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Diabetes is a chronic inflammatory state, and several studies have shown that the mechanisms of insulin resistance and abnormal
islet f3-cell function in diabetes are closely related to inflammatory reactions. Inflammation plays a critical role in diabetic
complications. Long noncoding RNAs (IncRNAs), a new area of genomic research for gene regulation, have complex biological
functions in various aspects of cellular biological activity. Recent studies have shown that IncRNAs are associated with the
regulation of inflammatory responses in various ways, including at the epigenetic, transcriptional, and posttranscriptional levels.
This paper presents a brief review of studies on the mechanisms of IncRNAs in diabetic inflammation. The purpose of this article is
to determine the role of IncRNAs in the process of diabetic inflammation and to provide new strategies for the use of IncRNAs in

the treatments for diabetic inflammation.

1. Introduction

Diabetes mellitus is a common chronic metabolic disease
that affects approximately 5 billion people worldwide. In
2045, the number of people with diabetes will increase to
629 million [1]. Diabetes has become endemic worldwide,
affecting multiple organs, including the heart, eyes, and
kidneys [2, 3], and diabetic inflammation is widely found in
these complications [4-6]. Therefore, the central role of
inflammation in the development and progression of di-
abetes is now receiving widespread attention. To date, type
2 diabetes mellitus (T2DM) has been considered a meta-
bolic disease caused by defects in insulin secretion and
action, which has been expanded to include a key role in
inflammation [7]. Diabetes mellitus is a chronic inflam-
matory state. Several studies have shown that inflammation
is strongly associated with diabetes [8, 9]. New-onset di-
abetes was found to be associated with inflammatory
factors, endothelial dysfunction, and oxidative stress in
community-based epidemiological studies [10]. Chronic

low-grade inflammation recruits immune inflammatory
cells, including macrophages, B cells, and T cells, which
participate in the cytokine network related to the devel-
opment of diabetic inflammation and diabetic pathology
[11]. The occurrence of inflammation requires the par-
ticipation of multiple inflammatory signaling pathways and
specific proinflammatory cytokines [12-16]. According to
the available studies, fibrinogen, interleukin-6 (IL-6), and
tumor necrosis factor-a (TNF-a) are associated with the
onset of diabetes [7, 17, 18]. Currently, with the progress of
whole-genome resequencing, IncRNAs (long noncoding
RNAs) are gaining widespread attention in the onset and
progression of various disease [19] states, such as tumors
[20], cardiovascular diseases [21], and immune diseases
[22], and their clinical relevance and regulatory mecha-
nisms are being explored in conditions including diabetic
inflammation. The diabetic inflammatory process is me-
diated by chemokines, cytokines, and different inflam-
matory cells [23, 24]. Although the molecular mechanisms
regulating this process are not fully understood, some
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IncRNAs have emerged as important transcriptional reg-
ulators of some inflammation-related mediators [25-27].
IncRNAs can be involved in regulating the inflammatory
response in various ways, including at the epigenetic,
transcriptional, and posttranscriptional levels [28-30]. In
this paper, we present a brief review of studies on the
mechanisms related to IncRNA involvement in diabetic
inflammation. The aim is to determine the role of IncRNAs
in the inflammatory reaction in diabetes and to provide
new ideas for IncRNAs as a therapy for diabetic
inflammation.

2. Classification and Function of IncRNAs

IncRNAs are a type of RNA transcript with a length greater
than 200bp and were originally considered to be useless
transcripts. In recent years, the development of high-
throughput sequencing technology has allowed the dis-
covery of more IncRNAs. Increasing evidence has shown
that IncRNAs play an important role in gene regulatory
processes such as DNA replication, DNA transcription,
RNA translation, and RNA splicing [1, 31-33]. IncRNAs are
structurally similar to mRNAs and have the main features of
mRNAs but usually do not contain an open reading frame
that can be translated. These molecules have more spatio-
temporal specificity and lower interspecies conservation
than mRNAs [34]. By their position relative to protein-
coding genes in the genome, IncRNAs can be classified as
sense, antisense, bidirectional, intronic, intergenic, and
enhancer IncRNAs [35]. By controlling the nuclear structure
and transcription in the nucleus and regulating mRNA
stability, translation, and posttranslational modifications in
the cytoplasm, IncRNAs perform different biological func-
tions. Currently, IncRNAs are classified into four major
classes according to their functions [36]: the first class of
IncRNAs functions in genomic imprinting, the second class
of IncRNAs functions in transcriptional regulation, the third
class of IncRNAs functions in posttranscriptional regulation,
and the fourth class of IncRNAs functions in translational
control.

3. The Role and Function of IncRNAs in
Diabetic Inflammation

The inflammatory process in diabetes is mediated by
chemokines, cytokines, and different inflammatory cells.
The expression of many inflammatory proteins is regu-
lated at the gene transcriptional level through the acti-
vation of proinflammatory transcription factors, such as
the nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-xkB) [37-39]. However, the molecular
mechanisms regulating this process are not fully under-
stood. Recent analyses of noncoding RNAs, particularly
IncRNAs, have shown that they play a key role in in-
flammation. Some IncRNAs have emerged as important
regulators of several inflammatory reactions [26]. Gene
expression is regulated by IncRNAs at multiple levels.
Recent studies have shown that IncRNAs can be involved
in regulating inflammatory responses at multiple levels
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through epigenetic (DNA methylation, histone modifi-
cation, and chromatin remodeling), transcriptional (RNA
polymerase II recruitment, transcription factors and co-
factors, and regulation of mRNA stability), and post-
transcriptional (ceRNA machinery, variable splicing,
regulation of translation, and interaction with proteins)
mechanisms [29, 40, 41].

3.1. IncRNAs Play a Role in Diabetic Inflammation through
Epigenetic Mechanisms. Epigenetic inheritance refers to
genetic phenotypes and gene expression patterns that have
undergone changes that can be passed on by biochemical
and biophysical mechanisms without involving changes in
the DNA sequence, mainly DNA methylation, histone
modification, and chromatin remodeling [42-45]. Recent
studies have shown that IncRNAs play a crucial role in
epigenetic regulation [34, 46, 47]. High glucose affects the
expression of MALATI and inflammatory transcripts by
inhibiting the activity of DNA methyltransferases
(DNMTs). MALAT1 can influence the expression of in-
flammatory transcripts through its association with com-
ponents of the diabetic polycomb repressive complex 2
(PRC2). Knockdown of MALATI expression prevents
augmented production of inflammatory cytokines and
PRC2 components in vitro. MALATI recruits PRC2 to
reach the promoter region of anti-inflammatory genes,
leading to the inhibition of anti-inflammatory gene ex-
pression, while the upregulation of inflammatory gene
expression ultimately leads to an increase in the inflam-
matory response [48]. Another study has shown that
MALATI is widely expressed in hypoxic and hyperglyce-
mic-responsive cardiomyocytes. MALAT1 positively reg-
ulates the protein and phosphorylation of LATS1-mediated
Yes-associated protein (YAP) nuclear translocation by
binding to cAMP responsive element binding protein
(CREB). Si-MALATI reduces inflammation and collagen
accumulation in hyperglycemic cardiac fibroblasts (CFs)
and in mice with extended diabetic cardiomyopathy
(DCM) through the Hippo/YAP pathway and CREB [49].

LNC-DCs, located on chromosome 17, are in close
proximity to the signal transducer and activator of tran-
scription (STAT3) gene. A significant increase in STAT3 and
LNC-DC gene expression is observed in diabetic patients.
This IncRNA regulates STAT3 function through direct
binding, prevents dephosphorylation of STAT3 by tyrosine
phosphatase, and stimulates tyrosine phosphorylation.
Phosphorylation of STAT3 is critical for its activation and
nuclear translocation, leading to overexpression of its target
genes [50]. STAT3 molecules play an important role in
cytokine expression as transcription factors. In addition,
there may be differences in the levels of posttranslational
modification and activation of phosphorylation [50], which
remain to be investigated.

LINCO00341 is one of the most abundant IncRNAs in
endothelial cells. A study showed that [51] overexpression of
LINCO00341 inhibited the expression of vascular cell adhe-
sion molecule 1 (VCAM1) and monocyte adhesion induced
by atherosclerotic flow and TNF-a. In contrast, LINC00341
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gene downregulation reversed the anti-inflammatory effect
of atorvastatin in TNF-a-treated human umbilical vein
endothelial cells (HUVECs), indicating that the beneficial
effects of statin-induced endothelial cells are mediated by
LINC00341. Based on the anti-inflammatory effect,
LINC00341 directs enhancer of zest homolog 2 (EZH2) to
the promoter region of the VCAM1 gene to inhibit VCAMI1.
Further studies have shown that both ras homolog gene
family member A (RhoA) and RTKN (a RhoA scaffold
protein) are coexpressed with LINC00341. However, the
specific pathways and regulatory mechanisms are not
elaborated in this article, which may be a research direction
in the future.

Studies have shown [52] that lentivirus-mediated
overexpression of GAS5 ameliorates streptozotocin-induced
renal interstitial fibrosis (RIF) and renal inflammatory re-
sponses. In diabetic nephropathy, GAS5 expression is low
and MMP9 expression is high. Further studies showed that
GAS5 downregulated matrix metalloproteinase 9 (MMP9)
expression by recruiting EZH2 to the MMP9 promoter
region, while lentivirus-mediated MMP?9 silencing reduced
RIF and suppressed the inflammatory response in the
kidneys of rats with diabetic nephropathy. However, in
addition to EZH2, further studies should be conducted to
identify the precise sites that mediate the mechanism be-
tween GAS5 and MMP9.

