from the added amount and the dilution degree (ideal concentration)

was determined as the recovery ratio. As to the recovery ratio in plasma, the ratio oftransfer

from whole blood to plasma was treated as the recovery ratio.

     Suc-FTC was admmistered to normal mice at the dose of 1 mg (O.2 ml) by injection

into the tail vein after fasting for 24 h. The mice were sacrificed at 24, 48 and 72 h after

administration, blood samples were withdrawn and several tissues (liver, kidneys and spleen)

were excised. The blood volume and tissue weight were measured. The subsequent

procedure was the same as for the recovery ratio except that addition of 50 pl Suc-FTC

solution was not performed. Briefly, the tissue was washed with PBS and wiped with a filter

paper, then PBS was added by a three-fold volume of the weight of the tissue, and then

homogenized, After centrifugation ofthe homogenate or blooa the supernatant was diluted

with PBS, and then the diluted sample was measured fiuorometrically at 520 nm with

excitation at 495 nm. The concentration of Suc-FTC in the sample was determined from the

net fiuorescence intensity obtained by subtracting the fluorescence intensity ofthe blank from
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that of each sample based on the standard calibration curve. The distributed amount was

calculated from the concentration and tissue weight. The concentration and amount were

corrected by the recovery ratio. Therefore, the corrected plasma concentration means that

given provided Suc-FTC is completely transferred from blood to plasma.

     At 9 d after subcutaneous tumor inoculation, Suc-FTC was injected into the tail vein at

a dose of 1 mg (O.2 ml) in tumor-bearing mice that had undergone fast for 24 h. The mice

were sacrificed at 24, 48 and 72 h after administration, and blood samples were withdrawn

and several tissues (liver, kidney, spleen and tumor) were excised. The blood volume and

tissue weight were measured. The concentration and amount of Suc-FTC distributed to

plasma and tissues were determined in the same way as in normal mice.

     The collection of urine was performed simultaneously in the biodistribution studies as

described above. Namely, the urine was collected for 24, 48 and 72 h after i.v. injectio4 and

its volume was measured. The urine was filtered using a membrane filter (O.45 pm pore

diameter), and the fi1trate was appropriately diluted with PBS and measured fiuorometrically

at 520 nm with excitation at 495 nm. After the blank test, the concentration of Suc-FTC in

urine was determined from the net fiuorescence intensity using a calibration curve in the same

manner as in the distribution study. The total excreted amount in urine was calculated from

the concentration and urinary volume.

1-3. Results and dis' cussion

1-3-1. Chemical and physicochemical characteristics

     The results on elemental analysis and signal assignment of iH-NMR spectrum for Suc

were deseribed in Table 1-1. Methyl protons derived from acety1 groups were not observed

in iH-NMR spectra. Namely, the deacetylation degree was very high and near 100 O/o against

sugar unit. The result was consistent with the data by the supplier, which indicated that the

deacetylation degree of the starting polymer, chitosan, for Suc was 96 O/o against sugar unit.
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The too small ratio of acety1 groups may cause the detection oftheir protons to be impossible.

Thus, Suc was considered to possess the deacetylation degree of 96 - 100 O/o against sugar

unit. N-Succinylation degree ofSuc (81 O/o against sugar unit) could be calculated from the

clN ratio in elemental analysis as 81 O/o against sugar unit, when the deacetylation degree was

treated as 100 O/o against sugar unit. The result was consistent with that obtained by iH-

NMR spectra, which indicated that AI-succinylation degree was 79 O/o against sugar unit from

the ratio of the integrated intensity of succinyl protons to that of other protons. This value

was larger than that (55 O/o, wlw) ofSuc used previously by Kamiyama et al.37)

1-3-2. Recovery ratio

     Tabl'e 1-2 shows the recovery ratio of Suc-FTC in the tissues tested (n=2). Recovery

ratios were very high, that is, more than 85 O/o (wlw). The recovery ratios were a little higher

in plasma and tumor, equivalent in kidney and a little lower in liver and spleen compared with

those of Suc-FTC (55 O/o (wlw) N-succinylation) in the previous study.37) These differences

in recovery were considered to be due to the differences in chemical or physicochemical

Table 1-1.

Elemental analysis and signal assignment of iH-NMR spectrum for Suc

*

Elemental
analysis

Found Calcd.

c   H
(W/W`?/o)

N c   H
(wlwO/o)

N

41.4 6.1 5.2 42.6 5.2 5.4

iH-NMR
spectrum

6 (ppm) Origin of peak

2.3-2.6

2.6-2.8

3.4-4.0

4.4-4.5

4.5-4.7

multiplet, CH,CH, of succinyl

broad, H-2 of D-glucosamine unlt

multiplet, H-2 of N-succinyl-D-glucosamine unit, H-3, H-4, H-5, H-6

broad, H-1 of D-glucosamine unit

broad, H-1 of N-succinyl-D-glucosamine unit

* These values were calculated for (CioHi4NNaÅr,.s](C6HH04N)eig•
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properties such as degree of N-succinylation and MW between Suc-FTC molecules used.

However, the recovery ratios in this study were considered similar to those reported

previously, suggesting that small differences in the polymer properties should not markedly

affect the recovery ratio.

1-3-3. Biodisposition in normal mice

     Figure 1-1 shows the body distributions at 24, 48 and 72 h after i.v. administration of

Suc-FTC in normal mice. The concentration was expressed as the percentage ofdose per ml

ofplasma or per g oftissue. Suc-FTC was sustained at a high level in the circulation over 72

h and was distributed very little in other tissues. It showed long systemic retention; that is,

more than 250/o of dose/ml was maintained even at 72 h after injection. The plasma level

was significantly higher than that in each tissue for 72 h (pÅqO.Ol). The retention ofSuc-FTC

in blood was much higher than that in other tissues even at 72 h after injection. The half-life

was calculated to be 100.3 h by log-linear elimination analysis.

    The amount of Suc-FTC distributed in tested tissues at 24, 48 and 72 h after i.v.

injection to normal mice and the total amount excreted into urine throughout 24, 48 and 72 h

after i.v. injection to normal mice are shown in Figure 1-2. The amount of Suc-FTC in

Table 1-2.

Recovery ratios of Suc-chitosan-FTC in tested
tissues

Tissue              *Recovery ratio Åqe/o)

Plasma
 liver

Kidney

Spleen

Tumor

91 .47 Å} O.65

89.23 Å} O.47

87.47 Å} 1 .95

93.05 Å} O.99

91 .08 Å} O.78

* IThe resuks are expressed as the mean Å} (the
difference between two observations)/V2(n=2).
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plasma was determined based on the reported volume ofmouse plasma, 48.8 mllkg.83) Since

fluorescein itself was recognized to hardly affect the distribution or elimination of Suc-

FTC,37} these results indicated that Suc showed little distribution to the liver, kidneys and

spleen and was slightly excreted into urine. The urinary excretion scarcely inereased from

24 h to 72 h after injection, that is, it seemed to be almost over at 24 h after injection. The

part of Suc•-FTC with a relatively smaller MW, which corresponded to a dozen percent of the

dose, was considered to be excreted into urine, and halfofthe dose was found to remain in the

body even at 72 h after injection. Elimination of the total amount for the tested tissues was

due to that from the circulation. Futher, it can indicate the movement of Suc-FTC to other

tissues or excretion in other forms so that urinary excretion was not increased.

1-3-4. Biodisposition in tumor-bearing mice .
     Figure 1-3 shows the body distribution at 24, 48 and 72 h after i.v. administration of

Suc-FTC in tumor-bearing mice. Suc-FTC remained in the circulation at the concentration

Spleen

o=co
co

F

Kidney

liver

Plasma

**

l:'i.:l•.:•1•'A.:•l,4•:l:I•:I,L::•l:l::-[:l:'/;:l•:i'l:l".:l:1'l:l"i,e•I'li•;li:I'1:':•1'l:l••l'I:1••l

**
g,' .Issssssepssgeww.--1

**

                O 10 20 30 40
                   Concentration (% of doselg or ml}

Figure 1-1. Plasma concentration and tissue distribution of Suc-FTC after i.v. injection at a
                                   , 24h; Elgge, 48 h; N, 72 h. Each columndose of 1 mg (O.2 ml) per normal mouse: EE]
represents the mean Å} S.D. (n=5). "": pÅqO.Ol for comparison at 72 h after in.iection.
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ofmore than 20 O/o of doselml at 48 h after injection and at the concentration ofmore than 10

O/o of doselml even at 72 h after injection. The plasma concentration in tumor-bearing mice

declined faster than that in normal mice. The distribution of Suc-FTC to tumor reached

approximately 10 O/o of dose/g at 48 h after injection. This indicated that Suc-FTC should

accumulate in the tumor. The accumulation to tumor seems to reach a plateau within 24 h

after injection and to inerease very slowly after that. The tumor level was close to the

plasma level at 72 h after injection; the concentrations were not significantly different

(pÅrO.05). The retention of Suc-FTC in blood was much higher than that in other tissues

except tumor even at 72 h after injection. The plasma half-life was calculated to be 43.0 h

by log-linear elimination analysis. Accumulation to the spleen, kidneys and liver was low in

tumor-bearing mice.

     The amount of Suc-FTC distributed in the tissues tested at 24, 48 and 72 h after i.v.

injection to tumor-bearing mice and total amounts excreted into urine throughout 24, 48 and

co
co
ov"o"

• =--•

o9
oa r-"-'"--I

               O.Ol
                        24 ng 72
                                Time (h)

Figure 1-2. Distribution amount of Suc-FTC after i.v. injection at a dose of 1 mg (O.2 ml)
Es'Izls211rmouEei,.,S,,\Pias?}ett'ixe,r`F!Elf'I}Ii2'ts?i,';.",llott'S`e9,ti,S,'."g,?.Ottllii'jlE!l'"d'Eg,ll.li.:,e.,);

kidney+spleen; + , Spleen. Each point represents the mean Å} S.D. (n=5).
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72 h after i.v. injection to tumor-bearing mice are shown in Figure 1-4. The amount ofSuc-

FTC in plasma was determined in the same manner as in normal mice. Suc-FTC showed

little distribution to the liver, kidneys and spleen and showed slight excretion into urine. The

urinary excretion did not increase from 24 h to 72 h, after injection, that is, it seemed to be

almost finished at 24 h after injection. Retention in the blood circulation was longer and

urinary excretion was less compared with the previous observations with Suc--FTC (55 O/o

(wlw) IV-succinylation).37) The chemical and physicochemical properties ofthose Sucs used

were different from each other. Especially, the degree ofN-succinylation ofthe Suc used in

the present study was hjgher, and thus the polymer would have a more negatjve charge.

Generally, derivatives related to chitin and chitosan are supposed to undergo more

degradation in tumor-bearing mice because the elevated lysozymic activity is known in

sarcoma 180 tumor- bearing mice.84'85) As to the present Suc-FTC, the urinary excretion

was near or less in tumor-bearing mice than that in normal mice, although neither was

significantly different(pÅrO.05). This suggests that the excretion of Suc used in this study

o=co
co

F

Tumor

Spleen

Kidney

  Liver

"..vgeswu,,,,gs,x•ts:ny..gx.ee.i

i-:t-

S.;i•,.i•:•Y"l

i"'

.s.

s

i
**

**

"::i'ii';:i'ii'::'"':::::::::"i'::i'iit':::::i'::i':":':':i'il':::"::"i'::'

l.Istss..ss.I..Irvrs'`twNgXtrriitk"'Gawagls,
**

@

            Plasma

                  O 10 20 30 40
                       Concentration (% of doselg or ml)

Ftgure 1-3. Plasma concentration and tissue distribution of Suc-FTC after i.v. injection at a dose
ofl mg (O.2 ml) per Sarcoma 180 tumor-bearing mouse: @, 24h; tw , 48h; - , 72h. Each column
represents the mean Å} S.D. (n=5). **: pÅqe.el for comparison at 72 h after injection. @: pÅrO.05 for
companson at 72 h after in.iection.
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should not be affected by the elevated enzymatic activity in tumor-bearing mice. The

present Suc with higher degree of N-succinylation was considered to be protected against

enzymatic degradation and to maintain much higher MW than the glomeru1ar fi1tration limit

(nv 4 - 5 Å~ 104) in the body. The part of Suc-FTC with a relatively smaller MW, which

was supposed to correspond to about 10 O/o of the dose, might be excreted into urine. The

decline of the total amount of Suc-FTC for the tissues tested, which was parallel to the

elimination from the blood circulation, was faster than that in normal mice. Nearly two

thirds ofthe dose was recognized to move to tissues other than those tested, suggesting that

the movement to other tissues or exeretion in other forms such as the feces should be caused.

Further studies are needed to clarify the reasons for this mass balance.

     The systemic retention of Suc-FTC was compared with other maeromolecules that have

been reported to exhibit relatively long systemic circulation.82'86'88) The systemic half-life of

Suc-FTC was more than 4 d in normal mice and more than 40 h in tumor-bearing mice. On

the other hand, the systemic half-lives ofglutaryl-BSA (MW 70,OOOt-80,OOO; tumor-bearing),

oco

ov-o
E
o9
oa

g-N.-----
          v
         .e

                     O123
                                    11me Åqd)

Figure 1-4. Distribution amount ofSuc-FrC after Lv. injection at a dose of1 mg (02 ml) per Sarcoma 180
tumor-bearing mouse: - , Plasma+tumor+liver`-kidney+spleen (total in tested tissues not including urine);
" , Plasma; ee , Urine; - , Tumor; - , Liver+kidney+spleen; b , Liver;
--- l)r- , Kidney; -SVJL , Spleen. Each point represents themean Å} S.D. (n=5).
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sulfoethyl-dextran (MW 197,OOO; normal), carboxymethyl-dextran (MW 70,OOO; tumor-

bearing), BSA (MW 67,OOO; tumor-bearing) and carboxymethyl-dextran (}rw 500,OOO;

tumor-bearing) were reportedly around 2, 5, 9, 10 and 11 h, respectively. Thus, Suc

exhibited much longer retention in the systemic circulation than other macromolecules having

been reported before.82'86'88) This was probably because Suc has a high MVV and is hardly

biodegradable and less interactive to tissues due to its high negative charge. The tumor

accumulation ofSuc-FTC was moderate and comparable to that ofother macromolecules.86'87)

This study demonstrated that Suc is polymer with very long systemic circulation time. Since

the mmor accumulation, which is known to be related to EPR in the diseased part,5) is

considered to be affected by MW as well as systemic circulation time, it may be controlled by

changing the MW of Suc. More detailed analyses will allow the refinement of tumor-

targeting ability ofSuc as a drug carrier.
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Chapter 2

Novel Water-soluble N-Succinyl-chitosan-mitomycin C Conjugate Prepared

by Direct Carbodiimide Coupling: Physicochemical Properties, Antitumor

               Characteristics and Systemic Retention





Summary

     Preparation of water-soluble conjugate of MMC with Suc bY direct carbodiimide

coupling was attempted. Smaller amounts ofEDC, more advanced succinylated Suc, Suc(II),

and shorter coupling reaction time were selected as reaction conditions. Almost half the

obtained conjugate was water-soluble. The water-soluble conjugate, narned Suc(II)-MMC,

showedahigh drug content of greater than 10 O/o (w/w). Suc(II)-MMC exhibited apH-

dependent dmg release; i.e. the MMC release rate constants were O.O07, O.O18 and O.114 (h'i)

at pH 6.2, 7.4 and 9.0, respectively at 37 O C. Addition ofmouse plasma barely accelerated

                                                               ethe release ofMMC. Suc(II)-MMC was very stable at low temperatures (7 C), but showed

gel-formation when left to stand at that temperature for 2 weeks. The gel-formation was not

observed during the usual in vitro and in vivo operations. Suc(II)-MMC showed less toxicity

than MMC and a strong in vivo antitumor effect against Sarcoma 180 at a high dose in i.v.

administration. MMC disappeared quickly from systemic circulation after i.v. administration,

while Suc(il)-MMC was retained at a high concentration of greater than 15 O/o of the dose/ml

in plasma even at 8 h after i.v. administration.
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2-1. Introduction

     Chitosan is a weakly basic polysaccharide, which is extensively used in various fields.

One of its derivatives, Suc, is water-soluble, has low toxicity72) and is retained for long

periods in the blood circulation;37) therefore, it has been proposed as a usefu1 macromolecular

dmg carrier. It is known that macromolecules with carboxylic acid can easily react with

MMc via carbodiimide coupling.32'89'90) It was previously reported that the conjugate

prepared by the direct coupling ofMMC with Suc using EDC was obtained as a solid due to

crosslinking among or within the polymer supports.35'74'80) This insoluble property should

influence the biopharmaceutical behaviors of the polymer supports as well as its

physicochemical properties. Therefore, to make effective use of the physicochemical

characteristics of the polymer itself for controlling the conjugate biopharmaceutically, the

preparation of water-soluble conjugates is required. An activated ester of glutaric MMC

(glu-MMC-OSU) was utilized in the conjugation reaction as a method to avoid the formation

of the insoluble product of the conjugate.36'9i) Although the reaction between Suc and glu-

MMC-OSU formed water-soluble conjugates, it was difficult to obtain the conjugates with a

high load of MMC.36) The low dmg content of the conjugate caused the problem that the

conjugate could not be injected at a high dose because the high concentrated conjugate

solution was too viscous for safe injection intravenously.36) Therefore, a water-soluble

conjugate with high drug content has been required to increase the usefulness ofthe conjugate

of MMC with Suc. Since Suc is known to exhibit a very long systemjc retention after i.v.

injection,37'92) intravenously injectable water-soluble Suc-MMC conjugate with high dmg

content is considered to be valuable. Therefore, in this study, preparation of water-soluble

Suc(II)-MMC conjugate with high drug content was attempted, and its basic characteristics

were examined.
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2-2. Materials and methods

2-2-1. Materials

     MMC was obtained as a powder by solvent evaporation after extraction using methanol

from Mitomycin Kyowa S (Kyowa Hakko Kogyo Co., Tokyo, Japan) which contained only

NaCl in addition to MMC. Suc (N-succinylation degree per glucosamine unit, O.81) was

kindly supplied firom Katakura Chikkarin Co., Ltd. (Tokyo, Japan). EDC was purchased

from Dojindo Laboratories (Kumamoto, Japan). Deuterium oxide (D20) was obtained from

Merck (Damistadt, Germany). Twenty percent deuterium chloride (DCI) and 3-

(trimethylsilyl)propionic 2,2,3,3-d4 acid sodium salt (TSP) were purchased from Aldrich

Chemical Co., Inc. (Milwaukee, U.S.A). All other chemicals were ofreagent grade.

2-2-2. Animals

     Male ddY mice (6 weeks old) weighing 24 - 28 g were purchased from Tokyo

Laboratory Animals Science Co., Ltd. (Tokyo, Japan), and used soon afier being supplied.

The experimental protocol was approved by the Ethics Review Committee for Animal

Experimentation of Hoshi University

2-2-3. Itimors

     Sarcoma 180 cells were maintained by weekly transplantation of 1 Å~ 106 cells

suspended in Hanks' balanced solution (O.1 ml) into the peritoneal cavity of each mouse. In

the in vivo tests of antitumor effect, 1 Å~ 106 Sarcoma 180 cells suspended in Hanks' balanced

solution (O.1 ml), which were obtained from the above tumor-bearing mice, were inoculated

subcutaneously at the axillary region in each mouse.

2-2-4. Preparation of water-soluble conjugate

     First, Suc(II) was prepared by reaction of Suc with succinic anhydride. Suc (750 mg)

was dissolved in O.1 MNaCl aqueous solution (100 ml) with pH adjusted to 8.0 using O.1 M
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NaOH aqueous solution. Succinic anhydride (1.47 g), which was approximately 15-fold to

glucosamine molar ratio, was gradually added to Suc solution, maintaining pH between 7.5 to

8.5 by addition of3 MNaOH aqueous solution. The solution was stirred at 15 Å~ 1 eC for 30

min. After the reaction mixture was divided into small aliquot, the product, Suc(II), was

separated by gel-filtration of each portion. Namely, Suc(II) was separated from small

molecules containing free succinic anhydride by gel-filtration of the portion using a

Sephadex@ G-50 column (3.5 cm (inner diameter) Å~ 27 cm (length)) with O.1 MNaCl aqueous

solution as an elution solvent. High MW fractions were collected and dialyzed against water

to remove saks. Finally, Suc(II) was obtained as a powder by lyophilization ofthe dialyzed

solution. The stmcture of Suc was characterized before,92) and Suc(II) were investigated by

'H-NMR spectra using a JEOL JNM-LA500 spectrometer (Tokyo, Japan). The findings on

Suc(II) were as follows: 'H-NMR (D20-DCI, pH 6), reference TSP, 6 (ppm): 2.3-2.7

(multiplet, CH2CH2 of succinyl), 3.4 - 4.0 (multiplet, H-2, H-3, H-4, H-5, H-6), 4.5 - 4.8

(broad, H-1). The nv of Suc(II) determined by GPC using PEO standards or by SEC-

MALS was about 31O,OOO.

     Water•-soluble conjugate, Suc(II)-MMC, was prepared as follows: Suc(il) (50 mg) and

MMC (20 mg) were dissolved in water (12.5 ml), and EDC (50 mg) was addea and then the

pH of the mixture was adjusted to 6.1 by addition of O.1 N HCI aqueous solution. The

solution was stirred at room temperature for 15 min. Immediately aft' er the reaction, the

mixture was filtered using a fine filter tpore diameter 10 ptm). Suc(II)-MMC was separated

from small molecules containing free muC and EDC using a gel-chromatograph of the

fi1trate on a Sephadex@ G-50 column (2.6 Å~ 14 cm) with O.1 MNaCl aqueous solution as an

elution solvent. High M"W fractions were collectea concentrated by evaporation at 35 eC

and washed with normal saline using an ultrafiltration unit USY-5 (MW cut-off limit 50,OOO;

Toyo Roshi Kaisha, Ltd.) to give the conjugate solution in saline. The obtained conjugate

solution in saline was diluted with a 100-fold volume of ll15 Mphosphate buffered solution,

pH 7. The diluted solution was measured at 363 nm using a DU@ 640 spectrophotometer

(Beckman, USA), and the amount of MMC in 1 ml of the conjugate solution in saline was
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calculated based on a calibration curve. In addition, after removing salts from the conjugate

solution in saline (1 ml) by ultrafi1tration with water, the remaining solution was freeze-dried.

