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A b s t r a c t

In parallel with the rapid growth of obesity, there is also an increase in the 
prevalence of type 2 diabetes mellitus (T2D) worldwide. Due to its compli-
cations, cardiovascular diseases are the leading cause of death in those 
patients. In the last two decades, special attention has been given to ox-
idative stress and inflammation, as the underlying mechanisms related to 
T2D occurrence and progression. Moreover, micro-ribonucleic acids (miRNAs) 
as new genetic biomarkers take an important place in the investigation of 
different metabolic pathways of insulin signaling. In this review article, we 
discuss microRNA modulation with oxidative stress and inflammation in pa-
tients with T2D. Better insight into the novel potential therapeutic targets 
for treatment of diabetes and its complications is of utmost importance for 
public health.

Key words: diabetes, inflammation, micro-ribonucleic acids, oxidative 
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Introduction

The prevalence of type 2 diabetes mellitus (T2D) is rapidly increas-
ing worldwide, mostly as a  consequence of the increasing number of 
individuals with obesity, unhealthy dietary patterns, as well as sedentary 
lifestyles. Individuals with obesity (i.e., with body mass index (BMI) > 35 
kg/m2) are 20 times as likely to get T2D as compared to normal weight 
subjects (i.e., 18.5 kg/m2 < BMI < 25 kg/m2) [1]. Insulin resistance is the 
common background of many metabolic pathways even before manifest 
diabetes occurs. Indeed, many metabolic disorders such as visceral obe-
sity, metabolic syndrome, and non-alcoholic fatty liver disease share the 
common denominators, i.e. insulin resistance and concomitant dyslipid-
emia, that are the risk factors for T2D [2–6]. Even then, when the diag-
nosis of diabetes is established, much more has to be done in order to 
monitor its progression and to prevent and/or delay its complications or 
even death. In line with this, cardiovascular disease (CVD) still represents 
the cause of death in nearly 80% of T2D patients [1].
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In order to gain deeper understanding of the 
not so simple insulin signaling pathways, many 
novel biomarkers including genetic biomarkers 
named micro-ribonucleic acids (miRNAs) that 
are involved in their regulatory mechanisms are 
emerging nowadays, with special attention paid 
to oxidative stress and inflammation [2, 3, 7–11].

Oxidative stress and inflammation in type 2 
diabetes mellitus

Oxidative stress or redox imbalance is a condi-
tion (phenomenon) that occurs when the factors 
of oxidative stress – prooxidants (free radicals) 
– overcome the mechanisms of antioxidant pro-
tection. Homeostatic mechanisms ensure the bal-
anced production of free radicals and a whole se-
ries of antioxidants that are responsible for their 
safe removal. Free radical formation is a  part of 
the physiological processes in a healthy organism, 
and since some of these reactive species are spe-
cific signaling molecules their presence and activ-
ity are necessary. However, in various pathological 
conditions such as cancer, CVD, diabetes, auto-
immune diseases, rheumatic diseases, systemic 
lupus, and various skin diseases, the formation 
of free radicals overwhelms the defense mecha-
nisms and develops “oxidative stress” which dam-
ages cells and tissues. Oxidative stress intensifica-
tion can also occur due to the reduced efficiency 
of the antioxidant protection system, whose indi-
vidual elements can be damaged during various 
pathological processes. Increased production of 
free radicals and a decrease in antioxidant protec-
tion most often run in parallel as part of patho-
physiological processes, so oxidative cell damage 
grows, which complicates the distinct disease 
course that certainly takes place with many other 
mechanisms [12–14].

Oguntibeju defined T2D as a disease in which 
the intersection of hyperglycemia, oxidative 
stress, and inflammation occurs, and suggested 
that the main reason for the disease progression 
could be oxidative stress induction of inflamma-
tion and vice versa [15]. Low-grade inflammation 
(subclinical) contributes to diabetes development 
by amplifying insulin resistance and is also con-
nected with hyperglycemia. 