Research [53] using RNA sequencing and RT-qPCR has
shown that treatment of rat vascular smooth muscle cells
with Angll increases the expression of growth factor and
proinflammatory cytokine-induced vascular cell-expressed
IncRNA (Giver) and neighboring genes encoding nuclear
receptors (Nr4a3). One important factor in vascular smooth
muscle cell dysfunction is hyperglycemia. Microarray
analysis has shown that Giver overexpression increases the
enrichment of RNA polymerase II and decreases the ex-
pression of H3K27me3 Noxl, which inhibits histone
modifications and inflammatory gene promoter activation.
RNA pulldown combined with mass spectrometry analysis
showed that Giver interacts with nuclear and chromatin
remodeling proteins and coblockers. Nr4a3 is a neighboring
gene encoding a nuclear receptor. Downregulation of Giver
expression does not decrease Nr4a3 expression but rather
enhances Nr4a3 expression in basal and AngllI-treated cells,
suggesting that AnglI-induced Giver expression may inhibit
Nr4a3 expression, possibly via a negative feedback regula-
tory loop.

The expression of EPB411L4A-ASI is reduced under high
glucose and inflammatory stimulation at the cellular level,
which promotes the expression of IL-13 and IL-8 [54].
EPB4114A-AS1 knockdown promotes the upregulation of
myeloid differentiation factor 88 (MYD88) expression by
enhancing the enrichment of H3K9me3 in the MYD88
promoter. Further research has shown that the absence of
EPB4114A-AS1 expression activates the MYD88-dependent
NF-«B pathway, increasing the level of glycolysis and ulti-
mately enhancing the inflammatory response.

In general, the main mechanisms by which IncRNAs
regulate diabetes inflammation at the epigenetic level are as
follows: (1) IncRNAs recruiting histone enzymes (EZH2,
RNA polymerase II, and PRC2) promote or inhibit histone
modification. Eventually, this phenomenon leads to the
upregulation or downregulation of inflammatory gene ex-
pression. (2) IncRNAs directly regulate the phosphorylation
and methylation of target genes, leading to gene activation or
nuclear translocation.

The epigenetic role of IncRNAs in diabetic inflammation
is shown in Figure 1.

The function of IncRNAs at the epigenetic level is shown
in Table 1.

3.2. IncRNAs Play a Role in Diabetic Inflammation at the
Transcriptional Level. IncRNAs have transcriptional regu-
latory functions; RNA genes can bind directly to genomic
sequences to form a scaffold to recruit epigenetic and/or
transcription factors and influence transcriptional activity,
or they can regulate mRNA splicing, editing, subcellular
distribution, and stability by interacting directly with
mRNAs [19, 55-58].

LRNA9884 is a new Smad3-dependent IncRNA that is
highly expressed in db/db mice and is associated with the
progression of kidney injury. LRNA9884 triggers the
production of monocyte chemotactic protein-1 (MCP-1) at
the transcriptional level to promote the inflammation of
diabetic nephropathy, and its direct binding significantly
enhances the activity of the MCP-1 promoter. Targeting
LRNA9884 effectively blocks MCP-1-dependent renal in-
flammation, and Smad3 interactions or Smad3-dependent
interactions between LRNA9884 and MCP-1 may be an
additional mechanism by which Smad3 deletion in db/db
mice suppresses renal inflammation in diabetic nephrop-
athy [59, 60].

The upregulation of Lncl3 expression in pancreatic
B-cells increases the activation of the proinflammatory
STATI1 pathway [61]. Conversely, disruption of the Lncl3
gene in f-cells partially counteracts peptide-polycytidylic
acid- (PIC-) induced STATI and proinflammatory che-
mokine expression. Furthermore, the Lnc13-PCBP2 inter-
action regulates STAT1 mRNA stability to maintain S-cell
inflammation in an allele-specific manner [61].

The upregulation of myocardial infarction-associated
transcript (MIAT) expression is mediated by the binding of
c-myc to its promoter. High glucose (HG) significantly
increases the recruitment of c-myc to the MIAT promoter.
Elevated c-myc protein levels promote the release of IL-1p,
TNEF-a, and IL-6 in diabetic rats and high glucose-stim-
ulated Miiller cells. Further studies have shown that MIAT
interacts with thioredoxin interacting protein (TXNIP) and
increases TXNIP protein levels by inhibiting its ubiq-
uitination-mediated degradation. Under high glucose
levels, c-myc promotes the release of IL-1, TNF-«, and IL-
6 from Miiller cells by regulating the MIAT/TXNIP
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F1GURE 1: The role of IncRNA in epigenetics. DNA methylation by IncRNAs recruiting histone enzymes (EZH2, RNA polymerase II) leads to
an increase or decrease in gene expression, which eventually leads to the upregulation or downregulation of inflammation.

TasLE 1: The function of IncRNAs at the epigenetic level.

Regulatory IncRNAs Target genes/ Function References
level pathways
(1) MALATI knockdown blocks the increase in inflammatory cytokines
PRC2 complex  and PRC2 components in vitro.
MALATI Hippo/YAP (2) Si-MALATI reduces inflammation in high-glucose CFs and DCM [48, 49]
mice via the Hippo/YAP pathway.
Direct binding regulates STAT3 function, prevents dephosphorylation of
STATS3 by tyrosine phosphatase, and stimulates tyrosine phosphorylation.
INC-DC STAT3 Phosphorylation of STAT3 is essential for its activation and nuclear [50]
translocation, which leads to overexpression of its target genes.
LINC00341 VCAM gene LINC00341 suppresses inflammation .by recruiting PRC2 to the VCAM1 [51]
Epicenetic promoter to inhibit VCAMI expression.
P18 GAS5 downregulates MMP9 expression by recruiting EZH2 to the MMP9
promoter region, while lentivirus-mediated MMP? silencing reduces RIF
GASS MMP9 and suppresses the inflammatory response in the kidney of rats with (52]
diabetic nephropathy.
Giver overexpression increases the enrichment of RNA polymerase IT and
Giver H3K2;TZ:3NOX1/ reduces the expression of H3K27me3 Nox1 and inflammatory gene [53]
initiators that inhibit histone modifications.
EPBA1L4A- EPB41L4A-AS1 knockdown promotes the expression of MYD88 by
AS1 H3K9me3 reducing the enrichment of H3K9me3 in the promoter region of MYD88, [54]
ultimately enhancing the inflammatory response.
pathway. In contrast, MIAT overexpression and knock- Research shows that the expression level of IncRNA

down have shown no significant effect on TXNIP mRNA uc.48+ in abdominal cells of diabetes mellitus (DM) mice
levels [62]. increases significantly. uc.48+ regulates purinergic receptor
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P2X and ligand-gated ion channel 7- (P2X7 receptor-)
mediated immune and inflammatory responses in type 2
diabetic mice. The mRNA and protein levels of the P2X 7
receptor and P-ERK1/2 levels of abdominal cells were found
to be significantly increased in DM model mice compared
with control mice. However, after transfection with uc.48+
siRNA in vivo, these changes were significantly reduced [63].
It is not clear whether uc.48+ regulates cytokine expression
through the ERK signaling pathway or whether cytokine
expression activates the ERK signaling pathway. Therefore,
the exact mechanism requires further research.

In general, the main mechanisms by which IncRNAs
regulate diabetes inflammation at the transcriptional level are as
follows: (1) IncRNAs can directly combine with genomic se-
quences to form scaffolds to recruit epigenetic and/or tran-
scription factors and affect transcriptional activity; and (2)
IncRNAs interact with target genes to regulate mRNA stability
and expression levels.

The function of IncRNAs at the transcriptional level is
shown in the Table 2.

3.3. IncRNAs Play a Role in Diabetic Inflammation at the
Posttranscriptional Level

3.3.1. ceRNA Mechanism. MicroRNAs (miRNAs) are a class
of small RNA molecules that can regulate gene expression
after transcription through mRNA instability or translational
inhibition [64]. IncRNAs can act as competitive endogenous
RNAs (ceRNAs), and they can isolate or competitively bind
microRNAs to regulate the expression of target mRNAs
[65-68]. HG inhibits the expression of MEG3 and silent
mating type information regulation 2 homolog-1 (SIRT1) and
enhances the expression of miR-34a. MEG3 promotes SIRT1
expression by targeting miR-34a. MEG3 overexpression and
miR-34a knockdown inhibit HG-induced apoptosis and se-
cretion of inflammatory cytokines. In addition, MEG3
overexpression inhibits the NF-«xB signaling pathway and
increases the Bcl-2/Bax ratio through the downregulation of
miR-34a expression [69]. Another study has shown that
MEGS3 regulates the expression of SOCS6 in human retinal
microvascular endothelial cells (HREC) by downregulating
miR-19b and inhibiting the JAK2/STATS3 signaling pathway
to inhibit HG-induced apoptosis and inflammation [70].

