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Abstract
In the past few years, numerous advances emerged in terms of circulating microRNA(miRNA) regu-
lating gene expression by circulating blood to the distal tissues and cells. This article reviewed and 
summarized the process of circulating miRNAs entering the circulating system to exert gene regula-
tion, especially exogenous miRNAs (such as plant miRNAs), from the perspective of the circulating 
miRNAs source (cell secretion or gastrointestinal absorption), the transport form and pharmacokinet-
ics in circulating blood, and the evidence of distal regulation to gene expression, thereby providing a 
basis for their in-depth research and even application prospects.
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Introduction

MicroRNAs (miRNAs) are a class of small, single-stranded 
endogenous non‐coding RNA comprising ~ 22 nucleotides 
(nt) that processed from a stem-loop structured precursor 
transcript (Kim 2005). MiRNAs exert their affects via base 
complementary pairing with target message RNA (mRNA), 
degrading corresponding mRNA or suppressing mRNA 
translation, as well as act as fine-tuners of the expression of 
mRNAs (Bartel and Chen 2004). In 2008, Chen et al. found 
that there were a large number of miRNAs stably existing 
in human plasma and serum that could circulate to recipi-
ent cells and may play a role in regulating gene expression, 
termed as circulating miRNAs (Chen et al. 2008). More-
over, the circulating miRNA has been demonstrated to own 
unusually high stability is able to remain stable under vari-
ous extreme conditions, such as boiling, a very low or high 
pH, repeated freeze and thaw, and storage at room tempera-
ture for a long time (Chen et al. 2008). This feature assures 
the miRNAs enter and stably exist in the circulatory system 
of the body and then reach the receptor cells to play a dis-
tal regulatory role. In addition, miRNAs were also found 
in other body fluids such as saliva (Park et al. 2009), urine 
(Hanke et al. 2010), breast milk (Kosaka et al. 2010), but 
these miRNAs are outside the scope of this paper.

Since researchers first discovered some dietary-derived 
plant miRNAs stably in human blood in 2011 (Zhang et 
al. 2012), the academic community has carried out a series 
of studies and made significant progress on the biologi-
cal process that how a circulating miRNA originates from 
cells or plant food enters the circulatory system, circulate to 
receptor cells, and play a distal regulatory role in the gene 
expression. The present article performed a review study 
by dividing the process into the circulating miRNAs source 
(cell secretion or gastrointestinal absorption), the transport 
form and pharmacokinetics in circulating blood, and the 
evidence to function as distal regulators for gene expres-
sion, aiming to demonstrate the feasibility of exogenous 
miRNA as a new active substance entering the receptor 
cells of the body to play a regulatory role, and to provide 
scientific basis for subsequent development, research and 
application prospects.

Intracellular miRNA synthesis and gene 
regulation

Typically, miRNA is synthesized by transcription of cell 
genes. The process of miRNA biogenesis in animal cells 
involves the following steps. First of all, genes are transcribed 
as primary transcripts (pri-miRNAs) containing stem-loop 
structures in the nucleus. Next, the stem-loop structure in 

pri-miRNA will be cut by the endonuclease Drosha, result-
ing in a length of about 70nt precursor miRNA (pre-miR-
NAs). The pre-miRNA is then transported from the nucleus 
by Exportin-5 into the cytoplasm and the “loop” structure is 
further cleaved by Dicer/TRBP (TAR RNA-binding protein) 
to generate mature miRNA/miRNA* duplex. The mature 
miRNA is then loaded onto Argonautes (Ago) to form the 
core effector complexes, known as miRNA-induced silenc-
ing complexes (miRISCs), whereas the miRNA* strand in 
the duplex undergoes unwinding, shedding, and degradation 
(Iwakawa and Tomari 2022). In plants, the biological pro-
cess of miRNA is different from that in animals. In plants, 
the cleavage of pri-miRNA is performed by Dicer-like pro-
tein (DCL) due to the lack of Drosha homologous proteins, 
generating pre-miRNA with hundreds of nt in length (Liang 
et al. 2014). Coincidentally, the cleavage of pre-miRNA is 
also performed by Dicer-like protein, and both the cleavage 
of pri-miRNA and pre-miRNA are occurred in the nucleus. 
After transport to the cytoplasm, the 3’ terminal riboses of 
plant miRNA undergoes methylation by Hua enhancer 1 
(HEN1), resulting in the stability of plant miRNAs against 
strong acid, strong alkali, and high temperature, which 
lays a molecular biological foundation for its entry into the 
organism through the digestive tract (Yu et al. 2005).

