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ABSTRACT 
 

 

Neural injuries are some of the most common ailments presented in the clinic, 

affecting up to 20 million Americans. While a number of treatments have been studied, 

many of their drawbacks outweigh their advantages, so new solutions are still needed. 

Simple signaling molecules (SSMs), very small agents that govern bioactivity, offer an 

exciting approach to traditional approaches due to their small size, availability, and 

influence on cellular pathways. In this research, I evaluated the cytoprotective and 

neuroinductive capacity of three SSMs: hydrogen sulfide (H₂S), n-acetyl cysteine (NAC), 

and glutathione (GSH). To investigate each molecule’s cytoprotective effect, neural stem 

cells (NE-4Cs) were exposed to a toxic level of a known reactive oxygen species (ROS) - 

hydrogen peroxide (H₂O₂) - while supplemented with various concentrations of H₂S, NAC, 

or GSH. In this model of oxidative stress, H₂S did not exhibit significant cytoprotective 

effects, however, NAC and GSH both demonstrated considerable promise. In specific, 

therapeutic ranges of 2 - 8 mM NAC and 2 - 12 mM GSH were established as 

cytoprotective against H₂O₂-mediated cellular insult. To study the neuroinductivity of H₂S, 

NAC, and GSH in NE-4Cs, immunofluorescence microscopy for an early neuronal marker, 

β3 tubulin, was employed to assess stem cell neural differentiation. This evaluation 
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revealed that H₂S presented the most neuroinductive potential, while NAC and GSH 

showed little capacity to facilitate neuronal differentiation. A neuroinductive window of 

3.9 - 250 μM H₂S was established through this study. With the neuroinductive range of 

H₂S and the cytoprotective ranges of NAC and GSH identified, this research paves the way 

for future controlled drug delivery systems of these molecules to be developed and 

implemented for peripheral nerve injury applications. 
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CHAPTER 1 – INTRODUCTION 

Damage to the nervous system is a common ailment that can drastically affect 

prognosis and daily wellness of patients. Whether the damage occurs in the central or 

peripheral nervous system, the financial burden is extensive at up to $150 billion in annual 

health care costs in the United States alone [1]. Specifically, injuries to the nervous system 

are most often due to degenerative disorder or trauma. Peripheral neuropathy is a 

particularly widespread problem as 2 - 7 % of the entire world population suffers from 

some form of the disease [2]. Although peripheral nerves have the ability to regenerate, 

this response is slow and full functional recovery is limited even with rapid, outside 

intervention [3, 4].  

Several repair options exist for peripheral nerve injury (PNI), but few refinements 

have been made over the past few decades with direct repair and nerve grafts still servings 

as the current ‘gold standard’ treatments. Direct repair consists of matching the two ends 

of a transected nerve back together, however, it can only be completed successfully on gaps 

of 4 mm or less [5]. For gaps greater than 4 mm, nerve grafts are utilized. Most often, these 

are autologous in nature with a healthy nerve taken from another part of the patient’s body 

to repair the damaged one [5, 6]. With both therapies having their drawbacks, other 

emerging treatments have become of increasing interest for PNI repair. One of these areas 

of study is the delivery of small molecules for cytoprotection and neotissue growth 

promotion. Endogenous growth factors such as nerve growth factor (NGF), glial-derived 

neurotrophic factor (GDNF), and brain-derived neurotrophic factor (BDNF) have all been 

studied in this capacity, but are expensive to produce and often have short half-lives within 
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the body [7-9]. An alternative to using these protein-based solutions lies in leveraging 

simple signaling molecules (SSMs).  

SSMs are small, readily available, bioactive molecules that can induce a variety of 

pathways within cells, including neural protection and regeneration. There are many SSMs 

that have been investigated to date for their neural therapeutic potential including 

glutathione (GSH), n-acetyl cysteine (NAC), hydrogen sulfide (H₂S), lipoic acid (LA), and 

carbon monoxide (CO). Specifically, H₂S, NAC, and GSH possess unique capabilities that 

make them especially beneficial for PNI applications. 

H₂S is a gaseous signaling molecule that is produced endogenously from L-cysteine 

[10]. This SSM has gained attention in regenerative medicine due to its ability to 

redistribute GSH to the mitochondria as well as influence neuronal differentiation and 

regeneration [11, 12]. NAC is a precursor to the amino acid L-cysteine and has been 

utilized clinically for decades. Some of its more common applications lie in acetaminophen 

toxicity mitigation and chronic bronchitis resolution [13]. NAC has been investigated 

extensively as an antioxidant and has been shown to increase intracellular GSH levels [14, 

15]. GSH is a tripeptide that acts as an antioxidant within cells. It maintains two forms, its 

reduced form (GSH) and its dimerized, disulfide form (GSSG), from which the 

intracellular GSH/GSSG ratio represents a biological indicator of oxidative stress [16, 17]. 

This is especially evident in neuronal cells where decreased levels of GSH are often a result 

of a degenerative disorder [18]. Each of these molecules has signaling activities within the 

cell and evaluating their bioactivity with neural stem cells is invaluable for their future use 

in PNI treatments. 
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 In this research, H₂S, NAC, and GSH were investigated in neural stem cells (NE-

4Cs) for their cytoprotective effects and neuroinductive potential. The ability of each 

molecule to mitigate oxidative stress was evaluated using a known ROS-inducing agent, 

hydrogen peroxide (H₂O₂). NE-4Cs were exposed to a cytotoxic level of H₂O₂ while 

simultaneously being treated with varying concentrations of H₂S, NAC, and GSH and 

assessed for their cell proliferation, viability, ROS content, and intracellular GSH content. 

Interestingly, both NAC and GSH showed an enhanced cytoprotective capacity whereas 

H₂S did not. These 3 SSMs were also analyzed for their neuroinductivity. My studies 

determined H₂S was able to achieve desirable neuronal differentiation behavior. Through 

this research, a therapeutic cytoprotection window for NAC and GSH against H₂O₂ and a 

therapeutic neuroinduction window for H₂S have been established. 
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CHAPTER 2 – LITERATURE REVIEW 
 

2.1 Nervous System 

 

The nervous system is a complex network responsible for thought, movement, 

organ function, and overall bodily homeostasis. It is the most sophisticated system in the 

human body, consisting of two main overarching components: the central nervous system 

(CNS) and the peripheral nervous system (PNS) [19]. The CNS is comprised of the brain 

and spinal cord while the PNS branches out from the CNS to the rest of the body using a 

complicated series of nerves. 

2.1.1 Nervous System Physiology  

 

The brain and spinal cord relay and interpret messages from the body via an 

intricate system of neuronal and glial cells [20]. In the CNS, glial cells consist of microglial, 

astrocyte, and oligodendrocyte lineages. Microglia serve as immunocompetent cells, 

astrocytes maintain ion homeostasis and protect the blood-brain barrier, and 

oligodendrocytes support myelin production [21]. The PNS consists of peripheral, cranial, 

and spinal nerves that carry information to and from all of the body’s extremities [22, 23]. 

Within the PNS, there are both sensory and motor neurons as well as regulatory support 

cells such as satellite cells and Schwann cells [24]. These nerves consist of not only the 

nervous tissue, but supportive connective tissue and a vascular system as well for nutrient 

supply and waste removal [23] (Figure 1). Both the spinal cord and brain comprising the 

CNS are protected by bone; vertebrae enclose the spinal cord, and the skull encapsulates 

the brain. While the CNS has this extra protection, the motor and sensory nerves of the 

PNS do not, leaving them more vulnerable to injury [25]. 
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Figure 1 – Schematic of a vascularized peripheral nerve. Each nerve contains a bundle 

of fascicles. Each fascicle contains bundles of individual nerves protected by myelin 

sheath, endoneurium and perineurium. Blood vessels are integrated within for nutrient 

supply [26]. 

 

2.1.2 Nervous System Injuries 

Regardless of whether an injury occurs in the CNS or the PNS, nerves do not 

spontaneously recover leading to a loss of function [27]. These injuries are responsible for 

up to $150 billion in annual costs to the United States health care system [1, 3]. While 

nervous system damage can occur by a variety of means, the most common causes are 

degenerative disorders or trauma. There are many neurodegenerative disorders that can 

drastically inhibit proper nervous system functionality including Parkinson’s disease, 

Alzheimer’s disease, and Huntington’s disease. Some of the most common traumas include 

falls, car accidents, assaults, and sports-related injuries, all of which could affect either the 

CNS or PNS [28].  

Following traumatic injuries in either the CNS or PNS, a strong inflammatory 

response ensues. This results in an elevated production of reactive oxygen species (ROS), 

causing oxidative stress within the neural cells. ROS are oxygen-containing molecules that 

can interact directly with and damage proteins, lipids, and nucleic acids. Additionally, ROS 
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can also act as signaling molecules, affecting the biological functions and molecular 

pathways of the cell, often leading to cellular dysfunction [29]. Prolonged ROS production 

and exposure has been found to exacerbate degenerative disorders of both the CNS and 

PNS [29, 30]. In part, due to the stressful environment created by injury in the nervous 

system, nerves lose any kind of regenerative capacity by 2 - 6 weeks post-injury, so early 

interventions and rapid repair are essential for regaining tissue function [31].  

2.1.2.1 Central Nervous System Injuries 

There are a multitude of neurodegenerative diseases that can result in extreme 

impairment and tissue damage in the brain and spinal cord. In addition to the previously 

mentioned Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease, dementia 

and spinal muscular atrophy are some of the other most common progressive neural 

disorders [28]. Unfortunately, there are no currently available cures for degenerative 

disorders, forcing patients to rely solely on treatments that address disease symptoms and 

not the underlying causes. Although much of the damage from these progressive diseases 

primarily affects the CNS, issues in the PNS can occur concurrently. 

A CNS injury constitutes any damage to the brain and/or spinal cord. There are a 

wide range of CNS injuries that can occur, from superficial ischemia in stroke to deep 

tissue damage as part of a traumatic brain injury (TBI) or a spinal cord injury (SCI) [32]. 

The exclusive nature and environment of the CNS does not create an optimal opportunity 

for axonal regeneration and recovery following injury [32]. TBIs and SCIs are devastating 

conditions, often leading to permanent lifelong disability, while also creating an extensive 

financial burden for patients [33, 34]. For TBIs and SCIs, a primary mechanical failure 
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ensues first, with secondary damage, such as enhanced ROS production, glutamate toxicity, 

and increased inflammatory factors, leading to exacerbation of the primary injury [29].  

2.1.2.2 Peripheral Nervous System Injuries 

While the CNS has skeletal protection due to the spinal column and skull, the PNS 

has less protection and is therefore more prone to injury. In addition, the PNS can also be 

impaired due to injuries occurring in the CNS. There are currently over 20 million 

Americans experiencing some form of nerve function loss and it is estimated that 2 - 7% 

of the worldwide population suffers from some form of peripheral neuropathy [2, 3, 35]. 

Peripheral nerve injuries (PNIs) can readily occur due to trauma (e.g., crush, stretch, 

laceration) with 1 - 3% of all trauma patients experiencing loss of peripheral nerve function. 

They can also occur due to compression caused by some degenerative disorders such as 

carpal tunnel syndrome [23, 31, 35]. 

Peripheral nerves have a greater regenerative capacity than central nerves, but 

without outside intervention, this process remains slow (~ 1 - 2 mm of growth per day) and 

functional recovery is often limited [3, 4]. Within hours of an injury, Wallerian 

degeneration occurs consisting of the myelin sheath breaking down, an essential step in 

creating the environment for future axonal regeneration to proceed. A complex system of 

supportive glial cells (i.e., Schwann cells) and chemical signals (i.e., cytokines) play an 

important role in the recruitment of the neurotrophic factors that facilitate Wallerian 

degeneration [36]. Several repair options exist; however, minimal surgical refinements 

have been adopted over the past 50 years, providing a significant opportunity for 

improvement [3]. 
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2.2 Nerve Repair 

Repairing neural tissue after an injury is an important part in facilitating optimal 

recovery for a patient. There are many ways to do this and new methods are being 

investigated constantly. Gold standard repair options that have been utilized in the clinic 

for decades include direct repair and nerve grafts. Newer, more translational therapies 

continue to be studied, including nerve guidance conduits, cellular therapies, inductive 

regeneration, and small molecule drugs. Each of these categories are associated with 

clinical benefits as well as drawbacks. 

2.2.1 Direct Repair 

When a nerve has been completely severed, direct repair may be an option. This 

surgical technique adjoins the nerve segments via end-to-end repair. For optimal functional 

recovery with this method, the internal fascicles and blood vessels of each severed end 

must be matched to one another [6]. Although effective for small nerve gap repair, direct 

repair cannot be readily used for distances greater than 4 mm [5] as tension over any larger 

distance can induce mechanical failure of the repair [22]. 

