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Abstract

Angiotensin receptor blockers have been reported to be beneficial to liver fibrosis, but
the relevant molecular and cellular mechanisms keep unclear. We herein investigated whether
low dose angiotensin receptor blocker alleviated liver fibrosis through mechanotransduction
regulation. Hydrostatic pressure-induced liver fibrosis model was established in mice by
ligating partially the inferior vena cava, and then randomly received a very low dose of losartan
(0.5 mg/kg) or placebo treatment for 8§ weeks. We found that losartan administration interfered
the expression of several mechanotransductive molecules, and effectively alleviated liver
fibrosis. Using a commercial device, we further confirmed that ex vivo loading of hepatic
stellate cells to 50 mmHg hydrostatic pressure for 24 hours significantly upregulated RhoA,
ROCK, ATI1R, and p-MLC2, which was effectively attenuated by adding 10 nM losartan in
medium. Our in vivo and ex vivo experimental data suggest that low dose angiotensin receptor
blocker may alleviate hydrostatic pressure-induced liver fibrosis by altering the

mechanotransduction properties of hepatic stellate cells.

Keywords: Liver fibrosis; Hydrostatic pressure; Hepatic stellate cells; Angiotensin receptor

blocker; RhoA/ROCK; Mechanotransduction; Inferior vena cava ligation

New & Noteworthy: Our ex vivo and in vivo experiments clearly indicated that low dose
losartan alleviated liver fibrosis, likely by modulating the mechanotransduction properties of
HSCs. Uncovering the biomechanical signaling pathway of ARB treatment on liver fibrosis

will be helpful to develop novel molecular targeting therapy for liver diseases.



Introduction

Fibrosis generally occurs in liver with chronic injury or inflammation (1). The key
cellular mediator of liver fibrosis is well known as the hepatic stellate cells (HSCs), which
serves as the primary collagen-producing cells when activated (2). Therefore, reducing the
activity of HSCs is considering as a viable approach for the prevention and treatment of liver
fibrosis (3).

Cells in our body are always perceiving the dynamic changes of various surrounding
biomechanics, such as the hydrostatic pressure generated by interstitial fluid and the stiffness
generated by ECM accumulation (4). The molecular process that cells convert physical cues
into biological responses when subjected to mechanical stimuli is collectively referred to
mechanotransduction, which is of fundamental importance to modify the biological properties
of cells (5).

In diseased liver, the intrahepatic hydrostatic pressure is commonly elevated due to the
increased production of inflammatory cytokines and the enhanced vascular permeability (6).
As the biological characteristics of HSCs can be largely affected by biomechanics in
surrounding tissue microenvironment (7), the elevation of hydrostatic pressure in diseased liver
may modify the mechanotransduction properties of HSCs to regulate the development and
progression of liver fibrosis. Therefore, the interference of mechanotransduction signaling to
HSC:s is considering as an effective therapeutic strategy on liver fibrosis (8).

Mechanical stresses have been demonstrated to upregulate the angiotensin II type 1
receptor (AT1R) in cardiomyocytes and vascular smooth muscle cells (9—11), indicating the
potential role of AT1R in mechanotransduction. It has been shown that the blockade of AT1R
by angiotensin receptor blocker (ARB), such as losartan, protects against cardiac fibrosis by
modulating mechanotransduction pathways, including Ras homolog family member A (RhoA)
and its downstream effectors of Rho-associated protein kinase (ROCK) and myosin light chain
(MLC) (12, 13). In addition, losartan has been demonstrated to effectively relieve acute lung

injury caused by mechanical stimulation and mitigate liver fibrosis caused by non-alcoholic
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steatohepatitis in rat (14, 15). However, it is asked to further confirm the probable benefit and
the relevant mechanism of ARB on liver fibrosis. Therefore, this study was proposed to
examine the hypothesis that ARB may alleviate liver fibrosis by altering the
mechanotransduction properties of HSCs.

