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Abstract: Current sociodemographic predictions point to a demographic shift in developed and
developing countries that will result in an unprecedented increase of the elderly population. This will
be accompanied by an increase in age-related conditions that will strongly impair human health and
quality of life. For this reason, aging is a major concern worldwide. Healthy aging depends on a
combination of individual genetic factors and external environmental factors. Diet has been proved
to be a powerful tool to modulate aging and caloric restriction has emerged as a valuable intervention
in this regard. However, many questions about how a controlled caloric restriction intervention
affects aging-related processes are still unanswered. Nutrient sensing pathways become deregulated
with age and lose effectiveness with age. These pathways are a link between diet and aging. Thus,
fully understanding this link is a mandatory step before bringing caloric restriction into practice.
MicroRNAs have emerged as important regulators of cellular functions and can be modified by diet.
Some microRNAs target genes encoding proteins and enzymes belonging to the nutrient sensing
pathways and, therefore, may play key roles in the modulation of the aging process. In this review,
we aimed to show the relationship between diet, nutrient sensing pathways and microRNAs in the
context of aging.
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1. Introduction

Europe is called the “old continent”, but not only for its long history. It is literally getting older.
Currently, 18.9% of the European population is older than 65 years. By 2080, this proportion is expected
to increase up to 28.7% [1]. Not only Europe is under this demographic pressure. Generally, developed
and developing countries are facing the aging of their populations. This aging has a significant impact
on demography, economy and health. For that reason, the issue of healthy aging is a global challenge.
Aging is not reversible, but it is modifiable. In this regard, research should focus not only in increasing
lifespan but also in improving aging quality. In the last few years, the concept of “healthy aging” has
been coined to refer to disease-free aging. The aging process in developed countries is actually far
from that “healthy aging” and is linked to the early development of chronic degenerative diseases,
leading to chronic pharmacological treatments that start in adulthood. This is the so-called “aging
phenotype.” Among the chronical-degenerative diseases associated with aging are Alzheimer’s disease
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(AD), Parkinson’s disease, type 2 diabetes mellitus (T2DM), cancer, cardiovascular disease (CVD),
and their associated comorbidities [2]. The aim of studies focused on healthy aging is to increase
disease-free lifespan. In other words, not only to live longer but also to live better.

The first step on this scientific road is to gain full knowledge about the biological aspects of the
aging process. A recent workshop addressed this questions with the aim of identifying essential aging
pathways and reaching a consensus about most promising approaches (pharmacological, dietary and
behavioral) to extend longevity and delay the onset of age-related diseases [3]. In this regard, some
biological processes have been described to be altered by age, including genetic and epigenetic factors,
telomere shortening, proteostasis, signaling pathways impairment, reduction of stem cell pluripotency,
cellular senescence, mitochondrial dysfunction, immune dysfunction and alterations in nutrient
sensing pathways [4]. Alterations in nutrient sensing pathways have gained increasing attention in the
field of aging because they can be modulated both pharmacologically and with dietary interventions [3].
Some of the nutrient sensing pathways impaired by aging are the IGF1/PI3K/AKT/mTOR and
AMPK/Sirtuin/PGCla pathways. These pathways play key roles in the regulation of protein synthesis,
cell cycle, DNA replication, autophagy, stress response and glucose homeostasis.

Secondly, we must identify the environmental factors that modulate the biological pathways
involved in aging. Among the environmental factors modulating the aging process are smoking,
pollution, physical activity and diet [5]. Diet is one of the environmental factors that has the greatest
impact on the aging process and contributes to the quality of such a process. In this regard, it has
been suggested that caloric restriction (CR) is a successful dietary approach to increase lifespan in a
healthy manner [3,6]. Diet and dietary compounds may well affect those molecular aging pathways
mentioned above and, thus, modulate the healthiness of the aging process.

MicroRNAs are short non-coding regions of 22-25 nucleotides that regulate a plethora of cellular
processes. They bind to the 3’-UTR sequence of their target genes and reduce their expression by
promoting mRNA degradation or impairing protein translation. MicroRNAs can also be found in
the circulation and these circulating microRNAs have been proposed to be important biomarkers of
disease status and progression [7]. Moreover, microRNAs can be modulated by diet and can even been
obtained from dietary resources [8]. Recent studies have shown that microRNAs can also modulate
age-related processes, including DNA replication, cellular senescence and apoptosis [9]. MicroRNAs
have also been shown to modulate nutrient sensing pathways [10,11]. We propose the use of the term
“miRaging” to refer to those microRNAs with a role in the aging process or that have been associated
with longevity in model organisms as well as in humans. Therefore, microRNAs modulate nutrient
sensing pathways and can be modulated by diet. This review aims to describe the intricate network
that links diet, healthy aging and miRagings.

2. Dietary Interventions to Increase Lifespan and Promote Healthy Aging

Several studies have suggested that diet can slow aging and, consequently, increase healthy
lifespan. Studies in model organisms such as Caenorhabditis elegans, mice and non-human primates
point to a CR-based intervention as a promising tool to fight against aging [12]. However, human
studies, specially intervention trials, are scarce and there is a current controversy about what kind of
CR-based therapy is safe and effective in extending human healthy life expectancy.

