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ABSTRACT OF THE THESIS 

 

Targeting muscle pathology using multifunctional small molecules 
 
 
 

by 
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Professor Shyni Varghese, Chair 
 
 
 

 Duchenne muscular dystrophy (DMD) is an X-linked hereditary disorder that 

affects 1 in every 3500 males. Of the broad spectrum of muscular dystrophies, DMD 

has the highest incidence rate, and is characterized by a recessive, nonsense mutation 

in the gene coding for dystrophin. Loss of dystrophin leads to compromised 

connectivity between the sarcolemma and the surrounding extracellular matrix (ECM), 

causing a cascade of pathologies such as chronic muscle damage, inflammation, and 

fibrosis. To date, no cures for DMD have been found, although multiple routes of 

research to ameliorate the disease are being pursued. Cell- and gene therapy-based 

approaches appear promising but ultimately suffer from difficult delivery methods and 

potential detrimental side effects. DMD pathology is characterized by inflammation 



x 
 

and fibrosis. Therefore, an approach that targets these pathologies could be a 

promising alternative strategy to treat DMD and improve prognosis. 

In this study, we propose such an alternative approach to treat DMD pathology. 

Our approach involves a multifunctional small molecule – a short chain fatty acid 

hexosamine (SCFAH) – to ameliorate inflammation and fibrosis associated with DMD 

pathology. We show that the SCFAH suppresses both the nuclear factor kappa-B (NF-

κB) and transforming growth factor-beta (TGF-β) pathways, thereby reducing 

inflammation and fibrosis in muscles of mdx mice, a mouse model for DMD. This 

effect was found to be apparent in biochemical, histological, and protein analyses. Our 

results show the potential of a single molecule to target multiple pathologies of DMD 

and establish a foundation for a promising alternative conventional treatment strategy. 
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CHAPTER 1: INTRODUCTION 

 The muscular dystrophies (MDs) are a group of hereditary disorders that are 

characterized by progressive muscle degeneration. A wide spectrum of MDs has been 

identified to date, symptoms of which range from mild muscle weakness to crippling 

locomotive and cognitive impairment. The most common form, Duchenne muscular 

dystrophy (DMD), causes such rapid muscle degeneration that the patient is confined 

to a wheelchair by adolescence. Most patients do not live past their early twenties due 

to weakening of the heart and diaphragm. 

 Much of the weakening is caused by chronic inflammation and buildup of 

fibrotic tissue, which progressively hinders the body’s ability to regenerate muscle that 

has been damaged from compromised sarcolemmal attachment to the extracellular 

matrix (ECM). Furthermore, the satellite cell pool, an endogenous source of 

progenitor cells that replenishes damaged skeletal muscle, becomes hyperactive and 

increasingly depletes over time due to the extensive and continuous muscle 

regeneration. Aside from the routes of stem cell and gene therapy to impart dystrophin 

to degenerating muscles, a few pathway inhibitors have been anticipated to have some 

efficacy in ameliorating the disease. Recent research has shown that the reduction of 

fibrosis and inflammation by treatment with inhibitors of the NF-κB and TGF-β 

pathways could improve pathology in mdx mice [17,26]. 

 Additionally, the compromised structural integrity caused by the lack of force 

distribution to the ECM facilitates the progression of the disease. As such, myriad 

research delved into supplying the muscle with dystrophin or a related protein, either  
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by fusion of injected cells that are wild type for dystrophin or by gene therapy. Despite 

considerable research and progress in this area, these methods suffer from distribution 

issues as well as rejection or toxicity concerns. In the same vein, cell surface 

glycosylation engineering has found some success by reinforcing ECM-cytoskeleton 

interactions for force distribution in animal models [206,215,216]. 

 In the recent past, a number of short chain fatty acid hexosamines (SCFAHs) 

were developed in the laboratory of Kevin Yarema for metabolic engineering. These 

SCFAHs are lipophilic in nature, which facilitates their delivery into the cell. Esterase-

mediated processing of this SCFAH liberates the butyrate groups donning the 

hexosamine. While the SCFAH exerts certain biological functions, individual 

components resulting from esterase processing has their own functions. The 

hexosamine scaffold contributes to increased flux through the sialic acid pathway, 

while the butyrate groups exert histone deacetylase inhibitor (HDACi) activity, which 

has been shown to enhance muscle size and improve DMD symptoms [1]. We 

hypothesized that employing the SCFAH to enhance glycosylation, modulate 

signaling pathways responsible for fibrosis and inflammation, and regulate 

deacetylation will provide a systemic and multifaceted amelioration of DMD 

pathology by targeting the major contributors of muscle degeneration. In this thesis, 

we focus on the effects of the SCFAH on fibrosis and inflammation in particular. 

 This thesis focuses on the in vitro effects of the SCFAH on cell types relevant 

to skeletal muscle, as well as their in vivo contributions to skeletal muscle tissue 

fibrosis and inflammation by using an mdx mouse model. Ultimately, the primary idea 
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to ameliorating DMD is to reduce contraction-induced sarcolemmal damage by 

suppressing fibrotic tissue formation and inflammatory responses, as well as provide 

additional “grip” for muscles to better distribute contractile forces. 

The following studies were performed to determine the multifunctionality of the 

SCFAH and its effect on pathways relevant to fibrosis and inflammation: 

1) Generation of luciferase reporter cell lines for detecting levels of NF-κB and 

TGF-β pathways. 

2) Assessment of the modulation of the NF-κB and TGF-β pathways after 

treatment with the SCFAH. 

3) Determine if the hybrid of the individual components released from esterase 

processing of the SCFAH is responsible for pathway regulation. 

4) Determine the effect of the SCFAH on cell proliferation. 

The following studies were performed in mdx mice to determine the potential of the 

SCFAH to ameliorate fibrosis and inflammation in vivo: 

1) Evaluate the effect of the SCFAH on skeletal muscle tissue inflammation. 

 2) Evaluate the effect of the SCFAH on skeletal muscle tissue fibrosis. 

3) Assess muscle damage and its structural integrity or permeability after 

treatment with the SCFAH. 

Briefly, the following experiments were devised to study the aforementioned: 

 To determine the effect of the SCFAH on in vitro, we generated luciferase 

reporter cell lines expressing luciferase under the NF-κB and TGF-β promoters. More 

specifically, NF-κB, Smad2/3, and basal TATA promoter lines were created to report 
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the downregulation or upregulation of the NF-κB and TGF-β pathways. Luciferase 

activity was assayed after treatment with a vehicle control and the SCFAH. Effect on 

proliferation was also assayed by counting cells at two separate time points while in 

their logarithmic growth phase. 

 To determine the effect of the SCFAH in vivo, we evaluated the molecular, 

morphological, and structural outcomes of mdx mice treated daily with intraperitoneal 

injections. Three groups of mice were assayed: wild type control, mdx vehicle control, 

mdx treated with the SCFAH. Molecular and tissue-level characterizations were 

performed 5.5 weeks after initiation of treatment. Specifically, biochemical, molecular 

biology, histological, and immunochemical assays were run on the tibialis anterior, 

quadriceps, and EDL. Creatine kinase, aspartate aminotransferase, and Evans blue dye 

permeability assays were performed to determine the structural integrity and extent of 

necrosis of the muscles. 

Briefly, the following results were observed from the above experiments: 

1) The SCFAH, independent of its constituents, markedly downregulates the 

NF-κB pathway in vitro. 

2) The SCFAH, not independent of its constituents, markedly downregulates 

the TGF-β pathway in vitro. 

3) The SCFAH targets fibrosis and inflammation in vivo. 

4) The SCFAH treatment maintains structural integrity and reduces tissue 

permeability. 
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CHAPTER 2: LITERATURE REVIEW 

2.1) Dystrophin and membrane integrity 

 Dystrophin in its entirety, as represented in skeletal muscle, was first cloned in 

1987 [2]. Shortly after its identification, major advances in elucidating its function, 

structure, and role in muscular dystrophy occurred. Dystrophin was shown to be a rod-

like protein, functioning as an anchor between the cytoskeleton and the surrounding 

extracellular matrix (ECM) through the dystroglycan complex [2,3]. Its observed 

function in connecting the ECM with the sarcolemma pointed to a structural role, 

particularly in light of the symptoms and signs of muscular dystrophies associated 

with a mutation in the dystrophin locus. Over a decade after the complete cloning of 

dystrophin, its role was uncovered as a sarcolemma stabilizer and distributor of stress 

to protect the sarcolemma from contraction-induced damage [4,5,6]. 

 

Figure 1. The dystrophin-dystroglycan complex. 
Adapted from [6].
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2.2) Duchenne muscular dystrophy 

Due to its structural role in skeletal muscle cells, the absence of dystrophin 

causes chronic muscle damage and wasting, and manifests as a disease known as 

Duchenne muscular dystrophy (DMD) [7,8]. A milder form, Becker muscular 

dystrophy (BMD), is caused by mutations that result in decreased dystrophin levels or 

smaller dystrophin size; a variety of different muscular dystrophies (MDs) are caused 

by mutations in different proteins belonging to the costameres of skeletal muscle cells 

[9]. Here, we focus on the most common and severe MD, DMD. 

DMD is an X-linked disorder characterized by progressive muscle wasting and 

weakness. It is a debilitating disease that affects roughly 1 in every 3500 male births, 

currently affecting approximately 8,000 boys and young men in the United States [10].  

During early childhood, difficulties in running and climbing stairs develop due to 

weakness in the knee and hip extensors [11]. Most children are wheelchair-ridden by 

12 years of age, and require respiratory and cardiac care until death, which generally 

occurs in their late 20s [11]. On the other hand, female carriers have a milder form of 

DMD [12,13,14]. In families afflicted with the dystrophin mutation, there is a 50% 

probability that the mutation is inherited in females. Females that carry the mutation 

are carriers that exhibit symptoms that are usually milder in comparison to DMD 

sufferers; the mutation is rarely fatal in females [15,16]. 

Currently, there is no cure for DMD. Despite the numerous types of treatments 

being researched, there are no effective methods for reducing or reversing muscle 

degeneration. Effective therapies may require a multifaceted approach, targeting 
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multiple aspects of the disease to provide exquisite control over the pathologies 

associated with this complex disease. 

2.3) Pathophysiology of DMD 

Satellite cells, muscle-residing progenitor cells that contribute to regeneration 

of damaged skeletal muscle, lie between the basal lamina and sarcolemma. The lack of 

dystrophin within the dystrophin-glycoprotein complex of the membrane is thought to 

contribute to calcium influx, activating calcium-dependent proteases and leading to 

necrosis. This leads to a cascade of negative consequences involving a chronic 

inflammatory response, which ultimately results in fibrogenic cytokine release and 

abnormal synthesis and deposition of ECM [17]. Constant muscle damage also results 

in an elevated number of satellite cells, which display extensive proliferation and 

differentiation in an effort to repair the damaged fibers. However, over time, 

regeneration of the fibers by satellite cells becomes insufficient, perhaps due to the 

inhibition of differentiation by the surrounding extracellular milieu or due to the 

exhaustion of satellite cells associated with repetitive and continuous repair of muscle 

tissues [18]. 

