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Abstract

Stress can reshape the epigenome through changes in DNA methylation, histone modifica-
tions, chromatin accessibility, and non-coding RNA regulation. Much is known about how
these changes arise during stress, yet their fate once the initiating stimulus has subsided is
less clear. Some alterations are rapidly reversed, whereas others recover only partially or at
selected loci, and a subset persists long after the acute response has ended. This review
examines the mechanisms and contextual factors that shape post-stress recovery and per-
sistence. We consider how stress interacts with cell identity, chromatin context, metabolic
state, DNA damage and repair, and the machinery responsible for rebuilding epigenetic
organization. We use epigenetic recovery capacity as a conceptual framework describing
the extent and rate at which altered epigenetic features return toward a defined pre-stress
or homeostatic state. We propose that this capacity, together with stress burden and locus
susceptibility, may shape post-stress fate. Persistence itself does not necessarily constitute
epigenetic memory. Some persistent states may remain functionally neutral, whereas others
may be engaged during adaptive or maladaptive responses. We further outline an evidence
framework that distinguishes epigenetic persistence from functional and causal epigenetic
memory and discuss the potential for redirecting maladaptive post-stress trajectories.

Keywords: cellular stress; epigenetic recovery; epigenetic persistence; chromatin remodeling;
DNA methylation; epigenetic memory; stress adaptation

1. Introduction

Cells experience environmental, metabolic, inflammatory, and genotoxic stresses
constantly. These stresses can modify gene regulation and epigenetic features such as DNA
methylation, histone modifications, chromatin accessibility, transcription factor occupancy,
and non-coding RNA regulation, enabling rapid adaptation to changing conditions [1,2].
Signaling induced by stress, metabolic perturbation, and DNA damage can further modify
the activity or recruitment of transcription factors, chromatin regulators, and epigenetic
enzymes, providing multiple routes through which transient signals reshape the regulatory
landscape [3,4].

However, what happens after the stress has been removed remains less clear. Stress
removal does not necessarily result in an immediate or complete return of the epigenome to
its original state. Some changes may reverse rapidly, whereas others recover only partially
or remain altered at selected loci, and a subset may persist [5-8]. These alterations raise a
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central question: What determines whether the post-stress epigenome recovers or retains
molecular traces of prior exposure?

Persistence raises a related question: when does a retained epigenetic state become
biologically meaningful memory? Persistence alone does not establish epigenetic memory;
a molecular alteration may remain detectable without influencing subsequent behavior. A
persistent epigenetic state found together with a later phenotype represents an association
and does not, by itself, establish functional memory. By contrast, functional epigenetic
memory requires further evidence that the retained state is engaged during the later
response or sustained phenotype, whereas causal memory requires direct manipulation of
the retained state and evidence that this changes the response. Distinguishing molecular
persistence from functional and causal memory is therefore essential.

Post-stress fate is likely shaped by interactions among stress intensity, duration, and re-
currence; cell identity and proliferative state; genomic and chromatin context; metabolism;
DNA damage and repair; and chromatin restoration mechanisms [3,4,8-10]. We use epige-
netic recovery capacity to describe the extent and rate at which altered epigenetic features
return toward a defined pre-stress or homeostatic state after stress resolution. We propose
that this capacity may interact with stress burden and locus susceptibility to influence
whether stress-associated states recover, remain incompletely restored, or persist. This
relationship is presented as a conceptual framework rather than an experimentally estab-
lished model.

In this review, we examine the post-stress epigenome, including the establishment
of states responsive to stress, their recovery and persistence, the determinants of these
trajectories, and their adaptive or maladaptive consequences. We further distinguish
epigenetic alteration associated with stress, epigenetic persistence, functional epigenetic
memory, and causal epigenetic memory, and consider their experimental and translational
implications. This review focuses primarily on mammalian cellular and tissue contexts,
from which most of the evidence discussed here is derived, although some principles may
extend to other biological systems. By shifting attention from the induction of epigenetic
change to its fate after stress, this framework places recovery alongside responsiveness as a
central dimension of cellular adaptation.

2. Establishment of the Epigenome Responsive to Stress

Before considering what remains after stress has subsided, it is necessary to under-
stand how epigenetic states responsive to stress are established. Signaling and metabolic
pathways activated by stress converge on transcription factors, chromatin regulators, and
epigenetic enzymes, altering DNA methylation, histone modifications, nucleosome or-
ganization, chromatin remodeling, and non-coding RNA regulation [2,3,11-13]. These
layers are interconnected, and the mechanisms through which a state responsive to stress is
established may influence how readily it can later be dismantled.

