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Abstract
The intestinal barrier, a critical interface between the body and the external environment, is essential for maintaining internal 
homeostasis. Comprising mechanical, chemical, immune, and biological components, its dysfunction underpins multiple gas-
trointestinal pathologies. Circular RNAs (circRNAs), covalently closed non-coding RNAs, have emerged as central regulators 
of gut barrier homeostasis. This review synthesizes advances in circRNA roles in intestinal stem cell renewal, apoptosis-pro-
liferation balance, microbiome interactions, and immune regulation. Key findings highlight circRNA networks operating via 
competitive endogenous RNA mechanisms, protein interactions, and translational potential to influence barrier function. We 
further discuss circRNAs as diagnostic biomarkers in inflammatory bowel disease and their therapeutic potential in barrier-
related pathologies. Advances in RNA nanotechnology (e.g., lipid nanoparticles) and synthetic biology position engineered cir-
cRNAs as next-generation therapies for precision intervention in gastrointestinal disorders. Importantly, this review also criti-
cally examines the current limitations of these translational approaches, including delivery challenges, safety considerations, 
and the preliminary nature of many preclinical findings, providing a balanced perspective on the path from bench to bedside.
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Introduction
The intestinal epithelium is a vital component of the gastrointes-
tinal tract, serving as a barrier between the external environment 
and the body’s internal systems. It is constantly renewed every 
three to five days, and this process is crucial for maintaining gut 
homeostasis and health.1 Lgr5+ intestinal stem cells (ISCs) play 
a pivotal role in this renewal process by balancing proliferation 
and differentiation.2 This dynamic equilibrium ensures the proper 
functioning of the intestinal epithelium and the overall gut bar-
rier. However, barrier dysfunction can occur due to various factors 
such as dysregulated tight junctions, microbial dysbiosis, or im-
mune hyperactivation. These disruptions are implicated in several 
serious conditions, including inflammatory bowel disease (IBD), 
colorectal cancer, and sepsis.2,3 When the intestinal barrier is com-
promised, it can lead to increased intestinal permeability, allowing 
harmful substances and pathogens to enter the bloodstream, which 
can trigger immune responses and contribute to the development 
and progression of these diseases.4

Circular RNAs (circRNAs) have emerged as important play-
ers in regulating gene expression and cellular functions.5 They are 
generated through a unique mechanism called backsplicing, where 
the 3′ end of a downstream exon is joined to the 5′ end of an up-
stream exon.6 This distinctive structure makes circRNAs highly 
stable, as they are resistant to degradation by RNA exonucleases.3 
Based on their origin, circRNAs can be classified into three main 
types: exonic circRNAs, circular intronic RNAs, and exon-intron 
circRNAs.4

circRNAs exert their regulatory effects through multiple mecha-
nisms.7,8 One of the well-known functions is acting as microRNA 
(miRNA) sponges. For example, circZNF609 has been shown to se-
quester miR-134-5p, thereby sustaining Wnt signaling.1 This inter-
action can influence various cellular processes, including cell prolif-
eration and differentiation. Another mechanism involves interacting 
with RNA-binding proteins (RBPs). circPABPN1, for instance, can 
bind to HuR and modulate autophagy.4 Autophagy is a crucial cel-
lular process for maintaining intracellular homeostasis, and its dys-
regulation has been linked to various diseases. Additionally, some 
circRNAs possess translational capacity. CircMAPK1 can encode 
peptides that inhibit the MAPK pathway.5 The MAPK pathway is 
involved in regulating cell growth, differentiation, and apoptosis, 
making circMAPK1 a potential regulator of these processes.

Recent research has highlighted circRNAs as critical nodes in 
epithelial regeneration,6 microbial crosstalk,7 and immune toler-
ance.9,10 In the context of the intestinal epithelium, circRNAs may 
play a role in promoting epithelial cell renewal and repair following 
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damage (Fig. 1).6 They may also interact with gut microbiota, influ-
encing microbial composition and function and, in turn, be affected 
by microbial metabolites.7 Furthermore, circRNAs can modulate 
immune responses, helping to maintain immune tolerance and pre-
vent excessive inflammation.11,12 These diverse functions position 
circRNAs as promising diagnostic and therapeutic targets for vari-
ous intestinal disorders.13–15 By understanding the specific roles and 
mechanisms of circRNAs in the gut, researchers and clinicians can 
develop novel strategies for detecting, preventing, and treating con-
ditions related to intestinal barrier dysfunction.

circRNAs in ISC renewal and differentiation
circRNAs have emerged as pivotal regulators in the renewal and 
differentiation of ISCs, which are essential for maintaining the dy-
namic equilibrium of the intestinal epithelium.16 This section delves 
deeper into the dual roles of circRNAs in modulating ISC functions 
through both positive and negative regulatory mechanisms.

circPan3: Positive regulation via the interleukin-13 (IL)-13/
signal transducer and activator of transcription 6 (STAT6)/β-
catenin axis
circPan3 is specifically enriched in Lgr5+ ISCs, a population of 
stem cells critical for the regeneration and homeostasis of the in-
testinal epithelium.17 circPan3 exerts its positive regulatory effects 
by stabilizing the IL13ra1 messenger (mRNA). It achieves this 

by binding to the 3′ UTR of IL13ra1 mRNA and competing with 
the decay-promoting RBP KSRP.17 This competition prevents the 
degradation of IL13ra1 mRNA, thereby enhancing the expression 
of IL-13Rα1.17 The elevated levels of IL-13Rα1 enable intestinal 
cells to respond more effectively to IL-13, a cytokine predomi-
nantly secreted by type 2 innate lymphoid cells (ILC2s).18 These 
cells play a crucial role in immune responses and tissue repair.

