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ABSTRACT

BACKGROUND Relaxin (RLX), a hormone-like molecule with pleiotropic effects, has been
found to reduce matrix deposition and mediate collagen degradation in animal models of chronic
liver injuries and might be considered as an adjuvant therapeutic agent for progressive liver
diseases.

AIMS In the present study, we evaluated whether RLX affects the development of liver fibrosis in
an experimental mouse model of NASH in C57BL6 male mice fed with a methionine-choline
deficient diet (MCD). Methods Mice were treated per os as we intended to assess the enteric
absorption and bioavailability of orally administered RLX (RLX purified from pig ovaries, IBSA
SA, Lugano, Switzerland). Mice were fed the MCD diet for 6 weeks. After the initial 3 weeks, one
group received drinking water supplemented with RLX (25 mcg/ml) whereas the other continued to
receive regular water. A third group of mice fed a regular diet served as control. After 3 additional
weeks mice were anesthetized and sacrificed.

Results A significant, reduced expression of the pro-inflammatory cytokines TNF-a and of relevant
markers of active fibrogenesis and extracellular matrix deposition, CollAl and a-SMA, was
observed in mice treated with RLX vs controls. RLX also induced a significant decrease of TIMP1
and an increase of both MMP 2 and 9 when evaluated by zymographic analysis in liver extracts.
Conclusions Although preliminary pharmacokinetics experiments showed barely detectable
amounts of RLX in the blood of mice treated per os, these data support the absorption of orally

administered RLX and confirm its potential therapeutic use in the management of liver fibrosis.
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INTRODUCTION

Relaxin (RLX) is a hormone-like molecule produced during pregnancy to induce specific changes
in reproductive and extra-reproductive organs to support pregnancy and parturition [1-2]. When
used as experimental therapeutic agent in a variety of applications, RLX has shown several
beneficial pleiotropic effects, including vasodilation, insulin sensitization and anti-fibrotic activity
[3-6]. The latter has been investigated in several organs, including skin, lung, kidney, and recently
liver [7-8]. In these studies, RLX has been shown to reduce collagen deposition by inhibiting tumor
necrosis factor-a (TNF-a) and tissue inhibitor matrix metalloproteinases (TIMPS), while increasing
matrix metalloproteinases (MMPs) mediated collagen degradation. As endogenous inhibitor of
fibrotic tissue accumulation, RLX may therefore be considered as potentially active in the
treatment of progressive liver diseases [6, 9]. Preventing the onset and progression of fibrosis to end
stage liver disease is indeed a major goal of treatment for chronic liver disease [10-11]. This is
especially true for nonalcoholic steatohepatitis (NASH). NASH is most frequently caused by the
metabolic syndrome via the induction of insulin resistance and, due to the epidemics of obesity, it is
now the most prevalent chronic liver disease in Western countries [12-13]. Unfortunately, no
treatment is yet available for this condition. In this respect, we evaluated whether RLX affects the
development of liver fibrosis in an experimental mouse model of NASH in C57BL6 male mice fed
a methionine-choline deficient diet (MCD). In addition, we also assessed the enteric absorption and

bioavailability of RLX to evaluate the efficacy of the oral route of administration.
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Material and Methods

Six-week-old, male C57BL6 mice were purchased from Charles River (Charles River, Calco, Italy),
housed at constant room temperature (23° C) under 12-hour light/dark cycles with ad libitum access
to water in compliance with the Principles of Laboratory Animal Care (NIH publication 86-23), and
fed a methionine choline deficient diet (MCD, Test Diet Baker AA) for 6 weeks.