Zhu et al. showed [71] that CTBP1-AS2 overexpression
inhibits HG-induced inflammatory responses in human
glomerular mesangial cells (HGMCs). Peripheral blood
CTBP1-AS2 expression is downregulated and miR-155-5p
expression is increased in patients with diabetic nephrop-
athy (DN) and HG-induced HGMC. CTBP1-AS2 upregu-
lates Forkhead box protein O1 (FOXOI1) expression by
sponging miR-155-5p. FOXO1 is a key transcription factor
that regulates gluconeogenesis and the insulin response in
the liver and plays a potential role in glucose homeostasis
[72]. Under high-glucose treatment, CTBP1-AS2 inhibits
HGMC oxidative stress and inflammation through miR-
155-5p/FOXO1 signaling.

H19 was found to be expressed at low levels in diabetic
foot samples, and fibroblasts exhibited high expression of

miR-152-3p and low expression of phosphatase and tensin
homolog (PTEN), as well as an activated PI3K/Aktl sig-
naling pathway. Mesenchymal stem cell- (MSC-) derived
ectodomain H19 prevents inflammation and fibroblast ap-
optosis by inhibiting miR-152-3p and upregulating PTEN
[73]. Another study has shown that the expression of H19
and X-Box Binding Protein 1 (XBP1s) is downregulated in
ARPE-19 cells induced by HG, while the expression of miR-
93 is upregulated. miR-93 regulates the inflammatory pro-
cess by interacting with IncRNAH19 or XBP1s. H19 inhibits
inflammation by inhibiting miR-93 and enhancing the ex-
pression of XBP1s [74].

HOTAIR expression is significantly reduced in diabetic
mice. In high-glucose-induced H9¢2 cells, knockdown of
HOTAIR results in oxidative damage and inflammation. In
H9c2 cells, HOTAIR acts as a molecular sponge for miR-34a,
and SIRT1 has been identified as a target of miR-34a. The
protective effect of HOTAIR against DCM is abolished in
SIRT1-deficient mice. HOTAIR protects against DCM
damage by competitively inhibiting miR-34a to activate
SIRT1 expression [75].

MALATI and nucleotide binding and oligomerization
domain-like receptor family pyrin domain (NLRP3) are
overexpressed in the brain tissue of T2DM patients with
obstructive sleep apnea (OSA), while miR-224-5p is
downregulated. Further studies have shown that MALATI
promotes NLRP3 expression by competitively inhibiting
miR-224-5p. miR-224-5p reduces inflammatory activation
by regulating NLRP3 expression, ultimately affecting the
hippocampal NLRP3/IL-1f3 pathway [76].

Studies have shown that [77] NLRP3 activation can ex-
acerbate diabetic nephropathy in diabetic mice. In an in vitro
model of diabetic nephropathy, either miR-34c inhibition or
NLRP3 overexpression by sh-NEATI transfection reverses
the exacerbation of pyrophosphorylation and inflammation.
miR-34c mediates the effect of NEAT1 on diabetic ne-
phropathy pyrophosphorylation by regulating NLRP3 ex-
pression as well as caspase-1 and interleukin-1f expression.
NEATI regulates apoptosis and exacerbates inflammation in
DN by mediating the miR-34c/NLRP3 axis [78].

MIAT expression is substantially elevated but miR-130a-
3p is diminished in HG-challenged podocytes. In addition, the
lack of MIAT reduces the HG-induced inflammatory response
in podocytes by reducing the release of the inflammatory
mediators TNF-a, IL-6, and IL-1bf. MIAT efficiently regulates
Toll-like receptor 4 (TLR4) expression by acting as a com-
petitive endogenous sponge for miR-130a-3p, which has been
shown to be a specific target gene for miR-130a-3p. miR-130a-
3p/TLR4 crosstalk contributes to the protective effect of MIAT
knockdown against HG-induced podocyte injury. In con-
clusion, blocking the MIAT/miR-130a-3p/TLR4 signaling axis
plays a crucial regulatory role in attenuating HG-induced
inflammatory injury and apoptosis [79].

Research has demonstrated the low expression of
IncRNA 4930556M19Rik in podocytes treated with high
glucose. The increase in 4930556M19Rik hinders HG-in-
duced fibrosis, apoptosis, and inflammation in podocytes. In
addition, 4930556M19Rik has a negative regulatory effect on
the expression of miR-27a-3p. Overexpression of miR-27a-
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TaBLE 2: The function of IncRNAs at the transcriptional level.
Regulatory IncRNAs Target genes/ Function References
level pathways
LRNA9884 triggers the production of MCP-1 at the transcriptional level
and combines with it to significantly enhance the activity of the MCP-1
LRNA9884 MCP-1 promoter. Targeting LRNA9884 effectively blocks MCP-1-dependent [59, 601
renal inflammation.
Disruption of the Lncl3 gene in f-cells partially counteracts PIC-
induced expression of STAT1 and proinflammatory chemokines.
Transcriptional Lncl3 STATI mRNA Furthermore, the Lnc13-PCBP2 interaction regulates STATI mRNA [61]
stability to maintain f-cell inflammation in an allele-specific manner.
MIAT TXNIP MIAT interacts vxflt.h'TXNIP apd increases TXNIP' protein levels by (62]
inhibiting its ubiquitinated degradation.
PIX7mMRNA p- uc.48+ siRNA reduces P2X7 receptor mRNA and protein expression
uc.48+ p levels and p-ERK1/2 mRNA and protein expression levels to reduce [63]

ERK1/2 mRNA

inflammation.

3p reverses the effect of 4930556M19Rik-mediated HG-
induced cell progression in podocytes. In addition, TIMP3 is
the target of miR-27a-3p, and miR-27a-3p inhibition re-
duces podocyte damage by targeting TIMP3 [80].

As competing endogenous RNAs (ceRNAs), IncRNAs
regulate mRNA expression by competing for miRNAs.
Influencing target proteins (TLR4, NLRP3, FOXO1, TIMP3,
AEGFA, PTEN, and SIRT1) through NF-«B, JAK2/STAT3,
PI3K/Aktl, Mek/Erk, and other signaling pathways will
eventually lead to the upregulation or downregulation of
inflammation.

The ceRNA mechanism of IncRNAs in diabetes in-
flammation is shown in Figures 2(a) and 2(b).

3.3.2. IncRNA-Protein Interactions. The difference between
IncRNAs and miRNAs is that IncRNAs can display
complex secondary and tertiary structures, thereby pro-
viding multiple binding sites for other molecules.
IncRNAs can act as structural scaffolds to build protein
complexes or interact with proteins to play biological roles
[81-84].

Under high-glucose conditions, Gm4419 knockdown sig-
nificantly suppresses the expression of proinflammatory cyto-
kines and biomarkers of renal fibrosis, whereas Gm4419
overexpression increases inflammation in mesangial cells
(MCs) under low-sugar conditions. Further findings suggest
that Gm4419 can activate the NF-«B pathway by directly
interacting with p50, a subunit of NF-«B. In addition, p50 can
interact with NLRP3 inflammatory vesicles in MCs [85]. In
conclusion, IncRNA-Gm4419 may be involved in inflaimmation
of MCs through the NF-xB/NLRP3 signaling pathway [86].

Overexpression or knockdown of ribonuclease P RNA
component H1 (Rpphl) expression regulates cell prolifer-
ation and inflammatory cytokine expression in MCs. The
results showed that Rpphl directly interacts with diabetic
nephropathy-associated galectin-3 (Gal-3). Under low-glu-
cose conditions, overexpression of Rpphl promotes in-
flammation in MCs through the Gal-3/Mek/Erk signaling
pathway, whereas wunder high-glucose conditions,

knockdown of Rpphl expression inhibits inflammation in
MCs through the Gal-3/Mek/Erk pathway [87].

ANRIL is highly expressed in podocytes induced by HG.
Furthermore, under high-glucose conditions, ANRIL si-
lencing reduces inflammation and oxidative stress in
podocytes and induces membrane metalloendopeptidase
(MME) overexpression. MME knockdown eliminates the
inhibitory effect of ANRIL silencing on HG-induced in-
flammation and oxidative stress in podocytes. ANRIL si-
lencing reduces HG-induced inflammation and oxidative
stress by upregulating podocyte MME expression [88].

The role of IncRNAs is to interact with target proteins
(p50/p65, Rpphl/Gla3, MEE, among others). Finally,
through positive feedback or negative feedback adjustment,
inflammation will eventually be adjusted up or down.

The IncRNA and protein interaction mechanism in di-
abetes inflammation is shown in Figure 2(c).

The function of IncRNAs at the posttranscriptional level
is shown in Table 3.

3.4. IncRNAs Are Involved in Diabetic Inflammation via In-
flammatory Factors. The role of inflammatory factors in
the diabetic inflammatory response in vivo is still critical.
MALATI, H19, MIAT, and other IncRNAs play crucial
roles in the upregulation and downregulation of inflam-
matory factor expression. (1) MALATI increases the ex-
pression of the glucose-induced inflammatory mediators
IL-6 and TNF-« through the activation of serum amyloid
antigen 3 (SAA3) [89]. In addition, Liu et al. found [90]
that MALAT1 knockdown significantly reduces the in-
duction of vascular endothelial growth factor (VEGF),
TNF-a, and intercellular cell adhesion molecule-1 (ICAM-
1). (2) Li et al. found [91] that high H19 expression can
attenuate inflammation in the DCM. The levels of TNF-q«,
IL-1f, and IL-6 in the myocardium of diabetic rats are
significantly increased, and H19 can reverse this situation.
(3) MIAT knockdown attenuates the inflammatory re-
sponse and vascular leakage induced by diabetes. The
expression of MIAT is positively correlated with the ex-
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pressions of IL-1f and IL-6 [92]. IncRNAs are strongly
correlated with inflammatory factors, but the exact
mechanism has not been elucidated and needs to be
validated in further studies.

