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Abstract: Congenital muscular dystrophy with laminin 2 chain-deficiency (LAMA2-CMD) is a 

severe neuromuscular disorder without a cure. Using transcriptome and proteome profiling as well 

as functional assays, we previously demonstrated significant metabolic impairment in skeletal 

muscle from LAMA2-CMD patients and mouse models. Reactive oxygen species (ROS) increase 

when oxygen homeostasis is not maintained and here, we investigate whether oxidative stress 

indeed is involved in the pathogenesis of LAMA2-CMD. We also analyse the effects of two 

antioxidant molecules, N-acetyl-L-cysteine (NAC) and vitamin E, on disease progression in the 

dy2J/dy2J mouse model of LAMA2-CMD. We demonstrate increased ROS levels in LAMA2-CMD 

mouse and patient skeletal muscle. Furthermore, NAC treatment (150 mg/kg IP for 6 days/week 

during 3 weeks) led to muscle force loss prevention, reduced central nucleation and decreased the 

occurrence of apoptosis, inflammation, fibrosis and oxidative stress in LAMA2-CMD muscle. In 

addition, vitamin E (40 mg/kg oral gavage for 6 days/week during 2 weeks) improved 

morphological features and reduced inflammation and ROS levels in dy2J/dy2J skeletal muscle. We 

suggest that NAC and to some extent vitamin E might be potential future supportive treatments for 

LAMA2-CMD as they improve numerous pathological hallmarks of LAMA2-CMD.  
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1. Introduction 

   Congenital muscular dystrophy type 1A (LAMA2-CMD) is a severe, recessive autosomal 

form of muscular dystrophy. The disease is characterized by muscle hypotonia, progressive muscle 

degeneration and muscle weakness. Other clinical hallmarks of LAMA2-CMD include proximal joint 

contractures, scoliosis and respiratory insufficiency. As a result, patients experience a decreased 

quality of life and most often the disease also leads to premature death. LAMA2-CMD is caused by 

mutations in the LAMA2 gene, encoding the laminin α2 chain of the protein laminin-211 [1]. Laminin-

211 is one of the major components expressed in the skeletal muscle basement membrane [2] and the 

interaction between laminin-211 and integrin and dystroglycan receptors provides a linkage between 

the basement membrane and the actin cytoskeleton. This linkage is of high importance for normal 

skeletal muscle function as it stabilizes the sarcolemma and protects the muscle fiber from 

contraction-induced damage [3]. As a consequence, when this important linkage is broken, a typical 

dystrophic pattern becomes evident. Fiber size variation, centrally located nuclei, inflammation and 

fibrotic lesions are common features that characterize LAMA2-CMD muscles [1]. 

   There are several mouse models that adequately recapitulate LAMA2-CMD [4-7]. The 

dy2J/dy2J mouse carries a mutation in the N-terminal domain of laminin α2 chain causing a laminin 

polymerization defect and slightly reduced expression of the laminin α2 chain lacking this domain 

[4]. Accordingly, dy2J/dy2J mice develop a milder form of muscular dystrophy with the first symptoms 

appearing at around 3-4 weeks and a longer life span compared to other mouse models. In addition, 

a severe peripheral neuropathy manifests in dy2J/dy2J mice [1, 4-8]. 

   We have previously performed transcriptional and proteomic profiling of LAMA2-CMD 

mouse muscles and found that a majority of the dysregulated genes and proteins are involved in 

various metabolic processes, indicating a metabolic crisis in LAMA2-CMD muscles [9, 10]. More 

recently, a metabolic impairment, with reduced mitochondrial respiration and enhanced glycolysis 

was observed in human laminin α2-chain deficient muscle cells [11]. Insufficient mitochondrial 

respiration in turn, enhances the formation of reactive oxygen species (ROS), which long have been 

suggested to be major contributors to muscle damage in dystrophic muscles [12]. However, whether 

ROS levels are augmented in LAMA2-CMD remains to be determined. 

   Given the potentially important effect of ROS on muscle damage in dystrophic muscles, 

antioxidant treatment to reduce the oxidative stress has been postulated as a promising approach to 

improve muscle health [13, 14]. N-acetylcysteine (NAC) is a compound with strong antioxidant 

properties. In addition to directly functioning as a scavenger of ROS, NAC also acts indirectly as an 

antioxidant (as a precursor to the amino acid cysteine that is required for the biosynthesis of the 

cellular antioxidant glutathione) [15]. Importantly, NAC is considered a safe drug and has long been 

used to treat acetaminophen overdose and to thin out mucus in individuals with cystic fibrosis [16, 

17]. NAC is also emerging as a treatment for a wide range of medical conditions including psychiatric 

and neurological disorders [18]. Vitamin E is another compound with antioxidant activity. It has been 

demonstrated to promote plasma membrane repair acting as a membrane-based antioxidant [19]. 

Also, it has been shown to have a close relationship with muscle health as vitamin E-deficiency is 

associated with muscle weakness, loss of muscle strength and myopathy [20, 21]. 

   The aim of the present study was to determine whether ROS levels are increased in LAMA2-

CMD muscle and to evaluate the possible protective roles of NAC and vitamin E, respectively, against 

ROS-induced muscle damage in dy2J/dy2J mice. More specifically, we analyzed the effects of NAC and 

vitamin E on muscle strength, muscle morphology, apoptosis, inflammation, fibrosis and ROS levels. 
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2. Materials and Methods  

2.1. Animals 

   Heterozygous dy2J/dy2J (B6.WK-Lama2dy-2J/J) mice were obtained from Jackson Laboratory 

and bred and maintained in the Biomedical Centre, Lund University animal facility according to 

institutional animal care guidelines. All experimental procedures involving animals were approved 

by the Malmö/Lund (Sweden) ethical committee for animal research (ethical permit number 5.8.18-

02255/2017) in accordance with guidelines issued by the Swedish Board of Agriculture. The animals 

were maintained at 22 ± 2°C with a regular light-dark cycle (light on from 6:00 am to 6:00 pm) and 

had free access to food and water. The diet consisted of 51.2% carbohydrate, 22% protein and 4.25% 

fat (Special Diet Services). Three-week-old mice were subdivided into WT control, WT NAC-treated, 

dy2J/dy2J control and dy2J/dy2J NAC-treated. Similarly, 3-week-old mice were subdivided into WT 

control, WT vitamin E-treated, dy2J/dy2J control and dy2J/dy2J vitamin E-treated. 

 

2.2. Human tissues 

   Different muscles from both control individuals (age ranged between 2.5 months to 33 years) 

and patients (age ranged between 22 days to 29 years) were biopsied (Table 1). Cryo-sections were 

kindly provided by Maud Beuvin and Dr Norma B Romero from the Neuromuscular Morphological 

Unit (Myology Institute, Paris, France). 

Table 1. Details of control individuals and patients including biopsy site, age at biopsy, the size of 

dihydroethidium (DHE)-positive areas in percentage of total section size. 

 

INDIVIDUAL 

 

MUSCLE 

AGE 

AT 

BIOPSY 

DHE 

POSITIVE 

AREA 

(%) 

LAMA2 

MUTATION 

LAMININ 

Α2- 

DEFICIENCY 

 

 

 

 

 

Patients 

 

Quadriceps 4 years 4.94 Unknown Partial 

Unknown 17 

years 

5.27 Unknown Complete 

Unknown 22 days 10.55 Homo 

c.2208+2T>C 

Complete 

Radial 

forearm 

29 

years 

4.23 Homo 

c.2230C>T 

Partial 

Deltoide 2 years 6.42 Unknown Complete 

Deltoide 3.5 

years 

10.27 Unknown Complete 

 

Controls 

Radial 

forearm 

33 

years 

3.56 - - 

Quadriceps 17 

years 

3.10 - - 

Vastus 2 

months 

2.34 - - 

Unknown 2.5 

years 

1.88 - - 

 

2.3. Treatments 

   NAC (A9165 Sigma-Aldrich) was dissolved in saline (0.9%) and administrated by 

intraperitoneal injections six times a week at 150 mg/kg body weight for 22 days. In addition, control 

animals received standard control solution (0.9% saline) for the same duration of time. 
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   Vitamin E 100 mg dl-α-tocopherol acetate (Meda AB, Solna) was administrated by oral 

gavage six times a week at 40 mg/kg body weight for 14 days. Control animals received standard 

control solution (0.9% saline) by oral gavage for 14 days. Initial body weights were recorded at the 

beginning of the treatment and final body weights were recorded before the animals were sacrificed. 

