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ABSTRACT

Introduction: Endothelial cell aging is strongly associated with mitochondrial dysfunction, particularly
the disruption of mitochondrial-nuclear retrograde communication (MNRC), which is essential for
sustaining cellular homeostasis and regulating crucial cellular processes. Nanosecond pulsed electric
fields (nsPEF) were shown to exert biological effects by targeting mitochondria. However, the nsPEF
regulation of MNRC is still unclear.
Methods: In this study, we set up an in vitro model of p-galactose-induced senescence in human
umbilical vein endothelial cells (HUVECs) to investigate the effects of nsPEF treatment on oxidative
stress, cell proliferation, mitochondrial membrane potential, and markers of MNRC (MNRC), including
HIF-1a and SIRT1. Moreover, we conducted in vivo animal experiments to evaluate nsPEF treatment's
effects on HIF-1a and SIRT1 protein expression in endothelial cells (ECs) of in vivo rodents' aging/sen-
escing skin tissue, as well as to examine any later changes in vascular density within the skin.
Results: In vitro results showed that nsPEF treatment suppressed p-galactose-induced senescing effects
as they rescued mitochondrial membrane potential, and activated HIF-1a and SIRT1. These effects were
confirmed by concurrent reductions in SA-B-Gal activity and in ROS production, and increases in EdU-
positive (DNA-synthesizing) cells. Our data showed that nsPEF treatments rescued endothelial cells
from p-galactose senescence. Interestingly, nsPEF selectively targeted senescing cells at the tested dose,
with no detectable effect on otherwise untreated (normal) HUVECs. In vivo nsPEF treatments upregu-
lated the expression of HIF-1a and SIRT1 in ECs and promoted neoangiogenesis in aged/senescent
rodents’ skin.
Conclusions: These findings suggest that nsPEF treatments rescue ECs from aging by restoring MNRC,
highlighting its potential as a therapeutic strategy for age-related vascular diseases.

© 2025 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Abbreviations: MNRC, mitochondrial-nuclear retrograde communication; nsPEF, nanosecond pulsed electric fields; HUVECs, human umbilical vein endothelial cells; SA-
p-Gal, senescence-associated p-galactosidase; ROS, reactive oxygen species; ECs, endothelial cells; VEGF, vascular endothelial growth factor; NO, nitric oxide; ECGS,
endothelial cells growth factor; DCFH-DA, diacetyl dichlorofluorescein; SEM, standard error of the mean.
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1. Introduction

Endothelial cells (ECs) are particularly susceptible to aging [1],
which contributes to vascular dysfunction and plays a critical role
in the pathogenesis of various age-related diseases [2], including
skin aging [3], delayed wound healing [4], heart failure [5], and
neurodegenerative disorders [6]. Cellular aging is defined by a
series of hallmarks, including mitochondrial dysfunction, a
prominent feature [7]. The latter is a likely key driver of aging
phenotypes by operating through various feedback mechanisms,
particularly those involving mitochondrial-nuclear retrograde
signaling [8]. Several factors, such as reactive ROS, cellular
metabolites (e.g., NADH"), ATP levels, mitochondrial membrane
potential, and Ca?*, primarily modulate this retrograde signaling
[9-12]. Mitochondria serve as central signaling hubs that convey
information to the nucleus in response to cellular stressors, such as
increased ROS production or energy deficits. This communication
triggers transcriptional changes that regulate the expression of
genes crucial for keeping cellular homeostasis. Disruption of
mitochondrial-nuclear signaling impairs fundamental cellular
processes such as cell metabolism, proliferation, differentiation,
and stress adaptation, all of which contribute to the aging process
[8,13].

