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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disorder caused by damage of

motoneurons leading to paralysis state and long term disability. Riluzole is currently the only

FDA-approved drug for the treatment of ALS. The proposed mechanisms of ALS include

glutamate excitotoxicity, oxidative stress, mitochondrial dysfunction, protein aggregation, SOD1

accumulations, and neuronal death. In this review, we discuss potential biomarkers for the

identification of patients with ALS. We further emphasize potential therapy involving the uses of

neurotrophic factors such as IGF-I, GDNF, VEGF, ADNF-9, colivelin and angiogenin in the

treatment of ALS. Moreover, we described several existing drugs such as talampanel, ceftriaxone,

pramipexole, dexpramipexole and arimoclomol potential compounds for the treatment of ALS.

Interestingly, the uses of stem cell therapy and immunotherapy are promising for the treatment of

ALS.
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1. INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder caused by loss of

cortical, brainstem and spinal motoneurons [reviewed by [1]], which occurs in both forms

familial and sporadic ALS. Familial ALS (fALS) is similar to sporadic ALS. It is estimated

that 10% of cases are inherited; and 20% caused by mutations in superoxide dismutase 1

gene (SOD1), and the remaining cases present mutations of other known and unknown

genes [2]. The disease is linked to a genetic defect on chromosome 21q [3, 4], and

chromosome 9q34 [5]. There are other forms of ALS that have been found linked to other

chromosomes [reviewed by [6]]. There is also evidence that a failure to degrade ubiquitin-
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dependent protein can lead to the pathogenesis of ALS [7]. Another cause of ALS includes

mutations in valosin-containing protein (VCP) gene [8] and C9ORF72 gene in chromosome

9 [9]. Thus, ALS might be caused or induced through several factors, both genetic and

environmental [10-13].

The molecular mechanisms of neuronal death are unknown for ALS. There are several

hypotheses suggesting that neuronal death may be caused by oxidative stress, a deficit in

trophic factors, chronic inflammation, and possibly glutamate-induced excitoxicity

[reviewed by [14, 15]]. Unbalanced glutamate uptake may be critical for ALS disease, as a

dramatic loss of glutamate transporters has been found in the ALS motor cortex [16].

Another possible primary mechanism could be related to the toxin itself of the mutant SOD1

[13, 17].

Motoneurons are considered a key factor in ALS; the survival of these neurons depends on

their targets, skeletal muscle and myelinated Schwann cells surrounding the peripheral

axons [18, 19]. Thus, the spatiotemporal organization of the motoneurons makes it difficult

to find efficient procedures for the treatment of this disease. To the best of our knowledge,

there are no potential drugs for the treatments of ALS. Riluzole, an inhibitor of glutamate

release, is the only compound clinically used in patients suffering from ALS [6]. However,

the pool target of different trophic factors might have neuroprotection for the motoneurons

[20, 21]. Thus, neurotrophic factors have been the focus in clinical trials to restore the

deficits of the motoneurons in ALS. We discussed several outcomes of these potential

neurotrophic factors for the treatments of ALS. We also discussed potential biomarkers in

ALS, potential compounds for the treatment of ALS, possible uses of stem cell therapy in

ALS, and immunotherapy for the treatment of ALS.

2. POTENTIAL BIOMARKERS IDENTIFIED IN PATIENTS WITH ALS

The diagnosis of ALS is a challenging experience. The lack of specific diagnostic tests and

of measurable biomarkers (Table 1) delays the diagnosis of this neurodegenerative disorder

by an average of 12 months after the onset of symptoms [22]. A diagnostic test, which, if

positive, would be characteristic of ALS, would allow early detection of ALS. Thus, earlier

disease-modifying treatments would be provided to improve the disease state of the patient.

Moreover, the identification of specific biomarkers would be a valuable tool to understand

the neuropathophysiology of ALS for the determination of effective drugs for the treatment

of ALS.

Neurofilament heavy chain proteins might be a promising biomarker in the disease

progression of ALS. Neurofilament proteins (Nfs) are target in large myelinated neurons.

