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A B S T R A C T

The human brain is a well-connected, intricate network of neurons and supporting glial cells. Neurodegenerative
diseases arise as a consequence of extensive loss of neuronal cells leading to disruption of their natural structure
and function. On the contrary, rapid proliferation and growth of glial as well as neuronal cells account for the
occurrence of malignancy in brain. In both cases, the molecular microenvironment holds pivotal importance in
the progression of the disease. MicroRNAs (miRNA) are one of the major components of the molecular micro-
environment. miRNAs are small, noncoding RNAs that control gene expression post-transcriptionally. As
compared to other tissues, the brain expresses a substantially high number of miRNAs. In the early stage of
neurodegeneration, miRNA expression upregulates, while in oncogenesis, miRNA expression is gradually lost.
Neurodegeneration and brain cancer is presumed to be under the influence of identical pathways of cell prolif-
eration, differentiation and cell death which are tightly regulated by miRNAs. It has been confirmed experi-
mentally that miRNA expression can be regulated by nutraceuticals - macronutrients, micronutrients or natural
products derived from food; thereby making dietary supplements immensely significant for targeting miRNAs
having altered expression patterns during neurodegeneration or oncogenesis. In this review, we will discuss in
detail, about the common miRNAs involved in brain cancers and neurodegenerative diseases along with the
comprehensive list of miRNAs involved separately in both pathological conditions. We will also discuss the role of
nutraceuticals in the regulation of those miRNAs which are involved in both of these pathological conditions.
1. Introduction

Over a decade ago was discovered a class of small non-coding RNAs of
19–22 nucleotide length, called Micro-RNAs or miRNAs (Lagos-quintana
et al., 2001; Lau et al., 2001; Lee and Ambros, 2017) which express
endogenously to modulate the expression pattern of several genes con-
cerning various biological functions. Transcription of miRNAs occurs by
the formation of a hairpin loop structure from long, single-stranded pri-
mary transcripts; with the hairpin being the signal for RNase cleavage.
This cleavage results in a short hairpin precursor miRNA which ultimately
gives rise to mature miRNA of 17–22 nucleotide length. Figure 1 sche-
matically represents the bio-synthesis and mechanism of action of miRNA.
Despite showing distinctive sequence homology and being highly
conserved, many of the miRNAs exhibit striking differences in their
transcription patterns. They regulate their target messenger RNAs
.
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(mRNAs) by rapid destabilization of mRNA and simultaneous repression
of translation, thereby being potent regulators of gene expression. miRNAs
are important regulators of cellular homeostasis as a single miRNA is
capable of modulating hundreds of mRNAs (Lee and Ambros, 2017).
These bind partially to the regions with complementarities at the 30 un-
translated region (UTR) of specific mRNAs and thus initiate the formation
of inhibitory complexes (Carthew and Sontheimer, 2009). In addition,
mechanisms of targeting 5’ UTR or coding sequences (CDS) have been
reported as well (Eiring et al., 2010; Fabbri et al., 2012; I. Lee et al., 2009;
Miranda et al., 2006; Ørom et al., 2008; Vasudevan et al., 2007).

Many diseases target aging populations across the globe, among which
the most dreadful are probably cancer and neurodegenerative diseases.
Neurodegenerative diseases and cancermay seem very different from each
other as in neurodegeneration, post-mitotic neurons die while, in cancer,
resistance develops against cell death; but if the molecular genetics and
5 June 2021
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:partha.roy@bt.iitr.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e07262&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e07262
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2021.e07262


Figure 1. Schematic representation of miRNA synthesis and its general mechanism of action. Reprinted with permission from (Kumar and Reddy, 2016). Copyright
(2019) Elsevier.
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cell biology of these two diseases are closely screened, it would depict a
broad overlap between these two. The convergent causal factors of these
diseases can be narrowed down to mutations in genes concerning the cell
cycle, DNA repair pathways, oxidative stress, protein turnover and auto-
phagy (Morris et al., 2010). Many of the recent discoveries about these
diseases have broadened the knowledge about these two age-related
conditions; which addresses the dire need for developing alternative
therapeutic options for patients with advanced stages of the disease.
Studying miRNA dynamics of the diseases has contributed to the
advancement in research concerning the underlying molecular mecha-
nisms responsible for their manifestation. miRNA-mediated regulation of
gene expression is a potential controlling factor for both cancer and neu-
rodegeneration (Cooper et al., 2009; Saito and Saito, 2012). Specific
miRNAs have been found to regulate the initiation and progression of both
diseases with the mechanism being the regulation of common pathways or
targeting specific genes for each disease. Extensive study of the etiology of
the two diseases have been of great significance concerning the develop-
ment of potential therapies for these two diverse diseases, i.e., neuro-
degeneration and brain tumor and these include target-based therapies,
e.g., neurotransmitter modulators, second messenger modulators, direct
receptor agonists/antagonists, stem cell-based therapies, hormone
replacement therapy, neurotrophic factors along with regulators of mRNA
synthesis and translation into mutant proteins. (Connolly, 2014; Dunkel
et al., 2012; Dye et al., 2012; Moraes, 2015; Moreno et al., 2013; Weiss-
miller and Wu, 2012; Wu et al., 2010; Young, 2009).

While the aforementioned strategies are of immense significance
regarding the mitigation of neurodegeneration, they often induce long
term adverse consequences (Dye et al., 2012; Morrish, 2012; Young,
2009), leading to the need for a safer alternative to fight the depleting
neuronal conditions. A strikingly attractive option can be nutraceuti-
cals/dietary supplements which can act upon multiple targets simulta-
neously, ensuring wholesome betterment of neuronal health (Essa et al.,
2015; Pugh et al., 2015; Sharma et al., 2009; Tripathi and Jena, 2010;
Trivedi & Jena, 2013, 2014). Since the last few years, researchers have
been thriving over-targeting miRNAs associated with different neuro-
degenerative diseases and brain tumors by nutraceuticals and this review
aims to record the current knowledge of the overlapping miRNAs which
have been popularly correlated with the pathophysiology of the two,
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along with the mechanisms of control of miRNAs by nutraceuticals/di-
etary supplements.

1.1. Neurodegeneration

The mammalian brain is a complicated construction of billions of
neurons and neuroglia working in a co-operative manner with intricate
networking among themselves (Rajgor and Hanley, 2016). Disruption of
the synaptic network may lead to neurodegeneration through structural
and functional disintegration. In neurodegenerative diseases, brain func-
tion is progressively lost, and it gives rise to many syndromes with over-
lapping traits which are greatly influenced by genetic and environmental
factors; e.g., deficiency of cognition is observed in a set of diseases, i.e.,
Alzheimer's disease (AD), Multiple Sclerosis (MS), vascular dementia,
frontotemporal dementia (FTD), mixed dementia, and dementia with
Lewy bodies (LBD). On a similar note, affected motor system can be found
in amyotrophic lateral sclerosis (ALS), Parkinson's disease (PD), spino-
cerebellar ataxias (SCAs), and Huntington's disease (HD) (Reddy et al.,
2010; Reddy and Beal, 2008; Reddy, 2014). These diseases have another
factor in common, i.e., aging, which imparts a significant risk. With
increasing life expectancy worldwide, the preponderance of these diseases
is expected to increase, which may inflict a higher load of socioeconomic
inconvenience over the patients, families and communities (Yang et al.,
2013). In spite of having a broad range of clinical reflections including
perturbation of neural web in certain regions of the brain, these diseases
possess overlapping characteristics and mechanisms, among which are
disruption of proteasome-ubiquitination mechanism, protofibril accumu-
lation and assembling of misfolded proteins. Clinical manifestations of
many slow-progressing neurodegenerative diseases involve excite-toxicity
development, nitrosative and oxidative stress, injury of mitochondria,
disruption of synaptic transmission and incompetence in axon and den-
dron transport, as reported by many researchers (Jellinger, 2010).