The weight of the obtained powder was measured as the Suc(II)-MMC arnount in 1 ml of the

conjugate solution in saline. Thus, the content of MZMC per conjugate (w/w O/o) was

calculated from the amounts of MMC and conjugate in 1 ml of the conjugate solution in

saline. Also, the conjugate solution in saline was utilized in the following in vitro and in

vivo studies.

2-2-5. In vitro drug release

     The release of MMC from Suc(II)-MMC in 1/15 M phosphate buffer (pH 6.2, 7.4 and

9.0) and the mixture of 1115 Mphosphate buffer (pH 7.4) and mouse plasma (4 : 1, vlv),

named 20 O/o (v/v) mouse plasma, were investigated. Suc(II)-MMC was dissolved at a

concentration ofO.86 mglml in 3 ml of 1/15 Mphosphate buffer or 20 O/o (vlv) mouse plasma,

and incubated at 37 eC and 60 rpm. The amount of free rmC released in the media was

determined using HPLC, which was carried out using a Shimadzu LC-6AD apparatus

equipped with a SUMIPAX Nucleosil 5Cis reversed phase column (4 Å~ 250 mm) and an SPD-

10AV UV detector (Shimadzu) set at 365 nm. The mobile phase was a mixture of O.Ol M

phosphate buffer, pH 6.0, and methanol (65:35, vlv). As to the samples obtained from the

buffers, the sample solution was directly injected on the HPLC system. Conceming the

samples obtained from 20 O/o (vlv) mouse plasma, they were treated following the method of

Den Hartigh et al.;93) briefiy, the sample was mixed to a 10-fold volume of the mixture of

chloroform and 2-propanol (1 : 1, v/v). After centrifugation of the mixture, the whole

supernatant was taken and evaporated to dryness below 40 eC under nitrogen gas. The

residue was dissolved in methanol, and the solution was analyzed for MMC in the HIPLC

system stated above.

2-2-6. Stability at low temperature

    The chemical and physical stabilities of Suc(II)-MMC were checked after storage at
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                elow temperatures (7 C). The physical situation ofSuc(II)-MMC, especially its aggregation

property, was observed for 2 weeks, and the amount ofreleased MMC at that low temperature

during preservation was checked using HPLC in the same manner as mentioned above for the

in vitro release study in the buffers.

2-2-7. In vivo antitumor effect against Sarcoma 180

    At 9 d after subcutaneous (s.c.) inoculation, MMC and Suc(II)-MMC were administered

intravenously into the tail vein to Sarcoma 180-bearing mice at a single dose of 5 mg eq.

MMClkg. In addition, MMC and Suc(II)-MMC were administered repeatedly at the dose of

5 mg eq. MMC/kg at 9, 13 and 17 d after inoculation, i.e. at 3 Å~ 5 mg eq. MMCZkg in total.

Funher, Suc(II)-MMC was administered at a single dose of 10 mg eq. MMC/kg and

repeatedly at the dose of 10 mg eq. MMC/kg at 9, 13 and 17 d after inoculation, i.e. at 3 Å~ 10

mg eq. MMCIkg in total. As to the control mice, saline alone was injected in similar

volumes and times. All mice were observed for tumor volume. The tumor volume

immediately before administration was used as the initial tumor volume, and the tumor

volume of each group was measured for 30 d after administration. The ratio of the tumor

volume to the initial volume was calculated for 30 d after administration. The length (L, cm)

of the tumor major axis, the longest axis, and width (M, cm) of the tumor minor axis, the

vertical axis to the major one, were measured with slide calipers. The tumor volume (V,

cm3) was calculated based on the equation ofTakakura et al.86) using L and rvas follows:

                            v= Lx nz2/2 (1)
At the same time, the change in body weight of each group was measured to evaluate the

toxic side effect.

2-2-8. Plasma residence of the conjugate

     MMC and Suc(II)-MMC were administered to Sarcoma 180-bearing mice at 5 and 10

mg eq. MMCIkg. At 8 h after i.v. administration of MMC, the blood was taken after

sacrifice. Blood was taken and centrifuged (3,OOO rpm for 10 min), and plasma was
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collected. Plasma was treated following the method ofDen Hartigh et al.93) as stated above

for the sample incubated in 20 O/o (vlv) plasma for in vitro release study. The sample solution

obtained by this process was analyzed for muC using HPLC in the same manner as stated

above, Similarly, plasma was obtained from blood sample taken after sacrifice at 8 h after

i.v. administration of Suc(II)-MMC. One part of this plasma was analyzed for the

determination of free MMC in plasma as in the case ofadministration ofMMC. In addition,

a four-fold volume of 1 M carbonate buffer (pH 9.0) was added to the remaining part of the

                                            oplasma. This plasma-buffer mixture was heated at 90 C for 5, 10 and 15 min. The heat-

treated samples were treated as in the case of administration of MMC, and analyzed for MMC

using HPLC in the same manner as stated above in the in vitro release study. The latter

measurement permits the calculation ofthe total MMC derived from free MMC and Suc(II)-

rVnV[C residing in plasma.

2-3. Results and discussion

2-3-1. Physicochemical characteristics of water-soluble conjugate

     Preparation of water-soluble conjugate was attempted by the direct coupling of MMC

with Suc using EDC. However, the preparation procedure based on a previous report74)

presented a water-insoluble conjugate because of crosslinking within or among the polymer

supports. Since the crosslinking was considered formed among amino groups and carboxyl

groups of Suc, increased N-succinylation of Suc was expected to reduce the crosslinking.

Therefore, further succinylation of Suc was attempted, Moreover, for improved suppression

of the condensation reaction arnong amino groups and carboxyl groups of Suc, reduced

amounts of EDC were used. In addition, a reduction of reaction time was also applied to

help suppress the crosslinking. Thus, the reaction scheme described in Figure 2-1 was

proposed for preparation of water-soluble conjugate of MMC with Suc by EDC coupling.

Suc and Suc(II) were found to be completely deacetylated from the iH-NMR spectra, which
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was consistent with a high degree of deacetylation (95 - 96 O/o against sugar unit) indicated by

the supplier based on the deacetylation degree of the starting polymer, chitosan.

Succinylation degree of Suc and Suc(II) was determined from iH-NMR spectra by

comparison of the integrated intensity of methylene protons of the succinyl groups with that

of protons of sugar moieties other than succinyl groups. Free amino groups were hardly

observed in Suc(II) from its iH-ma spectra (data not shown). Furthermore, it has been

reported that O-deacylation could occur selectively by stirring with alkali-methanol solution

overnight.94) According to the report,94) Suc(II) was dissolved in the mixture of 1 NKOH (3

ml) and methanol (3 ml), and then was stirred at room temperature overnight. The reaction

mixture was evaporated, neutralized using HCI, and then underwent gel-filtration using a

Sephadex@ G-50 column. After dialyzed and lyophilized, the alkali-treated Suc(II) was

checked by iH-NMR. These results showed that the degree of succinylation decreased by

about 10 O/o compared with the intact Suc(II) (data not shown). Therefore, the small portion

of the attached succinyl groups, approximately 10 O/e, is considered bound to the sugar
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hydroxyl groups.

     The reaction conditions, based on the previous study of EDC coupling, exclusively

gave a solid product (98 O/o (wlw) Åq). However, in the novel reaction condition, more than

one-third of the product obtained was water-soluble conjugate, Suc(II)-MMC. The MMC

content of Suc(II)-MMC was 12 O/o (w/w), which was lower than Suc-MMC. It was

considered due to the reduced amounts of EDC used and shorter reaction time in the

preparation of Suc(II)-MMC. However, the MMC content of Suc(II)-MMC was much

higher than that of the water-soluble conjugate prepared by reaction of Suc and glu-MMC-

OSU; the latter conjugate showed the MMC content of4.7 O/o (wlw).36) The content of 12 O/o

(w/w) led to a reduction in the mass ofthe conjugate at administration, suggesting it should be

possible to inject the conjugate solution with a relatively low viscosity even at a high dose.

Thus, the present preparation is considered available for preparation of water-soluble

conjugate with a high content ofMMC.

2-3-2. In vitro drug release

     Drug release from Suc(ll)-MMC was examined at 37 eC in 1/15 M phosphate buffer

(pH 6.2, 7.4 and 9.0) and 20 O/o (v/v) mouse plasma in pH 7.4. The conjugate showedapH-

dependent release (Figure 2-2). The drug release was analyzed based on the pseudo-fust

order kinetics as described below:

                         k2 kl

           Suc(II)•-MMC -År MMC -År decompositionproducts

                 Jk,

           decomposition products

     The free MMC (O/o) appearing in the media at time t is given by the following equation:

        [MMq = (k2A./(ki - k2 - k3)) Å~ (exp(-(k2 + k3)t) - exp(-kit))

                      +(100-Ao)xexp(-kit) (2)
where [MMq means the percentage of the appearing free MMC against the total initial

contained MMC (t = O), ki, k2 and k3 are first-order rate constants, and Ao represents the
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conjugated MMC (O/o) against the total initial MMC. The conversion rate constants (k2, k3)

were determined by curve fitting using equation 2. At that time, the decomposition rate

constant (ki) was fixed based on the reported pH-rate constant profile of MMC in 1115 M

phosphate buffer at 37 eC;8i'9i'95) that is, ki values were fixed at O.O16, O.O04 and O.O04 (h-i) to

pH 6.2, 7.4 and 9.0, respectively. The curve fitting was executed using the non-1inear

regression prograrri MULTI.96) The results are shown in Table 2-1. The calculated profiles

were well fitted to the observed ones. Especially, the concentration of free rmC in the

medium ofpH 9.0 was lower at 48 h than at 24 h in pH 9.0, and this situation was simulated

satisfactorily by equation 2. Fifty percent degradation time ofthe conjugate at 37 eC was

calculated as 98, 40 and 6 h at pH 6.2, 7.4 and 9.0, respectively, from the k2 value. The

addition of plasma barely affected the release rate. The release rate of Suc(II)-MMC was

different from other types of conjugates, i.e. water-soluble N-succinyl-chitosan-glutary1-MMC
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Figure 2-2. Release of MMC from Sucal)-MMC in 1/15 M phosphate buffer
(pH 6.2, 7.4 and 9.0) and the mixture ef 1/15 M phosphate buffer (pH 7.4)-mouse
plasma (4:1, vlv) at 37 "C: A , pH 6.2; M , pH 7.4; Å~ , pH 9.0; e , plasma-
buffer mixture. Each point represents the mean Å} S.D. (n=3). The broken or clotted
1ines show the profiles calculated from equation 2 using the parameters in Table 2-1,
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conjugate (Suc-glu-MMC)9i) and water-insoluble N-succinyl-chitosan-MMC conjugate.74)

This is possibly because the release rate should depend on the subtle change in circumstances

around the bound MMC. The results suggest that Suc(II)-MMC should exhibit gradual

release of MMC in the body. Suc(II)-MMC has potency to act as a slow release water-

soluble macromolecular prodrug.

2-3-3. Stability in preservation at low temperature

     The chemical and physical stabilities of Suc(II)-MMC in saline were evaluated under

                         elow temperature conditions (7 C) using the final conjugate solution in saline. Suc(II)-MMC

was investigated for the release of MMC in saline and the physical state ofthe saline solution

at low temperature in the refrigerator (7 eC) during preservation. The results are described in

Table 2-2. Around 10 O/o of MMC from Suc(II)-MMC was regenerated after 1 week

preservation. Further, no gel-formation was observed after 1 week preservation. However,

gel-fonnation was found after 2 weeks preservation. Suc(II)-MMC appears to have

characteristics to form gel relatively in the concentrated solution. The MW ofSuc(II)-MMC

may be somewhat higher than that of the polymer support itself Suc(II) because some linking

can be caused among the polymer support. Furthermore, Suc(II)-MMC, with a high content

Table 2-1.
Conversion rate constants for Suc(II)-MMC in various media

Rate constant a)

    (h-i)

One-fitteenth Mphosphate buffer

pH 6.2 pH 7.4 pH 9.0

Twenty percent plasma
 inl/15 Mphosphate
   buffer,pH 7.4 b}

ke

k3 c)

O.O07

 o

O.Ol8

 o

O.114

O.Ol 7

O.020

O.O02

a) The kl values were fixed to O.O16, O.oo4 and O.O04 at pH 6.2, 7.4, and 9.0, respectively,

  based on the known pH-rate constant profiles.8'•9i•95)

b) The kl value was fixed to O.oo4; degradation effect by plasma was regarded as slight.

c) The k3 values at pH 6.2 and 7.4 were fixed to O because they converged to very smal1 minus

  values.
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Table 2-2.
Chemical and physical stabMties of Suc(II)-MMC in its saline solution during
at 7 ec

preservation

Preservation time (d)

1 3 5 7 14

 Appearing
free MMC (o/o)

Gel formation

  1."

non-detected

   3.24

non-detected

  5.33

non-detected

  9.02

non-detected detected

of MMC, may exhibit increased interaction among the moieties of the conjugates due to the

introduction oflots ofMMC moieties. These chemical and physicochemical changes ofthe

polymer may cause the characteristics of gel-•formation. The remainder of the reactive

carboxylic acid-carbodiimide intermediate on the conjugate may be another reason for the

gel-formation, because its intermediate can react with amino groups. Since the possibility

was considered that a few amino groups remained in the conjugate and that'the reactive

carboxylic acid-carbodiimide intermediate on the conjugate reacted intermolecularly or

intramolecularly with the amino groups, suppression of the reaction between the carboxylic

acid-carbodiimide intermediate and the amino group was atternpted. Namely, excessive

amounts of aminoethanol were added to the conjugate solution for complete reaction of the

possibly remaining reactive carboxylic acid-carbodiimide intermediate. The reaction

mixture was stirred, dialyzed, and then the dialyzed solution was freeze-dried. However, the

resulting powder was hardly soluble in water. This suggests the conjugate may possess

solubility characteristics different from those of Suc(II) itself and that the gel-formation may

not be caused by the remainder of the reactive intermediate but by the solubility

characteristics of the conjugate. However, the detailed mechanism of the gel-formation

remains unclear. These results imply that the conjugate solution in saline should cause no

problems in use ifused within 1 week after preparation. Actually, through all experiments in

this study, the Suc(II)-MMC conjugate solution was used within 4 days after preparation.
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               growth inhibitory effect of Suc(II)-MMC and MMC against Sarcoma 180
                             , MMC 5 mgA(g; "-" , MMC 3 Å~ 5 mglkg; "D"' ,
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2-3-4. In vitro antitumor effect against Sarcoma 180

     The efficacy of Suc(II)-MMC at i.v. administration was examined using mice bearing

Sarcoma 180 solid tumor subcutaneously at the axillary part. The tumor growth profiles are

shown in Figure 2-3. The tumor was ellipsoidal in shape but somewhat spherical. Marked

tumor growth was observed in the control mice. MMC exhibited good tumor growth

suppression at 5 mgtkg, but was lethally toxic in the three times repeated administration of 5

mgfkg (3 Å~ 5 mglkg in total). The dose of3 Å~ 5 mglkg caused a decrease in body weight

(Figure 2-4), indicating overdose. On the other hand, the Suc(II)-MMC group brought about

tumor growth suppression both at 5 mg eq. MMClkg and at 3 Å~ 5 mg eq. MMClkg without

any decrease in body weight (Figure 2-4). These results indicate Suc(II)-MMC should

exhibit less acute toxicity than MMC. The previous water-soluble conjugate, Suc-glu-MMC,

showed a lower drug content,36) and its solution was too viscous at a dose greater than 2.5 mg

eq. MMClkg to be injected safely. However, Suc(II)-MMC could be safely administered

intravenously at a higher dose because of its high drug content. The difference in the effect
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of Suc(II)-MMC was not observed between 5 mg eq. MMC/kg and 3 Å~ 5 mg eq. MMClkg.

In higher dose tests, Suc(II)-MMC was administered at a single dose of 10 mg eq. MMC/kg

and at three times repeated doses of 10 mg eq. MMC/kg (3 Å~ 10 mg eq. MMCIkg in total).

Under these conditions, a marked tumor growth suppression was observed in the 3 Å~ 10 mg eq.

MMC/kg group. A decrease in body weight was not observed even at 3 Å~ 10 mg eq.

MMCIkg in Suc(II)-MMC. Thus, Suc(II)-MMC could be administered at a high dose, and it

was recognized highly effective and low toxic. Further, tests by various administration

schedules wi11 be needed to more fully understand the detailed antitumor activity of Suc(II)-

MMC.

2-3-5. Systemic residence ofthe conjugate

     Blood was withdrawn at 8 h after i.v. injection of MMC (5 mg/kg) and Suc(II)-MMC

(10 mg eq. MMCIkg) to Sarcoma 180-bearing mice, and the plasma was obtained using

centrifugation. The concentrations ofMMC and the conjugate in the plasma were examined.

The conjugated MMC was recognized as almost completely liberated as free )vflV[C after the
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Table2-3.
Plasma concentration of bound or free rmC at 8 h afteriv. injection ofMMC and
Sue(II)-MMCat 5 mg/ky and 10 mg eq. MMCrkg, respectiyely, in mice

Concentration in plasma (pglml) a)

Bound MMC Free MMC Total

  MMC
Suc(11)-MMC           **  53.3 Å} 13.7

(15.2 e/o of dose/ml)

 Non-detected

   8.8 Å} 4.2

(2.5 Olo of dose/ml)

      o

  62.0 Å} 17.7
(17.7 O/e of dose/ml)

MMC lowest detection limit in HPLC: O.04 ptgim1.

a) lhe results are expressed as the mean Å} S.D. of four mice.

**:pÅqe.O1 vs free MMC.

                    otreatment for 5 min at 90 C and pH 9, while as treating time was further increased decrease

in recovery of MMC was observed (data not shown). Therefore, the total amount of MMC

in plasma could be determined from that of MMC existing in the sample after such heat

                     otreatment for 5 min at 90 C and pH 9. The lowest detection limit of MMC in HPLC was

O.04 pglml. The results are described in Table 2-3. No MMC was detected in the

administration of free MMC, indicating MMC had decreased at the level lower than O.04

ptglml at 8 h after injection. On the contrary, free MMC and bound MMC in the conjugate

were observed at much higher concentrations than the lowest detection limit. The main part

of MMC was found retained as a conjugated form. The total residing amount at 8 h was

calculated to be nearly 18 O/o of dose/ml, which was consistent with the long residence

characteristics ofthe polymer in the blood circulation.37'92) The systemic retention ofSuc(II)

will be described in another article. Since a 1arge part of MMC is expected to remain in a

conjugated form at 8 h after administration due to its slow release under physiological

conditions as based on in vitro release studies, Suc(II)-MMC is considered to be found at a

high level at 8 h after administration. These results indicate that Suc(II)-MMC should

circulate well in the blood stream and that MMC should be gradually regenerated there.

     Thus, Suc(II)-MMC was recognized to be a water-soluble conjugate exhibiting long-
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term circulation in the blood stream and a gradual drug release. The long residence ofthe

conjugate in the blood circulation may realize the localization of the drug to the diseased parts,

such as tumor site, based on the EpR effect.5•97)
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Chapter 3

 Biological Fate of Highly-succinylated N-Succinyl-chitosan and Antitumor

Characteristics ofIts Waterd-soluble Conjugate with Mitomycin C at I.v. and

            I.p. Administration jnto Tumor-bearing Mice





Summary

     Suc(II) was fluorescein-labeled, and the labeled product (Suc(II)-FTC) was examined

for biodisposition in Sarcoma 180-bearing mice after i.v. and i.p. administration. Suc(II)-

FTC injected intravenously was sustained at a high level in the blood circulation and showed

little distribution to tissues other than tumor. On the other hand, it took a few hours for

Suc(II)-FTC to be transferred to the blood circulation after i.p. administration. There were

no marked differences in the distribution of Suc(II)-FTC between i.v. and i.p. administration

routes except in the early stage. The urinary excretjon of Suc(II)-FTC following both i.v.

and i.p. administration was small, but the excretion tended to be suppressed after i.p.

administration. Water-soluble Suc(II)-MMC conjugate prepared using water-soluble

carbodiimide exhibited marked effect at a high dose and suppressed the acute toxic side effect

of MMC. Suc(II)•-MMC tended to be more toxic at i.p. admmistration than at i.v.

administration. The difference in biodisposition between the two administrations was

thought to affect the toxic side effect. The plasma levels ofconjugated and free MMCs at 8

h after i.v. administration were higher than those at 8 h after i.p. administration. These

suggested more localization of the conjugate in peripheral tissues and less excretion at i.p.

administration, which might result in greater toxicity.
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3-1. Introduction

     There have been a number of studies concerning modification of anticancer drugs with

macromolecules.98'iOi) One of the aims of dmg-carrier conjugation by combining an

anticancer drug with a carrier is to obtain agents that selectively attack cancers. Drug-carrier

conjugates often improve the less selective toxicity ofmany anticancer agents.5'i02) Drug-

carrier conjugates generally have characteristics such as gradual drug release because

anticancer drugs display their effects when liberated from the carrier. Dextran,i03)

albumin,33) chitosan derivatives9i) and others have been used as caniers.

     Suc, synthesized by introduction of succinyl groups into chitosan at the N-position of

the glucosamine unit, is water-soluble, less toxic,72'73) poorly biodegradable in the body8i) and

long retained in the systemic circulation after i.v. administration.37'92) Thus, Suc is expected

to be a usefu1 macromolecular drug carrier with a long retention time in the body.

     Macromolecules with carboxylic acid are known to be easiiy combined with MMC.

Previous studies showed that a water-soluble Suc(II)-MMC conjugate could be prepared by

the direct coupling of MMC with highly-succinylated Suc using water-soluble carbodiimide

(EDC) under specific reaction conditions, and that the water-soluble conjugate released rvQvlC

by about 13, 35 and 78 O/o after incubations at 37 "C in 1/15 Mphosphate buffer for 24 h at pH

6.2, 7.4 and 9.0, respectively.iou) Further, the addition ofplasma had little influence on the

drug release rate, and actually the gradual in vivo release of MMC from the conjugate was

recognized.ioo) The water-soluble conjugate by the direct coupling was demonstrated to be a

usefu1 prodrug of MMC.

