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Abstract: Cellular, small invertebrate and vertebrate models are a driving force in biogerontology
studies. Using various models, such as yeasts, appropriate tissue culture cells, Drosophila, the
nematode Caenorhabditis elegans and the mouse, has tremendously increased our knowledge around
the relationship between diet, nutrient-response signaling pathways and lifespan regulation. In
recent years, combinatorial drug treatments combined with mutagenesis, high-throughput screens,
as well as multi-omics approaches, have provided unprecedented insights in cellular metabolism,
development, differentiation, and aging. Scientists are, therefore, moving towards characterizing
the fine architecture and cross-talks of growth and stress pathways towards identifying possible
interventions that could lead to healthy aging and the amelioration of age-related diseases in humans.
In this short review, we briefly examine recently uncovered knowledge around nutrient-response
pathways, such as the Insulin Growth Factor (IGF) and the mechanistic Target of Rapamycin signaling
pathways, as well as specific GWAS and some EWAS studies on lifespan and age-related disease that
have enhanced our current understanding within the aging and biogerontology fields. We discuss
what is learned from the rich and diverse generated data, as well as challenges and next frontiers in
these scientific disciplines.

Keywords: Drosophila melanogaster; Caenorhabditis elegans; mouse; yeast; translation; transcriptome;
proteome; metabolome; TORC1; IGF-1; GWAS; EWAS

1. Introduction

Aging is the gradual accumulation of changes over time that increases the proba-
bility of death; aging is a multifactorial and complex process and an almost universal
phenomenon in life [1]. Importantly, the rate of aging and lifespan regulation are amenable
and depend on genetic and non-genetic or environmental factors [2]. A significant amount
of data has now established that the environment has a profound effect on lifespan regula-
tion, with diet and stress being predominant factors determining survival, at the cellular,
tissue and organismal levels [3–6]. Cells perceive nutrients, i.e., amino acids and sugars,
through nutrient-responsive pathways that are hard-wired to basic metabolic processes,
such as gene transcription, protein translation, proteostasis and protein degradation rates,
mitochondrial function, such as detoxification and respiration, as well as autophagy [2,7].
In this review, we provide a framework of knowledge about the role of nutrient-responsive
pathways in lifespan and healthspan (the period of life free of morbidities or pathologi-
cal conditions) regulation, such as the Insulin Growth Factor and mechanistic Target of
Rapamycin (mTOR), and a recent years’ update on the advancements in this scientific
field. We briefly refer to fundamental principles of these pathways. In summary, acti-
vation of the related signaling controlled by IGF and mTOR, while beneficial early in
life, supporting growth and development, seems detrimental in lifespan and healthspan.
While the fundamental molecular players around these pathways—although not fully
characterized—are sketched on a satisfactory level within simpler organisms, such as
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yeasts, D. melanogaster and C. elegans, additional studies are needed to understand func-
tional links on a genome-wide scale. Moreover, single or combinatorial drug treatments
that target specific nutrient-responsive and other signaling pathways that affect growth,
have been utilized to test effects on lifespan, as well as in healthspan, such as, amelioration
of pathological states that might phenocopy age-related diseases or syndromes [8].

Nevertheless, genetics, as well as epigenetics, of human aging and the role of diet
on human lifespan regulation are still being worked out [9]. The field is utilizing stem
cell technologies, patient samples and organoids to bridge this gap and has found itself
mature enough to proceed to large studies and clinical trials using mammalian species close
to humans, such as dogs [10,11]. However, cross-species comparisons reveal differential
tempos, not only in differentiation programs but also within fundamental processes, such as
proteostasis and protein half-life patterns, that can affect aging processes and lifespan [12]
and healthspan. These studies show that the precise, quantitative outcomes in model
organisms might differ from conditions in the human body or even in human cohorts.
Therefore, although the contribution of model organisms in biogerontology studies is
prolific in understanding underlying molecular mechanisms, interdisciplinary studies
combining genetics, biomarker analyses, diet and drug surveys and interventions in human
populations are now needed within the field.

2. The Growth Hormone-Insulin Growth Factor Signaling in Lifespan and Healthspan

The role of the somatotropic axis has long been investigated in the context of healthspan
and lifespan extension, dating back to the report on the positive impact that human growth
hormone (HGH) has on the lean body mass when administered in late adulthood [13]
that addresses the former, and a report of dwarf, growth hormone (GH)-deficient mice,
addressing the latter [14]. The GH/insulin-like growth factor 1 (IGF-1) axis has been subject
to extensive scrutiny, with numerous cellular and animal models being used to establish a
positive link between disruption of its components and increased longevity, the details of
which have been covered by comprehensive, in-depth reviews [15,16]. Even though the
GH-IGF-1 axis is very often broadly described as the key pathway involved in aging, a
distinction must be made between the two components. While GH induces hepatic IGF-1
production and the roles of the two hormones are interconnected, the modes of their action
do have significant differences and are not synonymous [17]. In this review, we focus
on the role of IGF-1 in senescence. Briefly, IGF-1 receptor activation occurs in response
to the binding of insulin-like growth factors. Ligands initiate a conformational change
in the receptor, stimulating its tyrosine kinase activity, which leads to phosphorylation
of a number of different targets, including insulin receptor substrates 1–4 (IRSs) and Src
homology collagen (SHC). Src homology 2 (SH2) domain-containing proteins, such as
phosphatidylinositol 3-kinase (PI3K) and growth factor receptor-bound 2 (GRB2), recognize
phosphotyrosine residues and initiate downstream signaling cascades. Ras/MAPK and
PI3K/AKT pathways are the main executors of IGF activation, which ultimately induce
expression of transcription factors, upregulate translation and promote cell survival by
inhibiting apoptotic signals.

It must be noted that some of the key discoveries in the area of aging research included
the identification of insulin/IGF-1 signaling pathway components, which, when inhibited
or mutated, extended lifespan in C. elegans [18–20] and D. melanogaster [21,22] and those
discoveries paved the way for further exploration of the involvement of this pathway in
aging mammals. IGF-1 regulated processes in aging and interventions that target IGF-1
signaling in various model organisms are summarized in Figure 1.
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2.1. Inhibiting IGF-1 for Increased Health- and Lifespan

The hyperfunction theory of aging suggests that a developmental program acts early
in life to promote growth and fertility and, thus, ensures survival during the reproductive
peak, continues during later stages of life when it becomes ‘hyper-functional’, leading to
cell senescence, development of geriatric diseases and aging [23]. IGF-1 is vital for healthy
development but its pleiotropic activity later in life seems to be detrimental to lifespan and
some aspects of healthspan.

The knockdown of the daf-2 gene (coding for an insulin receptor family member in
C. elegans) results in increased fitness and longevity, supporting the hyperfunction theory
of aging. While targeting daf-2, during early life, reduced the fecundity of worms, its
downregulation in adulthood increased the lifespan of the organism [24]. Building up on
this finding, it has also been shown that adulthood daf-2 deficiency had a positive impact
on late-life reproductive potential, as well as the fitness of the offspring [25]. However,
is there a time limit on how late such an intervention could be performed and still exert
its beneficial effect on longevity? Remarkably, auxin-inducible degradation of daf-2 in
C. elegans at older ages of the organism still led to the doubling of its lifespan [26]. daf-
2 RNAi treatment in C. elegans shed more mechanistic insights, as it revealed reduced
SUMOylation of several proteins, one of the targets being car-1, a germline-specific RNA-
binding protein. Generation of a mutated form of car-1 that cannot be SUMOylated
increased the lifespan of worms [27]. Another consequence of IGF-1 knockdown is a
reduction in cav-1 (coding for caveolin protein) expression, accompanied by a diminished
number of neuronal caveolae [28]. This, in turn, seems to reduce toxic protein accumulation
and results in extended lifespan. A notable characteristic reported for long-lived daf-2
mutants is the upregulation of nonsense-mediated mRNA decay, one of RNA quality-
control mechanisms [29].

Targeting of the IGF-1 receptor (IGF-1R) in mice using monoclonal antibodies results
in lifespan extension in females, even when the treatment is performed at advanced ages.
Moreover, an improvement in healthspan was reported, as manifested by reduced in-
flammation and tumorigenesis [30]. Interestingly, a study utilizing ubiquitous inducible
IGF-1R knockout (UBIKOR) mice to provide a long-term IGF-1R deficiency model reported
maintained healthspan and no cognitive defects. UBIKOR mice had improved mobilization
of fat tissue and better adaptation to fasting [31].

