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Diabetes is a metabolic disease characterized by hyperglycemia, which induces

the production of AGEs, ROS, inflammatory cytokines, and growth factors,

leading to the formation of vascular dysfunction and target organ damage,

promoting the development of diabetic complications. Diabetic nephropathy,

retinopathy, and cardiomyopathy are common complications of diabetes, which

are major contributors to disability and death in people with diabetes. Long non-

coding RNAs affect gene transcription, mRNA stability, and translation efficiency

to influence gene expression for a variety of biological functions. Over the past

decade, it has been demonstrated that dysregulated long non-coding RNAs are

extensively engaged in the pathogenesis of many diseases, including diabetic

complications. Thus, this review discusses the regulations of long non-coding

RNAs on the primary pathogenesis of diabetic complications (oxidative stress,

inflammation, fibrosis, and microvascular dysfunction), and some of these long

non-coding RNAsmay function as potential biomarkers or therapeutic targets for

diabetic complications.
KEYWORDS

long non-coding RNAs, diabetic nephropathy, diabetic retinopathy, diabetic

cardiomyopathy, microRNA
1 Introduction

Diabetes mellitus (DM) has become a worldwide epidemic, already affecting one-

sixteenth of the global population in 2021, and the prevalence continues to rise annually,

with the number of people with the disease expected to reach 783.2 million worldwide by

2045, posing an increasingly serious threat to humanity (1). Type 1 diabetes mellitus

(T1DM), an autoimmune disease marked by complete insulin insufficiency as a result of

autoimmune b-cell destruction, accounts for approximately 5–10% of all cases of diabetes

(2). Furthermore, more than 90% of diabetic individuals have type 2 diabetes mellitus
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(T2DM), which is characterized by insulin resistance and relative

insulin deficiency (2). Therefore, the relative or absolute deficiency

of insulin in diabetes induces hyperglycemia and various metabolic

signaling disorders that target organs throughout the body and

ultimately lead to diabetic complications. Diabetic nephropathy

(DN) is one of the most common microvascular complications in

diabetic patients and today accounts for almost 40% of all end-stage

renal disease (ESRD) (3). The prevalence of diabetic retinopathy

(DR) can reach 34.1% and is the leading cause of blindness in adults

(4). Diabetic cardiomyopathy (DCM) is difficult to diagnose, has an

insidious onset, and is a major cause of death in diabetic patients

(5). The burden of the disease and high cost are driven by the

presence of chronic diabetic complications, and patients with

complications would increase health expenditure by 3.36 times

higher compared to those without complications(6).

Recent theories on the development of diabetic complications

state that multiple cellular pathways are activated by hyperglycemia

and dyslipidemia, including activation in polyol pathway flux,

intracellular formation of advanced glycation end products

(AGEs), expression of the receptor for AGEs and its activating

ligands, activation of protein kinase C (PKC) and hexosamine

pathway. The activation of these pathways results in production

of reactive oxygen species (ROS) (e.g., superoxide anion) and

epigenetic changes (DNA methylation, histone modifications, and

the expression of non-coding RNAs), which produce growth factors

and proinflammatory cytokines that motivate oxidative stress,

fibrosis, inflammation, and vascular dysfunction. This leads to

pathogenetic alterations and adversely affects endothelial cells,

vascular smooth muscle cells (VSMCs), monocytes, and key

targets such as retinal cells, cardiomyocytes, and renal cells

leading to diabetic complications (7). Although these are common

mechanisms in most vascular complications of diabetes, the
Frontiers in Endocrinology 02
pathological process and symptoms of the disease can change

depending on the target cells and organs. For instance,

transforming growth factor b (TGF-b) signaling is activated in a

variety of cells in the diabetic kidney and is involved in increased

synthesis and deposition of extracellular matrix, ultimately leading

to glomerulosclerosis and tubulointerstitial fibrosis. Microvascular

dysfunction is a characteristic feature in diabetic retinopathy, with

increased microvascular permeability and vascular exudation in the

early stages, as well as late neovascular capillary formation. Diabetic

cardiomyopathy is seen with inadequate microvascular blood flow

and reduced myocardial perfusion, leading to focal necrosis and

scar formation, which in turn leads to changes in cardiac structure

and function (Figure 1). Available anti-diabetic drugs commonly

used on the market, such as metformin and sulfonylureas, are

presently efficient in regulating hyperglycemia, but they cannot

completely prevent the occurrence and progression of its

complications. Sometimes these drugs have adverse effects such as

liver, heart, and kidney toxicity, hypoglycemia, and gastrointestinal

reactions. Consequently, it is essential to understand the underlying

molecular mechanisms to develop more effective treatments.

Long non-coding RNAs (lncRNAs) are non-coding RNAs with

over 200 nucleotides, which have gained increasing attention from

researchers because of their tissue-specific expression patterns and

rich regulatory mechanisms. Currently, lncRNAs have been found

to regulate gene expression at the transcriptional and post-

transcriptional levels. At the transcriptional level, lncRNAs

primarily participate in chromatin modification and remodeling,

leading to the expression or repression of a large number of genes.