Obesity as a  risk factor for T2DM is also 
a source of pro-inflammatory proteins generated 
through the activation of two pathways: stress-ac-
tivated Jun N-terminal kinase (JNK) and nuclear  
factor κB (NF-κB) [16, 17]. Inflammatory agents 
considered as the most important for diabetes 
progression are TNF-α, interleukins (IL-1, IL-6, 
IL-10), adipokines (leptin, adiponectin, resistin), 
monocyte chemoattractant protein, angiotensin, 
and serum amyloid A [18]. The initial generation of 
inflammatory biomarkers causes adipose tissue 

infiltration by macrophages and immune B and 
T cells, which in turn initiates long-standing low-
grade inflammation, constantly producing more 
cytokines [19]. The vicious circle of unwanted 
events increases the type and level of cytokines, 
which presents a link between obesity, insulin re-
sistance, and inflammation [20].

The study of Stefanović et al. regarding oxida-
tive stress and patients with T2D showed a signif-
icant increase in plasma levels of thiobarbituric 
acid reactive substances (TBARS), superoxide an-
ions (O

2
–), and superoxide dismutase (SOD), and 

a lower sulfhydryl group concentration compared 
to healthy subjects. Moreover, the study reported 
that obese T2D subjects had worse redox balance 
than normal-weight patients [21]. The second arm 
of the study analyzed the relationship between 
cardiovascular risk score and plasma oxidative 
stress marker levels in T2D patients and revealed 
an association of cardiovascular risk score with 
oxidative stress, indicating superoxide anion in-
volvement in CVD development [22]. The third 
arm of the same study found reduced paraoxo-
nase 1 (PON1) activity and impaired lipoprotein 
metabolism of low-density lipoprotein (LDL) and 
high-density lipoprotein (HDL) particles in T2D 
patients compared to healthy subjects [23]. Wu 
et al. in their meta-analysis detected a  relation-
ship between low PON1 activity and the risk of 
T2D, diabetic macroangiopathy, and microangiop-
athy, i.e. the role of PON1 activity in progression 
of diabetic complications [24]. Pandey et al. [25] 
suggested that oxidative stress in obese diabet-
ic subjects induces hyperleptinemia which leads 
to irregular leptin signaling, i.e. leptin resistance, 
which deprives leptin of its protective effects, 
and insulin resistance develops in these patients. 
Klisic et al. [26, 27], trying to connect oxidative 
stress, inflammation, and dyslipidemia in patients 
with T2D with fatty liver disease, concluded that 
only a multimarker approach, including mentioned 
biomarkers, could be beneficial in predicting the 
risk of developing this serious comorbidity. The 
significant relationship between increased xan-
thine oxidase activity and uric acid concentration 
with albuminuria progression in T2D patients un-
doubtedly links oxidative stress exacerbation with 
kidney disease as a chronic diabetes complication 
[28]. Furthermore, another study confirmed the 
relationship between glycated hemoglobin (HbA1c) 
levels and a comprehensive risk score consisting 
of biomarkers of dyslipidemia, oxidative stress, 
and inflammation in both prediabetic patients 
and T2D patients [29]. A significant positive cor-
relation between HbA1c and total sulfhydryl group 
concentration in the general population might be 
explained by increased production of antioxidants 
generated in an attempt to diminish increased 
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levels of glycemia-induced reactive oxygen spe-
cies (ROS) formation [30]. Similarly, Kohata et al. 
observed a correlation between glycated albumin 
and oxidative stress in patients with well and 
poorly controlled T2D [31].

Micro-ribonucleic acids

Since the last decade of the previous century, 
there has been extensive research on new ge-
netic biomarkers named micro-ribonucleic acids  
(miRNAs) [32]. They are short single-stranded mol-
ecules with a length of 19 to 25 nucleotides with 
an originally assigned role in gene expression reg-
ulation [11]. They do not code proteins, but with 
their seed sequence, a region centered on nucle-
otides 2–7, they bind to 3′-untranslated regions 
(3′UTR) of messenger RNA (mRNA), causing its 
degradation and destabilization or translation re-
pression. The fate of mRNA depends on the de-
gree of complementary superposition between it 
and the miRNA [33]. When mRNA and miRNA per-
fectly match, mRNAs are cleaved and degraded. 
However, when binding is imperfect, the complex 
miRNA inhibits mRNA translation [34]. One single 
miRNA may hybridize to multiple target sites on 
more than 100 mRNAs [35]. Like mRNAs, miRNAs 
are transcribed from genomic DNA in the nucleus 
in the form of long precursor molecules several ki-
lobases in length called primary miRNA transcripts 
(pri-miRNA) by the action of RNA polymerase II. 
Pri-miRNAs are further transformed into small-
er molecules around 100 nucleotides in length 
by the action of the RNA polymerase III enzyme 
Drosha [36]. When formed, these pre-miRNAs are 
transferred into the cytoplasm by exportin 5. Sin-
gle-stranded mature miRNAs are then synthesized 
by the action of the RNase III-type endonuclease 
Dicer. By itself, miRNA cannot perform its biolog-
ical effects but with RNA binding proteins (RBPs) 
it forms the miRNA-induced silencing complex 
(miRISCs) in which it is delivered to and may bind 
to its mRNA targets [37]. 

