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ABSTRACT 

Hepatic stellate cell (HSC) proliferation is a prominent feature of liver fibrosis. 

The selective delivery of antiproliferative drugs to this cell type therefore 

constitutes a promising antifibrotic strategy. In the present study we investigated 

the pharmacological effects of an HSC-targeted doxorubicin construct (M6PHSA-

DOX) on experimental liver fibrosis in the rat after single and chronic 

administration. Seven days after bile duct ligation (BDL), rats were injected i.v. 

with PBS, M6PHSA (20 mg/kg) or M6PHSA-DOX (20 mg/kg). Twenty-four hours 

after injection this resulted in a decreased non-parenchymal cell proliferation as 

well as a diminished local perisinusoidal collagen staining, indicating that 

pharmacologically active drug is delivered in vivo. Chronic treatment of BDL rats 

for 7 days with i.v. injections of 2 mg/kg/day or 20 mg/kg/day of M6PHSA-DOX, 

however, did not result in a significant attenuation of overall fibrosis parameters, as 

assessed by morphometric analysis of collagen-stained and α-sma-stained liver 

sections. We investigated whether prolonged administration of M6PHSA-DOX 

upregulated compensatory mechanisms, which may explain the discrepancy 

between the single and multiple dose study. We found that upon chronic 

administration of 20 mg/kg M6PHSA-DOX, hepatic mRNA levels of mdr1a, an 

important drug efflux transporter for DOX, was upregulated. Because DOX is 

released slowly from its carrier after lysosomal uptake in HSC, this may result in a 

very effective clearance of the drug from the target cells. In conclusion, despite 

promising initial effects, chronic administration of M6PHSA-DOX did not result in 

a profound antifibrotic effect. Further studies should investigate whether the 

development of more optimal delivery forms of DOX, that exhibit a more rapid 

intracellular release of DOX, may be instrumental in overcoming this problem. 
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INTRODUCTION 

The activated hepatic stellate cell (HSC) is the principal producer of collagen 

during fibrogenesis and therefore this cell type is considered a primary target for 

the development of new pharmacotherapeutics for this chronic disease. Because 

HSC proliferation is a key event during fibrogenesis, the application of 

antiproliferative drugs for antifibrotic purposes may be a relevant option (1-3). 

However, such treatments face serious problems as proliferation of hepatocytes and 

non-hepatic cells should not be affected. 

Previously, we showed that chronic treatment of bile duct-ligated (BDL) rats 

with the antiproliferative drug doxorubicin (DOX) attenuates the fibrotic process 

(4). However, toxicity associated with the use of such a potent cytostatic will 

hamper its actual application as an antifibrotic drug in chronic liver diseases. For 

this reason we developed an HSC-selective form of DOX by coupling it to the 

HSC-selective drug carrier mannose-6-phosphate-modified human serum albumin 

(M6PHSA). In BDL rats we have shown that M6PHSA-DOX is cleared rapidly 

from the blood and accumulates quickly and selectively in HSC, whereas the 

uptake of DOX in non-target tissues could be successfully avoided (4). The HSC-

selectivity of the conjugate is obtained by virtue of the presence of M6P groups in 

the protein backbone of the drug targeting construct, which makes it a ligand for 

Mannose-6-Phosphate/Insulin-like Growth Factor-II receptors (M6P/IGF-II 

receptors) (5-7). These receptors are specifically upregulated on hepatic stellate 

cells during the transformation of these cells from a quiescent phenotype into cells 

with fibrogenic properties (8;9). This transdifferentiation of HSC, referred to as 

activation, is induced by various mediators that are released upon chronic liver 

injury (10). M6P/IGF-II receptors on the cell surface are internalized at a high rate 

and route their bound ligands to the lysosomal compartment. In the acidic 

lysosomal compartment the degradation of internalized ligands can take place. By 

coupling DOX to the carrier via an acid-sensitive linker, intracellular release of the 
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coupled drug can be achieved after internalization of the M6P-containing drug 

targeting construct (6).  

In vitro studies in our laboratory have shown that M6PHSA-DOX indeed binds 

to culture-activated HSC in a specific manner and results in a successful inhibition 

of HSC proliferation in vitro (4). However, in vivo studies that investigate the 

effect of this HSC-targeted antiproliferative drug have not yet been performed. The 

work presented in this study therefore explores the intrahepatic effects of single 

administration of M6PHSA-DOX, as well as the effects of prolonged 

administration of the conjugate during developing liver fibrosis in bile duct-ligated 

rats.  

