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Abstract

Amyotrophic lateral sclerosis (ALS) is the most common neurodegenerative disease affecting 

motor neurons (MN). This fatal disease is characterized by progressive muscular atrophy and 

unfortunately it does not have an effective treatment. Although a small proportion of ALS cases 

have a familiar origin, the vast majority of them are thought to have a sporadic origin. Although 

the pathogenesis of ALS has not been fully elucidated, various disorders in different cellular 

functions such as gene expression, protein metabolism, axonal transport and glial cell disorders 

have been linked to MN degeneration. Among them, proteostasis is one of the best studied. 

Retinoids are vitamin A-derived substances that play a crucial role in embryogenesis, 

development, programmed cell death and other cellular functions. Retinoid agonists behave as 

transcription factors throughout the activation of the nuclear retinoid receptors.

Several reports in the literature suggest that retinoids are involved in proteostasis regulation, by 

modulating its two major pathways, the ubiquitin-proteasome system and the autophagy-lysosome 

response. Additionally, there are some evidences for a role of retinoids themselves, in ALS 

pathogenesis. In this review, we discuss the importance of proteostasis disruption as a trigger for 

MN degeneration and the capability of retinoids to modulate it, as well as the potential therapeutic 

role of retinoids as a new therapy in ALS.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is the most common neurodegenerative disease 

affecting motor neurons (MNs), with an annual incidence that ranges from 1 to 3 cases per 

100,000 individuals [3,31]. Although a small proportion of cases have a familial origin 

related to mutations in specific genes (C9ORF72, SOD1, etc.), more than 90% of cases are 

sporadic. ALS typically involves both upper and lower MNs resulting in a well-defined 

clinical presentation that includes muscular cramps, fasciculations, weakness, amyotrophy 

and spasticity. Death usually occurs 2–3 years after diagnosis as a consequence of 

respiratory failure [3].

Although the basis of ALS pathogenesis has not yet been clearly elucidated, our knowledge 

about disease mechanisms has significantly improved in the last few years. The impairment 

of various cellular functions and signaling pathways has been related to MN degeneration 

[15,41,43]. Among them, dysfunction of gene expression, proteostasis, axonal transport and 

well as the involvement of glial cells surrounding MNs seem to be some of the most 

prominent mechanisms [43]. Despite considerable effort and investigation of numerous 

drugs, riluzole, a glutamate antagonist with a very modest effect in survival, is the only drug 

currently approved for ALS treatment [36]. Therefore, there is a pressing need in the search 

of new therapeutic approaches. In this context, retinoids appear as potential promising 

therapeutics for the treatment of ALS [13].

2. Retinoid metabolism

Vitamin A (retinol) and its derivatives (retinoids) play an important role in embryonic 

development, cellular differentiation, programmed cell death as well as in other vital cellular 

functions [4,30]. Vitamin A cannot be synthesized endogenously, and is obtained through 

the diet as retinol, retinil esters, or β-carotenes. The vitamin A metabolites can be stored in 

the liver and subsequently converted into various retinoid species. Thus, retinol can be 

irreversible transformed into all-trans retinoid acid (ATRA or RA; commonly known as 

retinoic acid), principally by retinal dehydrogenase. Retinol has 6 active isoforms including 

all-trans, 11-cis, 13-cis, 9,13-di-cis, 9-cis and 11, and 13-di-cis retinol. Remarkably ATRA is 

the most abundant form in the organism [37]. There are different binding proteins involved 

in the transport of retinoids in serum and other body fluids. The retinol binding protein 

(RBP) mediates the transport of retinoids from the liver to the target tissues. In these tissues 

there are a set of tissue-specific proteins, the cellular retinol binding proteins (CRBPs), 

which facilitate the incorporation of retinoids into the cells [26,48]. Retinoids are able to 

enter the cell as RA or as retinol molecules. Once within the cell, RA binds to another 

family of retinol-specific binding proteins, the cellular acid retinoid binding proteins 

(CRABPs), which are involved in the metabolism and nuclear import of RA. Thus, whereas 

CRABP-I promotes RA catabolism, CRABP-II facilitates nuclear translocation of RA to 

interact with retinoid nuclear receptors [6,11].

