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Abstract 

Liver fibrosis often progresses to cirrhosis. To date, no effective therapy 

attenuates fibrosis progression in patients with chronic liver diseases. Renin-

angiotensin system inhibitors have been proposed, yet their use in patients with 

advanced fibrosis may be hampered by side effects. To improve the balance 

between antifibrotic and systemic effects of losartan, we have developed the liver 

directed conjugate losartan-M6PHSA (M6PHSA: mannose-6-phosphate modified 

human serum albumin), which accumulates in hepatic stellate cells (HSC), the 

major fibrogenic cell type in liver fibrosis. Losartan was coupled to M6PHSA via 

a platinum-based linker. Cell viability studies revealed that losartan-M6PHSA did 

not affect the viability of the hepatic stellate cells. We evaluated the liver homing 

and antifibrotic effects of losartan-M6PHSA in rats with liver fibrosis induced by 

prolonged bile-duct ligation (BDL) and CCl4 inhalation model. Rats received a 

total of four doses of losartan-M6PHSA, M6PHSA alone or oral losartan and 

were sacrificed 10 min after the last dose to examine drug distribution. Losartan-

M6PHSA was shown to accumulate in activated HSC in fibrotic rat livers, 

amounting 20% of the last administered dose. Losartan-M6PHSA, but not oral 

losartan, markedly reduced hepatic collagen and TGFβ1 expression and accumulation of 

myofibroblasts and inflammatory cells in the liver, as compared to saline-injected BDL 

rats. We conclude that short-term treatment with losartan-M6PHSA targeted to HSC 

reduces advanced liver fibrosis and may provide novel means to treat patients with 

chronic liver fibrosis.  
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Introduction 

Hepatic fibrosis is a clinical problem for which no adequate therapy is available. 

Advanced fibrosis may result in cirrhosis, which is a major cause of death in virtually all 

countries(1). Recent experimental studies indicate that the renin-angiotensin system (RAS) 

plays an important role in liver fibrogenesis (2). Hepatic stellate cells (HSC) are the main 

fibrogenic cell type in the injured liver and are also the main target cell type for the 

pathogenic effects of angiotensin II (Ang II) in liver fibrosis. In the normal human liver, 

HSC do not express Ang II type 1 (AT1) receptors nor do they secrete Ang II. Following 

chronic liver injury, however, HSC transform into myofibroblast-like cells and express 

both AT1 receptors and generate mature Ang II, which exerts an array of pro-

inflammatory and profibrogenic actions (3;4). These pathogenic effects can be prevented 

largely by AT1 receptor antagonists, as has been demonstrated in different models of 

experimentally-induced liver fibrosis (5-8). Based on these data, RAS inhibitors like 

Angiotensin Converting Enzyme inhibitors or Ang II receptor blockers are currently 

considered as novel antifibrotic therapies to treat liver fibrosis.  

AT1 receptor blockers are widely used in patients with arterial hypertension and type II 

diabetes to lower blood pressure and prevent the development of cardiac and renal 

fibrosis (9;10). Preliminary clinical data suggests that AT1 receptor blockers may also 

attenuate liver fibrosis (11-13). The use of AT1 receptor blockers would be particularly 

useful in conditions characterized by rapid fibrosis progression (i.e. acute alcoholic 

hepatitis and severe hepatitis C virus reinfection after liver transplantation). However, in 

these conditions, the use of angiotensin antagonists may be hampered by undesirable 

effects on the arterial pressure, especially since patients with cirrhosis are generally 

associated with low systemic blood pressure. Indeed, the use of the AT1 receptor blocker 

losartan in patients with advanced fibrosis was associated with the development of arterial 

hypotension and renal impairment (14). To overcome these limitations, we now propose 

an innovative drug delivery approach. This will avoid general effects such as reduction of 

blood pressure by lowering systemic drug levels and will increase the efficacy of losartan 
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by achieving high concentrations in the liver. The drug delivery system applied in this 

study is based on mannose 6-phosphate modified human serum albumin (M6PHSA), a 

carrier that specifically delivers losartan to activated HSC (15),(16). M6PHSA binds to the 

mannose-6-phosphate/insulin growth factor type II receptor (M6P/IGII-R), a surface 

exposed receptor that is de novo expressed in activated HSC during liver fibrogenesis 

(17). Previous studies in our group have demonstrated that drug-M6PHSA conjugates 

accumulate rapidly and extensively in the fibrotic liver (18),(19).  

To conjugate losartan to M6PHSA, we employed a novel type of platinum linker 

chemistry called ULS (Universal Linker System) (20), which can binds losartan via a 

coordinative bond at one of the aromatic nitrogen atoms in the tetrazole group of the 

drug (figure 1). Application of this novel linker technology was essential for several 

reasons. First, coordination chemistry proved straightforward and reliable for linking drug 

molecules to the carrier, allowing high synthesis yields in a relative simple approach. 

