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ARTICLE INFO ABSTRACT

Keywords: Neurodegenerative disorders which affects a larger population pose a great clinical challenge. These disorders
Neurodegenerative disorders impact the quality of life of an individual by damaging the neurons, which are the unit cells of the brain. Cli-
Statins

nicians are faced with the grave challenge of inhibiting the progression of these diseases as available treatment
Parkinson disease options fail to meet the clinical demand. Thus, treating the disease/disorder symptomatically is the Hobson's
Huntington disease choice. The goal of the researchers is to introduce newer therapies in this segment and introducing a new
Multiple sclerosis molecule will take long years of development. Hence, drug repurposing/repositioning can be a better substitute in
comparison to time consuming and expensive drug discovery and development cycle. Presently, a paradigm shift
towards the re-purposing of drugs can be witnessed. Statins which have been previously approved as anti-
hyperlipidemic agents are in the limelight of research for re-purposed drugs. Owing to their anti-inflammatory
and antioxidant nature, statins act as neuroprotective in several brain disorders. Further they attenuate the am-
yloid plaques and protein aggregation which are the triggering factors in the Alzheimer's and Parkinson's
respectively. In case of Huntington disease and Multiple sclerosis they help in improving the psychomotor
symptoms and stimulate remyelination thus acting as neuroprotective. This article reviews the potential of statins
in treating neurodegenerative disorders along with a brief discussion on the safety concerns associated with use of
statins and human clinical trial data linked with re-tasking statins for neurodegenerative disorders along with the
regulatory perspectives involved with the drug repositioning.

Alzheimer disease

(Shoulson, 1998). There has been a high failure rate reported with the
human clinical trials as it involves longer treatment duration over a
widely spread and genetically variable population. The preclinical trials
are often faced with obstacles of having a validated animal model
exhibiting required transgenic qualities (Stanzione and Tropepi, 2011).
But on the brighter side, a large number of molecules in drug discovery
pipeline are currently being investigated for their efficacy and thera-
peutic activity in the neurodegenerative area.

Most of the available approaches are not disease modifying rather
they are aimed at reducing the symptoms. This non-availability of disease
modifying agents is the major clinical setback for treating neurodegen-
erative disorders. Unfortunately, De-novo development of a drug would
require huge investments and longer time with lower chances of
approval. These problems compelled researchers and industrialists to
shift their interest towards re-purposed drugs. Since re-purposed drugs

1. Introduction

Neurodegenerative disorders are marked off by the gradual damage
or decay of neuronal cells impacting central and peripheral nervous
systems (Prusiner, 2001). Nearly 1/6th of the world's population (around
1 billion people) suffers from neurodegenerative disorders. Over the past
decade, there has been a surge in number of cases reported worldwide
and they are statistically expected to increase in the near future.
Neurodegenerative diseases on the other hand, impel an economic
burden owing to their long-term treatment duration. Conventional
treatments to date, are unsuccessful in preventing the progression of
disease and have exerted meager symptomatic relief. There exists a grey
zone due to ambiguous etiology and imprecise understanding of the
biological markers of these disorders, making it difficult to design a drug

* Corresponding author. Department of Pharmaceutics, National Institute of Pharmaceutical Education and Research (NIPER), Hyderabad, Telangana, 500037,
India.
E-mail address: saurabh@niperhyd.ac.in (S. Srivastava).
1 Aditi Bhat and Harshita Dalvi have contributed equally to this review article.

https://doi.org/10.1016/j.crphar.2020.100012
Received 1 October 2020; Received in revised form 15 December 2020; Accepted 18 December 2020
2590-2571/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nend/4.0/).


mailto:saurabh@niperhyd.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crphar.2020.100012&domain=pdf
www.sciencedirect.com/science/journal/25902571
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
https://doi.org/10.1016/j.crphar.2020.100012
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.crphar.2020.100012

