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Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease

of motor neurons characterized by muscle weakness, muscle twitching, and

muscle wasting. ALS is regarded as the third-most frequent neurodegenerative

disease, subsequent to Alzheimer’s disease (AD) and Parkinson’s disease (PD).

The World Health Organization (WHO) in 2007 declared that prolonged use of

statins may induce development of ALS-like syndrome and may increase ALS

risk. Subsequently, di�erent studies have implicated statins in the pathogenesis

of ALS. In contrast, results from preclinical and clinical studies highlighted the

protective role of statins against ALS neuropathology. Recently, meta-analyses

and systematic reviews illustrated no association between long-term use of

statins and ALS risk. These findings highlighted controversial points regarding

the e�ects of statins on ALS pathogenesis and risk. The neuroprotective e�ects

of statins against the development and progression of ALS may be mediated by

regulating dyslipidemia and inflammatory changes. However, themechanism for

induction of ALS neuropathology by statins may be related to the dysregulation

of liver X receptor signaling (LXR) signaling in the motor neurons and reduction

of cholesterol, which has a neuroprotective e�ect against ALS neuropathology.

Nevertheless, the exact role of statins on the pathogenesis of ALS was not fully

elucidated. Therefore, this narrative review aims to discuss the role of statins in

ALS neuropathology.
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1 Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a

progressive neurodegenerative disease among motor neuron diseases (Verber et al., 2019;

Feldman et al., 2022). Other motor neuron diseases include primary lateral sclerosis,

progressive muscle atrophy, progressive bulbar palsy, monometic amyotrophy, and

pseudobulbar palsy (Verber et al., 2019). ALS was first described by Charles Bell in

1824; subsequently, in 1869, Jean-Martin Charcot explained the association between
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neurological disorders and the presenting feature of ALS; and the

term ALS was first used by Jean-Martin Charcot in 1874 (Cho and

Shukla, 2020).

ALS is the most common type of motor neuron diseases and

is the third-most frequent neurodegenerative disease subsequent

to Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Bennett

et al., 2019; Masrori and Van Damme, 2020). The incidence of ALS

is more common in men of White race and those with age >60

(Mehta et al., 2022). It has been reported that ALS prevalence is 50–

100 times higher in the Western Pacific regions than other regions

in the world (Mehta et al., 2022). ALS can occur at any age, but its

peak incidence is between 50 and 75 years and sharply decreases

after 80 years (Vinceti et al., 2019). Moreover, sporadic ALS is more

common in people aged 58–63 years. ALS cases are expected to

reach 300,000 in 2040 worldwide (Vinceti et al., 2019; Mehta et al.,

2022).

ALS is characterized bymuscle weakness, muscle twitching, and

muscle wasting. In limb-onset ALS, the muscle weakness starts in

the arms or legs in 50% of patients. The weakness most commonly

starts in the limb muscles, more often in distal muscles than in

proximal muscles (Bennett et al., 2019; Masrori and Van Damme,

2020). In bulbar-onset ALS, there are difficulties in swallowing

and speaking, which are present in 25%−30% of ALS patients

(Bennett et al., 2019). Approximately 50% of patients will suffer

from extra-motor manifestations to some degree in addition to

their motor problems (Masrori and Van Damme, 2020). It has

been observed that 15% of ALS patients develop frontotemporal

dementia and cognitive impairments (Masrori and Van Damme,

2020). According to the etiopathological factors, there are two types

of ALS: 95% is idiopathic (sporadic) ALS and 5% is familial ALS

(Delpont et al., 2019; Masrori and Van Damme, 2020).

Classical ALS involves both upper and lower motor neurons,

leading to spasticity and muscle weakness, respectively. Classical

ALS contributes to 70% of all ALS cases classified as limb-onset

ALS and bulbar-onset ALS. Some ALS variants present limited

symptoms due to localized neuronal injury that progresses slower

than classical ALS, such as flail arm syndrome, caused by damage

to motor neurons in arm muscles (Masrori and Van Damme,

2020). In addition, isolated bulbar palsy is caused by damage to

motor neurons in the bulbar region, leading to dysarthria and

dysphagia (Delpont et al., 2019; Masrori and Van Damme, 2020;

Goutman et al., 2022). The diagnosis of ALS is based on clinical

manifestations and neuroimaging findings (Goutman et al., 2022).

ALS is an incurable disease, and the treatment is mainly

symptomatic. Median survival time is 2–4 years from onset; only

5%−10% of patients survive beyond 10 years (Chiò et al., 2013).

The ALS mortality rate was 1.70 per 100,000 in the United States.

Similarly, other studies have also found lower ALS mortality rates

among Hispanics. Lower incidence and mortality among non-

Whites andHispanics may reflect less detection among non-Whites

or a genetic factor predisposing Whites to ALS (Goutman et al.,

2022). However, slowing the progression of the disease is the

main goal in ALS management by using riluzole and sodium

phenylbutyrate, which extend the life only by several months (Chiò

et al., 2013; Andrews et al., 2020).

The causes of ALS are not fully known; however, environmental

and genetic factors contribute equally to the pathogenesis of ALS

(Feldman et al., 2022; Hartmann et al., 2022). Genetic alterations,

together with environmental factors, promote the development of

ALS (Motataianu et al., 2022). ALS below the age of 70 is more

common inmen by 20%, but sex differences are not observed above

the age of 70 years (Borghero et al., 2023). ALS neuropathology

is characterized by neuronal lesions located in the brain motor

cortex for the upper motor neurons, the brain stem, and spinal

cord for the lower motor neurons (Del Tredici and Braak, 2022).

The pathognomonic pathological feature of ALS is the presence of

specific inclusion bodies called Bunina bodies in the cytoplasm of

motor neurons (Bede et al., 2021).

The constituents of Bunina bodies are TAR DNA-binding

protein 43 (TDP-43), which is present in 97% of ALS patients

(Mori et al., 2019). However, in ALS, superoxide dismutase 1

(SOD1) is the main constituent of Bunina bodies, which is due

to a gene mutation (Wright et al., 2019). These inclusion bodies

have the ability to transport from cell to cell in a prion disease-

like manner (Mori et al., 2019; Wright et al., 2019). Mutant SOD1

proteins have the ability to accumulate intracellularly and inhibit

protein degradation (Berdyński et al., 2022). Inclusion bodies in

ALS induce glutamate neurotransmission, leading to excessive

intracellular calcium accumulation and excitotoxicity (Diana and

Bongioanni, 2022). It has been shown that motor neurons are

highly sensitive to the effect of excitotoxicity due to their low

calcium buffering capacity (Tedeschi et al., 2021).

In ALS, excitatory amino acid transporter 2 (EAAT2),

which is responsible for the transport of synaptic glutamate, is

significantly downregulated (Fontana et al., 2023). Therefore,

dysregulation of glutamate neurotransmission is regarded

as the main pathophysiological mechanism intricate in ALS

neuropathology. Hence, riluzole, which inhibits presynaptic

glutamate release, can attenuate the pathogenesis of ALS (Chen

et al., 2020). Interestingly, environmental factors such as toxins,

viruses, and metals, together with SOD-1 mutation, trigger

excitotoxicity, mitochondrial dysfunction, oxidative stress,

neuroinflammation, and aggregation of abnormal proteins, leading

to impairment of axonal transport and neuronal apoptosis (Mori

et al., 2019; Bede et al., 2021; Del Tredici and Braak, 2022) .

According to the genetic base, TDP-43 and SOD-1 genetic

mutations are the main mutations involved in the pathogenesis of

ALS (Farina et al., 2021; Brenner and Freischmidt, 2022). Other

mutated genes involved in ALS are listed as follows (Renton et al.,

2014; Gregory et al., 2020) (Table 1).

The underlying causes of cell deaths in ALS are development

of mitochondrial dysfunction, impairment of nucleocytoplasmic

transport, and ROS production due to progressive accumulation

of mutant TDP-43 (Davis et al., 2018). TDP-43 interferes with

mitochondrial respiratory complex I proteins (Wang et al., 2016),

leading to mitochondrial dysfunction and loss of motor neurons in

ALS. Interestingly, loss of motor neurons in ALS is mainly through

induction of the apoptotic pathway (Vogt et al., 2018).

