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Introduction 

Drug targeting technology aims at delivering higher amounts of drug specifically to the 
desired site of action and at minimizing potential adverse effects in non-target organs. In 
recent years, we have evaluated this concept using low molecular weight proteins 
(LMWPs) as drug carriers for selective delivery to the kidneys of various drugs, such as the 
angiotensin converting enzyme (ACE) inhibitor captopril or the non-steroidal anti-
inflammatory agent (1). Although these drugs are being used routinely for different 
indications without serious side-effects in the majority of patients, renal delivery may 
improve their effectiveness by increasing drug concentrations locally within the kidney 
without effectuating systemic effects such as blood pressure reduction. Eventually, this 
approach may help in understanding the contribution of organ-specific effects to the overall 
therapeutic profile of the drug. In the kidneys, LMWPs are freely filtered through the 
glomerulus and reabsorbed by receptor-mediated endocytosis into the proximal tubular 
cells and subsequently catabolized intralysosomally into small peptides and single amino-
acids (2,3). Our studies demonstrated that drug-lysozyme conjugates selectively 
accumulated in the kidneys after intravenous administration (4-7). However, it is not 
feasible to administer such conjugates intravenously for long-term therapy in animal or 
human subjects. Although several routes of administration have been used for oligopeptides 
and proteins, such as oral, nasal and pulmonary route, the inconsistent and low 
bioavailability, local irritation and immunogenicity imply major limitations (8,9). We now 
propose subcutaneous administration as an alternative dosage regimen for macromolecular 
drug targeting conjugates. In fact, this route of administration has been used for the 
systemic delivery of LMWPs and other macromolecules such as insulin and heparin and 
has proven to be valid for extensive periods of time without serious side effects. Yet, the 
local stability at the subcutaneous site of injection and the rate of absorption of proteins 
from the subcutaneous tissue can be quite unpredictable and variable (8,10,11).  

In the present study, we determined the absorption of the renal-selective carrier 
lysozyme from the subcutaneous injection site and studied the renal handling in the 
physiological and pathological (proteinuria) state using gamma camera scintigraphy in 
healthy and adriamycin-induced proteinuric rats. In these studies, we used a radiolabeling 
technique (123I-tyramine-cellobiose labeling), which ensures entrapment of the radiolabel in 
the cells in which the product is internalized and degraded, thus allowing clear visualization 
of the distribution of the protein to the organs. In addition, we studied the pharmacokinetic 
fate of captopril-lysozyme conjugate following subcutaneous and intravenous injections. 
The captopril concentrations in kidneys and urine were estimated to assess the extent of 
renal uptake and loss of the conjugate in the urine, while plasma and renal ACE activities 
were determined to assess the formation of pharmacologically active drug from the 
captopril-lysozyme conjugate. Together, these analyses allowed us to evaluate the 
feasibility of the subcutaneous administration route as well as the fate of the targeted drug 
once accumulated in the kidneys. 
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Abstract 

In previous studies, we have demonstrated that the low molecular weight protein 
lysozyme can be used as a renal-selective drug carrier for delivery of the angiotensin 
converting enzyme (ACE) inhibitor captopril. Typically, such macromolecular drug 
targeting preparations are administered intravenously. In the present study, we investigated 
the fate of captopril-lysozyme following subcutaneous administration, a convenient route 
for long-term treatment. The absorption from the subcutaneous injection site and renal 
uptake of lysozyme were determined by gamma-scintigraphy in rats. Bioavailability, renal 
accumulation and stability of the captopril-lysozyme conjugate were evaluated by HPLC 
analysis and by ACE activity measurements. Lysozyme was absorbed gradually and 
completely from the subcutaneous injection site within 24 hours and accumulated 
specifically in kidneys. After subcutaneous injection of the captopril-lysozyme conjugate, 
higher renal captopril levels and lower captopril-lysozyme levels in urine indicated the 
improved renal accumulation in comparison to intravenous administration of the conjugate, 
as well as its stability at the injection site. After both treatments, captopril-lysozyme 
conjugate effectuated renal ACE inhibition, while plasma ACE was not inhibited. In 
conclusion, our results demonstrate that we can use the subcutaneous route to administer 
drug delivery preparations like the captopril-lysozyme conjugate. 
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Materials and Methods 

