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Abstract: Background: Circular RNAs (circRNAs) are transcribed by RNA polymerase II and are
mostly generated by the back-splicing of exons in the protein-coding gene. Massive circRNAs are re-
ported to be differentially expressed in different species, implicating their prospects as aging bi-
omarkers or regulators in the aging progression.
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Methods: The possible role of circRNAs in aging and longevity was reviewed by the query of circR-
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Accepted: July 29, 2022 Results: A number of circRNAs have been found to positively and negatively modulate aging and
longevity through canonical aging pathways in the invertebrates Caenorhabditis elegans and Dro-
sophila. Recent studies have also shown that circRNAs regulate age-related processes and pathologies
such various mammalian tissues, as the brain, serum, heart, and muscle. Besides, three identified rep-
resentative circRNAs (circSfl, circGRIA1, and circNF1-419) were elucidated to correlate with aging

and longevity.
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Conclusion: This review outlined the current studies of circRNAs in aging and longevity, highlighting
the role of circRNAs as a biomarker of aging and as a regulator of longevity.
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1. INTRODUCTION

Circular RNAs (circRNAs) are a class of covalently
closed, single-stranded non-coding RNAs transcribed by
RNA polymerase II [1, 2]. CircRNAs are assumedly gener-
ated by the back-splicing of exons in protein-coding genes
widespread in the eukaryotic genome [3-5]. They have been
discovered in many species, including flies, worms, mouse,
and human [3, 6]. Over the last few decades, a great many
biological properties of circRNAs have been uncovered,
such as extensive-expression, high conservation, tissue
specificity, cell specificity and developmental stage-specific
expression patterns [7], and they are involved in the regula-
tion of alternative splicing, transcription, and chromatin
looping in the nucleus [8]. Currently, some studies suggest
that circRNAs serve as miRNA or mRNA sponges to inter-
act with many different RBPs, enhance protein function, act
as scaffolds to mediate complex formation between specific
enzymes and substrates and recruit proteins to specific loca-
tions [9]. Furthermore, a few circRNAs undergo cap-
independent translation and encode a protein or peptide un-
der specific conditions [4, 5, 8, 10-12]. Hitherto, the biogen-
esis, biology and characterization of circRNAs have been
elucidated in detail in the previous publications [3, 8, 9],
which are crucially functional in such many cellular
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processes and physiological regulation as immune systems,
tumorigenesis and neurogenesis [3, 8, 13-16]. The linear
RNAs can be degraded by RNase R where the circRNA can
be retained [17]. The high stability of circRNAs is one of
the important causes contributing to the disease occurrence.
Recently, the overall accumulation of circRNAs has been
implicated in a wide variety of aging tissues [18]. More im-
portantly, a certain correlation of circRNAs have been found
with brain aging, bone aging, muscle aging, skin aging, and
reproductive aging through various functions [18]. These all
strengthen the hypothesis that circRNAs may be vital fac-
tors for aging and age-related diseases, of which the pro-
posed biological functions and the potential mechanisms in
aging and longevity are discussed in this review.

2. THE COMPREHENSIVE PROFILING OF CIRCR-
NA EXPRESSION DURING AGING

RNA-seq has the advantage of providing both expres-
sion data for coding and non-coding RNAs, which was the
preferred method for discovering novel circRNAs and com-
pressively was used for circRNAs profiling studies [9].
Moreover, microarray assay is also a viable alternative to
identify circRNAs profiles in the studied tissues [9]. Cur-
rently, the aging-associated circRNAs expression profiles of
multiple tissues derived from multiple species have been
elucidated in the aging process, including the diverse ex-
pression abundance of circRNAs in various tissues or or-
gans and the expression differences at different time points,
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namely spatio-temporal specificity. Given the importance of
elaborating the role of circRNAs in aging, we summarized
and analyzed circRNAs changes with age in various organ-
isms and organs (Table 1 and Fig. 1).