Post-transcriptional regulation involves mRNA splicing,

translation, and stability. LncRNAs also can regulate protein

stability by involving post-translational modifications associated

with protein degradation. LncRNAs are increasingly recognized as
FIGURE 1

The pathogenesis of diabetic complications and the role of lncRNAs. Diabetes and its attendant metabolic disorders can activate multiple signaling
pathways that promote ROS (e.g., superoxide anion) production and dysregulated expression of lncRNAs. These events can lead to the development
of pivotal pathological events that consequently have an impact on the progression of DN, DCM, and DR. Abbreviations: HG, high glucose; HF, high
fat; AGEs, advanced glycation end products; PKC, protein kinase C; ROS, reactive oxygen species; LncRNA, long non-coding RNA; MiRNA,
microRNA; CircRNA, circular RNA; Histone PTMs, histones post-translational modifications; DNAMe, DNA methylation; DN, diabetic nephropathy;
DR, diabetic retinopathy; DCM, diabetic cardiomyopathy.
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epigenetic regulators to participate in the development of diabetes

and diabetic complications (Figure 1) (8). Because of the different

onset of T1DM and T2DM, lncRNA can play roles on different

targets. In the chronic autoimmune disease of T1DM, it has been

recently revealed that viral infections are involved in the attack of

pancreatic islet b-cells by immune cells. Evidences showed that

lncRNAs Lnc13 and antiviral response gene inducer (ARGI) are

upregulated in viral infection and activate the proinflammatory

chemokine secretion and antiviral responses (9, 10). In T2DM,

lncRNAs are mainly responsible for the insulin resistance. For

example, Guo et al. discovered LncRNA Reg1cp was mainly

expressed in the islet and its mutation was a risk factor for

T2DM. Mutant Reg1cp increased insulin resistance via inhibiting

polypyrimidine tract binding protein 1 (PTBP1) phosphorylation

and the PTBP1-AdipoR1 pathway (11). However, lncRNAs also

have significant effects on the progression of DM and diabetic

complications through regulating the mainly pathogenic progress of

oxidative stress, inflammation, cell death, fibrosis, and vascular

proliferation. For instance, metastasis associated lung

adenocarcinoma transcript 1 (MALAT1) was reported to interact

with nuclear factor erythroid 2-related factor 2 (Nrf2) as a negative

regulator. MALAT1 ablation activates Nrf2-regulated antioxidant

genes expression and reduces ROS accumulation and oxidative

stress, resulting in lower inflammation, sensitivity to insulin

signaling and improved b-cell function (12). In this paper,

biomedical articles published on lncRNAs and diabetic

complications in the Pubmed database was searched and the

action of lncRNAs in the pathogenesis of DN, DCM, and DR will

be reviewed, and this information provides a theoretical basis for

the potentia l use of lncRNAs as therapeut ic targets

for complications.
2 Diabetic nephropathy

DN is one of the primary microvascular complications of

diabetes mellitus. Pathologically, DN is characterized by the

enlargement of the glomerular mesangial expansion and

accumulation of extracellular matrix (ECM) proteins. This leads

to glomerulosclerosis and fibrosis in the tubulointerstitial region. In

addition, there is damage to the capillary endothelium and the

glomerular filtration membrane due to the death of podocytes. All

of these factors contribute to kidney dysfunction, which manifests

itself early in the form of microproteinuria, reduced glomerular

filtration rate, and eventually progresses to end-stage renal disease

(ESRD) (13). The current standard treatment for DN involves the

use of RAS inhibitors and hypoglycemic agents to manage blood

pressure and glucose levels. Unfortunately, these conventional

therapies are ineffective in preventing the progression of the

disease to ESRD. Many promising novel medications for the

treatment of DN have also encountered setbacks in phase 3

clinical trials due to issues such as toxicity. Therefore, there is a

growing interest in the development of biomarkers that can predict

the early stages of the disease in order to adopt preventative therapy

(14). Certain lncRNAs are abnormally expressed in patients with

DN and are considered potential biomarkers for its diagnosis.
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Further research has shown that these lncRNAs have an impact

on renal fibrosis and damage to podocytes in diabetic nephropathy,

which ultimately affects kidney function (Table 1).
2.1 Renal fibrosis

Renal fibrosis has been recognized as one of the most crucial

processes for the development of DN and is significantly associated

with DN prognosis. Anti-fibrotic treatment significantly improves

renal function. Renal fibrosis is manifested as excessive deposition

of the ECM. It is widely accepted that myofibroblasts play a major

role in the synthesis and secretion of ECM under pathological

conditions (38). Mesangial cells and renal tubular epithelial cells are

considered to be an important precursor cell type of myofibroblasts

in DN, transformed into myofibroblasts by epithelial mesenchymal

transition (EMT) in response to high sugar stimulation (38, 39).

Lately, there is evidence pointing to the involvement of lncRNAs.

Nuclear Enriched Abundant Transcript 1(NEAT1) has been

reported to dysregulate in DN (15). Previously, it was shown that

AKT/mTOR is a key signaling pathway initiated by the kidney in

response to high glucose contributing to glomerular hypertrophy

(40). NEAT1 upregulation has positive effects on mesangial cell

growth and secretion of ECM by increasing AKT and mTOR

phosphorylation levels (16). Moreover, there is evidence that

NEAT1 takes part in renal fibrosis by advancing the EMT

process. Zinc finger E-box binding homeobox 1(ZEB1), a key

molecule in EMT initiation and activation, is upregulated by

NEAT1 by sponging miR-27b-3p. NEAT1 deficiency significantly

reduces the secretion of EMT proteins (E-calmodulin, N-

calmodulin) from mesangial cells (17). It also activates bovine

serum albumin (BSA)-mediated EMT and fibrosis in HK-2 cells

via the ERK1/2 pathway. Silencing of NEAT1 reversed renal tubular

epithelial cells migration and the expression of mesenchymal

markers such as a-SMA and inhibited the transformation of renal

tubular epithelial cells into myofibroblasts. And NEAT1 is the most

significantly repressed lncRNA in kidney tissue of Klotho (an

antiaging protein) overexpressing diabetic mice. These results

imply that targeted NEAT1 implicates the protective effect of

Klotho on renal tubular epithelial cell fibrosis and EMT (41).

Furthermore, ARAP1 antisense RNA2 (ARAP1-AS2) leads to

cytoskeletal rearrangement by interacting with ARAP1, and

MALAT1 activates the Wnt/b-catenin pathway to promote the

transformation of renal tubular epithelial cells into myofibroblasts

(31, 35).

LncRNAs engage in renal fibrosis by promoting ECM secretion.

