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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that is characterized by the loss of upper and
lower motor neurons (MNSs) in the cerebral cortex, brainstem and spinal cord, with consequent weakness, atrophy
and the progressive paralysis of all muscles. There is currently no medical cure, and riluzole and edaravone are
the only two known approved drugs for treating this condition. However, they have limited efficacy, and hence there
is a need to find new molecules. Dutasteride, a dual inhibitor of type 1 and type 2 5a-reductase (5AR) enzymes,
the therapeutic purposes of which, to date, are the treatment of benign prostatic hyperplasia and androgenic

alopecia, shows great anti-ALS properties by the molecular-topology methodology.

amyotrophic lateral sclerosis dutasteride neuroprotection oxidative stress inflammation
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| 1. Role of Dutasteride in the Activity of Steroid Hormones

Steroid hormones have been linked to neuroprotection because they participate in anti-inflammatory processes,
are antioxidant, stabilize the BBB and reduce the accumulation of 3-amyloid protein (AB) and excitotoxicity caused
by glutamate excess L. Dutasteride administration in patients with benign prostatic hyperplasia diminishes the

prostate size due to the DHT decrease and T increase &,

In Amyotrophic lateral sclerosis (ALS), this increase in the serum T levels could help maintain the plasma FT levels,
which can readily be aromatized in the CNS after crossing the BBB El. Similarly, the inhibition of the PROG

transformation into DHP could result in a free PROG increase so that its neuroprotective effects can be seen.

PROG in the CNS stimulates myelin production mainly in animal models of neurological disorders . Clinically, it is
also considered to be a molecule with therapeutic potential because, due to its low molecular weight and fat-
soluble nature, it diffuses easily into nervous tissue, in addition to interacting with multiple targets &l For example,
patients with traumatic acute brain injury who took PROG had lower 30-day mortality and a better prognosis than
the placebo group in the ProTEC trial (8. Low levels of PROG (in men and women) have also been linked to bulbar
ALS, a shorter time from symptom onset to diagnosis and a shorter survival time from diagnosis ¥. In a case—

control study in menopausal women with ALS, longer reproductive periods (from menarche to menopause) were
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associated with a lower risk of developing the disease and longer survival, suggesting endogenous-estrogen

mediation [Z.

It has been suggested that both PROG and 17BE have a neuroprotective effect, mainly due to the lower proportion
of women suffering from the disease. In addition, diagnosis is more frequent after menopause, and very few cases
of pregnant women with ALS or pregnancies after the onset of the disease have been reported. On the rare
occasion that the latter has occurred, pregnancy seems to have attenuated the symptoms of the pathology (€.
17BE and T can also inhibit the activation of microglia cells, playing an anti-inflammatory role B9 Furthermore,
this anti-inflammatory effect seems to be enhanced with the combination of PROG administration, probably through
the inhibition of the signaling pathways that lead to the activation of proinflammatory genes [ with neuromotor
benefits observed using a well-validated mouse model of lipopolysaccharide (LPS)-induced intrauterine

inflammation (1UI) 22!,

With regard to T, it restored the BBB selective permeability and tight-junction integrity and almost completely
suppressed proinflammatory cytokine production, such as TNFa 13, Furthermore, as already pointed out, DA has
been linked to the pathogenesis of ALS and D2 dopamine receptor agonism, which modulates neuronal excitability
and may increase MN survival 14, In this sense, the administration of dutasteride increases the T in the brain in 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned mice, which is related to a clearly beneficial effect in

the DA activity due to the reversion of the striatal DA levels 151,

Moreover, insofar as the increase in FT has been related to the loss of the respiratory capacity in ALS, it should be
remembered that dutasteride not only increases the T levels, but also the PROG levels. More precisely, Littim

(2017) showed that the peripheral and brain levels of both hormones remain high after administering dutasteride
[16],

All these mechanisms, summarized in Figure 1, could have a direct clinical impact in ALS patients, and specifically,
regarding the possible benefits of T, it should be noted that androgenic therapies have been especially effective in
the treatment of neurodegenerative diseases 17 to improve muscle mass and restore the function of the
neuromuscular junction 8. Clinically, muscle atrophy and a loss of strength are responsible for the physical
disability in ALS. Androgen therapy stimulates MN recovery, leading to improved neuromuscular function 22! and
increased lean mass 2%, These data seem to be supported by the recent work of Yu Jin Kim and colleagues, which
showed that long-term hormone therapy (HT) is associated with a greater reduction in the risk of
neurodegenerative diseases, and which highlighted the need for precision hormone therapy, as there are multiple
factors that can influence its efficacy and safety (such as hormonal fluctuations during peri- and postmenopause

associated with changes in the neuroimmune and genetic systems) 211,
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Figure 1. Therapeutic action of dutasteride through steroid hormones. In peripheral circulation, the inhibitory effect
of 5a-reductase (5AR) by dutasteride will reduce the dihydroprogesterone (DHP) and dihydrotestosterone (DHT)
levels, with the consequent possible increase (in the progesterone (PROG) and testosterone (T) levels. Both
PROG and T will be more available to cross the blood—brain barrier and exert their therapeutic actions in the
central nervous system. Moreover, T is substrate for the synthesis of 17 B-estradiol (17BE), which also possesses
a neuroprotective role. In sum, these properties should restore the muscular activity in ALS patients. t: increase of
PROG, T or 17BE blood levels.

| 2. Regulatory Mechanisms of Protein Aggregation

The molecular-topology method that identified the therapeutic potential of dutasteride in ALS was based on a
discriminant analysis using three computational models that considered the general activity and specific activity in

ALS clinical trials and TDP-43 molecular binding due to its strong relationship with the pathogenesis of the disease.