TGF-β1, a highly upregulated factor in DMD, is involved in both accumulation 

of fibrotic tissue and suppression of regeneration in skeletal muscle [19,20,21,22]. 

Many cells produce TGF-β1, but an elevated activation of TGF-β pathway in skeletal 

muscle results in excessive collagen deposition by fibroblasts and downregulation of 

MyoD1, a factor crucial in myogenic differentiation [19,23]. The fibrous tissue 

accumulation is exemplified by the observation that 80% of muscle tissue is replaced 
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by connective tissue in patients with DMD after just 6 years of age [20]. High levels of 

TGF-b1 and increased fibrogenesis was also found in the diaphragm of young mdx 

mice, perhaps affecting respiratory capacity [24]. Inability of differentiating muscle 

stem cells to properly regenerate skeletal muscle tissue may lead to apoptosis and 

connective tissue deposition, eventually leading to a positive feedback loop of altered 

blood supply and fiber metabolism, which in turn leads to greater muscle tissue 

degeneration and connective tissue deposition [25]. Therefore, maintaining proper 

levels of TGF-β signaling is critical for preservation of muscle regeneration and 

nutrient transport (Fig. 2). 

 

Figure 2. TGF-β-mediated regulation of skeletal muscle. 
Adapted from [171].  
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Chronic inflammation in DMD is an additional pathology with consequences 

in muscle atrophy. Upregulated NF-κB signaling in skeletal muscle in response to 

inflammatory cytokines, such as TNF-α, negatively regulate late myogenic 

differentiation and trigger chronic inflammation [26,27]. More specifically, several 

groups have found that NF-κB signaling induces degradation of MyoD1 mRNA, 

tagging this pathway as a major player in many skeletal muscle diseases that involve 

muscle decay [28,29]. In addition, persistence in the overexpression of these cytokines 

has been correlated with the continuous recruitment of immune cells to skeletal 

muscle [30]. It has been found that in both DMD mouse models and human patients, 

elevated NF-κB signaling has been observed in immune cells and skeletal muscle, 

promoting inflammation, muscle necrosis, and muscle wasting [31]. Importantly, NF-

κB signaling abnormalities are independent of the collagen deposition and TGF-β1 

overexpression, highlighting the necessity of a treatment that targets multiple 

manifestations of DMD (Fig. 3) [32]. 
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Figure 3. Mechanisms of NF-κB-mediated muscle degeneration. 
Adapted from [27].  
 

 Although skeletal muscle failure is the most prominent manifestation of DMD, 

smooth muscle and cardiac muscle face chronic degeneration as well.  In fact, cardiac 

failure, along with respiratory failure and pneumonia, constitutes one of the reasons 

for cause of death. Abnormal electrocardiogram readings are found in a majority of 

sufferers, usually beginning at about 13 years of age [33]. Cardiac muscle 

degeneration manifests much more slowly than skeletal muscle degeneration, and 

generally fails in the patient’s late 20s [33]. Gastrointestinal or smooth muscle failure 

was found in a smaller subset of patients, and was generally a secondary manifestation 

from surgical procedures or disease [33]. Such manifestations may be the underlying 
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reason why some patients experience attacks of abdominal pain, emesis, constipation, 

and urinary retention. Chronic wasting in these tissues underscores the significance of 

a treatment that is systemic, multifaceted, and safe enough for long-term therapy. 

2.4) Current treatments 

 At present, there is no cure for DMD. However, there has been considerable 

effort in the past few decades to fully understand the pathologies and possible 

treatments to ameliorate or cure the disease. Many routes of treatment types are being 

investigated, including cell-based therapy, gene therapy, drug-based therapy, and 

therapies that address the structural deficiency intrinsic to dystrophin loss. Currently, 

the approaches that generate considerable excitement are therapies that deliver 

functional dystrophin through genetic, molecular, or cell transplantation means. 

Approaches that modify the structure of muscle or modulate signaling pathways are 

also receiving substantial attention. Being such a complex disease, a multifaceted 

treatment that encompasses the critical complications is required. 

In the search for an effective treatment, a standard mouse model (mdx) is most 

commonly used. The mdx animal model is genetically homologous to DMD, 

displaying an absence of dystrophin, much like its human counterpart. Although there 

are several animal models available which all have defects in dystrophin, the mouse 

model is most often used because it is easy to breed, genetically uniform, economical, 

and convenient [34]. Aside from mouse models, dystrophic dogs, nematodes, and 

zebrafish exist; however, while dogs more closely resemble the phenotype of DMD 
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patients, their genetic variability has limited their usefulness, and invertebrate models 

suffer as well from debatable phenotypic homology [34]. 

Pharmacological and surgical approaches, physical therapy, and orthotic 

devices are among the most common methods of treatment currently used to give 

DMD sufferers a fuller range of motion and to reduce pain. In particular, 

corticosteroids such as prednisone and its derivatives are widely used and have been 

shown to ameliorate symptoms of DMD, albeit with detrimental side effects and no 

obvious long-term benefits [35]. Other pharmacological approaches such as 

maintaining calcium homeostasis and decreasing inflammation and fibrosis have also 

shown promise [35]. Additionally, procedures to correct the structure and function of 

limbs or torso are routinely performed to support proper movement. Advances in 

surgeries to correct scoliosis and stabilize various joints have delayed the requirement 

for wheelchairs by a few years [36]. Despite the advancements made in the past few 

decades, there still remains a tremendous unmet need for an easy-to-administer, long-

lasting treatment to ameliorate or cure DMD. 

2.4.1) Cell-based therapy 

 One burgeoning field of research in the quest for treating DMD revolves 

around the transplantation of cells that are capable of fusing with existing muscle 

tissue as a means of delivering wild-type dystrophin [37,38]. A secondary, but 

necessary, result that is extremely important to the transplantation is the incorporation 

of the introduced cells into the satellite cell compartment of existing skeletal muscle 

fibers [39,40,41]. Replenishing the satellite cell compartment allows the skeletal 
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muscle to regenerate following damage or trauma. Currently, there are no approved 

cell-based treatments for DMD. Cell-based approaches to treating DMD are still its 

early stages and there has not been a product that has been clinically approved for 

treatment. 

Myogenic stem cells from muscle and blood are currently being investigated 

for their possible uses in the therapy for DMD. The underlying theory behind stem cell 

therapies is to get myogenic precursors with the normal dystrophin gene to fuse with 

muscle fibers to regenerate and maintain the muscle. For many years, muscle satellite 

cells were seen as the only cell type that maintained skeletal muscle [42]. Recently, 

other cell lineages have been shown to have myogenic potential including muscle-

derived stem cells, muscle side-population, bone marrow-derived mesenchymal stem 

cells, CD133+ progenitor cells from blood and muscle, mesoangioblasts, and pericytes 

(Fig. 4). Each has their own advantages and disadvantages. Among the different cell 

types with muscle potential, several types that show great potential for treating DMD 

are discussed below. 
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Figure 4. Depiction of the many cell types capable of participating in muscle 
repair. 
Adapted from [43].  

 

2.4.1.1) Satellite cells and skeletal muscle precursors (SMPs) 

Satellite cells represent a natural choice for cell-based therapy because they are 

muscle-residing progenitor cells that contribute to muscle tissue repair [44,45]. High 

numbers of satellite cells injected into skeletal muscle resulted in efficient delivery of 

dystrophin in DMD patients [46,47]. Mechanically isolated satellite cells also show 

considerable repopulation of the satellite cell niche after intramuscular injection 

[48,49]. However, satellite cells rapidly lose proliferation, survival, and engraftment 

potential with in vitro culture [50,51,52]. Additionally, systemic delivery shows 
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inability of the injected cells to cross endothelial barriers while intramuscular delivery 

shows limited migration of the cells [53]. Methods to maintain their capabilities with 

expansion are currently being explored [54,55]. Although some pioneering studies led 

to several clinical trials in the early 1980s by showing significant fusion of 

transplanted cells and subsequent dystrophin production in mdx mice, they ultimately 

failed and still require improvement in survival, expansion, and migration [37,56]. 

SMPs within the satellite cell pool have been shown to have self-renewal 

ability and differentiation capability [57]. Cerletti et al. demonstrated that SMPs, 

which are characterized by the surface markers CD45-Sca-1-Mac-1-CXCR4+β1-

integrin+, efficiently engraft into dystrophic muscle fibers. In their study, they derived 

these cells from a population of satellite cells and engrafted the cells into dystrophin-

deficient mdx mice [58]. The injected cells appeared in up to 94% of myofibers and 

restored dystrophin expression and improved contractile function in muscle. The 

transplanted cells joined the mouse endogenous satellites cells, and thus contribute to 

future skeletal muscle repair and maintenance. From this research, SMPs have been 

shown to be a viable option for DMD treatment since they are not localized when 

injected into the muscle and have high engraftment efficiency. 

2.4.1.2) Bone marrow-derived mesenchymal stem cells (MSCs) 

MSCs are multipotent cells that were first identified in the stromal population 

within the bone marrow, being distinct from hematopoietic stem cells and 

differentiating into bone, cartilage, fat, connective tissue, and muscle [59,60]. As 

researchers discovered that stem cells from sources other than muscle can enter the 
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satellite cell niche and that MSCs are closely associated with blood vessels and 

distributed throughout the body, MSCs were investigated as a source for stem cell-

based therapy [61]. Another property of MSCs that makes them an ideal candidate for 

clinical applications for DMD is their immunomodulatory properties, which may make 

allografts possible [62,63,64,65]. Moreover, they have the ability to home in to the 

injury site after delivery into blood; also, when MSCs are injected into mdx mice, the 

mice displayed muscle fiber regeneration and increased stem cell engraftment with 

muscle overloading [66]. The high availability of MSCs as well as their regenerative 

potential and immunomodulatory properties makes them an attractive cell source for 

DMD therapy. 

2.4.1.3) Pluripotent stem cells (PSCs) 

 Differentiation of PSCs into myogenic precursors is a recent endeavor that is 

promising in that these naïve stem cells are, in theory, infinitely expandable and have 

the capacity to differentiate into all cell types of the three germ layers. There have a 

number of studies reporting successful generation of myogenic precursors from both 

human and mouse PSCs [67,68,69,70]. Sakurai et al illustrated the isolation of a 

developmentally relevant cell population, embryonic paraxial mesoderm-like cells that 

were platelet-derived growth factor receptor-α (PDGFRα)-positive and vascular 

endothelial growth factor receptor 2 (VEGFR2/KDR)-positive, that exhibited the 

capacity to replenish the satellite cell pool and differentiate into mature myofibers [70]. 