Second, the resulting drug-ULS-carrier conjugates display a unique behavior, in which 

drug molecules are released slowly, during a period of days, within the designated target 

cells(18). In the present paper, we now describe the pharmacokinetics of losartan-

M6PHSA and its accumulation in fibrotic livers. Furthermore, we report on the 

antifibrotic effects of losartan-M6PHSA in rats subjected to bile duct ligation, a well-

characterized model of liver fibrogenesis (21). In addition, we have also evaluated 

losartan-M6PHSA efficacy in the CCl4 model of liver fibrosis. Short-term treatment with 

losartan-M6PHSA, but not free losartan given orally, reduced inflammation and collagen 

deposition in the liver. These promising results suggest that this approach may also be 

useful to treat patients with chronic liver diseases. 
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Experimental protocols 

Synthesis of losartan-M6PHSA  

Losartan and human serum albumin (HSA) were obtained from Synfine (Ontario, 

Canada) and Sanquin (Amsterdam, The Netherlands), respectively. Losartan was first 

coupled to Universal Linker System (ULS, Kreatech b.v, The Netherlands), a platinum 

complex that forms a co-ordinative bond with the target. Briefly, 

platinum(ethylenediamine)dichloride (Pt(en)Cl2; 82.5 mg, 0.253 mmol, dissolved in 3 ml 

of dimethylformamide (DMF) was converted into the more reactive Cis-

[Pt(ethylenediamine)nitrate-chloride] Pt(en(NO3)Cl by adding small aliquots of AgNO3 

(38.5 mg, 0.227 mmol, dissolved in 1 ml of DMF). The precipitated silver chloride was 

removed by centrifugation. The resulting cis-[Pt(ethylenediamine)nitrate-chloride] 

solution (32 µmol) or ULS was added to a solution of losartan (32 µmol, 10 mg/ml of the 

potassium salt of losartan in DMF). The resulting solution was heated at 60°C for 3 days 

during which consumption of the starting material was monitored by analytical HPLC. 

Mass spectrometry analysis confirmed the presence of the 1:1 losartan-cisULS species 

after completion of the reaction. 

Analysis of the product, losartan-ULS, using mass spectrometry, yielded the following 

data:

1H NMR of Losartan-cisULS (CD3OD): δH 0.79 (m, 3H, CH3), 1.25 (m, 2H, CH2CH3), 

1.48 (m, 2H, CH2CH2CH3), 2.50 (m, 6H, CH2CH2C and CH2NH2), 4.43 (m, 1.8H, 

NCH2C), 5.18 (m, 2.2H, CH2OH and remaining NCH2C), 5.42 (m, 4H, NH2); cyclic Hs: 

6.82 (m, 0.2 H), 6.87 (m, 1.8 H), 7.04 (t, J = 8.06 Hz, 1H, CHCHCH), 7.18 (m, 0.5H), 

7.28 (m, 1H), 7.38 (m, 3H), 7.88 (m, 0.5 H).  

195Pt NMR of Losartan-cisULS (CD3OD): Pt -2491 and -2658 ppm.  

MS (ESI+) m/z: 695 [M-K+-OH--H]+, 677 [M-K+-Cl--H+]+, 659 [M-K+-Cl--H+-Cl-+OH-

]+.  
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   Figure 1. Characterization of losartan-M6PHSA.  

(A) Synthesis of losartan-M6PHSA. Presence of Losartan-ULS was confirmed by HPLC analysis 

and ion-spray mass spectrometry, which demonstrated the typical isotopic pattern of platinum compounds. 

Conjugation of losartan-ULS to M6PHSA was confirmed by HPLC analysis after release of the drug 

from the carrier. MonoQ anion exchange chromatography confirmed that the charge of M6PHSA 

protein was not affected by losartan coupling. Size exclusion Chromatography showed the monomeric 

composition of Losartan-M6PHSA at a retention time of 27 minutes.  M6PHSA: mannose-6-

phosphate modified human serum albumin; ULS: Universal Linkage System. 
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(B) Effect of Losartan-M6PHSA on HSC viability. HSC were incubated for 24h with cisplatin (100 

µM), M6PHSA (100 µM), Losartan (100 µM) or Losartan-M6PHSA at a concentration of 1 

mg/ml, which is equivalent to 100 µM cisplatin, and cell number was determined by Alamar Blue 

viability assay. Fluorescence was corrected for background fluorescence of the reagent in medium without 

cells *: p<0.001 vs control HSC and losartan-M6PHSA.  
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M6PHSA was prepared and characterized as described previously (22) and losartan-

M6PHSA was analyzed simultaneously to check that M6PHSA properties were not 

modified after losartan conjugation with an anion-exchange and size exclusion analysis. 

To conjugate M6PHSA to losartan-ULS, 10 mg of M6PHSA (14.3 nmol) were dissolved 

in 1 ml of 20 mM tricine/NaNO3 buffer pH 8.5. Losartan-cisULS (143 nmol) was added 
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in 10-fold molar excess at pH 8. The mixture was reacted overnight at 37°C, and purified 

by dialysis against PBS at 4°C. The final product was sterilized by filtration and stored at -

20°C. Protein content of the conjugates was assessed by the BCA assay (Pierce, Rockford, 

IL). ULS content per losartan-M6PHSA was evaluated by inductive coupled plasma – 

atomic emission spectroscopy (ICP-AES) at 214.424nm and at 265.945nm with a VISTA 

AX CCD Simultaneous ICP-AES (Varian, Palo Alto, USA). Standards (cisPlatinum) and 

unknown samples were spiked with Yttrium as an internal standard (360.074nm). The 

amount of losartan coupled to the carrier was analyzed by HPLC after competitive 

displacement of the drug from the conjugate by excess of potassium thiocyanate (KSCN). 

Free losartan and losartan-ULS were analyzed by reverse-phase HPLC on a Waters 

system (Waters, Milford, MA, USA) equipped with an UV detector operated at 269 nm 

and a thermostated column oven operated at 40°C. Elutions were performed on a 

µBondapak Guard-pak C18 precolumn in combination with a 5 µm Hypersil BDS C8 

column (250x4.6 mm, Thermoquest Runcorn, UK) using a mobile phase consisting of 

acetonitrile/water/trifluoracetic acid (40/60/0.1, pH 2).  