MATERIALS AND METHODS 

Experimental animals 

Male Wistar rats (Out bred strain, Harlan, Horst, The Netherlands) of 220-240g 

were housed under a 12-hour dark/light cycle, at constant humidity and 

temperature. Animals had free access to tap water and standard lab chow (Harlan). 

All experiments were approved by the local committee for care and use of 

laboratory animals and were performed according to strict governmental and 

international guidelines. Liver fibrosis was induced by ligation of the common bile 

duct under O2/N2O/Isoflurane anaesthesia as described previously (5). 

Synthesis and characterization of M6PHSA-DOX 

M6PHSA was synthesized as described by Beljaars et al. (5). DOX was 

coupled to M6PHSA via cisaconitic acid according to the method of Shen and 

Ryser, covalently linking the drug and the carrier via an acid-sensitive spacer. This 

allows drug release within the acidic lysosomal compartment of cells, whereas this 

bond remains stable in the circulation (11). M6PHSA-DOX was subsequently 
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purified by dialysis against PBS followed by size-exclusion chromatography on a 

HiLoad 16/60 Superdex 200 column (Amersham Biosciences, Uppsala, Sweden). 

After dialysis against water, the product was lyophilized and stored at –20 °C until 

use. The total amount of coupled DOX was assessed by spectrophotometric 

analysis and the amount of free drug in the preparation was analyzed by HPLC, as 

described earlier (4). Monomeric protein content was assessed by SDS-PAGE and 

size-exclusion chromatography, as described in references (12) and (4). 

As a part of the characterization procedure, the synthesized construct was 

evaluated for its in vitro cytotoxicity in cultures of 3T3-fibroblasts, an M6P/IGF-II 

receptor-expressing cell line. M6P/IGF-II receptor expression in 3T3 fibroblasts 

was demonstrated via staining of cytospots of 3T3 fibroblasts, using standard 

indirect immunohistochemical techniques. The primary antibody, a goat polyclonal 

immunoglobulin directed against the M6P/IGF-II receptor, was obtained from 

Santa Cruz Biotechnology (Santa Cruz, CA, USA). The effect on cell viability was 

assessed via Alamar Blue conversion assays, according to the instructions of the 

manufacturer (Serotec, Kidlington, UK). In brief, cells were seeded at a density of 

10,000 cells/well in 96-wells plates, and were allowed to attach to the plates 

overnight. Subsequently, the cells were incubated with M6PHSA-DOX or vehicle 

for 24 hours. Alamar Blue was added to the wells 4 hours prior to termination of 

the experiment. Viable cells convert Alamar Blue into a fluorescent product, which 

was measured at an excitation wavelength of 560 nm and an emission wavelength 

of 590 nm. 

Single dose study 

One week after BDL, rats were given a single i.v. injection of PBS (n=3), 

M6PHSA (20 mg/kg, n=3) or M6PHSA-DOX (20 mg/kg, n=3). Animals were 

sacrificed after 24 hours in order to study the acute effects of M6PHSA-DOX in 

the liver. Liver specimens were fixed in formalin 4% and embedded in paraffin 

according to standard procedures. The effect of compounds on the proliferation of 
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HSC and other non-parenchymal cells (NPC) was assessed by staining for 

Proliferating Cell Nuclear Antigen (PCNA) on 5 µm sections of formalin-fixed 

liver specimens (PCNA detection kit, Zymed). The number of PCNA-positive NPC 

was counted in four randomly taken microphotographs per section at a 

magnification of 200x. To investigate the effect on collagen deposition in the liver, 

5 µm thick tissue sections were stained with picrosirius red. Subsequently, the 

extent of perisinusoidal collagen staining was assessed semi quantitatively by two 

blinded observers (RG and HIB), using the following scale: + limited staining, ++ 

clear staining, +++ abundant staining.  

Multiple dose study 

Eighteen animals were subjected to bile duct ligation at day 0 of the protocol. 

On day 3, the animals were divided into four groups. The groups were treated with 

either PBS (n=5), M6PHSA at a dose of 2 mg/kg/day (n=5), M6PHSA-DOX at a 

dose of 2 mg/kg/day (n=5) or M6PHSA-DOX at a dose of 20 mg/kg/day (n=3). 

