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ABSTRACT

The presence of senescent cells causes age-related pathologies since their removal by genetic or pharmacological means, as well

as possibly by exercise, improves outcomes in animal models. An alternative to depleting such cells would be to rejuvenate them

to promote their return to a replicative state. Here we report that treatment of non-growing senescent cells with low-frequency ul-

trasound (LFU) rejuvenates the cells for growth. Notably, there are 15 characteristics of senescent cells that are reversed by LFU,

including senescence-associated secretory phenotype (SASP) plus decreased cell and organelle motility. There is also inhibition

of 3-galactosidase, p21, and pl6 expression, telomere length is increased, while nuclear 5mC, H3K9me3, yH2AX, nuclear p53,

ROS, and mitoSox levels are all restored to normal levels. Mechanistically, LFU causes Ca?* entry and increased actin dynamics

that precede dramatic increases in autophagy and an inhibition of mTORCI1 signaling plus movement of Sirtuinl from the nu-

cleus to the cytoplasm. Repeated LFU treatments enable the expansion of primary cells and stem cells beyond normal replicative

limits without altering phenotype. The rejuvenation process is enhanced by co-treatment with cytochalasin D, rapamycin, or

Rho kinase inhibition but is inhibited by blocking Sirtuinl or Piezol activity. Optimized LFU treatment parameters increased

mouse lifespan and healthspan. These results indicate that mechanically induced pressure waves alone can reverse senescence

and aging effects at the cellular and organismal level, providing a non-pharmacological way to treat the effects of aging.

1 | Introduction

Cell senescence is one of the hallmarks of the aging process
that is purportedly defined by a permanent block to cell growth
(Hernandez-Segura et al. 2018; Lopez-Otin et al. 2013). It was
first noted in 1961 by Hayflick and Moorhead that primary cells
in culture stopped growing after a certain number of divisions;
that is, they became senescent (Hayflick and Moorhead 1961).

Transplantation of senescent cells into young mice caused phys-
ical deterioration and age-related pathologies (Xu et al. 2017),
whereas depletion of these cells in aged mice genetically or with
senolytics slowed the development of age-related pathologies and
enhanced lifespan (Bussian et al. 2018; Cai et al. 2020; Caland
et al. 2019; Chae et al. 2021; Chang et al. 2016; Jeon et al. 2017;
Patil et al. 2019; Peilin et al. 2019; Xu et al. 2018). These results
indicated that cellular senescence was a major driver of the aging
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process and removing senescent cells was critical for improving
performance in aged organisms. Because senescence was believed
to be a state of permanent cell cycle arrest in which cells were
still metabolically active (Childs et al. 2015), the selective lysis
of senescent cells was considered the best way to remove their
negative effects (Chen et al. 2021; Kirkland and Tchkonia 2020;
Kirkland et al. 2017; Lorenzo et al. 2023; Yamaura et al. 2023).

While cell senescence is typically considered detrimental, it
should be noted that senescence has general physiological signif-
icance in preventing the propagation of damaged cells, suppress-
ing tumor progression, in early development (Storer et al. 2013),
wound healing (Demaria et al. 2014) and in tissue repair pro-
cesses (Munoz-Espin and Serrano 2014). Despite the benefits of
senescent cells, they are linked to many age-associated maladies
(Borghesan et al. 2020; Childs et al. 2017; McHugh and Gil 2018),
including in the lung, adipose tissue, aorta, pancreas, and osteo-
arthritic joints (Adams 2009; He and Sharpless 2017; Herranz
and Gil 2018). Thus, there are potentially many benefits from
decreasing the fraction of senescent cells in tissues during aging.
Senescent cells secrete pro-inflammatory molecules, growth
factors, chemokines, extracellular matrices, proteases, and cyto-
kines, collectively known as the senescence-associated secretory
phenotype (SASP) (Tchkonia et al. 2013; Young and Narita 2009).
An increase in the level of SASP catalyzes many age-related
problems (Coppe et al. 2008; da Silva et al. 2019). Therefore,
targeted elimination of senescent cells by senolytics may im-
prove age-associated pathologies, including osteoarthritis (Peilin
et al. 2019), diabetes (Thompson et al. 2019), osteoporosis, neu-
rodegenerative diseases (Penney and Tsai 2018) and overall lifes-
pan (Xu et al. 2018). Senolytics are considered a way to diminish
specific effects of aging in tissues (Yousefzadeh et al. 2018; Zhu
et al. 2015), and they have entered clinical trials. However, there
is currently no approved senolytic-based treatment for humans
(Cai et al. 2020; Libertini et al. 2018; Neves et al. 2017).

Autophagy inhibition and mitochondrial dysfunction are hall-
marks of aging and cellular senescence (Hernandez-Segura
et al. 2018; Kaushik et al. 2021). Dynamic changes in mito-
chondrial fusion and fission are essential for healthy mitochon-
drial function, and increased fusion contributes to senescence
(Bartolak-Suki et al. 2017). There is evidence that exercise
decreases senescence (Englund et al. 2021) possibly due to in-
creased mitochondrial fission (Bartolak-Suki et al. 2017; Helle
et al. 2017). Although changes in lysosomal and mitochondrial
functions may be linked to each other, it appears that inhibition
of lysosomal autophagy is a driver of aging (Carosi et al. 2022;
Cassidy and Narita 2020; Rubinsztein et al. 2011).

Mutations in genomes can increase lifespan in worms and flies,
and they are largely linked to metabolism and proteostasis path-
ways that inhibit the onset of senescence but do not reverse
senescence (Zhang et al. 2022). Strategies to prolong lifespan,
including the use of small molecules (e.g., rapamycin and met-
formin) and caloric restriction, often activate autophagy.

An alternative to senolysis is to block the transition to the se-
nescent state, but such interventions need to be relatively early
in the aging process (Kvell and Pongracz 2012). Many studies
have shown that senescence markers can be reversed using var-
ious strategies, such as vitamin E treatment (Ezquer et al. 2014),

PI3K inhibitor (Le et al. 2022), inhibition of cyclin-dependent
kinases (CKIs) (Jeanblanc et al. 2012), protease inhibitor (PIs)
(Lefevre et al. 2010), PARTP-1 inactivation, proteasomal degra-
dation (Selle et al. 2007) and inactivation of FOXO4 by FOXO04-
DRI peptide (Krimpenfort and Berns 2017) cause some degree
of marker reversal but not growth of rigorously defined senes-
cent cells. Extracellular vesicles derived from the young MSCs
reduced the senescence markers of cocultured aged epithelial
cells in vitro and promote angiogenesis and vascular repair
(Wang et al. 2020) in vivo. In a recent study by Li et al. 2021,
they showed that transient electric current reduces the senes-
cence markers of BMSCs derived from old patients. However,
these studies do not show growth of truly senescent cells as we
found with low-frequency ultrasound (LFU).

Even so, physical exercise is accepted as an early intervention
that slows aging (Chubanava and Treebak 2023; De Sousa Lages
et al. 2022; Galkin et al. 2023) and is possibly a senolytic (Chen
et al. 2021). Although the effects of exercise could be purely
physical, exercise affects the brain and other organs through in-
creased secretion of myokines, such as irisin (Ning et al. 2022).