Radiolabeling of lysozyme 
As described previously, lysozyme was labeled with radioactive iodine via tyramine-

cellobiose, a label that is retained intracellularly after lysosomal degradation of the protein 
(12). Briefly, the synthesis of tyramine-cellobiose (TC) was performed by reductive 
amination of cellobiose with tyramine (13). 10 mmol Cellobiose, 10 mmol tyramine 
hydrochloride and 10 mmol propionic acid were dissolved in 40 ml methanol. Sodium 
cyanoborohydride was dissolved in 15 ml methanol and added drop-wise. The mixture was 
refluxed overnight. Acetone (300 ml) was added and the precipitate was filtered. The 
precipitate was dissolved in water overnight and applied to a cation exchange column 

(Dowex W50-X4; size 0.25×20 cm). The column was eluted with 0.5 M ammonia and the 
absorbance measured at 279 nm. The first peak was collected and lyophilized twice in order 
to remove traces of ammonia. The yield was about 40%. For gamma camera studies, 123I 
labeling of TC and subsequently coupling to lysozyme (Sigma-Aldrich, St. Louis, MO, 
USA) was carried out. In short, in an iodogen-coated tube, 10 ml TC (0.01 M) in phosphate 
buffer (0.02 M, pH 7.2) and 80 MBq Na123I were incubated for 30 minutes at room 
temperature. The reaction was stopped by addition of 10 ml sodium sulfite (0.05 M) and 5 
ml potassium-iodine (0.1 M). The solution was transferred to a clean tube to couple the 
iodinated TC to lysozyme. Cyanuric chloride (30 nmol) in 20 ml acetone and 5 ml NaOH 
(0.01 M) were added and the mixture was vortex-mixed for 30 seconds. Next, 10 ml of 
lysozyme solution (100 mg/ml in 10 mM sodium carbonate buffer, pH 9.0) was added and 
the solution was mixed gently. The 123I-TC-lysozyme complex was purified by sephadex 
G25 gel filtration. After gel filtration, the radiolabeled protein contained less than 5% free 
123I as determined by protein precipitation with 10% trichloroacetic acid. The protein 
fraction was used within 24 hours after purification. 

Synthesis and characterization of captopril-lysozyme 
The synthesis and characterization of captopril-lysozyme were performed as described 

elsewhere (7). Typically, lysozyme (100mg, 7 µmol) was dissolved in 0.1 M borate buffer 

pH 7.5 at a concentration of 20 mg/ml. Succinimidyloxycarbonyl-α-methyl-α-(2-
pyridyldithio)toluene (SMPT; Pierce, Rockford, IL, USA; 5.4 mg, 14 µmol) was dissolved 
in 0.1 ml of acetonitrile and added drop-wise to the lysozyme solution and stirred for 30 
minutes. Then, captopril (3.3 mg, 15.4 µmol; Sigma-Aldrich) dissolved in 0.1 ml of 
absolute ethanol was added drop-wise and further stirred for 2 hours. The conjugate was 
purified by cation exchange chromatography using HiTrap™ SP XL columns (Amersham 

Biosciences AB, Uppsala, Sweden) and then dialyzed against water at 4°C. The purified 

conjugate was lyophilized and stored at -20°C. The captopril content was estimated by high 
performance liquid chromatography (HPLC; Waters, Milford, MA, USA) (14). The degree 
of captopril substitution in conjugate was found to be 1.1 mole of captopril per mole of 
lysozyme. No free captopril was found in the final preparation. 
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Animal experiments 