     Hitherto, the biodisposition characteristics of Suc have been examined after i.v.

administration.37'92) The differences in the administration route can modify the efficacy and

toxicity of the conjugates.25) Such phenomena seem to be related to the biodisposition

properties of the conjugates, which are highly dependent on the characteristics of the

carriers.26'ie5'ios) Also, even molecules with a very high molecular weight can be quickly

transferred from the intraperitoneal part to the systemic circulation.i07) Further, the i.p.
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administration ofthese conjugates is often usefu1 for high antitumor efficacy.25'98) Therefore,

how Suc with a very high MW and its drug-conjugate behave in the body following i.p.

administration are viewed as very interesting. The biodisposition characteristics of Suc(II)

and antitumor properties of its conjugate with MMC following i.p. administration have not

been investigated. Therefore, the present study compared the biodisposition profiles of

Suc(II) after i.v. and i.p. administration, and determined the antitumor characteristics of its

conjugate with MMC against subcutaneous Sarcoma 180 solid tumor by both administration

routs.

3-2. Materials and methods

3-2-1. Materials

     MMC was used after extraction by methanol from Mitomycin Kyowa S (Kyowa Haklco

Kogyo Co., Tokyo, Japan) which consisted ofNaCl and MMC. Suc was a kind gift from

Katakura Chikkarin Co., Ltd. (Tokyo). Its succinylation and deacetylation degrees were O.81

mol/sugar unit and 1.0 mollsugar unit, respectively, by proton nuclear magnetic resonance,92)

and the average molecular weight was 3.4 x 105 (the range of MW: 5 Å~ 104 - 1.5 Å~ 106) by

SEC-MALS. EDC was purchased from Dojindo Laboratories (Kumamoto, Japan). FITC

was purchased from Sigma Chemical Company (St. Louis, U.S.A.). All other chemicals

were obtained commercially as reagent•-grade products.

3-2-2. Animals

     Male ddY mice (6 weeks old) weighing 27 - 28 g were purchased from Tokyo

Laboratory Animals Science Co., Ltd. (Tokyo), and were used in all experiments. The

experimental protocol was approved by the Ethics Review Committee for Animal

Experimentation ofHoshi University.
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3-2-3. hmors

     Sarcoma 180 cells were maintained in ddY mice by weekly i.p. transfer of 1 Å~ 106 cells

obtained from ascitic fluid. In the in vivo antitumor tests, 1 Å~ 106 Sarcoma 180 cells

suspended in O.1 ml of Hanks' balanced salt solution, which were obtained from the above

tumor-bearing male ddY mice, were inoculated subcutaneously into each male ddY mouse at

the axillary region.

3-2-4. Biodisposition of Suc(ID-FTC

     First, Suc(II) was prepared by reaction ofgifted Suc with succinic anhydride. Briefly,

the Suc (1.5 g) was dissolved in O.1 MNaCl aqueous solution (200 ml) with the pH adjusted

to 8.0 by O.1 MNaOH aqueous solution. Succinic anhydride was gradually added at a 15-

fold molar excess to the glucosamine units, while the pH was maintained at between 7.5 to

                                                                 e8.5 by addition of3 MNaOH aqueous solution. The solution was stirred at 15 Å} 1 C for 30

min. The product was separated on a SephadexQ G-50 column (3.5 cm in inner diameter Å~

27 cm in length) using O.1 MNaCl aqueous solution as an elution solvent. The eluted

solution at the high MW fractions was collected, and dialyzed against water for 3 d to rernove

salts. Finally, Suc(II) was obtained by freeze-drying the dialyzed solution. The

succinylation degree was elevated to approximately 1.1 mol/sugar unit, which was due to

succinylation to the hydroxy groups at approximateiy O.1 moYsugar unit in addition to almost

complete succinylation to the amino groups.iou)

     Next, Suc(II)-FTC was prepared according to the methods reported by Tanaka et al.82)

and Kamiyama et al.,37) and its distribution in the body was investigated. Briefiy, FITC (4

mg) was reacted with Suc(II) (1OO mg) in 14 ml of O.5 Mcarbonate buffer (PH 8.9), and then

the reaction mixture was divided into portions of 7 ml. The produced Suc(II)-FTC was

purified by gel-filtration ofportions with a Sephadex@ G-50 column (3.5 cm in inner diameter

Å~ 30 cm in length) using O.5 Mcarbonate buffer as an elution solvent and subsequent dialysis

against water. Finally, Suc(II)-FTC was obtained as a powder by lyophilization. The FTC

content of Suc(II)-FTC was calculated from the absorbance at 495 nm using a DU@ 640
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spectrophotometer (Beckman, USA) in PBS by referring to the absorption coefficient of FITC

at 495 nm in the same buffer. The FTC content ofSuc(II)-FTC was O.1 O/o (wlw).

    At 9 d after inoculation, Suc(II)-FTC was administered intravenously or

intraperitoneally at a dose of 1 mg per mouse. The mice were sacrificed at 1, 8 and 24 h

after injection, blood samples were withdrawn and several tissues (tumor, liver, kidneys,

spleen and 1ung) were excised. The tissues were homogenized using a glass homogenizer

with a Teflon pestle. The tissue homogenate was diluted with PBS, and the supernatant was

obtained by centrifugation. Plasma was obtained by centrifugation of the blood. The

supernatant and plasma were diluted appropriately with PBS, and their fiuorescence

intensities were investigated (Ex=495 nm, Em==520 nm). The concentrations and amounts of

Suc(II)-FTC distributed in the blood and tissues were calculated from these fluorescence

intensities and the recovery ratios for blood and each tissue.92) Further, the urine was

collected for 8 or 24 h, and diluted appropriately with PBS. Its fluorescence intensity was

measured under the same conditions as described above to determine the amount of Suc(II)•-

FTC exereted into urine.

3-2-5. Antitumor effect of SucaD-MMC conjugate against Sarcoma 180

     First, Suc(ll)-MMC was prepared in the same manner as reported previously.ica)

Briefiy, Suc(II) (100 mg) and MMC (40 mg) were dissolved in water (25 ml), EDC (100 mg)

dissolved in water (5 ml) was added, and then pH of the mixture was adjusted to 6.1 by

addition ofO.1 NHCI aqueous solution. The solution was stirred at room temperature for 15

min. The water-soluble conjugate was separated from ftee MMC and EDC on a Sephadex@

G-50 column (2.6 cm in inner diameter Å~ 14 cm in length) using O.1 MNaCl aqueous solution

as an elution solvent. The eluted solutions at the high MW fractions were mixed,

concentrated by evaporation of solvent and washed with saline using an ultrafilter unit USY-5

with a MW cut-off limit of 50,OOO (Toyo Roshi, Japan). The product solution (conjugate

solution) in saline was used for the following experiments. It was diluted 100-fold with 1/15

M phosphate buffer (pH 7.0) for the determination of MMC content. The diluted solution
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was measured spectrophotometrically at 363 nm, and the concentration of MMC in the

conjugate solution was calculated from a standard calibration curve ofMMC. The weight of

the conjugate contained in 1 ml of the conjugate solution was measured after removing the

salt and subsequent freeze-drying. The dmg content (O/o, w/w) was calculated based on

MMC concentration and the amount of conjugate contained in 1 ml of the conjugate solution

in saline.

     Antitumor effect was examined using the mice at 5 d after inoculation. Namely, at 5 d

after inoculation, MMC was intravenously admmistered at a single dose of 5 mg/kg, and

Suc(II)-MMC was intravenously administered at a single dose of 10 mg eq. MMClkg.

Further, rvfivfC was intravenously administered repeatedly at a dose of5 mg/kg at 5, 9 and 13

d after inoculation, i.e. at a dose of 3 Å~ 5 mgZkg, and Suc(II)-MMC was intiavenously

administered repeatedly at a dose of 10 mg eq. MMCIkg at 5, 9 and 13 d after inoculation, i.e.

at a dose of3 Å~ 1O mg eq. MMC/kg. Controls were injected with a similar volume ofsaline

alone according to the same schedules. Tumor volume was investigated in all mice. The

tumor volume immediately before administration was used as the initial volume, and that of.

each group was measured for 30 d after administration. The ratio ofthe tumor volume to the

initial volume was exarnined after administration. The length (L, cm) of the tumor major

axis (longest axis), and width (JV, cm) of the minor axis (venical to the major axis) were

measured with slide calipers, and the tumor volume (V, cm3) was calculated as follows based

on the report by Takakura et al.:86)

                             v==Lxm2/2 (1)
    At the same time, the changes in body weight of each group were measured to evaiuate

the toxic side effects.

    Next, at 5 d after inoculation, MMC and Suc(II)-MMC were administered

intraperitoneally to the tumor-bearing mice at the same dose and according to the same

schedule as in the i.v. administration experiment described above. Antitumor and toxic side

effects were examined in the same way as described for the i.v. administration experiment.
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3-2-6. Disposition ofSuc(II)-M[MC conjugate into blood circulation and tumor

     In this experiment, mice at 9 d after inoculation were used. Suc(II)-MMC (10 mg eq.

MMC/kg) was injected intravenously or intraperitoneally. The animals were sacrificed at 8

h after injection, a blood sample was withdrawn, and the tumor was excised. Plasma was

obtained by centrifugation ofthe blood. One Msodium carbonate buffer tpH 9.0) was added

to the tumor by the three-fold volume, and the mixture was homogenized using a glass

homogenizer with a Teflon pestle.

     Free MMC contained in the sample solution (pH 9) was extracted according to the

method ofDen Hartigh et al.93) This operation allowed the complete recovery ofMMC from

the sample. Briefiy, one milliliter of a mixture ofchloroform and isopropanol (1 : 1, v/v)

was added to O.1 ml ofplasma sample or homogenate. The obtained mixture was shaken

vigorously for 3 min, then centrifuged to obtain the supernatant. All the supernatant was

transferred to a glass tube and evaporated to dryness at 35 "C under nitrogen gas. The

residue was dissolved in 100 pl of methanol, and the resultant solution was analyzed by

HPLC to determine free MMC in the sample solution.

     To determine the total amounts of free and conjugated rmCs in the sample solution,

the solution was heated at 90 e C for 5 min. Then, 1 ml ofa mixture of chloroform and

isopropanol (1 : 1, v/v) was added to aliquots of O.1 ml of the treated sample, and the mixture

was shaken vigorously for 3 min. After centrifugation, all the supernatant obtained was

transferred to a glass tube and evaporated to dryness at 35 "C under nitrogen gas. The

residue was dissolved in 100 pt1 of methanol, and the resultant solution was analyzed by

HPLC to determine the total amounts of free and conjugated MMC in the sample solution.

The amount of conjugated MMC was calculated by subtracting the amount of free MMC from

that oftotal MMC.

3-2-7. HPLC assay

     HPLC analysis was performed at room temperature. Twenty pl ofthe final solution in

methanol was subjected to HPLC using a Shimadzu LC-6AD apparatus equipped with a
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SUMIPAX Nucleosil 5Cis reversed phase column (4 mm in inner diameter Å~ 250 mm in

length) and an SPD-10AV UV detector (Shimadzu) set at 365 nm. The mobile phase was a

mixture ofO.O1 Mphosphate buffer, pH 6.0, and methanol (65 : 35, vlv).

3-2-8. Viscometric analysis

     Suc(II)-FTC and Suc(II)-MMC were examined for the Viscosity of their solution using

an Ubbelohde viscometer (Shibata, Japan) according to JPXllI. The viscometry was

                   operformed at 37 Å} O.1 C. Namely, the solution of Suc(II)-FTC (O.33 mglml) or Suc(II)-

                                                          oMMC (O.33 and O.67 mglml) in saline was prepared and kept at 37 Å} O.1 C. The solution

(13 ml) was poured into the viscometer fixed in a container, and then the time (t) for the

surface of the solution to move between the specified lines of the viscometer was measured.

The kinematic viscosity (v) was calculated by the following equation:

                                v=Kxt (2)
where K was a viscometer constant (cSt/s).

3-2-9. Statistical analysis

     The significant difference was checked using the Student's t-test. The data were

evaluated to be significantly different when thep-value was less than O,05.

3-3. Results and discussion

3-3-1. Body distribution of SucaD-FTC

     Suc(II)-FTC contained FTC at O.1 O/o (w/w). This lower introduction of FTC into

Suc(II) was considered because very few free amino groups existed in Suc(II). However, in

spite of the low FTC content, there was no problem in determination of the tissue

concentration. Figure 3-1 shows the biodistribution at 1, 8 and 24 h after i.v. administration

of Suc(II)-FTC. The concentration was expressed as the percentage of dose per ml of
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plasma or per g oftissue. Suc(II)-FTC was sustained at a high level in blood circulation but

little distributed in tissues other than the tumor. The distribution of Suc(II)-FTC in tumor

tissue reached approximately 15 O/o of doselg at 24 h after injection. The tumor level of

Suc(II)-FTC was close to that in the plasma at 24 h after i.v. injection; their concentrations at

that time were not significantly different (pÅrO.05). These findings indicated that Suc(II)-

FTC could accumulate in the tumor tissue similarly to other FITC-labeled Suc with

succinylation degrees ofO.51 mole/sugar unit37) and O.81 mole/sugar unit.92) Namely, it was

demonstrated that ftrrther succinylation of N-succinyl-chitosan to 1.1 mollsugar unit little

infiuenced its biodisposition characteristics.

     Figure 3-2 shows biodistribution at 1, 8 and 24 h after i.p. administration of Suc(II)-

FTC. The concentration was expressed as the percentage of dose per ml ofplasma or per g

oftissue. At 1 h after i.p. administration, the plasma concentration was much lower than that

by i.v. administration, and after 8 and 24 h, it was a little lower than that by i.v.
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administration. The amounts distributed in other tissues following i.p. administration were

small, but the pattern differed slightly from that after i.v. administration: Suc(II)-FTC

administered intraperitoneally tended to be distributed in a somewhat lower amount to the

tumor tissue, but in a somewhat higher amount to the tissues other than plasma and the tumor

tlssue.

3-3-2. Urinary excretion of Suc(II)-FTC

     Table 3-1 shows urinary excretion at 8 and 24 h after the i.v. and i.p. administration of

Suc(II)-FTC. The amount was expressed as a percentage of dose. The urinary excretion

was very low by both administration routes. The urinary excretion ofSuc(II)-FTC tended to

be lower at i.p. than at i.v. administration, although the difference in the excreted amount

between the two administration routes was not significant at any time point examined

(pÅrO.05). This suggested that transfer of Suc(II)-FTC from the intraperitoneal part into the
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Table 3-1.
Urinary exeretion of Suc(II)-FTC at 8 h and 24 h after
i.p. administration in Sarcoma 180-bearing mice

Urinary excretion (O/o of dose)a)

Administration route

8h 24 h

I.v.

1.p.

5.0 Å} 2.3

3.0 Å} 2.1

9.4 Å}4.1

4.9 Å} 3.4

a) Each value represents the mean Å} S.D. (n =5).

blood circulation might not be complete, which was supported by the plasma levels of

Suc(II)-FTC after i.p. and i.v. injections (Figs. 3-1 and 3-2). These results also proposed that

the localization of Suc(II)-FTC in peripheral tissues might be greater and continue for longer

periods at i.p. than at i.v. administration.

    As to FITC-labeled Suc with similar MW and succinylation degree of O.81 mole/sugar

unit, its excretion to the feces was hardly observed at 8 h after injection to normal mice, and a

few dozen percent was thought to be localized to the parts other than 1ung, liver, spleen,

kidney, urine and feces (data not shown). In the present study, the total recovery ofSuc(II)-

FTC from the tested tissues and urine was near or less than 50 O/o of dose at 8 and 24 h after

injection. Although the excretion to the feces was not checked, the fair distribution to the

tissues other than those tested was thought probably due to the simjlarity of the biodisposition

among Sucs with succinylation degrees ofO,51 - 1.1O molelsugar unit.

3-3-3. Pharmacokinetic analysis of SucaD-FTC biodisposition

     Since the number of the sampling time points was small, the clearance of Suc(II)-FTC

from the systemic circulation and the translocation of Suc(II)-FTC from the site of injection to

the blood circulation cannot be discussed in detail. However, the plasma concentration

profile at i.v. administration appeared to be approximated to the linear decline. Also, the

plasma concentration profile at i.p. administration seemed to show the simple transfer from
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the injected site to the blood and subsequent elimination from the systemic circulation. The

transfer from the injected site to the systemic circulation was analyzed with a linear

translocation model described in Figure 3-3(A) by referring to Yamaoka et al.i07) The mean

values of the concentrations or amounts located in the plasma or tissues were used for

analysis.

     The plasma concentration (Ci.) of Suc(II)-FTC at the time t after i.v. injection was

analyzed by the following equation ofmono-exponential decline:

                          Ci. =(D/ Vd)xexp(-lpt) (3)
where D, Vd and h were dose, distribution volume and elimination rate constant, respectively.

Further, the plasma level (Cip) of Suc(II)-FTC at the time t after i.p. injection could be

obtained by the analysis using a linear translocation model as follows:

               Ci,= (DFhl( Vd Å~ (h - kh))) Å~ (exp(-ht) - exp(-lpt)) (4)

where F and kh were transfer efficiency and transfer rate constant from the peritoneal cavity to

the blood circulation, respectively. First, profile fitting was performed to the profile

observed after i.v. administration using equation 3 to calculate Vd and 4. Next, F and h

were calculated by profile fitting using equation 4 with Vd and kb being fixed. The

calculation was performed using the non-1inear least squares program moLTI.96) Further, as

to each tissue, average tissue clearance (CLti,s..) for O - 24 h was estimated by dividing the

amount located in each tissue after 24 h (Tds,..(24 h)) by the area under the plasma

concentration-time curve for O - 24 h (A UCo.24 h) as shown in the following equation:86)

                    CLtissue=Ttissue(24 h)I So24h Cdt (5)

where equations 3 and 4 were utilized for calculation ofA UCo.24 h.

     The calculated pharmacokinetic pararneters are described in Tables 3-2 and 3-3, and the

plasma concentration profiles were simulated based on equations 3 and 4 (Figure 3-3(B)).

The calculated profiles were well fitted to those observed. The transfer efficiency (E) from

the peritoneal cavity to the blood circulation was fairly large (O.871), suggesting that transfer

from the site of injection to the bloodstream should be incomplete but relatively high. The

elimination rate constant (O.0253 h'i) was very small. The clearance frorn plasma, CLp, was
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much 1arger than average tissue clearances ofeach tissue tested; these clearances were 1arge in

tumor, urine and liver with tumor exhibiting the largest clearance per unit weight. Average

tissue clearances were a little higher following i.p. administration as compared with i.v.

administration in all the tested sites except mmor tissue and urine. Translocation via routes

other than the blood circulation may occur following i.p. administration, however, the

contribution of other routes seemed small. Transfer to tumor tissue and urine paralleled

plasma concentration. Overall, the biodisposition of Suc(II)-FTC at i.p. administration

still appeared to be dominated primarily by the plasma level.

3-3-4. Antitumor effect of SucaD-rmC against Sarcoma 180

     First, at 5 d after inoculation, MMC and Suc(II)-MMC were injected intravenously at a

single dose or triple doses at 4-d intervals. The tumor growth profiles after i.v.

administration are shown in Figure 3-4. Marked tumor growth was observed in the control

mice. The MMC group exhibited good tumor growth suppression, but the dose of 3 Å~ 5

mglkg was lethal. Suc(II)-MMC showed good growth suppression at 3 Å~ 10 mg eq.
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Table 3-2.

Plasma pharmacokinetie parameters
i.v. and i.p. administration

of Suc(II)-FTC after

Parametera) Estimated value Unit

      Dose

       Vd

       ke

       h

       F
AUG elc(i.v.; O - 24 h)

AUChej,(i.p.; O - 24 h)

       CLp

1.0o xlo3

2.68 x1o3

 O.0253

  O.245

  O.871

  6.72

  5.04

  67.8

Itg per mouse

pl per mouse

    h-1

    h-1

  jttg x h/ptl

   ptg x h/pl

paVh per mouse

a) Vd, ke, ka and F were calculated based on the mean plasma

  concentrations of Suc(II)-FI'C. CLpis the clearance from
  plasma and estimated as (ke x Vd).

Table3-3.
Average tissue clearances of Suc(ll)-FTC for O - 24 h after i.v. and
i.p. administration

1.v. 1.p.

Tissue
   pal/h

per mouse

   paVh

per g tissue

  ietl/h

per mouse
  pm
per g tissue

Kidney

Spleen

Liver

Lung

Tumor
Urine

 o.o

O.422

5.14

O.585

14.0

14.0

o.o

1.83

3.07

2.77

Z.3

1.52

O.759

14.6

O.927

1 O.4

9."

2.38

3.94

9.12

4.56

1 8.5

MMClkg, similar to MMC at 5 mg/kg. Suc(II)-MMC showed a slow dmg release as

reported previously.i04) Further, the conjugate taken up by the tumor was considered to

regenerate MMC there more slowly due to the weakly acidic lysosomal pH. Such a slow
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Figure 3-4. In vivo growth inhibitory effect against Sarcoma 180 and changes in the body vveight of
Sarcoma 180-bearing mice after i.v. administratioll of MMC (A) and Suc(II)-MMC B):

-' e-- , Controi; t , MMC:5 mg!kg; -, MMC:3 x5 mgtkg; - , Sucal)-MMC:
10mglkg; t , Suc(II)-MMC: 3 x 10 mg/kg. Sample solution was injected at 5 d after inoculation
(single dose), and at 5, 9 and 13 d after inoculation (triple dose). Each point represents the mean Å} S.D.
(n=5). a) Four mice died (n=1). ':pÅqO.05, "":pÅqO.Ol, '"':pÅqO.OOI vs. control. t:pÅqO.05, tt:pÅqO.Ol vs.
single dose.

dmg supply was considered to be the reason the higher dose of the conjugate was required to

achieve good efficacy. No lethal toxicity of Suc(II)--MMC was observed even at the dose of

3Å~ 10 mg eq. MMCIkg.