2.2.2 Nerve Grafts 

Surgical treatment of PNIs is difficult, especially when a large gap remains between 

distal and proximal nerve stumps. For injuries leaving a gap greater than 4 mm, nerve grafts 

have commonly been utilized by surgeons as an alternative to direct repair [5]. Nerve grafts 

generally fall into two different groups: autografts and allografts/xenografts.  

For autograft-mediated repair, the surgeon removes a non-vital healthy nerve from 

another part of the patient’s body, often the sural nerve, to repair the damaged nerve [6]. 

This approach provides the correct native environment for axonal regeneration and is often 
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considered the gold standard in peripheral nerve repair for injuries where direct repair is 

not possible [3, 6, 23]. Although effective, this method requires two surgeries and the 

sacrifice of one of the patient’s healthy nerves to repair the injured one [3, 37]. 

Allografts are donor tissue taken from a human cadaver and implanted into the 

injury site to facilitate repair while a xenograft is donor tissue taken from an animal. The 

grafting procedure is quite similar to what is done for autografts, except 

allografts/xenografts offer the opportunity to avoid harvesting healthy nerve tissue from 

the patient’s body [35, 38]. Xenografts have not yet been utilized in human studies, but 

they offer a unique opportunity for unlimited availability of tissue grafting material. 

However, because neither allografts nor xenografts are native to the patient, the chance for 

host rejection increases, therefore requiring patients to undergo immunosuppressive 

therapy to mitigate these effects [38]. Transplant rejection is a significant drawback for 

allografts/xenografts and represents the major hurdle in translating animal studies to the 

clinic. 

2.2.3 Nerve Guidance Conduits 

Besides direct nerve repair and employing nerve grafts, a physical support system 

called a nerve guidance conduit has become a recent focal point in nerve repair research 

[6]. Nerve guidance conduits are intended to bridge the gap between severed nerve ends, 

creating an optimal internal environment to support axonal regeneration [23, 27]. This 

method protects the injured nerve and deters outside interference from other host biological 

factors. Conduits can be made of a variety of materials often grouped into three main 

categories: biological, nonbiological, and biological/nonbiological combinations [39].  
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2.2.3.1 Biological Conduits 

Biological conduits can be further divided into autogenous and non-autogenous 

categories. Autogenous biological materials include tissues such as hollow veins or 

arteries, as well as muscles or tendons, harvested from the patient themselves [40, 41] 

which have similar advantages and disadvantages as autografts [23, 39]. Non-autogenous 

biological conduits are often fabricated from type I, III, or IV collagen, chitosan, gelatin, 

and other natural materials, derived from biological sources outside the patient’s body [23, 

42-45]. Collagen has been used extensively in regenerative medicine and in neural 

applications as it is a common matrix polymer providing structure to most connective 

tissues in the body, including neural tissue [46, 47]. It can readily serve as a scaffolding 

material, has been incorporated into several nerve guidance conduits, and is currently the 

only biopolymer being utilized in PNI repair clinical trials [27, 28, 46, 48].  

Chitosan is a linear polysaccharide derived from a number of sources including 

crustacean shells. It is a popular natural polymer for biodegradable applications because of 

its immunomodulatory and antibacterial properties [45, 49]. It has often been incorporated 

into hydrogels and offers the opportunity for copolymerization via grafting or crosslinking 

its pendant amine groups [44, 45, 49]. As a nerve guidance conduit, chitosan has been 

utilized to form tubes enriched with stem cells and/or neurotrophic factors to facilitate 

neotissue growth [44, 45]. 

Gelatin is another natural polymer which is derived from collagen [42]. It has been 

utilized as a scaffolding material as well, having the ability to form gelatin fibers to help 

guide axonal regeneration [42, 50, 51]. In many applications employing gelatin, the 
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biomaterial was electrospun on its own or with other polymers to create fibers that provide 

initial support while also being able to undergo biodegradation as neotissue develops [50].  

2.2.3.2 Nonbiological Conduits 

Nonbiological conduits are comprised of materials not found in the human body 

and are often polymer-based. Nonbiologic polymers are often biodegradable and have drug 

releasing capabilities, as well as increased mechanical strength when compared to biologic 

materials. Poly(glycolic acid) (PGA),  poly(lactic acid - co - glycolic acid) (PLGA), and 

poly(caprolactone) (PCL) all have shown promise as biodegradable conduit materials [23, 

27, 44]. 

PGA has been utilized for decades as a degradable polymer for biomedical 

applications. It has a high melting point as well as considerable tensile strength making it 

suitable for use in degradable sutures and tissue scaffolding materials [52]. PGA has been 

incorporated into a commercially available nerve conduit material called Neurotube® that 

has shown promise in facilitating nerve repair when compared to nerve grafts [53, 54]. 

However, PGA has a fairly rapid degradation rate and can be susceptible to mid-chain 

hydrolysis during processing, limiting its mechanical strength [52]. 

PLGA is a polymer derived from the copolymerization of lactic acid and glycolic 

acid. It has a history of good biocompatibility and promotion of cell adhesion as well as 

being able to stimulate proliferation and differentiation of neural stem cells [55, 56]. PLGA 

can also be formed into microfibers that mimic internal neural structures [56]. However, it 

is brittle and can undergo bulk degradation, sometimes affecting its applications when used 

on its own for tissue engineering [55]. 
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PCL is a flexible, biocompatible biopolymer that has a slow degradation rate, 

making it a viable polymer for tissue engineering applications [55]. It has a low-glass 

transition temperature and can be manipulated structurally to promote neural growth and 

support [57, 58]. Although the slow degradation rate can be beneficial for prolonged, years-

long tissue regeneration applications, it can be a drawback for neural applications which 

require quicker intervention. 

2.2.3.3 Biological/Nonbiological Combination Conduits 

Combinations of biological and nonbiological materials have also been studied [45] 

as using both natural and synthetic polymers can leverage the advantages of both systems. 

Chitosan has been crosslinked with biodegradable synthetic polymers to increase its 

mechanical strength and yield unique degradation profiles [49]. Collagen has been 

electrospun with PCL to create nerve conduit materials that facilitate both cell adherence 

and tissue growth by creating a fibrous structure similar to that of the natural nerve [57]. 

Gelatin has been incorporated into PLGA scaffolding to support neotissue growth [59].  

While a promising alternative to direct repair or nerve grafts, clinically available, 

FDA approved nerve guidance conduits are hollow, lacking internal structure, and can only 

be used to repair a nerve gap of only a few centimeters [35]. Any nonbiologic materials 

may also induce a foreign body response, an important consideration when the local host 

tissue is already inflamed due to the initial PNI [3, 22, 23, 38]. 
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2.2.4 Cellular Repair Therapies 

In contrast to all previously mentioned repair options, cellular therapies directly 

incorporate cell populations to assist in healing rather than just provide a mechanical 

support system. Using transplanted cells on their own, or in combination with other repair 

methods has shown promise in translational research [44]. Stem cells of varying origins 

have been used for neural regeneration by inducing their differentiation into neurons or 

glial cells. Embryonic stem cells (ESC), bone marrow stem cells (BMSC), mesenchymal 

stem cells (MSC), dental pulp stem cells (DPSC), and neural stem cells (NSC) have all 

been utilized in research to induce or support nerve regeneration following various neural 

injuries [44, 60-64]. These cell populations can serve as a replacement for damaged neural 

tissue, as support cells for regeneration, or as recruiters of neurotrophic factors. 

Combinations of different cell types offers the opportunity to integrate more than one of 

these functions into a regenerative system [63, 65]. Cell therapy depends on treating the 

cell population with inductive factors to facilitate the desired response, whether that be 

direct differentiation, cell signaling, damage prevention, or another regenerative capacity 

[64]. Furthermore, cellular therapy can also be integrated into other support systems to 

assist in injury repair, such as nerve guidance conduits, hollow tubes, hydrogels, or 

scaffolds [61, 62]. Although a promising direction for PNI repair, cell therapies have only 

been studied using small clinical trials so far. Cell delivery to the damaged host site must 

be further investigated before larger clinical trials can commence. Also, for PNI, it is likely 

that the injured tissued will need to be modified via microsurgery in order for cellular 

therapy to achieve effective regeneration [61].  
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2.2.5 Inductive Regeneration 

Neurotrophic factors play an integral role in the induction of regeneration following 

a nerve injury [23, 44]. As more time passes post-injury, the regenerative abilities of the 

damaged tissue diminish rapidly. Studies have shown that this decline in regeneration could 

be due to the decreased presence of neurotrophic factors in the injured tissue [4]. Many 

natural neurotrophic factors exist to regulate different signaling pathways associated with 

the breakdown of tissue following an injury as well as guide the maturation and 

development of new, regenerated neural tissue [23]. Some of these factors include the 

proteins nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), 

neurotrophin-3 (NT-3), and glial cell-derived neurotrophic factor (GDNF) [4, 7-9].  

These factors have been investigated in the support of the injured tissue itself, or in 

tandem with cellular therapies to generate new cell populations capable of supporting 

regeneration and functional recovery of the injured nerve tissue. Comparable to cellular 

therapies, inductive and bioactive molecules have been incorporated into several different 

delivery systems with scaffolds and nanoparticles commonly being utilized [7, 66, 67]. 

Nerve guidance conduits offer the opportunity for recruitment of endogenous neurotrophic 

factors or the entrapment and release of exogenous neurotrophic factors within the conduit 

itself. The major drawbacks associated with growth factors are the excessive cost 

associated with their production and their limited half-life in the body. However, other less-

expensive, readily available, small molecules are available as growth factor alternatives to 

support growth and induce regeneration. 
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2.2.6 Small Molecule Drugs 

 Small molecule drugs are therapeutics that can directly interact with the body, not 

via a standard, natural process, but can still induce a desired therapeutic effect. Rather than 

enhancing or supporting a cellular pathway, these drugs often block or inhibit the action of 

another molecule or pathway. Two of these small molecule drugs include valproic acid 

(VPA) and trans-4-[(1R)-aminoethyl]-N-4-pyridinyl-cyclohexane-carboxamide-

dihydrochloride (Y-27632).  

Valproic acid (VPA) or valproate is a short-chain fatty acid that has long served as 

an anticonvulsant drug in the clinical treatment of epilepsy and mood stabilization in 

bipolar disorder [68, 69] (Figure 2). In recent studies, research has focused on the ability 

for VPA to act as a neuroprotectant [68, 70]. The mechanism of action governing VPA’s 

therapeutic effect is thought to be associated with its ability to alter gene expression and 

regulation. Studies have shown VPA can inhibit histone deacetylase (HDAC) [69]. With 

this effect, VPA allows for an increase in acetylated histone H3 levels, correlating to 

decondensing of the DNA chromatin structure and increasing gene transcription [68, 71, 

72]. This action has contributed to VPA’s role in decreasing cellular damage as well as 

increasing proliferation and differentiation of mesenchymal stem cells, neural stem cells, 

and tumor cells [69, 70, 72].  

 

 

 

 

  

Figure 2 – Chemical structure of valproic acid (VPA). 
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Y-27632 is a potent inhibitor of the Rho-associated, coiled-coil kinase (ROCK) 

pathways. ROCK pathways are comprised of serine/threonine kinases that are involved in 

cytoskeleton maintenance as well as cellular functions like proliferation, adhesion, and 

inflammation [73]. Inflammation can upregulate Rho signaling and the inhibition of ROCK 

pathways has shown to help maintain stem cell pluripotency and improve cell dynamics in 

neural applications [73-75]. Because of these effects, Y-27632 has been studied for its 

ability to promote CNS regenerative capabilities as well as its protective effect on motor 

neurons in amyotrophic lateral sclerosis (ALS) studies [74]. With its history of study in 

injury models, Y-27632 holds promise as a neuroprotective molecule in PNIs. 

Small molecule drugs like VPA or Y-27632 can serve as a cheaper alternative to 

treatment with endogenous factors. However, they do not directly stimulate the desired 

pathways for cytoprotection and regenerative capacities of cells during/following an injury. 

The drawback of this is there could be off-target interactions and reduced specificity of the 

treatment with these molecules. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Chemical structure of trans-4-[(1R)-aminoethyl]-N-4-pyridinyl-

cyclohexane-carboxamide-dihydrochloride (Y-27632). 
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2.3 Simple Signaling Molecules 

Simple signaling molecules (SSM) are natural compounds used by the body to 

induce a pathway of interest associated with cell protection, regeneration, and/or 

differentiation. They are very small molecules (i.e., gases, ions, and redox reagents) that 

offer the opportunity to take the place of or support already endogenously produced 

inductive or growth factors in many different regenerative and tissue protective 

applications [76, 77]. Often, SSMs can be toxic at higher concentrations, but have cell 

signaling activities at lower concentrations. Many of these small molecules have been 

identified, holding particular promise in many areas of biomedical interest including 

cytoprotection and neural regeneration in PNIs. 

