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Abstract

MicroRNAs (miRNAs) are 18-25 nucleotides long, single-stranded, non-coding RNA molecules that regulate

gene expression. They play a crucial role in maintaining normal cellular functions and homeostasis in organisms.
Studies have shown that miR-124-3p is highly expressed in brain tissue and plays a significant role in nervous
system development. It is also described as a tumor suppressor, regulating biological processes like cancer cell
proliferation, apoptosis, migration, and invasion by controlling multiple downstream target genes. miR-124-3p has
been found to be involved in the progression of various kidney diseases, including diabetic kidney disease, calcium
oxalate kidney stones, acute kidney injury, lupus nephritis, and renal interstitial fibrosis. It mediates these processes
through mechanisms like oxidative stress, inflammation, autophagy, and ferroptosis. To lay the foundation for future

therapeutic strategies, this research group reviewed recent studies on the functional roles of miR-124-3p in renal
diseases and the regulation of its downstream target genes. Additionally, the feasibility, limitations, and potential
application of miR-124-3p as a diagnostic biomarker and therapeutic target were thoroughly investigated.
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Background

The kidney is a vital organ with multiple physiological
functions, including waste elimination, internal environ-
mental balance, and endocrine homeostasis [1]. Diabetes,
hypertension, primary glomerular diseases, and other
kidney disorders often progress gradually with subtle ini-
tial symptoms, making them difficult to detect and fre-
quently leading to Chronic Kidney Disease (CKD). The
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complex pathophysiological mechanisms of CKD remain
largely unexplained, and effective treatments are cur-
rently unavailable [2]. Therefore, researching new diag-
nostic and therapeutic targets and strategies is crucial for
delaying CKD progression and improving patients’ qual-
ity of life. Numerous studies have shown that microRNAs
(miRNAs) regulate kidney physiological functions and
the pathophysiological mechanisms of various kidney
diseases. Among them, miR-124-3p, a subtype of miR-
124, exhibits extensive biological functions and potential
clinical applications, suggesting it could be a novel target
for diagnosing and treating kidney diseases.

In this review, we summarize the role of miR-124-3p in
kidney diseases and outline its mechanisms in Diabetic
kidney disease (DKD), kidney stones, acute kidney injury
(AKT), lupus nephritis (LN), and renal interstitial fibrosis
(RIF). Finally, we emphasize the potential and challenges
of miR-124-3p as a target for improving kidney function
and disease diagnosis and treatment.
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The generation and function of miRNAs

MiRNAs are posttranscriptional regulators of protein-
coding genes, mainly involved in gene expression regu-
lation. They are short endogenous non-coding RNA
molecules in eukaryotes, typically comprising 18-25
nucleotides [3]. There are currently more than 2,300
miRNAs with time- and tissue-dependent expression
patterns in human cells [4]. miRNA coding sequences are
generally found in exons, introns, or intergenic regions of
protein-coding genes and are regulated by host genes and
their promoters [5]. During biogenesis, the miRNA cod-
ing sequence is transcribed by RNA polymerase II or III
into a hairpin-structured primary miRNA (pri-miRNA)
that ranges from 300 to 1,000 bases in length. The pri-
miRNA is cleaved in the nucleus by the Drosha-DGCR8
microprocessor complex to form a precursor miRNA
(pre-miRNA) of about 70 bases. The pre-miRNA is trans-
ported from the nucleus to the cytoplasm by exportin-5,
where it is cleaved by the RNase Dicer enzyme and the
double-stranded RNA-binding protein TRBP to form a
mature miRNA duplex. The miRNA duplex unwinds, and
a single-stranded miRNA is incorporated into the RNA-
induced silencing complex (RISC). By base-pairing with
sequences in the 3 UTR or 5’UTR of target mRNAs, miR-
NAs can cause translational repression or mRNA degra-
dation, inhibiting the expression of the target gene [6], as
shown in Fig. 1. The relationships between miRNAs and
their target mRNAs are complex. A single miRNA can
regulate the transcription of multiple target genes, while
a single gene or pathway is often regulated by multiple
miRNAs, creating a powerful regulatory network [7]. It’s
estimated that miRNAs regulate up to 60% of protein-
coding genes in the human body, making them key regu-
latory factors in cellular signaling [8].
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Overview of miR-124-3p
The discovery of miRNAs in 1993 highlighted their sig-
nificant role in gene expression regulation [9]. In 2004,
Sun YQ et al. identified miRNAs specific to the kidneys
[10], and in 2008, Harvey SJ et al. described the mecha-
nisms by which miRNAs affect renal function [11]. It is
now believed that miRNAs play a role in nearly every
biological process in the human body. Generally, miR-
NAs influence a range of cellular biological processes,
such as development, differentiation, proliferation, apop-
tosis, metabolism, and immune response, by precisely
regulating gene expression under normal physiological
conditions. Changes in miRNA expression are critical for
regulating complex genetic networks and cellular signal-
ing cascades. Imbalances in these regulatory mechanisms
may contribute to the onset and progression of various
diseases [12].

miR-124-3p has garnered significant attention among
researchers in recent years. Lagos-Quintana M et al. first
discovered miR-124 in mouse tissues in 2002 [13]. This
miRNA is expressed in various tissues, with the high-
est specificity for brain tissue [14]. The miR-124 family
includes miR-124-1, miR-124-2, and miR-124-3, located
on chromosomal regions 8p23.1, 8q12.3, and 20q13.33,
respectively [15]. These precursor RNAs undergo a
series of biological processes to ultimately produce
mature miR-124-3p, with sequences of 53 - UAAGGC
ACGCGGUGAAUGCCAA-74, 62 - UAAGGCACGC
GGUGAAUGCCAA-83, and 53 - UAAGGCACGCGG
UGAAUGCCAA-74. Due to its high conservation, the
mature sequence of miR-124-3p is identical in humans,
mice, and rats [16]. (Another mature form of miR-124 is
miR-124-5p, but studies on this variant are limited, and
there are currently no publications related to kidney dis-
eases. During our literature review, we found studies on
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Fig. 1 Mechanism of miRNA action. The miRNA gene is transcribed by RNA polymerase Il to generate the precursor pri-miRNA. This precursor is then
cleaved by the ribonuclease Drosha and its cofactor DGCR8, producing a hairpin-shaped pre-miRNA. The pre-miRNA is exported to the cytoplasm by
Exportin-5 and further processed by the nuclease Dicer, which removes the terminal stem-loop structure, yielding a mature miRNA duplex. Only one
strand of the miRNA duplex is incorporated into the RISC, forming the miRNA-induced silencing complex (miRISC). This complex mediates either the

degradation or translational repression of the target mRNA
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miR-124, but they did not specify whether 3p or 5p forms
were involved. However, through careful sequence align-
ment and comparison with known microRNA databases,
we concluded that the miR-124 mentioned in these stud-
ies likely corresponds to miR-124-3p. Therefore, given
the relevance and current research prospects of miR-
124-3p, our review primarily focuses on this molecule.
We recognize the potential importance of miR-124-5p,
and as more studies are conducted, it will be an area for
future investigation.)

Under normal physiological conditions, miR-124-3p
is abundantly expressed in the nervous system, where it
plays a critical role in neuronal differentiation and func-
tional maintenance. This miRNA governs key processes,
such as neuronal differentiation, synapse formation, and
axon growth. Additionally, miR-124-3p demonstrates
neuroprotective effects in some neurological disor-
ders. Furthermore, miR-124-3p is involved in regulating
immune responses, influencing inflammatory reactions
and immune cell functions, and notably affecting mono-
cyte differentiation and macrophage activity [17].