A. Bhat et al.

Current Research in Pharmacology and Drug Discovery 2 (2021) 100012

Abbreviations:
CNS Central Nervous System
AD Alzheimer's Disease

(Ap) Amyloid beta

APOE4  Apo-lipoprotein E—4

HMGCOA 3-hydroxy-3-methyl-glutaryl-Coenzyme A
LDL Low Density Lipoprotein

VLDL Very Low Density Lipoprotein

ROS Reactive Oxygen Species

iNOS Inducible Nitric Oxide synthase

BDNF Brain Derived Neurotropic Factor

BBB Blood Brain Barrier

STZ Streptozotocin

PD Parkinson's Disease

ETC Electron Transport Chain

NF-kb  Nuclear factor kappa-light-chain-enhancer of activated B
cells

TNF-alpha Tumor Necrosis Factor

IL Interleukins

6-OHDA 6-hydroxydopamine

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NO Nitric Oxide

CO-Q10 Coenzyme-Q10

HD Huntington Disease
HTT Huntingtin gene
COX Cyclo-oxygenase

QA Quinolinic acid

MS Multiple Sclerosis

MRI Magnetic Resonance Imaging
CK Creatine kinase

CYP3A4 Cytochrome P 3A4

ANDA  Abbreviated New Drug Application
NDA New Drug Application

GPCRs  G-Protein coupled receptors

ABC ATP binding cassette

LRP1 LDL receptor related protein
24-OHC 24-hydroxy cholesterol

CSF Cerebro Spinal Fluid

ETC Electron Transport Chain

AMD Age of Motor Diagnosis

DCL Diagnostic Confidence Level

UHDRS United Huntington's Disease Rating Scale
NMDA  N-methyl-D-aspartate

FPP Farnesyl pyrophosphate

GGPP Geranyl Geranyl Pyrophosphate

FDA Food and Drug Administration

are already approved drugs for some other condition there are no major
obstacles faced during their usage to target another indication. More
recently, there is enormous interest in repositioning of drugs. In this re-
gard, researchers have explored various drugs which can be re-purposed
for treating neurodegenerative disorders (Hilbush et al., 2005). Drug
repositioning comes with low risk to benefit ratio and offers advantages
of low cost and a highly efficacious treatment option (Paranjpe et al.,
2019). Statins are the wonder molecules that were discovered in 1976,
and found its clinical application in 1986 when lovastatin became the
first-marketed statin for treating hypercholesteremia (Endo, 2010;
Tobert, 2003). Over the years of studies and discoveries in the field of
science, statins were repurposed for multiple disease segments. Statins
have shown to reap the potential benefits from repurposing in the
segment of neurodegenerative diseases (Duraes et al., 2018). Owing to
their anti-oxidant, anti-inflammatory activities they exert pleiotropic
effects in Alzheimer's Disease (AD) by reducing amyloid plaques and
improving cognitive responses; decrease in the protein aggregation in
Parkinson's Disease (PD) and by acting as a powerful antioxidant atten-
uating oxidative stress which is a causative factor for the neuronal
damage. In case of Huntington Disease (HD), statins were shown to exert
neuroprotective action and inhibited neuro-inflammation and supported
re-myelination in Multiple Sclerosis (MS) (Cummings and Zhong, 2014).
The article reviews the potential mechanism of actions of statins in
neurodegenerative disorders along with the supporting clinical trial data.
It also focusses on the safety concerns linked with usage of statins and
regulatory perspective involved with re-profiling of statins in neurode-
generative disorders.

2. Statins as lipid lowering agents

There is an established and clear relationship between the concen-
tration of cholesterol in the body and the occurrence of heart diseases.
The translation of 3-hydroxy-3-methyl-glutaryl-Coenzyme A (HMG CoA)
to mevalonate is the vital step in the cholesterol biosynthetic pathway
which is governed by the enzyme known as HMG CoA reductase. Drugs
that particularly inhibit the HMG CoA reductase would inhibit the syn-
thesis of cholesterol.

Statins cause competitive and reversible inhibition of the HMG CoA

reductase enzyme leading to a decrease in the serum cholesterol levels
which stimulate the increase in the expression of the gene controlling the
Low Density Lipoprotein (LDL) receptors. The increased LDL receptors on
the hepatocytes take up the free LDL and its precursors (like IDLP, VLDLP,
etc.). Statins also inhibit the production of Apolipoprotein B-100 and
effectively reduce the synthesis of lipoproteins that are rich in tri-
glycerides. Thus, in a nut-shell, they increase the serum High Density
Lipoprotein (HDL) concentration, and lower the LDL, and triglyceride
concentrations which is briefly explained in (Fig. 1) (Stancu and Sima,
2001; Maron et al., 2000). Hence, they are prescribed on a large scale to
treat hypercholesterolemia, dyslipidemia, hyperlipidemia, etc. They are
either synthetically produced (like atorvastatin, pitavastatin, fluvastatin
and rosuvastatin) or obtained as products from fungi (like lovastatin,
simvastatin, pravastatin) (Stancu and Sima, 2001). Statins have a very
similar structure to the endogenous substrate, HMG CoA. The affinity of
the enzyme towards statins is much higher as compared to the natural
substrate, which proves as the profit point for statins (Sirtori, 2014). They
competitively bind to the enzyme and modify its active site and render

Decrease in free LDL

&
Increase in LDL receptors f,,.l'fq,,y
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Inhibit production of
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Decreased concentration
of triglyceride rich
lipoproteins

Fig. 1. Lipid lowering action of statins.
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the enzyme inefficient (Stancu and Sima, 2001). In this way, statins
reduce the cholesterol accumulation and have become the most pre-
scribed medications for lowering the cardio-vascular risks. Apart from
the above-mentioned properties, statins possess pleiotropic effects (i.e.
anti-cancer, neuroprotective, atherosclerotic plaque stability, fibrosis,
oxidative stress and inflammation). These multiple activities of statins
had gained much attention and are in the limelight of research even now.

3. Cholesterol metabolism: a link to neurodegenerative disorders

Cholesterol is the chief component which is found abundantly in the
brain compartment (Zhang and Liu, 2015). Brain is made of 25% of total
body cholesterol of which major proportion is found in myelin sheaths
covering the neurons. Cholesterol is responsible for carrying out crucial
functions ranging from transport of essential molecules to neuronal
growth and plasticity. Cholesterol homeostasis is the base of neuronal
integrity because it establishes a perfect balance between cholesterol
synthesis and its metabolism. Depletion in cholesterol reserves affects
neuronal activities such as signal transmission and its survival as it
deleteriously impacts several ion channels, G-Protein coupled receptors
(GPCRs) which ultimately results in neurodegeneration (Gonzalez-
Guevara et al., 2020).

Cholesterol synthesis in the brain proceeds via the 25-step process
called as de-novo synthesis, with acetyl-CoA as a starting component and
involves various important intermediates. Astrocytes which are sup-
porting cells surrounding neurons are the main depots where cholesterol
is synthesized along with apolipoprotein E (APOE lipoproteins). This
lipid cargo is exported with the help of ATP binding cassette (ABC)
transporters to bind the LDL and LDL receptor related protein (LRP1)
receptors present on the neuronal membrane. This internalized choles-
terol lipoprotein is then used for neuronal growth and maintenance
(Kang and Rivest, 2012).