CR has been shown to extend lifespan in different model organisms. In the early 80s, Yu et al.
showed that at least 60% of the specific pathogen free Fischer 344 rats in the CR group lived longer
than rats fed ad libitum [13]. CR rats also showed less age-related lesions at death [13]. Moreover,
middle CR attenuated the age-related decline in autophagy and age-related increase in oxidative
stress in rat skeletal muscle [14] and showed a lower decline in insulin sensitivity in rat liver [15].
Mice submitted to an intermittent fasting (IF) dietary restriction regime also showed better regulation
of glucose homeostasis [16] that could be mediated by a 40% reduction in the IGF-1 levels, although
a hyperphagic response to fasting was observed [17]. However, in a later study, mice submitted to
a 100% CR did not show higher food intake on the feast day [18]. A recent meta-analysis concluded
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that there is enough evidence pointing to the CR-mediated increase in lifespan in rodent models,
although there is an important genetic effect on mice strains that result in a great variety of responses
to dietary interventions [19]. A complete removal of food has been shown to extend lifespan of
Caenorhabditis elegans worms [20,21]. In non-human primates, the Wisconsin National Primate Research
Center (WNPRC) did show improved survival associated with 30% CR in adult rhesus monkeys
with less incidence of age-related diseases and less loss of grey matter [22]. On the contrary, the
National Institute of Aging (NIA) study on rhesus monkeys indicated that CR did not extend lifespan
irrespective of whether the CR was started in young or old monkeys [23]. Several differences in the
experimental design could explain these contradictory results [12,24], and highlights the need for
further validation of current studies in different animal models.

Some human observational studies suggest that CR could be also effective in extending human
lifespan. It is well-known that the number of centenarians in Okinawa, a Japanese island, is surprisingly
high. This extremely high local life expectancymay well be due to the fact that Okinawa inhabitants
traditionally follow a diet that is low in proteins and rich in vegetables, fruits and fish and that the
intake of Okinawans is a 17% lower than the Japanese average intake, in addition to Okinawans
having a higher isoflavone intake [25]. Interestingly, the Okinawan diet is rich in monounsaturated and
polyunsaturated fatty acids [2], a characteristic that is shared by the Mediterranean Diet. Mediterranean
Diet has also been postulated as a powerful nutritional tool to promote healthy aging [26], especially
because it reduces CVD mortality [27]. Results from the PREDIMED interventional trial have shown
that a greater adherence to the Mediterranean Diet is associated with longer telomeres [28]. Moreover,
longer telomeres at baseline was associated with a better response to the dietary intervention [29].
Higher intake of n-3 polyunsaturated fatty acids has been associated with better cognitive performance
and lower cognitive decline in both the Mediterranean and the Okinawan diets [30,31].

Especially interesting are the human interventional trials that directly address the effect of CR
on human health and longevity. The Pennington CALERIE Team carried out a randomized trial with
healthy sedentary men and women based in six months of a medium CR (25%), intensive CR or a
CR with physical activity (PA) (12.5% CR + 12.5% increase in energy expenditure through exercise)
intervention. They showed that body temperature, glucose and insulin levels, well-known longevity
biomarkers, decreased with CR with or without PA. However, there was no beneficial effects of the
intensive CR intervention [32]. The two-year CR intervention carried out as part of the CALERIE
2 study did not find a significant decrease in core temperature in the CR group compared with the
ad libitum group. However, the lower adherence to the CR protocol found in this study compared
to the CALERIE 1 study may have influenced the results observed about the effect of CR on body
temperature and other age-related biomarkers [33]. Further studies of the Pennington CALERIE Team
have shown that CR reduces liver lipid content [34] and improves CVD risk [35]. On the contrary, this
intervention increases fasting ghrelin levels (the so-called “hunger hormone”) and does not modify
growth hormone [36] nor cortisol levels [37]. Interestingly, a 6-12 months long CR intervention
resulted in metabolic and behavioral adaptations that led to an improvement in physical functioning
and vitality [38] without inducing eating disorder symptoms [39]. Therefore, results from the CALERIE
study enormously contribute to the knowledge about how CR affects human health and point to the
beneficial effects of CR on longevity biomarkers. However, some results need to be further validated
to finally elucidate the effects of CR, especially when sustained for long periods of time on human
longevity. An insight into the long-term effect of severe CR comes from the observational CRON study.
The CRON study takes advantage of the data provided by members of the Calorie Restriction Society
that have been following an approximately 30% CR intervention for 15 years. They showed lower total
and LDL-cholesterol levels, lower triglycerides, blood pressure, fasting glucose and fasting insulin
levels and higher HDL-cholesterol levels than age-matched controls eating a usual Western diet [40].
Other age-related biomarkers such as core body temperature and inflammatory interleukins were also
reduced, strongly suggesting that this kind of sustained CR can effectively extend lifespan [41,42].
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In this regard, a longer follow-up of this population is warranted in order to determine whether this
intervention will finally result in longer lifespan.

An alternative to a sustained CR diet is an alternate fasting therapy studied in the FEAST trial.
Results from this study showed that this intervention led to a 4% weight reduction, a decrease in
fasting insulin levels and an increase in fatty acid oxidation, although fasting glucose levels were not
affected [43]. These results were further confirmed when authors found that alternate fasting resulted in
an increase in the expression of genes involved in fatty acid oxidation, but that there was no a beneficial
effect on glucose homeostasis [44]. However, another study showed that alternate CR can be effective in
reducing insulin resistance in severe insulin-resistant individuals [45]. The FEAST study also showed
that this is a suitable approach in humans, as hunger in fasting days did not increase [43]. Another study
showed that alternate-day CR did not counteract the negative effects of eight days of bedrest regarding
mood, insulin resistance and visceral fat accumulation [46]. In young obese/overweight women,
it has been shown that both IF and CR are equally effective for reducing weight, leptin levels, total
cholesterol, LDL-cholesterol and triglycerides and increasing insulin sensitivity [47].

