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Abstract

Background Systemic sclerosis (SSc) is a connective tissue disease that is characterized by fibrosis in the skin

and internal organs, such as the lungs. Activated differentiation of progenitor cells, which are mainly resident fibro-
blasts, into myofibroblasts is considered a key mechanism underlying the overproduction of extracellular matrix

and the resultant tissue fibrosis in SSc. Calpains are members of the Ca**-dependent cysteine protease family, whose
enzymatic activities participate in signal transduction and tissue remodeling, potentially contributing to fibrosis in var-
ious organs. However, the roles of calpain in the pathogenesis of SSc remain unknown. This study aimed to examine
the anti-fibrotic properties of N-acetyl-Leu-Leu-norleucinal (ALLN), one of the cysteine proteinase inhibitors that pri-
marily inhibit calpain, in vitro and in vivo, to optimally translate into the therapeutic utility in human SSc.

Methods Normal human dermal and lung fibroblasts pretreated with ALLN were stimulated with recombinant trans-
forming growth factor beta 1 (TGF-B1), followed by assessment of TGF-31/Smad signaling and fibrogenic molecules.

Results ALLN treatment significantly inhibited TGF-B1-induced phosphorylation and nuclear transport of Smad2/3
in skin and lung fibroblasts. TGF-B1-dependent increases in a-smooth muscle actin (aSMA), collagen type |, fibronec-
tin 1, and some mesenchymal transcription markers were attenuated by ALLN. Moreover, our findings suggest

that ALLN inhibits TGF-31-induced mesenchymal transition in human lung epithelial cells. Consistent with these

in vitro findings, administering ALLN (3 mg/kg/day) three times a week intraperitoneally remarkably suppressed

the development of skin and lung fibrosis in a SSc mouse model induced by daily subcutaneous bleomycin injec-
tion. The number of skin- and lung-infiltrating CD3* T cells decreased in ALLN-treated mice compared with that in
control-treated mice. Phosphorylation of Smad3 and/or an increase in aSMA-positive myofibroblasts was significantly
inhibited by ALLN treatment on the skin and lungs. However, no adverse effects were observed.

Conclusions Our results prove that calpains can be a novel therapeutic target for skin and lung fibrosis in SSc, con-
sidering its inhibitor ALLN.

Keywords Systemic sclerosis, Skin, Lung, Calpain, Cysteine proteinase inhibitor, TGF-@, Fibrosis, Endothelial-
mesenchymal transition

*Correspondence:

Minoru Hasegawa

minoruha@u-fukui.acjp

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit httpy/creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13075-023-03130-7&domain=pdf
http://orcid.org/0000-0003-3738-2682

Kasamatsu et al. Arthritis Research & Therapy (2023) 25:156

Introduction

Systemic sclerosis (SSc) is a connective tissue disor-
der that presents as fibrosis and vascular injury with an
autoimmune basis. Although the pathogenesis remains
unclear, inflammation, which is primarily of macrophages
and T cells, precedes excessive extracellular matrix pro-
duction, such as collagen from myofibroblasts, and tissue
deposition [1, 2]. In this process, profibrogenic mole-
cules, such as transforming growth factor-beta 1 (TGF-
B1), produced by immune and mesenchymal cells induce
the differentiation of resident fibroblasts and other pro-
genitor cells into myofibroblasts. Recently, various agents
that inhibit these mechanisms have been validated as
therapeutic agents [3-5]. However, the treatments for
SSc are still limited and unestablished.

Calpains are members of the Ca**-dependent cysteine
proteases that catalyze the controlled proteolysis of spe-
cific substrates and play various critical roles, includ-
ing cell growth, differentiation, and apoptosis [6]. Many
previous reports indicate that calpains are potential
therapeutic targets for various disorders, including can-
cers, fibrosis, ophthalmic diseases, neurodegenerative
disorders, cardiovascular disorders, and eosinophilic
esophagitis [7-9]. Although clinical trials have been con-
ducted using several calpain inhibitors, none have been
translated into practical use.

Humans possess 15 calpain genes, which are from
CAPN1 to CAPN16, excluding CAPN4. Specifically, the
two conventional calpains, calpain 1 (p-calpain) and cal-
pain 2 (m-calpain), are the most ubiquitously expressed
and well-studied. They alter the structure and functional-
ity of their substrates through limited proteolysis. How-
ever, discrepancies exist between in vivo and in vitro
findings regarding the functionality of calpain 1 and
2. Because calpain 1 and calpain 2 can be activated by
micro- and milli-molar concentrations of Ca’", respec-
tively, calpain 1 is more widely used in vivo [6]. However,
CAPNI1-deficient mice are apparently normal [10]. In
contrast, the loss of CAPN2 leads to embryonic lethal-
ity [11, 12], indicating that calpain 2 plays a more crucial
role than calpain 1 in vivo.