Nfs are composed of at least three polypeptide subunits such as neurofilament light chain

(NfL, 68 kDa), neurofilament medium chain (NfM, 150 kDa) and neurofilament heavy chain

(NfH, 200 kDa) [23]. One of the known factors of the histopathological mechanisms of ALS

includes alteration of axonal transport and protein aggregation [14]. It has been suggested

that cerebrospinal fluid (CSF) NfL levels are increased in ALS patients compared to patients

with other neurodegenerative diseases, and phosphorylation of Nfs is indicative of the

pathogenesis of some neurodegenerative diseases [23]. Studies suggest that an up-regulation
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of phosphorylated NfH levels in plasma has a correlation with the later stages of disease

progression in SOD1 mouse model of ALS. Their inverse correlation proved to be

statistically significant; this includes 90% sensitivity and 87% specificity [24-26]. There-

fore, NfH levels may be used as a marker to diagnose and facilitate treatment of ALS.

Coupled with NfH levels, other potential biomarkers have been identified, such as

Cytoplasmic FMR Interacting Protein (CyFIP2) and/or Retinoblastoma Binding Protein 9

(RbBP9) in ALS patients [27]. It was found that mesenchymal stem cells (MSCs) of ALS

patients exhibited a change in the expression levels and RNA editing of CyFIP2 and RbBP9

genes compared to non-ALS patients [27].

ALS pathophysiology has provided insights to investigate several potential biomarkers. For

instance, transglutamine enzymes activity (TGases) in the CSF of ALS patients is elevated

at early stages of the disease, while it is decreased at the terminal stages [26]. Furthermore,

mutations in the transactive response DNA-binding protein 43 (TDP-43) is considered to be

a cause of protein deposits in either familial or sporadic ALS [26, 28]. TDP-43 may be a

biomarker of the early stages of the disease since the amount of abnormal TDP-43

expression found at the onset of the disease is elevated. Interestingly, a patent relates to

novel proteins, the SOD1-dimer interface antibody (SODI antibody), which may recognize

an epitope specific to misfolded or monomeric SOD1 but not the native protein [29]. As

more knowledge is obtained about the genetic and environmental factors that determine the

risk and pathophysiology of ALS, biomarkers or diagnostic tools would provide better

diagnosis, prognosis and treatment of ALS.

3. THE ROLE OF NEUROTROPHIC FACTOR IN THE TREATMENT OF ALS

Studies have shown that the application of neurotrophic factors delays its onset and

progression [reviewed by [1]]. Therefore, it is suggested that the loss of neurotrophic factors

may be a cause of ALS. There are a number of neurotrophic factors that have been reported

to promote neuroprotective and regenerative processes in mouse models of ALS (Tables 2
and 3). Specifically, insulin-like growth factor (IGF-1) and glial-cell-line-derived

neurotrophic factor (GDNF) regulate survival and differentiation, maintains neuronal

structural integrity, leading to extended lifespan of SOD1 transgenic mice. In addition,

vascular endothelial growth factor (VEGF) exhibits neuroprotective action of delaying

disease progression and prolonging survival in transgenic rodents. Alternatively, there is

existence of derived peptides from activity-dependent neurotrophic factor (ADNF) that have

been revealed to ameliorate neurodegeneration in ALS-SOD1 mice models [reviewed by

[1]]. The effects of ADNF-9 in ALS models have been investigated and shown that this

peptide suppressed SOD-1-mediated cell death. It is noteworthy that a deficiency of

neurotrophic factors is critical in ALS pathogenesis; consequently, administration of

neurotrophic factors as monotherapy or combination therapy may be considered a potential

therapy for the treatment of ALS.

3.1. Insulin-like Growth Factor-I (IGF-I)

Insulin-like growth factor is considered a potent neurotrophic factor in ALS due to its role in

cell growth, survival, apoptosis and differentiation [30]. A study demonstrated that ALS
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patients have a decreased expression of IGF-I and three binding proteins in skeletal muscle

[31]. The IGF-I system in neurons constitutes three ligands mediated by their specific

receptors and IGF-I binding proteins (IGFBP) [32, 33]. Stimulation of IGF-I receptor

follows a downstream signaling process, which includes the activation of insulin receptor

substrate 1 and 2 (IRS1 and IRS2), followed by the PI3K/Akt and p44/42 MAPK pathways

[32, 33]. These signaling mechanisms result in the neuroprotective effects of IGF-I [34]. In

addition, there is an association between the signaling actions produced by the IGF-I, cell

survival, and the increase in the rate of axonal outgrowth [34, 35]. In vivo studies also

demonstrated that the direct application of IGF-I to the motoneurons in G93A-SOD1 mouse

models activates the PI3K/Akt, p44/42 MAPK and downregulated IGF-IR and IRS-1

expression. Consequently, beneficial effects on the survival of motor neurons and other cell

types such as astrocytes were observed. IGF-I prolonged cell survival by up to 11% [36, 37].