Compounds were administered i.v. via the penis vein, once daily. A total of 7 

injections was given, starting on day 3 of the protocol and the animals were 

sacrificed 24 hours after the last injection on day 10 of the protocol. The livers 

were excised and were processed according to standard procedures. For optimal 

results, the number of activated HSC in the livers was assessed 

immunohistochemically on 4 µm cryostat sections by staining for α-smooth muscle 

actin (α-sma, Sigma, Gillingham, UK). To study the extent of fibrosis, cryostat 

sections were immunohistochemically stained with an antibody directed against 

collagen III (Southern Biotechnology, Birmingham, AL, USA). For both stainings 

the positive-stained area was subsequently quantified by morphometric analysis of 

microphotographs obtained at a magnification of 40x. For the analyses the Image J 

software package (NIH, Bethesda, ML, USA) was used, and the positive-stained 

area was expressed as a percentage of total area. 
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Analysis of mdr1a and mdr1b mRNA expression 

Total mRNA was isolated from the livers of the animals that were enrolled in 

the chronic effect study via a solid phase extraction procedure (RNeasy mini kit, 

Qiagen, Venlo, The Netherlands). Quantification of the amount of isolated RNA 

was subsequently performed by UV spectrophotometry, using an ND-1000 

spectrophotometer (NanoDrop technologies, Wilmington, DE, USA). cDNA was 

synthesized using the Promega Reverse Transcription System (Promega, 

Southampton, UK) according to the instructions of the manufacturer. Subsequently, 

real-time PCR was performed, using appropriate TAQman probes for the analysis 

of mdr1a and mdr1b mRNA levels. As a reference, mdr1a and mdr1b mRNA 

levels were analyzed in whole liver samples taken from rats that were chronically 

treated with untargeted DOX, equivalent to 2 mg/kg of targeted DOX. Chronic 

treatment with untargeted DOX, which was equivalent to 20 mg/kg of targeted 

DOX was lethal to fibrotic rats, and could therefore not be included as a reference. 

Statistical analysis 

Results were expressed as the mean +/- SEM. Data were subjected to the 

Mann-Whitney U test and differences were considered statistically significant at 

P<0.05. 

RESULTS 

Synthesis and characterization of M6PHSA-DOX 

Spectrophotometric analysis of the construct revealed that per mg of construct 

66.7 µg of doxorubicin was present. Of the total amount of doxorubicin in the 

preparation only 1% was present in uncoupled form, as assessed by HPLC-

analysis. SDS-PAGE and size-exclusion chromatography revealed that no 

significant amounts of polymeric protein could be detected in the conjugate. As a 
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part of the characterization we evaluated the synthesized construct for its in vitro 

efficacy, and we found that M6PHSA-DOX successfully reduced the viability of 

M6P/IGF-II receptor-expressing fibroblasts (Fig. 1). This effect could not be 

explained by the presence of the negligible amount of uncoupled DOX in the 

preparation, indicating that active drug is released from the carrier in this cellular 

system. 

 

 

 

 

 

 

 
 

Fig. 1. A: Cytospots of 3T3-fibroblasts stained positive for the M6P/IGF-II receptor. B: 

Demonstration of the pharmacological activity of M6PHSA-DOX in cultures of 3T3-fibroblasts. 

Twenty-four hours of incubation with the conjugate resulted in reduced cell viability, as assessed by 

alamar blue conversion assays. Data are the average ± SD of one experiment, performed in triplicate. 

Single dose study 

Although profound antifibrogenic effects were not anticipated 24 hours after a 

single injection, previous studies from our laboratory on the pharmacokinetics and 

release of DOX from the drug carrier, indicated that effects directly related to the 

drug may be expected at this time point. Therefore, NPC proliferation in the liver 

was assessed by immunohistochemical staining for PCNA, which revealed that 

NPC proliferation was decreased in the M6PHSA-DOX-treated animals compared 

to animals that were treated with the control protein (P<0.05, Table 1). In addition 

to cell proliferation, we also assessed the effect on intrahepatic collagen deposition. 

Picrosirius red staining revealed that in the livers of M6PHSA-DOX-treated 

animals, the staining for perisinusoidal collagen was reduced, compared to animals 

B
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that were treated with a single injection of PBS or the control protein M6PHSA 

(Table 1). In previous studies on the localization of M6PHSA-DOX in fibrotic 

livers, we found that the conjugate mainly co-localized with perisinusoidal HSC in 

zone 2 and 3 of the liver and to a lesser extent with fibrogenic cells in the portal 

areas (Greupink et al., manuscript submitted, thesis chapter 6). The effect we now 

observe, therefore, is consistent with the intrahepatic localization of M6PHSA-

DOX and is an indication that pharmacologically active DOX is also delivered in 

vivo. 

 

Table 1. Effects of M6PHSA-DOX and control substances on non-parenchymal cell 

proliferation and perisinusoidal collagen deposition 24 hours after one single i.v. injection. 

