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Diabetic Nephropathy (DN), a leading cause of disability and mortality in patients with diabetes, has become a complex global clinical issue that poses a severe challenge to public health. Research indicates that Non-coding RNAs (ncRNAs) participate in cell death and fibrosis through an endogenous competitive RNA (ceRNA) network. This network regulates kidney-specific cells such as podocytes, mesangial cells, and renal tubular epithelial cells, thereby establishing a multifaceted regulatory mechanism in DN progression. Furthermore, exosomal ncRNAs and their ceRNA networks, stem cell-derived exosomal ncRNAs, related biomolecules, and the targeted regulation of ncRNAs and ceRNA networks by traditional Chinese medicine all play significant roles in the advancement of DN. This review systematically summarizes the content of ncRNAs, ceRNA networks and DN, exosome ncRNA intervention in DN progression, and targeted regulation of ncRNA intervention in DN progression. Concurrently, it discusses the research progress and therapeutic status of ncRNAs as clinical biomarkers, challenges facing ncRNA-targeted therapy, therapeutic efficacy of exosomal ncRNAs and stem cell-derived exosomal ncRNAs, pharmacokinetic limitations of Chinese medicine components in regulating DN progression through ncRNA intervention, and analyses the bottlenecks in ncRNA-based diagnosis and cross-species conservation of circRNAs/lncRNAs. This study aimed to provide new insights for the in-depth exploration of the molecular mechanisms underlying DN and the development of targeted therapeutic strategies.
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1 Introduction

As a complex endocrine condition, diabetes mellitus (DM) manifests through impaired glucose homeostasis and sustained hyperglycemia (HG), leading to long-term damage, functional impairment and multi-organ failure, particularly the kidneys (1). Epidemiological projections indicate that the worldwide prevalence of diabetes mellitus is anticipated to exceed 780 million cases by the year 2024, with DM emerging as a serious global health challenge that imposes substantial socioeconomic burdens on individuals, families, and societies (2). DN, a grave microvascular complications of DM affecting 20–50% of DM patients, stands as a predominant contributor to end-stage renal disease (3). The pathological sign of DN are characterized by extracellular matrix (ECM) protein pile up, basement membrane thickening, renal tubulointerstitial fibrosis, and epithelial–mesenchymal transition (EMT) of renal tubular epithelium, with inflammation, oxidative stress (OS), apoptosis, and pyroptosis act as key mediators in the pathophysiological progression of DN (4–6). Substantial evidence indicates that despite continuous updates in DN prevention and therapeutic approaches, its incidence rates persist in escalating, underscoring the incomplete elucidation of DN pathogenesis. Thus, unravelling the underlying mechanisms driving DN advancement and formulating novel intervention strategies hold paramount clinical significance (7, 8). Mounting evidence demonstrates that dysfunction of podocytes, glomerular mesangial cells (GMCs), and renal tubular epithelial cells (TECs) critically influences DN progression by modulating its pathological hallmarks (9–11). Consequently, the development of therapeutic approaches prioritizing either the prevention of podocyte injury, GMCs proliferation, and TECs damage, or the facilitation of functional recovery in these cellular compartments, represents a promising strategic avenue for DN management.

ncRNAs, once considered transcriptional ‘noise’ due to their lack of protein-coding capacity, have garnered substantial scientific attention across various disease pathologies with advancements in transcriptomic sequencing and genomic research (12). Comprising primarily miRNAs, lncRNAs, and circRNAs, ncRNAs regulate a wide range of biological processes at post-transcriptional and epigenetic levels, demonstrating marked relevance to DN progression (13, 14). Critically, emerging studies reveal that lncRNAs and circRNAs function as miRNA sponges through ceRNA mechanisms, thereby modulating pathological processes—inflammation, OS, apoptosis, and pyroptosis. This regulatory axis exerts targeted effects on podocytes, GMCs, and TECs, thereby driving DN pathogenesis (15–20). Consequently, systematic elucidation of ceRNA network dynamics within these renal cellular compartments not only advances our understanding of cell-type-dependent pathogenic mechanisms in DN but also provides new perspectives for developing targeted therapeutic strategies.

Emerging evidence highlights a novel exosome-mediated intercellular communication mechanism that has recently gained significant interest (21). Exosomes—small bilayer lipid membrane vesicles measuring 40–100 nm in diameter—are recognized as innovative biomarkers containing complex cargoes of RNAs and proteins (22). Exosomes, secreted through exocytotic processes into the interstitial compartment and absorbed by recipient cells, act as critical mediators in various disease states through their role in intercellular communication and molecular cargo delivery (23). Notably, although exosomes are now acknowledged as critical carriers of circRNAs and as potential therapeutic targets for fibrosis mitigation, their precise mechanistic roles in DN progression remain unclear (24). Consequently, further elucidation of exosomal mechanisms mediates the disease progression of DN holds considerable promise for advancing molecularly targeted therapeutic strategies against this debilitating condition.

To date, numerous therapeutic strategies targeting pathogenic factors in DN, including glycemic control, administration of angiotensin-converting enzyme inhibitors, and blockade of the RAAS, have been implemented and are partially effective in slowing DN progression. However, the complexity of its pathogenesis, coupled with the predominantly single-target focus of current medical approaches, imposes significant limitations, importantly, these strategies are incapable of reversing established structural renal damage (25, 26). As a result, novel multitarget methodologies are gaining increasing scientific attention. Notably, traditional Chinese medicine (TCM) has been extensively used in China for managing diverse pathologies, including DM, with demonstrated clinical efficacy (27, 28). Moreover, TCM’s inherent advantages of multi-purpose, multi-level, multi-stage therapeutic modulation have propelled growing research focus on its potential role in DN intervention (29). Recent studies suggest that TCM may exert protective effects against DN progression through the regulation of ncRNA or ceRNA networks, thereby representing a promising complementary therapeutic approach (30, 31).

This review provides a systematic summary of ncRNAs, ceRNA networks and DN, as well as the intervention of exosomal ncRNAs in DN progression and the targeted regulation of ncRNAs in DN progression. This will establish the key role of ncRNAs in DN, with the aim of providing new insights into the mechanisms of DN and targeted treatment.




2 ncRNA



2.1 lncRNA/circRNA/miRNA

LncRNAs represent a distinct category of RNA molecules exceeding 200 nucleotides, characterized by minimal or absent protein-coding capacity (32). Once considered biologically insignificant, advancements in genomic research have revealed that lncRNAs possess diverse regulatory functions, predominantly modulating gene expression through mechanisms such as alternative splicing, translational control, epigenetic regulation, and chromatin remodeling, these processes critically influence cellular proliferation, apoptosis, chromatin dynamics, and cell cycle progression, thereby contributing to both physiological and pathological processes (33, 34). Notably, emerging evidence highlights lncRNAs’ roles not only in embryonic development, tissue differentiation, and organogenesis but also in the pathogenesis of cardiovascular and metabolic disorders (35, 36). For instance, comprehensive lncRNA profiling has identified aberrantly expressed lncRNAs in DN, which are implicated as risk factors in disease progression, these transcripts accelerate renal interstitial fibrosis, promote cellular proliferation and EMT, and intersect with key DN-associated pathways, including mitochondrial bioenergetics, endoplasmic reticulum stress, inflammation, fibrosis, and apoptosis (15, 37, 38). Targeted modulation of lncRNAs thus emerges as a viable therapeutic avenue for DN treatment and prophylaxis.

Distinct from their lncRNAs, microRNAs constitute a class of compact, intrinsically derived non-protein-coding transcripts (spanning 19–22 nucleotide residues) that exert precise transcriptional modulation through post-transcriptional control mechanisms (39). miRNAs mediate sequence-specific gene silencing through complementary annealing to 3’ UTRs of cognate mRNAs, touching off either translational blockade or transcript destabilization via RISC-mediated mechanisms (40). Beyond this canonical role, miRNAs orchestrate critical biological processes including metabolism, cellular differentiation, proliferation, and apoptosis, with dysregulation implicated in cancer and metabolic disorders (41, 42). Notably, studies have established correlations between podocyte injury in DN and aberrant miRNA expression in both circulating and renal tissues, with experimental modulation of specific miRNAs demonstrating protective effects against podocyte damage in DN models (43). Furthermore, miRNAs are mechanistically involved in DN-associated inflammation, OS, apoptosis, aberrant cell proliferation, and renal fibrosis. Emerging evidence highlights miRNA-mediated crosstalk influencing cellular plasticity in the kidney, encompassing epithelial-myofibroblastic transdifferentiation, endothelial-fibrogenic conversion, and macrophage phenotypic reprogramming—central mechanisms underpinning renal fibrogenesis in DN pathogenesis (44–46). Collectively, these findings emphasize the central regulatory roles of miRNAs in both cell-specific pathophysiological mechanisms and molecular cascades underlying DN.

CircRNAs, a more recently identified class of endogenous ncRNAs, are mechanistically distinct from other ncRNAs such as lncRNAs. Their biogenesis primarily involves back-splicing, wherein canonical splice donor-acceptor pairing is subverted through non-linear ligation, establishing phosphodiester bonds between downstream 5’ donors and upstream 3’ acceptors in retrograde orientation across exonic domains, thereby generating covalently circularized RNA species, this circular architecture confers exceptional stability by rendering circRNAs resistant to exonuclease degradation, underpinning their potent regulatory capacity in gene expression modulation (47, 48). The latest evidence suggests that circRNAs play pivotal regulatory roles in the pathogenesis of diverse diseases, including cardiovascular disorders, neurological conditions, and malignancies (49–51). Consequently, their pathologically distinct molecular signatures are progressively validated as dual-utility modalities, functioning both as clinical detection indices and precision-targeted therapeutic nodes. Recent studies further show that DM perturbs circulatory circRNA expression patterns, with dysregulated circRNAs directly implicated in DN progression (52). Additionally, cumulative circRNA microarray analyses have revealed extensive circRNA dysregulation in DN, where specific circRNAs functionally modulate GMCs activity and mediate pathological cascades in DN (53). Nevertheless, circRNA research in DN remains in its infancy, with fundamental questions regarding their biosynthesis, regulatory networks, and mechanistic contributions to renal pathophysiology largely unresolved. Systematic elucidation of circRNA-mediated molecular mechanisms in DN thus represents a critical avenue for developing novel therapeutic strategies against this condition.




2.2 miRNA ‘sponge’ effect

The ceRNA mechanism represents a novel regulatory model of gene expression. In contrast to miRNA networks that exert negative regulation, ceRNA-mediated regulation exhibits greater refinement and complexity, encompassing a broader spectrum of RNA species including mRNA, lncRNA, circRNA, and miRNA itself (54, 55). Consequently, this mechanism has attracted considerable scientific interest in recent years.

The ceRNA hypothesis provides a foundational framework for understanding miRNA function, proposing that RNA transcripts can bind to complementary miRNA sequences and regulate target mRNA expression through competitive occupation of shared miRNA binding sites (56). Recent investigations have unveiled intricate reciprocal regulation between miRNAs and lncRNAs, with emerging evidence demonstrating lncRNAs’ capacity to function as miRNA sponges. Through ceRNA-mediated interactions, these lncRNAs sequester miRNAs, thereby allowing target mRNAs to escape miRNA-mediated repression (57). Contemporary research has further established the critical involvement of the lncRNA-miRNA-mRNA regulatory axis in DN pathogenesis (58) (Figure 1). Exemplifying this mechanism, lncRNA-ZFAS1 acts as a molecular sponge for miR-525-5p, effectively neutralizing its suppressive effect on SGK1. This interaction culminates in SGK1 overexpression that drives fibrosis and inflammasome activation, thereby exacerbating DN progression (59). Similarly, lncRNA-OIP5-AS1 facilitates EMT in HG-stimulated HK2 cells by downregulating miR-30c-5p expression, which consequently upregulates fibrogenic mediators TGF-β1 and α-SMA, promoting renal fibrosis in DN (60). Furthermore, lncRNA-NEAT1, by adsorbing miR-34c, deregulated its inhibitory effect on NLRP3, which in turn activated NLRP3 inflammatory vesicles and promoted caspase-1-dependent pyroptosis and IL-1β release, exacerbating inflammation and kidney injury in DN (61).

[image: Diagram illustrating the roles of lncRNAs and circRNAs in renal fibrosis and injury via sponge adsorption. The left section shows lncRNAs (ZFA1, NEAT1, OIP5-AS1) interacting with miRNAs (miR-525-5p, miR30c-5p, miR-34c) affecting pathways like SGK1 and NLRP3 related to renal fibrosis and injury. The right section depicts circRNAs (0000181, 010383, 0000712, 0114428) interacting with miRNAs (miR-667-5p, miR-879-5p, miR-185-5p, miR-135a) influencing pathways like pyroptosis, proliferation, and fibrosis. Arrows indicate promotion or inhibition of specific pathways.]
Figure 1 | miRNA ‘sponge’ effect. LncRNA-ZFAS1, lncRNA-OIP5-AS1 and lncRNA-NEAT1 exacerbated the fibrotic progression of DN by sponge adsorption of miR-525-5p, miR30c-5p and miR-34c, respectively, which deregulated the inhibition of SGK1 by miR-525-5p and the inhibition of NLRP3 by miR-34c. In addition, circ_0000181, circ_0000712 and circ_0114428 up-regulated the expression of NLRC4, SOX6 and SMAD3 by sponge adsorption of miR-667-5p, miR-879-5p and miR-185-5p, respectively, which promoted inflammation, apoptosis, OS and fibrosis and accelerated DN progression; however, circRNA_010383 inhibited DN progression by sponge adsorption of miR-135a, which deregulated the inhibition of TRPC1 by miR-135a.

In addition to the well-characterised sponge functions of lncRNAs, accumulating evidence reveals that circRNAs—also functioning as a chelator of cytoplasmic RNA-binding proteins—harbor multiple miRNA-binding sites and act as ceRNAs to modulate miRNA activity (62). Mechanistically, the circRNA-miRNA-mRNA regulatory network represents the prototypical operational paradigm, wherein circRNAs exert their biological effects by acting as miRNA sponges to alleviate miRNA-mediated suppression of target mRNAs (63). To date, this circRNA-miRNA-mRNA axis has not only been implicated in the pathogenesis of diverse disorders including malignancies, cardiovascular/cerebrovascular diseases, and bone metabolic abnormalities (64–66), but also in DN progression (Figure 1). Notably, circ_0000181 has been shown to competitively bind and downregulate miR-667-5p expression to promote NLRC4 inflammasome activation along with IL-1β and IL-18 release (67). These findings establish that circ_0000181 facilitates pyroptotic progression in DN through regulation of the miR-667-5p/NLRC4 axis. Similarly, circ_0000712 has been found to promote MC apoptosis, inflammation, OS and fibrosis by sponging miR-879-5p to upregulate SOX6 expression, thereby increasing the levels of Bax, IL-1β, IL-6, TNF-α, ROS, LDH, FN, Col-I, and Col-IV (68). Li et al. demonstrated that circ_0114428 exacerbates HG-induced MC proliferation, fibrosis, and EMT in DN by sequestering and downregulating expression of miR-185-5p while promoting SMAD3 expression (69). Beyond their pathogenic roles, circRNA_010383 has been shown to inhibit miR-135a activity by acting as a sponge, thereby up-regulating TRPC1—the target protein of miR-135a—inhibiting ECM FN accumulation, Col-I, and α-SMA, and ameliorating proteinuria, GMCs matrix expansion and kidney fibrosis, inhibiting DN progression, and exerting a protective effect against DN (52).

Collectively, the ceRNA hypothesis offers a novel perspective for disease research, facilitating more comprehensive insights into biological regulation. Targeting the lncRNA/circRNA–miRNA–mRNA axis not only provides new directions for exploring DN pathogenesis and therapeutic development but also contributes to elucidating the molecular functions of ncRNAs in DN pathogenesis.





3 ceRNA network and DN

Contemporary studies have confirmed that DN constitutes a primary etiological factor in the global burden of end-stage kidney failure (70). HG, recognized as a primary driver of DN progression, induces podocyte injury, mesangial cell proliferation and TECs damage through triggering inflammatory responses and directly or indirectly mediating OS, apoptosis, pyroptosis, and endoplasmic reticulum stress, these pathological processes culminate in ECM accumulation, renal fibrosis, basement membrane thickening and glomerular hypertrophy, ultimately reducing glomerular filtration rate (GFR), exacerbating proteinuria, and accelerating DN advancement (4–6, 15–20).

