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Abstract

Background: Aging is shaped by interdependent molecular processes captured by the hallmarks
framework, in which epigenetic alterations stand out as a potentially modifiable regulatory layer.!
DNA methylation (DNAm) patterns change with age and can be summarized by epigenetic clocks
that estimate biological age, pace of aging, and risk-related phenotypes.911-13 Yet, the extent to which
interventions reproducibly modulate DNAm-based biomarkers across tissues and species remains
uncertain.®® Methods: A systematized review of longitudinal intervention studies (2010-2025;
English/Spanish) was conducted in PubMed, Scopus, and Cochrane CENTRAL, with selection
documented using PRISMA. Human eligibility included randomized controlled trials (RCTs), non-
randomized controlled studies, and pre—post designs (n>10; adults 218 years). Preclinical eligibility
included longitudinal mammalian studies (n=5 per group). Outcomes were changes in DNAm-based
epigenetic age (years) and/or pace of aging (e.g., DunedinPACE). Data were extracted into a
standardized matrix (clock, tissue, effect direction/magnitude, safety, RoB_overall) and synthesized
narratively; meta-analysis was not performed due to heterogeneity. Results: Thirty-five longitudinal
studies were included (29 human, 6 preclinical). Lifestyle interventions in humans generally showed
modest effects,*26 with more consistent signals when exposure was sustained and accompanied by
plausible physiological changes (e.g., prolonged calorie restriction affecting DunedinPACE, with
effect sizes up to d=—0.43 at 12 months and d=-0.40 at 24 months in higher-adherence participants).2
Exogenous compounds showed higher heterogeneity and mixed evidence,?#! including robust null
epigenetic findings in some trials (e.g., metformin adjusted ITT differences ranging from -0.91 to
+0.82 years across clocks, all p=0.18)¥ alongside favorable signals in smaller analytic subsets or open-
label settings (e.g., bezisterim sub-study with reductions of -3.68 years in SkinBloodAge, -5.00 in
Hannum, and -4.77 in InflammAge).? Blood/circulation-derived interventions produced some of the
largest reported effect sizes but also raised interpretation challenges: therapeutic plasma exchange
with a sham arm reported epigenetic age decreases of ~1.3-2.6 years depending on the clock and
regimen, with pronounced shifts in immune/inflammation-sensitive clocks; the apparent benefits
waned after treatment cessation.*? Unexpectedly, repeated plasmapheresis in donors was associated
with increases in several clocks and DunedinPACE per procedure (~+0.16-0.26 years per session
across GrimAge-family clocks and ~0.003+0.001 DunedinPACE units per session).®* In rodents,
plasma fractions/exosome-rich preparations and heterochronic parabiosis reported large percentage
reductions across tissues, with strong dependence on exposure duration and concerns about
translational uncertainty (up to ~77.6% in liver and ~68.2% in blood in one plasma-fraction study).*-
¥ Evidence for partial reprogramming (OSKM) was limited to a single rat study with small, near-
significant trends in hippocampus-based clocks (two-sided p=0.064-0.088 across three clocks).*
Conclusions: DNAm-based epigenetic biomarkers are modifiable by interventions in mammals, but
effects are heterogeneous and depend on the intervention, clock construct (age vs pace/risk
signatures), biological matrix, tissue, follow-up duration, and study design. A single notion of
“epigenetic rejuvenation” is not supported; instead, intervention effects appear domain-specific and
must be interpreted in relation to what each clock measures.
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Introduction

Aging can be conceptualized as a network of interdependent cellular and molecular processes
that collectively drive progressive functional decline and increased disease risk.! Since the first
hallmarks of aging framework was first introduced in 2013, proposing nine interconnected hallmarks
organized into primary, antagonistic, and integrative categories?, this model has been expanded to
encompass twelve interrelated hallmarks.! Within this network, epigenetic alterations stand out for
their regulatory reach and relative reversibility.134

There is increasing consensus that epigenetic changes—DNA methylation, histone
modifications, and dysregulation of non-coding RNAs—are integral to aging.>¢ These changes can
directly alter gene expression, compromise genomic stability, and promote retroelement reactivation,
thereby shaping cellular phenotypes that propagate to organism-level function.>¢ At the same time,
the question of causality versus correlation remains unresolved for many age-associated epigenetic
changes, compounded by tissue-specificity and crosstalk with other hallmarks.>68

To address this challenge, DNA methylation-based epigenetic clocks have emerged as practical
tools for quantifying biological aging, capturing biological age, pace of aging, and related outcomes
such as mortality risk.”1 Over time, these measures have diversified to include multi-tissue and
blood-based first-generation clocks (e.g., Horvath, Hannum)?1!, second-generation clocks trained on
clinical risk phenotypes (e.g., PhenoAge, GrimAge/GrimAge2),'2'® and pace-of-aging measures such
as DunedinPACE.® These tools have catalyzed a rapidly expanding intervention literature seeking to
test whether biological aging signatures are modifiable.>*

Beyond measurement lies translation. Although numerous geroprotective strategies have been
proposed, the extent to which interventions reproducibly and meaningfully modulate epigenetic
clocks remains limited and heterogeneous across designs, tissues, and clocks.58 This systematized
review therefore focuses on longitudinal intervention evidence in mammals, aiming to map which
intervention families show the most consistent and interpretable effects on DNAm-based biomarkers,
under what conditions, and with what safety considerations.

Methods

Review Design and Question

This work synthesizes longitudinal evidence on interventions that modulate epigenetic
mechanisms and their effects on DNAm-based epigenetic age and/or pace of aging in mammals. The
intervention-focused component was conducted as a systematized review with study selection
reported using a PRISMA flow diagram.

PICO question: In adult mammals (humans and animal models), do interventions that modulate
epigenetic mechanisms reduce epigenetic age and/or pace of aging compared with placebo/standard
care or relative to baseline (pre—post)?

