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Low-intensity Pulsed Ultrasound: A 
Promising Strategy for the Treatment of POI
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•	 LIPUS offers a noninvasive, hormone-free therapeutic strategy for POI.
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In brief

This review evaluates LIPUS as a novel 
treatment for POI. LIPUS, through 
mechanobiological effects, improves 
ovarian function and follicle survival. 
The article also discusses its combi-
nation with stem cell therapy and tra-
ditional medicine, and outlines future 
directions for clinical translation.
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Introduction

Premature ovarian insufficiency (POI), a 
complex endocrine disorder characterized 
by the loss of ovarian function before the 
age of 40 years, is marked by elevated fol-
licle-stimulating hormone (FSH) levels 
(>25 IU/L), and diminished anti-Mülle-
rian hormone (AMH) and estradiol (E2) 
concentrations [1]. In 1–3% of women 
of reproductive age globally, POI leads 
to infertility, menopausal symptoms, and 
long-term health risks, such as osteopo-
rosis and cardiovascular disease [2]. The 
pathogenesis of POI is multifactorial and 
involves genetic abnormalities, autoim-
mune disorders, iatrogenic interventions 
(e.g., chemotherapy or radiation), and idi-
opathic causes [3]. Early diagnosis and 
intervention are critical to mitigate irre-
versible ovarian atrophy and preserve fer-
tility; however, delayed identification often 
exacerbates follicular depletion [4].

Current clinical management of POI 
relies primarily on hormone replacement 
therapy (HRT) to alleviate hypoestrogenic 
symptoms. Although HRT improves quality 
of life, it cannot restore ovarian endocrine 
function or fertility, and is associated with 
risks of thromboembolism, breast cancer, 
and hormone dependency with prolonged 

use [5, 6]. Alternative approaches, such as 
oocyte donation, offer fertility solutions 
but face ethical, genetic, and financial 
barriers. Ovarian cryopreservation is lim-
ited by age-dependent efficacy and tumor 
recurrence risk [7, 8]. Emerging therapies, 
including platelet-rich plasma (PRP) and 
mesenchymal stem cells (MSCs), have 
shown promise in preclinical studies but 
face translational challenges such as onco-
genic risks, high costs, and standardization 
issues [6, 9]. Physical modalities such as 
lasers and electrical stimulation have been 
explored but are limited by poor tissue pen-
etration or invasiveness [10]. These limita-
tions underscore the need for noninvasive, 
safe, and effective therapies to address both 
endocrine dysfunction and follicular regen-
eration in patients with POI.

Low-intensity pulsed ultrasound (LIPUS), 
a noninvasive therapeutic modality, has 
demonstrated broad clinical utility across 
diverse medical fields. LIPUS operates at 
frequencies of 1–3 MHz and low intensities 
(<1 W/cm2), and applies mechanical stimuli 
through pulsed sound waves, thereby pro-
moting tissue repair without thermal damage 
[11]. The clinical utility of LIPUS was rec-
ognized in its FDA approval for accelerating 
fracture healing, in which it promotes bone 
regeneration and decreases recovery time 
in nonunion fractures [12]. Its applications 
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Abstract

Premature ovarian insufficiency (POI) is a complex endocrine disorder characterized by premature depletion 
of ovarian follicles, and resulting in ovarian failure and decreased fertility. Conventional hormone replace-
ment therapy (HRT) alleviates menopausal symptoms but carries potential risks, such as breast malignancies, 
and does not restore ovarian endocrine function. As a noninvasive physical therapy, low-intensity pulsed 
ultrasound (LIPUS) regulates cell proliferation, apoptosis, inflammation, and angiogenesis through mechan-
ical stress, cavitation effects, and microstreaming, thus providing a novel therapeutic avenue for POI. In this 
review, we systematically analyze recent advances in the application of LIPUS in POI, demonstrating its 
mechanism of regulating ovarian function. We also analyze the combination of LIPUS with other therapies 
for POI and discuss prospects for LIPUS-based treatments.
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extend to cartilage repair, by mitigating degenerative joint 
damage. Owing to this clinical success, applications of LIPUS 
have expanded to other medical fields. For example, in muscu-
loskeletal disorders, LIPUS has shown efficacy in mitigating 
degenerative joint damage through cartilage repair and facil-
itating tendon repair [13–15]. Similarly, its benefits extend 
to soft tissue regeneration, such as in chronic wound healing. 
These established successes across diverse tissues underscore 
the versatility of LIPUS in addressing structural and functional 
deficits via noninvasive mechanobiological interactions [16]. 
Given this broad regenerative potential, emerging research has 
explored LIPUS in reproductive medicine. Preclinical studies 
now suggest its ability to improve ovarian reserve, suppress 
apoptosis, and decrease fibrosis in models of ovarian dysfunc-
tion, including POI [17]. Because of its demonstrated safety 
profile and multitarget regenerative capabilities, LIPUS pro-
vides a novel, hormone-free strategy to counteract ovarian 
degeneration [15]. Its nonpharmacological nature and lack of 
systemic adverse effects make it a promising alternative to con-
ventional therapies for POI.

This review systematically evaluates the therapeutic poten-
tial of LIPUS in POI. We first outline the clinical challenges 
and limitations of existing treatments. Next, we elucidate 
the mechanobiological mechanisms through which LIPUS 
regulates ovarian function. We further discuss synergistic 
strategies that combine LIPUS with stem cell therapy or 
traditional Chinese medicine (TCM) to improve therapeutic 
outcomes. Finally, we identify knowledge gaps and propose 
future directions for optimizing LIPUS parameters, validat-
ing clinical efficacy, and integrating multimodal therapies. 
By synthesizing preclinical evidence, this review is aimed at 
advancing LIPUS as a cornerstone for next-generation POI 
management.

POI clinical management and 
LIPUS use

POI affects 1–3% of reproductive-aged women globally, and 
1% population develop functional decline before age 30; the 
peak incidence occurs at 35–40 years [18, 19]. Its patho-
genesis involves genetic (10–30%), iatrogenic (5–30%), 
and autoimmune (10–30%) factors [20]. This multifacto-
rial etiology highlights the critical need for precision med-
icine approaches in POI treatment. These factors are also 
key determinants of the clinical treatment process for POI 
(Figure 1).

Current clinical modalities

HRT remains the primary POI treatment. However, it can-
not fully replicate ovarian endocrine function [21], and it 
carries risks of thromboembolism, stroke, and gynecologi-
cal malignancies with prolonged use [22, 23]. More impor-
tantly, HRT does not effectively restore ovarian function or 
provide patients with hope for fertility. Although oocyte 
donation offers some patients the possibility of fertility, 

ethical controversies, genetic considerations, and high 
costs limit its application [24]. Ovarian cryopreservation 
technology has shown potential for treating drug-induced 
POI and addresses the ethical concerns associated with 
oocyte donation. Nevertheless, age-dependent effects 
and the risk of tumor cell recovery hinder its widespread 
application [25]. Although TCM has some regenera-
tive potential, its clinical implementation is hindered by 
standardization issues [26]. Emerging biological therapies 
(platelet-rich plasma and stem cell treatments) face trans-
lational barriers of cost, oncogenic risks, and ethical con-
troversies [27].

Emerging technologies

Innovative physical modalities are under investigation to 
address the limitations of conventional therapies and shift 
the treatment paradigm from symptom management to 
functional ovarian restoration. Several approaches have 
shown promise yet face considerable translational chal-
lenges. For example, laser therapy demonstrates tissue 
repair capabilities through photo-biomodulation, which 
can decrease oxidative stress and inflammation [13, 28]. 
However, its clinical application in POI is severely limited 
by its poor depth of tissue penetration, which renders it 
ineffective for targeting deeply located ovarian structures 
without invasive delivery systems [28]. Similarly, electrical 
stimulation modulates cellular activity and has been shown 
in models to mitigate ovarian damage by inhibiting primor-
dial follicle loss and inducing antioxidant systems [29]. 
Nevertheless, this technique typically requires implanted 
electrodes to deliver current effectively and therefore is an 
invasive procedure. This invasiveness prompts biosafety 
concerns, including risks of infection, tissue damage, and 
fibrotic encapsulation, which are particularly undesirable 
for chronic conditions such as POI, which may require 
repeated interventions [10].