However, clinical trials with ALS patients failed to demonstrate significant effects when

subcutaneous administration of IGF-I was initiated. It is suggested that these results may be

due to the application of the neurotrophic factor at a late stage of the disease. Furthermore,

the route of administration provided a limited delivery of the IGF-I to the target neurons, or

an insufficient dose was provided [37].

In vitro and in vivo studies demonstrated that IGF promotes the survival of motor neurons by

increasing the levels of phosphorylated Akt and decreasing caspase-9 cleavage [reviewed by

[38]]. In models of transgenic mice that express the G93A SOD1 transgene, intramuscular

injections of adeno-associated virus (AAV) expressing IGF-1 delay the disease’s

progression and prolong the lives of ALS mice [39]. AAV is retrogradely transported

through the axon to the cell body, a type of transport that may be responsible for the

successful delivery of IGF-I to the target. This study showed that IGF-I treatment has

positive outcomes against muscle atrophy. It also demonstrated a reduction of astrogliosis as

well as a delayed loss of motor neurons and increased muscle mass [40, 41].

Interestingly, a combination of the delivery of adenoassociated virus expressing the IGF-1

gene and moderate exercise has been found to have profound effects on survival and

function in the ALS-SOD1 mice models [40]. The mechanism of action of exercise is that it

increases the IGF binding proteins (IGFBPs), which increases the IGF-I bioavailability.

Therefore, muscle strength, muscle power and muscle capillary density are increased [40].

This procedure of delivery involves retrograde transport of IGF-1 along the axon of the

motor neuron (Fig. 1). Thus, IGF-1 possesses potential clinical applications because it is

found to affect spinal cord motoneurons through the muscle fiber [reviewed by [42]]. A

patent involves the treatment of ALS by providing intracerebroventricular (ICV) delivery of

IGF-I [43]. Another patent indicates the administration of compounds that elevate the

concentration of IGF-I as a method to prevent or treat ALS, among other diseases. Two

compounds were identified, an IGF-I derivative and anti-IGF-II antibodies, which inhibit the

binding of IGF-I and IGFBP, thereby increasing the biological activity of IGF-I [44].

3.2. Glial Cell line-derived Neurotrophic Factor

Studies have demonstrated that intramuscular injections of adeno-associated virus that

express GDNF (AAV-GDNF) prevent the degeneration of motor neurons and extend
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survival [45-47]. Studies have assessed the effects of AAV-GDNF on male transgenic mice

with the G93A human SOD1 mutation. Interestingly, it was demonstrated that the delivery

of GDNF inhibited motor neuron atrophy, maintained axonal projections, prolonged lifespan

and slow the progression of disease in ALS transgenic mice [47, 48]. These studies also

indicated that the mechanism of action of exogenous GDNF was through the prevention of

apoptosis by the preservation of the Akt signaling pathway [48, 49]. GDNF is retrogradely

transported from muscle-injected sites to the motoneurons’ projected axons (Fig. 1) [47, 50].

This type of delivery may have preventive role against degeneration of motoneurons and

their targets, since it may mimic the transport of endogenous neurotrophic factors. However,

the mechanism leading to neuroprotection of the motor neurons through retrograde transport

is still unknown.

The efficiency of neuroprotective effects that involve retrograde transport depends on the

types of neurotrophic factors. For instance, GDNF has been found less efficient than IGF-1

in the protection of motoneurons in SOD1 mice [41, 46, 47]. This suggests that IGF is more

potent in neuroprotection than GDNF. Furthermore, the use of the C-terminal fragment of

tetanus toxin (TTC) as a carrier has been shown to promote signaling pathways, which

inhibit apoptosis in Neuro2A cells. Consequently, the delivery of TTC in SOD1ALS mouse

models has been shown to produce an increased life span and improved quality of life [51].

Similar to TTC, the ex vivo gene therapy approach through the application of human

mesenchymal stem cells engineered to secrete GDNF has been shown to improve survival

and function of motor neurons in mouse models [52].