For in vivo experiment, losartan was given to mice after partial ligation of inferior vena
cava (IVC). We observed that losartan administration at a low dose significantly alleviated liver
fibrosis and interfered several molecules related to mechanotransduction pathway. We also ex
vivo loaded primary human HSCs to 50 mmHg hydrostatic pressure, and found that losartan
effectively mitigated the hydrostatic pressure-induced alternations of AT1R expression and

mechanotransduction properties in HSCs.

Materials and methods
Animals

Adult C57BL/6 mice (10 weeks, CLEA, Japan) were maintained in a temperature and
light-controlled facility, and permitted ad libitum consumption of water and standard pellet
chow. All animal experiments were approved by the Institutional Animal Care and Use
Committee of Nagasaki University (No. 1608251335-9), and carried out in accordance with

institutional guidelines.

Partial IVC ligation model and losartan treatment

Partial IVC ligation was performed as described previously (16). Briefly, the abdomen
of mouse was opened below the xiphoid process after the induction of general anesthesia. The
suprahepatic IVC was exposed after dividing the falciform ligament (Fig. 14). We separated
the IVC and placed a small tube (0.9 mm diameter) along with the anterior surface of IVC
(Fig. 1B). The tube was immediately and gently removed after tightly ligating together with
the IVC (Fig. 1C, D). The abdomen was then closed with a running suture of the peritoneal

muscle/fascia followed by closure of the skin. Removing the 0.9 mm diameter tube from



ligation was expected to reduce the cross-sectional area of IVC by about 80% based on
previous report (16).

After all procedures, mice were randomly given with losartan (WAKO) at a final
concentration of 2.3 mg/L, which providing an estimated daily dose of 0.5 mg/kg (Losartan
group, n=6) or without addition of any drug (IVCL group, n=6) in their drinking water.
Treatments were continued until the cessation of experiments. As a control, mice were
received a sham operation including all above steps with the exception of partial IVC ligation

(Sham group, n=6).

Tissue sampling and serum analyses

The mice were sacrificed 8 weeks postoperatively. Prior to sacrifice, whole blood was
collected from IVC and serum was separated. The levels of serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were sent out for measuring by Nagahama Life
Science Laboratory.

The suprahepatic IVC was then transected and the liver was perfused with PBS through
the portal vein to remove circulating blood and fibrinogen. The spleen and liver were harvested
and weighed, and the spleen/body and liver/body weight ratios were calculated. Liver tissues
were fixed in 4% paraformaldehyde and embedded into paraffin block. Tissue sections of about

5 um thickness were used for histological analysis.

Masson's trichrome staining
Liver tissue sections were deparaffinized and rehydrated. Masson’s trichrome staining
was performed using Trichrome Stain (Masson) Kit (Sigma-Aldrich), as described by the

manufacturer, and then observed under an optical microscope (Olympus IX71, Olympus).

Immunohistochemistry

Immunohistochemistry analysis on the liver tissues was performed to understand the



relevant mechanism. Briefly, liver tissue sections were blocked with 10% bovine serum
albumin, and then incubated with primary antibodies (Supplementary Table 1) overnight at
4°C, followed by incubation with secondary antibodies (Supplementary Table 2) for 1 hr at
room temperature in the dark. Sections were then mounted with medium containing DAPI.

Apoptotic cells were detected by the usage of TUNEL staining kit (Abcam, #ab66108)
according to the manufacturer’s instructions. Briefly, sections were incubated with DNA
labeling solution for 60 min at 37 °C, followed by the addition of PI/RNase A solution for 30
min.

Immunofluorescences of stained liver tissues were detected using an inverted
fluorescence microscope (Olympus FV10i, Olympus). For each staining, at least 10 images
were taken from randomly selected fields at 60x magnification, and the mean fluorescence

intensity was measured by Image] software.

Human HSCs

Primary human HSCs were purchased from ScienCell Research Laboratories
(ScienCell). Cells were expanded by using stellate cell medium (ScienCell), in a humidified
incubator under 5% CO, and 95% air at 37°C. The third passaged cells were used for the

following experiments.

