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Abstract: MicroRNAs (miRNAs) are small, non-coding RNAs that control gene expression by degrad-
ing or repressing mRNA translation into proteins. Research recently suggested that food-derived
miRNAs are bioavailable and may be absorbed in the gastrointestinal tract (GIT). Since these small
RNAs may reach the circulation and organs, possible interactions with host genes will lead to epi-
genetic effects that alter metabolism. Therefore, from a precision nutrition standpoint, exogenous
miRNAs may be essential in modulating health status. This review summarizes the process of miRNA
biogenesis, the post-translational mechanisms of gene regulation, and their bioavailability in animal-
and plant-derived foods.
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1. Introduction

MicroRNAs (miRNAs) are highly conserved non-coding RNAs regulating gene ex-
pression [1]. These small molecules are initially transcribed from DNA to a primary miRNA
(pri-miRNA), cleaved into double-stranded RNA containing from 18 to 23 nucleotides
(precursor miRNA, pre-miRNA), and processed into a single strain complex (miRNA
plus protein) that binds to messenger RNA (mRNA) [2]. Since miRNAs bind to prime
untranslated regions (3′ UTR and 5′ UTR) and silence genes at the post-transcriptional level,
they control a broad spectrum of cellular processes, including proliferation, differentiation,
development, metabolism, and apoptosis [3–6].

Recently, the combination of high-throughput sequencing and bioinformatics has
allowed for a better understanding of the role of miRNAs in modulating the expression of
genes associated with metabolic pathways related to immunity, inflammatory responses,
glucose kinetics, obesity, and tumorigenesis [7,8]. Overall, the miRNA expression is regu-
lated by multiple factors, including genetics, dietary patterns, and environmental effects.
Since miRNAs are synthesized during DNA transcription, aberrant expressions of these
molecules in cells, tissues, and biological fluids indicate that miRNAs can be used as
biomarkers for a range of biological indicators, including livestock development and
human health [9–12].

From a nutrigenomics perspective, food-derived miRNAs may also be important
in modulating human health since they can regulate gut microbiota, interact with gas-
trointestinal tract (GIT) cells, and reach target organs after absorption in the stomach or
intestines [13,14].

This review highlights details about miRNAs’ synthesis, gene regulation, and their
dietary bioavailability in plant and animal foods.
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2. MicroRNA Biogenesis

MicroRNAs are processed intragenically from introns and exons of nuclear DNA,
or intergenically when transcribed from a host gene regulated by their promoters [15,16].
Sections of specific genes (pri-miRNAs) are transcribed by RNA polymerase II or III in long
double-stranded clusters denominated pre-miRNAs via the predominant canonical and/or
the secondary non-canonical pathway [2,17]. In the canonical pathway, pri-miRNAs are
bonded by the protein DiGeorge Syndrome Critical Region 8 (DGCR8) and by Drosha, a
class 2 ribonuclease III enzyme [18]. This micro-processing complex composed of DGCR8
and Drosha cleaves the molecule into a smaller double-stranded pre-miRNA. The DGCR8
recognizes areas within the pri-miRNA, including a N6-methyladenylated GGAC and
other short sequence motifs, whereas Drosha cleaves the duplex pri-miRNA into a 2 nt
3′ overhang on pre-miRNA [17]. Pre-miRNAs are then exported from the nucleus to the
cytoplasm by the protein Exportin 5 and released to have their stem-loop cleaved by the
Endoribonuclease III Dicer, which generates an even shorter double-stranded molecule [19].
Both 5p and 3p strands from the pre-miRNA’s 5′ and 3′ ends, respectively, are loaded into
the Argonaut protein 2 (AGO 2) [20]. Subsequently, the double strand is unwound, and
a single strand is released from the AGO 2. The selection of which strand will remain
attached to the AGO 2 depends on the cell’s purpose and environment. However, the
strand with lower 5′ stability or 5′ uracil usually becomes the predominant strand that
remains loaded into AGO 2 (guide strand). In contrast, the passenger strand (unloaded
strand), usually the 3p one, is cleaved by AGO 2 and subsequently degraded by cellular
mechanisms [21,22]. MicroRNAs produced via non-canonical pathways are also derived
from pre-miRNAs generated by Drosha, DGCR8 [15,16], and Dicer activities. However,
the pre-miRNAs are directly exported to the cytoplasm by Exportin 1 without Drosha
cleavage [21]. Differently, in this pathway, the 3p strand becomes the guide strand since a
7-methylguanosine (m7-G) cap in the double-strand pre-miRNA usually prevents the 5p
strand from being the primary strand loaded into the AGO 2 [22]. Drosha also produces
some pre-miRNAs from endogenous short hairpin RNA transcripts, and due to their short
length, the AGO 2 completes their maturation in the cytoplasm by binding to both strands
and building a single strand after trimming the 3′–5′ sequence of the 5p [23,24].