1.2. Brain cancer

The origin of brain cancer lies in Brain Tumor Initiating Cells (BTICs)
which can lead to the development of a complete heterogeneous cancer
(Singh et al., 2004). These cells can be differentiated from other cells
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based on stem-cell-like properties that they possess, as well as specific
markers. Several types of brain cancers exist, among which Glioblastoma
Multiforme (GBM) is considered as the most destructive one. GBM mean
survival rate is only 3.3% and 1.2% at two and three years respectively
(Furnari et al., 2007; Ohgaki et al., 2004; Singh et al., 2004). This disease
is substantially lethal having an utterly low response to chemotherapy or
radiation. The fact that even a single cell level also, GBM shows wide
heterogeneity in cellular and genetic composition, makes it challenging
to diagnose and treat this dreadful disease (Dirks et al., 2014; Fried-
mann-Morvinski, 2014; Patel et al., 2014). Despite GBM cells having
striking phenotypes, genotypes and epigenetics, molecular analysis
mostly converges to the protein-coding transcripts (Patel et al., 2014).
Concerning GBM, the effects of non-coding RNAs have not been
discovered sufficiently yet (Patel et al., 2014), although it has been re-
ported that non-coding RNA (Du et al., 2013; Mineo et al., 2016) and not
miRNA (Godlewski et al., 2017); may be used to distinguish between
different subtypes of this disease and therefore may aid in understanding
the complexity of the disease. Certain other types of brain tumors include
medulloblastoma, atypical teratoid/rhabdoid tumors, pituitary adenoma,
pilocytic astrocytoma and ependymoma.

2. miRNAs in brain

Several miRNA regulatory pathways are involved in the development
of the human brain and its associated diseases. miRNA expression alters
vigorously from cell to cell, which imposes the fact that the expression of
miRNA is cell-specific and this specificity essentially confers to the
mechanisms of miRNA/mRNA targeting (Godlewski et al., 2017; Li et al.,
2018). miRNAome profiling is a significant way to analyze the function
or the role of miRNAs in neural pathophysiology which in turn, can bring
out remarkable information concerning neurodegeneration and onco-
genesis. The brain is rich in miRNAs, with respect to other organs (Patel
et al., 2014), which provides significant support to the fact that they
regulate many functions of the brain in both pathological and physio-
logical aspects. Extensive modulation of genes can be performed by
miRNAs as they have the potential to target multiple mRNAs, i.e., a single
miRNA can regulate the expression patterns of many mRNAs. Micro-
RNAome profiling promotes the cell/tissue-specific functions of them.
The altered expression levels of miRNAs have been observed in neuro-
degenerative disorders as well as brain tumors. Table 1 represents the list
of miRNAs that are separately involved in either brain cancers or
neurodegenerative diseases.

MiRNAs are currently being extensively studied to figure out the
mechanisms of regulation of genes by them. The fact that miRNAs can
modulate neuroprotection and neurogenesis, makes them a very
Table 1. Differentially regulated miRNAs in brain disorders.

Disorder miRNAs

Brain cancer miR-9, miR-21, miR-17–92, Let-7, miR-10b, miR-34a, miR-
miR-101, miR-302–367, miR-143, miR-145, miR-218, miR-

Neurodegenerative disorders miR-7, miR-9, miR-17-p, miR-21, miR-22, miR-26, miR-29,
miR-132, miR-155, miR-196a, miR-197, miR-210, miR-200

Table 2. Common miRNAs involved in brain cancers and Neuro degenerative disord

miRNA Disorders

miR-9 GBM, PD, AD, HD (Carro et al., 2010; Mi et al., 2018; Packer et al., 2008; Schon

miR-34abc GBM, PD, AD (Leone et al., 2017; Mi et al., 2018; Mi~nones-Moyano et al., 2011;

miR-29 GBM, PD, AD, HD (Ihle and Abraham, 2017; Morita et al., 2013; Roshan et al., 2

miR-124 GBM, PD, HD (An et al., 2013; Conti et al., 2012; Fowler et al., 2011; Johnson an
2008; Wang et al., 2016a, b, c; Xie et al., 2012)

miR-128 GBM, PD, AD, MS (Godlewski et al., 2008; He et al., 2018; Kocerha et al., 2014; L
Verhaak et al., 2010; Volinia et al., 2016)

Let-7 GBM, AD, SCA (Buonfiglioli et al., 2019; Derkow et al., 2018; Duarte et al., 2020
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significant potential target for therapy (Lewis et al., 2010). However, the
information concerning the underlying mechanism of degeneration is
still limited as the best possible informers, i.e., the neuronal cells only,
degenerate and die leaving no way to scrutinize them for our knowledge.
On the contrary, cancer stem cells, being undifferentiated and having
exclusive self-renewal capability, provide extensive source of informa-
tion regarding the etiology of the disease. Hence, finding out the role of
miRNAs in brain disorders and the mechanisms involved in it can lead to
the identification of specific targets for therapeutic purposes, in both
neurodegeneration and cancer (Saugstad, 2010). The acceleration in
research regarding the significance of miRNAs on the pathophysiology of
neurodegenerative disorders and cancer leading to the discovery of po-
tential therapeutic targets (Kumar and Reddy, 2016; Vijayan et al., 2018,
2019); provides a promising alternative to conventional methods of
diagnosis and treatment of the two. Table 2 lists some of the common
miRNAs involved in both brain cancers and neurodegenerative diseases.

In this review, we will mainly discuss the miRNAs listed in Table 2 as
they are directly linked to cancers of the brain and neurogenerative
disorders.