3.5. IncRNA as a Biological Marker and Therapeutic
Perspectives. Despite  recent  successes in  bio-
pharmaceuticals, inflammatory diseases remain a major
burden on humanity. The lack of drug responsiveness and
resistance, as well as the delivery problems and
manufacturing costs of biopharmaceuticals, indicates the
urgent need for new therapeutic approaches [16]. Several
aspects of IncRNA biology make them highly attractive as
therapeutic targets, with many IncRNAs acting as miRNA
decoys or molecular sponges that lead to the blockade of
target mRNAs. As a complement to mRNAs and
miRNAs, transcripts rich in IncRNAs provide us with
important materials for obtaining tumor prognostic
factors [93]. Increasing evidence shows that IncRNAs are
involved in the development of common diseases. More
importantly, IncRNAs are present in extracellular fluids

(e.g., serum and urine) [94] and can be used as novel
biomarkers for a variety of diseases, including diabetes
[95,96]. Zhao et al. [97] found that high expression of the
IncRNA PANDAR is related to the development of DN in
T2DM patients, and it may be a predictive biomarker of
the prognosis of DN in patients. Cell-free nucleic acids
are detectable in plasma or serum exosomes from patients
and therefore serve as novel biomarkers for diagnosis
[98]. Exosomes, as a current research hot topic, are
closely related to IncRNAs. Recently, certain IncRNAs
secreted from tumor tissues into plasma through exo-
somes have been discovered [99-101]. A study has shown
that the five-IncRNA signature in plasma exosomes serves
as a diagnostic biomarker for esophageal squamous cell
carcinoma [102]. Exosomes play an important role as a
new mediator in the pathogenesis of diabetes [103].
Lymphocyte-derived exosomal microRNAs promote
pancreatic f-cell death and may contribute to type 1
diabetes development [104]. Another study has shown
that the MSC-derived exosomal IncRNA SNHG7 sup-
presses endothelial-mesenchymal transition and tube
formation in DR via the miR-34a-5p/XBP1 axis [105].
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TaBLE 3: The function of IncRNAs at the posttranscriptional level.

Target genes/

IncRNAs pathways

Regulatory level

Function References

(1) MEG3 overexpression also inhibits the NF-«B pathway through

the downregulation of miR-34a expression and increases the Bcl-2/

NEF-«xB
JAK2/STAT3

MEG3 Bax ratio.

(69, 70]

(2) MEGS3 regulates the miR-19b/SOCS6 axis in HRCEs through the

JAK2/STAT3 signaling pathway and inhibits HG-induced apoptosis

and inflammatory responses.

(1) H19 blocks fibroblast inflammation by inhibiting miR-152-3p-
H19 mediated PTEN inhibition.

XBP1 PTEN

(2) H19 inhibits inflammation by inhibiting miR-93 and enhancing
the expression of XBP1s.

[73, 74]

CTBP1-AS2 inhibits HG-induced HGMC inflammation via miR-155-

CTBP1-AS2 FOXO1

5p/FOXOL.

[71, 72]

Knockdown of HOTAIR results in increased inflammation. HOTAIR

HOTAIR SIRT1

34a.

protects DCM by activating SIRT1 expression through sponging miR- [75]

MALATI promotes NLRP3 expression by acting as a competing

MALATI1 NLRP3/IL-1f

Posttranscriptional

NEATI NLRP3

endogenous RNA and sponges miR-224-5, which reduces microglial [76]
inflammatory activation.

NEATI regulates apoptosis and exacerbation of inflammation in DN
by mediating the miR-34c/NLRP3 axis.

(77, 78]

MIAT efficiently regulates TLR4 expression by acting as a competitive

MIAT TLR4

injury.

M19Rik4930556 TIMP3

endogenous sponge for miR-130a-3p, blocking the MIAT/miR-130a-
3p/TLR4 signaling axis to attenuate HG-induced inflammatory

IncRNA 4930556M19Rik targets TIMP3 to reduce podocyte damage
by negatively regulating the expression of miR-27a-3p.

[79]

(80]

Gm4419 can activate the NF-xB pathway through direct interaction

Gm4419

p50 with p50, a subunit of NF-«B.
NF-«B/NLRP3 Gm4419 may be involved in the inflammation of MCs under high-

(85]

glucose conditions through the NF-xB/NLRP3 pathway.

Gal-3/Mek/

Rpphl Erk

Rpphl interacts directly with Gal-3, a factor associated with diabetic
nephropathy. Under low-glucose conditions, Rpphl overexpression [87]

promotes inflammation in MCs via the Gal-3/Mek/Erk axis.

ANRIL MME

ANRIL silencing attenuates HG-induced inflammation through the
upregulation of foot cell MME.

(88]

These findings also make the clinical prospects of
IncRNAs more extensive and far-reaching.

Currently, IncRNA-based therapies are being developed
mainly in the cancer and cardiovascular fields [106-111].
Two main approaches are used: knockdown of IncRNAs
from natural antisense transcript (NAT) subclasses and
interference with IncRNA/PRC2 interactions [112]. Liu et al.
[90] found that knockdown of MALATI1 can ameliorate
diabetic retinopathy by reducing microvascular leakage and
retinal inflammation. Wang et al. [54] found that
EPB4114A-AS1 knockdown promotes the inflammatory
reaction by promoting glycolysis [113]. The IncRNAs in-
volved in inflammatory signaling pathways, particularly in
pathways involving JAK/STAT, NF-kB, p38/MAPK, and
other targets, have been extensively investigated. Recent
research has shown [114] that MEGS8 expression is upre-
gulated in gestational diabetes mellitus (GDM) and predicts
kidney injury. Elucidation of the roles of IncRNAs and the
underlying molecular mechanisms may open new avenues
for the treatment of diabetic inflammation. The assessment
of IncRNA levels may be a major breakthrough in guiding
the development of personalized drug treatments and is of

great significance for adverse reactions and treatment costs.
IncRNAs are expected to become a potential diagnostic and
future targeted therapeutic approach for the treatment of
diabetes-related diseases.

4. Others

Noncoding RNA is an important regulator of gene ex-
pression and function. Therefore, understanding its mo-
lecular mechanism of action can provide important new
insights for development, homeostasis, and disease.
IncRNAs belong to the large family of noncoding RNAs. In
addition to IncRNAs, miRNA and circRNA noncoding
RNAs also play an important role in diabetes. Existing
studies have used high-throughput sequencing to explore
the relationship of the IncRNA-circRNA-miRNA-mRNA
network in type 2 diabetes [115]. Studies have shown that
[116] a new type of diabetic retinopathy (DR) related to
circRNA cPWWP2A can interact with miR-579 as a
competitive endogenous RNA and promote DR-induced
retinal vascular dysfunction by upregulating the expression
of angiopoietin 1, occludin, and SIRT1 [116]. Another
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study has shown that hsa_circRNA_0054633 is highly
expressed in GDM and closely related to the glycosylation
index [117]. miRNAs are well known for their regulatory
role in diseases such as diabetes, cancer, and fibrosis. In-
flammation is an important factor affecting the stability of
endothelial cells. Inflammatory proteins are considered to
be potent inducers of epithelial-to-mesenchymal cell
transition (EMT) and endothelial-mesenchymal transition
(EndMT) [118, 119]. miR-29 and miR-let-7 family clusters
participate in crosstalk mechanisms, which are crucial for
endothelial cell homeostasis [120]. Another study has
shown that miR-29a is elevated in the liver and regulates
gluconeogenesis in db/db mice [121]. Studies have shown
that knockdown of H19 ameliorates kidney fibrosis in
diabetic mice by suppressing miR-29a-mediated EndMT
[113]. Therefore, it will be significant to connect IncRNAs,
miRNAs, and circRNAs in series and apply them to dia-
betes inflammation in the future.