Barberi et al. showed that isolating a CD73+ subset from differentiating human 

embryonic stem cells produced a population of cells capable of reaching multiple 
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mesenchymal fates, including myogenic differentiation factor 1 (MYOD1)-expressing 

cell population that could terminally differentiate into myotubes [67]. These cells also 

showed long-term survival and high engraftment efficiency in severe combined 

immunodeficient (SCID)/beige mice. Induced PSCs represent an even more attractive 

source because they can be derived from adult cells and can be patient-specific [71]. 

Work dating back to the late 1980s also showed the possibility of differentiating non-

muscle adult cells into skeletal muscle cells [72,73]. 

 Although there is much promise in using PSCs for cell therapy, there a number 

of hurdles that must be overcome for a smooth clinical transition. Firstly, chromosome 

aberrations and karyotypic instabilities is a concern [74,75]. Induced PSCs have an 

added complexity of the viral induction commonly employed to create them [71]. 

Additionally, the immunoprivilege of induced PSCs is still being debated [76]. 

Teratomas are also still a concern when utilizing PSCs for cell therapy [77,78]. 

2.4.1.4) Mesoangioblasts 

Mesoangioblasts have shown potential as a stem cell source for treating DMD 

[79].  They are stem cells initially derived from embryonic dorsal aorta by Cossu and 

Bianco that can differentiate into mesodermal tissues such as skeletal muscle. Some of 

the benefits of using mesoangioblasts are that they migrate readily through the 

vasculature, particularly with pre-treatment with particular growth factors [80,81]. In 

particular, injection of mesoangioblasts expressing human micro-dystrophin into 

dystrophic dogs enhances muscle function and mobility as well as dystrophin 

expression [82]. Recently, Berry et al. also explored the use of mesoangioblast in a 
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stem cell therapy for DMD [83]. They isolated mesoangioblasts from the aorta, 

differentiated them in vitro, and injected them into dystrophin/utrophin knockout mice.  

Berry et al. observed mesoangioblast proliferation in vivo, incorporation and 

formation of muscle fibers, and synthesis of dystrophin. Further developments in 

utilizing mesoangioblasts involve genetic correction of mesoangioblasts derived from 

dystrophic mice via lentiviral transduction [84]. Tedesco et al. demonstrated that using 

human artificial chromosome and viral transduction to introduce full-length dystrophin 

to dystrophin-negative mesoangioblasts, clonally expanding genetically corrected cells, 

then transplantation into mdx/SCID mice results in expression of normal dystrophin 

and morphological and functional amelioration of muscular dystrophy [84]. 

Amelioration of dystrophy pathology is seen with both intramuscular and intra-arterial 

injection. Evidently, the ability of mesoangioblasts to extravasate into muscle fibers 

from circulation and fuse with existing muscle fibers makes them an appealing option 

for cell therapy. 

 Despite the promising advances in cell-based therapies, there still remain 

numerous hurdles for an effective treatment. Firstly, survival of transplanted cells is 

very low, possibly due to anoikis or inability to successfully engraft with existing host 

tissue [85]. Several labs have discovered measures to counteract this, although more 

work needs to be done to optimize and expand on these procedures. Asakura et al. 

discovered that MyoD-deficient myoblasts are highly resistant to apoptosis and exhibit 

enhanced survival upon injection [86]. Jia et al. reported that enhanced expression of 

erythropoietin receptor and exogenous erythropoietin supplementation also increased 
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survival of myoblasts following transplantation [87]. Other labs explored the 

possibility of preventing anoikis by transplanting myoblasts in fibrin gels [88]. 

Secondly, a bountiful source of cells capable of extravasation is required to 

confer dystrophin systemically and ensure a higher probability of cell survival, 

replenish the satellite cell compartment, and effectively result in functional recovery. 

A promising cell source for this purpose is expanded embryonic stem cells or 

mesoangioblasts, as discussed above. To circumvent the issues involved with immune 

rejection, induced pluripotent stem cells or patient cells with high proliferative 

capacity may be used along with genetic correction to provide functional dystrophin 

[84,89]. As mentioned, however, each cell type has their disadvantages and hence 

need further work for optimization. 

2.4.2) Gene therapy 

Other therapies, which are concerned primarily with the genetic level of DMD, 

are also being developed. Current clinical trials that are underway are primarily ones 

concerned with pharmaceutical drug treatment. There are others, like the trial led by 

Jerry R. Mendell, which investigate the potential of gene therapy on the amelioration 

of DMD. 

Gene therapy is another promising approach to treating DMD. Gene therapy 

methods involve non-viral, viral, and antisense oligonucleotide therapies (Fig. 5). The 

primary idea behind this type of therapy is locus repair in the patient’s genome, 

circumventing nonsense mutations post-transcriptionally, or delivering dystrophin or 

related genes to ameliorate pathology. This route of treatment is also not without 
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substantial obstacles. Full-length dystrophin delivery is challenging due to its large 

size, as the mRNA length is 14 kb and the full gene length is 2.1 mb [90,91]. To 

bypass this issue, researchers turned to “mini” and “micro” versions of dystrophin, 

which still contain the major domains of dystrophin and remain highly functional 

[92,93,94,95]. BMD patients are hosts of large genomic deletions of dystrophin, yet 

exhibit much milder symptoms than DMD patients [96]. Introduction of smaller 

dystrophin or dystrophin-related genes is generally done through virus or plasmid 

DNA injection. Although prospects seem promising, further studies must be 

completed to ensure safety during clinical trials. 

Another type of gene therapy being researched involves ex vivo gene transfer, 

which is the delivery of genes into proliferating cells through ex vivo transfection or 

transduction, prior to surgical transplantation. In one experiment, Powell, et al. 

genetically engineered skeletal muscle cells, fibroblasts, cardiomyocytes, and 

osteoblasts into organized tissue constructs called bioartificial muscles, and then 

implanted them into mice as therapeutic agents capable of secreting and replacing 

factors that induce muscular growth [97]. Floyd Jr et al. utilized ex vivo gene transfer 

with myoblasts to deliver full-length dystrophin and achieved persistent transgene 

expression of dystrophin and dystrophin-associated proteins [98]. A major benefit to 

ex vivo gene therapy as opposed to in vivo gene therapy is the exclusion of systemic 

viral or plasmid delivery. Other muscular disorders or diseases that can be treated with 

this approach include conditions that affect normal development of muscle or 
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deterioration of muscle as a result of disuse, such as other muscular dystrophies and 

muscle wasting. 

 

Figure 5. Illustration of various gene therapy methods. 
Adapted from [99].  

 

Despite concerns regarding the safety of virus-mediated in vivo gene therapy, 

researchers are continuing to investigate the possibilities within this realm. Adeno-

associated virus, adenovirus, and lentivirus are the popular choices for virus-mediated 

transfer of mini or microdystrophin, the shortened forms of dystrophin. Mini and 

microdystrophin maintain the capability for phenotypic rescue [99]. Alternatively, 
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shortened forms of utrophin have shown promise in improving the pathophysiology of 

mdx and dystrophin/utrophin double-knockout animals, as well as dystrophic dogs 

[58,100,101]. Microutrophin has been shown to work similarly to microdystrophin in 

terms of improvements in muscle morphology, fiber size, and functional properties 

[102]. Using shorter forms of utrophin may have an additional benefit of overcoming 

the immune response that is possible with introducing dystrophin into DMD patients. 

Evidence shown from immunological research demonstrated that dystrophin can 

invoke an immune response [103,104]. 

2.4.2.1) Recombinant adeno-associated virus 

 Recombinant adeno-associated virus (rAAV) are proving to be one of 

the most promising choices for virus-mediated gene delivery, having high tropism for 

striated muscle and low immunogenicity, although they have low holding capacity; 

rAAVs have been able to successfully and systemically deliver microdystrophin to 

striated muscle throughout the body [105]. Gene expression after rAAV infection has 

been shown to be stable for up to two years in mice and over seven years in dogs and 

rhesus monkeys [106,107]. Additionally, rAAV was shown to be relatively safe in a 

human phase I trial for hemophilia b, although low levels of integration is detected at 

very high doses [108,109,110]. Fortunately, immune responses are relatively mild, and 

in dogs and nonhuman primates it has been shown that a brief immunosuppression can 

successfully quell the immune response [111,112]. 

2.4.2.2) Lentivirus 
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 Lentiviruses can be used to stably integrate genes of interest into the genome. 

They have been shown to have tropism for skeletal muscle cells and both dividing and 

nondividing cells, boasting low immunogenicity [113,114]. However, this may cause 

insertional mutagenesis and activate nearby proto-oncogenes [115,116,117]. To 

counteract this, researchers have developed self-inactivating (SIN) lentiviral vectors 

such that the viral promoter and enhancer elements are removed before genome 

integration. The benefit of using lentiviruses for gene therapy in DMD is that they 

have a larger carrying capacity, thus allowing them to introduce minidystrophin into 

target cells, whereas rAAVs are limited to the smaller microdystrophin. Although 

stable integration is advantageous in that the transgene can be expressed permanently, 

this property also may be disadvantageous with regard to systemic delivery. A 

lentivirus-mediated gene therapy may be best used for ex vivo gene transfer. 

2.4.2.3) Adenovirus 

 Adenoviruses provide large carrying capacity and can also infect nondividing 

cells. Modifications have further improved the adenovirus, allowing for higher 

carrying capacity, reducing immunogenicity, and increasing duration of transgene 

expression [118,119,120]. Helper-dependent adenoviruses have been employed to 

functionally correct muscles in mdx mice [121,122]. However, these adenoviruses are 

about five times larger than AAVs, hindering their exit through vasculature and infect 

tissue; much of the vectors are also taken up by the liver, requiring high doses of the 

virus to ensure considerable delivery [123,124,125]. 

2.4.2.4) Nonviral gene delivery and antisense oligonucleotide therapy 
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 Nonviral gene delivery involves injection of plasmid DNA without an 

enveloping coat [126].  Generally, the plasmid DNA is complexed with chemicals to 

facilitate cellular uptake. Pioneering studies done in the early 1990s by Acsadi et al. 

found that injection of pure plasmid DNA coding for dystrophin into rodent skeletal or 

cardiac muscle confers expression in ~1% of myofibers [127]. In 2004, another group 

reported up to 5% transfection of myofibers with intra-arterial delivery of naked 

plasmid DNA in mdx mice [128]. Hagstrom et al. reported enhancement of diaphragm 

targeting and improvement in expression by blood flow occlusion [129]. Evidently, 

transfection efficiency using this approach is much lower than the transduction 

efficiency achieved through viral methods, particularly if trying to use full-length 

dystrophin. Although a Phase I trial of plasmid DNA therapy in DMD patients showed 

some efficacy, further research must be done in this area to be selected as a safer 

treatment that is equally as effective as virus-mediated transfer [130]. 
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Figure 6. Schematic depicting exon skipping. 
Adapted from [99].  