Originally, it was established that mutant TDP-43 triggers the

expression of pro-apoptotic proteins in a p53-dependent manner

(Vogt et al., 2018). However, neuronal death in ALS is independent

of caspase-3 activation, and inhibition of caspase-3 does not affect

the percentage of neuronal loss (Re et al., 2014). In addition,

co-cultured astrocytes derived from ALS patients with human
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TABLE 1 Genes involved in ALS.

Gene Location Inheritance Function % in familial ALS % in sporadic ALS

SQSTM1 1q35 AD Autophagy 1 <1

TARDBP 1p36 AD RNA metabolism 4 1

VCP 9p13 AD Proteasome 1 1

C9ORF72 9p21 AD DENN protein 40 1

OPTN 10p13 AD Vesicle trafficking <1 <1

FUS 16p11 AD RNA metabolism 4 1

PFN1 17p13 AD Cytoskeleton <1 <1

UBQLN2 Xp11 XD Proteasome <1 <1

AD, autosomal-dominant; XD, X-linked dominant.

motor neurons led to high neuronal loss. Similarly, necroptosis

is implicated in the progression of neuronal loss in ALS. The

application of the necroptosis inhibitor necrostatin-1 prevents

neuronal loss in ALS, which substantiates the aforementioned (Re

et al., 2014). Therefore, both apoptosis and necroptosis pathways

are intricately involved in neuronal loss in ALS.

Furthermore, derangement of RNA metabolism in ALS is

evident in the majority of familial ALS due to alteration of

RNA translocation, RNA degradation, pre-mRNA splicing, and

the formation of a ribonucleoprotein complex by mutant genes

(Strong, 2010). The mutant TDP-43 and SOD1 proteins can form

cytosolic aggregates, which affect the stability of mRNA through an

interaction with mRNA species in ALS (Strong, 2010). Therefore,

ALS is regarded as a disorder of RNA metabolism, and alteration

of RNA metabolism appears central to the pathogenesis of ALS.

In addition, microRNA (miRNA) is a noncoding RNA that is

involved in substantial control of gene expression and has a

critical role in cell death. Importantly, miRNA controls apoptosis,

programmed cell death, and necroptosis in ALS (Gagliardi et al.,

2019). Deregulation of miRNA has been observed in the brain,

spinal cord, blood, and CSF of ALS patients (Gagliardi et al., 2019).

Downregulation of miRNA was observed mainly in the motor

neurons (Gagliardi et al., 2019), suggesting the protective role of

miRNA against ALS neuropathology.

Moreover, noncoding genomes such as long noncoding RNA

(IncRNA) are highly expressed in spinal motor neurons in the

early stages of the ALS pathological process (Gagliardi et al., 2018a,

2019). IncRNA acts as an epigenetic regulator of the target gene

by controlling the interaction between miRNA and mRNA. It has

been observed that IncRNA is upregulated in the peripheral blood

mononuclear cells of sporadic ALS but deregulated in familial ALS

(Gagliardi et al., 2018b). Notably, degeneration of motor neurons

is caused by a combination of intrinsic neuronal defects and

extrinsic factors such as astrocyte-mediated toxicity (Del Tredici

and Braak, 2022). In ALS, the astrocytes are activated to release

pro-inflammatory cytokines and chemokines, causing sustained

neurotoxic effects and neuronal apoptosis (Bede et al., 2021), as

illustrated in Figure 1.

As ALS is more common in older age groups having

comorbidities such as diabetes, hypertension, and dyslipidemia,

the use of lipid-lowering agents such as statins is more frequent

in those patients (Hu and Ji, 2022). It has been demonstrated

that statins may have beneficial or detrimental effects on the

pathogenesis of ALS (Nabizadeh et al., 2022; Wang et al., 2023).

Thus, this review aims to discuss the potential effects of statins on

ALS neuropathology.

2 Method and search strategy

In this review, a systematic literature search of the Web

of Science, Scopus, PubMed, Cochrane Library, ProQuest,

ISI Processing, and OpenGray databases was performed to

recognize the relevant literature. Additional records were obtained

through a manual search. Two authors assessed the eligibility

by checking the title and abstract and checking the full

articles. The search was conducted by using relevant keywords

[Amyotrophic lateral sclerosis AND Statins], [Amyotrophic lateral

sclerosis AND Neuronal apoptosis], [Amyotrophic lateral sclerosis

AND Oxidative stress], [Amyotrophic lateral sclerosis AND

Neuroinflammation], [Statins AND Oxidative stress], and [Statins

AND Neuroinflammation]. The quality of the studies was

estimated by the authors for compatibility with the present review.

The included studies are original studies, retrospective studies,

and prospective studies. However, a case report study, a review

study, and articles published in languages other than English were

excluded from this review.

3 Pharmacology of statins

Statins are cholesterol-lowering drugs that inhibit de novo

hepatic cholesterol biosynthesis through suppression of a rate-

limiting hydroxyl-methyl-glutaryl Coenzyme A (HMG-CoA)

reductase (Al-Kuraishy et al., 2020b; Alromi et al., 2021). Figure 2

shows the mechanisms of statins.

Reduction of circulating cholesterol by statins triggers

the expression of low-density lipoprotein (LDL) receptors,

subsequently increasing the uptake of LDL-c (Al-Kuraishy and

Al-Gareeb, 2017). In addition, statins promote the expression

of high-density lipoprotein (HDL), which removes cholesterol

from the tissues to the liver (Al-Kuraishy et al., 2020b). In

addition, statins have potential pleiotropic effects, including

antioxidant, anti-inflammatory, antiatherogenic, and antiplatelet
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FIGURE 1

Pathophysiology of ALS. Exogenous factors such as toxins, viruses, and metals induce ALS neuropathology through the induction of microglia and

astrocytes that cause excitotoxicity and oxidative stress. In addition, genetic risk factors such as mutations in the SOD1 gene promote ALS

neuropathology by inducing mitochondrial dysfunction, abnormal protein aggregation, impaired abnormal axonal transport, and development of

neuroinflammation. These changes trigger the apoptosis of motor neurons.

FIGURE 2

Mechanisms of action of statins. Statins inhibit HMG-CoA reductase, leading to the formation of mevalonate, farnesyl pyrophosphate, and geranyl

pyrophosphate, which are essential for the synthesis of cholesterol and involved in protein prenylation.

effects (Kadhim et al., 2019; Al-Rubiay et al., 2021). Therefore,

statins are used in the management of hypercholesterolemia,

dyslipidemia, and as primary and secondary preventive therapy

against cardiovascular diseases. According to their lipid solubility,

statins are classified into lipophilic statins, such as simvastatin

and atorvastatin, and hydrophilic statins, such as rosuvastatin
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(Al-Kuraishy et al., 2020c). Lipophilic statins can cross the

blood–brain barrier (BBB) causing inhibition of brain cholesterol

by suppressing the activity of brain HMG-CoA reductase

(Al-Kuraishy and Al-Gareeb, 2016; Al-Kuraishy et al., 2018a).

Lipophilic statins have more central effects compared to

hydrophilic statins (Simon et al., 2019; Climent et al., 2021);

therefore, lipophilic statins may affect neurocognitive functions in

a dual role that could be detrimental or beneficial (Jamshidnejad-

Tosaramandani et al., 2022). Regarding the pharmacokinetics of

statins, they are absorbed orally and may be affected by food.

For example, pravastatin absorption is reduced by 35% when

administrated with food, while food increases the absorption

of lovastatin by 50% (Al-Kuraishy et al., 2018b). However, the

absorption of rosuvastatin and pitavastatin is not affected by

food (Al-Kuraishy et al., 2019). Statins have a plasma protein-

binding capacity of 95%, with the exception of pravastatin, which

has a plasma protein-binding capacity of 50%. Some statins can

inhibit P-glycoprotein, leading to drug–drug interactions with P-

glycoprotein substrates such as verapamil (Al-Kuraishy et al., 2019).

