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Abstract--The anti-inflammatory agent naproxen (Nap) was covalently coupled to human serum albumin 
(HSA) and to the neoglycoproteins, galactose and mannose terminated HSA, to deliver this drug 
selectively to different cell types of the liver. Disposition of Nap,-HSA was studied in rats and compared 
to that of equivalent doses of mixtures of uncoupled drug and protein. The liver to kidney ratios of the 
drug (L/K-Nap) and the protein (L/K-prot.) were increased, indicating an improved delivery of both 
protein and drug to the target site. After injection of 1Opg Napa-HSA the L/K-prot. was increased 
15.0 + 0.21-fold as measured 1 hr after injection. Even after injection of 5 mg of the conjugate, the I& 
prot. was enhanced 5.6 ? 0.34-fold and the L/K-Nap 4.6 f 0.23-fold as measured 1 hr after injection. 
Immunohistochemical staining of liver slices revealed that the endothelial cells were the main sites for 
hepatic uptake. Further pharmacokinetic studies of Nap,-HSA in isolated perfused rat livers showed a 
saturable uptake process (V,,,, = 2.46 ,ug/min/lO.O g liver and K,,, = 4.27 x 10e6 M). The uptake in the 
liver could be inhibited by various polyanionic probes, indicating the major involvement of a scavenger 
receptor system in the internalization mechanism of Napm-HSA. This endothelial uptake via the 
scavenger receptor system is likely to be related to the increased negative charge of the Napalbumin 
conjugate as was revealed by anion exchange chromatography. Studies in the intact organ and in purified 
liver lysosomal lysates indicate that after internalization of Nap,-HSA the conjugate is proteolytically 
degraded leading to the formation of the lysine conjugate of Nap. This amino acid conjugate of Nap 
was shown in a previous study by us to be equipotent to Nap itself with regard to prostaglandin-E2 
synthesis inhibition. A pronounced altered intrahepatic distribution was observed when Nap was coupled 
to lactosaminated and mannosylated HSA (Lact-HSA and Man-HSA, respectively). Coupling of Nap 
to LactzrHSA and Manlo-HSA resulted in a major shift in intrahepatic distribution from endothelial 
cells to the hepatocytes and Kupffer cells, respectively. We conclude that conjugation of Nap to HSA 
itself results in a selective delivery to endothelial cells and that the local proteolysis of the conjugate 
produces an active catabolite. Selective delivery to other cell types of the liver can be achieved by 
attaching naproxen to neoglycoproteins with an appropriate type and number of sugar groups. 

Site-specific drug delivery can be achieved by linking 
drugs to various macromolecular carrier systems 
[l-3]. Such approaches that aim to increase local 
concentrations and simultaneously reduce unwanted 
side effects may both improve efficacy and safety of 
therapeutic agents. Selective delivery of phar- 
macologically active compounds to certain cell types 
in order to improve their metabolic function may 
also contribute to a better understanding of particular 
pathophysiological processes, residing in, or associ- 
ated with, such cells. 

Inflammation is a characteristic feature of various 
chronic diseases affecting different kinds of tissues 
and organs and can be treated with a large variety 
of drugs. Long term therapy with anti-inflammatory 

t Corresponding author: Tel. (31) 50-613215; FAX (31) 
50696619. 

agents, however, often coincides with various 
unwanted effects, like gastro-intestinal problems 
and/or kidney damage [4]. 

In many chronic liver diseases such as cirrhosis 
and fibrosis, inflammatory processes may play an 
important role. Gram-negative sepsis for instance 
inducessecretionofvariouscytokinesandeicosanoids 
mainly through the interaction of endotoxins with 
non-parenchymal cells of the liver [5,6]. Various 
eicosanoids have been proposed to influence the 
course of such diseases. Some of these mediators 
may inhibit fibrotic and cirrhotic processes while 
others contribute to or sustain the development of 
these disorders [7]. The intercellular communication 
via such substances in the liver is considered to be 
a crucial mechanism in the development of pathology 
[6]. To restrict the side effects of various types of 
anti-inflammatory drugs in the therapy of liver 
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disease, site-specific drug delivery is an interesting studied. In addition, the intrahepatic cellular 
option. Major side effects by such agents occur in 
the kidney [4]. By a covalent linkage to suitable 

distribution and processing of the conjugates was 
examined. It is shown that in principle protein 

carriers a more favorable distribution in the body carriers can be designed to provide selective delivery 
might be achieved leading to an improved therapeutic of Nap-like compounds to the various cell types in 
index. the liver. 

