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SUMMARY
Objective. Scleroderma, or systemic sclerosis (SSc), is a chronic autoimmune connective disease with an un-
known etiology and poorly understood pathogenesis. The striking array of autoimmune, vascular, and fibrotic
changes that develop in almost all patients makes SSc¢ unique among connective tissue diseases. Although no
animal model developed for SSc to date fully represents all features of human disease, some animal models
that demonstrate features of SSc may help to better understand the pathogenesis of the disease and to develop
new therapeutic options. In this review, we aimed to evaluate skin fibrosis and lung involvement in a bleomycin
(BLM)-induced mouse model and to evaluate the differences between studies.
Methods. A systematic literature review (PRISMA guideline) on PubMed and EMBASE (until May 2023, with-
out limits) was performed. A primary literature search was conducted using the PubMed and EMBASE data-
bases for all articles published from 1990 to May 2023. Review articles, human studies, and non-dermatological
studies were excluded. Of the 38 non-duplicated studies, 20 articles were included.
Results. Among inducible animal models, the BLM-induced SSc is still the most widely used. In recent years,
the measurement of tissue thickness between the epidermal-dermal junction and the dermal-adipose tissue junc-
tion (dermal layer) has become more widely accepted.
Conclusions. In animal studies, it is important to simultaneously evaluate lung tissues in addition to skin fibro-
sis induced in mice by subcutaneous BLM application, following the 3R (replacement, reduction, and refine-
ment) principle to avoid cruelty to animals.
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injury, which is followed by the release of
inflammatory cytokines, free radicals, and
vasoactive mediators, all of which activate
immune, fibroblastic, and endothelial cells.
Differentiation of stromal cell types into
profibrotic myofibroblasts results in a dense
accumulation of extracellular matrix and
fibrosis. The SSc pathogenesis is based on
complex interactions between immune
cells, endothelial cells, and fibroblasts. So
far, animal models have been used in con-
junction with ex vivo and in vitro data from
patients to better understand the mecha-
nisms involved in the development of this

ystemic sclerosis (SSc) is a connective

tissue disease characterized by micro-
angiopathy, diffuse organ fibrosis, and sig-
nificant immunological changes, including
antibodies specific to nuclear proteins. The
heterogeneous nature of the disease is re-
vealed by the variable phenotype and the
diversity in the involvement of the visceral
organs. Despite the increasing number of
studies in the field of SSc, the pathogenesis
of this potentially life-threatening disease is
still not fully understood.
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genesis and reduced angiogenesis. The al-
tered expression of cell adhesion molecules
that cause Th2 and Th17 cells, mast cells,
and macrophages infiltration, as well as en-
dothelial dysfunction, which is predomi-
nantly caused by low nitric oxide, are ex-
amples of functional abnormalities. Intra-
vascular fibrin deposits are induced by acti-
vated endothelial-mesenchymal transition,
which also results in excessive generation
of reactive oxygen species and fibro-prolif-
erative vascular alteration and tissue fibro-
sis (1).

The accumulation of predisposing factors in
immune cells, vascular cells, and interstitial
fibroblasts results in phenotypic alterations
due to the combination of genetic factors and
environmental effects. This leads to vascular
activation and structural abnormalities,
which in turn cause chronic inflammation
and the activation of interstitial fibroblasts
derived from different sources (2).
Interstitial fibroblasts in several organs
eventually become constitutively activated
as a result of these vascular alterations.
They also potentiate tissue inhibitors of
metalloproteinase-1, prevent the synthesis
of collagenases like metalloproteinase
(MMP)1 and MMP3, and stimulate trans-
forming growth factor-f3 (TGFpP) produc-
tion, fibroblast proliferation, and differen-
tiation. These actions result in an increase
in extracellular matrix formation. TGFf
participates in several signaling pathways
that encourage fibrogenic and inflammatory
effects in people with sickle cell disease. It
can also trigger mitogen-activated protein
kinase-mediated signaling via c-Jun N-ter-
minal kinase, p38, and extracellular signal-
regulated kinases 1 and 2. It phosphorylates
SMAD proteins, resulting in SMAD4-me-
diated gene expression (3).