Overall, these studies conclude that CR has a positive effect on human health and, thus, can
greatly contribute to extending lifespan and promoting healthy aging. This allegation is shown in the
recent meta-analysis carried out by Lettieri-Barbato et al. that included 43 studies, both experimental
and observational [48]. They showed that CR decreases total and visceral fat accumulation, levels
of inflammatory biomarkers as well as levels of leptin, and that it increases adiponectin levels [48].
However, CR also leads to metabolic adaptations that include a decrease in energy expenditure and
loss of muscle mass and strength [6,49] that can be detrimental if CR is sustained in the long run.
Others studies assert that the effect of CR on longevity is actually due to the concomitant restriction
of proteins or specific amino acids [3]. In yeast, the restriction of the amino acids serine, threonine
and valine promote stress resistance and longevity [50]. The study carried out by Mair et al. showed
that withdrawing the yeast extract, that is, the protein source, of the Drosophila melanoganster had
a much greater effect on lifespan extension than glucose restriction, and was independent of the
caloric intake [51]. Tryptophan restriction has been shown to be related to longevity in rats [52,53].
Finally, methionine restriction has been also showed to impact lifespan. For instance, reduction of
L-methionine from 0.86% to 0.17% of the diet increased the lifespan of male Fisher 344 rats by 30% [54].
A methionine-deficient diet also increased the lifespan in a mouse model. Mice in this diet showed
lower levels of IGF-1, insulin and glucose and a higher resistance to liver injury promoted by induced
oxidative stress [55]. The amino acid sensors GCN2 and mTOR are suggested to be involved in the
beneficial effects of protein or selective amino acid restriction in longevity [56].

In summary, the evidences pointing to a positive effect of CR on longevity are promising. However,
some aspects need to be further studied and, in this regard, an extensive debate is taken for granted.
Indeed, to bring CR into clinical practice some limitations must be overcome: (1) the definition of a
standardized panel of biomarkers of the effect of CR on aging and (2) the standardization of the CR
intervention. Regarding issue number 2, different approaches are still under examination to determine
their feasibility and safety; chronic CR vs. IF, time-limited food intake vs. standard 3-5 meals per day
diets, and total intake CR vs. specific amino acids CR. It is also necessary to define the most suitable
age of intervention onset as well as the genetic polymorphisms that can modulate the individual
response to a CR intervention.

3. Nutrient Sensing Pathways: Their Role in Molecular Aging

The mechanisms by which CR promote longevity are still not completely understood. However,
some animal and human studies suggest that insulin/IGF-1/PI3K/AKT, mTOR and AMPK/SIRT1
pathways are involved [3,57-59]. These pathways link metabolism, diet and aging. High glucose
levels induce insulin release that, in turn, increases IGF-1. IGF-1 binds to its receptor, switching on
its autophosphorylation, and leading to the subsequent activation of PI3K. PI3K phosphorylates and
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activates AKT. Activated AKT phosphorylates and activates mTOR and inhibits FOXO. CR-mediated
reduction of glucose levels affect this signaling cascade (Figure 1).

It has been shown that a decrease in mTOR signaling leads to a lifespan extension in yeast, worms,
flies and mice [57]. Mice treated with rapamycin, a pharmacological mTOR specific inhibitor, lived
longer, although the effect seemed to be higher in female than in male mice [60]. The mechanism
by which pharmacological inhibition of mTOR signaling increases longevity is not clear, since
rapamycin did not mimic the effect of dietary restriction on insulin, IGF-1 or leptin levels and
even worsened glucose tolerance [61]. FOXO is a broadly conserved subfamily of transcription
factors that are involved in key longevity pathways such as stress response, antioxidant activity,
cellular proliferation, apoptosis and autophagy [59]. Moreover, FOXO transcription factors can
contribute to extreme longevity in humans and model organisms. In Caenorhabditis elegans, it has
been shown that a decrease in insulin/IGF-1-like signaling promotes stress resistance and longevity
through the inhibition of FOXO protein DAF-16 and the nuclear accumulation of SKN-1. The latter
was mediated by AKT1/2 and SGK-1 phosphorylation independently of DAF-16 inhibition [62].
A regimen of IF based in fed/fasting cycles of two days confirmed the role of DAF-16 in worm
lifespan extension and, additionally, identified AP-1 transcription factor as a modulator of IF-induced
longevity [63]. Although dFOXO, the equivalent of mammalian FOXO3, is not necessary for the
dietary restriction-mediated increase in lifespan, it contributes to the modulation of the effect of the
dietary restriction in flies [64]. In mice, the effect of dietary restriction on lifespan extension seems
to need FOXO3 [65]. The role that FOXO3 plays in oxidative stress or autophagy could mediate its
effect on dietary restriction-mediated lifespan extension [59,66]. In humans and rats, CR resulted in
transcriptional and post-transcriptional modifications of genes belonging to the PI3K/AKT/FOXO
pathway. Interestingly, some polymorphisms in FOXO3 gene have been associated with longer
lifespan [67] and with lower total and coronary heart disease mortality [68].