General Procedures 

All animal experiments were approved by Animal Ethics Committee of the University 
of Groningen and licensed under numbers 3094. Upon arrival, male Wistar rats (Harlan, 
Zeist, The Netherlands, 250-275 g) were housed in a temperature-controlled room with a 12 
hour light/dark cycle and offered ad libitum intake of tap water and standard rat chow 
(HopeFarm Inc., Woerden, The Netherlands). To induce nephrosis, a single intravenous 
injection of adriamycin (2 mg/kg; Adriblastina R.T.U., 2 mg/ml, Pharmacia and Upjohn, 
Woerden, The Netherlands) was administered via the dorsal penile vein under isoflurane 
anesthesia. For 6 weeks, the development of nephrosis was monitored once weekly on the 
basis of 24-hour protein excretion in urine, collected in metabolism cages. Proteinuria was 
determined using the biuret assay for total protein in urine (15). After 6 weeks, the rats 
were stratified by ranking them in an ascending order based on proteinuria and distributed 
equally over the two groups of subcutaneous or intravenous administration.  The average 
proteinuria was found to be approximately 450 mg/24hrs per treatment group.  

Gamma camera imaging of renal lysozyme uptake in healthy and proteinuric rats 

To assess the absorption rate from the site of injection and the renal uptake profile, rats 
were injected subcutaneously or intravenously with 2MBq 123I-TC-lysozyme combined 
with/without 100 or 500 mg/kg (n=4 per group) unlabeled lysozyme. Gamma camera 
imaging was conducted under isoflurane anesthesia (2% isoflurane in 2:1 O2/N2O, 1 l/min) 
on a low energy collimator at 0, 3, 6, 12, and 24 hours following injections, according to a 
previously described protocol by (12). Body temperature was monitored and maintained at 

37°C with a heat pad and a lamp. Time course of radioactivity in the kidneys and whole 
body was recorded by a gamma camera in 1 minute frames for 15 minutes and plotted after 
analysis of the respective “regions of interest”. After correction for counting efficiency, the 
total body radioactivity was set at 100% and used to express the renal uptake of tracer as % 
of the injected dose. 

Pharmacokinetics of captopril-lysozyme 
In this study, the rats were kept on low salt diet (0.05% NaCl, HopeFarm Inc., 

Woerden, The Netherlands) for one week before the administration of captopril-lysozyme 
conjugate. A single dose of captopril-lysozyme (equivalent to 1mg/kg captopril and 62 
mg/kg lysozyme) dissolved in 5% glucose at a concentration of 66 mg/ml was administered 
subcutaneously at the dorsal side of the neck region or intravenously in the penile vein. 
Rats (n=4 at each time-point except at t=0, n=7) from each group were sacrificed at 
different time-points (0, 1, 2, 4, 6, 12 and 24 hours) following injections. Blood samples 
were taken in heparinised tubes from abdominal aorta and kidneys were isolated after 
gently flushing the organs with saline. Plasma samples and kidneys were snap-frozen into 
liquid nitrogen. Urine samples were collected using metabolic cages and combined with the 
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urine collected from urinary bladder after sacrificing the animals. Kidneys were weighed, 
homogenized (1:9 w/v) in ice-cold potassium phosphate buffer (pH 7.5) using an Ultra 

Turrax T25 homogenizer (IKA, Stauffen, Germany) and then stored at -80°C. ACE activity 
was determined in kidney homogenates and plasma samples by a method of Hip-His-Leu 
conversion to His-Leu as described elsewhere (16). Total captopril (captopril-SH analysis 
after reduction of disulfide adducts) concentrations were estimated in all the samples by 
HPLC as described previously (14). In brief, samples were treated with the reducing agent 
0.1% tributylphosphine for 20 min to reduce the dithio (–S-S-) bond between the thiol 
group of captopril and other thiol-containing molecules such as the linker used in the 
captopril-lysozyme conjugate. The formed captopril was separated by HPLC and detected 
by on-line post-column derivatization with o-phthaldialdehyde (OPA), as measured by 
fluorescence of the captopril-OPA adduct. In urine samples, the relative amounts of 
captopril-lysozyme by adding methanol (3:1 % v/v) and non-conjugate bound captopril 
were also measured by precipitating intact captopril-lysozyme, followed by total captopril 
analysis in the supernatant and precipitate as described above.  

