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a b s t r a c t

Duchenne Muscular Dystrophy (DMD) is characterized by muscle extracellular matrix disorganization
due to the increased collagen deposition leading to fibrosis that significantly exacerbates disease pro-
gression. Fractal dimension analysis is a method that quantifies tissue/cellular disorganization and
characterizes complex structures. The first objective of the present study was use fractal analysis to
evaluate extracellular matrix disorganization in mdx mice soleus muscle. Next, we mimic a hyper-
proliferation of fibrogenic cells by co-culturing NIH3T3 fibroblasts and C2C12 myoblasts to test
whether fibroblasts induce disorganization in myoblast arrangement. Here, we showmdx presented high
skeletal muscle disorganization as revealed by fractal analysis. Similarly, this method revealed that
myoblasts co-cultured with fibroblast also presented cellular arrangement disorganization. We also
reanalyzed skeletal muscle microarrays transcriptomic data from mdx and DMD patients that revealed
transcripts related to extracellular matrix organization. This analysis also identified Osteoglycin, which
was validated as a potential regulator of ECM organization in mdx dystrophic muscles. Our results
demonstrate that fractal dimension is useful tool for the analysis of skeletal muscle disorganization in
DMD and also reveal a fibroblast-myoblast cross-talk that contributes to “in vitro” myoblast
disarrangement.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

Skeletal muscle primary diseases, such as muscular dystrophies,
are characterized by muscle dysfunction due to muscle degenera-
tion accompanied by chronic inflammation and fibrosis [1]. Fibrosis
is a pathological feature of muscle biopsies from patients with
DuchenneMuscular Dystrophy (DMD) that contributes to the lethal
DMD phenotype [2]. Disrupted extracellular matrix (ECM) in
dystrophic muscles is the result of increased collagen deposition
and cross-linking [3] leading to fibrosis that significantly exacer-
bate disease progression [4]. This aberrant deposition of ECM in
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muscular dystrophies is also associated with hyper-proliferation
and over-activation of fibrogenic cells that modifies tissue archi-
tecture [1]. However, to our knowledge, there is no study quanti-
fying skeletal muscle disorganization in DMD, which can be used to
better characterization of muscle structural changes.

Fractal dimension is a differentiated and innovative methodol-
ogy that allows the quantification of tissue and cells disorganiza-
tion with important clinical applications for histopathological
studies in neurology, ophthalmology, and hepatology [5,6]. Fractal
dimension has also been used to evaluate myocytes preservation in
isolated rat hearts, to determine myocardial cellular rejection after
transplantation, and most recently, to quantify right ventricular
structural changes in a rat model of pulmonary arterial hyperten-
sion [7e9]. In skeletal muscles, fractal dimension analyses were
performed in histological slides for fiber type characterization, and
in electromyography studies to evaluate muscle fatigue [10e12].
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Considering the different cellular and molecular mechanisms un-
derlying skeletal muscle tissue architecture modifications associ-
ated with dystrophin deficiency that have been described in
patients and animals models [2], we hypothesized that ECM
disorganization in mdx mice soleus muscle can be accessed by
fractal dimension analysis. We also mimic a hyper-proliferation of
fibrogenic cells by co-culturing NIH3T3 fibroblasts and C2C12
myoblasts, and applied fractal dimension analysis to test whether
“in vitro” fibroblasts induce disorganization in myoblast arrange-
ment. Our data demonstrate that fractal dimension is useful tool for
the analysis of skeletal muscle disorganization in DMD and reveals
a fibroblast-myoblast cross-talk that contributes to “in vitro”
myoblast disarrangement. We also reanalyzed microarrays tran-
scriptome data of skeletal muscle frommdx and DMD patients that
revealed transcripts related to biological process of matrix organi-
zation. This analysis identified Osteoglycin (Ogn) as potential
regulator of ECM organization in dystrophic muscles.