Neoglycoproteins have earlier been proposed to 
serve as carriers for various therapeutic agents to 
the liver [2,3]. The hepatic clearance of these 
particular glycoproteins can be mediated by different 
types of receptors, depending on the exposed sugar 
and net charge of the molecule. Among others, 
galactose-recognizing receptors located at the surface 
of hepatocytes [8], two types of scavenger receptors 
present on endothelial cells and Kupffer cells, 
recognizing polymeric or monomeric negatively 
charged proteins, respectively [9], as well as 
glycoprotein receptors recognizing mannose residues 
on endothelial cells [lo, 111 or mannose residues 
combined with negative charge on Kupffer cells [ 121 
have been described. Binding of the (neo)- 
glycoproteins to these receptors is followed by 
endocytosis and most of the internalized material 
ends up in the lysosomes of the cells. In these 
organelles the proteins are digested into their single 
amino acid constituents. By linking drugs to such 
glycoproteins a cell specific delivery and subsequent 
liberation of pharmacologically active compound 
may in principle be achieved. In this respect, 
lactosaminated and mannosylated albumin have 
been proposed for targeting to hepatocytes and 
Kupffer cells, respectively [12,13]. A potential 
problem in this targeting concept is that by coupling 
a number of drug molecules to the chosen 
glycoprotein carrier, the specific cellular recognition 
may be corrupted. Consequently an optimal 
compromise with regard to drug loading and 
maintenance of cell-specificity should be looked for 
[14,15]. 

MATERIALS AND METHODS 

Animals. Male Wistar rats (250-300 g) were fed a 
standard lab chow (Hope Farms N.V., Woerden, 
The Netherlands) and had free access to water. 

Reagents and chemicals. Nap and HSA (fraction 
V) were obtained from the Sigma Chemical Co. (St 
Louis, MO, U.S.A.). The neoglywproteins (Lactz,- 
HSA and Manlo-HSA) were synthesized by standard 
methods. Lactosamination was carried out by the 
method of Schwartz and Gray [21]; mannosylation 
was done by the procedure described by Kataoka 
and Tavassoli [22]. Succinylated HSA (Sue-HSA) 
was synthesized by the method of Jansen et al. [23]. 
&-Nap-lysine was synthesized as described previously 
[17]. Acetonitrile and other reagents were of 
analytical or reagent grade. Water for HPLC analysis 
was of Millipore quality. 

So far, this concept has been explored for various 
antineoplastic and antiviral agents [13,16]. The 
present study was undertaken to examine this 
targeting modality for anti-inflammatory drugs. 
Naproxen (Naps) was chosen as a model drug for 
the following reasons: 

1. Naproxen has a relatively simple structure: the 
carboxyl group is the only reactive functional group 
and can be used for an amide linkage with the amino 
groups of proteins [17]. Carboxyl groups available 
for conjugation are present in many cycle-oxygenase 
inhibitors as well as in some lipoxygenase inhibitors. 

2. Nap and its metabolites can be analysed in 
biological material with highly sensitive and specific 
fluorimetric methods [17,18]. 

Synthesis and characterization of Nap-HSA, Nap- 
Lactz7-HSA and Nap-Man,o-HSA. Nap was coupled 
to HSA and the neoglycoproteins by the method of 
Franssen et al. [17] (Fig. 1). The degree of substitution 
was estimated by analysis of drug, protein content 
and number of unreacted amino groups of the 
protein as described before [17]. The total amount 
of covalently linked Nap was determined after 
alkaline hydrolysis of the different drug-protein 
conjugates. Briefly, 10mg of the conjugate was 
treated with 1 mL 6 N NaOH. The solution was 
incubated at 80” for 72 hr. After acidification with 
1.5 mL 6 N HCl, the hydrolysate was extracted with 
6mL dichloromethane. After evaporation of the 
organic solvent under a nitrogen atmosphere, the 
residue was dissolved in the HPLC eluent and the 
drug content was determined by HPLC. Non- 
covalently bound Nap was determined by direct 
extraction with dichloromethane. The amount of 
protein was determined according to Lowry et al. 
[24]. The number of free amino groups was 
established by the method of Habeeb [25]. 