In another study, rats (n=3) were injected with free captopril (1 mg/kg dissolved in 1 
ml of 5% glucose) via the subcutaneous route. Rats were placed in metabolic cages and 
sacrificed at 2 hours after administration of the drug. Urine samples were collected and 
analyzed for total captopril levels as mentioned above.  

Pharmacokinetics and statistical calculations 
The statistical analyses were performed using Student’s t test with p<0.05 as the 

minimal level of significance unless indicated otherwise. Sigmastat Version 1 software was 

used to analyse the statistical parameters. Results are presented as mean ± SEM. 
Pharmacokinetic analysis of the plasma captopril concentrations was performed using the 
Multifit program (Department of Pharmacokinetics and Drug Delivery, University of 
Groningen, The Netherlands). The pharmacokinetic parameters for subcutaneous 
administration were calculated by performing simultaneous analysis of the data derived 
from plasma captopril concentrations-time curve of intravenous and subcutaneous 
administrations. The two- compartment model and first-order kinetics were used to analyze 
this data. A log-normal distribution of the plasma concentration measurement errors was 
assumed, and log-transformed concentration data were used in the fitting procedure. The 
correctness of the latter assumption was tested by visual inspection of the graphs of the 
residuals plotted against time and against concentration. Goodness-of-fit was evaluated 
from visual inspection of the measured and calculated data points and of the residuals 
plotted against time and against concentration. The choice between one- and two-
compartment model was based on the lowest value of the Akaike's Information Criterion 
(AIC). 
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RESULTS 

Gamma camera imaging 
The external counting of 123I was performed using a gamma camera to study the 

absorption profile of lysozyme from the subcutaneous injection site, and the time course 
and total extent of renal uptake of lysozyme after a single subcutaneous or intravenous 
injection of radiolabeled lysozyme. This technique clearly demonstrated that lysozyme was 
gradually and almost completely absorbed from the site of injection in 24 hours. Both after 
subcutaneous and intravenous administration, lysozyme accumulated in the kidneys, as 
illustrated in Fig. 1. These pictures Fig. 1 (A to E) demonstrate that the subcutaneously 
administered lysozyme accumulated continuously in the kidneys resulting in a gradual 
shifting of the radioactivity from the site of injection into 2 hot-spots at the renal locations. 
In case of intravenous administration, 123I-TC-lysozyme was rapidly and primarily 
deposited into the kidneys within 15 minutes as shown in Fig. 1 (F).  

 

From the gamma camera data, we quantified the cumulative renal uptake of 123I-TC-
lysozyme at the time points 0, 3, 6, 12 and 24 hours (Fig. 2, solid lines). Approximately 
90% of the dose of 123I-TC-lysozyme accumulated in the kidneys within 15 minutes after 
intravenous administration. A similar extent of renal accumulation was found after 
subcutaneous administration, but now the maximum renal content was reached only after 
12 hours. In addition, we investigated the influence of total lysozyme dose on the renal 
uptake of radiolabeled lysozyme. Renal uptake of 123I-TC-lysozyme was decreased 
gradually and significantly with increasing dose of unlabeled lysozyme after intravenous 
administration. However, this was statistically significant at the highest dose in the case of 
subcutaneous administration (Table 1). Of note, the values of renal uptake of 123I-TC-
lysozyme were found to be significantly (p<0.01) higher at the dose of 500 mg/kg after 
subcutaneous administration compared to that of intravenous administration. Similar 
experiments were conducted in adriamycin-induced nephrotic rats to observe the effect of 
proteinuria on the renal uptake of radiolabeled lysozyme. We found that the renal 