As a terminally differentiated epithelial cell situated outside the glomerular capillaries, Podocytes represent critical structural elements within the glomerular filtration apparatus, orchestrating precise permeability regulation through their dynamic control of filtration selectivity (71). Studies have shown that, owing to their limited regenerative and reparative capacities, podocytes undergo characteristic pathological changes – including foot process effacement and slit diaphragm disruption–when exposed to external stimuli such as HG and HG-induced inflammatory responses, OS, apoptosis, autophagy, and endoplasmic reticulum stress, ultimately leading to podocyte injury (72–74). The consequent impairment of the glomerular filtration barriers precipitates proteinuria and progressive renal function deterioration, a pathogenic cascade widely recognized as central to DN pathogenesis (75). Consequently, investigating therapeutic approaches to prevent podocyte injury or enhance cellular repair mechanisms may yield critical insights for identifying novel therapeutic targets and developing prospective strategies in DN management.

Aberrant proliferation of GMCs is recognized as another critical factor in the pathogenesis of DN (76). As the predominant cellular component of the glomerular mesangium, these cells not only synthesize matrix proteins but also play an indispensable role in regulating glomerular filtration through an interconnected fibrillar network, thus coordinating glomerular architectural stability with physiological performance homeostasis (77). Experimental evidence confirms that in HG environments, GMCs exhibit ectopic expression of cytokines and filamentous proteins, driving pathological MC proliferation and renal fibrosis (78). Therefore, targeting HG-induced MC dysfunction may offer therapeutic value in DN prevention. However, the molecular mechanisms underlying mesangial cell proliferation within the glomerular microenvironment remain largely uncharacterized. Thus, deeper investigation into MC biology is imperative for advancing targeted therapeutic strategies for DN.

The extent of renal tubular injury is a critical determinant of DN prognosis. As essential target cells, TECs—regulated by HG-induced OS, inflammatory responses, and apoptotic pathways—disrupt proximal tubule solute transport homeostasis and drive nephrogenic fibrogenesis, consequently exacerbating diabetic glomerulopathy trajectories (79, 80). However, current multipronged strategies focused on proteinuria control have failed to fully prevent DN development (81, 82). Elucidating the molecular mechanisms underlying HG-mediated tubular epithelial cell injury remains essential for identifying novel therapeutic approaches to combat DN.

Therefore, inflammation, OS, cell death (apoptosis and pyroptosis), and fibrosis caused by inflammation and OS are the primary pathways that lead to DN. Renal cells (podocytes, GMCs, and TECs) were the primary target tissues. Thus, the ceRNA network may be the key to treating DN by blocking cell death and fibrosis pathways and alleviating renal cell damage.



3.1 ceRNA network regulates renal cell progression of DN through intervention in cell death pathways



3.1.1 ceRNA networks intervene in the regulation of DN by podocytes through cell death pathways

In recent years, a large body of evidence has indicated that inflammation, OS, and apoptosis are the primary causes of diabetic kidney injury. The lncRNA/circRNA–miRNA–mRNA network plays a central role in promoting the development of diabetic nephropathy by regulating inflammation, OS, and apoptosis in podocytes (Figure 2, Table 1).
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Figure 2 | ceRNA networks influence podocyte-dependent regulation of DN via cell death pathways. LncRNA-DLX6-AS1, lncRNA-SNHG5, lncRNA-MIAT, lncRNA-TCF7, lncRNA-1500026H17Rik, lncRNA-XIST, hsa_circ_0001162, circ_Supr3, circ_0000285, circ_GAB1, and hsa_circ_0037128 respectively sponge miR-346-5p, miR-26a-5p, miR-130a-3p, miR-16-5p, miR-205-5p, miR-30, miR-149-5p, miR-185-5p, miR-654-3p, miR-346, and miR-31-5p. This promotes the expression of downstream miRNA target molecules GSK-3β, TRPC6, TLR4, SEMA3A, EGR1, AVEN, MMP9, G3BP2, MAPK6, and KLF9, thereby activating inflammation, OS, and apoptosis. Consequently, podocyte survival rate is reduced and podocyte injury is accelerated, ultimately exacerbating DN progression via cell death pathways.


Table 1 | The ceRNA network regulates renal cell progression of DN through intervention in cell death pathways.
	Spongy molecule
	miRNA
	mRNA
	Mechanism of action
	Pathway
	Study subjects
	Functional experiments
	Result
	Refes



	lncRNA-
DLX6-AS1
	346-5p
	GSK-3β
	Down-regulated: podocin, WT-1, SYNPO
Up-regulated: IL-17
	Cell death
	Kidney tissue of DN patients and
db/db mice
	Loss
	Aggravate inflammation and promote podocyte damage
	(83)


	lncRNA-
SNHG5
	26a-5p
	TRPC6
	Down-regulated: nephrin, podocin, Bax, caspase-3, Bcl-2
Up-regulated: TNF-α, IL-6, IL-1β
	HG-treated podocytes and db/db mice
	Gain
and loss
	Promotes podocyte inflammation and apoptosis
	(84)


	lncRNA-
MIAT
	130a-3p
	TLR4
	Down-regulated: Bax, caspase-3, Bcl-2
Up-regulated: TNF-α, IL-6, IL-1β
	HG-treated podocytes
	Loss
	Increased the survival rate of podocytes, reduce the apoptosis rate and inflammatory reaction
	(85)


	lncRNA-
TCF7
	16-5p
	SEMA3A
	Down-regulated: Bcl-2, SOD, CAT
Up-regulated: Bax, ROS, MDA, IL-1β, TNF-α, IL-6
	Serum of DN patients
	Loss
	Leading to increased podocyte apoptosis, enhanced OS and inflammatory response, and decreased activity
	(86)


	lncRNA-
1500026H17Rik
	205-5p
	EGR1
	Down-regulated: Bcl-2, Podocin, SOD
Up-regulated: Bax, caspase-3, α-SMA, FN, Col-I, MDA, ROS, IL-6, IL-1β, TNF-α
	DN mouse kidney tissue and HG-induced podocytes
	Gain
and loss
	Promoted HG induced podocyte apoptosis, fibrosis, OS and inflammatory response
	(87)


	lncRNA-
XIST
	30
	AVEN
	Down-regulated: cytochrome c, Bax, caspase-3
Up-regulated: Bcl-2
	HG-treated podocytes
	Gain
	Reduced the apoptosis of podocytes induced by HG and improve the cell survival rate
	(88)


	hsa_circ_
0001162
	149-5p
	MMP9
	Down-regulated: Annexin V, IL-6, TNF-α, IL-1β
Up-regulated: nephrin, synaptopodin
	Cell death
	Peripheral blood of DN patients and HG-treated podocytes
	Loss
	Inhibition the apoptosis of podocytes induced by HG and alleviated the inflammatory reaction
	(89)


	circ_
Supr3
	185-5p
	G3BP2
	Down-regulated: Bcl-2
Up-regulated: EdU, PCNA, Bax, Cleaved-PARP, TNF-α, IL-6, IL-1β
	Kidney tissues of DM mice and HG-treated MPC5 cells
	Gain
and loss
	Inhibition of podocyte apoptosis and inflammatory response
	(90)


	circ_
0000285
	654-3p
	MAPK6
	Down-regulated: apoptosis
Up-regulated: IL-6, IL-1β, TNF-α
	Kidney tissues of DM mice and HG-treated podocytes
	Gain
and loss
	Inhibition of podocyte proliferation and promotion of podocyte apoptosis
	(91)


	circ_
GAB1
	346
	MAPK6
	Down-regulated: SOD, PCNA, Bcl-2
Up-regulated: IL-6, TNF-α, ROS, MDA, caspase-3, Bax
	DN patient serum and HG-treated podocytes
	Gain
and loss
	Inhibition HG induced apoptosis, inflammatory reaction and OS, and promote cell proliferation
	(92)


	hsa_circ_
0037128
	31-5p
	KLF9
	Down-regulated: Bcl-2, SOD
Up-regulated: Bax, C-caspase-3/
t-caspase-3, TNF-α, IL-1β, IL-6, ROS, MDA
	DN patient serum and HG-treated podocytes
	Gain
and loss
	Aggravation HG induced podocyte apoptosis, inflammation and OS.
	(93)


	lncRNA-
XIST
	423-5p
	HMGA2
	Up-regulated: apoptosis
	Kidney tissue of DN patients and
HG-treated HK-2 cells
	Gain and loss
	Promoted HG-induced renal cell proliferation and inhibit apoptosis
	(94)


	lncRNA-
TUG1
	29c-3p
	SIRT1
	Down-regulated: apoptosis, GRP78, caspase-12, CHOP, p-PERK/p-Eif-2α
	HG-treated HK-2 cells
	Gain
	Inhibited HG-induced cell proliferation apoptosis and endoplasmic reticulum stress
	(95)


	lncRNA-
SNHG5
	26a-5p
	/
	Down-regulated: eGFR, albumin
Up-regulated: FBG, IL-6, TNF-α, proteinuria, ROS
	Cell death
	DN patient serum and HG-treated HK-2 cells
	Loss
	Promoted inflammation, OS and apoptosis
	(84)


	lncRNA-
MALAT1
	30c
	NLRP3
	Up-regulated: caspase-1, IL-1β, IL-18, LDH
	HG-treated HK-2 cells
	Gain
and loss
	Promoted inflammation and pyroptosis
	(96)


	lncRNA-
UCA1
	206
	/
	Down-regulated: caspase-1, IL-1β, NLRP3
	DN rat renal tubular epithelial tissue and HG-treated HK-2 cells
	Gain
and loss
	Mitigated apoptosis and reduced inflammatory response
	(97)


	circ_
0003928
	506-3p
	HDAC4
	Down-regulated: SOD, Bcl-2
Up-regulated: ROS/MDA, Bax, caspase-3
	DN patients and HG-treated HK-2 cells
	Gain
and loss
	Promoted HG-induced OS and apoptosis
	(98)


	circ_
0000064
	532-3p
	 
	Down-regulated: MDA, Bcl2
Up-regulated: Bax, caspase-3, α-SMA, Col-I, SOD
	DN patient serum and HG-treated HK-2 cells
	Gain
and loss
	Promoted HG-induced OS, apoptosis and fibrosis
	(99)







Clinical trials have documented a marked elevation of lncRNA-DLX6-AS1 in renal biopsies from patients with DN, demonstrating a quantitative correlation between transcript abundance and urinary albumin–creatinine ratio (uACR) progression, thereby implicating DLX6-AS1 in DN progression (83). Further animal studies demonstrated that markedly elevated DLX6-AS1 expression in db/db murine models was associated with reduced podocyte integrity markers (podocin, WT-1, and SYNPO) and concomitant increases in the pro-inflammatory cytokine IL-17. These data mechanistically link DLX6-AS1 overexpression to podocyte injury, inflammatory exacerbation, and proteinuria, whereas DLX6-AS1 knockout (KO) substantially attenuates these pathological manifestations (83). Mechanistically, miR-346-5p directly targets the 3′ untranslated region (UTR) of GSK-3β, whereas DLX6-AS1 competitively sequesters miR-346-5p, thereby derepressing GSK-3β expression. This regulatory axis drives podocyte dysfunction and inflammatory cascades, thereby accelerating the pathogenesis of DN. Consequently, therapeutic strategies targeting DLX6-AS1 suppression or modulation of its downstream signaling pathways may be promising for alleviating DN pathology (83).

Additional studies revealed significantly elevated expression of lncRNA-SNHG5 and TRPC6 in the kidney tissues of db/db mice and HG-treated podocytes, concomitant with marked reductions in miR-26a-5p levels and the podocyte-specific markers, nephrin and podocin. Functional studies demonstrated that miR-26a-5p overexpression attenuated TRPC6 expression and mitigated podocyte apoptosis and inflammation, whereas KO-SNHG5 upregulated miR-26a-5p, suppressed TRPC6, and significantly ameliorated proteinuria, restored podocyte ultrastructure, and alleviated HG-induced podocyte injury in db/db mice (84). These findings indicate that SNHG5 acts as a molecular sponge for miR-26a-5p, thereby derepressing TRPC6 expression and driving podocyte dysfunction and DN progression. In addition, lncRNA-MIAT expression was markedly upregulated in HG-stimulated podocytes, whereas miR-130a-3p expression was suppressed, MIAT silencing substantially reduces HG-induced TNF-α, IL-6, and IL-1β secretion; downregulates pro-apoptotic markers, Bax and caspase-3; and upregulates anti-apoptotic marker, Bcl-2, thereby promoting podocyte survival under HG conditions (85). Mechanistically, KO-MIAT elevates miR-130a-3p expression, which subsequently inhibits TLR4 signaling and attenuates HG-mediated inflammation and apoptosis in podocytes (85). Therefore, MIAT functions as a sponge for miR-130a-3p and regulates TLR4 expression by competitively binding to miR-130a-3p. Inhibition of MIAT or modulation of its downstream pathway could help attenuate the pathological changes in DN.

Clinical investigations revealed significant downregulation of miR-16-5p and a concurrent rise of lncRNA-TCF7 and SEMA3A in serum samples from patients with DN, with these aberrant expression profiles demonstrating positive correlations with hyperglycemic indices (blood glucose and glycated hemoglobin) and uACR (86). Experimental studies have further shown that HG conditions elevate TCF7 and SEMA3A expression, while suppressing miR-16-5p, but also increase Bax, ROS, MDA, IL-1β, TNF-α, and IL-6. Concurrently, HG exposure reduced anti-apoptotic Bcl-2 expression and antioxidant enzyme activity (SOD and CAT), culminating in podocyte apoptosis, OS exacerbation, inflammatory activation, and diminished cellular viability. The genetic silencing of TCF7 or SEMA3A reversed these pathological alterations (86). Notably, TCF7 acts as a negative regulator of miR-16-5p and a positive modulator of SEMA3A, the latter being a direct miR-16-5p target. miR-16-5p directly binds to the 3′ UTR of SEMA3A to suppress its expression, establishing a regulatory triad. Collectively, these findings indicated that lncRNA-TCF7 functions as a ceRNA, sequestering miR-16-5p and derepressing SEMA3A expression (86). This axis drives HG-induced podocyte injury by amplifying OS, apoptosis, and inflammatory cascades, thereby positioning the TCF7/miR-16-5p/SEMA3A axis as a potential therapeutic target in DN.

Xia et al. showed that lncRNA-1500026H17Rik and EGR1 were significantly elevated, miR-205-5p was significantly reduced in the kidney tissues and HG-induced podocytes of DN mice, and 1500026H17-Rik was positively correlated with EGR1 and negatively correlated with miR-205-5p (87). KO-1500026H17Rik significantly downregulated Bax; cleaved caspase-3, α-SMA, FN, Col I, MDA, ROS, IL-6, IL-1β, and TNF-α expression; and upregulated Bcl-2, Podocin, and SOD. It also attenuates apoptosis, fibrosis of HG-induced podocytes, OS, and inflammatory responses, whereas inhibition of miR-205-5p or overexpression of EGR1 reversed the protective effects of KO-1500026H17Rik. In addition, 1500026H17Rik acts as a ‘sponge’ for miR-205-5p and inhibits miR-205-5p activity, whereas EGR1 is a downstream target of miR-205-5p and can be directly targeted by it to inhibit EGR1 expression (87). It has been shown that lncRNA-1500026H17Rik, by adsorbing miR-205-5p, deregulates the inhibition of EGR1, which in turn exacerbates podocyte injury.