2.3.1 ROS and Hydrogen Peroxide (H₂O₂)  

Increasing cell metabolism can play an important role in creating a healthy 

environment to support regeneration. Injury and trauma induce an inflammatory response, 

while also depleting oxygen levels due to inadequate blood supply, subjecting cells to 

elevated levels of ROS and oxidative stress [17]. Additionally, higher concentrations of 

inductive molecules, as well as constructs such as nerve guidance conduits, although 

supportive of neural growth and differentiation, can also cause inflammation or hypoxia at 

the injury site [28]. 

Hydrogen peroxide (H₂O₂) is a well-known ROS most often produced via 

mitochondrial respiration or redox cycling in all cells [78]. It has been shown to be involved 

in intracellular signaling cascades that can directly impact the dynamics of the cell [30, 79, 

80]. At low concentrations, it has shown promise as an inductive molecule and may play a 

central role as an SSM in a beneficial way [78, 81]. However, at higher concentrations, 
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H₂O₂ can be detrimental to many different cell types, including neural cells. With elevated 

levels due to injury, inflammation, hypoxia, or inadequate antioxidant activities, H₂O₂ has 

the ability to cause direct cell damage via lipid peroxidation, protein dysfunction, and/or 

DNA damage, which can then lead to apoptosis and further tissue inflammation [29]. 

Extracellular H₂O₂ is most likely taken up by the cell via diffusion across the plasma 

membrane, however, there is evidence that this diffusion is regulated and can play a role 

in intercellular communication [78]. Due to its involvement in cell signaling and oxidation 

during injury, H₂O₂ has been heavily studied in oxidative stress models [15, 82]. 

2.3.2 Cytoprotectants 

To decrease the level of oxidative stress within the cell, cytoprotectants can be 

employed to allow for higher concentrations of inductive molecules to be used while also 

protecting cells during inflammation and providing support for regeneration [16, 18, 83, 

84]. Specifically, glutathione (GSH), n-acetyl cysteine (NAC), hydrogen sulfide (H₂S), and 

α-lipoic acid (LA) have all been studied as cytoprotectant SSMs.  

2.3.2.1 Glutathione (GSH) 

Glutathione is a tripeptide comprised of three amino acids: cysteine, glycine, and 

glutamic acid [16, 17]. It is found in fairly high concentrations within most cells, commonly 

at 0.2 - 2 mM and as high as 10 mM in neurons [17, 85]. Glutathione serves several critical 

roles in cells including as a free radical quencher and as a defense against oxidation and 

other forms of metabolic stress [17]. Glutathione exists alone as a reduced molecule (GSH) 

or in an oxidized form (glutathione disulfide - GSSG) within the cell (Figure 4). 
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GSH can be synthesized de novo from cysteine, glycine, and glutamic acid in a 

process mediated by the enzymes γ-glutamaylcysteine ligase (GCL) and glutathione 

synthetase (GS). Cysteine serves as the rate-limiting reactant and GCL serves as the rate-

controlling enzyme in GSH synthesis [84, 86, 87]. GSSG is derived from the oxidation of 

two GSH molecules which can return to endogenous GSH by its reduction [16, 85, 86]. 

The ratio between GSH and GSSG indicates when a cell is under oxidative stress with a 

GSH/GSSG ratio greater than 100 found in healthy cells and 1 - 10 in stressed cells [16]. 

This ratio exemplifies the importance of GSH levels within healthy cells, which is found 

to be even more important in neurons where GSH depletion is evident in a multitude of 

neurodegenerative disorders [16, 18]. 

The GSH/GSSG ratio can be affected by elevated levels of H₂O₂ and other ROS 

molecules. To maintain homeostatic levels of H₂O₂, glutathione peroxidase enzymes 

(GPxs) reduce H₂O₂ to water by oxidizing GSH to GSSG [78, 88]. There are several GPxs 

that apply to different situations of oxidative stress (i.e., extracellular ROS, mitochondrial 

stress, etc.). Under high levels of stress, ROS concentrations are elevated forcing GPxs to 

oxidize more GSH, thereby diminishing the GSH/GSSG ratio (Figure 5). GPx enzymes 

Glutathione - reduced (GSH) Glutathione - oxidized (GSSG) 

Figure 4 – Glutathione, reduced (GSH) vs. glutathione, oxidized (GSSG). GSH in its 

singular, reduced form (left) can be dimerized via a disulfide bond to form an oxidized 

form termed glutathione disulfide (GSSG). 
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appears to be essential for this process to occur as without them, the reaction of GSH and 

H₂O₂ is kinetically slow leading to elevated concentrations of ROS and oxidative damage 

to the cell [88, 89]. A strong correlation exists between cellular and mitochondrial levels 

of GSH and the health and longevity of the cell, especially in neural injury applications 

where treatment with GSH has showing significant promise [18, 84].  

 

 

 

 

 

 

2.3.2.2 N-Acetyl Cysteine (NAC)  

N-acetyl cysteine (NAC) is a precursor to the amino acid L-cysteine, with an acetyl 

group attached to its nitrogen atom [13] (Figure 6). NAC has been utilized in clinical 

practice for decades as a known antioxidant with applications ranging from acetaminophen 

toxicity mitigation, cancer cell treatment, and chronic bronchitis resolution as well as 

addressing various forms of oxidative stress [13, 14, 85, 90, 91]. It is pharmaceutically 

available via oral, intravenous, or inhalation delivery and has a history of usage as an over-

the-counter dietary supplement [13]. However, as of early 2021, the FDA has prohibited 

the sale of NAC as a dietary supplement, sending several warning letters to companies 

marketing their NAC-containing products as being “intended for use in the cure, 

mitigation, treatment, or prevention of disease” [92, 93]. NAC was first investigated as an 

inhaled drug for the treatment of respiratory illness in 1963, with no recorded sale of NAC 

as a supplement prior to this date [93]. Therefore, the FDA has insinuated that NAC can 

Figure 5 – Reaction of GSH with H₂O₂. Two GSH molecules react with H₂O₂ to yield 

one GSSG molecule and two H₂O molecules. This reaction is catalyzed by glutathione 

peroxidase (GPx). 

2 GSH 1 GSSG 

Glutathione peroxidase 

1 H₂O₂ 2 H₂O 



21 

 

no longer be marketed and sold as a dietary supplement under the Drug Exclusion 

Provision, requiring its approval and regulation for safety and efficacy as a pharmaceutical 

under the FDA’s jurisdiction. 

The mechanism of action behind NAC’s ability to protect against oxidative stress 

has long been studied. It is unlikely that NAC has a direct ROS scavenging ability as the 

kinetics of this reaction are slow and biologically-irrelevant [89]. As cysteine is the rate 

limiting-reactant in the development of intracellular GSH, treatment with NAC has been 

thought by many to provide the necessary cysteine reagent for GSH production by NAC 

deacetylation within the cell [84, 90, 91, 94]. However, it has also been suggested that 

although NAC treatment results in increased or maintained GSH levels, this may not be 

due to direct deacetylation of NAC. Rather, the L-cysteine resulting from this deacetylation 

may instead induce hydropersulfide generation, specifically the production of hydrogen 

sulfide (H₂S). This generation of sulfides, in turn, is what leads to an increase in 

intracellular GSH and provides protection for the cell against oxidative stress [13, 14]. 

With a long history of clinical use for other ailments, NAC has considerable potential to 

be used in PNI repair applications [36].  

 

 

 

 

 

 

Figure 6 – Chemical structure of n-acetyl cysteine (NAC). 
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2.3.2.3 Hydrogen Sulfide (H₂S) 

Hydrogen sulfide (H₂S) is a gaseous transmitter that has been recently receiving 

more attention for regenerative medicine applications [10, 12]. H₂S is endogenously 

produced, mainly from L-cysteine, by a series of enzymes within the transsufluration 

pathway, including cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and, the 

more recently identified, 3-mercaptopyruvate sulfurtansferase (3-MST) [10]. Along with 

nitric oxide (NO) and carbon monoxide (CO), H₂S is the third endogenous gaseous 

signaling molecule to be identified within the body. Recent studies have found H₂S plays 

an important physiological and pathophysiological role in the mediation of inflammation 

in several tissues, including bone and neural tissue [10, 12, 95, 96]. As it is a 

gasotransmitter, H₂S must be delivered via a donor with inorganic donors such as sodium 

hydrosulfide, NaHS, and sodium sulfide (Na2S) having been heavily studied as rapid H₂S 

delivery devices in water [83, 97]. Recent research has also investigated the development 

of molecules that can achieve more sustained release of H₂S over time [96, 98]. 

Deficiency in endogenous H₂S production is associated with multiple neurological 

disorders and H₂S donors have been able to serve as neuroprotectants against oxidative 

stress [10, 83]. This function occurs in the mitochondria of cells, mediating oxygen 

consumption under hypoxic conditions [12]. H₂S targets certain molecules and pathways 

that are likely essential to its cytoprotective activities. Specifically, H₂S has been shown to 

redistribute GSH to the mitochondria as well as reduce cystine to cysteine extracellularly, 

yielding additional cysteine for intracellular GSH production [99]. As has been mentioned 

previously, the interaction between H₂S and GSH may also play a role in the protective 

capabilities of NAC [14]. Additionally, studies have investigated H₂S for its signaling 
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capabilities in both ATP-sensitive K+ channels and Ca2+ channels which leads to stress 

mitigation [11, 100]. H₂S has a variety of roles within the cell, many of which are still being 

uncovered and better understood, and its cytoprotective potential makes it a valuable 

prospect as an SSM in neural regeneration and healing. 

2.3.2.4 α-Lipoic Acid (LA) 

1-2-dithiolane-3-pentanoic acid or α-lipoic acid (LA) is present at low 

concentrations within the cell mitochondria (Figure 7). LA is considered a natural 

antioxidant as the molecule plays a physiological role in keto acid decarboxylation and has 

shown evidence of being able to scavenge free radicals [84]. As with many other 

antioxidants, LA’s ability to protect cells from stress lies in its capacity to restore GSH 

levels [84, 86]. However, in comparison to NAC or H₂S, LA’s mechanism of action in 

reestablishing a healthy GSH/GSSG cell ratio more likely lies in gene expression of the 

enzymes involved in GSH synthesis, glutathione reductase (GR) and γ-glutamaylcysteine 

ligase (GCL). GR reduces GSSG to form GSH while GCL mediates the rate of GSH 

synthesis from cysteine, glutamic acid, and lysine. By inducing the upregulation of mRNA 

and/or protein expression for GR or GCL, LA can elevate intracellular GSH levels [86, 

87].  

 

 

 

 

Figure 7 – Chemical structure of 1-2-dithiolane-3-pentanoic acid (α-lipoic acid - 

LA). 
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2.3.3 Neuroinductive SSMs 

As GSH, NAC, H₂S, and LA have been investigated as cytoprotective SSMs, 

another area of interest for SSM application lies in their inductive and regenerative 

properties. SSMs have a growing interest as a replacement for endogenous inductive 

molecules. Calcium and phosphate ions can serve as SSMs by inducing stem cells to 

produce their own osteoinductive proteins [76, 96]. Nitric oxide plays a role in the 

pathways involved with vascular tone and remodeling, including angiogenesis [77]. 

Additionally, hydrogen peroxide has shown properties for inducing tube formation and 

angiogenesis in endothelial cells [81]. The SSMs carbon monoxide (CO) and H₂S may 

offer similar opportunities in neuroinduction. 

2.3.3.1 Carbon Monoxide (CO) 

Carbon monoxide (CO) is one of the other gaseous molecules that has been 

discovered to convey endogenously beneficial effects in low, micromolar concentrations. 

Similarly, to other SSMs, at high concentrations, it can be acutely toxic. It is colorless, 

tasteless, odorless, and non-irritating, making it virtually undetectable, even at fatal 

concentrations. At low micromolar concentrations though, CO functions as a 

neurotransmitter due its cell signaling roles and capabilities in vivo [101].  

CO is produced endogenously through the enzymatic action of heme oxygenases 

(HOs) [102]. To study the effects of CO gas, it has been delivered via inhalation, however, 

donor molecules, often referred to as CO-releasing molecules (CORMs), have also been 

explored. CORMs offer more biological specificity and can reduce the potential toxic side 

effects associated with inhalation [103]. Additionally, the enzymatic upregulation of heme 

oxygenase-1 (HO-1), and therefore the upregulation of CO production from heme, has also 
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been investigated for its neuroprotective capacity [102, 103]. CORMs have been studied 

for many CNS applications, including TBI, multiple sclerosis (MS), and Alzheimer’s 

disease (AD) [102]. CORMs have been shown to have a neuroinductive effect on retinal 

ganglion cells as well as neural stem cells via neurogenesis and angiogenesis [101, 103]. 