4.1. Future Perspectives and Conclusion. Several studies have
highlighted the important role of inflammation in the
pathogenesis of diabetes, and the role of inflammation in
diabetes is becoming increasingly evident [53, 60]. IncRNAs
are key regulators of a variety of physiological processes, and
major progress has been made in recent years in the un-
derstanding of IncRNA biology, as well as some initial de-
velopments in its therapeutic applications. The potential of
IncRNAs as tumor prognostic factors has been recognized
[93]. In the future, we should explore IncRNAs in other
fields, and we believe that there will be different discoveries.
A review has shown that [122] IncRNAs can regulate gene
expression at the transcriptional, posttranscriptional, and
epigenetic levels, thereby affecting the clinical course of the
disease. Some studies have also demonstrated the key role of
IncRNAs in disease development, and their role in heart
development and heart disease is particularly prominent
[123, 124]. Until today, there have been no reviews on the
underlying mechanism exploring the role of IncRNAs in
diabetes inflammation. This review presents the classifica-
tion, role, and function of IncRNAs in diabetic inflammation
and introduces the mechanism of IncRNAs involved in the
regulation of diabetic inflammation, including at the epi-
genetic, transcriptional, and posttranscriptional levels. The
available research shows more studies on the posttran-
scriptional level (especially the mechanism of ceRNA), while
the epigenetic and transcriptional levels are relatively un-
explored, some of which are still stagnant in relation to
inflammatory factors or interacting proteins; the specific
mechanism has not been elucidated. As we discuss in this
review, IncRNAs can regulate their functions by interacting
with proteins, RNA, DNA, or their combinations. IncRNAs
are a key bridge in the occurrence and development of
disease [125]. Therefore, these areas could be a future re-
search direction. In the future, we should focus on the
specific pathogenesis of IncRNAs in diabetic inflammation
to identify them as potential biomarkers and therapeutic
targets for diabetic patients, providing new strategies for
IncRNAs as treatments for diabetic inflammation.
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TXNIP: Thioredoxin interacting protein
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Additional Points

Additional points include the classification, role, and
function of IncRNAs in diabetic inflammation; mechanisms
involved at the epigenetic, transcriptional, and posttran-
scriptional levels; and new strategies for IncRNAs as treat-
ments for diabetic inflammation.

Conflicts of Interest

Linjuan Huang and Xiaolei Hu declare that there are no
personal, financial, commercial, or academic conflicts of
interest, and they have nothing to disclose.

Authors’ Contributions

Linjuan Huang and Xiaolei Hu built the general framework
of this review together, and Linjuan Huang wrote this review
after collecting the literature. Xiaolei Hu revised and fi-
nalized the draft. Both authors read and approved the
manuscript submitted for publication.

Acknowledgments

This study was supported by the Natural Science Research
Project of the Anhui Educational Committee (Grant no.
KJ2020ZD53), the Project of Training and Studying Do-
mestic or Abroad for Excellent Youth Scholars and Key
Teacher in Higher Education Institutions of Anhui Province
(Grant no. gxgwfx2019028), the Major Natural Science and
Technology Project of Bengbu Medical College (Grant no.
2020byfy004), and the Bengbu Medical College Graduate
Research and Innovation Program Project (Grant no.
Byycx21069).

References

[1] J.Lv, Y. Wu, Y. Mai, and S. Bu, “Noncoding RNAs in diabetic
nephropathy: pathogenesis, biomarkers, and therapy,”
Journal of Diabetes Research, vol. 2020, Article ID 3960857,
2020.

[2] M. Diedisheim, E. Carcarino, C. Vandiedonck, R. Roussel,
J.-F. Gautier, and N. Venteclef, “Regulation of inflammation
in diabetes: from genetics to epigenomics evidence,” Mo-
lecular Metabolism, vol. 41, Article ID 101041, 2020.

[3] M. Y. Donath, “Multiple benefits of targeting inflammation
in the treatment of type 2 diabetes,” Diabetologia, vol. 59,
no. 4, pp. 679-682, 2016.

[4] J. Tang and T. S. Kern, “Inflammation in diabetic retinop-
athy,” Progress in Retinal and Eye Research, vol. 30, no. 5,
pp. 343-358, 2011.

International Journal of Endocrinology

[5] J. A. Moreno, C. Gomez-Guerrero, S. Mas et al., “Targeting
inflammation in diabetic nephropathy: a tale of hope,” Expert
Opinion on Investigational Drugs, vol. 27, no. 11, pp. 917-
930, 2018.

J. Fuentes-Antras, A. M. loan, J. Tunon, J. Egido, and

O. Lorenzo, “Activation of toll-like receptors and inflam-

masome complexes in the diabetic cardiomyopathy-associ-

ated inflammation,” The Internet Journal of Endocrinology,

vol. 2014, Article ID 847827, 2014.

[7] R.N. Alolga, G. F. Nuer-Allornuvor, E. D. Kuugbee, X. Yin,
and G. Ma, “Ginsenoside Rgl and the control of inflam-
mation implications for the therapy of type 2 diabetes: a
review of scientific findings and call for further research,”
Pharmacological Research, vol. 152, Article ID 104630, 2020.

[8] J. C. Jha, F. Ho, C. Dan, and K. Jandeleit-Dahm, “A causal
link between oxidative stress and inflammation in cardio-
vascular and renal complications of diabetes,” Clinical Sci-
ence, vol. 132, no. 16, pp. 1811-1836, 2018.

[9] B. M. Brooks-Worrell and J. P. Palmer, “Setting the stage for
islet autoimmunity in type 2 diabetes: obesity-associated
chronic systemic inflammation and endoplasmic reticulum
(ER) stress,” Diabetes Care, vol. 42, no. 12, pp. 2338-2346,
2019.

[10] D. Dallmeier, M. G. Larson, N. Wang, J. D. Fontes,
E. J. Benjamin, and C. S. Fox, “Addition of inflammatory
biomarkers did not improve diabetes prediction in the
community: the framingham heart study,” Journal of the
American Heart Association, vol. 1, Article ID e000869, 2012.

[11] D. A. Nicholas, G. Andrieu, K. J. Strissel, B. S. Nikolajczyk,
and G. V. Denis, “BET bromodomain proteins and epige-
netic regulation of inflammation: implications for type 2
diabetes and breast cancer,” Cellular and Molecular Life
Sciences, vol. 74, no. 2, pp. 231-243, 2017.

[12] T. P. M. Scheithauer, E. Rampanelli, M. Nieuwdorp et al.,
“Gut microbiota as a trigger for metabolic inflammation in
obesity and type 2 diabetes,” Frontiers in Immunology,
vol. 11, Article ID 571731, 2020.

[13] R.C.Rancourt, R. Ott, T. Ziska et al., “Visceral adipose tissue
inflammatory factors (TNF-Alpha, SOCS3) in gestational
diabetes (GDM): epigenetics as a clue in GDM pathophys-
iology,” International Journal of Molecular Sciences, vol. 21,
2020.

[14] A. Baroja-Mazo, F. Martin-Sanchez, A. I. Gomez et al., “The
NLRP3 inflammasome is released as a particulate danger
signal that amplifies the inflammatory response,” Nature
Immunology, vol. 15, no. 8, pp. 738-748, 2014.

[15] C. A. Nold-Petry, C. Y. Lo, I. Rudloff et al., “IL-37 requires
the receptors IL-18R« and IL-1R8 (SIGIRR) to carry out its
multifaceted anti-inflammatory program upon innate signal
transduction,” Nature Immunology, vol. 16, no. 4,
pp. 354-365, 2015.

[16] L. A.J. O’Neill, “Targeting signal transduction as a strategy to
treat inflammatory diseases,” Nature Reviews Drug Discov-
ery, vol. 5, no. 7, pp. 549-563, 2006.

[17] R. B. Goldberg, “Cytokine and cytokine-like inflammation
markers, endothelial dysfunction, and imbalanced coagu-
lation in development of diabetes and its complications,”
Journal of Clinical Endocrinology and Metabolism, vol. 94,
no. 9, pp. 3171-3182, 2009.

[18] T. Okdahl, C. Brock, T. Floyel et al., “Increased levels of
inflammatory factors are associated with severity of poly-
neuropathy in type 1 diabetes,” Clinical Endocrinology,
vol. 93, no. 4, pp. 419-428, 2020.

[6



International Journal of Endocrinology

[19] K. C. Wang and H. Y. Chang, “Molecular mechanisms of
long noncoding RNAs,” Molecular Cell, vol. 43, no. 6,
pp. 904-914, 2011.

[20] H. Luo, G. Zhu, J. Xu et al., “HOTTIP IncRNA promotes
hematopoietic stem cell self-renewal leading to AML-like
disease in mice,” Cancer Cell, vol. 36, no. 6, pp. 645-659,
2019.

[21] Y.-H. Zhang, X. Pan, T. Zeng, L. Chen, T. Huang, and
Y.-D. Cai, “Identifying the RNA signatures of coronary
artery disease from combined IncRNA and mRNA expres-
sion profiles,” Genomics, vol. 112, no. 6, pp. 4945-4958, 2020.

[22] S. Kulkarni, A. Lied, V. Kulkarni et al., “CCR5AS IncRNA
variation differentially regulates CCR5, influencing HIV
disease outcome,” Nature Immunology, vol. 20, no. 7,
pp. 824-834, 2019.

[23] J. F. Navarro and C. Mora, “Diabetes, inflammation,
proinflammatory cytokines, and diabetic nephropathy,”
Science World Journal, vol. 6, pp. 908-917, 2006.

[24] Y. Li, S. Chen, T. Zhao, and M. Li, “Serum IL-36 cytokines
levels in type 2 diabetes mellitus patients and their associ-
ation with obesity, insulin resistance, and inflammation,”
Journal of Clinical Laboratory Analysis, vol. 35, Article ID
e23611, 2020.

[25] F.-X. Guo, Q. Wu, P. Li et al., “The role of the LncRNA-
FA2H-2-MLKL pathway in atherosclerosis by regulation of
autophagy flux and inflammation through mTOR-depen-
dent signaling,” Cell Death and Differentiation, vol. 26, no. 9,
pp. 16701687, 2019.

