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ABSTRACT

microRNAs (miRNAs) are well known as major players in mammalian and plant genetic systems that act by regulating gene expression at the
post-transcriptional level. These tiny molecules can regulate target genes (mRNAs) through either cleavage or translational inhibition. Recently, the
discovery of plant-derived miRNAs showing cross-kingdom abilities to regulate mammalian gene expression has prompted exciting discussions
among researchers. After being acquired orally through the diet, plant miRNAs can survive in the digestive tract, enter the circulatory system, and
regulate endogenous mRNAs. Here, we review current knowledge regarding the cross-kingdom mechanisms of plant miRNAs, related controversies,
and potential applications of these miRNAs in dietary therapy, which will provide new insights for plant miRNA investigations related to health issues
in humans. Adv Nutr 2021;12:197–211.
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Introduction
The emergence of microRNAs (miRNAs) as master regulator
in gene regulation has led to interesting discussions. These
miRNAs belong to a class of small noncoding RNAs (19–
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24 nucleotides) derived from secondary structures of tran-
scribed MIR genes. The small molecules work by regulating
gene expression at the post-transcriptional level in plants,
mammals, and viruses (1). According to the public miRNA
database, miRBase version 22.1 (http://www.mirbase.org/),
a total of 38,589 miRNAs representing hairpin precursor
miRNAs (pre-miRNAs) from 271 organisms have been
registered (2). These pre-miRNA structures are able to
produce 48,860 unique sequences of mature miRNAs (2).
Once pre-miRNAs become mature miRNAs, they can target
single or multiple target genes. Conversely, a single mRNA
target can be targeted by >1 miRNA (3).

The first identified miRNA (lin-4) was discovered in
Caenorhabditis elegans by Ambros in 1993 through forward
genetics (4, 5). Since then, a number of approaches have
been utilized for miRNA discovery, including cloning,
homology searching and high-throughput sequencing (6, 7).
Currently, high-throughput sequencing is the most reliable
technique since it can detect miRNAs with low expression
levels. miRNAs are well known to be involved in various
processes in plants, including growth, development, signal
transduction, responses to biotic and abiotic stresses, and
regulation of secondary metabolites (1). In addition, miRNAs
have been reported to regulate fruit ripening processes in
blueberry, tomato, and banana plants (8–10). Recently, cross-
kingdom regulation by miRNAs has become a hot topic
among researchers. The ability of small RNAs (sRNAs)
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to be transferred from one kingdom to another has been
previously shown in lower organisms. A few decades ago,
double-stranded RNAs (dsRNAs) were found to be taken
up by C. elegans and to confer specific interference effects
when C. elegans were fed a dsRNA-expressing bacteria (11).
More recent findings have suggested that C. elegans may
possess an endocytic pathway for dsRNA uptake by cells
(12). However, the transportation mechanism is probably
uncommon among invertebrates due to the divergence of
digestive tract systems (13).

In 2012, Zhang et al. (14) reported that plant-derived
miRNAs can be present in the human serum or plant-feeding
mammals and regulate the gene expression of particular
targets at the post-transcriptional level (14). A few years
later, another study revealed that a honeysuckle (HS) miRNA,
miR2911, can be absorbed through the gastrointestinal (GI)
tracts of mice infected with influenza A virus (IAV) upon
ingestion of an HS decoction and travel via the bloodstream
to the lungs where it directly targets IAV (15). These
interesting findings have provided initial evidence that plant
miRNAs may have the ability to be transmitted from plants to
mammals through the GI tract, subsequently regulating their
endogenous targets in a cross-kingdom manner and thus
affecting the cellular systems of their recipients. The novel
ability of plant miRNAs to regulate target genes in different
organisms may completely transform our current knowledge
and reveal new opportunities for novel therapies through
plant-based diets (16).

The main objectives of this review are to analyze current
evidence regarding cross-kingdom regulation by plant miR-
NAs to enhance the understanding of the novel abilities of
these regulators as bioactive molecules in plant-based foods.
In addition, the possible features of plant miRNAs that are
responsible for the efficient transfer of these molecules from
plant sources to mammals are discussed. Finally, the future
impacts of these new phenomena on dietary therapy are
presented.

Biogenesis and Mechanisms of Plant miRNAs
Plant-derived miRNAs are synthesized in the nucleus and
mature in the cytoplasm (Figure 1). In the nucleus, MIR
genes are transcribed by RNA polymerase II (Pol II) (17).
The first transcription process of MIR genes produces
primary miRNAs (pri-miRNAs), which consist of thousands
of nucleotides together with hairpin structures (18). The
pri-miRNA structure is stabilized by the Dawdle (DDL)
protein (1, 19). In plants, the essential protein for miRNA
processing is Dicer-like 1 (DCL1), which is a type III
ribonuclease (RNase) responsible for processing pri-miRNAs
by cleaving them to become shorter (19). A pair of proteins,
the dsRNA-binding protein Hyponastic leaves 1 (HYL1) and
the C2H2 zinc-finger protein Serrate (SE), facilitate DCL1 by
improving the efficiency and precision of the DCL1 cleavage
mechanism (19). Pri-miRNA processing occurs in the D-
body compartment in the nucleus (20). DCL1 performs
excision in 2 steps. First, it cleaves the imperfectly folded end
of the pri-miRNA to form the hairpin secondary structure of

the pre-miRNA. Second, it further slices the pre-miRNA to
generate a double-stranded miRNA/miRNA∗ duplex (19).