While the role of IGF-1 in lifespan extension has been extensively studied in dif-
ferent animal models, could it also be applied to predicting life expectancy in humans?
Milman et al. looked at IGF-1 serum levels in 184 nonagenarians and found that low-
growth-factor levels predicted longer life expectancy in females, as well as in individuals
with past incidence of cancer [32]. Moreover, a look into centenarians’ offspring also re-
vealed lower levels of the growth hormone [33]. In terms of healthspan extension, mAbs
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targeting different components of the IGF signaling pathway have been developed, but
currently, the most promising therapeutic targeting IGF-1 and IGF-2 is Xentuzumab. While
it did not improve progression-free survival in locally advanced and metastatic breast
cancer, a subgroup of patients with non-visceral metastases was identified as potentially
benefitting from the treatment, leading to the initiation of a new clinical trial, which is
currently ongoing [34]. Moreover, it showed some anti-tumor activity in advanced solid
tumor patients [35].

While it is feasible to manipulate the genetic backgrounds of animal models or possible
to administer antibodies targeting IGF-1R, is there a straightforward way to reduce IGF-1
signaling in a more accessible way?

2.2. Dietary Modulation of IGF-1 Signaling

In recent years, the popularity of research into ways we can reduce circulating IGF-1
levels has flourished. The discovery that dietary restriction can improve healthspan via
downregulation of IGF-1 signaling in different animal models, such as yeast, worms, or
rats [36–38], has provided promise for a very robust and easy intervention. However, the
results of calorie restriction (CR) in primates are not conclusive, with some reporting no
change [39], while the studies showing a beneficial effect of CR on lifespan are accom-
panied by a negative effect on brain matter integrity [40]. While there have been very
few long-term clinical studies performed so far, it seems that while no IGF-1 decrease
has been reported [41], another insulin/IGF-1 pathway member, IGFBP-1, might play
a role, through binding to IGF-1 and a subsequent reduction in its bioavailability [42].
Specific dietary supplementations might also be of importance; for example, selenium
supplementation attenuated IGF-1 signaling in mice and improved their healthspan [43].
Phosphatidylethanolamine given to C. elegans decreased growth hormone levels, extended
lifespan, and reduced oxidative stress. However, long-lived worms displayed reduced
fertility, a finding consistent with the hyper-function theory of aging [44]. D. melanogaster
lifespan extension was achieved with Korean red ginseng, also shown to be mediated by
attenuation of IGF-1 signaling, as well as through the histone deacetylase Sir2 [45].

2.3. Boosting IGF-1 towards Increasing Healthspan

The restoration of various IGF-1 signaling proteins has been identified as a mechanism
mediating therapeutic effects in various contexts (e.g., platelet-derived biomaterials (PDB)
on nicotine-induced intervertebral disc degeneration in mice [46]). Here, we will focus on
the effects of IGF-1 in the nervous system.

An organ well known to be affected by age-related IGF-1 decline is the brain. While the
role of IGF-1 in various aspects of neural development, plasticity and general pro-cognitive
effects have been long established [47], the focus has now shifted to recognizing the
impact of IGF-1 decrease on cognitive impairment, as well as other neurological conditions.
IGF-1 drop seen in old age became a subject of research and emerging evidence suggests
potential therapeutic interventions aimed at boosting cognitive decline and addressing
neuronal regeneration via IGF-1 upregulation. Intracerebroventricular (ICV) IGF-1 gene
therapy in aging rats improved their spatial memory [48], while inducible, brain-specific
overexpression of IGF-1 (bIGF-1) in mice led to an increase in morphological features, such
as brain volume and weight, as well as reduced depressive behavior and preserved motor
performance [49]. However, while cognitive improvement was not achieved in bIGF-1 mice
(characterized by prolonged IGF-1 overexpression), switching to a transient intra-nasal
delivery of IGF-1 improved motor learning and memory in aged mice, suggesting that
long-term activation can lead to desensitization and loss of cognition-boosting effects.
Interestingly, overexpression of a splice variant of IGF-1, mechano-growth factor (MGF), in
mice promotes neurogenesis, but only when induced in mature adults rather than aged
mice [50]. In a fly model of C9orf72 repeat expansion, a common culprit of amyotrophic
lateral sclerosis and frontotemporal dementia, stimulation of the IGF signaling pathway
attenuated the toxic effect of increased poly-GR levels [51].
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However, how feasible is it to induce IGF-1 expression in humans? An ideal ther-
apeutic intervention is something that is minimally invasive, cost effective, and easy to
implement. Exercise fits this bill perfectly and has been known to increase the uptake of
IGF-1 by neuronal sub-groups [52]. Recent research has shown that being more active in
old age can lead to improved cognitive function, suggested to be mediated by increased
IGF-1 levels [53–55]. However, this view is still being debated and not all the research
supports the notion that the exercise effects are mediated through IGF-1. While a posi-
tive relationship between IGF-1 and hippocampus-dependent memory changes has been
reported [56], this effect was independent of exercise, as aerobic fitness regimes did not
increase the levels of the growth factor. In another study, it was reported that acute, rather
than chronic, exercise led to higher peripheral IGF-1 levels [57]. However, it must be noted
that, while in the acute regimen, samples were taken immediately after exercise, in the
chronic group, sampling was done within a day. Another study where serum IGF-1 levels
were found to be positively correlated with strength or endurance exercise involved taking
blood immediately after the intervention [58]. Maass et al. [56] collected samples on the
last training day or within one week of the last session. Timing of serum sampling post
exercise should be considered when making comparisons, as IGF-1 levels start dropping
within the first 24 h of exercise recovery [59].

What is the exact mechanism(s) mediating the positive effect of IGF-1 on the brain?
The brain is uniquely vulnerable to bioenergetic fluctuations and, thus, to mitochondrial
dysfunction [60]. Reduction in circulating IGF-1 in inducible liver IGF-1 knockout mice
(Igf1 f/f ) led to a selective reduction in cortex ATP levels, as well as increased hippocampal
oxidative stress, accompanied by an impairment in spatial learning. The drop in the
peripheral growth hormone levels did not affect mitochondrial function in muscle fibers,
suggesting that it uniquely affects the bioenergetic balance in the brain [61]. Incubation
of striatal cells with IGF-1 has also been shown to prevent ROS (Reactive Oxygen Species)
formation and improves mitochondrial function in a Huntington’s disease model [62]. It
is plausible that the beneficial effects of increased IGF-1 in the environment of the highly
energy-dependent brain rely on its role as a positive regulator of mitochondrial biogenesis
and dynamics, a function that has been described in other, non-neuronal contexts [63–65].

Neurovascular coupling is another key element of healthy brain function. It is a
process that links neuronal activity to momentary changes in the cerebral blood flow.
Igf1 f/f mice have impaired cerebromicrovascular endothelial function, which leads to
neurovascular uncoupling and affects cognition. Enhancement of core IGF-1 levels could,
thus, have a protective function via the restoration of neurovascular coupling [66]. The
structural integrity of cerebral arteries is also affected in Igf1 f/f mice with decreasing elastin
content and limited adaptation to hypertension [67] and IGF-1 treatment of middle-aged
rats prior to cerebral artery occlusion has been shown to improve the integrity of the
blood–brain barrier [68].

3. The Mechanistic Target of Rapamycin (mTOR) Signaling Pathway in Lifespan and
Healthspan Regulation

The mTOR pathway is a well-established, crucial piece of the lifespan puzzle, with
numerous studies having successfully shown its implication in lifespan, healthspan and
aging [69]. The centerpiece of the pathway is an evolutionarily conserved Ser/Thr-protein
kinase, regulating anabolism and catabolism through a plethora of cellular metabolic
processes [7] (Figure 1A). There are two mTOR kinases in budding and fission yeasts,
while one single kinase is found in mammals. The mTOR kinases function as part of two
multiprotein complexes (mTORCs), mTORC1 and mTORC2. The mTORC1 complex is
defined by three key subunits: mTOR, Raptor and mLST8. Raptor facilitates substrate
recruitment to mTORC1, while mLST8 associates with the catalytic domain of mTORC1,
potentially stabilizing kinase loop activation. Additionally, this complex contains two
inhibitory units, PRAS40 and DEPTOR [69]. Similarly, the mTORC2 complex also contains
mTOR and mLST8, but is differentiated by the presence of Rictor, instead of Raptor [69].
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When activated, mTORC1 promotes protein synthesis, mainly through phosphorylation
of S6 kinase and the translation regulator 4E-BP1. This complex also induces lipid bio-
genesis by activating SREBP1 and PPARγ transcription factors. Furthermore, it inhibits
catabolism by blocking autophagy [70]. The roles of these complexes in lifespan have
been reviewed elsewhere [2,69]. The subcellular distribution and dynamics of mTORC1
complex and components are of great interest. Lysosomes are a crucial point for mTOR-
related cellular growth. When inactive, mTORC1 is found within the cytoplasm, while
after activation (through nutrients/growth factors), it is recruited to the surface of the
lysosome [71]. When bound to GTP, Rheb (Ras homolog enriched in brain, is bound to the
outer lysosomal surface) induces a conformational change in mTORC1 resulting in kinase
activation in a cellular nutrient-dependent manner [72]. Activity levels of mTOR need to
be carefully balanced constantly, as hyperactive functioning of the pathway is linked to
multiple diseases, including diabetes, neurodegeneration, and cancer, whereas inhibiting
mTOR expression results in an extension of lifespan, as seen in multiple animal models,
including mice [69,73].