     Next, MMC and Suc(II)-MMC were injected intraperitoneally at a single dose and at

triple doses at 4-d intervals at 5 d after inoculation. The profiles oftumor growth and body

weight change after i.p. administration are shown in Figure 3-5. The results were similar to

those after i.v. administration stated above; however, at i,p. administration, lethal toxicities

were observed both at the dose of 3 Å~ 5 mg/kg for MMC and at the dose of 3 Å~ 1O mg eq.

57



    25

rt g. 2o
:"-gUoE 15
Åíg
9År 10
.g 5
ts E
or e s

     o

A

**
a)

    25

rtS.eoac

:-'g5

ÅëE15
Åígg2io
.dr-e

or e s

     o

B

5 9 13 17 21

a)

    1.6
fi A
2 ti.SO 1.4

gB
-

g 2, i.,

avco.toD

5 9 13 17

*

21

*

a)

1.6

cSg.oi.4

gE.
•

g 'si i.2

9vÅr
.NnO

o

                                           O.8    O.8

       59 13 17 21 59 13 17 21             Time (d) Time (d)
Figure 3-5. In vivo growth inhibitory effect against Sarcoma 180 and changes in the bodyweight of
Sarcoma 18Q-bearing mice after ip. administration ofrmfC (A) and Suc(II)-MMC M):
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10mg!kg; - , Sucal)-MMC: 3 Å~ 10 mg/kg. Sample solution was injected at 5 d after inoculation
(single dose), and at 5, 9 and 13 d after inoculation (triple dose). Each point represents the mean Å} S.D.
(n=5). a) Four mice died (n=1). ':pÅqO.05, '":pÅqO.Ol vs. control. t:pÅqO.05vs. single dose.

MMCikg for Suc(II)•bMMC. The lethal toxic side effect of Suc(II)-MMC following i.p.

admmistration suggested that this might be more toxic than i.v. administration. This may be

related to the greater peripheral localization or less elimination of the polymer support after

i.p. administration as described above in the biodistribution studies ofSuc(II)-FTC.

3-3-5. TYanslocation of rmC and SllcaD•-MMC to plasma and tumor

     At 8 h after i.v. injection of free MMC at the dose of5 mg/kg, the plasma level of MMC

was less than the detection limit O.04 pgtml (data not shown). This indicated MMC should

be eliminated quickly from the systemic circulation. On the other hana at 8 h after i.v. and
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i.p. administration of Suc(II)-MMC at 10 mg eq. MMClkg, both conjugated and free MMCs

were observed at levels much higher than the detection limit (Figure 3-6). It qualitatively

indicated that Suc(II)-MMC was well retained in the plasma and that the translocation of the

MMC and conjugate from the intraperitoneal part to the blood circulation was caused.

However, the levels of conjugated and free MMCs following i.p. administration were

approximately one-third of those after i.v. administration, respectively, suggesting that

Suc(II)-MMC might not exhibit the same translocation rate or profile as Suc(II)-FTC (Figs. 3-

l to 3-3). Further, when the tmor level of MMC at 8 h after i.v. and i.p. administration of

Suc(II)-MMC was checked in a similar manner after homogenization, free MMC and

conjugated MMC were hardly detectable (data not shown). This also was not in accord with

the results in Suc(II)-FTC which clearly exhibit the localization of the polymer support to the

tumor. One of the reason might be the rapid clearance of MMC and Suc(II)-MMC in the

tumor; this speculation will have to be confirmed by an investigation such as a stability study

in the tissue. Another reason might be the difference in the experimental conditions.

Namely, Suc(II)-FTC was examined at the i.v. injection of 1 mg per mouse, while Suc(II)-

MMC was used at approximately 2 mg per mouse, which indicated that Suc(II)-MMC should

exist in a more viscous condition in the body. This more viscous condition might affect the

tissue localization including EPR effect. Considering their high localization in the plasma,

Suc(II)-FTC and Suc(II)-MMC were investigated for the viscosity of their solution. As a

                                                                      oresult, the viscosity of Suc(II)•-FTC solution in saline was O.85 cSt at O.33 mglml at 37 C,

while that of Suc(II)-MMC solution in saline was O.87 and O.97 cSt at O.33 and O.67 mg/ml at

37 eC, respectively. Further, Suc(II)-MMC was not necessarily equivalent to Suc(II)-FTC

chemically or physicochemically, for example, in chemical stmcture and MW. These might

make the disposition behavior of Suc(II)-rmC different from that of Suc(II)-FTC. As to

the antitumor effect of Suc(II)-MMC, the slight but prolonged supply of MMC from systemic

circulation to the tumor site was believed to play a role in the efficacy, and it might be

importantly related to the effect because little MMC or Suc(II)-MMC was detected in the

tumor as stated above.
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  Figure 3-6. Plasma coneentrations of free (A) and conjugated (B) MMCs at 8 h after i.v. and
  i.p. administration of Suc(II)-MMC at 10 mg eq. MMC/kg in mice; Each column represents the
  mean Å} S.D. (n=4). ': pÅqO.05, ": pÅqO.Ol vs. i.p. inJ'ection. t: pÅqO.05, tt: pÅqO.Ol vs. free MMC.

     The difference in the administration route influenced the biodisposition properties of

Suc(II); transfer of Suc(II) into the blood circulation following i.p. administration took a few

hours and seemed high but not complete. The urinary excretion of Suc(II) tended to be

lower following i.p. than i.v. administration. Therefore, the eff7icacy of Suc(II)-MMC was

considered to depend on the administration route. Suc(II)-MMC exhibited a high antitumor

effect at a high dose by both i.v. and i.p. injections, but tended to be less toxic following the

former. These results suggested that there might be greater invasion of Suc(II)-MMC into

peripheral tissues following i.p. than following i.v. administration. Thus, it was proposed

that i.v. administration would be preferable for antimmor chemotherapy by Suc(II)-MMC

against subcutaneous Sarcoma 180 solid tumor. The present study provides valuable

information on the usage of Suc as a dmg carrier of antitumor agents.
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Chapter 4

Biological Characteristics of Lactosaminated N-Succinyl-chitosan as a

              Liver-specific Drug Carrier in Mice





Summary

    Lac-Suc was prepared by reductive amination of Suc and lactose using sodium

cyanoborohydride. Six-day reaction using lactose (12.8-fold (w/w)) yielded Lac-Suc with

lactosamination degree of30.1 O/o (moVsugar unit). Lac-Suc-FTC was prepared by labeling

Lac-Suc with FITC. Lac-Suc-FTC was injected intravenously at a dose of either 1 (high

dose) or O.2 (low dose) mg/mouse. At both doses, Lac-Suc-FTC initially underwent fast

hepatic clearance, showed maximum liver localization at 8 h, and the amounts localized there

were maintained even at 48 h post-injection. Very slow excretion into feces and urine was

observed. The ratio ofliverAUCo4sh to plasmaAUCo4sh at low dose was three times higher

than that at high dose. On the other hand, the Suc derivative, Gal-Suc, obtained by reductive

amination of Suc/galactose showed very little distribution to the liver similarly to Suc itself.

Further, since the liver uptake of Lac-Suc-FTC was inhibited by asialofetuin, it was suggested

that the liver distribution of Lac-Suc should be concerned with asialoglycoprotein receptor.

Thus, Lac-Suc was found available as a carrier exhibiting a high affmity to and long retention

in the liver.
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4-1. Introduction

     Recently, there have been many studies of liver-targeting systems using methods such

as passive trapping ofmicroparticles by reticuloendothelium38'4i) or active targeting based on

hepatic receptor recognition.95'i08'ii4) The biodisposition characteristics ofthe microparticles

after i.v. administration are influenced extensively by their sizes and surface properties,ii5)

and their passive targeting to the liver is also dependent on particle diameter. On the other

hand, active targeting utilizing receptor recognition can be attained using molecules with

receptor-specific ligands. The biochemical characteristics of the hepatic asialoglycoprotein

receptor, localized on the liver parenchymal cells, have been investigated in detail,ii6i20) and

this receptor has been utilized as a useful site for liver targeting by many researchers.95,i08'ii4)

Since the galactose moiety is recogpized specifically by the asialoglycoprotein receptor,

maeromolecules used as carriers for maeromolecule-drug conjugates have often had a

galactose moiety added, and the products have been examined for their usefulness as liver-

specific drug carriers. For example, when galactose moieties were introduced into serum

albumin,i08'ie9) N-(2-hydroxypropyl)methacrylamide copolymer,iiO'iii) asialofetuin95) and

poly-L-glutamic acid,ii2) the products fimctioned well as liver-specific dmg carriers.

     Suc has been demonstrated to be highly safe72'73) and to be available as a

macromolecular drug carrier showing very long-term retention in the systemic

circulation.37'92) This long-term retention is based on the low biodegradability as well as

high MW, and thus Suc is available for passive targeting to disease regions with the highly

vascular permeation.37'92) This property is also very usefu1 for active targeting from the

systemic circulation to the target site based on receptor recognition of ligands because the

long-term circulation allows prolonged supply of conjugated drugs to the target site.

Furthermore, when Suc is trapped by the target site cells, it is considered to remain longer in

them due to low biodegradability; the long retention in the target cells is supposed to be

responsible for the good action of Suc-dmg conjugates. Such long retention effect may not

be achieved in the case of proteins or synthetic polypeptides that are degraded relatively
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quickly. Therefore, Suc is an attractive maeromolecule for receptor targeting from the

systemic circulation to the target site. Suc possesses many functional groups such as

carboxyl groups and amino groups, which are considered to facilitate the introduction of

galactose moieties. In this study, the introduction of lactose to Suc by reductive amination

was attempted. The product, Lac-Suc, was labeled with FITC and the pharmacokinetics, i.e.

biodistribution, elimination and excretion, of Lac-Suc-FTC were examined in mice.

Fuithermore, the specific binding of Lac-Suc to the asialoglycoprotein receptor of the liver

was examined by the competitive binding study with asialofetuin.

4-2. Materials and methods

4-2-1. Materials

     Suc (MW 3 Å~ 105 (averaged); degree ofN-succinylation O.81 mol/sugar unit; degree of

deacetylation 1 .0 mol/sugar unit) was kindly donated by Katakura Chiklcarin Co., Ltd. (Tokyo,

Japan). 6-Lactose (lactose), P-galactose (galactose), FITC, asialofetuin (type I), collagenase

(type VIII), bovine semm albumin (fraction V), HEPES buffer (1 M) were purchased from

Sigma Chemical Company (St. Louis, U.S.A.). Hanks' baianced salt solution was purchased

from Life Technologies, Inc., (mo, U.S.A.). Sodium cyanoborohydride was purchased from

Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). All reagents were of the highest grade

available.

     Suc (100 mg) was dissolved in 3 ml of 1115 Mphosphate buffer (pH 6.0) with stirring,

and then 3 ml of methanol was added. To the solution was added lactose (1280 mg)

dissolved in 1 ml of the same buffer. After stirring, sodium cyanoborohydride (320 mg)

dissolved in 1 ml of the same buffer was added to the solution, followed by stirring at 400

rpm at room temperature for 6 d. After the reaction, methanol was removed from the

mixture on a rotary evaporator under reduced pressure with slight warming in a water bath,

and then separated on a Sephadex@ G-50 column (3.5 cm in inner diameter Å~ 10.5 cm in
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length) using 1115 Mphosphate buffer as an elution solvent. The eluted solution at the high

MW fractions were gathered and dialyzed for 3 d against water using Seamless Cellulose

Tubing (MW cut off limit == 12,OOO e- 14,OOO; Viskase sales Corp., U.S.A.). Finally,

lactosaminated Suc (Lac-Suc) was obtained by lypphilization of the dialyzed solution. The

content of lactose residues in Lac-Suc was examined by elemental analysis (Yanako

Analytical Industrial Co., Japan) after extensive drying at 80 eC in desiccator with P20s for 3

h. The degree of lactose in Lac-Suc could be calculated from the C/N ratio in elemental

analysis as O.30 mol/sugar unit.

     Lac-Suc-FTC was prepared to monitor Lac-Suc in the body as follows: FITC (4 mg)

dissolved in 4 ml ofO.5 Mcarbonate buffer (pH 8.94) was added to Lac-Suc (100 mg) in 10

ml of the same buffer, and the mixture was stirred at room temperature in the dark for 20 h.

The product, i.e. Lac-Suc-FTC was purified by gel-filtration with a Sephadex@ G-50 column

(3.2 cm in inner diameter Å~ 10.5 cm in length) using O.5 Mcarbonate buffer as the elution

solvent and subsequent dialysis against vvater. Finally, Lac-Suc-FTC was obtained as

powder after lyophilization. The FTC content of Lac-Suc-FTC was calculated from the

absorbance at 495 nm using a DUCD640 spectrophotometer (Beckman, USA) in PBS based on

the absorbance of FITC at 495 nm in the same buffer. The profiles for fiuorescence

quenching of Lac-Suc-FTC in aqueous solution or biological media were checked during the

incubation period. The Lac-Suc-FTC solutions of 1 and O.2 mg dissolved in O.2 ml ofPBS

were put into the glass tubes shielded from the light, which included 1 ml of PBS or of 20 O/o

                                              e(vlv) plasma in PBS, and the mixtures were incubated at 37 C at 60 rpm.

4-2-2. Animals

     Male C57BL/6 mice (6 weeks old specific pathogen-free) weighing around 20 g were

purchased from Tokyo Laboratory Animals Science Co., Lrd. (Tokyo, Japan). The

experimental protocol was approved by the Ethics Review Committee for Animal

Experimentation of Hoshi University These animals were kept on the breeding diet }vfiT

(Oriented Yeast Co., Ltd., Tokyo) with water ad libitum in a room maintained at 23 Å} 1 OC and
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a relative humidity of60 Å} 5 O/o. They were used soon after purchase. Three animals were

used in each point on experiments except for the recovery ratios of Lac-Suc-FTC from tissue

homogenate and plasma (n == 3).

4-2-3. Body distribution studies

     The body distribution of Lac-Suc-FTC was investigated after administration of Lac-

Suc-FTC dissolved in normal saline at a dose of 1 or O.2 mg per mouse. The recoveries of

Lac-Suc-FTC from each tissue homogenate and plasma were determined in advance as

reported previously.92) The recoveries of Lac-Suc-FTC from each tissue homogenate and

plasma were obtained as the mean of two experiments as follows: 108 O/o (liver), 87 O/o

(spleen), 90 O/o (kidney), 77 O/e (1ung), 130 O/o (feces) and 105 O/e lplasrna); the difference ofthe

individual data was very little. Normal mice received Lac-Suc-FTC via the 1ateral tail vein

at a dose of 1 or O.2 mg (O.2 ml) without anesthetization. The mice were sacrificed at 5 min,

O.5, 1, 8, 24 and 48 h after injection, blood samples were withdrawn and several tissues (liver,

kidney, spleen and 1ung) were excised. Each organ except the blood was washed with PBS,

gently blotted using filter paper and weighed. A three-fold volume ofPBS was added, and

the mixture was homogenized using a glass homogenizer with a Teflon pestle. The

supernatant was obtained by centrifugation (3,OOO rpm, 10 min). Plasma was obtained by

centrifugation of the blood. The supernatant and plasma were diluted appropriately with

PBS, and their fluorescence intensities were investigated (Ex = 495 nm, Em = 520 nm). The

blank sample was obtained by injecting normal saline alone into mice instead of Lac-Suc-

FTC solution, and blood and tissues not containing Lac-Suc-FTC were taken from the mice

and treated in the same way. The diluted supernatant and plasma were measured

fluorometrically under the conditions described above. The concentration of Lac-Suc-FTC

in the sample was determined from the net fiuorescence intensity obtained by subtracting the

fluorescence intensity ofthe blank from that ofeach sample based on the standard calibration

curve. The concentration was corrected by the recoveries stated earlier. The distributed

amount was calculated from the concentration and tissue weight.
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4-2-4. Pharmacokinetic analysis

     In the initial phase (O -- 1 h post injection), the elimination rate constant (kp) for the

plasma concentration was estimated from the slope of the best-fitted mono-exponential

decline curve, the distribution volume (Vd) was by dividing the dose by the concentration

estimated at time = O, and the plasma clearance (CLPiasMa) was given by Vd Å~ kp. The area

under the plasma concentration-time curve for O - t h (A UCo-t hPi"SMa), the area under the liver

concentration-time curve for O - t h (AUCo.thliVer), the mean residence time given by the

plasma concentration-time curve for O - t h (MRTo-thPiasMa) and the mean residence time given

by the liver concentration-time curve for O - t h (MRTo.t hii"e') were calculated using the

trapezoida1 method. Further, as to the liver, average hepatic clearance for O - t h (CLe.thiiVer)

was estimated by dividing the amount located in the liver at time t (XtijYer) by A UCo.t hPiasMa as

shown in the following equation:

                       cLo.t hliver = xtliver /Auco-t hplasma (1)

     The initial liver uptake rate (lh.) was determined from the slope of the initial hepatic

accumulation. Concerning the hepatic clearance stated above, the outflow from the liver was

assumed to be negligible at early time points judging from general hepatic uptake kinetics

based on asialoglycoprotein.ii8'i20) The elimination rate from the liver (kL) was analyzed by

assuming a terminal deerease following a mono-exponential decline. The half-lives in the

plasma were calculated as O.693!(elimination rate constant).

4-2-5. Urinary and fecal excretion studies

     Cumulative collection of urine and feces was performed simultaneously in the

biodistribution studies as deseribed above. Animals were kept separately in metabolite cages

immediately after administration. Urine and feces were collected for 8, 24 and 48 h after i.v.

administration, and then urinary volume and fecal weight were measured. Each urine

sample was filtered using a membrane filter (O.45 pm pore diameter). A nine-fold volume of

PBS was added to feces, and the mixture vvas ultrasonicated at 28 kHz for 40 min. The
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supernatant was obtained by centrifugation (3,OOO rpm, 10 min). The supernatant and urine

fi1trate were diluted appropriately with PBS, and their fluorescence intensities were measured

fluorometrically (Ex = 495 nm, Em = 520 nm), After the blank test, the concentration of

Lac-Suc-FTC was measured from the net fluorescence intensity using a calibration curve in

the same manner as in the distribution study. The total amounts excreted in urine and feces

were calculated from the concentration and urinary volume or fecal weight.

4-2-6. Comparison of biodistributions of Suc, Lac-Suc and galactosaminated Ar-succinyl-

chitosan (Gal-Suc)

     Galactosaminated Suc (Gal-Suc) was also synthesized in the same manner as Lac-Suc,

i.e. reductive arnination, except using galactose instead oflactose. Gal-Suc was reacted with

FITC to obtain FTC moiety-carrying Gal-Suc, abbreviated as Gal-Suc-FTC. Normal mice

received Suc-FTC or Gal-Suc-FTC via the lateral tail vein at a dose of O.2 mg (O.2 ml) with

no anesthetization, and were kept separately in metabolite cages immediately after

administration. The mice were sacrificed at 8 h after injection, blood samples were collected

and severai tissues (liver, kidney, spleen and 1ung) were removed. Furthetmore, urine and

feces were collected for 8 h after administration, and then urinary volume and fecal weight

were measured. The following procedures and measurements were performed in the same

way as described in the body distribution studies and urinary and fecal excretion studies.

4-2-7. Competitive liver uptake

     In vivo accumulation to the liver: Lac-Suc-FTC and asialofetuini2i'i22) in saline were

co-administrated intravenously to mice. Namely, the dose of asialofetuin was O, O.1, 1 and

10 mg per mouse, while Lac-Suc-FTC was injected at a constant dose of O.1 mg per mouse.

At appropriate time after injection, the mice were sacrificed, blood samples were collected

and liver was enucleated. The concentration of Lac-Suc-FTC in the plasma and liver was

deterrnined in the same manner as described in Section 4-2-3.

     Liver perfusion studies: Lac-Suc-FTC and asialofetuin in saline were co-administered
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intravenously to mice in the same dose as described above. At 60 min after administration,

mice were laparotomized, and the portal vein, vena cava and aorta were cut. The liver was

perfused with PBS threugh vena cava and aorta for 8 min and then with O.1 MHEPES buffer

containing collagenase at O.05 O/o (wlv) for 8 min. The perfusion rate was kept at 3-4

mYmin. After the perfusion was finished, the liver was removed from the mice. As to the

isolation of liver cells, the method by Nilsson and Bergi22) was modified and adapted.

Briefiy, the cells were suspended in 20 ml of O.1 MHanks'-HEPES buffer containing O.1 e/o

                                                 oBSA, referred to hereafter as H-H buffer, by gentle stirring at 4 C overnight. The initial cell

suspension was filtered through four layers ofgauze (Nishio eizai Co., Ltd., Japan). The cell

number was counted by mieroscopy (Olympus BX50F, Japan). The cell suspension was

then centrifuged at 500 rpm for 2 min. The supernatant, containing most of the non-

parenchymal cells (NPC), was first centrifuged further for 2 min at 500 rpm to reinove

parenchymal cells (PC). Cells remaining in the supernatant were then centrifuged at 1750

rpm for 3 min. The pellet was resuspended in H-H buffer and washed by centrifugation for 3

min at 1750 rpm. The pellet was resuspended in H-H buflrer and was again centrifuged at

500 rpm for 2 min. The supematant was sedimented at 1750 rpm for 3 min, and the peilet

(NPC) was finally resuspended in 3 ml ofPBS. On the other hand, the frrst pellet containing

most ofPC was washed twice by centrifugation at 500 rpm for 2 min. The pellet (PC) was

finally resuspended in 3 ml of PBS. The cell number in final suspension ofPC or NPC was

again counted by microscopy, and the recovery ratio ofcell nurnber was calculated from those

before and after isolation. Each final cell suspension was homogenized, and the

concentration of Lac-Suc--FTC in the suspension was determined fiuorometrically as

described in Section 4-2-3. The concentration ofLac-Suc-FTC in the sample was corrected

by the recovery ratio of cell number to obtain the distributed concentration in PC and NPC of

the initial liver.

4-•2-8. Statistical analysis

     Student's t-test was used to. determine significant difference. Differences were
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considered significant when thep value was Iess than O.05.