Cholesterol metabolism in the brain is substantially different from
that of plasma where the excess of cholesterol is metabolised by the 24-
hydroxylase enzyme of CYP46A1 family to produce 24-hydroxy choles-
terol (24-OHC), which is highly polar in nature (Benarroch, 2008).
24-OHC is the major metabolite of cholesterol degradation or breakdown
which regulates the cholesterol homeostasis in the brain and crosses
Blood Brain Barrier (BBB) and regulates the expression of APOE and
ABCAL1 genes via negative feedback mechanism. Raised levels of 24-OHC
are attributed to various neurodegenerative disorders owing to its
pro-oxidant activity which may be cytotoxic and bring about neuronal
damage when present in excessive amounts (Doria et al., 2016). Levels of
24-OHC have been positively correlated with neuronal damage and
neuroinflammation (Huang et al., 2019). In case of Alzheimer disease,
mild cognitive impairment was linked with increased levels of 24-OHC in
Cerebro Spinal Fluid (CSF) (Leoni et al., 2006). Similarly, in case of
Parkinson disease, various studies have suggested that 24-OHC is the
possible culprit for alpha-synuclein aggregation, which is the primordial
cause of disease progression (Doria et al., 2016). In Multiple sclerosis,
elevated levels of 24-OHC were found in CSF during the active and
remission period of diseases suggesting that demyelination is a result of
excess cholesterol metabolism (Leoni, 2009). Huntington disease on the
other hand also suggested an impairment in cholesterol homeostasis
(Gonzalez-Guevara et al., 2020). Thus, cholesterol equilibrium within the
brain region is of paramount importance for neuronal function. Loss in
this balance is indicative of neurodegenerative disorders in individuals.

4. Statins in neurodegenerative disorders

The etiology of neurodegenerative disorders includes age, genetics
and drugs as contributing factors. Statins being a cholesterol lowering
drug aids in preventing cholesterol mediated Amyloid beta (Af) lesions
in AD and a-synuclein aggregation in case of PD. The common phe-
nomena associated with neurodegenerative disorders include imbalance
in the oxidative cycle and result in the generation of Reactive Oxygen

Current Research in Pharmacology and Drug Discovery 2 (2021) 100012

Species (ROS) which play key role in progression of neuronal diseases by
creating oxygen deficit. (Berman and Bayati, 2018). Along with the
oxidative stress, microglial activation generates pro-inflammatory cyto-
kines such as IL-1p, IL-6, TNF-alpha, and various cytotoxic factors leading
to cellular damage (Wang et al., 2015). Statins offer protection against
oxidative stress and inflammatory cytokines owing to its anti-oxidant and
anti-inflammatory actions, thereby improving symptoms of neurode-
generative disorders presenting the fruitful option of repurposing in
neurodegenerative disorders. The role of statins in the Central Nervous
System (CNS) disorders are elaborated in (Fig. 2).

Statins are a wide class of compounds bearing molecular entities
having a wide range of physicochemical parameters which are elucidated
in (Fig. 3). These molecular differences guide the selection of statins in a
particular neurodegenerative disorder and helps in the formulation
development of the same. As per previous reports and case studies it is
advisable to prefer non BBB permeating drugs for not causing excessive
cholesterol depletion which will lead to destruction of the myelin sheath
of neurons (Caballero and Nahata, 2004). Various clinical studies have
been performed to assess the role of statins in AD, PD, HD and MS and are
listed in (Table 1).

4.1. Statins in Alzheimer's disease (AD)

AD is the most pervasive form of dementia and is exhibited by
degeneration of neuronal cells heading to the loss of memory and tran-
sient decline in social and interpersonal behavioral skills. Currently 46.8
million people are experiencing AD and other forms of dementia. The
histopathological hallmarks of AD encompass Amyloid beta (Ap) plaques
or lesions, and neurofibrillary tangles (Overmyer et al., 2000). Ap are
fractions of proteins which on aggregation form plaques or lesions
generating cytotoxicity thereby disrupting cross talk between neuronal
cells (Lukiw, 2012). Another protein named tau is responsible for the
transportation of essential nutrients to the brain which experiences
change in the protein morphology that disrupts the entire transport
system impacting deleteriously on neuronal network (Goedert, 1993).
These histopathological changes generate an overall oxidative stress and
eventually lead to neuro-inflammation (Smith et al., 2000).