2. Materials and methods

2.1. Animals

Male C57BL/10-DMDmdx/PasUnib (mdx) and C57BL/10-ScCr/
PasUnib (Ctrl) mice obtained from the mouse breeding colony of
the Sao Paulo State University (UNESP) were housed under
controlled temperature conditions with a 12/12-h light/dark cycle
and free access to food and water. Soleus muscles were dissected
from three aged adults (13 months-old) mdx and three C57BL/10
(control) mice for histology analysis. All experiments were per-
formed in accordance with the guidelines for the use of animals set
forth by our institution. The study was approved by the local Ethics
Committees (CEUA #461).

2.2. Histology

Cryostat transverse-sections of the soleus muscle (7 mm thick)
were examined in mdx and Ctrl animals. Collected samples were
fixed in Bouin or methanol for hematoxylin and eosin (HE) and
Picrosirius red stained (PSR), respectively, according to standard
laboratory histological protocol. Soleus sections stained with PSR
were used to quantify ECM; analysis was performed using ImageJ
following software instructions for collagen quantification. Tissue
fractal dimensionwas assessed in both soleus sections stained with
PSR or HE of three random sections from each animal, using a light
microscope (Olympus, Japan) and 10X and 20X objective. Myoblasts
images were analyzed in triplicate with four images per well by
using phase-constrast inverted microscopy with coupled digital
camera AxioCam ICc5 (Carl Zeiss, Germany).

2.3. Co-culture of myoblasts and fibroblasts

C2C12 mouse myoblasts (MB) and NIH3T3 mouse fibroblasts
(FB) were first cultured separately in Dulbecco's modified Eagle's
medium (DMEM, Thermo Fisher Scientific, USA) with 1%
PenicillineStreptomycin (Thermo Fisher Scientific, USA) and 10%
fetal bovine serum (FBS, Thermo Fisher Scientific, USA) at 37 �C and
5% CO2 for growth and expansion. After growth and harvest, the
myoblasts were plated into six-well plates at a density of
1� 105 cells/well in 2ml of DMEM, and fibroblasts or myoblasts
were seeded at same concentration into ThinCert™ Cell Culture
Inserts (Greiner Bio-One) containing membrane with 0.4 mm pore
size. After 50% of confluence of both cells, inserts were placed into
six-well plates containing myoblasts. Experimental group were
composed by fibroblasts on the inserts (FB/MB), and control group
were composed by myoblasts on the inserts (MB/MB). Co-cultures
were maintained for 24 h.

2.4. Fractal dimension analysis

To analyze the fractal dimension of soleus muscle and C2C12
myoblasts, the photographed slides and cell culture images were
binarized by ImageJ, and the fractal dimension was estimated by
using box-counting. This tool, in the image processing program, is
required to quantify pixels distribution in the space, without
considering image texture. All the steps in fractal dimension anal-
ysis in histological slides and cell culture images was based on
Pacagnelli et al. (2016) [9]. The fractal dimension value is always
expressed from 0 to 2, where values close to 2 represent higher
tissue or cell disorganization.

2.5. Differential gene expression and ontology analysis

Microarray data from patients with DMD and mdx mice are
available in Gene Expression Omnibus (GEO, http://www.ncbi.nlm.
nih.gov/geo). The array data of GSE1007 included 20 samples of
quadriceps from patients with DMD and normal skeletal muscle
[13], and GSE466 are composed by 10 gastrocnemius samples of 16-
weaks-old mdx and controls [14]. Those data were analyzed with
GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r/), which were
used to determine the differentially expressed genes in patients or
animals with muscular dystrophy [15]. Considering adj. P< 0.05
and jFold Change (FC)j>2 as cut-off criterion for differential
expressed genes. Gene enrichment analysis were performed by
Gene Ontology Consortium database (http://geneontology.org/)
[16] using the up-regulated transcripts in DMD andmdx, separately.
Ontology terms with P< 0.05 were considered enriched.