Eligibility Criteria

Criteria applied to the intervention review.

Population: Adult mammals. Humans (primary stratum): adults 218 years, healthy or with age-
related conditions. Preclinical stratum: mouse or other mammals, n>5 per group (one preclinical
study with n=4 per group was retained as an exception due to its relevance).

Interventions: Interventions reporting longitudinal DNAm-based outcomes (epigenetic age
and/or pace of aging). Exclusively in vitro interventions were excluded.
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Comparators: Placebo/standard care (parallel comparison) or within-subject pre—post
comparison.

Outcomes: Primary: (1) change in DNAm-based epigenetic age (years) using methylation clocks
(e.g., Horvath, Hannum, PhenoAge, GrimAge); (2) change in pace of aging (e.g., DunedinPACE or
equivalent measures when applicable).

Secondary: safety and adverse events when reported.

Exclusions: In vitro studies, non-mammals, purely cross-sectional designs, sample size below
thresholds, duplicates, editorials/reviews, lack of full text, or absence of epigenetic outcomes.

Information sources and search strategy

Databases: PubMed, Scopus, and Cochrane CENTRAL.

Time frame: 2010-2025. Languages: English/Spanish.

Last search date for the intervention review: 22/11/2025.

Search strings combined epigenetic clock terms (e.g., “epigenetic clock”, “DNAm age”, Horvath,
Hannum, PhenoAge, GrimAge, DunedinPACE) with intervention terms. Full Boolean strategies and
filters are provided in Appendix A.

Table 1. Full search strategies by database.

I | Databas | Date Query Filters | Resul | Export | Select

D |e ts ed ed

I1 | PubMed | 21/11/20 | (  “epigenetic clock”[tiab] OR | 2010- | 145 145 See
(human | 25 “epigenetic  clocks”[tiab] OR | 2025; PRIS
s) “DNA methylation age”[tiab] OR | EN/ES; MA

“DNAm age”[tiab] OR | Huma
“epigenetic age”[tiab] OR | ns;

“methylation clock”[tiab] OR | Article
“methylation clocks”[tiab] ) AND

( trial[tiab] OR
randomized[tiab] OR
randomised[tiab] OR
intervention[tiab] OR

interventional[tiab] OR “pre-
post”[tiab] OR “before and
after”[tiab] ) AND
(“2010/01/01”[PDAT)]
“2025/12/31”[PDAT]) AND
(english[la] OR spanish[la]) AND
humans[mh]

I2 | PubMed | 22/11/20 | (“epigenetic  clock”[tiab] OR | 2010- |5 5 See
(animals | 25 “epigenetic clocks”[tiab] | 2025; PRIS
) OR”DNA methylation age”[tiab] | EN/ES; MA
OR “DNAmM age”[tiab] | Article
OR”epigenetic age”[tiab] OR |; NOT
“methylation clock”[tiab] | human
OR”methylation s
clocks”[tiab])AND(trial[tiab] OR

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0713.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 March 2026 d0i:10.20944/preprints202603.0713.v1

4 of 85

randomized[tiab] OR
randomised[tiab]
ORintervention[tiab] OR
treatment[tiab] OR”pre-
post”[tiab] OR “before and
after”[tiab]) AND(Mice[MeSH
Terms] OR mouse[tiab] OR
murine[tiab] ORrat[tiab] OR
rats[tiab] OR
mammal*[tiab]) AND(“2010/01/01
”[PDAT]
“2025/12/31”[PDAT])AND(englis
h[la] OR spanish[la])NOT
humans[mh]

I3 | Scopus | 21/11/20 | TITLE-ABS-KEY(  (“epigenetic | 2010- | 507 507 See
25 clock” OR “epigenetic clocks” OR | 2025; PRIS
“DNA methylation age” OR | EN/ES; MA
“DNAm age” OR  “epigenetic | Article
age” OR “methylation clock” OR
“methylation clocks”) AND
(trial OR randomized OR

randomised OR intervention

OR interventional OR “pre-
post” OR “before and after”) )

14 | Cochran | 21/11/20 | ( “epigenetic clock”:ti,ab,kw | 2010- | 5 5 See

e 25 OR “epigenetic clocks”:ti,ab,kw | 2025; PRIS
CENTR OR “DNA methylation | EN/ES MA
AL age”:ti,ab,kw OR “DNAmM
age”:tiabkw OR  “epigenetic

age”:tiabkw OR “methylation
clock”:ti,ab,kw OR
“methylation clocks”:ti,ab,kw )
AND ( trial:ti,abkw OR
randomized:ti,ab,kw OR
randomised:ti,ab,kw OR
intervention:tiabkw OR “pre-
post”:ti,abkw OR  “before and
after”:ti,ab,kw )

Study Selection

Records were imported into Mendeley for de-duplication and management. Screening was
performed in two phases (title/abstract, then full text). Final inclusion was determined by eligibility
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regarding population, design, and epigenetic outcomes. Selection is documented using a PRISMA
flow diagram.

Records identified through Additional records identified
database searching through other sources
(n=662) (n=0)

Records after duplicates
removed
(n=520)
Records screened Records excluded (title/abstract screening)
(n=520) (n=478)
Full-text articles excluded, for the following
Full-text articles assessed for reasons: no full text available, wrong
eligibility language, unrelated topic, unrelated
(n=42) abstract, not relevant
(n=7)

Studies included in qualitative
synthesis
(n=35)

[ Included ] [ Eligibility ] [ Screening ] [Identification]

Figure 1. PRISMA flow diagram.
Screening, data extraction, and consistency checks were performed by the author.

Data Extraction

For included studies, data were extracted into a standardized spreadsheet capturing: ID, first
author, year, title, country, species, design, sample size (total and per group), population description,
intervention family and description, dose/schedule, comparator type and description, clock(s),
tissue/matrix, timepoints, effects on DNAm age, effects on pace of aging, safety/adverse events, and
overall risk of bias (RoB).

