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SARCOPENIA

Farnesol prevents aging-related muscle weakness in
mice through enhanced farnesylation of
Parkin-interacting substrate
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Peroxisome proliferator-activated receptor-y coactivator-1a (PGC-1a) is a master regulator of mitochondrial bio-
genesis. Reduced PGC-1a abundance is linked to skeletal muscle weakness in aging or pathological conditions,
such as neurodegenerative diseases and diabetes; thus, elevating PGC-1a abundance might be a promising
strategy to treat muscle aging. Here, we performed high-throughput screening and identified a natural com-
pound, farnesol, as a potent inducer of PGC-1a. Farnesol administration enhanced oxidative muscle capacity
and muscle strength, leading to metabolic rejuvenation in aged mice. Moreover, farnesol treatment accelerated
the recovery of muscle injury associated with enhanced muscle stem cell function. The protein expression of
Parkin-interacting substrate (PARIS/Zfp746), a transcriptional repressor of PGC-1qa, was elevated in aged
muscles, likely contributing to PGC-1a reduction. The beneficial effect of farnesol on aged muscle was mediated
through enhanced PARIS farnesylation, thereby relieving PARIS-mediated PGC-1a suppression. Furthermore,
short-term exercise increased PARIS farnesylation in the muscles of young and aged mice, whereas long-term
exercise decreased PARIS expression in the muscles of aged mice, leading to the elevation of PGC-1a. Collec-
tively, the current study demonstrated that the PARIS-PGC-1a pathway is linked to muscle aging and that far-

nesol treatment can restore muscle functionality in aged mice through increased farnesylation of PARIS.

INTRODUCTION

Aging is accompanied by progressive loss of skeletal muscle mass
and strength, known as sarcopenia, leading to reduced functional
capacity and an increased risk of developing chronic metabolic dis-
eases (I-4). Among various treatments, exercise is the most effective
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approach for preventing and treating sarcopenia (3, 5, 6). Endur-
ance exercise increases the proportion of oxidative muscle fibers
rich in mitochondria with enhanced capacities for fatty acid oxida-
tion and energy expenditure (7, 8). Although the regulatory mech-
anism of exercise for prevention of sarcopenia is not yet fully
understood, the induction of peroxisome proliferator—activated re-
ceptor-y coactivator-1a (PGC-1a) seems to play a major role (9, 10).
PGC-1a is a transcriptional coactivator controlling genes involved
in mitochondrial biogenesis, angiogenesis, and oxidative muscle
metabolism (11, 12). Mice lacking PGC-1a display decreased oxida-
tive muscle metabolism and exercise capacity (12, 13), whereas
muscle-specific PGC-1a transgenic mice exhibit a protective
effect against aging-related muscle wasting, leading to improvement
of aging-associated whole-body health (14). Aging-related muscle
loss leads to increased susceptibility to injury (15) and reduced re-
generative capacity (16). Reduction of muscle regenerative capacity
is associated with a decline in the number of satellite cells, muscle
stem cells, and impaired responses to activation cues, leading to
reduced proliferation or cellular senescence (16). The impairment
in muscle regeneration is associated with elevated adipose and fi-
brotic tissues, a characteristic feature of sarcopenia (17, 18).
Muscle PGCIA overexpression protects muscles from damage by
enhancing muscle regeneration mediated by mechanisms such as
the modulation of immune responses favoring damage control, im-
proved muscle satellite cell function, and suppression of fibrosis (19,
20). Consistently, PGC-1a overexpression in muscle improves the
maintenance of myogenic populations while suppressing
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adipogenic populations, contributing to improved muscle regener-
ation (21I). Thus, the up-regulation of PGC-1a in skeletal muscle
may provide an avenue for the prevention and treatment of sarco-
penia. Multiple studies have reported the protective effects of elevat-
ed PGC-1a against sarcopenia and aging-related metabolic diseases,
such as type II diabetes and hepatic steatosis (10, 14, 22, 23). The
development of exercise mimetics that can replicate the effects of
exercise on muscle strength via PGC-1a induction, like AICAR
[5-aminoimidazole-4-carboxamide-1-B-p-ribofuranoside, adeno-
sine monophosphate—activated protein kinase (AMPK) agonist]
and metformin (anti-diabetes drug), has received interest for med-
ication of muscle weakness caused by disease or aging (24-27). Pre-
viously, we identified PARIS (Parkin-interacting substrate, also
known as ZNF746, harboring KRAB and C2H2-type zinc finger
domains) as a repressor of PGC-1a in Parkinson's disease (PD)
(28). PARIS is ubiquitinated by interaction with the E3 ligase
Parkin and is subjected to a subsequent proteasomal degradation.
PARIS has been shown to be increased in the absence of Parkin
in patients with PD and in PD mouse models (13, 29, 30). Parkin
has been linked to the maintenance of mitochondrial function and
muscle integrity in flies and in patients with PD (29-31). Overex-
pression of PARIS in murine myoblasts elicited cellular senescence
via oxidative stress—related forkhead box O1 (FoxO1) and p53 acti-
vation (32), suggesting a potential role for defective regeneration in
aging muscle and sarcopenia. However, the physiological role of
PARIS in the control of muscle function and metabolism is not
yet defined.

Here, we identified a natural compound, farnesol, as a PGC-1a
inducer in C2C12 myoblasts by high-throughput screening (HTS)
and observed that farnesol administration prevented muscle weak-
ness and metabolic misregulation in aged mice. In addition, farne-
sol treatment also enhanced muscle satellite cell proliferation and
regenerative capacity. Short-term exercise and farnesol administra-
tion resulted in PGC-1a up-regulation by inhibiting PARIS through
its farnesylation in skeletal muscles, whereas long-term exercise de-
creased PARIS expression, thereby enhancing PGC-1a. Thus, these
data indicate that PARIS modulates muscle metabolism and func-
tionality through regulation of PGC-1a. Together, these results
suggest that farnesol might prevent muscle weakness related to
aging or pathological conditions.

RESULTS

HTS for a PGC-1a inducer in skeletal muscle cells

HTS was used to identify compounds enhancing PGC-1a expres-
sion in stable C2C12 myoblasts expressing a luciferase reporter
and destabilized green fluorescent protein (GFP) under control of
the 1-kb human PGCIA promoter (Myo-PGC-1a). Myo-PGC-1a
cells were treated with each of the 2552 compounds (the Spectrum
Collection, MicroSource, 10 uM for 48 hours), and the HTS proce-
dure was performed according to National Institutes of Health
(NIH) guidelines (HTS Assay Guidance Criteria) (table S1, HTS
assay protocol). The initial screen via luciferase assay identified
eight compounds that increased the luciferase activity about 2.5-
fold (Fig. 1A). These eight compounds were then independently re-
screened in quadruplicate (Fig. 1B). To evaluate the robustness of
HTS, standard parameters (plate-to-plate and day-to-day varia-
tions, signal-to-background ratio, coefficient of variation, and Z'
factor) were assessed (fig. S1, A and B). Variations within and
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between plates and between days were minimal (fig. S1A). The Z'
factor, an index of assay readiness for HTS, was within 0.5 to 1
range (fig. SI1B).

