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Abstract 

The repair process of wounded tissue involves the coordinated activities of muscle 

precursor cells (MPCs) in response to local and systemic signals. Following tissue injury, 

the microenvironment, which is characterized by excessive production of reactive oxygen 

species (ROS), is attenuated.  Here we studied the efficacy of an antioxidant, N-Acetyl-L-

Cysteine (NAC), in vitro and in vivo to ameliorate the damage that results from trauma so 

that repair and regeneration of wounded muscle tissue is enhanced and functionality is 

improved. MPCs were isolated from rat tibialis anterior muscles and exposed to 

increasing concentrations of H2O2 in the presence or absence of NAC for the in vitro 

assays. MPC proliferation, differentiation, and fusion into myotubes was assessed by 

IncuCyte microscopy, live/dead viability assays, MTS proliferation assays, and myosin 

heavy chain immunohistochemistry. CellROX reagent was used to detect ROS. For in 

vivo assays, adult female Lewis rats were subjected to compartment syndrome injury by 

applying 120-140 mmHg compression for 3hrs. Half of the injured rats received NAC 

injected intramuscularly and the other half received equal volume of PBS at 24, 48, and 

72hrs after injury. Myogenesis, angiogenesis, fibrosis, and function were determined 

using RT-PCR, western blot, Masson’s trichrome stain, and contractile force of the TA 

muscle as an isometric force (Hz), respectively. In vitro, NAC administration resulted in 

a decrease in oxidative stress levels that was associated with significant survival benefit 

during oxidative damage. When used in vivo, NAC administration also showed decrease 

in tissue fibrosis, increase in myogenesis, angiogenesis and muscle function. These 

results suggest that treatment of skeletal muscle injuries with antioxidants may be a 
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viable option for the prevention of long-term fibrosis and scar formation and 

improvement of recovery of muscle function.  
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2 

 

Structure of a Skeletal Muscle 

Skeletal muscle comprises nearly 50% of the human body and it critical to daily life [1]. 

It plays an essential role in locomotion, postural support and breathing, and is the main 

energy reservoir of the body storing more that 80% of our glycogen reserve [2]. Skeletal 

muscle consists of cylindrical bundles of very long fibers that are multinucleated. 

Individual muscle fibers are surrounded by connective tissue called the endomysium. 

Each fibers are aligned in bundles called fascicles and these fascicles are surrounded by a 

layer of connective tissue called the perimysium. Finally, these are grouped in bundles 

that are surrounded by dense connective tissue called the epimysium.  

 

Structure of a Skeletal Muscle 
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Clinical problem 

Musculoskeletal disorder is a serious clinical problem in the military and civilian 

populations. The estimated total cost associated with musculoskeletal disorder/disabilities 

exceeds $849 billion in the United State, equal to 7.7 percent of the gross domestic 

product (GDP). Acute muscle injury (regardless of severity: blast injury, severe blunt or 

penetrating trauma, fractures and vascular injuries) and physiological stress from chronic 

muscle diseases and aging lead to impaired skeletal muscles and interfere with an 

individual’s ability to function at work and in daily life.  

Compartment syndrome (CS) is a secondary sequela to a primary injury resulting 

from swelling and increased pressure within the muscle fascicles and consequent 

impaired tissue perfusion, ischemia, and tissue necrosis. Although muscles can undergo 

regeneration after injury, the healing process is slow and often culminates in incomplete 

functional recovery and fibrosis. Despite the considerable medical need, there has been 

relatively little progress in the development of therapeutic approaches to enhance healing 

following muscle injury. Cell therapy approaches have recently been introduced as a 

clinical intervention to repair damaged and/or lost tissue, but these approaches are 

hindered by the hostile microenvironment of the injured tissue, such as increased 

fibrosis, poor tissue perfusion affecting cell survival, and host immune rejection of 

allogenic grafts.  

This work evaluates essential components of the toxic microenvironment, specifically 

reactive oxygen species (ROS) in response to injury. We propose a multiple timepoint 

analysis of injured muscle tissue to evaluate the progression of normal and abnormal 

healing. In additional, we will use N-acetyl cystine (NAC) to evaluate how an antioxidant 
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can modulate the microenvironment and the healing process. We hypothesize that NAC 

will be beneficial to the injured muscle by limiting activation or ROS, decreasing muscle 

damage, and limiting the progression of local and systemic immune response due to injury. 

Thus, decreasing the toxic microenvironment following muscle injury could limit local 

tissue damage and propagation of the fibrosis formation.  

The goal is to maximize cell therapy viability, as well as to develop advanced 

treatment options for our severly wounded servicemen and women and to restore function 

to damaged arms, hands, legs, and feet as they return to productive life. 
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Thesis plan and objectives 

In response to skeletal muscle injury, Muscle Progenitor Cells (MPCs), which function as 

a myogenic stem cell population, become activated, proliferate, and ultimately myofiber 

fusion resulting in mature myofibers and recovery of muscle function [3-7]. However, 

under pathological conditions MPCs may differentiate into myofibroblasts, leading to an 

impaired healing process and excessive tissue fibrosis [8-10].  The formation of dense scar 

tissue after injury plays a key role in impairment to recovery of muscle function and can 

lead to muscle contracture and chronic pain, resulting in decreased mobility and quality of 

life. 

Fibrosis formation is a multiphase event driven by “toxic” microenvironmental factors such 

as reactive oxygen species (ROS) [11-13]. During pathophysiological state, in response to 

injury or disease, inflammatory infiltrates promotes ROS production and tissue damage 

[14]. Furthermore, reactive O2 associated products block the regenerative capacity of 

MPCs, activate fibrogenesis and eventually, leading to the replacement of muscle into 

nonfunctional fibrotic tissue [15-17]. In contrast, when the tissue environment is conducive 

for healing, it supports MPC activation/proliferation, migration, and differentiation to 

healthy and functional muscle tissue [18-20]. Antioxidants such as NAC have been shown 

to have anti-fibrotic activities and are currently FDA approved for use in patients, with 

idiopathic pulmonary fibrosis. Yet, the direct effect of anti-oxidants on MPCs and muscle 

regeneration has not been fully studies. 

Our overarching hypothesis is that ROS have a direct effect on MPCs and impairs 

their regenerative potential after injury, thereby limiting tissue recovery. We further 

hypothesize that the use of anti-oxidants to limit the effects of ROS will support MPC 
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survival, proliferation and differentiation, and enhance tissue healing while 

preventing fibrosis and scarring. 

The scientific approach in this study evaluates essential components of the toxic 

microenvironment, specifically reactive oxygen species (ROS) in response to injury. In 

additional, we will use N-acetyl cystine (NAC), to evaluate how an antioxidant can 

modulate the microenvironment and the healing process. We hypothesize that NAC will 

be beneficial to the injured muscle by limiting activation or ROS, decreasing muscle 

damage, and limiting the progression of local and systemic immune response due to injury. 

Thus, blocking the toxic microenvironment following muscle injury could limit local tissue 

damage and propagation of the fibrosis formation. This proposal will identify how toxic 

microenvironment effects muscle regeneration. This work will provide data that may lead 

to translation of these findings to injured patients.   

To test this hypothesis, we propose to initially mimic the toxic microenvironment in vitro 

using hydrogen peroxide (H2O2) and the anti-oxidant NAC, in order to ascertain the direct 

effects of ROS on MPCs. Likewise, we will examine the effects of ROS on tissue 

regeneration in vivo using a rat model of compression induced injury, followed by 

treatment with NAC. 

Specific Aims: 

Two specific aims tested the above hypothesis: 

Aim 1:  Determine the effects of ROS on MPCs survival, proliferation, and differentiation 

after H2O2 challenge in vitro. We hypothesize that NAC will improve MPCs survival, 

proliferation and differentiation   
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Aim 2: Validate the effects of reactive O2 and antioxidants on tissue regeneration and 

muscle function after compartment syndrome (CS) injury in vivo. We hypothesize that the 

NAC will prevent fibrosis and improve muscle regeneration in rats after CS injuries. 

This study will significantly add to the understanding of the critical role of 

microenvironmet in scar tissue formation by examining mechanisms essential to their 

dysregulation (activation and proliferation) whose contribution to the pathophysiology 

remains poorly understood. Identifying how the microenvironment is responsible for 

the fibrosis formation, how its activation and proliferation are altered, and when 

these alterations occur, represents a unique and translatable approach to better 

understand the pathophysiology and potential treatment of this very common disease 

and disability. 

These experiments will be done in rats, which mimic human compartment syndrome (CS) 

resultant pathologies such as delayed neovascularization, enhanced fibrosis, and loss of 

muscle function. The experiments outlined in this study will improve our understanding of 

the mechanisms and factors involved in the healing process, which is crucial to develop 

treatment strategies for musculoskeletal disorders. 
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Abstract 

 

Muscle stem cells, also known as satellite cells, hold a central role in skeletal muscle 

endogenous regeneration potential. However, injury to the muscle alters satellite cell 

activation, proliferation, and differentiation, which can lead to muscle damage, fibrosis, 

and functional disability. Additionally, the injured microenvironment can worsen their 

survival. The etiology behind scar formation is multifactorial. Upon injury, the muscle 

undergoes a self-repair process. The regeneration process is comprised of degeneration, 

inflammation, angiogenesis, neogenesis, myogenesis, and tissue remodeling. Each of these 

components interacts in a complex ecosystem that is under constant surveillance and is 

tightly regulated. If the crosstalk among these components is disrupted, the healing process 

is affected and consequently, scar tissue will form. This review highlights how satellite 

cells act as the motor for normal muscle regeneration and repair. 
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Introduction to muscle regeneration 

 

The skeletal muscle compromises 40% of the human body and in response to 

physiological changes and minor injuries/tears, it can remodel, repair, and regenerate 

itself [1]. However, as we age, this capacity declines and the success of myogenesis 

depends on the extent of the initial injury [2, 3]. Fibrosis is the result of abnormal healing 

due to severe injury and aging. Additionally, aging is associated with a decrease in 

muscle mass [4, 5]. The skeletal muscle regeneration capacity is due to satellite cells 

(SCs), its progenitor, and stem cells. These cells become activated during injury to 

reconstruct the damaged myofibers. This unique capacity of SCs makes them the “motor” 

of skeletal muscle regeneration.  

SCs have long been characterized as the motor for muscle regeneration. This has 

been hypothesized to be due to their ability to self-renew and maintain the SC population, 

as well as to proliferate and differentiate to form myofibers [6, 7]. A loss of or decrease 

in the activation of SCs during injury has been associated with abnormal healing and 

fibrosis formation [8].  

Recent dramatic advances in our understanding of how the SCs propagate muscle 

healing have led to a novel investigation into how increasing SC activation, proliferation, 

and differentiation may be targeted for therapeutic gains in skeletal muscle regeneration. 

This is highly significant, considering musculoskeletal disorders are a primary cause of 

disabilities in the military and civilian populations.  

