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Abstract

Duchenne muscular dystrophy is a fatal disorder character-
ized by progressive muscular weakness, wasting, and severe
muscle contractures in later disease stages. Muscle biopsy
reveals conspicuous myofiber degeneration and fibrosis sub-
stituting muscle tissue. We quantitatively determined
mRNA of the potent fibrogenic cytokine transforming
growth factor-g1 by quantitative PCR in 15 Duchenne mus-
cular dystrophy, 13 Becker muscular dystrophy, 11 spinal
muscular atrophy patients, and 16 controls. Higher trans-
forming growth factor-B1 expression was greater in
Duchenne muscular dystrophy patients than controls (P
= 0.012) and Becker patients (P = 0.03). Fibrosis was sig-
nificantly more prominent in Duchenne muscular dystrophy
than Becker muscular dystrophy, spinal muscular atrophy,
and controls. The proportion of connective tissue in muscle
biopsies increased progressively with age in Duchenne mus-
cular dystrophy patients, while transforming growth factor-
PB1 levels peaked at 2 and 6 yr of age. Transforming growth
factor-B1 protein was also detected by immunocytochemis-
try and immunoblotting. Our findings suggest that trans-
forming growth factor-g1 stimulates fibrosis in Duchenne
muscular dystrophy. Expression of transforming growth
factor-p1 in the early stages of Duchenne muscular dystro-
phy may be critical in initiating muscle fibrosis and antifi-
brosis treatment could slow progression of the disease, in-
creasing the utility of gene therapy. (J. Clin. Invest. 1995.
96:1137-1144.) Key words: transforming growth factor-g1
* Duchenne muscular dystrophy ¢ Becker muscular dystro-
phy - fibrosis « polymerase chain reaction
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Introduction

Duchenne muscular dystrophy (DMD) is an X-linked reces-
sive disease, affecting 1 in every 3,500 males in all popula-
tions. Progressive muscular weakness and wasting confine
DMD patients to a wheelchair before the age of 15 and the
disease terminates fatally around the end of the second decade
(1, 2). The severe DMD phenotype is caused by mutations
in the dystrophin gene (3), which lead to the absence of the
cytoskeletal protein dystrophin (427 kD), normally localized
at the cytoplasmic face of the sarcolemma of skeletal muscle
fibers (4). Characteristic histological findings in DMD are
degeneration of fibers due to segmental necrosis, regenera-
tion, and excessive connective tissue proliferation (5). After
the discovery of dystrophin (4), the most favored explanation
for the muscle degeneration was that focal discontinuities in
the dystrophin-deficient membrane led, under specific condi-
tions, to abnormal intracellular Ca* influx resulting in seg-
mental myofiber destruction (6, 7).

A proportion of samples from DMD muscles shows a mono-
nuclear cell infiltrate consisting of macrophages, T lympho-
cytes, and natural killer/killer cells (8, 9). Gorospe et al. have
recently reported large numbers of mast cells at the endomysium
of dystrophic muscle, in the same area as grouped necrosis,
suggesting that mast cell degranulation plays a role in inducing
myofiber death (10, 11).

Myofiber degeneration is followed by muscle fibrosis, pre-
dominantly composed of type III collagen and involving the
endomysium and perimysium (12). Fibrosis may be evident at
the early stage and progresses with the disease.

Transforming growth factor-81 (TGF-£1) is a multifunc-
tional protein (13) which plays an important role in inflamma-
tion (14-16), in wound healing, and fibrosis (17). Studies
on lung fibrosis (18) and liver cirrhosis (19) (both chronic,
progressive, and fatal organ diseases) have shown that high
levels of TGF-81 are present at sites of extracellular matrix
expansion. The aim of the present study was to determine
whether TGF-$1 mRNA was expressed in Xp21 dystrophy
muscles, and to relate its expression to patient age and degree
of connective tissue proliferation.