3.1. Amino Acid Sensing and mTOR Activity

Dietary amino acids activate mTORC1, with arginine and leucine being well studied
and with a lack of both strongly inhibiting mTORC1, as observed in multiple cell types
and organisms [74,75]. However, multiple amino acids are implicated in mTORC1 activity
regulation; experimental evidence revealed a two-step activation process, wherein certain
amino acids, including Asn, Gln, Thr, Arg, Gly, Pro, Ser, Ala and Glu, ‘prime’ or sensitize
cells for mTORC1 stimulation, after which ‘activating’-type amino acids, such as Leu, Met,
Ile and Val, interact with and promote mTORC1 activation through mTOR phosphory-
lation. The priming AAs themselves cause little or no direct activation of mTORC1 but
are necessary for activating AAs to influence mTORC1 activity [76]. Further research has
implicated the role of Sestrin-2 as a leucine sensor interacting with GATOR2, and SLC38A9
as an arginine sensor for the mTORC1 pathway [77,78]. mTORC1 senses amino acid suffi-
ciency, especially leucine and arginine, on the lysosome via Ras-related GTPases (Rag) and
arginine through SLC38A9. In addition, arginine, independently of Rag family members,
inhibits lysosomal localization of TSC2 to stimulate mTORC1 activity [79]. SAR1B is also
reported in the literature as a leucine sensor, involved in mTORC1 signaling. There are
some interesting/considerable differences between SAR1B and Sestrin 2: although they
both interact with GATOR2, they differ in their binding sites to GATOR2 and their binding
affinities to Leucine (SAR1B has a higher binding affinity to leucine, compared to Sestrin-2).
Furthermore, in mouse tissues, SAR1B protein was highly expressed in skeletal muscle,
whereas Sestrin-2 was abundant in the adipose tissue [80]. Understanding how mTORC1
senses the abundance of these amino acids and carries out its functions is critical in the
development of targeted small molecules that can hinder mTORC1-related effects, in a
more potent manner. However, these data also highlight multiple pathways that AAs use
to interact with mTORC1. Further understanding is still required to design multi-targeted,
more successful interventions that could potentially mimic the effects of caloric restriction
and inhibit mTOR.

3.2. Rapamycin: Lifespan and Healthspan Regulation

Rapamycin-mediated mTOR inhibition extends lifespan in organismal models, such as
D. melanogaster and mouse [2,8,81–83]. Rapamycin is an anti-fungal agent and an immune
suppressant, which also showed lifespan-extending effects in mice by reducing global
translation and inducing autophagy [2]. Initial experiments showed a maximal lifespan
extension of 9% and 14% in male and female mice, respectively [84]. Rapamycin treatments
extend lifespan in mice when treated early in age, as well as in later life, providing evidence
that pharmacological interventions could help achieve healthier aging [85]. Effects on
lifespan are dose dependent, with greater lifespan extension noted in mice cohorts pro-
vided with a higher dose [86]. These data suggest that Rapamycin treatments in humans
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may be beneficial for lifespan extension. Although no large-scale trials currently exist, a
small, randomized, controlled trial has been conducted so far to study feasibility (trials
summarized in Figure 2B and presented in Table 1). In an older human cohort of healthy
participants (25 participants between 70–95 years old), subjects were provided 1mg of
Rapamycin (or placebo) for 8 weeks. The effects of Rapamycin administration included
a decline in erythrocytes and blood hemoglobin levels, a slight decrease in the treatment
group compared to controls and lower-than-normal levels of certain cytokines, including
TNF-α, suggesting that Rapamycin administration could be considered as a safe option in
aged humans [87]. Whether or not Rapamycin treatment in humans extends and promotes
healthier aging remains to be tested.
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Table 1. Summary and information on clinical trials using Rapamycin-related interventions in
human aging studies (summarized in Figure 2B) including study status, interventions and number of
participants. Information gathered from www.clinicaltrials.gov, accessed on 17 March 2022.

Study Title and Phase Status Interventions Enrollment
(Estimated)

Participatory Evaluation (of) Aging (With)
Rapamycin (for) Longevity Study [Phase II] Recruiting Rapamycin and placebo 150 participants

The Role of Sirolimus in Preventing
Functional Decline in Older Adults [Phase II] Not yet recruiting Sirolimus 14 participants

VIAging Deceleration Trial Using Metformin,
Dasatinib, Rapamycin and Nutritional
Supplements [Phase I]

Not yet recruiting
Study drugs (including
Rapamycin) and
nutritional supplements

50 participants

Effect of mTOR inhibition and Other
Metabolism Modulating Interventions on the
Elderly [Phase II]

Completed—has results Rapamycin and placebo 34 participants

Effect of mTOR Inhibition and Other
Metabolism Modulating Interventions on the
Elderly (Substudy Rapa and cMRI to
Evaluate Cardiac Function) [Phase II]

Recruiting Rapamycin 12 participants

www.clinicaltrials.gov
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Table 1. Cont.

Study Title and Phase Status Interventions Enrollment
(Estimated)

Exercise and Low-Dose Rapamycin in Older
Adults With CAD: Cardiac Rehabilitation
and Rapamycin in Elderly (CARE)
trial [Phase I]

Completed—no results
available Rapamycin 13 participants

Phase I Study of the Effects of Combining
Topical FDA-approved Drugs on Age-related
Pathways on the Skin of Healthy Volunteers

Completed Sirolimus, Metformin,
Diclofenac 10 participants

Topical-RAPA Use in Inflammation Reversal
and Re-setting of the Epigenetic Clock
[Early Phase I]

Active, not recruiting Rapamycin topical
ointment and placebo 50 participants

3.3. Models for mTOR Studies and Investigation in Humans

Genetic mouse models containing two hypomorphic alleles for mTOR (mTOR ∆/∆) are
used in studies to examine the effects of mTOR expression on lifespan and aging. mTOR
∆/∆ mice are viable and tissue analyses reveal 25% expression of wild-type levels of mTOR.
These genetic alterations are interesting to study, as they show in vivo effects when both
mTORC1 and 2 are negatively affected, as opposed to Rapamycin that primarily inhibits
mTORC1. In comparison to controls, this genetic model displayed a downregulation of p16
mRNA expression in tissues, reduced cellular stress and a significant increase in lifespan,
in comparison to results from pharmacological interventions [88]. Interestingly, small
doses of a pan-mTOR inhibitor, AZD8055, have been tested in vitro on near-senescent skin
fibroblasts (HF043). Short-term inhibition of mTORC1 and mTORC2 appear to reverse
morphological and biochemical phenotypes of senescence, including reduction in cell
size, decreased senescence-related mitochondrial signal, redistribution of lysosomes and a
marked decrease in SA-β-gal expression. Clinical trials currently active involving AZD8055
use are limited to cancer; however, results from this study clearly show that it is a promising
therapeutic candidate for anti-aging/longevity studies [89]. Outcomes from such studies
are helpful to understand the effect of the mTOR pathway on multiple processes that
change with aging. However, it is also worth noting that the majority of the studies are
conducted using mouse models and translating this into human studies is challenging.

Larger-scale studies have been conducted using human samples to study mRNA/gene
expression of mTOR-related genes. In a cohort of 695 healthy participants from two study
groups, mRNA extracted from blood samples was used to study age-associated changes in
transcript expression for component genes of the mTOR pathway in human populations.
Transcripts relating to the inhibition of translation and initiation (E1F4EBP2 and E1F4G3)
were upregulated in both cohorts, whereas most components of S6 kinase were found to
be downregulated in one of the two populations. The expression of genes in these cohorts
is similar to those seen in laboratory models using mTOR inhibition interventions [90].
Although this is interesting, it would be worthwhile to have similar studies comparing
healthy controls and diseased patients, or have cohorts divided by smaller age ranges to
explore mTOR transcript ‘signatures’ and what they indicate. Another study looked at gene
expression related to the mTOR pathway in nonagenarians, their middle-aged offspring,
and age-matched controls. Between 417 nonagenarians and younger controls, EIF4EBP2
upregulation was once again seen in nonagenarian samples, along with LAMTOR2, AKT1S1,
PRR5L and RHOA, whereas FOXO1 and RAPTOR expression were lower. The study found
RAPTOR, AKT1S1 and E1F4BP2 to be associated with old age and/or familial longevity,
thereby suggesting a transcriptional downregulation of mTORC1 [91].

