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A B S T R A C T   

An emerging but less explored shared pathophysiology across microbiota-gut-brain axis disorders is aberrant 
miRNA expression, which may represent novel therapeutic targets. miRNAs are small, endogenous non-coding 
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Gut-brain axis 
Delivery mechanisms 
AntagomiRs 
AgomiRs 
Chemical compounds studied in this article: 
Obefazimod (PubChem CID: 49846599 
Miravirsen (PubChem CID: 56843415) 
Cobomarsen (PubChem CID: 126480232) 
Alicaforsen (PubChem CID: 16197725) 

RNAs that are important transcriptional repressors of gene expression. Most importantly, they regulate the 
integrity of the intestinal epithelial and blood-brain barriers and serve as an important communication channel 
between the gut microbiome and the host. A well-defined understanding of the mode of action, therapeutic 
strategies and delivery mechanisms of miRNAs is pivotal in translating the clinical applications of miRNA-based 
therapeutics. Accumulating evidence links disorders of the microbiota-gut-brain axis with a compromised gut- 
blood-brain-barrier, causing gut contents such as immune cells and microbiota to enter the bloodstream lead
ing to low-grade systemic inflammation. This has the potential to affect all organs, including the brain, causing 
central inflammation and the development of neurodegenerative and neuropsychiatric diseases. In this review, 
we have examined in detail miRNA biogenesis, strategies for therapeutic application, delivery mechanisms, as 
well as their pathophysiology and clinical applications in inflammatory gut-brain disorders. The research data in 
this review was drawn from the following databases: PubMed, Google Scholar, and Clinicaltrials.gov. With 
increasing evidence of the pathophysiological importance for miRNAs in microbiota-gut-brain axis disorders, 
therapeutic targeting of cross-regulated miRNAs in these disorders displays potentially transformative and 
translational potential. Further preclinical research and human clinical trials are required to further advance this 
area of research.   

1. Introduction 

1.1. RNA-based therapeutics: types and modes of action 

RNA therapeutics are fast becoming a key instrument in the treat
ment of previously ‘undruggable’ medical conditions, due to their 
functional and structural versatility [1]; thus allowing them to surpass 
the obstacles imposed by small-molecule-based drugs [2]. In theory, 
RNA biopharmaceuticals such as anti-sense oligonucleotides (ASOs), 
small interfering RNA (siRNAs), and microRNAs (miRNAs) can selec
tively act on any nucleotide sequence on the target transcript or gene via 
Watson-Crick base pairing. This offers the potential for both personal
ised treatment and adjustment to evolving pathogens [3]. In compari
son, protein-targeted therapeutics can only target 0.05% of the human 
genome [4], whilst solely 1.5% of the human genome encodes proteins 
[5]. Additionally, only 10–14% of proteins have active binding sites for 
small-molecules, indicating the limitations of small-molecule therapy, 
which creates more incentive for further research on RNA therapeutics 
[6]. A primary concern of RNA therapeutics is their large size and 
anionic nature, which limits their cellular uptake and subjects them to 
cleavage and degradation via circulating ribonucleases (RNases) and 
hydrolases [7]. However, recent developments in RNA therapeutics, 
such as chemical modification and the use of viral and non-viral delivery 
systems have led to a proliferation of phase III trials and clinically 
approved RNA drugs [8]. 

Single-stranded antisense oligonucleotides (ASOs) are DNA/RNA- 
based molecules characterised by their ability to modify the expres
sion of proteins via complimentary base-pairing with messenger RNA 
(mRNAs) and pre-mRNAs [9]. Consequently, gene expression is modu
lated through ribonuclease H-dependent (RNase H) or RNase H-inde
pendent mechanisms [10]. In RNase H-dependent mechanisms, the 
RNA-ASO heteroduplex acts as a substrate for either RNase H1 or ribo
zymes, leading to mRNA cleavage [11]. Alternatively, occupancy-only 
mechanisms indirectly alter target RNA and permit additional nucleo
tide alterations. For example, splice-switching ASOs can alter RNA 
splicing to either include or exclude exons, leading to translational 
enhancement or inhibition of target proteins [12]. Alternative mecha
nisms also include ASOs, which bind to endogenous miRNAs to perturb 
their function, as well as lead to nonsense-mediated mRNA decay [13]. 
A large and growing body of literature has investigated the therapeutic 
potential of ASOs in the last 5 years. These ASOs can be used as a novel 
concept for the treatment of inflammatory bowel diseases. Alicaforsen is 
an ASO, which targets ICAM1 mRNA [14]. Raised levels of ICAM1 in 
endothelial cells in IBD mediates the adhesion and movement of leu
cocytes to areas of high inflammation [15]. Phase II trials indicated that 
Alicaforsen did not show therapeutic efficacy in Crohn’s disease when 
applied parenterally [16,17]. Nonetheless, therapeutic efficacy was 
shown when used as a topical enema in distal ulcerative colitis (UC) and 
refractory pouchitis [18,19]. Another novel double-stranded 

oligonucleotide is STNM01, which blocks the expression of CHST15 
mRNAs. Consequently, this impedes excessive colonic production of 
glycosaminoglycans in fibroblasts [20]. When used as a treatment for 
Crohn’s colitis, a phase I double-blind placebo-controlled trial showed 
both safety and efficacy [21]. Positive outcomes have originated from 
successful late-stage clinical trials addressing ASOs in the treatment of 
IBD. However, no ASO-based therapeutic has successfully reached 
clinical use as of yet [14]. 

Another class of double-stranded RNA (dsRNA) molecules are small 
interfering RNAs (siRNAs), which are usually 20–25 base pairs in length 
and serve as mRNA inhibitors [22]. They do so by silencing the 
expression of specific genes via the use of the RNAi pathway, as follows. 
Once the functional siRNA enters the cytoplasm, it is cleaved by Ago
naute2 (AGO2) to form a sense (passenger) strand [23]. Subsequently, 
the resultant anti-sense (guide) strand associates with the RNA-induced 
silencing complex (RISC) and pairs up with the target mRNA sequence. 
This leads to the cleavage and degradation of the specific mRNA, 
therefore silencing the target gene [24]. A key aspect of siRNAs is their 
ability to silence multiple mRNA molecules, due to their ability to 
recycle the RISC and anti-sense strand [22]. This highly efficient func
tionality makes siRNAs attractive therapeutic agents and provokes an 
incentive for further research. For instance, one recent study investi
gated the use of nanoparticle-based NF-κB p65-specific siRNAs to treat 
UC in an in vivo murine model. These NF-κB proteins are critical in the 
disease progression of UC [25]. Results revealed that these siRNAs are 
effective in attenuating both clinical and histopathological features of 
UC via increased suppression of NF-κB proteins (p50, p52, p65, and 
p100) in mouse colon. Moreover, there was dampened secretion of 
pro-inflammatory mediators such as tumour necrosis factor-alpha 
(TNF-α), interferon-beta (IFN-β), monocyte chemoattractant protein-1 
(MCP-1), and interleukins both locally and systemically. This prom
ising data creates the potential for future studies and the use of this 
treatment in IBD [26]. siRNAs also show potential for use in inflam
matory disorders of the brain, such as Alzheimer’s disease (AD). 
Cleavage of amyloid precursor proteins (APPs) by B-site APP cleavage 
enzyme (BACE1) and y-secretase leads to the accumulation of amyloid-β 
in AD [27]. Thus, targeted silencing of BACE1 by siRNAs is considered a 
viable therapeutic strategy, as demonstrated by the glycosylated ‘tri
ple-interaction’ stabilised polymeric siRNA (Gal-NP@siRNA) in a 
transgenic AD mouse model [28]. This therapeutic exhibits efficient 
blood-brain-barrier (BBB) penetration via Glut-1-mediated transport, 
prolonged blood circulation, and physiological stability, due to the 
additional Gu+ /PO34 − salt bridge. These features could make 
Gal-NP@siRNA suitable for ‘gene therapy cocktail’ applications and 
could also be used to deliver siRNA in other neurodegenerative condi
tions [29]. Likewise, miRNAs are another type of small, endogenous 
non-coding RNA that influence gene expression via either the inhibition 
or destruction of the mRNA transcript [30]. The function and applica
tions of miRNAs in inflammatory disorders of the gut and brain will be 

N. Datta et al.                                                                                                                                                                                                                                   



Pharmacological Research 194 (2023) 106870

3

discussed in depth in later sections and is the main subject focus of this 
review. 

In recent years, mRNA-based vaccines have emerged as a promising 
alternative to conventional non-RNA vaccines, as seen by the high 
translational success of the SARS-CoV-2 mRNA vaccines [31]. The 
mRNA vaccines essentially induce an immune response by delivering 
antigen-encoding mRNA into the cytoplasm of antigen-presenting cells 
(APCs) via lipid nanoparticles (LNPs). This subsequently leads to the 
translation and presentation of the targeted antigens on the surface of 
the APCs by the major histocompatibility complexes. As a result, this 
induces B cell/antibody-mediated humoral immunity, as well as CD4 +
T/CD8 + cytotoxic T-cell mediated immunity; a key advantage over 
conventional non-RNA vaccines [32]. The formulation of mRNA vac
cines does not directly involve infectious agents and results in the 
degradation of the RNA strand once the protein is produced. This 
therefore reduces the risk of interaction with genomic DNA. Unlike 
traditional vaccines, mRNA vaccines are more economical and have a 
faster production time since production is laboratory-based and cell-free 
[33]. This was demonstrated during the COVID-19 pandemic when 
processes were able to be standardised and scaled up rapidly, leading to 
the first approved mRNA vaccines: BNT162b2 and mRNA-1273 [34]. It 
is this rapid acceleration, flexibility, and scale of development that 
proves the potential of RNA therapeutics and the urgent requirement for 
such technologies to be applied to other (infectious) diseases. 

1.2. Aims and objectives 

A well-defined understanding of the mode of action and therapeutic 
targeting strategies of miRNAs is pivotal in their translational applica
tion. This review aims to thoroughly evaluate the literature related to 
miRNAs and their therapeutic potential for treating inflammatory dis
orders of the microbiota-gut-brain axis (MGBA). Specific attention will 
be given to evaluating and critically appraising articles where the role of 
specific miRNAs has been explored, including their biogenesis, strate
gies for therapeutic application, delivery mechanisms, as well as their 
pathophysiology and clinical applications in inflammatory gut-brain 
disorders. The review will also highlight gaps in the current literature 
and the future directions of miRNA-based therapeutics for treating dis
orders of the MGBA. 

1.3. Search strategy and selection criteria 

The data in this literature review is drawn from the following data
bases: PubMed, Google Scholar, and Clinicaltrials.gov. References from 
relevant articles were found using the search phrases ‘micro(mi)RNA 
therapeutics,’ ‘mimics,’ ‘inhibitors,’ and ‘inflammatory disorders of the 
gut-brain axis.’ Only articles published between 2005 and 2023 were 
included in this review, with particular attention given to more recently 
published papers. This inclusion strategy has been adopted due to the 
exponential rise in RNA therapeutic-based research over this time frame. 