3.3. Vascular Endothelial Growth Factor

VEGF has several biological activities that differ from other neurotrophic factors. Similarly

to IGF-1, VEGF stimulates neurogenesis, possesses a potential antero- and retrograde

transport, and stimulates neuronal perfusion [53-55]. These effects have been suggested to

promote the survival of motoneurons in ALS models [reviewed by [56]]. It is noteworthy

that mice lacking hypoxia-response element at the VEGF promoter showed decreased level

of VEGF and degeneration of motoneurons [57]. In humans, VEGF levels have been

revealed to be low at early stages of ALS [58]. Thus, the cause of motoneuron degeneration

may result from both the loss of VEGF in the brain and also in the vascular system of the

spinal cord.

There are several neuropathological features in VEGF-transgenic mice, including the loss of

cholineacetyltransferase in motoneurons, degeneration of motoneurons, and loss of

myelinated axons of motoneurons, similar to those found in SOD1 mouse models of ALS

[reviewed by [56]]. The intramuscular injections of lentivector that express VEGF

significantly improved the pathological state in ALS mice [59]. Thus, the retrograde

transport of VEGF plays an important role in preventing or slowing the progression of the

disease. Furthermore, it has been shown that exercise has therapeutic benefits in the ALS

mouse model [40]. This coincides perfectly with the fact that exercise increases the

production of VEGF [60, 61]. We suggest here that the combination of both exercise and

VEGF is considered a procedure for the improvement or treatment of ALS.
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3.4. Colivelin and ADNF Derived Peptide in ALS

New directions have been taken toward the synthetic of hybrid peptide named colivelin,

which constituted of ADNF-9 and AGA-(C8R)HNG17 (PAGASRLLLLTGEIDLP), a

humanin derivative [62]. ADNF-9 is a nine-amino-acid peptide (ADNF-9 or SAL,

SALLRSIPA) that possesses a protective effect against cell death associated with oxidative

stress [63, 64]. Humanin was identified as an endogenous neuroprotective peptide, and it

was suggested to protect against AD (Alzheimer’s disease)-related toxicity and cytotoxicity

[65, 66]. Colivelin completely suppressed neuronal cell death against β-amyloid peptide in

vitro. In vivo experiments demonstrated that colivelin has neuroprotective effects against the

insult of β-amyloid [62].

The protective effect of derived peptide (ADNF-9) from ADNF has been investigated in the

SOD-1 transgenic mice. ICV administration of ADNF-9 improved motor performance in

SOD-1 mice [67]. However, ADNF-9 was not efficient in prolonging the survival of SOD-1

mice. It was suggested from this study that ADNF-9 preserved the functionality of neurons

but was not sufficient to prolong neuronal survival. It is possible that ADNF-9 might be

metabolized rapidly, as has been shown in vitro [63], which suggests its degradation in the

in vivo paradigm. The synthetic hybrid peptide colivelin improved motor performance and

prolonged survival in the SOD-1 mice [68]. In contrast to neurotrophic factor proteins,

colivelin can be administered intravenously (Fig. 1). Thus, ADNF-9-humanin may have

potential therapeutic effects for the treatment of ALS.

Alternatively, angiogenin (ANG) is a polypeptide that induces cell proliferation and

enhances motor muscular function, neurogenesis, and survival of motor neurons, among

other characteristics [69]. A patent indicates the potential role of angiogenin for treating

ALS [70]. It indicates that the spinal cord of ALS patients who lack ANG mutations have a

decreased ANG expression. Similarly, ALS-SOD1 mouse models have lower ANG levels

compared to wild type mice. In addition, muscle strength, motor coordination, muscle

function and life survival of ANG-treated mice were improved. Intraperitoneal injection of

ANG was shown to be an efficient route of administration; however, other forms of delivery

might be assessed in order to increase effectiveness and minimize side effects.

4. POTENTIAL DRUGS, IMMUNOTHERAPY AND STEM CELLS THERAPY

FOR THE TREATMENT OF ALS

4.1. Drug Therapy

ALS is characterized by abnormal protein aggregation. Hence, there is a therapeutic

approach that may target heat shock proteins (HSPs), which are cellular defense mechanisms

with neuroprotective effects against these aggregates [71, 72]. Heat shock transcription

factor 1 (HSF1) controls the induction of several HSPs. Therefore, the effect of heat shock

protein inducers for ALS has been investigated. Arimoclomol, a hydroxylamine derivative,

is a drug that acts as a heat shock response inducer in motor neurons (Table 3). It prolongs

the activation of HSF1; as a result, it protects against neuronal dysfunction and cell death. In

terms of arimoclomol’s effects on ALS, studies demonstrated that this drug therapy

improved muscle function in SOD1 mouse models at both early and late stages of the
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disease [73, 74]. Therefore, arimoclomol might be a promising therapy at early stages.