2.1. DNA Methylation and Demethylation

DNA methylation contributes to maintaining genome stability; however, it is dynamic
and can change in response to stress and changes in gene regulation. DNMT1 maintains
existing methylation patterns, while DNMT3A and DNMT3B create new methylation
patterns. These activities are counterbalanced by TET proteins, which can oxidize 5-
methylcytosine and promote demethylation [14,15]. Stress can alter this balance through
inflammatory or oxidative signaling, hypoxia, or metabolic changes. Since the activities
of DNMT and TET depend on metabolites and cofactors such as S-adenosylmethionine,
«-ketoglutarate, Fe?*, and oxygen, changes in metabolism, mitochondrial function, or
redox status can influence the dynamics of DNA methylation [2,3,15].
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Outcomes depend on the context. DNA methylation changes at promoters or en-
hancers can alter regulatory activity. Changes in repetitive element methylation have also
been associated with altered genomic regulation and states related to disease [14,16-18].
Importantly, DNA methylation alterations detected during stress do not by themselves pro-
vide evidence of memory. Their significance in post-stress regulation depends on whether
they return to normal, remain selectively altered, or are maintained after the initiating
stress has subsided.

2.2. Histone Modifications and Chromatin Remodeling

Histone modifications and nucleosome remodeling provide a more rapidly responsive
interface between stress signaling and transcription. Pathways responsive to stress alter
the recruitment or activity of enzymes that modify histones, histone chaperones, and
chromatin remodeling complexes dependent on ATP, thereby changing the accessibility and
regulatory potential of promoters and enhancers [19,20]. Activating states such as H3K27ac
and H3K4 methylation, repressive states including H3K9me3 and H3K27me3, and changes
in nucleosome positioning or composition can all participate in this remodeling [4,19,20].

These features differ in their kinetics and stability. Some histone modifications and
accessibility changes reverse rapidly when signaling or metabolic conditions normalize,
whereas selected chromatin configurations may persist. An accessible enhancer or altered
histone mark during acute stress therefore represents a state responsive to stress, not
memory. Functional memory requires retention beyond the recovery period together with
evidence that the retained state is engaged during a later response or sustained phenotype.

2.3. Transcription Factors, Non-Coding RNAs, and Regulatory Integration

Transcription factors responsive to stress such as NF-«B, AP-1, STATs, HIFs, and p53
bridge signaling pathways to specific regions of the genome by recruiting chromatin remod-
elers, enzymes that modify histones and other regulatory machinery [2,11]. Pioneer factors
or factors with pioneer properties may further facilitate access to previously constrained
chromatin, while regulatory feedback may reinforce selected states induced by stress.

Non-coding RNAs are part of the same interconnected network. MicroRNAs re-
sponsive to stress can modulate transcription factors and epigenetic enzymes, while long
non-coding RNAs can recruit or scaffold chromatin regulators and affect transcriptional
or nuclear organization [12,13]. Reciprocal feedback between non-coding RNAs and chro-
matin regulation may provide one mechanism for stabilizing transient responses.

DNA methylation, histone modifications, chromatin accessibility, transcription factors,
and non-coding RNAs are interconnected but differ in how they are maintained and
reversed. DNA methylation may be propagated through cell division and remain stable
at some loci, whereas histone modifications and chromatin accessibility often respond
more directly to changes in signaling, metabolism, or transcriptional activity. Transcription
factor occupancy and non-coding RNA regulation may depend on continued signaling or
regulatory feedback. These patterns are not fixed, however, and their stability varies among
genomic regions, cell types, and biological contexts [11-15,19-21]. The different layers may
therefore recover together, at different times, or independently after stress. Recovery of one
layer should not be taken as evidence that the others have returned to baseline.

3. The Post-Stress Epigenome: From Recovery to Persistent Remodeling

Resolution of the initiating stress does not necessarily restore the epigenome imme-
diately to its pre-stress configuration. Instead, states established by stress may undergo
substantial recovery, partial or locus-selective recovery, or persistence. These trajectories
can coexist because individual loci, regulatory features, and cellular subpopulations may
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recover at different rates and to different extents. Persistent states support functional
epigenetic memory only when there is evidence that they are engaged during an altered
subsequent response or sustained phenotype.

3.1. Epigenetic Recovery After Stress Resolution

Epigenetic recovery refers to the substantial restoration of regulatory organization
toward a defined pre-stress or homeostatic state. Recovery does not require every molecular
feature to return completely to baseline, because regulatory balance may be restored while
some alterations remain. However, removal of the initiating stressor does not by itself
establish that the system has entered a post-stress state. Changes in chromatin states
and regulatory structures may continue after acute stress signals have ceased [4,5], and
downstream biological processes initiated during exposure may remain active. Evidence
of resolution should therefore include assessment of the processes most relevant to the
experimental model, such as inflammatory signaling, metabolic disturbance, oxidative
stress, DNA damage, or tissue injury [3,4,7,22].

Rebuilding chromatin after DNA damage provides an example of active recovery.
Once the DNA lesion has been repaired, chromatin surrounding the damaged site must
still be reconstructed. HIRA deposits histone H3.3 at damaged chromatin and contributes
to chromatin restoration [4]. However, subsequent work showed that HIRA supports tran-
scription recovery through a mechanism that does not require newly deposited H3.3 at the
damaged locus [23]. Chromatin restoration and recovery of transcriptional activity should
therefore be considered related but distinct processes. Recovery from heat shock similarly
requires restoration of epigenetic regulators and chromatin organization [5]. Together, these
examples show that post-stress recovery involves active regulatory processes.