Ex vivo hydrostatic pressure loading of human HSCs

A pneumatic pressurizing system (Strex. Inc) was used to induce hydrostatic pressure.
Briefly, HSCs were seeded in 60-mm diameter culture dishes (5x10* cells/dish) and 4-well
culture chamber slides (2x10* cells/well). Cells were incubated for 3 days to form about 70%
confluent, and then half of the culture dishes and slides were randomly selected to be loaded
by 50 mmHg hydrostatic pressure for 24 hr, with or without the addition of 10 nM losartan in
medium. We used 50 mmHg for experiments based on previous reports (17, 18), as well as the

information from our preliminary experiments.



Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

RT-gqPCR was performed to evaluate the expression of AT/R, RHOA, ROCK]1,
ROCK2, ACTA2, TGFBI, and COL1A1. Briefly, total RNA was isolated from the HSCs using
Quick-RNA™ MicoroPrep Kit, and 1.25 ug RNA was reverse-transcribed using
SuperScript™ VILO™ cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative PCR
was carried out with SYBR Green real-time PCR Master Mix (Toyobo). The reactions were
performed on a CFX96™ real-time PCR System (BIO-RAD). The primer sequences were
shown as supplementary information (Supplementary Table 3). GAPDH was used for

normalization.

Immunocytochemistry

HSCs were fixed by 4% paraformaldehyde and then blocked by 10% bovine serum
albumin. After overnight incubation with primary antibodies (Supplementary Table 1), cells
were incubated with secondary antibodies (Supplementary Table 2) for 1 hr at room
temperature, and then mounted with medium containing DAPI. F-actin fibers were stained
with TRITC-phalloidin in mounting medium (Vectorlabs). Immunofluorescences of stained
cells were detected using an inverted fluorescence microscope (Olympus FV10i, Olympus).
For each staining, 10 images were taken from randomly selected fields at 60x magnification,

and the mean fluorescence intensity was measured by ImageJ software.

Statistical analysis
All the results were presented as mean + SD. Statistical significance was determined by
one-way analysis of variance (ANOVA) followed by Turkey’s test (GraphPad Prism 8, San

Diego, CA). P value <0.05 was accepted as significant.

Result



Low dose losartan effectively alleviated liver fibrosis by interfering RhoA/ROCK signaling
in mice that received partial IVC ligation

The spleen/body and liver/body weight ratios were significantly higher in IVCL group
than Sham group, suggesting liver congestion and damage in mice received partial [IVC ligation
(Fig. 2A). Interestingly, the administration of low dose losartan to mice received partial IVC
ligation kept the spleen/body and liver/body weight ratios at a comparable levels as the mice
received sham operation (Fig. 24). However, the levels of ALT and AST in serum were not
significantly different among all groups (Fig. 2B).

Masson’s trichrome staining showed that the liver tissues from mice received sham
operation revealed normal lobular architecture with few of collagen deposition (Fig. 2C). The
fibrotic area in liver tissues from mice received partial IVC ligation was obviously increased,
and the lobular architecture surrounding fibrotic area was obviously disturbed (Fig. 2C).
However, these changes in livers following partial IVC ligation were effectively alleviated by
low dose losartan treatment (P<0.01 vs. IVCL group, Fig. 2C).

Compared to Sham group, the proportion of TUNEL-labeled apoptotic cells in liver was
significantly increased in IVCL group (P<0.05 vs. Sham group), but was not significantly
changed in Losartan group (Fig. 3). The expression of a-SMA, a marker for activated HSCs,
was more extensively detected in the liver of IVCL group than that of Sham group. Semi-
quantitative data also confirmed the enhanced expression of a-SMA in liver of mice from IVCL
group (P<0.01 vs. Sham group, Fig. 3). The enhanced expression of a-SMA in liver induced
by partial IVC ligation was significantly decreased by losartan treatment (P<0.01 vs. IVCL
group), although there was still significantly different between Losartan group and Sham group
(Fig. 3).

We also investigated the expression of several molecules related to RhoA/ROCK
signaling because of their central role on mechanotransduction. Although the expression of
ROCK2 in liver cells was hardly changed (Fig. 4), RhoA and ROCK1 were obviously up-

regulated in liver cells surrounding the portal vein from mice received partial IVC ligation.