The estimated total cost associated with musculoskeletal disorder/disabilities 

exceeds $849 billion, equal to 7.7 percent of the GDP [9, 10]. Despite this prevalence and 
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decades of advances in medical research, our understanding of the pathophysiology of 

musculoskeletal disorders is limited such that a paucity of effective therapies exists [11-

13]. The purpose of this review is to highlight new insights into the complex balance that 

exists between SCs and myogenesis, as well as to identify how an injury in this 

relationship can lead to significant scar tissue formation or even disability (Figure 1).  
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Figure 1. Normal and abnormal skeletal muscle regeneration. During a minor injury/tear, 

muscle fibers regenerate via the activation, proliferation, and differentiation of satellite 

cells, which then activate and express myogenic transcription factors. In a severe injury 

and aging, several factors prevent the activation of satellite cells, favoring the formation 

of dense scar tissue.  
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Skeletal muscle development 

 

Muscle regeneration after an injury is similar to muscle development during 

embryogenesis and it seems to follow the same pathway. Thus, understanding skeletal 

muscle development would help to understand the events during muscle repair.  

The skeletal muscles are derived from mesodermal precursor cells, which 

originate from the somites (epithelial spheres of paraxial mesoderm) [14-16]. Although 

the origin of SCs is unknown, they are positive Pax3 and Pax7 genes. Pax3 and Pax7 are 

early myogenic markers, are members of the paired domain transcription factors, and are 

co-expressed in the majority of myotomal cells of the somite during embryogenesis [17, 

18]. Pax3 is essential for the somite to migrate to muscle precursor cells and Pax7 is 

required for SC specification during development (Figure 2).  

During an injury, through an unknown mechanism, SCs receive signals from 

surrounding tissues, which induce the expression of primary myogenic regulatory factors 

(MRFs), such as MyoD and Myf5. MyoD promotes SC progression to terminal 

differentiation, while MyoD promotes SC self-renewal. Both Myf5 and MyoD are 

essential for SC activation and proliferation [19, 20]. The proliferation phase is followed 

by the expression of secondary MRFs, myogenin and MRF4, which induce terminal 

differentiation and fusion to form multinucleated myofiber [21] (Figure 2). 



16 

 

Figure 2. Satellite cell specification during development and activation, proliferation, 

and differentiation during a muscle injury. 
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Evolution of events in the history of satellite cells 

 

In 1961, Katz and Mauro used electron microscopy to identify an SC, quiescent 

mononucleated myogenic cells, residing between the plasma membrane of the muscle 

fibre and basement membrane in the tibialis anticus muscle of the frog [22] (Figure 3). In 

1965, Shafiq and Gorycki indentified the first SCs in mammalian muscle regeneration 

[23]. In 1968, SCs were noted to undergo mitosis during muscle growth [24]. In 1971, 

Moss and Leblond found that SCs are able to self-renew [25]. In 1975, SCs were found to 

generate myoblasts that fuse to form myotubes in vitro [26, 27]. In 1977, Yaffe and Saxel 

produced a control line of SCs (C2) from the thigh muscles of mice, and it was then 

recloned and expanded into the C2C12 cell line by Blau [28, 29]. In 1978, Stichova and 

Snow after grafting labelled SCs noted donor SCs fuse with host muscle fibers [30-32]. 

In 1979, 18 years after their discovery, SCs from clonal cultures were implanted into 

normal muscle (Figure 4). For the past three decades, studies on muscle regeneration 

have been focused on maximizing the fate of grafted SCs.  
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Figure 3. The electron microscopy of mammalian satellite cell.   
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Figure 4. Timeline of events in the history of satellite cells.   
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The satellite cells as the motor of muscle regeneration during injury 

 

Although the SCs are normally quiescent in adult muscles, they act as a reserve 

population of cells, are able to self-renew and produce differentiated progeny in response 

to injury, and contribute to muscle regeneration to replace the lost or damaged muscle 

[25, 33]. However, severe insults can alter SC activation, proliferation, and 

differentiation, and this is hypothesized to play a central role in the formation of dense 

fibrotic lesions, which is a major impairment to the recovery of muscle function and can 

lead to muscle contracture and chronic pain, resulting in mobility and decreased quality 

of life.  

The discovery of SCs as the source of myogenic cells needed for myofiber 

growth, homeostasis, and repair throughout life is important; in addition, understanding 

the complex relationship that exists between SCs and injury may be used to repair and 

regenerate damaged or myopathic skeletal muscles or used to act as vectors for gene 

therapy. 
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Factors affecting satellite cell activity 

 

In broad terms, SCs are affected by (i) the immune system, (ii) vasculature, (iii) 

nervous system, and (iv) the surrounding microenvironment [34, 35]. Each of these 

components interact in a complex ecosystem that is under constant surveillance and is 

tightly regulated (Figure 5).  

Cellular events required for skeletal muscle regeneration include inflammation, 

revascularization, and innervation. The injured muscle undergoes necrosis and 

inflammation, which is essential to remove the damaged tissue and initiate myogenesis, 

as well as new blood vessel formation. Reinnervation is also essential for function 

recovery of the skeletal muscle. The microenvironment (growth factors, cytokines, 

apoptosis, aging, etc.) can affect SCs’ capacity to proliferate, differentiate, and form new 

muscle. Although different factors are essential for muscle homeostasis and repair, the 

extent of the injury governs SCs’ capacity, resulting in regeneration declines, fibrosis, 

and impaired function.  
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Figure 5. Multiple factors affect satellite cell activation, proliferation, and differentiation. 

The immune system, vasculature, nervous system, and the microenvironment work 

together to prevent muscle damage.   
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Functional responses of satellite cells during minor injury 

 

SCs give the skeletal muscle an impressive capacity to remodel, repair, and 

regenerate itself. The cells undergo physiological changes, such as atrophy or 

hypertrophy as needed, and they are also able to repair a minor injury, preserving all 

functional and histological features [36-39].  

Skeletal muscle regeneration is a complex phenomenon involving changes to the 

muscle cells, immune system, vasculature, nervous system, microenvironment, and 

extracellular matrix. An injury causes muscle fiber destruction and in response to an 

injury, quiescent SCs become activated, differentiated, and fuse to form myotubes with 

the support provided by various multiple factors (immune system, vasculature, nervous 

system, and the microenvironment) either by direct physical contact or by cell signalling 

[40-43] (Figure 6). 
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Figure 6. The schematic representation of the skeletal muscle repair process. During 

muscle injury, satellite cell activation, proliferation, differentiation, and fusing to form 

multinucleated myofiber is required to reconstruct the damaged muscle and form new 

muscle fiber. 
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Phases of skeletal muscle regeneration after injury 

 

Studies have shown that the process of regenerating skeletal muscle following an 

injury is mediated by SCs and it involves three main phases [44-46]. The initial phase is 

degeneration and an inflammatory response. It starts within minutes after injury and lasts 

for up to two weeks. The site of the injury is infiltrated by leukocytes, macrophages, and 

the secretion of pro- and anti-inflamatory cytokines, which can combat infection and 

clean up the damaged tissue.  

The second phase is regeneration; it starts in the first week of injury and consists 

of SC activation, proliferation, and differentiation, followed by the fusion and formation 

of mature myofibers.  

The last phase is growth and remodelling of the regenerated muscle. It begins in 

the second week of injury and involves the upregulation of many growth factors and 

cytokines to promote angiogenesis to revascularize the newly formed myofibers and 

neurogenesis to restore function [47-49] (Figure 7).  
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Figure 7. The different stages of muscle healing after muscle injury in rats. The first 

event is degeneration and inflammation. The second phase is regeneration, and the final 

phase is remodeling or fibrosis 
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Aberrant repair and fibrosis development during major injury 

 

Skeletal muscle regeneration during direct (laceration, contrusion, and strains) or 

indirect (ischemia and neurological dysfunction) injuries is a highly orchestrated process 

and presents an enormous challenge to researches. Fibrosis is the end result of a cascade 

of events of abnormal regeneration, characterized by the excessive accumulation of 

extracellular matrix (ECM) components, such as collagen. Any aberrancy in (i) 

inflammatory response (acute or chronic); (ii) SC activation, proliferation, and 

differentiation; or (iii) perturbance to the tissue microenvironment (e.g., growth factor) is 

associated with impaired regeneration and excessive fibrosis, indicating that a perfect 

expression of these genes is essential for normal healing [50-54].  

Despite the etiology and causative mechanisms, all fibrotic diseases share 

common cellular and molecular mechanisms. Severe injuries or persistent inflammation 

disrupts SC activation, favoring their transformation into fibroblast-like phenotypes. The 

damaged tissue coupled with the persistent disruption and activation of numerous toxic 

products, such as growth factors, proteolytic enzymes, angiogenic factors, reactive 

oxygen species, and fibrogenic cytokines, together perturb the tissue microenvironment 

[55-58]. These lead to SC dysfunction and mediate the deposition of fibroblast and ECM 

elements that progressively remodel, destroy, and replace the normal tissue architecture 

with scar tissue (Figure 8).  
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Figure 8. Schematic representation leading to the activation of fibroblast and ECM 

deposition. Myotrauma can predispose to inflammation and SCs transformation into 

fibroblast results in dysfunctional fibrotic tissue. 
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Concluding remarks 

 

The concept of SCs as the motor of muscle regeneration is now 60 years old. 

Tremendous progresses have been made to understand the natural process of SCs in 

skeletal muscle regeneration. However, the mechanisms that preserve SC homeostasis 

during injury are not yet fully known. This process is complicated and involves many 

factors and the interaction with the surrounding microenvironment. SCs are not the solo 

actors in muscle regeneration during injury. Through a better understanding of the 

cellular and molecular crosstalk that exists between SCs and the microenvironment, 

physiological and pathological conditions are necessary for the clinical treatment of 

tissue repair. 
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Abstract 

 

Aging is a major contributing factor to the development and progression of fibrosis. 

Skeletal muscle precursor cells (MPCs) are adult stem cells located among muscle fibers 

and aging is associated with diminished in MPCs activation. During injury MPCs 

activation, proliferation, and maturation are critical steps in the repair of muscle injury. 

The microenvironment, which is characterized by excessive production of reactive 

oxygen species (ROS), plays a crucial role in the pathophysiology of MPCs survival and 

scar formation. Here we studied the outcome of oxidative stress (H2O2) followed by an 

antioxidant treatment, N-Acetyl-L-Cysteine (NAC) in young, adult, and aged MPCs. 

Young (4-5 weeks), adult (11-12 months), and aged (18-24 months) rats MPCs were 

exposed to H2O2 and then treated with NAC. IncuCyte real-time cell imager was used to 

capture images every 2 hrs for upto 9 days. At day 9 the MPCs were evaluated for 

maturation and differentiation by staining with DAPI (4,6-diamidion-2-phelyendiamine) 

and MHC (myosin heavy chain).  Response to H2O2 toxicity was similar in all groups. 