Purified RLX, extracted from porcine ovaries, was obtained from IBSA, Lugano, Switzerland [14].
RLX amount was assessed by an in house developed ELISA with a detection limit of 0.4ng/ml and
high specificity due to a double antibody anti RLX detection strategy. The reference standard used
in the ELISA assay was a highly purified RLX (purity >99% by RP-HPLC assay) whose
concentration was quantified by densitometry adsorption at 280nm (considering 1.93 the
absorbance of a 1mg/ml solution of pure RLX measured at 280nm on a 1 cm optical path length).
The extinction coefficient was calculated on a porcine RLX solution with a measured absorbance at
280nm equal to 3.19, and quantified against a standard of bovine serum albumin solution after a
RP-HPLC separation in acetonitrile gradient by measuring the eluate at 214nm. The areas of
different known amounts of BSA were plotted against BSA amount to create a linear regression that
was used to define the amount of the injected RLX.

The estimated concentration of the RLX solution with OD2gonm=3.19 resulted to be 1.65mg/ml.
From this experiment it was calculated the extinction coefficient of porcine RLX ¢=1.93[mI*mg
Lxem].

The RLX potency was assessed by measuring the Ec50 cAMP production by human embryonic

kidney (HEK293T) cells transfected with the human RLX receptor (RXFP1) [15].

In a preliminary pharmacokinetic study, we treated mice with RLX both subcutaneously (sc), (1ml
each of a 25ug/ml solution) and orally (RLX diluted in drinking water at the concentration of 2.5

pg/ml and 25 pg/ml).


https://doi.org/10.20944/preprints202003.0037.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2020

Blood samples were collected after 15, 30 and 60 minutes and sent to IBSA to determine the
presence and concentration of RLX by immune assay.

After the results obtained in the preliminary study, mice were divided into two groups, A and B, of
5 animals each. Both were fed the MCD diet; after 3 weeks, mice in group A received drinking
water supplemented with RLX at the concentration of 25 g /ml and dispensed in bottles refilled
daily or earlier as needed, whereas group B continued to receive regular water. Based on an average
1-2 ml consumption of drinking water per mouse per day, we estimated a daily dose of 25 ug per
animal.

Two additional groups of mice fed a regular, standard diet (SD) with and without RLX served as
controls (5 in each group). To avoid overcrowding, mice were housed in individual cages. Body
weight was measured weekly. An insulin tolerance test (ITT; 0.6 U/Kg) was performed after
overnight fasting at 6 weeks; afterward animals were anesthetized and sacrificed. Blood was
collected, and tissue samples dissected and flash frozen in liquid nitrogen or stored in formalin for

inclusion in paraffin.

Biochemical tests

Blood glucose was measured by an Accu-Check glucometer (AVIVA, Roche Diagnostics,
Mannheim, Germany). Plasma triglycerides, total cholesterol and alanine aminotransferases levels
were measured with an automated analyzer (Cobas Modular, Roche Diagnostics, Mannheim,
Germany) while fasting plasma insulin levels using an ELISA kit (EZRMI-13K, Millipore,

Billerica, MA).

Determination of the administered dose based on the biological activity measured as EC50 by

an in-vitro assay

The in-vitro test to quantify the cAMP production, after the stimulus generated by RLX on

engineered HEK cell expressing the RFXP1 receptor, showed that different RLX purification
5
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batches had different EC50 values, when expressed in protein weight per ml (e.g.: ng/ml). In order
to normalize the amount of administered RLX, we defined the concentration of 1U/ml as the
amount required to obtain an effect equal to 50% of the maximal possible one (1U/ml = EC50).
Each mouse was then treated with an amount of RLX equivalent to 200 U per day by oral
administration. With the measured EC50, 200U are equivalent to 25ug [17]. In addition, stability of
RLX in water at room temperature (20°C + 5°C) was assessed a) by measuring the EC50 of a 25
ug/ml concentration at time 0, 44 and 164 hours and b) by analyzing the RP-HPLC RLX profile at
time 0, 24, 48, 72, 144 hours. No relevant variations were observed with differences comprised

between 5 and 5.3%.