Janus (JAK) kinases are triggered when in-
terleukin (IL)-6 and similar cytokines con-
nect to surface receptors, phosphorylating
tyrosine residues in the receptor’s cyto-
plasm (4, 5). According to recent research,
SSc biopsies, disease models, and SSc fi-
broblasts all exhibit substantial JAK/signal
transducers and activators of transcription
(STAT) activation (6-8). Studies of SSc
transcriptomes showed significantly higher

levels of expression of a consensus IL6/
JAK/STAT3, based on the experimentally
derived gene. Furthermore, immunohisto-
chemistry similarly revealed the presence
of activated JAKs and activated STAT3 in
SSc skin and lung biopsies (9). STAT3 pro-
tein appears to contribute to lung fibrosis
when activated in lung fibroblasts and al-
veolar type II cells.

Several inducible or genetic animal models
are currently available to study one or more
aspects of the disease, but few of them com-
bine all the features of this complex human
condition at the same time. Among these
models, the tight skin models (TSK-1 and
TSK-2) or the bleomycin (BLM)-induced
scleroderma model have been described
and extensively studied in the last two dec-
ades.

Understanding the pathogenesis of SSc is
difficult, possibly due to the unique triad of
autoimmune/vascular/fibrotic features and
the marked heterogeneity of clinical mani-
festations from one individual to another. It
is not surprising that no animal model of
SSc has been established reproducing the
human disease.

Study design

A systematic search was undertaken in the
PubMed and Embase databases from incep-
tion to May 2023. The medical subject
headings (MeSH) used for the search were
as follows: (“scleroderma” OR “SSc”)
AND (“systemic sclerosis”) AND (“bleo-
mycine” OR “skin thickness”” OR “pulmo-
nary fibrosis”). The following keywords
were used with the MeSH terms: (“sclero-
derma” OR “SSc”), (“systemic sclerosis,
skin thickness, murine, animal model,
mouse, lung fibrosis”), and (“bleomycine
induced skin fibrosis” OR “bleomycine in-
duced lung fibrosis” OR “sclerosis”). Titles
and abstracts identified were screened by
two of the authors. A manual search of sec-
ondary sources included personal holdings,
conference abstracts, and a review of the
references to identified articles. Figure 1
shows the study flow as recommended by
the PRISMA 2020 updated guideline (10).
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The search of the four electronic databases
identified 316 records (165 from EMBASE,
104 from PubMed, 11 from Cochrane, and
36 from Scopus). By screening titles and
abstracts, 278 articles were excluded for
duplication and methodological issues. Of
the 38 remaining papers, 23 articles were
retrieved and 15 were excluded because of
abstracts, conference papers, or letters. The
full-text screening was performed for 23
articles, with 3 excluded because they had
not included outcomes of interest or sclero-
derma-specific data. No additional article
was found after searching the references to
the review articles. A total of 20 studies
were included in our review.

Mouse model of scleroderma

BLM (11), an antibiotic and antitumor
agent, is widely used to induce fibrosis in
various organs of rodents. Subcutaneous
(SC) BLM injection is associated with early
inflammation, with a striking accumulation
of monocytes, particularly in the dermis at
the injection site (12-14). The inflammatory
infiltrate also contains mast cells and sparse
eosinophils (15). Progressive dermal fibro-
sis develops after daily SC (the more com-
monly used method) or intradermal injec-
tions for 1-2 weeks. Simultaneous changes
in lung tissue were also observed in mice
injected with BLM intraperitoneally (16).
These mice showed a rich infiltration of
mononuclear cells and fibroblasts, resulting
in pulmonary fibrosis. Similar lesions have
been reported in the lungs of rabbits who
underwent intratracheal BLM (17). The oc-
currence of interstitial pulmonary fibrosis
in athymic nude mice receiving BLM dem-
onstrated that the involvement of immuno-
competent cells is not required for fibrosis
development and may be the result of direct
BLM action on connective tissue-forming
cells (18, 19).