HIF-1a and SIRT1 are major mediators of MNRC [14]. HIF-1a is a
transcription factor that plays a vital role in maintaining cellular
homeostasis by regulating genes involved in energy metabolism,
angiogenesis, and apoptosis [15,16]. In aging ECs, decreased HIF-1a
expression leads to the downregulation of vascular endothelial
growth factor (VEGF), impairing vascular repair and angiogenesis
[17,18]. Similarly, SIRT1, a NAD"-dependent deacetylase, regulates
cellular processes such as mitotic cell cycle, DNA damage response,
metabolism, autophagy, and apoptosis [19-21]. Inhibition of SIRT1
in ECs induces an aging-like phenotype and leads to cell cycle
arrest [22]. Hence, HIF-1a and SIRT1 play pivotal roles in the
pathophysiology of aging ECs [17,23].

In contrast to conventional PEFs, the nsPEF pulse duration is
significantly shorter (nanoseconds), falling below the character-
istic time needed for cell membrane repolarization. This feature
allows nsPEF to penetrate cell membranes and interact with sub-
cellular structures, including the nucleus and mitochondria,
thereby inducing various biological effects [24-26]. Yuchen Zhang
et al. (2018) proved that nsPEF treatment promotes ECs pro-
liferation in suspension culture, with concurrent changes in
intracellular Ca**, ROS, and nitric oxide (NO) production being
linked to the observed effects [27]. These factors are known to
activate MNRC, suggesting that nsPEF may play a role in stim-
ulating this pathway.

Therefore, it is reasonable to propose that nsPEF might activate
MNRC to mitigate the effects of aging in ECs (Scheme 1). To eval-
uate this hypothesis, we have used in vitro and in vivo models of
aging ECs and assessed the changes (if any) in critical markers and
functions induced by a nsPEF treatment. We intended to gain new
insights and highlight novel therapeutic strategies for the man-
agement of age-related vascular diseases.

2. Methods
2.1. Experimental animals

The Animal Welfare and Ethics Committee of China Resources
Group Co. Ltd. (Shenzhen) approved all animal experiments
(Approval No. 202300122). Forty male C57BL/6 mice (6 weeks old)
and twenty-four male SD rats (20 months old) were bought from
Liaoning Changsheng Biotechnology Co., Ltd. (Experimental Ani-
mal Production License: SCXK (Liao) 2020-0001). They were
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housed in a standard animal care environment at a temperature of
20 + 2 °C and a relative humidity of 40 %-60 %, with free access to
food and water.

2.2. p-galactose-induced aging model and nsPEF treatment in C57
mice

After a typical housing until 2 months of age, the C57BL/6 mice
were randomly divided into three groups: (a) the untreated con-
trol group, (b) the p-galactose-treated group, and (c) the b-
galactose + nsPEF group. Mice in the (b) and (c) groups were
injected intraperitoneally with p-galactose (120 mg/kg) every day
for 12 weeks. Thereafter, the (c) group mice received daily nsPEF
treatment (3 kV/cm) for 14 consecutive days. Each nsPEF treat-
ment lasted for 3 min. While the control group did not undergo
any intervention, all mice were anesthetized daily (once a day, for
3 min each time) on the same operation board.

2.3. nsPEF treatment in SD rats

SD rats were randomly assigned to either the untreated control
group or the nsPEF treatment group. Rats in the nsPEF treatment
group received daily nsPEF treatment (3 kV/cm) for 14 consecutive
days, each lasting for 3 min. The control group did not undergo any
intervention, but all rats were anesthetized daily (once a day, for
3 min each time) on the same operation board. Fig. 1 shows the
electrical models of nsPEF devices for in vitro (A) and in vivo (B)
applications.

2.4. Immunofluorescence staining

Under deep anesthesia, rat skin tissues were collected, fixed
with 4 % paraformaldehyde for 24 h, dehydrated, and embedded
in paraffin. The skin paraffin blocks were sectioned into 5 pm
thick slices. After deparaffinization and antigen retrieval, skin
sections were incubated overnight at 4 °C with diluted primary
antibodies. After washing three times with PBS (5 min each),
sections were incubated with diluted secondary antibodies at
room temperature for 60 min. After three more washes, nuclei
were stained with DAPI, and the sections were mounted on
coverslips using a fluorescence mounting medium (Agilent
Technologies, Inc.).

