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Abstract 
Epigenetics can be defined as a heritable or reversible change in gene expres-
sion that is not accompanied by changes in DNA sequences. Epigenetics pro-
vides an additional layer of instructions that can affect where and when genes 
are expressed, modulating the aging process in response to an array of envi-
ronmental factors such as diet, lifestyle, genetics and disease. Subsequent 
changes at the gene level are likely to contribute to cell, organ and body senes-
cence affecting the health and well-being of patients. In recent years, regener-
ative aesthetic medicine has been integrated in the management of aging skin 
to either replace or restore damaged and dysfunctional skin cells to acquire 
more youthful appearance and function. In the past decade, small molecule-
based pre-clinical studies are investigating partial epigenetic reprogramming 
intervention strategies for epigenetic rejuvenation to reduce or reverse these 
infirmities through modifications of epigenetic marks and gene expression pat-
terns. 
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1. Introduction 

In recent years, regenerative medicine has become an integral part of plastic sur-
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gery because of similar goals to restore old, damaged and dysfunctional cells in 
tissues to nearly their original functional and structural state and rejuvenate them 
expectedly to acquire younger characteristics that may lead to aesthetic changes 
in tissue appearance. Aging cells share certain molecular characteristics and de-
fective manifestations of genetic and environmental changes that include epige-
netic alterations, senescence, telomere attrition, genomic instability, stem cell ex-
haustion, deregulated nutrient-sensing, loss of proteostasis, mitochondrial dys-
function, altered intercellular communication, disabled macro-autophagy, chronic 
inflammation, and dysbiosis [1]. These twelve revelations, collectively regarded as 
the “expanded hallmarks of aging”, are inherently linked in their actions and pro-
duce quantifiable and overlapping signs of cellular decline affected by both chron-
ological and biological factors. Accentuation or attenuation of one hallmark is not 
an isolated event and usually affects the structure and functions of others.  

Among the twelve hallmarks of aging, epigenetic modifications are considered 
one of the critical determinants of cellular and tissue aging that often preceded 
and impacted other aspects of age-related degeneration [2]-[4]. Clearly, aging is 
associated with the accumulation of DNA damage and mutations, as well as telo-
mere shortening, but there is an increasing body of evidence that aging might also 
be due to epigenetics [3] [6]. Modification of epigenetic factors are believed to 
serve in a regulatory capacity between environmental cues and enactment of ge-
nomic signals and thus have the unique ability to produce different observable 
phenotypic traits from a single genotype. Triggering of these epigenetic processes 
is believed to alter adversely gene expression thereby initiating down-stream tran-
scriptional events of cellular cells deterioration, aging, and loss of their vital func-
tions over time [6]. These age-associated epigenetic elements are associated, but 
not limited, to DNA methylation (DNAm), histone modification, chromatin re-
modeling, non-coding RNA (ncRNA) regulation, and RNA modification. To un-
derstand the interactive actions of epigenetic factors and their consequences on 
cellular aging, a basic review of chromatin, epigenetics, epigenetic-clock and drift, 
and reprogramming strategies is presented. A significant number of scholarly ar-
ticles [3] [7]-[10] are recommended to clarify the achievements and reservations 
in the field of genetics, genomics, and epigenetics that participate in the interac-
tions between genes and the environment’s role in affecting them. 