2.6. Western blotting analysis

Soleus muscles from mdx and Ctrl were lysed in assay lysis
buffer containing freshly added protease and phosphatase in-
hibitors (1% Triton X-100, 100mM Tris-HCl, pH 7.4, 100mM sodium
pyrophosphate, 100mM NaF, 10mM sodium orthovanadium,
10mM EDTA, 2mM PMSF, and 10 mg/ml aprotinin). The samples
were centrifuged at 12.581� g for 20min at 4 �C. Protein concen-
tration in soleus muscle was determined by Bradford protein assay
kit according to the standard protocol [17] (Bio-Rad Laboratories,
USA). Subsequently, Laemmeli buffer (Sigma, USA) were added to
each soleus muscle samples, and maintained at 100 �C for 10min.
After samples preparation, the proteins at 30 ng of concentration
were placed on 10% polyacrylamide gels in SDS-PAGE electropho-
resis. After electrophoresis, the separated proteins were subjected
to nitrocellulose membranes (Bio-Rad, USA) for electro-
transference. A 5% of nonfat dry milk solubilized in TBS buffer
containing 0.5% Tween 20 (TBST) were used to block the electro-
transferred membranes for 2 h at room temperature, and then
incubated overnight at 4e8 �C with specific Ogn primary antibody
(Santa Cruz Biotechnology, USA; 1:1000 dilution). Mouse second-
ary antibody was maintained for 2 h at room temperature to pro-
mote binding of the primary antibody with peroxidase conjugated
secondary antibody. Proteins were detected by using enhanced
chemiluminescence (Amersham Biosciences, USA) in Image-
Quant™ LAS 4000 (GE Healthcare, USA) autoradiography equip-
ment. Quantification analyses of blots were performed by ImageJ
software. Ogn levels were normalized by glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

2.7. Statistical analysis

The data are expressed as the mean± standard deviation (SD).
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For the statistical analyzes that were not previously described, we
analyzed data using Student's t-test to establish significance be-
tween data points. The values of p< 0.05 were considered statis-
tically significant.

3. Results

3.1. Muscular dystrophy induces skeletal muscle fibrosis in aged-
mdx mice

The cross-sectional analysis of soleus muscle stained by PSR
from aged-mdx mice (13 months-old) demonstrated an increase of
collagen content area in the ECM when compared to the control
group (Fig. 1).

3.2. Fractal dimension reveals disorganization in mdx mice skeletal
muscle and in myoblasts co-cultured with fibroblasts

To quantify dystrophic skeletal muscle tissue organization, we
first assessed nuclear and extracellular matrix fractal dimension, by
using soleus muscle histological sections stained with HE or PSR.
This analysis revealed that mdx soleus muscle present disorgani-
zation in both nuclear localization and ECM arrangement, as
demonstrated by a higher fractal dimension (increase in 18.7% for
nuclear localization, and 7.3% for ECM arrangement) when
compared to control group ( Fig. 2a and b). Considering that mdx
mice presented muscle tissue fibrosis, we mimic an in vitro hyper-
proliferation of fibrogenic cells condition to tested whether an in-
crease in cultured fibroblast per si can induce C2C12 myoblasts
disarrangement. This condition was simulated by co-culturing FB/
MB or MB/MB for 24 h, followed by a fractal analysis of the cultured
myoblasts. This experiment demonstrated that FB/MB present
disorganization in cellular arrangement, as demonstrated by an
increase of 6.9% in fractal dimension when compared to MB/MB
group (Fig. 2c). Together, both in vivo and in vitro data indicate that
fibrosis or hyper-proliferation of fibrogenic cells condition influ-
ence muscle cells organization.
Fig. 1. Muscular dystrophy induces skeletal muscle fibrosis in aged-mdx mice. (a) Picrosiriu
matrix fibrosis. (b) Quantitative analysis of PSR-stained sections. The data represent the m
represents a significance of p < 0.001. PSR: Picrosirius-red staining; Ctrl: control, mdx: dys
reader is referred to the Web version of this article.)
3.3. Dystrophy induces up-regulation in skeletal muscle genes
related to extracellular matrix organization in mdx mice and DMD
patients

