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While the world is rapidly transforming into a superaging society, pharmaceutical
approaches to treat sarcopenia have hitherto not been successful due to their insufficient
efficacy and failure to specifically target skeletal muscle cells (skMCs). Although electrical
stimulation (ES) is emerging as an alternative intervention, its efficacy toward treating
sarcopenia remains unexplored. In this study, we demonstrate a silver electroceutical
technology with the potential to treat sarcopenia. First, we developed a high-throughput
ES screening platform that can simultaneously stimulate 15 independent conditions,
while utilizing only a small number of human-derived primary aged/young skMCs
(hAskMC/hYskMC). The in vitro screening showed that specific ES conditions induced
hypertrophy and rejuvenation in hAskMCs, and the optimal ES frequency in hAskMCs
was different from that in hYskMCs. When applied to aged mice in vivo, specific ES
conditions improved the prevalence and thickness of Type IIA fibers, along with biome-
chanical attributes, toward a younger skMC phenotype. This study is expected to pave
the way toward an electroceutical treatment for sarcopenia with minimal side effects
and help realize personalized bioelectronic medicine.

integrated electrical stimulation biochip | multiplex screening technology |
electroceutical | sarcopenia | personalized electric medicine

Sarcopenia is an age-related skeletal muscle disorder that causes an accelerated loss of
muscle mass and function, which can lead to a decline in mobility, injury due to falls, and
mortality (1-3). Despite numerous attempts to treat sarcopenia via biochemical drugs,
no medication is currently available (4). For example, targeting the myostatin pathway
has been extensively investigated (5-7). However, myostatin inhibition causes severe side
effects such as cardiac disorders, basal and squamous cell carcinomas, telangiectasia, and
erythema (8, 9). Although myostatin inhibition can lead to an increase in muscle mass,
it is not accompanied by an increase in force generation (10). Therefore, this approach
has not been approved for treating sarcopenia. Bimagrumab is another drug that has been
tested to treat muscle loss and weakness but was proven to be ineffective in treating sar-
copenia in a randomized clinical trial (9). Other pharmacological approaches for the
treatment of sarcopenia include AMPK agonists and anabolic hormones, which also lead
to adverse side effects, including neurodegeneration, nerve damage, and edema.
Consequently, pharmacological approaches have not been successful, owing to their severe
side effects and insufficient efficacy.

Currently, the only option for managing the symptoms of sarcopenia is physical exercise
(11, 12). However, this might not be a practical option for the geriatric population because
of their physical frailty. In addition, prolonged suppression of physical activity during the
COVID-19 pandemic has exacerbated sarcopenia (13, 14). Therefore, it is critical to
explore an effective and practical therapeutic solution that can specifically target the skeletal
muscles to treat sarcopenia with minimal side effects (15, 16).

'The key investigations of this study were to find out whether the electroceutical approach
has the potential to treat sarcopenia and the optimal stimulation condition for the interven-
tion. ES has shown various beneficial effects in normal skeletal muscle cells (skMC), such
as the prevention of insulin resistance, maturation of skeletal muscle, and enhancement of
sarcomere assembly (17-20). Although extensive ES research has been reported, systematic
studies on the efficacy of ES are insufficient because the results are generated with different
stimulation conditions and ES devices, which usually stimulate skMC under a nonuniform
E-field (Electric field). In addition, most studies that investigated the effects of ES on skMC
have used rodent-derived skMCs such as C2C12, which do not exhibit the characteristics
of senescent cells such as human-derived primary aged skMC (hAskMC) (18, 20-26). As
no study has reported the effect of ES in hAskMC, the systematic investigation of ES as a
treatment for sarcopenia has remained unexplored (17, 19). Therefore, it is necessary to
conduct a systematic investigation of diverse ES conditions via high-throughput screening
(HTYS) to identify the optimal ES parameter that can ameliorate the critical features of
sarcopenia in human-derived primary young skMCs (hYskMC). However, most ES devices
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Electrical stimulation (ES)
treatment showed beneficial
effects in recovering skeletal
muscle in in vivo and in vitro.
Therefore, many clinical studies
tried to treat sarcopenia but did
not show adequate rehabilitation
effects. Here, we elucidate that
specific ES conditions are
required to recover young and
aged skeletal muscle,
respectively. According to the
specific ES condition, our results
show that calcium signaling,
senescence, metabolism, and
hypertrophic effects are
recovered via specific ES
conditions. However, suboptimal
ES conditions induced muscle
damage. In addition, applying
specific ES conditions to the aged
mice induces hypertrophy and
restores contraction force.
Consequently, the optimal ES
condition we named “silver
electroceutical” can be an
alternative to treat sarcopenia.
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utilized for skMC are incompatible with the HTS format and typ-
ically require a large number of cells (27). Considering the cost and
limited source of hAskMC, it is crucial to develop a suitable ES
screening platform that enables high-throughput ES screening
(HiTESS) using a small number of cells.