There are two main families of retinoid receptors, with three different receptor subtypes each 

one: the RA receptors (RARα RARβ and RAR ) and the retinoid X receptors (RXRα, 

RXRβ and RXR ). Typically RARs can be activated by both ATRA and 9-cis retinoic acid, 
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while RXR will only be activated by the latter [21]. Nuclear retinoid receptors are ligand 

activated transcription factors that regulate transcription by binding to DNA at RA response 

elements (RAREs) located in the promoters and enhancers of their target genes. RXRs can 

act as self-sufficient homodimers, but primary form functional heterodimers with other type 

II nuclear receptors. Thus, RXRs can form heterodimers with RARs and other nuclear 

receptors whose ligands are dietary lipids and their catabolites, including fatty acids 

(“proliferation peroxisome activated receptor”, PPAR), biliary acids (“farnesoid X receptor”, 

FXR), and vitamin D (“vitamin D receptor”, VDR) [13]. Importantly, some heterodimeric 

receptor complexes can be activated by either the RXR ligand or the partner receptor ligand. 

Based on this dual-ligand regulation two categories of permissive and non-permissive 

heterodimers have been established. Whereas the former can be activated by ligands of 

either RXR or its partner, the latter can be only activated by the partner's ligand while the 

RXR remains inactive [13,50,51]. In this context, permissive heterodimers simultaneously 

binding ligands to both subunits will elicit a synergic response, exerting a more intense 

effect than non-permissive heterodimers.

Retinoid agonists bound to RAR or RXR regulate gene transcription by binding to RAREs 

of target genes positioned in both the promoter and enhancers [19] leading to chromatin 

remodeling and ultimately to regulation of transcription of their target genes. The interaction 

of the receptor with regulatory regions of the genes can act to either promote gene 

transcription upon ligand binding or repressing transcription in the absence of ligand [13] 

(Fig. 1). Interestingly, these processes are highly dynamic and they must revert once the 

ligand-induced activation of the receptor has disappeared. Retinoid receptors interact only 

with those genes that have a RARE. It has been well documented that retinoids act broadly 

to regulate gene expression since each RXR receptor may comprise 10,000–25,000 

interaction sites (cistromes), corresponding to more than 500 different genes [13,45]. 

Importantly, these receptors have the ability to transrepress gene expression, acting 

principally on genes involved in the inflammatory response [18].

3. The role of retinoids in proteostasis

Alterations in proteostasis, associated with protein aggregation and a dysregulation of 

lysosomal actions, seem to play a central role in the pathogenesis of ALS [43]. The ubiquitin 

proteasome system (UPS) and the lysosome-autophagy response constitute the two major 

cellular pathways for protein degradation. Recent investigations suggest that retinoids could 

contribute to modulate protein metabolism. In this context, Cheng et al. [8] showed that 

ATRA/RA treatment had a neuroprotective effect in cultured neuroblastoma cells under 

conditions of proteasome inhibition. These authors demonstrated that ATRAs allowed cells 

to escape from programmed cell death induced by UPS inhibition. In that study, the 

investigators speculated that retinoids may increase cellular tolerance to situations 

characterized by proteasome inhibition, thus resulting in a delay in the onset of apoptotic 

mechanisms [8]. Other studies suggest that retinoids also regulate the lysosome-autophagy 

system. Thus, Anguiano et al. [52] showed that RARα activation inhibited the chaperone-

mediated autophagy. In this vein, these authors proposed that synthetic ATRAs could be 

useful as modulators of autophagic response. Other experimental data indicate that RA 

induces acidification and maturation of autophagosome structures identified as amphisomes, 
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an essential process in the autophagy [40]. Interestingly, it seems that this mechanism does 

not involve the nuclear receptor activation, thus acting primarily on the autophagosomes 

without induce changes in gene transcription [39,40]. This effect agrees with the concept 

that in addition to the classic genome theory of action, RA also has extranuclear and non-

genomic effects. In line with this concept, it has been reported that RA induces the rapid and 

transient activation of kinase cascades involved in several essential intracellular pathways 

[2,44].