Antisense Non-coding RNA in the INK4 Locus (ANRIL), also

known as cell Cycle protein-Dependent Kinase Inhibitor 2B

Antisense RNA1 (CDNK2B-AS1), is discovered to be elevated in

the renal tissues of people with diabetic nephropathy and has been

linked to the development of DN via a variety of pathways (18–22).

ANRIL knockout has a protective on diabetic mouse kidneys,

revealing a reduction in urine output and albumin creatinine

levels, as well as decreased mesangial matrix depositions and

fibronectin levels (42). The underlying mechanism displayed that

CDKN2B-AS1 interference reverses the ECM accumulation and
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mesangial cell growth by regulating the miR-15b-5p/Wingless-Type

family member 2B (WNT2B) axis (18). Notch homolog 2

(NOTCH2) is one of the important receptors in the NOTCH

pathway, which also mediates renal fibrosis. Xiao et al, display

that NOTCH2 acts as a target of ANRIL facilitates apoptosis and

fibrosis of high glucose-treated HK-2 cells, and is overturned by

miR-98-5p overexpression (21).

Moreover, LncRNA cancer susceptibility candidate 2 (CASC2) is

reported to exert a protective role in DN by modulating the
Frontiers in Endocrinology 04
inflammation. Tissue inhibitors of metalloproteinases 3 (TIMP3) is

identified as endogenous specific inhibitors of matrix

metalloproteinases in the kidney. CASC2 functions as competing

endogenous RNA (ceRNA) to upregulate TIMP3 expression by

sponging of miR-135a-5p and alleviates inflammatory response and

fibrosis of mesangial cells (36). Gm4419 was highly expressed in renal

tissues of DNmice and formed positive feedback with p50, the subunit

of NF-kB. The pro-inflammatory and fibrosis biomarkers were

upregulated in mesangial cells when Gm4419 was overexpressed (37).
TABLE 1 The roles of lncRNAs in DN.

LncRNA Tissue Expression Target Role in DN References

NEAT1 Renal tissues of DN patients Up Promotes proliferation, EMT and
deposition of ECM

(15)

Diabetic mice and diabetic rat
renal tissues

(16, 17)

HG induced mouse
mesangial cells

miR-27b-3p/ZEB1; miR-23c;
Akt/mTOR

(16, 17)

ANRIL Renal tissues, peripheral whole
blood and serum of
DN patients

Up Promotes proliferation and deposition
of ECM

(18–22)

HG induced human renal
mesangial cells

miR-15b-5p/WNT2B; miR-98b-
5p/NOTCH2

(18, 19)

TUG1 Renal tissues of DN patients Down Inhibits ER stress and maintains
mitochondrial function

(23)

HG induced human podocytes Up CHOP/PGC-1a (23)

HG induced mouse podocytes Down PGC-1a; ChREBP along with other
coregulators enriched at
TUG1 promotor

(24, 25)

MALAT1 Peripheral whole blood and
serum of DN patients

Up Promotes podocytes oxidative stress,
pyroptosis and detachment from
the GBM

(26, 27)

Serum of diabetes-related end-
stage renal disease

(28)

HG induced mouse podocytes Wnt/b-catenin;
miR-200c/Nrf2;

(29, 30)

HG induced human proximal
tubular epithelial cells

Wnt/b-catenin Promotes EMT (31)

PVT1 Serum of DN patients Up Promotes apoptosis (32)

Diabetic mice renal tissues (33)

HG induced mouse podocytes EZH2/FOXA1 (33)

ARAP1-
AS2

Serum of DN patients Up Promotes proliferation and
EMT

(34)

HG induced human proximal
tubular epithelial cells

ARAP1 (35)

CASC2 HG induced human renal
mesangial cells

Down miR-135a-5p/TIMP3 Inhibits proliferation, inflammation,
and fibrosis

(36)

Gm4419 HG induced mouse
mesangial cells

Up NF-kB Promotes inflammation and fibrosis (37)
NEAT1, Nuclear Enriched Abundant Transcript 1; HG, high glucose; MALAT1, Metastasis Associated Lung Adenocarcinoma Transcript 1; PVT1, Plasmacytoma Variant translocation 1; TUG1,
Taurine-Upregulated Gene 1; DN, diabetic nephropathy; EMT, epithelial-mesenchymal transition; ECM, extracellular matrix; ER, endoplasmic reticulum; GBM, glomerular basement
membrane; WNT2B, wingless-type family member 2B; NOTCH2, notch homolog 2; TGF-b1, transforming growth factor b1; Nrf2, nuclear factor erythroid 2-related factor 2; CHOP, C/EBP
homologous protein; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1a; EZH2, zeste homolog 2; FOXA1, forkhead box A1; ARAP1-AS2, ARAP1 antisense RNA2;
CASC2, cancer susceptibility candidate 2; TIMP3, Tissue inhibitors of metalloproteinases 3.
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2.2 Podocytes damage

Podocytes are highly specialized terminally differentiated cells

that, together with the glomerular basement membrane (GBM) and

endothelial cells constitute the glomerular filtration barrier, which

leads to a significant correlation between podocyte damage and the

severity of proteinuria. LncRNAs are also discovered to be a partial

participant in the podocyte damage in the development of DN.