3. Gene Regulation

MicroRNAs regulate gene expression via decapping, deadenylation, and translation
repression of targeted regions of the mRNA. Interactions with 5′ UTR are associated with
silencing effects and interactions with other areas with induced transcription [25–27]. The
one strand loaded into the AGO 2 forms an RNA Induced Silencing Complex (RISC) that
combines itself into a complementary existent sequence of the mRNA-denominated miRNA
response elements (MREs) [26]. Once paired, the AGO 2 endonuclease cleaves regions of
the mRNA. Proteins including the GW 182, PAN2-PAN3, CCR-NOT, and DCP2 promote
deadenylation and decapping of the mRNA, followed by a 5′–3′ degradation promoted
by Exoribonuclease 1 [28–30]. Translation is inhibited by preventing the ribosome subunit
from binding the mRNA [29]. Those mechanisms avoid protein synthesis, leading to
gene silencing. Research also suggested that miRNAs can mediate transcription and gene
regulation within the nucleus since AGO 2 may re-enter the nucleus using the Importin-
8 and being guided by a GW182 protein (TNRC6A) [24]. The RISC not only regulates
the transcription of mRNA in its on-cell, inducing degradation, but also suppresses the
transcription of genes regulated by other pathways, including integration with stem-loops
of DNA strands and genomic loci [31,32].

4. Availability in Foods and Suggested Absorption Pathways

Overall, the ability of an RNA strand to maintain its integrity and withstand degrada-
tion in vivo depends on nucleotide sequences and their modifications [31]. Those rules are
usually applied to coding and non-coding RNAs and include more than 170 modifications,
determined mainly by the action of a writer, binding, and eraser protein [33–35]. Dietary
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RNAs from plants, animal tissues, and fluids such as milk must resist post-harvest practices
and digestion to become bioavailable. Post-harvest practices include tissue aging and ther-
mal treatments such as refrigeration and cooking. Once ingested, solid food is mechanically
fragmented and chemically processed by GIT enzymes that break carbohydrates, proteins,
and fat. The same happens with liquid foods such as milk, which undergo chemical diges-
tion. Thus, the ability of RNA molecules to withstand various environmental stresses and
maintain their functionality plays a vital role in their bioavailability and further absorption.

Previous studies have demonstrated that RNA stability may remain constant for
several days postmortem, depending on the tissue [36–38]. In addition, the higher the
amount of G and C in the sequence, the more resistant the strand is to degradation [37]. In
contrast, notable degradation of RNAs can be seen over time, which is crucially affected
by the strand length and temperature [39,40]. RNAs have many hydrogen bonds, which
are very sensitive to temperature. The thermal energy disrupts the electrostatic attractions,
holding them together and reducing the bonding interactions. Unlike RNAs, miRNAs
seem more stable at high temperatures [8]. Their resilience and ability to be absorbed are
associated with a protection effect provided by the AGO2 protein of the RISC complex and
the carrier function of vesicles called exosomes.

As previously discussed, miRNAs are functional AGO2 proteins, part of the RISC
complex [20]. Those proteins protect miRNAs from target-directed degradation, usually me-
diated by ZSWIM8 ubiquitin ligase [41,42]. Dietary miRNAs are packaged in exosome and
exosome-like vessels in tissues and fluids used as foods. Exosomes are 30–160-nanometer
vesicles of a phospholipid bilayer membrane, secreted by cells, carrying DNA, RNAs,
cytokines, and proteins [43,44]. Besides offering protection to miRNAs, exosomes also
have an affinity for intestinal epithelium cells. They interact with and bind to these cells,
delivering their cargo by internalization [43]. The mechanisms of absorption of miRNAs
will be further discussed in this review.

As previously discussed, most of the dietary miRNAs are packaged in exosomes.
These vesicles protect the strands from the severe conditions of the GIT, including the
low-pH environment of the stomach [44]. This protection effect ensures that miRNAs
stay stable and bioactive before being absorbed. Overall, miRNAs can be absorbed in the
GIT through SID-like transporters, by vesicle-mediated transcytosis, ribonucleoprotein
complex-mediated endocytosis, immune cells present in the gut barrier, or diffusion in
the space between epithelial cells [45,46]. Plant miRNAs are packaged into exosome-like
nanoparticles. Exosome-like nanoparticles also serve as a protective barrier against the
degradation of miRNAs but are internalized differently from mammalian exosomes. Al-
though they have not been deeply investigated as mammalian exosomes, research showed
that they also increase intestinal epithelial cells’ proliferation [45], directly contributing to
intestinal cell longevity.

4.1. Dietary miRNAs and Evidence of Circulation Delivery

Although the absorption of miRNAs from food is controversial, previous research has
reported the cross-kingdom transfer of dietary plant miRNAs to mammals via oral inges-
tion. Those miRNAs reached the circulating plasma, culminating in a post-transcriptional
regulation of gene expression in humans [46]. This study led scientists to hypothesize that
miRNAs from exogenous animal and plant food sources can be absorbed in the GIT and
modulate the metabolism of subjects consuming these foods.

