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Abstract-To establish a rationale of designing a drug targeting system using dextran conjugation, the 
disposition behaviour of dextran itself was investigated in mice. At a high dose (100 mg kg-I), [I4C]dextran 
was retained in the blood circulation for a considerably long period. However, [I4C]dextran rapidly 
disappeared from the plasma and accumulated in the liver (up to 60% of dose in 1 h) after a dose of I mg 
kg-'. Cellular localization of [I4C]dextran in the liver following intravenous administration was examined 
and the contribution of parenchymal cells was demonstrated as well as the case of galactosylated bovine 
serum albumin (Gal-BSA). Pharmacokinetic analysis based on a physiological model including Michaelis- 
Menten type uptake mechanisms revealed that the Michaelis constant Km,l of [I4C]dextran was 100 times 
greater than that of Gal-BSA. Coadministration of Gal-BSA delayed the hepatic uptake of [I4C]dextran and 
the simulation based on the physiological model suggested that [I4C]dextran was taken up  by the same 
mechanism as Gal-BSA. These results suggested that dextran conjugation of a drug might lead to its 
undesirable accumulation in the liver a t  a low dose and an appropriate modification of dextran, such as 
carboxymethylation, would be required in such cases. 

The chemical conjugation of highly active anticancer and 
peptide drugs with macromolecular carriers seems to offer a 
promising way to optimize their delivery, since macromol- 
ecules are highly diverse in their physicochemical properties 
and biological functions (Sezaki & Hashida 1984; Vogel 
1988; Sezaki et al 1989). In these approaches, the disposition 
behaviour of the conjugated drug is altered depending on the 
properties of the carrier macromolecules; it is therefore 
appropriate to investigate the in-vivo fate of such macromol- 
ecules. 

Dcxtran has many advantages for this strategy, including 
high water solubility, multiple hydroxyl groups readily 
modified chemically, low immunogenicity, and long experi- 
ence in clinical use as a plasma expander. From these 
viewpoints, dextran itself is considered to be a biologically 
inert modifier with a high molecular weight (mol. wt). In our 
series of investigations, we have developed various kinds of 
conjugates of anticancer agents (Hashida et al 1984; Taka- 
kura et al 1987a, b) and biologically active proteins (Takak- 
ura et al 1989a, b; Fujita et a1 1990b) with neutral, cationic, 
and anionic dextran derivatives. We have revealed that the 
molecular size and electric charge of dextran derivatives are 
major determinants in the distribution of the conjugates 
(Takakura et al 1990). For example, anionic carboxymethyl- 
dextran and its drug conjugates slowly disappeared from the 
blood circulation after intravenous injection. Neutral dex- 
tran also showed long retention in the blood at  a high dose 
(100 mg kg- I ) .  On the other hand, cationic diethylaminoeth- 
yldextran and its conjugates were rapidly taken up  by the 
tissue, in particular, by the liver. These results were explained 
by electrostatic interaction between the macromolecule and 
the biological organism. However, the modification of 
uricase with dextran resulted in an increase of liver uptake at 
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a low dose (Fujita et al 1990b). Mowry & Millican (1953) 
studied distribution of dextran histochemically in mice and 
showed that dextran was taken up by several organs such as 
the liver, kidney, spleen, and lung. 

In the present study, therefore, the disposition properties 
of dextran, especially the uptake process by the liver, were 
studied in mice. 

Materials and Methods 

Chemicals 
Dextran with average mol. wt of approximately 70 kDa 
(T-70) was purchased from Pharmacia, Uppsala, Sweden. 
Bovine serum albumin (BSA; fraction V) was obtained from 
Nacalai Tesque, Tokyo, Japan. Potassium [14C]cyanide was 
supplied by Amersham Japan, Tokyo. Collagenase (type I) 
was obtained from Sigma, St Louis, MO. All other chemicals 
were reagent grade products obtained commercially. 

Animals 
Male ddY mice, 25-28 g, were obtained from the Shizuoka 
Agricultural Co-operative Association for Laboratory Ani- 
mals. Shizuoka, Japan. 

