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Novel tRNA Synthetase Inhibitors Increase Healthspan,
Lifespan, and Autophagic Flux in C. elegans
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Abstract

We previously demonstrated that the tRNA synthetase inhibitors mupirocin and borrelidin
extend lifespan in C. elegans and S. cerevisiae and that tRNA synthetase inhibition enhances
autophagy in mammalian cells. In this study, we identify four additional tRNA synthetase
inhibitors, REP8839, REP3123, LysRS-In-2, and halofuginone, that extend both healthspan
and lifespan in C. elegans. These compounds also trigger a significant upregulation of
autophagy, specifically at their lifespan-extending doses. These phenotypes partially
depend on the conserved transcription factor ATF-4. Our findings further establish tRNA
synthetase inhibition as a conserved mechanism for promoting increased lifespan and now
healthspan, with potential implications for therapeutic interventions targeting age-related
decline in humans.

Keywords: Gcn4; ATF-4; ATF4; tRNA synthetase; autophagy; healthspan

1. Introduction

Aging has a profound impact on individuals, societies, and economies worldwide. As
the proportion of older adults grows rapidly, so does the economic burden that comes with
inevitable age-related diseases. The need for interventions designed to delay the onset of
these age-related diseases has never been greater.

C. elegans has long been used as a model for aging research [1–4]. They have a relatively
short lifespan of two to three weeks, making them ideal for studying the many factors that
influence aging. Additionally, among the over 18,000 C. elegans protein sequences, at least
83% have human homologs [5]. This makes C. elegans a fast and efficient model organism
to study aging and age-related diseases.

Macroautophagy, henceforth referred to as autophagy, is a cellular process that, in
part, can act to break down damaged, dysfunctional, or otherwise unwanted components.
Autophagy is crucial for maintaining proteostasis and is a necessary system for cellular
survival under stressful conditions. Autophagic efficiency declines during aging, leading
to the buildup of damaged proteins and organelles, as well as other nonviable cellular
debris.

The amino acid response (AAR) pathway is a highly conserved mechanism that
ultimately leads to the increased translation of Gcn4 (in yeast), ATF-4 (in worms), and
ATF4 (in mammals). We have previously shown that activation of this pathway through
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the chemical inhibition of tRNA synthetases (tRS) can extend lifespan in both worms
and yeast [6]. tRNA synthetases play a critical role in attaching amino acids to their
corresponding tRNA, a process necessary for translation. When tRS enzymes are inhibited,
uncharged tRNA accumulates. This response is sensed by the uncharged tRNA sensor,
general control non-depressible kinase 2 (Gcn2 in yeast, GCN-2 in worms, and GCN2
in mammals).

The accumulation of uncharged tRNA prompts GCN2 to phosphorylate eukaryotic
initiation factor 2 (eIF2) [7], which inhibits translation re-initiation until an eIF2 phosphatase
restores eIF2’s function [8]. This delay in re-initiation leads to a global reduction in protein
synthesis. Still, it paradoxically enhances the translation of certain genes, including the
transcription factor ATF4 [9] (or its orthologs like Gcn4 and ATF-4), which regulates
hundreds of target genes. ATF4 and its orthologs are controlled at the translational level by
upstream open reading frames [10], a mode of regulation that is evolutionarily conserved.
This suggests that ATF4 and its counterparts function as a conserved stress response system
for translational disruption. However, the full downstream effects of tRS inhibition on
this system remain largely undefined. Previous research in our lab has demonstrated that
tRS inhibitors activate the AAR and extend lifespan in worms [6] and yeast, a process that
is entirely dependent on Gcn4/ATF-4. This finding suggests a strong link between this
conserved transcription factor and the aging process.

2. Materials and Methods

2.1. C. elegans Strains

All worm strains were maintained at 20 ◦C on NGM plates (Fisher FB0875714, Thermo-
Fisher, Waltham, MA, USA) containing E. coli strain OP-50 as a food source [11]. Wild-type
N2 worms, atf-4 deletion worms (RB790 atf-4(ok576)), and autophagy reporter worms
(MAH215 sqIs11 [lgg-1p::mCherry::GFP::lgg-1 + rol-6]), as well as E. coli strain OP-50, were
obtained directly from the Caenorhabditis Genetics Center (https://cgc.umn.edu/), URL
accessed on January 15 2025, Minneapolis, MN, USA which is funded by NIH Office of
Research Infrastructure Programs (P40 OD010440).

2.2. C. elegans Lifespan Experiments

Lifespan analysis was conducted at 20 ◦C unless otherwise stated [12]. Specifically,
all lifespans were carried out on 6 cm plates (T3306, Tritech Research, Los Angeles, CA,
USA) containing standard NGM media [11] using on-plate UV-killed bacterial food (E.
coli strain OP-50 unless otherwise specified) that was first plated at 50 μL per lifespan
plate in the center of each plate, allowed to grow for 72 h at 25 ◦C, and then treated to
3 × 9999 μm Joules ×100 using a UV Stratalinker 2400 (Stratagene, San Diego, CA, USA) on
uncovered plates. In all lifespans, 0.1 mM FUDR (5-fluorodeoxyuridine) (518265, Bio-World,
Dublin, OH, USA) was added to plates at late L4 stage in order to suppress development of
progeny. All drug treatments were added to plates after UV treatment and before addition
of eggs and allowed to equilibrate overnight to ensure even diffusion through the agar.
Reported concentrations represent the final agar concentrations. Each day, all worms were
scored for movement using a 6.7×–45× Trinocular Zoom Stereo Microscope with attached
incandescent reflected transillumination base (ZM-2T-EB, AmScope, Irvine, CA, USA),
and any dead worms were removed using a pick made from a 5.75 inch plain soda-lime
glass Pasteur pipette handle (Thermo-Fisher, Waltham, MA, USA) and a platinum wire
tip (Tritech Research, Los Angeles, CA, USA). Bagged, missing (crawled off), or exploded
worms were noted and censored daily. Mean lifespan (in days) and the number of animals
analyzed (n) are reported in parentheses in the figure legends. As a reference for baseline
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viability, atf-4(ok576) showed a lifespan comparable to wild type under vehicle conditions
in our assays (see Figures 1 and 2 legends for mean and n).

Figure 1. Novel tRNA synthetase inhibitors increase lifespan in wild-type C. elegans. (A) A total of
10 μM LysRS-IN-2 increases lifespan in wild-type C. elegans (blue) compared to the vehicle-treated
group (black). (B) A total of 60 μM REP8839 increases lifespan in wild-type C. elegans (blue) compared
to the vehicle-treated group (black). (C) A total of 1 μM halofuginone increases lifespan in wild-
type C. elegans (blue) compared to the vehicle-treated group (black). (D) A total of 40 μM REP3123
increases lifespan in wild-type C. elegans (blue) compared to the vehicle-treated group (black). Vehicle
= DMSO. ** p < 0.001. Values in parentheses indicate mean lifespan (days) and number of animals
analyzed. p values were calculated using the log-rank (Mantel–Cox) test.

2.3. tRNA Synthetase Inhibitor Drug Concentrations

All tRNA synthetase inhibitor concentrations were selected based on pilot lifespan
experiments and literature precedent, where available. For each compound, several con-
centrations were screened to identify the lowest dose that reproducibly extended lifespan
without visible toxicity (e.g., developmental delay, death, or growth defects). The concentra-
tions reported in this study represent those optimal, non-toxic doses. Compounds showing
no further benefit or exhibiting toxicity at higher concentrations were not pursued further.

2.4. Autophagy Assays

MAH215 C. elegans were maintained at 20 ◦C on NGM plates containing E. coli strain
OP-50 as a food source [11]. tRS-treated nematodes were grown on plates with their re-
spective drug treatments. For imaging, C. elegans were mounted on 1% agarose pads and
paralyzed with 10 mM levamisole in M9 prior to fluorescence imaging, following estab-
lished protocols [13] (Fisher, Waltham MA, USA, AC187870100). Imaging was performed
on an Olympus iX83 Yokogawa spinning disc confocal microscope (Olympus, Center Valley,
PA, USA) in the UNM Comprehensive Cancer Center Fluorescence Microscopy and Cell
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Imaging Shared Resource, which is supported by UNM Comprehensive Cancer Center
Support Grant NCI P30CA118100. Wild-type and atf-4(ok576) animals were assayed con-
currently under identical conditions. Vehicle-only controls for atf-4(ok576) are shown in
Supplementary Figure S1. Autophagy flux measurements were conducted using animals
derived from a single synchronized cohort per experiment. Following synchronization by
egg lay, individual animals were imaged and quantified on the same day for each strain and
condition, with 13–16 animals analyzed per strain × condition × day. These measurements
reflect multiple individual animals within one biological experiment.

Figure 2. tRNA synthetase inhibitors do not increase lifespan in atf-4(ok576) C. elegans. (A) A total
of 10 μM LysRS-IN-2 does not increase lifespan in atf-4(ok576) C. elegans (red) compared to the
vehicle-treated group (black). (B) A total of 60 μM REP8839 does not increase lifespan in atf-4(ok576)
C. elegans (red) compared to the vehicle-treated group (black). (C) A total of 1 μM halofuginone does
not increase lifespan in atf-4(ok576) C. elegans (red) compared to the vehicle-treated group (black).
(D) A total of 40 μM REP3123 does not increase lifespan in atf-4(ok576) C. elegans (red) compared to
the vehicle-treated group (black). Vehicle = DMSO. * p < 0.01, ** p < 0.001. Values in parentheses
indicate mean lifespan (days) and number of animals analyzed. p values were calculated using the
log-rank (Mantel–Cox) test.

2.5. Healthspan/Thrashing Assays

C. elegans were grown on NGM plates containing their respective drug treatment. For
the thrashing assays, nematodes were placed on a glass slide (AmScope, Irvine, CA, USA)
containing liquid M9 and were allowed to acclimate to the liquid for 1 min. Subsequently,
body bends were counted manually under a microscope for 1 min. Thrashing assays were
performed on animals obtained from a single synchronized population per experiment.
Worms were synchronized by egg lay and maintained under identical conditions, and indi-
vidual animals were scored on the same day for each strain and treatment. Approximately
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8 individual animals were measured per strain × treatment × day. These measurements
represent multiple animals assessed within a single biological experiment.

2.6. Quantification and Statistical Analysis

Lifespan curves were plotted using Kaplan–Meier [14] estimates using R 4.5.0 (R
Foundation, Vienna, Austria). Statistical significance for lifespan analyses was determined
using the log-rank (Mantel–Cox) test implemented via survival::survdiff() from package
survival 3.7-0 in R 4.5.0 (R Foundation, Vienna, Austria). Thrashing and autophagy assays
were analyzed using Student’s t-test [15] with Bonferroni correction in R 4.5.0 (R Foundation,
Vienna, Austria).

2.7. Materials

Halofuginone was purchased from Ambeed, Buffalo Grove, IL, USA [CAS No. 64924-
67-0]. Borrelidin was purchased from BioViotica, San Diego, CA, USA (BVT-0098). LysRS-
IN-2 was purchased from GLPBio, Montclair, CA, USA (GC65058). REP3123 and REP8839
were purchased from Axon Medchem, Reston, VA, USA (1704, 1705). Mupirocin was
purchased from BOC Sciences, Shirley, NY, USA (B0084-056590). Borrelidin and mupirocin
were included as positive controls for lifespan extension, based on prior studies. Because
their effects on healthspan and autophagy had not been examined previously, they were
also tested here to determine whether their lifespan-extending activity is accompanied by
improvements in these related phenotypes.

3. Results

3.1. Novel tRNA Synthetase Inhibitors Extend Lifespan in C. elegans in an
Atf-4-Dependent Manner

Previous studies from our group have demonstrated that treatment with tRNA syn-
thetase inhibitors can extend lifespan in C. elegans and S. cerevisiae [6]. In the present study,
we identify four novel tRNA synthetase inhibitors that also extend lifespan in wild-type C.
elegans (Figure 1). These novel lifespan-extending inhibitors include two methionyl tRNA
synthetase inhibitors, REP8839 (Figure 1B) and REP3123 (Figure 1D), as well as the lysyl
tRNA synthetase inhibitor LysRS-In-2 (Figure 1A) and the prolyl tRNA synthetase inhibitor
halofuginone (Figure 1C). Given that we have previously shown that these compounds
greatly upregulate ATF4 translation in mammalian cells [16] and that previously identified
tRNA synthetase inhibitors depend on atf-4 for lifespan extension in C. elegans [6], we next
used an atf-4(ok576) deletion strain to ask whether the observed lifespan extensions depend
on atf-4. To assess this, we treated atf-4(ok576) C. elegans with the same tRNA synthetase
inhibitors and found no significant increase in lifespan (Figure 2). Under our assay condi-
tions, atf-4(ok576) exhibited a baseline lifespan comparable to the wild type, as indicated
by the vehicle control curves (e.g., N2 mean ≈ 23.2 days vs. atf-4 mean ≈ 22.8 days). This
supports that loss of atf-4 does not inherently reduce viability under baseline conditions.
The results of Figure 2 indicate that the lifespan extension induced by these tRNA syn-
thetase inhibitions is atf-4-dependent. For each of these tRNA synthetase inhibitors, the
lifespan extension in wild-type animals was dose-dependent, and the largest effect size is
shown in Figure 1. The doses used for each compound correspond to the lowest concentra-
tions that consistently extended lifespan without visible toxicity, as determined by pilot
dose-range assays.

These findings extend our prior work by broadening the claim that the entire class of
drugs, tRNA synthetase inhibitors, elicits a pro-longevity effect. Notably, although the four
compounds target distinct aminoacyl-tRNA synthetases, they all converge on a common
downstream genetic requirement for atf-4, highlighting a conserved transcription factor as
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a key mediator of lifespan extension. This finding is promising for the possibility of the use
of these drugs in higher organisms with the goal of promoting longevity in humans.

Together, these data identify a new set of candidate small molecules that extend
lifespan in an atf-4-dependent manner and provide further mechanistic support for tRNA
synthetase inhibition as a viable, safe, and evolutionarily conserved longevity intervention.

3.2. tRNA Synthetase Inhibitors Extend Healthspan, Specifically Thrashing Activity, in C. elegans
at the Same Doses That Extend Lifespan

Having shown that these four novel compounds can extend lifespan in C. elegans, we
next asked whether they could also influence healthspan. For comparison, we included
two previously characterized tRNA synthetase inhibitors—borrelidin and mupirocin—that
we have previously shown to extend lifespan in C. elegans and yeast [6]. These compounds
had not yet been tested for effects on healthspan or autophagy and thus served both as
positive controls for lifespan extension and as comparators to evaluate whether previously
known tRNA synthetase inhibitors similarly enhance functional and cellular maintenance
phenotypes. Healthspan refers to the healthy, active period of life, underscoring a growing
interest in interventions that do not solely delay mortality without delaying morbidity
but that increase the healthy, productive period of life as well [17–19]. One way that
healthspan can be measured in C. elegans is by quantifying thrashing rates. When placed
into liquid, these animals thrash back and forth at a steady rate, and this rate decreases
consistently with age in wild-type animals [20]. To evaluate whether tRNA synthetase
inhibition improves healthspan, we used a thrashing assay to measure the frequency of
body bends that C. elegans voluntarily makes when suspended in liquid.

Wild-type C. elegans were treated with tRNA synthetase inhibitors at the same concen-
trations used to extend lifespan (Figure 1), and their thrashing rate was assessed throughout
adulthood. Treatment with some of these compounds significantly enhanced thrashing,
particularly later in life (Figure 3). Similar to lifespan extension, this improvement in
healthspan was partially dependent on atf-4 (Figure 4). In particular, animals treated with
the compounds maintained higher thrashing rates at day 7 and beyond, a stage when un-
treated control animals typically show marked declines in movement and responsiveness.
This preservation of neuromuscular function suggests that the benefits of tRNA synthetase
inhibition are not limited to longevity alone but are accompanied by an overall delay in
functional decline.

Importantly, these effects were consistent across multiple different tRNA synthetase
inhibitors, indicating that healthspan extension may be a generalizable consequence of
tRNA synthetase inhibition rather than an off-target effect of any individual compound.
Moreover, the observation that atf-4(ok576) mutants showed less improved thrashing
behavior in response to treatment reinforces the notion that this transcription factor plays
a central role, although it is not solely responsible, in the protective response elicited by
these compounds. Together, these results provide strong evidence that tRNA synthetase
inhibitors not only extend lifespan but also maintain functional capacity during aging, an
important goal of lifespan-extending therapies.

3.3. tRNA Synthetase Inhibitors Upregulate Autophagy at the Same Doses That Extend Lifespan

The effect of tRNA synthetases on lifespan that we have observed is dependent on atf-4
(Figure 2). ATF-4 is itself a transcription factor that is translationally upregulated during the
accumulation of uncharged tRNA [8,10,21]. Previous work has shown that upregulation
of autophagy has been linked to increased lifespan [22], and we have previously shown
that tRNA synthetase inhibitor treatment causes ATF-4-dependent changes in transcripts
relating to autophagy in both mouse embryonic fibroblasts [16] and S. cerevisiae [23]. We
have also shown that these tRNA synthetase inhibitors cause partially ATF-4-dependent
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increases in autophagic activity in mouse cells in vitro [16]. As a result, we wanted to
ask whether autophagy was changed in C. elegans by lifespan-extending doses of tRNA
synthetase inhibitors.

To further investigate this, we examined autophagy in C. elegans using a dual-color
fluorescent reporter strain, MAH215, which expresses tandem-tagged GFP and mCherry
fused to LGG-1, the C. elegans homolog of human LC3 [24]. We found that treatment with
tRNA synthetase inhibitors leads to a substantial increase in autophagic activity in C. elegans
at the same concentrations that extend lifespan (Figure 5). This increase in autophagy was
dependent in part on the presence of atf-4 (Figure 6), suggesting a potential link between
ATF-4 upregulation, autophagy, and lifespan extension.

Figure 3. Thrashing in wild-type C. elegans is significantly improved upon treatment with some tRNA
synthetase inhibitors. (A) A total of 1 μM halofuginone does not increase thrashing in wild-type C.
elegans (blue) compared to the vehicle-treated group (black). (B) A total of 10 μM LysRS-IN-2 does not
increase thrashing in wild-type C. elegans (blue) compared to the vehicle-treated group (black). (C) A
total of 40 μM REP3123 significantly increases thrashing in wild-type C. elegans (blue) compared to
the vehicle-treated group (black) on days 7, 10, and 11. (D) A total of 60 μM REP8839 significantly
increases thrashing in wild-type C. elegans (blue) compared to the vehicle-treated group (black) on
days 7 and 13. (E) A total of 75 μM borrelidin significantly increases thrashing in wild-type C. elegans
(blue) compared to the vehicle-treated group (black) on day 7. (F) A total of 550 μM mupirocin
significantly increases thrashing in wild-type C. elegans (blue) compared to the vehicle-treated group
(black) on days 10, 11, and 17. * p < 0.05, ** p < 0.01, *** p < 0.001. p values calculated with Student’s
t-test with Bonferroni correction (n = 7 comparisons per drug panel).
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Figure 4. Thrashing in atf-4(ok576) C. elegans is significantly improved upon treatment with some
tRNA synthetase inhibitors, although less so than the wild type. (A) A total of 1 μM halofuginone
does not increase thrashing in atf-4(ok576) C. elegans (red) compared to the vehicle-treated group
(black). (B) A total of 10 μM LysRS-IN-2 does not increase thrashing in atf-4(ok576) C. elegans (red)
compared to the vehicle-treated group (black). (C) A total of 40 μM REP3123 significantly increases
thrashing in atf-4(ok576) C. elegans (red) compared to the vehicle-treated group (black) on days 7, 10,
13, and 17. (D) A total of 60 μM REP8839 significantly increases thrashing in atf-4(ok576) C. elegans
(red) compared to the vehicle-treated group (black) on days 11 and 13. (E) A total of 75 μM borrelidin
significantly increases thrashing in atf-4(ok576) C. elegans (red) compared to the vehicle-treated group
(black) on days 7 and 10. (F) A total of 550 μM mupirocin significantly increases thrashing in atf-
4(ok576) C. elegans (red) compared to the vehicle-treated group (black) on days 1, 7, 10, 11, and 13.
Vehicle = DMSO. * p < 0.05, ** p < 0.01, *** p < 0.001. p values calculated with Student’s t-test with
Bonferroni correction (n = 7 comparisons per drug panel).

Consistent with these findings, quantitative analysis of tagged LGG-1 puncta revealed
a marked elevation in autophagolysosome formation in tRNA synthetase inhibitor-treated
animals, particularly during mid-to-late adulthood when autophagic flux typically declines.
The use of the dual GFP::mCherry tag allowed us to distinguish between autophagosomes
and autolysosomes, and our data indicate enhanced autophagic flux rather than simple
accumulation of autophagic intermediates. Importantly, for some of these compounds,
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no increase in autophagic activity was observed in atf-4(ok576) mutants treated with the
same doses, supporting a model in which ATF-4 acts upstream of autophagy induction
under these conditions. Notably, not all tRNA synthetase inhibitors produced a significant
increase in autophagic flux. This variability likely reflects compound-specific mechanisms,
as each inhibitor targets a distinct aminoacyl-tRNA synthetase with unique cellular roles
and stress response profiles. Such differences in target enzyme abundance, localization, or
affinity could lead to varying levels of uncharged tRNA accumulation and downstream
activation of the ATF-4 pathway. These findings suggest that the induction of autophagy by
tRNA synthetase inhibitors is not universal but instead depends on the degree and nature
of translational stress imposed by each compound.

Figure 5. Autophagic flux increases following some tRNA synthetase inhibitor treatments. (A) A
total of 40 μM REP3123 significantly increases the ratio of Red/Green fluorescence in wild-type
drug-treated C. elegans (blue) compared to the vehicle-treated group (black) on all days tested (1, 5, 9,
and 13). (B) A total of 60 μM REP8839 significantly increases the ratio of Red/Green fluorescence in
wild-type drug-treated C. elegans (blue) compared to the vehicle-treated group (black) on all days
tested (1, 5, 9, and 13). (C) A total of 75 μM borrelidin significantly increases the ratio of Red/Green
fluorescence in wild-type drug-treated C. elegans (blue) compared to the vehicle-treated group (black)
on days 1, 5, and 9. (D) A total of 550 μM mupirocin significantly increases the ratio of Red/Green
fluorescence in wild-type drug-treated C. elegans (blue) compared to the vehicle-treated group (black)
on day 1. (E) A total of 1 μM halofuginone does not significantly increase autophagic flux on any day
tested. (F) A total of 10 μM Lys-RS-In-2 significantly increases the ratio of Red/Green fluorescence
in wild-type drug-treated C. elegans (blue) compared to the vehicle-treated group (black) on day 1.
Vehicle = DMSO. * p < 0.05, *** p < 0.001. p values calculated with Student’s t-test with Bonferroni
correction (n = 4 comparisons per timepoint).

Taken together, these results suggest that autophagy acts as one of several effector
pathways downstream of ATF-4 in response to tRNA synthetase inhibition. However, not
all compounds required ATF-4 for their beneficial effects, indicating that additional or
parallel signaling pathways likely contribute to the observed improvements in lifespan
and motility. The induction of autophagy likely contributes to improved proteostasis and
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cellular maintenance during aging, thereby promoting both the increased lifespan and
healthspan seen following treatments with these same concentrations of tRS inhibitors.
Thus, tRNA synthetase inhibitors appear to elicit a conserved, adaptive response involving
ATF-4 and autophagy that supports healthy aging.

Figure 6. Autophagic flux increases following some tRNA synthetase inhibitor treatments partially
depend on atf-4(ok576). (A) A total of 40 μM REP3123 significantly increases the ratio of Red/Green
fluorescence in wild-type drug-treated C. elegans (blue) compared to the atf-4(ok576) drug-treated
group (red) on all days tested (1, 5, 9, and 13). (B) A total of 60 μM REP8839 significantly increases
the ratio of Red/Green fluorescence in wild-type drug-treated C. elegans (blue) compared to the
atf-4(ok576) drug-treated group (red) on all days tested (1, 5, 9, and 13). (C) A total of 75 μM borrelidin
significantly increases the ratio of Red/Green fluorescence in wild-type drug-treated C. elegans
(blue) compared to the atf-4(ok576) drug-treated group (red) on days 5 and 9. (D) A total of 550 μM
mupirocin did not significantly increase the ratio of Red/Green fluorescence in wild-type drug-
treated C. elegans (blue) compared to the atf-4(ok576) drug-treated group (red) on any day tested. (E) A
total of 1 μM halofuginone significantly increases the ratio of Red/Green fluorescence in atf-4(ok576)
drug-treated C. elegans (red) compared to the wild-type drug-treated group (blue) on days 1, 9, and
13. (F) A total of 10 μM Lys-RS-In-2 significantly increases the ratio of Red/Green fluorescence in
wild-type drug-treated C. elegans (blue) compared to the atf-4(ok576) drug-treated group (red) on all
days tested (1, 5, 9, and 13). Vehicle = DMSO. (mean thrashing, n) * p < 0.05, *** p < 0.001. p values
calculated with Student’s t-test with Bonferroni correction (n = 4 comparisons per timepoint). p
values calculated with Student’s t-test with Bonferroni correction (n = 4 comparisons per timepoint).
The atf-4(ok576) + vehicle control was omitted here for clarity, but is shown in Supplementary Figure
S1, where all conditions are displayed side by side.

4. Discussion

Our findings identify four novel tRNA synthetase inhibitors that can robustly extend
lifespan in C. elegans. These inhibitors target different tRNA synthetases, consistent with
our model in which the accumulation of many distinct uncharged tRNAs should lead to
translational upregulation of ATF-4 and increased transcription of its targets. Combined
with our work showing similar effects of these compounds on ATF4 in mammalian cells [16],
and the work of others showing upregulation of ATF4 in long-lived mice [25,26], these
results support the idea that tRNA synthetase inhibition may engage conserved stress
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response pathways relevant to aging. Notably, several of these compounds also improved
healthspan in C. elegans, as assessed by age-dependent declines in thrashing behavior at the
same doses that extended lifespan, raising the possibility that tRNA synthetase inhibition
could delay functional decline during aging.

Two of the compounds identified in this study—REP3123 and REP8839—target me-
thionyl tRNA synthetase, while LysRS-In-2 and halofuginone inhibit lysyl and prolyl-tRNA
synthetases, respectively. All four significantly increase lifespan in wild-type C. elegans
(Figure 1). This effect was completely abolished in atf-4(ok576) mutants (Figure 2), confirm-
ing that ATF-4 activation is necessary for the observed longevity benefits for the tested
compounds. These data support a possible model in which tRNA synthetase inhibition
engages an adaptive transcription factor response, ultimately leading to increased organism
survival [8,21].

Halofuginone increased lifespan in the wild type, yet showed no wild-type au-
tophagic flux increase and, in fact, showed a relative flux elevation in atf-4(ok576) ani-
mals at several timepoints. Given halofuginone’s known tolerability limits and reported
off-target effects [27,28], it is possible that this compound may trigger compensatory, ATF-
4-independent stress responses at the tested maximally lifespan-extending dose.

Interestingly, some tRNA synthetase inhibitors appeared to reduce lifespan in atf-
4(ok576) mutants, possibly suggesting increased sensitivity to translational stress in
atf-4(ok576). Loss of atf-4 compromises the ability to upregulate stress-responsive and
proteostasis-related genes, which may render animals less tolerant to inhibitors that par-
tially suppress protein synthesis. Because the concentrations used were optimized for
maximal lifespan extension in the wild type, these same doses may approach the toxicity
threshold in the potentially more sensitive atf-4 background. Thus, the apparent toxicity
in atf-4 mutants could reflect a combination of dose-dependent effects and reduced stress
resilience rather than a fundamentally distinct mechanism of action.

The degree of atf-4 dependence varied across the inhibitors tested in our autophagy
and thrashing data. This variability could arise from several factors. Although all com-
pounds ultimately limit aminoacyl-tRNA synthetase activity, they act on distinct enzymes
that may differ in expression level, substrate specificity, or cellular localization. As a result,
each inhibitor could produce a unique pattern of uncharged tRNA accumulation and
thus distinct activation kinetics of the AAR pathway. Additionally, some inhibitors—such
as halofuginone, which is near its tolerability limit—may engage other stress response
pathways, including the unfolded protein response or oxidative stress signaling, and do so
in an atf-4-independent manner. Differences in compound stability, uptake, or metabolism
may also contribute to apparent differences in atf-4 dependence. Together, these factors
could explain the varying atf-4 interactions with healthspan and autophagy phenotypes
observed across this drug panel.

Although our results demonstrate that loss of atf-4 suppresses lifespan and partially
suppresses autophagy responses to tRNA synthetase inhibition, we did not directly mea-
sure ATF-4 activation in this study. Future work employing ATF-4 reporter strains or
transcriptional analysis of known ATF-4 target genes will be essential to confirm pathway
activation and to define the broader transcriptional program engaged by these compounds.

Previous work in MEFs showed that tRNA synthetase inhibition leads to increased
ATF4 and also to ATF4-dependent increased autophagy [16]. Here, using the autophagy
reporter strain MAH215, we demonstrate that autophagy is markedly increased in C. elegans
following treatment with lifespan-extending doses of some of the same tRNA synthetase
inhibitors (Figure 5). Importantly, this autophagic response is in some cases partially ATF-
4-dependent (Figure 6), suggesting a possible mechanistic link between ATF-4 activation,
autophagy, and longevity. These findings provide in vivo support for a model in which
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ATF-4-driven enhancement of autophagy could be an effector of the longevity response to
translational stress.

That said, the observation that only a subset of compounds robustly increased au-
tophagic flux indicates that this pathway is not uniformly activated by all tRNA synthetase
inhibitors at the lifespan-extending doses tested here. The extent of autophagy induction
may depend on differences in enzyme target class, compound potency, or the specific stress
response pathways engaged. Some inhibitors may primarily activate alternative adaptive
mechanisms, such as unfolded protein or oxidative stress responses, rather than canonical
ATF-4-driven autophagy.

While our data indicate that tRNA synthetase inhibitors enhance autophagic flux
and that this response is partially atf-4-dependent, we cannot conclude any cause–effect
relationship between increased autophagic flux and increased lifespan in these contexts
based on these data alone. Directly testing this hypothesis by blocking autophagy is
challenging in part because autophagy-deficient mutants, such as bec-1, atg-7, or lgg-1,
exhibit shortened lifespans, developmental arrest, and compromised health even under
control conditions [22,29], although chemical inhibitors such as bafilomycin could be
utilized in future studies. Nevertheless, the parallel increases in autophagic flux and
lifespan, and the loss of flux induction in the atf-4(ok576) background, are consistent with
the possibility that autophagy might contribute functionally to the adaptive response
elicited by tRNA synthetase inhibition.

Beyond lifespan, we also assessed healthspan through age-related declines in motility
using the thrashing assay. Treatment with some tRNA synthetase inhibitors resulted
in a sustained increase in thrashing behavior throughout aging, suggesting improved
overall vitality in later life (Figure 3). Strikingly, as with lifespan and autophagy, these
improvements seemed to be partially dependent on the presence of atf-4 (Figure 4) in some
of the drug treatments, further reinforcing its role as a central mediator of both longevity
and functional health [30]. It should be noted that our healthspan analysis was based
solely on thrashing behavior, which primarily reflects neuromuscular function. While
this is a commonly used metric in C. elegans aging studies, other measures of healthspan,
such as reproductive capacity, pharyngeal pumping, or stress resistance, may not always
correlate directly with motility. Future work employing multiple independent healthspan
metrics will be important to determine the extent to which the benefits of tRNA synthetase
inhibition extend across physiological systems.

One limitation of this study is that thrashing and autophagic flux measurements
were obtained from single synchronized cohorts per experiment, with multiple individual
animals assessed within each strain × condition × day, rather than from independent
biological replicates performed across separate experimental days. As a result, these
datasets capture within-cohort variability but do not fully account for between-cohort
variation. Replication across independent synchronized populations will be important
in future work to confirm the robustness and generalizability of these healthspan and
autophagy phenotypes.

Together, these results establish a clear and compelling link between tRNA synthetase
inhibition, ATF-4 activation, and healthy aging. By extending these findings across multiple
inhibitors and phenotypic readouts, we propose that tRNA synthetase inhibition acts as
a broadly effective strategy to trigger conserved stress response pathways that enhance
longevity and quality of life. Future work will be needed to explore the translational
relevance of these findings in mammalian systems.

In particular, identifying specific ATF-4 target genes required for the observed
longevity benefits may provide insights into the mechanisms by which this transcrip-
tion factor influences aging. Additionally, the conservation of these effects across species
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raises the possibility of developing targeted therapeutics that mimic the effects of tRNA
synthetase inhibition. Small molecules that selectively modulate the ATF-4 pathway or
its downstream effectors could therefore represent a novel class of interventions aimed at
promoting healthy aging. Finally, longitudinal studies in mammalian models will be crucial
to determine whether similar improvements in healthspan and lifespan can be achieved
in complex organisms and to evaluate the safety and efficacy of long-term modulation of
this pathway.

5. Conclusions

In summary, our study identifies multiple tRNA synthetase inhibitors that extend both
lifespan and healthspan in C. elegans through a conserved and partially ATF-4–dependent
mechanism. These findings not only reinforce the role of ATF-4 as a critical mediator of
the cellular response to translational stress but also highlight autophagy as a likely effector
of this longevity pathway. By linking tRNA synthetase inhibition to increased vitality
and extended lifespan, this work lays the foundation for exploring ATF-4 activation as a
therapeutic strategy for promoting healthy aging in higher organisms.
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ATF-4 Activating transcription factor 4
tRNA Transfer RNA
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AAR Amino acid stress response
eIF-2 Eukaryotic initiation factor 2
NGM Nematode growth media
GCN2 General control nonderepressible 2
MEFs Mouse embryonic fibroblasts
GCN4 General control nonderepressible 4
LC3 Microtubule-associated protein 1 light chain 3
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Abstract: Youth exposed to early-life adversity (ELA) are at greater risk for poorer physi-
cal and mental health outcomes in adolescence and adulthood. Although the biological
mechanisms underlying these associations remain elusive, DNA methylation (DNAm)
has emerged as a potential pathway. DNAm-based measures of epigenetic age have
been associated with ELA, indicating accelerated aging. According to the stress sensi-
tization hypothesis, prenatal adversity may further heighten sensitivity to subsequent
stressors in childhood and adolescence. This study examined the associations between
ELA and six epigenetic aging measures, considering both the timing of adversity and
the participant’s sex. Data were drawn from the Quebec Longitudinal Study of Child
Development, with two cumulative indices of ELA derived from prospectively collected
data: the Perinatal Adversity and the Child and Adolescent Adversity indices. Higher
Perinatal Adversity scores were associated with accelerated DunedinPACE scores. No
significant associations were found between ELA and the other epigenetic clocks, nor
did we find support for the stress sensitization hypothesis—though a sex-specific trend
emerged among girls. The findings suggest that DunedinPACE may be more sensitive
to variations in ELA than other clocks. Future research should systematically investigate
sex-dimorphic associations between ELA and epigenetic aging, with particular attention to
the impact of perinatal adversity.
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1. Introduction

Early-life adversity (ELA) encompasses a range of potentially detrimental experiences,
traumas, or stressors that occur during childhood and adolescence. Common examples
of ELA include household dysfunction, family socioeconomic hardship, harsh parenting,
and neighborhood violence [1,2]. Importantly, ELA is a cumulative concept at its core; it
encompasses multiple forms of experiences, severity, and extent of exposure, occurring
within and outside the family environment, and arising at any point from the prenatal
period to the end of adolescence [3]. Longitudinal studies have shown that ELA robustly
predicts physical, socioemotional, and behavioral problems later in life [4–6]. Despite ELA’s
known risk for health and socioemotional functioning, the mechanisms underlying these
associations remain poorly understood.

A common hypothesis suggests that ELA may induce persistent changes in physical
and mental health by altering neurobiological stress systems designed to help the child cope
with unpredictable, uncontrollable, and threatening environments [3,4,7]. For instance,
studies have shown that children exposed to different levels of ELA have a disrupted
pattern of hypothalamic–pituitary–adrenal (HPA) axis activity in both basal conditions
(e.g., circadian rhythm [8,9]) and stressful conditions (e.g., magnitude and length of activa-
tion and recovery [10–12]). However, the strength and direction of these associations vary
across studies. This inconsistency may stem from differences in the types of ELA consid-
ered, as well as a lack of attention to the co-occurring and cumulative effects of multiple
adverse experiences [13]. Simultaneously accounting for multiple indicators has proven
to be a promising approach. For example, Ouellet-Morin et al. [14] created a cumulative
index of ELA that spanned several stressors within and beyond the family environment,
measured from infancy to mid-adolescence. This index included eight indicators such as
socioeconomic status, harsh parenting, and peer victimization, and was found to be non-
linearly associated with hair cortisol concentration measured in late adolescence. Notably,
only one indicator, neighborhood dangerousness, predicted hair cortisol concentration on
its own, providing further support that cumulative indices of ELA better predict changes
in stress systems than independent indicators.

The mechanisms by which ELA affects later health are complex and involve several
biological processes [15]. Epigenetic alterations, particularly DNA methylation (DNAm),
have been proposed to take part in the associations between ELA, HPA axis activity, and
subsequent health [16,17]. DNAm refers to the addition of a methyl group to specific
sites in the genome where cytosine and guanine meet along the phosphate backbone,
called CpG sites. However, these CpG sites can gain or lose a methyl group, potentially
activating or inactivating genes and altering gene function across the life course. DNAm
can both be affected by and induce changes in HPA axis activity, creating recursive loops
that may perpetuate and exacerbate the impact of ELA on later functioning [18,19]. This
emphasizes DNAm as a critical focus for understanding how adversity becomes embedded
and influences vulnerability to later stress [4,16,20]. Clarifying whether DNAm serves
as a mediating pathway between ELA and later health may inform targeted prevention
strategies for individuals with a history of ELA [21–23].

Most studies to date have examined the association between ELA and DNAm using
a candidate gene approach, focusing on DNAm near or within genes previously associated
with ELA and/or relevant health outcomes [17]. Although this approach may be valuable,
the greater part of the epigenome is overlooked, thus missing the opportunity to iden-
tify new loci of interest. Moreover, previous studies targeting the methylation of genes
implicated in the regulation of stress, emotions, and behaviors, such as NR3C1, FKBP5,
and SLC6A4, have yielded inconsistent findings with ELA experiences [17]. The potential
partial overlap between candidate genes and other yet unidentified genes may impact the re-
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producibility of findings drawn from candidate genes vs. epigenome-wide approaches [24].
Conversely, epigenome-wide association studies comprise close to 1 million CpG sites
depending on the array, exponentially increasing the number of tests and the possibility of
false-positive and -negative findings (if the correction criteria are overly liberal or conserva-
tive, respectively). Adopting a more biologically informed approach, many studies elected
to use polyepigenetic scores [17]. These scores encompass DNAm information across sev-
eral CpG sites of interest collated into single scores, such as epigenetic clocks [25,26]. This
approach enables the examination of multiple sites that may be more uniformly affected by
ELA, extending beyond previously identified candidate genes, while reducing the number
of tests by avoiding a full epigenome-wide analysis.

Epigenetic clocks estimate aging based on DNAm patterns, which can deviate from
their chronological age. Epigenetic ages that exceed an individual’s chronological age
have been linked with poorer health outcomes later in life, ranging from cognitive
functioning [27] to high risk of cancer [28]. The first generation of epigenetic clocks, includ-
ing the Horvath Pan-tissue Clock, focused on CpG sites that related solely to chronological
age [25,29]. These clocks were then improved to encompass various tissues, such as the Skin
and Blood Clock, and age ranges, such as with the Pediatric Buccal (PedBE) Clock [26,30].
The PedBE enabled researchers to shift the focus from aging-related decline to measuring
developmental progress, offering a new perspective on what epigenetic clocks can capture.
The focus then shifted from optimizing epigenetic clocks for chronological age to capturing
the processes of biological aging and mortality more acutely, leveraging the information
from biomarkers known to change with age and smoking, begetting a second generation
of epigenetic clocks such as the PhenoAge and GrimAge Clocks [31,32]. To appropriately
analyze first- and second-generation clocks, an epigenetic age acceleration variable ought to
be derived to indicate the extent to which an individual’s epigenetic aging is accelerated or
decelerated as compared to their chronological age [33]. Belsky et al. [34] adopted another
approach by focusing on biomarkers that assess the integrity of physiological systems over
time, both within and between individuals, resulting in DunedinPoAm, which was subse-
quently refined into DunedinPACE [35]. DunedinPACE reflects whether an individual is
aging quickly or slowly, and requires no transformation into epigenetic age acceleration,
thereby streamlining the analysis process and heralding a third generation of epigenetic
aging measures.

