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Abstract

Human longevity is a complex phenotype influenced by both genetic and environmental factors. It is also known
to be associated with various types of age-related diseases, such as Alzheimer’s disease (AD) and cardiovascular
disease (CVD). The central dogma of molecular biology demonstrates the conversion of DNA to RNA to the
encoded protein. These proteins interact to form complex cell signaling pathways, which perform various biological
functions. With prolonged exposure to the environment, the in vivo homeostasis adapts to the changes, and finally,
humans adopt the phenotype of longevity or aging-related diseases. In this review, we focus on two different
states: longevity and aging-related diseases, including CVD and AD, to discuss the relationship between genetic
characteristics, including gene variation, the level of gene expression, regulation of gene expression, the level of
protein expression, both genetic and environmental influences and homeostasis based on these phenotypes
shown in organisms.
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Backgroud
Since time immemorial, humans have desired longevity,
as evidenced by inscriptions found in ancient Egypt and
even in older Sumerian tablets [1]. Both genetic and en-
vironmental factors are known to affect the human life
span. Studies have shown that people with a longer life-
span generally delay or postponement occurrence of
these major diseases that develop with age, such as
metabolic diseases (diabetes, cardiovascular disease
(CVD), and neurodegenerative disorders), even escape
them [2]. Studies have shown that longevity and

resistance to diseases are mediated by common mecha-
nisms, and the genetic factors related to longevity and
aging-related diseases have been speculated to have an
inverse relationship [3, 4], but need to discuss from
more levels (Fig. 1).
CVD affects the heart and its blood vessels, causing

myocardial infarction, heart failure, and stroke; it consti-
tutes one of the primary causes of death worldwide [5].
Metabolic dysfunction in the microenvironment of or-
ganisms is a fundamental core mechanism underlying
CVD. The metabolic disorders which are caused by gen-
etic or environmental factors are the main internal risks
that induce CVD with advancing age. For example,
SIRT5 mediates lysine desuccinylation of proteins those
participated in short-chain fatty acid-associated meta-
bolic pathways. Mice that knock out the SIRT5 gene
show reduced cardiac function and develop hypertrophic
cardiomyopathy with aging [6]. Obesity which energy
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intake exceeding energy expenditure, and then induced a
series of metabolic derangements is one of the important
risk factors for cardiovascular disease (CVD) [7].
Alzheimer’s disease (AD) constitutes a chronic neuro-

degenerative condition that eventually leads to dementia.
Individuals with AD experience noticeable symptoms,
such as memory loss and language problems that affect
their quality of life. Its fatality rate and pathogenic mech-
anism differentiate it from CVD. With the increasing
population aged > 65 years, there has been a dramatic in-
crease in the number of patients with AD making it the
sixth leading cause of death in the USA [8]. The patho-
genic mechanism of AD involves the formation of intra-
cellular neurofibrillary tangles (NFTs) and extracellular
Aβ or senile plaques (SPs) in the brain. Studies have
found a link between Apolipoprotein E (APOE) and the
onset of AD. Furthermore, altered cholesterol levels have
also been shown to induce AD by increasing Aβ forma-
tion [9].
Traditionally, longevity and aging-related diseases are

considered contradictory states. Based on their patho-
genic mechanisms, aging-related diseases can occur ei-
ther due to (1) abnormal cellular microenvironment,
which induces diseases indirectly (CVD), or (2) abnor-
mal gene coding proteins, which induce diseases directly
(AD). However, regardless of longevity, CVD or AD are
known to result from genetic and environmental interac-
tions. Therefore, in this review, we focused on these
three representative phenotypes, longevity, CVD, and
AD, to analyze the process of phenotype formation. We
aimed to illustrate the internal relationship between lon-
gevity and aging-related diseases for future applications.