Macrophages are essential immune effector cells,
derived from mature monocytes [18]. Macrophages
can differentiate into the proinflammatory M1 type or
the anti-inflammatory M2 type depending on the tissue
microenvironment [19]. M1 macrophages express high
levels of MHC complexes, activate adaptive immune
responses, and produce nitric oxide, reactive oxygen spe-
cies, and reactive nitrogen species to target cells while
secreting cytokines to promote inflammation [20]. M2
macrophages, inducible by various cytokines, play key
roles in tissue remodeling, regeneration, wound heal-
ing, and anti-inflammation. M2 macrophages can be
subdivided into three subgroups based on stimuli: M2a,
induced by IL-4 and/or IL-13, promote anti-inflamma-
tion, wound healing, and tissue fibrosis; M2b, induced by
immune complexes with LPS and/or IL-1R ligands, have
immunomodulatory functions; M2c, induced by IL-10,
TGF-B, or glucocorticoids, contribute to immunosup-
pression, matrix deposition, and tissue remodeling [21,
22]. Multiple studies have described miRNA expression
under various polarization conditions in human and
mouse macrophages [23-25]. miR-124-3p is identified
as a miRNA that promotes anti-inflammatory responses
and M2 polarization in macrophages. Sun et al. found
that miR-124-3p enhances the anti-inflammatory effect
of cholinergic agonists and its overexpression protects
mice from septic shock. Further research indicates that
miR-124-3p regulates LPS-induced cytokine production
by targeting STAT3, reducing IL-6 generation. Addition-
ally, it decreases TNF-a release by targeting tumor necro-
sis factor-a converting enzyme (TACE) [26]. Veremeyko
et al. demonstrated that monocytes show heteroge-
neity with distinct M1 and M2 activation pathways.
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miR-124-3p is upregulated in macrophages treated with
IL-4 and IL-13, facilitating the development and mainte-
nance of the M2 phenotype. Knocking out miR-124-3p
inhibits M2 markers CD206 and Yml, while enhanc-
ing M1 markers CD86, iNOS, and TNF in M2 polarized
macrophages [27].

In various diseases, changes in miRNAs and their sub-
sequent transcriptional regulation of target proteins
play a key role in the progression of pathology. Accord-
ing to the ENCORI database, miR-124-3p targets up to
2,509 mRNA molecules, affecting a wide range of cel-
lular processes and biological functions, such as cell
growth, differentiation, apoptosis, signal transduction,
and metabolism [28]. Consequently, abnormal expres-
sion or malfunction of miR-124-3p could contribute
to the development of various diseases. Early studies
showed that miR-124-3p plays a significant regulatory
role in tumor development and progression by promot-
ing cancer cell migration and invasion [29-31]. Recent
research has revealed that miR-124-3p also regulates
neurological diseases [32], cardiovascular diseases [33],
microglial cell polarization [34], vascular endothelial cell
proliferation [35], and osteogenic differentiation [36]. It
is closely linked to several physiological and pathologi-
cal mechanisms, including inflammation [37], oxidative
stress [38], ferroptosis [39], and autophagy [35]. In recent
years, miR-124-3p has drawn increasing attention in kid-
ney disease research. It influences the physiological and
pathological states of glomerular endothelial cells, renal
tubular epithelial cells, and mesangial cells by interacting
with multiple target genes and interfering with down-
stream signaling pathways. Consequently, miR-124-3p is
involved in the development and progression of diseases
such as RIF, LN, AKI, and DKD.

The role of miR-124-3p in renal diseases

miR-124-3p is expressed in immune cells and various
organs, with relatively higher expression in kidney tis-
sue [40]. In many contexts, miR-124-3p is induced by
inflammatory signals and acts as a negative regulator to
maintain homeostasis. Its expression changes are con-
sidered key in regulating immune cells, inflammation,
and immune responses [41]. Renal diseases and autoim-
munity have a close interactive relationship. Their dys-
function can lead to the development of various renal
diseases and, as the disease progresses, can also affect
the normal function of the host’s immune system. miR-
124-3p is recognized as a common miRNA in fibrotic
diseases, regulating epithelial-mesenchymal transition
(EMT) by modulating the expression of genes such as
E-cadherin, Vimentin, N-cadherin, Snail-1, and ZEB2
[42]. This aligns with the histopathological characteristics
of CKD, marked by persistent renal tissue inflammation
and excessive extracellular matrix deposition leading to
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tubulointerstitial and glomerular fibrosis [43]. With the
development of high-throughput omics technologies,
studies have shown that miRNAs exhibit robust stability
in urine [44], plasma [45], and tissues [46] and significant
differential expression in various renal diseases [47-49],
suggesting their potential as diagnostic biomarkers and
therapeutic targets. For instance, miRNAs in renal biop-
sies correlate highly with pathological changes and pro-
gression rates in glomeruli, tubulointerstitium, and/or
vascular compartments [50]. For diagnostic purposes,
miRNAs in blood and urine have greater clinical appli-
cation potential. miRNAs in plasma can be passively
released from cells or actively secreted into the extracel-
lular space in extracellular vesicles (such as exosomes)
and other macromolecular complexes or lipoproteins.
miRNAs in urine originate from urological system cells
or are passively filtered from plasma. These miRNAs may
therefore reflect renal or systemic pathological changes
[50]. Based on this, exploring the expression pattern of
miR-124-3p in the kidney and its relationship with dis-
ease progression may offer new perspectives for early
diagnosis and intervention of renal diseases.

MiR-124-3p and diabetic kidney disease

According to the International Diabetes Federation, the
number of global diabetes patients reached 537 million in
2021 and is projected to rise to 784 million by 2045 [51,
52]. Approximately 30—-40% of diabetes patients currently
have concurrent DKD [53]. However, there is no effec-
tive early diagnostic method for DKD in clinical practice.
Intervention measures mainly focus on strictly control-
ling blood glucose, lipids, and blood pressure to delay
disease progression.

Pathological research shows that in patients with DKD,
mitochondrial morphological changes are often observed
in the proximal convoluted tubules. These changes
include fragmentation into short rod-like or spherical
shapes, accompanied by cristae rupture, blurring, or dis-
appearance [54]. Recent studies have found increasing
evidence of mitochondrial dysfunction in the renal tis-
sues of patients with DKD and in animal models, indicat-
ing that mitochondrial dysfunction plays a significant role
in the development of DKD [55]. Renal tubular epithelial
cells contain abundant mitochondria and are responsible
for reabsorbing glucose, amino acids, sodium, potassium,
and phosphorus from the urine filtered by the glomeru-
lus. These processes require a substantial amount of ATP.
Mitochondrial oxidative phosphorylation, which pro-
duces ATP, also generates reactive oxygen species (ROS).
Under normal physiological conditions, moderate levels
of ROS support cell signaling. In a high-sugar, high-fat,
and hypoxic environment, the renal tubules produce ele-
vated levels of ROS and other harmful metabolites due
to increased metabolic and excretory activity. This can
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lead to mitochondrial oxidative stress, causing mitochon-
drial damage and dysfunction, ultimately resulting in cell
injury or death [56]. Previous studies have shown that, in
amyotrophic lateral sclerosis, normalizing miR-124 lev-
els in the motor neurons of SOD1G93A transgenic mice
can prevent disruptions in synaptic networks, mitochon-
drial dynamics irregularities, and excessive activation of
microglia [57]. Additionally, miR-124-3p has been shown
to be released from SH-SY5Y neuronal cells via exo-
somes, reducing microglia activation induced by inter-
feron y (IFNy). This helps to control excessive microglia
activation and protects neurons from mitochondrial
oxidative damage [58]. Moreover, miR-124-3p promotes
mitochondrial biogenesis, supports the tricarboxylic acid
cycle, and enhances ATP synthesis, underscoring its close
relationship with mitochondrial structure and function.
Recent studies indicate that mitochondrial biogenesis
enhances oxidative phosphorylation capacity, reduces
pathological oxidative stress, and aids in repairing mito-
chondrial dysfunction [59]. In mitochondrial biosynthe-
sis, peroxisome proliferator-activated receptor gamma
coactivator la (PGC-1a) plays a crucial regulatory role
by increasing the expression of transcription factors and
enhancing their activity through cooperative action [60].
PGC-1a activation relies on cAMP response element-
binding protein (CREB) and occurs through post-trans-
lational modification or increased transcription. Once
activated, PGC-1a moves to the cell nucleus, activating
downstream nuclear respiratory factors 1/2 (NRF1/2).
This increases the expression of mitochondrial tran-
scription factor A (TFAM), which binds to the D-loop of
mtDNA and activates mtDNA replication and transcrip-
tion [61]. Subsequently, TFAM induces mitochondrial
biogenesis by promoting mitochondrial expression, oxi-
dative phosphorylation, and increasing intracellular ATP
concentration. Additionally, other signaling pathways
contribute to the transcriptional activation of mitochon-
drial biogenesis, including the AMPK/PGC-1a pathway,
the GPY-AKT-eNOS-sGC pathway, the AKT/FOXO3a
axis, and the assistance of sirtuins (such as SIRT1 and
SIRT3) in transcription [62]. Purified mitochondria
contain mature and precursor miRNAs [63]. Mitochon-
drial activity is involved in assembling the RNA-induced
silencing complex (RISC) and the miRNA-mediated
silencing process [64, 65], suggesting a functional link
between miRNAs and mitochondria. Additionally, miR-
NAs regulate nuclear-encoded mitochondrial proteins
[66] and mitochondrial metabolism [67, 68]. Current
research identifies miR-124-3p as a key molecule affect-
ing mitochondrial localization and function in primary
motor neurons of mice. Vimentin, an intermediate fila-
ment protein associated with mitochondria in various cell
types, is a critical target of miR-124 in this system [69].
By regulating Vimentin expression, miR-124 influences
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mitochondrial function and distribution, affecting the
morphology and function of motor neurons [70]. Fur-
thermore, miR-124-3p promotes succinate accumulation
in mitochondria by targeting and inhibiting stearoyl-CoA
desaturase 1 (SCD1) expression. Succinate, an intermedi-
ate product of the tricarboxylic acid cycle, accumulates in
mitochondria and stimulates mitochondrial complex II
(succinate dehydrogenase). This enhances mitochondrial
energy production, oxidative phosphorylation, and pro-
motes mitochondrial biogenesis [71].