[26] J. L. Marques-Rocha, M. Samblas, F. I. Milagro, J. Bressan,
J. A. Martinez, and A. Marti, “Noncoding RNAs, cytokines,
and inflammation-related diseases,” The FASEB Journal,
vol. 29, no. 9, pp. 3595-3611, 2015.

[27] M. Du, L. Yuan, X. Tan et al., “The LPS-inducible IncRNA
Mirt2 is a negative regulator of inflammation,” Nature
Communications, vol. 8, no. 1, p. 2049, 2017.

[28] C.  Sathishkumar, P. Prabu, V. Mohan, and
M. Balasubramanyam, “Linking a role of IncRNAs (long
non-coding RNAs) with insulin resistance, accelerated se-
nescence, and inflammation in patients with type 2 diabetes,”
Human Genomics, vol. 12, no. 1, p. 41, 2018.

[29] F. Kopp and J. T. Mendell, “Functional classification and
experimental dissection of long noncoding RNAs,” Cell,
vol. 172, no. 3, pp. 393-407, 2018.

[30] H. Zhou, H. Hu, and M. Lai, “Non-coding RNAs and their
epigenetic regulatory mechanisms,” Biology of the Cell,
vol. 102, no. 12, pp. 645-655, 2010.

[31] D. Canzio, C. L. Nwakeze, A. Horta et al., “Antisense IncRNA
transcription mediates DNA demethylation to drive sto-
chastic protocadherin « promoter choice,” Cell, vol. 177,
no. 3, pp. 639-653, 2019.

[32] C.A.McHugh, C.-K. Chen, A. Chow et al., “The Xist IncRNA
interacts directly with SHARP to silence transcription
through HDAC3,” Nature, vol. 521, no. 7551, pp. 232-236,
2015.

[33] J. M. Engreitz, J. E. Haines, E. M. Perez et al., “Local reg-
ulation of gene expression by IncRNA promoters, tran-
scription and splicing,” Nature, vol. 539, no. 7629,
pp. 452-455, 2016.

[34] R.-W. Yao, Y. Wang, and L.-L. Chen, “Cellular functions of
long noncoding RNAs,” Nature Cell Biology, vol. 21, no. 5,
pp. 542-551, 2019.

[35] V. A. Moran, R. J. Perera, and A. M. Khalil, “Emerging
functional and mechanistic paradigms of mammalian long

11

non-coding RNAs,” Nucleic Acids Research, vol. 40, no. 14,
pp. 6391-6400, 2012.

[36] M. Wysoczynski, J. Kim, J. B. Moore, and S. Uchida,
“Macrophage long non-coding RNAs in pathogenesis of
cardiovascular disease,” Non-coding RNA, vol. 6, 2020.

[37] A. Arvey, J. van der Veeken, R. M. Samstein, Y. Feng,
J. A. Stamatoyannopoulos, and A. Y. Rudensky, “Inflam-
mation-induced repression of chromatin bound by the
transcription factor Foxp3 in regulatory T cells,” Nature
Immunology, vol. 15, no. 6, pp. 580-587, 2014.

[38] L. Farahmand, B. Darvishi, and K. Majidzadeh-A, “Sup-
pression of chronic inflammation with engineered nano-
materials delivering nuclear factor «B transcription factor
decoy oligodeoxynucleotides,” Drug Delivery, vol. 24, no. 1,
pp. 1249-1261, 2017.

[39] T. Yu, Y. J. Li, A. H. Bian et al., “The regulatory role of
activating transcription factor 2 in inflammation,” Mediators
of Inflammation, vol. 2014, Article ID 950472, 2014.

[40] L. Statello, C.-J. Guo, L.-L. Chen, and M. Huarte, “Gene
regulation by long non-coding RNAs and its biological
functions,” Nature Reviews Molecular Cell Biology, vol. 22,
no. 2, pp. 96-118, 2021.

[41] S. Wu, J. Bono, and Y.-X. Tao, “Long noncoding RNA
(IncRNA): a target in neuropathic pain,” Expert Opinion on
Therapeutic Targets, vol. 23, no. 1, pp. 15-20, 2019.

[42] Z. Wang, B. Yang, M. Zhang et al, “IncRNA epigenetic
landscape analysis identifies EPIC1 as an oncogenic IncRNA
that interacts with MYC and promotes cell-cycle progression
in cancer,” Cancer Cell, vol. 33, pp. 706-¢9, 2018.

[43] H. Xiao, S. Huang, and P. Xue, “LncRNA PTPRE-AS1
modulates M2 macrophage activation and inflammatory
diseases by epigenetic promotion of PTPRE,” Science Ad-
vances, vol. 11, pp. 1-14, 2019.

[44] M. Scarola, E. Comisso, R. Pascolo et al., “Epigenetic si-
lencing of Oct4 by a complex containing SUV39H1 and Oct4
pseudogene IncRNA,” Nature Communications, vol. 6, no. 1,
p. 7631, 2015.

[45] K. Shigeyasu, S. Toden, T. Ozawa et al., “The PVTI IncRNA is
a novel epigenetic enhancer of MYC, and a promising risk-
stratification biomarker in colorectal cancer,” Molecular
Cancer, vol. 19, no. 1, p. 155, 2020.

[46] M.-C. Tsai, O. Manor, Y. Wan, and N. Mosammaparast,
“Long noncoding RNA as modular scaffold of histone
modification complexes,” Science, vol. 329, 2010.

[47] S. Biswas, A. A. Thomas, and S. Chakrabarti, “LncRNAs:
proverbial genomic “junk” or key epigenetic regulators
during cardiac fibrosis in diabetes?” Frontiers in Cardio-
vascular Medicine, vol. 5, 2018.

[48] S. Biswas, A. A. Thomas, S. Chen et al., “MALATI: an
epigenetic regulator of inflammation in diabetic retinopa-
thy,” Scientific Reports, vol. 8, no. 1, p. 6526, 2018.

[49] J. Liu, L. Xu, and X. Zhan, “LncRNA MALATI regulates
diabetic cardiac fibroblasts through the Hippo/YAP signal-
ing pathway,” Biochemistry and Cell Biology, vol. 98, pp. 1-27,
2020.

[50] A. Alikhah, M. Pahlevan Kakhki, A. Ahmadi,
R. Dehghanzad, M. A. Boroumand, and M. Behmanesh, “The
role of Inc-DC long non-coding RNA and SOCSI1 in the
regulation of STAT3 in coronary artery disease and type 2
diabetes mellitus,” Journal of Diabetes and Its Complications,
vol. 32, no. 3, pp. 258-265, 2018.

[51] T.-S. Huang, K.-C. Wang, S. Quon et al., “LINC00341 exerts
an anti-inflammatory effect on endothelial cells by repressing



12

(54]

[62]

[63]

(64]

VCAML1,”  Physiological
pp. 339-345, 2017.

L. Zhang, S. Zhao, and Y. Zhu, “Long noncoding RNA
growth arrest-specific transcript 5 alleviates renal fibrosis in
diabetic nephropathy by downregulating matrix metal-
loproteinase 9 through recruitment of enhancer of zeste
homolog 2,” The FASEB Journal, vol. 34, no. 2,
pp. 2703-2714, 2020.

S. Das, E. Zhang, P. Senapati et al., “A novel angiotensin II-
induced long noncoding RNA giver regulates oxidative
stress, inflammation, and proliferation in vascular smooth
muscle cells,” Circulation Research, vol. 123, no. 12,
pp. 1298-1312, 2018.

Z. Wang, W. Liao, F. Liu et al., “Downregulation of IncRNA
EPB41L4A-AS1 mediates activation of MYD88-dependent
NE-«B pathway in diabetes-related inflammation,” Diabetes,
Metabolic Syndrome and Obesity: Targets and Therapy,
vol. 14, pp. 265-277, 2021.

H. Xu, Y. Jiang, X. Xu et al., “Inducible degradation of
IncRNA Srosl promotes IFN-y-mediated activation of in-
nate immune responses by stabilizing Statl mRNA,” Nature
Immunology, vol. 20, no. 12, pp. 1621-1630, 2019.

S. Grelet, L. A. Link, B. Howley et al., “A regulated PNUTS
mRNA to IncRNA splice switch mediates EMT and tumour
progression,” Nature Cell Biology, vol. 19, no. 9,
pp. 1105-1115, 2017.

M. Rossi, G. Bucci, D. Rizzotto et al., “LncRNA EPR controls
epithelial proliferation by coordinating Cdknla transcrip-
tion and mRNA decay response to TGF-f3,” Nature Com-
munications, vol. 10, no. 1, p. 1969, 2019.

Y. Zhao, Y. Liu, L. Lin et al., “The IncRNA MACC1-AS1
promotes gastric cancer cell metabolic plasticity via AMPK/
Lin28 mediated mRNA stability of MACCI1,” Molecular
Cancer, vol. 17, no. 1, p. 69, 2018.

Y.-y. Zhang, P. M.-K. Tang, P. C.-T. Tang et al., “LRNA9884,
a novel smad3-dependent long noncoding RNA, promotes
diabetic kidney injury in db/db mice via enhancing MCP-1-
dependent renal inflammation,” Diabetes, vol. 68, no. 7,
pp. 1485-1498, 2019.