Calorie restriction (CR) studies in humans have shown that it can have a positive
effect on aging and health through an increase in metabolism and decrease in oxidative
stress [92] (clinical trials using calorie-restriction-related interventions in human aging
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studies summarized in Figure 2B are shown in Table 2). Since mTOR is a nutrient-sensing
pathway, the premise that calorie restriction may cause this positive effect through down-
regulation of mTOR is theoretically valid. Reducing branched-chain amino acids (BCAA)
consumption early on has shown a positive effect on lifespan, specifically in male rats, with
a 34.9% median increase and 18.2% overall increase in maximum lifespan. However, this
effect was not seen in females. Transcriptional profiling of quadricep muscles from the
male cohort showed a significant inhibition of mTORC1, reduction in phosphorylation
of mTORC1-related substrates and an upregulation of negative regulators of mTORC1,
including Sesn2 and CASTOR1 [93]. Components of the IGF-1 and mTOR pathways are
known with different names in the model organisms used, including humans. The basic
components are summarized in Figure 3.

Table 2. Information on clinical trials using calorie-restriction-related interventions in human aging
studies (summarized in Figure 2B) including study status, interventions and number of participants.
Information gathered from www.clinicaltrials.gov, accessed on 17 March 2022.

Study Title and Phase Status Interventions Enrollment
(Estimated)

Calorie Restriction Retards the
Aging Process Unknown

Energy restricted
Mediterranean-type diet; 25%
calorie restriction

48 participants

The Effect of Food Stimuli on the Calorie
Restriction Response in Healthy Subjects Completed

Stimuli of food smell and
vision vs. no stimuli of food
smell and vision

12 participants

Effect of Age and Weight Loss on
Inflammation and Iron Homeostasis Completed Calorie restriction 44 participants

Effect of Resvida, a Comparison with
Calorie Restriction Regimen Completed Resveratrol, placebo, and

calorie restriction 58 participants

Metformin Induces a Dietary
Restriction-like State in
Human [Phase IV]

Unknown status Metformin 0.85 twice daily for
six months, calorie restriction 60 participants

CALERIE Phase II Ancillary:
Metabolic [Phase II] Completed Calorie Restriction 75 participants

CALERIE (Tufts)—Comprehensive
Assessment of Long-Term Effects of
Reducing Intake of Energy [Phase I]

Completed Calorie Restriction 44 participants

Long-term Caloric Restriction and
Cellular Aging Markers Completed—Has results No interventions 71 participants

CALERIE (Washington University):
Comprehensive Assessment of
Long-Term Effect of Reducing Intake of
Energy [Phase I]

Completed Calorie Restriction 48 participants

The Effect of Time-restricted Feeding on
Physiological Function in Middle-aged
and Older Adults [Phase I/II]

Unknown status Time-restricted feeding 12 participants

CALERIE: Comprehensive Assessment of
Long-Term Effects of Reducing Intake
of Energy

Completed—has results Calorie restriction and control 238 participants

CALERIE (PBRC, Baton
Rouge)—Comprehensive Assessment of
Long-Term Effects of Reducing Intake
of Energy

Completed Calorie restriction
and exercise 48 participants

www.clinicaltrials.gov
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4. Human Aging, Lifespan, and Healthspan Analysis Studies

Nutrient-responsive pathways, such as mTOR and IGF, are directly implicated in dis-
ease and cancer and numerous clinical trials involving related inhibitors (e.g., rapalogues)
are currently under way (www.clinicaltrials.org, accessed on 17 March 2022). Towards
delineating human aging regulation and identifying genetic, epigenetic, and environmental
factors affecting aging and lifespan, significant efforts have been focused on large surveys:
biomarkers analysis in aged versus young human cohorts, investigation using samples
from centenarians and over-centenarians, Genome-Wide Association Studies (GWAS) and
more recently, Epigenome-Wide Associated Studies (EWAS). For these analyses, the cutoffs
of the human cohorts used are arbitrary and differ from each other. This is an issue in
current Biogerontology, together with a lack of concrete and standard terminology and
universal methodology of population stratification for such studies. Admittedly, the ap-
proaches are not simple and are realistically dictated from the availability of appropriate
individuals. In this section, we briefly discuss related results from such approaches and
whether they link to dietary factors and nutrient-responsive pathways.

4.1. GWAS Studies on Lifespan and Healthspan

Initial GWAS studies on human longevity included small cohorts, accompanied,
however, with appropriate and multiple statistical tests. The studies point towards specific
loci related to apolipoprotein E (APOE), an angiotensin-converting enzyme (ACE) that
might be related to lifespan [94]. Subsequent GWAS studies on age-related diseases, such
as Alzheimer’s (AD), have linked related loci to healthspan [95,96]. APOE variants are
strongly highlighted in multiple studies with E4 increasing, whereas E2 decreases the risk
of late-onset AD compared with the E3 variant. APOE4 constitutes the most important
genetic risk factor for Alzheimer’s disease (AD) and it impairs microglial function and
impedes astrocytic Aβ clearance in the brain [97–99]. APOE2 protective mechanisms against
AD are under scrutiny and include both amyloid-β (Aβ)-dependent and independent
processes [100]. Importantly, APOE2 has been identified as a longevity gene, but curiously,
E2 carriers exhibit increased risks of certain cerebrovascular diseases and neurological
disorders [100–102].

www.clinicaltrials.org
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A significant number of results stems from GWAS studies using large cohorts, derived
from the UK Biobank, including a variety of deep genetic and phenotypic data, collected
on approximately 500,000 individuals from across the United Kingdom, aged between 40
and 69 at recruitment [103], in combination, or not, with large data from consortia, such as
LifeGen [104] and AncestryDNA [105]. Large GWAS analyses have concentrated on two
main approaches: firstly, connecting parental lifespan with healthspan and lifespan of the
progeny and, secondly, direct comparisons of cohorts comprising long-lived individuals
compared with younger individuals.

A series of parental GWAS analyses based on UK Biobank have reported loci related
to human lifespan. Firstly, a study including 75,000 individuals reported, again, APOE
alleles as associated with longevity. The study also reported a series of protective alleles
for age-related diseases (cardiovascular, metabolic diseases) in the progeny of longer-
lived parents. This is a characteristic of such studies, with disease-associated alleles
more easily revealed compared with direct longevity-controlling variants. Subsequent
parental age study, including 389,166 individuals aged 40 to 73 years old [106] beyond
APOE, reported associations with the CHRNA3/5 (nicotinic acetylcholine receptor) locus
(rs1317286). Associations were also found for six other loci already implicated in disease-
specific GWAS, such as rs55730499 in an intron of the LPA gene, associated with lipoprotein
A and LDL (Low Density Lipoprotein) cholesterol levels. Variants in the 9p21 region,
which include the long non-coding RNA CDKN2B-AS1 (ANRIL) and CDKN2A/B, were also
associated. This locus is of particular interest in aging and age-related diseases. Multiple
SNPs are associated with specific diseases, displaying cell or tissue-specific implication in
senescence, type-2 diabetes and multiple cancers. Notably, most of the SNPs are associated
with non-coding rather than coding regions (the locus contains protein coding genes for
p14, p15 and p16) [9,106,107]. In another study, using genome-wide association meta-
analysis of 606,059 parents’ survival, previous suggestions, such as APOE, CHRNA3/5 and
CDKN2A/B, and two more regions, namely HLA-DQA1/DRB1 (coding for HLA class II
beta chain paralogue) and LPA (coding for Lipoprotein A), are linked to longevity [108].
While these associations relate to both maternal and paternal lifespans, specific variants are
found to be associated with either maternal or paternal lifespans only. For example, the
paternally associated variant rs15285 (G) in lipoprotein lipase is linked with cardiometabolic
disease [9]. Parental lifespan GWAS studies are enhanced by studies comparing cohorts
of old versus young individuals, with this distinction being arbitrary and varied between
studies. A recent study that contained two meta-analyses of GWAS included 11,262 and
3484 cases surviving at or beyond the age corresponding to the 90th and 99th survival
percentile, respectively, and 25,483 controls whose age at death or at last contact was at or
below the age corresponding to the 60th survival percentile [109]. Consistent with previous
reports, the APOE2 variant was linked to longevity while APOE4 with lower odds of
surviving to the 90th and 99th percentile age [109].

Beyond APOE and CDKN2A/B-related variants, one of the most robust loci in lifes-
pan GWAS studies is FOXO3A [110]. There are strong connections of FOXOA3 or its
orthologues (such as daf-16 in C. elegans) with nutrient-responsive pathways and diet.
Daf-16 gene encodes a member of the hepatocyte nuclear factor 3 (HNF-3)/forkhead family
of transcriptional regulators and plays a key role in modulating the effects of the IGF
pathway in healthspan and lifespan [111,112]. Since the first studies on daf-16 emerged,
FOXO transcription factors have been intensively studied and have been established as
master regulators of lifespan, with close connections to metabolism, genome integrity
and nutrient-responsive pathways, such as mTOR and IGF [113]. The association of a
FOXO gene with human lifespan makes it very plausible that the mechanisms of action
of these transcriptional regulators might be preserved and apply to human organismal
aging as well.