Upon binding to IL-13Rα1, IL-13 triggers the phosphorylation 
of STAT6.17 Phosphorylated STAT6 then translocates to the nu-
cleus, where it upregulates the expression of FoxP1.17 FoxP1, in 
turn, stabilizes β-catenin, a key component of the Wnt signaling 
pathway.17 The Wnt pathway is a master regulator of ISC self-
renewal and intestinal epithelial cell proliferation.1 By amplifying 
Wnt signaling, circPan3 promotes the self-renewal and prolifera-
tion of ISCs, ensuring the proper turnover and repair of the intes-
tinal epithelium.17

Research has shown that circPan3 knockout mice exhibit a 
significant reduction in the number of ISCs, shortened intestinal 
villi, and impaired injury repair capabilities.17 This finding un-
derscores the critical role of circPan3 in maintaining ISC homeo-
stasis and epithelial integrity.17 It also highlights the potential of 
circPan3 as a therapeutic target for conditions characterized by 
intestinal epithelial damage and impaired repair, such as IBD and 
ischemic injury.17

circBtnl1: Negative regulation via the ATF4/SOX9 pathway
circBtnl1, on the other hand, is expressed in crypt-base ISCs and 

Fig. 1. Disease-associated circRNA expression patterns in intestinal health and disease. Bar plot showing the relative expression levels of four key circular 
RNAs (circNF1-419, circPABPN1, circPan3, circPLOD2) across three clinical conditions: active ulcerative colitis (active UC), active Crohn’s disease (active CD), 
and IBD remission. Data are presented as mean ± SD (n = 5 per group). circRNA expression was normalized to internal controls. The plot illustrates that 
circRNAs can serve as dynamic biomarkers reflecting disease activity and gut barrier function. CD, Crohn’s disease; circRNA, circular RNA; IBD, inflammatory 
bowel disease; SD, standard deviation; UC, ulcerative colitis.
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plays a negative regulatory role in ISC self-renewal.19 It achieves 
this by binding to Atf4 mRNA and disrupting the interaction be-
tween Atf4 mRNA and the RNA helicase DDX3Y.19 This disrup-
tion leads to the destabilization of Atf4 transcripts, subsequently 
reducing the transcription of SOX9 mediated by ATF4.19 SOX9 
is a transcription factor crucial for maintaining ISC identity and 
promoting ISC self-renewal.20

A study has demonstrated that the deletion of circBtnl1 results 
in an expansion of crypts and ISCs without affecting the expres-
sion of the parental Btnl1 gene.19 This confirms that circBtnl1 
functions in a cis-independent manner, meaning its regulatory ef-
fects are not confined to the genomic locus from which it is de-
rived.19 By reducing ATF4/SOX9 signaling, circBtnl1 helps to 
balance ISC self-renewal and differentiation, preventing excessive 
stem cell proliferation that could potentially lead to tumorigene-
sis.19 Further research has revealed that circBtnl1 deficiency facili-
tates the binding of ATF4 to the Sox9 promoter, thereby enhancing 
Sox9 transcription.19 This finding solidifies the role of circBtnl1 
in modulating ISC self-renewal and suggests that the interplay be-
tween circBtnl1, ATF4, and SOX9 is crucial for maintaining ISC 
homeostasis.19

circLgr4: Positive regulation of ISC proliferation
circLgr4, another important circRNA in ISC biology, functions 
by sponging miR-134-5p.1 It binds to miR-134-5p, thereby alle-
viating the post-transcriptional repression of LGR4.1 LGR4 is a 
key regulator of ISC proliferation and differentiation.21 By dere-
pressing LGR4, circLgr4 promotes the proliferation of ISCs.1 
This mechanism is essential for maintaining intestinal epithelial 
homeostasis and ensuring efficient tissue repair following injury.1 
Recent studies have shown that circLgr4 overexpression enhances 
ISC proliferation and accelerates intestinal regeneration in mouse 
models of colitis.2 This makes circLgr4 a potential therapeutic tar-
get for promoting intestinal repair in conditions such as IBD.1,2

circVAPA: Positive regulation of Paneth cell differentiation
circVAPA plays a role in the differentiation of Paneth cells, 
which are specialized intestinal epithelial cells responsible for 
producing antimicrobial peptides.22 circVAPA achieves this by 
sponging miR-876-5p, thereby relieving the repression of Wn-
t3a.22 Wnt3a is a critical factor in the Wnt signaling pathway, 
which is essential for Paneth cell differentiation.23 By upregulat-
ing Wnt3a expression, circVAPA promotes the differentiation of 
Paneth cells.22 This function is crucial for maintaining intestinal 
homeostasis, as Paneth cells contribute to the defense against 
pathogens and the regulation of the gut microbiota.24 Research 
indicates that circVAPA deficiency leads to impaired Paneth cell 
differentiation and reduced antimicrobial peptide production.22 

