
 International Journal of 

Molecular Sciences

Review

MicroRNAs, Parkinson’s Disease, and Diabetes Mellitus

Hsiuying Wang †

����������
�������

Citation: Wang, H. MicroRNAs,

Parkinson’s Disease, and Diabetes

Mellitus. Int. J. Mol. Sci. 2021, 22,

2953. https://doi.org/10.3390/

ijms22062953

Academic Editors: Cristoforo Comi

and Luca Magistrelli

Received: 9 February 2021

Accepted: 9 March 2021

Published: 14 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Institute of Statistics, National Yang Ming Chiao Tung University, Hsinchu 30010, Taiwan; wang@stat.nctu.edu.tw
† Original name: National Chiao Tung University.

Abstract: Parkinson’s disease (PD) is a neurodegenerative disorder that affects 1% of the population
over the age of 60. Diabetes Mellitus (DM) is a metabolic disorder that affects approximately 25% of
adults over the age of 60. Recent studies showed that DM increases the risk of developing PD. The
link between DM and PD has been discussed in the literature in relation to different mechanisms
including mitochondrial dysfunction, oxidative stress, and protein aggregation. In this paper, we
review the common microRNA (miRNA) biomarkers of both diseases. miRNAs play an important
role in cell differentiation, development, the regulation of the cell cycle, and apoptosis. They are
also involved in the pathology of many diseases. miRNAs can mediate the insulin pathway and
glucose absorption. miRNAs can also regulate PD-related genes. Therefore, exploring the common
miRNA biomarkers of both PD and DM can shed a light on how these two diseases are correlated,
and targeting miRNAs is a potential therapeutic opportunity for both diseases.
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1. Introduction

Parkinson’s disease (PD) is a chronic neurodegenerative disease that has an increasing
prevalence with age [1]. PD affects 1% of the population above 60 years and is called
early-onset PD if it begins before age 50. The non-motor symptoms of PD include sleep
disorders, depression, cognitive changes, illusions, and delusions [2]. The motor symptoms
of PD include tremor, slowed movement, rigid muscles, impaired posture and balance,
speech changes, and writing changes [3]. Increasing evidence shows that biological sex is
an important factor in the development of PD. The relationship between estrogen exposure
and PD risk was investigated, and women with higher cumulative estrogen exposure had
a significantly reduced PD risk [4,5].

Several factors can modify the risk of developing PD. The increasing risk factors
include pesticides, consumption of dairy products, history of melanoma, and traumatic
brain injury, whereas the decreasing risk factors include smoking, caffeine consumption,
higher serum urate concentrations, physical activity, and use of ibuprofen and other
common medications [6].

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a drug that can cause ir-
reversible parkinsonism [7]. In addition, metabolic syndrome may be a risk factor for
PD development [8,9]. The stimulation of oxidative stress is pivotal to the evolution of
metabolic syndrome and PD [10,11]. Besides, a recent study showed the potential link
between gut microbiota and PD [12]. It has been proposed that the neurodegenerative
cascade may be initiated in the gut with subsequent spreading to the brain and that gut
microbiota could be involved in this process.

In recent years, an emerging body of evidence has shown the association between PD
and diabetes mellitus (DM). The cause of DM is a result of either the pancreas not producing
enough insulin or the body not responding appropriately to insulin. Hyperglycemia
affects people who have DM, and chronic hyperglycemia is associated with long-term
damage and dysfunction of different organs [13]. According to the diabetes website (https:
//www.who.int/health-topics/diabetes#tab=tab_1) of the World Health Organization on

Int. J. Mol. Sci. 2021, 22, 2953. https://doi.org/10.3390/ijms22062953 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-5863-0756
https://doi.org/10.3390/ijms22062953
https://doi.org/10.3390/ijms22062953
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.who.int/health-topics/diabetes#tab=tab_1
https://www.who.int/health-topics/diabetes#tab=tab_1
https://doi.org/10.3390/ijms22062953
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22062953?type=check_update&version=3


Int. J. Mol. Sci. 2021, 22, 2953 2 of 18

1 March 2021, about 422 million people worldwide have DM in 2021. Both the number of
cases and the prevalence of DM have been increasing over the past few decades.

There are two main types of DM: type 1 and type 2. In type 1 DM, the pancreas fails
to produce enough insulin. People with type 1 DM must use insulin injections to control
their blood glucose. In type 2 DM, the pancreas produces insulin, but the body does not
respond appropriately to insulin.

Most people with type 2 DM are obese, and obesity may cause insulin resistance [13].
Patients with DM may have many complications, including retinopathy, nephropathy,
peripheral neuropathy, and autonomic neuropathy. There is also an increased incidence
of hypertension, atherosclerotic cardiovascular complications, peripheral arterial com-
plications, and abnormalities of lipoprotein metabolism. Diabetic retinopathy (DR) is a
common complication of DM, and diabetic kidney disease (DKD) or diabetic nephropathy
is a type of chronic kidney disease caused by DM. DKD was reported in approximately
40% of DM patients, and the majority of DKD patients die from cardiovascular diseases
and infections [14].

The diagnosis of DM is based on fasting sugar blood tests or A1c blood tests. Com-
pared with the simplicity of DM diagnosis, it is more difficult to conclusively diagnose
PD due to the lack of a reference standard test [15]. The diagnosis of PD is based on a
review of patients’ signs and symptoms, and neurological and physical examinations. The
genetic factor can be identified in 5–10% of the patients. Studies show that PD is associated
with five genes: α-synuclein (SNCA); parkin (PARK2); PTEN-induced putative kinase 1
(PINK1); DJ-1 (PARK7); and Leucine-rich repeat kinase 2 (LRRK2) [16–19]. In addition, a
meta-analysis on genome-wide association studies (GWAS) from 13,708 cases and 95,282
controls has identified 28 independent risk alleles at 24 gene loci associated with a risk for
PD [20]. The gene expression differences between PD and healthy controls can be used as a
potential prognosis of PD. In addition to the gene biomarker, the circulating microRNA
(miRNA) can be a useful biomarker for PD as well as DM. In this study, we review the
common miRNA biomarkers of PD and DM and discuss the association between PD and
DM based on their miRNA biomarkers.

2. MicroRNA

miRNA is a small, non-coding RNA about 21–24 nucleotides in length that has im-
portant functions in cell differentiation, development, the regulation of the cell cycle, and
apoptosis. The first miRNA was discovered in the early 1990s when studying the nematode
Caenorhabditis elegans regarding the gene lin-14 [21]. miRNAs play an important epigenetic
role involved in many diseases and can be overexpressed or repressed in different diseases.
The inhibition or replacement of miRNAs is a promising area of study for therapeutics [22].

The biogenesis of miRNA is classified into canonical and non-canonical pathways.
Most miRNAs are transcribed from DNA sequences into primary miRNAs (pri-miRNAs)
and processed into precursor miRNAs (pre-miRNAs) and mature miRNAs. miRNAs are
synthesized from primary miRNAs in two stages by the action of two RNase III-type
proteins [23,24]. miRNAs may regulate up to 30% of the protein-coding genes in the
human genome [25] and are well known to be involved in the initiation and progression of
cancers [26–33]. In addition to being tumor suppressors or oncogenes of cancer, miRNAs
also contribute to neurological diseases. Let-7b is a miRNA biomarker for anti-NMDA
receptor encephalitis [34–36]. For neurological diseases, miRNAs were identified to account
for PD, amyotrophic lateral sclerosis, frontotemporal dementia, Alzheimer’s disease, spinal
muscular atrophy, Prader–Willi syndrome, Niemann–Pick disease, neurofibromatosis,
narcolepsy, Friedreich’s ataxia, and ataxia-telangiectasia [36–41]. miRNAs are also explored
as being related to DM [42].
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3. MicroRNA Biomarkers

I collected some common miRNA biomarkers of PD and DM from the literature
to discuss the association between both diseases. The common biomarkers are listed in
Table 1.