In contrast, LIPUS has emerged as a uniquely prom-
ising noninvasive alternative. This modality effectively 
addresses the key limitations of the aforementioned 
modalities, through its superior tissue penetration capabil-
ities to reach the ovaries noninvasively, while eliminating 
the risks associated with implanted devices. LIPUS exerts 
therapeutic effects through mechanobiological interac-
tions, including stable cavitation and acoustic streaming, 
that increase ovarian perfusion, suppress granulosa cell 
(GC) apoptosis, and decrease inflammation and fibrosis 
without thermal damage [9, 15]. This combination of deep 
penetration, non-invasiveness, and multi-faceted action 
on key pathological processes of POI positions LIPUS 
as a leading candidate among the physical modalities for 
achieving true ovarian rejuvenation.

The dichotomy between symptom management and 
functional restoration underscores the need for innovative 
solutions. Whereas current modalities prioritize symptom 
alleviation, emerging technologies such as LIPUS are 
aimed at rejuvenating ovarian microenvironments, thereby 
offering a paradigm shift toward curative interventions 
(Figure 2).
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Mechanism of action of LIPUS

The therapeutic efficacy of LIPUS arises from its well-defined 
biophysical interactions with tissues. A key consideration for 

its clinical translation, particularly for deep-seated organs 
such as the ovaries, is its tissue penetration ability. As ultra-
sound waves propagate through the body, their energy is 
attenuated through mechanisms of reflection, scattering, 

Figure 1  Clinical treatment POI flowchart. Source: Created by the authors.
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and absorption, all of which are frequency-dependent [30]. 
A critical trade-off therefore exists: lower frequencies (e.g., 
0.5–1 MHz) achieve greater penetration depth but offer 
lower spatial resolution, whereas higher frequencies (e.g., 
1–3 MHz) provide finer resolution at the expense of shal-
lower penetration [31, 32]. Consequently, the selection of 
LIPUS parameters, particularly their frequency, must be tai-
lored to the target anatomy.

The safety and dosing rationale for LIPUS are based on an 
extensive clinical history. For example, the FDA-approved 
LIPUS device for accelerated fracture healing (Exogen® 
system) uses a frequency of 1.5 MHz, an intensity of 30 
mW/cm2 (spatial average, temporal average), and a 20% 
duty cycle [33]. This specific set of low-intensity, pulsed 
parameters is deliberately chosen to maximize beneficial 
non-thermal bioeffects (e.g., stable cavitation and acoustic 
streaming) while rigorously avoiding thermal damage or tis-
sue disruption. The success of this regimen in bone repair 
provides a strong foundation for exploring similar low-in-
tensity parameters in other regenerative contexts, including 
POI.

LIPUS delivers controlled mechanical stimuli through 
biomechanical interactions with cellular components, thus 
triggering intracellular biochemical responses that facilitate 
tissue repair and regeneration [16]. In recent years, LIPUS 
has garnered substantial attention in reproductive medicine, 
particularly its application in treating POI, in which it has 
demonstrated a unique combination of benefits. LIPUS 
offers substantial advantages over traditional therapies and 
innovative biotechnological approaches (Figure 3).

Potential biological effects of LIPUS 
for POI treatment
Ultrasonic modalities are broadly categorized into diag-
nostic and therapeutic applications. Within therapeutic 
ultrasound paradigms, the biological effects are mediated 
primarily through thermal mechanisms and nonthermal phe-
nomena, the latter of which encompass acoustic cavitation 
and mechanical stress. Therapeutic applications of distinct 
ultrasound-induced biological effects demonstrate modali-
ty-specific implementation paradigms (Table 1). These dual 
mechanisms collectively enable LIPUS to regulate cellular 
homeostasis and facilitate tissue regeneration, thereby estab-
lishing a therapeutic foundation for POI management.

Thermal effect

LIPUS generates thermoacoustic effects by stimulating 
the formation, growth, and implosive collapse of bub-
bles in a liquid [30]. LIPUS achieves parameter-controlled 
thermogenic safety in POI treatment through the selective 
absorption and conversion of ultrasound energy in biological 
tissues [34]. This process results in tissue-specific bioeffects 
due to differential acoustic absorption coefficients across 
cellular components. The inherent safety of this modality 
derives from low-intensity pulsed delivery, which main-
tains nondamaging cellular responses through controlled 
thermal accumulation [35]. The ovarian parenchyma, which 

Figure 2  Treatment options for POI include HRT, TCM, exogenous oocyte input, PRP, LIPUS, and stem cell therapy. Source: Created by the 
authors via Biorender.com.
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is anatomically enveloped within the adipose-rich stroma, 
exhibits a negligible thermal response to LIPUS exposure.

Cavitation effect

LIPUS modulates ovarian cell activity primarily through 
the nonthermal effects of ultrasound. The cavitation effect 
is an essential nonthermal effect of ultrasound. Cavitation 
can be categorized into two types: transient cavitation and 
steady-state cavitation. The type and mechanism of cavita-
tion directly influence its biological effects and safety. When 
steady-state cavitation occurs, the bubbles oscillate steadily 
in the acoustic field, thus generating microfluidic shear and 

cyclic mechanical stresses; triggering the opening of calcium 
channels in the cell membrane; and activating repair signa-
ling pathways [36]. Steady-state cavitation does not cause 
destructive thermal or chemical damage, and it promotes 
tissue regeneration through mechanical–biological coupling 
[37].

LIPUS precisely regulates the acoustic field energy 
through low-intensity and pulsed emission, and preferen-
tially induces steady-state cavitation while suppressing the 
high-risk effects associated with inertial cavitation [38]. This 
approach enables LIPUS to avoid damaging cellular struc-
tures during treatment, because the mechanical stimulation 
from steady-state cavitation does not depend on bubble col-
lapse, thereby circumventing potential high temperatures 

Figure 3  LIPUS in the treatment of POI. A. Advantages of LIPUS over other treatment modalities in POI treatment. B. LIPUS biological 
effects of ultrasound in regulating cellular activity. C. Mechanisms underlying the modulation of cellular activity by LIPUS. Source: Created by 
the authors via Biorender.com.
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and free radical damage [39]. The parametric optimization 
inherent in LIPUS technology effectively confines energy 
deposition at the focal site and is particularly advantageous 
for the noninvasive regeneration of mechanosensitive tissues 
such as the ovarian parenchyma. Current experimental evi-
dence has demonstrated that shear stress induced by stable 
cavitation regimes activates mechanotransductive ion chan-
nels in GCs and oocytes [40].

LIPUS-generated microstreaming and radiation forces act 
on the cell membrane by exerting mechanical forces that are 
transduced into biochemical signals, in a process known as 
mechanotransduction. A critical early event in this process is 
the influx of calcium ions (Ca2+), which can initiate down-
stream signaling pathways such as the PI3K/AKT/mTOR 
pathway [41, 42].

Although the specific mechanosensitive calcium chan-
nels (e.g., TRPV4 and Piezo1) that mediate this Ca2+ influx 
in ovarian cells in response to LIPUS have not yet been 
definitively identified, their fundamental roles in ovarian 
mechanobiology are increasingly recognized. For example, 
mechanical stress has been shown to accompany nuclear 
rotation in dormant mouse oocytes, and the biomechanical 
properties of ovarian tissue are acknowledged as key factors 
influencing follicular growth [43]. Furthermore, studies in 
non-ovarian cell types have provided compelling evidence 
that LIPUS activates TRPV4 channels in chondrocytes 
[44] and ASIC1a in neurons [45]. The precise modulation 
of stable cavitation thresholds by LIPUS is likely to initi-
ate similar mechanotransductive cascades in ovarian cells 
and ultimately activate evolutionarily conserved pathways, 
including the PI3K/AKT/mTOR and Hippo/YAP pathway, 
that coordinately suppress follicular atresia and promote 
primordial follicle recruitment. Through this proposed 
mechanobiological axis, LIPUS achieves therapeutic effi-
cacy in POI management while concurrently maintaining an 

exceptional biosafety profile. Simultaneously, mechanical 
forces are transmitted via integrins to focal adhesion com-
plexes, thus triggering cytoskeletal reorganization, notably 
F-actin polymerization and increased tension. This remod-
eling inhibits Hippo pathway kinases, and results in YAP/
TAZ dephosphorylation and nuclear translocation. Nuclear 
YAP/TAZ then binds transcription factors such as TEAD, 
thus activating target genes (e.g., CCND1, CTGF, and Bcl-2) 
that promote GC proliferation and inhibit apoptosis. The par-
allel activation of pathways such as PI3K/AKT synergizes 
with YAP/TAZ signaling in collectively mediating LIPUS-
induced ovarian protection. Through these mechanisms, 
LIPUS activates evolutionarily conserved pathways, includ-
ing PI3K/AKT/mTOR and Hippo/YAP, that coordinately 
suppress follicular atresia and promote primordial follicle 
recruitment [41, 42]. By precisely modulating stable cavita-
tion thresholds, LIPUS achieves therapeutic efficacy in POI 
management through this mechanobiological axis and con-
currently maintains exceptional biosafety profiles.