2. miRNAs: role and translational relevance 

miRNAs are a class of endogenous, single-stranded, non-coding RNAs 
that are ~ 12–23 nucleotides in length [35]. They interfere 
post-transcriptionally with gene expression by either inhibiting trans
lation or stimulating the destruction of mRNA [36]. Evidentially, miR
NAs play a pivotal role in several biological processes including cell 
proliferation, metabolism, development, inflammation, and apoptosis 
[37]. For instance, miR-146a regulates the innate immune response to 
bacterial infections by targeting the TNF receptor-associated factor 6 
(TRAF6) and Interleukin-1 receptor-associated kinase 1 (IRAK1) [38]. 
Furthermore, during developmentally regulated cell death, miR-14 can 
suppress autophagy by targeting inositol 1,4,5-triphosphate kinase 2 
(ip3k2) [39]. miRNAs such as miR-30a/b/d, miR-125b, and miR-214 
have been shown to act as direct negative regulators of p53 (a 

tumour-suppressor gene that facilitates apoptosis in the stress response) 
[40]. As a result, dysregulation of miRNAs can interfere with cell 
function and lead to pathological effects. 

It is approximated that 60% of protein-coding genes can be targeted 
by miRNAs, hence indicating the therapeutic capacity of miRNAs [41]. 
miRNAs are made up of two distinct parts: the seed sequences and the 
seed-distal sequences. The seed sequence, which is common amongst 
members of miRNA families is 7–8 nucleotides in length and is a major 
determinant of miRNA targeting patterns. It is only the seed-distal 
sequence that differs between family members [42,43]. This, along
side non-homologous binding, permits multiple miRNAs within the 
same family to target the same mRNA with limited complementarity 
[44]. This multi-functionality makes them highly attractive therapeutic 
targets. Moreover, miRNAs are secreted under both physiological and 
pathological conditions and can be detected in plasma, saliva, urine, 
breast milk, and faeces. This gives them the potential to be used as 
biomarkers of disease [45]. 

miRNAs have been characterised as master regulators of gene 
expression by the fact that target sequences for a given miRNA exist in 
10–1000 s of different mRNAs, and by virtue of the experimentally (by 
RNA-Seq and mass spectrometry) evaluated multiplicity of transcripts/ 
proteins regulated by a single microRNA [46]. This presents therapeutic 
opportunities, with miRNA effects on integrated pathways deregulated 
in disease, instead of a single molecule, but also disadvantages due to 
potential on-target effects which may elicit toxicity and adverse events 
[46]. Therefore, prospective miRNA-based therapeutics should be 
evaluated in the context of global gene and pathway regulation in 
multiple cell types and organ systems. 

2.1. Biogenesis and mechanisms of action 

The biogenesis of mature miRNA involves multiple processes within 
the cytoplasm and nucleus. There are two miRNA biogenesis pathways: 
canonical and non-canonical (Fig. 1). 

miRNAs can mediate both gene suppression and activation. miRNA- 
mediated gene suppression is carried out through the miRNA-induced 
silencing complex (miRISC) [47]. The miRISC is formed from the 
binding of a specific miRNA guide strand, 1 of 4 Argonaute (AGO) 
proteins, and accessory factors, such as the human trans-activation 
response RNA binding protein 1/2 (TRBP1/2) and Dicer [35]. This 
resultant miRISC then associates with complementary sequences on 
target mRNA, known as miRNA response elements (MREs). There are 
two subsequent consequences: Argonaute RISC Catalytic Component 2 
(AGO2)-dependent cleavage of target mRNA or miRISC-controlled in
hibition of translation. Both consequences are dependent on the degree 
of MRE fidelity [48]. Provided that there is complete complementarity, 
the AGO2 endonuclease activates mRNA cleavage. Degradation occurs 
due to the weakened link between AGO and the 3’ untranslated region 
(UTR) of the mRNA. Alternative binding sites of miRNA include the 
5’UTR and coding regions. In contrast, if there is incomplete comple
mentarity, mRNA remains structurally intact, whilst translation is 
inhibited [49,50]. 

Under specific conditions, miRNAs can also activate gene expression. 
The upregulation of miRNAs can result in a lower expression of encoded 
proteins, whilst downregulation leads to a higher level of protein 
expression [51]. For example, whereas in normal cycling cells miRNAs 
such as miR-369–3 and let-7b elicit translational suppression, under 
serum starvation (cell cycle arrest) they induce translation by altering 
the composition of the AGO complex in the 3’UTR of target transcripts 
[52]. Under amino acid starvation, miR-10a reverses the suppression of 
its ribosomal protein mRNA by targeting their 5′UTR [53]. In hepato
cytes, the well-studied miR-122 interacts with 5’ end of the Hepatitis C 
virus genome positively modulating viral RNA replication [54]. 

The functional miRISC complex can induce translational inhibition 
by interference with the eukaryotic translation initiation factor 4 F 
(elF4F) complex [55]. Following this, the AGO-bound 
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glycine-tryptophan 182 kilodaltons (GW182) family proteins provide 
the structural architecture required to bind other effector proteins. 
These proteins include poly(A)-deadenylases complexes (PAN)2/3 and 
C-C Motif Chemokine Receptor 4 (CCR4)- negative on TATA-less (NOT) 
[56]. Effective deadenylation occurs as a result of the PAN2/3 and 
CCR4-NOT complex, leading to the removal of the m7G cap from target 
mRNA, followed by decapping protein 2 (DCP2) [57,58]. Consequently, 
5’− 3’ exoribonuclease 1 (XRN1) can mediate 5’− 3’ mRNA 

degradation [58,59]. 

3. miRNA-based therapeutic strategies 

3.1. miRNA inhibition therapy 

miRNA therapeutics can be split into two strategies, miRNA in
hibitors (anti-miRs, antagomiRs) and miRNA mimics (agomiRs). There 

Fig. 1. Biogenesis of miRNAs. The first step of the canonical pathway takes place in the nucleus [364]. The miRNAs are encoded by genes, polycistronic clusters or 
intronic regions, which are transcribed by RNA Polymerase II to form the primary precursor (pri-miRNA) [365]. Pri-miRNAs have a distinctive hairpin loop structure 
with three spiral turns and single-stranded, unpaired flanking sequences. The pri-miRNAs interact with the Microprocessor Multiprotein Complex (MMC), formed 
from RNA binding protein DiGeorge Syndrome Critical Region 8 (DGCR8) and a ribonuclease II enzyme, Drosha [366]. This produces a 70-nucleotide 
precursor-miRNA (pre-miRNA). Exportin5/RanGTP-dependent export of pre-miRNA into the cytoplasm leads to its cleavage by the RNase III endonuclease - Dicer 
[367]. The removal of terminal loops in this step produces a mature, 22-nucleotide-long miRNA duplex. Consequently, either 5p or 3p strands of the mature miRNA 
duplex are generated. Both strands can be packed in varying proportions with AGO proteins in an ATP-dependent manner to form the miRISC [368]. Non-canonical 
pathways employ different combinations of the same protein complexes involved in the canonical pathway, such as Drosha, Dicer, exportin-5, and AGO2. For 
instance, Dicer-independent miRNAs are formed from the cleavage of short hairpin RNA (shRNA) transcripts by the MMC and subsequent transportation to the 
cytoplasm via Exportin5/RanGTP. The resultant pre-miRNA lacks the sufficient length to act as a Dicer-substrate. Instead, they require AGO2 and 3’− 5’ trimming of 
the 5p strand to complete their maturation; thus promoting AGO2-dependent cleavage of the 3p strand [369]. Alternatively, in Drosha-independent pathways, 
pre-miRNAs mirror Dicer-substrates, as seen in mirtrons, which are a product of spliced mRNA introns [370,371]. 7-methylguanosine(m7G)-capped pre-miRNA is 
also dependent on Dicer to conclude its cytoplasmic maturation. These RNAs do not require Drosha cleavage and instead are directly exported to the cytoplasm via 
exportin 1 [372]. The resultant formation of a miRISC is like that of the canonical pathway. Figure is adapted from O’Brien et al. [369]. 
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are currently several miRNA therapeutics in clinical trials, as summar
ised in Table 1. One of these trials involving MRX34, a liposomal miR- 
34a mimic designed to treat patients with various types of advanced 
solid tumours, was prematurely terminated in 2016 due to lack of 
convincing efficacy and multiple immune-related severe adverse events 
[60,61]. The anti-miRs downregulate overexpressed endogenous miR
NAs to enhance gene expression [62]. Chemically synthesised anti-sense 
miRNA oligonucleotides (AMOs) are widely used miRNA inhibitors. 
Possessing only one binding site to target miRNA, they are comple
mentary to the mature miRNA strand [63]. The addition of a methyl or 
hydroxyl group to AMOs provides increased binding capacity and 
reduced nuclease cleavage [64]. Another class of anti-miRs are the 
plasmid construct miRNA sponges, which contain 4–10 multiple com
plementary target sites to a specific miRNA. Via competitive inhibition, 
the levels of endogenous miRNA decrease [65]. Locked-nucleic-acid 
(LNA) antisense oligonucleotides have the most enhanced binding af
finity to miRNAs due to their increased stability and resistance to 
endogenous nucleases [66]. This is due to the methylene bridge con
necting the 2’-O and 4’-C on the ribose ring [67]. 

3.2. miRNA mimics 

In contrast to anti-miRs, miRNA mimics replace a lost miRNA, thus 
reducing the levels of that specific miRNA target. miRNA mimics are 
RNA duplexes that consist of a guide strand and a complementary pas
senger strand. The guide strand comprises of an identical sequence to 
that of the endogenous mature miRNA. As a result, it can restore their 
loss of function [68]. Single-stranded synthetic RNA molecules also have 
this ability, however, double-stranded miRNA mimics have 100–1000 
more potency [69]. An alternative option is synthetic miRNA precursor 
mimics, which have additional nucleotides or full-length pri-miRNA 
conjoined [70]. 

3.3. CRISPR-based therapeutic strategies 

The clustered regularly interspaced short palindromic repeats 
(CRISPR)-associated nuclease 9 (Cas9) system can be used to inhibit the 
biogenesis and expression of target miRNAs. This is a result of the 

introduction of mutations to the Drosha/Dicer processing site on onco
genic miRNA precursors [71]. The downregulation of miRNAs via this 
system has been shown to be highly stable for up to 30 days, as 
demonstrated in both in vitro and in vivo models [72]. This mechanism 
can be applied to inhibit cancer cell proliferation and promote apoptosis, 
as seen in CRISPR/Cas9 inhibition of oncogenic miR-17, miR-21, 
miR-141, and miR-3188 [73,74]. CRISPR/Cas9-mediated inhibition of 
oncogenic miR-10b has suppressive effects on glioblastoma (GBM) cells 
and GMB-initiating stem cells in culture [75]. Moreover, CRISPR/Cas9 
can enhance the sensitivity of cancer cells to chemotherapeutics, such as 
cisplatin and paclitaxel [73,74]. Although promising, additional 
research is warranted to investigate the safety and distribution in 
humans subjects [76]. 