Besides translation repression, certain miRNAs 
may also participate in gene activation. This effect 
may occur via direct activation of target mRNA, its 
stabilization, and translational activation [38]. 

In normal physiological states, miRNAs are in-
volved in homeostatic metabolic regulations and 
development processes. In recent years, studies 
have proved that due to genetic and environmen-
tal factors, miRNAs might be dysregulated, playing 
a significant role in the development and progres-
sion of many diseases such as cancers [39], CVD 
[40], T2D [41], and others [42].

The aberrant miRNA expression may have 
potential roles in underlying pathophysiological 
mechanisms of T2D development and progres-
sion, which include β-cell function and develop-

ment, insulin production and secretion, insulin 
resistance, glucose and lipid metabolism, inflam-
mation, and oxidative stress [43]. This review will 
summarize some of the ones implicated in these 
processes.

miR-375 is one of the most studied miRNAs 
regarding T2D. It originates from the pancreas 
[44]. Also, it is expressed by the brain and spinal 
cord [45]. Its main roles primarily rely on estab-
lishing the normal endocrine pancreatic mass and 
maintaining glucose homeostasis [44]. miR-375 
directly targets transcripts of genes that negative-
ly regulate cell growth and proliferation of β-cells 
[44]. miR-375 downregulates 3-phosphoinosit-
ide-dependent protein kinase-1 (PDK1) directly 
interacting with the a3′UTR of its mRNA [46] and 
suppresses PDK1 protein production. PDK1 is an 
important participant in insulin signaling inducing 
lipogenesis and GLUT-4 translocation. miR-375 
has a biological role as an inhibitor of phospho-
inositide 3-kinase (PI3K) signal transduction via 
PDK1 [46]. By the PI3K cascade, it controls insulin 
gene expression in pancreatic β-cells and its pro-
liferation [47]. By inhibition of myotrophin (Mtpn), 
miR-375 inhibits insulin release from β-cells [44]. 
Furthermore, Mtpn-mediated upregulation of the 
nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells (NF-κB), associated with improved 
insulin secretion stimulated by insulin, is inhibit-
ed by this miRNA [48, 49]. By indirect inhibition 
of NF-κB, a master transcription factor regulating 
pro-inflammatory and oxidative stress-related 
genes, miR-375 blocks their detrimental effects 
[44, 48]. Prolonged glucose exposure of INS-1E 
cells (β-cell model) leads to decreased miR-375 
levels and increased insulin receptor substrate 2 
(IRS2) gene expression and protein kinase B (PKB, 
also known as AKT kinase) and glycogen synthase 
kinase 3 (GSK3) phosphorylation [46]. The last 
two both act downstream of PDK1 [46].

Family members of the miR-29 gene (miR-29a, 
miR-29b, and miR-29c) participate in glucose 
and lipid metabolism regulation during T2D de-
velopment and progression [50]. These isoforms 
are abundantly present in β-cells and might con-
tribute to β-cell development and functions [51]. 
These family members have effects in insulin re-
lease by decreasing levels of the Onecut2 (OC2) 
transcription factor, which in turn stimulates the 
expression of granuphilin, which further inhibits 
insulin release, promoting apoptosis [52]. miR-29a 
and miR-29b specifically target mRNA of plasma 
membrane’s monocarboxylate transporter (Mct1) 
and decrease its protein levels. When present at 
a lower level it leads to a decreased cytosolic ATP/
ADP ratio and consequently decreased insulin 
release from β-cells [51]. Hyperinsulinemia and 
hyperglycemia induce miR-29a and miR-29b, but 



Micro-ribonucleic acid modulation with oxidative stress and inflammation in patients with type 2 diabetes mellitus – a review article

Arch Med Sci 4, 1st July / 2022 873

not miR-29c, gene expression in 3T3-L1 adipo-
cytes [53]. miR-29 inhibits phosphorylation of PKB 
and subsequently its activity, and translocation of 
GLUT4 transporter to the cell surface after insulin 
stimulation. Also, phosphorylation and expression 
of IRS-1 are attenuated. Therefore, it participates 
in silencing components of the insulin signaling 
cascade [53]. 