This suggests that circVAPA could be targeted to enhance Paneth 
cell function and improve intestinal barrier integrity in condi-
tions such as IBD and infections.22

In summary, the intricate regulatory networks involving circ-
Pan3, circBtnl1, circLgr4, and circVAPA illustrate the complexity 
of circRNA functions in ISC biology (Table 1).1,2,6,16,19,22 These 
circRNAs not only modulate key signaling pathways but also in-
teract with various molecular components to fine-tune ISC behav-
ior.16 Understanding these mechanisms provides valuable insights 
into the molecular basis of intestinal homeostasis and disease 
pathogenesis.25 It also paves the way for the development of novel 
therapeutic strategies targeting circRNAs to treat intestinal disor-
ders,15,25 offering hope for improved outcomes in patients suffer-
ing from conditions such as IBD, colorectal cancer, and intestinal 
injury (Fig. 2).24,25

Emerging mechanisms of circRNAs in regulating stem cell dif-
ferentiation
Research into circRNAs has extended beyond classical miRNA 
sponging, revealing their capacity to fine-tune ISC fate decisions 
through diverse and sophisticated mechanisms.26 These emerging 
paradigms highlight circRNAs as integral components of the regu-
latory networks governing intestinal epithelial development and 
homeostasis.

A key mechanism involves the direct regulation of cell line-
age specification. For instance, circRNA_0000338, identified 
in pig milk exosomes, promotes the differentiation of intestinal 
epithelial cells into goblet cells.27 It functions by sponging miR-
182-5p, thereby derepressing the transcription factor KLF4, which 
is pivotal for goblet cell differentiation and mucus secretion.27,28 
This enhancement of the mucus barrier is crucial for defense and 
homeostasis.29 Similarly, circVAPA directs ISC differentiation to-
wards the Paneth cell lineage via the miR-876-5p/Wnt3a axis.22 
By sponging miR-876-5p, circVAPA upregulates Wnt3a, a critical 
driver of Paneth cell maturation,23 thereby fostering the production 
of antimicrobial peptides essential for crypt microenvironment sta-
bility and host defense.22,24

Simultaneously, circRNAs exert precise control over the bal-
ance between ISC self-renewal and proliferation. The well-char-
acterized circLgr4 promotes ISC proliferation by sequestering 
miR-134-5p, which alleviates post-transcriptional repression of its 
target LGR4, a key regulator of ISC activity.1,21 This mechanism 
is vital for maintaining epithelial turnover and facilitating repair 
after injury.1,2 Conversely, circBtnl1 negatively modulates ISC 
self-renewal by interacting with RBPs to destabilize Atf4 mRNA, 
leading to reduced SOX9 transcription.19,30 This interplay helps 
prevent excessive stem cell expansion.19

Furthermore, pioneering studies hint at even more complex 

Table 1.  circRNA networks in ISC dynamics

circRNA Target Mechanism Functional outcome

circPan3 IL-13Rα1 mRNA Stabilizes mRNA via KSRP competition ↑ Wnt signaling, ↑ renewal1

circBtnl1 Atf4 mRNA Disrupts DDX3Y binding, promotes decay ↓ SOX9, ↓ renewal6

circLgr4 miR-134-5p Sponges miRNA to derepress LGR4 ↑ proliferation2

circVAPA Wnt3a Sponges miR-876-5p ↑ Paneth differentiation2

This table summarizes the molecular targets, mechanisms, and functional outcomes of key circRNAs involved in regulating intestinal stem cell (ISC) renewal and differentiation. 
Arrows indicate an increase (↑) or decrease (↓) in the specified outcome. Atf4, activating transcription factor 4; circRNA, circular RNA; DDX3Y, DEAD-box helicase 3 Y-linked; IL-
13Rα1, interleukin-13 receptor subunit alpha-1; KSRP, KH-type splicing regulatory protein; LGR4, leucine-rich repeat-containing G-protein-coupled receptor 4; miRNA, microRNA; 
mRNA, messenger RNA; SOX9, SRY-box transcription factor 9; VAPA, VAMP-associated protein A.
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layers of circRNA-mediated regulation. Some circRNAs, such as 
circSox9, may influence differentiation by directly binding and 
stabilizing key transcription factors.31 Others, like circZscan4, 
are implicated in promoting enterocyte differentiation, potentially 
through miRNA-dependent mechanisms.31 There is also emerging 
evidence that circRNAs can participate in epigenetic modulation, 
as suggested by studies on circKmt2d and its potential interaction 
with chromatin remodeling complexes.32,33 While these findings 
require further validation in intestinal contexts, they underscore 
the expansive regulatory potential of circRNAs.26,33,34

In summary, the evolving landscape of circRNA biology in 
ISCs encompasses direct lineage specification, balanced prolif-
eration control, and potential epigenetic influence. This functional 
versatility solidifies their role as master regulators and presents a 
rich reservoir of potential therapeutic targets for restoring intesti-
nal homeostasis in disease.15,25,34

circRNA-microbiome crosstalk in barrier regulation
The intestinal barrier functions within a dynamic ecosystem shaped 
by continuous dialogue between host cells and the gut microbiota. 
circRNAs have emerged as critical molecular mediators of this bi-
directional communication, forming an intricate regulatory network 
essential for maintaining homeostasis.35 This crosstalk encompasses 
microbial regulation of host circRNA expression and reciprocal 
modulation of the microbial community by circRNAs, as illustrated 
in the comprehensive interaction networks (Figs. 3–5).

