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ABSTRACT

Senescent cells are characterised by increased glycolysis dependence. Normalisation of glycolysis metabolism is essential for

senescence amelioration. However, the mechanism of proteins involved in cellular glycolysis metabolism has not been fully elu-

cidated. Here, we identified a candidate compound, an oxazole analogue (KB2764), that can improve senescence. To elucidate the

mechanism of the KB2764, we investigated the interacting proteins. KB2764 interacted with alpha-enolase (ENO1) and pyruvate
kinase M (PKM), ultimately allowing PKM to phosphorylate ENO1. KB2764 consequently increased mitochondrial ATP produc-

tion and reduced reliance on glycolysis. Knockdown of the ENO1 experiment in senescent cells demonstrates that regulation of

ENOL1 activity is a prerequisite for recovery of mitochondrial function. Furthermore, the action of KB2764 extends its application

to extend the lifespan of Caenorhabditis elegans. Taken together, our findings reveal a novel mechanism by which senescence

is ameliorated through metabolic reprogramming and mitochondrial functional recovery via KB2764-mediated regulation of

ENOL1 protein activity.

1 | Introduction

Senescence refers to the loss of replicative ability that occurs
when normal somatic cells are cultured for long periods of time
[1]. Moreover, senescence is characterised by altered structure
and function of cellular organelles, with mitochondria showing
the most prominent changes [2]. Notable changes in mitochon-
dria include an increase in volume and size. This increase is a
feedback response that occurs because inefficient electron trans-
port in the electron transport complex (ETC) generates reactive
oxygen species (ROS), damaging mitochondrial structure and
function [3]. Dysfunctional mitochondria are not only a major

source of excessive ROS, but are also a major target of ROS, caus-
ing ETC damage that reduces the efficiency of oxidative phos-
phorylation (OXPHOS) [3]. Therefore, senescent cells rely more
on glycolysis than OXPHOS as an intracellular energy source
[3]. These findings are supported by evidence from investiga-
tions of energy metabolism in senescent cells showing increased
lactate formation and glucose consumption, suggesting active
glycolysis [4]. The close link between senescence and metabolic
changes has been supported by the fact that metabolic changes
cause premature deterioration of tissue and organ function [5].
However, the underlying mechanisms that can reverse meta-
bolic changes in senescent cells are still unknown. Therefore,
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Screening of the compound KB2764 that ameliorates the senescence phenotype. (a) A quantitative assessment of cellular prolifer-

ation was conducted utilising a DNA content-based method. **p <0.01, Student's ¢-test. Mean + SD, n=10. Chemical structure of an oxazole ana-
logue (KB2764) was shown in a rectangle. (b) Cell proliferation was assessed at different concentrations of KB2764 (0-32uM). n.s. (not significant),
*¥p<0.01, Student's t-test. Mean +SD, n=10. (c) Cell viability was assessed to investigate the toxicity of KB2764 at concentrations of 8 uM. n.s. (not
significant), two-way ANOVA followed by Bonferroni's post-test. Mean +SD, n=3.

a fundamental understanding of metabolic regulation in senes-
cent cells is necessary.

Oxazoles and pyrazoles are heterocyclic aromatic organic mo-
tifs that are widely introduced in pharmacologically active
compounds [6]. Oxazole and pyrazole analogues have been
found to be useful in reducing senescence [7]. For example,
an oxazoloquinoline derivative (KB1541) bound to the 14-3-
3¢ protein and then phosphorylated the protein at serine 58
residue [7]. This phosphorylation enhanced the ATP synthase
5 alpha/beta dimer, increasing oxidative phosphorylation
(OXPHOS) efficiency and stimulating ATP production [7].
Then, improved OXPHOS efficiency resulted in the resto-
ration of mitochondrial function and reduction of senescence
[7]. Another oxazole-based HUP-55 affected autophagy, ROS
generation and a-synuclein dimerisation [8]. In mice with
age-elated Parkinson's disease, HUP-55 crossed the blood-
brain barrier and alleviated Parkinson's disease by inhibiting
a-synuclein dimerisation [8]. Recently, zoledronic acid, a pyr-
azole analogue, was found to have a senolytic effect that pref-
erentially eliminates senescent cells and leaves young cells
intact [9]. The senolytic effect of zoledronic acid was further
confirmed by showing that zoledronic acid extended lifespan
in progeria mice [9].

In this study, we aimed to identify compounds that can reverse
ageing using a library containing oxazole and pyrazole ana-
logues. We identified one candidate that enables cellular meta-
bolic reprogramming through phosphorylation of alpha-enolase
(ENOL1). Here, we propose a novel ageing reversal mechanism by
this drug candidate.

2 | Materials and Methods

Detailed materials and methods are described in Supporting
Information S1.

3 | Results

3.1 | Screening of the Compound KB2764 That
Ameliorates the Senescence Phenotype

In the current study, we used a screening method to measure
cell proliferation to determine whether candidate compounds
have the potential to reverse senescence. Senescent cells were
treated with a library of oxazole and pyrazole analogues. The
effect on cell number was assessed at Day 12 (Figure 1a). Among
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the 43 potential candidates, cells treated with KB2764 induced
the highest cell number proliferation compared to cells treated
with DMSO (red bar in Figure 1a). Therefore, KB2764 was se-
lected as a potential candidate and subsequent experiments were
performed. The structure of KB2764, an oxazole derivative, is
shown inside the rectangle in Figure 1la. Figure S1 provides a
full description of the synthetic strategy to prepare KB2764.

