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Abstract

The muscular dystrophies (MDs) are genetic disorders of muscle degeneration due to
mutations in genes that encode a wide variety of proteins. Dysferlinopathy are characterized
by the absence of dysferlin in skeletal muscle and an autosomal recessive mode of
inheritance. Both histological and ultrastructural pathology have been well established in
dysferlinopathy patients and dysferlin-deficient animal models. To our knowledge the effect
of antioxidant supplementation on this level has not been described previously. This article
therefore focuses on the histopathology to reveal the effect of antioxidant supplementation.
The study aimed to determine, at cellular level, the histopathological changes in the SJL/J
mouse model following a 90 day trial with antioxidant supplementation. Markedly reduced
inflammatory insult in the more affected quadriceps muscles of animals treated with high
doses of CoQ10 and a combination of resveratrol/CoQ10 was observed. The outcome
provides evidence that high doses of antioxidant supplementation resulted in decreased

dystrophic markers and enhanced tissue integrity at cellular level.
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1. Introduction

Skeletal muscle is a highly specialized tissue with primary function being the generation of
physical force. It is therefore more susceptible to plasma membrane damage and requires
more efficient membrane repair machinery than perhaps any other tissue (Bansal and
Campbell, 2004). The degeneration of skeletal muscle is the most common pathological
feature of the muscular dystrophies (MD) (Bansal and Campbell, 2004). Muscles affected by
MD characterized by dysferlin deficiency (dysferlinopathy) have been shown to be defective
in repairing injuries to the plasma membrane (Bansal et al., 2003). Patients affected by
dysferlinopathy display muscle weakness in muscles of the shoulder and pelvic girdles and
deterioration progresses with age. Dysferlinopathy is an autosomal recessive inherited
disorder but may also occur sporadically. The age of onset of this form of MD is usually
around the end of the second decade of life, but may present at any age from as early as

two years (Paradas et al., 2009) to as late as the seventies (Klinge et al., 2007).

Skeletal muscle of the SJL mouse strain has been shown to have an increased regenerative
capacity (Grounds and McGeachie, 1989; Mitchell et al.,, 1992) and to demonstrate a
spontaneous occurrence of what has previously been designated ‘an inflammatory myopathy
accompanied by loss of strength’ (Hohlfeld et al., 1988; Weller et al., 1997). The
spontaneous myopathy is characterized by a progressive loss of muscle mass and strength
corresponding with an increase in muscle pathology. Pathological changes include muscle
fibers with central nuclei, size variation, splitting, inflammatory infiltrate, necrosis, and
eventual replacement of muscle fiber with fat (Weller et al., 1997; Bittner et al., 1999; Suzuki
et al., 2005). These pathological alterations are consistent with those find in the human form
of muscular dystrophy described in literature (Selcen et al., 2001; Fanin and Angelini 2002;
Prelle et al., 2003; Cenacchi et al., 2005).

Histopathological examinations of muscles in SJL/J mice of different ages and different
sources (SJL/J, SJL/Olac) disclosed features compatible with a progressive muscular
dystrophy, including degenerative and regenerative changes of muscle fibers, together with
a progressive fibrosis. These changes were found to primarily affect the proximal muscle
groups, whereas the distal muscles remained less affected (Bittner et al., 1999).
Dysferlinopathy includes Miyoshi myopathy, a distal muscle disorder preferentially affecting
the gastrocnemius muscle, and Limb Girdle muscular dystrophy Type 2B, characterized by
proximal weakness (quadriceps muscle) at onset. Although the initial presentation may be

different, the distinction between distal and proximal onset is very difficult following years of
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disease progression (Zatz et al., 2003). A novel spontaneous mutation in the dysferlin gene
in the SJL/J mice strain were found to result in a reduction of dysferlin to approximately 15%
of levels detected in dysferlin-competent animals and human samples (Bittner et al., 1999).
The SJL/J mouse is not only representing the human form of the disease on a histological
level, but also on a molecular level. Consequently this model is regarded ideal for research
in the field of dysferlinopathy.

Light microscopic investigation of the early pathological abnormalities in non-necrotic muscle
fibers of dysferlin-deficient patients revealed that muscle specimens displayed abnormal
variation of fiber size, fiber splitting, an increased number of internalized nuclei, scattered
necrotic and regenerating fibers, and increased endomysial and perimysial connective tissue
(Selcen et al., 2001). Other abnormalities consisted of small, irregularly circumscribed
decreases of oxidative enzyme activity, few lobulated fibers, rare ring fibers, and sparse
perivascular mononuclear cells (Selcen et al., 2001). Abnormal distribution of the muscle
fiber size in muscle cross-section is considered a hallmark of the pathological changes in

dystrophic muscle (Briguet et al., 2004).

