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The mechanisms underlying the impact of probiotic supplementation on
health remain largely elusive. While previous studies primarily focus on the
discovery of novel bioactive bacteria and alterations in the microbiome envir-
onment to explain potential probiotic effects, our research delves into the role
of living Lactiplantibacillus (formerly known as Lactobacillus) and their condi-
tioned media, highlighting that only the former, not dead bacteria, enhance the
healthspan of Caenorhabditis elegans (C. elegans). To elucidate the underlying
mechanisms, we conduct transcriptomic profiling through RNA-seq analysis in
C. elegans exposed to GTBI, a strain of Lactiplantibacillus plantarum or
3-phenyllactic acid (PLA), mimicking the presence of key candidate metabolites
of GTBI and evaluating healthspan. Our findings reveal that PLA treatment
significantly extends the healthspan of C. elegans by promoting energy meta-
bolism and stress resilience in a SKN-1/ATFS-1-dependent manner. Moreover,
PLA-mediated longevity is associated with a novel age-related parameter, the
Healthy Aging Index (HAI), introduced in this study, which comprises
healthspan-related factors such as motility, oxygen consumption rate (OCR),
and ATP levels. Extending the relevance of our work to humans, we observe an
inverse correlation between blood PLA levels and physical performance in
patients with sarcopenia, when compared to age-matched non-sarcopenic
controls. Our investigation thus sheds light on the pivotal role of the metabolite
PLA in probiotics-mediated enhancement of organismal healthspan, and also
hints at its potential involvement in age-associated sarcopenia. These findings
warrant further investigation to delineate PLA’s role in mitigating age-related
declines in healthspan and resilience to external stressors.

Diet plays an indispensable role in determining an organism’s health
status, and consequently, it significantly impacts longevity. Over the
years, numerous studies have concentrated on dietary components,
nutrients, and ingredients that possess the potential to retard the
aging process in invertebrate model organisms and mammals,
including humans'. Among these dietary components, Lactobacilla-
ceae have emerged as noteworthy candidates. Lactobacillaceae, a

family of microorganisms that produce lactic acid as an end product of
carbohydrate fermentation, have been shown to extend the lifespan of
aging model organisms and enhance various health-related pheno-
types during the aging process*”’. While much research has been
dedicated to exploring the anti-aging properties of Lactobacillaceae,
investigations into the specific metabolites or ingredients responsible
for these effects remain limited. Lactobacillaceae are living
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microorganisms that contribute to the restoration of intestinal
microbial balance, immune modulation, and the exertion of probiotic
activities within host organisms. Consequently, it is reasonable to
assume that certain metabolites derived from Lactobacillaceae have
the potential to influence numerous physiological changes through
dietary supplementation. As a result, we have formulated a hypothesis
that the increased metabolites resulting from interventions with Lac-
tobacillaceae might have an impact on age-related health factors. To
substantiate this conjecture, we conducted experiments to validate
the longevity effects of Lactobacillaceae strain Lactiplantibacillus
plantarum APSulloc 331261 also known as GTBI, under various condi-
tions using the well-established longevity model organism, Cae-
norhabditis elegans (C. elegans). Our investigations confirmed that
both the living state of GTB1 and the conditioned media of GTB1 could
exert anti-aging effects, with the most notable increase being in the
metabolic intermediate 3-phenyllactic acid (PLA), which we have
identified as the active metabolite responsible for mitigating age-
associated declines and extending healthspan.

In this study, we propose that the anti-aging effects are primarily
attributed to the living state of GTB1, which enhances C. elegans
healthspan by stimulating the production of GTBI-derived PLA. While
these initial findings underscore the significance of PLA, its specific
roles and mechanistic pathways in the aging process largely remain
uncharted. To establish whether the efficacy of GTB1 metabolites in
influencing the aging process is a conserved trait across species, we
investigated whether the alteration in lifespan induced by PLA could
also be observed in the representative aging model, C. elegans. Our
study sheds light on the pivotal role of PLA, a GTB1-derived metabolite,
in modulating C. elegans lifespan and healthspan. We propose that this
modulation is mediated through the activation of SKN-1/NRF2 and the
activating transcription factor associated with stress-1 (ATFS-1), which
in turn enhance mitochondrial energy metabolism and stress resi-
lience. Our findings reveal that PLA elevates organismal ATP levels and
oxygen consumption rate (OCR), which is reflected in the average
movement of nematodes. Furthermore, we introduce a healthspan-
associated parameter, the Healthy Aging Index (HAI), which is
enhanced through PLA supplementation.

Several studies have suggested the potential mechanisms under-
pinning the effects of GTB1 on host physiology may be linked to their
regulatory roles in modulating the gut microbiota®. GTB1 are known to
influence the composition of the gut microbiota, which, in turn, can
regulate the production of short-chain fatty acids (SCFAs) within the
gut’. SCFAs, as reported in pre-clinical and clinical studies, have
demonstrated positive effects on various aspects of human health,
diseases, and even communication between the gut and the brain'*",
In our current study, we explore the role of 3-phenyllactic acid (PLA), a
major class of GTBI metabolite that shares similarities with repre-
sentative SCFAs such as phenylbutyric acid and phenylpropionic acid.
PLA may offer the advantages associated with SCFAs, including the
enhancement of stress resistance and its function as an energy sub-
strate, resulting in a myriad of physiological processes that contribute
to human health and the management of diseases'””. These observa-
tions and the effects associated with SCFAs and their production play a
pivotal role in the health benefits derived from GTBI supplementation.

Utilizing defined diets containing PLA into C. elegans experi-
mental model allows us to further investigate the significance of pro-
biotic diets and their impact on the aging process and other
physiological functions.

Results

Validation of longevity-related GTBI factors and their impact on
C. elegans healthspan

In our quest to substantiate potential health advantages associated
with GTB1 and pinpoint their effectors, we utilized GTBI1 as a dietary

component and assessed its impact on the lifespan of the C. elegans
model. We specifically employed GTBI isolated from green tea,
recognized for its effectiveness as a probiotic source* . Our findings
unequivocally validate that GTB1 treatment significantly retards the
aging process and extends the lifespan of C. elegans in comparison to
the standard food source for these nematodes, OP50 bacteria (Fig. 1a,
Supplementary Fig. 1a, b, Supplementary Data 1). Notably, a dose-
response analysis of bacterial concentration indicated a substantial
extension in lifespan, ranging from 6.6% to 21.2%. For subsequent
experiments, we maintained a concentration of 10 x 10'° bacteria ml™.
Remarkably, GTB1 not only prolonged lifespan but also elicited a
positive impact on various health-related factors. These encompassed
a reduction in age-related lipofuscin accumulation (Supplementary
Fig. 1c), increased average speed, enhanced coordination of body
movements through increased pumping frequency (Supplementary
Fig. 1d, e), and a decrease in age-related triglyceride (TG) levels (Sup-
plementary Fig. 1f)”. Furthermore, GTB1 treatment conferred
enhanced thermotolerance (Supplementary Fig. 1g) and increased
resistance to acute oxidative stress (Supplementary Fig. 1h) without
detectable alterations in the levels of major reactive oxygen species
(ROS) defense enzymes, specifically superoxide dismutase (SOD) and
catalase activity (Supplementary Fig. 1i, j). Importantly, in contrast to
numerous other compounds associated with lifespan extension, GTB1
did not induce significant alterations in brood size (Supplementary
Fig. 1k) or bacterial proliferation, reflecting calorie intake (Supple-
mentary Fig. 1I). Furthermore, our observations revealed no dis-
cernible food preferences concerning food intake (Supplementary
Fig. 2a, b).