Ultrasound creates pressure waves in cells that cause me-
chanical stresses. These effects are safe for normal tissues and
functions (Ahmadi et al. 2012). Other studies use low-intensity
pulsed ultrasound for healing (Leighton et al. 2017) and for
transiently opening the blood-brain barrier (Balbi et al. 2022).
Previously, we found that ultrasound could activate apoptosis
selectively in tumor cells (Singh et al. 2021); and it was logical to
test if it had similar effects on senescent cells. When ultrasound
was applied to senescent cells, LFU treatment restored the
growth of chemically induced and replicatively senescent cells.
Mechanistically, LFU activated autophagy and Piezol chan-
nels, while inhibited mTORC1, SASP secretion, 3-galactosidase
expression, and decreased cell size plus mitochondrial length.
Notably, normal cells treated with LFU, secreted factor(s) that
activated the growth of senescent cells. Thus, purely mechanical
stimuli can selectively rejuvenate senescent cells.

2 | Results
2.1 | Development and Optimization of LFU

Since previous studies showed that LFU caused apoptosis of
cancer cells (Singh et al. 2021; Yao et al. 2022), we treated se-
nescent Vero cells with an LFU apparatus (Figure S1A,B) to
determine if they behaved similarly. Surprisingly, the senescent
cells grew and increased in number after LFU treatment with
no apoptosis (Figure SIC-F). In the LFU bath, cells were posi-
tioned 7-10cm above the ultrasound transducer in the far field
of the ultrasound (Figure S1A,B). After testing different ultra-
sound frequencies and power levels for inducing cell growth,
the greatest growth was with LFU of 32.2kHz, not 39kHz, and
with a power of 4kPa as measured by a calibrated hydrophone
(Figure S1C,D). Similarly, the duration of LFU and the duty cy-
cles (on/off times) affected the growth rate (Figure S1E,F). An
LFU of 32.2kHz at 4kPa for 30 min with a duty cycle of 1.5s on
and 1.5s off was optimal for inducing the growth of the senes-
cent cells; thus, these values were used for subsequent cell and
mouse experiments.
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Senescent cells
do not divide

VIDEO 1 | This video illustrates that bleomycin sulphate (BS) treat-
ed HFF senescent cells are truly senescence. Time-lapse video of BS
treated cells after 22days of incubation shows no cell division which
confirms that these cells are truly senescent. Images were taken every
30min for 24h. Video content can be viewed at https://onlinelibrary.
wiley.com/doi/10.1111/acel.70008

LFU-rejuvenated Cells

VIDEO 2 | This time-lapse video illustrates cells previously treated
with BS and incubated for 22days, now treated with LFU for 30 min.
Images were captured every 30min for 24h. We can see the three of
the original senescent cells undergo cell division showing that LFU ac-
tivates the growth of senescent cells. Video content can be viewed at
https://onlinelibrary.wiley.com/doi/10.1111/acel.70008

LFU-rejuvenated Cells
(Enlarged view)

VIDEO 3 | This time lapse video illustrates the zoomed view, show-
ing LFU treatment rejuvenates the BS-treated senescent cells. Video
content can be viewed at https://onlinelibrary.wiley.com/doi/10.1111/
acel.70008

To test the generalizability of LFU treatments for reversing cell
senescence, was induced by doxorubicin (Dox), hydrogen perox-
ide (H,0,), sodium butyrate (SB) or bleomycin sulfate (BS) for

Senescent Cells Do Not
Divide

VIDEO 4 | Thisis the time lapse video of senescent cells videoed for
48h before LFU treatment. These cells were incubated for 4days after
inducing senescence. Video content can be viewed at https://onlineli-
brarywiley.com/doi/10.1111/acel.70008

LFU-Rejuvenated Cells

VIDEO 5 | This is the time lapse video of 30min LFU treated cells.
These cells are from Video 4. Images were captured every 30 min for
48h after LFU treatment. Video content can be viewed at https://on-
linelibrary.wiley.com/doi/10.1111/acel.70008

36-48h, followed by 4days of incubation in medium (Alessio
et al. 2021). Senescence was characterized by a block of cell
growth (statistically, not different from zero growth), high -
galactosidase activity (>90% of cells were positive), a larger
cell size, and production of SASP that inhibited the growth of
normal cells (Herranz and Gil 2018; Young and Narita 2009) All
four criteria were met with cells treated by each type of drug
(Figure S2A-G) (Alessio et al. 2021). Thus, by all criteria, the 4
drugs were able to induce senescence in Vero cells.

2.2 | Senescent Cells Are Rejuvenated for Growth
by LFU

It was possible that many drug-treated cells were quiescent and
only a fraction was senescent. However, quiescent cells lacked
{-galactosidase activity, whereas over 95% of drug-treated cells
stained for p-galactosidase activity after 4-day incubation in
media (Figure S2F,G) (Alessio et al. 2021). Thus, it seemed that
the fraction of quiescent cells was very low in these prepara-
tions. To further test if cells were senescent and if the senescent
cells were reactivatable, human foreskin fibroblast (HFF) cells
were analyzed by time-lapse video microscopy. In particu-
lar, BS-treated HFF cells were incubated for 22 days in media
after a 2-day drug treatment to assure senescence (Figure 1a).
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Time-lapse videotaping of many cells for 48 h determined that
senescent cells did not divide (Figure 1b,d) and motility was
limited (Figure 1e). After LFU treatment for 30’, however, cells
grew (Figure 1c,d) and motility increased (Figure 1e). The ve-
locity of senescent cell nucleus migration was 1.6 um/h, but
after LFU treatment, the velocity of the same cells increased
nearly two-fold to 3.2pum/h (Figure 1le). Thus, fully senescent
cells were activated for growth and motility by LFU without
senolysis.

As a further test of rejuvenation, BS-treated cells were incubated
in media for 4days after a 2-day drug treatment (Figure 2), (a
time period that was sufficient for treated cells to move to a se-
nescent state (Chitaley and Webb 2001)). After a 4-day incuba-
tion protocol, all BS-treated cells expressed {3-galactosidase, and
time-lapse videos showed fewer cells after 48h, indicating that
some drug-treated cells apoptosed (Figure 1g). After LFU, drug-
treated cells grew, and the growth rate was a similar to that of
the 22-day incubated cells. Also, cell motility increased after LFU
compared to before (Figure 1h).

2.3 | LFU Causes Return to Normal Size and High
Growth Rates Without Senolysis

To determine if LFU caused sustained cell growth and near nor-
mal behavior, the LFU rejuvenated SB Vero cells were followed
for several passages (Figure 2a). After only 30 min of LFU, Vero
cells grew until at least passage 3 without a significant loss in
growth rate as determined by cell counting (Figure 2b). By the
second passage, the growth rate exceeded the parental rate,
non-senescent line (Figure 2b). In addition, rejuvenated cells
became smaller with growth, reaching their normal cell size
by the third passage (Figure 2c). Another measure of growth
was an EdU incorporation assay, and a large fraction of cells
incorporated EdU into their DNA (Figure 2d,e). A concern
was that the LFU treatment might cause some apoptosis. As
a positive control, H,0, senescent cells (200 uM) were treated
with a lethal dose of H,0, (200 mM) that resulted in high lev-
els of annexin V staining (Figure 2f,g). When H,0, senescent
cells were analyzed before and after LFU treatment, there were
only background levels of staining, indicating that LFU did
not cause senolysis (Figure 2f,g). Thus, it appeared that LFU
treatment activated the growth of senescent cells without
apoptosis.