Table 1. Common microRNAs (miRNAs) related to Parkinson’s disease (PD) and diabetes mellitus
(DM).

microRNA Parkinson’s Disease Reference Diabetes Reference

miR-92a [43,44] [45,46]

miR-100 [43,47] [48,49]

miR-23a [43,50] [51,52]

let-7 [38] [53]

miR-485 [38,54] [55]

miR-26 [38,56] [57–59]

miR-146a [60,61] [48,62–65]

miR-335-3p [60] [66,67]

miR-155 [54,60,61] [65,68,69]

miR-1 [56,70] [71–73]

miR-19b-3p [56,70,74] [75–77]

miR-153 [70] [76,78]

miR-409-3p [70] [79,80]

miR-10a-5p [70] [81]

let-7g-3p [70] [53,82]

miR-103a-3p [56,83,84] [65]

miR-200 [44,54,85,86] [65]

miR-204 [54,85] [87–89]

miR-21 [54,90,91] [48,65,92–98]

miR-96 [99,100] [101,102]

miR-17 [44,103,104] [105]

miR-365 [56] [82,106–108]

miR-18a [44] [51,82,109–111]

miR-125a [112] [113,114]

miR-125b [115] [106,116–119]

miR-10b [112,120] [121,122]

miR-200c [44,123] [106,124]

miR-210 [125] [48,65,126]

miR-218 [56,127] [128–131]

miR-195 [54] [132–134]

miR-7 [54,56] [135,136]

miR-148a [54] [48,51,65,96,111]

miR-182 [137] [138–140]

miR-34a [141,142] [63,73,117]
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Table 1. Cont.

microRNA Parkinson’s Disease Reference Diabetes Reference

miR-342 [149] [48,51,65]

miR-26b [54,150] [97,151,152]

miR-135b [54,153] [154]

miR-22 [50,56] [155–157]

miR-20a [44,56] [158,159]

miR-766 [160] [122]

miR-30b [56,70,84] [98]

miR-30c [56,161,162] [122,126,163]

miR-148b [56,162] [65,152,164]

miR-29a [38,56,84,149,165] [166,167]

miR-29c [165] [167]

miR-1249 [56,168] [82,169]

miR-18b [56,170] [51,171]

miR-15a [56] [172,173]

miR-30a [38,56] [126,140,174,175]

miR-9 [56,142,149] [176]

miR-132 [56] [177,178]

miR-423 [54,56] [179,180]

miR-486 [56] [181,182]

miR-1260 [56] [183,184]

These two diseases share more miRNA biomarkers than those listed in Table 1. In
this paper, we review miRNAs listed in Table 1 to connect PD and DM. The miR-92a,
miR-100, and miR-23a were shown to significantly target 244 gene biomarkers of PD that
were identified by integrating three datasets including 35 normal control and 25 PD pa-
tients’ substantia nigra mRNA expression profiles [43]. The tripartite regulatory network
identified miR-18a, -92a, -200a, -200c, -17, and -20a as hub miRNAs that can be considered
as possible biomarkers for PD [44]. miR-92a may serve to correct diabetes-associated
inflammation and restore normal circadian function in CD34+ cells [45]. miR-100-5p,
miR-146a-5p, miR-148a-3p, miR-210-5p, and miR-342-3p were dysregulated in type 1 DM
patients compared to controls [65]. In comparison with either normal glucose tolerance
or type 2 DM subjects, miR-18a, miR-18b, and miR-23a decreased in impaired glucose
tolerance subjects [51]. miR-30, miR-29, let-7, miR-485, and miR-26 were shown to be
implicated in PD pathogenesis [38]. Let-7 could be involved in regulating neuronal de-
generation in PD and let-7g-3p was up-regulated in the CSF of PD patients [38]. Let-7
regulated multiple aspects of glucose metabolism, and anti-miR-induced let-7 knockdown
was suggested as a potential treatment for type 2 DM [53]. Microarray analysis of PD
substantia nigra samples revealed that miR-485-5p and miR-204-5p were up-regulated and
miR-155-5p and miR-423 were down-regulated. In addition, miR-200, miR-21, miR-195,
miR-7, miR-148a, miR-145, miR-26b, and miR-135b also have different expression in PD
samples compared to control samples [54]. Overexpression of miR-485 suppressed high
glucose-induced proliferation of human mesangial cells [55]. miR-26a in β cells alleviated
obesity-induced insulin resistance and hyperinsulinemia, and prevented hyperinsulinemia
through targeting several critical regulators of insulin secretion and β cell proliferation [58].
A systematic review of literature summarized miRNAs as differing significantly between
individuals with PD and healthy controls and/or between treated and untreated patients
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with PD including down-regulated miRNAs, miR-30b, miR-30c, miR-26a, miR-148b, miR-1,
miR-22, miR-29a, miR-103a-3p, miR-1249, miR-20a, miR-18b, miR-15a, miR-143, miR-19b,
and up-regulated miRNAs, miR-30a, miR-7, miR-9, miR-132, miR-423, miR-365, miR-486,
miR-1260, and miR-218 [56]. miR-26a could ameliorate bone-specific insulin resistance and
bone quality in diabetic mice, which depend on the insulin receptors on osteoblasts [57].

miR-146a, miR-335-3p, and miR-335-5p were down-regulated in idiopathic PD patients
and patients with a mutation in the LRRK2 gene versus controls [60]. miR-146a-5p was
down-regulated in recently diagnosed type 1 DM patients [65]. miR-21-5p, miR-100-5p,
miR-148a, miR-146a-5p, miR-210-5p, and miR-342-3p were dysregulated in type 1 DM
patients compared to controls [48]. The expression of miR-335 was negatively correlated
with the secretion index in human islets of individuals with prediabetes [66]. An animal
study explored the potential involvement of miR-155 in the pathogenesis of diabetes
complications [68]. Except for the liver, the miR-155 expression level was significantly
decreased in the diabetic kidney, heart, aorta, peripheral blood mononuclear cells, and
the sciatic nerve versus the controls. miR-1 and miR-19b-3p showed decreased expression
in PD, whereas miR-153, miR-409-3p, miR-10a-5p, and let-7g-3p were found to be up-
regulated [70]. Type 2 DM patients expressed decreased levels of miR-1-3p and miR-34a-5p
compared with controls [73]. miR-19b targets PD-related genes [74]. The long non-coding
RNA maternally expressed gene 3 (MEG3) inhibited high glucose-induced apoptosis and
inflammation by regulating the miR-19b/SOCS6 axis through the JAK2/STAT3 signaling
pathway in the human retinal microvascular endothelial cells [185]. The miR-153 expression
level was increased in IL-1β-treated β cells and primary islets from the diabetic rodents [76].
An insulin resistance group presented a remarkably higher serum miR-409-5p level than
a non-insulin resistance group [79]. Acarbose, an α-glucosidase inhibitor, can regulate
glucose metabolism through the MAPK pathway and can suppress proinflammatory
cytokines by increasing miR-10a-5p and miR-664 in the ileum. Acarbose reduced blood
glucose by activating miR-10a-5p in diabetic rats [81]. Let-7g was differentially expressed
in patients with or at risk of for type 1 DM [82]. Significant overexpression of miR-103a-3p,
miR-30b-5p, and miR-29a-3p was observed in treated patients with PD [84]. miR-21-5p,
miR-103a-3p, miR-148b-3p, miR-155-5p, miR-200a-3p, and miR-210-3p were up-regulated
in recently diagnosed type 1 DM patients compared with controls [65]. Serum miR-204
was elevated in children and adults with type DM [87].