To further identify candidate genes as potential targets associ-
ated to muscle tissue disorganization in dystrophy, we reanalyzed
two experiments that evaluated the transcriptome of rats and pa-
tients with this condition. This differential gene expression analysis
identified 372 deregulated genes (adj. pvalue �0.05 and fold
change �2.0), of which 266 and 106 were up- or down-regulated,
respectively in DMD patients; additionally, mdx mice presented
808 deregulated genes (adj. pvalue �0.05 and fold change �2.0), of
which 585 and 222 were up- or down-regulated, respectively
(Supplemental Material). We next performed a gene ontology (GO)
enrichment analysis that identified statistically distribution of up-
regulated transcripts among GO categories in dystrophic muscles.
The overrepresented categories are displayed in Fig. 3a and showed
an up-regulation of genes related to extracellular matrix organi-
zation in both DMD patients and mdx mice. To verify transcripts
that potentially regulate ECM, we compared both DMD patients
and mdx data and asked whether a sub-set of up-regulated tran-
scripts overlap in both studies. The intersection of both conditions
tested showed 28 overlapping transcripts (Fig. 3b) and, among the
transcripts with potential relevance in ECM regulation, we found
Ogn (Table 1). This initial in silico transcriptomic screening pointed
out Ogn as a potential regulator of skeletal muscle architecture
changes observed in muscular dystrophy in humans and animal
models of DMD. Finally, we evaluated the protein levels of Ogn in
mdx mice, which confirmed the down-regulation of this ECM
regulator in dystrophic muscles (Fig. 3c and d).
4. Discussion

The main finding of our study is that fractal dimension analysis
can be used as an effective tool to quantify skeletal muscle disor-
ganization in mdx dystrophic mice. We also used this methodology
to demonstrate “in vitro” that fibroblasts induce disorganization in
s-red staining of control soleus muscle and mdx soleus muscle assessing extracellular
ean ± standard deviation. Statistical analysis was performed using Student's t-test. **
trophic mice. (For interpretation of the references to colour in this figure legend, the



Fig. 2. Fractal dimension reveal disorganization inmdxmice skeletal muscle and in myoblasts co-cultured with fibroblast. (a) Histological sections of the soleus muscle stained with
HE at 20x magnification, and the corresponding image after binarization. Fractal dimension analysis of mdx/control tissue stained with HE. (b) Histological sections of the soleus
muscle stained with Picrosirius-red staining at 20x magnification, and corresponding image after binarization. Fractal dimension analysis of mdx/control tissue stained with PSR. (c)
Co-cultured myoblasts MB/MB and FB/MB, at 20x original magnification, and corresponding image after binarization. Fractal dimension analysis of co-cultured myoblasts FB/MB and
MB/MB. Data are expressed as box plot graphic. Statistical analysis was performed using Student's t-test *p < 0.05. Ctrl: control; mdx: dystrophic mice; HE: Hematoxylin and Eosin;
PSR: Picrosirius-red staining; MB: myoblasts; FB: fibroblasts. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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myoblasts arrangement. Finally, we identify Ogn as potential
regulator of ECM organization in dystrophy by re-analyzing pub-
licly available muscle transcriptome data from dystrophic muscles
from mice and humans.

We first characterized the mdx mice skeletal muscle phenotype
and used fractal dimension analysis to quantify skeletal muscle
tissue disorganization. This fractal dimension analysis
demonstrated that mdx soleus muscle exhibit disorganization in
nuclear localization and in ECM arrangement. These fractal
dimension data are consistent with Huber et al. (2009), who
showed that fractal dimension analysis was promising for the
detection of muscle abnormalities in patients with neuromuscular
disorders [18]. Additionally, fractal dimension analyses were pre-
viously used to characterize the distribution of muscle fiber type II



Table 1
Highly expressed transcripts shared by mdx mice and DMD patients skeletal muscles.