2. Chromatin and Nuclear Architecture 

DNA chains within chromosomes are subjected to continual alterations and de-
struction that may deregulate cellular identity and function. To manage these 
daily normal assignments against assaults, long strands of nuclear DNA are tightly 
coiled around spools of proteins, called histones, within complex packets known 
as chromatin [11]. Histones are comprised of two sets of four protein cores dimers 
(Histone H2A, Histone H2B, Histone H3, and Histone H4), containing high pro-
portion of basic amino acids (arginine and lysine), that enable tight binding, an-
choring, and packing of negatively charged DNA molecules into small compo-
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nents called nucleosomes. The more densely the nucleosomes are arranged 
around histones, the more protected the DNA is from damage [12], but provides 
less spacing for transcription of RNAs and post-transitional proteins and sup-
presses gene expression [13]. About 10 percent of genes in the human genome 
encode DNA-binding proteins, like histones, that can attach to specific sites on 
DNA to activate or suppress gene expression. The level of chromatin nucleosome 
compactness is manipulated either to support a relatively stable nuclear architec-
ture for proper genetic actions and their post-transitional protein production or 
to cause the nuclear architecture to exhibit instability through environmental 
modifications of DNA or of histones that may result in cellular aging and disease. 
The current goals of genomics, genetics and epigenetic studies are focused on 
identifying and characterizing the functions of genetic alterations and epigenetic 
changes that contribute to cancerous development and growth, developing newer 
sophisticated analytic methods, and development of alternative therapies that take 
advantage of the genetic and epigenetic influences in cancer. More recently, at-
tention has targeted identifying characteristics within aging cellular tissues and 
exploiting them to partially reverse them through epigenetic reprogramming for 
more youthful modifications of functions and appearances.  

3. Epigenetics 

Epigenetics can be defined as a heritable or reversible change in gene expression 
that is not accompanied by changes in DNA sequences. The word “epigenetics’ is 
derived from the Greek word “epi”, meaning “over” or “above,” and in this case, 
over and above the genome. Epigenetics provides an additional layer of instruc-
tions that can affect where and when genes are expressed, modulating the aging 
process in response to an array of environmental factors such as diet, lifestyle, 
genetics and disease.  

DNA methylation, a prominent epigenetic mark, is considered a major epigenetic 
modifier that has profound effects on gene expression by attaching methyl groups 
to cytosine/guanine dinucleotides (CpG islands) on the histones, reducing spacing 
and organization of genes. This effect can turn “off” specific genomic messaging so 
that they do not read. Histones are often referred to as the epigenome (“over” the 
genome) and consist of “marks,” which are not part of the DNA itself but can be 
passed on from cell-to-cell. About 60% of human genes contain about 29,000 CpG 
islands. Through a “Histone Code,” post-translational modifications are believed to 
regulate the complex expression of genes between histones and genes during periods 
of epigenetic chromatin silentness [13]-[16]. The molecular mechanisms of epige-
netic silencing remain incompletely understood but is believed to involve the pro-
cesses not only of methylation but also phosphorylation, acetylation, ubiquitylation, 
and ADP-ribosylation with histone proteins, DNA and RNA [3]. 

3.1. Chronological versus Epigenetic Biologic Aging 

Chronological aging is a measure of the number of years a person has lived from 
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date of birth [17]. In contrast, an individual’s biological age is a proxy for an indi-
vidual’s overall physiological and health status that can display a faster or slower 
aging, in relation to his/her chronological age. An ideal biological age estimator 
correlates not only with chronological age but also with additional epigenetic in-
formation on an individual’s risk for age-related conditions. Numerous physio-
logical, functional, cellular and molecular features have been proposed as epige-
netic biological age predictors, but few have been robust or precise. 

3.2. Epigenetic Clocks 

For over fifty years, sets of CpGs-DNA methylation (DNAm) levels have been 
strongly correlated with cellular aging [18]-[22] although other candidate markers 
have been identified such as telomere length, transcriptomics, proteomics, metab-
olomics, and composite biomarker panels [1] [23]-[25]. Bocklandt and his group 
[26] published the first study in 2011 that demonstrated DNAm levels in saliva 
could accurately predict average biological age. A few years later, Hannum’s whole 
blood epigenetic clock of 71 markers precisely estimated age from blood methyl-
ation levels [27]. In 2013, the first multi-tissue epigenetic clock of 353 CpGs by 
Horvath and his team [28] compared ages from highly predictive data sets of dif-
ferent tissues and cell types with the same algorithm irrespective of DNA source. 