miR-96-5p was involved in oxidative stress in PD [100]. The overexpression of miR-
96 was found to lead to an impairment of insulin signaling and glycogen synthesis in
hepatocytes [101]. A significant decrease in miR-17-3p in diabetic retinopathy as well as in
proliferative diabetic retinopathy patients was shown when compared with non-diabetic
retinopathy patients [105]. miR-125b-5p and miR-365a-3p have strong positive correlations
with HbA1c [106]. A study proposed miRNA biomarker panels that efficiently distinguish
early-stage PD patients from controls and miR-125a-5p and miR-10b-5p were identified
in these miRNA panels [112]. miR-125a is overexpressed in insulin target tissues in a
spontaneous rat model of type 2 DM [114]. miR-125b-5p is a putative target gene of the
long non-coding RNA brain-derived neurotrophic factor anti-sense that might act as a
potential therapeutic target for PD [115]. A titer of islet autoantibodies IAA was negatively
associated with miR-10b-5p [122]. miR-200c-3p was down-regulated in the echinomycin-
treated PD cellular model [123]. miR-200c-3p was positively correlated with HbA1c [106].
miR-210 target genes were identified to have a significant age-related neurodegenerative
disease pathway enrichment including Huntington’s disease, Alzheimer’s disease, and
PD [125]. Plasma miR-210 was significantly up-regulated in type 2 DM subjects in contrast
to controls [126]. The down-regulation of miR-218 in the brain was related to PD via
activation of NF-κB signaling [127]. Glucose up-regulated miR-218 expression, and miR-
218 and RUNX2 might be vital targets for use in diagnosing and treating DR [129]. miR-195
was up-regulated in the frontal cortex region of the PD brain [54]. miR-195-5p expression
was significantly increased in serum samples from gestational DM patients as compared
with those in healthy pregnancies [133]. Serum miR-7 was significantly elevated in the type
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2 DM patients and the type 2 DM-associated microvascular complications patients when
compared with the controls [135]. Levels of miR-148a-3p were associated with glycemic
status and glucose levels [111]. miR-182-5p mediates nigrostriatal protection in the MPTP
model of PD [137]. miR-182-5p was very highly expressed in individuals with prediabetes
or type 2 DM, and miR-182-5p was observed to be significantly under-expressed in type 2
DM relative to prediabetes [140].

miR-34a was differentially expressed in 1-methyl-4-phenylpyridinium (MPP)+-treated
differentiated PC12 cells as a model of PD [142]. miR-34a and miR-9 were up-regulated
in MPP+-treated differentiated PC12 cells as a model of PD [142]. miR-34a was increased
in type 2 DM patients who were overweight and obese, and miR-34a was differentially
affected by glycemia, obesity, insulin treatment, and the presence of nephropathy and
diabetic foot [63]. The plasma level of miR-133b was reduced in PD patients compared
with the controls [143]. Myocardial-specific miR-133b was confirmed to be down-regulated
in diabetic rat hearts [71]. By comparing the miRNAs identified in this experiment with
those previously reported to be associated with DKD, miR-133b was up-regulated in
urinary exosomes in patients with type 2 DKD [144]. miR-145-3p in the PD group was
higher than that in the control group [145]. In rats with type 1 DM, the therapeutic
effects of stroke treatment were compared between bone-marrow stromal cells (BMSCs)
derived from type 1 DM rats (DM-BMSCs) and BMSCs derived from normal rats (Nor-
BMSCs). In vivo, compared with Nor-BMSC or phosphate-buffered saline treatment,
DM-BMSC treatment improved functional outcome, decreased serum miR-145 expression,
and increased expression of the miR-145 target genes ABCA1 and IGFR1 [146]. miR-342-3p,
miR-29a-5p, and miR-9-5p were identified to regulate genes associated with PD such as
CTSB and SPPL2B [149]. The level of miR-26b targeting hsc70 was significantly increased
in PD substantia nigra pars compacta relative to actin mRNA levels [150]. miR-26b-5p was
found to be significantly down-regulated following metformin treatments in patients with
type 2 DM [97]. Ectosomes (Ects) are a subpopulation of extracellular vesicles, and the level
of miR-26b-5p was significantly different between Ects obtained from patients with type 2
DM and those obtained from healthy controls [151]. miR-26b was detected in the blood of
type 2 DM samples that indicated miR-26b as a promising biomarker of type 2 DM [152].

Both in vitro and in vivo, the expression of miR-135b decreased in retinal cells under
hyperglycemia exposure and increased in the DM retina [154].

The dysregulations of miR-22 and miR-23a were shown in the comparison between
PD patients and control individuals [50]. Three experimental rat groups were analyzed
in a study: rats receiving a standard diet (N), rats receiving a high-fat diet (HFD), and
rats receiving a high-fat diet (HFD) with simultaneous administration of T2 (HFD-T2).
An approximate 50% decrease in the level of miR-22-3p was detected in the serum of
HFD-T2 rats in comparison to HFD rats [155]. miR-20a-5p was significantly decreased
in women with gestational DM compared with controls [159]. miR-766 could target the
gene GBA, and mutations of GBA were the most common genetic risk factor for PD [160].
The blood glucose concentration measured at 120 min of an oral glucose tolerance test
was correlated negatively to miR-766-3p [122]. miR-30b-5p was differentially expressed
in PD [70]. mRNA and protein profiling of extracellular vesicles extracted from diabetic
subjects with the DR group or without the DR group and healthy controls were performed.
Modulation of miR-30b-5p inside microvascular cells confirmed their involvement in
abnormal angiogenesis [98]. Serum miR-30c-5p levels correlate with disease duration in
both multiple system atrophy and PD [161].

miR-30c and miR-148b were down-regulated in PD [162]. miR-30c reduced plasma
cholesterol in several diet-induced and diabetic hypercholesterolemic mice [163]. The levels
of HbA1c were negatively associated with miR-30c-5p [122]. miR-148b was detected in
the blood of type 2 DM samples indicating miR-148b as a promising biomarker of type 2
DM [152]. The level of miR-148b was detected in the sera of healthy controls, individuals
with impaired glucose regulation, and type 2 DM patients by real-time polymerase chain
reaction (PCR). Compared with those in the healthy control group, the miR-148b level in the
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impaired glucose regulation group was significantly higher. miR-148b was also significantly
higher in the type 2 DM group compared with the other groups [164]. The expression of
serum miR-29a and miR-29c expression tended to decrease with PD severity [165]. In the
liver, both miR-29a and miR-29c were important negative regulators of insulin signaling
via phosphatidylinositol 3-kinase regulation [166]. Evidence showed that miR-29a and
miR-29c were increased in skeletal muscle from patients with type 2 DM [167]. miR-1249
was altered in PD with a focus on early-onset PD and late-onset PD patients [168]. A set of
miRNAs including miR-18b and miR-1249 inverted their trend after deep brain stimulation
treatment, becoming down-regulated compared to PD untreated patients’ samples [170].
miR-1249 was differentially expressed in pre-DM, obese, and non-diabetic individuals at
follow-up [82]. miR-1249 was associated with the DM complication nephropathy [169]. The
long non-coding RNA KCNQ1OT1 that regulated miR-18b-5p could affect cell proliferation,
apoptosis, and fibrosis in diabetic nephropathy [171]. The peripheral blood miR-15a
expression levels were significantly decreased in patients with type 2 DM and pre-diabetes
individuals exhibiting impaired fasting glucose and impaired glucose tolerance individuals,
compared with healthy control subjects [172]. Expression of miR-15a was increased in
skeletal muscle obtained from the gestational DM group and type 1 DM group compared
with a control group of offspring from the background population [173].

An up-regulation trend was observed for miR-30a-5p in L-dopa-treated PD
patients [175]. miR-30a-5p and miR-30c-5p were found to be involved in blood coag-
ulation, platelet activation, glucose metabolism, insulin signaling, and inflammation and
were significantly up-regulated in type 2 DM [126]. miR-30a-5p is associated with dysg-
lycaemia and could potentially predict prediabetes [140]. Deregulated plasma levels of
miR-30a-5p were observed years before the onset of type 2 DM and pre-DM and could be
used to evaluate the risk of developing DM [174]. miR-9-5p was one of several miRNAs
that might target 13 genes associated with PD [149]. Experiments based on islet cell lines
indicated that the overexpression of miR-9 decreased glucose-stimulated insulin secre-
tion, while the knockdown of miR-9 promotes insulin secretion to a certain degree [176].
Expression of miR-132 was decreased in serum and placenta tissues in gestational DM
patients compared with the healthy women [177]. miR-132 played a critical role in the
regeneration of mouse islet β cells through the down-regulation of its target Pten, and
the miR-132/Pten/Akt/Foxo3 signaling pathway might represent a suitable target to en-
hance β cell mass [178]. Lowered miR-423 levels in DM patients showed a correlation
with vascular endothelial growth factor and an inverse correlation between nitric oxide
and endothelial nitric oxide synthase expression. Hence, miR-423 may be involved in the
regulation of diabetic vascular retinal proliferation [179]. miR-486-5p identified responders
to thiazolidinedione therapy among the insulin-resistant group [181]. The serum levels of
miR-486 were significantly reduced in patients with DKD when compared with the healthy
control and type 2 DM groups [182]. In the comparison of type 1 DM versus type 2 DM,
miR-1260 was differently expressed in the two groups [183]. Circulating miR-1260a was
differently expressed at two time points in elderly type 2 DM patients who did not respond
to sitagliptin treatment [184].