Due to space constraints, the full study-level extraction table (including study characteristics and
overall RoB) is provided in Appendix B.

Risk of bias (RoB) Assessment

Study-level robustness was contextualized using a study-level risk-of-bias (RoB) field recorded
in the extraction matrix, with a concise justification. In randomized trials, the overall RoB judgment
was informed by an abbreviated RoB 2 approach, used for pragmatic study-level contextualization
rather than formal domain-level adjudication. In non-randomized and/or preclinical studies, the RoB
field captured major qualitative biases (e.g., confounding, selection, measurement), with supporting
rationale recorded in the extraction matrix and reported in Appendix B.

Synthesis

Evidence was synthesized narratively and structured by intervention family: lifestyle,
exogenous compounds, blood/circulation-derived interventions, and cellular reprogramming. Due
to heterogeneity in interventions, populations, tissues, clocks, durations, and comparator structures
(parallel vs pre—post), no meta-analysis and no formal publication-bias assessment were performed.
Where studies reported multiple clocks and/or tissues, results were summarized per clock/tissue as
reported, interpreting multiplicity cautiously and prioritizing pattern consistency (direction) over
isolated point estimates.
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Results

Overview of Included Studies

Thirty-five longitudinal intervention studies in mammals were included, spanning diverse
epigenetic clocks and biological matrices. Studies comprised predominantly human adult trials
(including RCTs and single-arm pre—post designs), complemented by preclinical longitudinal studies
in mammals (mouse, rat, and non-human primate). A wide range of clocks was used, including
Horvath, Hannum, PhenoAge, GrimAge/GrimAge2, DunedinPACE, and species- or tissue-specific
clocks in animal studies.!+8

Lifestyle Interventions

Thirteen studies modified lifestyle through diet, physical activity, weight management, and/or
stress-related programs; all were human studies meeting inclusion criteria.!#26 Across this category,
follow-up ranged from ~8 weeks to 24 months (including structured 12-18-month programs), with
sample sizes spanning from small pilot cohorts to >250 participants; for example, MACRO
randomized n=148 (DNAm baseline n=144) and CALERIE randomized n=220 (DNAm n=197).
Overall, lifestyle interventions tended to yield modest DNAm-clock changes, with more coherent
signals under sustained exposures and plausible physiological shifts.

Dietary Interventions

Diet-focused interventions included sulfur amino-acid restriction, nut-based supplementation,
dietary pattern comparisons, Mediterranean-style diets, very-low-calorie ketogenic diets, and chronic
calorie restriction, with follow-up spanning weeks to two years.#20 In the STAY double-blind SAAR
trial (NCT04701346; 8 weeks; n=59 randomized, SAAR n=31 vs control n=28), Herndndez-Arciga et
al. reported no significant changes in epigenetic clocks in blood (subset analyzed for methylation).
Consistent with a null effect, estimated changes in epigenetic age measures were not distinguishable
from zero and there were no significant between-group differences across the clocks evaluated after
the 8-week intervention.* A 14-week mixed nut supplementation trial using a sperm-specific
epigenetic clock reported no change in “germline age” despite differential methylation signals.'s
Trials comparing dietary patterns (e.g., low-carbohydrate vs low-fat) showed small changes with
limited between-group differentiation across clocks, including only slight shifts in DunedinPACE
(overall ~1.00 to 0.99 at 12 months; ~0.01 units) and modest/discordant patterns in other clocks
(including slight increases in PCPhenoAge and PCGrimAge in the low-carbohydrate arm vs low-fat
in MACRO).’ In a small longitudinal obesity cohort undergoing a very-low-calorie ketogenic diet
(VLCKD) (n=10), epigenetic age deceleration was observed both during nutritional ketosis (~30 days;
Horvath -3.3, Hannum -6.3, Levine -8.8 years) and at 180 days (Horvath 1.1, Hannum -7.4, Levine
-8.2 years), with a mean slowing of approximately -6.1 years during ketosis and —6.2 years at study
end (p<0.0001). Greater slowing was associated with BMI reduction, higher B-hydroxybutyrate levels
(r=-0.67 to —0.75; p<0.001), and broader metabolic improvements.'” An individualized Mediterranean
diet program did not show significant changes in Horvath age acceleration across the full cohort,
with only a small subgroup signal that did not generalize across strata, with the epigenetic analysis
conducted in n=120 intervention participants and significance (after BH correction) restricted to a
subgroup of Polish women for AgeAccel/IEAA.'8 A 4-week dietary intervention in 32 adults with
metabolic syndrome using daily tree nuts + extra-virgin olive oil showed no significant change in
epigenetic aging measures despite elevated baseline aging rates, with ADunedinPACE = -0.002 +
0.070 (p=0.86) and AAgeAccelGrim =-0.04 + 1.34 (p=0.89).1°

By contrast, sustained calorie restriction produced clearer effects on pace-of-aging outcomes. In
CALERIE (25% target restriction; achieved ~12% on average over two years), DNAm age clocks did
not differ between groups, but DunedinPACE decreased moderately in the calorie restriction arm,
with larger effects among participants achieving higher restriction levels, with effect sizes of
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approximately d=—0.29 at 12 months (p=0.0004) and d=-0.25 at 24 months (p=0.008) overall, and up to
d=-0.43 at 12 months (p=1.4x10-%) and d=-0.40 at 24 months (p=0.0002) among participants achieving
~20% calorie restriction. These data suggest that clocks capturing pace/functional decline may
respond more robustly to sustained metabolic shifts than clocks optimized for chronological age.