 

 An alternate, popularly researched method using nucleotide-based therapy is 

antisense oligonucleotide-mediated exon skipping and genetic repair of dystrophin in 

vivo. Exon skipping is a technique that seeks to take advantage of the fact that shorter 

dystrophin is still functional. Problematic exons can be manipulated to be spliced out 

of the dystrophin mRNA post-transcriptionally, such that a functional, shorter protein 

is translated rather than a truncated, nonfunctional protein (Fig. 6). Multiexon 

deletions have been observed in patients with BMD, who only suffer mild or no 

symptoms [131].  
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 Exon skipping is achieved through synthetic antisense oligonucleotides 

(AONs) which essentially prohibit splicing at particular junctions [132,133]. AONs 

were used for therapeutic benefit in cells from dystrophic mice, dogs, and humans 

[134,135,136]. Efficacy in vivo was also shown by intramuscular injection of AONs in 

mdx mice [137]. Modifications are constantly attempted to enhance efficiency and 

delivery of AONs to target cells. For instance, antisense morpholino oligomers 

(phorphorodiamidate morpholinos) and phosphorothioate O-methylation have been 

utilized for improving stability and cell permeability [138,139]. Additionally, RNA-

DNA chimeric oligonucleotides (chimeraplasts) have also shown efficacy in post-

translational correction after intramuscular injection in both differentiated myofibers 

and undifferentiated muscle precursor cells of mdx mice [140,141]. Clinical trials are 

ongoing and have seen moderate success with no serious side effects [142]. However, 

efficiency must be improved and more research demonstrating the safety of long-term 

treatment must be performed, as AON treatment is only transient and requires periodic 

readministration. 

2.4.3) Drug- and small molecule-based therapy 

 Pharmacological strategies using drugs and small molecules do not replace 

dystrophin but are proving to be increasingly promising. A number of strategies 

currently exist, including blocking myostatin, suppressing pathways involved in 

fibrosis and inflammation,  inhibiting histone deacetylases (HDACi), suppressing stop 

codons, reinstating calcium homeostasis, and others [35]. Several of the popular 

approaches are described below. 
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2.4.3.1) Corticosteroids 

 Corticosteroids were first discovered to be therapeutic over 40 years ago 

[143,144]. The mechanism of action is still unknown, although some common 

explanations involve modulation of inflammation, improved calcium homeostasis, 

upregulation of utrophin [35]. The effects may be a combination of multiple factors. In 

several trials, prednisone and prednisone derivatives have been used with some short-

term efficacy, while prednisolone derivative deflazacort has shown promise 

[145,146,147,148]. However, the dosages of corticosteroids must be tuned carefully to 

avoid serious side effects while still achieving their benefits. 

2.4.3.2) Calcium channel blockers and calpain inhibitors 

 Targeting calcium channels for therapy represents a more rational strategy that 

aims to correct the dysregulation of calcium in dystrophic muscles. Interestingly, all 

skeletal muscles except extraocular muscles (EOMs) are affected by DMD 

(149,150,151). The observation that EOMs are able to maintain their calcium 

homeostasis while other skeletal muscles accumulate intracellular calcium prompted 

scientists to look into calcium channel blockers (152,153). In fact, expression of 

stretch-sensitive voltage-independent calcium channels may be the cause of 

abnormally high intracellular calcium, which ultimately can cause accelerated 

degradation of protein by activation of calcium-dependent enzymes (154,155). 

However, there is still no direct correlation between loss of calcium homeostasis and 

dystrophic muscle. Clinical trials using the calcium channel blockers nifedipine and 

diltiazam has shown ambiguous results, while dantrolene has shown beneficial effects 
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(156). Broad-spectrum calpain inhibitor leupeptin and mouse lines overexpressing 

calpastatin, a calpain 1 and 2 inhibitor, demonstrated efficacy in improving calcium 

regulation and reducing necrosis (157,158). 

2.4.3.3) TGF-β inhibitors 

 Excessive fibrogenic cytokine release is one of the hallmarks of DMD; 

fibroblasts are stimulated by TGF-β1, platelet-derived growth factor, and other 

fibrogenic cytokines, leading to persistent ECM synthesis and deposition (Fig. 7) 

[159,160,161]. As TGF-β is considered to be the most potent player in fibrogenesis, 

numerous studies have delved into neutralizing or suppressing the TGF-β pathway to 

reduce fibrosis [162,163,164,165]. For example, decorin, a small leucine-rich 

proteoglycan known to bind and prevent TGF-β from acting as an agonist, was shown 

to reduce collagen I expression in dystrophic mouse diaphragms and prevent fibroblast 

activation in injured skeletal muscles [166,167,168]. Other studies have used 

neutralizing antibodies against TGF-β1 to ameliorate fibrosis in diaphragms of mdx 

mice; intraperitoneal injection of the antibody resulted in significant reduction of 

TGF-β1 expression and diaphragm fibrosis [169]. Importantly, although fibrosis was 

reduced, inflammation was found to be increased, as evident from the increased 

numbers of CD4+ lymphocytes infiltrating the muscle. Thus, although TGF-β pathway 

inhibitors may aid in reducing the excessive deposition of ECM in dystrophic muscles, 

exacerbation of other symptoms is evident and must be actively avoided in future 

therapies. 
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A number of drugs that inhibit TGF-β signaling have been investigated for 

their efficacy in ameliorating DMD. For example, the angiotensin II type 1 antagonist 

that is generally used as an antihypertensive drug suppresses the TGF-β pathway by 

decreasing TGF-β production [170]. As such, Cohn et al. treated mdx mice with 

losartan orally for five weeks, showing marked suppression of TGF-β signaling and 

diaphragm fibrosis without significant side effects [171]. Halofuginone is another drug 

used as an antifibrotic agent that suppresses TGF-β signaling by inhibiting 

phosphorylation of Smad3, hence decreasing collagen deposition [172,173]. 

Intraperitoneal injection of halofuginone reduced phosphorylated Smad3 and collagen 

deposition in mdx mice [174,175,176]. However, halofuginone did show significant 

adverse effects such as skin tearing from decreased collagen production [177]. 

Fibrinogen is a protein that moves to sites of inflammation and is subsequently 

converted to fibrin. Upon observation of increased fibrinogen deposition in DMD 

muscle biopsies, researchers investigated fibrinogen as a target for treatment of DMD 

[178]. Indeed, fibrinogen-deficient mdx mice and mice treated with ancrod, a 

defibrinogenating agent, both showed decreased fibrosis, muscle degeneration, and 

phosphorylated Smad2, collagen I, and TGF-β [178]. Moreover, fibrinogen stimulates 

collagen synthesis in fibroblasts, providing further support in targeting fibrinogen for 

alleviating fibrosis and overproduction of TGF-β [178]. Other MDs such as caveolin 

3-deficient MD have also seen successful trial studies in TGF-β inhibition. Ohsawa et 

al. showed that the TGF-β type 1 receptor kinase inhibitor Ki26894 improves muscle 
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strength and reduces muscle atrophy [179]. Evidently, targeting the TGF-β pathway is 

emerging as an effective method of treating DMD. 

Other possible targets for modulation of the TGF-β pathway are emerging. A 

recent study by Ardite et al. showed that downregulating miR-21, the biogenesis of 

which involves Smad proteins, reduces collagen accumulation and TGF-β1 expression 

in mdx mice [180,181]. Ardite et al. identified the target PAI-1/urokinase-type 

plasminogen activator (uPA) as a regulator for miR-21, suggesting that a uPA 

inhibitor may be effective in controlling the symptoms of DMD [180]. Another recent 

study by Lorts et al. found that deletion of periostin, a secreted profibrotic protein, 

profoundly reduces fibrosis via a TGF-β pathway-dependent mechanism [182]. 

Periostin is highly expressed in dystrophic muscles and represents another possible 

target for treatment of MD. Also, osteopontin, a cytokine that promotes inflammation 

and is highly upregulated in DMD, was shown to be another promising therapeutic 

target [183]. Vetrone et al. showed that mdx mice lacking osteopontin showed reduced 

levels of TGF-β, enhanced muscle strength, and reduction of diaphragm and cardiac 

fibrosis [183]. In light of the aforementioned evidence for TGF-β pathway inhibitors, 

it is apparent that this route of therapy is extremely encouraging but requires further 

study to work around their side effects. 
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Figure 7. Immunostaining depicting increased deposition of collagen IV in the 
endomysium. 
Adapted from [17].  

 

2.4.3.4) NF-κB inhibitors 

 Heavy inflammatory cell infiltration is another prominent feature of DMD, 

which brings along with it the major cell source of fibrogenic cytokines (Fig. 8) [20]. 

8). As such, inflammation is thought to be a major contributor for fibrogenesis. 

Therefore, targeting modulators of inflammation is considered to be a promising 

therapeutic approach for improving the quality of life for DMD sufferers. Reduced 

lymphocyte infiltration in severe compromised immunodeficiency (scid)/mdx mice 

showed an improved outcome in diaphragm fibrosis [184]. A major target in the 

endeavor to moderate inflammation is the NF-κB pathway. NF-κB is activated by 

mechanical stress and sarcolemmal damage [170,185]. Additionally, tumor necrosis 

factor-α (TNF-α) has been implicated in muscle wasting and inhibition of myogenic 

differentiation through an NF-κB-dependent pathway [186]. Upon activation by one of 
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various stimuli such as TNF-α, IL-1, and other growth factors, inhibitor of NF-κB α 

(IκBα) is phosphorylated, freeing NF-κB and permitting downstream transcription of 

target genes [187,188]. 

Several studies have delved into suppressing the NF-κB pathway for 

therapeutic benefit in dystrophic muscle. Conditional knockout of inhibitor of NF-κB 

kinase 2 (IKK2) in skeletal muscle reduced fibrosis and increased muscle strength 

[189]. Similarly, Siegel et al. reported the long-term treatment with the NF-κB 

inhibitors pyrrolidine dithiocarbamate and ursodeoxycholic acid increased whole body 

tension, while ursodeoxycholic acid also reduced diaphragm nuclear p65 activation in 

mdx mice [190]. L-arginine, a substrate for nitric oxide synthase, was shown to 

modulate the NF-κB cascade in mdx mouse muscles, decreasing inflammation and 

promoting membrane integrity [191]. Lastly, Leite et al. demonstrated that activation 

of the nicotinic acetylcholine receptor in mdx mice reduced necrosis, TNF-α 

production, NF-κB content, and inflammation [192]. 

Unfortunately, inhibitors of the NF-κB pathway have been shown to not have 

an influence collagen synthesis and deposition in mdx muscles [193]. Coupled with the 

fact that TGF-β pathway inhibitors may enhance inflammation, it is clear that a 

synergistic strategy that targets both pathways independently to reduce inflammation 

and fibrosis may be a promising approach to effectively easing DMD. 
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Figure 8. Histology depicting infiltration of immune cells into dystrophic muscles. 
Adapted from [31].  