 

2.4. Stand ups and grip strength 

   After the last day of treatment, stand-ups and grip strength analyses were performed. Each 

mouse was placed into a new cage and allowed to explore the cage for five minutes and the number 

of full stand-ups on hindlimbs were counted for each individual animal. 

Forelimb grip strength was measured on a grip-strength meter (Columbus Instruments, 

Columbus, OH) as previously described [22]. In short, each mouse was held by the base of the tail 

and allowed to grasp the horizontal pull bar with its forepaws and then each mouse was gently pulled 

away by its tail until it released the pull bar. The test for each animal was repeated 5 times with 30 

seconds rest in between each measurement. The two lowest values were rejected and the mean of the 

three highest values was counted. Animals were not subjected to any training prior to the experiment. 

Relative grip strength was calculated as force divided by final body weight [23]. 

 

2.5. Tissue collection 

   Mice were sacrificed by cervical dislocation. Thereafter, tissues (quadriceps, triceps and 

diaphragm muscles and liver) were carefully dissected and weighed. 

 

2.6. Histology and immunohistochemistry 

   For morphometric analyses, quadriceps and triceps muscles were either embedded in OCT 

compound (Tissue-Tek) and frozen in liquid nitrogen or embedded in paraffin. Paraffin-embedded 

specimens were sectioned using a microtome (5 μm) (Microm H355) and OCT embedded sections 

were sectioned using a cryostat (7 μm) (Microm HM 560). Paraffin sections were stained with 

hematoxylin and eosin (H&E) and cryo-sections were subjected to immunostaining. Thereafter, H&E-

stained cryo-sections were scanned using an Aperio ScanScope CS2 scanner with ScanScope console 

version 8.2.0.1263. Central nucleation was quantified using ImageJ software version 1.43u, Cell 

Counter plug-in (NIH). The percentage of central nuclei was calculated by counting all the fibers in 

quadriceps and triceps cross-sections. 

   In addition, the cross-sectional area of WGA-stained muscle fibers was measured using 

Image J on cryo-sections of stained muscle fibers. At least 1000 fibers per quadriceps and triceps were 

analyzed. 

Immunohistochemistry was performed as previously described [24] using a monoclonal 

antibody against CD11b (rat monoclonal M1/70,1:250, BD Pharmingen), anti-4 hydroxynonenal 

(4HNE) antibody (rabbit polyclonal ab46545, 1:200, Abcam) and caspase-3 antibody (mouse 

monoclonal, 1/100, CPP32, BD Transduction Laboratory) on cryo-sections. To visualize the cell 

membrane, biotinylated WGA or laminin γ1 chain antibody (rat monoclonal 1/200, MAB 1914, 

Chemicon) were used. The secondary antibody was goat anti-mouse IgG 546 (Thermo Fisher 

Scientific) for CD11b and donkey anti-rabbit IgG 488 (Thermo Fischer Scientific) for 4HNE. The slides 

were analyzed by Zeiss Axioplan fluorescence microscope (Zeiss) and images were captured using 

an ORCA 1394 ER digital camera (Hamamatsu Photonics) and Openlab software version 4 

(Improvision). For quantification of CD11b and 4HNHE immunostaining, ImageJ software was used. 

The area corresponding to CD11b or 4HNE labelling was quantified relative to the entire area of the 

cross-section.  

 

2.7. Morphometric evaluation of fibrosis by Fast Green and Sirius Red staining 

   For collagen quantification, quadriceps and triceps cryo-sections (8 µm) were stained with 

Fast Green and Sirius Red dye combination. Sirius Red binds selectively to fibrillary collagens, 

whereas Fast Green binds to non-collagenous proteins, making it easy to distinguish collagen from 

other non-collagenous proteins. Firstly, slides were fixed for 1 hour in Bouins Solution at 55°C, 

stained with Fast Green (10 minutes at room temperature), dipped 10 times in distilled water and 
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then incubated in 0.1% Picro Sirius Red for 30 minutes (Sigma-directed red 80 in saturated aqueous 

picric acid). Slides were then dehydrated in three changes of increasing ethanol concentrations (70, 

95 and 100%) for 2 minutes per change. Lastly, slides were cleared in xylene (2 minutes) and 

coverslips were mounted onto the slides using Pertex mounting medium (Histolab, 00840). Sirius Red 

positive areas were quantified using ImageJ and presented as percentage of total section area. 

 

2.8. Colorimetric evaluation of fibrosis by Fast Green/Sirius Red staining 

   As Fast Green and Sirius Red, respectively, absorb light at different wavelengths, the optical 

density (OD) of the extracted dyes can be used to calculate the collagen/protein ratio of the sample. 

The quantification procedure was performed according to the manufacturer’s protocol. In summary, 

paraffin-embedded quadriceps and triceps muscles were cut into sections (15 µm) and were then 

transferred to a 5 ml tube. Sections were deparaffinised after being incubated in xylene (5 minutes), 

xylene: ethanol (1:1) (5 minutes), 100% ethanol (5 minutes), water: ethanol (1:1) (5 minutes) and water 

(5 minutes). The water was removed and sections were incubated in 0.1% Fast Green and 0.1% Sirius 

Red for 30 minutes under rotation in room temperature. The fluid was then removed and the sections 

were rinsed several times until the rinsing fluid became colourless. The stains were then eluted by 

adding a volume of 1:1 mixture of NaOH and 100% methanol for 2 minutes. The eluted dyes were 

transferred to a 96-wellplate and the absorbance was read at 540nm (red) and 605 nm (green) by a 

spectrophotometer. The amount of collagen and non-collagenous proteins was then calculated. The 

corrected absorbance was calculated by subtracting the value corresponding to 29.1% of the OD at 

605 nm from the absorbance 540 nm. In order to measure the collagen and non-collagenous protein, 

the absorbance at 605 nm and the corrected absorbance at 540 nm were divided by their respective 

colour equivalence (2.08 and 38.4).  

 

2.9. Dihydroethidium staining for ROS detection 

   Dihydroethidium (DHE), a commonly used indicator of ROS production is oxidized by ROS, 

forming ethidium that fluoresces red when intercalated with DNA. To determine the levels of ROS, 

quadriceps and triceps muscle sections were incubated with DHE (D7008, Sigma-Aldrich) for 30 

minutes at 37°C. In brief, 5 mM DHE was applied to the muscle sections and thereafter in situ 

fluorescence was assessed using fluorescence microscopy. DHE staining was quantified by 

measuring pixels exceeding a specified threshold, which was set in order to eliminate interference 

from any background fluorescence. The whole cross-section area was used for quantification and the 

percentage of area with positive staining was calculated. In patients, whole muscle biopsies were 

quantified. 