Farnesol elevates PGC-1a and muscle oxidative metabolism
in young mice

On the basis of its safety profile and potency, farnesol (CSU-1806), a
natural 15-carbon organic compound found in Alpinia conchigera,
Lonicera japonica, and other plants, was selected as an inducer of
PGC-1a for this study. Farnesol satisfies the criteria for safe in
vivo use according to the known rodent toxicity information
[PubChem, mouse median lethal dose (LDs5g): 8764 mg/kg]. In
agreement with the screening data, C2C12 cells treated with 10
uM farnesol in the differentiation medium for 2 days exhibited a
~1.9-fold increase of PGC-1a proteins (Fig. 1C). Farnesol treatment
also enhanced MyHC (myosin heavy chain)-positive myotube for-
mation (fig. S1, C and D) relative to dimethyl sulfoxide (DMSO)
treatment. Muscle-specific genes, including myoglobin (Mb), slow
troponin T1 (Tnntl1), and mitochondrially encoded cytochrome C
oxidase 1 (Mt-Col), were up-regulated in farnesol-treated cells (fig.
S1E). Farnesol increased PGC-1a protein in a dose-dependent
manner up to 10 pM (fig. S1F). Unlike farnesol, geraniol and ger-
anylgeraniol, which have similar structures to farnesol (33), had no
effect on PGC-1a abundance (fig. S1G). Next, we asked whether the
increase in mitochondria-related genes caused by farnesol is due to
PGC-1a. To determine the PGC-la—dependent effect of farnesol,
we performed Pgc-la knockdown by small interfering RNA
(siRNA) in C2C12 myoblasts (fig. STH) and the effect of farnesol
on the expression of Mt-Col and Mb was assessed (fig. S1I). Pgc-
Ia knockdown attenuated the effect of farnesol on the expression
of Mtcol and Mb, suggesting that the effect of farnesol effect is de-
pendent on PGC-1a. In addition, human muscle cells treated with
0.5 uM farnesol for 3 days differentiated faster (Fig. 1D) and ex-
pressed higher expression of MYH2 and MYH7 mRNA and PGC-
la protein compared with the DMSO-treated control (Fig. 1, E and
F). These data suggested that the effect of farnesol was conserved
between murine and human muscle cells.

To assess the effects of farnesol on muscle in vivo, 5-month-old
C57BL/6] mice were fed with chow or farnesol diets (0.5% w/w) for
5 weeks. PGC-1a was substantially enhanced in tibialis anterior
(TA) muscles of farnesol-fed mice (Fig. 1G). The increase in farne-
sol and farnesyl diphosphate (FPP), a substrate for farnesyl transfer-
ase (FTase), in the muscle was about 1.22 ug and 46.77 ng per gram
of muscle weight in farnesol-fed mice, respectively (fig. S1, ] and K).
Farnesol treatment enhanced the proportion of MyHC-IIa—positive
myofibers, giving a dark red appearance to muscles, whereas
MyHC-IIb—positive myofibers were unchanged (Fig. 1I). Farnesol
increased the cross-sectional area (CSA) of MyHC-IIa—positive my-
ofibers in the extensor digitorum longus (EDL) (Fig. 1]). In quan-
titative reverse transcription polymerase chain reaction (QRT-PCR)
analysis, oxidative myofiber—specific markers MyHC-I and MyHC-
Ila were substantially elevated (threefold) in farnesol-TA compared
with chow-TA (fig. SI1L). In addition, farnesol administration en-
hanced MyHC-IId/x expression but had no effect on the expression
of MyHC-IIb, the most glycolytic-type skeletal muscle marker.
Among mitochondrial genes, Mb expression was increased about
twofold and Mt-Col was mildly decreased, whereas other mito-
chondrial genes such as Sdh and Mt-Co2 were unchanged in farne-
sol-TA (fig. SIL). To further examine the farnesol effect on muscle
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for 2 days. Right: Quantification of the rel- §37 ™ Ochow 88 401 =
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Immunoblotting analysis for PGC-1a in TA (_% % GAS é‘O'L EDL TA 2 o ° ®
muscles from 5-month-old mice fed with Loqqet Y &
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Quantitation of the immunoblots. n = 4, a0 & S K SDH NADH-TR GPDH
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Scale bar, 50 um. Right: Quantification of PR RS csaumz) P Q 2 5
MyHC-lla/MyHC-lIb—positive myofibers in Chow Famesal 2 " Chow Famesol O Chow Famesol
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MyHC-IIb, n = 3; farnesol-MyHC-lla, n = 3; and farnesol-MyHC-IIb, n = 3. (J) Quantification of the cross-sectional area (CSA) of MyHC-lla—positive myofibers in EDL muscles
of 5-month-old mice fed with chow or farnesol diet for 5 weeks. Values are expressed as a percentile. n = 3 per each group. (K) Histochemical staining for SDH, NADH-TR,
and GPDH enzymatic activities in EDL muscles of 5-month-old mice fed with chow or farnesol diet for 5 weeks. Scale bar, 200 um. The staining intensities are quantified as
three different grades (dark, intermediate, and pale) and plotted as a percentile. n = 3. Data are expressed as mean + SEM. Asterisk indicates statistical significance. *P <
0.05, **P < 0.01, and ***P < 0.001.

metabolic characteristics, cryosectioned muscles were examined for  positive for GPDH compared with the control muscles (Fig. 1K).
the activities of two mitochondrial enzymes, succinate dehydroge-  Together, these data suggested that farnesol induced the expression
nase (SDH) and nicotinamide adenine dinucleotide—tetrazoliumre- ~ of PGC-1a in myoblasts and skeletal muscles, leading to an increase
ductase (NADH-TR), and glycerol-3-phosphate dehydrogenase of oxidative muscle fibers.

(GPDH) to monitor glycolytic activities. Farnesol treatment elevat-

ed the proportion of myofibers with strong staining intensities

(dark) for SDH and NADH-TR, whereas it decreased dark

stained myofibers and increased intermediately stained myofibers
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Farnesol improves muscle strength and metabolic
properties in aged mice

Next, we investigated the effect of farnesol treatment on the metab-
olism of aged mice (22-month-old) fed with chow or farnesol diet
for 4 months. Farnesol treatment did not alter the parameters such
as water/food intake, body mass, and lean mass of the aged mice
(fig. S2, A to D). About 15% of gastrocnemius (GAS) muscle
mass was reduced in aged mice compared with young mice (7-
month-old, young GAS), and farnesol treatment did not alter this
reduction (fig. S2E). Among PGC-1a isoforms, the hypertrophy-as-
sociated isoform PGC-1a-4 level (34) was unchanged, but the level
of PGC-1al (identical to PGC-1a) and PGC-1a2/3 isoforms in-
creased after farnesol treatment (fig. S2F). Farnesol treatment did
not affect heart mass or heart fibrosis-related gene expression
(fig. S2, G and H). In agreement with results obtained in young
mice (Fig. 1, I and K), the proportions of MyHC-IIa myofibers
and SDH- and NADH-TR-stained myofibers were increased in
EDL of farnesol-fed 26-month-old mice compared with chow
control (Fig. 2, A and B). Furthermore, farnesol treatment enhanced
the expression of MyHC-I, MyHC-IIa, and MyHC-IIb as well as ox-
idative metabolic genes, Mb, SDH, and Mt-Co1, whereas MyHC-I1d/
x was down-regulated (fig. S2I).