The miR-124a gene family consists of three iso-
forms – miR-124a1, miR-124a2, and miR-124a3 – 
abundantly expressed by the brain and pancreatic 
β-cells. It exerts some of its actions in a synergis-
tic manner with miR-375 [54]. It suppresses the 
translation of Mtpn and insulin release into the 
bloodstream. Via the transcription factor Forkhead 
box a2 (Foxa2), it regulates β-cell functions and 
physiology [55]. Upregulation of miR-124a leads 
to a decrease Foxa2 protein levels following lower 
gene expression of the two subunits Kir6.2 and 
Sur-1 of the ATP-dependent K (KATP) channel or 
pre-proinsulin, leading to lower insulin production 
and release [55], as well as to decrease of pan-
creatic and duodenal homeobox 1 (Pdx1), which 
influences β-cell differentiation and development 
[56]. miRNA-124a does not interact directly with 
these transcripts. It is more obvious that a  de-
crease in their levels is the result of a  cessation 
of transcriptional stimulation by Foxa2. Decreased 
Foxa2 worsens insulin resistance in peripheral 
tissues [55]. The miR124a increases neurotrans-
mitters’ (SNAP25, Rab3A, and synapsin-1A) mRNA 
and protein levels probably indirectly at the tran-
scriptional level, whereas mRNA levels of the en-
docrine factors Rab27A and Noc2 were reduced 
due to their direct targeting by miR124a, which 
inhibits their translation [57]. An imbalance be-
tween neurotransmitters and endocrine factors 
appears to contribute to impaired insulin exocyto-
sis from β-cells [57]. 

miR-9 is expressed in neurons and pancreatic 
β-cells originating from three different chromo-
somes: 1, 5 and 15 [58]. Its participation is obliga-
tory for insulin exocytosis by two different mech-
anisms examined so far. It binds to transcription 
factor OC2, decreasing its translation and con-
sequently the protein level, which cannot inhibit 
granuphilin expression and lowers glucose-stimu-
lated insulin release [58]. Sirtuin 1 (SIRT1) mRNA 
is also a target for miR-9 and its translation is in-
hibited by this miRNA in pancreatic β-islets [59]. 
Also positive effects on insulin secretion and an-
tioxidative status are suppressed because SIRT1 
has antioxidative and anti-inflammatory proper-
ties [60]. 

miR-96 has a much broader expression pattern 
than miR9, miR124a, and miR375 [57]. Besides 
neurons and β-cells, miR-96 is expressed by the 
placenta [61], lungs [62], gastrointestinal tract 

[63], etc. Similarly as in the case of miR-124a, miR-
96 inhibited the insulin exocytosis stimulated by 
glucose in MIN6 cells [57]. miR96 induces higher 
levels of granuphilin mRNA and lower amounts 
of Noc2 mRNA. Lovis et al. [57] determined that 
miR-124a exerted clearly more distinctive effects 
on the exocytotic machinery than miR-9 and miR-
375. In contrast, miR-96 partially demonstrated 
similar effects as miR-9. miR-9 stimulates trans-
lational repression of OC2, which negatively regu-
lates granuphilin transcription, but miR-96 affects 
OC2 mRNA levels via an indirect mechanism be-
cause the 3′UTR of OC2 mRNA does not contain 
its binding site. The same was demonstrated for 
the 3′UTR of Noc2 mRNA [57]. 

