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Mesenchymal stem cells (MSCs) are pluripotent stem cells isolated from human tissues. Due
to their strong self-renewal capacity, pluripotency, and immunomodulatory properties, MSCs
have garnered significant attention in cell therapy and tissue regeneration. However, cellular
senescence induced by replication or external stimuli can impair MSC proliferation and differ-
entiation, making it crucial to develop interventions that delay or reverse the senescence pro-
cess. From a traditional Chinese medicine perspective, senescence stems from spleen and
stomach deficiency, kidney deficiency, and related factors; thus, medicines that tonify the kid-
ney and promote Qi and blood circulation play vital roles in anti-senescence therapy. Chinese
medicine, characterized by low toxicity and multi-target, multi-functional properties, has be-
come prominent in anti-senescence research. This paper examines the MSC senescence pro-
cess by discussing its causes, characteristics, and mechanisms, then summarizes how active
ingredients in herbal medicines and natural compounds reverse MSC senescence, facilitating
the discovery of additional anti-senescence Chinese medicines and their effective compon-

ents.

1. Background

Stem cells, as undifferentiated cells, possess the capacity for
self-renewal and differentiation into other cell types. Human
stem cells comprise two categories: embryonic stem cells and
adult stem cells. Compared to embryonic stem cells, adult stem
cells exist in highly differentiated tissues and are essential for
maintaining and repairing adult tissues and organs '. Among
adult stem cells, mesenchymal stem cells (MSCs) are pluripotent
stem cells isolated from various human tissues that can differen-
tiate into mesodermal cells and other ectodermal cells *°. In
2006, The International Society for Cellular Therapy (ISCT) es-
tablished three criteria for MSC identification: 1) plastic adhe-
sion; 2) expression of cluster of differentiation 105 (CD105),
CD73, and CD90 surface antigens; 3) in vitro differentiation po-
tential into multiple lineages, including osteoblasts, adipocytes,
and chondroblasts *. Given their robust self-renewal capacity,
pluripotency, and immunomodulatory properties, MSCs have at-
tracted significant attention in cell therapy and tissue regenera-
tion. MSCs contribute to tissue regeneration and repair through
their multi-differentiation potential, maintaining cellular renew-
al. During immune reconstitution, MSCs produce cytokines that
suppress T cell proliferation and immune responses through cell-
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cell interactions. These properties have led to widespread MSC
applications in angiogenesis, neurogenesis, tissue repair, and
wound healing.

Accumulating evidence indicates that mesenchymal stem
cells (MSCs) derived from aged donors exhibit reduced proliferat-
ive and differentiation capacities compared to those from young-
er individuals, significantly compromising their regenerative po-
tential ”°. Therefore, strategies to compensate for the functional
decline of MSCs through in vitro passage expansion and in vivo
transfusion are critical for their therapeutic application.
However, MSCs possess inherently limited proliferative capacity
under in vitro conditions, influenced by factors including cell
source, isolation and culture techniques, cellular state, and donor
age ’. Prolonged in vitro culture further accelerates cellular senes-
cence, leading to phenotypic and functional heterogeneity
between preclinical models and clinical applications, which has
become a major obstacle to MSC clinical translation °. These find-
ings underscore the importance of controlling MSC quality and
developing rejuvenation strategies to facilitate clinical transla-
tion and application ” '°. Therefore, advancing the clinical effic-
acy of MSC-based therapies requires a comprehensive under-
standing of the molecular mechanisms underlying MSC senes-
cence, alongside the development of targeted interventions to
delay or reverse this process.

Traditional Chinese herbal medicine has an extensive history
in Asian countries. Research indicates that traditional Chinese
medicine can regulate the differentiation, proliferation, and mi-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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gration of MSCs, which has been extensively studied in nerve-like growth between cytoplasm and nucleus. Additionally, cell adhe-
cell differentiation ', osteoarthritis %, and liver fibrosis **. Lever- sion to plastic surfaces decreases due to excessive actin fiber
aging the anti-inflammatory properties of MSCs, the combination formation during senescence “>*'. At the cellular mechanism
of traditional Chinese medicine and MSCs demonstrates efficacy level, senescence-associated f-galactosidase (SA-B-gal) activity
in treating atherosclerosis and other inflammatory conditi- increases, serving as a primary detection method for evaluating
ons '*'°, Furthermore, MSCs possess immunomodulatory effects, cellular senescence “°. Tumor suppressor genes p21 and p16 accu-
and UC-MSCs treated with traditional Chinese medicine enhance mulate in senescent cells, maintaining cellular deoxyribonucleic
the immunosuppressive capabilities of MSCs in acute graft-versus- acid (DNA) integrity and inducing irreversible cell cycle arrest *°.
host disease following hematopoietic stem cell transplantation *°. Senescent cells produce and secrete various senescence-related
Traditional Chinese medicine has also gained significant atten- secretory phenotypic factors (SASP) and exosomes that transmit
tion in anti-senescence research. According to traditional Chinese senescence signals *’. Functionally, senescent MSCs demonstrate
medical theory, senescence is attributed to factors such as spleen reduced or lost proliferation capacity, oriented osteogenic differ-
and stomach dysfunction, kidney deficiency, and impaired Qi and entiation, and enter a quiescent state. Their immunosuppressive
blood circulation. Consequently, herbal therapies that tonify the and migration capabilities also decline (Fig. 1) **.
kidney and regulate Qi and blood flow are considered fundament- Young cells progressively become senescent MSCs through
al in delaying aging processes . Increasing research attention development, replication, and stress stimulation. Developmental
has focused on Panax ginseng ', Ganoderma spp. °, Astragalus senescence occurs during mammalian sperm-to-embryo develop-
membranaceus, and Dioscorea opposita > *'. Chinese medicine ment **. This process proceeds without DNA damage or activa-
comprises diverse active natural products characterized by low tion of ataxia-telangiectasia mutated (ATM) and ataxia tel-
toxicity, multiple targets, and multi-functional properties, mak- angiectasia and Rad3-related (ATR). This form of senescence de-
ing it a prominent field in anti-senescence research *. This re- pends on p21CIP1 expression and resembles oncogene-induced
view examines the characteristics and mechanisms of MSC senes- senescence (0IS) *. Under standard culture conditions, replicat-
cence, summarizes recent advances in Chinese medicine and nat- ive senescence represents another form of MSC senescence, char-
ural active substances in inhibiting MSC senescence, and dis- acterized by telomere shortening or structural changes ***'. Addi-
cusses the current challenges and future directions for advancing tionally, stress-induced premature senescence is triggered by
Chinese medicine-based anti-senescence strategies. various external stimuli, such as oncogene activation 2 oxidative
stress **, and exposure to chemotherapeutic agents **. These stim-
2. Characteristics, types of senescent MSCs uli activate senescence-associated pathways, including ATR-p53-
p21CIP1 and p16Ink4a. Unlike replicative senescence, which oc-
Morphologically, senescent cells typically exhibit increased curs due to telomere attrition, SIPS leads to irreversible growth
size and flatness, with granular cytoplasm and disproportionate arrest well before the cells reach their replicative limit (Fig. 2).
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Fig. 1 Characteristics of senescent MSCs. Senescent MSCs exhibit distinct features at the morphological, molecular, and cellular levels. Morphologically, they display en-
larged, flattened cell shapes. At the molecular level, hallmarks include cell cycle arrest, elevated SA-f-gal expression, altered secretion of SASP factors and exosomes, epigen-
etic modifications, and changes in membrane protein expression. At the cellular level, senescent MSCs show reduced proliferative and differentiation capacities.
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3. Mechanisms of senescent MSCs and herbal medicine inter-
vention