To analyze the effect of farnesol on the muscle function of aged
mice, farnesol was orally administrated to 26-month-old mice for 1
month, and muscle strength was measured in vivo and ex vivo. Far-
nesol-fed aged mice showed improvement in both twitch and
tetanic force of soleus muscles compared with chow-fed aged
mice (Fig. 2, Cand D). In addition, farnesol-fed aged mice exhibited
stronger grip strength (Fig. 2E) and enhanced energy expenditure
than chow-fed aged mice (Fig. 2F and fig. S2]), whereas physical ac-
tivity and rearing were comparable (fig. S2, K and L). These results
suggested that farnesol treatment improves muscle contractile func-
tion in aged mice. This beneficial effect of farnesol was accompa-
nied by improved metabolic properties, including improved
glucose response (Fig. 2G), body fat mass ratio (Fig. 2H), fat accu-
mulation in liver and white adipocytes (WAT) (Fig. 2I), and concen-
trations of cholesterols in blood (fig. S2, M and N). Blood
triglyceride concentrations were not changed between farnesol- or
chow-fed mice (fig. S20). In particular, the decreased respiratory
quotient after farnesol treatment might contribute to relatively
high lipid oxidation and low-fat mass (fig. S2, P and Q).

Because PGC-1a has been shown to mediate exercise-induced
angiogenesis in skeletal muscle (35), we analyzed the microvascular
density by immunostaining of a vascular endothelial cell marker,
CD31. Farnesol treatment increased the capillary density in
muscles of young mice (fig. S3A) and aged mice (fig. S3B). Thus,
angiogenesis might be contributing to the beneficial effect of farne-
sol in muscle function. Next, we examined the farnesol effect on fi-
brosis associated with muscle weakness and decreased regeneration
capacities of aged muscles (17). As shown through picrosirius red
staining, fibrosis was decreased in muscles from farnesol-fed aged
mice compared with those from chow-fed mice (Fig. 2J). Consis-
tently, fibrosis-related gene expression (Tgfbl, Collal, and
Timp2) was also down-regulated in muscles from farnesol-fed
mice compared with chow-fed mice (Fig. 2K). Collectively, farnesol
treatment enhanced muscle function and oxidative metabolic
muscle capacity, thereby contributing to enhanced energy expendi-
ture and improved body metabolism.

Bae et al., Sci. Transl. Med. 15, eabh3489 (2023) 30 August 2023

Farnesol treatment enhances the regenerative capacity of
satellite cells

Recent studies suggested that PGC-1a can enhance satellite cell ac-
tivation and proliferation, thereby improving muscle regeneration
(19, 20, 36). Therefore, we set out to determine the effect of farnesol
on muscle regeneration using a cardiotoxin (CTX) injury model.
Farnesol treatment augmented an increase in the average CSA of
myofibers in TA muscles at 21 days after injury compared with
vehicle groups (Fig. 3A). Fibrosis regions were also decreased in far-
nesol-treated groups compared with vehicle groups (Fig. 3A). Next,
we have determined the effect of farnesol on proliferative capacity of
satellite cells during muscle repair. TA muscles of vehicle- or farne-
sol-pretreated mice were subjected to CTX injury and injected with
bromodeoxyuridine (BrdU) at 3 days after injury. After 24 hours,
TA muscles were examined for BrdU incorporation. The vehicle-
treated muscles had about 20% BrdU-positive cells, whereas the far-
nesol-treated muscles had about 30% BrdU-positive cells in the
injured areas (Fig. 3B). In qQRT-PCR analysis, cell cycle regulators
[Cyclin bl (Ccnbl), Ccnb2, Cendl, Cenel, Cenf, Minichromosome
Maintenance Complex Component 3 (Mcm3), Mcm?7, and Aurora
kinase B (AurkB)] were elevated in farnesol-treated TA muscles
(Fig. 3C). In addition, farnesol treatment substantially elevated
Myf5 expression, whereas the expression of Pax7, MyoD, and Myo-
genin (Myog) was not significantly changed compared to the vehicle
treatment (Fig. 3C). To further examine the effect of farnesol on
muscle stem cell activation upon injury, we performed fluores-
cence-activated cell sorting (FACS) analysis with TA muscles at 3
days after CTX injury. Farnesol treatment elevated the activated
and proliferating population (Pax7, Myf5, or MyoD-positive
cells), and Myog-positive cells were also increased by farnesol com-
pared with vehicle (Fig. 3D). These results suggest that farnesol en-
hances muscle stem cell activation and proliferation in early repair.
The number of Pax7-positive muscle stem cells was elevated by
1.39-fold in the farnesol-treated TA muscles at CTX 21 days after
CTX injury compared with the vehicle-treated muscles (Fig. 3E).
Moreover, farnesol-treated aged TA muscles had a small increase
in Pax7-positive cells per 100 myofibers relative to the control
aged muscles (Fig. 3F). In addition, we determined the percentile
of myofiber size and myonuclei number of MyHC-IIa in the longi-
tudinal sections of soleus from chow- or farnesol-fed young mice
for 4 months. The average myonuclei number per MyHC-IIa my-
ofiber significantly increased by 1.5- to 1.7-fold (1000 to 3000 um?,
P = 0.001; 3001 to 6000 um>, P = 0.002; >6000 um>, P = 0.013) in
farnesol-fed soleus than in chow-control soleus (fig. $4, A to C). To-
gether, these data suggested that farnesol improved muscle regener-
ation capacity by enhancing muscle stem cell proliferation and
maintenance.

Farnesol reverses age-related mitochondrial alterations in
aged mice

Muscle aging is associated with alterations in mitochondrial con-
tents, function, and gene expression (37, 38). To determine the
effect of farnesol on mitochondria, we orally administrated
vehicle or farnesol to 26-month-old male mice for 1 month, and
muscles were subjected to analysis for mitochondrial DNA
(mtDNA) content and total oxidative phosphorylation
(OXPHOS) proteins. The results revealed that the mtDNA
content was increased about 1.6-fold (P = 0.038), and adenosine tri-
phosphate (ATP) synthase F1 subunit o (ATP5A), ubiquinol-
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Fig. 2. Farnesol enhances oxidative A

muscle capacities and strength in EDL (26M)

aged mice. (A) Immunostaining of Chow Frnesol
MyHC-lla (green) and laminin (red) in
the EDL muscles of 26-month-old
mice * farnesol diet. Scale bar, 50 pm.
Right: Quantification of MyHC-lla—
positive myofibers, plotted as a per-
centile of MyHC-lla—positive
myofibers. n = 3. (B) Representative
histochemical staining of SDH and
NADH-TR enzymatic activities in the
EDL muscles of 26-month-old mice
fed with chow or farnesol diet for 4
months. Scale bar, 50 um. The staining
intensities are quantified as three
different grades (dark, intermediate,
and pale) and plotted as a percentile.
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analysis for fibrosis-related genes in the EDL muscles of aged mice + farnesol diet. An unpaired two-tailed Student’s t test (A to K) was used for statistical analysis.
Differences were considered significant when *P < 0.05, **P < 0.01, and ***P < 0.001.