Gene variation
Based on the conventional genotype-to-phenotype the-
ory, the phenotype trait is determined based on the

synchronized interaction between encoded protein shape
and genetic expression. This implies that genes regulate
phenotypic expression; however, there is no direct rela-
tionship between genes and traits [10].
Longevity-related genome-wide association studies

(GWAS) have verified the role of approximately 57
gene loci. A 1994 study on centenarians first implied
the role of the APOE gene in longevity, with a low
and high frequency of the Ɛ4 and Ɛ2 alleles, respect-
ively [11]. The frequency of ApoE Ɛ4 and Ɛ2 alleles
were also replicated among centenarians compared
with their ethnically-matched younger controls in dif-
ferent cohorts [12]. Subsequently, several GWAS ana-
lyses discovered various genetic loci associated with
longevity, such as TOMM40, APOC1, SOD2, KL,
CDKN2B, ANKRD20A9P, etc. [2, 13, 14]. Our previ-
ous genetic studies on longevity in China have shown
that FOXO3, CETP, SIRT1 and HLA-DQ genes were
associated with the phenotype of longevity [15–18].
FOXO3 encodes a transcription factor that regulates

stress response, metabolism, resistance, cell cycle arrest,
and apoptosis, and thus significantly impacts age-related
phenotypes. The rs2802292 of FOXO3 has been found
to be significantly related to human longevity [19]. Add-
itionally, longevity-related single nucleotide polymorph-
ism (SNP) rs2802292*G allele of FOXO3 has been
shown to act as a protective factor against mortality due
to CVD based on multivariate Cox regression models. A
study used population-attributable risk (PAR) models to
study Japanese, White, and Black Americans and found
that the nonprotective TT genotype added 15, 9, and
3%, respectively, to the fatality risk of coronary artery
disease (CAD) [20]. Recent studies showed that
rs2802292*G allele is recognized and bound by HSF1
which is an evolutionarily highly conserved transcription
factor, while the T-allele fails to do so. HSF1 induces the

Fig. 1 The process of longevity and aging-related diseases formation
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interaction of a promoter-enhancer interaction by chro-
matin looping at 5′ UTR of FOXO3 and the rs2802292
region to increase FOXO3 expression. and then activate
the insulin/IGF-1/PI3K signaling cascade to affect anti-
oxidant, metabolic, and DNA repair transcriptional pro-
grams, leading to increased tolerance to nutrient,
genotoxic, and oxidative stress [19] (Fig. 2).
Klotho (KL) is a transmembrane protein that protects

against cognitive decline as well as other aging-
associated phenotypes. KL-VS, a functional haplotype,
results from the perfect linkage disequilibrium between
two KL missense variants (F352V [rs9536314] and
C370S [rs9527025]). Compared with individuals who are
homozygotes for the major/minor alleles (KL-VSHET−),
individuals who are heterozygous for KL-VS (KL-VSHET+

status) exhibit increased serum levels of KL, resulting in
healthy aging and longevity. Another study on 20,928
participants showed that individuals > 60 years who had
APOE Ɛ 4 mutation with KL-VSHET+ genotype had a re-
duced risk for AD (p = 7.4 × 10− 7, OR = 0.75, 95% CI:
0.67–0.84), and this was more prominent between 60
and 80 years of age (p = 3.6 × 10− 8, OR = 0.69, 95% CI:
0.61–0.79). A significantly protective interaction was ob-
served between APOE Ɛ 4 status and KL-VSHET+ status
for AD risk in the group aged 60 to 80 years (P = 3.9 ×
10− 4, OR = 0.76, 95% CI: 0.66–0.89) [14]. Numerous
studies in the last 20 years have demonstrated that AD is

mainly caused by the neurovascular toxicity of aberrant
Aβ deposition in the brain. Studies in mice have shown
that the upregulation of Klotho expression could inhibit
insulin-like growth factor-1/AKT/mTOR signaling and
then improve autophagy-induced Aβ1–42 clearance
in vivo and in vitro to prolong lifespan [21] (Fig. 2).