In the study of Mountz et al. (12), it was
shown that mice injected with non-lethal
doses of BLM developed severe dermal fi-
brosis and hyperpigmentation and had ab-
normalities in the structure of dermal col-
lagen fibers. However, unlike in human
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Figure 1 - Study flow diagram.

SSc, the presence of only minimal inflam-
matory changes in the skin without lym-
phocytic infiltration and negative antinu-
clear antibodies were the main differences.
At this stage, the damaged dermis has thick-
ened and become relatively acellular with
excessive collagen accumulation. The hard-
ened lesion remains highly localized and
may persist for at least 6 weeks after the last
BLM application. Fibroblasts in the le-
sioned dermis show high expression of
Hsp47 (20), a marker for ongoing collagen
synthesis, and activation of the intracellular
TGF-p/Smad signaling pathway (14). Many
fibroblasts stain positive for o.-smooth mus-
cle actin, indicating that they have transdif-
ferentiated into smooth muscle-like myofi-
broblasts (21). Inducible mouse models are
used for cancer-related research, the crea-
tion of inflammation, immunological mod-
els, and infection research (22, 23). Among
the current induced mouse models, one of
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the most frequently used is the BLM-in-
duced SSc mouse model (24).

Pulmonary fibrosis as a result

of subcutaneous administration

Skin and lungs are more susceptible to BLM
than other organs, as they have low activity
of BLM hydrolase, a cytosolic aminopepti-
dase (25). Almost all of the fibrosis models
induced by BLM in mice are obtained by SC
BLM administration. Although serious fi-
brosis development is observed in a local-
ized area of the skin tissue targeted by SC

BLM, it causes SSc-like fibrotic processes
also in other distant tissues (especially the
lung) as an effect of BLM entering the sys-
temic circulation. Therefore, SC BLM caus-
es infiltration of activated inflammatory cells
that secrete cytokines and chemokines in the
skin and lung, leading to disruption of the
healing process and ultimately accelerating
fibrosis (26). A very recent study demon-
strated the development of skin thickening
and concomitant pulmonary fibrosis follow-
ing the implantation of mini-osmotic pumps
with BLM (Table I) (9, 13, 21, 27-33).

Table | - Bleomycin-induced mouse scleroderma models (skin and lung fibrosis concurrently).

Author | Mouse strain, G BLM dose/route/ Sacrification Pathological Skin thickness Concurrent
ender - - - —
(vear) age interval/time day specimens measurement lung fibrosis
Wang C57BL/6, 8 wk F 10 mg/kg/d/SC/2 22 Lesioned back Epidermal-dermal Present
et al. (2020) wk/5 days a week skin junction to the dermal-
©) fat junction
Marangoni C57BL/6 ve F 10 mg/kg/SC/2 wk/ 15 Lesioned back Epidermal-dermal Present
etal. (2022) | C57BL/J (WT), everyday skin junction to the dermal-
(28) 6 wk fat junction
Zhao C57BL/6 (WT), | n.a. 10 mg/kg/ID/every 28 Lesioned back Epidermal-dermal Present
et al. (2019) 8-12 wk other day/4 wk skin junction to the dermal-
(29) fat junction
Ravanetti C57BL/6, 7-8 F 60 U/kg (total dose)/ 28 Area away Epidermal-dermal Present
et al. (2021) wk miniosmotic pump from injection, | junction to the dermal-
(30) (SC)/continuously/7 left gluteus fat junction and
day hypodermis separately
and inflammation score
Liang C57BL/6 (WT), | n.a. 150 mg/kg (total 29 Back skin Epidermal-dermal Present
et al. (2015) 6-8 wk dose)/miniosmotic away from junction to the dermal-
(31) pump (SC)/ injection fat junction
continuously/1-4 wk
Ishikawa disi C3H/Hed, F 1 mg/mL/SC/5 days 22 Lesioned back |  The ratios between Absent
etal. (2009) | BALB/c and a week/3 wk skin healthy dermal tissues
32 BALB/c nude, and model dermal
6 wk tissues were evaluated.
Yamamoto C3H, 6 wk F 100 pL/SC/every 22 Lesioned back n.a Present
et al. (2002) other day/3 wk skin
@)
Yamamoto | Balb/c C3H/ F 1 mg/mL/SC/5 days 29 Lesioned back Epidermis+dermis Present
et al. (2000) | He, C57BL/6J, a week/4 wk skin
(33) DBA/2, A/J,
B10.BR, B10.A
and B10.D2,
6 wk
Yamamoto | BALB/C and F 1 mg/mL/SC/5 days Consecutive | Lesioned back Epidermal-dermal Present
etal. (1999) | C3H, 6 wk a week/4 wk follow-up with skin junction to the dermal-
(13) punch biopsy fat junction
at week 4 and
every other
week