Another study showed that daily treatment with arimoclomol improved muscle function and

increased the lifespan of ALS mice at the late stage of the disease [72]. Furthermore, clinical

trials showed that arimoclomol is safe and tolerable for ALS patients [75]; however, further

studies are warranted to determine its efficacy.

Talampanel is an orally active non-competitive antagonist of alpha-amino-3-hydroxy-5-

methyl-4-isoxazole propionic acid (AMPA) receptors [76]. These receptors mediate

glutamate-induced excitotoxicity to motor neurons. AMPA receptors exert a synaptic

transmission followed by the neurotransmitter re-uptake [77]. Overstimulation leads to an

excessive influx of calcium, causing toxic effects and damage within the cell. There is

evidence that excess extracellular glutamate, especially via AMPA receptors, is a key factor

in ALS neuropathogenesis [78]. In vivo studies of SOD1 mice models support the beneficial

effects of AMPA antagonists such as talampanel [79]. However, it was demonstrated that

the neuroprotective effects of talampanel were only present when it was applied during the

early stage of the disease. Likewise, a phase II study was conducted in which 60 patients

with ALS participated. The goal of the study was to determine its efficacy, safety and

tolerability. Although the efficacy measures did not show significant differences, ALS

Functional Rating Scale, muscle strength, and timed hand movements declined at a slower

rate in talampanel-treated patients [76]. In addition, a patent disclosed evidence of the

efficacy, tolerability and safety of 150 mg daily doses of talampanel in patients afflicted

with ALS [80]. It showed that talampanel has beneficial effects on the rate of functional

decline and the progression of symptoms.

Similar to talampanel, beta-lactam antibiotics are a potential drug therapy for the treatment

of ALS. The reuptake of synaptic glutamate requires normal levels of the major glial

glutamate transporter 1 (GLT1) [81]. There is evidence that patients with ALS have reduced

GLT1 levels, which might lead to decreased elimination of glutamate from neuromuscular

synapses [82]. Interestingly, it has been indicated that many beta-lactam antibiotics, such as

penicillin and its derivatives and cephalosporin, upregulated the levels of GLT1 [83]. In a

screening study of 1040 medications approved by the FDA, beta-lactam antibiotics had a

relevant role in the pathogenesis of ALS. Rothstein and colleagues reported that

ceftriaxone’s neuroprotective properties involve reducing glutamate excitotoxicity via the

stimulation of the promoter sequence for GLT1 in SOD1 toxicity [83]. This effect

maintained muscle stability and weight for a longer period of time; and moderately

increased life span. Thus, phase I-II clinical trials were conducted in order to determine

pharmacokinetics, safety, tolerability and efficacy of ceftriaxone in this neurodegenerative

disease, ALS [84]. High and low doses of ceftriaxone achieved the target cerebrospinal fluid

concentrations. Besides that, ceftriaxone met the tolerability criteria at dosages of up to 4

grams/day.

Likewise, another etiology of ALS includes oxidative stress-cell death of motor neurons [15,

85]. Thus, a patent provides the use of an FDA approved medication, bromocriptine

mesylate, to treat ALS [86]. Bromocriptine is a free-radical scavenger that may inhibit

oxidative stress-induced cell death. This patent indicates that this medication delays

deterioration of motor function and prolongs the survival of ALS-SOD1 transgenic mice.
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Similarly, another patent relates to the use of a 1,3-diphenylurea derivative or multikinase

inhibitor to treat ALS by reducing the amount of SOD1 gene expression. Although the

mechanisms of action of ceftriaxone and bromocriptine are different for the treatment of

ALS, both drugs show similar core structures. These drugs are heterocyclic and contain the

exocyclic amide groups. In addition, bromocriptine has a gamma-lactam ring and a saturated

six-membered ring while ceftriaxone has a beta-lactam ring with an unsaturated six-

membered ring (Fig. 2). These similarities suggest that the lactam ring might be a functional

site. It is warranted to determine whether the functional site is associated with lactam or

exocyclic amide group.