Number of studies suggest a positive association of cholesterol and
risks linked with AD. Various animal studies reveal the formation of
neuronal A plaques with high dietary intake of cholesterol (Cucchiara
and Kasner, 2001). Cholesterol levels are exacerbated by the over-
expression of Apo-lipoprotein E—4 (APOE4) gene, which is observed in
about 15% of population worldwide. Besides this, the substantial
cholesterol environment ameliorates the activity of p secretase enzyme
which generates Af lesions (Caballero and Nahata, 2004). Therefore, use
of statins (cholesterol lowering drug) in the management of AD can prove
beneficiary as they exhibit neuroprotective actions with pleiotropic ef-
ficacy in neural pathways linked to neurodegeneration. Simvastatin
mediated attenuation of several inflammatory mediators, inhibition of
microglial activation, Inducible Nitric Oxide synthase (iNOS) ameliora-
tion, Brain Derived Neurotropic Factor (BDNF) stimulation and inhibi-
tion of apoptosis are some of the mechanisms apart from inhibiting Ap
plaques which were postulated and observed during clinical studies
(Manickavasagam et al., 2020). Several epidemiological data suggest a
strong link between usage of statins and reduced risk of AD which are
listed in (Table 2) (Appleby et al., 2013). The use of statins in AD por-
trayed significant behavioral outcomes in animal models such as
enhanced memory retention and significant drop in transfer latency
observed in the elevated plus maze model with long term treatment (120
days) of simvastatin in C57BL/6 mice model (Ghodke et al., 2012).
Lovastatin ameliorated neurological outcomes in direction pointing to-
wards the faster learning curve with overall progress in Morris water
maze when animals took a direct path to reach to the hidden platforms
suggesting definite memory retention (Zhao et al., 2010). Object location
test is yet another kind of behavioral assessment test indicative of spatial
memory and behavior of rodents towards the novel object, and its
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Fig. 2. A detailed representation of mechanism of action of statins in neurodegenerative diseases like Alzheimer's disease, Parkinson's disease, Huntington disease and
Multiple Sclerosis.
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Table 1
A Brief overview on the Clinical development of various statins on neurodegenerative disorders.
Drug/API Approved Status Study details ClinicalTrials.gov Outcome
indication Identifier
Simvastatin Alzheimer's Completed  Evaluation of the potential role of simvastatin in NCT00486044 e Change in Cerebrospinal Fluid (CSF), Regional
Disease treatment therapy. Cerebral Blood Flow on MRI and Beta-amyloid-42
was observed

o There is decrease in Inflammatory markers

o There are changes in the Cognitive Performance

Simvastatin Alzheimer's Completed  Role of cholesterol lowering agent in Alzheimer's NCT00053599 No study results are posted
Disease Disease to slow progression

Simvastatin Alzheimer's Completed  Evaluation of the effects of simvastatin on NCT01142336 e Change from Baseline in Ap42 was found in
Disease biomarkers Cerebrospinal Fluid (CSF) at 1 Year

o Change from Baseline in CSF Total Tau and CSF

ptaul8lwas observed at 1 Year
Simvastatin Alzheimer's Completed  Evaluation of the effects of statins on beta-amyloid =~ NCT00939822 e Beta-amyloid-42 is a substance found in the
Disease and cerebral perfusion for Alzheimer's Disease plaques in the brain of subjects with AD and
detected in CSF.

e Beta-amyloid-42 has more potent cerebrovascular
effects on individuals AD than other form of beta
amyloid.

Simvastatin Parkinson's Active Study for the neuroprotective treatment for NCT02787590 e Change in MDS-UPDRS (data related to patient's
Disease moderate Parkinson's Disease using simvastatin mood and mental state) was observed.

Simvastatin Multiple Recruiting Investigation of simvastatin in secondary multiple NCT00647348 e Whole Brain Volume percentage change was
Sclerosis sclerosis observed.

e Low disability and better progression in condition

was observed.
Simvastatin Multiple Completed  Simvastatin as an add-on therapy to Interferon--la ~ NCT00492765 No study results are posted
Sclerosis for the management of relapsing-remitting multiple
sclerosis
Simvastatin Multiple Recruiting Study on simvastatin in management of secondary NCT03896217 e Effect on cerebral blood flow and glutamate level
Sclerosis Multiple Sclerosis using MRI technique was observed
Simvastatin Multiple Completed ~ EARLY IFNB-1a with simvastatin as combination NCT00146068 o Efficacy of combination study was observed
Sclerosis therapy in Clinically Isolated Syndrome Suggestive
of Multiple Sclerosis
Lovastatin Parkinson's Recruiting Neuroprotective Treatment with lovastatin for NCT03242499 e Change in MDS-UPDRS (data related to patient's
Disease Early Stage Parkinson's Disease mood and mental state) was observed.
Lovastatin Alzheimer's Completed  Evaluation of effects of short-term statins and NCT00046358 No study results are posted
Disease NSAIDs on A level, in Alzheimer's Disease
Pravastatin Alzheimer's Completed Do HMG CoA Reductase Inhibitors Affect Ap NCT00303277 e Changes in CSF-beta levels and other biomarkers
Disease Levels? was seen
Pravastatin Multiple Completed  Evaluation of safety and efficacy of pravastatin in NCT00200655 e Changes in the gadolinium positive lesions
Sclerosis relapsing-remitting Multiple Sclerosis numbers (at 6th month in each group) was clearly
seen.
Atorvastatin  Alzheimer's Completed  Safety and efficacy study of atorvastatin with a NCT00151502 No study results are posted
Disease cholinesterase inhibitor in AD Patients.
Atorvastatin  Alzheimer's Completed  Lipitor for the management of Alzheimer's Disease NCT00024531 No study results are posted
Disease
Atorvastatin  Alzheimer's Completed  Pilot study on cerebral and peripheral perfusion NCT00751907 e Changes in regional cerebral flow and endothelial
Disease (CAPP) function was observed.
Atorvastatin ~ Alzheimer's Completed A pilot study on the statins on cerebral blood flow NCT03411291 o Changes in the metabolite concentration in brain
Disease and neuronal activity area and rate of perfusion in brain area was
observed
Atorvastatin ~ Multiple Completed  Lipitor therapy in subjects with clinically isolated NCT00094172 o The occurrence of > T2 lesions with or without
Sclerosis syndrome having risk for Multiple Sclerosis gadolinium lesion (Gd-+) enhancement or clinical
exacerbation through 12 months.
Atorvastatin ~ Multiple Completed  Study design to evaluate efficacy, safety and NCT01111656 o After 12 months of treatment proportion of
Sclerosis tolerability of atorvastatin at40 mg in subjects patients with new lesions was calculated.
having relapsing-remitting multiple sclerosis
Atorvastatin ~ Multiple Completed  Immunotherapy using BHT-3009 alone, or in NCT00103974 o Safety and efficacy of BHT-3009 alone and when
Sclerosis combination with atorvastatin in subject showing combined with atorvastatin in patients with mul-

multiple sclerosis

tiple sclerosis was seen.