The miR-200 family encompasses members be-
longing to two polycistronic clusters, mir-141/200c 
on chromosome 12 and mir-200a/200b/429 on 
chromosome 1, regulating different target genes 
[64]. These are miR-141, miR-200c, miR-200a, 
miR-200b, and miR-429, expression of which is 
induced in β-cells of diabetic mice [65]. Mir-200a, 
-200c, and -429 were shown to be the main prin-
cipal regulators of β-cell apoptosis. However, in-
hibition of all miR-200 family members protects 
β-cells from oxidative and endoplasmic reticulum 
(ER) stress and prevents apoptosis through anti- 
stress and/or pro-survival signaling pathways in-
cluding induction of X-linked inhibitor of apopto-
sis (XIAP) and juxtaposed with another zinc finger 
protein 1 (JAZF1) genes [65]. The most upregulat-
ed family member is miR-200c, which promotes 
oxidative stress and ROS production and decrease 
nitric oxide (NO) interfering with the SIRT1/fork-
head box O1 (FOXO1)/endothelial nitric oxide syn-
thase (eNOS) signaling cascade [64]. 

miR-126 is mainly expressed by endothelial 
cells [66]. It was found to be involved in the de-
velopment of insulin resistance in hepatocytes 
and myocytes. Mitochondrial dysfunction which 
occurs in an oxidative stress environment induc-
es its expression [67]. MiR-126 directly binds to 
the 3′UTR of IRS-1 mRNA and inhibits its transla-
tion. Additionally, it binds to the PI3K regulatory 
subunit beta (p85β) and negatively regulates the 
PI3K-AKT signaling pathway, inhibiting GLUT4 
translocation to the plasma membrane [68]. Op-
positely to this, under high blood glucose miR-126 
reduced the inflammatory reaction of human gin-
gival fibroblasts via inhibition of tumor necrosis 
factor receptor associated factor 6 (TRAF6) in the 
NF-κB signaling pathway and decreased the se-
cretion of IL-6, TNF-α, and C-C motif chemokine 
ligand 2 (CCL2) [69]. 

Family members of the miR-33 human gene 
(mir-33a and mir-33b) originate from chromo-
somes 22 and 17, respectively [70] within the in-
tronic sequences of the sterol regulatory-element 
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binding protein (SREBP) genes. MiR-33a and -33b 
specifically inhibit the expression of 5′-adenos-
ine monophosphate-activated protein kinase 
subunit-α (AMPKα), and IRS2 genes downregu-
lating insulin signaling and fatty acid oxidation, 
respectively [71]. They also target genes involved 
in cholesterol export, the adenosine triphosphate 
binding cassette (ABC) transporters and the Nie-
mann-Pick C1 (NPC1) transport protein [72]. 
miR-33 reduced insulin-stimulated AKT and ERK 
phosphorylation, leading to reduced IRS2 levels 
[71]. MiR-33b overexpression significantly lowers 
the sirtuin 6 (SIRT6) mRNA and protein levels in 
Huh7 cells [71] and increases glucose uptake with 
up-regulation of glycolysis. Protection of cells from 
DNA damage and oxidative stress could be re-
duced due to SIRT6 downregulation [73]. Also, this 
SIRT6 deficient environment increases HIF1α ac-
tivity, diminishes mitochondrial respiration, which 
might increase oxidative stress, and activates NF-
κB target genes [73].

In human studies, miR-375, miR-29, miR-124a, 
miR-9, miR-33a levels were significantly upregulat-
ed in the serum of patients with T2D compared to 
controls and were proposed to be significant pre-
dictors of diabetes [74]. Levels of miR-96 [75] and 
miR-126 [76] were downregulated in patients with 
T2D. However, only miR-375 and miR-9 were found 
to predict not only T2D but also prediabetes [77]. 

Relationship between micro-ribonucleic 
acids and redox status 

Intracellular ROS perform a role in cellular sig-
naling but only at low and intermediate concen-
trations, which enables control of cell prolifera-
tion, differentiation, energy balance maintenance, 
apoptosis, and the stress response [78]. ROS level 
in the cell is controlled by several transcription 
factors: Nrf2, AP-1, NF-κB, HIF-1, and p53. Tran-
scription factors’ activity induces antioxidative 
protection enzymes, which in turn neutralize ROS. 
Redox-sensitive proteins/enzymes (thioredoxin, 
glutaredoxin, peroxiredoxin) control redox homeo-
stasis by exchange of reduced-oxidized sulfhydryl 
groups. Importantly, redox regulation is governed 
not just by the above-mentioned proteins, but also 
by recently revealed non-coding RNA sequences, 
whose function is directed towards particular gene 
silencing [79, 80]. Among several non-coding RNAs, 
microRNA (miRNA) has also a significant role in cel-
lular redox homeostasis sustention [81]. It seems 
that the miRNA and oxidative stress relation is 
bidirectional. ROS could regulate miRNA biogen-
esis by downregulation of ribonuclease III (Dicer). 
Conditions of chronic hypoxia cause suppression 
of several miRNAs’ expression [80]. NRF-2 and ARE 
(antioxidant-responsive elements) inducers could 
upregulate Dicer expression and thus miRNA syn-