A notable difference between plant miRNAs and
animal miRNAs relates to the methylation process of
miRNA/miRNA∗ duplexes, which is carried out by an RNA
methyltransferase called Hua enhancer 1 (Hen 1). The
methylated miRNA/miRNA∗ duplexes are then exported
by the Hasty (HST) protein to the cytoplasm, where the
miRNA guide strand is incorporated into the Argonaute
(AGO) protein to form an RNA-induced silencing complex
(RISC) (21, 22). Meanwhile, the passenger strand (miRNA∗)
is removed and degraded (22). AGO proteins mainly consist
of PAZ (Piwi, argonaute and zwille/pinhead) and PIWI
domains (23). The PIWI domain forms an RNaseH-like
fold that catalyzes endonuclease activity (1, 23, 24). The
mechanisms of action of plant miRNAs are determined
mostly by the degrees of complementary binding between
the miRNAs and their target genes. Plant miRNAs tend to
bind with their targets with high complementarity, which
results in mRNA cleavage, whereas animal miRNAs bind
to their targets at seed regions to promote translational
inhibition (25). However, in plants, miRNAs also silence
their targets through translational inhibition (26, 27).

Cross-Kingdom Regulation by Plant miRNAs
Obtained through Dietary Intake
miR168a represents the first evidence of cross-kingdom
regulation in plants
Among all organism-derived miRNAs, plant miRNAs are
mainly involved in cross-kingdom gene regulation after
dietary intake. In addition, only the mature sequences of
plant miRNAs have cross-kingdom abilities; other forms of
RNA do not have these abilities, such as pre-miRNA, double-
stranded miRNA, single-stranded DNA miRNA, and DNA
precursor miRNA (14). Due to this phenomenon, the mature
sequences of plant miRNAs have the potential to be used in
molecular therapy after acquisition through specific diets and
food supplements.

The first cross-kingdom study, which was reported in
2012, demonstrated the detection of miR168a in the cir-
culatory systems and organs of humans and mice (14). In
this study, a group of healthy Chinese men and women who
consumed rice as their main dietary ingredient, ∼30 known
plant miRNAs were revealed via Solexa sequencing. Among
them, miR156a and miR168a showed dominant levels of
expression compared with other miRNAs. In animal studies,
miR168a was detected in the livers and serum of 10-week-
old mice that were fed fresh rice total RNA (80 μg), synthetic
miR168a (300 pmol), or synthetic methylated miR168a
(300 pmol) by gavage after feed deprivation overnight. In
addition, miR168a was also detected in the serum of 2 other
groups of 10-week-old male mice fed a diet of either chow
or fresh rice after feed deprivation overnight (14). Further
functional studies have shown that the plant miR168a binds
to its target, the LDLRAP1 (LDL receptor adapter protein
1) gene, which leads to decreases in LDLRAP1 levels in
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FIGURE 1 miRNA biogenesis pathways in plants. The biogenesis of plant miRNAs begins within the nucleus. The MIR gene is transcribed
by RNA Pol II to produce pri-miRNAs, which are stabilized by the protein DDL. Pri-miRNAs are cleaved through the action of the
endonuclease DCL1 until they become mature miRNA/miRNA∗ duplexes. Subsequently, methylation at the 3′-terminus of the duplex is
carried out by Hen 1. Then, HST exports the miRNA/miRNA∗ duplex from the nucleus to the cytoplasm. At the final stage, 1 strand of the
miRNA/miRNA∗ duplex is incorporated into AGO as a guide strand to form the RISC where it can perform its function, while the other
strand is removed and degraded. Plant miRNAs can regulate gene expression via mRNA cleavage and translational inhibition. However, in
plants, the dominant mechanism (solid arrow) occurs by mRNA cleavage, in which the miRNA binds its target with high complementarity,
while the alternative mechanism (dashed arrow) occurs by translational inhibition. AGO, Argonaute; DDL, Dawdle; HST, Hasty; Hen 1, Hua
enhancer 1; miRNA, microRNA; pre-miRNA, precursor miRNA; pri-miRNA, primary miRNA; RNA Pol II, RNA polymerase II.
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liver cells and subsequently decreases the removal of LDL
cholesterol (14).

Plant miRNAs remain stable in mammalian systems
Since that exciting breakthrough, more research has been
conducted regarding the inter-kingdom transfer of exoge-
nous plant miRNAs. In a study, the most enriched plant
miRNA in cabbage, miR172, was identified in the stomachs,
intestines, serum, and feces of mice fed cabbage total RNA in
quantities ranging from 10 to 50 μg. A maximum of 4.5%
of miR172 was reportedly recovered from the stomach of
1 mouse, and the percentages ranged from 0.05% to 4.5% in
different organs and tissues. In particular, the concentrations
of miR172 were ∼4.5–0.4% (2–24 h after feeding) in the
stomach, ∼2.4–0.2% (2–36 h) in the intestines, ∼1.3–0.2%
(2–72 h) in the blood, and ∼0.38–0.04% (2–72 h) in the
spleen. This study showed the absorbed dietary miRNAs may
be metabolized similarly to endogenous miRNAs, and with
continuous feeding, the concentration of dietary miRNAs
may remain stable for a certain period of time (28). In a
study involving human volunteers, a total of 16 miRNAs
(miR156a, miR157a, miR158a, miR159a, miR160a, miR162a,
miR163a, miR166a, miR167a, miR168a, miR169a, miR172a,
miR390a, miR528, miR824, and miR894) were detected in
plasma through qPCR after the volunteers consumed 2.5 L
of watermelon juice and 2.5 kg of mixed fruits. However, the
CT (threshold cycle) values of 6 plant miRNAs in human
plasma (miR158a, miR159a, miR160a, miR163a, miR169a,
and miR824) fell outside the linear ranges of their standard
curves, indicating that they were undetectable in plasma
and could not be accurately measured, while the remaining
10 miRNAs were expressed at high basal levels (29, 30).