Isolation of tissue RNA and gPCR

RNA was isolated from tissues by the RNeasy Plus mini kit (Qiagen). First-strand cDNA was
synthesized starting from 1 mcg of total RNA using the VILO random hexamers synthesis system
(Life Technologies, Carlsbad, CA). Gene expression was evaluated in triplicate by real-time
quantitative PCR (qPCR), using the SYBR green chemistry (Fast SYBR Green Master Mix, Life
Technologies), for Tumor Necrosis Factor-o. (TNF-a), Collagen type 1 Al (CollAl), a-smooth
muscle actin (a-SMA), MMP-8, MMP-9, MMP-13 and TIMP1 (Table 1). Data were normalized

using the B-actin housekeeping gene and expressed as arbitrary units (AU) [17].

Matrix Metalloproteinase Extraction

Liver samples were homogenized in an ice-cold extraction buffer pH 7.6 (1:10 wt/vol) containing
TRIS (50mM), NaCl (0.15 M), CaCl2 (10mM) and triton X-100 (0.25%) [18]. The homogenate was
then centrifuged (30 min at 12,000 rpm) and supernatant protein concentration was measured with

the colorimetric Lowry method [19]. Samples were stored at —20° C before use.
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Gelatinases Zymography

To detect tissue MMP-2 and MMP-9 activity, the homogenate protein content was normalized to a
final concentration of 400 ug/mL in sample loading buffer (0.25M Tris-HCI, 4% sucrose w/v, 10%
SDS wl/v, and 0.1% bromphenol blue w/v, pH 6.8). After dilution, samples were loaded onto
electrophoretic gels (SDS-PAGE) containing 1mg/mL of gelatin under no reducing conditions
followed by zymography as described previously [20]. The zymograms were analyzed by
densitometry (GS 900 Densitometry BIORAD, Hercules, CA, USA) and data were expressed as

optical density (OD), reported to Img/mL protein content.
Histological analysis

Liver tissue samples were fixed in 10% PBS buffered formalin and embedded in paraffin within 48
hours of formalin fixation. Histological staining was performed using H&E and hepatic fibrosis was
evaluated by Sirius Red staining as previously described [21]. Diagnosis of NASH was based on the
presence of steatosis with lobular necro-inflammation and ballooning or fibrosis. Disease activity

was assessed according to the NAFLD activity score and fibrosis staged according to Kleiner [22].
Statistical analysis

Statistical analyses were performed using the Mann-Whitney U-test or the Student t-test for
continuous variables and the y? or Fisher exact probability test for categorical data. A probability

value of p< 0.05 was considered statistically significant.
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RESULTS

Evaluation of oral RLX absorption

Circulating RLX levels following oral or subcutaneous administration were determined by Elisa
assay in a preliminary pharmacokinetic study

In these experiments, we detected RLX in the blood of mice treated with 25ug (equivalent to 200
units of biological activity) by subcutaneous injection. The amount of RLX detected by ELISA
assay ranges between 27 and 48ng/ml. Mice were bled at the time of injection and every 15 minutes
for 1 hour. The maximal concentration in blood was measured at 15 and 30 minutes, indicating a
short window of high detectable RLX followed by a subsequent sharp drop (fig. 1)

In the mice which received 25ug and 2.5ug (respectively equivalent to 200 and 20 U of biological
activity) by oral administration, the measured level of RLX in the blood ranges from 0.6ng/ml to
7.8ng/ml which is very close to the detection limit of the method (fig. 1).

These data suggest that RLX has a very short half-life but can still be detected after enteric
administration although at borderline concentrations.

Impact of chronic RLX administration on MCD fed mice

Mice were fed the MCD diet for 3 weeks and then supplemented with or without RLX per os for 3
additional weeks, to investigate a possible effect in preventing the onset of fibrosis or its
progression after an initial induction of liver damage. Serum samples collected at the end of the
study were analyzed for the presence of circulating RLX but no detectable amount could be
measured.

We then analyzed serum samples collected from RLX and placebo treated mice and did not observe
any significant difference for the levels of glucose, triglycerides, insulin and ALT (alanine

transaminase) (data not shown).  While no differences were found in the amount of steatosis

d0i:10.20944/preprints202003.0037.v1


https://doi.org/10.20944/preprints202003.0037.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2020 d0i:10.20944/preprints202003.0037.v1

between mice fed the MCD diet in the presence or absence of RLX (Table 2), the latter induced
vasodilation and a slight increase in endothelial basal membrane as shown in sections stained by
Sirius Red (Fig. 2).