Mechanical effects

Acoustic streaming, another important nonthermal effect of 
ultrasound, also plays an important role in the modulation of 
ovarian cell activity by LIPUS. This fluid motion is induced 
by acoustic radiation forces, primarily through nonlinear 
wave propagation and bubble oscillation dynamics. Acoustic 
microstreaming, involving eddy currents adjacent to the 
source of oscillation, is a type of acoustic flow of sufficient 
intensity to alter membrane permeability and stimulate cel-
lular activity at the interface between the cell membrane and 
tissue fluid. This alteration can modify diffusion rates, mem-
brane permeability, protein synthesis, and secretory processes 
in cells [46]. The acoustic streaming phenomenon generated 

Table 1  Applications of the Biological Effects of Ultrasound

Main Biological 
effects

Ultrasound Parameters Application Reference

Frequency (MHz) Duty Cycle (%) Intensity (W/cm2) Time (Min)
Thermal effect 3 Unclear 1 5 Tissue repair [125]

Unclear 4 4.8 5 Improved tissue perfusion [126]

1.21 Unclear 99–102 0.5 Tissue thermal ablation [127]

3.3 2 60 1/3 Tissue mechanical 
ablation

[128]

Cavitation effect 3 10 2.2 5 Drug delivery [129]

1.5 Unclear 6.75 1 Blood-brain barrier 
opening

[130]

1 20 0.8 1 Sonoporation-enhanced 
gene delivery

[131]

Mechanical 
effect

1 Unclear 0.2 1/6 Enhanced enhancing cell 
membrane permeability 
due to shear stress gen-
erated via microbubble 
oscillation

[132]

0.4 7.5 5.3 10 Acoustic streaming effect, 
promoting solute transport

[133]

3 50 0.1 15 Osteogenesis promotion 
in BMMSCs, through 
cytoskeleton stimulation 
by mechanical stress

[134]
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by LIPUS elicits multimodal therapeutic effects in early-onset  
POI through biomechanical modulation. This ultrasonic-
induced microfluidic shear stress directly activates vascular 
endothelial mechanoreceptors, by triggering nitric oxide 
synthase-mediated vasodilation and consequently enhancing 
ovarian microcirculation—a mechanism with therapeutic 
potential for ameliorating follicular ischemia and hypoxia– 
reoxygenation injury [47, 48].

As a nonthermal therapeutic modality, LIPUS delivers 
low-intensity acoustic energy with minimal heat genera-
tion. LIPUS regulates cellular activity primarily through 
the mechanical stimulation of cells caused by the cavitation 
effect and acoustic flow. Through these mechanical stim-
uli, ultrasound can open the ion channels indicated by the 
cells and activate the signaling pathways inside the cells to 
achieve regulation of cellular activities, or can affect cells by 
stimulating force-sensitive elements on the cell surface and 
changing the biomechanics of the cells [49, 50].

Mechanisms underlying the  
modulation of cellular activity by 
LIPUS

LIPUS has demonstrated broad therapeutic efficacy across 
various biological systems, including musculoskeletal repair, 
wound healing, and neural regeneration [51]. Whereas mech-
anistic investigations have focused primarily on nonovarian 
contexts, emerging evidence underscores its translational 
potential for managing ovarian insufficiency. The mech-
anobiological effects of this approach and its transcriptional 
regulation of proliferative and apoptotic pathways are the 
underlying mechanisms [52, 53]. Additionally, LIPUS has 
a multitarget regulatory ability for modulating angiogenesis, 
exerting antifibrotic effects, and promoting inflammation 
resolution. These synergistic effects enhance ovarian per-
fusion and functional restoration, and position LIPUS as a 
novel noninvasive intervention for ovarian insufficiency.

Regulation of cell proliferation

Granulosa Cells (GCs), the primary functional cells that sur-
round oocytes within the follicle, provide trophic factors to 
oocytes through gap junctions, support oocyte metabolism, 
and decrease oocyte apoptosis [54, 55]. Follicular atresia 
and ovarian failure occur when insufficient GC proliferation 
manifests. In contrast, promoting GC proliferation might 
potentially ameliorate POI [56].

LIPUS can promote cell proliferation effectively [57]. 
LIPUS has been found to increase cellular proliferation 
through irradiation of subcellular structures without induc-
ing cytotoxicity or inflammation [58]. For example, Lim 
et al. have demonstrated that ASIC1a and cytoskeletal pro-
teins are involved in low-intensity ultrasound-mediated 
mechanotransduction and neuronal activation [59]. Takeuchi 
et al. have reported that LIPUS exerts mechanical effects 
on the integrin/PI3K/Akt pathway in chondrocytes, thus 
increasing expression of type IX collagen, cyclin B1, and 

cyclin D1, and promoting cell proliferation [60]. Duan et al. 
have reported that LIPUS significantly increases the number 
of satellite cells, and facilitates repair and regeneration after 
muscle injury, by regulating the PGC-1α/AMPK/GLUT4 
signaling pathway through mechanical effects [61]. Huang 
et al. have reported that LIPUS promotes Schwann cell pro-
liferation by activating the NRG1/ErbB signaling pathway 
[62]. Additionally, LIPUS activates integrin receptors, which 
subsequently trigger the Rho/ROCK/ERK signaling path-
way and further increase cell proliferation [63].

Regulation of apoptosis and inflammation

Mechanistically, POI pathogenesis is driven by recipro-
cally reinforced GC apoptosis and chronic inflammatory 
responses, which create self-perpetuating cascades that 
potentiate ovarian functional decline [64, 65]. GC apoptosis 
directly disrupts the follicular microenvironment; activates 
immune cells; and triggers the secretion of proinflammatory 
factors that further exacerbate GC apoptosis through oxida-
tive stress and death receptor signaling [66–68]. Additionally, 
inflammation-induced autoimmune attacks further constrict 
the follicular survival space, and consequently worsen GC 
hypoxia and metabolic disorders [64, 69]. The observed link 
between markers of GC apoptosis and inflammatory factor 
levels highlights the therapeutic potential of targeting the 
apoptosis–inflammation axis. This approach might disrupt 
the cycle and offer new strategies for treatment [70].

LIPUS inhibits apoptosis through multiple pathways. Wu 
et al. have irradiated chondrocytes with LIPUS, thereby reg-
ulating the expression of primary cilia, activating TRPV4 
mechanosensitive channels, inducing an inward flow of cal-
cium, and facilitating the entry of NF-κB into the nucleus 
[44]. Jian et al. and Zhou et al. have reported that applying 
LIPUS inhibits the YAP/caspase-3 axis, a critical apoptotic 
signaling pathway, and consequently suppresses apoptosis 
[71, 72].

The anti-inflammatory effects of LIPUS arise from its 
activation of various immune signaling pathways through 
mechanical effects. LIPUS directly inhibits the inflammatory 
activation of the MAPK, NF-κB, and PI3K/AKT pathways, 
while enhancing the anti-inflammatory effects of other ther-
apies, such as exosomes [73]. Sang et al. have reported that 
LIPUS inhibits MAPK-mediated inflammatory responses by 
activating the α-signaling pathway, thus significantly sup-
pressing the expression of inflammatory factors such as IL-6, 
IL-8, and tumor necrosis factor (TNF)/FAK [74]. LIPUS 
significantly inhibits lipopolysaccharide-induced increases 
in NF-κB receptor activator and C-X-C motif chemokine 
ligands in mouse osteoblast cell lines, and therefore might 
attenuate inflammation by inhibiting the NF-κB pathway 
[75]. The multifunctional PI3K/Akt/mTOR signaling path-
way promotes cell migration and proliferation, and inhibits 
inflammation and apoptosis. LIPUS can reprogram the fate 
of immune cells. Its ability to modulate macrophage polar-
ization is particularly noteworthy: in an acute kidney injury 
model, LIPUS inhibits RIPK3/MLKL-dependent necrosis 
and ultimately promotes macrophage polarization toward 
the M2 phenotype by inhibiting NLRP3 inflammasomes 
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[76]. In terms of T-cell subpopulation homeostasis, LIPUS 
activates the Mst1-TAZ axis; alters the interaction between 
the transcription factor FOXP3 and RORγt; and regulates 
the differentiation of regulatory T cells (Tregs) and helper T 
cells (Th17) [77]. In addition, transcutaneous electrical stim-
ulation has been found to mitigate radiation-induced ovar-
ian failure by inhibiting primordial follicle loss, increasing 
serum AMH secretion, and inducing antioxidant and anti-
apoptotic systems [29].