Epigenetic clocks have been, since the first generation, associated with numerous
mental health outcomes linked to ELA, as well as experiences of ELA themselves. The
original Horvath Pan-tissue Clock, for example, has been associated with psychiatric
disorders [36–39], as well as experiences of childhood maltreatment [40,41] and socioeco-
nomic disadvantage [42]. This trend has continued through the second generation, with
GrimAge, for example, also being associated with psychiatric disorders [37,43], as well as
experiences of ELA encompassing both violence [44] and socioeconomic disadvantage [45].
DunedinPACE has shown similar associations with these ELA indicators [43,46]. How-
ever, the inconsistent results are reported for all three generations of clocks [17]. We, and
others [47], propose that the heterogeneity in these findings may partly stem from vari-
ations in the types of ELA examined—often in isolation—and differences in the timing
of exposure (see Lupien et al. [48] for a similar assertion regarding HPA axis activity).
Comparisons across studies focusing on different developmental periods, such as the
prenatal period and adolescence, may yield misleading conclusions. Moreover, few studies
have examined these associations using cumulative indices derived from prospectively
and repeatedly collected indicators of adversity [37,49], which are expected to reveal more
robust deviations in epigenetic clocks [17].
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While ELA occurring during the pre- (before birth), peri- (around the time of birth),
and postnatal (a few months after birth) periods—collectively referred to as the perinatal
period—is often considered to exert the most enduring impact on neurobiological systems,
increasing vulnerability for later problems [18,50,51], many studies overlooked their unique
effects alongside later adversity [17]. Furthermore, emerging evidence suggests that ELA
may increase sensitivity to future stressors through lasting neurobiological changes, as
described by the stress sensitization hypothesis [52–54]. However, determining whether
additive or synergic contributions better describe the associations between ELA and DNAm
requires repeated measures across distinct periods of development (e.g., perinatal, child-
hood, and adolescence). To our knowledge, while this hypothesis has been explored in
relation to DNAm and outcomes such as bipolar disorder and depression [52], it has not
yet been tested with epigenetic clocks.

Finally, while sex differences are often reported for both ELA and epigenetic clocks,
and the participant’s sex is typically included as a confounder in analyses, few studies
have tested whether the direction or magnitude of these associations differed by sex [55].
This contrasts with recent evidence suggesting sex-specific differences between ELA and
epigenetic aging, where adult males often show greater acceleration in epigenetic age
compared to females who experienced similar adversity [56,57].

This study aimed to investigate the association between cumulative indices of ELA
and six measures of epigenetic aging, each with its own strengths for use within our dataset.
The specific objectives were threefold: (1) to test whether cumulative indices of ELA
derived during the perinatal period and during childhood and adolescence (from 5 months
to 15 years of age) were associated with the measures of epigenetic aging ascertained
at 17 years of age; (2) to test the stress sensitization hypothesis, whereby the exposure
to perinatal ELA exacerbated the strength of the associations between childhood and
adolescent ELA and the measures of epigenetic aging; and (3) to examine whether these
associations varied between males and females.

2. Materials and Methods

2.1. Cohort Description

The Quebec Longitudinal Study of Child Development (QLSCD) was initiated by
the Institut de la Statistique du Quebec (ISQ) and included 2120 singleton children born
between 1997 and 1998 in Quebec, Canada. The cohort has been described in detail
elsewhere [58]. In brief, participants were recruited from all administrative regions of
the province of Quebec, excluding First Nations’ Territories and Northern Quebec due to
differences in institutional services and socio-cultural context. Families were invited to
participate if the pregnancy lasted between 24 and 42 weeks, and if parents could speak
French or English. The resulting participants were representative of the general population.
Participants were followed annually or biennially from 5 months to the present. At age 17,
1150 youths still in contact with the survey and who lived in the province of Quebec were
invited to provide a saliva sample for the measurement of DNA methylation. Ultimately,
773 (67.2%) of the invited youths provided a saliva sample. The QLSCD protocol was
approved by the ISQ and the University of Montreal ethics committees, and informed
consent forms (and the participating child’s assent when over 10 years of age) were obtained
at each data collection.

2.2. Measures
2.2.1. Perinatal Adversity Index

Information about adverse experiences during perinatal development was provided
by parents via questionnaires when the participating children were 5 months old or re-
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trieved from hospital records (birth weight and gestational time). Seven indicators of
adversity were included, based on the cumulative index for adversity previously designed
and implemented in the Maternal Adversity, Vulnerability, and Neurodevelopment (MA-
VAN) cohort [59]. These indicators were (i) low birth weight, (ii) pre-term birth, (iii) low
socioeconomic status (SES), (iv) maternal smoking during pregnancy, (v) hospitalization in
the first 5 months of life, (vi) maternal depression at 5 months postpartum, and (vii) poor
family function. Due to the general low-risk nature of this population-based cohort, all
items were dichotomized to reflect the presence (1) or absence of (0) a given adverse
experience. (i) Low birth weight was recorded as <2500 g [60]. (ii) Pre-term birth was
recorded as <37 weeks. (iii) Low SES was recorded as a <CAD 30,000 gross household
annual income. (iv) Maternal smoking during pregnancy (yes/no) was derived from the
maternal questionnaire item “Did you smoke during pregnancy?”. (v) Hospitalization in
the first five months of life (yes/no) was derived from a parental report. (vi) Postnatal
maternal depression (yes/no) was assessed with a shortened (13 items) version of the
Center for Epidemiologic Studies Depression Scale (CES-D), which focused on depressive
symptoms in the previous week. Mothers were scored on 16 items indicating clinically
relevant depressive symptomatology (e.g., “I was bothered by things that usually don’t
bother me”) on a Likert scale varying from 0 (rarely or none of the time (less than one day))
to 3 (most or all of the time (5–7 days)) [61]. (vii) Poor family functioning (yes/no) was
assessed using the Family Functioning FNC Survey (Q1A-Q1M) [58]. Both parents inde-
pendently completed the survey, which measured marital strain, as well as a low sense of
cohesiveness and closeness in the first 5 months postpartum. The survey included 13 items
measured on a 4-point Likert scale (e.g., “We express feelings to each other”; 1 (strongly
agree) to 4 (strongly disagree)). If either parent had a score above the 90th percentile, the
family was considered to have poor family functioning. The seven binary indicators were
summed to derive the cumulative Perinatal Adversity index. Only three indicators had
missing data (maternal smoking during pregnancy: n = 2; low SES: n = 1; and family
function: n = 2). The missing data was replaced with the indicator’s most frequent response
(0). Although the cumulative index theoretically ranged from 0 to 7, very few participants
had scores above 3. We therefore collapsed our scores above 2 into a single group of 2+ to
ensure the distribution was not too positively skewed for the analyses (0: 44.4%; 1: 32.0%;
2: 23.6%).

2.2.2. Child and Adolescent Adversity Index

We derived the Child and Adolescent Adversity index as previously reported [14].
Briefly, the cumulative index included information from eight distinct indicators of so-
cioeconomic and psychosocial adversity, all previously associated with poor health [22].
Indicators were collected prospectively and repeatedly from 5 months to 15 years of age.
The cumulative index included the following indicators: (i) young motherhood, (ii) single-
parent household, (iii) low SES, (iv) harsh and coercive parenting, (v) maternal depression,
(vi) maternal alcohol consumption, (vii) peer victimization, and (viii) dangerous neighbor-
hoods. (i) Young motherhood was collected at 5 months old and recorded as present if the
mother was younger than 21 years of age when she had her first child, regardless of whether
the first child was the child included in the QLSCD. (ii) Single-parent household was de-
termined from maternal reports at any point during the child’s preschool years, which
were collected up to six times between 5 months and 5 years. (iii) Low SES was reported
by the parents, and this data was collected up to 11 times between 5 months and 15 years,
which incorporated information about low family income (<CAD 30,000 per year), moth-
ers’ and fathers’ education, and occupational prestige. (iv) Harsh and coercive parenting
practices were assessed by maternal reports at up to 10 occasions between 2.5 and 15 years.
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These reports included 4–8 items, dependent on the child’s age, and referred to power-
assertive behaviors manifested toward the child (i.e., “I have been angry with my child
when he was particularly fussy”, from 0 (“Not at all what I did”) to 10 “(Exactly what
I did”)). (v) Maternal Depression was reported by mothers 7 times, between 5 months
and 13 years, according to the same questionnaire described for the Perinatal Adversity
index. (vi) Maternal alcohol consumption was reported by mothers through questionnaires
completed at up to 6 time points between 5 months and 15 years on an 8-point Likert
scale ranging from “never” to “every day”. (vii) Peer victimization was reported by the
participating youth at seven time points from age 6 to 15, utilizing the Self-Report Victim-
ization Scale [62]. This scale includes seven items, encompassing the perceived occurrence
of physical, verbal, relational, and cybervictimization, and was measured on a 3-point
Likert scale from “never” to “often or very often”. (viii) Neighborhood dangerousness was
reported by mothers at up to eight time points between 5 months and 15 years to measure
a lack of security and cohesion, using five items from the Simcha-Fagan Neighborhood
Questionnaire (i.e., “Around here, when there is a problem, neighbors get together to find
a solution.”).

As previously reported [14], group-based growth mixture models used all available
data from each indicator collected over time (excluding young motherhood) to estimate
stable patterns of adversity exposure. The best fitting model for each indicator was se-
lected based on fit and parsimony indices (e.g., Bayesian Information Criterion (BIC),
Lo–Mendell–Rubin likelihood ratio test (LMR-LRT), and entropy estimates). Class mem-
bership then designated groups exposed to low (0), moderate (1), or high (2) levels of
adversity according to each indicator. These scores were then summed across all eight indi-
cators to create the Child and Adolescent Adversity index, varying between 0 and 13. As
very few individuals scored 12 or higher, we collapsed our distribution between 0 and 11 to
avoid the disproportionate weight of the higher scores in the regression analyses using
all available data. Only individuals with complete data for the Child and Adolescent
Adversity index (n = 696; 99.6%) were included for subsequent analyses.

2.3. DNA Methylation Quantification

Participants provided saliva samples using the Oragene Self-Collection Kit (DNA
Genotek, Ottawa, ON, Canada). DNA purification was performed following the Beck-
man Coulter Genomics Laboratory protocol for the manual purification of DNA from
500 μL of Oragene/saliva samples using the Agencourt DNAdvance Kit (Beckman Coul-
ter, Brea, CA, USA). DNA was quantified primarily using absorbance measured on the
NanoDrop 8000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and
a subset of samples was tested with fluorescence (pico green) on the Qubit dsDNA BR
Assay kit (Thermo Fisher Scientific, Waltham, MA, USA) to ensure the absorbance was in an
acceptable range. Finally, bisulfite conversion was performed with the EZ-96 DNA Methy-
lation Kit (Zymo Research, cat. No. D5004, Irvine, CA, USA), following the manufacturer’s
protocol. Bisulfite DNA was quantified again using the absorbance method (for RNA), and
250 ng of bisulfite DNA from each sample was extracted with the EZ-96 DNA Methylation
Kit (Zymo Research, Irvine, CA, USA) and then run on the Infinium MethylationEPIC v1.0
BeadChip (Illumina, San Diego CA, USA).

DNA methylation beta values were extracted and processed using R software
(version 3.6.2), as well as with the minfi R package, version 1.54.1 [63]. Poor quality
samples were initially flagged based on the ratio of the log2 unmethylated to methylated
intensity of the control probes at a default cutoff of 10.5 and further confirmed by inspecting
control probe intensities in the quality control report from minfi. To adjust for the different
intensities of the two different probe types on the array, we used Noob normalization
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for dye-bias and background correction (the preprocessNoob command from the minfi
package, version 1.54.1). We performed a sex check to confirm concordance between re-
ported and inferred sex, based on XX/XY intensities, and removed mismatches. Further,
probe filtering was performed based on published annotations [64,65] to remove probes
that cross-react or cross-hybridize to multiple autosomal and sex probes, as well as probes
that had a detection p-value greater than 0.01 in 25% of samples, indicating that probes
were either too sensitive or not sensitive enough. Batch correction was not performed, as
our normalization method effectively removed the most prominent batch effects. Overall,
after probe and sample quality checks, 817,658 probes and 696 samples were retained for
subsequent analyses.

Cell Type Estimation

As DNA methylation is cell type-specific, and saliva comprises multiple cell types
including neutrophils, monocytes, and epithelial cells, we used DNA methylation-based
cell type deconvolution in the R package EpiDISH version 2.24.0 [66] to infer the saliva cell
types (Supplemental Figure S1).

2.4. Epigenetic Age Acceleration

To account for the different strengths and limitations of different epigenetic clocks,
including their target age ranges, cell types, and generations, we measured epigenetic
aging in the QLSCD with six different clocks. We used R (version 4.3.1) and adjusted
the publicly available code to calculate all epigenetic age measures but one, the Hor-
vath Pan-tissue Clock, which we calculated by submitting our data to an online portal.
We included three measures of first-generation clocks, which were designed to measure
chronological age: (1) Horvath Pan-tissue Clock [25]; (2) the Skin and Blood Clock [26];
and (3) the PedBE Clock [30]. We also included two measures of second-generation clocks,
which improved epigenetic age derivation by incorporating phenotypic measures of aging:
(4) PhenoAge [31] and (5) GrimAge [32]. Finally, we investigated a third-generation mea-
sure of epigenetic aging, (6) DunedinPACE [35], which expands on both prior generations
by incorporating comprehensive measures of changes in physiological biomarkers for
organ-system integrity over time. The first five clocks were regressed against chronological
age to derive a measure of epigenetic age acceleration; this step was unnecessary for Duned-
inPACE, as it directly provides a measure of the “pace of aging” instead of an epigenetic
age. For each clock and DunedinPACE, we also removed the confounding effect of cell
type composition by deriving the residuals from regressions; therefore, epigenetic age
acceleration was calculated with the regression against both chronological age and cell type.
We used this approach rather than including cell type proportions as covariates due to high
correlation with cell type across the epigenetic clocks, and a low covariation between cell
type and ELA. In addition, the GrimAge Clock includes sex differences in its derivation,
resulting in epigenetic ages heavily skewed by sex. As such, sex was also regressed from
the GrimAge variable along with both chronological age and cell type, and this clock was
excluded from testing the moderating role of sex (Supplemental Figure S2).

Assessment of Epigenetic Age Measure Performance

Pearson’s correlation coefficients (r) between our measures of epigenetic age and
participant chronological age were measured for all five clocks, excluding DunedinPACE,
as it does not measure age in years. Correlations were also measured between all predicted
measures of epigenetic age. Given the homogeneity of chronological age in our cohort
(mean = 17.22; SD = 0.27), we expected weaker correlations between each epigenetic age
and chronological age compared to the correlations between the epigenetic aging measures.
We calculated the mean absolute error and maximum absolute error (MAE and MaxAE) for
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each measure of epigenetic age and chronological age using the mae and maxae commands
from the mlr3measures package [67].

2.5. Covariates

Race/ethnicity was self-reported by the parents. Individuals were considered non-
White if at least one parent selected any option for race/ethnicity other than “White”.
As our cohort was overwhelmingly White (93%), we dichotomized race/ethnicity as
“White” vs. “non-White”. Although this dichotomization masks potentially important dif-
ferences across non-White race/ethnicity people, it ensured that we maintained sufficient
participants in each group. Information about tobacco, cannabis, and alcohol consump-
tion within the year prior to saliva sample collection was provided by participants at
age 17 on a 4-point Likert scale (“never” to “daily”). BMI at age 17 was also self-reported.
Age at the time of sample collection was also included as a covariate in our final models
of epigenetic age acceleration because even slight differences in age may confound the
adversity–epigenetic age associations [33] (Supplemental Table S1).

2.6. Statistical Analyses

All statistical analyses were performed in R 4.3.1, and linear regressions used the base
linear model (lm) function. Statistical significance was initially defined as a p-value < 0.05,
and we subsequently applied the false discovery rate (FDR) < 0.10 for multiple testing
correction. First, we examined the associations between our six measures of epigenetic age
with Perinatal Adversity as well as with Child and Adolescent Adversity in unadjusted
and adjusted models, with the latter including all covariates. Second, we tested the
unique contribution of each index of ELA, and the hypothesized sensitization influence of
Perinatal Adversity on the association between Child and Adolescent Adversity and the
measures of epigenetic clocks. Finally, we examined the moderating influence of sex in
these associations by including an interaction term between sex and each adversity index
separately and together (i.e., triple interaction). Significant interactions were decomposed
by the moderator (sex and/or Perinatal Adversity) to depict their simple slopes. Effect
sizes were measured using standardized betas and Cohen’s f2 for full models (where f
> 0.02 indicates a small effect, f > 0.15 is a medium effect, and f > 0.35 is a large effect)
(Supplemental Table S2).

3. Results

3.1. Exposure to Adversity Was Low Overall and Differed by Sex

Of the 773 participants who provided a saliva sample for DNAm quantification,
39 did not have enough DNA for bisulfite conversion, 35 were dropped due to poor probe
intensity in the array data, and 3 were dropped due to incomplete adversity data for
both Perinatal and Child and Adolescent Adversity. The analyses were carried out on
696 participants (385 females, 55%). The prevalence of Perinatal Adversity in the cohort
was low and similar across sexes (Table 1).

In contrast, a greater proportion of the cohort experienced some types of Child and
Adolescent Adversity, although, on average, the overall score was low to moderate (Table 2).
Compared to females, males experienced higher levels of peer victimization, lower family
SES, and harsher and more coercive parenting. This difference translated into a statistically
significantly higher cumulative score in males compared to females.

The two indicators of adversity are moderately and significantly correlated, according
to Kendall’s correlation (τ = 0.28).
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Table 1. Summary of each indicator included in the Perinatal Adversity index according to the total
sample and by sex in the QLSCD a.

Total (n = 696) Female (n = 385) Male (n = 311) Mean Differences

n (%) or Mean (SD) n (%) or Mean (SD) n (%) or Mean (SD)
Chi-Square Test (p-Value)

or t-test (p-Value)

Specific Indicators
Low Birth Weight (<2500 g) 26 (3.7%) 14 (3.6%) 12 (3.9%) 6.8 × 10−31 (1.00)
Pre-Term Birth (<37 weeks) 92 (13.2%) 44 (11.4%) 48 (15.4%) 2.07 (0.15)

Low SES (<CAD 30,000) 156 (22.4%) 89 (23.1%) 67 (21.5%) 0.16 (0.69)
Maternal Smoking (Yes) 147 (21.1%) 82 (21.3%) 65 (20.9%) 0.001 (0.97)

Hospital Admissions
(First 5 Months) 80 (11.5%) 39 (10.1%) 41 (13.2%) 1.29 (0.26)

Maternal Depression (CESD > 16) 31 (4.5%) 20 (5.2%) 11 (3.5%) 0.76 (0.39)
Poor Family Functioning 61 (8.8%) 35 (9.1%) 32 (8.4%) 0.04 (0.84)

Total Score
Perinatal Adversity (Range 0–2) 0.74 (0.79) 0.73 (0.79) 0.77 (0.78) 0.73 (0.46)

Notes: There were no mean differences by sex for any indicator included in Perinatal Adversity. a Data were
compiled from the final master file of the Québec Longitudinal Study of Child Development (1998–2015),
©Gouvernement du Québec, Institut de la statistique du Québec.

Table 2. Summary of each indicator included in the Child and Adolescent Adversity variable for the
total sample and by sex in the QLSCD a.

Total (n = 696) Female (n = 385) Male (n = 311) Mean Differences

n (%) or Mean (SD) n (%) or Mean (SD) n (%) or Mean (SD)
Chi-Square Test (p-Value)

or t-test (p-Value)

Specific Indicators
Young Motherhood

Yes 133 (19.1%) 69 (17.9%) 64 (20.6%) 0.62 (0.43)

Single-Parent Household
Yes 90 (12.9%) 46 (11.9%) 44 (14.1%) 0.56 (0.46)

Socioeconomic Status (Low vs.)
Medium

High

283 (40.7%)
174 (25.0%)

141 (36.6%)
106 (27.5%)

142 (45.7%)
68 (21.9%) 6.23 (0.044)

Coercive Parenting (Low vs.)
Medium

High

327 (47.0%)
84 (12.1%)

173 (44.9%)
36 (9.35%)

154 (49.5%)
48 (15.4%) 10.82 (0.004)

Maternal Depression (Low vs.)
Medium

High

285 (40.9%)
76 (10.9%)

152 (39.5%)
42 (10.9%)

133 (42.7%)
34 (10.9%) 0.85 (0.66)

Maternal Alcohol Consumption
(Low vs.)

Yes
143 (20.5%) 76 (19.7%) 67 (21.5%) 0.24 (0.62)

Peer Victimization (Low vs.)
Medium

High

390 (56.0%)
84 (12.1%)

199 (51.7%)
36 (9.35%)

191 (61.4%)
48 (15.4%) 21.66 (<0.001)

Dangerous Neighborhood (Low vs.)
Medium

High

561 (80.6%)
42 (6.03%)

306 (79.5%)
27 (7.01%)

255 (82.0%)
15 (4.82%) 1.52 (0.47)

Total Score
Child and Adolescent Adversity

(Range 0–11) 4.97 (2.30) 4.76 (2.31) 5.23 (2.26) 2.72 (0.007)

Notes: Mean differences by sex with a p < 0.05 are marked in bold. a Data were compiled from the final master file
of the Québec Longitudinal Study of Child Development (1998–2015), ©Gouvernement du Québec, Institut de la
statistique du Québec.

3.2. Measures of Epigenetic Age Among Adolescents

As most measures of epigenetic aging are trained on individuals in adulthood, and
more specifically, middle-aged individuals, we examined their association with chronologi-
cal age in our adolescent cohort. Although we report the correlation estimates between
each clock and chronological age, the limited age range (16.8–18.1 years) of the present
sample greatly limited this otherwise widely used validation technique. Unsurprisingly, all
measures showed low correlation with chronological age, with only the Skin and Blood
Clock (r = 0.09) and GrimAge (r = 0.08) reaching significance. Comparing correlations
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between clocks, DunedinPACE and PhenoAge had the highest correlation (r = 0.67), fol-
lowed by DunedinPACE and GrimAge (r = 0.27). The rest of the clocks were weakly
correlated (r > 0.15), except for the Pediatric Clock, which did not significantly correlate
with any of our measures or chronological age. We also included mean and maximum
errors, which were low for all clocks (MAE < 5.5 years of error) except for GrimAge, which
had an MAE > 10 years (Supplemental Table S3). This indicated that, while there was
limited overlap between the clocks, the error in clock calculations was small across all but
the GrimAge Clock.

3.3. Only Perinatal Adversity Is Associated with Epigenetic Age Acceleration

Regression analyses between measures of epigenetic age and adversity indices re-
vealed that DunedinPACE was the only measure of epigenetic age that was significantly as-
sociated with the Perinatal Adversity index, even after adjusting for confounders (β = 0.079,
p-value = 0.045, Cohen’s f2 = 0.098) (Table 3). This finding did not survive multiple testing
correction, though.

Table 3. Adjusted associations between both adversity indices and measures of epigenetic age
acceleration in the QLSCD a.

Model
Horvath Pediatric Clock

Skin and
Blood Clock

PhenoAge GrimAge DunedinPACE

Estimate (pval) Estimate (pval) Estimate (pval) Estimate (pval) Estimate (pval) Estimate (pval)

Perinatal Adversity −0.00025 (0.99) 0.024 (0.55) 0.020 (0.62) 0.023 (0.57) 0.0033 (0.94) 0.079 (0.045)
Child and

Adolescent Adversity −0.035 (0.41) 0.056 (0.17) −0.0016 (0.97) 0.0037 (0.93) 0.029 (0.50) 0.064 (0.12)

Notes: Bold values are significant at p < 0.05. All clocks, excluding DunedinPACE, were adjusted to give epigenetic
age acceleration by taking the residuals of the calculated age regressed on chronological age. All age measures
were additionally regressed against cell type proportions before multivariable modeling. The GrimAge Clock was
also adjusted for sex before multivariable modeling. All models were controlled for self-reported race/ethnicity,
tobacco smoking, cannabis smoking, alcohol consumption, BMI, age, and sex. Estimate refers to standardized
regression coefficients. a Data were compiled from the final master file of the Québec Longitudinal Study of Child
Development (1998–2015), ©Gouvernement du Québec, Institut de la statistique du Québec.

For the Child and Adolescent Adversity index, the unadjusted models indicated
associations with two measures of epigenetic aging at a trend level: PedBE (β = 0.065,
p-value = 0.085, Cohen’s f2 = 0.0043) and DunedinPACE (β = 0.066, p-value = 0.083,
Cohen’s f2 = 0.0043). However, none of these measures of epigenetic age were signifi-
cantly associated with the Child and Adolescent Adversity index after controlling for the
covariates (Table 3).

We performed forward regression to more precisely describe the relative proportion
of variance in each measure of epigenetic age explained by the adversity indices and each
confounder (i.e., race/ethnicity, tobacco, cannabis, and alcohol consumption, BMI, age, and
sex) (see Figure 1). DunedinPACE had the highest explained variance (12.0%), as well as
the most variance explained by adversity indices (1%). In addition, DunedinPACE was
the only measure of epigenetic age with variance explained by chronological age (3%) in
this otherwise age-homogeneous sample. As expected, tobacco, cannabis, and alcohol
consumption, BMI, and sex each contributed to the explained variance across the clocks,
even though the magnitude of these effects varied.
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Figure 1. Portion of variance in epigenetic age measures explained by confounders and adversity
indices in the QLSCD a. Notes: Smoking & Alcohol Consumption includes tobacco, cannabis,
and alcohol consumption. Adversity includes both Perinatal Adversity and Child and Adolescent
Adversity indexes. All clocks, excluding DunedinPACE, were adjusted to give epigenetic age
acceleration by taking the residuals of the calculated age regressed on chronological age. All age
measures were additionally regressed against cell type proportions before multivariable modeling.
The GrimAge Clock was also adjusted for sex before multivariable modeling. a Data were compiled
from the final master file of the Québec Longitudinal Study of Child Development (1998–2015),
©Gouvernement du Québec, Institut de la statistique du Québec.

3.4. Limited Evidence for the Stress Sensitization Hypothesis

Before formally testing the stress sensitization hypothesis, we first included both
Perinatal (β = 0.065, p-value = 0.12) and Child and Adolescent Adversity (β = 0.045,
p-value = 0.29) indices (additive model, Cohen’s f2 = 0.10) to evaluate their unique contribu-
tions. We found no main significant associations, including for DunedinPACE, suggesting
that both adversity indices were weakly associated with a common portion of Dunedin-
PACE variance (Table 4). We then tested the stress sensitization hypothesis by adding
an interaction term to the two adversity indices. A significant association between the
interaction term and epigenetic age acceleration would lend support to this hypothesis.
However, none of the interactions were significant.

3.5. Epigenetic Age Differs by Sex, but Evidence of Sex Moderation Is Limited

Significant sex differences emerged in Welch’s two-sample t-tests for two clocks,
PhenoAge (t = −4.56, p = < 0.001) and DunedinPACE (t = −5.79, p = < 0.001), whereby males
had a lower PhenoAge and DunedinPACE than females. Regression analyses including
interaction terms between sex and each measure of ELA did not detect sex-dimorphic
associations for the Perinatal or Child and Adolescent Adversity indices alone. However,
a trend for a triple interaction emerged for DunedinPACE (β = 0.073, p-value = 0.072,
Cohen’s f2 = 0.10), suggesting that a distinct pattern of stress sensitization may be present
between males and females (Table 5).
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Table 4. Associations between adversity variables and epigenetic age acceleration, testing adversity
timing in the QLSCD a.

Model
Horvath Pediatric Clock

Skin and
Blood Clock

PhenoAge GrimAge DunedinPACE

Estimate (pval) Estimate (pval) Estimate (pval) Estimate (pval) Estimate (pval) Estimate (pval)

Perinatal Adversity + Child and Adolescent Adversity

Perinatal Adversity 0.011 (0.79) 0.0070 (0.87) 0.022 (0.88) 0.024 (0.58) −0.0050 (0.91) 0.065 (0.12)
Child and Adolescent

Adversity −0.039 (0.38) 0.055 (0.21) −0.0067 (0.61) −0.0022 (0.96) 0.027 (0.55) 0.045 (0.29)

Perinatal Adversity*Child and Adolescent Adversity

Perinatal Adversity*Child and
Adolescent Adversity −0.029 (0.48) 0.0077 (0.85) −0.020 (0.62) −0.054 (0.18) 0.010 (0.80) 0.027 (0.49)

Notes: All clocks, excluding DunedinPACE, were adjusted to give epigenetic age acceleration by taking the
residuals of the calculated age regressed on chronological age. All age measures were additionally regressed
against cell type proportions before multivariable modeling. The GrimAge Clock was also adjusted for sex before
multivariable modeling. All models were controlled for self-reported race/ethnicity, tobacco smoking, cannabis
smoking, alcohol consumption, BMI, age, and sex. Estimate refers to standardized regression coefficients. Models
used * to denote an interaction term. a Data were compiled from the final master file of the Québec Longitudinal
Study of Child Development (1998–2015), ©Gouvernement du Québec, Institut de la statistique du Québec.

Table 5. Associations between adversity variables and epigenetic age acceleration, testing sex
moderation in the QLSCD a.

Model
Horvath Pediatric Clock

Skin and
Blood Clock

PhenoAge GrimAge DunedinPACE

Estimate (pval) Estimate (pval) Estimate (pval) Estimate (pval) Estimate (pval) Estimate (pval)

Perinatal Adversity*Sex −0.049 (0.23) −0.002 (0.96) −0.021 (0.60) 0.056 (0.15) - 0.018 (0.64)
Child and Adolescent

Adversity*Sex 0.0080 (0.85) −0.0097 (0.81) 0.0077 (0.85) 0.065 (0.11) - 0.033 (0.40)

Perinatal Adversity*Child and
Adolescent Adversity*Sex 0.05 (0.22) −0.049 (0.24) −0.015 (0.71) 0.051 (0.22) - 0.073 (0.072)

Notes: All clocks, excluding DunedinPACE, were adjusted to give epigenetic age acceleration by taking the
residuals of the calculated age regressed on chronological age. All age measures were additionally regressed
against cell type proportions before multivariable modeling. The GrimAge Clock was also adjusted for sex before
multivariable modeling, and as such was removed from sex moderation analyses. All models were controlled for
self-reported race/ethnicity, tobacco smoking, cannabis smoking, alcohol consumption, BMI, and age. Estimate
refers to standardized regression coefficients. In all models, sex = females. Models used * to denote an interaction
term a Data were compiled from the final master file of the Québec Longitudinal Study of Child Development
(1998–2015), ©Gouvernement du Québec, Institut de la statistique du Québec.

To explore this tentative signal, we tested whether distinct patterns of stress sensitiza-
tion could have been hidden (i.e., canceled out) for males and females. No robust indication
of significant interactions between Perinatal Adversity and Child and Adolescent Adver-
sity emerged for males (β = −0.068, p-value = 0.28) or females (β = 0.081, p-value = 0.13).
Figure 2 illustrates the simple slopes between Child and Adolescent Adversity and the
DunedinPACE scores according to ±1 standard deviation of the mean of the Perinatal
Adversity, for males and females separately. Notably, however, opposite patterns of moder-
ation were noted: females exposed to higher levels of Perinatal Adversity tended to have
higher DunedinPACE scores in association with higher levels of Child and Adolescent
Adversity (β = 0.15, p = 0.042), whereas no associations were detected at or below the
sample’s mean of Perinatal Adversity (mean: β = 0.06, p = 0.81; −1SD: β = −0.02, p = 0.25).
None of the simple slopes were significant in males. As post hoc analyses were conducted
based on a trend for significance, interpretations of the sex-moderated stress sensitization
effect should be approached with caution.
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Figure 2. Model-predicted associations between Child and Adolescent Adversity and DunedinPACE
for male (left) and female (right) participants with Perinatal Adversity scores at ±1 SD above the
mean in the QLSCD a. Bold values with * are significant at p < 0.05. Perinatal Adversity and Child and
Adolescent Adversity indices were mean-centered to investigate simple slopes. a Data were compiled
from the final master file of the Québec Longitudinal Study of Child Development (1998–2015),
©Gouvernement du Québec, Institut de la statistique du Québec.

4. Discussion

This study examined the association between two cumulative indices of ELA and
six measures of epigenetic aging in a cohort of 17-year-old youth. This allowed us to
investigate whether Prenatal vs. Child and Adolescent adversity is differently related to
epigenetic aging. We also formally tested the stress sensitization hypothesis and whether
these associations differed by sex. Our findings provided limited evidence for these
hypotheses. However, a few isolated findings suggested that the DunedinPACE measure
may be more sensitive than the other epigenetic clocks at detecting such effects.

DunedinPACE was the only measure of epigenetic aging that captured, albeit incon-
sistently, variations in ELA in our cohort of adolescents. Furthermore, it was the only
measure that captured chronological age as a measure that influenced variance in our
data. This distinct pattern of findings may echo the differences in how each measure of
epigenetic aging was derived. Unlike other epigenetic clocks, DunedinPACE was built from
data collected repeatedly in the same individuals to capture physiological changes both
within and between individuals. In contrast, other epigenetic clocks were derived from
inter-individual differences in chronological age or changes in biomarkers at a single time
point [35]. DunedinPACE may thus be better suited to capture deviations induced by ELA
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over time, especially earlier in development, given its focus on physiological systems related
to accelerated aging. Also, both our sample and the cohort from which the DunedinPACE
measure was derived are population-based, with relatively few individuals exposed to very
high levels of adversity. In community-based samples like ours, variation in socioeconomic
deprivation has been associated with DunedinPACE [34,35,68,69]. Raffington et al. [46],
for instance, have reported an association between a composite measure of socioeconomic
disadvantage—including a combination of household income, parental education, occu-
pational prestige, and measures of neighborhood disadvantage—and DunedinPoAm, the
precursor to DunedinPACE. Consistent with our findings, they found no associations be-
tween their measures of deprivation and the Horvath Pan-tissue Clock, the Hannum Clock,
PedBE, PhenoAge, and GrimAge. Our null findings for Child and Adolescent Adversity
and these other measures of epigenetic age are thus in line with much of the literature
focused on community-based cohorts [41,42,49,70]. In contrast, associations with ELA in
other epigenetic clocks appear to be more robustly detected in at-risk samples, comprising
those exposed to greater levels of adversity [47,71] or those specifically associated with
changes in epigenetic age over time [72].

Contrary to our expectations, our findings did not offer robust support for the stress
sensitization hypothesis. We did, however, find that female participants who experienced
higher levels of Perinatal Adversity had higher DunedinPACE scores when they had also
experienced higher levels of Child and Adolescent Adversity than their peers with lower or
no Perinatal Adversity. This could suggest that females may be prone to be more negatively
affected by re-exposure to adversity. Although the stress sensitization hypothesis has been
scarcely examined in relation to measures of DNAm, there is support for this sex-specific
finding in both stress sensitization research and studies investigating overall stress [73,74].
A 2017 meta-analysis by Bunea et al. [53] found that women with a history of ELA required
less exposure to recent stress, as measured by cortisol levels, to trigger post-traumatic stress
disorder compared to their male counterparts. Stroud (2020) [75] provided an in-depth
review of Post’s model of stress sensitization, summarizing findings across the literature
and discussing the model’s strengths and limitations. Notably, sex emerged as a key factor
influencing stress sensitization outcomes, with sex-specific effects observed depending on
pubertal stage.

Sex differences in methylation are also well documented, pointing to higher epigenetic
age in males in comparison to females [55,76,77]. However, we found higher measures
of epigenetic aging in females than in males using both PhenoAGE and DunedinPACE,
both of which derive epigenetic age from physiological biomarkers of aging. A possible
explanation for this difference in our study compared to the existing literature is the
age of our participants (17 years) compared to previous studies conducted with adult
samples [31]. Both genetic and epigenetic mechanisms interact with hormone activity,
changing during puberty. At 17 years of age, neither males nor females have typically
reached full pubertal maturation; however, females generally tend to be more advanced
in the pubertal process than males [78]. The PedBE Clock included few individuals over
age 15 and shows increasing prediction error with age, limiting its accuracy in adolescence,
as acknowledged by its developers [30]. Its good performance at age 10 in a subsample
of our cohort [70] further supports these age-related limitations in its design. It remains
uncertain whether measuring epigenetic aging a decade later (e.g., in one’s twenties) may
provide additional insights, but it would enable the analysis of intra-individual changes
in epigenetic aging over time and document, if present, any shift in mean levels between
males and females [71,76,79]. Nonetheless, these preliminary findings underscore the
importance of systematically investigating and reporting sex differences in epigenetic aging
in future studies.
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Our study had several limitations. First, we measured DNAm in saliva, and while
each measure of epigenetic aging has been adjusted for use in saliva by controlling for cell
type proportions, three measures were originally derived for use in blood and may not
be optimized for use in other tissues [31,32,35]. Second, our study sample was 17 years
old at the time of DNAm collection, and each measure of epigenetic aging used in this
study was derived and optimized for use in age groups younger than (PedBE, optimized
for children prior to adolescence) or older than (remaining epigenetic aging measures) our
sample. Third, our cohort included youth primarily of self-reported White race/ethnicity,
limiting the generalizability of our results. Fourth, levels of exposure to ELA were relatively
low in our cohort; most parents had completed a high school diploma or higher, and the
average household income exceeded the national poverty cutoff. Given that exposure to
threat and abuse has more frequently been associated with epigenetic age acceleration
than experiences of neglect and deprivation, it is possible that distinct findings could be
uncovered in higher-risk cohorts [40,46,47].

5. Conclusions

This study sought to expand upon the existing literature investigating the relationship
between ELA and epigenetic aging by incorporating numerous clocks and two cumulative
measures of ELA and by accounting for the timing of ELA and the potential impact of
sex differences in adolescence. Strengths of our study include our use of comprehensive,
prospectively, and repeatedly collected indicators of adversity. Future studies would benefit
from examining these associations in higher-risk samples and according to a dimensional
approach of adversity, such as exposure to socioeconomic vs. relational adversity or threat
vs. abuse experiences of maltreatment (1). Overall, exposure to ELA was low in our
cohort, and we found minimal evidence of associations between ELA and epigenetic aging.
Nonetheless, of all the measures of epigenetic aging tested, DunedinPACE captured the
most variation in ELA, and we found some evidence that female children exposed to more
adversity from before birth to adolescence experienced greater epigenetic aging measured
by DunedinPACE. Future studies should systematically examine sex differences in DNAm
in response to ELA.
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Abstract: Cellular senescence is a fundamental mechanism in aging, marked by irre-
versible growth arrest and diverse functional changes, including, but not limited to, the
development of a senescence-associated secretory phenotype (SASP). While transient senes-
cence contributes to beneficial processes such as tissue repair and tumor suppression, the
persistent accumulation of senescent cells is implicated in tissue dysfunction, chronic in-
flammation, and age-related diseases. Notably, the SASP can exert both pro-inflammatory
and immunosuppressive effects, depending on cell type, tissue context, and temporal
dynamics, particularly in early stages where it may be profibrotic and immunomodulatory.
Recent advances in senotherapeutics have led to two principal strategies for targeting senes-
cent cells: senolytics, which selectively induce their apoptosis, and senomorphics, which
modulate deleterious aspects of the senescence phenotype, including the SASP, without
removing the cells. This review critically examines the molecular mechanisms, therapeutic
agents, and clinical potential of both approaches in the context of anti-aging interventions.
We discuss major classes of senolytics, such as tyrosine kinase inhibitors, BCL-2 family
inhibitors, and natural polyphenols, alongside senomorphics including mTOR and JAK
inhibitors, rapalogs, and epigenetic modulators. Additionally, we explore the biological
heterogeneity of senescent cells, challenges in developing specific biomarkers, and the
dualistic role of senescence in physiological versus pathological states. The review also
highlights emerging tools, such as targeted delivery systems, multi-omics integration, and
AI-assisted drug discovery, which are advancing precision geroscience and shaping future
anti-aging strategies.

Keywords: cellular senescence; senolytics; senomorphics; aging; senescence-associated
secretory phenotype (SASP); anti-aging therapy; longevity

1. Introduction

Aging is an inevitable biological process characterized by a progressive decline in
physiological integrity, leading to impaired function and increased vulnerability to death.
Among the various cellular and molecular mechanisms that contribute to aging, cellular
senescence has emerged as a fundamental driver of age-related dysfunction and chronic
disease [1,2]. Initially described as a mechanism to prevent the proliferation of damaged
cells, senescence involves a state of stable cell cycle arrest coupled with profound changes
in gene expression, morphology, and function. While this process plays a critical role in
tissue remodeling, wound healing, and tumor suppression, the chronic accumulation of
senescent cells contributes to a pro-inflammatory tissue environment and promotes aging-
related pathologies.
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Senescent cells secrete a variety of bioactive molecules collectively known as the
senescence-associated secretory phenotype (SASP), which includes pro-inflammatory cy-
tokines, chemokines, growth factors, and matrix-remodeling enzymes [3,4]. These factors
have a dual nature: although they can be beneficial in short-term physiological contexts,
such as promoting tissue repair or halting the proliferation of precancerous cells, their
long-term persistence fosters a deleterious milieu that disrupts tissue homeostasis, impairs
stem cell function, and promotes chronic inflammation and fibrosis [5]. The SASP is now
recognized as a key mediator of the “inflammaging” process, a low-grade, chronic inflam-
mation associated with aging, and has been implicated in a broad spectrum of diseases,
including osteoarthritis, atherosclerosis, neurodegeneration, diabetes, and cancer [6,7].

In recent years, the concept of targeting cellular senescence has gained traction as a
promising therapeutic strategy to delay aging and extend health span. Two major classes of
anti-senescence therapies have emerged: senolytics, which selectively induce apoptosis in
senescent cells, and senomorphics, which suppress the harmful effects of the SASP without
killing the cells [8,9]. These interventions aim to reduce the burden of senescent cells and
modulate their secretory activity, thereby alleviating tissue dysfunction and enhancing
resilience against stress and disease. Encouragingly, preclinical studies in mouse models
have demonstrated that clearing senescent cells can improve tissue function, delay the
onset of age-related diseases, and even extend lifespan [10]. These findings have spurred a
surge in translational research, with multiple clinical trials now underway to evaluate the
safety and efficacy of senescence-targeting agents in humans [11–13].

Senescent cells are key contributors to aging, marked by irreversible growth arrest and
often the secretion of pro-inflammatory factors known as the senescence-associated secre-
tory phenotype (SASP). While transient senescence aids in tissue repair and tumor suppres-
sion, chronic accumulation of senescent cells promotes tissue dysfunction, inflammation,
and age-related decline. Kondratyeva et al. (2025) demonstrated that treatment with growth
differentiation factor 11 (GDF11) partially reversed the senescent phenotype in mesenchy-
mal stem cells (MSCs), improving viability and angiogenic function [14]. This highlights
the impact of senescence on stem cell aging and the potential of rejuvenation therapies.