2.1. Profiling of circRNA Expression During Brain Ag-
ing

Currently, the brain circRNAs expression profiles in
many species, including drosophila flies, mice, rat, tree
shrews and monkey were identified during aging [17-21]. In
drosophila flies, the spatio-temporal specific expression
manner was dissected from fly tissues grouped in the young
(aged 10 days), the middle-aged (aged 30 days), and the old
(aged 50 days) [18]. Of 1,182 circRNAs identified in flies,
1,159 were detected in the brain, 180 of which were brain-
specific and not expressed in other tissues [18] (Table 1 and
Fig. 1). The expression of global circRNAs in brain tissue
increases with age as compared to other tissues [18]. Dra-
matically, the expression of circRNAs in dilp 2-3,5 mutant
brains was also accumulated but significantly lower than
that in wild-type flies, indicating that the accumulation of
circRNAs was decelerated with decreasing insulin signaling.

Moreover, two studies illustrated the changes of circR-
NAs expression profiles during brain aging in rodents. In
one study, three kinds of tissues from 1-month and 22-
month-old mice, including the cerebral cortex, hippocampal
formation and heart were used for transcriptome profiles
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[19], which uncovered 6,791 differentially expressed
circRNAs across these samples. The number of circRNAs
found in brain tissues is about twice more than that in heart
tissue. Similar to the results obtained in drosophila flies,
circRNAs tended to be significantly upregulated with age in
both the cerebral cortex and hippocampal tissues, but not in
the heart tissues [19]. As shown in Fig. (1), circRNAs in the
cortex and hippocampal tissues showed a similar proportion
of changes during aging (~5% up-regulated and ~1% down-
regulated), while no bias was found in increased circRNAs
abundance during cardiac aging, suggesting that the overall
trend of circRNAs upregulation during aging might be
brain-specific. In the cerebral cortex, altered circRNAs may
be associated with synaptic structural or functional changes
analyzed by functional enrichment analysis. However, the
upregulated circRNAs in the aging hippocampus are associ-
ated with protein and chromosomal modifications. The
above results suggested that differentially expressed circR-
NAs in brain tissues has regional -specificity and functional
differences during aging.

In the other study, a deep-total RNA sequencing of 8
organs from both male and female rats at four developmen-
tal stages, juvenile (aged 2 weeks), adolescence (aged 6
weeks), adult (aged 21 weeks) and elder (aged 104 weeks)
were used to provide a comprehensive circRNAs expression
profile (Table 1 and Fig. 1). A total of 5,058 distinct circR-
NAs from 2,578 genes were detected and 640 significantly
differentially expressed circRNAs were identified in 8

Table 1. Summary of circRNA sequencing of aging tissues from different species.

Refs. Species Method Age Objects Number
[18] Drosophila flies RNA-seq Young (10d), middle-aged (30d), aged Brain, gut, thorax, and fat 1,182
(50d)

[19] Caenorhabditis elegans RNA-seq L4-larval stage (L4), 1d, 7d, 10d Whole worms 1166
[20] Mouse RNA-seq Young (1m), aged (22m) Cortex, hippocampus, heart 6,791
[21] Mouse RNA-seq Young (3m), aged (18m) Skeletal muscle 4,336
[22] Rat RNA-seq 1d rat for senescent astrocyte Senescent astrocyte 7,376
preparation
[23] Rat RNA-seq Juvenile (2w), adolescence (6w), Brain, muscle, heart, liver, lung, kidney, 5,058

middle-aged (21w), aged (104w) testes, thymus
[24] Tree shrew RNA-seq Infant (47-52d), young (15-18m), old Hippocampus, cerebellum 35,007
(78-86 m)
[25] Porcine RNA-seq Young (180 d), old (8 y) Ovarian 116
[17] Rhesus macaque RNA-seq Middle-aged (10y), aged (20y) PFC, OC, CAl, PCC, PC, TC, DG, CB 52,828
[26] Rhesus macaque RNA-seq Young (0.005-6y), middle-aged (11.3- Skeletal muscle 12,007
16.93), aged (25.7-40.9)
[27] Human RNA-seq 25y,26y,28y,44y,45y,46y Ovarian 48,220
[28] Human RNA-seq Young(30-36y), aged(86-95y) Peripheral blood 2,207
[29] Human RNA-seq Young (30-32 y), old (80-85 y) Serum 133