In a study in pigs fed fresh maize, maize-derived
miRNAs could be detected in porcine tissues and serum
after 7 d of consumption. The detected miRNAs in-
cluded zma-miR164a-5p, zma-miR166a-3p, zma-miR167e-
5p, zma-miR168a-5p, zma-miR319a-3p, and zma-miR408a-
3p. The presence of these plant miRNAs was confirmed
using oxidization reactions (31). Among these miRNAs,
zma-miR164a-5p has 3 potential target genes: CSPG4
(chondroitin sulfate proteoglycan 4), OTX1 (orthodenticle
homeobox 1), and PLAGL2 (PLAG1-like zinc finger 2) (31).

Stability and antiviral activity of miR2911 against
influenza A viruses (IAV)
In HS, miR2911 was found to be highly stable, and con-
tinuous administration of a decoction led to a significant
increase in miR2911 in mouse peripheral blood and lungs
(15). miR2911 was detected in mice fed by gavage with an HS
decoction (10 g HS in 100 mL water) or synthetic miR2911.
The HS decoction contained 0.12 nM of miR2911. The syn-
thetic miR2911 was gavage-fed at a dose of 100 pmol/mouse.
For both the HS decoction– and synthetic miR2911–fed
groups, samples were collected at 0.5, 1, 3, 6, or 12 h for
RNA extraction (15). Moreover, synthetic miR2911, RNA
extracted from the HS decoction, and the HS decoction itself
showed significant antiviral activity against H1N1. Further

in vivo study showed miR2911 could inhibit H1N1, H5N1,
and H7N9 viral replication in the mouse model, which
subsequently prevented viral infection–induced weight loss
and reduced the mortality rate (15). This discovery may
reveal a novel type of natural product and suggests that
miR2911 intake may effectively suppress viral infection.

In a different study, miR2911 from HS was detected in
the serum and urine of mice fed a chow diet containing HS
after 3.5 d of intake. In another experiment involving gavage-
feeding of mice, using the same diet plus HS decoction
supplemented with synthetic plant miR168a (400 pmol),
both miR2911 and miR168a were detected in the serum
of mice by qPCR (32). An additional study also detected
abundant miR2911 in mice fed different plant-based diets
for 7 d. In that study, mice were administered herb diets,
flower diets, and plant chow diets. The herb and flower diets
were independently prepared from finely ground tissues of
HS, chamomile, sophora, lavender, blue mallow, ginseng,
hibiscus, and willow bark plants, which were obtained from
various local Chinese herbal medicine and tonic stores. The
plant chow diets were prepared by mixing finely ground
chow, plant material, and water at a ratio of 2:1:2. The findings
showed higher circulating concentrations of miR2911 in
mice that were fed diets containing HS (39-fold), chamomile
(27-fold), sophora (22-fold), lavender (13-fold), blue mallow
(12-fold), and ginseng (5-fold) than in mice that were fed a
control chow diet (33).

miR159 as a novel anticancer agent from a plant source
In plants, the miR159 family regulates plant growth, de-
velopment, and morphology by targeting the transcription
factors MYB33 and MYB65. miR159 is a common plant
miRNA that can be found in Arabidopsis thaliana, Glycine
max, and broccoli (34). In the context of cross-kingdom gene
regulation, a study detected plant miR159 in human serum
and breast tumor tissue after dietary consumption. Further
computational analysis revealed that plant miR159 directly
targeted human TCF7, which encodes a Wnt signaling tran-
scription factor. Cell counting assays showed that synthetic
miR159 mimicking the duplex of gma-miR159a-3p and gma-
miR159a-5p significantly reduced the proliferation of the
breast cancer (BC) cell lines MDA-MB-231 and MCFDCIS
(34). In xenograft tumor experiments, mice were orally
administered 25 mg/kg miR159 or scrambled control oligos
for 3 d before their mammary fat pads were implanted
with 2 × 105 MDA-MB-231 or MDA-MB-231-TCF7HA BC
cells. The group treated with miR159 showed significantly
decreased tumor growth and weight on day 16 (34). The
ability of plant miR159 to inhibit cancer proliferation was first
demonstrated in mammals, suggesting that this particular
miRNA may be a potential therapeutic agent for BC.