Regulation of angiogenesis and antifibrosis

In the pathological process of POI, impaired angiogenesis 
and interstitial fibrosis are critical mechanisms that exacer-
bate the decline in ovarian function [78]. Decreased ovarian 
neovascularization results in insufficient blood supply to 
the perifollicular microcirculation, thus leading to accel-
erated follicular atresia due to hypoxia and nutrient dep-
rivation. In addition, interstitial fibrosis gradually stiffens 
the ovarian tissue. This stiffening directly compresses the 
primordial follicles and restricts their developmental space, 
and additionally hinders signaling interactions between 
the follicles and the surrounding supportive cells, thereby 
inhibiting estrogen synthesis [79]. Decreased angiogene-
sis and fibrosis are interconnected in a vicious cycle: the 
ischemic microenvironment promotes fibrotic deposition, 
thereby exacerbating vascular torsion and occlusion, and 
ultimately leading to depletion of the ovarian reserve and 
endocrine failure. Interventions targeting these two critical 
components offer new strategies for improving the ovarian 
microenvironment in cases of POI.

LIPUS contributes to the regulation of fibrosis and 
angiogenesis, through its mechanical effects. Endothelial 
cells are sensitive to ultrasound-induced mechanical 
forces, and LIPUS has been found to alter endothelial cell 

morphology, proliferative ability, gene expression, and 
protein secretion [80]. The microacoustic flow and acous-
tic radiation forces generated by LIPUS can influence ves-
icle structures within endothelial cells, by mechanically 
converting sensors such as integrins and vesiculin-1 into 
intracellular biochemical signals. This conversion in turn 
upregulates the expression of related growth factors and 
promotes angiogenesis [81–83].

LIPUS generates sound pressure waves that penetrate liv-
ing cells and induce biochemical events at the cellular level 
[16]. This process increases protein synthesis, promotes mast 
cell secretion, and alters the migratory function of fibroblasts 
[84]. LIPUS directly targets the phosphorylation process in 
the TGF-β1/Smad pathway, a central axis in fibrosis pro-
gression, and inhibits the differentiation of fibroblasts into 
myofibroblasts [85]. Concurrently, it suppresses profibrotic 
signaling pathways such as the Wnt/β-catenin and MAPK 
pathways, thereby decreasing excessive collagen secretion 
[86]. At the extracellular matrix level, LIPUS facilitates 
the structural remodeling of fibrotic tissue by increasing 
the enzymatic activity of MMPs while downregulating the 
expression of tissue inhibitor of metalloproteinase. These 
actions together enhance the degradation of pathological 
collagens [87].

Emerging preclinical evidence supports the concept that 
LIPUS has multitargeted tissue repair capabilities in various 
pathological scenarios and highlights its substantial transla-
tional potential for addressing POI. Mechanistically, LIPUS 
exerts its therapeutic effects by orchestrating antifibrotic, 
anti-inflammatory, and regeneration-promoting pathways 
(Table 2). These mechanisms are anticipated to reverse the 
hallmarks of POI pathogenesis, which are characterized by 
follicular atresia and ovarian stromal fibrosis. Collectively, 
these findings provide a compelling theoretical foundation 
for the use of LIPUS as a noninvasive strategy to combat 
ovarian dysfunction associated with POI.

Table 2  Potential Mechanisms and Corresponding Ultrasonic Power for POI Treatment with LIPUS

Mechanism Category Intensity 
(mW/cm2)

Target of Regulation Signaling Pathway Reference

Cell proliferation 100 Satellite cells Activates the PGC-1α/AMPK/GLUT4 pathway [61]

30 Chondrocytes Activates the integrin receptor/PI3K/Akt pathway [60]

20 Schwann cells Activates NRG1/ErbB signaling [62]

30 Skin fibroblasts Activates integrin receptor and Rho/ROCK/ERK signaling 
pathways

[63]

Inhibition of apoptosis 30 Articular chondrocytes Modulates TRPV4 mechanosensitive channels, thereby 
activating NF-κB nuclear entry

[44]

90 Periodontal ligament 
cells

Suppresses the YAP/caspase-3 axis [71]

Anti-inflammatory 30 Osteoblasts Inhibits MAPK, NF-κB, and PI3K/Akt-mediated  
inflammation

[75]

40 Chondrocytes Decreases IL-6, IL-8, and TNF-α levels

3×103 M1 macrophages Suppresses NLRP3 inflammasomes [8]

250 CD4+ T-cells Activates the Mst1-TAZ axis [77]

Angiogenesis 30±5 Human umbilical vein 
endothelial cells

Activates the YAP/TAZ pathway [82]

300 Follicles Improves vascularization in transplanted ovarian tissue [90]

Antifibrosis 60 Kidney tissue Inhibits the TGF-β/Smad pathway [85]

30 Fibroblast-like  
synoviocytes

Modulates the Wnt/β-catenin and PI3K/AKT pathways [87]
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Progress in LIPUS applications 
in POI

By harnessing the mechanobiological effects of acoustic 
cavitation and microstreaming, LIPUS has demonstrated 
postinjury regenerative capabilities across multiple tissue 
types and provided a robust theoretical foundation for POI 
intervention. Current preclinical evidence has confirmed the 
efficacy of LIPUS in three therapeutic areas: enhancement 
of ovarian reserve function, suppression of GC apoptosis, 
and immunomodulation through inflammatory pathway reg-
ulation mediated by tissue repair mechanisms. Furthermore, 
strategic integration of LIPUS with adjuvant therapies that 
exploit its bioeffects on cellular microenvironments enables 
a multitarget therapeutic approach to address the multifac-
torial pathophysiology of POI. This section systematically 
evaluates both the standalone therapeutic potential of LIPUS 
and its synergistic role within multimodal POI treatment 
frameworks.

Applications of LIPUS in POI therapy

Ultrasound has been studied in medicine for decades, and 
preclinical research has focused primarily on the effects of 
high-intensity focused ultrasound in tumor treatment. The 
past decade has seen a notable increase in preclinical stud-
ies investigating the use of LIPUS across various systems, 
particularly in the context of gynecological disorders [17]. 
Initially, research focused on how LIPUS might treat osteo-
porosis associated with POI, whereas less attention was paid 
to the changes in ovarian tissue cells influenced by LIPUS. 
POI models in preclinical studies are often established by 
surgical removal of the ovaries [88]. As research has pro-
gressed, scientists have begun to investigate the effects of 
LIPUS on the ovaries. As early as 1978, ultrasound at 3 MHz 
and 2 W/cm2 was demonstrated to influence uterine activ-
ity and promote endometrial metamorphosis; however, this 
finding was not further investigated [89].