 

2.10. Real time PCR analysis 

   RNA isolation was performed by using RNeasy Fibrous Tissue Kit QIAGEN according to 

manufacturer’s recommendations. First-strand cDNA was synthesized from total RNA (0.8 μg) with 

oligonucleotide dT15 primers and random primers p(dN)6 by use of First Strand cDNA synthesis kit 

(Roche). Real time-PCRs were performed using Light Cycler 480 SYBR Green Master I (Roche) and 

were analyzed by Light Cycler 480 SW 1.5 software (Roche). Primers used in our experiments were 

from Sigma (KiCqStart SYBR Green Primers). Amplification conditions consisted of 5 seconds of 

denaturation at 94°C, 9 seconds of annealing at 55–60°C and 9 seconds of extension at 72°C for each 

step for 45 cycles. The relative amount of all mRNAs was calculated using the comparative CT 

method (Ct). Rplp0 was used as the invariant control [25]. 

 

2.11. Statistical analysis and data availability 

   All statistical analyses were performed with GraphPad Prism software version 8. All 

experimental data are presented as means ± S.E.M. Statistical analysis of the data were performed by 

mean of one-way analysis of variance (ANOVA) using non-parametric test with Dunn’s post hoc test 

for comparison of treatment effects when comparing differences between more than two groups or 

by Mann Whitney unpaired t-test when only two groups were used for an experiment. Statistical 

significance was considered for p values lower than 0.05. The datasets generated during and/or 
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analyzed during the current study are available from the corresponding author on reasonable 

request. 

3. Results 

3.1. Significantly increased ROS levels in skeletal muscles of dy2J/dy2J mice and LAMA2-CMD 

patients 

   To analyze ROS levels in dy2J/dy2J muscle at early stages of disease, we used dihydroethidium 

(DHE) and an antibody against 4-hydroxynonenal (4HNE). DHE is oxidized by ROS, forming 

ethidium that fluoresces when intercalated with DNA while 4HNE is a marker for lipid peroxidation 

and thus detects ROS-caused alteration of macromolecules. We found significantly enhanced ROS 

levels in 2- and 3-week-old dy2J/dy2J quadriceps muscle (Figure. 1A-D, (Supplementary Material S1)). 

We observed that the brightest positive areas in dy2J/dy2J quadriceps and triceps muscles occurred in 

densely packed areas, most likely corresponding to infiltrating inflammatory cells as these cells also 

produce significant amounts of ROS [26]. 

   ROS levels were also higher in LAMA2-CMD patient muscle biopsies (Figure. 1E) compared 

with control individuals’ muscle where the percentage of DHE-positive areas was lower (Figure. 1F). 

In biopsies from patients’ number 2, 3, 5 and 6, all with complete laminin α2-deficiency, we observed 

a larger DHE-positive area as opposed to those from patients’ number 1 and 4 with partial laminin 

α2-deficiency (Table 1, Figure. 1G). 

   To summarize, we demonstrate that ROS levels are significantly augmented in LAMA2-CMD 

skeletal muscles. 

 

Figure 1. (A, B): dihydroethidium (DHE)- and 4-hydroxynonenal (4HNE)-positive areas in 

quadriceps muscles of 2- and 3- week old animals; (C) Representative DHE staining of four control 

individuals (C1-C4); (D) Representative DHE staining of the six patients (P1-P6); (E) DHE-positive areas 

in four control individuals and six patients. Results are expressed as mean ± SEM in 5 WT and 6 

dy2J/dy2J (DHE staining, 2-week-old mice), 4 WT and 6 dy2J/dy2J (DHE staining, 3-week-old mice), 4 WT 

and 4 dy2J/dy2J (4HNE staining, 2-week-old animals), 5 WT and 5 dy2J/dy2J (4HNE staining 3-week-old 

animals). *P <0.05, **P <0.01, ***P <0.001 and****P <0.0001. Bar: 50 μm. 
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3.2. Muscle force loss is prevented by NAC treatment 

   Since the production of ROS was increased in mouse and human LAMA2-CMD muscles we 

envisaged that antioxidant treatment could improve muscle function and morphology. Thus, we 

administered NAC systemically and vitamin E by oral gavage, to 3-week-old dy2J/dy2J animals. NAC 

treatment continued for 22 days and vitamin E treatment for 14 days. NAC-treated animals were thus 

6-week-old at time of sacrifice, while vitamin E-treated animals were 5-week-old. The initial body 

weights of the different groups (WT, WT NAC, dy2J/dy2J, dy2J/dy2J NAC and WT, WT vitamin E, 

dy2J/dy2J, dy2J/dy2J vitamin E) were very similar and we did not notice any significant difference in the 

final body weight between the different groups of mice (Supplementary Material S2). 

   Nevertheless, we separately analyzed quadriceps, triceps, diaphragm and liver weights after 

treatment. There was a significant decline in quadriceps and triceps (but not diaphragm) muscle mass 

in 6-week-old dy2J/dy2J mice and NAC treatment slightly increased the weight of quadriceps muscles 

(but statistically non-significant). We noticed a significant reduction in liver weight in NAC-treated 

WT animals but not in NAC-treated dy2J/dy2J mice (Supplementary Material S3A). No significant 

differences in tissue weights were observed in 5-week-old dy2J/dy2J mice and vitamin E had no further 

impact on final tissue weight (Supplementary Material S3B). 

   As previously described, we observed a decrease in dy2J/dy2J forelimb grip strength at six 

weeks of age [25, 27] (Figure. 2A, 2C). Notably, NAC treatment significantly prevented grip strength 

reduction in dy2J/dy2J mice (Figure. 2A). In contrast, vitamin E did not prevent forelimb grip strength 

decline compared to untreated dy2J/dy2J mice (Figure. 2C). The number of stand-ups was significantly 

decreased in 6-week-old dy2J/dy2J mice (Figure. 2B) but not in 5-week-old dy2J/dy2J mice (Figure. 2D). 

Neither NAC nor vitamin E prevented muscle strength that is reflected by the number of stand ups 

(Figure. 2B). 

 

 

Figure 2. (A, C): Relative forelimb grip strength. Calculations were done by dividing force (KgF) by 

final body weight in grams. Results are expressed as % relative grip strength in 8 WT, 10 WT N-acetyl-

L-cysteine (NAC), 5 dy2J/dy2J, 6 dy2J/dy2J NAC and 11 WT, 8 WT vit E, 5 dy2J/dy2J and 6 dy2J/dy2J vit E; (B) 

Number of stand ups in 10 WT, 11 WT NAC, 5 dy2J/dy2J, 6 dy2J/dy2J NAC and (D) 11 WT, 7 WT vit E, 5 

dy2J/dy2J, 6 dy2J/dy2J vit E. *P <0.05, **P <0.01, ***P <0.001 and ****P <0.0001. 

   All in all, these data suggest that NAC treatment  prevents grip strength decline in dy2J/dy2J 

muscle. Importantly, neither IP injections of NAC nor oral gavage vitamin E administration affected 

body weights of animals. 

 

3.3. Skeletal muscle histology is preserved by both NAC and vitamin E treatment 

   The evaluation of H&E-stained dy2J/dy2J quadriceps and triceps sections revealed typical 

muscular dystrophy characteristics with fiber degeneration/regeneration (evidenced by central 

nucleation), fiber size variability and mononuclear cell infiltration (Figure. 3A, 3C). The proportion 

of centrally nucleated myofibers was significantly amplified in 5- and 6-week-old dy2J/dy2J quadriceps 
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and triceps muscles. Remarkably, NAC-treatment as well as vitamin E-treatment significantly 

reduced the number of fibers with centrally located nuclei (Figure. 3A-3D). 

 

Figure 3. (A) Representative hematoxylin and eosin-stained quadriceps and triceps muscle sections 

(NAC treatment); (B) Number of centrally nucleated myofibers in 8 WT, 10 WT NAC, 5 dy2J/dy2J, 6 

dy2J/dy2J NAC quadriceps and triceps muscles. Results are expressed as mean ± SEM. *P <0.05, **P 

<0.01, ***P <0.001 and ****P <0.0001; (C) Representative hematoxylin and eosin-stained quadriceps and 

triceps muscle sections (vitamin E treatment); (D) Number of centrally nucleated fibers in 6 WT, 5 WT 

vit E, 5 dy2J/dy2J, 5 dy2J/dy2J vit E in quadriceps and triceps muscles. Results are expressed as mean ± 

SEM. *P <0.05, **P <0.01, ***P <0.001 and ****P <0.0001. Bars: 100 μm. 