To validate our hypothesis regarding the specific metabolites of
GTBI1 that enhance healthspan in organisms, we embarked on the
quest to identify the characteristic metabolite responsible for
explaining the favorable effects of probiotic interventions. Given that
probiotics, including GTB1, produce metabolites which may function
as bioactive compound, we postulated that living GTB1 or its meta-
bolites could impact age-associated parameters. In pursuit of this
hypothesis, we designed a lifespan assay employing GTB1 dead cells or
conditioned media (CM) derived from GTBI incubation. Intriguingly,
the use of heat-inactivated GTB1 (Supplementary Fig. 2c-e) or UV-
killed dead cells (Fig.1b and Supplementary Fig. 2f, g) at the same dose
as living bacteria did not elicit alterations in the lifespan of C. elegans.
In stark contrast, heat-inactivated OP50 bacteria noticeably extended
lifespan with decreased bacterial toxicity (Supplementary Data 1)'°.
This suggests that only metabolites produced by living GTB1 possess
the capacity to influence age-related factors. Furthermore, we
observed noteworthy differences in the diversity of bacterial food
sources through the unweighted pair group method with arithmetic
mean (UPGMA) tree and principal component analysis (PCA) using 16S
metagenomic sequencing when comparing samples exposed to living
GTBL1 versus heat- or UV-treated GTB1 (Supplementary Fig. 2h, i). Of
particular interest, conditioned media (CM) obtained from living GTB1
exerted a significant dose-dependent increase in C. elegans lifespan
(Fig. 1c, Supplementary Fig. 2j, k, and Supplementary Data 1). Varying
the proportion of CM (0%, 25%, 50%, and 100%) in liquid media
resulted in a dose-dependent reduction of lipofuscin (Fig. 1d), an
increase in average speed (Fig. le), elevated pumping frequency
(Fig. 1f), reduced triglyceride content (Fig. 1g), along with enhanced
thermotolerance (Fig. 1h) and resistance to oxidative stress (Fig. 1i),
similar to the effects seen with living GTB1 interventions (Supple-
mentary Fig. 1). CM also had no discernible impact on progeny,
superoxide dismutase (SOD) activity, and catalase activity, demon-
strating congruence with the outcomes observed with GTB1 (Supple-
mentary Fig. 2I-n). In summary, both living GTB1 and GTB1-derived CM
effectively extended healthspan, inducing thermotolerance and safe-
guarding against oxidative stress. These findings strongly indicate that
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Fig. 1| Lactiplantibacillus (GTB1) and its conditioned media improve fitness and
healthspan. a Effects of GTB1 (10 x 10°-10 x 10" bacteria/ml) versus the vehicle (S-
basal) (black) on lifespan (p-value listed, respectively, log-rank test); colour coding
assigned to all subsequent panels. b Effects of GTBI dead cell (10 x 10°-10 x 10"
bacteria/ml) versus the vehicle (S-basal) (black) on lifespan (p-value listed,
respectively, log-rank test). c Effects of GTBI conditioned media (25-100% in total
media) versus the vehicle (0% CM) (black) on lifespan (p-value listed, respectively,
log-rank test). d-i Effects of CM versus the 0% vehicle in animals regarding

d lipofuscin (***p <0.001 and ***p < 0.0001 versus the vehicle group, one-way
ANOVA, n =20 worms x three assays each), e average speed (***p < 0.0001 versus

the vehicle group, one-way ANOVA, n=10-12 worms x 5 assays each), f average
pumping (**p < 0.001 and ***p < 0.0001 versus the vehicle group, one-way
ANOVA, n =30 worms x three assays each), g triglyceride (TG) content (**p = 0.002,
***p <0.001, and ***p < 0.0001 versus the vehicle group, one-way ANOVA, n=3
worm pellets), h thermotolerance (p = 0.169, **p = 0.008, and ***p < 0.001 versus
the vehicle group, one-way ANOVA, n=18-28 worms x 6 measurements each),

i oxidative stress resistance (p = 0.914, **p = 0.004, and *p = 0.002 versus the
vehicle group, one-way ANOVA, n =20 worms x nine measurements each). Lifespan
assay data are represented in Supplementary Data 1. Error bars represent the
mean =+ s.d.

certain metabolites contained in CM may serve as key compounds in
GTBI1 -mediated longevity.

3-phenyllactic acid extends age-associated health factors as an
active compound of GTB1

To elucidate the active constituent responsible for GTBI-induced
longevity, we conducted CE-TOFMS metabolome profiling on C. ele-
gans fed with GTBI or heat-inactivated GTB1 (Fig. 2a and Supplemen-
tary Data 2). Our analysis revealed that 3-phenyllactic acid (PLA)

emerged as the most prominently increased metabolite (Fig. 2b), in
line with previous observations”. Of the five Lactiplantibacillus strains
(i.e., GTBI, L. acidophilus KCTC3164, L. casei KCTC3109, L. plantarum
KCTC3108, and L. sakei KCTC3603) that were tested, GTBL exhibited
the highest concentration of PLA (100 ppm; Supplementary Data 3). As
the primary product of carbohydrate fermentation by GTBI1, we
explored whether PLA could influence the lifespan and healthspan of
C. elegans. Given the unfeasibility of drug dosing per unit body weight
at fixed time intervals in nematodes, the effect of PLA supplementation
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Fig. 2 | GTB1-derived metabolite 3-phenyllactic acid (PLA) promotes healthy
aging in C. elegans. a Metabolite profiling of the control, GTBI or heat-treated
GTBI-fed worms using LC-TOF/MS. b PLA (***p < 0.001 versus the vehicle group,
one-way ANOVA, n =3 worm pellets each) was selected as increased metabolite of
GTBI-fed worms compared to control (OP50) or heat-inactivated- GTBI condition
(***p < 0.0001 versus the vehicle group, one-way ANOVA, n =3 worm pellets each).
c Effects of PLA versus vehicle (water) on lifespan (p-value listed, respectively, log-
rank test). d-i Effects of PLA versus vehicle (water) for d lipofuscin (***p <0.0001
versus the control group, one-way ANOVA, n =20 worms X three assays each),

e average speed (***p <0.0001, Student’s t-test, n =10-12 worms x 3 assays each),
f average pumping (**p < 0.001 versus the vehicle group, one-way ANOVA, n=30
worms x three assays each), g triglyceride (TG) content (****p < 0.0001 Student’s t-
test, n=3 worm pellets), h thermotolerance (**p < 0.0001 versus the control
group, one-way ANOVA, n=18-28 worms x 6 measurements each), and i oxidative
stress resistance (**p < 0.001 and ***p < 0.0001 two-tailed ¢-test with FDR < 0.05,
n =20 worms x 9 measurements each). Lifespan assay data are represented in
Supplementary Data S1. Error bars represent the mean + s.d.

was tested in culture conditions where sufficient amounts of PLA (0.4,
2, and 10 mM) were provided. Based on earlier studies with lactate
metabolites’®” and PLA with its antimicrobial properties***, pre-
sented potential for enhancing longevity. Significantly, PLA demon-
strated the most pronounced effects on lifespan extension in a dose-
dependent manner (ranging from 22.7% to 23.3% at concentrations of
0.4-10 mM) (Fig. 2¢, Supplementary Fig. 3a, b, and Supplementary
Data 1). In addition to increasing lifespan, supplementation with PLA
also extended healthspan factors. This was evident in the suppression
of lipofuscin accumulation (Fig. 2d), improved mobility (Fig. 2e, f),
reduced triglyceride levels (Fig. 2g), and enhanced resilience to heat

(Fig. 2h) and oxidative stress (Fig. 2i). We also considered the D-form of
PLA in lifespan assays, demonstrating slightly reduced effects com-
pared to the L-form at the same dose range for D-PLA (Supplementary
Fig. 3c-e and Supplementary Data 1).