2.1. miR-9

DNA methylation at CpG islands holds pivotal importance in Chro-
matin remodelling and subsequent regulation of gene expression by
inhibiting the expression of genes. Many non-coding RNA transcripts
tend to get downregulated by this very event that occurs in the CpG is-
land promoters. In case of miR-9 (miR-9 and miR-9*), downregulation of
expression occurs through this mechanism. This accounts for many types
of cancers correlating with lowered miR-9 expression, thus conferring
miR-9 to be a potential tumor suppressor (Silber et al., 2008). It runs a
feedback loop to regulate the expression of genes controlling the prolif-
eration and propagation of GBM cells. In case of glioblastoma, while the
cancer stem cells propagate by calmodulin-binding transcription acti-
vator 1(CAMTA1), the non-stem cell lines are inhibited by miR-9. It has
been reported that miR-9 reduces tumor growth and proliferation by
targeting stathmin (STMN1). Cellular targeting of miR-9-STMN1, leads to
controlled microtubule formation during cell cycle progression (Song
et al., 2013). Since GBM has a complicated and heterogeneous cancer cell
population, the primary findings still require validation from tests on a
greater number of patient-derived cells having variable phenotypes and
transcriptomes. Ectopic expression of miR-9/9* (also miR-124) within
adult fibroblasts has been established to be responsible for extensive
remodelling of chromatin structure. miR-9 mediated repression in EZH2
axis, leads to the opening of chromatin material to provide for RE1
Silencing Transcription Factor (REST) binding sites and thereby directs
7, miR-124-3p, miR-124-5p, miR-137, miR-326, miR-99a, miR-524-5p, miR-328, miR-128,
93, miR-125b, miR-451, miR-222, miR-339, miR-148a, miR-181d, miR-210, miR-297

miR-30a-5p, miR-34, miR-101, miR-107, miR-124, miR-128, miR-133, miR-146, miR-153,
a, Let-7, miR-221, miR-494, miR-512

ers.

rock et al., 2012; Schraivogel et al., 2011; Song et al., 2013; Tan et al., 2012)

Modi et al., 2015; Navarro and Lieberman, 2015; Shanesazzade et al., 2018)

014; Saito and Saito, 2012; Tumaneng et al., 2012)

d Buckley, 2009; Makeyev et al., 2007; Mucaj et al., 2014; Saraiva et al., 2016; Silber et al.,

iu et al., 2018; Lukiw, 2020; Lukiw and Pogue, 2007; Peruzzi et al., 2013; Tan et al., 2014;

)
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neuronal conversion (Lee et al., 2018). In accordance with its ability to
function as a tumor suppressor, it has been observed that restoration of
miRNA expression in glioma cells, driven by mutant epidermal growth
factor receptor (EGFR) (Gomez et al., 2014), deregulates target forkhead
box protein P1 (FOXP1) and thereby reduces tumorigenicity. It stops
proliferation and promotes migration by targeting cyclic AMP response
element-binding protein (CREB) and Neurofibrin 1 (NF-1) respectively
(Carro et al., 2010; Nowek et al., 2018; Schraivogel et al., 2011; Tan
et al., 2012). Expression of miR-9 is observed to be reduced in early HD,
by targeting two constituents of the REST system, i.e., miR-9 targets REST
while miR-9* targets CoREST (Packer et al., 2008). miR-9 controls neu-
rogenesis in adults thereby providing a balance between the proliferation
of neural stem cells and their differentiation. miR-9 targeting of SIRT1
and BACE1 has its consequences upon cell survival as well as oxidative
response (Rostamian et al., 2018; Schonrock et al., 2012). Upregulation
of miR-9 has been associated with PD and AD pathology with its
pro-apoptotic functions. It has also been observed that miR-9 plays a
pivotal role in the deterministic reprogramming of cells, from their un-
differentiated state to functional neurons (Xue et al., 2016). Significantly,
conversion of somatic cells towards neurons carries a great deal of po-
tential, from the perspective of regenerative medicine (Xue et al., 2016).
The mechanism of miR-9/9* directing neurodegeneration and onco-
genesis shapes the context of these miRNA operations in the cell (Nowek
et al., 2018).

2.2. miR-34abc

miR-34abc is a combination of three miRNAs namely miR-34a, miR-
34b, miR-34c. Differential expression of all these miRNAs was reported
in different brain pathologies. One of the most widely studied oncogenes
is p53 which plays a critical role in neurodegenerative diseases as well, as
reported by recent studies (Godar et al., 2008; Zilfou and Lowe, 2009).
miR-34a is reported to be the potential target of p53. miR-34a is a tumor
suppressor in nature and is involved in cell cycle arrest and apoptosis (He
et al., 2004; Tazawa et al., 2007). In GBM, one of the most common types
of brain cancers, the promoter region of miR-34a gets inactivated due to
the hypermethylation of CpG island (Fabbri et al., 2015; Lodygin et al.,
2008; Okada et al., 2014; Pichiorri et al., 2010; Silber et al., 2012). In
GBM expressing platelet-derived growth factor receptor α, over-
expression of miR-34a results in inhibition of cellular growth, while no
such change is seen in case of EGFR.

miR-34a has also been reported to involved in AD. In AD, the
neuronal cell cycle is disturbed. miR-34a targets cyclin D1 and prevents
cell cycle re-entry to maintain the differentiated state of neurons (Modi
et al., 2015). Modi et al. observed that treatment of neurotoxin amyloid
β1–42 peptide (Aβ42) in cortical neuron cells diminishes the effect of
miR-34a on cyclin D1, resulting in unexpected cell cycle re-entry which
in turn results in apoptosis. This inactivation of miR-34a is mediated by
MEK extracellular signal-regulated kinase (ERK) pathway (Modi et al.,
2015).

Other members, i.e., miR-34bc, were reported to be involved in
different pathological stages of PD (Mi~nones-Moyano et al., 2011; Saito
and Saito, 2012). Dj1 and Perkin, two important genes that are involved
in PD, were indirectly controlled by miR-34bc (Mi~nones-Moyano et al.,
2011). In general, miR-34bc was downregulated in PD. In dopaminergic
neurons downregulation of miR-34bc along with mitochondrial
dysfunction caused cellular death (Shanesazzade et al., 2018). Consid-
ering the facts, miR-34abc could be a potent therapeutic target in
different brain pathologies.

2.3. miR-29 family

miR-29 family of miRNAs (miR-29a, miR-29b, and miR-29c) is
another important group taking a principal part in targeting de novo DNA
methyltransferases namely DNMT3A and DNMT3B. With the reduction
in the expression of miR-29, the methyltransferases get overexpressed.
4

The expression of miR-29 is inhibited in both stem cells as well as
differentiated cells. It has been reported that reduction in miR-29
expression may lead to random and aberrant DNA methylation in glio-
blastoma along with other cancers (Fabbri et al., 2007; Ru et al., 2016;
Saito and Saito, 2012; Xu et al., 2015). One of the striking anti-
tumorigenic activities of the cell is the prevention of de novo methylation
of target genes. miR-29 targets PDPN gene-encoded membrane sialo-
glycoprotein podoplanin and thereby inhibits proliferation and propa-
gation of glioblastoma (Cortez et al., 2010). miR-29 having
tumor-suppressive function needs to be validated by cell-specific tran-
scriptome profiling to scrutinize the difference between its
anti-tumorigenicity and targeting of PTEN, a potent tumor suppressor
(Tumaneng et al., 2012). Several researchers have found miR-29 to
protect the cellular DNA from those aberrant mutations, i.e., protect the
existing pattern of methylation and thereby suppressing tumorigenesis.
The correlation between neurodegeneration and cancer is a debatable
issue since it has been reported that the patients with neurodegenerative
diseases tend to have less chances for cancer, while simultaneously there
are reports stating that PD patients have greater risk of brain tumor, and
some additional variations could lead to a full-blown malignancy (God-
lewski et al., 2019). The mechanism of how PTEN is mutated in cancer
and deregulated in neurodegeneration has evoked curiosity about their
involvement in the two contrasting cellular fates (Ihle and Abraham,
2017).Both in case of AD and HD, downregulation of miR-29a/b was
documented (Roshan et al., 2014). In AD, miR-29 deregulationwas found
to cause β-secretase 1 (BACE1) enzyme upregulation. This whole event
leads to the development of plaques from amyloid precursor protein
(APP) (Hebert et al., 2008). miR-29 is a significant factor in brain
development as expression of it in the sympathetic nervous system pre-
vents apoptosis and its downregulation leads to death of neuronal cells as
well as ataxia (Roshan et al., 2014). Downregulation of miR-29 has also
been observed in another disease called Spinocerebral ataxia 17 (SCA17)
(Hebert et al., 2008). It is also observed to be extensively expressed in
adult mouse brains in primary neurons (Jovic et al., 2013) and regulates
cerebral and cortical maturation.