Statins are mainly metabolized by CYP450 isoenzymes, though

pravastatin is metabolized by the cytosolic sulfation pathway

(Filppula et al., 2021). Enzyme inducer drugs such as rifampicin

increase statin metabolism, while enzyme inhibitors such as

macrolides increase the risk of statin toxicity (Filppula et al.,

2021). However, pitavastatin and rosuvastatin are less metabolized

by CYP450 isoenzymes, so they are less subjected to drug–drug

interactions (Hirota et al., 2020). In addition, P-glycoprotein

is concerned with the biliary and intestinal elimination of

rosuvastatin and pravastatin (Liu, 2019). Statins aremainly excreted

by urine, with the exception of atorvastatin, which is eliminated

through bile. The most common adverse effects linked with

prolonged use of statins are gastrointestinal discomfort, myopathy,

cognitive dysfunction, elevation of liver enzymes, an increased risk

of diabetes, and peripheral neuropathy (Deng et al., 2021). The

pharmacokinetic effects of statins are unique, intestinal SLCO2B1

protein mediates the absorption of statins, which, through the

intestinal CYP3A4 enzyme, are converted to active and inactive

metabolites. Statin metabolites produced by the hepatic CYP3A4

enzyme are processed and eliminated from the circulation (Hirota

et al., 2020; Filppula et al., 2021).

4 Statins role in neurodegenerative
diseases

Neurodegenerative diseases are a group of diseases caused by

progressive degeneration of neurons with subsequent neuronal

deaths (Hansson, 2021). Neuroinflammation, oxidative stress, and

mitochondrial dysfunction are the most common mechanisms

sharing an intricate link in the neurodegenerative process

(Elfawy and Das, 2019). The underlying causes for development

of neuroinflammation, oxidative stress, and mitochondrial

dysfunction are progressive accumulation of misfolded proteins

such as amyloid beta (Aβ) in Alzheimer’s disease (AD) and alpha

synuclein (α-Syn) in Parkinson’s disease (PD) (Kabir et al., 2020).

The etiopathological causes of neurodegenerative diseases are

chiefly unknown; however, environmental factors in genetically

susceptible subjects may be the most proposed mechanism (Al-

Kuraishy et al., 2020a). AD is the most common neurodegenerative

disease and represents two-thirds of dementia cases (Alromi

et al., 2021; Al-Kuraishy et al., 2023b). AD is characterized by

intracellular accumulation of neurofibrillary tangles (NFTs) and

extracellular accumulation of non-soluble Aβ (Alsubaie et al.,

2022). AD is most common in individuals aged >65 years, leading

to cognitive dysfunction and progressive memory loss (Ali et al.,

2024).

It has been shown that prolonged use of statins, mainly in

elderly patients, may adversely affect cognitive function. Statins can

induce cognitive decline in healthy subjects and in AD patients

(Alsubaie et al., 2022). However, observational and prospective

studies did not provide a clinical clue regarding the harmful

and beneficial effects of statins on AD neuropathology (Group,

2002; McGuinness et al., 2009). Interestingly, users of statins such

as simvastatin and atorvastatin experience reversible cognitive

impairment within 2 months (Wagstaff et al., 2003). It has

been illustrated that lipophilic statins trigger the development

of cognitive impairment through inhibition of brain cholesterol,

which is necessary for neuronal integrity and synaptic plasticity

(Schultz et al., 2018). Inhibition of brain cholesterol by lovastatin

promotes Aβ formation and development of AD in mice

(Strandberg et al., 1999). Inhibition of brain cholesterol by

statins attenuates neuronal myelination, causing worsening of AD

neuropathology (Alsubaie et al., 2022). In addition, prolonged

use of statins reduces the neuroprotective CQ10, leading to

mitochondrial dysfunction, oxidative stress, and enhancement in

Aβ formation (Alsubaie et al., 2022). Therefore, prolonged use

of statins is implicated in the pathogenesis of AD by different

mechanisms, as shown in Figure 3.

In contrast, long-term use of statins may have beneficial

effects on AD neuropathology through modulation of ApoE. Thus,

early treatment with statins could be therapeutically effective

against AD neuropathology (Prince et al., 2014). Evidence from

clinical studies confirmed the protective role of statins against

the development and progression of AD (Haag et al., 2009; Lin

et al., 2015). The fundamental mechanism for the protective effects

of statins against AD development is linked to the inhibition

of Aβ formation by suppressing ApoE4 (Bagheri et al., 2020).

In addition, statins improve α-secretase activity, which enhances

the production of neuroprotective soluble Aβ with subsequent

reduction in neurotoxic Aβ. Statins have direct neuroprotective

effects through inhibition of brain HMG-CoA reductase, reduction

of platelet activity in the cerebral vasculature, stabilization of

atherosclerotic plaques, and modulation of Rho GPTase activity. In

addition, statins have indirect neuroprotective effects against AD

neuropathology by targeting Aβ (Haag et al., 2009; Lin et al., 2015;

Bagheri et al., 2020), as shown in Figure 4. These findings indicated

a potential controversy regarding statin use and AD risk.

PD is the second-most common progressive neurodegenerative

disease caused by degeneration of dopaminergic neurons in the

substantia nigra (Al-Kuraishy et al., 2023c). PD is more frequent

in subjects aged >65 years with specific classical features including

bradykinesia, resting tremor, rigidity, and postural instability

(Alrouji et al., 2024). It has been reported that long-term use

of statins for prevention of primary and secondary outcomes in
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FIGURE 3

The detrimental e�ects of statins on AD neuropathology. Statins impair neuronal myelination through inhibition of neuronal cholesterol; therefore;

statins worsen preexistent cholesterol aberrations. In addition, statins inhibit mitochondrial CoQ10, leading to oxidative stress, neuronal injury, and

acceleration of Aβ aggregation. These changes induced by the use of statins exacerbate AD neuropathology.

FIGURE 4

The beneficial role of statins against AD neuropathology. Statins improve α-secretase activity, which enhances the production of neuroprotective

soluble Aβ with subsequent reduction in neurotoxic Aβ. Statins inhibit brain HMG-CoA reductase, reduce platelet activity in the cerebral vasculature,

stabilize atherosclerotic plaques, and modulate Rho GPTase activity. Statins have indirect neuroprotective e�ects against AD neuropathology by

targeting Aβ.

patients with cardiovascular diseases may affect the pathogenesis

of PD in a bidirectional way and could be advantageous or

disadvantageous (Al-Kuraishy et al., 2023a). These findings raise

a conflicting role for statins in PD neuropathology. Different

studies have highlighted that statins have protective effects against

PD incidence, independent of cholesterol-lowering effects (Roy

and Pahan, 2011). Findings from preclinical studies revealed that

lipophilic simvastatin attenuates PD development in mice (Tang
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FIGURE 5

The protective role of statins in PD. Statins, through their anti-inflammatory and antioxidant e�ects, as well as by increasing sterol regulatory

element-binding protein (SREBP), improve the activity of dopaminergic neurons, can reduce the pathogenesis of PD.

et al., 2019). Clinically, prolonged use of statins reduces PD risk

(Wahner et al., 2008). It has been shown that statins through their

anti-inflammatory and antioxidant effects as well as by increasing

sterol regulatory element-binding protein (SREBP), improve the

activity of dopaminergic neurons (Wahner et al., 2008), as shown

in Figure 5.

In contrast, lipophilic statins may increase PD risk within

2.5 years by reducing the neuroprotective effect of cholesterol

(Liu et al., 2017). Interestingly, short-term use of statins for <1

year augments PD risk in a dose-dependent manner by inhibiting

dopamine transporters, though long-term use of statins did not

have this effect (Jeong et al., 2019). Therefore, the effects of statins

on and PD risk and neuropathology depend on the stage of PD and

the duration of statin therapy. In a similar manner, statins affect

other neurodegenerative diseases.

Taken together, the effects of statins on the most common

neurodegenerative diseases, including AD and PD, appear

conflicting. The underlying causes of the conflicting effects of

statins on AD and PD need to be addressed by prospective studies.

5 Role of statins in ALS

5.1 Protective e�ects

Many studies have highlighted the protective effects of statins

against ALS risk (Weisskopf et al., 2022; Kreple et al., 2023).

