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Abstract

Aging is a complex biological process, which is affected by several factors, lifestyle, diet, genetic or epigenetic factors, environmental stress,
and metabolisms. Among others, several reports observed increased glycolysis in senescent cells (SnCs) and individual aging, whose causal
effects or biological mechanisms have been unclear. Recently, we identified phosphoglycerate mutase 1 (PGAM1)-checkpoint kinase 1 (Chk1)
binding as a booster for glycolytic metabolism and cell viability in SnCs. Secretory phenotype of inflammatory factors, known as senescence
associated secretory phenotype (SASP), is one of prominent properties in SnCs, which accelerates chronic inflammation and aging-relevant
dysfunctions in tissues. Inhibition of PGAM1-Chk1 binding removes SnCs and suppresses SASP, alleviating organ damage and pulmonary
fibrosis in vivo. Thus, PGAM1-Chk1 interaction represents a target for senolysis to preserve resilience in aging.
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1. Introduction

Many organisms maintain normal tissue functions and physiological homeostasis under various environmental changes and stresses,
by the spare ability of adaptation, response and recovery, called “resilience”'?l. In older adults or frailty patients, who are vulnerable
to stress and bed-ridden states, the resilience is altered and impaired, leading to functional decline of organs and development of
age-related diseases. It has been assumed that the accumulating senescent cells (SnCs) in aged tissues largely affect in vivo
resiliencel®. SnCs display several hallmarks of cellular senescencel>‘l; positivity of senescence-associated 3-galactosidase (SA-B-GAL
staining)!”-®l, widespread cytoplasm with large nucleus!’ '!l, DNA damage including telomere erosion!['?> '], mitochondrial
dysfunction!'>'°l, impaired autophagy!'’l, senescence-associated heterochromatin foci (SAHF)['*] and so on. In addition, due to the
activated programs of transcription factor nuclear factor (NF-KB), SnCs acquire enhanced anti-apoptotic potency, compared to that of
young cells, followed by enhanced inflammatory programs of NF-KB as senescence-associated secretory phenotype (SASP)
(Figure 1)1, Thus, chronic inflammation stemming from SnCs is supposed to cause a decrease in the resilience of aged
individuals!??l.

To restore resilience during the aging process, a new approach called “senotherapy”, targeting the properties of aging for therapy,
was proposed?>24, Among others, selective removal of SnCs is defined as “senolysis”. For example, an inhibitor of the anti-apoptotic
gene B-cell lymphoma 2 (Bcl-2), ABT263, has been reported as a senolytic drug!?>?°l. It is crucial to elucidate how senolytic effects are
mechanistically coupled with properties of SnCs. Moreover, as “heterogeneity” of SnCs in vivo is noted?’], detailed verification for
selectivity of senolysis against subtype of SnCs is needed to apply it to human clinical practice with minimization of the side effects.

2. Biological Significance of Increased Glycolytic Metabolism in SnCs

Abnormal and impaired mitochondrial function was well known in aged individuals and cellular aging, while much remains unknown
about glycolytic metabolism. Although several reports observed increased glycolysis in SnCs and aged organisms/$31], it has been
unclear why and how glycolysis is biologically connected to senescent phenotype.