In this study, we introduce a silver electroceutical technology to
treat sarcopenia with minimal side effects. First, we developed a
HiTESS platform that can simultaneously stimulate 15 independent
conditions with a highly uniform E-field and also perform multiplex
screening using a small quantity of hAskMC (~3,000 cells/chamber).
We utilized skMC from 17-y-old and 68-y-old male donors as hYs-
kMC and hAskMGC, respectively. In vitro screening showed that spe-
cific ES conditions were effective at recovering senescence and inducing
hypertrophic characteristics in hAskMCs (Fig. 1). Interestingly, the
optimal ES conditions for the most significant improvements were 50
and 500 Hz for the hYskMC and hAskMCs, respectively. Subsequently,
we carried out a preclinical study by applying ES in vivo five times per
week for six consecutive weeks. In aged mice, the optimized ES (500
Hz) led to significant improvements in the prevalence and thickness
of Type IIA fibers, as well as twitch and tetanus force generation,
bringing these characteristics closer to the levels observed in young
mice. Finally, RNA sequencing showed that ES resulted in the recu-
peration of gene expression in hAskMC, particularly in genes related
to myogenesis, myofiber differentiation, and nervous system develop-
ment. Based on these results, this study demonstrates that an electro-
ceutical approach has the potential to offer an alternative intervention
for treating sarcopenia. Meanwhile, the age-dependent efficacy of the
ES condition will help to realize the era of personalized bioelectronic
medicine.
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Results

HIiTESS Platform with Uniform E-Field. The HiTESS assembly
is configured with six components: the bottom holder, HiTESS
substrate, chamber with an O-ring, connecting PCB, upper
holder, and chamber cover (Fig. 24), and each component is
assembled according to the sequence shown in SI Appendix,
Fig. S1 A and B. The HiTESS substrate was designed so that
its function required a minimal number of skMCs. Therefore,
we created a 2 x 2 mm well containing 3,000 cells (28), which
was 13-fold lower than the number of cells required per well
in a 96-well plate (Fig. 2B). Moreover, the HiTESS assembly
is simply connected to the HiTESS pulse generator (Fig. 2C),
which can simultaneously generate 15 different electrical pulses
controlled using custom-made software (Fig. 2C and ST Appendix,
Fig. S1C). The electrical pulse from the HiTESS pulse generator
is transmitted to the HiTESS substrate through the connecting
PCB and pogo pins (Fig. 2D). Each channel of the HITESS pulse
generator can generate pulse stimulation conditions with voltage
ranging from -10 to +10 V, frequency ranging from 0.01 to 50
kHz, and pulse widths ranging from 2.5 ps to 160 s (S] Appendix,
Table S1).

We performed COMSOL Multiphysics simulation to optimize
the electrode dimensions that can generate a highly uniform E-field
as well as a low electric current density in the individual culture well
of the HiTESS substrate. To optimize the distance between electrodes,
simulations were performed with the electrode distance ranging from
3 to 5 mm with 0.5 mm intervals (fixed parameters: width 0.2 mm,

length 4 mm, and medium height 5 mm) (87 Appendix, Fig. S2 A
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Fig.1. Schematic of the silver electroceutical to restore the aged skeletal muscle into a young-phenotypic muscle. Skeletal muscle responds differently depending
on ES conditions, and identical ES conditions result in different cell fates depending on young and aged skeletal muscles.
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Fig. 2. Configuration of the HIiTESS platform and simulation for electric field optimization. (A) Configuration of the high-throughput electrical stimulation screening
(HITESS) assembly. (I) Bottom holder, (1) HITESS substrate, (Ill) connecting PCB, (IV) chamber with O-ring, (V) upper holder, and (VI) cover. (B) Plane view of the
HITESS substrate. The black (ES) and blue (no ES) boxes indicate the individual culture well. (C) HITESS assembly connected with HiTESS pulse generator. The
HIiTESS pulse generator was controlled by custom-made control software. (D) HITESS assembly and HiTESS pulse generator are connected through the contact
between the connecting PCB and the pogo pins of the pulse generator. (E) Simulation results of E- fields based on distance, width, length, and medium height.

and B). The E-field uniformity increased with increasing distance
between the electrodes, whereas the E-field, current density, and total
current decreased (Fig. 2 and S/ Appendix, Fig. S3 A and E).
Therefore, a 5 mm electrode distance was selected because it generated
the highest uniformity while maintaining the lowest current density
and total current. To optimize the electrode width, we performed the
simulation for width ranging from 0.2 to 1.0 mm with 0.1 mm
intervals (fixed parameters: electrode distance 5.0 mm, length 4 mm,
and medium height 5 mm). The results indicated that while the
E-field and total current increased as the electrode width increased,
the uniformity and current density decreased. Therefore, to obtain a
balanced condition of adequate E-field uniformity and minimal risk
of electrolysis, 0.5 mm electrode width was selected (Fig. 2 and
SI Appendix, Fig. S3 B and F). Subsequently, simulation was con-
ducted for electrode length of 1.0 to 5.0 mm with 1 mm intervals
(fixed parameters: electrode distance 5.0 mm, width 0.5 mm, and
medium height 5 mm). According to the results, the E-field uni-
formity and total current increased with increasing electrode length,
whereas the current density decreased (Fig. 2E and SI Appendix;
Fig. S3 C and G). Thus, an electrode length of 5 mm was selected,
as it provides the highest E-field uniformity and the lowest current
density. Finally, after optimizing the electrode dimensions, a sim-
ulation was performed for the height of the culture medium rang-
ing from 1 to 10 mm with 1 mm intervals. As the medium height
increased, the E-field, uniformity, and total current decreased;
however, the current density exhibited an inverse tendency. When
the E-field uniformity and current density were considered, the 5
mm height of the culture medium was optimal because the extent
of changes beyond a height of 5 mm was negligible (Fig. 2E and
SI Appendix, Fig. S3 D and H). Based on the optimization process
via simulation, the electrode dimensions were determined as 0.5
mm width, length as 5 mm, and distance as 5 mm, and the final
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E-field uniformity reflecting the dimensions was 95% with an
electrode surface current density of 105 A/m” and a total current
of 64 pA.