In 2014, Abtahi et al. developed an ovarian transplantation 
model by implanting ovarian tissue into the backs of mice. 
They discovered that LIPUS irradiation at 3 MHz, 0.3 W/
cm2, and a 20% duty cycle enhanced folliculogenesis and 
angiogenesis in the transplanted ovaries [90]. In 2017, Tang 
et al. [91] established a model of POI using cyclophospha-
mide (CTX) and subjected it to 30 minutes of ultrasound 
irradiation at 0.9 MHz, 0.8 W/cm2, and a 20% duty cycle. 
LIPUS irradiation was associated with increase follicular 
proliferative activity in POI ovaries, thus resulting in an 
increase in follicle numbers at all stages except for atretic 
follicles and AMH levels. Specifically, the levels of E2 and 
FSH were restored to levels comparable to those in the con-
trol group [91]. In 2021, the same research group found that 
LIPUS treatment led to an amelioration of ovarian function 
in a rat model of CTX-induced POI [15]. The clearest effect 
was observed in the restoration of estrous cycles: 100% of 
treated rats (22/22) resumed normal cyclicity, whereas per-
sistent disorder was observed in all untreated controls. This 
clinical improvement was underpinned by considerable 

histological recovery: LIPUS treatment resulted in a marked 
increase in the population of healthy follicles across all 
developmental stages, comprising primordial (from 18 ± 4 
to 43 ± 5), primary (from 7 ± 2 to 15 ± 2), secondary (from 2 
± 1 to 8 ± 1), and mature follicles (from 1 ± 1 to 4 ± 2), while 
concurrently decreasing the number of atretic follicles (from 
15 ± 3 to 9 ± 2). Concomitantly, the aberrant serum hormone 
profile was partially corrected, E

2
 levels rebounded from 20 

± 4 ng/L to 50 ± 3 ng/L, and elevated FSH levels normalized 
from 5 ± 1 ng/mL to 2 ± 1 ng/mL. However, LIPUS did not 
improve the serum level of AMH, which remained low (49 
± 5 ng/L vs. control 49 ± 5 ng/L). Crucially, these improve-
ments did not translate into enhanced fertility, as evidenced 
by an absence of significant differences in pregnancy rates 
(66.7% vs. 71.4%), litter sizes (median 12 vs. 12), and 
pup weight (median 77 g vs. 78 g) with respect to those in 
untreated POI controls (Figure 4).

LIPUS can treat POI by inhibiting apoptosis and inflam-
mation. In 2021, Xu et al. irradiated mice with 4-vinyl 
cyclohexene dioxide (VCD)-induced premature ovarian 
failure (POF) via LIPUS at a frequency of 0.3 MHz, an 
intensity of 200 mW/cm2, and a duty cycle of 20%. LIPUS 
irradiation increased the ovarian reserve ability in mice and 
decreased the apoptosis of GCs by decreasing the expression 
of BAX and increasing the expression of Bcl-2 [92]. After 
LIPUS treatment, the expression of biomarkers associated 
with inflammation and apoptosis, including NF-κB p65, 
TNF-α, Bax, ATF4, and caspase-3, significantly decreased 
in ovarian tissues, thereby leading to observed decreases in 
inflammation and apoptosis. Furthermore, as inflammation 
and apoptosis decreased, the ovarian microenvironment was 
restored, as evidenced by increased numbers of follicles, 
elevated levels of E2 and AMH, and decreased FSH levels 
(Figure  5). These findings suggest that LIPUS effectively 
mitigates ovarian damage [9].

LIPUS mitigates fibrosis through pathways such as the 
TGF-β/Smad, Wnt/β-catenin, and PI3K/AKT pathways 
[87, 93, 94]. Zhou et al. have used cisplatin as a chem-
otherapeutic agent to establish a mouse model of prema-
ture ovarian failure and investigated the protective effects 
of LIPUS on ovarian function. The experimental results 
indicated that the ovarian volume in mice significantly 
decreased after cisplatin injection, and the number of folli-
cles additionally decreased. In contrast, the LIPUS-treated 
group exhibited a marked decrease in follicular and GC 
apoptosis. Further studies demonstrated that LIPUS alle-
viated ovarian fibrosis by decreasing the deposition of the 
fibrosis markers α-SMA and collagen and downregulating 
the TGF-β1/Smad signaling pathway [95]. In summary, 
LIPUS effectively decreases chemotherapy-induced ovar-
ian damage, protects ovarian function, and offers a novel 
approach for treating ovarian fibrosis. Deng et al. [96] 
have systematically investigated the long-term protective 
effects and molecular mechanisms of LIPUS in VCD-
induced POI models. In vivo experiments using optimized 
LIPUS parameters (200 mW/cm2 intensity, 0.36 MHz fre-
quency, 1 kHz pulse repetition frequency, and 20% duty 
cycle) with daily 20-minute exposure over 15 consecutive 
days demonstrated significant histological restoration of 
ovarian architecture and reactivation of folliculogenesis 
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in POI rats, accompanied by normalized sex hormone 
secretion, restored estrous cyclicity, and improved fertil-
ity outcomes. Mechanistic analyses revealed that LIPUS 
conferred cytoprotection through modulation of the Daxx/
ASK1/JNK signaling axis, thus effectively preserving 
mitochondrial membrane integrity while inhibiting apop-
tosis via downregulation of proapoptotic effectors (Bax, 
cytochrome c, and cleaved caspase-3) concomitantly with 
Bcl-2 upregulation. Furthermore, LIPUS alleviated men-
opausal symptoms associated with ovarian hypofunction, 
including depressive-like behaviors and motor dysfunc-
tion, through improvements in behavioral parameters such 
as locomotor distance, central zone retention time, and 
grip strength [96].

The divergent outcomes of AMH restoration between 
studies, such as the lack of improvement observed by Tang 
et  al. [15] versus the significant increase observed by Qin 
et al. [9], can be rationalized by considering key experimen-
tal variables. First, the POI model pathophysiology differed: 
the CTX model used by Tang et al. [15] causes severe, wide-
spread ovarian damage, which might overwhelm the ability 

to restore small, AMH-secreting follicles. In contrast, the 
VCD model used by Qin et al. [9] induces a more selective, 
apoptotic follicle loss, a process that might be more readily 
mitigated by LIPUS. Second, the LIPUS parameters are crit-
ical: the higher intensity and frequency used by Tang et al. 
[15] (0.8 W/cm2 and 0.9 MHz) might have elicited different 
bioeffects from the lower intensity and frequency used by 
Qin et al. [9] (0.03 W/cm2 and 0.25 MHz), and the latter 
might potentially be more favorable for preserving the pri-
mordial follicle pool. Therefore, these findings do not con-
tradict but complement each other, by suggesting that LIPUS 
efficacy is context dependent. Low-intensity regimens might 
be optimal for protecting the ovarian reserve and AMH in 
degenerative models, whereas restoring function after severe 
injury might require alternative parameter sets or combina-
torial approaches.

Although limited studies have investigated the direct 
application of LIPUS for treating POI, existing research 
indicates that LIPUS can effectively treat POI by promoting 
GC proliferation, enhancing angiogenesis, inhibiting apop-
tosis, and decreasing inflammatory responses and fibrosis.

Figure 4  A. H&E staining of the ovaries and (a) rough observation. (b) The cortex of the normal group was usually normal. (c) The volume of 
the ovaries in the control group was atrophied, and the number of follicles was decreased. (d) In the ultrasound group, the number of follicles 
at different growth stages was higher, and the amount of follicular fluid was greater. B. Histological analysis of the uterus. C. Changes in follicle 
numbers among the three groups. D. Changes in levels of serum hormones among the three groups. E. Fertility outcomes among the three 
groups. Figure 4A–E was reproduced from Ref. [15] with permission from Elsevier. Copyright 2021, Reference: Tang et al., 2021 [15].
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Figure 5  A. Ovarian tissue sections of the rats in each group (hematoxylin and eosin staining, original magnification: 40×). B. Expression 
levels of inflammatory cytokines (E2, FSH, and AMH) in the ovaries of each group, detected via enzyme-linked immunosorbent assay. C. 
Expression levels of NF-κB p65, Bax, ATF4, TNFα, and caspase-3 in the ovaries of each group, analyzed via western blotting. D. Expression 
levels of NF-κB p65, ATF4, TNFα, and caspase-3, detected via immunohistochemistry (400×). Figure 5A–D was reproduced from Ref. [92] 
with permission from Oxford University Press. Copyright 2021, Reference: Xu et al., 2021 [92].
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LIPUS combined with other  
modalities to treat POI
LIPUS shares convergent therapeutic pathways with other 
modalities in POI management and achieves coordinated 
biological effects through analogous mechanotransduction 
principles. In emerging research paradigms, investigators 
are actively pursuing the strategic integration of LIPUS with 
adjuvant therapies. This approach leverages their comple-
mentary bioeffects to enable multitarget synergistic interven-
tions aimed at improving clinical outcomes.