H2O2 toxicity, with or without NAC resulted in significant decrease in number of nuclei 

at day 9 vs control. NAC treatment resulted in significant increase in survival vs H2O2 at 

day 9. Furthermore, aging MPCs had significant lower number of nuclei respect to young 

and adult MPCs. This suggests that aged MPCs ability to mature and differentiate after 

equivalent injury (H2O2) and treatment (anti-oxidant) is significantly compromised 

compared to youn and adult.    
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Introduction 

 

Skeletal muscle comprises the largest tissue mass in the body, accounting for 40-50% of 

body mass [1]. Sarcopenia refers to the gradual decline in muscle mass and is primarily a 

disease of the aged. There is growing evidence linking sarcopenia to functional disability 

and increase in mortality [2-5]. Many factors implicate the etiology of sarcopenia such as 

decrease in physical activities, hormonal and immunological changes, metabolic 

disorders, malnutrition, and oxidative stress. [6-9]. Changes in any of these factors are 

believed to be responsible for aged related increased in loss of muscle mass and disability 

in elderly people [7, 10, 11]. Furthermore, elderly patients experience delayed wound 

healing compared to younger people [12-16]. While injury is more lethal in an aged 

population, the pathophysiology is not very clear [17, 18]. Preserving muscle health and 

function after injury is an important public health concern.     

 

Under normal conditions skeletal muscle has a remarkable regeneration and repair capacity 

and it is one of the most studied models in tissue in regeneration [19-22]. This is due to 

muscle precursor cells (MPCs), also known as satellite cells (SCs). In response to myofiber 

injury, SCs become activated and then proliferate and differentiate into myoblast, which 

can fuse to form myofibers [23-25]. However, under pathological conditions MPCs may 

differentiate into myofibroblasts, leading to an impaired healing process and excessive 

tissue fibrosis [26-28].  The formation of dense scar tissue after injury plays a key role in 

impairment to recovery of muscle function and can lead to muscle contracture and chronic 

pain, resulting in decreased mobility and quality of life [29]. In addition aging is associated 

with decreased in MPCs proliferation [30, 31], increased in apoptosis [32, 33], and reduced 
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in self-renewal [34-36].  

Fibrosis formation is a multiphase event driven by “toxic” microenvironmental factors 

such as reactive oxygen species (ROS) [37-39] and poor tissue perfusion affecting SC 

survival [40-43].  

During pathophysiological state, in response to injury or disease, inflammatory infiltrates 

promotes ROS production and tissue damage [44]. Furthermore, ROS associated products 

block the regenerative capacity of MPCs, activate fibrogenesis and eventually, leading to 

the replacement of muscle into nonfunctional fibrotic tissue [45-47]. 

 

Since oxidative stress is one of the causes of sarcopenia and plays a crucial role in the 

pathophysiology of the SCs apoptosis and function during injury [48-51].  We assessed 

the functional effect of SCs to recover, proliferation, and differentiation after challenge 

with oxidative stress (H2O2) and treatment with anti-oxidant (N-Acetyl-L-Cysteine 

(NAC)) at three different age groups (young, adult, and aged), in vitro.  
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Methods 
 

Cell isolation and culture 

MPCs were harvested the Tibialis Anterior (TA) muscles of young (4-5 weeks), adult 

(11-12 months), and aged ((18-24 months) Lewis rats as previously described [52]. 

Briefly, muscle tissue was removed by micro-dissection, minced and digested in type I 

collagenase. Digested muscle tissue was plated on matrigel (BD Biosciences) coated six-

well tissue culture plates containing DMEM (Hyclone, Thermo Scientific, Logan, UT) 

supplemented with 10% horse serum, 1% penicillin/streptomycin and 0.5% chick embryo 

extract (Hyclone) at 37°C in 5% CO2 for 4–6 days. Isolated MPCs were trypsinized and 

grown in growth media (GM - DMEM containing 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin) until use. MPCs were used no later than passage 2. 

 

MPCs Doubling time 

An IncuCyte (Essen Bioscience, Ann Arbor, MI) real-time live-cell imager was used to 

determine the growth curves of MPCs harvested from young, adult, and aged rats. Cells 

were seeded in 96-well plates (2500 cells per well) and placed into the IncuCyte. Plate 

confluence was measured every 2 h for 8-10 days, using a software platform supplied by 

the manufacturer. 

 

H2O2 toxicity assay   

Cellular toxicity of H2O2 on MPCs were analysed using MTS assay. Briefly, young adult, 

and aged MPCs were plated in 96-well plate (2500 cells/well) and were allowed to attach 

for 24 hrs. After 24 hrs, cells were challenged with 1mM H2O2 for 10 min, 30 min, 1 hr, 3 
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hrs, and 6 hrs. MTS reagent was added according to the manufacturer’s protocol 

(CellTiter ® Aqueous One Solution Cell Proliferation Assay, Promega, Madison, WI, 

USA) and absorbance  was quantified with a Spectrum Max M5 optical plate reader 

(Molecular Devices, Sunnyvale, CA, USA) at 490 nm. 

 

NAC toxicity assay 

Cellular toxicity of NAC on MPCs were analysed using MTS assay. Briefly, young adult, 

and aged MPCs were plated in 96-well plate (2500 cells/well) after 24 hrs cells were 

incubated with different concentration of NAC (1mM, 5mM, 10 mM, and 20 mM) for 24 

hrs. MTS reagent was added and absorbance at 490 nm was recorded using ELISA plate 

reader.  

 

Oxidative stress assay 

ROS were measured using CellRox Deep Red reagent (Life Technologies Corporation), a 

dye that fluoresces when oxidized by ROS.  Young, adult and aged MPCs were plated in 

96-well plates and after 24 hrs cells were challenged with H2O2 for 10 mins then washed 

in PBS and incubated in with and without NAC and observed/analyzed by In Cell 

Analyzer 2000 (GE).  

  

Antioxidant capacity 

Young, adult, and aged MPCs were plated in 96 well plates and allowed to attach for 24 

hrs. Cells were then challenged with H2O2 (1mM) for 10 mins and washed with PBS 3x 

and received either NAC (1mM) or an equivalent volume of PBS.  An IncuCyte (Essen 
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Bioscience, Ann Arbor, MI) real-time live-cell imager was used to determine the cell 

growth every 2 hrs for 8-10 days.  

 

Immunostaining 

Young, adult, and aged MPS were incubated in 96-well plates and allowed to attach for 

24 hrs. Cells then were challenged with H2O2 (1mM) for 10 mins and after they were 

washed with PBS 3x received either NAC (1mM) or an equivalent volume of PBS. After 

9 days cells were fixed and stained with Myosin Heavy Chain (MHC) (DSHB 

Hybridoma Product MF 20). Briefly, after washing with PBS 3x 5mins, cells were fixed 

with 4% PFA at room temperature for 5 mins, washed again with PBS and added 0.2% 

Triton. Then, they were blocked with protein block for 45 mins.  MHC (1:200) was added 

and incubated at room temp for 1 hr and after multiple washes with PBS secondary 

antibody (Horse-anti-Mouse, Texas Red, 1:500) was added and incubated for another 45 

mins at room temperature. After several washes DAPI (1:100) was added. In Cell 

Analyzer 2000 (GE) was used to take images and analyse the data 

 

Quantification of myotube morphological characterizations by actin staining 

Young, adult, and aged MPS were incubated in 48-well plates and allowed to attach for 

24 hrs. Cells then were challenged with H2O2 (1mM) for 10 mins and after they were 

washed with PBS 3x received either NAC (1mM) or an equivalent volume of PBS. After 

7 days cells were fixed in 4% paraformaldehyde, permeabilized with 1% Triton X-100, 

and stained with phalloidin (“Alexa Fluor” 488 Phalloidin (Molecular Probes)). Briefly, 

after washing with PBS 3x 5mins, cells were fixed with 4% PFA at room temperature for 
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5 mins, washed again with PBS and permiabilized.  After several washes phalloidin 

(1:40) was added and incubated at room temp for 30 mins and after multiple washes 

DAPI (1:100) was added. In Cell Analyzer 2000 (GE) was used to take images. 

Myotubes length, widths and number of mature myofibers was quantified with NIH 

ImageJ software package, The aspect ratio for each myotube was calculated by dividing 

the myotube length by its widest width.  

 

Statistical analysis  

Data were analyzed using the statistical software program Prism (GraphPad Software, 

San Diego, CA). Data are expressed as mean + SEM. A p value of <0.05 was considered 

to be statistically significant.  
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Results 
 

Young, adult and aged MPCs showed similar proliferation  

 

Young, adult and aged MPCs were derived from whole limb muscle and more that 70% 

of the harvested cells express the myogenic marker Pax 7+, data not shown.  IncuCyte 

imaging system was used to determine the baseline differences in doubling time among 

young, adult and aged MPCs. Four different areas per well were monitored (10X 

magnification, phase contrast) with the IncuCyte every 2 hours during 72 hours. No 

differences were detected in the doubling time among young, adult and aged MPCs 

groups (Figure 1).  

 

 

 
 

 

 

 

 

 

Figure 1: MPCs Doubling Time (DT).  No difference at baseline in 

doubling time (DT) between young, adult, and aged MPCs. Each point 

represents a mean of 3. Data are expressed as means ± SEM.  
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Effect of H2O2 on young, adult, and aged MPCs 

In order to determine the toxicity effect on H2O2 young, adult, and aged MPCs were 

exposed to 1mM H2O2 for 10 mins, 30 mins, 60 mins, 180 mins and 360 mins. Cell 

cytotoxicity was determined by MTS cell cytotoxicity assay and absorbance was 

quantified at 490 nm according to the manufacturer’s protocol. No difference was 

detected in the H2O2 toxicity among all groups, indicating that despite age differences 

their response to 1mM H2O2 is similar (Figure 2). 
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Figure 2: H2O2 Toxicity Assay. MPCs were incubated with 1mM  

H2O2 for 10min, 30min, 60min, 180min, 360min. MTS reagent was 

added and absorbance at 490 nm was recorded using ELISA plate 

reader. No difference was detected in the H2O2 toxicity among all 

groups. Each point represents a mean of 3. Data are expressed as 

means ± SEM 
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Detection of Reactive Oxygen Species (ROS) 

To determine the protective effect of NAC treatment from H2O2 toxicity, young, adult, 

and aged MPCs were challenged with 1mM of H2O2 and 10 mins later half received NAC 

and half equivalent volume of PBS and ROS levels were determine using CellRox 

reagent kit according to the manufacturer’s protocol, and analyzed using InCell 

microscope.  All H2O2 challenged groups had an increase in ROS level. NAC treatment 

resulted in decrease in ROS level. No difference was noted in the ROS level between 

control and NAC treatment groups (Figure 3).  
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Figure 3: Oxidative Stress Assay. Young, adult, and aged MPCs were 

exposed to 1mM  H2O2 for 10min and treated with NAC or PBS. 