To prevent heat generated by the stimulator, we installed four
cooling fans in the HiTESS platform. Additionally, we used a
thermal imaging camera to measure the temperature of the
HiTESS platform, culture chamber, and substrate bottom to verify
whether there was any heat generation due to all ES conditions.
The results showed that there was no significant temperature rise

(< 1°C) during ES (SI Appendix, Fig. S4).

The Optimal ES Condition for Inducing Hypertrophy and
Myogenesis Is Different in hYskMC and hAskMC. To identify
the conditions that induce hypertrophy, we first screened the
E-field ranging from 11.5 to 57.6 V/m (frequency fixed at 50 Hz).
The thicknesses of ten myotubes were measured to evaluate the
hypertrophic effect of ES in each culture well. The results showed
that, while the myotube diameter increased at 11.5 V/m in both
hYskMC and hAskMC, it decreased beyond 23 V/m (S Appendix,
Fig. §8). Thus, the E-field was determined as 11.5 V/m. Subsequently,
we performed ES screening depending on the frequency (0.1 to 10
kHz) at a fixed 11.5 V/m E-field. The results showed that within the
frequency range of 0.1 to 50 Hz, the myotube diameter gradually
increased in both hYskMC and hAskMC (Fig. 34 and S/ Appendix,
Fig. 89). Interestingly, however, the two groups exhibited opposite
responses at 500 Hz: hYskMC exhibited narrower myofibers, while
hAskMC exhibited maximal efficacy in terms of hypertrophy (Fig. 3
A and B). Meanwhile, ES beyond 500 Hz led to atrophy in both
hYskMC and hAskMC. Therefore, the most effective ES frequency
to increase the myotube diameter was 50 Hz for hYskMC and 500
Hz for hAskMC, indicating that the optimal ES frequency varies
with age.
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Fig.3. Specific ES conditions induce myotube differentiation. (A and B) Representative images (A) and quantification (B) of myotubes stained with Myh1 and nuclei,
respectively. Optimal ES frequencies vary with age. (Scale bar, 100 pm.) (C) Quantification of the number of nuclei/myotube. The optimal ES frequency for hYskMC
and hAskMC s 50 and 500 Hz, respectively. (D-G) mRNA expression levels of Akt (D), MyoD (E), Mrf4 (F), and Myh1 (G). The gene expression profiles are up-regulated
at the appropriate ES condition. (*P < 0.05; **P < 0.01; ***P < 0.001; compared to young control, *P < 0.05; #P < 0.01; **#P < 0.001; compared to aged control).

Further analysis was conducted to count the number of nuclei/
myotube (Fig. 3C), which is one of the most fundamental indi-
cators in myotube analysis. As several myoblasts fuse to form a
single myotube, a higher number of nuclei/myotube corresponds
to a greater degree of myoblast fusion (29). While the average
number of nuclei/myotube showed a tendency to increase at 5
and 50 Hz, it significantly decreased at 500 Hz in hYskMC.
Although it did not show statistical significance depending on the
three frequencies in hAskMC, the average number of nuclei/
myotube gradually increased in hAskMC until the ES frequency
reached 500 Hz. The number of nuclei/myotube analysis showed
a similar trend with the myotube diameter. The data further sup-
ported that the optimal ES frequencies for hYskMC and hAskMC
were 50 and 500 Hz, respectively.

Subsequently, to verify the changes in myotube diameter and
number of nuclei/myotube changes depending on ES, we

https://doi.org/10.1073/pnas.2300036120

investigated the mRNA expression levels related to myogenesis
using four specific genes Akt, which induces protein synthesis and
division in muscle (Fig. 3D); MyoD and Mrf4, which are both
master regulatory factors of myogenesis (Fig. 3 £ and F); and
Myhl, which encodes the myosin heavy chain I protein forming
myotubes (Fig. 3G). Remarkably, depending on the frequencies,
all the gene expression profiles showed a similar tendency with
the myotube differentiation and number of nuclei/myotube
results: the greatest degree of upregulation for the four genes in
hYskMC and hAskMC occurred at 50 and 500 Hz, respectively.
At 500 Hz, in the hAskMC, the expression of Akt increased by
2.7-fold, MyoD by 2.4-fold, Mrf4 by 5.5-fold, and Myhl by
9.0-fold, respectively. Gene ontology (GO) analyses were per-
formed to gain a deeper understanding of the functional improve-
ment of hAskMC. The results showed that six GO terms were
commonly up-regulated in young versus aged and aged 500 Hz
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versus aged control, including muscle structure development,
muscle cell differentiation, muscle tissue development, muscle
organ development, muscle adaptation, and regulation of muscle
system process (SI Appendix, Fig. S10 A and B). Furthermore, we
verified the consistency of the hypertrophy effect in different
donors (20- and 66-y-old males, 20M & 66M) via evaluating the
myotube diameter as well as Myh1, MyoG, Mef2 gene expression
(SI Appendix, Fig. S11). In 20M, as in hYskMC, we observed
hypertrophy at 5 and 50 Hz, whereas at 500 Hz, we observed
atrophy. Meanwhile, in 66M, we observed that hypertrophy was
induced at 5, 50, and 500 Hz. From the results, we inferred that
not all ES positively affects the hYskMC and hAskMC, and the
hAskMC can recover to young-like skeletal muscle phenotypes
via the specific ES condition. In addition, the response to ES
conditions differs depending on the age, and the optimal ES fre-
quency to induce hypertrophy and myogenesis in hYskMC and
hAskMC is different.