Methods

15 DMD and 13 Becker muscular dystrophy (BMD) patients were
diagnosed on the basis of clinical, histological, immunological, and
genetical criteria (20). Controls were also studied as were 11 spinal
muscular atrophy (SMA) patients (seven type I, and four type III), and
16 other subjects, who had undergone muscle biopsy for diagnosis but
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combined clinical, electromyographic, and histological criteria revealed
that they were free of muscle disease. Muscle samples, obtained by
needle biopsy, were frozen and stored in liquid nitrogen pending assays.

Quantitative-PCR (O-PCR) analysis. An internal competitor TGF-
B1 standard was constructed as described (21). Total RNA was ex-
tracted from muscle biopsies by the acid guanidinium-thiocyanate-phe-
nol-chloroform extraction method (22). 5 ug of total RNA was reverse
transcribed in the presence of 1X PCR buffer (Finnzymes, Oy, Finland),
1 mM each deoxynucleoside triphosphate (dNTP) (Perkin-Elmer Corp.,
Norwalk, CT), 8 pmol/ul random hexamers (Pharmacia Biotech, Upp-
sala, Sweden), 1 U/ul RNase inhibitor (Boehringer Mannheim GmbH,
Mannheim, Germany ) and 10 U/ul of Moloney murine leukemia virus
(M-MLYV) reverse transcriptase (Gibco Laboratories, Grand Island,
NY). The reaction mixture was incubated at room temperature for 10
min, at 37°C for 1 h, at 95°C for 5 min, and then stored at —20°C until
PCR amplification. cDNA integrity was evaluated by amplification with
[-actin specific primers (forward: 5' CAGGATTTAAAAACTGGA-
ACGGT-3’; reverse: 5'-GGAATGACTATTAAAAAAACAACAA-
3’). A constant amount of cDNA (corresponding to 200 ng of total
RNA) was coamplified with known concentrations of the internal com-
petitor in 50 ul of PCR mixture containing 1X PCR buffer (Finnzymes),
200 puM each dNTP (Perkin-Elmer Corp.), 1 uM TGF-fA1 specific
primer and 2 U DynaZyme DNA polymerase (Finnzymes). Amplifica-
tion was performed with 32 cycles: 94°C for 1 min, 55°C for 1 min,
and 72°C for 1 min. To test the reproducibility of Q-PCR protocol, the
cDNA was amplified several times. PCR products (20 ul) were resolved
on 2% agarose gel stained with ethidium bromide. Fluorescence of both
target and competitor products was-quantitated (as absorbance) by a
densitometer which uses the BIO-PROFIL software system (Vilber-
Lourmat, Tozcy, France). The absorbance ratio (target/competitor) was
plotted against known concentrations of competitor. The amount of
TGF-f1-specific nRNA was determined by the equation obtained from
the regression curve of the plotted values. The results were expressed
as femtograms of TGF-81 mRNA/200 ng total RNA (see Fig. 2).

Quantitative analysis of connective tissue. Quantitative evaluation
of intramuscular connective tissue was performed on hematoxylin and
eosin—stained muscle transverse sections, as described (23). The area
corresponding to the image obtained on a video connected to a light
microscope at a magnification of 6 was adopted as unit area for the
calculations. Within this area, connective tissue was outlined by a digi-
tizer linked to a computer and its area measured as the percentage of
the total area using Image Measure® software (Microscience Inc., Fed-
eral Way, WA). In patients and controls, a mean of five areas (range
four—eight) of the muscle biopsy slide were analyzed and the total
amount of fibrosis was expressed as the mean of that found in all areas.

Immunocytochemistry. Immunohistochemical analysis of TGF-£1
was performed in seven DMD, three BMD, three SMA patients, and
six controls. TGF-A1 was detected by immunofluorescence on 6-um
thick unfixed cryostat sections, which were incubated with mouse mono-
clonal antibody to human TGF-S1 (Serotec Ltd., Oxford, United King-
dom) for 2 h, washed three times in PBS, followed by a 60-min incuba-
tion with the secondary biotinylated horse anti—-mouse IgG (Vector
Laboratories Inc., Burlingame, CA). After three more rinses in PBS,
rhodamine-avidin b (Vector Laboratories Inc.) was applied for 60 min.
Incubations were performed in a humid chamber at room temperature.
On adjacent sections the primary antibody was omitted as control. Sec-
tions were mounted with a glycerol-based medium containing p-pheny-
lenediamine and observed in a microscope. (Carl Zeiss, Inc.,
Thornwood, NY). Serial hematoxylin and eosin—stained sections were
obtained to correlate monoclonal antibody TGF-A1 localization with
tissue histology.