Physical Activity Interventions

Pure exercise-only evidence was more limited. A pilot home-based exercise program (GO-
EXCAP) in older adults with myeloid neoplasms reported moderate but non-significant decreases in
GrimAge and PhenoAge, with median [IQR] changes of approximately —-1.4 years for both clocks
(p=0.55 and p=0.10, respectively), with no consistent change in DunedinPACE or first-generation
clocks (DunedinPACE median [IQR] —0.1 [0.2]; p=0.47).2' In the Florence DAMA trial physical activity
did not significantly affect GrimAge (3 = 0.09; p = 0.73) but did significantly reduce epigenetic
mutation load (EML) (p =-2.06; 95% CI -2.84 to —1.28; p < 0.001).

Multicomponent Programs

Four multicomponent interventions combined diet, exercise, structured weight management,
and/or stress reduction; none reported adverse events.?>?6 An 8-week multicomponent program
(plant-centered diet designed to support methylation, targeted supplementation, probiotics, and
structured exercise) reported a significant saliva Horvath age reduction compared with controls, with
a between-group difference of approximately —3.23 years (p=0.018; treatment n=18 vs control n=20).%
DIRECT-PLUS (18 months; dietary counseling including a polyphenol-rich variant with workplace
physical activity support) evaluated multiple blood clocks and reported modest differences
associated with adherence, including modest Li DNAmAge increases of ~0.8-1.1 years across groups
over follow-up, with no clear between-diet pattern for DunedinPACE (which decreased similarly
across groups without significant between-pattern differences).?* Other structured weight-
management programs showed small, often non-significant changes across clocks, including ~0.5-
1.1-unit reductions in Horvath and Hannum clocks over 12 weeks that did not reach statistical
significance.? A stress-response relaxation intervention reported an average epigenetic age decrease
of ~1.5 years, with stronger signal in healthy participants than in post-myocardial-infarction patients,
but effects were borderline and heterogeneous, with —4.67 + 4.40 years in healthy participants
(p=0.053) versus —0.14 + 1.55 years in post-MI patients (p=0.428).26

Exogenous Compounds (Humans and Preclinical)

Fifteen studies evaluated exogenous compounds: pharmacological agents, vitamins, nucleotide
supplementation, polyphenols/extracts, NAD* modulators, and multinutrient formulations.?”4
Thirteen were human studies and two were in mammalian models (marmosets and mice). Overall,
heterogeneity was high and coherence across clocks and matrices was limited.

Pharmacological Interventions

In a factorial trial of postmenopausal women with overweight and prior breast cancer,
metformin (up to ~850 mg twice daily), a telephone-based weight-loss program, and their
combination were compared with placebo/standard care over six months with multiple blood clocks
assessed. Epigenetic findings were globally null for metformin versus placebo across clocks, with
adjusted ITT differences in age acceleration ranging from —0.91 to +0.82 years across clocks (all p =
0.18), including EAA PhenoAge +0.82 years (95% CI -1.16 to 2.80; p=0.41) and EAA GrimAge -0.91
years (95% CI -2.24 to 0.41; p=0.18), and the weight-loss arm showed small, inconsistent signals
interpreted as statistical noise, including a nominal increase in EAA PhenoAge of +2.02 years (95%
CI0.02 to 4.03; p=0.05, adjusted ITT).?

In an RCT in mild-to-moderate Alzheimer’s disease, bezisterim (NE3107/HE3286; 20 mg twice
daily for 30 weeks) was associated with multi-year epigenetic age reductions versus placebo in a
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small per-protocol methylation subset across several blood clocks (including SkinBloodAge,
Hannum, and InflammAge), with trends in GrimAge and PhenoAge, with point estimates of
approximately —3.68 years (SkinBloodAge; p=0.017), -5.00 years (Hannum; p=0.006), —4.77 years
(InflammAge; p=0.022), and trend-level reductions of —3.71 years (PhenoAge) and -1.92 years
(GrimAge; p=0.06-0.08).28 Safety reporting indicated common treatment-emergent adverse events
with no excess discontinuations in the active arm versus placebo, with any TEAE in 72.7% vs 62.5%,
treatment-related AEs in 12.5% vs 18.2%, discontinuations due to AEs in 0% vs 9.1%, and SAEs in
4.2% vs 9.1% (bezisterim vs placebo, per-protocol population).?

In preclinical evidence, rapamycin showed discordant results across species and tissues: in
common marmosets, chronic rapamycin did not change blood epigenetic age, with a small non-
significant treatment coefficient of -0.18 years (p=0.686);>° in mice, dietary rapamycin, calorie
restriction, and Ames dwarfism markedly slowed hepatic epigenetic aging (based on WGBS, n=4 per
group), with stronger effects for calorie restriction and Ames dwarfism than rapamycin, with
reductions of ~6.0 months for rapamycin (p<0.05), ~9.4 months for calorie restriction (p<10-*), and
~10.1 months for Ames dwarfism (p<0.01).%

Vitamins and Omega-3

In DO-HEALTH (2x2x2 factorial;, older European adults), daily vitamin Ds; and omega-3
supplementation, with or without a simple home strength program, was associated with small
favorable shifts in blood PC-PhenoAge over three years, with global effect sizes of ~0.16-0.32 units
(#2.9-3.8 months equivalent), with the most consistent omega-3 effects observed in PhenoAge,
GrimAge2, and DunedinPACE.?! A longitudinal cohort of vitamin-D—deficient older adults reported
lower epigenetic age in those self-reporting supplementation versus matched quasi-controls using a
7-CpG clock and Horvath, by approximately 2.6 years (7-CpG clock; p=0.011) and 1.3 years (Horvath;
p=0.042), respectively, with no differences in Hannum, PhenoAge, or GrimAge.?? Two studies
explored B vitamins: folic acid plus B12 over two years did not significantly change blood Horvath
age overall, with a mean change of approximately -0.765 + 1.435 years (p=0.60; n=44), though a
genotype-specific signal was reported;® another trial adding folate/B6/B12 to vitamin Ds and calcium
produced divergent CpG-level changes in a reduced CpG clock, with inconclusive net effects on
global epigenetic age, including AASPA 1.40 + 4.02 vs —0.96 + 5.12 (p=0.046), APDE4C 1.95 + 3.57 vs
0.22 + 3.57 (adjusted p=0.062), and an adjusted OR of 5.26 (95% CI 1.51-18.28) for “accelerated aging”
in the B-vitamin group.®