tracking in case of relocation. A 7-day treatment with 1 mg/kg of Ator-
vastatin or 10 mg/kg simvastatin enhanced the cognitive behavior of
rodents proposing the elevated spatial memory retention power with use
of statins (Zhao et al., 2010). These positive behavioral results suggest
statins bear a significant repurposing rational to treat complex neuro-
logical disorders like AD and is a hot area of research.

In general, majority of the research focuses on positive effects
observed with re-tasking of statins in animal models, but the safety data
associated with long term usage of statins in wide population with
several comorbidities still remains equivocal.

Repurposing statins hauls numerous loopholes including the elusive
nature of the disease, insufficient knowledge of an exact mechanism,

treatment duration and time of treatment initiation and genetic factors
linked with it. Some studies report cognitive complications with the
consumption of simvastatin and atorvastatin. Human clinical trials are
less conclusive of re-profiling statins in AD and it requires extensive
studies to analyze their effect without any confounding factors. More
exhaustive research with concrete methodologies are needed to exem-
plify the cognition safety data of statins on their long-term usage for the
treatment of AD.

4.2. Statins in Parkinson's disease (PD)

PD is a neurodegenerative disorder characterized by degeneration
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Table 2a
Compilation of various human clinical studies demonstrating the role of statins in
Alzheimer's disease.
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Table 3
Compilation of various pre-clinical studies demonstrating the role of statins in
Parkinson's disease.

Study carried Outcome Reference

out by

Wolozin et al.
(2000)

Wolozin et al. 67% depletion in risk of AD in patients treated
with statins along with noteworthy
improvement in cognitive scores, correlating a

pragmatic outcome.

Lawrence T Lovastatin decreases serum Af in cognitively Friedhoff et al.
et al. normal humans (2001)
Mitchel YB Simvastatin depletes plasma levels of APOE4 Mitchel et al.
et al. with senile plaques (1995)
Jick H et al. Simvastatin which showed 71% reduction in Jick et al.
the likelihood of dementia/AD (2000)
Table 2b

Various in-vitro studies demonstrating the role of statins in Alzheimer's disease.

Study carried Outcome Reference

out by

Ramirez et al.
(2011)

Pravastatin is more effective HMGCOA
reductase inhibitor in neuronal cultures but
simvastatin is better neuroprotectant even at

Ramirez et al.

low doses.
Frears ER Lovastatin reduces production of senile plaques Frears et al.
et al. in in-vitro studies (1999)

and deprivation of dopaminergic neurons in substantia nigra pars com-
pacta heading to decline in the levels of dopamine (DA) (a neurotrans-
mitter). The loss of DA leads to physiological abnormalities of tremors,
rigidity and impaired motor movements. More than 10 million people are
diagnosed with PD globally and it is becoming more prevalent every
decade. The histopathological findings of PD include aggregation of the
protein alpha synuclein termed as Lewy bodies, dysfunction of mito-
chondrial Electron Transport Chain (ETC), elevation of the proin-
flammatory mediators, and build-up of oxidative stress (Dexter and
Jenner, 2013). In vitro studies suggest that cholesterol is a contributing
factor in the aggregation of a-synuclein which further is associated with
trail of events involving neural damage. Treatment with statins provides
beneficial outcomes of decrease in neuronal a-synuclein aggregation.
Lovastatin potentially decreased a-synuclein protein aggregation in the
cell culture model of PD (Bar-On et al., 2008). Reducing cholesterol,
changes the surface morphology and fluidity of the plasma membrane
required for aggregation of the protein and thus prevents protein ag-
gregation. Apart from preventing protein aggregation, Statins are
powerful antioxidants, and exert anti-inflammatory activity on dopami-
nergic neurons thus maintaining oxidative balance (Carroll and Wyse,
2017).

Several studies were carried out to assess the activity of statins in
amelioration of inflammatory molecules and suppression of microglial
activation which are listed in (Table 3).

To evaluate neuroprotective effect of statin in 6-hydroxydopamine (6-
OHDA) induced animal model of PD, various behavioral studies were
performed to assess the improvement in locomotion that includes
Amphetamine induced ipsilateral rotations, total locomotor activity and
Rota rod performance. In the statin treatment group, it was observed that
2-week treatment of Atorvastatin (20 mg/kg) or Simvastatin (30 mg/kg)
led to decrease in ipsilateral rotations, improved locomotor activity on
day 7 and 14 of treatment and improved rota road performance (Kumar
et al., 2012). Simvastatin also inhibited the down regulation of D1/D2
receptor thus preserving dopamine levels and helped in delaying the
progression of disease (Kumar et al., 2012).