* indicates P<0.05 compared to the control protein. +: limited collagen staining, ++: clear 

collagen staining, +++ abundant collagen staining. 

 PCNA-positive NPC per 
microscopic field (% of control) 

Perisinusoidal collagen 
score 

PBS 100 ± 8 +++ 
M6PHSA 101 ± 2 +++ 
M6PHSA-DOX     90 ± 5* + 

 

Multiple dose study 

Subsequently, we investigated whether chronic treatment with M6PHSA-DOX 

could effectively attenuate the numbers of activated HSC in the liver and fibrosis. 

Despite the successful delivery of DOX, chronic treatment of BDL rats with 

M6PHSA-DOX did not result in a reduction in the numbers of activated HSC. 

Although after daily injections of 20 mg/kg of M6PHSA-DOX the α-sma-stained 

area appeared to be reduced, this did not reach statistical significance (Fig. 2A). 

Moreover, the extent of liver fibrosis did not differ between the groups at all (Fig. 

2B). In addition, on the mRNA level we could also not observe any statistically 

significant effects of M6PHSA-DOX on markers for (activated) HSC and fibrosis. 
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Fig. 2. A: Results of the morphometric analysis of α-sma-stained liver sections obtained from 

rats after chronic treatment with M6PHSA-DOX or control substances, reflecting the number of 

activated HSC in the livers. B: Evaluation of the effect of chronic treatment with M6PHSA-DOX on 

intrahepatic collagen deposition, as assessed by morphometric analysis of collagen III-stained liver 

sections. PBS (n=5), M6PHSA (n=5), M6PHSA-DOX 2 mg/kg/day (n=5), M6PHSA-DOX 20 

mg/kg/day (n=3). 

mRNA expression levels of mdr1a and mdr1b 

The combined observations from the acute and chronic study prompted us to 

investigate whether compensatory mechanisms might be activated in the fibrotic 

liver upon chronic exposure to M6PHSA-DOX. We tested whether clearance 

mechanisms for DOX are upregulated in the M6PHSA-DOX-treated rats. Such a 

drug resistance mechanism has been well documented for tumour cells that are 

exposed to DOX (13). We evaluated mRNA expression levels of mdr1a and 

mdr1b, which are the rodent equivalents of P-glycoprotein, known to eliminate 

DOX from cells (14). We found that hepatic mdr1a mRNA expression was 

significantly increased 1.6 ± 0.1 fold in the animals treated with 20 mg/kg 

M6PHSA-DOX compared to the PBS-treated BDL rats (Fig. 3A). In contrast to 

mdr1a expression, mdr1b mRNA levels were not upregulated after chronic 

exposure to the conjugate (Fig. 3B).  

In Fig. 4A and 4B the expression levels of mdr1a, mdr1b in the livers of rats 

that were chronically treated with untargeted DOX are shown as a reference. Upon 

BA 
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chronic exposure to untargeted DOX, mdr1a and mdr1b mRNA expression were 

increased 2.3 ± 0.3 fold and 2.8 ± 0.2 fold over PBS-treated BDL rats, respectively.  

 

 

 

 

 

 

 

 
Fig. 3. The influence of chronic treatment with M6PHSA-DOX and control substances on 

hepatic mdr1a (A) and mdr1b (B) mRNA expression. * indicates P<0.05 compared to PBS-treated 

controls. 

 

 

 

 

 

 

 
 

Fig. 4. Effect of chronic treatment with unconjugated DOX on hepatic mdr1a (A) and mdr1b (B) 

mRNA expression. * indicates P<0.05 compared to controls. 

DISCUSSION 

In the present study the intrahepatic effects of a single dose of M6PHSA-DOX, 

as well as the effects of prolonged administration of the conjugate on liver fibrosis 

in bile duct-ligated rats were investigated. We could show that non-parenchymal 

cell proliferation was significantly reduced after a single injection of M6PHSA-

A B

A B
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DOX, which is indicative for the successful delivery of pharmacologically active 

DOX in vivo. The cell type that is affected here could not be addressed, but 

previous studies have shown that this construct accumulates in HSC, liver 

endothelial cells and Kupffer cells (4). In addition to the antiproliferative action of 

M6PHSA-DOX, a reduction in perisinusoidal collagen staining could be observed 

within the livers of M6PHSA-DOX-treated animals. This may be due to a reduced 

number of HSC, although this could not be detected by immunohistochemical 

staining for HSC markers. It is also known that DOX inhibits collagen synthesis 

via the inhibition of enzymes that are crucial to collagen biosynthesis, examples of 

which are prolyl-4-hydroxylase and prolidase (15-18). In line with these reports, 

preliminary data from our own lab showed that collagen protein deposition in the 

HSC-T6 cell-line was inhibited by the drug. However, further studies will be 

needed to investigate this phenomenon in more detail. Given the rapid reduction in 

perisinusoidal collagen staining within 24h post injection, these studies should also 

explore the possibility that the decreased perisinusoidal collagen staining may be 

the consequence of an increased activity of collagenases within the Space of Disse. 