It has previously been reported that oxidative stress is primarily involved in the patho-
meganistic muscle deterioration in the mdx mouse model for dystrophin-deficient MD
(Disatnik et al., 1998). This is consistent with the hypothesis of Murphy and Kehrer (1989),
based on the similarities between the pathology in the dystrophies and the pathology of
muscle exposed to oxidative stress in vitamin E deficiency. Lipid peroxidation is a common
index of free radical mediated injury (Halliwell and Gutteridge, 1989). Previous
measurements of lipid peroxidation in dystrophin-deficient muscles have indicated elevated
levels in both humans and mice (Kar and Pearson, 1979; Jackson et al., 1984; Mechler et
al., 1984 (DATE); Ragusa et al., 1997). A number of studies reported the reduction of
oxidative stress by various mechanistic approaches, like antioxidant supplementation, led to
a reduction in the adverse events in different pathologies (Grounds and Torrisi, 2004; Buck
and Chojkier, 1996; Aragno et al., 2002; Buetler et al., 2002; Kaczor et al., 2007).

The effect of the antioxidant CoQ10 on cells and tissues has been proposed to be wide-
ranging with the capacity to modulate diverse tissue activities and disease processes via
small intrinsic cell metabolic perturbations (Linnane et al., 2002). In reduced form, CoQ10
[known as ubiquinol (CoQH2)], is an effective antioxidant and inhibits lipid peroxidation
(Bentinger et al., 2007). This antioxidant is our only endogenously synthesized lipid soluble
antioxidant, and is mainly present in the activated (reduced) form. Resveratrol has been
reported to be along with flavonoids, at least partially, responsible for the health benefits of
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red wine (Frankel et al., 1993; Soleas et al., 1997). It has previously been reported that
resveratrol is a rather weak antioxidant (Hu et al., 2007), and that its antioxidant effects may
be due to its direct interaction with biomolecules that confer cellular stress resistance (Robb
et al., 2008).

The study of the form of structures with specific focus on the anomalies thereof in the SJL/J
mouse, defines the purpose of the current paper. The cellular alterations, as observed with a
light microscope, associated with defective membrane repair and the effect of antioxidant
supplementation, are investigated. In the present study the distribution of skeletal muscle
lesions in the SJL/J mouse and the severity thereof were examined by histopathological
examination of untreated 14 and 27 week-old mice, compared with 27 week-old counterparts
supplemented with the antioxidants Resveratrol and CoQ10, separately and in combination,
for 90 days.

2. Materials and Methods

2.1 Animals and animal care

Sixty female mice with a mean weight of ~ 20 g were imported from the Jackson Laboratory,
Bar Harbor, USA for the present study. An import permit was obtained from the Department
of Veterinary Services, Ministry of Agriculture. Sample size was determined following
convention in ANOVA studies that error degrees of freedom be at least 30. Ten of these
animals were of the SWR/J strain and served as the negative control in the study, while the
other 50 animals were SJL/J mice. Animals were housed at the laboratory animal facility of
the University of Pretoria’s Biomedical Research Centre (UPBRC) at Onderstepoort
(Pretoria, South Africa). The animals were allowed free access to JL Rat and Mouse 6F-
IRRAD food (PMI Nutrition International, LLC) and water ad libitum. At the age of 14 weeks
and 15 weeks for SJL/J and SWR/J mice, respectively, the animals entered a 90 day
experimental study. On this day, six SJL/J animals were terminated for comparison of age-

related changes with muscle tissue of 27 week-old SJL/J mice.

When a decrease and slowing in the mobility of the animals was observed, as a result of
disease progression, it was decided to supplement the animals’ diet by addition of Nestlé
Cerelac sterile baby cereal on the floor of each cage, from day 50 until termination. The food
supplementation did not contain any of the two products tested in the present study and
were not expected to influence the results. Oral dosing was performed for all substances in

all groups, using a 1000pl syringe with a mouse oral gavage needle nr. 20g. All animals
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were weighed on day one, and thereafter twice weekly. Animals were divided into groups
and caged communally in group order (Table 1).

2.2 Termination and tissue preparation

Termination took place on day 91. Animals were anaesthetized by isofluorane inhalation,
and terminated by cardiac puncture. Quadriceps muscle samples were collected for
histological investigation at termination. A small piece (£ 2 x 3 mm) of muscle tissue was
dissected from the belly area of the quadriceps muscles. Tissue samples were immediately
fixed in 2.5% formaldehyde in 0.075 M phosphate buffer, pH 7.4 at room temperature
overnight, then rinsed thrice, 10 min each, in 0.075 M phosphate buffer. Serial dehydration
was done in ethanol, followed by three changes of absolute ethanol. Tissue was infiltrated
with LR White Resin (SPI Supplies, West Chester, PA). Serial sections of between 0.5 ym to
1.5 ym were cut with a Reichert-dJung Ultra Cut E ultramicrotome. Gill's Haematoxylin
(Solulab, Johannesburg, South Africa), a general nuclear stain, together with 0.2% Toluidine

Blue O were utilized to stain the tissue sections.

