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Is the normal content of sulfhydryl groups attributable
to sparing from dystrophic pathology
in dystrophin-deficient muscles?
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Deficiency of dystrophin in skeletal muscles is supposed to be responsible for all the symptoms associated
with Duchenne dystrophy (DMD) and Becker dystrophy (BMD). The dystrophin-deficient mdx mice, however,
are clinically almost asymptomatic. Hence, other factor(s) might be responsible for the muscle pathology in
DMD and BDM. As sulfhydryl groups are involved in maintaining the structure of membranes and the proteinphospholipid interactions, total, protein-bound and free sulfhydryl groups (–SH) in DMD, BMD, limb-girdle
dystrophy (LGMD) and the mdx mice muscles have been determined. A significant decrease of total and
protein-bound –SH groups content and an increased proportion of free –SH groups in DMD and BMD was
found. In LGMD the changes of total and protein-bound –SH groups content were less expressed. In the mdx
mice muscles the content of –SH groups was generally normal, only a higher than normal proportion of freeSH groups content in old and senile animals, especially in their diaphragm, was present. To test the sarcolemmal integrity, albumin/creatine kinase (CK) influx/efflux was determined. In early stages of DMD and BMD
the albumin influx was increased. In advanced stages of these diseases albumin influx was not observed. In
LGMD albumin penetration was present only in a few fibres. CK efflux in vitro was increased both in early and
advanced DMD cases. In BMD and LGMD CK efflux was increased only in early stages of the diseases. In mdx
mice an increased influx/efflux of albumin/CK was stated in adult animals. The changes persisted in the mdx
hind limb muscles up to the senile age of the animals. In the mdx diaphragm of senile animals albumin did
not penetrate the muscle cell and no increase of CK efflux was observed. It is suggested that changes in the
distribution of –SH groups take part in the molecular disorganisation of the sarcolemma in course dystrophinopathies. Normal content of the sulfhydryl groups is supposed to be attributable to sparing from dystrophic
pathology in dystrophin-deficient mdx mice muscles.
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Deficiency of dystrophin and the dystrophin-related proteins in muscles of Duchennne dystrophy (DMD) and Becker dystrophy (BMD) patients is supposed to be responsible
for all the pathological events, including increased sarcolemmal permeability [31]. There are, however, many
controversies about the function of dystrophin in the muscle [29]. Dystrophin deficiency does not seem to be the
primary cause of muscle pathology in dystrophinopathies.
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It has already been settled that the sulfhydryl groups
(–SH) are intimately involved in maintaining the membrane structure and its function. In this study their concentration in dystrophinopathies was examined, and the
data were compared to those in dystrophin-positive
muscles of limb girdle dystrophy (LGMD) and dystrophindeficient muscles of clinically almost asymptomatic mdx
mice. As markers of cell membrane integrity, penetration of albumin [21, 23] and creatine kinase (CK) efflux
in vitro [19] were tested.

MATERIAL AND METHODS
Twenty patients with Duchenne dystrophy (5 to 18
years of age), 5 patients with Becker dystrophy (aged 9
to 12 years), 10 patients with limb-girdle dystrophy
(aged 12 to 21 years), and 20 age-matched healthy
controls were examined. The diagnosis of the diseases
was established by clinical, genetic, electromyographic, histological, biochemical and immunocytochemical
dystrophin examinations. The diagnostic muscle biopsies were obtained after informed consent of the patients or their families.
Male mutant C57BL/10 mice (14 days to 12 months
of age) and control age-matched normal mice of C57BL/
/6J strain were used. The animals (5 in each group) were
fed with a standard laboratory diet. At 14, 30, 90 and
365 days of age the extensor digitorum longus muscle
(EDL) for the morphological studies and the gastrocnemius muscle for the biochemical examination were excised. Diaphragm was used for both types of analyses.
Cryostat frozen sections (8 mm) of the muscles were
stained according to the standard techniques. For immunocytochemical studies monoclonal anti-human serum albumin (Sigma), diluted 1:1000, and TRITC labelled immunoglobulins were used.

For the biochemical examinations human and animal muscles were frozen quickly in dry ice and preserved
at –72oC until used. After thawing, all procedures were
conducted at +4oC. Total, protein-bound and free sulfhydryl groups were estimated with the Ellman’s reagent,
according to the method of Sedlak & Lindlay [32]. The
concentration of the proteins in the homogenised samples was estimated by the method of Peterson [30].
Creatine kinase (CK) efflux experiments in vitro were
conducted according to the procedure of Jones et al.
[19]. The enzyme activity was determined by an enzymelinked assay method using the Cormay Diagnostic Kit.
The statistical significance of the biochemical studies was assessed using the Student’s test and Duncan’s
multiple range test (GLM). A value of p > 0.05 was considered as non-significant.