The occurrence of cellular oxidative stress due to mitochondrial dysfunction is another

proposed mechanism responsible for motor neuron degeneration in ALS [14, 81]. The

mitochondrial alteration leads to abnormalities in the energy production pathways, resulting

in generation of oxygen free radicals among others reactive oxygen species (ROS). In vitro

and in vivo studies of both forms of ALS have been shown to generate ROS, as detected by

increased levels of markers of oxidative stress, 2,3 DHBA [87, 88]. Pramipexole is a

dopamine agonist, which has a free-radical scavenging action. Therefore, it may have a role

ameliorating the oxidative response [88]. Dexpramipexole, the optical enantiomer of

pramipexole, has less affinity to dopamine receptors; therefore, it can be given at much

higher doses. It has been demonstrated that this drug therapy prolongs the life span of ALS-

SOD1 transgenic mice [89, 90]. When evaluated in clinical trials, dexpramipexole met the

safety and tolerability criteria [91]. Pramipexole and its enantiomer dexpramipexole have

common structure, moiety 2-aminothiazole ring, with riluzole (Fig. 3). However, both

pramipexole and dexpramipexole play a role in mitochondrial dysfunction; thus, affecting

the oxidative stress, while riluzole is a glutamate antagonist involved in activation of

voltage-dependent sodium channels. Thus, it is unclear whether this common structure is a

key player in the functionality of the compounds. Further investigation should be established

to determine the structural relationship of these potential compounds.

Another possible target includes cyclooxygenase enzymes. A patent suggests a method for

delaying the onset of motor neuron symptoms in SOD1 mice models by administering

nimesulide, which is a non-selective cyclooxygenase inhibiting non-steroidal anti-

inflammatory drug (NSAIDs) [92]. This patent indicates that nimesulide may be provided as

prophylaxis if the patient is at risk of developing ALS or if environmental exposure exists. It

may also be administered at other stages during progression of the disease. The methods

consist of daily oral administration of nimesulide as a single dose or as divided doses. In

terms of KATP channels, proteins involved in one of the disease pathways of ALS, there is a

patent that indicates that diazoxide acts as a KATP channel opener [93]. This patent indicates

that low doses of diazoxide improve symptoms of ALS and extend the survival rate in

transgenic mouse models for ALS. In regards to their chemical structures, both compounds

feature bicyclic ring systems. Nimesulide contains a phenoxyphenyl group, while diazoxide

features a benzothiadiazine ring. It is noteworthy that they have sulfonamides sides, which

may suggest their efficacy in ALS (Fig. 4).

Another patent indicates the use of the active ingredient, 3-methyl-1-phenyl-2-pirazoline-5-

on, which may be used for the treatment of degeneration of motor neurons in
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neurodegenerative disease, including ALS [94]. It acts as a free-radical scavenger by

suppressing lipid hyperoxidation; consequently, muscle spasticity and weakness were

diminished, while the biceps muscle mass was increased in the motor neuron disease mouse

model. Regarding the invention mentioned above, another patent has been disclosed for

methods examining the optimum administration period of a pyrazolone derivative to treat

ALS or symptoms caused by ALS [95]. The pyrazolone derivative used in this patent was 3-

methyl-1-phenyl-2-pirazoline-5-on, which was shown to be effective in suppressing the

decrease of % Forced Vital Capacity (FVC) and the increase of PaCO2 in ALS patients;

hence, respiratory function was improved.

4.2. Stem Cell Therapy

Stem cell therapy is promising in the treatment of ALS since stem cells have the potential to

be grown to slow the progression of motor neuron disease or even replace motor neurons

[28, 96]. Interestingly, mouse embryonic stem cells are converted into specific neuronal

subtypes such as motor neurons. These stem cells generate spinal motor neurons, extend

axons and receive and make synapses with the muscle [97]. Stem cells are derived from

multiple sources. Embryonic stem cells give rise to pluripotent cells, which generate all

differentiated cell type tissues [98]. Embryonic neural tissue can be converted into neural

stem cells (NSC), which would differentiate into astrocytes. A study showed that a tissue

graft from a human fetal spinal neural stem cells (hNSCs) into the spinal cords of SOD1

mutant mice could be beneficial [99]. It was shown to provide a neuroprotective effect by

forming synapses and increasing the number of motor neurons; however, survival rate was

not affected. Alternatively, another study demonstrated that NSC extended the survival rate

of ALS-SOD1 mice [100, 101]. Moreover, multipotent neural progenitor cells (NPC), which

are derived from neural tissue, have been demonstrated to have the property to secrete

GDNF and BDNF [102].