Radiolabelling of dextran 
[Carb~xyl-'~C]dextran (T-70) was prepared according to the 
method of Isbell et al(l957) with slight modification. Briefly, 
0.05 mmol of dextran (T-70), sodium bicarbonate, and 
sodium hydroxide was dissolved in 5 mL of distilled water 
and frozen in a glass tube. Potassium [14C]cyanide (0.05 
mmol) was added and the tube was heat-sealed. The mixture 
was thawed and stored at  45°C for 24 h, then heated for 7 h a t  
50°C in a stream of air to effect hydrolysis. The product was 
purified by gel filtration using a Sephadex G-25 (Pharmacia, 
Uppsala, Sweden) column and concentrated by ultra- 
filtration. The specific activity of dextran (T-70) was 0.025 
MBq mg-I. 
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Synthesis of galactosylated BSA 
Galactosykited BSA (Gal-BSA) was synthesized according 
to the method of Lee et al (1976). In brief, 2-imino-2- 
methoxyethyl I-thiogalactoside (IME-thiogalactoside) was 
obtained from cyanomethyl 2,3,4,6-tetra-O-aietyl-I-thioga- 
lactosides (CNM-thiogalactosides) by de-0-acetylation and 
mixed with BSA in 50 mM borate buffer (pH 9.5) for 8 h a t  
room temperature (21°C). The obtained Gal-BSA was 
washed, concentrated by ultrafiltration against distilled 
water and lyophilized. About 21 galactose residues were 
attached to one molecule of BSA determined using trinitro- 
benzene sulphonic acid (TNBS). 

In-vivo distribution experiment 
Sample solutions were prepared by dissolving appropriate 
amounts of radiolabelled and unlabelled dextran in 0.9% 
NaCl (saline). These were then injected into the tail vein of 
mice at a volume of 10 mL kg-I body wt. The doses of 
dextran were I ,  10, and 100 mg kg-I. Mice were housed in 
metabolic cages for urine collection. At appropriate intervals 
after injection, blood was collected from the vena cava under 
ether anaesthesia and the mice were killed. The heart, lung, 
liver, spleen, kidney, intestine, muscle, and iliac lymph nodes 
(three or four nodes) were excised, rinsed with saline, 
weighed, and subjected to assay. Experiments were con- 
tinued until the plasma concentration decreased to  less than 
0.1 O/o of dose rnL-l; that is, until 2, 5, and 8 h after injection 
for experiments a t  I ,  10, and 100 mg kg-I, respectively. 
Cellular localization of dextran in the liver was determined in 
different mice by fractioning parenchymal and nonparenchy- 
ma1 cells after collagenase perfusion. 

Simultaneous administration of dextran and Gal-BSA 
Radiolabelled dextran ( 1  mg kg-l) was injected into mice 
simultaneously with 30 mg kg-I of Gal-BSA. At 0.17,0.5, 1, 
and 2 h after injection, blood and liver were sampled and 
subjected to assay. 

Analytical methods 
The radioactivity in plasma, urine and tissues was measured 
using a liquid scintillation counter (LSA-5000, Beckman, 
Tokyo, Japan) after dissolution in Soluene-350 (Packard, 
Netherlands) followed by scintillation medium, Clear-sol I 
(Nacalai Tesque, Tokyo, Japan). 

Calculation of tissue uptake rate index and organ clearance 
Tissue distribution was evaluated using a tissue uptake rate 
index calculated in terms of clearance as reported previously 
(Takakura et al 1987b). The change in the amount of 
radioactivity in a tissue with time can be described as follows: 

dT(t)/dt = CL,,C(t) - K,,,T(t) (1) 

where T(t) (% of dose g-I) is the amount of radioactivity in 
I g of the tissue, C(t) (% of dose mL-’) is the plasma 
concentration of radioactivity, CL,, (mL h-  I g-I) is the tissue 
uptake rate index from the plasma to the tissue, and KO,, 
(h-I) is the efflux rate constant from the tissue. In the present 
study, the efflux process can be considered to be negligible 
since dextran was stably labelled with I4C and no elimination 
was observed in the tissue during the experimental period. 
Ignoring efflux, equation 1 integrates to 

t I  

CL,, = T(tI)/lC(t)dt = T(tl)/AUCo f l  (2 1 
0 

According to  equation 2, the tissue uptake rate index is 
calculated using the amount of radioactivity in the tissue a t  
any time and the area under the plasma concentration-time 
curve (AUC) up to  that time. Then the organ clearance 
(CL,,,) is expressed as follows: 