In animal or human cells, miRNAs bind target mRNA 
sequences mainly through the canonical base pairing 
between the seed sequence, which includes nucleotides 2–8 
from the 5′-end, and the complementary sequence found 
in the 3′ untranslated region (3′UTR) of its target mRNA, 
leading to transcriptional inhibition (Fabian et al. 2011), 
cleavage (Yekta et al. 2004) or degradation (Wu et al. 2006) 
of target mRNA. In-depth study of miRNA has illustrated 
that it also targeted bind to the 5’UTR (Jopling et al. 2008; 
Orom et al. 2008) and open reading frame (ORF) (Bartel 
2004), to play the role of gene regulation. In common with 
animal miRNAs, plant miRNAs exert their affects via base 
complementary pairing with target gene mRNA after enter-
ing animal or human cells (Cavalieri et al. 2016; Chin et al. 
2016; Hou et al. 2018). MiRNAs have been estimated to 
be involved in about 1/3 of human gene expression regula-
tion, covering many aspects of cellular behavior such as cell 
growth, division, differentiation, proliferation, apoptosis, 
and metabolism, and are an important class of gene regula-
tory molecules (Lewis et al. 2005; Chen et al. 2006).

Source of circulating miRNA

In vivo cell release and related mechanisms

Part of the miRNA synthesized in cells can be actively 
secreted into the blood circulation, which increases the 
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content of the corresponding circulating miRNAs and 
reaches the receptor cells to perform distal regulatory func-
tions. This phenomenon is most prominent during special 
physiological and pathological periods, like pregnancy, 
intestinal flora changes, pathogenic microorganism infec-
tion, and tumor occurrence. There is evidence that the 
expressions of miR-516-5p, miR-518b, miR-520  h, miR-
525, and miR-526a in the plasma of pregnant women are 
up-regulated and increase with the progress of pregnancy, 
and eventually return to basal levels after delivery (Gilad 
et al. 2008; Gunel et al. 2011; Kotlabova et al. 2011). The 
above-mentioned circulating miRNAs can pass the placen-
tal barrier and affect fetal development (Li et al., 2015). 
Host miRNAs or food miRNAs may enter the gut bacteria 
and affect the growth and reproduction of gut flora (Liu et 
al. 2016, 2019; Teng et al. 2018). On the contrary, the distur-
bance of intestinal flora may lead to the change of miRNA 
expression profile in the host circulation (Peck et al. 2017; 
Moloney et al. 2018; Virtue et al. 2019; Zhu et al. 2020a, 
b), exerting a regulatory role in the physiological function 
of the body. Generally, virus infection often induces the 
differential expression of host cells and secretes signature 
miRNA (Xu et al. 2021), which is an important source of 
circulating miRNA in the infected state and contributes to 
the repertoire of virus-host interactions (Gonda et al. 2019; 
Zhu et al. 2020a, b). For example, Epstein Barr virus (EBV) 
can specifically express viral miRNA in B cells, such as 

miR-BART15, which is secreted by cells through exosomes 
and transferred to uninfected cells, inhibiting the expression 
of its binding nucleotide binding oligomerization domain 
like receptor protein 3 (NLRP3), thereby increasing the 
susceptibility of B cells to the virus (Pegtel et al. 2010). 
During tumorigenesis, tumor cells, stromal cells and endo-
thelial cells exposed to the tumor microenvironment can 
secrete miRNAs through micro-vesicles (Yin et al. 2014) 
and exosomes (Zhang et al. 2015; Liang et al. 2016; Sun et 
al. 2018), thereby significantly changing the expression pro-
file of circulating miRNAs. Tumor cells secrete exosomes 
at least 10-fold more than normal cells (Sun et al. 2018), 
and the miRNA carried by tumor cell-derived exosomes can 
enter the circulatory system to play a distal regulatory role 
as a carcinogen or tumor suppressor (Selth et al., 2012; Chin 
et al. 2016). For example, miR-222 is highly expressed in 
exosomes derived from tumors (Di Leva and Croce, 2010; 
Mao et al. 2018), the expression of miR-222 in the plasma 
of breast cancer patients is significantly higher than that 
of normal people, furthermore, the expression of miR-
222 in breast cancer patients with lymphatic metastasis is 
higher than that in non-metastatic group (Ding et al. 2018). 
Other pathological tissue cells may also lead to significant 
changes of circulating miRNA (Zhang et al. 2010; Kimura 
et al. 2018). The expression levels of these characteristic 
circulating miRNAs have clinical implications for disease 
diagnosis, prognosis, and even treatment.