During screening experiments, all compounds were diluted to
a final concentration of 8 uM. Therefore, KB2764, which was
selected as a candidate, was also used after diluting to 8 uM.
To determine the optimal KB2764 concentration to induce cell
proliferation, KB2764 was diluted to several concentrations
(0-32uM). Cells were treated with KB2764 at different con-
centrations, and cell proliferation was measured. Starting from
4uM, a significant effect on the induction of cell proliferation
was observed (Figure 1b; *p < 0.05, **p < 0.01). The proliferation-
inducing effect was more significant at the 8uM concentration
(Figure 1b; **p<0.01). Therefore, a concentration of 8 uM was
selected and used for subsequent experiments.

We next investigated the toxicity of KB2764 at selected concen-
trations by assessing cell viability. Senescent cells treated with
KB2764 showed a viability similar to that of senescent cells
treated with DMSO (Figure 1c). These results indicate that the
8 uM concentration of KB2764 did not exhibit cytotoxicity.

3.2 | KB2764 Interacts With ENO1 and Pyruvate
Kinase M (PKM)

KB2764 was found to increase cell proliferation of senescent
cells, but it is unclear what role KB2764 plays in senescence
recovery. Therefore, we decided to gain information about
KB2764 by identifying its binding interaction partners. To use
KB2764 as bait in the pull-down assay, KB2764 was biotinylated
(Figure 2a). The synthetic procedure to prepare biotinylated
KB2764 is shown in Figures S2-S5. To precipitate KB2764-
binding proteins, pull-down experiments were performed using
biotinylated KB2764. The biotinylated KB2764 bound to strepta-
vidin and co-precipitated KB2764-bound proteins (Figure 2b).
As a control, pull-down experiments were performed using
only biotin (Figure 2b). Ion trap mass spectrometry was used to
identify proteins that bind to biotinylated KB2764 or biotin. One
hundred forty-nine proteins bound only to biotinylated KB2764
and not to biotin (Figure 2c and Table S1). One hundred thirty-
seven proteins bound only to biotin and not to biotinylated
KB2764 (Figure 2c and Table S2). Both biotinylated KB2764 and
biotin bound to 48 proteins (Figure 2¢ and Table S3).

To find proteins associated with ageing recovery among the 149
proteins that bind only to biotinylated KB2764, we considered
two factors. First, the p value, which is the probability that the
measured mass value is a random match that does not match a
mass value in the protein database, was considered [10]. To visu-
alise the p value, the p value was converted to —10log (p value)
(Figure 2d and Table S1). A lower p value corresponds to a larger
—10log (p value), indicating that the match is less likely to have
occurred due to random matching. Second, the association of
the selected protein with senescence was considered. ENO1 and
PKM were selected as the most promising candidates because

they showed high —10log (p value) and are proteins involved
in glycolysis, which plays an important role in senescence
[11] (Figure 2d). Specifically, PKM catalyses the conversion of
phosphophenol pyruvate to pyruvate, and ENO1 catalyses the
conversion of 2-phosphoglycerate to phosphophenol pyruvate
[12, 13] (Figure 2e).

In vivo pull-down assay was used to confirm the binding be-
tween KB2764 and candidate proteins. HEK293T cells were
transfected using pCMV-Myc-PKM or pCMV-Myc-ENO1 plas-
mids and then grown in a medium containing biotinylated
KB2764. Cell lysates were then precipitated using streptavidin,
and immunoblotting was performed using an antibody against
Myc-tag. In vivo pull-down analysis showed that biotinylated
KB2764 bound to Myc-tagged PKM or Myc-tagged ENO1 pro-
teins, validating the mass spectrometry results (Figure 2f).

We then used an assay called microscale thermophoresis (MST)
to determine which candidate proteins bound most tightly to
KB2764. Various concentrations of KB2764, along with His-
tagged PKM protein or His-tagged ENOI protein, were used
for testing. The dissociation constant (K,) between KB2764
and PKM was 9.32uM, indicating a weak interaction between
them (Figure S6a). On the other hand, KB2764 and ENO1 had
a K, of 40.09nM, indicating a strong interaction between them
(Figure S6b). These findings indicate that KB2764 is bound
to both ENO1 and PKM proteins and more strongly to ENO1
protein.

We then performed an in silico docking study to predict the
potential binding mode of KB2764 with ENO1 (PDB ID: 3B97).
Docking studies showed that the best-docked pose of KB2764
interacted with Arg 253 and Ser 254 of ENO1 (Figure S7a).
Specifically, the oxazole and ester moieties of KB2764 interacted
with Ser 254 of ENO1. Additionally, the 3-methylphenyl moiety
of KB2764 created a cation-m interaction with Arg 253 of ENO1
(Figure S7a). These data suggest that KB2764 can bind tightly to
ENOI1 via Arg 253 and Ser 254. To test whether Ser 254 in ENO1
plays an important role in the binding between KB2764 and
ENO1, MST was performed using KB2764 and ENO1 (S254A)
proteins. Various concentrations of KB2764, along with His-
tagged ENOL1 (S254A) protein, were used for testing. K, between
KB2764 and ENO1 (S254A) proteins was 0.24 mM (Figure S7b).
However, this K, value was much larger than the K, value be-
tween KB2764 and ENO1 (WT) proteins (40.09nM), indicating
that Ser 254 of ENOL1 plays an important role in the binding be-
tween KB2764 and ENOI1 protein (Figure S7b).