CL,,, = CL,,W (3) 

where W (8) is the total weight of the organ. If tissue uptake 
process followed non-linear kinetics and CL,, was not 
constant, the calculated CL,, values would represent the 
average value for the overall experimental period. We have 
also calculated total body clearance (CLlOtal) from AUC for 
infinite time (AUC,) using the following equation 

CL,,,,, = Dose/AUC, (4) 

This also represents the average value, if the total disposition 
did not follow linear kinetics. 

Pharmacokinetic analysis based on a physiological model 
The plasma and liver concentrations of [I4C]dextran (T-70) 
were analysed based on a model shown in Fig. 1, which is 
similar to that employed for the analysis of glycosylated 
protein (Nishikawa et a1 unpublished data). In this model, 
the body is represented by three compartments, plasma pool 
(BP), sinusoidal and Disse spaces in the liver (EC), and 
intracellular space in the liver (IC). The BP and EC 
compartments have apparent volumes of distribution, Vp 
and Vl, respectively. The BP compartment represents all 
spaces for plasma within blood vessels of the tissue except the 
liver. This compartment is connected with EC by the hepatic 
plasma flow (Q). The uptake of the [I4C]dextran (T-70) from 
EC to IC is expressed as a Michaelis-Menten type of 
saturable process with maximum uptake rate, Vm,x,I, and 
Michaelis constant, Km,l. The extra-hepatic elimination from 
BP is also assumed to be a saturable process represented by 
Vmax.p and Km,p. At time zero, the injected substance is 
assumed to be distributed in BP and EC compartments a t  the 
same concentration. Mass balance equations for the concen- 
tration of [14C]dextran in BP, EC, and IC, respectively, are 
written as: 

dCp/dt = (QCI - QCp - Vmax.pCp/(Km.p + Cp ))/Vp (5) 

dCddt = (Qcp - QCI - Vmax.lCl/(Km.i + CI ))/VI 

dXi/dt = V m d i /  K,I + CI 1 
(6) 

(7) 

The values of V,, VCI, and Q were assumed to be 1.5, 0.15 
mL and 85 mL h - I ,  respectively (Gerlowski & Jain 1983). 
To obtain the kinetic parameters, these equations were fitted 
to the experimental data by use of the non-linear least 
squares method MULTI associated with the Runge-Kutta- 
Gill method [MULTI(RUNGE)] on the mainframe com- 
puter, M-382, of the Kyoto University Data Processing 
Center. 

Based on the assumption of the competitive inhibition in 
liver uptake between dextran and Gal-BSA administered 
simultaneously, equations 5-7 are rewritten as: 
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FIG. 1. Physiological pharmacokinetic model for the disposition of [I4C]dextran (T-70). 

where K,,,,!' is the Michaelis-Menten constant of Gal-BSA 
on liver uptake and C( is the concentration in EC of Gal- 
BSA. Employing the parameters for Gal-BSA, the plasma 
and liver concentrations of [i4C]dextran in the simultaneous 
administration experiment were also simulated using the 
Runge-Kutta-Gill method. 

Results 

Tissue distribution and urinary excretion of dextran 
After intravenous injection of [I4C]dextran (T-70) to mice at a 
dose of 1 mg kg-I, a rapid elimination of radioactivity in the 
plasma was observed and up to 60% of the dose was 
recovered in the liver after 1 h (Fig. 2). The elimination of 
radioactivity from the plasma and the accumulation in the 
liver, however, were delayed with an increase of the dose. The 
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radioactivity in the liver did not decrease during the 
observation time at each dose. Urinary recovery of radioacti- 
vity at the end of the experiments was 30.5, 35.0, and 43.6% 
of dose for 1, 10, and 100 mg kg-I, respectively, and the total 
recoveries in the liver and urine were over 90% at each dose. 
Only a little radioactivity was counted in other tissues except 
the kidney in the early period after the injection (data not 
shown). 