 

2.4.3.5) HDAC inhibitors 

  Myogenic development, differentiation, and maintenance require regulation of 

the epigenetic landscape [194,195,196,197,198]. DMD results in dysregulation of 

HDAC activity, perturbing the regulatory networks involved in these crucial processes 

[199]. Epigenetic drugs such as the HDACis trichostatin A, valproic acid, and 

phenylbutyrate have been effective against malignancies, inflammatory diseases, and 

degenerative disorders, but pioneering studies have revealed that genetic disorders 

such as MDs can also benefit [199]. Follistatin, which is an antagonist for the potent 

skeletal myogenesis inhibitor myostatin, is controlled by HDAC2 [200]. Control of 

follistatin expression by HDACs helps regulate muscle size, where inhibition of 

myostatin or introduction of follistatin showed benefits in mdx mice 

[201,202,203,204]. HDACi-mediated follistatin induction has been shown to increase 

muscle cell size, promote myoblast recruitment, and alleviate functional and 



34 
 

 
 

morphological symptoms of DMD [200]. The above results provide support for 

epigenetic-based drugs in ameliorating muscle wasting associated with DMD. 

2.4.4) Structure-focused therapy 

 Structure-focused therapy addresses the inherent connective weakness of 

dystrophic muscle fibers with the surrounding ECM. In recent years, a number of 

researchers have been investigating the potential for enhancing connectivity between 

the myofiber cytoskeleton and the ECM by glycoengineering or overexpression of 

particular genes. Furthermore, defects seen in dystroglycanopathies also affect the 

regenerative potential of satellite cells [205]. 

Barresi et al. demonstrated that overexpression of LARGE in mice with 

hypoglycosylated α-dystroglycan is sufficient to rescue glycosylation and receptor 

function, effectively ameliorating MD (Fig. 9) [206]. Extrapolating on the potential for 

enhanced sarcolemma stabilization and introducing the DMD model, Rooney et al. 

showed that intraperitoneal and intramuscular injection of laminin-111 increased α7-

integrin expression, reducing serum creatine kinase and protecting the muscle from 

contraction-induced damage [207]. Lack of dystrophin normally generates a 

compensatory upregulation of α7β1-integrin, which is the major laminin-binding 

integrin in skeletal muscle [208]. It has been shown previously that α7-integrin 

overexpression in dystrophic mice ameliorates pathology and increases lifespan while 

loss of α7-integrin in mdx mice aggravates symptoms and significantly shortens 

lifespan [209,210,211]. Likewise, in a merosin-deficient congenital MD model where 

the interaction between the muscle basement membrane and the dystrophin-
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glycoprotein complex is interrupted, overexpression of an engineered mini-agrin, a 

protein involved in the formation of the neuromuscular junction, stabilized the 

connections between the sarcolemma and the ECM [212]. 

Recent efforts in glycoengineering have dug deeper, seeking a small molecule 

that can enhance production and conjugation of particular monosaccharides 

[9,213,214]. In a recent study by Malicdan et al., peracetylated ManNAc was used to 

rescue a mouse model of sialic-acid deficient skeletal myopathy [215]. Another new 

study by Cabrera et al. that aimed to identify a small molecule that improved laminin 

binding and skeletal muscle cell glycosylation found that lobeline increased the 

number of sarcolemmal glycoproteins and enhanced sarcolemma-ECM connectivity in 

mdx mouse cells; this improvement required complex N-glycans but not O-mannose 

glycans and stabilized dystroglycan and laminin binding [216]. In fact, sialic acid 

deficiencies are found in numerous types of MD, including dystrophin-deficient mdx 

mice [217]. Clearly, a combined approach that can overcome the issues associated 

with cell and gene therapy while addressing the various signaling, systemic, and 

structural pathologies would be an unparalleled advancement in a search for a DMD 

treatment. 
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Figure 9. Schematic depicting the rescue of a dystroglycanopathy defect by 
overcompensation by LARGE-mediated glycosylation. 
Adapted from [218]. 
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CHAPTER 3: MATERIALS & METHODS 

3.1) C2C12 and 3T3 cell culture 

The C2C12 and 3T3 cell lines were obtained from ATCC. Cells were 

expanded on tissue culture plates by incubation (37oC and 5% CO2) in growth medium 

(DMEM (Gibco) supplemented with 10% HyClone FBS (Thermo Fisher), 1x L-

glutamine (Gibco), and 1x penicillin/streptomycin (Gibco)). Medium was refreshed 

every 2-3 days until the cells were about 70-80% confluent, at which point they were 

passaged with 0.25% trypsin-EDTA (Gibco). Cells were trypsinized for 5 minutes at 

standard incubation conditions, centrifuged at 1000 RPM for 5 minutes, and replated 

at 5000 cells/cm2. If needed, cells were immersed in freezing medium (50% growth 

medium + 40% HyClone FBS + 10% DMSO) and slowly frozen to -80oC. Prior to 

experiments and luciferase cell line generation, cells were carefully thawed, plated at 

5000 cells/cm2, and allowed to adjust for 1-2 days before plating for the experiment. 

3.2) Synthesis of the SCFAH (Bu4ManNAc) 

 Butyric anhydride (5720 mg, 36.16 mmol) and 4-(dimethylamino)pyridine 

(DMAP) (catalytic amount) was added to a stirred solution of N-acetyl-D-

mannosamine (1000 mg, 4.52 mmol) in 6.0 mL of pyridine. The reaction mixture was 

stirred for 24 h at room temperature. After 24 h, the reaction mixture was diluted with 

100 mL of toluene. The solvents were evaporated under vacuum to leave a residue, to 

which chloroform (200 mL) was added. This afforded an organic layer, which was 

washed with cold aqueous HCl (0.5 N, 25 mL), water (25 mL), saturated NaHCO3 (25 

mL) and followed by brine (25 mL). The  
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organic layer was dried over anhydrous Na2SO4 and was concentrated under vacuum. 

The crude residue thus obtained was purified by column chromatography using 

EtOAc/hexane (2:98), yielding 2086 mg (4.16 mmol, 92.0%). 

3.2.1) Characterization of Bu4ManNAc 

Rf 0.4 (hexane:ethyl acetate, 2:1); 1H-NMR (CDCl3, 500 MHz): δ (mixture of anomers, 

α/β ~ 25/75) 6.05 (d, 0.2H), 5.87 (d, 0.7H), 5.75 (d, 1H), 5.34 (dd, 0.2H), 5.18 (t, 

0.2H), 5.12 (t, 0.7H), 5.06 (dd, 0.7H), 4.75 (ddd, 0.7H), 4.63 (ddd, 0.2H), 4.28 (dd, 

0.7H), 4.22 (dd, 0.2H), 4.10 (dd, 0.7H), 4.06 (m, 0.2H), 4.02 (m, 0.2H), 3.79 (ddd, 

0.7H), 2.41 - 2.17 (m, 8H), 2.06 (s, 3H), 1.72 - 1.55 (m, 8H), 1.00 - 0.89 (m, 12H). 
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 (i) Butyric anhydride, DMAP, Pyridine, rt, 24 h. 
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3.3) Pathway modulation assay 

Luciferase cell lines were generated for C2C12 and 3T3 (3.3.1 & 3.3.2). Cells 

were plated in triplicate on a 96-well plate (Corning) in 10% growth medium a few 

days prior to drug treatment. At 80-90% confluency, the cells were treated with 

vehicle control (50% EtOH in PBS), butyric anhydride, N-acetyl-D-mannosamine, and 

the SCFAH. 150 μM final concentration of the SCFAH was used, and equimolar 

concentrations of butyrate (2 butyrate molecules per butyric anhydride molecule) and 

N-acetyl-D-mannosamine were calculated for consistency between treatments. Drugs 

were stored at 4oC for up to 1 month. Drug treatments were done in myogenic medium 

(DMEM supplemented with 2% horse serum, 1x L-glutamine, and 1x 

penicillin/streptomycin). After 24 hours of incubation, the wells were aspirated and 

rinsed with PBS. The cells were lysed with 1x passive lysis buffer for 30-40 minutes 

on an orbital shaker at 400 RPM. Cells were then collected into 1.7 ml Eppendorf 

tubes and stored at -20oC if needed for no longer than 1 week. Prior to analysis, cell 

lysates were spun at 14,000 RPM on a tabletop centrifuge for 1 minute. 10 μl of lysate 

was used for the luciferase assay (3.3.3) on a white-bottom 96-well plate, while 1 μl of 

lysate was used for the bicinchoninic acid assay (3.3.4) on a standard 96-well plate. 

The negative control line served as a background subtractor for TGF-β and NF-κB 

readings, while the protein concentration was used to normalize the analyte input 

amounts. However, it was further assessed that cell number was similar between 

treatments and protein normalization was not needed. 

3.3.1) Generation of luciferase reporter cell lines 
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For pathway analyses, luciferase reporter cell lines were generated using 

CignalTM Lenti Reporter viruses (SA Biosciences). For each cell type, negative control, 

TGF-β, and NF-κB reporter lines were created. Cells were transduced with 0, 5, 10, 

and 25 MOI with the appropriate virus in growth medium. After 24 hours of 

incubation, the medium with virus was replaced with fresh growth medium. The cells 

were then incubated for another 24-48 hours before selecting with growth medium 

containing the appropriate concentration of puromycin, which was determined by the 

kill curve (3.3.2). Complete selection was confirmed by treating cells without virus 

exposure in parallel. 

3.3.2) Kill curve 

To fully select for cells with viral DNA incorporation, a serial dilution of 

growth medium containing puromycin was performed. Cells were treated with 0, 1, 2, 

3, 4, 6, 8, and 10 μg/ml puromycin in growth medium when they reached about 60-

70% confluency. Media was replaced every 2-3 days with the appropriate 

concentration of puromycin. Viability was monitored daily to determine the 

concentration at which there is complete cell death after 3-5 days. 

3.3.3) Luciferase assay 

Cell lysates were mixed with 50 μl of reconstituted luciferase reagent (One-

Glo reagent). After 3-5 minutes of shaking on an orbital shaker at 400 RPM, the light 

output was measured in a plate reader with 1 second integration time. 

3.3.4) Bicinchoninic acid (BCA) assay 
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Cell lysates were mixed with 9 μl of milliQ water prior to assaying to ensure 

accurate measurement using the passive lysis buffer. All standards were made using 

the same 1x passive lysis buffer with bovine serum albumin with the following 

concentrations: 0, 25, 125, 250, 500, 750, 1000, 1500, and 2000 μg/ml. Each plate was 

assayed with its own standard curve. 200 μl of reconstituted BCA assay reagent was 

added to each cell lysate dilution, allowed to react in a 37oC incubator for 30 minutes, 

allowed to cool to room temperature, and read on a plate reader for 562 nm 

wavelength readings. 