4.1.1. Plant Dietary miRNAs

Studies have suggested that plant miRNAs available in fresh produce are resistant to
high temperatures and degradation in acidic conditions such as the environment of the
GIT [47–51]. Liang et al. [52] demonstrated that dietary miRNAs from watermelon were
expressed in its juice after 1 h of preparation. MicroRNAs from watermelon juice, including
ath-miR 166a, ath-miR 390a, ath-miR 168a, ath-miR 157a, ath-miR 162a, and ath-miR 172a,
were present in the subjects’ plasma for at least 9 h after they consumed the juice. When
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evaluating healthy male and female subjects who consistently consumed rice-rich diets,
Zhang et al. [46] found the expression of about 30 known plant miRNAs in their serum.
Among those, the authors observed homologous miRNAs, similar to those detected by
Liang et al. osa-miR 168a directly affected cholesterol regulation by lowering the expression
of the LDLRAP1 gene in the liver. However, although those findings provided evidence
of the uptake of plant-derived miRNAs by human epithelial cells, Micó et al. [48] did
not detect the expression of exogenous plant miRNAs in the circulation and organs after
humans consumed olive oil and beer. In this case, the absence of miRNAs in the plasma
was associated with a shallow expression of those molecules in olive oil and beer. Although
miRNAs possess resilient properties against processing steps such as high temperatures
and lower pHs, it seems that the high-processed nature of those products lowered the
concentrations of miRNAs. Snow et al. [50] evaluated the bioavailability and absorption
of three plant miRNAs in human subjects. The authors assessed the expression of miR
156a, miR 159a, and miR 169a in the plasma of athletes who consumed diets comprised of
cantaloupe, apple, banana, and orange, fruits presenting a substantial expression of those
plant miRs. Plasma evaluated 24 h postprandial showed undetected expressions of those
three highly conserved plant miRNAs. In this last study, although the food sources had
high expression levels of plant miRNAs, we postulate that the expected expression of those
miRNAs in the plasma was not attained due to the lower amounts of fruits ingested by the
athletes and the time interval between food consumption and postprandial plasma harvest.
In the previous studies that demonstrated the absorption of exogenous miRNAs [47,48],
subjects received either higher or consistent amounts of plant-derived foods.

4.1.2. Milk Dietary miRNAs

The microRNA profile of milk varies depending on the stage of lactation, which is
divided into two phases, producing either colostrum or mature milk. Colostrum has higher
concentrations of miRNAs related to growth, development, and the immune system, mak-
ing breastfeeding an important activity for infants’ development [51]. Wu et al. [53] detected
782 miRNAs in human colostrum, whereas 67 were colostrum-specific miRNAs associ-
ated with the oxidative stress system, inflammation, development, and longevity. Those
findings suggest that colostrum miRNAs modulate infants’ development and lifespan.
Overall, miRNAs in raw milk are primarily contained in exosomes, suggesting that those
are protected against degradation [54]. However, commercial milk undergoes homoge-
nization and thermal treatments, most commonly pasteurization or ultra-high-temperature
processing (UHT) [55]. Those processing steps can alter the amount of miRNAs present in
the milk. While homogenization causes the degradation of miRNAs due to the changes
in pressure [56], damaging or disrupting the exosome membrane, temperatures used for
pasteurization (85 ◦C for 15 min) and UHT treatments (135 ◦C for 15 min) lead to miRNA
denaturation. Still, the total read counts of miRNAs in raw, pasteurized, and UHT-treated
milk were within 7 log, suggesting that miRNAs, especially the longer ones containing
higher GC percentages, are abundant in treated milk [57]. Nonetheless, while their pres-
ence in milk is confirmed, the uptake of dietary miRNAs by the GIT in humans remains
uncertain. Baier et al. [58] postulated that the bioavailability of miRNAs conferred by
exosome protection, their large availability in commercial milk, and the consistent and high
consumption of this animal product by many humans could serve as determining factors
leading to the transfer of miRNAs to the circulation. The authors reported an increase in
miRs 29b and 200c in human plasma 3.4 to 4.2 h postprandial.

Furthermore, milk exosomes increased the expression of RUNX2 in peripheral blood
mononuclear cell cultures. However, the evidence suggesting that milk is a potential source
of miRNAs that can be absorbed in the GIT and modulate human genes has a considerable
implication from a nutrigenomics standpoint. These initial findings led other authors to
investigate absorption pathways and how bioinformatics data were interpreted. Conversely,
Auerbach et al. [59] found no traces of both miRNAs in human plasma following milk
consumption. The miRNAs detected by Baier et al. may be analogous to humans [60], but
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the authors argued that the miRNAs found in human plasma after milk ingestion are not
derived from food sources, and that their presence reported in animal tissues was due to
errors of bioinformatics and data interpretation.