The mechanisms underlying cellular senescence primarily in-
volve the activation of the DNA damage response (DDR), te-
lomere shortening, and epigenetic alterations at the cellular level,
as well as mitochondrial dysfunction at the organelle level. Nucle-
ar DNA damage is a central trigger for senescence, particularly
double-strand breaks, which initiate the DDR pathway. Activa-
tion of this pathway leads to cell cycle arrest via checkpoint sig-
naling, thereby preventing the propagation of damaged DNA and
contributing to the establishment of a senescent phenotype. Te-
lomeres, the specialized nucleoprotein structures located at the
ends of eukaryotic chromosomes, are maintained by te-
lomerase—a ribonucleoprotein enzyme complex that extends te-
lomeric DNA. In the absence of sufficient telomerase activity, te-
lomeres progressively shorten with each cell division, ultimately
triggering DNA damage responses and constituting a fundament-
al mechanism of MSC senescence. In addition to telomere attri-
tion, epigenetic alterations are key regulators of MSC senescence.
Senescent MSCs exhibit aberrant epigenetic modifications, in-
cluding changes in DNA methylation and histone methylation/
acetylation, which disrupt gene expression patterns critical for
maintaining stem cell self-renewal, survival, and differentiation
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potential. These epigenetic dysregulations contribute signific-
antly to the establishment and maintenance of the senescent
phenotype. At the organelle level, mitochondrial dysfunction
plays a central role in MSC senescence. Key mitochondrial altera-
tions include increased accumulation of reactive oxygen species
(ROS), changes in mitochondrial mass and membrane potential,
morphological abnormalities, and impaired energy metabolism.
Together, these cellular and organellar factors orchestrate the
onset and progression of MSC senescence (Fig. 3).

In recent years, herbal medicine has emerged as a prominent
field in anti-senescence research, offering advantages through
natural products with minimal side effects, multiple components,
targets, and pathways. Herbal medicine primarily ameliorates
MSC senescence by addressing DNA damage, telomere length,
and epigenetic changes. Additionally, it directly reduces ROS
levels or activates autophagy by enhancing various antioxidant
enzyme activities, thereby reducing oxidative damage in bone
marrow MSCs (hBM-MSCs) and improving senescent MSCs. In
traditional herbal medicine theory, kidney essence deficiency is
considered the root of senescence; as kidney essence gradually
depletes, signs of senescence become more apparent. The follow-
ing sections examine recent advances in herbal medicine’s role in
inhibiting and reversing BM-MSC senescence, categorized by tra-
ditional medicinal properties such as tonifying Qi, addressing de-
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J. Zhuang et al.

ficiency, clearing heat, promoting blood circulation, removing
blood stasis, and stopping bleeding.

3.1. DNA damage and herbal medicine intervention

Nuclear DNA damage represents a common trigger for cellu-
lar senescence activation. DNA double-strand breaks typically ac-
tivate the DDR pathway, which halts the cell cycle through DDR
checkpoints (ATM and ATR), human checkpoint kinase 1 (CHK1),
and human checkpoint kinase 2 (CHK2) *°. When DNA damage re-
mains unrepaired, cells enter senescence-induced proliferation
arrest, while checkpoint inhibition enables senescent cells to re-
sume cell cycle progression. The DDR cascade activates tumor
suppressor protein p53, which subsequently induces expression
of cell cycle blocking proteins *, including p21Cip1 and p16.
While p21Cip1 activation occurs during early senescence, p16 ac-
tivation manifests in late senescence *°, with both proteins work-
ing sequentially to induce permanent cellular senescence.

DNA damage in MSCs is commonly induced by oxidative
stress, chemical agents, ionizing radiation, and other environ-
mental or physiological factors. Among these, oxidative stress is
the predominant contributor, where elevated levels of ROS or ex-
posure to sublethal concentrations of exogenous H,0, can impair
DNA integrity. This oxidative damage disrupts DNA synthesis, re-
duces cell proliferation and differentiation capacity, and ulti-
mately promotes the onset of cellular senescence in MSCs *’. Gen-
erally, antioxidants can inhibit oxidative stress-induced cellular
senescence. For instance, Qi-tonifying compounds ginsenoside
Rgl and Rb1 reduce DNA damage and DDR formation through
the p53-p21WAF1/CIP1 and p16INK4ARb signaling pathways,
thereby inhibiting MSC senescence *°. Curcumin, an herb known
for activating blood circulation, reduces ROS production and ox-
idative stress by activating nuclear factor E2-related factor 2
(NRF2) expression and AMP-activated protein kinase (AMPK)
signaling pathway to maintain mitochondrial function *’. These
studies demonstrate that herbal medicine can inhibit DNA dam-
age-induced DDR and suppress MSC senescence through key pro-
teins p53, p21, and p16.

3.2. Cellular telomeres and telomerase activity and herbal medi-
cine intervention

Telomeres constitute specialized structures at chromosome
ends in eukaryotic cells. Without telomere repair mechanisms,
progressive telomere shortening during DNA replication repres-
ents a fundamental endogenous mechanism in MSC senescence *’.
Telomerase, a riboprotease capable of extending telomere ends,
comprises ribonucleic acid (RNA) and protein components con-
taining primer-specific sites. Using its intrinsic RNA as a tem-
plate, telomerase synthesizes telomere DNA and adds it to chro-
mosome ends, effectively lengthening telomeres. Telomerase
activity loss results in telomere shortening, and cells cease divi-
sion and enter senescence when telomere DNA diminishes by
several thousand bases *'.

Curcumin, an herb that activates blood circulation, is a fat-
soluble natural active ingredient extracted from turmeric
rhizome. Curcumin reduces ROS production and oxidative stress
by activating NRF2 expression and the AMPK signaling pathway
to maintain mitochondrial function. Additionally, it promotes
MSC proliferation by increasing TERT activity and activating the
PI3K-AKT signaling pathway ** **. The Qi-tonifying combination
of Astragalus alcohol and astragaloside influences telomere
length and telomerase activity in human umbilical cord mesen-
chymal stromal cells *. 0. caudata aqueous extract, from the
Leguminosae family, decreases mitochondrial superoxide levels,
DNA double-strand breaks, and telomere shortening in hADMSCs
subjected to doxorubicin-induced senescence *‘. These studies
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demonstrate that herbal medicine primarily alleviates senes-
cence by affecting telomerase activity and telomere length.