Viewing and image capturing were done with a Nikon Optiphot transmitted light microscope,
equipped with a Nikon DXM 1200F digital camera. Slides were investigated at 20x, 40x and
100x objective lens magnification. Images were captured at 40x and 100x objective lens
magnification for histological analyses. Images were enhanced but not altered with Adobe
Photoshop 7.0. Severity of skeletal muscle lesions such as degeneration/necrosis, central
nuclei, cellular infiltration by mononuclear cells, and adipose tissue infiltration were
evaluated histopathologically and scored by the method of Kobayashi and co-workers,
slightly adapted. In short, histological lesions were assessed and scored as, none (0, not
present), minimal (£, localized lesions), mild (+, scattered lesions), and moderate (+ +,
multifocal lesions) (Kobayashi et al., 2009). A summary of the histological lesion assessment
is presented in Table 2.

3. Results
3.1 Histological findings

3.1.1 Negative control group

Quadriceps muscle specimens analyzed from all the 28 week-old SWR/J mice that
represented the negative control group (Figure 1), displayed normal variation of fiber size.
Neither inflammatory infiltrate nor active necrotic processes could be detected. A nerve
bundle (indicated by the black rectangle) was observed. Axons (Figure 1, a) and blood
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vessels (Figure 1, b) were present in this section. No occurrence of fiber splitting was
detected while only =1.4% of fibers evaluated, displayed nuclei in the central position.
Myonuclei (Figure 1, mn) were situated mostly in the peripheral position with a distribution of

one to about five peripherally located nuclei per fiber.

3.1.2 Age control group

Mild (+) focal perimysial and endomysial inflammatory changes, (marked by asterisks in
Figure 2A), were observed in the age control group (Figure 2). Mononuclear cells (mc) were
present between fibers (Figure 2A, mc). Mononuclear cells in this group were observed in
smaller quantities, compared to that seen in the 27 week-old SJL/J groups treated with
placebo. Early stages of an ongoing necrotic process (Figure 2B, black rectangle) in muscle
fibers with the presence of mononucleated cells were observed. Mostly single fiber
involvement was seen in necrotic events. Invasion of fibers by mononucleated phagocytic
cells (Figure 2B, mc) are characteristic of initial phases of the process, and these invading
cells are presumably macrophages. Endomysial infiltrate (between the fibers) was seen to a
lesser extent () and was mostly noted around intact cells (Figure 2A). Inflammatory infiltrate
were found to be present to a lesser extent (). ‘Moth-eaten’ appearance of fibers (Figure
2B, asterisks) was noted, although the overall appearance of the muscle fibers was good.
Carpenter and Karpati, 1984, reported that many fibers in biopsies from limb girdle dystrophy
patients to show moth-eaten appearance in their centers and to have prominent
mitochondria along their periphery. Moth-eaten fibers are common in denervating conditions,

though they may represent reinnervated fibers (Carpenter and Karpati, 1984).

Nuclei were mostly peripherally located and found in relative large numbers that vary among
individuals. A cluster of structures surrounded by a multiple layered sheath was identified as
smooth muscle (Figure 2C, sm) (Carpenter and Karpati, 1984) in one sample in this group.
Carpenter and Karpati recorded a case in 1984 where there was marked independent
proliferation of smooth muscle cells, accompanied by collagen in the endomysium of a limb
girdle myopathy sample. Occasional () fiber splitting was present in this group. In a number
of transverse sectioned samples, but not in all, numerous small circular objects identified as
capillaries were found to surround the muscle fibers (Figure 2D). The lumens were mostly

filled with erythrocytes, resulting in the dark appearance.

3.1.3 Positive control group

The quadriceps muscle specimens of 27 week-old SJL/J mice treated with placebo
displayed abnormal variation of fiber size (Figure 3). Mild (+) to moderate (+ +) perimysial

inflammatory changes with endomysial involvement became predominant in this group.
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Active myopathic changes were emphasized by the following findings; fiber splitting (fs) was
prevalent (+) (Figure 3A) and its appearance was distinct in areas with more inflammatory
infiltrate. Numerous necrotic fibers and fiber remnants (+ +) resultant of the ongoing necrotic
processes ranging from mild (+) to moderate (+ +) were observed (Figure 3B, asterisk).
These fibers ranged from disrupted cells invaded by macrophage activity, to ‘ghost’ cells
(Figure 3C, asterisk), which is marked by a ‘see-through’ appearance of cell remnants
representing the initial shape and size of the dead cell. Numerous mononucleated cells (+ +)

were predominant in areas with inflammatory infiltrate.

The appearance of moth-eaten cells (Figure 3C) was frequent (+ +). Inflammatory infiltrate
were present, ranging from mild dystrophic changes (+), characterized by numerous small
diameter fibers, intercepted by the occasional necrotic fibers, to moderate ongoing
dystrophic processes (+ +). In only one out of nine animals, no inflammatory infiltrate (0)
could be detected in quadriceps muscle specimens examined, while seven out of nine
showed mild (+) to moderate (+ +) dystrophic lesions and one animal showed lesions, more
severe than what was classified as moderate in the present study, with up to zero intact cells
in one microscopic field. This observation could possibly be explained by the possibility of
inter-individual variation amongst animals, where onset of disease might have occurred later

in the latter subject.