3.2. Partial or Locus-Selective Recovery

Recovery may take different forms. Partial recovery occurs when a particular alteration
returns toward, but not fully to, its previous state. In locus-selective recovery, some
regions of the genome or regulatory features are restored while others remain altered.
Hypoxia followed by reoxygenation provides an example. In MCF7 breast cancer cells
exposed to hypoxia for 24 h, many histone changes associated with hypoxia reversed after
reoxygenation, whereas bivalent H3K4me3-H3K27me3 marking remained at selected loci
8 h later [6]. However, the short observation period does not clearly distinguish incomplete
recovery from persistence over a longer period. This finding provides Level 2 evidence
of locus-selective retention over the measured recovery interval but does not establish
functional or causal epigenetic memory. Epigenetic recovery can therefore be incomplete
and may differ among loci.

Several factors can influence the extent of recovery. These include local DNA sequence,
CpG pattern, chromatin state, transcription factor occupancy, and nucleosome organization.
Recovery may also differ among cellular subpopulations, even when these differences
are obscured in bulk measurements. Repeated stress may further consolidate certain
regulatory configurations.

3.3. Epigenetic Persistence

Persistence refers to an epigenetic alteration that arose during stress and remains
detectable after the initiating exposure has ended and its relevant downstream biological
effects have substantially resolved. The recovery interval and the measures used to assess
biological resolution should be reported. Persistent remodeling can involve DNA methyla-
tion, histone modifications, chromatin remodeling, or regulatory networks and has been
observed in inflammatory, metabolic, hypoxic, and treatment-related contexts [6,7,24-26].
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As a concept, persistence pertains to biological time and should not be confused with
functional epigenetic memory. Retention of a particular molecular state does not mean that
it will influence subsequent behavior. Moreover, persistence should not be interpreted as
permanent. Its interpretation depends on the relevant biological time scale and evidence
that the alteration arose during stress and remained detectable after the stress had resolved.

Retention through cell division can provide evidence of stable propagation, but cell
division is not required for epigenetic persistence. Maintenance of DNA methylation,
recycling of histones, transcription factor bookmarking, and reconstruction of chromatin
may contribute to persistence in dividing cells. In cells that do not divide, slow molecular
turnover or regulatory feedback may allow altered states to remain detectable. Persistence
can therefore be achieved through different mechanisms [4,14,19,27]. Similar patterns of
persistence do not necessarily imply the same underlying mechanisms.

3.4. From Persistence to Functional Memory

Post-stress epigenetic fate spans a continuum from substantial recovery through partial
or locus-selective recovery to persistence. A persistent epigenetic state found together with
a later phenotype represents an association and does not, by itself, establish functional
memory. Functional epigenetic memory requires further evidence that the retained state
is engaged during the later response or sustained phenotype. For example, retained
regulatory regions may be accompanied by altered transcriptional activity at the same loci
during rechallenge [7,28,29]. This supports functional involvement but does not establish
that the retained state causes the response.

Causal epigenetic memory requires direct manipulation of the retained state and
evidence that this changes the subsequent response [30]. The evidence required for each
interpretation is summarized in Tables 1 and 2.

Table 1. Interpretive criteria for classifying post-stress epigenetic fates and functional memory.

Post-Stress Category

Evidence Required

Limitation of Interpretation

Representative Examples

Substantial recovery

Major restoration of
regulatory alterations
associated with stress toward
the pre-stress or balanced
state after stress resolution

Recovery does not require
every molecular feature to
return completely to baseline

Chromatin restoration after
DNA repair and recovery
from heat shock [4,5]

Partial or locus-
selective recovery

Incomplete restoration
overall or continued alteration
at selected loci despite
broader recovery

Retention at selected loci does
not by itself demonstrate
functional memory

Bivalent chromatin retained at
selected loci after
reoxygenation following
hypoxia [6]

Persistence

A state associated with
stress remains detectable
after the stressor has been
removed and its relevant
downstream effects have
substantially resolved

Persistence alone

does not establish
functional significance or
epigenetic memory

Locus-selective retention after
hypoxia and persistent
alterations following
metabolic stress or

treatment [6,24-26]

Functional epigenetic memory

A retained epigenetic state is
engaged during an altered
subsequent response or
sustained phenotype after
stress resolution.

Association with a phenotype
alone does not establish
functional involvement.
Direct manipulation is
required to establish causality

Inflammatory memory in
epidermal or epithelial cells
and trained immunity when
retained regulatory states
show activity during a later
response [7,28,29]

Note: Substantial recovery, partial or locus-selective recovery, and persistence describe post-stress
epigenetic fates. Functional epigenetic memory requires evidence that a retained epigenetic state
is engaged during a later response or sustained phenotype. Association with a phenotype alone is
insufficient, and direct manipulation is required to establish causal memory.
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Table 2. Proposed evidence hierarchy for evaluating post-stress epigenetic persistence and memory.