3. The pharmawkinetics of Nap itself are well- 
known [19,20]. 

In the present study Nap was covalently coupled 
to the following carrier proteins: human serum 
albumin (HSA), lactosaminated HSA (Lactn-HSA) 
and mannosylated HSA (Manlo-HSA). The kinetics 
in viuo and in the isolated perfused rat liver were 

Radioiodination. Proteins were labeled with lzsI 
to a specific activity of 0.1 ,&i/pg by usin 
chloramine-T method [26]. Unattached Q 

a mild 
=I was 

removed by gel liltration on a Sephadex G25 column. 
Immediately prior to the experiments noncovalently 
bound *=I was removed on a PD-10 column and 
radioactivity recovered in the void volume was 
>98% precipitable with trichloroacetic acid which 
was added to a final concentration of 10%. 

P Abbreviations: HSA, human serum albumin; Nap, 
naproxen; La&,-HSA, lactosaminated HSA (27 : 1); Man,,,- 
HSA, mannosylated HSA (10: 1); Sue-HSA, succinylated 
human serum albumin; TC, tyramine-cellobiose. 

In the double-label experiments, proteins were 
labeled on both their tyrosine and lysine residues 
with ‘=I and 1311, respectively. The tyrosine residues 
of Nab-HSA (0.1 pCi/pg) were labeled with ‘=I 
using the chloramine-T method as described above 
[26]. The lysine residues of the conjugate were 
labeled with 1311 via tyramine-cellobiose (TC) 
& &i/pg) by the method of Hysing and Tolleshaug 
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Fig. 1. Scheme for the preparation of Napalbumin and the Nap-glycoalbumin conjugates. The x 
denotes variable degrees of drug substitution. DCC, dicyclohexylcarbodiimide; NHS, N- 

hydroxysuccinimide. 

Fast Protein Liquid Chromatography (FPLC) 
characterization of the conjugates. Molecular mass 
estimation: The chromatographic behaviour on a 
Superose-12 column was studied to investigate 
whether the coupling reactions produced dimers or 
polymers as described previously [12]. In short, 
lOO& (1 mgfml) of the conjugates was injected 
into the FPLC system equipped with a Superose-12 
column (Pharmacia, Woerden, The Netherlands). 
Elution was performed with phosphate buffered 
saline, pH 7.4 at a flow rate of 0.5 mL/min. 

Charge estimation: The relative net negative 
charge of the conjugates was determined on the 
FPLC system equipped with a Mono-Q anion 
exchange column (Pharmacia, Woerden, The 
Netherlands). Buffer A was a Tris-HCl buffer 
(0.02 M, pH7.4) and buffer B was buffer A plus 
1 M NaCl. Elution was performed at a flow rate of 
0.25 mL/min with a gradient from 100% A to 100% 
B in 30min. Again 1OOpL (1 mg/mL) of the 
conjugates was injected into the FPLC system. 

Analysis of Nap and NaF-lys~ne. Nap and Nap- 
lysine were determined by HPLC with fluorescence 
detection by the method of Franssen et al. [18]. The 
mobile phase consisted of water-acetonitrile-acetic 
acid (60:40: 1 by vol.); the flow rate was 2.0 mL/ 
min. The column was a pbondapack C-18 (Waters/ 
Mitlipore Corp., Milford, MA, U.S.A.). The 
detector was a Waters 470 dual monochromator, 
operating at excitation wavelength 330 nm and 
emission wavelength 360 nm. Flurbiprofen was used 
as an internal standard, added prior to extraction 
and monitored simultaneously by UV-detection 
(Waters 440; 254nm). Nap was determined after 
extraction. Briefly, plasma or tissue homogenates 
(100 &) were mixed with phosphate buffer 1 M 
pH 4.6 (freshly prepared containing 20 pg/mL 
flurbiprofen), until a final volume of 2 mL; 6 mL of 
dichloromethane was added. The mixture was 
vortexed for 1 min and centrifuged at 3000g for 
10 min. The organic phase was evaporated under a 

nitrogen atmosphere. The residue was dissolved in 
300& eluent and 100 PL was injected into the 
HPLC. Nap in the form of covalently bound 
conjugates was analysed after alkaline hydrolysis of 
samples of plasma and tissue homogenates as 
described above. Nap-lysine was assayed by mixing 
plasma with two volumes of acetonitrile, centrifuged 
as described above and injected into the HPLC. 
Retention times were 3.1 min (Nap-lysine), 10.8 min 
(Nap) (mobile phase water-acetonitrile-acetic acid 
60:40: 1; flow 1.5 mL/min). 