In the context of skin aging, Wyles et al. (2024) [15] showed that topical platelet-
derived exosomes reduced senescence markers (p16INK4a, p21CIP1) and SASP components,
improving skin structure, supporting the idea that local clearance or modulation of senes-
cent cells can restore tissue function. At the systemic level, Nishizawa et al. [16] found
that the transcription factor BACH1 suppresses senescence through ferroptosis-induced
secretion of FGF21, which improved metabolism and extended lifespan in progeria models.
This points to a non-cell-autonomous role of senescent cells in aging regulation. These
studies affirm that senescent cells are not passive bystanders but active drivers of aging.
They impair tissue regeneration, induce chronic inflammation, and influence systemic
health. Therapeutic strategies that target senescent cells, via senolytics, senomorphics, or
rejuvenation signals like GDF11 and FGF21, hold promise for mitigating age-related decline
and extending health span. Emerging evidence strongly supports the therapeutic potential
of eliminating or modulating senescent cells to enhance healthspan and delay age-related
decline. Senescent cells accumulate with age and contribute to chronic inflammation,
tissue dysfunction, and age-related diseases. Poblocka et al. (2021) developed a targeted
antibody–drug conjugate (ADC) that selectively eliminates senescent cells by binding to
β2-microglobulin (B2M), a surface marker enriched in senescence [17]. The ADC delivers a
cytotoxic payload specifically to senescent cells, reducing their burden without affecting
healthy tissue. This approach offers a promising, selective senolytic strategy. In contrast,
Zumerle et al. (2024) used a natural polyphenol extract [18], Haenkenium (HK), from Salvia
haenkei to reduce senescence markers and improve physical condition in aged mice. One

36



Biomolecules 2025, 15, 860

active compound, luteolin, modulates the p16–CDK6 interaction, suppressing senescence-
associated pathways without killing the cells. This senomorphic strategy demonstrates
how modulating, rather than clearing, senescent cells can improve healthspan. Dorronsoro
et al. [19] showed that extracellular vesicles (EVs) from young mesenchymal stem cells
reduced cellular senescence and extended health span in mice, offering a regenerative,
cell-free alternative with low risk and high translational potential. Together, these studies
highlight that both senolytics and senomorphics can mitigate the harmful effects of senes-
cent cells, offering viable strategies to improve tissue function and extend health span [20].
Despite the promise of these interventions, several challenges remain. The heterogeneity of
senescent cell populations, the context-dependent effects of senescence, and the potential
off-target consequences of eliminating or altering senescent cells raise concerns about the
safety and specificity of current approaches [21]. Moreover, the lack of robust biomarkers
to identify and monitor senescent cells in vivo complicates both research and clinical appli-
cation [22]. A deeper understanding of the molecular mechanisms governing senescence,
improved methods for detecting senescent cells, and the development of next-generation
therapeutics with greater selectivity and minimal side effects will be critical to unlocking
the full potential of this field [21,23].

As we continue to explore the complex biology of cellular senescence and refine our
strategies for intervening in this process, targeting senescence holds significant promise not
only for mitigating the effects of aging but also for transforming the way we approach the
prevention and treatment of age-related diseases [24]. This review provides an overview of
current strategies and advances in senolytics and senomorphics, examines their therapeutic
potential and limitations, and discusses future directions in this rapidly evolving field
of geroscience.

2. Senolytics: Eliminating Senescent Cells

Senolytics are a rapidly advancing class of therapeutic agents designed to selectively
eliminate senescent cells, which accumulate with age and contribute to chronic inflamma-
tion, tissue degeneration, and age-related diseases [25,26]. Cellular senescence is a state
of irreversible cell cycle arrest triggered by various stressors such as telomere shortening,
DNA damage, mitochondrial dysfunction, and oncogene activation [27]. While transient
senescence has beneficial roles in development, wound healing, and tumor suppression, the
chronic persistence of senescent cells in aged tissues has been implicated in the pathogene-
sis of numerous conditions, including osteoarthritis, cardiovascular disease, pulmonary
fibrosis, and neurodegeneration.

Senescent cells evade immune clearance by activating anti-apoptotic signaling path-
ways, often termed senescent cell anti-apoptotic pathways (SCAPs), which differentiate
them from their healthy counterparts [28]. Senolytic agents exploit this vulnerability by dis-
abling these pro-survival mechanisms, thereby triggering apoptosis selectively in senescent
cells while sparing non-senescent tissue [29,30]. The first generation of senolytic therapies
emerged with the identification of dasatinib, a tyrosine kinase inhibitor, and quercetin, a
flavonoid that inhibits PI3K and other kinases [31] (Table 1). These two compounds, used
in combination (D + Q), were found to clear senescent pre-adipocytes and endothelial
cells in mouse models [32]. In aged or diseased animals, intermittent administration of
D + Q improved physical function, reduced senescent cell burden, and in some cases,
extended lifespan. These findings laid the groundwork for clinical trials in humans, where
early results suggest improvements in physical performance and reductions in senescence
biomarkers in patients with idiopathic pulmonary fibrosis and diabetic kidney disease.
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Table 1. Comparative Overview of Major Senolytic Classes.

Senolytic Class
Molecular

Targets
Represent

Agents
Mode of Action Strengths Limitations/Challenges Ref.

Tyrosine Kinase
Inhibitors

Src family
kinases, Eph

receptors
Dasatinib

Inhibits pro-survival
tyrosine kinases

upregulated in certain
SnC types

Effective in senescent
preadipocytes and

progenitors

Cell-type specificity;
potential for systemic

toxicity
[33]

Flavonoid
Polyphenols

PI3K/AKT,
NF-κB, ROS

pathways

Quercetin,
Fisetin

Induces apoptosis via
oxidative stress and

suppression of
anti-apoptotic signaling

Low toxicity; orally
bioavailable; broad

applicability

Variable potency; poor
bioavailability in vivo [34]

BCL-2 Family
Inhibitors

BCL-2, BCL-xL,
BCL-w

Navitoclax
(ABT-263),
ABT-737

Blocks anti-apoptotic
proteins, sensitizing SnCs

to apoptosis

Potent and
broad-acting across

senescent phenotypes

Thrombocytopenia due
to BCL-xL inhibition in

platelets
[35]

FOXO4-p53
Disruptors

FOXO4-p53
complex

FOXO4-DRI
peptide

Disrupts nuclear retention
of p53, restoring apoptotic

signaling

Selective SnC
clearance; rejuvenates

aged tissues

Peptide delivery
limitations; currently

preclinical
[36]

HSP90
Inhibitors

Heat shock
protein 90

17-DMAG,
Geldanamycin

derivatives

Destabilizes
chaperone-dependent

survival proteins in SnCs

Targets multiple stress
response pathways

General cytotoxicity;
lacks SnC specificity [37]

CDK/p53
Pathway

Modulators

MDM2-p53,
CDK4/6

UBX0101,
Nutlin-3

Modulates cell cycle
regulators and apoptotic

checkpoints

Targeted for local
intra-articular
applications

Short half-life; mixed
clinical trial results [38]

Natural
Senolytics

(Plant-Derived)

ROS generation,
NF-κB, SASP

factors

Piperlongumine,
Curcumin
analogues

Promotes redox imbalance
and downregulates

SASP-related pathways

Low-cost,
multi-targeted;
dietary sources

Low potency; unclear
pharmacokinetics and

dosing strategies
[39]

Building on these foundational discoveries, researchers have developed a diverse range
of senolytic agents targeting different aspects of senescent cell biology. One key area of
focus is the BCL-2 family of proteins, which are upregulated in senescent cells to resist
apoptosis. Navitoclax (ABT-263), an inhibitor of BCL-2 and BCL-XL, has demonstrated
potent senolytic activity across several tissues [35,40] (Table 1). However, it has been limited
in clinical translation by dose-dependent thrombocytopenia, as platelets also rely on BCL-XL
for survival [41]. Similar agents, such as ABT-737, have shown promise in preclinical settings
but share similar safety concerns [42]. A structurally related compound, ABT-737, was an
earlier-generation BCL-2 family inhibitor that similarly targets BCL-2, BCL-XL, and BCL-w.
ABT-737 has shown promising senolytic effects in preclinical models, particularly in the
clearance of senescent cells from irradiated tissues and in models of pulmonary fibrosis
and atherosclerosis [43]. However, ABT-737, like navitoclax, has demonstrated hematologic
toxicity in vivo, including thrombocytopenia and neutropenia, due to the on-target depletion
of non-senescent cells that rely on BCL-2/XL signaling for survival. This safety profile has
limited its direct clinical use and prompted efforts to either develop selective delivery
systems (e.g., nanoparticle carriers or conjugation with senescence-targeted ligands) or to
identify next-generation BCL-2 inhibitors with improved senescent cell specificity.

Furthermore, both ABT-263 and ABT-737 underscore a broader challenge in senolytic
drug development: the molecular overlap between survival pathways in senescent and
healthy cells, especially in high-turnover tissues. As a result, recent research is focusing
on transient, intermittent dosing strategies, combination regimens with senomorphics, or
targeting downstream effectors unique to senescence, to mitigate adverse effects.

Another strategy targets the interaction between FOXO4 and p53, which plays a
role in maintaining the survival of senescent cells. The FOXO4-DRI peptide disrupts this
interaction, reactivating p53-mediated apoptosis and eliminating senescent cells in various
models [44]. HSP90 inhibitors, such as 17-DMAG, destabilize chaperone-mediated survival
pathways in senescent cells, offering another route for clearance [45,46]. More recently,
UBX0101 and related molecules have been designed to modulate the p53-MDM2 axis
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and CDK activity to selectively eliminate senescent chondrocytes in osteoarthritic joints,
although clinical progress has been mixed [38].

In addition to synthetic compounds, several naturally occurring molecules have
demonstrated senolytic potential. Fisetin, a dietary flavonoid found in fruits such as straw-
berries and apples, is particularly notable for its broad efficacy across different senescent
cell types [47,48]. It reduces systemic inflammation, improves tissue homeostasis, and
extends health span in mouse models. Fisetin is currently being tested in several human
trials for its potential to alleviate age-associated dysfunction. Other natural agents like
piperlongumine and synthetic curcumin derivatives are also under investigation, offering
potentially safer and more accessible alternatives to synthetic drugs [49,50].

Despite these promising advances, the development of senolytics faces several key
challenges. Many compounds lack cell-type specificity, raising concerns about off-target
effects and toxicity in non-senescent tissues. Some, like navitoclax, induce significant side
effects at effective doses. Moreover, the heterogeneity of senescent cells, both within and
across tissues, means that a one-size-fits-all senolytic is unlikely to exist. Optimization
of dosing schedules, such as intermittent “hit-and-run” regimens, is being explored to
limit toxicity while maintaining efficacy. Another major limitation is the absence of robust,
non-invasive biomarkers for senescent cell burden in humans, which impairs the ability to
stratify patients or monitor treatment response. Furthermore, there is concern that simply
removing senescent cells without addressing the underlying damage or inflammatory
microenvironment may lead to their rapid re-accumulation.

Nonetheless, the translational momentum in this field is strong. Several senolytic com-
pounds are in early-phase clinical trials for diseases including Alzheimer’s disease, chronic
kidney disease, frailty, and osteoarthritis [51]. New approaches are being investigated
to improve targeting and minimize off-target effects, including the use of antibody-drug
conjugates, nanoparticles, and tissue-specific prodrugs. In the future, senolytic therapies
may be combined with senomorphics, regenerative interventions, or immune modulators
to enhance both efficacy and tissue repair. As our understanding of cellular senescence
deepens, senolytics stand at the forefront of a potential paradigm shift in aging and chronic
disease treatment, with the promise of not only extending lifespan but improving health
span through selective cellular rejuvenation.

While senolytics represent a promising class of interventions to delay aging and miti-
gate age-related diseases, their clinical development is complicated by the heterogeneous
nature of cellular senescence across different tissues. Senescence is not a uniform process;
it varies significantly depending on cell type, tissue context, and developmental stage [52].
For example, senescent fibroblasts in dermal tissue may exhibit distinct SASPs and survival
pathways compared to senescent endothelial cells in vascular tissue or chondrocytes in the
joint [53]. Likewise, the function and fate of senescent cells can differ: in some settings, they
are immunosuppressive and pro-fibrotic, while in others, they may promote inflammation
or contribute to tissue repair.

This context dependency has direct implications for senolytic therapies, which are
often designed based on generalized senescence mechanisms, such as the upregulation of
BCL-2 family proteins or the FOXO4-p53 axis. However, given the variability in survival
pathways between senescent cell types, senolytic agents may be effective in one tissue but
ineffective, or even harmful, in another. For example, navitoclax and ABT-737 demonstrate
robust senolytic activity in certain cell populations but cause thrombocytopenia due to BCL-
XL dependence in platelets, highlighting the risk of unintended toxicity in non-senescent
cells [35,54].

To overcome these challenges, future senolytic strategies will likely need to adopt organ-
specific or cell-type-specific targeting approaches. This may involve the use of tissue-specific
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promoters, targeted delivery vectors (e.g., nanoparticles or antibody–drug conjugates), or
prodrug strategies activated by tissue-enriched enzymes. These precision delivery systems
could enhance the selective clearance of senescent cells in target tissues while sparing others.

Moreover, age and disease stage may influence the composition and behavior of
senescent cells, particularly in organs with active regeneration or developmental plasticity.
For instance, the response to senolytics in aged skeletal muscle stem cells may differ
markedly from that in senescent astrocytes in neurodegeneration. Tailoring therapeutic
timing and delivery to the developmental stage, disease context, and regenerative capacity
will be crucial for optimizing outcomes.

Additionally, combinatorial approaches, such as pairing senolytics with senomor-
phics, anti-inflammatory agents, or regenerative therapies, may help address the complex
interplay between senescent cells and their microenvironment. These strategies could miti-
gate tissue-specific rebound effects or functional deficits that occur following widespread
cell clearance.

3. Senomorphics: Modulating the SASP

While senolytics aim to eliminate senescent cells from aging tissues, an alternative
therapeutic approach, known as senomorphics, seeks instead to modulate the pheno-
type and secretory behavior of senescent cells without necessarily inducing their apopto-
sis [55,56] (Figure 1).

Figure 1. Molecular mechanisms of senolytics and senomorphics in anti-aging interventions.

This class of interventions is also frequently referred to as senostatics in the litera-
ture [57,58]. While the terms are often used interchangeably, some authors draw a subtle
distinction: “senomorphics” emphasize the modulation of the senescent phenotype, par-
ticularly the suppression or alteration of the senescence-associated secretory phenotype
(SASP), whereas “senostatics” highlight the stabilization of senescent cells in a non-harmful,
quiescent state without promoting further senescence propagation. In practice, however,
both terms describe agents that mitigate the detrimental effects of senescent cells without
eliminating them, and they are commonly treated as synonyms in the current field.
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The strategy of eliminating senescent cells from aging tissues holds great promise
but may be inappropriate in certain physiological contexts, particularly in tissues where
senescent cells play beneficial roles in processes such as wound healing, tissue remodeling,
or immune surveillance. In such cases, senomorphics offer a more refined approach by
targeting and suppressing the pro-inflammatory and tissue-damaging components of the
senescence-associated secretory phenotype (SASP). The SASP comprises a complex and
dynamic mixture of cytokines, chemokines, growth factors, matrix metalloproteinases
(MMPs), and bioactive lipids secreted by senescent cells, which contribute to chronic
inflammation and tissue dysfunction when left unchecked [13,59]. Persistent SASP sig-
naling is now widely recognized as a key mediator of chronic inflammation in aging
(“inflammaging”), as well as a driver of paracrine senescence, tumor promotion, and
tissue degeneration.

The SASP is regulated by several stress-responsive transcription factors and intracellu-
lar signaling pathways, including NF-κB, C/EBPβ, mTOR, JAK/STAT, and p38 MAPK [60].
Targeting these pathways has led to the identification of various senomorphic agents ca-
pable of attenuating SASP expression and its downstream pathological effects (Table 2).
Among the most studied are mTOR inhibitors such as rapamycin and its analogs (rapalogs),
which can dampen SASP production by interfering with the translation of IL-1α, a key
upstream driver of the SASP cascade [61,62]. In preclinical models, rapamycin has been
shown to suppress senescence-related inflammation, improve stem cell function, and ex-
tend lifespan, without necessarily inducing cell death [63,64]. Its oral bioavailability and
known safety profile from clinical use in transplantation and oncology make it one of the
most promising senomorphic agents under evaluation for geroprotective interventions.

Another major class of senomorphics includes JAK inhibitors, such as ruxolitinib and
baricitinib, which block downstream inflammatory signaling pathways induced by SASP
components like IL-6 and IL-8 [65,66] (Table 2). In both mouse models and early human
studies, JAK inhibition has reduced systemic inflammation, improved hematopoietic func-
tion, and restored tissue homeostasis in aged organs [67,68]. These agents are especially
promising in chronic inflammatory conditions associated with clonal hematopoiesis and
myeloid skewing. Importantly, senomorphics like JAK inhibitors offer a potentially safer
long-term strategy compared to senolytics, particularly for chronic dosing in older adults,
since they avoid the risks associated with cell ablation and regeneration imbalance [69,70].

Table 2. Overview of Major Senomorphic Agents in Aging and Disease Modulation.

Agent/Class Primary Targets Mechanism of Action Current Status Key Notes Ref.

Rapamycin
(Sirolimus) mTORC1 Inhibits mTOR-mediated translation

of SASP factors (e.g., IL-1α)

Multiple trials in
aging (e.g.,

NCT02432287)

Shown to improve immune
function, reduce

inflammation
[71]

Ruxolitinib/
Baricitinib JAK1/2

Blocks JAK-STAT signaling,
suppressing IL-6/IL-8 mediated

SASP amplification

Phase 2 trials for
frailty, inflammation

Also used for myelofibrosis
and rheumatoid arthritis [72]

p38 MAPK
Inhibitors p38 MAPK Reduces SASP via inhibition of

upstream inflammatory signaling
Preclinical/early

clinical
Reduces IL-6, TNF-α

production in senescent cells [73]

BET Inhibitors BRD4, chromatin
modifiers

Represses transcription of
SASP-related genes by reducing

enhancer/promoter activity
Preclinical

Emerging class with
epigenetic modulation

potential
[74]

NF-κB Inhibitors NF-κB pathway
(IKK complex)

Blocks transcription of
pro-inflammatory cytokines central

to the SASP
Mostly preclinical

Non-specific
immunosuppression is a

challenge
[75]

Glucocorticoids
(e.g.,

Dexamethasone)

Glucocorticoid
receptor/NF-κB

Represses SASP cytokine
expression, suppresses general

inflammation

Clinically approved;
repurposing debated

Broad-spectrum effects; not
ideal for long-term use [76]
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Table 2. Cont.

Agent/Class Primary Targets Mechanism of Action Current Status Key Notes Ref.

Metformin AMPK/NF-
κB/mTOR

Indirectly suppresses SASP by
activating AMPK, inhibiting mTOR,

and dampening NF-κB

Widely used; TAME
trial (NCT04245771)

ongoing

Mild SASP modulation;
favorable safety profile [77]

Resveratrol SIRT1/NF-κB Activates SIRT1, inhibits NF-κB
signaling and oxidative stress

Nutraceutical;
limited clinical trials

Low potency; bioavailability
limitations [78]

HDAC Inhibitors Histone
deacetylases

Alters chromatin accessibility of
inflammatory gene promoters

Preclinical/repurposing
from oncology

Potential for selective SASP
modulation [79]

In addition, glucocorticoids, long used for their immunosuppressive effects, exhibit
some senomorphic properties by downregulating SASP cytokine transcription through
inhibition of NF-κB [80,81]. However, their broad-spectrum immunosuppression and
significant side-effect profile limit their suitability for aging interventions. More targeted
NF-κB inhibitors are under investigation, aiming to selectively block SASP-associated gene
transcription while preserving beneficial immune function. Other experimental approaches
include p38 MAPK inhibitors, which interfere with upstream signaling of SASP activation,
and BET bromodomain inhibitors, which suppress SASP gene expression by modifying
chromatin accessibility at pro-inflammatory loci [82].

Notably, the functional heterogeneity of the SASP presents both an opportunity and
a challenge. While many SASP components are pro-inflammatory and deleterious, some
elements are involved in tissue regeneration, immune surveillance, and fibrosis resolu-
tion. Therefore, future senomorphic strategies must aim for selective SASP modulation,
suppressing harmful secretions while preserving or even enhancing beneficial paracrine
signals [83]. Precision targeting of SASP regulators, possibly through AI-guided compound
design or tissue-specific delivery systems, could offer a path forward in fine-tuning this
complex phenotype [84].

By selectively modulating key components of the senescence-associated secretory phe-
notype, such as pro-inflammatory cytokines (e.g., IL-6, IL-1β), matrix metalloproteinases,
and chemokines, it may be possible to preserve the beneficial functions of senescent cells,
including tissue repair and tumor suppression, while minimizing their deleterious pro-
aging effects. Advances in artificial intelligence and machine learning can accelerate the
identification of small molecules or biologics that target specific SASP pathways, with
greater predictive accuracy and reduced off-target toxicity. Simultaneously, innovations in
nano-medicine and targeted delivery platforms, such as lipid nanoparticles, antibody-drug
conjugates, or cell-penetrating peptides, are enabling the localization of senomorphic thera-
pies to affected tissues or cell populations. This precision approach may help overcome
the heterogeneity of senescent cell populations and the context-dependent nature of SASP,
thereby reducing systemic side effects and improving therapeutic efficacy. Ultimately, such
strategies could enable dynamic, tunable modulation of senescence-related inflammation,
paving the way for more refined and personalized anti-aging interventions.

An important and increasingly recognized aspect of the senescence-associated secretory
phenotype (SASP) is its time-dependent nature, which significantly influences its biological
effects. The composition and functional consequences of the SASP evolve dynamically over
time following the onset of senescence, and this temporal heterogeneity plays a crucial role
in determining whether the SASP exerts beneficial or detrimental outcomes [85,86].

In the early stages of senescence, particularly during acute tissue responses or fol-
lowing oncogene activation, the SASP can exhibit pro-fibrotic and immunosuppressive
characteristics. Early SASP components may include transforming growth factor-beta (TGF-
β), vascular endothelial growth factor (VEGF), and various extracellular matrix (ECM)
proteins, which promote fibrosis and tissue remodeling while concurrently suppressing
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certain immune responses [87]. In this context, the SASP may help maintain tissue integrity
and dampen potentially excessive immune activation, an effect that can be protective
in the short term. However, this transient immunosuppression may also create a local
environment that allows for immune evasion, tissue scarring, or even tumor progression if
senescent cells are not efficiently cleared [88].

As senescence becomes chronic and unresolved, the SASP transitions to a more pro-
inflammatory profile, marked by the upregulation of interleukins such as IL-6, IL-8, and
IL-1β, as well as matrix metalloproteinases (MMPs) [89]. These factors promote immune
cell recruitment, stem cell dysfunction, and tissue degeneration. This shift contributes to
the pathological remodeling of tissues, persistent inflammation, and the propagation of
senescence to neighboring cells via paracrine signaling.

Understanding the temporal evolution of the SASP is therefore essential when de-
signing therapeutic interventions. For instance, efforts to modulate the SASP (e.g., via
senomorphics) should consider not only which SASP components to suppress but also
when during the senescence timeline such modulation will be most effective or least dis-
ruptive to physiological repair mechanisms [90]. Therapeutic strategies that blunt early
pro-fibrotic or immunosuppressive SASP elements without impairing beneficial acute
functions may offer the most precise and context-sensitive benefits.

Senomorphics may also complement senolytic therapy in combinatorial regimens. For
instance, transient senomorphic pre-treatment could suppress SASP-induced systemic toxi-
city before senolytic-induced cell clearance, or conversely, senomorphics could be admin-
istered post-senolysis to suppress SASP release from surviving or neighboring cells [21,91].
This dual-pronged approach is being actively explored in preclinical models, especially in
the context of chemotherapy-induced senescence, metabolic dysfunction, and neuroinflam-
mation.

As the field advances, a deeper mechanistic understanding of SASP regulation, along-
side improved in vivo biomarkers of SASP burden, will be essential for rational drug
development. Moreover, since the SASP varies depending on tissue context, senescence
trigger, and duration, the concept of “context-specific senomorphism” may guide the de-
sign of next-generation interventions. In sum, while senolytics represent a bold approach to
cellular rejuvenation, senomorphics offer a nuanced and adaptable strategy, one that may
hold particular promise for the chronic management of age-related inflammation, frailty,
and organ dysfunction without the risks associated with broad cellular depletion.

4. Challenges and Limitations

Despite growing enthusiasm and remarkable progress in the field of senescence-
targeting therapies, numerous scientific and clinical challenges remain that hinder the
broad implementation of senolytics and senomorphics in aging and disease-modifying
interventions. A central obstacle is the inherent heterogeneity of senescent cells across
tissues, time, and triggering stimuli. Senescence is not a single, uniform phenotype; instead,
it is a context-dependent program influenced by cell type, senescence inducer, micro-
environmental signals, and organismal age [92]. As a result, senescent cells exhibit varying
dependencies on survival pathways, distinct SASP profiles, and divergent sensitivities
to pharmacological agents. This diversity complicates the development of “universal”
senolytic or senomorphic drugs and increases the risk of inconsistent efficacy across patient
populations or disease models.

Equally limiting is the lack of specific, non-invasive biomarkers that can reliably
identify senescent cell burden in vivo (Table 3). While markers such as p16INK4a, p21CIP1,
SA-β-gal activity, and DNA damage foci (γH2AX) are widely used in experimental set-
tings, they are not exclusive to senescence and are often inaccessible in clinical tissues.
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Furthermore, no consensus exists on how to quantify systemic senescence load or monitor
therapeutic response dynamically. This gap in biomarker development impedes clinical
translation by making patient selection, efficacy tracking, and dose optimization difficult in
human trials. Without validated biomarkers, it is also challenging to distinguish beneficial,
transient senescence (such as that involved in wound repair) from chronic, deleterious
senescence driving pathology.

Table 3. Challenges, Implications, and Possible Solutions for Senescence-Targeting Therapies.

Challenge Description Implications Possible Solutions

Heterogeneity of
Senescent Cells

Senescent cell features vary by
tissue, trigger, and aging context

Limits development of one-size-fits-all
senotherapeutics; variable drug

response

Use tissue-specific profiling (e.g., single-cell
omics); design context-dependent or

combinatorial therapies

Lack of Specific
Biomarkers

No robust, non-invasive markers to
quantify senescent cell burden

in vivo

Difficult to identify target patients,
track efficacy, or determine

optimal dosing

Develop circulating biomarkers, imaging
tracers, and senescence-specific

transcriptomic signatures

Safety Concerns
of Senolytics

Off-target effects on non-senescent
cells (e.g., platelets, immune cells)

Heightened toxicity risk, especially in
frail elderly patients

Engineer targeted delivery systems (e.g.,
nanoparticles, prodrugs, ADCs); explore

intermittent “hit-and-run” dosing

Limitations of
Senomorphics

Broad-acting effects,
immunomodulation,

lack of clearance

Potential SASP rebound; unclear
long-term benefits

Develop pathway-selective senomorphics;
combine with senolytics or

regenerative therapies

Context-
Dependent Role

of Senescence

Senescence contributes positively to
tissue repair and tumor suppression

in some settings

Risk of unintended tissue damage or
impaired regeneration if senescent

cells are eliminated indiscriminately

Adopt adaptive modulation strategies; tailor
timing and duration of intervention to

specific physiological contexts

Regulatory and
Ethical

Uncertainty

Aging is not a recognized medical
indication; endpoints and trial
designs lack standardization

Slows approval and integration into
mainstream care; public skepticism

Define aging-related surrogate endpoints;
develop ethical guidelines for
preventive gerotherapeutics

The safety profile of senolytic agents represents another critical concern (Table 3). While
senolytics aim to selectively eliminate senescent cells, many current compounds exhibit
off-target effects, potentially harming non-senescent cells or vital immune populations [93].
For example, BCL-2 family inhibitors like navitoclax, although effective in clearing senes-
cent cells, are associated with dose-limiting thrombocytopenia due to BCL-xL inhibition in
platelets [94]. Similarly, broad-acting kinase inhibitors and pro-apoptotic agents can induce
systemic toxicity, particularly when used chronically or in combination with other therapeu-
tics [95]. This risk is especially pronounced in aged individuals, who are the primary target
population but also the most vulnerable to adverse events due to multimorbidity, frailty, and
polypharmacy. As such, improving the selectivity and delivery of senotherapeutics, poten-
tially through tissue-targeted prodrugs, antibody–drug conjugates, or nanoparticle-based
systems, remains an urgent priority.

In the case of senomorphics, while they offer a potentially safer approach by modulat-
ing rather than eliminating senescent cells, they present their own challenges (Table 3). Most
senomorphic compounds exhibit pleiotropic effects, acting on multiple pathways beyond
the SASP. This broad mechanism of action increases the risk of unintended consequences,
including suppression of beneficial immune responses or interference with cellular stress
responses required for tissue integrity. Moreover, long-term administration of senomorphics
may create pharmacodynamic tolerance, necessitating escalating doses or combination thera-
pies [96]. The fact that senomorphics do not remove senescent cells also raises the possibility
of a rebound in SASP production upon treatment cessation, or continued accumulation of
dysfunctional cells, potentially compromising long-term efficacy.

From a translational perspective, one of the most underappreciated barriers is the con-
textual role of senescence in physiology. Senescence has evolved as a beneficial program in
certain settings, including embryogenesis, tissue repair, and tumor suppression. Therefore,
indiscriminate suppression or clearance of senescent cells may impair regenerative re-
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sponses, disrupt tissue homeostasis, or increase cancer risk in certain contexts. For example,
in the skin or liver, transient senescence can coordinate repair processes via SASP-mediated
recruitment of immune and progenitor cells. Removing these cells prematurely could lead
to impaired healing or excessive fibrosis [97]. Understanding the temporal dynamics and
reversibility of senescence is essential for ensuring that interventions are not only effective
but also aligned with tissue-specific physiological needs.

Regulatory and ethical frameworks for senotherapeutics remain underdeveloped,
reflecting the novelty and complexity of targeting aging biology. Unlike traditional thera-
peutics designed to treat acute or well-defined diseases, senotherapeutics are increasingly
being proposed for preventive use to delay or mitigate age-related functional decline in
largely asymptomatic individuals. This shift challenges conventional paradigms of clinical
trial design, including the selection of endpoints, risk–benefit assessment, and duration of
follow-up. The absence of standardized criteria for measuring aging outcomes, such as
biological age, functional capacity, or resilience, further complicates regulatory evaluation.
Without clear definitions of what constitutes clinical “success” in the context of aging inter-
ventions, trials may yield ambiguous results that are difficult to interpret or compare across
studies.

To address these issues, a multi-stakeholder approach is urgently needed. Regulatory
bodies such as the FDA and EMA should collaborate with geroscience researchers to define
age-related surrogate endpoints that are biologically meaningful, clinically actionable, and
acceptable for conditional approval. Longitudinal cohorts, biomarker validation studies, and
real-world evidence must be leveraged to establish reliable predictors of therapeutic efficacy
and long-term safety. Adaptive trial designs, including umbrella and platform trials, may
also offer greater flexibility to test multiple agents or dosing strategies in aging populations.

Another critical barrier is the influence of public perception and commercial hype.
The growing market for unregulated anti-aging products and exaggerated claims around
longevity-enhancing interventions threatens to erode public trust and scientific integrity.
To prevent this, stricter oversight of marketing practices, coupled with public education
initiatives, is essential. Medical societies and public health institutions should play a central
role in communicating the current evidence base, distinguishing between experimental
and validated therapies, and ensuring informed decision-making by consumers.

Economic and logistical considerations further complicate the large-scale implementa-
tion of senotherapeutics. Aging affects virtually all individuals, implying that successful
therapies could generate enormous demand across populations and age groups. This raises
concerns about healthcare system capacity, affordability, and equitable access. To address
these challenges, health technology assessments (HTAs) should be employed early in drug
development to evaluate cost-effectiveness and inform pricing strategies. Moreover, tar-
geting high-risk groups, such as individuals with multi-morbidity, frailty, or accelerated
biological aging, may provide the most immediate and measurable benefits, enabling a
phased and prioritized rollout of senescence-targeting interventions.

In summary, realizing the clinical potential of senotherapeutics will require more
than scientific progress; it will demand regulatory innovation, ethical foresight, public
engagement, and strategic health system planning. By addressing these interconnected
challenges, the field can move toward the responsible, effective, and equitable integration
of anti-aging therapies into mainstream medical care. These span biological uncertainty,
technological limitations, clinical safety, and translational logistics. Addressing these barri-
ers will require interdisciplinary collaboration, rigorous biomarker discovery, smarter drug
delivery platforms, ethical oversight, and a cautious yet forward-thinking approach to
clinical trial design. Only through these efforts can senotherapeutics fulfill their potential as
transformative tools for extending health span and mitigating age-related disease burden.
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5. Future Directions

Looking ahead, the future of senescence-targeting therapies lies in moving beyond
proof-of-concept studies toward clinically actionable, safe, and personalized interventions
that can meaningfully extend the human health span. As our understanding of cellular
senescence becomes more nuanced, so too must our therapeutic strategies evolve, from
blunt cell elimination to context-sensitive modulation, from broad-acting compounds
to precision medicine, and from isolated interventions to integrative, systems-level ap-
proaches. The next generation of senotherapeutics will likely combine molecular specificity,
spatiotemporal control, and functional synergy with other hallmarks of aging to achieve
durable rejuvenation without compromising physiological senescence functions [98].

A key frontier in this evolution is the development of next-generation senolytics and
senomorphics with enhanced tissue targeting, reduced off-target toxicity, and improved phar-
macokinetics (Figure 2). Efforts are underway to engineer senolytic prodrugs that become
activated only in senescent cells based on unique metabolic signatures, pH gradients, or
enzymatic profiles. Similarly, antibody-drug conjugates (ADCs) that recognize senescence-
specific surface markers, such as DPP4, uPAR, or B2M, offer a means of delivering senolytics
selectively to affected tissues while sparing healthy cells [99]. Nanoparticle-based delivery
systems also hold promise for increasing the precision and local concentration of senother-
apeutic agents, especially in hard-to-reach tissues like the brain or bone marrow [100,101].
These approaches not only improve safety profiles but may also allow for combinatorial
targeting of different senescent cell populations within the same organism.

At the same time, multi-omics profiling and single-cell technologies are beginning to
revolutionize how senescent cells are identified, classified, and understood. Advances in
transcriptomics, epigenomics, proteomics, and metabolomics now enable high-resolution
mapping of senescence heterogeneity across tissues and disease states (Figure 1). These
datasets are facilitating the construction of senescence “atlases” that will guide biomarker
discovery, therapeutic targeting, and patient stratification. Moreover, the integration of
artificial intelligence and machine learning into omics analysis is accelerating the identifica-
tion of senescence-specific pathways and predictive biomarkers [102]. These tools will be
instrumental in overcoming one of the field’s greatest hurdles: the reliable, non-invasive
detection and monitoring of senescent cell burden in humans.

In parallel, clinical trial design in geroscience must undergo innovation to accommo-
date the unique challenges of targeting aging biology. Traditional trial endpoints, such as
disease incidence or short-term symptom resolution, may not fully capture the long-term
benefits of senotherapeutics. Instead, surrogate endpoints like inflammatory biomarkers,
composite frailty indices, epigenetic aging clocks, and digital mobility assessments may
offer more sensitive and practical measures of therapeutic efficacy [103]. Adaptive trial
designs, decentralized data collection, and real-world evidence frameworks could also help
accelerate the regulatory approval process. Importantly, as interventions move from disease-
specific indications toward preventive or health-span-enhancing applications, ethical and
regulatory frameworks will need to be refined to ensure safety, equity, and accountability.

Beyond pharmacological strategies, combining senotherapeutics with regenerative
medicine, immunotherapy, and lifestyle interventions may yield synergistic effects that re-
store tissue function while removing or suppressing cellular damage. For example, senolytic
pre-treatment may improve the engraftment and efficacy of stem cell therapies by clearing
the inflammatory milieu, while senomorphics may enhance the benefits of caloric restriction
or exercise by reducing systemic SASP-driven inflammation [104]. The convergence of
aging research with other cutting-edge domains, such as gene editing, autophagy modula-
tion, and gut microbiome engineering, may unlock entirely new therapeutic paradigms for
systemic rejuvenation.
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Figure 2. Future Directions in Senescence-Targeting Therapies: A Precision Geroscience Roadmap.

A critical and increasingly recognized frontier in senotherapeutic development in-
volves targeting not only senescent cells themselves but also the microenvironmental
context in which they reside, specifically, the aging stem cell niche. Evidence from multiple
organ systems demonstrates that senescence within the niche profoundly influences tissue
homeostasis, regenerative capacity, and response to therapy. In the neural stem cell niche of
the subventricular zone, for instance, senescent astrocytes and microglia disrupt neurogenic
signaling and foster a pro-inflammatory milieu that impairs neural regeneration. Similarly,
in the hematopoietic stem cell (HSC) niche, age-associated changes in mesenchymal stromal
cells, endothelial support cells, and the extracellular matrix reduce HSC self-renewal, skew
lineage differentiation, and contribute to immunosenescence.

These insights underscore the need for niche-aware senotherapeutic strategies that
address both senescent stem cells and the dysfunctional supportive cells that surround
them. Precision senolytic or senomorphic interventions aimed at specific niche-resident
populations, such as senescent glia in the CNS or aged stromal cells in the bone marrow,
may help restore a pro-regenerative environment. Moreover, the use of localized delivery
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systems, including niche-targeted nanoparticles, hydrogels, or organ-specific prodrugs,
can enhance therapeutic specificity and reduce systemic toxicity. Integrating spatial and
biophysical mapping of stem cell niches into emerging senescence atlases, alongside single-
cell multi-omics, will further refine our understanding of how senescence unfolds at the
tissue level and guide the design of context-specific interventions.

Incorporating the niche perspective into senescence research and therapeutic de-
velopment represents a vital step toward true precision geroscience. By addressing the
organ-specific complexity of senescent cell interactions, future senotherapeutics will be
better equipped to rejuvenate regenerative microenvironments and support long-term
tissue repair, moving beyond cell elimination to holistic tissue revitalization.

Another promising direction is the concept of “adaptive senescence modulation”,
which recognizes that not all senescent cells are harmful at all times. Emerging strategies
aim to temporally tune senescence responses rather than simply suppress them. For instance,
short-term SASP activation may be allowed or even induced to promote regeneration or
immune recruitment, followed by controlled silencing to avoid chronic inflammation [83].
This more sophisticated approach to senescence biology will require intelligent biomaterials,
feedback-controlled drug delivery systems, and deeper integration of systems biology.

Looking further ahead, there is a growing interest in personalized senotherapy, tailored
to an individual’s senescence profile, genetic background, and environmental exposures.
Just as oncology has moved toward personalized medicine based on tumor subtyping
and molecular diagnostics, senescence-targeting interventions may one day be guided
by individual aging trajectories mapped through deep longitudinal phenotyping. This
shift will depend on the development of robust clinical senescence diagnostics, wearable
biosensors for early detection of functional decline, and data platforms that integrate lifestyle,
physiological, and molecular aging data.

Ultimately, the future of senescence-targeting interventions lies not in a single molecule
or magic bullet, but in a precision geoscience ecosystem, one that harmonizes molecular
therapies, diagnostics, digital health, and public policy to compress morbidity, reduces
age-related disease burden and enables more people to live longer, healthier, and more
functional lives. Realizing this vision will require sustained investment, cross-disciplinary
collaboration, and careful ethical stewardship, but the scientific foundation is rapidly
solidifying. If successfully implemented, senotherapeutics could represent a defining
advance of 21st-century medicine, shifting our healthcare paradigm from reactive disease
treatment to proactive health preservation across the lifespan.

6. Conclusions

Targeting cellular senescence has emerged as one of the most compelling strategies
for addressing the biological underpinnings of aging and age-related diseases. The de-
velopment of senolytics and senomorphics offers complementary approaches, either by
clearing harmful senescent cells or by modulating their pro-inflammatory and degenerative
secretory profiles. Robust preclinical evidence supports the therapeutic potential of these
agents in mitigating frailty, improving tissue function, and extending health span in diverse
animal models.

However, the path to widespread clinical application is complex. Challenges such
as the heterogeneity of senescent cells, the dual role of senescence in physiology and
pathology, and the lack of specific in vivo biomarkers underscore the need for cautious
and sophisticated intervention strategies. Safety concerns, particularly with senolytic
agents, must be rigorously addressed through improved drug design, targeted delivery
technologies, and personalized treatment paradigms.
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Future directions in the field are likely to include the development of next-generation
senotherapeutics with enhanced specificity and minimal toxicity, integration with regenera-
tive medicine and lifestyle interventions, and the implementation of precision senotherapy
guided by molecular profiling and AI-driven diagnostics. Additionally, the convergence of
geroscience with other domains, such as immunotherapy, epigenetics, and systems biology,
will be crucial in creating holistic approaches to aging and longevity. In conclusion, while
the translation of senescence-targeting therapies into routine clinical practice remains in its
early stages, the conceptual and technological foundation is rapidly strengthening. Senolyt-
ics and senomorphics are poised not only to redefine the management of chronic diseases
but also to shift the healthcare paradigm from disease treatment to health preservation,
heralding a new era in the science of aging.
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Abstract: Aging is a complex, progressive, and irreversible biological process that entails
numerous structural and functional changes in the organism. These changes affect all
bodily systems, reducing their ability to respond and adapt to the environment. Chronic
inflammation is one of the key factors driving the development of age-related diseases,
ultimately causing a substantial decline in the functional abilities of older individuals.
This persistent inflammatory state (commonly known as “inflammaging”) is characterized
by elevated levels of pro-inflammatory cytokines, an increase in oxidative stress, and
a perturbation of immune homeostasis. Several factors, including cellular senescence,
contribute to this inflammatory milieu, thereby amplifying conditions such as cardiovas-
cular disease, neurodegeneration, and metabolic disorders. Exploring the mechanisms of
chronic inflammation in aging is essential for developing targeted interventions aimed at
promoting healthy aging. This review explains the strong connection between aging and
chronic inflammation, highlighting potential therapeutic approaches like pharmacological
treatments, dietary strategies, and lifestyle changes.