Note: prefrontal cortex (PFC), posterior cingulate cortex (PCC), temporal cortex (TC), parietal cortex (PC), occipital cortex (OC), hippocampus (CA1), and dentate gyrus (DG), and
cerebellar cortex (CB). day (d), month (m), year (y), week (w).
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Fig. (1). Summary of circRNA sequencing of aging tissues from different species. (4 higher resolution / colour version of this figure is availa-

ble in the electronic copy of the article).

organs during aging. Among them, 65.8% (3,329/5,058)
circRNAs were found with organ specificity. Of these 8
organs, the brain was ranked first with 1,167 (50%) specific
circRNAs. Unexpectedly, the high expression abundance of
circRNAs in brain tissues was consistent with findings from
human, mouse and fly [18-20]. The circRNAs levels in the
rat brain and kidney gradually increased during aging. It
was found that the temporal expression pattern of circRNAs
in the brain (253/39.5%) was most prominent. CircRNAs
accumulation in brain tissue with age is largely independent

of linear RNA expression of host genes, suggesting that
circRNAs might play an independent biological role in the
central nervous system during aging [19, 20].

The tree shrews (Tupaia belangeri) have been widely
used in nervous system research, including brain develop-
ment, Alzheimer's disease and aging, due to their small size,
short reproductive cycle and high brain weight ratio. Using
hippocampus and cerebellum samples, 35,007 circRNAs
were identified in the infant (aged 47-52 days), young (aged
15-18 months), and old (aged 78-86 months) tree shrews
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revealed by RNA-seq [21]. A total of 983 circRNAs were
expressed exclusively in the hippocampus, and 1,009 were
expressed only in the cerebellum [21]. As shown in Fig. (1),
from the infant group to the old group, 3.9% (youth>infant),
4.1% (old>infant), 2.9% (old>youth) circRNAs were signif-
icantly upregulated with age, respectively, and 3.5%
(youth<infant), 2.9% (old<infant), 2.2% (old<youth) circR-
NAs were significantly downregulated in the cerebellum,
respectively. In the hippocampus, 5.0% (youth>infant),
5.3% (old>infant), and 1.7% (old>youth) were significantly
upregulated with age, and 4.3% (youth<infant), 5.3%
(old<infant), and 1.9% (youth>old) were significantly
downregulated with age, respectively [21]. Moreover,
83.1% circRNAs in the tree shrew share homology with
humans, suggesting that as a reliable animal model, com-
prehensive expression profiles of circRNAs in the tree
shrew brain during postnatal development and aging may be
conducive to elucidating the functions of circRNAs in brain
aging and age-related diseases.

Through deep-sequencing RNA samples from eight re-
gions of the cerebral cortex, including prefrontal, posterior
cingulate, temporal, parietal, occipital, hippocampus, den-
tate gyrus, and cerebellar of the monkeys (rhesus macaque)
between two cohorts (the youth: 10 years old and the old: 20
years old), the profiling of circRNAs expression in the brain
tissues during aging was systematically determined (Table 1
and Fig. 1), and a total of 52,828 distinct circRNAs candi-
dates were detected [17]. Bioinformatics analysis demon-
strated that the circRNA homologues between macaque and
humans were much higher than that between macaque and
mouse, and only 32.54% circRNAs were expressed in all
three species [17]. Besides, about 40% circRNAs in ma-
caque could not be mapped to the human circRNAs data-
base, suggesting the inherent evolutionary feature of circR-
NAs. The functional enrichment analysis of circRNAs host
genes showed that important neuronal-related pathways
were enriched, such as Long-term potentiation (LTP), Glu-
tamatergic synapse, Dopaminergic synapse, and Synaptic
vesicle cycle. Of all the circRNAs, 475 circRNAs were age-
specific and more aging-specific circRNAs were identified,
with 272 ones specific for the old and 203 ones specific for
the young, indicating that the abundance of circRNAs ex-
pression increased during aging.

