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Abstract 

The renin-angiotensin system (RAS) plays a fundamental role in liver fibrogenesis and 

hence the use of losartan is proposed as an attractive antifibrotic strategy. However, the 

use of RAS blockers can worsen the development of systemic hypotension associated with 

liver fibrosis. To avoid the systemic interactions of losartan and improve its liver 

accumulation, we have developed losartan-M6PHSA, a drug targeting preparation that 

selectively accumulates in hepatic stellate cells (HSC), the main fibrogenic cell type in liver 

fibrosis. We investigated the liver accumulation of losartan-M6PHSA and its antifibrotic 

effects in the carbon tetrachloride (CCL4) model of rat liver fibrosis. After 9 weeks of 

CCL4 inhalation, rats were treated with four daily doses of losartan-M6PHSA (8mg/kg, 

containing 0.3 mg losartan/kg), free losartan (0.3mg/kg) or M6PHSA carrier alone 

(8mg/kg). Expression of M6P/IGF II target receptors and accumulation of losartan-

M6PHSA in the fibrotic liver were confirmed immunohistochemically. We determined 

losartan levels in the liver by HPLC, demonstrating a liver accumulation of 13.2 ±6.4% vs. 

5.4±0.2% of the cumulative dose for losartan-MPHSA and free losartan, respectively, at 

10 minutes after the last dose. Hepatic collagen deposition, as assessed by morphometric 

analysis of Sirius red staining, was markedly lower in rats treated with losartan-M6PHSA 

whereas treatment with losartan alone had no effect (p<0.05) Accumulation of α-smooth 

muscle actin-positive cells was reduced in rats treated with M6PHSA-losartan or losartan 

(p<0.05), but not after treatment with M6PHSA carrier. Finally, losartan-M6PHSA and 

losartan reduced procollagen α1(II) gene expression by 80% and 70%, respectively. We 

conclude that losartan acts as a potent antifibrogenic drug in the CCL4 model of liver 

fibrosis, and that targeting of losartan to HSC strongly potentiates its effects. 
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Introduction 

Hepatic fibrosis is a dynamic process caused by chronic liver injury due to various inciting 

stimuli including viral hepatitis (especially hepatitis B and C), alcohol abuse, obesity, 

toxins, autoimmune attack of hepatocytes or bile duct epithelium, metabolic disease, or 

congenital abnormalities (1;2). Advanced liver fibrosis eventually results in cirrhosis, which 

represent a huge and global healthcare burden and a major cause of death (3). 

Consequently, there is an urgent need for antifibrotic therapies that can retard or reverse 

the ongoing fibrogenic processes in the liver. 

Hepatic stellate cells (HSC) are considered as the main collagen-producing cells in the 

injured liver, and key fibrogenic factors have been identified in HSC (4). In recent years 

the renin-angiotensin system (RAS) was found to play a major role. Angiotensin II (Ang 

II) mediated myofibroblast proliferation, infiltration of inflammatory cells, and 

extracellular matrix (ECM) deposition (5-7). Neither in the normal human liver, HSC do 

not express Angiotensin II type 1 (AT1) receptors nor secrete angiotensin II (Ang II). 

During chronic liver injury, however, activated HSC express functional angiotensin 

receptors and generate mature Ang II, which can activate the profibrogenic processes in 

an autocrine or paracrine manner (8;9). The biological effects of Ang II in cultured human 

and rodent HSC can be prevented by preincubation of HSC with angiotensin receptor 

antagonists (8). Several studies in different models of liver fibrosis have established that 

treatment with compounds that block RAS activity ameliorate experimentally induced 

liver fibrosis (10-12). Therefore, inhibition of RAS system may be a relevant strategy to 

prevent fibrosis progression during chronic liver diseases (13). The angiotensin receptor 

antagonist Losartan has been proposed as a potential candidate to be tested in clinical 

trials in patients suffering rapid progression of liver fibrosis (i.e. acute alcoholic hepatitis 

and severe hepatitis C virus reinfection after liver transplantation) (14). However, patients 

with advanced cirrhosis and activation of the systemic RAS show hypotension or reduced 

systemic blood pressure. In this situation, it is dangerous to apply antihypertensive agents 

because it can cause a further decrease in arterial pressure and renal impairment. Specific 
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targeting of losartan to activated HSC in the fibrotic liver might circumvent this 

compromised situation. Such a liver-selective therapeutic drug would increase losartan 

concentrations locally in the fibrotic liver, especially in activated HSC, whereas the low 

drug concentrations in other organs may not elicit adverse systemic effects such as 

reduction of blood pressure. 