In summary, the miRNAs in Table 1 were involved in the functions that are related PD
or DM. Figure 1 shows some miRNA-related functions that may cause PD or DM.
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4. Discussion

In addition to discussing the link of PD and DM through their common miRNA
biomarkers, many studies revealed common underlying mechanisms in the pathophysiol-
ogy of both diseases including hyperglycemia, mitochondrial dysfunction, oxidative stress,
and inflammation [186]. PD results mainly from the death of dopaminergic neurons in
the substantia nigra. Insulin receptors are relatively plentiful in substantia nigra neurons,
and hyperglycemia suppresses substantia nigra dopaminergic neuronal firing. Moreover,
insulin resistance has been associated with mitochondrial dysfunction, while MPTP, a toxin
that caused numerous cases of parkinsonism, leads to mitochondrial dysfunction [187].
Mitochondria are the key regulator of glucose-stimulated insulin secretion in the pan-
creatic β cells, and mitochondrial dysfunction was suggested to play a key role in the
pathophysiology of DM [188].

Mitochondria contain multiple families of non-coding RNAs including miRNA. miR-
NAs localizing in mitochondria, known as mitomiRs, were discovered to influence various
metabolic pathways. The mitochondrial metabolic pathways are actively involved in en-
ergy metabolism during type 2 DM [189]. mitomiRs are also related to neurodegenerative
disorders, including Alzheimer’s disease, PD, and Huntington’s disease. MitomiRs play a
key role in the pathogenesis of PD by affecting PINK1. Among all neurodegenerative dis-
eases, PD is most affected by mitochondrial dysfunction. MitomiRs related to PD included
miR-124, miR-16, miR-21, miR-27a/b, miR-29a, and miR-29b et al. [190]. These miRNAs
were involved in the metabolic pathways affected by mitomiRs including TCA, ETC, fatty
acid metabolism, or amino acid metabolism pathways, and others. [189].



Int. J. Mol. Sci. 2021, 22, 2953 9 of 18

In addition, the relevance of mitochondrial dysfunction and oxidative stress in the
familial and the sporadic forms of PD was explored [191]. Mitochondria represent the
major sites for oxidative stress production. Oxidative stress results from an imbalance
between harmful reactive oxygen species (ROS) and the antioxidant process that can lead
to dopaminergic cell damage in PD as well as pancreatic β cell damage in DM. miRNAs can
regulate ROS and prevent ROS-mediated damage to dopaminergic neurons [186]. Studies
have focused on how to reduce the damage induced by oxidative stress in both PD and
DM. Oxidative stress has been demonstrated as a key factor in the pathogenesis of diabetic
nephropathy. Damiano et al. suggested that a red orange and lemon extract could reduce
the oxidative damage measured in urine samples in Zucker diabetic fatty rats and prevent
renal complications associated with type 2 DM [192,193]. Flavonoids, the phytonutrients
present in fruits and vegetables, can provide numerous health benefits and reduce the risk
of PD due to their antioxidative, anti-inflammatory, anti-apoptotic, and lipid-lowering
properties [194,195].

Moreover, PD and DM also shared the protein aggregation similarity. α-Synuclein,
a protein encoded by the SNCA gene, is abundant in the brain and is also localized
in neuronal mitochondria [196]. α-Synuclein is a key protein component in the protein
inclusions in PD. In familial PD, multiplication and point mutations in the SNCA can lead to
toxic aggregation of the α-synuclein protein and subsequent degeneration of dopaminergic
neurons in the substantia nigra. Additionally, α-synuclein is also found in the pancreatic β

cells. Islet amyloid polypeptide (IAPP) aggregates to form amyloid structures in β cells in
type 2 DM. Type 2 DM patients are most likely to develop PD as α-synuclein may combine
to amyloid fibrils and form irreversible damaging complexes in dopaminergic cells [197].
An animal study demonstrated increased accumulation, aggregation, and phosphorylation
of α-synuclein and IAPP in the pancreatic islets of spontaneously developed type 2 DM
monkeys, as compared to the normal subjects. Besides, double immunofluorescence
analyses showed a complete overlap between α-synuclein and IAPP in the pancreatic
islets [198].

The aspects from common miRNA biomarkers, and the mechanisms of mitochondrial
dysfunction, oxidative stress, and protein aggregation show the connection between PD and
DM (Figure 2). In addition to the disease pathology discussion, cohort studies demonstrated
the increased risk of PD for DM patients. A comprehensive meta-analysis based on cohort
studies in more than 1,761,000 individuals showed that compared to non-diabetic patients,
patients with DM were associated with a 38% increase in the risk of developing PD [199].
Another study indicates that DM increased the risk of developing PD in this Chinese
population age 20 years and older. The magnitude of association is higher among women
and individuals age 65 years and older [200]. In addition, the risk of developing PD in DM
patients may depend on the treatment for DM. A large population-based cohort study has
shown that the incidence of PD in type 2 DM patients varied substantially depending on
the treatment for DM received. The rate of PD was 36–60% lower in users of dipeptidyl
peptidase 4 inhibitors and glucagon-like peptide-1 receptor agonists compared to users of
other oral anti-diabetic drugs [201].
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miRNAs are shown to be involved in the mechanisms of many diseases including
PD and DM. Hence, exploring common miRNA biomarkers of different diseases can help
improve our understanding of the relationship of different diseases. In this study, we
review common miRNAs that contribute to both PD and DM. Many common miRNAs
are discussed in this study. In addition to connecting PD and DM in relation to miRNA,
we also discuss their relationships with the mechanisms of mitochondrial dysfunction,
oxidative stress, and protein aggregation.

Funding: This work was supported by the Ministry of Science and Technology 107-2118-M-009-002-
MY2, Taiwan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The study did not report any data.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Tysnes, O.B.; Storstein, A. Epidemiology of Parkinson’s disease. J. Neural Transm. 2017, 124, 901–905. [CrossRef] [PubMed]
2. Fénelon, G.; Mahieux, F.; Huon, R.; Ziégler, M. Hallucinations in Parkinson’s disease: Prevalence, phenomenology and risk

factors. Brain 2000, 123, 733–745. [CrossRef] [PubMed]
3. Poluha, P.C.; Teulings, H.L.; Brookshire, R.H. Handwriting and speech changes across the levodopa cycle in Parkinson’s disease.

Acta Psychol. 1998, 100, 71–84. [CrossRef]
4. Haaxma, C.A.; Bloem, B.R.; Borm, G.F.; Oyen, W.J.; Leenders, K.L.; Eshuis, S.; Booij, J.; Dluzen, D.E.; Horstink, M.W. Gender

differences in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 2007, 78, 819–824. [CrossRef]
5. Cerri, S.; Mus, L.; Blandini, F. Parkinson’s disease in women and men: What’s the difference? J. Parkinson’s Dis. 2019, 9, 501–515.

[CrossRef] [PubMed]

http://doi.org/10.1007/s00702-017-1686-y
http://www.ncbi.nlm.nih.gov/pubmed/28150045
http://doi.org/10.1093/brain/123.4.733
http://www.ncbi.nlm.nih.gov/pubmed/10734005
http://doi.org/10.1016/S0001-6918(98)00026-2
http://doi.org/10.1136/jnnp.2006.103788
http://doi.org/10.3233/JPD-191683
http://www.ncbi.nlm.nih.gov/pubmed/31282427


Int. J. Mol. Sci. 2021, 22, 2953 11 of 18

6. Ascherio, A.; Schwarzschild, M.A. The epidemiology of Parkinson’s disease: Risk factors and prevention. Lancet Neurol. 2016, 15,
1257–1272. [CrossRef]

7. Langston, J.W. The MPTP Story. J. Parkinsons Dis. 2017, 7, S11–S19. [CrossRef]
8. Zhang, P.; Tian, B. Metabolic syndrome: An important risk factor for Parkinson’s disease. Oxid. Med. Cell Longev. 2014, 2014,

729194. [CrossRef] [PubMed]
9. Nam, G.E.; Kim, S.M.; Han, K.; Kim, N.H.; Chung, H.S.; Kim, J.W.; Han, B.; Cho, S.J.; Yu, J.H.; Park, Y.G.; et al. Metabolic

syndrome and risk of Parkinson disease: A nationwide cohort study. PLoS Med. 2018, 15, e1002640. [CrossRef]
10. Whaley-Connell, A.; McCullough, P.A.; Sowers, J.R. The role of oxidative stress in the metabolic syndrome. Rev. Cardiovasc. Med.