Level Evidence Category Key Question What the Evidence Supports Example Approaches
. . Stress is associated with an . . -
. . . Does the epigenetic . . . Epigenetic profiling of
Epigenetic alteration ; o epigenetic alteration, but
1 . . state change in association ) . exposed and control
associated with stress . persistence or memory is
with stress? . samples [14,19,20]
not established.
Retention over the stated 1.
Does the alteration . Profiling across
. o recovery interval supports
remain after the Initiating R . . exposure and recovery,
. . . . epigenetic persistence. An .
2 Epigenetic persistence stress and its relevant . with assessment of
associated phenotype does not
downstream effects ) . relevant downstream
by itself establish . . .
have resolved? . biological activity [6,22]
functional memory.
. Engagement of the retained
Is there evidence that the gagem .
- . state during the later response  Rechallenge with
. . . retained state is engaged . . . . .
Functional epigenetic . supports functional epigenetic =~ matched epigenetic and
3 during the altered : o
memory memory but does not establish  transcriptional
subsequent response or . .
. that the state is necessary or analysis [7,28,29]
sustained phenotype? .
sufficient for the response.
Does direct manipulation A change in the response Targeted removal,
. . of the retained state change  following direct manipulation  recreation, or rescue
4 Causal epigenetic memory

the subsequent response or
sustained phenotype?

of the retained state supports
causal epigenetic memory.

of the retained
state [30-35]

4. Determinants of Post-Stress Epigenetic Fate

The coexistence of substantial recovery, partial or locus-selective recovery, and per-
sistence raises a central mechanistic question: what determines the fate of an epigenetic
alteration induced by stress after the initiating stress has subsided? Post-stress fate is
unlikely to be dictated by a single pathway or epigenetic mark. Instead, it emerges from
interactions among stress history, cellular context, local genomic and chromatin properties,
and the mechanisms required to restore regulatory homeostasis.

4.1. Stress History and Cellular Context

Stress intensity, duration, recurrence, and recovery interval together create the overall
stress burden [2,6,7]. Prolonged stress can cause significant changes in regulation, and
repeated exposure to stress without complete recovery can lead to the persistence of
alterations [6,7]. Thus, post-stress fate reflects cumulative stress history rather than the
severity of a single exposure alone. The cellular context also matters because cellular
identity provides the framework for stress responses.

Furthermore, the proliferative state governs whether effects induced by stress are
diluted or propagated through cell division. Stem and progenitor cells with long lifespans
are of particular interest because they can transmit effects to differentiated progeny [7,29,36].
Aging may also impair recovery through epigenetic drift, mitochondrial dysfunction, accu-
mulated DNA damage, altered proteostasis, and disruption of chromatin regulation [9,10].
Thus, the same stress burden can lead to different trajectories depending on the capacity of
the affected cell to resolve it.

4.2. Genomic and Chromatin Determinants

Post-stress fate also varies among regulatory regions within the same genome. DNA
sequence and CpG island structure can influence methylation patterns and transcription
factor binding, while nucleosome positioning can affect chromatin accessibility and recon-
struction [8]. The state of chromatin before the onset of stress determines whether stress
affects regions that are already active or poised, or regions that require extensive remodeling.
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Other factors contributing to chromatin dynamics include patterns of transcription
factor access to chromatin, histone variants, the composition and structure of nucleosomes,
local chromatin interactions, and genome organization at higher levels [8,11,37]. These
properties can influence whether altered states are readily reversed or retained. Collectively,
they define locus susceptibility, which refers to the propensity of particular genomic regions
to retain regulatory information associated with stress.

4.3. Metabolic State, DNA Repair, and Chromatin Restoration

Successful recovery requires restoration of both the biochemical and structural con-
ditions that support epigenetic regulation. Enzymes that modify chromatin depend on
metabolites and cofactors such as S-adenosylmethionine, acetyl-CoA, o-ketoglutarate,
NAD*, oxygen, and iron [3]. Mitochondrial dysfunction, redox imbalance, or altered
metabolite availability can persist after removal of the initiating stress and thereby con-
strain enzymes required for regulatory resetting [3,9].

DNA damage creates a complementary structural challenge. Repair involves local
chromatin disruption followed by nucleosome reassembly and restoration of histone modi-
fications, transcription factor occupancy, and regulatory interactions [4]. Repair of the DNA
lesion therefore does not guarantee exact reconstruction of the original epigenetic state.
Repeated cycles of damage and imperfect restoration may further increase divergence from
the pre-stress configuration.

Metabolic restoration and chromatin reconstruction are mechanistically distinct but
converge on the same requirement. Recovery depends on recreating the biochemical and
structural conditions necessary for regulatory homeostasis.

4.4. Epigenetic Recovery Capacity Within the Proposed Framework

The determinants discussed above operate at different levels. Stress history defines the
burden imposed on the system, genomic and chromatin features influence the susceptibility
of individual loci, and cellular resetting processes influence the recovery trajectory. We use
epigenetic recovery capacity to describe the extent and rate at which altered epigenetic
features return toward a defined pre-stress or homeostatic state after the stressor and its
relevant downstream effects have resolved.

Epigenetic recovery capacity has a narrower scope than cellular resilience, which refers
broadly to the ability of cells or tissues to maintain or regain function after disturbance. It
also differs from chromatin plasticity, which describes the ability of chromatin to change
between regulatory states, and from stress adaptation, which includes the wider molecular
and physiological responses that help a biological system cope with stress. Recovery of
cellular function or successful adaptation does not necessarily indicate restoration of the
pre-stress epigenome [38—40].