Regarding the participation of retinoids in the cellular stress response, it is widely accepted 

that failure of proteostasis leads to increased levels of oxidative stress. Interestingly, in the 

late 90s, several studies using different experimental models demonstrated that retinoids are 

implicated in the response to cellular stress by modulating the gene expression of superoxide 

dismutase 1 (SOD1) [1,47]. Thus, retinoids would also contribute to increase cellular 

resistance to a variety of cellular stresses, allowing cells to escape from the final common 

apoptotic response.

4. Retinoids and ALS

As mentioned above, retinoids play a crucial role in cellular differentiation, programmed cell 

death and other vital cellular functions [4,30]. Regarding nervous system, retinoids seem to 

be essential in the induction of neural differentiation, motor axon outgrowth and neural 

patterning. In line with this, an elevated RA signaling in the adult correlates with axon 

outgrowth and nerve regeneration. RA is also involved in the maintenance of the 

differentiated state of adult neurons, and it has been reported that disruption of RA signaling 

in the adult leads to the degeneration of motor MNs [22,32,33]. Retinoids modulate the 

expression of hundreds of genes, including a large number of neuronal genes [13,29]. Apart 

from their effects in cellular proteostasis, in the case of ALS, retinoid-regulated neuronal 

genes might impact on other important cellular processes, such as the antioxidant response 

(SOD1), neuroinflammation and immune modulation (VEGF, IL2, subunit of NFkβ), 

cytoskeletal organization (neurofilament L, M, H proteins), ion transport (K+ channel, Ca++ 

channels), intracellular signaling (phospholipase A2, CREB) and synaptic homeostasis 

(ChAT, ACh and GABA transporters, NMDA receptor NR1 and kainate receptor GluR6) 

(Fig. 1) [27,29].

Several recent investigations (Table 1), including genetic, histopathological and 

experimental studies, support the concept that retinoids play an important role in ALS 

pathogenesis. Genetic studies have been performed in both ALS patients and animal models 

of the disease. Among different animal models of ALS, the murine SOD1G93A transgenic 

mouse model is the most commonly used in basic research. This model, which was created 

in 1996, is characterized by the overexpression of the human mutated transgene SOD1 [20]. 

The mutant transgene encodes an aberrant protein that is abnormally folded, which renders it 

difficult to be cleared by common proteolytic pathways. Consequently, the abnormal protein 

will tend to aggregate, exerting a cytotoxic effect that may initiate the pathogenetic cascade. 

Although it has a number of drawbacks and limitations, the SOD1 model is considered a 

good disease model, because it recapitulates much of the ALS pathology [43]. Thus, mice 
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are healthy at birth, but exhibit histological abnormalities around days 45–50 of life, and 

neuromuscular manifestations around days 80–85 and finally die by days 125–135 of life.

A number of recent genetic studies in ALS patients have documented alterations in some 

proteins related to the retinoid signaling pathways [23,34,35]. First, Malaspina and co-

workers found 14 genes with significant differential expression in the spinal cord of ALS 

patients and controls. Remarkably, retinol binding protein 1 appeared to be overexpressed 

almost 3-fold in ALS patients [35]. More recently, Jiang et al. [23] performed a gene 

expression study in both laser-captured microdissected MNs and the whole spinal cord. 

Interestingly, gene expression profiles in microdissected MNs demonstrated low expression 

of both cellular retinoid acid binding protein 1 (CRABP1) and RAR1-γ [23]. On the other 

hand, gene expression combined with histological studies in the rodent model SOD1G93A 

have also identified changes in retinoid receptor expression at presymptomatic stages and in 

more advanced disease [24].