3.3 | KB2764 Increases the Interaction Between
PKM and ENO1, Ultimately Allowing PKM to
Phosphorylate ENO1

Protein kinases target and phosphorylate specific substrates
through physical interactions [14]. Since PKM is a protein
kinase, it is possible that KB2764 increases the interaction
between PKM and ENOI, ultimately allowing PKM to phos-
phorylate ENO1. Therefore, we first investigated the effect of
KB2764 on the interaction between PKM and ENO1. To exam-
ine the effect, pPCMV-Myc-PKM was transfected into HEK293T
cells. Transfected HEK293T cells were treated with DMSO or
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FIGURE 2 | Identification of KB2764 interacting proteins. (a) Chemical structure of biotinylated KB2764. (b) Schematic diagram of immuno-
precipitation workflow using biotinylated KB2764 or biotin. (c) Ion trap mass spectrometry was used to identify proteins that bind to biotinylated
KB2764 or biotin. The Venn diagram shows the number of proteins to which biotinylated KB2764 binds and the number of proteins to which biotin
binds. The detailed protein information is described in Tables S1-S3. (d) Selected candidates are shown. —10logP: -10log(p value), Avg. Mass (kDa):
Average of protein molecular mass. (e) Schematic representation of the glycolysis pathway. PKM catalyses the conversion of phosphophenol pyruvate
to pyruvate. ENO1 catalyses the conversion of 2-phosphoglycerate to phosphophenol pyruvate. (f) Co-precipitation of biotinylated KB2764 and Myc-
tagged candidate proteins (Myc-tagged control, Myc-tagged PKM or Myc-tagged ENO1 proteins). Primary antibodies utilised in the immunoblotting

procedure were antibodies against Myc-tag and {-actin.

KB2764 and then immunoprecipitated with Myc-tag antibody.
Immunoprecipitated Myc-PKM levels in cells treated with
KB2764 were identical to those in cells treated with DMSO
(Figure 3a). However, KB2764 increased the precipitation of
endogenous ENO1 protein, indicating that KB2764 increased
the interaction between PKM and ENO1 proteins (red box in
Figure 3a). To confirm the effect of KB2764 on the interaction
between PKM and ENO1, pCMV-Myc-ENO1 was transfected
into HEK293T cells. Transfected cells were treated with DMSO
or KB2764 and then immunoprecipitated with Myc-tag antibody.
Immunoprecipitated Myc-ENO1 levels in cells treated with
KB2764 were identical to those in the control group (Figure 3b).
However, KB2764 increased the precipitation of endogenous

PKM protein, indicating that KB2764 increased the interaction
between PKM and ENOI1 proteins (red box in Figure 3b). Next,
we investigated the effect of KB2764 on PKM-mediated ENO1
phosphorylation. A phospho-Ser antibody was used to detect
the phosphorylation of ENO1. In the KB2764 group compared
to the DMSO group, immunoprecipitated ENO1 showed an
increased phosphorylated form (red box in Figure 3c). These
results indicate that KB2764 increases PKM-mediated ENO1
phosphorylation.

The finding that KB2764 increases PKM-mediated ENO1
phosphorylation prompted us to investigate the effect of PKM
knockdown on ENO1 phosphorylation. After transfecting
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FIGURE 3 | KB2764 increases the interaction between PKM and ENO1, ultimately allowing PKM to phosphorylate ENO1. (a) Effect of KB2764
on the interaction between PKM and ENO1. KB2764 increased the precipitation of endogenous ENO1 protein (red-boxed areas). (b) Confirmation of
the effect of KB2764 on the interaction between PKM and ENO1. KB2764 increased the precipitation of endogenous PKM protein (red-boxed areas).
(c) Effect of KB2764 on PKM-mediated ENO1 phosphorylation. ENO1 phosphorylation was increased upon KB2764 treatment (red-boxed areas). (d)
Effect of PKM knockdown on ENO1 phosphorylation. shPKM-mediated ENO1 knockdown reduced the endogenous expression level of PKM protein
(blue-boxed areas). ENO1 phosphorylation was decreased in the shPKM group (red-boxed areas).

HEK293T cells with pCMV-Myc-ENOI, the expression level
of PKM was suppressed using shRNA that directly targets
PKM (shPKM). PKM protein knockdown was assessed fol-
lowing transduction with lentivirus expressing shPKM or
control ShRNA (shCTRL). shPKM-mediated ENO1 knock-
down reduced the endogenous expression level of PKM pro-
tein, whereas shCTRL did not affect the expression (blue box
in Figure 3d). Then, the cells were immunoprecipitated with
Myc-tag antibody. Immunoprecipitated Myc-ENO1 levels
in cells treated with shPKM were identical to those treated
with shCTRL (Figure 3d). Next, a phospho-Ser antibody was
used to detect the phosphorylation of ENO1. In the shPKM
group, immunoprecipitated ENO1 showed a decreased phos-
phorylated form (red box in Figure 3d). These results indi-
cate that inhibition of endogenous PKM expression reduces
ENO1 phosphorylation, supporting a role for PKM in ENO1
phosphorylation.