Qualitative analysis of e-Nap-lysine in lysosomal 
preparation by LC-MS. The presence of e-Nap-lysine 
was verified by the use of LC-MS with an ion-spray 
device by the method of Bruins et al. [28]. 
Chromatography conditions were similar as described 
above. 

Immunohistochemical staining of liver sections. 
One milligram of the particular conjugate was 
injected in the vena penis dorsalis and after 10 min 
the animals were killed. Pieces of liver were 
immediately frozen in isopentane (-80“) and stored 
at -80“ until sectioning. Sections of 4 pm were cut 
in a cryostat (-209). Staining of the endocytosed 
material and different cell types was performed as 
described previously by the method of Harms et al. 
IW* 

~~~~tion of in~ahepat~ d~t~bution. The extent 
of uptake in different hepatic cell-types was evaluated 
by tight microscopy. The content was graded semi- 
quantitatively on a O-4+ scale (0 = absent; l+ = 
low; 2+ = medium; 3+ = high; 4+ = very high). 

Dktribution of Napm-HSA in vivo. A bolus dose 
of the radioiodinated protein, Napzo-[1251-13*I]TC- 
HSA (10 H and 5 mg), was injected into the vena 
penis dorsalis of anesthetized rats (pentobarbital, 
60 mg/kg; i.p.) (N = 4 each). After 1 or 24 hr a 
blood sample was taken by heart punction. After 
the animals were killed, the liver, kidneys, spleen, 
brain and plasma samples were counted in a 
LKB-Multichannel gamma counter for protein 
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measurement. For drug measurements similar 
experiments were carried out. Organs were removed 
and tissue homogenates were prepared as described 
before [30]. The weights of the organs were (g f SD): 
the liver, 10.07 2 2.24; the kidneys, 2.08 f 0.18; the 
spleen, 0.66 + 0.14; the brain, 1.39 * 0.176. The 
total volume of plasma was estimated to be 7.5 mL. 
Total amount of Nap and unconjugated Nap were 
assayed by HPLC as described above. 

Isolated perfused rat liver experiments. Experi- 
ments with isolated perfused rat livers were 
performed as described previously [31]. Briefly, 12- 
hr fasted rats were anesthetized with pentobarbital 
(Nembutala60 mg/kg; i.p.). The bile duct, the portal 
vein and the superior vena cava were cannulated. 
The liver was excised and placed in the perfusion 
apparatus. The temperature was kept at 37”; the 
perfusate flow was maintained at 35 mL/min at a 
hydrostatic pressure of lo-12 cm. The recirculating 
perfusion medium (100 mL) consisted of a Krebs- 
bicarbonate buffer supplemented with 0.1% glucose 
and 1% bovine serum albumin and was constantly 
gassed with 95% oxygen and 5% carbon dioxide. 
To replace bile salts, an infusion of sodium 
taurocholate was given (15 pmol/hr). After a 
stabilization period of 20 min Nap-lZ51-HSA (0.5,25, 
100,300,400 pg, N = 3) was injected into the mixing 
chamber and, at the indicated times, perfusate 
samples of 300 PL were taken and mixed with 300 PL 
ice-cold 20% trichloroacetic acid. These mixtures 
were vortexed and centrifuged at 2500rpm for 
10min. The pellets were washed with 6OOpL 
trichloroacetic acid 20%. The radioactivity of the 
combined supernatant and pellet was counted in 
a LKB-Multichannel gamma counter. In the 
competition experiments, 25 mg Sue-HSA was given 
5 min prior to injection of Nap-[1251]HSA. 

Drug release of Napzo-HSA after incubation with 
lysosomal lysates of the liver. Triton WR-1339-filled 

lysosomes were prepared by the method of Huisman 
et al. [32]. The lysosomal fraction was purified 
50 2 1Zfold (mean + SD; nine isolations) with 
respect to the homogenate as indicated by its specific 
acid phosphatase activity. Fractions were frozen in 
liquid nitrogen and stored at -20”. Before use in 
the incubation mixtures, they were diluted with an 
equal volume of distilled water and the lysosomal 
membranes were ruptured by three cycles of freezing 
in liquid nitrogen and thawing at 38”. Dipeptidase 
activities of these lysates were (nmol/min/mg 
protein): 31 (Ile-Glu); 14 (Ala-Leu); 21 (Glu-Ala); 
46 (His-Leu) and 31 (Ile-Asp). In the catabolism 
studies, this lysosomal extract (2OpL was diluted 