Figure 1. Gamma camera images of the 
body distribution of lysozyme (indicated by 
123I) after injection of 2 MBq 123I-tyramine-
cellobiose-lysozyme in the healthy rat. (A-E) 
At 0, 3, 6, 12 and 24 hours after 
subcutaneous injection; (F) At 15 minutes 
after intravenous injection. 
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accumulation of 123I-TC-lysozyme was reduced at the pathological state by 30% (p<0.05) 
both after intravenous and subcutaneous administration in comparison to healthy rats (Fig. 
2, dotted lines). No hot-spots except the kidneys were detected by the gamma-camera, 
while the radioactivity excreted in the urine during the 24h period was increased (data not 
shown). 
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Table 1 Cumulative accumulation of lysozyme in kidneys (indicated by 123I) within 24 hours 
following subcutaneous or intravenous injections of 2 MBq of 123I-TC-lysozyme combined with 
different doses of unlabeled lysozyme in healthy and adriamycin-nephrotic rats.   

Healthy rats Adriamycin-nephrotic rats Dose of unlabeled 
lysozyme (mg/kg) subcutaneous intravenous  subcutaneous intravenous 

0 89 ± 4.4 88 ± 1.9  59 ± 7.9 61 ± 9 

100 75 ± 4.7 61 ± 3.6 ***  44 ± 7.8 34 ± 5.9 * 

500 63 ± 3.5 ** 35 ± 5.7 † , ***  26 ± 6.5 * 9 ± 7.8 ** 

Data represent the mean ± SEM for n=4 in all cases. The extent of lysozyme accumulation was 
compared between subcutaneous and intravenous dose for healthy and diseased animals († p<0.01) 
and between tracer dose of 123I-TC-lysozyme alone and tracer dose combined with 100 or 500 mg/kg 
unlabeled lysozyme (* p<0.05, ** p<0.01 and *** p<0.001). 

Similar to healthy rats, the dose-dependent decrease in renal uptake was also found in 
the proteinuric rats; the renal uptake of 123I-TC-lysozyme was clearly lower at higher doses 
of unlabeled lysozyme (Table 1). Yet the subcutaneous administration displayed a better 
renal uptake profile, since uptake of lysozyme in the kidneys was higher with all the three 
tested doses, compared to intravenous injection. 

Figure 2. Time profile of cumulative renal 
uptake of lysozyme (indicated by 123I) after 
single subcutaneous (closed symbols) and 
intravenous (open symbols) injection of 2 
 MBq 123I-tyramine-cellobiose-lysozyme in 
healthy rats (solid lines) and adriamycin-
induced proteinuric rats (dotted lines). Data 

represent the mean ± SEM for n=4 in both 
administrations. 
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Pharmacokinetics of captopril-lysozyme 
After determining the renal uptake of the carrier lysozyme, we compared the 

pharmacokinetics of the drug-lysozyme conjugate captopril-lysozyme after intravenous and 
subcutaneous administration in healthy rats. For this purpose, we determined captopril 
concentrations after reduction of disulfide bonds, thus analyzing the total concentration of 
captopril that can be regenerated from the captopril-lysozyme conjugate together with 
captopril-SH and captopril disulfide metabolites already formed in vivo. Since captopril 
disulfides are interchanged readily in vivo to free captopril-SH, all of these species of 
captopril can become pharmacologically active and are considered as the total sum of 
potentially active drug. We will therefore refer to these concentrations as total captopril 
concentrations. Fig. 3 shows the plasma levels of total captopril at various time points after 
a single subcutaneous or intravenous injection of the conjugate. The pharmacokinetic 
parameters derived from these plasma disappearance curves are shown in Table 2. To 
calculate pharmacokinetic parameters, one-compartment and two-compartment models 
were tested for the best-fit according to AIC. The two-compartment model (AIC -22.7) 
fitted our data significantly better than first-compartment model (AIC 8.0). 
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 The renal levels of captopril after subcutaneous injection gradually increased until 6 
hours indicative of sustained absorption from the injection site, whereas after intravenous 
injection they reached a maximum already after 1 hour and subsequently decreased 
gradually (Fig. 4). Captopril concentrations in the kidneys following subcutaneous 
administration were significantly higher at 6, 12 and 24 hours in comparison to the 
intravenous administration. In addition, to compare the efficiency of captopril-lysozyme 
accumulation in the kidneys, we calculated the renal AUC from 0 till 24 hrs (AUC0-24) from 
the renal captopril concentration-time curve of subcutaneous or intravenous administration. 