Gene Symbol Description FC (mdx) FC (DMD)

Adam12 A disintegrin and metallopeptidase domain 12 (meltrin alpha) 2.55 3.16
Antxr2 Anthrax toxin receptor 2 2.62 2.16
Bok BCL2-related ovarian killer 2.28 5.43
C1qa Complement component 1, q subcomponent, alpha polypeptide 7.06 2.46
Ccdc80 Coiled-coil domain containing 80 3.36 5.74
Col1a2 Collagen, type I, alpha 2 3.92 7.36
Col8a1 Collagen, type VIII, alpha 1 4.29 3.81
Dab2 Disabled 2, mitogen-responsive phosphoprotein 2.13 3.16
Gpm6b Glycoprotein m6b 2.58 2.97
Itgax Integrin alpha X 2.85 2.58
Lat2 Linker for activation of T cells family, member 2 2.43 3.12
Lox Lysyl oxidase 6.02 2.45
Maged1 Melanoma antigen, family D, 1 3.01 2.35
Marcks Myristoylated alanine rich protein kinase C substrate 3.03 2.33
Mgp Matrix Gla protein 3.27 2.30
Mpeg1 Macrophage expressed gene 1 9.99 2.64
Nes Nestin 2.50 3.71
Ogn Osteoglycin 2.39 3.46
Pdzd11 PDZ domain containing 11 2.43 3.14
Plekho1 Pleckstrin homology domain containing, family O member 1 2.38 2.06
Pqlc3 PQ loop repeat containing 4.26 2.06
Rab31 RAB31, member RAS oncogene family 3.41 2.04
Shkbp1 Sh3kbp1 binding protein 1 9.13 3.29
Sox11 SRY (sex determining region Y)-box 11 8.17 3.10
Tmem176a Transmembrane protein 176A 6.11 2.30
Tmem176b Transmembrane protein 176B 2.99 2.27
Tubb6 Tubulin, beta 6 class V 2.16 8.75
Ugcg UDP-glucose ceramide glucosyltransferase 3.48 2.41

Fold change (FC)> 2 and significance adjusted p-values of <0.05.
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in the extensor digitorum longus and soleus muscles of the adult
rats [10]. Electromyography (EMC) data were also analyzed by
fractal dimension analysis to determine the use of this methodol-
ogy along with other parameters to better characterize the EMG
signal, and to quantify motor unit recruitment patterns in biceps of
normal patients [19,20]. Moreover, fractal analysis was used as a
reliable measure of the skeletal muscle fatigue [11,12], and to assess
changes in positron emission tomography (PET) data of peripheral
vascular function of resting and exercising skeletal muscles [21].
Given the overall applicability of fractal analysis in myology, we
emphasize the importance of this simple and low-cost methodol-
ogy in translational medicine since it may be used as a differenti-
ated tool for DMD diagnosis and disease staging.

Considering all these promising applications of fractal dimen-
sion analysis in evaluating different types of skeletal muscle data,
including our DMD data, we also performed fractal dimension
analysis to demonstrated in vitro that fibroblasts induce myoblasts
arrangement disorganization. There are few studies describing the
use of fractal analysis in the pattern of cellular organization in vitro;
these studies applied this methodology to evaluate the effect of
magnetic field application in promote saliences in astrocyte
membranes [22], to characterize mammary gland epithelial cells
migration patterns [23], and to determine indexes of dendrite
branching complexity [24]. However, to our knowledge, this is the
first study that used fractal dimension to demonstrate that C2C12
myoblasts arrangement in vitro is clearly influenced by the pres-
ence of fibroblasts. These fractal dimension results also indicate a
paracrine signaling (cross-talk) between skeletal muscle cells and
fibroblasts that promote myoblast arrangement disorganization.