To determine if all forms of senescent cells could be rejuvenated,
we treated the other three types of chemically induced senescent
cells (hydrogen peroxide, bleomycin sulfate and doxorubicin)
with LFU. In all cases, LFU caused a significant increase in the
growth rate of senescent cells (Figure S3A-C). In the first 2days
after LFU treatment, large cells divided, and the size distribu-
tion shifted to smaller sizes (Figure S3D-F).

2.4 | LFU Activates the Mechanosensitive Ion
Channel Piezol, Needed for Growth, but Actin
Dynamics Are Important

The first component of a cell that encounters LFU is the plasma
membrane. In the case of tumor cell treatment with LFU, piezol

ion channels were activated and contributed to tumor cell apop-
tosis (Singh et al. 2021). Further, piezol regulated Ca2* flux
and Ca?* signaling affected autophagy (Sukumaran et al. 2021;
Velasco-Estevez et al. 2020). Thus, if LFU stimulated growth
by activating autophagy downstream of Ca?* entry, then Ca?*
loading should have followed LFU treatment. Within 1-2min
of starting LFU, cytoplasmic Ca?* levels often spiked for about
a minute (Figure S4A,B) but the timing and frequency of spikes
varied stochastically, giving on average about 2 spikes/10 min.
Inhibition of Ca?* channels with Rutheneum Red, an inhib-
itor of many mechanosensitive channels, including piezol
(Gnanasambandam et al. 2017) or GsSMTX4 blocked Ca?* spik-
ing (Figure S4A). To know if channels were involved in LFU-
induced growth, EAdU incorporation into the senescent cell DNA
was measured after LFU treatment with or without Rutheneum
Red, which significantly inhibited growth (Figure S4C,D). To
test replicatively senescent cells, HFF cells passage 21 (P21) were
LFU treated with/without GsMTx4 and assayed for growth by
EdU. LFU significantly increased the growth of the P21 HFFs,
but that effect was inhibited by GsMTx4 (Figure S4E); although
GsMTx4 did cause a modest increase in growth, perhaps by al-
tering Ca?* homeostasis. In separate experiments, knockdown
of piezol by siRNA also inhibited growth, indicating that piezol
was important (Figure S4F-1 and Figure 2h). Thus, it appeared
that LFU stimulation of growth relied upon the mechanosensi-
tive ion channel, piezol.

The increased motility of senescent cells after LFU indicated
that actin dynamics were increased by LFU. Further, there
were earlier reports that the growth of aged immune cells was
increased by adding an inhibitor of actin polymerization (Brock
and Chrest 1993). To test the possibility that an inhibitor of actin
polymerization could aid rejuvenation of senescent cells, we
added cytochalasin D to senescent cells. High concentrations of
cytochalasin D used to block actin polymerization caused cell
rounding as expected, but low concentrations that allowed actin
polymerization stimulated growth. Low cytochalasin D concen-
trations, along with LFU, caused a major stimulation of growth
consistent with the hypothesis that the reversal of senescence
involved activation of actin dynamics (Figure 2h). When Ca?*
levels were measured in the cells treated with cytochalasin D
and LFU, the Ca* spikes were blocked, but Ca?* levels slowly
increased (Figure 2i). Thus, it seemed that increased Ca?*
levels and actin dynamics were important for the reversal of
senescence.

2.5 | LFU Activates Mitochondrial Dynamics
and Motility Along With Lysosomes

To determine if organelle motility was activated, we followed
the movements of mitochondria. The mitochondria of senescent
cells were often longer than in normal, growing cells (Figure 3a).
LFU treatment caused fragmentation of mitochondria and a de-
crease in the lysosome staining intensity (Figure 3b,c). To deter-
mine movement velocities, the positions of Mitotracker-labeled
mitochondria were recorded every 5-10s. After LFU treatment,
mitochondria were significantly smaller (Figure 3a,c) and linear
velocities were significantly greater (by over 5-fold) than before
(Figure 3d). In addition, there were many mitochondrial fission
and fusion events after LFU (data not shown). For consistency,
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FIGURE1 | Fully senescent cells are rejuvenated for growth and motility by LFU. (a) The diagram shows the protocol used to produce fully se-
nescent cells. Note that the timing of the Videos 1-3 are 48 h before and 48h after LFU treatment for 30’, respectively. (b) Time-lapse video images
of a field with 18 Bleomycin sulfate (BS) treated cells incubated for 22 days at the beginning and the end of a 24 h observation period (red numbers).
Images were taken every 30’. Two cells that entered the field during that period are marked with purple numbers and one that left the field with
yellow. (c) Time-lapse images of a field of 14 cells after a 30' LFU treatment at the beginning and the end of a 24h observation period (red numbers).
Three of the original cells divided (#s 5, 8 and 13) and the daughter cells are noted by green numbers. Five cells entered the field (purple numbers)
and two left the field (yellow numbers). (d) Twenty-eight image fields were tracked for 48 h before and for 48h after LFU treatment and the number
of cells in those fields were counted. (e) Cell velocity (determined by displacements of nuclei over each hour for 24 h). (f) Diagram of 4 days incubation
of BS stressed cells with an image of 3-galactosidase staining of the cells after 4days of incubation. Note the timing of the Videos 4 and 5 are for 48h
before and after LFU treatment. (g) Twenty-eight image fields were tracked for 48 h before and after LFU treatment and the number of cells in the
fields were counted. (h) The velocity of the cell movements was determined by measuring the displacements of the nuclei over each hour of imaging
for 24 h. Results are shown as mean + SD, at least 108 cells were analyzed, n> 3 experiments, and significance was determined using two-tailed un-

paired t-test. *p <0.05, **p <0.002.

only the velocities of mitochondria that did not undergo fission
or fusion during the observation period were tracked. Lysosomes
in the same cells decreased in staining intensity and moved
from the center to the periphery (Figure 3a) supporting the hy-
pothesis that LFU caused rejuvenation by activating autophagy
through phagosome fusion with lysosomes as part of a larger
scheme of rejuvenation (Figure 3e). Thus, LFU treatment acti-
vated whole-cell, lysosomal, and mitochondrial dynamics, in-
dicating that both actin- and microtubule-based motility were
promoted by LFU.

2.6 | LFU Inhibits SASP Secretion

To determine if LFU treatment of SASP-secreting BS-induced
senescent cells blocked further secretion of SASP, 24h su-
pernatants were collected before and after LFU treatment
(Figure S5A). The supernatant from before LFU treatment (S0)
inhibited the growth of and increased the size of normal HFF
cells whereas the 24h supernatant after LFU (S24) supported
normal growth without altering size (Figure S5B-D). In a sep-
arate experiment where the levels of SASP components in su-
pernatants from replicatively senescent HFFs were measured
before and after LFU treatment, the levels of eight SASP com-
ponents were lower after LFU exposure, including interleukins
(IL-6, IL-8, IL-10 and IL-15), as well as the pro-inflammatory
molecules (TNF-a, IFN-y, VEGF and MIP-1a) (Figure S5E).
Thus, LFU-mediated rejuvenation of senescent cells blocked the
secretion of SASP components.