Besides the verified Hannum-Horvath models [29], second-generation epigenetic 
clocks, such as DNA PhenoAge [23] and DNA GrimAge [30] have been developed 
based on correlation between methylation and health risks scores. Recently, 
Belsky et al. [31] developed the Dunedin Pace of Aging Methylation, the third-
generation Epigenetic Age Acceleration clock, that defined differences measured 
between greater biological age and chronological age related to consequence of 
low physical activity, obesity, alcohol, and smoking abuse [32]-[34]. The excite-
ment following the development of epigenetic clocks has been tempered as to the 
meaning of their measurements as each clock uses a different calibration of tissue 
type, sample size, and statistical approach [35]. This uncertainty is compounded 
by the fact that different epigenetic clocks appear to measure different features of 
aging. Studies have suggested that epigenetic aging is associated with nutrient 
sensing [36], mitochondrial activity [37], stem cell exhaustion [38], but distinct 
from cellular senescence [39], telomere attrition [40], and genomic instability [41]. 
The absence of a connection between the other aging landmarks and epigenetic 
aging suggests that aging is a consequence of multi-parallel mechanisms of deter-
ministic pathways. Despite these discrepancies, epigenetic clocks will continue to 
bring even greater clarity to the overall process of aging and chronic diseases. Cur-
rent epigenetic clocks are being explored for their potential to predict and reverse 
skin aging. Although research in first and third generation clocks demonstrates 
promising results to assess large groups, limitations exist in predicting individual 
skin aging rates. Some studies have developed clocks specifically for skin, like 
“VisAgeX” clock, which is believed to accurately predict skin age progression with 
a focus on identifying key biological pathways associated with skin aging [42]. 
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Boroni [43] developed an accurate skin age predictor using 2266 CpG sites and 
DNA methylation pattern’s to assess the impact of various factors on aging skin, 
including UV exposure, pollution, and the efficacy of anti-aging senotherapeutic 
treatments. This “MolClock” provides one of the more comprehensive and highly 
accurate methods to analyze human skin health status and aging. Further longi-
tudinal cohort studies are needed to better understand how epigenetic clocks 
measure relationships between skin biological aging and chronological aging 
based on epigenetic skin changes, facial visual aging skin signs, proteosome sig-
natures, inflammatory and immune pathways, biophysical skin changes, and bi-
opsies.  

In contrast to aforementioned epigenetic clocks that estimate chronological/bi-
ological aging, epigenetic drift refers to a random process of both gains and losses 
of the methylation state of CpG and nucleotide composition of adjacent sequences 
over time [44]. Epigenetic drift occurs when the original methylation states of 
CpG dinucleotides are altered as a result of random errors from the imperfect 
fidelity of DNA methyltransferase (DNMT) enzymes that copy DNAm patterns 
from parental DNA during faulty DNA repair [45]. Gains of CpG methylation 
during drifts may become likely markers of cell divisions or cell turnovers that 
may be useful in timing the initiation and progression of cancers [46]. In sum-
mary, understanding epigenetic aging mechanisms may provide strategies to de-
lay aging and treatment of diseases [9]. 

4. Epigenetic Reprogramming 

Cellular, tissue, and organ-system aging can be broadly characterized as the onset 
and progression of the twelve hallmarks of aging leading to an increased suscep-
tibility to chronic age-related diseases, cancers and death with associated socio-
economic consequences [47] [48]. In the past decade, small molecule-based ther-
apies, leveraging on transcription factors, and reprogramming intervention strat-
egies for epigenetic rejuvenation are being considered to reduce or reverse these 
infirmities through modifications of epigenetic marks and gene expression pat-
terns. Currently, reprogramming research has focused on two different but related 
means, namely complete reprogramming and partial reprogramming.  