Despite the observed effects in the single dose study, no favourable antifibrotic 

effects could be observed anymore in the long-term study, in which the construct 

was dosed daily for 7 consecutive days. Nor collagen deposition, nor α-sma 

staining, nor markers for HSC and fibrosis on the mRNA level had changed after 

treatment. We therefore considered the possibility that after multiple dosing, the 

intracellular concentration of the active drug in HSC was decreased, either due to 

increased hepatic clearance, increased hepatic redistribution or insufficient release 

of the drug from the carrier.  

In relation to increased hepatic clearance and/or redistribution from HSC we 

found that an upregulation of mdr1a mRNA takes place in the livers of animals 

treated with M6PHSA-DOX. Based on whole liver mRNA expression data it can 

not be differentiated whether HSC participate in this upregulation, or if this is 

limited to the hepatocyte population. This may be examined in more detail in future 
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studies. However, previous studies by Hannivoort et al. demonstrated that high 

mRNA levels of mdr1a and mdr1b are present in culture-activated HSC in vitro 

(19). It would therefore be relevant to investigate whether DOX is capable of 

inducing mdr mRNA levels in the culture-activated cells in vitro as well as in vivo, 

and also if this results in an overexpression of the mdr transporter on the protein 

level.  

In figure 4 it is shown that in animals that were treated with untargeted DOX, 

the mdr mRNA levels were induced as well. Yet, in a previous study (4), an 

antifibrogenic effect of DOX was evident in these animals and thus it seems that an 

upregulation of mdr1 expression itself cannot fully explain why HSC-targeted 

DOX fails to exert an antifibrotic effect. However, differences in cellular handling 

between DOX and M6PHSA-DOX should also be taken into account. Peak levels 

of pharmacologically active drug may be higher in the liver after administration of 

the untargeted drug than after administration of the targeted compound. Although 

the distribution of the M6PHSA-DOX prodrug is superior to that of the native drug 

with respect to liver uptake (4), lysosomal degradation of the drug-carrier complex 

may be a rate-limiting step in the release of pharmacologically active drug from the 

conjugate. In contrast, the untargeted drug directly enters the cell in an active form. 

In a previous study we have shown that after rapid distribution of M6PHSA-DOX 

to HSC, drug release following cellular internalization will be slow (Greupink et 

al., manuscript submitted, thesis chapter 6). It is conceivable that upon the slow 

release of pharmacologically active DOX from the lysosomes into the cytosol, 

DOX will be very effectively cleared if drug efflux pumps are upregulated either in 

the cell membrane of HSC or in the hepatocytes. Despite the high HSC-selectivity 

of M6PHSA-DOX, in this case the cytosolic concentrations of pharmacologically 

active DOX may therefore remain too low to exert pharmacological effects in the 

nucleus. Co-administration of a Pgp-blocker such as verapamil may elucidate the 

role of mdr1a here (20;21).  
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In summary, this is the first study aiming at an attenuation of HSC proliferation 

during liver fibrosis, using an HSC-targeted, doxorubicin-containing construct. A 

single dose of M6PHSA-DOX resulted in a reduction in hepatic non-parenchymal 

cell proliferation and perisinusoidal collagen staining in bile duct-ligated rats. 

However, this did not translate into a profound antifibrotic effect after chronic 

administration. Possibly this is the consequence of an upregulation of intrahepatic 

drug efflux mechanisms, which could also be demonstrated. A significant increase 

in mRNA levels for one of the major efflux pumps for DOX (i.e. mdr1a) was at 

hand. In combination with a slow release of DOX from the conjugate this may lead 

to sub-therapeutic concentrations within the nucleus. Further studies on HSC-

targeted DOX constructs that display rapid release of the drug, or dose regimen 

optimization should address these items. 

In conclusion, the concept of an antifibrotic therapy based on an HSC-selective 

delivery of antiproliferative drugs is feasible, but higher peak levels of DOX within 

the target cells are required. This can be achieved either by increasing the efficacy 

and rate at which DOX is released from the carrier, or by blocking mdr1-mediated 

efflux. Alternatively, drugs may be used that are not subject to P-glycoprotein-

mediated extrusion from the target cells. 
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