with 500 PL buffer (containing: HAc b aAc 0.5 M, 
D’IT 4 mM, lOpg/mL flurbiprofen; pH 5.0) and 
250 PL conjugate solution [conjugates were freshly 
dissolved in water (Millipore quality)] and buffer 
was added until a final volume of 1.0 mL and a final 
concentration of 1.0 mg/mL. This solution was 
incubated at 37”. Samples (1OOpL) were taken at 
indicated times and diluted with three volumes 
of methanol. The mixtures were vortexed and 
centrifuged (2 min, 3000g) and stored at 4” until 
HPLC analysis. The supematants (50 pL) were 
injected into the HPLC as described above. 

Pharmacokinetic analysis. Kinetic studies were 
performed using the multifit modified CFT3 program 
[33], which was implemented on the Olivetti PC. 

Statistical analysis. Statistical comparisons were 
made with Student’s t-test after checking equality of 
variances with a F-test; P < 0.05 was selected as the 
minimal level of statistical significance. 

RESULTS 

Synthesis and characterization of the conjugates 

Table 1 shows that by increasing the molar Nap 
to neoglycoprotein ratio in the reaction mixture, an 

Table 1. Characterization of the conjugates 

DN~ conjugates Nap:C DS RFAG PC MWC CHc 

Nap,-HSA 1:l 0.98 61 90 NS 2.35 
Naps-HSA 1O:l 4.75 54 80 NS 3.73 
Nap,-HSA 1OO:l 20.15 12 68 NS 14.07 
Nap,-Manlo-HSA 5O:l 3.98 17 56 NS 3.09 
NapS-Lact,-HSA 6O:l 5.07 20 45 NS 5.91 

Nap: C, the molar ratio of Nap versus the carrier (C) (HSA, Man,a-HSA and Lactrr-HSA) 
in reaction mixture. 

DS, the degree of drug substitution: the number of Nap molecules per carrier molecule, as 
established by HPLC (Nap) and by analysis of protein content by the method of Lowry er al. 
WA1 
‘-GAG, the number of residual free amino groups as established by the method of Habeeb 
1251. 

PC, the protein content of the conjugate as established by the method of Lowry et al. [24], 
after lyophilixation of the conjugates (% g/g). 

MWc, the changes observed in molecular mass, as established by FPLC using a Superose- 
12 column. The values represent the shift in retention times as compared to the carrier itself 
(HSA, Mama-HSA and La&,-HSA). 

CHc, the changes observed in charge, as established by FPLC using the Mono-Q anion 
exchange column. The values represent the shift in retention times as compared to the carrier 
itself (HSA, Manra-HSA and Lactn-HSA). 

NS, not significant. 
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enhanced amount of Nap was coupled to the protein 
as measured by HPLC. This coincided with a 
corresponding decrease in the number of unreacted 
amino groups of the albumin molecule (column 
RPAG). The increase in degree of drug su~titution 
of the conjugates correlated with prolonged retention 
times as observed after elution on an anion exchange 
column (Fig. 2). This indicated enhanced net 
negative charges as compared to those of the 
unconjugated protein carriers (cohnnn CHc). As 
can be deduced from column M?Vc, the synthesis 
conditions were such that no polymeric products 
were obtained. 

Distribution of NapzO-HSA in vivo 

The organ distribution of Nam-HSA was studied 
in vivo with respect to the disposition of both drug 
and protein. The fate of the drug was monitored by 
measuring total and free amount of drug. The fate 
of the protein was monitored by a double labeling 
technique. This technique allowed discrimination 
between initial uptake and uptake followed by 
degradation. The results, expressed as absolute 
values (% dose/g tissue) and relative values (liver 
to kidney ratios), are shown in Tables 2-6. All values 
in Tables 2-5 are expressed as the % dose/organ 

A 1 

Fig. 2. FPLC-characterixation of Nap,-HSA (A), Nap,- 
Lact,.-HSA (B) and Nap,-Man,-HSA (C). The retention 
time on the Mono-Q anion exchange column is related to 
the net negative charge. 1, HSA; 2, Nap*-HSA; 3, Naps- 
HSA; 4, Nab-HSA; 5, Lact,HSA; 6, Nap&actz,-HSA; 

7, Man,@-HSA and 8, Nap,-ManlO-HSA. 

BP 45:6-O 
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(mean -C SD, N = 4). The values between brackets 
denote % dose/g organ. 

Table 7. Intercellular hepatic distribution of the carriers 