4.1.3. Meat Dietary miRNAs

Unlike milk, very little research has been conducted to evaluate the bioavailability
of miRNAs in animal-tissue-derived foods. Muscle and fat tissues are usually aged from
7 to 14 days before reaching the consumer, who cooks the tissue before consumption.
These treatments involve cold storage and heating, which may affect the tissue’s miRNA
content. In fresh beef, the expression of miRNAs in the m. longissimus dorsi varies
according to the fat content of the muscle and its location. Studies reporting miRNA
expression in unaged beef revealed that miRNAs-145,143, 1246, and 23b-3p are usually
higher in intramuscular fat, whereas miRNAs-2325c, 3616, and 2361 are overexpressed
in subcutaneous fat [61]. However, Dever et al. [62] reported that human homologous
miRNAs are available in unaged cooked beef. Although miRNA expression of miRNAs
reduced by between 20% and 50% after cooking, the authors determined that miRNAs in
muscle tissue are resilient and resist thermal treatments. The most predominant miRNAs
were 10b-5p, muscle-specific miRNA-1, and miRNA-206. As mentioned, meat undergoes an
aging process before reaching the final consumer. For a better eating experience, consuming
beef 14 days postmortem is recommended since this period allows for better enzymatic
tenderization [63]. Therefore, to correctly estimate the dietary availability of miRNAs in
beef, it is necessary to simulate the aging process after the animal is butchered and evaluate
the miRNA expression of cooked samples. Although novel research still needs to be
conducted to assess the resilience of miRNA in aged cooked beef, there is scientific evidence
that miRNAs may survive aging. Some miRNAs are overexpressed in cardiac muscle 1
and 4 days postmortem [37] and, therefore, they may be available in commercial beef.
Regarding other meats, Shen et al. [64] demonstrated that isolated exosomes extracted from
pork survive thermal treatments and when administered to mice, they may be absorbed
in the GIT. The authors suggested that miRNAs present in the exosomes can reach the
circulation and alter the transcriptome of mice. However, the pork-derived miRNAs
showing higher expression in the blood were also homologous to mice, raising similar
questions as posed by Snow et al. [50] who argued that milk-derived miRNAs found in
the circulation were homologous to miRNAs’ human subjects. In summary, further and
detailed research is needed to understand the kinetics of meat-derived miRNAs in the GIT.

5. Conclusions

It was proposed that dietary miRNAs act as functional nutrients in modulating the
gene expression of humans. Although this hypothesis was tested and accepted when
evaluating the kinetics of plant-derived miRNAs, the nutrigenomics impact of exogenous
dietary miRNAs from animal foods remains uncertain. Existent data suggest that animal-
derived miRNAs are available and protected in food products, even after refrigeration and
high-temperature treatments. However, due to their homology with hosts’ miRNAs, their
presence in the plasma does not directly suggest their absorption. Elucidating whether
dietary miRNAs can regulate the expression of genes modulating diseases and physiological
conditions seems to present a new challenge in dietetics, especially animal-derived miRNAs.
With advances in DNA and RNA editing in plants and livestock, it will become possible
to design foods with an optimal molecular composition that favors health and improves
longevity. However, before exploring this new frontier, novel research must be conducted
to improve our understanding of how exogenous miRNAs reach the circulation, target
organs, and participate in post-translational processes modulating the host gene expression.
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3. Fu, G.; Brkić, J.; Hayder, H.; Peng, C. MicroRNAs in human placental development and pregnancy complications. Int. J. Mol. Sci.

2013, 14, 5519–5544. [CrossRef] [PubMed]
4. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of microRNA biogenesis, mechanisms of actions, and circulation. Front.

Endocrinol. 2018, 9, 402. [CrossRef]
5. Broughton, J.P.; Lovci, M.T.; Huang, J.L.; Yeo, G.W.; Pasquinelli, A.E. Pairing beyond the Seed Supports MicroRNA Targeting

Specificity. Mol. Cell 2016, 64, 320–333. [CrossRef]
6. Wightman, B.; Ha, I.; Ruvkun, G. Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates temporal

pattern formation in C. elegans. Cell 1993, 75, 855–862. [CrossRef]
7. Lai, E.C.; Tomancak, P.; Williams, R.W.; Rubin, G.M. Computational identification of Drosophila microRNA genes. Genome Biol.

2003, 4, R42. [CrossRef] [PubMed]
8. Li, S.C.; Pan, C.Y.; Lin, W.C. Bioinformatic discovery of microRNA precursors from human ESTs and introns. BMC Genom. 2006,

7, 164. [CrossRef]
9. Gallo, A.; Tandon, M.; Alevizos, I.; Illei, G.G. The majority of microRNAs detectable in serum and saliva is concentrated in

exosomes. PLoS ONE 2012, 7, e30679. [CrossRef]
10. Wang, J.; Chen, J.; Sen, S. MicroRNA as Biomarkers and Diagnostics. J. Cell. Physiol. 2016, 231, 25–30. [CrossRef]
11. Ioannidis, J.; Donadeu, F.X. Comprehensive analysis of blood cells and plasma identifies tissue-specific miRNAs as potential

novel circulating biomarkers in cattle. BMC Genom. 2018, 19, 243. [CrossRef] [PubMed]
12. Chen, X.; Ba, Y.; Ma, L.; Cai, X.; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. Characterization of microRNAs in

serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008, 18, 997–1006. [CrossRef] [PubMed]
13. Bi, K.; Zhang, X.; Chen, W.; Diao, H. Micrornas regulate intestinal immunity and gut microbiota for gastrointestinal health: A

comprehensive review. Genes 2020, 11, 1075. [CrossRef] [PubMed]
14. Quintanilha, B.J.; Reis, B.Z.; Duarte, G.B.S.; Cozzolino, S.M.F.; Rogero, M.M. Nutrimiromics: Role of micrornas and nutrition in

modulating inflammation and chronic diseases. Nutrients 2017, 9, 1168. [CrossRef] [PubMed]
15. Kim, Y.K.; Kim, V.N. Processing of intronic microRNAs. EMBO J. 2007, 26, 775–783. [CrossRef]
16. De Rie, D.; Abugessaisa, I.; Alam, T.; Arner, E.; Arner, P.; Ashoor, H.; Åström, G.; Babina, M.; Bertin, N.; Burroughs, A.M.; et al. An

integrated expression atlas of miRNAs and their promoters in human and mouse. Nat. Biotechnol. 2017, 35, 872–878. [CrossRef]
17. Alarcón, C.R.; Lee, H.; Goodarzi, H.; Halberg, N.; Tavazoie, S.F. N6-methyladenosine marks primary microRNAs for processing.