Mesenchymal stem cells (MSCs) are derived from adult stem cells. These cells are bone

marrow (BM) cells that are differentiated into mesodermal cell derivatives [103]. It has been

indicated that MSCs lead to the release of trophic factors, anti-inflammatory cytokines, and

immunomodulatory chemokines to delay disease progression. A clinical trial was

performed, in which the I.V. administration of MSCs in ALS patients was shown to be safe

and induced immediate immunomodulatory activity [104]. Studies reported that the

application of human skeletal muscle-derived stem cells (SkmSCs) with MSC-like

characteristics in the Wobbler mouse (Wr), which shares the ALS disease process and

symptoms, delayed ALS symptoms and improved motor activity [105]. In addition to BM or

Skm-derived stem cells, adipose-derived MSC (ASC) has also been utilized. ASC was found

to migrate into damaged tissues and exert immunomodulatory activity by inhibiting both in

vitro and in vivo T cell proliferation [103, 106]. Studies have also shown that the systemic

injection of MSC after disease onset on mSOD1 mice led to a high number of motor neurons

and, consequently, a delay of symptoms and better motor performance [107]. In regard to

stem cell differentiation, it was reported that CD133+ stem cells from ALS patients

differentiate into neuron-like cells [108]. A patent provides methods for inducing cell

differentiation from placental stem cells to treat ALS [109]. The patent indicates that this

therapy promoted differentiation to adipocyte, chondrocyte and osteocyte lineages.
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Induced pluripotent stem (iPS) cells are somatic cells derived; that is, they are produced by

converting adult fibroblasts into pluripotent stem cells by being changed genetically to

express critical ES genes and factors [28, 50]. The cells produced by iPS could be used to

better explore the pathogenesis, disease modeling and to test potential compounds.

Furthermore, a study reported that human iPSC-NPs induced survival and differentiation to

mature neurons in the spinal cord in the ALS-SOD1 mouse model [110]. Another study also

demonstrated that iPS cells could be derived from fibroblast cells of a senior patient

diagnosed with ALS and be differentiated into motor neurons [111].

4.3. Immunotherapy

One of the factors that contribute to the progression of ALS includes oxidative stress or

accumulation of free radicals as a consequence of the mutation of the SOD1 enzyme. The

acquisition of a cytotoxic activity is associated with protein misfolding/aggregation [112].

The identification of this pathogenic process has led to a focus on immunotherapy in ALS.

Specifically, mouse monoclonal antibodies against misfolded forms of mutant SOD1

(mSOD1) were produced to determine its effectiveness as a passive immunization for ALS

[113]. It was shown that infusing D3H5 antibody through the ICV route for 42 days reduced

levels of toxic SOD1 species in the spinal cord. It was also demonstrated that it maintained

weight for a longer period of time, and extended the lifespan of ALS-SOD1 mice [113].

Another study used the recombinant WT-apo SOD1, which has similar characteristics to

those of SOD1 mutant molecules. The application of WT-apo SOD1 vaccine induced a

protective immunity, which extended the lifespan and delayed the onset of paralysis in

transgenic mice models [114].

5. CONCLUSION AND CLOSING THOUGHTS

Several studies have demonstrated a small to moderate lifespan increase and motor integrity

improvement in ALS-SOD1 mouse models with the uses of neurotrophic factors, certain

FDA-approved drugs, stem cell therapy, and immunotherapy technologies. The route of

administration plays a key role in obtaining a clinical effect. Specifically, neurotrophic

factors IGF-1, GDNF and VEGF were retrogradely transported into motor neurons through

viral vector injections, while colivelin might be injected intravenously since it has the ability

to cross the blood-brain barrier. These trophic factors were found to provide one of the best

results in regard to progression of the disease and survival of ALS mouse models.

Additionally, several existing drugs such as talampanel, beta-lactam antibiotics,

pramipexole, dexpramipexole and arimoclomol are currently considered as potential

therapeutic compounds in the treatment of ALS. Alternatively, studies are testing the uses of

stem cell therapy and immunotherapy for the potential treatment of ALS. However, several

promising results obtained in ALS animal models have shown not to be effective in humans.