 

   In 6-week-old dy2J/dy2J quadriceps muscle, the percentage of small fibers (cross sectional areas 

in the range of 0 to 500 μm2) was significantly increased while the percentage of fibers between 1500-

3000 μm2 and larger than 3500 μm2 was significantly decreased, compared to WT counterparts. NAC 

treatment reduced the proportion of fibers in the 0-500 μm2 interval and increased the proportion of 

fibers larger than 3500 μm2 (Supplementary Material S4A). In contrast, NAC did not significantly 

affect fiber size distribution in dy2J/dy2J triceps muscle. Also, in 5-week-old dy2J/dy2J quadriceps muscle, 

the percentage of fibers with cross sectional areas in the range of 0 to 500 μm2 was significantly 

increased while the percentage of fibers in the range of 1000-1500 μm2 was significantly decreased. 

Vitamin E treatment normalized the proportion of small fibers (0-500 μm2) in quadriceps muscle 

(Supplementary Material S4C) but did not affect fiber size distribution in dy2J/dy2J triceps muscles 

(Supplementary Material S4D). 

   In summary, these data indicate that NAC and vitamin E treatments both improve dy2J/dy2J 

skeletal muscle morphology. 

 

3.4. Fibrosis is prevented in NAC treated dy2J/dy2J muscles 

   One of the typical characteristics of laminin α2 chain-deficiency is pathological fibrosis, 

which has been shown to be increased 2.5-fold in dy2J/dy2J quadriceps and triceps muscles compared 

with wild-type muscles [27]. We measured fibrosis by both morphometric and colorimetric 

evaluation of Fast Green and Sirius Red-stained sections. Strikingly, NAC treatment prevented the 

development of fibrosis in dy2J/dy2J in both quadriceps and triceps muscles (Figure. 4A, B, D). Vitamin 
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E treatment, however, did not prevent fibrosis development in dy2J/dy2J quadriceps and triceps 

muscles (Figure. 4C, E, Supplementary Material S5). 

 

 

Figure 4. (A) Representative Fast Green and Sirius Red-stained quadriceps muscle sections. Bar: 100 

µm; (B) Collagen content in 6 WT, 10 WT NAC, 8 dy2J/dy2J, 6 dy2J/dy2J NAC quadriceps and 5 WT, 10 

WT NAC, 7 dy2J/dy2J, 6 dy2J/dy2J NAC triceps muscles. *P <0.05, **P <0.01, ***P <0.001 and ****P <0.0001; 

(C) Collagen content in 5 WT, 6 WT vit E, 5 dy2J/dy2J, 5 dy2J/dy2J vit E quadriceps and triceps muscles. 

Quantitative analysis of collagen content (fibrosis area) in (D) 4 WT, 5 WT NAC, 5 dy2J/dy2J, 4 

dy2J/dy2J NAC quadriceps and 4 WT, 4 WT NAC, 3 dy2J/dy2J, 3 dy2J/dy2J NAC triceps muscles and (E) 5 

WT, 4 WT vit E, 5 dy2J/dy2J, 4 dy2J/dy2J vit E quadriceps and 4 WT, 4 WT vit E, 4 dy2J/dy2J, 3 dy2J/dy2J vit E 

triceps muscles; (F and G) qPCR analysis of genes related to fibrotic tissue build-up; (F) Expression of 

Fn1 encoding fibronectin in quadriceps and triceps muscles; (G) Expression of Col3a1 encoding the 

α1-chain of collagen III in quadriceps and triceps muscles. Results are expressed as mean ± SEM and 

are expressed as fold change of WT in 5 WT, 5 WT NAC, 4 dy2J/dy2J and 6 dy2J/dy2J NAC. *P <0.05, **P 

<0.01, ***P <0.001 and ****P <0.0001. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 January 2020                   doi:10.20944/preprints202001.0326.v1

Peer-reviewed version available at Antioxidants 2020, 9, 244; doi:10.3390/antiox9030244

https://doi.org/10.20944/preprints202001.0326.v1
https://doi.org/10.3390/antiox9030244


   To further analyze connective tissue infiltration, we measured the relative gene expression 

of fibrosis-related genes Fn1 (encoding fibronectin) and Col3a1 (encoding the α1 subunit of collagen 

III) in quadriceps and triceps muscles. We found that the expression of Fn1 was significantly 

increased in dy2J/dy2J quadriceps and triceps muscles. NAC treatment significantly inhibited the 

upregulation of Fn1 expression level in quadriceps but not in triceps muscle (Figure. 4F). Col3a1 gene 

expression was also greatly increased in dy2J/dy2J quadriceps muscle but not in dy2J/dy2J triceps muscle. 

NAC-treatment only slightly (but statistically non-significant) prevented the upregulation of Col3a1 

expression level in dy2J/dy2J quadriceps muscle (Figure. 4G). Unlike NAC, vitamin E treatment did not 

modulate gene expression of Fn1 or Col3a1 in dy2J/dy2J quadriceps muscle (data not shown). 

   In short, these data show that NAC in particular prevents fibrosis in treated dy2J/dy2J skeletal 

muscle. 

 

3.5. Inflammation and increased ROS levels are prevented in response to NAC and vitamin E 

   Since inflammation is recognized as a critical driver of disease pathology in many muscular 

dystrophies including LAMA2-CMD [28, 29], we assessed the inflammatory response in treated and 

non-treated animals. We observed a significant increase of the CD11b-positive area (macrophages, 

monocytes, NK cells and granulocytes) in 5- and 6-week-old dy2J/dy2J quadriceps and triceps muscle 

(Figure 5A-C, Supplementary Material S6). 

 

Figure 5. (A) Representative CD11b-stained quadriceps muscle sections; (B) Quantification of CD11b-

stained areas in 7 WT, 9 WT NAC, 5 dy2J/dy2J, 6 dy2J/dy2J NAC quadriceps and triceps muscles; (C) 

CD11b-positive areas in 5 WT, 6 WT vit E, 5 dy2J/dy2J, 5 dy2J/dy2J vit E quadriceps and triceps muscles. 

*P <0.05, **P <0.01, ***P <0.001 and ****P <0.0001. Bar: 50 μm. 

   Notably, NAC significantly inhibited the development of CD11b-positive areas in quadriceps 

and triceps muscles (Figure. 5A, B). Vitamin E also prevented inflammation, but only in quadriceps 

muscle (Figure. 5C, Supplementary Material S6). 

   ROS levels (detected by DHE staining) were also enhanced in 5- and 6-week-old dy2J/dy2J 

quadriceps and triceps muscle and NAC treatment significantly decreased the DHE-positive area in 

both quadriceps and triceps muscles (Figure. 6A, B). Additionally, vitamin E treatment inhibited ROS 

formation in quadriceps but not in triceps muscles (Figure. 6C, Supplementary Material S7).  
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Figure 6. (A) Representative DHE-stained quadriceps muscle sections; (B) Quantification of DHE-

positive areas in 6 WT, 6 WT NAC, 5 dy2J/dy2J, 6 dy2J/dy2J NAC quadriceps and triceps muscles; (C) 

DHE-positive areas in 6 WT, 5 WT vit E, 5 dy2J/dy2J, 5 dy2J/dy2J vit E quadriceps and triceps muscles. *P 

<0.05, **P <0.01, ***P <0.001 and****P <0.0001. Bar: 50 μm. 

   Altogether, these data imply that both NAC and vitamin E are able to prevent inflammation 

and ROS production in dy2J/dy2J skeletal muscles. 