Microbial modulation of circRNA expression
The gut microbiota profoundly influences the host’s circRNA 
landscape. Comparative studies in germ-free and specific patho-

gen-free mice have identified hundreds of differentially expressed 
circRNAs, underscoring the microbiota’s role in shaping the host 
circRNA profile.36 Among these, circNF1-419, implicated in regu-
lating the IL-11/SOX9 axis, is suppressed in germ-free mice, sug-
gesting microbial contributions to a permissive environment for 
certain pathologies.36 Specific pathogens can also directly repro-
gram circRNA expression. For instance, infection with Fusobacte-
rium nucleatum upregulates circPLOD2, which drives pro-inflam-
matory metabolic reprogramming via the miR-513c/ANXA2 axis, 
leading to tight junction disruption and barrier compromise (a key 
mechanism summarized in Fig. 3).37 Beyond pathogens, benefi-
cial microbes exert regulatory effects. The probiotic Lactobacil-
lus plantarum enhances the expression of barrier proteins (e.g., 
MUC2, CLDN1) and modulates the endocannabinoid (eCBome) 
system, a mechanism associated with improved barrier function 
and circRNA expression changes.38 These microbiota-sensitive 
circRNAs can regulate key epithelial cell processes, such as apop-
tosis and proliferation, detailed in Table 2.

The dynamic balance between gut microbiota and the host is 
a key factor in maintaining intestinal barrier function.39 As novel 
regulatory molecules, circRNAs play an important role in host–
microbe interactions, forming a complex signaling dialogue net-
work crucial for intestinal homeostasis and health.40 The gut mi-
crobiota influences the host circRNA expression profile through 
multiple pathways, creating an intricate regulatory landscape that 
affects various aspects of host physiology.36 For example, circ-
NF1-419 affects cancer progression and metastasis by regulat-
ing the IL-11/circRNA/miRNA/SOX9 axis.7 Further research is 
needed to elucidate the precise mechanisms through which circ-
NF1-419 interacts with the IL-11/SOX9 axis and to explore its 
potential as a therapeutic target in cancer treatment.41 In clinical 
studies involving burn patients, Pseudomonas aeruginosa infec-

Fig. 2. Spatiotemporal distribution of circPan3 along the intestinal tract. Heatmap depicting the relative expression levels of circPan3 in different intestinal 
segments (duodenum, jejunum, ileum, colon, rectum) and tissue layers (epithelium, lamina propria, muscularis). Color intensity represents expression 
level, ranging from low (light blue) to high (dark red). The data reveal a dynamic expression pattern of circPan3, with the highest enrichment in the colonic 
epithelium, suggesting its functional relevance in intestinal homeostasis and disease. circPan3, circular RNA Pan3.
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tion was found to induce reprogramming of circRNA expression 
profiles in wound tissues.42 These changes in circRNA expres-
sion were closely related to intestinal barrier damage, indicating 
that microbial infections can affect intestinal circRNA expression 
through remote signaling.43 This remote signaling mechanism 
suggests that infections at one site can have systemic effects on 
gut homeostasis, potentially contributing to the development of 
systemic inflammatory responses and multi-organ dysfunction.44 
Probiotics have also been shown to significantly regulate host 
circRNA expression, offering a promising avenue for modulating 
host–microbe interactions.45

circRNA feedback on microbial ecology
Conversely, host circRNAs can shape the composition and func-
tion of the gut microbiota, creating a bidirectional regulatory 
loop essential for maintaining intestinal homeostasis.46 In Alzhei-
mer’s disease models, overexpression of circNF1-419 in the brain 
was found to alter the composition of the mouse gut microbiota, 
particularly affecting the relative abundance of Firmicutes and 
Trichomonas.47 This circRNA-mediated communication between 
the brain and gut reveals a novel mechanism linking neural circR-
NAs to gut dysbiosis in neurological diseases.48 The exact mecha-

nisms through which circNF1-419 influences gut microbiota com-
position are still under investigation, but this finding opens new 
avenues for exploring the gut–brain axis in neurodegenerative dis-
eases.48 The interaction between microbiota and circRNAs extends 
to the metabolic level, with significant implications for intestinal 
barrier function and disease pathogenesis. Recent studies have 
shown that infection with F. nucleatum can induce circPLOD2 
expression.49 circPLOD2 promotes glycolysis reprogramming 
through the miR-513c/ANXA2 axis, creating a pro-inflammatory 
microenvironment that disrupts intestinal barrier integrity. This 
metabolic immune cross-talk mechanism is particularly promi-
nent in the occurrence and development of IBD-related colorectal 
cancer.50 By inducing circPLOD2 expression, F. nucleatum not 
only alters the metabolic landscape of the gut but also exacerbates 
inflammation and promotes carcinogenesis.51 This highlights the 
critical role of the circRNA–microbiota axis in the pathogenesis of 
gastrointestinal diseases and suggests that targeting this axis could 
be an effective therapeutic strategy for conditions such as IBD and 
colorectal cancer.52