The discovery of KB2764-mediated phosphorylation sites in
ENO1 will further shed light on the mechanism of action of
ENOIL. Therefore, we used the Kinase Prediction Tool (http://
www.cbs.dtu.dk/services/NetPhos/) to predict potential phos-
phorylation motifs in ENO1. Potential phosphorylation motifs
were predicted to be serines (Ser) 254, 272 and 353, which are
conserved across species (Figure S8a). To test the prediction, ser-
ine to alanine point mutations (S254A, S272A and S353A) were
introduced into ENO1. Cells were transfected with pCMV-Myc-
ENO1 (WT), pCMV-Myc-ENO1 (S254A), pCMV-Myc-ENO1
(S272A) or pCMV-Myc-ENO1 (S353A). Immunoprecipitation

was performed on cell lysates using an antibody against Myc-
tag. The phosphorylation was detected by phospho-Ser anti-
body. Phosphorylation of ENO1 (S254A) and ENO1 (S272A) was
not reduced compared to ENO1 (WT), indicating that Ser254
and 272 are not potential phosphorylation motifs (blue box in
Figure S8b). However, phosphorylation of ENO1 (S353A) was
markedly reduced compared to ENO1 (WT), indicating Ser353
as the potential phosphorylation motif (red box in Figure S8b).

3.4 | KB2764-Mediated Regulation of ENO1
Activity Induces Metabolic Reprogramming

Senescent cells are characterised by inefficient ATP production
due to dysfunctional mitochondria [15]. Therefore, senescent
cells increase ATP production via glycolysis to compensate for
reduced ATP levels and become more dependent on glycoly-
sis. Since PKM and ENO1 are proteins involved in glycolysis,
we speculated that the increased interaction between PKM and
ENO1 by KB2764 would decrease dependence on glycolysis. To
prove our assumption, we assessed the level of glycolysis, which
can be measured by extracellular acidification rate (ECAR).
ECAR can be tested by sequentially administering chemicals
such as glucose, oligomycin and 2-deoxy-D-glucose (2-DG).
After injection of glucose and oligomycin, the ECAR values of
KB2764-treated senescent cells were significantly lower than
those of DMSO-treated senescent cells, indicating that KB2764
lowered the level of glycolysis (Figure 4a,b). These data sug-
gest that KB2764-treated senescent cells are less dependent
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FIGURE 4 | KB2764 decreases dependence on glycolysis as an energy source. (a) Measurement of ECAR (black line: DMSO-treated senescent
cells, red line: KB2764-treated cells). **p <0.01, two-way ANOVA followed by Bonferroni's post-test. Means + SD, n=3. (b) Measurement of the
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Bonferroni's post-test. Means + SD, n=3. (d) Measurement of the glycolysis level. n.s. (not significant), *p <0.05, Student's t-test. Means + SD, n=3.

on glycolysis as an energy source than DMSO-treated senes-
cent cells.

We investigated whether KB2764 treatment is a prerequi-
site for reducing dependence on glycolysis in senescent cells.
AZD7545 is an inhibitor of pyruvate dehydrogenase kinase
2 and inhibits OXPHOS by blocking acetyl-CoA production
[16]. AZD7545 was used to inhibit OXPHOS in senescent
cells. AZD7545-treated senescent cells had significantly in-
creased ECAR values compared to DMSO-treated senescent
cells, indicating that AZD7545 treatment inhibited OXPHOS
and induced metabolic reprogramming toward glycolysis
(Figure 4c,d; green lines and green bar). Additionally, senes-
cent cells cotreated with KB2764 and AZD7545 also showed
significantly increased ECAR values compared to senescent
cells treated with DMSO (Figure 4c,d; blue lines and blue
bars). This result indicates that AZD7545 prevented the de-
crease in glycolysis levels caused by KB2764. However, se-
nescent cells co-treated with KB2764/AZD7545 showed no
difference in ECAR compared to senescent cells treated with

AZD7545 (Figure 4c,d; green lines vs. blue lines. green bars
vs. blue bars). These results confirmed that AZD7545 blocked
KB2764-induced decrease in glycolysis levels. Taken together,
these data suggest that KB2764 treatment is a prerequisite for
reducing dependence on glycolysis in senescent cells.