and their Nap conjugates 

The influence of covalent drug incorporation with 
respect to disposition of both protein and drug was 
studied with the liver to kidney ratio (L/K) as a 
parameter for their disposition selectivity. One hour 
after injection, the L/K-protein-[1311]TC values were 
significantly increased after injection of both 1Opg 
and 5 mg Nap2a-HSA: 15.0-fold (conjugation) vs 1.4- 
fold (mixture) and 5.6-fold (conjugation) vs l.l-fold 
(mixture), respectively. The L/K-proteinJ51 values 
were also increased (3.4 vs 1.2 and 2.0 vs 0.8, 
respectively). This coincided with an increase of the 
L/K-Nap concentration ratio: 4.6 (conjugation) vs 
0.9 (mixture) (in the case of the 5 mg dose). Similar 
results were found 24 hr after injection. These data 
clearly indicated a major and initial hepatic selectivity 
of both protein and drug by the covalent binding to 
albumin per se. 

Cell-type 

Compound PC KC EC 

HSA 
Lact,,-HSA 
Man,,-HSA 
SW-HSA 
Nap,-HSA 
Naps-HSA 
Nap,-HSA 
Naps-Lactr,-HSA 
Nap,- Man,,-HSA 

0 0 
++++ 0 

0 ++++ 

z + 
0 

8 0 
+ 

+++ 0 
0 +++ 

0 
0 
0 

+++ 
+ 
++ 
+++ 
+ 
+ 

PC, parenchymal cells; KC, Kupffer cells; EC, 
endothelial cells. 

Cellular distribution of the conjugates 

The content was graded semi-quantitatively by immuno- 
histochemical detection on a O-4+ scale (0 = absent; 1+ = 
low; 2+ = medium; 3+ = high; 4+ = very high). 

Table 7 shows the uptake of the conjugates in 
different liver cell types. NapzO-HSA was mainly 
located in the endothelial cells. Nap-Lactz,-HSA was 
predominantly taken up in hepatocytes and Nap- 
Mania-HSA was selectively taken up by Kupffer 
cells. The last two conjugates also showed some 
distribution to endothelial cells. 

Experiments in the isolated perfused rat livers 

material, representing degraded material, started to 
appear in the perfusate. The total amount excreted 
in bile after 60 min was less than 0.5% of the dose. 
A V,,,,, of 2.46 pg/min per 10 g liver and a K,,, of 
4.27 x 10e6M for the removal of Napm-HSA from 
the perfusate were established by kinetic analysis of 
the nonlinear decay curves [34]. 

The mechanism and characteristics of the selective 
hepatic distribution were further investigated in 
isolated perfused rat livers. The perfusate dis- 
appearance of 0.5 yg Nap2a-HSA is shown in Fig. 3. 

Nabs-HSA was removed from the perfusate with 
an initial half life of 5.5 min. The corresponding 
clearance was 12.7 mL/min. After a lag-time of 
approximately 10 min, trichloroacetic acid soluble 

The hepatic clearance could be inhibited by various 
polyanionic probes. Sue-HSA is a specific ligand for 
the scavenger receptor, located on endothelial cells 
[9]. Studies with this compound revealed that it 
inhibited liver uptake of Napzr,-HSA almost 
completely (Fig. 3). This suggests that scavenger 
receptors are of major importance in the removal of 
Napas-HSA by the liver. 

10 20 30 40 50 60 

time tmin) 

Fig. 3. Effects of 25 mg Sue-HSA (squares) on the perfusate disappearance of 500 ng of Napm-HSA in 
the isolated perfused liver. Circles denote controls. Acid-precipitable radioactivity is represented by 
closed symbols and open symbols refer to acid-soluble radioactivity. Data are means of three 

experiments. 
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1-0 hr 1.1 hr I-4 hr 

- Retention time (mid 

Fig. 4. HPLC after incubating NapZO-HSA (l.Omg/mL) with liver lysosomal lysates. Arrow A denotes 
Nap-lysine and arrow B denotes Nap. 

Degradation of NapzO-HSA by lysosomal lysates of 
the liver 

The intracellular processing of NapZO-HSA was 
further examined in lysosomal preparations (Fig. 4). 

The main catabolite observed was e-Nap-lysine 
(1M, = 358), as established by spiking known amounts 
of the pure compound to some of the samples and 
also by mass-spectral analysis. Control experiments 
with e-Nap-lysine and Nap under similar conditions 
revealed that these compounds were not further 
metabolized. The rate of Nap-lysine formation was: 
0.20 zf: 0.035 nmol/mg/hr from Nap=-HSA (N = 
31, 1.61 * 0.020 nmol/mg/hr from Nap-Lactn-HSA 