Cell culture. PBLs were isolated by centrifugation at 22°C for 30
min at 400 g on Ficoll-Paque gradient (Pharmacia Biotech). Cells were
resuspended and cultured as 2 X 10° cells/well in 24-well plate (Costar
Corp., Cambridge, MA) in RPMI 1640 medium supplemented with
10% FCS (Hyclone Laboratories Inc., Logan, UT), 50 ng/ml PHA
(Wellcome Diagnostics, Dartford, United Kingdom), 100 IU/ml penicil-
lin, 100 pg/ml streptomycin. After 2 d the medium was replaced with
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Figure 1. Detection of (a) TGF-£1 (246 bp) and (b) actin (120 bp)
mRNA amplified by RNA-PCR in muscle tissue. PCR products were
resolved on 2% agarose gel, stained with ethidium bromide. MK, Mix-
ture of fragments from cleavage of pBR328 DNA with restriction endo-
nuclease Bgl I and of pBR328 with restriction endonuclease Hinf I.
Lanes / and 2: DMD; 3 and 4: BMD; 5 and 6: SMA; 7 and 8: control.

serum-free RPMI 1640 in the presence of PHA. Cells were harvested
48 h later and the supernatants also collected.

Immunoblotting analysis. Muscle samples (10—15 mg) were ho-
mogenized, resuspended in 100 ul 0.1 M Tris, pH 6.8, and centrifuged
for 15 min at 10,000 X g to remove insoluble material. The PBL-
supernatants were concentrated to 300 ul using Centricon 10 (Amicon
Corp., Beverly, MA ). Muscle and PBL supernatants (50 ul) were trans-
ferred onto nitrocellulose membrane by slot blot apparatus (Bio-Rad
Laboratories, Richmond, CA). Membranes were blocked for 30 min
with 5% (wt/vol) nonfat dried milk in a buffer (TBST) containing 10
mM Tris-HCI pH 8.0, 0.9% (wt/vol) NaCl and 0.5% (vol/vol) Tween
20, and then incubated for 1 h at room temperature with mouse mono-
clonal antibody anti—TGF- (Genzyme Corp., Cambridge, MA ) diluted
1:1,000 in TBST (24). Primary antibody binding was revealed using
an anti—mouse IgG antibody labelled with alkaline phosphatase.

Statistical analysis. Data are presented as mean+SD. Values were
compared using the one-tailed Student’s ¢ test.

Results

TGF-1 mRNA was detected by RNA-PCR in muscle samples
from all DMD, BMD, and SMA patients as well as from normal
controls (Fig. 1 a). The cDNA samples were also used to detect
actin transcripts as check for successful PCR amplification (Fig.
1 b). The intensity of actin transcript staining was similar in
all samples, while the intensity of TGF-£1 transcript staining
was variable. We therefore decided to quantify TGF-$1 mRNA
expression using Q-PCR. Fig. 2 shows a Q-PCR gel for a DMD
muscle sample (Fig. 2 a) along with a representative plot used
to determine the amount of TGF-81-specific mRNA (Fig. 2
b). We found higher quantities of TGF-41 in DMD (mean
16.7+25.4 fg/200 ng total RNA) than in BMD, SMA, and
control muscles (Fig. 3 a). In all SMA patients TGF-41 tran-
scripts were barely quantifiable, and in controls they were some-
times undetectable by the Q-PCR technique. DMD TGF-A1
values were significantly different from controls (P = 0.012),
BMD (P = 0.03), and SMA (P = 0.0157) on statistical analy-
sis. The high standard deviation of TGF-81 concentration in
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Figure 2. Q-PCR of TGF-£1 transcript. (a) PCR product derived from
competitor (upper band 346 bp) and target sequence (lower band, 246
bp), resolved on ethidium bromide stained 2% agarose gel. Lanes
1-7 are 140, 70, 35, 17.5, 8.75, 4.38, 2.19 fg of competitor per reaction,
respectively. Lane 8 shows PCR amplification of target sequence without
competitor. (b) A representative plot used to determine the amount of
target sequence in the specimens.