2.4. miR-124

miR-124 is majorly and explicitly expressed in all regions of the brain
except the pituitary. According to reports, this miRNA is involved in
neurodegeneration, brain cancer, synapse morphology, chronic stress
and neurodevelopment (Hou et al., 2015; Soreq and Wolf, 2011).
miR-124 helps in the establishment of neuronal identity by repressing
hundreds of non-neuronal genes in neuron (Conaco et al., 2006; Lim
et al., 2005) while inactivation of this leads to expression of non-neuronal
genes (Soreq and Wolf, 2011). Improper balance of miR-124 creates
several pathological conditions in the central nervous system. Expression
of miR-124 significantly attenuated in brain tumors. Re-introduction of
miR-124 in glioblastoma cells induces morphological changes by
reducing proliferation, migration and loss of invasion property (Fowler
et al., 2011; Silber et al., 2008). This miRNA mediates the differentiation
and anti-cancer activity by regulating the expression of SCP1, PTPN12,
SNAIL2, and ROCK1 (An et al., 2013; Conti et al., 2012). But the main
activity of miRNA depends on tumor type and driver oncogene. In a
study, Xie et al. demonstrated that miR-124 suppresses TWIST and SLUG
genes to differentiate glioma cell lines, SWO-38 and U251 (Xie et al.,
2012). In mice with intracranial xenograft tumors, miR-124 expression
was found to be downregulated and upon re-expression of miR-124,
tumor cell death and survivability of the mouse were enhanced.
miR-124 exerts this activity by regulating TEAD1, MAPK14/p38and
SERP1 (Mucaj et al., 2014). Adding to this report, miR-124 plays an
important role in medulloblastoma, by acting as a tumor suppressor gene.
Over expression of miR-124 inhibits the expression of CDK6 and prevents
cellular proliferation in medulloblastoma (Mollashahi et al., 2019).

In case of neurodegenerative diseases, the involvement of miR-124 in
AD, PD, HD was also reported. But the function of miR-124 is found to be
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very contrasting as compared to cancer. In neurodegeneration, its
reduced expression induces cellular death. Overexpression of miR-124
induced AD characteristics like memory deficit, synaptic failure (Wang
et al., 2018). miR-124 has also been reported to be involved in the pro-
cessing of amyloid precursor proteins (Smith et al., 2011). In PD models,
enhanced brain repair was observed by miR-124 loaded nanoparticles
through modulation of neurogenic niche of the subventricular zone. In
this case, miR-124 downregulated Sox9 and Jagged1, two
stemness-related genes. Significantly, one of the pivotal factors con-
cerned with neuronal death in the striatum of Huntington's patients is
REST, a transcription factor that is primarily linked to miR-124 function.
This confers to the potential of miRNA in the pathogenesis of HD
(Sonntag et al., 2012). The expression of this miRNA was observed to be
decreased in the patients diagnosed with epileptic seizures (Wang et al.,
2016a, b, c). This miRNA also acts as a biomarker of intracerebral hae-
morrhage stroke (Wang et al., 2018). Taken together, current informa-
tion indicates that modulation of miR-124 could be a promising
therapeutic target against both brain cancer and neurodegenerative
diseases.

2.5. miR-128

miR-128, another brain-dominating miRNA, is involved in neuro-
genesis and synaptogenesis during normal development of the brain
(Franzoni et al., 2015). miR-128 drives the commitment of neural pro-
genitor cells to differentiate into neurons (Bruno et al., 2011; Karam and
Wilkinson, 2012). The expression of this miRNA is deregulated in patho-
logic conditions of the brain (Campbell and Booth, 2015). In case of
aggressive brain tumors such as glioblastoma and medulloblastoma,
miR-128 is found to be downregulated (Ciafr�e et al., 2005; H. Li et al.,
2013). In glioblastoma multiforme (GBM) the function of miR128 is
completely lost. But according to studies, upon reintroduction ofmiR-128
inGBMcells,B lymphomaMo-MLVinsertionregion1homolog(BMI1)gets
downregulated and thus tumorigenicity and therapy-resistant ability are
ameliorated(Peruzzi et al., 2013).ThismiRNAcorrelates toevery sub-type
of GBM and shows maximum downregulation in mesenchymal tumors
(Rooj et al., 2017). Rooj et al. found miR-128 to target GBM sub
class-specific mRNA and thus gain/loss of miR-128 contributes to the
bidirectional transition between subclasses (Rooj et al., 2017). This prop-
erty makes miR-128 an excellent therapeutic target for GBM. Several
studies correlate the function of miR128 with normal development of the
brain and loss of this leads to tumorigenesis (Franzoni et al., 2015;Mondal
et al., 2015; Papagiannakopoulos et al., 2012; Wynder et al., 2005).

Deregulation of miR-128 has also been reported in case of neurode-
generative diseases. A comparative study with hippocampus of fetal,
adult and AD brains showed differentially expressed miR-128 contrib-
uting to the dysfunction of neurons (Lukiw, 2020). In AD patients the
expression of miR128 is found to be higher than the normal individuals
(Geng et al., 2018; Tiribuzi et al., 2014). In AD patients, upregulation of
miR128 in AD mononuclear cells is possibly the cause of lysosomal
cathepsin (B, D, S) reduction and upregulated miR128 accounts for
reduced Aβ degradation capacity of monocytes (Tiribuzi et al., 2014).
This miRNA is also involved in PD since its overexpression ameliorated
the progression of PD (Campbell and Booth, 2015). Zhou et al. showed
that miR-128 protects dopaminergic neurons from apoptosis and nega-
tively mediates the axis inhibition protein 1 (AXIN1) which is highly
expressed in PD patients (Zhou et al., 2018). In HD model, the expression
of miR-128 was shown to be downregulated in the frontal cortex of the
brain (Campbell and Booth, 2015) while in multiple sclerosis its
expression was found to be upregulated (Godlewski et al., 2019).
miR-128 overexpressed in immune cells of the brain serves as a proin-
flammatory miRNA (Guerau-de-Arellano, 2011). The role of miR-128 is
also found in neuropsychiatric disorders, such as fear, stress, anxiety,
intellectual disability and movement disorder, e.g., epilepsy (Ching and
Ahmad-Annuar, 2015; Davis et al., 2012; Lin et al., 2011; Marangi et al.,
2013; Tan et al., 2014). Correlating the diseases with miR-128, depicted
5

that a balanced expression of miR-128 should be maintained in physio-
logical system and hence, this miRNA can be an excellent therapeutic
target.