Images were acquired using a Zeiss LSM 800 Confocal Laser
Scanning Microscope (Carl Zeiss Microscopy GmbH, Jena, Ger-
many). For each sample, at least three randomly selected non-
overlapping fields were imaged per section, and a minimum of
three biological replicates were analyzed per group. Fluorescence
intensity was quantified using Image] software (National Institutes
of Health, Bethesda, MD, USA). The fluorescence intensity of each
image was recorded individually. All quantitative data were plot-
ted using GraphPad Prism (GraphPad Software, San Diego, CA,
USA). Antibody information and dilution concentrations are listed
in Table 1.

2.5. Cell culture

HUVECs were bought from FuHeng Biotechnology Co., Ltd.
(Shanghai, China). Cells were cultured in ECM complete medium
(fortified with 5 % FBS, 1 % ECs growth factor, and 1 % penicillin/
streptomycin solution) at 37 °C with 5 % CO; in a cell incubator.

2.6. Preparation of aging HUVECs and nsPEF treatment

HUVECs were seeded into 10 cm cell culture dishes
(3 x 105 cells per dish) pre-coated with coverslips for 17 h. Then,



M. Yin, ]. Xiao, G. Huang et al. Regenerative Therapy 30 (2025) 207-216

Aging + nsPEF

Aging

. — nsPEF

Swollen «_ A"

mitochondria ' \ —* Mitochondria

> Al
(%
\7 8 o
MODVIN g o
= A,
dowul _ DNA o Y 'I'JTllp
synthesis o4C 8 pe ey Y

Mediators

/ HIF-1a
e SIRT1

Scheme 1. Illustration of the mechanisms by which nsPEF mitigates the effects of aging in ECs.

Fig. 1. Electrical models of nsPEF devices used in vitro and in vivo. (A) Directly applied to in vitro cell slides. (B) Directly applied to animal skin for treatment.

cells were incubated with an ECM medium containing 20 g/L p- Afterward, the coverslips with cells underwent a 3-minnsPEF
galactose for 48 h [28], during which the concentration of FBS and treatment (3 kV/cm). The electrical models of nsPEF devices for in
ECs growth factor (ECGS) in the ECM medium was halved. vitro and in vivo applications are shown in Fig. 1A.
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Table 1
List of antibodies used in this study.

Regenerative Therapy 30 (2025) 207-216

Antibody Brand Catalog number RRID Concentration Reactive species
HIF-1a ABclonal A22041 AB_3676378 1:200 Human

SIRT1 ABclonal A0230 AB_2757043 1:200 Human, Mouse, rat
HIF-1« Absin abs120168 AB_3676379 1:200 Mouse, rat

CD31 ABclonal A27114 AB_3676380 1:400 Mouse, rat

a-SMA Servicebio GB13044 AB_2942067 1:200 Mouse, rat

2.7. Senescence-associated beta-galactosidase (SA-p-gal) staining

We performed SA -B-Gal staining according to the manu-
facturer's (Beyotime) instructions to evaluate the effects of nsPEF
applications on bp-galactose-induced HUVEC aging. The culture
medium was removed, and the cells were washed twice with PBS.
Cells were fixed at room temperature for 15 min with p-gal-
actosidase fixative solution. After removing the fixative, SA-p-gal
staining solution (500 pL per well) was added and incubated at
37 °C without CO; for 24 h. Aging HUVECs were stained blue and
seen under an inverted microscope (SQS40P, Shenzhen Sheng-
giang Technology Co., Ltd., China). For each sample, at least three
randomly selected non-overlapping fields were imaged per cell
culture slide samples. SA-p-gal positive cells were quantified using
Image]. %SA-p-gal™ cells = number of SA-p-gal positive cells/total
number of cells. All quantitative data were plotted using GraphPad
Prism.