 

Table 1. Characterization and structure of losartan-M6PHSA. 

Conjugate 

synthesis ratio 

losartan-ULS : 
protein 

coupling ratio 

losartan : protein¶

coupling ratio 

ULS : protein§

 

losartan-M6PHSA 

 
10:1 

 
7 : 1 (±1.9)        

 
7 : 1 (±2.7) 

 

¶ Losartan coupling ratio was determined by HPLC after competitive displacement of the drug by excess of 

potassium thiocyanate with KSCN at 80°C for 24h. § Universal Linkage System (ULS) coupling ratio 

was determined by atomic emission spectroscopy (ICT-AES). These values were obtained from three 

independent losartan-M6PHSA synthesized conjugates. M6P: mannose-6-phosphate; HSA: human 

serum albumin; ULS: Universal linkage system. 

Schematic structure of losartan-M6PHSA. 
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In recent years, the HSC-selective drug carrier mannose 6-phosphate modified human 

serum albumin (M6PHSA) was developed (15). After systemic administration, M6PHSA 

binds to surface-exposed M6P/IGFII receptors, which are de novo expressed in activated 

HSC during liver fibrosis. In the present study, we investigated the expression of the 

M6P/IGFII target receptors in the CCL4 inhalation model of rat liver fibrosis. Expression 

of the M6P/IGFII receptor has been described in the first stages (hours) during acute 

liver injury (16), but little is known about its expression during the slow and ongoing 

disease progression. Furthermore, we assessed the accumulation of losartan-M6PHSA in 

the CCL4-fibrotic livers and studied whether losartan-M6PHSA is more effective than 

non-targeted losartan in attenuating the fibrogenic process. 
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Materials and methods  

Synthesis of osartan-M6PHSA l

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 Biotechnology, Amsterdam, The 

Netherlands), a platinum complex that forms a co-coordinative bond with the protein 

backbone (17). Briefly, cis-platinum(ethylenediamine)nitrate-chloride (cis-Pt(en)NO3Cl, 

from now on referred to as ULS) was prepared by treating cis-Pt(en)dichloride with 0.9 

equivalent of AgNO3 (18). The resulting solution of ULS (32 µmol in DMF) was added to 

a solution of losartan (32 µmol, 10 mg/ml of the potassium salt of losartan in DMF), and 

the mixture was heated at 60°C for 3 days during which consumption of the starting drug 

was monitored by analytical HPLC. Mass spectrometry analysis confirmed the presence of 

the 1:1 losartan-ULS adducts after completion of the reaction.  

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

data: 

1H NMR of Losartan-ULS (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-ULS (CD3OD):  -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-

]+.  

M6PHSA was prepared and characterized as described previously (19). To conjugate 

M6PHSA to losartan-ULS, 10 mg M6PHSA (14.3 nmol) was dissolved in 1 ml of 20 mM 

tricine/NaNO3 buffer pH 8.5.  
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SHAM 

group 

CCL4

+ control 

saline 

CCL4

+losartan-

M6PHSA 

CCL4

+ IV 

losartan 

CCL4

+M6PHSA 

Number of rats 5 3 3 3 3 

Body weight (g) 472.17± 17.8 375.3 ± 29.8 379.7 ± 4.5 367.3 ± 28.4 396.7 ± 48.6 

Administration 
route 

----- IV IV IV IV 

Equivalent 

losartan 

----- ----- 0.3 mg/kg 0.3 mg/kg ----- 
Dosage 

Equivalent 
protein 

----- ------ 8 mg/kg ----- 8 mg/kg 

Liver/body ratio 

(g/g) 

0.037 ± 

0.003 

0.034 ± 

0.001 

0.036 ± 

0.004 

0.037 ± 

0.002 

0.038 ± 

0.004 

Bilirubin 
(umol/l) 