Lovastatin 40 mg/kg attenuates ALS risk in a mouse model by

28% (Kreple et al., 2023). Lovastatin has an inverse relationship in

a dose-dependent manner with the risk of motor neuron disease

and delays the onset of ALS in transgenic mice (Kreple et al.,

2023). A longitudinal case–control study observed that prolonged

use of statins >3 years reduces ALS risk (Weisskopf et al., 2022),

suggesting that long-term use of statins had a protective role against

the development and progression of ALS.

Preclinical findings showed that simvastatin can reduce the

activation of astrocytes and microglia and inhibit the release of

pro-inflammatory cytokines in C6 glioma cells subjected to the

effects of LPS (Zheng et al., 2018). Simvastatin regulates the

microglia immune response to ALS (Zheng et al., 2018). Inhibition

of microglia and development of neuroinflammation by statins

leads to a neuroprotective effect by attenuating the development of

different neurodegenerative diseases including ALS (Bagheri et al.,

2020). Interestingly, administration of atorvastatin 10 mg/kg/day

for 4 weeks attenuates the degeneration of motor neurons in mice

(Iwamoto et al., 2009). Atorvastatin inhibits denervation atrophy

and motor neuron loss by 30% (Iwamoto et al., 2009).

In a clinical setting, a case–control study on 948 ALS patients

and matched 1,000 healthy controls revealed that statin use

for 3 years before the onset of ALS symptoms was protective

against ALS neuropathology (Weisskopf et al., 2022). Numerous

studies have indicated the neuroprotective effects of statins against

various types of neurodegenerative diseases, including ALS, by

inhibiting neurotoxicity (Bösel et al., 2005; Wolozin et al., 2007;

Bagheri et al., 2020). A retrospective study on 650 ALS patients

and 365 matched healthy controls revealed that 65% of ALS
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patients have dyslipidemia, mainly hypercholesterolemia, that

is correlated with disease severity (Chełstowska et al., 2021).

Therefore, hypercholesterolemia followed by mixed dyslipidemia is

an important risk factor in the general population for increasedALS

risk, and treating these metabolic disorders with statins may reduce

the incidence of ALS. Dyslipidemia with increasing cholesterol and

LDL levels augments ALS risk (Mariosa et al., 2017).

A follow-up of dyslipidemic patients for >20 years showed

that elevation of one unit of LDL was linked with increased

ALS risk (Mariosa et al., 2017). Therefore, alterations in the

lipid profile are regarded as biomarkers before the onset of ALS.

In addition, hypercholesterolemia induces the development and

progression of ALS neuropathology (Chen et al., 2018; Bandres-

Ciga et al., 2019; Zeng and Zhou, 2019). Thus, total cholesterol

and LDL are potential risk factors involved in the pathogenesis of

ALS. A large prospective study on 502,409 ALS patients showed

that a high cholesterol/HDL ratio and high LDL and ApoA

serum levels were associated with increased ALS risk (Thompson

et al., 2022). Herein, the premorbid metabolic status may be

involved in the pathogenesis of ALS, and the use of statins may

improve the metabolic profile and reduce ALS risk. Furthermore,

lipid homeostasis is highly dysregulated in the spinal cord gray

matter, mainly in the motor neurons, leading to progressive

neuronal injury. An increase in cholesterol ester is linked with the

degeneration ofmotor neurons in ALS patients (Dodge et al., 2020).

A similar finding in the ALSmouse model revealed a significant

downregulation of cholesterol biosynthesis in the motor neurons

(Dodge et al., 2020). Therefore, dysregulation of lipid metabolism

in the spinal cord contributes to the pathogenesis of ALS. Hence,

restoration of lipid homeostasis by statins could prevent ALS

development.Moreover, the protective effects of statins against ALS

risk may be sex-dependent (Nefussy et al., 2011). A retrospective

study illustrated that the use of statins reduced ALS risk in women,

only signifying the sex-dependent effects of statins (Nefussy et al.,

2011). The protective role of statins against ALS is listed in Table 2.

These findings proposed the neuroprotective effects of statins

against the development and progression of ALS by regulating

dyslipidemia and inflammatory changes, as shown in Figure 6.

5.2 Hazardous e�ects

It has been observed that statins may adversely affect the

incidence and progression of ALS (Gaimari et al., 2022). A

population-based study revealed that long-term use of statins is

associated with the acceleration of ALS severity (Mariosa et al.,

2020). Evidence from previous studies indicated that prolonged

use of statins may be associated with the development of ALS-

like syndrome (Edwards et al., 2007; Colman et al., 2008).

Statins promote the progression of peripheral neuropathy and

rhabdomyolysis, though the association of statins with upper

motor lesions was disproportionate (Edwards et al., 2007). Data

obtained from a retrospective study proposed that statin use

increases ALS risk compared to placebo (Colman et al., 2008). A

population-based case–control study on 2,475 ALS patients and

12,375 healthy controls illustrated that statins increase ALS risk in

women (Mariosa et al., 2020). Small muscle mass and low-statin

TABLE 2 The protective e�ects of statins against ALS.

Type of the study Findings References

Preclinical Lovastatin 40 mg/kg

attenuates ALS risk in mouse

models by 28%

Kreple et al.,

2023

Preclinical Simvastatin reduces the

activation of astrocytes and

microglia and inhibits the

release of pro-inflammatory

cytokines in C6 glioma cells

Zheng et al.,

2018

Preclinical Administration of

atorvastatin 10 mg/kg/day for

4 weeks attenuates the

degeneration of motor

neurons in mice

Iwamoto et al.,

2009

Longitudinal study Prolonged use of statins >3

years reduces ALS risk

Weisskopf

et al., 2022

Clinical studies Statins have protective effects

against neurodegenerative

diseases including ALS by

inhibiting neurotoxicity

Bösel et al.,

2005; Wolozin

et al., 2007;

Bagheri et al.,

2020

metabolizing enzymes in women may explain the sex difference in

the effect of statins (Group, 2008). The neurotoxic effects of statins

may increase ALS risk in women mainly in the first year from

the onset of ALS (Skajaa et al., 2021). A recent population-based

cohort study revealed that genetic predisposition for statin therapy

is linked with augmentation of ALS risk (Wang et al., 2023). Thus,

statins may increase ALS, independent of cholesterol-lowering

effects, which gives an insight into a new avenue regarding the role

of statins in ALS.

It has been illustrated that not all statins produce detrimental

effects on motor neurons, though a class-dependent effect was

postulated. A previous in vitro study demonstrated that 7-day

exposure of motor neurons to fluvastatin has less effects on

spinal motor neurons in a dose-dependent manner (Murinson

et al., 2012). In comparison, much higher concentrations of other

statins are required to produce neurotoxic effects. However, this

neurotoxic effect was not observed on cortical neurons or Schwann

cells (Murinson et al., 2012). However, hydrophilic pravastatin,

which has a pharmacokinetic profile distinct from that of lipophilic

fluvastatin, produces less toxic effects on the spinal motor neurons

(Murinson et al., 2012). Therefore, class-dependent effects of statins

by specific mechanisms may be implicated in the pathogenesis of

ALS. Lipophilic statins have greater effects on the initiation of ALS

neuropathology compared to hydrophilic statins (Golomb et al.,

2018). However, statins affect ALS through cholesterol-dependent

and cholesterol-independent mechanisms. Inhibition of neuronal

cholesterol by statins interferes with the lipid raft, which mediates

the neuronal pro-survival pathway (Fracassi et al., 2019).

The cholesterol-independent mechanism of statins is through

the reduction of mevalonate, which is essential for neuronal

survival (Moutinho et al., 2017). Therefore, statins may attenuate

the survival of motor neurons through the suppression of pro-

survival signaling. In addition, statins induce the expression of pro-

apoptotic pathways such as Bcl-2 and FOXO3a, leading to neuronal

apoptosis (Wood et al., 2013). Of note, statins affect inflammatory

signaling that distorts G-protein and carnitine palmitoyl transferase
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FIGURE 6

The neuroprotective e�ects of statins against the development of ALS. Statins inhibit the activity of overactivated astrocytes and the release of

pro-inflammatory cytokines. Statins attenuate the progression of neurotoxicity, thereby preventing the degeneration of motor neurons. In addition,

statins attenuate the development of dyslipidemia, which is implicated in the degeneration of motor neurons.

in the mitochondrial membrane, leading to oxidative stress (Yanae

et al., 2011). In addition, statins decrease the binding of Rho and

Ras proteins to the cell membrane, which is intricately involved

in neuronal endocytosis. In addition, statins induce apoptosis in

glioma cell lines through Akt/ERKI/2 signaling (Yanae et al., 2011).