CellRox reagent was used to determine ROS levels. NAC treatment 

resulted in decrease in ROS level. Each point represents a mean of 8-

12. Data are expressed as means ± SEM. *p<0.05 vs control and 

H2O2+NAC.  
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Direct visualization of H2O2 toxicity with and without NAC treatment 

   

The protective effect of NAC was investigated using IncuCyte imaging, by analyzing % 

confluence of the wells. Young, adult, and aged MPCs were challenged with 1mM H2O2 

for 10 mins and half receives NAC and half equivalent volume of PBS. Four different 

images per well were monitored (10X magnification, phase contrast) with the IncuCyte 

every 2 hours for up to 7 days. H2O2 challenge resulted in death of MPCs. NAC treatment 

resulted in significant increase in MPCs survival and % confluence after H2O2 challenge. 

No difference was detected in % confluences of young, adult, aged MPCs after treatment 

with NAC alone (Figure 4 and Supplementary Figure 3).  
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Figure 4: NAC reduces ROS mediated cytotoxicity. MPCs were 

incubated with 1mM H2O2 for 10 mins. Cells were then treated with 

NAC or PBC and cell toxicity in real time was determined using 

IncuCyte real-time live-cell imager over 7 days, which measures how 

rapid the cells are occupying the area (% confluence). NAC treatment 

resulted in significant increase in MPCs proliferation (% confluence) 

from H2O2 challenge. Each point represents a mean of 8-12. Data are 

expressed as means ± SEM. 
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Quantification of myotube formation  

 

Skeletal muscle regeneration after injury results from activation, proliferation, and fusion 

of MPCs into mature myotubes. To investigate the effect of NAC on MPCs survival, 

differentiation, and maturation after H2O2 challenge, myosin heavy chain and DAPI 

staining were used at day 9. Images were captured using InCell microscope for analysis. 

Young, adult, and aged MPCs were challenged with 1mM H2O2 and 10 min later treated 

with NAC. NAC treatement resulted in significant improvement in MPCs survival as 

shown by the number of nuclei compared to H2O2 treated groups. However, compared to 

control there were significant less nuclei. In addition, aged MPCs had worsened nuclei 

numbers compared to young and adult. (Figure 5). There were no positive nuclei or 

myofibers in H2O2 challenged groups.  
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Figure 5: Myosin Heavy Chain:  Immunofluorescence analysis with an 

antibody against myosin heavy chain (myofibers (red-blue)) and DAPI 

(nuclei (blue)) at day 9 (A). NAC treatement resulted in significant 

improvement in number of nuclei and MPCs survival compared to H2O2 

groups (B). However, compared to control there were significant less 

nuclei (B). In addition, aged MPCs had worsened nuclei numbers 

compared to young and adult. Each point represents a mean of 8-12. Data 

are expressed as means ± SEM. *p<0.05 H2O2+NAC vs control and 

#p<0.05 aged H2O2+NAC vs young H2O2+NAC and adult H2O2+NAC.  
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Quantification of myotube morphology  

 

To gain further insight into the mature myotube formation, actin (immunofluorescence 

phalloidin) and DAPI staining at day 7 were used to assess MPCs maturation, using 

aspect ratio (length/width). Young, adult, and aged MPCs were challenged with 1mM 

H2O2 and 10 min later treated with NAC. NAC treatement resulted in significant 

improvement in myotube formation compared to H2O2 treated groups. However, 

compared to control there were significant less mature myotubes and the aspect ratio was 

decreased (p<0.05) (Figure 6). Notably, we observed that aged MPCs had even further 

decreased mature myotubes and aspect ratio (#p<0.05). They also had different phalloidin 

(cytoskeleton) structures, in comparison to young and adult MPCs. They had multiple 

areas of not very well-defined cytoskeletal components (Figure 6).  
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Figure 6: Morphological properties of myotubes: 

Immunofluorescence phalloidin was used to stain the actin 

cytoskeleton (in red) in young, adult and aged MPCs and nuclei 

were stained with DAPI (in blue) at day 7. Morphological properties 

such as mature myotubes (A) and aspect ratio (B) (calculated by 

dividing the myotube length by its widest width) were measured. 

There were no differences among all control groups (young vs adult 

vs aged). NAC treatement resulted in significant improvement in 

myotube formation compared to H2O2 treated groups. However, 

compared to control there were significant less myotubes formation. 

The length and the aspect ratio were also significantly reduced in 

the NAC treated groups compared to control. In addition, aged 

MPCs had limited myotube formation, decreased in length and 

aspect ratio in comparison to young and adult MPCs. They had 

multiple areas of poorly defined cytoskeletal components. . Data are 

expressed as means ± SEM. *p<0.05 vs control #p< vs 

H2O2+NAC.  



51 

 

Discussion 

Oxidative stress is defined as an imbalance between oxidant-antioxidant in the body and 

can be very harmful, causing a wide range of diseases [53-56].  The oxidative stress is 

characterized by excessive accumulation of toxic molecules, such as hydrogen peroxide 

(H2O2).  Under physiological conditions it plays many important roles in cell signaling, 

homeostasis, and in the immune system’s response against invading pathogens [57]. 

However, during tissue injury and inflammation, excessive production of H2O2 can result 

in tissue damage and necrosis [58-60].   

Aging is characterized by progressive decline in physiological functions and increase in 

mortality that is often accompanied by many pathological diseases [61-63]. Aged skeletal 

muscle has been shown to display reduced regenerative capacity in both human and 

animal studies [36, 64-69].  One possible mechanism for the decline in regeneration, the 

“Free Radical Theory of Aging” proposed by Denham Harman in 1954, suggests that 

excessive H2O2 results in aging and ultimately death [70].  

MPCs, which are capable of self-renewal, proliferation, differentiation and maturation 

into myotube, are essential for the normal homeostatic maintenance and regenerative 

repair of skeletal muscle tissues throughout the lifetime [23, 30, 71]. The self-renewal 

ability of MPCs is known to decline with advancing age [72-77], suggesting that decline 

in stem cell function plays a central role in aging. Increasing evidence suggests that 

excessive H2O2 precludes MPCs self-renewal capacity, manifesting in impared 

regeneration [51, 78]. 

Given the physiological and pathological importance of aging and the harmful 

consequences of excessive H2O2 generation, we studied the ability of MPCs to survive and 
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mature after H2O2 challenge. Then we used an anti-oxidant to reverse the adverse effect of 

H2O2. Our results showed that 1mM H2O2 is very toxic to MPCs. When treated with NAC 

after H2O2 challenges MPCs were able to survive, proliferate, and form myotubes (figures 

4 and 5). However, compared to control they had decreased number of nuclei, suggesting 

their ability to regenerate/proliferate is compromised. Furthermore, aging was associated 

with significantly decreased in number of nuclei compared to their counterpart young and 

adult MPCs (figure 5). 

These data are consistent with prior studies, showing that under pathological conditions 

elderly patients have limited regenerative capacity after injury [8, 12, 79]. Aging is 

asociated with gradual loss of muscle mass and MPCs function [80, 81]. Sarcopenia can 

occur at any stage as a result of disease or malnutrition, however is most common in aged 

population. In the United State approximately 45% of the populations over the age of 60 

are affected by sarcopenia [82, 83]. Given the role of MPCs in self-renewal and 

regeneration, it has been hypothesized that aging is associated with decline in MPC 

numbers and functions [34, 78, 84-88]. In our study, aged MPCs were not able to recover 

as well as their young and adult counterparts MPCs from the H2O2 challenge after NAC 

treatment (figure 5). Understanding the mechanism associated with the decline in the 

synthesis of nuclei in aged MPCs might help us to understand the declining muscle 

regeneration and function in the elderly population.  

Our results yield insights into the role aging plays in MPCs regenerative function and 

capacity. Aging is associated with a progressive decline of muscle mass, strength, and 

quality, a condition as discussed earlier, sarcopenia. The actin cytoskeleton is an essential 

component for the formation and function of healthy muscle tissue [89-92]. Actin 
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regulates many of the critical steps in the formation of mature myofiber, including MPCs 

proliferation, differentiation, fusion and myofiber formation  [93] . Notably, in the current 

study, we observed that aged MPCs had limited regenerative capacity and altered actin 

cytoskeletal morphology after H2O2 challenge and NAC treatment compared to young 

and adult MPCs, as seen by the phalloid staining (Figure 6). The actin cytoskeleton of the 

young and adult MPCs showed well-formed actin filaments that were composed of large, 

multinucleated muscle fibers. However, aged MPCs had areas of poorly defined actin 

cytoskeleton, suggesting that the pathophysiology is different in young and adult versus 

aged MPCs.  Underlying the mechanism of cytoskeletal changes observed in aged MPCs 

will be an interesting avenue for future investigation.  

This study has a number of limitations. We used only one concentration of H2O2 because 

we were interested in a severe injury model. In our model, with the first 10 mins 40% of 

the MPCs were dead and in 6 hours more that 85% of the MPCs were dead (Figure 2) 

without NAC treatment. Second we only evaluated myotube formation at two time 

points, 7 and 9 days after injury (Figure 5 and 6). We chose this intervals because we 

wanted the MPCs to fully recover from the H2O2 challenge and to mature completely.  

Despite these limitations, this study demonstrates that adminstration of NAC after the 

challenge of H2O2 maintains MPCs survival advantage, proliferative capacity and 

myotube formation. However, aged MPCs don’t recover as well as the young and adult 

MPCs. Further mechanical studies need to be done to understand the mechanism 

associated with the decline in the synthesis of the number of nuclei in aged MPCs. This 

might help us to understand the declining muscle mass and function seen in the elderly 

population after injury.  
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Abstract 

 

Upon injury, the skeletal muscle undergoes a multiphase process including degeneration, 

inflammation and regeneration. However, if the microenvironment presents an excessive 

production of reactive oxygen species (ROS), regeneration is attenuated and instead 

undergoes fibrosis, which could lead to permanent disability. Here we studied the effects 

of an antioxidant, N-Acetyl-L-Cysteine (NAC), on the damage that results from traumatic 

muscle injury in order to support repair and regeneration of wounded muscle tissue and 

improve function in vivo. Adult female Lewis rats were subjected to compartment 

syndrome injury by applying 120-140 mmHg compression for 3hrs. Half of the injured 

rats received intramuscular injections of NAC and the other half received equal volume 

of PBS at 24, 48, and 72hrs post injury. Myogenesis, angiogenesis, fibrosis, oxidative 

stress, and function were determined using RT-PCR, Western blot, H&E and Masson’s 

trichrome stains, and contractile force of the TA muscle in vivo, respectively. NAC 

administration resulted in a decrease in oxidative stress and tissue fibrosis, and increase 

in myogenesis, angiogenesis, and muscle function. These results suggest that treatment of 

skeletal muscle injuries with antioxidants may be a viable option for the prevention of 

long-term fibrosis and scar formation and facilitating recovery of muscle function.  
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Introduction 

 

Musculoskeletal disorders are a primary cause of disability in the military and 

civilian populations [1, 2]. The estimated total cost associated with musculoskeletal 

disorder/disabilities exceeds $849 billion in the United States, equal to 7.7 percent of the 

gross domestic product [3]. Despite this prevalence and decades of advances in medical 

research, our understanding of the pathophysiology of musculoskeletal disorders is 

limited, and as such has hindered the development of new therapeutics. Despite the 

remarkable regenerative ability of skeletal muscle, the healing process is often slow 

resulting in incomplete functional recovery and fibrosis [4]. The formation of dense scar 

tissue after injury is a major impairment to the recovery of muscle function and can lead 

to muscle contracture and chronic pain, resulting in decreased mobility and quality of 

life.  