RESULTS
The concentration of the –SH groups in the muscle
was species-dependent. In normal human muscles the
total –SH group (p < 0.001) and protein bound –SH
groups content (p < 0.001) was higher, the free –SH
groups concentration was lower (p < 0.01) as compared
to normal mice muscles. In the latter in hind limb muscles the total and protein bound –SH groups content
was higher than it was in the diaphragm (p < 0.05).
In DMD and BMD cases the protein bound and the
total amount of the –SH groups was decreased in nearly all of these cases; in all DMD patients a higher proportion of free –SH groups in the total –SH pool was
present. In LGMD a decrease of total and protein-bound
–SH groups was observed. In mdx mice muscles changes in the –SH groups pool were a rare finding, and were
observed as an increase of free-SH groups content in
old animals, especially in the diaphragm (Table 1).

Table 1. Muscle sulfhydryls in dystrophinopathies (mM/mg protein)
n

Age

CK (IU)

20

7.5 ± 4.1

1708–4898

5

10.6 ± 1.3

855–3157

Limb-girdle dystrophy

10

15.0 ± 4.3

288–3614

Healthy controls

20

12.0 ± 3.0

0–34

Mdx mice
hind limb muscles
diaphragm

20
20

14–365 days
14–365 days

88.5 ± 17.0
102.4 ± 30.7

Normal mice
hind limb muscles
diaphragm

20
20

14–365 days
14–365 days

97.7 ± 15.5
85.5 ± 17.9

Duchenne dystrophy
Becker dystrophy

Total –SH groups

Protein-bound –SH group

Free –SH groups

64.2 ± 20.7*** (18)

30.9 ± 27.3*** (14)

33.4 ± 27.7*** (20)

62.1 ± 30.9*** (4)

51.8 ± 31.5*** (4)

10.2 ± 8.1

121.9 ± 24.6**

111.2 ± 32.9**

4.7 ± 2.9

153.8 ± 32.1

148.1 ± 30.7

5.7 ± 3.2

(1)

78.5 ± 17.6
86.3 ± 26.6 (5)

10.0 ± 1.6*
16.1 ± 6.3*** (10)

89.3 ± 16.1
77.2 ± 16.8

8.4 ± 2.6
10.3 ± 2.3

Values are means ± SD. Significant at *p < 0.05, **p < 0.01, ***p < 0.001. Number of cases with abnormal values (over the normal mean ± SD ¥ 2) is given in parentheses
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The immunocytochemical analysis in normal human
muscles indicated that albumin did not penetrate the
muscle cell and was located in the endomysium. In the
early stages of DMD albumin positive fibres were randomly distributed within the muscle fibres both in necrotic and opaque fibres. In advanced DMD stages extensive proliferation of connective tissue was present
and albumin accumulated in the interstitial spaces of
the dystrophic muscle. The muscle fibres were albumin
negative (Fig. 1). In early stages of BMD albumin positive fibres, although less frequent when compared to

1a

1c

DMD, were also observed. In more advanced stages of
this disease rare positive albumin fibres were present,
albumin was stained in the interstitial spaces as in DMD
(Fig. 2). In LGMD few albumin positive fibres were also
observed, some staining in the endomysium was present
(Fig. 2). In the mdx mice, after 1 month of age, albumin
penetrated EDL and diaphragm cells (Fig. 3, 4). In the
latter, in senile animals, increased albumin staining in
the interstitial spaces was observed (Fig. 4).
In the in vitro experiments CK efflux from muscle
cells was significantly increased in DMD, BMD, and

1b

Figure 1. Albumin immunofluorescence of
normal and Duchenne dystrophy quadriceps
muscles: a. In the control muscle albumin
decorates the surface of the muscle fibre
and the surface of blood vessels; b. Early
stage of DMD — few albumin positive fibres
are present (asterisk); c. Advanced stage of
DMD — intensively stained endomysial connective tissue is present; ¥ 448.
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2a

2c

2b

Figure 2. Albumin immunofluorescence of Becker and limb-girdle dystrophy quadriceps muscles:
a. Early stage of BDM — very few albumin positive
muscle fibres are present (asterisk), ¥ 448;
b. Later stage of BMD — albumin positive fibres
are rare. Albumin decorates the endomysial connective tissue, ¥ 448; c. LGMD — very few albumin positive fibres and slightly stained connective tissue are present; ¥ 224.

LGMD, especially in early stages of these diseases
(Fig. 5). In mdx mice the increased CK efflux started in
adult animals and persisted in the gastrocnemius muscle up to senile age of the animals; in the diaphragm
the increased CK efflux returned to normal values after
8 months of age (Fig. 6).
No correlation between the decrease in the –SH
groups in DMD, BMD and LGMD with the age of the
patients, CK activity in blood/CK efflux in vitro, and albumin influx was detected. In mdx mice there was also
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no correlation between the changes in the albumin influx/CK efflux and the concentration of the muscle
–SH groups.