Previous studies have shown that calpain contributes
to the development of fibrosis and tissue remodeling.
For example, calpain 1 and 2 expression increased in the
thickened pulmonary interalveolar septa of mouse lung
tissues treated intraperitoneally with bleomycin injection
[13]. In this model, calpeptin, which is a cysteine protein-
ase inhibitor that hinders calpain 1, calpain 2, and papain,
prevented the development of fibrosis by suppressing
proinflammatory and profibrotic cytokines production
such as interleukin-6 (IL-6), TGF-B1, angiopoietin-1
(Ang-1), and collagen I synthesis. Furthermore, calpeptin
inhibited proliferation, migration, collagen synthesis, and
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TGE-B1 production in human lung fibroblasts in vitro.
Another study reported that intraperitoneal injections
of bleomycin protected calpain-1/2 conditional knock-
out mice against lung fibrosis [14]. In that study, calpain
activation and TGF-B1 interacted to increase collagen I
synthesis in human lung fibroblasts. However, the precise
mechanism of calpain-dependent fibrosis and the poten-
tial use of its inhibitors in SSc treatment remain unclear.

Therefore, we aimed to examine the use of N-acetyl-
Leu-Leu-norleucinal (ALLN), which is a cysteine protein-
ase inhibitor that impedes mainly calpain 1 and calpain
2, and cysteine cathepsins, both in vitro and in vivo.
ALLN treatment inhibited the TGF-B1-induced differ-
entiation of skin and lung fibroblasts into myofibroblasts
and subsequent extracellular matrix (ECM) production
in vitro. In addition, peritoneally injecting ALLN attenu-
ated the development of skin and lung fibrosis, which was
induced by the subcutaneous injection of bleomycin in a
mouse model.

Materials and methods

Fibroblasts

Normal human fetal foreskin fibroblasts were purchased
(Kurabo Industries, Osaka, Japan); normal lung fibro-
blasts from the fetal lung were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Nacalai Tesque, Kyoto,
Japan) containing 10% fetal bovine serum (FBS) (Bios-
era, Kansas City, MO, USA) and 1% antibiotics (100 U/
mL each of penicillin and streptomycin) (Nacalai Tesque)
in a humidified incubator with 5% CO, at 37 °C. When
reached approximately 70% confluence, the cells were
starved in DMEM containing 0.1% FBS for 24 h and sub-
sequently pretreated with dimethyl sulfoxide (DMSO) as
control or various concentrations of the calpain inhibi-
tor, ALLN (Sigma-Aldrich, St. Louis, MO, USA) (diluted
in DMSOQO). One hour later, the cells were stimulated
with 10 ng/mL recombinant human TGF-p1 (PeproTech,
Rocky Hill, NJ, USA).

Epithelial cells

A human non-small cell lung carcinoma cell line A549
cells (American Type Culture Collection) were grown in
minimum essential medium (MEM, Sigma-Aldrich) con-
taining 10% FBS and 1% antibiotics in a humidified incu-
bator with 5% CO, at 37°C. The medium was replaced
with 5% FBS-containing MEM when the cells reached
approximately 70% confluence. Next, cells were pre-
treated with DMSO as control or various concentrations
of ALLN (Sigma-Aldrich) diluted in DMSO for 30 min
and subsequently stimulated with 10 ng/mL recombinant
human TGEF-p1 (PeproTech).
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Bleomycin-induced fibrosis mouse model (animal protocol)
This study used female C57BL/6] mice aged between
8 and 10 weeks (CLEA Japan, Tokyo, Japan). Mice were
subcutaneously injected with 150 puL bleomycin (1 mg/
mL) or 150 pL saline in the control group into the shaved
back daily for 4 weeks, as previously described [15]. Con-
currently, ALLN (3 mg/kg/day) or phosphate-buffered
saline (PBS) was administered intraperitoneally three
times weekly. The ALLN dose was determined in a pilot
study. Finally, the mice were euthanized on day 28, and
samples were collected to assess skin and lung fibrosis.

Hematoxylin and eosin and Masson’s trichrome staining
Briefly, the mouse skin and lungs were fixed in 10% for-
malin and embedded in paraffin, followed by histologi-
cal assessment using a light microscope. All skin sections
were obtained from the back with scalpels and lungs
from the right middle lobe. The sections were stained
with hematoxylin and eosin (H&E) and Masson’s tri-
chrome. Dermal thickness was defined as the skin thick-
ness from the epidermal-dermal junction to the junction
between the dermis and the subcutaneous fat [16]. Two
investigators (HK and TC) conducted a blinded examina-
tion of the sections. Collagen accumulation was assessed
through pixelization of Masson’s trichrome staining area
using Photoshop software (ver. 16).