4-3. Results

4-3-1. Body distribution of Lac-Suc-FTC

     The synthetic approach of Lac-Suc is illustrated in Figure 4-1. Lactose is a

disaccharide that consists of galactose and glucose. Amino groups of Suc were combined

with an aldehyde group of the glucose moiety of lactose, and the Schiff bases formed were

reduced by cyanoborohydride into secondary amino groups,i22) which meant that the glucose

moiety was changed into another structure. Therefore, as shown in Fig. 4-1, only the
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stmcture ofgalactose remained intact.

     The long exposure of fiuorescent molecules in solution results in the possibility of

quenching. Therefore, elucidation of this property was considered necessary for

quantification based on the fluorescent moiety. The fiuorescence intensity of Lac-Suc-FTC

in PBS alone was quenched to around 90 O/o after 24 h incubation and to around 80 O/o after 48

h. However, in 20 O/o (vlv) plasma, no quenching was observed after 24 h incubation, and

quenching was seen very little even after 48 h incubation (data not shown). From these

results, the quenching effect was considered to be negligible for in vivo quantitative analysis

of biodistributed Lac-Suc-FTC in this experimertt. The bond between Lac-Suc and

fluorescein moiety was considered to be stable in the body by referring to the previous

results.37) Namely, when Suc-FTC was administered into mice, only Suc-FTC was observed

in urine and plasma but no free fluorescein was detected there; further, since free fluorescein

itself was quite susceptible to urinary excretion, non-detection of free fluorescein suggested

that its liberation should not be caused.37) Therefore, liberation of free fluorescein from Suc-

FTC was considered to be negligible in the body. Similarly, Lac-Suc-FTC obtained in the

same labeling method was considered not to relieve fluorescein in the body.

     Figure 4-2(A) shows the time course of biodistribution of Lac-Suc-FTC after i.v.

administration at a dose of 1 mg per mouse. The results were expressed as the percentage of

dose in plasma or each tissue. The elimination from plasma occurred much faster compared

with that reported previously for Suc-FTC.92) Namely, Lac-Suc-FTC had almost completely

disappeared from blood circulation at 24 h after injection, while Suc-FTC was retained at 34

O/o of dose in plasma at 24 h post-injection. The distribution of Lac-Suc-FTC in the liver

rapidly reached approximately 12.6 O/o (w/w) of the dose administered at 1 h post-injection,

and reached the maximum of 16.6 O/o (w/w) of the dose administered at 8 h post-injection.

Lac-Suc-FTC was sustained in the liver at a similar high level, and 14.0 O/o (wlw) of the dose

administered remained even at 48 h post-injection. ()n the other haiid, Lac-Suc-FTC was

present at very low levels or not at all in other tissues throughout the experimental period.

     Figure 4-2(B) shows the time course of changes in body distribution of Lac-Suc-FTC
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after i.v. administration at a dose of O.2 mg per mouse. The results are expressed as the

percentage of dose in plasma or each tissue. Lac-Suc-FTC was eliminated almost

completely from plasma within 8 h post-ihjection. The amount ofLac-Suc-FTC distributed

in the liver rapidly increased and reached 22.3 O/o (wlw) of dose at 1 h post-injection, and

reached the maximum of23.0 O/o (w/w) of dose at 8h after injection. The level ofLac-Suc-

FTC in the liver was then gradually reduced to 10.4 O/o (wlw) of dose at 48 h post-injection.

The amounts in other tissues were very low. Thus, the elimination rate from plasma was

more rapid at O.2 mg than at 1 mg per mouse, and the ratio of Lac-Suc-FTC distributed in the

liver to the dose was higher at O.2 mg than at 1 mg per mouse. However, as to elimination

from the liver, Lac-Suc-FTC underwent faster reduction at O.2 mg than at 1 mg per mouse.

As to the sensitivity in this fluorometrical analysis, for example, it was possible to detect the

concentration of at least O.2 ptglml or g for plasma and liver, indicating sensitivity of less than

O.1 O/o of dose/ml or g at the dose ofO.2 mg per mouse in them.

4-3-2. Pharmacokinetic analysis

    Figure 4-3(A) shows the semi-Iogarithnic plots of plasma concentration of Lac-Suc-

FTC. Approximation to first-order decrease kinetics provided elimination rate constants (kp)

too
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of O.43 and O.54 h-i at doses of 1 and O.2 mg per mouse, respectively. The distribution

volumes (Vd), obtained from the dose and calculated initial plasma concentration in Fig. 4-

3(A), were not markedly different between the two doses. The initial plasma clearances

(CLo-i hPiaSMa) indicated that elimination from the plasma was non-1inear During the initial 1

h after injection, the amount accumulated in the liver increased approximately linearly with

time (Fig. 4-3(B)). The initial uptake rates (vL) by the liver were 110 and 42 ptgh per mouse,

that is 1.9 and O.70 ptgtmin per mouse, at the doses of 1 and O.2 mg per mouse, respectively.

Fig. 3(C) shows the relationship between the AUCo., hPiasMa value and the amount (x,iiVe')

accumulated in the liver at time t. The average hepatic uptake clearances (CLo.i hiiVer) for the

initial O -- 1 h were calculated as O.12 and O.33 ml/h per mouse at doses of 1 and O.2 mg per

mouse, respectively, using equation (1). These CLo.i hliVe' values were around one third and a

half of the CLo.i hPiaSMa values at doses of 1 and O.2 mg per mouse, respectively. These

kinetic parameters for the plasma clearance and hepatic clearance for O -- 1 h are summarized

in Table 4-1. The moment values in a long scale (O -- 48 h) for the plasma and liver were

compared between the doses of 1 and O.2 mg per mouse (Table 4-2). The AUCo4s h PiaSMa

values of Lac-Suc-FTC at doses of 1 and O,2 mg per mouse were about 7.3 Å~ 103 and 5.5 Å~

102 h•pglml, respectively. Also, the 2;cffITo4shPiasMa ofLac-Suc-FTC at doses of 1 and O.2 mg
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per mouse were approximately 24 and 19 h, respectively. TheAUCo4s hii"er and ILfiITo4shiiVer

ofLac-Suc-FTC at a dose of 1 mg were calculated to be about 7.7 Å~ 103 h•pg/ml and 4.4 h,

respectively. The AUCo4s hiiVe' and AtffITo4s hiiVe' of Lac-Suc-FTC at a dose of O.2 mg were

calculated to be about 1.9 Å~ 103 h'ptglml and 1.5 h, respectively. Thus, the AUCo.4shPiasMa of

Lac-Suc-FTC (1 mg per mouse) was about thirteen times 1arger than that ofLac-Suc-FTC (O.2

mg per mouse), while the AUCo4s hiiVer of Lac-Suc-FTC (1 mg per mouse) was about four

times greater than that ofLac-Suc-FTC (O.2 mg per mouse). That is, the ratios ofAUCo4s

hiiVer to A UCo4s hPiaSMa were 1.1 and 3.4 at doses of 1 and O.2 mg per mouse, respectively. The

very slow elimination ofLac-Suc•-FTC from the liver was observed at each dose.

4-3-3. Urinary and fecal excretion

     Urinary and fecal excretions are shown in Table 4-3. The urinary volume collected

until 1 h after i.v. injection was too small to determine the amount of excreted Lac-Suc-FTC.

Therefore, urine collection was performed over longer time intervals of 8, 24 and 48 h after

injection. The urine stored in the cage boule and that withdrawn from the bladder were

combined to obtain the total urine excreted. The level of exeretion inereased gradually in

both urine and feces. The urinary and fecal exeretion rates tended to be faster at a dose of

O.2 mg than 1 mg. However, the percentages of dose exereted did not show significant

differences between urine and feces ipÅrO.05).

4-3-4. Comparison of biodistributioll among Suc, Lac-Suc and galactosaminated IV-

succinyl-chitosan (Gal-Suc)

     Suc-FTC and Gal-Suc-FTC were investigated for biodisposition at 8 h after i,v.

injection at a dose ofO.2 mgper mouse. The results are shown in Figure 4-4. As expected,

Suc-FTC exhibited a high distribution in the systemic circulation and was scarcely distributed

to the liver, where the distributed amount was significantly lower than that of Lac-Suc-FTC

(pÅqO.Ol). Most of the injected Gal-Suc-FTC was eliminated from the plasma at 8 h after

injection, and it showed little distribution in the tissues tested, urine or feces. The amount of
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Table 4-1.

Pharmacekinetic parameters of Lac-Suc-FTC for plasma
uptake in the initial phase (O-1 h) in the normal mice

clearance and hepatic

tac-suc-nc
ko

[1 th]

teffma vd

[h] [mq

cLP,t.as,,ma

[ml/hl
 VL
lpgth]

cL ll/I/Illi,

[ml/hl

1 mg O.43 1 .6 O.78 O.34 110 O.12

O.2 mg O.54 t.3 1.1 O.60 42 O.33

Vd,CLP,lt,,Ma, vL and CL5i.VieF are expressed as the values per normal mouse.

Table 4-2.

Pharmacokinetic parameters of Lac•-Suc-FTC for
elimination in the latter phase (8 -48 h) in normal miee

long-term biodistribution and hepatic

Lac-Suc-FTC
Auc,p'.asrT,a,,,

ibwg/ml]

MRT,p`.a,,srna

  [h]

AUCdm'
ib.pg/ml]

MRTI}!:leh

 [h]

-ltyE82leLuc

AUcPiasrna
CLdn.

[ml/hl
k

[th]

1 mg 7300 4.4 7700 24 1.1 O.02 O.O05

O.2 mg 550 1 .5 1900 19 3.4 o.ou O.025

AUCPouiaSgeha,AUCliyer

O-48h
and CL g' IYersh are expressed as the values per normal mouse.

Table 4-3.
Urinary and fecal excretion of Lac-Suc-FTC at 8, 24 and 48 h after i.v. administration
in normal mice

Excretion IO/o of dose]

8h 24 h 48h

Lac-Suc-FTC 1 mg Feces

Urine

O.13 Å} O.09

 1.1 Å}O.6

O.7 Å} O.2

1.8Å}1.0

2.7 Å} O.8

3.3 Å} O.9

O.2 mg Feces

Urine

O.09 Å} O.05

1.2 Å} O.7

1 .7 Å} O.8

2.8Å}1.7

5.0 Å} 2.1

6.3 Å} 3.5

Each value represents the mean Å}SD. (n=3).
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Figure 4-4. Comparison ofbiodispositions among Lac-Suc-FTC, Suc•-FTC and Gal-Suc-
FTC at 8 h after i.v. administration at a dose of O.2 mg (O.2 ml) per normal mouse(20 g):
-;Lac-Suc-FTC, tw;Suc-FTC, O;Gal-Suc-FTC.
Each column represents the mean Å} S.D. (n=3). *; pÅqO.05, ""; pÅqO.Ol, **"; pÅqO.OOI vs. Lac-

Suc-FTC.

Gal-Suc-FTC distributed to the liver was significantly lower than that of Lac-Suc-FTC

(pÅqO.OOI). Thus, Gal-Suc-FTC was suggested to be distributed to tissues other than those

tested in this study. Further studies are therefore required to determine the tissue distribution

of Gal-Suc-FTC. These results of the present study demonstrated that Lac-Suc-FTC was

superior as a drug carrier for liver targeting.

4-3-5. Competitive liver uptake

    The initial cell suspension (before isolation) contained about 3.7 Å~ 107 PC and 1.6 Å~ 10'

NPC, respectively.
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Fig"re 4-5. Competitiye liver uptske of Lac-Suc-FrC after Lv. administration at a dose of O.1 mg (02 ml) by co-
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plasma and liver conceritration, respectively. Each point represents the mean Å}S.D. (n=3). pt)Liver accumulation ofLac-Suc-
FTC at 60 rnin.post-injection based on (A). a) The results are expressed as the percentage to the accumulation of LaÅí-Suc-FTC
without asialofetuin. "; pÅqO.Ol vs. Lac-Suc-FTC only.

     Figure 4-5(A) shows the distribution of Lac-Suc-FTC after i.v. administration at a dose

ofO.1 mglmouse by co-administration ofvarious amounts ofasialofetuin. When asialofetuin

was added at a dose of O.1 mg, the liver distribution ofLac-Suc-FTC was inhibited at 60 min

post-injection to a certain extent, while the plasma profile scarcely changed. On the contrary,

at a dose of 1 and 1O mg ofasialofetuin, the elimination ofLac-Suc-FTC firom the plasma was

suppressed with the inhibition of its liver uptake. Especially, in case of co-administration of

10 mg of asialofetuin, the liver uptake of Lac-Suc-FTC was completely inhibited (Fig. 4-

5(B)).

     The hepatic cellular uptake ofLac-Suc-FTC is shown in Figure 4-6. The uptake into

PC was inhibited with the increase ofthe ratio ofasialofetuin to Lac-Suc-FTC. On the other

hand, the uptake into each NPC was approximately 7 O/o of doselliver except the ratio of

asialofetuin to Lac-Suc-FTC being 1OO.
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4-4. Discussion

     In recent years, drug carriers such as macromolecules have been combined with sugar

chains to allow targeting to the liver. Since Lac-Suc used in this study has many carboxyl

groups, it was thought to be able to react with dmgs with amino functional groups. In fact,

we developed a Lac-Suc-antitumor drug conjugate and confirmed that the conjugate exhibited

antitumor activity against a liver metastatic tumor (unpublished observations), supporting the

availability of Lac-Suc for liver targeting of the drug based on recognition of the galactose

residue. Galactose has been introduced to dextran, poly(L-lysine) (PLL), poly(L-glutamic

acid) (PLGA) etc. using 2-imino-2-methoxyethyl 1-thiogalactoside (IME-

thiogalactoside).ii3,ii4'i25'i26) In the present study, reductive amination using lactose was

selected for the introduction of galactose to Suc; because Suc possessed amino groups by
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about 20 O/o (moVsugar unit), special reagents such as IME-thiogalactoside were not required

and the reaction could occur under mild conditions in aqueous solution (Fig. 4-1). The FTC

content ofLac-Suc-FTC was 1.53 O/o (w/w). This value was lower than that (1.88 O/o (w/w))

of Suc-FTC obtained in the same synthetic procedure,92) which might have been based on

the decrease of amino fimction of Suc due to lactosamination. Lac-Suc-FTC in the

biological media showed very little quenching of its fluorescence, and the quenching was

negligible for in vivo qumtitative analysis ofLac-Suc-FTC in biodistribution studies.

     The biodistribution studies were performed by i.v. injection at 1 and O.2 mg ofLac-Suc-

FTC per mouse. These doses were considered to be practical, e.g. the doses of loaded dmgs

were calculated to be 10 and 2 mg/kg at 1 and O.2 mg per mouse (20 g) with Lac-Suc-dmg

conjugates containing the drug at 20 O/o (w/w). Therefore, the biodisposition profiles

obtained at these doses were supposed to be directly available for evaluation of efficacy and

side effects ofLac-Suc-drug conjugates. Lac-Suc-FTC was eliminated much faster from the

systemic circulatien than Suc-FTC (Figs. 4-2 and 4-4).92) Irrespective of dose, after 30 min

post-injection, Lac-Suc-FTC showed significantly higher distribution to the liver in

comparison with other tissues (in Fig. 4••2: pÅqO.OOI liver vs. other tissues at a dose of O.2 mg

after 30 min post-injection; pÅqO.Ol orpÅqO.OO1 liver vs. other tissues at a dose of 1 mg afier 30

min post-injection). The maximum accumulation in the liver was observed at 8 h post-

injection at both doses. Distribution ofLac-Suc-FTC to the liver may have been inferior to

that of other glycosylated macromolecules reported to date, but that of Lac-Suc-FTC to other

tissues appeared to be suppressed.ii3'ii4) Namely, accumulation extents of galactosylated

PLL (Gal-PLL) and galactosylated PLGA (Gal-PLGA) in the liver were approximately 70 and

50 O/o of dose at 60 min post-injection, respectively, and those of Gal-PLL and Gal-PLGA in

the kidney were both 10 O/o of dose at 60 min post-injection in case of a dose of 1 mg/kg,

while that ofLac-Suc-FTC in the tissues other than liver was less than 1.9 O/o of dose at 60

min post-injection in case ofa dose of 1 mg/mouse. Since the tota1 amount ofLac-Suc-FTC

found in the blood and tested tissues was much smaller than the injected amount, it is

conceivable that undetected Lac-Suc-FTC was distributed to tissues that were not tested in
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this study such as prostate and testes known to express galactosyl receptor.i27) Lac-Suc-FTC

showed a long-term retention in the liver. At a dose of 1 mg Lac-Suc-FTC per mouse, it was

calculated to be retained in liver to about 150 ptg per mouse even at 48 h post-injection (n = 3).

This was considered to be due to the biological stability of Suc, while proteins are cleared

soon due to lysosomal degradation.ii8'i20) These properties are considered to result in a long

half-life ofthe dmg in the liver. Once Lac-Suc is taken up by the liver, it is eliminated very

slowly, and this elimination seems to occur faster at the lower dose such as O.2 mg per rnouse

(Fig. 4-2). The gradual increase of Lac-Suc-FTC in fecal excretion indicated that Lac-Suc-

FTC was slowly excreted via biliary excretion from the liver, which was consistent with the

slow elimination from the liver. The urinary excretion was also increased gradually. The

whole urine was obtained by combining the urine collected in the cage bottle and that in the

bladder, while feces were collected only in the cage bottle. Since the feces remaining in the

intestine was not taken, the total fecal exeretion was considered to be higher than that shown

in Table 4-3. Therefore, the results in Table 4-3 do not necessarily indicate that urinary

excretion was higher than fecal excretion.

     To confirm whether the liver uptake of Lac-Suc is concerned with the

asialoglycoprotein receptor, competitive liver uptake was investigated by the co-

administration of asialofetuin, which is known to be taken up by the liver PC via the

asialoglycoprotein receptor. Reportedly, asialofetuin is accumulated very rapidly in the liver

and begins to be degraded from 15 min after addition.i28) Therefore, the competitive binding

study was carried out in the initial phase, i.e. O - 60 min. It was observed that the liver

distribution of Lac-Suc-FTC was inhibited with the inerease of the ratio of asialofetuin to

Lac-Suc-FTC (Fig. 4-5(B)). This observation suggested that the liver uptake of Lac-Suc-

FTC should be concerned with the asialoglycoprotein receptor. Furtherrnore, the uptake of

Lac-Suc-FTC by the liver cells was investigated using a fluorescent microscope. As a result,

PC exhibited the fluorescence due to the uptake of Lac-Suc-FTC; on the contrary, such

fluorescence was hardly observed in NPC (data not shown). However, the sample of

isolated NPC included cells emitting fluorescence. Since most of the dead cells and cell
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debris, as well as NPC, were transferred to supernatant and were collected by

centrifugation,i29) it was conceivable that the distribution of Lac-Suc-FTC in NPC portion

shown in Fig. 4-6 might be caused by the contamination ofPC debris with Lac-Suc-FTC.

     The pharmacokinetic parameters of Lac-Suc-FTC at doses of 1 and O.2 mg were

calculated from the results of distribution studies (Tables 4-1 and 4-2). The plasma

clearance indicated that the elimination from the systemic circulation was non-1inear. At

both doses, the initial hepatic clearance was considerably 1arge but was smaller than the initial

plasma clearance; that is, the CLo.i hiiVe' values were around one third and a half of the CLo.i

hPiasMa values at doses of 1 and O.2 mg per mouse, respectively. These observations

suggested that although the liver should be a major clearance tissue, other tissues also play a

role in clearance from the plasma. The hepatic uptake rates for the initial period ofO -- 1 h

were calculated as 42 and 110 pgh per mouse (20 g) at doses of O.2 and 1 mg per mouse,

respectively. That is, the uptake rates were calculated as 3.5 and 9.3 pglmin per 100 g body

weight. The hepatic uptake rates of asialofetuin and asialoorosomucoid at the maximal

eliminative capacity of the liver were reported to be 18 - 20 pglmin per 1OO g body weight in

rats.i29) Therefore, the uptake rate of Lac-Suc seemed to be comparable to their

asialoglycoproteins although mice were used in our study. The initial hepatic clearance at a

dose ofO.2 mg per mouse was about three times greater than that at a dose of 1 mg per mouse,

indicating that the accumulation in the liver should be achieved more efficiently at the lower

dose. After accumulation, the elimination rate constants from the liver were calculated to be

very small (data not shown), suggesting that Lac-Suc could remain in the liver for long

periods. This observation may show that liver behaves as a depot due to a slow drug release

from carrier, because Suc(II)-MMC conjugate showed a slow dmg release in acidic

condition.iou)

     Gal-Suc, the macromolecule synthesized by reductive amination of Suc and galactose

itself, showed no accumulation to the liver (Fig. 4-4). Since the integhty of galactose is

broken by reductive amination, the specific recognition by the asialoglycoprotein receptor is

considered not to be caused in Gal-Suc. In addition, the residence of Gal-Suc-FTC in
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plasma was much lower than that of Suc-FTC. Galactosamination afi7ected the propenies of

Suc differently from lactosamination. The low recovery in the tissues tested and low

excretion in urine and feces suggested that major part of Gal-Suc should be distributed to

tissues other than tested ones in this study. Thus, Lac•-Suc-FTC was considered to be an

advantageous dmg carrier for targeting to and subsequent retention in the liver.

4-5. Conclusion

     Suc can be easily modified into Lac-Suc tagged with lactose by reductive amination

using sodium cyanoborohydnde. After i.v. injection, Lac-Suc is cleared much faster from

the systemic circulation than Suc itself, and simultaneously a considerable amount of Lac-Suc

is quickly taken up by the liver via the asialoglycoprotein receptor. At practical doses, the

liver accumulation of Lac-Suc is dependent on the dose, and the Lac-Suc localized into the

liver is retained there for a long period. These results can provide valuable information for

development of carrier-drug conjugate systems using Lac-Suc as a drug carrier in future

studies.
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Chapter 5

Lactosaminated and Intact N-Succinyl-chitosans as Drug Carriers in Liver

                          Metastasis





Summary

     The biodistributions of Suc-FTC and Lac-Suc-FTC after i.v. administration to mice

intravenously inoculated with M5076 cells were investigated at 3 and 12 d post-inoculation.