3.3. Epigenetic changes and herbal medicine intervention

Epigenetic changes serve as significant drivers of MSC senes-
cence. Research indicates that abnormal epigenetic modifications,
including DNA methylation, histone methylation, and acetylation,
occur during MSC senescence. These epigenetic changes influ-
ence MSC survival and differentiation by disrupting gene expres-
sion **. Choi et al. discovered that genes associated with DNA rep-
lication and cell cycle in 15™-generation MSCs exhibited more hy-
permethylated 10 kb promoters compared to 5"-generation
MSCs, with promoter hypermethylation resulting in decreased
gene transcription *.

Beyond gene-level hypermethylation modifications, histone
acetylation and deacetylation maintain chromatin relaxation or
aggregation at the protein level. The MSC senescence process in-
volves histone H3 lysine-9 acetylation and lysine-14 acetylation.
These histone modifications ultimately affect gene expression *'.
Deacetylase may mitigate protein acetylation’s regulatory effect
on MSC senescence. Recent studies reveal that SIRT, a NADH-de-
pendent protein deacetylase, significantly regulates age-related
diseases. Wang et al. demonstrated that exogenous nicotinamide
adenine dinucleotide (NAD)" delays D-galactose (D-Gal) induced
senescence in healthy Sprague Dawley (SD) rats derived MSCs
through SIRT1 signaling *°. These findings indicate that epigenet-
ic modification at both gene and protein levels significantly regu-
lates MSC senescence. For instance, berberine, an isoquinoline al-
kaloid from Coptidis Rhizoma, enhances antioxidant enzyme
activity by promoting NAD"-SIRT1 signaling pathway and activ-
ates AMPK signaling pathway to reduce ROS levels, thereby de-
creasing oxidative stress. The mTOR-p70S6K1/2 signaling path-
way inhibition reduces oxidative stress damage to mitochondria
and preserves mitochondrial function. Additionally, berberine in-
hibits inflammatory factor secretion and regulates autophagy, ul-
timately inhibiting senescent BM-MSCs *’. Epigallocatechin-3-gal-
late prevents cellular senescence in H,0,-exposed human MSCs
(hMSCs) by decreasing acetyl-p53 and p21 protein levels *. Cam-
phorone, camphor’s main active component, inhibits MSC senes-
cence by increasing beclinl protein expression, reducing p62
protein expression, promoting AMPK/SIRT1 pathway activation,
and activating autophagy *'. In conclusion, herbal medicine signi-
ficantly inhibits MSC senescence by regulating senescence-re-
lated proteins through acetylation.

3.4. Mitochondrial dysfunction and herbal medicine intervention

Mitochondria, serving as cellular respiratory centers, play
crucial roles in cell metabolism and signal transduction. Senes-
cent cells frequently experience mitochondrial dysfunction,
primarily caused by mitochondrial ROS accumulation, which sub-
sequently intensifies senescence **. Mitochondrial dysfunction in
senescent cells manifests through changes in mitochondrial mass,
membrane potential, morphology, and energy metabolism. For
instance, replicative senescence of MSCs exhibits prolonged mito-
chondrial morphology and impaired function, with severely sen-
escent MSCs potentially developing discrete and fragmented mi-
tochondria ****,

Research indicates that stem cells primarily depend on mito-
chondrial glycolysis for energy metabolism. Mitochondrial dys-
function, including respiratory chain abnormalities and metabol-
ic disorders, is associated with senescent MSCs, manifesting in
several aspects: NAD" consumption, lactic acid accumulation, in-
creased glucose consumption, and decreased adenosine triphos-
phate (ATP) production *°. The principal factors regulating mito-
chondrial energy metabolism in MSCs include hypoxia-inducible
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factor 1a (HIF-1a), peroxisome proliferator-activated receptor y
coactivator la (PGC-la), sirtuin, manganese superoxide dis-
mutase (SOD2), and AMPK. For instance, SIRT1 molecules influ-
ence MSC senescence by regulating mitochondrial biogenesis and
metabolic efficiency through control of transcription factors p53
and nuclear factor kappa B (NF-xB) *°.

Mitophagy represents a mitochondrial quality control pro-
cess that maintains mitochondrial and cellular homeostasis. This
process occurs through the selective encapsulation and degrada-
tion of mitochondria by autophagosomes. Typically, ROS and ex-
ternal stimulation of cellular senescence induce membrane po-
tential depolarization-mediated mitochondrial damage, trigger-
ing mitophagy *’. The elimination of damaged mitochondria
through activated mitophagy serves a crucial regulatory function
in maintaining microenvironment homeostasis and delaying sen-
escence. The most extensively studied activation of mitophagy in-
volves the ubiquitin-dependent signaling pathway of PTEN in-
duced kinase 1 (PINK1)/Parkin, with research demonstrating
that ROS and SIRT molecules can induce senescence by inhibiting
Parkin-mediated mitophagy ** *°. Additionally, a ubiquitin-inde-
pendent, receptor-mediated mitophagy pathway has been identi-
fied, in which autophagy receptor proteins, such as BCL2/aden-
ovirus E1B 19 kDa-interacting protein 3-like (NIX), BCL2/aden-
ovirus E1B 19 kDa-interacting protein 3 (BNIP3), and FUN14 do-
main-containing 1 (FUNDC1), anchor to the outer mitochondrial
membrane and directly interact with microtubule-associated pro-
tein 1 light chain 3 (LC3). This interaction facilitates the recruit-
ment of autophagosomal membranes and initiates mitophagy ac-
tivation *’. These two primary mechanisms of mitophagy regula-
tion ensure mitochondrial internal stability. For instance, Buqi
Astragalus’s main active ingredients, including Astragalus poly-
saccharide, saponins, and isoflavones, reduce ROS levels by en-
hancing SOD expression, decreasing oxidative stress, regulating
autophagy, improving mitochondrial function, and inhibiting BM-
MSC senescence. Similarly, the Bugi compound glycyrrhizal chal-
cone D inhibits BM-MSCs by promoting autophagy through activ-
ation of the AMPK signaling pathway °". Curcumin, a traditional
herb known for promoting blood circulation, reduces ROS pro-
duction and mitigates oxidative stress by activating NRF2 expres-
sion and the AMPK signaling pathway, thereby preserving mito-
chondrial function **. Herbal medicine primarily inhibits ROS con-
tent by activating antioxidant enzymes and mitophagy to main-
tain mitochondrial stability, thereby inhibiting MSC senescence.

3.5. Autophagy and herbal medicine intervention

Autophagy serves a vital function in maintaining cellular
growth stability. This process becomes significantly activated
when cells experience oxidative stress, hypoxia, or nutrient defi-
ciency. This mechanism effectively inhibits the accumulation of
harmful substances resulting from cell injury and death. Addi-
tionally, senescence represents the gradual accumulation of cellu-
lar damage caused by low-intensity chronic stress, such as oxid-
ative stress, establishing a close relationship between autophagy
and cellular senescence. Studies of the senescence model have re-
vealed corresponding changes in autophagy-regulating genes, in-
cluding LC3, sequestosome 1 (p62), and autophagy-related (ATG)
proteins *.