Multinutrient Formulations

A 12-week open trial of a combined supplement including vitamins, polyphenols, and omega-3
in middle-aged and older adults showed no significant overall changes across major clocks, with
subgroup signals restricted to participants with higher baseline acceleration and to saliva
InflammAge in a defined subgroup, including an approximately 2-year reduction in a Horvath-
accelerated subgroup (p=0.069), and in the saliva InflammAge-accelerated subgroup (n=29),
reductions of ~3.31 years in epigenetic age (—4.055%; p=0.015) and ~3.47 years in age acceleration
(-46.77%; p=0.0058).5 An open-label 12-month “Cel System” program combining multicomponent
capsules with minimal walking and meditation reported a reduction in PC Horvath age acceleration
at 12 months from 0.60 to -0.15 years (A~-0.75; p=0.048), with a larger effect at 6 months (-0.36;
p=6.1x10*) and reductions in a damage-centered clock (DamAge) at earlier timepoints, from 2.46 to
approximately -0.7 years at 3-6 months (p=0.003-0.0014), with partial rebound to about -0.12 years
at 12 months (p=0.12), while DunedinPACE increased over 12 months, from 0.94 to 0.99 (~5%
acceleration; p=7.4x107%).36 A separate open study of Ca-AKG plus vitamin A or D using a proprietary
9-CpG saliva clock reported a large mean epigenetic age reduction over ~7 months, with a mean
reduction of 7.96 years (n=42; p=6.538x10712), and —7.69 years in a “stable lifestyle” subgroup (n=13;
p=7.263x10%), without adverse events reported.?”
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Polyphenols/Extracts and Nucleotide Supplementation

A 90-day open pilot using HBT Rejuvenate (Himalayan tartary buckwheat-based formulation)
reported no significant changes in blood OMICmAge, PCPhenoAge, PCGrimAge, or DunedinPACE
overall, though subgroup analyses by baseline level showed changes in age-acceleration metrics
without global effects, including decreases in PCPhenoAge EAA in the +1 SD baseline subgroup
(p=0.031) and increases in PCGrimAge EAA and OMICmAge EAA in -1 SD baseline subgroups (both
p=0.031).38 A 12-week randomized trial of Monarda didyma L. extract (100 mg/day) reported stability
of epigenetic age in the intervention group while placebo increased significantly, resulting in a
significant between-group difference at week 12 using a 5-CpG clock, with within-group p=0.4522 for
intervention (stable) versus p<0.0001 for placebo (increase), and a post-intervention between-group
difference of p=0.0162; no adverse events were reported.*® In TALENTs, 5 nucleotide
supplementation (AMP, CMP, GMP, UMP; 1.2 g/day for 19 weeks) in older adults reduced a
composite epigenetic age metric (median across PC Horvath, Hannum, GrimAge, and PhenoAge) by
~3.1 years versus placebo at end-of-follow-up, with 3~-3.08 years (95% CI -5.07 to —1.10; p~0.0023),
with no serious adverse events or clinically relevant safety changes.*

NAD* Modulators

In a 10-week double-blind RCT in older adults with mild cognitive impairment, nicotinamide
riboside (up to 1 g/day) did not produce significant within-group changes or differences versus
placebo across IEAA, EEAA, PhenoAge, or GrimAge measured in PBMCs; exploratory trends were
small and inconsistent.4! Adverse events were recorded in both arms, with no serious adverse events
reported; 18 adverse events occurred in the NR arm and 21 in placebo (7/10 participants in each arm),
including one stroke in placebo and one case of severe nausea in the active arm that improved after
dose reduction.

Blood/Circulation-Derived Interventions (Humans and Rodents)

Six studies evaluated blood- or circulation-derived interventions: three in humans (blood
products and plasma exchange-related procedures) and three in rodent models (young plasma,
plasma fractions/exosome-rich preparations, and heterochronic parabiosis).++

Human Studies

A single-site sham-controlled trial assessed therapeutic plasma exchange (TPE) with albumin,
with one arm including intravenous immunoglobulin (IVIG), under different schedules over 3-6
months in a 42-participant trial, quantifying 36 blood methylation clocks, with biweekly (TPE£IVIG)
and monthly TPE regimens. Two discontinuations occurred due to adverse events, one linked to
IVIG, and a mild albumin allergic reaction occurred in 0.42% of procedures (1/240 procedures).®> At
the end of the intervention period (second timepoint, before session 4), the maximum epigenetic age
decrease versus sham was ~2.6 years in the TPE+IVIG arm and ~1.3 years in a monthly TPE arm,
specifically 2.61 years (FDR=6.22x10-%) and 1.32 years (FDR=2.42x10-2), respectively, with consistent
direction across multiple clocks (FDR<0.05), including 10 clocks differing vs sham in TPE+IVIG and
5 clocks in monthly TPE, and particularly large decreases (~7-10 years) in immune- and
inflammation-centered clocks (9.7 years for “Immune” and =7.1 years for “Inflammation”).
Notably, at a later follow-up after sessions stopped, the differences disappeared versus sham,
consistent with signal loss after discontinuation (no significant differences vs sham at the later post-
intervention assessment).4