There are few experimental studies with retinoids investigating MN disease. Although one 

study did not demonstrate a beneficial effect of retinoids, most investigations have reported 

positive results. Thus, Crochemore et al. [49] performed an experimental study in the 

SOD1G93A transgenic murine model to evaluate if oral treatment with ATRA/RA (dose of 

20–30 mg/kg) had a beneficial effect in the SOD1G93A mice. The authors reported that 

treatment with retinoids had a negative effect on animal survival without any particular 

effect on MNs in the spinal cord. By contrast, some years before, Corcoran and his 

colleagues [9] speculated that a defect in retinoid metabolism could predispose to MN 

degeneration. On this basis the investigators fed a group of wild type healthy rats with a 

retinoid free diet. Interestingly, they observed that rats deprived of retinoids developed a 

similar phenotype to that observed in ALS animal models, consisting of atrophy and 

muscular weakness mainly in the hind limbs. The histological analysis of the lumbar 

enlargement of spinal cord revealed that animals fed with a retinoid-free diet had a 

remarkable neuron loss, with up to 40% loss of anterior horn MNs. These authors then 

studied a set of patients with sporadic forms of ALS. They found that MNs of ALS patients 

had a defect in the retinoid receptor subunit RARα and lower levels of the enzyme 

retinaldehyde dehydrogenase, supporting the idea that disorders in retinoid metabolism 

could facilitate MN degeneration [9].

More recently, Kolarcik and Bowser [27] have also found marked alterations in retinoid 

pathways in patients with familiar and sporadic forms of ALS. Interestingly they observed 

that variations in expression and distribution of several proteins implicated in retinoid 

metabolism, such as retinoid-binding proteins and retinoid receptor subunits, correlated with 

changes in MN survival. The authors also described that those MNs overexpressing RARβ 
were more resistant to cellular apoptosis, suggesting that RARβ activation could mediate a 

neuroprotective response. To confirm these findings, the authors treated primary MNs 

cultures with the RARβ agonist adapalene, and demonstrated that cells treated with the drug 

were more resistant to oxidative-stress induced death. Consistent with this effect, when 

neuron cultures were pre-treated with the RARβ antagonist LE-135, cell death significantly 

accelerated [27].
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Based upon those studies, we decided to test the potential neuroprotective effect of 

Bexarotene (Bxt) in the transgenic murine model SOD1G93A. Bxt is a highly selective RXR 

agonist with a favorable safety profile. Similar to other retinoids, dyslipidemia, 

hypothyroidism, and cutaneous disorders are the most common adverse reactions in clinical 

practice [12]. Bxt has been approved by the FDA for the treatment of cutaneous T-cell 

lymphoma and is currently used as a long-term therapy [14]. This drug had already been 

tested in a murine model of Alzheimer disease demonstrating a marked reduction in amyloid 

deposits together significant improvements in functional capabilities. These results have 

been partially replicated by other groups. [5,10,16,28,46]. In our study, we found that Bxt 

significantly extended lifespan and delayed neuro-muscular deterioration for more than 10 

and 15 days respectively, which represents almost one third of the symptomatic period. 

Histological studies showed that Bxt acted to preserve MN homeostasis, and ameliorated 

MN loss at both pre-symptomatic and early symptomatic stages of the disease. Specifically, 

it reduced the neuronal loss and the chromatolytic response, decreased the formation of 

ubiquitylated cytoplasmic inclusions, and modulated the lysosomal response. As an RXR 

agonist, Bxt notably induced the nuclear expression of the RXRα. Bxt also contributed to 

MN preservation by reducing reactive astrogliosis and preserving perisomatic synapsis [42] 

(Fig. 2).

Overall, those studies suggest that the activation of RAR and RXR may have a 

neuroprotective effect in ALS and other neurodegenerative disorders. The relative 

importance of RARα and RARβ, and RXR remain to be established. Nevertheless, it is 

worth mentioning that not only RAR–RXR, but also direct and indirect RARα–RARβ 
interactions may be involved in the regulation of target genes [7,17,25,38].