Another locus of interest is the one containing the gene SH2B3 and nearby genes
(ATXN2 and BRAP). SH2B3 encodes for the ubiquitously expressed lymphocyte adaptor
protein LNK, a regulator of signaling pathways relating to hematopoiesis [114], inflamma-
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tion, and cell migration, and implicated in related diseases [108,115]. Variants are related
to differential lifespans (shorter or longer), as well as associated autoimmune and cardio-
vascular conditions [116] and various cancers, including myeloproliferative cancers, as
well as breast, colorectal and lung cancers [117]. SH2B in D. melanogaster directly binds to
Chico (homologue of vertebrate insulin receptor substrate, IRS), promoting insulin-like
signaling [118]. Loss of the SH2B orthologue in D. melanogaster results in longer lifespans
during starvation conditions [118,119], while it is implicated in neurodegeneration and
accumulation of β-amyloid [120]. Similarly, mouse and human SH2B1 and SH2B2 are
related to glucose homeostasis [121], the insulin signaling pathway [122,123]. In mice,
glucose tolerance and insulin responses are impaired in Lnk/Sh2b3−/− mice and high-fat
diet worsened their glucose intolerance [124]. The examples of FOXO3 and SH2B3 illus-
trate the identification of lifespan and healthspan candidate genes that are shown to be
implicated with nutrient-response pathways in model animals, supporting the notion that
these pathways are major players in these processes in humans.

4.2. EWAS Studies in Human Lifespan and Healthspan: Links to Diet?

DNA methylation is the most studied epigenetic mark, and it has been linked to
organismal and tissue-specific aging hallmarks and senescence [125–127], with methylation
patterns changing over time and scientists introducing the idea of an epigenetic biological
clock [128]. There are numerous EWAS studies that have linked methylation to specific
diseases while others have connected DNA methylome lifestyles [129,130]. Studies looking
at differentially methylated regions in twins for aging phenotypes, as well as longevity,
concluded that most age-related changes in DNA methylation are not associated with
phenotypic measures of healthy aging in later life. Nevertheless, this EWAS study identified
hundreds of regions that are differentially methylated during aging [131]. Many EWAS
studies are conducted for age-related pathologies or lifespan. However, what about EWAS
studies that could provide a direct link of nutrition or diet to aging or age-related diseases
in humans?

The neuroactive methylxanthine compound caffeine, reported as an mTOR inhibitor,
has been linked to increased chronological lifespan (CLS, defined as the time that a post-
mitotic population is viable), as well as protective effects against diseases, such as cancer
and improved responses to clinical therapies [132,133]. DNA methylome EWAS analyses
on coffee and tea consumption in 15,789 participants of European and African-American
ancestries from 15 cohorts revealed 11 significant CpGs, located near the AHRR, F2RL3,
FLJ43663, HDAC4, GFI1 and PHGDH genes (the latter coding for phosphoglycerate dehy-
drogenase) [134]. One of the candidate hits was significantly associated with expression
of the PHGDH and risk of fatty liver disease and further knock-down experiments of
PHGDH in liver cells pointed towards a role in hepatic-lipid metabolism. These results
link a nutrient and possible direct, or indirect [133], mTOR inhibitor, in possible age-
related metabolic pathologies. In another diet-related EWAS study, blood-based differential
methylomes comparing responders and non-responders to vitamin K1 supplementation
(identified in a 3-year supplementation test) revealed multiple regions with previously
unknown relationships to Vitamin K1 absorption and metabolism, such as at the TMEM263
locus [135], coding a gene previously reported to be involved in skeletal dysplasia [136].
Finally, in another study, differential methylome was examined after bariatric surgery.
There was a decrease in differentially methylated CpG sites by 51%, while gene enrichment
analysis indicated processes including regulation of transcription, RNA metabolic, and
biosynthetic processes [137].

5. Conclusions

We briefly summarized data regarding the IGF-1 and mTOR signaling pathways and
presented large GWAS and EWAS efforts that have highlighted loci associated with lifespan
regulation, as well as in age-related diseases. Our coverage of pathological states is not
extensive, and we have not covered cancer, as this would be beyond the scope of this brief
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review. The most prominent loci linked to longevity from GWAS studies are related to the
APOE2 variant and the long non-coding RNA ANRIL. Nutrient-response pathways are
key to understanding the basic biology of aging and cellular physiology. Diet impacts our
basic metabolism on a cellular and organismal level and affects microbiota, bioenergetics,
growth, differentiation, healthspan, and ultimately, lifespan. Differential gene expression
studies have shown that nutrient perception genes are key with, for example, RAPTOR,
AKT1S1 and E1F4BP2 being associated with old age and/or familial longevity, suggesting
a transcriptional downregulation of mTORC1 [91]. In addition to APOE2 and ANRIL,
GWAS studies have pointed to the relation of nutrient response with human lifespan;
FOXO3A, a transcription factor related to IGF signaling, is a significant locus, robustly
appearing in such studies. More GWAS studies are conducted for age-related diseases
than lifespan itself, while EWAS studies are even less. Large scale epidemiological types
of studies are needed for the field, covering from biochemical assays/biomarkers to gene
expression and metabolome changes in a longitudinal way. Such studies should include
defined dietary interventions, and could potentially provide quantitative data on human
aging rates and the control of age-related diseases. While basic research on the biology of
aging is crucial and necessary to fuel the field of biogerontology with ideas and unique
insights, interdisciplinary large projects that would span molecular, cellular, organismal
and population levels will be a defining next step.
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59. Żebrowska, A.; Hall, B.; Maszczyk, A.; Banaś, R.; Urban, J. Brain-Derived Neurotrophic Factor, Insulin like Growth Factor-1 and
Inflammatory Cytokine Responses to Continuous and Intermittent Exercise in Patients with Type 1 Diabetes. Diabetes Res. Clin.
Pract. 2018, 144, 126–136. [CrossRef]

60. Picard, M.; McEwen, B.S. Mitochondria Impact Brain Function and Cognition. Proc. Natl. Acad. Sci. USA 2014, 111, 7–8. [CrossRef]
61. Pharaoh, G.; Owen, D.; Yeganeh, A.; Premkumar, P.; Farley, J.; Bhaskaran, S.; Ashpole, N.; Kinter, M.; Van Remmen, H.; Logan, S.

Disparate Central and Peripheral Effects of Circulating IGF-1 Deficiency on Tissue Mitochondrial Function. Mol. Neurobiol. 2020,
57, 1317–1331. [CrossRef] [PubMed]

62. Ribeiro, M.; Rosenstock, T.R.; Oliveira, A.M.; Oliveira, C.R.; Rego, A.C. Insulin and IGF-1 Improve Mitochondrial Function in
a PI-3K/Akt-Dependent Manner and Reduce Mitochondrial Generation of Reactive Oxygen Species in Huntington’s Disease
Knock-in Striatal Cells. Free. Radic. Biol. Med. 2014, 74, 129–144. [CrossRef] [PubMed]

63. Riis, S.; Murray, J.B.; O’Connor, R. IGF-1 Signalling Regulates Mitochondria Dynamics and Turnover through a Conserved
GSK-3β–Nrf2–BNIP3 Pathway. Cells 2020, 9, 147. [CrossRef] [PubMed]

64. Lyons, A.; Coleman, M.; Riis, S.; Favre, C.; O’Flanagan, C.H.; Zhdanov, A.V.; Papkovsky, D.B.; Hursting, S.D.; O’Connor, R.
Insulin-like Growth Factor 1 Signaling Is Essential for Mitochondrial Biogenesis and Mitophagy in Cancer Cells. J. Biol. Chem.
2017, 292, 16983–16998. [CrossRef]

65. Ding, Y.; Li, J.; Liu, Z.; Liu, H.; Li, H.; Li, Z. IGF-1 Potentiates Sensory Innervation Signalling by Modulating the Mitochondrial
Fission/Fusion Balance. Sci. Rep. 2017, 7, 43949. [CrossRef]

66. Tarantini, S.; Tucsek, Z.; Valcarcel-Ares, M.N.; Toth, P.; Gautam, T.; Giles, C.B.; Ballabh, P.; Wei, J.Y.; Wren, J.D.; Ashpole, N.M.; et al.
Circulating IGF-1 Deficiency Exacerbates Hypertension-Induced Microvascular Rarefaction in the Mouse Hippocampus and
Retrosplenial Cortex: Implications for Cerebromicrovascular and Brain Aging. AGE 2016, 38, 273–289. [CrossRef]