BLM, bleomycin; n.a., not applicable; wk, week; SC, subcutaneously; ID, intradermally; F, female; M, male; WT, wild type.
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Skin thickness measurement

Skin fibrosis and increased thickness are
important outcomes of the studies. There-
fore, objective and repeatable measure-
ments of dermal thickness increase in ani-
mal models are critical. In the majority of
studies, skin sections were taken at or near
the SC application site. Skin thickness is
defined as the distance measured under
light microscopy between the line connect-
ing adipose tissue and dermis and the line
connecting epidermis and dermis (dermal
thickness).

However, in some studies, it was calculated
as the distance between the epidermis and
the line between the connective tissue under
the dermal layer. Since dermal thickness
measurements are performed using differ-
ent methods, it is not always possible to
compare the results. In recent years, the
measurement of tissue thickness between
the epidermal-dermal junction and the der-
mal-adipose tissue junction (dermal layer)
has become more widely accepted (Table
D) (14, 34-43).

Evaluation of skin thickness measurement
accompanied by microscopic images in
vitro provides a one-time measurement op-
portunity, and dynamic monitoring of
changes in animal skin during the study
process is not possible. There are also meth-
ods involving serial sacrification of animals
for this purpose, to evaluate time-dependent
changes.

In vivo ultrasonic biomicroscopy
High-frequency ultrasound (range 20-100
MHz) is used in mouse imaging with a
fixed-focus mechanical sector scanning
head or multifocal electric probes. The
choice of ultrasound frequency and probe
type represents the trade-off between image
resolution and depth of penetration. These
transducers allow high-resolution imaging
and have mechanical support to perform the
micromotions required for mouse studies.
To improve animal welfare across Europe,
the European Union has published new
guidelines for the protection of laboratory
animals according to the 3Rs concept (re-
duce, refinement, replacement) (44, 45).
These guidelines aim to reduce the number

REVIEW

of animals used in experiments as much as
possible. Therefore, the importance of de-
veloping non-invasive measurements of
skin involvement in research has emerged.
Unlike histological evaluation, ultrasonog-
raphy (US) does not require sacrificing ani-
mals. In particular, high-frequency US is a
promising tool in the evaluation and moni-
toring of oncological, infectious, and in-
flammatory skin diseases (46-51). In addi-
tion to measuring skin thickness in clinical
and preclinical studies, it allows a qualita-
tive assessment of the skin in vivo (47, 49,
51). Measurement of skin involvement in
patients with SSc is essential for diagnosis
and prognosis and can be used as a clinical
trial outcome measure (52). Currently, skin
fibrosis is evaluated with a semi-quantita-
tive score that is limited by intraobserver
and interobserver variability (53).

In recent years, with the advances in ultra-
sound biomicroscopy (UBM) technology,
dermal thickness measurement in mouse
models can be performed in vivo without
animal loss. Previous studies demonstrated
that fibrosis can be appreciated by observa-
tion and palpation of the skin to which
BLM was applied. Subsequent papers indi-
cated that skin thickness detected by palpa-
tion could be measured quantitatively with
UBM (54). In current studies, dermal thick-
ness measurements with UBM before injec-
tion, during the study period, and just be-
fore sacrification show a close correlation
with the histopathological evaluation in
TSK-1 mice. In the models created with
BLM, a correlation has been found only in
a small number of studies (55). This result
seems to be related to the technical differ-
ences of the models, although the number
of studies on this subject is limited.