2.6. Let-7

Let-7 (lethal-7) is the first known miRNA in animals (Pasquinelli
et al., 2000) and its sequence and function are highly conserved among
different species (Pasquinelli et al., 2000; Pena et al., 2009). In both
embryonic and adult brain, let-7 is extensively expressed and plays a
pivotal role in the development and cell maturation (Fairchild et al.,
2019; Kapsimali et al., 2007; Miska et al., 2004; Saba et al., 2008;
Sempere et al., 2004). In normal condition, Let-7a, a member of let-7
family is reported to be involved in neural cell differentiation
(Schwamborn et al., 2009) whereas let-7b has been observed to lower the
self-renewal of aging neural stem cells by regulating high mobility group
A (HMGA2) expression. Let-7 is also involved in embryonic retinal
development through suppressing HMGA2 (Fairchild et al., 2019). The
involvement of this miRNA is observed in several pathological conditions
of the brain. Buonfiglioli et al. reported the tumor suppressor nature of
let-7 miRNA in glioma. They observed that a specific set of let-7 miRNAs
regulate the function of microglial cells and forestall glioma progression
with the help of toll-like receptor 7 (Buonfiglioli et al., 2019). In another
study, let-7 has been shown to prevent the progression of glioblastoma by
inhibiting Ras, an oncogene involved in cellular growth, proliferation
and invasion (Lee et al., 2011).

Let-7 has been reported to be involved in several neurodegenerative
diseases. Spinocerebellar ataxia is a rare genetic neurodegenerative dis-
order. Wreckage of autophagy contributes to this disease. Let-7 is
considered as one of the key regulators of autophagy with special rele-
vance to polyglutamine disorder. Overexpression of let-7 in this disease
activates autophagy and prevents the disease (Duarte et al., 2020). In AD,
two sets of let-7 miRNAs, i.e., let-7b and let-7e get overexpressed and a
high amount of these two miRNAs is found in the cerebrospinal fluid
(CSF) of AD patients (Derkow et al., 2018). According to Lehmann et al.,
let-7 mi-RNA plays an unconventional role in neurodegenerative diseases
(Lehmann et al., 2012). It activates TLR-7, a receptor involved in innate
immunity and causes neurodegeneration by activating cell death path-
ways. Let-7 is also involved in cerebral ischemia and reperfusion. A
specific set, i.e., let-7a is upregulated in cerebral ischemia and reperfu-
sion (Wang et al., 2016a, b, c). Overall, these studies indicate that let-7
can be a potential therapeutic target and the inverse regulation of let-7
in brain cancer and neurodegenerative diseases suggests the opposite
therapeutic approaches in both cases.

3. Nutraceuticals: regulation of miRNAs involved in brain
pathology

The underlying mechanisms responsible for brain disorders are quite
complex. The evolution of genomics and epigenomics has helped re-
searchers to understand these complex mechanisms (Bras et al., 2012;
Dunham et al., 2012; Qureshi and Mehler, 2013; Sullivan et al., 2012).
Several studies have shown that normal neuronal development and onset
of neural diseases are linked via a very critical but intricate interaction
between genetic and environmental factors like nutrition (Dauncey,
2012). Figure 2 represents the connection between nutritional status,
stress and brain disorders. Throughout life, brain health, to some extent,
is maintained by numerous diets, food and nutrition (Christian et al.,
2009; Dauncey, 2009; Gomez-Pinilla and Nguyen, 2012; Maher, 2000;
Milte et al., 2012; Sinn et al., 2012). Food habits or nutrition influences
the development of neurons, their regeneration, functions and mainte-
nance of neural network (Morris, 2012). Food or nutrition is one of the
many regulators controlling the expression of genes without any modi-
fication in the DNA sequences. Recently, role of miRNAs in the devel-
opment or disease conditions has gained the attention of researchers.
Several studies reported that expressions of miRNAs, involved in



Figure 2. Schematic representation of interconnection between nutritional factors, stress and neurological disorders. Reprinted from (Joy Dauncey, 2013), Copyright
Under Creative Commons Attribution v3.0 International License (CC BY 3.0).
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different cancers or normal development, could be modulated by nutri-
tion. Even the role of nutrition in regulating the normal nervous system
development or associated problems, e.g., aging, neuro degenerative
disorders were explored quite extensively. But reports regarding the
regulation of miRNAs involved in brain pathology by nutraceuticals are
majorly lacking. Very few reports have shown the interaction of miRNAs
with nutraceuticals in the context of brain pathology. In this part of the
review, we will summarize those nutraceuticals which have been re-
ported to regulate expression of miRNAs involved in several brain pa-
thologies, i.e., brain cancers and neuro degenerative disorders.

3.1. Vitamin A

The main metabolite of vitamin A is retinoic acid (RA). Several
studies reported the neural cell differentiation property of RA. Many
research groups have established the role of different miRNAs in differ-
entiation of neural cells. Among all the miRNAs involved in neural cell
differentiation, several are regulated by RA. One study showed that in
RA-induced stem cell differentiation towards neural lineage, let-7 and
hsa-miR-10 are overexpressed (Parsons et al., 2012). In RA-induced P19
cells, LIN28A, a highly conserved RNA binding protein, gets phosphor-
ylated through a Let-7 dependent mechanism (Liu et al., 2017). Sirtuin 1
(silent mating type information regulation 2 homolog 1) is a negative
regulator of differentiation. During differentiation it is inhibited by
miR-34a which is overexpressed upon RA treatment, resulting in
continuation of differentiation (Hu et al., 2014). On the contrary,
miR-124 has been reported to be involved in inhibiting the differentia-
tion of neurons. miR-124 reduces the RARγ expression within mouse
brain and in P19 and N2a cells, resulting in inhibition of neurite exten-
sion (Morris, 2012; Wang et al., 2010). Hu et al. observed that treatment
of RA in mesenchymal stem cells (adipose-derived) showed altered
expression (>2-fold) of 76 miRNAs (Hu et al., 2017). RA treatment in
glioblastoma cells enhances the gap junction resulting in overexpression
of miR-124-3p, inhibiting its proliferation (Suzhi et al., 2015). MiR-302b
and miR-452 are also reported to differentially regulate glioblastoma
upon RA treatment (Chen et al., 2014; Liu et al., 2013). In neuroblastoma
6