Much of the prior research on CO involves the CNS, but controlled CO delivery could also 

treating injuries to PNS as well. 

2.3.3.2 Hydrogen Sulfide (H₂S) 

In addition to the role H₂S plays in the mitigation of oxidative stress, it has also 

been found to play a role in neural degeneration and regeneration. Specifically, H₂S 

signaling pathways and the enzymes involved with its production are important in 

Wallerian degeneration. H₂S regulation in Schwann cells activates the breakdown of the 

myelin sheath and instigates regrowth from the distal nerve stump [104]. H₂S’s role during 

Wallerian degeneration and subsequent regeneration mainly corresponds with its influence 

on Schwann cells. However, H₂S has also shown some evidence of inducing neuronal 

differentiation and regeneration in primary neurons, neural stem cells, and murine 

neuroblastoma NG108-15 cells [11, 105]. These observations were characterized by 

morphological and electrophysiological changes such as neurite outgrowth and Ca2+ 

channel activation [105]. While much of the research to date has focused on H₂S’s 

cytoprotective capacity, its potential as a neuroinductive SSM also holds tremendous value.  

2.3.4 Importance 

The cytoprotective and neuroinductive capabilities of various molecules allows for 

them to be potential candidates for PNS repair applications. While promising, their true 

regenerative capacity can only be achieved if they are able to controllably delivered over 
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the time scale necessary for neotissue development. Of all the small molecules and simple 

signaling molecules highlighted (i.e., VPA, Y-27632, GSH, NAC, H₂S, LA, and CO), 

GSH, NAC, and H₂S are particularly of interest for PNI applications. GSH, NAC, and H₂S 

all have endogenous signaling roles within the cell which make their study valuable. These 

SSMs offer the benefits of increased half-lives at lower costs when compared to other 

endogenous neurotrophic factors that have previously been studied. The controlled 

delivery of these molecules can have a multitude of applications and offer many useful 

routes of administration for therapeutic benefit. Whether supporting regeneration, 

mitigating stress associated with hypoxic environments, and/or preserving cells for future 

differentiation, many opportunities exist within the field. Sustained release of these 

molecules can help to create the environment for biochemically supporting peripheral 

nerve regeneration and could even be expanded in the future to treat central nervous system 

disorders. 
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CHAPTER 3 – MATERIALS & METHODS 
 

3.1 Materials 

NE-4C neural stem cells were purchased from ATCC. T-75 flasks were purchased 

from Corning. Penicillin/streptomycin antibiotic (Pen Strep), minimum essential medium 

– alpha modified (α-MEM), 0.05% Trypsin/EDTA, and 24-well tissue culture polystyrene 

plates were purchased from Gibco. Fetal bovine serum (FBS) and phosphate buffered 

saline (PBS) were purchased from Sigma Aldrich and Leinco, respectively. Sodium 

hydrosulfide (NaHS) was utilized as an H₂S donor for all studies and was purchased 

from Sigma Aldrich.  N-acetyl cysteine (NAC), glutathione (GSH and GSSG), and 

hydrogen peroxide (H₂O₂) were purchased from Alfa Aesar, Sigma Aldrich, and Ward’s 

Science, respectively. Trition X-100 was purchased from Acros Organics. Quant-iT 

PicoGreen dsDNA Assay was purchased from ThermoFisher, and CellTiter-Glo® 

Luminescent Cell Viability Assay was purchased from Promega. Fluorometric Intracellular 

ROS Kit and ProLong® Diamond Antifade Mountant with DAPI were purchased from 

Sigma Aldrich, 4% paraformaldehyde was purchased from ThermoFisher. 5,5′-dithio-

bis(2-nitrobenzoic acid) (DTNB), β-NADPH, glutathione reductase (GR), sulfosalicylic 

acid, 2-vinylpyradine, triethanolamine, were also purchased from Sigma Aldrich. Alexa 

Fluor®647 tagged β3 Tubulin Antibody (2G10) was purchased from Santa Cruz.  

3.2 Cell Culture 

NE-4C neural stem cells were initially cultured in T-75 flasks at 300,000 cells per 

flask with sterile filtered (by 0.22 μm filter) α-MEM, supplemented with 10% FBS and 1% 

Pen-Strep. This fully supplemented α-MEM will henceforth be referred to as α-MEM 

culture media. Cultures were maintained at 37°C in a humidified atmosphere containing 
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5% CO₂. Every two days, cells were washed with 1X PBS, and the media was exchanged 

for fresh α-MEM culture media. Once cells had grown to ~ 80% confluency, they were 

passed by disassociation with 0.05% Trypsin/EDTA solution. After a passage of P5 or 

greater was achieved, cells were plated for experiments in 24-well tissue-cultured plates 

(Fisher). For 3-day studies, cells were plated at 20,000 cells per well and for 7-day studies, 

cells were plated at 5,000 cells per well. Cells were initially incubated for 6 hours to allow 

them to adhere to the plate before being exposed to culture media supplemented with 

various agents. 

Cell culture media was supplemented with a molecule or molecules of interest 

including: NaHS, NAC, GSH, H₂O₂, H₂O₂ + NaHS, H₂O₂ + NAC, and H₂O₂ + GSH. For 

NaHS supplemented culture media, an 8 mM concentrated stock solution was prepared 

fresh before each use by dissolving a measured amount of NaHS into deionized, distilled 

water (ddH₂O). For NAC and GSH supplemented culture media, a 16 mM concentrated 

stock solution was made fresh for each experiment by dissolving a specific amount of NAC 

or GSH into α-MEM culture media. All stock solutions were sterile filtered using a 0.22 

μm filter and serially diluted in α-MEM culture media to yield all experimental 

concentrations tested. For NaHS, a range of 3.9 – 500 μM NaHS was assessed, for NAC 

and GSH, a range of 0.25 – 16 mM of NAC or GSH was analyzed. 

For H₂O₂ supplemented media, a 0.5 M H₂O₂ solution was prepared in α-MEM 

culture media. This highly concentrated solution was then diluted to generate the 

experimental H₂O₂ media concentrations used. H₂O₂ media further supplemented with 

NaHS, NAC, or GSH were made by dissolving measured amounts of each agent into H₂O₂ 

media. These were sterile filtered using a 0.22 μm filter and serial diluted for all other 
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concentrations studied. Standard α-MEM culture media served as a negative control and 

each group was plated in quadruplicate (n=4). For 3-day experiments, cells were harvested 

after 1, 2, and 3 days, with no media changes performed. For 7-day experiments, cells were 

harvested on days 1, 3, 5, and 7, with media being changed every 2 days. 

3.3 Cell Proliferation Assay 

Quant-iT PicoGreen dsDNA Assay (ThermoFisher) was utilized to quantify the cell 

number in each experimental group (n=4). On each experimental day, cells were washed 

with PBS and lysed with 1% Triton X-100. Samples were chilled to -20 ºC and subjected 

to three freeze/thaw cycles to help induce cell lysis. Following the third thaw cycle, the cell 

solutions were homogenized by orbital shaker and sonication. Concentrated TE Buffer 

(20x, 200 mM Tris-HCL, 20 mM EDTA, pH 7.5) was diluted 20-fold using ddH2O in 

which concentrated PicoGreen reagent (200x solution in DMSO) was diluted 200-fold 

while protected from light. In a 96-well opaque plate, 5 μL of each cell sample was added 

to the plate and diluted with 95 μL of 1x TE buffer. In the dark, 100 μL of 1x PicoGreen 

reagent was then added to each well to create a yield final volume of 200 μL in each well. 

Using a BioTek Cytation 5 spectrophotometer, plates were shaken and allowed to 

equilibrate for 10 minutes before fluorescence was read (ex: 480 nm, em: 520 nm). 

Fluorescence readings were compared to a NE-4C cell standard to calculate a final cell 

number for each sample studied. 

3.4 Cell Viability Assay 

ATP content was assessed with the CellTiter-Glo® Luminescent Cell Viability 

Assay using a modification of the manufacturer’s suggested protocol. CellTiter-Glo® 

reagent was removed from storage at -20 ºC and equilibrated to room temperature. The cell 
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culture plate was removed from the incubator after which the media was removed and 

replaced with 75 μL of fresh, room-temperature α-MEM culture media. Following room 

temperature equilibration, 75 μL of CellTiter-Glo® reagent was added to each well, 

bringing the total volume to 150 μL. The plate was placed on an orbital shaker for 5 minutes 

to induce cell lysis and homogenize the solution. The contents of each well were then 

pipetted up and down to mix the solution before it was transferred to a 96-well opaque 

plate. This plate was placed on the orbital shaker for additional time to further homogenize 

the solution and remove bubbles until a total incubation time of 20 minutes was reached. 

The plate was then analyzed on a BioTek Cytation 5 spectrophotomer to determine cell 

luminescence. These readings were standardized via a linear regression of a stock ATP 

standard to determine an ATP concentration for each sample.  

3.5 ROS Detection Assay 

To measure intracellular reactive oxygen species (ROS) content, the Fluorometric 

Intracellular ROS Kit was utilized with a modification to the vendor’s protocol to allow for 

the use of widefield fluorescent microscopy. At Day 0 (i.e., the seeding day), NE-4C cells 

were seeded onto coverslips at a density of 20,000 cells per well in α-MEM culture media. 

After the cells had adhered, media was changed out for α-MEM culture media 

supplemented with molecules of interest. After 24 hours of incubation, the cells were 

harvested for staining. The media was removed, and coverslips thoroughly washed with 

PBS (3x) before the cells were fixed with 4% paraformaldehyde for 15 minutes. The 

paraformaldehyde solution was removed, and the cells washed with PBS (3x) before they 

were permeabilized with 1% Triton X-100 for 15 minutes. The solution was removed, and 

the coverslips washed with PBS (3x) before a 1% BSA solution in PBS was added for 30 
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minutes to act as a blocking solution to prevent non-specific binding. The BSA solution 

was then removed, and the cells were washed with PBS. To stain for intracellular ROS, 

cells were treated with 200 μL of kit-provided ROS Master Reaction Mix for 1 hour at 

room temperature. To prepare this mix, ROS Detection Reagent was dissolved in DMSO 

to create a ROS Detection Reagent Stock Solution. This Stock Solution was diluted with 

provided Assay Buffer at a concentration of 1 μL/mL (v/v) to create the ROS Master 

Reaction Mix. Following 1 hour of incubation, cells were washed with PBS (3x) before 

being mounted on flat glass slides with ProLong® Diamond Antifade Mountant with DAPI 

(4',6-diamidino-2-phenylindole). After allowing the slides to dry for at least 24 hours, cells 

were imaged on a Zeiss Axiovert 200M inverted widefield fluorescent microscope. 

Fluorescence measurements were then used to observe cell nuclei (ex: 359 nm, em: 457 

nm) and ROS (ex: 520 nm, em: 605 nm). 

3.6 GSH Assay 

The combined intracellular concentrations of GSH and GSSG were determined 

using a previously published method [106]. KPE buffer (0.1 M potassium phosphate buffer 

with 5 mM EDTA) was made fresh immediately before the assay was conducted. On each 

day of harvest, cells were washed with PBS (2x). Following washing, cells were 

dissociated via trypsinization with 0.05% trypsin/EDTA solution. Once the cells detached, 

fresh culture media was added, to deactivate the trypsin and the solution transferred to a 

microcentrifuge tube. Cells were centrifuged, the supernatant removed and replaced with 

4ºC PBS, and then centrifuged again. Following this centrifuge cycle, the supernatant was 

removed and replaced with extraction buffer (0.1% Triton X-100 and 0.6% sulfosalicylic 

acid in KPE buffer), after which cells were homogenized via pipetting and frozen at -80 
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ºC. The cell suspension was subjected to three freeze/thaw cycles during which each tube 

was vortexed and subjected to water bath sonication after each thawing to ensure cell lysis. 

Following the third cycle, the cells were centrifuged again, and the supernatant transferred 

to pre-chilled Eppendorf tubes. This supernatant, or cell extract, was assessed for GSH and 

GSSG content.  