To further explore and validate potential transcriptional changes
related to tissue disorganization in dystrophic muscles, we rean-
alyzed microarrays transcriptome data of skeletal muscle frommdx
mice and DMD patients and the respective controls [13,14].
Remarkably, the gene ontology analysis of these data confirmed a
clear up-regulation of genes related to extracellular matrix
organization. Previous transcriptomic study also revealed that
mdx129 mice, which present a less severe DMD phenotype, has up-
regulation in genes related to extracellular matrix functional cate-
gory when compared to the more severe DMD phenotype of the
mdxC57BL mice. These authors pointed out that an increase in
osteopontin protein levels, a extracellular matrix binding protein,
can act as a protective factor to the less severe DMD muscle
phenotype [25]. Another transcriptome analysis revealed that mdx
dystrophin-down-regulation is responsible for modifications in the
expression of genes that compromise proper development of stri-
ated muscles as an organized contractile unit [26]. Thus, exploring
publicly available transcriptome data sets is an important strategy
for the identification of ECM components associated with skeletal
muscle organization/phenotype, and to reach new therapeutic
targets of DMD.

In fact, by using our muscle transcriptome reanalysis from DMD
patients and mdx mice, we identified shared up-regulated tran-
scripts that are translated into muscle ECM and/or secretome
components. Interestingly, this analysis revealed osteoglycin (Ogn),
a ECM component with key role in collagen fibrillogenesis [27] and
that belongs to the muscle cell secretome [28]. Ogn has also been
implicated in corneal transparency [29], skin collagen fibril ab-
normalities [28]. Ogn is also a humoral factor secreted by skeletal
muscle cells that induces bone anabolic effect [29]. Moreover, a
transcriptome analysis of Ullrich congenital muscular dystrophy
fibroblasts revealed increased expression of genes related to
extracellular matrix, and Ogn was one of the Top 10 up-regulated
transcript [30]. Although few studies have already identified
differentially expressed secretome components in DMD [31,32], our
muscle transcriptome reanalysis pointed out to Ogn as an impor-
tant factor in regulating ECM organization in DMD, due to its role in
coordinating appropriated collagen production, organization, and
remodeling.

Considering that ECM modifications during the development of
fibrosis in DMD results from ECM aberrant deposition [2], the



Fig. 3. Skeletal muscle genes associated to extracellular matrix organization in DMD. (a) Gene ontology of common biological process and cellular component enriched in mdx mice
and patients with DMD. (b) Venn diagram showing the intersection containing 28 up-regulated transcripts shared by mdx and patients with DMD. (c) Representative blots
normalized by GAPDH. (d) Extracts obtained from individual animals were used for densitometric analysis of the Osteoglycin levels following normalization to the GAPDH. Control
(Ctrl, n¼ 3) and dystrophic mice (mdx, n ¼ 3), and representative blots. Experiments were performed in triplicate, and the data represent the mean ± standard deviation. Statistical
analysis was performed using Student's t-test. .* represents a significance of (p < 0.05). DMD: Duchenne Muscular Dystrophy; mdx: dystrophic mice; Ogn: osteoglycin; GAPDH:
Glyceraldehyde-3-phosphate dehydrogenase; kDa: kilodalton.
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identification of skeletal muscles secreted proteins that potentially
control ECM organization may help to reveal mechanisms associ-
ated with the ECM remodeling in DMD. For a further understanding
of Ogn in DMD, although we have not evaluated Ogn gene
expression in the muscle samples used in this study, we found that
Ogn protein levels is clearly reduced in our mdx model, suggesting
that this protein contribute to ECM organization in dystrophic
muscles.

The knowledge of the essential paracrine signaling components
in muscle dystrophy is important for better understanding patho-
physiological mechanisms of skeletal muscle tissue disorganiza-
tion. Thus, future studies are needed to better understand the role
of muscle cells secretome components in cellular communication
and gene expression modulation in muscular dystrophies to bring
new treatment strategies for muscle primary diseases, such DMD.
Additionally, studies with longitudinal delineations are also
necessary to better describe the use of fractal analysis in DMD once
this study had a cross-sectional approach.

In conclusion, fractal dimension analysis can be used as an
effective tool to quantify skeletal muscle disorganization in mdx
dystrophic mice. We also showed that this methodology can be
applied to demonstrate “in vitro” that fibroblast induce disorgani-
zation in myoblast localization. Our analysis also identified Ogn as
potential regulator of ECM organization in dystrophic muscles.
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