Table 1  The regulatory effect of RNA binding protein on miRNA secretion
Name of RBP Regulated miRNA Effect on 

miRNA’s 
secretion

Regulatory mechanism

hnRNP-A2B1 miR-198̖;miR-601 Promoting Specifically binding to GGAG in miRNA, leading it to exosomes (Villarroya-
Beltri et al. 2013)

Promoting RRM1 Specifically binding to AGG in miRNA, leading it to micro-vesicles, spe-
cifically binding to UAG in miRNA, leading it to micro-vesicles (Wu et al. 2018)

miR-503 Inhibiting hnRNPA2B1 migrates into the nucleus and cannot bind to miRNAs (Perez-Boza 
et al. 2020)

hnRNP-Q
(SYNCRIP)

miR-3470a̖;miR-194-2-3p Promoting Specifically binding to GGCU in miRNA, leading it to exosomes (Santangelo et 
al. 2016)

AGO2 let-7a̖;miR-100̖;miR-320a Inhibiting Phosphorylation of Ago2 on serine 387 reduces Ago2 secretion into exosomes, 
preventing exosomal secretion of AGO2-bound miRNAs (McKenzie et al. 2016)

Y-box protein 1 miR-223 Promoting Promoting the miRNA loaded into exosomes (Shurtleff et al. 2016)
miR-133 Promoting Promoting the miRNA loaded into exosomes (Lin et al. 2019)

MEX3C miR-451a Promoting MEX3C/AP-2 Recruiting the miRNA to endosomes for subsequent exosomal 
sorting with the aid of AGO2(Lu et al. 2017)

MVP miR-193a Promoting Not interpreted (Teng et al. 2017)
La protein miR-122 Promoting Not interpreted (Temoche-Diaz et al. 2019)
nSMase2 miR-210 Promoting Not interpreted (Kosaka et al. 2013)
hnRNP-K̖;SAFB EV-associated miRNAs 

during autophagy
Promoting Through LC3-conjugation pathway promot the miRNA loaded into lipid LC3-

rich EVs(Leidal et al. 2020)
miR-486 3’-adenylylated miRNAs tend to reside within cells, and 3’-urididated miRNAs 

tend to be released exosomes (Koppers-Lalic et al. 2014)
hnRNP: Heterogeneous Nuclear Ribonucleoproteins; hnRNP-Q(SYNCRIP): Synaptotagmin-binding cytoplasmic RNA-interaction protein; 
AO2: Argonaute 2; MEX3C: RNA-binding ubiquitin E3 ligase;MVP:Major vault protein;nSMase2:Neural Sphingomyelinase 2;SAFB:scaffold-
attachment factor B
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miRNA in the gastrointestinal, blood, spleen, liver, kidney, 
feces, and other samples of mice after feeding mice with 
cabbage (Liang et al. 2014). Liang et al. recruited volunteers 
to eat watermelon juice or mixed fruits and detected a vari-
ety of corresponding fruit miRNAs in their plasma (Liang 
et al. 2015). Luo et al. detected 16 maize miRNAs in the 
serum, pancreas, and longissimus dorsi of pigs after feed-
ing fresh maize for 7 days (Luo et al. 2017). In addition, 
Tarallo et al. found that there were significant differences 
in the expression profiles of fecal miRNA among vegans, 
vegetarians, and omnivores, indirectly indicating the influ-
ence of food miRNA on human body (Tarallo et al. 2021). 
Based on the above argument and evidence, the researchers 
further studied the absorption of herbal miRNA in the body, 
successfully found that herbal miRNA could still exist sta-
bly after being decocted at high temperature and was able 
to be absorbed into the blood through the digestive tract, as 
well as played a regulatory role in the distal tissues of the 
body (Li et al., 2015; Zhou et al. 2015; Zhou et al. 2020; 
Kalarikkal and Sundaram, 2021; Teng et al. 2021). Besides 
plant miRNAs, miRNAs in milk exosomes could also be 
absorbed into the blood through the digestive tract (Manca 
et al. 2018). Moreover, our body might obtain circulating 
miRNA by in vitro injection as well, making sense for its 
applicable usage (Teng et al. 2021).