Therefore, miR-124-3p might also be involved in DKD
associated with mitochondrial metabolic abnormali-
ties (Fig. 2). Recent research by Liang LQ et al. found
a significant downregulation of miR-124-3p expres-
sion in the renal tubular epithelial cells of db/db mice.
Overexpressing miR-124-3p markedly enhances mito-
chondrial function, including improved mitochondrial
energy metabolism and reduced oxidative stress. Further
research shows that miR-124-3p regulates the expression
of the mitochondrial function-related gene Sirt4 by sup-
pressing FOXQY1, its direct target gene [72]. Sirt4 plays a
key role in regulating mitochondrial function, impacting
mitochondrial fusion and fission processes, and aiding
in the removal of dysfunctional mitochondria. Specifi-
cally, increased Sirt4 expression effectively modulates
mitochondrial dynamics, including fusion and fission,
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and promotes the clearance of damaged mitochondria,
thereby preserving normal mitochondrial function. In
contrast, reduced Sirt4 expression leads to mitochondrial
dysfunction, promoting ROS generation and contribut-
ing to the progression of DKD [73].

The glomerulus, the basic functional unit of the kid-
ney, is a dense capillary cluster consisting of podocytes,
endothelial cells, and mesangial cells [74]. Podocytes are
terminally differentiated, highly specialized cells that
adhere to the glomerular basement membrane (GBM).
Along with glomerular endothelial cells and the GBM,
they form the glomerular filtration barrier. Endothelial
cells line the glomerular capillaries, while mesangial cells
are mainly located in the mesangial region between the
capillary walls. Both cell types are essential for maintain-
ing glomerular homeostasis and reducing glomerular
injury [75, 76]. As diabetic kidney disease (DKD) pro-
gresses, significant structural and functional changes
occur in the glomerulus. Diabetes triggers adaptive path-
ological changes, such as thickening of the GBM, mesan-
gial cell hypertrophy and proliferation, and increased
mesangial matrix deposition. Glomerular endothelial
cells show proliferation, endothelial integrity disruption,
immature angiogenesis, and an increase in endothelial-
mesenchymal transition [77]. At the same time, podo-
cytes undergo cytoskeletal rearrangements, fusion or
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Fig. 2 miR-124-3p in diabetic kidney disease. The key pathological mechanisms of DKD include renal tubular fibrosis, thickening of the GBM, mesangial
hypertrophy with abnormal proliferation, inflammatory cell infiltration, extracellular matrix (ECM) deposition, and podocyte foot process fusion or de-
tachment. Multiple studies have shown that miR-124-3p plays a key role in the pathological progression of DKD, specifically exerting a protective effect
on glomeruli. This microRNA can potentially reduce pathological processes like EMT, fibrosis, and inflammation by regulating key gene expression and
modulating signaling pathways. These findings suggest potential therapeutic targets for the treatment of DKD
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disappearance of foot processes, increased intercellular
tight junctions, reduced slit diaphragm length, and even
a decrease in podocyte count. These cellular abnormali-
ties can increase glomerular capillary permeability and
damage the glomerular filtration barrier, eventually caus-
ing proteinuria [78]. As a key microRNA, miR-124-3p
plays a critical role in the glomerulus. For example, Peng
H et al. found that under hyperglycemic conditions, miR-
124 expression decreases in glomerular endothelial cells,
while ROCK1 activity increases, leading to abnormalities
in cell apoptosis and tight junction protein expression.
The activation of ROCK1 can increase endothelial cell
permeability, promote mesenchymal cell transdifferentia-
tion, cause podocyte injury, and drive EMT. In contrast,
overexpressing miR-124 can directly inhibit ROCK1
activity, reducing these types of damage [79]. Dong Li’s
team studied podocyte adhesion damage and its relation-
ship with microRNAs. Using miRNA microarray analy-
sis, they identified four microRNAs—miR-124, miR-190,
miR-217, and miR-188—involved in podocyte adhesion
damage under mechanical stress. Among these, miR-124
was found to target integrin a3 (ITGA3). Subsequent in
vivo experiments revealed podocyte adhesion damage in
streptozotocin (STZ)-induced uninephrectomized dia-
betic rats, indicated by elevated urinary podocytic neph-
rin, podocin, and albumin excretion, as well as reduced
ITGA3 expression in renal cortical tissue. Furthermore,
miRNAs showed differential regulation in the renal cor-
tex of STZ-induced uninephrectomized diabetic rats,
with significantly increased expression of miR-124. When
miR-124 expression was inhibited in rats, podocyte adhe-
sion improved significantly. These results suggest that
miR-124 is related to podocyte adhesion damage and
may be involved in the development of DKD [80-82].
Regarding mesangial cells, Lu H et al’s study indicates
that miR-124-3p can inhibit mesangial cell prolifera-
tion and fibrosis by negatively regulating high mobility
group box 1 (HMGB1) [83]. Zhao N et al’s study revealed
another function of miR-124-3p: it reduces inflamma-
tory responses and fibrosis by inhibiting the calpain-1
(CAPN1)/B-catenin signaling pathway while inhibiting
apoptosis in diabetic nephropathy models [84]. Addition-
ally, Wang P et al’s study found that miR-124-3p signifi-
cantly reduces renal injury and fibrosis in STZ-induced
DKD mice. This protective effect is related to miR-124-
3p’s inhibition of the Toll-like receptor 4 (TLR4)/nuclear
factor kB (NF-«B) signaling pathway. By targeting and
suppressing TLR4 transcription, it also inhibits down-
stream NF-kB signaling, reducing the production of
fibrosis-related factors, and slowing the progression of
renal fibrosis [85]. Collectively, these studies illustrate
the diverse role of miR-124-3p in regulating glomerular
mesangial cell functions, including proliferation, fibrosis,
inflammatory responses, and apoptosis.
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These discoveries not only deepen our understand-
ing of miR-124-3p’s role in DKD but also offer valuable
insights into developing new therapeutic strategies. How-
ever, more research is needed to clarify the specific regu-
latory mechanisms of miR-124-3p. Additionally, there is
growing recognition of the importance of developing and
testing miR-124-3p-targeted interventions in preclinical
and clinical settings, which could offer new possibilities
for future therapies.