The level of gene expression
A useful approach for the identification of molecular
markers of aging involves the analysis of changes in gene
expression in the elderly. In humans, chronological age-
based changes in gene expression have been identified in
the brain, skeletal muscle, and dermal fibroblasts that re-
flect physiological aging via whole-genome expression
profiling [22]. Thus, quantitative assessment of gene ex-
pression can explain the drastic phenotypic effects, such
as changes in morphology and lifespan, resulting from
changes in gene expression [23, 24].
The DAF-2 insulin/IGF-I receptor mediates the insu-

lin/IGF-I signaling. A study showed that C. elegans daf-2
mutants with reduced DAF-2 activity lived approxi-
mately twice as long as the wild-type animals [25]. Also,
Cohen et al. showed that knockdown of DAF-2 in C. ele-
gans reduced Aβ1–42 toxicity to reduce AD risk [26].
Insulin signaling is known to stimulate glucose uptake

and regulate glucose homeostasis. Studies have shown
that increased lifespan has been observed in organisms

Fig. 2 The molecular relationship of longevity and aging-related diseases. Environmental factors activate insulin/IGF-1/PI3K, AMPK/mTOR, SIRT/
FOXO, and IGF/RTK/MYC multiple pathways. At the same time, these pathways interact with each other to regulate the molecular signaling
cascade involved cytoplasm, mitochondria, and nucleus. Finally, the phenotype of longevity or aging-related disease is formed by the difference
of molecular expression regulation in the same pathway. IGF: insulin like growth factor; RTK: receptor tyrosine kinase; PI3K: phosphatidylinositol 3-
kinase; FOXO: forkhead box O; AMPK: AMP-activated protein kinase; mTOR: mechanistic target of rapamycin; S6K1: S6 kinase 1; MnSOD:
manganese superoxide dismutase; PGC-1: peroxisome proliferator-activated receptor γ coactivator 1; Nrf2: NF-E2-related factor 2; SIRT, silent
mating type information regulation 2; LXR: liver X receptor; atg5: autophagy-related 5; Aβ: amyloid-beta; eNOS: endothelial NO synthase; KL:
Klotho; VSMC: vascular smooth muscle cells; SYT1: synaptotagmin 1
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with weakened insulin/IGF-1 signaling due to genetic al-
terations [27]. A cross-sectional study found elevated
levels of serum IGF-1 during the early stages of severe
AD. And then a study in aging brains indicated that
chronic neuronal IGF-1 stimulation increased β-
secretase activity leading to Aβ accumulation by a
change of expression from TrkA to p75NTR [26]. Add-
itionally, studies have linked low levels of serum IGF1 to
vascular changes in aging and obesity as well as to in-
creased cardiovascular morbidity and mortality. Animal
studies in vivo and in vitro have shown that IGF1 in-
duces vasodilatation by producing nitric oxide (NO), re-
duces endothelial dysfunction, promotes mRNA
expression of specific contractile proteins, improves
myocardial contractility, and limits ischemia-reperfusion
injury to maintain normal cardiovascular health [28, 29]
(Fig. 2).

Regulation of gene expression
The central dogma of molecular biology describes the
conversion of DNA to RNA to protein [30]. Studies have
shown that protein-coding genes account for approxi-
mately 1.5–3% of the whole human genome [31]. Only a
few genes are activated, and their transcription, transla-
tion, and post-translational modifications result in vari-
ous proteins and peptides [32]. Therefore, regulation of
gene expression via DNA methylation, histone modifica-
tions, promoter and enhancer interactions, pre-mRNA
splicing, and noncoding RNAs facilitate the differential
utilization of genetic information, providing a defined
phenotype and function [33].
Generally speaking, gene-expression patterns is