Enhanced glycolysis in localized lesions is well observed in many cancers, called the Warburg effect323%], Previously, we found that in
cancer cells with oncogenic Ras activation, the Warburg effect was maintained by “non-enzymatic function” of glycolytic enzyme
phosphoglycerate mutase (PGAM), that is, increased PGAM1-checkpoint kinase 1 (Chk1) binding**l. Applying NanoLuc Binary
Technology (NanoBiT), a two-subunit system based on NanoLuc luciferase that can be used for intracellular detection of
protein-protein interactions (PPIs)[*>3°l enabled us to effectively evaluate PGAM1-Chk1 binding. We noticed that oncogenic
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Ras-induced SnCs also displayed both increased PGAM1-Chk1 binding and enhanced glycolysis, designated as the pseudo-Warburg
effectl®”l. It has been conceived that the Warburg effect in cancers meets the increasing energy demand of rapidly-proliferating cells.
But, as SnCs are suffering permanent cell cycle arrest, the pseudo-Warburg effect in SnCs would be provoked by other mechanisms.
Alternatively, it might be possible that the pseudo-Warburg effect compensates for the mitochondrial dysfunction, observed in SnCs.
However, the inhibition of the mitochondrial electron transport chain with rotenone or antimycin A failed to induce PGAM1-Chk1
binding in primary cells, suggesting that PGAM1-Chk1 binding seems not to be coupled with energy demand or mitochondria
statusl®’l, Importantly, the pseudo-Warburg effect was crucial for cellular survival not only in oncogene-induced senescence, but also
in DNA damage-induced, irradiation-induced, and replicative senescencel*’l. Thus, senescence-inducing stress provokes the
pseudo-Warburg effect in SnCs, while the classical Warburg effect meets the requirements of greedy cancerous cells. Collectively, we
identified enhanced PGAM1-Chk1 interaction as one of prominent features of SnCs.
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Figure 1. Transcriptional program for survival and SASP of SnCs. Transcriptional NF-kB is operating in SnCs, resulting in activation of anti-apoptotic genes (e.g. Bcl-2 and Xiap)
and a secretory phenotype, SASP. Senescence-inducing stress also enhances PGAM1-Chk1 binding, which stabilizes and activates HIF-2a. The pseudo-Warburg effect in SnCs
is coupled with enhanced PPP, providing nucleotide pools, and secretion of lactate as an enhancer of PGAM1-Chk1 binding. HIF-2a also activates FoxM1 in SnCs, which
suppresses proapoptotic BIM and activates DNA repair machineries. Created in BioRender. Kondoh, H. (2026)
https://app.biorender.com/illustrations/6792f262706c9c5c43d6cc8c. SASP: senescence associated secretory phenotype; SnCs: senescent cells; NF: nuclear factor; Bcl-2: B-cell
lymphoma 2; Xiap: X-linked inhibitor of apoptosis protein; PGAM1: phosphoglycerate mutase 1; Chk1: checkpoint kinase 1; HIF: hypoxia-inducible factor; PPP: pentose
phosphate pathway; FoxM1: Forkhead box M1; IL-6: interleukin-6.

Instead, we identified transcription factor hypoxia-inducible factor (HIF)-2a as a target of PGAM1-Chk1 binding. In agreement with
the activation of HIF-2a in SnCs, glycolytic pathway is upregulated, associated with activation of the pentose phosphate pathway
(PPP) and production of lactate. PPP plays critical roles in supplying nucleotide precursors, thereby supporting DNA integrity!*], while
lactate is well established as clinical biomarker of hypoxia, e.g. ischemic strokel®’l. Lactate enhances PGAM1-Chk1 binding through
signaling of its G protein-coupled receptor 81 (GPR81) receptor. Interestingly, recent study suggested that HIF-2¢ accelerates SASP as
a priming factor!“’l. Thus, HIF-2a can upregulate both inflammatory SASP factors and lactate in parallel. These findings suggest
PGAM1-Chk1 mediated glycolysis in SnCs is biologically crucial to maintain both DNA integrity and its binding, via PPP and lactate,
respectively (Figure 1).

3. Senolytic Mechanism by Inhibition of PGAM1-Chk1 Binding

Nutlin was developed as an anticancer agent that inhibits tumor protein p53 (p53)-mouse double minute 2 (MDM?2) binding!*'l. We had
previously reported ubiquitination of PGAM1 mediated by Mdm2![*?l, Initially, we suspected the potential of Nutlin as an inhibitor of
the binding between PGAM1 and Mdm?2 ligase, but it proved to be completely ineffective. Based on the information on the Nutlin
target sequence reported in the proteomics study by Nicholson et al.l*’], we noticed two repeats of the Nutlin target sequence at the
N-terminus of the PGAM1, which Chk1 binds. In fact, we have identified Nutlin as an inhibitor for PGAM1-Chk1 binding®®!. Although
Nutlin was structurally designed to inhibit the p53-binding pocket, little was known about the structural basis of PGAM1-Chk1
binding, which remains to be resolved.