Nature 2015, 519, 482–485. [CrossRef]
18. Denli, A.M.; Tops, B.B.J.; Plasterk, R.H.A.; Ketting, R.F.; Hannon, G.J. Processing of primary microRNAs by the Microprocessor

complex. Nature 2004, 432, 231–235. [CrossRef]
19. Stavast, C.J.; Erkeland, S.J. The Non-Canonical Aspects of MicroRNAs: Many Roads to Gene Regulation. Cells 2019, 8, 1465.

[CrossRef]
20. Medley, J.C.; Panzade, G.; Zinovyeva, A.Y. microRNA strand selection: Unwinding the rules. Wiley Interdiscip. Rev. RNA

2021, 12, e1627. [CrossRef]
21. Ruby, J.G.; Jan, C.H.; Bartel, D.P. Intronic microRNA precursors that bypass Drosha processing. Nature 2007, 448, 83–86. [CrossRef]

[PubMed]
22. Xie, M.; Li, M.; Vilborg, A.; Lee, N.; Shu, M.-D.; Yartseva, V.; Šestan, N.; Steitz, J.A. Mammalian 5′-capped microRNA precursors

that generate a single microRNA. Cell 2013, 155, 1568–1580. [CrossRef] [PubMed]
23. Bottini, S.; Hamouda-Tekaya, N.; Mategot, R.; Zaragosi, L.-E.; Audebert, S.; Pisano, S.; Grandjean, V.; Mauduit, C.; Benahmed, M.;

Barbry, P.; et al. Post-transcriptional gene silencing mediated by microRNAs is controlled by nucleoplasmic Sfpq. Nat. Commun.
2017, 8, 1189. [CrossRef] [PubMed]

https://doi.org/10.1261/rna.2183803
https://www.ncbi.nlm.nih.gov/pubmed/12592000
https://doi.org/10.1038/nrm3838
https://doi.org/10.3390/ijms14035519
https://www.ncbi.nlm.nih.gov/pubmed/23528856
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1016/j.molcel.2016.09.004
https://doi.org/10.1016/0092-8674(93)90530-4
https://doi.org/10.1186/gb-2003-4-7-r42
https://www.ncbi.nlm.nih.gov/pubmed/12844358
https://doi.org/10.1186/1471-2164-7-164
https://doi.org/10.1371/journal.pone.0030679
https://doi.org/10.1002/jcp.25056
https://doi.org/10.1186/s12864-018-4646-5
https://www.ncbi.nlm.nih.gov/pubmed/29636028
https://doi.org/10.1038/cr.2008.282
https://www.ncbi.nlm.nih.gov/pubmed/18766170
https://doi.org/10.3390/genes11091075
https://www.ncbi.nlm.nih.gov/pubmed/32932716
https://doi.org/10.3390/nu9111168
https://www.ncbi.nlm.nih.gov/pubmed/29077020
https://doi.org/10.1038/sj.emboj.7601512
https://doi.org/10.1038/nbt.3947
https://doi.org/10.1038/nature14281
https://doi.org/10.1038/nature03049
https://doi.org/10.3390/cells8111465
https://doi.org/10.1002/wrna.1627
https://doi.org/10.1038/nature05983
https://www.ncbi.nlm.nih.gov/pubmed/17589500
https://doi.org/10.1016/j.cell.2013.11.027
https://www.ncbi.nlm.nih.gov/pubmed/24360278
https://doi.org/10.1038/s41467-017-01126-x
https://www.ncbi.nlm.nih.gov/pubmed/29084942


Non-Coding RNA 2024, 10, 52 7 of 8

24. Nishi, K.; Takahashi, T.; Suzawa, M.; Miyakawa, T.; Nagasawa, T.; Ming, Y.; Tanokura, M.; Ui-Tei, K. Control of the localization
and function of a miRNA silencing component TNRC6A by Argonaute protein. Nucleic Acids Res. 2015, 43, 9856–9873. [CrossRef]

25. Pitchiaya, S.; Heinicke, L.A.; Park, J.I.; Cameron, E.L.; Walter, N.G. Resolving Subcellular miRNA Trafficking and Turnover at
Single-Molecule Resolution. Cell Rep. 2017, 19, 630–642. [CrossRef]

26. Alshalalfa, M. MicroRNA response elements-mediated miRNA-miRNA interactions in prostate cancer. Adv. Bioinform. 2012,
2012, 839837. [CrossRef]