cytochrome ¢ reductase core protein 2 (UQCRC2), MT-CO1, and
SDH complex, subunit B, iron sulfur (Ip) (SDHB) proteins were sig-
nificantly elevated in farnesol-treated TA muscles compared with
vehicle-treated muscles (ATP5A, 2.2-fold, P = 0.039; UQCRC2,
2.4-fold, P = 0.011; SDHB, 2.1-fold, P = 0.031). To examine the
effect of farnesol on mitochondrial function, C2C12 myoblasts
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were treated with vehicle or farnesol, and oxygen consumption
rates (OCRs) were assessed (fig. S5A). The maximal OCR was not
significantly elevated by farnesol treatment. However, farnesol
treatment did increase mtDNA content about 1.5-fold in C2C12
myoblasts (fig. S5B) and OXPHOS proteins, specifically NADH:
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Fig. 3. Farnesol enhances muscle regeneration capacity. (A) Top: H&E staining for histological analysis of TA muscles from vehicle- or farnesol-treated mice at CTX-D21.
Scale bar, 50 um. Quantification of average CSA of TA muscles from vehicle- or farnesol-treated mice at CTX-D21. n = 4. Bottom: Sirius red staining of TA muscles from
vehicle- or farnesol-treated mice at CTX-D21. Scale bar, 100 um. Quantification of fibrosis regions of TA muscles from vehicle- or farnesol-treated mice at CTX-D21.n = 3.
(B) Immunostaining for BrdU (green) from vehicle- or farnesol-treated TA at CTX-D3. Percentage of BrdU-positive cells in fields. n = 4. (C) qRT-PCR analysis for cell cycle
regulators and myogenic regulatory factors (MRFs) in TA muscles at CTX-D3. 185 rRNA served as an internal control. (D) FACS analysis for muscle stem cell populations in
TA muscles from vehicle- or farnesol-treated mice at CTX-D3. Cells were pregated by fixable viability dyes (FVD) and lineage markers [CD31, CD45, CD106, and Ly6A/E;
phycoerythrin (PE)/Cy7] for analysis of Pax7 [allophycocyanin (APC)], Myf5 (APC/Cy7), Myog [fluorescein isothiocyanate (FITC)], and MyoD (PE). Percentage values of
positive cells are indicated in each graph. (E) Immunostaining for Pax7 (green) and laminin (red) of TA muscles from vehicle- or farnesol-treated mice at CTX-D21. Quan-
tification of Pax7-positive cells. Fifteen fields per three sections from each muscle. n = 4. (F) Inmunostaining for Pax7 (green) and laminin (red) of TA muscles from chow-
or farnesol-fed mice at 26 months old. Quantification of Pax7-positive cells. Fifteen fields per three sections from each sample. n = 3. Data are expressed as mean + SD.
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ubiquinone oxidoreductase subunit B8 (NDUFBS8) protein
(fig. S5C).

To further investigate the effect of farnesol in aged muscles,
RNA-sequencing analysis was performed on GAS muscles from
vehicle- or farnesol-fed 26-month-old mice. The gene ontology
(GO) analysis of the differentially expressed genes (DEGs) indicated
that mitochondrial genes were listed second among cellular com-
partment-related genes (Fig. 4C). Most mitochondrial genes in far-
nesol-treated muscles showed increased expression compared with
those in vehicle-treated group (Fig. 4D). To further analyze, the
altered expression of mitochondrial genes in the farnesol-treated
muscles was compared with the altered mitochondrial genes in
28-month-old muscles versus 8-month-old muscles from the Sar-
coatlas gene expression database (https://sarcoatlas.scicore.unibas.
ch/) (39). Farnesol treatment in aged muscles reversed the expres-
sion of mitochondrial genes altered in aged muscles compared with
young muscles (Fig. 4E). Gene expressions of other GO terms such
as OXPHOS, skeletal muscle tissue development, fatty acid  oxida-
tion, and skeletal muscle contraction were also substantially altered
in farnesol-treated muscles compared with vehicle-treated aged
muscles (Far/Veh) (fig. S6). Further GO analysis of the mitochon-
drial genes from Fig. 4D revealed that the genes related to mito-
chondrial organization and oxidative stress response appeared to
be most affected by farnesol treatment (Fig. 4F). These genes were
mostly up-regulated in the farnesol-treated muscles, whereas they
were mostly down-regulated in the 28 M/8M dataset from Sarcoatlas
(Fig. 4, G and H). In addition, transforming growth factor—f (TGF-
B) signaling gene expression showed a reversed pattern in Far/Veh
compared with 28M/8M from Sarcoatlas (fig. S6). These data are in
line with the decreased fibrosis in farnesol-fed aged mice (Fig. 2, ]
and K). Together, these data suggested that farnesol administration
improved mitochondrial biogenesis capacity and reversed age-
related mitochondrial gene expression patterns.

Farnesol blunts PARIS-mediated changes in

skeletal muscles

Exercise induces PGC-1a by activating signaling pathways such as
AMPK and p38 mitogen-activated protein kinase (p38) (9, 27, 40).
To determine the involvement of AMPK and p38 in farnesol-medi-
ated PGC-1a induction, control- or farnesol-treated C2C12 cells
were analyzed by immunoblotting (Fig. 5A). The active phosphor-
ylated forms of AMPK (p-AMPK) and p38 (p-p38) were unchanged
by farnesol treatment. In addition, farnesol treatment did not alter
the phosphorylated forms of mechanistic target of rapamycin
kinase (mTOR) and its downstream targets, eukaryotic translation
initiation factor 4E binding protein 1 (4EBP-1) and ribosomal
protein S6 (S6) (fig. S7). Previously, we identified the accumulation
of PARIS in the loss of Parkin, suppressing PGC-1a transcription in
PD (28). To gain insights into the PARIS/PGC-1a relationship in
human muscles, we have analyzed public open datasets from
human aged and post-exercise muscles for the PGC-l1a and
PARIS correlation [Gene Expression Omnibus (GEO) accession:
GSE111017 and GSE117525]. In two datasets, PGC-1a and PARIS
exhibited a negative correlation, consistent with our observations in
this study (fig. S8, A and B) (38, 41). We then determined the ex-
pression of Parkin, PARIS, and PGC-1a in muscles from 24-month-
old mice (24M). PARIS was elevated, whereas Parkin and PGC-1a
were decreased, in TA of 24M as compared with young mice (4M)
(Fig. 5B). PARIS expression was also assessed in diverse muscle

Bae et al., Sci. Transl. Med. 15, eabh3489 (2023) 30 August 2023

fibers of young mice. PARIS was expressed at lower expression in
soleus muscles, which are known to contain predominantly oxida-
tive fibers expressing high PGC-1a expression (12), relative to other
hindlimb muscles, which contain various proportions of oxidative
and glycolytic fibers (Fig. 5C). Although farnesol treatment en-
hanced oxidative metabolism in aged mice (Fig. 2), PARIS expres-
sion in TA muscles was unchanged by 5-week farnesol treatment in
aged mice (Fig. 5D), indicating that farnesol does not modulate
PARIS protein expression.