Interestingly, while Nutlin composes two optical isomers (3a and 3b), the efficiency for inhibition of p53-MDM2 binding differs more
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than 100-fold between Nutlin 3a and 3bl!l. On the other hand, 3a and 3b can inhibit PGAM1-Chk1 binding to the same extent. Nutlin
3a, activator of p53, has high anti-cancer activity, and is highly toxic in normal cells and young mice in our study. However, Nutlin 3b
selectively removed SnCs, but not young cells, and its safety in young mice was confirmed (Figure 2). These functional differences of
two optical isomers, like Nutlin-3a and -3b described here, are not exceptional and are also reported in several other cases; e.g.
ofloxacin vs levofloxacin as antibiotics!*!l. These findings suggest Nutlin 3b, not 3a, as a potential senolytic drug. Indeed, Nutlin 3b
alleviated several aging-relevant disorders in aged mice, muscle weakening and disorder in aged liver, kidney, and lung.
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Figure 2. Comparison of biological effects between Nutlin 3a and 3b. (a) Nutlin 3a efficiently inhibits the interactions of both p53-Mdm2 and PGAM1-Chk1. Consequently,
Nutlin 3a is rather toxic for young cells and mice, due to activation of p53; (b) Nutlin 3b interferes with PGAM1-Chk1 binding, not with that of p53-Mdm2. Nutlin 3b is effective
for senotherapy in aged mice, but not toxic for young mice. Created in BioRender. Kondoh, H. (2026) https://app.biorender.com/illustrations/69bea4ad76a6c6dd199a49b8.
p53: tumor protein p53; Mdm2: mouse double minute 2; PGAM1: phosphoglycerate mutase 1; Chk1: checkpoint kinase 1; SnCs: senescent cells; Ub: ubiquitin.

Cellular fates for survival are largely based on the balance between the pro-apoptotic and anti-apoptotic factors. Frontier works (e.g.
Chang et al.»)) reported that several “anti-apoptotic defenses” (e.g. Bcl-2 family) are actively operating in SnCs. These works inspired
the challenges of senolysis, leading to identification of ABT263 or Dasatinib plus Quercetin (D + Q)>!l. Since then, several classes of
senolysis drugs were identified (Figure 3)[*>-°l, Inhibitors against BCL family proteins (BCL-XL, BCL-2, and BCL-W) comprise ABT
analogues (ABT263 and ABT737), Nav-Gal, PZ15227, and Gingerenone A, while activators for p53 (FOXO-DRI, UBLX0101, P5091, and
P22077) and inhibitors of proteostasis proteins, including heat shock protein 90 (HSP90) or coat protein complex I (COPI), 17-DMAG,
IMP1088, and PCLX-001, are also effective for senolysis. In addition, senescence-specific membranous proteins, urokinase
plasminogen activator receptor (uUPAR) or glycoprotein nonmetastatic melanoma protein B (GPNMB), upstream signaling modules for
survival (receptor tyrosine kinase (RTK) or phosphoinositide 3-kinase/protein kinase (BPI3K/AKT)), and metabolic enzyme
glutaminase 1 (GLS1) are efficient targets of senolysis. On the other hand, the senolytic effect of Nutlin 3b is partly due to the
activation of the proapoptotic gene Bim, but not of p53, while ABT263 inhibits Bcl2, an anti-apoptotic gene. The comparison between
the transcriptome of Nutlin 3b-treated SnCs and more than 20,000 chromatin immunoprecipitation (ChIP) datasets registered in ChIP
Atlasl'”! (https://chip-atlas.org/) identified Forkhead box M1 (FoxM1) as the transcription factor with highest scores of fold enrichment
(FE). Interestingly, many DNA repair factors are the target of FoxM1 in SnCs, in addition to known cell cycle factors. Thus, PGAM1-Chk1
axis suppresses “proapoptotic factors” BIM and upregulates DNA repair machineries by transcriptional FoxM1; notably, PCC1 or
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cardiac glycoside activates the other proapoptotic Puma or Noxa. As HIF-2¢ activates FoxM1 in SnCs, HIF-2a supports DNA integrity
by activating both PPP and DNA repair machineries (Figure 1), while epigenetic factor bromodomain-containing protein 4 (BRD4), a
target of senolytic ARV825, also regulates DNA repair machinery in SnCs!*®l. It is possible that the enhanced “pro-apoptotic
responses”, e.g. by Nutlin 3b, might synergistically function with suppression of “anti-apoptotic factors”, e.g. by ABT263 or D + Q, for
induction of senolysis.