These studies collectively reveal the central position of the 
circRNA–microbiota axis in intestinal barrier homeostasis.53 The 
microbiota affects barrier function by regulating host circRNA ex-

Fig. 3. Mechanistic network of F. nucleatum-induced barrier disruption via circPLOD2. Schematic representation of the molecular interactions through 
which F. nucleatum upregulates circPLOD2. circPLOD2 acts as a sponge for miR-513c, relieving the inhibition of ANXA2. Upregulated ANXA2 promotes 
glycolysis and disrupts tight junctions, culminating in intestinal inflammation. Nodes represent molecular entities or processes, and edges indicate regula-
tory relationships (arrowheads denote direction of effect). Colors categorize node types: microbe (teal), circRNA (light yellow), miRNA (lavender), protein 
(salmon), process (light blue), barrier component (orange), and outcome (light green). ANXA2, annexin A2; circPLOD2, circular RNA PLOD2; circRNA, circular 
RNA; miR-513c, microRNA-513c; miRNA, microRNA.
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pression, which in turn modulates microbial composition by alter-
ing the intestinal microenvironment and immune status through 
feedback mechanisms.54

The regulatory mechanism of circRNA in inflammation and 
immunity
Intestinal immune homeostasis is fundamental for maintaining 
barrier function, and circRNA plays a key role in the intestinal 
inflammatory response by regulating the differentiation of various 
immune cells and the secretion of inflammatory factors. In recent 
years, research has particularly focused on the mechanism of cir-
cRNA in macrophage polarization and IBD.

circRNA mediated macrophage polarization and intestinal bar-
rier damage
Macrophages, as the main effector cells of the intestinal im-
mune barrier, have a direct impact on intestinal barrier function 
due to their M1/M2 polarization balance. circRNAs can drive 
this polarization through metabolic reprogramming. For instance, 
circ_0000554 has been shown to act as a sponge for miR-548b-3p, 
which leads to upregulation of SLC2A3 and enhanced glycolysis, 
thereby providing energy support for M2 polarization and subse-
quent barrier dysfunction.55

Similarly, in the IBD environment, circPABPN1 inhibits the au-
tophagy process by binding to the RBP HuR and suppressing its 
binding to the autophagy-related gene ATG16L1 mRNA,56 leading 

Fig. 4. Integrated circRNA–microbiome–gut barrier interaction network. A network diagram illustrating the hierarchical and bidirectional relationships 
among gut microbiota components (Firmicutes, Bacteroidetes, LPS, SCFAs), key circRNAs (circPan3, circPLOD2, circNF1-419), signaling pathways (TLR4, Wnt, 
STAT6, NFκB), barrier components (tight junctions, MUC2, antimicrobial peptides), and clinical outcomes (barrier integrity, IBD, CRC, sepsis). Nodes are 
colored by type and sized according to degree (connectivity). Edges represent regulatory interactions, with arrows indicating direction of regulation. This 
network encapsulates the complex crosstalk linking circRNAs, microbiota, and intestinal barrier function. AMPs, antimicrobial peptides; circRNA, circular 
RNA; CRC, colorectal cancer; IBD, inflammatory bowel disease; LPS, lipopolysaccharide; MUC2, mucin 2; NFκB, nuclear factor kappa-light-chain-enhancer of 
activated B cells; SCFAs, short-chain fatty acids; STAT6, signal transducer and activator of transcription 6; TLR4, Toll-like receptor 4.
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to intestinal mucosal immune disorders. Autophagy defects pre-
vent epithelial cells from effectively clearing invading pathogens, 
exacerbating inflammatory reactions and forming a vicious cycle.

The functional network of IBD-related circRNAs
In ulcerative colitis (UC) and Crohn’s disease (CD), multiple cir-
cRNAs form a complex regulatory network. Some scholars have 
found that the level of hsa_circ_0004104 in the plasma of active UC 
patients is significantly increased (median 19.21 vs. control group 
1.17),57 and is strongly positively correlated with JAK2 levels (P 

< 0.001). This circRNA participates in the process of intestinal in-
flammation and barrier damage in UC by activating the JAK/STAT 
pathway. It is worth noting that the AUC of hsa_circ_0004104 in 
distinguishing between active and remission phases is 0.889 (sen-
sitivity 96%), which is better than JAK2 (AUC 0.789), indicating 
its potential as a non-invasive diagnostic biomarker.57

In the pathogenesis of CD, circRNA_103765 plays a key role as 
a pro-inflammatory factor.58 This circRNA is significantly upregu-
lated in peripheral blood mononuclear cells of CD patients and, 
through sponging miR-30a-5p, the inhibition of DLL4 is released, 