 To measure the total combined GSH and GSSG content in each sample, the cyclical 

production of an absorbent molecule is employed (Figure 8). Specifically, glutathione 

reductase (GR) is used to reduce all GSSG into GSH after which all GSH molecules 

(regardless if originally in monomeric GSH or dimeric GSSG form) are oxidized by DTNB 

releasing the yellow derivative 5′-thio-2-nitrobenzoic acid (TNB). After this, the cyclical 

production of TNB by GSH-TNB reduction by GR and GSH-TNB formation by DTNB is 

used to determine the total combined GSH and GSSG found in the sample. Solutions of 

DTNB (0.66 mg/mL, protected from light), β-NADPH (0.66 mg/mL, protected from light), 

and GR (83 units/mL) in KPE were prepared fresh before the assay was run. The DTNB 

and GR solutions were mixed in equal volumes and 120 μL of this solution was added to 

20 μL of each cell extract in a 96-well clear plate. After allowing 30 seconds to ensure free 

GSH conversion to GS-TNB, 60 μL of β-NADPH was added to each well. The rate of 

cyclic TNB production was measured kinetically by a BioTek Cytation 5 

spectrophotometer by taking absorbance readings at 412 nm every 30 seconds for 270 

seconds in total. As the GSSG is being converted to free GSH after β-NADPH addition, 

the baseline for cyclic TNB production is determined at the 30 second timepoint. The total 

combined GSH and GSSG content was calculated via linear regression against the change 

in absorbance per minute (from 30 seconds to 270 seconds) of a GSH standard curve. 
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3.7 Immunofluorescence Staining & Imaging 

Wide field fluorescent microscopy was used to evaluate the differentiation of NE-

4C cells into neurons. At Day 0 (i.e., the seeding day), cover slips were added to each well 

of a 24-well plate and NE-4C cells were seeded on them at 5,000 cells per well in 500 μL 

of αMEM culture media. The cells were stained in a similar manner as the ROS detection 

protocol through the first three steps (i.e., paraformaldehyde fixation, detergent treatment, 

and non-specific binding prevention). Once the BSA solution was removed, the cells were 

washed with PBS (1x) before they were incubated with Alexa Fluor® 647 conjugated β3 

Tubulin Antibody (2G10) (diluted 1:250 in PBS) for 60 minutes. After this, the coverslips 

were washed again with PBS (3x) and then mounted on flat glass slides with ProLong® 

Diamond Antifade Mountant with DAPI where they were allowed to dry for at least 24 

hours before being viewed on a Zeiss Axiovert 200M inverted widefield fluorescent 

Figure 8 – The GSH recycling method for the measurement of intracellular GSH 

and GSSG content. GR (with the presence of NADPH) reduces all GSSG to GSH. 

GSH reacts with DTNB to form the disulfide GS-TNB. As GS-TNB is reduced by GR 

and recycled into the reaction, the yellow derivative TNB is released, and its rate of 

formation corresponds to the total (GSH+GSSG) present within the sample.  This figure 

is reprinted from a published manuscript [106]. 
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microscope. DAPI bound cells were observed (ex: 359 nm, em: 457 nm) as well as the 

Alexa Fluor 647-antibody labeled β3-tubulin imaged (ex: 488 nm, em: 507 nm).  

 Using ImageJ software, corrected total cell fluorescence (CTCF) intensity of Alexa 

Fluor 647-antibody labeled β3-tubulin expression was semi-quantitatively calculated. The 

appropriately filtered data for each variable group was imported into ImageJ for which the 

area, integrated density, and mean intensity value were calculated. The background for 

each individual image was measured by analyzing a small area of the dark background in 

several different spots. These spots were averaged to create a mean fluorescence of the 

background readings. Next, at least eight NE-4C cells from each image were selected at 

random from the field of view for analysis. The cells were outlined and analyzed to 

calculate the CTCF by subtracting out the mean background fluorescence for an object of 

the same size. After eight or more cells were analyzed, the mean CTCF per cell was 

determined by averaging the CTCF of the cells assessed. While not a purely quantitative 

method, this approach provides supportive information detailing the amount of β3-tubulin 

expression found within each experimental group. 

3.8 Statistical Analysis 

Data was analyzed using JMP software with Tukey’s Honestly Significant 

Difference (HSD) test to determine pairwise statistical differences between groups (p < 

0.05). Groups that have different letters have a statistically significant variance in their 

means, while groups that have the same letter, have statistically insignificant variances in 

their means. 
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CHAPTER 4 – RESULTS & DISCUSSION 
 

As simple signaling molecules, H2S, NAC, and GSH influence endogenous 

functions making them valuable tools for PNI repair. Their small molecular size and 

potential therapeutic benefit in cytoprotection and neural regeneration make them ideal to 

be controllably delivered over time. To establish therapeutic parameters for their 

biomedical use, this research will evaluate each molecule for its cytoprotective and 

inductive potential. 

 

4.1 Simple Signaling Molecule Cytotoxicity 

 Before exploring the oxidative and neuroinductive effects of H2S, NAC, and GSH, 

a cytotoxic limit for each simple signaling molecule had to be determined. In specific, NE-

4C neural stem cells were exposed to varying concentrations of each molecule over 7 days 

with cells being harvested for analysis on days 1, 3, 5, and 7. PicoGreen and CellGlo® 

Luminescence assays were employed to assess cell number and viability, respectively. 

 

4.1.1 NaHS (H₂S donor) Cytotoxicity 

 NE-4C cells were exposed to varying concentrations of H2S (3.9 - 500 μM) to 

identify the upper limit tolerable by cells (Figure 9). As H₂S is gaseous in nature, a donor 

molecule must be used to deliver it in solution, for which NaHS was chosen. At Day 1, 

regardless of H2S concentration, all NE-4Cs had similar cell counts when compared to the 

negative control cells (i.e., those treated with α-MEM culture media with no H2S stimulus, 

Figure 9A). By Day 3, NE-4Cs exposed to 500 μM H2S showed limited proliferation which 

persisted through Days 5 and 7 as compared to the control cells that proliferated 
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considerably over the 7 days of the study. Cells incubated with 125 and 250 μM H2S had 

slightly delayed proliferation compared to the no stimulus control, but nowhere near as 

severe as the NE-4Cs subjected to 500 μM H2S. NE-4Cs exposed to 3.9 - 62.5 μM H2S 

possessed similar growth kinetics as the negative control cells throughout the experiment. 

This data showed a moderate concentration-based toxicity transition with the 500 μM 

NaHS group having a significant, negative impact on stem cell functionality. To 

complement the proliferation data, ATP concentration was assessed for all stimulus groups 

at the same time points (Figure 9B). ATP concentration across all groups, including 500 

μM H₂S, increased between each day of the experiment. For cells treated with < 500 μM 

H₂S, this indicated metabolically active cells where ATP concentration increased as cell 

count increased. As the cells exposed to 500 μM did not proliferate in the same manner, 

the elevated ATP concentrations observed in these cells could have been due to cell 

overdrive and apoptosis rather than healthy metabolic activity [107]. Based on these data, 

500 μM H₂S was determined to be the cytotoxic limit for NE-4Cs and all further 

experiments did not exceed this concentration. 
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4.1.2 NAC Cytotoxicity  

 NE-4C cells were subjected to differing NAC concentrations (0.25 - 16 mM) to 

establish its cytotoxic limit for these cells (Figure 10). It is important to note that these 
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Figure 9 - NaHS (H₂S donor) cytotoxicity in NE-4Cs. The impact of H₂S from 3.9 - 500 

µM was evaluated over 7 days. Through NE-4C cell proliferation data (A) and ATP 

concentration data (B), a cytotoxic limit of 500 µM H₂S was determined. Groups that 

possess different letters have statistically significant differences (p < 0.05) in mean 

whereas those that possess the same letter are statistically similar (n=4). 
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concentrations are on the mM scale, far greater than the μM scale used for H₂S as NAC is 

a less potent molecule. At Day 1, regardless of NAC concentration, all NE-4Cs had similar 

or greater cell numbers when compared to the negative control cells (i.e., those treated with 

α-MEM culture media with no NAC stimulus, Figure 10A).  By Day 3, cells exposed to 

0.5 - 2 mM NAC exhibited slightly elevated cell numbers in comparison to the control 

suggesting the molecule may be mildly mitogenic. That being said, by Days 5 and 7, the 

negative control cells and NE-4Cs incubated with 0.25 or 4 mM NAC caught up to the cell 

counts observed for these experimental groups. For NE-4Cs exposed to 8 mM NAC, there 

was a drop in cell population from Day 5 to Day 7. This could be due to a delayed cytotoxic 

effect felt by the cells after being subjected to NAC for more than 5 days. Cells cultured in 

the highest concentration of NAC (i.e., 16 mM NAC) never proliferated, remaining right 

around the starting cell count of 5,000 cells for the entire 7 days of the study. To supplement 

the proliferation data, ATP concentration was evaluated for all stimulus groups at the same 

time points (Figure 10B). For NE-4Cs subjected to 0.25 - 4 mM NAC, ATP concentration 

was similar to the negative control cells with little metabolic activity on Day 1, peaking on 

Day 3, and moderate levels on Days 5 and 7. This behavior is consistent with the 

proliferation data that showed confluency was reached by Day 5, in which high metabolic 

activity associated with cell mitosis would have been minimized [108]. Cells incubated in 

8 mM NAC exhibited similar metabolic behavior as their proliferative profile with the 

highest ATP concentration observed on Day 3 when they were amply growing, moderate 

levels at Day 5 as they reached confluency, and lower levels at Day 7 as their cell 

population decreased. For NE-4Cs cultured in 16 mM NAC, limited metabolic activity was 

observed over 7 days aligning with the non-proliferative behavior of these cells. These 
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results indicate that 16 mM NAC is cytotoxic to NE-4C cells, so all experiments to follow 

did not surpass this concentration. 
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Figure 10  – NAC cytotoxicity in NE-4Cs. The impact of NAC from 0.25 - 16 mM was 

assessed over 7 days. Through NE-4C cell proliferation data (A) and ATP concentration 

data (B), a cytotoxic limit of 16 mM NAC was calculated. Groups that possess different 

letters have statistically significant differences (p < 0.05) in mean whereas those that 

possess the same letter are statistically similar (n=4). 
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4.1.3 GSH Cytotoxicity 

 NE-4C cells were incubated in escalating GSH concentrations (0.25 - 16 mM) to 

determine the maximum amount these cells can endure (Figure 11). This range is 

consistent with the one used for NAC and much greater than that of H₂S. At Day 1, all NE-

4Cs exhibited similar cell proliferation as the negative control cells (i.e., those treated with 

α-MEM culture media with no GSH stimulus, Figure 11A). At Day 3, the cells subjected 

to 0.25 - 8 mM GSH were in similar or significantly greater number than the negative 

control, demonstrating a potentially mitogenic bioactivity of GSH though this effect was 

not strictly concentration dependent. That being said, by Days 5 and 7, the negative control 

cells and NE-4Cs incubated with 0.25 - 2 mM NAC all had similar cell counts. Cells 

exposed to 4 mM or 8 mM NAC reached a plateau cell number about 60% of those 

receiving no NAC or lower NAC concentrations. For the 16 mM GSH treated cells, no cell 

proliferation occurred through the 7 days of the study. To further support the proliferation 

data, ATP concentration was evaluated for all stimulus groups at the same time points 

(Figure 11B). For cells exposed to 0.25 - 2 mM GSH, ATP was greatest at Day 3 

corresponding with cell confluency being achieved by Day 5 and its influence on metabolic 

activity. The cells incubated with 4 mM or 8 mM NAC had less ATP at Day 3 then the 

0.25 - 2 mM NAC treated cells, which seemed to level off through Days 5 and 7. This 

paralleled the proliferation data where these cells did not proliferate significantly past Day 

3. These observations could indicate a variance in toxicity, where some cells are still 

dividing while others are being affected by these GSH concentrations, resulting in a 

relatively static cell number. The elevated levels of ATP at Day 5 could then be suggestive 

of cellular apoptosis within this population [107]. Considering this information, it was 
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determined that 16 mM GSH was the cytotoxic limit to be used for NE-4C cell studies 

going forward. 
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Figure 11 – GSH cytotoxicity in NE-4Cs. The impact of GSH from 0.25 - 16 mM was 

studied over 7 days. Through NE-4C cell proliferation data (A) and ATP concentration 

data (B), a cytotoxic limit of 16 mM NAC was measured. Groups that possess different 

letters have statistically significant differences (p < 0.05) in mean whereas those that 

possess the same letter are statistically similar (n=4). 
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4.1.4 Incubator-Based Variance 

 As H₂S is gaseous in nature and can be readily released from the media into the air, 

all H₂S experiments were conducted in a separate incubator to avoid influencing other 

samples. The negative control group for the H₂S experiments was also cultured in the H₂S 

incubator to allow for comparisons between data generated with all three SSMs. 