cells, several miRNAs get affected when treated with RA (Das and
Bhattacharyya, 2014). RA treatment on neuroblastoma cells, upregulates
miR-9 and miR-103, causing differentiation of the cells by attenuating
the inhibitor of DNA-binding 2 (Id2) gene (Annibali et al., 2012).
Brain-derived neurotrophic factor (BDNF) and RA treatment to SH-SY-5Y
cells caused increased expression of miR-125b andmiR-124a, resulting in
its differentiation. They are also involved in the neurite extension of
ReNcell VM, a human neural progenitor cell type (Le et al., 2009). Luu
et al. reported a key role of miR-34a in mutant amyloid precursor
protein-containing cells concerning neurite extension (Luu et al., 2019).
In NT2 neuroblastoma, RA mediated differentiation causes down-
regulation of miR-302whereas let-7, miR-125, -132,-128 are upregulated
(Pallocca et al., 2013). miR-128 causes reduction of Reelin and Double-
cortin, involved in migration of neural cells (Evangelisti et al., 2009). RA
treatment in SK-N-BE neuroblastoma cells induces the expression of
miR-34a, which in turn inhibits the E2F3 transcription factor involved in
cell cycle progression. miR-34a in neuroblastoma cell lines activates the
caspase-dependent apoptotic pathway to prevent cell proliferation
(Welch et al., 2007). Apart from these miRNAs, several other miRNAs,
like- miR-432, -29b, -664a-5p, -10a/b, -17 and -152 are separately re-
ported by different groups depicting their involvement in differentiation
of neuroblastoma cells in presence of RA (Beveridge et al., 2009; Das and
Bhattacharyya, 2014; Das et al., 2010; Jauhari et al., 2018; Watanabe
et al., 2018).In neurodegenerative disorders, e.g., AD; RA has been re-
ported to tinker miRNA expression. Wang et al. found miR138 to be
overexpressed in mutant amyloid precursor protein containing N2a cells.
miR-138 directly binds to RARα causing its inactivation and thus pro-
motes subsequent induction of GSK-3β, resulting in phosphorylation of
tau (Wang et al., 2016a, b, c).

3.2. Vitamin C

Vitamin C is concerned with multiple biological processes, e.g., syn-
thesis of neurotransmitters, hormones, and collagen. It is widely known
that vitamin C deficiency causes scurvy. Its main chemical constituent is
ascorbic acid and it is considered as a strong anti-oxidant having multiple
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favorable effects on the immune system, aging, lipoprotein metabolism
and inflammation by regulating the mitochondrial and redox oxidative
pathways (Naidu, 2003; Padayatty et al., 2003). It is also used for treating
hypertension. Very limited investigations were conducted to check the
regulation of brain miRNAs by vitamin C. In a study, ascorbic acid was
shown to induce certain sets of miRNAs that negatively regulate
post-transcriptional expression of several genes. In the same study it was
observed that, after consumption of high dose of ascorbic acid, the
expression level of miR-155 decreases, causing a significant
anti-inflammatory response (Kim et al., 2015). However, several reports
are present regarding miRNA modulation by Vitamin C in cellular dif-
ferentiation and hormonal regulations. For example, in periodontal lig-
ament cells, ascorbic acid treatment induces the expression of miR-146
which led to their differentiation (Hung et al., 2010). Lack of ascorbic
acid, upregulates expression of let7 miRNA family, as seen in murine
ovarian follicular cells, where oxidative stress was found to be escalated.
These two miRNAs (Let7 and miR-146) play pivotal roles in brain pa-
thology as well. Therefore, their regulation by ascorbic acid in brain
pathologic conditions should be investigated thoroughly for therapeutic
and diagnostic purposes.

3.3. Vitamin D

Vitamin D is a pro-hormone and steroid that can be taken through
diet. It has different subtypes, e.g., vitamin D3 (cholecalciferol) and
vitamin D2 (ergocalciferol). Vitamin D can be synthesized by skin in
presence of sunlight. The active vitamin D metabolite is calcitriol. The
deficiency of vitamin D has been linked to several diseases, i.e., cardio-
vascular diseases, autoimmune diseases, some cancer and neurological
disorders like multiple sclerosis. The role of vitamin D in regulation of
miRNAs involved in multiple sclerosis has been explored by several
groups. In a study by Zeitelhofer et al., 92 miRNAs were identified which
were differentially regulated by vitamin D supplementation in CD4þ cells
in experimental autoimmune encephalomyelitis (Zeitelhofer et al.,
2017). This change in miRNA expression is concerned with T-cell re-
ceptor and IL-2 signaling pathways. Among the 92 miRNAs, miR-9-3p,
-181b, -483, -134, -30c, -23a, -449c and -377 were observed to be
upregulated in CD4þ T cells (Fenoglio et al., 2013; Ghorbani et al., 2017;
Jernås et al., 2013; Zeitelhofer et al., 2017). These miRNAs are down-
regulated in multiple sclerosis patients. Upon vitamin D supplementa-
tion, these miRNAs get upregulated and inhibit the progression of
multiple sclerosis. Among these miRNAs, miR-9-3p was reported to have
a direct link with CNS development. This miRNA is mainly expressed in
hippocampus of the brain (Sim et al., 2016). According to Sim et al., this
miRNA is essential for the development of hippocampus. The expression
of this miRNA regulates the long-term potentiation and memory of the
brain. Thus, Vitamin D supplementation could be advantageous for
pathological conditions of brain especially in multiple sclerosis as
miR-9-3p is upregulated by vitamin D.

3.4. Vitamin B

Vitamin B is extremely important for one-carbon synthesis (methyl
groups) which is required for cellular methylation reactions, e.g., DNA
repair, methylation of DNA and protein synthesis. Its chemical constit-
uents are folic acid and cobalamin, to name a few. Vitamin Bmay have an
impact on miRNA expression level through methylation reaction.
Deprivation of Vitamin B is linked to several diseases- depression, car-
diovascular disease, malignancies of breast, colon and pancreas. Several
miRNAs, for example- let-7a, miR-34a, -124, -15a/b, -16, -29a/b, -302
has been reported to be differentially regulated in folate deprived mouse
embryonic stem cells (Liang et al., 2012). In an earlier study, methyl
donor deficient diet was reported to cause hepatocellular carcinoma in
rats. The results of this study indicated increased expression of Let-7a,
miR-21, -130, -190 and downregulation of miR-34a, -16a, -127, -200b,
-181 (Kutay et al., 2006). Among them, Let-7a and miR-34a are
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differentially regulated in different brain cancers and neurodegenerative
diseases. Till date, to the best of our literature search, no reports have
been documented regarding the regulation of expression pattern of these
two miRNAs in presence or absence of vitamin B. But the expression
pattern of three miRNAs, i.e., Let-7a, miR-34a and -23 in normal brain
development were observed in absence of methyl donor folic acid by
Geoffroy et al. (2019). From their results, no significant change in the
expression for let-7a was found. However, the expression levels of
miR-34a and -23 were significantly decreased which was completely
reversed by folic acid supplementation (Geoffroy et al., 2019). This
observation signifies the importance of folic acid in normal development
and this demands further detailed analysis on the effect of vitamin B
supplementation in various pathological conditions linked to the brain.