Irrespective of the primary cause of the injury (contusion, strain, or laceration), 

the basic biological processes occurring in scar formation are identical [4, 5]. This 

finding naturally highlights the importance of understanding the basic principles of 

muscle regeneration and treatment.  There is emerging evidence that the injured 

microenvironment limits the activation of local cellular and molecular processes, such as 

satellite cells, governing normal healing and favoring the formation of dense scar tissue 

formation. 

Fibrotic lesions are the result of abnormal healing and are dependent on a cascade 

of multiple processes induced by injury such as poor perfusion, and the activation of 

inflammatory cells and cytokines [6, 7].  Transforming growth factor β (TGF-β1) is a 
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major mediator of the fibrotic response after injury [8, 9]. The uses of anti-fibrotic agents 

that inactivate TGF-β1, such as Losartan, have been successfully used to reduce fibrosis 

and improve both muscle regeneration and function during minor injuries such as 

contusion and laceration [10-20].  However, they fail to improve muscle recovery after 

severe injury such as volumetric muscle loss [21]. 

N-Acetyl-L-Cysteine (NAC) is a potent antioxidant and a cysteine precursor of 

glutathione (GSH) synthesis, that has been US Food and Drug Administration approved, 

for over forty years, to treat acetaminophen toxicity, acute liver failure, and diseases 

characterized by low GSH levels [22-26]. The injured microenvironment is characterized 

by numerous reactive molecules and free radicals that have the potential to significantly 

affect local cellular behavior and the molecular pathways regulating cell survival [27]. 

There is overwhelming  in vitro and in vivo evidence for the use of NAC as a protective 

agent in injured tissue by decreasing tissue fibrosis and cell death caused by oxidative 

stress [28-33].  

The microenvironment of injured tissue is characterized by excessive production 

of reactive oxygen species (ROS), which play a crucial role in the pathophysiology of 

scar formation [34-36]. In this study, we examined the effect of NAC treatment on the 

outcomes of a rat model of compression induced skeletal muscle injury.  We found that 

NAC treatment resulted in a significant decrease in ROS production and decreased 

fibrosis formation with a corresponding significant increase in the restoration of muscle 

function.  A greater understanding of the mechanism of action of NAC treatment after 

injury may result in novel uses of anti-oxidants as therapeutics that can improve patient 

mobility and quality of life.   
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Materials and Methods 

Injury Model 

All animal studies were approved by the Wake Forest University Institutional Animal 

Care and Use Committee and were conducted in accordance with NIH guidelines.  Adult 

female Lewis rats (11 to 12 months old; Harlan Laboratories, Indianapolis, IN) were 

anesthetized with isoflurane prior to injury.   Compression induced muscle injury was 

performed as previously described [37]. Briefly, neonatal blood pressure cuffs (Tempa-

Kuff, size #2; Trimline Medical Products, Branchburg, NJ) were tightened around the 

hindlimb of the rats, proximal to the tibialis anterior (TA) and extensor digitorum longus 

(EDL) muscle, and held at a pressure of 120 to 140 mmHg for 3 hours. All animals 

received subcutaneous saline injections (0.5-1 ml of 0.9% saline) every hour, over the 

course of the procedure. Rats were euthanized at 4, 7, 14, or 28 days after injury.  

Intramuscular NAC Administration 

NAC (80 mg/kg/day) (Sigma Aldrich, St. Louis MO) was dissolved in PBS and adjusted 

to physiological pH (7.35-7.45) with 10M sodium hydroxide [38]. Rats were randomized 

to receive either intramuscular injection of NAC or an equivalent volume of PBS [39]. 

Injections were given 24, 48, 72 hours after injury, for a total of three doses [40, 41].   

In vivo Function Test  

The contractile function (i.e. torque-frequency relationship) of the left anterior crural 

muscles was measured in vivo before and after injury at day 7, 14, and 28 via stimulation 

of the peroneal nerve, as previously described [37]. Under anesthesia, the left hindlimb of 
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the rat was secured to a footplate and clamped in a 90o position to the shaft of a 305C-

LR-FP servomotor (Aurora Scientific, ON, Canada). Electrical stimulus optimization was 

performed with a series of twitch contractions at 1 Hz and then with 5 to 10 isometric 

contractions (400-millisecond train of 0.05- to 0.1-millisecond pulses at 100 Hz). 

Anterior crural muscle function was assessed by measuring maximal isometric torque as 

a function of stimulation frequency (1 to 200 Hz). Data was analyzed using a custom-

made Labview-based program (provided by the US Army Institute of Surgical Research, 

Houston, TX).  

Tissue Analysis   

Muscle tissues were harvested, weighed, and processed for histology. Fibrosis was 

quantified from Masson's trichrome stained sections using the Threshold Color plugin for 

ImageJ software version 1.44 (NIH, Bethesda, MD). The same set threshold was used for 

all samples analyzed. The data were calculated in pixels as percentage fibrotic 

regions/total tissue area. At least six different animals were used per group, and 10-12 

muscle sections were analyzed per animal.  

For detection of reactive oxygen species, Nitrotyrosine staining was used and quantified 

using ImageJ software. At least three different animals were used per group, and 10-12 

muscle sections were analyzed per animal. CD146 staining was used to assess the total 

number of new blood vessels formation and the diameter of blood vessels. At least three 

different animals were used per group, and six muscle sections were analyzed per animal. 

Western Blot Analysis  

Expression of CD146 was evaluated by western blot. Frozen muscle samples were 

sonicated in RIPA lysis buffer (Thermo Scientific, Rockford, IL) containing proteinase 
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inhibitors/phosphatase inhibitors (0.5 mM PMSF, 1.5 mM NaVO3, 50 mM NaF). 

Bradford assays were used to quantify total protein concentration.  Protein (60 µg) was 

separated on 4–20% gradient gels and transferred to PVDF membranes (BioRad, 

Hercules, CA).  Membranes were probed with CD146 and β-actin (Table 1).  Proteins 

were detected by chemiluminescence using a LAS-3000 Imager (Fujifilm). 

Analysis of myofiber cross-sectional area 

To assess muscle fiber cross-sectional area, transverse paraffined muscle sections (8 µM) 

were stained with hematoxylin and eosin (H&E). Stained sections were visualized and 

pictures were captured under Olympus DP80 microscope. Fiber cross-sectional area was 

measured using ImageJ software. Three different animals were used per group, and 6 

muscle sections were analyzed per animal.  

Real-Time Polymerase Chain Reaction 

Total RNA was isolated from the tibialis anterior muscle using the PerfectPure Fibrosis 

Tissue Kit (5 PRIME, Gaithersburg, MD) according to the manufacture’s protocol.  

cDNA was synthesized using a high capacity reverse transcription kit. The primers used 

in real-time quantitative PCR analysis were as follows: TGF-β1, Frizzled-1 (FZD1), 

Delta-like protein 1 (DLL1), Myostatin (GDF8), CD31, VEGF, VEGF2, Pax7, MyoD, 

Myogenin (MyoG), and GAPDH genes were obtained from (Applied Biosystems/Life 

Technologies, Carlsbad, CA) (Table 2). PCR was performed using Applied Biosystems 

7300 Real Time PCR System.  Relative quantification of PCR products were based upon 

the value difference between the target gene and glyceraldehyde-2-phosphate 

dehydrogenase (GAPDH).  
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Statistical analyses 

Data were analyzed using Prism Software (GraphPad Software, San Diego, CA) or 

Microsoft Excel (Redmon, WA). Data are presented as mean ± SEM, as determined 

Student’s t-test or  one-way ANOVA. A p-value of <0.05 was considered to be 

statistically significant.  
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Results 

Effect of NAC on Skeletal Muscle Function After Injury  

CS injury was induced in all rats and muscle regeneration was monitored for up to 28 

days. Muscle function were assessed in vivo via common peroneal nerve stimulation and 

by measuring the isometric torque generated (contractile function) by the anterior crural 

muscles (tibialis anterior and extensor hallucis longus), 7, 14, and 28 days post injury. As 

expected, both NAC and PBS treated injured muscles showed a significant decrease in 

force generation compared to uninjured muscles. However, NAC treatment resulted in 

significant higher force production from 30-200 Hz stimulation frequency, 14 days after 

injury, as compared to PBS treated muscles (Figure 1). There was almost no detected 

torque 7 days after injury in both groups and 28 days after injury there was no difference 

in function between NAC and PBS treated groups, data not shown.  
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Figure 1: Skeletal Muscle Function After Injury. In-vivo isometric torque curves (A). 

Peak-Isometric Torque (B). NAC treatment resulted in significant increase in functional 

recovery after injury compared to PBS treated rats, at day 14. Data are expressed as mean 

± SEM.  
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Effect of NAC on Reactive Oxygen Species in Injured Muscle  

In order to assess the levels of ROS in the muscle tissue following compression injury, 

we used Nitrotyrosine as an indicator of reactive oxygen species and marker of tissue 

damage [42-45]. Prior studies have shown that nitrotyrosine levels and tissue damage can 

be reduced by NAC [46-48]. Immunohistochemical analysis of the TA muscle with anti-

nitrotyrosine antibodies showed that treatment with NAC significantly reduces the 

production of ROS in the injured tissue compared to PBS at day 4 after injury. (Figure  

2).  
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Figure 2: Effect of NAC on Reactive Oxygen Species in Injured Muscle. Nitrotyrosine 

staining of TA muscle harvested 4 days after injury. NAC treatment significantly reduces 

Nitrotyrosine levels compared with PBS group. Data are expressed as mean ± SEM.   
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Effect of NAC on Muscle Fibrosis Following Injury  

Masson’s trichrome staining of muscle tissue sections was used to identify differences in 

collagen deposition between uninjured, NAC-treated, and PBS-treated muscle at 14 days 

post injury. Treatment with NAC resulted in a significant reduction in collagen 

deposition compared to PBS treated muscles (Figure 3A). Transforming growth factor-β 

(TGFβ), Frizzled-1 (FZD1), Delta-like protein 1 (Delta-1), and Myostatin (MSTN) play 

an important role in tissue fibrosis and scar formation [49-51]. Accordingly, we 

quantified the expression of these genes 14 days after injury, using RT-PCR.  Treatment 

with NAC resulted in significant reduction in TGFβ, FZD1, Delta-1, and MSTN gene 

expression compared to PBS group (Figure 3B). 
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Figure 3. Effect of NAC on 

Muscle Fibrosis Following 

Injury. A. Masson’s trichrome 

staining (A) and expression of 

profibrotic genes (TGFβ, 

FZD1, Delta1, and MSTN) (B) 

by qRT-PCT were assessed 14 

days after injury. NAC 

treatment significantly reduces 

fibrosis levels compared with 

PBS groups. Data are 

expressed as mean ± SEM.  
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Effect of NAC on Vascularization of Injured Tissue  

Early neovascularization is necessary for tissue regeneration and functional recovery after 

injury.  Expression of the angiogenic markers CD31, VEGF, CD146, and KDR was 

determined by RT-PCR in PBS and NAC treated muscles, 4 day post injury. Treatment 

with NAC resulted in a significant increase in these angiogenic markers compared to PBS 

treated groups (Figure 4A). We further evaluated the expression of CD-146 through 

histology and western blot at day 7, when the vasculature begins to mature.  NAC 

treatment resulted in an increase blood vessel numbers compared to PBS treated animals, 

however there was no difference in blood vessel diameter between NAC and PBS treated 

animals (Figure 4B). NAC treatment also resulted in increased CD146 protein expression 

compared to PBS via western blot analysis (Figure 4C). 
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Figure 4. Effect of NAC on 

Vascularization of Injured Tissue. A. 