the DMD group was due to a very high level from a single
patient (103.6 fg/200 ng total RNA). When this high value
was discounted, the mean+SD of the TGF-1-specific nRNA
in DMD was 10.5+8.4: still significantly different from controls
(P = 0.0002), BMD (P = 0.0035), and SMA patients (P
= 0.0005).

The results of the analysis of connective tissue proliferation
in muscle are presented in Fig. 3 b. The proportion of connec-
tive tissue in muscle samples was higher in DMD patients than
in BMD or SMA patients, and controls (statistical data given
in legend to Fig. 3 b).

After grouping the patients according to age at biopsy (< 2
yr, between 2 and 6 yr, and 7 or more yr), levels of TGF-£1
and connective tissue proliferation were compared. In DMD the
proportional connective tissue in muscle increased progres-
sively with age, while TGF-£1 levels peaked between 2 and 6
yr (Fig. 4 a). In BMD the trends for connective tissue prolifera-
tion and TGF-A1 levels were similar to those in DMD, but
absolute values were lower (Fig. 4 b). In SMA patients there
was a progressive increase in connective tissue proliferation but
variation in TGF-£1 levels were not significant (Fig. 4 c).

In all DMD patients, TGF-81 positive immunostaining was
observed in thickened and fibrotic perimysial connective tissue
branches. TGF-£1 positivity was also detected in circumscribed
areas of the endomysial connective tissue. Rarely, in areas corre-
sponding to endomysial positivity, few mononuclear cells were
observed on hematoxylin and eosin—stained adjacent sections
(Fig. 5). TGF-p1 positivity, exclusively localized in the peri-
mysial connective tissue, was also observed in BMD and SMA
patient muscle, while normal control muscle did not show any
TGF-f1 positivity (data not shown).
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Figure 3. Quantitation of (a) TGF-£1 transcript and () extent of
connective tissue in muscle tissue. TGF-$1, expressed in fg/200 ng of
total RNA, was measured by the Q-PCR technique, all obtained values
were reported. Extent of connective tissue, expressed as percentage per
unit area, was determined by image analysis and values were plotted
as means*+SD. CTRL, control. Statistical analysis was performed by
one-tailed Student’s ¢ test: DMD TGF-S1 mRNA level vs controls P
= 0.012, vs BMD P = 0.03, and vs SMA P = 0.0157. DMD connective
tissue proliferation vs controls P = 0.0001, vs BMD = 0.005, and vs
SMA P = 0.0006.

TGF-f1 expression was also tested with immunoblot using
a monoclonal antibody directed against the active form. The
strongest signal was seen in DMD muscle; however, a positive
spot was also seen in BMD and SMA, whereas in normal con-
trols the active TGF-£1 signal was insubstantial (Fig. 6). Super-
natants from PBLs, cultured in serum-free media in the presence
of PHA, were positive on blots and served as positive controls.

Discussion

Connective tissue proliferation in muscles is a major character-
istic of DMD patients and is considered to be secondary to the
degeneration of muscle tissue. The phenomenon may be viewed
as a pivotal event in the dystrophic process since it leads to
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irreversible derangement of muscle tissue organization (2, 5,
12). Fibrosis hinders nutritional support of myofibers, particu-
larly in the advanced stages when they become physically iso-
lated from blood supply (2). This stage correlates with develop-
ment of muscular contractures (2). Connective tissue prolifera-
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Figure 4. TGF-f1 and connective
tissue proliferation according to
age: (a) DMD, (b) BMD, and (c)
SMA patients, (control data not
shown). Values plotted as
means*SD.
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tion is a feature of several diseases including liver cirrhosis,
glomerulonephritis, idiopathic lung fibrosis, and systemic scle-
rosis in which excessive development of fibrotic tissue corre-
lates with disease irreversibility (for a recent review see refer-
ence 25). In these pathologies focal release of fibrogenic cyto-