Computed tomography imaging

of pulmonary fibrosis

Micro-computed tomography (CT)-based
quantitative tools are used in various animal
models to understand the pathogenesis of
lung diseases. These methods are aimed at
evaluating the disease progression in mice
in line with the 3Rs (56-59). Unfortunately,
despite this technology’s power and poten-
tial in preclinical research, there is still little
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Table Il - Bleomycin-induced mouse scleroderma models (skin fibrosis).

S. Glille, A. Celik, M. Birlik, et al.

Author Mouse strain, Gender BLM Dose/route/ Sacrification Pathological Skin thickness
(year) age time/interval day specimens measurement
Xu C57BL/6, 8 wk F 0.3 mg/mL/SC/every 22 Lesioned back skin Epidermis+dermis
etal. (2018) day/3 wk
(34)
Rosa C57BL/6, 6 wk M 100 pg/mL/SC/every 28 Lesioned back skin Dermal-epidermal junction
et al. (2021) other day/4 wk (1cm2) and the dermal fibrous
(35) connective tissue junction
Jun C3H/He, 7 wk n.a. | Methyl Cellulose-BLM/ 28 Lesioned back skin | Epidermal-dermal junction to
etal. (2012) SC/once weekly/4 wk the dermal-fat junction
(36)
Kanno a2AP-deficient M 100 pg/mL/SC/every 22 Lesioned back skin | Epidermal-dermal junction to
et al. 2007) | (a2AP)/)) and wild- day/3 wk the dermal-fat junction
37) type (a2AP+/+)
mice C57BL/6J,
7wk

Yamamoto C3H/He, A/, F&M 100 pg/mL/ID/every 29 Lesioned back skin | Epidermal-dermal junction to
etal. (2017) | DBA2, B10.D2, other day/4 wk the dermal-fat junction and
(38) B10.A, Balb/c, hypodermis separately and

4-6 wk inflammation score
Ruzehaji Balb/C, C57BL/6, | F&M | 0.5-1 mg/mL/SC/every 21 Lesioned back skin | Epidermal-dermal junction to
et al. (2015) DBA/2, 6 wk other day/3 wk (1cm2) the dermal-fat junction
(39
Oi B10.A, C3H/HeJ, F 1 mg/mL/SC/every 28 Lesioned back skin n.a.
et al. (2004) | C57BL/6J, DBA/2, other day/4 wk (1 cm2)
(40) ve BALB/c, 6 wk
Shibusawa C3H, 8 wk F poly(L-lactic acid) 7 and 21 Lesioned back skin n.a.
et al. (2008) microspheres/SC/
@) single dose induction

method

Yamamoto | Balb/c nude, 4 wk F 100 pL/SC/every other 6 wk Lesioned back skin | Epidermal-dermal junction to
et al. (2004) day/6 wk the dermal-fat junction
(42)
Btyszczuk C57BLY/6, 6 wk M 1 mg/mL/SC/every 29 Lesioned back skin | Epidermal-dermal junction to
et al. (2019) other day / 4 wk (1 cm2) the dermal-fat junction
43
Takagawa C3H, 6 wk F 1 mg/mL/SC/every 21 Lesioned back skin | Epidermal-dermal junction to
et al. (2003) day/3 wk (1em2) dermal-fat junction
(14)

BLM, bleomycin; n.a.,not applicable; wk, week; sc, subcutaneously; id, intradermally; F, female; M, male.
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data on quantitative assessment with CT
and no clear guidelines for the mouse lung
(60-62). To date, no clear predictive densi-
tometry value has been proposed for both
the identification and quantification of lung
abnormalities such as fibrosis and emphy-
sema in animal models. To the best of our
knowledge, investigators’ use of Houns-
field Unit ranges to describe different venti-
lated lung chambers varies depending on
animal species or disease (63, 64).