Compared to Sham group, semi-quantitative data also confirmed that the expression of RhoA
and ROCK1 in liver cells was significantly increased in [VCL group (P<0.01 vs. Sham group,
Fig. 4). However, the enhanced expression of RhoA and ROCK1 in mice received partial [IVC
ligation was effectively attenuated by losartan treatment (P<0.01 vs. Losartan group, Fig. 4).
In consistent with the upregulated expression of RhoA and ROCK1, the expression of p-MLC2,
a downstream molecule of ROCK, was also significantly upregulated in mice received partial
IVC ligation (P<0.01 vs. Sham group), but was effectively attenuated by losartan treatment
(P<0.01 vs. Losartan group, Fig. 4). All these findings from in vivo experiments suggest that
low dose losartan is able to alleviate liver fibrosis by interfering RhoA/ROCK signaling

pathway.

Losartan mitigated the alteration of mechanotransduction properties of HSCs induced by ex
vivo hydrostatic pressure loading

To further demonstrate the molecular and cellular mechanisms of losartan on alleviating
liver fibrosis, we tried to mimic the elevated intrahepatic hydrostatic pressure in partial IVC
ligation model by ex vivo approach. Losartan mitigated the upregulation of AT/R in HSCs with
loading to 50 mmHg for 24 hr (P<0.01 vs. 50 mmHg without losartan in medium, Fig. 54).
Immunofluorescence staining also showed that the loading of HSCs to 50 mmHg for 24 hr
significantly enhanced the total expression of ATIR (P<0.01 vs. 0 mmHg) and changed their
distribution in cytoplasm and nucleus (Fig. 5B, C), but losartan effectively cancelled these
changes (Fig. 5B, O).

Moreover, loading HSCs to 50 mmHg pressure for 24 hr significantly upregulated
ACTA2, TGFBI and COL1A41 (P<0.01 vs. 0 mmHg, Fig. 6A4). Immunofluorescence staining
also confirmed the enhanced expression of a-SMA, TGF-B; and collagen 1 in protein level
(P<0.01 vs. 0 mmHg, Fig. 6B). As expected, losartan effectively mitigated the hydrostatic
pressure loading-induced enhancement on the expression of a-SMA, collagen 1, and TGF-f,

(P<0.01 vs. 50 mmHg without losartan in medium, Fig. 64, B).



We also found that loading HSCs to 50 mmHg for 24 hr significant upregulated the
expression of RhoA and ROCK1 in mRNA and protein levels, which were effectively canceled
by losartan (Fig. 74, B). However, neither hydrostatic pressure nor losartan treatment
significantly changed the expression of ROCK2 in HSCs (Fig. 74, B). Phalloidin staining for
F-actin revealed that HSCs loading to 50 mmHg hydrostatic pressure exhibited thick actin
bundles and formed a dense parallel network (Fig. 8). Losartan effectively reduced the
formation of actin stress fibers in HSCs with 50 mmHg hydrostatic pressure loading (Fig. §).
Additionally, 24 hr loading to 50 mmHg hydrostatic pressure upregulated the expression of p-
MLC2 in HSCs (P<0.01 vs. 0 mmHg, Fig. 8), which was effectively cancelled by losartan
(P<0.01 vs. 50 mmHg without losartan in medium, Fig. 8). Together, these ex vivo experimental
data indicate that losartan can effectively mitigate the hydrostatic pressure-induced alternation

of mechanotransduction properties of HSCs.

Discussion

In present study, we tried to investigate the probable role and relevant mechanism of
low dose ARB in alleviating the mechanical stress-induced liver fibrosis. Data from our in vivo
and ex vivo studies indicated that losartan effectively alleviated liver fibrosis, likely by
modulating the mechanotransduction properties of HSCs.