27. Behm-Ansmant, I.; Rehwinkel, J.; Doerks, T.; Stark, A.; Bork, P.; Izaurralde, E. mRNA degradation by miRNAs and GW182
requires both CCR4:NOT deadenylase and DCP1:DCP2 decapping complexes. Genes Dev. 2006, 20, 1885–1898. [CrossRef]
[PubMed]

28. Jonas, S.; Izaurralde, E. Towards a molecular understanding of microRNA-mediated gene silencing. Nat. Rev. Genet. 2015, 16,
421–433. [CrossRef] [PubMed]

29. Ørom, U.A.; Nielsen, F.C.; Lund, A.H. MicroRNA-10a Binds the 5′UTR of Ribosomal Protein mRNAs and Enhances Their
Translation. Mol. Cell 2008, 30, 460–471. [CrossRef]

30. Miao, L.; Yao, H.; Li, C.; Pu, M.; Yao, X.; Yang, H.; Qi, X.; Ren, J.; Wang, Y. A dual inhibition: MicroRNA-552 suppresses both
transcription and translation of cytochrome P450 2E1. Biochim. Biophys. Acta—Gene Regul. Mech. 2016, 1859, 650–662. [CrossRef]

31. Boo, S.H.; Kim, Y.K. The emerging role of RNA modifications in the regulation of mRNA stability. Exp. Mol. Med. 2020, 52,
400–408. [CrossRef] [PubMed]

32. Roundtree, I.A.; Evans, M.E.; Pan, T.; He, C. Dynamic RNA Modifications in Gene Expression Regulation. Cell 2017, 169,
1187–1200. [CrossRef] [PubMed]

33. Shi, H.; Wei, J.; He, C. Where, When, and How: Context-Dependent Functions of RNA Methylation Writers, Readers, and Erasers.
Mol. Cell 2019, 74, 640–650. [CrossRef]

34. Marchuk, L.; Sciore, P.; Reno, C.; Frank, C.B.; Hart, D.A. Postmortem stability of total RNA isolated from rabbit ligament, tendon
and cartilage. Biochim. Biophys. Acta—Gen. Subj. 1998, 1379, 171–177. [CrossRef]

35. Fitzpatrick, R.; Casey, O.M.; Morris, D.; Smith, T.; Powell, R.; Sreenan, J.M. Postmortem stability of RNA isolated from bovine
reproductive tissues. Biochim. Biophys. Acta—Gene Struct. Expr. 2002, 1574, 10–14. [CrossRef]

36. Johnston, N.L.; Cerevnak, J.; Shore, A.D.; Torrey, E.F.; Yolken, R.H. Multivariate analysis of RNA levels from postmortem human
brains as measured by three different methods of RT-PCR. J. Neurosci. Methods 1997, 77, 83–92. [CrossRef]

37. Kakimoto, Y.; Tanaka, M.; Kamiguchi, H.; Ochiai, E.; Osawa, M. MicroRNA stability in FFPE tissue samples: Dependence on gc
content. PLoS ONE 2016, 11, e0163125. [CrossRef]

38. Chheda, U.; Pradeepan, S.; Esposito, E.; Strezsak, S.; Fernandez-Delgado, O.; Kranz, J. Factors Affecting Stability of RNA—
Temperature, Length, Concentration, pH, and Buffering Species. J. Pharm. Sci. 2024, 113, 377–385. [CrossRef] [PubMed]

39. Halder, A.; Data, D.; Seelam, P.P.; Bhattacharyya, D.; Mitra, A. Estimating Strengths of Individual Hydrogen Bonds in RNA Base
Pairs: Toward a Consensus between Different Computational Approaches. ACS Omega 2019, 4, 7354–7368. [CrossRef]

40. Ragone, R. Hydrogen-bonding classes in proteins and their contribution to the unfolding reaction. Protein Sci. 2001, 10, 2075–2082.
[CrossRef]

41. Sen, S.; Xavier, J.; Kumar, N.; Ahmad, M.Z.; Ranjan, O.P. Exosomes as natural nanocarrier-based drug delivery system: Recent
insights and future perspectives. 3 Biotech 2023, 13, 101. [CrossRef] [PubMed]

42. Kalluri, R.; LeBleu, V.S. The biology; function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
[PubMed]

43. Lau, N.C.H.; Yam, J.W.P. From Exosome Biogenesis to Absorption: Key Takeaways for Cancer Research. Cancers 2023, 15, 1992.
[CrossRef]

44. Tomé-Carneiro, J.; Larrosa, M.; Yáñez-Gascón, M.J.; Dávalos, A.; Gil-Zamorano, J.; Gonzálvez, M.; García-Almagro, F.J.; Ros,
J.A.R.; Tomás-Barberán, F.A.; Espín, J.C.; et al. One-year supplementation with a grape extract containing resveratrol modulates
inflammatory-related microRNAs and cytokines expression in peripheral blood mononuclear cells of type 2 diabetes and
hypertensive patients with coronary artery disease. Pharmacol. Res. 2013, 72, 69–82. [CrossRef]