67. Fulop, G.A.; Ramirez-Perez, F.I.; Kiss, T.; Tarantini, S.; Valcarcel Ares, M.N.; Toth, P.; Yabluchanskiy, A.; Conley, S.M.; Ballabh, P.;
Martinez-Lemus, L.A.; et al. IGF-1 Deficiency Promotes Pathological Remodeling of Cerebral Arteries: A Potential Mechanism
Contributing to the Pathogenesis of Intracerebral Hemorrhages in Aging. J. Gerontol. Ser. A 2019, 74, 446–454. [CrossRef]

68. Bake, S.; Okoreeh, A.K.; Alaniz, R.C.; Sohrabji, F. Insulin-Like Growth Factor (IGF)-I Modulates Endothelial Blood-Brain Barrier
Function in Ischemic Middle-Aged Female Rats. Endocrinology 2016, 157, 61–69. [CrossRef]

69. Saxton, R.A.; Sabatini, D.M. MTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960–976. [CrossRef]
70. Laplante, M.; Sabatini, D.M. MTOR Signaling in Growth Control and Disease. Cell 2012, 149, 274–293. [CrossRef]
71. Zhao, Y.; Cholewa, J.; Shang, H.; Yang, Y.; Ding, X.; Wang, Q.; Su, Q.; Zanchi, N.E.; Xia, Z. Advances in the Role of Leucine-Sensing

in the Regulation of Protein Synthesis in Aging Skeletal Muscle. Front. Cell Dev. Biol 2021, 9, 646482. [CrossRef] [PubMed]
72. Deleyto-Seldas, N.; Efeyan, A. The MTOR-Autophagy Axis and the Control of Metabolism. Front. Cell Dev. Biol 2021, 9, 655731.

[CrossRef] [PubMed]
73. Tahmasebi, S.; Khoutorsky, A.; Mathews, M.B.; Sonenberg, N. Translation Deregulation in Human Disease. Nat. Rev. Mol. Cell

Biol. 2018, 19, 791–807. [CrossRef] [PubMed]
74. Chen, C.-L.; Hsu, S.-C.; Ann, D.K.; Yen, Y.; Kung, H.-J. Arginine Signaling and Cancer Metabolism. Cancers 2021, 13, 3541.

[CrossRef] [PubMed]
75. Castejón-Vega, B.; Rubio, A.; Pérez-Pulido, A.J.; Quiles, J.L.; Lane, J.D.; Fernández-Domínguez, B.; Cachón-González, M.B.;

Martín-Ruiz, C.; Sanz, A.; Cox, T.M.; et al. L-Arginine Ameliorates Defective Autophagy in GM2 Gangliosidoses by MTOR
Modulation. Cells 2021, 10, 3122. [CrossRef]

76. Dyachok, J.; Earnest, S.; Iturraran, E.N.; Cobb, M.H.; Ross, E.M. Amino Acids Regulate MTORC1 by an Obligate Two-Step
Mechanism. J. Biol. Chem. 2016, 291, 22414–22426. [CrossRef]

77. Wyant, G.A.; Abu-Remaileh, M.; Wolfson, R.L.; Chen, W.W.; Freinkman, E.; Danai, L.V.; Vander Heiden, M.G.; Sabatini, D.M.
MTORC1 Activator SLC38A9 Is Required to Efflux Essential Amino Acids from Lysosomes and Use Protein as a Nutrient. Cell
2017, 171, 642–654. [CrossRef]

78. Wolfson, R.L.; Chantranupong, L.; Saxton, R.A.; Shen, K.; Scaria, S.M.; Cantor, J.R.; Sabatini, D.M. Sestrin2 Is a Leucine Sensor for
the MTORC1 Pathway. Science 2016, 351, 43–48. [CrossRef]

79. Weichhart, T. MTOR as Regulator of Lifespan, Aging, and Cellular Senescence: A Mini-Review. Gerontology 2018, 64,
127–134. [CrossRef]

80. Chen, J.; Ou, Y.; Luo, R.; Wang, J.; Wang, D.; Guan, J.; Li, Y.; Xia, P.; Chen, P.R.; Liu, Y. SAR1B Senses Leucine Levels to Regulate
MTORC1 Signalling. Nature 2021, 596, 281–284. [CrossRef]

81. Bjedov, I.; Toivonen, J.M.; Kerr, F.; Slack, C.; Jacobson, J.; Foley, A.; Partridge, L. Mechanisms of Life Span Extension by Rapamycin
in the Fruit Fly Drosophila Melanogaster. Cell Metab. 2010, 11, 35–46. [CrossRef] [PubMed]

82. Swindell, W.R. Meta-Analysis of 29 Experiments Evaluating the Effects of Rapamycin on Life Span in the Laboratory Mouse.
J. Gerontol. A Biol. Sci. Med. Sci. 2017, 72, 1024–1032. [CrossRef] [PubMed]

83. Stead, E.R.; Castillo-Quan, J.I.; Miguel, V.E.M.; Lujan, C.; Ketteler, R.; Kinghorn, K.J.; Bjedov, I. Agephagy—Adapting Autophagy
for Health During Aging. Front. Cell Dev. Biol. 2019, 7, 308. [CrossRef] [PubMed]

84. Zhang, Y.; Zhang, J.; Wang, S. The Role of Rapamycin in Healthspan Extension via the Delay of Organ Aging. Ageing Res. Rev.
2021, 70, 101376. [CrossRef]

85. Selvarani, R.; Mohammed, S.; Richardson, A. Effect of Rapamycin on Aging and Age-Related Diseases-Past and Future. Geroscience
2021, 43, 1135–1158. [CrossRef] [PubMed]

http://doi.org/10.1016/j.diabres.2018.08.018
http://doi.org/10.1073/pnas.1321881111
http://doi.org/10.1007/s12035-019-01821-4
http://www.ncbi.nlm.nih.gov/pubmed/31732912
http://doi.org/10.1016/j.freeradbiomed.2014.06.023
http://www.ncbi.nlm.nih.gov/pubmed/24992836
http://doi.org/10.3390/cells9010147
http://www.ncbi.nlm.nih.gov/pubmed/31936236
http://doi.org/10.1074/jbc.M117.792838
http://doi.org/10.1038/srep43949
http://doi.org/10.1007/s11357-016-9931-0
http://doi.org/10.1093/gerona/gly144
http://doi.org/10.1210/en.2015-1840
http://doi.org/10.1016/j.cell.2017.02.004
http://doi.org/10.1016/j.cell.2012.03.017
http://doi.org/10.3389/fcell.2021.646482
http://www.ncbi.nlm.nih.gov/pubmed/33869199
http://doi.org/10.3389/fcell.2021.655731
http://www.ncbi.nlm.nih.gov/pubmed/34277603
http://doi.org/10.1038/s41580-018-0034-x
http://www.ncbi.nlm.nih.gov/pubmed/30038383
http://doi.org/10.3390/cancers13143541
http://www.ncbi.nlm.nih.gov/pubmed/34298755
http://doi.org/10.3390/cells10113122
http://doi.org/10.1074/jbc.M116.732511
http://doi.org/10.1016/j.cell.2017.09.046
http://doi.org/10.1126/science.aab2674
http://doi.org/10.1159/000484629
http://doi.org/10.1038/s41586-021-03768-w
http://doi.org/10.1016/j.cmet.2009.11.010
http://www.ncbi.nlm.nih.gov/pubmed/20074526
http://doi.org/10.1093/gerona/glw153
http://www.ncbi.nlm.nih.gov/pubmed/27519886
http://doi.org/10.3389/fcell.2019.00308
http://www.ncbi.nlm.nih.gov/pubmed/31850344
http://doi.org/10.1016/j.arr.2021.101376
http://doi.org/10.1007/s11357-020-00274-1
http://www.ncbi.nlm.nih.gov/pubmed/33037985


Cells 2022, 11, 1568 17 of 19

86. Miller, R.A.; Harrison, D.E.; Astle, C.M.; Fernandez, E.; Flurkey, K.; Han, M.; Javors, M.A.; Li, X.; Nadon, N.L.; Nelson, J.F.; et al.
Rapamycin-Mediated Lifespan Increase in Mice Is Dose and Sex Dependent and Metabolically Distinct from Dietary Restriction.
Aging Cell 2014, 13, 468–477. [CrossRef]

87. Kraig, E.; Linehan, L.A.; Liang, H.; Romo, T.Q.; Liu, Q.; Wu, Y.; Benavides, A.D.; Curiel, T.J.; Javors, M.A.; Musi, N.; et al.
A Randomized Control Trial to Establish the Feasibility and Safety of Rapamycin Treatment in an Older Human Cohort:
Immunological, Physical Performance, and Cognitive Effects. Exp. Gerontol. 2018, 105, 53–69. [CrossRef]