Collagen assay

Type I collagen in the culture supernatant was meas-
ured using an ELISA kit specific for human type I col-
lagen (ACEL, Inc. Kanagawa, JAPAN) according to the
protocol. Total collagen accumulation in the skin tissue
was assessed using Sirius Red/Fast Green Collagen Stain-
ing Kit (Chondrex, Inc., Woodinville, WA, USA) [17]. In
brief, paraffin-embedded sections were deparaffinized
and were loaded 0.2—-0.3 mL Dye Solution and incubated
at room temperature for 30 min. After rinsing the stained
tissue section, Dye Extraction Buffer was loaded on each
sample and gently mixed. The OD values was measured
at 540 nm and 605 nm with a spectrophotometer after
collecting the eluted Dye Solution.

RNA preparation and real-time gRT-PCR

Total RNA was isolated from the cultured cells using
RNeasy spin columns (Qiagen, Valencia, CA, USA). After
reverse transcription into complementary DNA using

(See figure on next page.)
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PrimeScript RT Master Mix system (TaKaRa Bio, Shiga,
Japan), real-time quantitative reverse transcription-poly-
merase chain reaction (QRT-PCR) was performed using a
StepOnePlus Real-Time PCR System (Thermo Fisher Sci-
entific, Waltham, MA, USA). Gene transcripts were nor-
malized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA expression and quantified as relative
expression levels.

Immunofluorescence

The cells prepared as described above were washed
with PBS, fixed with 4% paraformaldehyde phosphate
(PFA) for 10 min, and permeabilized with 0.2% Triton
X-100 for 3 min. Subsequently, the sections were incu-
bated for 24 h at 4°C with primary antibodies and incu-
bated with fluorescein-conjugated secondary antibodies
for 1 h at room temperature. The primary antibodies
used were anti-collagen type I alpha 2 (COL1A2) (1:200,
Abcam, Cambridge, UK), anti-fibronectin 1 (FN1) (1:200,
Abcam), anti-alpha smooth muscle actin (aSMA) (1:200,
Abcam), anti-p-Smad3 (1:200, Cell Signaling Technol-
ogy, USA), anti-snail family transcriptional repressor 2
(SNAIL2) (1:200, Invitrogen, Carlsbad, CA, USA), and
anti-zinc-finger-enhancer binding protein 1 (ZEBI)
(1:200, Proteintech, Rosemont, IL, USA). Cover glasses
were mounted using VECTASHIELD mounting medium
with 4,6-diamidino-2-phenylindole (DAPI, Vector Labo-
ratories, Burlingame, CA, USA).

Immunohistochemistry

Briefly, the mouse skin and lung sections were deparaffi-
nized, and antigen-retrieved by incubating with HistoVT
One (Nacalai Tesque) at 90°C for 10 min. Subsequently,
the slides were incubated for 10 min with solution to
block endogenous peroxidase and alkaline phosphatase
(BLOXALL, Vector Laboratories). Next, the slides were
immunostained with monoclonal antibodies against
mouse CD3 (Adjusted, Nichirei Biosciences) or F4/80
(1:250, Abcam), anti-aSMA antibody (1:200, Abcam),
anti-p-Smad3 antibody (1:200, Cell Signaling Technol-
ogy, USA), anti-calpain 1 antibody (1:200, Abcam), anti-
calpain 2 antibody (1:200, Abcam), peroxidase-labeled
secondary antibody (Nichirei Biosciences), and a colora-
tion substrate system with 3,3-diaminobenzidine (DAB,
Nichirei Biosciences). aSMA- or Calpain-positive area
was assessed as follows. One representative section of

Fig. 1 ALLN inhibits the fibrogenic activity of cultured human dermal fibroblasts stimulated with TGF-31. Normal human dermal fibroblasts were
pretreated with DMSO as control or various concentrations of DMSO-diluted ALLN for 1 h, followed by stimulation with 10 ng/ml recombinant
human TGF-1 for an additional 24 h. After harvesting, mRNA and protein expression of the indicated molecules were evaluated by real-time RT-PCR
(A) and Western blotting (B), respectively. Values were normalized to GAPDH and tubulin levels and are shown as relative levels (mean £ SEM). All
values represent mean +SEM; n=5 each group; *, p<0.05; **, p<0.01, ***, p<0.001. C Fibroblasts were immunostained for aSMA, COL1A2, or FN1
(green). Nuclear counterstaining (blue) was performed with DAPI. Representative images of three experiments are shown (400-fold magnification)
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each mouse was photographed at five random locations
in the 200xfield of the microscopic view for analysis.
Then, the aSMA- or calpain-positive area was deter-
mined through pixelization of the staining area using
Photoshop software (ver. 16).