In Fig. 2, the results of the disposition experiment of 
['"In]Gal-BSA at doses of 1 and 10 mg kg-' (Nishikawa et al 
unpublished data) are presented for comparison. [ItlIn]Gal- 
BSA was also dose dependently taken up by the liver but the 
rates of uptake were faster than those of [I4C]dextran at the 
same dose. 

Cellular localization of [I4C]dextran (T-70) in the liver 
The fractionation of liver cells was performed after intra- 
venous injection of [I4C]dextran (T-70) at a dose of 1 mg 
kg- I. One hour after administration, 4.82 and 1.19% of dose 
of [14C]dextran per lo7 cells were counted in parenchymal and 
nonparenchymal cells, respectively. This preferential uptake 

lOOr 

0 2 4 6 8 0 2 4 6 8 

Time (h) 

FIG. 2. Plasma concentration (A) and liver accumulation (B) of [I4C]dextran (T-70) after intravenous injection in mice at 
doses of 1 (A), 10 (O), and 100 mg kg-'  (0). Results are expressed as the mean+ s.d. of four mice. Results of [itlIn]Gal- 
BSA at doses of 1 (A) and 10 mg kg-' (0) (Nishikawa et a1 unpbblished data) are presented for comparison. 
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Table 1. Calculated AUC, clearance, and tissue uptake rate index for [I4C]dextran (T-70) in mice. 
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Clearance (pL h- I) Tissue uptake rate index (pL h-' gg') 
Dose AUC 
(mg kg-I) (% ofdose hmL-I) CLtotal CLI,,,, CLurine Liver Spleen Kidney Muscle 

I 17.2 5810 3730 1740 2650 35.2 30.7 8.55 
10 69.4 1440 906 412 749 16.9 14.9 6.59 

100 149 673 323 293 257 15.2 8.23 5.18 

Table 2. Pharmacokinetic parameters of [I4C]dextran (T-70) and 
[IlIInlGal-BSA in mice based on a physiological model. 
- 

Liver Blood pool 

Km.1 Vmdx.1 Km.p Vrnax,p 
Compound ( p g  mL-I) (pg h-I) ( p g  mL-') (pg h-I) 
Dextran 33 150 250 400 
Gal-BSA 0.3 1 490 I 1  400 

Constants: Q=85mL h-I, V,= 1.5mL,V1=0.15mL. Parameters 
of Gal-BSA were obtained previously, based on the same model 
(Nishikawa el a1 unpublished data). 

was similar to that found with Gal-BSA at  the same dose 
(Nishikawa et a1 unpublished data) which was known to be 
taken up  by the parenchymal cells via a receptor-mediated 
mechanism. The uptake ratio (PC/NPC) of 4.01 was greater 
than that of ["'In]cationized BSA (2.04) in mice which binds 
nonspecifically to both cell types according to  their surface 
area ratio (Nakane et a1 1988). 

Calculation of basic pharmacokinetic parameters and tissue 
uptake rate index 
Table 1 summarizes the AUC,, total-body, hepatic, and 
urinary clearances, and tissue uptake rate indices for intra- 
venously administered [I4C]dextran (T-70) a t  three doses. 
The apparent hepatic clearance was very large at  1 mg kg-l 
but decreased as the administered dose increased; total-body 
clearance also decreased. Tissue uptake rates in the spleen, 
kidney, and muscle were small compared with that of the 
liver and relatively constant regardless of the dose. 