Emerging evidence has indicated that although certain lncRNA–miRNA networks drive DN progression, others may exert protective effects. For instance, studies have demonstrated that HG conditions significantly impair podocyte survival and enhance apoptotic rates, concomitant with the downregulation of lncRNA-XIST expression. Notably, XIST overexpression not only attenuated HG-induced podocyte apoptosis and improved cellular viability but also suppressed the pro-apoptotic mediators such as cytochrome c, Bax, and caspase-3, while upregulating anti-apoptotic Bcl-2 expression (88). Mechanistically, miR-30 overexpression suppressed XIST, thereby abolishing its cytoprotective effects and promoting apoptosis, whereas miR-30 inhibition restored XIST-mediated podocyte protection. Furthermore, XIST overexpression rescues AVEN expression, a direct miR-30 target, by establishing a regulatory axis central to this pathway (88). These findings collectively suggest that lncRNA-XIST is a molecular sponge for miR-30 that modulates AVEN expression to govern podocyte survival and apoptosis. This axis highlights the potential therapeutic relevance of XIST in DN and offers novel targets for intervention.

In addition to the lncRNA–miRNA–mRNA network, the circRNA–miRNA–mRNA network had the same function (Figure 2, Table 1). It has been reported that that hsa_circ_00162 was upregulated in the peripheral blood and HG-induced podocytes of patients with DN. KO-hsa_circ_00162 suppressed MMP9 expression; downregulated IL-6, TNF-α, and IL-1β expression; restored nephrin and synaptopodin expression; inhibited HG-induced podocyte apoptosis; attenuated the inflammatory response; and alleviated podocyte injury (89). In addition, miR-149-5p inhibition reversed the inhibitory effect of KO-hsa_circ_0001162 on MMP9, which in turn upregulated MMP9 expression by adsorbing miR-149-5p to deregulate its inhibition of MMP9 (89). Thus, hsa_circ_0001162 has been reported to promote DN podocyte injury by regulating MMP9 expression through a ceRNA mechanism, which lays the groundwork for the molecular diagnosis and targeted therapy of DN.

Circ_Supr3 and G3BP2 were significantly upregulated and miR-185-5p was significantly downregulated in the kidney tissues of DM mice and HG-treated MPC5 cells in a previous study. KO-circ_Supr3 upregulated miR-185-5p expression and thus inhibited G3BP2; reversed HG-induced cell proliferation; and downregulated EdU, PCNA, Bax, Cleaved-PARP, TNF-α, IL-6, and IL-1β expression; increased Bcl-2 expression; and inhibited apoptosis and inflammatory responses, whereas G3BP2 overexpression counteracted the protective effect of miR-185-5p on HG-induced injury, and miR-185-5p inhibitor in turn reversed the protective effect of KO-circ_Supr3 on cell injury (90). Circ_Supr3 exacerbates HG-induced podocyte injury by adsorbing miR-185-5p to upregulate G3BP2 expression. Similarly, in the kidney tissues of the STZ-induced DN mouse model and HG-treated podocytes, circ_0000285 expression was significantly elevated and miR-654-3p expression was significantly reduced, overexpression of circ_0000285 inhibited podocyte proliferation, promoted podocyte apoptosis, and blocked the cell cycle. KO-circ_0000285 inhibited the release of IL -6, IL-1β, and TNF-α, whereas inhibition of miR-654-3p reversed the protective effect of KO-circ_0000285 on podocyte injury (91). In addition, MAPK6 is a direct target of miR-654-3p, and circ_0000285 activates the MAPK6 signaling pathway through the adsorption of miR-654-3p, leading to podocyte injury, an inflammatory response, and promotion of DN progression (91).

Research has identified significantly elevated expression levels of circ_GAB1 and MAPK6 in the serum of both patients with DN and HG-treated podocytes, concomitant with a marked reduction in miR-346 expression (92). Silencing circ_GAB1 suppressed MAPK6 expression, resulting in decreased levels of IL-6, TNF-α, ROS, MDA, cleaved caspase-3, and Bax within podocytes, conversely, this intervention elevated SOD, PCNA, and Bcl-2 expression, thereby mitigating HG-induced apoptosis, inflammatory responses, and OS, while promoting cellular proliferation and attenuating podocyte injury, notably, the administration of miR-346 inhibitors reversed the cytoprotective effects of KO-circGAB1. Furthermore, both miR-346 overexpression and MAPK6 suppression alleviated podocyte damage (92). These findings collectively indicated that circGAB1 acts as a molecular sponge for miR-346, thereby relieving its inhibitory effect on MAPK6 and subsequently activating the MAPK6-mediated pathways of podocyte apoptosis, inflammation, and OS mechanisms that ultimately drive DN progression.

In addition, Fang et al. demonstrated that sera from patients with DN and HG-induced podocytes exhibited significant upregulation of KLF9 and hsa_circ_0037128, along with marked downregulation of miR-31-5p. A negative correlation was observed between hsa_circ_0037128 and miR-31-5p, whereas a positive correlation existed with KLF9, KO-hsa_circ_0037128 reduces Bax and caspase-3 levels and increases Bcl-2 expression in HG-stimulated podocytes, this intervention suppressed HG-induced podocyte apoptosis as well as decreased inflammatory mediators such as TNF-α, IL-1β, and IL-6, reduced OS markers (ROS and MDA), and enhanced SOD activity, thereby collectively ameliorating podocyte injury (93). This study further revealed that miR-31-5p is a direct target of hsa_circ_0037128 and that KLF9 functions as a downstream target of miR-31-5p, notably, miR-31-5p inhibition or KLF9 overexpression counteracted the protective effects of KO-hsa_circ_0037128 in podocytes (93). These findings collectively indicate that hsa_circ_0037128 acts as a competitive endogenous RNA by sequestering miR-31-5p, thereby relieving the miR-31-5p-mediated suppression of KLF9. Subsequent KLF9 upregulation exacerbated HG-induced inflammatory responses, OS, and podocyte apoptosis.

Although quantitative studies have questioned the physiological effects of ceRNA interactions under typical conditions, the above-mentioned ceRNA network studies were conducted using in vivo and in vitro models that were functionally validated and supported by loss-of-function and gain-of-function experiments.




3.1.2 ceRNA networks intervene in the regulation of DN by TECs through cell death pathways

In addition to its regulatory effects on podocytes in DN progression through cell death pathways, the lncRNA–miRNA–mRNA network also modulated TECs to influence disease progression (Figure 3, Table 1). Investigations revealed a dose-dependent upregulation of lncRNA-XIST and HMGA2 in the renal tissues of patients with DN and HG-treated renal tubular HK-2 cells. Silencing of XIST or HMGA2 inhibited HG-induced cellular proliferation and enhanced apoptosis. Dual-luciferase reporter assays further demonstrated direct binding between XIST and miR-423-5p, with miR-423-5p targeting the 3′ UTR of HMGA2, KO-XIST upregulated miR-423-5p expression, consequently reducing HMGA2 levels—an effect partially reversed by miR-423-5p inhibition (94). Furthermore, miR-423-5p overexpression suppresses HMGA2 expression, attenuates cellular proliferation, and promotes apoptosis. These effects were counteracted by HMGA2 overexpression (94). Collectively, these findings indicate that lncRNA-XIST functions as a molecular sponge to sequester miR-423-5p, thereby derepressing HMGA2 expression. This regulatory axis promotes HG-driven renal cell proliferation, while suppressing apoptotic processes during DN pathogenesis.
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Figure 3 | ceRNA networks intervene in the regulation of DN by TECs through cell death pathways. lncRNA-XIST sponges miR-423-5p to upregulate HMGA2 expression, promoting HG-induced proliferation of HK2 cells while suppressing apoptosis. lncRNA-TUG1 acts as a molecular sponge for miR-29c-3p, upregulating SIRT1 to inhibit cellular apoptosis and attenuate DN progression. lncRNA-SNHG5 and lncRNA-UCA1 accelerate DN progression by directly upregulating factors associated with inflammation, OS, and apoptosis through sponging miR-26a-5p and miR-206, respectively. lncRNA-MALAT1 targets miR-30c and upregulates NLRP3, promoting increased expression of inflammatory and apoptotic factors that exacerbate cellular injury. Additionally, circ_0003928 and circ_0000064 exacerbate TECs injury and DN progression by sponging miR-506-3p and miR-532-3p to upregulate HDAC4 and ROCK1 expression, respectively, thereby promoting apoptosis and OS.

The lncRNA–miRNA–mRNA network exhibits dual regulatory capacities in DN, demonstrating both promotive and suppressive effects on disease progression. Studies revealed that HG treatment significantly increased apoptotic rates and upregulated eERS-associated proteins GRP78, caspase-12, CHOP, p-PERK, p-eIF2α in HK-2 cells, concurrent with lncRNA-TUG1 downregulation, TUG1 overexpression suppressed miR-29c-3p expression, markedly attenuated HG-induced apoptosis, and reduced ERS-related protein levels (95). Notably, miR-29c-3p overexpression exacerbated HG-driven apoptosis and ERS protein expression, counteracting TUG1-mediated protection; this effect was reversed by miR-29c-3p inhibition. Mechanistic investigations have identified SIRT1 as a direct target of miR-29c-3p, whose expression is maintained through TUG1-dependent miR-29c-3p suppression (95). Collectively, these findings demonstrate that lncRNA-TUG1 functions as a molecular sponge to inhibit miR-29c-3p activity, thereby preserving SIRT1 expression and mitigating ERS-mediated cellular injury.

Tubular epithelial cell dysfunction is a pivotal mechanism in DN pathogenesis, in which inflammatory–apoptotic/pyroptotic signaling cascades contribute to dysregulated tubular reabsorptive processes and fibrotic changes in the kidney, leading to pathological advancement (Figure 3, Table 1). Emerging evidence highlights the critical regulatory role of ncRNAs in the modulation of these pathological processes. Studies have identified the significant upregulation of lncRNA-SNHG5 and concomitant downregulation of miR-26a-5p in the sera from patients with DN and HG-treated HK-2 cells, SNHG5 exhibited negative correlations with miR-26a-5p, eGFR, and albumin levels, whereas positive associations with fasting blood glucose, IL-6, TNF-α, and proteinuria. SNHG5 inhibition reversed HG-induced reductions in cell viability, attenuated apoptotic rates, and normalized IL-6, TNF-α, and ROS levels (84). Mechanistic investigations confirmed that miR-26a-5p is a direct target of SNHG5. SNHG5 silencing upregulates miR-26a-5p expression and ameliorates HG-induced tubular injury. Collectively, these findings demonstrate that lncRNA-SNHG5 exacerbates HG-mediated tubular damage through miR-26a-5p sequestration (84). Targeted SNHG5 suppression mitigates inflammatory responses, OS, and apoptotic signaling, thereby identifying novel therapeutic targets for DN.

Furthermore, Liu et al. demonstrated that HG treatment significantly upregulated lncRNA-MALAT1 alongside NLRP3, caspase-1, IL-1β, and IL-18 expression, while suppressing miR-30c levels in HK-2 cells. This dysregulation elevates pyroptotic rates and lactate dehydrogenase (LDH) release, MALAT1 silencing markedly attenuated HG-induced pyroptosis and reduced NLRP3 inflammasome components such as caspase-1, IL-1β, and IL-18, whilst restoring miR-30c expression—suggesting that KO-MALAT1 suppresses hyperglycemia-induced pyroptosis through miR-30c upregulation and NLRP3 downregulation (96). Dual-luciferase reporter assays confirmed direct binding between MALAT1 and miR-30c, with miR-30c targeting the 3′ UTR of NLRP3. miR-30c overexpression suppresses NLRP3 expression and ameliorates pyroptosis and inflammatory responses. Critically, co-transfection of MALAT1 with miR-30c inhibitors reversed the anti-pyroptotic effects of MALAT1 silencing (96). These findings establish that lncRNA-MALAT1 exacerbates inflammatory pyroptosis by sequestering miR-30c, thereby derepressing NLRP3 expression. Targeted disruption of the MALAT1/miR-30c/NLRP3 axis may provide novel therapeutic opportunities for the management of DN.

Further investigation revealed significant downregulation of lncRNA-UCA1 and concomitant upregulation of miR-206 in the renal tubular epithelial tissues of DN rats and HG-treated HK-2 cells, with an inverse correlation between miR-206 and UCA1 expression. UCA1 overexpression markedly reduced protein levels of pyroptosis-associated markers caspase-1, IL-1β, and NLRP3 under HG conditions, thereby alleviating apoptotic cell death and inflammatory responses. Conversely, KO-UCA1 exacerbated these pathological manifestations (97). Mechanistic validation using dual-luciferase reporter assays identified binding complementarity between UCA1 and miR-206. miR-206 mimics counteract UCA1 overexpression-mediated suppression of apoptosis, whereas miR-206 inhibition partially rescues the pro-apoptotic effects induced by UCA1 silencing (97). These findings demonstrated that lncRNA-UCA1 exerts cytoprotective effects by directly binding to and suppressing miR-206 activity.

The circRNA–miRNA–mRNA network regulates DN progression through the apoptosis–OS pathway, demonstrating dual therapeutic potential in both podocytes and TEC (Figure 3, Table 1). Experimental evidence revealed significant upregulation of circ_0003928 and HDAC4, along with marked downregulation of miR-506-3p in patients with DN and in HG-treated models. In HG-stimulated HK-2 cells, the characteristic pathological manifestations include reduced cell viability, elevated ROS and MDA levels, diminished SOD activity, upregulation of Bax and caspase-3 expression, and downregulation of Bcl-2 expression (98). Notably, KO-circ_0003928 ameliorated HG-induced reduction in cell viability and proliferation, attenuated ROS and MDA generation, restored SOD activity, and reduced apoptosis. Mechanistic studies further established that circ_0003928 silencing upregulates miR-506-3p expression, whereas miR-506-5p overexpression significantly suppresses HDAC4 expression at both the transcriptional and translational levels (98). Collectively, these findings demonstrated that circ_0003928 exacerbates OS and apoptosis by competitively sequestering miR-506-3p, thereby relieving its inhibitory effect on HDAC4. This novel mechanistic insight delineates the role of the circ_0003928/miR-506-3p/HDAC4 regulatory axis in pathogenesis of DN.

Wang et al. demonstrated that circ_0000064 is significantly upregulated in both serum samples from patients with DN and HG-stimulated HK-2 cells, concomitant with the downregulation of miR-532-3p and that circ_0000064 expression is positively correlated with disease severity (albuminuria levels) (99). Experimental interventions showed that either circ_0000064 silencing or miR-532-3p overexpression attenuated HG-induced pathological manifestations by reducing MDA activity; downregulating pro-apoptotic Bax, caspase-3, pro-fibrotic α-SMA, and Col-I markers; elevating SOD and anti-apoptotic Bcl-2 levels; mitigating OS, apoptosis, and fibrosis, while enhancing cellular proliferation. Notably, these protective effects were reversed by miR-532-3p inhibitors or ROCK1 overexpression, confirming the functional interplay within this regulatory axis (99). Mechanistic analyses revealed that under HG conditions, circ_0000064 acts as a competitive endogenous RNA by sponging miR-532-3p, thereby relieving its post-transcriptional repression of ROCK1 and leading to ROCK1 upregulation, which subsequently activates OS-related pathways, apoptotic cascades, and fibrotic signaling, collectively exacerbating tubular epithelial injury and DN progression. This study delineated the pathomechanistic landscape of circRNA-driven disease progression, establishing the circ_0000064/miR-532-3p/ROCK1 molecular interplay as a druggable pathway for DN intervention through multimodal regulatory network disruption (99).

In conclusion, the lncRNA/circRNA–miRNA–mRNA network exerts significant regulatory effects on podocytes and TECs through cell death, inflammation, OS, and apoptosis, with the cell death pathway serving as the common terminal pathway for ceRNA action. Regardless of their specific molecular mechanisms, all ceRNA networks studied ultimately converged directly to exacerbate or alleviate inflammatory responses, OS, and apoptosis in podocytes and TECs. These three processes constitute an inseparable ‘trinity’ of terminal effect axes through which ceRNA networks cause podocyte and TECs damage and DN progression, providing new insights into the molecular mechanisms and therapeutic strategies for DN. However, although the aforementioned ceRNA networks have been functionally validated and their interactions have been supported by loss-of-function/gain-of-function experiments, the roles of the lncRNA-TUG1/miR-29c-3p/SIRT1 and lncRNA-MALAT1/miR-30c/NLRP3 axes have only been validated in vitro and lack in vivo experiments. Therefore, their robustness and roles need to be further verified.