To examine the effect of PARIS on oxidative metabolism in
muscle cells, control or pCMV-PARIS—expressing C2C12 cells
were induced to differentiate for 3 days, followed by MyHC immu-
nostaining. PARIS overexpression in C2C12 cells caused the reduc-
tion of PGC-1a and the formation of MyHC-positive myotubes as
compared with control, which was substantially reversed by farnesol
treatment (Fig. 5, E and F, and fig. S9A). In addition, PARIS over-
expression significantly decreased the expression of genes involved
in oxidative metabolism as assessed by qRT-PCR (fig. S9B).

Next, lentiviral-GFP or lentiviral-PARIS/GFP was injected into
TA muscles of 22-month-old mice by a stereotactic procedure.
Seven days after virus injection, muscles were harvested and exam-
ined by histological staining and qRT-PCR. To evaluate the efficien-
cy of lentiviral transduction, cryosectioned muscles were subjected
to immunostaining for GFP expression. GFP expression was detect-
ed in a large portion of myofibers, and PARIS mRNA expression
was strongly induced in lentiviral-PARIS/GFP—injected muscles
(fig. S9, C and D). PARIS-overexpressing muscles displayed a reduc-
tion in myofibers with dark SDH enzymatic staining, which corre-
lated with decreased expression of Pparcgla and oxidative fiber
genes as compared with control muscles (fig. S9, D to F). Converse-
ly, fibrosis-related genes were substantially increased in PARIS-
overexpressing TA muscles (fig. SOE).

To examine the effects of farnesol on PARIS-mediated metabolic
changes, 22-month-old mice were fed with chow or farnesol diet
(0.5% w/w) starting at 1 week before injection with either lentivi-
ral-GFP or lentiviral-PARIS/GFP viruses into skeletal muscles.
Mice were fed with chow or farnesol diet for an additional 7 days
after lentiviral injection and were subjected to SDH activity staining.
The decrease of SDH activity by PARIS overexpression was restored
almost to the control expression by farnesol administration (fig.
S9F). Next, we examined whether the metabolic changes induced
by PARIS and farnesol were accompanied by alteration in mito-
chondrial contents. The 22-month-old mice were fed with chow
or farnesol diet for 1 week before injection with adeno-associated
virus (AAV)-GFP or AAV-PARIS viruses into TA muscles and
fed for additional 3 weeks, followed by analysis for mtDNA and
total OXPHOS protein. Farnesol-treated AAV-GFP—infected
muscles exhibited an increase in mtDNA content, whereas
PARIS-transduced muscles had decreased mtDNA content.
However, farnesol failed to elevate mtDNA in AAV-PARIS—trans-
duced muscles (Fig. 5G). Farnesol treatment in AAV-GFP muscles
increased total OXPHOS protein, whereas AAV-PARIS transduc-
tion significantly reduced NDUFB8, SDHB, MT-COI1, and
UQCRC2 proteins (Fig. 5H). Furthermore, AAV-PARIS transduc-
tion abrogated the induction of total OXPHOS proteins by farnesol.
These data collectively suggested that the accumulation of PARIS in
aged muscle led to decreased oxidative metabolism that could be
restored by farnesol treatment.
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Fig. 4. Mitochondrial alteration profile in skeletal muscle of aged mice after farnesol treatment. Mice (26 months old) were orally administrated with vehicle or
farnesol (350 mg/kg) for 30 days. (A) Relative mitochondrial DNA (mtDNA; Mt-Co2) versus nuclear DNA (nDNA; B-actin) in GAS muscles. n = 4, vehicle; n = 5, farnesol. (B)
Immunoblotting analysis for total OXPHOS in TA muscles from vehicle- or farnesol-treated mice. Right: Quantitation of the immunoblots. n = 4, vehicle; n = 5, farnesol.
(C to H) Transcriptome analysis for GAS muscles from vehicle- or farnesol-treated mice. n = 3, vehicle; n = 3, farnesol. Global DEGs are selected by cutoff parameters [fold
change (FC) < 1.25 and P < 0.05]. (C) Bubble plot representing top nine significant GO terms for category of cellular compartment (CC) were selected on the basis of their
nominal P value (—log,) and false discovery rate (FDR) g value (—log). (D) Heatmap showing up- or down-regulated genes among GO terms of mitochondrion. (E) Left
heatmap displaying log, fold change of mitochondrion genes from significantly expressed genes (FDR g < 0.05) in GAS muscles from 28-month-old (n = 8) or 8-month-old
(n = 9) mice. Transcriptome results were obtained from Sarcoatlas. Right heatmap showing log, fold change of genes from Far/Veh. (F) Key GO terms for category of
biological process (BP) or molecular function (MF) among mitochondrion gene sets at (D). (G) Heatmap showing up- or down-regulated gene lists at (D) among repre-
sented top GO terms. (H) Heatmap showing log, FC of genes from 28M/8M or Far/Veh. Data are expressed as mean =+ SD.
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Fig. 5. Farnesol blunts PARIS-mediated changes in mouse skeletal muscle. (A) Representative immunoblot images of PGC-1a, p-AMPK, p-p38, and total AMPK, p38in
C2C12 cells treated with DMSO or 10 uM farnesol for 24 hours. Right: Quantitation of the immunoblots. n = 3. (B) Immunoblot analysis of PGC-1a, PARIS, and Parkin in TA
muscles from young (4-month-old) and aged (24-month-old) mice. Quantification of PGC-1a, PARIS, and Parkin proteins. n = 3. (C) Immunoblot analysis of PARIS in murine
hindlimb muscles; GAS, SOL, TA, and EDL, n = 3. Right: Quantitation of the immunoblots. (D) Immunoblot analysis of PGC-1a and PARIS expression in TA muscles of young
mice, aged mice, or farnesol-fed aged mice. Farnesol diet was given for 5 weeks. Right: Quantitation of the immunoblots. n = 3. (E) Inmunostaining of MyHC expression in
C2C12 cells transfected with pCMV control (Mock) or pCMV-PARIS expression vector (PARIS) along with DMSO or farnesol treatment. Scale bar, 100 pm. Right: Quantifi-
cation of myotube formation. C2C12 cells were scored as MyHC positive or negative. n = 3. (F) MyHC-positive cells were further scored by the number of nuclei (1,2 to 5, or
>5). n = 3. (G) Relative mtDNA (Mt-Co2) versus nDNA (B-actin) in TA muscles. n = 3. (H) Immunoblotting analysis for total OXPHOS in TA muscles from vehicle- or farnesol-
treated mice. Right: Quantitation of the immunoblots. n = 3. Data are expressed as mean + SEM.

Farnesol enhances PARIS farnesylation, regulating PGC-1a
in skeletal muscles

The role of PARIS in farnesol effects was examined with C2C12 cells
transfected with siPARIS. The knockdown of PARIS led to a twofold
increase in PGC-1a in C2C12 as shown in SH-SY5Y cells (fig. S9G)
(28, 29). Farnesol failed to increase PGC-1la expression in the

absence of PARIS, suggesting that PARIS is required for PGC-1a
induction by farnesol (fig. S9G).