Western blot analysis

Total protein extraction from human dermal fibroblasts
or A549 cells was performed using an extraction kit (101
Bio, Mountain View, CA, USA). Protein concentration
was determined using a spectrophotometer and bicin-
choninic acid protein assay kit (TaKaRa Bio, Shiga, Japan).
Aliquots of protein from each sample were subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis on a Mini-PROTEAN TGX Precast gel and transferred
to a nitrocellulose membrane (Bio-Rad Laboratories, Her-
cules, CA, USA). The membrane was incubated with the
appropriate primary antibody and fluorescently labeled
secondary antibodies. The following antibodies were
used: anti-COL1A2 (1:1000, Abcam), anti-FN1 (1:1000,
Abcam), anti-aSMA (1:1000, Abcam), anti-p-Smad3
(1:1000, Invitrogen), anti-calpain 1 (1:1000, Abcam),
anti-calpain 2 (1:1000, Abcam), anti-E-cadherin (1:1000,
Abcam), anti-GAPDH hFAB rhodamine (Bio-Rad Labo-
ratories), and anti-tubulin hFAB rhodamine (Bio-Rad
Laboratories). In addition, anti-mouse or anti-rabbit flu-
orescent-labeled secondary antibodies (all Bio-Rad Labo-
ratories) were used as secondary antibodies. Blots were
scanned and quantified using a ChemiDoc imaging sys-
tem (Bio-Rad Laboratories). The quantified band intensi-
ties were normalized to those of GAPDH or tubulin.

Epithelial-mesenchymal transition (EMT)

A549 human non-small cell lung carcinoma cells (Ameri-
can Type Culture Collection) were maintained in DMEM
supplemented with 10% heat-inactivated FBS. Next, EMT
was induced in DMEM containing 5% FBS with 10 ng/ml
human TGF-PB1 recombinant protein (R&D Systems) at
each indicated interval, with or without incubation with
ALLN, as previously described [18].

Statistical analysis

Statistical analysis was performed using GraphPad Prism
7 (GraphPad Software Inc., La Jolla, CA, USA). All data
are presented as mean + standard error of the mean, and

(See figure on next page.)
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statistical significance was set at p<0.05, using the Stu-
dent’s two-tailed ¢-test.

Results

ALLN suppressed the TGF-B1-induced expression of
fibrogenic molecules in cultured human dermal fibroblasts
We investigated the effects of the cysteine proteinase
inhibitor, ALLN, on the differentiation of cultured nor-
mal human dermal fibroblasts into myofibroblasts and
ECM production. The mRNA expression of ACTA2
(aSMA), COLIA2, and FNI remarkably increased in
fibroblasts 48 h after TGF-B1 administration and was sig-
nificantly inhibited by ALLN dose-dependently (Fig. 1A).
Similarly, the TGF-Bl-induced protein expression of
aSMA, COL1A2, and FN1 was significantly suppressed
by ALLN in normal human dermal fibroblasts (Fig. 1B).
Immunocytochemistry also showed that ALLN treat-
ment suppressed the TGF-B1l-induced cytoplasmic fila-
ment formation of aSMA and staining of COL1A2 and
FN1 72 h after TGF-p1 stimulation (Fig. 1C). In consist-
ent with these intracellular protein expression, ALLN
markedly inhibited collagen I concentration with or with-
out the addition of TGF-B1 in the supernatant of dermal
fibroblast culture (Fig. 2A).

ALLN antagonized the TGF-B1-induced Smad3
phosphorylation and mesenchymal transcription factors

in cultured human dermal fibroblasts

TGEF-B1 signaling pathway stimulates the expression of
mesenchymal transcription factors in fibroblasts. This
process involves the phosphorylation and activation of
Smad proteins, which translocate into the nucleus and
act as transcriptional regulators. Therefore, we evalu-
ated the expression of mesenchymal transcription factors
and p-Smad2/3 in TGF-B1-treated normal human der-
mal fibroblasts to investigate the antifibrotic mechanism
of ALLN. The mRNA expression levels of SNAI2, ZEBI,
and ZEB2 decreased after ALLN treatment in TGF-$1-
stimulated fibroblasts at 48 h (Fig. 2B). Immunocyto-
chemical staining showed that ALLN treatment inhibited
Smad2/3 phosphorylation at 72 h after TGF-p1 stimula-
tion (Fig. 2C). In addition, ALLN suppressed TGF-f1-
induced nuclear translocation of SNAIL2 and ZEBI,
which are transcription factors responsible for myofibro-
blast differentiation (Fig. 2C).