thesis in animal models [82]. Leisegang et al. have 
shown that the influence on ROS on expression 
of different miRNAs could be in both directions, 
increasing and also decreasing, which is probably 
connected with experimental conditions [79]. It is 
already proven that some miRNAs could influence 
oxidative stress through the modulation of gene 
expression of antioxidant enzymes, for example 
SOD [80]. Since altered regulation of miRNA is asso-
ciated with oxidative stress, the miRNA expression 
restoration to normal values may lead to a  new 
therapeutic approach to prevent oxidative damage 
[83]. LaPierre et al. documented the influence of 
miRNAs on β-cell function in different metabolic 
conditions [84]. La Sala et al. found that miRNA-21 
was upregulated in patients with impaired glucose 
tolerance and T2D patients as compared to normo-
glycemic subjects [85]. miRNA-21 correlated with 
increased ROS production (Spearman’s ρ = 0.2,  
p = 0.008) and decreased antioxidants activity 
[i.e. with plasmatic SOD2 (ρ = −0.34, p = 0.002)].  
MiRNA-21 inhibition succeeded to reverse its in-
fluence on expression of FOXO1 and SOD2 genes, 
which is diminished in diabetes [85]. Regarding T2D, 
it is interesting to pay attention to the miRNA-200 
family, which is important for redox regulation and 
could be positively modulated by hydrogen perox-
ide (H2O2). Hyperglycemia leads to oxidant protein 
modification and formation of advanced glycation 
end products (AGE), which could be modified by 
different miRNAs [83]. MitomiRs are recently dis-
covered miRNAs situated in mitochondria and are 
able to regulate mitochondrial function connected 
with fatty acid oxidation, which is also linked to 
oxidative stress [83]. Sun et al. observed redox sta-
tus improvement by fruit juice (Actinidia chinensis 
Planch.) consumption in T2D patients. These ef-
fects occurred through Keap1 and Nrf2 activation 
by miRNA-424 upregulation, which results in SOD 
and glutathione (GSH) increase and the concom-
itant decrease in the pro-inflammatory cytokines 
interleukin (IL)-1 and IL-6 [86]. According to many 
investigations, it can be concluded that the miRNA 
network is mutually connected with redox status 
and this connection is some kind of feedback loop 
in which ROS regulates miRNA expression and the 
changes in miRNA expression regulate the fine bal-
ance between prooxidant and antioxidant factors. 

Complications of type 2 diabetes mellitus

Complications of T2D are divided into macro-
vascular complications including coronary artery 
disease (CAD), stroke and peripheral artery dis-
ease (PAD) [87], and microvascular complications 
(DMC) of diabetic retinopathy (DR), nephropathy 
(DN), and peripheral neuropathy (PN) [88, 89]. The 
morbidity and mortality associated with diabe-
tes mellitus are driven by the associated micro-



Micro-ribonucleic acid modulation with oxidative stress and inflammation in patients with type 2 diabetes mellitus – a review article

Arch Med Sci 4, 1st July / 2022 875

vascular and macrovascular complications, which 
contribute substantially to the cost of diabetes to 
health care systems. Data from the GRADE Study 
[90] suggest that the overall prevalence of T2D 
complications is higher than expected: 21.5% of 
participants developed peripheral neuropathy; 
9.7% of them developed cardiovascular autonom-
ic neuropathy and 1.0% developed retinopathy. 
Myocardial infarction was present in 7.3% of cas-
es, and stroke in 2.0% of cases.

 
Micro-ribonucleic acids and macrovascular 
complications in type 2 diabetes mellitus

Pathological changes in endothelial cells (ECs), 
cardiomyocytes, and vascular and stem cells rep-
resent the hallmarks of macrovascular complica-
tions of T2D. Impaired insulin signaling, oxida-
tive stress, and inflammation initiate endothelial 
dysfunction and rapidly promote atherosclerosis 
development in T2D patients [91]. Many miRNAs 
have important roles in the regulation of the im-
mune system, inflammatory response, and plate-
let function, which are the key factors not only in 
atherosclerosis development but also in the clini-
cal manifestation of the disease [92]. 