CELL HOMEOSTASIS
CELL FUNCTIONS
SENESCENCE
AUTOPHAGY
NUTRIENT METABOLISM

Figure 1. Caloric restriction (CR)-mediated modulation of nutrient sensing pathways. CR results
in a decrease in plasma glucose levels that, in turn, decrease IGF-1 and insulin levels. As a result,
the signaling downstream insulin receptor (IR) and IGF-1R decreases. In this situation, AKT is in
its un-phosphorylated inactive form and, thus, mTOR is also inactive. The decrease in the cellular
availability of glucose also increases AMP/ATP ratio and, consequently, AMPK is activated. AMPK also
inhibits mTOR complex 1 and increases NAD* /NADH ratio. SIRT1 is a histone deacetylase activated
by NAD™. Coordinately, these interconnected nutrient-sensing pathways modulate cell homeostasis,
cellular function, senescence, autophagy and metabolism, contributing to healthy aging and longer
lifespan. Images from Servier Medical Art have been included in this figure (Available online:
http:/ /www.servier.com/Powerpoint-image-bank).
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In humans and rats, CR increased pathways such as muscle contraction, glycolysis and
gluconeogenesis, oxidative phosphorylation and mitochondrial function, whereas other pathways
like insulin/IGF-1 signaling and “aging brain” were downregulated [69]. Seventy-two hours of
fasting in CD-1 mice reduced plasma IGF-1 levels up to 70%, whereas the levels of IGF-1 binding
protein, which reduces IGF-1 signaling, were increased 11.4 fold [70]. In flies, dietary restriction
also increased lifespan through a decreased TOR activity [71]. In Caenorhabditis elegans, the mutation
of the equivalent to mTOR or a component of mTORC]1, raptor, could extend lifespan [72]. An IF
regime in Caenorhabditis elegans has been shown to increase the worm lifespan by a mechanism
that involves RHEB-1, an mTORC1 activator [73]. However, another experiment based in the
complete food deprivation of the worms showed that the extension of lifespan was independent
of the insulin/IGF-1 signaling pathway and the sirtuin Sir-2 [20,21]. Also, studies in different
organisms have shown that rapamycin, an immunosuppressor drug that targets mTORC]1, increases
lifespan [57]. Which kind of dietary intervention modulates mTOR is currently under debate, because
it seems that mTOR is more responsive to a protein-restricted diet than to complete CR diets [12]. In a
xenograft mouse model of prostate and breast cancer, protein restriction decreased tumor growth and
intra-tumor mTOR activity. Interestingly, a low-protein diet also decreased serum IGF-1 levels [74].
Low-protein/high-carbohydrate diets increased mice longevity, probably through a decrease in mTOR
activation [75]. In humans, long-term CR did not decrease serum IGF-1 levels. However, individuals
who were usually following a low-protein dietary regime showed lower IGF-1 levels [76]. Moreover,
polymorphisms in the gene encoding the IGF-1 receptor that impairs IGF-1 signaling and results in
higher plasma concentration of IGF-1 have been associated with extreme longevity [77]. Lower plasma
IGF-1 levels have also been associated with longer survival in nonagenarian women, but not in
males [78].

Serum collected from individuals of the FEAST study showed reduced proliferation of HepG2
cells and increased SIRT1 expression [79]. This increase in SIRT1 levels has also been found in cells
incubated with the serum of CR participants of the CALERIE study [79] and in muscle samples of the
participants of the FEAST study [44]. SIRT1 is a NAD"-dependent deacetylase with a key function
in energetic metabolism, due to its role as an NAD™* sensor [80]. Studies in yeast suggest that NAD*
synthesis and Sir2 activation are needed for lifespan extension [81]. In a mouse model of Cockayne
Syndrome, an accelerated aging disorder, it has been shown that premature aging results from an
impairment in the DNA repair system that leads to a decrease in SIRT1 activity [82]. Moreover, SIRT1
protein levels increased in specific brain areas of mice under a dietary restriction regime [83] and mice
overexpressing SIRT1 in the brain showed significant lifespan extension [84]. The mechanism by which
SIRT1 contributes to lifespan extension is still unclear. However, it has been shown that SIRT1 increases
the expression of some genes involved in neuronal signaling and SIRT1 overexpressing mice showed
enhanced neuronal activation and an improved neuronal adaptation to dietary restriction [83,84].
These studies highlight the potential usefulness of strategies focused in SIRT1 modulation to promote
healthy aging. The use of synthetic activators of sirtuins is currently under debate due to several safety
concerns. For that reason, before these activators could be implemented, the precise role of SIRT1 in
lifespan extension needs to be further clarified [85]. Interestingly, some phytochemicals like resveratrol
are able to activate SIRT1 in vitro [86]. Like mTOR, AMPK is a cellular energetic sensor activated by a
high AMP/ATP ratio, that is, when cellular energy is low. It is well known that AMPK activation has
an insulin sensitizer effect. This suggests that AMPK could play a role in aging. Actually, metformin
treatment has been proved to extend lifespan in worms, rats and mice [87]. Metformin is a hepatic
AMPK activator. In humans, metformin treatment reduced the onset and progression of age-related
diseases such as CVD, cancer and cognitive decline [3,88,89].

Studies carried out in the last decade have highlighted the role of gut microbiota on animal health.
Some recent studies also showed that gut microbiota play a key role in longevity. In this regard,
some studies have shown that feeding worms with different bacterial species instead of the standard
laboratory E. coli OP50 strain significantly affects lifespan [12]. Dietary restriction leads to alterations in
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the composition of the gut microbiota and such alterations may be important contributors to the effect
of dietary restriction on longevity. For instance, the study of Zhang et al. showed that CR had a stronger
effect on gut microbiota architecture than exercise [90]. They showed that the mice submitted to a CR
low-fat diet had a different gut microbiota profile than the others. Also, the age-related changes in the
gut microbiota composition of the mice were different in CR groups [90]. The small intestine holds
nutrient-sensing mechanisms that play a key role in glucose homeostasis [91]. This nutrient-sensing
mechanism involves protein kinase C, glucokinase and glucokinase receptor 1 that, collectively, form
the PKC-CCK-CCKIR pathway activated by long-chain fatty acids in the duodenum. This activated
pathway triggers a signal through the vagal nerve to the central nervous system that, in turn, sends the
order to lower glucose production in the liver [91]. Fatty acids also trigger a nutrient-sensing response
through a family of G-protein coupled receptors named GPR40 and GPR120 that, upon activation,
lead to an increase in pancreatic insulin secretion and trigger PI3K/AKT signaling in adipocytes [92].
The infusion of intestinal microbiota from lean donors into the duodenal tube of obese individuals
leads to an improvement in insulin sensitivity, although the mechanism involved in this effect is still
unknown. [93]. It has been hypothesized that the mechanism by which gut microbiota modulates
CR-mediated increase in lifespan is through the modulation of gut nutrient-sensing mechanisms [91].
However, this hypothesis need to be experimentally addressed.