The dynamic changes of various biomechanics, such as extracellular matrix and
interstitial fluid hydrostatic pressure have been proved to regulate the behaviors and functions
of liver cells through mechanosensing and mechanotransduction signalings (12, 13) , which
thereby contributes to the development and progression of liver diseases. The interstitial fluid
hydrostatic pressure is commonly elevated in diseased liver (18, 19). However, it is still poorly
understood the role and mechanism of elevated hydrostatic pressure on liver fibrosis because
in vivo evaluations are largely limited by the complex biomechanical forces within the
microenvironment under different pathological conditions. In this study, we developed a liver

fibrosis model by partially ligating the IVC to increase the intrahepatic hydrostatic pressure,



and used a pneumatic pressurizing system to mimicking the elevated intrahepatic hydrostatic
pressure ex vivo. The combination of in vivo and ex vivo approaches enable us to investigate
the potential effect and relevant molecular/cellular mechanisms of hydrostatic pressure on liver
fibrosis.

There is accumulating experimental evidence that ARB may be beneficial to fibrosis in
various tissues/organs, including kidney, heart and lung by decreasing the production of
extracellular matrix proteins from the activated myofibroblasts (20-24). Moreover, previous
study has demonstrated that targeting delivery of losartan to HSCs markedly reduces advanced
liver fibrosis (25). Losartan has been used over a wide dose range for animal experiments, but
the most of studies use around 3—30 mg/kg in rats and mice (26)(26—30). However, a low dosage
of losartan (1 mg/kg) has shown significant vasodilation and antihypertensive action in
spontaneous or induced hypertensive rats (31, 32). Otherwise, there is a few reports about
losartan-induced liver injury (33), although severe hepatotoxicity of losartan rarely happens
with a regular dose for the treatment of hypertension. Considering the potential side effect of
long-term losartan treatment, including the possibility of directly inducing liver injury, we
decided to test a very low dose losartan (0.5 mg/kg) in this study. The minimized vasodilation
effect at a very low dose of losartan will also be useful to clearly detect the potential role of
losartan in mechanotransduction regulation. Our data showed that a very low dose losartan
significantly inhibited the activation of HSCs and effectively reduced the fibrotic area in liver
of mice received partial IVC ligation.

About the molecular mechanism, previous studies have already demonstrated that
RhoA/ROCK signaling is activated in fibrosis liver (34, 35). As one of the
mechanotransduction pathways, RhoA/ROCK signaling is known to regulate the expression of
a-SMA and MLC (36, 37). It is also known that RhoA/ROCK pathway activation is regulated
by ATIR via promoting actin cytoskeleton polymerization (38). Agreed well with these
previous studies, our data indicated that low dose losartan almost completely attenuated the

enhanced expression of RhoA, ROCK1, a-SMA, and p-MLC2 in liver of mice received partial



IVC ligation. Therefore, it seems that losartan relieves partial IVC ligation-induced liver
fibrosis by interfering mechanotransduction signaling of HSCs.

To further directly confirm the regulatory role of losartan on mechanotransduction
properties of HSCs, we loaded human HSCs to 20 and 50 mmHg hydrostatic pressure using a
pneumatic pressurizing system based on previous reports (15, 16). As our preliminary
experiment indicated that the loading to 50 mmHg hydrostatic pressure for 24 hr clearly induced
the shifting of HSCs to profibrotic characteristics without obvious cell damage, we used 50
mmHg hydrostatic pressure for the formal experiments in this study. We used 10 nM losartan
for ex vivo experiments because 10 nM is the half maximal 50% inhibitory concentration of
angiotensin II binding to rat hepatocyte nuclei (39) and the concentration of effectively
inhibiting angiotensin Il-induced rat mesenteric artery contraction (40). This ex vivo
experimental approach not only mimics the elevated intrahepatic hydrostatic pressure but also
excludes the intrahepatic pressure fluctuates result from the vasodilator properties of ARB (41).