Pharmacokinetic analysis based on a physiological model 
Equations 5-7 were simultaneously fitted to the experimental 
data of plasma concentration and liver accumulation at  three 

doses and the values of K,,], V,,,I, K,,,, and Vmax.p were 
calculated (Table 2) .  The simulated plasma concentration 
and liver accumulation curves after the injection of dextran 
at  doses 1, 10, and 100 mg kg-l were in good agreement with 
the experimental data a t  each dose (Fig. 3), suggesting that 
the hepatic uptake process and whole body distribution of 
[I4C]dextran (T-70) can be analysed by this physiological 
model. Compared with the value of K,,] of [lIIIn]Gal-BSA 
estimated from the same model (Table 2) ,  the affinity of 
[I4C]dextran (T-70) was 100 times lower. 

Competitive inhibition of hepatic uptake between ['4C]dex- 
tran (T-70) and Gal-BSA 
When Gal-BSA (30 mg kg-I) was administered with 
[I4C]dextran (T-70), the liver accumulation of dextran was 
markedly reduced to 0.0 and 1.0?4 of dose at 0.17 and 0.5 h 
after injection, respectively. At these times dextran had 
started to accumulate in the liver and at  2 h, 31.9% of dose 
was recovered in the liver. The plasma concentration also 
decreased more slowly compared with single administration, 
reflecting the slow accumulation in the liver. To analyse this 
phenomenon, the plasma concentration and liver accumu- 
lation curves of [I4C]dextran after simultaneous administra- 
tion were simulated using the present model with the values 
listed in Table 2. Simulation was performed assuming that 
dextran and Gal-BSA competitively inhibited each other 
only in the liver uptake process. Fig. 4 compares computer 
simulation curves and in-vivo distribution data. The two 
curves were in good agreement with experimental data. 

Discussion 

It is important to elucidate the disposition characteristics of 
carrier macromolecules in the strategy of optimizing drug 
disposition using chemical modification with macromole- 
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FIG. 4. Effect of coadministration of Gal-BSA (30 mg kg-I) on 
plasma concentration (0) and liver accumulation (A) of [I4C] 
dextran ( I  mg kg-I). The solid curves were calculated based on the 
equations 8-10 using the parameters listed in Table 2. The dashed 
curves represent the simulations after a single administration of 
dextran. 
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FIG. 5. The relationshi between apparent hepatic clearance and 

hepatic clearance based on equations 5-7 using the parameters listed 
in Table 2. Each point (0) re resents experimental data calculated 

plasma AUC. Results of ['I InIGal-BSA are shown for comparison 
(A, dashed curve). 

administered dose of [I B Cldextran in mice. The curve represents the 

by dividing total amount of[' B Cldextran accumulated in the liver by 

cules. In our previous study, it was revealed that the size and 
charge of dextran derivatives controlled their disposition 
behaviour a t  the high dose of 100 mg kg-I (Takakura et a1 
1990); receptor-mediated uptake was not recognized. How- 
ever, the biological recognition of dextran and its derivatives 
could be detected only at  doses sufficiently lower than the 
Michaelis constant of the interaction. In the present study, 
therefore, the disposition characteristics of dextran were 
investigated in detail a t  three different doses. 

Dextran is known to be resistant to metabolic degradation 
(Mowry & Millican 1953) and I4C-labelled dextran was also 
shown to be resistant to degradation in the liver of mice 
(Melton et a1 1987). Therefore, the disposition ofdextran can 
be efficiently examined by counting total radioactivity of 
labelled compound. The present results suggested the exis- 
tence of a special uptake mechanism for [14C]dextran at a 
dose of 1 mg kg-I. However, it is not specific for 14C-labelled 
compound, since liver uptake of [14C]dextran was reduced by 

co-administration with the native dextran at  doses of 10 and 
100 mg kg-I. 