3-Phenyllactic acid enhances healthy aging index and mito-
chondrial activity

In contemporary longevity research, the extension of healthspan holds
paramount significance. It is essential to recognize that longevity does
not invariably equate to healthy aging, especially in experimental set-
tings where survival may persist despite a substantial reduction in

Nature Communications | (2024)15:10773


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55015-1

physical activity. To facilitate a quantitative evaluation of healthy
aging, we introduced the Healthy Aging Index (HAI), which encom-
passes three key components: (1) the assessment of physical perfor-
mance through average speed, (2) evaluation of physical fitness and
mitochondrial function via oxygen consumption rate (OCR), and (3)
measurement of energy production and consumption efficiency using
total ATP.

Given that PLA extends the lifespan while enhancing motility in
aged worms, we sought to estimate senescence-associated health
factors and introduce a novel metric for healthy aging, the Healthy
Aging Index (HAI). To validate the health benefits, we conducted a
comparative investigation of PLA (10 mM) with well-established long-
evity compounds such as metformin (100 pM), resveratrol (100 pM),
LY294002 (100 pM), rapamycin (10 pM), kahalalide F (0.5 uM), and
lutein (100 puM), using data-mining methods as described® . We
evaluated key parameters, including average speed (Fig. 3a), oxygen
consumption rate (OCR) (Fig. 3b), and ATP levels (Fig. 3c), using the
most effective doses of these compounds. The cumulative outcome
was used to calculate the HAI, which represents an integrated healthy
aging metric (Fig. 3d). In this representation, the vehicle condition was
assigned as the standard value line. Notably, PLA exhibited the highest
HAl value, followed by metformin and resveratrol, while LY294002 and
rapamycin displayed HAI values lower than the standard value. As
anticipated, it became apparent that HAI did not align perfectly with
lifespan (Fig. 3e). The equation used to determine HAI underscores
that it encapsulates healthspan, going beyond simple lifespan assess-
ment (Fig. 3f). These findings collectively suggest that PLA is a potent
inducer of healthy aging, with a particular focus on enhancing orga-
nismal motility and energy metabolism.

Lactate has been primarily regarded as a metabolic waste product
in energy metabolism, differing from glucose, which is traditionally
recognized as a fuel source. However, emerging evidence in mam-
malian systems has shed light on the potential of lactate as a significant
circulating carbohydrate fuel source, as well as its role in equilibrating
the NADH/NAD ratio alongside pyruvate”°. In this context, we find a
noteworthy example in the metabolic myopathy McArdle disease,
where a depletion of lactate can induce exercise intolerance and
muscle fatigue®. Of particular importance is the role of lactate in ATP
generation, a primary energy carrier in all cellular processes. We
observed that, especially during the aging stages (from Day 5 to Day
15), ATP production increased significantly with PLA interventions.
Furthermore, the amount of ATP was notably elevated in PLA-fed
worms (Fig. 3g). Given the potential harm of excessive acid accumu-
lation, exemplified by conditions such as lactic acidosis***, we asses-
sed the impact of high doses of PLA on longevity in a dose range of
25-100 mM. Intriguingly, PLA not only failed to extend lifespan but,
more importantly, did not reduce lifespan when administered at high
doses (Supplementary Fig. 3f~h and Supplementary Data 1) and did not
affect progeny (Supplementary Fig. 3i). In conclusion, metabolites
derived from GTBI, namely PLA, extend the healthspan of C. elegans
independently. PLA exhibits a safe and significant lifespan-extending
effect, primarily driven by improved health factors, with little or no
observed side effects.

Given the profound implications of energy generation on age-
related mitochondrial disorders and mitochondrial activities, we pro-
ceeded to validate the decline in mitochondrial function associated
with aging. In Day-10 worms, we observed a significant decrease in
mitochondrial function, as evidenced by reduced levels of generated
ATP (Fig. 3g), decreased mitochondrial volume (Fig. 3h), compromised
membrane potential (Fig. 3i), and diminished oxygen consumption
rate (OCR) (Fig. 3j). We recognized that mitochondrial activity is
intricately linked to the potency and efficiency of mitochondrial
respiration chain complexes (MRCC)*. Thus, we examined the activ-
ities of the five mitochondrial enzymatic complexes under PLA inter-
vention with specific inhibitors of each MRCC. Interestingly, PLA

specifically interacted with MRCC II (Fig. 3k) and MRCC V (Fig. 3I),
while no interactions were observed with the remaining MRCCs
(Supplementary Fig. 4a-c). Moreover, with age-related decrease of
MRCC activities, PLA prevents age-related decline of mitochondrial
activity (Supplementary Fig. 4d-h). This interaction was notable for its
specificity and surprising similarity to the effects of lactate adminis-
tration on MRCC in mouse skeletal muscle®. Furthermore, in accor-
dance with previous studies on bioenergetic health assessment in C.
elegans®*’, we observed a dose-dependent increase in oxygen con-
sumption rate under PLA treatment. The observed higher ATP gen-
eration and MRCC activity in worms suggested that PLA-mediated
longevity may involve a context similar to that initiated by stress sti-
mulation. This increase in ATP represented the correlation with
extension of healthspan, further supporting the idea that PLA enhan-
ces longevity, rather than GTBI itself.

PLA-mediated longevity is dependent on skn-1 and atfs-1

In our pursuit of unraveling the molecular mechanisms underlying the
longevity effects of PLA, we conducted RNA sequencing (RNA-seq) on
nematodes that had been fed PLA for a span of 5 days. This analysis
unveiled 2285 upregulated and 1780 downregulated differentially
expressed genes (DEGs) with a |[Fold change| of 22 and p-value < 0.05,
in comparison to control worms that were fed the vehicle alone. These
marked alterations in the transcriptome indicated a significant meta-
bolic shift and changes in senescence-regulatory pathways. Amidst the
pool of DEGs, we focused our attention on 6 upregulated and 16
downregulated genes that exhibited particularly dramatic changes
(Supplementary Data 4). Given the pivotal role of these specific DEGs
in longevity, we further explored their interactions with mitochondrial
activation and stress resistance. Utilizing the RNA-seq data of PLA-fed
worms and referencing published RNA-seq data of skn-1 RNAi-treated
worms (GSE63075) or cco-1 and atfs-1 RNAi-treated worms
(GSE179517), we were able to confirm that the majority of putative PLA-
target genes were under the influence of these two prominent stress-
induced transcription factors, skn-1 (1824 genes) and atfs-1 (1,992
genes). Remarkably, 11.3% of genes were found to be regulated by PLA
treatment, skn-1, and atfs-1 activation simultaneously (Fig. 4a). Based
on this analysis, we propose a hypothesis that PLA instigates skn-1/atfs-
I-mediated mitochondrial activation and enhances stress resilience,
ultimately leading to an extension of healthspan (Fig. 4b).