At present, epigenetic recovery capacity should be viewed as a conceptual frame-
work rather than a validated biological quantity. Within a defined experimental system,
it could be assessed by measuring selected epigenetic features before stress, during or
immediately after exposure, and at several points during recovery. These measurements
could show the rate and extent of return toward baseline and identify loci that recover
or remain altered. Because different epigenetic layers may follow different trajectories,
DNA methylation, histone modifications, and chromatin accessibility should be evaluated
separately [14,19,20].

We propose that epigenetic recovery capacity may interact with stress burden and
locus susceptibility to shape post-stress epigenetic fate. This relationship provides a basis
for testable hypotheses but should not be regarded as an experimentally established model.
Current evidence for its individual components comes from different biological systems,
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and the three components have not yet been examined together within a single experimental
design. Figure 1 summarizes this proposed framework.

Determinants of post-stress fate

Stress burden

—p

-------- . DNA sequence/ Cell identity/
_A____I_ IIngetsiy MM CpG architecture @@ ©©© proliferative state
/ N\ Duration QOO chromatin state
@ § a @ Transcription
! ! { } { ! Recurrence factor occupancy

Locus susceptibility Epigenetic recovery capacity

CECECNC Pre-stress ©— Aging
Metabolic/

@ SO redox state

D@m = XD  DNArepair

Nucleosome s .
QD2 D D oganination ofpd>opgp  Chromatin restoration
j\ j\ Recovery machinery
interval A A \ Higher-ord
——> , X igher-order genome A
Time between stress episodes \&%f organization @»@» 8% Cell division
= - o

| Integrated effects of stress burden, locus susceptibility, and epigenetic recovery capacity |

| Substantial recovery | | Partial or locus-selective recovery | | Persistence |

| Post-stress fate is shaped by recovery capacity relative to stress burden at susceptible loci |

Figure 1. Proposed conceptual framework for post-stress epigenetic fate. Stress burden, locus
susceptibility, and epigenetic recovery capacity are proposed to interact in shaping whether epige-
netic alterations show substantial recovery, partial or locus-selective recovery, or persistence. The
framework integrates evidence from different biological systems and has not yet been validated by
examining all three components within a single experimental design.

5. Biological Consequences of Epigenetic Persistence

Epigenetic alterations that persist after stress may remain functionally neutral or may
be engaged during an altered subsequent response. Only in the latter case does the retained
regulatory information constitute functional epigenetic memory. The consequences of such
memory may be adaptive or maladaptive and depend on how the retained regulatory
information is subsequently engaged. The same persistent state may have little detectable
functional consequence in one context but be engaged during adaptive or maladaptive
responses in another.

5.1. Adaptive Persistence

Persistence after stress is not necessarily evidence of failed recovery. In some settings,
selected regulatory features remain after broader resolution and are associated with altered
responses to subsequent challenge. We refer to this outcome as adaptive persistence
when the later response improves cellular or tissue performance. Long-lived stem and
progenitor cells provide an important substrate for adaptive persistence. In epidermal
stem cells, selected regulatory regions remain accessible after inflammatory challenge
and are accompanied by more rapid activation of wound response programs during
subsequent injury [7]. The retained accessibility and altered wound response are consistent
with Level 3 functional memory, although the study does not establish that the retained
chromatin state is necessary or sufficient for the response. The consequences of such
retention are context-dependent. In pancreatic epithelial models, inflammatory exposure is
followed by long-lasting chromatin states, altered responses to further injury, and increased
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susceptibility to oncogenic transformation [28]. Innate immune memory provides another
important example. Monocytes, macrophages, and their precursors can show altered
responsiveness to subsequent challenge after exposure to certain infectious, inflammatory,
or metabolic stimuli, a phenomenon generally called trained immunity. This altered
transcriptional potential is accompanied by enduring changes in chromatin organization
and cellular metabolism [29,41,42]. These findings support Level 3 functional memory.
Direct manipulation of the candidate retained state would be required to establish Level 4
causal memory.

Adaptive persistence may involve selective retention. In this case, selected regulatory
features remain while broader homeostatic restoration occurs. However, the benefit of this
strategy depends on the biological context. Repeated engagement, prolonged retention or
activation in an inappropriate biological context may turn a regulatory state that initially
promotes protection and repair into a detrimental outcome. Hence, the difference between
adaptive and maladaptive persistence is not the epigenetic mark itself, but the functional
consequences of retaining and reusing that regulatory information.