Plant miRNAs as immunomodulatory agents and their
role in improving the antioxidant capacity
A study involving transfection of synthetic miRNAs and
native miRNA-enriched miRNAs derived from various
plants, such as miR156 and miR168 from strawberry, miR168
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from rice, and miR874 from cabbage, revealed that the
miRNAs could modify the ability of dendritic cells to respond
to inflammatory agents by limiting T-cell proliferation, there-
fore reducing inflammation (35). In that study, 10 ng/mL of
each miRNA was used. Furthermore, intravenous injection
of a cocktail of pooled plant sRNAs from cabbage, fern
fronds, and apple peel plants (30 μg) into mice every 4 d
after inoculation (dpi) from 3 dpi to 22 dpi resulted in a
reduction in the onset severity of experimental autoimmune
encephalomyelitis (EAE). The plant sRNA cocktail acted by
limiting dendritic cell migration and dampening T-helper
(Th) 1 and Th17 responses in a Regulatory T (Treg)–
independent manner (35). On the other hand, another study
demonstrated that uptake of exogenous miR-451 from a
chow diet in miR-144/451-null mice increased the levels of
miR-451. In addition, gavage feeding of 200 μL of wild-type
blood also increased the levels of miR-451 in miR-144/451-
null mice and improved the antioxidant capacity through the
Foxo3 pathway. In contrast, when the miR-144/451-null mice
were fed food lacking miR-451, the antioxidant capacity of
the RBCs decreased through the same pathway (36).

Identification of cross-kingdom regulation using a
computational approach
In a study involving an in silico approach, plant miRNA
sequences were identified in sRNA sequencing data sets from
410 human plasma samples. The data sets were aligned with
genomes from plant model organisms, including A. thaliana,
Triticum aestivum, Oryza sativa, Zea mays, and Brachy-
podium distachyon, using Bowtie and miRDeep2 software
(37). Among the miRNAs from plant species, miR2910 from
Populus euphratica, which was also expressed in Z. mays, was
found to be more dominant than most of the human miRNAs
in the given samples. miR2910 was predicted to target the
SPRY4 (sprouty RTK signalling antagonist 4) gene of the
Janus kinase/signal transducer and activator of transcription
(JAK-STAT) signaling pathway and transcription regulation
genes (37). Another in silico approach was used in a study on
the happy tree (Camptotheca acuminate), which is recognized
as an important medicinal plant with anticancer properties
(38). The miRNA from this plant may have the ability to
target genes associated with cancer when orally acquired. To
assess this possibility, an in silico approach using psRNATar-
get prediction software was deployed to link the miRNA- and
cancer-associated pathways (38). The search predicted that a
number of miRNAs in the happy tree, such as cac-miR-4723–
3p, miR-5780d, and miR-548d-3p, target genes associated
with cancer, such as DLG2 (discs large MAGUK scaffold
protein 2), NUMB (NUMB endocytic adaptor protein),
and GSK3B (glycogen synthase kinase-3B), respectively.
Furthermore, a single miRNA, miR-29c-5p, was predicted
to target 2 genes associated with cancer: PEG3 (paternally
expressed gene 3) and ITGA2 (integrin alpha 2) (38). A
recent study using a computational approach involved a herb
plant, Ocimum basilicum, which has considerable therapeutic
potential. In O. basilicum, oba-miR156, oba-miR531, oba-
miR160, oba-miR529b, and oba-miR1118 were predicted to

modulate the 87 human target genes associated with the
Ras-MAPK (Ras-mitogen-activated protein kinase)signaling
cascade, cardiomyopathy, HIV, breast cancer, lung cancer,
Alzheimer disease, and several neurological disorders (39).

Plant miR156 as a potential vasoprotective molecule
and miR5338 as an alternative treatment for benign
prostatic hyperplasia
A recent study stably detected the plant miRNA, miR156a,
which is commonly found in dietary green vegetables,
such as cabbage, spinach, and lettuce, in 5 healthy human
serum samples after the individuals had consumed 500 g of
vegetables. The results demonstrated that the miR156a levels
peaked 1 or 3 h after lettuce consumption in most people,
while the absorption efficiency appeared to vary among indi-
viduals (40). Plant miR156a can directly target junction adhe-
sion molecule-A (JAM-A) to reduce inflammatory cytokine–
induced monocyte adhesion in human aortic endothelial
cells. These findings suggest that plant miRNAs are novel va-
soprotective molecules (40). A study has also suggested that
plant-derived miR5338 may help ameliorate benign prostatic
hyperplasia in rats by inhibiting Mfn1 gene in the prostate. In
that study, the rats in the experimental group were treated
with suspensions of rape bee pollen (final concentration:
6.39 g/kg) by gavage (10 mL/kg), whereas the rats in the
normal group were given clean water by gavage (10 mL/kg).
The levels of the mTtbiR5338 target gene, Mfn1, in the
posterior lobe of the prostate were found to be significantly
lower in the experimental than in the control group (41).