Cytotoxic effects of Losartan-M6PHSA on HSC 

HSC were freshly isolated from rat liver and purified with 12% nycodenz gradient 

centrifugation. After ten days of culture, HSC are fully activated as detected via αSMA 

immunostaining (10,000 cells/well seeded in 96 well-plates, Corning Costar) and were 

then incubated for 24h at 37°C in culture medium spiked with either cisplatin (100 µM), 

Losartan (100 µM) or Losartan-M6PHSA (1 mg/ml based in protein concentration, 100 

µM in platinum concentration). Cell viability was determined using the Alamar Blue 

viability assay according to the protocol of the supplier (Serotec Ltd). 

Induction of liver fibrosis in rats 

BDL model 

Common bile duct ligation was used to induce liver inflammation and fibrosis as 

described previously (23). Either bile duct ligation or sham-operation was performed in 

250 g Male Wistar rats (Harlan, Zeist, The Netherlands). Rats were anesthesized with 
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isoflurane (2% isoflurane in 2:1 O2/N2O, 1 L/min) (Abbot Laboratories Ltd., 

Queensborough, UK). After midline laparotomy, the common bile duct was doubly 

ligated with 4-0 silk and transsected between the two ligations. Sham operation was 

performed similarly with exception of ligating and transecting the bile duct.  

At days 12-15 after bile duct ligation, rats received intravenous injection of saline, 

losartan-M6PHSA (3.3 mg/kg/day, corresponding to 125 µg losartan/kg), M6PHSA 

alone (3.3 mg/kg/day), or orally administrated losartan (5 mg/kg/day). Ten rats were 

included per group. Animals were sacrificed 10 minutes after the last injection and blood 

and organ liver samples were obtained. Animal procedures were approved by the 

Committee for Care and Use of Laboratory Animals of the Hospital Clínic, Barcelona. 

CCl4 model 

Rats (250 g, Male Wistar rats, Harlan) were subjected to CCl4 inhalation during a time 

period of 8 weeks as described previously (24). At the beginning of week 9, rats received 

four consecutive intravenous injections of saline or losartan-M6PHSA (8 mg/kg, 

corresponding to 300 µg losartan/kg). 10 minutes after the fourth injection, animals were 

sacrificed and blood and liver samples were obtained. Animal procedures were approved 

by the Committee for Care and Use of Laboratory Animals of the Hospital Clínic, 

Barcelona. 

Serum b ochemical measurements i

i

Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST) and bilirubin 

levels were measured using standard enzymatic procedures by the Hospital Clinic, 

Barcelona. 

Analysis of losartan-M6PHSA b odistribution 

The presence of losartan-M6PHSA or M6PHSA in tissue cryosections was demonstrated 

by immunostaining using an anti-HSA antibody (Cappel ICN Biomedicals, Zoetermeer, 

The Netherlands), as described elsewhere (37). The co-localization of losartan-M6PHSA 

with HSC was assessed by double immunostaining of anti-HSA and anti-desmin (Cappel 
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ICN Biomedicals, Zoetermeer, The Netherlands), a specific marker for rat HSC, as 

described previously (16) and the pictures were taking by optical microscope.   

For colocalization studies of losartan-M6PHSA and HSC and posterior analysis in the 

confocal laser scanning microscope, the mixture of the primary antibodies rabbit anti-

HSA and mouse anti-DESMIN were detected with a mixture of FITC anti-mouse IgG 

(1:100) and TRITC anti-rabbit IgG. Images were taken with a confocal laser scanning 

microscopy (Leica TCS SP2 AOBS confocal laserscan microscope, Heidelberg, Germany) 

equipped with an argon/krypton laser and coupled to a Leitz DM IRB inverted 

microscope (Leica). Single-label images were taken sequentially at 488 and 562 nm with 

the 40x objetive. Colocalization pictures were obtained by use of Adobe Photoshop. 

The amount of losartan in liver tissue homogenates was analyzed by HPLC after a 

liquid/liquid extraction with (HPLC)-UV method. Two different procedures were 

employed to isolate losartan from tissue homogenates. The first method consisted of 

direct extraction from the livers, whereas the second method comprised an additional 

incubation of tissues overnight with KSCN 80ºC, in order to release losartan from the 

conjugate(18), and subsequent extraction the following day. Liquid–liquid extraction of 

losartan from the samples was performed using methyl butyl ether (Riedel-de Haen, 

Netherlands). The extraction was performed by adding 3 ml of methyl butyl ether to 

200 µl of liver homogenate sample (0.3 g liver/ml of PBS) and vortexing for 5 min. The 

mixture was then centrifuged at 900 × g for 5 min and the aqueous layer was frozen in 

liquid nitrogen. The upper organic layer was transferred to another borosilicate glass tube 

and evaporated completely at 60 °C. The extraction procedure was repeated twice and the 

total residue was reconstituted in 200 µl of mobile phase. A 10µl of the reconstituted 

sample was injected into the HPLC system.  

The liver homogenate samples were estimated at the sensitivity of 0.01 AUFS. 