Keywords: inflammation; inflammaging; aging; proteostasis; telomere shortening; cellular
senescence; immunosenescence; adipaging; parthanatos

1. Introduction

The process of aging constitutes a multifaceted and intricate phenomenon charac-
terized by a gradual deterioration of several biological functions [1,2], thereby rendering
humans more susceptible to a range of age-associated diseases [3]. This mechanism in-
volves many molecular, cellular, and systemic alterations that progressively impair overall
functionality [4–6]. At the molecular level, aging is linked to genomic instability [7], re-
sulting in the accumulation of DNA damage [8]. Consequently, the DNA damage leads
to telomere shortening [9] and epigenetic alterations that regulate gene expression [10].
On the other hand, aging is linked to strong reduction in proteostasis, which impairs cells’
ability to maintain a functional proteome [11]. Additionally, mitochondrial dysfunction
occurs, leading to a decrease in energy production and an increased generation of reactive
oxygen species (ROS) that damage cellular structures [12].

These changes result in cellular senescence, a state in which cells cease to divide but
remain metabolically active [13]. Senescent cells exhibit a senescence-associated secretory
phenotype (SASP), characterized by the secretion of pro-inflammatory cytokines (such as IL-
1α, IL-1β, IL-6, IL-8, and IL-18), growth factors (e.g., VEGF, TGF-β, GM-CSF, IGFBP-2, and
GDF-15), and proteases [14–16]. The accumulation of senescent cells within tissues is now
widely recognized as a key driver of aging and the development of many conditions like
cardiovascular diseases, neurodegeneration, and cancer [17–19]. The sustained secretion of
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the mentioned SASP factors occupies an essential position in the formation and continuation
of a chronic inflammatory milieu; this environment contributes to both peripheral and
central inflammatory mechanisms [20].

At the peripheral level, the release of SASP mediators significantly amplifies systemic
inflammation, triggering a cascade of physiopathological events that disrupt normal tissue
homeostasis [21]. However, this persistent inflammatory state causes structural and func-
tional alterations in tissues, driving pathological remodeling in organs such as the heart,
liver, and kidneys. Pro-inflammatory mediators promote fibrosis and ischemic injury by
inducing maladaptive repair processes while simultaneously impairing the regenerative
processes necessary for maintaining tissue integrity. As a result, this situation creates a
cycle of dysfunction that accelerates tissue damage and hinders proper recovery [22,23].
This biological process, known as inflammaging, is characterized by chronic low-grade
inflammation associated with aging, sustained by the SASP mediators [24,25]. This con-
dition not only perpetuates tissue damage but also amplifies the degenerative changes
associated with aging, establishing a vicious cycle of inflammation and dysfunction that
impedes tissue repair and accelerates the progression of age-related diseases.

At the central nervous system (CNS) level, SASP mediators can exert significant
effects on the brain. One of the major consequences is the disruption of the blood–brain
barrier (BBB), a critical defense mechanism that protects the brain from harmful substances
present in the bloodstream [26]. The prolonged inflammation caused by SASP mediators
can compromise the integrity of the BBB; thus, it facilitates the infiltration of peripheral
immune cells, toxins, and pro-inflammatory cytokines into the CNS [27]. This dysregulation
within the CNS not only initiates neuroinflammation but also strongly activates microglial
cells. In their activated state, these cells release additional pro-inflammatory cytokines,
further exacerbating neurodegenerative processes linked to aging such as Parkinson’s and
Alzheimer’s diseases [28,29]. Microglial activation induces several effects, like synaptic
dysfunction, neuronal cell death, and disruptions in neuronal signaling [30,31]. This
aberrant inflammatory response may accelerate neuronal loss, impair cognitive function,
and evoke the accumulation of toxic protein aggregates, such as β-amyloid plaques in
Alzheimer’s disease and α-synuclein in Parkinson’s disease [32,33].

This review will provide a comprehensive analysis of the pathophysiological con-
sequences of aging, emphasizing the molecular, cellular, and systemic alterations that
drive age-related deterioration. Furthermore, this review will investigate the inflammatory
processes linked to aging, both at the peripheral and central levels. Particular emphasis will
be placed on the underlying mechanisms that drive inflammation, including immune cell
activation, oxidative stress, and the accumulation of senescent cells. By synthesizing current
research findings, this review aims to provide a deeper understanding of the interplay
between aging and inflammation, shedding light on potential therapeutic interventions to
mitigate the adverse effects of these processes.

2. Aging: Physiopathological Consequences

Aging is a process that leads to functional physiological changes, including increased
susceptibility to many chronic conditions [3]. The complex physiopathological processes
linked to aging influence multiple body systems, such as the cardiovascular, nervous,
immune, and musculoskeletal systems, thereby elevating the risk of neurodegeneration,
cardiovascular diseases, and metabolic disorders, among others [34]. Gaining a deep
understanding of the physiological consequences of aging is essential for developing
effective therapeutic approaches that not only support healthy aging but also mitigate the
impact of age-related diseases. As the population ages, it becomes increasingly important
to identify and address the underlying biological mechanisms that contribute to the decline
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in organ function, immune system efficiency, and cognitive abilities. By prioritizing these
processes, researchers can design interventions that promote longevity, enhance quality
of life, and reduce the burden of chronic diseases, ultimately helping older individuals
maintain their independence and well-being as they age [35].

2.1. Nervous System

The human body undergoes numerous alterations within its CNS throughout the
aging process, leading to changes in cognitive functions, memory capabilities, and overall
brain health status [36]. A key factor in this process is the increase in oxidative stress. On
a molecular level, oxidative stress is critical, as aging neurons accumulate ROS due to
mitochondrial dysfunction [37]. The brain experiences elevated levels of malondialdehyde
(MDA) along with lipid peroxidation products such as 4-hydroxy-2-nonenal (4-HNE),
which induce DNA damage and promote lipid peroxidation and protein misfolding factors
involved in neurodegenerative processes [38,39].

Telomere shortening is a fundamental marker of aging that amplifies neuronal vulner-
ability by restricting the regenerative potential of neural stem cells and reducing synaptic
plasticity while also inhibiting neurogenesis in the hippocampus, a crucial brain region for
learning and memory [40,41]. Conversely, the balance of proteostasis, involving protein
synthesis, folding, and degradation, is disrupted during aging as the functional efficiency of
both the ubiquitin–proteasome system and autophagy declines [42]. This deficiency facili-
tates the accumulation of protein aggregates such as β-amyloid plaques seen in Alzheimer’s
disease (Figure 1) and α-synuclein aggregates found in Parkinson’s disease [32,33].

Figure 1. Cellular mechanisms that occur in the CNS neurons of individuals with Alzheimer’s
disease. Abbreviations: NMDA (N-methyl-D-aspartate) and ROS (reactive oxygen species).

Furthermore, reduced levels of neurotransmitters such as dopamine, acetylcholine,
and serotonin can disrupt signal transmission, resulting in several problems with motor
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coordination, mood regulation, and cognitive function [43]. The myelin sheath is likewise
affected by dysfunctions in oligodendrocytes, resulting in delayed neural conduction and
increased susceptibility to demyelinating diseases [44]. Neuroinflammation, primarily
driven by activated microglia and astrocytes, accelerates neural aging through the release
of various pro-inflammatory cytokines such as IL-6, IL-1β, and TNF-α [45]. These cytokines
can impair synaptic function and contribute to neuronal degeneration [46]. Furthermore,
aging influences several signaling pathways that are fundamental for normal neuronal
function, including the PI3K-AKT and MAPK pathways [47]. Additionally, the age-related
decline in BBB integrity aggravates neurodegenerative conditions by facilitating the infil-
tration of peripheral immune cells and toxins into the central nervous system, triggering
chronic inflammation and neuronal injury [27].

On the other hand, the buildup of advanced glycation end-products (AGEs) also
negatively impacts neuronal function by causing oxidative stress and persistent inflam-
mation [48]. Finally, the meninges, the protective layers surrounding the brain and spinal
cord, undergo age-related changes in gene expression that may modify the brain’s microen-
vironment and contribute to age-related neurological decline [49].

2.2. Cardiovascular System

The aging process profoundly affects the cardiovascular system through a complex
interplay of molecular and cellular mechanisms, resulting in structural and functional
alterations that compromise both cardiac and vascular integrity [50]. At the molecular
level, collagen accumulation and impaired cardiomyocyte function play a critical role in
the development of left ventricular hypertrophy and myocardial fibrosis [51]. Additionally,
mitochondrial dysfunction, which involves decreased ATP production and the increased
generation of ROS, disrupts cellular energy balance and worsens oxidative stress [52]. The
blood vessels also experience significant transformations, such as reduced nitric oxide avail-
ability due to lower activity of endothelial nitric oxide synthase (eNOS) and increased nitric
oxide depletion from ROS [53]. Chronic low-grade inflammation, driven by the SASP phe-
notype, along with impaired angiogenesis resulting from diminished vascular endothelial
growth factor (VEGF) signaling, further exacerbates cardiovascular dysfunction [54].

Telomere shortening in vascular cells accelerates cellular senescence and increases the
risk of apoptosis [55]. Epigenetic alterations, including changes in DNA methylation, his-
tone modifications, and dysregulated microRNA expression, modulate gene activity linked
to oxidative stress, fibrosis, and inflammation [56]. The accumulation of AGEs promotes
the crosslinking of extracellular matrix proteins, leading to increased arterial stiffness and
diastolic dysfunction [57]. Additionally, impaired protein maintenance and autophagy lead
to the accumulation of misfolded proteins and damaged organelles, accelerating cellular
dysfunction and disease progression [58].

2.3. Gastrointestinal System

The aging process has a significant effect on the gastrointestinal (GI) system, leading to
functional decline and a higher risk of diseases through various molecular mechanisms [59].
One major factor is the degeneration of neuromuscular function, which includes the
loss of interstitial cells of Cajal and a reduction in acetylcholine signaling, resulting in
impaired peristalsis and contributing to constipation [60,61]. Esophageal issues, particularly
the weakening of the lower esophageal sphincter, are influenced by changes in nitric
oxide signaling, which raises the risk of gastroesophageal reflux disease (GERD) [62].
Furthermore, gastric acid secretion decreases due to atrophic gastritis, which is frequently
linked to inflammation caused by Helicobacter pylori and an increase in pro-inflammatory
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cytokines like IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IFN-γ, and TNF-α [63]. The reduction in
acid secretion can interfere with nutrient absorption [64].

In the pancreas, mitochondrial dysfunction and endoplasmic reticulum stress lead
to a significant reduction in enzyme secretion from the pancreatic islets, resulting in the
malabsorption of macronutrients [65,66]. The liver also suffers from decreased blood flow
and reduced activity of cytochrome P450 enzymes, especially CYP3A4, which affects drug
metabolism and raises the risk of medication toxicity [67]. On the other hand, the colon
undergoes structural weakening due to strong alterations in extracellular matrix remod-
eling, driven by matrix metalloproteinases, thereby increasing the risk of diverticulosis
and inflammatory complications [68]. The risk of colorectal cancer also rises due to accu-
mulated DNA damage, telomere shortening, and many mutations in tumor suppressor
genes such as TP53, worsened by the chronic activation of NF-κB and the overproduction
of prostaglandin E2 [69,70]. Moreover, polypharmacy can disrupt gut health, as NSAIDs
inhibit COX-1 and raise the risk of ulcers, while antibiotics can lead to dysbiosis, increas-
ing susceptibility to Clostridioides difficile infections [71,72]. Dehydration, resulting from
reduced sensitivity of hypothalamic osmoreceptors, exacerbates colonic transit, leading to
more severe constipation and increased systemic inflammation [73].

Ultimately, the gut–brain axis plays a critical role in the aging process, impacting
cognitive function, mental health, and overall well-being [74]. The gut microbiome, a
complex community of trillions of microorganisms residing in the digestive tract, promotes
bidirectional communication with the brain via the gut–brain axis, an interconnected net-
work that includes the vagus nerve, immune system, and neuroactive compounds such as
neurotransmitters and short-chain fatty acids (SCFAs) [75]. With age, the gut microbiome
undergoes profound changes, often exhibiting decreased diversity due to factors such
as an imbalanced diet, medication use (particularly antibiotics), and decreased physical
activity [76]. Alterations in the gut microbiota, characterized by a strong reduction in
Bifidobacteria and Lactobacillus populations, activate Toll-like receptor (TLR) pathways and
compromise gut barrier integrity by downregulating tight junction proteins such as oc-
cludin and claudin-1 [77–79]. This situation contributes to systemic inflammation, immune
dysregulation, and cognitive decline [80]. Additionally, the gut microbiota regulates the
production of some neurotransmitters, including serotonin and dopamine, which partic-
ipate in mood regulation and cognitive function [81]. Finally, aging is associated with
a reduction in gut barrier integrity, resulting in increased intestinal permeability, which
enables harmful substances to enter the bloodstream and trigger immune responses that
could accelerate neurodegeneration [82].

2.4. Respiratory System

As individuals age, the respiratory system undergoes several physiological changes
that progressively reduce pulmonary function, increasing susceptibility to respiratory
illnesses and impairing oxygenation efficiency [83,84]. The primary age-related alteration is
the gradual loss of lung elasticity, driven by structural modifications in elastin and collagen
fibers within lung tissue [85], due to the deposition of collagen and the degradation of
elastin fibers. This change is caused by an imbalance between matrix metalloproteinases
(MMPs), enzymes responsible for degrading extracellular matrix (ECM) components, and
their tissue inhibitors (TIMPs) [86], which disrupt the structural integrity of the lungs,
leading to decreased lung compliance and a reduction in alveolar surface area [87].

In the alveolar region, aging is associated with a reduction in the production of surfac-
tants (such as dipalmitoylphosphatidylcholine—DPPC) and several surfactant proteins [88].
This leads to an altered composition of the surfactant, resulting in a less efficient reduction
in surface tension in the alveolar sacs. Consequently, this alteration in surfactant composi-
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tion not only compromises alveolar integrity but also hinders effective gas exchange by
reducing the surface area [89].

The chest wall becomes increasingly rigid due to costal cartilage calcification and struc-
tural changes in the intercostal muscles, limiting thoracic expansion and decreasing the
capacity for deep inhalation [90]. The diaphragm may also experience functional decline
due to age-related sarcopenia, further weakening inspiratory and expiratory forces [91].
Moreover, aging negatively impacts pulmonary immune defense mechanisms, including a
significant reduction in mucociliary clearance, thereby increasing vulnerability to respira-
tory infections such as pneumonia and chronic obstructive pulmonary disease (COPD) [92].
Finally, the sensitivity of central and peripheral chemoreceptors responsible for detecting
fluctuations in blood oxygen and carbon dioxide levels diminishes with age, leading to a
blunted ventilatory response to hypoxia and hypercapnia [93].

2.5. Urogenital System

In the urinary tract, age-related changes manifest as a decrease in renal mass,
particularly in the renal cortex, leading to a reduction in the number of functioning
nephrons [94,95]. This decline in the nephron population contributes to a gradual de-
crease in the glomerular filtration rate and renal blood flow, impairing the kidneys’ ability
to concentrate urine, regulate fluid balance, and maintain electrolyte homeostasis [96].
As a result, older adults may experience diminished renal clearance of waste products,
making them more susceptible to dehydration, drug accumulation, and electrolyte im-
balances, which can further exacerbate comorbid conditions such as hypertension and
diabetes [97,98]. Additionally, the dysregulation of the renin–angiotensin–aldosterone
system (RAAS) and endothelial dysfunction, marked by reduced nitric oxide production,
further compromise renal function in older individuals [99,100].

The bladder also undergoes significant structural and functional changes with aging.
A decrease in detrusor muscle mass, along with increased collagen deposition in the
bladder wall, leads to reduced bladder compliance and impaired contractility [101]. These
alterations, combined with numerous age-related neurological changes affecting autonomic
bladder control, contribute to lower bladder capacity and an increased prevalence of urinary
symptoms like frequency, urgency, nocturia, and incomplete emptying [102]. Additionally,
age-related weakening of the urethral sphincter and pelvic floor muscles in men and
women increases the risk of urinary incontinence, which can impact the overall quality of
life and psychological well-being [103,104].

In men, the prostate gland commonly enlarges with age due to benign prostatic hy-
perplasia (BPH), which may produce urinary obstruction, hesitancy, a weak stream, and
post-void dribbling [105]. In BPH, the overexpression of HSP70 subfamily members con-
tributes to cell survival, proliferation, and epithelial–mesenchymal transition, promoting
prostate enlargement [106]. Oxidative stress plays a fundamental role, with a considerable
accumulation of ROS resulting in mitochondrial dysfunction and, subsequently, cellular
damage [107]. Additionally, the activation of the CXCL12/CXCR4 axis moderates prostate
myofibroblast phenoconversion through non-canonical EGFR/MEK/ERK signaling, con-
tributing to tissue fibrosis [108]. If BPH is left untreated, severe cases lead to chronic
urinary retention and an increased risk of urinary tract infections, bladder stones, and
kidney damage [109–111]. In contrast, the urogenital system in older women undergoes
numerous changes, particularly post menopause, due to reducing estrogen levels [112].
This hormonal shift significantly contributes to the atrophy of the vaginal and urethral
epithelia, leading to dyspareunia, vaginal dryness, increased susceptibility to bacterial and
fungal infections, and decreased urethral resistance, thereby increasing the risk of stress
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and incontinence [113]. The loss of estrogen also accelerates connective tissue degeneration,
increasing the risk of pelvic organ prolapse [114].

The impact of aging extends to the reproductive system, where a progressive decline
in fertility is observed in both sexes [115]. In men, testicular function diminishes, resulting
in reduced testosterone production, a lower sperm count, and a decrease in sperm motility,
which can contribute to subfertility [116]. Although older men retain reproductive potential
throughout life, these changes may lead to decreased sexual function, including reduced
libido and an increased prevalence of erectile dysfunction, often influenced by vascular,
neurological, and several metabolic factors [117,118]. Women experience a more abrupt
transition with menopause, marked by the cessation of ovarian function and reproductive
capability [119]. The depletion of ovarian follicles leads to a substantial decline in estrogen
and progesterone levels, which may reduce antioxidant capacity, thereby increasing oxida-
tive damage. This process promotes a pro-inflammatory state characterized by elevated
cytokine production, including IL-6 and TNF-α, with systemic effects on bone density and
cardiovascular function [119–121].

2.6. Endocrine System

The aging process profoundly affects the endocrine system, resulting in significant
physiological and biochemical changes that disrupt homeostasis, metabolism, and overall
health [122]. At a molecular level, aging results in the dysregulation of hormonal signal-
ing pathways, often manifested by diminished hormone production, reduced receptor
sensitivity, and impaired feedback systems [123]. A critical factor in this decline is the
gradual deterioration of hypothalamic function, which leads to a decrease in the secre-
tion of regulatory hormones such as gonadotropin-releasing hormone (GnRH), growth
hormone-releasing hormone (GHRH), and corticotropin-releasing hormone (CRH) [124].
This reduction leads to lower levels of peripheral hormones, including growth hormone
(GH), insulin-like growth factor 1 (IGF-1), and sex steroid hormones (androgens, estrogens,
and progestogens) [125].

Several factors, such as cellular senescence, oxidative stress, and inflammaging, further
worsen endocrine dysfunction by impairing the responsiveness of endocrine glands [126].
Furthermore, aging induces certain post-translational modifications (PTMs), leading to
alterations in proteins that affect cellular signaling, enzymatic activity, and hormone re-
ceptor functionality, further contributing to endocrine decline [127]. These PTMs include
glycation, a non-enzymatic process in which reducing sugars, such as glucose and fructose,
covalently bind to proteins, lipids, or nucleic acids [128]. This process results in the forma-
tion of advanced glycation end-products (AGEs), a diverse group of molecular complexes
that progressively accumulate with age [129]. AGEs play a key role in cellular dysfunction,
particularly in the endocrine system, as they can modify hormone receptors, disrupt their
normal functioning, and alter the structure of circulating hormones [130].

The aging of pancreatic β-cells is associated with mitochondrial impairment, endoplas-
mic reticulum stress, and epigenetic changes, which collectively diminish insulin secretion
and heighten the risk of developing type 2 diabetes [131]. In the adrenal glands, age-related
modifications include disrupted cortisol secretion due to altered sensitivity to adrenocorti-
cotropic hormone (ACTH), exacerbating stress responses and metabolic irregularities [132].
Similarly, the reduction in dehydroepiandrosterone (DHEA) secretion negatively impacts
immune function and tissue repair [133]. On the other hand, changes in thyroid function,
particularly the reduced bioconversion of thyroxine (T4) to triiodothyronine (T3), lead to
metabolic slowdowns and greater vulnerability to age-related illnesses [134].
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2.7. Musculoskeletal System

The aging process evokes a cascade of structural and functional changes that signifi-
cantly reduce mobility, strength, and overall quality of life [135]. These modifications are
driven by a complex interplay of mechanisms that together contribute to the progressive
decline in musculoskeletal health. Among the most prominent of these factors is oxidative
stress. Oxidative damage affects mitochondria, decreasing ATP production and impairing
muscle function while reducing cellular energy. Moreover, the decline in repair mechanisms
with age worsens the buildup of damaged molecules, organelles, and tissues [136,137].

In skeletal muscle, one of the hallmark consequences of aging is sarcopenia, character-
ized by the progressive loss of muscle mass and function [138]. Sarcopenia is driven by
several factors, including a decrease in the number and size of muscle fibers, particularly
fast-twitch type II fibers, which are responsible for rapid, high-intensity muscle contrac-
tions. This decline in muscle fibers results in reduced strength and endurance, making
daily activities more difficult [139]. The ability of muscle tissue to repair itself also dimin-
ishes with age, due in part to a decline in satellite cell function [140]. Satellite cells play a
critical role in muscle regeneration and repair; however, with advancing age, their ability
to proliferate and differentiate into new muscle fibers decreases substantially [141]. Aging
also leads to an imbalance between muscle protein synthesis and protein degradation. The
reduced biosynthesis of muscle proteins and the increased breakdown of existing muscle
proteins contribute to muscle atrophy [142]. Moreover, age-related hormonal changes,
including a reduction in GH and testosterone levels, further impair muscle anabolism and
regeneration, intensifying the overall loss of muscle mass and function [143].

Simultaneously, aging has significant consequences for bone health. In bone tissue,
aging leads to an imbalance between bone formation and resorption, favoring bone loss and
increasing the risk of fractures [144]. Osteoblasts, the cells responsible for bone formation,
decrease in number and activity with age, while osteoclasts, the cells responsible for
breaking down bone, either remain unchanged or increase in activity [145]. Oxidative stress
is a key factor in this process, where increased levels of ROS cause cellular damage and
induce apoptosis in osteocytes [146]. Simultaneously, there is a reduction in the osteogenic
capacity of bone marrow stromal cells, indicated by a reduced expression of Runx2, an
essential regulator of osteoblast differentiation [147]. The alteration in bone metabolism is
also influenced by age-related changes in systemic hormones, such as estrogen, testosterone,
and growth hormone, as well as local growth factors that regulate bone turnover [148,149].
Another contributor to age-related bone fragility is the accumulation of AGEs in collagen
fibers within the bone matrix, leading to the increased rigidity and decreased elasticity of
collagen. This process causes the bone matrix to become more brittle and more prone to
fractures, further weakening bone strength [150].

The ECM also undergoes several changes with age in both muscle and bone [151,152].
In muscle tissue, the ECM becomes increasingly fibrotic, which reduces its elasticity and im-
pairs its ability to support muscle regeneration and contraction [153]. Muscle fibrosis limits
the capacity of muscle tissue to contract efficiently, contributing to reduced strength and
function [154]. Additionally, changes in the composition and function of MMPs contribute
to the remodeling of muscle tissue and the degradation of some structural proteins [155].
Similarly, in bone tissue, aging leads to diverse alterations in collagen crosslinking and
biomineralization patterns, influencing the mechanical properties of bone [156]. These
changes in the bone ECM are driven by shifts in the expression and activity of MMPs,
further contributing to the increased fragility of bones in older individuals [157].

In muscle and bone tissues, epigenetic changes can disrupt the production of essential
proteins necessary for tissue regeneration and maintenance, accelerating the decline in tis-
sue function [158]. The accumulation of senescent cells in muscle and bone tissues releases
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several pro-inflammatory cytokines and MMPs, which aggravate tissue degeneration and
impair the repair capacity of the musculoskeletal system [159].

Finally, as individuals age, the connection between the brain and muscles becomes pro-
gressively crucial for maintaining overall physical health and functional independence [160].
The brain regulates muscle movement through a network of neurons that transmit electri-
cal signals from the CNS to activate muscle fibers and coordinate voluntary movements.
However, with aging, this communication system may become less efficient [161]. The
motor cortex, which is responsible for planning and executing movement, may experi-
ence a reduction in both the quantity and effectiveness of neural connections, leading to
slower reaction times, impaired coordination, and a decreased ability to perform complex
motor tasks [162]. The decline in neural and muscular functions elevates the risk of falls,
diminishes mobility, and adversely impacts quality of life [163].

3. Chronic Inflammation in Aging

The relationship between aging and peripheral inflammation represents a complex
and multifactorial process, with many molecular mechanisms contributing to a prolonged
state of chronic low-grade inflammation, also called inflammaging [24,25,164–166]. In
contrast to acute inflammation, which is a transient response to infection or injury [167],
inflammaging is a persistent, low-grade inflammatory state that develops as a result of
the combined influence of internal and external factors accumulated throughout life. This
process is characterized by sustained immune pathway activation, the increased production
of pro-inflammatory cytokines, and the dysregulation of immune homeostasis, all of which
contribute to the progressive functional decline associated with aging [168].

Aging affects multiple peripheral organs, including the liver, adipose tissue, skeletal
muscles, and gastrointestinal tract, all of which play a crucial role in modulating systemic
inflammation [17–19]. The progressive dysfunction of these organs with age is primarily
caused by molecular and cellular alterations, including oxidative stress, genomic instability,
epigenetic changes, mitochondrial impairment, and cellular senescence [1,2,169]. All of
these create an inflammatory microenvironment that evokes tissue damage, ultimately
contributing to the onset and progression of many age-related diseases, including cardio-
vascular disorders, neurodegenerative conditions, and cancer [170–172]. At the molecular
level, inflammaging involves a complex network of inflammatory mediators, including
cytokines, acute-phase proteins, and DAMPs, which activate various intracellular signaling
pathways [7–12,173].

A defining feature of inflammaging is the SASP phenotype. As aging occurs, senes-
cent cells accumulate in several tissues, promoting a pro-inflammatory environment that
supports immune system activation and drives tissue remodeling [13–16,174]. An addi-
tional factor in inflammaging is gut microbiota dysbiosis, which has become increasingly
recognized as a significant regulator of systemic inflammation in aging individuals [175].
Age-related alterations in gut microbiota composition can result in increased intestinal
permeability, facilitating the translocation of bacterial endotoxins, such as lipopolysaccha-
ride (LPS), into the circulation [176]. This process, called metabolic endotoxemia, triggers
sustained immune cell activation, further enhancing systemic inflammation [177].

Nevertheless, chronic inflammation in the CNS of older adults is primarily mediated
by the accumulation of SASP mediators, which can cross the BBB and activate glial cells,
thereby contributing to the detrimental effects of the inflammatory process. These factors
not only exacerbate the neuroinflammatory response but also create a cycle of sustained
immune activation that further impairs brain health, making it a significant factor in
age-related neurological disorders [26,27].
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3.1. Peripheral Inflammation

Chronic inflammation is considered one of the hallmarks of aging, and a key player
in this process is the accumulation of senescent cells [20]. Cellular senescence is a state in
which cells cease proliferation, frequently in response to many stressors, including DNA
damage, telomere shortening, and oxidative stress [7–12]. These cells show high metabolic
activity; they lose their ability to replicate, which makes them resistant to apoptotic sig-
nals [13]. Senescent cells (Figure 2) adopt an active state, undergoing some changes in gene
expression rather than remaining inactive, thereby promoting the senescence-associated
secretory phenotype (SASP). Senescent cells secrete several pro-inflammatory cytokines,
including IL-6 and TNF-α, both of which play essential roles in inflammation and im-
mune responses [178,179]. In addition to IL-6 and TNF-α, SASP factors encompass other
molecules, such as IL-1β and IL-8, chemokines (e.g., CCL2 and CCL4), MMPs (e.g., MMP-3
and MMP-13), and growth factors (e.g., TGF-β and IGF-1), amplifying local inflammation
and contributing to tissue remodeling and degradation [178,180–182]. As people age, the
activity of the ubiquitin–proteasome system (UPS) decreases, leading to the strong accumu-
lation of polyubiquitinated proteins. This decline is associated with structural changes in
the proteasome, the reduced expression of proteasome subunits, and oxidative damage
to proteasomal components [183]. In parallel, both autophagy and chaperone-mediated
autophagy (CMA) show age-related dysfunctions, leading to a decreased formation of
autophagic vacuoles and delayed fusion of autophagosomes with lysosomes, worsening
the inflammatory process [184]. Furthermore, the accumulation of ROS stimulates the DNA
damage response (DDR) pathway, leading to the stabilization of p53 and the upregulation
of p16 and p21 [185]. The activation of p16 and p21 leads to a permanent and stable cell
cycle arrest, which is a critical characteristic of senescent cells [186]. This growth arrest is
mediated through the inhibition of cyclin-dependent kinases, particularly CDK4/6, leading
to the inhibition of retinoblastoma protein (Rb) phosphorylation, a vital regulator of the
G1/S transition in the cell cycle [187]. Furthermore, the activation of TLRs and the NLRP3
inflammasome by DAMPs released from senescent cells further amplifies the inflammatory
response [188].

A key characteristic of SASP mediators is their capacity to evoke autocrine and paracrine
signaling, where the signals released by senescent cells affect healthy cells [185,189]. For
instance, the pro-inflammatory cytokines secreted by senescent cells can promote the acti-
vation of immune cells, such as macrophages and T lymphocytes, which in turn release
more pro-inflammatory molecules, exacerbating the inflammatory environment [190,191].
The presence of SASP mediators in some tissues, such as adipose tissue, skeletal muscle,
liver, and the vasculature, has been linked to several major age-related diseases [192]. In
atherosclerosis, senescent cells located in the blood vessel walls contribute to the chronic
inflammation that underlies plaque formation [14]. Furthermore, in osteoarthritis, senes-
cent cells situated in the cartilage secrete factors that degrade the ECM, leading to joint
dysfunction and pain [193]. Although senescence serves as a protective function by pre-
venting the proliferation of damaged cells, its presence has detrimental long-term effects.
The aging immune system becomes less efficient at clearing senescent cells, which leads to
the exacerbation of inflammation [194]. In this context, aging significantly influences the
clearance of damaged cells. The reduced effectiveness of immunosurveillance leads to a
decreased ability of the body to identify and eliminate damaged cells [195].
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Figure 2. The process through which senescent cells secrete SASP mediators in response to damage
caused by oxidative stress, telomere shortening, and DNA impairment. Abbreviations: DNA (de-
oxyribonucleic acid), IL-1β (Interleukin 1 beta), IL-6 (Interleukin 6), IL-8 (Interleukin 8), TNF-α (tumor
necrosis factor alpha), CCL2 (C-C motif chemokine ligand 2), CCL4 (C-C motif chemokine ligand 4),
MMP-3 (matrix metalloproteinase 3), MMP-13 (matrix metalloproteinase 13), TGF-β (transforming
growth factor beta), and IGF-1 (insulin-like growth factor 1).

A critical molecular pathway that contributes significantly to aging-related inflam-
mation is the involvement of the NF-κB transcription factor, which plays a crucial role in
the immune system’s response to stress, injury, and infection [196]. While this response
is protective in younger individuals, its persistent activation in the elderly leads to an
overzealous immune reaction that contributes to chronic low-grade inflammation [197].
NF-κB, activated by several stimuli (such as pro-inflammatory cytokines and ROS), triggers
a cascade of downstream signaling events that enhance the production of pro-inflammatory
mediators and adhesion molecules in neutrophils (such as E-selectin and VCAM-1) [198].
Conversely, one of the most consequential adverse effects of prolonged activation is the dys-
regulation and functional impairment of regulatory CD4+ CD25+ T cells (Tregs), which are
essential for maintaining immune balance by controlling excessive immune responses [199].
With advancing age, Tregs experience a decline in function, reducing their ability to regulate
immune activation. This dysfunction in Tregs leads to the breakdown of the finely tuned
regulation of immune responses, promoting an imbalance in CD4+ T-cell activity and
exacerbating tissue damage [199,200]. Additionally, CD4+ CD25+ Tregs are susceptible to
mitochondrial dysfunction, which is characterized by decreased mitochondrial protein lev-
els and impaired oxidative phosphorylation, along with increased mitochondrial oxidative
stress [201]. Tregs undergo alterations in mitochondrial dynamics, including a reduction in
mitochondrial mass, a compromised membrane potential, and the accumulation of dam-
aged mitochondria with abnormal morphology, resulting in instability in FoxP3 expression
and a reduced capacity to sustain immune homeostasis [202]. Furthermore, mitochondrial
dysfunction in aging Tregs is further amplified by impairments in mitophagy (the process
responsible for eliminating damaged mitochondria), leading to a self-perpetuating cycle of
oxidative damage and cellular senescence [201].
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Nevertheless, the aging immune system undergoes additional functional alterations,
commonly referred to as immunosenescence. This process encompasses the reduction
in the efficiency and capacity of immune responses [203]. In the innate immune system,
macrophage and neutrophil activity decreases due to reduced signaling from GM-CSF and
impaired TLRs function in monocytes, macrophages, and dendritic cells (DCs). Therefore,
these immune cells become less efficient at detecting and responding to pathogens, resulting
in a delayed immune response [204]. Likewise, the adaptive immune system suffers a
decline in T- and B-cell functionality, compromising their ability to recognize specific
pathogens and generate many specific immune responses [205]. This impairment manifests
as a reduced ability to produce antibodies after vaccination or infection, making older
individuals more susceptible to many infections, including influenza and pneumonia [206].

On the other hand, the molecular mechanisms driving age-related inflammation
and vascular dysfunction involve a network of interconnected pathways, each contribut-
ing to the multifaceted phenotype of aging. At the epigenetic level, DNA methylation
undergoes significant changes with age, marked by global hypomethylation and site-
specific hypermethylation [207]. These alterations lead to the activation of numerous
pro-inflammatory genes, such as IL-6, TNF-α, and COX-2, while simultaneously suppress-
ing anti-inflammatory factors like IL-10 and TGF-β [208,209]. Histone modifications are
vital in chromatin remodeling during aging, with a strong reduction in H3K9 trimethylation
and an increase in H4K16 acetylation being particularly notable [210–212]. Moreover, the
expression of non-coding RNAs, especially microRNAs, is altered with age. For instance,
the upregulation of miR-21 promotes vascular inflammation by targeting PTEN and activat-
ing the AKT pathway, while the downregulation of miR-126 impairs endothelial function
by reducing VEGF signaling [213,214].

The interaction between inflammation and obesity in aging creates a network of
molecular processes that significantly impacts health and longevity. Obesity, a metabolic
disorder in the elderly [215], induces adipocyte hypertrophy and hyperplasia, leading to
a significant increase in the secretion of pro-inflammatory adipokines such as leptin and
resistin [216,217]. These adipokines initiate a cascade of inflammatory events, activating
mainly mast cells and CD4+ T cells to release numerous pro-inflammatory cytokines, in-
cluding IL-6, IL-12, IL-17, IL-18, and TNF-α [218]. Simultaneously, the expansion of adipose
tissue linked to obesity results in localized hypoxia, activating the NF-κB pathway and fur-
ther enhancing the production of pro-inflammatory mediators [219]. Furthermore, excess
adipose tissue acts as an endocrine organ, secreting bioactive molecules that disturb the
metabolic balance, including altered lipid metabolism and increased circulating free fatty
acids, exacerbating oxidative stress and mitochondrial dysfunction in immune cells [220].
The cumulative effect of these processes establishes a self-perpetuating cycle of inflam-
mation and metabolic dysregulation, known as adipaging, which not only accelerates the
aging process but also elevates the risk of age-related diseases such as type 2 diabetes [221].

3.2. Central Inflammation

The detrimental influence of SASP mediators on the CNS arises through intricate
molecular mechanisms that undermine the structural and functional integrity of the BBB.
The BBB is a highly specialized and selective permeability barrier composed of endothelial
cells interconnected by tight junctions, primarily consisting of transmembrane proteins
such as claudins, occludin, and zonula occludens (ZO) proteins, supported by pericytes
and astrocytes [222]. Under physiological conditions, this barrier plays an essential role
in maintaining CNS homeostasis by regulating the exchange of ions, nutrients, and sig-
naling molecules while restricting the entry of circulating immune cells and neurotoxic
agents [223]. However, chronic exposure of the BBB to SASP factors impairs its selective
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permeability, resulting in widespread neurovascular dysfunction [224]. As the BBB in-
tegrity declines with age, peripheral inflammatory mediators and immune cells are able to
infiltrate the CNS [225].

Among the key SASP factors implicated in BBB breakdown are a range of pro-
inflammatory cytokines, including IL-1β, IL-6, and TNF-α, in addition to MMPs (such as
MMP-2 and MMP-9), which directly degrade tight junction proteins [226]. This disruption
facilitates the increased permeability of the BBB, allowing the infiltration of peripheral
immune cells, ROS, and additional inflammatory mediators into the CNS parenchyma [227].
The extravasation of these harmful agents exacerbates neuroinflammation by triggering
the activation of resident microglial cells, which play a crucial role in the innate immune
response within the CNS [228]. Microglial activation is mainly mediated via TLR signal-
ing cascades and the NF-κB transcriptional pathway, leading to a feedforward loop of
pro-inflammatory cytokine release that reinforces neuronal damage [229]. The mentioned
cytokines activate microglia through TLR4, resulting in the nuclear translocation of NF-
κB and subsequent amplification of inflammatory responses [230]. Simultaneously, the
activation of the NLRP3 inflammasome in microglia enhances the release of mature IL-1β,
perpetuating neuroinflammation [231].

A consequence of sustained microglial activation (Figure 3) is the excessive production
of reactive oxygen and nitrogen species (ROS and RNS), mainly mediated by inducible
nitric oxide synthase (iNOS) and NADPH oxidase [232,233]. This overproduction cre-
ates a highly pro-inflammatory and cytotoxic environment within the CNS, disrupting
cellular homeostasis. The accumulation of ROS exacerbates mitochondrial dysfunction,
leading to impaired ATP synthesis and energy deficits in neurons. The energy deficiency
compromises several neuronal processes, including synaptic transmission, plasticity, and
cell viability [234]. Oxidative stress disrupts several redox-sensitive signaling pathways,
triggering molecular damage like DNA oxidation, lipid peroxidation, and protein misfold-
ing [235].

In addition to mitochondrial dysfunction, the interplay between neuroinflammation
and oxidative stress exacerbates excitotoxicity. Overactivated microglia evoke excessive
glutamate release while simultaneously impairing its reuptake by astrocytes, resulting in
glutamate accumulation within the synaptic cleft [236]. This causes the overactivation of
NMDA and AMPA receptors, leading to an aberrant influx of calcium into neurons [237].
The increased intracellular calcium activates multiple neurotoxic pathways, including the
stimulation of calpains and caspases (proteolytic enzymes that degrade essential cellular
components and drive apoptotic and necrotic cell death) [238,239].

At the molecular level, elevated calcium influx disrupts calcium-dependent signal-
ing cascades, exacerbating mitochondrial stress and stimulating the additional release of
ROS [240]. This feedback loop perpetuates oxidative damage and cellular dysfunction,
creating a self-sustaining cycle of neurodegeneration. Moreover, neuronal death ampli-
fies microglial activation, exacerbating inflammation and oxidative stress, which in turn
accelerates disease progression [241].

With respect to astroglia, this cell type plays a key role in the inflammatory processes
within the CNS. Astrocytes are crucial in driving chronic neuroinflammation, thereby
disturbing homeostasis and increasing the vulnerability of neurons to degeneration and
cell death [242]. Astrocytes, the most abundant glial cells in the CNS, contribute to neuroin-
flammation via the activation of fundamental signaling pathways. Two major transcription
factors, NF-κB and AHR, are central players in this regulatory network. NF-κB is a rapidly
inducible factor that governs the expression of many pro-inflammatory genes, including
cytokines (such as IL-6 and TNF-α), chemokines (such as CCL2 and CXCL10), and adhesion
molecules (e.g., ICAM-1) [243]. In contrast, AHR has been identified as a potential negative
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regulator of NF-κB-mediated inflammation, modulating the intensity of inflammatory
responses through strong interactions with cytochrome P450 enzymes [244]. The dysregu-
lation of these pathways in astrocytes contributes to a persistent pro-inflammatory state,
exacerbating neurodegeneration [245]. Moreover, astrocytes respond to these cytokines,
further amplifying inflammatory signaling through JAK/STAT pathways [246].