2011, 12, 21–29.
11. Zhou, C.; Huang, Y.; Przedborski, S. Oxidative stress in Parkinson’s disease: A mechanism of pathogenic and therapeutic

significance. Ann. N. Y. Acad. Sci. 2008, 1147, 93–104. [CrossRef]
12. Weis, S.; Schwiertz, A.; Unger, M.M.; Becker, A.; Faßbender, K.; Ratering, S.; Kohl, M.; Schnell, S.; Schäfer, K.H.; Egert, M. Effect of

Parkinson’s disease and related medications on the composition of the fecal bacterial microbiota. NPJ Parkinsons Dis. 2019, 5, 28.
[CrossRef] [PubMed]

13. American Diabetes, A. Diagnosis and classification of diabetes mellitus. Diabetes Care 2013, 36 (Suppl. 1), S67–S74. [CrossRef]
[PubMed]

14. Alicic, R.Z.; Rooney, M.T.; Tuttle, K.R. Diabetic Kidney Disease: Challenges, Progress, and Possibilities. Clin. J. Am. Soc. Nephrol.
2017, 12, 2032–2045. [CrossRef]

15. Levine, C.B.; Fahrbach, K.R.; Siderowf, A.D.; Estok, R.P.; Ludensky, V.M.; Ross, S.D. Diagnosis and treatment of Parkinson’s
disease: A systematic review of the literature. Evid. Rep. Technol. Assess Summ. 2003, 57, 1–4.

16. Zimprich, A.; Biskup, S.; Leitner, P.; Lichtner, P.; Farrer, M.; Lincoln, S.; Kachergus, J.; Hulihan, M.; Uitti, R.J.; Calne, D.B.; et al.
Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron 2004, 44, 601–607. [CrossRef]
[PubMed]

17. Gasser, T. Usefulness of Genetic Testing in PD and PD Trials: A Balanced Review. J. Parkinsons Dis. 2015, 5, 209–215. [CrossRef]
18. Stefanis, L. alpha-Synuclein in Parkinson’s disease. Cold Spring Harb. Perspect Med. 2012, 2, a009399. [CrossRef]
19. Dawson, T.M.; Dawson, V.L. The role of parkin in familial and sporadic Parkinson’s disease. Mov. Disord 2010, 25 (Suppl. 1),

S32–S39. [CrossRef]
20. Nalls, M.A.; Pankratz, N.; Lill, C.M.; Do, C.B.; Hernandez, D.G.; Saad, M.; DeStefano, A.L.; Kara, E.; Bras, J.; Sharma, M.; et al.

Large-scale meta-analysis of genome-wide association data identifies six new risk loci for Parkinson’s disease. Nat. Genet. 2014,
46, 989–993. [CrossRef]

21. Lee, R.; Feinbaum, R.; Ambros, V. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14.
Cell 1993, 75, 843–854. [CrossRef]

22. Simonson, B.; Das, S. MicroRNA Therapeutics: The Next Magic Bullet? Mini Rev. Med. Chem. 2015, 15, 467–474. [CrossRef]
23. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.

Endocrinol. 2018, 9, 402. [CrossRef]
24. Kim, V.N.; Han, J.; Siomi, M.C. Biogenesis of small RNAs in animals. Nat. Rev. Mol. Cell Biol. 2009, 10, 126–139. [CrossRef]
25. Lewis, B.P.; Burge, C.B.; Bartel, D.P. Conserved seed pairing, often flanked by adenosines, indicates that thousands of human

genes are microRNA targets. Cell 2005, 120, 15–20. [CrossRef]
26. Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal. Transduct. Target. Ther. 2016, 1, 15004. [CrossRef]
27. Jansson, M.D.; Lund, A.H. MicroRNA and cancer. Mol. Oncol. 2012, 6, 590–610. [CrossRef]
28. Galka-Marciniak, P.; Urbanek-Trzeciak, M.O.; Nawrocka, P.M.; Dutkiewicz, A.; Giefing, M.; Lewandowska, M.A.; Kozlowski,

P. Somatic Mutations in miRNA Genes in Lung Cancer-Potential Functional Consequences of Non-Coding Sequence Variants.
Cancers 2019, 11, 793. [CrossRef]

29. Xian, Q.J.; Zhao, R.L.; Fu, J.J. MicroRNA-527 Induces Proliferation and Cell Cycle in Esophageal Squamous Cell Carcinoma Cells
by Repressing PH Domain Leucine-Rich-Repeats Protein Phosphatase 2. Dose Response 2020, 18. [CrossRef] [PubMed]

30. Chen, X.; Zhang, Z.; Ma, Y.; Su, H.; Xie, P.; Ran, J. LINC02381 Promoted Cell Viability and Migration via Targeting miR-133b in
Cervical Cancer Cells. Cancer Manag. Res. 2020, 12, 3971–3979. [CrossRef]

31. Wang, H. Phylogenetic Analysis to Explore the Association Between Anti-NMDA Receptor Encephalitis and Tumors Based on
microRNA Biomarkers. Biomolecules 2019, 9, 572. [CrossRef]

32. Wang, H. Predicting MicroRNA Biomarkers for Cancer Using Phylogenetic Tree and Microarray Analysis. Int. J. Mol. Sci. 2016,
17, 773. [CrossRef]

33. Wang, H. Predicting Cancer-Related MiRNAs Using Expression Profiles in Tumor Tissue. Curr. Pharm. Biotechnol. 2014, 15,
438–444. [CrossRef]

34. Zhang, J.; Xu, X.; Zhao, S.; Gong, Z.; Liu, P.; Guan, W.; He, X.; Wang, T.; Peng, T.; Teng, J. The Expression and Significance of
the Plasma Let-7 Family in Anti-N-methyl-D-aspartate Receptor Encephalitis. J. Mol. Neurosci. 2015, 56, 531–539. [CrossRef]
[PubMed]

35. Wang, H. Efficacies of treatments for anti-NMDA receptor encephalitis. Front. Biosci. 2016, 21, 651–663. [CrossRef] [PubMed]
36. Taguchi, Y.H.; Wang, H. Exploring microRNA Biomarker for Amyotrophic Lateral Sclerosis. Int. J. Mol. Sci. 2018, 19, 1318.

[CrossRef] [PubMed]

http://doi.org/10.1016/S1474-4422(16)30230-7
http://doi.org/10.3233/JPD-179006
http://doi.org/10.1155/2014/729194
http://www.ncbi.nlm.nih.gov/pubmed/24955210
http://doi.org/10.1371/journal.pmed.1002640
http://doi.org/10.1196/annals.1427.023
http://doi.org/10.1038/s41531-019-0100-x
http://www.ncbi.nlm.nih.gov/pubmed/31815177
http://doi.org/10.2337/dc13-S067
http://www.ncbi.nlm.nih.gov/pubmed/23264425
http://doi.org/10.2215/CJN.11491116
http://doi.org/10.1016/j.neuron.2004.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15541309
http://doi.org/10.3233/JPD-140507
http://doi.org/10.1101/cshperspect.a009399
http://doi.org/10.1002/mds.22798
http://doi.org/10.1038/ng.3043
http://doi.org/10.1016/0092-8674(93)90529-Y
http://doi.org/10.2174/1389557515666150324123208
http://doi.org/10.3389/fendo.2018.00402
http://doi.org/10.1038/nrm2632
http://doi.org/10.1016/j.cell.2004.12.035
http://doi.org/10.1038/sigtrans.2015.4
http://doi.org/10.1016/j.molonc.2012.09.006
http://doi.org/10.3390/cancers11060793
http://doi.org/10.1177/1559325820928687
http://www.ncbi.nlm.nih.gov/pubmed/32547334
http://doi.org/10.2147/CMAR.S237285
http://doi.org/10.3390/biom9100572
http://doi.org/10.3390/ijms17050773
http://doi.org/10.2174/1389201015666140519121255
http://doi.org/10.1007/s12031-015-0489-6
http://www.ncbi.nlm.nih.gov/pubmed/25603816
http://doi.org/10.2741/4412
http://www.ncbi.nlm.nih.gov/pubmed/26709797
http://doi.org/10.3390/ijms19051318
http://www.ncbi.nlm.nih.gov/pubmed/29710810