The Potential of the Specific ES to Recover Senescence in
hAskMC. After confirming the transformation of hAskMC into
young phenotypic characteristics (hypertrophy and myogenesis)
under specific ES conditions, we proceeded to examine whether
the phenotypic alteration in hAskMC is associated to senescence.
Senescence-associated beta-galactosidase (SA-B-Gal) is a widely
recognized cellular senescence marker that exhibits increased
expression due to heightened oxidative stress and cellular damage
(30, 31). The skMC undergoes senescence which not only arrests
the cell cycle but also induces senescence-associated secretory
phenotype (32). To determine the improvement of senescence
via ES on hAskMC, SA-B-Gal staining was performed. Compared
to hYskMC as a control, the number of SA-B-Gal-positive cells
in hAskMC was 2.6-fold higher (Fig. 4 A and B). Notably, in
hAskMC, the number of SA-B-Gal-positive cells gradually
decreased with increasing ES frequency. In particular, the
optimal frequency (500 Hz ES) for hypertrophy and myogenesis
of hAskMC showed the lowest expression of SA-p-Gal staining.
In contrast, in hYskMC, the number of SA-B-Gal-positive cells
decreased at 5 and 50 Hz but significantly increased at 500 Hz.
In summary, the SA-B-Gal staining results indicated that the
specific ES conditions could recover the senescence-associated
phenotype in hAskMC, and the optimal ES frequency minimizing
the senescence marker expression was 500 Hz. In contrast, ES did
not show a positive senescence-associated phenotype and led to
an adverse effect at 500 Hz in the hYskMC.

To further verify the effect of ES on transcriptomic changes in
the recovered senescence-associated phenotype, we examined p16,
p53, and p19 mRNA levels in hYskMC and hAskMC. p16, p19,
and p53 are responsible for cell cycle regulation and cellular senes-
cence (33-35). Therefore, the expression of their corresponding
genes usually increases during cell senescence (34). The results
showed that the senescence-associated gene expression profiles
showed a similar tendency to that shown in the SA-B-gal assay,
depending on the frequencies (Fig. 4 C-E). The basal p16, p53,
and p19 expression levels in hAskMC compared to those in hYs-
kMC were 1.4-fold, 1.3-fold, and 2.1-fold higher, respectively. In
contrast, when 500 Hz ES was applied to hAskMC, the expression
levels of p16 and p19 significantly decreased to 57.65 and 48.4%,
respectively. The p53 expression in hAskMC was the lowest at 500
Hz ES. However, in hYskMC, the gene expression profiles showed
an opposite pattern to that of hAskMC. Although p16 and p19
expression levels were not changed in 5 and 50 Hz ES, they were
increased 1.5-fold in the 500 Hz ES condition. The p53 expression
level showed no change and a 0.5-fold decrease at 5 and 50 Hz ES
in hYskMC, respectively. In contrast, at 500 Hz, it increased 2-fold.

PNAS 2023 Vol.120 No.33 e2300036120

In particular, the increased expression of genes such as p16, p53,
and p19 induces cell cycle arrest and cellular stress, which in turn
elevates the level of reactive oxygen species (ROS) within cells. The
rise in ROS levels induces DNA damage, oxidative stress, and cel-
lular senescence (36). Therefore, we hypothesized that the decrease
in the expression of p16, p53, and p19 genes due to specific ES
would also result in a decrease in ROS levels. We analyzed the
changes in ROS levels within cells (87 Appendix, Fig. S12 A and B).
The results confirmed a significant increase in the basal level of ROS
in hAskMC compared to hYskMC. When specific ES was applied,
we observed a slight increase in ROS levels under conditions of 5
and 50 Hz in hYskMC, and a substantial increase in ROS levels
was confirmed at 500 Hz, where damage occurred. On the contrary,
in hAskMC, a decrease in ROS levels was observed for all stimula-
tion conditions. Especially, this result is associated with SA-B-Gal
expression, where the increase in intracellular ROS levels induces
cellular senescence, thereby increasing SA-B-Gal expression.
Therefore, our results reveal that applying specific ES to aged muscle
cells can alleviate cellular senescence by reducing ROS levels that
trigger cellular senescence. Additionally, our results demonstrate
that applying a strong stimulus to hYskMC can paradoxically
increase ROS levels and promote cellular senescence.