Chromatography was carried out using a C18 (C18, 5µm, 4.6x150mm) reversed-phase 

column (Sunfire, Waters Inc., Milford, MA, USA) at 40ºC with an isocratic mobile phase 

consisting of acetonitrile–water–trifluoroacetic acid (30:70:0.1, v/v/v; pH 2.0) at a flow 

rate of 1ml/min. Drug from liver tissue was measured at 225 nm and evaluated after first 
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and second method, eluting at 7.4 min. Peak-height ratios of the drug plotted in a 

calibration curve were used for the quantification of losartan from the different matrixes. 
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Figure 2. Analysis of biodistribution of losartan-M6PHSA in bile duct ligated rats.  

Liver sections were processed for immunohistochemistry and then stained with anti-HSA antibody (see 

Experimental procedures). HSA staining was not detected in the lung (A), spleen (B), heart (C) or 

kidney (D) (magnification 4x). HSA staining was absent in rats treated with saline (not shown), while it 

was detected in the liver within the non-parenchymal cells of rats treated with losartan-M6PHSA (E) 

(magnification 4x). Five rats were studied per group.  

 

Quantification of collagen accumulation and infiltration by myofibroblastic 

and inflammatory cells 

The degree of hepatic fibrosis was estimated as the percentage of area stained with picro 

Sirius Red (Sirius Red F3B, Gurr-BDH Lab Supplies, Poole, England). The amount of 
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fibrogenic myofibroblasts was estimated by measuring the percentage of area stained with 

anti-smooth muscle α actin (αSMA, DAKO, Carpinteria, CA). Finally, the amount of 

inflammatory cells was estimated by measuring the number of cells stained with anti-

CD43 (Serotec, Oxford, United Kingdom) in 10 randomly selected high power fields per 

sample. For morphometric assessment of percentage of area with positive staining, an 

optic microscope (Nikon Eclipse E600) connected to a high-resolution camera (CC12 

Soft-Imaging System, Münster, Germany) was used. Images were analyzed in an 

automated image-analysis system (AnalySIS, Soft-Imaging System, Münster, Germany). 

Images were captured following automatic white balance and light intensity equilibration 

with a 40 × magnification objective and digitized as RGB 24-bit. Each optical image size 

at 40x was 88752 µm2 for a 250 x 250 square pixel image, resulting in an optical 

resolution of 1,42 µm2/pixel. Image reconstruction was performed using the Multiple 

Image Alignment. After shading correction and interactive thresholding, the selected 

positive pixels were measured. The positive area was the sum of the area of positive 

pixels. The ratio was calculated as the area of positive pixels divided by the total area of 

the biopsy. Results are given as percentage of positive area. 

Analysis of hepatic gene expression 

RNA was isolated from frozen liver samples using Trizol (Life Technologies Inc., 

Rockville, MD). Quantitative PCR was performed with pre-designed Assays-on-Demand 

TaqMan probes and primer pairs for rat collagen α1 (II), transforming growth factor β1 

(TGFβ1), tissue inhibitor metalloproteinase type 1 (TIMP-1) and ribosome subunit 18s 

(Applied Biosystems, Foster City, CA).  

Information on these Assay-on-Demand is available at: 

http://myscience.appliedbiosystems.com/cdsEntry/Form/gene_expression_keyword.jsp. 

TaqMan reactions were carried out in duplicate on an ABI PRISM 7900 machine (Applied 

Biosystems). 
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Statistical analysis 

Results are expressed as the mean±s.e.m. Significance was established using t-test, two-

way ANOVA with Bonferroni's post hoc test and Mann-Whitney assay. Differences were 

considered significant if P<0.05. 

 

 BA
 

 

 

 

 

 

 

 

Figure 3. Analysis of colocalization of losartan-M6PHSA within hepatic stellate 

cells. 

Liver sections were processed for immunohistochemistry and then stained with anti-HSA antibody (see 

Experimental procedures). Losartan-M6PHSA co-localized with stellate cells in rat livers (arrows), as 

assessed with double immunostaining with anti-HSA and anti-desmin (A). Analysis performed with 

confocal laser microscopy verified the colocalization of anti-HSA (red fluorescence color) and anti-desmin 

(green fluorescence color) in the regions colored in yellow (arrows) (magnification 40x). Five rats were 

studied per group. 
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Results 

Synthesis and characterization of losartan-M6PHSA conjugate 

i i

Losartan was conjugated to M6PHSA in two synthesis steps. After its reaction to the ULS 

linker, the losartan-ULS adduct was conjugated to M6PHSA and the final high-molecular 

weight product was extensively purified by dialysis (Fig. 1A). An average of seven 

losartan-ULS molecules were coupled per M6PHSA, as assessed by HPLC studies and 

confirmed by inductive coupled plasma – atomic emission spectroscopy (ICP-AES) (data 

not shown). Conjugation of losartan to M6PHSA did not change the charge or size 

features of M6PHSA, as assessed by anion-exchange chromatography and size exclusion 

chromatography, respectively (Fig. 1A).  

ULS is a derivative of cisplatin and since cisplatin is a well-known antitumor agent, the 

use of platinum (II) as a linker may infer unwanted toxicity associated with the drug 

targeting construct. We therefore studied the effect of Losartan-M6PHSA on rat HSC 

that were cultured and activated in vitro. Cell viability studies did not show toxicity to the 

target cells after 24h treatment with Losartan-M6PHSA, in contrast to cisplatin at the 

same concentration (Figure 1B).  