Interestingly, stimulus free NE-4Cs showed different growth kinetics dependent on which 

incubator they were cultured in (Figure 9A versus Figure 10A and Figure 11A). 

Specifically, cell growth appeared to be inhibited for cells cultured in the H2S incubator 

when compared to the one used for the NAC and GSH experiments. This result could have 

been due to H₂S from the experimental groups getting into the incubator atmosphere and 

affecting the cell growth of the negative control NE-4Cs. Alternatively, since all H₂S 

experiments were conducted in a separate incubator, there could have been some variance 

in the incubators themselves. 

To help determine the likely cause of this effect, NE-4C cells were passaged from 

the same flask and plated for a control study on cell dynamics within the two incubators. 

The cells were allowed to adhere in the GSH/NAC incubator and then some were moved 

to the H₂S incubator (free of any ongoing H₂S experiments to limit this variable) whereas 

others were continued to be cultured in the GSH/NAC incubator. It was observed that 

without any other variables besides employing different incubators, there appeared to still 

be some variance in cell growth kinetics (Figure 12). At Day 1, cells from both incubators 

had similar cell counts, but by Day 3, the cells cultured in the GSH/NAC incubator were 

in significantly greater numbers than those subjected to the H₂S incubator. In the 

GSH/NAC incubator, NE-4C cells appeared to reach a plateau in cell proliferation around 
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Day 5, whereas when cultured in the H₂S incubator, the cells were still readily proliferating 

at Day 5 and reached confluency closer to Day 7. These data suggest that, although the 

incubators are quite similar in design and used with the same conditions (i.e., 37° C, 5% 

CO₂, and humid atmosphere), the H₂S incubator inhibited cell growth when compared to 

the GSH/NAC incubator. This effect highlights the influence equipment variance can have 

when trying to make direct comparisons. This cell proliferation trend was found in all other 

experiments conducted with each of the two incubators. To account for this going forward, 

future work should investigate H₂S as a SSM in the GSH/NAC incubator. 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 Oxidative Stress Evaluation 

 To study the capacity H₂S, NAC, and GSH have to protect NE-4Cs against 

oxidative stress, hydrogen peroxide (H₂O₂) was utilized as a stressor. H₂O₂ was chosen due 

Figure 12 – Incubator-dependent NE-4C cell proliferation. This influence incubator 

choice had on growth kinetics was explored over 7 days. The data showed that this factor 

impacted cell number with the greatest impact observed on Day 3. Groups that possess 

different letters have statistically significant differences (p < 0.05) in mean whereas those 

that possess the same letter are statistically similar (n=4). 
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to its toxic nature as a known ROS within the body and its vast history of use in oxidative 

stress models [15, 30, 109]. To help determine the concentration of H₂O₂ that causes 

oxidative stress in NE-4Cs, a cytotoxic screen of H₂O₂ was conducted over two days with 

a starting cell number of 20,000 cells per well (Figure 13). After just 1 day, any 

concentration greater than or equal to 150 μM H₂O₂ appeared to be cytotoxic to the cells. 

These NE-4Cs had significantly fewer cells than the control group as well as lower cell 

counts than the cell starting number (i.e., 20,000). These cells also did not recover any 

proliferative capacity by Day 2, so 150 μM H₂O₂ was henceforth utilized for all further 

oxidative stress experiments. As oxidative stress and inflammation occur rapidly following 

an injury [17, 83], studies examining the cytoprotection of various SSMs were conducted 

over 3 days. 
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Figure 13 – H₂O₂ cytotoxicity in NE-4Cs. The impact H2O2 had on NE-4C cell 

proliferation was evaluated over 2 days. A cytotoxic limit of 150 μM H₂O₂ was calculated. 

Groups that possess different letters have statistically significant differences (p < 0.05) in 

mean whereas those that possess the same letter are statistically similar (n=4). 
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4.2.1 H₂S, NAC, and GSH Supplemented, H₂O₂-Treated Cell Cytotoxicity 

 To investigate the mitigating impact H₂S, NAC, and GSH have on H₂O₂ 

cytotoxicity, the PicoGreen assay was employed to assess cell proliferation. When positive 

cell growth kinetics were observed, the CellGlo® Luminescence Assay was also employed 

to analyze cellular metabolic activity. Once NE-4Cs had adhered to the plate, they were 

treated with mixed media containing 150 μM H₂O₂ supplemented with varying 

concentrations of H₂S, NAC, or GSH. Negative and positive controls consisted of α-MEM 

culture media with no added stimulus and 150 μM H₂O₂ alone in α-MEM culture media, 

respectively. SSM-based cytoprotection for H2O2-stressed NE-4Cs was considered to be 

achieved when cell counts and ATP concentration were at least 80% that of cells incubated 

with α-MEM culture media alone after three days of treatment. 

 

4.2.1.1 H₂S Oxidative Stress Rescue 

To examine the cytoprotective effects of H₂S, NE-4Cs were subjected to 150 μM 

H₂O₂ media complemented with differing concentrations of NaHS (H₂S donor, 7.75 - 500 

μM, Figure 14). After 1 day, none of the H₂S concentrations had a significant H₂O₂ 

mitigating effect. Specifically, all the cells exposed to 150 μM H₂O₂, regardless of how 

much H₂S was present, had comparable cell counts as the H₂O₂ control cells, while the α-

MEM culture media control cells proliferated significantly more. By Day 3, there still was 

no cell growth with any of the experiment treatments, so no ATP analysis was carried out 

for this study. This indicated that with this model, H₂S, as delivered via NaHS, did not 

appear to have a cytoprotective effect for NE-4Cs against the H₂O₂ insult. 
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4.2.1.2 NAC Oxidative Stress Rescue 

 NE-4Cs were cultured with 150 μM H₂O₂ supplemented with varying 

concentrations of NAC (0.25 - 16 mM, Figure 15) to study the cytoprotective capabilities 

of NAC. After 1 day, H2O2-agitated cells treated with 1 - 16 mM NAC all had significantly 

greater cell numbers than the H₂O₂ only control group, indicating initial oxidative stress 

cytoprotection mediated by NAC (Figure 15A). Although the cell counts within these 

concentrations were not as substantial as the negative control cells, a similar trend was 

observed at Day 2, where cells subjected to 1 - 12 mM NAC continued to proliferate. In 

contrast, cells exposed to the H₂O₂ control did not recover their initial starting cell number 

of 20,000 cells, and the lowest (i.e., 0.25 and 0.5 mM) and highest (i.e., 16 mM) 

concentrations of NAC also maintained comparably low cell numbers. By Day 3, the H₂O₂ 

shocked cells incubated with 1 - 8 mM NAC expressed similar cell numbers to that of the 

Figure 14 – H2S influence on H₂O₂ cytotoxicity in NE-4Cs. The impact H2S from 7.75 - 

500 µM had on mitigating oxidative stress was explored over 3 days. Through NE-4C cell 

proliferation data, no significant H2S-mediated cytoprotective effect was observed. Groups 

that possess different letters have statistically significant differences (p < 0.05) in mean 

whereas those that possess the same letter are statistically similar (n=4). 
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α-MEM culture media alone control. Also, while the 0.5 mM and 12 mM NAC treated 

cells had not proliferated as much by this time point, they were still in much greater number 

than the positive control. The lowest dosage (i.e., 0.25 mM) and highest dosage (i.e., 16 

mM) of NAC showed no impact in mitigating H2O2 cell cytotoxicity throughout the study. 

As cells cultured with 1 - 8 mM NAC had their proliferative capacity restored to at least 

80% of their normative level, this concentration range is suggested to be near this SSM’s 

cytoprotective therapeutic window. To investigate these findings further, the CellGlo® 

Luminescence Assay was then employed to analyze metabolic activity. 

ATP concentrations measured with the CellGlo® Luminescence Assay detailing 

the cytoprotective effect of NAC corresponded well with the PicoGreen cell proliferation 

data (Figure 15B). Elevated ATP concentrations, in contrast to the H₂O₂ treated control 

cells were observed in the NE-4Cs treated with 2 - 12 mM NAC and H₂O₂ throughout the 

entire three days of the study, with ATP leveling off between Day 2 and Day 3 as the cells 

began to reach confluency. This data combined with the cell proliferation data, not only 

indicated the impact NAC can have on cell survival but also on keeping those cells 

metabolically active. It is interesting to note, that although there was not much cell 

proliferation in the H₂O₂ only, 0.25 mM NAC + H₂O₂, or 16 mM NAC + H₂O₂ treated cells, 

these cells still appeared to have higher ATP levels in contrast to their low cell number. 

Elevated concentrations of ATP can be associated with the high energy requirement of 

cellular apoptosis, so this trend is likely an indicator of cell death rather than healthy 

metabolic activity [107]. These ATP observations helped to narrow the cytoprotective 

window of NAC against H₂O₂-medicated oxidative stress to 2 - 8 mM. 
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4.2.1.3 GSH Oxidative Stress Rescue  

NE-4Cs were exposed to 150 μM H₂O₂ mixed with a range of GSH concentrations 

(0.25 - 16 mM, Figure 16) to investigate the cytoprotective effects of this SSM. After 1 

day, NE-4Cs exposed to the adverse H₂O₂ stimulus and 0.5 - 16 mM GSH exhibited greater 

cell proliferation than the H₂O₂ control group and increased cell numbers in a mostly 

comparable manner to that of the negative control (Figure 16A). By Day 2, similar overall 

growth trends were observed for stressed cells subjected to 1 - 12 mM GSH. In contrast, 

cells exposed to 0.5 and 16 mM GSH showed minimal proliferative effects though all these 

concentrations (i.e., 0.5 - 16 mM GSH) had significantly higher cell numbers than the 

H₂O₂-exposed control cells. By Day 3, NE-4Cs exposed to 0.5 - 1 mM GSH in addition to 

H2O2 had proliferated some but did not have as high of cell counts as those treated with 2 

- 12 mM GSH. Cells incubated with 150 μM H2O2 and 0.25 mM GSH showed limited 

proliferative capacity similar to that of NE-4Cs provided H2O2 alone. Interestingly, 16 mM 

GSH given alone was found to be quite toxic to NE-4Cs (Figure 11A), however, when 

combined with 150 μM H₂O₂, cell counts increased by nearly an order of magnitude over 

their initial cell count (i.e., 20,000) after three days. This could indicate some extracellular 

interactions between GSH and H₂O₂ that would influence the quantity of both molecules 

in solution [89]. Based on these results, a range of 2 - 12 mM GSH appeared to have 

cytoprotective effects against H₂O₂ for NE-4C cell proliferation, although 0.5 and 1 mM 

GSH still restored cell populations to ~ 60% of what was found with the negative control. 

To further examine these findings, the CellGlo® Luminescence Assay was employed to 

measure the metabolic activity of the NE-4Cs used in this model. 
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The ATP concentration of the cell populations stressed with H₂O₂ and incubated 

with GSH indicated a similar trend as the cell proliferation data (Figure 16B). At Days 1, 

2, and 3, cells exposed to 150 μM H₂O₂ supplemented with 1 - 12 mM GSH exhibited 

elevated ATP concentrations in contrast to the H₂O₂ control. By Day 3, this concentration 

window also induced cells to have similar levels of ATP to those treated with α-MEM 

culture media alone. H₂O₂-agitated cells subjected to 0.25 mM or 0.5 mM GSH maintained 

the same, relatively low ATP values throughout the three days of the study. Just as there 

was cell proliferation in the cells exposed to H₂O₂ combined with 16 mM GSH, there also 

was greater ATP concentration, further highlighting the possibility GSH and H₂O₂ 

interacted directly. As H₂O₂-stressed NE-4Cs treated with 2 - 12 mM GSH demonstrated 

both cell proliferation and ATP production greater than 80% of the negative control, it was 

concluded that these concentrations of GSH have a cytoprotective effect mitigating 

oxidative stress in this model. 
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4.2.2 NAC and GSH Supplemented, H₂O₂-Treated Cell Intracellular Evaluation 

 Though the cytoprotective capabilities of NAC and GSH were valuable findings, 

the potential for NAC and GSH to be directly oxidized by H₂O₂ [78] leaves the possibility 

A 

A) 

B) 

Figure 16 – GSH influence on H₂O₂ cytotoxicity in NE-4Cs. The impact GSH from 

0.25 - 16 mM had on mitigating oxidative stress was investigated over 3 days. Through 

NE-4C cell proliferation data (A) and ATP concentration data (B), a cytoprotective 

window of 2 - 12 mM GSH was determined. Groups that possess different letters have 

statistically significant differences (p < 0.05) in mean whereas those that possess the 

same letter are statistically similar (n=4). 
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that these effects occurred extracellularly, intracellularly, or a combination thereof. To 

further probe this, intracellular reactive oxygen species (ROS) content was investigated for 

both NAC and GSH treated H2O2-stressed cells. Additionally, as GSH is the main 

intracellular antioxidant [16], its total intracellular content (i.e., the combination of 

monomeric GSH and dimeric glutathione disulfide - GSSG) was quantified to determine 

whether NAC influenced the concentrations and relative ratio of GSH and GSSG. Data 

from GSH-treated cells was not included as the exogenous treatment of GSH acts as a 

confounding variable for this experiment. As there are greater quantities of NAC and GSH 

than H2O2 (i.e., 0.25 - 16 mM versus 150 μM), the intracellular presence of ROS would 

indicate that not all the H2O2 was consumed by the SSM extracellularly. Also, if an 

elevation in total intracellular GSH content (i.e., GSH + GSSG) comparable to the negative 

control was found, this would suggest a cytoprotective pathway for NAC [16]. 