achieved by enabling or restricting the transcriptional
potential of genomic domains through DNA methyla-
tion, histone modification and chromatin regulation
[34]. The DNA methylation data is used as aging bio-
markers (“epigenetic clocks”) to accurately estimate age.
“Horvath epigenetic clocks” as a classical biological age
prediction clock, selected 353 CpG sites of which the
methylation status is associated with age. These genes
are involved in some main cell functions, such as cell
death and survival, cell growth and proliferation, organ-
ismal and tissue development, and cancer [35]. Yet his-
tone modifications are key epigenetic regulators that
affect gene expression, cellular phenotypes, and lifespan
by regulating chromatin structure and gene transcription
[36]. One study suggested that increased lifespan was
achieved by disrupting H3 acetylation on K9 and K18
residues, which depended on Gcn5 as well as the linked
protein Ngg1 [37]. Histone deacetylases (HDACs) are
histone-modifying enzymes in the cardiovascular system.
Studies have shown that inhibition of HDACs can pro-
tect against CVDs by preventing vascular smooth muscle
cell growth (with implications for atherosclerosis),

reducing hypertension, ameliorating ischemic/reperfu-
sion injury and postischemic remodeling, and blocking
cardiac hypertrophy in the case of heart failure to pro-
long lifespan [38]. Recent studies have attempted to
analyze the effect of gene regulation on 3D chromatin
domains and found a correlation between evolutionarily
conserved Topologically Associating Domains (TADs)
and gene expression by regulating the interaction be-
tween promoters and enhancers [39]. Studies have
shown the presence of various regulatory elements in
the non-coding sequences of the genome, including
changes of spatial structure in Lamina Associated Do-
mains (LADs), which could result in age-related diseases
[40], resulting in reduced life expectancy.
Pre-mRNA splicing involves the removal of introns

and joining of exons to form a mature mRNA. Recent
studies have confirmed that pre-mRNA splicing is in-
volved in pro-longevity processes. A study on patients
with AD identified that 1174 exons underwent splicing
with age in the human temporal cortex, of which 95%
changes occurred in frontotemporal lobar degeneration
(FTLD) [41]. On other side, noncoding RNAs (ncRNAs)
produced after pre-mRNA splicing. Although ncRNAs
do not encode proteins and are divided into small
ncRNAs (sncRNAs, 18 ~ 200 nt) and long noncoding
RNAs (lncRNAs, > 200 nt), ncRNAs regulate almost all
cellular functions, such as proliferation, apoptosis, au-
tophagy, and cell cycle control by regulating gene ex-
pression [42]. Additionally, age-regulated lncRNAs can
fine-tune the regulation of longevity-related proteins by
quantitatively regulating mTOR expression. The overex-
pression of miR-34c, which belongs to sncRNAs in the
hippocampus of young mice and is regulated by ROS-
JNK-P53 pathway, has been shown to result in age-
related memory impairment. Experiments in vitro
showed that the inhibitor of miR-34c rescued the Aβ-
induced decrease in primary hippocampal neurons by
post-transcriptional regulation of SYT1 expression dur-
ing AD development [43, 44] (Fig. 2).

The level of protein expression
Proteostasis involves the maintenance of a functional
equilibrium between protein synthesis, fidelity, folding,
localization, modification, and degradation and plays an
important role in health and longevity. The progressive
loss of proteostasis is a hallmark of aging since age-
related diseases and conditions are associated with the
inability of the cell to maintain healthy proteins or elim-
inate defective proteins, as observed in neurodegenera-
tive diseases, cardiac dysfunction, cataracts, and
sarcopenia [45].
Myc is a highly conserved helix-loop-helix leucine zip-

per transcription factor that promotes metabolism, cellu-
lar growth and proliferation, as well as enhanced energy
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production. Also, Myc positively regulates ribosome bio-
genesis to increase protein synthesis, while reducing
translation can extend lifespan. Compared with Myc
+/+ mice, Myc +/− mice have been found to have a
reduced fatality rate in both sexes and across all age
groups by modulating IGF-1/AKT/mTOR signaling
cascade (Fig. 2). Additionally, FOXO1 as a critical
checkpoint of endothelial growth, promotes endothe-
lial quiescence by antagonizing MYC, which leads to
a coordinated reduction in the proliferative and meta-
bolic activity of endothelial cells (ECs). The reduction
in oxidative metabolism induced by FOXO1 to
minimize the production of mitochondria-derived
ROS, thereby conferring protection against the high-
oxygen environment to prevent age-associated dis-
eases and promote longevity [46–50].