MiR-124-3p and kidney stones

Kidney stones are closely associated with diet, exer-
cise, and family history [86, 87]. Research indicates that
the incidence of kidney stones is steadily increasing.The
high recurrence rate can lead to various urinary system
problems [88-90]. However, non-surgical treatments
for recurrent kidney stones have limited effectiveness,
and there are few preventive methods. Therefore, fur-
ther research on the pathological mechanisms of kid-
ney stones is crucial. Recent research suggests that the
formation of CaOx stones, the primary component of
kidney stones, is linked to an inflammatory response.
Multiple clinical-pathological studies have demonstrated
that renal interstitial CaOx crystals in patients with kid-
ney stones and animal models are often surrounded by
monocytes or macrophages, forming a vesicular struc-
ture [91]. In vitro and in vivo experiments have further
confirmed that CaOx crystals stimulate renal tubular
epithelial cells, leading to the release of cytokines such
as osteopontin (OPN), monocyte chemoattractant pro-
tein-1 (MCP-1), cluster of differentiation 44 (CD44),
and TGF-B. MCP-1 is thought to be the key trigger that
initiates inflammation during the formation of calcium
oxalate stones [92]. miR-124-3p has been identified as a
major modulator of inflammation, demonstrating signifi-
cant anti-inflammatory effects during the formation of
CaOx crystals. Guo ZY et al. found through bioinformat-
ics analysis and in vitro experiments that Lnc HOXA11-
AS inhibits cell proliferation, induces cell apoptosis, and
worsens cell damage during calcium oxalate crystalliza-
tion-induced kidney injury. Overexpressing miR-124-3p,
which competitively binds to HOXA11-AS, significantly
mitigates these effects. Further research has shown that
miR-124-3p reduces inflammation by targeting and sup-
pressing the expression of MCP-1 [93] (Fig. 3). MCP-1, a
member of the chemokine CC family, primarily regulates
the movement of inflammatory cells. It can selectively
recruit monocytes, neutrophils, and lymphocytes to sites
of inflammation and tissue damage, playing a significant
role in the initiation and maintenance of inflammatory
responses [94]. When monocytes are attracted to the
site of stone formation, they respond quickly to the sur-
rounding inflammatory environment by releasing addi-
tional pro-inflammatory cytokines like TNF-a and IL-1f.
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Fig. 3 miR-124-3p in kidney Stones. Kidney stones are classified into several types based on their composition, such as CaOx stones, phosphate stones,
uric acid stones, and cystine stones. Among these, CaOx stones are the most common, making up about 60-90% of all kidney stones. It is now widely
accepted that inflammation plays a key role in the formation of CaOx crystals. miR-124-3p provides renal protection by targeting and inhibiting MCP-1

expression, effectively reducing the inflammatory response

This, in turn, attracts a broader range of immune cells,
including neutrophils and lymphocytes, to the inflamed
area, creating a complex inflammatory network. In this
inflammatory environment, the increased levels of cal-
cium and oxalate ions promote the precipitation of CaOx
crystals. These crystals further activate immune cells and
stimulate the secretion of inflammatory mediators, lead-
ing to a self-perpetuating inflammatory cycle.

Currently, there are few publicly available research
papers that directly explore the role of miR-124-3p in
the pathology of kidney stones. The depth and breadth of
research in this field require further enhancement. Given
miR-124-3p’s crucial role in inflammation regulation, a
detailed investigation of its specific mechanisms in kid-
ney stone formation could provide a theoretical basis for
developing new prevention and treatment strategies.

MiR-124-3p and acute kidney injury

AKI refers to the sudden loss of kidney function within
7 days, characterized by increased serum creatinine
(Scr) and decreased urine output, and is a major cause of
CKD and ESRD [95, 96]. The etiology of AKI is diverse
and not fully understood. Recent research indicates that
inflammatory injury, cell cycle arrest, autophagy defects,
ferroptosis, mitochondrial dysfunction, and metabolic
reprogramming are closely related to its occurrence and
development [97]. However, aside from kidney biopsy,
current technologies cannot directly assess kidney injury.
Pathological diagnosis also has drawbacks, such as

significant trauma and long detection times [98]. There-
fore, finding highly sensitive and specific blood and urine
markers has become a focus of recent clinical research.

Ischemia-reperfusion injury

Renal ischemia-reperfusion injury (RI/RI) is a common
cause of AKI that rapidly activates the innate immune
response in the kidney and induces collagen deposition.
Even with blood reperfusion, restoring kidney function
is challenging. The re-entry of a large amount of oxygen
into the tissue produces ROS, triggers oxidative stress,
and exacerbates damage and inflammation [99]. miR-
124-3p has been shown to play a key role in AKI caused
by RI/RI (Fig. 4). Significant differential expression of
miR-124-3p has been noted in rat kidney tissue under
various degrees of hypoxia, with its expression level
negatively correlating with markers of renal injury. Addi-
tionally, miR-124-3p can indirectly regulate the expres-
sion of vascular endothelial growth factor (VEGF) by
targeting mitogen-activated protein kinase 14 (Mapk14)
[100]. Hypoxia-induced high expression of VEGF plays
a key role in the kidney’s self-protection mechanism.
Mapk14 and VEGF are part of a regulatory loop. Inhib-
iting Mapkl4 can boost VEGF-induced angiogenesis
and reduce vascular permeability [101]. Moreover, miR-
124-3p can inhibit endoplasmic reticulum stress (ERS) by
targeting inositol-requiring enzyme la (IRE-1a), thereby
protecting the kidney [102]. The endoplasmic reticulum
(ER) is a key site for sensing damage or apoptotic signals.
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Fig. 4 miR-124-3p in acute kidney injury. AKI can be caused by various factors, with pathological features including tubular epithelial cell injury, inflam-
mation, renal interstitial fibrosis, tubular atrophy, and vascular dysfunction. These pathological features interact synergistically, ultimately leading to the
onset and progression of AKI. These pathological features interact synergistically, ultimately leading to the onset and progression of AKI. It protects the
kidney from further damage and promotes renal recovery by intervening in target gene expression to regulate the survival, apoptosis, and proliferation
of tubular epithelial cells, suppress inflammatory responses and renal interstitial fibrosis, and improve vascular function

During ischemia, reduced oxygen and glucose supply
leads to the accumulation of misfolded and unfolded
proteins in the ER, triggering ERS and activating the
unfolded protein response (UPR). This activates IRE-1a,
which splices X-box binding protein-1 (XBP-1) mRNA
into its mature form. XBP-1 then promotes the transcrip-
tion and expression of various target genes, regulates ER
formation, lipid synthesis, and glucose metabolism, and
ultimately degrades misfolded proteins [103]. However,
prolonged or intense ERS can overactivate UPR, inducing
apoptosis and worsening RI/RI. Furthermore, calcium
overload and ROS production during reperfusion can
trigger oxidative stress, exacerbating UPR and apoptosis
[104].

miR-124-3p plays a key role in regulating inflamma-
tion in AKI. A study has demonstrated that miR-124-3p
has a highly conserved binding site in the 3’ untrans-
lated region (3’'UTR) of poly (ADP-ribose) polymerase
1 (PARP1) and can exert renal protective effects by tar-
geting and inhibiting PARP1 transcription [105]. PARP1
is a type of poly (ADP-ribose) polymerase that primar-
ily repairs chromosomal DNA after mild activation
caused by strand breaks or nicks. However, excessive
activation of PARP1 can convert nicotinamide adenine
dinucleotide (NAD+) into long PAR polymers, caus-
ing cytotoxic effects when transferred from the nucleus

to the cytoplasm [106]. Knocking out PARP1 can effec-
tively reduce renal fibrosis and inflammatory responses
in AKI mouse models [107]. Additionally, Lnc XIST acts
as a competitive sponge for miR-124-3p, preventing it
from inhibiting its target gene, integrin -1 (ITGB1).
This blockage exacerbates apoptosis and inflammatory
responses in NRK-52E cells treated with hypoxia/reoxy-
genation (H/R). Overexpressing miR-124-3p or inhibiting
ITGB1 can reverse this effect [108]. Similarly, IncRNA
SNHG14 competes with miR-124-3p for binding. In RI/
RI rats and H/R-treated HK-2 cell models, silencing
SNHG14 or overexpressing miR-124-3p can alleviate
H/R-induced damage by regulating matrix metallopro-
teinase 2 (MMP2) expression. This includes reducing cell
apoptosis, decreasing inflammatory factor release, and
improving the oxidative stress response [109].