0.1 ± 0.06 0.2 ± 0.01 0.3 ± 0.2 0.2 ± 0.01 0.2 ± 0.01 

AST (U/l) 67.8 ± 12.28 122.3 ± 8.4 117.3 ± 24.5 121.0 ± 11.4 97.3 ± 10.1 

ALT (U/l) 54.5 ± 10.0 94.3 ± 8.5 75.0 ± 14.0* 101.0 ± 12.7 67.3 ± 8.0 

Table 2. Dosage regimens, animal data and fibrotic parameters 

Data are shown as mean ± SD.CCL4, carbon tetrachloride ; AST, aspartate aminotransferase. 
ALT, Alanin aminotransferase. * p< 0.05 vs Losartan. 
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Losartan-ULS (143 nmol) was added 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). 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) as described before (20). ULS 

content per losartan-M6PHSA conjugate was evaluated by inductive coupled plasma – 

atomic emission spectroscopy (ICP-AES) at 214.424nm and at 265.945 nm 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 (360.074 nm).  

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).  

Evaluation of losartan-M6PHSA in the CCL4 inhalation model of liver fibrosis  

The liver fibrosis model of CCL4 inhalation was used to induce liver inflammation and 

fibrosis as described previously (21) in 250 g Male Wistar rats (Harlan, Zeist, The 

Netherlands). Rats were subjected to CCl4 inhalation during 8 weeks and and 

phenobarbital administration in drinking water (0.3g/l).  

In the 9th week, rats were treated with four consecutive daily intravenous injections of 

saline, losartan-M6PHSA (8 mg/kg, corresponding to 0.3 mg losartan/kg), M6PHSA 

alone (8 mg/kg), or free of losartan (0.3 mg losartan/kg). Compounds were administered 

under anesthesia with isoflurane (2% isoflurane in 2:1 O2/N2O, 1 L/min) (Abbot 

Laboratories Ltd., Queensborough, UK). Ten minutes after the last 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. 
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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. 

Presence of M6P/IGFII receptor in CCL4  induced fibrotic livers 

The presence of M6P/IGFII receptor was demonstrated by immunostaining on frozen 

liver sections (4µM) using an anti-M6P/IGFII antibody (K-21, sc-14413, IGF-II R, Goat 

polyclonal IgG, Santa Cruz Biotechnology) (19). 

Analysis of losartan-M6PHSA b odistribution 

The presence of losartan-M6PHSA or M6PHSA was demonstrated by immunostaining 

using an anti-HSA antibody (Cappel ICN Biomedicals, Zoetermeer, The Netherlands), as 

described elsewhere (22). The co-localization of losartan-M6PHSA with HSC was 

assessed by double immunostaining of anti-HSA and anti-desmin (Sigma), a specific 

marker for rat HSC, as described previously (23).  

 

 

 
 

 

 

Figure 1. Detection of M6P/IGF II receptor in rat liver with hepatic fibrosis 

induced by CCl4 inhalation. A. General view, magnification of 20x, B. M6P/IFGII receptor 

staining in a sinusoidal pattern, magnification of 40x.  
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The amount of losartan in liver tissue homogenates (0.3 g liver/ml of PBS, prepared by 

Turrax homogenization) was analyzed by HPLC-UV methods. Two different procedures 

were employed to extract losartan from tissue homogenates. The first method consisted in 

direct extraction of losartan from liver homogenates, whereas with the second method the 

extraction of losartan was preceded by the incubation of tissues overnight with KSCN 

80ºC, in order to release losartan from the conjugate (24), and subsequent liquid–liquid 

extraction of losartan 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 and vortexing for 5 min. Layers were separated by centrifugation 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. Ten µl of the reconstituted sample was injected into the HPLC system. 

The liver homogenate samples were analyzed 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. Losartan concentration in liver tissue was measured at 225 nm at a 

retention time of 7.4 min. Peak-height ratios of the drug plotted in a standard calibration 

curve were used for the quantification of losartan from the different matrixes. 

Quantification of collagen accumulation and detec ion of activated 

myofibroblast cells 

t

Hepatic collagen deposition was estimated by assessment of the percentage of area stained 

with picro Sirius Red on paraffin-embedded liver sections (Sirius Red F3B, Gurr-BDH 

Lab Supplies, Poole, England). The amount of fibrogenic myofibroblasts was estimated by 

measuring the percentage of area stained with anti-smooth muscle-α actin on paraffin-

embedded liver sections (αSMA, DAKO, Carpinteria, CA). 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) 
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was used. Images were analyzed with 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), tissue inhibitor of 

metalloproteinase 1 (TIMP-1) and ribosome subunit 18s (Applied Biosystems, Foster City, 

CA). Information on these Assays-on-Demands 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). 