A  panel of 3 plasma miRNAs (miR-21, miR-
218, and miR-211) has been identified for early 
detection of atherosclerosis in patients with T2D, 
compared to healthy subjects and non-compli-
cated T2D [93]. Downregulation of miR-223 and 
miR-146a expression in plasma and platelets was 
found in patients with T2D with and without isch-
emic stroke; however, there were no changes in 
non-diabetic patients with stroke compared to 
healthy controls, implying the specificity of these 
markers for T2D related complications. These two 
miRNAs target several genes implicated in platelet 
activation, so it was proposed that hyperglycemia 
might influence the expression of these miRNAs, 
leading to platelet activation and increased risk of 
ischemic stroke in T2D patients [94]. 

Patients with T2D and a  prior history of car-
diovascular events showed upregulated levels of 
pro-inflammatory miR-21 and down-regulation of 
miR-126 in circulating angiogenic cells compared 
to healthy subjects [95, 96]. Furthermore, upreg-
ulation of plasma miR-126 and miR-210 in T2D 
with CAD compared to T2D without CAD indicat-
ed that these miRNAs could serve as epigenetic 
biomarkers for CAD in T2D [97] while decreasing 
circulating miR-126 levels predicted patients with 
diabetic CAD [98].

Recently it was shown that exosomal miRNAs 
play an important role in the development of vas-
cular endothelial disease related to diabetes mac-
rovascular complications. The elevation in number 
of circulating endothelial microparticles (EMPs) 
derived from endothelial cells (EC) was related to 

atherosclerosis development in diabetes mellitus 
[99]. Jansen et al. reported that EMPs could trans-
fer miR-222 into recipient ECs, where it promotes 
anti-inflammatory effects by inhibiting the expres-
sion of intercellular adhesion molecule (ICAM)-1 
[100]. However, miR-222 was decreased in EMPs 
derived from high glucose damaged ECs, lowering 
their anti-inflammatory capacity, highlighting this 
pathway as a potential therapeutic target for CAD 
in T2D [101].

Micro-ribonucleic acids and microvascular 
complications in type 2 diabetes mellitus

An increased inflammatory response is a ma-
jor factor in the development of DMC, triggered 
by hyperglycemia, hemodynamic and oxidative 
stress [102]. As a  consequence, cell damage oc-
curs, often leading to apoptosis, which in the 
case of terminally differentiated cells has irre-
versible effects on the tissue function [102]. For 
instance, in DR low grade inflammation worsens 
hyperglycemia-induced injury and neovascularisa-
tion [103]. Increased evidence suggests that that  
miRNAs are dysregulated both in human and ex-
perimental DMC [102, 104–127].

Given that inflammation is a common feature 
of all DMC [102], dysregulation of certain miRNAs 
involved in the regulation of the immune system 
and inflammatory response is found in all three 
microvascular pathological complications of T2D 
(DR, DN, and PN). 

MiR-146a is upregulated by activation of the 
NF-κB pathway. However, following its upregula-
tion, miR-146a downregulates interleukin-1 re-
ceptor-associated kinase 1/2 and TNF receptor-as-
sociated factor 6, which has a negative feedback 
effect and limits the proinflammatory action of 
NF-κB [102]. Therefore, it is not surprising that 
the expression levels of miR-146a in various hu-
man and animal models of DMC (kidney, retina, 
sciatic nerve) have varied from downregulation 
[104–106] to upregulation [107–111]. This implies 
that the overall effect of miR146a anti-inflamma-
tory actions is depended on the stage and type of 
the complication development. MiR-21 is a proin-
flammatory miRNA, which was found to be upreg-
ulated in DR and DN [111–116], in that way con-
tributing to increased inflammation and further 
progression of DN and DR. Upregulation of serum 
miR-518d-3p and miR-618 was found as a com-
mon feature of T2D with multiple microvascular 
complications in comparison to individuals with 
no microvascular complications [128]. 