The observation of decreased glycolysis dependence by
KB2764 raised the question of how mitochondria respond
to maintain intracellular energy homeostasis. To determine
whether mitochondria contribute to energy homeostasis, mi-
toOCR/glycoPER values, which indicate the ratio of OXPHOS
to glycolysis, were measured. mitoOCR/glycoPER values were
significantly increased by KB2764 treatment, indicating in-
creased mitochondrial contribution to energy homeostasis
(Figure 5a). The increased contribution was evidenced by the
finding that KB2764 increased mitochondrial ATP synthesis
(Figure 5b). To confirm this result, we examined the coupling
efficiency of mitochondria (the ratio of oxygen consumption
driving ATP synthesis compared to driving proton leak).
KB2764 significantly increased coupling efficiency, indicating
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FIGURE 5 | KB2764-mediated regulation of ENO1 activity induces metabolic reprogramming. (a) Comparison of mitoOCR/glycoPER in senes-
cent cells treated with DMSO or KB2764. **p <0.01, Student's t-test. Mean + SD, n=3. (b) Comparison of mitochondrial ATP synthesis in senescent
cells treated with DMSO or KB2764. **p <0.01, Student's t-test. Mean + SD, n=3. (c) Comparison of the coupling efficiency (i.e., the ratio of oxygen
consumed driving ATP synthesis compared to driving proton leak) in senescent cells treated with DMSO or KB2764. *p <0.05, Student's t-test.
Mean +SD, n=3. (d) Comparison of non-mitochondrial oxygen consumption in senescent cells treated with DMSO or KB2764. **p <0.01, Student's
t-test. Mean + SD, n = 3. (¢) Flow cytometric analysis of mitochondrial membrane potential (MMP) using JC-10. **p <0.01, Student's ¢-test. Mean = SD,
n=3. (f) Flow cytometric analysis of reactive oxygen species (ROS) using DHR123. **p <0.01, Student's t-test. Mean £ SD, n=3. (g) Flow cytometric
analysis of mitochondrial mass using MitoTracker green. **p <0.01, Student's t-test. Mean + SD, n = 3. (h) Comparison of mitochondrial ATP synthe-
sis in senescent cells treated with ‘DMSO’, ‘KB2764’, ‘AZD7545’ or ‘KB2764 and AZD7545’. n.s. (not significant), *p <0.05, **p <0.01, Student's t-test.

Mean+SD, n=3.

that KB2764 increased the proportion of oxygen consumption
to drive ATP synthesis (Figure 5c). We then examined non-
mitochondrial oxygen consumption to determine whether
the increase in ATP synthesis induced by KB2764 was mito-
chondrial. KB2764 significantly reduced non-mitochondrial
oxygen consumption, indicating that the increase in ATP
synthesis was primarily mitochondrial (Figure 5d). The mi-
tochondrial membrane potential (MMP) is known to main-
tain the electrochemical potential of hydrogen ions required
for ATP synthesis [17]. KB2764 significantly increased MMPs
compared to the DMSO control, providing the underly-
ing mechanism for the increased ATP synthesis by KB2764
(Figure 5e). Enhanced efficiency of mitochondrial ATP pro-
duction is known to reduce mitochondrial ROS production
[18]. Indeed, KB2764 significantly reduced ROS levels com-
pared to DMSO-treated senescent cells, indicating KB2764-
mediated restoration of mitochondrial function (Figure 5f).
The increase in mitochondrial mass is known to be the result
of a compensatory response to increased ROS and subsequent
increased damaged mitochondria [19]. Because we observed
a decrease in ROS levels by KB2764, we investigated whether

there were changes in mitochondrial mass by KB2764.
Senescent cells treated with KB2764 significantly reduced
mitochondrial mass compared to senescent cells treated with
DMSO (Figure 5g).

We then investigated whether the restoration of mitochondrial
function induced by KB2764 affected mitochondrial ATP syn-
thesis. AZD7545 was used to inhibit OXPHOS. KB2764 treat-
ment significantly increased mitochondrial ATP synthesis,
confirming the results shown in Figure 5b, whereas AZD7545
treatment decreased mitochondrial ATP synthesis (Figure 5h).
Senescent cells were then co-treated with KB2764/AZD7545.
Compared with senescent cells treated with DMSO, senescent
cells co-treated with KB2764/AZD7545 did not show a signif-
icant increase in mitochondrial ATP synthesis (Figure 5h).
To investigate the underlying mechanism, mitochondrial
ATP synthesis in senescent cells co-treated with KB2764/
AZD7545 was compared with that in senescent cells treated
with AZD7545. Senescent cells co-treated with KB2764/
AZD7545 showed a significant increase in mitochondrial ATP
synthesis compared to senescent cells treated with AZD7545
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els, as indicative of mitochondrial functional recovery, were measured. Flow cytometric analysis of reactive oxygen species (ROS) using DHR123.

**p <0.01, Student's t-test. Mean £SD, n=3.

alone (Figure 5h). These results suggest that KB2764, which
directly affects OXPHOS by increasing mitochondrial bind-
ing efficiency and MMP, acts on mitochondrial ATP synthe-
sis through a different mechanism than AZD7545, which acts
as an indirect OXPHOS inhibitor by inhibiting acetyl-CoA
production.