Expression of angiogenic genes (CD31, 

VEGF, CD-146, and KDR) was 

measured using quantitative PCR 4 days 

post injury. B, C. Expression of CD 146 

was assessed by immunohistochemistry 

(B) and western blot (C) 7 days post 

injury. NAC treatment significantly 

increases angiogenesis compared with 

PBS groups. Data are expressed as mean 

± SEM. 
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Effect of NAC on Muscle Regeneration  

Skeletal muscle regeneration depends on activation of satellite cells and their potential to 

differentiate and mature into new fibers [37, 52-54]. Myogenesis markers Pax7, MyoD, 

Myogenin (MyoG) were analyzed via PCR in PBS and NAC treated muscles 14 days post 

injury. Treatment with NAC resulted in a significant decrease in MyoD, and MyoG gene 

expression compared to PBS treated muscles at day 14, whereas Pax7 expression was 

similar (Figure 5A). To further analyze muscle tissue regeneration, H&E stained muscle 

tissue samples were evaluated for myofiber size (Figure 5B). NAC treated muscles 

contained larger myofibers, which are characteristic of mature skeletal muscle fibers in as 

compared to the PBS treated muscles.  
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Figure 5. Effect of NAC on Muscle Regeneration. Expression of myogenic markers 

(PAX7, MyoD, and MyoG ) were measured using quantitative PCR 14 days post (A). 

H&E staining was used to quantify cross-sectional area of myofibers (B).  
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Discussion  

Skeletal muscle has tremendous regeneration ability however, after a severe injury 

or an injury to a frail or ill patient,  the regenerative capacity is attenuated resulting in a 

slower healing process which often culminates in incomplete functional recovery and 

favors the formation of dense scar tissue [7, 55-61]. Despite recent advances in medicine 

and our understanding of the pathophysiology of muscle injury, there has been little 

progress in the development of new therapeutic approaches to enhance regeneration 

following muscle injury. The presence of excessive unresolved fibrotic scar tissue is a 

major hindrance to the recovery of full muscle function. Prior data examining the use of 

anti-fibrotic agents to treat skeletal muscle fibrosis is at a variance. Anti-fibrotic agents that 

have shown encouraging results in preclinical or early clinical studies have not shown 

improvement in muscle function. [7, 9, 21, 56, 62, 63]. For example, Losartan has been 

shown to reduce fibrosis without improvement in functional recovery [21]. Limitations in 

the therapeutic efficacy might be due to hostile microenvironment caused by the injury or 

disease, which leads to inflammatory infiltrates promoting ROS production and further 

tissue damage.  

In the present study, we investigated the protective effect of antioxidant (NAC) 

treatment on skeletal muscle regeneration after injury using a CS injury model. The 

biological action of NAC is mediated via glutathione, which is a free radical scavenger 

leading to reduction of O2
- and H2O2 and is a well-known tissue protector in ischemia [64]. 

NAC has been shown to reduce oxidative stress and inflammation in different tissues and 

disease states, leading to better outcomes [65-67]. For example, NAC use during liver 

inflammation or injury has been associated with reduction in liver damage [68]. Our data 
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showed administration of NAC was associated with decrease in ROS production (Figure 

2), decrease in fibrosis (Figure 3), and increased recovery of muscle function (Figure 1) 

The body’s response to injury is to control the extent of tissue damage and the toxic 

microenvironment (immune infiltrates and necrotic tissue) by walling off the damaged 

areas with collagen, resulting in fibrosis [69]. Once the damage is controlled, profibrotic 

pathways are terminated [70-72]. However, in abnormal regeneration, the profibrotic 

signaling pathways persist and uncontrolled synthesis of collagen results in prolonged 

fibrosis, scar tissue, and functional impairment [69, 73].  

The fibrotic response is mediated by TGF- β, which is a potent stimulator of fibrosis 

in various tissues [74, 75]. MSTN, a member of the TGF- β superfamily, is known to 

directly positively regulate skeletal muscle fibrosis and negatively regulate skeletal muscle 

maturation [76, 77]. Delta-1, a member of the Notch signaling pathway, has been shown 

to be involved in various types of tissue fibrosis (lungs, kidney, and heart) [78-80]. FZD1, 

a member of Wnt signaling, has been shown to play an important role in the pathogenesis 

of liver fibrosis [81, 82]. In the present study, TGF-β, MSTN, Delta-1, and FZD1 levels 

were found to be suppressed in the NAC treated groups compared to PBS treatment. This 

was associated with a decrease in percentage fibrosis, mature myofibers, and improved 

muscle function (Figures 1, 3, and 5). Although administration of NAC was associated 

with decrease in ROS production, decrease in profibrotic gene expresion and fibrosis 

formation, and improved function, it is unclear if NAC reduction in ROS resulted in these 

changes. We cannot exclude the possibility that NAC might indirectly protecting or 

influencing muscle injury/regeneration. Future studies should delineate pathways that 

mediate tissue fibrosis and muscle recovery after injury. While it is known that TGF-β is a 
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central mediator of tissue fibrosis and scar formation, the mechanisms through which NAC 

(anti-oxidant) effects these pathways have not been entirely delineated. Using 

immunohistochemistry and molecular markers TGF-β and its downstream signaling 

pathways that are involved in the development of fibrosis such as Smad2/3 and connective-

tissue growth factors (CTGF) could be analyzed.  

Vascular injuries, lead to cessation of blood flow resulting in ischemia, hypoxia, 

and tissue necrosis. Rapid revascularization and tissue perfusion is essential to maintain 

tissue integrity [83, 84]. One possible way NAC could improve tissue regeneration is by 

promoting neovascularization. Studies have demonstrated that NAC promotes 

angiogenesis and clearance of ROS during wound healing [85]. In this study, we showed 

that NAC treatment significantly increased the numbers of new blood vessels and the 

expression of vascular markers (CD31, VEGF, CD146 and KDR) as compared to the PBS 

treated group, suggesting neovascularization was favored by the treatment (Figure 4). 

Future studies will include a detailed characterization of vascular morphologies and 

features using immunohistochemistry and molecular analysis of von Willebrand Factor 

(vWF), CD31, and VEGF expression. Measurements of hindlimb perfusion using laser 

doppler flow imaging could reveal physiological blood flow.  

Although this study provides important mechanistic insights into the protective role 

of NAC on muscle injury, it has a number of limitations. First, we used adult female rats 

and did not examine the effect of NAC on their counterpart adult male rats. Further 

experiments will involve repeating the experiments in male rats. Second, in light of the fact 

that NAC treated groups had improved function at day 14 post injury compared to PBS, 

we were unable to detect any differences in function at day 7 and 28 between PBS and 
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NAC treated rats, respectively. This might be explained due to rats’ tremendous 

regeneration capacity and resolution of injury within weeks [37, 86]. However, treatment 

with NAC resulted in decreased MyoD and MyoG expression and larger muscle fiber cross-

section, suggesting that NAC-treated muscle are at a more progressive stage of 

regeneration. 

In conclusion, our data revealed that administration of NAC after injury was 

associated with lower levels of ROS and fibrosis formation, along with an increase in 

myofibers maturity and neovascularization. Enhanced tissue regeneration was associated 

with improved skeletal muscle function.  NAC may be a viable option as a target for future 

therapeutic intervention in skeletal muscle injury. Further work needs to be done to 

determine the molecular mechanisms underlying these alterations in regeneration.   
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Antibody name Company Dilution 

Anti-Nitrotyrosine Millipore  1:1000 

Anti-CD146 Millipore 1:10000 

Anti-β-actin Abcam 1:5000 

Goat-anti-rabbit IgG  Abcam 1:5000 

Rabbit-anti-mouse IgG  Abcam 1:5000 

Table 1: Western blot antibody dilution ratio 

 

Gene name Probe ID 

TGF-β1 Rn01475963_m1  

Frizzled-1 (FZD1) Rn01755425_s1 

Delta-like protein 1 (DLL1) Rn00583276_m1  

Myostatin (GDF8)  Rn00569683_m1  

CD31 (Pecam1) Rn01467262_m1  

VEGF Rn01511601_m1  

VEGFR2 (KDR) Rn00564986_m1  

Pax7 Rn01518732_m1 

MyoD Rn00598571_m1 

Myogenin (MyoG) Rn00567418_m1 

GAPDH Rn01775763_g1  

 Table 2: Taqman probes used for qPCR 
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Conclusion 

Musculoskeletal disorders have significant public health importance since we 

spend more than $849 billion, equal to 7.7 percent of the gross domestic product in the 

United States. Despite this prevalence, our understanding of the pathophysiology of 

fibrosis is limited such that no new therapeutics are available despite decades of research.  

The purpose of this study was to develop new biological approaches to improve 

skeletal muscle function and regeneration after injuries.  In response to skeletal muscle 

injury, Muscle Progenitor Cells (MPCs), which function as a myogenic stem cell 

population, become activated, proliferate, and ultimately fuse resulting in mature 

myofibers and recovery of muscle function [1-5]. However, under pathological conditions 

MPCs may differentiate into myofibroblasts, leading to an impaired healing process and 

excessive tissue fibrosis [6-8].  The formation of dense scar tissue after injury plays a key 

role in impairment to recovery of muscle function and can lead to muscle contracture and 

chronic pain, resulting in decreased mobility and quality of life. 

Fibrosis formation is a multiphase event driven by “toxic” microenvironmental 

factors such as reactive oxygen species (ROS) [9-11]. During the pathophysiological state, 

in response to injury or disease, inflammatory infiltrates promotes ROS production and 

tissue damage [12]. Furthermore, reactive O2 associated products block the regenerative 

capacity of MPCs, activate fibrogenesis and eventually, leading to the replacement of 

muscle into nonfunctional fibrotic tissue [13-15]. A healthy tissue microenvironment is 

conducive for healing by supporting MPC activation/proliferation, migration, and 

differentiation to healthy and functional muscle tissue [16-18]. Antioxidants such as NAC 

have been shown to have anti-fibrotic activities and are currently FDA approved for use in 
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patients with idiopathic pulmonary fibrosis [19-21]. Yet, the direct effect of anti-oxidants 

on MPCs and muscle regeneration has not been fully studies. 