Collectively, these studies suggest that the modulation of these nutrient sensing pathways is
fundamental to modulating the aging process. However, most of these results come from animal
studies, thus more human studies are needed to fully understand the role of these pathways in human
aging and to clarify how they can be effectively targeted, nutritionally or pharmacologically, to safety
prolong life.

4. MiRagings: What and Which Are They? How Can They Be Modulated by Diet?

Non-coding RNA sequences are some of the molecular players of aging [94]. These sequences are
some of the most important mechanisms of epigenetic regulation of gene expression [95]. The most
representative of these sequences are microRNAs, non-coding RNA sequences of ~22 nucleotides that
are located in intra- or inter-regions of protein coding genes. Their main function is the inhibition
of their target genes, and they are involved in the regulation of many cellular processes such as
cellular proliferation, apoptosis and cellular metabolism, among others [96]. In addition to this,
microRNAs are present in plasma and other body fluids such as urine and cerebrospinal fluid [7].
Circulating microRNAs are usually associated with exosomes, lipoproteins and protein complexes due
to the necessity of protection from RNAses degradation. Circulating microRNAs are in the spotlight
due to their potential value as biomarkers of health, disease and nutritional status. Modification
of circulating microRNA profiles are associated with cholesterol metabolism, T2DM, CVD, insulin
sensitivity, endothelial function, inflammation and aging [7]. MicroRNAs synthesis has been well
described. RNA polymerase II transcribes microRNAs inside the nucleus, where a hairpin pri-miRNA
precursor is generated. This hairpin pri-miRNA is firstly processed by Drosha to form a pre-miRNA
molecule of 70 nucleotides, approximately. This pre-miRNA is exported to the cytoplasm via Exportin
5, where the maturation process will be completed by DICER, resulting in the mature microRNA.
This mature microRNA is associated with Argonaute proteins to form an RNA-induced silencing
complex (RISC), which guides the mature microRNA to its target gene [97].

We can define miRagings as those microRNAs that modulate biological processes related to aging
or whose expression changes with age. Given that diet has been shown to affect longevity and that
nutrient sensing pathways are important mediators of that effect, we hypothesize that miRagings could
be the link between diet, aging and nutrient sensing pathways. Then, which are those “miRagings”?
How can they regulate nutrient sensing pathways? Also, how are they modulated by CR or other
dietary compounds? By answering these questions, we can start to understand the role of microRNAs
in aging and, most importantly, we can figure out how to use them as tools to reach the goal of healthy
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aging. Table 1 summarizes the link between each mentioned miRaging, the nutrient sensing pathways
and diet.

microRNA expression could be affected by age, and some age-modulated microRNAs target
genes belonging to the nutrient sensing pathways. The mechanism by which aging modifies
microRNA expression is still unknown. However, it has been described that the age-related increase
in stress leads to the upregulation of p53. p53, among other functions, could have an influence
on the Drosha complex, thus affecting microRNA maturation [98]. In addition, the onset and
progression of age-related diseases such as T2DM, CVD, inflammation, and cancer are modulated
by microRNAs [99-101]. Regarding T2DM, it is known that the let-7 family modulates glucose
homeostasis and insulin sensitivity [102,103]. Other microRNAs that regulate the insulin signaling
pathway are miR-33, miR-103, miR-107 and miR-29 [99,104,105]. Circulating miR-1, miR-208a and
miR-133a are overexpressed in the following 2 h after an acute myocardial infarction [106], and
circulating miR-423-5p is upregulated in heart failure [107,108]. These results demonstrate the potential
of circulating microRNAs in the diagnosis of CVD. Aging is linked to chronic low-grade inflammation.
Some microRNAs that could be highlighted as regulators of inflammation are miR-146, miR-155 and
miR-21 [109]. Moreover, miR-155 and miR-16 were found to be upregulated in B-cells of elderly
subjects compared to young subjects [110].