   We also assessed the expression of antioxidant-related genes including Gclc, encoding 

glutamate-cysteine ligase catalytic subunit; Hmox1, encoding heme oxygenase-1; Nqo1 encoding 

NAD(P)H quinone oxidoreductase and Txn1, encoding thioredoxin reductase 1. Gclc expression was 

significantly reduced in both dy2J/dy2J quadriceps and triceps muscle and NAC significantly restored 

Gclc expression in dy2J/dy2J quadriceps muscle (and to a lesser extent in triceps). Hmox1 expression 

showed a trend toward reduction in dy2J/dy2J triceps muscles and NAC slightly increased the 

expression. Nqo1 expression was significantly reduced in dy2J/dy2J triceps muscle and NAC slightly 

(but statistically non-significant) increased Nqo1 expression. Finally, Txn1 expression did not differ 

between the groups (Supplementary Material S8). 

 

3.6. Apoptosis is prevented upon NAC treatment 

   As apoptosis contributes to the disease progression of LAMA2-CMD [30, 31], we analyzed 

the number of apoptotic fibers in skeletal muscle sections. The number of caspase-3- positive fibers 

(expressing caspase-3 and pro-caspase-3 proteins) was significantly increased in both quadriceps and 

triceps muscle of 5- and 6-week-old dy2J/dy2J mice (Figure. 7A-C). NAC treatment significantly 

reduced the number of positively stained fibers in both muscles (Figure. 7A, B) while vitamin E 
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treatment only slightly decreased the amount of caspase-3-positive fibers in dy2J/dy2J quadriceps 

muscle (Figure. 7C). 

 

Figure 7. (A) Representative caspase-3-stained quadriceps muscle sections; (B) The number of 

myofibers positively stained for caspase-3 (green colour) in 5 WT, 6 WT NAC, 7 dy2J/dy2J, 5 dy2J/dy2J 

NAC quadriceps and 5 WT, 5 WT NAC, 9 dy2J/dy2J and 5 dy2J/dy2J NAC triceps muscles; (C) The number 

of muscles fibers positively stained with caspase-3 (green colour) in 5 WT, 4 WT vit E, 5 dy2J/dy2J, 4 

dy2J/dy2J vit E quadriceps and 5 WT, 4 WT vit E, 5 dy2J/dy2J and 4 dy2J/dy2J vit E triceps muscles. *P <0.05, 

**P <0.01, ***P <0.001 and ****P <0.0001. Bar: 50 μm. 
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4. Discussion 

   Despite significant development of successful genetic and pharmacological preclinical 

treatment strategies in mice there is still no cure for LAMA2-CMD, the second-most common form 

of congenital muscular dystrophy [1, 32, 33]. We here demonstrate increased ROS production in 

LAMA2-CMD mouse and patient skeletal muscle. Patients with complete laminin α2-deficiency 

show larger DHE-positive areas in skeletal muscle as opposed to patients with partial laminin α2-

deficiency. In general, patients with complete deficiency have a more severe form of LAMA2-CMD 

[30] and thus, a correlation between the ROS levels and severity may exist although more samples 

would be required to confirm this hypothesis. 

   We further show that separate treatment with two antioxidant drugs (both approved for 

human use) prevents muscular dystrophy progression in the dy2J/dy2J mouse model of LAMA2-CMD. 

NAC has been shown to be a very effective antioxidant preventing respiratory muscle weakness and 

fatigue following exposure to chronic sustained hypoxia [34] and chronic intermittent hypoxia [35]. 

Administration of NAC also led to a decrease in oxidative stress markers including protein 

carbonylation and improved the cardiac function in a model of LMNA cardiomyopathy [36]. 

Additionally, several studies show the benefits of NAC as a potential therapeutic treatment for 

Duchenne muscular dystrophy, using dystrophic dystrophin-deficient mdx mice [37-40]. However, 

frequent side effects of NAC comprise nausea and vomiting when taken orally [41]. Indeed, previous 

studies reported significantly lower body weights (mdx and C57 mice) and reduced liver (C57 mice) 

and muscle weights (mdx mice) in NAC-treated mice, which could arise from cysteine toxicity [38]. 

We administered NAC with IP-injections and did not observe reduced body weight or muscle weight 

but a significantly lower liver weight of NAC-treated WT mice (but not in NAC-treated dy2J/dy2J mice). 

Moreover, we demonstrate that NAC treatment improves grip strength and morphological features 

in skeletal muscles as well as preventing the development of fibrosis, inflammation and ROS levels 

increase in dy2J/dy2J mice. One feature that was not improved by NAC was the number of stand-ups 

and this may be due to the fact that NAC only had little effect on the peripheral nervous system in 

dy2J/dy2J mice. In patients, mild neuropathic changes may be detected [29] but nerve conduction 

velocities are also normal in some cases of LAMA2-CMD. Nonetheless, we propose that NAC is a 

potential therapeutic strategy for LAMA2-CMD. Interestingly, a Phase Pilot Trial II-III with NAC in 

SEPN1-related myopathy was initiated in 2015 [42] but the results of this trial (SELNAC 

NCT02505087) have not been reported yet. 

   Vitamin E is a lipid-soluble nutrient with potent phospholipid-directed antioxidant activity 

[43] and is also considered to be a cytoprotective factor in preventing inflammatory and degenerative 

processes [44]. Interestingly, vitamin E had some beneficial effects (reduced central nucleation, 

prevented inflammation and ROS levels increase) in dy2J/dy2J quadriceps muscles but some features 

such as fibrosis and grip strength were not affected. Thus, NAC-treatment had more profound effects 

than vitamin E. Vitamin E supplementation has also been evaluated in dystrophin-deficient mice. A 

two-week supplementation of vitamin E in mdx mice diminished inflammation and oxidative stress 

in diaphragm muscle [45]. In 1960 there was a clinical trial of high dosage of vitamin E in human 

muscular dystrophy patients, but it was concluded that vitamin E did produce a positive response 

compared with placebo [46]. In contrast, a double-blind randomized controlled clinical trial showed 

that vitamin E, vitamin C, selenium and zinc supplementation improved skeletal muscle function by 

reducing oxidative stress and enhancing the antioxidant defenses in patients with 

facioscapulohumoral dystrophy [47].  

   Several other compounds already approved for human use have been evaluated in different 

mouse models of LAMA2-CMD and include for example omigapil (tested in dyW/dyW and dy2J/dy2J 

mice) [48]; doxicycline (tested in dyW/dyW) [49]; bortezomib (tested in dy3K/dy3K and dy2J/dy2J) [29, 22]; 

losartan and a losartan-derivative (tested in dyW/dyW and dy2J/dy2J) [50-52]; metformin (tested in 

dy2J/dy2J) [25], prednisolone (tested in dy/dy ) [53] and clenbuterol (tested in dy/dy) [54]. It should be 

noted that these drugs only partially ameliorate disease (although it is incredibly difficult to compare 
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studies that were performed in different mouse models, in different laboratories and with different 

outcome measures). Similarly, neither NAC nor vitamin E target the primary genetic defect and they 

are not expected to completely cure LAMA2-CMD. Instead, antioxidant treatment strategies could 

be used as supportive treatments that may improve many of the pathological symptoms in LAMA2-

CMD. Moreover, a combinatorial treatment that works through diverse mechanisms might also 

prove to be more efficient than any single treatment [55-57]. Also, it would be interesting to test NAC 

in combination with vitamin E and evaluate more long-term effects of the two compounds. It should 

further be mentioned that some of the drugs mentioned above have limits as pharmaceutical 

treatment of LAMA2-CMD, since deleterious effects upon long-term administration in humans have 

been noted (e.g. doxycycline and bortezomib). NAC, on the other hand, has been FDA-approved for 

children since 1963 and has a long-established safety record [58, 59] and benefits in a wide range of 

diseases [60-63]. Vitamin E also has been also safely used in children with different diseases for years 

[64, 65]. 