Observing the restoration of mitochondrial function by
KB2764, we investigated whether regulation of ENO1 by
KB2764 is required for the restoration of mitochondrial
function. To determine the role of KB2764-mediated regula-
tion of ENOI1, endogenous ENO1 expression was suppressed
using shRNA that directly targets ENO1 (ShENO1). shENO1-
mediated ENO1 knockdown decreased the expression level of
ENOL1 protein, whereas shCTRL had no effect on the expres-
sion level of ENO1 protein (Figure 6a). Then, senescent cells
transduced with lentivirus expressing shCTRL or shENO1
were treated with DMSO or KB2764. To investigate the resto-
ration of mitochondrial function, ROS levels were measured.
Senescent cells transduced with lentivirus expressing shCTRL
responded to KB2764, as shown by a significant decrease in
ROS levels (Figure 6b). However, senescent cells transduced
with lentivirus expressing shENO1 did not reduce ROS lev-
els after KB2764 treatment, unlike senescent cells transduced
with lentivirus expressing shCTRL (Figure 6b). These results
indicate that suppression of ENO1 expression via shRNA did
not effectively reduce ROS levels by reducing the amount of
ENOL1 directly affected by KB2764. These results also suggest
that KB2764-mediated regulation of ENOL1 is required for the
restoration of mitochondrial function.

To determine whether knockdown of ENO1 expression af-
fects ROS levels in senescent cells, ROS levels between se-
nescent cells transduced with lentivirus expressing shCTRL
and shENO1 were compared after treatment with DMSO or
KB276. In the DMSO-treated group, senescent cells trans-
duced with lentivirus expressing shENO1 showed signifi-
cantly lower ROS levels than senescent cells transduced with
lentivirus expressing shCTRL (Figure 6b). Moreover, in the
KB2764-treated group, senescent cells transduced with lenti-
virus expressing sShENO1 showed significantly lower ROS lev-
els than senescent cells transduced with lentivirus expressing

shCTRL (Figure 6b). These data indicate that ENO1 inhibition
reduced ROS levels in senescent cells, regardless of whether
treated with DMSO or KB2764.

To identify the interaction partners that bind to KB2764, we
performed biotinylation on KB2764. We investigated the func-
tion of biotinylated KB2764 to rule out the possibility that
biotinylation impairs the function of KB2764. Among the
various effects of KB2764, we focused on its effect on intra-
cellular ROS levels. Biotinylated KB2764 also significantly re-
duced ROS levels compared to DMSO-treated senescent cells
(Figure S9). These data indicate that biotinylation of KB2764
did not impair the function of KB2764, especially its ability to
reduce ROS levels.

3.5 | KB2764 Ameliorates Senescent Phenotypes

DNA double-strand breaks (DSBs) increase with senescence and
are widely used as a marker of senescence [20]. The main cause
of DNA DSBs is DNA damage caused by excessive intracellu-
lar ROS [21]. Because we observed a reduction in ROS levels by
KB2764, we speculated that this effect might reduce DNA DSB
levels. A neutral comet assay was performed to investigate DNA
DSB levels.KB2764-treated senescent cells showed a significant
decrease in DNA tail length compared to DMSO-treated senes-
cent cells, indicating reduced DNA DSB levels (Figure 7a).

Telomeres are repetitive DNA sequences located at the terminal
regions of chromosomes and serve to protect the chromosomes
from potential damage [22]. Excessive intracellular ROS dam-
ages telomeres, leading to a reduction in telomere length [22].
Therefore, the finding of the reduction of DNA DSB levels by
KB2764 led us to also examine telomere length. Telomere length
was measured using quantitative PCR. Senescent cells treated
with KB2764 showed longer telomere lengths than those treated
with DMSO (Figure 7b).

Restoration of mitochondrial function is known to be a pre-
requisite for improving senescence [11]. The observation of
KB2764-mediated restoration of mitochondrial function led us
to investigate its impact on senescent phenotypes. As one of the
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FIGURE7 | KB2764 ameliorates senescence phenotypes. (a) DNA tail length analysis of senescent cells treated with DMSO and KB2764. For DNA
tail length analysis, comet assay was used. **p <0.01, Student's t-test. Mean = SD, n=10. (b) Comparison of DNA telomere length using quantitative
PCR. **p<0.01, Student's t-test. Mean £ SD, n=4. (c) Morphological changes in senescent cells after DMSO or KB2764 treatment. DMSO-treated
senescent cells showed broad and flat structures (dotted line), whereas treatment with KB2764 markedly recovered the morphology of senescent

cells to a tiny spindle-shaped structure (white arrows). (d) Flow cytometric analysis of autofluorescence. **p <0.01, Student's t-test. Mean + SD, n=3.

notable hallmarks of senescence is an increase in cell surface
area [23], we investigated the effect of KB2764 on the morphology
of senescent cells. Senescent cells treated with DMSO showed
a broad shape, which is one of the characteristics of senescent
cells (dotted line in Figure 7c). On the other hand, senescent cells
treated with KB2764 showed a small spindle shape, one of the
characteristics of young cells (white arrow in Figure 7c).

Restoration of cell shape led us to investigate how KB2764-
mediated restoration of mitochondrial function affects
lipofuscin levels. Lipofuscin is defined as a fluorescent lipid-
containing pigment that accumulates in the cytoplasm during
senescence [24]. Lipofuscin levels were measured by assessing
the intracellular amount of autofluorescence. Senescent cells
treated with KB2764 showed a significant decrease in auto-
fluorescence levels compared to senescent cells treated with
DMSO (Figure 7d).