In addition, statins that interfere with musculoskeletal metabolism

may increase ALS risk (Gaimari et al., 2022). Therefore, ALS could

be a potential adverse effect of statin therapy.

Nakamura et al. (2022) observed that high HDL in ALS

patients predicts poor prognosis for all patients, though low

LDL augments ALS risk in women only. A retrospective study

on 78 ALS patients showed that high HDL levels and low

LDL levels are correlated with hypermetabolism in ALS patients

(Nakamura et al., 2022). High HDL activates the expression of

mechanistic target of rapamycin (mTOR) via phosphatidylinositol

3 kinase (PI3K), causing inhibition of autophagy and augmentation

of ALS neuropathology (Wang and Peng, 2012). Inhibition of

autophagy accelerates the accumulation of TDP-43, increasing the

pathogenesis of ALS (Tang et al., 2019). In ALS, muscle metabolism

is shifted toward the lipid rather than glycolytic pathway. However,

high HDL induces muscle glycolysis and reduces β-oxidation in

muscles, thereby producing a protective effect (Ferri et al., 2017).

In this state, the lipid-lowering effect of statins by increasing

HDL and reducing LDL may be implicated in the pathogenesis

of ALS.

Themechanism for induction of ALS neuropathology by statins

may be related to the dysregulation of liver X receptor signaling

(LXR) signaling in the motor neurons (Beltowski, 2010). Statins

suppress the synthesis of endogenous LXR agonist oxysterols

and reduce the expression of the LXR gene. Of note, mice

lacking the LXR gene experience an ALS phenotype. Statin-induced

inhibition of LXR gene expression promotes circulating sterols,

which are neurotoxics (Beltowski, 2010). Therefore, LXR agonists

may attenuate statin-induced ALS. In this state, statin therapy

might not be safe in ALS patients (Zinman et al., 2008), although an

observational study indicated that statin therapy is rarely associated

with ALS risk (Golomb et al., 2009).

Moreover, brain cholesterol and even dyslipidemia are

considered protective factors against ALS neuropathology (Dupuis

et al., 2008; Yoshii et al., 2010). A case–control study on 369

ALS patients and 286 healthy controls observed that dyslipidemia

and a high LDL/HDL ratio prolong the survival of ALS patients

by 12 months (Dupuis et al., 2008). It has been shown that

hypermetabolism is augmented in ALS patients; thus, reduction

of cholesterol by statin therapy may reduce the nutritional status

of muscles and neurons, leading to the progression of the

pathogenesis of ALS (Dupuis et al., 2008). Yoshii et al. proposed

that high energy demand in ALS can reduce the LDL/HDL ratio,

which correlated with respiratory complications in ALS patients

(Yoshii et al., 2010). The hazardous effects of statins are listed

in Table 3.

Taken together, statins may accelerate ALS neuropathology

by alteration of lipid profile and dysregulation of neuronal

inflammatory signaling (Figure 7).
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FIGURE 7

The detrimental e�ects of statins on ALS neuropathology. Statins induce the expression of pro-apoptotic pathways such as Bcl-2 and FOXO3a,

leading to neuronal apoptosis. Statins a�ect inflammatory signaling that distorts G-protein and carnitine palmitoyl transferase in the mitochondrial

membrane, leading to oxidative stress and mitochondrial dysfunction. Statin-induced high HDL activates the expression of the mechanistic target of

rapamycin (mTOR), causing inhibition of autophagy and augmentation of ALS neuropathology. Statins inhibit the expression of liver X receptor

signaling (LXR) signaling in the motor neurons. These changes induced by statin use trigger the degeneration of motor neurons and development of

ALS.

5.3 Neutral e�ects

It has been perceived that metabolic changes such as diabetes

and dyslipidemia are common in ALS patients due to a

derangement of energy balance and hypermetabolism (Schumacher

et al., 2020). A prospective cohort study showed that statin use did

not affect the overall survival of ALS patients (Schumacher et al.,

2020); thus, statin therapy for the management of dyslipidemia

should not be discontinued in ALS patients. A retrospective

study included 459 ALS patients, 72 of them were on treatment

with statins at the onset of the disease, and there was no

significant association between statins and increased ALS risk

(Drory et al., 2008). A pooled analysis of observational studies for

the association between statin use and ALS risk was inconclusive

(Macías Saint-Gerons and Castro, 2019). A systematic meta-

analysis found no association between statin use and ALS risk

(Chang et al., 2021). A recent meta-analysis and systematic

review of 13,890 ALS patients from eight clinical studies revealed

no significant association between prolonged use of statins and

ALS risk (Nabizadeh et al., 2022). Other systematic reviews and

meta-analyses illustrated that prolonged use of statins was not

linked with ALS risk (Hu and Ji, 2022). Therefore, most recent

studies and meta-analysis reviews indicated that statin use was not

associated with disease progression or amelioration of survival in

ALS patients.

6 Discussion

Statins as a risk factor for the development of ALS should

be explained with caution, as the increasing use of statins has

dramatically increased from 5% in 1991 to 40% in 1998 (Toft

Sørensen and Lash, 2009). Many adverse effects related to statin

medications are reported from uncontrolled clinical trials and non-

randomized studies (Cameron et al., 2015). The evidence for statin-

induced neurotoxic effects is highly limited (Samant and Gupta,

2021). ALS patients are commonly associated with dyslipidemia,

liver steatosis, and other metabolic disorders (Colman et al., 2008;

D’Amico et al., 2021). However, it is difficult to verify the causal

relationship between ALS and metabolic disorders as most of the

reported studies were observational. In 2007, the WHO declared

that prolonged use of statins may induce the development of

ALS-like syndrome and may increase ALS risk (Edwards et al.,

2007), and this was the first report to suggest the potential link

between statin use and ALS risk. The WHO database regarding

this association is called Vigibase, which contains 4,000,000 subjects

who reported the adverse effects of different medications, including

statins (Macías Saint-Gerons and Castro, 2019).

Initially, a cohort study involving 172 ALS patients revealed

that 25% of ALS neuropathologies is related to long-term use

of statins (Edwards et al., 2007). Colman et al. (2008) in 2008

described an identical association between statin use and ALS
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TABLE 3 The hazardous e�ects of statins on ALS.

Type of the study Findings References

Clinical Long-term use of statins is

associated with the

acceleration of the severity of

ALS

Mariosa et al.,

2020

Clinical Prolonged use of statins may

be associated with the

development of ALS-like

syndrome

Edwards et al.,

2007

A retrospective study Statin use increases ALS risk

compared to placebo

Colman et al.,

2008

A cohort study Statin use in women may

increase ALS risk mainly in

the first year from onset of

ALS

Skajaa et al.,

2021

Preclinical Fluvastatin reduces effects on

spinal motor neurons in a

dose-dependent effect

Murinson

et al., 2012

Preclinical Lipophilic statins have greater

effects on the initiation of ALS

neuropathology compared to

hydrophilic statins

Golomb et al.,

2018

A retrospective study High HDL level and low LDL

level due to prolonged use of

statins are correlated with

hypermetabolism in ALS

patients

Nakamura

et al., 2022

Preclinical Induction of ALS

neuropathology by statins

may be related to the

dysregulation of LXR

signaling in the motor

neurons

Beltowski,

2010

risk, depending on the Vigibase database. Despite of this evidence,

there is no valid and robust clinical evidence explaining the causal

relationship between statin therapy and ALS risk. In fact, the

surveillance databases give clues and provide an idea regarding

the connection between statin therapy and ALS that should be

confirmed by preclinical and clinical studies regarding the re-

analysis of databases. In addition, the analysis of databases should

be in relation to the incidence and prevalence of ALS in certain

regions worldwide regarding the prevalence of statin use. For

example, a pooled analysis of clinical trials showed an association

between statin use and risk for development of ALS. However, these

findings did not provide robust and strong clinical evidence for this

association due to improper description of study criteria (Rothman

et al., 2008). Moreover, misdiagnosis and misclassification of ALS

cases included in clinical trials and observational studies affect the

outcomes and validity of different studies (Sørensen et al., 2006).