   In summary, we recommend evaluating the efficacy and safety of NAC and vitamin E, 

respectively, in humans with LAMA2-CMD. 
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Supplementary Materials 

   Figure S1: Representative DHE-stained and 4HNE-stained quadriceps muscle sections, Figure S2: Initial body 

weight (IBW) and final body weight (FBW) prior and after NAC and vitamin E treatments, Figure S3: Muscle 

and liver weights after the treatments, Figure S4: Cross-sectional area of quadriceps and triceps myofibers in 

NAC and vitamin E treated animals, Figure S5-7: Representative Fast Green and Sirius Red-stained, CD11-

stained and DHE-stained quadriceps muscle of vitamin E treatment groups, Figure S8: qPCR analysis of genes 

linked to oxidative stress in quadriceps and triceps muscles. 

 

Author Contributions 

   Individual contributions of the authors: conceptualization, V.M.H., M.D and V.A.; methodology, V.M.H., 

B.M.O. and C.C.F.O.; software, validation, formal analysis, data curation, visualization, V.M.H.; investigation, 

V.M.H., B.M.O., AF and C.C.F.O; resources, funding acquisition MD.; writing—original draft preparation, 

V.M.H.; writing—review and editing, V.M.H., M.D., V.A.; supervision, V.M.H., M,D.; project administration, 

V.M.H and M.D. All authors have read and agreed to the published version of the manuscript. 

Funding 

   This work was generously funded by Royal Physiographic Society in Lund, Conselho Nacional de 

Desenvolvimento Científico e Tecnológico (CNPq), The Swedish Research Council, Anna and Edwin Berger 

Foundation, Greta and Johan Kock Foundation, Österlund Foundation and Tore Nilsson Foundation. 

 

Acknowledgments 

   We gratefully thank Dr Kinga Gawlik for the critical reading of the manuscript and her technical assistance. 

We also acknowledge Maud Beuvin and Dr Norma B Romero from the Neuromuscular Morphological Unit 

(Myology Institute, Paris, France) for providing human muscle cryo-sections. 

 

Conflicts of Interest 

   The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, 

analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 January 2020                   doi:10.20944/preprints202001.0326.v1

Peer-reviewed version available at Antioxidants 2020, 9, 244; doi:10.3390/antiox9030244

https://doi.org/10.20944/preprints202001.0326.v1
https://doi.org/10.3390/antiox9030244


 

References 

1. Durbeej, M. Laminin-alpha2 Chain-Deficient Congenital Muscular Dystrophy: Pathophysiology and 

Development of Treatment. Curr. Top. Membr. 2015, 76, 31-60. 

 

2. Patton, B.L.; Miner, J.H.; Chiu, A.Y; Sanes, J.R. Distribution and function of laminins in the neuromuscular 

system of developing, adult, and mutant mice. J. Cell. Biol. 1997, 139, 1507-1521. 

 

3. Petrof, B.J.; Shrager, J.B.; Stedman, H.H.; Kelly, A.M.; Sweeney, H.L. Dystrophin protects the sarcolemma 

from stresses developed during muscle contraction. Proc. Natl. Acad. Sci. U S A. 1993, 90, 3710-3714. 

 

4. Gawlik, K.I.; Durbeej, M. Skeletal muscle laminin and MDC1A: pathogenesis and treatment strategies. 

Skelet. Muscle. 2011, 1, 9. 

 

5. Miyagoe, Y.; Hanaoka, K.; Nonaka, I.; Hayasaka, M.; Nabeshima, Y.; Arahata, K.; Nabeshima, Y.; Takeda, 

S. Laminin alpha2 chain-null mutant mice by targeted disruption of the Lama2 gene: a new model of 

merosin (laminin 2)-deficient congenital muscular dystrophy. FEBS. letters. 1997, 415(1):33–9. 

 

6. Xu, H.; Wu, X.R.; Wewer, UM.; Engvall, E. Murine muscular dystrophy caused by a mutation in the laminin 

alpha 2 (Lama2) gene. Nat. Genet. 1994, 8(3):297–302. 

 

7. Sunada, Y.; Bernier, S.M.; Utani, A.; Yamada, Y.; Campbell, K.P. Identification of a novel mutant transcript 

of laminin alpha 2 chain gene responsible for muscular dystrophy and dysmyelination in dy2J mice. Hum 

Mol. Genet. 1995, 4(6):1055–61. 

 

8. Pasteuning-Vuhman, S.; Putker, K.; Tanganyika-de Winter, C.L.; Boertje-van der Meulen, J.W.; van Vliet, 

L.; Overzier, M.; Plomp, J.J.; Aartsma-Rus, A.; van Putten, M. Natural disease history of the dy2J mouse 

model of laminin alpha2 (merosin)-deficient congenital muscular dystrophy. PLoS One. 2018, 13, e0197388. 

 

9. de Oliveira, B.M.; Matsumura, C.Y.; Fontes-Oliveira, C.C.; Gawlik, K.I.; Acosta, H.; Wernhoff, P.; Durbeej, 

M. Quantitative proteomic analysis reveals metabolic alterations, calcium dysregulation, and increased 

expression of extracellular matrix proteins in laminin alpha2 chain-deficient muscle. Mol. Cell. Proteomics. 

2014, 13, 3001-3013. 

 

10. Hager, M.; Bigotti, MG.; Meszaros, R.; Carmignac, V.; Holmberg, J.; Allamand, V.; Åkerlund, M.; 

Kalamajski, S.; Brancaccio, A.; Mayer, U.; Durbeej, M. Cib2 binds integrin alpha7Bbeta1D and is reduced 

in laminin alpha2 chain-deficient muscular dystrophy. J. Biol. Chem. 2008, 283(36), 24760-9. 

 

11. Fontes-Oliveira, C.C.; Steinz, M.; Schneiderat, P.; Mulder, H.; Durbeej, M. Bioenergetic Impairment in 

Congenital Muscular Dystrophy Type 1A and Leigh Syndrome Muscle Cells. Sci Rep. 2017, 7, 45272. 

 

12. Rando, T.A. Oxidative stress and the pathogenesis of muscular dystrophies. Am J Phys Med Rehabil. 2002, 

81, S175-186. 

 

13. Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F.; 

Bonaduce, D.; Abete, P. Oxidative stress, aging, and diseases. Clin Interv Aging. 2018, 13:757-72. 

 

14. Choi, MH.; Ow, JR.; Yang, ND.; Taneja, R. Oxidative Stress-Mediated Skeletal Muscle Degeneration: 

Molecules, Mechanisms, and Therapies. Oxid Med Cell Longev. 2016, 6842568. 

 

15. Kerksick, C.; Willoughby, D. The antioxidant role of glutathione and N-acetyl-cysteine supplements and 

exercise-induced oxidative stress. J Int Soc Sports Nutr. 2005, 2, 38-44. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 January 2020                   doi:10.20944/preprints202001.0326.v1

Peer-reviewed version available at Antioxidants 2020, 9, 244; doi:10.3390/antiox9030244

https://doi.org/10.20944/preprints202001.0326.v1
https://doi.org/10.3390/antiox9030244


16. Heard, K.J. Acetylcysteine for acetaminophen poisoning. N Engl J Med. 2008, 359(3) 285-92. 

 

17. Tirouvanziam, R.; Conrad, C.K.; Bottiglieri, T.; Herzenberg, L.A.; Moss, R.B.; Herzenberg, L.A. High-dose 

oral N-acetylcysteine, a glutathione prodrug, modulates inflammation in cystic fibrosis, Proc Natl Acad Sci, 

U S A. 2006, 103(12) 4628-33. 