3.4) Population doubling 

Cells were plated in triplicate on a 24-well plate (Corning) at 5000 cells/cm2 

until logarithmic growth phase. 2 time points were taken in the logarithmic growth 

phase, 8 hours apart. At these times, cells were trypsinized and counted using a 

hemacytometer. The doubling time was calculated using the averages at each time 

point with the following equation: 

�� = (�� − ��) ×
log(2)

log �
��
��
�
 

�� is the doubling time assuming a constant growth rate, ��	and �� 

are the times at which the measurements are taken, and �� and ��	are the cell numbers. 

3.5) Mouse model (mdx) study 

All animal studies were performed in accordance with the IACUC protocol. 

Male mdx mice (C57BL/10ScSn-mdx/J) and male control wild type mice 

(C57BL/10ScSnJ) were purchased from The Jackson Laboratory. The mice were 
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weighed and acclimated to their new surroundings. Ears were tagged for identification. 

Starting at 7 weeks of age, daily IP injections of vehicle (10% EtOH in peanut oil) or 

the SCFAH (3 mg/100 μL) were performed using U-100 27G x ½’’ insulin syringes 

(Terumo). Mice were injected daily for 4.5 weeks and euthanized after 5.5 weeks. 

3.5.1) Blood analysis 

 Blood was drawn from the femoral artery of each mouse immediately 

following euthanasia. Whole blood was collected into an Eppendorf tube and allowed 

to clot at room temperature for 20 minutes. After clotting, the blood was centrifuged at 

4,000 RPM for 20 minutes. Serum was transferred into a new tube and diluted with 

saline solution (0.9% w/v NaCl in milliQ water). Creatine kinase and aspartate 

aminotransferase levels were determined by using the Vetscan VS2 (Abaxis). Diluted 

serum was injected into the Avian-Reptilian Profile Plus (Abaxis) and analyzed with 

the aforementioned system. Sample sizes were n = 8 for wild type, vehicle, and treated.  

3.5.2) Western blotting 

 Left TA tissues were frozen in liquid nitrogen for more than 10 minutes and 

crushed into small pieces, then submerged in RIPA lysis buffer containing proteases 

(aprotinin/leupeptin) and phosphatase inhibitors (sodium vanadate/sodium fluoride). 

Cell lysate was quantified by Bradford assay, and electrophoresis was carried out with 

350 ug total protein in each lane of 8% polyacrylamide gels at 80 V. The protein was 

then transferred to polyvinylidene fluoride membranes at 350 mA for 1.5 hrs. 

Membranes were blocked with 3% BSA in TBST and blotted for phospho-Smad2/3 

(Ser423/425; Cell Signaling; 1:1000), Smad2/3 (Santa Cruz; 1:200), IKKα/β (Santa 
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Cruz; 1:200), NF-κB (Santa Cruz; 1:200) and GAPDH (Santa Cruz; 1:500) primary 

antibodies overnight at 4oC. Membranes were washed and submerged in secondary 

antibodies the next day, then covered in chemiluminescent reagent (GE healthcare) for 

X-ray film exposure. 

3.5.3) Quantitative real-time PCR 

 Tibialis anterior muscles were immersed in RNAlater (Ambion) overnight at 

4oC after isolation. Trizol (Invitrogen) was used to extract total RNA. Reverse 

transcription was performed using the iScript cDNA Synthesis Kit (BioRad). The 

resulting cDNA was used in qRT-PCR with SYBR Premix Ex Taq II Tli RNase H 

Plus (Takara) on the ABi 7300 Real-Time PCR System (Applied Biosystems). The 

resulting Ct values were analyzed against 18S as an endogenous control and relative 

fold expression levels were calculated using the ΔΔCt method [219]. Sample sizes 

were n = 3 for wild type, vehicle, and drug-treated. The primer pair sequences (5’ to 

3’) are shown below: 

Gene Forward primer sequence Reverse primer sequence 

SPARC GCTGTGTTGGAAACGGAGTTG CTTGCCATGTGGGTTCTGACT 

CTGF GTGCCAGAACGCACACTG CCCCGGTTACACTCCAAA 

αSMA ATCGTCCACCGCAAATGC AAGGAACTGGAGGCGCTG 

CXCL1 GCACCCAAACCGAAGTCATA TGGGGACACCTTTTAGCATC 

S100a8 TGAACTGGAGAAGGCCTTGA  ATTCTGTAGACATATCCAGGG 

IκBα GGAGCGCTTGGTGGACGATC  GCCCTGCTCACAGGCAAGAT 

IL-1α TGGAATCCAGGGGAAACACTG CTCTAGAGCACCATGCTACAGAC 
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IL-1β GCAGAGTTCCCCAACTGGTA TCCTGACCACTGTTGTTTCC 

RANTES CCTCACCATCATCCTCACTGCA TCTTCTCTGGGTTGGCACACAC 

 

3.5.4) Histology and staining 

 Tissues frozen OCT or fixed in Bouin’s solution were cryo-sectioned. The 

staining procedure for hematoxylin and eosin first involved deparaffinizing and 

rehydrating the sections. The sections were treated in Citra Solv, a xylene substitute, 3 

times for 5 minutes each. They were then treated with absolute ethanol 3 times for 3 

minutes each, 95% ethanol 3 times for 3 minutes each, then 70% ethanol 3 times for 3 

minutes each. They were washed briefly in distilled water, stained in hematoxylin 

solution for 5 minutes, then washed in running tap water for 5 minutes. The sections 

were counterstained in eosin-phloxine solution for 2 minutes and finally mounted with 

a glycerol-based mounting medium. Frequency plots were generated by calculating the 

cross-sectional area of myofibers with centrally located nuclei. 3 random fields of 

view were quantified for 2 biological replicates. A Gaussian fit was determined using 

Excel. 

To evaluate collagen I and III deposition we used the Picrosirius Red Stain Kit 

(Polysciences). The sections were deparaffinized and hydrated in distilled water. Then 

they were stained in Weigerts hematoxylin for 8 minutes and rinsed well in distilled 

water (if visualizing cytoplasm). The sections were then placed in Solution A for 2 

minutes, rinsed in distilled water, placed in Solution B for 60 minutes, placed in 

Solution C for 2 minutes, and then placed in 70% ethanol for 45 seconds. The sections 
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were then dehydrated and mounted. Quantification of fibrosis was performed using 

ImageJ. 3 random fields of view for 2 biological replicates were quantified. 

For assessment of myofiber permeability, we injected mice intraperitoneally 

with 0.5% Evans blue dye in phosphate-buffered saline 12-24 hours before euthanasia. 

Quadriceps were isolated for visualizing Evans blue dye in permeable muscle tissue. 

3.5.5) Biochemical assays 

3.5.5.1) Tissue sample preparation 

 Isolated tissue samples were placed in clean, pre-weighed Eppendorf tubes and 

snap-frozen in liquid nitrogen. Tissues were stored at -80oC and subsequently 

lyophilized for 2-3 days. The dried samples are then weighed to obtain the dry weight 

of the tissues. Tissues were digested with papain prepared in PBE buffer with L-

cysteine. PBE buffer is prepared by dissolving 7.1 g Na2HPO4 and 1.86 g Na2EDTA in 

500 mL dH2O. pH is adjusted to 6.5 using concentrated HCl. The buffer is then filter-

sterilized and stored at 4oC. For digestion, 24.2 g L-cysteine is dissolved in 20 mL of 

PBE buffer and filter-sterilized. 0.1 mL of sterile papain stock is added to this solution 

with a TB syringe and needle. Tissue samples were grinded into pieces with a pellet 

pestle after addition of 1 mL of the prepared papain solution to the sample. Fully 

homogenized samples were placed in the water bath at 60oC for 16 hours. 

3.5.5.2) DMMB assay 

 A stock solution of chondroitin sulfate was prepared by dissolving 0.0875 g 

cysteine in 50 mL of PBE and dissolving 50 mg chondroitin sulfate into 1 mL of 

PBE+cysteine solution. Working stock was prepared by dissolving 25 μL of 
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chondroitin sulfate stock into 12.5 mL of PBE+cysteine solution. Dimethylmethylene 

blue (DMMB) dye was prepared by adding 3.04 g glycine, 2.37 g NaCl, and 95 mL of 

0.1 M HCl into 905 mL of dH2O. 16 mg DMMB was dissolved into the above solution 

by using a magnetic stirrer. pH was adjusted to 3 using concentrated HCl. In 3 mL 

disposable plastic cuvettes, 20 μL of papain-digested samples and 80 μL of dH2O were 

combined with 2.5 mL of DMMB solution. Absorbance at 525 nm was read using a 

spectrophotometer (Beckman Coulter). Samples were extrapolated against chondroitin 

sulfate standards between 0 and 60 μL of working chondroitin sulfate solution (100 μg 

chondroitin sulfate/mL in PBE+cysteine solution). 

3.5.5.3) Hydroxyproline assay 

 100 μL of papain-digested sample was combined with 900 μL of 6 M HCl and 

hydrolyzed on a heating block at 110-120oC for 18 hours in 2 mL lockable microtubes. 

The buffer was prepared by first adding 17 g NaOH, 25 g citric acid monohydrate, 60 

g sodium acetate trihydrate, and 60 mL of glacial acetic acid into 250 mL of dH2O. 

The solution was filled to 500 mL with dH2O. An additional 150 mL of isopropanol, 

100 mL of dH2O, and 5 drops of toluene were added to the solution. pH was adjusted 

to 6 using concentrated HCl. Acid-hydrolyzed samples were mixed with 2 drops of 

methyl red and neutralized with approximately 2 mL of 2.5 M NaOH, 2-3 drops of 0.5 

M HCl, and 1-2 drops of 0.5 M NaOH. The neutralized samples were filled to 3 mL 

with dH2O. About 1 mL of diluted sample was transferred to new tubes before 

assaying. Samples were then combined with 0.5 mL of freshly made Chloramine T 

solution (0.705 g Chloramine T in 40 mL of pH 6 buffer and 5 mL of isopropanol) and 
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incubated for 20 minutes at room temperature. Samples were mixed with 0.5 mL of 

freshly made pDAB solution (7.5 g para-dimethylaminobenzaldehyde in 30 mL of 

isopropanol and 13 mL of 60% perchloric acid), incubated in a 60oC water bath for 30 

minutes, and chilled on ice. Absorbance at 550 nm was read using a 

spectrophotometer (Beckman Coulter) in 3 mL disposable plastic cuvettes. Sample 

absorbances were compared against hydroxyproline standards between 0 and 700 μL 

of working hydroxyproline solution (10 μg/mL). 

3.5.6) Functional analysis 

 In order to optimize functional tests for future mouse studies, the following 

procedures were developed. A forearm grip strength measurement was evaluated using 

a Pasco Structure System equipped with a force transducer (PS-2201) [220]. The data 

acquisition and processing were performed with DataStudio software (Pasco). Briefly, 

the mice were held by their tails and were allowed to grasp a horizontal bar attached to 

the force transducer. The mice were gently pulled as they gripped the bar for a 

duration of 1 minute, and the maximum force generated on the bar was determined. 