 

4.2.3.1 ROS Presence  

 To assess intracellular ROS levels in the observed therapeutic ranges for NAC or 

GSH, cells were subjected to α-MEM culture media alone (negative control) or 

supplemented with 150 μM H₂O₂ with 0 mM (positive control), 0.25 mM, 1 mM, 4 mM, 

or 16 mM NAC or GSH. After 1 day of incubation, cells were fixed with 4% 

paraformaldehyde and assayed using the Fluorometric Intracellular ROS Detection Assay 

supplemented with DAPI staining (Figure 17). For all stimuli used, the images show the 

cell nuclei (DAPI, ex: 359 nm, em: 457 nm) and ROS (fluorescent detection agent, ex: 520 

nm, em: 605 nm). Each image is representative of triplicate samples for each treatment 

group. 
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Figure 17 – NAC and GSH impact on intracellular ROS presence. Media with and 

without 150 μM H2O2 (A), NAC + 150 μM H₂O₂ (B), or GSH + 150 μM H₂O₂ (C) was used 

to treat cells which were then stained for their nuclei and intracellular ROS. DAPI images 

alone are displayed in the top panel and DAPI and ROS overlay images are shown in the 

bottom panel for each group (n=3). 



54 

 

The negative and positive controls showed ROS presence is highly stimulus 

dependent. Specifically, very little ROS fluorescence was observed in NE-4Cs cultured in 

α-MEM culture media alone whereas nearly every cell exposed to the 150 μM H₂O₂ insult 

fluoresced, showing the intracellular presence of ROS (Figure 17A). For stressed cells 

cultured with 0.25 - 16 mM NAC, ROS-labeled fluorescence was observed across all 

treatment groups (Figure 17B). Those given the lower NAC dosages (i.e., 0.25 and 1 mM) 

possessed similar ROS levels to that of the 150 μM H₂O₂ control. This observation 

corresponded to the cell cytotoxicity data, as the cell number and metabolic activity were 

similarly reduced at these same concentrations after 1 day (Figure 15). For H₂O₂-stressed 

cells incubated with 4 mM NAC, ROS expression was still observed, though not in every 

cell like was seen with 0.25 and 1 mM NAC. This result suggests that a therapeutic 

concentration of this SSM may be mitigating the ROS content within NE-4Cs. 

Interestingly, 16 mM NAC yielded the lowest ROS presence though this is likely due to its 

inherent cytotoxicity (Figure 10) as well as the cell death seen when co-delivered with 

H2O2 (Figure 15). Taken together, these findings complement the earlier work establishing 

a NAC therapeutic window of 2 - 8 mM. 

For NE-4Cs incubated with H2O2 and GSH, ROS-associated fluorescence was seen 

throughout the entire range of GSH concentrations examined (Figure 17C). Almost all 

stressed cells exposed to 0.25 or 1 mM GSH possessed intracellular ROS. For the lowest 

concentration, this result aligns with the cell growth suppression and diminished ATP 

content found with these stimuli at 1 day post-exposure (Figure 16). Interestingly, for 1 

mM GSH, the considerable presence of ROS did not impact cell function and health at Day 

1 though this could play a role in the non-confluency cell count plateau seem for these cells 
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at Day 3 [110] (Figure 16A). For cells subjected to 4 mM GSH and 150 μM H₂O₂, ROS-

based fluorescence was observed, but not at the same intensity as the H₂O₂ control or lower 

GSH concentrations. This result is consistent with the cytoprotective effect seen with this 

GSH concentration (Figure 16). Cells incubated in 16 mM GSH with adverse stimulus 

(i.e., H2O2) expressed the least amount of ROS in comparison to the other concentrations 

of GSH. NE-4C cytotoxicity was previously noted with 16 mM GSH with and without 

H2O2 supplementation in Figure 11 and Figure 16, respectively, when compared to cells 

cultured in α-MEM culture media alone. These data align with the previous results 

determining a GSH therapeutic window of 2 - 12 mM. 

When considering this data in aggregate, it suggests that cell-mediated effects are 

primarily responsible for the influence NAC and GSH have on mitigating H2O2-induced 

oxidative stress. The considerable and similar ROS content seen within cells receiving 

either SSM at the lower two concentrations tested (i.e., 0.25 and 1 mM) provide supports 

that the H2O2 is not undergoing decomposition even though there is 1.67 - 6.67 times as 

much SSM present. At the highest SSM concentration assessed (i.e., 16 mM), less 

intracellular ROS was present, yet the proliferative and ATP content were not fully rescued 

indicating the cytotoxicity of these molecules at this concentration governed the lack of 

healthy cells in culture. Additionally, these results were unable to determine whether NAC 

or GSH is more effective at decreasing intracellular ROS. Instead, the data suggests that 

either SSM has desirable effects provided they are delivered at concentrations within the 

therapeutic window. 
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4.2.3.2 Intracellular GSH Assessment  

Total intracellular GSH (i.e., GSH+GSSG) was assayed to further investigate the 

capacity NAC has to modulate H₂O₂-induced oxidative stress in NE-4Cs. The exogenous 

treatment of GSH itself could affect the validity of this assay, therefore it was only 

conducted with NAC-treated cells. As GSH is the major antioxidant within cells, this 

measure will be valuable in assessing whether NAC influenced these levels within a 

stressful environment [14, 82]. Cells were subjected to α-MEM culture media alone 

(negative control) or supplemented with 150 μM H₂O₂ with 0 mM (positive control), 0.25 

mM, 1 mM, 4 mM, or 16 mM NAC. After 1 day of incubation, cells were harvested and 

analyzed. These data are presented as a percent of the total intracellular GSH for the healthy 

control cells incubated with α-MEM culture media alone (Figure 18).  

 

 

 

  

 

 

 

 

Figure 18 – NAC impact on intracellular GSH content in NE-4Cs. The influence NAC 

from 0.25 - 16 mM had on altering GSH content from 150 µM H₂O₂ agitated cells was 

studied over 1 day. This data is presented as a percent of health control cells solely 

subjected to α-MEM culture media with 4 mM NAC showing a complete return of 

normative total intracellular GSH levels. Groups that possess different letters have 

statistically significant differences (p < 0.05) in mean whereas those that possess the same 

letter are statistically similar (n=3). 
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For the H₂O₂ control cells, total intracellular GSH was diminished to less than 10% 

of the healthy negative control cells solely incubated with α-MEM culture media (Figure 

18). For the cells exposed to 0.25 mM or 1 mM NAC with 150 μM H₂O₂, there was not 

significantly more total intracellular GSH than the H₂O₂ control cells. This corresponded 

well with the ROS fluorescence data (Figure 17B) where high intracellular ROS content 

was observed, as well as the cytotoxicity data (Figure 15) where these cells had a low cell 

number after 1 day. This supports the low end of the therapeutic window, where 0.25 - 1 

mM NAC may be insufficient in protecting NE-4Cs from the oxidative stress caused by 

H₂O₂. For the H₂O₂-stressed cells subjected to 4 mM NAC, a concentration within the 

identified therapeutic window, total intracellular GSH was similar to the negative control 

cells in α-MEM culture media and significantly greater than the H₂O₂-treated positive 

control cells. The ROS-based fluorescence for these cells was less than the H₂O₂ control 

cells and greater than the α-MEM culture media control cells (Figure 17A & B). Although 

there was still ROS present in the cells exposed to 4 mM NAC, there was similar amounts 

of total intracellular GSH as the healthy control cells. This valuable information indicates 

that NAC may be playing a role in elevating GSH levels as a cytoprotective measure 

against the oxidative insult. The stressed cells treated by 16 mM NAC also had an elevated 

total intracellular GSH levels compared to the H₂O₂ control cells but only had ~ 50% of 

the content found within the negative control cells. This also could be representative of 

NAC’s effect on total intracellular GSH as there was little ROS fluorescence shown within 

these cells (Figure 17B). The cell population was limited in number for the cells incubated 

with 16 mM NAC and H₂O₂ (Figure 15), so NAC could be having an intracellular 

cytoprotective effect on what little cells are there reducing their intracellular ROS by 



58 

 

elevating their total intracellular GSH content. These data helped to confirm the low end 

of the NAC cytoprotective window (i.e., 0.25 mM and 1 mM NAC) and indicated the 

potential for high concentrations of NAC (i.e., 4 mM and 16 mM NAC) to influence the 

total intracellular GSH level as a cytoprotective pathway against oxidative stress. 

These data solely investigated the entire concentration of both GSH and GSSG 

present within the cells, however, the ability to measure both GSH and GSSG as individual 

concentrations through this assay is possible. This will be valuable future work to conduct 

as the intracellular GSH/GSSG ratio is also a measure of oxidative stress. Between the 

ROS and GSH data acquired already, NAC exemplified the likelihood of cell-mediated 

effects with reduced ROS and elevated total intracellular GSH levels at 4 mM and 16 mM 

NAC for H₂O₂-stressed NE-4Cs. As cells incubated with H₂O₂ and 0.25 - 16 mM GSH also 

expressed intracellular ROS, this is indicative of intracellular interactions between H2O2 

and GSH. Most importantly, with the cell proliferation, cell viability, ROS, and GSH 

assessments for NE-4Cs, a therapeutic range for cytoprotection against oxidative stress was 

established as 2 - 8 mM NAC and 2 - 12 mM GSH.  

 

4.3 H₂S, NAC, and GSH Neuroinductivity 

 Cytoprotection is an important concept in peripheral nerve repair. However, as 

these studies were conducted with neural stem cells, it was also of interest to measure each 

molecule’s inductive potential as well. This was beneficial for evaluating both the 

cytoprotective and neuroinductive potential of the SSMs to promote healing in PNIs. 

Specifically, β3 tubulin is a primary neuronal marker that has been used to indicate 

neuronal differentiation of stem cells [111]. To assess the inductivity of H₂S, NAC, and 
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GSH on NE-4Cs, immunofluorescent staining for β3 tubulin was utilized. A concentration 

four-fold below the cytotoxic limit was chosen for each molecule - 125 μM NaHS (H₂S 

donor, 0.125 mM H₂S), 4 mM NAC, and 4 mM GSH (to exhibit all molecules on the same 

scale, H₂S will be reported as 0.125 mM in comparison to NAC or GSH) - to study SSM 

neuroinductivity. Although H₂S did not show cytoprotective potential in the model of 

oxidative stress evaluated in this research, NAC and GSH did. Therefore, it is important to 

note that 4 mM NAC and GSH lie within the cytoprotective therapeutic window for both 

SSMs. To evaluate their differentiative capacities, 0.125 mM H₂S, 4 mM NAC, and 4 mM 

GSH were evaluated against a negative control (i.e., α-MEM media with no stimulus) for 

β3 tubulin expression over 7 days (Figure 19). The top panel for each image set is solely 

DAPI expression (ex: 359 nm, em: 457 nm), indicating the cell nuclei. The bottom panel 

for each image set is an overlay image of DAPI expression and Alexa Fluor® 647-antibody 

labeled β3-tubulin expression (ex: 488 nm, em: 507 nm). Each image is representative of 

triplicate samples for each treatment group. 

Immunofluorescent staining on its own is a solely qualitative method for evaluating 

neuroinductivity and β3 tubulin expression of NE-4Cs. To further support the 

morphological and visual fluorescence observed in the images obtained, corrected total cell 

fluorescence (CTCF) was also determined as a semi-quantitative measure (Figure 20). 

This data was utilized as a supplement to the images themselves to help determine the 

inductive potential of each SSM studied.  
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D) Day 7  
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Figure 19 – H₂S, NAC, and GSH neuroinductivity in NE-4Cs. The ability for cells 

treated with α-MEM media with no stimulus, 0.125 mM H₂S, 4 mM NAC, or 4 mM GSH 

to induce neural differentiation was assessed using nuclei and β3 tubulin expression 

staining. DAPI expression images are displayed on the top whereas DAPI + β3 tubulin 

expression overlay images are shown on the bottom for Day 1 (A), Day 3 (B), Day 5 (C) 

and Day 7 (D).  