Impact of chronic RLX administration on fibrogenesis in MCD fed mice

Gene expression analysis showed a reduced expression of the main pro-inflammatory cytokines
(TNF-a) and of some of the most important markers of active fibrogenesis and extracellular matrix
deposition (CollAl and a-SMA) in mice treated with RLX vs. controls (Fig. 3 a, b and c). Also the
expression of the ECM remodeling metalloproteinases appeared to be reduced with a significant
decrease in the case of MMP13 in mice fed the MCD diet plus RLX compared to those receiving
the MCD diet alone. In this group the MCD diet alone caused a significant increase compared to
mice fed the SD with and without RLX. (Fig. 3 d). On the other hand both MMP 2 and 9 showed a
increased activity  when evaluated by zymographic analysis in liver extracts (Fig. 4-5). As

expected, also TIMP1 showed significantly lower levels in the presence of RLX (Fig. 3e).
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DISCUSSION

The anti-fibrotic activity of RLX, previously showed in several organs, makes its potential effect in
liver diseases worth exploring [3, 6, 8]. Treatment of fibrosis and its progression to cirrhosis is still
an unmet need in the management of chronic liver diseases [23-25]. In this regard, we have
investigated the efficacy of RLX in preventing the onset and progression of fibrosis in a mouse
model of NASH, currently the most prevalent chronic liver disease [12-13]. In addition, we have
analyzed the enteric absorption and bioavailability of RLX administered per os, to demonstrate the
efficacy of the oral route of administration so far only indirectly proven in preliminary studies in
humans receiving gastro-protected encapsulated formulations [26].

Our data confirm the ability of RLX in reducing the expression of the main mediators of ECM
deposition, including Coll1A1l and a-SMA as well as TIMP1 [27]. These results are consistent with
those previously reported in experiments where RLX was shown to inhibit HSC activation in vitro
[28]. While RLX also decreased the levels of the pro-inflammatory cytokine, TNF-a, a general
reduced expression of the investigated MMPs was observed particularly in the case of MMP 13,
a finding previously associated with a reduced expression of inflammatory markers, including TNF-
a and TGF-B1, and liver inflammation [29]. Indeed, the marked elevation of MMP13 observed in
the MCD fed mice seems to confirm its role in the initial phase of liver inflammation favored by an
alteration of the normal ECM and liver cells homeostasis. In this respect RLX may exert a positive
regulatory effect in the lack of relevant collagen deposition as observed in MCD fed mice. On the
other hand, zymographic analyses showed a significant higher activity of both MMP 2 and MMP9
in the liver of mice treated with RLX. MMP 2 and 9 are the key gelatinase mediators already known
to be increased in ECM remodeling in the liver [30-31]. As expected RLX, induced sinusoidal
vasodilatation, an effect known to be part of its pregnancy related activities, mainly induce by NO
release [32]. NO elevation as well as the increase of fatty acids oxidation related genes have been

also reported in a recent study in MCD fed mice treated with recombinant RLX [33].
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Taken together, these results may suggest that RLX was indeed adsorbed when provided in drinking
water with no enteric coating. The lack of detectable circulating amounts of RLX in sera of mice
that were sacrificed at the end of the study, may be due to its very short half-life that we observed in
the preliminary pharmacokinetics experiments.