Int. J. Mol. Sci. 2021, 22, 2953 12 of 18

37. Rizzuti, M.; Filosa, G.; Melzi, V.; Calandriello, L.; Dioni, L.; Bollati, V.; Bresolin, N.; Comi, G.P.; Barabino, S.; Nizzardo, M.; et al.
MicroRNA expression analysis identifies a subset of downregulated miRNAs in ALS motor neuron progenitors. Sci. Rep. 2018, 8,
1–12. [CrossRef]

38. Goh, S.Y.; Chao, Y.X.; Dheen, S.T.; Tan, E.K.; Tay, S.S. Role of MicroRNAs in Parkinson’s Disease. Int. J. Mol. Sci. 2019, 20, 5649.
[CrossRef]

39. Grasso, M.; Piscopo, P.; Talarico, G.; Ricci, L.; Crestini, A.; Tosto, G.; Gasparini, M.; Bruno, G.; Denti, M.A.; Confaloni, A. Plasma
microRNA profiling distinguishes patients with frontotemporal dementia from healthy subjects. Neurobiol. Aging 2019, 84, 240
e1–240 e12. [CrossRef] [PubMed]

40. Magri, F.; Vanoli, F.; Corti, S. mi RNA in spinal muscular atrophy pathogenesis and therapy. J. Cell. Mol. Med. 2018, 22, 755–767.
41. Wang, H. Phylogenetic Analysis of microRNA Biomarkers for Amyotrophic Lateral Sclerosis. Biocell 2021, 45, 547–561. [CrossRef]
42. Wang, H. MicroRNA, Diabetes Mellitus and Colorectal Cancer. Biomedicines 2020, 8, 530. [CrossRef] [PubMed]
43. Taguchi, Y.; Wang, H. Exploring MicroRNA Biomarkers for Parkinson’s Disease from mRNA Expression Profiles. Cells 2018, 7,

245. [CrossRef]
44. Chatterjee, P.; Bhattacharyya, M.; Bandyopadhyay, S.; Roy, D. Studying the system-level involvement of microRNAs in Parkinson’s

disease. PLoS ONE 2014, 9, e93751. [CrossRef]
45. Bhatwadekar, A.D.; Yan, Y.; Stepps, V.; Hazra, S.; Korah, M.; Bartelmez, S.; Chaqour, B.; Grant, M.B. miR-92a Corrects CD34+

Cell Dysfunction in Diabetes by Modulating Core Circadian Genes Involved in Progenitor Differentiation. Diabetes 2015, 64,
4226–4237. [CrossRef]

46. Setyowati Karolina, D.; Sepramaniam, S.; Tan, H.Z.; Armugam, A.; Jeyaseelan, K. miR-25 and miR-92a regulate insulin I
biosynthesis in rats. RNA Biol. 2013, 10, 1365–1378. [CrossRef] [PubMed]

47. Peng, T.; Liu, X.; Wang, J.; Liu, Y.; Fu, Z.; Ma, X.; Li, J.; Sun, G.; Ji, Y.; Lu, J.; et al. Long noncoding RNA HAGLROS regulates
apoptosis and autophagy in Parkinson’s disease via regulating miR-100/ATG10 axis and PI3K/Akt/mTOR pathway activation.
Artif. Cells Nanomed. Biotechnol. 2019, 47, 2764–2774. [CrossRef] [PubMed]

48. Assmann, T.S.; Recamonde-Mendoza, M.; De Souza, B.M.; Crispim, D. MicroRNA expression profiles and type 1 diabetes mellitus:
Systematic review and bioinformatic analysis. Endocr. Connect. 2017, 6, 773–790. [CrossRef] [PubMed]

49. Pek, S.L.; Sum, C.F.; Lin, M.X.; Cheng, A.K.; Wong, M.T.; Lim, S.C.; Tavintharan, S. Circulating and visceral adipose miR-100 is
down-regulated in patients with obesity and Type 2 diabetes. Mol. Cell. Endocrinol. 2016, 427, 112–123. [CrossRef]

50. Barbagallo, C.; Mostile, G.; Baglieri, G.; Giunta, F.; Luca, A.; Raciti, L.; Zappia, M.; Purrello, M.; Ragusa, M.; Nicoletti, A. Specific
Signatures of Serum miRNAs as Potential Biomarkers to Discriminate Clinically Similar Neurodegenerative and Vascular-Related
Diseases. Cell. Mol. Neurobiol. 2020, 40, 531–546. [CrossRef]

51. de Candia, P.; Spinetti, G.; Specchia, C.; Sangalli, E.; La Sala, L.; Uccellatore, A.; Lupini, S.; Genovese, S.; Matarese, G.; Ceriello, A.
A unique plasma microRNA profile defines type 2 diabetes progression. PLoS ONE 2017, 12, e0188980.

52. Yang, Z.; Chen, H.; Si, H.; Li, X.; Ding, X.; Sheng, Q.; Chen, P.; Zhang, H. Serum miR-23a, a potential biomarker for diagnosis of
pre-diabetes and type 2 diabetes. Acta Diabetol. 2014, 51, 823–831. [CrossRef]

53. Frost, R.J.A.; Olson, E.N. Control of glucose homeostasis and insulin sensitivity by the Let-7 family of microRNAs. Proc. Natl.
Acad. Sci. USA 2011, 108, 21075–21080. [CrossRef] [PubMed]

54. Martinez, B.; Peplow, P.V. MicroRNAs in Parkinson’s disease and emerging therapeutic targets. Neural. Regen Res. 2017, 12,
1945–1959. [PubMed]

55. Wu, J.; Lu, K.; Zhu, M.; Xie, X.; Ding, Y.; Shao, X.; Chen, Y.; Liu, J.; Xu, M.; Xu, Y.; et al. miR-485 suppresses inflammation and
proliferation of mesangial cells in an in vitro model of diabetic nephropathy by targeting NOX5. Biochem. Biophys. Res. Commun.
2020, 521, 984–990. [CrossRef]

56. da Silva, F.C.; Iop, R.D.; Vietta, G.G.; Kair, D.A.; Gutierres Filho, P.J.; de Alvarenga, J.G.; da Silva, R. microRNAs involved in
Parkinson’s disease: A systematic review. Mol. Med. Rep. 2016, 14, 4015–4022. [CrossRef]

57. Jiang, F.; Zong, Y.; Ma, X.; Jiang, C.; Shan, H.; Lin, Y.; Xia, W.; Yin, F.; Wang, N.; Zhou, L.; et al. miR-26a Attenuated Bone-Specific
Insulin Resistance and Bone Quality in Diabetic Mice. Mol. Ther. Nucleic Acids 2020, 20, 459–467. [CrossRef]

58. Xu, H.; Du, X.; Xu, J.; Zhang, Y.; Tian, Y.; Liu, G.; Wang, X.; Ma, M.; Du, W.; Liu, Y.; et al. Pancreatic β cell microRNA-26a
alleviates type 2 diabetes by improving peripheral insulin sensitivity and preserving β cell function. PLoS Biol. 2020, 18, e3000603.
[CrossRef] [PubMed]

59. Fu, X.; Dong, B.; Tian, Y.; Lefebvre, P.; Meng, Z.; Wang, X.; Pattou, F.; Han, W.; Wang, X.; Lou, F.; et al. MicroRNA-26a regulates
insulin sensitivity and metabolism of glucose and lipids. J. Clin. Investig. 2015, 125, 2497–2509. [CrossRef]

60. Oliveira, S.R.; Dionísio, P.A.; Correia Guedes, L.; Gonçalves, N.; Coelho, M.; Rosa, M.M.; Amaral, J.D.; Ferreira, J.J.; Rodrigues, C.
Circulating Inflammatory miRNAs Associated with Parkinson’s Disease Pathophysiology. Biomolecules 2020, 10, 945. [CrossRef]
[PubMed]