Pharmacok netics of losartan-M6PHSA in b le-duct ligated rats 

We have previously shown that M6PHSA binds to M6P/IGFII-R, which is 

predominantly expressed in activated HSC in the fibrotic liver(22). M6PHSA clearly does 

not interact with hepatocytes and binds minimally other non-parenchymal cell types, such 

as Kupffer cells and sinusoidal endothelial cells. In the current study, we have used this 

approach to selectively deliver losartan to HSC in rats with advanced liver fibrosis 

induced by bile duct ligation. The animals were administered four consecutive doses of 

losartan-M6PHSA (3.3 mg/kg, corresponding to 125 µg losartan/kg) from day 12 to day 

15. Control groups were treated with equivalent doses of M6PHSA (3.3 mg/kg), saline, or 

free losartan orally at a dosage (5 mg/kg) that has been reported to be effective against 

liver fibrosis when given for a prolonged period of time(5-8).   
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We first assessed whether losartan-M6PHSA preferentially accumulates in the fibrotic rat 

liver. Livers as well as other organs (lung, heart, spleen, and kidney) were stained for anti-

HSA to detect the presence of the core protein. As shown in Fig. 2A-2E, losartan-

M6PHSA was only detected in the liver, while it was not present in other organs. 

Injection of the carrier alone (M6PHSA) followed a similar distribution pattern (not 

shown). Since the animals had been injected with a last dose of the conjugate 10 minutes 

prior to their killing, this result clearly illustrates the rapid and selective accumulation of 

the product in the liver. Importantly, losartan-M6PHSA co-localized with activated HSC, 

as assessed by double immunostaining with anti-HSA and anti-desmin antibodies and 

verified after colocalization using fluorescence antibodies anti-HSA and anti-desmin and 

detected via confocal laser microscopy (Fig. 3A-3B).  

To further demonstrate the selective homing of losartan-M6PHSA to the liver, we 

quantified tissue levels of losartan by HPLC. Of note, a 40-fold higher dosage was 

administrated in the case of losartan itself compared to losartan-M6PHSA. The dosage of 

orally administered losartan was based in previous studies referring to efficacy of 

losartan(5), whereas a minor dose of losartan-M6PHSA conjugate was needed after the 

efficient delivery of losartan to the HSC. Two different procedures were followed to 

isolate losartan from tissue homogenates, either providing free losartan levels or detecting 

the presence of conjugated losartan. Following the oral administration of losartan per se, 

both analyses yielded an average tissue concentration of 12.1 µg/g liver, which 

corresponded to 4% of the cumulative dose (15% of the last dose administered). In 

contrast, animals that were given losartan-M6PHSA, exhibited losartan levels of 1.5 µg/g, 

corresponding to at least 20% of the cumulative dose (81% of the last injected dose). As 

can be appreciated from these results, losartan-M6PHSA demonstrated a preferential liver 

distribution. Due to the accumulation of losartan-M6PHSA in the stellate cell, which only 

constitutes a small fraction of the whole liver, drug levels in HSC are most likely even 

much higher. Oral administered losartan does not show this preferential homing to HSC. 
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Figure 4. Effect of differen  treatments on the degree of liver fibrosis.  

Liver sections were processed for immunohistochemistry and then processed for Sirius Red staining. Severe 

bridging was observed in rats receiving saline (A), M6PHSA (B) and oral losartan (D). However, rats 

treated with losartan-M6PHSA (C) showed fewer areas with collagen accumulation (magnification 4x). 

(E). Quantification of the area with Sirius Red staining in liver specimens (n=10, mean± s.e.m., 
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statistical analysis: *P<0.05 vs sham; #P<0.05 vs saline, MP6PHSA and oral losartan). (F). 

Quantification of the expression of procollagen α1(II) in rat livers, as assessed by quantitative RT-PCR. 

(n = 10, mean±s.e.m., Mann-Whitney test between saline and drug treated groups: *P < 0.05 vs sham; 
#P<0.05 vs saline, MP6PHSA and oral losartan). 
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Comparing with the CCL4 model, in pictures (G) and (H) Sirius Red staining on liver sections from 

CCL4 treated animals with losartan-M6PHSA showed reduction in collagen deposition compared to 

control (reconstruction of liver biopsy, 16 areas, 4x magnification). (I). Quantification of the area with 

Sirius Red staining in liver specimens (n=3, mean± s.e.m., statistical analysis: *P<0.05 vs saline); and 

(J) quantification of the expression of procollagen α1(II) in rat livers, as assessed by quantitative RT-

PCR. (n=3, mean± s.e.m., statistical analysis: *P<0.05 vs saline). 
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Short-term t eatment w th losartan M6PHSA but not oral losartan reduces 

advanced liver fibrosis 

r i -

Although the dosage of losartan-M6PHSA was much lower than of losartan itself, we 

hypothesized that the targeting to activated HSC would render the drug more effective in 

attenuating advanced liver fibrosis in rats. Previous studies have shown that after 2 weeks, 

bile duct ligated rats develop profound changes in the hepatic architecture including 

bridging fibrosis (23). As expected, BDL for 15 days resulted in a marked increase in 

serum bilirubin and serum levels of enzymes AST and ALT, which was similar in all 

treated groups (data not shown). The liver/body weight ratio increased in bile duct ligated 

rats and this aspect was not affected by any treatment. These results indicated that short-

term treatment with losartan-M6PHSA or oral losartan did not protect livers from BDL-

induced hepatocellular injury.  

We next investigated the degree of liver fibrosis. Following bile duct ligation, rats treated 

with saline or M6PHSA alone showed severe septal fibrosis with a marked disruption of 

the hepatic architecture (Fig. 4A-3B). Hepatic collagen content, as assessed by 

morphometric analysis of Sirius red staining, was markedly increased in these rats as 

compared to the sham group (Fig. 4E). In contrast, bile duct ligated rats treated with 

losartan-M6PHSA displayed a remarkably decreased collagen deposition with less 

frequent formation of bridging fibrosis (Fig. 4C). Importantly, short-term treatment with 

oral losartan did not reduce histological fibrosis or the amount of collagen content (Fig. 