LncRNA Taurine-Upregulated Gene 1 (TUG1) is poorly

expressed in the renal tissues of people with DN (23). Recent

studies have identified the precise regulation of TUG1 by high-

glucose (HG) environments and the downstream regulatory

mechanisms of TUG1 that link cellular metabolic states to cellular

life activities. The study conducted by Long et al, found that HG

enhances the transportation of the transcription factor ChREBP

and other coregulators, such as MAX dimerization protein (MLX),

MAX dimerization protein 1 (MXD1), and histone deacetylase 1

(HDAC1) to the nucleus. These co-regulators are particularly

abundant in the TUG1 promoter and suppress TUG1 expression

(24). TUG1 exhibits an evident negative effect on the expressions of

markers of endoplasmic reticulum stress (ERS) in the cultured

podocytes treated with HG, such as eukaryotic translation initiation

factor 2a (eIF2), glucose-regulated protein (GRP78), and C/EBP

homologous protein (CHOP). TUG1 significantly enhances

peroxisome proliferator-activated receptor gamma coactivator 1a
(PGC-1a) expression by deregulating the inhibitory effect of CHOP

on PGC-1a. PGC-1a is a transcriptional activator that is

significantly associated with mitochondrial morphology and

dynamics and plays a protective role in kidney injury. Thus,

TUG1 overexpression rescues HG-induced podocyte loss and

reduced number the of podocytes (43). Further investigation of

the renoprotective mechanism of TUG1/PGC1 signaling reveals

that PGC1 is necessary for TUG1maintenance of the mitochondrial

biogenesis, dynamics, redox, and bioenergetics of podocytes, which

is partly mediated by negatively regulating the transcription of

arginase 2 (AGR2)(25).

MALAT1 expression is considerably higher in DN patients than

in T2DM patients, and it can be utilized to identify DN in

conjunction with other biomarkers (ACR, creatinine, and 1-MG)

(26, 28). Besides this, MALAT1 correlates directly with biomarkers

of podocyte damage (synaptopodin, podocalyxin), and exerts

negative effects upon the podocytes (27). Further research

demonstrates that MALAT1 may play a role in the detachment of

podocytes from GBM. P-cadherin is a key component of the slit

diaphragm and was found to be associated with podocyte adhesion

(44).MALAT1 is upregulated in the nucleus of high glucose-treated

podocytes and is involved in variable splicing of b-catenin.
MALAT1 reduction increases P-cadherin levels and reduces

podocyte damage (29). Moreover, the knockdown of MALAT1

protects MPC-5 cells from HG-induced pyroptosis and oxidative

stress through upregulation of the Nrf2 expression (30).

Plasmacytoma Variant translocation 1 (PVT1) is the first

lncRNA suspects to be involved in kidney diseases, and two

studies in 2007 reported the role of PVT1 in mediating

susceptibility to ESRD caused by type 2 and type 1 diabetes,

providing a rationale for PVT1 as a candidate gene for
Frontiers in Endocrinology 05
ESRD (45, 46). There is strong evidence from subsequent studies

that PVT1 is essential in renal parenchymal cell injury and increases

in the serum of patients with diabetic nephropathy (32, 47).

Recently, it has been shown that PVT1 localizes to the nucleus of

podocytes and silences forkhead box A1(FOXA1) expression by

recruiting zeste homolog 2 (EZH2) to the FOXA1 promoter region.

FOXA1 is a transcription factor that has been identified to regulate

apoptosis through inducing the expression of Bcl-2. PVT1 silencing

or overexpression of FOXA1 attenuates podocyte apoptosis in vitro

and in vivo (33).

The above lncRNAs summarized in Table 1 are dysregulated in

DN and have been found to play a role in DN by regulating multiple

pathological processes such as mesangial cell proliferation, ECM

deposition, podocyte detachment, and apoptosis, and may be useful

as new promising therapeutic target.
3 Diabetic cardiomyopathy

DCM is one of the most serious diabetic complications and was

first identified in 1972. Rubler et al, reveal that this disease occurs in

diabetic patients who develop heart failure in the absence of

coronary artery disease, hypertension, and valvular heart disease

(48). In the early stage, it is characterized by hyperglycemia caused

by insulin resistance and increased free fatty acid levels, and only

diastolic dysfunction has not yet appeared in the structural and

morphological changes of cardiomyocytes. Later, with metabolic

disorders and long-term neurohumoral abnormalities, myocardial

cell death increases and interstitial fibrosis impairs systolic and

diastolic function. Further decline in cardiac compliance in late

DCM increases the prevalence of heart failure (49). LncRNAs have

been found to regulate different forms of death (apoptosis,

pyroptosis, and autophagy) as well as fibrosis in DCM (Figure 2).
3.1 Apoptosis

Increased cardiac apoptosis has been indicated as a leading

cause of a major risk factor for the development of DCM (50), as

supported by the evidence that cardiomyocyte apoptosis is 85 times

more prevalent in the biopsied cardiac tissue of DCM patients than

in control non-diabetic hearts. Some lncRNAs have been reported

to be upregulated in DCM mice and promote apoptosis in

cardiomyocytes. MALAT1 knockdown can restore cardiac

function and suppress cardiomyocyte apoptosis by inhibiting

ATP-binding cassette transporter A1 (ABCA1) expression and

raising miR-22 expression. In this study, MALAT1 can interact

with EZH2 and recruit it to the miR-22 promoter region, where it

might epigenetically suppress miR-22 transcription in

cardiomyocytes (51). MiR-22-3p is directly targeted with

Myocardial Infarction Associated Transcript (MIAT) in an

AGO2-dependent manner. MIAT increases the death-associated

protein kinase 2 (DAPK2) levels via sponging miR-22-3p,

promoting apoptosis in cardiomyocytes in diabetic rats (52).

Recently programmed cell death protein 4 (PDCD4) is considered

to be involved in the progression of diabetic cardiomyocytes (53),
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which serves as a tumor suppressor in prior studies (54). KCNQ1

Opposite Strand/Antisense Transcript 1 (KCNQ1OT1) can serve as

a ceRNA for miR-181a-5p to regulate the expression of PDCD4,

which contributes to the inflammatory response and apoptosis in

human cardiomyocytes under HG conditions (55).