3.2 ceRNA network mediates the regulatory role of GMCs in the progression of DN through fibrotic pathways

Emerging evidence demonstrates that the lncRNA–miRNA network exerts regulatory effects on podocytes as well as plays a pivotal role in modulating MCs (Figure 4, Table 2). Studies have revealed a significant upregulation of lncRNA-MEG3 and concomitant downregulation of miR-23c in serum samples from patients with DN, renal tissues, and HG-treated human MCs (HMCs), with a negative correlation observed between these two molecules, silencing of lncRNA-MEG3 suppressed HG-induced HMC proliferation and induced G0–G1 phase cell cycle arrest, while reducing the expression levels of fibrotic markers FN and Col-IV, inflammatory cytokines IL-6 and TNF-α, and mesenchymal marker N-cadherin. Concurrently, this intervention elevated E-cadherin expression, attenuated ECM accumulation, mitigated inflammatory responses, and reversed EMT, thereby ameliorating HMC injury (100). Importantly, miR-23c inhibition abolished the protective effects of lncRNA-MEG3 silencing in HMCs. Mechanistically, miR-23c overexpression suppressed LIN28B expression, whereas LIN28B overexpression neutralized the miR-23c-mediated protective effects. Collectively, these findings indicated that lncRNA-MEG3 functions as a ceRNA by sequestering miR-23c, thereby relieving its inhibitory effect on LIN28B, the subsequent upregulation of LIN28B drives HMC proliferation, ECM deposition, and inflammatory cascades (100).

[image: Diagram illustrating molecular pathways related to inflammation, oxidative stress, apoptosis, and fibrosis involving various markers such as SOX6, SIRT6, and TLR4. It shows interactions with miRNAs and circRNAs, leading to effects on mesangial cells (MCs) and human mesangial cells (HMCs) under hyperglycemic (HG) conditions, highlighting promotion and inhibition pathways.]
Figure 4 | The ceRNA network mediates the regulatory role of GMCs in the progression of DN through fibrotic pathways. LncRNA-MEG3 deregulated its inhibition of LIN28B and Egr-1 by adsorbing miR-23c and miR-181a, respectively, leading to the up-regulation of LIN28B and TLR4 expression, which promoted fibrotic and inflammatory responses in DN. Circ_0123996, circ_Luc71 deregulated SOX6 and Tgfbr1 by adsorbing miR-203a-3p and miR-205-5p, respectively, which promoted DN progression through the inflammatory and fibrotic. However, circ_ITCH up-regulated SIRT6 expression and inhibited DN progression by adsorbing miR-33a-5p. In addition, circ_FBXW12, circ_ACTR2, circ_ADAM9, circ_HOMER1, and circ_LRP6 deregulated LIN28B, HMGA2, USP15, SOX6, and SIRT6 expression by adsorbing miR-31-5p, miR-205-5p, miR-545-3p, miR-137, and miR-205, respectively, which deregulated LIN28B, HMGA2, USP15, SOX6 and HMGB1 inhibition, increased the expression of inflammation, OS, and fibrosis-related factors, activated the fibrosis pathway, and regulated DN progression.


Table 2 | The ceRNA network mediates the regulatory role of GMCs in the progression of DN through fibrotic pathways.
	Spongy molecule
	miRNA
	mRNA
	Mechanism of action
	Pathway
	Study subjects
	Functional experiments
	Result
	Refes



	lncRNA-
MEG3
	23c
	LIN28B
	Down-regulated: E-cadherin
Up-regulated: FN, Col-IV, IL-6, TNF-α, N-cadherin
	Fibrosis
	Serum, kidney tissue of DN patients and
HG-treated HMCs
	Gain
and loss
	Promoted HMC proliferation, ECM accumulation and inflammatory response
	(100)


	lncRNA-
MEG3
	181a
	Egr-1
	Up-regulated: TNF-α, α-SMA, TGF-β1, CRP, IL-1β, IL-6, MCP-1, TLR4
	DN rat and HG-stimulated MCs
	Gain
and loss
	Promoted fibrosis and inflammatory response
	(101)


	circ_
0123996
	203a-3p
	SOX6
	Up-regulated: IL-6, IL-1β, TNF-α, Col-I/IV
	Fibrosis
	HG-treated GMCs
	Gain
and loss
	Promoted HG-induced GMCs proliferation, inflammation and fibrosis
	(102)


	circ_
Luc71
	205-5p
	Tgfbr1
	Up-regulated: IL-6, TNF-α, ECM
	HG-treated GMCs and db/db mice
	Loss
	Promoted GMCs proliferation, inflammatory response and ECM accumulation
	(103)


	circ_
ITCH
	33a-5p
	SIRT6
	Up-regulated: BUN, SCr, α-SMA, Col-I, FN, IL-6, IL-1β, TNF-α
	DM mouse kidney tissue and HG-treated GMCs
	Gain
and loss
	Slows down fibrosis and inflammatory response
	(104)


	circ_
FBXW12
	31-5p
	LIN28B
	Down-regulated: SOD
Up-regulated:IL-6, TNF-α, Col-I/IV, TGF-β1, MDA
	Serum from DN patients and HG-treated HMCs
	Gain
and loss
	Promoted inflammatory response, fibrosis, OS
	(105)


	Circ_
ACTR2
	205-5p
	HMGA2
	Up-regulated: IL-6, TNF-α, ECM, SOD, MDA
	Kidney tissue of DN patients and
HG-treated HRMCs
	Gain
and loss
	Reduces inflammatory response and OS
	(106)


	circ_
ADAM9
	545-3p
	USP15
	Down-regulated: SOD, Nrf2
Up-regulated: IL-1β, IL-6, TNF-α, α-SMA, FN, Col-I/IV, MDA, Keap1
	Serum from DN patients and HG-treated HMCs
	Gain
and loss
	Induced OS, inflammation and ECM deposition in HMCs
	(107)


	circ_
HOMER1
	137
	SOX6
	(108)


	circ_
LRP6
	205
	HMGB1
	Down-regulated: SOD
Up-regulated: TLR4, p-NF-κB, p65, ROS, FN, Col-IV, IL-6, TNF-α, IL-1β
	HG-treated HMCs
	Gain
and loss
	Induced OS, ECM accumulation and inflammatory response
	(109)







Zha et al. demonstrated a significant upregulation of lncRNA-MEG3 in both DN rat models and HG-stimulated GMCs, showing positive correlations with hyperglycemic severity and disease progression. MEG3 overexpression exacerbated pathological manifestations in DN rats, including elevated urinary albumin excretion rates, upregulated expression of fibrotic markers TNF-α, α-SMA, and TGF-β1, as well as that of inflammatory mediators CRP, IL-1β, IL-6, and MCP-1 (101). In addition, histological damage was aggravated and, conversely, KO-MEG3 produced opposing effects. Notably, miR-181a inhibition phenocopied MEG3 overexpression, whereas miR-181a restoration or KO-Egr-1 effectively counteracted MEG3-mediated effects (101). Mechanistically, lncRNA-MEG3 directly binds to and inhibits miR-181a functionality, with miR-181a normally suppressing its target gene, Egr-1. The subsequent Egr-1 activation promotes fibrotic and inflammatory responses through activation of the TLR4 signaling pathway (101). These findings collectively reveal that lncRNA-MEG3 functions as a molecular sponge for miR-181a, thereby relieving the miR-181a-mediated suppression of Egr-1. This cascade ultimately upregulates TLR4 expression, which drives renal fibrosis and inflammatory progression in patients with DN.

Therefore, lncRNA-MEG3 can not only adsorb miR-23c in a sponge-like manner, but also adsorb miR-181a, thereby regulating different miRNA downstream target molecules and interfering with the proliferation and fibrosis process of GMCs. Thus, further investigation is required to determine whether the same lncRNA can adsorb different miRNAs and thereby interfere with the disease process.

Recent advances in ceRNA network research have revealed the critical regulatory role of circRNA–miRNA–mRNA axes in modulating GMCs behavior during DN progression (Figure 4, Table 2). For instance, studies have identified significant upregulation of circ_0123996 and the transcription factor SOX6, accompanied by miR-203a-3p downregulation in HG-treated GMCs. Silencing circ_0123996 suppressed SOX6 expression through miR-203a-3p upregulation, effectively inhibiting HG-induced cellular proliferation, reducing the release of IL-6, IL-1β, and TNF-α, and decreasing the expression of Col-I/IV, thereby alleviating cellular injury. Conversely, SOX6 overexpression and miR-203a-3p inhibition reversed the suppressive effects of KO-circ_0123996 on cell proliferation, inflammation, and fibrosis (102). These findings collectively demonstrate that circ_0123996 acts as a molecular sponge for miR-203a-3p, thereby derepressing SOX6 expression (102). This regulatory cascade potentiates HG-driven mesangial cell proliferation, inflammatory responses, and fibrotic remodeling, which are pathological processes that ultimately exacerbate DN progression.

Studies have also revealed a significant increase in circ_Luc71 expression in db/db mice and in HG-stimulated GMCs, KO-circ_Luc71 reduced blood glucose levels, suppressed mesangial cell proliferation, attenuated inflammatory cytokine release (IL-6 and TNF-α), and diminished ECM accumulation. Notably, miR-205-5p inhibition or Tgfbr1 overexpression reversed the suppressive effects of circ_Luc71 silencing on cell proliferation, inflammatory response, and ECM deposition (103). Mechanistic studies confirmed direct binding between circ_Luc71 and miR-205-5p, with miR-205-5p exerting post-transcriptional repression on Tgfbr1 by targeting its 3′ UTR (103). These findings collectively demonstrate that under hyperglycemic conditions, circ_Luc71 acts as a molecular sponge to sequester miR-205-5p, thereby relieving miR-205-5p-mediated suppression of Tgfbr1. The subsequent Tgfbr1 upregulation drives mesangial cell proliferation, inflammatory cascades, ECM remodeling, and pathological processes that ultimately accelerate DN progression.

Activation of the circRNA–miRNA–mRNA network promoted GMCs proliferation, inflammatory response, and ECM accumulation, accelerating DN progression, as well as reversed these effects (Figure 4, Table 2). Studies revealed significant downregulation of circ_ITCH in HG-treated GMCs and in the kidneys of STZ-induced diabetic mice, circ_ITCH overexpression markedly reduced blood glucose levels in diabetic mice, suppressed HG-induced MC proliferation and migration, and downregulated the expression of renal dysfunction markers, including BUN, SCr, α-SMA, Col-I, FN, TNF-α, IL-6, and IL-1β. These interventions improve renal function, attenuate glomerular hypertrophy, and mitigate fibrotic and inflammatory pathology (104). Mechanistically, circ_ITCH directly binds to and negatively regulates miR-33a-5p, and its overexpression counteracts circ_ITCH-mediated cytoprotection. Furthermore, miR-33a-5p suppresses SIRT6 expression through direct targeting, and KO-SIRT6 abolishes the therapeutic effects of miR-33a-5p inhibition in RMCs (104).

HG-induced inflammation and OS are the inseparable pathological drivers of DN. Elucidating the mechanisms through which HG-regulated circRNA–miRNA networks modulate mesangial cell injury through the inflammation–OS–fibrosis axis is critical for understanding the progression of DN.

Our investigations revealed significant upregulation of circ_FBXW12 and LIN28B, along with miR-31-5p downregulation in the sera of patients with DN and HG-treated HMCs. Silencing circ_FBXW12 or LIN28B suppressed HG-induced HMC proliferation, attenuated IL-6 and TNF-α release, and reduced ECM marker accumulation (Col-I/IV and TGF-β1). Concurrently, this intervention diminished SOD activity, elevated MDA levels, mitigated OS, and normalized HG-accelerated cell cycle progression (105). miR-31-5p inhibition upregulated LIN28B expression and abrogates the cytoprotective effects of circ_FBXW12 silencing. Conversely, miR-31-5p overexpression suppresses LIN28B levels, whereas LIN28B overexpression neutralizes miR-31-5p-mediated inhibition in HMCs (105). Elevated expression of circ_ACTR2 and HMGA2, along with concomitant suppression of miR-205-5p, was observed in the kidney tissues of patients with DN and HG-treated human renal MCs (HRMCs), circ_ACTR2 showed a negative correlation with miR-205-5p expression, silencing circ_ACTR2 partially restored miR-205-5p levels, thereby inhibiting HG-induced HRMC proliferation, attenuating inflammatory cytokine release (IL-6 and TNF-α), reducing ECM accumulation, and modulating OS markers through increased SOD activity and decreased MDA levels (106). Notably, HMGA2 overexpression and miR-205-5p inhibition reversed the cytoprotective effects of miR-205-5p overexpression and circ_ACTR2 silencing (106). These findings demonstrate that circ_ACTR2 functions as a molecular sponge to sequester miR-205-5p, thereby derepressing its inhibitory effect on HMGA2. The resulting upregulation of HMGA2 exacerbated HG-induced HRMC dysfunction by amplifying the inflammatory and OS pathways, ultimately accelerating DN progression (Figure 4, Table 2).

Studies have revealed significant upregulation of circ_ADAM9 and circ_HOMER1, along with downregulation of miR-545-3p and miR-137 in the serum from patients with DN and HG-treated HMCs, while negative correlations were observed between miR-545-3p and circ_ADAM9 and between miR-137 and circ_HOMER1. Dual KO-circ_ADAM9 and circ_HOMER1 suppressed HG-induced cellular proliferation and migration; reduced TNF-α, IL-1β, and IL-6 release; downregulated fibrotic markers α-SMA, FN, and Col-I/IV. These interventions concurrently enhanced SOD activity, reduced MDA levels, attenuated OS, and ameliorated HMC injury (107, 108). Mechanistic investigations identified USP15 as a direct target of miR-545-3p, with elevated USP15 expression under HG conditions activating Keap1 and suppressing Nrf2. Notably, miR-545-3p inhibition or USP15 overexpression nullified the protective effects of circ_ADAM9 silencing in HMCs. Similarly, the KO-circ_HOMER1 mediated cytoprotection was reversed by miR-137 inhibition and SOX6 overexpression (107, 108). These findings indicate that circ_ADAM9 upregulates USP15 through the sponge adsorption of miR-545-3p, which in turn inhibits the Keap1/Nrf2 pathway, whereas circ_HOMER1 upregulates SOX6 through the sponge adsorption of miR-137, both of which promote HG-induced OS, inflammation, and ECM deposition in HMCs, providing novel insights into circRNA-mediated DN pathogenesis (Figure 4, Table 2).

Chen et al. demonstrated significant upregulation of HMGB1, TLR4, and p-NF-κB p65 in HG-treated murine GMCs, mechanistically, HMGB1 activates NF-κB through TLR4 binding, evidenced by enhanced p-NF-κB nuclear translocation and DNA-binding activity, HMGB1 inhibition attenuated HG-induced cellular proliferation, reduced ROS generation, suppressed FN, Col-IV, TNF-α, IL-6, and IL-1β, whilst elevating SOD activity to mitigate OS, ECM accumulation, and inflammatory responses, exogenous HMGB1 exacerbates these pathological changes, an effect reversed by TLR4 inhibition (109). Further investigation revealed the downregulation of miR-205 and upregulation of circ_LRP6 in HG-stimulated GMCs. miR-205 directly binds the 3′ UTR of HMGB1 to suppress its expression, miR-205 overexpression significantly inhibited HG-induced cellular injury, whereas HMGB1 overexpression neutralized this protective effect. Notably, circ_LRP6 silencing reduced HMGB1 expression and ameliorated cellular damage—effects counteracted by miR-205 inhibition (109). These findings delineate a sequential regulatory axis: circ_LRP6 functions as a molecular sponge to sequester miR-205, thereby derepressing HMGB1. The elevated HMGB1 subsequently activates the TLR4/NF-κB signaling cascade, driving DN-associated pathological processes. This mechanistic elucidation provided a novel therapeutic rationale for targeted DN intervention (Figure 4, Table 2).

Overall, SOX6 is a common target molecule downstream of the circ_0123996/miR-203a-3p and circ_HOMER1/miR-137 axes, whereas miR-205-5p is a common sponge-like target molecule for circ_Luc71 and circ-ACTR2. This indicates that in the ceRNA network, different circRNA–miRNA axes can target and regulate the same target molecules, whereas different lncRNAs can adsorb onto the same miRNAs in a sponge-like manner. However, by contrast, although the circ_0123996/miR-203a-203a-3p/SOX6 and circ_LRP6/miR-205/HMGB1 axes have undergone functional validation, their research has only been conducted in vitro experiments and lacks in vivo experiments. Therefore, the authenticity of these effects requires further investigation.