Apart from the well-known deregulation of microRNAs in age-related diseases, miRNA profiles
(specially circulating miRNAs) also change with age [9,111]. It is worth mentioning a study carried
out by Serna et al. who studied circulating microRNA profiles in 36 subjects (20 centenarians and
16 octogenarians) in peripheral blood mononuclear cells (PBMCs), and found that microRNA profiles
in centenarians were more similar to the profiles of young adults than those of octogenarians [111].
These results could suggest that a specific circulating microRNA profile will allow us to predict
longevity. Circulating microRNA profiles could additionally allow us to discriminate between healthy
and unhealthy aging and could be used to prevent disease onset before its occurrence [112]. A recent
study in humans and mice demonstrated that the circulating levels of miR-34a changes with the
development of age-related hearing loss [113]. Another study carried out in Wistar rats showed
that microRNA expression changes during aging. Authors specifically found the upregulation of
miR-34a, miR-124a and miR-383 and the downregulation of miR-130b and miR-181a. They suggested
that this change could contribute to the failure of pancreatic {3 cells observed that results in insulin
resistance [114]. Indeed, miR-124a has been associated with glucose-induced insulin secretion through
the direct modulation of AKT3 and FOXA?2 and, potentially, SIRT1 [115]. Studies in SH-SY5Y and
SK-N-SH cell lines suggest the possible effects of miR-124 on neuronal apoptosis and autophagy in
Parkinson’s disease [116]. Moreover, miR-124 is overexpressed in aged skin when compared with its
expression in young skin [117]. miR-130b and miR-181a regulate the PI3K/AKT pathway through
the inhibition of PTEN, a negative regulator of this pathway [118,119]. miR-181a also directly inhibits
SIRT1, resulting in decreased insulin sensitivity [120]. Interestingly, circulating levels of miR-130b
increase after an intervention with polyunsaturated fatty acids in women [121]. Another study showed
that miR-34 is upregulated in age-related macular degeneration [122]. Moreover, it has been reported
that miR-383 modulates the insulin signaling pathway through IGF-1 and its receptor [123], and that
it is downregulated by a high-fat diet (HFD) in mice pancreatic islets [124]. Finally, in human IDH4
fibroblasts, let-7 is related to the expression of p66SHC, which is implicated in cellular senescence [125].

All these studies show that aging significantly modulates the expression many microRNAs.
However, the significance of this age-related microRNA modulation is currently unknown and the
study of the role of microRNAs in aging is still in its infancy. The molecular pathways affected by
age-related microRNAs are currently under investigation. In this sense, some recent studies point to
an important influence of microRNNAs on aging processes such as deregulation of nutrients sensing
pathways, immune system dysfunction, cellular damage and age-associated diseases [4]. In this review,
we focus on the role of microRNAs as modulators of nutrient sensing pathways related to age.
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The IGF1/PI3K/AKT/MTOR pathway is regulated by let-7 expression, a microRNA that targets
multiple components of the IGF1 pathway as the IGF1 receptor or mTOR [11]. In Drosophila melanogaster,
miR-200 and miR-8 are important regulators of PI3K through targeting USH/FOG2 [126]. Another study
in myoblasts demonstrated that miR-432 is a negative regulator of myoblast proliferation and
differentiation through the modulation of the PI3K/AKT/mTOR pathway [127]. In a mouse model,
the regulation of this pathway has also been found to be mediated by miR-1, which is downregulated
in many cancers and inhibits cancer cells growth and proliferation, and promotes apoptosis [128].
The role of miR-1 in aging has been revealed in a progeria mouse model, where it has been found that
miR-1 is upregulated in liver irrespective of GH levels [129]. Another study in mice has shown that
this microRNA can be modulated by diet, as it has been found to be downregulated in the adipose
tissue of mice fed an HFD [130]. miR-155, which has been associated with age [109,110], enhances
insulin sensitivity through the modulation of the AKT pathway [131] Moreover, miR-223, a microRNA
that targets this pathway, is involved in the regulation of mast cell apoptosis in rat basophilic leukemic
cells [132]. In comparison of young and old donors, miR-223 levels were decreased in CD4+ T cells [133].
In another mouse model, the deregulation of mTOR mediated by the miR-17-92 cluster has been shown
to produce the disruption of Sertoli cell polarity and spermatogenesis [134]. Age-related reduction
of miR-17-92 will result in more oxidative stress and DNA damage [135]. In addition to this, in
murine differentiating skeletal muscle cells the overexpression of IGF1 produces a downregulation of
miR-146a [136]. In colorectal cancer, re-expression of miR-145 produces the repression of IRS1 and
IRS2 [137]. MiR-145 expression also decreases in PBMCs of aging humans [138].

The AMPK/Sirtuins/PGC1-1x pathway is also regulated by microRNAs. For instance, let-7
regulates SIRT1 expression in human biliary epithelial cells [139]. SIRT1 is also downregulated by
miR-217, leading to the modulation of endothelial cell senescence via silent information regulator
1 (SIR1) [140]. Apart from SIRT1, miR-133 also inhibits AMPK expression. Thus, miR-133 targets this
pathway at two different points [99]. In humans, Kurylowicz et al. observed that the downregulation of
SIRT1 negatively correlated with the expression of miR-22-3p in obese individuals and the upregulation
of SIRT7 negatively correlated with miR-125a-5p levels in slim individuals [141]. Another study in
humans showed the importance of the regulation of miR-199 as a modulator of SIRT1 and as a
biomarker of atrial fibrillation after coronary artery bypass graft surgery [142]. In rhesus macaque bone
marrow, these microRNAs showed age-related downregulation [143]. MiR-19b/221/222 are important
regulators of PGC1-1«. Interestingly, miR-19b was found to be downregulated in octogenarians, while
centenarians and young people conserved the same level of this microRNA [111]. miR-19b could also
be a biomarker of polyunsaturated fatty acids intake, as its circulating levels increased in women
after eight weeks of a normocaloric diet enriched in these fatty acids [121]. In atherosclerosis, these
microRNAs could induce endothelial cell dysfunction through the downregulation of PGC-1« [144].
In adipose-specific miR-455 transgenic mice, it has been found that miR-455 activates AMPK in
brown adipose tissue (BAT), suggesting the importance of this miRNA in BAT adipogenesis through
the regulation of the AMPK/Sirtuins/PGC1-1x pathway [145]. In addition to this, miR-455 is
downregulated in old mice [146] and upregulated in the liver of HFD-fed mice [147]. In HT-29 cells
and HEK-293 cells lines, miR-451 produces an inhibition of AMPK and an activation of mTORC1 [148].
In aging primates, an upregulation of miR-451 in skeletal muscle associated with CR has been
found [149]. In human melanoma cell lines and melanoma tissues, Liu et al. found a downregulation
in miR-425. The authors suggested that miR-425 could be a tumor suppressor acting through the
inhibition of the PI3K/AKT pathway [150]. In other cells lines, miRNA-221 induces apoptosis via the
modulation of KIT/AKT [151]. In bone marrow-derived mononuclear cells, IGF-1 blocks the processing
of miR-34a [152]. Also, in a rat model of aging brain it has been shown that the effect of miR-34a on
aging could be mediated by SIRT1/mTOR pathways [153]. Finally, in vitro and in vivo models show
that miR-16 inhibits cell proliferation by targeting IGF1R [154]. It is important to highlight the role of
miR-144 as a regulator of these pathways. This microRNA regulates the IGF-1/PI3K/AKT pathway by
targeting PTEN [155] and IRS1 [156], but it also directly targets MTOR [157] and AMPK [158].