The biased null-hypothesis in some studies could be an important

cause for the negative association between statin use and ALS risk

(Sørensen et al., 2006). Therefore, systematic reviews and meta-

analyses illustrated no association between long-term use of statins

and ALS risk (Chang et al., 2021; Hu and Ji, 2022; Nabizadeh

et al., 2022). Currently, small incidence of ALS despite the high

prevalence of statins use supports a null-hypothesis between long-

term use of statins and ALS risk (Colman et al., 2008).

Interestingly, measures of ALS progression should be evaluated

in patients with prolonged use of statins. Of note, magnetic

resonance tomography (MRI) of the CNS and CSF biomarkers can

predict the severity of ALS progression (Spinelli et al., 2020; Dreger

et al., 2022). Functional staging of ALS is commonly measured by

King’s clinical staging and Milano–Torino (MiToS). The MiToS

system uses six stages, from 0 to 5, and is based on functional ability,

as assessed by the ALS Functional Rating Scale-Revised (ALSFRS-

R), with stage 0 being normal function and stage 5 being death.

The King’s system uses five stages, from 1 to 5, and is based on

disease burden, as measured by clinical involvement and significant

feeding or respiratory failure, with stage 1 being symptom onset and

stage 5 being death (Fang et al., 2017). King’s clinical staging has

higher resolution in the early stage of ALS; however, MiToS staging

has a great resolution for the late stage of ALS (Fang et al., 2017).

Therefore, both staging systems are recommended to evaluate the

clinical staging of ALS patients.

In addition, the ALS-functional scale can measure clinical

motor deficits in ALS patients (Spinelli et al., 2020; Dreger et al.,

2022). Despite these measures, there is little agreement as to what

measures to use in a given clinical setting in ALS patients since

ALS is regarded as a protean disease that may progress rapidly or

slowly. In addition, the prognosis of ALS is poor, which should

be discussed with patients regarding survival and response to the

current treatments (van Eenennaam et al., 2020). The personalized

ENCALS survival prediction model dependably estimates the

personalized prognosis of ALS patients without destroying hope

and anxiety. The communication guide supports physicians in

discussing the personalized prognosis for ALS patients and their

families (van Eenennaam et al., 2020).

Taken together, these limitations in the explanation of data

result in controversial outcomes with opposing mechanisms

regarding the association between statin use and ALS

neuropathology. The present review had many limitations, such

as the limitation of prospective studies, and most of the published

studies were subjected to many limiting factors, such as bias and

heterogeneity. Therefore, reaching a final conclusion regarding the

exact role of statins in ALS remains difficult. Therefore, large-scale

prospective studies with proper ALS diagnostic criteria to elucidate

the connotation between statins use and ALS are recommended in

this regard.

7 Conclusions

ALS is a neurodegenerative disease characterized by muscle

weakness, muscle twitching, and muscle wasting due to progressive

neurodegeneration of motor neurons located in the brain, motor

cortex, and spinal cord. It has been shown that prolonged use of

statins may induce the development of ALS-like syndrome and

may increase ALS risk. Conversely, results from preclinical and

clinical studies highlighted the protective role of statins against ALS

neuropathology. Recently, meta-analyses and systematic Reviews

showed no association between long-term use of statins and

ALS risk. Therefore, there is a strong controversy regarding

this association. Statins as a risk factor for the development of

ALS should be explained with caution, as the use of statins

has significantly increased. At this time, the small incidence of
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ALS despite the high prevalence of statins use supports a null-

hypothesis between long-term statin use and ALS risk. Collectively,

these precincts in the explanation of data result in controversial

outcomes with contrasting mechanisms regarding the association

between statin use and ALS neuropathology. Consequently, large-

scale prospective studies involving patients with appropriate ALS

diagnostic criteria to explicate the association between statin use

and ALS are recommended in this regard.
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Clemensson, L. E., Gentreau, M., et al. (2022). Statins and cognition: modifying
factors and possible underlying mechanisms. Front. Aging Neurosci. 14:968039.
doi: 10.3389/fnagi.2022.968039

Jeong, S., Jang, W., and Shin, D. W. (2019). Association of statin use
with Parkinson’s disease: dose–response relationship. Mov. Disord. 34, 1014–1021.
doi: 10.1002/mds.27681

Kabir, M. T., Uddin, M. S., Abdeen, A., Ashraf, G. M., Perveen, A., Hafeez,
A., et al. (2020). Evidence linking protein misfolding to quality control in
progressive neurodegenerative diseases. Curr. Top. Med. Chem. 20, 2025–2043.
doi: 10.2174/1568026620666200618114924

Kadhim, S. S., Al-Windy, S. A., Al-Nami, M. S., Al-kuraishy, H. M., and Al-
Gareeb, A. I. (2019). Possible role of statins on the inflammatory biomarkers in
patients with periodontal disease: a cross-sectional study. Dent. Hypotheses 10, 70–75.
doi: 10.4103/denthyp.denthyp_60_19

Kreple, C. J., Searles Nielsen, S., Schoch, K. M., Shen, T., Shabsovich, M., Song, Y.,
et al. (2023). Protective effects of lovastatin in a population-based ALS study andmouse
model. Ann. Neurol. 93, 881–892. doi: 10.1002/ana.26600

Lin, F.-C., Chuang, Y.-S., Hsieh, H.-M., Lee, T.-C., Chiu, K.-F., Liu, C.-K., et al.
(2015). Early statin use and the progression of Alzheimer disease: a total population-
based case-control study.Medicine 94:e2143. doi: 10.1097/MD.0000000000002143

Liu, G., Sterling, N. W., Kong, L., Lewis, M. M., Mailman, R. B., Chen, H., et al.
(2017). Statins may facilitate Parkinson’s disease: insight gained from a large, national
claims database.Mov. Disord. 32, 913–917. doi: 10.1002/mds.27006

Liu, X. (2019). Transporter-mediated drug-drug interactions and their significance.
Drug Transp. Drug Dispos. Eff. Toxic. 1141, 241–291.

Macías Saint-Gerons, D., and Castro, J. L. (2019). Amyotrophic lateral sclerosis
associated with statins. A disproportionality analysis of the WHO Program for
International Drug Monitoring database (VigiBase). Eur. J. Clin. Pharmacol. 75,
587–589. doi: 10.1007/s00228-018-2587-1

Mariosa, D., Hammar, N.,Malmström,H., Ingre, C., Jungner, I., Ye,W., et al. (2017).
Blood biomarkers of carbohydrate, lipid, and apolipoprotein metabolisms and risk of
amyotrophic lateral sclerosis: a more than 20-year follow-up of the Swedish AMORIS
cohort. Ann. Neurol. 81, 718–728. doi: 10.1002/ana.24936

Mariosa, D., Kamel, F., Bellocco, R., Ronnevi, L., Almqvist, C., Larsson, H., et al.
(2020). Antidiabetics, statins and the risk of amyotrophic lateral sclerosis. Eur. J.
Neurol. 27, 1010–1016. doi: 10.1111/ene.14190

Masrori, P., and Van Damme, P. (2020). Amyotrophic lateral sclerosis: a clinical
review. Eur. J. Neurol. 27, 1918–1929. doi: 10.1111/ene.14393

McGuinness, B., Craig, D., Bullock, R., and Passmore, P. (2009). Statins
for the prevention of dementia. Cochrane Database Syst. Rev. 15:CD003160.
doi: 10.1002/14651858.CD003160.pub2

Mehta, P., Raymond, J., Punjani, R., Larson, T., Han, M., Bove, F., et al.
(2022). Incidence of amyotrophic lateral sclerosis in the United States, 2014–2016.
Amyotroph. Lateral Scler. Front. Degener. 23, 378–382. doi: 10.1080/21678421.2021.20
23190