To test this hypothesis, we performed lifespan assay, nuclear
translocation analysis, and stress resistance assay with loss of SKN-1 or
ATFS-1 mutants, skn-1(zj15), skn-1(mg570), atfs-1(gk3094), and gain of
ATFS-1 mutant, atfs-1(et15) to assess the relation with PLA effects (Fig. 5
and Supplementary Fig. 5). In all mutant strains, PLA failed to extend
the lifespan, strongly suggest that PLA prolongs the C. elegans lifespan
SKN-1 and ATFS-1-dependent manners (Fig. 5a, d and Supplementary
Fig. 5a-j). Then, we examined whether the nuclear translocation of the
transcription factors SKN-1 and ATFS-1 shifted in response to PLA
supplementation (Supplementary Fig. 5k). Our findings revealed that
PLA induced the nuclear translocation of SKN-1 (ranging from 26.9% to
75.4% at concentrations of 0.4-10 mM) (Fig. 5b, ¢) and ATFS-1 (ranging
from 29.7% to 60.3% at concentrations of 0.4-10 mM) (Fig. Se, f) in a
dose-dependent manner. Drawing from previous research on the
mitochondrial import efficiency of SKN-1 and ATFS-1, which correlates
with the degree of mitochondrial dysfunction and exposure to exter-
nal stressors®®**°, we found that the increased nuclear import of SKN-1
and ATFS-1 coincided with consistent ATP production under PLA
treatment. Notably, this effect was not altered in deletion mutants of
atfs-1(gk3094) or skn-1(zj15) (Fig. 5g). Additionally, thermotolerance
remained unaltered in the absence of these genes when subjected to
PLA treatment (Fig. 5h and Supplementary Fig. 51). Furthermore, the
oxidative stress resistance of atfs-Ior skn-I mutants in conjunction with
PLA treatment did not exhibit significant changes (Fig. 5i and Supple-
mentary Fig. 5Sm). These collective results support the hypothesis that

Nature Communications | (2024)15:10773


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55015-1

a b c d
e 9
@ 0.7 1 & 2100+ .g 900 A <_£
= —_ <) 1 -
£ D sa ° £ 190
g 87 o 3
@ o EZ g T 100+
2 0.5 |—pa \ a’a 60 - =700+ -
() Metformin g E CE) g’
-] Resveratrol \\ = ‘5 50 -
g | e °E N & 2
g Lutein %3 & E‘
< 0.3 . A gE 201, : . A L5004, : : e
DO D05 D10 D15 ©—= DO D05 D10 D15 DO D05 D10 D15 £ Q > oA N
T OQR%S o \9{3}‘
e f
9 n(i)
£ <150 _ ) _
ag e Pl S Healthy Aging Index (HAI) = | | AUC normalized by lifespan
£ b ke o | gl i
<o 100 2 15
=
3= AUC =" fxp)
=t 50 A
o
S . .
28 f (x): (min, max) normalized values
FE 01 , .
8 & \X@ S P i: average speed,oxygen consumption rate, ATP
< <& Q[D {_’0
g h i
*
800 1 *f.l** . ok LS . . 16k **:* Kk
1 s 8 ) . .
5 E?ﬂ « @ S o o ® o 14k
g |k . B s B
- 4 ] =) o H =)
o ? E:'j . 5< ° e e a 12k ¢ .
£ ° o) a SO ® o5 0P e r—— *
= 700 & $ & 2 5k E\"] < = e e
3 ) ® 5® 4 . 28 E‘J E:j
X0 [} | w3 10k4 L® & %
g : S < e 3 Y
o = 4k4 = I ] ¥
'E 2 [ ] - 8k ® °
s o ° °
600 - 3k 1 6k
DO D10 04 2 10 DO D10 04 2 10 DO D10 04 2 10
PLA (mM) PLA (mM) PLA (mM)
i k |
*kkk c c
804 & c | *kkk I = *kkk
£ = é‘ i % 100 @ % 6001 kK k
E 3 E‘eg a E\A“' *% *kkk o a s
c O N4 ° > .' \3 > &
o5 | ~ = 0o e L,"] =0 o xxkk D
=2 @ *okkk 14 S E 759 ° o > £ 5004 % ®
gl ° SR : gz | fd s
€ E 60 ) © .S g e 0 4
2c e o =E 0 > £ : p
— S o . ] - H [ ]
SE f:j -|- ges ' | g g a0y @ :
° [ 4 [ L
cE e o |
[ % < ° =2 E\za =2 ®
SE 104 . 3 254 . 2 300+ 2
: ©t 3
£ 01 £ 200+ ¢
DO D10 04 2 10 DO D10 0.4 2 10  malate DO D10 04 10 oligomycin
PLA (mM) PLA (mM)  (10mM) PLA (mM)  (50uM)

Fig. 3 | PLA supplementation enhances HAI and mitochondrial oxidative

**p <0.01, and ***p < 0.0001 versus the control group, one-way ANOVA, n=20

phosphorylation complex activity. Age-related comparison of longevity com-
pound PLA (10 mM), Metformin (100 pM), Resveratrol (100 uM), LY294002

(100 pM), Rapamycin (10 puM), Kahalalide F (0.5 pM), or Lutein (100 pM) for

a average speed, b oxygen consumption rate (OCR), and ¢ ATP contents. d Age-
associated HAI and e lifespan changes. Healthy Aging Index (HAI) was estimated by
the f following equation. g Organismal ATP level under PLA treatment (***p < 0.001
and ***p < 0.0001 versus control worms, n =3 worm pellets). Mitochondrial
activity was examined by h, mitochondrial mass with MitoTracker green (*p < 0.05,

worms x nine measurements each) and i mitochondrial membrane potential with
TMRE (***p < 0.0001 versus the control group, one-way ANOVA, n =20 worms x
nine measurements each). j The oxygen consumption rate examined in PLA treated
condition (***p <0.0001 versus control worms, n=3 worm pellets). k, I The
enzyme activity of mitochondrial respiratory chain complex (MRCC) k I

(*p =0.018 and ***p < 0.0001 versus control worms, n =3 worm pellets) or I V was
evaluated in worms (***p < 0.0001 versus control worms, n =3 worm pellets). Error
bars represent the mean + s.d.
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PLA supplementation at the transcriptional level. b Hypothesis of PLA-induced
longevity. PLA elevates organismal HAI with SKN-1/ATFS-1-mediated mitochondrial
activation and stress resilience.

increasing PLA interventions can mitigate compromised stress resis-
tance by activating SKN-1/ATFS-1 and associated mitochondrial
activation.

The correlation between PLA and human muscle activity and the
healthspan pathway

Healthy aging, as defined by the World Health Organization, refers to
the process of developing and maintaining functional abilities that
support well-being in older age*. In the context of humans, healthy
aging is closely associated with conditions such as sarcopenia, frailty,
and cognitive impairment. To explore the potential connection
between blood PLA levels and physical performance in humans,
we collected plasma samples from 24 patients diagnosed with sarco-
penia and 25 age-matched individuals without sarcopenia. Subse-
quently, we conducted relative PLA quantification using liquid
chromatography-mass spectrometry (Fig. 6a). The results indicated
that patients with sarcopenia had significantly lower levels of PLA in
their blood, and they exhibited poorer physical performance metrics,
including grip strength, gait speed, the 5-time sit-to-stand test, and the
short physical performance battery (Fig. 6b). These findings suggest
that PLA may play a role in contributing to sarcopenia and warrant
further investigation through both animal and human studies.