Ring fibers (Figure 3D, asterisk) were detected in one sample from this group. Ring
myofibrils are newly formed structures arising in muscle fibers which were normal, until their
growth pattern was modified by the pathological process (Schotland et al., 1966). Fibers
affected by this phenomenon are termed ring fibers (Carpenter and Karpati, 1984). In the
same sample, fibers of which the fibrils were ‘streaming’ (Figure 3D) were also seen. This
description correlates with what was termed snake coils, by Carpenter and Karpati, 1984.
Bethlem and Van Wijngaarden, 1963 suggested that ring myofibrils may also branch from
the ring, penetrate the muscle fiber and rejoin the aberrant myofibrils on the opposite side,

forming these streaming patterns or snake coils.

Nuclei in the central position of fibers (Figure 3D, arrowheads) were abundant and up to
three central nuclei could be detected in a single fiber cross section. Peripheral nuclei were

sparsely distributed along less- and unaffected fibers.

The samples analysed from this group served as a baseline/reference for the age-matched
experimental groups treated with the different concentrations of different antioxidants

throughout the course of the trial. The histological results from 27 week-old, untreated, SJL/J
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mice were consistent with previous findings in SJL/J mice at a similar age (Weller et al.,
1997; Ho et al., 2002; Suzuki et al., 2005; Nemoto et al., 2007;) and correlated with the
histological findings previously described in human dysferlinopathy patients (Gallardo et al.,
2001; Selcen et al., 2001; Cenacchi et al., 2005).

3.1.4 Resveratrol group

A distinct variation in fiber size was apparent in the resveratrol group (Figure 4). Fiber
splitting (+), was observed as groups of small nested fibers with complementary contours
(Figure 4A, black arrows). Carpenter and Karpati, 1984, described a split fiber as one which
has a fissure extending from its periphery into its interior, consistent with what was seen on a
transverse section in the present study (Figure 3A). Complete separation may result into
what appear to be two distinct fibers whose contours are complementary to one another
(Carpenter and Karpati, 1984). One or more of these fibers often displayed central
nucleation. Mild (+) to moderate (+ +) degeneration and perimysial inflammatory changes
with endomysial involvement was present and underlined by the distinct presence of

mononucleated cells (+) (Figure 4A, arrowheads).

The presence of necrotic fibers as ‘ghost cells’ (Figure 4B, asterisk) as well as fiber
remnants resultant of the ongoing dystrophic process was observed. Presence of fibers with
a moth-eaten appearance (Figure 4B, arrowheads) was moderate (+ +). Fibers of which the
fibrils appeared to be ‘streaming’ (Figure 4B, arrows) were present. Ring fibers (Figure 4C,
arrow) were detected in one sample from this group. Intense vacuolation was observed in
some fibers (Figure 4D, arrow). The infiltrate in perimysial spaces was mostly dense
connective tissue (Figure 4D, asterisk). Fibroblasts (f) (Figure 4D) with fine extending

processes were found in conjunction with connective tissue infiltration.

In general, fibers ranged from being intact (no incidence of dystrophic process in a specific
microscopic field), healthy appearing cells with peripherally located nuclei to areas with
multifocal lesions (+ +). Qualitatively, more intact cells were observed in this group

compared to the positive control group.

3.1.5 Low CoQ10 group

A variation in fiber size was prominent in the low CoQ10 group (Figure 5). Groups of small

fibers (Figure 5A, arrow) were frequently found. Dense connective tissue (Figure 5A,

asterisk) and mononucleated cells (mc) (+ +) were present in perimysial regions.
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Inflammatory incidence ranged from no inflammatory infiltrate (0) to mild (+) and moderate (+
+) changes in both perimysial and endomysial regions. Fibers ranged from being intact,
healthy appearing cells with peripherally located nuclei to fibers undergoing necrosis.

Minimal infiltration of adipose cells (+) was observed.

Nuclei, distinctly different in appearance from myonuclei, were found in this group, in intact
fibers (Figure 5B, arrowheads). The position of the nuclei fit that of satellite cells. Satellite
cells are mononuclear cells found beneath the basal lamina of muscle fibers (Carpenter and
Karpati, 1984). These cells are flat and somewhat elongated in the long axis of the muscle
fiber. Their nuclei tend to contain darker clumped chromatin than myonuclei. When a muscle
becomes necrotic, satellite cells are the source of the myoblasts which regenerate the
necrotic segment (Carpenter and Karpati, 1984). From a qualitative perspective; more intact
cells were observed in this group compared to the positive control group samples (placebo),

but less compared to the resveratrol group.

3.1.6 High CoQ10 group
In samples from the high CoQ10 group (Figure 6), very little (x) (Figure 6A) to mild (+) and

moderate (+ +) (Figure 6B) degenerative and perimysial inflammatory changes with
endomysial involvement were observed. As in the younger 14 week-old age control group,
inflammatory changes, although more severe in this group, were found mostly in the
perimysial regions where necrotic incidences (Figure 6B) could be detected. Markedly more
myonuclei were detected in the peripheral position, and central nucleation was sparsely

distributed in less and unaffected areas.