At both time points, Lac-Suc-FTC was specifically localized to the liver. However, AUC in

the liver decreased gradually by progress of the liver metastasis. At 3 d post-inoculation,

Suc-FTC showed good retention in the systemic circulation and was little distributed to the

liver. However, at 12 d post-inoculation, Suc-FTC was eliminated relatively fast from the

systemic circulation and gradually accumulated in the liver. The antitumor effects ofMMC,

Lac-Suc-MMC and Suc(n)-MMC were examined on single i.v. administration for both

metastatic stages. For administration at 3 d post-inoculation, Lac-Suc-MMC alone tended

to elongate significantly the lifespan at a lower dose (O.4 mg eq. MMC/kg), and MMC,

Suc(II)-MMC and Lac-Suc-MMC increased significantly the lifespan at a higher dose (1O mg

eq. MMCIkg). However, at 12 d post-inoculation (late stage ofmetastasis), neither MMC

nor the conjugates were effective even at the higher dose (10 mg eq. MMC/kg). Both

carriers, Suc showing systemic long-circulation and Lac-Suc with an ability of liver-specific

localization, are thought to be dmg carriers with potentialities for therapeutics at early stage of

metastasls.
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1-1. Introduction

     In cancer chemotherapy, it is important that the antitumor drugs are delivered to the

tumor sites efficiently in order to reduce the severity of side effects. Many systems have

been used to deliver drugs to the target sites.67'i30) Above all, we have focused on Suc as a

drug carrier for active and passive targeting. Suc has excellent characteristics as a drug

carrier, i.e. Iong-term retention in the systemic circulation,37'92) low toxicity72) and good drug

loading.74) In fact, when a water-soluble macromolecular prodrug of MMC with Suc(II),

Suc(II)-MMC, was injected into Sarcoma 180-bearing mice, it was accumulated in Sarcoma

180 solid tumor due to the EPR effects, and good antitumor activity was found with reduced

side effects.i04) Furthermore, it was demonstrated in normal mice that the introduction of

lactose to Suc enabled liver targeting of the carrier.i3i) However, it is known to be difficult

for the macromolecules with galactose moieties to target to the liver effectively under

diseased conditions.iii'i32) It is also known that the angioarchitecture of hepatocellular

carcinoma changes markedly as the cancer progresses.i33'i34) Therefore, the biodistribution

of macromolecules with galactose residues is considered to be affected by liver metastasis.

In addition, it is unlmown how Suc possessing no lactose behaves in mice with liver

metastasis. Thus, in the present study, the biodistribution of Lac-Suc and Suc has been

examined using mice bearing experimental liver metastasis ofM5076 cellsi35'i36) in the early

and advanced stage of the disease. Further, conjugates of rmC were investigated in vivo

for antitumor characteristics using M5076-bearing mice.

5-2. Materials and metheds

5-2-1. rviaterials

    rmC was purchased from Kyowa HaklÅqo Kogyo Co. (Tokyo, Japan). MMC was used

after extraction by methanol. Suc (succinylation degree O.81 mol/sugar unit, deacetylation
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degree 1.0 mollsugar unit, MW 3.4 Å~ 105) was kindly supplied by Katakura Chikkarin Co.,

Ltd. (Tokyo, Japan). Lactose and FITC were purchased from Sigma Chemical Company (St.

Louis, U.S.A.). Sodium cyanoborohydnde was purchased from Tokyo Kasei Kogyo Co.,

Ltd. (Tokyo, Japan). All other chemicals were obtained commercially as reagent-grade

products.

5-2-2. Animals and tumors

     Specific-pathogen-free male mice of the inbred strain C57BL16 weighing

approximately 20 g (at the age of 6 weeks) were purchased from Tokyo Laboratory Animals

Science Co., Ltd. (Tokyo, Japan) and used soon after for the experiments. The experimental

protocol was approved by the Ethics Review Committee for Animal Experimentation of

Hoshi University. Four animals were used for each time point in distribution experirnents on

Lac-Suc-MMC and Suc(II)-MMC (n = 4), and five animals in each group for in vivo

antitumor tests (n = 5). For all other experiments, three animals were used (n = 3).

     Murine reticulum cell sarcoma M5076 cells were used as tumor cells. These cells

metastasize to several organs including the liver. M5076 cells were maintained in C57BLI6

mice by intraperitoneal transfer of 1 Å~ I05 cells obtained from ascitic fiuid every other week.

In the in vivo biodistribution experiments and antitumor activity tests, 1 Å~ 105 M5076 cells

suspended in O.1 ml of Hanks' balanced salt solution, which were obtained from the above

mice bearing the tumor intraperitoneally, were inoculated intravenously into each mouse.

5-2-3. Biodistribution studies of Lac-Suc and Suc

     Lac-Suc was synthesized by reductive amination using sodium cyanoborohydride

according to a method reported previously.i3i) The lactose residue content of Lac-Suc was

determined to be about O.30 mol/sugar unit by elemental analysis (Yanako Analytical

Industrial Co., Japan).

     Lac-Suc-FTC and Suc-FTC were used throughout the biodistribution experiments.

Lac-Suc-FTC and Suc-FTC were prepared as reported previously.92) The FTC contents of
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Lac-Suc-FTC and Suc-FTC, examined according to the previous report,92) were 1.5 and 2.3 e/o

(w/w), respectively.

     The recoveries of Suc-FTC and Lac-Suc-FTC from various tissues were determined

using normal mice according to the method ofKamiyama et al,37)

     To investigate the biodistribution of Lac-Suc-FTC administered at an early stage of

liver metastasis, at 3 d after i.v. tumor inoculation, M5076-bearing mice received Lac-Suc-

FTC via the lateral tail vein at a dose of O.2 mg (O.2 ml) per mouse without anesthetic. The

mice were saerificed at 5 min, O.5 h, 1 h, 8 h, 24 h and 48 h after injection, blood samples

were withdrawn and several tissues (liver, kidney, spleen and lung) were excised. The

subsequent procedure was performed as reported previously.92) The concentration was

corrected by the recoveries. The distributed amount was calculated from the concentration

and tissue weight. The corrected plasma concentration means the concentration given
                           c.
provided Lac-Suc-FTC was completely transferred from blood to plasma. The amount of

Lac-Suc-FTC in plasma was calculated using the reported volume of mouse plasma, 48.8

ml/kg.83)

     To investigate the biodistribution of Lac-Suc-FTC when administered at an advanced

stage of liver metastasis, at 12 d after i.v. tumor inoculation, M5076-bearing mice received

Lac-Suc-FTC via the lateral tai1 vein at a dose of O.2 mg (O.2 ml) per mouse with no

anesthetic. The subsequent procedures were the same as those described for the early stage

of liver metastasis.

    The biodistribution of Suc-FTC was examined in the same way as that of Lac-Suc-FTC

except that the body distribution at 5 min and O.5 h after i.v. injection was not investigated.

5-2-4. Pharmacokinetic analysis

    The areas under the plasma or liver concentration-time curves for O-48 h (A UCo4s h)

and the mean residence time (MRTo4s h) were calculated by the trapezoidal method.96) The

following equation was employed to determine the relative effectiveness of liver targeting

(Ret):
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R,t = A UCo4s hliVer / A uco4s hplasma

5-2-5. Urinary excretion

     The cumulative collection of urine was performed simultaneously with the

biodistribution studies as described above. Mice were placed separately in metabolite cages

immediately after administration. Urine was collected for 8, 24 and 48 h after i.v.

administration, and then urinary volume was measured. Each urine sample was filtered

using amembrane filter (O.45 ym pore diameter). The filtrate was diluted appropriately with

PBS, and fluorescence intensities were measured fluorometrically (Ex. 495 nm, Em. 520 nm).

The total amount excreted in urine was calculated from the concentration and urinary volume.

5-2-6. In vivo antitumor effects of SucaD-MMC and Lac-Suc-MMC conjugates against

M5076 fiver metastatic tumor

     First, in order to give a water-soluble conjugate, Suc(II) was prepared by reaction of

Suc with succmic anhydride as reported previously.ioo) Namely, although most of the

conjugate prepared by the direct coupling of MMC with original Suc using water-soluble

carbodiimide was water-insoluble due to crosslinking among or within the polymer supports,

water-soluble conjugate could be obtained to a much 1arger extent by using Suc(II) instead of

Suc.i04) The preparation of the water-soluble Suc(II)-MMC followed the previous

manner.iou) Lac-Suc-MMC was also prepared by the same procedure except that Lac-Suc

was used instead ofSuc(II). Suc(II)-MMC and Lac-Suc-MMC showed the dmg contents of

12 and 20 O/o (w/w), respectively, which were measured in the manner previously reported.iou)

These were used throughout the study. The dose of muC conjugates was expressed in

terms of amount ofparent MMC.

     Antitumor effects were examined using the mice at 3 and 12 d after intravenous

inoculation with M5076 cells. Namely, at 3 or 12 d post-inoculation, MMC was

intravenously administered at a single dose ofO.4, 5 and 1O mg/kg, and Suc(II)-muC or Lac-

Suc-muC were intravenously administered at a single dose of O.4 and 10 mg eq. MMCIkg,
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respectively. Controls were injected with a similar volume ofsaline alone. For all the mice,

the survival time after inoculation was observed for 50 d post-inoculation. The antitumor

effects were obtained by comparing the mean survival time of the treated mice after

inoculation ( T) with that of the control mice after inoculation (C), that is, from ILS calculated

by the following equation:

                          ILS= (TIC- 1) Å~ 1OO (O/,)

    At the same time, the changes in body weight of each group were measured to evaluate

the toxic side effects.

5-2-7. Distribution of free and conjugated rmCs in blood circulation and liver after i.v.

injection of the conjugates

     In this experiment, the mice were used at 3 and 12 d post-inoculation. Lac-Suc-MMC

or Suc(II)-MMC (4 mg eq. MMClkg) was intravenously injected into M5076-bearing mice.

The mice were sa(xificed at 8 and 24 h after injectioq the liver was enucleated and plasma

was obtained. To the excised liver was added the same volume of 1 M sodium carbonate

buffer (pH 9.0), and the mixture was homogenized with •a glass homogenizer with a Teflon

pestle.

     Free MMC contained in the obtained sample mixture (pH 9.0) was extracted according

to the method of Den Hartigh et al.93) This operation allowed the complete recovery of

MMC from the sample. The extracted MMC was finally dissolved in methanol. The

amount of free muC in the sample was determined by HPLC.

    To determine the total amounts of free and conjugated MMC in the obtained sample

mixture (pH 9.0), heating treatment (90 "C, 5 min) was performed;ipa'i37) this operation

allowed the almost complete release of MMC from the conjugates. Then, MMC was

extracted by the same methoq and finally dissolved in methanol. The total amounts offree

and conjugated MMC in the sample were determined by HPLC.

    HPLC was executed at room temperature, and the absolute calibration curve method

was used for analysis.93) Samples (20 pt1 ofthe final solution in methanol) were injected into
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a SUMIPAX Nucleosil 5Cis reversed phase column (4 mm in inner diameter Å~ 250 mm in

length) and eluted at a fiow rate of O.4 mllmin with a mobile phase of a mixture of O.Ol M

phosphate buffer, pH 6.0, and methanol (65 : 35, v/v). Ihe HPLC operation was performed

using a Shimadzu LC-6AD apparatus equipped with an SPD-10AV UV detector (Shimadzu)

set at 365 nm. The concentration ofMMC was calculated using a standard curve.

5-2-8. Statistical aBalysis

     Student's t-test was performed to determine the level of significance without survival

analysis. As to survival, the Mantel-Cox log-rank test was applied to check for a significant

difference. The data were considered to be significantly different when thep-value was less

than O.O5.

5-3. Results

5-3-1. Body distributien of Lac-Suc-FTC and Suc-FTC

     The concentrations ofLac-Suc-FTC distributed after i.v. administration at a dose of O.2

mg per M5076-bearing mouse at 3 and 12 d after i.v. tumor inoculation are shown in Figures

5-1(A) and (B), respectively. Lac-Suc-FTC was quickly accumulated in the liver and

showed very little accumulation in other tissues. Furthermore, only less than 2.5 O/o of the

dose administered remained in plasma at 8 h after injection, At 1 h post-injection, the

amount in liver was more than 15-fold that in any other tissue except plasma (Fig. 5-1(A-2)).

Even at 12 d post-inoculation, Lac-Suc-FTC was rapidly accumulated in the liver and showed

little distribution to other tissues except the kidney at 1 h (Fig. 5-1(B)); however, the liver

concentration at 12 d post-inoculation was lower than that at 3 d post-inoculation.

Furthermore, less than 2.3 O/o ofthe dose remained in plasma at 8 h after injection.

    Figures 5-2(A) and (B) also show the concentrations of Suc-FTC distributed after i.v.

administration at a dose of O.2 mg per M5076-bearing mouse at 3 and 12 d post-inoculation,
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respectively. In contrast to Lac-Suc-FTC, at 3 d post-inoculation, Suc-FTC was retained in

the blood circulation at a high level for at least 48 h and was slightly distributed to the liver

(Fig. 5-2(A-1)). On the other hand, at 12 d post-inoculation, Suc-FTC was eliminated more

rapidly from the systemic circulation (Fig. 5-2(B-1)). The amount distributed in the liver

was greater at 12 d than at 3 d post- inoculation. The localization to the spleen was also

increased at 12 d post-inoculation.

5-3-2. Pharmacokinetics of Lac-Suc-FTC and Suc-FTC

    The pharmacokinetic parameters of Lac-Suc-FTC at a dose of O.2 mg per mouse,

estimated from the mean concentration-time curves in the plasma and liver, are shown in

                                   94



             (A-1)
                          am

56                            F9gE

                            9 6'Oo

                          o     O 8 16 24 32 40 48
             Trne (min}

             (A-2)

    o
     Ptasma SpteenLmg Liver Kldney
             Ttssue

Figure SF2.

O.2 mg (e2 ml) per M5076bearing mouse:

ÅÄ ; Lung, " ; Spleen.
substance (O.2 ml) was injected inttavenously.

(A-2)3d( N :1lt tw :8ts ee :24"
(B-2) 12d( pa :1h, ss :8h pa :24h,

             (B-1}
   150

 G 12s

g,i/k' ll',gg•
   as sc nv o.
                          o
     O 8 16 24 32 `K) 48
             lime (f))

             (B-2)
   150

   125

gg

                             -

    o     Plasrna Spleen Ltng Liv6r Kldney

             Ttssue

Plasma concentration and tissue distribution of Suc-FTC after iv. administration at a dose of

                    " ;Plasma, it.ieeii ;Liver, ---:or-- ;Kidney,
                 At 3d ((A-1), (A-2)) or 12 d((B-1), as-2)) after i.v. inoculation, test

                    Each point represents the mean Å} S.D. (n == 3).

                    - : 48 h. ).
                    - : 4s h. ),

Table 5-1(A). The data at O d, corresponding to the data for normal mice, are from the

previous results obtained using normal mice.i3i) AUC, MRTand Ret, calculatedbased on the

concentration-time curve, were abbreviated to AUC(C), MRT(C) and R(C),t, respectively.

AUC(C)o4s hii"er at 12 d post-inoculation was two-thirds of that at 3 d post-injection.

Moreover, AUC(C)o4s hPiaSMa at 12 d post- inoculation was four-fifths of that at 3 d post-

injection. After all, the R(C),t value at 3 d post-inoculation was greater than that at 12 d

post-injection. The MRT(C)o4s h values in the plasma and liver were 1arger at 3 d post-

inoculation. Both AUC(C)o4s h and R(C).t values decreased gradually with progression of

liver metastasis.
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     The pharmacokinetic parameters of Lac-Suc-FTC at a dose of O.2 mg per mouse,

estimated from the mean amount-time curves in the plasma and liver, are shown in Table 5-

1(B). AUC, MRT and Ret, calculated and evaluated based on the amount-time curve, were

abbreviated as AUC(M), MRT(M) and R(M),t, respectively. The AUC(M)o4s hiiVe' values

slightly increased with the progression ofliver metastasis. The AUC(M)o4s hPiasMa value was

a little lower at l2 d than at 3 d post-inoculation. Accordingly, the R(M),t value for Lac-Suc-

FTC increased slightly with the progression of liver metastasis.

     Therefore, when liver metastasis was progressed the concentration data indicated small

decrease in ability of Lac-Suc-FTC for liver targeting, but the amount localized to the liver

was rather raised to some extent. This inerease in the amount localized to the liver was

found to be due to liver size, which was increased with progression ofliver metastasis.

    A UCoqs hii"er, A UCo4s hPiasMa, MRTo4s hii"e', MRTo.4s hPiasMa and Ret values of Sucd•FTC at 3

and 12 d post-inoculation were calculated as shown in Table 5-2. In the advanced stage of

liver metastasis at 12 d post-inoculation, the AUC(C)o4s hPiaSMa and AUC(M)o4s hPiaSMa were

about two-fifths of those at 3 d post-injection, respectively. On the other hand, at the

Table 5-1.
Pharmacokinetic parameters of Lac-Suc-FTC after iv. administration at a dose of 02 mg (O.2 ml)
per M5076-bearing mouse

Injection day

  post-
 inoculation

   (A)
Concentration

 e}
Amount

[Ah•Sf8i(mCl2il,f2;glMR'fu9)amR(C)"etIh.,A,",C,(lyti!hO.",B,h.]M"'Sltll)O'`8hR(M)"et

Odb Liver

Plasma
1860
550

19
1.5

3.4 1580
480

20
1.5

3.3

3d Liver

Plasma
161O
550

28
7.0

2.9 1620
sso

26
6.8

3.1

12d Liver

Plasma
1020
430

20
2.7

2.4 1770
41O

22
2.8

4.3

a Ret means the.relative effectiveness of liver targeting, and was calculated using the following equation:
  Ret=r-ilZt2111Ilts'cs/iivi,f

b The data in O d were from the previous results i3') using normal mice.
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advanced stage of liver metastasis at 12 d post-inoculation, the A UC(C)o4g hiiVer and A UC(M)o.

4s hiiVe' were increased by 2- and 4.7-fold the values at 3 d post-inoculation, respectively. As

shown in Tabie 2, the R(C)et and R(M)et values at 12d post-inoculation were 5 and 10 times

Table 5-2.
Pharmacokinetic parameters of Suc-FTC after iv.
M5076-bearing mouse

administration at a dose of O.2 mg (O.2 ml) per

lnjection day

  post-
 inocuEation

    (A)
Concentration

 e)
Amount

ibA.",C,JRI`ls:,Yl;,]MRTfuC?O-`8hR(c)aet [,.A,gg8V).ua.,,.IM"Z[(,M])O"8hR(M)aet

3d Liver

Plasma
320
6270

28
21

O.05 280
5770

26
21

O.05

12d  liver

Plasma
MO
2530

29
9.9

O.25 1340
2600

28
9.9

O.52

a Ret means the relative effectiveness of liver targeting, and was calculated using the following equation:

       Auc("rxgh
  Ret =       AUC8!ICiXliLCt
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Figure 5-3. Urinary excretion of Lac-Suc-FTC and Suc••FTC after i.v.
administration at a dose of 02 mg (O.2 ml) per M5076-bearing mouse:
(A)Lac-Suc-FTC(ss :8h, ew :24h, -:48h. ).
as) Suc-FTC(ge :8h, pa :24 h, 1 :48 h. ).

Each colum represents the mean Å} S.D, (n= 3).

97



larger than those at 3 d post--injection, respectively. Therefore, the liver localization of Suc-

FTC increased as to both concentration and amount.

S3-3. Urinary excretion

     The levels of urinary excretion of Lac-Suc-FTC and Suc-FTC are shown in Figure 5-3.

The urine collected in the cage bottle and that withdrawn from the bladder were combined to

obtain the total urinary excretion. As shown in Fig. 5-3(A), the amounts of Lac-Suc-FTC

excreted were not different between the early and advanced stages of liver metastasis. The

urinary excretien of Suc-FTC tended to be lower at 12 d post-inoculation than at 3 d post-

inoculation (Fig. 5-3(B)), but it was not significantly different between the two stages

ipÅrO.05).

5-3-4. In vivo antitumor effect of SucaD-MMC and Lac-Suc-MMC against M5076-

bearing mice

     Figure 5-4(A) illustrates the ratio of survival and the change of body weight when

MMC, Suc(II)-MMC or Lac-Suc-)vflvlC was administered at 3 d post-inoculation. Lac-Suc-

MMC at a dose of 10 mg eq. MMC/kg was observed to produce the highest ILS value, i.e.

91.3 O/o. The survival on administration of MMC (5 mg/kg), Suc(II)-MMC (10 mg eq.

MMC/kg) and Lac-Suc-MMC (10 mg eq. MMC/kg) was significantly different from that of

control. However, a significant difference in survival was not found among MMC (5 mg/kg),

Suc(II)-MMC (10 mg eq. MMC/kg) and Lac-Suc-MMC (10 mg eq. MMC/kg). A fair loss of

body weight was observed in these groups (Fig. 5-4(A-•2)). At 10 mg eq, MMC/kg, rmC

was lethally toxic, but Suc(II)-muC and Lac-Suc-MMC were not. The conjugates were

considered to be less toxic thaii MMC. Figure 5-4(B) shows the therapeutic efficacy ofboth

conjugates when admmistered at 12 d post-inoculation. No markedly long survival was

observed in any of the groups. Since lethal toxicity was not observed (Fig. 5-4(B-2)), each

drug was considered not to work well against the tumor at the doses tested,
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5-3-5. Distribution of free and conjugated MMCs in systemic cireulation and liver after

i.v. injection of the conjugates

     The distribution of free and conjugated MMCs was examined after i.v. administration

of Suc(II)-MMC and Lac-Suc-MMC at the dose of4 mg eq. MMCIkg; this dose was chosen

as intermediate dose between low and high doses used in the antitumor tests. Therefore, the

result did not refiect exactly the dmg distribution in the antitumor tests. However, it should

give the biodistribution features of free and conjugated MMCs and permit qualitative

evaluation ofthe distribution offree and conjugated MMCs. The antitumor properties at the

dose, 4 mg eq. MMCIkg, will be reported elsewhere. Table 5-3 indicates the plasma and

liver concentration of free MMC and total (free and conjugated) MMC at 8 and 24 h after i.v.