4.1. Complete Reprogramming Strategies 

The advent of induced pluripotent stem cells (iPSCs) following the discovery of 
Shinya Yamanaka (2012 Nobel prize in Medicine) brought about a regenerative 
medicine approach to virtually every human condition possibility including aging 
skin, fat loss, and alopecia [49]. This in vitro research allowed reprogramming of 
human somatic differentiated cells (e.g., skin cells) to induce pluripotent stem 
cells (iPSCs). The landmark paper used four transcription factors, namely OCT4, 
SOX2, KLF4, and MYC (0SKM cocktail) to remove cell identity and reset cell-
type-specific epigenetic signatures [50]. Other investigators [51] [52] have em-
ployed the same canonical OSKM factors to induce complete return to pluripo-
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tential cells in various mouse and human somatic cell types. Oct4 is considered 
the master transcriptional regulator of epigenetic reprogramming, in that its over-
expression alone can induce pluripotential regression [53]-[55]. SOX2 has multi-
ple roles as a transcription factor involved in embryonic development, cancer bi-
ology, and a primer that first attaches to the chromatin before subsequent OCT4 
binding [56] [57]. The close association of shared binding sites for OCT4/SOX2 
enables significant accessibility for epigenetic reprogramming and induced plu-
ripotency [58]. KLF4 acts synergistically with OCT4/SOX2 to increase accessibil-
ity during complete iPSC reprogramming, and is thought to initiate the first onset 
of transcriptional activation [59]. In contrast to OSK factors, MYC is considered 
a potent amplifier of reprogramming [60] rather than an instigator of the induc-
tion process [61]. Other transcription factors NANOG and LIN28 are also being 
studied as alternatives to canonical OKSM factors because they share 90% binding 
sites of OCT4 and SOX2 [59]. When these 2 factors are combined with OCT4/SOX2 
[52], their synergistic effects can increase the reprogramming efficiency by 76-fold 
for reprogramming human somatic cells into iPSCs [62]. Although these break-
through revelations with full cell reprogramming show great promise for revers-
ing the aging process and chronic diseases, the observed phenomena of frequent 
tissue dysplasia and tumorigenesis diminishes its acceptance as an appropriate or 
viable alternative for anti-aging strategies. For example, continuous expression of 
OSKM factors in vivo is limited by substantial safety concerns such as severe 
weight loss, the formation of totipotent stem cells and teratomas in several organ 
systems [63]. 

4.2. Partial Reprogramming Strategies 

Partial reprogramming [64]-[67] has the potential of reversing aging by resetting 
the landscape safely without reaching a pluripotency state to achieve rejuvenation 
while preserving cell identity and minimizing tumorigenesis. In addition, partial 
reprogramming influences major hallmarks such as autophagy and mitochondrial 
membrane potentials [68]. This approach uses combinations of the Yamanaka 
OSKM transcriptional activators to initiate the first steps toward pluripotency by 
evoking somatic silencing and chromatin nucleosome closures [69]-[71]. The 
mechanisms for silencing gene activation that become inaccessible after OSKM 
induction are not fully understood but may involve displacement or down-regu-
lation of the transcription factors [72] [73]. As somatic programs are silenced, 
transcriptional remodeling of canonical OCT4/MYC/KLF4 and SOX2 factors oc-
curs that drive the reprogramming of somatic cells to iPS cells [74] [75]. OSKN 
also resets the epigenetic landscape by inducing changes to histone tail post-tran-
sitional modifications by DNA methylation [76] [77], The precise mechanism(s) 
of how histone methylation affects transcriptional functions of activation and re-
pressions is unclear and needs to be defined. DNA methylation during iPS cell 
reprogramming facilitates the interplay between chromatin remodeling as well as 
silencing differentiation-associated genes [78] [79]. The road map for reprogram-
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ming from beginning to end remains a challenge to navigate because events are 
transient, contradictory, and dynamic in their interactions. 

4.3. Partial Reprogramming for Epigenetic Rejuvenation 

The concept of epigenetic rejuvenation, defined as inducing epigenetic changes 
by partial reprogramming to a younger rejuvenated state without loss of identity, 
was first proposed in 2021 [80] [81]. Since then, substantial progress has been 
made to develop safer and more effective partial reprogramming protocols [82], 
including but not limited, to optimizing cyclic [68] [83], or continuous [84] [85] 
expression, single [86] or long-term expression [87], levels of expression [71] [88], 
and partial de-differentiation reprogamming [70] [88] to induce epigenetic reju-
venation without losing cell identity via partial de-differentiation in mice models. 
Through careful pulsing OSKM expression in whole older mice, Ocampo and col-
leagues’ partial reprogramming protocol improved cellular physiological aging 
markers without formation of teratomas [68]. However, the rejuvenation effects 
were transient after termination of OSKM expression. Additionally, Chondrona-
sion’s study [86] of a single pulse of continuous OSKM induction for seven days 
in naturally aged mice emphasized how OSKM over expression can result in dras-
tically different effects on different cell types with the same organ. Experiments in 
mice clearly provided evidence that partial epigenetic reprogramming can reverse 
aspects of aging.  