Some plant or herbal miRNAs have been confirmed by 
existing studies to have strong heat, strong acid, and other 
stability, and can withstand high-temperature cooking, tor-
ment, and digestion and degradation. The reasons can be 
attributed to the following aspects: (1) Methylation at the 
3’ end of plant miRNAs (Zhang et al. 2012) and/or its spe-
cial sequence composition (such as rich in CG) (Zhou et 
al. 2015); (2) Plant cell exosomes have strong thermal and 
acid stability (Lasser et al. 2011; Mu et al. 2014), which can 
effectively protect their encapsulated miRNA. The differ-
ences in the expression profiles of plant miRNAs in food and 
plasma indicate that the body also selectively absorbs plant 
miRNAs (Zhang et al. 2010). Based on the synthesis and 
action process of miRNA, it is speculated that the existing 
forms of miRNA in food include pri-miRNA, pre-miRNA, 
miRNA:miRNA*duplex, free miRNA, AGO2-bound 
miRNA, miRISC. Studies have shown that mature free 
miRNA (Zhang et al. 2012) and miRNA:miRNA*duplex 
(Chin et al. 2016; Hou et al. 2018) can be absorbed into 
the blood and become circulating miRNAs. Two mecha-
nisms may be involved in the entry of exogenous plant 
miRNAs into the body’s circulation. First, plant miRNAs 
are absorbed by gastrointestinal epithelial cells, and then 
actively secreted into the blood by gastrointestinal epithe-
lial cells (Jia et al. 2021). Chen et al. demonstrated through 
in vitro and in vivo experiments that dietary plant miRNAs 
can be absorbed into the blood by SID-1 transmembrane 

MiRNAs are mainly secreted into the circulatory system 
by cells in the form of encapsulated exosomes or micro-ves-
icles. The secretion of miRNA by cells in the body has been 
proved to be selective (Squadrito et al. 2014; Garcia-Martin 
et al. 2022). RNA binding protein (RBP) holds an irreplace-
able position in the selective secretion of miRNA, which can 
regulate the loading of specific miRNA into extracellular 
exosomes or micro-vesicles through various mechanisms, 
and finally achieve the purpose of regulating the secretion 
of miRNA (Groot and Lee 2020), as shown in Table 1. Cur-
rently, the underlying mechanism of many RBPs regulating 
miRNA remains elusive. In addition, studies have shown 
that the selective secretion of miRNAs by cells is affected 
by the expression ratio of intracellular miRNAs to target 
mRNAs (miRNA/mRNA). Specifically, a small miRNA/
mRNA ratio favors miRNA residency in cells, and vice 
versa favors miRNA exocytosis, thereby ensuring moderate 
regulation of target mRNAs (Squadrito et al. 2014).

In addition to active secretion, apoptotic bodies formed 
during normal cell metabolism can also carry miRNAs into 
the circulatory system. For example, vascular endothelial 
cells can release miR-126 into the blood through apoptotic 
bodies once the body develops atherosclerosis (Zernecke et 
al. 2009). In the case of tissue cell damage and necrosis, its 
miRNA can also be passively released into the circulatory 
system. For example, a large number of cardiomyocytes 
miR-208 and miR-499 are passively released into the circu-
latory system during acute myocardial infarction, increasing 
their plasma concentrations by 1600- and 100-fold, respec-
tively (Corsten et al., 2012).