Statistical analysis 

Results are expressed as the mean±sd. Significance was established using t-test. 

Differences were considered significant if P<0.05. 
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Results 

Synthesis of Losartan-M6PHSA conjugate 

Losartan-M6PHSA was successfully synthesized in a straightforward protocol that did not 

require extensive purification steps of intermediate products. An average of seven 

molecules of losartan were coupled to M6PHSA as assessed by HPLC studies and 

confirmed by FAAS analysis of the ULS linker (Table 1). The net negative charge of the 

modified protein, reflected by the increased retention time after anion exchange 

chromatography, was not changed in Losartan-M6PHSA in comparison with M6PHSA. 

Moreover, the size exclusion chromatography showed the existence of a monomeric 

preparation of losartan-M6PHSA with absence of protein aggregations (Table 1).  

 

 

 

 

 

 

tFigure 2. Organ distribution of losar an-M6PHSA.  

Localization of Losartan-M6PHSA in different organs was demonstrated by anti-HSA 

immunostaining. Colocalization of losartan-M6PHSA and HSC was detected by anti-HSA/ anti-

DESMIN double immunostaining.  

A. Anti-HSA immunostaining in rat liver. B. Colocalization of losartan-M6PHSA with HSC within 

a fibrotic liver. Arrows indicate the colocalization of red color, presence of carrier, with blue color, desmin, 

a marker of activated HSC. 40x magnification. 
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Lung (C), heart (D), spleen (E) and kidney (F) sections stained with anti-HSA after Losartan-

M6PHSA injection in CCl4 treated animals. Images were obtained at 20x magnification per organ 

tissue. 

 

 

 

 

 

 

 

 

 

Clinical and biochemical parameters 

The induction of hepatic fibrosis by administration of CCl4 together with oral 

phenobarbital was associated with increases in body weight and serum liver enzymes (AST 

and ALT), as compared with the sham group. ALT was significantly decreased by the 

treatment with losartan-M6PHSA in comparison with losartan alone (Table 2). Plasma 

bilirrubin levels indicated normal levels in all groups and there were no changes in the 

liver/body ratio.  

M6P/IGF II receptor expression in fibrotic liver induced by CCl4

First, we investigated the presence of M6P/IGFII receptor in liver sections at 9 weeks of 

inhalation of CCL4. We observed the staining for the receptor throughout the fibrotic 

liver, mainly associated extracellularly with hepatic stellate cells in a non-parenchymal 

distribution pattern (Figure 1). Receptor expression was also observed in hepatocytes, but 

this receptor was present intracellularly. Previous studies showed that this cell type did not 

bind the carrier  M6PHSA (19).  
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Accumulation and distribution of losartan-M6PHSA in the fibrotic liver 

Previous studies in our group have demonstrated that M6PHSA accumulated rapidly and 

efficiently in various stages of liver fibrosis induced by bile duct ligation (22;25). The 

fibrotic process in the CCl4 inhalation model has completely different characteristics from 

the BDL model, both in underlying pathophysiology and speed of progression. Since this 

may affect the extent of M6PHSA accumulation in the liver, we investigated the organ 

distribution of losartan-M6PHSA by immunohistochemical techniques and by HPLC 

analysis of losartan. To be able to detect the cellular distribution of losartan-M6PHSA in 

tissue sections of the organs, rats were sacrificed 10 minutes after the last administration 

of the conjugate. We observed a preferential distribution of losartan-M6PHSA to the 

fibrotic liver (Figure 2A), whereas the staining in the other organs was negative (Figure 

2C-F). Within the fibrotic liver, losartan-M6PHSA displayed an HSC-like distribution 

pattern, as demonstrated by colocalization of carrier (anti-HSA staining) and the stellate 

cell marker desmin (Figure 2B). From these results we concluded that losartan-M6PHSA 

rapidly distributed to the liver 9 weeks after the induction of fibrosis in the CCl4 model, 

where it selectively binds and is taken up into HSC.  