Sepsis-induced AKI

Sepsis is a systemic inflammatory disease resulting from
infection. Nearly 50% of AKI cases in intensive care units
are related to sepsis. These two conditions can coexist as
a syndrome of acute dysfunction and organ injury, known
as sepsis-associated acute kidney injury (SA-AKI) [110].
The mortality rate of SA-AKI is significantly higher than
that of sepsis alone [111]. In recent years, studies have
increasingly focused on the role of miRNAs, especially
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miR-124-3p, in SA-AKI (Fig. 4). Research indicates that
in a mouse model of disseminated Candida infection,
upregulation of MCP-1 and downregulation of miR-124
are involved in the pathogenesis of SA-AKI. Adenovirus-
mediated overexpression of miR-124 can inhibit MCP-1
expression, thereby reducing inflammatory cytokine
levels in mice, alleviating acute kidney injury from dis-
seminated Candida infection, and improving survival
rates [112]. Additionally, studies have found that circ
HIPK3 expression is elevated in the serum of patients
with SA-AKI and positively correlates with inflamma-
tory factor levels. Downregulating HIPK3 expression
can reduce kidney damage in SA-AKI mice, increase cell
viability, and mitigate inflammatory responses and cel-
lular senescence. Mechanistically, HIPK3 upregulates
kruppel-like factor 6 (KLF6) expression by competitively
binding to miR-124-3p. This promotes KLF6’s binding to
NOD-like receptor thermal protein domain associated
protein 3 (NLRP3), activating NLRP3/caspase-1-me-
diated pyroptosis, thus worsening the inflammatory
response in SA-AKI. At the same time, HIPK3 upregu-
lates DNA methyltransferasel (DNMT1) and DNMT3a
expression by competitively binding to miR-148b-3p,
increasing the methylation of the Klotho promoter, thus
accelerating cellular senescence in SA-AKI. Downregu-
lating miR-124-3p or miR-148b-3p significantly reduces
the protective effect of HIPK3 silencing on SA-AKI
[113]. Additionally, lipid metabolism disorders are closely
linked to kidney injury [114]. Ferroptosis is an iron-
dependent form of regulated necrosis caused by lipid
peroxidation—-mediated membrane damage, with phos-
pholipids containing polyunsaturated fatty acids (PUFAs)
as the primary substrate. This process is positively regu-
lated by enzymes such as lysophosphatidylcholine acyl-
transferase 3 (LPCAT3) [115]. Thus, LPCAT3-mediated
phospholipid metabolism disorders and the release of
phospholipid-derived inflammatory mediators could be
involved in the development of SA-AKI. In the serum of
patients with SA-AKI, there is an increase in phospha-
tidylcholine content and LPCAT3 activity, along with a
decrease in miR-124-3p expression. Further studies have
shown that miR-124-3p negatively regulates LPCAT3
expression by binding to the 3’ untranslated region of the
LPCATS3 gene, affecting phospholipid metabolism and
contributing to ferroptosis [116].

MiR-124-3p and lupus nephritis

LN is a common and severe complication of systemic
lupus erythematosus (SLE), significantly influenced by
autoimmune dysregulation. Renal macrophages bind to
immune complexes via Fc Gamma Receptors (FcyRs),
leading to their deposition in the kidneys. This deposi-
tion activates the complement system, causing various
pathological changes [117]. Recently, with the use of
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novel immunosuppressive drugs like belimumab, myco-
phenolate mofetil, and anti-CD20 monoclonal antibod-
ies, the survival rate of LN patients has significantly
improved. However, about one-third of LN patients still
progress to ESRD within 10-20 years [118]. Thus, there
is an urgent need for new non-invasive biomarkers and
therapeutic targets. Multiple studies show that miRNA
expression is abnormal in the serum, kidney tissue, and
urine of LN patients, indicating involvement in the dis-
ease’s pathogenesis and progression [119, 120]. Recent
prospective studies on miR-124-3p have shown differen-
tial expression in the serum of LN patients. Abdelsalam
et al. studied serological markers of SLE and miR-124
expression in the serum of 50 LN patients and 50 healthy
controls. They found that serum miR-124 expression was
significantly lower in LN patients than in healthy con-
trols and that it varied among LN patients with different
clinical manifestations. Notably, patients with muscu-
loskeletal involvement had the lowest serum miR-124
expression [121]. Zhang L et al. tested the serum of 62
subjects and found that serum miR-124 expression was
significantly lower in LN patients compared to healthy
controls. This reduction was even more pronounced in
patients with active LN than in those with non-active LN
and non-LN patients. Furthermore, miR-124 expression
was negatively correlated with inflammatory markers like
IL-1B, IL-6, and TNF-a. Cellular experiments show that
transfection with a miR-124 mimic significantly inhibits
mesangial cell proliferation and decreases the synthesis
of inflammatory cytokines. The underlying mechanism
involves targeting and suppressing the expression of TNF
receptor-associated factor 6 (TRAF6) [122]. TRAF6 is a
direct target of miR-124 and functions as an adaptor in
inflammatory signaling pathways. It helps regulate intra-
cellular TLR4/NF-«B signaling, inducing inflammation,
apoptosis, and oxidative stress. Abnormal hyperactivity
of TRAF6 often exacerbates renal injury during various
kidney diseases [123]. Another study by Pan et al. found
significantly reduced expression of miR-124-3p in LN tis-
sues, serum, and cells. Their in vitro and in vivo studies
indicated that HOXA11-OS acts as a competitive endog-
enous RNA (ceRNA) for miR-124-3p through sponge
adsorption, promoting the expression of Cysteine-rich
protein 61 (Cyr61) [124]. Cyr61 is a secreted matricellular
protein present at low levels under normal conditions. It
has been found that serum Cyr61 levels are significantly
elevated in SLE patients and are closely related to disease
activity and inflammation [125]. HOXA11-OS promotes
the expression of Cyr61 by competitively binding to
miR-124-3p, thereby enhancing LN-IgG-induced podo-
cyte autophagy and aggravating podocyte injury. When
HOXA11-0S is knocked down, miR-124-3p significantly
reduces kidney damage in lupus mice by targeting and
inhibiting Cyr61 expression [124] (Fig. 5).
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Fig. 5 miR-124-3p in lupus nephritis. The pathophysiology of LN is complex. In various glomerular compartments of LN patients, immune complex
formation, activation of innate immune signaling pathways, infiltration of immune cells, and pro-inflammatory mediators can damage glomerular cells
through multiple mechanisms. miR-124-3p plays a protective role in SLE by specifically inhibiting the expression of key molecules like TRAF6 and Cyr61.
This targeted inhibition stops mesangial cell proliferation, reduces inflammatory reactions, prevents excessive podocyte autophagy, and effectively miti-

gates renal damage

MiR-124-3p and renal interstitial fibrosis

Renal interstitial fibrosis (RIF) is the final pathological
outcome of various chronic and progressive kidney dis-
eases, characterized by the replacement of normal renal
interstitial and tubular structures with extensive extracel-
lular matrix (ECM) accumulation [126]. Myofibroblast
aggregation significantly contributes to ECM accumu-
lation in the renal interstitium. The epithelial-mesen-
chymal transition (EMT) of renal tubular epithelial cells
is an important source of myofibroblast generation and
a key mechanism of RIF [127, 128]. miR-124-3p serves
as a crucial regulatory factor, playing a central role in
gene expression and the pathogenesis of numerous dis-
eases. It is also one of the frequently studied miRNAs in
fibrotic disorders. Numerous studies have established
the substantial anti-RIF effect of miR-124-3p (Fig. 6).
For example, Zhou Y et al. discovered that suppress-
ing Lnc KCNQIOT1 can directly target and upregulate
miR-124-3p. This upregulation inhibits cell proliferation
and downregulates a-SMA and EN, exerting an anti-RIF
effect [129]. Furthermore, Zell S and colleagues used
RNA microarray technology for an in-depth analysis
of the expression of 46 EMT-related mRNAs and 342
miRNAs in hypoxia-induced renal prox7imal tubule epi-
thelial cells. Their results indicated that under hypoxic
conditions, renal proximal tubule epithelial cells dis-
played mesenchymal cell-like characteristics, including
increased MMP2 expression and enhanced cell migration
and proliferation. Among the analyzed miRNAs, 35 were
upregulated, while 8 were downregulated. Notably, the
decrease in miR-124 expression was strongly correlated