The glomerular capillary wall functions as a discriminator 
of molecular size and electric charge (Arturson et a1 1971; 
Taylor & Granger 1984). In the present study, urinary 
clearance decreased with an increase of the administered 
dose (Table 1) and the accumulation of dextran in the kidney 
was negligible a t  each dose. Dextran consists of a range of 
mol. wt sugars and the fractions with relatively low mol. wt 
are rapidly filtered through the glomerulus. Unmodified 
neutral dextrans with molecular radii less than 20 A are 
reported to cross the glomerulus without restriction (Brenner 
et al 1978). On the other hand, the fractions with higher mol. 
wt are gradually restricted and dextran with molecular radii 
larger than 50 A is scarcely excreted in urine (Leypoldt et a1 
1987). At a high dose, the liver uptake is saturated and the 
mol. wt distribution in plasma will be shifted to a high- 
molecular region with time (Arturson & Wallenius 1964). 
However, only a small shift would occur a t  a low dose, since 
the contribution of urinary excretion is small under these 
conditions. This can give a rational explanation of the 
decrease of urinary clearance with an increase of the dose. 

Hepatocytes have a receptor for galactose-terminated 
glycoproteins and efficiently take them up from the circula- 
tion (Ashwell & Morel1 1974; Ashwell & Harford 1982). On 
the other hand, Kupffer and endothelial cells are known to 
have a receptor for mannose-terminated glycoproteins 
(Smedsred et a1 1990). The galactosylated and mannosylated 
albumins synthesized by the method of Lee et a1 (1976) are 
good candidates for ligands for receptors of the parenchymal 
and nonparenchymal cells in the liver, respectively (Fujita et 
a1 1990a). In the analysis based on the physiological model, 
the process of the receptor-mediated hepatic uptake was 
expressed as a Michaelis-Menten type of saturable process. 
The hepatic plasma flow, Q, was taken into account since the 
uptake of Gal-BSA was flow-limited at  doses lower than 
1 mg kg-I (Nishikawa et a1 unpublished data). The saturable 
elimination process from the plasma pool would represent 
the uptake by organs such as bone marrow and spleen which 
were reported to take up glycoproteins (Regoeczi et a1 1980; 
Summerfield et a1 1982; Jones & Summerfield 1988). In the 
case of dextran, however, the urinary excretion is the major 
route of elimination apart from hepatic uptake. The urinary 
clearance apparently followed non-linear kinetics in the 
present experiment as mentioned above (Table 1) and this 
was also included in extrahepatic elimination in the model. In 
Fig. 5 ,  the apparent hepatic clearance is simulated using 
equations 2 and 7 with values of K,,l, V,,x,l, K,,,, and Vmax.p 
listed in Table 2 and compared with values in Table 1 which 
were calculated independently of the model. Good correla- 
tion is observed suggesting the present pharmacokinetic 
model can explain the experimental results (Fig. 3). 

In Fig. 4, the plasma concentration and liver accumulation 
of [I4C]dextran (1 mg kg-I) co-administered with Gal-BSA 
(30 mg kg-I) were stimulated using pharmacokinetic para- 
meters obtained in independent experiments and assuming 
that Gal-BSA inhibits hepatic uptake but not extra-hepatic 
elimination of [14C]dextran. The curves obtained are in good 
agreement with the experimental data (Fig. 5 ) .  This result, 
together with the finding of cellular localization of [14C]dex- 
tran in the liver suggests that dextran is taken up by the same 
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m&anism as Gal-BSA, i.e. via the receptor for asialoglyco- 
protein. This new finding would explain an increase of the 
liver uptake of uricase conjugated with dextran observed 
previously (Fujita et al 1990b). 

In the present study, it is suggested that dextran is taken up 
by the liver via the asialoglycoprotein receptor in mice. The 
asialoglycoprotein receptor is known to be present in the 
liver of many mammalian species including man. In man, 
about 40% of dextran administered as a plasma expander 
accumulated in the body, probably in the liver (Arturson et al 
1964). Hence, the conjugation of drugs with dextran may 
lead to undesirable accumulation in the liver. In the strategy 
of optimizing drug delivery by conjugating with macromol- 
ecules, however, dextran is still one of the worthwhile carriers 
(Larsen 1989). Carboxymethylation of dextran is considered 
a promising approach, since carboxylmethyl-dextran uptake 
in liver is reduced and plasma concentration is high (Taka- 
kura et al 1990). The moderate anionic charge on dextran 
decreases the interaction with the tissue and prevents the 
recognition of its sugar residues by the asialoglycoprotein 
receptor. 
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