3.6 | KB2764 Extends the Lifespan
of Caenorhabditis elegans

KB2764-mediated improvement in senescence led us to investi-
gate the effects of KB2764 in an in vivo model. C. elegans has

been widely used in ageing studies because it is easy to observe
and has a short lifespan [25]. Therefore, we investigated the ef-
fect of KB2764 on lifespan in C. elegans. KB2764 increased the
average lifespan by 2days, suggesting a marked increase con-
sidering that the lifespan of C. elegans is approximately 20days
(Figure 8a).

After observing KB2764-mediated lifespan extension, we in-
vestigated other ageing markers. Similar to senescent cells, li-
pofuscin also accumulates in the cytoplasm during ageing in C.
elegans [24]. Therefore, lipofuscin levels in C. elegans were mea-
sured using fluorescence microscopy. C. elegans treated with
KB2764 had markedly lower lipofuscin levels compared to C.
elegans treated with DMSO (Figure 8b).

Body bending in C. elegans decreases significantly with age-
ing and is widely used as an indicator to measure ageing [26].
Body bending of C. elegans was assessed at 0, 7 and 14 days
after DMSO or KB2764 treatment. On Day 0, no significant
differences were observed in body bending between the two
groups (Figure 8c). However, on Days 7 and 14, a significant
increase in body bending was observed in C. elegans treated
with KB2764 compared to C. elegans treated with DMSO
(Figure 8c).
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was measured as one reciprocating motion and was evaluated as the number of times per minute. n.s (not significant), *p <0.05, Student's t-test.

Mean=+SD, n=5.
4 | Discussion

ENO1 is an enzyme that converts 2-phosphoglycerate to
phosphoenolpyruvate and has received much attention for its
glycolytic function [27]. In addition, ENOL1 interacts with vari-
ous intracellular molecules and plays a crucial role in cell sig-
nalling pathways [28]. A recent study reported that the cellular
localisation of ENO1 affects mitochondrial function [29]. After
treatment with doxorubicin, a chemotherapy drug used to treat
various cancers, the mitochondrial localisation of ENO1 was
reduced, whereas the cytoplasmic localisation of ENO1 was in-
creased [29]. The reduced mitochondrial localisation of ENO1
renders mitochondria more sensitive to Ca?*-induced membrane
permeabilisation, indicating severe mitochondrial dysfunction
[29]. Addition of recombinant ENO1 to a Ca* overload model of
isolated mitochondria prevented mitochondrial membrane per-
meabilisation, restoring mitochondrial function [29]. However,
the underlying mechanisms of how ENOI1 activity is regulated
and how this regulated activity affects mitochondrial function
are not well understood. In this study, we found that KB2764
strengthens the interaction between PKM and ENO1, ultimately
enabling PKM to phosphorylate ENO1. This regulation by
KB2764 was accompanied by improved MMP and mitochondrial
binding efficiency, consequently facilitating mitochondrial ATP
production through OXPHOS. Therefore, the increase in energy
production by OXPHOS resulted in a reduced dependence on
glycolysis, as evidenced by the decrease in ECAR values induced
by KB2764. Furthermore, the role of KB2764-mediated regula-
tion of ENO1 on metabolic reprogramming was confirmed by

the finding that KB2764 treatment functioned as a prerequisite
for increased mitochondrial ATP generation. Therefore, our
findings suggest a novel mechanism by which KB2764 modu-
lates ENO1 phosphorylation by enhancing the interaction be-
tween PKM and ENOI, thereby increasing mitochondrial ATP
production and inducing metabolic reprogramming.

Senescent cells are characterised by increased mitochondrial
size due to the accumulation of dysfunctional mitochondria
[30]. Dysfunctional mitochondria produce ROS as a byproduct
of electron leak from ETC and are also targets of direct damage
by ROS [31]. The vicious cycle between dysfunctional mitochon-
dria and ROS causes ageing and age-related diseases [31]. Thus,
strategies to decrease mitochondrial ROS production have been
proposed for the effective treatment of ageing and age-related
diseases. A recent study showed that increasing the efficiency
of mitochondrial ATP generation during OXPHOS was effec-
tive in reducing mitochondrial ROS production [18]. Support
for this finding was also evident in the observation that sup-
plementation of coenzyme Q, which enhances mitochondrial
ATP production by increasing electron transfer from Complex
II to III, reduced mitochondrial ROS production [32]. In this
study, we found that KB2764-mediated regulation of ENOL1 sig-
nificantly reduced ROS levels through an increase in the rate
of oxygen consumption leading to ATP synthesis compared to
inducing proton leak. These findings were further supported by
the finding that senescent cells transduced with lentivirus ex-
pressing shENO1 did not reduce ROS levels even when treated
with KB2764. Extending the relevance of these observations, we
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found that the increase in mitochondrial mass was reduced by
KB2764 treatment as a result of a compensatory response to in-
creased ROS. Additionally, DSBs and telomere damage caused
by excessive intracellular ROS were reduced by KB2764 treat-
ment. Our study is the first to demonstrate that regulation of
ENO1 by KB2764 improves mitochondrial ATP production ef-
ficiency and consequently reduces ROS levels. Reduced ROS
levels were accompanied by improvements in senescent pheno-
types, making KB2764 a potential therapeutic option for ageing
and age-related diseases.