Although experiments in rodents provided foundational evidence that epige-
netic reprogramming can reverse aspects of aging, these effects have yet to be fully 
translated in human cells and tissue. Initial experiments with human cells demon-
strated that some biomarkers of aging responded to epigenetic reprogramming 
through re-differentiation after iPS cell formation. For example, early investiga-
tions in human cells were somewhat encouraging with observations of shortening 
of telomere lengths with protocols relying on rejuvenation through re-differenti-
ation after iPS formation [89]-[92]. Manukyan and colleagues made the first at-
tempt to optimize the reprogramming process by adding microRNA let-7 to the 
OSKM cocktail to restore senescent human fibroblasts to younger cells without 
loss of cell identity [81]. More recently, Sarkar et al. [92] obtained the first evi-
dence of partial reprogramming-induced rejuvenation of aging human cells in 
vitro by using a messenger RNA-based strategy for transient expression of six fac-
tors, OSKM, LIN28, and NANOG (OSKMLN). The extent of OSKMLN repro-
gramming was multifaceted and far-reaching, as epigenetic hallmarks, functional 
parameters, and epigenetic clocks were significant compared to age-matched 
counterparts. Although significant progress has been accomplished concerning 
safe and effective reprogramming cocktails, timing, and duration of induction 
have yet to be optimized before their implementation in patients because of po-
tential and unknown side effects and risks. That said, partial reprogramming strat-
egies to reverse aging without a pluripotential state or loss of cellular identity have 
remained challenging for human trials because of contradictory and transient re-

https://doi.org/10.4236/oalib.1113617


G. H. Sasaki 
 

 

DOI: 10.4236/oalib.1113617 8 Open Access Library Journal 
 

sults with in vitro and translational studies. During partial reprogramming events, 
somatic skin cells undergo multiple intermediate stages during epigenetic, tran-
scription factor-induced remodeling and cell identity conservation. Somatic si-
lencing, the earliest reprogramming event, is tightly regulated by OSK transcrip-
tional activator factors that suggest OSK induce silencing of gene-associated chro-
matin loci through direct or indirect mechanisms. During the intermediate stages, 
an incomplete almost pluripotent cell type emerges, as opposed to a true pluripo-
tent cell. All transcriptional remodeling investigations utilizing OSKM occupancy 
data are limited to events that occur in the beginning or end points with every-
thing in between still up for interpretation. As early events are largely transient, 
identifying markers during the critical intermediate phase remain largely unan-
swered. Despite these concerns, commercial companies have explored the use of 
in vivo partial reprogramming (IVPR) treatments in the last few years. Their ther-
apeutic clinical applications are still limited until partial reprogramming methods 
become safe and effective [93]. 

4.4. Alternative Partial Reprogramming Strategies  

Because of the potential uncertainties in reprogramming strategies using tran-
scription factors, researchers [94] [95] have focused also on small molecular com-
pounds, less than 500 Dalton in size, such as methyltransferase (DNMT) inhibi-
tors and histone deacetylase (HDAC) inhibitors to target any portion of enzymes, 
receptors and signaling pathways. DNA methyltransferase catalyzed the addition 
of methyl groups to cytosine residues located in the CpG dinucleotides to regu-
lated gene expression [96]. When abnormal DNA methylation patterns linked to 
aging or diseases occur, DNMT inhibitors can delay or reverse them emerged as 
a potential anti-aging strategy. Several DNMT inhibitors such as 5-azacitidine, a 
cytidine analog, has been found to inhibit DNA methylation [97], producing hy-
pomethylation for reversal of age-related patterns in immune cells, stem cells and 
neurons [98]. Of interest, the application of 5-AZA reversed phenotypic aging in 
human adipose-derived stem cells, suggesting its possibility to slow down and 
even reverse age-related findings in stem cells [99]. However, the safety profile of 
AZA used as a chemotherapeutic drug in patients with myelodysplastic syn-
dromes exhibits significant serious side effects and risks such as anemia, throm-
bocytopenia and neutropenia and renal damage [100]. 