kines is known to be a key element in collagen synthesis and
fibroblast proliferation (26). Although TGF-£1 gene is up-regu-
lated in response to tissue injury and thought to be the cytokine
most implicated in fibrosis (25, 27, 28), other cytokines, includ-
ing platelet-derived growth factor, basic fibroblast growth factor
(bFGF), tumor necrosis factor and interleukin-1, probably exert
synergistic or coordinated effects on development of fibrosis.

DMD SMA

| e PBL
BMD SUPERNATANT
DMD NORMAL

Figure 6. Slot blot of TGF-S protein present in muscle tissue probed
with anti—TGF-8 monoclonal antibody under nonreducing conditions
(24). PBL supernatant was used as positive control.

Figure 5. Hematoxylin and eosin
staining (A4, C, and E) and TGF-
B1 (B, D, and F) immunolocaliza-
tion in three DMD patient mus-
cles. TGF-f1 positivity is mainly
localized in the perimysium (B,
and F), sometimes in the endo-
mysium (D) and, rarely, in endo-
mysial areas with mononuclear
cells (arrow). X400.

However, it seems that TGF-81 alone is able to promote in-
creased extracellular matrix deposition (15, 29). Many different
cell types are able to produce TGF-f1 (for example, platelets,
lymphocytes, and macrophages) and it may have various and
opposing effects on target cells (30, 31). Thus TGF-A1 can
inhibit C,C,, and P, muscle cell culture differentiation and stim-
ulates L¢E; muscle cell cultures to differentiate (32).
Yamazaki et al. reported that TGF-81 and latent TGF-3
binding protein were detectable at the endomysium of dystro-
phic muscles (33). We have now studied the expression of
TGF-p1 at the molecular level and have correlated its expres-
sion with dystrophic muscle fibrosis. We have detected TGF-
B1 transcripts by RNA-PCR method, which is 1,000-10,000
times more sensitive than northern blotting (34). Such tran-
scripts were found in all muscle samples including controls
(Fig. 1). We then quantified TGF-£1 transcript levels using
Q-PCR (21, 35). We found that TGF-#1 transcript concentra-
tion in DMD muscle was significantly greater than in controls
(P = 0.012) and BMD patients (P = 0.0316) (Fig. 3 a). In
one 5-yr-old DMD patient TGF-£1 levels were particularly high
(103.6 fg/200 ng total RNA) and may be related to his severe
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neuromuscular functional impairment and advanced muscle de-
generation (43% fibrosis and high levels of degeneration/regen-
eration), both unusual in such a young patient. Presence of
TGF-f1 transcript suggests ongoing in situ synthesis of TGF-
1 in DMD muscles, which correlates with the greater propor-
tion of connective tissue in the muscle of these patients com-
pared to BMD, SMA, and control subjects’ muscles (Fig. 3 b).
It is known that TGF-£1 femtomolar concentrations are strongly
chemotactic for neutrophils, T cells, monocytes and fibroblasts;
these cells may become activated and produce their own TGF-
B1, thus amplifying its fibrotic effect (25, 29).

D’ Amore et al. reported that serum levels of bFGF, another
fibrogenic cytokine, were significantly increased in 61% of
DMD patients, all of whom fell in the 4—-9 yr age group, sug-
gesting that bFGF is involved in the pathogenesis of muscular
dystrophy (36). We have found that TGF-£1 levels increased
with age up to 6 yr and afterwards declined to very low levels,
while connective tissue proliferation continued to increase (Fig.
4 a). This trend is similar to that D’ Amore reported for bFGF
(36). Thus both these cytokines are expressed in the early stages
of fibrosis and we conjecture that they are involved in this
process, while in later stages of DMD, fibrosis may be perpetu-
ated by other mediators or by autocrine processes, as is the case
in hepatic fibrosis (37).