4. Challenges associated with miRNA therapeutics 

4.1. Immunogenicity 

By interacting with RNA-binding proteins, such as Toll-like receptors 
(TLRs), 2’− 5’-oligoadenylate synthetase (OAS), and protein kinase re
ceptor (PKR), miRNA therapeutics may activate an immune response. 
This can lead to toxicities and unwanted side effects, as seen in the 
systemic administration of miRNA duplexes [77]. This activates the 
TLR-mediated release of type I interferons (IFNs) and inflammatory 
cytokines [78]. TLRs 3, 7, and 8 are stimulated when sensing dsRNAs in 
cellular endosomal and lysosomal compartments [79]. Activation of the 
immune response is also dependent on the chemical modification, 
length, secondary structure, immunostimulatory sequence, dose, de
livery vehicle, and route of the miRNA [78]. Moreover, the nucleotide 
sequence of the miRNAs influences the activation of TLRs. On the other 
hand, TLR 3 and 7 are triggered by uridine and guanosine rich-dsRNAs, 
resulting in IFN-α, IFN-β and IL-6 secretion [80]. 

4.2. miRNA stability 

It is integral that miRNA therapeutics remain stable in conditions 
where they are manufactured, delivered, and stored. Unmodified miR
NAs are degraded instantaneously by circulating nucleases, such as 

Table 1 
Clinical trials of miRNA-based therapeutics. [318].  

Therapeutic name Target 
miRNA 

Target Disease Modes of Action Stage of Development 
(Clinical Trial) 

Clinical trial number (s) 

Miravirsen 
(SPC3649) 

miR-122 Hepatitis C LNA-antagomiR Phase II completed EudraCT numbers 2015–001535–21, 
2015–004702–42, 2016–002069–77 

MRX34 miR-34a Advanced Hepatocellular Carcinoma, 
Pancreatic Carcinoma, 
Cholangiocarcinoma 

miRNA mimic Phase I discontinued* NCT01829971, NCT02862145 

Cobomarsen (MRG- 
106) 

miR-155 Cutaneous T-cell lymphoma (CTCL), 
Mycosis Fungoides 

LNA-antagomiR Phase II completed NCT02580552, NCT03713320, 
NCT03837457 

RG-101 miR-122 Hepatitis C GalNac conjugated- 
antagomiR 

Phase II completed NCT02508090, NCT02452814, 
NCT01200420, NCT01872936, 
NCT01727934, NCT01646489 

MRG-201 
(Remlarsen) 

miR-29 Fibrous scar, Keloids Cholesterol- 
conjugated miRNA 
mimic 

Phase II completed NCT02603224, NCT03601052 

RG-012 
/SAR339375 
(Lademirsen) 

miR-21 Alport Syndrome AntagomiR Phase II ongoing NCT03373786, NCT02855268 

RG-125/AZD4076 miR-103/ 
107 

Non-alcoholic steatohepatitis (NASH) in 
patients with type 2 diabetes/prediabetes 

GalNac conjugate- 
antagomiR 

Phase I completed NCT02612662, NCT02826525 

MRG-110 miR-92a Wounds LNA-antagomiR Phase I completed NCT03603431 
MesomiR 1 miR-16 Malignant pleural mesothelioma, 

non–small cell lung cancer 
miRNA mimic Phase I completed NCT02369198 

CDR132L miR-132 Heart failure LNA-antagomiR Phase I completed NCT04045405 
ABX464 

(Obefazimod) 
miR-124 Ulcerative Colitis MiRNA mimic Phase III ongoing NCT03368118  

* Trial was terminated due to serious immune mediated adverse events in patients receiving MRX34, which did not appear in preclinical toxicology animal models 
[60,61]. 
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serum RNase A. This is a result of miRNAs’ polyanionic nature and high 
water solubility, leading to a short half-life and poor tissue bioavail
ability [81]. Chemical modifications to the phosphodiester backbone or 
the ribose ring of oligoribonucleotides can help resist nuclease degra
dation and boost its circulation time [82]. Advantageous modifications 
include phosphodiester linkages, ribose backbone, 2’-O-(2-methox
yethyl), 2’-O-methyl, and 2’- locked nucleic acids (LNAs). Such modi
fications have enhanced miRNA potency by improving target binding 
affinity [83]. However, this can result in miRNAs losing their structural 
dynamics, biological activity, and safety profiles. Other challenges that 
need to be overcome include increased cytotoxicity and complement 
cascade activation from chemical modifications, as well as thermal 
instability [78,84–86]. 

4.3. miRNA pharmacokinetics and pharmacodynamics 

Upon intracellular delivery, RNA sequestration by endosomes can 
limit the therapeutic response of miRNAs [87]. It has been estimated 
that only 1–2% of RNA molecules that enter the endosome can escape to 
the cytosol so that they can degrade or block target mRNA [88]. Despite 
cationic lipids, nanoparticles, or cell-type-specific delivery mechanisms, 
which can enhance cellular uptake by a range of endocytosis processes, 
in most cases the endosomal contents are delivered to lysosomes for 
degradation. The highly acidic endosomal environment triggers certain 
specific nucleases to catalyse the degradation of miRNA mimics. 
Therefore, there is a need to enhance endo-lysosomal escape to maintain 
sufficient miRNA levels in the cytoplasm [83]. Strategies to promote 
endosomal escape include the use of pH-sensitive lipoplexes, 
pH-sensitive polyplexes, photosensitive molecular rearrangements, and 
nanoparticles with polycationic components designed to buffer across 
the endolysosomal pH ranges [89–92]. 

4.4. miRNA off-target effects 

Upon delivery to the cytoplasm, there can still be off-target effects as 
well as unwanted on-target effects. Due to the gene-silencing function of 
miRNAs, off-target effects may result in cytotoxicity and undesirable 
alterations of gene expression, resulting in undesired phenotypes [77]. 
Cross-hybridisation between the short ‘seed sequence’ of miRNAs with 
non-target mRNA transcripts can often lead to side effects. Hyper
activation of cellular RNAi pathways can also occur, either by compet
itive inhibition via exogenous miRNA agents or through binding of 
endogenous miRNA into RISC [78]. The lack of capacity for normal 
incorporation of endogenous miRNA into RISC leads to its processing. 
Thus, a build-up of toxic aggregates such as pri-miRNAs, pre-miRNAs, 
and shRNAs causes excessive loading of the nuclear export pathway by 
exportin-5 [84,93,94]. A novel approach evaluated to date in vitro is the 
combination of miRNAs whose effects on pathways or cell functions are 
complimentary [95–100]. In the same line, we have shown that 
although miR-23a and miR-150 alone have minimal effects, their com
bination significantly improves the resistance of intestinal epithelial 
cells (IECs) to C. difficile toxins [101]. We propose that such approaches 
could permit the reduction of the therapeutic miRNA dosage, limiting 
off-target effects and reducing the harmful on-target effects. In fact, we 
recently showed that miR-23a and miR-150 combination at low con
centrations protects the intestinal epithelial barrier from different col
itogenic toxins as well as brain-derived cell lines from LPS [102]. 

5. Delivery mechanisms of miRNAs 

5.1. Viral-based delivery mechanisms 

Considering the challenges associated with miRNA agents, safe and 

Fig. 2. Strategies for cellular delivery of miRNA therapeutics. Challenges associated with the delivery of miRNA therapeutics can be minimised by chemical 
modifications to miRNAs and adaptive use of delivery vehicles. (A) miRNAs can be chemically conjugated to antibodies, aptamers, GalNAc and cholesterol to aid 
delivery. (B) Viral-based vectors have been modified to provide increased transfection and long-term gene expression. Stable transgene transmission and reduced 
toxicity are achieved via the elimination of pathogenic elements from these viruses. (C) Cell-derived membrane particles can also be utilised. (D) Use of polymers is 
another efficient delivery strategy. (E) Inorganic nanoparticles are a novel delivery system. (F) Lipid-based delivery systems are popular due to their high gene 
transfection efficiency. Naked miRNA delivery can result in immunogenetic effects, degradation, sequestration, and instability. Figure adapted from Pandey et al. and 
O’Brien et al. [2, 369]. 
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versatile delivery mechanisms are essential for therapeutic success 
(Fig. 2). Retroviral vectors (RVs) are lipid-enveloped RNA viruses 
employed to stably deliver miRNAs into somatic and germline cells 
[103]. Since genomic DNA deposition occurs during the mitotic phase of 
the cell cycle, the use of RVs is limited to dividing cells only. Upon entry 
to the cytoplasm, viral RNA is reverse transcribed into double-stranded 
DNA, which incorporates with the host’s chromosome[104]. RVs have a 
multi-faceted nature. On one hand, they can continuously increase 
transgenic expression. However, they can also inactivate key genes, 
resulting in cell dysregulation[105]. Similar to RVs, lentiviruses (LVs) 
can transfer gene sequences into host cells but can additionally infect 
postmitotic and terminally differentiated cells, facilitating application in 
the treatment of neurological conditions.[106]. 

Adenoviruses (Ad) and adeno-associated viruses (AAV) are non- 
enveloped viruses that contain double-stranded and single-stranded 
DNA genomes, respectively. Their non-pathogenic profile, widespread 
targeting abilities and stability make them an efficient delivery system of 
choice. Like LVs, Ads and AAVs infect resting or dividing cells but do not 
incorporate exogenous sequences into the host’s genome [107,108]. The 
small size of miRNA genes makes AAV vectors ideal candidates, as they 
can hold up to 4.8KB of exogenous genetic material [109]. In addition, 
Ad-based hemagglutinin-specific artificial miRNAs could alleviate dis
ease manifestations and protect against specific influenza virus strains 
[110]. However, in preclinical and human studies, AAV vectors have 
been shown to activate an immune response [111]. One exception is the 
Oxford Chimpanzee Adenovirus approach applied to COVID-19 vac
cines, which overcame the challenges associated with human immunity 
[112]. The use of tissue-specific promotors and enhancers can help in
crease transgene expression, thus attenuating the immune response 
[113]. Despite the successful attributes of virus-based miRNA delivery 
strategies, their potential is limited by high cytotoxicity, immunoge
nicity and carcinogenicity [114]. Nevertheless, manipulation of the 
encapsidation system has led to the development of bacteriophages, 
which could override these effects [115]. Disadvantages of 
bacteriophage-based virus-like particle (VLP) vectors include their low 
loading capacity and the requirement for further analysis of their im
munogenetic profile [115]. Despite the high delivery potency of viral 
vectors, the use of nonviral vectors, which is described in the next sec
tion, can help overcome the potential for immunogenicity and reduction 
in efficacy during chronic or repeated dosing. 