LIPUS affects the treatment of POI with 
MSCs

Stem cells differentiate in response to their environment 
and various signals, and activate endogenous repair mecha-
nisms in the host through the secretion of growth factors and 
cytokines [97]. These cells have the potential to restore the 
ovarian reserve, improve hormone levels, and increase fertil-
ity through direct differentiation to replenish ovarian cells, 
as well as through antifibrotic, anti-inflammatory, antiapop-
totic, and immunomodulatory mechanisms that promote 
angiogenesis (Figure 6) [98]. Currently, MSCs are the most 
advanced stem cell therapy for POI.

MSC mechanisms for POI treatment
Similarly to the mechanism of LIPUS in treating POI, MSCs 
address POI primarily by modulating immune responses, 
inhibiting apoptosis, and promoting angiogenesis (Figure 3). 
Bone marrow mesenchymal stem cells (BMMSCs) ame-
liorate POI through multiple mechanisms [99]. In POI 
mouse models, BMMSCs contribute to arterial formation 
by producing and secreting VEGF, FGF-2, and IL-6 [100]. 
Additionally, BMMSCs upregulate Bcl-2, downregulate 
Bax expression, and exert antiapoptotic effects [100, 101]. 
Furthermore, BMMSCs play an immunomodulatory role by 
altering the immune phenotype of T cells and macrophages 
and consequently suppressing immune functions [102–104]. 
Exosomes secreted by BMMSCs have been demonstrated to 
decrease apoptosis in GCs by delivering microRNA-144-5p, 
which in turn stimulates the PTEN pathway [99, 102]. 
Additionally, microRNA-644-5p promotes angiogenesis 
through the AKT/mTOR signaling pathway [105].

Adipose-derived mesenchymal stem cells modulate den-
dritic cell activity via the Notch signaling pathway and dimin-
ish NF-κB activation through various mechanisms, including 
the Gal-9/TIM-3 pathway, thereby inhibiting T cells [106–108].

LIPUS enhances the effectiveness of MSCs in treat-
ing POI
Although stem cell therapy is a promising approach for treat-
ing POI, its effectiveness is currently limited by insufficient 

Figure 6  Mechanisms of stem cell therapy in POI: differentiation, anti-inflammatory differentiation, anti-inflammatory, antiapoptotic, antifi-
brotic, proangiogenic, and exosome release. Source: Created by the authors via Biorender.com.
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transplanted MSCs within the affected tissue [109]. Specific 
LIPUS parameters have been shown to significantly increase 
the proliferation, differentiation, and homing ability of 
MSCs (Figure 7). Various LIPUS parameters have differing 
effects on stem cells (Table 3). Xie et al. have used LIPUS 
to stimulate human BMMSCs and have reported that LIPUS 
at intensities of 50 or 60 mW/cm2 increases PI3K/AKT 
pathway phosphorylation and significantly upregulates the 
expression of cyclin D1, thereby promoting BMMSC pro-
liferation [110]. Kusuyama et al. have reported that LIPUS 
at 30 mW/cm2 inhibits adipogenic differentiation by down-
regulating the expression of PPAR-γ2 and FABP4, while 
simultaneously enhancing mineralization and the expres-
sion of osteogenic transcription factors such as Runx2 and 
OCN in BMMSCs [111]. Wei et al. have demonstrated that 
LIPUS at 30 mW/cm2 enhances the chemotactic migration 
of BMMSCs toward fracture sites in both in vitro and in vivo 
models [112].

LIPUS enhances the proliferation, differentiation, and 
homing of stem cells. Therefore, combining LIPUS and 
stem cell therapy is anticipated to yield improved treat-
ment outcomes for POI. Ling et al. [113] have used CTX to 
establish a rat model of POI. Human amniotic membrane 
mesenchymal stem cells (hAD-MSCs) were extracted 
from human amniotic membranes and transplanted into 
the POI model. The rat model was subsequently subjected 
to LIPUS irradiation at a frequency of 0.25 MHz, with 

a 20% duty cycle and an intensity of 30 mW/cm2 for 
30 minutes. LIPUS pretreatment significantly improved 
the biological properties of hAD-MSCs. CCK-8 and 
EdU assays confirmed that LIPUS treatment markedly 
increased cell viability and proliferation ability (P < 0.05) 
without affecting apoptosis (P > 0.05). LIPUS treatment 
significantly enhanced the expression of various chemok-
ine receptors in hAD-MSCs, particularly the mRNA 
and protein levels of CXCR4 (P < 0.01). Concurrently, 
the SDF-1 concentrations in the ovarian microenviron-
ment in POI rats were significantly greater than those in 
the control group (P < 0.01), thus establishing a robust 
chemotactic gradient. In vitro experiments demonstrated 
that LIPUS pretreatment significantly enhanced SDF-
1-induced migration of hAD-MSCs, as evidenced by 
Transwell and scratch assays, which revealed increased 
migrating cell counts and cell coverage ratios (P < 0.01). 
The marked inhibition of these responses by the CXCR4-
specific antagonist AMD3100 confirmed the critical role 
of the SDF-1/CXCR4 axis. In vivo experiments revealed 
that, although the number of homing cells in the LIPUS-
pretreated group (27.67 ± 23.78 cells/field) exceeded 
that in the conventional hAD-MSC group (24.67 ± 21.54 
cells/field), the difference was not statistically significant 
(P > 0.05). However, AMD3100 treatment significantly 
decreased the numbers of homing cells in both groups (P 
< 0.05). These findings further validated the importance 

Figure 7  LIPUS promotes stem cell proliferation, differentiation, and migration/homing. Source: Created by the authors via Biorender.com.
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of CXCR4 in the homing process. In terms of thera-
peutic efficacy, hAD-MSC transplantation significantly 
improved ovarian function in POI rats, as manifested by 
a significant increase in primordial and growing follicles 
(P < 0.05), significantly elevated serum AMH and E2 lev-
els (P < 0.05), a significant decrease in FSH levels (P < 
0.05), a significant decrease in the proportion of abnor-
mal estrous cycles, and markedly improved fertility (P < 
0.05) (Figure 8) [113]. However, the study was limited 
to observations in animal models and involved few stem 
cell protocols. Future research is necessary to explore the 
effects of LIPUS on other types of stem cells, to validate 
the long-term safety of this approach in primate models, 
and to advance the clinical application of this strategy.

LIPUS affects the treatment of POI with 
TCM

TCM has a long history of treating POI by enhancing ovarian 
reserve function and alleviating symptoms associated with 

low estrogen levels, through the holistic regulatory effects of 
multiple components and targets [114].

Treatment of POI with TCM
Studies have found that most prescriptions are based on 
the theory of “tonifying the kidney and activating the 
blood” and “regulating the liver and benefiting the kid-
ney”, which improve granulocyte function and inhibit 
oxidative stress and fibrosis through multi-targeted reg-
ulation of the ovarian signaling pathway. Zuogui Wan, 
Yulinzhu, and Guiluoshi Anzang decoctions have been 
found to promote GC proliferation via the PI3K/AKT/
mTOR pathway [115–117]. The Bushen Huoxue recipe 
and Yijing Hugui decoction also mitigate oxidative stress 
by regulating the Nrf2/HO-1 pathway [118, 119]. With 
respect to oxidative stress inhibition, the Huyang Yangkun 
formula regulates ovarian GC apoptosis through the FTO/
m6A-P53 pathway [120]. Furthermore, Semen Cuscutae 
has been found to inhibit oxidative stress by activating the 
Keap1-Nrf2/HO-1 pathway and to modulate GC apoptosis 
by influencing the PI3K/AKT pathway [120].