Mitochondria function as energy factories that maintain a
constant supply of ATP [33]. Mitochondrial dysfunction due to
senescence reduces mitochondrial ATP production [15]. To com-
pensate for reduced energy levels, senescent cells become more
dependent on energy production through glycolysis [34]. These
metabolic changes lead to an imbalance in energy metabolism
and accelerate cellular decline [34]. Imbalance in energy me-
tabolism is not only a phenomenon that occurs as senescence
progresses, but is also a cause of senescence [11]. Therefore, re-
search focusing on metabolic reprogramming to reverse meta-
bolic imbalances will provide new strategies for the treatment of
ageing and age-related diseases. To the best of our knowledge,
our study is the first to reprogram energy metabolism in senes-
cent cells by activating mitochondrial function and reducing
dependence on glycolysis through ENO1 regulation by KB2764.
Based on our findings, we propose that regulation of ENO1
phosphorylation by KB2764 might be an important means of re-
versing senescence by inducing metabolic reprogramming.

Compounds effective in reversing senescence at the cellular
level have also been applied to lifespan extension studies using
C. elegans to further verify their efficacy. Resveratrol regu-
lates the expression of senescence-related genes and delays the
senescence process [35]. Resveratrol, which has been shown
to improve senescence at the cellular level, was observed to
extend lifespan when applied to C. elegans [36]. Metformin
is a commonly prescribed medication for the management of
type 2 diabetes [37]. At the cellular level, metformin improves
senescence by enhancing autophagy and improving nutri-
ent sensing [38]. Metformin was also effective in extending
the lifespan of C. elegans [39]. Therefore, studies on lifespan
extension in C. elegans provide an important foundation for
the development of prevention and treatment strategies for
age-related diseases. In this study, we observed that KB2764
treatment extended the lifespan of C. elegans. The lifespan-
extending effect of KB2764 was also supported by observations
of reduced lipofuscin levels and increased physical activity.
We propose that KB2764 therapy might be applied to treat age-
ing and age-related diseases. However, we acknowledge that
further research is needed to investigate whether the lifespan-
extending effects of KB2764 can also be applied to mammalian
models such as mice. These results will offer an a priori foun-
dation for KB2764-based therapeutic approaches in ageing and
age-related diseases.

ENOL1 acts primarily as an enzyme known for its glycolytic
function, but is also involved in a variety of other physiological
processes [13]. For example, beyond its metabolic role, ENO1
is expressed in numerous cell types and acts as a plasminogen
receptor [40, 41]. ENO1-plasminogen interaction facilitates the

conversion of plasminogen to plasmin, thereby aiding in extra-
cellular matrix degradation and tissue remodelling [42]. The
underlying mechanism of ENO1 in muscle regeneration and
muscle repair highlights the role of ENO1 in mice [13]. This
finding is evident from the observation that inhibition of ENO1-
plasminogen interaction affects extracellular matrix deposition,
impairing muscle repair and leading to persistent muscle de-
generation in mice [43]. ENOL1 has also been implicated in the
onset/development of ageing and age-related diseases. ENO1
expression is upregulated in age-associated neurodegenerative
disorders such as early-onset Alzheimer's disease (AD) and AD
[44]. In addition to ENO1 upregulation, oxidative modification
of ENOI induces mitochondrial defects and contributes to the
progression of AD [44, 45]. Thus, ENO1 has been suggested as
a potential therapeutic target for neurodegenerative diseases
[44]. Extending the relevance of these findings, an increase in
ENO1 expression was observed in rheumatoid arthritis (RA),
which is an age-related disease [44, 46]. In RA synovial tissue,
glycolytic activity increases, which in turn increases ENO1 ex-
pression, creating an acidic microenvironment that worsens
RA [47]. The role of ENOL1 in ageing is further supported by the
findings showing elevated ENO1 expression in the dystrophic
muscle of Duchenne muscular dystrophy mice and in the injury-
induced regenerative muscle of wild-type mice [48]. The altered
ENOL1 activity leads to muscle atrophy, which in turn leads to
decreased muscle endurance and strength [48, 49]. In this study,
we observed that ENO1 knockdown significantly reduced ROS
levels in senescent cells. However, we did not investigate the ef-
fect of ENO1 knockdown on senescence improvement. Further
studies on ENO1 knockdown will strengthen our finding that
KB2764 modulates ENO1 phosphorylation by enhancing the
interaction between PKM and ENO1, thereby inducing senes-
cence amelioration.

In summary, we screened a library of oxazole/pyrazole an-
alogues and identified KB2764 as a candidate for improving
senescence. KB2764 is bound to PKM and ENO1 and has in-
creased their interaction. The KB2764-mediated increase in
interaction enhanced the phosphorylation of ENO1 by PKM.
This phosphorylation increased mitochondrial ATP production,
reducing dependence on glycolysis. Metabolic reprogramming
by KB2764 improved mitochondrial function and thereby im-
proved senescent phenotypes. The restorative effects of KB2764
applied to lifespan extension in C. elegans, providing ground-
breaking evidence for the clinical use of KB2764 against age-
ing and age-related diseases. Taken together, our results reveal
a novel mechanism by which senescence is regulated by met-
abolic reprogramming upon KB2764-mediated fine-tuning of
ENOL1 protein activity.
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