Cellular aging is also associated with changes in histone acetylation of core his-
tones that are regulated by the opposing actions of histone acetyltransferases 
(HATs) and histone deacetylases (HDACs) [101]. Acetylation neutralizes the in-
teraction between histones and DNA, allowing accessibility for increased tran-
scriptional activity. In contrast, HDACs remove acetyl groups from histone lysine 
that condenses spacing and represses transcription. The action of HDAC inhibi-
tors targets the active sites of various HDAC enzymes inducing gene activation 
that has the potential to improve telomere lengthening, DNA repair, proteostasis, 
mitochondrial dysfunction, and cellular senescence [102]. In summary, HDAC 
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inhibitors are demonstrating promising results in preclinical studies to rejuvenate 
aging cells by partial reprogramming of the epigenetic pathways [103] [104]. 

5. Conclusions 

Throughout the history of humanity, the search to extend healthspan and lifespan 
has been a persistent goal. Modern theories in aging research have focused on 
degenerative changes in DNA and mutations, which overtime lead to genomic 
malfunctioning to infirmity, chronic diseases, and cancer. More recently, the 
emergence of epigenetics has increased our understanding that epigenetic remod-
eling expands the intimate relationship between chromatin and epigenetic influ-
ences on slowing or reversing the aging processes. The advent of partial repro-
gramming epigenetic protocols has further altered our concepts of potentially re-
versing aged or diseased cells by identifying key check points along the rejuvena-
tion pathway without cancer risks and loss of cell identity before they reach the 
point of no return at their final embryonic cell state. In this regard, research is 
studying whether partial de-differentiation or re-differentiation are crucial steps 
for effective safe rejuvenation. Various rejuvenation protocols provide insights 
and strategies for ameliorating age-related chronic diseases, including, but not 
limited, to removal of senescence cells and suppression of their associated secre-
tory phenotypes, metabolic changes, stem cell therapies, and immune augmenta-
tion.  

Despite the rapid advances in cellular and tissue rejuvenation as a potential for 
treating human diseases, cellular partial reprograming strategies are still in their 
infancy with low efficiency rates, yet to be resolved issues of over-expression of 
transcription factors, and control of potential safety issues [105]. During incom-
plete reprogramming, for example, cells might not begin the induction process, 
while others are terminated at varying intermediate stages, resulting in a mixed 
heterogeneous population of reverted cells in various stages of rejuvenation. Ad-
ditionally, the extent of rejuvenation without complete dedifferentiation has been 
observed to be insufficient, as well as not all cells uniformly regain or retain their 
youthful characteristics. These varying degrees of expression of reprogramming 
factor, and therefore the total amount of reprogramming, among different cells, 
tissue types, and organs, have resulted in varying outcomes in lifespan extensions, 
uniform reversal epigenetic hallmarks, and impaired tissue regeneration from in 
vivo translational studies. Other factors that contribute to low efficiency include 
delivering OSKM transcription factors consistently and efficiently into cells, iden-
tifying potential biomarkers of subpopulations with enhanced reprogramming 
potential, overcoming barriers of epigenetic modifications, intrinsic resistance of 
senescent cells to reprogramming, and refining optimal factor combinations of 
timing, dosage, and duration. Currently, the pre-clinical use of RNA-based pro-
tocols [106], modification of OKSM genes, and small molecules chromatin acti-
vators will require more comprehensive and standardized investigations to estab-
lish safety and efficacy in humans. 
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