2.8. Ethynyl-2'-deoxyuridine (EAU) cell proliferation assay [29]

Using the EdU staining kit (Invitrogen) allowed us to assess the
ongoing proliferation of HUVECs by labeling their DNA synthesis.
After nsPEF stimulation, the cells were cultured in an ECM com-
plete medium for a further 48 h. EAU (final concentration 10 uM)
was added (Component A) for 2 h at 37 °C. After 15 min of fixation
with 4 % PFA at room temperature, the fixative was discarded. The
cells were washed twice with 3 % BSA in PBS and then incubated
with 0.5 % Triton X-100 in PBS for 20 min at room temperature. An
appropriate amount of Click-iT® reaction cocktail was added
according to the instructions, and the cells were incubated at room
temperature in the dark for 30 min. Nuclei were stained with DAPI.
The cellular specimens were mounted with a fluorescence
mounting medium (Agilent Technologies, Inc.), and images were
taken under a confocal microscope (ZEISS/LSM800, Germany). For
each sample, at least three randomly selected non-overlapping
fields were imaged per cell culture slide samples. The percent DNA
synthesis fraction rate was calculated as EdU-positive cells/DAPI-
positive cells x 100. All quantitative data were plotted using
GraphPad Prism.

2.9. Cellular ROS detection

A diacetyl dichlorofluorescein (DCFH-DA) probe was used to
detect ROS generation in HUVECs. After nsPEF treatment, cells
were cultured for an additional 48 h in an ECM complete medium.
The culture medium was removed, and the cells were washed once
with PBS. Then, DCFH-DA-containing serum-free ECM medium
was added to the samples and incubated at 37 °C for 20 min. After
two washes with serum-free DMEM, ROS levels were observed
under a confocal microscope (ZEISS/LSM800, Germany). For each
sample, at least three randomly selected non-overlapping fields
were imaged per cell culture slide samples. Image] software served
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to assess the ROS fluorescence intensity in five randomly selected
images. All quantitative data were plotted using GraphPad Prism.

2.10. Mitochondrial membrane potential detection

The JC-1, a cationic carbocyanine dye (green fluorescent) probe,
was used to detect changes in mitochondrial membrane potential.
A red fluorescence indicates that the mitochondrial membrane
potential is high, but when it is low, a green fluorescence is seen.
Thus, by observing the color shift of JC-1 fluorescence, any changes
in mitochondrial membrane potential can be assessed. After nsPEF
treatment, cells were cultured for a further 6 h in an ECM complete
medium. After a wash with 1 x PBS, 500 pL of prepared JC-1
staining working solution was added to each well and incubated at
37 °C for 20 min in the dark. After two washes with pre-cooled JC-1
staining buffer at 4 °C, images were taken under a confocal
microscope (ZEISS/LSM800, Germany). For each sample, at least
three randomly selected non-overlapping fields were imaged per
cell culture slide samples. Image] software served to assess the
fluorescence intensity in five randomly selected images. Calculate
the ratio of red fluorescence to green fluorescence. All quantitative
data were plotted using GraphPad Prism.

2.11. Immunofluorescence staining of cells on cover slips

For fluorescence staining, cells on coverslips were washed once
with 1 x PBS and next fixed in 4 % PFA at room temperature for
15 min. After removing the fixative, the cells were washed three
times with pre-cooled 1 x PBS. They were permeabilized with
0.2 % TritonX-100 in PBS at room temperature for 15 min and
washed three times with 1 x PBS (3 min each). The cells were then
blocked with blocking buffer (10 % goat serum + 1 % BSA) at room
temperature for 1 h. Primary antibodies were diluted and incu-
bated at 4 °C overnight. The secondary antibody was diluted
1:1000in 1 % BSA and incubated at room temperature for 1 h. The
cells were washed three times with 1 x PBS (5 min each). DAPI
staining was performed for 25 min before mounting the slides.
Images were taken under a confocal microscope (ZEISS/LSM800,
Germany). For each sample, at least three randomly selected non-
overlapping fields were imaged per cell culture slide samples.
Image] software served to assess the fluorescence intensity in five
randomly selected images. All quantitative data were plotted using
GraphPad Prism. Table 1 lists the antibody information and dilu-
tion concentrations used in the present study.