In addition, we investigated the expression levels of the inflam-
matory cytokine interleukin-6 (IL-6) and muscle RING-finger
protein-1 (MuRF1), which show increased expression during mus-
cle atrophy (Fig. 4 Fand G) (37-39). In hAskMC, the basal IL-6
and MuRF1 levels were 2-fold and 1.4-fold higher, respectively,
than those in hYskMC. However, the IL-6 expression level signif-
icantly decreased at 5 Hz by 27.5%, at 50 Hz by 33.5%, and at
500 Hz by 55%. In hYskMC, there was no significant change in
IL-6 expression at 50 Hz, but at 5 Hz, IL-6 expression was
decreased. However, at 500 Hz, IL-6 expression was drastically
increased. Moreover, the MuRF1 expression level in the hAskMC
control group was 1.4-fold higher than that in the hYskMC control
group. In hAskMC, MuRF1 expression level was significantly
decreased at 5 Hz by 0.5-fold (0.86-fold, 62.32%), at 50 Hz by
0.9-fold (0.52-fold, 37.68%), and at 500 Hz by 1.0-fold (0.39-fold,
28.26%) (Fig. 4F). In hYskMC, MuRF1 expression decreased at
5 Hz (0.22-fold, 22%) and 50 Hz (0.23-fold, 77%). However, at
500 Hz, MuRF1 expression increased 1.2-fold. Based on these
results, we concluded that hAskMC can be restored closer to the
hYskMC-like phenotype. In addition, we found that the 500 Hz
ES condition negatively affected hYskMC. This result shows a
similar tendency to that of the differentiation results. Therefore,
we found that young and aged muscles can be restored or strength-
ened only when the appropriate ES is applied, according to age.

Enhancement of Calcium Signal and Metabolic Function in
hAskMC by Specific ES. Skeletal muscle is a well-known excitable
system in the human body via external stimulation. When ES
is applied to skMC, the membrane potential changes, and it is
recognized by the dihydropyridine receptor (DHPR), a potential
receptor in the t-tubules (40). DHPR then transmits a signal
to ryanodine receptor 1 (RyR1) to release calcium from the
sarcoplasmic reticulum (SR) into the cytosol, and a calcium
spark is generated (41-43). The released calcium binds to the
troponin site on the sarcomere, which subsequently initiates
muscle contraction, promotes mitochondrial energy metabolism,
and induces muscle regeneration and growth (43). However, in
aged muscles, calcium leakage occurs in the SR (44). Because of
the calcium leak, the calcium signal is much lower in aged muscle
compared with that in young muscle (45). Hence, if the calcium
signal can be induced through ES, we expect that hAskMC can
be more functionally recovered.
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Fig. 4. Specific ES conditions reduce senescence-associated factors. (A) SA-p-Gal staining of hYskMC and hAskMC. Specific ES conditions that could recover
the senescence-associated phenotype in the hAskMC and the optimal ES frequency for young and aged were different. (Scale bar, 50 um.) (B) Quantification of
SA-B-Gal-positive cells. (C-G) mRNA expression levels of p16 (C), p53 (D), p19 (E), IL-6 (F), and MuRF1 (G). The gene expression data elucidated that the hAskMC
can be restored to the hYskMC-like phenotype. (*P < 0.05; **P < 0.01; ***P < 0,001; compared to young control, *P < 0.05; *P < 0.01; **P < 0.001; compared

to aged control).

The calcium flux images showed that the calcium signal of
hAskMC was much lower (74.1%) than that of hYskMC (Fig. 5
A and B). Interestingly, when ES was applied, the calcium flux
enhancement tendency corresponded with that of myotube dif-
ferentiation and senescence-associated factors. The optimal
enhancement of calcium flux occurred at 50 Hz for hYskMC
(1.52-fold increase) and 500 Hz for hAskMC (2.58-fold increase).
In particular, while hAskMC showed a maximal calcium signal,
hYskMC exhibited a minimal calcium flux (1.52-fold reduction)
at 500 Hz. Subsequently, the number of calcium sparks within 5
min was quantified (Fig. 5C). Compared with the hYskMC con-
trol group, hAskMC showed significantly fewer sparks (74.2%
reduction). However, when ES was applied to hAskMC, the num-
ber of calcium sparks was significantly increased up to 3.1-fold at
500 Hz, while it was reduced in hYskMC at the same frequency.
These results suggest that the optimal ES condition is different for

https://doi.org/10.1073/pnas.2300036120

enhancing calcium flux depending on hYskMC and hAskMC,
and the impaired calcium signal in hAskMC can be functionally
recovered via specific ES conditions.