2.7 | LFU of Normal Cells Causes the Secretion
of Components That Activate Senescent
Cell Growth

Many studies have shown that physical exercise delays periph-
eral tissue (Ning et al. 2022) and brain (Penney and Tsai 2018)
aging. To test the possibility that LFU could benefit senescent
cells through an indirect effect on normal cells, that is, the
production of a pro-rejuvenation factor(s), we treated normal
HFF cells with LFU for 3days (1 h/day) and collected the su-
pernatant after ultrasound treatment (USS) (Figure 4a). When
BS-induced senescent HFF cells were treated with USS, the
senescent cells grew (Figure 4a—c) and decreased their spread
area (Figure 4d). The levels of chemokines and cytokines in

the supernatants from the third passage (P3) of treated HFFs
after 3 days (USSP) differed from the levels in the supernatant
of P3 non-treated HFFs (USS) (Figure 4e). Levels of IL-9, IL-
17, MCP-1, MIP-1a, MIP-1b, RANTES, GM-CSF, EOTAXIN,
G-CSF, and IP-10 were lower, while levels of PDGF-bb and
VEGF were higher in USSP versus the control supernatants
(Figure 4e). Thus, LFU treatment of normal cells stimulated
the secretion of factors that activated the growth of senes-
cent cells.

2.8 | LFU Activates Autophagy

To determine if LFU activated autophagy in senescent cells, a
GFP-LC3-RFP construct was expressed in cells that were made
senescent. Autophagy levels correlated with a decrease in the
GFP-to-RFP fluorescence ratio, indicating that GFP was in an
acidic compartment that decreased GFP fluorescence. When
senescent cells were treated with LFU, the GFP:RFP ratio
dropped (Figure S11A,B), indicating that GFP-LC3-RFP entered
an acidic lysosomal compartment that decreased GFP fluores-
cence. When chloroquine diphosphate (CCD) was added, LFU-
activated autophagy was inhibited (Figure S11B).

2.9 | Inhibition of Sirtuinl Blocks LFU-Induced
Rejuvenation

Another protein linked to senescence was Sirtuinl (SIRT1), an
analog of the yeast deacetylase serl that inhibited senescence
(Liu et al. 2018). After LFU treatment, SIRT1 moved from the
nucleus to the cytoplasm and its level of staining decreased
(Figure S6A,F). Inhibition of SIRT1 with EX-527 during LFU
treatment blocked rejuvenation and decreased cytoplasmic
SIRT1 levels (Figure S6C-F). Further SIRT1 inhibition de-
creased autophagy activity. The SIRT1 inhibitor, EX-527, either
alone or with LFU, caused a significant increase in the GFP:RFP
ratio of the GFP-LC3-RFP construct relative to LFU treatment
alone, indicating that autophagy was inhibited (Figure S6B).
Thus, SIRT1 activity, a NAD*-dependent deacetylase, was
needed for the strongest activation of autophagy after LFU
treatment.

Since GFP fluorescence of GFP-LC3-RFP decreased in the pres-
ence or absence of CCD after LFU (Figure S6B), LFU increased
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FIGURE 2 | Low frequency ultrasound (LFU) reverses cell senescence. (a) Schematic illustration showing experimental design of LFU-induced
reversal of senescence after Sodium Butyrate (SB) treatment for 48 h followed by incubation for 4 days. Cells were treated with LFU for 30’ and then
passaged every 2days. (b) Growth of SB treated senescent Vero cells after LFU treatment and passaged every 48 h for 8-10days. NSCs are the non-
senescent Vero cells. Graph shows growth of normal Vero cells (NSC), BS senescent (SC) and LFU-treated (LFU) senescent cells as fold change in
cell number over 48h for passages from PO to P3 every 48h. (c) Cell area of LFU-treated senescent cells (LFU) is largely restored to normal by P3.
(d) Representative EDU-stained images of senescent P3 control and LFU treated senescent P3 cells. Scale bar=300um. (e) Quantification of EDU-
stained senescent and LFU treated BS senescent P3 cells shown as mean + SD, for > 200 cells in each condition. (f) Annexin V staining for apoptosis
of H,0, (killed with 200mM of H,0,) or of senescent (made senescent with 200uM of H,0,) cells treated w/wo LFU after 48 h. (g) Percentage of
viable cells after 200mM of H,O, or senescent cells (Doxorubicin 500nM, and H,0, 200 uM) treated with LFU. Results are plotted as mean of three
replicates and + SD. At least 35-50 random cells were analyzed from each of the three replicates. Non-parametric Mann Whitney test was used to de-
termine the statistical difference between the two groups. (h) Proliferation of BS senescent cells with piezol or after siRNA knockdown of piezol (not-
ed by KD) was determined from 12 h timelapse videos of the cells. The percentage of dividing cells was calculated by dividing the number of cell divi-
sions by the total number of cells captured from 25 to 35 fields of view (> 200 cells). The drug concentrations were 25nM of cytochalasin D and 10 uM
of Yoda 1. Results are plotted as the mean of three independent experiments + SD. (i) 25nM cytochalasin D (black arrow). Administration of 25nM
of cytochalasin D (green arrow) does not change the basal Ca?* level in senescent cells (red trace). However, when senescent cells were pre-treated
with 25nM of cytochalasin D for 10min and LFU was applied (black arrow), there was a slow increase in the basal Ca?* level (blue trace). All graphs
were plotted by mean +SD and p values: Ns p>0.05, *p <0.05, **p <0.002. Minimum 200 cells were analyzed from three independent experiments.

autophagy possibly by inhibition of mTORCI1. Rapamycin acti-
vated autophagy by inhibiting mTORCI1 (Carosi et al. 2022) and
acted synergistically with LFU to increase growth (Figure S6G)
indicating that LFU inhibition of mTORC1 was increased by
rapamycin (Figure S6G). Thus, LFU pressure oscillations re-
versed the senescence-related decrease in autophagy and in-
crease in mTOR activity.

2.10 | Markers of Senescence Are Restored to
Normal by LFU Treatment of Senescent Cells

To further explore the effect of LFU on senescence, diagnostic
markers of senescent cells were examined. Notably, BS-induced
senescent Vero cells had high nuclear levels of p53 staining,
YH2AX foci, H3K9me3, ROS, and MitoSOX that were all de-
creased by LFU treatment (Figure S7A-H). Thus, by many
criteria, LFU treatment caused a dramatic reversal of the senes-
cent state.

Other factors linked to cell senescence included telomere short-
ening (Nadri et al. 2022), DNA hypomethylation (Gentilini
et al. 2013) and increased H3K9me3. After LFU, there was a
striking increase in telomere length of replicatively senescent
HFF cells (Figure S7I) and a small increase in replicatively se-
nescent mesenchymal stem cells (MSCs) (Figure S7J). Further,
the low DNA methylation levels of replicatively senescent
HFF cells increased with LFU (Figure S7K,L). Finally, levels
of H3K9me3 decreased after LFU (Figure S7D,E). Thus, LFU
treatment of senescent cells reversed senescence-dependent
changes in the nucleus, consistent with restoration of the nor-
mal cell state by LFU.

2.11 | RNA-Seq Analysis Reveals
Major Transcriptional Changes After LFU

RNA-seq analysis of LFU-treated senescent cells showed that
the expression levels of 50 genes were upregulated by a factor
of two or more upon rejuvenation, whereas 140 genes were
downregulated. Of particular interest were SASP proteins that

were downregulated upon rejuvenation, which included IGF2,
IGFBP2, FGF7, and C1Q-TNF7. Pathway analysis found that
many of the genes activated by LFU were in pathways induced
by viral infections (Tables S1 and S2). This was consistent with
the activation of growth upon rejuvenation.

