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Abstract: Having previously shown that levels of the citrullinated vimentin peptide VICM are raised in liver fibro-
sis in rats, we aimed to investigate whether inhibition of citrullination as measured by VICM levels could affect
fibrogenesis. Methods: Fibrogenesis was evaluated by quantitative histology and circulating levels of collagen type
lIl'in a carbon tetrachloride (CCl,) rat model of liver fibrosis for 6 weeks (n=40+10 untreated controls). The first
treatment group (n=20) was treated exclusively with CCl, for the duration of the study.The second treatment group
(n=20) was additionally treated, for the same period, with N-a-benzoyl-N5-(2 Chloro-1-iminoethyl)-L-Ornithine amide,
a known PAD inhibitor. Results: All 40 CCl, treated animals showed a statistically significant increase in total col-
lagen (p<0.0001) and C3M levels (p<0.001) compared with controls assessed by quantitative histology. Animals
additionally treated with the PAD inhibitor showed a statistically significant increase when compared with controls
for both total collagen (p<0.001) and C3M levels (p<0.0001) but no statistically difference when compared with
animals treated only with CCl,. The mean systemic level of VICM in control animals was 115 ng/ml at 6 weeks.
In CCl-treated animals, mean systemic VICM levels increased 324% at week 6 (p<0.001). The mean level of the
marker in CCl -treated rats was not statistically significant from that in controls (P>0.05). In PAD-treated animals
VICM levels were 51% (P<0.05) lower than in non-PAD CCl,-treated animals. Conclusion: The PAD inhibitor did not
reduce fibrogenesis in this preclinical model. However circulating VICM marker levels were decreased in the pres-
ence of the PAD inhibitor.
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Introduction also reduces the mass of the protein by 1 Da for

each arginine substituted in the peptide chain

Post-translational modifications (PTMs) of pro-
teins are non-DNA coded modifications that, as
their name implies, occur after translation
takes place and can amplify both the structural
and functional diversity of the proteome [1].
PTMs of collagens are of great importance for
the formation of a stable extracellular matrix
(ECM) structure [2].

Citrullination or deimination is a PTM which
enzymatically converts the amino acid arginine
into citrulline in the presence of calcium [3].
The arginine substitution is irreversible and
induces a decrease in the charge of the modi-
fied proteins, which shifts proteins towards a
basic pH and has a direct impact on the pro-
tein’s structure and function [4]. The reaction

[1]. Citrullination is catalysed by a family of
enzymes called peptidylarginine deiminases
(PAD). This family consist of 6 members (PAD-1,
-2,-3,-4, -5, -6) all of which are calcium depen-
dent. They are expressed in a variety of differ-
ent tissues and can act on a range of different
substrates including nuclear and cytoskeletal
[4, 5].

Citrullination influences both intra- and inter-
molecular interactions and has been shown to
make proteins prone to proteolytic degradation.
Under physiologic conditions, calcium levels are
too low to promote PAD activity. It is therefore
suggested that loss of calcium homeostasis
and subsequent PAD activation and citrullina-
tion may be of importance in the transition from
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Figure 1. Animal study design.

physiology to pathology [6, 7]. An alternative
theory proposes that PAD enzymes may be reg-
ulated by additional, non-calcium related, fac-
tors and therefore may also be able to catalyse
the citrullination reaction at physiologic con-
centrations of calcium [1].

We have previously demonstrated that the
recently introduced matrix metalloproteinase
(MMP)-degraded citrullinated vimentin marker
(VICM) is related to liver fibrosis progression in
a CCl, model of liver fibrosis and is statistically
significantly upregulated in hepatitis C and
NAFLD clinical populations [8]. In this experi-
ment we aimed to investigate whether VICM
levels are associated with PAD enzyme levels in
a preclinical liver fibrosis model. We therefore
measured circulating VICM levels in animals
that were treated with CCl, and N-Alpha-
benzoyl-N5-I-Ornithine, a recently described
pan-PAD inhibitor [9].

Methods
ELISA assay

The VICM assay procedure previously described
[8] was followed. Briefly, a 96-well streptavidin
plate (Roche Diagnostics, Basel, Switzerland)
was coated with 2.5 ng of the biotinylated syn-
thetic peptide, Biotin-RLRSSVPGV-Citrulline,
dissolved in assay buffer (50 mM Tris, 1% BSA,
0.1% Tween-20, 0.36% Bronidox, adjusted to
pH 7.4 at 20°C) and incubated for 30 minutes
at 20°C. Twenty pL of the peptide calibrator or
sample was added to appropriate wells, fol-
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lowed by 100 pL of 4 ng/ml horse radish peroxi-
dase (HRP) labelled monoclonal antibody and
incubated for 1 hour at 20°C. Finally, 100 uL
tetramethyl benzinidine (TMB) (Kem-En-Tec cat.
4380H, Taastrup, Denmark) was added, and
the plate was incubated for 15 minutes at 20°C
in the dark. All the above incubation steps
included shaking at 300 rpm. After each incu-
bation step the plate was washed five times in
washing buffer (20 mM Tris, 50 mM NaCl, pH
7.2). The TMB reaction was stopped by adding
100 pL of stopping solution (1% HCI) and mea-
sured at 450 nm with 650 nm as the reference.
Coating and assay buffers were left to equili-
brate to room temperature. The plate was coat-
ed with 2.5 ng/ml biotinylated antibody and
was left incubating for 30 minutes at 20°C and
shaking at 300 rpm. The C3M assay procedure
was followed as previously described [10].