To further analyze changes in calcium signaling, we analyzed
the expression levels of DHPR and RyR1 (Fig. 5 Dand E). DHPR
is a protein that senses the membrane potential on the t-tubule
membrane and relays RyR1 to the SR. RyR1, which is located on
the SR membrane, is responsible for releasing calcium ions from
the SR into the cytoplasm. In hAskMC, both RyR1 and DHPR
expression levels increased at 50 and 500 Hz, with the greatest
increase observed in the latter condition. In hYskMC, both RyR1
and DHPR expression levels were significantly up-regulated at 50
Hz and significantly down-regulated at 500 Hz. These results
showed that there was an improvement in the ES-mediated cal-
cium signaling in hAskMC, which could potentially lead to better

energy metabolism.
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The skeletal muscle is the most energy-consuming organ in
the human body, and mitochondrial metabolism rapidly declines
with aging (46). Therefore, we also analyzed the change in mito-
chondrial metabolic function using MitoTracker™ Red FM,
whose intensity is altered by the changes in mitochondrial mem-
brane potent1a1 In hYskMC, 50 Hz ES showed maximal
MitoTracker ™ intensity (39.2% increase). In contrast, at 500
Hz, hAskMC showed the most significant improvement (60%
increase) compared to the hAskMC control group (Fig. 5 H and
I), which indicates that the specific ES condition enhances not
only calcium flux but also metabolic function in the hAskMC.
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These changes were also observed in SIRT1 and PGCla mRNA
expression levels, which induce fatty acid oxidation and mitochon-
dria production (Fig. 5 Fand G). Corresponding to the previous
tendency depending on the frequency, the optimal ES conditions
for PGCla and SIRT1 expressions were also 50 and 500 Hz in
hYskMC and hAskMC, respectively. In particular, 500 Hz ES
resulted in maximal overexpression of the genes (2.96-fold) in
hAskMC but resulted in a noticeable reduction in hYskMC. In
addition, we verified whether the consistency of the metabolic
function enhancement was also observed in 20M and 66M
(SI Appendix, Fig. S13). In 20M, while there were no significant
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changes in MitoTracker expression at 5 and 50 Hz, the expression
of PGCla significantly increased at 50 Hz (S7 Appendix, Fig. S13
A-C). In contrast, at 500 Hz, we observed a decrease not only in
MitoTracker expression but also in PGCla expression. On the
other hand, in aged cells, the expression of MitoTracker slightly
increased across all frequency bands, and the expression of PGCla
and SIRTT1 significantly increased as the frequency increased
(SI Appendix, Fig. S13 C and D). These findings were consistent
with those from hYskMC and hAskMC. Based on these results,
it was concluded that specific ES conditions can improve calcium
signaling and metabolic function in hAskMC, and the optimal
ES condition differs according to the hYskMC and hAskMC. In
addition, the optimal conditions for the hYskMC and hAskMC
were equivalent to those effective in myotube differentiation and
suppression of the aging phenotype.

Validation Study to Treat Sarcopenia via the Specific ES in
Aged Mice. To verify the effect of ES, we applied ES to young
(4-mo-old) and aged (24-mo-old) mice using a miniaturized
electroceutical device that can generate ES conditions almost
equivalent to those of the HiTESS platform (Fig. 64). One of
the critical challenges in this study was the translation of the
in vitro ES condition into in vivo stimulation. To apply the
same conditions of stimulation in the in vitro experiment, a 3D
mouse leg model was created using mouse computed tomography
(CT) data (Fig. 6B). The E-field was simulated using COMSOL,
with measurements taken at the ROI where the tibialis anterior
(TA) and soleus (SOL) muscles are situated. To replicate the
equivalent E-field in vivo similar to the in vitro ES condition
(E-field as 11.5 V/m), the simulation was performed by gradually
decreasing the potential from 5 V. It was revealed that 3.7 V
generated the most similar condition with the in vitro E-field,
showing 11.8 V/m at the ROI (Fig. 6 Cand D). We applied ES
five times per week (30 min duration) for 6 wk. After completing
all ES sessions, the TA and SOL muscles were isolated from the
mice. To quantify the diameter of the myofibers, TA muscles
were cryosectioned and stained with antibodies for laminin and
Type IIA myofiber (Fig. 6E). The cross-sectional area (CSA) of
Type IIA fiber in aged mice was significantly lower than that
in young mice (Fig. 6F). However, when ES was applied to
aged mice, the CSA increased in all conditions, with the most
significant improvement resulting from 500 Hz ES (Fig. 6G).
ES also caused significant CSA changes in young mice, with the
greatest increase at 50 Hz, but the CSA drastically decreased at
500 Hz (SI Appendix, Fig. S14). In addition, we investigated
the expression of Pax7, which plays a crucial role in muscle
proliferation (47). Pax7 expression in aged mice was significantly
lower than that in young mice (Fig. 6 / and K). However, when
we applied a specific ES condition that showed positive effects
on CSA, ES induced an increase in Pax7 expression in aged
mice. In contrast, in young mice, Pax7 expression was reduced
at 5 and 500 Hz. This result corresponds with the tendency
observed in the in vitro experiments. Additionally, we examined
the expression of proteins related to hypertrophy (Myh1/2/4/6)
and atrophy (Atrogin-1) with the TA muscle of young and aged
mice (8] Appendix, Fig. S15 A—C). Results showed that myosin
tended to increase at 5 and 50 Hz in the young group and at
50 and 500 Hz in the aged group. Although the expression of
atrogin-1, a representative protein related to atrophy, was greatly
increased in the aged group compared to the young group, the
ES conditions significantly reduced the expression of atrogin-1
(SI Appendix, Fig. S15C). Based on the results, we confirmed
that the specific ES can induce the hypertrophy of aged skeletal

muscles.