Although meta-analysis confirms modest protective action of statins
in case of PD (Athauda and Foltynie, 2018) retrospective case studies
suggest that previous studies were carried out at doses far exceeding
human dose and are almost non-reproducible (Becker et al., 2008). It has

Study Outcome Reference

Carroll and
Wyse (2017)

Pahan et al. Lovastatin attenuated the Nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-

Kb), iNOS expression, Tumor Necrosis Factor

(TNF-alpha), Inter Lukine (IL-6) and IL-1§

inflammatory mediators in the rodent model

Kumar A simvastatin showed significant improvements in

et al. motor behavior, and suppression of NF-kB thus

preserving dopaminergic neurons in the 6-
OHDA induced PD model.

Kumar et al.
(2012)

Selley ML simvastatin prevented striatal depletion of Selley (2005)
dopamine and suppressed microglial activation
in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) induced model of rat
Ghosh et al. simvastatin (1 mg/kg) inhibited Ghosh et al.
proinflammatory molecules and restored (2009)
dopaminergic neurons and enhanced the
locomotor functioning.
Kumar, Combination of simvastatin and pravastatin Kumar et al.
Sharma inhibited glial cell activation, iNOS and TNF- (2012)
etal. alpha in MPTP model of PD

been found in many studies that statins are associated with risk
contributing to development of the PD itself and several cohort studies
supports this contradictory claim. This inconsistency in findings is
attributed to the dynamic nature of the lipid and statins when consumed
for longer duration (Huang et al., 2015). Another claim opposing statin
usage is inhibition of Coenzyme-Q10 (CO-Q10) (a ubidecarenone).
CO-Q10 is synthesized in the human body following similar pathway of
the cholesterol synthesis. CO-Q10 is responsible for mitochondrial ETC
functioning and thus, low levels of CO-Q10 due to inhibition by the
statins leads to mitochondrial impairment, thereby contributing to PD
(Becker et al., 2008). Studies support that high levels of CO-Q10 delays
PD and thus its supplementation along with statin therapy is needed.
Also, Statins may affect CO-Q10 levels but does not produce deleterious
effects which may worsen PD (Becker and Meier, 2009). More robust and
exhaustive studies are needed for the assessment of the efficacy of statins
in PD along with validation of the exact mechanism of statins considering
no significant confounding factors are present. Till date, usage of statins
in PD remains ambiguous and requires thorough investigations.

4.3. Statins in Huntington disease (HD)

Huntington disease (HD) is a genetically dominant autosomal
neurodegenerative disease that is linked with chorea, neuropsychiatric
symptoms, cognitive loss, and involuntary moment disorder. The major
effects are pronounced because of discriminatory depletion of the me-
dium spiny neurons in the striatum (Karasinska and Hayden, 2011).
Huntingtin protein expression is ruled by the presence of the huntingtin
gene. HD is produced because of abnormal expansion of the C-A-G
(cytosine, adenine, guanine) trinucleotide repeat sequences in the hun-
tingtin gene [HTT] which leads to production of mutant strain of the
huntingtin protein (Leoni and Caccia, 2015). The mutant huntingtin
protein has a stretched polyglutamine in the N-terminus of the protein.
Individuals with more than 36 CAG repeats are prone to develop HD
(Rubinsztein et al., 1996; Semaka et al., 2006). The toxicity produced by
the mutant protein leads to the HD which is fatal in nature (Vonsattel and
DiFiglia, 1998). In many studies it was concluded that the basic patho-
physiology of HD involved neuro-inflammation, oxidative stress, mito-
chondrial malfunctioning and apoptosis. Neuronal death takes place due
to the N-methyl-D-aspartate (NMDA) mediated cellular excitotoxicity,
presence of reactive oxygen species and the production of oxidative
stress. Existence of the reactive oxygen species plays a significant role in
the disease progression of HD. The mutant HTT gene is incapable of
reverting the oxidatively damaged DNA which leads to the aggregation of
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cell debris (Sathasivam et al., 2013). Statins when given for the condition
of HD will exhibit their metabolic activity (enhancement in the produc-
tion of SREBP-2 gene leading to increase in cholesterol synthesis and
transport of cholesterol from astrocytes into neurons), immunogenic
activity (by lowering serum concentrations of TNF-alpha, IL-1 and
reducing neuroinflammation), antioxidant activity (by upregulation of
NO synthase), will maintain the order of the cell membrane and protect it
against NMDA mediated cellular excitotoxicity, produce neurogenesis by
stimulating and enhancing the vascular endothelial growth factor and
BDNF and by causing down regulation of ABC transporters from mac-
rophages (reducing the cholesterol efflux from macrophages)
(Gonzalez-Guevara et al., 2020; Karasinska and Hayden, 2011).Thus, it is
fairly reasonable to state the repositioning of statins for HD and exploit
their pleiotropic effect against inflammation and oxidative stress.

The time at which mutant gene carrier starts expressing the signs of
HD is called as Age of Motor Diagnosis (AMD). The typical age at which
the symptoms appear is around 30-50 years (Liu et al., 2015). A study
was carried out to evaluate whether statin therapy can delay the AMD.
They made use of the Enroll- HD dataset to collect patients with
pre-motor HD (more than 36 CAG repeats) and with a Diagnostic Con-
fidence Level (DCL) of less than 4. DCL is an indicative parameter of
United Huntington's Disease Rating Scale (UHDRS), where a DCL of 4
means, it is 99% confirm that the individual has motor-manifest HD.
They compared the data of 85 patients who received statins with 85 other
patients who were off statin therapy. They concluded that in patients
who were on statin therapy the time for the emergence of the HD
symptoms was delayed with respect to patients who were devoid of statin
therapy (Schultz et al., 2019).