5.2. Non-viral-based delivery mechanisms 

Non-viral-based strategies can help overcome cellular nuclease 
degradation via chemical and physical approaches to achieve thera
peutic success. Physical aids to transfection, such as gene gun, electro
poration, hydrodynamic and laser-based energy have been used widely 
in cell culture studies to increase cell membrane permeability for gene 
delivery [116]. Such physical approaches are challenging to adopt for 
clinical miRNA delivery, as they can impact cell integrity and lead to a 
high apoptotic rate, thus increasing the risk of nuclease cleavage [117]. 
Lipid-, polymer-, and inorganic carrier-based methods have been more 
popular in academic studies and offer many advantages for practical 
delivery of nucleic acids [118]. Lipid-based vectors are the most 
commonly used, and many commercially available examples exist which 
are non-toxic, non-immunogenic, and easy to manufacture [116]. These 
factors have led to their use in delivery of siRNA in the Onpattro 
formulation, and in the Comirnaty and Spikevax Covid-19 vaccines 
[119]. However, the compositions of these lipid systems are critical to 
function, and while they rely on cationic or ionisable lipids to condense 
the nucleic acids in the formulation, interactions of cationic lipids with 
anionic serum proteins can result in opsonization and a short half-life, 
and the stability of the formulations can also be problematic [120]. 
This problem is usually overcome via the use of lipids which are con
jugated to polyethylene glycol (PEG). This hydrophilic and flexible 
polymer can help to avoid phagocytosis and increases the half-life by up 

to 72 h [116]. For example, the delivery of miR29b via cationic lip
oplexes into non-small cell lung carcinoma cells generated increased 
miR-29b levels and reduced tumour growth rate by approximately 60% 
[121]. Furthermore, targeting ligands, such as transferrin and folic acid, 
which can bind to overexpressed receptors on the surfaces of certain 
cancer cells can be attached to the exterior components of liposomes to 
boost cell-specific delivery of miRNAs [122]. 

An alternative strategy is the use of polymeric delivery systems, of 
which the most widely explored have benthos based polyethyleneimine 
(PEIs). PEI is a polycation with a wide pKa range, which forms poly
electrolyte complexes with the negatively charged phosphate groups on 
RNA, thus protecting the nucleic acid from degradation by RNases. In 
addition, excess cationic charges can enhance the uptake of the com
plexes leading to high transfection efficiencies in cell culture [123]. 
However, the transfection rate in vivo is generally less than that for viral 
vectors and the cellular toxicity of PEIs has limited its clinical use for 
high-molecular-weight branched PEIs [78]. As a substitute, the combi
nation of PEGs and poly L-Lysine (PLL) with PEIs can improve 
biocompatibility without too severe detriment to cellular uptake if 
formulated carefully [124]. Efficient transfection of miR-150 in human 
leukaemia cells was demonstrated with the use of a PEG-PEI-conjugate 
delivery vector [125]. Other positively charged, biodegradable poly
mers, such as polyamidoamine (PAMAM) dendrimers also have shown 
high transfection efficiencies and lower cytotoxic effects. This is shown 
in the successful PEG-nanographene oxide (NGO) and 
PAMAM-mediated delivery of anti-miR-21 for limiting the proliferation 
of tumour tissue [126]. Nanoparticles formulated from natural mate
rials, such as CPPs and chitosan have fewer cytotoxic effects than some 
of the above-mentioned synthetic materials and have accordingly been 
used as miRNA vectors [127]. Combination therapies utilising small 
molecule cytotoxic agents alongside miRNAs have also been developed, 
for which polymeric micelles and mixed polymer-lipid systems have 
been used as the delivery agents [105]. The co-delivery of doxorubicin 
and tumour-suppressor miR-34a has been successfully carried out in 
tumour tissue by mixed polymer-lipid micellar-like nanoparticles [128]. 

In addition to lipid and organic polymer systems, inorganic material- 
based vectors, such as gold nanoparticles (AuNPs), iron oxide (Fe3O4), 
and silica-based nanoparticles can aid the effective delivery of miRNAs 
[129–131]. Important advantages of inorganic-based vectors include 
their range of degradation rates in vivo and low immunogenicity. 
Nevertheless, the extent of association between nucleic acids and par
ticulate inorganic carriers can be limited, owing to the relatively lower 
area of particle surfaces compared to polyelectrolyte complexes. In 
addition, the stability of some inorganic particles can be poor in bio
logical fluids, owing to adsorption of plasma and other proteins. These 
problems can be overcome via combining inorganic components with 
organic matrices [116]. For example, high transfection efficiency and 
low cellular toxicity was associated with the administration of 
PEG-conjugated AuNPs to transport miR-1 to cancer cells [132]. 

6. Microbiota-gut-brain-axis in health and disease 

The microbiota-GBA (MGBA) is an increasingly important and 
evolving topic of research, which is thought to be involved in many 
aspects of homeostasis in addition to the pathogenesis of several dis
eases. The MGBA is described as a bidirectional communication between 
the gut microbiota and brain, involving the central, enteric, and auto
nomic nervous systems and the hypothalamic-pituitary-adrenal (HPA) 
axis [133,134]. The MGBA comprises microorganisms, such as bacteria, 
viruses, fungi, and archaea, in addition to microbial metabolic 
by-products, which are major contributors in this bidirectional 
communication [134–136]. These complex and interconnected 
communication pathways are associated with direct and indirect sig
nalling, as well as alteration of the permeability of the BBB and gut 
epithelial barrier [135,137–139]. Gut dysbiosis has been implicated in 
the pathophysiology of gastrointestinal and neurodegenerative diseases, 
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such as ulcerative colitis (UC), Crohn’s disease (CD), irritable bowel 
syndrome (IBS), Parkinson’s Disease (PD), Alzheimer’s Disease (AD) and 
ischaemic stroke, as well as acute intestinal infections, such as Clos
tridioides difficile infection [140–146]. 

The dysregulation of miRNA expression has been implicated in the 
pathogenesis of several gut and brain disorders, underscoring the 
importance of miRNAs in maintaining a healthy GBA [147]. As part of 
the MGBA, the gut microbiota modulates systemic inflammation, 
neurotransmitter synthesis, and immune responses that can influence 
CNS function [147]. Gut dysbiosis develops from both intrinsic and 
extrinsic factors including antibiotic use, diet, environmental factors, 
genetics, and infections [148]. This manifests as a decrease in the rela
tive abundance of bacterial taxa, disruption to microbial diversity, and 
an overall shift in the microbial community structure [149]. This 
imbalance between beneficial and harmful microbial populations com
promises gut barrier function and increases intestinal permeability 
[149]. A weakened intestinal epithelial barrier allows the translocation 
of microbial products, such as lipopolysaccharides (LPS), into the cir
culation [147]. Systemic endotoxemia resulting from increased LPS 
levels can consequently induce pro-inflammatory reactions and elicit a 
central and peripheral cytokine storm [150]. Furthermore, the trans
location of microbial metabolites, such as short-chain fatty acids 
(SCFAs), neurotransmitters, and neuroactive substances through the 
BBB can directly affect neuronal function, neurotransmission, and can in 
some instances induce neuroinflammation [147]. Gastrointestinal tract 
(GI) derived toxins such as Bacteroides fragilis derived LPS have strong 
potential to trigger the NF-kB (p50-p65)-miRNA-146a-miRNA-155 sig
nalling system to convey GI-tract microbiome-derived pathogenic sig
nals into the brain [151], leading to downregulation of 
miRNA-146a-miRNA-155 regulated mRNA targets encoding comple
ment factor H (CFH), a soluble complement control glycoprotein and 
key repressor of the innate immune response [151]. Gut dysbiosis can 
additionally trigger the formation of inflammasome complexes, the 
activation of caspase 1 and subsequent release of interleukin-1β and 
interleukin-18 cytokines, and pyroptosis [152]. 

miRNAs have been shown to regulate the expression of key genes 
involved in gut barrier integrity [153]. For instance, miR-93 has been 
shown to reduce protein tyrosine kinase 6 (PTK6) expression, with 
associated improvement in claudin-3 expression and thus epithelial 
barrier integrity [154]. miR-31, a key miRNA in GI/CNS diseases is 
associated with the Hippo signalling pathway, an evolutionarily 
conserved pathway that exerts profound effects on the regulation of 
organ size, tumorigenesis, embryonic development, stem cell homeo
stasis, and epithelial to mesenchymal transition [155]. miR-31 targets 
the transforming growth factor beta (TGFβ) pathway, regulates the Wnt 
pathway and promotes epithelium regeneration [156]. Additionally, 
miR-122a has been shown to regulate the TNFα-dependent expression of 
zonula occludens-1 (ZO-1), a key protein involved in maintaining the 
integrity of tight junctions [157]. It also plays a role in increasing zon
ulin protein levels by targeting the EGFR pathway [157]. The dysregu
lation of these miRNAs may contribute to impaired gut barrier function, 
leading to gut inflammation and increased susceptibility to gut-derived 
pathologies. 

miRNAs can modulate gut homeostasis by regulating the interaction 
between gut microbiota and the host immune system [158]. For 
example, proinflammatory miR-155 is expressed in intestinal immune 
cells and regulates gut immune homeostasis by regulating SOCS1 (sup
pressor of cytokine signalling 1), thus maintaining IFN-γ expression in 
natural killer cells [159]. Similarly, miR-223 has been shown to suppress 
NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) expres
sion, which translates to reduced NLRP3 inflammasome activity, and 
can inhibit IL-18 mediated neutrophil extracellular trap formation [160, 
161]. Moreover, the downregulation of miR-144 by Lactobacillus Casei 
(LC01) causes the upregulation of occludin and zonula occludens 1 in 
intestinal epithelial cells, promoting intestinal homeostasis[162]. Dys
regulation of these miRNAs can disrupt gut homeostasis, leading to 

chronic gut inflammation and compromised gut functionality. miRNAs 
are secreted from intestinal epithelial cells in the lumen and accumulate 
in faeces. Faecal miRNA profiles can be differentially and specifically 
impacted by the gut microbiota composition, where miRNAs could serve 
as markers of the colitogenic potential of the microbiota [163]. Host 
faecal miRNAs can also regulate microbial fitness and host gene 
expression [164]. Specifically, faecal miRNAs can enter F. nucleatum and 
E. coli and specifically regulate bacterial gene transcripts and affect 
bacterial growth. Faecal miRNA transplantation can also restore the gut 
microbiota in intestinal epithelial cell (IEC) miRNA deficient mice and 
rescued Dextran Sodium Sulphate (DSS) colitis in Dicer1 ΔIEC mice 
[164]. Furthermore, faecal miR-142a-3p from DSS-challenge recovered 
mice prevents colitis by promoting the growth of Lactobacillus reuteri, 
and this protective effect also extends to its associated metabolite, reu
terin, which is a broad-spectrum antimicrobial and anti-inflammatory 
compound [165]. These observations suggest that the faeces of sub
jects who have recovered from disease may be enriched with miRNAs 
with preventative effects against those diseases [166]. 

In the CNS, the gut microbiota has been demonstrated to control 
miRNA expression through various mechanisms, such as the production 
of metabolites, immune signalling, and direct interaction with IECs. For 
instance, miR-132 has been shown to regulate synaptic plasticity and 
memory formation, while miR-124 has been implicated in neurogenesis 
[167,168]. miRNAs have also emerged as critical regulators of BBB 
integrity by directly targeting endothelial tight junctions or by regu
lating endothelial cell survival, inflammatory pathways, and apoptosis 
[169]. Upon neuronal release of miR-132-containing exosomes to brain 
endothelial cells, miR-132 directly targets eukaryotic elongation factor 2 
kinase (EEF2K) to regulate VE-cadherin, enhancing BBB integrity [170]. 
Furthermore, targeting of vascular cell adhesion molecule-1 (VCAM-1) 
by miR-126 reduces intracerebral haemorrhage-induced leukocyte 
adhesion and BBB disruption [171]. 