Autophagy and senescence represent mammalian stress re-
sponses. However, autophagy’s effect on senescence and its un-
derlying mechanisms remain unclear. Regarding autophagy’s role
in delaying MSC senescence, Zhang et al. demonstrated that auto-
phagy could delay D-Gal-induced senescence in MSCs derived
from long bones of Sprague-Dawley rats through activation of the
ROS/JNK/p38 signaling pathway °“.Ma et al. found that auto-
phagy activation enhances bone marrow osteogenic differenti-
ation and proliferation of MSCs while reducing lipogenic differen-
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tiation to restore MSC senescence. Autophagy partially restores
MSC characteristics and reduces bone loss in senescent mice
through regulation of the ROS-p53 signaling pathway ®. Recent
research has also revealed that long-term culture induces MSC
senescence, disrupting internal homeostasis of senescent MSCs,
whereupon autophagy activates to maintain MSC survival .
These studies indicate autophagy’s significant regulatory role in
maintaining MSC internal balance.

Berberine, a heat-clearing drug, inhibits the secretion of in-
flammatory factors and regulates autophagy, ultimately inhibit-
ing senescence in BM-MSCs. Curcumin, a compound that activ-
ates blood circulation and removes blood stasis, is a fat-soluble
natural active ingredient extracted from turmeric rhizome.
Curcumin activates NRF2 expression and AMPK signaling path-
way, inhibits NF-xB signaling pathway and ERK1/2 phosphoryla-
tion, reduces ROS production and oxidative stress, thereby main-
taining mitochondrial function and inhibiting SASP secretion.
Curcumin also suppresses MSC senescence by promoting auto-
phagy *. Resveratrol (RSV) is a natural polyphenol antitoxin that
can inhibit BM-MSC senescence by enhancing cell metabolic bal-
ance and promoting autophagy *’. These studies demonstrate that
herbal medicine can affect cell senescence through autophagy
regulation.

4. The effect and mechanism of herbal medicine and its act-
ive components on inhibiting MSC senescence

Traditional Chinese medicine attributes senescence primar-
ily to Qi deficiency and blood stasis, with phlegm turbidity block-
ing collaterals. Therefore, nourishing blood and Qi are essential
for anti-senescence in traditional Chinese medicine. This review
summarizes the effects and mechanisms of traditional Chinese
medicines against senescent MSCs in three categories: traditional
Chinese herbs, Chinese herbal monomers (terpenes, phenols,
flavonoids), and plant extractions. Currently, the anti-senescence
effects of Chinese herbal medicine on MSCs are exerted across
multiple biological levels, including the cellular, organelle, and
extracellular environments. For example, individual herbal
monomers such as ganoderic acid D (GA-D), ginsenoside Rg1, and
camphorquinone (CQ) inhibit MSC senescence primarily by redu-
cing mitochondrial reactive oxygen species (ROS), thereby pre-
serving cellular homeostasis. In contrast, multi-herbal formula-
tions such as Zuogui Wan (ZGW) and Guilu-Erxian Glue (GLEXG)
modulate MSC senescence through regulation of the senescence-
associated secretory phenotype (SASP) and exosome release. The
specific molecular mechanisms by which these compounds inhib-
it MSC aging will be discussed in detail in the following sections

(Fig. 4).
4.1. Traditional Chinese herb

Traditional Chinese herbal compounds have garnered in-
creasing research attention and are widely employed as adjunct
therapies in oncology, immunomodulation, endocrine regulation,
and other areas. Their appeal lies in their multi-component, multi-
target, and multi-effect characteristics, combined with low tox-
icity, minimal side effects, and strong synergistic potential. In re-
cent years, these compounds have been increasingly explored in
anti-senescence research, particularly in studies focused on mit-
igating MSC senescence **7*,

Alpiniae Oxyphyllae Fructus (AOF), a renowned Chinese
medicine from the Ginger family, is one of southern China’s four
famous medicines. AOF functions include nourishing the spleen
to prevent diarrhea, reducing spittle, reinforcing kidney essence
to decrease urination, and acting as a brain tonic to promote Qi
and blood circulation for functional recovery. Pharmacological re-
search demonstrates AOF’s critical roles in treating Alzheimer’s
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Fig. 4 Mechanisms of traditional Chinese medicine in inhibiting senescent MSCs. Traditional Chinese medicine, including herbal monomers, natural active compounds, and
multi-herb formulations, exerts anti-senescence effects on MSCs at three biological levels: 1) the intracellular level, 2) the mitochondrial level, and 3) the extracellular level.

disease, stomach pain, ulcers, diarrhea, cardiac fibrosis, and tu-
mors. Due to its anti-aging and sexual enhancement effects, AOF
is utilized in Korea for treating various symptoms of hyperten-
sion and cerebrovascular diseases *’. Recent studies have re-
vealed AOF extract’s anti-senescence effects in MSCs. Lin et al. in-
vestigated AOF’s protective effect on senescence-related cardiac
remodeling. AOF pretreatment of adipose-derived MSCs (ADM-
SCs) significantly reduced D-Gal-induced cardiac oxidative stress
by activating the NRF2 pathway, with reduced ROS leading to in-
hibition of inflammatory signals (p-NF-«B and interleukin 6 (IL-
6)) in senescent rats. Consequently, senescence-associated cardi-
ac remodeling was restored *. Chang et al. confirmed that AOF-
pretreated ADMSCs enhance cardiac repair function under senes-
cence conditions, correlating with decreased expression of apop-
tosis and senescence markers (p21 and SA-$-Gal). Additionally,
AOF and ADMSCs may restore senescent heart function by activ-
ating paracrine factors "’. These studies indicate that AOF facilit-
ates cardiac repair by regulating oxidative stress in senescent
MSCs, reducing senescent cell numbers, and promoting MSC pro-
liferation.

The herbal beverage Jing Si herbal drink (JS), based on
Chinese herbal medicine, comprises eight Chinese herbs: mug-
wort leaf, tail leaf, ophiopogon, fish tail, platycodon, licorice, per-
illa, and chrysanthemum. Recent studies have demonstrated
these herbs’ anti-inflammatory, anti-viral, and immunomodulat-
ory properties, as well as their ability to reduce organ damage ”*
Given that senescent cells exhibit increased inflammation, Shibu
et al. demonstrated ]JS’s anti-senescence effects on MSCs. Their
study examined ADMSCs isolated from 16- and 24-week-old rats
to evaluate JS’s impact on cellular senescence. Following ]S treat-
ment, senescent ADMSCs showed decreased levels of DNA dam-
age marker y-H2AX and increased TERT nuclear accumulation.
These findings validate ]S’s anti-senescence potential and expand
understanding of its mechanism in MSCs, specifically through
DNA damage reduction "

ZGW, a traditional prescription for kidney tonification, re-
flects the Chinese medical principle that kidney Qi fundamentally
supports human growth, development, and reproductive func-
tion, with its depletion contributing significantly to senescence.
Kang et al. examined ZGW'’s effects on MSC senescence. Their
findings revealed that ZGW modulates Wnt/f-catenin signaling
and suppresses age-related factors, thereby enhancing cellular
proliferation, mitigating DNA damage, and reducing senescence-
associated cytokine secretion, including high mobility group box

1 (HMGB1), matrix metalloproteinase-3 (MMP3), and IL-6, while
maintaining MSCs’ multi-directional differentiation capacity
These results demonstrate ZGW’s ability to inhibit MSC senes-
cence through multiple mechanisms.