5.2. Maladaptive Persistence

Regulatory information retained after stress may be associated with beneficial or
harmful outcomes, depending on the context. We use the term maladaptive persistence
when a retained state is engaged during sustained dysfunction, inappropriate respon-
siveness, impaired tissue restoration, or increased susceptibility to subsequent disease.
Persistent regulatory features may be observed together with exaggerated or recurrent
inflammatory responses [7,8,28]. Exposure to high glucose may lead to regulatory changes
that remain detectable after glucose levels return to normal; this phenomenon is usually
called metabolic memory [24]. The retention of these changes provides Level 2 evidence
of persistence. Functional memory requires additional evidence that the retained state
shows regulatory activity during the sustained phenotype or a later response. In paired
human adipose tissue samples collected at the time of bariatric surgery and two years
later, RNA sequencing of individual nuclei showed retained transcriptional changes after
weight loss. The epigenomic findings came from mouse adipocytes: after obesity induced
by diet followed by eight weeks of chow feeding, histone modifications and chromatin
accessibility remained altered. Formerly obese mice also showed an accelerated response
to four weeks of renewed feeding with a high fat diet [25]. Thus, the human findings
demonstrate transcriptional persistence, whereas the evidence of epigenomic persistence
and an altered response to a later metabolic challenge comes from the mouse model. The
level of evidence should therefore be determined from the findings in each experimental
model rather than from the term metabolic memory alone. These findings illustrate that
physiological recovery and epigenetic recovery can occur on different timescales.

Maladaptive persistence may also arise when programs associated with stress con-
strain restoration of normal cell identity or regulatory flexibility. Epigenetic regulation of
fibroblast activation during tissue repair can contribute to fibrotic remodeling [43]. Retained
states in epithelial or progenitor cells may show regulatory activity during subsequent
responses [7,36]. Radiotherapy can also leave persistent chromatin and transcriptional
alterations in surviving cells [26]. However, clonal selection and stable genetic changes
can produce a similar pattern without showing that the same epigenetic state was retained
in the originally affected cells. Such observations provide evidence of persistence, but
functional or causal memory requires the additional evidence defined in Table 2.

Persistent remodeling need not cause disease directly. Its biological relevance may
become apparent when a previously exposed cell encounters another challenge and the
retained regulatory state shows activity during an altered subsequent response [28,36].
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Persistent states may therefore be associated with context-dependent responses rather than
acting as autonomous causes of disease. The same regulatory history can be beneficial in
some instances but detrimental in others, depending on the subsequent context in which
the retained state is engaged.

6. Studying the Post-Stress Epigenome: From Persistence to
Causal Memory

Distinguishing recovery, persistence, and epigenetic memory requires experimental
designs that capture the transition from acute stress to the post-stress state. Three dimen-
sions are particularly important: time, resolution, and function. Time distinguishes acute
remodeling from recovery and persistence. Spatial and cellular resolution identifies where
and in which cells retained states occur. Functional evidence determines whether a retained
state is engaged during a later response, whereas causal evidence determines whether the
retained state contributes directly to that response.

6.1. Tracking Recovery and Persistence over Time

A single post-stress measurement is generally insufficient to distinguish recovery from
persistence. Studies should include a pre-stress or control reference, a measurement during
or immediately after exposure, and more than one recovery time point when feasible. The
duration of exposure and the interval after stressor removal should also be reported. In
repeated-exposure studies, the timing of each exposure should be considered because a
second challenge may occur before recovery from the first is complete [7,44,45].

Removal of the stressor must be distinguished from resolution of its downstream ef-
fects [22]. Investigators should identify the biological processes most relevant to their model
and follow appropriate measures during recovery. Depending on the experimental context,
these may include inflammatory mediators [22,45], metabolic or redox indicators [3,46,47],
evidence of DNA damage [4], and measures of tissue injury or function [7,28]. Complete
normalization of every measure is not required, but persistent biological activity should be
reported and considered as a possible explanation for continued epigenetic remodeling.
Without this information, an alteration observed after stressor removal cannot be clearly
distinguished from remodeling maintained by unresolved stress.

6.2. Resolving Trajectories Specific to Loci and Cells

Bulk measurements can obscure differences among genomic regions and cell pop-
ulations. A signal that remains detectable after stress may reflect persistence within the
originally affected cells, but it may also arise because the cellular composition of the sample
has changed. Stress may selectively eliminate susceptible cells, allow pre-existing subpopu-
lations to expand, favor particular clones, or alter differentiation trajectories. Each of these
processes can change the epigenetic profile of a tissue without retention of the altered state
within the same cells.

Cell sorting, computational deconvolution, and single-cell or spatial profiling can
help identify or account for differences in cellular composition [48,49]. However, these
approaches do not necessarily show that the alteration is retained in the same cells over
time. Where feasible, lineage tracing or clonal analysis can provide stronger evidence that
an altered state is maintained within previously exposed cells or their descendants [48,50].
A claim of cell-intrinsic persistence should therefore be supported at the cellular or lineage
level rather than inferred from bulk tissue alone.

6.3. Testing Functional and Causal Epigenetic Memory

Temporal persistence is necessary but not sufficient for functional epigenetic memory.
A persistent epigenetic state found together with a later phenotype represents an association
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and should not, by itself, be classified as functional memory. Additional evidence is needed
to show that the retained state is engaged during the later response or sustained phenotype.
In a rechallenge experiment, this may be shown when retained regulatory regions are
accompanied by altered transcriptional activity at the same loci during the subsequent
response [7,44,45]. This supports functional involvement but does not show that the
retained state is necessary or sufficient for the response. Causal epigenetic memory requires
direct manipulation of the candidate retained state. If disrupting the state changes the
subsequent response, or recreating it in a naive system reproduces that response, the
evidence supports a causal role [30,31].