Vascular endothelial growth factor (VEGF) plays 
a  key role in hypoxia-induced abnormal neovas-
cularization in DR. Its expression is influenced 
by several miRNAs, some of which directly target 
VEGF (miR-126, miR-106, miR-15, and miR-200b), 
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while others indirectly modulate VEGF (miR-150, 
miR-184, and miR-155) [102]. For instance, the 
expression of miR-126 was downregulated in ECs 
and retinal pericytes from a  DR mouse model. 
MiR-126 is identified as one of the main factors 
and potential therapeutic targets in DR, which 
acts upon IRS-1, leading to its upregulation, re-
sulting in suppressed cell invasion and viability 
[117]. In the vitreous body tissues in patients with 
proliferative diabetic retinopathy (PDR) the ex-
pression level of miR-126 was significantly lower 
in the control group compared to stage IV, V, and 
VI groups, and negatively correlated with VEGF 
mRNA levels [118]. It was found that miR-126 re-
duces experimental DR and suppresses endotheli-
al cell proliferation and migration by targeting po-
lo-like kinase 4 [119], and that miR-126 stimulates 
proliferation and inhibits apoptosis in high-glu-
cose-induced HRECs, through the PI3K–AKT path-
way [129]. In addition, serum miR-126 levels had 
significant diagnostic value for PDR, with an area 
under the curve (AUC) of 0.976 with 81.21% sen-
sitivity and 90.34% specificity in discriminating 
PDR from healthy individuals [130]. MiR-1281 was 
up-regulated in both serum of DR patients and in 
high glucose-cultured retinal cells, indicating that 
miR-1281 could be an important regulator in DR 
[120]. Recently, a meta-analysis revealed that the 
hsa-miR-126 family was significantly downreg-
ulated in blood from patients with DN, while its 
urinary level was upregulated, highlighting the 
potential importance of the hsa-miR-126 family in 
both pathogenesis and diagnosis of DN [131]. 

Furthermore, this meta-analysis showed that 
the hsa-miR-770 family was significantly upreg-
ulated in urine and blood samples from patients 
with DN [131]. 

Examination of individual renal biopsies con-
firmed that low levels of miR-192 were strongly 
correlated with low estimated glomerular filtra-
tion rate (eGFR)  and high fibrosis score, indicat-
ing a reduction of miR-192 in advanced DN [121]. 
Furthermore, TGF-β-dependent loss of miR-192 
was associated with tubulointerstitial fibrosis 
by downregulating E-cadherin with consequent 
promotion of epithelial-to-mesenchymal tran-
sition (EMT) in PTCs in HK-2 cells [121]. On the 
other hand, several studies have suggested that 
miR-192 might induce collagen expression by tar-
geting ZEB, which repressed the E-box element in 
the enhancer region of the collagen gene [122, 
123]. These inconsistencies between human and 
animal studies as well as different experimental 
settings highlighted the complexity of the regula-
tory roles of miR-192 in DN [124]. Guo et al. found 
that miRNA-29c was overexpressed in podocytes, 
having a proinflammatory effect. MiRNA-29c pro-
moted the progression of DN by targeting tristet-

raprolin, making it another potential target for the 
therapy of DN [125]. 

As already indicated, miRNAs involved in in-
flammatory processes through the NF-κB path-
way in DR and DN inflammation reflect their effect 
in PN as well. Moreover, in neuropathic tissues, in 
long-term exposure to hyperglycemia, the release 
of cytokines such as IL-1β, MCP (monocyte che-
moattractant protein)-1, and TNF-α occurs, along-
side the involvement of miRNAs in this process 
[126]. Several other miRNAs were proposed to in-
fluence PN in animal models which are extensively 
reviewed by Simeoli et al. [89]. As for human stud-
ies, a study by Li et al. analyzed the differential ex-
pression of various genes in non-progressing and 
progressing DN nerve samples, and revealed three 
specific miRNAs associated with DN – miR-377, 
miR-216a, and miR-217 – which targeted 1052 
genes, most of which were related to inflamma-
tion [127], highlighting possible therapeutic tar-
gets in diabetes-related neuropathy.

The better insight into pathophysiological 
mechanisms of onset and progression of diabe-
tes, with special attention to oxidative stress and 
inflammation, as well as exploring the new genet-
ic biomarkers, such as miRNAs that may have an 
impact on insulin signaling pathways, may lead us 
to novel potential therapeutic targets and discov-
eries for treatment of diabetes and its complica-
tions.
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