In contrast, another study examined repeated plasmapheresis in human donors under two
different frequencies without a true no-treatment arm (a delayed-start crossover-like control), in
which one group did not undergo the first 4 plasmapheresis procedures and functioned as a
crossover-like control. Over 18 weeks (up to 8 procedures), with 570-830 mL removed per session,
mixed models indicated significant increases in multiple GrimAge family clocks (~+0.16-0.26 years
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per session) and Hannum-type clocks (~+0.13-0.17 years per session), including GrimAge +0.26+0.05
(p=5x107), GrimAge2 +0.22+0.05 (p=0.0002), GrimAge2 Tuned +0.16+0.03 (p=1.26x10-),
GrimAge2_Calibrated +0.22+0.05 (p=0.0002), Hannum +0.17+0.04 (p=0.0002), and RobustHannum
+0.13+0.03 (p=2.42x10%), alongside an increase in DunedinPACE of ~0.003+0.001 units per session
(p=0.0058), corresponding to #2.4% cumulative acceleration after 8 sessions. No adverse events were
reported.*

Finally, an open study administered a human umbilical cord plasma concentrate (secretome
enriched in extracellular vesicles and proteins) via weekly intramuscular injections for 10 weeks (1
mL weekly; n=18 adults). The primary signal was a reduction in GrimAge acceleration (~0.82 years),
from approximately +0.04 years to —0.78 years (paired p=0.009), with decreases in methylation-based
protein surrogates (Cystatin C and GDF-15) (age-adjusted p=2.4x102 and p=2.4x10-3, respectively),
while classic clocks (Horvath, Hannum, SkinBlood Age, PhenoAge, DNAmMTL, DNAmMGrimAge) did
not change significantly. Local mild reactions occurred in two participants after the first injection,
with no other adverse events reported.+

Preclinical Studies

Across three rodent studies, reported epigenetic age reductions were large—up to ~ 77.6%—
across multiple organs in some designs. One study administered an exosome-rich plasma fraction
(E5) from young pigs to old Sprague-Dawley rats and measured rat-specific epigenetic clocks in
multiple organs, using 109-week-old (~25-month) male rats (n=6/group) and E5 derived from 6-7-
month-old pigs, delivered as two series of four intravenous injections separated by 95 days (total
study duration 155 days), reporting large reductions (e.g., liver 77.6%, blood 68.2%, heart 56.5%,
hypothalamus 29.6%), with a mean ~67% rejuvenation across four primary tissues. A replication
experiment (E5 vs saline) confirmed significant blood rejuvenation on the final blood clock, with a
weaker signal on the pan-tissue clock (p=0.054); after excluding one outlier control, p=0.014 in females
and p=0.053 in males, with no evident abnormal physical/behavioural signs or histological
alterations.*> Another study administered young rat plasma to very old female rats until death, via 1
mL intraperitoneal injections every 2 weeks (plasma n=9 vs control n=8) starting at ~25.6 months,
reporting improved appearance parameters, increased median lifespan by 2.2 months, and lower
blood epigenetic age; the clearest signal emerged in an age-band analysis late in life (27-31.5 months)
showing ~3-4 months lower epigenetic age versus controls (p<0.05).46

A heterochronic parabiosis study in old mice exposed to young circulation for three months
(followed by surgical separation) assessed blood and liver using murine epigenetic clocks and multi-
omic platforms in C57BL/6] mice (old ~20 months), compared with old-old isochronic controls. After
separation, old mice previously exposed to young circulation showed ~16-32% lower blood
epigenetic age than old—old controls, with liver reductions of ~17-27% (array-based) and sustained
rejuvenation (~11-26%) after separation; during the parabiosis phase, liver RRBS-based reductions
ranged ~5-26%; short-term parabiosis (5 weeks) produced much smaller and often non-significant
changes (~0-11%), indicating strong dependence on exposure duration.*’

Cellular Reprogramming (Preclinical)

No human interventions met criteria for cellular reprogramming. Evidence was limited to a
single study in aged female Sprague-Dawley rats assessing OSKM factor expression in
hippocampus.* Old rats received a stereotaxic bilateral injection of a high-capacity adenovector (Tet-
Off cassette) expressing OSKM plus GFP, with 39 days of expression before sacrifice, compared with
old GFP-only controls and young intact rats (young intact: 3.5 months, N=12; old GFP controls: 25.3
months, N=16; old OSKM-GFP: 25.3 months, N=17). No pathological alterations were observed in
hippocampus or other brain regions within the expression window.* Three hippocampus-based
clocks were evaluated (rat brain clock, human-rat relative age clock, and a mouse brain clock adapted
to MammalMethylChip40), all measured in hippocampal tissue at the end of the 39-day expression
window, with the main old-vs-old comparison based on n=6 controls vs n=8 OSKM-treated rats.
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Compared with old controls, OSKM-treated old rats showed slightly lower epigenetic age across
clocks, with near-significant two-sided p-values (0.064, 0.076, 0.088) and p<0.05 in one-sided
contrasts; no pace-of-aging metrics analogous to DunedinPACE were assessed.*

Discussion

Across intervention families, the evidence supports measurable plasticity of DNAm-based
biomarkers in response to interventions, but with strong dependence on intervention type, clock
construct, tissue/matrix, duration, and methodological robustness. In many settings, the same
intervention can be associated with improvements in certain clocks and no change—or discordant
change—in others, underscoring the need to interpret effects relative to what each clock
measures.8911-13

Lifestyle Interventions: Modest Effects, More Coherent Under Sustained Exposure

Across 13 human studies, lifestyle interventions varied widely in design and clocks, yet the
overall pattern was relatively stable: effects tended to be small-to-moderate, and the most consistent
signals emerged when exposures were sustained (months to years) and accompanied by plausible
physiological shifts, such as prolonged calorie restriction.?® By contrast, short interventions and
dietary “composition” comparisons often produced small changes with limited between-group
differentiation, consistent with the interpretation that clock signals respond more robustly to chronic
systemic state changes (energy balance, adiposity, inflammation, metabolic signalling) than to
isolated dietary modifications without sustained systemic impact.