GLEXG, a Chinese herbal medicine designed to nourish blood
and Qi and address kidney deficiency, has demonstrated clinical
efficacy in treating elderly osteoarthritis patients’ joint pain.
Composed primarily of longtail, antler, wolfberry, and ginseng,
GLEXG shows promising effects in addressing senescence, peri-
menopausal syndrome, and degenerative joint conditions. Yang
et al. discovered that GLEXG dose-dependently upregulates type
11/X collagen II, SOX9, and aggrecan expression, promoting MSC
cartilage formation. Analysis of MSC exosome protein compon-
ents revealed that GLEXG significantly reduces age-related pro-
tein expression, indicating exosome components’ crucial role in
delaying MSC senescence "*. This research highlights GLEXG’s role
in controlling MSC senescence through exosome component reg-
ulation.

These studies highlight recent advances in Chinese herbal
medicines that nourish blood and Qi for combating MSC senes-
cence. At the cellular level, medicines such as AOF and ZGW in-
hibit MSC senescence and stimulate proliferation for renewal. Re-
garding cellular secretion, AOF and ZGW reduce paracrine factor
release, including HMGB1, MMP3, and IL-6. GLEXG modulates
senescent protein expression in exosomes to delay MSC senes-
cence. At the molecular level, ]S herbal medicine reduces DNA
damage marker y-H2AX expression and TERT nuclear accumula-
tion processes. Traditional Chinese Medicine compounds thus
demonstrate significant effects in inhibiting MSC senescence
across cellular, molecular, and secretory levels.

4.2. Effective ingredients of herbal medicine

4.2.1. Terpenes

Terpenes comprise a class of isoprene derivatives widely dis-
tributed in nature, primarily isolated from plants, microorgan-
isms, and marine organisms. These compounds exist in various
oxygen-containing derivative forms, including alcohols, alde-
hydes, carboxylic acids, ketones, esters, and glycosides. Common
plants such as ginseng, licorice, Astragalus, Bupleurum, and Re-
ishi Mushroom contain high terpene levels. These compounds
demonstrate significant regulatory functions in multiple thera-
peutic areas, including anticancer, anti-inflammatory, anti-aller-
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gic, antioxidant, anti-leukemic, anti-viral, and hypoglycemic ef-
fects, as well as cardiovascular and cerebrovascular disease pre-
vention. Given these advantages, research progress regarding
terpenes’ role in inhibiting MSC senescence warrants examina-
tion ”°,

Currently, extensive research examines the effects of terpen-
oids on MSC senescence. Ginsenoside, a glycoside compound
based on triterpenoids or spiral steranes as ligands, is primarily
extracted from ginseng as a monomeric component. Its mild and
non-toxic properties have led to widespread applications in
medicine, food, and cosmetics *”°. Ginsenosides possess a four-
ring rigid steroid backbone similar to steroid hormones, and re-
search demonstrates their hormone-like activity through nuclear
receptor binding or hormone level modulation, thereby influen-
cing various menopause-related diseases, inflammatory condi-
tions, and cancers. Recent studies confirm that ginsenosides can
counteract MSC senescence *, with ginsenoside Rgl being the
most extensively studied saponin monomer component in MSC
anti-senescence research. In 2020, Wang et al. discovered that
ginsenoside monomeric Rgl reduces Wnt pathway over-activa-
tion in senescent human bone marrow-derived MSCs (h-MSCs) by
inhibiting GSK-3f phosphorylation and demonstrates the ability
to regulate h-BMSC differentiation *". In 2021, this research group
further investigated Rg1’s anti-senescence mechanism in primary
MSCs obtained from mouse femurs, confirmingthat Rgl en-
hances MSC antioxidant capacity. The anti-senescence and antiox-
idant effects of Rg1l correlate with NRF2 signaling pathway activ-
ation, with AKT identified as the upstream molecule activating
NRF2. AKT or NRF2 activation may serve as therapeutic targets
for preventing MSC senescence **. In 2023, Ling et al. examined
Rgl’s effect on D-Gal-induced senescence of amniogenic MSCs
(hAD-MSCs), finding that Rgl inhibits hAD-MSC senescence rate
and significantly reduces senescence proteins pl6INK4a and
p53/p21CIP1 expression. Rgl also exhibits anti-senescence ef-
fects by inhibiting senescence factor insulin-like growth factor 1
(IGF-1) secretion ". In 2023, Che et al. investigated another
saponin monomer molecule Rg2, revealing its ability to inhibit D-
Gal-induced senescence and oxidative stress in porcine MSCs
(pMSCs). Rg2 inhibits pMSC replicative senescence and main-
tains stemness by increasing autophagy activity through AMPK
signaling pathway activation. These findings suggest a potential
strategy for pMSC expansion in vitro . This research indicates
that ginsenosides such as Rgl and Rg2 regulate differentiation
and stemness at the cellular level, while Rg1 affects mitochondri-
al and lysosomal function at the organelle level. Additionally, Rgl
influences senescence factor secretion to inhibit MSC senescence.

Ganoderma lucidum represents a triterpenoid bioresource
traditionally used as an anti-aging elixir in China and other ori-
ental countries for millennia. GA-D, a triterpenoid compound ex-
tracted from Ganoderma lucidum, has broad applications in vari-
ous diseases due to its excellent anti-inflammatory properties. In
2020, Xu et al. demonstrated that GA-D protected human amniot-
ic MSCs (hAMSCs) from oxidative stress-induced senescence. GA-
D significantly inhibits ROS production, -galacsidase formation
(an age-related marker), and senescence proteins p21 and p16
expression, while alleviating cell cycle arrest and enhancing te-
lomerase activity in senescent hAMSCs. Mechanistic studies re-
vealed that GA-D delayed hAMSC senescence through PERK/
NRF2 signal activation *. In 2022, Yuan et al. further investigated
GA-D’s mechanism in inhibiting hAMSC senescence, identifying
14-3-3¢ as GA-D’s target. GA-D delayed MSC senescence by regu-
lating both 14-3-3¢ and the CaM/CaMKII/NRF2 axis in in vivo and
in vitro senescence models *. This research elucidates the mech-
anism of triterpenoids in inhibiting MSC senescence. GA-D inhib-
its senescence by alleviating cell cycle arrest and enhancing te-
lomerase activity. These studies confirm that terpenoids resist
MSC senescence by maintaining MSC differentiation, stemness,
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and proliferation.