 

18. Deepmala, Slattery, J.; Kumar, N.; Delhey, L.; Berk, M.; Dean, O.; Spielholz, C.; Frye, R. Clinical trials of N-

acetylcysteine in psychiatry and neurology: A systematic review. Neurosci Biobehav Rev. 2015, 55, 294-321. 

 

19. Howard, A.C.; McNeil, A.K.; McNeil, P.L. Promotion of plasma membrane repair by vitamin E. Nat 

Commun. 2011, 2, 597. 

 

20. Hill, K.E.; Montine, T.J.; Motley, A.K.; Li, X.; May, J.M.; Burk, R.F. Combined deficiency of vitamins E and 

C causes paralysis and death in guinea pigs. Am J Clin Nutr. 2003, 77, 1484-1488. 

 

21. Thomas, P.K.; Cooper, J.M.; King, R.H.; Workman, J.M.; Schapira, A.H.; Goss-Sampson, M.A.; Muller, D.P. 

Myopathy in vitamin E deficient rats: muscle fibre necrosis associated with disturbances of mitochondrial 

function. J Anat. 1993, 183 (Pt 3), 451-461. 

 

22. Korner, Z.; Fontes-Oliveira, C.C.; Holmberg, J.; Carmignac, V.; Durbeej, M. Bortezomib partially improves 

laminin alpha2 chain-deficient muscular dystrophy. Am J Pathol. 2014, 184, 1518-1528. 

 

23. Leiter, J.R.; Peeler, J.; Anderson, J.E. Exercise-induced muscle growth is muscle-specific and age-dependent. 

Muscle Nerve. 2011, 43, 828-838. 

 

24. Gawlik, K.I.; Harandi, V.M.; Cheong, R.Y.; Petersen, A.; Durbeej, M. Laminin alpha1 reduces muscular 

dystrophy in dy(2J) mice. Matrix Biol. 2018, 70, 36-49. 

 

25. Fontes-Oliveira, C.C.; Soares Oliveira, BM.; Korner, Z.; Harandi, V.M.; Durbeej, M. Effects of metformin on 

congenital muscular dystrophy type 1A disease progression in mice: a gender impact study. Sci Rep. 2018, 

8, 16302. 

 

26. Nguyen, HX.; Tidball, JG. Null mutation of gp91phox reduces muscle membrane lysis during muscle 

inflammation in mice. J Physiol. 2003, 553, 833–841. 

 

27. Korner, Z.; Durbeej, M. Bortezomib Does Not Reduce Muscular Dystrophy in the dy2J/dy2J Mouse Model 

of Laminin alpha2 Chain-Deficient Muscular Dystrophy. PLoS One. 2016, 11(1): e0146471. 

 

28. Geranmayeh, F.; Clement, E.; Feng, LH.; Sewry, C.; Pagan, J.; Mein, R.; Abbs, S.; Brueton, L.; Childs, A.M.; 

Jungbluth, H.; De Goede, C.G.; Lynch, B.; Lin, J.P.; Chow, G.; Sousa, C.D.; O'Mahony, O.; Majumdar, A.; 

Straub, V.; Bushby, K.; Muntoni, F. Genotype-phenotype correlation in a large population of muscular 

dystrophy patients with LAMA2 mutations. Neuromuscul Disord. 2010, 20(4):241-50. 

 

29. Quijano-Roy, S.; Sparks, S.E.; Rutkowski, A. LAMA2-Related Muscular Dystrophy. In: Adam MP, Ardinger 

HH, Pagon RA, Wallace SE, Bean LJH, Stephens K, et al., editors. GeneReviews((R)). 1993, Seattle (WA). 

 

30. Hayashi, YK.; Tezak, Z.; Momoi, T.; Nonaka, I.; Garcia, CA.; Hoffman, EP.; Arahata, K. Massive muscle cell 

degeneration in the early stage of merosin-deficient congenital muscular dystrophy. Neuromuscul Disord. 

2001, 11(4):350-9. 

 

31. Mukasa, T.; Momoi, T.; Momoi, MY. Activation of caspase-3 apoptotic pathways in skeletal muscle fibers 

in laminin alpha2-deficient mice. Biochem Biophys Res Commun. 1999, 260(1):139-42. 

 

32. Yurchenco, P.D.; McKee, K.K.; Reinhard, J.R.; Ruegg, M.A. Laminin-deficient muscular dystrophy: 

Molecular pathogenesis and structural repair strategies. Matrix Biol. 2018, 71-72, 174-187. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 January 2020                   doi:10.20944/preprints202001.0326.v1

Peer-reviewed version available at Antioxidants 2020, 9, 244; doi:10.3390/antiox9030244

https://doi.org/10.20944/preprints202001.0326.v1
https://doi.org/10.3390/antiox9030244


 

33. Gawlik, K.I. At the Crossroads of Clinical and Preclinical Research for Muscular Dystrophy-Are We Closer 

to Effective Treatment for Patients? Int J Mol Sci. 2018, 19. 

 

34. Lewis, P.; Sheehan, D.; Soares, R.; Coelho, A.V.; O'Halloran, K.D. Redox Remodeling Is Pivotal in Murine 

Diaphragm Muscle Adaptation to Chronic Sustained Hypoxia. Am J Respir Cell Mol Biol. 2016, 55, 12-23. 

 

35. Shortt, C.M.; Fredsted, A.; Chow, H.B.; Williams, R.; Skelly, J.R.; Edge, D.; Bradford, A.; O'Halloran, K.D. 

Reactive oxygen species mediated diaphragm fatigue in a rat model of chronic intermittent hypoxia. Exp 

Physiol. 2014, 99, 688-700. 

 

36. Rodriguez, BM.; Khouzami, L.; Decostre, V.; Varnous, S.; Pekovic-Vaughan, V.; Hutchison, CJ.; Pecker, F.; 

Bonne, G.; Muchir, A. N-acetyl cysteine alleviates oxidative stress and protects mice from dilated 

cardiomyopathy caused by mutations in nuclear A-type lamins gene. Hum Mol Genet. 2018, 27(19):3353-60. 

 

37. Whitehead, N.P.; Pham, C.; Gervasio, O.L.; Allen, D.G. N-Acetylcysteine ameliorates skeletal muscle 

pathophysiology in mdx mice. J Physiol. 2008, 586, 2003-2014. 

 

38. Pinniger, G.J.; Terrill, J.R.; Assan, E.B.; Grounds, M.D.; Arthur, P.G. Pre-clinical evaluation of N-

acetylcysteine reveals side effects in the mdx mouse model of Duchenne muscular dystrophy. J Physiol. 

2017, 595, 7093-7107. 

 

39. Terrill, J.R.; Radley-Crabb, H.G.; Grounds, M.D.; Arthur, P.G. N-Acetylcysteine treatment of dystrophic 

mdx mice results in protein thiol modifications and inhibition of exercise induced myofibre necrosis. 

Neuromuscul Disord. 2012, 22, 427-434. 

 

40. Moraes, LH.; Bollineli, RC.; Mizobuti, DS.; Silveira Ldos, R.; Marques, MJ.; Minatel, EEffect of N-

acetylcysteine plus deferoxamine on oxidative stress and inflammation in dystrophic muscle cells. Redox 

Rep. 2015, 20(3):109-15. 

 

41. Matuszczak, Y.; Farid, M.; Jones, J.; Lansdowne, S.; Smith, M.A.; Taylor, A.A.; Reid, M.B. Effects of N-

acetylcysteine on glutathione oxidation and fatigue during handgrip exercise. Muscle Nerve. 2005, 32, 633-

638. 

 

42. Dill, C.; Prigent, H.; Behin, A.; Piemonte, F.; Bertini, E.; Orlikowski, D.; Estournet, B.; Ferreiro, A. Launching 

the first clinical trial in SEPN1-related myopathy: The SELNAC study. Neuromuscul Disord. 2015, 25, 270. 