61. Caggiu, E.; Paulus, K.; Mameli, G.; Arru, G.; Sechi, G.P.; Sechi, L.A. Differential expression of miRNA 155 and miRNA 146a in
Parkinson’s disease patients. Eneurological. Sci. 2018, 13, 1–4. [CrossRef] [PubMed]

62. Alipoor, B.; Ghaedi, H.; Meshkani, R.; Torkamandi, S.; Saffari, S.; Iranpour, M.; Omrani, M.D. Association of MiR-146a Expression
and Type 2 Diabetes Mellitus: A Meta-Analysis. Int. J. Mol. Cell Med. 2017, 6, 156–163.

http://doi.org/10.1038/s41598-018-28366-1
http://doi.org/10.3390/ijms20225649
http://doi.org/10.1016/j.neurobiolaging.2019.01.024
http://www.ncbi.nlm.nih.gov/pubmed/30826067
http://doi.org/10.32604/biocell.2021.014343
http://doi.org/10.3390/biomedicines8120530
http://www.ncbi.nlm.nih.gov/pubmed/33255227
http://doi.org/10.3390/cells7120245
http://doi.org/10.1371/journal.pone.0093751
http://doi.org/10.2337/db15-0521
http://doi.org/10.4161/rna.25557
http://www.ncbi.nlm.nih.gov/pubmed/24084692
http://doi.org/10.1080/21691401.2019.1636805
http://www.ncbi.nlm.nih.gov/pubmed/31298038
http://doi.org/10.1530/EC-17-0248
http://www.ncbi.nlm.nih.gov/pubmed/28986402
http://doi.org/10.1016/j.mce.2016.03.010
http://doi.org/10.1007/s10571-019-00751-y
http://doi.org/10.1007/s00592-014-0617-8
http://doi.org/10.1073/pnas.1118922109
http://www.ncbi.nlm.nih.gov/pubmed/22160727
http://www.ncbi.nlm.nih.gov/pubmed/29323027
http://doi.org/10.1016/j.bbrc.2019.11.020
http://doi.org/10.3892/mmr.2016.5759
http://doi.org/10.1016/j.omtn.2020.03.010
http://doi.org/10.1371/journal.pbio.3000603
http://www.ncbi.nlm.nih.gov/pubmed/32092075
http://doi.org/10.1172/JCI75438
http://doi.org/10.3390/biom10060945
http://www.ncbi.nlm.nih.gov/pubmed/32585840
http://doi.org/10.1016/j.ensci.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30255159


Int. J. Mol. Sci. 2021, 22, 2953 13 of 18

63. García-Jacobo, R.E.; Uresti-Rivera, E.E.; Portales-Pérez, D.P.; González-Amaro, R.; Lara-Ramírez, E.E.; Enciso-Moreno, J.A.; García-
Hernández, M.H. Circulating miR-146a, miR-34a and miR-375 in type 2 diabetes patients, pre-diabetic and normal-glycaemic
individuals in relation to β-cell function, insulin resistance and metabolic parameters. Clin. Exp. Pharmacol. Physiol. 2019, 46,
1092–1100. [CrossRef] [PubMed]

64. Mensà, E.; Giuliani, A.; Matacchione, G.; Gurău, F.; Bonfigli, A.R.; Romagnoli, F.; De Luca, M.; Sabbatinelli, J.; Olivieri, F.
Circulating miR-146a in healthy aging and type 2 diabetes: Age- and gender-specific trajectories. Mech. Ageing Dev. 2019, 180,
1–10. [CrossRef]

65. Assmann, T.S.; Recamonde-Mendoza, M.; Puñales, M.; Tschiedel, B.; Canani, L.H.; Crispim, D. MicroRNA expression profile in
plasma from type 1 diabetic patients: Case-control study and bioinformatic analysis. Diabetes Res. Clin. Pract. 2018, 141, 35–46.
[CrossRef] [PubMed]

66. Salunkhe, V.A.; Ofori, J.K.; Gandasi, N.R.; Salö, S.A.; Hansson, S.; Andersson, M.E.; Wendt, A.; Barg, S.; Esguerra, J.; Eliasson, L.
MiR-335 overexpression impairs insulin secretion through defective priming of insulin vesicles. Physiol. Rep. 2017, 5. [CrossRef]

67. Tang, X.W.; Qin, Q.X. miR-335-5p induces insulin resistance and pancreatic islet β-cell secretion in gestational diabetes mellitus
mice through VASH1-mediated TGF-β signaling pathway. J. Cell. Physiol. 2019, 234, 6654–6666. [CrossRef]

68. Khamaneh, A.M.; Alipour, M.R.; Sheikhzadeh Hesari, F.; Ghadiri Soufi, F. A signature of microRNA-155 in the pathogenesis of
diabetic complications. J. Physiol. Biochem. 2015, 71, 301–309. [CrossRef]

69. Akhbari, M.; Khalili, M.; Shahrabi-Farahani, M.; Biglari, A.; Bandarian, F. Expression Level of Circulating Cell Free miR-155 Gene
in Serum of Patients with Diabetic Nephropathy. Clin. Lab. 2019, 65, 1493–1499. [CrossRef] [PubMed]

70. Roser, A.E.; Caldi Gomes, L.; Schünemann, J.; Maass, F.; Lingor, P. Circulating miRNAs as diagnostic biomarkers for Parkinson’s
disease. Front. Neurosci. 2018, 12, 625. [CrossRef]

71. Yildirim, S.S.; Akman, D.; Catalucci, D.; Turan, B. Relationship Between Downregulation of miRNAs and Increase of Oxidative
Stress in the Development of Diabetic Cardiac Dysfunction: Junctin as a Target Protein of miR-1. Cell Biochem. Biophys. 2013, 67,
1397–1408. [CrossRef]

72. de Gonzalo-Calvo, D.; van der Meer, R.W.; Rijzewijk, L.J.; Smit, J.W.; Revuelta-Lopez, E.; Nasarre, L.; Escola-Gil, J.C.; Lamb, H.J.;
Llorente-Cortes, V. Serum microRNA-1 and microRNA-133a levels reflect myocardial steatosis in uncomplicated type 2 diabetes.
Sci. Rep. 2017, 7, 47. [CrossRef] [PubMed]

73. Kokkinopoulou, I.; Maratou, E.; Mitrou, P.; Boutati, E.; Sideris, D.C.; Fragoulis, E.G.; Christodoulou, M.I. Decreased expression of
microRNAs targeting type-2 diabetes susceptibility genes in peripheral blood of patients and predisposed individuals. Endocrine
2019, 66, 226–239. [CrossRef]

74. Heman-Ackah, S.M.; Hallegger, M.; Rao, M.S.; Wood, M.J. RISC in PD: The impact of microRNAs in Parkinson’s disease cellular
and molecular pathogenesis. Front. Mol. Neurosci. 2013, 6, 40. [CrossRef]

75. Copier, C.U.; León, L.; Fernández, M.; Contador, D.; Calligaris, S.D. Circulating miR-19b and miR-181b are potential biomarkers
for diabetic cardiomyopathy. Sci. Rep. 2017, 7, 13514. [CrossRef] [PubMed]

76. Sun, Y.; Zhou, S.; Shi, Y.; Zhou, Y.; Zhang, Y.; Liu, K.; Zhu, Y.; Han, X. Inhibition of miR-153, an IL-1β-responsive miRNA, prevents
beta cell failure and inflammation-associated diabetes. Metabolism 2020, 111, 154335. [CrossRef]

77. He, J.; Kang, Y.; Lian, C.; Wu, J.; Zhou, H.; Ye, X. Effect of miR-19b on the protective effect of Exendin-4 on islet cells in non-obese
diabetic mice. Exp. Ther. Med. 2019, 18, 503–508. [CrossRef] [PubMed]

78. Mandemakers, W.; Abuhatzira, L.; Xu, H.; Caromile, L.A.; Hébert, S.S.; Snellinx, A.; Morais, V.A.; Matta, S.; Cai, T.; Notkins,
A.L.; et al. Co-regulation of intragenic microRNA miR-153 and its host gene Ia-2β: Identification of miR-153 target genes with
functions related to IA-2β in pancreas and brain. Diabetologia 2013, 56, 1547–1556. [CrossRef]