(N = 3) and 0.49 ‘- 0.063 nmol/mg/br from Nap- 
Manlo-HSA (N = 3). 

DISCUSSION 

The results presented in the present study 
demonstrate that hepatic delivery of drugs can be 
achieved in vitro by covalent coupling to native 
albumin per se. Tbis was demonstrated by linking 
the anti-inflammatory drug Nap by its terminal 
carboxyl group to the lysine residues of native HSA. 
Only in case a covalent linkage was used, a selective 
d~st~bution to the liver was obtained. As could be 
anticipated, non-covalent binding did not alter the 
disposition of the drug and protein significantly 
[30,35]. Coupling to albumin seems an attractive 
option for drug delivery to endothelial cells of the 
liver. As anticipated, apart from the liver, elevated 
levels (albeit to a smaller extent) were also detected 
in the spleen, probably due to the presence of 
scavenger systems in the endothelial cells of this 
organ, 

A completely different intrahepatic distribution 
was obtained by the introduction of specific sugar 
moieties in the albumin molecule. In this respect, 
galactose and mannose residues were shown to serve 
as homing devices for hepatocytes and Kupffer cells, 
respectively. These targeting strategies may be of 
use for a cell-specific delivery of prostaglandin and 
leucotriene synthesis inhibitors. Additionally, cell- 
specific delivery of such agents may provide cell- 
biological tools to study intercellular communication 
in the liver via various eicosanoids and thereby may 

aid the elucidation of the complex pathophysiology 
of cirrhosis and fibrosis. So far, little is known about 
the specific uptake of such macromolecules in fat 
storing cells, cell types which are also involved in 
fibrogenetic pathophysiolo~ [7]. 

Covalent coupling of the model drug Nap was 
done by an active ester activation. Amajor advantage 
of this coupling procedure above others is the 
absence of formation of polymeric and denaturated 
side-products [ 171. The reaction resulted in formation 
of stable e-amide bonds. This amide formation 
reduces the number of positively charged amino 
groups in the albumin molecule and thereby increases 
its net negative charge. In the present study this was 
confirmed by both analysis of free amino groups of 
the protein and anion exchange chromatography. 

We reasoned that the enhanced negative charge 
of such drug-protein conjugates may promote 
binding to various scavenger receptors in the liver. 
These receptors have been established on endothelial 
cells [9,36-381 and Kupffer cells [9,34,39]. Various 
polyanionic macromolecules like acetylated low 
density lipoproteins [40] and albumin [41] modified 
with anionic reagents were shown to bind avidly to 
these receptors followed by receptor-mediated 
endocytosis. Indeed our in vivo data clearly show 
the major involvement of the liver in the total 
clearance of Nap2a-HSA. The differences in the liver 
accumulation values between the two applied labels 
further indicate extensive catabolism into smaller 
peptide fragments in vivo. Since the [1311]TC-label 
cannot escape from the intracellular space after 
protein digestion, the values calculated for this label 
reflect overall protein uptake 142,431. In contrast, 
the i251-label can leave the cells in the form of free 
iodine or mono-iodotyrosine. Accumulation values 
based on this label therefore result from the 
combination of uptake and degradation of the 
protein. The corresponding accumulation value as 
measured in the organs for total Nap confirmed the 
enhanced hepatic uptake of this drug through 
coupling to the albumin. These data further indicate 
an intracellular release and partial efflux of Nap 
from the cells, mainly in the form of its amino acid 
conjugate Nap-lysine. 

In the experiments with the isolated perfused 
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livers we found direct evidence for a receptor- 
mediated uptake of the Nap conjugates. This uptake 
could be fully inhibited by various anionic probes 
like SW-HSA. Furthermore, immunohist~he~st~ 
showed that the endothelial cells were the main sites 