Mitochondrial dysfunction and ROS are of great interest to

trigger apoptosis, and it is recognized that lncRNAs are engaged in

this process. SIRT3 can enhance the capacity of mitochondria to

eliminate overproduction of ROS by deacetylating and activating

superoxide dismutase (SOD). SIRT3 belongs to the sirtuin (SIRT)

family, which is a primary mitochondrial deacetylase. In neonatal

mouse ventricular cardiomyocytes (NMVCs) exposed to HG

conditions, lncRNA Dachshund Family Transcription Factor 1

(DACH1) overexpression notably increases ROS accumulation

and apoptosis by promoting SIRT3 ubiquitination (56). In

contrast, HOX Transcript Antisense Intergenic RNA (HOTAIR)

alleviates oxidative stress and myocardial death of DCM via

sponging miR-34a and activating the SIRT1/FOXO1 pathway

(57), is specifically downregulated in DCM patients and serves as

a promising biomarker for DCM (58). Furthermore, ROS

accumulate in the endoplasmic reticulum (ER), increasing the
Frontiers in Endocrinology 06
number of misfolded proteins and finally causing ERS. H19 plays

a protective role in the progression of DCM. It restores left

ventricular dysfunction in the heart of STZ‐induced diabetic

mice, as well as under HG culture, suppresses ERS-elicited

myocardial apoptosis by activating PI3K in HL-1 cells (59).

Additionally, voltage dependent anion channel 1 (VDAC1) plays

a crucial role in mitochondria-mediated apoptosis. H19-derived

miR-675 (60), through downregulation of its target VDAC1,

represses hyperglycemia-mediated oxidative stress and apoptosis

in cardiomyocytes (61).
3.2 Autophagy

Autophagy is a ubiquitous process, that is responsible for

eliminating harmful protein aggregates, intracellular pathogens,

and superfluous proteins by the lysosomes (62). Autophagy has

been controversial in the sense of being beneficial or

disadvantageous to the heart. In general, appropriate levels of

autophagy protect cardiomyocytes from apoptosis, while its

excessive activation leads to autophagic cell death (50).
FIGURE 2

LncRNAs effect on DCM by regulating cardiac apoptosis, autophagy, pyroptosis and fibrosis. LncRNAs are mainly involved in three modes of death
including apoptosis, autophagy, and pyroptosis in DCM. MALAT1, MIAT, KCNQ1OT1, and DACH1 promote cardiomyocyte apoptosis, while HOTAIR
and H19 prevent cardiomyocyte apoptosis. DCRF and H19 inhibit, and GAS5 promotes cardiomyocyte autophagy. TINCR, GAS5, KCNQ1OT1, and
MIAT trigger cardiomyocyte pyroptosis. In addition, KCNQ1OT1, MALAT1, AK081284, and MIAT induce TGF-b1 secretion and cardiac fibrosis. CRNDE
inhibits Smad3 phosphorylation and suppresses cardiac fibrosis. The upregulated lncRNAs, miRNAs and target genes in DCM are represented in red
color; while those downregulated are represented in black color. Abbreviations: MALAT1, Metastasis Associated Lung Adenocarcinoma Transcript 1;
MIAT, Myocardial Infarction Associated Transcript; KCNQ1OT1, KCNQ1 Opposite Strand/Antisense Transcript 1; DACH1, Dachshund Family
Transcription Factor 1; GAS5, Growth Stabilization Specific Transcript; TINCR, Terminal Differentiation-induced NcRNA; CRNDE, Colorectal Neoplasia
Differentially Expressed; Ub, Ubiquitination; ABCA1, ATP-binding cassette transporter A1; DAPK2, death-associated protein kinase 2; PDCD4,
programmed cell death protein 4; SIRT3, sirtuin 3; EZH2, zeste homolog 2; NLRP3, NOD-like receptor family pyrin domain containing 3; TGF-b,
transforming growth factor b; VDAC1, voltage dependent anion channel 1; IL-17, interleukins-17.
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This accounts for the fact that the effect of lncRNA-regulated

autophagy on cardiac function is also two-sided. Growth

Stabilization Specific Transcript (GAS5) promotes autophagy to

ameliorate cardiomyocyte hypertrophy, myocardial fiber breakage,

and mitigated synthesis of collagen. Mechanistically, GAS5

positively regulates p27 gene by binding with miR-221-3p and

raising the levels of p62 and LC3B II, reversing the inhibition of

autophagy in HG-processed H9c2 cells (63, 64). Conversely, DCRF,

a newly discovered lncRNA, is boosted in the myocardium of STZ‐

induced diabetic mice (65). It is mainly expressed in cardiomyocyte

cytoplasm and is directly targeted at miR-551b-5p. Protocadherin

17 (PCDH17), which belongs to the protocadherin gene family, has

been evidenced to be linked with the activation of autophagy in

cancer cells (66, 67). DCRF can enhance PCDH17 expression by

sponging miR-551b-5p, thus promoting autophagy in

cardiomyocytes of STZ‐induced diabetic rats. Reduced expression

of DCFR alleviates myocardial fibrosis and restores cardiac

function. Likewise, H19 overexpression inhibited autophagy to

improve cardiac function in T1DM rats. H19 can interact with

enhancer of EZH2 to exert effects on DIRAS family GTPase 3

(DIRAS3) transcription in cardiomyocytes, which results in

epigenetically suppressing DIRAS3 and activating mTOR

signaling to inhibit autophagy (68).
3.3 Pyroptosis

Although both pyroptosis and apoptosis are forms of

programmed death, pyroptosis leads to the breakdown of the

plasma membrane and rapid release of large amounts of

inflammatory contents into the extracellular compartment to

induce inflammation, whereas apoptosis is immunologically silent

and the contents of the dying cell are contained within apoptotic

bodies (69). The canonical pathway of pyroptosis is through the

activation of caspase1 by NOD-like receptor family pyrin domain

containing 3 (NLRP3) inflammasome, which converts interleukins

1beta and 18 (IL-1b and IL-18) precursor into mature forms while

cleaving gasdermin D (GSDMD), forming pores in the plasma

membrane, and resulting in cell swelling and lysis (70).