Dutasteride showed binding affinity by hydrogen bond for the analyzed domains 4IUF and 4BS2 [22. Both domains
belong to the RRM family (RNA recognition motif), which consists of RNA-binding proteins involved in the
recognition of proteins and post-transcriptional RNA processes 2381241 which can be found in TDP-43 and FUS [23],
Although the interaction sites with RRM reported for dutasteride by Galvez et al. are a lysine (Lys145) and an
aspartic acid (Aspl74), the interaction potential is important because RRML1 oxidation has been shown to decrease
the TDP-43 solubility and promote aggregate formation [28. In this context, Liu et al. have proposed a new

mechanism of TDP-43 aggregation, which could characterize the formation of large aggregation models with
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repeated helical and rope-like structures, helping to understand the amyloid-like aggregation phenomena of the
TDP-43 protein in ALS 27,

Regarding mutated proteins, mice with SOD1 mutations present specific sex differences in the age of onset and
the progression of the disease, which have been related to deficiencies in the expression of androgen receptors
(ARs) in the spinal cord 28, In fact, the same group found that AR depletion was associated with 5AR type 2
depletion (221,

Similarly, VCP mutants are known to bind to different polyglutamine (PolyQ) disease proteins, including AR
variants. These abnormal aggregates disrupt the interaction of the double-strand break repair proteins, which, in
turn, causes further damage to the DNA double helix. Fujita et al. performed an immunoprecipitation assay to test
the interaction between VCP and polyQ disease proteins, finding that VCP binding to AR is dependent on the T
concentrations, which suggests that the AR binding of ligands decreases the association with VCP, and thus, the
formation of protein aggregates. Therefore, a T increase could also counteract the formation of aggregates
dependent on AR binding, as is the case of not only VCP, but also TDP-43 B9, This, in turn, would counteract
C90ORF72 mutations, which are especially involved in the pathophysiology of sALS B, Conversely, it would be
necessary to consider the possible relationship of these altered proteins with the increased steroid hormones after
the administration of dutasteride. However, there are not many studies on this matter, although, interestingly, it has
only been described that an increase in 17 (-estradiol enhanced autophagy and suppressed apoptosis to limit MN
death in an NSC34 cell-like model that stably expresses the 25 kDa C-terminal fragment of TDP-43 82 17 -
estradiol showed neuroprotector effects in a zebrafish model of COORF72-amyotrophic lateral sclerosis 22, which
possibly confirms the 17 [-estradiol neuroprotective activity that is also in other protein alterations, such as
C90RF72.

| 3. Neuroprotective and Antioxidant Effects of Dutasteride

Neuroinflammation and OS are closely linked in the pathogeneses of neurodegenerative diseases 24, Infiltrated
and glial immune cells are one of the main producers of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in CNS pathologies B2, Although ROS are not believed to be the cause of ALS, they contribute to
the progression of the disease 38,

Dutasteride has shown neuroprotective effects against glutamate toxicity in animal models. In a cell-viability-
detection assay on mouse cortical neurons, the aim was to assess which molecules were more effective at
counteracting the glutamate toxicity directly related to the pathogenesis of the disease. After testing 146 natural
products and 424 FDA-approved drugs to determine their ability to protect neurons against NMDA (N-methyl-D-
Aspartate)-induced cell death, dutasteride stood out, together with enalapril and finasteride. By using the in vivo
imaging of primary cortical neurons labeled with tetramethylrhodamine ethyl ester, dutasteride was shown to
attenuate the NMDA-induced breakdown of the mitochondrial membrane potential BZ. This finding would confirm

the previously detected neuroprotective effect of dutasteride; it has been observed that it protects against chemical
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ischemia and the mitochondrial permeability transition in cultured neurons, which could be due to its role in the

modulation of voltage-gated potassium channels [28l.

No previous studies have shown the mechanisms and direct effect of dutasteride on the OS reduction in ALS.
However, it is possible that the neuroprotective effects of dutasteride are again due to its hormonal products. FT
shows great neuroprotective properties, as it has been observed that it improves human neurons and astrocyte
survival, acting directly on the mitochondrial membrane, inhibiting the generation of ROS B24% and RNS “4 and
increasing the sirtuin-1 expression ©2. In cell cultures and male animal models, T stimulates neuronal
differentiation, maintaining neuronal plasticity 3!, promoting synaptic density 44, increasing the connectivity of
hypothalamic neurons ¥8 and stimulating neurite outgrowth €. This neuroprotective effect has been seen in
female mice with induced spinal-cord injury, where T produced dendrite-length reduction, weight loss and muscle-

fiber atrophy in portions of the quadriceps 4Z.