3.5. Vitamin E

Vitamin E is a fat-soluble vitamin and its main chemical constituent is
tocopherol. It is involved in several biological processes. Vitamin E is
reported to be an anti-epileptic agent (Ambrogini et al., 2018). The role
of α-tocopherol in regulating miRNAs involved in epileptic seizures is
well documented. It impacts epileptic seizures by regulating three miR-
NAs, namely miR-124, -126 and -146a (Ambrogini et al., 2018). Ac-
cording to the study by Ambrogini et al., in untreated epileptic rats,
expression of miR-146a in the hippocampus is upregulated and the sit-
uation gets reversed when treated with α-tocopherol. miR-146a has been
involved in the astroglia-mediated inflammatory response and it is
overexpressed in epileptic patients, causing glioneuronal lesions (Iyer
et al., 2012). The expression of miR-124 and 126 were opposite to that of
miR-146a in epileptic rats. This situation was induced after the treatment
of α-tocopherol. These altered expressions of miRNAswere observed only
in presence of tocopherol, without an epileptic insult. This indicates the
direct interaction of vitamin E with miRNAs which vouches for further
investigation.

3.6. Dietary fat and fatty acid

Fat is an essential component of everyday diet but prolonged intake of
fat-containing food without constant energy expenditure may lead to
deposition of fat within the body. This affects the body adversely by
causing co-morbidities, e.g., fatty liver (without alcohol consumption)
and insulin resistance. It was reported previously that a high-fat diet
regulates several miRNA expressions in different tissues like skeletal
muscle, adipose tissue and brain. Alteration of miRNA expressions in
different tissues due to high-fat diet was linked mainly to obesity. In case
of the brain, hypothalamus plays a vital role in body weight homeostasis.
This homeostasis is critically regulated by several miRNAs expressed in
the hypothalamus. Alvarellos et al. identified a set of miRNAs that were
differentially regulated in presence of high-fat diet. These miRNAs were
miR-9, Let-7a, miR-200a, -132, -218, -30e and -145. These miRNAs have
been reported to target several key inflammatory and metabolic path-
ways, i.e., leptin and insulin pathways (Sangiao-Alvarellos et al., 2014).
Interestingly, these miRNAs, especially miR-9 and Let-7a, are also
involved in normal brain development as well as pathologic conditions of
the brain. Thus, regulation of dietary fat and fatty acid intake in everyday
life may prevent or improve the pathologic conditions associated with
the brain.

3.7. Olive oil

Olive oil is one of the major food elements in the Mediterranean diet.
Consumption of olive oil has several health benefits. A large intake of
virgin and total olive oil improves the memory retention capacity and
cognition in aged individuals with high risk of cardiovascular diseases
(Valls-pedret et al., 2012). Several phenolic components are present in
olive oil, e.g., oleocanthal, tyrosol, oleuropein and hydroxytyrosol
(Giovannelli, 2012). A study showed that β-amyloid degradation occurs
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upon treatment with oleocanthal, which makes it a potential treatment
strategy against Alzheimer's disease (Pitt et al., 2009). It was also
observed that olive oil phenols were found in the brain of experimental
animals after consumption of olive oil (D'Angelo et al., 2001; Serra et al.,
2012). Olive oil phenolics show improved cognitive and motor function
in aged animal models (Farr et al., 2012; Pitozzi et al., 2012). In one
study, regulation of brain miRNAs by olive oil was observed in aged mice
(Luceri et al., 2017). Luceri et al. used H-EVOO, a commercially available
olive oil, to feed experimental mice thereafter examined the miRNA
expression pattern in aging conditions (Luceri et al., 2017). From their
result, it was observed that H-EVOO fed mice showed downregulation of
miR-27 and 137 which controls the NGFR, GLP1R and BMP expression
that ultimately leads to improved motor function. Olive oil phenolics also
downregulate the expression of miR-124 and -484 resulting in spatial
memory enhancement. Contextual memory was also induced upon olive
oil consumption which was linked to the downregulation of miR-34a-5p.
In several studies, upregulation of the aforementioned miRNAs was
found to be involved in aging-associated AD. Thus, the use of olive oil in a
regular diet can improve the cognitive behavior of Alzheimer's patients
resulting in a better lifestyle.

3.8. Krill oil and buttermilk

ω-3 fatty acid and polar lipids are required for proper functioning,
activity and maintenance of the nervous system (Engelborghs et al.,
2014). Loss of these from the brain with increasing age along with low
intake is concerned with major risk of neurological disorder (Engel-
borghs et al., 2014). In this regard, krill oil is considered to be a rich
source of ω-3 fatty acid which can be incorporated in phosphatidylcho-
line. Krill oil is extracted from shrimp Euphausia superba found in the
Antarctic Ocean (“Krill Oil Monograph,” 2010). In addition, buttermilk, a
by-product of butter containing high content of milk fat globule, is
enriched with polar lipids especially phosphatidylserine and sphingo-
myelin. A combination of ω-3 fatty acid and polar lipids regulate the
miRNA expression and their target genes in the hippocampus. A study
reported that the treatment of krill oilþ Buttermilk modulated the
expression of 11 miRNAs in the hippocampus. These major miRNAs
included- miR-99a-5p, -148a-3p, -381-3p, 379-5p, -370- 3p, let-7f-5p,
-128-3p, -146a-5p, -106b-3p, -30e-3p, and -770-3p. In presence of only
buttermilk, miR-29a-3p and -191a-5p showed differential expression in
rat model whereas miR-148a-3p, -379-5p, let-7f-5p, -99a-5p and -370-3p
showed upregulation in rats consuming only krill oil (Crespo et al.,
2018). These miRNAs are involved in synaptic transmission, axon guid-
ance, signalling of neurotrophin, neural differentiation and migration
and developmental process of the brain. Considering the effect of krill oil
and buttermilk on miRNA expression in the hippocampus, incorporation
of these two (in permissible concentrations) in the diet plan of patients
with a neurological disorder can disrupt the progression of the disease.

3.9. Green tea

Tea is one of the most consumed beverages worldwide. Except for
herbal tea, all types of tea are brewed from Camelia sinensis bush. The
oxidation level of leaves determines the type of tea. Green tea is prepared
from unoxidized leaves and is most unprocessed. Hence green tea is a rich
source of anti-oxidant and polyphenols. In green tea (-) epigallocatechin
(EGC) and (-) epigallocatechin-3-gallate (EGCG) polyphenol derivatives
are the major constituents. EGCG is the most dominating polyphenol
which has great anti-cancer properties and is found to be active against
neuroblastoma (Golden et al., 2009). These polyphenolic components are
observed to interact with miRNAs to exert their anti-cancer effect. In two
consecutive studies by Chakrabarty et al., it was shown that EGC and
EGCG differentially regulated six different miRNAs in neuroblastoma cell
lines (Chakrabarti et al., 2012, 2013). They reported that upon treatment
of these two polyphenols separately, three oncogenic miRNAs namely
miR-92, -93 and -106b were downregulated. On the contrary, the three
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tumor suppressor miRNAs namely miR-7-1, 34a, and -99a were upre-
gulated upon treatment with EGC and EGCG (Chakrabarti et al., 2012,
2013). These miRNAs are affected in several other types of brain tumors
and neurodegenerative diseases. Therefore, green tea polyphenols may
be helpful in other brain-related pathologies also.
3.10. Panax ginseng