Figure 3. Total captopril concentrations 
(captopril-SH concentrations after reduction 
of disulfides) in plasma at different time-
points after single subcutaneous (closed 
symbols) and intravenous (open symbols) 
injection of captopril-lysozyme (equivalent 
to 1 mg/kg captopril) in healthy rats. The 
continuous and dotted lines show the 
pharmacokinetic data-fit for intravenous and 
subcutaneous administration, respectively. 

Data represent the mean ± SEM for n=4 in 
both administrations. 
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We found that the renal AUC0-24 after subcutaneous administration (242.8 ± 8.93 µg.h/g) 
was significantly higher than after intravenous administration (166.11 ± 7.29 µg.h/g). 

Table 2. Pharmacokinetic parameters (two-compartment model) derived from plasma captopril 
concentration-time curves after a single dose (equivalent to 1 mg/kg of captopril) of captopril-
lysozyme. 

Parameters units values (mean ± SE) 

Ka /h 0.45 ± 0.06 

F  0.71 ± 0.07 

Vss ml/kg 477 ± 89 

CL ml/kg/h 150 ± 14 

t1/2 α h 0.46 ± 0.12 

t1/2 β h 3.32 ± 0.23 

Ka: absorption rate constant; F: bioavailability; Vss: volume of distribution at steady state level; CL: 

plasma clearance; t1/2 α: absorption half life; t1/2 α: first compartment elimination half life; t1/2 β: 
terminal elimination half life (second compartment).  
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 In accordance with the gamma camera studies with lysozyme, this experiment 
demonstrated that subcutaneous administration of the captopril-lysozyme conjugate 
resulted in a slow but sustained release from the site of injection and a concomitant 
accumulation in the kidneys in time.  

Figure 4. Total captopril concentrations 
(captopril-SH concentrations after reduction 
of disulfides) in kidneys at different time-
points after single subcutaneous (closed 
symbols) and intravenous (open symbols) 
injection of captopril-lysozyme (equivalent 
to 1 mg/kg captopril) in healthy rats. Data 

represent the mean ± SEM for n=4 in both 
administrations. 
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In urine samples, total and non-protein-bound captopril were measured and captopril-
lysozyme excretion levels were calculated from those data. The protein bound captopril 
(captopril-lysozyme conjugate) in urine at different time points shows that the conjugate 
was excreted in significantly higher amounts after intravenous injection than after 
subcutaneous injection (Fig. 5A). In addition, the constant levels of the conjugate in urine 
after both administration routes demonstrate that there was no further direct excretion of the 
conjugate in the urine after 4 hours. Urine excretion of low-molecular weight captopril (free 
captopril plus captopril disulfide) after intravenous or subcutaneous injection was not 
significantly different except at the time point 6 hour after dosing (Fig. 5B). Moreover, this 
figure shows that subcutaneously administered free captopril was rapidly eliminated from 
the body.  Total captopril levels after administering free captopril was significantly higher 
than after captopril-lysozyme intravenously or subcutaneously at all time points.     