Mori, F., Miki, Y., Kon, T., Tanji, K., and Wakabayashi, K. (2019). Autophagy
is a common degradation pathway for Bunina bodies and TDP-43 inclusions
in amyotrophic lateral sclerosis. J. Neuropathol. Exp. Neurol. 78, 910–921.
doi: 10.1093/jnen/nlz072

Motataianu, A., Serban, G., Barcutean, L., and Balasa, R. (2022). Oxidative stress in
amyotrophic lateral sclerosis: synergy of genetic and environmental factors. Int. J. Mol.
Sci. 23:9339. doi: 10.3390/ijms23169339

Moutinho, M., Nunes, M. J., and Rodrigues, E. (2017). The mevalonate
pathway in neurons: it’s not just about cholesterol. Exp. Cell Res. 360, 55–60.
doi: 10.1016/j.yexcr.2017.02.034

Murinson, B. B., Haughey, N. J., and Maragakis, N. J. (2012). Selected statins
produce rapid spinal motor neuron loss in vitro. BMC Musculoskelet. Disord. 13, 1–6.
doi: 10.1186/1471-2474-13-100

Nabizadeh, F., Balabandian, M., Sharafi, A. M., Ghaderi, A., Rostami, M.
R., and Naser Moghadasi, A. (2022). Statins and risk of amyotrophic lateral
sclerosis: a systematic review and meta-analysis. Acta Neurol. Belg. 122, 979–986.
doi: 10.1007/s13760-021-01753-8

Nakamura, R., Kurihara, M., Ogawa, N., Kitamura, A., Yamakawa, I., Bamba, S.,
et al. (2022). Investigation of the prognostic predictive value of serum lipid profiles
in amyotrophic lateral sclerosis: roles of sex and hypermetabolism. Sci. Rep. 12:1826.
doi: 10.1038/s41598-022-05714-w

Nefussy, B., Hirsch, J., Cudkowicz, M. E., and Drory, V. E. (2011). Gender-based
effect of statins on functional decline in amyotrophic lateral sclerosis. J. Neurol. Sci.
300, 23–27. doi: 10.1016/j.jns.2010.10.011

Prince, M., Albanese, E., Guerchet, M., and Prina, M. (2014). World Alzheimer
Report 2014. Dementia and Risk Reduction: An analysis of protective and modifiable
risk factors. Alzheimer’s Disease International. Available online at: https://unilim.hal.
science/hal-03495430/doc

Re, D. B., Le Verche, V., Yu, C., Amoroso,M.W., Politi, K. A., Phani, S., et al. (2014).
Necroptosis drives motor neuron death in models of both sporadic and familial ALS.
Neuron 81, 1001–1008. doi: 10.1016/j.neuron.2014.01.011

Renton, A. E., Chiò, A., and Traynor, B. J. (2014). State of play in amyotrophic lateral
sclerosis genetics. Nat. Neurosci. 17, 17–23. doi: 10.1038/nn.3584

Rothman, K. J., Greenland, S., and Lash, T. L. (2008).Modern epidemiology. Wolters
Kluwer Health/Lippincott Williams and Wilkins Philadelphia.

Roy, A., and Pahan, K. (2011). Prospects of statins in Parkinson disease.
Neuroscientist 17, 244–255. doi: 10.1177/1073858410385006

Samant, N. P., and Gupta, G. L. (2021). Novel therapeutic strategies for Alzheimer’s
disease targeting brain cholesterol homeostasis. Eur. J. Neurosci. 53, 673–686.
doi: 10.1111/ejn.14949

Schultz, B. G., Patten, D. K., and Berlau, D. J. (2018). The role of statins in both
cognitive impairment and protection against dementia: a tale of two mechanisms.
Transl. Neurodegener. 7, 1–11. doi: 10.1186/s40035-018-0110-3

Schumacher, J., Peter, R. S., Nagel, G., Rothenbacher, D., Rosenbohm, A., Ludolph,
A. C., et al. (2020). Statins, diabetes mellitus and prognosis of amyotrophic lateral
sclerosis: data from 501 patients of a population-based registry in southwest Germany.
Eur. J. Neurol. 27, 1405–1414. doi: 10.1111/ene.14300

Simon, T. G., Duberg, A.-S., Aleman, S., Hagstrom, H., Nguyen, L. H., Khalili, H.,
et al. (2019). Lipophilic statins and risk for hepatocellular carcinoma and death in
patients with chronic viral hepatitis: results from a nationwide Swedish population.
Ann. Intern. Med. 171, 318–327. doi: 10.7326/M18-2753

Skajaa, N., Bakos, I., Horváth-Puhó, E., Henderson, V. W., Lash, T. L.,
and Sørensen, H. T. (2021). Statin initiation and risk of amyotrophic lateral
sclerosis: a Danish population-based cohort study. Epidemiology 32, 756–762.
doi: 10.1097/EDE.0000000000001384

Sørensen, H. T., Lash, T. L., and Rothman, K. J. (2006). Beyond randomized
controlled trials: a critical comparison of trials with nonrandomized studies.
Hepatology 44, 1075–1082. doi: 10.1002/hep.21404

Spinelli, E. G., Riva, N., Rancoita, P. M. V., Schito, P., Doretti, A., Poletti, B., et al.
(2020). Structural MRI outcomes and predictors of disease progression in amyotrophic
lateral sclerosis. NeuroImage Clin. 27:102315. doi: 10.1016/j.nicl.2020.102315

Strandberg, T. E., Vanhanen, H., and Tikkanen, M. J. (1999). Effect of statins
on C-reactive protein in patients with coronary artery disease. Lancet 353, 118–119.
doi: 10.1016/S0140-6736(05)76154-7

Strong, M. J. (2010). The evidence for altered RNA metabolism in amyotrophic
lateral sclerosis (ALS). J. Neurol. Sci. 288, 1–12. doi: 10.1016/j.jns.2009.09.029

Tang, S., Tabet, F., Cochran, B. J., Cuesta Torres, L. F., Wu, B. J., Barter, P. J.,
et al. (2019). Apolipoprotein AI enhances insulin-dependent and insulin-independent
glucose uptake by skeletal muscle. Sci. Rep. 9:1350. doi: 10.1038/s41598-018-38014-3

Tedeschi, V., Petrozziello, T., and Secondo, A. (2021). Ca2+ dysregulation in the
pathogenesis of amyotrophic lateral sclerosis. Int. Rev. Cell Mol. Biol. 363, 21–47.
doi: 10.1016/bs.ircmb.2021.02.014

Thompson, A. G., Talbot, K., and Turner, M. R. (2022). Higher blood high
density lipoprotein and apolipoprotein A1 levels are associated with reduced risk of
developing amyotrophic lateral sclerosis. J. Neurol. Neurosurg. Psychiatry 93, 75–81.
doi: 10.1136/jnnp-2021-327133

Toft Sørensen, H., and Lash, T. L. (2009). Statins and amyotrophic lateral
sclerosis–the level of evidence for an association. J. Intern. Med. 266, 520–526.
doi: 10.1111/j.1365-2796.2009.02173.x

van Eenennaam, R. M., Kruithof, W. J., van Es, M. A., Kruitwagen-van Reenen,
E. T., Westeneng, H.-J., Visser-Meily, J. M. A., et al. (2020). Discussing personalized
prognosis in amyotrophic lateral sclerosis: development of a communication guide.
BMC Neurol. 20, 1–11. doi: 10.1186/s12883-020-02004-8

Verber, N. S., Shepheard, S. R., Sassani, M., McDonough, H. E., Moore, S. A., Alix, J.
J. P., et al. (2019). Biomarkers in motor neuron disease: a state of the art review. Front.
Neurol. 10:291. doi: 10.3389/fneur.2019.00291

Vinceti, M., Filippini, T., Malagoli, C., Violi, F., Mandrioli, J., Consonni, D.,
et al. (2019). Amyotrophic lateral sclerosis incidence following exposure to inorganic
selenium in drinking water: a long-term follow-up. Environ. Res. 179:108742.
doi: 10.1016/j.envres.2019.108742