3.3 ceRNA network regulates the role of renal cells in the progression of DN through the cell death–fibrosis pathway



3.3.1 ceRNA network regulates the role of GMCs in the progression of DN through the cell death–fibrosis pathway

As a pivotal pathological process in DN, fibrosis is a critical therapeutic target for preventing disease progression (110). In the sera of both patients with DN and HG-treated human glomerular MCs (HGMCs), elevated expression of lncRNA-HCP5 and HMGA2 was observed, along with reduced miR-93-5p levels. HCP5 silencing inhibited HG-induced HGMC proliferation as well as downregulated Col-I, Col-IV, FN, TNF-α, IL-6, and IL-1β, while simultaneously upregulating apoptosis indicators cleaved-PARP and cleaved-caspase3. This dual modulation attenuates fibrotic and inflammatory responses while promoting apoptosis (111). Furthermore, HG stimulation markedly enhanced p-AKT and p-mTOR levels, which were reversed by KO-HCP5 treatment. Notably, miR-93-5p inhibition restored p-AKT/p-mTOR expression in HG-challenged HGMCs (111). Mechanistic investigations revealed that miR-93-5p was a direct target of HCP5, with HMGA2 functioning downstream of miR-93-5p. miR-93-5p overexpression significantly suppressed HMGA2 expression, mirroring the anti-fibrotic effects of HCP5 silencing. Conversely, miR-93-5p inhibition or HMGA2 overexpression reverses these protective effects (111).

The activation of lncRNA–miRNA networks exhibits dual regulatory effects on GMCs proliferation, demonstrating both promotive and inhibitory capacities. For instance, studies have revealed significantly lower lncRNA-GAS5 expression in the renal tissues of type 2 diabetic patients with DN than in those without DN, showing negative correlations with DN severity markers (proteinuria and eGFR) (112). In DN rat models and HG-treated GMCs, GAS5 downregulation coincided with pathological manifestations including mesangial hyperplasia, enhanced collagen deposition, and elevated expression of fibrotic/inflammatory mediators (FN, Col-IV, and TGF-β1), GAS5 overexpression upregulated SIRT1 expression as well as normalized cell cycle progression in GMCs, concurrently suppressing apoptotic proteins p53 and p21. Conversely, KO-GAS5 exacerbated these pathological parameters (112). Mechanistic investigations have demonstrated that GAS5 directly sequesters miR-221, which normally suppresses its target gene, SIRT1. miR-221 inhibition reduced MC proliferation and expression of fibrotic markers, which was reversed by SIRT1 silencing (112).

To sum up, the lncRNA-HCP5/miR-93-5p/HMGA2 axis promotes DN progression through the activation of the AKT/mTOR pathway, driving inflammatory, apoptotic, and fibrotic cascades. By contrast, the lncRNA-GAS5/miR-221/SIRT1 axis counteracted these pathological processes by suppressing mesangial cell proliferation. This dual regulatory paradigm provides novel strategic insights for precision therapeutics in DN management, highlighting the therapeutic potential of targeting specific lncRNA–miRNA networks based on the disease stage and molecular profiles (Figure 5, Table 3).
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Figure 5 | The ceRNA network regulates the role of GMCs in the progression of DN through the cell death-fibrosis pathway. In addition, lncRNA-HCP5 up-regulated HMGA2 expression through sponge adsorption of miR-93-5p, which activated the AKT/mTOR pathway, promoted inflammation, apoptosis and fibrosis, and drove DN progression; whereas lncRNA-GAS5 deregulated the inhibition of SIRT1 through sponge adsorption of miR-221, inhibited the expression of inflammation and fibrosis-related factors and, delayed DN progression. In addition, circ_AKT3 deregulated the inhibition of E-cadherin by miR-296-3p through adsorption of miR-296-3p, which in turn inhibited ECM-associated protein synthesis and apoptosis and suppressed DN progression. And circ_LARP1B, by adsorbing miR-578, deregulated the inhibitory effect of miR-578 on TLR4, which in turn activated the inflammation axis and promoted DN progression. circ_0060077, circ_0068087, circ_TAOK1, circ_0003928, and hsa_circ_0003928 adsorbed miR-145-5p, miR-106a-5p, miR-142-3p, miR-31-5p, and miR-151-3p via sponge, promoted the expression of VASN, ROCK2, SOX6, MAPK6, and Anxa2, which exacerbated HG-induced renal tubular cell injury through the cell death-fibrosis pathway.


Table 3 | The ceRNA network regulates the role of renal cells in the progression of DN through the cell death-fibrosis pathway.
	Spongy molecule
	miRNA
	mRNA
	Mechanism of action
	Pathway
	Study subjects
	Functional experiments
	Result
	Refes



	lncRNA-
HCP5
	93-5p
	HMGA2
	Down-regulated: PARP, caspase-3
Up-regulated: Col-I/IV, FN, TNF-α, IL-6, IL-1β, p-AKT, p-mTOR
	Cell death
-Fibrosis
	Serum from DN patients and HG-treated HGMCs
	Gain
and loss
	Promoted fibrosis, inflammatory response while inhibiting apoptosis
	(111)


	lncRNA-
GAS5
	221
	SIRT1
	Down-regulated: FN, Col-IV, TGF-β1, p53, p21
	Kidney tissue of DN patients, DN rats and HG-treated MCs
	Gain
and loss
	Reduced fibrosis, inflammatory response, inhibited apoptosis
	(112)


	circ_
AKT3
	296-3p
	E-cadherin
	Down-regulated: caspase-3, Bax/Bcl-2, FN, Col-I, Col-IV
	db/db mouse kidney tissue and HG-treated GMCs
	Gain
	Reduced HG-induced apoptosis and fibrosis
	(17)


	circ_
LARP1B
	578
	TLR4
	Up-regulated: IL-6, TNF-α, IL-1β, IL-18, NLRP3, caspase-1
	Blood cells from DN patients and HG-induced MCs
	Gain
and loss
	Exacerbated pyroptosis, inflammation and cell proliferation
	(113)


	circ_
0060077
	145-5p
	VASN
	Down-regulated: Bcl-2, SOD
Up-regulated: Bax, caspase-3, ROS, MDA, IL-6, TNF-α, IL-1β, FN, Col-I/IV
	Serum from DN patients and HG-treated HK-2 cells
	Gain
and loss
	Inhibition of apoptosis, attenuation of OS and inflammatory responses, and alleviation of fibrosis
	(114)


	circ_
0068087
	106a-5p
	ROCK2
	(115)


	circ_
TAOK1
	142-3p
	SOX6
	(116)


	circ_
0003928
	31-5p
	MAPK6
	Down-regulated: Bcl-2, SOD
Up-regulated: Bax, TNF-α, IL-6, IL-1β, ROS, FN, TGF-β1, MDA
	DN patients and HG-treated HK-2 cells
	Gain
and loss
	Promoted apoptosis, OS, inflammatory response and fibrosis
	(117)


	hsa_circ
_0003928
	151-3p
	Anxa2
	Down-regulated: Bcl-2, SOD
Up-regulated: Bax, TNF-α, IL-6, IL-1β, ROS, FN, TGF-β1, MDA, caspase-3
	(118)







Emerging evidence has established apoptosis and inflammation as central pathogenic mechanisms in DN that play pivotal roles in disease acceleration and clinical deterioration. Recent advances have highlighted the ubiquitous involvement of ncRNAs in virtually all pathophysiological processes, including apoptotic regulation and cellular proliferation, that are directly relevant to DN progression (119, 120). Studies have revealed downregulation of circ_AKT3 and E-cadherin in the renal tissues of db/db mice and HG-treated GMCs, concomitant with miR-296-3p upregulation. A positive correlation was observed between circ_AKT3 and E-cadherin, whereas a negative correlation was observed between circ_AKT3 and miR-296-3p. Circ_AKT3 overexpression reduces the protein expression of caspase-3 and the Bax/Bcl-2 ratio, attenuates HG-induced apoptosis, and suppresses fibrotic protein accumulation in FN, Col-I, and Col-IV (17). Mechanistic studies showed that circ_AKT3 directly binds to miR-296-3p through complementary sequences, thereby effectively sequestering its activity. miR-296-3p in turn suppresses E-cadherin expression by targeting its 3′ UTR; therefore, E-cadherin overexpression reversed miR-296-3p-mediated enhancement of ECM deposition (17).

Distinct from apoptosis, pyroptosis is a novel pro-inflammatory apoptotic mechanism mediated by caspase-1 activation following NLRP3 inflammasome assembly, driving pyroptotic execution and inflammatory cytokine release (121, 122). Emerging evidence has implicated aberrant pyroptosis in DN pathogenesis, with ncRNAs critically regulating NLRP3 activation and pyroptosis pathways (4). For instance, studies identified significant upregulation of circ_LARP1B and TLR4 alongside downregulation of miR-578 in sera from patients with DN and in HG-stimulated renal GMCs. Overexpression of circ_LARP1B suppressed cellular proliferation, induced G0–G1 phase cell cycle arrest, and upregulated the expression of IL-6, TNF-α, IL-1β, and IL-18, as well as the pyroptosis-associated markers NLRP3 and caspase-1, thereby exacerbating pyroptosis and inflammatory pathology. Conversely, circ_LARP1B silencing promotes S-phase progression, attenuates pyroptotic cell death, and reduces inflammatory cytokine secretion (113). Mechanistically, TLR4 activation stimulated NLRP3 inflammasome formation and caspase-1 expression, thereby amplifying pyroptotic signaling. miR-578 directly suppresses TLR4 expression, with TLR4 overexpression negating the anti-inflammatory and anti-pyroptotic effects of miR-578; therefore, circ_LARP1B functions as a molecular sponge sequestering miR-578, thereby relieving miR-578-mediated TLR4 suppression. This cascade activates the TLR4/NLRP3/caspase-1 axis, ultimately accelerating the progression (113).

Collectively, circ_AKT3 deregulated the inhibition of E-cadherin by miR-296-3p through the adsorption of miR-296-3p, reducing the rate of HG-induced apoptosis and fibrosis-associated protein expression, whereas circ_LARP1B deregulated the inhibitory effect of miR-578 on TLR4 through the adsorption of miR-578, which in turn activated the TLR4/NLRP3/caspase-1 axis, promoting DN progression. The circRNA–miRNA–mRNA network plays a critical role in HG-induced apoptosis, pyroptosis, and fibrosis in renal GMCs (Figure 5, Table 3).




3.3.2 ceRNA network regulates the role of TECs in the progression of DN through the cell death–fibrosis pathway

Emerging evidence has identified significant upregulation of circ_0060077, circ_0068087, circ_TAOK1, VASN, ROCK2, and SOX6 in peripheral blood samples from patients with DN and HG-treated HK-2 cells. KO-circ_0060077, circ_0068087, or circ_TAOK1 consistently showed therapeutic efficacy by enhancing cellular proliferation; downregulating pro-apoptotic markers (Bax and cleaved caspase-3); reducing ROS, MDA, IL-6, TNF-α, IL-1β, FN, Col-I, and Col-IV; elevating anti-apoptotic Bcl-2 expression and SOD activity; and concurrently attenuating apoptosis, OS, inflammation, and fibrosis, thereby collectively ameliorating HG-induced HK-2 cell injury (114–116). Furthermore, miR-145-5p, miR-106a-5p, and miR-142-3p inhibited VASN, ROCK2, and SOX6 expression by binding to their respective 3′ UTRs. Inhibition of these miRNAs or overexpression of VASN, ROCK2, and SOX6 reversed the protective effects of circ_0060077, circ_0068087, and KO-circ_TAOK1 (114–116).

Emerging studies have identified concomitant upregulation of circ_0003928, hsa_circ_0003928, MAPK6, and Anxa2 with downregulation of miR-31-5p and miR-151-3p in both patients with DN and HG-treated HK-2 cells, whereas KO-circ_0003928 and hsa_circ_0003928 upregulated miR-31-5p and miR-151-3p expression, respectively, both increased Bcl-2 expression and decreased Bax, TNF-α, IL-6, IL-1β, and ROS expression (117, 118). In addition, KO-circ_0003928 also downregulated FN, TGF-β1, and MDA expression and increased SOD activity (117), whereas KO-hsa_circ_0003928 decreased HG-induced cell viability and downregulated cleaved-caspase-3 expression (118), but both KOs reduced apoptosis, inhibited OS, and inflammatory responses (117, 118). Furthermore, circ_0003928 directly targeted miR-31-5p, and miR-31-5p overexpression inhibited the AKT signaling pathway by inhibiting MAPK6 and thus the AKT signaling pathway; overexpression of MAPK6 in turn reversed the protective effect of miR-31-5p (117), whereas inhibition of miR-151-3p reversed the KO-hsa_circ_0003928 effect, and overexpression of miR-151-3p significantly inhibited mRNA and protein expression of Anxa2 (118).

As shown, circ_0060077, circ_0068087, and circ_TAOK1 promoted the expression of VASN, ROCK2, and SOX6 by sequestering miR-145-5p, miR-106a-5p, and miR-142-3p, respectively, thereby exacerbating HG-induced renal tubular cell injury. Circ_0003928 deregulated the inhibition of MAPK6 by the adsorption of miR-31-5p, which in turn activated the AKT signaling pathway, whereas hsa_circ_0003928 deregulated the inhibition of Anxa2 by the adsorption of miR-151-3p, which led to HG-induced apoptosis, fibrosis, inflammation, and OS (Figure 5, Table 3).

In summary, cell death (such as apoptosis and pyroptosis) is a key pathological factor leading to podocyte damage, whereas fibrosis caused by inflammation and OS is the core driving factor of mesangial cell damage. Furthermore, the pathological changes caused by inflammation, OS, apoptosis, and fibrosis are the key factors in tubular epithelial cell damage, indicating that the terminal pathology of renal cells (podocytes, GMCs, and TECs) are closely coupled, and the key to regulating DN progression is to block this pathological process (such as inflammation and apoptosis/fibrosis). The ceRNA network regulates DN progression by acting on its key downstream molecules to activate or inhibit inflammation, OS, the inflammation–OS axis, cell death, and fibrosis processes, suggesting that the key molecules downstream of the ceRNA network and the dynamic balance within the network are central to DN progression. Therefore, research on target molecules and dynamic balance within the network should be prioritized for disease prevention and treatment. In addition, different ceRNA networks can target and regulate downstream target molecules. Different lncRNAs can adsorb the same miRNAs in a sponge-like manner, whereas the same lncRNA can adsorb different miRNAs. Therefore, it is questionable whether different circRNAs can adsorb the same miRNA in a sponge-like manner, whether different miRNAs can be adsorbed by the same circRNA to exert their functions, or whether this regulatory network plays a role in diseases with similar pathological processes.






4 Extracellular ncRNAs interfere with DN progression

Exosomes carry biomolecules such as proteins, lipids, DNA, mRNA, miRNA, lncRNA, and circRNA, mediate intercellular communication, and participate in physiological and pathological processes such as tissue repair (123, 124). ncRNAs play important roles in many molecular processes in DN, such as gene expression, differentiation, cell cycle regulation, and immune responses (125). With the continuous advancement of exosome-related research, exosome ncRNAs can stably exist in human body fluids (such as serum and urine) under the protection of vesicle structures (126). Therefore, investigating serum- and urinary exosome-derived ncRNAs may represent a critical avenue for the prevention and management of DN.



4.1 Exosomes interfere with DN progression through miRNA

miRNAs are more stable, more specific, and less susceptible to degradation than lncRNAs and mRNAs in tissues, urine, and blood and can be encapsulated in exosomes, which carry and release them into target cells or tissues to exert their effects (127). However, compared to free miRNAs in urine, miRNAs produced by urinary exosomes (UExos) are resistant to endogenous RNase activity, highly stable, and cannot be confused with miRNAs that pass through the glomerular filtration barrier (128). Therefore, UExos miRNAs may be more accurate diagnostic indicators of the disease.