Fig. 2 ALLN inhibits the expression of fibrogenic signaling molecules, and transcription factors in cultured human dermal fibroblasts stimulated
with TGF-31. Normal human dermal fibroblasts were pretreated with DMSO as control or various concentrations of DMSO-diluted ALLN for 1

h, followed by stimulation with 10 ng/ml recombinant human TGF-B1 for an additional 24 h. A The amount of collagen | in the supernatant

was measured by specific ELISA. All values represent the mean + SEM; n=4 for each group; *, p < 0.05; ***, p<0.001. B Effects of ALLN on the mRNA
expression of transcription factors associated with the mesenchymal transition in human dermal fibroblasts. All values represent the mean + SEM;
n=5 for each group; * p<0.05; ** p<0.01. C Fibroblasts were immunostained for phospho-Smad2/3, SNAIL2, or ZEB1 (green). Nuclear
counterstaining (blue) was performed with DAPI. Representative images of three experiments are shown (400-fold magnification)
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ALLN inhibited the TGF-B1-induced fibrogenic phenotype
in cultured human lung fibroblasts

We also investigated the effect of ALLN on the differen-
tiation of cultured normal human lung fibroblasts into
myofibroblasts and on ECM expression. The mRNA
expression of ACTA2 (aSMA), COLIA2, and FNI
increased in lung fibroblasts 24 h after TGF-p1 stimula-
tion; however, ALLN generally inhibited this expression
(Fig. 3A). Immunocytochemistry showed that ALLN
treatment suppressed TGF-B1-induced cytoplasmic fila-
ment formation in «aSMA (Fig. 3B). In addition, ALLN
suppressed COL1A2 and FN1 staining 48 h after TGF-1
stimulation (Fig. 3B). Moreover, ALLN treatment inhib-
ited the expression and nuclear translocation of phos-
phorylated Smad2/3, SNAIL2, and ZEB1 at 48 h after
TGF-B1 stimulation (Fig. 3C). Therefore, ALLN inhibited
calpain-dependent fibrogenic activity and myofibroblast
differentiation in normal human lung fibroblasts.

ALLN suppressed the expression of EMT markers in lung
epithelial cells

Other precursors, such as epithelial cells, pericytes,
endothelial cells, adipocytes, and bone marrow-derived
cells, in addition to resident fibroblasts, may differenti-
ate into myofibroblasts in the fibrotic tissues of SSc, par-
ticularly in the lungs [1, 19]. Therefore, we investigated
the anti-EMT effects of ALLN on human lung epithe-
lial A549 cells. EMT was induced by incubating A549
cells with TGF-P1 for 24—48 h. ALLN treatment signifi-
cantly inhibited the mRNA expression of some TGF-$1-
induced representative mesenchymal markers, such as
connective tissue growth factor (CTGF), vimentin (VIM),
and SNAI2 induced by TGF-B1 treatment (Fig. 4A). In
contrast, the protein expression of E-cadherin, which is
a representative epithelial marker, increased following
ALLN treatment in TGF-B1-induced A549 cells (Fig. 4B).
Therefore, TGF-f1-induced EMT markers were moder-
ated by ALLN treatment in lung epithelial A549 cells.

Intraperitoneal ALLN attenuated dermal thickening

and collagen content in the bleomycin-injected mouse skin
Subcutaneous and intraperitoneal injections of bleo-
mycin and ALLN, respectively, were co-administrated
for 4 weeks in C57BL/6] mice. No apparent side effects,

(See figure on next page.)
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including changes in body weight or activity, were
observed in any of the mice (data not shown). Histologi-
cal examination of the bleomycin-injected skin showed
a marked increase in dermal thickness, which was sig-
nificantly reduced by ALLN treatment (Fig. 5A, upper
columns; Fig. 5B, left). In addition, Masson’s trichrome-
stained area was significantly reduced in the bleomycin-
treated skin from the ALLN-treated group compared
with the control group (Fig. 5A, lower columns and
Fig. 5B, middle). These histological changes were consist-
ent with the total collagen content in the skin measured
with the Sirius Red/Fast Green Collagen Assay (Fig. 5B,
right). Furthermore, consistent with these results, aSMA-
positive spindle- or star-shaped cells (rather than vessel
walls) that appeared to be myofibroblasts were increased
in bleomycin-injected skin, which was inhibited by ALLN
administration (Fig. 6A).

ALLN treatment suppressed T cell infiltration

in bleomycin-injected mouse skin

The infiltrating cell profile was examined through immu-
nohistochemistry using mouse skin 7 days after bleomy-
cin administration since inflammation preceded tissue
fibrosis in our mouse model (Fig. 6B). CD3-positive T
cells and F4/80-positive macrophages increased in the
skin after bleomycin injection. ALLN administration
had little effect on the infiltration of F4/80-positive mac-
rophages compared to the control group, but significantly
reduced the infiltration of CD3-positive T cells.