Table 3  Effects of LIPUS with Various Parameters on the Indicated Stem Cells

Effect Target of 
Regulation

Intensity 
(mW/cm2)

Mode of Action References

Cell proliferation BMMSCs 50/60 Activates the PI3K/Akt signaling pathway [135]

ADSCs 70 Upregulates cell cycle proteins and promotes  
adipogenesis

[136]

PDLSCs 250–750 Stimulates differentiation via PPAR-γ and adiponectin upregulation [137]

DPSCs 750 Modulates p38/MAPK phosphorylation [138]

AD-MSCs 30 Activates ERK1/2 or JNK signaling pathways [139]

UCMSCs 25–35 Promotes ERK1/2 phosphorylation via piezo ion channel activation [140]

Differentiation BMMSCs
(osteogenesis)

100 Activates ERK1/2 and PI3K/Akt pathways; upregulates cyclins (D1, 
E1, A2, and B1)

[141]

BMMSCs
(osteogenesis)

20–50 Irradiation time affects cell viability but has no effect on proliferation [111]

BMMSCs
(chondrogenesis)

100 Upregulates osteogenic markers (Runx2, ALP, and OCN) [142, 143]

BMMSCs
(cytoskeletal)

30 Inhibits adipogenic genes (PPAR-γ and FABP4) and osteogenic 
differentiation via the ROCK-MEK-ERK pathway

[144]

BMMSCs
(osteointegration)

45 Upregulates COL2, SOX9, and aggrecan [145]

BMMSCs
(osteointegration)

30 Suppresses COL1 via the integrin-mTOR-autophagy axis [146]

ADSCs
(osteogenesis)

30/100 Induces YAP nuclear translocation via cytoskeletal  
mechanotransduction

[147, 148]

PDLSCs – Enhances osteogenic differentiation via Runx2, OCN, and BSP 
upregulation

[149]

UCMSCs 30 Promotes adipogenic differentiation via PPAR-γ and adiponectin 
upregulation

[150]

ADSCs 
(angiogenesis)

15 Synergizes with chondrogenic medium in upregulating COL2 and 
GAG

[151]

GMSCs
(neural)

30 Enhances CD31 and VE-cadherin expression in cocultured 
endothelial cells

[152]

BMMSCs
(hepatic)

500–1500 Upregulates neural markers (neurofilament and vimentin); 
downregulates nucleostemin

[153]

hUC-MSCs 30–250 Activates the Wnt/β-catenin pathway, thereby upregulating AFP, ALB, 
and CK18 under HGF induction

[150]

Migration BMMSCs 30–50 Inhibits TNF signaling, thus promoting chondrogenic differentiation [154]

PDLSCs 90 Activates SDF-1/CXCR4 signaling; modulates FAK-ERK1/2 and 
autophagy pathways

[155]

AD-MSCs 30 Promotes SDF-1/CXCR4 upregulation via TWIST1-mediated signaling [156]
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LIPUS facilitates POI treatment with herbal medicine
Traditional methods of enhancing drug action through 
ultrasound depend primarily on the temporal and spatial 

controllability of ultrasound to improve drug delivery effi-
ciency. Zhou et al. [121] have used LIPUS with total flavo-
noids from Semen Cuscutae (TFSCs) to coregulate ovarian 

Figure 8  A. Histological changes in ovaries, analyzed with hematoxylin and eosin staining in the control, POI, hAD-MSCs, LIPUS + hAD-
MSCs, hAD-MSCs + AMD3100, and LIPUS + hAD-MSCs + AMD3100 groups. B. Numbers of follicles at different stages, counted and com-
pared at 6 weeks after cell transplantation in the six groups. C. Serum levels of AMH, FSH, and E2, tested at 0, 3, and 6 weeks after hAD-MSC 
transplantation in the six groups. D. Number of offspring per rat in each group. E. Effects of LIPUS on the protein expression levels of CCR3, 
CCR4, CCR10, and CXCR4 in hAD-MSCs, detected via western blotting analysis. F. Effects of LIPUS on hAD-MSC homing to chemother-
apy-induced POI ovaries in vivo. Figure 8A–F was reproduced from Ref. [113] with permission from Sage Journals. Copyright 2022, Reference: 
Ling et al., 2022 [113].
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function in rats with POI. The combined application of LIPUS 
and total flavonoids from TFSCs demonstrated significant 
therapeutic efficacy in alleviating POF in both rat and cellular 
models. In vivo, POF model rats presented a disrupted estrous 
cycle, together with diminished body weight, ovarian indices, 
and uterine indices, all of which were markedly ameliorated 
by the combination treatment. Serum hormone analysis via 
ELISA revealed that the POF-induced decreases in AMH, E2, 
and progesterone levels, alongside the increase in FSH and LH, 
were effectively reversed by LIPUS and TFSC co-treatment, 
and achieved effects surpassing those of either treatment alone.

Histopathological examination revealed that the POF 
model led to ovarian atrophy, a significant decrease in pri-
mordial and primary follicles, and an increase in atretic fol-
licles. These morphological disruptions were considerably 
ameliorated after the combined intervention. Furthermore, 
staining for senescence-associated β-galactosidase (SA-β-
Gal) and the DNA damage marker γH2AX indicated a 
substantial increase in cellular senescence in POF ovaries, 
which was potently suppressed by the combination therapy.

At the molecular level, POF is characterized by inhibited 
autophagy and accelerated apoptosis. Quantitative PCR and 
western blot analyses of ovarian tissues and GCs indicated 
diminished expression of autophagy-associated genes and 
proteins (ATG5, Beclin-1, and the LC3-II/LC3-I ratio) and 
elevated levels of the autophagy substrate p62 in the model 
group. Concurrently, apoptosis was enhanced, as evidenced 
by elevated protein levels of Bax and cleaved caspase-3 and 
a decreased Bcl-2/Bax ratio. Treatment with LIPUS plus 
TFSC synergistically normalized these alterations, by pro-
moting autophagic flux and suppressing apoptotic signal-
ing. Transmission electron microscopy visually confirmed 
an increase in the number of autophagic vesicles in GCs, 
whereas flow cytometry quantitatively demonstrated a sig-
nificant decrease in the apoptosis rate after combination 
treatment. This restoration of cellular function is consist-
ent with the established principle that a cell’s physiological 
state, including its response to therapy, is directly reflected 
by its mechanical properties [122].

Mechanistically, these protective effects are mediated 
through the PI3K/AKT/mTOR pathway. The increased phos-
phorylation levels of PI3K, AKT, and mTOR observed in 
the POF group indicated pathway activation. The combined 
intervention significantly inhibited this activation, thereby 
relieving suppression of autophagy. In conclusion, the data 
strongly indicated that the co-administration of LIPUS and 
TFSC synergistically mitigates POF primarily by enhanc-
ing autophagy and inhibiting apoptosis in ovarian GCs via 
modulation of the PI3K/AKT/mTOR signaling pathway 
[121]. Although current investigations of LIPUS-TCM com-
bination therapy for POI are limited, preliminary evidence 
suggests that their mechanistic complementarity might yield 
therapeutic synergy (Figure 9).

Sensitizing effects of LIPUS on other 
treatment modalities

In the therapeutic domain of POI, LIPUS is a noninva-
sive physical modality that establishes complementary 

therapeutic synergies through multiple mechanisms, includ-
ing enhanced ovarian perfusion, GC functional restoration, 
and inflammatory cascade suppression. Beyond its synergy 
with conventional stem cell therapies and TCM, LIPUS has 
multidimensional cooperative potential with other treatment 
paradigms. Specifically, LIPUS intervention achieves estro-
gen level recovery and potentially decreases HRT dosage 
dependency in POI management, thus mitigating associated 
adverse effects [31]. Concurrently, its anti-inflammatory 
properties might potentiate the therapeutic efficacy of immu-
nosuppressive regimens [32]. Furthermore, LIPUS-induced 
membrane permeability enhancement creates a biophysical 
adjuvant effect with potential to optimize gene-editing preci-
sion in POI-targeted genetic interventions [33].

LIPUS has demonstrated substantial potential as a stan-
dalone therapeutic intervention for POI, by promoting tissue 
repair and restoring ovarian function. When LIPUS is com-
bined with adjunctive therapies such as stem cell transplan-
tation or TCM, its efficacy can be further enhanced through 
synergistic effects. This integrated approach builds on 
LIPUS and enhances the effectiveness of adjuvant therapies. 
Current evidence indicates that LIPUS exerts powerful ther-
apeutic effects independently and enhances the effectiveness 
of multimodal treatment strategies for POI (Table 4).

Analysis of LIPUS parameter 
heterogeneity and rationale for 
selection

We observed significant heterogeneity in the LIPUS param-
eters used across different POI studies, such as frequency, 
intensity, duty cycle, and treatment duration (Table 4). This 
variability poses major challenges in comparing treatment 
outcomes, replicating study results, and establishing stand-
ardized clinical protocols. Therefore, a thorough analysis of 
the underlying rationale for parameter selection is crucial for 
advancing this field.