Time (h)

4 6 12 24

C
ap

to
p

ri
l-

ly
so

zy
m

e 
le

ve
ls

  (
%

 d
o

se
)

0

10

20

30

40

50

**
*

A

***

         Time (h)

2 4 6 12 24

U
n

b
o

u
n

d
 c

ap
to

p
ri

l l
ev

el
s 

(%
 d

o
se

)

0

10

20

30

80

*

B
#

 

Figure 5. Urine excretion of intact captopril-lysozyme conjugate (A) and unbound captopril 
(captopril-SH and captopril-S-S-captopril) (B) at different time-points after single subcutaneous (fine 
crossed bars) and intravenous (striped bars) injection of captopril-lysozyme (equivalent to 1 mg/kg 

captopril) in healthy rats. Data represent the mean ± SEM for n=4 in both administrations of the 
conjugate. Differences between subcutaneous and intravenous administration of captopril-lysozyme 
are presented as *p<0.05 and **p<0.01. The filled bar at 2 hour (B) shows the urinary excretion of 
captopril after administering 1 mg/kg free captopril subcutaneously in rats (n=3). At all time points, 
subcutaneously administered free captopril excretion is significantly (#p<0.05) higher than the 
captopril excretion (lysozyme bound and unbound) after subcutaneous or intravenous administration 
of the conjugate. 

We measured the renal and plasma ACE activities at chosen time points to determine 
whether the subcutaneously administered captopril-lysozyme would effectuate a similar 
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renal-selective profile as the intravenously administered conjugate. As shown in Fig. 6A, 
the plasma ACE activity was not significantly reduced at any time point after subcutaneous 
or intravenous administration. On the other hand, the renal ACE activity was significantly 
inhibited until 12 hours and subsequently increased to normal after intravenous 
administration. Similarly, following subcutaneous administration renal ACE activity was 
also inhibited significantly until 12 hours after injection (Fig. 6B). Although the decline 
was more gradual as compared to intravenous injection. The difference between 
subcutaneous and intravenous of the renal specific drug was only significant at t=1h.  
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Figure 6. Plasma (A) and renal (B) ACE activity after administering a single subcutaneous (closed 
symbols) and intravenous (open symbols) injection of captopril-lysozyme (equivalent to 1 mg/kg 

captopril) in healthy rats. One unit (U) of ACE activity presents nmol His-Leu/min/ml. Data represent 

the mean ± SEM for n=4 in both administrations. The control values of renal ACE activity (55.82 ± 

4.75 U/g; n=7) and plasma ACE activity (50.3 ± 2.0 U/ml; n=7) are shown as a dotted line. Plasma 
ACE activities were not inhibited significantly in both treatment groups. Renal ACE activities were 
inhibited significantly after captopril-lysozyme subcutaneously (4-12h) and intravenously (1-12h). At 
1h, renal ACE activity differed significantly between subcutaneous and intravenous administration of 
captopril-lyzoyme (*p<0.05). 

Discussion 

Many drug-targeting preparations, for instance the drug-protein conjugate presented in 
this study, are macromolecular constructs which have to be administered parenterally. 
Commonly, these types of therapeutics are administered via intravenous administration. 
When aiming for a chronic treatment protocol however, even in laboratory animal studies, 
repeated intravenous injections are not convenient and may lead to adverse effects. 
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Subcutaneous administration is in principle an attractive alternative route of administration. 
Data from the present study suggest that drug targeting preparations can be administered 
subcutaneously, resulting in sustained and complete absorption in the target organ. In 
addition, the sustained release of lysozyme after subcutaneous administration restricts the 
dose-dependent and proteinuria-dependent loss of the carrier protein in the urine. The 
subcutaneous administration of captopril-lysozyme conjugate also leads to a sustained 
release of the intact conjugate from the site of injection which results in a more prolonged 
residence time in kidneys compared to intravenous administration.  