Cross-kingdom dietary miRNA regulation through
lactation
In addition to food intake, milk consumption has also been
reported to enable the delivery of miRNAs. Unlike plant
miRNAs, which are initially hypothesized to be encapsulated
in microvesicles (MVs) (14), miRNAs delivered through
milk are packaged in exosomes (42). Interestingly, increasing
evidence indicates that mammalian breast milk contains both
endogenous miRNAs and exogenous plant-derived miRNAs
(43–45). In human mature-milk samples collected from 6
mothers who consumed vegetarian or nonvegetarian diets,
miR168a was more detectable than other common miRNAs,
such as miR156a, miR166a, miR167a, and miR172a. In
addition, an endogenous human miRNA, hsa-miR-148a, was
detected in all 6 samples (44). The abundant human miRNAs
in breast milk participate in regulating various biological
processes, such as immune system development, endo-
and exocytosis, metabolic processes, cell differentiation,
growth, and apoptosis, to ensure proper infant development
(44–46). Furthermore, a bioinformatics analysis carried out
on human and porcine milk samples revealed an abundance
of plant miRNAs; ath-miR166a, pab-miR951, ptc-miR472a,
and bdi-miR168 were detected at high levels in human-milk
exosomes, while zma-miR168a, zma-miR156a, and ath-
miR166a were detected in porcine-milk exosomes (43). Table
1 shows the current information regarding cross-kingdom
regulation by plant miRNAs in mammalian systems.
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Factors that influence the stability and mobilization of
plant miRNAs
Previous findings have revealed that food storage, pro-
cessing, and cooking do not reduce the miRNA content
in plants, which might be a crucial factor contributing
to the abundance of miRNAs in food products. How-
ever, even though plant miRNAs can survive all food-
processing steps, they are still prone to degradation in
the mammalian circulation system due to endonuclease
activity, especially in the spleen and liver (49). To further
investigate this topic, a study used a simulated human
digestion system, and the results showed significant bioavail-
ability of miR166, miR167, and miR168 (from rice and
soybean) after early-stage digestion for 75 min (47). A
closer look revealed that one of the biogenesis steps in
plants, methylation of miRNA at the 3′ end after the slicing
process, might be the first determinant of miRNA stability
(Figure 1).

In a plant model system (A. thaliana), most miRNAs
were found to be 2′-O-methylated at their 3′ ends. Northern
blotting was carried out to identify the functions of miRNA
methylation in wild-type and hen1 mutants. A decrease
in abundance and heterogeneity in size were observed
for the unmethylated form of miRNA compared with the
methylated form. Then, primer extension studies showed
that size heterogeneity existed at the 3′ ends of the miRNAs.
Further cloning and Sanger sequencing of miR173 and
miR167 in both wild-type and hen1 mutant plants revealed
that the miRNA sequences underwent 3′ truncation and
3′ uridylation, which involves the addition of a short U-
rich tail (50). Later comparison studies on sRNAs includ-
ing miRNAs and siRNAs in Arabidopsis, Drosophila, and
zebrafish showed similar findings: hen1 mutant individuals
were more prone to degradation than wild-type individuals
(51). These findings provide fundamental evidence that
methylation of plant miRNAs enhances their stability by
protecting them from exonuclease and uridylation activi-
ties.

The methylated structures at the 3′ ends of plant miRNAs
confer the plant miRNAs with greater oxidizing agent
resistance than animal miRNAs. Zhang et al. (14) treated
both plant and animal miRNAs with sodium periodate (an
oxidizing agent), which resulted in modification (oxidation)
at the 3′ ends of mammalian miRNAs. The oxidized 3′ ends
could not undergo the ligation process during sRNA library
preparation and thus failed to be sequenced. However, plant
miRNAs that bore the 2′-O-methylated moiety were detected
in human sera; this moiety rendered them distinguishable
from mammalian miRNAs (14). Furthermore, the nucleotide
compositions of plant miRNAs may also contribute to their
stability. A study on miR2911 showed that the resistance
of this miRNA to boiling and RNase treatment might be
due to its unique sequence composition and GC content
(15).

Plant miRNAs have been suggested to be packaged into
MVs or exosomes before being absorbed via intestinal
epithelial cells. Despite all the protective mechanisms of plant

miRNAs, the MVs or exosomes add further protection by
acting as protective barriers to prevent miRNA degradation.
In addition, several types of carriers can transport miRNAs,
such as apoptotic bodies and edible plant-derived exosome-
like nanoparticles (EPDENs) (52, 53). After packaging,
miRNAs are released into the circulation and subsequently
transported to various kinds of tissues and organs where
they regulate the expression of target genes (14). Moreover,
plant miRNAs can utilize the AGO2 protein, which is present
in exosomes, to form an RISC, thereby facilitating binding
to target genes (54). The route taken by plant miRNAs
from when they are present in raw materials until they
are absorbed into the mammalian system is summarized
in Figure 2.

Controversy regarding Cross-Kingdom
Regulation
Despite the exciting finding of cross-kingdom regulation by
plant-derived miRNAs, several groups of researchers have
questioned the discoveries due to a lack of reproducibility.
The observed plant miRNAs in animal sRNA data sets may
have emerged from the sequencing process or from cross-
contamination between samples (55, 56). In a study involving
controlled insect feeding, plant-derived miRNAs, such as
miR168a, were also detected in insects that were not fed
monocot plants (56). Furthermore, in a study conducted to
reproduce the detection of plant miRNAs in animal systems,
mice were divided into particular diet groups: a synthetic
chow group, a balanced rice chow group, and a rice chow
group. Unfortunately, insignificant levels of plant miRNAs
or no plant miRNAs (including miR168a) were detected in
the plasma or livers of the mice fed the rice-containing diets
(57). Only 192 and 153 reads of miR168 were reportedly
detected in the rice-containing chow and rice grain groups,
respectively. However, consistent with Zhang et al. (14),
animals that ate chow containing high amounts of uncooked
rice had significantly increased LDL-cholesterol levels at
3 and 7 d after treatment. The authors suggested that the
increases in LDL-cholesterol levels were due to short-term
nutritional impacts that may have occurred due to the release
of endogenous cholesterol stores in response to negligible
dietary cholesterol intake in the mice fed rice only (57).
Therefore, the findings of previous cross-kingdom regulation
studies may have resulted from contamination by miRNAs
instead of from the presence of miRNAs transmitted from
other kingdoms.