2.2. Profiling of circRNA Expression in Skeletal Muscle
During Aging

There are many studies illustrating the changes of
circRNA expression in skeletal muscle from mice, rats, and
monkeys during aging [20, 22, 23], which revealed the
smallest number of muscle-specific circRNAs compared to
the brain, testis, thyroid, heart, and liver [20]. Guo et al.
applied RNA-seq to evaluate the circRNAs profiles for
quadriceps femoris muscles in three groups, including sed-
entary young mice, aging mice, and aging mice with aerobic
exercise (Table 1 and Fig. 1), and 4,336 circRNAs in total
were identified in three groups [22]. There were 49 differen-
tially expressed circRNAs (28 up-regulated and 21 down-
regulated) in the older group when compared to the youth
group, however, aerobic treadmill training led to a signifi-
cant change of circRNAs expression profile in aging mice,
in which 10 were up-regulated and 11 were down-regulated
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[22]. Among these, circATP9b and circBBS9 expression
significantly decreased in the aging group compared to the
youth group, while aerobic treadmill training reversed their
expression. In skeletal muscle of monkeys ranging from
0.003 to 40.9 years old, researchers have identified and an-
notated 12,007 circRNAs among the young (aged 0.003 to 6
years), the middle-aged (aged 11.3 to 16.9 years), and the
old (25.7 to 40.9 years) [23], among which most muscle-
related circRNAs did not change with age, while only 19
circRNAs were downregulated with age. In conclusion, de-
spite a large amount of circRNAs existing in the muscle, the
abundance of these circRNAs was generally low, and only a
small number of circRNAs changed with age. Only a few
studies have focused on circRNA expression changes in
aging muscle, and clear mechanistic studies are still absent.
As these studies implied, it will be of great interest to inves-
tigate the circRNAs-related mechanisms of muscle with age,
especially in bigger animals like aged monkeys and humans.
In addition, skeletal muscle is innervated by the nervous
system, and it is also critical to study the link between skele-
tal muscle and the nervous system.

2.3. Profiling of circRNA Expression in Ovarian During
Aging

Women have been delaying pregnancy unintentionally
or intentionally in the past few decades and even in the fu-
ture. Thus, the decrease in reproductive performance along
with ovarian aging is mainly manifested by a gradual reduc-
tion in the number and quality of oocytes becomes the major
challenge in women’s reproductive health [24-26]. Since the
decrease in ovarian follicular reserve was nonlinear and
accelerated with age [24, 25, 27]. In recent years, wide-
spread attention has been paid to circRNAs in varieties of
preclinical fields, including ovarian aging [28].

In a recent study depicting the transcriptional expression
changes of ovarian during aging by using old pig and young
pig samples [25], a total of 20,357 mRNAs, 4,879 IncRNAs,
1,196 miRNAs and 7,600 circRNAs were identified from
four samples (Table 1 and Fig. 1), among which 116 circR-
NAs (103 up-regulated and 12 down-regulated) were differ-
entially expressed during ovarian aging. Bioinformatics
analysis demonstrated that transmembrane receptor protein,
serine/threonine kinase activity, in utero embryonic devel-
opment, reproductive process, ovarian cumulus expansion,
and ovulation cycle were significantly enriched by those
differentially expressed circRNAs [25]. In addition, another
publication demonstrated circRNA expression profiles of
ovarian from young (aged 26.3 years) and aging (aged 45
years) human patients [28]. Among 48,220 identified
circRNAs, 194 circRNAs were significantly up-regulated
and 207 circRNAs were down-regulated during aging [28],
which were significantly enriched in the metabolic process,
regulated secretory pathway, oxidation-reduction process,
steroid hormone biosynthesis, and insulin secretion path-
ways [28]. The number of total human circRNAs and differ-
entially expressed circRNAs was significantly larger than
that of pigs, especially downregulated differentially ex-
pressed circRNAs. Furthermore, the functional enrichment
outcomes of these differentially expressed circRNAs also
varied significantly between the two species. Overall, these
studies suggested the abundance of circRNAs and differen-
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tial expression involved in the ovary aging process and
might play an important role in the development and pro-
gression of ovarian senescence.

2.4. Expression Profiling of circRNAs in Peripheral
Blood and Serum During Aging

A great number of studies have shown that aging re-
mains the most crucial hazard factor for cardiovascular, cer-
ebrovascular and neurodegenerative diseases [29, 30]. The
difficulty in obtaining human aging organ samples and the
significant increase in the aging population highlights the
urgent need to discover disease-related circulating factors
that may serve as potential biomarkers or therapeutic targets
for aging and/or age-related diseases [30]. Increasing evi-
dence shows that circulating factors play an important role
in regulating organ or cell function during aging, and the
discovery of circulating RNAs or proteins in human body
fluids like the serum, has aroused great interest in whether
these molecules can be used as disease biomarker or thera-
peutic targets [30].