These criteria form the basis of the evidence framework with four levels summarized
in Table 2. At a minimum, epigenetic persistence requires evidence that an alteration
arose during stress and remained over a defined recovery interval after the stressor and
its relevant downstream effects had resolved. Functional memory additionally requires
evidence that the retained state is engaged during an altered later response or sustained
phenotype. Causal memory requires direct manipulation of the retained state and evidence
that this changes the response. In bulk tissue studies, changes in cellular composition and
cellular selection should also be assessed before persistence within the same cells is claimed.
The levels represent increasing experimental support rather than separate biological stages.

7. Translational Implications: Biomarkers and
Therapeutic Opportunities

The evidence framework outlined above also has translational implications because
it shifts attention from static epigenetic abnormalities toward trajectories of recovery and
persistence. A single measurement cannot distinguish an actively resolving state from
one retained after previous stress or maintained by an unresolved stimulus. Similarly,
therapeutic strategies should distinguish maladaptive persistence from retained states that
are neutral or adaptive.

7.1. Epigenetic Recovery as a Dynamic Biomarker

Most epigenetic biomarkers describe molecular state at a particular time. The post-
stress framework introduces a complementary concept: the trajectory of change after stress
resolution. Individuals with similar alterations during stress may subsequently show
rapid, delayed, or incomplete recovery, or recovery at selected loci, potentially providing
information that is not captured by a single endpoint.

Candidate measures include DNA methylation at specific loci, chromatin accessibility,
histone modifications, non-coding RNAs, and composite signatures. Global or repetitive
element measures such as LINE-1 and Alu methylation may provide scalable indicators
of broader methylomic disturbance in selected settings, but they should currently be
regarded as candidate state indicators rather than established biomarkers of epigenetic
recovery [51-55]. Establishing recovery biomarkers will require longitudinal evidence that
their trajectories reproducibly reflect stress resolution and predict biologically or clinically
relevant outcomes.

Dynamic epigenetic measurements must also be interpreted alongside evidence that
the relevant stressor has diminished. Continued inflammation, metabolic dysfunction,
oxidative stress, treatment exposure, or tissue injury can maintain regulatory alterations and
mimic persistence [45—47]. The translational value of a recovery biomarker will therefore
depend on whether its trajectory provides information beyond conventional measures of
stress or disease activity.
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7.2. Targeting Maladaptive Epigenetic Persistence

Epigenetic reversibility allows persistent regulatory states to serve as potential thera-
peutic targets, but persistence itself does not justify intervention. Functional and, if possible,
causal evidence should be used to identify persistent states whose retention contributes
to pathological behavior. Such considerations follow directly from the proposed evidence
hierarchy discussed in Section 6.

Many existing drugs target DNA methylation, histone deacetylases, bromodomain
proteins, and other chromatin regulators, demonstrating that epigenetic states are sub-
ject to pharmacological manipulation [56]. However, broad manipulation may disrupt
physiologically necessary or adaptively retained regulatory properties. Thus, it may be
better to consider the therapeutic goal as selective reprogramming rather than global
epigenetic erasure.

Targeted epigenome editing can be used to remove or recreate a candidate retained
state at a specific locus [30,32,33]. If this manipulation changes the subsequent response or
sustained phenotype, it provides Level 4 evidence of causal epigenetic memory. Despite this
potential, translation into practice will require control of delivery, cell specificity, durability,
and off-target effects, as well as careful assessment of safety [31,34,35,57]. Hence, the main
question is not simply whether a persistent state is reversible, but which particular state
should be targeted, in which cells, and when after stress.

7.3. Restoring Epigenetic Recovery Capacity

Another option could be to focus on the processes involved in appropriate reset-
ting rather than on specific retained marks. If persistence is indeed a result of disrupted
metabolic, redox, mitochondrial, DNA repair, or chromatin restoration processes, then im-
proving these systems could, in principle, shift post-stress outcomes toward recovery [3,4].
However, at present, this idea should be treated as a mechanistic hypothesis rather than a
confirmed therapeutic approach.

Looking at this through the lens of epigenetic recovery capacity changes the ques-
tion from “Which persistent mark do we need to erase?” to “What has gone wrong in
resetting, and can we restore appropriate regulatory processes?” Targeted interventions
could be preferable when a specific retained state is known to play a causal role, while
attempts to enhance recovery may be more appropriate when persistence stems from a
more generalized disruption of cellular homeostasis.

We use the term recovery window to describe a hypothetical period after stress during
which altered epigenetic states may remain relatively plastic before becoming stabilized
through feedback, repeated exposure, cellular selection, mitotic propagation, or tissue
remodeling. It has not yet been established whether such a window exists across biological
systems or whether intervention during this period is more effective than intervention after
a persistent state has stabilized. Testing this hypothesis will require longitudinal studies
that compare interventions delivered at different stages of recovery and assess their effects
on epigenetic recovery and relevant biological outcomes.