CQ, a bicyclic monoterpenoid compound synthesized through
continuous bromination oxidation of camphor, is found in essen-
tial oils from various herbs and utilized in traditional Chinese
medicine for treating sprains, swelling, and inflammation. Re-
search demonstrates that camphor’s anti-aging properties en-
hance proliferation and anti-senescence effects in human primary
dermal fibroblast cells while preventing UV-induced wrinkles in
mouse skin. Studies by Maharajan et al. revealed that CQ inhibits
senescence of human BM-MSCs and mouse heart tissue induced
by H,0, and D-Gal, activating the AMPK/SIRT1 signaling path-
way and autophagy in both senescence models. Additionally, CQ
decreases inflammatory marker gene expression in the heart tis-
sue of D-Gal-induced senescence mice °'. The above studies have
confirmed that bicyclic monoterpenoid (CQ) plays an anti-senes-
cence and heart-protecting role by activating autophagy. The
study also expands a new approach to anti-senescence of terpen-
oids.

In summary, these studies demonstrate the anti-senescence
effects of terpenes at multiple levels. At the intracellular function-
al protein level, terpenoids (saponins, CQ, etc.) directly inhibit
p21 and p16 protein expression in senescent cells, while triter-
penoid GA-D inhibits MSC senescence by enhancing telomerase
activity. At the organelle level, saponin monomer molecules Rg2
and CQ target mitochondrial organelles and suppress cellular ox-
idative stress through the AMPK/SIRT1 mitophagy signaling
pathway, thereby inhibiting MSC senescence. Regarding extracel-
lular secretion proteins, Rgl achieves anti-senescence effects
through IGF-1 cellular factor secretion. These findings indicate
that terpenoids inhibit MSC senescence through multiple mech-
anisms affecting cells, organelles, intracellular functional pro-
teins, and extracellular secretion proteins.

4.2.2. Phenols

Polyphenols are secondary metabolites commonly found in
Chinese herbs, vegetables, fruits, and other plant foods. These
compounds exhibit dual mechanisms of action: they inhibit oxy-
gen free radical generation by activating antioxidant enzymes,
maintaining cell membrane integrity, and they alleviate the sen-
escence process by suppressing pro-inflammatory factor-related
inflammatory responses *°. Common polyphenol compounds in
Chinese medicine include curcumin, RSV, and quercetin. Recent
research has demonstrated significant progress in understanding
the anti-senescence effects of polyphenols on MSCs.

RSV, a natural polyphenol derived from peanuts, grapes, and
other plants, blocks cell apoptosis, delays senescence, and ex-
tends lifespan by enhancing longevity gene SIRT2 expression
while suppressing tumor gene p53. Research exploring RSV’s anti-
senescence effects on MSCs reveals significant findings. Ali et al.
demonstrated that RSV reduces SASP secretion and senescence-
related gene expression (p53, p16, and p21) in human bone mar-
row MSCs (hBM-MSCs), while decreasing ROS content through in-
creased expression of cellular antioxidation-related enzymes
[heme oxygenase 1 (HMOX1) and SOD3]. RSV inhibits both adipo-
genic differentiation and age-related phenotypes in hBMSCs, con-
sequently suppressing bone marrow adipose tissue (BMAT)
formation, which originates from hBMSCs ¥. Alessio et al. found
that picetanol, another natural polyphenol, counteracts MSC sen-
escence by inhibiting p53-p21, RB1, and non-p53-dependent RB2-
pl6-p21-p27 signaling pathway activation in genotoxically-in-
duced stress and replicative senescence models *. Lei et al. were
the first to demonstrate the protective effects of resveratrol
(RSV) against senescence in ADMSCs. Their study revealed that
RSV significantly upregulates Pim-1 expression in senescent
ADMSCs through activation of the PI3K/AKT signaling pathway.
Moreover, they found that elevated Pim-1 levels in ADMSCs en-
hanced insulin secretion in INS-1 pancreatic B-cells when ex-
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posed to ADMSC-conditioned medium *’. These studies elucidate
the anti-senescence mechanisms of natural polyphenols (RSV,
picetanol) in MSCs at cellular, organelle, and secretory levels.

Curcumin, a yellow pigment extracted from the rhizome of
turmeric, is an active substance in acidic polyphenols. Curcumin
exhibits multiple biological activities, including anti-oxidative,
anti-inflammatory, anticancer, chemopreventive, and anti-neuro-
degenerative properties. Research has demonstrated its capacity
to extend the mean lifespan of various aging model organisms, in-
cluding C. elegans, D. melanogaster, yeast, and mouse. Deng et al.
investigated curcumin’s effect on canine bone marrow MSC (cBM-
SC) senescence and its underlying mechanism, discovering that
curcumin increases the ratio of microtubule associated protein
LC3-phosphatidylethanolamine conjugate (LC3II)/cytosolic form
of LC3 (LC3I) and the expression of autophagy-related molecules
autophagy-related gene 7 (ATG7) and ATG12. Additionally, the
formation of autophagy vesicles and acid vesicles was enhanced.
Consequently, autophagy inhibitors/activators modify the senes-
cence state of canine BMSCs through regulation of the autophagy
pathway, confirming curcumin’s significant role in ameliorating
cBMSC senescence through autophagy mechanisms **. In examin-
ing curcumin’s impact on MSC lifespan, Pirmoradi et al. determ-
ined that curcumin significantly enhances rat adipose tissue-de-
rived stem cells (rADSCs) proliferation. The treatment delays sen-
escence onset and markedly reduces senescent cell numbers. Mo-
lecular analysis revealed significantly higher TERT gene expres-
sion in curcumin-treated cells compared to controls, with not-
ably extended rADSC lifespan *. This research demonstrates how
curcumin modulates senescence through cellular autophagy and
proliferation regulation, while at the molecular level, it extends
lifespan by enhancing TERT expression.

Urolithin A (UA), a natural metabolite of ellagitannin poly-
phenol compounds, demonstrates significant antioxidant, anti-in-
flammatory, and anti-senescence properties. Shi et al. examined
UA’s anti-senescence effects in H,0,-induced senescent nucleus
pulposus-derived MSCs (NPMSCs), revealing that UA inhibits
NPMSC cell cycle arrest, reduces SA-B-Gal activity, and decreases
senescence-related protein and mRNA expression. UA preserves
mitochondrial function and delays NPMSC senescence through
SIRT1/PGC-1a pathway activation °’. These findings indicate UA’s
capacity to regulate MSC senescence through modulation of cell
proliferation and mitochondrial function.

Gallic acid (3,4,5-trihydroxybenzoic acid, GA), a natural poly-
phenolic compound widely present in plants, possesses signific-
ant medicinal properties, including anti-inflammatory and anti-
oxidant effects. Shan et al. investigated GA’s impact on Werner
syndrome (WS) hMSC senescence, confirming reduced expres-
sion of senescence markers p1l6 and p21, increased telomere
length, and inhibited DDR. Notably, GA treatment enhanced his-
tone H3 Lys9 trimethylation (H3K9me3) in WS hMSCs. GA addi-
tionally upregulates nuclear membrane proteins lamin B1 (LB1)
and lamina-associated polypeptide 23 (LAP2p), supporting het-
erochromatin structure maintenance. These findings establish
GA’s critical role in heterochromatin maintenance and reduction
of physiological premature senescence in hMSCs .