Previous reviews have comprehensively addressed MGBA dysregu
lation, particularly in relation to CNS disorders [172]. Here we highlight 
specific miRNAs implicated in the pathophysiology of common gastro
intestinal and neurodegenerative disorders associated with MGBA dys
regulation. These are summarised in Fig. 3. We envisage future novel 
miRNA-based therapeutics which could increase the resilience of the 
intestinal epithelial barrier and secondarily delay or even prevent the 
onset of neuroinflammatory diseases. 

6.1. Ulcerative colitis 

It is estimated that approximately 2.5–3 million individuals in 
Europe are living with inflammatory bowel diseases (IBDs), directly 
costing the healthcare system ~ 4.6–5.6 billion Euros each year [173]. 
Studies have demonstrated a 94% incline in the incidence of IBD in 
adolescents [174]. The prevalence of IBD also influences the risk of 
developing additional diseases, such as colorectal cancer [175]. These 
statistics highlight the necessity for further understanding of the 
contribution of miRNAs to the pathogenesis of UC and CD and their role 
as both diagnostic markers and therapeutic targets [176]. Currently, 
there are several anti-miRNAs being investigated in animal models of 
colitis for their potential therapeutic effects in the context of intestinal 
inflammation and infection. 

miR-21, miR-155 and miR-31 are repeatedly observed in studies as 
key players in the pathogenesis of IBD [177–179]. In IBD, 
pro-inflammatory pathways, specifically the nuclear transcription factor 
kappa B (NF-κB) pathway, IL23/IL23R pathway, and IL-6/ Signal 
Transducer and Activator of Transcription 3 (STAT3) pathway are 
regulated by miRNAs [180–183]. miR-21 plays an active role in 
inflammation of UC via the activation of macrophages. When associated 
with nitric oxide synthase 2 (NOS2) and cluster of differentiation 68 
(CD68), miR-21 impacts nitric oxide (NO) levels, thus leading to the 
deterioration of adjacent epithelial cells [184]. As seen in cultured colon 
cancer cells, miR-21 can also trigger the degradation of Ras homolog 
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gene family member B (RhoB) mRNA and RhoB proteins, disrupting 
tight junctions in intestinal epithelial cells [185]. 

Highly expressed in colonic tissue, miR-31 has been shown to sup
press inflammatory signalling in the DSS-induced colitis mouse model. 
This is achieved via downregulation of the inflammatory cytokine re
ceptors, IL7R and IL17RA, as well as the signalling protein, GP130 
[156]. In BALB/C mice with 2,4,6-Trinitrobenzenesulphonic acid 
(TNBS)-induced colitis, anti-miR-31 was shown to normalise colonic 
IL-25 expression and downregulate Th1/Th17 cell responses, thus 
demonstrating improved clinical outcome [186]. 

An additional DSS model-based study revealed the role of miR-155 in 
the pathogenesis of UC, in which it directly binds to Src Homology 2- 
containing Inositol Phosphatase-1 (SHIP-1) mRNA. The levels of SHIP- 
1, which usually influence cell membrane trafficking decreases signifi
cantly [187,188]. Upregulation of miR-31 and miR-155 have been 
shown to positively correlate with IL-13 levels [189]. High IL-13 levels 
are associated with dysregulation of the epithelial wall, due to modified 
claudin-2 expression in tight junctions [190]. Use of a miR-155 inhibitor 
may be of value in UC, due to its association with suppressor of cytokine 
signalling 1 (SOCS1) and its contribution to intestinal wall destruction 
via hypoxia-inducible factor (HIF)− 1α/trefoil factor (TFF)− 3 axis 
[191]. miR-155 antagomirs have been demonstrated to protect against 
DSS-induced colitis in mouse models by reducing intestinal barrier 
damage and inflammation [192]. This was achieved via restoration of 
the SHIP-1 pathway and regulation of Th17 cells and Jumonji and 
AT-rich interaction domain-containing protein 2 (Jarid2) Wnt/β-catenin 
[192]. Use of anti-miR-223 in a TNBS-induced colitis model also 
exhibited enhanced regulation of Claudin 8 levels and increased colonic 
barrier function [193]. Further examples of miRNAs implicated in UC 

pathogenesis are summarised in (Table 2). Despite these promising re
sults, only one miRNA agent has successfully reached clinical trials. 

ABX464 (recently renamed Obefazimod) is a newly emerging 
miRNA-based therapeutic agent, which could potentially act as the next 
transformative drug for IBD, specifically UC [194]. Following success in 
the phase IIb clinical trial, evaluating the long-term follow-up of 
ABX464 in moderate-to-severe UC, it has recently entered phase III 
clinical trials (NCT05507216) [195]. As an anti-inflammatory agent, it 
aims to upregulate miR-124 and has achieved statistically significant 
increased levels in peripheral blood cells and rectal tissue, in the phase 
IIa trial [196]. By month 24, 68.8% of patients demonstrated endoscopic 
improvement, of which 43.8% showed endoscopic remission, thus 
indicating its long-term efficacy [195]. miR-124 exhibits vast potential 
due to its anti-inflammatory role in the downregulation of 
pro-inflammatory cytokines and chemokines, such as TNF- α, IL-6, 
MCP-1 and IL-17, as well as Th17 + cells [197]. ABX464 promotes 
specific splicing of a single long non-coding RNA by binding to a cap 
binding complex (CBC) [198]. This generates miR-124, leading to its 
upregulation. One successful factor of ABX464 is its specificity; miR-124 
is the only miRNA that is targeted and upregulated by this agent [199]. 
Another striking feature is its alternative ability to enhance splicing of a 
HIV-required segment of viral RNA, which is necessary for replication in 
infected human peripheral blood mononuclear cells (PBMCs) [200]. The 
resultant spliced viral RNA species could potentially trigger the immune 
system to detect HIV-infected cells. ABX464 could therefore be used not 
only as an anti-inflammatory agent but to additionally treat HIV [201, 
202]. 

Fig. 3. miRNA expression patterns in gut and brain diseases. Downregulated miRNAs are shown in red, whilst those upregulated are shown in green.  
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6.2. Crohn’s disease 

The incidence of CD in the UK is 6.6 per 100,000 people and varies 
geographically with highest incidence rates in Europe, Oceania and 
North America [203,204]. Differentiating between UC and CD can be 
difficult due to the overlapping features. The up or downregulation of 
miRNAs can play a key role in the pathogenesis of CD, as summarised in 
several reviews [188,205,206]. Altered regulation of nucleotide-binding 
oligomerisation domain-containing protein 2 (NOD2), a key activator of 
the NF-κB pathway, can lead to the downregulation of miR-29b in CD. As 

a result, there is increased TGF-β signalling and collagen III protein 
production, which stimulates increased fibrotic activity and stricture 
formation [207]. This TGF-β1-induced collagen overexpression can be 
regulated by administration of miR-29b mimics [208]. TGF-β1 can also 
significantly downregulate miR-200b levels [209]. Additional disrup
tion to epithelial to mesenchymal transition (EMT) due to loss of 
E-cadherin has also been associated with reduced miR-200 levels and 
contribution to intestinal fibrosis [210,211]. Intestinal fibrosis in CD can 
be alleviated by administration of miR-200b mimics, which act to 
directly decrease the levels of zinc finger E-box-binding homeobox one 

Table 2 
Dysregulated miRNAs associated with the pathogenesis of UC.  

miRNA Target Sample Type Function Degree of 
expression in UC 

References 

miR-26b DIP1, MDM2, 
CREBBP, BRCA1 

Fresh frozen colon biopsies, sera Facilitates inflammation and colitis-associated cancer via the 
DIP1/DAPK axis 

↑ [319] 

miR-223 NLRP3 
CLDN8 
C/EBPβ 

Colonic tissue 
Colonic tissue 
Colonic tissue 

Promotes intestinal innate immunity 
Modulates IL23/Th17 pathway 
Inhibits intestinal macrophages and dendritic cells and 
increases pro-inflammatory mediators 

↑ 
↑ 
↑ 

[160,320, 
321] 
[322,323] 
[324,325] 

miR-23a LB1 Colonic tissue Initiates genome instability via DBS accumulation and reduces 
colon healing 

↑ [326] 

miR-155 RAD51 
JARID2 
IL 13RA1 

Colonic tissue 
Colonic tissue 
Colonic tissue 

Initiates genome instability via DBS accumulation and reduces 
colon healing 
Regulates cytokine gene expression in Th17 cells 
Maintains the functionality of epithelial cells 

↑ 
↑ 
↑ 

[326,327] 
[328–330] 
[189,331] 

miR-301a BTG1 
SNIP1 

Colonic tissue 
Colonic tissue, peripheral blood 
mononuclear cells 

Contributes to intestinal wall damage and increases 
permeability of intestinal epithelial cells 
Regulates pro-inflammatory cytokine gene expression in Th17 
cells 

↑ 
↑ 

[332] 
[333] 

miR- 
200family 

Snail, slug Colonic tissue Inhibits epithelial-mesenchymal transition of colonic mucosa ↓ [334–336] 

miR-214–3p STAT6 
PDLIM2, PTEN 

Colonic tissue 
Colonic tissue 

Supresses levels of IFN- γ and intestinal inflammation 
Activates pro-inflammatory NF-κB pathway 

↓ 
↑ 

[337] 
[338,339] 

miR-206 A3AR Colonic tissue Activates pro-inflammatory NF-κB pathway ↑ [340] 
miR-21 PDCD4 Colonic tissue Induces NF-κB, STAT3 and BCL-2 pathway ↑ [341–344] 
miR-148a- 

3p 
GP130, IKKα, IKKβ, 
TNFR2 

Colonic tissue Supresses NF-κB and STAT3 pathway, thus inhibiting 
tumorigenesis 

↓ [345,346] 

miR-148a- 
5p 

IL1R1 Colonic tissue Supresses NF-κB and STAT3 pathway, thus inhibiting 
tumorigenesis 

↓ [345] 

let-7 f HMGA2, FZD3 Colonic tissue Supresses Th17 differentiation via targeting of STAT3 ↑ [347–349] 
miR-146a MyD88, TLR4, NF- 

κB 
CCL8 

Intestinal tissue 
Colonic tissue 

Mediates the TLR4, MyD88, NF-κB signalling pathway 
Supresses levels of NF-κB, CRP, IL-1β, IL-6 and TNF-α 

↑ 
↓ 

[350] 
[351] 

miR-133α AFTPH Tissue Induces intestinal inflammation ↑ [352,353] 
miR-193a- 

3p 
IL17RD Colonic tissue Downregulates IL17RD, thus hinders carcinogenesis ↓ [354,355] 

miR-31 IL13RA1 Colonic tissue Maintains the functionality of epithelial cells ↑ [189] 
miR-19a TNF-α, IL-8, GM-CSF Colonic tissue directly regulates TNF-α expression ↓ [356] 
miR-124 VEGF, BCL2, BCLXL, 

MMP9 
Colonic tissue Regulates STAT3-mediated expression of Th17 differentiation ↓ [357,358] 

miR-141 CXCL5 Colonic tissue Downregulates levels of CXCL5 in HT29 cells ↓ [359] 
miR-192 MIP-2a Colonic tissue Targets MIP-2a, a chemokine expressed by epithelial cells ↓ [349] 
miR-15 A2aAR Colonic tissue Upregulates the expression of IL-8 and IFN-γ in colonic 

epithelial cells and targets A2aAR in HT-29 cells 
↑ [360] 

miR-143 IRS-1, K-RAS, API5 Colonic tissue Role in tumour suppression ↓ [361] 
miR-145 K-RAS, API5, MEK-2 Colonic tissue Role in tumour suppression ↓ [361] 
miR-150 c-Myb Colonic tissue Modulates cell apoptosis, ↑ [362] 