However, Zhang et al. (14) replied that the scientists
questioning their findings may have used a sequencing
approach that was biased between plant and animal miR-
NAs. This possibility became evident because only small
quantities of rice miRNAs were detectable in both mouse
plasma and livers in that study, while a previous study
indicated that rice miRNAs should represent at least 10%
of the total reads (58, 59). miR156 and miR168 are the
most abundant miRNAs in rice grain, and the total count
should have therefore been at least 10,000 reads per million
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FIGURE 2 An overview of the miRNA journey from raw materials into the human digestive and circulatory systems. miRNAs are acquired
through the diet and absorbed in the GI tract before being transported to the circulatory system (blood/plasma/serum) via MV/exosome.
In the circulatory system, plant miRNAs are further transported to specific cells/organs to regulate certain diseases or target genes (shown
in the figure is the identified target through experimental work). CSPG4, chondroitin sulfate proteoglycan 4; GI, gastrointestinal; JAM-A,
junction adhesion molecule-A; LDLRAP1, LDL receptor adapter protein 1; Mfn1, Mitofusin 1; miRNA, microRNA; MV, microvesicle; OTX1,
orthodenticle homeobox 1; PLAGL2, PLAG1-like zinc finger 2; TCF7, transcription factor 7.

instead of the 192 and 153 reads for miR168 in the rice-
containing chow and rice grain, respectively. The low levels
of plant miRNAs indicate that the sequencing platform
deployed in that study was less efficient than the platform
used in the previous study in measuring plant miRNAs
(60). Therefore, only small amounts of exogenous plant
miRNAs could be detected in the mouse livers and plasma
(60).

Additionally, another group of scientists criticized the
findings of the involvement of plant miR156a in human aor-
tic endothelial cells by supporting the opinion of Dickinson et
al. (57) that the functional relevance was traced to an experi-
mental design artifact (61). They mentioned that the findings
of cross-kingdom miRNAs are most likely due to cross-
contamination during library preparation and the use of low-
biomass samples combined with some widely used miRNA
extraction kits. An additional study carried out by the group
detected low levels of plant miRNAs in 800 sRNA-Seq data
sets from human tissues and body fluids. Moreover, in well-
designed and controlled animal feeding experiments, no
cross-kingdom transfer of plant miRNAs was observed (61).
On the other hand, the group that carried out the original
work responded that they deployed 3 different approaches: 1)
high-throughput sequencing with high numbers of miRNA
sequencing reads (n >100 copies after normalization) since
high numbers of miRNA reads support the validity of
the findings; 2) qPCR with no-template controls, proper

standard curves, and internal standards to ensure accuracy;
and 3) Northern blot analysis. Therefore, the plant miRNAs
identified by these 3 different techniques having been derived
from contamination or technical artefacts is highly implau-
sible. The issues encountered by the group that could not
reproduce the results may have been due to sequencing bias
(62). Furthermore, synthetic, fluorophore-labeled miRNAs
transfected into bovine-milk exosomes and administered to
mice have been shown to exhibit unique distribution profiles
and to accumulate in the intestinal mucosa, spleen, liver,
heart, or brain (63). Supposedly, no contamination issues can
arise during fluorophore-based labeling because the labels
can be observed directly using a proper microscopic system.
The addressed concerns, resolutions, and remaining issues
are summarized in Table 2.

Potential Applications and Strategies for
Cross-Kingdom miRNA Use in Dietary Therapy
Growing evidence has shown that exogenous plant miRNAs
can mobilize and migrate from plants to mammalian cells
and regulate certain genes or processes. This unique ability
allows these tiny molecules to serve as alternative agents in
human therapies. Based on the above discussion, a number
of identified plant miRNAs are ideal candidates for dietary
therapy approaches, especially those that have already been
tested in the laboratory, such as miR2911 from HS, which
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TABLE 2 List of issues with and possible responses to cross-kingdom regulation by plant miRNAs1

Description of the issue(s) Resolution/response Remaining issue(s)

Lack of reproducibility and
cross-contamination issues.

These issues may arise due to sequencing bias.
Recalibrating the sequencing platform to
obtain high copy number (n >100) was
suggested.

Some plant miRNAs were detected in
mammals; however, whether these miRNAs
can regulate mammalian genes/systems
remains unclear.

Detection of plant miRNAs in a
nonplant diet in a study involving
controlled insect feeding.

Further validation using various approaches,
such as qPCR, Northern blotting, and
fluorophore labelling of miRNAs, confirmed
the presence of cross-kingdom transfer and
regulation.

Some plant miRNAs were found in mammalian
systems and could regulate certain
pathways; however, the exact target gene is
still unknown.

Detection of a small amount or total
absence of plant miRNAs in mice
fed a rice-containing diet.

Computationally predicted cross-kingdom
regulation may require further experimental
validation.

Use of a low-biomass sample with a
miRNA extraction kit.

Low detection of plant miRNAs from
human tissues and bodily fluids.

1miRNA, microRNA.

has a surprising capability to suppress IAV, and miR159 from
A. thaliana, soybean, and broccoli, which has the ability
to suppress cancer cell growth (15, 34). The discovery of
these miRNAs may lead to the development of nontoxic and
inexpensive strategies to treat human diseases that are carried
out through dietary changes. The current progress and
development of cross-kingdom regulation by plant miRNA
are shown in Figure 3.