Digestive tract absorption and related mechanisms

Another important source of circulating miRNAs is the 
absorption of exogenous miRNAs (such as plant miRNAs) 
into the blood through the digestive tract. Zhang et al. (2012) 
first found that about 5% of miRNAs in human and animal 
serum have anti-sodium periodate properties in 2011, and 
thus speculated that their possible sources were plant miR-
NAs in daily diet, and further proposed the view that plant 
miRNAs in food could be absorbed into the body’s blood 
circulation through digestive tract. The research team subse-
quently confirmed through experiments that mice miR-168a 
was absorbed into the blood circulation through the digestive 
tract and reached the liver, simultaneously targeted the liver 
low-density lipoprotein receptor adaptor protein 1 (LDL-
RAP1) and inhibited its expression, ultimately promoted the 
metabolism of low-density lipoprotein (LDL) (Zhang et al. 
2012). Since then, the view that exogenous plant miRNAs 
can enter the blood through the digestive tract and reach 
distant tissues and organs in the body has been continuously 
confirmed by other studies. Liang et al. detected cabbage 
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is reported that MIR-2911 could be detected in the serum of 
male ICR mice 5-minute after tail vein injection of an equal 
mixture of MIR-2911, MIR-168a, MIR-156a and MIR-161, 
and all miRNAs were cleared after 3 h (Yang et al. 2015a, 
b). All the data above indicates that circulating miRNAs can 
exist in the body for hours or days (Ruegger and Grosshans 
2012), and their levels can be kept stable through continu-
ous feeding. It is worth noting that intravenous injection 
can rapidly increase circulating miRNA content (Yang et al. 
2015a, b).

Evidence to function as distal regulators for 
gene expression

Recent research demonstrates that circulating miRNAs, 
especially exogenous plant miRNAs that are absorbed into 
the blood, can enter receptor cells through endocytosis, 
membrane fusion or ligand-receptor binding (Cavalieri et 
al. 2016; Chin et al. 2016; Hou et al. 2018), and play a distal 
role to regulate gene expression. Table 2 lists the research 
reports about researchers intervening in cells or organisms 
by molecular biology techniques in recent years so that 
exogenous miRNAs can enter recipient cells and play a reg-
ulatory role in cells or organisms. These identified studies 
amply illustrate that circulating miRNAs, especially exoge-
nous plant miRNAs, can overcome multiple barriers to enter 
the body, reach recipient cells, and perform transboundary 
gene regulation functions.

Discussion and future perspective

Taken together, endogenous miRNA and exogenous plant 
miRNA can enter the body’s blood circulation through cell 
excretion or gastrointestinal absorption, correspondingly 
causing changes of circulating miRNA expression profile, 
as well as enter the distal tissue receptor cells to play a role 
in regulating gene expression. The above-mentioned find-
ings provide significance for the application prospects of 
miRNAs, especially plant miRNAs. Currently, circulating 
miRNA has been used as a biomarker for early screening, 
diagnosis, and prognosis of diseases (Takahashi et al. 2019) 
because of its stable existence in body fluids such as plasma 
and serum, state-specific differences in expression profiles 
in different physiological and pathological states, conve-
nient sampling, and sensitive detection. Moreover, the long-
range regulatory properties of miRNA make it potential for 
gene-targeted therapy. For the moment, miRNA drugs for 
targeted therapy of leukemia have entered phase I and phase 
II clinical trials (Takahashi et al. 2019). How to deliver 
exogenous miRNA drugs to target tissue cells for targeted 

family member 1 (SIDT1) in the plasma membrane of gas-
tric epithelial mucous cells (Chen et al. 2021). Second, plant 
miRNAs are encapsulated in plant exosomes and absorbed 
by gastrointestinal epithelial cells through endocytosis 
(Kusuma et al. 2016; Manca et al. 2018); and then actively 
secreted into the blood by gastrointestinal epithelial cells.