↓ denotes reduced levels of the expressed miRNA in the sample type, in UC. ↑ denotes increased levels of the expressed miRNA. UC, ulcerative colitis; DAPK, death- 
associated protein kinase; DIP1, DAPK-interacting protein-1; MDM2, murine double minute-2; CREBBP, cyclic AMP response element-binding protein (CREB)-binding 
protein; BRCA1, breast cancer genes one; CAC, colitis-associated cancer; NLRP3, NOD-like receptor (NLR) family pyrin domain containing-3; CLDN8, claudin eight; 
Th17, T helper 17 cell; C/EBPβ,/enhancer binding protein beta; DCs, dendritic cells; LB1, lamin B1; DSB, double-strand break; JARID2, jumonji and AT-rich interaction 
domain containing two; SOCS1, suppressor of cytokine signalling one; IL13RA1, interleukin 13 receptor subunit alpha one; BTG1, B-cell translocation gene-1; IECs, 
intestinal epithelial cells; SNIP1, Smad nuclear interacting protein one; EMT, epithelial-mesenchymal transition; STAT6, signal transducer and activator of tran
scription six; IFN-γ, interferon gamma; PDLIM2, PDZ and LIM domain protein two; PTEN, phosphatase and tensin homolog; NF-κB, nuclear factor kappa B; A3AR, 
adenosine A3 receptor, alternatively known as ADORA3; PDCD4, programmed cell death protein four; STAT3, signal transducer and activator of transcription three; 
BCL-2, B-cell lymphoma-2; GP130, glycoprotein 130; IKKα, IκB kinase α; IKKβ, IkB kinase β; TNFR2, tumour necrosis factor receptor two; IL1R1, interleukin one 
receptor type 1; HMGA2, high-mobility group AT-hook two; FZD3, frizzled class receptor three; MyD88, myeloid differentiation primary response 88; TLR4, toll-like 
receptor four; CCL8, chemokine (C-C motif) ligand eight; AFTPH, aftiphilin; IL17RD, interleukin seventeen receptor D; IL13RA1, interleukin thirteen receptor, alpha 
one; TNF-α, tumour necrosis factor α; IL-8, interleukin 8; GM-CSF, granulocyte-macrophage colony-stimulating factor; VEGF, vascular endothelial growth factor; BCL2; 
b-cell lymphoma two; BCLXL, b-cell lymphoma-extra-large; MMP9, matrix metallopeptidase nine; CXCL5, C-X-X motif chemokine ligand five; MIP-2a, macrophage 
inflammatory protein two a; A2Aar, A2A adenosine receptor; IRS-1, insulin receptor substrate 1; K-RAS, Kirsten rat sarcoma virus; API5, apoptosis inhibitor five; MEK- 
2, mitogen-activated protein kinase two. Table 2 is adapted from Zhou et al. [363] 
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(ZEB1) and (ZEB2) in colorectal adenocarcinoma cells (DLD-1 cells) 
[209]. These genes play a role in the transcriptional repression on 
interleukin-2 and TGFβ signalling pathways, respectively. 

miR-19a-3p has been indicated to downregulate suppressor of 
cytokine signalling 3 (SOCS3) and accelerate the STAT3-mediated IFN-α 
and IL-6 inflammatory signalling pathways [212]. As a result of miR-19b 
downregulation in CD, treatment with pre-miR-19b in a TNBS-induced 
colitis model can possibly dampen intestinal inflammation. This is 
thought to be due to inhibition of SOCS3 and resultant chemokine 
production, as corroborated in histological scores. The upregulation of 
miR-19b led to reduced oedema, epithelial damage, and limited changes 
in colon length [213]. Dysregulated levels of miR-20a-5p promotes the 
development of CD through STAT3/IL-17 signalling pathways in CD 
patients. Delivery of miR-20a-5p mimics to IL-10-/- mice with colitis 
significantly dampened the colitis, mucosal inflammation and enhanced 
epithelial barrier function, via targeting of STAT3 and improvement to 
Th17 differentiation [214]. Significant upregulation of miR-301a has 
been observed in PBMCs and inflamed mucosa of IBD patients, further 
enhancing Th17 cell differentiation. Colonic administration of miR-301a 
inhibitors in TNBS-induced mouse colitis models significantly reduced 
inflammatory mediators, such as interleukin (IL)− 17A+ cells, IL-17A 
and TNF-α [215]. Furthermore, miR-141 targets C-X-C motif chemo
kine ligand 12 beta (CXCL12β) mRNA, thus affecting leukocyte traf
ficking and accelerating CD inflammation. Treatment via upregulation 
of miR-141 in the TNBS-induced colitis colon in mouse models amelio
rated inflammation in CD, indicating a potential approach to CD treat
ment [216]. Downregulated levels of miR-10b are linked to dysregulated 
expression of Zona Occludens 1 (ZO-1) and occludin, resulting in 
attenuated intestinal barrier function. As a result, in vivo and in vitro 
treatment with miR-10b antagomiR suppresses inflammatory responses 
by enhancing intestinal barrier gene expression in Caco-2 cells [217]. In 
addition, treatment with ABX464 is a viable option for CD, with the size 
of the target market increasing by approximately 20% and full-scale 
launch set for 2028. It is currently in phase IIa trial testing to evaluate 
its safety in patients with moderate to severe CD [218]. 

6.3. Irritable bowel syndrome 

Irritable bowel syndrome (IBS) is a chronic gastrointestinal (GI) 
condition that approximately affects 1 in 10 individuals worldwide 
[219]. IBS is defined by persistent defecation-related abdominal pain 
and altered bowel movement, such as diarrhoea, constipation, or a 
combination of both. Such symptoms are associated with dysregulation 
of the MGBA and intestinal barrier [220]. Furthermore, there is a cor
relation between the onset of IBS and psychological conditions, such as 
anxiety disorders, depression, and chronic fatigue [219,221]. Dysregu
lation of intestinal miRNAs can alter gut permeability, induce visceral 
hyperalgesia, and aggravate inflammation, thereby increasing the risk of 
IBS [222]. Several reviews have been published identifying dysregulated 
miRNAs implicated in the pathogenesis of IBS in more detail [223–226]. 

One study suggested that upregulated levels of miR-29 increase in
testinal membrane permeability. This occurs via the regulation of 
glutamine synthetase gene (GLUL), which subsequently downregulates 
Claudin-1 and nuclear factor-κB–repressing factor (NKRF) in blood 
microvesicles and intestinal tissue [227,228]. In addition, miR-219a-5p 
and miR-338–3p, which are both downregulated in IBS, have been 
identified to influence permeability and visceral hypersensitivity. This is 
a result of mitogen-activated protein kinase (MAPK) release of 
pro-inflammatory cytokines and regulation of cell proliferation and 
motility [229]. In human colonic epithelial cells, IBS patient-derived 
serum exosomes raised expression levels of miR-148b-5p. This eleva
tion effect increases membrane permeability via interaction between 
miR-148b-5p and the inflammatory mediator, regulator of G-protein 
signalling 2 (RGS2), potentially contributing to the pathogenesis of IBS 
[230]. Downregulation of miR-199, which mediates transient receptor 
potential vanilloid type 1 (TRPV1)-associated hyperalgesia pathways 

has been linked to visceral pain in IBS-diarrhoea patients and increased 
visceral hypersensitivity in murine colonic tissue [231]. Consequently, 
miR-199 may be a biomarker of visceral pain and a prospective thera
peutic target. An additional exacerbator of visceral hyperalgesia and 
hypersensitivity is suppression of cannabinoid receptor 1 (CNR1) and 
serotonin transporter (SERT) by miR-200a [232]. Interestingly, low se
rotonin levels have been implicated in IBS pathogenesis [233]. Both 
miR-24 and miR-200a regulate SERT, thus inhibiting serotonin reuptake 
[234]. Treatment with miR-24 inhibitors has demonstrated a reduction 
in abdominal pain and dampened inflammation in IBS-treated mice 
[234]. In addition, upregulation of miR-495 alleviates visceral hyper
sensitivity in IBS-diarrhoea mice. This is a result of the modulation of 
protein kinase inhibitor beta (PKIB) and subsequent suppression of the 
phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signalling 
pathway. Hence, miR-495 mimics or inducers could also be a thera
peutic option in the treatment of IBS [235]. 

6.4. Clostridioides difficile infection 

Clostridioides difficile infection (CDI) is a leading cause of healthcare- 
associated infections and has been associated with substantial morbidity 
and mortality worldwide [236]. With the global yearly incidence 
ranging from 1.12 to 631.80 per 100,000, CDI accounted for 2992 cases 
in the UK in the first 3 months of 2021 [236,237]. Alarmingly, the 
prevalence of community-onset associated CDI continues to rise, with 
highest rates observed in healthcare-acquired CDI and in patients 
greater than the age of sixty-five. This is due to immunological attenu
ation, long-term antibiotic and proton-pump inhibitor use and multiple 
co-morbidities in these patient groups [238]. Infection with the anaer
obic, spore-forming, Gram-positive C.difficile bacterium occurs via the 
transmission of spores orofaecally, triggering the onset of diarrhoeal 
symptoms, which can rapidly lead to pseudomembranous colitis, 
hypoalbuminemia and resultant circulatory shock [239]. Damage to the 
cytoskeleton of IECs is induced by cytotoxic virulence factors, toxin A 
(TcdA) and toxin B (TcdB). These toxins trigger the necrosis of the in
testinal mucosal surface via the release of the pro-inflammatory che
mokines and cytokines [239]. Microbial dysbiosis, which is an alteration 
in the balance of protective gut commensals in the GI tract results in a 
leaky gut and germination of C. difficile spores into toxin-producing 
vegetative cells [240]. These gut commensals can affect miRNA 
expression, of which the levels and release of extracellular faecal 
miRNA-containing exosome-like vesicles can in-turn affect the gut 
microbiome [164]. In fact, loss of miRNAs in the intestinal contents has 
been identified as a contributor to gut microbiota dysbiosis [164]. 