It has been reported that TGF-31 mRNA is constitutively
expressed in monocytes but only after their activation do these
cells secrete the TGF-31 protein, suggesting a crucial posttran-
scriptional regulation of protein expression (38). It should be
emphasized that in DMD, mononuclear cell infiltrates, com-
posed of macrophages, activated T lymphocytes and natural
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Figure 7. Model for self-perpetu-
ating TGF-£1 mediated connec-
tive tissue proliferation in DMD
muscles.

killer cells, are occasionally observed, mainly at the site of
endomysial inflammation (8, 9, 39). At these sites, the infiltrat-
ing cells may be partially responsible for local secretion or
activation of fibrogenic cytokines (13, 16), including TGF-41,
which is able to up-regulate its own synthesis (40). Our results
show that TGF-f1 is present in the endomysium of DMD mus-
cles; and that this localization differs from that found in BMD
and SMA, where TGF-A1 is located in the perimysium. Our
findings confirm, therefore, Yamazaki et al.’s report of TGF-
B1 in the endomysium (33) but not in the muscle fibers; these
authors used parafin-embedded sections, whereas we examined
frozen material.

After an initial stimulatory effect on inflammatory cells,
TGF-f1 exerts an antiinflammatory action, inhibiting synthesis
of TNF-a and IL-1 (41, 42). On a cytokine profile examination
of DMD muscles we were not able to detect, by RNA-PCR,
IL-1le transcripts, while TNF-a transcripts were detected in a
minority (23%) of patients (43): this is consistent with an
immunosuppressant activity of TGF-A1.

TGF-£1 is secreted in a latent form, that must be activated
before binding to its receptor. This activation process is not
well understood in vivo but an acidic environment, or a release
of proteases or sialidases (for example from infiltrating cells)
may trigger TGF-B1 activation (40, 44, 45). Recent studies
have suggested an active role of mast cells in the pathogenesis
of fibrosis in dystrophic muscles (10, 46): intramuscular injec-
tions of purified mast cell granules induced widespread myo-
fiber necrosis in dystrophin-negative mdx mice, but not in nor-
mal mice (11). Mast cells, which are interspersed within muscle
tissue, can be activated by physical (heat, cold, irradiation) and



chemical agents (for example Ca’*, anaphylatoxins, lectins)
(10), and release granules containing proteases and cytokines,
which induce effector cell recruitment or their activation. Re-
cruited cells may promote connective tissue proliferation by
secretion of additional cytokines (e.g., TGF-£1) increasing the
fibrotic process (46).

Based on our findings, we propose a model for TGF-81-
mediated fibrosis in DMD, outlined in Fig. 7. Muscle degenera-
tion, secondary to dystrophin absence, is followed by myofiber
necrosis. An inflammatory reaction may take place and may
lead to focal release of TGF-A1 and other fibrogenic cytokines.
TGF-f1 release may trigger activation of extracellular matrix
and this would lead to connective tissue proliferation. Fibrosis
may further worsen muscle degeneration. In conclusion, our
results indicate that TGF-A1 is actively involved in connective
tissue proliferation in DMD muscle and that its maximal produc-
tion is age related, preceding the severe muscle organizational
derangement that occurs later.

Furthermore, our findings support the idea that an early
antifibrotic treatment in dystrophic patients may prevent or limit
the proliferation of the connective tissue in their muscles. A
similar conclusion was drawn by Gorospe et al. (10) in their
analysis of mast cell involvement in dystrophic muscle degener-
ation. An antifibrotic approach has been successful in the kid-
ney, skin, lung, brain, joint, and arterial wall fibrotic diseases
(47-53). In this regard we note that empirical treatment of
DMD patients with steroids (54) or cyclosporine A (55) has
produced a slight and transient improvements of muscle strength
which may be related, at least in part, to an effect on inflamma-
tion-related release of fibrogenic cytokines. However, it should
be remembered that cyclosporine A in vitro increases TGF-81
mRNA expression even though an immunosuppressive effect
is exerted ultimately (21). Finally, we note that the presence
of an active fibrogenic process in dystrophic muscles may render
therapy for the replacement of dystrophin less feasible and less
effective.
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