Figure 3. Microglial activation induced by SASP mediators in resting-state microglia. The activation
of TLR4 receptors by SASP factors stimulates microglial activation and the release of various pro-
inflammatory cytokines. Abbreviations: IL-1α (Interleukin 1 alpha), IL-1β (Interleukin 1 beta), IL-12
(Interleukin 12), IL-23 (Interleukin 23), TNF-α (tumor necrosis factor alpha), iNOS (inducible nitric
oxide synthase), and NADPH (nicotinamide adenine dinucleotide phosphate—reduced form).

Oxidative stress is another critical component of age-related neuroinflammation. The
accumulation of ROS due to mitochondrial dysfunction leads to the oxidative damage of
cellular components, such as lipids, proteins, and DNA [12]. Aged microglia and astrocytes
exhibit impaired antioxidant responses, further exacerbating ROS accumulation [247,248].
This oxidative stress not only directly damages neurons but also activates NF-κβ, thereby
sustaining the inflammatory cycle. Dysfunctional mitochondria in aging CNS cells exhibit
reduced oxidative phosphorylation efficiency, increased mitochondrial DNA mutations,
and enhanced cytochrome c release, triggering apoptotic pathways [249].

Aging-related inflammation also affects neurotransmitter systems, disrupting synaptic
plasticity and neuronal communication. Pro-inflammatory cytokines modulate neurotrans-
mitter release and receptor expression, leading to excitotoxicity and impaired synaptic
function. For example, TNF-α has been shown to disrupt glutamate homeostasis by de-
creasing the expression of various glutamate transporters (GLT-1 and GLAST) in astrocytes,
leading to elevated extracellular glutamate levels and facilitating excitotoxic neuronal
damage through excessive NMDA receptor stimulation [250]. Persistent neuroinflamma-
tory and oxidative conditions alter synaptic plasticity by modulating the expression and
functionality of key synaptic proteins, including postsynaptic density protein 95 (PSD-
95), synaptophysin, and glutamatergic receptor subunits [251]. The breakdown of these
proteins impairs long-term potentiation (LTP) and long-term depression (LTD), critical
mechanisms underlying learning and memory [252,253].
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Moreover, chronic neuroinflammation affects dendritic spine morphology, contribut-
ing to the synaptic loss and cognitive decline observed in numerous neurodegenerative
diseases [254]. Beyond synaptic dysfunction, the sustained presence of SASP mediators
promotes τ hyperphosphorylation, a hallmark of Alzheimer’s disease, through the dysreg-
ulation of kinases such as glycogen synthase kinase 3β (GSK-3β) and cyclin-dependent
kinase 5 (CDK5). Hyperphosphorylated τ aggregates into insoluble neurofibrillary tangles
(NFTs), breaking axonal transport and neuronal communication [255,256]. In Parkinson’s
disease, SASP-mediated inflammation enhances α-synuclein misfolding and aggregation
via impaired autophagy–lysosomal degradation and proteasomal dysfunction, leading to
the accumulation of oligomers that intensify dopaminergic neurodegeneration [257,258].
The persistence of misfolded protein aggregates, coupled with chronic inflammatory and
oxidative stress conditions, drives neuronal apoptosis through both caspase-dependent and
caspase-independent pathways [259]. Mitochondrial outer membrane permeabilization
(MOMP), mediated by the pro-apoptotic Bcl-2 family proteins BAX and BAK, initiates apop-
tosis by releasing cytochrome c and activating caspase-3 and caspase-9 [260]. Additionally,
the excessive activation of PARP-1 in response to DNA damage contributes to parthanatos,
a form of programmed cell death distinct from classical apoptosis, further exacerbating
neuronal loss [261]. In contrast to classical apoptosis, which is marked by well-defined
morphological and biochemical hallmarks such as cell shrinkage, chromatin condensation,
and membrane blebbing [262], parthanatos is characterized by a unique series of cellular
events, including the overproduction of PAR chains, mitochondrial dysfunction, and the
release of apoptosis-inducing factor (AIF) from mitochondria, which subsequently translo-
cates to the nucleus to trigger chromatin condensation and DNA fragmentation [263].
Parthanatos causes irreversible neuronal damage and worsens neuronal loss, particularly
in neurodegenerative diseases and acute neuronal injuries, where it interacts with other
cell death pathways to accelerate tissue degeneration [264].

4. Current Anti-Inflammatory Strategies for Aging

Adopting a healthy lifestyle has long been recognized as one of the most effective
strategies for maintaining overall well-being and reducing the impact of aging. A grow-
ing body of research supports the idea that some lifestyle factors (e.g., proper nutrition,
moderate physical activity, and mental stability) contribute to the mitigation of the aging
process. A well-balanced and sufficient nutrient intake has been shown to positively impact
aging, with numerous studies suggesting that nutritional factors play an integral role in the
modulation of age-related molecular mechanisms. Long-term adherence to a diet rich in
polyphenols, naturally occurring compounds in fruits and vegetables, has been particularly
associated with significant improvements in intestinal permeability [265,266]. This effect
may help maintain the integrity of the intestinal barrier, thereby reducing systemic inflam-
mation [267]. Moreover, polyphenolic compounds have been demonstrated to activate
many antioxidant and anti-inflammatory pathways, thus mitigating oxidative stress and
promoting cellular resilience [268].

On the other hand, research has revealed that the intake of specific probiotic strains,
particularly Lactobacillus pentosus var. plantarum C29, can reduce SASP factors [269]. The
modulation of the gut microbiota through probiotic supplementation results in a reduction
in pro-inflammatory cytokine levels and has the potential to decrease the expression of
age-associated biomarkers, including tumor suppressor proteins like p16 and p53 [270].
These markers are crucial for cellular senescence and apoptosis, and their regulation has
been linked to slowing age-associated cellular dysfunction [271].

Similarly, the intake of polyunsaturated fatty acids (PUFAs), particularly ω-3 fatty
acids, has been shown to reduce the levels of pro-inflammatory cytokines [272]. It is
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thought that reducing inflammation helps preserve metabolic and immune balance, thereby
supporting healthier aging [273]. The anti-inflammatory effects of PUFAs extend beyond
their role in lipid metabolism and influence gene expression by activating some nuclear
receptors such as peroxisome proliferator-activated receptors (PPARs), which regulate lipid
homeostasis and inflammatory signaling pathways [274].

Furthermore, the frequent intake of essential vitamins such as vitamin C and vitamin
E has been demonstrated to enhance immune cell functions in older adults. Vitamin C, a
significant antioxidant, is vital for the proper function of neutrophils, which are critical
to immune defense [275]. Specifically, vitamin C facilitates neutrophil chemotaxis and
phagocytosis, thereby augmenting the body’s ability to fight infections [276]. Vitamin E,
known for its potent antioxidant properties, also plays a fundamental role in stabilizing
cellular membranes and protecting immune cells from oxidative damage [277].

Beyond these vitamins, mineral supplementation, particularly zinc, has been iden-
tified as a critical factor in supporting immune homeostasis during aging [278]. Zinc is
involved in the regulation of a variety of immune processes, including the differentiation
and function of T cells [279]. Studies indicate that zinc supplementation can increase
the naive T-cell population, which is essential for the body’s ability to respond to new
pathogens [280]. Furthermore, zinc contributes to balancing the activity of CD4+ T cells,
enhancing the immune response and reducing the negative impact of age-related immune
dysfunction [281].

Exercise is widely recognized as a highly effective and accessible strategy for mitigat-
ing the aging process, functioning through complex biological mechanisms that counteract
DNA damage, oxidative stress, and the overall decline in cellular function that often accom-
panies aging [282]. Recent studies have underscored its role in delaying the aging process
at the molecular level, especially through its capacity to regulate telomere length and the
activity of crucial enzymes such as telomerase [283]. Research examining middle-aged
marathon runners and triathletes has shown that these individuals exhibit significantly
higher telomerase activity along with longer telomeres in their circulating white blood
cells compared to their sedentary counterparts. This finding suggests that endurance
exercise not only helps maintain telomere integrity but may also promote the rejuvenation
of immune cells, enhancing overall immune function and mitigating age-related declines
in immune response [284]. This evidence indicates that endurance exercise helps preserve
telomere integrity and rejuvenates immune cells, improving immune function and de-
laying age-related immune decline. The underlying mechanisms likely involve reducing
oxidative stress, modulating inflammation, and activating genes that promote cell survival
and repair [285,286]. In contrast, resistance training offers benefits for combatting aging at
the cellular level, with studies showing significant improvements in the health of adipose
tissue in older and obese patients [287]. It was discovered that resistance exercise led to a
reduction in the number of cells expressing p16, a protein marker commonly associated
with cellular senescence [288]. By reducing the number of p16-expressing cells in thigh
adipose tissue, resistance training appears to foster a more youthful and functional tissue
environment, potentially by promoting the turnover of damaged cells and alleviating
inflammation in adipose tissue [289].

Emerging research has increasingly highlighted the pro-inflammatory cytokine net-
work as a crucial target for anti-aging interventions, focusing on the potential to alleviate
chronic inflammation, which is one of the key drivers of age-related diseases and cellular
dysfunction [290]. In light of this, various anti-inflammatory compounds have garnered
significant attention for their ability to counteract inflammation, promote cellular health,
and potentially delay the onset of age-related decline. Among these, metformin, a widely
used medication for managing type 2 diabetes, has emerged as a promising candidate for
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promoting healthy aging [291]. Metformin has been shown to influence the IKK/NF-κB
pathway, a primary regulator of inflammation, as well as the GPX7/NRF2 axis, which
is essential for cellular defense against oxidative stress and the regulation of antioxidant
responses [292,293]. Recent research has revealed that metformin interacts with PEN2,
an identified target involved in age-related inflammation [294]. By modulating all of
these pathways, metformin reduces inflammation and promotes healthier aging, poten-
tially extending lifespan [291]. Similarly, aspirin reduces oxidative damage, maintains
tissue function, promotes cellular regeneration, and eliminates SASP mediators, thereby
presenting a potential therapeutic strategy for age-related tissue degeneration [295].

Finally, among the broad spectrum of cellular anti-aging therapies, senolytics (agents
designed to selectively eliminate senescent cells) emerge as one of the most promising yet
highly debated strategies in gerontology [296]. Since their discovery in 2015 [297], several
compounds have moved from initial discovery to clinical trials, resulting in considerable
enthusiasm within the scientific community. Senolytic drugs can be classified into phyto-
chemicals and proprietary compounds, differing in their origin, composition, regulatory
oversight, and mechanisms of action. Phytochemicals are naturally occurring compounds
derived from plants, often associated with potential health benefits and therapeutic proper-
ties. They are found in several foods, herbal medicines, and dietary supplements, with their
biological effects typically attributed to the synergistic interactions of multiple bioactive
constituents [297–299]. In contrast, proprietary drugs are synthetic compounds developed
by pharmaceutical companies. These drugs undergo thorough testing, including clinical
trials, to assess their safety, efficacy, and standardized dosing before gaining regulatory
approval [299,300].

Among the most studied senolytic agents are dasatinib and quercetin. Dasatinib has
shown effectiveness in eliminating senescent human adipocyte progenitor cells, which
reside in adipose tissue and contribute to age-related metabolic dysfunction [301,302].
Quercetin has proven potent in clearing senescent endothelial cells, which line the blood
vessels, as well as bone marrow stem cells in murine models [303]. These two drugs consti-
tute a combination therapy that has shown significant efficacy in targeting various types of
senescent cells, thereby reducing inflammation, enhancing tissue function, and alleviating
the burden of age-related diseases in animal models [301,304–306]. Fenofibrate, primarily
used for cholesterol management, has emerged as a promising therapeutic candidate due to
its ability to clear senescent cells by upregulating PPARα [307]. Ultimately, taurine and sper-
midine have emerged as promising senolytic agents in the context of aging, demonstrating
potential in promoting cellular homeostasis and mitigating age-related decline. Taurine,
a conditionally essential amino acid, has been shown to enhance mitochondrial function,
reduce oxidative stress, and modulate inflammatory responses, thereby contributing to the
clearance of senescent cells [308]. Similarly, spermidine, a polyamine present in youthful
cells, has been strongly implicated in autophagy induction, chromatin stabilization, and the
suppression of pro-inflammatory pathways, all of which are fundamental for maintaining
cellular integrity and delaying age-associated pathologies [309].

5. Conclusions

In conclusion, this review presents a thorough analysis of the complex biological
processes that underpin aging and its connection to various pathological conditions. Aging
encompasses several intricate physiological changes that significantly impact the body’s
ability to maintain homeostasis. This loss of homeostasis plays a role in the development
of chronic diseases commonly associated with aging, such as cardiovascular disease and
neurodegenerative disorders, by disrupting cellular activities, impairing the body’s ability
to repair tissues, and increasing its vulnerability to inflammation and oxidative stress.
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One of the key themes explored in this article is the role of inflammation in the aging
process. Chronic low-grade inflammation, also known as inflammaging, is highlighted
as a hallmark of aging that drives the progression of these age-related diseases. Unlike
the acute, short-lived inflammation that arises from injury or infection, inflammaging is a
sustained, low-grade inflammation that can inflict lasting damage on the body. This chronic
inflammatory state accelerates the decline of cellular and tissue function by inducing tissue
damage and impairing the body’s capacity for self-repair.

Furthermore, this article explores the connection between aging and immune system
dysfunction, which plays a key role in the initiation and progression of diseases in older
adults. Immunosenescence, the progressive deterioration of immune function, impairs the
body’s ability to protect against pathogens and injuries. As the immune system weakens,
older individuals become more susceptible to infections, autoimmune disorders, and
cancer. These processes not only induce inflammation but also result in the accumulation
of dysfunctional cells, thereby exacerbating the pathological effects of aging.

This research highlights the importance of identifying therapeutic strategies to mit-
igate the effects of aging and chronic inflammation. Targeting specific inflammatory
mediators and promoting immune rejuvenation could play a fundamental role in extend-
ing healthspan (the period of life spent in good health). Furthermore, delaying cellular
senescence, the process by which cells lose their ability to divide and function, could help
maintain tissue integrity and enhance overall health in aging populations.

Finally, this review calls for a more cohesive healthcare approach for the aging popula-
tion, one that addresses not only the symptoms of age-related diseases but also the root
causes of aging itself. By focusing on the fundamental mechanisms of aging and chronic
inflammation and implementing personalized interventions, it is possible to encourage
healthier aging, enhance quality of life, and increase the resilience of older adults.
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Abbreviations

The following abbreviations are used in this manuscript:

4-HNE 4-hydroxy-2-nonenal
ACTH Adrenocorticotropic hormone
AGE Advanced glycation end-product
AHR Aryl hydrocarbon receptor
AIF Apoptosis-inducing factor
AKT/PKB Protein kinase B
AMPA Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ATP Adenosine triphosphate
BAK Bcl-2 homologous antagonist/killer
BAX Bcl-2-associated X protein
BBB Blood–brain barrier
Bcl-2 B-cell lymphoma 2
BPH Benign prostatic hyperplasia
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CCL2 C-C motif chemokine ligand 2
CCL4 C-C motif chemokine ligand 4
CD25 Cluster of differentiation 25
CD4 Cluster of differentiation 4
CDK4/6 Cyclin-dependent kinases 4 and 6
CDK5 Cyclin-dependent kinase 5
CMA Chaperone-mediated autophagy
CNS Central nervous system
COPD Chronic obstructive pulmonary disease
COX-1 Cyclooxygenase 1
COX-2 Cyclooxygenase 2
CRH Corticotropin-releasing hormone
CXCL10 C-X-C motif chemokine ligand 10
CXCL12 C-X-C motif chemokine ligand 12
CXCR4 C-X-C chemokine receptor type 4
CYP3A4 Cytochrome P450 3A4
DAMPs Damage-associated molecular patterns
DC Dendritic cell
DDR DNA damage response
DHEA Dehydroepiandrosterone
DNA Deoxyribonucleic acid
DPPC Dipalmitoylphosphatidylcholine
ECM Extracellular matrix
EGFR Epidermal growth factor receptor
eNOS Endothelial nitric oxide synthase
ERK Extracellular signal-regulated kinase 1/2
FoxP3 Forkhead box P3
GDF-15 Growth differentiation factor 15
GERD Gastroesophageal reflux disease
GH Growth hormone
GHRH Growth hormone-releasing hormone
GI Gastrointestinal system
GLAST Glutamate aspartate transporter
GLT-1 Glutamate transporter 1
GM-CSF Granulocyte–macrophage colony-stimulating factor
GnRH Gonadotropin-releasing hormone
GPX7 Glutathione peroxidase 7
GSK-3β Glycogen synthase kinase 3 beta
HSP70 70 kDa heat shock protein
ICAM-1 Intercellular adhesion molecule 1
IFN-γ Interferon gamma
IGF-1 Insulin-like growth factor 1
IGFBP-2 Insulin-like growth factor binding protein 2
IKK IκB Kinase
IL-10 Interleukin 10
IL-12 Interleukin 12
IL-17 Interleukin 17
IL-18 Interleukin 18
IL-1α Interleukin 1 alpha
IL-1β Interleukin 1 beta
IL-2 Interleukin 2
IL-4 Interleukin 4
IL-6 Interleukin 6
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IL-8 Interleukin 8
iNOS Inducible nitric oxide synthase
LPS Lipopolysaccharide
LTD Long-term depression
LTP Long-term potentiation
MAPK Mitogen-activated protein kinase
MDA Malondialdehyde
MEK Mitogen-activated protein kinase kinase
MMP Matrix metalloproteinase
MMP-13 Matrix metalloproteinase 13
MMP-2 Matrix metalloproteinase 2
MMP-3 Matrix metalloproteinase 3
MMP-9 Matrix metalloproteinase 9
MOMP Mitochondrial outer membrane permeabilization
NADPH Nicotinamide adenine dinucleotide phosphate (reduced form)
NFT Neurofibrillary tangle
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 NLR family pyrin domain containing 3
NMDA N-methyl-D-aspartate
NRF2 Nuclear factor erythroid 2-related factor 2
NSAID Non-steroidal anti-inflammatory drug
p16 Cyclin-dependent kinase inhibitor 2A
p21 Cyclin-dependent kinase inhibitor 1
P450 Cytochrome P450
p53 Tumor protein P53
PAR Poly (ADP-ribose)
PARP-1 Poly (ADP-ribose) polymerase 1
PEN2 Presenilin enhancer 2
PI3K Phosphoinositide 3-kinase
PPAR Peroxisome proliferator-activated receptor
PPARα Peroxisome proliferator-activated receptor alpha
PSD-95 Postsynaptic density protein 95
PTEN Phosphatase and tensin homolog
PTM Post-translational modification
PUFA Polyunsaturated fatty acid
RAAS Renin–angiotensin–aldosterone system
Rb Retinoblastoma
RNA Ribonucleic acid
RNS Reactive nitrogen species
ROS Reactive oxygen species
Runx2 Runt-related transcription factor 2
SASP Senescence-associated secretory phenotype
SCFA Short-chain fatty acid
T3 Triiodothyronine
T4 Thyroxine
TGF-β Transforming growth factor beta
TIMP Tissue inhibitor of metalloproteinase
TLR Toll-like receptor
TLR4 Toll-like receptor 4
TNFR Tumor necrosis factor receptor
TNF-α Tumor necrosis factor alpha
TP53 Tumor protein p53
Treg Regulatory T cell
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UPS Ubiquitin–proteasome system
VCAM-1 Vascular cell adhesion molecule 1
VEGF Vascular endothelial growth factor
ZO Zonula occludens
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Abstract: Background: Our previous comparison of peripheral blood mononuclear cells
(PBMCs) from long-term Transcendental Meditation® (TM®) practitioners and matched
non-practitioner controls found 200 differentially expressed (DE) genes. Bioinformatics
analyses of these DE genes suggested a reduced risk of diseases associated with stress and
aging in the TM group. Here we assessed additional signs of reduced stress and aging.
Methods: A sample of 15 of the 200 DE genes was studied using qPCR in PBMCs from
40-year TM practitioners (“Old TM”, n = 23) compared to a “Young Control” group (n = 19)
and an “Old Control” group (n = 21) of non-meditators. In these three groups, plus a
“Young TM”, 12-year practitioner group (n = 26), we also studied EEG-based parameters of
cognitive function (the Brain Integration Scale (BIS), and latency of three components of the
event-related potential (ERP)). Finally, using LC/MS/MS, we compared persistent levels of
cortisol (F) and its inactive congener, cortisone (E), in hair. Results: qPCR analysis showed
that 13 of the 15 genes were more highly expressed in Old Controls than in Young Controls.
In the Old TM group, 7 of these 13 were lower than in Old Controls. Both TM groups had
higher BIS scores than their age-matched controls. The Old TM group had shorter N2, P3a,
and P3b latencies than the Old Control group, and latencies in the Old TM group were not
longer than in the Young Control group. The Hair F/Hair E ratio was higher in the control
subgroups than in their age-matched TM subgroups, and Hair F was higher in the Young
Control and combined control groups than in the Young TM and combined TM groups.
Conclusions: These results are consistent with reductions in biomarkers of chronic stress
and biological age in long-term TM meditators. They are also consistent with results from
the previous study suggesting that TM practice lowers energy consumption or leads to
more efficient energy metabolism.

Keywords: human gene expression; cortisol; public health; meditation; stress reduction;
cognitive function; allostatic load
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1. Introduction

Many age-related diseases and disorders involve molecular mechanisms associated
with stress [1–4]. Several recent reviews have attempted to systematize stressor types,
different responses to stressors, and the connections of these to diseases and aging [1,5,6].
For the past several decades, the concept of “allostatic load”—i.e., the cumulative total
of adaptations to stress that may be damaging to an individual—has proven useful in
determining stress-related factors that predispose to disease and aging [7–9].

The term “allostasis”, succinctly defined as “stability through change”, is a concept
applied to adaptations to potentially stressful internal or external stimuli or environ-
ments [7,9,10]. It involves the nervous, endocrine, and immune systems and is more
anticipatory than the momentary perturbations characterizing homeostasis [10]. Allostasis
requires energy, and allostatic load is associated with an increase in the rate of energy
use [11,12]. This may have particular significance for aging, as shown in a recent study of
cellular allostatic load [12], and for understanding the wider implications of the current
study [13].

Evidence from our recent exploratory study of transcriptional differences in peripheral
blood mononuclear cells (PBMCs) in long-term practitioners of Transcendental Meditation
(TM) technologies vs. matched non-practitioner controls (i.e., the parent study) suggested
that energy use by the TM group was chronically lower or more efficient than energy use
by the control group [14]. Because all study participants were selected to be free of known
life-threatening diseases, this suggested the demographically matched control group in
the genome-wide microarray component of the study was higher in allostatic load. The
finding of transcriptional differences in other stress-related pathways and genes in that
study supports this conclusion.

Identification of glucocorticoid receptor signaling as one of the canonical pathways
arising from pathway analysis of the microarray data in that study is consistent with prior
physiologic studies [15–18]. Together, these studies suggest that reduction of long-lasting
effects of stress on the hypothalamic–pituitary–adrenal (HPA) axis, especially reduction of
chronically elevated cortisol, is a likely mechanism mediating some of the beneficial effects
of TM technologies. Altered function of the HPA axis, particularly alterations leading to
chronically elevated cortisol, has long been regarded as a prime biomarker of allostatic load
or overload. Recent findings in relation to cardiovascular disease (CVD) [19] and metabolic
syndrome (MetS) [20,21] are consistent with this conclusion.

Additionally, based on the genome-wide microarray data in the parent study, it was
suggested, and later confirmed [22], that expression of other genes related to the damaging
effects of stress, including the conserved transcriptional response to adversity (CTRA)
profile, a multi-gene indicator of exposure to chronic threat [23,24], was reduced in this
sample of long-term TM practitioners. The CTRA profile, which appears to involve exces-
sive activity of the sympathetic nervous system [25], can be considered another molecular
biomarker of allostatic load. It is associated with elevated inflammation and increased
susceptibility to infectious diseases [23–25]. Increased inflammation may contribute to
failure of the immune system to effectively clear pathogens and dysfunctional host cells,
causing changes in mitochondrial function and increased abundance of reactive oxygen
species, major contributors to aging [26,27].

Cognitive decline is common with advancing age, even in the absence of dis-
ease [28,29], and is strongly linked to stress and cortisol levels [3,4,30,31]. In the current
study, along with further investigating transcriptional differences that may be due to
long-term meditation practice, we evaluated two EEG measures of cognitive function.
One of these is the latency of three components of the event-related potential (ERP), i.e.,
two frontal–central components, N200 (N2, stimulus evaluation) and P300a (P3a, context
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updating of novel stimuli), and a parietal component, P300b (P3b, context updating of in-
frequent stimuli—oddballs). The latency of all three components increases with age [32,33]
and may increase under conditions of elevated cortisol [34], especially in subjects with poor
glycemic control [35,36]. The gradual increase in these 3 latencies after age 20 suggests
that this measure is a direct indicator of age-related decline in neural processing speed or
efficiency [33,37].

We also examined a comprehensive scale of healthy brain functioning, the Brain
Integration Scale (BIS). The BIS includes three EEG measures identified through a stepwise
multiple discriminant analysis of EEG measures that distinguished three groups with
different levels of expanded experiences: naïve, novice, and expert meditation. These three
measures are the brain preparatory response during simple and choice paired reaction-time
tasks, broadband frontal EEG coherence, and alpha/gamma power ratios during a vigilance
task [38,39]. The BIS has been reported to relate to higher performance in non-meditators.
Examples are: world-class athletes [40] and business leaders [41], as well as correlations
with faster habituation to stressful stimuli in college students [39]. BIS levels also correlated
positively with creativity in a study of product development engineers [42].

As a long-term indicator of endocrine consequences of chronic stress that may reflect
allostatic load [19,43,44], the concentrations of the glucocorticoids cortisol (F) and cortisone
(E) in hair were also measured in all subjects. F, the active glucocorticoid, and E, the inactive
form, are enzymatically interconverted both in specific tissues and systemically [45,46]. The
concentrations in hair of both F (Hair F) and E (Hair E) correlate with the risk of MetS [20],
a condition previously reported to be reduced by TM practice [47].

The microarray analysis in the parent study focused on a comparison of a small group
of long-term (mean, 38 years) practitioners of TM technologies with demographically
well-matched controls [14]. The present study focuses on two larger, less well-matched
groups of long-term (means of 12 and 40 years) TM practitioners and age-matched controls.
We hypothesized that these comparisons also would show signs consistent with anti-stress
and anti-aging effects of meditation, namely, 1) altered expression of specific genes related
to aging or stress, 2) beneficial effects on cognitive function, as indicated by EEG tests, and
3) signs of lower systemic cortisol or better adaptation of HPA axis function.

2. Materials and Methods

2.1. Research Design and Participants

This cross-sectional, observational study compared the following 4 groups of approxi-
mately 25 subjects each: 1. Young Control, 2. Young TM, 3. Old Control, and 4. Old TM.
An overview of subject characteristics and N for each of the three approaches is presented
in Table 1. Additional demographics for EEG subjects are available in Table 2. The research
design and methods were approved by the Institutional Review Board of Maharishi Inter-
national University. Following both written and oral explanations of the study, participants
gave signed written consent prior to participation.

Table 1. Overview of the Subject Characteristics in Each Group Comparison.

Subject Characteristics Young Controls Young TM Old Controls Old TM

Gene Expression
Analyses

N (males) 19 (8) N/A 21 (9) 23 (14)
Age (mean ± SD) 24.05 ± 3.06 N/A 62.43 ± 4.69 64.2 ± 4.2

Months TM (mean ± SD) N/A N/A N/A 477 ± 55
Months TM-Sidhi (mean ± SD) N/A N/A N/A 399 ± 42

Cognitive
Performance

Analyses

N (males) 25 (13) 30 (15) 22 (10) 26 (17)
Age (mean ± SD) 24.2 ± 3.0 24.4 ± 2.86 62.7 ± 4.45 64.8 ± 3.5

Months TM (mean ± SD) N/A 146.5 ± 64.8 N/A 474.3 ± 33.21
Months TM-Sidhi (mean ± SD) N/A 47.1 ± 42.8 N/A 401.3 ± 27.0
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Table 1. Cont.

Subject Characteristics Young Controls Young TM Old Controls Old TM

Hair Glucocorticoid
Analyses

N (males) 29 (15) 26 (18) 23 (10) 30 (18)
Age (mean ± SD) 24.1 ± 2.9 24.0 ± 2.6 62.4 ± 4.7 63.8 ± 3.5

Months TM (mean ± SD) N/A 157.3 ± 60.1 N/A 478.8 ± 35.5
Months TM-Sidhi (mean ± SD) N/A 49.7 ± 39.2 N/A 399.6 ± 37.4

N/A, not applicable.

Table 2. Demographics for Participants in EEG Recording.

Subject Characteristics Young Controls Young TM Old Controls Old TM

N (males) 25 (13) 30 (15) 22 (10) 23 (14)
Age (mean ± SD) 24.2 ± 3.0 24.4 ± 2.86 62.7 ± 4.45 64.8 ± 3.5

Vegetarians 2 12 2 15
Smokers 12 13 5 0
Drinkers 8 12 5 2

Moderate Exercise 18 23 18 23
Professional, Skilled Work 3 7 14 17

Retired 0 0 6 10
Student 22 23 0 2

High School Only 6 4 5 3
College Degree 19 26 17 20
Right-Handed 23 28 19 20

Loss of Consciousness (Injury) 2 2 3 4
Non-English-Speaking 1st 20 Years 0 7 0 3

Married 2 1 12 13

Participants from the two age ranges (“Young”, aged 20–30; “Old”, aged 55–72)
were recruited through distribution of advertising brochures on the campus of Maharishi
International University and in other public places within a 40-mile radius of Fairfield,
Iowa. Interested individuals were prescreened based on a questionnaire regarding their
health status and other demographic and lifestyle variables. Note that all qPCR runs
were performed at one time, i.e., as part of the original study, and that the EEG studies
were performed in the same timeframe and the same subjects as the blood sampling for
transcriptomic comparisons. qPCR data for the Old TM group and the Old Control group
were presented in the original study [14]. For comparison with the previously unpublished
results in the Young Control group, those data are presented in a different format in the
second figure of this study. Note also that individuals in the Old TM group averaged
having practiced the TM technique for 39.5 ± 2.8 years whereas those in the Young TM
group averaged 12.2 ± 5.4 years. In most contexts, both groups would be considered
long-term practitioners. Due to restricted resources, qPCR analyses were not performed in
the Young TM group.

Both genders were accepted into the study. To minimize genetic variation, only one
ethnic group (Caucasian) was admitted. Prospective participants were excluded if they
reported having had a doctor-identified history of diabetes, nerve damage, heart attack,
coronary heart disease, stroke, kidney failure, cancer, any other life-threatening illness,
major psychiatric disorder, or substance abuse. Candidates for control participation were
excluded if they had ever been instructed in the TM program. Practitioners of the TM
technique, with or without the advancement known as the “TM-Sidhi program”, were
excluded if they did not report being “regular” in their practice (i.e., usually twice a day).
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2.2. Procedures
2.2.1. PBMC Preparation, RNA Extraction, Measurement, and Integrity Check

Blood samples were collected from the Young Control group, the Old Control group,
and the Old TM group as described in our previous publication [14]. Likewise, the methods
of RNA extraction, measurement, and integrity determination were the same as before,
as was the qPCR methodology. In brief, the buffy coat was isolated using BD Vacutainer®

CPTTM Mononuclear Cell Preparation Tubes (Franklin Lakes, NJ, USA). The supernatant
and the cell pellet were then separated and stored at −80 ◦C. RNA was extracted from
the buffy coat using the RNA-BeeTM Kit (Tel-Test, INC, Friendswood, TX, USA), with
concentration estimated using a UV absorption ratio method [48]. Ratios above 1.7 were
considered sufficiently pure. RNA integrity was analyzed by automated electrophoresis
on microfluidic labchips using the ExperionTM System (Bio-Rad, Hercules, CA, USA),
with acceptable cutoff values being in the range 7 < RQI ≤ 10. Samples meeting the
criterion for integrity were then ready for use as input for cDNA labeling employing the
MessageAmpTM II Kit (Ambion® by Life Technologies, Carlsbad, CA, USA).

2.3. qPCR Methodology

Target genes for comparison among the different groups were chosen more or less
randomly from the DE genes identified in our previous study of global gene expression [14].
The list and design of primers, construction of cDNAs, and qPCR procedures are all detailed
in the previous paper [14].

2.3.1. EEG Recording
Event-Related Potentials

EEG was recorded from 32 active sensors in the 10-10 system using the BIOSEMI
Two amplifier and acquisition software system (ActiView version 9.02, Amsterdam, The
Netherlands) [49–51]. Two additional sensors were applied to the left and right earlobes
for re-referencing offline [39]. One sensor was attached on the non-dominant wrist for
measuring heart rate [52], and a respiration belt was applied around the waist to measure
breathing rate. All signals were digitized at 256 samples/s with no high- or low-frequency
cutoff, and were stored for later analysis offline. Table 2 contains demographic information
most relevant to EEG recording participants.

An oddball auditory event-related potential task with rare unexpected and rare ex-
pected targets was used to elicit ERPs [53]. Subjects received 240 stimuli with 1 sec inter-
stimuli intervals. Twenty-four of the stimuli (10%) were rare, unexpected, 85 dB white
noise bursts (novel stimuli). Twenty-four of the stimuli (10%) were rare, expected, 85 dB
1000 Hz tones (oddball stimuli). The other 80% of the stimuli (192) were standard, 85 dB
500 Hz tones, which subjects were told to ignore.

Recording Continuous EEG to Calculate the Brain Integration Scale

EEG was also recorded while subjects performed two paired reaction-time tasks. The
first was a 2 min simple reaction-time task when participants were presented an asterisk on
a computer screen (S1) that was followed 1.5 s later by a continuous computer-generated
tone (S2, 1200 Hz, 85 dB). They were asked to press the space bar as soon as they heard the
tone. The second was a 2 min choice reaction-time task when participants were presented a
whole number on a computer screen (S1) that was followed 1.5 s later by another whole
number. They were asked to press a right- or left-hand button to indicate which of the
two numbers was larger in value.
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2.3.2. Hair Steroid Concentrations

Following the protocol described in Gao et al. [54], 4 steroids (F, E, testosterone, and
progesterone) were present in sufficient quantities for analysis in most samples. In brief,
bundles of hair strands (~3 mm diameter) were cut as close as possible to the scalp from
a posterior vertex position using fine scissors. The proximal 3 cm hair segment was used
for analyses. Based on an average hair growth rate of 1 cm/month [55], this segment is
assumed to reflect a period of about 3 months prior to sampling. In brief, samples were
washed in 2.5 mL isopropanol for 3 min and cortisol was extracted from 7.5 mg of whole,
non-pulverized hair using 1.6 mL methanol in the presence of 20 μL cortisol-d4 as an
internal standard for 18 h at room temperature. Samples were centrifuged at 15,200× g
relative centrifugal force for 2 min, and 1 mL of the clear supernatant was transferred into
a new 2 mL tube. The alcohol was evaporated at 50 ◦C under a constant stream of nitrogen
and reconstituted with 175 μL double-distilled water. Samples were analyzed using a
Shimadzu HPLC–tandem mass spectrometry system (Shimadzu, Canby, OR, USA) coupled
to an AB Sciex API 5000 Turbo-ion-spray triple quadrupole tandem mass spectrometer (AB
Sciex, Foster City, CA, USA) with purification by online solid-phase extraction. This method
has been shown to achieve excellent sensitivity, specificity, and reliability (intra- and inter-
assay CVs between 4.7 and 8.8%) [54] and is considered the current “gold standard” for
hair steroid analysis [56].

2.4. Data and Statistical Analysis
2.4.1. qPCR Ct (Threshold Cycle) Values

qPCR threshold cycle (Ct) values were normalized to generate ΔCt by subtracting the
Ct value of the target genes from the Ct value of the reference gene, using the BioRad CFX
Maestro™ software 2.1 intended for this purpose. Then, the average of the ΔCt of each
group was calculated to obtain the ΔΔCt for the expression-rate comparison of the Old
Control group vs. the Old TM group and the Young Control group vs. the Old Control
group. The expression rate of each gene was calculated using a formula (2(ΔΔCt)). Then p
values were determined using SPSS 13.0 (Chicago, IL, USA). Outliers were adjusted using
the Winsorization procedure, which replaces the outlier with the next closest value, and
then kurtosis and skewness < 1 for normal distribution were observed.

Next, MANOVA tests were conducted for the Old Control group vs. the Old TM
group to find the meditation effect, the Young Control group vs. the Old Control group
to find the aging effect, and the Young Control group vs. the Old TM group to find the
anti-aging effect. An alpha level of p ≤ 0.05 was adopted for statistical significance and
p < 0.1 for statistical trend.

2.4.2. Event-Related Potentials (ERPs)

The raw data records were manually scanned for artifacts, and artifacts were removed
from the analyses. The remaining data were analyzed with the BrainVision Analyzer 1.3
(Munich, Germany) (http://www.brainproducts.com/downloads.php?kid=9, accessed
on 29 March 2013). Data were binned by onset of the novel and oddball stimuli in 900 ms
windows—100 ms before stimulus onset and 800 ms after the stimulus [53]. The amplitude
and latency were recorded for the N2 (stimulus evaluation in a 200–350 ms window in
frontal–central sensors), P3a (context updating to novel stimuli in a 300–500 ms window in
frontal–central sensors), and P3b (context updating to rare, expected stimuli in a 300–500 ms
window in the parietal sensors).
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2.4.3. Brain Integration Scale (BIS)

To calculate the brain preparatory response, 2 s epochs were extracted from the data
stream beginning 100 ms pre-S1 and ending 400 ms post-S2 during both the simple and
choice reaction-time tasks. For both the simple and the choice trials, the late CNV was
measured in microvolts as the average amplitude in the 200 ms window before the second
stimulus, relative to the 100 ms baseline. Simple-choice difference scores were calculated
(CNVsimple minus CNVchoice) to assess the impact of the additional cognitive load of the
choice trials independent of possible group differences in the simple trials.

Power and coherence estimates were calculated while the subjects performed Connor’s
Performance Task—Identical Pairs (CPT-IP), a measure of frontal executive functioning.
Participants were presented a capital letter every 0.9 s for 2 min and were instructed to
press the left button every time a letter appeared that was different from the preceding one.
They were instructed to press the right-hand button every time the current letter was the
same as the preceding letter. This task is challenging because the letters come quickly, and
80% of the letters require a left-hand button press. Participants develop a response bias for
left-hand responses. When the rare right-hand response is required, the frontal executive
system has to inhibit the left-hand response and execute the correct response.

Data from the CPT-IP were visually scanned for epochs with physical movement,
including electrode and eye-movement artifacts. These were manually marked and were
not included in the spectral analysis. The artifact-free data were then digitally filtered with
a 2–50 Hz band pass filter with 48 dB roll off and fast-Fourier-transformed in 2 s epochs.
Absolute power (μV2/Hz) was calculated from 2–50 Hz in alpha, beta, and gamma bands
at the 32 recording sites. Coherence was calculated for the 496 possible combination pairs
of 32 recording sites in the same 3 bands. EEG coherence was taken as the absolute value of
the cross-correlation function in the frequency domain, reflecting the number and strength
of connections between spatially distant brain areas.

The values of broadband frontal coherence, the alpha/beta absolute power ratios from
the CPT-IP, and the CNV difference scores were converted to z-scores and compared to the
values in the normative database from our earlier studies [38,39]. This database included
non-TM, short-term TM, and long-term TM participants. To prevent any subgroup from
having a mean BIS value below zero, a value of 2 was added to the score of each subject.

Final analyses of the three ERP latencies and the BIS values were conducted with an
omnibus MANOVA with age and TM status as between factors. Individual ANOVAs were
used to test individual contrasts. An alpha level of p ≤ 0.05 was adopted for statistical significance.

2.4.4. Hair Steroids

In the statistical analysis of hair steroids, the overall pattern of glucocorticoid data was
similar to that observed in a previous study of 1258 employees of a large German aerospace
company, and a similar statistical approach was used [20]. Both Hair F and Hair E data
were skewed to the positive side. Therefore, data were tested in raw form as well as log10

transformed in parametric analyses. Two subjects with extremely high Hair F values (>3 SD
from the mean) were removed unless otherwise stated. In paired comparisons of TM and
Control groups when the homogeneity of variances assumption was not met, either the
unpaired t-test with separate variance estimates or the non-parametric Mann–Whitney U
test was used. An alpha level of p ≤ 0.05 was adopted for statistical significance.

3. Results

3.1. Comparisons of Gene Expression Using qPCR

Relative expression of 15 genes randomly selected from the 200 DE genes found in
the genome-wide parent study was compared in three groups, namely, the Young Control,
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Old Control, and Old TM groups. Most of the genes (13 of the 15) were up-regulated in the
Old Controls compared to the Young Controls (Figure 1; a positive gene expression ratio
indicates up-regulation relative to the comparison group).

Figure 1. Expression ratio and statistical significance for the qPCR comparison of expression of
15 selected genes in the Old Control group (OC, n = 21) relative to the Young Control group (YC,
n = 19). * p ≤ 0.10; ** p ≤ 0.05.

In contrast, expression of these genes in the Old TM group compared to the Old
Control group (Figure 2) showed that only 1 of the genes (CXCL10) was significantly up-
regulated in the TM group while 7 of 15 were down-regulated (3 significantly, 4 trending).
Six were highly expressed in the Old Control group compared to the Young Control group
and were considered likely age-associated genes. Ct data for subjects in each group are
available in Table S1.