Transport forms and pharmacokinetics of 
miRNAs in circulating blood

Circulating miRNAs are characterized by high stability, and 
one of the important reasons for this characteristic is that 
they are usually encapsulated and transported by exosomes, 
micro-vesicles, apoptotic bodies, and other vesicles (A et al., 
2009; Blanc and Vidal 2010), thus reducing or avoiding the 
degradation of various nucleic acid metabolizing enzymes. 
There is evidence that up to 83–99% of circulating miRNAs 
are stored in exosomes (Gallo et al. 2012); miRNAs in exo-
somes include AGO2-bound miRNAs, free miRNA, mature 
miRISCs (Mao et al. 2015). Another important reason is that 
circulating miRNAs inside and outside vesicles are often 
bound to proteins, which can also improve their stability. 
Studies have shown that 90% of circulating miRNAs are 
bound to RBPs (Chang et al. 2004; Arroyo et al. 2011), such 
as AGO2 protein (Arroyo et al. 2011), high density lipopro-
tein (HDL) (Vickers et al. 2011; Tabet et al. 2014) and LDL 
(Wagner et al. 2013), and most circulating miRNAs are 
transported as AGO2-bound miRNAs (Arroyo et al. 2011).

The metabolism of circulating miRNAs in blood is like-
wise a significant parameter. In theoretical terms, plant 
miRNA in food is absorbed through the gastrointestinal 
tract, and its content level first increases in the gastro-
intestinal tissue, and then enters the blood circulation to 
become circulating miRNA, which is selectively absorbed 
by distant tissue cells. Zhang et al. (2012) showed that 
the content level of MIR-168a in plasma and liver tissue 
increased significantly at 6-hour after mice ate fresh rice. 
Further research found that the content level of MIR-168a in 
plasma and liver tissue reached the peak 3-hour after mice 
were intervened by total RNA extract of rice (Zhang et al. 
2012). Hou et al. found that serum MIR-156a peaked within 
1 to 3 h in most of the five healthy volunteers eating lettuce 
(Hou et al. 2018). Additional studies have shown that the 
plasma MIR-2911 of animals reached the peak after con-
tinuous feeding of honeysuckle for 3 days and returned to 
the baseline level 2-day after stopping feeding (Yang et al. 
2015a, b). After oral administration of honeysuckle decoc-
tion, the content of MIR-2911 in plasma and lung tissue of 
mice increased and reached the peak at 6 h, followed by a 
gradual decline, eventually the lung MIR-2911 recovered to 
the baseline level at 12 h (Zhou et al. 2015). Furthermore, it 
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miRNA Source miRNA
ID

Studied objects Administrating/ Inter-
vening methods

Corresponding change of 
expression level in target 
issue/cells

Observed 
functions

Refer-
ences

Endogenous miRNA
MV secreted by 
u87-MG astrocytes

miR-34a SH-SY5Y cell/ 
6-OHDA model rats

Co-culture with MV/
inject

miR-34a was significantly 
increased in SH-SY5Y 
cells/unclear

Targeting anti-
apoptotic Bcl-2 
proteins,enhances 
the sensitivity 
of dopaminer-
gic neurons to 
neurotoxins and 
accelerates neuro-
nal injury

(Mao 
et al. 
2015)

Human 
cytomegalovirus

miR-
UL148D

Kasumi-3 cell and
CD34 + hematopoietic 
stem cells

Co-culture with strain 
NR-1

Significantly increase Target IER5 and 
promote viral 
latency through 
iER5-CDC25B-
CDK1 signaling 
pathway

(Pan 
et al. 
2016)

MV secreted by
Lewis lung cancer

miR-214 CD4+T cell /BALB/c 
nude mice

Co-culture/tail vein 
injection with fluores-
cent labeled MV

Significantly increase/Flu-
orescence markers were 
found in nude mice

Target PTEN.
down-regulate 
PTEN-mediated 
signal cascade to 
promote Treg cell 
amplification and 
tumor growth

(Yin 
et al. 
2014)

Exsome secreted by 
MCF-7 and MDA-
MB-231 cell

miR-222 MCF-7 cell/ Female 
nude mice

Co-culture with exo-
somes/subcutaneous 
injection

Confocal microscopy 
images indicate exosome 
uptake / unclear

Target NF-KB 
promotes cell 
invasion and 
migration, and 
promotes tumor 
growth

(Ding 
et al. 
2018)

Exsome secreted 
by HCT-116 and 
SW480

miR-200b HCT-116 and
SW480 cell/BALB/c 
males mice

Co-culture with 
Exo-miR-200b/inject

Significantly increase/
Immuno fluorescence 
analysis increased

Target P27 and 
RND3, promote 
colorectal cancer 
growth

(Zhang 
et al. 
2018)