Intraperitoneal ALLN inhibited p-Smad3 expression

in bleomycin-injected mouse skin

We also examined p-Smad3 expression in bleomycin-
injected skin for 28 days since ALLN inhibited the pro-
tein expression and nuclear transport of p-Smad3 in
cultured dermal fibroblasts. Immunohistochemical stain-
ing showed that p-Smad3-positive spindle-shaped cells
were prominent in bleomycin-injected skin but were sup-
pressed in number by ALLN treatment (Fig. 6C). Quan-
titative evaluation using Western blotting also showed
that the increased amount of p-Smad3 protein in bleo-
mycin-injected skin was significantly decreased by ALLN
administration (Fig. 6D). These findings, which were

Fig. 3 ALLN attenuates the fibrogenic phenotype of cultured human lung fibroblasts stimulated with TGF-31. Normal human lung fibroblasts were
pretreated with DMSO as control or various concentrations of DMSO-diluted ALLN for 1 h, followed by stimulation with 10 ng/ml recombinant
human TGF-f1 for an additional 24h. A After harvest, mRNA and protein expression of the indicated molecules was evaluated using real-time
reverse transcription-polymerase chain reaction (RT-PCR). Values were normalized to GAPDH and are shown as relative levels (mean + SEM). All
values represent mean +SEM; n=5 each group; ¥, p<0.05; **, p<0.01, ***,p<0.001. Fibroblasts were also immunostained for aSMA, COL1A2, or FN1
(green, B) and phospho-Smad?2/3, SNAIL2, or ZEB1 (green, C). Nuclear counterstaining (blue) was performed with DAPI. Representative images

of three experiments are shown (400-fold magnification)
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consistent with the in vitro findings, indicated that ALLN
disrupts bleomycin-induced TGF-f1 signaling in vivo.

ALLN treatment reduced the expression of calpain 2

in the bleomycin-injected mouse skin
Immunohistochemistry showed that calpain 1 and 2
were ubiquitously expressed in various cells of mouse
skin (Fig. 7A). Bleomycin injection or ALLN treatment
did not affect calpain 1 expression. In contrast, calpain
2 expression increased with bleomycin administration
and was inhibited by ALLN treatment. These findings are
consistent with the Western blotting results (Fig. 7B). The
protein expression of calpain 2, rather than calpain 1, was
significantly reduced in the ALLN-treated skin extracts
compared with placebo controls.

Intraperitoneal ALLN improved lung fibrosis induced

by subcutaneous bleomycin administration

The proportion of stroma with inflammatory cell infiltra-
tion increased with a reduction in the functional alveolar
structure of the lung parenchyma in the lungs of subcu-
taneously bleomycin-injected mice compared with that
of the PBS-injected mice (Fig. 8). However, intraperi-
toneal ALLN injection significantly reduced the bleo-
mycin-induced fibrotic stroma of the lungs, which was
evaluated using H&E and Masson’s trichrome staining.
In addition, the aSMA-positive area, CD3-positive cells,
and F4/80-positive cells increased in the lungs after bleo-
mycin injection. However, ALLN treatment significantly
reduced the aSMA-positive area and CD3-positive cells.
Furthermore, bleomycin administration increased the
area positive for calpain 1 or 2, which was also signifi-
cantly suppressed by ALLN treatment.

Discussion

In this study, ALLN, one of the cysteine proteinase inhib-
itors that mainly disrupt calpain activity significantly
suppressed p-Smad3 expression, myofibroblast differen-
tiation, and ECM expression in cultured normal human
dermal and lung fibroblasts that were induced by TGE-
B1. Furthermore, our findings suggest that ALLN inhibits
the EMT in TGF-B1-treated human lung epithelial cells.
Consistent with these in vitro findings, peritoneal injec-
tion of ALLN significantly attenuated the CD3* T cell
infiltration and subsequent fibrosis in the skin and lungs

(See figure on next page.)
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of mice subcutaneously injected with bleomycin daily.
Bleomycin injection increased the expression of calpain
2 and p-Smad3 in the skin and calpain 1/2 in the lungs;
however, these effects were significantly suppressed by
ALLN administration. Therefore, ALLN may be useful
in inhibiting the progression of skin and lung fibrosis by
inhibiting TGF-f1/Smad signaling and other factors in
patients with SSc.

ALLN significantly inhibited myofibroblast differen-
tiation and TGF-Pl-induced expression and secretion
of collagen I and mRNA expression of FN1, ACTA2,
SNAIL2, and ZEB1/2 in normal human dermal fibro-
blasts. Among these, ZEB2 mRNA expression was not
increased with TGF-B1 addition and was downregulated
by ALLN with or without TGF-p1, suggesting that ALLN
suppresses signals other than the TGF-f1-dependent
pathway. In addition, p-Smad3 expression and the nuclear
transition of mesenchymal transcription markers, such
as SNAIL2 and ZEB1, were significantly attenuated
by ALLN in normal dermal fibroblasts. ALLN mark-
edly inhibited collagen I production with or without the
addition of TGF-B1. This result was consistent with the
intracellular protein measurement of collagen I by West-
ern blot. At least according to the Western blot results,
ALLN does not affect aSMA or FN1 production in the
absence of TGF-B1. Therefore, it seems unlikely that the
results of these findings for collagen I are due to drug
cytotoxicity. Since ALLN strongly suppresses collagen 1
production by TGF-f1, ALLN may suppress collagen 1
production by TGF-B1 in low concentrations of FBS or
by TGF-B1 produced by fibroblasts themselves, even in
the group without TGF-B1. However, the possibility that
it suppresses collagen I production via cytokines other
than TGF-B1 cannot be ruled out.