8. Outstanding Questions and Future Directions

Understanding the post-stress epigenome requires moving beyond cataloging alter-
ations induced by stress toward explaining and predicting their fate. Key unresolved
questions concern whether recovery follows generalizable rules, how genuine memory
can be distinguished from residual stress or cellular selection, and whether post-stress
trajectories can ultimately be predicted and controlled.
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8.1. Defining the Rules of Epigenetic Recovery

Differences among epigenetic layers have direct implications for the study of recov-
ery. A major challenge is to determine whether DNA methylation, histone modifications,
chromatin accessibility, transcription factor occupancy, and non-coding RNA regulation
recover together, sequentially, or independently. Whenever possible, these layers and the
associated transcriptional output should be measured in the same samples and at matched
recovery time points.

Recovery should be described separately for each layer. Its rate, extent, and com-
pleteness may not change together, and measurements obtained from different epigenetic
assays should not be combined into a single recovery score without experimental valida-
tion. Reporting these features separately would allow clearer comparison across cell types,
stressors, and interventions.

Another priority is identifying features that predict persistence before it becomes estab-
lished. DNA sequence, chromatin state before stress, regulatory architecture, cellular state,
and stress history may distinguish rapidly recovering loci from loci prone to persistence [8].
Such prediction would move the field from retrospective description toward prospective
models of post-stress fate.

8.2. Distinguishing Memory from Residual Stress and Cellular Selection

Epigenetic alterations observed after stressor removal may still reflect ongoing inflam-
mation, metabolic disturbance, oxidative stress, DNA damage, or tissue injury. Studies
should therefore report both the recovery interval and the evidence used to establish biolog-
ical resolution. Otherwise, continued remodeling cannot be distinguished from post-stress
epigenetic persistence. Changes in tissue composition provide another explanation for
apparent persistence. A bulk epigenetic profile may remain altered because the relative
abundance of cell populations has changed, even when the alteration is not retained within
the originally affected cells. Selective survival, expansion of pre-existing subpopulations,
clonal selection, and altered differentiation may all produce this pattern [49]. Studies
based on bulk tissue should therefore account for cellular composition and, where possible,
confirm persistence within previously exposed cells or their descendants using single-cell,
lineage-tracing, or clonal approaches [48,50].

Even genuine persistence may be a marker rather than a driver of altered behavior.
A further priority is therefore to determine when a retained state is engaged during a
subsequent response and when it contributes causally to that response. Establishing
functional memory will require linking the retained information to a subsequent response,
whereas causal attribution will require direct perturbation or recreation of the candidate
state, as outlined in Section 6 [7,30].

8.3. Predicting and Redirecting Post-Stress Epigenetic Trajectories

A long-term goal is to predict post-stress trajectories before persistent states become
firmly established. Achieving this goal will require models that integrate stress history,
cellular state before stress, locus susceptibility, and recovery dynamics. Longitudinal
data and measurements from individual cells may help identify predictors of recovery
or persistence, whereas perturbation studies will be required to distinguish predictors
from mechanisms.

Such predictive capacity may help identify points of divergence during recovery
and determine when retained states remain sufficiently plastic for intervention. Future
studies should test whether maladaptive trajectories can be redirected toward regulatory
homeostasis without disrupting adaptive or neutral states and distinguish genuine changes
in recovery from the suppression of ongoing stress.
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9. Conclusions

Cellular stress can cause considerable alterations in the epigenome, but the conse-
quences of those alterations following the removal of stress are not uniform. Some changes
are substantially reversed, others recover only partially or at selected loci, whereas a sub-
set persists. Persistence alone does not indicate epigenetic memory. Functional memory
requires evidence that a retained state is engaged during a later response or sustained
phenotype, whereas causal memory requires direct evidence that manipulating the retained
state changes that response. Distinguishing recovery from persistence and persistence from
functional memory therefore requires longitudinal data with sufficient resolution at the
locus and cellular levels.

We propose that post-stress epigenetic fate may be shaped by the interaction among
stress burden, locus susceptibility, and epigenetic recovery capacity. Variation in these
factors may explain why similar stresses produce different trajectories across loci, cells, and
biological contexts. Persistent states may remain functionally neutral or be engaged during
adaptive or maladaptive responses, depending on the subsequent context.

Thus, a post-stress epigenome perspective shifts the focus from the strength of the
initial stress response to the ability to regain regulatory homeostasis after stress exposure
has ended. Understanding why some states induced by stress recover while others persist
may help link stress history to resilience, adaptation, and disease susceptibility.
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Abbreviations

The following abbreviations are used in this manuscript:

AP-1 Activator protein 1

CpG Cytosine-phosphate—guanine dinucleotide

CRISPR Clustered regularly interspaced short palindromic repeats
DNMT DNA methyltransferase

H3K4me3  Histone H3 lysine 4 trimethylation
H3K9me3  Histone H3 lysine 9 trimethylation
H3K27ac Histone H3 lysine 27 acetylation
H3K27me3 Histone H3 lysine 27 trimethylation

HIF Hypoxia-inducible factor

HIRA Histone cell cycle regulator

LINE-1 Long interspersed nuclear element-1

mTOR Mechanistic target of rapamycin

NAD* Nicotinamide adenine dinucleotide

NF-«xB Nuclear factor kappa B

STAT Signal transducer and activator of transcription
TET Ten-eleven translocation
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