In conclusion, natural polyphenols, including RSV, picetanol,
and GA, inhibit MSC senescence by directly suppressing p53, p21,
and pl6 protein expression and senescence factor secretion.
Curcumin extends rADSC lifespan through enhanced telomerase
reverse transcriptase gene expression. GA increases H3K9me3 in
WS hMSCs, upregulating LB1 and LAP2f expression and main-
taining heterochromatin structure. At the cellular organelle level,
RSV reduces ROS content by increasing antioxidant enzymes
HMOX1 and SOD3 expression, thereby inhibiting hBMSC senes-
cence. Urolithin A preserves mitochondrial function through
SIRT1/PGC-1a pathway activation. Curcumin enhances canine
BMSC condition by increasing autophagy. These findings demon-
strate phenolic compounds’ regulatory and inhibitory effects on
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senescence at cellular and organelle levels.

4.2.3. Flavonoids

Flavonoids are widely distributed throughout the plant king-
dom and constitute one of the primary active components in
Chinese herbs. These compounds exhibit numerous biological
functions, including anti-oxidation, tumor suppression, inflam-
mation reduction, immune enhancement, and anti-aging proper-
ties . Recent research has demonstrated significant progress re-
garding the flavonoid components of herbal medicine in prevent-
ing MSC senescence. This review examines the anti-senescence
properties of commonly used Chinese medicines containing
flavonoids, including quercetin, genistein (extracted from soy
products), and hydroxysafflor yellow A (extracted from saffron).

Quercetin represents a distinct subclass of flavonoids. This
bioactive natural compound, structured as C6 (ring A)-C3 (ring C)-
C6 (ring B), demonstrates potent antioxidant and anticancer
properties. Quercetin shows considerable promise as an anti-
aging agent. Preclinical and early clinical data from anti-aging
studies indicate quercetin’s effectiveness in preventing or redu-
cing cancer formation. Geng et al. developed a premature senes-
cence model using WS hMSCs to evaluate natural compounds that
inhibit premature hMSC senescence. Their research revealed that
quercetin mitigated cell senescence by enhancing cell prolifera-
tion and restoring heterochromatin structure in WS hMSCs.
These findings suggest quercetin’s potential as a therapeutic in-
tervention for age-related diseases .

Genistein, an isoflavone isolated from soy products, targets
estrogen-associated receptor alpha (ERRa). This compound func-
tions as a cancer protective agent by promoting apoptosis and
cell cycle arrest while inhibiting angiogenesis and metastasis. Ad-
ditionally, it exhibits antioxidant and anti-inflammatory proper-
ties. These characteristics suggest genistein’s potential applica-
tion in treating age-related conditions such as metabolic diseases,
osteoporosis, and Alzheimer’s disease. MSC senescence repres-
ents a significant factor in postmenopausal osteoporosis (PMOP).
Li et al. demonstrated that genistein inhibits the senescence of
ovariectomized (OVX)-BMMSCs through ERRa-mediated mito-
chondrial biogenesis and mitophagy activation. Furthermore,
genistein increased the expression of p16INK4a, SIRT3, and
PGC1la in OVX rats. These findings establish the molecular found-
ation for developing genistein-based PMOP treatment strate-
gies »

Hydroxyl safflower yellow A (HSYA), the principal active
component of edible safflower, demonstrates anti-inflammatory
and antioxidant properties. In China, HSYAis frequently em-
ployed in treating cardiovascular and cerebrovascular diseases,
functioning to eliminate oxygen-free radicals, decrease inflam-
matory infiltration, and inhibit apoptosis. Song et al. demon-
strated that HSYA could delay the senescence process of D-Gal-in-
duced MSCs by alleviating oxidative stress through increased SOD
activity and reduced malondialdehyde (MDA) and ROS levels. Ad-
ditionally, HSYA significantly decreased the secretion of senes-
cence cytokines, tumor necrosis factor-a (TNF-a) and IL-18, by
activating the NF-xB signaling pathway *’. These findings indic-
ate that HSYA’s anti-senescence effects correlate closely with its
anti-inflammatory and antioxidant properties.

Research demonstrates that flavonoids effectively counter
cell senescence through multiple mechanisms. At the cellular
level, quercetin mitigates senescence by enhancing overall cell
proliferation capacity. At the organelle level, genistein inhibits
OVX-BMMSC senescence via ERRa-mediated mitochondrial bio-
genesis and mitophagy activation. Similarly, hydroxysafflor yel-
low A delays D-Gal-induced MSC senescence by modulating mito-
chondrial SOD activity and reducing oxidative stress. Regarding
extracellular secretion, hydroxysafflor yellow A reduces senes-
cence factor secretion (TNF-a and IL-1f) through activation of
the NF-kB signaling pathway. These findings demonstrate flavon-
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oids’ capacity to inhibit MSC senescence at both cellular and mito-
chondrial levels.

4.3. Plant extracts

Plant extracts comprise biological small molecules or macro-
molecules obtained by separating and purifying one or more ef-
fective components from plant raw materials through physical,
chemical, and biological methods *> *’. These extracts contain
complex chemical compositions, including polysaccharides, poly-
phenols, volatile oils, alkaloids, and other secondary metabolites,
exhibiting various functions such as anti-oxidation, anti-viral
activity, anti-tumor effects, and immune enhancement. Recent
studies have demonstrated notable progress in understanding
plant extracts’ role in preventing MSC senescence.

Studies have demonstrated that polysaccharides from U. pin-
natifida serve an essential role in both nutritional and medicinal
applications. U. pinnatifida has garnered significant attention for
its pharmacological properties in preventing various conditions,
including inflammation, cancer, and other diseases. Jeong et al.
examined the anti-senescence effects of U. pinnatifida ethanol ex-
tract (UP-Ex) on hBM-MSCs. Their findings indicated that UP-Ex
inhibited ROS-induced oxidative damage in hBM-MSCs by enhan-
cing the activities of SOD1, SOD2, and catalase, suggesting UP-Ex
could ameliorate functional decline in senescent stem cells.
This may lead to enhanced therapeutic outcomes in stem cell
therapy .

Pistachio represents a substantial source of phenolic, antiox-
idant, and anti-inflammatory compounds. Extensive research has
examined the antioxidant and anticancer properties of pistachio
pericarp extract. Askari et al. demonstrated that the aqueous ex-
tract of pistachio pericarp (AEPP) enhanced cell proliferation and
decreased senescence in a concentration-dependent manner. Fur-
thermore, telomere length, telomerase activity, and anti-senes-
cence gene expression increased significantly with AEPP treat-
ment in a dose-dependent fashion. Given its high safety profile
and anti-senescence effects, AEPP shows promise as a potential
therapeutic agent for mitigating bone marrow-derived MSC sen-
escence .

Plant extracts inhibit MSC senescence primarily through cel-
lular and intracellular functional protein mechanisms. At the cel-
lular level, AEPP delays senescence by enhancing overall cell pro-
liferation. Regarding intracellular functional proteins, U. pin-
natifida exhibits anti-senescence effects primarily by increasing
antioxidant enzyme activities of SOD1, SOD2, and catalase. Addi-
tionally, AEPP delays MSC senescence through regulation of te-
lomerase activity and anti-aging gene expression. These plant ex-
tracts demonstrate promising effects in alleviating MSC senes-
cence, establishing a foundation for future development of addi-
tional plant extracts.