Rat CCl, liver fibrosis model

Liver fibrosis was induced in 40 male Sprague-
Dawley rats (Harlan, Holland and Germany),
aged 6 months, as shown in Figure 1.

Animals in group A served as controls. CCl,
(0.45 mL/kg) was injected twice a week by
intraperitoneal injections (IP) and phenobarbi-
tal (0.3 g/l) was added to the drinking water of
animals in group B and C for 6 weeks. Animals
in group C additionally received daily injected
treatment of N-Alpha-benzoyl-N5-I-Ornithine (3
mg/kg) [11]. Blood was collected at termina-
tion and was allowed to stand at room tempera-
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ture for 20 minutes to clot, before centrifuga-
tion at 2500 rpm for 10 min. Samples were
stored at -80°C. Liver sections 4 uym thick were
stained with 0.1% Sirius red (F3B) in saturated
picric acid (Sigma-Aldrich, St Louis, MO, USA).
From each animal, the amount of fibrosis
expressed as a percentage of total collagen in
the total liver area was measured by digital
quantitative histology (VisioMorph, Visiopharm,
Hgrsholm, Denmark) using 3 adjacent histology
slides from each animal.

Statistical analyses

Comparison of groups was performed using an
ANOVA test with Dunnett correction.
Correlations were performed using the
Spearman correlation. Differences were con-
sidered statistically significant if p<0.05.
GRAPH PAD PRISM 5 (Graph Pad Software, La
Jolla, CA, USA) was used for the calculations.

Results
Histology

Quantitative histology measurement revealed a
statistically significant difference in the total
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collagen levels between control animals and
animals receiveing either CCl, or CCl,+PAD. No
statistically  signinificant  difference  was
observed between CCl, and CCI,+PAD
treatment groups (Figure 2A and 2B).

Rat CCl, liver fibrosis model

The mean citrullinated vimentin level for control
animals was 115 ng/ml. Compared with con-
trols, the increase in marker levels for animals
treated solely with CCl, was highly statistically
significant (488 ng/ml, P>0.001) representing
an increase of 324%. In animals treated with
both CCI, and the PAD inhibitor, VICM levels
were found to be 252 ng/ml (P>0.05) repre-
senting an increase of 119% over controls. A
statistically significant difference (P>0.05) was
observed in VICM levels of animals receiving
solely CCl, and those also receiving CCl,+PAD
treatment (Figure 3A). Mean C3M levels for
control animals was 14.1 ng/ml. Compared
with controls the animals treated solely with
CCl, showed a highly statistically significant dif-
ference (20.9 ng/ml, P>0.001) in their collagen
levels, representing an increase of 48%. The
animals treated with the combination of CCl,
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Figure 3. VICM levels in control, CCI, and CCl,+PAD treated animals. A statistically significant difference was found
between animals receiving the PAD inhibitor+CCl, and those that received only CCl, (P>0.05) (A). C3M levels in CCI,
and CCI,+PAD treated animals were not statistically significantly different (P<0.05) (B).

and PAD inhibitor also showed a statistically
significant increase (23.3 ng/ml, P>0.0001)
representing an increase of 65% over controls.
No statistically significant difference was
observed between the group of animals treated
with CCl, and CCI,+PAD inhibitor (Figure 3B).

Discussion

We have previously demonstrated that levels of
the citrullinated peptide, VICM, are increased in
a CCl, preclinical model of liver fibrosis [12].
This finding raised the question of whether
citrullination is an active player in liver fibrogen-
esis. The aim of this study was to investigate
whether PAD inhibitor treatment, against citrul-
lination, could reduce liver fibrogenesis. The
results suggest that even though VICM levels
were decreased, PAD inhibitor treatment had
no effect on total collagen accumulation as
shown by total collagen measured by quantita-
tive histology. An interesting finding of the study
is that animals that were treated with CCl,+PAD
inhibitor showed slightly increased levels of
C3M marker. Even though the difference is not
statistically significant between animals that
were treated solely with CCI4, we believe that
this finding may indicate that PAD is implicated
in matrix remodelling during pathology. The
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exact mechanisms of this interaction warrants
further study. Results from such investigations
would significantly add to our understanding of
citrullination modifications in ECM remodelling
and their role in the transition from physiology
to pathology. An important biomarker-related
finding of this study is that PAD treatment can
decrease VICM levels in animals developing
liver fibrosis due to CCl, intoxication. We believe
that this finding implies a cause and effect rela-
tionship between PAD levels and VICM
formation.

Study limitations

The study lacks immunohistochemistry and
western blot data due to the fact that the uti-
lised VICM and C3M antibodies were found to
be highly specific for ELISA application.
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