Numerous mononucleated cells (+) were present in infiltrate, indicating the presence of
inflammatory incidence. Fiber spliting occurred less frequently (), compared to the
resveratrol and low CoQ10 groups, and distinctly less frequently compared to the positive
control group. Minimal adipose tissue infiltration (+) (Figure 6B) was seen in moderately (+ +)
affected areas. Vacuolation were overall minimally (t) distributed in moderately (+ +)
affected areas, while moth-eaten appearance of cells was observed more frequently (+). No
ring fibers were observed in the samples analyzed from this group. Nuclei, presumably
belonging to satellite cells, were also observed in this group, in intact fibers (Figure 6 A and

C, arrowheads).

3.1.7 Resveratrol/CoQ10 combination group
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Samples from the resveratrol/CoQ10 group (Figure 7), showed minimal (t) (Figure 7A) to
mild (+) (Figure 7B) degeneration and perimysial inflammatory changes with endomysial
involvement. As in the high CoQ10 group, inflammatory changes were found mostly in the
perimysial regions where necrotic incidences (+ / +) could be detected extending into

endomysial areas. Markedly more myonuclei were detected in the peripheral positions.

Numerous mononucleated cells (mc) (+) (Figure 7B) were present in affected areas. Fiber
splitting occurred less frequently (x), compared to the positive control, resveratrol and low
CoQ10 groups. Minimal adipose tissue infiltration (+) was observed. Ghost cells as a result
of necrosis were detected. Vacuolation was overall minimally distributed (+), while moth-
eaten appearance of cells was also markedly reduced compared to the findings in other
groups. Ring fibers (Figure 7B, asterisk) were observed in two samples of this group. The
rings only affected part of the fibers, and did not form a ‘complete ring’. Elongated, thin, and
darkly stained nuclei, that presumably belong to satellite cells, were found in this group in
intact fibers (Figure 7A, arrowheads), although in smaller numbers than in the high and low

CoQ10 groups.

4. Discussion

The selection criteria for an appropriate antioxidant included potent antioxidant potential,
evidence of beneficial supplementation, high dose tolerance and a low side effect profile.
CoQ10 and resveratrol complied with the criteria. It was decided to test two different
concentrations of CoQ10, a relatively low and a relatively high concentration equivalent to
human physiological doses. Only one concentration of resveratrol was tested and the
antioxidants were also administered in a combination dose to establish whether a
combination might have a different effect. For dose translation, a formula based on body
surface area normalization (Reagan-Shaw et al., 2008) were utilized to obtain accurate

doses expected to provide a reliable indication of antioxidant effectiveness.

Histopathological data from the present study has confirmed that distal muscles are less
affected and relatively spared in initial phases of the disease in SJL/J mice. The histological
picture of the gastrocnemius muscle samples showed little to no dystrophic changes (data
not shown), compared to samples from the quadriceps muscles (Figure 2 to 7). A distinct

lower number of nuclei in the central position were observed in gastrocnemius fibers.

The qualitative results of the present study suggest a reduction in necrotic incidence as well
as in the amount of inflammatory foci in groups treated with the highest concentrations of
antioxidants (Figures 6 and 7). These findings imply that the application of antioxidants
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interfere with the ongoing process responsible for initiation of necrosis. It is tempting to
speculate that high dose antioxidants are most likely responsible for a reduction in metabolic
disturbances, brought about by the continuous inflammatory processes. It can be further
suggested that these metabolic disturbances might also allow for accumulation of oxidative
stress in the muscle, and that antioxidants scavenges the free radicals. The relief from
oxidative stress insult may allow for the sufficient recruitment of anti-inflammatory cells, like
neutrophils and macrophages. Thereby providing more effective clearance of necrotic fibers,
and thus mediating more effective regeneration.

The supplementation of SJL/J mice with resveratrol alone or low dose CoQ10 was not able
to decrease dystrophic alterations at cellular level to the same extent than what was afforded
by high dose CoQ10 and resvertarol/CoQ10 in combination. It is therefore possible that
supplementation from the age of 14 weeks was too late to result in beneficial effects from
these antioxidant doses. This notion further implicates that only high doses of CoQ10 or low
doses of resveratrol and CoQ10 in combination will be effective in slowing disease

progression in the SJL/J mouse, if supplementation is started after onset of disease.
Conclusion