2.12 | Rejuvenation Is Increased by Rho Kinase
Inhibition

Previous studies from our laboratory showed that a different ul-
trasound treatment caused apoptosis of tumor cells but not of
normal cells (Singh et al. 2021; Yao et al. 2022). In that case,
LFU-dependent tumor cell apoptosis increased after microtu-
bule depolymerization by nocodazole, and the Rho kinase in-
hibitor (Y-27632) blocked LFU-activated apoptosis in correlation
with myosin contractility (Chitaley and Webb 2001). In contrast,
senescent HFF cells had greater LFU rejuvenation with Y-27632,
and nocodazole had no effect (Figure S6H). Thus, the reversal
of senescence by LFU was different from the activation of tumor
cell apoptosis since they involved different cytoskeletal elements
(Chitaley and Webb 2001).

2.13 | Expansion of Replicative Senescent Cells
by LFU

Because replicative senescence commonly limited normal cell
growth (Hayflick and Moorhead 1961), LFU could possibly
extend the growth of normal cells. After 13 passages, HFFs
grew slowly, had a greater average cell size, and increased f3-
galactosidase activity (Figure 5a-c). After LFU treatment at
every other passage, for passages 15-24, HFFs behaved like nor-
mal cells and continued to grow without a significant change
in growth rate until at least passage 24 (Figure 5a). This made
it possible to grow >8000 (2'3)-fold more HFFs than without
LFU, while spread area was normal (Figure 5b) as was the level
of B-galactosidase (Figure 5c). When P24 LFU-treated cells
were cultured on soft matrices, they ceased to grow, showing
that expanded cells still maintained rigidity-dependent growth
(Figure S13). Similarly, we expanded MSCs with LFU beyond
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FIGURE 3 | Low frequency ultrasound decreases mitochondrial length and lysosome staining intensity in senescent cells. (a) Representative
immunofluorescent images of mitochondria and lysosome morphology in normal, senescent (BS-treated for 30 h and incubated for 3days) and LFU-
treated senescent Vero cells using Mitotracker and Lysosome tracker. Scale bar =10 um. (b) Ratio of total cell intensities of lysosomal to mitochondri-
al staining is decreased by LFU treatment of senescent cells. (c) Quantification of mitochondrial length shows decreased length after LFU treatment.
Results are shown as mean =+ SD, minimally 108 cells were analyzed, n> 3 experiments, and significance was determined using two-tailed unpaired
t-test. *p <0.05, **p <0.002. (d) Velocity of mitochondria before and after LFU treatment. Images were capture every 5s for 10min. A minimum of
10-12 mitochondrial puncta were manually tracked using ImageJ software. (e) Illustration of a working model for the rejuvenation of senescent
cells by LFU depicting the different pathways involved. The two main routes ‘A and B’ are represented by the blue and pink arrows, respectively. A
involves the direct stimulation of senescent cells by LFU treatment. B implies a paracrine mode of rejuvenation achieved via secretory factors pro-
duced by treating normal cells with LFU. ‘C’ Inhibitors that show an antagonistic effect towards LFU treatment. ‘D’ Inhibitors and drugs that show
a synergistic effect with LFU and thereby enhance rejuvenation. ‘E’ Various hallmarks of senescent cells that can be modulated by LFU treatment

in the rejuvenated cells.

their normal replicative limit (Figure 5d). Upon treatment with
differentiation medium, the LFU-expanded P18-MSCs dif-
ferentiated into adipocytes or osteocytes, depending upon the
medium (Figure 5e-g) although the level of adipocyte differ-
entiation was higher in LFU-treated cells than in replicatively
senescent MSCs.

2.14 | Mouse Healthspan and Lifespan Are
Improved by LFU in a Dose-Dependent Manner

To determine if LFU can be utilized in vivo to improve the per-
formance of older mice, we followed a sham-treated (placed in
the water bath without LFU for 30 min every day) and 5 LFU-
treated groups of mice (n=10 mice per group) (the 5 LFU-
treated groups had different dose schedules: either daily (D1),
every other day (D2), or every third day (D3) with 1X power
or daily with 1.3X (1.3X) or 2X (2X) power levels for 30 min)
(Figure S8A). After two treatment periods of 2weeks each,
with a 2-week break between periods, physical performance
improved with all LFU conditions and was statistically signif-
icant for all groups on the treadmill and 3 of 5 in the inverted
cling test (Figure S8B,C). Plotting the performance of the
male mice separately from the females revealed no consistent
differences in the improvement with LFU (Figure S8D-G).
While LFU treatment for 4 weeks appeared to be more effec-
tive than treatment for 2 weeks, there was no clear difference
between the different regimens.

We sacrificed two mice from each group 5days after the last
LFU treatment and inspected their kidneys and pancreas
(Figure S9A). After sectioning, fixing, and staining for (-
galactosidase, ~70% of the kidney area and ~70% of the pancreas
area were stained in sham animals (Figure S9B-E). In contrast,
sections of organs from LFU-treated animals had only 10%-20%
of the area stained for $-galactosidase (Figure S9B-E). Overall,
LFU-treated animals had a significantly smaller fraction of
cells in these two tissues expressing 3-galactosidase, which cor-
related with improved performance.

In an experiment to determine if LFU decreased senescence
markers in 22-month-old mice, they were treated for two rounds
(separated by 30days) of 10 LFU treatments every third day.
After 20 treatments, treated mice and sham-treated controls
were sacrificed, organs were removed, and flash frozen. Frozen
organs were sectioned and processed by freeze substitution for

immunostaining with antibodies to p21 and pl6 markers of se-
nescence and analyzed by super-resolution confocal microscopy
(Figure S10A,D). There was a consistent increase in the pl6
and p21 staining intensity in the aged mice compared with the
young mice, and LFU treatment of the old mice decreased the
level of staining to that of the young mice or less in some cases
(Figure S10B,C,E,F). Males showed no consistent difference
from females. Thus, although individual cell senescence was not
measured in the organs (kidney and pancreas), it was clear that
the expression of the senescence marker proteins, p16 and p21,
was much greater in older mice and was reversed to near normal
levels by LFU.

To test the effect of LFU on mouse lifespan, the 46 mice in
the six groups outlined above (Figure S8A) were treated over
300days (some mice reached 3years of age) and we added 4 mice
that were kept in a cage the whole time (negative control group).
In the five LFU-treated groups, the best survivors had the low-
est doses of ultrasound (D2 and D3) with about 50% survival at
1000days (~33 months of age) (Figure 6a) and 3 mice in the D2
cohort of 7 mice survived until 3years (>40%). Autopsies of the
mice that died revealed no tumors or obvious cause of death.
Thus, combined D2 and D3 groups had a statistically significant
increase in longevity, but individual groups (7 or 8) did not give
statistical significance. There was a significantly greater lifes-
pan for the females, but others have noted that the sex-related
differences are observed in both directions with different spe-
cies (Austad and Fischer 2016).