Crossing the human blood-brain barrier is crucial for a drug to reach its target; thus,

activating the appropriate site of action to produce the expected drug effects. Moreover,

ALS biomarkers would be crucial in identifying an effective therapy that impacts disease

progression of ALS patients. It is noteworthy that a combination of drugs or methods might

provide effective therapy for patients with ALS.
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Fig. (1).
Model of delivery of neurotrophic factors in the prevention of motoneuron degeneration in

Amyotrophic Lateral Sclerosis (ALS). ALS is caused by environmental or genetic factors.

There are two possibilities for delivery of neurotrophic factors for neuroprotection of

cortical, brainstem or spinal cord motoneurons: 1) VEGF, IGF, GDNF and ADNF-9 might

be efficient if injected intramuscularly to undergo retrograde transport, 2) ADNF-9 is

suggested to be efficient if it is delivered intranasally or intravenously, which primarily

might affect the cell bodies of the motoneurons.
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Fig. (2).
Diagrams show chemical structures of Ceftriaxone (a) and Bromocriptine (b). Both

compounds are polycyclic and have lactam ring as shown in circle. The two compounds also

show exocyclic amid groups as shown in rectangle.
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Fig. (3).
Diagrams show chemical structures of Pramipexole (a), Dexpramipexole (b), and Riluzole

(c). (a) and b) compounds are structurally similar, except both of these compounds are

enantiomers. Compound c) is structurally similar to compounds (a) and (b) with a common

structural moiety a such as 2-aminothiazole ring as shown in circle. However, the side chain

is different and the six-membrane ring is aromatic.
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Fig. (4).
Diagrams show chemical structures of Nimesulide (a) and Diazoxide (b). Both compounds

have sulfonamides sides. In addition, both compounds have bicyclic ring systems. Rings are

fused in (b) but in (a).
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Table 1

Summary of Findings Investigated Biomarkers for ALS

Biomarkers Mechanism of Action References

Neurofilament proteins (Nfs) NfL levels are increased [23-26]

Cytoplasmic FMR Interacting Protein (CyFIP2) Retino-
blastoma Binding Protein 9 (RbBP9)

Change in the expression levels and RNA editing of CyFIP2 and
RbBP9
genes

[27]

Transglutamine enzymes activity (TGases) TGases is elevated at early stages and decreased at the terminal
stages

[26]

Transactive response DNA-binding protein 43
(TDP-43)

Increased levels of abnormal TDP-43 at the onset of ALS [27-29]
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Table 2

Neuroprotective Effects of Selective Neurotrophic Factors in ALS

Neurotrophic Factors Amyotrophic Lateral Sclerosis

ADNF ++

ADNP −

BDNF −

FGF −

GDNF −

IGF −

NGF −

VEGF −

Abbreviations: ADNF: Activity-dependent neurotrophic factor; ADNP: Activity-dependent neuroprotective protein; BDNF: Brain derived
neurotrophic factor; FGF: Fibroblast growth factor; GDNF: glial cell line-derived neurotrophic factor; IGF: Insulin-like growth factor; NGF: Nerve
growth factor; VEGF: Vascular endothelial growth factor. (−) Unknown or not determined effect; (+) Neurotrophic factor is efficient; (++)
Neurotrophic factor is considerably efficient.
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Table 3

Summary of Findings Investigated Potential Therapies for ALS

Potential Therapies Mechanism of Action References

Insulin-like growth factor-I (IGF-I) Role in cell growth, survival, apoptosis and differentiation [30, 32, 34, 35, 37, 38,
41, 44]

Glial-cell-line-derived neurotrophic
factor (GDNF)

Involved in the survival of degenerative motor neurons in SOD1 mice [45-49, 51-53]

Vascular endothelial growth factor
(VEGF)

Suggested to promote the survival of motoneuron in ALS models [56, 57, 59, 60]

Colivelin and ADNF derived peptide Improved motor performance in SOD-1 mice [67, 70]

Arimoclomol Protects against neuronal dysfunction and cell death [72-75]

Talampanel Beneficial effects on the rate of functional decline and the progression of
symptoms.

[76]

Beta-lactam antibiotics May reduce glutamate excitotoxicity [83, 84]

Bromocriptine May delay deterioration of motor function and prolongs the survival of
ALS-
SOD1 transgenic mice

[86]

Pramipexole May prolong the life span of ALS-SOD1 transgenic mice [89-91]

Nimesulide Delays the onset of motor neuron symptoms in SOD1 mice [92]

Diazoxide Extend the survival rate in transgenic mouse models for ALS [93]

Stem cell therapy Potential to be grown to slow the progression of ALS [96-101]
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