with increased MMP2 expression. miR-124 inhibits the
migration and proliferation of renal epithelial cells under
hypoxic conditions by targeting MMP2 [130]. MMPs
form the primary enzyme system responsible for matrix
degradation in the kidneys, exerting diverse degrada-
tive effects on the ECM. Their activity directly impacts
the quantity of ECM expressed in renal tissue. MMP2, a
prominent member of the MMP family, has been chiefly
identified in the cytoplasm of glomerular mesangial cells
and renal tubular epithelial cells [131]. Upon activation,
MMP2 degrades Col IV and cleaves elastin, releasing
biologically active fragments of ECM. This process dis-
rupts the dense structural integrity among elastin fibers,
facilitating the migration of renal interstitial fibroblasts
beneath the epithelium. Consequently, this promotes
EMT, ultimately contributing to RIF. The Notch signaling
pathway, a highly conserved cellular mechanism, criti-
cally regulates the fate of various cell types [132]. Recent
studies have revealed that dysregulation of Notch sig-
naling significantly impacts the progression of fibrotic
diseases [133]. Particularly in renal interstitial fibrosis,
Notchl emerges as the primary receptor mediating the
effects of the Notch signaling pathway. Meanwhile, jag-
ged 1 (JAGL) is the most extensively studied ligand in
this pathway. Under external environmental stimuli, the
Notchl receptor interacts with the JAGI1 ligand, initi-
ating a cascade of events. This interaction leads to the
release of the notch intracellular domain (NICD), which
then translocates to the nucleus. Once in the nucleus,
NICD activates the transcription of target genes closely
associated with renal interstitial fibrosis [134], thereby
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Fig. 6 miR-124-3p in renal interstitial fibrosis. RIF is a prevalent pathological feature of CKD advancing to ESRD, mainly characterized by myofibroblast
proliferation and excessive ECM deposition. Studies suggest that miR-124-3p exhibits significant renoprotective effects in RIF progression, effectively
inhibiting EMT advancement by modulating the expression of multiple target genes

promoting RIF progression. Qiu ZZ et al. established in
vivo/in vitro models, revealing an interaction between
Lnc HOTAIR and miR-124. This interaction directly tar-
gets JAGL, impacting the occurrence of RIF. In a UUO
rat model, gastric lavage with Paeonol (PAE) reduced
the expression of HOTAIR and JAG1 while increasing
the expression of miR-124. Additionally, PAE inhibited
HOTAIR-induced EMT and migration of NRK-49 F cells.
HOTAIR activates the JAG1/Notchl signaling pathway
by inhibiting miR-124, an effect that PAE counteracts
by increasing miR-124 expression [135]. Xia WP and
colleagues observed significant overexpression of Lnc
MALAT1 and ITGBI in TGF-p1-treated HK2/NRK-49 F
cells and renal tissues from a UUO mouse model, while
miR-124-3p expression was downregulated. Likewise,
renal tissues from patients with obstructive nephropathy
(ON) showed a similar expression pattern for MALAT1/

miR-124-3p/ITGBI1 as observed in cell and animal exper-
iments. Mechanistic studies revealed that MALAT1
competitively binds to miR-124-3p, thereby modulating
ITGB1 expression and promoting RIF [136]. ITGBI1, a
crucial ECM receptor and the most abundantly expressed
B-integrin subunit in the kidney [137], plays a pivotal role
in regulating renal structure and function [138]. Recruit-
ing ITGB1 can promote the development of RIF [139],
while inhibiting its expression can effectively alleviate the
EMT process induced by TGF-p1 [140].

Research progress of miR-124-3p in clinic

The clinical application potential of miR-124-3p in kidney
diseases is gradually emerging as research progresses on
its functional basis. Preliminary studies have been con-
ducted to explore the feasibility of using miR-124-3p as a
biomarker for kidney diseases. For example, Xia WP et al.
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reported a significant decrease in miR-124-3p expression
in kidney tissues from patients with obstructive nephrop-
athy compared to normal kidney tissues removed due to
trauma [136]. Another study found a significant reduc-
tion in serum miR-124 expression in septic patients com-
pared to healthy controls. miR-124 showed a negative
correlation with serum levels of Scr, CRP, TNF-a, IL-1,
IL-6, and IL-1 in septic patients in relation to disease
status. Prognostic studies further indicated a close asso-
ciation between miR-124 and sepsis risk, where survivors
exhibited significantly higher miR-124 expression than
non-survivors, suggesting the potential of miR-124 as a
promising biomarker for the diagnosis and prognosis of
sepsis [141]. Apart from its diagnostic value in kidney
diseases, miR-124-3p has shown remarkable diagnostic
potential in other fields. In neuroscience, two notable
studies have evaluated the extent of brain damage in
patients who recovered from coma after cardiac arrest. In
one study, researchers noted that serum miR-124 expres-
sion was significantly higher in patients with a poor prog-
nosis compared to those with a favorable prognosis at
48 h post-cardiac arrest [142]. In another study, serum
miR-124-3p levels were found to be significantly cor-
related with neurological outcomes at 6 months, where
higher levels of miR-124-3p were associated with lower
survival rates [143]. Furthermore, several studies have
reported changes in the expression profile of miR-124-3p
in patients with various types of cancer. These investiga-
tions have revealed significant alterations in miR-124-3p
expression levels in cervical cancer, nasopharyngeal car-
cinoma, renal cell carcinoma, and other diseases, closely
associated with the pathophysiological processes of these
conditions [144—147].

Concurrently, therapeutic approaches targeting miR-
124-3p are under investigation in clinical research.
ABX464, a novel small molecule compound exhibiting
a unique mechanism of action against HIV, falls within
the quinoline derivative class [148]. In vitro and in vivo
preclinical studies have both shown that ABX464 can
increase miR-124-3p expression in humans [149]. Uncon-
trolled high cytokine expression significantly contributes
to various inflammatory diseases. Currently, recombi-
nant soluble receptors, antibodies, or signal inhibitors
are commonly employed in clinical practice to target
and inhibit cytokines for treating patients with gluco-
corticoid-refractory autoimmune diseases. However, due
to the pleiotropic effects of cytokines and their crucial
roles in various cells and pathways, blanket blockade of
systemic cytokines poses significant risks. Hence, selec-
tively inhibiting cytokines while preserving their activity
at other sites is of paramount importance. miR-124-3p
is negatively correlated with the inflammatory response
[150]. Inducing miR-124-3p expression allows simultane-
ous targeting of multiple cytokines for downregulation,
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thereby alleviating inflammatory responses. The selective
induction of miR-124-3p biosynthesis by ABX464 limits
the cell types responsive to ABX464-induced miR-124-3p
expression. This prevents excessive miR-124-3p expres-
sion in all body cells, offering potential for selective
cytokine inhibition while preserving the activity of other
cytokines [151]. However, ABX464 is still in the research
phase and has not yet been approved for clinical use. Fur-
ther research and clinical trials are necessary to confirm
its efficacy and safety. Nevertheless, this novel medical
approach offers a new perspective.

Other miRNAs and kidney diseases

The establishment of human renal miRNA expression
profiling through sequencing and microarray data, cou-
pled with intensified research efforts, has led to an expo-
nential increase in studies in this field, resulting in the
identification of a growing number of miRNAs and their
functions.