In recent years, increasing evidence has suggested that urinary exosomes miRNAs are involved in the development and progression of DN. For example, Wang et al. found that the expression of miRNA-615-3p was upregulated in the urine exosomes of patients with T2DM and DN, and the expression of miRNA-615-3p in the urine exosomes of DN patients was more significant (129). Additionally, clinically relevant results showed that the expression levels of urinary exosome miRNA-615-3p were positively correlated with serum creatinine (Scr), urea, protein-to-creatinine ratio (PCR), 24-hour urine protein, cystatin C, and TGF-β1, and negatively correlated with eGFR and albumin (129), it shows that miRNA-615-3p in urine exosomes is a key molecule regulating DN.

Zhang et al. showed in vitro experiments that miR-516b-5p derived from urinary exosomes of DN patients was significantly upregulated, with increased expression of IL-18 and IL-1β, as well as enhanced activity of Caspase-1 and NLRP3, the SIRT3/AMPK signaling pathway was inactivated; however, these effects were partially reversed by silencing miR-516b-5p (130). Furthermore, SIRT3 was identified as a target gene of miR-516b-5p, and SIRT3 overexpression reversed the effects of DN-Exo and miR-516b-5p mimics (130). This indicates that urinary exosome miR-516b-5p promotes inflammatory responses and activates NLRP3 inflammasomes through the SIRT3/AMPK pathway, playing a key role in DN, the study also found that urinary exosomes containing miR-145-5p in patients with DN promote podocyte apoptosis by inhibiting Srgap2 and subsequently activating the RhoA/ROCK signaling pathway, however, the presence of miR-145-5p inhibitors or Srgap2 overexpression partially reversed this effect (130). This suggests that exosomal miR-145-5p may play a role in the pathological process of DN. This suggests that urinary extracellular miRNA-615-3p, miR-516b-5p, and miR-145-5p may serve as novel non-invasive biomarkers for assessing DN progression, enabling early intervention to improve clinical management (Figure 6).
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Figure 6 | Exosomes interfere with DN progression through miRNA intervention. In DN patients, urinary exosome-derived miR-615-3p and miR-516b-5p are significantly upregulated.miR-615-3p expression positively correlates with Scr, urea, PCR, 24-hour urinary protein, cystatin C, and TGF-β1 levels, while negatively correlating with eGFR and albumin. miR-516b-5p upregulation significantly increases IL-18, IL-1β, caspase-1, and NLRP3 activity while inactivating the SIRT3/AMPK signaling pathway. SIRT3 is a direct target of miR-516b-5p, and either SIRT3 overexpression or miR-516b-5p silencing reverses these pathological effects. Additionally, urinary exosomal miR-145-5p in DN patients promotes podocyte apoptosis by suppressing Srgap2 and subsequently activating the RhoA/ROCK pathway. This effect is reversed by either miR-145-5p inhibitors or Srgap2 overexpression.

In addition to urine exosomes containing miRNAs, blood also contained miRNAs (Figure 6). miR-4449 is a carrier of exosomes in the serum of patients with DN, and its levels increase with the progression of DN. In addition, DN exosomes and miR-4449 treatment promote the secretion of IL-1β and IL-18 by renal cells, ROS accumulation, and pyroptosis, as well as significantly increase the expression of HIC-1, GSDMD-N, and NLRP3 (131). However, in the presence of a miR-4449 inhibitor, IL-1β and IL-18 section significantly reduced in DN-conditioned cell culture and pyroptosis in DN-conditioned cells was inhibited (131). This indicated that DN exosomes promote pyroptosis in HK-2 cells by transmitting miR-4449, which plays a key role in the pathogenesis of DN. In addition, studies by Wang et al. showed that plasma exosomes miR-320a and miR-27a are closely associated with metabolic syndrome and T2DM and are also closely related to the development of insulin resistance (132). Backes et al. revealed that compared to DM patients without DN, DM patients with DN had elevated levels of plasma exosomal miR-21 and miR-126 (133). This suggests that blood exosomal miR-4449, miR-320a, miR-27a, miR-21, and miR-126 are promising biomarkers for the diagnosis of DN.




4.2 Exosomes intervene in DN progression through the circRNA–miRNA–mRNA network

Fibrosis, apoptosis, inflammation, and OS are the key drivers of DN development. Renal cells, including mesangial and tubular epithelial cells, are important targets for DN (4–6). Therefore, regulation of these drivers and target tissues is crucial for the prevention and treatment of DN. Exosomes are important carriers of circRNAs. By forming a ‘transport carrier-functional molecule’ synergistic system with circRNA–miRNA–mRNA, exosomes can regulate fibrosis, apoptosis, inflammation, and OS, thereby participating in the progression of DN (134, 135). Therefore, investigating the exosomal circRNA–miRNA–mRNA network that can block fibrosis, apoptosis, inflammation, and OS to alleviate renal cell damage is a key approach for preventing and treating DN.



4.2.1 Exosomes regulate fibrosis through the circRNA–miRNA–mRNA network to intervene in DN progression

Clinical studies have identified significant up-regulation of circ_0125310 in both serum and renal tissues of DN patients, demonstrating a positive correlation with proteinuria severity (136). In vitro studies revealed that HG-stimulated GMCs secrete exosomes enriched with circ_0125310, which undergo efficient cellular internalization, Notably, exposure to HG-conditioned GMCs exosomes induced: increased EdU-positive cell proportion; elevated G2/M phase cell population; up-regulated fibrotic markers p-cadherin, ZO-1, crucially, KO-circ_0125310 reversed these pro-fibrotic effects, confirming exosomal circ_0125310 role in promoting MC proliferation and ECM remodeling (136). Furthermore, circ_0125310 directly binds to miR-422a and inhibits its expression, miR-422a targets the 3’ UTR of IGF1R and inhibits its expression, and overexpression of IGF1R activates the downstream p38 signaling pathway, in addition, circ_0125310 overexpression in turn upregulates the miR-422a-dependent IGF1R/p38 axis, promoting GMCs proliferation and fibrosis (136). Suggests that HG-induced exosomes from GMCs promote MCs proliferation and fibrosis by delivering circ_0125310, adsorbing miR-422a, deregulating its inhibition of IGF1R, and activating the p38 signaling pathway.

Li et al. also found that circ_TAOK1 was greatly elevated in exosomes secreted by HG-treated GMCs and serum exosomes from DN patients, with significant up-regulation of the levels of PCNA, cytokinin D1, α-SMA, FN, N-cadherin, and SMAD3 and significant down-regulation of the level of E-cadherin, which promoted the proliferation, fibrosis, accelerated fibrosis and EMT, while KO-circTAOK1 reversed the above effects, suggesting that exosomal circ_TAOK1 promotes GMC injury (137). Furthermore, it was found that circ_TAOK1 directly binds to miR-520h and represses its expression, which in turn targets the 3’ UTR of SMAD3 and represses its transcription, and furthermore, KO-miR-520h or overexpression of SMAD3 in turn reverses the protective effect of KO-circTAOK1 on GMC (137). From the above, it can be seen that exosomal circ_TAOK1 delivery to GMC, by adsorbing miR-520h, deregulates its inhibition of SMAD3, which in turn promotes GMC proliferation, fibrosis and EMT.

It was also found that miR-143 expression was greatly down-regulated in HG-treated GMCs, DN patient serum and DN rat kidneys, exosomal circ_DLGAP4 expression was significantly elevated and positively correlated with UAER and eGFR, overexpression of circ_DLGAP4 up-regulated EdU positivity, and significantly promoted the proliferation of GMCs, G2/M phase of the cell cycle block, and fibrosis markers p-cadherin, Mcp-1 expression, and promoted GMCs injury, while KO-circ_DLGAP4 reversed the above phenotypes (138). It was also found that miR-143 is a direct target of circ_DLGAP4 and ERBB3 is a downstream target gene of miR-143. miR-143 inhibits the expression of ERBB3 by binding to its 3’ UTR, whereas circ_DLGAP4 up-regulates ERBB3 through the inhibition of miR-143, which in turn activates the NF-κB pathway and induces MMP-2 expression, exacerbating fibrosis (138). It suggests that exosomal circ_DLGAP4 exacerbates DN progression by adsorbing miR-143 to deregulate ERBB3 and activating the NF-κB/MMP-2 pathway to promote thylakoid proliferation and fibrosis.

Similarly, exosomes circ_0125310, circ_TAOK1 and circ_DLGAP4 up-regulated IGF1R, SMAD3 and expressed ERBB3 through sponge adsorption of miR-422a, miR-520h and miR-143, respectively, where circ_0125310/miR-422a/IGF1R axis activation in turn up-regulated its downstream p38 signaling pathway, whereas activation of the circ_DLGAP4/miR-143/ERBB3 axis up-regulated the NF-κB/MMP-2 pathway, both of which contributed to fibrosis via the circRNA-miRNA-mRNA network, thereby exacerbating DN progression (Figure 7, Table 4).
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Figure 7 | Exosomes intervene in DN progression through the circRNA-miRNA-mRNA network. Exosomes circ_0125310, circ_TAOK1 and circ_DLGAP4 up-regulated IGF1R, SMAD3 and expressed ERBB3 through sponge adsorption of miR-422a, miR-520h and miR-143, respectively, where activation of the circ_0125310/miR-422a/IGF1R axis in turn up-regulated its downstream p38 signaling pathway, whereas activation of the circ_DLGAP4/miR-143/ERBB3 axis up-regulated the NF-κB/MMP-2 pathway, both of which promoted fibrosis and GMCs proliferation via the circRNA-miRNA-mRNA network, thereby exacerbating DN progression. In addition, exosomes circ_0008529 and circ_NUP98 up-regulated SMAD2 and HMGA2 through sponge adsorption of miR-185-5p and miR-151-3p, respectively, which promoted cell proliferation, fibrosis, and inflammation and accelerated DN progression.


Table 4 | Exosomes intervene in DN progression through the circRNA-miRNA-mRNA network.
	Spongy molecule
	miRNA
	mRNA
	Mechanism of action
	Pathway
	Study subjects
	Functional experiments
	Result
	Refes



	circ_
0125310
	422a
	IGF1R
	Up-regulated: EdU, G2/M, p-cadherin, ZO-1, p38
	Fibrosis
	HG-induced MCs exosomes
	Gain
	Promoted proliferation and fibrosis of GMCs
	(136)


	circ_
TAOK1
	520h
	SMAD3
	Down-regulated: E-cadherin
Up-regulated: PCNA, CCND1, α-SMA, FN, N-cadherin, SMAD3
	Exosomes secreted by GMC treated with HG and exosomes in serum from DN patients
	Gain
and loss
	Promoted fibrosis and EMT
	(137)


	circ_
DLGAP4
	143
	ERBB3
	Up-regulated: EdU, G2/M, p-cadherin, Mcp-1, NF-κB, MMP-2
	HG-treated MCs, serum from DN patients, and kidneys from DN rats
	Gain
and loss
	Promoted proliferation and fibrosis of GMCs
	(138)


	circ_
0008529
	185-5p
	SMAD2
	Up-regulated: caspase-3, TNF-α, IL-6, FN, Col-I, α-SMA
	Apoptosis, inflammation, and fibrosis
	HG-stimulated HK-2 cells and exosomes from the urine of DN patients
	Gain
	Promoted apoptosis, inflammation and fibrosis in renal tubular cells
	(139)


	circ_
NUP98
	151-3p
	HMGA2
	Down-regulated: caspase-3, SOD
Up-regulated: FN, Col-IV, Bcl-2, TNF-α, IL-6, IL-1β, ROS, MDA
	DN patients’ serum and HG-stimulated GMCs
	Gain
and loss
	Inhibition fibrosis, inflammatory response and OS, promoted apoptosis
	(140)










4.2.2 Exosomes regulate apoptosis, inflammation, and fibrosis through the circRNA–miRNA–mRNA network to intervene in DN progression

In HG-stimulated HK-2 cells and urinary exosomes from DN patients, circ_0008529 and SMAD2 expression were significantly up-regulated, and miR-185-5p expression was down-regulated. KO-circ_0008529 increased cell viability, inhibited caspase-3 activation, and reduced cell cycle arrest, TNF-α, IL -6 release and FN, Col-I, and α-SMA accumulation (139). In addition, inhibition of miR-185-5p or overexpression of SMAD2 up-regulated circ_0008529 expression, reversed the protective effect of KO-circ_0008529 on HK-2 cells, and exacerbated cellular injury, whereas circ_0008529 directly bound miR-185-5p and sponged to deregulate the effect of miR-185-5p on the SMAD2 inhibition (139). It is shown that exosome circ_0008529 upregulates SMAD2 expression through adsorption of miR-185-5p, promotes renal tubular cell apoptosis, inflammation and fibrosis, and exacerbates DN progression.

It was also found that exosomal circ_NUP98 expression was significantly elevated and miR-151-3p expression was marked reduction in serum and HG-stimulated GMCs from DN patients, KO-circ_NUP98 inhibited HG-induced cell proliferation, down-regulated FN, Col-IV, Bcl-2, TNF-α, IL-6, IL-1β, ROS and MDA, up-regulated cleaved-caspase3, SOD, inhibited fibrosis, inflammatory response and OS, promoted apoptosis, and attenuated HG-induced injury in HMCs, whereas inhibition of miR-151-3p or overexpression of HMGA2 both reversed the protective effect of KO-circ_NUP98 on HMCs (140). Furthermore, it was found that miR-151-3p directly targets HMGA2, whereas circ_NUP98 can upregulate HMGA2 expression by inhibiting miR-151-3p, and HMGA2 overexpression reverses the protective effect of miR-151-3p, revealing that circ_NUP98 upregulates HMGA2 expression by adsorbing miR-151-3p that promotes HG-induced proliferation, fibrosis and inflammation and OS in HMCs (140).

Ultimately, targeted inhibition of the circ_0008529/miR-185-5p/SMAD2 and circ_NUP98/miR-151-3p/HMGA2 axis is one of the pathways to inhibit HG-induced cell proliferation, fibrosis, and inflammation, which helps to provide a new perspective for the mechanistic study and treatment of DN (Figure 7, Table 4).





4.3 Stem cell exosomes intervene in DN progression through ncRNA networks

Stem cells have unlimited or immortal self-renewal capabilities and can produce at least one highly differentiated offspring (141). Stem cell-derived exosomes encapsulate the activity of parent cells and are smaller and simpler than the cells themselves (142). Therefore, stem cell-derived exosomes have become a popular topic in medical research in recent years.

Several studies have shown that stem cell-derived exosomal ncRNAs participate in the pathophysiology of DN. For example, in a DN rat model, circ_ATG7 derived from urinary stem cells (USCs) was significantly downregulated, overexpression of circ_ATG7 significantly alleviated kidney damage in DN rats; however, after knocking out circ_ATG7 derived from USCs, the improvement in kidney function and therapeutic effect in DN rats were lost (143). circ_ATG7 can target miR-4500 and regulate the SOCS1/STAT3 signaling pathway through miR-4500, thereby inhibiting the release of inflammatory factors and promoting the conversion of macrophage phenotype from M1 to M2, thus inhibiting DN progression (143). In addition, human urine-derived stem cells (hUSCs) have been shown to have great potential in the treatment of DM (144). Under HG conditions, exo-miR-16–5p released by hUSCs alleviates foot cell apoptosis in rats with DN and improves foot cell proliferation by inhibiting VEGFA expression (145). Furthermore, Zhong et al. found that miR-451a in hUCMSCs-Exo not only enhances the viability of HK-2 cells from DN mice and reduces their damage, but also downregulates α-SMA and upregulates E-cadherin expression, thereby helping to restart the blocked cell cycle, miR-451a can also inhibit the expression of P15 and P19 by targeting their 3′UTR regions, and reverse EMT both in vivo and in vitro, thereby inhibiting renal fibrosis (146). In addition, The study also found that miR-451a in hUCMSCs-Exo can reduce renal fibrosis by downregulating p15INK4b and p19INK4d, significantly improving renal pathological changes (146) (Table 5).