Several trials were performed with 1 hour rest in between tests. Sample sizes were n = 

8 for wild type, vehicle, and treated.  

 The four limb hanging wire test was performed using a wire mesh [221]. Mice 

were allowed to grip the wire mesh with their four paws right-side up. The mesh was 

then turned upside down and the duration of time before the mice let go was measured. 

If the mice could not hold for less than 15 seconds, they were given a chance to rest 

and the test was redone. The tests were performed above a cushioned area such that 
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the mice did not suffer injuries from falling. Several trials were performed per mouse. 

Sample sizes were n = 8 for wild type, vehicle, and treated. 

3.5.7) Statistical analysis 

 Data are expressed as a mean +/- standard deviation. Statistical significance 

was determined by ANOVA or Student’s t-test using GraphPad Prism. Graphs were 

generated by Excel or GraphPad Prism, while statistics were calculated using 

GraphPad Prism. The p values are indicated in the figure caption.  
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CHAPTER 4: RESULTS 

4.1) SCFAH treatment characterization in vitro 

4.1.1) Pathway analysis 

Our first set of experiments dealt with an in vitro system. We utilized the 

C2C12 cell line as a model to demonstrate that the SCFAH indeed downregulates the 

TGF-β and NF-κB pathways. The 3T3 cell line was only possible with NF-κB but not 

TGF-β, the reason for which is unknown. Campbell et al. has previously shown that 

certain SCFAHs can downregulate the NF-κB pathway and contributes to HDAC 

inhibition in breast cancer cells [9]. Here, we use a luciferase reporter-based system to 

demonstrate marked suppression of both pathways in the C2C12 mouse cell line.  

Initially, normalizations were performed using protein concentration to account for 

cell number variations with different treatments. However, we found negligible 

differences between treatments and normalization was not required. Non-specific 

activation was subtracted using readings from the TATA-luciferase cell line. Initially, 

time-dependent analysis was performed to assess regulation of the pathways in real-

time. We found that the regulation is more markedly seen 24 hours after treatment (Fig. 

10). This was observed in both C2C12 and 3T3 cells.
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Figure 10. Time-dependent regulation of TGF-β and NF-κB upon treatment with 
the SCFAH. 
Luciferase assay was performed to evaluate regulation of A) TGF-β pathway and B) NF-κB pathway 
upon treatment with the constituents of the SCFAH on C2C12 cells. Regulation of NF-κB was also 
observed in the fibroblast cell line, 3T3. Results represent the mean of biological triplicates +/- standard 
deviation. *p  < 0.01, **p < 0.0005. 

 

Although both pathways are suppressed by the SCFAH, contributions to this 

suppression appear to vary depending on the pathway. TGF-β is considerably 

suppressed only by treatments containing butyrate molecules (Fig. 11A). Presumably, 

the bulk of this effect is attributable to butyrate molecules that are released from the 
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main scaffold. On the other hand, C2C12 cells experience a marked downregulation of 

NF-κB independent of the SCFAH constituents (Fig. 11B). In other words, only the 

whole hybrid molecule can account for the reduction in NF-κB transcription. The 

mechanism behind this downregulation needs to be further explored. 

 

Figure 11. Downregulation of TGF-β and NF-κB upon treatment with the 
SCFAH. 
Luciferase assay was performed to evaluate regulation of A) TGF-β pathway and B) NF-κB pathway 
upon treatment with the constituents of the SCFAH on C2C12 cells. Results represent the mean of 
biological triplicates +/- standard deviation. *p < 0.0001, **p = 0.0001. 
 

 
4.1.2) Effect of the SCFAH on population doubling 

 We next assessed the potential toxicity and effect on the proliferation rate of 

the SCFAH that we synthesized in-house. Previous work in our lab had determined a 

suitable concentration for in vitro cell culture experiments. Upon treatment of the cells 

with 150 μM SCFAH, considerable cell death occurs if cells are in low abundance; 

allowing the cells to populate the tissue culture dish prior to treatment vastly reduced 

cell toxicity effects. Preventing contact inhibition and reducing initial cell death was 
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balanced to acquire an accurate measure of cell proliferation. Our results show that 

treatment with the SCFAH reduces proliferation rate by about 2.5-fold (Fig. 12). This 

reduction in proliferation is in agreement with past findings showing that the SCFAH 

reduces proliferation of breast cancer cells [9]. Given the rapid recovery of the cells 

after the initial increase in doubling time and the low toxicity given a fairly confluent 

monolayer, we then used the mdx mouse model to assess the impact of the drug in 

counteracting the various pathologies of DMD. 

 
Figure 12. The SCFAH increases the doubling time of C2C12 cells. 
Doubling time was calculated by counting cells at 2 separate time points, 8 hours apart. Results are 
represented as a mean of biological triplicates +/- standard deviation. *p < 0.05. 
 

 
4.2) Effect of daily SCFAH treatment in an mdx mouse model 

4.2.1) Western blot 
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 Next, we determined the in vivo effects of the drug in an animal model. Mice 

were treated by daily intraperitoneal injection for 5.5 weeks starting at 7 weeks of age. 

Western blots were run on tibialis anterior muscles (Fig. 13). Downregulation of IKKα 

was observed in SCFAH-treated mice compared to the vehicle control. IKKα is 

responsible for phosphorylation of IκB to allow for release of NF-κB, which 

subsequently translocates into the nucleus and transcribes target genes [222]. However, 

the absolute quantity of NF-κB remained equal between the control and treated mice. 

As expected, the NF-κB pathway is more upregulated in mdx mice compared to the 

wild type. Unexpectedly, a high amount of activated Smad3 was seen in wild type 

mice. Treatment with the SCFAH reduced the levels of activated phospho-Smad3 

(Ser423/425), suggesting that the drug had downregulated the TGF-β pathway. 

 
 
Figure 13. The SCFAH may downregulate IKKα and phospho-Smad3. 
Western blots were run on tibialis anterior samples after 5.5 weeks of treatment. Results from several 
different mice are depicted. 

 
 
4.2.2) qRT-PCR 
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We then explored the effect of the drug on transcript levels of genes relevant to 

fibrosis and inflammation. SPARC, CTGF, and α-SMA are genes associated with 

fibrosis events. Although there is a trend indicating the downregulation of these genes 

upon treatment with the SCFAH, due to high biological variation, no statistical 

significance could be determined (Fig. 14A). The inflammation-related genes CXCL1, 

s100A8, IL-1α, IL-1β, IκBα, and RANTES showed little variation between treated and 

untreated mice. IL-1α and RANTES did show a similar downregulation as seen in the 

fibrosis-related genes, but still lacked statistical significance (Fig. 14B). One 

possibility for this observation may be attributed to the slow absorption of peanut oil. 

As we have shown in our in vitro studies, the whole hybrid molecule is required for 

reducing the inflammatory pathway. It is possible that the effect on inflammation is 

not as pronounced due to degradation of the drug before absorption. Ultimately, larger 

sample size may be required for future studies to omit outlying data points and achieve 

standard deviations that are tighter and more representative of the population. 
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Figure 14. qRT-PCR analysis on SCFAH-treated mice. 
qRT-PCR was run on tibialis anterior muscles 5.5 weeks after start of daily injections. (A) shows 
fibrosis-related genes while (B) shows inflammation related genes. Results are shown as a mean of 
biological replicates +/- standard deviation. 
 
 

4.2.3) Biochemical assays 

 Next, we measured collagen and glycosaminoglycan (GAG) content in several 

different hindlimb muscles: tibialis anterior and the quadriceps. As seen in Fig. 15A, 

the collagen content in mdx mice tends to be higher than that of the wild type. 

Treatment with the drug tends to reduce the collagen content to levels closer to that of 
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wild type mice. This suggests that the drug suppresses collagen synthesis and 

deposition reminiscent of fibrotic events prevalent in DMD. 

 GAG content was measured using the DMMB assay to evaluate possible GAG 

content differences in diseased versus wild type mice (Fig. 15B). In general, mdx mice 

tend to have higher GAG content, suggesting higher levels of proteoglycans and 

glycoproteins as a possible consequence of muscular dystrophy pathology. SCFAH 

treatment for 5.5 weeks reduced the level of GAGs to approach the level found in wild 

type mice. Similar assays to measure sialic acid on membrane proteins relevant to 

sarcolemmal attachment to the ECM would be important to assess as well, as 

increased flux through the sialic acid pathway by processing of the hexosamine may 

enhance glycosylation and aid force transduction to the ECM. 
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Figure 15. Collagen and GAG content may be reduced by treatment with the 
SCFAH. 
Collagen (A) and GAG (B) assays were done by performing the hydroxyproline and DMMB assays, 
respectively. Results are represented by the mean of biological replicates +/- standard deviation. *p < 
0.025, **p < 0.05. 
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4.2.4) Histology 

 Picrosirius red staining was performed to further analyze fibrosis (Fig. 16A). 

Although all groups had fibrotic content localized to certain regions, quantification of 

the fibrotic area in 3 random fields of view suggested that treatment with the SCFAH 

reduced fibrosis, corroborating the biochemical results (Fig. 16B). The wild type had 

low percent fibrosis, while the mdx mice tended to have a higher level of fibrosis. 

Treatment with the drug reduces the level of fibrosis in dystrophic mice, further 

supporting that fibrotic pathways that lead to collagen deposition had been reduced. 

Overall, it was apparent that the drug-treated mice had reduced collagen staining 

compared to the vehicle, suggesting that the SCFAH had prevented fibrosis, perhaps 

by modulating the TGF-β pathway. 
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Figure 16. Reduced fibrosis upon treatment with the SCFAH. 
PicroSirius red staining was performed on the three groups for two biological replicates (A). Areas of 
fibrosis, which stained red, was calculated (B). Scale bar = 100 µm. 

 

To obtain additional confirmation of the biochemical and staining results as 

well as view the position and amount of nuclei, we performed a hematoxylin and eosin 

staining. As shown in Fig. 17, it was apparent that the treatment with the SCFAH 

reduced fibrosis and maintained muscle size similar to that of wild type. However, 

wild type and drug-treated mouse muscles also had regions of fibrosis, although it was 
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not as pronounced as the vehicle-treated mouse muscle. Overall, the histology 

corroborated the biochemical assay results. A frequency plot was also generated by 

calculating the cross-sectional area of regenerating myofibers (Fig. 17B). A Gaussian 

curve fitted to the histogram showed hypertrophied muscles in mdx mice. The lower 

peak for drug-treated mice suggested that treatment with the SCFAH prevents 

hypertrophy associated with constantly damaged sarcolemma.  