Another application of plant miRNAs would involve the
modification of potential endogenous mammalian miRNAs
to mimic plant miRNA structures by adding methyl groups
at the 3′ ends of the mammalian miRNAs. The methylated
forms of mammalian miRNAs have been demonstrated to
be more stable than normal miRNAs (48). In a study, tumor
suppressor miRNAs (miR-34a, miR-143, and miR-145) were
synthesized according to mouse miRNA sequences; a methyl
group was added to each miRNA at the 2′ position of the
ribose of the 3′ terminal nucleotide to enable the miRNAs
to mimic plant miRNAs. Three groups (7 ApcMin/+ colon
cancer model mice/group) were treated with the miRNAs
by gavage for 28 d starting at 5 weeks to determine the
treatment effects on the tumor burden. The experimen-
tal group received total plant RNA spiked with the 3
tumor suppressor miRNAs, while 2 other groups served
as negative controls and received either total plant RNA
alone or water. The study showed that the tumor burden
was reduced by miRNA administration in the ApcMin/+

mouse model (48). This means of modification may reflect
an effective oral delivery system for therapeutic miRNAs
that show promising results in the treatment of chronic
diseases.

In cardiovascular disease, 2 adenovirus-delivered miR-
NAs, miR-214 and miR-21, have shown positive results
in improving left ventricular remodeling and decreasing
myocardial apoptosis in a rat model; however, the utilization
of viral vectors for delivery of the desired miRNAs to
specific target cells may have major drawbacks, such as

potential insertional mutagenesis and immune response
induction (64). In this case, oral administration of plant
miRNAs through diet may become an alternative to deliver
the miRNAs. To apply this approach, the plant miRNAs
must have the exact target gene as miR-214 and miR-
21, so the same result can be produced. However, in
this study, no genes are mentioned as miR-214 and miR-
21 targets. Thus, target identification work is required.
Additionally, if no plant miRNAs are available, modifying
available miRNAs by adding a methyl group may be
considered.

Similarly, in chronic kidney disease, miR-29 family
members have been recognized to act as potential antifi-
brotic agents by targeting extracellular matrix genes such
as Spry1 (sprouty RTK signaling antagonist 1), TGFB1,
Tgfb1 (transforming growth factor beta 1), Col1a2, LAMC1
(laminin subunit gamma 1), LAMC2 (laminin subunit
gamma 2), FBN1, Fbn1 (Fibrillin 1), Eln (elastin), and
Itgb1 (integrin subunit beta 1) (65). These miRNAs were
delivered to the kidneys using direct renal interstitial
infusion, pelvic perfusion, or systemic delivery methods
through transfection (65). Identifying plant miRNAs that
target the same genes may become another option to
achieve the therapeutic effect of miRNAs through the diet.
In this case, target validation is not required since it is
already validated by previous work (65), unless novel miRNA
candidates are identified. Likewise, if no plant miRNAs
are available, modifying available miRNAs with a methyl
group may be considered. The modified miRNAs (with
methylation at their 3′ ends) mimicking natural mammalian
miRNAs are expected to deliver therapeutic effects by
restoring the levels of miRNAs that are downregulated
during certain diseases or by downregulating signaling
pathways involved in the diseases (66). A patient would
need only to consume a specific diet designed by an
expert for the delivery of therapeutic miRNA to target
cells.

Cross-kingdom regulation by plant miRNAs 207



FIGURE 3 The current progress and development of cross-kingdom regulation by plant miRNAs, which started in 2012 and is expected
to further expand in the future. BPH, benign prostatic hyperplasia; EAE, experimental autoimmune encephalomyelitis; HS, honeysuckle;
IAV, influenza A virus; miRNA, microRNA.

However, before these therapeutic miRNAs can be applied
efficiently, some gaps require special attention. The exact
transportation system of plant miRNAs must be identified to
elucidate how diet-derived miRNAs are transported to target
cells. Previously, circulating miRNAs in mammals were
found in small membranes called extracellular vesicles (EVs)
(67). Based on the aforementioned studies, the EVs involved
in dietary miRNA uptake are probably MVs and exosomes. In
this matter, the term MVs and exosomes need to be clarified
to avoid confusion. Besides, EPDENs also have been shown
to carry diet-derived miRNAs to target organisms (42, 53).
Additionally, factors that allow plant miRNAs detection in
mammalian systems also need to be identified to ensure
reproducibility. Currently, the ideas are more focused on
plant miRNA stability (due to the methylated structure) and
the doses of the plants consumed. A previous study has
shown that consumption of a minimum of 500 g and a
maximum of 2.5 kg of raw material is sufficient for plant
miRNAs to be detected in human plasma (30, 40). These steps
are important to ensure that candidate therapeutic miRNAs
can be transferred efficiently to target cells.

In addition, another crucial aspect that must be addressed
in cross-kingdom regulation is the target gene of the plant
miRNAs in the mammalian system. Some miRNAs are
known to affect certain metabolic or diseases pathways, but
the exact target genes (mRNAs) are still unclear. Additionally,
further validation is required for plant miRNAs that have
been computationally predicted to be involved in cross-
kingdom regulation. Multiple approaches can be deployed
to confirm the targets, such as degradome sequencing, RNA
ligase-mediated (RLM)–rapid amplification of cDNA ends
(RACE), poly(A) polymerase–mediated (PPM)-RACE, and
qPCR (68). Last but not least, the absorption rate of the
introduced plant miRNAs in the human system must be

clarified to ensure that the miRNAs can diffuse to the target
cells. Previously, the absorption rate was identified based on
the ratio of the total absorption amount to the total uptake
amount (30). The total absorption amount is determined by
calculating the area under the plasma concentration-time
curve (AUC) of each plant miRNA, while the total uptake
amount is determined by calculations of the concentrations
of plant miRNAs (30). Additionally, the absorption rate
also can be identified by considering drug absorption as a
model in which 2 fundamental processes accounted for oral
absorption: 1) the dissolution of a molecule in GI fluid and
2) permeation of a dissolved molecule through the intestinal
wall and into the bloodstream (69). The absorption rate can
be predicted using models such as the physiologically-based
pharmacokinetic (PBPK) model, the mixing tank model, the
compartmental absorption and transit (CAT) model, and
the advanced compartment absorption and transit (ACAT)
model (69).