Table 5 | The regulatory role of stem cell-derived exosomes and their ncRNA in DN.
	Exosome origin
	Carried ncRNA
	Mechanism of action
	Effects
	Model
	Refs



	USC
	Exo-circ_
ATG7
	USC-derived exosomes Circ_ATG7 regulate the SOCS1/STAT3 signaling pathway by targeting miR-4500, thereby inhibiting the release of inflammatory factors and promoting the conversion of macrophage phenotype from M1 to M2.
	Reduced renal damage in DN rats and inhibited DN progression
	DN rats
	(143)


	hUSCs
	Exo-miR-
16-5p
	Exo-miR-16–5p released by hUSCs suppresses VEGFA expression.
	Reduce podocytes apoptosis and promote podocytes proliferation
	DN rats
	(145)


	Exo-miR-
451a
	Exo-miR-451a not only downregulates α-SMA, p15INK4b, and p19INK4d and upregulates E-cadherin expression, but also targets the 3′UTR regions of P15 and P19 to inhibit their expression, thereby reversing EMT in vivo and in vitro.
	Reduce renal fibrosis and significantly improve renal pathological changes.
	DN mice and HK-2 cells
	(146)


	ADSCs
	Exo-miR-
26a-5p
	Exo-miR-26a-5p inactivated the NF-κB pathway and downregulated VEGFA expression by targeting TLR4.
	Protecting HG-induced MP5 cells from damage and exerting a protective effect on DN
	MP5 cells
	(147)


	Exo-miR-
251-5p
	Exo-miR-251-5p inhibits transcription factor ZEB2
	Inhibition of HG-induced EMT
	podocytes
	(148)


	Exo-miR-
125a
	Exo-miR-125a directly acts on histone deacetylase 1, activates endothelin-1, and reduces blood glucose levels, serum creatinine, and 24-hour proteinuria in DN rats.
	Inhibition of mesangial proliferation and renal fibrosis
	DN rats
	(149)


	BMSCs
	Exo-miR-
30e-5p
	Exo-miR-30e-5p targets ELAVL1 and inhibits ELAVL1 expression.
	Inhibited ferroptosis in HK-2 cells
	HK-2 cell
	(150)


	hP-MSCs
	Exo-miR-99b-5p
	hP-MSCs-Exo-miR-99b-5p increases autophagy activity and reduces GMC proliferation and ECM accumulation by targeting and inhibiting mTOR signaling.
	Reduced renal fibrosis in DN and improved renal function
	DM rats, MCs cells
	(151)







This study also showed that adipose-derived mesenchymal stem cells (ADSCs) intervene in DN progression by secreting ncRNA exosomes. Peng et al. reported that Exo-miR-125a secreted by ADSCs could improve damaged mesangial cells (152). Exo-miR-26a-5p derived from ADSCs protects HG-induced MP5 cells from damage by targeting TLR4, inactivating the NF-κB pathway, and downregulating vascular endothelial growth factor A, thereby exerting a protective effect on DN (147). Additionally, ADSC-Exos can carry miR-251-5p into podocytes, potentially inhibiting ZEB2 transcriptional repression and thereby suppressing HG-induced EMT (148). In addition, Hao revealed that ADSCs Exos, by carrying miR-125a, can directly act on histone deacetylase 1, thereby regulating the activation of endothelin-1, leading to a decrease in blood glucose levels, serum creatinine, and 24-hour urine protein excretion in DN rats and inhibition of mesangial proliferation and renal fibrosis (149). These studies suggest that the intervention effect of ADSCs-Exo on DN progression may be closely related to the miRNAs they carry, providing multiple targets and pathways for the treatment of DN (Table 5).

In addition, MSC-Exos exert a significant regulatory effect on DN progression by promoting tissue repair, inhibiting fibrosis, and reducing inflammation. BMSC-Exos, another type of MSC-Exos, also demonstrated regulatory potential in DN progression. For example, depletion of miR-30e-5p derived from BMSC-Exos promotes ferroptosis in HK-2 cells, and ELAVL1 is a target of miR-30e-5p. Overexpression of miR-30e-5p or KO-ELAVL1 reversed the effects of BMSC-Exos on HK-2 cells, indicating that inhibiting BMSCs-Exo-miR-30e-5p is one of the pathways for preventing and treating DN (150). In addition, human placental mesenchymal stem cells (hP-MSCs) also play an important regulatory role in DN. Li et al. found that hP-MSCs-Exo-miR-99b-5p target and inhibit mTOR signaling, thereby increasing autophagy activity and reducing proliferation and ECM accumulation in GMCs of diabetic mice and HG-treated mice, significantly alleviating renal fibrosis in DN and improving renal function (151) (Table 5).

As a whole, exosomes provide the possibility of cell-free therapy, thereby minimizing the safety issues associated with live cell administration. By contrast, stem cell-derived exosomes protect primary victims of DN (such as podocytes, TECs, and GMCs). Therefore, stem cell-derived exosomes can be considered a potential therapeutic approach for DN and hold great promise for DN treatment.





5 Targeted regulation of ncRNA as intervention in DN progression

To date, no specific treatment exists for DN. Traditional treatments include controlling blood sugar and blood pressure, limiting protein intake, reducing fat intake, lowering blood sugar and blood pressure, and maintaining water, electrolyte, and acid–base balance (25, 26). These treatments are ineffective in preventing the progression of DN and increase the risk of adverse reactions such as acute kidney injury and hyperkalaemia (153). Therefore, new therapies are urgently needed to improve kidney function in DN and reduce its progression rate.



5.1 Biomolecule-targeted regulation of the ceRNA network intervenes in DN progression

In recent years, the proposition of the ceRNA mechanism has established targeted intervention in ceRNA networks as a novel therapeutic strategy for DN (154, 155). Research has revealed that biomolecules, functioning as operational executors of biological processes, constitute sophisticated regulatory networks through dynamic interactions, playing a pivotal role in modulating DN progression through ceRNA network interventions (Figure 8, Table 6). For instance, studies have demonstrated that lncRNA-Rmrp is remarkably up-regulated in the kidneys of DN mice and HG-treated GMCs. Rmrp overexpression markedly promoted MC proliferation and fibrosis, whereas Rmrp inhibition reversed these effects (156). Research further revealed that Sp1 transcription factor overexpression up-regulated Rmrp expression, while KO-Sp1 produced the opposite outcome, indicating transcriptional regulation of Rmrp by Sp1 (156). Moreover, investigations identified JunD as being up-regulated in DN and serving as a direct target of miR-1a-3p. This microRNA suppressed MC proliferation and fibrosis through JunD inhibition, with KO-JunD counteracting the pro-proliferative and pro-fibrotic effects induced by Rmrp overexpression (156). Collectively, these findings demonstrate that transcription factor Sp1 facilitates DN progression by modulating the lncRNA-Rmrp/miR-1a-3p/JunD axis: Sp1-mediated regulation of Rmrp enables competitive binding to miR-1a-3p, thereby relieving miR-1a-3p’s suppression of JunD and ultimately promoting MC proliferation and fibrosis. Therefore, targeting and inhibiting the transcription factor Sp1 to intervene in the lncRNA-Rmrp/miR-1a-3p/JunD axis provides a new approach for treating DN.

[image: Diagram showing signaling pathways influenced by various compounds like Sp1, Germacrone, Astragaloside IV, and others on kidney cells. Includes interactions with lncRNAs, circRNAs, proteins, and cellular processes such as apoptosis, oxidative stress, and mitochondrial disorder. Arrows indicate promotion or inhibition within pathways affecting podocytes, MCs, and other kidney-related elements.]
Figure 8 | Targeted regulation of ncRNA intervenes in DN progression. The transcription factor Sp1 competes for binding to miR-1a-3p by regulating lncRNA-Rmrp, deregulating the inhibitory effect of miR-1a-3p on JunD, promoting MC proliferation and fibrosis, and thus driving DN progression. Germacrone reverses mmu_circRNA_0000309/miR-188-3p/GPX4 axis activation damage to podocytes. In addition, Astragaloside IV promoted the ubiquitinated degradation of TRAF5 protein by up-regulating lncRNA-TUG1, thereby reducing podocyte apoptosis and ameliorating DN pathology. Astragalus polysaccharide promoted autophagy and inhibited renal fibrosis by targeting the lncRNA-Gm41268/PRLR pathway; Dendrobium polysaccharide slowed down the process of renal interstitial fibrosis in DN by inhibiting the expression of LncRNA-XIST, which in turn down-regulated TGF-β1 and its downstream pro-fibrotic signals Smad2/3. Emodin inhibited the NF-κB and PI3K/AKT pathways by regulating the circ_0000064/miR-30c-5p/Lmp7 axis, thereby alleviating HG-induced OS, inflammation, and fibrosis in thylakoid cells. Coptis chinensis reversed EMT and fibrosis and ameliorated DN pathological process by inhibiting lncRNA-CLYBL/miR-204-5p/SNAI1 axis. JPDT-1 improved DN through TGF-β1/SGK1/LncRNA-LOC498759 axis.


Table 6 | Targeted regulation of ncRNA intervenes in DN progression.
	Biomolecule/ TCM
	Spongy molecule
	miRNA
	mRNA
	Study subjects
	Functional experiments
	Mechanism of action
	Refs



	Sp1
	lncRNA-
Rmrp
	1a-3p
	JunD
	DN mouse kidneys and HG-treated MCs
	Gain
and loss
	Down-regulated: MC proliferation, fibrillation
	(156)


	Germacrone
	mmu_circRNA_0000309
	188-3p
	GPX4
	DN mice and MPC5 cells
	Loss
	Down-regulated: Ucr, Nephrin, Podocin, FTH1, GSH
Up-regulated: 24hUP, BUN, Scr, BUA, ROS, COX2, ACSL4, NOX1
	(157)


	Astragaloside IV
	lncRNA-
TUG1
	/
	TRAF5
	DN rats and HG-induced podocytes
	Gain
and loss
	Down-regulated: Apoptosis rate, cleaved caspase-3
	(158)


	Astragalus polysaccharides (APS)
	lncRNA-
Gm41268
	/
	PRLR
	db/db mouse kidney and HG-induced NRK-52E
	Loss
	Down-regulated: 24hUP, FBG, OGTT, p-mTOR, p62, TGF-β, Col-IV, FN
Up-regulated: LC3-II/I
	(30)


	Dendrobium polysaccharides
	LncRNA-
XIST
	/
	TGF-β1
	db/db mouse kidney tissue
	Loss
	Down-regulated: FBG, urinary protein excretion rate, BUN, Cys-C, TGF-β1, COL-I, COL-IV, α-SMA, Smad2/3
	(159)


	Emodin
	circ_
0000064
	30c-5p
	Lmp7
	HG-induced MCs
	Gain
and loss
	Down-regulated: MDA, ROS, IL-1β, IL-6, TNF-α, FN, Col-I, NF-κB, PI3K/AKT
Up-regulated: SOD
	(160)


	Coptis chinensis
	lncRNA-
CLYB
	204-5p
	SNAI1
	DN patients, mouse serum, and HK-2 cells
	Gain
and loss
	Down-regulated: FN, α-SMA, ASK1
	(161)


	Jixuepaidu Tang-1
(JPDT-1)
	LncRNA-LOC498759
	/
	TGF-β1/SGK1
	DN mouse kidney tissue and HG-stimulated podocytes
	Gain
and loss
	Down-regulated: desmin, vimentin, TGF-β1, SGK, 24hUP, HG, ECM, apoptosis
Up-regulated: nephrin, P-cadherin
	(162)







Beyond targeting the lncRNA/miRNA/mRNA axis to regulate DN progression, biomolecules can also exert similar therapeutic effects through modulation of the circRNA/miRNA/mRNA axis. Jin et al. demonstrated that mmu_circRNA_0000309 expression was significantly reduced in DN mice and MPC5 cells, concomitant with elevated 24-hour proteinuria, renal function indices BUN, Scr, BUA, ROS/lipid ROS production, and ferroptosis-related proteins COX2, ACSL4, NOX1, alongside decreased Ucr levels, podocyte foot process markers Nephrin, Podocin, and antioxidant indicators FTH1, GPX4, GSH. Germacrone intervention reversed these pathological changes and ameliorated DN progression, whereas KO-mmu_circRNA_0000309 or miR-188-3p mimics abolished Germacrone’s anti-apoptotic and cytoprotective effects (157). Mechanistic investigations revealed miR-188-3p as a sponge target of mmu_circRNA_0000309, with circRNA KO significantly enhancing miR-188-3p expression. Furthermore, GPX4 was identified as a downstream target of miR-188-3p through direct binding, exhibiting positive correlation with mmu_circRNA_0000309 levels (157). This molecular axis delineates a ceRNA regulatory mechanism wherein mmu_circRNA_0000309 functions as a miR-188-3p sponge, subsequently elevating GPX4 bioavailability to mitigate ferroptotic mitochondrial damage and attenuate podocyte apoptotic signaling – establishing a novel pathomechanistic framework for DN therapeutics (Figure 8, Table 6).




5.2 Targeted regulation of ncRNA network by TCM intervenes in DN progression

The escalating prevalence of DN has intensified the demand for improved therapeutic strategies. While conventional Western pharmaceuticals demonstrate partial efficacy, their associated adverse effects have diminished patient acceptance and compliance, necessitating the development of safer, more effective, and cost-efficient therapeutic alternatives (163, 164). Advances in molecular biological techniques have revealed that TCM operates through a ‘multi-component, multi-target, multi-pathway’ regulatory paradigm. This systemic approach not only enables targeted modulation of ncRNAs or ceRNA networks - harmonizing holistic regulation with precision medicine principles - but also offers superior safety and cost-effectiveness compared to conventional drug therapies, thereby enhancing patient receptiveness to TCM-based interventions (165–167). Moreover, bioactive TCM constituents (both single agents and compound formulations) have demonstrated unique therapeutic advantages in DN management by targeting ncRNA/ceRNA networks to impede disease progression. Their mechanisms of action exhibit remarkable congruence with core TCM theoretical tenets of ‘holistic perspective’ and ‘dynamic equilibrium’, further validating their clinical relevance (168, 169).



5.2.1 Herbal monomers targeting and regulating ncRNAs intervene in DN progression

Experimental investigations revealed significantly elevated TRAF5 levels and reduced lncRNA-TUG1 expression in both DN rat models and HG-induced podocytes. Astragaloside IV treatment effectively reversed these pathological alterations (158). Mechanistic studies further demonstrated physical interaction between TUG1 and TRAF5, with TUG1 overexpression specifically promoting TRAF5 degradation via the ubiquitin-proteasome pathway. Notably, TUG1 transfection counteracted Astragaloside IV’s suppressive effects on TRAF5, confirming that Astragaloside IV inhibits TRAF5 expression through TUG1 up-regulation (158). Additionally, HG conditions markedly increased podocyte apoptosis rates and caspase-3 protein levels, both of which were significantly attenuated by Astragaloside IV treatment, TUG1 transfection abolished this cytoprotective effect (158). These findings collectively demonstrate that Astragaloside IV ameliorates DN progression by enhancing lncRNA-TUG1-mediated ubiquitin-proteasomal degradation of TRAF5 protein, thereby reducing podocyte apoptosis.

Furthermore, in vivo studies revealed that db/db mice exhibited mesangial expansion, glomerular basement membrane thickening, increased fibrosis, and tubulointerstitial fibrosis in the kidney tubular region, these animals also demonstrated significantly elevated 24-hour urinary protein levels, fasting blood glucose concentrations, and area under the curve (AUC) values in oral glucose tolerance tests (OGTT), along with marked up-regulation of lncRNA-Gm41268 and PRLR expression (30). Both in vivo and in vitro experiments demonstrated that Astragalus polysaccharide treatment effectively reversed these pathological alterations, ameliorated renal impairment, and concurrently reduced p-mTOR, p62, TGF-β, Col-IV, and FN, the intervention notably enhanced the LC3-II/I ratio, indicating that Astragalus polysaccharides (APS) alleviated HG-induced autophagy inhibition and renal fibrosis (30). Crucially, subsequent investigations revealed that either pharmacological inhibition of Gm41268 or genetic KO-PRLR abolished the renal protective effects mediated by APS (30). Collectively, these findings demonstrate that APS mitigate DN progression by enhancing autophagy and suppressing renal fibrosis through targeted modulation of the lncRNA-Gm41268/PRLR signaling pathway.