of this uptake. Therefore we conclude that scavenger 
receptors located on the endothelial cells and 
recognizing proteins with an overall negative charge 
are mainly involved in the rapid hepatic clearance 
of Nap,-HSA in uiuo. Our findings seem to be in 
good agreement with those of others concerning 
albumins derivatized with anionic probes. For 
instance, a previous report about fluorescein- 
derivatized albumin also showed high hepatic 
clearances in uitro (10.0 mL/min vs 12.7 mL/min as 
measured for Napes-HSA) [15]. Studies with HSA 
conjugated with dinitrophenyl groups in viuo also 
showed rapid blood clearance. Skogh et al. [14] 
proposed hydrophobicity as a major determinant 
involved in this clearance. They showed that 
this blood clearance was independent of serum 
complement and was not affected by various sugars, 
like galactose and mannose. However, they did not 
investigate the infhrence of anionic or hydrophobic 
probes on the clearance. 

Despite a major dist~bution of Naps-Lact.zT-HSA 
to the hepatocytes, a small part of the conjugate was 
still recovered in the endothelial cells. A similar 
observation was made for Nap4-Manis-HSA. Like 
Manis-HSA itself, Napa-Mann,-HSA was pre- 
dominantly internalized by Kupffer cells. These liver 
macrophages are known to recognize specifically 
mannose residues combined with a negative charge 
[12]. The additional uptake in endothelial cells may 
indicate that the above mentioned scavenger receptor 
system, at least to some extent, contributes to the 
hepatic disposition of Naps-Lactn-HSA and Napl- 
Manis-HSA. At present it remains to be clarified 
whether, besides net charge, other characteristics 
such as size and hy~ophobi~ty of the conjugates 
may affect the binding to these different types of 
receptors. In this respect, the nature of the drug, 
the linkage method as well as the degree of 
substitution may be critical determinants. This will 
be an interesting point for further investigation. 

In drug targeting strategies with covalent drug- 
carrier complexes, one crucial condition to be 
fulfilled is the regeneration of the drug in an active 
form at the site of action [17,44]. In the present 
study we have shown that this is the case for Nap 
conjugated to HSA and related neoglyco-albumins 
due to the biodegradability of the chosen carrier 
molecules. The experiments with the lysosomal 
preparations revealed that Nap was regenerated in 
the form of the active e-Nap-lysine derivative. At 
this particular site this catabolite was not further 
converted into Nap itself. This finding parallels our 
earlier observation with Nap conjugated to lysozyme 
as a carrier for renal drug targeting [ 181. In contrast 
to the major hepatic dist~bution for its albumin 
analog, this lysozyrne drug-protein conjugate 
predominantly distributes to the kidneys as a result 
of glomerular filtration, followed by tubular 
reabsorption, Renal lysosomal digestion of this 
conjugate also resulted in formation of the Nap- 
lysinecatabolite. Interestingly, thiscataboliteshowed 

equipotent activity in vitro with respect to 
cyclooxygenase inhibiting potency relative to that of 
the parent drug (181. 

In conclusion, specific delivery of anti-inflam- 
matory agents, like Nap, to endothelial cells of the 
liver is possible by their coupling to albumin per se. 
The enhanced negative charge and/or increased 
hydrophobicity introduced by coupling of up to 
20 Nap molecules may promote binding to and 
uptake via scavenger receptors. Receptor-mediated 
endocytosis of these negatively charged monomeric 
conjugates in endothelial cells of the liver is likely 
since uptake could be largely inhibited by SW-HSA. 
By attaching additional sugar moieties like galactose 
and mannose as homing devices for hepatocytes and 
Kupffer cells, respectively, a shift in distribution to 
these other cell-types was obtained. Local proteolysis 
of such drug conjugates in lysosomes may result in 
the formation of active catabolites, such as Nap- 
lysine, observed in the present study. 
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