The differences in the activity levels of the sham and treated
groups were very striking as seen in videos of their move-
ments (Video 6) and by their spontaneous turning of a wheel
in their cage (Figure 6b,c). The videos show that two repre-
sentative sham-treated mice at 29 months of age were slow in
their movements and had poor fur density with a balding spot
on their backs (Videos 6 and 7), whereas two representative
mice of the 2X power-treated group were much more attentive
and had denser and darker fur coats (Videos 8 and 9). These
results were indicative of other members of their respective
groups (Figure 6d,e). When the spontaneous activity of each
group was measured in a cage with a wheel for 3days, the
LFU-treated animals were particularly active in the D2 and
D3 groups and the level of activity correlated with their sur-
vival. At 29 months of age, the sham mice turned the wheel
only 1500 turns on average with the best performers at 2000
turns, whereas the D3 LFU-treated mice had an average of
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FIGURE4 | Normal cells treated with LFU secrete growth activating factors. (a) Timeline and strategy of LFU treatment in normal proliferating
cells (passage 3 HFF cells). schematic showing normal cells that were treated with LFU four times in the same media. The supernatant was then
collected (USS) for incubation with senescent cells for 48 h. (b) Brightfield images show changes in the morphology of senescent cells cultured in

the supernatant collected from LFU-treated normal cells and after 48 h. Senescent cells in normal growth medium were used as controls. (c) The

graph shows that the growth of SCs in USS increased; (d) whereas the spread area of senescent cells decreased with USS. () Chemokines and cy-

tokines in supernatants collected from untreated and LFU-treated cells (P3 HFF) were analyzed using a Multiplex immunoassay. Results are plot-

ted as mean+ SD, n=6 replicates. Mann-Whitney Test was used to determine the statistical significance, ns=not significant, *p <0.05, **p <0.01,
**%p <0.0001, and ****p <0.00001. Graphs were plotted as mean+SD; *p<0.05, **p <0.002, ***p <0.0001. At least 200 cells were analyzed from

three independent experiments for graphs C and D. Scale bar =300 um.

~12,000 turns with the best at 30,000 (Figure 6c). D2 mice
generated 9000 turns on average (Figure 6b) and these two
groups had the highest survival levels (Figure 6b). Three
months later, the performance of D3 dropped to 10,000 turns
and D2 to ~8,000 turns, whereas the sham mice generated
~1,000 turns (Figure 6¢). Thus, the activity levels of the LFU-
treated mice were 7-10 fold greater than the activity levels of
the sham mice; whereas the survival levels were greater on
average and correlated with activity.

In terms of the safety of LFU, half of the mice in the longev-
ity study were treated daily with LFU for over 300days without
damage or evidence of harm from the LFU treatment. Further,
the treated mice maintained a normal weight, whereas the
weight of the sham mice was declining with age, and the ani-
mals that died had no tumors or obvious cause of death upon
autopsy (data not shown). Thus, there was no evidence of dam-
age caused by LFU, and the highest dosage of LFU (2X) had the
effect of keeping the fur thick and dark even at 29 months of age
(Figure 6e); whereas the sham controls had a bald spot on their
backs and a lower fur density (Figure 6d). This strongly sup-
ported the hypothesis that LFU rejuvenated the skin and hair
cells, enabling them to produce fur like much younger animals.

3 | Discussion

Senescent cells, as rigorously defined by many markers, in-
cluding the expression of -galactosidase, can be mechanically
rejuvenated by LFU without transfection or other biochemical
manipulations. The ultrasound pressure waves restore normal
behavior irrespective of whether senescence is induced by chem-
ical treatment or by repeated replication. There is no apoptosis
with LFU, and videos of senescent cells show a dramatic in-
crease in cell and mitochondrial motility, as well as in growth
after LFU treatment. Many features of senescent cells are all
reversed by LFU, including the increase in 3-galactosidase ac-
tivity, p16 and p21 expression, decreased telomere length, in-
creased H3K9me3 levels, decreased 5mC levels, increased cell
size, secretion of SASP, and inhibition of growth (summarized
in Figure S12). Restoration of normal behavior correlates with
a decrease in mitochondrial length and lysosomal volume. We
also optimized the values of LFU power, frequency, and duty
cycle for rejuvenation of senescent cells, and those values belie
an unknown set of processes that are mechanically activated by
LFU. Surprisingly, ultrasound treatment of normal cells causes
secretion of growth-stimulating factors that partially restore
normal behavior in senescent cells. Because replicatively senes-
cent cells are restored to a normal phenotype by LFU, they can

be cultured for longer periods to produce increased numbers of
cells without major alteration in their phenotype.

It is perhaps surprising that fully senescent cells can be reju-
venated by pressure waves. This raises the question of how a
senescent cell is defined. Cells that were made senescent by
toxic compounds or repeated replications were incubated for
long periods, and time-lapse video microscopy verified the ab-
sence of any growth. After such treatments, quiescent cells were
not present since over 95% of the cells expressed 3-galactosidase
(Alessio et al. 2021) and many of the larger senescent cells grew
and divided in the videos after LFU. By tracing individual cells,
we were able to determine that growth was occurring in over
30% of the originally non-dividing cells after 4-5days. Such ro-
bust growth is inconsistent with the growth of just a subpopula-
tion of cells that are not senescent. Further, there is no apoptosis
after LFU treatment of the senescent cells, and over fifteen char-
acteristics of senescence are reversed. Thus, all of these objective
criteria indicate that LFU reverses senescence, and we suggest
that LFU actually rejuvenates senescent cells. This opens many
new possibilities in the aging research field, including the possi-
bility of rejuvenating aged cells in vivo to inhibit age-dependent
disorders, which appears to be true based on the results of the
mouse studies reported here.

The selective lysis of senescent cells is an alternative approach
to reducing the effects of aging, and it has been shown to im-
prove the performance of older mice (Chang et al. 2016; Farr
et al. 2017; Mendelsohn and Larrick 2018; Zhu et al. 2015). The
obvious difficulty is that the loss of senescent cells is hard to re-
verse. In these longevity studies, LFU treatment increases lifes-
pan and the physical performance of aged mice. Thus, it seems
that LFU can be used to rejuvenate aged animals without the
use of senolytics.

Mechanical effects on cell behavior have been known for a long
time. However, recently it has become clear that controlled me-
chanical perturbations can reproducibly alter cell functions and
phenotypic behaviors. Tumor cells are mechanosensitive since
either stretching, fluid shear, or ultrasound can cause apopto-
sis in vitro (Sheetz 2019; Singh et al. 2021; Tijore et al. 2021).
In addition, exercise appears to inhibit tumor growth in vivo
(Rundgvist et al. 2020). Normal cells appear to do better with ex-
ercise, and myokines that are released with exercise benefit the
organism. In the studies presented here, LFU stimulation of nor-
mal cells causes the release of beneficial factors that stimulate
the growth of senescent cells and perhaps could augment the
LFU-mediated rejuvenation of aged cells in tissues. The released
factors from normal cells are not responsible for senescent cell
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FIGURE 5 | Ultrasound reversal of replicative senescence increases the number of cells. (a) Growth rate is shown as cumulative population dou-
blings (CPD) for Control HFF and LFU treated HFF cells passaged every 48 h from P13 to P24 passage. LFU treatment was applied every other pas-
sage. (b) LFU treated cells were smaller than the P24 control and even than P13 cells. (c) Percentage of SA-f-galactosidase positive cells decreased
after LFU treatment. (d) Similarly, LFU treatment of mesenchymal stem cells (MSCs) expanded the cell number between P10 and P19 passages. LFU
treatment was also applied every other passage. (e) LFU treated MSCs showed normal differentiation to (ORO) adipocytes or (ARS) osteocytes. Oil
red O staining dye marked lipid droplets (ORO) and alizarin red S dye marked osteogenesis (ARS). (f) Percentage of adipocytes were quantified in

P18 MSCs treated with and without LFU. Results are plotted as mean of three independent experiments, a minimum of 100 cells were counted. (g)

Quantification of osteocytes was determined by the intensity of alizarine Red S staining. Mean intensity was calculated from 10 random images of

three independent experiments. Results are shown as mean + SD, a minimum of 200 cells for spread area and 150 cells for percentage (3-galactosidase

analysis were assessed, n> 3 experiments. Significance was determined using two tailed unpaired t-test. *p <0.05, **p <0.002, ***p <0.0001.

growth in vitro since there are no normal cells in in vitro senes-
cent cell experiments. Instead, LFU-induced changes in actin
dynamics and calcium levels correlate best with the rejuvena-
tion of the senescent cells.