The aforementioned studies indicate that traditional Chinese
medicines that nourish blood and Qi inhibit MSC senescence
through antioxidant and anti-inflammatory mechanisms. The anti-
senescence mechanisms operate at three distinct levels. At the
cellular level, traditional Chinese medicine exhibits anti-senes-
cence effects by modulating cell proliferation, differentiation, and
stemness. Additionally, it reduces senescent protein expression.
At the organelle level, TCM demonstrates anti-senescence effects
through enhanced mitochondrial antioxidant activity and regula-
tion of autophagy to inhibit MSC senescence. At the extracellular
level, TCM suppresses MSC senescence by inhibiting senescence-
related secretory factors and exosomes (Table 1).

5. Summary and future perspectives
MSCs represent one of the most extensively studied adult

stem cell types. Their accessibility, immunomodulatory proper-
ties, and therapeutic potential in regenerative medicine have led
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to clinical research applications across various diseases, particu-
larly degenerative and age-related conditions. However, the con-
tinuous senescence of MSCs both in vivo and in vitro inhibits their
proliferation and diminishes their functional activity, presenting
a significant challenge for clinical applications. Analyzing the
causes and specific mechanisms of MSC senescence, and develop-
ing corresponding preventive or reversal measures, is crucial for
addressing this limitation.

MSC senescence occurs through multiple pathways. This re-
view categorizes the causes into three main types: replicative
senescence, stress-induced premature senescence (including on-
cogenic, oxidative stress, and treatment-induced), and develop-
mental senescence. Among stress-induced premature senescence
factors, oxidative stress and excessive ROS production are partic-
ularly significant. While inhibiting ROS production theoretically
could prevent premature senescence, ROS serves essential regu-
latory functions in normal cellular processes. Therefore, target-
ing excess ROS elimination has limitations, whereas modulating
anti-senescence SIRT family molecules that regulate MSC activity
appears more promising and safer '°'. Current interventions us-
ing small molecule inhibitors or gene modification target various
signaling pathways but present dose-dependent toxicity or off-
target effects. Given increasing health consciousness, non-toxic or
low-toxic traditional Chinese medicines and their active ingredi-
ents with anti-senescence properties represent an important fu-
ture direction '”’. This review examines recent advances in
Chinese medicine and its active components in preventing MSC
senescence. Terpenoids, phenols, and flavonoids emerge as the
most studied components, functioning at mitochondrial, cellular,
and secretory levels. Recent research highlighting the role of MSC
paracrine substances, such as exosomes, in anti-senescence
provides novel mechanistic insights regarding Chinese medicine’s
anti-senescence properties. This foundation enables new ap-
proaches to prevent MSC senescence '’ Additionally, identifying
and isolating compounds with similar structures from natural
sources could yield novel anti-aging active ingredients (Fig. 5).

Research on Chinese medicine’s anti-MSC senescence effects
remains at cellular and animal experimental stages, requiring fur-
ther clinical studies before practical application. Moreover, the
complex composition of herbal medicine compounds necessit-
ates bioinformatics analysis to understand multi-component and
multi-target interactions, advancing herbal medicine research '*,
Current basic studies predominantly focus on cell populations,
overlooking single-cell heterogeneity in MSCs. Advanced techno-
logies like single-cell RNA sequencing and spatial transcriptom-
ics enable deeper understanding of MSC senescence mechanisms.
While p16 and p21 serve as common transcriptional senescence
marKkers, their expression varies across senescent cells depend-
ing on pathological status, tissue location, and microenviron-
ment. Single-cell/nuclear RNA-seq methods effectively study sen-
escence heterogeneity, though each has limitations. Single-cell
RNA-seq provides comprehensive transcriptome analysis but
may miss larger or sensitive senescent cells. Single-nuclear RNA-
seq captures all cell types but with potentially reduced sensitiv-
ity due to lower nuclear mRNA abundance. Spatial transcriptom-
ics offers advantages by capturing all senescent cell types while
providing crucial spatial information, facilitating more accurate
identification and characterization of senescent cells and poten-

tial new markers '

6. Conclusion

This review examined the biological characteristics, types,
and molecular mechanisms of MSC senescence, with particular
emphasis on recent advances in safe, low-toxicity herbal medi-
cines and their compounds in combating MSC senescence. Re-
search has demonstrated that herbal medicines can mitigate MSC
senescence by influencing DNA damage, telomere length, and epi-
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Table 1 Summary the mechanism of traditional Chinese medicine on inhibiting senescence of MSC.

Function Compound Classification Models Mechanism Ref.
Ginsenoside Rgl Terpenoids MSC PI3K/AKT-NRF21 38
Ginsenoside Rg2 Terpenoids Porcine MSCs AMPKT, NRF2T 83
AOF Chinese medicine ADMSC NRF2T, ROSL 69
Ganoderic acid D Terpenoids HAMSC Cal\l’;]/sgfl\//lgﬁfﬁlfﬂ 84-85
Mitochondrial function Resveratrol Polyphenol MSsC HMOXRloT,SfOD3T 87
ERRal
Genistein Isoflavone MSC SIRT37 95
PGClaT
ROSL
UP-Ex Chinese medicine HMSC SOD1, SOD27 99
CATT
Autophagy Curcumin Polyphenols Canine BMSC AL"‘IE:(??I#Q#((:}TZTT 42
Camphorquinone Terpenoids HMSC AMPK/SIRT1T 61
Pistachio Chinese medicine MSC TRF1, RAP1T 100
Telomerase activity JingSi herbal Chinese medicine ADMSC TERTT 72
Curcumin Phenols Rats ADMSC TERTT 90
Quercetin Flavonoid WS-HMSC Heterochromatin architecture T 94
Heterochromatin architecture Gallic acid Benzoic acid WS-HMSC Lam]i-ljl;( 19 TTE;;Z g1 92
Zuogui Wan Chinese medicine MSC HMGB1, MMP3, IL-61 73
Resveratrol Polyphenol MSC IL1e, IL1B, IL-6 TNFal 87
SASP AOF Ginger family ADMSC NF-xBl, IL-6 69
HSYA Safflower MSC NF-xBT, TNF-al, IL-1B4 96
Ginsenoside Rgl Terpenoids hAD-MSC IGF-IT 82
Exosome GLEXG Chinese medicine MSC Type 11/X collagen 11, SOX9 74

genetic modifications. Additionally, herbal medicines directly de- cence. The review also analyzed current limitations in research

crease ROS levels through enhanced antioxidant enzyme activity, regarding herbal medicines and their compounds against MSC

thereby reducing oxidative damage and improving MSC senes-

Replicative senescence

senescence, proposed corresponding improvement strategies,

Stress senescence Developmental senescence
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and provided perspectives on the future development of anti-
MSC senescence therapeutics.
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