Figure 20 – Corrected Total Cell Fluorescence (CTCF) of H₂S, NAC, and GSH 

neuroinductivity in NE-4Cs. CTCF analysis was done on the β3 tubulin expression 

for cells exposed to α-MEM culture media alone or with 0.125 mM H₂S, 4 mM NAC, 

or 4 mM GSH as a semi-quantitative measure of NE-4C differentiation. Groups that 

possess different letters have statistically significant differences (p < 0.05) in mean 

whereas those that possess the same letter are statistically similar (n=3). 
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Morphologically, elongated nuceli and neurite outgrowth are characteristics of 

neuronal differentiation [112]. At Day 1, the cells across all groups remained stem-like 

with no neurite outgrowths or elongated nuclei observed (Figure 19A). Although no 

morphological changes were recognized, when looking at CTCF, there was some elevation 

in the H₂S treated cells at Day 1, perhaps indicating some initial but limited differentiation 

(Figure 20). By Day 3, morphological changes were observed in the H₂S cells when 

compared to the control cells and the cells subjected to NAC or GSH (Figure 19B). These 

cells possessed clearly elongated cell nuclei and neurite outgrowths between cells while 

the NAC, GSH, and control cells persisted as circular and stem-like. There was clear β3 

tubulin expression in the H₂S cells as supported by the CTCF data (Figure 20). The cells 

exposed to H₂S exhibited β3 tubulin CTCF more than double the negative control cells and 

significantly greater than the NAC and GSH treated cells. These observations were 

maintained into Day 5, with similar morphologies and CTCF seen (Figure 19C). By Day 

7, the morphological changes in the cells subjected to H₂S could still be seen, but the β3 

tubulin fluorescence visibly decreased (Figure 19D). This was also reflected in the 

fluorescence intensity data (Figure 20). As β3 tubulin can be an early neuronal marker, it 

is possible that by Day 7, the decrease in fluorescence was due to a change in the 

differentiation state of the NE-4Cs. These findings demonstrated that 0.125 mM H₂S holds 

promise as a neuroinductive molecule whereas NAC and GSH did not exhibit the same 

influence on NE-4Cs. It should be noted that although the cells incubated with NAC and 

GSH had some cells with elevated fluorescence intensity, they maintained relatively 

similar to that of the control throughout the entire seven days and did not present some of 

the same morphological changes observed in the H₂S treated cells.  
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4.4 Expanded H₂S Neuroinductivity Window 

 Although H₂S did not show cytoprotective activity against H₂O₂, it did exhibit 

neuroinductive potential at 125 μM H₂S in NE-4Cs. To investigate this further, a range of 

H₂S concentrations (i.e., 3.9 - 500 μM H₂S) were evaluated for β3 tubulin expression. 

Fluorescent images of cells subjected to 7.75, 31, 125, and 500 μM H₂S are provided in 

Figure 21 as representative images of the whole data set, however, 3.9, 15.5, 62.5, and 250 

μM H₂S were evaluated as well (data not shown). Similar to the previous imaging data, the 

top panel for each image set is only DAPI-labeled nuclei whereas the bottom panel has 

both DAPI staining as well as Alexa Fluor® 647-antibody labeled β3-tubulin expression. 

Each treatment group has an image representative of the triplicate samples studied. 
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D) Day 7 
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Figure 21 – H₂S neuroinductivity in NE-4Cs. The ability for cells treated with α-MEM 

media with no stimulus or 7.75 μM - 500 μM H₂S to induce neural differentiation was 

evaluated using nuclei and β3 tubulin expression staining. DAPI expression images are 

displayed on the top whereas DAPI + β3 tubulin expression overlay images are shown on 

the bottom for Day 1 (A), Day 3 (B), Day 5 (C) and Day 7 (D).  
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Figure 22 – Corrected Total Cell Fluorescence (CTCF) of H2S neuroinductivity in 

NE-4Cs. CTCF analysis was conducted on the β3 tubulin expression for cells exposed to 

α-MEM culture media alone or with 7.75 μM - 500 μM H₂S as a semi-quantitative measure 

of NE-4C differentiation. Groups that possess different letters have statistically significant 

differences (p < 0.05) in mean whereas those that possess the same letter are statistically 

similar (n=3). 
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The NE-4Cs did not show many morphological changes at Day 1 (Figure 21A) and 

there were no significant differences in CTCF data across all cell treatments (Figure 22). 

However, by Day 3, there were neurite outgrowths and elongated nuclei within the H₂S 

treated cells as well as visible β3 tubulin expression throughout, regardless of H₂S 

concentration (Figure 21B). These observations were also supported by the β3 tubulin 

CTCF data, as NE-4Cs subjected to 31 - 125 μM H₂S exhibited significantly greater CTCF 

than the negative control cells while those incubated with 7.75 μM H₂S and 500 μM H₂S 

also had slightly elevated CTCF values (Figure 22). Similar findings were seen into Day 

5, with continued morphological changes and β3 tubulin expression. In fact, all H₂S 

concentrations (i.e., 7.75 -500 μM H₂S) conveyed significantly greater CTCF in treated 

cells than exposure to α-MEM media alone (Figure 21C). By Day 7, β3 tubulin expression 

began to level off, however, there was still slight elevation in the CTCF of NE-4Cs 

incubated with H₂S, especially in the lowest 7.75 μM H₂S concentration (Figure 21D). 

This could be indicative of lower H₂S concentrations inducing differentiation after a greater 

exposure time; however, additional study is needed to investigate this further. 

Although this data presented only shows cells exposed to 7.75, 31, 125, or 500 μM 

H₂S, the cells subjected to all other concentrations between these concentrations 

demonstrated similar findings. Based off these results, a neuroinductive window of 3.9 - 

250 μM H₂S was established as 500 μM H₂S was cytotoxic to NE-4Cs (Figure 9). Cells 

treated within this range expressed β3 tubulin throughout the 7 days of the study, with 

greatest intensity at Days 3 and 5. These experiments did not go below 3.9 μM H₂S, so it 

is possible this range could extend even lower. This neuroinductive window is ample and 

will allow for a wide range of concentrations to leverage for future studies. 
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CHAPTER 5 – CONCLUSIONS & FUTURE DIRECTIONS 
 

 This research has shown promise for H₂S to function as a neuroinductive signaling 

molecule as well as the cytoprotective capacity of NAC and GSH against oxidative stress. 

Excitingly, preliminary studies indicate a H2O2 stress mitigating potential of NAC in 

mesenchymal stem cells (MSCs) similar to what was observed with NSCs (Figure 23). 

MSCs can differentiate into a multitude of different cells and have a variety of applications 

in angiogenesis, osteogenesis, as well as neurogenesis [113], making MSCs an ideal 

candidate for expanding this work into other cell lines.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The future for this research is in controlled release of the SSMs studied (i.e., H₂S, 

NAC, and GSH). The experimentation thus far has solely investigated each molecule being 

delivered directly, or in a ‘burst’ fashion. Many traditional drug delivery systems follow 

this model, relying on oral or intravenous delivery [114]. Drug concentrations will reach 
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 Figure 23 – NAC influence on H₂O₂ cytotoxicity in NE-4Cs. The impact NAC from 0.25 

– 16 mM had on mitigating oxidative stress was studied over 3 days. Through MSC cell 

proliferation data, a cytoprotective window of 1 - 8 mM NAC was identified. Groups that 

possess different letters have statistically significant differences (p < 0.05) in mean whereas 

those that possess the same letter are statistically similar (n=4). 



68 

 

their peak upon initial administration and slowly diminish over time until the next 

administration (Figure 24A) [115].  In order to be therapeutically beneficial, the 

concentration of the drug must maintain levels below the toxicity limit and above the 

minimum effective concentration (i.e., the therapeutic window) [116]. Burst release 

kinetics can be unpredictable as the initial high release rate can lead to concentrations near 

or above toxic levels. Additionally, many of these drug delivery systems have short half-

lives, drastically affecting their maintenance between toxicity and efficacy and often 

requiring multiple drug administrations to be effective [115]. 

 Although traditional drug delivery systems present a cost-effective, well-

established drug administration technique, controlled drug delivery systems aim to 

maintain a certain beneficial drug level over time rather than relying on numerous 

administrations and consistent patient compliance (Figure 24B). These systems can be 

advantageous due to their capacity for continuous desired therapeutic support while 

mitigating overdosing and underdosing effects, all while employing fewer administrations 

[116, 117]. As many neurotrophic and supportive molecules have short half-lives and 

undergo rapid clearance, entrapping these molecules within a delivery system can be 

beneficial [118, 119]. While many options are available, degradable polymeric delivery to 

the nervous system is of particular interest for targeted, controlled release. Direct 

intervention from bioengineered materials can facilitate the neuroinductive and 

neurosupportive molecule targeted delivery necessary for inducing a therapeutic response 

[48]. The goal of these engineered polymeric systems is to degrade over time in the human 

body, releasing bioactive molecules, such as H₂S, NAC, and GSH, with the desired kinetics 

for therapeutic support all without requiring intervention to remove them. 
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 Due to the simple molecular structure of H₂S, NAC, and GSH, they are ideal 

candidates for controlled release by direct incorporation into biodegradable polymers. This 

is most evident for H₂S as it already requires a donor for its delivery. A good option for 

controlling H₂S delivery is through the use of thioglutamic acid (GluSH) [96] (Figure 25). 

Figure 24 – Dose dependent drug delivery versus controlled drug delivery. Dose 

dependent drug delivery (A) requires consistent dosages over time to maintain the 

therapeutic window of the drug. In contrast, controlled drug delivery (B) releases the drug 

within the therapeutic window without the need for multiple doses. 
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This molecule has previously been investigated as a cytoprotective biomaterial for MSCs 

and has been shown to controllably release H₂S over 7 days (Soheila Ali Akbari Ghavimi 

PhD Dissertation). Exploring the neuroinductive potential of GluSH would be an exciting 

extension of the research detailed in this thesis. If GluSH shows promise in inducing 

neuronal differentiation, it could then be conjugated to another glutamic acid to create 

thioglutamylglutamic acid (GluGluSH), a diacid monomer that can be readily polymerized 

with itself into a polyanhydride or with a diol into a polyester. 

 

 

 

 

 

 

Similar to H2S, opportunities to controllably release NAC also exist. NAC could 

also be attached to a glutamic acid via amidation to create N-aceytlcysteinylglutamic acid 

(GluNAC,Figure 26). This could serve as a monomer for the sustained release of NAC 

and be investigated for its cytoprotective effect in neural repair applications. With 

successful synthesis and cytoprotective analysis of GluNAC, it could then be polymerized 

into a polyanhydride or polyester and investigated as a degradable polymer for the 

controlled delivery of NAC. 

 

 

 

 

Figure 25 – Thioglutamic acid (GluSH) chemical structure. GluSH has been shown to 

be able to controllably release H₂S and could serve as a neuroinductive molecule. 
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 In contrast to H₂S and NAC, GSH is already a diacid, so it does not require any 

additional modification steps to prepare it for use in polymer synthesis. GSH could be 

polymerized into a polyanhydride through its own carboxylic acids (Figure 27). or reacted 

with a diol to form a polyester. This could then be studied for its release profile and 

cytoprotective effects in neural cells. Each of these options represents one option for how 

H₂S, NAC, and GSH could be incorporated into a drug delivery system. However, other 

avenues are available to achieve this goal if those proposed are unsuccessful. 

 

 

 

 

 

 

As has been recognized within this research, there was a variance in the incubator 

used to conduct H₂S experiments and the one used for the NAC and GSH experiments. 

Because of this and the significant breadth of data provided, the work enclosed could 

Figure 26 – N-acetylcysteinylglutamic acid (GluNAC) chemical structure. GluNAC is 

an option for the controlled release of NAC from biodegradable polymers for 

cytoprotection in neural repair applications. 

Figure 27 – Poly(glutathione anhydride) (Poly(GSHAn)) chemical structure. Due to 

already possessing two diacids, GSH can already serve as a monomer to generate 

degradable polymers from 

OH HO 
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comprise one publishable manuscript by repeating all the H₂S experiments in the 

NAC/GSH incubator to account for discrepancy in cell growth trends. Alternatively, as the 

future of H₂S is in its neuroinductivity and NAC/GSH in their cytoprotection, this research 

could be broken into two publishable manuscripts incorporating data obtained from future 

controlled release experiments. Regardless, H₂S, NAC, and GSH offer important qualities 

for PNI repair applications including protecting cells from oxidative stress and supporting 

neural regeneration. 
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