4. Senolytic Selectivity of Nutlin 3b

There was no doubt that the downstream of PGAM1-Chk1 binding is FoxM1, but the challenge has resurfaced. R. Ribeiro et al.
reported that intermittent activation of FoxM1 prolongs the lifespan of aged micel*”), which is seemingly inconsistent with our
findings of inactivating FoxM1 by senolytic Nutlin 3bl*7l. In the former study, FoxM1 was periodically activated from an early stage in
young mice (8 weeks old). The mice bore the transgene of the constitutive active FoxM1 with N-terminus truncation (FoxM1-dNdK),
under a tet-on system. The transgene is periodically activated through a weekly cycle of 3-days on and 4-days off by the tet “on-off”
system for 80 weeks until natural aging of mice. In contrast, in our study we treated very aged mice (20 months old) with senolytic
Nutlin 3b for 3 months. Senolytic Nutlin 3b effectively suppressed FoxM1 in vitro and in vivo. The contrast between the results of
senolysis (inhibiting FoxM1) and Ribeiro et al. (periodically activating FoxM1) suggests the “Goldilocks” principle of FoxM1:
early/cyclic activation promotes repair, but chronic accumulation at late stage supports the survival of harmful SnCs. Thus, the
therapeutic benefit of FOXM1 inhibition or activation is likely to depend on the context of diseases and tissues involved. Thus, two
distinct approaches, which seem to act in the opposing direction against FoxM1 at different life stages, are similarly effective as
senotherapy for beneficial outcome in aged mice.

DNA repair
Machiner

Cardiac

glycoside =K
R

Figure 3. Overview of subclasses for senolytic approaches. Target proteins for senolysis drugs are classified into several groups. Anti-apoptotic BCL family proteins (BCL-XL,

BCL-2, and BCL-W) are targeted by ABT analogues (ABT263 and ABT737), Nav-Gal, PZ15227, and Gingerenone A. Alternatively, activation of pro-apoptotic factors (Puma and
Noxa) or p53 also serves as senotherapy. It is noteworthy that Nutlin 3b inhibits another proapoptotic BIM via suppression of FoxM1. Inhibitors of proteostasis proteins
(HSP90 or COPI), 17-DMAG, IMP1088, and PCLX-001, are also effective for senolysis. In addition, senescence-specific membranous proteins (UPAR or GPNMB), upstream
signaling modules for survival (RTK or PI3K/AKT), and metabolic enzyme (GLS1) are targeted by individual senolytic drugs or modalities. Interestingly, FoxM1 and epigenetic
factor BRD4, a target of senolytic ARV825, regulate DNA repair machinery in SnCs. Created in BioRender. Kondoh, H. (2026)
https://app.biorender.com/illustrations/6a4899f3caedd0741b201799. BCL: B-cell ymphoma 2; p53: tumor protein p53; FoxM1: Forkhead box M1; HSP90: heat shock protein
90; COPI: coat protein complex I; uPAR: urokinase plasminogen activator receptor; GPNMB: glycoprotein nonmetastatic melanoma protein B; RTK: receptor tyrosine kinase;
PI3K/AKT: phosphoinositide 3-kinase/protein kinase; GLS1: glutaminase 1; BRD4: bromodomain-containing protein 4; SnCs: senescent cells; HIF: hypoxia-inducible factor;

CAR-T: chimeric antigen receptor T cell.