Fig. 5. Multi-level circRNA–microbiome–gut barrier regulatory network. Detailed network depicting multi-tiered interactions spanning microbial compo-
nents (bacteria, fungi, LPS, SCFAs, tryptophan, β-glucans), circRNA biogenesis-related factors, key circRNAs (circPan3, circPLOD2, circNF1-419, circPABPN1), 
signaling pathways (TLR4, Dectin1, RIG-I, IL13Rα1, JAK1, STAT6, Wnt, β-catenin, NFκB), intestinal barrier elements (tight junctions, claudin-8, MUC2, anti-
microbial peptides, ILC2s), and functional outcomes (barrier integrity, IBD, CRC). Nodes are color-coded by category and scaled by degree. Edges denote 
regulatory interactions, including activation, inhibition, sponging, and metabolic conversion. The network highlights the complex interplay between the gut 
microbiome, circRNAs, and host barrier homeostasis. AMPs, antimicrobial peptides; circRNA, circular RNA; CRC, colorectal cancer; Dectin1, dendritic cell-
associated C-type lectin-1; IBD, inflammatory bowel disease; IL13Rα1, interleukin-13 receptor subunit alpha-1; ILC2s, group 2 innate lymphoid cells; JAK1, 
Janus kinase 1; LPS, lipopolysaccharide; MUC2, mucin 2; NFκB, nuclear factor kappa-light-chain-enhancer of activated B cells; RIG-I, retinoic acid-inducible 
gene I; SCFAs, short-chain fatty acids; STAT6, signal transducer and activator of transcription 6; TLR4, Toll-like receptor 4.
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thereby promoting cell apoptosis and inhibiting proliferation. Clin-
ical observations have found that treatment with an anti-TNF-α 
monoclonal antibody can significantly reverse the expression of 
circRNA_103765, suggesting that it can be used as a therapeutic 
response monitoring indicator (Table 3).56–59

circRNA regulated immune signaling pathways
circRNA regulates the intestinal immune response through various 
molecular mechanisms. Firstly, as a miRNA sponge, circRNA re-
lieves miRNA inhibition of immune-related genes.60 For example, 
circ_000187 promotes UC progression through the miR-1236-3p/
MYD88 axis. By sponging miR-1236-3p, circ_000187 upregu-
lates MYD88 expression,60 which is a critical adaptor protein in 
the Toll-like receptor signaling pathway. This leads to enhanced 
Toll-like receptor-mediated immune responses, increased produc-
tion of pro-inflammatory cytokines, and exacerbated intestinal in-
flammation.60

Secondly, circRNA can directly bind to immune signaling mol-
ecules. circPan3, for instance, stabilizes IL-13Rα1 mRNA and 
enhances ILC2–ISC dialogue. This interaction is crucial for pro-
moting intestinal epithelial cell regeneration and repair following 
damage.61 By stabilizing IL-13Rα1 mRNA, circPan3 enhances 
the responsiveness of intestinal cells to IL-13, a cytokine secreted 
by ILC2s. This, in turn, activates downstream signaling pathways 
such as STAT6, which promote epithelial cell proliferation and 
barrier function recovery.61

In addition, recent studies have found that certain circRNAs 
have coding potential. CircMAPK1, for example, can translate 
and produce peptides that inhibit the MAPK signaling pathway, 

thereby alleviating intestinal inflammation.59 The MAPK path-
way is a key regulator of immune responses and inflammation. By 
producing inhibitory peptides, CircMAPK1 modulates the activ-
ity of this pathway, reducing the production of pro-inflammatory 
cytokines and mitigating intestinal inflammatory responses.59 This 
novel mechanism highlights the versatility of circRNAs as both 
non-coding and coding molecules in immune regulation.

It is worth noting that circRNA also participates in regulat-
ing the gut microbiota–immune axis. In the DSS-induced colitis 
model, circITCH regulates the activation of the NLRP3 inflam-
masome,62 affects the mature secretion of IL-1β and IL-18, and al-
ters the composition of gut microbiota, particularly increasing the 
abundance of Akkermansia. This microbiota change is significant-
ly correlated with improved intestinal barrier function. circITCH 
achieves this by fine-tuning the balance of immune responses.62 
By regulating the NLRP3 inflammasome, circITCH modulates the 
production of pro-inflammatory cytokines IL-1β and IL-18, which 
play key roles in driving intestinal inflammation. Simultaneously, 
the increase in Akkermansia, a bacterium known for its beneficial 
effects on gut barrier integrity, further contributes to the restoration 
of intestinal homeostasis.62 This dual regulatory mechanism un-
derscores the critical role of circRNA in linking immune responses 
with gut microbiota composition and function.