Vogt, M. A., Ehsaei, Z., Knuckles, P., Higginbottom, A., Helmbrecht, M. S., Kunath,
T., et al. (2018). TDP-43 induces p53-mediated cell death of cortical progenitors and
immature neurons. Sci. Rep. 8:8097. doi: 10.1038/s41598-018-26397-2

Wagstaff, L. R., Mitton, M. W., Arvik, B. M., and Doraiswamy, P. M.
(2003). Statin-associated memory loss: analysis of 60 case reports and review
of the literature. Pharmacother. J. Hum. Pharmacol. Drug Ther. 23, 871–880.
doi: 10.1592/phco.23.7.871.32720

Frontiers inNeuroscience 14 frontiersin.org

https://doi.org/10.3389/fnins.2024.1422912
https://doi.org/10.1080/17425255.2020.1801634
https://doi.org/10.1007/s10072-022-06131-7
https://doi.org/10.3109/17482960902870993
https://doi.org/10.3389/fnagi.2022.968039
https://doi.org/10.1002/mds.27681
https://doi.org/10.2174/1568026620666200618114924
https://doi.org/10.4103/denthyp.denthyp_60_19
https://doi.org/10.1002/ana.26600
https://doi.org/10.1097/MD.0000000000002143
https://doi.org/10.1002/mds.27006
https://doi.org/10.1007/s00228-018-2587-1
https://doi.org/10.1002/ana.24936
https://doi.org/10.1111/ene.14190
https://doi.org/10.1111/ene.14393
https://doi.org/10.1002/14651858.CD003160.pub2
https://doi.org/10.1080/21678421.2021.2023190
https://doi.org/10.1093/jnen/nlz072
https://doi.org/10.3390/ijms23169339
https://doi.org/10.1016/j.yexcr.2017.02.034
https://doi.org/10.1186/1471-2474-13-100
https://doi.org/10.1007/s13760-021-01753-8
https://doi.org/10.1038/s41598-022-05714-w
https://doi.org/10.1016/j.jns.2010.10.011
https://unilim.hal.science/hal-03495430/doc
https://unilim.hal.science/hal-03495430/doc
https://doi.org/10.1016/j.neuron.2014.01.011
https://doi.org/10.1038/nn.3584
https://doi.org/10.1177/1073858410385006
https://doi.org/10.1111/ejn.14949
https://doi.org/10.1186/s40035-018-0110-3
https://doi.org/10.1111/ene.14300
https://doi.org/10.7326/M18-2753
https://doi.org/10.1097/EDE.0000000000001384
https://doi.org/10.1002/hep.21404
https://doi.org/10.1016/j.nicl.2020.102315
https://doi.org/10.1016/S0140-6736(05)76154-7
https://doi.org/10.1016/j.jns.2009.09.029
https://doi.org/10.1038/s41598-018-38014-3
https://doi.org/10.1016/bs.ircmb.2021.02.014
https://doi.org/10.1136/jnnp-2021-327133
https://doi.org/10.1111/j.1365-2796.2009.02173.x
https://doi.org/10.1186/s12883-020-02004-8
https://doi.org/10.3389/fneur.2019.00291
https://doi.org/10.1016/j.envres.2019.108742
https://doi.org/10.1038/s41598-018-26397-2
https://doi.org/10.1592/phco.23.7.871.32720
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Al-kuraishy et al. 10.3389/fnins.2024.1422912

Wahner, A. D., Bronstein, J. M., Bordelon, Y. M., and Ritz, B. (2008).
Statin use and the risk of Parkinson disease. Neurology 70, 1418–1422.
doi: 10.1212/01.wnl.0000286942.14552.51

Wang, S., and Peng, D. (2012). Regulation of adipocyte autophagy—The potential
anti-obesity mechanism of high density lipoprotein and ApolipoproteinA-I. Lipids
Health Dis. 11, 1–8. doi: 10.1186/1476-511X-11-131

Wang, W., Wang, L., Lu, J., Siedlak, S. L., Fujioka, H., Liang, J., et al. (2016). The
inhibition of TDP-43 mitochondrial localization blocks its neuronal toxicity.Nat. Med.
22, 869–878. doi: 10.1038/nm.4130

Wang, W., Zhang, L., Xia, K., Huang, T., and Fan, D. (2023). Mendelian
randomization analysis reveals statins potentially increase amyotrophic lateral sclerosis
risk independent of peripheral cholesterol-lowering effects. Biomedicines 11:1359.
doi: 10.3390/biomedicines11051359

Weisskopf, M. G., Levy, J., Dickerson, A. S., Paganoni, S., and Leventer-Roberts, M.
(2022). Statin medications and amyotrophic lateral sclerosis incidence and mortality.
Am. J. Epidemiol. 191, 1248–1257. doi: 10.1093/aje/kwac054

Wolozin, B., Wang, S. W., Li, N.-C., Lee, A., Lee, T. A., and Kazis, L. E. (2007).
Simvastatin is associated with a reduced incidence of dementia and Parkinson’s disease.
BMCMed. 5, 1–11. doi: 10.1186/1741-7015-5-20

Wood, W. G., Igbavboa, U., Muller, W. E., and Eckert, G. P. (2013). Statins,
Bcl-2, and apoptosis: cell death or cell protection? Mol. Neurobiol. 48, 308–314.
doi: 10.1007/s12035-013-8496-5

Wright, G. S. A., Antonyuk, S. V., and Hasnain, S. S. (2019). The biophysics of
superoxide dismutase-1 and amyotrophic lateral sclerosis. Q. Rev. Biophys. 52:e12.
doi: 10.1017/S003358351900012X

Yanae, M., Tsubaki, M., Satou, T., Itoh, T., Imano, M., Yamazoe, Y.,
et al. (2011). Statin-induced apoptosis via the suppression of ERK1/2 and
Akt activation by inhibition of the geranylgeranyl-pyrophosphate biosynthesis
in glioblastoma. J. Exp. Clin. Cancer Res. 30, 1–8. doi: 10.1186/1756-996
6-30-74

Yoshii, Y., Hadano, S., Otomo, A., Kawabe, K., Ikeda, K., and Iwasaki,
Y. (2010). Lower serum lipid levels are related to respiratory impairment
in patients with ALS. Neurology 74, 2027–2028. doi: 10.1212/WNL.0b013e318
1e03bbe

Zeng, P., and Zhou, X. (2019). Causal effects of blood lipids on amyotrophic
lateral sclerosis: a Mendelian randomization study. Hum. Mol. Genet. 28, 688–697.
doi: 10.1093/hmg/ddy384

Zheng, X., Liao, Y., Wang, J., Hu, S., Rudramurthy, G. R., Swamy, M. K.,
et al. (2018). The antineuroinflammatory effect of simvastatin on lipopolysaccharide
activated microglial cells. Evid.-Based Complement. Altern. Med. 2018:9691085.
doi: 10.1155/2018/9691085

Zinman, L., Sadeghi, R., Gawel, M., Patton, D., and Kiss, A. (2008). Are statin
medications safe in patients with ALS? Amyotroph. Lateral Scler. 9, 223–228.
doi: 10.1080/17482960802031092

Frontiers inNeuroscience 15 frontiersin.org

https://doi.org/10.3389/fnins.2024.1422912
https://doi.org/10.1212/01.wnl.0000286942.14552.51
https://doi.org/10.1186/1476-511X-11-131
https://doi.org/10.1038/nm.4130
https://doi.org/10.3390/biomedicines11051359
https://doi.org/10.1093/aje/kwac054
https://doi.org/10.1186/1741-7015-5-20
https://doi.org/10.1007/s12035-013-8496-5
https://doi.org/10.1017/S003358351900012X
https://doi.org/10.1186/1756-9966-30-74
https://doi.org/10.1212/WNL.0b013e3181e03bbe
https://doi.org/10.1093/hmg/ddy384
https://doi.org/10.1155/2018/9691085
https://doi.org/10.1080/17482960802031092
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

	The role of statins in amyotrophic lateral sclerosis: protective or not?
	1 Introduction 
	2 Method and search strategy 
	3 Pharmacology of statins
	4 Statins role in neurodegenerative diseases
	5 Role of statins in ALS
	5.1 Protective effects 
	5.2 Hazardous effects 
	5.3 Neutral effects

	6 Discussion
	7 Conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