B.-H. Xu, J. Sheng, Y.-K. You et al.,, “Deletion of Smad3
prevents renal fibrosis and inflammation in type 2 diabetic
nephropathy,” Metabolism, vol. 103, Article ID 154013, 2020.
I. Gonzalez-Moro, A. Olazagoitia-Garmendia, M. L. Colli
et al., “The T1D-associated IncRNA Lncl3 modulates human
pancreatic 3 cell inflammation by allele-specific stabilization
of STATI mRNA,” Proceedings of the National Academy of
Sciences, vol. 117, no. 16, pp. 9022-9031, 2020.

J. Zhang, C. Chen, L. Wu et al., “C-myc contributes to the
release of Miiller cells-derived proinflammatory cytokines by
regulating IncRNA MIAT/XNIP pathway,” The International
Journal of Biochemistry and Cell Biology, vol. 114, Article ID
105574, 2019.

H. Wu, M. Jiang, Q. Liu, F. Wen, and Y. Nie, “IncRNA uc.48+
regulates immune and inflammatory reactions mediated by
the P2X7 receptor in type 2 diabetic mice,” Experimental and
Therapeutic Medicine, vol. 20, p. 230, 2020.

X. Chen, H. Liang, C.-Y. Zhang, and K. Zen, “miRNA
regulates noncoding RNA: a noncanonical function model,”
Trends in Biochemical Sciences, vol. 37, no. 11, pp. 457-459,
2012.

T. S. Han, K. Hur, H. S. Cho, and H. S. Ban, “Epigenetic
associations between IncRNA/circRNA and miRNA in he-
patocellular carcinoma,” Cancers, vol. 12, 2020.

Genomics, vol. 49, no. 7,

[66]

[67]

(68]

(69]

(70]

(71]

(72]

(73]

(74]

[75]

(76]

(77]

(78]

(79]

(80]

International Journal of Endocrinology

K. Razig, M. Cai, K. Dong, P. Wang, J. Afrifa, and S. Fu,
“Competitive endogenous network of IncRNA, miRNA, and
mRNA in the chemoresistance of gastrointestinal tract ad-
enocarcinomas,”  Biomedicine and  Pharmacotherapy,
vol. 130, Article ID 110570, 2020.

J.-Y. Wang, Y. Yang, Y. Ma et al.,, “Potential regulatory role of
IncRNA-miRNA-mRNA axis in osteosarcoma,” Biomedicine
and Pharmacotherapy, vol. 121, Article ID 109627, 2020.
Y. Huang, “The novel regulatory role of IncRNA-miRNA-
mRNA axis in cardiovascular diseases,” Journal of Cellular
and Molecular Medicine, vol. 22, no. 12, pp. 5768-5775, 2018.
P. Tong, Q.-H. Peng, L.-M. Gu, W.-W. Xie, and W.-J. Li,
“LncRNA-MEG3 alleviates high glucose induced inflam-
mation and apoptosis of retina epithelial cells via regulating
miR-34a/SIRTI axis,” Experimental and Molecular Pathol-
ogy, vol. 107, pp. 102-109, 2019.

F.Xiao, L. Li, J. S. Fu, Y. X. Hu, and R. Luo, “Regulation of the
miR-19b-mediated  SOCS6-JAK2/STAT3  pathway by
IncRNA MEG3 is involved in high glucose-induced apo-
ptosis in hRMECs,” Bioscience Reports, vol. 40, 2020.

G. Wang, B. Wu, B. Zhang, K. Wang, and H. Wang,
“LncRNA CTBP1-AS2 alleviates high glucose-induced oxi-
dative stress, ECM accumulation, and inflammation in di-
abetic nephropathy via miR-155-5p/FOXO1  axis,”
Biochemical and Biophysical Research Communications,
vol. 532, no. 2, pp. 308-314, 2020.

X.Zhu, Y.-B. Wu, J. Zhou, and D.-M. Kang, “Upregulation of
IncRNA MEG3 promotes hepatic insulin resistance via in-
creasing FoxOl expression,” Biochemical and Biophysical
Research Communications, vol. 469, no. 2, pp. 319-325, 2016.
B. Li, S. Luan, J. Chen et al., “The MSC-derived exosomal
IncRNA H19 promotes wound healing in diabetic foot ulcers
by upregulating PTEN via MicroRNA-152-3p,” Molecular
Therapy - Nucleic Acids, vol. 19, pp. 814-826, 2020.

R. Luo, F. Xiao, P. Wang, and Y.-X. Hu, “IncRNA HI19
sponging miR-93 to regulate inflammation in retinal epi-
thelial cells under hyperglycemia via XBP1s,” Inflammation
Research, vol. 69, no. 3, pp. 255-265, 2020.

L. Gao, X. Wang, S. Guo et al., “LncRNA HOTAIR functions
as a competing endogenous RNA to upregulate SIRT1 by
sponging miR-34a in diabetic cardiomyopathy,” Journal of
Cellular Physiology, vol. 234, no. 4, pp. 4944-4958, 2019.
P. Du, J. Wang, Y. Han, and J. Feng, “Blocking the LncRNA
MALAT1/miR-224-5p/NLRP3 Axis inhibits the hippocam-
pal inflammatory response in T2DM with OSA,” Frontiers in
Cellular Neuroscience, vol. 14, p. 97, 2020.

K. Shahzad, F. Bock, W. Dong et al., “Nlrp3-inflammasome
activation in non-myeloid-derived cells aggravates diabetic
nephropathy,” Kidney International, vol. 87, no. 1, pp. 74-84,
2015.

J.-F. Zhan, H.-W. Huang, C. Huang, L.-L. Hu, and
W.-W. Xu, “Long non-coding RNA NEATI1 regulates
pyroptosis in diabetic nephropathy via mediating the miR-
34c/NLRP3 Axis,” Kidney and Blood Pressure Research,
vol. 45, no. 4, pp- 589-602, 2020.

M. Zhang, S. Zhao, C. Xu et al., “Ablation of IncRNA MIAT
mitigates high glucose-stimulated inflammation and apo-
ptosis of podocyte via miR-130a-3p/TLR4 signaling axis,”
Biochemical and Biophysical Research Communications,
vol. 533, no. 3, pp. 429-436, 2020.

H. Fan and W. Zhang, “Overexpression of linc
4930556M19Rik suppresses high glucose-triggered podocyte
apoptosis, fibrosis and inflammation via the miR-27a-3p/
metalloproteinase 3 (TIMP3) Axis in diabetic nephropathy,”



International Journal of Endocrinology

Medical Science Monitor: International Medical Journal of
Experimental and Clinical Research, vol. 26, Article ID
€925361, 2020.

[81] K. Daneshvar, M. B. Ardehali, I. A. Klein et al., “IncRNA
DIGIT and BRD3 protein form phase-separated condensates
to regulate endoderm differentiation,” Nature Cell Biology,
vol. 22, no. 10, pp. 1211-1222, 2020.

[82] Y. Liang, X. Chen, Y. Wu et al., “LncRNA CASC9 promotes
esophageal squamous cell carcinoma metastasis through
upregulating LAMC2 expression by interacting with the
CREB-binding protein,” Cell Death and Differentiation,
vol. 25, no. 11, pp. 1980-1995, 2018.

[83] W. Peng, C. Zhang, J. Peng et al., “Lnc-FAM84B-4 acts as an
oncogenic IncRNA by interacting with protein hnRNPK to
restrain MAPK phosphatases-DUSP1 expression,” Cancer
Letters, vol. 494, pp. 94-106, 2020.

[84] J.S. Wekesa, . Meng, and Y. Luan, “Multi-feature fusion for
deep learning to predict plant IncRNA-protein interaction,”
Genomics, vol. 112, no. 5, pp. 2928-2936, 2020.

[85] H. Yi, R. Peng, L.-Y. Zhang et al., “LincRNA-Gm4419
knockdown ameliorates NF-xB/NLRP3 inflammasome-
mediated inflammation in diabetic nephropathy,” Cell Death
and Disease, vol. 8, no. 2, p. €2583, 2017.

[86] F. Leti and J. K. DiStefano, “Long noncoding RNAs as di-
agnostic and therapeutic targets in type 2 diabetes and re-
lated complications,” Genes, vol. 8, 2017.

[87] P. Zhang, Y. Sun, R. Peng et al, “Long non-coding RNA
Rpphl promotes inflammation and proliferation of
mesangial cells in diabetic nephropathy via an interaction
with Gal-3,” Cell Death and Disease, vol. 10, p. 526, 2019.

[88] R.Caiand].Jiang, “LncRNA ANRIL silencing alleviates high
glucose-induced inflammation, oxidative stress, and apo-
ptosis via upregulation of MME in podocytes,” Inflamma-
tion, vol. 43, no. 6, pp. 2147-2155, 2020.

[89] P. Puthanveetil, S. Chen, B. Feng, A. Gautam, and
S. Chakrabarti, “Long non-coding RNA MALAT 1 regulates
hyperglycaemia induced inflammatory process in the en-
dothelial cells,” Journal of Cellular and Molecular Medicine,
vol. 19, no. 6, pp. 1418-1425, 2015.

[90] J.-Y. Liu, J. Yao, X.-M. Li et al., “Pathogenic role of IncRNA-
MALATI in endothelial cell dysfunction in diabetes melli-
tus,” Cell Death and Disease, vol. 5, no. 10, Article ID e1506,
2014.