Another study was performed to check the effect of simvastatin,
atorvastatin, and rofecoxib in the rat model infused with malonic acid to
induce HD like symptoms. Malonic acid causes mitochondrial dys-
function in the body and was used as oxidative stress inducer. Rofe-
coxib is a cyclo-oxygenase (COX) inhibitor and they are demonstrated to
have neuroprotective actions. Thus, statins and COX inhibitor were
studied to validate their effect in HD. It was successfully concluded that
rofecoxib in combination with atorvastatin or with simvastatin was
synergistically effective in animals treated with malonic acid to induce
the behavioral, cellular and biochemical alterations seen in HD (Kumar
et al., 2013).

The study performed to assess the efficacy of simvastatin as a neu-
roprotective agent in the quinolinic acid rat model reported a consider-
able decrease in the Quinolinic Acid (QA) lesion sizes in animals that
were administered simvastatin as compared to animals that were
administered vehicle and the frequency of surviving neurons was also
more in animals treated with simvastatin. Simvastatin also showed
negative-regulation of immunoreactivity for BaX (a pro-apoptotic factor)
and positive-regulation of BcL-2 (anti-apoptotic factor) and the BaX/BcL
ratio is critical for the survival and positive effect of statins. Simvastatin
did not alter brain cholesterol levels, thus proving its positive effectivity.
Thus, simvastatin was found effective in treating HD (Patassini et al.,
2008).

There is marked reduction and dysfunction of cholesterol biosyn-
thesis in HD. Hence, the utilization of cholesterol lowering compounds in
such conditions is questionable. A study was carried out to evaluate the
effect of cholesterol metabolism and statin therapy in the progression of
HD. Cholesterol metabolism is hindered in HD and the available
cholesterol gets accumulated in particular areas leading to an altered
cellular distribution of cholesterol. Such areas of dense cholesterol
accumulation are also called as lipid rafts which house NMDA receptors.
Thus, the order of the membrane (fluidity of the membrane), which is
governed by cholesterol concentration in the membrane, will determine
the NMDA receptor mediated excitotoxicity of the cell. Simvastatin
treatment lead to reduction in the order of plasma membrane, reduction
in the lipid rafts and thus protected the cells from NMDA mediated
excitation. It was also found that simvastatin did not reduce the total
cholesterol levels in the body it just redistributed the available
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cholesterol to essential parts in the brain. Thus, it was proved that statins
did not reduce the cholesterol levels in the brain. But we still need studies
to render us sufficient safety data for usage of statins in HD (Thelen et al.,
2006). Thus, there is an unmet need of effective clinical studies for
validating the efficiency of statins in HD (Karasinska and Hayden, 2011;
Valenza et al., 2005).

4.4. Statins in Multiple Sclerosis (MS)

An autoimmune condition of the central nervous system (CNS) that is
characterized by demyelination as a result of neuro-inflammation, loss of
neuromuscular performance and axonal damage is called as MS. It is
more highly observed in young adults and more specifically in women
aged between 20 and 50 years (Dendrou et al., 2015). CNS lesions are one
of the distinctive features of MS. Inflammatory response is generated
against the myelin antigens which is responsible for the disease pro-
gression. CD4 and CD8 cells in circulation, recognize the antigens and get
activated. They penetrate the CNS, and the T-cells get reactivated and
subsequently lead to demyelination and axonal damage. Thus, inhibition
of reactivated T and B cells, inhibition of CNS infiltration and inflam-
mation are possible ways to tackle the progression of MS (Ntolkeras et al.,
2019). Statins inhibit the generation of mevalonate, the precursor for
cholesterol production in the body. Thus, it inhibits the production of
Farnesyl pyrophosphate (FPP) and Geranyl Geranyl Pyrophosphate
(GGPP). FPP and GGPP are responsible for the isoprenylation and sub-
sequent post-translational activation of Ras, Roh and Rac proteins. These
activated proteins are involved in signal transduction, kinase activation,
and transcription of proinflammatory cytokines, and chemokines. Thus,
statins efficiently inhibit activation and proliferation of T cells, B cells
and macrophages, reduces the expression of adhesion molecules and
supports remyelination, etc. and thus can prove effective in treating MS
either as monotherapy or in combination with already approved drugs
for MS (Dendrou et al., 2015; Neuhaus et al., 2003; Pihl-Jensen et al.,
2015).

In a study conducted to analyze the efficacy of lovastatin on patients
with relapsing or remitting MS, no notable improvement was observed in
the MRI, with respect to the gadolinium enhanced T1 lesions, and clinical
data. But they were found to be safe for use and their data also suggested
the immunomodulatory effects of statins (Sena et al., 2003). Another
study was carried out to evaluate the utilization of simvastatin for MS. In
this study the average of gadolinium improved lesions were found to
drop down by 44% and the lesion volume was decreased by 41% when
given simvastatin alone therapy when compared with pretreatment re-
sults. The safety of the drug was also confirmed. They observed the
inhibitory effect of simvastatin on the inflammatory components
involved in MS (Vollmer et al., 2004; Neuhaus et al., 2005; Wang et al.,
2011). It is very clear that more clinical trials need to be conducted to
analyze the complete potential of statins and their use in MS.