Notably, FoxM1 mRNA continuously decreases in all organs tested until middle age of mice (40 weeks old), while in old age (90 weeks
old), two distinct profiles for FoxM1 mRNA are observed; (1) a re-activated pattern in aged lungs, liver, kidneys, etc., and (2) a
depressed pattern in the heart, white adipose tissue (WAT), brain, etc.[’’. We observed that senolytic Nutlin 3b is effective in the
former tissues, aged lungs, liver, and kidneys, but not in the latter ones, e.g. aged WAT. In line with such tissue-dependent activation
of FoxM1 in aged mice, it has been reported that FoxM1 also accumulates in lung fibrosis, one of the age-related diseases. Nutlin 3b
was found to have a therapeutic effect against fibrotic lungs of mice. Thus, senolytic Nutlin 3b could be more effective in
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FoxM1-accumulating organs, than others.

Due to the complexity and heterogeneity of senescence in vivo, a recent study suggests that preserved endothelial functions are
crucial to restore the health of mice after senolytic treatment>°l. More recently, a harmful effect of senolysis, e.g. ABT-263, was
reported, which reduced the plaque stability of atherosclerosis>!l. To disclose the translational potential of Nutlin 3b, we examined its
senolytic effect in different subtypes of SnCs in vitro. We observed that Nutlin 3b is effective as a senolytic for senescent fibroblasts
and macrophages, but not for senescent endothelial vessel cells in vitro. Similarly, D + Q treatment also preserves vessel integrity in
vivol®"l, although underlying mechanisms of cell-type selectivity by Nutlin 3b or D + Q remain to be uncovered. These findings support
the efficacy and minimized side effects of Nutlin 3b as a senolysis drug for the treatment of aging and age-related diseases. Although
Nutlin 3b has demonstrated promising senolytic activity and an acceptable safety profile in mouse modelsl*”), its clinical feasibility in
humans remains to be established. Future studies should address the current limitations of this therapeutic strategy, including
pharmacokinetic properties, long-term safety, optimal dosing, tissue distribution, and the identification of biomarkers for patient
stratification or treatment monitoring.

5. Conclusion

Identification of PGAM1-Chk1 binding as a property of SnCs disclosed the biological significance of the pseudo-Warburg effect in
cellular senescence. This interaction stabilizes HIF-2a by preventing its degradation, to sustain the transcription of glycolytic
enzymes, simultaneously enhancing PPP activity, and upregulates FoxM1, supporting the anti-apoptotic capacity of SnCs. FoxM1
promotes the expression of DNA repair machineries while repressing the proapoptotic factor Bim. Thus, the enhanced glycolysis in
SnCs is not merely an energy-generating process but is tightly coupled with DNA repair, nucleotide metabolism, and anti-apoptotic
signaling, forming the core survival basis of SnCs. More importantly, the soluble factor promoting PGAM1-Chk1 interaction is not
classical SASP inflammatory factors, including cytokines (interleukin-6 (IL-6) and IL-1f3), chemokines (C-C motif chemokine ligand 2
(CCL2) and C-X-C motif chemokine ligand 12 (CXCL12)), growth factors (amphiregulin (AREG) and osteoprotegerin (OPG), and glycolytic
modulators (insulin-like growth factor-binding proteins 1-6 (IGFBP1-6)), but the glycolytic by-product lactate, suggesting that the
external inflammatory and the intrinsic survival phenotype of SnCs, although related, are mechanistically distinct, with regard to the
metabolic state.

Strikingly, Nutlin 3b, an isomer of Nutlin 3a, efficiently inhibits PGAM1-Chk1 binding, but not that of p53-Mdm2, serving as a senolysis
drug in vitro and in vivo. Consistent with the negative effect of Nutlin 3b against FoxM1, lung fibrosis in mice is also alleviated by
senolytic Nutlin 3b, as FoxM1 is a critical driver of lung fibrosis®?l. Further verification of the senolytic effect of Nutlin 3b would help
its future clinical application.
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