Discussion

In our pursuit of identifying commonly increased metabolites that
might impact longevity in GTBl-mediated long-lived organisms
through an organismal approach with C. elegans, we examined the
effects of live bacteria, conditioned media, and dead GTB1 cells. GTB1 s
have gained industrial importance and are generally recognized as safe
(GRAS) due to their widespread presence in food and their host health
benefits, including those to human mucosal surfaces**%. Despite of the
that have demonstrated the beneficial effects of L. plantarum, there
has been a paucity of investigations into the impact of L. plantarum-
derived metabolites on C. elegans lifespan and healthspan***". Among
the L. plantarum-derived metabolites, our focus was on PLA, the most

abundantly produced metabolite®*® in GTBI (Fig. 2b). Notably, pre-
vious studies indicated that with aging, the proportion of lactate
decreased in C. elegans models, and the expression of lactate dehy-
drogenase played a role in regulating longevity and neurodegenera-
tion in Drosophila models*****°. Despite the long-held perception of
lactate as a metabolic waste product associated with excessive
respiration and skeletal muscle fatigue, or even detrimental effects
leading to lactic acidosis®", recent research has shifted our perspec-
tive on lactate. It is now recognized as a key player in organismal
maintenance processes, serving as a major energy source for mito-
chondrial respiration, a primary gluconeogenic precursor that safe-
guards muscle contractions, and a crucial signaling molecule”*?
Estimates of circulating metabolite flux in mice have revealed that
lactate exists in every tissue of the body as intermediates of the tri-
carboxylic acid (TCA) cycle®. Furthermore, recent in vivo studies
comparing lactate and glucose metabolism have shown that lactate
predominates in feeding the TCA cycle, even in tumors™. Notably,
given its safety as a common food additive, lactate supplementation
has demonstrated various clinical health benefits, including the miti-
gation of ethanol-induced gastric mucosal damage, the prevention of
inflammatory bowel disease, and the development of intestinal epi-
thelium as mucosal delivery vehicles**>°. These studies collectively
highlight the potential impact of lactate and its metabolites on energy
metabolism and healthspan extension at the organismal level. Circu-
lating lactate facilitates the decoupling of carbohydrate-derived
mitochondrial energy metabolism from glycolysis, and the lactate/
pyruvate ratio helps balance the NADH/NAD" ratio across cells and
tissues”. This mechanism supports mitochondrial energy generation
as a carbohydrate fuel source, shedding light on its positive influence
on aging27'52'58.

Encouraged by these findings, we delved deeper into the potential
advantages of PLA for organismal fitness and mitochondrial activity.
Guided by the perspectives on the roles of energy metabolism, we
explored phenylpyruvic acid (Supplementary Fig. 6), a metabolic
precursor of PLA, which was predicted as an NAD" activator through in
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Fig. 5| PLA mediates SKN-1 and ATFS-1 pathway. a Lifespan analysis of skn-1(zj15)
with PLA treatment was performed. b Nuclear translocation of SKN-1::GFP was
visualized using skn-1..gfp worms with PLA supplementation. Scale bars, 200 pum.
¢ The quantification of SKN-1::GFP localization with PLA treatment (*p <0.05 and
**p < 0.001 versus the control group, n=20 worms x six measurements each).

d Lifespan assay of atfs-1(gk3094) under PLA treatment. e ATFS-1::GFP localization
was depicted with atfs-1;gfp worms under PLA treatment. Scale bars, 200 pm.

f ATFS-1::GFP localization was quantified (*p <0.05, **p <0.01, and **p < 0.001
versus the control group, n =20 worms X six measurements each). g Organismal
ATP level with PLA was estimated in atfs-1(gk3094) or skn-1(zj15) deletion mutant

(*p < 0.01 versus the control group, n=20 worms x 3 measurements each).

h Thermotolerance assay of N2, atfs-1(gk3094) or skn-1(zj15) mutant worms under
treatment of PLA (***p <0.001 and ***p < 0.0001 versus the control group,
n=18-28 worms x 6 measurements each, respectively). i Oxidative stress resis-
tance of N2, atfs-1(gk3094) or skn-1(zj15) mutant animals with PLA supplementation
(**p<0.001 and ***p < 0.0001 versus the control group, n=20 worms x 9 mea-
surements each). Overall differences between vehicle control (water) with condi-
tions were analysed by two-way ANOVA. Differences in individual values or between
two groups were determined using two-tailed t-tests (95% confidence interval).
Error bars represent the mean + s.d.

silico analysis®. The observed increase in longevity was found to be
contingent on its conversion to PLA. Notably, the elevated energy
generation achieved through PLA interventions further enhanced
mitochondrial activity, contributing positively to overall vitality.

Within the context of stress resilience, it's important to recognize that
external stress accumulates over the adult lifetime of C. elegans®®,
resulting in the presence of abundant reactive oxygen species that can
inflict substantial damage on proteins and lipids, ultimately leading to
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Fig. 6 | The correlation of blood PLA concentration and physical performance
with human patients with sarcopenic phenotype. a Non-sarcopenic (69.5 + 5.89
years) or patients with sarcopnic phenotype (71.3 + 6.62 years) blood samples were
collected and D-PLA concentration in human blood samples was measured.

Created in BioRender. Ryu, D. (2024) BioRender.com/s00v719. b Muscle mass and
Skeletal muscle mass index of non-sarcopenic or sarcopenic participants. Muscle
function of participants were evaluated with Grip strength (***p <0.0001), Gait
speed (***p <0.0001), FTSS (***p < 0.0001), and SPPB score (***p < 0.0001).

the onset of metabolic diseases and a shortened lifespan®®>. Enhan-
cing tolerance to external stress factors has been previously linked to
the promotion of healthspan in C. elegans and other model
organisms®**, In our study, we directed our attention to investigating
the actions of SKN-1 and ATFS-1, two transcription factors identified
through transcriptome analysis of PLA-fed animals, in the context of
stress resistance. In our current study, the CM of GTBI, as well as PLA,
significantly increased thermotolerance and resistance to acute oxi-
dative stress. Notably, these stress tolerance effects were entirely
abolished in the absence of the SKN-1 and ATFS-1 transcription factors.
Furthermore, our study provided evidence that PLA upregulates stress
resilience through a mechanism involving the well-known stress-rela-
ted transcription factors SKN-1/NRF2°°¢” and ATFS-1*"%, subsequently
enhancing the hallmark of stress resilience, namely, survival under
conditions of thermotolerance and oxidative stress®.

On the other hand, the involvement of ATFS-1 implies that the
involvement of the mitochondrial unfolded protein response (UPR™),
facilitated by ATFS-1, as a pivotal mechanism in enhancing mitochon-
drial protein quality control, mitochondrial biogenesis, detoxification,
energy metabolism, innate immunity, and stress resilience®7°72 This
phenomenon reflects the mechanism by which ATFS-1, when faced
with mitochondrial stress, shifts from being susceptible to degradation
in mitochondria to accumulating in the nucleus. This activation of
genes is crucial for mitochondrial biogenesis and energy metabolism.
Intriguingly, PLA’s induction of ATFS-1 nuclear localization reveals a
unique method by which microbiota-derived metabolites can influ-
ence mitochondrial signaling and, consequently, longevity. This dis-
covery is particularly compelling in light of research showing that gut
microbiota-generated polysaccharide colanic acid (CA) also affects
host longevity, suggesting a broader paradigm where both microbial
polymers and small molecules like PLA and urolithin A contribute to
healthspan regulation through mitochondrial-centric pathways®*’>7*,

However, the precise dynamics of PLA’s modulation of ATFS-1,
including its translation stability and nuclear translocation, remain to
be fully understood. Such insights would not only elucidate the
molecular basis of microbiota-mediated health benefits but also
potentially open avenues for therapeutic strategies targeting mito-
chondrial health to counteract age-related diseases. Thus, our work
and analogous studies underscore the significant impact of gut
microbiota-derived compounds on host mitochondrial function and
longevity, warranting further exploration into their roles in healthspan
extension.

In our study, we propose an alternative perspective on how PLA
achieves lifespan and health benefits in C. elegans by addressing the
toxicity associated with the dark side of lactate accumulation. Fur-
thermore, we explored the relevance of PLA to age-related muscle
function. In our nematode model, PLA effectively ameliorated age-
associated motility decline, as evidenced by improvements in move-
ment speed and pumping rate. This led us to investigate age-
associated muscle atrophy, specifically sarcopenia. Notably, a clear
inverse relationship between the concentration of PLA in sarcopenia
patients and reduced muscle function was observed. It is intriguing to
observe the potential connection between a specific metabolic com-
pound and human physical performance. While our work requires
additional studies to determine whether the effects on fitness and
longevity can be translated to humans, this study provides a valuable
clue that PLA has the potential to activate cellular energy metabolism
and enhance stress resilience, either through GTBI-derived supple-
mentation or as a standalone intervention. This offers a promising
avenue for promoting organismal vitality.