DISCUSSION
Loss of membrane integrity is thought to be the consequence either of direct membrane damage, lack of
sufficient energy supply, or changes in the membrane
structure. Dystrophin deficiency is generally indicated
as the primary cause of the lost membrane integrity
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Figure 3. Albumin immunofluorescence of normal and mdx mice EDL muscle: a. In the control
muscle albumin decorates the surface of the muscle fibre and the surface of blood vessels;
b. Mdx mice, 1 mo. of age. Very few albumin positive muscle fibres; c. Mdx mice, 3 mo. of age.
Albumin positive muscle fibres are present in large clusters; d. Mdx mice, 12 mo. of age. Albumin
positive fibres in clusters and stained connective tissue are present; ¥ 448.

and the increased membrane permeability in dystrophinopathies. Controversies with regard to the function of
dystrophin [29] suggest, however, that other mechanism(s) is/are responsible for the muscle pathology in
dystrophinopathies.

It is already accepted that in DMD and BMD an
increased membrane permeability is present. It is indicated by an increased intracellular calcium content
[2, 3, 7, 12, 13], increased penetration of albumin [7,
11], of porcion yellow [4], the elevated CK activity in
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Figure 4. Albumin immunofluorescence of normal and mdx mice diaphragm:
a. Albumin labelled the surface of the muscle fibre; b. Mdx mice, 1 mo. of age.
Single positive muscle fibre is present; c. Mdx mice, 3 mo. of age. Small clusters of albumin positive fibres are present; d. Mdx mice, 12 mo. of age. Albumin intensively stains the connective tissue.

the blood [15, 31] and increased CK efflux in vitro [22,
27, 28].
Muscle pathology in dystrophinopathies is, however,
a multi-factorial process. Among several factors, except
the deficiency of dystrophin and dystrophin-related pro-

148

teins, changes in muscle –SH groups are to be taken
into account.
–SH groups are known to participate in regulating and
altering transport processes across biological membranes
[1]. They are highly concentrated in integral membrane
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Figure 5. Creatine kinase release in vitro from skeletal muscles in Duchenne dystrophy and controls.

180

200

days
360

Diaphregm

The lines represent the mean values, the bars are SD

Figure 6. Creatine kinase release in vitro from mdx mice muscles and controls.

proteins and are intimately involved in tight protein-phospholipid interactions, they modulate also the membrane
proteins (enzymes, transport proteins, antigen, etc.), including their architecture and motion. Lipid peroxidation
in the membranes is inhibited also by a process requiring sulfhydryl groups [14]. Oxidation of protein –SH groups,
evoked by free radicals [6], may damage viable tissues
and lead to perturbations of membrane permeability and
membrane located enzymes [20] and are critical for ATP-dependent Ca binding properties [8].
It is already known that in DMD, except for the lack
of dystrophin and dystrophin-related proteins, structural membrane changes are localised at the polar-apolar
interface of the sarcolemma [26]. Membrane abnormalities at the molecular level in DMD are indicated also by
alterations in lipid-protein organisation at the surface
of erythrocytes, as the consequence of decreased content of –SH groups which are strongly immobilised at
the surface of the membranes and deep within the lipid bilayer [10]. As the –SH groups play a role in hydrophobic bonding of proteins [5] the changes at the polarapolar interface may be the consequence of changes
in –SH groups concentration.
The presented data indicate that the sarcolemmal
changes in dystrophinopathies are more widespread.
The increased membrane permeability does not seem
to be the consequence of lack of support against mechanical stress because of dystrophin deficiency [18],

but rather may be the consequence of oxidative stress
and the action of excessively generated reactive oxygen free radical species, which are known to be active
in DMD and BMD [9, 16, 17, 24]. In this report no direct
relationship between dystrophin deficiency, the –SH
groups changes and the albumin penetration and CK
efflux/CK activity in blood was stated. It should be mentioned here that the albumin influx is of limited value
for membrane permeability testing, as it is also a useful marker for analysing the process of muscular atrophy [33]. The activity of CK, on the other hand, is artificially increased because of the action of activators/inhibitors, which are known to be present in DMD [25].
Changes in the content of sulfhydryl groups may be
the cause of the molecular disorganisation of sarcolemma; they may change the motion of the molecules and
the cell metabolic status and participate in the muscle
pathology in dystrophinopathies. The normal concentration of the –SH in dystrophin-deficient and almost
clinically asymptomatic mdx mice may indicate that they
have a protective action against muscle pathology.
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