[91] X. Li, H. Wang, B. Yao, W. Xu, J. Chen, and X. Zhou,
“IncRNA H19/miR-675 axis regulates cardiomyocyte apo-
ptosis by targeting VDACI in diabetic cardiomyopathy,”
Scientific Reports, vol. 6, no. 1, Article ID 36340, 2016.

[92] C. Yu, K. Yang, X. Meng, B. Cao, and F. Wang, “Down-
regulation of long noncoding RNA MIAT in the retina of
diabetic rats with tail-vein injection of human umbilical-cord
mesenchymal stem cells,” International Journal of Medical
Sciences, vol. 17, no. 5, pp. 591-598, 2020.

[93] X.Zhang, H. Zhang, ]. Li et al., “6-IncRNA assessment model
for monitoring and prognosis of HER2-positive breast
cancer: based on transcriptome data,” Pathology and On-
cology Research, vol. 27, Article ID 609083, 2021.

[94] X. Jiang, R. Lei, and Q. Ning, “Circulating long noncoding
RNAs as novel biomarkers of human diseases,” Biomarkers
in Medicine, vol. 10, no. 7, pp. 757-769, 2016.

[95] S.Yuan, Y. Xiang, X. Guo et al., “Circulating long noncoding
RNAs act as diagnostic biomarkers in non-small cell lung
cancer,” Frontiers in Oncology, vol. 10, Article ID 537120,
2020.

13

[96] D. de Gonzalo-Calvo, F. Kenneweg, C. Bang et al., “Circu-
lating long noncoding RNAs in personalized medicine,”
Journal of the American College of Cardiology, vol. 68, no. 25,
pp. 2914-2916, 2016.

[97] C. Zhao, J. Hu, Z. Wang, Z. Y. Cao, and L. Wang, “Serum
LncRNA PANDAR may act as a novel serum biomarker of
diabetic nephropathy in patients with type 2 diabetes,”
Clinical Laboratory, vol. 66, 2020.

[98] S.Li, Y. Li, B. Chen et al., “exoRBase: a database of circRNA,
IncRNA and mRNA in human blood exosomes,” Nucleic
Acids Research, vol. 46, no. D1, pp. D106-D112, 2018.

[99] A. Conigliaro, V. Costa, A. Lo Dico et al., “CD90+ liver
cancer cells modulate endothelial cell phenotype through the
release of exosomes containing H19 IncRNA,” Molecular
Cancer, vol. 14, no. 1, p. 155, 2015.

[100] C.Ni, Q.-Q. Fang, W.-Z. Chen et al., “Breast cancer-derived
exosomes transmit IncRNA SNHGI16 to induce CD73+yd1
Treg cells,” Signal Transduction and Targeted Therapy, vol. 5,
no. 1, p. 41, 2020.

[101] M. Han, Y. Gu, P. Lu et al.,, “Exosome-mediated IncRNA
AFAPI1-AS1 promotes trastuzumab resistance through
binding with AUF1 and activating ERBB2 translation,”
Molecular Cancer, vol. 19, no. 1, p. 26, 2020.

[102] Z. Jiao, A. Yu, W. Rong et al., “Five-IncRNA signature in
plasma exosomes serves as diagnostic biomarker for
esophageal squamous cell carcinoma,” Aging, vol. 12, no. 14,
pp- 15002-15010, 2020.

[103] J. Lee and S. H. Lee, “New mediators in diabetes patho-
genesis: exosomes and metabolites,” Journal of Diabetes
Investigation, 2021.

[104] C. Guay, J. K. Kruit, S. Rome et al., “Lymphocyte-derived
exosomal MicroRNAs promote pancreatic f3 cell death and
may contribute to type 1 diabetes development,” Cell
Metabolism, vol. 29, no. 2, pp. 348-361, 2019.

[105] X.Cao,L.-D.Xue, Y. Di, T. Li, Y.-J. Tian, and Y. Song, “MSC-
derived exosomal IncRNA SNHG?7 suppresses endothelial-
mesenchymal transition and tube formation in diabetic
retinopathy via miR-34a-5p/XBP1 axis,” Life Sciences,
vol. 272, Article ID 119232, 2021.

[106] Y. Xiao, T. Xiao, W. Ou et al., “LncRNA SNHGI16 as a

potential biomarker and therapeutic target in human can-

cers,” Biomarker Research, vol. 8, no. 1, p. 41, 2020.

C. Schulte, T. Barwari, A. Joshi et al., “Comparative analysis

of circulating noncoding RNAs versus protein biomarkers in

the detection of myocardial injury,” Circulation Research,

vol. 125, no. 3, pp- 328-340, 2019.

[108] R. V. Shah, J. Rong, M. G. Larson et al., “Associations of
circulating extracellular RNAs with myocardial remodeling
and heart failure,” JAMA Cardiology, vol. 3, pp. 871-876,
2018.

[109] P. Qi, X.-y. Zhou, and X. Du, “Circulating long non-coding
RNAs in cancer: current status and future perspectives,”
Molecular Cancer, vol. 15, no. 1, p. 39, 2016.

[110] R. Zhao, Y. Zhang, X. Zhang et al., “Exosomal long non-
coding RNA HOTTIP as potential novel diagnostic and
prognostic biomarker test for gastric cancer,” Molecular
Cancer, vol. 17, no. 1, p. 68, 2018.

[111] J. Viereck and T. Thum, “Circulating noncoding RNAs as
biomarkers of cardiovascular disease and injury,” Circulation
Research, vol. 120, no. 2, pp. 381-399, 2017.

[112] O.Khorkova, J. Hsiao, and C. Wahlestedt, “Basic biology and
therapeutic implications of IncRNA,” Advanced Drug De-
livery Reviews, vol. 87, pp. 15-24, 2015.

[107



14

[113] S. Shi, L. Song, H. Yu et al., “Knockdown of LncRNA-H19
ameliorates kidney fibrosis in diabetic mice by suppressing
miR-29a-mediated EndMT,” Frontiers in Pharmacology,
vol. 11, Article ID 586895, 2020.

W. Zhang, D. Cao, Y. Wang, and W. Ren, “LncRNA MEG8 is

upregulated in gestational diabetes mellitus (GDM) and

predicted kidney injury,” Journal of Diabetes and Its Com-

plications, vol. 35, no. 1, Article ID 107749, 2021.

[115] F.Yang, Y. Chen, Z. Xue et al., “High-throughput sequencing
and exploration of the IncRNA-circRNA-miRNA-mRNA
network in type 2 diabetes mellitus,” BioMed Research In-
ternational, vol. 2020, Article ID 8162524, 2020.

[116] Q. Yan, X. He, G. Kuang, and C. Ou, “CircRNA cPWWP2A:
an emerging player in diabetes mellitus,” Journal of Cell
Communication and Signaling, vol. 14, no. 3, pp. 351-353,
2020.

[117] H. Wu, S. Wu, Y. Zhu et al., “Hsa_circRNA_0054633 is

highly expressed in gestational diabetes mellitus and closely

related to glycosylation index,” Clinical Epigenetics, vol. 11,

no. 1, p. 22, 2019.

I. Chattopadhyay, R. Ambati, and R. Gundamaraju, “Ex-

ploring the crosstalk between inflammation and epithelial-

mesenchymal transition in cancer,” Mediators of Inflam-

mation, vol. 2021, Article ID 9918379, 2021.

[119] G. Sanchez-Dufthues, A. Garcia de Vinuesa, V. van de Pol
et al, “Inflammation induces endothelial-to-mesenchymal
transition and promotes vascular calcification through
downregulation of BMPR2,” The Journal of Pathology,
vol. 247, pp. 333-346, 2019.

[120] S. P. Srivastava, A. F. Hedayat, K. Kanasaki, and
J. E. Goodwin, “microRNA crosstalk influences epithelial-to-
mesenchymal, endothelial-to-mesenchymal, and macro-
phage-to-mesenchymal transitions in the kidney,” Frontiers
in Pharmacology, vol. 10, p. 904, 2019.

[121] Y.-H. Hung, M. Kanke, C. L. Kurtz et al., “Acute suppression

of insulin resistance-associated hepatic miR-29 in vivo im-

proves glycemic control in adult mice,” Physiological Ge-

nomics, vol. 51, no. 8, pp. 379-389, 2019.

A. Fatica and 1. Bozzoni, “Long non-coding RNAs: new

players in cell differentiation and development,” Nature

Reviews Genetics, vol. 15, no. 1, pp. 7-21, 2014.

[123] S.Frank, A. Aguirre, J. Hescheler, and L. Kurian, “A IncRNA
perspective into (Re)building the heart,” Frontiers in Cell and
Developmental Biology, vol. 4, p. 128, 2016.

[124] J. Mao, Y. Zhou, L. Lu et al., “Identifying a serum exosomal-
associated IncRNA/circRNA-miRNA-mRNA network in
coronary heart disease,” Cardiology Research and Practice,
vol. 2021, Article ID 6682183, 2021.

[125] E. K. Robinson, S. Covarrubias, and S. Carpenter, “The how
and why of IncRNA function: an innate immune perspec-
tive,” Biochimica et Biophysica Acta (BBA)—Gene Regulatory
Mechanisms, vol. 1863, no. 4, Article ID 194419, 2020.

(114

(118

[122

International Journal of Endocrinology