Methods
All Reagent/Resource
tary Data 5.

information is available in Supplemen-
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Nematode strains and maintenance

C. elegans strains were maintained on nematode growth media (NGM)
agar plates at 20 °C using OP50 bacteria as a food source. All of strains
used in this study are described in Supplementary Data 5. They were all
obtained from the Caenorhabditis Genetics Center (CGC).

Worm Synchronization and food preparation

C.elegans were synchronized with 70 pl M9 buffer, 25l bleach (10%
sodium hypochlorite solution) and 5 pl of 10 N NaOH. The obtained eggs
were allowed to hatch overnight at 20 °C in S-basal buffer, which con-
sisted of 100mM NaCl, 0.01mM cholesterol, and 50 mM potassium
phosphate (pH 6.0) on NGM plates. Hatched worms (L1-stage larvae)
were transferred to fresh NGM plates and cultured at 20°C with
Escherichia coli strain OP50 as a food source, until the L4 larval stage,
defined as “Day 0”. OP50 bacteria or GTB1 were cultured at 37 °C in LB or
MRS medium for up to 12 h, respectively. The bacteria concentration was
calculated by a combination of counting the colonies and measuring the
OD at a wavelength of 600 nm. The OP50 or GTBI1 was centrifuged,
resuspended and diluted in H,O at bacteria concentrations of 10 x 10"
bacteria mI™ or 10 x10°, 10 x 10", or 10 x 10", then we applied 10 pl of
bacteria-diluted H,O to the surface of NGM agar plates and allowed them
to dry. The L4 worms transferred to the GTBI plate with additional wash
procedure and sustained in M9 buffer for 30 min to remove OP50 in the
intestine. The conditioned media of GTB1 were mixed with S-basal buffer
to 25%, 50%, or 100% in liquid culture environment.

GTBI1 isolation and growth condition

Lactiplantibacillus APSulloc 331261, isolated from green tea (Dolsongi
tea field, Jeju island, Korea) and its isolation, characterization, safety,
and biological properties were described previously'*™°. The designa-
tion of this strain has been amended with its trademark (GTB1™) and
further reference to this strain will be as GTB1. GTBlwas cultured at
37°C for 18 h and prepared on a daily basis in MRS broth (Difco
Laboratories, NJ, USA). To preparation of cell-free conditioned media
(CM), overnight culture of GTB1 was sub-cultured to mid-to-late
logarithmic phase and adjusted to ODggo =1.0. GTBI1-derived super-
natant was acquired after two centrifugation steps at 15,000 x g for
10 min. Then, supernatant was filtered using 0.45pum and 0.22 pm
syringe filters (Whatman, Maidstone, UK) and stored at —20 °C until
use. CM (100%) was diluted to concentrations of 50% and 25% (v/v)
with S-basal buffer and cultured in liquid media”. The heat-inactivation
of GTBI was obtained by putting culture suspension in 70 °C water
bath for 40 min with periodical mixing and GTB1 dead cell was pre-
pared with two freeze-thaw cycles using liquid nitrogen and a 70 °C
water bath.

Lifespan analysis

Lifespan assays were carried out at 20 °C on NGM agar plates using
standard protocols and were replicated in three independent experi-
ments. Around synchronized 150 young adults were transferred to
fresh NGM plates. All compounds were blended into the NGM media
after autoclaving and before solidification. Living worms were trans-
ferred to assay plates, which were seeded with OP50 or a designated
RNAi feeding clone with 50 pg ml™? ampicillin (Sigma-Aldrich, MO,
USA) every other day. Worms that crawled off the plates or exhibited
internal progeny hatching were censored and showed no reaction to
gentle stimulation were scored as dead. Lifespan data were analyzed
using R software (ver. 4.1.0, “coin” package); Kaplan-Meier survival
curves were depicted, and P values were calculated using the log-rank
(Mantel-Cox) test. All lifespan data are described in Supplemen-
tary Data 1.

Lipofuscin (age pigment) analysis
Nematode were synchronized and treated for 10 days with vehicle,
GTBI1 or chemicals from L4 larvae stage (Day 0). For measuring

lipofuscin accumulation, Day 10 worms washed with M9 buffer 3 times
and distributed on a 96-well plate (Porvair Sciences black with glass-
bottomed imaging plates, #324002). Lipofuscin auto-fluorescence was
determined using a fluorescence plate reader (Synergy H1, BioTek, VT,
USA; excitation: 390-410, emission: 460-480) with normalized to the
stable signal of the worms (excitation: 280-300, emission: 320-340)
as blank.

Movement, pharyngeal pumping rates, and fertility assay
Around 50 L4 larvae were grown at 20 °C for 10 days. On day O (L4
larvae) and Day 10 (day 10 adults) of -15 worms were transferred to
fresh bacteria free NGM plates. After 30 min of acclimation, movement
of worm was recorded every 0.5s for 30 s in total movement with a
microscope system (Olympus SZ61 microscope with Olympus camera
eXcope T300, Olympus, Tokyo, Japan). Subsequently, 5 independent
movement clips per each worm were analyzed with TSView 7 software
(ver. 7.1) and average speed was calculated as distance (mm)
per second. The pharyngeal pumping of 30 worms per each condition
were assessed for 1 min with two additional experimental trials using a
SZ61 microscope (Olympus, Tokyo, Japan). Pharyngeal contractions
were recorded with Olympus camera eXcope T300 at 18-fold optical
zoom and videos were played back at 0.5x speed and pharyngeal
pumps counted. For fertility assay, worms were synchronized and
single L4 nematode were transferred on single plates applying vehicle
or GTB1 or reagent then moved to fresh plates. Progeny of worms were
allowed to hatch and counted in 10 worms with three independent
experiments.

Triglyceride (TG) quantification

TG contents were measured using the triglyceride colorimetric assay
kit (Abcam, MA, USA) with manufacturer’s protocol. Briefly, frozen
worm pellets in liquid nitrogen with 5% Triton X-100. The pellets were
sonicated and diluted for protein determination by BCA assay (Pierce,
IL, USA). The samples were heated till 80 °C and shaken for 5 min then,
samples cooled down to room temperature to solubilize all the TG. TG
contents were normalized relative to protein contents and three
independently collected worm pellets were assayed for each experi-
mental condition.

Stress resistance assays

Synchronized worms treated each condition for 10 days. For the oxi-
dative stress assay, 20 worms were placed on solid NGM plates con-
taining 0.4 M paraquat (PESTANAL, Sigma-Aldrich, MO, USA) for
3 hours®. Assays repeated for 9 times and the paraquat plates were
freshly prepared on the day of the assay. For the thermotolerance
assay, 18-28 worms were exposed 35 °C for 16 h and survival worms
were counted. Assays performed 6 times and survival rate was
estimated®’.

Superoxide dismutase and catalase activity assay

To assess antioxidative enzyme activities, 10-day-old worms grounded
in liquid nitrogen. A superoxide dismutase (SOD) and catalase activity
levels were measured with the SOD colorimetric activity kit (Invitro-
gen, CA, USA) or Catalase activity colorimetric/fluorometric assay kit
(Biovision, CA, USA), respectively. Worm pellet samples were assessed
according to manufacturer’s protocol in triplicate. SOD and catalase
activities were determined using standard curves followed by nor-
malization to protein concentration using the BCA protein assay
(Pierce, IL, USA).