LMWPs are reabsorbed in the kidneys via the megalin/gp 330 receptor that is 
expressed specifically on the brush-border of proximal tubular cells (17). In addition, renal 
disease will damage the glomerulus leading to filtration of plasma proteins, which 
subsequently are also reabsorbed by these receptors (18). High concentrations of lysozyme 
or plasma proteins in the pre-urine may saturate the megalin receptors and reduce the 
efficiency of the reabsorption process (19). Indeed, we observed this phenomenon when we 
administered different doses of lysozyme in healthy and proteinuric rats. Strikingly, this 
less efficient renal uptake was much less apparent after subcutaneous administration. From 
this result, it can be inferred that the slow release from the subcutaneous injection site 
reduces the levels of lysozyme in the kidneys, and consequently the degree of saturation or 
competition due to high dose or plasma proteins is lower. We therefore conclude that the 
lysozyme carrier can deliver drugs to the kidney even at pathological conditions and that 
the renal delivery is more efficient when using the subcutaneous route of administration.        

Interestingly, the subcutaneous route resulted in higher levels of captopril in the 
kidneys for a prolonged period of time as compared to the intravenous route. In addition, 
we found that less conjugate was excreted directly in the urine, confirming our hypothesis 
that the renal tubular reabsorption process is more efficient after subcutaneous injection of 
captopril-lysozyme. This higher renal reabsorption of the conjugate after subcutaneous 
administration is possibly due to the prevention of the saturation of receptors-mediated 
uptake process in contrast to intravenous administration. The urine data of the unbound 
captopril (Fig 5B) show that both after subcutaneous and intravenous injection of captopril-
lysozyme, the released captopril was excreted continuously until 24 hours in the urine. This 
result indicates that the conjugate accumulates and stays in the kidneys after internalization 
in the tubular cells until the release of captopril from the conjugate. In contrast, 
subcutaneous administration of non-targeted free captopril resulted in a rapid excretion of 
captopril in the urine. Thus, one of the major improvements in captopril disposition after 
administration of the conjugate is that the drug is available during a prolonged period, 
which may improve its local effects.  

One of the concerns raised when discussing the subcutaneous administration of a drug-
LMWP conjugate is the risk that a premature cleavage of the conjugate may occur at the 
site of injection as well as in the lymphatic fluid that drains the product into the general 
circulation. As discussed above, this would result in a rapid excretion of free captopril in 
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the urine. Since we only observed minor amounts of such captopril products during the first 
hours of the experiment, we conclude that the captopril-lysozyme conjugate is accumulated 
intactly within the kidney after subcutaneous administration. This result was corroborated 
by our results on plasma ACE activity, which showed no significant inhibitions until 24 
hours after injection of the captopril-lysozyme conjugate. The present data therefore show 
that the conjugate remained stable at the site of injection as well as in systemic circulation, 
causing no decline in plasma ACE activity.  

Within the kidneys, however, the renal ACE activity was reduced gradually and 
remained significantly inhibited until 12 hours after subcutaneous administration, which 
reflects the release of the active captopril from the conjugate after tubular uptake in the 
kidneys. Renal ACE activity was inhibited more during initial hours after intravenous 
administration of captopril-lysozyme. Obviously, intravenous injections will result in 
higher initial renal concentrations of the conjugate immediately after administration, while 
the subcutaneous route will result in lower levels at initial time points but sustained higher 
levels are reached at later time points. This sustained uptake and release may be quite 
relevant since free captopril is eliminated rapidly from the kidneys (6).  

The present study with captopril-lysozyme resulted in approximately 40-50% of renal 
ACE inhibitions after subcutaneous administration during the period of 4 to 12 hours. Zoja 
et al (2002) have shown the significant improvement of renal functions in rats with passive 
Heymann nephritis after achieving roughly 50% renal ACE inhibition during a long-term 
treatment with an ACE inhibitor (20). The observed pharmacological effect in this study 
after administration of captopril-lysozyme is therefore sufficient to reverse or retard kidney 
damage and proteinuria. Moreover, multiple dosing or higher doses of the conjugate may 
provide a more pronounced effect. Our data show that subcutaneous administration, which 
would be more convenient for multiple dosing, can be applied for this type of drug 
targeting preparations.  
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