Farnesol can activate both peroxisome proliferator—activated re-
ceptor a (PPARa) and PPARY in vitro (42). We next investigated
whether farnesol regulates PGC-1a via PPARa and PPARy. Farne-
sol was ineffective on PPARa and PPARy protein and mRNA ex-
pression (fig. S9, G and H), as well as mRNA expression of PPAR
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common target genes, including acyl-coenzyme A (CoA) oxidase 1
(AcoxI), medium-chain specific acyl-CoA dehydrogenase (Acadm),
long-chain specific acyl-CoA dehydrogenase (Acadl), and carnitine
O-palmitoyltransferase 1 (Cptla) (fig. SOH). In addition, there was
no luciferase promoter activation of PPAR-responsive element
(PPRE) by farnesol treatment in C2C12 cells transfected with
either siPARIS or Flag-PARIS (fig. S9I). Together, these findings
suggested that the effects of farnesol in C2C12 cells were indepen-
dent of PPARa/y activation.

The fact that farnesol is a key substrate for protein farnesylation
led us to investigate whether farnesol regulates PARIS through far-
nesylation. C2C12 cells were treated with DMSO or farnesol for 48
hours, and the endogenous PARIS immunoprecipitate was subject-
ed to immunoblotting using anti-farnesyl antibodies. Farnesol
treatment increased PGC-1a and the farnesylated PARIS proteins
without altering total PARIS abundance (fig. S10A). To determine
whether farnesol treatment increases PARIS farnesylation in vivo,
PARIS was immunoprecipitated from TA muscles of mice fed
with chow or farnesol diet for 7 days. PARIS was endogenously far-
nesylated in chow-TA muscles, and farnesol diet further enhanced
the abundance of farnesylated PARIS, which was accompanied by
the time-dependent up-regulation of PGC-1a (Fig. 6A). Next, we
investigated whether farnesylation altered the localization of
PARIS in myoblasts by PARIS immunostaining in response to
DMSO or farnesol treatment, showing that there was no significant
alteration in PARIS nuclear localization in response to farnesol (fig.
S10B). Farnesylation is a posttranslational lipidation of proteins
with isoprenoids by which FTase uses farnesol's intermediates,
FPP, to modify cysteine residues at C termini with a CaaX motif
(C is cysteine, a is an aliphatic amino acid, and X is a preferentially
methionine or serine) (43). We found a putative CaaX motif near
the C terminus of PARIS at ®*'CGLS®**. To assess whether the effect
of farnesol on PGC-1a is mediated by PARIS farnesylation, we
transfected C2C12 cells with Flag-PARIS wild-type (WT) or Flag-
PARIS C631S, which has substituted the cysteine at amino acid 631
with serine (C631S) to remove the putative farnesylation site in
human PARIS, and examined the effect of farnesol on PGC-1a
and PARIS farnesylation. Farnesol treatment induced a robust in-
crease in farnesylation in PARIS WT, which was abrogated in
PARIS C631S. This effect on farnesylation of PARIS WT correlated
with PGC-1a up-regulation, whereas farnesol had no significant
effect on PGC-1a expression in cells expressing PARIS C631S
(Fig. 6B and fig. S10C). C2C12 cells transfected with Flag-PARIS
WT or Flag-PARIS C631S were differentiated for 2 days and were
subjected to MyHC immunostaining. The results revealed that far-
nesol alleviated the inhibitory effect of Flag-PARIS WT on myotube
formation, but it had no effect on cells expressing Flag-PARIS
C631S (Fig. 6C and fig. S10D).

To evaluate the effect of PARIS farnesylation in muscle, mice
were fed with chow or farnesol diet for 7 days before injection
with AAV-GFP, AAV-PARIS WT, or AAV-PARIS C631S viruses
to TA muscles. After injection, mice were fed for an additional 14
days with chow or farnesol diet, followed by histochemical analysis.
TA muscles transduced with AAV-PARIS WT and AAV-PARIS
C631S showed a reduction of myofibers with dark SDH enzymatic
staining compared with the control AAV-GFP muscles (Fig. 6D).
Farnesol alleviated the reduction of oxidative muscle metabolism
caused by AAV-PARIS WT but not by AAV-PARIS C631S
(Fig. 6D). Together, these data suggested that the effect of farnesol
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on oxidative metabolism was mediated through PARIS farnesyla-
tion in muscle.

Next, we used PARIS C638S knock-in (C638S KI) mice harbor-
ing genomic substitution of murine cystein®®, which is conserved
position to the cysteine®®' at CGLS motif of human PARIS, to serine
by the CRISPR-Cas9 system (fig. S10E) to understand the physio-
logical role of PARIS farnesylation in vivo. Immunoblot analysis re-
vealed that the farnesylation signal of PARIS was not detected in the
GAS of C638S KI mice as compared to that of WT mice, revealing
that the murine CGLS motif is an endogenous target for farnesyla-
tion in skeletal muscle (Fig. 6E). The loss of PARIS farnesylation
was accompanied by PGC-1a reduction (Fig. 6E), supporting the
notion that PARIS farnesylation is important for PGC-1a induction
in vivo. Furthermore, farnesol enhanced the percentage of MyHC-
ITa myofibers in WT mice but not in PARIS C638S KI
mice (Fig. 6F).

PARIS is an exercise-related factor in mouse skeletal muscle
Given that PGC-1a is a major regulator mediating exercise effect, we
examined whether PARIS farnesylation was involved in the exercise
effect. Four- or 22-month-old mice were subjected to a mild-endur-
ance exercise for 5 days (short term) with a treadmill. Immunoblot
analysis revealed that short-term exercise increased the abundance
of PGC-1a and of PARIS farnesylation with no change of total
PARIS in both exercised young and old GAS as compared to
those of non-exercised GAS (Fig. 7A). The relative abundance of
farnesylated PARIS normalized by total PARIS was comparable
between young and old GAS, although the total abundance of
PARIS in old GAS was increased. However long-term exercise (5
weeks) resulted in the up-regulation of PGC-la and PARIS
down-regulation, but not PARIS farnesylation in old GAS as com-
pared with non-exercised GAS (Fig. 7B), suggesting that exercise-
mediated molecular alterations of PARIS in muscles were exercise
duration dependent. To understand whether PGC-1a induction by
AICAR is mediated by PARIS, a known exercise mimetic involved
in PARIS farnesylation, C2C12 cells were exposed to AICAR, and
immunoblot analysis was performed. AICAR treatment enhanced
the expression of AMPK activation as previously reported (24)
(fig. S11), whereas there was no change of PARIS farnesylation, sug-
gesting that PGC-1a induction by AICAR does not involve PARIS
farnesylation (fig. S11).