Reports suggest that miRNAs can impact the progno-
sis of RI/RI by regulating cellular apoptosis and inflam-
matory responses [152]. Among these miRNAs, miR-21
is the most extensively studied. Numerous studies have
demonstrated the protective effect of miR-21 in AKI In
ischemic renal tissue, hypoxia-Inducible Factor 1-alpha
(HIFla) responds to low oxygen levels, upregulating
miR-21 to inhibit the expression of programmed Cell
Death Protein 4 (PDCD4) and phosphatase and Tensin
homolog (PTEN), thus reducing renal tubular cell apop-
tosis [153—155]. Moreover, miR-21 inhibits dendritic cell
maturation via the PDCD4/NF-kB pathway, thereby pro-
tecting renal tubular epithelial cells from ischemic injury
by modulating renal inflammation [156]. Furthermore,
miRNAs have potential effects on renal tubulointersti-
tial components during ischemia. For example, miR-126
and miR-218-2-5p protect kidneys from ischemia-reper-
fusion injury by preserving renal capillary density [157,
158]. Conversely, miR-150 promotes fibroblast activa-
tion, thereby accelerating the progression of renal fibrosis
[159]. Podocytes, highly specialized epithelial cells situ-
ated on the outer surface of glomerular capillaries, play
a crucial role in forming the glomerular filtration barrier.
Recent research indicates that in mice with targeted dele-
tion of Dicer specifically in podocytes, miR-23b, miR-24,
and miR-26a are involved in maintaining podocyte dif-
ferentiation, involving the loss of podocyte differentia-
tion markers (synaptopodin, nephrin, and podocin) and
foot process effacement [160]. Under high glucose condi-
tions, upregulated miR-29c expression induces podocyte
apoptosis by increasing Rho kinase activity through its
targeting of sprouty homolog 1 (Spryl) [161]. miR-195
downregulates the expression of the target gene BCL2,
subsequently activating caspase-3 and inducing podocyte
apoptosis [162]. Besides regulating cellular apoptosis and
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inflammatory responses, miRNAs also play critical roles
in EMT (involving miR-26a, miR-30c, miR-29, etc.) [163,
164] and autophagy (involving miR-25-3p, miR-34a, miR-
214-5p, etc.) [165-167].

However, it is crucial to note that miRNAs seem to
have a dual role. For example, miR-21, which has renal
protective effects as mentioned previously, is significantly
increased in renal tissues of rat models with ischemia/
reperfusion-induced AKI. By targeting ras-related pro-
tein Rab-11 A (Rablla) and inhibiting autophagy, it can
worsen kidney injury [168].Furthermore, the expression
levels of the same biomarker may vary among different
diseases. For instance, miR-378a-3p is highly expressed in
renal biopsy samples of patients with MN and focal seg-
mental glomerulosclerosis (FSGS), remains unchanged in
minimal change disease (MCD) and IgAN, but is down-
regulated in DKD [169]. These findings highlight the
complexity and diversity of miRNAs’ involvement in kid-
ney diseases. Therefore, it is imperative to further explore
the specific mechanisms of miRNAs’ actions in different
diseases and dynamic shifts during disease progression.
This will necessitate an integrated approach combining
bioinformatics, clinical trials, and basic research data
to accurately assess the potential impact of miRNAs in
kidney diseases, paving the way for novel diagnostic and
therapeutic strategies.

Prospects and summary

miR-124-3p, a conserved miRNA across multiple spe-
cies, plays a crucial role in various cellular functions. This
article summarizes the latest research progress on miR-
124-3p in renal system diseases, particularly focusing
on diabetic nephropathy, calcium oxalate kidney stones,
acute kidney injury, lupus nephritis, and renal intersti-
tial fibrosis. Besides renal diseases, abnormal expression
of miR-124-3p is closely associated with the progression,
drug resistance, and even prognosis of other diseases. Li
H et al. utilized a chronic constriction injury (CCI) rat
model and reported that knocking down SNHG16 can
upregulate miR-124-3p expression, negatively regulating
JAGI1 to ameliorate mechanical allodynia and thermal
hyperalgesia in CCI rats, while also reducing the concen-
tration and mRNA expression of inflammatory cytokines
[170]. Hu GR et al. reported that silencing of miR-124-3p
eliminates hypoxia-induced decreases in H9c2 cell viabil-
ity and increases apoptosis. It can inhibit inflammatory
responses and apoptosis by targeting the NKRF/NF-«kB
pathway, thereby suppressing acute myocardial infarction
[171]. Luo Y et al. reported that Rab27A can regulate the
miR-124-3p/STAT3/RelA axis, thus promoting apoptotic
cell death and ROS production in inflammatory colon
cells [172]. Overall, miR-124-3p is an important mol-
ecule with diverse functions and impacts on various dis-
eases. Extensive research in the fields of kidney diseases,
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neurological disorders, and oncology has provided valu-
able insights into the mechanistic roles of miR-124-3p in
the pathogenesis and progression of diseases, warranting
broader and more in-depth investigation.

The literature in this review clearly shows the signifi-
cant role of miR-124-3p in renal protection, particularly
through modulating inflammatory responses. Among
these, MCP-1, frequently appearing in downstream path-
ways, plays a crucial role in kidney diseases. As one of the
earliest discovered chemokines, MCP-1 has been exten-
sively studied for decades. MCP-1 functions by binding
to the G-protein-coupled CCR2 receptor on monocytes
[173]. Its primary function is to regulate the transport of
inflammatory cells, recruiting monocytes, neutrophils,
and lymphocytes to sites of inflammation and tissue
damage. MCP-1 is crucial for the initiation and main-
tenance of inflammatory responses and plays a key role
in various physiological and pathological mechanisms.
In the kidney, MCP-1 is expressed in renal tubular cells,
smooth muscle cells, mesangial cells, and podocytes
[174]. As a member of the CC chemokine family, MCP-1
recruits leukocytes to sites of inflammation caused by
tissue damage or infection, inducing a cascade of inflam-
matory responses [175]. When kidney damage occurs,
renal tubular epithelial cells release MCP-1, attracting
monocytes, T-cells, and dendritic cells to the damaged
site. These cells promote tissue remodeling and partici-
pate in kidney injury and subsequent adverse repair pro-
cesses [176]. MCP-1 is easily detectable in serum and
urine with good stability, making it a potential biomarker
for monitoring disease activity and evaluating treatment
effectiveness [177]. Research shows that MCP-1 changes
significantly early in kidney injury. Increased urinary
MCP-1 levels can predict renal fibrosis progression and
are independently associated with a continuous decline
in eGFR [178]. MCP-1 can induce an increase in inflam-
matory molecules in kidney cells, such as ICAM-1 and
interstitial matrix molecules like fibronectin. In renal
tubular epithelial cells, MCP-1 stimulates IL-6 secretion
and ICAM-1 synthesis. In podocytes, MCP-1 binding
to CCR2 leads to podocyte migration and significantly
reduces nephrin mRNA and protein expression [174].
These findings provide important clues to deepen our
understanding of kidney disease pathogenesis and
develop new treatment strategies. Future research may
find new methods to effectively prevent and treat kidney
diseases by regulating miR-124-3p and MCP-1.

However, despite the promising prospects of miR-
124-3p in the diagnosis and treatment of kidney dis-
eases, we must still confront a number of challenges
when utilizing it as a therapeutic target. Several studies
mentioned above have indicated that the expression level
of miR-124-3p predicts certain pathological events. In
research on miRNAs as diagnostic markers for clinically
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relevant diseases, these short noncoding RNAs within
the human body possess characteristics such as strong
stability and high sensitivity. By degrading or inhibiting
the translation of mRNA, they regulate downstream gene
transcription levels, intervening in cell activation, prolif-
eration, transformation, apoptosis, and lipid metabolism
[179]. miRNAs are valuable as early biomarkers for kid-
ney injury and disease, complementing the detection of
chronic kidney disease [180—182]. However, determining
its specificity and stability in vivo is particularly impor-
tant as a diagnostic marker. Recent studies have shown
that miRNAs, with an average half-life of up to 119 h, can
intervene in various physiological and pathological mech-
anisms in cells and can be stably expressed in blood or
urine [6, 183, 184]. This stability makes miRNAs poten-
tial biomarkers with diagnostic significance for many kid-
ney diseases. However, most free miRNAs in the body,
released after cell apoptosis or necrosis [185], can still be
degraded by endogenous RNA hydrolases under long-
term exposure in blood or urine. With the current deep-
ening research on exosomes, researchers have discovered
that exosomes can ensure the integrity and functionality
of transported active molecules due to their lipid bilayer
characteristics when conveying information. Unlike free
miRNA detection, which requires fresh samples, exo-
somes can be stored at -20 °C for up to 5 years without
destroying their contents [186]. Therefore, compared to
the direct detection of free miRNA expression, the detec-
tion of exosome-derived miRNAs may be more accurate
and applicable to a wider range of experimental types
[187]. Urine is an ideal source of noninvasive biomark-
ers, offering convenient and abundant sampling oppor-
tunities. After isolating and extracting exosomes, sample
proteins become highly concentrated, potentially facili-
tating detection. Exosomes from different sources can
carry their specific miRNAs and share similar expression
profiles with tissue-derived miRNAs. Moreover, urinary
exosomes, mostly secreted by the renal capsule and glo-
merular epithelial cells, potentially provide a richer and
more specific set of markers [188, 189].