Quantification of losartan in liver tissue by HPLC 

After demonstrating that Losartan-M6PHSA distributed in the CCL4 fibrotic liver, we 

evaluated the accumulation of the drug in the liver tissue. For this purpose, tissue levels of 

losartan were analyzed by HPLC (Figure 3). The measured losartan levels in livers of rats 

treated with losartan-M6PHSA corresponded to 13.2%±6.4% of the cumulative dose.  

In contrast, animals that were given free losartan did not show such a preferential liver 

accumulation, as only 5.4%±0.2% of the total administrated dose was found in the liver 

(P<0.05). These data indicate the efficiency of the drug targeting approach. Since a 25-

fold higher dose of free losartan was administered, higher levels of losartan in the liver 

tissue were found compared to losartan-M6PHSA. However, losartan targeted results in a 

higher percentage of accumulation after administration, avoiding the body distribution of 

the free losartan non-targeted. 
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Figure 3. Quantitation of losartan levels in the livers of CCL4 rats.   

Losartan levels in the liver were determined by HPLC as described in the materials and methods section. 

The accumulation was related to the cumulative doses administered to the animal. 

 

Losartan-M6PHSA effect on liver fibrosis 

Morphometric analysis of hepatic collagen deposition is considered to be the gold 

standard for quantification of liver fibrosis (26). We employed Sirius Red staining on liver 

tissues for the assessment of fibrous collagen deposition. CCl4 rats treated with either 

saline, M6PHSA or losartan showed similar levels of collagen deposition, as shown in 

Figure 4-A, C, D. In contrast, rats treated with losartan-M6PHSA displayed a reduction in 

the amount of fibrotic area (Figure 4B). Morphometric analysis of the Sirius red staining 

showed a significant reduction of the fibrotic area in rats treated with losartan-M6PHSA 

compared  those treated with saline, losartan or M6PHSA (1.8±0.5%, 3.3±1.3%, 3.2±0.9% 

and 3.5±0.1% of positive area, respectively; p<0.05) (Figure 4E). 

M6PHSA (2.5±1.1%, positive area per liver area) or losartan (2.6±0.6%), compared to 

saline treated (4.9±1.0%) or M6PHSA-treated (3.5±0.1%) fibrotic rats. (p<0.05, Figure 5). 
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Figure 4. Liver fibrosis histology after losartan-M6PHSA treatment. CCL4 rats were 

treated with: A. Saline, B. M6PHSA, C. losartan-M6PHSA and D. losartan. Liver sections were 

stained with Sirius Red. Images represent reconstruction of 16 images of 4x magnification per liver biopsy 

performed with AnalySIS Image Processing. E. Quantification of Sirius Red positive area. Collagen 

deposition was analysed per liver area of rat liver tissue treated with: control saline, losartan-M6PHSA, 

M6PHSA and losartan. Quantification is performed over reconstruction of 16 images of 4x 

magnification per liver biopsy performed with AnalySIS Image Processing. *p<0.05 significant values of 

losartan-M6PHSA versus CCL4 control, losartan and M6PHSA groups. 
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Since the fibrogenic process is correlated with transformation of hepatic stellate cells into 

myofibroblasts, we investigated the expression of the myofibroblast marker alfa-smooth 

muscle actin (SMA) in livers. SMA staining was reduced in rats treated with losartan- 

Hepatic gene expression analysis via quantitative RT-PCR  

In addition to the protein expression of fibrotic markers, we studied gene expression 

levels in treated and untreated fibrotic rats. Analysis of procollagen type 1α2, and TIMP-1 

gene expression was conducted to elucidate the antifibrotic mechanism utilized by 

losartan-M6PHSA. Procollagen type 1α2 gene expression was reduced by 80% in CCl4 

rats treated with losartan-M6PHSA (p<0.001), (Figure 6A) and 70% after losartan 

treatment. No effect was observed after free losartan treatment on TIMP-1 gene 

expression while an upregulation of TIMP-1 expression after targeted losartan treatment 

was observed (Figure 6B). 
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Discussion 

Many studies have demonstrated the antifibrotic effects of RAS blockers during 

experimental liver fibrosis. Interference with the renin-angiotensin system may therefore 

become a new tool to stop the fibrotic process (27-30). By antagonizing the angiotensin 

AT-1 receptor in the fibrotic liver, losartan can prevent the production of fibrogenic 

mediators whose expression is enhanced by the activated RAS system (31). During these 

studies, losartan was administered during 9 to 12 weeks starting at the time of the 

induction of liver injury in the CCL4 animal model (32;33). Such prolonged administration 

of losartan was needed in order to achieve a reduction of experimentally induced liver 

fibrosis.  