Exsome secreted by 
HCC cell

miR-21 LX2 cell/Female nude 
mice

Co-culture with exo-
somes/Caudal vein 
injection

increase/unclear activate HSC 
through the 
PTEN/PDK1/
AKT signaling 
axis,promote 
liver fibrosis, 
tumor growth and 
angiogenesis

(Zhou 
et al., 
2018)

Exsome secreted by 
MCF-7̖;HCC-1937 
and MDA-MB-231 
cells

miR‑7641 MCF-7̖;HCC-
1937̖;MDA-MB-
231̖;Primary breast 
cancer cell/BALB/c 
Female nude mice

Transfection/intrave-
nous injection

increase/unclear Promote breast 
tumor cell prolif-
eration, increase 
its invasiveness, 
promote tumor 
metastasis

(Shen 
et al. 
2021)

Herbs
HS 
decoction̖;Synthetic 
miR-2911

miR-2911 MDCK cell /BALB/c 
mice

Co-culture with 
decoction total 
RNA or synthetic 
miR-2911/gavage

unclear/ Plasma, lung and 
liver tissues of mice were 
detected

Inhibit the repli-
cation of H1N1, 
H5N1 and H7N9 
viruses and sig-
nificantly reduce 
the mortality 
caused by virus 
infection

(Zhou 
et al. 
2015)

Table 2  Evidence of miRNAs to function as distal regulators for gene expression
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miRNA Source miRNA
ID

Studied objects Administrating/ Inter-
vening methods

Corresponding change of 
expression level in target 
issue/cells

Observed 
functions

Refer-
ences

HS decoction miR-2911 Pregnant mice gavage Plasma, placenta and fetal 
liver of pregnant mice 
miR2911 Significantly 
increase

Regulate fetal 
growth and 
development

(Li 
et al. 
2015)

Exosomes from 
cells transfected 
with miR-2911 or 
HS decoction

miR-2911 Vero E6 cell/ Healthy 
volunteers

Co-culture with exo-
some/ oral

miR-2911 was elevated in 
Vero E6 cells and serum 
of volunteers

Inhibit novel 
Coronavirus 
SARS-COV-2 
replication and 
accelerate nega-
tive conversion 
in patients with 
COVID-19

(Zhou 
et al. 
2020)

Synthetic astragalus 
miR-396

miR-396 BALB/ c asthmatic 
model mice

Nasal feeding Peripheral blood, spleen 
and lung were signifi-
cantly increase

Inhibit the expres-
sion of GATA-3 
in Th2 cells

(Shen 
et al. 
2019)

Plant food
Synthetic single 
strand mature miR-
168a and fresh rice

miR-168a HepG2 cell/mice Co-culture with 
synthetic miR-168a/
oral feeding

miR-168a was signifi-
cantly elevated in HepG2 
cells and mice

Target LDLRAP1 
and promote LDL 
clearance

(Zhang 
et al. 
2012)

Strawberry FvmiR-168 Dendritic cell Co-culture with 
FvmiR-168

increase Strawberry 
miRNA acts 
on the Toll-
like receptor of 
dendritic cells 
and inhibits 
their migration, 
thereby reducing 
inflammation

(Cava-
lieri 
et al. 
2016)

MV secreted by 
healthy persons; 
Synthetic miR-159

miR-159 MDA-MB-231 cell /
NSG mice

Co-culture with MV/ 
gavage

unclear/miR-159 was 
detected in the gastroin-
testinal tract

Target 
TCF7,inhibits 
breast tumor cell 
proliferation

(Chin 
et al. 
2016)

Synthetic miR-156a miR-156a CNE2̖;HONE1̖;C666-1 
cell

Co-culture with miR-
156a mimic

unclear Target 
JAMA,inhibit the 
development of 
nasopharyngeal 
carcinoma

(Tian 
et al. 
2016)

vegetables miR-156a HAEC cell Co-culture with 
miR-156a

Significantly increase Inhibit JAMA 
expression in 
human aortic 
endothelial cells 
and reduce mono-
cyte adhesion

(Hou 
et al. 
2018)