In summary, circRNAs play multifaceted roles in regulat-
ing inflammation and immunity in the intestine through diverse 
mechanisms, including macrophage polarization, T cell subset 
modulation, dendritic cell function, innate immune responses, and 
immune metabolism. These findings highlight the potential of cir-
cRNAs as diagnostic biomarkers and therapeutic targets in IBD 

Table 2.  Key circRNAs regulating apoptosis and proliferation of intestinal epithelial cells

circRNA Expression changes Mechanism Target Functional impact Related diseases

circWBSCR22 Upregulation Inhibition of UPF1 mediated 
degradation of CHD4

CHD4 Promoting proliferation 
and metastasis

Colorectal cancer

circZNF609 Downregulation Upregulate Bax/p53 Bax/p53 Promoting apoptosis Colorectal cancer

circ-PrkCc Upregulation Sponge miR-339-5p p66Shc Inhibiting oxidative stress Intestinal ischemia 
reperfusion

circ-SOD2 Upregulation Reduce CLDN-8 expression CLDN-8 Disrupting the tight 
connections between cells

Ulcerative colitis

circRNA_0001105 Downregulation Inhibit YAP1 YAP1 Protective barrier function Sepsis-induced 
intestinal injury

The table lists circRNAs with altered expression in intestinal epithelial cells, their molecular mechanisms, target genes, functional consequences, and associated diseases. Bax, 
BCL2-associated X protein; CHD4, chromodomain helicase DNA-binding protein 4; circRNA, circular RNA; CLDN-8, claudin-8; p53, tumor protein p53; p66Shc, 66 kDa isoform of 
Shc transforming protein; UPF1, up-frameshift 1; YAP1, Yes-associated protein 1.

Table 3.  Functions and clinical significance of key circRNAs in IBD

circRNA Disease 
association Expression changes Control axis Clinical significance Refer-

ences

hsa_circ_0004104 UC Significantly increased JAK/STAT Diagnostic markers (AUC=0.889) 57

circRNA_103765 CD Significantly increased miR-30a-5p/DLL4 Treatment response monitoring 58

hsa_circRNA_102610 CD Significantly increased miR-130a-3p/SMAD4 Fibrosis promoting targets 59

circHECTD1 UC Reduced miR-182-5p/HuR Promote autophagy 56

circ_000187 UC Increased miR-1236-3p/MYD88 Inflammation amplifier 58

Summary of differentially expressed circRNAs in ulcerative colitis (UC) and Crohn’s disease (CD), their regulatory axes, and potential clinical applications. AUC, area under the 
curve; circRNA, circular RNA; DLL4, delta-like ligand 4; HuR, human antigen R; IBD, inflammatory bowel disease; JAK, Janus kinase; MYD88, myeloid differentiation primary re-
sponse 88; SMAD4, SMAD family member 4; STAT, signal transducer and activator of transcription.
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and other inflammatory disorders. Further exploration of circRNA 
functions and their interactions with immune cells will undoubt-
edly uncover new strategies for maintaining intestinal immune ho-
meostasis and treating immune-related diseases.

Prospects for therapeutic applications and clinical translation
With the in-depth analysis of the biological functions of circRNA, 
its potential as a therapeutic target and a novel therapy for trans-
lational applications is becoming increasingly clear. Especially in 
the field of intestinal barrier-related diseases, circRNA-targeted 
therapy strategies have shown great potential.

circRNA targeted therapy strategy
Based on the core regulatory role of circRNA in the intestinal 
barrier, multiple targeting strategies are being developed. Firstly, 
siRNA/shRNA silencing of pathogenic circRNA is a promising ap-
proach. In a metastatic colorectal cancer model, siRNA targeting 
circWBSCR22, delivered through lipid nanoparticles (LNPs), has 
been shown to significantly inhibit tumor liver metastasis. Simi-
larly, in DSS-induced mouse colitis models, silencing circ_000187 
can alleviate intestinal inflammation and barrier damage.63 This 
strategy directly targets harmful circRNAs, reducing their detri-
mental effects on intestinal homeostasis.

Secondly, engineered circRNA replacement therapy is also ad-
vancing rapidly. For example, circRNA-IL-23 developed by Gisai 
Biotech, when delivered through LNPs and combined with the 
STING agonist MSA-2-Pt, significantly enhances anti-tumor ef-
fects in melanoma models.64 This strategy can also be applied to 
intestinal inflammatory diseases by expressing anti-inflammatory 
cytokines such as IL-10 to repair the intestinal barrier.64

Thirdly, research on circRNA aptamers is gaining traction. The 
ds-cRNA aptamer developed by Chen Lingling’s team effectively 
alleviates neuroinflammation in Alzheimer’s disease models by 
targeting and inhibiting PKR abnormal activation.65 This technol-
ogy can be applied to the treatment of IBD, as PKR is also abnor-
mally activated in intestinal inflammation. The team utilized ds-
cRNA with a 16–26 bp imperfect RNA double-stranded structure 
to inhibit PKR overactivation, achieving a therapeutic effect last-
ing up to 6 months in an Alzheimer’s disease mouse model after 
adeno-associated virus delivery.65 This offers a new approach for 
managing chronic intestinal inflammation.