Figure 17. Reduced fibrosis and myofiber cross-sectional area upon treatment 
with the SCFAH. 
Hematoxylin and eosin staining was performed on the three groups (A). Cross-sectional area of the 
muscle fibers was calculated and plotted by frequency on a histogram (B). The frequency plots were 
fitted to a Gaussian curve. The blue boxes indicate obvious differences between untreated and treated 
mice. Scale bar = 100 µm. 
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In order to visually inspect the tissue for muscle damage and muscle 

permeability, we injected Evans blue dye intraperitoneally a day before muscle 

isolation. Evans blue dye leaks into skeletal muscle and fluoresces when properly 

excited, allowing us to view the extent of sarcolemma permeability as a result of 

dystrophy. To view muscle damage at various locations within a single muscle, we 

used several cross-sections along the length of the muscle (Fig. 18). High Evans blue 

dye infiltration is seen in untreated mdx mice for most sections, while drug-treated 

mice show significantly less staining in all sections. Contrarily, wild type muscles 

showed very little fluorescence in comparison to the mdx mice, although the 

perimysium showed high non-specific fluorescence. Evidently, daily treatment with 

the SCFAH reduces skeletal muscle damage in mdx mice throughout their muscle. 

 

Figure 18. Treatment with SCFAH reduces muscle permeability. 
Quadriceps were isolated and sectioned at various locations A,B, and C to assess the extent of muscle 
permeability. Shown are representative images from quadriceps of mice from each group. Scale bar = 
100 µm. 
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4.2.5) Blood analysis 

 To assess the extent of muscle damage, we measured both the aspartate 

aminotransferase and creatine kinase levels in the serum. Both are known to have 

elevated concentrations in blood depending on the extent of muscle damage. Aspartate 

aminotransferase also tends to increase due to liver damage. Creatine kinase readings 

are often used in conjunction with aspartate aminotransferase readings to decouple the 

contribution from liver damage. Serum analysis revealed that wild type mice have low 

levels of both aspartate aminotransferase and creatine kinase, while mdx mice have 

levels several times higher than that of wild type. Treatment with the SCFAH tended 

to reduce the levels of both aspartate aminotransferase and creatine kinase, suggesting 

that the drug is not toxic to the liver and reduces muscle damage (Fig. 19A,B). 

Generally, blood-level analyses require high sample sizes because the assay procedure 

produces high variability [34]. Although our sample size was 8 for all groups, the 

variability remained high. 

 

Figure 19. Muscle damage may be reduced upon treatment with SCFAH. 
Blood was taken from mice after 5.5 weeks and analyzed on a reagent rotor with a serum analyzer. 
Results are represented as a mean of biological replicates +/- standard deviation.  
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4.2.6) Functional analysis 

 To establish in-house lab protocols for functional analyses, the mice underwent 

a forearm grip test and a four limb wire hanging test to evaluate any functional 

recovery after 5.5 weeks of treatment. Normalizations to weight were performed as 

well to correct for differences in the sizes of the mice. No significant difference was 

observed in grip strength between the wild type and mdx mice, contrary to previous 

characterization. This was observed in analyses done either by measuring the average 

force of the force peaks (Fig. 20A) or the max force of the force peaks (Fig. 20B) 

generated by the mice on the grip bar. Disparities between previously reported results 

and ours were perhaps due to subtle errors in apparatus positioning or technique. The 

four limb wire hanging test did reveal that the wild type had a longer hanging time 

than the mdx mice (Fig. 20C). However, no significant functional recovery was 

observed due to treatment with the SCFAH. 

Mice exhibit high variability when undergoing functional tests. For instance, 

some mice refused to hang on the wire for very long. Others would constantly roam 

the surface of the wire mesh, exhausting themselves faster. Furthermore, some 

inflammation and bloating was observed due to daily intraperitoneal injection of 

peanut oil. This may explain the difficulty that some mice had in gripping during our 

functional analyses. Additionally, the diameter of the wires of the mesh did not appear 

to be suitable for the mice. Although front paws gripped the mesh well, the hindlimb 

paws did not appear to grip as well. 
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We expected force generation in wild type mice to be higher than that of mdx 

mice. If the SCFAH were contributing to functional recovery, a properly done grip 

strength test should have shown the strength of the treated mdx mice approaching that 

of the wild type. For our future experiments, extra care should be given to prevent 

abdominal inflammation, stabilize delicate force apparatuses, and optimize wire mesh 

size. 
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Figure 20. Functional analyses to assess functional performance. 
Grip strength was measured with a force transducer, where the average of the force peaks (A) and the 
max force (B) was used to assess the animal’s grip strength. Hanging time (C) was measured as the 
amount of time that mice held onto a wire mesh. Graphs on the right depict values normalized to body 
weight, then multiplied by an arbitrary factor. Results are represented as a mean +/- standard deviation.
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CHAPTER 5: DISCUSSION 

Our studies have demonstrated the utility of this SCFAH in suppressing 

fibrosis and inflammation both in vitro and in vivo. The SCFAH downregulated the 

TGF-β pathway by virtue of the butyrate molecules released from the hexosamine 

scaffold, while it downregulated the NF-κB pathway only when the whole intact 

molecule was present. Our PCR and Western blot analyses demonstrated the decrease 

in fibrosis- and inflammation-related genes and proteins. In particular, we showed that 

the proteins IKKα and phospho-Smad3 are seen in decreased levels when treated with 

drug. On the transcription level, we showed that genes involved in fibrosis such as 

SPARC, CTGF, and α-SMA are downregulated upon treatment. A downregulation is 

not observed for inflammation-related genes except for IL-1α and RANTES. The 

small effect observed on the NF-κB pathway in vivo may be explained by the slow 

absorption rate into the bloodstream. As shown in vitro, the intact hybrid molecule is 

required for suppression of this pathway. To enhance the rate of absorption and 

delivery to cells systemically, a vehicle that is more readily absorbed is required. 

Further evidence that fibrosis is decreased by SCFAH treatment is shown by 

decreased collagen content in the tibialis anterior and quadriceps compared to vehicle-

treated mice. Chemical staining and quantification corroborated these results. An 

indirect line of evidence that suggests that inflammation is reduced is shown by 

reduced muscle permeability and less hypertrophy of drug-treated mouse muscles. 

Serum analysis indicated that aspartate aminotransferase and creatine kinase levels 

had decreased in drug-treated mice compared to the control, approaching levels of the 



68 
 

 
 

wild type. Additionally, Evans blue dye fluorescence also showed vastly decreased 

levels of dye infiltration, suggesting that muscle damage had indeed been lowered by 

drug treatment. 

In our study, we have not focused on functional recovery of the mice after 

treatment, but have attempted to establish protocols to perform future studies. As we 

have shown above, the apparatuses are sensitive and require more optimization. 

Another consequence of the slow absorption of the vehicle is the buildup of liquid in 

the intraperitoneal space in addition to possible SCFAH degradation. This buildup is 

suspected to have minimized performance during the functional tests. Further 

optimizations for mechanical tests are needed to reduce bias and obtain accurate 

functional data. 

In this thesis, we have shown that the multifunctionality of the SCFAH under 

study has the capacity for suppressing pathological consequences of MD in mdx mice, 

despite dosages that were lower than expected. Clear trends are seen in protein, 

biochemical, histological, and blood analysis results. The SCFAH inhibits TGF-β and 

NF-κB pathways in vitro and in vivo, decreases collagen content, and reduces skeletal 

muscle permeability. The effects may become more pronounced given a vehicle that is 

more quickly absorbed, as well as reducing the amount of time between stopping 

injections and euthanasia. Although previous pharmacological research has mainly 

focused on a singular aspect of DMD, the data we present in this thesis provides 

evidence for the efficacy of the multifunctional SCFAH in targeting multiple 

pathologies associated with DMD.
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CHAPTER 6: FUTURE STUDIES 

 This thesis focuses on DMD, although it is easily imaginable that the 

multifunctional drug-based therapy studied in this thesis can be applied to a variety of 

different MDs. Mice were injected at early age to mimic how treatments would be in 

humans and to prevent early fibrogenesis [34]. While in this thesis, we focus on the 

anti-fibrotic and anti-inflammatory properties of the SCFAH, there are other potential 

benefits that we expect to improve DMD pathology. Firstly, the SCFAH enhances 

metabolic flux through the sialic acid pathway, compensating for the significantly 

reduced levels of sialic acid that normally decorates glycoproteins and proteoglycans 

on the surface of the cell; Iwata et al. described a possible method in early detection of 

numerous MDs by measuring sialic acid amounts [217]. Enhanced glycosylation may 

reduce muscle damage caused by weak sarcolemmal attachment to the ECM. Our 

Evans blue dye analysis showed the first line of evidence for this effect. Further 

studies should look more closely into levels of sialic acid and glycosylation. Secondly, 

butyrate acts as an HDACi, which have been shown to upregulate genes relevant to 

building muscle size [200,223]. Esterase processing of the SCFAH releases butyrate 

groups, which then can affect downstream processes. Immune cell infiltration and 

epigenetic effects should be evaluated in future studies. 

 Using small molecules largely bypasses immune rejection associated with 

other forms of therapy that introduce dystrophin, as dystrophin can act as a neoantigen 

[99]. Although this is another desirable property of using the SCFAH, it would be 

possible to use the SCFAH in tandem with other forms of therapy. However, this may 
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require immunosuppression or other methods to quell possible immune responses 

[103]. Additional studies are required, but it is possible that cell or gene therapy 

working in conjunction with the SCFAH treatment will act synergistically to 

ameliorate DMD further. 

 Previously, our lab has explored the regioisomeric placement of SCFAs to a 

hexosamine scaffold in producing differential effects for our system. For example, 

1,3,4-O-Bu3ManNAc does not suppress the NF-κB pathway (data not shown). Past 

research showed that this was the case in other cell lines [9,213,214]. Screening 

permutations of SCFAHs with a variety of regioisomeric placements of the SCFA will 

help identify compounds that are responsible for pathway inhibition. Docking studies 

can also be performed to determine the mechanism by which the inhibition occurs. It 

is possible that an SCFAH cocktail will prove to be more effective than the single 

SCFAH used in this study. 

 For future studies, several aspects of the experiment must be optimized. Slow 

intraperitoneal absorption was seen using peanut oil as a vehicle for drug delivery. 

This will tend to decrease intended dosage and reduce efficacy of the drug. Other 

substances that are more easily absorbed such as DMSO or PBS with low 

concentration of detergent and organic solvent should be used for injections. Minor 

inflammation was also observed in areas of injection. Alternative modes of delivery or 

catheterization may be used to minimize this effect. As mentioned above, functional 

studies will require further optimization to ensure reliable, reproducible, and sensitive 

experimentation. Lastly, increasing the sample size will help uncover true biological 
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variation and identify outliers such that statistical significance can be determined. 

Sample sizes used in this study frequently were too small to determine outliers 

because many assays exhibit high intrinsic variability. Essentially, future studies will 

attempt to enhance data point resolution, optimize functional analysis, and determine a 

more suitable long-term vehicle for injection.
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