Importance of genetic and environmental factors
Longevity depends on complex interactions between
various genetic and environmental factors. In particu-
larly, epigenetics is adjusted and changed with the
stimulus of the environment, so it is difficult to put aside
the influence of environment on lifespan. The environ-
ment is divided into internal and external systems.
Microbiomics, the internal environment system, aims

to identify and analyze the microbial genome constitu-
ents, characterize host-microbiome interactions, and de-
termine its influence on health and diseases [51]. This
dynamic balance is maintained by suppressing immune
responses to commensal bacteria (the P-glycoprotein [P-
gp]/endocannabinoid axis) and activating inflammatory
responses to pathogens or aberrant signaling molecules
(multidrug-resistant protein 2 [MRP2]/hepoxilin A3) to
ensure a longer lifespan; this balance can be disturbed
by a dysbiotic microbiome. Compared with patients
without dementia, patients with AD were found to in-
duce lower P-gp expression levels, possess fewer
butyrate-synthesizing bacteria and higher abundances of
taxa that are known to cause proinflammatory states.
Therefore, the intestinal microbiome modulated intes-
tinal homeostasis by increasing in inflammatory, and de-
creasing in anti-inflammatory, microbial metabolism to
reduce the occurrence of AD [52]. A study analyzed the
effect of microbiome-diet-inflammation pattern on the
probability of development of CVD and identified 48 mi-
crobial pathways associated with CVD risk that affected
lifespan by interleukin members (IL-10, IL-6, IL-12P70
and IL-18 bp) involved in bacterial AA biosynthesis,
GDP-mannose metabolism glycolysis and homolactic
fermentation. Therefore, there may be a possible inter-
action between the host and the gut microbiome
through glycose metabolism [53].
The external environment system can also produce

physiological and developmental changes resulting in

alternative phenotypes. For example, there exists a direct
correlation between increased lifespan and better living
conditions [54]. Better living condition includes healthy
nutrition, less oxidative stress, healthy life style, taking
exercises and many other environmental factors, etc.
Diet restriction affects various factors, such as SIRT1,
AMPK, and mTOR, that influence cellular processes,
apoptosis, etc., and promote aging [13]. Reduced food
intake, avoiding malnutrition has been shown to
ameliorate aging-associated diseases and extend human
lifespan by IGF-1/mTOR network [55] (Fig. 2). A low-
calorie diet might slow or prevent the pathogenesis and
progression of AD through SIRT1-mediated deacetyla-
tion of FoxO to inhibit Rho-associated protein kinase-1
(ROCK1) and consequently increase α-secretase activity
and decrease Aβ production in autophagy pathways [56].
Healthy diet interventions promote weight loss, prevent-
ing metabolic syndrome, and reducing the development
of CVD [57]. Oxidative stress is also a major characteris-
tic of longevity or aging-related diseases. Almost all of
the diseases such as CVD, hypertension, cancer, and AD
that limit longevity and healthful aging are associated
with increased oxidative stress [58]. The production of
oxidants from multiple sources is increased, and the
adaptive response of organisms to oxidative stress and
the ability of repair systems will decline with aging by
Nrf2/EpRE signaling system [59] (Fig. 2).

Protein networks regulate homeostasis to
influence lifespan
No matter mutated genes, abnormal regulation of gene
expression, or environmental factors, which affected the
quality and quantity of protein productions, all impacted
homeostasis of cells. “Homeostasis” does not imply rigid-
ity of the dynamic system. Usually, certain internal vari-
ables remain approximately constant over a finite range
of inputs corresponding to external variables through
various regulatory mechanisms. Outside that range, the
mechanisms cease to function, threatening the physical
health [60].
In the face of calorie restriction and oxidative stress,