The characteristics of mouse scleroderma
models created by BLM induction in the
studies mentioned are summarized in the
Tables 1 and 2 (9, 13, 14, 21, 28-43).

Traditionally, a daily SC injection of BLM
for 4-6 weeks is commonly used to create a
mouse model of SSc. This model, however,
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has significant drawbacks, including limit-
ed lung involvement, variable skin lesions,
and the need for repeat procedures. Al-
though intravenous or intraperitoneal injec-
tion of BLM causes SSc-like changes in
mice, particularly lung fibrosis, it has a high
mortality rate. Therefore, the most appro-
priate protocols for achieving the desired
outcome in the study to create an SSc
mouse model must be chosen. The modified
protocol of standard 4-week SC BLM ad-
ministration describes an important method
for creating reproducible SSc-interstitial
lung disease (ILD) and SSc-skin models in
mice through dose-regulated BLM applica-
tion, with daily weight gain and physiologi-
cal measurements of mice.

With common experimental conditions in
the BLM-mouse model, i.e., injection into a
small area of 1 cm?, the irritating effect of
epilation can affect histological results (65,
66). The majority of studies to date have
evaluated fibrosis in skin sections taken
near the injection site. Although this meth-
od contributed significantly to our under-
standing of fibrotic processes, the local ir-
ritation effect in the area where the drug is
applied creates a risk of bias in the histo-
pathological evaluation. For this reason, it
has been defined as a viable method to col-
lect skin samples from a distant area of the
injection site in mice given BLM via con-
tinuous low-dose SC BLM injection and a
mini-osmotic pump, both of which have
become common in recent years.

Existing studies in mice provide additional
support for the use of US for measuring
skin thickness in SSc patients in the clinic.
The coordinated use of ultrasound in pre-
clinical mouse studies and clinical trials for
the assessment of skin thickening following
the application of potential therapeutics
will also help evaluate therapeutic efficacy.
Skin layers measured with UBM provide
the same success as histological studies,
which can be difficult for technical reasons
(54, 67-69).

When the SSc-ILD-like mouse model is ob-
tained with SC BLM administration, its
lung involvement inevitably has significant
differences from that obtained by IT and
OF administration (70, 71). In the IT instil-
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lation technique, the solution is forced by
constant pressure and therefore can ran-
domly reach the right or left lung. These
applications show a predominantly hetero-
geneous distribution in the right and left
bronchi of the lung and stimulate the devel-
opment of a direct application-related in-
flammatory response and severe fibrosis. In
SC BLM application, the systemic toxic ef-
fect of BLM stimulates a more homogene-
ous and mild inflammatory response and
fibrosis formation in the subpleural areas of
the lungs, unlike other methods. Further-
more, compared to the lung changes caused
by IT BLM, continuous SC BLM resulted
in much more extensive and homogeneous
pleural involvement (27). It is also impor-
tant to adhere to the main “3R principle” of
replacement, refinement, and reduction, as
this can reduce the number of animals used
in research (72, 73).

There have been few studies in animal mod-
els of SSc that suggest that high-frequency
US may be useful in detecting skin thicken-
ing throughout the disease (69). It allows
for an in vivo qualitative assessment of the
skin in addition to measuring skin thickness
(47, 49, 51). Measurement of skin involve-
ment in patients with SSc is essential for
diagnosis and prognosis and can be used as
a clinical trial outcome measure (52). Cur-
rently, skin fibrosis is assessed with a semi-
quantitative score that is limited by intra-
and inter-observer variability (53). There-
fore, more objective and sensitive tools to
measure skin involvement, such as UBM,
are still needed in clinical practice.

In conclusion, the mouse SSc model creat-
ed by BLM induction is the preferred meth-
od for investigating the characteristics of
skin and lung involvement. Demonstration
of skin and lung fibrosis in SSc mouse mod-
els induced by BLM SC administration (di-
rect or continuous SC infusion with an os-
motic pump) is useful in the detailed evalu-
ation of SSc.
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