Healthy aging index (HAI)

The Healthy Aging Index (HAI) was suggested by which encompasses
three key components: (1) the assessment of physical performance
through average speed, (2) evaluation of physical fitness and mito-
chondrial function via oxygen consumption rate (OCR), and (3)
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measurement of energy production and consumption efficiency using
total ATP.

n(i)
Healthy Aging Index (HAl)= || AUC normalized by lifespan
i

15
AUC= %f(xi)

f(x) : (min, max) normalized values
i : average speed, oxygen consumption rate, and total ATP

We calculated HAI with investigation average speed, OCR, and
ATP generation of PLA (10 mM), metformin (100 pM), resveratrol
(100 uM), LY294002 (100 pM), rapamycin (10 uM), kahalalide F
(0.5 uM), and lutein (100 uM), which were estimated as most effective
dose for lifespan extension previously**® and in this study. To com-
pare the HAI obtained from each compound, the values were con-
verted to percentages. The control was set to 100 (%), and the other

values were compared against this baseline.

RNA sequencing (RNA-seq), data analysis, and visualization
RNA was extracted and assigned using Bioanalyzer 2100 (Agilent
Technologies, CA, USA) in combination with RNA 6000 nano Kkit.
Matched samples with high RNA integrity number scores were pro-
ceed to sequencing. For library preparation an amount of 2 mg of total
RNA per sample was processed using Illumina’s TruSeq RNA Sample
Prep Kit (Illumina, CA, USA) following the manufacturer’s instruction.
Quality and quantity of the libraries was determined using Agilent
Bioanalyzer 2100 in combination with FastQC v0.11.7, Sequencing was
done on a HiSeq4000 in SR/50 bp/high output mode at the Macrogen
Bioinformatics Center (Macrogen, Seoul, Korea). Libraries were mul-
tiplexed in five per lane. Sequencing ends up with 35 Mio reads per
sample. Sequence data were extracted in FastQ format using bcl2fastq
v1.8.4 (Illumina) and used for mapping approach. FASTQ output files
were aligned to the WBcel235 (February 2014) C. elegans reference
genome using STAR’®. These files have been deposited at the Sequence
Read Archive (SRA) with the accession number PRJNA827000 and
PRJNA894441. Samples averaged 75% mapping of sequence reads to
the reference genome. We filtered out transcripts with Trimmomatic
0.38 platform”’. Differential expression analysis was performed using
HISAT2 version 2.1.0, Bowtie2 2.3.4.1, with StringTie version 2.1.3b757°.
Human ortholog matching was performed using WormBase, Ensembl,
and OrthoList2®. Gene lists were evaluated for functional classification
and statistical overrepresentation with Database for Annotation,
Visualization, and Integrated Discovery (DAVID) version 6.8 and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway database.

RNAi in C. elegans

For RNAi-mediated gene knockdown, we fed worms HTI115 (DE3)
expressing target gene double stranded RNA (dsRNA) from the
pL4440 vector. The clones for RNAi against genes were obtained from
the C. elegans ORF-RNAi Library (Thermo Scientific, Horizon Dis-
covery, MA, USA). All clones were verified by sequencing (Macrogen,
Seoul, Korea) and efficient knockdown was confirmed by quantitative
RT-PCR (qRT-PCR) of the mRNA. All dsRNA bacterial clones were cul-
tured to a concentration of 0.9 OD at 37 °C in LB containing 100 pg/ml
ampicillin and diluted 1/10 with empty vector expressing bacteria were
spotted on NGM plates containing additionally 1 mM isoprophyl-B-D-
thiogalactoside (IPTG) (Sigma-Alrich, MO, USA). Incubation with
dsRNA initiated 64 h after population synchronization and then young
adult worms transferring to the respective treatment plates. We con-
firmed the RNAi knockdown of atfs-I and skn-1 by qRT-PCR and tran-
scripts levels were reduced by 74% and 87%, respectively in larvae that
were cultivated on corresponding dsRNA-expressed bacteria.

Mitochondria preparation and measurement of MRCC activity
Mitochondria were isolated according to previously described method.
Briefly, approximately 1g of age-synchronized worms were harvested
from the cultures, cleaned and washed with M9 buffer and suspended in
mitochondrial isolation buffer (Abcam, MA, USA). The worm suspension
was ruptured using a TissueLyser Il (Qiagen, Hilden, Germany) high speed
bench-top homogenizer and an equal volume of mitochondrial isolation
buffer containing 0.4% BSA was added and centrifuged at 380 x g for
5min, repeatedly. The supernatant containing crude mitochondria was
centrifuged at 4500 x g for 5min and resulting pellet was resuspended
and frozen at —80 °C until use. The pellets were sonicated and diluted with
Mitochondrial extraction buffer (Abcam, MA, USA) for protein determi-
nation by BCA assay (Pierce, IL, USA). The mitochondrial respiratory chain
complex (MRCC) enzymes from the isolated mitochondria were deter-
mined with MitoTox complete OXPHOS activity assay kit (Abcam, MA,
USA): rotenone-sensitive NADH-ubiquinone oxidoreductase (MRCC I),
succinate dehydrogenase (MRCC II), antimycin A-sensitive decylubiquinol
cytochrome c oxidoreductase (MRCC IlI), cytochrome ¢ oxidase (MRCC
IV), and ATP synthase (MRCC V). Briefly, frozen samples of isolated
mitochondria were thawed on ice and solubilized with 2% CHAPS and
aliquots were used for enzymatic activity assay following the protocol of
the manufacturer. The reactions used for the determination of MRCC
were monitored using fluorescence plate reader (Synergy H1, BioTek, VT,
USA) normalization with total protein concentration (BCA assay, Pierce,
IL, USA) as reported in nmol substrate/min/mg protein.

ATP levels and mitochondrial respiration

Generated ATP levels were quantified using colorimetric based ATP
assay kit (Abcam, MA, USA). Briefly, synchronized worms were col-
lected and washed with M9 buffer. The indicated age-of-worm pellets
were treated freeze and thaw cycles and boiled for 15 min to release
ATP and inactive ATPase. Pellets were centrifuged at 12,000 x g for
10 min and supernatant were used for the assay following instructions
with 570 nm fluorescence normalization with total protein con-
centration (BCA assay, Pierce, IL, USA).

Oxygen consumption rate (OCR) was measured using the sea-
horse XF96 equipment (Seahorse bioscience, MA, USA) as previously
described methods®. Briefly, indicated day-of-age worms were trans-
ferred into M9-filled 96-well Seahorse plates. OCR was measured 5
times and FCCP treatment was performed at 10 uM final. The OCR was
normalized to the actual number of worms in each well and the values
obtained were normalized on the protein contents measured with BCA
protein assay. The average and the standard deviation of OCR across
the five replicates for each sample were calculated and a minimum of
10 time points of 5-wells was used.

ATFS-1 and SKN-1 localization assay

The skn-1(zu169)1V;gels7(LG326), skn-1(zui35)IV:gels7(LG333), and
wgls675[atfs-1:TY1:EGFP:3xFLAG + unc-119(+)](OP675) strain was
used and their fluorescence was visualized using a confocal laser
scanning microscope with inverted stand (LSMS8, Carl Zeiss, Jena,
Germany) (with excitation at 488 nm and emission at 535 nm). For each
condition, the nucleus/intermediate/cytoplasm fluorescence or fluor-
escence intensity of 20 worms was detected densitometrically with
ZEN Lite software (Carl Zeiss, Jena, Germany) with six attempts.