Our overarching hypothesis is that ROS have a direct effect on MPCs and 

impairs their regenerative potential after injury, thereby limiting tissue recovery. We 

further hypothesize that the use of anti-oxidants to limit the effects of ROS will 

support MPC survival, proliferation and differentiation, and enhance tissue healing 

while preventing fibrosis and scarring. 

To test this hypothesis, we proposed to initially mimic the toxic 

microenvironment in vitro using hydrogen peroxide (H2O2) and the anti-oxidant NAC, in 

order to ascertain the direct effects of ROS on MPCs. Likewise, we examined the effects 

of ROS on tissue regeneration in vivo using a rat model of compression induced injury, 

followed by treatment with NAC. Our data showed that NAC limits/block ROS levels both 

in vitro and vivo after H2O2 challenge and induction of compression induced injury. This 

was associated with MPCs survival benefit in vitro and decreased tissue fibrosis and 

improved muscle function in vivo. These results suggest that treatment of skeletal muscle 

injuries with antioxidants, such as NAC, may be a viable option for prevention of long-

term fibrosis and scar formation and improvement of recovery of muscle function. 

While this data is interesting and shows that reduction in ROS is associated with 

improve skeletal muscle function and regeneration after injuries. It is unclear if reduction 

in ROS levels by NAC leads to better outcome or if NAC has a direct effect on MPCs and 

muscle regeneration or both. Future studies should focus on 1) using a different anti-

oxidant agent such as Edarovane (Radicava) which was recently approved by FDA for the 

treatment of amyotrophic lateral sclerosis [22-25] and 2) exploring the 
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pathways/mechanisms of NAC-induced muscle function and regeneration after injuries. 

Furthermore, we can use NAC in combination with cell theraphy or other antifibrotic 

agents such as Losartan to further improve the regenerative potential of skeletal muscle 

after injury.  
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Appendix 

Disclaimer 

 There is no conflict of interest. All animal studies were performed in accordance 

with the Wake Forest University (Winston-Salem, NC) Institutional Animal Care and 

Use Committee and NIH (Bethesda, MD) standard.  

 This study was funded in part by Armed Forces Institute for Regenerative 

Medicine (AFIRM) and T32 training grant.   
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Supplemental Figures 
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Supplementary Figure 1: The effect of NAC on muscle function. In vivo anterior 

crural muscle function was assessed by measuring maximal isometric torque as a function 

of stimulation frequency from 1 to 200 Hz for uninjured and injured PBS and NAC 

treated muscles at day 7, 14, and 28.  
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Supplementary Figure 2. The effect of NAC on TGFβ signaling following muscle 

injury. Adult female Lewis rats (10-12 months) were subjected to compartment 

syndrome (CS) injury by applying 120-140 mmHg compression for 3 hours. Half of the 

injured rats received NAC (150 mg/ml) and the other half received equal volume of PBS 

at 24, 48, and 72h after injury. Muscle tissue was harvested 7 days after injury for 

western blot analysis.  A. Western blot analysis of Smad-2 and 7 days post injury in 

muscles treated with PBS and NAC. The numbers represent the expression of Smad-2 

normalized to the expression of  β-actin, as determined by densitometry. B. Western blot 

analysis of total and phosphorylated smad-2 (p-smad-2). The numbers represent the 

proportion of phosphorylated smad-2 from total smad-2. Data are expressed as mean ± 

SEM. *p<0.05  
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Supplementary Figure 3: We aimed to evaluate the ameliorative effect NAC to reduce 

H2O2 toxicity in different age groups. Young, adult, and aged MPCs were plated and 

allowed to attach for 24 hrs. After 24 hr were challenged with 1 mM H2O2 and 

immediately after 10 mins there were randomized in different groups either to receive 1 

mM NAC or equivalent volume of PBS. Groups were divided into the following 9 groups 

(n=6-9 each): (1) young-control, (2) adult-control, (3) aged-control, (4) young- H2O2, (5) 

adult- H2O2, (6) aged- H2O2, (7) young- H2O2+NAC, (8) adult- H2O2+NAC, (9) aged- 

H2O2+NAC. IncuCyte real-time cell imager was used to capture images every 2 hrs for 

upto 160 hrs.  Representative images every 8 hrs are shown below (pages 64-74). NAC 

treatement showed significant increase in survival vs H2O2 (p<0.05).   
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Effect of NAC on young, adult, and aged MPCs 

 

To determine the effect of NAC on MPCs, young, adult, and aged MPCs were exposed to 

different concentration of NAC (1mM and 5mM) and MTS assay was used to determine 

if high dose of NAC is toxic to MPCs.  High dose of NAC is toxic to MPCs and no 

difference was detected among all groups, suggesting that despite their age difference all 

populations’ response of NAC is similar (Supplementary Figure 1). 

 

  

 
 

Supplementary Figure 4: NAC toxicity Assay. Young, adult and aged MPCs were 

exposed to increasing concentrations (1, 5, 10, 20 mM) of NAC for 24h. Cell viability 

determined by MTS assay and Live/death assay. High dose of NAC is toxic to MPCs and 

no difference was detected among young, adult, and aged groups. Each point represents a 

mean of 3. Data are expressed as means ± SEM. *p<0.05 vs control and 1mM. No 

difference was detected between control and 1mM NAC.  
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Supplementary Figure 5: Adult female Lewis rats (10-12 months) were subjected to 

compartment syndrome (CS) injury by applying 120-140 mmHg compression for 3 

hours. Half of the injured rats received NAC (150 mg/ml) and the other half received 

equal volume of PBS at 24, 48, and 72h after injury. Muscle tissue was harvested 4, 7, 14  

days after injury for analysis of myogenesis, neurogenesis, macrophages, extracellular 

matrix and fibrosis signaling gene expression. Please refer to Supplementary table I for 

list of genes used.  
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Gene Name  Function  

SOD1 Protective effect during ROS; limits ROS 

PAX7 Early myogenic markers 

MYOD Muscle differentiation 

MYOG Myogenesis and repair 

CD68 Pan-Macrophages 

CD80 Macrophages M1 

CD163 Macrophages M2 

PECAM1 (CD31) Platelet endothelial cell adhesion molecule (PECAM-1) 

VEGF-A1 Vascular endothelial growth factor A 

HIF1A Hypoxia-inducible factor 1-alpha 

KDR 

(FLK1/VEGFR-2) 

VEGF-Receptor 

CD146 Expressed w.in the vascular wall (melanoma cell adhesion mol) 

eNOS Endothelial NOS (nitric oxide synthase 3 (NOS3)) 

NACM Neural cell adhesion molecule 

Notch1 Neural function and development  

TGF-B1 Induces fibroblast proliferation 

  FDZ1   Frizzled (Wnt signaling) 

DLL1 Deltal-1 receptor for Notch1 

MSTN Myostatin (part of TGF-B1 superfamily) 

Col1a Collagen type 1a 

Col3a Collagen type 3a 

Supplementary table I  
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Schematic figuer showing possible mechanism of fibrosis formation   
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SOD1 (superoxide dismutase 1):  

Higher levels of ROS during injury are associated with cell damage and necrosis (damage 

to proteins, lipids, DNA, RNA, disruption of cell signaling, etc.).  SOD1 is known to 

limit the detrimental effects of ROS [1]. 

To determine whether NAC treatment alters SOD1 expression during injury, tissue SOD1 

levels were analyzed via qPCR at day 4, 7 and 14. Injured NAC treatment was associated 

with significant increase in SOD1 levels at day 4 compared to injured PBS (p<0.05). At 

day 7 there was a 2-3 fold decrease in SOD1 level in both groups and there were no 

differences in SOD1 levels in injured NAC vs PBS groups (p=ns). 14 days after injury 

there was a further decline in SOD1 levels in both groups. However, compared to injured 

NAC, injured PBS had significant increase in SOD1 levels at day 14 (p<0.05).  

The higher level of SOD1 seen at day 4 in NAC treated groups vs PBS suggest that NAC 

plays a crucial role in protecting the skeletal muscle in early phase of regeneration from 

ROS during injury. Because the muscle was protected or somehow the effects of ROS 

were limited 4 days after injury (or earlier) by the 14 we observed a shift of SOD1 levels, 

the PBS group had higher levels of SOD1. Suggesting that the PBS groups, despite the 

same injury as the NAC group, are somehow still dealing ROS levels.  
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Pax7 (Paired box protein 7):  

 

The outstanding regenerative capacity of skeletal muscle is attributed to the resident 

muscle stem cell termed satellite cell [2, 3]. Pax7 is a marker of quiescent satellite cells 

and are essential for skeletal muscle regeneration as they ultimately provide the myogenic 

precursors that rebuild damaged muscle tissue. Loss of satellite cells is associated with 

severe muscle atrophy and necrosis.  

To determine whether NAC treatment alters Pax7 expression during injury, tissue pax7 

levels were analyzed via qPCR at day 4, 7 and 14. No statistically significant differences 

were observed in tissue pax7 levels at all time points.   
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MyoD: 

 

 MyoD plays a major role in regulating muscle differentiation [4, 5].   

To determine whether NAC treatment alters MyoD expression during injury, tissue 

MyoD levels were analyzed via qPCR at day 4, 7 and 14. There were no differences in 

MyoD levels in both groups at day 4 and 7. However, at day 14 there were very low 

levels of MyoD in NAC treated groups compared to PBS (p<0.05), suggesting that 

regenerating in NAC group is at a further stage of wound healing compared to the PBS 

group. These data suggest than NAC treatment is assocated with advance (faster) 

recovery.   
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MyoG (Myogenin):  

 

MyoG plays a major role in skeletal muscle development (myogenesis) and repair during 

injury [6, 7].  

To determine whether NAC treatment alters MyoG expression during injury, tissue 

MyoG levels were analyzed via qPCR at day 4, 7 and 14. There were no differences in 

MyoG levels in both groups at day 4 and 7. However, at day 14 there were very low 

levels of MyoG in NAC treated groups, suggesting that regenerating in NAC group is at a 

further stage while the PBS groups is at the early stage. These data suggest than NAC 

treatment is assocated with advance (faster) recovery. 

Both MyoD and MyoG expression are markers of regeneration both were in thousand in 

NAC and PBS groups at day 4. However at day 14 there levels were significantly 
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decreased in both groups, and NAC treatment was associated with further decreased in 

MyoD and MyoG compared to PBS treated groups, suggesting that regeneration is at 

further stage of recovery, while the PBS group lags behind.  
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CD68 (Cluster of Differentiation 68):  

CD68 (pan-MΦ), CD80 (M1 MΦ), CD163 (M2 MΦ) 

 

CD68, (pan-macrophage) is a marker of macrophage lineage cells, expressed in both 

subtypes of macrophages, M1 and M2: M1, or pro-inflammatory macrophages, are 

considered to be important for the destruction of tumor cells and foreign organisms, 

whereas M2, or anti-inflammatory macrophages, have been suggested to be primarily 

involved in angiogenesis, wound healing, chronic infections, tumorigenesis and tumor 

metastasis [8].  