Applications in diagnosis and prognostic evaluation
The stability and tissue specificity of circRNA make it an ideal 
biomarker for diagnosis and prognosis. In the field of IBD, mul-
ti-circRNA combination diagnostic models have demonstrated 

excellent performance. For instance, the combination of hsa_
circ_0004104 and JAK2 can improve the diagnostic accuracy of 
active UC. Meanwhile, circRNA_103516 combined with fecal 
calprotectin is used for CD activity assessment and treatment re-
sponse monitoring.66 Additionally, circPan3 has been identified as 
a potential biomarker for intestinal epithelial regeneration ability, 
predicting the response of IBD patients to stem cell therapy.67

In 2025, groundbreaking research established a non-invasive 
diagnostic model for IBD based on extracellular vesicle circRNA. 
This model integrates three biomarkers: circRNA_102610, circR-
NA_103516, and circPABPN1. It achieves a diagnostic accuracy 
of 93.7% for IBD activity, significantly outperforming traditional 
biomarkers.68

Clinical translational challenges and coping strategies
Despite its broad prospects, the clinical translation of circRNA 
therapy still faces multiple challenges. Firstly, the optimization 
of delivery systems is crucial. While LNPs remain the main-
stream choice for circRNA delivery, they exhibit significant hepa-
totropism. To address this, new LNP formulations, such as LNP36, 
have been developed. By adding cationic components, LNP36 
significantly improves targeting of intestinal tissue.69 Additionally, 
oral nanoparticles based on chitosan offer a promising alternative. 
These nanoparticles can protect circRNA from degradation by di-
gestive enzymes and achieve colon-specific release.69 Secondly, 
balancing stability and immunogenicity is a key consideration. 
The DIS3 degradation mechanism discovered by Chen Lingling’s 
team provides a theoretical basis for designing stable and control-
lable circRNAs.70 Research has shown that the endonuclease DIS3 
degrades circRNA by recognizing U-rich motifs. By reducing the 
U-rich elements, the half-life of circRNA can be prolonged.70 
Furthermore, optimizing the cyclization site can minimize immu-
nogenicity and prevent activation of the RLR pathway.70 Finally, 
large-scale production is another important challenge. circPrecise, 
developed by Jisai Biotechnology, has achieved in vitro synthesis 
of circRNA with a purity of over 90% through advanced cycliza-
tion technology.71 The circularization strategy based on type I in-
tron self-splicing is particularly noteworthy, as it does not require 
the insertion of exogenous sequences (Table 4).71

Future directions and considerations
Looking ahead, several directions and considerations are essen-
tial for the successful clinical translation of circRNA therapies: (1) 
Personalized medicine: Given the heterogeneity of diseases and 
individual responses, developing personalized circRNA therapies 
based on patient-specific profiles will be crucial; (2) Combina-
tion therapies: Exploring combination therapies that integrate cir-

Table 4.  Development progress of circRNA targeted therapy in intestinal barrier related diseases

Therapeutic approach Representa-
tive molecule Targeted diseases Delivery system Develop-

ment phase Main challenges

SiRNA silencing anti-circWBSCR22 Metastatic colorectal cancer LNP Preclinical Tumor heterogeneity

Engineering circRNA circRNA-IL-10 IBD Chitosan 
nanoparticles

Preclinical Insufficient 
expression level

circRNA aptamer ds-cRNA-PKR Intestinal inflammation AAV Preclinical Immunogenicity

Replacement therapy circPan3 mRNA Intestinal epithelial injury Exosomes Proof-of-concept High production cost

Overview of current therapeutic strategies targeting circRNAs for intestinal disorders, including the representative molecules, delivery systems, development stage, and major 
challenges. AAV, adeno-associated virus; circRNA, circular RNA; ds-cRNA, double-stranded circular RNA; IBD, inflammatory bowel disease; IL, interleukin; LNP, lipid nanoparticle; 
mRNA, messenger RNA; PKR, protein kinase R; siRNA, small interfering RNA.
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cRNA-based approaches with existing treatments could enhance 
therapeutic efficacy; (3) Long-term safety and efficacy: Rigorous 
long-term studies are needed to evaluate safety and efficacy; (4) 
Regulatory and ethical considerations: Navigating the regulatory 
landscape for novel therapeutic modalities will be critical; (5) Pub-
lic awareness and education: Raising awareness among healthcare 
professionals and the general public will help build support.72

In summary, the field of circRNA therapeutics holds immense 
promise for revolutionizing the treatment of intestinal barrier-
related diseases. By addressing challenges associated with deliv-
ery systems, stability, immunogenicity, and large-scale produc-
tion,69–71 and by exploring innovative strategies,63–65,72 we can 
accelerate the clinical translation of circRNA-based approaches.

However, gaps remain in our understanding of circRNA’s 
role in this field. Future research should focus on mapping cir-
cRNA–tight junction interactions, exploring microbial metabolite 
regulation of circRNA expression, and investigating circRNA’s 
spatiotemporal expression patterns. In terms of translational appli-
cations, circRNA therapy faces challenges in delivery efficiency, 
large-scale production, and safety evaluation. The development of 
new LNP delivery systems and the study of DIS3-mediated deg-
radation mechanisms are providing solutions to these challenges. 
With the progress of synthetic biology technology, circRNA is ex-
pected to become a new diagnostic biomarker and therapeutic tool 
for intestinal barrier-related diseases, offering new strategies for 
improving intestinal health.

Conclusions
This article reviews the multidimensional mechanisms of circR-
NA in maintaining intestinal barrier integrity, highlighting break-
throughs from the past three years. Research has expanded beyond 
the competitive endogenous mechanism to include translation 
function, metabolic reprogramming, and degradation regulation, 
offering new insights into the molecular basis of intestinal barrier 
dysfunction.
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