The underlying biochemical defect of muscular dystrophy, as with nearly all inherited
diseases, can only be cured if techniques are developed to repair or replace the defective
genetic material (Murphy and Kehrer, 1989). Therefore, if lipid- and water-soluble
antioxidants are applied as treatment strategy in the muscular dystrophies, such treatment
would only be symptomatic (Murphy and Kehrer, 1989). Although it is unlikely that the
supplementation of a dystrophic model with antioxidants will reverse the pathologic
remodelling, the present study focused on whether such an approach will provide a relief of
the effect of inflammatory insult at the tissue level. Assessment of the histopathology
showed, from a qualitative perspective, markedly reduced inflammatory insult in the more
affected quadriceps muscles of animals treated with high doses of CoQ10 and a
combination of resveratrol/CoQ10. An ongoing inflammatory reaction as the result of
attenuated muscle regeneration in dysferlin-deficient muscle was markedly reduced.
Collectively the findings of the study allude to the ability of high doses of antioxidant therapy
to decrease the ongoing inflammatory process. Although supplementation with antioxidants
will not reverse the pathological state in muscular dystrophy, it might serve a purpose in
combination with cell-based therapies. From the results of the present study it can be

hypothesized that high dose antioxidant supplementation might provide a more favourable
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environment at tissue level that might enhance donor cell differentiation and maturation in

dysferlin-deficient muscle tissue following cell transplantation.

13

Page 13 of 26



References

Aragno, M., Mastrocola, R., Brignardello, E., Catalano, M., Robino, G., Manti, R., et al., 2002.
Dehydroepiandrosterone modulates nuclear factor-kB activation in hippocampus of diabetic rats.
Endocrinology 143(9), 3250-3258.

Bansal, D., Miyake, K., Vogel, S. S., Groh, S., Chen, C. C., Wiliamson, R., et al., 2003. Defective
membrane repair in dysferlindeficient muscular dystrophy. Nature 423, 168-172

Bansal, D., Campbell, K. P., 2004. Dysferlin and the plasma membrane repair in muscular dystrophy.
Trends Cell Biol. 14(4), 206-213.

Bentinger, M., Brismar, K., Dallner, G., 2007. The antioxidant role of coenzyme Q. Mitochondrion
7(Suppl 1), S41-S50.

Bethlem, J., van Wijngaarden, G. K., 1963. The incidence of ringed fibers and sarcoplasmic masses
in normal and diseased muscle. J Neurol Neurosurg Psychiat 26(4), 326-332.

Bittner, R. E., Anderson, L. V. B, Burkhardt, E., Bashir, R., Vafiadaki, E., lvanova, S., et al., 1999.
Dysferlin deletion in SJL mice (SJLDysf) defines a natural model for limb girdle muscular dystrophy
2B. Nat Genet 23(2), 141-142.

Briguet, A., Courdier-Fruh, |., Foster, M., Meier, T., Magyar, J. P., 2004. Histological parameters for
the quantitative assessment of muscular dystrophy in the mdx-mouse. Neuromuscul Disord 14(10),
675-682.

Buck, M., Chojkier, M., 1996. Muscle wasting and dedifferentiation induced by oxidative stress in a
murine model of cachexia is prevented by inhibitors of nitric oxide synthesis and antioxidants. EMBO
J 15(8), 1753-1765.

Buetler, T.M., Renard, M., Offord, E. A., Schneider, H., Rilegg, U. T., 2002. Green tea extract
decreases muscle necrosis in mdx mice and protects against reactive oxygen species. Am J Clin Nutr
75(4), 749-753.

Carpenter, S., Karpati, G, 1984. Pathology of skeletal muscle. New York: Churchill Livingston.

Cenacchi, G., Fanin, M., De Giorgi, L. B., Angelini, C., 2005. Ultrastructural changes in
dysferlinopathy support defective membrane repair mechanism. J Clin Pathol 58, 190-195.

Disatnik, M. H., Dhawan, J., Yu, Y., Beal, M. F., Whirl, M. M., Franco, A. A., et al., 1998. Evidence of
oxidative stress in mdx mouse muscle: Studies of the pre-necrotic state. J Neurol Sci 161(1), 77-84.

Fanin, M., Angelini, C., 2002. Muscle pathololgy in dysferlin deficiency. Neuropathol Appl Neurobiol
28(6), 461-470.

Frankel, E. N., Kanner, J., German, J. B., Parks, E., Kinsella, J. E., 1993. Inhibition of oxidation of
human low-density lipoprotein by phenolic substances in red wine. Lancet 341(8843), 454-457.

Gallardo, E., Rojas-Garcia, R., de Luna, N., Pou, A., Brown, R. H. Jr, llla, I., 2001. Inflammation in
dysferlin myopathy: Immunohistochemical characterization of 13 patients. Neurology 57, 2136-2138.

14

Page 14 of 26



Grounds, M. D., McGeachie, J. K., 1989. A comparison of muscle precursor replication in
crush-injured skeletal muscle of Swiss and BALBc mice. Cell Tissue Res 255(2), 385-391.

Grounds, M. D., Torrisi, J. O., 2004. Anti-TNFa (Remicade®) therapy protects dystrophic skeletal
muscle from necrosis. FASEB J 18(6), 676-682.

Halliwell, B., Gutteridge, J. M. C., 1989. Free radicals in biology and medicine. 2nd Ed. Oxford:
Clarendon Press.

Ho, M., Gallardo, E., McKenna-Yasek, D., De Luna, N., llla, I., Brown, R. H. Jr, 2002. A novel,
blood-based diagnostic assay for limb girdle muscular dystrophy 2B and Miyoshi myopathy. Ann
Neurol 51(1), 129-133.