45. Kim, J.; Li, S.; Zhang, S.; Wang, J. Plant-derived exosome-like nanoparticles and their therapeutic activities. Asian J. Pharm. Sci.
2021, 17, 53–69. [CrossRef] [PubMed]

46. Zhang, L.; Hou, D.; Chen, X.; Li, D.; Zhu, L.; Zhang, Y.; Bian, Z.; Liang, X.; Cai, X.; Yin, Y.; et al. Exogenous plant MIR168a
specifically targets mammalian LDLRAP1: Evidence of cross-kingdom regulation by microRNA. Cell Res. 2012, 22, 107–126.
[CrossRef]

47. Luo, Y.; Wang, P.; Wang, X.; Wang, Y.; Mu, Z.; Li, Q.; Fu, Y.; Xiao, J.; Li, G.; Ma, Y.; et al. Detection of dietetically absorbed
maize-derived microRNAs in pigs. Sci. Rep. 2017, 7, 645. [CrossRef] [PubMed]

48. Micó, V.; Martín, R.; Lasunción, M.A.; Ordovás, J.M.; Daimiel, L. Unsuccessful Detection of Plant MicroRNAs in Beer, Extra
Virgin Olive Oil and Human Plasma After an Acute Ingestion of Extra Virgin Olive Oil. Plant Foods Hum. Nutr. 2016, 71, 102–108.
[CrossRef]

49. Philip, A.; Ferro, V.A.; Tate, R.J. Determination of the potential bioavailability of plant microRNAs using a simulated human
digestion process. Mol. Nutr. Food Res. 2015, 59, 1962–1972. [CrossRef]

50. Snow, J.W.; Hale, A.E.; Isaacs, S.K.; Baggish, A.L.; Chan, S.Y. Ineffective delivery of diet-derived microRNAs to recipient animal
organisms. RNA Biol. 2013, 10, 1107–1116. [CrossRef]

https://doi.org/10.1093/nar/gkv1026
https://doi.org/10.1016/j.celrep.2017.03.075
https://doi.org/10.1155/2012/839837
https://doi.org/10.1101/gad.1424106
https://www.ncbi.nlm.nih.gov/pubmed/16815998
https://doi.org/10.1038/nrg3965
https://www.ncbi.nlm.nih.gov/pubmed/26077373
https://doi.org/10.1016/j.molcel.2008.05.001
https://doi.org/10.1016/j.bbagrm.2016.02.016
https://doi.org/10.1038/s12276-020-0407-z
https://www.ncbi.nlm.nih.gov/pubmed/32210357
https://doi.org/10.1016/j.cell.2017.05.045
https://www.ncbi.nlm.nih.gov/pubmed/28622506
https://doi.org/10.1016/j.molcel.2019.04.025
https://doi.org/10.1016/S0304-4165(97)00094-9
https://doi.org/10.1016/S0167-4781(01)00322-0
https://doi.org/10.1016/S0165-0270(97)00115-5
https://doi.org/10.1371/journal.pone.0163125
https://doi.org/10.1016/j.xphs.2023.11.023
https://www.ncbi.nlm.nih.gov/pubmed/38042343
https://doi.org/10.1021/acsomega.8b03689
https://doi.org/10.1110/ps.09201
https://doi.org/10.1007/s13205-023-03521-2
https://www.ncbi.nlm.nih.gov/pubmed/36860361
https://doi.org/10.1126/science.aau6977
https://www.ncbi.nlm.nih.gov/pubmed/32029601
https://doi.org/10.3390/cancers15071992
https://doi.org/10.1016/j.phrs.2013.03.011
https://doi.org/10.1016/j.ajps.2021.05.006
https://www.ncbi.nlm.nih.gov/pubmed/35261644
https://doi.org/10.1038/cr.2011.158
https://doi.org/10.1038/s41598-017-00488-y
https://www.ncbi.nlm.nih.gov/pubmed/28381865
https://doi.org/10.1007/s11130-016-0534-9
https://doi.org/10.1002/mnfr.201500137
https://doi.org/10.4161/rna.24909


Non-Coding RNA 2024, 10, 52 8 of 8

51. Chen, X.; Gao, C.; Li, H.; Huang, L.; Sun, Q.; Dong, Y.; Tian, C.; Gao, S.; Dong, H.; Guan, D.; et al. Identification and
characterization of microRNAs in raw milk during different periods of lactation, commercial fluid, and powdered milk products.
Cell Res. 2010, 20, 1128–1137. [CrossRef] [PubMed]

52. Liang, H.; Zhang, S.; Fu, Z.; Wang, Y.; Wang, N.; Liu, Y.; Zhao, C.; Wu, J.; Hu, Y.; Zhang, J.; et al. Effective detection and
quantification of dietetically absorbed plant microRNAs in human plasma. J. Nutr. Biochem. 2015, 26, 505–512. [CrossRef]
[PubMed]

53. Wu, F.; Zhi, X.; Xu, R.; Liang, Z.; Wang, F.; Li, X.; Li, Y.; Sun, B. Exploration of microRNA profiles in human colostrum. Ann.
Transl. Med. 2020, 8, 1170. [CrossRef] [PubMed]