This represents the first evidence in support of an oral formulation of RLX that could facilitate its

use in the experimental treatment of hepatic fibrosis and its progression in chronic liver diseases.
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Gene FW primer Rv primer
Col1A1 5’- GAGCGGAGAGTACTGATCG-3’ 5’- TACTCGAACGGGAATCCATC -3’
a-Sma 5’- GGAAAAGATCTGGCACCACT -3 |5 -
GAGTCCAGCACAATACCAGTTG -3’
MMP8 5’- TGCAGAGAAGCTTAAAGAGA -3’ 5’ - AGTCTCTGCTAAGCTGAAGAA -
3’
MMP9 5’- GGATCCAAAACTACTCTGAAGA - | 5’- ACCAAACTGGATGACAATGT -
3’ 3’
MMP13 5’- TTGGGACTAAAGAACATGGTGA - | 5’- CGCCTGGACCATAAAGAAAC -
3’ 3’
TIMP1 5’-TCAAGATGACTAAGATGCTAAAA- | 5’-ACCCCACAGCCAGCACTAT-3
37
TNF- o 5’- CCCCAAAGGGATGAGAAGTT -3’ 5’- GTGGGTGAGGAGCACGTAGT -
3’
B-actin 5"~ GCTACAGCTTCACCACCACA -3’ 5’- AAGGAAGGCTGGAAAAGAGC -
3’

Table 1. PCR amplification primers specific for Col1Al, a-SMA, MMP8, MMP9, MMP13, TIMP1,
TNF-o and p-actin.
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Mice Steatosis | Ballooning | Lobular Fibrosis
inflammation

MCD+RLX 3 2 2 1

STD+RLX 0 0 0 0

MCD 3 2 2 1

STD 0 0 0 0

Table 2. NAS (NAFLD Activity Score) mean score of mice (5 in each group) fed the MCD or SD
diet with or without RLX supplementation, according to Kleiner [22].
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Figures

Fig. 1. Pharmacokinetics of Relaxin (RLX) as assessed at time 0, 15, 30 and 60 minutes after

subcutaneous (sc) and oral (os) administration. Results are expressed as RLX ng/ml.

Fig. 2. Blood vessels vasodilation observed in the liver parenchyma of mice fed the standard and the

MCD diet (SD) with Relaxin (RLX) compared to controls. Sirius red staining, 40 x.

Fig. 3a. Reduced expression of TNF-a in mice fed the methionine choline deficient diet (MCD) diet
plus Relaxin (RLX) compared to MCD alone (* P <0.05 MCD+RLX vs MCD). Results are

expressed as fold changes (arbitrary units, AU) mean + SD of 5 mice in each group.

Fig. 3b. Reduced expression of Col1Al in mice fed the methionine choline deficient diet (MCD)
plus Relaxin (RLX) compared to MCD alone. (* P <0.05 MCD+RLX vs MCD ). Results are

expressed as fold changes (arbitrary units, AU) mean + SD of 5 mice in each group.

Fig. 3c. Reduced expression of a-SMA in mice fed the methionine choline deficient diet (MCD)
plus Relaxin (RLX) compared to MCD alone. (° P <0.05 MCD+RLX vs MCD). Results are

expressed as fold changes (arbitrary units, AU) mean + SD of 5 mice in each group.

Fig. 3d. Decreased expression of MMP13 in mice fed the methionine choline deficient diet (MCD)
plus Relaxin (RLX) compared to MCD alone (""P <0.05 MCD+RLX vs MCD). The latter caused a
significant increase in MMP13 expression compared to SD ("P <0.05 MCD alone vs SD). Results

are expressed as fold changes (arbitrary units, AU) mean + SD of 5 mice in each group.

Fig. 3e. Decreased expression of TIMP1 in mice fed the methionine choline deficient diet (MCD)
plus Relaxin (RLX) compared to MCD alone. (" P <0.05 MCD+RLX vs MCD). Results are

expressed as fold changes (arbitrary units, AU) mean = SD of 5 mice in each group.
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Fig. 4. Increased activity of MMP9 (a) and MMP2 (b) in mice fed the methionine choline deficient
diet (MCD) plus Relaxin (RLX) compared to MCD alone. (P <0.05 MCD+RLX vs MCD). Results
are expressed as optical density (OD), reported to Img/mL protein content, mean = SD of 5 mice in

each group.

Fig. 5. Gelatin zymograms of MMP9 and MMP2 in liver extracts from mice fed the methionine
choline deficient diet (MCD) with (lanes 1-5) or without (lanes 6-10) Relaxin (RLX)

administration.
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