On the other hand, for plant miRNAs that cannot target
a specific gene naturally, bioengineering of selected plants
to synthesize specific miRNA sequences is an absolute
solution to mimic a particular mammalian miRNA with
an established therapeutic effect; this technology is called
artificial miRNA (amiRNA) (70). With this technology, an
miRNA sequence can be designed to efficiently regulate
both single and multiple target genes, which is consistent
with findings for most natural plant miRNAs (71, 72).
Furthermore, the quantity of raw material that needs to be
consumed by a patient can be reduced since the miRNA is
already highly expressed in the plant. An issue that may arise
with this approach is whether the transgenic plant is safe to
consume. Thus, further biosafety work must be carried out.
All these suggestions to utilize plant miRNAs as therapeutic
tools are summarized in Table 3.
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TABLE 3 Strategies for the use of dietary or plant miRNAs as therapeutic tools1

Description of application Corresponding study needed to achieve the application

Oral administration of miRNAs to
improve heart condition in CVD

Identification of plants with the most similar miRNAs to mammalian miRNAs (miR-214 and miR-21) shown
to improve the heart condition; if not applicable, mimicry of the mammal miRNA structures according to
plant miRNAs may be considered

Identification of EVs used to transport miRNAs to the target cell/tissue
Determination of the correct dosage of raw materials for the miRNAs to exert their effect on the heart
Identification of the exact target (mRNA) of the candidate miRNAs through computational approach or

luciferase assay
Confirmation of the targets through degradome sequencing, RLM-RACE, PPM-RACE, and qPCR
Determination of miRNA diffusion rate through ratio (total absorption:total uptake) and/or modeling

Oral administration of miRNAs as
anti-fibrosis agents in CKD

Identification of plants with the most similar miRNAs to mammalian miRNAs (miR-29 members) that act as
antifibrosis agents; if not applicable, mimicry of the miRNA structures according to plant miRNAs may be
considered

Identification of EVs used to transport miRNAs to the target cell/tissue
Determination of the correct dosage of raw materials for the miRNAs to exert their effect on the kidney
No target confirmation required since it was previously validated, unless novel candidate miRNAs appear
Determination of miRNA diffusion rate through ratio (total absorption:total uptake) and/or modeling

Bioengineering of selected plants to
synthesize specific miRNA
sequences

Identification of potential plant crops that can be utilized as a biofactory
Determination of the correct dosage of raw materials for the miRNAs to exert their effect on the targeted

cell/tissue
Assessment of biosafety issues regarding the consumption of transgenic products

1CKD, chronic kidney disease; CVD, cardiovascular disease; EV, extracellular vesicle; miRNA, microRNA; PPM, poly(a) polymerase-mediated; RACE, rapid amplification of cDNA ends;
RLM, RNA ligase-mediated.

Currently, the world is still in a state of alert regarding
coronavirus disease (COVID-19), which is caused by a
novel type of coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Rapidly growing in cross-
kingdom of plant miRNA field has led to a recent finding
that showed miR2911 from HS can be absorbed in human
serum and significantly inhibit the replication of SARS-
CoV-2 when orally administered as a decoction (30 g dry
honeysuckle in 200 mL/donor; equal to 10.5 pmol miR2911)
(73). In addition, a clinical study showed that COVID-19
patients who received additional miR2911 treatment had a
higher negative conversion rate on the 7th day (83.3%) of
the treatment than those without miR2911 treatment (26.1%)
(73). This finding suggests that plant-derived miRNA has the
potential to inhibit viral replication, and that this research
area deserves more attention in terms of mechanisms-of-
action and to determine if there is therapeutic value to
supplements or foods containing these specific miRNAs.

Conclusions and Future Remarks
In conclusion, the discovery of cross-kingdom regulation
of gene expression by plant miRNAs suggests a novel
approach for dietary therapy that may be of great value in
medicine. Extensive studies in this field may lead to the
discovery that many diseases can be cured by consuming
specific diets containing plant miRNAs. However, many
issues must be considered since several researchers have
questioned the reproducibility of related findings. Some have
questioned whether the copy numbers of exogenous miRNAs
are sufficiently high to affect the functions of endogenous
target genes. Technical issues may have been the fundamental
causes of the reproducibility of the research, such as issues
in sRNA library preparation and with sequencing platforms.

Moreover, using engineered plant machinery to produce
specific therapeutic miRNAs that are subsequently consumed
by patients may provide a new perspective for the treatment
of many diseases, especially those that develop due to dietary
habits. Indeed, cross-kingdom regulation by plant miRNAs
and the therapeutic potential of plant miRNAs must be
further explored, and any potential risks should be carefully
considered.
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