Panax ginseng is perennial plant species whose root is considered as
ginseng. It usually grows in the mountains of East Asia. Ginseng is a part
of Chinese, Japanese, and Korean traditional medicine. Several second-
ary metabolites are found in ginseng. Among them, the most important
metabolite is ginsenoside Rh2. Ginsenoside Rh2 is a triterpene saponin. It
contains a steroid nucleus and sugar moiety. The ginsenoside Rh2 has
several biological effects, i.e., prevention of ischemic brain injury,
reduction of blood glucose level and anti-proliferative effect on glioma
cells (Kim et al., 1999; Zeng and Tu, 2003). It also regulates the
expression of miRNAs to exert its effect. Wu et al. showed that ginse-
noside Rh2 upregulated the expression of several miRNAs, i.e., Let-7c/d,
miR-125, -129, -181a/b/c, and -128. But the most prevalent change was
observed in case of miR-128. Treatment of ginsenoside Rh2 in glioma
cells resulted in upregulation of miR-128 and inhibited the proliferation
of glioma cells. Induction of miR-128 inhibits glioma cell proliferation
via activating caspase-3, inhibiting E2F3a activation at the transcrip-
tional level (Wu et al., 2011). As these miRNAs are also functional in
other types of brain diseases, the effect of ginsenoside Rh2 can be
screened for those diseases as well.
3.11. Apigenin

Apigenin or 40, 5,7-trihydroxyflavone is a flavonoid and is found in
several plants. It is mainly found in tea leaves, vegetables, fruits and
beans (Han and Chen, 2015). Several studies explored various biological
properties of apigenin including anti-inflammation, anticancer, immu-
nomodulatory, anti-oxidant, and antiviral properties (Palmieri et al.,
2012; Zhang et al., 2016). Chen et al. explored the effect of apigenin on
glioma cells (Chen et al., 2016). They found that treatment of apigenin
inhibited cell proliferation and induced apoptosis in glioma cells and in
particular upregulation of miR-16. This upregulation of miR-16 was
found to reduce the growth of glioma cells through suppression of BCL2
and NF-κB signalling pathways. Therefore, apigenin could be used as a
potential therapeutic choice for the cure and management of various
sorts of brain disorders including brain cancer.
3.12. Luteolin

Luteolin or 30,4’,5,7-tetrahydroxyflavone is a flavonoid and is found
in vegetables, fruits and certain medicinal plants. It is reported to have
several biological activities, i.e., anti-inflammation, anti-oxidant and
anti-cancer activities (Hougee et al., 2005; Romanov�a et al., 2001; See-
linger et al., 2008). Several studies established luteolin as a neuro-
protective agent (Cheng et al., 2008; Dirscherl et al., 2010; Pavlica and
Gebhardt, 2010). In a study, luteolin was demonstrated to be a neuro-
trophic factor as it could promote neurite extension and differentiation in
PC12 cells via ERK and PKC pathways (Cheng et al., 2008). Further in
their study, they showed the involvement of miRNA (miR-132) in
luteolin mediated differentiation of PC12 cells. Treatment of luteolin
phosphorylates ERK which in turn phosphorylates CREB. CREB trans-
locate to the nucleus and binds to CRE and mediates the synthesis of
pre-miR-132 and upregulates its expression. This helps in neurite
extension and differentiation of nerve cells. As miR-132 is upregulated by
the treatment of luteolin which in turn results in the differentiation of
nerve cells, luteolin mediated differentiation therapy can be explored as a
potential therapeutic option against different types of brain cancer.

https://en.wikipedia.org/wiki/Euphausia_superba
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3.13. Resveratrol

Resveratrol or 3,5,40-trihydroxytrans-stilbene is an edible natural
polyphenolic phytoalexin. It is found in peanuts, red wine, grapes and
several other food sources. It has extraordinary medicinal potential. Its
role is established in preventing several age-related diseases, i.e., cancers,
neurodegenerative diseases and cardiovascular diseases (Albani et al.,
2010; Borriello et al., 2010; Harikumar and Aggarwal, 2008). It also has
anti-inflammatory and anti-oxidant properties (Baur and Sinclair, 2006;
Saiko et al., 2008). Its pathophysiological role in brain cancer, i.e., glio-
blastoma and neurodegenerative disease like AD is well established (Baur
and Sinclair, 2006; Kiskova et al., 2020). Several studies reported that
miRNAs are deregulated in glioblastoma or AD and their expressions can
be regulated by resveratrol. In glioblastoma, miR-21 gets overexpressed
which is known to impart antiapoptotic activity. It inhibits LRRFIP1 and
inhibits the synthesis of LRRFIP1 which in turn attenuates the expression
of NF-κB (Chan et al., 2005; Li et al., 2009). Downregulation of miR-21
showed reduced cellular proliferation and induced apoptosis in glioblas-
toma cells (Corsten et al., 2007). Li et al. showed that treatment with
resveratrol downregulated the expression of miR-21 resulting in reduced
proliferation and escalated apoptosis in glioblastoma cells (Li et al., 2013).
Not only in glioblastoma, resveratrol also has its impact on regulating
miRNAs involved in AD. In AD, miRNAs, like miR-146a, -155, -21 and
-125b have been reported to be upregulated which leads to neuro-
inflammation. miR-15b is involved in tau-hyperphosphorylation in AD.
Furthermore, miR-9, -29c, -186, -107 and -29a get downregulated in AD
and affect BASE1 (β-site APP cleaving enzyme 1 or β-secretase) activity.
BASE1 is currently the focus of AD because this protease enzyme is
involved in abnormal production of Aβ plaques. Expression of all of these
miRNAs gets reversed upon treatment of resveratrol, resulting in reduced
disease progression. Resveratrol is reported to be effective against both
brain cancer and other neurological disorders. Therefore, it can be a good
therapeutic option against a variety of brain pathologies.

4. Conclusions

In this review, an attempt was made to decipher the role of various
miRNAs in brain pathologies and their regulation by nutraceuticals. Normal
brain status can be distinguished from pathologic condition by the differ-
ential expression of miRNAs. Few miRNAs are commonly involved in brain
tumors and neurological disorders but they act in a contradictory manner in
both the pathological conditions. For example, miR-124 prevents cell death
in AD whereas induces cellular death in glioma. Likewise, miR-128 gets
upregulated in AD and multiple sclerosis whereas the same miRNA is
completely lost in glioblastoma. Apart from the differential expression,
these miRNAs target several genes and regulate their expression. This
unique property makes them potential candidates for therapeutic in-
terventions. In the last few years, research showed substantial pieces of
evidence regarding miRNA modulation by diet or nutrition in different
tissues either in normal or in diseased conditions. But very few evidences
are present regarding the nutrition or diet-mediated regulation of brain-
related miRNAs both in vitro and in vivo. In this review, we summarized
most of the nutritional components reported so far, which are involved in
the regulation of brain pathology-related miRNAs. However, more in vitro
and in vivo studies in cellular and animal models of brain cancers and
neurological disorders need to be performed to explore the regulatory role
of new nutritional components against various miRNA targets. This will
provide substantial proof of the dietary regulation of miRNAs in the context
of brain carcinomas as well as a plethora of neurological diseases.
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