According to the present research, by regulating NLRP3 and

caspase-1, lncRNAs have a significant impact on the emergence of

DCM. Cardiac dysfunction in diabetic rats is significantly reversed

by MCC950 (NLRP3 inhibitor). Similarly, HG treated neonatal rat

ventricular myocytes and H9c2 cells exhibit characteristic

pyroptosis promoted by elevating Terminal Differentiation-

induced NcRNA (TINCR). RNA pull-down assays reveal that

NLRP3 mRNA is prominently enriched by TINCR, and TINCR

knockdown accelerates NLRP3 mRNA degradation in

cardiomyocytes to inhibit pyroptosis (71). GAS5, acting as a

ceRNA and being downregulated in DCM mice, forms a feedback

loop with the NLRP3 negative regulator AHR and miR-34-3p to

alleviate pyroptosis in HL-1 cells (72). The expression of lncRNA

KCNQ1OT1 is found to rise in HG-induced cardiac fibroblasts and

diabetic mice. The binding of KCNQ1OT1 with its target of miR-

214-3p disrupts the interaction of miR-214-3p with caspase-1,

leading to the initiation of primary mouse cardiac fibroblast
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pyroptosis (73). Similarly, bioinformatic prediction analysis

indicates that miR-214-3p potentially contains both MIAT and

caspase-1-binding sites. SilencingMIAT by a small interfering RNA

suppresses the expression of caspase-1, IL-1b, IL-18, and GSDMD,

and ameliorates cardiac pyroptosis in C57BL/6 mice (74).
3.4 Fibrosis

Myocardial cell death stimulates inflammation and subsequent

myofibroblasts activation, leading to the formation of reparative

fibrosis. Fibrosis is one of the key factors in the development of

DCM, leading to ventricular remodeling, contractile failure, and

diastolic dysfunction. Cardiac fibroblasts (CFs) converted to

myofibroblasts (MFs), which display boost levels of collagens and

alpha‐SMA (a marker of CFs activation into MFs), are required for

cardiac fibrosis (75). TGF-b1/Smads signaling pathway plays a

crucial role in the transformation of CFs into MFs, and it

significantly promotes myocardial fibrosis. A growing body of

evidence suggests that lncRNAs take part in the dysregulation of

the TGF-b1/Smads signaling pathway in DCM. LncRNA MALAT1

directly increases the TGF-b1 expression in HG-treated CFs by

acting as a miR-141 sponge. Ablation ofMALAT1 alleviates cardiac

interstitial fibrosis and enhances cardiac contractility in diabetic

mice (76). Interleukins-17 (IL-17) protein expression is upregulated

in HG-treated fibroblasts. IL-17 ultimately promotes fibroblast

proliferation and secretion of TGF-b1 and a-SMA through

increased expression of lncRNA AK081284, which promotes

fibrosis (77). MIAT as an upstream molecule of IL-17, is

responsible for increasing IL-17 production by sponging miR-

214-3p in cardiomyocytes (78). KCNQ1OT1 also targets miR-214-

3p and attenuates the inhibition of TGF-b1/Smads pathway

activation by miR-214-3p (73). Zheng et al, demonstrate that

Smad3‐Colorectal Neoplasia Differentially Expressed (CRNDE)

negative feedback loop exerts in mouse neonatal CFs. LncRNA

CRNDE can compete with TGF-b1 to bind Smad3 through rSBEs,

thereby preventing TGF-b-mediated phosphorylation of smad3.

Smad3, in turn, activates CRNDE transcription. Accordingly,

silencing CRNDE elevates CFs collagen deposition and aggravates

left ventricular ejection fraction (79).

Overall, above mentioned lncRNAs are involved in regulating

different cell death pathways and fibrosis in DCM, which is

summarized in Figure 2. Some lncRNA can even directly link cell

death to fibrosis, for illustration,MIAT and KCNQ1OT1 can both bind

miR-214-3p through the ceRNA mechanism and promote pyroptosis

and fibrosis in DCM (73, 78). These important lncRNAs have the

potential to become new targets for the treatment of DCM in the future.
4 Diabetic retinopathy

DR is a frequent consequence of diabetes, both type 1 and type

2. The severity of DR is influenced by age and the progression of the

disease (80). Prolonged oxidative stress, release of pro-

inflammatory factors and vascular endothelial growth factor

(VEGF) induced by DM damage neurovascular and endothelial
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cells. This results in increasing vascular permeability, angiogenesis,

and impairment of the blood-retinal barrier (BRB). DR has

historically been divided into two types: non-proliferative diabetic

retinopathy (NPDR) and proliferative diabetic retinopathy (PDR)

(81). Microaneurysms and blood vessel leakage are features of

NPDR in the early stages, which are followed by swelling and

blood vessel obstruction in the later phases. PDR involves the

growth of new blood vessels behind the retina and vitreous.

VEGF is a target for treatment, and it can lead to regression of

vascular lesions and improvement in the severity of DR. However,

VEGF treatment requires frequent administration and is most

effective in advanced disease stages. This means that new

therapeutic targets other than VEGF need to be found (82). The

retina is a neural tissue and neurodegeneration has been

demonstrated to occur earlier than vascular abnormalities both in

animal models and DR patients(83). Researchers have discovered

that lncRNAs play a critical role in the development of retinal

neurodegeneration and vascular dysfunction. They also have the

potential to be innovative treatments.
4.1 Diabetic retinal neurodegeneration

Müller cells are the major glial cells in the retina, spanning the

entire retina and mediating neuronal and vascular interactions, thus

dominating the retina (83). Recent studies have demonstrated that

Müller cells are crucial for the development of DR and that may be

connected to the proinflammatory cytokines released from them (84).