2.12. Statistical analysis

All data were analyzed using GraphPad Prism software (version
8.0, USA) and expressed as the mean =+ standard error of the mean
(SEM) from three independent experiments. T-tests and one-way
ANOVA post-hoc Tukey's test served to assess significant differ-
ences between groups. P values < 0.05 were considered statisti-
cally significant.
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3. Results

3.1. Effects of nsPEF on p-galactose-induced aging phenotype
features in HUVECs

SA-B-Gal staining was used to verify whether the p-galactose-
induced aging model was successfully set up. The results revealed
that p-galactose treatment in vitro significantly intensified p-gal-
actosidase activity in HUVECs compared to the control group,
leading to a 3.05-fold increase (P < 0.001) in blue product for-
mation. This showed that p-galactose accelerated the cellular
aging process. In contrast, nsPEF treatments effectively suppressed
the increase in p-galactosidase activity otherwise brought about by
p-galactose, restoring it to normal levels (Fig. 2A).

To further assess the impact of p-galactose on cellular aging, we
evaluated key characteristics of metabolic aging, including the
decline in cell proliferation and the increase in oxidative stress.
The latter were assessed using EdU staining for DNA synthesis and
ROS staining for oxidative stress, respectively. Thus, EdU staining
analysis showed that the percent fraction of EdU-positive cells
decreased from 30.4 % to 21.5 % (P < 0.001 vs. group Ctrl) in the p-
galactose-induced aging HUVECs. However, nsPEF treatments
significantly restored the DNA synthetic capacity of aging HUVECs
(P < 0.001 vs. group Gal), with the size of the percent fraction of
EdU-positive cells exceeding that of the control (P < 0.05 vs. group
Ctrl) (Fig. 2B). The results of ROS staining showed that p-galactose
treatment intensified oxidative stress since fluorescence intensity

(A) Ctrl Ctrl+nsPEF
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increased by 1.59 times (P < 0.001 vs. group Ctrl) in aging HUVECs.
Notably, nsPEF treatment effectively alleviated oxidative stress by
returning ROS levels of group Gal (P < 0.001 vs. group Gal) to
normal (Fig. 2C). Importantly, nsPEF treatments of the same
intensity exerted no effect on ongoing DNA synthesis fraction and
oxidative stress levels or p-galactosidase activity in p-galactose-
untreated HUVECs (Fig. 1).

3.2. nsPEF treatments restored mitochondrial membrane potential
in HUVECs

To assess the effect of nsPEF on mitochondria, we examined
mitochondrial membrane potential, a key indicator of mitochon-
drial health and bioenergetic capacity. After p-galactose induction,
HUVECs' mitochondria were dysfunctional, with a decrease in
membrane potential revealed by a red-to-green ratio fall of 0.68-
fold (P < 0.001 vs. Ctrl group) due to an increased proportion of
green JC-1 monomers. However, nsPEF treatments significantly
restored the proportion of red JC-1 aggregates in aging HUVECs, as
shown by a marked elevation in mitochondrial membrane
potential (P < 0.05 vs. Gal group), which was restored to normal
levels (P > 0.05 vs. Ctrl group) (Fig. 3).

3.3. nsPEF treatments reactivated MNRC in HUVECs

To assess whether nsPEF affects the expression of key MNRC
proteins, i.e., HIF-1a and SIRT1, in aging HUVECs, we performed

Gal Gal + nsPEF

E 20
L
So1s{ 1S
=
< 10
w
b4
® b
3
. ]
- S&E S
G
& &
|
. I ‘ ™ g *
£ 50 EL 2
(B) Ctrl Ctrl+nsPEF Gal+nsPEF ER By
£
Z 30
)
a
=
s
£
=z g\-‘\g‘é‘ Oié
& &
& K
e [SN:

Ctrl Ctrl4+nsPEF

Gal+nsPEF

Fluorescence Intensity

Do > 3
F& &S
& &

N S

Fig. 2. nsPEF inhibits p-Galactose-induced aging phenotype-related changes but exerts no effects on otherwise untreated (Ctrl) HUVECs. After nsPEF treatments, cells were
cultured under normal conditions for 48 h before staining. Ctrl: Normal cultured HUVECs. Ctrl + nsPEF: Normal HUVECs treated with nsPEF, followed by normal culture for 48 h.
Gal: Aging HUVECs induced by p-galactose for 48 h, followed by normal culture for 48 h. Gal + nsPEF: Aging HUVECs treated with nsPEF, followed by normal culture for 48 h. (A)
SA-p-Gal staining results (scale bar = 200 ym), n = 3 per group. Blue indicates p-galactosidase-positive cells. SA-p-gal positive cells were quantified using Image]. %SA-p-gal™
cells = number of SA-p-gal positive cells/total number of cells. (B) EdU staining results (scale bar = 50 pm), n = 3 per group. Red indicates EdU-positive cells. (C) ROS staining
results, n = 3 per group. Green indicates ROS-positive cells (scale bar = 100 um). *P < 0.05, **P < 0.01, ***P < 0.001.
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immunofluorescence staining. The fluorescence signal intensity of
both proteins was markedly diminished, showing the impairment
of MNRC signaling in aging cells. In the p-galactose-induced
HUVECs aging phenotype model, nsPEF treatments significantly
increased the expression of key MNRC proteins, i.e., HIF-1a (1.45-
fold) and SIRT1(3.69-fold) (Fig. 4). Notably, HIF-1a expression went
back to normal levels, while SIRT1 expression exceeded that of the
normal control.

3.4. nsPEF treatment promotes angiogenesis in aged rodents' skin

As the critical role of angiogenesis in skin aging and regener-
ation, we thus investigated whether nsPEF could promote angio-
genesis in the skin of aged animals in vivo. The results showed that
continuous nsPEF stimulation for 14 days effectively enhanced the
number of mature blood vessels in the skin of both naturally aged
(20-month-old SD rats) and metabolically aged (p-galactose-
induced C57 mice) animals, showing more than a 2-fold increase
as evidenced by a-SMA staining, a marker of mature vasculature
(Fig. 5). Notably, nsPEF treatment successfully restored the num-
ber of mature blood vessels to levels comparable to those in nor-
mal skin tissue. Additionally, we co-stained the MNRC proteins
HIF-1a and SIRT1 with the ECs marker CD31 to find whether nsPEF
promotes angiogenesis by influencing the expression of MNRC
mediators in vascular endothelial cells. The results showed that on
day 7 of continuous nsPEF stimulation, nsPEF stimulations
increased the expression of MNRC mediators HIF-1« and SIRT1 in
the skin blood vessels ECs of both aged animal models (Fig. 6).
These in vivo findings are consistent with the above-reported in
vitro cellular experimental results.

4. Discussion

Mitochondrial dysfunction plays a key role in ECs aging, par-
ticularly through the disruption of MNRC [30]. HIF-1a and SIRT1

JC-1 monomers

JC-1 aggregates

. . ns
. 1.5
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are crucial mediators of this retrograde signaling, regulating the
expression of genes involved in processes such as VEGF signaling
and cell proliferation, which are vital for angiogenesis [31-34]. As a
physical therapeutic approach, nsPEF applications exert two kinds
of biological effects on cells, i.e., low-intensity nsPEF treatments
can activate the proliferation and differentiation of normal cells
[35-38], and higher-intensity nsPEF exposures lead to cell death
[39-42]. Current models have confirmed that nsPEF penetrates the
cell plasma membrane and affects mitochondrial function [43,44].
Under high-intensity conditions, nsPEFs can trigger mitochondrial
apoptosis pathways [40,45,46], a feature that has been widely
applied in cancer treatments. However, it is still unclear whether
the effects of the promotion of cell proliferation and differ-
entiation by low-intensity nsPEF exposures are based on modu-
lating mitochondrial MNRC. Previously, the effects of low-intensity
nsPEF treatments on aging cells had not been documented.
Therefore, this study investigated whether nsPEF applications
could activate MNRC mediators HIF-1a and SIRT1 to restore ECs
proliferation and promote angiogenesis in aged skin.