glucose metabolism provided both substrates and meta-
bolic control for insulin to promote fatty acid and gly-
ceride–glycerol synthesis [61]. Lipid metabolism play an
important role in various physiological and pathological
processes. In humans, excessive fat storage in the form
of triglycerides has been associated with diseases, such
as CVD. Also, peripheral serum levels of lipids have been
associated with AD and cognitive impairment by an al-
lele of APOE. However, emerging studies in mammals
have suggested that specific alterations in fat profiles
and even elevated fat storage can be associated with lon-
gevity [62, 63].
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Sirtuin 1 affects cholesterol and lipid metabolism via
various proteins and transcription factors, including far-
nesoid X receptor (FXR), PGC-1α, cholesterol 7α-
hydroxylase (CYP7A1), PPARα, and PPARγ, sterol
regulatory element-binding proteins (SREBPs), and liver
X receptor (LXR). A study found significantly decreased
total plasma and LDL cholesterol levels in transgenic
mice overexpressing SIRT1, while reduced HDL choles-
terol levels were found in SIRT1 knockout (Sirt1−/−)
mice after an 8-day LXR agonist administration. This
result suggested that overexpression of SIRT1 decreased
blood cholesterol levels and protected against CVDs
[64] (Fig. 2). A deficiency in sirtuin 1 levels has been re-
cently implicated in increased tau acetylation, a domin-
ant post-translational modification and key pathological
event in AD [65]. Also, sirtuin 1 was found to extend
the lifespan by regulating numerous vital signaling
pathways, including DNA repair and apoptosis, neuro-
genesis, mitochondrial biogenesis, glucose and insulin
homeostasis, etc. [66].
Numerous studies have shown that APOE Ɛ4 is associ-

ated with a substantially decreased odds for extreme lon-
gevity and increased risk for death, while APOE Ɛ2 is
associated with significantly increased odds for longevity,
with decreased risk for death [67]. Unlike individuals
with APOE Ɛ2, individuals with APOE Ɛ4 have lower
plasma concentration of APOE and C-reactive protein
(CRP), along with higher plasma levels of cholesterol,
LDL-C, APOB, lipoprotein (a), atherosclerosis, and BMI,
and are at a higher risk of CVD. Additionally, microhe-
morrhages in cerebral blood vessels might damage the
associated neural tissue, resulting in the formation of
amyloid plaques and tau protein tangles, leading to the
onset of AD. It has also been shown that age-dependent
changes in the levels of lipid and cholesterol in the brain
play a critical role in longevity [68]. Thus, in multicellu-
lar organisms, the control of gene expression or gene
variation is critical not only for development but also for
adult cellular homeostasis [69].

Conclusions
Recent studies have enhanced our understanding of the
determinants of human lifespan and longevity. Addition-
ally, various factors that influence longevity and aging-
related diseases have been identified, along with the de-
tection of the physiological sources of damage that cause
aging-related diseases, the compensatory responses that
try to repair homeostasis, and the possibilities of exogen-
ous intervention to prevent aging-related diseases and
promote healthy aging and longevity [70]. However, the
intricate interplay between these components is still
unclear.
In this review, we focused on two different states: lon-

gevity and aging-related diseases (CVD or AD), to

discuss the relationship between genetic characteristics,
including gene variation, the level of gene expression,
gene expression regulation, the level of protein expres-
sion, both genetic and environmental influences, and
homeostasis based on the formation of these phenotype
in organisms. Environmental factors activate insulin/
IGF-1/PI3K, AMPK/mTOR, SIRT/FOXO, and IGF/
RTK/MYC multiple pathways. At the same time, these
pathways interact with each other to regulate the mo-
lecular signaling cascade involved cytoplasm, mitochon-
dria, and nucleus. Finally, the phenotype of longevity or
aging-related disease is formed by the difference of mo-
lecular expression regulation in the same pathway. Lon-
gevity and CVD or AD, which are interconnected and
opposites, are intrinsically related and mutually condi-
tioned by the metabolism balance (Fig. 2). Our analysis
indicated that the phenotypic variation in longevity or
aging-related diseases in humans occurs due to the dif-
ferences in genomes or gene expression regulation and
the long-term effects of different environments; the
in vivo homeostasis of metabolism is adjusted accord-
ingly for adaptation (Fig. 1).
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