Int. ]. Mol. Sci. 2017, 18,915 10 of 21

Unfortunately, human studies addressing the role of microRNAs on the modulation of these
age-related nutrient-sensing pathways are scarce. Olivieri et al. found a downregulation of miR-182,
miR-223 and miR-142-3p in the skeletal muscle of postmenopausal women [159]. These microRNAs
regulate IGF-1R and FOXO3A expression, as well as activate insulin/IGF-1 pathway signaling via the
phosphorylation of AKT and mTOR [159]. Interestingly, miR-142-3p has been found to be upregulated
in the adipose tissue of mice fed an HFD [130], and miR-182 has also been found to be upregulated
in the liver of mice fed an HFD [160]. Another study in humans showed the influence of miR-4458
in the regulation of IGF-1R. MiR-4458 levels are higher and inversely correlated with IGF-1R levels
in lumbar disc degeneration patients, suggesting a role of this microRNA in the development of
this condition [161]. Moreover, in humans, miR-613, which targets c-MET and PI3K/AKT/mTOR
pathways, is downregulated in osteosarcoma and its downregulation is associated with lymph node
metastasis [162].

Different strategies could delay aging or contribute to healthy aging. These strategies can be based
in longevity drugs or lifestyle interventions. Regarding lifestyle interventions, we have described that
CR has been proved to be effective in different animal models. The mechanisms by which CR extends
lifespan is not fully understood, but microRNAs could play a key role. In rats, CR reduces miR-144
expression in cerebromicrovascular endothelial cells, avoiding the reduction of NRF2, a regulator
of cellular resistance to oxidants [163]. In old rhesus monkeys, this microRNA was found to be
upregulated in skeletal muscle [149], although CR dampened this upregulation [149]. In this same work,
other microRNAs associated with age that regulate the PI3K/AKT pathway and SIRT1, increased in old
monkeys submitted to a CR intervention [149]. Apart from these microRNAs, it must be highlighted
the role of miR-221 that is downregulated by CR [149] and polyunsaturated fatty acids [121]. In murine
models, a group of miRNAs (miR-425, miR-196, miR-155, miR-150, miR-351, miR-16, let-7, miR-34,
and miR-138) were differentially expressed between the control and CR groups [164]. Interestingly,
some microRNAs that are differentially expressed by CR, have been described as regulators of nutrient
sensing pathways (let-7, miR-34, miR-425, miR-16, miR-155, miR-144, miR-451). The cluster miR-17-92,
whose role in longevity and regulation of nutrient sensing pathways has been mentioned before, is also
downregulated by CR in a mouse model of breast cancer [165]. On the contrary, miR-145 does not seem
to be regulated by CR, although it is upregulated by an HFD [166]. It is worth mentioning that other
dietary approaches to increase longevity are currently under debate, for example, protein restriction
could also modify the expression levels of some miRagings. In this regard, it has been shown that a
low-protein diet reduced the expression of miR-124a in pancreatic islets of pregnant rats [167], whereas
a high-protein regime decreased HDL-associated miR-223 levels in overweight or obese men [168].
All these studies show that many miRagings are modulated by longevity nutritional approaches such
as CR or protein restriction. However, whether this modulation results in increased longevity still
needs to be further elucidated. Indeed, the effect of CR on microRNA profiles is still unclear due to the
lack of studies in this field. For this reason, human studies that combine CR with microRNA profiles
are needed. The potential of microRNAs as biomarkers of aging highlights the future importance of
them as biomarkers of the effect of moderate CR on human longevity and healthy aging.
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Table 1. List of miRagings, their effect on nutrient sensing pathways and how they may be affected by diet.