88. Wu, J.J.; Liu, J.; Chen, E.B.; Wang, J.J.; Cao, L.; Narayan, N.; Fergusson, M.M.; Rovira, I.I.; Allen, M.; Springer, D.A.; et al. Increased
Mammalian Lifespan and a Segmental and Tissue-Specific Slowing of Aging after Genetic Reduction of MTOR Expression. Cell
Rep. 2013, 4, 913–920. [CrossRef]

89. Walters, H.E.; Deneka-Hannemann, S.; Cox, L.S. Reversal of Phenotypes of Cellular Senescence by Pan-MTOR Inhibition. Aging
2016, 8, 231–244. [CrossRef]

90. Harries, L.W.; Fellows, A.D.; Pilling, L.C.; Hernandez, D.; Singleton, A.; Bandinelli, S.; Guralnik, J.; Powell, J.; Ferrucci, L.;
Melzer, D. Advancing Age Is Associated with Gene Expression Changes Resembling MTOR Inhibition: Evidence from Two
Human Populations. Mech. Ageing Dev. 2012, 133, 556–562. [CrossRef]

91. Passtoors, W.M.; Beekman, M.; Deelen, J.; van der Breggen, R.; Maier, A.B.; Guigas, B.; Derhovanessian, E.; van Heemst, D.;
de Craen, A.J.M.; Gunn, D.A.; et al. Gene Expression Analysis of MTOR Pathway: Association with Human Longevity. Aging
Cell 2013, 12, 24–31. [CrossRef]

92. Hwangbo, D.-S.; Lee, H.-Y.; Abozaid, L.S.; Min, K.-J. Mechanisms of Lifespan Regulation by Calorie Restriction and Intermittent
Fasting in Model Organisms. Nutrients 2020, 12, 1194. [CrossRef] [PubMed]

93. Richardson, N.E.; Konon, E.N.; Schuster, H.S.; Mitchell, A.T.; Boyle, C.; Rodgers, A.C.; Finke, M.; Haider, L.R.; Yu, D.;
Flores, V.; et al. Lifelong Restriction of Dietary Branched-Chain Amino Acids Has Sex-Specific Benefits for Frailty and Lifespan in
Mice. Nat. Aging 2021, 1, 73–86. [CrossRef] [PubMed]

94. Schächter, F.; Faure-Delanef, L.; Guénot, F.; Rouger, H.; Froguel, P.; Lesueur-Ginot, L.; Cohen, D. Genetic Associations with
Human Longevity at the APOE and ACE Loci. Nat. Genet. 1994, 6, 29–32. [CrossRef] [PubMed]

95. Liu, C.-C.; Murray, M.E.; Li, X.; Zhao, N.; Wang, N.; Heckman, M.G.; Shue, F.; Martens, Y.; Li, Y.; Raulin, A.-C.; et al.
APOE3-Jacksonville (V236E) Variant Reduces Self-Aggregation and Risk of Dementia. Sci. Transl. Med. 2021, 13, eabc9375.
[CrossRef] [PubMed]

96. Nacmias, B.; Bagnoli, S.; Tedde, A.; Cellini, E.; Bessi, V.; Guarnieri, B.; Ortensi, L.; Piacentini, S.; Bracco, L.; Sorbi, S. Angiotensin
Converting Enzyme Insertion/Deletion Polymorphism in Sporadic and Familial Alzheimer’s Disease and Longevity. Arch.
Gerontol. Geriatr. 2007, 45, 201–206. [CrossRef]

97. Huang, Y.-W.A.; Zhou, B.; Wernig, M.; Südhof, T.C. ApoE2, ApoE3, and ApoE4 Differentially Stimulate APP Transcription and
Aβ Secretion. Cell 2017, 168, 427–441. [CrossRef]

98. Botchway, B.O.; Okoye, F.C.; Chen, Y.; Arthur, W.E.; Fang, M. Alzheimer Disease: Recent Updates on Apolipoprotein E and Gut
Microbiome Mediation of Oxidative Stress, and Prospective Interventional Agents. Aging Dis. 2022, 13, 87–102. [CrossRef]

99. Aleshkov, S.; Abraham, C.R.; Zannis, V.I. Interaction of Nascent ApoE2, ApoE3, and ApoE4 Isoforms Expressed in Mammalian
Cells with Amyloid Peptide Beta (1-40). Relevance to Alzheimer’s Disease. Biochemistry 1997, 36, 10571–10580. [CrossRef]

100. Li, Z.; Shue, F.; Zhao, N.; Shinohara, M.; Bu, G. APOE2: Protective Mechanism and Therapeutic Implications for Alzheimer’s
Disease. Mol. Neurodegener. 2020, 15, 63. [CrossRef]

101. Keeney, J.T.-R.; Ibrahimi, S.; Zhao, L. Human ApoE Isoforms Differentially Modulate Glucose and Amyloid Metabolic Pathways
in Female Brain: Evidence of the Mechanism of Neuroprotection by ApoE2 and Implications for Alzheimer’s Disease Prevention
and Early Intervention. J. Alzheimers Dis. 2015, 48, 411–424. [CrossRef] [PubMed]

102. Huang, Y.-W.A.; Zhou, B.; Nabet, A.M.; Wernig, M.; Südhof, T.C. Differential Signaling Mediated by ApoE2, ApoE3, and ApoE4
in Human Neurons Parallels Alzheimer’s Disease Risk. J. Neurosci. 2019, 39, 7408–7427. [CrossRef] [PubMed]

103. Bycroft, C.; Freeman, C.; Petkova, D.; Band, G.; Elliott, L.T.; Sharp, K.; Motyer, A.; Vukcevic, D.; Delaneau, O.; O’Connell, J.; et al.
The UK Biobank Resource with Deep Phenotyping and Genomic Data. Nature 2018, 562, 203–209. [CrossRef] [PubMed]

104. Timmers, P.R.; Mounier, N.; Lall, K.; Fischer, K.; Ning, Z.; Feng, X.; Bretherick, A.D.; Clark, D.W.; eQTLGen Consortium;
Agbessi, M.; et al. Genomics of 1 Million Parent Lifespans Implicates Novel Pathways and Common Diseases and Distinguishes
Survival Chances. eLife 2019, 8, e39856. [CrossRef]

105. Wright, K.M.; Rand, K.A.; Kermany, A.; Noto, K.; Curtis, D.; Garrigan, D.; Slinkov, D.; Dorfman, I.; Granka, J.M.; Byrnes, J.; et al.
A Prospective Analysis of Genetic Variants Associated with Human Lifespan. G3 2019, 9, 2863–2878. [CrossRef]

106. Pilling, L.C.; Kuo, C.-L.; Sicinski, K.; Tamosauskaite, J.; Kuchel, G.A.; Harries, L.W.; Herd, P.; Wallace, R.; Ferrucci, L.; Melzer, D.
Human Longevity: 25 Genetic Loci Associated in 389,166 UK Biobank Participants. Aging 2017, 9, 2504–2520. [CrossRef]

107. Welter, D.; MacArthur, J.; Morales, J.; Burdett, T.; Hall, P.; Junkins, H.; Klemm, A.; Flicek, P.; Manolio, T.; Hindorff, L.; et al. The
NHGRI GWAS Catalog, a Curated Resource of SNP-Trait Associations. Nucl. Acids Res. 2014, 42, D1001–D1006. [CrossRef]

108. Joshi, P.K.; Pirastu, N.; Kentistou, K.A.; Fischer, K.; Hofer, E.; Schraut, K.E.; Clark, D.W.; Nutile, T.; Barnes, C.L.K.;
Timmers, P.R.H.J.; et al. Genome-Wide Meta-Analysis Associates HLA-DQA1/DRB1 and LPA and Lifestyle Factors with Human
Longevity. Nat. Commun. 2017, 8, 910. [CrossRef]

http://doi.org/10.1111/acel.12194
http://doi.org/10.1016/j.exger.2017.12.026
http://doi.org/10.1016/j.celrep.2013.07.030
http://doi.org/10.18632/aging.100872
http://doi.org/10.1016/j.mad.2012.07.003
http://doi.org/10.1111/acel.12015
http://doi.org/10.3390/nu12041194
http://www.ncbi.nlm.nih.gov/pubmed/32344591
http://doi.org/10.1038/s43587-020-00006-2
http://www.ncbi.nlm.nih.gov/pubmed/33796866
http://doi.org/10.1038/ng0194-29
http://www.ncbi.nlm.nih.gov/pubmed/8136829
http://doi.org/10.1126/scitranslmed.abc9375
http://www.ncbi.nlm.nih.gov/pubmed/34586832
http://doi.org/10.1016/j.archger.2006.10.011
http://doi.org/10.1016/j.cell.2016.12.044
http://doi.org/10.14336/AD.2021.0616
http://doi.org/10.1021/bi9626362
http://doi.org/10.1186/s13024-020-00413-4
http://doi.org/10.3233/JAD-150348
http://www.ncbi.nlm.nih.gov/pubmed/26402005
http://doi.org/10.1523/JNEUROSCI.2994-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/31331998
http://doi.org/10.1038/s41586-018-0579-z
http://www.ncbi.nlm.nih.gov/pubmed/30305743
http://doi.org/10.7554/eLife.39856
http://doi.org/10.1534/g3.119.400448
http://doi.org/10.18632/aging.101334
http://doi.org/10.1093/nar/gkt1229
http://doi.org/10.1038/s41467-017-00934-5