To determine whether NAC treatment alters CD68 expression during injury, tissue CD68 

levels were analyzed via qPCR at day 4, 7 and 14. There were no difference in CD68 

levels at day 4, 7, and 14 between PBS treated and NAC treated groups. 
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CD80: 

 

 

CD80 (M1) is pro-inflammatory macrophages, are considered to be important for the 

destruction of tumor cells and foreign organisms [8]. 

To determine whether NAC treatment alters CD80 expression during injury, tissue CD80 

levels were analyzed via qPCR at day 4, 7 and 14. There were no statistical differences in 

CD80 levels at day 4, and 7 between PBS treated and NAC treated groups (p=ns). 

Although there were no statistical differences between NAC treatment and PBS 

treatment, NAC treatment was associated with trend decrease in CD80 level at day 14 

compared to PBS (p=0.05). 
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CD163:  

 

 

CD163 (M2) is an anti-inflammatory macrophages, have been suggested to be primarily 

involved in angiogenesis, wound healing, chronic infections, tumorigenesis and tumor 

metastasis [8, 9].  

To determine whether NAC treatment alters CD163 expression during injury, tissue 

CD163 levels were analyzed via qPCR at day 4, 7 and 14. Injured NAC treatment was 

associated with significant increase in CD163 levels at day 4 compared to injured PBS 

(p<0.05). There were no differences in CD163 levels at day 7 and 14 between PBS 

treated and NAC treated groups (p=ns). 
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CD31 (PECAM-1, Platelet endothelial cell adhesion molecule): 

 

Adapted from: Shaundeep Sen et al. Clin. Sci. 2011;120:263-283 

CD31 is expressed at high levels on early and mature endothelial cells, and plays an 

important role in angiogenesis.  

To determine whether NAC treatment alters CD31 expression during injury, tissue CD31 

levels were analyzed via qPCR at day 4, 7 and 14. Injured NAC treatment was associated 

with significant increase in CD31 levels at day 4 compared to injured PBS (p<0.05). 

There were no differences in CD31 levels at day 7 and 14 between PBS treated and NAC 

treated groups (p=ns). 
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VEGF-α (Vascular endothelial growth factor):  

 

Adapted from: Mol Cell Biol. 2013 Sep; 33(18): 3689–3699 

VEGF- α is also expressed at high levels on early and mature endothelial cells, and is 

a potent angiogenic factor.  

To determine whether NAC treatment alters VEGF- α expression during injury, tissue 

VEGF- α levels were analyzed via qPCR at day 4, 7 and 14. Injured NAC treatment was 

associated with significant increase in VEGF- α levels at day 4 compared to injured PBS 

(p<0.05). There were no differences in VEGF- α levels at day 7 and 14 between PBS 

treated and NAC treated groups (p=ns). 
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KDR (VEGF receptor 2):  

 

Adapted from: Mol Cell Biol. 2013 Sep; 33(18): 3689–3699 

KDR is also expressed at high levels on early and mature endothelial cells, and is a 

potent angiogenic factor.  

To determine whether NAC treatment alters KDR expression during injury, tissue KDR 

levels were analyzed via qPCR at day 4, 7 and 14. Injured NAC treatment was associated 

with significant increase in KDR levels at day 4 compared to injured PBS (p<0.05).  

There were no differences in KDR levels at day 7 between PBS treated and NAC treated 
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groups (p=ns). However 14 days after injury NAC treatment was associated with 

significant decrease in HIF1levels compared to injured PBS (p<0.05). 
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CD146:  

CD146 is also known as the melanoma cell adhesion molecule (MCAM) or cell surface 

glycoprotein MUC18, is used as a marker for endothelial cell lineage [10].   

 

Adapted from: Mol Cell Biol. 2013 Sep; 33(18): 3689–3699 

To determine whether NAC treatment alters CD146 expression during injury, tissue 

CD146 levels were analyzed via qPCR at day 4, 7 and 14. Injured NAC treatment was 

associated with significant increase in CD146 levels at day 4 compared to injured PBS 

(p<0.05). There were no differences in CD146 levels at day 7 and 14 between PBS 

treated and NAC treated groups (p=ns).  
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HIF-1α (Hypoxia induced factor 1-alpha):  

HIF1 is a transcription factor found under reduced oxygen tension that plays an essential 

role in cellular and systemic homeostatic responses to hypoxia.  HIF1 is known to 

stimulate angiogenesis and neovascularization  (via activation of VEGFα) to promote 

tissue regeneration and functional recovery [11]. Studies have shown that deficiency of 

HIF-1α can lead to non-healing chronic wounds whereas overexpression of HIF-1α can 

improve wound healing [12].  

 
Adapted from: K Jatta et al. J Clin Pathol 2009;62:70-76 

 

To determine whether NAC treatment alters HIF1expression during injury, tissue HIF1 

levels were analyzed via qPCR at day 4, 7 and 14. Injured NAC treatment was associated 
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with significant increase in HIF1levels at day 4 compared to injured PBS (p<0.05). 

However 14 days after injury NAC treatment was associated with significant decrease in 

HIF1levels compared to injured PBS (p<0.05). There were no differences in HIF1 levels 

at day 7 between PBS treated and NAC treated groups (p=ns).   
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eNOS (endothelial NOS, also known as nitric oxide synthase 3):  

 

 

eNOS is mostly expressed in endothelial cells. It keeps blood vessels dilated, controls 

blood pressure, and has numerous other vasoprotective and anti-atherosclerotic effects. 

To determine whether NAC treatment alters eNOS expression during injury, tissue eNOS 

levels were analyzed via qtPCR at day 4, 7 and 14. Although there were no statistical 

differences between NAC treatment and PBS treatment, NAC treatment was associated 

with trend increase in eNOS level at day 4 compared to PBS. 
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NCAM (neural cell adhesion molecule):  

NCAM is strongly expressed in the nervous system and plays an important role in neural 

development [13].  

To determine whether NAC treatment alters NCAM expression during injury, tissue 

NCAM levels were analyzed via qtPCR at day 4, 7 and 14. There were no differences in 

NCAM levels at day 4 and 7 between PBS treated and NAC treated groups. However, 14 

days after injury NAC treatment was associated with significant decrease in NCAM 

levels compared to injure PBS (p<0.05).   
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Notch1  

Notch1 is involved in major pathways that regulate tissue and vascular homeostasis (cell 

apoptosis, proliferation, cell migration, differentiation, healing/fibrosis repair, tissue 

regeneration and immune response):  

 

Adapted from: International Journal of Molecular Sciences 14(4):6863-88 

To determine whether NAC treatment alters Notch1 expression during injury, tissue 

Notch1 levels were analyzed via qtPCR at day 4, 7 and 14. There were no differences in 

Notch1 levels at day 4, 7, and 14 between PBS treated and NAC treated groups (p=ns).   
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TGF-β (transforming growth factor-beta):  

TGF-β is involved in skeletal muscle recovery and repair during injury. It regulates the 

skeletal muscle inflammatory response, inhibits muscle regeneration, regulates 

extracellular matrix remodeling, and promotes fibrosis [14].  

            

     

 Adapted from:  https://doi.org/10.1186/2044-5040-1-19    
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To determine whether NAC treatment alters TGF-β expression during injury, tissue TGF-

β levels were analyzed via qtPCR at day 4, 7 and 14.  

Injured NAC treatment was associated with significant decreased in TGF-β  levels at day 

14 compared to injured PBS (p<0.05). However, there were no differences in TGF-β 

levels at day 4 and 7 between PBS treated and NAC treated groups.  
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MSTN (myostatin)  

MSTN is a member of the TGF-b super family. It is produced by skeletal muscle and acts 

as a negative regulator of muscle growth.  

 

Adapted from: https://doi.org/10.1186/2044-5040-1-19 

To determine whether NAC treatment alters MSTN expression during injury, tissue 

MSTN levels were analyzed via qtPCR at day 4, 7 and 14. Injured NAC treatment was 

associated with significant decreased in MSTN levels at day 14 compared to injured PBS 
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(p<0.05). However, there were no differences in TGF-β levels at day 4 and 7 between 

PBS treated and NAC treated groups (p=ns).  
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FZD1 (Frizzled-1):  

FZD1 is receptor for Wnt, and plays an essential role in myogenesis and in maintenance 

of skeletal muscle homeostasis.  Higher levels of Wnt is associated with fibrosis and poor 

regeneration  

 

Adapted from International Journal of Biological Sciences 08: 0731 image No. 03 

 

To determine whether NAC treatment alters FZD1expression during injury, tissue FZD1 

levels were analyzed via qtPCR at day 4, 7 and 14. Injured NAC treatment was 
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associated with significant decreased in FZD1 levels at day 14 compared to injure PBS 

(p<0.05). However, there were no differences in FZD1 levels at day 4 and 7 between PBS 

treated and NAC treated groups (p=ns).  
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Delta1 (DLK1/DLL1, Delta like canonical Notch ligand 1)  

DLL1 is part of the EGF-like superfamily and may act as a negative regulator of Notch 

[15]. It is highly expressed during skeletal muscle remodeling and regeneration [16]. 

  

The effective negative feedback loop between Notch and Delta 

To determine whether NAC treatment alters Delta1 expression during injury, tissue 

Delta1 levels were analyzed via qtPCR at day 4, 7 and 14. Injured NAC treatment was 

associated with significant decreased in Delta1 levels at day 14 compared to injure PBS 

(p<0.05). However, there were no differences in Delta1 levels at day 4 and 7 between 

PBS treated and NAC treated groups (p=ns).  
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Col 1 (Collagen type I) 

Collagen remodeling is crucial step in wound healing. Remodelling represents the pediod 

during which type III collagen is replaced by type I collagen. 

 

Adapted from Witte MB, Barbul A: General principles of wound healing. Surg Clin North 

Am 77:509–528, 1997. 

 

To determine whether NAC treatment alters Col1 expression during injury, tissue Col1 

levels were analyzed via qtPCR at day 4, 7 and 14. Injured NAC treatment was 

associated with significant increase in Col1 levels at day 4 compared to injure PBS 
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(p<0.05). There were no differences in Col1 levels at day 7 and 14 between PBS treated 

and NAC treated groups (p=ns).  
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Col3 (Collagen type III):  

Collagen remodeling is crucial step in wound healing. Remodelling represents the pediod 

during which type III collagen is replaced by type I collagen. 

 

Adapted from Witte MB, Barbul A: General principles of wound healing. Surg Clin North 

Am 77:509–528, 1997. 
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To determine whether NAC treatment alters Col3 expression during injury, tissue Col3 

levels were analyzed via qtPCR at day 4, 7 and 14. There were no differences in Col3 

levels al tall time points between PBS treated and NAC treated groups.  
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