      4
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Figure 5-4. Effect of MMC, Sue(II]FMMC and Lac-Suc-MMC ou the suryival of M5076-bearing mice (A-1, B-1) and
change in the mean body weight of mice bearing M5076 (A-2, B-2) after i.v. administration at 3 or 12 d pest-inoculation:
Control:Å~ ; MMC O.4 mgtkg:M , 5 mgtkg: O , 10 mglkg: - .

SucalÅrMMC O.4 mg eq. MMClkg: A 10 mg eq. MMC/kg: A.
              MMC/kg: O , 10 mg eq. MMC/kg:e .Lac-Suc-MMC O.4 mg e             1At3 d(A) (A) or 12d(              ) pa) after inoculation, test substance (O.2 ml) was injected intravenously.

(A-2), (B-2): Each point represents the mean Å} SD. (n= 5). ': pÅqO.05, ": pÅqO.Ol, "': pÅqO.ool vs. control.
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administration ofLac-Suc-MMC and Suc(II)-MMC. As to Lac-Suc-MMC, at both 3 and 12

d post-inoculation, MMC was observed in the liver mainly as a conjugated form, and free

MMC was scarcely detected; though free MMC was detected at 8 h after injection at 12 d

post-inoculation. On the other hand for Suc(II)-MMC, MMC was hardly observed at all in

the Iiver. At both 3 and 12 d post-inoculation, MMC was detected in plasma as a conjugated

form at 8 h after administration. Neither free nor conjugated MMC was detected in the other

tlme pomts.

5-4. Discussion

     In liver metastasis induced by inoculation ofM5076, arnber flecks were spread out over

the liver surface, and the liver became hypertrophic with progression of liver metastasis. In

fact, at 12 d post-inoculation the liver was approximately 1.5 times heavier than that of

normal mice (data not shown). The liver surface, which is normally glossy, became rugged

Table 5-3.

Plasma or liver Åëoncentration of free and total MMCs at 8 and 24 h after i.v. administration of
Lac-Suc-MMC and Suc(II)-MMC at 4 mg eq. MMC/kg in mice

COncentration tug/ml or g)a

Conjugate 3d 12d

8h 24 h 8h 24 h

Lac-Suc-MMC PIasma FreeMMC N.D.b N.D.
                 TotaI MMC N.D. N.D.
           liver FreeMMC N.D. N.D.
                 TotalMMC O.39Å}O.09 O.21Å}O.03

  N.D. N.D,
  N.D. O.06
O.13Å}O.08 N.D.
0.14Å}O.09 O.17Å}O.31

Suc(ll)-MMC PIasma FreeMMC N.D.

Liver
Total MMC O.11 Å} O.16
Free MMC N.D.
Total MMC N.D.

N.D.

N.D.
N.D.

N.D.

  N.D.
0.04 Å} O.05

  N.D.
  N.D.

N.D.

N.D.
N.D.

N.D.

'the detection 1imit for MMC in HPLC: O.04 pglmi.

a The resuks are expressed as the mean Å} S.D. of four mice.

bN.D. means "non-detected".
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with the progression of liver metastasis, and the liver became fragile and crumbly in the

advanced stage ofmetastasis. In normal animals, Lac-Suc was selectively distributed to the

liver, and it was shown to be able to behave as a liver targeting drug carrier.i3i) However, it

is possible that the biodistributions of Lac-Suc-FTC and Suc-FTC are influenced by the

pathological state after M5076 inoculation. Therefore, we investigated the biodistributions

of Lac-Suc-FTC and Suc-FTC in mice inoculated with M5076 as a liver metastasis tumor

model. The experiments were performed at both the early and advanced stages of liver

metastasis. There is a possibility that tissue weight, in particular the liver weight, may

infiuence the evaluation ofthe distribution. Both the concentration and amount ofLac-Suc-

FTC or Suc-FTC were checked at each stage ofmetastasis and the results were evaluated

taking the above into account.

     It is well known that FITC tagged substances have been found to be stable, non-reactive,

non-toxic, little quenching and to behave similarly to the non-tagged parent substance in

vivo.8'i38) In addition, it was also confirmed that the bond between Suc and fluorescein

moiety was stable in the body37) and that Lac-Suc-FTC was little quenched in vimo.i3i)

Therefore, the stability and the quenching effect of both fluorescent-carriers were considered

to be negligible for in vivo quantitative analysis in this experiment. Moreover,

biodistribution of Suc(II)-FTC was investigated in our previous report.i37) 'Ihat result

indicated that further succinylation of N-succinyl-chitosan to 1.1 moVsugar unit little

influenced its biodisposition characteristics. Therefore, Suc-FTC used in this study refiects

nearly the biodistribution of Suc(II).

    As to the biodisposition ofLac-Suc-FTC, the liver concentration at 3 d post-inoculation

at 1 h post-injection, being 11.3 O/o of doselg (Fig. 5-1(A-1)), was lower than that at 1 h post-

injection in normal mice in which 22,8 O/o of dose/g.i3i) The AUC(C)o4s hii"e' value at 3 d

post-inoculation was slightly lower than that ofnormal mice (Table 5-1). The hepatic uptakg

profile might be reduced somewhat by liver tumor metastasis. The total amount recovered

from the tested tissues at 48 post-injection of Lac-Suc-FTC was much lower than the dose.

Since urinary excretion was also very small, the localization of Lac-Suc-FTC to untested
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tissues was possibly high; experiments to test this speculation are in progress. The chitin or

chitosan derivatives are supposed to undergo more degradation in tmor-bearing mice

because of the elevated lysozymic activity in these animals.84'85) However, the level of

urinary excretion was very low in these metastatic mice (Fig. 5-3) and similar to or less than

that in normal mice,i3i) which suggested that the biodegradation of Lac-Suc-FTC is hardly

altered at all by metastasis.

     The biodistribution of Suc-FTC at 3 d post-inoculation was similar to 'that in normal

mice.3"92) Suc-FTC showed high-level and long-term retention in plasma (Fig. 5-2(A)).

Hovvever, a small distribution of Suc-FTC was observed in the spleen, 1ung, liver and kidney.

The distribution in the lung was greater initially and deereased from 8 h post-injection. The

distribution to the liver and spleen tended to increase with time following i.v. injection. The

majority ofM5076 cells are distributed to the 1ung immediately after i.v. inoculation, and then

are gradually distributed to other tissues including the liver, kidney and spleen.i39) At the

early stage of liver metastasis, i.e. 3 d post-inoculation, M5076 cells are distributed to the

tissues mentioned above and are also capable ofrecirculation. Accordmgly, it is conceivable

that the phagocytosis of carriers, in this case Suc-FTC, by M5076 cells and the subsequent

transfer of the cells may be partly responsible for the tissue distribution. Anyway, at 3 d

post-inoculation, the targeting ability of Suc-FTC to the liver was minimal. On the other

hand, at 12 d post-inoculation, Suc-FTC was gradually distributed to the liver and spleen and

was eliminated from plasma relatively quickly (Fig. 2(B)). The AUCo4s hPiaSMa at 12 d post-

inoculation was less than that at 3 d post-inoculation. The liver localization was increased at

12 d post-inoculation; especially, the localized amount was much raised. The inerease in

liver size was partly responsible, and further the EPR effects may be related to the inerease in

localization at the advanced stage. At 12 d after inoculation, the amount of Suc-FTC

accumulated in the liver (32.4 Å} 5.6 ptg) was higher than that ofLac-Suc-FTC (20.3 Å} 4.8 pg)

at 48 h post-injection (Fig 5-2(B-2)), although this difference was not significant (pÅrO.05).

It might be thought that Suc is available for liver targeting at the advanced stages of

metastasis, i.e. in the deteriorated liver. The urinary excretion was small at 12 d as well as at
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3 d post-inoculation, suggesting that the biodegradation or excretion of Suc is not promoted

by metastasis.

     One mouse died at 2 d post•-administration when treated with Suc(II)-MMC at a dose of

10 mg eq. MMC/kg at 3 d post-inoculation (Fig. 5-4(A-1)). This rapid death was supposed

to be due to the reason other than drug toxicity, because Suc(II)-MMC was not lethally toxic

at 10 mg eq. MMC/kg according to the previous study on antitumor effect against Sarcoma

180-turnor bearing mice.iou) As previously reported,36) it was difficult to inject the high

viscous conjugated dmg solution safely into the vein probably because ofprevention ofblood

flow. The tested samples, i.e. Suc(II)-MMC, were also too viscous especially at a dose of 10

mg eq. MMC/kg. Further, the patterns of the loss of body weight were different between

MMC and conjugates. Therefore, it was supposed that the sample viscosity should be

responsible for the above rapid death of one mouse with the conjugate solution. The ILS

values in MMC at 5 mg/kg, Suc(II)-MMC and Lac-Suc-MMC at 1O mg eq. MMCIkg are 62.5,

75.0 and 91.3 (O/o), respectively. The ILS values of Lac-Suc-MMC in M5076-bearing mice

tended to be higher than those of Suc(II)-MMC at low and high doses, respectively (data not

shown). However, one mouse showed a long survival, i.e. more than 50 a when

administered Suc(II)-MMC at a dose of 10 mg eq. MMC/kg. In addition, if ILS value in

Suc(II)-MMC at 10 mg eq. MMCIkg was calculated using four mice except one that died at 5

a the value is more than 110 O/o. Although MMC at a dose of 5 mg/kg exhibited the similar

suivival when compared with the conjugates at a dose of 1O mg eq. MMCIkg, both conjugates

extremely show the elongation of the lifespan by other schedule (unpublished observation);

this observation will be reported elsewhere. On the other hana when administered at l2 d

post-inoculation, no significant elongation ofsurvival was observed with either conjugate (Fig.

5-4(B-1)). The administration of conjugates at 12 d post-inoculation appeared to be too late

to cure the mice.

    The distribution of MMC after i.v. injection of free MMC was not performed, because

no MMC was detected at 8 h when injected to mice at 5 mg/kg.iou) The liver localization of

Lac-Suc-MMC was superior to that of Suc(ll)-MMC, which was consistent with the
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biodisuibution profiles of their carriers; however, these values in Table 5-3 were lower than

those calculated from the biodistribution study using FITC-labeled polymers. One

explanation for these results may be that MMC, whether 1arge or small, was degraded in

acidic conditions or by empe.8i'i40) Table 5-3 also suggested that not only the

concentration of MMC in the liver but also that in the systemic circulation is one of major

factors affecting the antitumor activity because Suc(II)-MMC, not detected in the liver at both

tested time points, exhibited a good antitumor effect similar to Lac-Suc-MMC. Long

systemic circulation of MMC might be available for efficacy on liver metastasis; long

systemic retention of Suc(II)•-MMC permitted the long retention of free MMC by the gradual

release in the blood stream.i37) Further, Lac-Suc-MMC was considered to be targeted

predominantly to the liver parenchymal cells. For Lac-Suc-MMC to be effective against a

tumor, the drug targeted to the parenchymal cells must escape inactivation and diffuse to the

diseased region. Although Lac-Suc-MMC was well targeted to the liver, it did not show

antitumor effect surpassing that of Suc(II)-MMC, which might be related to instable

properties of rvilVIC in acidic or biological medium.8i'ioo) In short, although Lac-Suc-MMC

was taken up by liver cells, MMC released from Lac-Suc-MMC there might be easily

degraded in cells by acidic pH and metabolic enzymes before exhibiting action at the

surrounding diseased part. Such inactivation is more serious for Lac-Suc-MMC localized

into liver cells in comparison with Suc(II)-MMC residing long in the blood flow.

     In conclusion, this study clarified the localization characteristics of Lac-Suc and Suc in

the liver at the early and advanced stages of liver metastasis. Lac-Suc was concentrated

more effectively in the early metastatic stage, while Suc was localized more to the liver in the

advanced stage of liver metastasis. The conjugates of MMC with Lac-Suc and Suc

functioned effectively in the early metastatic stage. Namely, in early metastatic stage, it was

considered that both systemic long-retention and liver localization of MMC tended to be

available for effectiveness against M5076 metastasis. Thus, both carriers were found

potentialities as drug carriers for therapeutics of liver metastatic tumor in the early stage.

The examination of therapeutic efficacy of Lac-Suc-MMC and Suc(II)-MMC with various
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schedules is taken up in the next chapter.
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Chapter 6

Efficacy of Lactosaminated and Intact N-Succinyl-chitosan-mitomycin C

        Conjugates against M5076 Liver Metastatic Cancer





Summary

     In this chapter, Lac-Suc was investigated for its liver targeting ability in the early liver

metastatic stage, and subsequently Lac-Suc-MMC and Suc(II)-MMC were examined for

efficacy against the liver metastasis. Mice to which M5076 cells were inoculated

intravenously were used as liver metastatic animals. Lac-Suc-FTC was intravenously

administered at a daily dose ofO.2 mglmouse Å~4 d or at a single dose ofO.8 mglmouse Å~ 1 d

at 3 d post-inoculation. At a dose ofO.2 mglmouse x 4 d, liver accumulation ofLac-Suc-

FTC was increased after all except the fourth injection, indicating that the capacity of

accumulation might be limited to around 1 1O pg per mouse with repeated daily administration

at O.2 mglmouse. As to efficacy in i.v. administration at 7 d post-inoculation, Lac-Suc-MMC

was less effective at 1 mglkg Å~ 4 d than at a single dose of4 mglkg Å~ 1 d. This result was

not in accordance with that expected from the biodistribution study. On the other hand, in i.v.

administration at 3 d post-inoculation, Suc(II)-MMC was more effective at repeated

administration, and it showed higher efficacy than Lac-Suc-MMC at both 1 mglkg Å~ 4 d and 4

mglkg Å~ 1 d. Further, in i.v. administration at 3 d post-inoculation, Suc(II)-MMC exhibited

much higher survival effect at a dose of4 mglkg Å~ 4 d.
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6-1. Introduction

     We have been studying the possible usefuIness of the chitosan derivative Suc as a drug

carrier.36,37,72,8i,92,iou•i3i) since it is retained for long periods in the systemic circulation after

i.v. administration37'92) and has low toxicity,72'73) Suc is expected to be usefu1 as a safe

systemic long-circulating carrier. Recently, there has been a great deal of interest in liver

targeting using various glycosylated macromolecules,56'57'iii'ii3'ii4'i4i) microparticles with

suhable diameter4i'i42) and liposomes50'i43) as drug carriers. Similarly, it was confirmed that

connecting lactose to Suc enabled selective distribution to the liver in mice.i3i)

     It is important for cancer chemotherapy to determine the administration schedules that

present higher efficacy and lower toxicity.i"i46) In the case of polymer-drug conjugates,

biodistribution ofthe polymer is importantly related to the therapeutic efficacy. In the liver

metastatic tumor model used in this study, i.e. M5076 cells,i35'i39'i47) differences in the timing

of injection following inoculation infiuenced the biodistributions of Suc and Lac-Suc.i48)

Therefore, biodistribution characteristics dependent on the administration schedule, i.e. single

or repeated administration, have to be elucidated. We investigated differences in

biodistribution of Lac-Suc between single and repeated admmistration. Further, in the

present study, antitumor effects of Lac-Suc-MMC against M5076 cells as a liver metastatic

tumor model were examined after intravenous administration at single or repeated

administration. Similarly, the antitumor effects of water-soluble Suc(H)-MMC against

M5076 cells were also examined. Finally, administration schedules of Lac-Suc-rmC and

Suc(II)-MMC were evaluated based on these results from the viewpoint ofefficacy.

6-2. Materials and methods

6-2-1. Materials

     MMC was purchased from Kyowa Hakko Kogyo Co. (Tokyo, Japan).
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(succinylation degree O.81 moVsugar unit, deacetylation degree 1.0 mol/sugar unit) was

kindly provided by Katakura Chikkarin Co., Ltd. (Tokyo, Japan). Its degrees of

succinylation and deacetylation were measured using proton nuclear magnetic resonance,92)

and the average MW was determined to be 3.4 Å~ 105 (range: 5 Å~ 10` -- 1.5 Å~ 106) by SEC-

MALS. EDC was purchased from Dojindo Laboratories (Kumamoto, Japan). Lactose and

FITC were obtained from Sigma Chemical Company (St. Louis, MO, U.S.A.). Sodium

cyanoborohydride (NaBH3CN) was obtained from Tokyo Kasei Kogyo Co., Ltd. (Tokyo,

Japan). All other chemicals were purchased as reagent-grade products.

6-2-2. Animals and tumors

     Male C57BL!6 mice weighing approximately 20 g at the age of 6 weeks were

purchased from Tokyo Laboratory Animals Science Co., Ltd. (Tokyo, Japan). The

experimenta1 protocol was approved by the Ethics Review Committee for Animal

Experimentation ofHoshi University. All mice were housed in a pathogen-free environment.

Five or six animals were used in each group to examine in vivo antitmor effects (n = 5, 6).

Four or five mice were used at each time point in disuibution experiments (n == 4, 5).

    Murine reticulum ce!1 sarcoma M5076 cells were used as tumor cells. M5076 cells

were maintained in C57BL/6 mice by i.p. transfer of 1 Å~ 105 cells obtained from ascitic fiuid

every other week. In the in vivo antitumor activity tests, 1 Å~ 105 M5076 cells suspended in

O. 1 ml ofHanks' balanced salt solution, which were obtained from tumor-bearing mice, were

inoculated intravenously into each male C57BL/6 mouse.

6-2-3. Accumulation of Lac-Suc-FTC into the liver at repeated administration

     Lac-Suc was prepared by reductive amination between Suc and lactose using

NaBH3CN, and Lac-Suc-FTC was prepared by reaction of Lac-Suc and FITC as described

previously.i3i) The lactosamine residue content of Lac•-Suc was determined to be approx.

O.30 mollsugar unit by elemental analysis (Yanako Analytical Industrial Co., Japan), Lac-

Suc-FTC was used throughout the biodistribution studies. The distribution ofLac-Suc-FTC
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in M5076-bearing mice was examined as follows: After i.v. inoculation with M5076 cells, O.8

mg ofLac-Suc-FTC was administered intravenously on day 3 (single dose) or O.2 mg ofLac-

Suc-FTC was intravenously injected repeatedly on each ofdays 3 - 6 (repeated dose). In the

case of repeated administration, the mice were sacrificed at 1, 8 or 24 h after each injection,

blood samples were withdrawn and the liver was enucleated. The liver was washed with

PBS gently blotted using filter paper and weighed. A three-fold voiume of PBS was added,

and the mixture was homogenized using a glass homogenizer with a Teflon pestle. The

supernatant was obtained by centrifugation (3,OOO rpm, 10 min). Plasma was obtained by

centrifugation of the blood. The supernatant and plasma were diluted appropriately with

PBS, and their fluorescence intensities were investigated (Ex = 495 nm, Em = 520 nm). The

blank sample was obtained by injecting normal saline alone into mice instead of Lac-Suc-

FTC solution. The concentration ofLac-Suc-FTC in the sample was determined from the

net fluorescence intensity obtained by subtracting the fluorescence intensity ofthe blank from

that of each sample based on the standard calibration curve. The concentration was

corrected by the recoveries calculated in advance.i3i) The distributed amount was calculated

from the concentration and tissue weight. The amount of Lac-Suc•-FTC in plasma was

calculated using the reported volume of mouse plasma, 48.8 ml/kg.83) To determine the

biodistribution of Lac-Suc-FTC administered at a single dose, blood and liver samples were

taken at 1, 8, 24, 48, 72 and 96 h after i.v. injection. The distributed Lac-Suc-FTC was

measured and determined in the same manner as described for the repeated administration

schedule.

     The cumulative collection of urine was executed simultaneously in the biodistribution

studies. Mice were placed separately in metabolite cages immediately after administration.

Urine was collected for 24 h after each i.v. injection (repeated dose) or 24, 48, 72 and 96 h

after i,v. administration (single dose), and then urine volume was measured. The subsequent

procedure was performed as reported previously.92) The total amount excreted in urine was

calculated from the concentration and urine volume.
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6-2-4. Pharmacokinetic data analysis

     The areas under the plasma or liver concentration-time curves for ti - t2 h (AUCti.2 h)

and the mean residence time (MRTtia h) were calculated by the trapezoidal method.96) The

following equation was employed to determine relative effectiveness of liver targeting (Ret):

                      R,t = A UCtl-2 hliVer / A uc tln hplasma

6-2-5. In vitro release characteristics of Lac-Suc-MMC

     Lac-Suc-MMC conjugate was synthesized as reported previously except that Lac-Suc

was used instead ofhighly-succinylated Suc.ica) The release of MMC from Lac-Suc-MMC

in 1115 Mphosphate buffer tpH 6.0, and 9.0) and in the mixture of 1/15 Mphosphate buffer

(pH 7.4) and mouse plasma (4 : 1, vlv), named 20 O/o (vlv) mouse plasma, were investigated

according to the method described in the previous report.iou) Shortly, the amount of free

MMC released was measured using high performance liquid chromatography (HPLC), which

was carried out using a Shima(izu LC-6AD apparatus equipped with a SUMIPAX Nucleosil

5Cis reversed phase column (4 Å~ 250 mm) and an SPD-10AV UV detector (Shimadzu) set at

365 nm. The mobile phase was a mixture ofO.Ol Mphosphate buffer, pH 6.0, and methanol

(65 : 35, vlv). As to the samples obtained from the buffers, the sample solution was directly

injected on the H]PLC system. As regards the samples obtained from 20 O/o (v/v) mouse

plasma, they were firstly mixed to a 10-feld volume of the mixture of chloroform and 2-

propanol (1 : 1, v/v). After centrifuging the mixture, the whole supernatant was decanted

                             oand evaporated to dryness below 40 C under nitrogen gas. The residue was dissolved in

methanol, and the solution was analyzed for MMC in the HPLC system stated above. All

determinations were performed using three samples.

6-2-6. Antitumor effects of SucaD-MMC or Lac-Suc-MMC against M5076-bearing mice

     Suc(II))was prepared by reaction of Suc with succinic anhydride and then a water-

soluble Suc(II)-MMC was also prepared.iou) MMC contents of Suc(II)-MMC and Lac-Suc-

MMC, measured in the manner previously reported,i04) were about 12 and 20 O/o (wlw),
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respectively. The doses reported for MMC conjugates refer to the quantity ofparent MMC

contained in the conjugate.