Farnesol restores PGC-1a abundance in muscles of high-fat
diet-fed mice

Because farnesol administration increases PGC-1a and regulates ex-
ercise-mediated molecular alterations, we examined the effects of
farnesol on high-fat diet (HFD)-induced muscle weakness associat-
ed with decreased PGC-1a expression and mitochondrial abnor-
malities (44). After 12 weeks of HFD, mice exhibited several
metabolic alterations, including body weight gain, enhanced fat
mass, hepatic fat accumulation, larger CSA of adipocytes, and
glucose intolerance, as compared with standard diet (STD)-fed
mice without any significant alteration of food intake (Fig. 7, C
and D, and fig. S12, A to D). These effects were ameliorated by
co-administration of farnesol or metformin, which was used as an
anti-obesity drug (positive control) (Fig. 7, C and D, and fig. S12, B
to D). Despite improved metabolism, there were no differences in
muscle weights among the groups (fig. SI2E). The GAS muscles of
6-month-old mice fed with HFD along with farnesol or metformin
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Fig. 6. Farnesol induces PGC-1a and oxidative metabolism through PARIS farnesylation. (A) Immunoblot analysis of PARIS farnesylation in the TA muscles of mice
fed with farnesol diet for 0, 3, 5, or 7 days. Bottom: Quantification of PGC-1a and farnesylated PARIS. n = 3. (B) Representative immunoblot images of PARIS farnesylation
and PGC-1ain C2C12 cells transfected with PARIS WT or C631S mutant + farnesol (10 pM, 48 hours). Bottom: Quantification PARIS farnesylation. n = 3. (C) Inmunostaining
of MyHC expression in C2C12 cells transfected with PARIS WT or C631S = farnesol at day 3 of differentiation. Scale bar, 200 um. Bottom: Quantification of myotube
formation. n = 3. (D) Histological staining for SDH activities in TA muscles injected with control AAV-GFP, AAV-PARIS WT, or AAV-PARIS C631S viruses and treated with
farnesol for 7 days before AAV injection. Black rectangle indicates magnified area (bottom; scale bars, 100 um). Right: SDH staining intensities are quantified as three
different grades (dark, intermediate, or pale) and plotted as a percentile. n = 3. (E) Inmunoblot analysis of PARIS farnesylation, PGC-1a, PARIS, and FTase a expression in TA
muscles of 2-month-old PARIS C638S K| mice + farnesol diet. Farnesol diet was given for 4 weeks. Right: Quantitation of the immunoblots. n = 3. (F) Immunostaining of
MyHC-lla and laminin in the EDL muscles of C638S Kl mice + farnesol diet. Scale bar, 50 um. Right: Quantification of MyHC-lla—positive myofibers, plotted as a percentile.
n = 3. Data are expressed as mean + SEM.

showed greatly increased percentages of MyHC-IIa—positive myo-
fibers as compared with mice fed with HFD plus vehicle
(Fig. 7E). In addition, the proportion of myofibers with strong
SDH activity increased in the GAS muscles of farnesol- or metfor-
min-administrated 6-month-old HFD mice (Fig. 7F). Consistently,
farnesol or metformin restored PGC-1a expression in GAS of HFD-
fed mice (Fig. 7G). The restoration of PGC-1a expression by

Bae et al., Sci. Transl. Med. 15, eabh3489 (2023) 30 August 2023

farnesol correlated with elevated expression of PARIS farnesylation,
whereas metformin led to the down-regulation of total PARIS in
HFD-fed mice (Fig. 7G), suggesting that farnesol and metformin
exert beneficial effects on HFD-fed mice through different
mechanisms.
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Fig. 7. Farnesol restores PGC-1a in muscles after HFD in mice. (A) Immunoblot analysis of PARIS farnesylation in the GAS muscles of 4- and 22-month-old mice after 5
days of exercise (Ex). Non, non-exercised. Right: Quantification. n = 3. (B) Immunoblot analysis of PARIS farnesylation, PGC-1a, and PARIS expression in the GAS muscles of
5- or 23-month-old mice that were exercised for 5 weeks. Right: Quantification. n = 3. (C) Glucose tolerance test and (D) quantification (AUC) of glucose clearance from
mice fed with standard diet (STD), high-fat diet (HFD), HFD + farnesol, or HFD + metformin for 12 weeks. STD, HFD, HFD + farnesol, n = 8; HFD + metformin, n = 7. (E)
Immunostaining of MyHC-lla with the GAS muscles of mice fed with STD, HFD, HFD + farnesol, or HFD + metformin for 12 weeks. Scale bar, 50 um. Right: Quantification of
MyHC-lla—positive myofibers. n = 3. (F) Histological staining for SDH activities in the GAS of mice fed with STD, HFD, HFD + farnesol, or HFD + metformin. Scale bar, 50 pm.
Right: SDH staining intensities are quantified as three different grades (dark, intermediate, or pale) and plotted as a percentile. n = 3. (G) Immunoblot analysis of PARIS
farnesylation in the GAS muscles of STD, HFD, HFD + farnesol, or HFD + metformin-fed mice. Right: Quantification of farnesylated PARIS, PGC-1q, total PARIS, Parkin, and
FTase a. n = 3. Data are expressed as mean + SEM. Statistical significance was determined by two-way ANOVA test (A, B, F, and G) with Tukey post hoc analysis. One-way
ANOVA test with Tukey post hoc test was used for (C) (P < 0.05; *P < 0.05, **P < 0.01, and ***P < 0.001 versus STD; P < 0.05, "P < 0.05, and "P < 0.05 versus HFD).
Differences were considered significant when P < 0.05. *P < 0.05, **P < 0.01, and ***P < 0.001.
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DISCUSSION

In this study, we screened for compounds that induced PGC-1a ex-
pression in muscles and identified farnesol as a lead compound. We
further demonstrated that farnesol enhanced muscle oxidative me-
tabolism and protected muscles from aging-related muscle weak-
ness and metabolic alterations. The molecular and in vivo
functional studies revealed that the effect of farnesol on PGC-1a in-
duction was mediated through the farnesylation of PARIS at the cys-
teine residue 638.

PPARs (PPARa, PPARY, and PPARS) are fundamentally impor-
tant for energy homeostasis. Among them, PPARa is highly ex-
pressed in skeletal muscle and liver and plays a pivotal role in the
regulation of lipid homeostasis and fatty acid oxidation (45, 46). Al-
though the exact mechanism was uncharacterized, farnesol was pre-
viously introduced to improve metabolic abnormalities in mice via
both PPARa-dependent and PPARa-independent pathways (47).
However, in this study, we found no alteration of PPARa protein
and mRNA expression itself or its target genes in C2C12 cells
treated with farnesol. These data might suggest that the induction
of PPARa by farnesol in vivo can be attributed to indirect stimula-
tion by improvement of whole-body metabolism. Farnesol did not
activate PPRE and up-regulate PGC-1a in the absence of PARIS,
indicating that PGC-1a induction by farnesol is PPAR independent.
Muscle-specific transduction of PPARa in mice induces a fiber-type
switch toward more glycolytic fibers accompanied by reduced ca-
pacity for endurance exercise. In contrast, mice lacking PPARa
show increased numbers of oxidative fibers and improved glucose
homeostasis despite the reduction in muscle fatty acid oxidation
(48, 49). Thus, the farnesol-mediated improvement of oxidative me-
tabolism in aged or HFD-fed mice might be independent of PPARa.
Moreover, the expression of PPARa protein was not altered in the
muscles after knockdown of PARIS (fig. S9G). These data suggest
that the farnesol effect and PARIS do not directly involve PPARa.