 

43. Niki, E. Role of vitamin E as a lipid-soluble peroxyl radical scavenger: in vitro and in vivo evidence. Free 

Radic Biol Med. 2014, 66, 3-12. 

 

44. Aboul-Soud, M.A.; Al-Othman, A.M.; El-Desoky, G.E.; Al-Othman, Z.A.; Yusuf, K.; Ahmad, J.; Al-

Khedhairy, A.A. Hepatoprotective effects of vitamin E/selenium against malathion-induced injuries on the 

antioxidant status and apoptosis-related gene expression in rats. J Toxicol Sci. 2011, 36, 285-296. 

 

45. Mancio, R.D.; Hermes, T.A.; Macedo, A.B.; Mizobuti, D.S.; Valduga, A.H.; Rupcic, I.F.; Minatel, E. Vitamin 

E treatment decreases muscle injury in mdx mice. Nutrition. 2017, 43-44, 39-46. 

 

46. Berneske, GM.; Butson, AR.; Gauld, EN.; Levy, D. Clinical trial of high dosage vitamin E in human 

muscular dystrophy. Can Med Assoc J. 1960, 82, 418-21. 

 

47. Passerieux, E.; Hayot, M.; Jaussent, A.; Carnac, G.; Gouzi, F.; Pillard, F.; Picot, M.C.; Bocker, K.; Hugon, G.; 

Pincemail, J.; Defraigne, JO.; Verrips, T.; Mercier, J.; Laoudj-Chenivesse, D. Effects of vitamin C, vitamin E, 

zinc gluconate, and selenomethionine supplementation on muscle function and oxidative stress 

biomarkers in patients with facioscapulohumeral dystrophy: a double-blind randomized controlled clinical 

trial. Free Radic Biol Med. 2015, 81, 158-169. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 January 2020                   doi:10.20944/preprints202001.0326.v1

Peer-reviewed version available at Antioxidants 2020, 9, 244; doi:10.3390/antiox9030244

https://doi.org/10.20944/preprints202001.0326.v1
https://doi.org/10.3390/antiox9030244


48. Erb, M.; Meinen, S.; Barzaghi, P.; Sumanovski, LT.; Courdier-Fruh, I.; Ruegg, MA.; Meier,T. Omigapil 

ameliorates the pathology of muscle dystrophy caused by laminin-alpha2 deficiency. J Pharmacol Exp Ther. 

2009, 331(3):787-95. 

 

49. Girgenrath, M.; Beermann, ML.; Vishnudas, VK.; Homma, S.; Miller, JB. Pathology is alleviated by 

doxycycline in a laminin-alpha2-null model of congenital muscular dystrophy. Ann Neurol. 2009, 65(1):47–

56. 

 

50. Elbaz, M.; Yanay, N.; Aga-Mizrachi, S.; Brunschwig, Z.; Kassis, I.; Ettinger, K.; Barak, V.; Nevo, Y. Losartan, 

a therapeutic candidate in congenital muscular dystrophy: studies in the dy(2J) /dy(2J) mouse. Ann Neurol. 

2012, 71(5):699-708. 

 

51. Elbaz, M.; Yanay, N.; Laban, S.; Rabie, M.; Mitrani-Rosenbaum, S.; Nevo, Y. Life or death by NFkappaB, 

Losartan promotes survival in dy2J/dy2J mouse of MDC1A. Cell Death Dis. 2015, 6: e1690. 

 

52. Meinen, S.; Lin, S.; Ruegg, MA. Angiotensin II type 1 receptor antagonists alleviate muscle pathology in 

the mouse model for laminin-alpha2-deficient congenital muscular dystrophy (MDC1A). Skelet Muscle. 

2012, 2(1):18. 

 

53. Connolly, AM.; Keeling, RM.; Streif, EM.; Pestronk, A.; Mehta, S. Complement 3 deficiency and oral 

prednisolone improve strength and prolong survival of laminin alpha2-deficient mice. J Neuroimmunol. 

2002, 127(1-2):80-7. 

 

54. Hayes, A.; Williams, DA. Examining potential drug therapies for muscular dystrophy utilising the dy/dy 

mouse: I. Clenbuterol. J Neurol Sci. 1998, 157(2):122-8. 

 

55. Accorsi, A.; Kumar, A.; Rhee, Y.; Miller, A.; Girgenrath, M. IGF-1/GH axis enhances losartan treatment in 

Lama2-related muscular dystrophy. Hum Mol Genet. 2016, 25(21):4624-34. 

 

56. Meinen, S.; Lin, S.; Thurnherr, R.; Erb, M.; Meier, T.; Ruegg, MA. Apoptosis inhibitors and mini-agrin have 

additive benefits in congenital muscular dystrophy mice. EMBO Mol Med. 2011, 3(8):465-79. 

 

57. Yamauchi, J.; Kumar, A.; Duarte, L.; Mehuron, T.; Girgenrath, M. Triggering regeneration and tackling 

apoptosis: a combinatorial approach to treating congenital muscular dystrophy type 1 A. Hum Mol Genet. 

2013, 22(21):4306-17. 

 

58. Grandjean, EM.; Berthet, P.; Ruffmann, R.; Leuenberger, P. Efficacy of oral long-term N-acetylcysteine in 

chronic bronchopulmonary disease: a meta-analysis of published double-blind, placebo-controlled clinical 

trials. Clin Ther. 2000, 22(2):209-21. 

 

59. Bailey, B.; McGuigan, MA. Management of anaphylactoid reactions to intravenous N-acetylcysteine. Ann 

Emerg Med. 1998, 31(6):710-5. 

 

60. Arakawa, M.; Ito, Y. N-acetylcysteine and neurodegenerative diseases: basic and clinical pharmacology. 

Cerebellum. 2007, 6(4):308-14. 

 

61. Tardiolo, G.; Bramanti, P.; Mazzon, E. Overview on the Effects of N-Acetylcysteine in Neurodegenerative 

Diseases. Molecules. 2018, 23(12). 

 

62. Hardan, AY.; Fung, LK.; Libove, RA.; Obukhanych, TV.; Nair, S.; Herzenberg, LA.; Frazier, TW.; 

Tirouvanziam, R. A randomized controlled pilot trial of oral N-acetylcysteine in children with autism. Biol 

Psychiatry. 2012, 71(11):956-61. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 January 2020                   doi:10.20944/preprints202001.0326.v1

Peer-reviewed version available at Antioxidants 2020, 9, 244; doi:10.3390/antiox9030244

https://doi.org/10.20944/preprints202001.0326.v1
https://doi.org/10.3390/antiox9030244


63. Hagos, FT.; Empey, PE.; Wang, P.; Ma, X.; Poloyac, SM.; Bayir, H.; Kochanek, PM.; Bell, MJ.; Clark, RSB. 

Exploratory Application of Neuropharmacometabolomics in Severe Childhood Traumatic Brain Injury. 

Crit Care Med. 2018, 46(9):1471-9. 

 

64. Nobili, V.; Manco, M.; Devito, R.; Ciampalini, P.; Piemonte, F.; Marcellini, M. Effect of vitamin E on 

aminotransferase levels and insulin resistance in children with non-alcoholic fatty liver disease. Aliment 

Pharmacol Ther. 2006, 24(11-12):1553-61. 

 

65. Feranchak, AP.; Sontag, MK.; Wagener, JS.; Hammond, KB.; Accurso, FJ.; Sokol, RJ. Prospective, long-term 

study of fat-soluble vitamin status in children with cystic fibrosis identified by newborn screen. J Pediatr. 

1999, 135(5):601-10. 

  

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 January 2020                   doi:10.20944/preprints202001.0326.v1

Peer-reviewed version available at Antioxidants 2020, 9, 244; doi:10.3390/antiox9030244

https://doi.org/10.20944/preprints202001.0326.v1
https://doi.org/10.3390/antiox9030244