While the proliferative effects of nsPEFs on suspended cells had
been previously reported, only limited research explored its effects
on in vitro adherent cells and in vivo models [35,37,47]. To better
mimic the physiological growth conditions of cells in vivo, we
developed a nsPEF system for both in vitro adherent cells and
animal models, including optimized treatment parameters and
cycles, to explore the mechanisms through which nsPEF promotes
cell growth. In this study, we observed that the p-galactose-
induced aging phenotype in HUVECs included a significant
reduction in the expression of HIF-1a and SIRT1 proteins, thereby
disrupting the normal MRNC. Consistent with previous research
[35], this disruption was associated with increased oxidative stress
and functional impairment, leading to cellular aging [23,27]. Upon
applying the nsPEF, a significant increase in mitochondrial mem-
brane potential was detected after 6 h of treatment (Fig. 3), which
is known to trigger MNRC [12]. Consistent with this, after 24 h of
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Fig. 3. Effect of nsPEF treatments on mitochondrial membrane potential in p-galactose-induced HUVECs. After nsPEF treatments, cells were further cultured for 6 h before
staining. An increase in mitochondrial membrane potential was shown by the formation of JC-1 aggregates, which emitted a red fluorescence. A decrease in mitochondrial
membrane potential was revealed by the formation of JC-1 monomers, which emitted a green fluorescence. Ctrl: Normal cultured HUVECs. Gal: Aging HUVECs induced by p-
galactose for 48 h, followed by normal culture for 6 h. Gal + nsPEF: Aging HUVECs treated with nsPEF, followed by normal culture for 6 h. Bar length = 50 pm, n = 3 per group. In
the statistical chart of the red/green fluorescence intensity ratio of JC-1 staining, **P < 0.01, ***P < 0.001.
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Fig. 5. The nsPEF treatments stimulate skin angiogenesis in different aged rodent models. (A) «-SMA fluorescence staining of skin tissue from 20-month-old (20 M) SD rats
following nsPEF stimulations. 8-Month-old (8 M) SD rats were used as the young control group. Scale bar = 50 pm. (B) «-SMA fluorescence staining of skin tissue from p-galactose-
induced C57 mice following nsPEF stimulation. Age-matched untreated mice served as the Ctrl group. Scale bar = 50 pm, n = 3 per group, ***P < 0.001.

treatment, the expression levels of HIF-1a and SIRT1 proteins were
significantly elevated (Fig. 4). The observed increases in the
expression of these two proteins suggest that nsPEF restored
mitochondrial MNRC. These retrograde signals triggered the
expression of genes modulating antioxidant stress, cell pro-
liferation, and repair in according to current needs. Thus, after
48 h, nsPEF treatment successfully reversed oxidative stress
(Fig. 2C) and mitotic cell cycle arrest (Fig. 2B) in aging HUVECs.
These findings suggest that nsPEF treatments may favor neo-
angiogenesis. Therefore, we confirmed this finding in two rodent
models, one of natural aging (20-month-old SD rats) and one of
metabolic aging (p-galactose-induced C57 mice). In these aged
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models, nsPEF stimulations upregulated ECs' expression of HIF-1a
and SIRT1 (Fig. 6) and promoted neoangiogenesis in the skin tissue
(Fig. 5). The consistency between in vitro and in vivo findings holds
up the therapeutic potential of nsPEF treatments in restoring
vascular ECs' function.