Bioinformatics in skn-1, atfs-1 RNAi public data

Data pertaining to skn-I RNAi and atfs-1 RNAi experiments were
retrieved from the NCBI GEO database, specifically GSE63075 and
GSE179517, respectively. Differential expression gene analysis was
conducted using DESeq2 version 1.38.3 as previously described®.

Human study participants
This was a cross-sectional study performed on a cohort of ambulatory,
community-dwelling older adults. The study population comprised
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Koreans who had undergone a comprehensive geriatric assessment
at the Division of Endocrinology and Metabolism, Department of
Internal Medicine, Chungnam National University Hospital (CNUH),
between April 2021 and April 2023. These participants visited the clinic
for the management of chronic diseases, such as hypertension, dysli-
pidemia, osteoporosis, and diabetes, or for the evaluation of non-
specific symptoms, such as fatigue and loss of appetite, which are
frequently observed in older adults. They were not from nursing
homes or inpatient facilities and were consecutively enrolled. The
exclusion criteria were as follows: a history of ongoing cancer or a
cancer-free period <5 years; psychiatric disease; malabsorption dis-
order (including diabetic gastropathy or a history of bowel resection);
pregnancy; acute bacterial or viral infection; or requirement of a
wheelchair for mobility.

Ethical considerations

All participants received information about the goals and procedures
of the study, and all agreed to participate by signing a consent form.
The study was approved by the Institutional Review Boards of
Chungnam National University Hospital (2019-06-063-016), and writ-
ten informed consent was obtained from all enrolled participants.

Sarcopenia assessment

Information on demographic characteristics and medical and surgical
histories was collected through detailed interviews and reviews of
medical records by experienced nurses. Body composition including
muscle mass (whole body lean body mass minus bone mineral con-
tent) was evaluated using a bioelectrical impedance analyzer (InBody
270 Body Composition Analyzer; InBody USA, Cerritos, CA, USA) with
measuring frequencies of 1, 5, 50, 250, 500, and 1000 kHz*’. Appen-
dicular skeletal muscle mass (ASM) was defined as the sum of the
muscle mass of all four limbs. The skeletal muscle index (SMI) was
defined as appendicular skeletal muscle mass divided by height
squared (ASM/m?)?%, Handgrip strength of the dominant side was
measured using a Smedley type dynamometer (Takei T.K.K.5401 GRIP-
D handgrip dynamometer; Takei Scientific Instruments Co., Ltd,
Tokyo, Japan). Participants were instructed to adopt a comfortable
sitting position, bend their elbows to 90° (90° flexion), and squeeze
the dynamometer as hard as possible. The maximum value was
adjusted after all tests were conducted twice at 1-min intervals or
longer. Physical performance was evaluated using the short physical
performance battery (SPPB), which includes standardized perfor-
mance tests: gait speed in a 4-m walk test; a five times sit-to-stand test
(STSTS) of coordination and strength; and a tandem test for static
balance. The tandem test was performed in three different positions: a
side-by-side position, a semi-tandem position, and a full tandem
position. The participants were asked to maintain each position for
>10s, and the amount of time (s) that they successfully remained in the
given position was recorded. The higher the SPPB score (which ranged
from O to 12 points), the better the lower extremity function. A diag-
nosis of sarcopenia was based on the 2019 Consensus Guidelines from
the Asian Working Group for Sarcopenia®®. Patients with low
appendicular muscle mass (SMI measured by bioelectrical impedance
analyzer: <7.0 kg/m? for men and <5.7 kg/m* for women) and low
muscle strength (handgrip strength <28 kg for men and <18 kg for
women) with or without low physical performance (gait speed
<1.0m/s; 5TSTS>12s; or SPPB score <9 points) were classified as
having sarcopenia.

Serum metabolites extraction

Metabolites were extracted using a modified protocol from previous
publications®®*. Briefly, 150 pL of human serum was transferred into
an Eppendorf tube containing 450 pL of MS-grade methanol supple-
mented with 100 pM DL-Norvaline as an internal standard. 200 pL
of chloroform were subsequently added into the samples, and

thoroughly vortexed for 30 s. The samples were then centrifuged for
20 mins at 15,000 x g at 4 °C following addition of 200 pL of MS-grade
water. 700 pL of the aqueous phase was carefully transferred into a
new microcentrifuge tube, followed by 6 h of drying in vacuum cen-
trifuge at 4 °C. The completely dried pellet was dissolved in 20 pL
of 50 % methanol and transferred into a glass insert for the subsequent
LC-MS analysis.

Measurement of D-3-phenyllactic acid using LC-QTOF

The metabolite in human serum was analyzed on Agilent 1290 infinity Il
LC system coupled to Agilent Poroshell 120 HILIC-Z (3 %150 mm,
2.7 pum) and Agilent 6530 quadrupole time of flight mass spectrometer
using Dual Agilent Jet Stream Electrospary lonization. Injection volume
of sample was 5 pL. LC separation was achieved on Agilent Poroshell
120 HILIC-Z column (3 x 150 mm, 2.7 pm) using mobile phase A(10 mM
ammonium acetate in water, pH 9.0) and mobile phase B(10 mM
ammonium acetate water/acetonitrile 15:85 (v:v) pH 9.0). Flow rate was
0.300 mL/min. The LC gradient was set at 0 min 95% B, 2 min 95% B,
10 min 70% B, 12 min 60% B, 14 min 40% min, 17 min 40% B, 19 min 95%
B. Electrospary ionization parameters included gas temperature at 300
°C, drying gas flow of 10 L/min, nebulizer pressure of 40 psi, sheath gas
temperature at 350 °C, sheath gas flow of 12 L/min, capillary voltage of
3000V, fragmentor of 120V, skimmer of 65V, Oct 1 RF vpp of 750 V.
Compound were detected using electrospray ionization source oper-
ating under extended dynamic range(EDR 1700 m/z) in negative ioni-
zation mode. Peak area integration was performed using MassHunter
Q-TOF AQuantitative Analysis (Agilent). Peak identification of
D-Phenyllactic acid in each sample was carried out based on the
comparison of the retention time and accurate mass-to-charge ratio
from D-Phenyllactic acid (Sigma-Aldrich, MO, USA) analyzed under
identical conditions.

PLA analysis in human subjects

To compare plasma PLA levels between age-matched elderly indivi-
duals and those with sarcopenia, we used the result of LC-QTOF
and indicators associated with sarcopenia, such as grip strength,
gait speed, 5-time sit-to-stand, and SPPB score. We generated boxplots
with Rstudio (RStudio Desktop 1.4.1717; R 4.1.1) installed R packages
dplyr, stringr, ggpubr, ggplot2, pheatmap, igraph, ggraph, corrr,
corrplot, tidyverse, and reshape2 and carried out statistical analysis
comparing two groups, non-sarcopenic and sarcopenic as previously
described®. We employed one-tailed t-tests for the analysis.

Statistical analysis

All experiments were repeated at least three times with identical
or similar results. Data represents biological replicates. Adequate
statistical analysis was used for every assay. Data meet the hypothesis
of the statistical tests described each experiment. Data are expressed
as the mean = s.d. in all figures unless stated otherwise. R software
(ver. 4.1.1) was used for statistical analyses. The p-values *p <0.05,
*p<0.01, **p<0.001, and *p<0.01 were considered statistically
significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data for all main figures and Supplementary Figs. are supplied
with this paper. Experimental data supporting the plots within this
paper and other findings of this study are available from the corre-
sponding author upon reasonable request. The RNA-seq data gener-
ated in the present study have been deposited in the NCBI's SRA and
are accessible through submission number PRJNA827000 and
PRJNA894441. Source data are provided with this paper.
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