Figure 2. Expression ratio and statistical significance for the qPCR comparison of expression of
15 selected genes in the Old TM group (OTM, n = 23) relative to the Old Control group (OC, n = 21).
(Some of these data appeared in the parent study) [14]. * p ≤ 0.10; ** p ≤ 0.05.

Figure 3 shows the relative expression patterns among the three groups, as indicated
by threshold cycle values (Ct), for the six DE genes that appeared to be age-associated.
Except for SOCS3, expression in the Old TM group was intermediate between that of
the Young Control group and the Old Control group. Expression of SOCS3, ITGB5, and
TAL1 in the Old TM group was statistically the same as in the Young Control group (see
Table 3). Expression of two other genes, ITGB3 and LMNA, in the Old TM group was
significantly higher than in the Young Control group, and expression of ALOX12 trended
higher (Figure 3).
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Figure 3. Comparison of average threshold cycle values (Ct) for 6 genes in the Young Control group
(YC, n = 19), Old TM group (OTM, n = 23), and Old Control group (OC, n = 21).

Table 3. Expression Ratios and p-Values for Possible Anti-Aging Effect on Gene Expression.

Gene
Expression Ratio of Old
Control/Young Control

p-Value
Expression Ratio of Old

Control/Old TM
p-Value

Expression Ratio of
Old TM/Young

Control
p-Value

SOCS3 1.6 0.079 2.15 0.001 1.35 a 0.219

ITGB5 1.56 0.009 1.38 0.022 1.13 0.518

TAL1 1.65 0.006 1.25 0.076 1.33 0.262

ITGB3 2.95 0.001 1.44 0.06 2.05 0.002

LMNA 2.33 0.001 1.3 0.074 1.8 0.009

ALOX12 2.28 0.001 1.33 0.086 1.71 0.074
a Old TM was insignificantly lower than Young Control.

3.2. Comparison of N2, P3a, and P3b Latencies

An omnibus MANOVA conducted with two between factors (Age Group and TM
Status) and N2, P3a, and P3b latencies as variates resulted in highly significant main
effects for both factors, with latencies for the Young Group (collapsing across TM Status)
and the TM Group (collapsing across Age Group) being shorter. The interaction was not
significant (F(3, 61) = 1.151, p = 0.287). Table 2 (in Section 2) lists demographic data of
special importance for EEG data collection. Table 4 presents the N in each group, mean
(SEM) of latencies of the three components, F-statistics, and effect sizes. ERP and BIS data
for each subject are available in Supplementary Information Table S2: Brain Integration
Scale, Grouping Factors, and N2, P3a, and P3b Latencies.

Table 4. Two-Factor MANOVA Comparison of N2, P3a, and P3b Latencies by TM Status and
Age Group.

Comparison N ERP Mean ± SEM (ms) F-Statistic and Effect Size

TM vs. Control

TM 41
N2 226.2 (4.2)

F (3,61) = 4.4, p = 0.007, d = 0.84P3a 322.8 (4.0)
P3b 331.5 (6.0)

Control 42
N2 247.8 (4.9)
P3a 342.6 (7.4)
P3b 361.4 (9.8)
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Table 4. Cont.

Comparison N ERP Mean ± SEM (ms) F-Statistic and Effect Size

Young vs. Old

Young 39
N2 217.7 (4.7)

F (3,62) = 10.9, p < 0.001, d = 0.96P3a 310.4 (4.0)
P3b 331.5 (6.1)

Old 44
N2 256.9 (5.1)
P3a 355.6 (6.5)
P3b 366.3 (8.5)

Figures 4 and 5 show the grand averages ± SD of the ERP recordings for the novel
and oddball stimuli at the appropriate recording sites. Figure 4 shows the tracings for N2
and P3a from novel stimuli. Figure 5 shows the tracings with P3b from oddball stimuli.

Figure 4. ERP Tracings showing N2 and P3a from Novel Stimuli.
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Figure 5. ERP Tracings showing P3b from Oddball Stimuli.

One-way ANOVAs were used to compare the latencies of the three components in
two subgroup comparisons: Old TM vs. Old Control and Old TM vs. Young Control.
Table 5 presents the results of this analysis. The Old TM group had significantly shorter
latencies than those of the Old Control group. The N2 and P3b latencies were not signifi-
cantly different from those of the Young Control group. P3a latencies were shorter in the
Young Control group.

Table 5. Individual Subgroup ANOVAs of N2, P3a, P3b Latencies: Old TM vs. Old Control, and Old
TM vs. Young Control.

N ERP Mean ± SEM (ms) F-Statistic and Effect Size

Old TM vs. Old Control

Old TM 22
N2 244.1 (3.3) F(1,42) = 6.4, p = 0.015, η2 = 0.13
P3a 340.4 (4.9) F(1,37) = 5.5, p = 0.024, η2 = 0.13
P3b 345.8 (6.7) F(1,38) = 5.6, p = 0.023, η2 = 0.13

Old Control 22
N2 269.7 (5.8)
P3a 373.5 (7.3)
P3b 394.5 (11.0)

Old TM vs. Young Control

Old TM 22
N2 244.1 (3.3) F(1,42) = 3.6, p = 0.07, η2 = 0.08
P3a 340.4 (4.9) F(1,40) = 5.4, p = 0.024, η2 = 0.12
P3b 345.8 (6.7) F(1,39) < 1.0, ns, η2 = 0.005

Young Control 22
N2 226.0 (5.6)
P3a 316.0 (4.9)
P3b 339.5 (6.9)

Note: Significant differences are bolded for easy identification. Note 2: η2 stands for eta squared. It is a measure
of effect size that indicates the proportion of variance in a dependent variable that is associated with different
groups. Small effect size is η2 = 0.01, medium effect size is η2 = 0.06, and a large effect size is η2 = 0.14.

3.3. Comparison of BIS Scores

BIS scores were determined for the three groups. Table 6 shows results of the initial
two-factor omnibus ANOVA comparison of scores with the two categorical variables being
TM Status (TM, Control) and Age Group (Young, Old). There were significant group effects
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for higher BIS scores for TM Status, collapsing across Age Group, and the younger group,
collapsing across TM Status. There were no significant interactions. Individual BIS scores
are available in Supplementary Information Table S2: Brain Integration Scale, Grouping
Factors, and N2, P3a, and P3b Latencies.

Table 6. Two-Factor ANOVA Comparison of BIS Scores: TM Status and Age Group.

Comparison N Mean ± SE Significance Test P Value, Effect Size (Eta Squared)

TM Status
F (1,92) = 9.46 <0.001, η2 = 0.11TM 55 4.63 ± 0.226

Control 45 3.62 ± 0.238

Age Group
F (1,92) = 12.81 <0.001, η2 = 0.12Young 52 4.71 ± 0.224

Old 48 3.54 ± 0.240

Table 7 shows the subgroup ANOVA comparisons of BIS scores for the Old TM–Old
Control and the Old TM–Young Control comparisons. As seen in the table, the mean BIS
score for the Old TM group was significantly higher than for the Old Control group and
not significantly different from that of the Young Control group.

Table 7. Individual Subgroup ANOVAs of BIS Scores: Old TM vs. Old Control, and Old TM vs.
Young Control.

N Mean ± SEM F-Statistic and Effect Size (Eta Squared)

Old TM vs. Old Control F (1,46) = 1.9, p = 0.002, η2= 0.19

Old TM 26 4.2 (1.3)
Old Control 22 2.9 (1.4)

Old TM vs. Young Control F (1,47) < 1.0, ns, η2 < 0.001

Old TM 26 4.2 (1.3)
Young Control 23 4.3 (2.0)

Within the separate young and old groups, correlations between BIS and chronological
age were not significant. This can be seen in the long-term Old TM group, for example,
where the small negative correlation between BIS and chronological age was far from
significance: r(26) = −0.065, p = 0.751. In this same subgroup, the correlation of BIS with
months of TM was positive but fell short of significance: r(26) = 0.256, p = 0.207.

Exploratory comparison of ERP latencies and BIS scores for the Young TM versus
the Young Control showed no significant differences between the two younger groups
in ERP latencies (F(3,31) = 1.9, p = 0.15, but the mean BIS score for the Young TM
group (5.3 ± 0.3) was significantly higher than for the Young Control group (4.3 ± 0.4)
(F(1,49) = 4.5, p = 0.038).

3.4. Comparison of Hair Glucocorticoid Concentrations

Hair F values were significantly lower for the combined long-term TM practitioner
subgroups (Total TM group) than for the combined Control subgroups (Total Control
group) and for the Young TM group than for the Young Control group but were not
significantly lower for the Old TM vs. Old Control comparison. The Total TM value was
(M ± SE) 3.22 ± 0.466 pg/mg (min = 0.46, max = 22.3) while that of Total Control was
8.61 ± 2.50 pg/mg (min = 0.60, max = 114.6), tseparate variances (53.5) = 2.132, p < 0.04, Glass’s
delta = 0.30. In the Young TM group, Hair F was 2.88 ± 0.457 pg/mg (min = 0.46, max
= 11.16) while in the Young Control group it was 7.64 ± 2.11 pg/mg (min = 0.60, max
= 42.0), tseparate variances (30.6) = 2.19, p < 0.04, Glass’s delta = 0.42. Hair F in the Old TM
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group was 3.59 ± 0.783 pg/mg, (min = 0.67, max = 22.3), while for the Old Control group
it was 9.88 ± 5.09 pg/mg (min = 0.72, max = 114.6), tseparate variances (22.0) = 1.23, p = 0.23,
Glass’s delta = 0.27. Hair F values (see above) for the Old TM group trended lower than for
the Young Control group, tseparate variances (35.5) = 1.82, p = 0.077, Glass’s delta = 0.36. Data
for individual subjects are shown in Supplementary Information Table S1: Hair Steroids,
Grouping Factors, and Gene Expression Ct Values.

Raw Hair E values did not significantly differ between long-term TM practitioner
groups and the age-matched Control groups. Hair E in the Old TM group was (M ± SE)
8.72 ± 1.33 pg/mg, (min = 1.05, max = 37.08), while for the Old Control group it was
10.11 ± 1.97 pg/mg (min = 0.45, max = 30.06). In the Young TM group, Hair E was
8.36 ± 0.98 pg/mg (min = 1.94, max = 23.2) while in the Young Control group it was
7.71 ± 1.26 pg/mg (min = 1.95, max = 38.64). Hair E values for the young and old
groups combined were: Total TM = 8.56 ± 0.839 pg/mg (min = 1.05, max = 37.1), Total
Control = 8.74 ± 1.12 pg/mg (min = 0.45, max = 38.6).

Because of the enzymatic interconversion (also known as “recycling”) of F and E, we
reasoned that the Hair F/Hair E ratio might more accurately reflect glucocorticoid status
than either steroid alone. Figure 6 shows comparisons of the mean Hair F/Hair E ratios.

Figure 6. Comparison of Hair F/Hair E Ratios in TM and Control Subgroups. Statistical comparisons
were made with the non-parametric Mann–Whitney U test. (A) Old TM vs. Old Control, Z = 2.10,
p < 0.04, Glass’s delta = 0.36; (B) Young TM vs. Young Control, Z = 2.10, p < 0.04, Glass’s delta = 0.41;
(C) Old TM vs. Young Control, Z = 1.77, p < 0.08, Glass’s delta = 0.35; (D) Total TM vs. Total Control,
Z = 2.98, p < 0.003, Glass’s delta = 0.38. Error bars represent SE.

These results for ratio differences were similar to those for Hair F alone, but they
appeared to show more robust differences and gave greater effect sizes. In an attempt to
better understand the quantitative relationship between Hair F and Hair E, we conducted
an analysis of regression of the log10 values of dependent variable Hair F on the explanatory
variable log10 Hair E, examining all cases with no missing data (N = 108, after exclusion
of two subjects with missing values). Figure 7 shows the scatter plot of the data with the
ordinary least squares (OLS) regression line. The estimate of the slope regression coefficient
for the explanatory variable log10 E is 1.2389 (t(106) = 9.56, p < 0.001), with beta coefficient
0.6959. R-square is 0.4631, with adjusted R-square 0.4581, indicating that log10 E explains
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approximately 46% of the variation in log10 F. The analysis was performed with Stata
18 software (StataCorp LLC, College Station, TX, USA, 2023).

 

Figure 7. Scatterplot of Log10 Hair F Values vs. Log10 Hair E Values for all Study Participants.

However, a formal analysis (Doornik–Hansen test) rejected the null hypothesis that
the regression errors are drawn from a normal (Gaussian) distribution (p < 0.001). This
finding violates a key assumption of OLS regression. Formal testing [57] also indicated
violation of the OLS assumption of no heteroskedasticity of the regression errors (p < 0.001).
Heteroskedasticity is defined as non-constant conditional variance of the regression errors
given the predictor variables.

The rejection of normal regression errors and visual inspection of Figure 7 suggest
the possible presence of a few extreme or outlying positive observations. These potential
outliers may simply reflect inherent variability of log10 F or may indicate that at least some
of the outliers are observations drawn from a different data distribution.

Re-analysis after sequential exclusion of 12 positive outliers and 1 negative outlier
by removing observations that were more than 3.5 standard errors from the regression
line yielded a data set that meets all assumptions for OLS regression. After deleting these
postulated outliers, the estimated slope coefficient decreased to 1.0836 (t(94) = 19.750,
p < 0.001). The R-square was 0.9132, with adjusted R-square 0.9012, indicating that log10 E
explained approximately 90% of the variation in log10 F.

To further characterize this high-Hair-F “Positive Outlier” subgroup, comparisons
were made with the remaining “Ordinary” subgroup. Inspection of the raw data confirmed
that all members of the Positive Outlier subgroup showed Hair F/Hair E ratios greater
than 1.0. All members of the Ordinary group showed Hair F/Hair E ratios less than 1.0.

Because this ratio is a measure of the balance between the active glucocorticoid F
and its inactive congener E, we further explored these two groups by comparing their
differences in the main variables using the non-parametric Mann–Whitney U test (see
Table 8). Mean Hair F in the Positive Outlier group was 8.9 times higher than in the
Ordinary group. Mean Hair E in the Positive Outlier group, while numerically 2.3 times
higher than that of the mean for the Ordinary group, was not statistically different. The
Hair F/Hair E ratio showed the greatest difference between groups (12-fold).
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Table 8. Glucocorticoid Comparisons in the Positive Outlier and Ordinary Groups.

Positive Outlier Group
Mean (SE)

Ordinary Group Mean
(SE)

Mann–Whitney Z p-Value

Hair F (pg/mg) 29.6 (9.42) 3.33 (0.383) −4.53 6 × 10 −6

Hair E (pg/mg) 20.57 (9.71) 8.82 (0.727) −0.989 0.32
Hair F/Hair E 4.35 (0.64) 0.361 (0.015) −5.18 <1 × 10 −6

The number of cases falling in the Positive Outlier group differed between TM and
Control subjects. Two of the Old TM cases and none of the Young TM cases were in the
Positive Outlier group. The 10 Control cases in the Positive Outlier group fell equally into
Young Control and Old Control subgroups. Overall, five male and seven female cases fell
into the Positive Outlier group.

In the Ordinary group, Hair F, Hair E, and the Hair F/Hair E ratio were compared
between TM and Control groups. No significant differences in Hair F or Hair E were
found between Total TM and Total Control in the Ordinary group: Hair F: t(94) = 0.631,
p = 0.53; Hair E: t(94) = 0.022, p = 0.98. For the Hair F/Hair E ratio in the Ordinary
group, there was a numerical tendency for lower mean (± SE) in the Total TM subgroup
(0.3399 ± 0.020 pg/mg) compared to the Total Control subgroup (0.3873 ± 0.024 pg/mg),
t(94) = 1.54, p = 0.13.

4. Discussion

The main findings of the study appear to support the stated hypotheses. These
findings are: (relating to hypothesis 1) lower expression of 13 of the 15 selected genes in the
Young Control group than in the Old Control group; lower expression of 7 of these 15 in
the Old TM group than in the Old Control group; identification of specific DE genes that
appear to reflect an anti-aging, anti-stress state in the Old TM group, (relating to hypothesis
2) shorter latencies of N2, P3a, and P3b (indicating higher cognitive processing speed)
and higher BIS score (indicating higher cognitive performance) in the TM groups, and
(relating to hypothesis 3) lower Hair F/Hair E ratio in TM groups in all comparisons of TM
and control, along with lower mean Hair F in three of the four group comparisons. These
outcomes are discussed in detail in the following subsections because of their relevance not
only to effects of this meditation practice but also because they may help lay groundwork
for new biomarkers of stress and aging.

4.1. Aging-Related Differences in Gene Expression

Participants in the present study were more numerous (n = 23 and 21 for the Old TM
and Old Control groups, respectively) and were not as well matched as in the microarray
comparison [14]. Nevertheless, qPCR analysis in this more diverse group generally vali-
dated the microarray findings. Furthermore, in the present analysis, 13 of the 15 genes that
were randomly selected from the DE genes in that microarray also showed an apparent
age-related difference, i.e., all 13 of these genes were more expressed in the Old Control
group vs. the Young Control group. Six of these showed lower expression in the Old TM
group than in the Old Control group, suggesting possible anti-aging and/or anti-stress
effects of long-term meditation practice. Other researchers report that, among the small
percentage of genes that differ with chronologic age, most are overexpressed in older age
groups [58–60]. In one large-scale transcriptomic study, for example, 2% of the probes were
associated with age; 82% of these were overexpressed in the older group [59].
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4.2. Differential Expression of Specific Genes Indicating Anti-Aging and Anti-Stress Effects

The first four of the six genes identified here as reflecting possible anti-aging, anti-stress
effects of TM (SOCS3, ITGB3, ITGB5, LMNA, TAL1, and ALOX12) were also reported by
others to show age-related increases in expression in PBMCs [60]. The following subsections
describe their known functions and other evidence associating them with aging and stress.

4.2.1. SOCS3 Expression—Chronic Stress, Energy Metabolism, and CVD

Among the 15 genes studied, SOCS3 expression provides the clearest links to possible
anti-stress and anti-aging effects. Expression of SOCS3 in the Old TM group was signifi-
cantly down-regulated compared to the Old Control group and somewhat lower compared
to the Young Control group.

Suppressor of cytokine signaling 3 (SOCS3) is a signaling protein induced by pro-
inflammatory cytokines, including IL-6 and IL-10, and is increased in the stress re-
sponse [61]. SOCS3 plays a major role in regulating inflammation and infections [62,63].
SOCS3 also plays a vital role in a complex of energy regulatory mechanisms involving inter-
actions with AMPK, JAK-STAT, and leptin [64]. In both these roles, SOCS3 down-regulation
is consistent with a healthier state.

The SOCS3 effect on AMPK is particularly important. AMPK is an energy-status
sensor for maintaining energy homeostasis [65,66]. Its full activation is prevented by
SOCS3 [64]. Not only does AMPK directly affect energy metabolism through its influence
on oxidative phosphorylation, but it also regulates mitochondrial generation and disposal,
being responsible for ensuring there are enough functional mitochondria for normal energy
metabolism [65]. Elevated level of SOCS3, by inhibiting full activation of AMPK, interferes
with mitochondrial energy metabolism [64]. The parent study [14] provided evidence for
reduced erythropoiesis in a long-term TM group compared with the matched control group,
consistent with reduced or more efficient energy metabolism in the TM group, that could
derive from reduced SOCS3.

Increased level of SOCS3, then, appears to provide a key molecular mechanism linking
chronic stress to reduced mitochondrial function and aging. This is consistent with the
recent recognition of mitochondrial energy metabolism as a key aspect of stress responses
and adaptation [11] and may explain mitochondrial sensitivity to chronic stress. Decreased
mitochondrial number and function due to chronic stress are known to contribute to
aging [67]. In addition, mitochondrial health is sensitive to mood and caregiver stress [68],
an effect modifiable by effective stress-reduction approaches.

A recent study of cellular allostatic load and energy metabolism in fibroblast cell lines
may reinforce this interpretation of the SOCS3 results and also connects importantly with
our results on glucocorticoid activity, i.e., the Hair F/Hair E ratio, in this paper. Bobba-Alves
et al. [12] studied effects of growing fibroblasts in a medium with elevated glucocorticoid
concentrations comparable to those found in an organism with high allostatic load. This
chronic glucocorticoid exposure caused a 60% increase in energy use in the fibroblasts
along with a shift from glycolysis to oxidative phosphorylation. These signs of increased
energy metabolism were accompanied by multiple signs of increased cellular aging [12]. In
the present study, increased systemic glucocorticoid, as reflected by increased Hair F and
increased Hair F/Hair E ratio, provides a parallel situation and probable explanation for
the elevated oxygen demand evidenced in the control group in the parent study [14].

Clinical trials have found TM practice to prevent or reverse insulin resistance [47], a
precursor to diabetes and obesity. Increased SOCS3 level mediates the inhibitory effects
of IL-6 on insulin signaling and glucose metabolism and is documented to lead to insulin
resistance in skeletal muscle, liver, and adipose tissue [64]. Other researchers have verified
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that chronic JAK-STAT3-SOCS3 signaling induced by leptin and IL-6 is implicated in
obesity [69,70], cancer [71], and aging [60,72].

This reduced expression of SOCS3 aligns with other research on effects of the TM
program. Specifically, randomized controlled trials (RCTs) indicate this program re-
duces insulin resistance [47], atherosclerosis [73], other risk factors for CVD (see, for
reviews, [74,75]), and cardiac events [76]. Studies also suggest practice of the technique
has beneficial effects in diabetes [47,77]. Evidence for novel effects of the TM technique on
energy metabolism was among the earliest findings of research on this technique (see, for
review, [78]), and SOCS3 expression provides a possible mechanistic link.

4.2.2. Expression of ITGB5 and ITGB3—Inflammaging, Platelet Aggregation

Two members of the integrin family of genes that were studied in this qPCR analysis
(ITGB5 and ITGB3), and another member (ITGA2B) observed in our microarray compar-
ison [14], were down-regulated in the Old TM group compared with the Old Control
group. The integrin beta 5 (ITGB5) gene product, integrin, is important in platelet aggre-
gation. Its related super-pathways are integrin-mediated cell adhesion and extracellular
matrix–receptor interaction [79,80]. ITGB5 also is associated with extracellular matrix
stiffness, one of the hallmarks of aging [81].

In addition to their adhesive functions, integrins can activate intracellular signaling
pathways that control growth, differentiation, apoptosis, cell motility, cell migration, and
cell survival [79,80,82]. Up-regulation of these genes is associated with increased production
of inflammatory mediators through their roles as signaling molecules (e.g., IL-8 signaling,
tight-junction signaling, and ILK signaling) [60]. Other researchers, studying the up-
regulation of ITGB3 with age, have suggested that the integrin β3 subunit is a marker for
and regulator of cell senescence [83].

Besides inflammation, elevated expression of ITGB genes increases cell-to-cell aggrega-
tion and cell-to-extracellular matrix adhesion. This characteristic can lead to low mobility
of cells in the circulatory system. Increased cell aggregation and adhesion in the blood
contributes to disorders such as atherosclerosis, heart attack, and stroke, which are more
common in old age [84]. Recently, integrins have been mentioned as novel therapeutic
targets for treating cardiovascular disease [85].

4.2.3. TAL1 and ALOX12 Expression—Links to Leukemia, Telomerase Activity, and
Oxidative Stress

Expression levels of TAL1 and ALOX12 were low in the Young Control group and
in the Old TM group but higher in the Old Control group than in either of these. T-cell
acute lymphoblastic leukemia 1 (TAL1, also known as “stem cell leukemia” or SCL) is a
protein-coding gene that encodes a transcription factor regulating both embryonic and adult
hematopoiesis [86]. In human adults, TAL1 is up-regulated in erythropoiesis and down-
modulated in granulopoiesis [87]. Increased level of TAL1 leads to hypersensitivity to
erythropoietin, resulting in excessive erythrocytosis [88], and is the most common molecular
abnormality found in human T-cell leukemia [89,90]. The elevated TAL1 expression found
here in the Old Control group is consistent with the mechanism described previously
(i.e., increased erythropoiesis, see [14]) that may help compensate for the loss of energy
efficiency due to elevated SOCS3. TAL1/SCL is also known to be important in vascular
development and inflammation [91].

The possible anti-aging effect of reduced expression of TAL1 suggested by our data
may also relate in part to the role of TAL1 as a negative regulator of the promoter of hTERT,
the protein subunit of the human telomerase gene. Because increased TAL1 leads to a
decrease in hTERT mRNA abundance and hence to reduced telomerase activity [92], which
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is expected to accelerate aging [93], the relative down-regulation of TAL1 in the TM group
is consistent with an anti-aging effect.

ALOX12 codes for the enzyme arachidonate 12-lipoxygenase, which metabolizes
arachidonic acid to generate potent inflammatory mediators and plays an important role
in inflammation-associated diseases. ALOX12 and inducible nitric oxide synthase (iNOS)
are well-known mediators of inflammation [94] and oxidative stress [95] in advancing age.
Furthermore, ALOX12 has an important function in obesity-related complex phenotypes,
including hypertension [96], atherosclerosis [97], diabetes and insulin secretion [98], and
obesity itself [99].

4.2.4. LMNA Expression—Chromatin Structure and Nuclear Stability

LMNA, coding for the lamin proteins, is involved in nuclear stability and chromatin
structure. Inflammation appears to be a part of the accelerated aging phenotype caused
by LMNA mutations [100]. Additional reports have suggested that reduced LMNA expres-
sion is involved in healthy human aging [101,102]. Others have reported up-regulated
expression of this gene in old age in a large meta-analysis [58] and in a study of PBMCs in
nonagenarians [60].

To summarize the data on reduced gene expression in the TM group, the association
of these six genes with healthy aging through their roles in controlling inflammation,
energy metabolism and mitochondrial function, stability of nuclear DNA, and other key
cell functions is clear. Increased expression of these genes is connected with a number of
age-related diseases. Other transcriptomic studies of PBMCs and muscle are consistent
with our findings concerning the key pathways that increase with age and may reflect a
common aging signature [103]. The age-related down-regulation of adult cell proliferation
pathways, e.g., through TAL1, is a natural strategy to prevent unregulated hematopoietic
cell growth and for maintenance of telomerase activity. A separate study of hypertensive
patients reported that the TM program increased telomerase gene expression [104]. Other
techniques of meditation also may increase telomerase activity [15,105].

It should be noted that in certain tissues other than blood, up-regulation (instead of
the down-regulation found in PBMCs) of one or more of these six genes with age may
represent a healthier state. For example, in brain tissue, integrin signaling (controlled by
ITGB genes) is needed because of its important roles in modulating neuronal survival by
protecting against oxidative stress and apoptosis [106] as well as in neurogenesis, axonal
outgrowth, and axonal pathfinding [107]. Also, continual LMNA expression is needed in
many tissues for the integrity of nuclear DNA [102].

4.2.5. Up-Regulation of CXCL10

The CXCL10 gene codes for C-X-C motif chemokine 10, also known as interferon
gamma-induced protein 10 (IP-10) or small-inducible cytokine B10, a small cytokine be-
longing to the CXC chemokine family. In the current study, it is the one gene up-regulated
in the Old TM group relative to the Old Control group. The significance of this difference is
unclear without more information. Up-regulation of CXCL10, in conjunction with a unique
structural domain, Glu-Leu-Arg, within the protein, can have tumor suppressor and tissue
repair roles rather than pro-inflammatory and tumorigenic roles. This unique structural
domain allows it to attenuate angiogenesis and have anti-tumor action [108]. An in vitro
study found that a considerably higher concentration of the specific variant of CXCL10 with
this structural domain is required to exhibit anti-inflammatory and anti-tumor actions [109].
If this variant is present in the older TM group, then the up-regulation of CXCL10 would
have tumor suppressor actions. Further studies are required.
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4.3. Latency of N2, P3a, and P3b

Our data indicate that the N2, P3a, and P3b latencies for the Young TM and Young
Control collapsed together were shorter than for the Old TM and Old Control subjects
collapsed together. This is consistent with a major association of latency with age. Further,
the N2 and the P3b latencies of the Old TM group were not significantly different than
those in the Young Control and significantly shorter than those in the Old Control subjects,
consistent with possible anti-aging effect of this meditation technique.

N2, P3a, and P3b latencies index different steps of cognitive processing. The N2
component indexes response inhibition during stimulus evaluation—irrelevant stimuli are
dampened so that the object in attention can be processed [110]. The P3a originates from
stimulus-driven disruption of frontal attention engagement during task processing [111];
this occurred in this study when the novel white noise stimulus interrupted the counting
task. The P3b originates when parietal mechanisms take the result from the stimulus
evaluation processes and update the context [112]; this occurred in this study when subjects
updated the mental sum of the number of oddball stimuli they saw. These three components
contribute to the relative timing of cognitive processing [113].

These findings of the effect of age on N2, P3a, and P3b latencies are consistent with
results of other studies and with our gene expression data. For example, the oxidative
stress-related gene ALOX12 is down-regulated in the Old TM group; oxidative stress as well
as ALOX12 are associated with reduced cerebral cortical thickness [114]. These findings
are also consistent with shorter P3 latencies in both auditory and visual oddball tests for
long-term meditation practitioners compared to non-practitioner controls [115,116].

The latency of these components gives a cortical index of the maintenance of a more
youthful cognitive processing speed with aging. Further supporting this evidence of
improved cognitive function in the TM group, a random-assignment, prospective study
on aging in individuals in their 80s under residential care found marked improvements
in several measures of cognitive function as well as in longevity after beginning TM
practice [117].

4.4. BIS Score

The BIS scores in the Old TM group were significantly higher than those in the Old
Control subjects and not significantly different than those in the Young Control subjects.
This suggests that Transcendental Meditation practice may help to maintain higher levels
of brain integration as we age.

Previous studies of BIS support the significance of BIS scores for cognitive function.
Groups of non-meditators at different levels of achievement exhibited higher BIS scores in
mid-level managers [41] and in winning athletes [40] relative to those who seldom placed
at the top. In other studies, the BIS was found to correlate positively with moral reasoning,
inner directedness, and emotional stability and to correlate negatively with anxiety [118].
Prospective, randomized, controlled trials provide direct evidence that introducing TM
practice into one’s daily routine can increase BIS scores after as few as 10 weeks of 20 min
twice-daily practice [39,119]. Higher BIS scores, along with shorter N2, P3a, and P3b
latencies, support the possibility that TM practice leads to a more youthful state of brain
function into older chronological age.

4.5. Hair Glucocorticoid Concentrations

Hair F/Hair E ratios were significantly higher in controls in all comparisons of control
subgroups with TM subgroups. Hair F alone also was higher in all control subgroup com-
parisons except for the Old Control vs. Old TM subgroup, which fell short of significance.
Close examination of the hair steroid results revealed that most of the difference between
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TM and Control groups was due to a small subgroup with extremely high Hair F and Hair
F/Hair E ratio. This “Positive Outlier” subgroup represented 19% of all control subjects
but only 3.6% of TM subjects. It was characterized by a 12-fold higher F/E ratio than the
remaining “Ordinary” subgroup. All members of this Positive Outlier subgroup showed
F/E ratios less than 1.0 (mean, 0.36). The mean ratio for the Ordinary subgroup was 4.4,
suggesting that if part of the body’s F comes from a pool of E, as suggested by others [45,46],
then this pool is greatly reduced in the high-Hair-F, Positive Outlier subgroup and might
represent a suboptimal reserve for normal HPA axis function.

Previous studies in blood have reported that F levels are reduced both acutely dur-
ing an individual TM practice session [120] and chronically, in a prospective, random
assignment, active-control study of male medical students after 4 months of twice-daily
practice of TM [18]. More relevant to the current study, lower urinary excretion rates
of F were found in a previous study of long-term (avg. 8.5 y) TM-practitioner college
students compared with non-meditating controls [16]. That study also reported evidence
for two classes of F excreters. The excessively high-F class, termed the “sodium-loaders”,
showed markedly higher urinary excretion rates of not only F but also sodium, other
minerals, and (during waking hours) vanillylmandelic acid (VMA), a metabolite of nore-
pinephrine and epinephrine, than did the remaining controls or the TM group. These
extra-high-F controls also showed a higher waking/sleeping ratio of F excretion. Excretion
rates of aldosterone and dehydroepiandrosterone sulfate (DS), the other steroids measured,
were not different between sodium-loaders and the remaining control subjects.

None of these other measures were examined in the present study, leaving uncertainty
as to whether the high Hair F Outlier group observed here is comparable to the high-F
subgroup in that study, which represented 33% of controls (vs. 0% in the TM group). It
may be noteworthy that an exploratory aspect of the large hair steroid study involving
1258 factory employees, mentioned earlier, identified a subclass with extra-high Hair F that
represented 16.6% of the total [20], possibly matching the Positive Outlier group in the
current study.

It is unknown whether the observed high-Hair-F subgroup reflects genuine variability
in long-term systemic F secretion not captured by Hair E or, alternatively, arises from
differences in local enzymatic conversion of F to E in the hair follicle, as suggested previ-
ously [20]. However, more recent studies have directly shown cycling between F and E
on the systemic level. For example, studies using pulses of F and E that were deuterium
labeled in different carbon atoms, allowing the cycling rates between F and E to be directly
determined, showed that not only does cycling between F and E occur within specific
organs and tissues but also on a whole-body level under conditions such as hyperinsuline-
mia and therapeutic steroid administration [45,46]. In the current study, the large (12-fold)
difference in Hair F/Hair E ratio between the Outlier and Ordinary groups suggests the
possibility of different states of glucocorticoid regulation, perhaps different set-points in
the balance between the active and inactive forms. Large shifts of the F/E ratio occur in the
adrenal glands because this is where most circulating catabolic steroids (glucocorticoids) as
well as anabolic steroids (e.g., DHEA) are synthesized [121]. The F/E ratio should serve as
a better indicator of the balance of F and E than the concentration of either F or E alone. The
possibility that a subgroup of individuals with high Hair F and high Hair F/Hair E ratio
may reflect a distinctive allostatic load or overload condition deserves further investigation.

4.6. Glucocorticoid Activity, Allostatic Load, and Energy Usage

Our initial transcriptional comparison of long-term TM practitioners and matched
controls found evidence consistent with lower allostatic load and lower, or more efficient,
energy consumption [14]. The present results support these findings. Not only was
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SOCS3, whose product is known to suppress full activation of the energy regulator AMPK,
confirmed to be less expressed in the Old TM group but the Hair F/Hair E ratio was lower
as well, suggesting lower persistent glucocorticoid activity. This may relate to the recent
study of energy use in cultured fibroblasts, mentioned earlier, which showed that cortisol
in the culture medium increased energy usage [12]. The authors viewed this system as an
example of “cellular allostatic load” and reported that fibroblasts cultured in the presence
of cortisol also had a lower Hayflick limit, i.e., more rapid aging. The authors concluded
that cellular allostatic load increases energy consumption and contributes to more rapid
aging [12]. This finding, along with other research, has led to a “brain–body energy
conservation” model of aging [122]. This model is consistent with other research indicating
that biological age undergoes a rapid increase in response to diverse forms of stress but
that this change in biological age is reversed following recovery from stress [123]. The
transcriptional part of our study was conducted in blood cells (PBMCs) which, according
to the hair steroid results, likely experienced chronically elevated levels of cortisol, making
the comparison with this study of fibroblasts in culture a reasonable one.

Other evidence that TM practice is capable of reversing allostatic load or overload
comes from studies of post-traumatic stress disorder (PTSD). A systematic review and
meta-analysis of 61 studies using meditation techniques to treat PTSD reports that all
four categories of techniques that have been studied produced significant benefits [124].
Analysis of the 16 studies employing TM found this technique to have a large effect size
(Hedges’s g = −1.13) in reducing PTSD symptoms compared to moderate effect sizes with
the three other types of meditation.

Finally, another recent article highlights the central but complex role of glucocorticoids
in adaptation to stress and discusses the possibility of reversing the long-lasting effects
of allostatic load contributing to disease and aging [125]. The authors elaborate on the
role of the two receptors for glucocorticoids—GR and MR—in the brain and how their
sequence, level, and duration of activation appear to underlie physiological, psychological,
and behavioral effects, including effects on cognitive functions. These observations do not
contradict the notion of age reversal by correcting effects of stress, alluded to in an earlier
paragraph, and may help to understand the wide range of effects observed.

4.7. Limitations

This study lacked a suitable placebo, i.e., an active-control condition, for either the
12-year, Young-TM or the 40-year, Old-TM group. The study also was conducted at a
single research site and at a single time point, i.e., without a baseline or known challenge
condition. Further, the number of participants was relatively small and group sizes were
sometimes unequal. Restricted resources prevented transcriptional analysis in the Young
TM group. Where differences in paired outcomes were observed, these design features
limit causal inferences. It is primarily the result of pre-existing, short-term RCTs of TM in
the areas studied that, when coupled with the present results, provide a basis for proposing
a causal role of long-term meditation practice.

5. Summary and Conclusions

The main findings of this study are consistent with the role of meditation in reducing
effects of stress and aging. These are: (1) reduced expression of specific aging-related genes,
including SOCS3, importantly related to stress and energy metabolism; (2) benefits for
cognitive functions that decline with age; (3) reduced level of the Hair F/Hair E ratio and
Hair F in the Young TM and the Old TM subgroups, suggesting more optimal and more
stable HPA axis regulation. The prior existence of short-term RCTs and other studies whose
results align with the present observations make a causal role for meditation likely.
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These results, when combined with other evidence from the parent study (see [14,22]),
are consistent with the conclusion that long-term practice of TM technologies can reduce
or reverse allostatic load. This conclusion is supported by other studies, such as those
on their efficacy in treating PTSD [124]. It is also consistent with results from a study in
fibroblasts in which cellular allostatic load produced by elevated glucocorticoid level was
found to cause a shift from glycolysis to oxidative phosphorylation as the main energy
supply [12]. Early research on TM indicates it may foster the reverse shift, i.e., from
oxidative phosphorylation to glycolysis during meditation (see, for review, [78]). Results in
the parent study suggest that such a shift may pertain outside of meditation as well. From
this knowledge and the known ability of SOCS3 to reduce the activity of AMPK [64], a key
regulator of mitochondrial energy metabolism [65,66], a deeper understanding of the role
of energetics in the benefits of meditation may be emerging [13,126].
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Abstract: Perception alone can, in some cases, be sufficient to modulate aging and longevity.
These influences on aging are perhaps mediated by changes in motivational states that
regulate metabolism and physiology to impact health. Simple invertebrate models uniquely
enable detailed dissection of integrative pathways linking perceptions to aging and remain
the leading systems for advancing this field. Over the past 25 years, studies using the fruit
fly Drosophila melanogaster and the nematode Caenorhabditis elegans have demonstrated that
sensory cues, such as those related to food or mating, can influence aging independently of
the physical acts associated with them. In this review, we highlight recent advancements
in these invertebrate models, focusing on two key areas of progress: (i) the discovery of
lifespan modulation driven by novel sensory cues across multiple modalities, including
non-sexual social experience, light, and dietary choices; and (ii) the assignment of new
aging-regulation functions to specific neurons downstream of sensory perception. The
latter offers an exciting first glimpse at the neuronal circuits integrating sensory cues,
motivational states, physiology, and aging.

Keywords: perception; longevity; lifespan; life history theory; Drosophila melanogaster;
Caenorhabditis elegans

1. Introduction

According to life history theory, the rate of aging can be modified by the division
of scarce resources between short-term and long-term reproduction—the latter including
somatic maintenance and behaviors that tend to increase long-term survival. Part of this di-
vision, and therefore, the rate of aging, is set genetically, but another part can be modulated
in real time by the organism in response to environmental conditions [1–4]. Perhaps the
most well-studied manifestation of this phenomenon is the promotion of reproductive in-
vestments by dietary resources—particularly total calories and protein—and the converse
promotion of longevity by food or protein scarcity—although there has been debate over
whether and to what extent longevity gains “must” be traded off with worse reproductive
or other types of performance [5,6].

As the organism itself can change its physiology to prioritize either short-term repro-
duction or longevity, chronic sensory perceptions and associated motivational states can
powerfully influence the rate of aging. Somewhat counterintuitively, this subject is most
well-documented in comparatively simple invertebrate models—the nematode Caenorhab-
ditis elegans and the fruit fly Drosophila melanogaster. Sensory systems that detect specific
environmental cues have been shown to regulate physiology and longevity through neuro-
signaling pathways in these species [1–4]. While this biology of aging is well-documented,
the precise mechanisms underlying these processes remain poorly understood.
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In this mini-review, we examine recent findings on the perceptive regulation of
longevity, focusing on (i) critically evaluating the evidence that perception truly medi-
ates at least part of a reported longevity phenotype, especially for newly reported sensory
modalities, (ii) highlighting newly discovered mechanisms and pathways, and (iii) dis-
cussing the implications of these findings for classical and evolutionary theories of aging.
Aging is a deeply studied research topic, and we limit the scope of our discussion only
to longevity phenotypes that may be attributed to “external” perceptual cues such as via
olfaction, gustation, vision, and somatosensation.

2. Dietary Cues

Food-Related Cues and Dietary Restriction

Diet is one of the most well-studied variables that influences aging. In particular,
dietary restriction (DR)—defined as the restriction of nutrient ingestion to the minimum
necessary to prevent malnutrition—is known to extend lifespan in multiple animal mod-
els [7]. Studies in D. melanogaster and C. elegans produced some of the earliest evidence that
diet-related sensations can modulate the rate of aging [8–10].

One such piece of evidence was the finding that exposure to food odors alone is suffi-
cient to abrogate the pro-longevity effect of DR in D. melanogaster [11] and C. elegans [12].
In C. elegans, two recent studies have delineated the neural pathways responsible in re-
markable detail [13,14], though with some unresolved differences. Food odorants partially
abrogate the effect of DR via a neural circuit involving serotonergic olfactory neurons and
downstream dopaminergic and octopaminergic neurons, which ultimately regulate intesti-
nal expression of either the energy sensor adenosine monophosphate-activated protein
kinase (AMPK) [13] or flavin-containing monooxygenase 2 (FMO-2) [14]. Commonalities
and discrepancies between the models proposed by the two studies are noted in Figure 1.