4D). To confirm these results, hepatic procollagen α1(II) gene expression was quantified. 

Procollagen α1(II) was upregulated 10-fold in bile duct ligated rats treated with saline 

compared with sham-operated animals (Fig. 4F). Losartan-M6PHSA, but not oral losartan 

or M6PHSA alone, reduced procollagen α1(II) by 60% in bile duct ligated rats. These 

results strongly indicate that short-term treatment with losartan-M6PHSA, but not oral 

losartan, is capable to reduce advanced liver fibrosis in rats with chronic cholestasis.  

To further demonstrate that the antifibrotic effect of losartan-M6PHSA was not an 

experimental model specific phenomenon, we tested losartan-M6PHSA in the well-

established model of CCl4-induced liver fibrosis (24). After 8 weeks of CCl4 inhalation 
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initial stages of hepatic fibrosis were reached, at which stage we administered four 

consecutive daily doses of losartan-M6PHSA. Both hepatic collagen content, as assessed 

by morphometric analysis of Sirius red staining, and hepatic procollagen α1(II) gene 

expression were reduced in rats treated with losartan-M6PHSA as compared to saline-

treated rats (Fig. 4G-H).  

Mechanisms of reduced liver fibrosis in rats treated with losartan-M6PHSA

To explore the mechanisms involved in the potent therapeutic effect of losartan-

M6PHSA, we first assessed the accumulation of fibrogenic myofibroblasts in bile duct 

ligated livers. These cells mostly originate from activated HSC, yet other cell types such as 

portal myofibroblasts are also a source of fibrogenic cells in the bile duct ligated livers 

(25). We have previously shown that Ang II induces activation and proliferation of HSC 

(26). To test whether losartan-M6HSA treatment reduces the accumulation of such cells, 

the number of myofibroblasts was assessed in liver specimens by morphometric 

quantification of αSMA-positive cells. As shown in Figure 5A, BDL was associated with 

the accumulation of abundant αSMA-positive cells in the hepatic parenchyma. These cells 

accumulated around proliferating bile ducts as well as in the hepatic sinusoids (Fig. 5E). 

Treatment with losartan-M6HSA, but not oral losartan or M6HSA alone, was associated 

with a reduction in the accumulation of myofibroblasts (Fig. 5B-5D). Morphometric 

analysis of the positive area with αSMA staining confirmed that losartan-M6PHSA 

decreased the number of αSMA-positive cells (Fig. 5F). Similar results were obtained after 

administration of losartan-M6PHSA to CCl4 fibrotic rats, as shown in figure 5 G-H, and 

confirmed after morphometric quantification of αSMA positive cells per liver area (Fig. 

5I). 
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Figure 5. Effect of different treatments on the accumula ion of myofibroblasts and

activated hepatic stellate cells, as assessed by smooth muscle α-actin expression 

(αSMA). 

Liver sections were processed for immunohistochemistry and then stained with anti-αSMA antibody. Rats 

receiving saline (A), M6PHSA (B) or oral losartan (D) showed a marked accumulation of αSMA-

positive cells, which co-localized with areas with active fibrogenesis. However, rats treated with losartan-

M6PHSA (C) showed less quantity of αSMA-positive cells (magnification 4x). (E). High 

magnification (400x) photomicrograph of a liver from a bile duct ligated rat treated with saline. αSMA 

staining was detected in cells located in the sinusoids corresponding to activated hepatic stellate cells (upper 

arrow) as well as in myofibroblasts around proliferating bile ducts (lower arrow).  
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(F). Quantification of the area with αSMA staining in rat liver specimens (n = 10, mean±s.e.m., 

Mann-Whitney test between saline and drug treated groups:*P<0.05 vs sham; #P<0.05 vs saline, 

MP6PHSA and oral losartan).  
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αSMA staining on liver sections from CCL4 treated animals with losartan-M6PHSA showed less 

accumulation of αSMA-positive cells (H) compared to diseased animals treated with saline (G) 

(reconstruction of liver biopsy, 16 areas, 4x magnification). (I). Quantification of the area with αSMA 

staining in liver specimens (n=3, mean± s.e.m., statistical analysis: *P<0.05 vs saline). 

 

Because TIMP-1 is a survival factor for activated HSC and regulates collagen degradation, 

we next explored TIMP-1 hepatic gene expression by quantitative PCR. As shown in Fig. 

6A, BDL resulted in approximately 10-fold increase in TIMP-1 hepatic gene expression, 

which was not reduced by losartan-M6HSA nor oral losartan. Also, we explored the 

hepatic expression of TGFβ1, which is a major fibrogenic cytokine that largely mediates 

the fibrogenic actions of Ang II in many organs including the liver (27). Compared to 

sham-operated rats, bile duct ligated rats showed a 5-fold increase in TGFβ1 gene 

expression, which was reduced by 30% in rats treated with losartan-M6HSA (Fig. 6B).  
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Finally, we explored whether losartan treatment diminished hepatic inflammation, which 

is a major event leading to hepatic fibrosis in rats with secondary biliary cirrhosis. 