Consistent with these in vitro data, intraperitoneally
injecting ALLN significantly suppressed the development
of skin fibrosis, which was induced by daily subcutaneous
bleomycin injection. To the best of our knowledge, this is
the first report to demonstrate the efficacy of a cysteine
proteinase inhibitor in skin fibrosis in an animal model
of SSc. In transgenic mice, overexpression of calpasta-
tin, which is an endogenous calpain inhibitor, delayed
skin wound healing because of reduced granulation and
scar formation [20]. In addition, transgenic overexpres-
sion of calpastatin in endothelial cells delays mouse skin

Fig.4 ALLN suppresses EMT of human lung epithelial cells in vitro. Human lung carcinoma epithelial cell line A549 was pretreated with DMSO
as control or various concentrations of ALLN diluted in DMSO for 1 h and then stimulated with 10 ng/mL recombinant human TGF-31. A mRNA
expression of mesenchymal markers was quantified using real-time RT-PCR at 24 or 48h. Values were normalized to GAPDH levels and are
shown as relative expressions; n=3 for each group; * p<0.05; ** p<0.01, *** p<0.001. B Protein expression of the epithelial (E-cadherin) marker
was quantified by Western blot analyses at 36h. Values were normalized to GAPDH levels and are shown as the relative expression (n=4 for each
group). The representative blots are shown. All values represent mean + SEM; * p<0.05
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wound healing by suppressing PDGF receptor-p signal-
ing in fibroblasts, endothelial cell-driven myofibroblast
differentiation, and subsequent fibrogenesis [21]. Moreo-
ver, endothelial deletion of calpain 1 and 2 impedes skin
wound healing by reducing inflammation and angiogen-
esis [22]. Therefore, our findings indicate the critical role
of calpain in tissue fibrosis and skin remodeling in addi-
tion to those of previous reports.

We found that ALLN inhibited the development of sub-
cutaneously injected bleomycin-induced myofibroblasts
and subsequent fibrosis in the lungs. Notably, various
proteases other than calpains, including serine proteases,
cathepsins, matrix metalloproteinases, and members of
a disintegrin and metalloproteinase with thrombospon-
din motifs family, can activate TGF-P1 in vitro and may
be implicated in TGF-B1 activation in fibrotic lesions

in vivo [23]. Our findings align with a previous report
that the cysteine protease inhibitor calpeptin, which
mainly inhibits calpain activity, was effective in a mouse
model of lung fibrosis induced by intraperitoneal admin-
istration of bleomycin [13]. Lung fibrosis in these models
was induced via bleomycin in the circulating blood. In
another study, intratracheal administration of bleomy-
cin, the most common route of bleomycin-induced lung
fibrosis, elevated the expression levels of calpain 1 and
2, which was subsequently suppressed by calpeptin [24].
Calpeptin reduced collagen expression and impaired the
TGF-B1-induced differentiation of normal human lung
fibroblasts into aSMA-expressing myofibroblasts similar
to our results for dermal and lung fibroblasts [20]. These
findings suggest that calpains play a crucial role in lung
fibrosis development.
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Subcutaneously injecting bleomycin causes inflam-
mation that precedes fibrosis in the skin and lungs [15,
16]. However, administering ALLN significantly reduced
CD3-positive T cells rather than F4/80-positive mac-
rophages in the affected skin and lungs. Although the
exact role of calpain in chemokine-induced chemotaxis
for many cell types is not yet known, one may suggest
the involvement of cell type-dependent signaling [25].

(See figure on next page.)

Regarding T cell recruitment, the inhibitory effect of cal-
peptin, a cysteine proteinase inhibitor, has been observed
in chemokine CCL2-mediated chemotaxis of Jurkat T
cells [26]. However, it is not clear why ALLN suppresses
the infiltration of only T cells and not macrophages in
bleomycin-induced skin and lung fibrosis mouse models.

Unfortunately, no excellent method of measuring cal-
pain activity has been established. Therefore, it can only