We now report on a new preparation, losartan-M6PHSA, which delivers the angiotensin 

antagonist losartan selectively to HSC in the fibrotic liver. The potential benefit of such a 

conjugate is the increased liver selectivity, thereby lowering systemic side actions of the 

drug, which enhances its effect at a relatively low dose. The delivery of losartan to HSC 

thus leads to an improved safety and improved efficacy towards the resolution of liver 

fibrosis. In the present study we demonstrate that a pronounced effect can be achieved by 

losartan-M6PHSA after only 4 days of treatment, in a model in which fibrosis has 

progressed for already 9 weeks. 

Drug targeting of antifibrotic agents to the liver has been often investigated in the BDL 

model. The extrahepatic obstruction of the bile duct leads to an accumulation of excessive 

bile salts and other molecules that provoke an inflammatory and fibrogenic process in the 

liver and bile duct proliferation (34). The CCL4 model of liver fibrosis is induced by 

administration of CCl4 and phenobarbital and is pathogenically completely different from 

the BDL model. CCl4 requires bioactivation by cytochrome p450, yielding the reactive 

metabolite, the trichloromethyl radical, which initiates lipid peroxidation, resulting in 

toxin-induced liver damage provoking extensive liver fibrosis (35). BDL is a rapid and 

progressive model (36), while CCL4 model is relatively slow. 
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Figure 5. SMA immunostaining of rat livers.  

A. SMA positive cells on rat liver. CCL4 rats were treated with: A. Saline, B. M6PHSA, C. losartan-

M6PHSA and D. losartan and immunostained for α-SMA. Images represent one area of 4x 

magnification per liver biopsy performed with AnalySIS Image Processing. 

 E. Quantification of SMA positive cells per liver area. CCL4 rats were treated with: control (saline), 

losartan-M6PHSA, M6PHSA and losartan. Quantification is performed by reconstruction of 16 

images of 4x magnification per liver biopsy performed with AnalySIS Image Processing. *p<0.05 

significant values of losartan-M6PHSA versus losartan and M6PHSA groups. 
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Consequently, CCL4 may reflect the human situation better, in which the slow fibrogenic 

process can be ongoing for several years before treatment is initiated. The demonstration 

of the efficacy of losartan-M6PHSA in the CCL4 model of liver fibrosis thus strengthens 

its potential as a new antifibrotic modality. 

M6PHSA carriers bind to the M6P/IGII receptor on activated HSC (19). Bleser et al (37) 

have demonstrated the expression of the M6P/IGII receptor during the early phases of 

the CCL4 model. We have now identified the presence of our target receptor at later 

stages, i.e. at week 9 after the onset of liver fibrosis. Subsequent targeting of losartan-

M6PHSA confirmed the cell-selective delivery, showing a rapid accumulation in the CCl4-

fibrotic liver. Furthermore, the association of losartan-M6PHSA with activated HSC 

verified the specific delivery of our construct to the key fibrogenic cell during disease. 

Specific targeting to the liver is desired during the fibrotic process caused by a disturbed 

balance between the portal pressure and the systemic blood pressure in patients, which 

eventually may be lethal. There is an enhanced portal pressure while at the same time the 

splanchnic blood pressure is reduced. This excludes the use of systemic vasoactive agents 

because the reduction of portal pressure should be achieved strictly locally. Losartan acts 

locally on the angiotensin AT-1 receptors and has also direct anti-fibrotic effects on HSC, 

the most important cell during liver fibrosis (1). These actions render losartan as an ideal 

antifibrotic agent, but its systemic vasoactive effects and renal effects probably will 

compromise its chronic administration in patients with liver fibrosis.  