https://doi.org/10.1073/pnas.2300036120

‘The twitch and tetanus forces were measured in the SOL muscle
to evaluate the biomechanical improvement of the skeletal muscle
via ES. In young mice, ES slightly improved but showed no sig-
nificant change; however, it enhanced both the twitch and tetanus
forces in aged mice. The optimal frequency showing maximal
improvement of the forces was 500 Hz, where twitch and tetanus
forces increased 1.3-fold and 1.23-fold, respectively (Fig. 6 H and
I and SI Appendix, Fig. S15 D and E). In particular, it should be
noted that the twitch force of aged muscles at 500 Hz ES was
almost similar (97%) to that of young control muscles (Fig. 6H).
These results clearly showed that ES enhanced the thickness of the
Type 1A fiber and the contraction force in the skeletal muscle of
aged mice and the optimal ES condition was 500 Hz, correspond-
ing to the in vitro results, while the same condition caused an
adverse effect in young mice. In summary, the specific ES condi-
tion induces both morphological and biomechanical improve-
ments in aged mice, thereby confirming that the electroceutical
approach has the potential to treat sarcopenia.

We then performed RNA sequencing of TA muscles from
young control (n = 3), aged control (n = 3), and aged mice with
500 Hz ES (n = 3) to analyze the gene expression patterns under-
lying the observed increase in type II myofibers and contraction
forces. The RNA sequencing data in this study have been deposited
to the National Center for Biotechnology Information of the
National Library of Medicine under the accession number
PRJNA859543 (48). The sequencing results were analyzed using
principal component analysis (PCA) to determine the statistical
significance between groups (Fig. 61). Fig. 6 M and N show the
genes with significant differences in young vs. aged and aged ES
vs. aged control. We found differentially expressed genes (DEGs)
that were common between the two groups, young vs. aged and
aged ES vs. aged control (Fig. 60). Subsequently, we sorted the
60 genes that commonly changed between the two groups and
plotted the selected genes with a heatmap (Fig. 6P). The results
showed that while the gene expression pattern was significantly
different between the young control and aged control, the gene
expression profile of the aged sample subjected to 500 Hz ES
shifted to the pattern closer to the young phenotype (Fig. 6P).

To better understand the functional improvement of skeletal
muscle from the DEGs, GO analyses were performed. The results
showed that six GO terms were up-regulated, including skeletal
system development, response to mechanical stimulus, axon guid-
ance, and cell differentiation, in young versus aged. In contrast, the
inflammatory response and regulation of apoptosis were
down-regulated (Fig. 6Q and SI Appendix, Fig. S16A). The results
indicated that the overall muscular functions were significantly
increased in the young group. In contrast, the aged control versus
aged ES resulted in nine GO terms, six of which were up-regulated,
including lipid metabolic process, sarcomere organization, axon
guidance, proliferation regulation, myofibril assembly, and muscle
structure development (Fig. 6R and SI Appendix;, Fig. S16B). As the
six GO terms play key roles in overall muscle development and
integrity, ES intervention resulted in the effective recovery of the
aged muscle. Furthermore, we analyzed the GO terms of young 50
and 500 Hz related to skeletal muscle myogenesis and myopathy
(SI Appendix, Fig. S15 F and G). As a result, at 50 Hz, we found
that the expression of genes related to muscle structure development,
muscle cell differentiation, muscle tissue development, and other
hypertrophy-related genes was increased. On the other hand, there
was an increase in the expression of genes related to muscle atrophy
at 500 Hz ES condition. In summary, the GO terms that are com-
monly changed in young and aged ES vs. aged control were skeletal
muscle development, axon guidance, and proliferation regulation.
Thus, the specific ES condition can restore the aged skeletal muscle
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phenotype closer to that of young mice. In addition, it was noted
that the electroceutical approach induces not only skeletal muscle
development but also nerve development.

Discussion

As sarcopenia currently lacks any FDA-approved intervention,
physical exercise is the only option available to manage its symp-
toms. However, physical exercise is often infeasible for the aged
population — the demographic most affected by sarcopenia —
owing to a higher probability of falls and fractures (49). Moreover,
extended COVID-19 confinement and hospitalization, which also
have a higher incidence among the aged population, have accel-
erated sarcopenia worldwide, especially in elderly people (50). The
looming risks posed by new variants of the virus have provoked
repetitive lockdowns, further limiting the opportunities for phys-
ical exercise. Owing to these adverse circumstances, a feasible
treatment for sarcopenia with minimal side effects is urgently
required.

To ascertain the potential for treating sarcopenia using electro-
ceutical approach, it is essential to conduct experiments with
minimal cells, as valuable human aged skMCs need to be utilized.
Moreover, it is crucial to be able to simultaneously apply various
ES conditions to cells within a precise and uniform E-field envi-
ronment. Previous studies on ES primarily utilized skeletal muscle
cell lines derived from rodents, which do not accurately reflect the
characteristics of aged human skMCs (17, 51). These studies were
limited by employing batch-type systems that only allowed for a
few ES conditions to be applied, making it difficult to explore
optimal ES conditions (combinations of voltage, frequency, and
duration) (23). Additionally, they resulted in nonuniform E-field
distribution on the cells and required a substantial number of cells
for experiments (52). Furthermore, ES platform needs to be also
considered for joule heating, which poses potential risks for cell
damage. In contrast, the HITESS platform satisfies the multiple
requirements, including HiTESSs, uniform E-field distribution,
utilization of a minimal number of cells, and decoupled joule
heating.