The diversity in applied parameters is not arbitrary but 
stems from several interrelated factors. Treatment choice is 
often guided by a specific therapeutic objective. For exam-
ple, studies focused on angiogenesis and folliculogenesis in 
transplanted ovarian tissue have used parameters (3 MHz 
and 0.3 W/cm2) known to promote vascular endothelial 
growth factor expression [90]. In contrast, research targeting 
apoptosis inhibition and anti-inflammation has used settings 
(e.g., 0.25–0.3 MHz and 0.03–0.2 W/cm2) optimized for 
activating mechanosensitive signaling pathways such as the 
PI3K/Akt pathway and suppressing inflammatory mediators 
[9, 92]. Second, parameter selection is frequently influenced 
by precedents from other well-established applications of 
LIPUS (e.g., bone fracture healing) and the technical speci-
fications of commercially available devices, which are then 
adapted for ovarian therapy.

The fundamental principle unifying these diverse param-
eters is the pursuit of a therapeutic window that maximizes 
beneficial non-thermal bioeffects while minimizing poten-
tial tissue damage. Key parameter selection is guided by 
this principle: frequency (typically 0.3–3 MHz) involves 
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Figure 9  A. LIPUS combined with TFSC restores the estrus cycle in POI rats. B. LIPUS and TFSC inhibit ovarian tissue structural disorders in 
POI rats. C. Western blotting detection of protein levels of p62, Beclin 1, and LC3 II/I. D. Western blotting detection of protein levels of Bcl-2 and 
Bax in ovarian GCs. E. Protein expression levels of p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR in ovarian GCs, detected via western blot-
ting. Figure 9A–E was reproduced from Ref. [121] with permission from Taylor & Francis. Copyright 2023, Reference: Zhou et al., 2023 [121].
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a trade-off, wherein lower frequencies (e.g., 0.3–1 MHz) 
offer deeper penetration for targeting the ovaries, whereas 
higher frequencies (e.g., 1–3 MHz) provide superior spatial 
resolution [32, 123]. This aspect is particularly relevant for 
ovarian targeting, because ovarian depth shows significant 
inter-individual variation. Although direct preclinical data 
correlating ovarian depth with metrics such as body mass 
index (BMI) are currently lacking, in clinical anatomy and 
medical imaging, increased abdominal adiposity in individ-
uals with higher BMI has been well established to displace 
the ovaries to a deeper position and increase the overall 
attenuation of the ultrasound beam. Therefore, future clin-
ical translation must account for patient-specific anthro-
pometrics, and parameter optimization (probably favoring 
lower frequencies for patients with higher BMI) should be a 
key consideration in trial design.

The intensity is carefully maintained at a low level to 
ensure that the primary mechanisms of action are non-
thermal mechanical effects, such as stable cavitation and 
acoustic streaming, thereby avoiding thermal injury. The use 
of a low duty cycle in pulsed mode is a critical safety feature 
allowing for effective heat dissipation between pulses [124]. 
Furthermore, the treatment duration and regimen (e.g., daily 
20-minute sessions over 1–2 weeks) are designed to deliver 
a total acoustic energy dose that provides the sustained 
mechanical stimulation necessary to trigger cellular repair 
processes without causing overt damage [96].

Despite the empirical rationale for existing parameter 
choices, the optimal set for POI remains undefined. Future 
research must transition toward a mechanism-driven opti-
mization strategy, which should involve computational 
modeling to predict energy deposition in ovarian tissue, 
systematic dose-response studies in preclinical models to 
establish causal links between parameters and outcomes, 
and ultimately international consensus efforts to standardize 
parameters for clinical trials. Addressing this heterogeneity 
will be a crucial step in translating LIPUS from a promising 
preclinical discovery into a reliable clinical therapy for POI.

Conclusion and future  
prospects

This review consolidated the growing body of evidence 
supporting LIPUS as a groundbreaking noninvasive ther-
apy for POI. Preclinical studies have demonstrated that 
LIPUS uniquely addresses the multifactorial nature of POI 
through mechanical modulation of the ovarian microenvi-
ronment, thereby enhancing follicular survival, suppress-
ing apoptosis, and mitigating fibrosis. Unlike conventional 
HRT, which merely alleviates symptoms, LIPUS targets 
the root causes of ovarian dysfunction without systemic 
adverse effects or hormonal dependency. Its demonstrated 
success in diverse areas, such as accelerating bone fracture 
healing, promoting cartilage repair, and enhancing soft tis-
sue regeneration, underscores its translational potential. The 

mechanobiological principles of LIPUS have substantial 
promise for exploring the crosstalk between physical stim-
uli and immunomodulation in a wide range of other patho-
logical contexts. This approach offers a paradigm shift from 
symptom management to functional restoration in reproduc-
tive medicine and beyond.

However, despite this promise, several limitations and 
potential risks of LIPUS therapy warrant consideration. 
First, the optimal therapeutic parameters (e.g., frequency, 
intensity, duty cycle, and exposure duration) remain unde-
fined for ovarian tissue. Current preclinical studies have 
used heterogeneous settings (Table 4), thus complicat-
ing clinical translation and standardization. Second, the 
depth-dependent attenuation of ultrasound waves might 
limit energy delivery to deeply located ovaries, particularly 
in patients with high body mass indices. Third, long-term 
biosafety data are scarce; although LIPUS is nonthermal and 
noninvasive, repeated mechanical stimulation could theoret-
ically induce unintended cellular stress or genomic instabil-
ity. Moreover, the risk of cavitation-mediated tissue damage 
persists if parameters exceed safe thresholds (e.g., transient 
cavitation at high pressures) and has potential to exacerbate 
ovarian injury. Finally, potential synergistic interactions with 
concurrent therapies (e.g., chemotherapy agents) remain 
unexplored, and concerns have been raised regarding unan-
ticipated interference or toxicity.

To address these challenges, future research must prioritize 
parameter optimization through computational modeling of 
tissue-specific dosimetry, alongside rigorous long-term safety 
assessments, including teratogenicity studies, in large-animal 
models. The development of real-time cavitation monitoring 
systems will be critical to mitigate the risk of tissue damage, 
and well-designed clinical trials should evaluate efficacy across 
diverse POI etiologies and patient phenotypes. Systematic 
bridging of these gaps might enable LIPUS to become a tar-
geted and safe cornerstone for ovarian rejuvenation.

Importantly, despite the compelling preclinical evidence 
summarized in this review, the application of LIPUS for 
POI treatment remains in early stages. To our knowledge, 
no clinical trials of LIPUS for POI have been registered or 
conducted to date. The transition from robust animal models, 
as described in the previous sections, to human patients is a 
critical next step and current frontier in this field.

In addition, to achieve more efficient and safer applications, 
the clinical translation of LIPUS will require interdiscipli-
nary collaboration. Integrating LIPUS with emerging tech-
nologies, such as stem cell therapy or ultrasound-responsive 
biomaterials, could amplify regenerative outcomes through 
synergistic mechanisms. Collaboration among engineers, 
clinicians, and regulatory bodies is essential to standardize 
protocols, optimize parameters, and validate safety in diverse 
populations. Concurrently, longitudinal studies are needed 
to map mechanosensitive biomarkers, monitor fertility out-
comes, and ensure sustained efficacy. By bridging preclin-
ical innovation with clinical rigor, LIPUS has the potential 
to redefine POI treatment and to restore not only hormonal 
balance but also fertility, as a transformative advancement 
for millions of women worldwide.
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Abbreviations

AFMSC  Amniotic fluid mesenchymal stem cell
AMH  Anti-Müllerian hormone
Bax  BCL2-associated X
Bcl-2  B-cell lymphoma-2
BMMSC  Bone marrow mesenchymal stem cell
CTX  Cyclophosphamide
CXCR4  CXC-chemokine receptor 4
E2  Estradiol
FAK  Focal adhesion kinase
FDA  Food and Drug Administration
FSH  Follicle-stimulating hormone
GC  Granulosa cell
hAD-MSC  Human amniotic membrane mesenchymal 

stem cell
HRT  Hormone replacement therapy
IVA  In vitro follicular activation
LIPUS  Low-intensity pulsed ultrasound
MMP  Matrix metalloproteinasesTa
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MSCs  Mesenchymal stem cells
POF  Premature ovarian failure
POI  Premature ovarian insufficiency
PRP  Platelet-rich plasma

SDF-1  Stromal cell-derived factor-1
TCM  Traditional Chinese medicine
TFSC  Total flavonoids from Semen Cuscutae
Th17  Helper T cells
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