Drug targeting to specific target cells will increase the fraction of the drug that distributes 

to the target cells (38), optimizing drug concentrations in the liver. Our results reveal the 

efficacy of the targeting strategy of losartan-M6PHSA to activated HSC during the 

experimental fibrosis condition. It has been shown that, apart from the HSC, other 

sinusoidal liver cell types, such as Kupffer and endothelial cells, also take up M6PHSA 

conjugates (39). As has been previously described, those cells also express the AT-1 

receptor and are actively involved during liver fibrosis (40;41). Partial delivery to these 

sinusoidal cells might be additionally beneficial.  
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The most striking result of the present study was the efficiency of losartan-M6PHSA in 

preventing extracellular matrix deposition after only 3 days of losartan-M6PHSA 

administration in rats with developed fibrosis. Since collagen deposition constitutes the 

major component of the extracellular matrix (ECM) (42), the reduction  of scar liver tissue 

after treatment with losartan-M6PHSA was remarkable. Similar results with losartan-

M6PHSA in BDL rats have been observed (Gonzalo, manuscript in preparation). 
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Figure 6. Hepatic gene expression.  

A. Quantification of procollagen α1(II) gene expression. Procollagen α1(II) expression was analyzed in 

RT-PCR from rat liver tissues treated with control saline, losartan-M6PHSA, M6PHSA and losartan. 

*p< 0.05, vs CCL4 treated animals. 
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Furthermore, Losartan-M6PHSA treated fibrotic animals showed significant reduction in 

mRNA expression of procollagen. This may represent a major aspect of the antifibrotic 

effect of losartan in the fibrotic liver. Once present in the liver tissue, losartan acts as an 

effective antifibrogenic drug, blocking the proliferation of activated HSC (43). In addition, 

the antagonism of AT-1 receptor may prevent the upregulation of the procollagen gene 

(44;45) a gene crucial in the fibrogenic process. 

Although procollagen gene expression was also downregulated by non-targeted losartan, 

collagen protein accumulation was not reduced after this treatment. This contradictory 

result may underline the difficulty to generally correlate expression of certain genes with 

post-regulation and protein assembly events. However, this may also be explained by 

losartan concentration patterns that may largely differ between the losartan-M6PHSA and 

non-targeted losartan treatment. As previously hypothesized for pentoxifylline-M6PHSA 

conjugates (46), losartan-M6PHSA could act as a depot, intracellularly releasing losartan in 

a slow-release manner, thereby providing sustained drug levels during a prolonged period 

of time. In contrast, after administration of losartan non-targeted, drug concentrations are 

only shortly elevated.  

Following oral administration, systemic bioavailability of losartan is limited to 33% (47). 

In our previous studies, after oral administration of losartan we did not detect any effect 

on procollagen gene expression (Gonzalo, manuscript in preparation). In contrast, we 

now observe a reduction of procollagen gene expression after intravenous administration 

of losartan, probably due to higher bioavailability of the drug.   

Administration of M6PHSA itself also produced a reduction of procollagen gene 

expression. By interacting with M6P/IGII receptor, M6PHSA may prevent the processing 

of latent TGF-β, locally present in the liver tissue. Thus, the action of TGF-β on its HSC 

receptors may also be impeded and procollagen gene activation via this pathway may be 

reduced within the stellate cell (48). On the other hand, we observed an opposite effect of 

losartan-M6PHSA on TIMP-1 gene expression. Thus, the antifibrotic effect observed by 

losartan-M6PHSA in reducing collagen production does not employ TIMP-1 inhibition. 
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Liver fibrosis is in principle a reversible process in which the stellate cells have been 

identified as the key fibrogenic cells (1). Exposed to toxicants, HSC undergo 

morphological transition and activation and leading to the production of large amounts of 

ECM components (49). Consequently, resolution of stellate cell activation represents an 

essential step towards reversion of liver fibrosis. In the present study, losartan-M6PHSA 

and non-targeted losartan treatment both led to a significant reduction of activated HSC. 

The effects observed in this study by losartan-M6PHSA and non-targeted losartan 

indicate a similar effect of both compounds in vivo. However, the efficiency of losartan-

M6PHSA is superior considering the large amount of free losartan administered versus 

the low dose of losartan-M6PHSA. 

In conclusion, we have demonstrated the homing of losartan-M6PHSA to the CCl4 

induced fibrotic liver and clear therapeutic effects during only 3 days of treatment, where 

losartan-M6PHSA was superior to non-targeted losartan. The observed effects might 

reflect an actual reversion of the fibrosis process. This novel drug delivery concept is 

consistent with previous results in another model of liver fibrosis, and in our opinion 

warrants further dose-regimen efficacy studies in animal models and humans. 
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