Homeostasis of calcium signaling plays a crucial role in main-
taining healthy skeletal muscle function. During sarcopenia,
calcium leak occurs from the SR, and the released calcium
increases ROS or RNS levels, causing muscle damage (44). At
the same time, it has been well known that as skeletal muscle ages,
the calcium influx deteriorates due to denervation, leading to
mitochondrial dysfunction and elevated ROS levels (44, 53).
Ultimately, since homeostasis in calcium signaling is disrupted
in aged skeletal muscle, recovering calcium signaling is crucial to
improve the functions of skeletal muscles (54). The clinical trial
to improve the calcium signal as a small molecule is one of the
representative examples to emphasize the need for sarcopenia
treatment (55).

Our major hypothesis was if specific ES can restore calcium
signaling in aged skeletal muscles, inducing hypertrophy. Since
there are few reports to show the potential that ES can induce
hypertrophy in hAskMC, we first investigated the optimal ES con-
dition to induce hypertrophy of hAskMC with the HiTESS plat-
form, finally identifying the maximal hypertrophy condition as 500
Hz ES. Interestingly, the specific ES not only significantly increased
the calcium influx as well as mitochondrial function but alleviated
ROS level in the hAskMC. It was presumed that the increase of the
calcium influx via the specific ES is responsible for the DHPR,
normally a voltage-dependent calcium channel functioning essen-
tially as a voltage sensor in skeletal muscle (56). During the aging
process of skeletal muscles, the density of T-tubules decreases,
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reducing the distribution of DHPR (53, 57). However, our data
exhibited that the specific ES significantly induced both mRNA
expressions of DHPR and RyR1. This considerable increase might
lead to enhanced response to external stimuli such as ES in aged
skeletal muscles (SI Appendix, Fig. S17). The different expressions
of DHPR depending on young and aged skeletal muscles (53),
might be one of the major reasons that the skMCs responded to
ES conditions differently at age.

One of the key factors contributing to the age-related decline
of skeletal muscles is the decrease in neuromuscular junction
(NM]J) density. As aging occurs, the NM] undergoes fragmen-
tation, denervation, and a reduced synaptic contact area
between motor neurons and muscle fibers (58, 59). Denervation
is known to exacerbate muscle fiber (primarily type II) loss and
lower CSA (60, 61). This suggest that the enhancement of
skeletal muscle alone might not be the fundamental solution
to treat sarcopenia, as it may ultimately induce muscle atrophy
again. Therefore, to treat sarcopenia, it is more desirable to
improve not only the skeletal muscles but also the motor
nerves. The RNA sequencing results showed that the optimal
ES induced not only the development and differentiation of
skeletal muscles but also neurogenesis in the aged ES group.
In addition, our previous research shows that an electroceutical
approach can be an alternative to treating Charcot-Marie-Tooth
by improving myelination (62, 63). Therefore, the electroceu-
tical approach has a unique advantage over biochemical
approaches that showed improvements in the skeletal muscles
alone.

Electroceutical treatment for sarcopenia has good prospects
for clinical application. Recently, excellent progress has been
achieved toward developing implantable miniature wireless ES
devices (64). Furthermore, the development of soft and electro-
active biomaterials has reduced the physical mismatch at the
tissue-device boundary (65), thereby making long-term electro-
ceutical treatment more viable. It should be noted that ES
devices have been considerably developed toward neuromodu-
lation, and skeletal muscle stimulation has received relatively
less attention. Currently, many electrical muscle stimulation
devices have been used in hospitals and homes without consid-
ering the optimal ES conditions. Through this research, we sug-
gest that a specific ES for sarcopenia needs to be applied to
maximize the effect with minimal side effects, and we wish to
call the introduced technology silver electroceutical. In addition,
it is crucial to consider specific ES conditions depending on age
to maximize the efficacy of the intervention. This study can
potentially be the basis for the development of personalized
bioelectric medicine for sarcopenia.

Materials and Methods

The materials and methods are described in detail in S/ Appendix, Material and
Methods, including simulation for optimizing the electric field uniformity of the
HITESS chip, construction of the HiTESS platform, analysis of Lipofuscin and ROS
expression using fluorescence-activated cell sorting, cultivation of human-derived
primary skeletal muscle cell and electrical stimulation, cryosection and immu-
nostaining, senescence-associated p-galactosidase (SA-B-Gal) assay, metabolic
ability evaluation through MitoTracker™ Red FM staining, calcium imaging,
real-time PCR, simulation for in vivo electrical stimulation and ES intervention
process, isometric contractile force analysis, gene ontology analysis through RNA
sequencing, and western blot analysis.

statistical Analyses. Statistical analyses were performed using GraphPad Prism
version 8. All data are presented as mean = SD, as indicated in the figure leg-
ends. Statistical significance was calculated using t test (two groups) and one-way
ANOVA (over two groups), and expressed as follows: *, #P < 0.05, **, ##P < 0.01,
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*** §##P < 0.001. Differences were considered to be statistically significant at
P<0.05.

Data, Materials, and Software Availability. RNA seq data have been depos-
ited in the NIH SRA (PRINA859543) (48). All study data are included in the article
and/or S/ Appendix.
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