Furthermore, investigations demonstrated significantly elevated expression of LncRNA-XIST and TGF-β1 in renal tissues of db/db mice, with notable co-localization observed between XIST and TGF-β1 (159). Intervention with Dendrobium polysaccharides or KO-XIST substantially attenuated renal pathological manifestations, manifesting attenuation of tubulointerstitial fibrotic lesions, amelioration of GMCs hypertrophy, and preservation of podocyte foot process architecture (159). These interventions significantly decreased fasting blood glucose levels, urinary protein excretion rate, BUN, Cys-C concentrations, and kidney-to-body weight ratio. Concurrently, marked down-regulation was observed in XIST and TGF-β1 expression, alongside reduced levels of fibrosis biomarkers COL-I, COL-IV, α-SMA, and phosphorylated Smad2/3, indicating suppression of the TGF-β1/Smad2/3 signaling pathway (159). These findings collectively suggest that Dendrobium polysaccharides mitigate DN progression by inhibiting LncRNA-XIST expression, thereby downregulating TGF-β1 and its downstream profibrotic effector Smad2/3, ultimately delaying renal interstitial fibrosis in DN.

As natural small-molecule compounds, herbal monomers not only modulate ncRNA expression to influence DN progression but also regulate ceRNA networks to intervene in DN pathogenesis. For instance, studies demonstrated that under HG conditions, elevated levels of MDA, ROS, IL-1β, IL-6, TNF-α, FN, and Col-I were observed alongside reduced SOD activity, these alterations intensified OS, inflammatory responses, fibrotic processes, and cellular damage, all of which were dose-dependently reversed by emodin treatment (160). Mechanistically, HG-induced up-regulation of circ_0000064 expression was suppressed by emodin. Crucially, overexpression of circ_0000064 abolished the protective effects of emodin, while circ_0000064 was shown to directly bind miR-30c-5p and inhibit its activity. miR-30c-5p itself targets the 3’ UTR of Lmp7 to suppress its expression (159). KO-circ_0000064 or overexpression of miR-30c-5p significantly reduced Lmp7 levels, ameliorating HG-induced cellular injury. Furthermore, emodin counteracted HG-induced activation of the NF-κB and PI3K/AKT pathways by inhibiting Lmp7, whereas Lmp7 overexpression neutralized emodin’s suppressive effects on these pathways (160). Collectively, these findings demonstrate that emodin alleviates HG-induced mesangial cell OS, inflammation, and fibrosis through modulation of the circ_0000064/miR-30c-5p/Lmp7 axis, thereby suppressing NF-κB and PI3K/AKT signaling.

Cai et al. demonstrated significantly down-regulated miR-204-5p and up-regulated SNAI1 and lncRNA-CLYBL-AS2 in the serum of DN patients and murine models, CLYBL-AS2 exhibited a negative correlation with miR-204-5p and a positive association with SNAI1 expression and DN staging (161). Under HG conditions, CLYBL-AS2 overexpression in HK-2 cells reduced miR-204-5p levels while elevating SNAI1 expression, thereby promoting cellular migration, invasion, and the expression of fibrotic biomarkersFN, α-SMA, and ASK1. Conversely, KO-CLYBL-AS2 suppressed these pathological phenotypes (161). Dual-luciferase reporter assays confirmed that CLYBL-AS2 shares binding sites with miR-204-5p, competitively inhibiting miR-204-5p-mediated targeting of SNAI1, Intervention with Coptis chinensis significantly reduced CLYBL-AS2 expression in DN mice in a dose-dependent manner (161). These findings indicate that Coptis chinensis ameliorates DN progression by suppressing the lncRNA-CLYBL-AS2/miR-204-5p/SNAI1 axis, thereby reversing EMT and fibrotic processes.

Overall, herbal monomers regulate DN progression by modulating ncRNA expression or interfering with ceRNA networks (Figure 8, Table 6). This discovery not only expands the functional understanding of ncRNAs and ceRNA networks in DN pathogenesis but also provides novel evidence for the nephroprotective effects of herbal monomers. Furthermore, it establishes a critical theoretical foundation for developing natural product-based therapeutic strategies against DN and offers experimental insights into mechanistic exploration and targeted therapies for this condition.




5.2.2 Targeted regulation of ncRNA by Chinese medicine compound intervenes in DN progression

Traditional herbal formulae, grounded in the Jun-Chen-Zuo-Shi compatibility principle, exert multi-dimensional interventions in DN progression through synergistic multi-target effects. These formulations not only circumvent drug resistance inherent to single-target pharmacological agents but also enable coordinated targeting of critical ncRNA nodes via their multi-component synergy, thereby achieving comprehensive modulation of DN pathogenesis (170, 171).

Jin et al. demonstrated that HG stimulation remarkably suppressed podocyte viability and promoted apoptosis, while treatment with Jixuepaidu Tang-1 (JPDT-1) markedly reversed these HG-induced alterations (162). Further investigations revealed that JPDT-1 up-regulated epithelial markers nephrin, P-cadherin and down-regulated mesenchymal markers desmin, vimentin, effectively counteracting HG-triggered EMT in podocytes (162). Additionally, JPDT-1 reduced HG-elevated levels of TGF-β1/SGK1, notably, recombinant TGF-β1 or SGK1 administration abolished the protective effects of JPDT-1, whereas SGK1 silencing produced opposing outcomes (162). These findings collectively indicate that JPDT-1 mitigates HG-induced podocyte injury and EMT progression through suppression of the TGF-β1/SGK1 signaling axis. Further investigations revealed elevated expression of lncRNA-LOC498759 in renal tissues of DN mice and HG-stimulated podocytes, JPDT-1 significantly suppressed LOC498759 expression, whereas LOC498759 overexpression attenuated JPDD-1-mediated inhibition of EMT. Conversely, KO-LOC498759 potentiated its protective effects (162). Additionally, TGF-β1/SGK1 pathway activation up-regulated LOC498759 expression, though LOC498759 overexpression itself exerted no significant regulatory effect on TGF-β1/SGK1 levels, suggesting LOC498759 operates downstream of this signaling axis (162). JPDT-1 treatment reduced kidney-to-body weight ratio, 24-hour urinary protein excretion, and blood glucose levels in DN mice. Histologically, it ameliorated glomerular matrix deposition and renal apoptosis while downregulating renal TGF-β1, SGK1, and mesenchymal marker expression. Notably, LOC498759 overexpression diminished JPDD-1’s renoprotective effects and EMT suppression, yet had no significant impact on TGF-β1/SGK1 signaling activity, further corroborating LOC498759’s position downstream of this pathway (162).

Collectively, these findings demonstrate that JPDT-1 ameliorates DN progression through modulation of the TGF-β1/SGK1/lncRNA-LOC498759 axis (Figure 8, Table 6). This not only provides experimental validation for the modernization of traditional herbal formulae but also offers critical mechanistic insights and potential clinical relevance for their application in DN treatment.

As can be seen from the previous discussion, although biological molecule-targeted regulation of the ceRNA network has shown some effectiveness in regulating DN progression; however, because of the complementary nature of the ncRNA seed region with non-target genes, the uptake of the vector by non-target cells, and the saturation of the RNAi mechanism at high ncRNA doses, as well as interference with the endogenous miRNA pathway, the specificity of ncRNA target genes is relatively poor. Consequently, off-target effects frequently occur when ncRNA-targeted therapies are used (172). Second, during DN, reactions such as inflammation and OS occur, causing changes in the renal microenvironment and significantly reducing intracellular release efficiency. The glomerular filtration barrier and the repulsion of charges on the basement membrane result in the clearance of numerous carriers, with only a small fraction reaching the kidneys. Unmodified renal targeting ligands on the carrier surface, as well as serum nuclease degradation and opsonin effects, cause the intervention drugs to accumulate non-specifically in the liver/spleen as well as reduce the half-life of the drug, leading to low delivery efficiency (173). Finally, because of the differing sensitive targets of ncRNAs across different DN subtypes (inflammatory and fibrotic types), generic therapies may be ineffective or damage normal kidney tissue, advanced DN glomerulosclerosis reduces carrier permeability, necessitating the development of penetration-enhancing peptides to enhance carrier penetration capacity (174). Therefore, the treatment of DN presents a unique challenge.

The low bioavailability of TCM components can be attributed to several factors. First, the low transmembrane permeability of large polar molecules limits their absorption. In addition, the metabolism by liver CYP450 enzymes results in a strong first-pass effect, and the degradation of glycoside components by intestinal microbiota further reduces bioavailability. Second, most TCM components cannot accumulate in diseased tissues, and their strong binding to plasma proteins reduces free drug concentrations, thus leading to impaired distribution of TCM components within the body. The complex interactions between multiple components and active metabolites in TCM also result in unpredictable metabolism. Furthermore, owing to the high molecular weight of TCM components, which cannot be filtered by the glomeruli, a high risk of accumulation and prolonged half-life exists in the enterohepatic circulation, leading to impaired drug excretion (175). Therefore, although strategies based on bioactive molecules and targeted regulation of ncRNAs in TCM show great potential in the prevention and treatment of DN, their clinical translation still faces multiple cross-scale bottlenecks (delivery efficiency, off-target effects, DN heterogeneity of diabetic nephropathy, and safety), requiring further study.






6 Summarization and prospect

This review summarizes the roles of ncRNAs, ceRNA networks, and DN, as well as the regulation of DN progression through ncRNA intervention and targeted modulation of ncRNA intervention in DN progression. This study specifically highlights the regulatory roles of ceRNA networks in modulating renal cell responses to DN progression through cell death, fibrosis, and cell death–fibrosis pathways, the roles of exosomes in modulating DN progression through miRNA, circRNA–miRNA–mRNA, and stem cell exosomes through ncRNA networks, the roles of biomolecular targeted regulation of ceRNA networks in modulating DN progression, and the roles of single Chinese herbal compounds and Chinese herbal formulae in modulating DN progression through targeted regulation of ncRNAs. ncRNAs, ceRNA networks, exosomal ncRNAs, and stem cell exosomal ncRNAs all play important regulatory roles in DN progression. Among these, exosome ncRNAs and stem cell exosome ncRNAs are crucial for DN progression and have the potential for cell-free therapy. In addition, a summary of ncRNA-targeted therapies for DN using biomolecules, single Chinese herbal medicine components, and Chinese herbal medicine formulas revealed that biomolecular-targeted regulation of the ceRNA network has shown some efficacy in regulating DN progression. However, owing to off-target effects, low delivery efficiency, and the special nature of DN treatment during ncRNA therapy, these results have not been particularly outstanding. Due to the low bioavailability of herbal compounds, suboptimal in vivo distribution, and impaired drug excretion, research on TCM formulations targeting ncRNA-mediated regulation of DN progression remains limited. This limitation creates multi-scale translational barriers in clinical applications. Furthermore, while our article comprehensively summarizes ncRNA regulatory mechanisms in DN progression through cell death, fibrosis, and their interactions, it does not address ncRNA-mediated interventions via other pathways, resulting in incomplete mechanistic coverage.

This review also showed that ncRNAs can simultaneously reflect inflammation, fibrosis, metabolic disorders, and other conditions and are thereby associated with multiple mechanisms. They are currently used in clinical settings. For example, urinary miRNAs and serum circRNAs have been used for early DN screening (176, 177), and lncRNAs, miRNAs, and circRNAs have been used for disease classification (inflammation-dominant type, fibrosis-progressive type, and metabolic disorder type) (101). In addition, miRNA inhibitors or miRNA mimics have been used in the treatment of cardiovascular and immune-related diseases (178), and lncRNA inhibitors and circRNA interventions are currently used in the management of neoplastic diseases (179, 180). Thus, ncRNAs have transitioned from the mechanistic exploration to the clinical validation phase and have demonstrated irreplaceable value.

However, owing to potential RNase attacks, pH fluctuations leading to hydrolysis, repeated freeze–thaw cycles causing damage, and temperature-induced degradation during the process from sample collection to analysis, free ncRNAs may experience a shortened half-life, accelerated degradation rate, increased loss rate, and reduced integrity, resulting in poor stability in bodily fluids. In addition, because of differences in the inherent stability of lncRNAs, miRNAs, and circRNAs, as well as the characteristics of samples from different sources (ncRNA in urine is more susceptible to degradation than in serum) and the higher stability of ncRNAs encapsulated in exosomes compared to free forms, it is challenging to improve the stability of bodily fluids. Significant differences in the results were also observed owing to variations in sample preprocessing, RNA extraction, reverse transcription, and quantification platforms. Deficiencies in detection standardization have been attributed to factors such as missing reference genes, inconsistent threshold settings, and conflicting platform sensitivities. Finally, circRNAs and lncRNAs exhibit phylogenetic conservation, indicating that they are highly conserved and have species-specific conservation (primate-specific) across mammalian species, such as humans and mice, and also follow a conservation-tissue association pattern, with the circRNA conservation ranking as follows: brain tissue > kidney > liver; lncRNA conservation ranking: embryo development-related > tissue-specific. These factors have significantly hindered the basic research and clinical applications of ncRNAs.

The study further revealed that the ceRNA mechanism necessitates miRNAs to be in a sub-saturation state (incompletely bound to targets), however, in most cells, miRNA expression substantially exceeds that of their targets (mRNAs/lncRNAs), consequently, under physiological conditions, only a minority of high-abundance ncRNAs may satisfy this requirement; Secondly, two ceRNAs must share more than 40% of the miRNA pool and have similar expression levels in order to regulate each other, a condition that is extremely rare in physiological environments; Additionally, most ceRNA interaction studies rely on overexpression systems, which induce non-physiological miRNA sponge effects and thus fail to reflect authentic physiological states; Furthermore, cells possess multiple redundant miRNA regulatory backup mechanisms, therefore, ceRNA networks likely function as fine-tuning modulators rather than dominant factors (181). Collectively, although the ceRNA mechanism may amplify in pathological contexts, its contribution in homeostatic physiological systems is likely overestimated—it appears to act primarily as a “noise buffer” within gene regulatory networks, not as a primary driver. Consequently, before clinical application, the robustness, disease-specific mechanisms, and therapeutic efficacy of ceRNA-based approaches require further validation.

It is essential to strengthen research on the regulatory roles of ncRNAs, ceRNA, exosomal ncRNAs, stem cell exosomal ncRNAs, ceRNA networks, biomolecules, and drug-targeted regulation of ncRNA/ceRNA networks in the progression of DN. Particularly, in the study of ncRNA and ceRNA networks, it is necessary to innovate sample processing methods, such as using time-stable techniques, exosome-locking technologies, and enhanced artificial modifications to enhance the stability of bodily fluids. In addition, it is essential to establish unified technical standards, such as strictly adhering to the MIQE guidelines, promoting the SPIRE standard, and conducting bioinformatics corrections, including algorithm normalization and artificial intelligence calibration, to achieve consistency between laboratory variables and clinical outcomes. Furthermore, the cross-species conservation of ncRNAs must be considered, such as whether mouse-conserved circRNAs and lncRNAs can predict human efficacy in model selection. Although highly conserved ncRNA targets are more likely to succeed in clinical translation, the limitations of validating human-specific ncRNAs in animal models must be considered. In the field of ceRNA research, it is essential to develop single-cell-level ceRNA kinetic models, employ endogenous gene-tagged KO/knock-in models, and integrate multi-omics data to construct panoramic views of ceRNA-protein interaction networks.

In the study of exosomal ncRNAs and stem cell exosomal ncRNAs, it is essential to establish standardized procedures for the preparation and quality control of both and to explore effective methods for obtaining functionally uniform, high-purity exosomal samples to ensure the accuracy and reproducibility of experimental results. In addition, no specific methods are currently available to reverse or halt the progression of DN. Although ncRNAs, exosome ncRNAs, stem cell exosome ncRNAs, ceRNA networks, biomolecules, and TCMs have shown potential for treating DN, their efficacy still needs improvement. Therefore, future research should assess the safety of treatment methods in relation to DN and explore the use of stem cell gene engineering, biotechnology, immunosuppressive therapy, and multitherapy synergism to enhance efficacy and improve treatment outcomes. Only by overcoming these challenges can ncRNA and ceRNA networks become core tools for the prevention and treatment of DN, ultimately achieving a diagnostic and therapeutic closed-loop system characterized by noninvasive classification, targeted intervention, and real-time assessment.
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