Cells 2022, 11, 1568 18 of 19

109. Deelen, J.; Evans, D.S.; Arking, D.E.; Tesi, N.; Nygaard, M.; Liu, X.; Wojczynski, M.K.; Biggs, M.L.; van der Spek, A.;
Atzmon, G.; et al. A Meta-Analysis of Genome-Wide Association Studies Identifies Multiple Longevity Genes. Nat. Commun.
2019, 10, 3669. [CrossRef]

110. Eline Slagboom, P.; van den Berg, N.; Deelen, J. Phenome and Genome Based Studies into Human Ageing and Longevity: An
Overview. Biochim. Biophys. Acta 2018, 1864, 2742–2751. [CrossRef]

111. Lin, K.; Dorman, J.B.; Rodan, A.; Kenyon, C. Daf-16: An HNF-3/Forkhead Family Member That Can Function to Double the
Life-Span of Caenorhabditis Elegans. Science 1997, 278, 1319–1322. [CrossRef] [PubMed]

112. Ogg, S.; Paradis, S.; Gottlieb, S.; Patterson, G.I.; Lee, L.; Tissenbaum, H.A.; Ruvkun, G. The Fork Head Transcription Factor
DAF-16 Transduces Insulin-like Metabolic and Longevity Signals in C. Elegans. Nature 1997, 389, 994–999. [CrossRef] [PubMed]

113. Gui, T.; Burgering, B.M.T. FOXOs: Masters of the Equilibrium. FEBS J. 2021, 1–22. [CrossRef] [PubMed]
114. Morris, R.; Butler, L.; Perkins, A.; Kershaw, N.J.; Babon, J.J. The Role of LNK (SH2B3) in the Regulation of JAK-STAT Signalling in

Haematopoiesis. Pharmaceuticals 2021, 15, 24. [CrossRef]
115. Fortney, K.; Dobriban, E.; Garagnani, P.; Pirazzini, C.; Monti, D.; Mari, D.; Atzmon, G.; Barzilai, N.; Franceschi, C.;

Owen, A.B.; et al. Genome-Wide Scan Informed by Age-Related Disease Identifies Loci for Exceptional Human Longevity. PLoS
Genet. 2015, 11, e1005728. [CrossRef]

116. Allenspach, E.J.; Shubin, N.J.; Cerosaletti, K.; Mikacenic, C.; Gorman, J.A.; MacQuivey, M.A.; Rosen, A.B.I.; Timms, A.E.;
Wray-Dutra, M.N.; Niino, K.; et al. The Autoimmune Risk R262W Variant of the Adaptor SH2B3 Improves Survival in Sepsis. J.
Immunol. 2021, 207, 2710–2719. [CrossRef]

117. Kuo, C.-L.; Joaquim, M.; Kuchel, G.A.; Ferrucci, L.; Harries, L.W.; Pilling, L.C.; Melzer, D. The Longevity-Associated SH2B3 (LNK)
Genetic Variant: Selected Aging Phenotypes in 379,758 Subjects. J. Gerontol. A Biol. Sci. Med. Sci. 2020, 75, 1656–1662. [CrossRef]

118. Song, W.; Ren, D.; Li, W.; Jiang, L.; Cho, K.W.; Huang, P.; Fan, C.; Song, Y.; Liu, Y.; Rui, L. SH2B Regulation of Growth, Metabolism,
and Longevity in Both Insects and Mammals. Cell Metab. 2010, 11, 427–437. [CrossRef]

119. Slack, C.; Werz, C.; Wieser, D.; Alic, N.; Foley, A.; Stocker, H.; Withers, D.J.; Thornton, J.M.; Hafen, E.; Partridge, L. Regulation of
Lifespan, Metabolism, and Stress Responses by the Drosophila SH2B Protein, Lnk. PLoS Genet. 2010, 6, e1000881. [CrossRef]

120. Shen, Y.; Xia, Y.; Meng, S.; Lim, N.K.H.; Wang, W.; Huang, F. SH2B1 Is Involved in the Accumulation of Amyloid-B42 in
Alzheimer’s Disease. J. Alzheimers Dis. 2017, 55, 835–847. [CrossRef]

121. Morris, D.L.; Cho, K.W.; Rui, L. Critical Role of the Src Homology 2 (SH2) Domain of Neuronal SH2B1 in the Regulation of Body
Weight and Glucose Homeostasis in Mice. Endocrinology 2010, 151, 3643–3651. [CrossRef] [PubMed]

122. Flores, A.; Argetsinger, L.S.; Stadler, L.K.J.; Malaga, A.E.; Vander, P.B.; DeSantis, L.C.; Joe, R.M.; Cline, J.M.; Keogh, J.M.;
Henning, E.; et al. Crucial Role of the SH2B1 PH Domain for the Control of Energy Balance. Diabetes 2019, 68, 2049–2062.
[CrossRef] [PubMed]

123. Desbuquois, B.; Carré, N.; Burnol, A.-F. Regulation of Insulin and Type 1 Insulin-like Growth Factor Signaling and Action by the
Grb10/14 and SH2B1/B2 Adaptor Proteins. FEBS J. 2013, 280, 794–816. [CrossRef] [PubMed]

124. Mori, T.; Suzuki-Yamazaki, N.; Takaki, S. Lnk/Sh2b3 Regulates Adipose Inflammation and Glucose Tolerance through Group 1
ILCs. Cell Rep. 2018, 24, 1830–1841. [CrossRef]

125. Silva, P.N.O.; Gigek, C.O.; Leal, M.F.; Bertolucci, P.H.F.; de Labio, R.W.; Payão, S.L.M.; Smith, M.D.A.C. Promoter Methylation
Analysis of SIRT3, SMARCA5, HTERT and CDH1 Genes in Aging and Alzheimer’s Disease. J. Alzheimers Dis. 2008, 13,
173–176. [CrossRef]

126. Kim, K.; Friso, S.; Choi, S.-W. DNA Methylation, an Epigenetic Mechanism Connecting Folate to Healthy Embryonic Development
and Aging. J. Nutr. Biochem. 2009, 20, 917–926. [CrossRef]

127. Hernandez, D.G.; Nalls, M.A.; Gibbs, J.R.; Arepalli, S.; van der Brug, M.; Chong, S.; Moore, M.; Longo, D.L.; Cookson, M.R.;
Traynor, B.J.; et al. Distinct DNA Methylation Changes Highly Correlated with Chronological Age in the Human Brain. Hum.
Mol. Genet. 2011, 20, 1164–1172. [CrossRef]

128. Horvath, S. DNA Methylation Age of Human Tissues and Cell Types. Genome Biol. 2013, 14, R115. [CrossRef]
129. van Dijk, S.J.; Tellam, R.L.; Morrison, J.L.; Muhlhausler, B.S.; Molloy, P.L. Recent Developments on the Role of Epigenetics in

Obesity and Metabolic Disease. Clin. Epigenetics 2015, 7, 66. [CrossRef]
130. Fogel, O.; Richard-Miceli, C.; Tost, J. Epigenetic Changes in Chronic Inflammatory Diseases. Adv. Protein Chem. Struct. Biol. 2017,

106, 139–189. [CrossRef]
131. Bell, J.T.; Tsai, P.-C.; Yang, T.-P.; Pidsley, R.; Nisbet, J.; Glass, D.; Mangino, M.; Zhai, G.; Zhang, F.; Valdes, A.; et al. Epigenome-Wide

Scans Identify Differentially Methylated Regions for Age and Age-Related Phenotypes in a Healthy Ageing Population. PLoS
Genet. 2012, 8, e1002629. [CrossRef] [PubMed]

132. Rodríguez-López, M.; Gonzalez, S.; Hillson, O.; Tunnacliffe, E.; Codlin, S.; Tallada, V.A.; Bähler, J.; Rallis, C. The GATA
Transcription Factor Gaf1 Represses TRNAs, Inhibits Growth, and Extends Chronological Lifespan Downstream of Fission Yeast
TORC1. Cell Rep. 2020, 30, 3240–3249. [CrossRef] [PubMed]

133. Rallis, C.; Codlin, S.; Bähler, J. TORC1 Signaling Inhibition by Rapamycin and Caffeine Affect Lifespan, Global Gene Expression,
and Cell Proliferation of Fission Yeast. Aging Cell 2013, 12, 563–573. [CrossRef] [PubMed]
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