Previous studies have shown that Ang II exerts pro-inflammatory effects in the liver and 

that AT1 blockade reduces hepatic inflammation (28) (29). To test this hypothesis, we 

quantified the infiltration of inflammatory cells (CD43-positive) in the hepatic 

parenchyma by immunohistochemistry. Compared to sham-operated rats, bile duct ligated 

rats showed a marked increase in the infiltration of CD43-positive inflammatory cells 

(Fig. 7). This effect was blunted by treatment with losartan-M6HSA and, in to lesser 

extent, by oral losartan. Overall, these results suggest that the antifibrotic effect of short-

term treatment with losartan-M6HSA may be due to removal of activated HSC, decreased 

expression of TGFβ1, and attenuated hepatic inflammation. 
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Figure 6. Effect of different treatments on hepatic gene expression from bile duc

ligated rats, as assessed by quantitative RT-PCR.  

Rats subjected to bile duct ligation received different treatments, as specified in the figure (n = 10, 

mean±s.e.m., Mann-Whitney test between saline and drug treated groups: *P<0.05 vs sham).  

A. Effect of different treatments on TIMP-1 hepatic gene expression in livers from bile duct ligated rats 

(n=10, mean±s.e.m., Mann-Whitney test between saline and drug treated groups: *P<0.05 vs sham).  
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B. Effect of different treatments on TGFβ1 hepatic gene expression in livers from bile duct ligated rats 

(n=10, mean±s.e.m., Mann-Whitney test between saline and drug treated groups: *P<0.05 vs sham; 
#P<0.05 vs saline and M6PHSA).  
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Discussion  

The present study demonstrates that advanced liver fibrosis can be successfully treated by 

short-term administration of an antifibrotic drug that is selectively targeted to the main 

fibrogenic cell type in the liver (i.e. activated HSC). We provide evidence that the delivery 

of the AT1 receptor blocker losartan to HSC reduces inflammation and collagen 

deposition in two different rat models of liver fibrosis. Importantly, this novel approach 

appears to be much more effective than losartan given orally, suggesting that it may be 

useful for treating patients with advanced chronic liver diseases. Our data also confirm a 

major role for the RAS in the pathogenesis of liver fibrosis. 

To date, there is no effective therapy to treat liver fibrosis (1). In view of the high 

prevalence of hepatic fibrosis and its potential lethal consequences (i.e. cirrhosis), the 

development of safe and effective antifibrotic therapies is an urgent and unmet medical 

need in hepatology. Such therapies should be capable of reducing the hepatic fibrogenic 

response to injury, even when the causative agent cannot be removed (e.g. chronic hepatic 

C not responding to antiviral therapy). Moreover, antifibrotic therapies should be well 

tolerated in patients with advanced cirrhosis when used for prolonged periods of time. 

Most of the antifibrotic compounds that reduce experimental liver fibrosis do not meet 

these requirements (e.g. TGFβ and/or PDGF inhibitors), as they generally display serious 

side-effects. The selective delivery of antifibrotic drugs to HSC may theoretically reduce 

the undesirable extrahepatic effects while increasing the antifibrotic effect of a given drug. 

Macromolecular carriers, such as for instance the presently applied M6PHSA, render such 

an approach feasible (16). To test the efficacy of this approach, the antifibrotic compound 

chosen to target HSC was an AT1 antagonist. We chose this family of drugs because there 

is overwhelming evidence supporting a role for AT1 receptors in the pathogenesis of liver 

fibrosis and because AT1 receptors blockers are known to reduce tissue fibrosis in organs 

such the kidney and the heart (1) (30) .  

The new drug conjugate Losartan-M6PHSA was successfully synthesized by first applying 

a novel linker system that binds losartan via a transition-metal coordination bond at the 
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platinum center to one of the nitrogens in the tetrazole ring of losartan structure. The 

resulted Losartan-ULS adduct was subsequently reacted to M6PHSA carrier in a 

straightforward reaction, affording an overall reaction efficiency of 70%. Traditionally, the 

art of linking drugs to carrier moieties represents a complex issue to deal with (31). A key 

property of our platinum linker, ULS, is that it can be applied for conjugation of many 

valuable drug molecules containing aromatic nitrogens, forming a bond of intermediate 

binding strength (32). The ligand-exchange behaviour of Pt compounds is quite slow, 

giving them a high kinetic stability (33). Once in the target cell, ULS does have a strong 

thermodynamic preference for binding to S-donor ligands, such as for instance 

glutathione or sulphur containing amino acids. As the concentrations platinum in our 

conjugates are orders of magnitude lower than applied in cisplatin cancer therapy, one 

would predict rapid detoxification of ULS by binding to cytosolic platinophilic 

ligands(18). The present HSC viability studies with losartan-M6PHSA (Fig 1B) are in 

good agreement with the safety data of other drug-M6PHSA conjugates prepared with the 

ULS linker(18).  

The main result of the current study is that a short-term treatment with a drug selectively 

targeted to HSC is capable of reducing advanced liver fibrosis. In contrast, short-term 

treatment with the same drug but given orally only has minor effects. These results 

suggest that the selective delivery of drugs to fibrogenic cells may increase the efficacy of 

antifibrotic therapy. In previous studies assessing the antifibrotic effect of losartan in rats 

with experimentally-induced fibrosis, the drug was given for long periods of time, usually 

concomitantly with the initiation of liver injury (5;28;29). Although these studies yielded 

positive results, the particular approach used does not really mimic the scenario in 

humans. In patients with chronic diseases (e.g. chronic hepatitis C), the onset of liver 

fibrosis is a slow process. In most cases, antifibrotic therapies will be initiated when the 

liver fibrosis is manifest and the causative stimulus cannot be removed. It is likely that the 

efficacy of antifibrotic drugs in this setting is not optimal.  