Beyond chemosensation, food-related tactile stimuli also regulate lifespan. In C.
elegans, dopaminergic neurons innervate the epidermis with mechanosensitive cilia, which
are sensitive to the light tactile stimuli produced by encountering bacteria, their main
food source. Activation of these neurons by tactile stimuli putatively induces dopamine
release, which inhibits locomotion (the “slowing response” to touched food), presumably to
facilitate feeding [15]. A recent study reported that this type of tactile stimulation partially
abrogates the pro-longevity effect of dietary restriction by impairing DR-induced changes
in insulin and FMO-2 signaling [16]. Thus, both chemosensory and mechanosensory
perception of food (or lack thereof) are critical for DR lifespan phenotypes in C. elegans.

In line with the unique roles of various nutrients in modulating lifespan and phys-
iology, the perception of different nutrients may likewise have distinct effects. In D.
melanogaster, we and colleagues found that merely segregating the primary carbohydrate
(sucrose) and protein (yeast) sources into separate portions (termed the “choice” paradigm)
can either dramatically [17–19] or moderately [20] reduce lifespan, though with sex dif-
ferences. Furthermore, there is evidence that differential positioning of the nutrients can
reverse the direction of the effect [21], though this requires validation in a well-controlled
environment. Strilbytska and colleagues suggest that flies choosing their own diet may
live shorter because of differences in nutrient intake, specifically an increase in consumed
protein, which was argued to reflect a fitness-maximizing investment in reproduction
at the expense of optimal longevity [20,22]. In contrast, our group’s data suggest that
nutrient intake alone does not fully account for the observed effects and that feeding and
longevity phenotypes can be uncoupled, suggesting instead that some aspect of nutrient
perception in the choice paradigm may shorten lifespan [19]. Nevertheless, discrepancies
in measured food intake across these two research groups (perhaps due to differences
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in the time allowed for the consumption assay) constitute an unresolved issue for future
investigation.

Figure 1. Neural circuits linking food cues and longevity in C. elegans. (A). Circuit by which food
odorant information regulates FMO-2 and/or AMPK activity to abrogate the pro-longevity effect
of DR. Pathway components suggested by Zhang et al. [13] are shown in green, while components
suggested by Miller et al. [14] are shown in red, and common components are shown in yellow.
*** Note that conflicting evidence was presented on whether NSM neurons respond to food odors.
(B). Summary of the circuit delineated by Kitto et al. [16]. Created in BioRender. Lyu, Y. (2025)
https://BioRender.com/k57e037 (accessed on 1 January, 2025).

Shortened lifespan on the choice diet requires neuronal expression of the type 2A
serotonin receptor (5-HT2A) [19], and there is preliminary evidence that 5-HT2B plays a
similar role [23] (unpublished). However, the identity of the serotonergic neurons and
their downstream, 5-HT2R - expressing partners within the Drosophila nervous system
that regulate aging in response to choice remain unknown. 5-HT2Rs are expressed by “F
cells”, neurons that innervate the fan-shaped body, a brain region that receives serotonergic
input [24] and is involved in nutrient valence and feeding choice [25,26]. They are also
expressed in the olfactory system [27], and the Drosophila sensory integration center known
as the Ellipsoid Body, which is known to regulate longevity in response to externally
perceived cues [28].

Additionally, both 5-HT2Rs are expressed in median neurosecretory cells that produce
Drosophila insulin-like peptides 2, 3, and 5, known as insulin-producing cells (IPCs) [29].
An important advance in the perception–metabolism relationship was recently provided by
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Yao and Scott [30], who demonstrated that IPCs receive serotonergic input via 5-HT2A from
second-order sweet-sensing neurons. Because sweet-sensing gustatory receptor neurons
scale their sensitivity to sucrose according to the magnitude of previous chronic sweet
taste [31], the serotonergic input to IPCs could conceivably be altered by the chronic
consumption of unmixed sucrose in the choice paradigm.

Despite pan-neuronal 5-HT2A knockdown being sufficient to abrogate the choice
phenotype [19], it is possible that it is not an example of aging regulation by external
cues per se, but instead that nutrient separation results in shorter lifespan by affecting gut
motility, nutrient absorption, and/or gut-derived endocrine signals, consilient with the
mammalian role of serotonin in gut peristalsis and nutrient sensing [32,33]. Transcriptomic
studies suggest 5-HT2B is, in fact, expressed in D. melanogaster enteroendocrine cells
(EECs) [34]. D. melanogaster EECs also express canonical neuronal markers and gustatory
receptors, and are known to regulate longevity in response to the gut’s nutrient contents
via neuropeptide F (the Drosophila homolog of mammalian neuropeptide Y) signaling to
insulin-secreting neurons, ultimately regulating circulating levels of juvenile hormone
titer [35]. However, whether the choice phenotype is attributable to adult serotonergic
signaling to EECs or other intestinal cells remains to be directly addressed.

How generalizable or translatable is the regulation of lifespan by dietary choice? In
humans, dietary choice is the norm, and an emerging market of meal-replacement products
(MRPs) is the closest analog to laboratory “fixed” diets. MRPs are known to be effective
temporary regimes for achieving weight loss and ameliorating metabolic syndrome [36,37],
but long-term use by healthy individuals is not well-studied. Additional research on
longevity benefits and the mechanisms behind them in invertebrates, future research in
mammalian models, and additional research on long-term usage in humans, would greatly
inform the scientific understanding of their true potential as a longevity intervention, and
may conceivably justify more widespread adoption of MRPs for general health across the
lifespan rather than solely as a weight loss intervention.

3. Social Cues

3.1. Mating-Related Cues

Various aspects of the social environment are known to influence longevity in D.
melanogaster and other “non-social” invertebrates [5,38,39]. We focus here on the “external”
cue of sex pheromones rather than mating itself and downstream “internal” pathways
such as the Drosophila Sex Peptide pathway, which have been extensively discussed else-
where [40].

In C. elegans, exposure to male-secreted ascaroside pheromones shortens lifespan of
hermaphrodites [41,42] and is especially toxic to other males, although the latter appears
to be true only in androdecious species (males and hermaphrodites instead of males and
females), possibly as a mechanism to regulate the population sex ratio. Masculinization
of the hermaphrodite nervous system is sufficient to sensitize them [43]. The pheromone
nacq#1 is synthesized and secreted disproportionately by males, starting at sexual maturity.
Nacq#1 is perceived by chemosensory neurons in hermaphrodites, and promotes increased
fecundity and reduced lifespan—thus constituting a clear example of a signal of mating
opportunity modifying the allocation of resources between reproduction and longevity [44].

In male D. melanogaster, exposure to females reduces longevity, and to a greater de-
gree, if it is not followed by mating, which was initially interpreted to reflect a cost of
courtship [45]. However, the cost of female pheromone exposure—which also includes
reduced triglyceride stores and increased sensitivity to starvation and oxidative stress—can
be partially rescued by allowing exposed males to mate either with wild-type [46] or
pheromone-masculinized females [47]. Stress and lifespan effects are mediated by neu-
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ropeptide F signaling downstream of pickpocket 23-expressing chemosensory foreleg
neurons, as well as by insulin-independent changes in Drosophila Forkhead Box O (dFOXO)
activity and can be modulated by chronic excitation/inhibition of neurons that express the
fly homolog of gonadotropin-releasing hormone, Corazonin. Importantly, neither wing
damage (suggestive of male-male aggression) nor time spent courting were decreased in
males that were exposed but allowed to mate, thus failing to explain the partial rescue of
lifespan [47]. These results suggest that in male D. melanogaster, the perception of unsatis-
fied mating opportunities via female pheromone exposure causes physiological stress and
shortens lifespan, while actual reproductive resource investments (mating behavior and
seminal fluid production) may be largely benign if uncoupled from this stressor.

A recent report provided additional evidence that these stresses are imposed by the
nervous system by attributing them to the disinhibition of neuropeptide F target neu-
rons [48]. Additionally, the Drosophila homolog of Cholecystokinin (CCK)—Drosulfakinin
(DSK)—which is released from a broad set of central neurons including but not limited to
IPCs—encodes reward and rescues the effect of female pheromones on lifespan [49]. Inter-
estingly, short-term female pheromone exposure increases subsequent male reproductive
competitiveness in mixed-sex housing, suggesting that the costs of exposure are trade-
offs for improved fitness [50]. In contrast, the physiological consequences of long-term
exposure—if not paired with mating—accentuate the effect of sexual selection by imposing
additional fitness costs on unsuccessful males [51].

Thus, female pheromones rather than courtship costs appear to mediate the health
effects of female exposure. Pheromones initiate a neuronal response that begins in periph-
eral chemosensory neurons and likely involves NPF, Corazonin, and DSK signaling, but
how pheromone information streams are ultimately integrated into the central brain and
affected by these neuropeptides at the circuit level remains unclear.

To what extent are the results in invertebrates extendable to mammals? In mice,
neither male nor female odorants affect male lifespan [52], although the presence of female
odorants does shorten lifespan when paired with access to additional, different females [53],
perhaps reflecting a dosage effect. While mating and/or courtship shorten female lifespan
compared to housing with another female [54], exposure to male pheromones does not
shorten female lifespan more than living alone [52]. Thus, in “normal” living conditions,
opposite-sex pheromones do not have strong effects on lifespan in the mouse, though
negative effects on male lifespan reminiscent of invertebrate findings may be present under
certain conditions.

3.2. Other Social Cues

We have discussed opposite-sex pheromone effects on longevity, but does perceiving
same-sex animals also affect health and longevity? In D. melanogaster, social isolation is
known to extend lifespan compared to co-housing with same-sex vial-mates [55–58]. In
males, this was presumed to result from sperm competition costs. Male D. melanogaster
react to perceived sperm competition by increasing mating duration [59]. However, it
was recently shown that while this behavioral change requires auditory and/or olfactory
cues from the rival, they are dispensable for the decrease in lifespan [60]. It should be
noted that previously discussed pheromone exposure paradigms compared focal flies to
others living in different social environments, but none were alone. Thus, it is possible
that isolation extends lifespan by a completely different mechanism (such as increased
resource availability) than the relative pro and anti-longevity effects of pheromones from
different conspecifics.

Aside from sex, two recent studies have analyzed longevity as a function of conspecific
age. Longevity and multiple aspects of health are improved or worsened by co-housing
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with younger or older same-sex conspecifics, respectively. Co-housing with older con-
specifics also decreases resistance to a variety of stresses, though not in all genotypes [61],
while the opposite is true in the presence of younger conspecifics [62].

A key question is: What is the mechanism by which conspecifics influence longevity,
and to what extent does it involve solely perception? Pheromones from young vial-mates
seem to be responsible for extending lifespan, as mutating chemosensory genes in aged flies,
or preventing cuticular hydrocarbon (pheromone) production in young flies, both abrogate
the pro-longevity effect of young vial-mates [62]. Despite the practice of transferring flies to
fresh food every 2–3 days, the fact that Drosophila cultures contain a shared food substrate
highlights the importance of thoroughly disentangling perceptual or social effects from the
transmission of biological factors through feeding. Importantly, a prior study observed
that health and longevity improvements can be conferred to otherwise short-lived Cu/Zn
superoxide dismutase mutants simply by cohousing with healthier wild-type flies, but
pre-exposing the food medium to healthy flies before administering to mutants was not
sufficient, validating that transmission of biological factors through food is not necessarily
sufficient to explain a robust impact of cohousing on health and aging in fruit flies [63].
Future research could fortify this interpretation by allowing visual and olfactory interaction
between separately housed flies.

In summary, co-housing flies with old or young conspecifics exerts largely opposite
effects on health and longevity, which may be caused by chemosensory cues rather than
transmission of biological factors through shared food. These experiments suggest that,
even in non-social insects, social environment may influence health and aging. In contrast,
the case for social effects on aging in the context of male–male cohousing (vs isolation) is
less strong.

In mice, similar findings on the beneficial effects of younger or healthier conspecifics
to the immune function and longevity of otherwise “prematurely aging” individuals have
been reported [64], as well as in a Huntington’s Disease model [65,66]. Like in flies, the
effect of social interaction, per se, is not clearly distinguished from other consequences of
cohabitation, and may, for example, be attributable to differences in shared nest quality [65]
or transference of microbiota [64].

4. Stress Perception

As stressors in the environment may directly impact an animal’s future fitness, they
constitute an important class of signals informing the allocation of resources toward differ-
ent life history traits. In D. melanogaster, exposure to dead conspecifics shortens lifespan via
serotonin receptor 2A (5-HT2A). Unlike “necromone”-mediated behavioral responses in
social insects [67], this longevity phenotype depends on sight, as exposure in the dark or in
visually impaired mutants fails to reduce lifespan. The initial study that characterized this
effect reported metabolomic changes in death-exposed flies, which the authors tentatively
attributed to a depression or anxiety-like state [68], but the mechanism by which death
perception shortens lifespan and its evolutionary significance was otherwise unknown.

The terminal investment hypothesis posits that reproductive effort is inversely related
to residual reproductive opportunity [69]. One implication of this idea is that investment in
reproduction should plastically respond to changes in environmental conditions that may
signal changes in long-term survival prospects. Consistent with this hypothesis, female
flies exposed to dead conspecifics display a greater reproductive rate during the exposure
period, and this effect can be rapidly reversed upon removal of dead flies [70]. Of note,
after measuring fecundity, Corbel and Carazo [70] subsequently tracked longevity, and did
not observe shorter lifespan in death-exposed female flies. However, they note that their
experimental paradigm only exposed flies to dead conspecifics in early adulthood rather
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than the whole lifespan. Thus, both studies [68,70] are consistent with death perception
acutely shifting organismal resource allocation toward immediate reproduction at the
expense of somatic maintenance.

Recently, additional insights have also emerged about the neural signals that mediate
health changes in the death perception paradigm. The Drosophila Ellipsoid Body is a major
sensory integration center within the fly brain and is organized in concentric rings of
neuropil. The sight of dead conspecifics activates 5-HT2A+ neurons that innervate layers
R2, R4d, and R4m. Subsequently, the expression of Drosophila insulin-like peptide 3 (dilp
3) is increased in the IPCs [28]. Thus, the perception of dead conspecifics likely alters
organismal insulin signaling, but how Ellipsoid Body neuron activity is connected to IPCs
and regulates Dilp production and/or release is not yet clear.

Like Drosophila, C. elegans display shortened lifespan and an increase in egg-laying
rate after exposure to dead conspecifics. Unlike Drosophila, C. elegans avoid the corpses of
conspecifics (Drosophila avoid death-exposed living flies but not corpses themselves [68]).
Both the behavioral and longevity phenotypes of C. elegans require the function of two
olfactory neurons, AWB and ASH, and the detection of the “death signatures” adenosine
monophosphate and cysteine rather than visual input, while serotonin signaling is dispens-
able [71]. Thus, while the perception of dead conspecifics consistently drives a terminal
investment phenotype of increased reproductive rate concomitant with reduced lifespan,
these effects are mediated by different sensory and neurotransmitter systems.

While death exposure seems to reduce lifespan via the promotion of terminal in-
vestment, exposure to other stressors can regulate physiology and aging through other
mechanisms. In C. elegans, olfactory neurons detect volatiles from pathogenic bacteria
and initiate the unfolded protein response (UPR) in the intestines, likely to anticipate pro-
teotoxicity challenges associated with infection. UPR activation depends on cue detection
by odorant receptor 3 (ODR-3) and not on an immune response. Chronic exposure and
activation of this pathway extend lifespan [72]. In contrast, the regular application of an
alarming vibratory stimuli to induce a “flight response” reduces longevity when applied
over the lifetime, and transient stimulation worsens subsequent resistance to oxidative
stress. These effects are mediated by a neural circuit connecting mechanosensory neurons to
tyraminergic RIM neurons, which signal to the intestine to promote insulin signaling, likely
promoting the fulfillment of the energetic demands of the flight response while simultane-
ously inhibiting cytoprotective pathways [73]. In summary, stressor-related perception can
have opposite effects on longevity, likely reflecting different organismal response strategies
(i.e., terminal investment, stress anticipatory responses, and fight-or-flight stress responses).

5. Light

Light exposure has well-established negative effects on invertebrate longevity [74–76],
particularly via short (blue/ultraviolet) wavelength-induced photooxidative stress and
DNA damage [77]. In D. melanogaster, lifespan-shortening effects of blue light are not
dependent on vision [74], and studies of “stress response” mutants such as superoxide
dismutase and sirtuins established that the deleterious effects of light on fly lifespan are
attributable to oxidative stress and DNA damage [78]. It is also well-established that
light, particularly blue light, is the primary external cue for the entrainment of organis-
mal circadian rhythms in physiology and behavior. Circadian rhythms are driven by an
endogenous, cell-autonomous molecular “clock” consisting of a transcription-translation
feedback loop of core clock proteins. The phase of the clock is shifted by light exposure [79],
and there is evidence that chronic light disruption of circadian rhythms is also harmful
(the “circadian resonance” hypothesis) [80,81]. Although discussions of phototoxicity and
circadian resonance are outside the scope of this review, a pertinent question is whether
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there exist any health and longevity effects of light perception or the exercise of vision that
can be disentangled from radiative damage and circadian dysregulation.

Two recent studies dissected the effects of monochromatic light on fly lifespan, but
obtained different results. In one, daily 12 h exposure to green light extended D. melanogaster
lifespan even compared to constant darkness. However, the effect was stronger in the w1118

mutant, which lacks eye pigment, and was abrogated by lacing the food with the antibiotic
doxycycline, therefore pointing to microbiota and not visual perception as mediators of
green light-induced longevity [82]. In contrast, Krittika and Yadav [83], observed the
longest lifespan in darkness and progressively decreasing lifespan with 12 h exposure
to monochromatic light of decreasing wavelengths, consistent with the notion of direct,
wavelength-dependent phototoxicity [83]. Thus, neither study provided evidence that
monochromatic light exerts any effect on longevity via a perceptual circuit, and indeed,
they obtained contradictory evidence on the effect of green light. Both studies are instead
consistent with phototoxicity being the primary driver of effects on health and aging.

Consistent with a previous report [84], a recent study observed an extension of D.
melanogaster lifespans in constant darkness [85]. However, a surprisingly shorter lifespan
could be recapitulated by the daily activation of Rh1-expressing photoreceptor neurons
to mimic the rhythmic perception of blue light in constant darkness. Circadian rhythm
mutants still displayed an extended lifespan in constant darkness, and genetic ablation
of the eyes abrogated the effect of light on lifespan. The former shows the independence
of the phenotype to circadian rhythms, and the latter to direct phototoxic effects of light.
While it is not disputed that at higher light intensities, known phototoxic effects likely
dominate, these results nevertheless suggest the existence of uncharacterized pathways
linking photoreceptor neuron activity to physiology and aging [85]. Interestingly, it has
been argued based on dFOXO mutant research that reduced insulin signaling and increased
dFOXO activity occur in constant darkness, and that upregulated dFOXO activity is re-
quired for the resulting extension of lifespan [78]. As D. melanogaster insulin is released
from brain neuroendocrine cells, this hints that the nervous system may regulate a repro-
duction/longevity trade-off in response to light levels. Directly investigating a potential
link between visual exercise and dFOXO should be a goal of future research in this field.

There is evidence that non-circadian, neuronal pathways regulate physiology in re-
sponse to light in mammals as well as flies, but not in a manner necessarily involving
image-forming pathways. In mammals, intrinsically photosensitive retinal ganglion cell
(ipRGC) innervation of the suprachiasmatic nucleus (SCN) is the canonical pathway by
which light exerts circadian modulation on physiology and behavior. While many non-
circadian effects of light on mammalian physiology have been reported (reviewed in [86]),
they are mediated either by direct effects on peripheral tissues (such as brown adipose
tissue and epidermis) via endogenously expressed opsins, or via non-visual detection by
ipRGCs. For example, it was reported that acute thermoregulatory and sleep responses to
light in the mouse are mediated by a subset of ipRGCs defined by expression of the Brn3b
transcription factor, which project widely but not to the SCN, essentially bypassing the
circadian master clock [87]. To our knowledge, the exercise of vision per se has not been
implicated in longevity regulation in mammals.

6. Conclusions and Outlook

There is abundant evidence that sensory perception can modify the rate of aging in
animal models, but the levels of understanding of the mechanistic details are starkly differ-
ent in different sensory modalities and model organisms. The most extensive progress has
been achieved in the area of sensory perception of food-related cues, which interface with
known “internal” nutrient sensing systems in C. elegans. Other prominent research areas
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include mating and stress-related cues, which are also well-described in both Drosophila
and C. elegans. While particular neurons, genes, ligands, and receptors have been variously
identified as critical mediators of the perception-longevity relationship in different cases,
more detailed circuit-level understanding often remains to be fully elucidated. The simple
anatomy of invertebrate models should render promising the continued identification and
characterization of such circuits.

Sensory experience is universal, and its effects on aging, first uncovered through
studies in Drosophila melanogaster and Caenorhabditis elegans, have yet to be rigorously tested
in higher organisms. Research using simple animal models offers advantages such as
rapid experimentation, genetic access to specific cells, and the ease of uncovering mech-
anistic pathways, providing initial evidence that inspires the translation of findings to
mammals, including humans. However, while highly conserved molecular signaling
pathways associated with sensory effects on longevity have been identified in these sys-
tems, the regulatory networks that modulate these effects remain poorly understood.
Moving forward, investigating how sensory-driven effects function independently of or
interact with established longevity pathways—particularly within specific environmental
contexts—could significantly advance our understanding of how aging is regulated in
real-world conditions.
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Abstract: The relationship of Amyotrophic Lateral Sclerosis, Parkinson’s disease, and other age-
related neurodegenerative diseases with mitochondrial dysfunction has led to our study of the
mitochondrial fission gene Drp1 in Drosophila melanogaster and aspects of aging. Previously, the Drp1
protein has been demonstrated to interact with the Drosophila Bcl-2 mitochondrial proteins, and
Drp1 mutations can lead to mitochondrial dysfunction and neuronal loss. In this study, the Dopa
decarboxylase-Gal4 (Ddc-Gal4) transgene was exploited to direct the expression of Drp1 and Drp1-RNAi
transgenes in select neurons. Here, the knockdown of Drp1 seems to compromise locomotor function
throughout life but does not alter longevity. The co-expression of Buffy suppresses the poor climbing
induced by the knockdown of the Drp1 function. The consequences of Drp1 overexpression, which
specifically reduced median lifespan and diminished climbing abilities over time, can be suppressed
through the directed co-overexpression of pro-survival Bcl-2 gene Buffy or by the co-knockdown of
the pro-cell death Bcl-2 homologue Debcl. Alteration of the expression of Drp1 acts to phenocopy
neurodegenerative disease phenotypes in Drosophila, while overexpression of Buffy can counteract
or rescue these phenotypes to improve overall health. The diminished healthy aging due to either the
overexpression of Drp1 or the RNA interference of Drp1 has produced novel Drosophila models for
investigating mechanisms underlying neurodegenerative disease.

Keywords: Drp1; Buffy; Debcl; Drosophila melanogaster; Amyotrophic Lateral Sclerosis; Parkinson’s
disease; mitochondrial fission; mitochondrial dysfunction

1. Introduction

The mitochondrial network is essential for many aspects of the subcellular survival
mechanisms of organisms. Known to be the “powerhouse of the cell”, mitochondria are
responsible for various aspects of energy homeostasis, oxidative stress, calcium handling,
cell signalling, and, thus, cell survival [1–3]. The dynamic nature of the mitochondria pop-
ulation is critical to the integrity of the subcellular network structures that these organelles
maintain and to the control of the quality of mitochondrial proteins and other compo-
nents [4,5]. For example, the early dynamic events that occur during apoptosis include
cristae remodelling, mitochondrial fragmentation, and membrane “blebbing”. Inhibition
of these processes, either through knockdown directed by RNA interference (RNAi) or by
expression of a dominant-negative mutant form of dynamin-related protein 1 (Drp1), can
slow the rate of mitochondrial fragmentation and, in turn, the cascade of apoptotic events.
The activity of the Drp1 protein promotes caspase-independent mitochondrial fission and
cristae remodelling to amplify the process of apoptosis, whether or not cell death is insti-
gated by either the specific activity of the pro-apoptotic protein BH3 interacting-domain
death agonist (BID) or by the general consequences of oxidative stress [6]. Overall, the
mechanics of mitochondrial fission plays a crucial role in the amplification of aspects of the
essential cellular process of apoptosis.

Modifications to the mitochondrial network seem to differentially influence a number
of signalling pathways. In response to a series of molecular cues [7,8], the mitochondrial
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network participates in a delicate balance between the continuous division and fusion
processes [9]. Mitochondrial fusion helps compromised mitochondria, likely bearing highly
damaged DNA and proteins, to actively exchange components with other more healthy
mitochondria. This process acts to decrease the severity of this accumulated heteroplasmy
(differing mitochondrial sub-lineages) and help with functional complementation [10].
Recently, much has been understood about mitochondrial fission, a fundamental process
in the maintenance of the mitochondrial network, and the requirements for Drp1 [2,3].
Yet, a complete understanding of the factors that control mitochondrial dynamics during
age-related processes [11] remains limited.

The B-cell lymphoma-2 (Bcl-2) family of proteins interact with the Drp1 protein, and
expression of Drp1 can promote apoptosis in both Bcl-2 protein-dependent and indepen-
dent manners [6]. The two Bcl-2 family homologues in Drosophila melanogaster are Buffy
(anti-apoptotic) and Debcl (pro-apoptotic) [12]. The Debcl protein can interact with Drp1 in
Drosophila to activate apoptosis via the c-Jun N-terminal kinase (JNK) pathway [13]. Drp1
is required for a standard rate of Cyt-c release and caspase activation during programmed
cell death. The Drp1 protein interacts with other proteins involved in a number of mito-
chondrial processes, such as the protein product of Bax [8]. Diverse stresses can increase
the translocation of cytosolic Drp1 to the mitochondria, thus leading to the induction of ex-
cessive fragmentation and initiation of apoptosis or mitophagy [14]. In a number of models
of ALS, dephosphorylation of Drp1 through the activity of protein phosphatase 1 has been
identified as causative of the disease-associated phenotypes [15]. As well, Drp1-mediated
mitochondrial fragmentation caused by the administration of rotenone has been identified
in a rat model of PD-like changes to the olfactory bulb [16]. As adjustment of Drp1 gene
activity may be key to the inhibition of the pathology of ALS and PD, investigation of
such alterations may provide some knowledge helpful in the development of therapies.
Excessive activity of Drp1 increases mitochondrial fission and consequently promotes cell
death and/or degeneration.

Here, we show that alteration of Drp1 expression can result in distinct phenotypes
over time. Our research group employs “the fruit fly”, Drosophila melanogaster, to model
neurodegenerative disease because it is an excellent model system for studying the genes
and proteins affected in ALS, PD, and aging [17]. The anticipated role of mitochondria
in pathogenesis has made the study of the interactions of the Drp1 gene important for
modelling these diseases in Drosophila. In these experiments, we exploited the UAS-Gal4
system to direct the overexpression and knockdown of the genes of interest in selected
neuronal tissues, using the Ddc-Gal4 transgene [18]. We propose that the Drp1 overexpres-
sion phenotype is due to excessive activities related to apoptosis and can be rescued by the
appropriate regulation by the anti-apoptotic Bcl-2 gene, Buffy. The knockdown phenotype
produced in response to the expression of Drp1-RNAi may be due to the diminishment
of mitochondrial integrity and may be rescued through modification of the responsible
signalling pathway. The careful regulation of mitochondrial dynamics must be important in
the control of age-related mitochondrial-induced defects. Overall, our strategy is to identify
the basic mechanisms in the fly model to encourage further validation in mammalian
model organisms.

2. Materials and Methods

2.1. Bioinformatic Analysis

Protein sequences were obtained from the National Center of Biotechnology Infor-
mation (NCBI) database (https://www.ncbi.nlm.nih.gov/protein/, accessed on 1 July
2024). The conserved domains were identified using NCBI Conserved Domain Database
(CDD) (https://www.ncbi.nlm.nih.gov/cdd/, accessed on 1 July 2024) and Eukaryotic
Linear Motif (ELM) (http://elm.eu.org/, accessed on 1 July 2024). Multiple sequence align-
ment was performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/,
accessed on 1 July 2024) to reveal the conservation of domains. The Homo sapiens Dynamin-
1-like protein (DLP-1/Drp1) structure (PDB ID 4BEJ) was obtained from NCBI struc-
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ture database (https://www.ncbi.nlm.nih.gov/structure/, accessed on 1 July 2024), and
Drosophila melanogaster Drp1 protein structure was developed using Phyre2 (http://www.
sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index, accessed on 1 July 2024) modelling tool.
The final models were edited with the PyMOL version 2 software (https://pymol.org/2/,
accessed on 1 July 2024) to highlight the N-terminus, C-terminus and consensus LC3-
interacting region (LIR) regions.

2.2. Drosophila Stocks and Media

The stocks, UAS-lacZ4-1-2; (BDSC_1776: w; P{UAS-lacZ.B}Bg4-1-2); UAS-Drp1 (BDSC_
51647: y w; P{UAS-Drp1.D}3); UAS-Drp1-RNAiJF02762 or UAS-Drp1-RNAi1 (BDSC_27682: y
v; P{TRiP.JF02762}attP2); UAS-Drp1-RNAiHMC03230 or UAS-Drp1-RNAi2 (BDSC_51483: y
v; P{TRiP.HMC03230}attP40); UAS-Buffy (BDSC_58358: w; P{UAS-Buffy.Q}2); UAS-Buffy-
RNAi (BDSC_32060: w; P{UAS-Buffy.RNAi}3); UAS-DebclEY05743 or UAS-Debcl (BDSC_20156:
y w; P{EPgy}Debcl[EY05743]); and Ddc-Gal44.3D (BDSC_7010: w; P{Ddc-Gal4}4.3D) were
obtained from Bloomington Drosophila Stock Center (BDSC) at Indiana University, Bloom-
ington, Indiana, USA. The UAS-Debcl-RNAiv47515 (VDRC_47515: P{GD1637}v47515) was
obtained from Vienna Drosophila Resource Center (VDRC). The Ddc-Gal4/CyO; UAS-
Drp1/TM3, Ddc-Gal4/CyO; UAS-Drp1-RNAi/TM3 derivative lines were generated using
standard recombination methods and used to overexpress or inhibit Drp1 in the selected
DA neurons using the Ddc-Gal44.3D transgene. In brief, a standard “double balancer
chromosome” line of the genotype w1118; L/CyO; Ki/TM3 was used to generate interme-
diate lines w1118; Ddc-Gal4/CyO; Ki/TM3; w1118; L/CyO; UAS-Drp1/TM3 and w1118; L/CyO;
UAS-Drp1-RNAi/TM3 which were then used to generate the w1118; Ddc-Gal4/CyO; Ki/TM3;
UAS-Drp1/TM3 and w1118; Ddc-Gal4/CyO; UAS-Drp1-RNAi/TM3 lines.

Sources of validation of the transgenes from previous studies that are used in this
study are as follows: Ddc-Gal44.3D (Gal4 expression validated in [18]); UAS-lacZ4-1-2 (di-
rected expression verified in [19]); UAS-Drp1 (directed expression validated in [20]); UAS-
Drp1-RNAi(1) (RNA interference validated in [21]); UAS-Drp1-RNAi2 (RNA interference
validated in [22]); UAS-Buffy (directed expression validated in [12]); UAS-Buffy-RNAi (RNA
interference validated in [23]); UAS-DebclEY05743 (directed expression validated in [24]);
and UAS-Debcl-RNAiv47515 (RNA interference validated in [25]).

All stocks and experiments were maintained on a standard cornmeal/molasses/yeast/
agar medium treated with propionic acid and methylparaben to resist fungal growth.
Aliquots of media were poured into plastic vials, allowed to solidify, and refrigerated at
4 ◦C until used. Stocks were kept at room temperature while crosses and experiments
were carried out at 25 ◦C. In all experimental runs, control critical class individuals were
generated and evaluated in parallel under conditions nearly identical to the experimen-
tal flies.

2.3. Aging Assay

Crosses of select virgin females and males were made, and a cohort of critical class
males was collected upon eclosion. At least 250 flies were aged per genotype in the
cohorts of 25 or less per vial on fresh media, replenished every two to five days to avoid
crowding. Flies were observed and scored every two days for the presence of deceased
adults. As a rule, flies were considered dead when they did not display movement upon
agitation [26]. Longevity data were analyzed using GraphPad Prism version 8 statistical
software (graphpad.com), and survival curves were compared by the Mantel–Cox test.
Significance was determined at a 95% confidence level (p ≤ 0.05) with Bonferroni correction.
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2.4. Climbing Assay

A cohort of 70 critical-class male flies was collected within 24 h and maintained as
a maximum of ten flies per vial at low density. The food was changed twice every week.
Initially, every week, 50 males of each genotype were assayed, in groups of 10 or less, for
their ability to climb a glass tube divided into five levels of 2 cm each according to standard
protocol [26]. However, as flies died, the climbing assay was conducted on the survivors.
The climbing index was calculated for each week using GraphPad prism version 8 statistical
software. The climbing curve was fitted using non-linear regression and determined at a
95% confidence interval (p ≤ 0.05).

3. Results

3.1. Drp1 Is Highly Conserved between Homo sapiens and Drosophila melanogaster

The D. melanogaster Drp1 protein sequence was sourced from NCBI protein, and the
conserved sequences were identified using NCBI CDD. NCBI protein Blast of Drp1 protein
of D. melanogaster (NP_608694.2) with the H. sapiens, identified dynamin-1-like protein
(isoform 4) (NP_001265392.1), it is 65% identical with a bit score of 957. The multiple
sequence alignment of the two proteins derived by Clustal Omega (Figure 1a) shows a
highly conserved dynamin-like protein family domain, a dynamin central domain, and
a dynamin GTPase effector domain. Two well-documented phosphorylation sites are
identified: S606 and S627 in dynamin-1-like protein isoform 4 of H. sapiens; and S616 and
T637 in Drp1 of D. melanogaster. A template-based modelling of D. melanogaster Drp1
protein by use of a combination of empirically derived energy functions and physics-based
simulated folding was produced using Phyre2. The modelled D. melanogaster Drp1 protein
(i) and the H. sapiens Dynamin-1-like protein (ii) from the NCBI database share a near
identical structure (Figure 1b). The amino-terminus region of the Drp1 protein is highly
conserved and has a consensus LC3-interacting region (LIR) sequence for binding to the
ATG8/LC3 protein as determined by the Eukaryotic Linear Motif (ELM) resource. As this
protein structure is so highly conserved, it seems very likely that the functions are highly
conserved.

3.2. The Directed Overexpression and Knockdown of Drp1 with Ddc-Gal44.3D

In this set of experiments, the control Ddc-Gal44.3D; UAS-lacZ critical class males were
determined to have a median lifespan of 68 days (n = 340). The directed overexpression
of Drp1 by the Ddc-Gal4 transgene results in a decreased lifespan of 56 days in 314 flies,
much lower compared to the control as determined by log-rank (Mantel–Cox) test with
a p-value at <0.0001 (Figure 2A). Inhibition of Drp1 by two distinct RNAi transgenes via
the UAS-Drp1-RNAi1 and UAS-Drp1-RNAi2 directed by the Ddc-Gal4 transgene results in
median lifespans of 70 (n = 377) and 72 days (n = 323), respectively; very similar to the
control (Figure 2A) as determined by log-rank (Mantel–Cox) test with p-value 0.0566 and
0.0213. The non-linear fitting of the climbing curve shows that altering the Drp1 expression
in either direction compromises the climbing ability phenotype compared to control at 95%
confidence interval (CI) (p-value < 0.0001) (Figure 2B) (n = 50).
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(a) 

Figure 1. Cont.
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(bi) 

(bii) 

Figure 1. Drp1 is evolutionarily conserved between Drosophila and humans. (a) Clustal Omega
multiple sequence alignment of D. melanogaster Drp1 (NP_608694.2) protein with the H. sapiens
(NP_001265392.1) shows evolutionarily conserved domains identified using the NCBI Conserved
Domain Database (CDD) and is further confirmed by the Eukaryotic Linear Motif (ELM) resource.
The two well-documented phosphorylation sites are identified: S606 and S627 in dynamin-1-like
protein (DLP-1) isoform 4 of H. sapiens and S616 and T637 in Drp1 of D. melanogaster. The asterisks
indicate the residues that are identical, the colons indicate the conserved substitutions, and the
dots indicates the semi-conserved substitutions. Colour differences indicate the chemical nature of
amino acids: red indicates small hydrophobic (includes aromatic) residues; blue indicates acidic;
magenta indicates basic; and green indicates basic with hydroxyl or amine groups. (bi) The original
Dynamin-1-like protein (DLP-1) structure of H. sapiens (NP_001265392.1) from the NCBI structure
database. (bii) The Phyre2 web portal for protein modelling, prediction, and analysis mediated the
development of a model of the Drp1 protein of D. melanogaster (NP_608694.2) from a 76% identical
protein with a confidence of 100%. The N terminus is coloured in Magenta; C terminus is coloured in
Red, and a consensus ATG8 binding region at N terminus is coloured in orange.
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Figure 2. Altered Drp1 expression under the control of Ddc-Gal44.3D influences the survival and
climbing ability of flies. (A) The GraphPad prism8 generated graph of the longevity assay for the
expression of Drp1, Drp1-RNAis under the control of Ddc-Gal4 transgene. The directed expression
results in decreased median lifespan of 56 days compared to 68 days of control, as calculated by
Log-rank Mantel–Cox test, with Bonferroni correction. The knockdown of Drp1 under the control
of the Ddc-Gal4 transgene results in lifespan of 70 days with UAS-Drp1-RNAi1 and 72 days with
UAS-Drp-RNAi2 compared to 68 days of control performed by Log-rank Mantel–Cox test, with
Bonferroni correction. (B) The GraphPad prism8 generated graph of the climbing abilities of flies
with overexpression of Drp1, the Drp1-RNAis, and the lacZ control. The climbing ability of Drp1
overexpression and Drp1-RNAis flies have decreased compared to control as determined in non-linear
fitting of the climbing curve by 95% confidence interval (p-value < 0.0001).

3.3. Phenotypic Rescue by Co-Expression of Drp1 and Drp1-RNAi Directed by Ddc-Gal44.3D

In this set of experiments, we demonstrate that the phenotype caused by the directed
expression of Drp1 can be counteracted by knockdown via Drp1-RNA, and the phenotype
caused by knockdown via Drp1-RNA can be counteracted by the directed expression of
Drp1. Both are compared to lacZ controls. The control Ddc-Gal44.3D; UAS-lacZ critical
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class males were determined to have a median lifespan of 62 days (n = 308). The directed
knockdown of Drp1 by the Ddc-Gal4 transgene results in a greater median lifespan of
70 days in 321 flies compared to the control as determined by log-rank (Mantel–Cox) test
with p-value < 0.0001 (Figure 3). In contrast, the directed expression of Drp1 by the Ddc-Gal4
transgene results in a reduced median lifespan of 56 days in 255 flies compared to the
control as determined by log-rank (Mantel–Cox) test with p-value < 0.0001 (Figure 3A).
Furthermore, the Ddc-Gal4 UAS-Drp1-RNAi UAS-lacZ critical class males have a median
lifespan of 70 days in 310 flies. The directed expression of Drp1 along with UAS-Drp1-RNAi
under the direction of the Ddc-Gal4 transgene (Ddc-Gal4; UAS-Drp1-RNAi; UAS-Drp1) has a
median lifespan of 64 days, similar to control (Ddc-Gal4; UAS-lacZ) with a p value of 0.0633
as determined by the Log-rank Mantel–Cox test with a Bonferroni correction (Figure 3A).
The Ddc-Gal4 UAS-Drp1 UAS-lacZ critical class males have a median lifespan of 58 days
in 294 flies. The inhibition of Drp1 along with UAS-Drp1 under the direction of the Ddc-
Gal4 transgene (Ddc-Gal4; UAS-Drp1; UAS-Drp1-RNAi) has a median lifespan of 64 days
(n = 327), similar to control (Ddc-Gal4; UAS-lacZ) with a p value of 0.0582 as determined
by the Log-rank Mantel–Cox test with a Bonferroni correction (Figure 3C). The non-linear
fitting of the climbing ability curve shows the Drp1 expression and inhibition both have
compromised the climbing ability phenotype compared to control at 95% CI (p < 0.0001)
(Figure 3B,D). The climbing ability curve of Ddc-Gal4 UAS-Drp1-RNAi UAS-Drp1 and
Ddc-Gal4 UAS-Drp1 UAS-Drp1-RNAi is very close to the control (Ddc-Gal4; UAS-lacZ) as
determined by the non-linear fitting of the climbing curve at a 95% CI at p-value 0.2752 and
0.0589, respectively. The co-expression of Drp1-RNAi along with Drp1 ectopic expression
in flies has resulted in phenotypes that are similar to the control and suggests that these
phenotypes are primarily due to the changes in the expression of Drp1.

In Figure 3A,B, the Ddc-Gal4 and the Drp1-RNAi genes were maternally contributed.
When compared with lacZ, Drp1 acted to reduce the enhanced median lifespan and reduced
climbing of Drp1-RNAi knockdown. In Figure 3C,D, the Ddc-Gal4 and the Drp1 genes were
maternally contributed. When compared with lacZ, Drp1-RNAi knockdown resulted in the
rescue of the climbing defect, the Ddc-Gal4 UAS-lacZ control, with little change to lifespan.