Following faecal microbiota transplantation (FMT) in patients with 
recurrent CDI (rCDI), one study detected the upregulation of 64 miRNAs 
in circulation, in two independent randomised controlled trials [241]. 
Additional investigations confirmed that the most highly upregulated 
miRNAs, specifically miR-23a, miR-150, miR-26b, and miR-28 targeted 
the inflammatory genes IL-12B, IL-18, FGF-21, and TNFRSF9, respec
tively. These findings were further demonstrated in both rCDI-FMT and 
toxin-treated murine intestinal mucosa and ex vivo human intestinal 
colonoids [241]. In a follow-on multi-factorial observational study, the 
same authors identified miR-16 and miR-451a as potential biomarkers 
of treatment outcome to FMT in patients with refractory CDI [242]. 
Furthermore, the downregulation of miRNAs in CDI is influenced by 
TcdB, as a result of Drosha inhibition- an enzyme heavily involved in 
miRNA biogenesis [241,243]. Overexpression of both miR-23a and 
miR-150 in IECs displayed cytoprotective effects against TcdB cytotox
icity in CDI [241,244]. The upregulation of these miRNAs displays 
therapeutic potential for the treatment and/or prevention of 
toxin-induced gut barrier damage in CDI [244]. However, additional 
studies are required in animal models to further demonstrate this effect 
[244]. As further proof of concept, a recent report demonstrated the 
cytoprotective properties of polymer-based nanoparticles (NPs) loaded 
with miR-23a and miR-150–5p in IECs against colitogenic toxins 
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(TcdA+TcdB) and LPS [245]. The miRNA-NPs were able to increase 
intracellular levels of miR-23a-3p and miR-150–5p in all IECs without 
inducing cytotoxicity effects [245]. In addition, the NPs also protected 
brain-derived cell lines (SH-SY5Y, LUHMES, A-172 glioma/glial cells) 
from LPS, suggesting that both miRNAs in combination may elicit pro
tective effects on the gut and brain [245]. 

Interestingly, from a gut-brain axis perspective, significant alter
ations in dopamine metabolism have been reported in major dopami
nergic brain regions of antibiotic-induced C. difficile-infected mice 
[246]. The most notable observation in the latter study was significantly 
increased dopamine in the striatum in the C. difficile group compared to 
the control mice. Infected animals also showed increased caecal and 
serum p-cresol levels and reduced serum dopamine beta-hydroxylase 
(DBH) activity [246]. Of note, C. difficile produces 10–1000 times 
more p-cresol than other known p-cresol producing bacteria in the gut, 
and this same metabolite can induce behavioural alterations in mice by 
dysregulating the dopaminergic axis [247–250]. These findings may 
have direct implications in the precipitation and aggravation of neuro
developmental disorders and merit further study. Furthermore, TcdB 
has also been shown to induce a senescence phenotype in enteric glial 
cells. This effect which is dependent on p27 expression and activation of 
AKT and JNK, may confer increased risk of diseases such as IBS, IBD, and 
tumorigenesis due to persistent inflammation, transfer of senescence 
status and stimulation of pre-neoplastic cells [251]. Finally, lending 
further support for the potential importance of the MGBA, FMT may also 
directly contribute to mental health alleviation via GBA modifications 
[252]. To this effect, one recent study reported significant improve
ments in clinical symptoms and cognitive functions compared to a 
control group in patients receiving FMT for severe C. difficile with de
mentia, suggesting the importance of the brain-gut-microbiome axis in 
regulating cognitive decline [253]. 

7. Role of miRNAs in neurodegenerative disorders 

7.1. Parkinson’s disease 

As the second most common age-related neurodegenerative disease, 
Parkinson’s disease (PD) is predicted to be prevalent in a minimum of 
eight million individuals globally by 2030 [254]. As a result of loss of 
striatal dopamine in the nigrostriatal pathway and degeneration of the 
basal ganglia, PD can lead to rigidity, postural instability, resting 
tremor, and bradykinesia [255]. With an aging-population, efficient 
treatment of PD is an urgent, unmet need. Despite therapeutic strategies 
to alleviate motor and nonmotor PD symptoms, there are currently no 
therapeutic agents that can halt the continuous neurodegeneration 
which leads to serious motor disruption and cognitive decline. Several 
detailed reviews have been published identifying dysregulated miRNAs 
that are associated with the pathogenesis of PD [256–260]. Yet, there 
has been no substantial human clinical trial data on the use of miRNA 
therapeutics in PD. Therefore, for the purpose of this review, we will 
focus mainly on describing the most promising emerging preclinical 
data derived from PD murine models. 

Various miRNAs have been implicated in α-synuclein-mediated 
neurotoxicity, either via direct control or chaperone-mediated auto
phagy, resulting in impaired vesicle trafficking and increased neuro
inflammation. Both miR-153 and miR-223 are associated with reduced 
levels of α-synuclein in PD murine models [261]. The inflammasome 
NOD-like receptor protein 3 (NLRP3) facilitates the degradation and 
apoptosis of dopaminergic (DA) neurons in PD via the excessive release 
of pro-inflammatory mediators (IL-1β and IL-18) [262]. Interestingly, 
NLRP3 has been shown to be a downstream target of miR-190, in a 
luciferase reporter assay. Therefore, use of miR-190 mimics could 
therapeutically target and downregulate NLRP3 expression to hinder 
neuronal apoptosis and neuroinflammation, as demonstrated in 
LPS-induced brain-derived microglia cells 2 (BV2) cells and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD murine model 

[263,264]. Furthermore, overexpression of miR-190 inhibited 
pro-inflammatory mediators such as inducible nitric oxide synthase 
(iNOS), IL-6, TNF-α, and TGF-β1 but simultaneously upregulated the 
anti-inflammatory mediator IL-10 LPS-induced BV2 cells [263]. In 
MPTP-induced PD mice, raised levels of miR-190 dampened the acti
vation of microglial cells and downregulated the pro-inflammatory cy
tokines IL-6 and TNF-α in the substantia nigra pars compacta (SNpc) 
[263]. 

miR-7 can also directly bind and inhibit nigrostriatal α-synuclein and 
NLRP3-mediatated inflammasome expression, thereby inducing neuro
inflammation in PD [265]. This effect can be resolved by injection of 
miR-7 mimics in mouse striatum, resulting in diminished activation of 
NLRP3 and reduced DA neuron loss [266]. miR-132 is another key 
molecule that specifically targets nuclear receptor subfamily 4 group A 
member 2 (NR4A2) expression to regulate embryonic stem cell differ
entiation for midbrain DA neurons [267]. Upregulation of miR-132 in 
PD mouse and rat models leads to loss of DA neuron differentiation, 
resulting in temporospatial and memory deficits in the brain [268,269]. 
Use of the miRNA sponge mmu-circRNA-0003292 inhibits miR-132 
activity and limits the progression of PD [270,271]. The use of mmu_
circRNA_0001320 has been demonstrated to upregulate miR-124 levels, 
which are commonly downregulated in the pathogenesis of PD [272]. 
However, further studies are warranted to validate this observation 
[270]. In fact, use of miR-124 mimics in a focal ischaemic mouse model 
can enhance the movement of DA neurons into the striatum and reduce 
dopamine transmitter levels, thus reducing the motor symptoms of PD 
[273]. miR-124 mimics also inhibited the non-neuronal genes, 
sex-determining region Y box 9 (SOX9) and jagged canonical notch 
ligand 1 (JAGGED1), which are both implicated in the regulation of stem 
cell differentiation [274]. 

miR-30e plays a neuroprotective role by downregulating inflamma
tory cytokines TNF-α, cyclooxygenase-2 (COX-2) and iNOS and inhib
iting the NLlrp3 inflammasome in PD. Therefore, administration of miR- 
30e agomirs in the MPTP-induced PD murine model was shown to 
dampen α-synuclein expression and re-establish brain-derived neuro
trophic factor (BDNF) secretion. This resulted in the improvement of 
motor control and behavioural performances in the mice [275]. 
Furthermore, treatment with a miR-200a inhibitor in a 6-hydroxydop
amine rat model demonstrated striatal downregulation of the 
cAMP/PKA signalling pathway and increased cell survival rates in PD 
[276]. Use of antagomir-155 might also be a potential therapeutic agent 
for the treatment of PD. miR-155 acts by regulating the microglia-based 
inflammatory pathway to α-synuclein aggregation in PD [277]. 
Although not investigated in PD animals or humans, administration of 
anatgomir-155 into two in vivo lymphoma murine models demonstrated 
a decrease in tumour growth [278]. As a result, a phase II study has been 
launched to investigate the safety and tolerability of synthetic 
LNA-antagomir-155 on patients with mycosis fungoides-type cutaneous 
T-cell lymphoma has been launched (NCT03713320). 

7.2. Alzheimer’s disease 

Alzheimer’s disease (AD) is the leading age-related neurodegenera
tive disease, defined by a cognitive decline in executive function, spatial 
awareness, and episodic memory. The rising prevalence of AD is a 
growing concern due to associated high socioeconomic costs and lack of 
diagnostic biomarkers and therapeutic agents to limit the progression of 
AD [279]. AD is estimated to affect 1% of the global population by 2050 
[280]. The presence of extracellular beta-amyloid plaques, intracellular 
neurofibrillary tau protein aggregates, neuroinflammation, and oxida
tive stress are defining factors of AD. Reversal of dysregulated levels of 
miRNAs in AD could lead to better treatment options for AD. As with PD, 
the role of miRNAs in AD and the biological matrices in which they were 
profiled has been extensively studied and summarised in several excel
lent review papers [280–283]. 

One specific miRNA that is downregulated in AD is miR-132, which 
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is normally negatively correlated with intracellular hyper
phosphorylated TAU protein accumulation and extracellular beta- 
amyloid aggregate deposition in the pre-frontal cortex. It bimodally 
regulates both these processes by targeting ITPKB, as demonstrated in 
late-stage human AD hippocampal samples [284]. Direct regulation of 
Phosphatase and Tensin Homolog (PTEN), forkhead box protein O3a 
(FOXO3a) and E1A binding protein P300 by miR-132 also prompts the 
inhibition of neuronal apoptosis. Restored miR-132 levels by direct 
administration of miR-132 mimics into the brain of AD murine models 
has been demonstrated to reduce Aβ40–42 levels, TAU hyper
phosphorylation, and limit the decline of adult hippocampal neuro
genesis [284–286]. Furthermore, peripheral blood samples from AD 
patients revealed downregulated levels of miR-29c and raised levels of 
beta-site amyloid precursor protein cleaving enzyme 1 (BACE-1), which 
plays a role in the processing of the amyloid-beta peptides and their 
subsequent aggregation in neurons [287]. The in vivo study investigated 
the effect of miR-29c mimic injections into the hippocampus of AD 
senescence-accelerated mouse prone 8 (SAMP8) [287]. Results indi
cated that miR-29c upregulation correlated with reduced BACE-1 
expression and amyloid-beta proteins [287]. Observed in APP/PSEN1 
transgenic mice, miR-137 regulates the calcium voltage-gated channel 
subunit alpha-1 C (CACNA1C) gene, which codes for the 
calcium-channel CAV1.2 [288]. In AD, downregulation of miR-137 re
sults in increased hippocampal CACNA1AC expression and beta-amyloid 
aggregation [288]. An increase in Ca2 + influx contributes to the 
pathogenesis of AD. Use of miR-137 mimics might possibly reduce 
neuronal dysregulation in AD [288]. Hippocampal and temporal cortex 
upregulation of miR-146a contributes to the pathogenesis of AD by 
targeting interleukin (IL)− 1 receptor-associated kinase 1 (IRAK1), and 
tumour necrosis factor (TNF) receptor-associated factor 6 (TRAF6), 
which are regulators of innate immunity pathways [289,290]. The 
identification of the functional SNP in the promotor region of miR-146a 
has been linked to the deterioration of cognitive behaviour in AD pa
tients [290]. The intranasal, non-invasive delivery of miR-146 agomirs 
(M136AG) dampened neuroinflammation and repaired cognitive 
impairment in APP/PS1 transgenic mice [290]. Downregulation of 
miR-188–5p has been linked to cognitive decline in AD pathology in AD 
patients and 7-month-old five familial AD (5XFAD) transgenic mice 
[291]. Long-term potentiation is regulated by miR-188–5p and plays a 
role in the consolidation of long-term memory [291]. Therefore, in
duction of miR-188–5 P mimics in five familial Alzheimer’s disease 
mutations (5XFAD) mice ameliorates synaptic and cognitive decline by 
enhancing synaptic strength and spine density via negative regulation of 
NRP-2 [291]. Downregulated levels of hippocampal miR-388–5p also 
contributes to AD pathology by targeting BACE1 to enhance 
beta-amyloid aggregation and neuroinflammation in AD patients and 
5XFAD transgenic mice. Stereotactic administration of miR-338–5p into 
the dentate gyrus in the 5XFAD murine model reduces neuro
inflammation and improve spatial memory decline [292]. 