There is evidence of a correlation between exercise and a rever-
sal of senescent cells in older animals and humans (Englund
et al. 2021). Individual cells have not been followed in such
studies, and it is not clear if exercise reverses senescence or is
a senolytic (Chen et al. 2021). Here, it is clear that ultrasound
pressure waves alone can reverse senescent cell behavior to that
of normal cells; that is, rejuvenate them, without causing cell
death in vitro. We suggest that both exercise and LFU can reju-
venate cells in situ without apoptosis and thereby increase the
performance of aged animals. Because LFU can easily penetrate
the whole human body with only a significant loss of power in
bone and lung, it can rejuvenate most of the tissues, including
internal organs, such as the pancreas and kidney, as documented
here, that are not particularly sensitive to exercise. In this way,
LFU may have advantages over exercise to improve healthspan
and possibly lifespan. But whatever the intervention is, the crit-
ical issue for improving the performance of aged animals is the
need to decrease the level of SASP and other inhibitory factors,
whether it is through the use of senolytics, exercise, or LFU, or
a combination.

The senescent cell state has been extensively studied, but the
molecular bases for the changes are not fully understood. It
is noteworthy that LFU causes increased cytosolic Ca?* both
with and without cytochalasin D, and Ca?* is needed for the
activation of autophagy (Velasco-Estevez et al. 2020). In ad-
dition to autophagy, there are major roles for changes in mi-
tophagy in senescence (Carosi et al. 2022; Cho et al. 2017;
Escobar et al. 2019; Kaushik et al. 2021; Liu et al. 2018; Xu and
Wan 2022). Accordingly, most models of the senescence process
postulate complicated roles for autophagy and mitophagy to
couple changes in the activity of lysosomes, mitochondria, and
other cellular organelles with the cell cycle (Huang et al. 2022;
Moltedo et al. 2019). The subcellular effects of ultrasound ap-
pear to be mediated by actin-cytoskeleton and Ca?* effects on
mechanically dependent mitochondria-ER-lysosome interac-
tions, which activate lysosomal autophagy and mitochondrial
fission that are requisite for mitophagy. Thus, we suggest that
LFU-induced physical distortions act on organized elements
of the cytoplasm to reverse molecular complexes induced by
aging, and the great enhancement with low concentrations
of cytochalasin D indicates that actin cytoskeleton complexes
are an important part. Similarly, the increase in motile activity

caused by LFU indicates that there is a general effect on cells to
restore normal functions that are slowed in senescent cells by
the accumulation of damaged material. At a molecular level,
senescence is associated with active mTORC1 binding to lyso-
somes, thereby inactivating autophagy (Bartolome et al. 2017;
Zi et al. 2022). Rapamycin inhibition of mTORCI is synergistic
with LFU-induced rejuvenation, and rejuvenation involves ac-
tivation of autophagy plus a decrease in lysosomal staining. In
the case of SIRT1, loss of activity is associated with an increase
in senescence, which fits with the need for SIRT1 activity in
rejuvenation through increased autophagy (Liu et al. 2018). In
addition, AMPK plays a major role in mitophagy and autoph-
agy, and its activation by AICAR increases the performance of
aged mice (Kobilo et al. 2014). We show here that piezol ion
channel activity is needed for optimal LFU rejuvenation of se-
nescent cells, and it appears to have a role in endothelial cell
aging (Xiao et al. 2023). The Ruthenium red and GsMTx4 in-
hibitors may have effects on multiple targets, and the level of
cytoplasmic calcium involved in rejuvenation is not known; but
with cytochalasin D, the cytoplasmic calcium levels are low. In
general, much more research is needed to understand the de-
tailed mechanisms by which LFU-induced pressure waves acti-
vate autophagy, inhibit mTORCI, and activate SIRT1 function
to stimulate cell growth.

Cellular changes with senescence are extensive and involve not
only changes in organelle architecture but also in the secretory
pathways that produce SASP. The surprising finding that LFU
treatment of non-senescent cells induces the secretion of growth
stimulatory factor(s) indicates that the mechanical effects of
LFU may be part of a larger network of functions that support
systemic responses to physical activity. For example, exercise
stimulates the secretion of myokines that benefit brain function
and quality of life (So et al. 2014). We suggest that the effects
of LFU may mimic some effects of physical activity at a cellu-
lar level.

The activation of the growth of replicative senescent cells by
non-invasive LFU has important implications for the in vitro ex-
pansion of normal cells to aid in autologous repair procedures,
and it can augment the effects of nicotinamide on replicative se-
nescence (Lim et al. 2006). Much more research is needed to un-
derstand the extent of the expansion that is possible. However,
LFU-activated expansion does not involve apparent damage to
the cells or major modifications of their phenotype. This indi-
cates that LFU-induced reversal of senescence can have signif-
icant benefits in enabling the continued growth of normal cells
beyond current limits.
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FIGURE 6 | LFU significantly improves the physical performance and lifespan of old mice. (a), The graph shows the percentage survival curves
of sham (11 mice) and LFU treated mice (with increasing LFU dosages, D3, D2, D1, 1.3X, and 2X). There were 8-D1 mice with daily, 8-D2 mice with
every 2nd day, 6-D3 mice with every 3rd day treatment at 1X power, plus 7-1.3X mice at 1.3X power and 6-2X mice at 2X power treated daily. The
sex of the mouse that died is denoted by an arrow for females and a vertical line for males. (b, ¢) Bar graphs showing mouse wheel running activity
for sham, and all LFU treated mice cohorts at (c) 29 months and (d) 32 months age. Mice were treated with various LFU doses and then placed in
the wheel cages. Wheel activity was measured for 3days. Results are plotted as mean + SD. Sham mice n=6 and LFU treated mice n=6-8, *p <0.05

using two tailed unpaired t-test. (d) The pictures show the side view of sham and (e), 2X LFU treated mice at 30 months of age. There is a video of a

representative sham and a 2X mouse at 30 months that further illustrates the difference in activity of the mice (Videos 6 and 7, respectively). *p <0.05.

Control Mouse
(Sham1)

VIDEO 6 | This is the video of 30-months-old untreated mouse
(Sham1) illustrating low fur density, bald spots, and slow movements.
Video content can be viewed at https://onlinelibrary.wiley.com/
doi/10.1111/acel.70008

Control Mouse
(Sham 2)

VIDEO 7 | This is the video of 30-months-old untreated mouse
(Sham2) showing the low fur density and slow activity. Video content
canbeviewed at https://onlinelibrary.wiley.com/doi/10.1111/acel.70008

LFU treated
mouse1

Z

VIDEO 8 | This video shows a 30-month-old mouse treated with
LFU (rejuvenated 1) showing thicker and darker fur and increased
movement compared to the sham mice. Video content can be viewed at
https://onlinelibrary.wiley.com/doi/10.1111/acel.70008

LFU treated
mouse2

Z

VIDEO 9 | This video illustrates another 30-months-old mouse
treated with LFU (rejuvenated 2) showing similar outcomes, with
thicker and darker fur and increased movement compared to the sham
mice. Video content can be viewed at https://onlinelibrary.wiley.com/
doi/10.1111/acel.70008

As ultrasound has been approved for human exposure at
power levels 10- to 100-fold higher than the optimal levels
used in this study, we suggest that it is practical to develop
ultrasound-based therapies that could inhibit (or reverse) the
increase in senescent cells in tissues with aging and thereby
inhibit the onset of many age-related maladies. This non-
invasive procedure has advantages over senolytics in that it is
not tissue selective. In addition, LFU is non-invasive and will
not directly affect biochemical or molecular biological treat-
ments. Most importantly, these results show that mechanical
treatments can augment or replace biochemical treatments to
produce the desired reversal of senescence, and they are con-
sistent with known effects of physical activity on senescence
and quality of life with aging.