 

 

Figure 3. Cont.
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Figure 3. The ectopic expression of Drp1-RNAi, directed by Ddc-Gal44.3D, can increase median
lifespan and decrease climbing. (A) In control, Ddc-Gal44.3D UAS-lacZ critical class males resulted in
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a median life span of 62 days (n = 308). Expression of Drp1 in Ddc-Gal44.3D resulted in a median
life span of 56 days (n = 310), much lower than the lacZ-expressing control; expression of Drp1 in
Ddc-Gal44.3D UAS-Drp1-RNAi resulted in a median life span of 64 days (n = 250) very similar to
control (Ddc/lacZ) as determined by the Log-rank Mantel–Cox test (p value = 0.0633) with Bonferroni
correction. The graph of the longevity assay was generated by GraphPad prism8. (B) The Ddc-
Gal44.3D flies express UAS-lacZ in control flies. The climbing abilities of Ddc-Gal44.3D UAS-Drp1
expressing flies have decreased compared to control as determined in the non-linear fitting of the
climbing curve by a 95% confidence interval (p < 0.0001). The flies’ climbing ability expressing
Drp1 in Ddc-Gal44.3D UAS-Drp1-RNAi transgene is similar to control as determined in the non-linear
fitting of the climbing curve by a 95% confidence interval at p value = 1.309. The graph of longevity
assay was generated by GraphPad prism8 non-linear regression curve. (C) In control, Ddc-Gal44.3D

UAS-lacZ critical class males resulted in a median life span of 62 days (n = 308). Knockdown of
Drp1-RNAi in Ddc-Gal44.3D resulted in a median life span of 70 days (n = 321), much higher compared
to the control; knockdown of Drp1-RNAi in Ddc-Gal44.3D UAS-Drp1 resulted in a median life span of
64 days (n = 327), very similar to control (Ddc/lacZ) as determined by the Log-rank Mantel–Cox test
(p value = 0.0582) with Bonferroni correction. The graph of the longevity assay was generated by
GraphPad prism8. (D) The Ddc-Gal44.3D flies express UAS-lacZ in control flies. The climbing abilities
of Ddc-Gal44.3D UAS-Drp1-RNAi expressing flies have decreased compared to control as determined
in the non-linear fitting of the climbing curve by a 95% confidence interval (p < 0.0001). The flies’
climbing ability expressing Drp1-RNAi in Ddc-Gal44.3D UAS-Drp1 transgene is similar to control
(Ddc/lacZ) as determined in the non-linear fitting of the climbing curve by a 95% confidence interval
at p value = 0.0027. The graph of longevity assay was generated by GraphPad prism8 non-linear
regression curve.

3.4. Alteration of the Expression of Buffy and Debcl in Combination with Drp1 Directed by the
Ddc-Gal44.3D Transgene

The control Ddc-Gal44.3D; UAS-Drp1; UAS-lacZ critical class males were determined
to have a median lifespan of 58 days (n = 282). The overexpression of Buffy along with
UAS-Drp1 under the direction of the Ddc-Gal4 transgene (Ddc-Gal4; UAS-Drp1; UAS-Buffy)
has a median lifespan of 68 days (n = 255), much higher compared to control with a p value
of <0.0001 as determined by log-rank (Mantel–Cox) test with a Bonferroni correction. The
knockdown of Buffy along with UAS-Drp1 under the direction of the Ddc-Gal4 transgene
(Ddc-Gal4; UAS-Drp1; UAS-Buffy-RNAi) has a median lifespan of 52 days (n = 274), much
less compared to the control (Figure 4A) with a p value 0.0125 as determined by log-rank
Mantel–Cox test with a Bonferroni correction. The overexpression of Buffy in neurons
rescued the early onset of impairment in the climbing ability of Ddc-Gal4; UAS-Drp1
flies. The non-linear fitting of the climbing curve shows Buffy overexpression has rescued
the climbing ability defect compared to control at 95% CI (p < 0.0001) (Figure 4B). The
knockdown of Buffy by Ddc-Gal4 UAS-Drp1; UAS-Buffy-RNAi further contributes to loss of
the climbing ability throughout the life of critical class flies compared to control at 95% CI
at a p-value 0.0125 (n = 50) (Figure 4B).

The overexpression of Debcl along with UAS-Drp1 under the direction of Ddc-Gal4
transgene (Ddc-Gal4; UAS-Drp1; UAS-DebclEY05743) has a median lifespan of 60 days
(n = 331 flies), similar to the control (Figure 4A) with a p value at 0.0114 as determined
by log-rank Mantel–Cox test with Bonferroni correction. The inhibition of Debcl, along
with UAS-Drp1 under the direction of the Ddc-Gal4 transgene (Ddc-Gal4; UAS-Drp1; UAS-
Debcl-RNAiv47515) has a median lifespan of 66 days (n = 303), much higher compared to
the control (Figure 4A) with a p value at 0.0004 as determined by log-rank Mantel–Cox
test with Bonferroni correction. The non-linear fitting of the climbing curve shows that
Debcl overexpression has no change in the climbing ability defect compared to control at
95% CI (p = 0.3293) (Figure 4B). The knockdown of Debcl by Ddc-Gal4 UAS-Drp1; UAS-
Debcl-RNAiv47515 has rescued the climbing ability throughout the life of critical class flies
compared to control at 95% CI at a p-value 0.0057 (n = 50) (Figure 4B).
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Figure 4. Altered expression of Buffy and Debcl can enhance and suppress climbing ability in Drp1
over-expression flies. (A) In control, Ddc-Gal44.3D; UAS-Drp1 UAS-lacZ critical class males resulted
in a median life span of 58 days (n = 282). The overexpression of Buffy results in a median lifespan
of 68 days (n = 375) compares to 58 days of control (p value = 0.0002); the knockdown of Buffy
directed by the Ddc-Gal44.3D UAS-Drp1 transgene results in the median lifespan of 52 (n = 274),
much less compared to control, determined by Log-rank Mantel–Cox test at p-value < 0.0001, with
Bonferroni correction. The overexpression of DebclEY05743 results in a median lifespan of 60 days
(n = 331) similar to 58 days of control determined by Log-rank Mantel–Cox test at p-value 0.3293;
the inhibition of Debcl directed by the Ddc-Gal4 UAS-Drp1 transgene result in the median lifespan of
66 (n = 303); much higher than control, determined by Log-rank Mantel–Cox test at p value 0.0057,
with Bonferroni correction. (B) The GraphPad prism8 generated graph of the climbing abilities of
Ddc-Gal4 UAS-Drp1 flies with the expression of Buffy, Buffy-RNAi, DebclEY05743, Debcl-RNAiv47515

and control. The climbing abilities of flies overexpressing Buffy have rescued compared to control
as determined in the climbing curve’s non-linear fitting by a 95% confidence interval (p < 0.0001).
The climbing ability of the flies was further weakened by the knockdown of UAS-Buffy-RNAi as
determined in the non-linear fitting of the climbing curve by a 95% confidence interval at a p-value
0.0125 and 0.03293, respectively (n = 50). The climbing abilities of flies expressing Debcl-RNAiv47515

has been rescued compared to control as determined by the non-linear fitting of the climbing curve
by a 95% confidence interval (p value = 0.0057). The graph of longevity assay was generated by
GraphPad prism8 non-linear regression curve.
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3.5. Altering the Expression of Buffy and Debcl along with Drp1-RNAi by
Ddc-Gal44.3D Transgene

The control Ddc-Gal44.3D; UAS-Drp1-RNAi; UAS-lacZ critical class males were deter-
mined to have a median lifespan of 70 days (n = 323). The overexpression of Buffy along with
UAS-Drp1-RNAi under the direction of the Ddc-Gal4 transgene (Ddc-Gal4; UAS-Drp1-RNAi;
UAS-Buffy) has a median lifespan of 64 days (n = 308), much lower compared to control
with a p value of <0.0001 as determined by log-rank (Mantel–Cox) test with a Bonferroni
correction. The co-inhibition of Buffy and Drp1 under the direction of the Ddc-Gal4 transgene
(Ddc-Gal4; UAS-Drp1-RNAi; UAS-Buffy-RNAi) has a median lifespan of 62 days (n = 273),
much less compared to the control (Figure 5A) with a p value at <0.0001 as determined by
log-rank Mantel–Cox test with a Bonferroni correction. The non-linear fitting of the climbing
curve shows Buffy overexpression has rescued the climbing ability defect compared to con-
trol at 95% CI (p < 0.0001) (Figure 5B). The inhibition of Buffy by Ddc-Gal4 UAS-Drp1-RNAi;
UAS-Buffy-RNAi further contributes to loss of the climbing ability throughout the life of
critical class flies compared to control at 95% CI at a p-value < 0.0001 (n = 50) (Figure 5B).

The overexpression of Debcl along with UAS-Drp1-RNAi under the direction of Ddc-
Gal4 transgene (Ddc-Gal4; UAS-Drp1-RNAi; UAS-DebcEY05743) has a median lifespan of
68 days (n = 156 flies), similar to the control (Figure 5A) with a p value at 0.0003 as
determined by log-rank Mantel–Cox test with Bonferroni correction. The inhibition of
Debcl, along with UAS-Drp1-RNAi under the direction of the Ddc-Gal4 transgene (Ddc-Gal4;
UAS-Drp1-RNAi; UAS-Debcl-RNAv47515) results in a median lifespan of 72 days (n = 321),
higher compared to the control (Figure 5A) with a p value at 0.0211 as determined by
log-rank Mantel–Cox test with Bonferroni correction. The non-linear fitting of the climbing
curve shows that Debcl overexpression has further increased the climbing ability defect
compared to control at 95% CI (p = 0.0004) (Figure 5B). The inhibition of Debcl by Ddc-Gal4
UAS-Drp1-RNAi; UAS-Debcl-RNAiv47515 has rescued the climbing ability throughout the life
of critical class flies compared to control at 95% CI at a p-value 0.0211 (n = 50) (Figure 5B).

 

 

Figure 5. Altered expression of Buffy and Debcl can enhance and suppress climbing ability in Drp1
knockdown flies. (A) In control, Ddc-Gal44.3D; UAS-Drp1 transgene results in the median lifespan of
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62 (n = 273), determined by Log-rank Mantel–Cox test at p-value < 0.0001, with Bonferroni correction.
The overexpression of DebclEY05743 results in a median lifespan of 68 days (n = 331), much higher
compared to control as determined by Log-rank Mantel–Cox test at p-value 0.0003; the inhibition
of Debcl directed by the Ddc-Gal4; UAS-Drp1 transgene result in the median lifespan of 72 (n = 303);
similar to control, determined by Log-rank Mantel–Cox test at p-value 0.021, with Bonferroni correc-
tion. (B) The GraphPad prism8 generated graph of the climbing abilities of Ddc-Gal4 UAS-Drp1 flies
with the expression of Buffy, Buffy-RNAi, DebclEY05743, Debcl-RNAiv47515 and control. The climbing
abilities of flies overexpressing Buffy have rescued compared to control as determined in the climbing
curve’s non-linear fitting by a 95% confidence interval (p < 0.0001). The climbing ability of the flies
has further diminished through the ectopic expression of UAS-Buffy-RNAi and UAS-DebclEY05743 as
determined in the non-linear fitting of the climbing curve by a 95% confidence interval at a p-value
0.0004 and 0.0002 respectively (n = 50). The climbing abilities of flies expressing Debcl-RNAiv47515 has
been rescued compared to control as determined by the non-linear fitting of the climbing curve by a
95% confidence interval (p value < 0.0001). The graph of longevity assay was generated by GraphPad
prism8 non-linear regression curve.

4. Discussion

The protein product of the Drp1 gene, along with the participation of other mitochon-
drial protection proteins, is involved in the processes of mitochondrial fission, apoptosis,
and mitophagy. Excessive mitochondrial fragmentation can be associated with dysfunc-
tional metabolic diseases, whereas a “hyper-fused” mitochondrial network can serve to
protect cells from metabolic insult and autophagy [27]. In the skeletal muscle of mice,
Drp1 overexpression can cause a severe impairment of post-natal muscle growth as the
production of protein may become attenuated and growth hormone pathways may be
downregulated [28]. Conditions of high fat and/or high glucose levels can cause exces-
sive oxidative stress along with mitochondrial fragmentation as mediated by the Drp1
protein [29,30]. These phenotypes are similar to the increased activity of Drp1 as observed
with Cos and PC12 cells [31]. In humans, protein kinase A (PKA) can phosphorylate
and inactivate the pro-apoptotic Bcl-2 family member protein Bad [32] and the Drp1 pro-
tein [33] in a complex effort to promote cell survival. The effect of Drp1 overexpression
and, consequently, excessive mitochondrial fragmentation can be toxic to many physiologi-
cal processes.

The Bcl-2 family proteins assist the pro-fission activity of the Drp1 protein during
apoptosis in nematodes and mammals [34]. However, in non-apoptotic cells of mammals,
the Bcl-2 family proteins have both pro-fission and pro-fusion activities. The overexpression
of Drp1 in selected neurons, along with the overexpression of Buffy or the inhibition of Debcl,
has resulted in an increase in median lifespan and the ability to climb over the increased
lifespan. In complementary experiments, Buffy knockdown and Debcl overexpression have
resulted in reduced lifespans accompanied with impaired climbing abilities, consistent with
the conclusion that Buffy can function as the antithesis of Debcl [12]. The rescue of the Drp1
expression phenotype is in accordance with the role of the Buffy protein as “the guardian
of mitochondria”. As proteins, Buffy can interact with Debcl to inhibit Debcl-induced cell
death. As a mechanism, this process could be due to decreased activity of the Debcl protein,
which influences cooperation with the Drp1 protein in the promotion of cell death [13].
The pro-apoptotic Debcl protein acts to induce apoptosis through a caspase-independent
mechanism that triggers the release of Cytochrome C in an activity that resembles the loss
of Drp1 [6]. The overexpression of Debcl and Drp1 together in selected neurons does not
alter the phenotype generated by the overexpression of Drp1 without Debcl. This may
not be surprising as Drp1 and Debcl proteins seem to cooperate to promote apoptosis.
Indeed, this and earlier studies have demonstrated that Drp1 can play various roles in
mitochondrial fragmentation and apoptosis to act in concert with anti- and pro-survival
proteins, dependent upon the stimuli.
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The directed knockdown in Drosophila melanogaster of Drp1, via Drp1-RNAi, in a subset
of neurons results in an accelerated age-dependent loss in climbing ability, a phenotype
strongly associated with the modelling of age-related disease in flies. The overexpression
of Buffy in neurons that co-express Drp1-RNAi led to a decrease in the median lifespan
accompanied with, or perhaps balanced by, a rescue of the impaired locomotor ability. The
recovery in age-dependent climbing ability over time may be evidence of a complicated
regulatory relationship. A study shows Drp1 inhibition reduces the total accumulation
of pro-apoptotic Bcl-2 protein, Bax, on the mitochondria outer membrane in HeLa cell
lines [8]. This intermediate phenotype was not expected but may be important in the
determination of the pathology of neurological diseases. The knockdown of anti-apoptotic
Buffy or overexpression of pro-apoptotic Debcl enhanced the phenotype induced through
the knockdown of Drp1 in Ddc-Gal4 expressing neurons. The interaction of Bax with Drp1 in
mammals seems to be conserved with this relationship. Drp1 protein interacts directly and
indirectly with the Bcl-2 family protein to facilitate the permeability of the mitochondrial
outer membrane in apoptotic cells [34]. Overall, we believe that we have established that
Buffy confers a survival advantage to flies overexpressing Drp1 and provides a partially
rescued intermediate phenotype in flies with a knockdown of Drp1 function.

5. Conclusions

Closely associated with cell death pathways in neurons, Drp1 has recently been
associated with ALS, Parkinson’s disease, and age-related disease. Our studies demonstrate
that the directed overexpression and knockdown of Drp1 activity in selected neurons can
phenocopy some neurodegenerative-like symptoms in Drosophila and, therefore, may
represent a novel model of disease. Importantly, the decrease in lifespan and age-dependent
loss in climbing ability observed with overexpression of Drp1 in flies is “rescued” to near
controls either by overexpression of Buffy or by Debcl knockdown. The age-dependent loss
of climbing ability in flies expressing Drp1-RNAi can be rescued by Buffy overexpression
or Debcl-RNAi-directed knockdown. Future studies of these interactions will be required
to chart out a pathway for Drp1 and interactions with Buffy and Debcl in Drosophila and,
importantly, the molecular changes associated with the loss-of-function of these genes in
the development, function, and aging of the organism.
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Abstract: Age is the primary risk factor for neurodegenerative diseases such as Alzheimer’s and
Huntington’s disease. Alzheimer’s disease is the most common form of dementia and a leading
cause of death in the elderly population of the United States. No effective treatments for these
diseases currently exist. Identifying effective treatments for Alzheimer’s, Huntington’s, and other
neurodegenerative diseases is a major current focus of national scientific resources, and there is
a critical need for novel therapeutic strategies. Here, we investigate the potential for targeting
the kynurenine pathway metabolite 3-hydroxyanthranilic acid (3HAA) using Caenorhabditis elegans
expressing amyloid-beta or a polyglutamine peptide in body wall muscle, modeling the proteotoxicity
in Alzheimer’s and Huntington’s disease, respectively. We show that knocking down the enzyme that
degrades 3HAA, 3HAA dioxygenase (HAAO), delays the age-associated paralysis in both models.
This effect on paralysis was independent of the protein aggregation in the polyglutamine model.
We also show that the mechanism of protection against proteotoxicity from HAAO knockdown is
mimicked by 3HAA supplementation, supporting elevated 3HAA as the mediating event linking
HAAO knockdown to delayed paralysis. This work demonstrates the potential for 3HAA as a
targeted therapeutic in neurodegenerative disease, though the mechanism is yet to be explored.

Keywords: metabolism; tryptophan; kynurenine; Alzheimer’s disease; Huntington’s disease;
neurodegeneration; proteotoxicity; Caenorhabditis elegans

1. Introduction

Neurodegenerative diseases have become increasingly prevalent as our population
has shifted to an older demographic over the last 30 years. Alzheimer’s disease (AD) is now
the seventh leading cause of the death in the United States and the most common form of
neurodegeneration in the elderly [1]. As our cells age, a functional decline in the machinery
that maintains protein homeostasis results in accumulation of damaged, misfolded, and
aggregate-prone proteins [2–4]. The disruption of proteostasis is considered a hallmark of
aging [5,6]. The aggregation of specific protein species is a defining feature—and is thought
to be involved in the pathogenesis—of age-associated neurodegenerative diseases including
AD and Huntington’s disease (HD) [7–12]. Current treatments for these diseases generally
target symptoms (cholinergic and glutamatergic signaling in neurons in AD; huntingtin
production in HD), but do not address the underlying pathology [13–15]. Hundreds of
clinical trials targeting different aspects of AD, HD, and other neurodegenerative disease
neuropathology—amyloid toxicity, tau toxicity, huntingtin production, oxidative stress,
and neuroinflammation—have largely failed to demonstrate efficacy, with some limited
success in delaying symptomatic progression [16–18]. Identifying effective treatments for
AD and HD is a major current focus of scientific resources, and there is a critical need for
novel therapeutic strategies.
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The kynurenine pathway (Figure 1) is a highly conserved metabolic pathway that
converts ingested tryptophan to nicotinamide adenine dinucleotide (NAD+) [19]. Several
studies have shown promise in delaying the aging and age-associated decline in protein
homeostasis through the inhibition of tryptophan degradation via the kynurenine path-
way. In the roundworm Caenorhabditis elegans, proteotoxicity is commonly modeled by
expressing aggregate-prone proteins in body wall muscle, which causes the accumula-
tion of muscle protein aggregates and accelerated paralysis with age [20,21]. van der
Goot et al. [22] reported that knockdown of the gene tdo-2, encoding the kynurenine path-
way enzyme tryptophan 2,3-dioxygenase (TDO), delayed the age-associated pathology
in several of these models, including worms expressing human amyloid-beta (Aβ) or a
35-unit polyglutamine tract (Q35), modeling proteotoxicity in AD and HD, respectively.
We validated this observation and further found that knockdown of kynu-1 encoding the
kynurenine pathway enzyme kynureninase (KYNU) similarly delays paralysis in these
models [23]. Both interventions extend the lifespan in wild-type animals, supporting
the broader link between the maintenance of protein homeostasis and aging [22,23]. We
recently reported that knockdown of haao-1, a third kynurenine pathway gene encod-
ing the enzyme 3-hydroxyanthranilate 3,4-dioxygenase (HAAO), increases the lifespan
in C. elegans [24]. Worms lacking haao-1 accumulate the HAAO metabolic substrate, 3-
hydroxyanthranilic acid (3HAA), and supplementing 3HAA in the growth media similarly
extends the lifespan [24].

Figure 1. Knockdown of the kynurenine pathway gene haao-1 delays paralysis in C. elegans models
of polyglutamine and amyloid-beta proteotoxicity. (a) Schematic of the kynurenine pathway in C.
elegans. Knockdown of haao-1 substantially delayed age-associated pathology in C. elegans expressing
either (b) Aβ or (c) a 35-unit polyglutamine tract (Q35) in body wall muscle at 15 ◦C to a similar
degree as previously reported knockdown of tdo-2 or kynu-1 [23]. Knockdown of haao-1 slightly
delayed age-associated pathology in C. elegans expressing either (d) Aβ or (e) a Q35 in body wall
muscle at 25 ◦C to a similar degree as previously reported knockdown of tdo-2 or kynu-1 [23]. Colored
numbers indicate the percent change in mean age of paralysis vs. EV(RNAi). ** p < 0.01, *** p < 0.001
for log-rank test vs. EV(RNAi).

Here, we examine the impact of haao-1 inhibition on Aβ and Q35 proteotoxicity in
C. elegans. We find that haao-1 knockdown delays paralysis in both contexts but does not
prevent Q35 protein aggregation. Supplementing 3HAA similarly delays paralysis. The
effectiveness at delaying paralysis was also dependent on environmental temperature. We
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include previously published data on knockdown of tdo-2 or kynu-1 in these models for
comparison. These results suggest that the inhibition of HAAO or supplementation with
3HAA may hold potential as a clinical intervention for neurodegenerative disease.

2. Materials and Methods

2.1. C. elegans Strains and Maintenance

The following strains were obtained from the Caenorhabditis Genetic Center (CGC)
in the College of Biological Sciences at the University of Minnesota: dvIs2[pCL12(unc-
54p::Aβ1-42) + rol-6(su1006)] (CL2006) and rmIs132[unc-54p::Q35::YFP] (AM140). We main-
tained worms on solid nematode growth media (NGM) seeded with Escherichia coli strain
HT115 bacteria at 20 ◦C as previously described [25]. Worms were age-synchronized via
bleach prep and transferred to plates containing 50 μM 5-fluorodeoxyuridine (FUdR) to
prevent reproduction at the L4 larval stage [25].

2.2. RNA Interference

We conducted RNA interference (RNAi) feeding assays using standard media prepa-
ration procedures [25]. RNAi feeding bacteria were obtained from the Ahringer C. elegans
RNAi feeding library [26,27]. All RNAi plasmids were sequenced to verify the correct
target sequence. All RNAi experiments were conducted on NGM containing 1 mM Iso-
propyl β-D-1 thiogalactopyranoside (IPTG) to activate production of RNAi transcripts
and 25 μg/mL carbenicillin to select RNAi plasmids and seeded with live E. coli (HT115)
containing RNAi feeding plasmids. Worms were raised on egg plates seeded with RNAi
bacteria until the L4 larval stage, and then transferred to FUdR-containing plates seeded
with RNAi bacteria as described above.

2.3. 3HAA Supplementation

3HAA supplementation was achieved by adding the appropriate mass of solid 97%
pure 3HAA (Sigma-Aldrich, St. Louis, MO, USA; catalog number 148776) to NGM media
during preparation prior to autoclaving. Worms were raised on egg plates containing 1 mM
3HAA until the L4 larval stage, and then transferred to FUdR-containing plates containing
1 mM 3HAA as described above.

2.4. Paralysis Analysis

Paralysis experiments were conducted as previously described [23,25]. Briefly, adult
worms were maintained on NGM RNAi or 3HAA plates with FUdR for the duration of
their lives. Animals were examined every 1–2 days (25 ◦C) or 2–3 days (15 ◦C) by nose-
and tail-prodding with a platinum wire pick. Worms were scored as paralyzed if they were
unable to move relative to the plate surface. Worms showing vulva rupture were included
in all analyses and worms that fled the surface of the plate were excluded. p-values for
statistical comparison of paralysis between test groups were calculated using the log-rank
test via the survdiff function in the R (version 4.3.2) “survival” package (version 3.5-7). For
paralysis experiments, raw data are provided in Supplementary Appendix and summary
statistics are provided in Table S1.

2.5. Polyglutamine Aggregate Imaging and Analysis

Polyglutamine aggregate imaging and quantification was completed as previously
described [23]. Briefly, we quantified polyglutamine aggregate number and volume
using 3D fluorescence microscopy of transgenic worms expressing fluorescently tagged
polyglutamine repeats (Q35::YFP) at 7, 12, and 17 days of age at 15 ◦C, and 7 and
11 days of age at 25 ◦C. At least 8 animals were examined for each RNAi at each age.
Worms were immobilized using 25 nM sodium azide in M9 buffer on microscope slides
with 6% agarose pads. Worms were imaged using a Leica TCS SP8 Laser Scanning
Microscope equipped with a 10× objective (Leica Microsystems Inc., Deerfield, IL,
USA). Z-stack images were collected for whole worms with stack spacing selected
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based on the Nyquist sampling theorem (minimum 2.3 images per minimum aggregate
diameter). The microscope was set to capture images with resonance scanning and line
averaging of 16. Images for worms that did not fit a single field of view were merged
with XuvStitch version 1.8.099x64. Protein aggregates in each worm were detected and
analyzed using Imaris x64 version 8.1.2. The surface tool was used to identify aggregates
with thresholds for minimum fluorescence intensity and aggregate volume to ensure
the analyzed surfaces were aggregates and not discrete proteins: surface = 3.0, absolute
intensity = 75, seed points = 5:15, intensity > 150, volume > 45, and number of voxels
> 500. Aggregate volume and number were exported to R for analysis. Two-sided
Welch’s t-tests were used to determine significance in observed differences between
target and EV RNAi at each age. For aggregate quantification experiments, raw data are
provided in Supplementary Appendix and summary statistics are provided in Table S2.

3. Results

To test the efficacy of haao-1 disruption at improving proteotoxicity linked to neurode-
generation, we used RNAi to knockdown haao-1 in C. elegans transgenically expressing
polyglutamine fused to a yellow fluorescence protein (Q35::YFP) or human Aβ in body
wall muscle, modeling the proteotoxicity in HD and AD, respectively. We include data
for both tdo-2 and kynu-1 knockdown for comparison [23]. Similar to previous reports
for knockdown of tdo-2 or kynu-1 [22,23], haao-1 knockdown delayed the age-associated
paralysis in worms at 15 ◦C (Figure 1b,c). At 25 ◦C, the effect was present but much smaller
in both models (Figure 1d,e). These results show that haao-1 disruption may be protective
against AD- and HD-associated proteotoxicity.

We next investigated whether the mechanism of delayed paralysis in Q35::YFP worms
might be a consequence of the inhibition of Q35 protein aggregate formation, a hallmark of
HD. We used confocal microscopy to quantify the number and size of Q35::YFP aggregates
at different ages for worms cultured at both 15 ◦C and 25 ◦C. haao-1 knockdown did not
affect either the number or volume of protein aggregates at either 15 ◦C (Figure 2) or 25 ◦C
(Figure 3), with the exception of a small but significant reduction in aggregate volume
at 25 ◦C in 11-day-old worms (Figure 3b). This is in contrast to our previously reported
observation that tdo-2(RNAi) can reduce the number of aggregates at 25 ◦C (Figure 3a), and
aggregate volume at both 15 ◦C (Figure 2b) and 25 ◦C (Figure 3b), and that kynu-1(RNAi)
can reduced the mid-life aggregate volume at 15 ◦C (Figure 2b) [23]. This suggests that the
protective effects of haao-1 knockdown against polyglutamine toxicity are independent of
protein aggregation.
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Figure 2. Knockdown of haao-1 does not prevent polyglutamine aggregation at 15 ◦C. (a) haao-1
knockdown did not affect the number of YFP-labeled muscle polyglutamine (Q35::YFP) protein
aggregates at 15 ◦C, similar to our previous report for knockdown of tdo-2 or kynu-1 [23]. (b) haao-1
knockdown did not affect the volume of Q35::YFP protein aggregates at 15 ◦C, unlike our previous
report for knockdown of tdo-2, which reduced Q35::YFP aggregate volume at all ages examined,
or kynu-1, which reduced Q35::YFP volume in mid-life [23]. (c) Representative images of Q35::YFP
aggregation in each test group and age at 15 ◦C. * p < 0.05 for two-sided Welch’s t-test vs. age-matched
EV(RNAi).

In an earlier work, we found that the beneficial effects of haao-1 knockdown on the
lifespan are mediated by increased physiological levels of the HAAO substrate metabolite
3HAA (Figure 1). Animals lacking functional haao-1 accumulate 3HAA with age, and
a 1 mM 3HAA supplementation in the growth media is sufficient to extend the mean
C. elegans lifespan by 22%, a similar degree as knockout (26.2%) or RNAi knockdown
(21.9%) of haao-1 [24]. Meek et al. [28] predicted, in silico, that 3HAA should bind human
Aβ at a critical region for protein misfolding, and found, in vitro, that 3HAA prevented
protein Aβ aggregation. To investigate whether 3HAA supplementation can similarly
recapitulate the protective effects of haao-1(RNAi) against proteotoxicity in C. elegans, we
supplemented worms expressing muscle Q35 and Aβ with 1 mM 3HAA. The 1 mM
3HAA supplementation delayed the age-associated paralysis to a nearly identical degree
as experiment-matched worms subjected to haao-1(RNAi) in both Q35 (Figure 4a) and Aβ

(Figure 4b) animals. This observation supports a model in which elevated physiological
3HAA mediates the protection against proteotoxicity by haao-1 disruption.
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Figure 3. Knockdown of haao-1 does not prevent polyglutamine aggregation at 25 ◦C. (a) haao-1
knockdown did not affect the number of YFP-labeled muscle polyglutamine (Q35::YFP) protein
aggregates at 25 ◦C, similar to our previous report for knockdown of kynu-1 and unlike knockdown
of tdo-2, which reduced Q35::YFP aggregate number at all ages examined [23]. (b) haao-1 knockdown
slightly reduced the volume of Q35::YFP protein aggregates at 25 ◦C, unlike our previous report
for knockdown of tdo-2, which substantially reduced Q35::YFP aggregate volume both at all ages
examined, or kynu-1, which did not reduce Q35::YFP volume [23]. (c) Representative images of
Q35::YFP aggregation in each test group and age at 25 ◦C. * p < 0.05 for two-sided Welch’s t-test vs.
age-matched EV(RNAi).

Figure 4. 3HAA supplementation recapitulates the protective effects of haao-1 knockdown against
polyglutamine and Aβ proteotoxicity in C. elegans. Supplementing the growth media with 1 mM
3HAA in both Huntington’s (a) and Alzheimer’s (b) models, supplementation with 3HAA closely
mimicked the effects of haao-1 knockdown. Colored numbers indicate the percent change in mean
age of paralysis vs. control. ** p < 0.01, *** p < 0.001 for log-rank test vs. EV(RNAi).

4. Discussion

Here, we describe a small study examining the impact of haao-1 disruption or 3HAA
supplementation on the pathology in C. elegans models of AD- and HD-associated pro-
teotoxicity. We first showed that haao-1 knockdown delayed the age-associated paralysis
in worms expressing Aβ or Q35::YFP, suggesting that haao-1 disruption may be protective
against proteotoxicity in AD and HD, respectively. We next investigated the mechanism
of delayed paralysis and found that haao-1 knockdown did not meaningfully affect either
the number or volume of Q35::YFP protein aggregates. This suggests that the protective
effect of haao-1 knockdown against polyglutamine proteotoxicity in the C. elegans muscle is
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independent of protein aggregation. Because the transgenic Aβ construct is not labeled, we
did not evaluate the Aβ aggregation, leaving open the possibility that 3HAA may improve
proteotoxicity by preventing aggregation in this model. Finally, we showed that media sup-
plementation with 1 mM 3HAA closely mimicked the benefit of haao-1 knockdown on the
age-associated paralysis, supporting a model in which the protection against proteotoxicity
by haao-1 disruption is mediated by elevated physiological 3HAA.

These observations suggest that haao-1 disruption likely acts to reduce proteotoxic-
ity via a mechanism that is at least partially distinct from both tdo-2 and kynu-1 for two
reasons. First, haao-1 disruption appears to be acting by elevating physiological levels of
3HAA. 3HAA levels are not elevated by the disruption of either tdo-2 or kynu-1 as we
and others previously reported [22–24]. Specifically, haao-1 knockdown resulted in an
age-dependent increase in 3HAA that was 40-fold or higher relative to wild-type ones
by 14 days of age, while tdo-2 or kynu-1 knockdown resulted in 3HAA levels at or below
wild-type ones [22–24]. In contrast, tdo-2 knockdown results in elevated tryptophan (TRP)
while kynu-1 knockdown results in elevated kynurenine (KYN) and 3-hydroxykynurenine
(3HK) [22–24], as suggested by the structure of the kynurenine pathway (Figure 1a). Sec-
ond, haao-1 disruption does not impact the Q35::YFP aggregate size or volume, while the
disruption of both tdo-2 and kynu-1 affects the aggregate number or volume in at least one
context (Figures 2 and 3). This leaves open the possibility that these interventions act via
both common mechanisms (such as reducing production downstream metabolites) and
distinct mechanisms (with haao-1 knockdown elevating 3HAA and tdo-2 and kynu-1 acting
via a separate mechanism). The lifespan extension from the disruption of tdo-2, kynu-1,
and haao-1 was partially dependent on different combinations of established aging path-
ways [23,24]. Evidence presented by van der Goot et al. [22] suggests that the protection of
tdo-2 knockdown against pathology in a C. elegans model of alpha-synuclein proteotoxicity
(modeling Parkinson’s disease) may be mediated by elevated physiological levels of tryp-
tophan. These observations provide guidance for future detailed mechanistic studies of
the broader mechanisms mediating the protection of kynurenine pathway interventions
against proteotoxicity.

The role of 3HAA in neurodegenerative disease has only been explored in a few small
studies. Meek et al. [28] showed, in silico, that 3HAA was capable of binding to and
preventing the misfolding of Aβ in an energetically favorable reaction. Other groups have
found evidence linking 3HAA to an improved prognosis and survival from spinal cord
injury [29,30] and the repression of pro-inflammatory signaling and behavior of innate
immune cells [31–36], including both astrocytes and microglia [37]. Parrott et al. [38]
found that HAAO knockout mice were protected against behavioral despair induced
by lipopolysaccharide (LPS)-induced inflammation. Together, these studies suggest that
elevating 3HAA may have specific benefits in preventing Aβ aggregation in AD and
broader benefits in neurodegenerative disease by reducing neuroinflammation.

Quinolinic acid (QA), another metabolite of the kynurenine pathway which is created
from 3HAA by HAAO (Figure 1a), has been described as an endogenous neurotoxin
produced in active microglia and implicated in several human neurological diseases,
including AD and HD [39–41]. Tau, an endogenous microtubule-associated protein whose
phosphorylation and subsequent aggregation is considered a pathological hallmark of AD,
has been shown to have elevated phosphorylation levels in the presence of QA [42]. QA
has also been proposed to modulate excitotoxic neuronal death in HD [43]. Combined,
this evidence suggests that HAAO disruption may be doubly beneficial for the treatment
of neurodegenerative disease pathogenesis in both increasing 3HAA and decreasing QA.
Reduced QA is also a candidate for a shared mechanism of action for the benefits of
knocking down tdo-2, kynu-1, and haao-1 in C. elegans Aβ and Q35 proteotoxicity models
(Figure 1b–e) [23]. While the pathway structure suggests that QA should be reduced by
all three interventions (Figure 1a), we have found QA challenging to measure via mass
spectrometry relative to other metabolites in the kynurenine pathway [23,24] and have not
yet been successful in developing a consistent protocol for QA quantification.
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C. elegans are poikilothermic and temperature is a major determinant of lifespan, with
worms cultured at 15 ◦C living almost twice as long on average as worms cultured at
25 ◦C [44,45]. In this work, we initially examined each intervention at 15 ◦C and 25 ◦C,
temperatures near the extremes of the viable range (~12 to 26 ◦C). The expression of both
Aβ in strain CL2006 [46] and Q35::YFP in strain AM140 [21] are driven by the constitutive
muscle-specific unc-54 promoter which is not known to be temperature-sensitive, and we
observe age-dependent paralysis in untreated animals across the temperature spectrum
(Figures 1b–e and 2a,b). In an earlier work, we found that the lifespan extension from
tdo-2, but not kynu-1 or haao-1, was dependent on environmental temperature [24]. Sur-
prisingly, all three interventions were more effective at delaying paralysis in both Aβ and
Q35 animals at 15 ◦C relative to 25 ◦C (Figure 1b–e). Interestingly, the benefits of haao-1
knockdown were similar for Q35, but reduced for Aβ (Figure 3a,b), at 20 ◦C relative to
15 ◦C (Figure 1b,c), suggesting that these models may have a differential sensitivity to
environmental temperature. Unlike tdo-2(RNAi) and kynu-1(RNAi), which reduced both
the number and volume of protein aggregates, particularly at higher temperatures, haao-1
knockdown did not significantly alter protein aggregation, except for a slight reduction in
aggregate volume in 11-day-old worms at 25 ◦C (Figure 3b). This differential effect suggests
that the protective mechanisms of haao-1 disruption against polyglutamine toxicity are
independent of the alterations in protein aggregation, highlighting the complexity of the
kynurenine pathway in modulating proteotoxicity in neurodegenerative diseases. The
temperature-dependent differences observed in our study shed light on the nuanced effects
of haao-1 disruption on proteotoxicity associated with neurodegenerative diseases in C.
elegans models. The implications for this temperature dependence for proteotoxicity in
mammals are unclear, as, unlike C. elegans, human tissues maintain their temperature
within a narrow range. However, because interventions that influence the C. elegans lifes-
pan are often differentially effective at different temperatures [44], pathways that modulate
the lifespan at 15 ◦C may be worth examining as potential mediators of 3HAA-dependent
improvements in proteotoxicity.

Related to the environmental temperature, our practice is to not remove animals with
age-associated vulva integrity defects (Avid [45], aka vulva rupture, as noted in Materials
and Methods), which may alter interpretation. While many studies make a practice of
removing Avid worms from analysis, many do not and there is not a clear standard in
the field. A detailed examination in previous work suggests that Avid is a form of age-
associated pathology in C. elegans that is influenced by pathways that also impact the
lifespan [45]. As a pathology of aging, we cannot see a clear justification from excluding
these animals from analysis. We acknowledge that the rupture may be confounded with
paralysis if both are influenced by the intervention under study. However, removing Avid
worms does not fix this issue, but simply shifts the bias in a different direction; removing
ruptured worms may preferentially remove worms that will experience earlier or later
paralysis, depending on the relationship between the intervention, Avid, and paralysis.
Based on our experience, paralysis in the Aβ and Q35 models tends to occur prior to a
significant onset of Avid in most cases (Figures 1 and 3) [45], so we believe that the potential
impact of choosing to either remove or retail ruptured animals in the analysis in this case
is minimal.

Finally, we note that, while our results are positive, there are inherent limitations
with these C. elegans proteotoxicity models. First, these models express Q35 or Aβ in body
wall muscle instead of neurons, a distinct cellular context from the proteotoxicity that
occurs in neurodegenerative disease. Second, while C. elegans do have cells that carry
out analogous roles to the mammalian innate immune system and share many conserved
immune-signaling pathways with mammals, they lack many elements of mammalian
immunity, including an analogous adaptive immune system. This may be relevant to the
present study because the kynurenine pathway is active in immune cells and responsive
to inflammatory signaling, and kynurenine metabolites produced by glial cells have been
implicated in neurodegenerative pathology [42,43]. Third, the Q35 polyglutamine repeat
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model of HD disease mimics the polyglutamine expansion in the huntingtin gene that
causes human HD but does not contain the full-length huntingtin gene. These consid-
erations limit a strong interpretation of the presented data with respect to the impact of
3HAA and HAAO in human AD and HD. However, this study and the related literature
discussed above motivates future detailed mechanistic studies of 3HAA supplementation
and HAAO inhibition in worm models of neuronal Aβ and polyglutamine, which have
a more subtle pathology than the muscle transgenic strains used in this study, and in
preclinical rodent models.

5. Conclusions

In this study, we show that HAAO disruption improves the pathology in C. elegans
models of AD- and HD-associated proteotoxicity. Additionally, we show that 3HAA
supplementation is sufficient to mimic the effects of haao-1 knockdown, suggesting that
these beneficial effects are a result of 3HAA accumulation, consistent with our prior work
demonstrating that the lifespan benefits of haao-1 knockdown are also mediated by 3HAA
in wild-type animals [24]. While our findings provide valuable insights into potential
mechanisms underlying proteotoxicity and therapeutic interventions, C. elegans lack physi-
ological features relevant to the pathophysiology of both AD and HD. Even considering
these limitations, our study highlights 3HAA as a potential therapeutic target for both
AD and HD. Further mechanistic studies are warranted to elucidate the precise pathways
through which haao-1 disruption and 3HAA supplementation exert their protective effects.
Additionally, investigating these interventions in more clinically relevant models, such as
neuronal Aβ and polyglutamine C. elegans models and preclinical rodent models, will be
important steps for validating the therapeutic potential of HAAO and 3HAA.
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