Hohlfeld, R., Miller, W., Toyka, K. V., 1988. Necrotizing myopathy in SJL mice. Muscle Nerve 11(2),
184-185.

Hu, Y., Rahlfs, S., Mersh-Sundermann, V., Becker, K., 2007. Resveratrol modulates mRNA
transcripts of genes related to redox metabolism and cell proliferation in non-small-cell carcinoma
cells. Biol Chem 388(2), 207-219.

Jackson, M. J., Jones, D. A., Edwards, R. H., 1984. Techniques for studying free radical damage in
muscular dystrophy. Med Biol 62(2), 135-138.

Kaczor, J. J., Hall, J. E., Payne, E., Tarnopolsky, M. A., 2007. Low intensity training decreases
markers of oxidative stress in skeletal muscle of mdx mice. Free Rad Biol Med 43, 145-154.

Kar, N. C., Pearson, C. M., 1979. Catalase, superoxide dismutase, glutathione reductase and
thiobarbituric acid-reactive products in normal and dystrophic human muscle. Clin Chim Acta 94(3),
277-280.

Klinge L, Laval S, Keers S, Haldane F, Straub V, Barresi R, et al,. 2007. From T-tubule to
sarcolemma: Damage-induced dysferlin translocation in early myogenesis. FASEB J
21(8):1768-1776.

Kobayashi, K., lzawa, T., Kuwamura, M., Yamate, J., 2009. The distribution and characterization of
skeletal muscle lesions in dysferlin-deficient SJL and A/J mice. Exp Toxicol Pathol 62(5), 509-517.

Linnane, A. W., Kopsidas, G., Zhang, C., Yarovaya, N., Kovalenko, S., Papakostopoulos, et al., 2002.
Cellular redox activity of coenzyme Q10: Effect of CoQ10 supplementation on human skeletal muscle.
Free Radic Res 36(4), 445- 453.

Mechler, F., Imre, S., Dioszeghy, P., 1984. Lipid peroxidation and superoxide dismutase activity in
muscle and erythrocytes in Duchenne muscular dystrophy. J Neurol Sci 63(3), 279-283.

Mitchell, C.A., McGeachie, J. K., Grounds, M. D., 1992. Cellular differences in the regeneration of
murine skeletal muscle: A quantitative histological study in SJL/J and Balb/c mice. Cell Tissue Res
269(1), 159-166.

Murphy, M. E., Kehrer, J. P., 1989. Oxidative stress and muscular dystrophy. Chem Biol Interact
69(2-3), 101-173.
15

Page 15 of 26



Nemoto, H., Konno, S., Nakazora, H., Miura, H., Kurihara, T., 2007. Histological and immunological
changes of the skeletal muscles in older SJL/J mice. Eur Neurol 57(1), 19-25.

Paradas C, Gonzalez-Quereda L, De Luna N, Gallardo E, Garcia-Consuegra |, Gbmez H, et al., 2009.
A new phenotype of dysferlinopathy with congenital onset. Neuromuscul Disord 19(1):21-25.

Prelle, A., Sciacco, M., Tancredi, L., Fagiolari, G., Comi, C. P., Ciscato, P., et al., 2003. Clinical,
morphological and immunological evaluation of six patients with dysferlin deficiency. Acta
Neuropathol 105:537-542.

Ragusa, R. J., Chow, C. K., Porter, J. D., 1997. Oxidative stress as a potential pathogenic mechanism
in animal model of Duchenne muscular dystrophy. Neuromuscul Disord 7(6-7), 379-380.

Robb, E. L., Page, M. M., Wiens, B. E., Stuart, J. A., 2008. Molecular mechanisms of oxidative stress
resistance induced by resveratrol: Specific and progressive induction of MnSOD. Biochem Biophys
Res Commun 367(2), 406-412.

Reagan-Shaw, S., Nihal, M., Ahmad, N., 2008. Dose translation from animal to human studies
revisited. FASEB J 22(3), 659-661.

Schotland, D. L., Spiro, D., Carmel, P., 1966. Ultrastructural studies of ring fibers in human muscle
disease. J Neuropathol Exp Neurol 25(3), 431-442.

Selcen, D., Stilling, G., Engel, A. G., 2001. The earliest pathological alterations in dysferlinopathy.
Neurology 56, 1472- 481.

Soleas, G. J., Diamandis, E. P., Goldberg, D. M., 1997. Resveratrol: A molecule whose time has
come? And gone? Clin Biochem 30(2), 91-113.

Suzuki, N., Aoki, M., Hinuma, Y., Takahashi, T., Onodera, Y., Ishigaki, A., et al., 2005. Expression
profiling with progression of dystrophic change in dysferlin-deficient mice (SJL). Neurosci Res 52(1),
47-60.

Weller, A. H., Magliato, S. A., Bell, K. P., Rosenberg, N. L., 1997. Spontaneous myopathy in the SJL/J
mouse: Pathology and strength loss. Muscle Nerve 20(1), 72-82.