Additionally, numerous challenges arise during the
clinical translation phase. Firstly, the small size and low
abundance of miRNA molecules necessitate highly sensi-
tive, specific, and streamlined techniques for the accurate
extraction, detection, and quantification of miR-124-3p
from large samples. Current detection methods, includ-
ing real-time quantitative PCR and microarray analysis,
provide relatively accurate results but are complex to
operate and expensive, limiting their widespread clinical
application. Moreover, various factors, such as sample
source, collection time, and processing methods, can
influence the expression level of miR-124-3p, introducing
variability into the test results. For example, miR-124-3p
expression levels may vary among different tissues or
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bodily fluids, and fluctuations in expression levels can
occur due to variations in collection time and process-
ing methods. This variability not only complicates detec-
tion but also impacts the interpretation and comparison
of results. More importantly, a lack of unified standards
and validation processes for miR-124-3p detection cur-
rently exists. Various methods and standards adopted
by different laboratories and research teams for testing
significantly affect result comparability. Establishing uni-
fied standards and validation processes is imperative to
ensure the accuracy and reliability of miR-124-3p test
results and facilitate its clinical application.

The primary therapeutic challenge lies in achiev-
ing stability and efficiency in the targeted delivery of
miRNAs in vivo, while mitigating potential off-target
effects. miR-124-3p is expressed in various cell types
and tissues, with multiple target genes, suggesting that
changes in its expression levels could impact multiple
genes and pathways in diverse tissues throughout the
body. An illustrative case is the clinical trial of MRX34,
a synthetic miR-34a mimic, evaluating its safety in
patients with primary liver cancer and other specific solid
tumors or hematological malignancies (clinicaltrials.gov,
NCTO01829971). The drug is administered intravenously,
employing pH-sensitive liposome technology for precise
delivery to tumor tissues. However, during a Phase 1b
clinical trial, some patients experienced immune-related
toxicities, and severe cytokine release syndrome occurred
in some cases, leading to the termination of the study. It’s
important to note that miR-34a is a tumor suppressor
miRNA, directly targeted by p53, capable of regulating
numerous oncogenes [190]. However, it may also influ-
ence immune cell communication by modulating cal-
cium signaling or chemokines [191, 192]. Animal studies
additionally show that miR-34a mimics are absorbed not
only by tumor tissues but also by the bone marrow and
spleen [193]. Hence, further investigation and meticulous
evaluation are necessary to ensure the safety and proper
biodistribution of miRNA-targeted therapies in practical
settings.

Current primary strategies for achieving intracellular
targeting and effective uptake of miRNA therapy involve
utilizing nanoscale carriers, virus-mediated artificial
expression, and customizing therapeutic oligonucleotides
through chemical modifications or the addition of biomo-
lecular conjugates. A common feature of these strategies
is the binding or encapsulation of nucleic acids by carri-
ers, which shields their negative charges and safeguards
the RNA from degradation. Non-pathogenic viral vec-
tors, notably the adeno-associated virus delivery system,
offer a means for intracellular delivery of miRNA therapy.
This system ensures transient stability of the recombinant
as a transcriptionally active episome within the nucleus
of the host cell [194]. Chemical modifications, like locked
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nucleic acid (LNA) alterations, improve the stability of
oligonucleotides by decreasing the flexibility of the ribose
ring and enhance cellular uptake via an endocytosis
mechanism that remains incompletely understood [195].
Biomolecular conjugates, such as N-acetylgalactosamine
(GalNAc), enhance targeted uptake of miRNA therapeu-
tics by activating hepatocyte-specific asialoglycoprotein
receptors [196]. The combined application of these strat-
egies, including integrating LNA alterations or nanoscale
carriers with cell type-specific biomolecular conjugates,
has demonstrated promising outcomes in augmenting
therapeutic efficacy and cell-targeting precision. Another
challenge of miRNA-targeted therapy concerns its long-
term efficacy and safety. Current clinical trials and studies
primarily assess the efficacy and safety of miRNA therapy
by monitoring changes in miRNA expression in disease
contexts and conducting in-depth analyses of treatment-
induced alterations in cellular signaling pathways. How-
ever, given the complexity of the miRNA regulatory
network and the incomplete understanding of miRNA
functions and mechanisms, additional clinical data and
long-term follow-up studies are necessary to validate the
long-term efficacy and safety of miRNA-targeted therapy.
Lastly, to ensure functional impact, attention must also
be given to the dosing of exogenous miRNAs. Dosages
used in miRNA therapy frequently surpass the physiolog-
ical range of endogenous miRNA expression, potentially
resulting in unpredictable off-target effects. Because of
dose-dependent miRNA-target interactions, varying
concentrations of miRNAs can elicit markedly different
effects in the body [197]. Additionally, overexpression
of a single miRNA may displace other endogenous miR-
NAs in the RISC, potentially inducing toxic non-targeted
effects [198]. Therefore, the dosage of miRNA therapeu-
tics must be maintained within a specific range to achieve
therapeutic effects. However, research in this area is still
ongoing.

In studies investigating the regulation of kidney dis-
eases by miR-124-3p, scientists are progressively unveil-
ing its involvement in disease onset and progression,
driven by the ongoing advancement of molecular tar-
geted therapies. Furthermore, initial advancements have
occurred in the exploration of novel biomarkers includ-
ing IncRNAs, mRNAs, and circRNAs, offering novel
avenues for early kidney disease diagnosis. Despite being
somewhat distant from clinical implementation, these
research achievements exhibit significant promise. In this
context, researchers are endeavoring to tackle the chal-
lenges encountered in the clinical translation of these
potential biomarkers.

1. Optimization of detection methods: Researchers
need to continuously refine experimental techniques
and analytical approaches to achieve precise and

Page 15 of 21

sensitive detection, ensuring the accuracy and
reliability of test results.

2. Establishment of diagnostic criteria: Researchers
should establish standardized detection criteria for
miR-124-3p and other potential biomarkers across
various primary diseases and stages of CKD to
enable more accurate disease diagnosis.

3. Comprehensive exploration of mechanistic
pathways: Researchers need to delve deeper into the
specific mechanisms through which miR-124-3p
and other potential biomarkers function in kidney
diseases, guiding the development of more targeted
therapeutic approaches for clinical management.

4. Validation of clinical efficacy: It is imperative to
validate the practical utility of miR-124-3p and other
potential biomarkers in diagnosing and treating
kidney diseases through large-scale, multicenter,
prospective, high-quality evidence-based clinical
studies.

5. Develop novel therapeutic strategies: Researchers
should investigate new treatment approaches based
on the regulation of miR-124-3p and other potential
biomarkers. These approaches could include
targeting overexpressed exosomes and their contents,
as well as mediating intercellular communication, to
delay or even reverse the progression of CKD.

In summary, substantial progress has been achieved in
researching miR-124-3p and other potential biomarkers
in kidney diseases; however, several challenges persist.
Currently, effective interventions to repair or reverse
refractory renal fibrosis in the clinical setting are lack-
ing. Through future in-depth research and ongoing
technological innovation, identifying and validating the
molecular determinants of renal fibrosis onset could have
profound implications for expanding clinical applica-
tions, potentially catalyzing revolutionary changes in the
diagnosis and treatment of kidney disease.

In summary, although research on miR-124-3p in kid-
ney diseases has made significant progress, it remains in
its early stages. The limited published literature results
in weak evidence for using miR-124-3p in the diagno-
sis and treatment of kidney diseases. The accuracy and
reliability of miR-124-3p as a biomarker need validation
through more high-level clinical trials. Currently, effec-
tive interventions for repairing or reversing refractory
renal fibrosis are lacking in the clinical setting, though
miR-124-3p has shown potential therapeutic value. How-
ever, this potential treatment strategy remains theoreti-
cal, requiring more research to explore its feasibility and
safety. Future research advancements and continuous
technological innovations focusing on identifying and
validating the molecular determinants of renal fibrosis
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may profoundly broaden clinical applications and revo-
lutionize the diagnosis and treatment of kidney diseases.
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