Zhang et al, suggest that C-myc impacts the release of

proinflammatory cytokine by mediating MIAT/thioredoxin-

interacting protein (TXNIP) pathway. C-myc binds to the MIAT

promoter and up-regulates it expression which is markedly promoted

by HG stimulation. Furthermore, MIAT binding to TXNIP protein

restrains TXNIP ubiquitination degradation. Previous studies have

suggested that TXINP leads IL-1b maturation and inflammation

during DR development. As a result, MIAT silence diminishes the

effects of HG on the release of IL-1b, tumor necrosis factor-alpha

(TNF-a), and interleukins-6 (IL-6) from Müller cells, and C-myc

over-expression abrogates the impact (85). LncRNAOGRU is a newly

identified transcript that is found to be markedly up-regulated in

serum samples of diabetic patients with DR and plays a strong role in

regulating inflammation and oxidative stress. OGRU silencing

restores Nrf2 protein levels and inhibits nuclear factor kappa-beta

(NF-kB) activation in DR rat retinal tissue. OGRU over-expression

and miR-320 knockdown can increase ROS production by

restraining Nrf2 activation and are reversed through decreasing

ubiquitin-specific protease14 (USP14) expression. USP14 deletion

also greatly limits the function of IkBa ubiquitination to accelerate

NF-kB activation. To further explore the potential of OGRU as a

therapeutic target, intraocular injection of OGRU shRNA in diabetic

rats is found to inhibit OGRU expression in animals and improve

neuronal survival and glial activation. OGRU is also involved in

angiogenesis and vascular leakage in DR progression, marked by the

release of VEGF and TGF-b1 from Müller cells (86).

MALAT1 has a protective effect on DR. MALAT1 knockdown

inhibits Müller cell viability in vitro and in vivo. Interestingly, the
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rate of retinal ganglion cells (RGCs) apoptosis is significantly

decreased when co-cultured with Müller cell by the releasing of

neuroprotective factors, glial cell-derived neurotrophic factor

(GDNF), brain-derived neurotrophic factor (BDNF),

neurotrophin nerve growth factor (NGF) and neurotrophin-4

(NT-4), and this protective effect is weakened by MALAT1

silencing (87). Aquaporin-4 (AQP4) is the major water channel

protein of the central system and is involved in water crossing the

blood-brain barrier (88). AQP4 Antisense RNA 1 (AQP4-AS1) is

transcribed from the antisense strand of the AQP4 gene, and is

positively regulated in the aqueous humor of diabetic patients.

AQP4-AS1 negatively regulates AQP4 mRNA in glucose-induced

human Müller cells and diabetic retinas. Under the context of high

glucose, AQP4-AS1 silencing reverses humanMüller cells apoptosis,

RGC cell damage as well as the proliferation and migration of

endothelial cells co-cultured with Müller cells. Intravitreal injection

of AQP4-AS1 shRNA in diabetic mice silences its expression,

improves retinal dysfunction, and attenuates vascular leakage

(89). This suggests that Müller cells play an important role in DR

neurovascular crosstalk and dysregulation, and then lncRNAs,

which have an important regulatory role in it, are an option for

therapeutic targets (Figure 3).
4.2 Diabetic retinal vascular disease

Normal connections between endothelium in the retinal

microvascular system are essential for maintaining vascular

function. Vascular endothelial (VE)-calmodulin is a key molecule

that mediates interendothelial cell junctions (90). LncRNAs modify

VE-calmodulin production through a rich mechanism. Highly

HOTAIR expression has been shown in DR patients in several

studies and has been indicated as an important epigenetic mediator

in vascular dysfunction (91). HOTAIR acts as a scaffold for lysine

demethylase 1A (LSD1) and represses VE-cadherin transcription by

decreasing H3K4me3 levels on its promoter (92).MALAT1 and VE-

cadherin are up-regulated while miR-125b is down-regulated in

human retina microvascular endothelial cells (hRMECs) treated

with HG. MALAT1 can competitively bind to miR-125b against

VE-cadherin at the site of the 3’-untranslated region (3’-UTR),

leading to the up-regulation of VE-cadherin(93). Protein kinase C b
(PRKCB), a serine-threonine kinase, ubiquitinates VE-calmodulin

leading to increased endothelial permeability in retinal vasculature

(94). Vascular endothelial‐associated lncRNA‐2 (VEAL2) was

identified as a novel lncRNA expressed in human umbilical vein

endothelial cells (HUVECs). It compete with DAG for binding to

the C1 structural domain of PRKCB2 leading to its activation.

PRKCB2 translocation to the cell membrane is inhibited by VEAL2

overexpression and is observed mainly in the cytoplasm, thereby

partially reversing endothelial permeability (95).

VEGF has been used as an anti-vascular proliferation target and

applied in the clinical treatment of DR, but the efficacy has not been

satisfactory. VEGF-AmRNA and protein levels are changed under the

regulation of HOTAIR. HOTAIR not only alters VEGF-A epigenetic

activation but also forms a complex with LSD1 to increase hypoxia

inducible factor 1 subunit alpha (HIF-1a) production and promote
frontiersin.org

https://doi.org/10.3389/fendo.2024.1324393
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Geng et al. 10.3389/fendo.2024.1324393
HIF-1a-mediated transcriptional activation of VEGF-A (92).MALAT1

can likewise directly promote the expression of HIF-1a and VEGF-A

through sponging miRNA. According to recent research, HIF1A

antisense RNA 2 (HIF1A-AS2), the antisense transcript of HIF-1, is

strongly and positively linked with HIF-1a and VEGF and is higher in

peripheral blood in NPDR patients as well as in those with proliferative

diabetic retinopathy (PDR) (96). Further explore the therapeutic

potential of lncRNA-targeted VEGF against microvascular

proliferation in vivo. In fibrovascular membranes (FVMs) of PDR

patients, the co-expression of lncRNA Testis Development Related

Gene 1 (TDRG1) and VEGF around the vessels is observed with

immunofluorescence staining. Knockdown of TDRG1 notably

represses the HG-induced VEGF expression, resulting in levels close

to normal. TDRG1 silencing rescues hyperglycemia-induced HREC

dysfunction, including reducing cell proliferation ability, improving

HREC leakage, inhibiting cell migration, and maintaining the tube

network formation (97). More and more lncRNAs have been shown to

modulate VEGF (Table 2.). Among them MALAT1, Urothelial

Carcinoma-Associated 1 (UCA1), TUG1, and linc00174 control

VEGF production by regulating various miRNAs via the ceRNA

pathway, which suggests that these lncRNAs could serve as potential

targets for treating vascular proliferative imbalance in DR patients

(98–101).
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5 Clinical application of lncRNAs in
diabetic complications