5. Safety concerns

Statins have a well-established safety profile, yet they show few side
effects like abdominal pain, flu like symptoms, body rash, diarrhea,
increased transaminase levels, nausea, etc. and some of the severe side
effects of statins include, myalgia, rhabdomyolysis, hepatic toxicity,
muscle toxicity, etc. (Stancu and Sima, 2001). The most typical adverse
effect of statin therapy is myopathy which is identified by elevated levels
of Creatine Kinase (CK) in the body (10-times higher than normal level)
(Thompson et al., 2016). This effect is dose related and gets aggravated
when concomitantly administered with drugs that hinder the metabolic
fate of statins in the body (Golomb and Evans, 2008). Cytochrome P 3A4
(CYP3A4) is the major contributing enzyme responsible for metabolism
of statins. Thus, drugs like erythromycin, cyclosporine, nefazodone, azole
antifungals, etc. that are capable of inhibiting CYP3A4 may exasperate
the condition (Schachter, 2005). Fibrates or niacin are capable of
multiplying the risk of statin induced myopathy by a mechanism other
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than rise in concentration of statin in the body (Saravi et al., 2017). If
myopathy goes un-recognized and statin therapy is not discouraged then
it leads to the development of rhabdomyolysis. The rate of occurrence of
rhabdomyolysis in patients receiving cerivastatin therapy was very high,
as compared to other statins, which led to the subsequent withdrawal
from the market in 2001. Some deleterious effects have been observed
with use of statins and their effect on cognitive responses (Caballero and
Nahata, 2004). Lovastatin was shown to produce negative effect on the
psychomotor speed (Cucchiara and Kasner, 2001). Nocturnal tumescence
has also been reported with use of lovastatin and pravastatin (Caballero
and Nahata, 2004).

The risk to benefit ratio of statins is very low and all the associated
side effects can be reduced and eliminated by the careful administration
of the right dose of the correct statin molecule. Frequent monitoring of
the CK levels in the patients can help reduce the severe side effects
(Weber et al., 2006).

6. Regulatory perspective

Statins which are mandated as HMG-CoA reductase inhibitor are
hired to lower the blood cholesterol level which currently are also being
utilised in the management of various other disorders owing to its flex-
ible properties. Thus, the repurposing value of statins pose a higher
importance. However, to be used as repurposed drug there are specific
guidelines and detailed regulation to be followed. The development of
repurposed drugs follows 505 (b) (2) approval pathway of Food, Drug
and Cosmetic Act which is also known as hybrid NDA. It is a composite
version of New Drug Application (NDA) and Abbreviated New Drug
Applications (ANDA) under the Hatch-Waxman Amendment which came
into force during 1984 (Johnston and Williams, 2002).

The 505 (b) (2) pathway enables the registration of those drug moi-
eties for which minimum one study is mandatory for getting approval,
that has not been carried out by the candidate. Therefore, candidate can
partly entrust on already existing literature and the data provided by the
Food and Drug Administration (FDA) based on the efficacy and safety of
the approved drug obtained from clinical and preclinical studies along
with their supplementary data. In addition to this, some supporting data
are required to make it cost effective and less time consuming. Under this
505 (b) (2), applicant must disclose the novel route for administration or
new disease indication of the repurposed drug and comparison profile
with the primary route along with indication. This pathway assigns ex-
clusivity of 3-5 years to the applicant if it is a new chemical entity which
is more than what applicant will receive if filed for an ANDA approval
(180 days only).

On another side, by European Medical Agency (EMA) in Europe, a
parallel procedure for approval is regulated, which is under article 10 of
directive 2001/83/EC (specifically articles 6, 8(3), 10(3) and 10(5)).
Moreover, it does not allow the use of non-proprietary studies containing
safety data and high-quality reports as a supportive data for application,
which creates contrast to 505 (b) (2). Article 10 does not offer any basis
to use non-proprietary studies. It does not accept any new drug only by its
definition, or change in form from already approves listed drugs. EMA
usually takes additional six months than that of FDA for approval of
repurposed drugs. Furthermore, all applications must contain a risk
management plan also.

Repurposing under 505(b) (2) application proffers benefits such as
low drug developmental cost and time as preclinical and clinical data is
available, low risk-benefit ratio along with high profit during the tenure
of market exclusivity (Smith, 2011; Witkowski, 2011).

7. Conclusion

Apart from the lipid lowering activity of statins, they have shown
significant positive outcomes in neurodegenerative disorders. The review
briefly discusses the possible mechanism through which statins are reu-
tilised for treating AD, PD, HD and MS. Statins predominantly exerts anti-
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oxidant and anti-inflammatory action, thereby acting as neuroprotectant
maintaining oxidative balance. Moreover, human clinical trials portrayed
a contradictory behavior especially in PD trial. Clinical trials failed to
incorporate the various factors and confounding effects were observed.
Lack of validated animal model led to confusing results in preclinical
studies Therefore, a more exhaustive trial should be performed while
taking all possible factors into consideration to achieve a robust data with
proper methodologies. Repurposing however weighs some disadvan-
tages, including shortage of the new molecular entities in pipeline and
Intellectual Property related issues. Statins are accompanied with certain
toxicity issues and safety concerns were discussed briefly in the review
article. There exist still a need of good regulatory guidelines suggesting
drug repositioning by various health authorities. Further research should
propose complete knowledge of the efficacy of statins along with thor-
ough information about the mechanism and pathways involved in dis-
ease progression of neurodegenerative diseases which will effectively
reduce the economic burden on health care commodities and maximise
healthcare outcomes.
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