Rape pollen miR-162a Bee larvae oral feeding miR-162a was detected 
in vivo

Target 
mTOR,delay 
the development 
of young bees, 
reducing body 
and ovarian size, 
and promoting 
their development 
into worker bees

(Zhu 
et al. 
2017)
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pre-miRNA (Almanza et al. 2018). Here are some key 
issues to be further interpreted. What is the difference 
between the above-mentioned exogenous miRNA interven-
ers and intracellular miRNAs during their assemblies of 
miRISC? Which exogenous miRNA interveners have better 
distal regulatory effect? And how to artificially synthesize 
exogenous miRNA interveners with good stability and high 
absorption rate for subsequent application? All these are 
important issues to be solved in the process of miRNA drug 
development. In conclusion, circulating miRNAs, origi-
nated from cell excretion or gastrointestinal absorption, can 
overcome barriers to reach the receptor cells and exert the 
function of remote gene regulation. While the detail mecha-
nisms are still waiting to be interpreted.
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therapy is a key technology to improve the effect of miRNA 
targeted therapy on cancer (Sabit et al. 2021) and also a diffi-
culty in the development and utilization of miRNA drugs. In 
recent years, viruses are generally considered to be the first-
choice for miRNA delivery due to their advantages of strong 
specificity, high delivery efficiency, low off-target effects, 
and long expression duration (Havlik et al., 2020). Some 
plants are rich in miRNAs with specific functions (Cavalieri 
et al. 2016; Zhu et al. 2017; Hou et al. 2018; Teng et al. 
2021), and can introduce miRNAs with therapeutic effects 
into the body using natural vegetables or herbs as carriers. 
This type of miRNA delivery method is low-toxic and eco-
nomical, which is considered to be a promising research and 
development direction.

Although existing studies have proved that circulating 
miRNAs, especially exogenous plant miRNAs, can over-
come many barriers to reach the receptor cells and exert the 
function of remote gene regulation (Cavalieri et al. 2016; 
Zhu et al. 2017; Hou et al. 2018; Teng et al. 2021), the 
molecular biological processes of plant miRNAs, including 
selective uptake and secretion, entry into recipient cells, and 
formation of mature miRISCs, are still poorly understood. 
As outlined previously, during the assembly of intracellular 
miRNAs into miRISCs, mature miRNAs are loaded onto 
AGO proteins in the form of miRNA:miRNA*duplex to 
form miRISC precursors, and mature miRISCs are formed 
after miRNA* unwinds and falls off. However, in the cur-
rent functional studies on the introduction of exogenous 
miRNAs into the body or cells, the initial miRNA inter-
veners used involve many forms, including mature free 
miRNA monomer (Zhang et al. 2012), miRNA: miRNA* 
dimer (Chin et al. 2016), exosomes (Shen et al. 2021) or 
natural plants (Hou et al. 2018) containing target miRNA, 

miRNA Source miRNA
ID

Studied objects Administrating/ Inter-
vening methods

Corresponding change of 
expression level in target 
issue/cells

Observed 
functions

Refer-
ences

ELNs original 
ginger

aly-miR-
396a-5p

Vero E6 cell / septic 
mouse model

Co-culture with aly-
miR-396a-5p/Intra-
tracheal injection

increase/ Fluorescence 
appeared in lung and 
serum of mice

Inhibit the expres-
sion of Novel 
Coronavirus 
spike protein and 
NSP12 protein 
respectively, 
reduce
inflammation and 
apoptosis

(Teng 
et al. 
2021)

Synthetic miR-
159(rich in soybean)

gma-miR-159a Hepatic stellate cell/
hepatic fibrosis model 
ICR mice

Co-culture with 
fluorescent-labeled 
miR-159a/intraperito-
neal injection

Fluorescent markers were 
observed either intracellular 
or in vivo

Target GSK-3β, 
inhibit the expres-
sion of GSK-3β 
and its downstream 
protein, alleviati 
liver fibrosis

(Yu et 
al. 2021)

HS: Honeysuckle; NSG: NOD-scid IL2Rgnull; HAEC cell: human aortic endothelial cell; JAMA: junction adhesion molecule-A; ELNs: exo-
some-like nanoparticles
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