Exogenous Compounds: High Heterogeneity and Vulnerability to Non-Reproducible Signals

For exogenous compounds (pharmacological agents and nutraceuticals), heterogeneity was
greater and global coherence weaker. The contrast between a robust trial with globally null epigenetic
findings (metformin)” and favorable signals in a small per-protocol sub-study (bezisterim)
illustrates that mechanistic plausibility does not guarantee detectable effects on epigenetic clocks —
particularly when analytic sample sizes are small or when multiple clocks are assessed without a
clearly pre-specified primary endpoint. For nutraceuticals and complex formulations, a substantial
portion of evidence derives from open-label and/or uncontrolled studies, increasing vulnerability to
selection bias, regression to the mean, concurrent lifestyle changes, and expectation effects, and
complicating causal attribution.?” The use of proprietary clocks or reduced CpG panels adds another
interpretive layer: large decreases in a specific clock may reflect real shifts in a particular signature,
but may also be contingent on clock training, matrix (saliva vs blood), and technical stability.

In animals, the contrast between null blood findings in primates (rapamycin)? and clearer effects
in solid tissues in mice (liver)® reinforces tissue dependence. These observations support the notion
that intervention studies should justify tissue and clock selection explicitly; measuring blood for all
interventions is not methodologically equivalent, especially when expected mechanisms are tissue-
specific or when signals may be diluted by mixed-cell composition.

Blood/Circulation-Derived Interventions: Striking Effects, Yet Transient and Interpretively Ambiguous

Blood/circulation interventions produced some of the largest reported effect sizes, but also carry
substantial potential for alternative interpretations. In humans, sham-controlled therapeutic plasma
exchange provides methodologically informative evidence that altering the plasma environment can
be reflected in epigenetic clocks, particularly those sensitive to immune/inflammation signatures,
with a maximum decrease of ~2.6 years in the TPE+IVIG arm (and ~1.3 years in a monthly TPE arm)
at the end of the intervention period.”2 However, loss of signal after sessions stop suggests that at
least part of the observed change may be transient or maintenance-dependent, shifting interpretation
toward “systemic state modulation” rather than stable reversal of underlying biology.#
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In rodents, large percentage reductions across organs after plasma fractions/exosome-rich
preparations or heterochronic parabiosis broaden the plausibility of a modifiable systemic
component, with reported reductions up to ~77.6% in some tissues/designs.*> Nevertheless, due to
magnitude, these results warrant special caution for translation: small sample sizes, dependence on
exposure duration, potential influence of tissue composition, and the need for independent
replication. Even if effects are real in rodents, translation to humans requires clarifying how much
observed change reflects “biological age” versus “tissue state” and cellular composition.

Partial Reprogramming: Early, Conceptual Evidence with Small Effects

Partial reprogramming evidence remains incipient and limited to a single rat study with focal
hippocampal assessment.*® Consistent trends toward younger epigenetic age with near-significant p-
values (two-sided p=0.064-0.088 across three clocks) are compatible with a small-to-moderate effect
under conservative expression conditions (expected given safety constraints) and/or insufficient
power to robustly detect epigenetic changes in brain tissue. At this stage, the principal value of these
data is conceptual: they support in vivo feasibility of directly intervening on epigenetic states, but do
not yet support firm inferences about durability, therapeutic window, or generalizability.

Limitations

Three limitations cut across categories and should be incorporated explicitly in interpretation.

1) Multiplicity of clocks and endpoints: Many studies report multiple clocks and sub-analyses,
increasing the risk of isolated, non-reproducible signals when correction or pre-specification is
absent.

2) Matrix and cellular composition: Whole blood, PBMCs, and saliva are not equivalent. Some
clocks are highly sensitive to immune/inflammatory and cell-composition shifts, which may yield
apparent “rejuvenation” that partially reflects transient state changes.

3) Design and causal attribution: The most striking findings in several nutraceutical and
systemic interventions frequently come from open-label or uncontrolled designs, limiting causal
attribution and tending to inflate effect estimates.

Additionally, evidence heterogeneity (populations, interventions, tissues, clocks, and parallel vs
pre—post schemes) precluded meta-analysis and requires cautious interpretation of effect magnitude.
Search scope was restricted by time period, language, and databases consulted, and
screening/extraction were conducted by a single author, despite documented traceability.

Conclusions

DNAm-based epigenetic biomarkers are modifiable by interventions in mammals, but observed
effects are heterogeneous and depend on the intervention, the clock construct (age versus pace/risk
signatures), the biological matrix and tissue, and study design. A single notion of “epigenetic
rejuvenation” is not supported; rather, intervention effects appear domain-specific and should be
interpreted in relation to what each clock measures.

In humans, lifestyle interventions generally show modest effects, with more consistent signals
when stimuli are sustained and accompanied by physiologically meaningful changes. For exogenous
compounds, evidence is mixed: robust null findings coexist with favorable signals in other contexts,
often conditioned by clock heterogeneity, small analytic samples, or open-label designs. For
blood/circulation-derived interventions, human studies suggest that manipulating the circulatory
milieu can be reflected in immune/inflammation-sensitive clocks, but direction and persistence are
not uniform; in animal models, larger-magnitude effects are reported with substantial translational
uncertainty. Partial reprogramming evidence remains preclinical and preliminary and is best
considered conceptual rather than confirmatory. Overall, results support the premise that
intervening on biological determinants of aging can modify epigenetic readouts, while underscoring
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the need for stronger standardization to distinguish transient “state modulation” from sustained
changes compatible with slowing biological aging.
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1D

Database

Date

Query

Filters

Results

Exported

Selected

MO

PubMed

17/11/2025

(“hallmarks of aging”[tiab] OR “hallmarks of ageing”[tiab]) AND
(update[tiab] OR OR framework[tiab]) AND