     Antitumor effects were examined using mice intravenously inoculated with M5076

cells 7 d previously. Namely, at 7 d post-inoculation, MMC, Suc(II)••MMC and Lac-Suc-

MMC were intravenously administered at a single dose of4 mg/kg or repeatedly at a dose of

1 mg/kg on each of days 7 - 10 following inoculation, i.e. at a total dose of 4 mg/kg.

Controls were injected with a similar volume of salme alone according to the same schedules.

For al1 mice, the survival time after inoculation was observed for 50 d after inoculation. The

antitumor effects were measured by comparing the mean survival time of the treated mice (7)

with that ofcontrols (C), i.e. from ILS calculated by the following equation:

                          ILS = (T/C- 1) Å~ 100 (O/,)

    At the same time, the changes in body weight of each group were measured to evaluate

the toxic side effects.

    Antitumor effects using mice intravenously inoculated with M5076 cells 3 d previously

were also investigated in the same way as stated above for treatment at 7 d post-inoculation.

In the rnice treated at 3 d post-inoculation, the efficacies of Suc(II)-MMC and Lac-Suc-MMC

were also examined by i.v. admmistration at a dose of4 mg/kg Å~ 4 d.

6-2•-7. Statistical analysis

    With the exception of the survival tests, the statistical analysis was performed using

Student's t-test for unpaired data. For the survival tests, Kaplan-Meier curves were

constructed and the survival ratios were compared by the Mantel-Cox log•-rank test.

Differences were considered significant when thep-value was less than O.05.
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6-3. Results

6-3-1. Accumulation of Lac-Suc-FTC in the liver

     The distribution profiles to the liver and the elimination from plasma of Lac-Suc-FTC

after i.v. administration are shown in Figure 6-1. The amount of Lac-Suc-FTC in plasma

was calculated using the reported volume ofmouse plasma, 48.8 ml/kg.83) The distribution

of Lac-Suc-FTC to the liver at a single dose reached 66 pg per mouse at 8 h after injection,

and remained at this level throughout the 96 h observation period. On the other hana

following repeated administration the plasma level of Lac-Suc-FTC declined rapidly at a

similar rate after each injection, and accumulation in the liver showed a similar profile until

72 h. The distribution profile after the fourth injection suggested that the accumulation

might reach a plateau approximately 11O pg per mouse.

     Pharmacokinetic parameters ofLac-Suc-FTC administered at single dose or by repeated

injection are summarized in Table 6-1. AUCo.g6hiiVer following injection four times at a dose

ofO.2 mg was larger than that after a single injection at a dose ofO.8 mg. Conversely, AUCo.

g6hPiasMa ofthe former was lower than that ofthe latter. Ret following repeated administration

was double that following a single injection; i.e. repeated administration of Lac-Suc-FTC is

considered more effective for liver targeting than a single injection.

     Table 6-2 shows the cumulative urinary excretion of Lac-Suc•-FTC. The urinary

exeretion ofLac-Suc-FTC was much lower with repeated administration.

6-3-2. In vitro release characteristics ofLac-Suc-MMC

     Figure 6-2 shows the in vitro release properties of Lac-Suc-rmC. The release

profiles from Suc(II)-MMC were described in the same figure by refening to the previous

paper.iou) Lac-Suc-MMC showed pH-dependent release similarly to Suc(II)-MMC. Lac-

Suc-MMC showed faster release to some extent than Suc(II)-MMC. Fifty O/o rvfivlC release

time of Lac-Suc-MMC was about 1 d in 20 O/o (v/v) mouse plasma. Under each condition,

similar release profiles were observed for both the conjugates.
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Figure 61. PIasma Ievel and accumulation of Lac-Suc-FTC to the liver after iv. administration at a dose of
O.8 mg x1 d (A) or 02 mg x4 d B) per M5076bearing mouse: - ; plasma, ---e-- ; liver. The arrow
shows i.v. injection. At 3 d after i.v. inoculatio" test substance (O.2 ml) was injected intravenously. Each point
represents the mean Å} SD (n = 4 - 5).

Table 6-1.

Pharmacokinetic parameters of Lac-Suc-FTC after i.v.
administration at a single dose of O.8 mg (O.2 ml) or repeated
injection at O.2 mg (O.2 ml) x4 d per M5076-bearing mouse at 3 d

post-inoculation.

Dose  AUCb.g6 h
[h•porml or gl

MRTo-g6 h
  [h]

Reta

              Liver 5330 47 1.6    Single
             Plasma 3400 5.5
----d-------------------------"------------------------------------e-----

Repeated  twer
PIasma

8010
2530

59
5.0

3.2

a R,t values indicate the relative effectiveness of liver targeting, and

 were calculated by the following equation:

        AUC.tlVer,
  Ret =
       A Uc 8iee:a

6-3-3. Antitumor effects of SucaD-rmC and Lae-Suc-MMC against M5076

Table 6-3 shows the therapeutic efficacy of Suc(II)-MMC and Lac-Suc-MMC at a
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Table 6-2.
Urinary excretion of Lae-Suc-FTC after i.v. administration at a single
dose of O.8 mg (02 ml) or repeated injection at O.2 mg (O.2 ml) x 4 d

per M5076-bearing mouse at 3 d post-inoculation.

Urinary excretion (ug)

Dose
24 h 48 h 72 h 96h

Single 20.1 Å} 9.4 26.9 Å}11.5 32.8Å}6,9 38.0Å}6.9

Repeated 3.1 Å}2.4 2.6Å}1.4 7.1 Å} 5.0 9.5 Å} 6.7
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Figure 6-2. Release of MMCfrom Lac•-Suc-MMC alld Suc(ll)-rmC in 1/15 Mphosphate
buffer (pH 6.0 and 9.0) and the mixture of 1/15 Mphosphate buffer (pH 7.4Årmouse plasma
(4 : 1, v/v) at 37 OC: M , pH 6.0; Å~ , pH 9.0; e , O , plasma-buffer mixture. Each point
represents the mean Å} SD (n = 3). Large symbols show the release of MMC from Lac-Suc-
MMC, whereas smal1 symbols show that from Suc(II)-MMC. The data of Suc(ll)-}vfiviC are
from our previous report. '")

single or repeated dose using mice inoculated 7 d previously with M5076 cells. In this case,

the best ILS value was observed at a dose of 4 mg/kg Å~ 1 d in MMC; however, this dose

caused the greatest loss of body weight, which did not lead to death (data not shown).

Suc(II)-MMC at a dose of4 mg/kg Å~ 1 d showed a similar good ILS value, with no significant

loss of body weight. Lac-Suc-MMC exhibited a lower ILS value than MMC and Suc(II)-
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)vfiN4C at a dose of4 mg/lcg Å~ 1 d. On the whole, the groups treated with a single injection,

i.e, 4 mglkg Å~ 1 d, exhibited better survival than those at given repeated injection. No dmg

exhibited an increase in ILS at a dose of 1 mg/kg Å~ 4 d.

     The therapeutic efficacy ofLac-Suc-MMC and Suc(II)-MMC at a single (1 mg/kg Å~ 4

d) or repeated dose (1 mg/kg Å~ 4 d) using mice inoculated 3 d previously with M5076 cells is

also shown in Table 6-3. The ILS value ofthe mixture ofLac-Suc and MMC at a dose of4

mglkg Å~1d was over 100 O/o, which was observed as the best ILS. The survival patterns

given by MMC at 3 d post-inoculation were similar to those at 7 d post-inoculation; that is, a

single dose showed a high degree ofefficacy but repeated administration was hardly effective.

On the other haiid, for Lac-Suc-MMC, a moderate ILS was obtained following repeated

injection and was similar to that following a single injection. The best ILS value was

observed in the group treated with Suc(II)-MMC at a dose of 1 mgiCkg Å~ 4 d and two of5

mice in this group survived for over 50 d. Suc(II)-muC showed better therapeutic efficacy

than MMC. Thus, the pattern of efficacy of Suc(II)-MMC at 3 d post-inoculation was

markedly different from that at 7 d post-inoculation. The Ioss ofbody weight was observed

in the groups treated with MMC, Lac-Suc plus MMC, Suc(ll) plus MMC and Suc(II)-MMC

at a dose of4 mg/kg Å~1 d, but it was not lethal (data not shown). In the group treated with

Suc(II)-MMC at a dose of 1 mglkg Å~ 4 d at which the best ILS value was observed, loss of

body weight was slight.

     The therapeutic efficacy of Lac-Suc-MMC and Suc(II)-MMC against M5076-bearing

mice when test solutions were administered intravenously at a dose of 4 mg/kg on each of

days 3 -- 6 following inoculation, i.e. at a dose of4 mg/kg x 4 d is also shown in Table 3 and

Figure 6-3. The ILS values of both groups treated with both conjugates were over 100 O/o.

Four of6 mice in the group treated with Suc(II)-MMC survived for over 50 d. Control mice

died within 17 d post-inoculation. No loss ofbody weight was observed in the group treated

with Lac-Suc-MMC (data not shown). In the group treated with Suc(II)-MMC, an initial

loss ofbody weight was observed a little, but the body weight recovered to the initial level at

1 week after treatment (data not shown).
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Table 6-3.
ILS values of ]woSdiC, Sueal)-MMC and Lac-Suc-MMC in different schedules

Administration
  schedule Substances

Single administrationa                   bRepeated administration

Dose ILS(e!e) Dose ILS (o/.)

    7d
post-inoculation

  Control

   MMC
Suc(ll)-MMC

tac-Suc-MMC

                **4mg/kg xl d 59.5
                **4 mg/kg xl d 54.8

4mg/kgÅ~1d 23.8

1 mg/kg x4 d

1 mg/kg x4 d

1 mglkg x4d

o
3.6

- 6.0

   Control

    MMC
 tac-Suc-MMC

   Lac-Suc

Lac-Suc + MMC

                **4 mg/kg Å~1 d 98.6
4mg/kg Å~1 d 56.5"

 (l6 mglkg)C 8.7
                 **4 mg/kg xl d 156.5

1 mglkg Å~4d

1 mglkg x4 d

18.8

42.0

**

*

    3d
post-inoculation

  Control

   MMC
Suc(ll)-MMC

   SucÅqll)

Suc(ll) + MMC

                 **4mg/kg xl d 37.8
                 **4mglkgÅ~1d År97.3

 (29 mglkg)C 16.2
                 **4mglkg x1 d År91 .9

1 mglkg x4 d År185.1 **

  Control

 SucÅqll)•-MMC

Lac-Suc-MMC

4 mg/kg x4 d

4mglkg x4 d

År192.5

 118.8

**

**

a At 3 or 7 d post-inoculationg each substance was intravenously administered at a dose of4 mg/kg.

b Each substance was intravenously administered repeatedly at a dose of 1 mg/kg on each of days 3 - 6

 or 7 - 1O post-inoculation.

C Lac-Suc or Suc(ll) was adininistered at a dose of 16 or 29 mg po1ymer eq/kg, respectively.

*: pÅqO.05, "": pÅqO.Ol vs. control Nantel-Cox log-rank testl.

6-4. Discussion

     As shown in Figure 6-1(B), accumulation ofLac-Suc-FTC into the liver according to

the repeated administration schedule implied that the capacity of accumulation might be

limited to around 110 pg per mouse in the case of daily repeated administration of Lac-Suc-

                                                            '
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FTC at O.2 mg/mouse. Table 6-1 also suggested that repeated administration was superior to

a single injection with regard to liver distribution. Lac-Suc-MMC and Suc(II)-MMC were

shown to act as prodmgs, and both showed a similar release profile (Figure 6-2).

Intravenous administration of MMC at 2 - 5 mglkg was known effective in vivo;iou•i37•i45)

therefore, in this study, the dose of MMC was selected at 4 mglkg. The dose of Suc(II)-'

MMC and Lac-Suc-MMC was chosen at 4 mg eq. MMCZkg for comparison with free MMC

(Table 6-3). As to repeated administration, this dose was divided into 1 mg eq. MMC/kglday

for the consecutive 4 d (Table 6-3). The further trial was planned based on these results

(Figure 6-3). With administration at 7 d post-inoculation, the therapeutic efficacy of Lac-

Suc-MMC was in contrast to the results of the biodistribution study. Further, the

observations that the antitumor effect ofLac-Suc-MMC was less than that ofMMC suggested

that Lac-Suc-MMC is taken up by hepatic cells but not targeted to tumor cells, resulting in

insufficient drug concentration in tumor sites. The antitumor effect of Suc(II)-MMC, acting

as a prodrug of MMC, was similar to that of muC. However, MMC caused a decrease in

body weight, while Suc(II)-MMC did not (data not shown). Therefore, Suc(II)-MMC was

considered to be a better antitumor agent due to its reduced side effects. Further, the timing

of administration was considered to be an important factor because chernotherapy was hardly

effective in the highly advanced metastasis stage.i48) Narnely, since the disease severity was

lower in the early stage, earlier treatment was supposed to result in better efficacy ofthe drugs.

In the groups treated at 3 d post-inoculation, Lac-Suc•-MMC showed similar survival-

enhancing effects with both single and repeated injections (Table 6-3). In these experiments,

the mixture of MMC and Lac-Suc showed a very high ILS value (over 100 O/o). This

phenomenon may be explained by a synergistic effect between the immunostimulatory effect

ofLac-Suc and antitumor activity ofmuC because some chitin and chitosan derivatives tend

to stimulate the immune system includmg macrophages.i49'i50) Mice treated with Suc(II)-

MMC showed longer suivival when treated by repeated administration rather than at a single

dose. Suc(II)-MMC showed a much higher ILS value than MMC and Lac-Suc-MMC when

administered according to the repeated treatment schedule. These results suggested the

                                   120



better availability of Suc(II)-MMC at a multiple dose in the early metastasis stage. To

pursue further therapeutic efficacy, Lac-Suc-MMC and Suc(II)-MMC were intravenously

administered repeatedly at a daily dose of 4 mglkg on days 3 - 6 post-inoculation, i.e. at a

dose of 4 mg/kg Å~ 4 d in M5076-bearing mice. The survival of mice treated with each

conjugate was markedly improved in comparison with those treated at a dose of 1 mg/kg Å~ 4 d

or 4 mg/kg Å~ 1 d. This indicated increases in dose raised the therapeutic efficacy.

Especially, Suc(H)-MMC exhibited'a very strong antitumor effect. This conjugate may

become a usefu1 prodrug for metastatic cancer ifthe loss ofbody weight can be improved. A

good result was also obtained with Lac-Suc-MMC, which was associated with no loss ofbody

weight; Lac-Suc-MMC was considered to be less toxic than Suc(II)-MMC, which might be

due to the suppression ofthe systemic flow ofMMC in Lac-Suc-MMC.

     On the whole, the antitumor effects of Lac-Suc-MMC against M5076-bearing mice

were inferior to those of Suc(H)-MMC. Duncan et al reported that hepatic targeting via

asialoglycoprotein receptors ofthe liver was not necessarily effective against liver metastasis,

and indicated that a simple maeromolecular conjugate not containing galactose might act

better in animal models of liver metastasis.i5i) This was considered to be because the

conjugate was not targeted directly to the metastatic cells but to the parenchymal cells. For

effectiveness against metastasis, the drug targeted to the parenchymal cells must escape from

inactivation and diffuse to the diseased region. Therefore, the following considerations are

proposed based on the results described above. Lac-Suc-MMC is rapidly eliminated from

the systemic flow and distributed to the liver parenchymal cells by specific binding to the

asialoglycoprotein receptors. Drug released in or on the liver parenchymal cells is related to

the efficacy. Therefore, the biological stability of the drug will influence its effects on the

surrounding tumor tissue. Since MMC is very unstable in the liver,90'8i) MMC released from

Lac-Suc-MMC in the liver parenchymal cells is thought not to be able to reach the tumor cells

sufficiently. On the other hand, intact Suc is much less interactive with body tissues and is

maintained for long periods in the systemic circulation after i.v, injection,37'92) which is

considered to be due to the lack of specific ligands and its physicochemical properties such as
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anionic charge. Therefore, drugs combined with Suc can be liberated on or in various cells

around the sites at which the carrier is distributed. The systemic long-term circulation at

higher level of Suc(II)-MMC may permit its effective and long-term access to the whole liver

and consequently facilitate the supply of liberated MMC or endocytosis of the conjugate by

liver metastatic M5076 cells. Thus, the antitumor characteristics of both the conjugates

could be evaluated well by the physiological behaviors oftheir carriers.

6-5. Conclusion

     Following administration at 7 d post-inoculation, the therapeutic efficacy of repeated

injection of Lac-Suc-rmC (1 mg/kg Å~ 4 d) was inferior to that ofLac-Suc-muC at a single

dose (4 mg/kg Å~ 1 d), and Lac-Suc-MMC was much less effective than MMC. Lac-Suc-

MMC showed similar antitumor effects between single and repeated injection schedules with

administration at 3 d post-inoculation. These results were not in accordance with those of

the biodistribution studies. In contrast, at both 7 d and 3 d post-inoculation, Suc(II)-MMC

showed similar or higher therapeutic efficacy in comparison with MMC and Lac-Suc-]wovfC.

Further, the efficacy of Suc(II)-MMC at a repeated dose was bcher than that at a single dose

except for the administration at 7 d post-inoculation. At 3 d post-inoculation, Suc(II)-MMC

exhibited very high survival effect at a dose of 4 mg/kg Å~ 4 d. The present results

demonstrated the high therapeutic efficacy could be achieved at repeated administration of

Suc(II)-MMC in the early metastatic stage.
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Conclusions

     In this thesis, potentialities ofN-succinyl-chitosan as a water-soluble drug carrier were

demonstrated from the following findings: i) a long systemic circulation, ii) accumulation in

the solid tumor, iii) ability to combine conjugates with MMC, iv) active targeting to the liver

by attaching lactose and v) a high antitumor activity of its conjugates with MMC without

lethal side effects against Sarcoma 180 solid tumor and M5076 liver metastasis. The

findings ofthe present study are summarized as follows:

Chapter 1:

i) Suc-FTC was sustained at a high level in the circulaton over 72 h; that is, the plasma half-

 life in normal mice was 1OO.3 h and that in tumor-bearing mice was 43.0 h.

ii) Suc-FTC was distributed very little in tissues other than the tumor.

Chapter 2:

i) Smaller arnounts of EDC, more advanced succinylated Suc (Suc(II)) and shorter coupling

 reaction time were selected as a conjugation reaction condition. Almost halfthe obtained

  conjugates was water-soluble.

ii) Suc(II)-MMC showed less toxicity than MMC and a strong in vivo antitumor effect against

  Sarcoma 180 at a high dose in i.v. administration.

iii)MMC disappeared quickly from systemic circulation after i.v. administration, while

  Suc(II)-MMC was retained at a high concentration of greater than 15 O/o of the doselml for

  MMC.

Chapter 3 :

i) It took a few hours for Suc(II)-FTC to be transferred to the blood circulation after i.p.

  administration. There were no marked differences in the distribution of Suc(II)-FTC

  between i.v. and i.p. administration routes except in the early stage.
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ii) The urinary excretion of Suc(II)-FTC following both i.v. and i.p. administration was small,

  but the excretion tended to be suppressed after i.p. administration.

iii) Suc(II)-MMC tended to be more toxic at i.p. administration than at i.v. administration.

iv) More localization of the conjugate in peripheral tissues and less excretion were found at

  i.p. administration, which might result in greater toxicity

Chapter 4:

i) Suc could be easily modified into Lac-Suc tagged with lactose by reductive amination

 using sodium cyanoborohydride.

ii) After i.v. injection, Lac-Suc was cleared much faster from the systemic circulation than

 Suc itself, and simultaneously a considerable amount of Lac-Suc was quickly taken up by

 the liver via the asialoglycoprotein receptor. At practical doses, the liver accumulation of

 Lac-Suc was dependent on the dose, and the Lac-Suc localized into the liver was retained

 there for a long period.

Chapter 5 :

i) Lac-Suc was concentrated more effectively in the early metastatic stage, while Suc was

  Iocalized more to the liver in the advanced stage ofliver metastasis.

ii)The conjugates of MMC with Lac-Suc and Suc(II) functioned effectively in the early

  metastatic stage. Namely, in early metastatic stage, it was considered that both systemic

  long-retention and liver localization of MMC tended to be available for effectiveness

                                                                     '
  against M5076 metastasis. IThus, both carriers were found potentialities as drug carriers

  for therapeutics of Iiver metastatic tumor in the early stage.

Chapter 6:

i)Following administration at 7 d post-inoculation, the therapeutic efficacy of repeated

  injection of Lac-Suc-MMC (1 mgfkg Å~ 4 d) was inferior to that of Lac-Suc-MMC at a

  single dose (4 mglkg Å~ 1 d), and Lac-Suc-MMC was much less effective than MMC.
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ii)Lac-Suc-MMC showed similar antitumor effects between single (4 mglkg Å~ 1 d) and

  repeated injection (1 mglkg Å~ 4 d) schedules in administration at 3 d post-inoculation.

  These results were not in accordance with those ofthe biodistribution studies.

iii) At both 7 d and 3 d post-inoculation (4 mglkg Å~ 1 d; 1 mglkg Å~ 4 d), Suc(II)-MMC

  showed similar or higher therapeutic efficacy in comparison with MMC and Lac-Suc-

  MMC.

iv) The effTicacy of Suc(II)-MMC at a repeated dose (1 mg!kg Å~ 4 d) was better than that at a

  single dose (4 mglkg Å~ 1 d) except for the administration at 7 d post-inoculation.

v) At 3 d post-inoculation, Suc(II)--MMC exhibited very high survival effect compared with

  Lac-Suc-MMC at a dose of4 mglkg Å~ 4 d.

vi) The high therapeutic efficacy could be achieved at repeated administration of Suc(II)-

  MMC in the early metastasis stage.

     Chitin and chitosan derivatives are considered to play an important role in drug carrier

system using macromolecule because these are one of the most abundant polysaccharides in

nature. Especially, ?V-succinyl-chitosan is thought to be very useful as a drug carrier due to

the very long systemic circulation in comparison with other macromolecular carriers.

Further, Suc can bind to many kinds of drugs because Suc has many carboxyl groups and a

few amino group. For the perspective, the present results which the high therapeutic

efficacy could be achieved in the solid tumor and the liver metastasis show that Suc has the

possibility for a drug carrier.
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