As a mechanosensitive molecule (11), the ex vivo loading of HSCs to 50 mmHg
hydrostatic pressure upregulated ATIR expression and induced their redistribution in
cytoplasm and nucleus. Previous study has demonstrated that the activated HSCs synthesize
angiotensin II (42). Although we did not measure the level of angiotensin II in medium, the
synthesized angiotensin II from activated HSCs may not be enough to change the AT1R
expression in HSCs as observed in this study (9). Therefore, we believe losartan may prevent
hydrostatic pressure-induced HSC activation at least partly by interfering the expression of
AT1R. Besides, enhanced F-actin formation and increased expressions of RhoA/ROCK and
MLC?2 were observed in HSCs. These molecules determines the organization and plasticity of
cytoskeleton (43), and are well known as the second messenger of cellular
mechanotransduction (36). Moreover, the expressions of a-SMA, TGF-B, and several pro-
fibrotic molecules were also upregulated in HSCs in response to 50 mmHg hydrostatic pressure
loading. However, losartan effectively attenuated the alternation of mechanotransduction

properties in HSCs caused by hydrostatic pressure loading.



In conclusion, data from our ex vivo and in vivo experiments clearly indicated that a
very low dose of losartan effectively alleviated liver fibrosis, likely by modulating the
mechanotransduction properties of HSCs. Uncovering the biomechanical signaling pathway of
ARB treatment on liver fibrosis will be helpful to develop novel molecular targeting therapy

for liver diseases.



Supplemental data

Supplementary Tables 1-3: https://doi.org/10.6084/m9.figshare.18133628
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Fig. 1. Schematic illustrate of partial inferior vena cava ligation experimental model. (4) The
suprahepatic inferior vena cava (IVC) was isolated. (B) A tube of 0.9 mm diameter was
placed on the anterior surface of the IVC and a 7.0 silk thread was used to coil the IVC and
the tube. (C) The IVC and tube were then tightly tied around. (D) The tube was then removed

out.
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Fig. 2. Systemic and local findings in liver of mice after treatment. (4) Body weight of mice

are shown, and spleen/body weight ratio and liver/body weight ratio are calculated. (B) The

levels of ALT and AST, in serum of mice are shown, and the ALT/AST ratio is calculated. (C)

Representative images of Masson's trichrome staining are shown, and black arrows indicate

the fibrotic region of positive staining. Semi-quantitative data on fibrotic area in liver is

presented. Scale bars = 500 pum.
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Fig. 3. Apoptotic cells and the expression of a-SMA in liver of mice after treatment.

Representative images (upper) and semi-quantitative data (lower) on the TUNEL staining and

immunofluorescence staining. Scale bars = 30 um.
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Fig. 5. The expression of AT 1R in human hepatic stellate cells (HSCs). HSCs were loaded to

50 mmHg for 24 hr with or without the addition of losartan in medium. (4) Quantitative RT-

PCR data on the fold change of mRNA expression levels (vs. 0 mmHg). Representative

images (B) and semi-quantitative data (C) on the intensity of immunofluorescence staining

are shown. Scale bars = 30 pm. Data are represented as mean + SD from three independent

experiments.
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Fig. 6. The expression of a-SMA, TGF-f; and collagen 1 in human hepatic stellate cells
(HSCs). HSCs were loaded to 50 mmHg for 24 hr with or without the addition of losartan in
medium. (4) Quantitative RT-PCR data on the fold change of mRNA expression levels (vs. 0
mmHg). (B) Representative images (upper) and semi-quantitative data (lower) on the
immunofluorescence staining. Scale bars = 30 um. Data are represented as mean = SD from

three independent experiments.
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Fig. 7. The expression of RhoA, ROCK1 and ROCK2 in human hepatic stellate cells (HSCs).
HSCs were loaded to 50 mmHg for 24 hr with or without the addition of losartan in medium.
(A) Quantitative RT-PCR data on the fold change of mRNA expression levels (vs. 0 mmHg).
(B) Representative images (upper) and semi-quantitative data (lower) on the
immunofluorescence staining. Scale bars = 30 um. Data are represented as mean + SD from

three independent experiments.
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Fig. 8. The formation of F-actin and the expression of p-MLC2 in human hepatic stellate cells

(HSCs). HSCs were loaded to 50 mmHg for 24 hr with or without the addition of losartan in

medium. HSCs were triple-stained with p-MLC2 antibody (green), phalloidin (red), and

DAPI (blue), and semi-quantitative data (left bar graph) on the p-MLC2 immunofluorescence

intensity of staining. Scale bars = 30 pm. Data are represented as mean + SD from three

independent experiments.