(2010:2025[dp])

review[pt]

2010-2025[dp]; review|pt]

475

2

36599349; 23746838

M1

PubMed

17/11/2025

(epigenetic*[tiab] AND (aging[tiab] OR ageing[tiab])) AND
(review[pt] OR mechanisms[tiab] OR framework[tiab]) AND
(2010:2025[dp])

2010-2025[dp]; review[pt]

3831

36522308; 29643443;

36336680

M2

PubMed

17/11/2025

(“DNA methylation”[tiab] OR “DNA Methylation”[Mesh]) AND
(dynamics[tiab] OR remodeling[tiab] OR turnover[tiab] OR
demethylation[tiab] OR “epigenetic drift”[tiab]) AND (aging][tiab]
OR ageing[tiab] OR “Aging”[Mesh]) AND (review[pt] OR
“Review”[Publication Type] OR mechanisms[tiab]) AND
(2010:2025[dp]) NOT (atherosclero*[tiab] OR cardiomyocyte*[tiab]
OR cancer*[tiab] OR tumor*[tiab] OR Huntington*[tiab] OR
plaque[tiab])

2010-2025[dp];
review/Review; NOT

(cardio/cancer/etc.)

180

25913071; 32356238;

29268958

M3

PubMed

17/11/2025

(chromatin[tiab] OR heterochromatin[tiab] OR “H3K9me3”[tiab]
OR “H3K27me3”[tiab] OR sirtuin*[tiab] OR polycomb[tiab] OR
histone*[tiab]) AND OR AND
(review[pt] OR mechanisms[tiab]) AND (2010:2025[dp])

(aging][tiab] ageing[tiab])

2010-2025[dp]; review[pt]

2976

27518561; 27482540

M4

PubMed

17/11/2025

(“DNA methylation age”[tiab] OR “epigenetic clock”[tiab] OR
“epigenetic age”[tiab] OR PhenoAge[tiab] OR GrimAge[tiab] OR
DunedinPACE[tiab]) AND (human*[tiab] OR tissue*[tiab]) AND
(2010:2025[dp])

2010-2025[dp;

human®/tissue*

718

24138928; 29676998;
36516495; 35029144
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ID

Database

Date

Query

Filters

Results

Exported

Selected

11

PubMed

(humans)

21/11/2025

( “epigenetic clock”[tiab] OR “epigenetic clocks”[tiab] OR “DNA
methylation age”[tiab] OR “DNAm age”[tiab] OR  “epigenetic age”[tiab]
OR “methylation clock”[tiab] OR  “methylation clocks”[tiab] ) AND (
trial[tiab] OR randomized|[tiab] OR randomised|[tiab] OR
intervention[tiab] OR interventional[tiab] OR  “pre-post”[tiab] OR “before
and after”[tiab] ) AND (“2010/01/01”[PDAT] : “2025/12/31”[PDAT]) AND

(english[la] OR spanish[la]) AND humans[mh]

2010-2025;
EN/ES; Humans;
Article

145

145

See
PRISMA

12

PubMed

(animals)

22/11/2025

(“epigenetic clock”[tiab] OR “epigenetic clocks”[tiab] OR"DNA methylation
age”[tiab] OR “DNAm age”[tiab] OR”epigenetic age”[tiab] OR “methylation
clock”[tiab] OR”methylation clocks”[tiab])AND(trial[tiab] OR
randomized[tiab] OR randomised[tiab] = ORintervention[tiab] = OR
OR”pre-post”[tiab] OR
after”[tiab]) AND(Mice[MeSH Terms] OR mouse[tiab] OR murine[tiab]
ORrat[tiab] OR rats[tiab] OR mammal*[tiab])AND(“2010/01/01”[PDAT] :
“2025/12/31”[PDAT])AND(english[la] OR spanish[la])NOT humans[mh]

treatment[tiab] “before and

2010-2025;
EN/ES;  Article;
NOT humans

See
PRISMA

I3

Scopus

21/11/2025

TITLE-ABS-KEY( (“epigenetic clock” OR “epigenetic clocks” OR
“DNA methylation age” OR “DNAm age” OR
“methylation clock” OR

randomized OR randomised OR

“epigenetic age” OR
AND  (trial OR

intervention OR interventional OR

“methylation clocks”)

“pre-post” OR “before and after”) )

2010-2025;
ENJ/ES; Article

507

507

See
PRISMA

14

Cochrane
CENTRAL

21/11/2025

“DNA

“epigenetic

( “epigenetic clock”:ti,ab,kw OR “epigenetic clocks”:ti,ab,kw OR
methylation age”:ti,abkw OR “DNAm age”:ti,abkw OR
age”:tiabkw OR “methylation clock”:ti,abkw OR

clocks”:ti,abkw ) AND ( trial:ti,ab,kw OR randomized:ti,abkw OR

“methylation

2010-2025; EN/ES

See
PRISMA
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randomised:ti,ab,kw OR  intervention:ti,ab,kw OR “pre-post”:ti,ab,kw OR

“before and after”:ti,ab,kw )

Appendix B. Extraction table

Table B1. Extraction matrix for studies included in the qualitative synthesis (human and preclinical), including study characteristics, intervention/comparator details, epigenetic clock outcomes,

safety/adverse events, and study-level risk-of-bias (RoB) judgments.

Second
Risk_of
Paper Intervention Comparator Epigenetic_outcome ary_out
bias
come
Y
First Populatio | Interve | Interventi Comp | Compara Time Effect_on
I e Cou | Spe N_to | N_per_g Dose_sc Tissu Effect_on_DN Safety_ | RoB_ov
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Potent Rando Communi 8-week | 8-week Control Basel | Compared (RoB 2)
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43 | Interven
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lifestyl week (cardiovas UltraFlor | overnig stress- y group reporte | were
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