Different mechanisms may explain the strong antifibrotic effect achieved with our drug-

targeting construct. First, targeting losartan to the HSC via the modified albumin, 

M6PHSA, increases the fraction of the dose that accumulates within the fibrogenic cells. 
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M6PHSA distributes rapidly and extensively (about 60% of the injected dose) to the liver. 

After four administrations of losartan-M6PHSA, losartan levels in the liver accounted for 

20% of the cumulative dose, revealing the efficiency of the targeting strategy. We also 

showed that M6PHSA mainly distributes to activated HSC located around the hepatic 

sinusoid. In contrast, we found 4% of the total dose in the liver after orally administration 

of losartan per se, which is in agreement with its distribution over the total body. On the 

other hand, the concentrations of losartan in the liver after conventional oral treatment, 

which was given in a 40-fold higher dose were higher than after the targeted treatment. 

Yet, the antifibrogenic effect of the oral treatment was much lower. Thus, the observed 

effects of losartan-M6PHSA cannot be attributed to higher concentrations of losartan per 

se, but must be due to the sustained release of the drug in time, or to the subcellular 

accumulation within the liver.  

Secondly, the activity of losartan-M6PHSA may be enhanced by the specific interaction 

that M6PHSA provides. The M6P/IGFII receptor participates in the activation of latent 

TGFβ1, which may be affected by M6PHSA (17). The finding that treatment with 

M6PHSA alone did not affect fibrosis or inflammation in bile duct ligated rats however, 

does not support this hypothesis. Thirdly, we show that targeted losartan rapidly reduces 

the accumulation of activated HSC in the fibrotic liver, which is considered a main driven 

force in liver fibrogenesis. This is consistent with previous reports showing that Ang II is 

a powerful mitogenic agonist for HSC (4). In addition, targeted losartan decreased the 

expression of TGFβ1, which is considered the main fibrogenic factor in the liver (34). 

This result suggests that locally generated Ang II stimulates TGFβ1 expression in the 

liver, similarly to what occurs in other organs such as the kidney (35).  

And finally, targeted losartan strongly attenuated infiltration of inflammatory cells in the 

liver. This effect was also observed in rats treated with oral losartan, yet to a lesser extent. 

This finding may be relevant, since inflammatory cells play a major role in liver 

fibrogenesis by releasing fibrogenic cytokines and by directly interacting with HSC (36). 

This latter effect is consistent with previous reports showing that Ang II exerts pro-

inflammatory actions both in cultured cells and in vivo (4;23). 



 

  

  91 

    Chapter 4 

 

 

 

 

 

 

 

 
Saline M6PHSA losartan-M6PHSA Oral losartanSaline M6PHSA losartan-M6PHSA Oral losartan

 

 

 

 

 

 

 

 

 

i

E 

0

5

10

15

20

25

Sham Saline M6PHSA M6PHSA-
losartan

Oral
losartan

C
D

43
 s

ta
in

in
g

(p
os

iti
ve

 c
el

ls
/fi

el
d)

*
*

Figure 7. Effect of different treatments on the infiltration of inflammatory cells in

the hepatic parenchyma, as assessed by CD43 express on.  

Rats subjected to bile duct ligation received different treatments, as specified in the figure. Liver sections 

were processed for immunohistochemistry and then stained with anti-CD43. Rats receiving saline (A) or 

M6PHSA (B) showed intense infiltration by CD43-positive cells (arrows). Treatment with losartan-

M6PHSA (C), an in a lesser extent, or oral losartan (D), induced a reduction in the number of CD43 

infiltrating leukocytes (magnification 4x). E. Quantification of the number of positive cells in 20 

randomly chosen high power fields (n=20, mean±s.e.m., Mann-Whitney test between saline and drug 

treated groups: *P<0.05 vs saline and M6PHSA) 
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Our results potentially have implications for the treatment of liver fibrosis. Firstly, we 

provide evidence that short-term treatment with a highly active oral compound -losartan- 

is capable to attenuate the inflammatory response but it is not strong enough to reduce 

liver fibrosis. Therefore, the current assumption that Ang II blockers are highly effective 

in attenuating experimental liver fibrosis should be tempered. Second, our results support 

the current research to develop innovative systems to deliver fibrogenic drugs to HSC. 

This approach would be particularly useful in conditions with rapidly aggressive hepatic 

fibrosis (e.g. acute alcoholic hepatitis) in which the use of AT1 receptors blockers may 

induce undesirable side effects. Finally, our results indicate the possibility to use drugs 

known to attenuate portal pressure in the treatment of patients with acute complications 

due to portal hypertension (e.g. acute variceal bleeding). In these patients, the use of oral 

losartan is precluded by the development of arterial hypotension, or even hypotensive 

shock syndrome (14). Further studies should investigate whether the use of losartan 

targeted to HSC lowers portal pressure without reducing systemic arterial pressure. 

In conclusion, by using a new platinum-based linker, we successfully coupled losartan to 

M6PHSA, a carrier capable to deliver drugs to activated HSC in the fibrotic rat liver. We 

provide evidence that the beneficial effects of losartan in liver fibrosis are greatly 

enhanced when the drug is selectively targeted to HSC. Importantly, losartan-M6PHSA 

was effective in reducing liver fibrosis in two independent experimental models of liver 

fibrosis. Further studies should explore whether this novel biopharmaceutical approach is 

feasible and safe in patients with liver fibrosis. 
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