79. Tu, C.; Wang, L.; Tao, H.; Gu, L.; Zhu, S.; Chen, X. Expression of miR-409-5p in gestational diabetes mellitus and its relationship
with insulin resistance. Exp. Ther. Med. 2020, 20, 3324–3329. [CrossRef]

80. Ventriglia, G.; Mancarella, F.; Sebastiani, G.; Cook, D.P.; Mallone, R.; Mathieu, C.; Gysemans, C.; Dotta, F. miR-409-3p is reduced
in plasma and islet immune infiltrates of NOD diabetic mice and is differentially expressed in people with type 1 diabetes.
Diabetologia 2020, 63, 124–136. [CrossRef] [PubMed]

81. Zhang, Q.; Xiao, X.; Li, M.; Li, W.; Yu, M.; Zhang, H.; Wang, Z.; Xiang, H. Acarbose reduces blood glucose by activating
miR-10a-5p and miR-664 in diabetic rats. PLoS ONE 2013, 8, e79697. [CrossRef] [PubMed]

82. Vasu, S.; Kumano, K.; Darden, C.M.; Rahman, I.; Lawrence, M.C.; Naziruddin, B. MicroRNA Signatures as Future Biomarkers for
Diagnosis of Diabetes States. Cells 2019, 8, 1533. [CrossRef] [PubMed]

83. Zhou, J.; Zhao, Y.; Li, Z.; Zhu, M.; Wang, Z.; Li, Y.; Xu, T.; Feng, D.; Zhang, S.; Tang, F.; et al. miR-103a-3p regulates mitophagy in
Parkinson’s disease through Parkin/Ambra1 signaling. Pharmacol. Res. 2020, 160, 105197. [CrossRef]

84. Serafin, A.; Foco, L.; Zanigni, S.; Blankenburg, H.; Picard, A.; Zanon, A.; Giannini, G.; Pichler, I.; Facheris, M.F.; Cortelli, P.;
et al. Overexpression of blood microRNAs 103a, 30b, and 29a in L-dopa-treated patients with PD. Neurology 2015, 84, 645–653.
[CrossRef] [PubMed]

85. Talepoor Ardakani, M.; Rostamian Delavar, M.; Baghi, M.; Nasr-Esfahani, M.H.; Kiani-Esfahani, A.; Ghaedi, K. Upregulation of
miR-200a and miR-204 in MPP+-treated differentiated PC12 cells as a model of Parkinson’s disease. Mol. Genet. Genom. Med.
2019, 7, e548. [CrossRef] [PubMed]

86. Fu, J.; Peng, L.; Tao, T.; Chen, Y.; Li, Z.; Li, J. Regulatory roles of the miR-200 family in neurodegenerative diseases. Biomed.
Pharmacother. 2019, 119, 109409. [CrossRef] [PubMed]

http://doi.org/10.1111/1440-1681.13147
http://www.ncbi.nlm.nih.gov/pubmed/31355469
http://doi.org/10.1016/j.mad.2019.03.001
http://doi.org/10.1016/j.diabres.2018.03.044
http://www.ncbi.nlm.nih.gov/pubmed/29679626
http://doi.org/10.14814/phy2.13493
http://doi.org/10.1002/jcp.27406
http://doi.org/10.1007/s13105-015-0413-0
http://doi.org/10.7754/Clin.Lab.2019.190209
http://www.ncbi.nlm.nih.gov/pubmed/31414764
http://doi.org/10.3389/fnins.2018.00625
http://doi.org/10.1007/s12013-013-9672-y
http://doi.org/10.1038/s41598-017-00070-6
http://www.ncbi.nlm.nih.gov/pubmed/28246388
http://doi.org/10.1007/s12020-019-02062-0
http://doi.org/10.3389/fnmol.2013.00040
http://doi.org/10.1038/s41598-017-13875-2
http://www.ncbi.nlm.nih.gov/pubmed/29044172
http://doi.org/10.1016/j.metabol.2020.154335
http://doi.org/10.3892/etm.2019.7598
http://www.ncbi.nlm.nih.gov/pubmed/31258687
http://doi.org/10.1007/s00125-013-2901-5
http://doi.org/10.3892/etm.2020.9049
http://doi.org/10.1007/s00125-019-05026-1
http://www.ncbi.nlm.nih.gov/pubmed/31659408
http://doi.org/10.1371/journal.pone.0079697
http://www.ncbi.nlm.nih.gov/pubmed/24260283
http://doi.org/10.3390/cells8121533
http://www.ncbi.nlm.nih.gov/pubmed/31795194
http://doi.org/10.1016/j.phrs.2020.105197
http://doi.org/10.1212/WNL.0000000000001258
http://www.ncbi.nlm.nih.gov/pubmed/25596505
http://doi.org/10.1002/mgg3.548
http://www.ncbi.nlm.nih.gov/pubmed/30712312
http://doi.org/10.1016/j.biopha.2019.109409
http://www.ncbi.nlm.nih.gov/pubmed/31518873


Int. J. Mol. Sci. 2021, 22, 2953 14 of 18

87. Xu, G.; Thielen, L.A.; Chen, J.; Grayson, T.B.; Grimes, T.; Bridges, S.L., Jr.; Tse, H.M.; Smith, B.; Patel, R.; Li, P.; et al. Serum
miR-204 is an early biomarker of type 1 diabetes-associated pancreatic beta-cell loss. Am. J. Physiol. Endocrinol. Metab. 2019, 317,
E723–E730. [CrossRef]

88. Jo, S.; Chen, J.; Xu, G.; Grayson, T.B.; Thielen, L.A.; Shalev, A. miR-204 Controls Glucagon-Like Peptide 1 Receptor Expression
and Agonist Function. Diabetes 2018, 67, 256–264. [CrossRef]

89. Gaddam, R.R.; Jacobsen, V.P.; Kim, Y.R.; Gabani, M.; Jacobs, J.S.; Dhuri, K.; Kumar, S.; Kassan, M.; Li, Q.; Bahal, R.; et al.
Microbiota-governed microRNA-204 impairs endothelial function and blood pressure decline during inactivity in db/db mice.
Sci. Rep. 2020, 10, 10065. [CrossRef]

90. Su, C.H.; Yang, X.P.; Lou, J.Y. Geniposide reduces alpha-synuclein by blocking microRNA-21/lysosome-associated membrane
protein 2A interaction in Parkinson disease models. Brain Res. 2016, 1644, 98–106. [CrossRef]

91. Zhao, L.; Wang, Z. MicroRNAs: Game changers in the regulation of α-synuclein in Parkinson’s disease. Parkinson’s Dis. 2019,
2019, 1743183. [CrossRef]

92. Sekar, D.; Venugopal, B.; Sekar, P.; Ramalingam, K. Role of microRNA 21 in diabetes and associated/related diseases. Gene 2016,
582, 14–18. [CrossRef] [PubMed]

93. La Sala, L.; Mrakic-Sposta, S.; Micheloni, S.; Prattichizzo, F.; Ceriello, A. Glucose-sensing microRNA-21 disrupts ROS homeostasis
and impairs antioxidant responses in cellular glucose variability. Cardiovasc. Diabetol. 2018, 17, 105. [CrossRef] [PubMed]

94. Chen, Q.; Qiu, F.; Zhou, K.; Matlock, H.G.; Takahashi, Y.; Rajala, R.; Yang, Y.; Moran, E.; Ma, J.X. Pathogenic Role of microRNA-21
in Diabetic Retinopathy Through Downregulation of PPAR alpha. Diabetes 2017, 66, 1671–1682. [CrossRef]

95. Zang, J.; Maxwell, A.P.; Simpson, D.A.; McKay, G.J. Differential Expression of Urinary Exosomal MicroRNAs miR-21-5p and
miR-30b-5p in Individuals with Diabetic Kidney Disease. Sci. Rep. 2019, 9, 10900. [CrossRef]

96. Grieco, G.E.; Cataldo, D.; Ceccarelli, E.; Nigi, L.; Catalano, G.; Brusco, N.; Mancarella, F.; Ventriglia, G.; Fondelli, C.; Guarino, E.;
et al. Serum Levels of miR-148a and miR-21-5p Are Increased in Type 1 Diabetic Patients and Correlated with Markers of Bone
Strength and Metabolism. Noncoding RNA 2018, 4, 37. [CrossRef]
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