However, the neuroprotective effect of PROG should also be added to this T neuroprotective effect (28] which can
be particularly seen in the Wobbler mouse model of ALS, and shows the selective loss of MN, astrocytosis and
microgliosis in the spinal cord. In this model, PROG decreased the MN vacuolization with the preservation of the
mitochondrial respiratory complex | activity, decreased the mitochondrial expression and nitric oxide synthase
activity, increased manganese-dependent SOD (MnSOD), stimulated brain-derived neurotrophic factor, increased
MN cholinergic phenotype and improved survival, with a concomitant decrease in the cell-death pathways. PROG
also showed differential effects on glial cells, including an increased oligodendrocyte density and the
downregulation of astrogliosis and microgliosis. These changes are associated with reduced anti-inflammatory

markers and increased survival and muscle strength 421,

Finally, it has been seen that motor neurons (MNs) express high levels of 5a-reductase enzymes in spinal and
bulbar muscular atrophy, which is a disease of a similar nature to ALS. This could imply that alterations in the T

conversion are linked to neurodegenerative processes related to MN damage and neuroinflammation B9,

| 4. Efficacy of Dutasteride against Neuroinflammation

There is no direct evidence of the effects of dutasteride on inflammation in ALS patients, but it has been shown to
decrease the gene-expression levels of the proinflammatory cytokines IL-1b and IL-18 in rats with prostate cancer
Bl Therefore, dutasteride might also have important anti-inflammatory activity. In fact, in vitro, dutasteride
significantly reduces the secretion of both IL-6 and TNFa in lipopolysaccharide (LPS)-stimulated BV2 cells and
decreases the microglia activation in the brain, hippocampus and plasma in an LPS-induced neuroinflammatory
mouse model. This seems to demonstrate that dutasteride effectively suppresses the inflammatory response
stimulated by LPS in the peripheral and central nervous systems, and that it could counteract the levels of
inflammation markers and oxidation produced by abnormal protein aggregates 22, In particular, there could be an
anti-inflammatory effect with respect to FUS aggregates, the increase of which is proportional to the

proinflammatory activity of microglia, mediated mainly by the TNFa increase.
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Moreover, dutasteride can inhibit the Keapl—Nrf2 interaction, which seems to represent an important pathway in

the development of ALS, by promoting inflammation mediated by an increase in OS, as already described 231,

Dutasteride activity related to the regulatory mechanisms of protein aggregation, neuroprotective and antioxidant

effects, and neuroinflammation, is summarized Figure 2.
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Figure 2. Dutasteride main effects to improve clinical outcome in ALS patients. Dutasteride decreases oxidative

|} aggregation of mutant C90RF72/

stress, including reactive oxygen species (ROS) and reactive nitrogen species (RNS), as well as glutamate toxicity,
and increases progesterone (PROG) and testosterone (T) in systemic circulation, which promotes neuroprotection.
It also has anti-inflammatory activity that prevents microglia activation and reduces the pro-inflammatory cytokines
IL-6 and TNF-a. Moreover, it interacts with Keapl—Nrf2, which, in turn, contributes to the anti-inflammatory effect
and oxidative stress. Finally, because of the interaction with the RRM domain, it could reduce the aggregation of
TDP-43 and FUS, and because of the interaction with the androgen receptor, it may reduce the aggregation of
mutant COORF2. |: decrease of certain activity (oxidative stress, glutamate toxicity, microglia activation, interaction
Keapl-Nrf2, or aggregation of TDP-43, FUS or mutant CO0RF72), or PROG, T, IL-6 or TNF-a blood levels, or
ROS/RNS decrease. 1: increase of PROG or T blood levels.
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| 5. Possible Side Effects of Dutasteride

In general, dutasteride appears to be a fairly safe drug, and so its use is recommended. In this respect, a literature
review by Hirshburg et al., in 2016 analyzed studies related to adverse events of 5-alpha reductase inhibitors in

relation to prostate cancer, psychological effects, their use in women and sexual health.

In large and representative populations, an increase in the incidence of prostate cancer, or an increase in high-
grade prostate cancers upon detection, or a variation in the survival rate were not associated with dutasteride. A
direct link between the use of 5-alpha reductase inhibitors and depression was not established either. The same
revision indicated that there were not many studies on the use of 5-alpha reductase inhibitors in women, but the
current known risks to women include birth defects in male fetuses if taken during pregnancy, a decreased libido,
headache, gastrointestinal problems, isolated cases of menstrual changes, acne and dizziness. Finally, it was
reported that erectile dysfunction, a decreased libido and ejaculation disorders occurred in a fairly low percentage
of men B4,

In addition, the long-term effect of dutasteride on sexual alterations is interesting as it was associated with a
significant increase in impotence, a decreased libido and ejaculation disorders during the first year when compared

with a healthy control, but there were no significant differences between the two groups in the second year 53,
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