7.3. Ischaemic stroke 

Stroke, which can be divided into haemorrhagic or ischaemic stroke 
is a leading global cause of death and adult disability [293–297]. With 
ischaemic stroke contributing to most of all cases, it is critical to accu
rately diagnose stroke at the earliest stage to prevent further deterio
ration [298]. Both environmental and genetic factors influence the onset 
of stroke [293]. miRNAs play a key role in the onset of excitotoxicity, 
oxidative stress, and BBB damage in ischaemic stroke. It has been re
ported that ischaemia-induced neurogenesis plays a significant role in 
post-stroke repair [299]. Most studies investigating the prognostic, 
diagnostic and therapeutic role of miRNAs in ischaemic stroke have 
been conducted in animal models. However, the therapeutic capabilities 
of miRNAs in these preclinical studies might not be reflective of their 
effects in humans and warrants further investigation. 

For example, miR-126 contributes to angiogenesis and neurogenesis 

but is significantly downregulated following ischaemic stroke. As a 
result, intracerebral delivery of miR-126 agomirs to middle cerebral 
artery occlusion-induced (MCAO) mice can substantially enhance 
vascular remodelling, promote neurogenesis and limit neurobehavioral 
decline [300]. In addition, miR-195 has an anti-inflammatory role by 
directly inhibiting the NF-kB, Semaphorin 3 A, cell division control 
protein 42 homolog (Cdc42) and c-Jun N-terminal kinase (JNK) sig
nalling pathways, reducing endothelial dysfunction, and promoting 
neural regeneration and stem cell proliferation. Following ischaemic 
stroke, it is significantly downregulated. Intravenous injection of 
miR-195 agomirs six hours post ischaemic injury dampens neuro
inflammation and decreases infarct size in ischaemic stroke-induced rats 
[301]. Upregulation of AMP-activated protein kinase (AMPK) has been 
shown to aggravate neuronal apoptosis following ischaemic stroke. Use 
of miR-27b antagomirs in MCAO mice promotes post-stroke recovery by 
reducing neuronal degradation, inducing hippocampal AMPK-mediated 
neurogenesis, and enhancement of spatial awareness and cognitive 
behaviour [302]. In a distal MCAO murine model, intravenous delivery 
of miR-155 antagomirs dampens the effect of neuronal damage in the 
peri-infarct area. This results in increased blood flow, preservation of 
microvascular integrity and impediment of the expression of neuro
inflammatory cytokines and chemokines [303]. 

In post-ischaemic stroke, intraventricular administration of miR-132 
agomirs in MCAO mice leads to the inhibition of matrix 
metalloproteinase-9 (MMP-9) and regulation of the tight-junction reg
ulators, VE-cadherin and the adhesion molecule, beta-catenin, as well as 
infarct shrinkage and oedema depletion [304]. In post-ischaemic stroke, 
miR-107 promotes angiogenesis by targeting Dicer-1. However, induc
tion of miR-107 antagomirs to MCAO rats results in the suppression of 
VEGF mRNA and enhanced Dicer-1-mediated angiogenesis. As a result, 
this leads to a reduced infarct size and increased capillary numbers 
within the ischaemic borders [305]. Therefore, miR-107 antagomirs 
could be used as a unique therapeutic tool in stroke therapy. Another 
example of a protective miRNA therapeutic is the intraventricular use of 
the miR-200c antagomir in the MCAO murine model. The down
regulation of miR-200c causes a decrease in infarct size by targeting 
Reelin, a key regulator of neuronal movement and synaptogenesis 
[306]. Clearly, miRNAs may hold therapeutic potential for ischaemic 
stroke. However, there are still important therapeutic details that are yet 
to be established, such as understanding the optimal route and timing of 
delivery. 

8. Discussion: towards shared therapeutics for inflammatory 
disorders of the GBA 

A growing body of evidence links NDDs with gut inflammation or a 
leaky gut [307] through shared pathophysiology’s including aberrant 
miRNA expression. Patients with IBD have a much higher risk of all 
cause dementia and AD dementia than the general population 
[308–310]. Thus, one can postulate that future miRNA therapeutics 
could potentially delay or even prevent the onset of NDDs by main
taining the integrity of the intestinal epithelial barrier and through 
consequently dampening systemic and neuroinflammation. miRNA 
therapeutics which target these overlapping dual pathologies could be 
an attractive therapeutic prospect. 

For example, miR-124 represents an interesting therapeutic target 
for both IBD and NDD. In PD, downregulation of miR-124 in human 
plasma and subsequent restoration in PD mice can reduce dopamine 
transmitter levels, thus reducing the motor symptoms of PD via sup
pression of Axin1 and triggering of Wnt/β-catenin signalling pathways 
[311]. Similarly, use of ABX464 (Obefazimod), which selectively upre
gulates levels of miR-124 in IBD and has demonstrated significant 
anti-inflammatory effects in UC patients, may find therapeutic utility in 
PD. Although treatment of brain-derived cells with Obefazimod in 
neuronal cells resulted in the downregulation of miR-124, it had 
cell-type specific protective effects on cells exposed to 
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lipopolysaccharide [245]. Nonetheless, further in vitro and in vivo 
research is required to determine the CNS protective effects of 
Obefazimod. 

Dysregulated levels of miR-155 is also common in both PD and UC. 
miR-155 antagomirs can protect against DSS-induced colitis in mice by 
reducing intestinal barrier damage and inflammation, via restoration of 
the SHIP-1 pathway and regulation of Th17 cells and Jarid2Wnt/β-cat
enin signalling pathways [192]. Similarly, the antagomir-155 regulates 
α-synuclein aggregation in PD and might also be a potential therapeutic 
agent [312]. The development of a miRNA therapeutic which can tackle 
these two related inflammatory conditions could be an interesting di
rection for future research. 

Another fascinating observation is the pathophysiological over
lapping of miRNAs implicated in both IBD and C. difficile infection (CDI). 
Following successful FMT in CDI patients, upregulated levels of both 
miR-23a and miR-150 displayed cytoprotective effects against TcdB 
cytotoxicity by targeting the inflammatory genes, 1 L-12B and 1 L-18, 
respectively in human IECs [101]. Given this observation, it would be 
interesting in future work to investigate the effects of combining the gut 
barrier protective properties of both miR-23a and miR-150 with 
anti-inflammatory ABX464. Alternatively, miR-23a and miR-150 could 
be combined with a pre-existing antimicrobial agent. Use of 
gut-protecting miRNA nanotherapeutics, alone or in conjunction with 
antimicrobials, could help reduce the risk of gut dysbiosis and emer
gence of antimicrobial resistance. 

In addition, miR-150 also plays a role in the regulation of the BBB 
and neuroinflammation by targeting the gene AKT3 in microglial cells, 
in which significant downregulation in the plasma of PD patients has 
been observed [313]. Likewise, reduced levels of miR-23a in serum and 
CSF samples from AD patients has been noted compared to controls 
[314]. The recent observations that polymer-based NPs loaded with 
miR-23a-3p and miR-150–5 p show protective effects in brain-derived 
and IECs against LPS suggests that miR-150 and miR-23a may treat 
and prevent downstream neurodegenerative complications that could 
arise from gut barrier dysregulation [245]. Thus, it may be advanta
geous to identify additional miRNAs which are implicated across mul
tiple MGBA disorders which may facilitate the development of novel 
multipurpose therapeutics. 

Despite research into the delivery mechanisms for miRNA thera
peutics, several major challenges need to be overcome for clinical 
adoption. Limited correlations between in vitro performance and in vivo 
efficacy require the development of better models for preclinical eval
uation of RNA delivery. Increasingly, there are opportunities to test the 
properties of miRNA nanotherapeutics in organ-on-chip models 
(OOACs). These platforms are now being used to emulate the gut 
physiological environment to model disease states and evaluate drug 
efficacy [315]. Alternatively, the use of high dimensional platforms such 
as digital spatial transcriptomics might be applied to interrogate the 
precise targeting abilities of miRNAs [316]. Use of combination 
polymer-lipid miRNA-vectors offers further ways for modulating im
mune responses or overcoming detrimental immunological side effects. 
In addition, advances in BBB-penetrating agents, for example, the 
anti-transferrin receptor antibody 272 might enhance delivery of miR
NAs to the brain via absorptive transcytosis into the CNS [317]. 

Ultimately, large human clinical trials which study patient cohorts 
with epidemiologically and pathophysiologically linked MGBA disor
ders are required to further propel this area of research. These should be 
coupled with advanced and improved animal models that help to un
derstand and validate molecular mechanisms of action of these miRNA 
therapeutics. Inspired by the recent and ongoing success of ABX464 in 
IBD, miRNA therapeutics offer potentially transformative and trans
lational potential in treating inflammatory disorders of the MGBA. 
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E. Poleszak, J. Fichna, P. Wlaź, The role of microbiota-gut-brain axis in 
neuropsychiatric and neurological disorders, Pharmacol. Res. 172 (2021), 
105840, https://doi.org/10.1016/j.phrs.2021.105840. 

[139] C. Long-Smith, K.J. O’Riordan, G. Clarke, C. Stanton, T.G. Dinan, J.F. Cryan, 
Microbiota-gut-brain axis: new therapeutic opportunities, Annu Rev. Pharm. 
Toxicol. 60 (2020) 477–502, https://doi.org/10.1146/annurev-pharmtox- 
010919-023628. 

[140] X.Y. Guo, X.J. Liu, J.Y. Hao, Gut microbiota in ulcerative colitis: insights on 
pathogenesis and treatment, J. Dig. Dis. 21 (2020) 147–159, https://doi.org/ 
10.1111/1751-2980.12849. 

[141] R. Rashed, R. Valcheva, L.A. Dieleman, Manipulation of gut microbiota as a key 
target for crohn’s disease, Front. Med. 9 (2022) 1332, https://doi.org/10.3389/ 
fmed.2022.887044. 

[142] G. Moser, C. Fournier, J. Peter, Intestinal microbiome-gut-brain axis and irritable 
bowel syndrome, Wien. Med Woche 168 (2018) 62–66, https://doi.org/10.1007/ 
s10354-017-0592-0. 

[143] I.-M. Vasilescu, M.-C. Chifiriuc, G.G. Pircalabioru, R. Filip, A. Bolocan, V. Lazăr, 
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