4 | Materials and Methods
4.1 | Cell Lines and Cell Culture

Human Foreskin Fibroblasts (HFFs) and Bone marrow-
derived mesenchymal stem cells (MSCs) were purchased
from the ATCC. African monkey kidney-derived Vero cells
were obtained from the M. Garcia-Blanco lab. All cell lines
were cultured per the manufacturer's protocol. Vero cells and
HFFs were in growth medium Dulbecco's Modified Eagle's
Medium (DMEM) 10% fetal bovine serum (FBS; Gibco) and 1%
Penicillin/Streptomycin. Human MSCs were cultured in MSCs-
approved medium (ATCC) and expanded by the supplier's pro-
tocol. Culture medium was changed every 48 h unless otherwise
stated. Cells were plated at 20%-40%. Cells were passaged every
48-72h using Trypsin/EDTA (Gibco).
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4.2 | Senescence Induction and Quantification

Senescence was induced by stressors, including 200uM H,0,,
4mM of sodium butyrate (SB), 25uM bleomycin sulphate (BS)
or 200nM doxorubicin by 36-48h incubation. Afterwards, cells
were incubated in growth media for 4days to establish senes-
cence. Senescence was detected by the (3-galactosidase stain-
ing kit per the manufacturer's protocol. Briefly, sub-confluent
senescent cells were stained by the SA-{-galactosidase staining
solution and incubated overnight at 37°C. The 3-galactosidase
cells appeared blue and were senescent cells.

4.3 | LFU Treatment of Cells

Prior to LFU treatment, the plates containing senescent cells
were wrapped with parafilm to avoid contamination and water
influx into the plate. The samples were placed on a plastic mesh,
mounted in a water tank with an ultrasound transducer. Water
in the tank was degassed and heated to 35°C. The distance be-
tween the sample and transducer was approximately 9-10cm.
Output power of the transducer was measured at the plate lo-
cation by a calibrated needle hydrophone (ONDA MCT-2000).
Cells were treated with LFU of optimal parameters: power
(4kPa), frequency 32.248kHz, and a duty cycle of 1.5 on and
1.5 off for 20-30 mins. After LFU treatment, cell density was
measured, and plates were incubated for 48h to determine the
growth rate.

4.4 | Reversal of Senescence

Senescent cells were treated with LFU of optimized parame-
ters (power, frequency, and duty cycle), counted before incuba-
tion, and recounted after 48h to measure growth (passage P0).
Cells were then trypsinized, reseeded, counted, and incubated
for 48h for the P1 passage. This process was repeated for sub-
sequent passages. Absence of growth in number, large size, 8-
galactosidase expression, and lack of EdU incorporation were
measured as parameters that LFU reversed the senescence.
Control cells without LFU treatment remained senescent.

Passage 15-24 HFFs were treated with LFU every other passage
at optimized frequency and power. Cell proliferation was deter-
mined by counting the number of cells at the time of seeding
and 48h post LFU treatment. In the case of control P24 HFFs,
they were treated with LFU and incubated for 96 h prior to tryp-
sinization and reseeding. Growth and morphology were mea-
sured after 48 h of incubation.

4.5 | Pharmacological Drug Treatment

The following inhibitors were used in the study: Nocodazole
(IuM), Cytochalasin D (25-100nM), Blebbistatin (10uM),
Y27632 (1uM), EX-527 (10 uM), GsMTx (1 uM) and Rapamycin
(1uM). Senescent cells were incubated in Resveratrol (100 uM)
for 24h to activate Sirtuinl activity. L-Leucine (10uM) and
Rapamycin (200nM) were used to activate and inhibit phos-
phorylated mTOR during the 30min LFU treatments. To as-
sess the LFU effect on TRPV1 activation or inhibition, we used

Ruthenium Red (10 uM) and Capsaicin (10uM) during the LFU
treatments. For these treatments, all inhibitors were purchased
from Sigma Aldrich and prepared in DMSO and milli-Q water
as per the manufacturer's protocol. Cells were incubated in in-
hibitors overnight after 6-8 h of cells seeding prior to LFU.

4.6 | EdU and Annexin V Staining

Cells were incubated with 10mM EdU reagent for 24h. Cells
were then fixed, permeabilized, and blocked according to the
manufacturer's protocol (Click-iT EAU Alexa Fluor 555 imaging
kit, Life Technologies). The number of magenta puncta divided
by the total number of blue nuclei gave the percentage of EdU-
positive cells. At least 200-300 cells were counted manually
using ImagelJ for each analysis. Apoptosis of senescent cells was
determined using Annexin V Alexa fluorophore 488 staining
solution. Senescent cells were treated with LFU and after 30m,
they were stained for Annexin V according to the manufactur-
er's protocol, and images were taken with an Evos microscope at
10X. Senescent cells treated with 200mM H,0, were a positive
control.

4.7 | Animals

All mice were purchased from Jackson's lab (JAX 000664 and
C57BL/6J strain) and maintained in the Animal Research
Center (ARC) at UTMB. All animal-related procedures, in-
cluding housing, euthanasia, non-survival surgery, tissue col-
lections, and experimental procedures, were approved by the
Institutional Animal Care and Use Committee (IACUC) in the
protocol number 2102013. Each experimental group started with
22-25-month-old mice, both males and females. Equal numbers
of mice were used in each group unless otherwise stated.

4.8 | LFU Treatment of Aged Mice

Aged mice (>22months old) were treated in a 4L glass beaker
with an internal plastic cylinder of 13cm height and 15.2cm in
diameter. A plastic mesh was placed on top of the cylinder that
supported the mice and enabled them to rest with their four
limbs and body in the water. Degassed, 32°C-35°C water filled
the beaker to a level 1in. above the plastic mesh so that half of
them were in water. Once in the water, LFU treatment was ap-
plied to the mice. After treatment, the animals were placed in
a separate cage with tissue paper for drying and then returned
to their home cage. Control mice were placed in the same water
bath for 30" without ultrasonication.

4.9 | Statistical Analysis

All experiments were repeated with a minimum of three samples
per group as mentioned in the figure legends. Data was repre-
sented as the mean +standard deviation, and Statistical analysis
was performed using GraphPad prism 10.0. Differences in the two
groups were determined using the two-tailed paired, unpaired
Student's t-test, Mann Whitney tests, and Kruskal Wallis, and
One way ANOVA test followed by post hoc Dunn's test used for
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the multiple groups. Statistical significance was analyzed and re-
ported in the figures and figure legends: *, p <0.05; **, p <0.002;
¥ p<0.001; **** p<0.0001; and non-significant (ns) p>0.05.
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