In a study of the human serum, 133 circRNAs were
identified in the serum (Table 1 and Fig. 1). There were 3
circRNAs with a higher number of reads, hsa-circ-0001305
(circ1305), hsa-circ-0000722 (circ722) and hsa-circ-
0001445 (circ1445). Among these circRNAs, intriguingly,
circ1305 and circ722 were significantly upregulated and
circ1445 was significantly downregulated in old individuals
compared with the young [30]. In another study, a total of
2,207 circRNAs were identified in human peripheral blood
[31] (Table 1 and Fig. 1). Of these, only 184 circRNAs were
found in young and old blood samples, 431 were expressed
only in young samples and 1592 ones in old samples [31].
These results indicated the limited amount of circRNAs in
serum and the limitations in uncovering age-related bi-
omarkers in serum. Despite a higher abundance of circRNA
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expression in the peripheral blood, it is doubtful whether a
large number of blood cells in peripheral blood as independ-
ent systems can respond to changes in other systems.

3. THE CRUCIAL CIRCULAR RNA IN THE AGING
AND LONGEVITY

3.1. The circSFL in the Aging and Longevity

Plenty of evidence indicated that the nutrient-sensing in-
sulin/insulin-like growth factor signaling pathway is a vital
regulator of metabolism and aging [18, 32]. Researches have
shown that circSFL transcribed by the sulfate less (SFL) gene
was highly and specifically upregulated in all tissues of sev-
eral long-lived insulin mutants flies (such as long-lived dilp 2-
3,5 flies), and overexpression of circSFL alone was sufficient
to extend the lifespan in wild-type flies [18] (Fig. 2). Star-
tlingly, circSFL was found to be translated in vivo, and the
significantly increased levels of circSFL-derived peptide in
dilp 2-3,5 mutants was sufficient to increase lifespan [18].
However, the specific mechanism underlying circSFL pro-
tein's function extending lifespan is still little known. Besides,
overexpression of the SFL full-length protein also affects the
lifespan. It was found that the SFL linear transcript encodes
for an N-deacetylase/N-sulfotransferase (Ndst), which cata-
lyzes the synthesis of heparan sulfate in the Golgi apparatus,
and the heparan sulfate proteoglycan Dally is a key down-
stream target of SFL-mediated lifespan [18]. However,
whether the circSFL peptide and the full-length SFL protein
influence the lifespan through the same or independent mech-
anisms remains obscure.

3.2. The circGRIALI in the Aging and Longevity

CircGRIA1 was reported to be transcribed from Grial
gene and upregulated in the brain samples of 20 year-old
male rhesus macaque (macaca mulatta) [33]. It's worth not-
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Fig. (2). Key circRNAs that regulate senescence and longevity. (4 higher resolution / colour version of this figure is available in the electronic
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ing that the expression of circGRIA1 increased in the hippo-
campus samples of older male macaques was negatively
correlated with the expression of its host mRNA GRIAI
[33]. Nuclear circGRIA1 was able to bind the promoter re-
gion of GRIA1 and strongly downregulated GRIA1 genetic
transcription in the hippocampal neurons of male instead of
female macaque, and importantly, this binding capacity was
significantly stronger in 20-year-old brain tissues than that
in 10-year-old brain tissues [33]. A variety of synaptic relat-
ed molecules showed significant decreases in the brain tis-
sues during aging [33-35]. Knockdown of circGRIA1 sig-
nificantly increased the levels of synapsin-I (presynaptic),
with fewer alterations to PSD95 (postsynaptic) in the hippo-
campal neurons of the old male macaque [33]. Accumulat-
ing evidence suggested that the most common age-related
structural changes experienced by nerve cells are represent-
ed by reduced dendrite number and length, loss of dendritic
spines, decreased number of axons, the obvious loss of syn-
apses, decreased synaptic connectivity and synaptic func-
tion, which are externalized as behavioral disorders and
cognitive decline with normal aging [36-38]. Apart from
circGRIA1 levels affecting the long-term potentiation (LTP)
and miniature excitatory postsynaptic current (mEPSCs) in
male neurons, circGRIA1 could affect the intracellular cal-
cium concentrations in primary hippocampal neurons of
male fetal macaques instead of females [33]. These
strengthen that circGRIA1 significantly affects the synaptic
plasticity in aging brain tissues (Fig. 2). However, sex dif-
ferences revealed in the role of circGRIA1 are worth pon-
dering whether sex hormones may play a pivotal role in the
progression of aging.