Because of the well-known preventive effect of exercise on
muscle weakness and sarcopenia, the identification of exercise
mimetics that can be used safely in aging populations has been ac-
tively pursued. Several exercise mimetics activating the upstream of
PGC-1a, such as AICAR and GW1516, have shown the potential for
clinical use to treat sarcopenia or conditions related to physical im-
mobility (24). However, these compounds have potential side
effects, such as increased risks of heart defects and cancers (50,
51). Encouragingly, there was no cardiac hypertrophy observed in
farnesol-treated mice (fig. S2G). Consistent with the positive
effect of PGC-1a on prevention of muscle weakness and aging, far-
nesol treatment in young and aged mice enhanced oxidative muscle
metabolism and muscle strength. In addition, farnesol improved
whole-body metabolism in aged mice or HFD-fed mice, which
was accompanied by enhanced energy expenditure. Farnesol treat-
ment appears to be more effective in improving muscle strength
than muscle mass in aged mice. In humans, the loss of muscle
strength occurs faster than that of muscle mass during aging (1,
2), and impaired muscle strength seems to be more closely associ-
ated with mortality during aging (52). Similar to the effect of
AICAR on muscle strength in sedentary mice, farnesol improved
muscle function and metabolism in sedentary mice. As with other
exercise mimetics, the combination of farnesol treatment and exer-
cise may be an effective strategy to boost its beneficial effect.
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Aging-related muscle loss increases susceptibility to falls and
physical injury requiring tissue stem cell function including
muscle stem cells (15, 16). In aging, muscle satellite cell number
and regenerative capacity decline, contributing to impaired
muscle regeneration and muscle wasting (16). Thus, enhancing
muscle satellite cell function is important for muscle maintenance.
Our current data suggest that the beneficial effect of farnesol on
muscle might be partly due to enhanced satellite cell function and
maintenance. Our findings are in agreement with recent publica-
tions reporting the important role of PGC-1a in muscle stem cell
function and regeneration through modulation of inflammatory re-
sponse, suppression of fibrosis, and niche remodeling (19, 20, 36).
Because farnesol can induce PGC-1a in muscle as well as muscle
stem cells, similar mechanisms might function to improve directly
and indirectly muscle stem cell function through niche remodeling
and inflammatory response modulation. In addition, the effect of
farnesol in muscle stem cell function can be mediated directly via
PARIS inhibition. Our previous study has shown that PARIS over-
expression in myoblasts triggered oxidative stress—related FoxO1
and p53 activation, leading to cellular senescence and reduced pro-
liferation (32). Therefore, further studies are required to elucidate
the exact role of PARIS in muscle satellite cell function and main-
tenance during aging.

This study suggests that Parkin is decreased in aged muscle,
leading to PARIS up-regulation. A similar mechanism has been re-
ported in neurodegeneration related to PD (28), implying a
common mechanism underlying PARIS regulation. Farnesol re-
stores PGC-1a expression in skeletal muscles, suggesting that the
farnesylation of PARIS represents a more general mechanism for
inhibiting PARIS action on PGC-1a repression in muscles. Consid-
ering the metabolic restoration on aged muscles by farnesol, PARIS
inhibition might be important for preventing muscle aging and de-
generation. The beneficial effect of farnesol on systemic metabolism
is not likely to occur entirely through PARIS farnesylation, and
there are likely to be other targets of PARIS, contributing to oxida-
tive fiber—specific gene expression in the presence of farnesol.
PARIS seems to be inhibited via farnesylation or down-regulation
by exercise, farnesol, or metformin in muscles, contributing to
PGC-1a induction. Our previous study observed a similar phenom-
enon in the brains of mice fed with HFD, and metformin enhanced
the solubility of Parkin, modulating the PARIS-PGC-1a pathway
(53). PARIS farnesylation affects its ability to bind chromatin,
rather than its cellular localization, as observed in myoblasts or in
brain (54). Further study will be required to define the distinct reg-
ulatory mechanisms of PARIS accumulation in aged muscles. To-
gether, our study suggests that farnesol and other compounds that
target the PARIS-PGC-1a pathway could be further evaluated as a
potential treatment for aging-associated muscle weakness.

MATERIALS AND METHODS

Study design

The objectives of this study are (i) to identify a PGC-1a inducer, a
key factor exerting the beneficial effects of exercise in skeletal
muscle, and (ii) to analyze its protective effects and underlying mo-
lecular mechanisms on muscle weakness related to aging or patho-
logical conditions. We performed HTS of about 2552 compounds in
C2C12 myoblasts expressing PGC-1a reporters and selected farne-
sol. To analyze the effect of farnesol, we used multiple experimental
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models, and the number of mice used in this study is presented in
table S2. To evaluate the effect of farnesol in muscle weakness
related to aging or obesity, we used young mice (4 to 7 months
old), aged mice (23 to 26 months old), or age-matched normal or
HFD-induced obesity mice. The farnesol-mediated effects on
muscle aging and metabolic characteristics were assessed by analyz-
ing muscle strength, metabolic parameters, and muscle fiber pheno-
types by histochemistry, immunostaining, and RNA sequencing. To
analyze the effect of farnesol in muscle regeneration capacity, we
used young (3 months old) and aged (26 months old) mice for
CTX injection and farnesol treatment. In addition, muscles of
young mice were transduced with control or PARIS-expressing len-
tivirus or AAV virus to analyze the role of PARIS in farnesol-medi-
ated effects. To understand molecular mechanisms underlying
farnesol effects mediated through PARIS, we used DMSO or farne-
sol-treated C2C12 myoblasts expressing PARIS WT or C631S
mutant as well as age-matched PARIS WT or C631S mutant
mice. To examine the exercise effect on PARIS-mediated PGC-1a
regulation, mice were subjected to short-term (5 days) and long-
term (5 weeks) treadmill exercise, and muscles were analyzed for
PARIS abundance and farnesylation. Detailed information for rep-
licates and statistical analysis is described in figure legends and data
file S1. Animal experiments were carried out in a blinded manner.
Animal experiments were conducted by the Public Health Service
Policy on Humane Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Research Advisory
Committee at Sungkyunkwan University School of Medicine Labo-
ratory Animal Research Center and laboratory animal resource
center of Daegu Gyeongbuk Institute of Science and Technology
(DGIST). Detailed methods and materials are described in the Sup-
plementary Materials.

Statistical analysis

Data are expressed as mean = SEM or mean + SD. Statistical signifi-
cance was determined by applying unpaired Student's ¢ test or anal-
ysis of variance (ANOVA) test (one or two) with Tukey post hoc
analysis. Differences were considered significant when P < 0.05.
*P < 0.05, **P < 0.01, and ***P < 0.001. Details regarding
numbers of replicates, the definition of center/error bars, and stat-
istical methods can be found in the figure legends. Exact P values
and which statistical methods were used can be found in data file S1.
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