11 of 21

MicroRNA Relationship with Aging Related Nutrient Sensing Pathway Effect of Diet References
let-7 Associated with the regulation of IGF-1/PI3K/AKT mTOR SIRT1 It is differentially expressed because of CR [11,125,139,153,164]
cellular senescence
miR-1 Upregulated in the liver of progeria models IGF-1/PI3K/AKT mTOR }]?i?;_rfl;f%ﬁited in the adipose tissue of mice fed a [128-130]
miR-155 Increased in B-cells in the elderly IGF1-1/PI3BK/AKT It is differentially expressed because of CR [109,110,131,164]
miR-16 Increased in B-cells in the elderly IGF-1R It is differentially expressed because of CR [110,154,164]
Increased in aging. Circulating levels
miR-34a upregulated in age-related hearing loss and in ~ SIRT1 mTOR It is differentially expressed by CR [113,114,152,153]
age-related macular degeneration
miR-124a Increased in aging and in aged skin AKT3/FOXA2 SIRT1 A low-protein diet reduced its expression in [114-117,167]
pancreatic islets of pregnant rats
miR-383 Increased in aging IGF-1 and IGF-1R Itis downregulated by a high-fat diet in mice [114,121-124]
pancreatic islets
. . . PI3K/AKT (through direct inhibition Circulating levels increase after an intervention
miR-130b Decreased in aging of PTEN) with polyunsaturated fatty acids [114,118,121]
. . . PI3K/AKT (through direct inhibition of Its levels increase in skeletal muscle of monkeys
miR-181a Decreased in aging PTEN) SIRT1 under a CR regime [114,119,148]
miR-223 Decrease.d in CD4+ T cells of old donors and IGFIR /FOXO3A PI3K/AKT mTOR A hlgh-pereln regime decreases High-Density [132,133,159,168]
reduced in postmenopausal women Lipoproteins-associated miR-223 levels
miR-17-92 cluster ~ Decreased with age mTOR The.exp ression of this cluster is downregulated by [134,135,165]
CR in a mouse model of breast cancer
miR-145 Decreased in peripheral blood mononuclear ey /1ps) Upregulated by a high-fat diet, although not by CR [137,138,166]
cells with aging
miR-199 Decreased in aging rhesus monkeys SIRT1 Unknown [142,143]
. Lower levels in octogenarians as compared Circulating levels increase after an intervention
miR-19b with centenarians and young individuals PGCL with polyunsaturated fatty acids (111,121]
miR-455 Decreased in old mice AMPK Upregulated in the liver of mice fed a high-fat diet [145-147]
miR-451 Increased in aging primates AMPK, mTORC1 Increased in primates under a CR regime [148,149,164]
miR-142-3p Decreased in postmenopausal women IGFIR/FOXO3A PI3K/AKT mTOR Upregulated by a high-fat diet [130,159]
miR-182 Decreased in postmenopausal women IGF1R/FOXO3A PI3K/AKT mTOR Increased in the liver of mice fed a high-fat diet [159,160]
. Increased in the skeletal muscle of old PI3K/AKT (through direct inhibition of . .
miR-144 thesus monkeys PTEN and IRS1) mTOR AMPK Decreased in rats and monkeys under a CR regime [149,155-158,163,164]
miR-291 Decreased by CR PGClu It is downregulated by CR and polyunsaturated [121,149,151]

fatty acids
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5. Conclusions and Future Perspectives

In the following decades, the population of developed and developing countries will grow older
and older, resulting in a demographic shift that, consequently, will lead to a higher prevalence of
degenerative diseases. For this reason, aging is a major concern worldwide and the necessity of
dealing with this challenge is well recognized. The promotion of healthy aging can contribute to the
amelioration of these consequences by reducing the prevalence of chronic-degenerative diseases and
delaying their onset. The aging world calls for the development of reliable and effective policies to deal
with the consequences of aging. In 2013, a workshop entitled “Interventions to Slow Aging in Humans:
Are We Ready?” was celebrated in Erice. There, leading experts in the field of healthy aging gathered
to define the most important aging mechanisms and reach a consensus about the most promising
approaches to slow aging [3]. They concluded that current research supports the usefulness of dietary
restriction as a tool to increase healthy lifespan. They also identified nutrient sensing pathways as
essential molecular pathways that modulate aging. Thus, pharmacological targeting of these pathways
could be considered as a promising approach to extend healthy lifespan. However, before all these
strategies can be brought into practice, it is necessary to fully understand the molecular mechanisms
that mediate the effect of dietary interventions on aging, as well as to standardize an effective and
safety dietary intervention. The safety of long-term CR or fasting (both prolonged and IF) should be
cautiously considered, especially in elderly people, diabetics or other non-healthy individuals.

Current research in model organisms suggests that diet has a more prominent role on aging and
age-related diseases than previously hypothesized. However, the precise dietary intervention that
effectively increases healthy lifespan is not defined so far. In this regard, more human intervention
studies and a deeper knowledge of the molecular mechanisms and environmental factors modulating
aging are needed.

Recent studies have shown that epigenetic markers can be modified by environmental factors,
with diet being among them. MicroRNAs have recently emerged as important epigenetic regulators
of cellular function. They can be modified by diet. Here we have reviewed how CR affects levels
of some microRNAs. Interestingly, some of these CR-modulated microRNAs target genes encoding
nutrient sensing proteins associated with molecular aging and are modified along the aging process.
We have defined those microRNAs as “miRagings” and we hypothesize that these microRNAs that
link diet and nutrient sensing pathways can be used to modulate aging. It has been suggested that
the pharmacological inhibition of IGF-1 or mTOR pathways can be considered as a potential tool
to slow aging [3]. MicroRNAs that modulate these pathways are also pharmacological targets for
the development of new therapies to slow aging. However, whether the modulation—nutritional or
pharmacological—of these miRagings results in a prolonged healthy lifespan is not currently known.
In fact, the study of the role of microRNAs in aging is still in its infancy and, in this regard, more
human and animal studies aimed at defining a panel of modifiable age-related microRNAs are needed.
Once these microRNAs have been defined, some human trials are needed to study their safety and
effectiveness in prolonging healthy life expectancy.
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Abbreviations

AD Alzheimer’s disease

T2DM Type 2 diabetes mellitus

CVD Cardiovascular disease

CR Caloric restriction

IF Intermittent fasting

PA Physical activity

RISC RNA-induced silencing complex

PBMCs Peripheral blood mononuclear cells

BAT Brown adipose tissue
HFD High-fat diet
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