3.3. The circNF1-419 in the Aging and Longevity

In a recent study unveiling the expression profiling of
astrocytes from aging rats, circNF1-419, out of identified
7376 circRNAs, was demonstrated to regulate autophagy
through the PI3K-I/Akt-AMPK-mTOR and PI3K-I/Akt-
mTOR signaling pathways in astrocytes [39] (Fig. 2). In
addition, overexpression of circNF1-419 in mouse cerebral
cortex accelerated autophagy activity by binding the pro-
teins Dynamin-1 and Adaptor protein 2 B1 (AP2B1), which
further delayed senile dementia by regulating aging-related
markers (p21, p35/25, and p16) and inflammatory factors
(TNF-0 and NF-«B), and reducing the expression of Alz-
heimer’s disease marker proteins (Tau, p-Tau, AB1-42, and
APOE) [39] (Fig. 2). These findings provide important in-
sights into the potential role of circNF1-419 in the diagnosis
and treatment of dementia.

CONCLUSION AND FUTURE PERSPECTIVE

The circRNA transcriptional profiles in different species
unveiled the number of circRNAs gradually increases with
age. In the same species, the largest number of circRNAs
and their significant differential expression were found in
the brain tissues during aging, strengthening the important
position and significance of the nervous system in normal
physiological functions and aging processes. In addition,
reproductive organs like ovaries and testis also contain large
amounts of circRNAs along with significantly differential
expression during aging. This suggests that the reproductive
organs are also sensitive tissues in the progression of indi-
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vidual aging. Moreover, there is also a considerable amount
of circRNAs in peripheral blood and serum and these
circRNAs may be circulating markers of senescence in
some tissues. However, the relatively small number of
circRNAs in peripheral blood and serum enables more ex-
perimental studies to investigate whether circRNAs in pe-
ripheral blood and serum can be potentiated as an indicator
of an organ or individual aging.

CircRNAs may affect the individual aging process and
corresponding functional performance (e.g., cognition)
through multiple functions, which include: 1) involvement
of circRNAs expressed peptides in signaling transduction;
2) promoter binding of circRNAs to its transcription genes
affects the production of linear transcripts; 3) binding of
circRNAs to other proteins is involved in signaling trans-
duction. The same circRNA may involve in tissue senes-
cence and individual lifespan through different functions,
and different circRNAs may also affect tissue senescence
and individual lifespan through the same function. Despite
much progress made, the role of circRNAs and their specific
functions in aging remain largely uncovered and mysterious.
Moreover, preclinical outcomes of circRNAs are difficult to
be translated into clinical applications in diagnosis and
treatment due to the functional complexity and operability,
cost consumption, etc. Fortunately, multiple system-related
organoids have been developed to capture the phenotypic
and molecular heterogeneity of different organs for devel-
opmental, aging and drug studies, including skin, hepato-
cytes, mini-intestines, retina, brain, heart and multiple can-
cers [40-49]. Furthermore, studies concerning circRNA reg-
ulatory mechanism based on the human-derived organoid
are warranted to update and broaden our knowledge on ag-
ing to provide an effective anti-aging strategy to individuals
suffering from aging-related diseases. The rapid develop-
ment of sequencing technologies and the increasing number
of constructed related databases make it easier to study the
role of these circRNAs in the aging process. Moreover, the
emerging new models and RNA transmission systems like
selective endogenous encapsidation for cellular delivery
(SEND) [50] promote the clinical translation of circRNA-
related preclinical research findings.

LIST OF ABBREVIATIONS
CircRNAs circular RNAs
IncRNAs = Long non-coding RNAs

LTP = Long-Term Potentiation

mEPSCs = Miniature Excitatory Postsynaptic Current
miRNAs = microRNAs

PCR = Polymerase Chain Reaction

SEND Selective Endogenous Encapsidation for

Cellular Delivery
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