Fig. 8 The effect of ALLN treatment on lung fibrosis in subcutaneously bleomycin-injected mouse. Subcutaneous bleomycin injection induces
lung inflammation and fibrosis. The antifibrotic effects of ALLN were analyzed in the lung tissues of mice receiving daily subcutaneous injections
of bleomycin concurrent with peritoneal injections of ALLN or PBS (three times per week) for 4 weeks. Representative images of H&E and Masson'’s
trichrome (whole left lung and magnified), aSMA, CD3, F4/80, calpain 1, and calpain 2 staining (magnified) are shown. Scale bar, 50 um; n=5

for each group
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be estimated that changes in calpain expression reflect
changes in activity. It has been reported that ALLN
inhibits not only calpain activation but also its expres-
sion in rat sinusoidal endothelial cells [27]. In a mouse
model of bleomycin-induced pulmonary fibrosis, calpep-
tin downregulated calpain 1/2 mRNA expression in the
lungs [13]. In the current study, subcutaneous injection
of bleomycin promoted calpain 2 and 1/2 expressions in
the skin and the lungs, respectively, whereas ALLN treat-
ment suppressed it. In contrast, injection of bleomycin or
ALLN administration did not significantly affect calpain
1 expression in the skin. Moreover, bleomycin increased
the expression of p-Smad3 in the skin, whereas ALLN
treatment significantly reduced this effect. Li et al. [14]
demonstrated that bleomycin induces calpain and TGE-
B1 activation which triggers TGF-p1 Smad and non-
Smad (Akt) signaling pathways via TGE-B receptor in
primary human lung fibroblasts. TGF-B1 also activates
calpain causing a mutual interaction and subsequently
enhancing canonical TGF-B1 signaling that results in
excessive collagen production [14]. These previous
in vitro findings and our results demonstrate an inhibi-
tory effect of ALLN on TGF-f1 signaling in bleomycin-
induced fibrotic tissues.

Recent studies using single-cell RNA sequences indi-
cate that myofibroblasts are mostly derived from resident
fibroblasts in the skin of SSc [19, 28]. However, other
precursor cell sources, including epithelial cells, peri-
cytes, endothelial cells, adipocytes, and bone marrow-
derived cells, may contribute to fibrosis by differentiating
into myofibroblasts [1]. Although EMT may be involved
in lung fibrosis, the conversion of epidermal keratino-
cytes into mesenchymal cells has not been considered
one of the main mechanisms of skin fibrosis in SSc [19].
Increased expression of calpain 1, combined with the
reduced expression of E-cadherin in the lungs of patients
with idiopathic pulmonary fibrosis, indicates a relation-
ship between ubiquitous calpains and EMT in pulmonary
fibrosis [24]. A previous study demonstrated that ubiqui-
tous calpain inhibition using calpeptin suppresses EMT
and fibrotic changes in the lungs both in vivo and in vitro
[24]. Another manuscript indicates that calpain 1 could
regulate EMT in TGF-B1-treated A549 lung epithelial
cells via the PI3K/Akt signaling pathway [29]. In this
study, we evaluated the effects of ALLN on the TGF-$1-
induced EMT phenotype in A549 cells. ALLN restored
the expression of the attenuated epithelial marker, E-cad-
herin, and weakened that of the mesenchymal markers,
such as CTGE, VIM, and SNAIL2. Therefore, at least
in vitro, ALLN may be as protective as calpeptin in pre-
venting EMT in lung epithelial cells.

This study had some limitations. First, ALLN inhibits
cysteine cathepsins such as cathepsin B and cathepsin
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L in addition to calpain 1 and 2. Therefore, it is unclear
whether the inhibition of skin and lung fibrosis by ALLN
is solely due to calpain inhibition. The previous litera-
tures [30, 31] indicate that upregulated cathepsin B and
cathepsin L in endothelial cells can induce vascular
injury, but downregulated these cathepsins in the der-
mal fibroblasts or skin have fibrotic effects. The mRNA
expression of cathepsin B and L is decreased in the skin
of bleomycin-induced mouse model. Catepshin L is also
downregulated in lung tissue and lung fibroblasts in SSc
and is thought to have an inhibitory effect on fibrosis
[32]. Therefore, it is unlikely that the anti-fibrotic effect
of ALLN in the present study is due to the inhibition of
cathepsin B and/or L. Second, regarding the effect of
ALLN on TGF-p1 signaling, we investigated only canoni-
cal Smad2/3 signaling rather than non-canonical sign-
aling pathways such as PI3K/Akt signaling [33]. Third,
additional investigations using other SSc mouse models
are required to confirm their clinical applications. Inhibi-
tion of calpain has been reported to inhibit the prolifera-
tion of vascular smooth muscle cells in diabetes [34]. In
addition, studies using mouse models of hypoxia-induced
pulmonary hypertension and pulmonary arterial smooth
muscle cells suggest that calpain-1 may be important for
hypoxia-inducible factor-la-mediated vascular remod-
eling and fibrosis [35]. Therefore, although we were not
able to evaluate vascular injury in the present study, fur-
ther studies are needed to determine the utility of ALLN
for vascular injury associated with SSc.

Conclusions

In conclusion, the therapeutic effect of ALLN on skin and
lung fibrosis was remarkable in a subcutaneous bleomy-
cin injection-induced SSc mouse model. Therefore, drugs
that inhibit in vivo calpain activity, such as ALLN, may be
valuable candidates for treating fibrotic disorders, such as
SSc.
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