In short, there is a pressing need for the search of new therapies for ALS patients. Retinoids 

act as transcription factors modulating the expression of their target genes. To date, both 

basic and experimental studies in ALS patients and animal models of disease support the 

concept that these drugs could be useful in ALS treatment. Thus, they provide a rationale for 

future clinical trials with retinoids in ALS.
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Fig. 1. 
Retinoid metabolism. Retinoid receptors are specifically associated to those genes which 

have a retinoid acid response element (RARE). This element is usually located at the 

promoter region. Normally retinoid receptors are inactivated, since they are associated to a 

group of molecules which act as transcription repressors. Once in the cell, retinoids through 

the action of different cellular retinoid acid binding proteins (CRABPs) can be stored or 

delivered to the nucleus activating the retinoid pathways. In the presence of ligand the 

dimeric nuclear receptor activates and changes its structural conformation, thus liberating 

from the inhibitor complex and promoting the transcription of its target genes. Many genes 

are modulated by retinoids. Among them there are genes involved in proteostasis, the 

antioxidant response, the intracellular signaling, the synaptic homeostasis and the 

inflammation.
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Fig. 2. 
Neuroprotective effect of retinoids in ALS. This figure illustrates the main mechanisms 

involved in the pathogenesis of the SOD1G93A murine model of ALS (A). Among them, 

disorders in gene expression, chromatolysis and mitochondrial alterations (m), vacuolar 

degeneration (Vc), ubiquitin-proteasome (UPS) system collapse with appearance of 

intracellular aggregates (U) and astrogliosis with perisomatic synaptic (pS) alterations seem 

to be some of the most important ones. Our investigations showed that treatment with the 

retinoid agonist bexarotene, had a beneficial effect at multiple levels (B). This retinoid 

helped to modulate gene expression, and delayed the protein synthesis machinery disruption 

and consequently decreased mitochondrial alterations and vacuolar degeneration. 

Additionally it reduced the intracellular aggregates. Bxt also preserved MN environment 

until more advanced stages.
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Table 1

Studies supporting the role of retinoids in ALS.

Author Model Tissue studied Main findings

Malaspina [35] sALS-patients Spinal cord • Increased RBP1 expression

Corcoran [9] Wild type rats
sALS patients

Spinal cord • Retinol free diet induced a phenotype similar to 
that observed in ALS rodent models

• Defects in retinoid receptor subunits and lower 
levels of expression in retinaldehyde 
dehydrogenase in humans

Jiang [23] sALS-patients Microdissected MNs/spinal cord • Decreased CRABP1 and RARγ expression in 
microdissected MNs

Jokic [24] SOD1G93A rats Spinal cord • Changes in RAR subtypes expression according 
to disease status.

• No variations in either retinol binding proteins or 
metabolic enzymes

Crochemore [49] SOD1G93A mice Spinal cord • Treatment with ATRAs (20–30 mg/kg) had a 
negative effect in mice survival with no particular 
effect over spinal cord MNs

Kolarcik [27] sALS/fALS-patients Spinal cord/MN cultures • Marked alterations in retinoid pathways (binding 
proteins, receptor subunits) that correlated with 
MNs survival.

• Adapalene (RARβ agonist) had a neuroprotective 
effect in primary-MN cultures

Riancho [42] SOD1G93A mice Spinal cord • Bxt (RXR agonist) extended survival, delayed 
neuromuscular function deterioration and 
ameliorated MN loss

• Bxt induced RXR expression, decreased protein 
aggregation and preserved MN environment

ATRAs (all trans retinoid acid), CRABP1 (cellular retinoid acid binding protein 1), fALS (familiar amyotrophic lateral sclerosis), MN (motor 
neuron), RAR (retinoic acid receptor), RBP1 (retinol binding protein 1), RXR (retinoid X receptor), and sALS (sporadic amyotrophic lateral 
sclerosis).

J Neurol Sci. Author manuscript; available in PMC 2019 June 11.


	Abstract
	1. Introduction
	2. Retinoid metabolism
	3. The role of retinoids in proteostasis
	4. Retinoids and ALS
	References
	Fig. 1
	Fig. 2
	Table 1