Zatz, M., de Paula, F., Starling, A., Vainzof M., 2003. The 10 autosomal recessive limb-girdle
muscular dystrophies. Neuromuscular Disorders 13, 532-544.

16

Page 16 of 26



Figure Legends - Histological assessment of SJL/J mice treated with the antioxidants
Coenzyme Q10 and Resveratrol

Figure 1: Quadriceps muscle section from the negative control group. An axon (a) and blood
vessels (b) was present in a nerve bundle (black rectangle) detected on this section.
Myonuclei (mn) was found in a peripheral position. Sections were stained with Toluidine blue
O. Scale bar = 50um

Figure 2: Quadriceps muscle sections from the age control group. Perimysial and
endomysial inflammatory changes (black asterisks) were observed. (A) Mononuclear cells
(mc) were present between fibers. (B) Early stages of an ongoing necrotic process
(rectangle) were accompanied by infiltration of mononuclear cells (mc). (C) A cluster of
smooth muscle (sm) in muscle tissue. (D) Numerous capillaries (white asterisks) were found

to surround fibers. Sections were stained with Toluidine blue O. Scale bar = 50um

Figure 3: Quadriceps muscle sections from the positive control group. (A) Active myopathic
changes included fiber splitting (fs), (B) numerous necrotic fibers (asterisks), and (C) ghost
cells (asterisk). (D) Ring fibers and (asterisk) were detected. Nuclei in the central position of
fibers (arrowheads) were abundant. Sections were stained with Toluidine blue O. Scale bar

=50um

Figure 4: Quadriceps muscle sections from the resveratrol group. (A) Fiber splitting was
observed as groups of small nested fibers (arrows) and numerous mononuclear cells (arrow
heads) were found in the inflammatory infiltrate. (B) Fibers presented as ghost cells
(asterisk), displayed a moth eaten (arrowheads), and a streaming (arrows) appearance. (C)
Ring fibers were present (arrow). (D) Intense vacuolation (arrow), dense connective tissue
(asterisks) and fibroblasts (f) can be seen in this section. Sections were stained with

Toluidine blue O. Scale bar = 50um

Figure 5: Quadriceps muscle sections from the low CoQ10 group. (A) Groups of small fibers

(arrow), dense connective tissue (asterisk), and mononucleated cells (mc) were present. (B)
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Nuclei distinctly different in appearance (arrowheads) are thought to belong to satellite cells.

Sections were stained with Toluidine blue O. Scale bar = 50um

Figure 6: Quadriceps muscle sections from the high CoQ10 group. Very little (A) to mild and
moderate (B) degenerative changes were present in this group. Nuclei (A & C, arrowheads),
presumably belonging to satellite cells were abundant. Sections were stained with Toluidine
blue O. Scale bar = 50um

Figure 7: Quadriceps muscle sections from the resveratrol/CoQ10 group. Minimal (A) to
mild (B) degeneration was observed in this group. (A) Nuclei (arrowheads) presumably
belonging to satellite cells were abundant. (B) Numerous mononucleated cells (mc) were
observed in affected areas in some sections. Ring fibers (asterisk) were present. Sections

were stained with Toluidine blue O. Scale bar = 50um
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Table

Histological assessment of SJL/J mice treated with the antioxidants Coenzyme Q10

Tables

and Resveratrol

Manuscript revision
September 2010

Table 1: Animal grouping and treatment doses

Age at
Concentration termination (in
Group Strain Treatment (mg/kg/day) weeks)
Negative control SWR/J None Placebo (water) 28
Age control SJL/AI None - 14
Positive control SJLA None Placebo (water) 27
Resveratrol SJLA Resveratrol 60 27
CoQ10(low) SJLA CoQ10 40 27
CoQ10 (high) SJLA CoQ10 120 27
Resveratrol +
Resveratrol/CoQ10 SJL/J CoQ10 60 + 40 27
Table 2: Summary and scoring of incidence of dystrophic processes
Age at termination 27 27 27 27 27 14
(weeks)
SJLA
SJLA SNWA SJLA SILA SILA
GrOUp Placebo Resveratrol (low) CoQ10 (high) CoQ10 Resggg;gol * No treatment
CHANGES
. . 10.12 - 12.41 - 12.06 — 13.17 - 15.98 —

Fiber diameter range (um) | 11.82-99.01 127_90 11777 103%6 1368_10 1512934
% Central nuclei 35.4 31.6 34.3 229 21.0 8.8
Fiber splitting + + + + + +
Necrotic fi_bers/ . . . + +/4 +
degeneration
Inflammatory infiltrate ++ +/++ +/++ o/+/++ + +
I\_/Iononuclear cells iy + iy + + +
(in extracellular spaces)
Ring fibers Present Present Not detected | Not detected Present Not detected
Adipose infiltration +/+ + + + + +
Vacuoles +/++ +/++ +/++ + + +
Moth-eaten appearance ++ ++ ++ + + +

(0) = none; () = minimal; (+) = mild; (+ +) = moderate
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