54. Zhou, Q.; Li, M.; Wang, X.; Li, Q.; Wang, T.; Zhou, X.; Wang, X.; Gao, X.; Li, X. Immune-related microRNAs are abundant in breast
milk exosomes. Int. J. Biol. Sci. 2011, 8, 118–123. [CrossRef]

55. Pagliarini, E.; Iametti, S.; Peri, C.; Bonomi, F. An Analytical Approach to the Evaluation of Heat Damage In Commercial Milks. J.
Dairy Sci. 1990, 73, 41–44. [CrossRef]

56. Howard, K.M.; Kusuma, R.J.; Baier, S.R.; Friemel, T.; Markham, L.; Vanamala, J.; Zempleni, J. Loss of miRNAs during processing
and storage of cow’s (Bos taurus) milk. J. Agric. Food Chem. 2015, 63, 588–592. [CrossRef]

57. Zhang, Y.; Xu, Q.; Hou, J.; Huang, G.; Zhao, S.; Zheng, N.; Wang, J. Loss of bioactive microRNAs in cow’s milk by ultra-high-
temperature treatment but not by pasteurization treatment. J. Sci. Food Agric. 2022, 102, 2676–2685. [CrossRef]

58. Baier, S.R.; Nguyen, C.; Xie, F.; Wood, J.R.; Zempleni, J. MicroRNAs are absorbed in biologically meaningful amounts from
nutritionally relevant doses of cow milk and affect gene expression in peripheral blood mononuclear cells, HEK-293 kidney cell
cultures, and mouse livers. J. Nutr. 2014, 144, 1495–1500. [CrossRef] [PubMed]

59. Witwer, K.; Auerbach, A.; Vyas, G.; Li, A.; Halushka, M. Uptake of dietary milk miRNAs by adult humans: A validation study.
F1000Research 2016, 5, 721. [CrossRef]

60. Trajkovski, M.; Hausser, J.; Soutschek, J.; Bhat, B.; Akin, A.; Zavolan, M.; Heim, M.H.; Stoffel, M. MicroRNAs 103 and 107 regulate
insulin sensitivity. Nature 2011, 474, 649–653. [CrossRef]

61. Li, N.; Zhang, Y.; Li, H.-P.; Han, L.; Yan, X.-M.; Li, H.-B.; Du, W.; Zhang, J.-S.; Yu, Q.-L. Differential expression of mRNA-miRNAs
related to intramuscular fat content in the longissimus dorsi in Xinjiang brown cattle. PLoS ONE 2018, 13, e0206757. [CrossRef]
[PubMed]

62. Dever, J.T.; Kemp, M.Q.; Thompson, A.L.; Keller, H.G.K.; Waksmonski, J.C.; Scholl, C.D.; Barnes, D.M. Survival and diversity of
human homologous dietary MicroRNAs in conventionally cooked top sirloin and dried bovine tissue extracts. PLoS ONE 2015,
10, e0138275. [CrossRef] [PubMed]

63. Lepper-Blilie, A.N.; Berg, E.P.; Buchanan, D.S.; Berg, P.T. Effects of post-mortem aging time and type of aging on palatability of
low marbled beef loins. Meat Sci. 2016, 112, 63–68. [CrossRef] [PubMed]

64. Shen, L.; Ma, J.; Yang, Y.; Liao, T.; Wang, J.; Chen, L.; Zhang, S.; Zhao, Y.; Niu, L.; Hao, X.; et al. Cooked pork-derived exosome
nanovesicles mediate metabolic disorder—microRNA could be the culprit. J. Nanobiotechnol. 2023, 21, 83. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/cr.2010.80
https://www.ncbi.nlm.nih.gov/pubmed/20548333
https://doi.org/10.1016/j.jnutbio.2014.12.002
https://www.ncbi.nlm.nih.gov/pubmed/25704478
https://doi.org/10.21037/atm-20-5709
https://www.ncbi.nlm.nih.gov/pubmed/33241019
https://doi.org/10.7150/ijbs.8.118
https://doi.org/10.3168/jds.S0022-0302(90)78643-2
https://doi.org/10.1021/jf505526w
https://doi.org/10.1002/jsfa.11607
https://doi.org/10.3945/jn.114.196436
https://www.ncbi.nlm.nih.gov/pubmed/25122645
https://doi.org/10.12688/f1000research.8548.1
https://doi.org/10.1038/nature10112
https://doi.org/10.1371/journal.pone.0206757
https://www.ncbi.nlm.nih.gov/pubmed/30412616
https://doi.org/10.1371/journal.pone.0138275
https://www.ncbi.nlm.nih.gov/pubmed/26394052
https://doi.org/10.1016/j.meatsci.2015.10.017
https://www.ncbi.nlm.nih.gov/pubmed/26551359
https://doi.org/10.1186/s12951-023-01837-y
https://www.ncbi.nlm.nih.gov/pubmed/36894941

	Introduction 
	MicroRNA Biogenesis 
	Gene Regulation 
	Availability in Foods and Suggested Absorption Pathways 
	Dietary miRNAs and Evidence of Circulation Delivery 
	Plant Dietary miRNAs 
	Milk Dietary miRNAs 
	Meat Dietary miRNAs 


	Conclusions 
	References