Rejuvenation refers to giving aged cells or organisms more
youthful characteristics through various techniques [48]. Specifi-
cally, rejuvenation is the reversal of aging and thus requires a
different strategy, namely repair of the damage that is associated
with aging or replacement of damaged tissue with new tissue [49].
According to the updated conceptual framework of aging, fourteen
recognized hallmarks have been identified, including cellular
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Fig. 6. The nsPEF treatments stimulate the expression of MNRC mediator proteins HIF-1a and SIRT1 in skin ECs from different aged rodent models. (A) CD31 (green) and
HIF-1« (red) fluorescence staining of skin tissue from 20-month-old SD rats following nsPEF stimulations. Scale bar = 10 um. (B) CD31 (green) and SIRT1 (red) fluorescence
staining of skin tissue from 20-month-old SD rats following nsPEF stimulations. Scale bar = 10 um. (C) CD31 (green) and HIF-1a (red) fluorescence staining of skin tissue from p-
galactose-induced C57 mice following nsPEF stimulations. Scale bar = 10 pm. (D) CD31 (green) and SIRT1 (red) fluorescence staining of skin tissue from p-galactose-induced C57
mice following nsPEF stimulations. The region of interest (ROI) was defined manually based on the area showing green fluorescence. The fluorescence intensity within each ROI

was measured using Image]. Scale bar = 10 pm, n = 3 per group, ***P < 0.001.

senescence, mitochondrial dysfunction, genomic instability, telo-
mere attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, stem cell exhaustion, altered inter-
cellular communication, impaired autophagy, chronic inflamma-
tion, microbiome dysbiosis, extracellular matrix remodeling, and
social isolation [50]. The molecular pathways underlying these
hallmarks are intricately interconnected, such that interventions
targeting a single hallmark often exert beneficial effects on others,
thereby collectively delaying the progression of aging-related
phenotypes [7]. In the present study, our results demonstrated
that nsPEF exert anti-endothelial aging effects primarily by
ameliorating mitochondrial dysfunction (an increase in
mitochondrial membrane potential, along with a concomitant
reduction in ROS levels), which in turn may attenuate other aging-
associated hallmarks, such as cellular senescence (a significant
reduction in SA-p-Gal activity). Moreover, through this mecha-
nism, nsPEF promoted angiogenesis in aged skin tissues. Based on
the aforementioned definition of rejuvenation as the reversal of
aging-related damage and the restoration of youthful function,
these findings suggest that nsPEF represents a promising strategy
for promoting the rejuvenation of vascular endothelial cells.
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Interestingly, our study revealed that the nsPEF parameters
capable of rejuvenating aging ECs had no significant effect on
normal (untreated) cells. It contrasts with previous studies, which
reported that low-intensity nsPEF promotes proliferation and
differentiation in normal cells. However, these discrepant findings
may be due to the different nsPEF parameters respectively used:
this study applied 3 kV/cm, while earlier studies used 5 kV/cm
[27]. The biological effects induced by nsPEF treatments can vary
significantly according to the electric field parameters, as well as
the specific characteristics of the target cells or tissues [51].
Additionally, the electrophysiological properties, such as cell
morphology, membrane capacitance, and membrane resistance, of
aging cells differ from those proper of young/adult normal cells.
These differences make aging cells more sensitive to the lower
nsPEF intensities used in this study, enabling the restoration of
their function while not affecting normal cells. This underscores
the importance of carefully selecting the nsPEF parameters to
optimize the "therapeutic window", which ensures the effective
treatment of the target cells or tissues while minimizing the risk of
damaging healthy cells. This consideration is crucial for the safe
and effective application of nsPEF in biomedical treatments.
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Future studies should focus on elucidating the specific mech-
anisms by which nsPEF applications modulate mitochondrial
membrane potential and activate MNRC. This may involve inves-
tigating direct alterations to the mitochondrial membrane pro-
teome or function, changes in mitochondrial membrane potential
difference, and shifts in the distribution of calcium ions. These
investigations will offer important insights into the biological
effects of nsPEF and help develop more refined therapeutic strat-
egies for age-related diseases.

5. Conclusion

The current study proved that nsPEF rescues aging ECs by
restoring MNRC in both in vitro and in vivo models. Our work
shows that nsPEF under certain doses could serve as the mito-
chondrial function "activator,” which might be promising in the
treatment of age-related diseases.
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