LncRNAs are stable in a variety of body fluids, such as blood,

plasma, serum, and urine, which can be used as a novel non-

invasive biomarker for diabetic complications. Some lncRNAs have

a diagnostic role in diabetic complications. ANRIL and MALAT1

are upregulated in patients with DN, as the biomarker for the

diagnosis of diabetic kidney disease (22, 26). TINCR and HOTAIR

are downregulated in serum and myocardial biopsies of patients

with DCM and can be used to effectively distinguish patients with

DCM from healthy controls (58;102). LncRNAs are also known to

act as prognostic molecules in DR. According to the receiver

operating characteristic (ROC) curve, MALAT1 and HOTAIR can

be used as promising new biomarkers for predicting the severity of

DR. Comparing NPDR with PDR patients, upregulation of serum

HOTAIR and MALAT1 was detected in PDR (103). Distinct

lncRNA phenotype combinations may be able to discriminate DR

patient sub-groups (NPDR and PDR). In the NPDR group, the

most prevalent phenotype isMIAT/WISPER/ZFAS1/H19, while the

prevalent lncRNA phenotypes in the PDR group is HOTAIR/

ANRIL/HULC/H19. LncRNA variants may predict treatment

outcomes. Following anti-VEGF therapy, DR patients with the
FIGURE 3

The role of lncRNAs in diabetic retinal neurodegeneration. The diagram shows Müller cells span the entire retina and interact with almost all cells
within the retina. Dysregulated lncRNA in Müller cells impacts various pathophysiological events in diabetic retinopathy. MIAT and OGRU promote
the release of pro-inflammatory mediators such as TNF-a, IL-1b, IL-17, and IL-6 from Müller cells. OGRU also promotes the release of VEGF and
TGF-b1, which are involved in angiogenesis and vascular leakage during DR progression. MALAT1 upregulates the expression of neurotrophic factors,
including GDNF, NT-4, BDNF, and NGF in the retina of optic nerve transection rat, decreasing the number of apoptotic RGCs. AQP4 is the major
water channel protein of the central system and is negatively regulated through AQP4-AS1 in glucose-induced human Müller cells. AQP4-AS1
silencing reverses Müller cells and RGC cell apoptosis, endothelial cell proliferation, and migration, improving retinal functions. Abbreviations: MIAT,
Myocardial Infarction Associated Transcript; MALAT1, Metastasis Associated Lung Adenocarcinoma Transcript 1; AQP4-AS1, AQP4 Antisense RNA 1;
DR, diabetic retinopathy; RGCs, retinal ganglion cells; GDNF, Glial cell-derived neurotrophic factor; BDNF, brain-derived neurotrophic factor; NGF,
neurotrophin nerve growth factor; NT-4, neurotrophin-4; VEGF, vascular endothelial growth factor; TGF-b, transforming growth factor b; IL-6,
interleukins-6; TNF-a, tumor necrosis factor alpha; IL-1b, interleukins 1beta.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1324393
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Geng et al. 10.3389/fendo.2024.1324393
TUG1 A or MIAT T/C exhibit worse therapeutic efficacy (104).

Unfortunately, further validation in an expanded population is

necessary due to the limited sample size included in this study.

Interestingly, lncRNAs are better suited as ideal candidates for

therapeutic intervention because not encoding proteins. TUG1

overexpression maintains mitochondrial morphology and

dynamics in podocytes, silencing KCNQ1OT1 alleviates

myocardial dysfunction and attenuates myocardial fibrosis,

targeting AQP4-AS1 for the treatment of diabetic retinal

neurovascular dysfunction, which is demonstrated in animal

models (73, 89, 105). Nevertheless, for possible reasons such as

off-target effects, adverse effects on cells other than those targeted,

and lack of suitable delivery vehicles, the lack of lncRNA-based

therapeutic approaches in human trials.
6 Conclusion

The regulatory role of lncRNAs in diabetic complications offers

the possibility of finding new therapeutic targets. Interfering with

the expression or function of lncRNAs, which involved in the

diabetes-induced oxidative stress, apoptosis, and inflammation

has the potential to improve the pathological process of diabetic

complications. As mentioned above,MALAT1 is strongly associated

with the progression of DN, DR and DCM, as well as it is up-

regulated in peripheral blood mononuclear cells (PBMCs) from

type 2 diabetes patients. (106), suggesting thatMALAT1 is a crucial

target molecule and biomarker for diabetic complications.

Therefore, MALAT1 should be investigated more deeply as an

essential therapeutic target in future studies. Moreover, TUG1

may be used as a therapeutic target for DN, KCNQ1OT1 is

specific for the interference of DCM, while AQP4-AS1 for DR.
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Current lncRNA targeting methods include the use of small

interfering RNAs (siRNA), antisense oligonucleotides (ASOs), and

the CRISPR/Cas9 system, which are delivered in vivo via a variety of

vectors including viral vectors, liposomes, and exosomes. However,

given the safety and delivery difficulties, CRISPR/Cas9 systems and

viral vectors are more limited to basic research, and other

approaches targeting lncRNAs also face a few concerns. The most

significant issue is that the function and potential downstreams of

the lncRNAs chosen to be targeted are still well understudied, and

inadequate elucidation of their roles in vivo. Therefore, the use of

lncRNA-targeted drugs in the clinic may face unintended

consequences. In future, a better understanding of the

mechanisms of lncRNA will pave the way for early diagnosis and

the design of better treatments to reduce the morbidity and

mortality of diabetic complications.
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