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Abstract

The Forkhead box (FOX) family comprises a group of transcription factors distinguished by a wing-like helix structure in their DNA-
binding domain and encompasses 19 subfamilies, including Forkhead Box O (FOXO), Forkhead Box M (FOXM), and Forkhead Box
P (FOXP), among others. In recent years, the integral involvement of aging regulation, characterized as a genetically regulated process
of progressive functional decline, in aging regulation has been highlighted by accumulating evidence. Specifically, FOXO up-regulates
inhibitors p21 and p27, leading to cell cycle arrest, resistance to enhances oxidative stress resistance by activating enzymes such as su-
peroxide dismutase (SOD) and catalase (CAT), promotes genomic stability by activating DNA repair through Growth Arrest and DNA
Damage-Inducible 45 (GADD45), and initiates autophagy by targeting Beclin 1 (BECNI) and Unc-51 like autophagy activating kinase
2 (ULK?2) under stress conditions when the Phosphoinositide 3-kinase (PI3K) - Protein Kinase B (Akt) axis is inhibited. In contrast,
FOXM, specifically for FOXM1, has been shown to promote the cell proliferation by antagonizing the p16-pRb axis and the p53 signal-
ing pathway, enhancing DNA damage repair capacity by modulating factors such as Nijmegen breakage syndrome protein (NBSTI), and
mitigating oxidative stress by regulating antioxidant enzymes such as SOD. Furthermore, FOXP can induce senescence by activating
the p53/p21 axis and generating Reactive Oxygen Species (ROS). These processes mentioned above can regulate cellular senescence.
Importantly, dysregulation of FOX members has been implicated in the pathogenesis of major aging-related diseases, including neurode-
generative disorders, cardiovascular diseases, and metabolic disorders. These findings underscore the central role of the FOX family in
aging-related pathways, highlight its potential as a therapeutic targets to mitigate aging-associated diseases.
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1. Introduction Forkhead Box M (FOXM), Forkhead Box P (FOXP),
and so on. The family comprises a group of transcrip-
tion factors characterized by a wing-like helix structure
in the DNA-binding domain [9,10,11], extensively stud-
ied in the context of inflammatory immunity and cancer.
In the immune system, FOXO, especially FOXO3, sup-
presses Nuclear Factor kappa-B (NF-«B) and Signal Trans-
ducer and Activator of Transcription 3 (STAT3) signal-
ing in T cells and macrophages, thereby down-regulating
Interleukin-6 (IL-6), Tumor Necrosis Factor-alpha (TNF-
a), and Inducible Nitric Oxide Synthase (iNOS) to main-
tain immune homeostasis [12]. FOXMI1 in FOXM pro-
motes pro-inflammatory responses by driving the expres-
sion of cytokines such as IL-6 and TNF-a in immune cells,
and contributes to immune evasion by shaping an immuno-
suppressive tumor microenvironment when up-regulated in
cancers [13,14]. FOXP3, belonging to FOXP family, re-
presses Interleukin-2 (IL-2) and Interferon-gamma (IFN-
v) while inducing Interleukin-10 (IL-10) and Transform-
ing Growth Factor-beta (TGF-f), thereby establishing pe-

Aging is a genetically regulated progressive process
of systemic functional decline that involves multiple lev-
els including organism, tissue, cell, and molecular [1,2],
which impairs physiological functions and increases sus-
ceptibility to chronic diseases [3]. Recognized as a kind
of stress response [4], cell senescence forms a fundamental
basis for organismal aging and mortality and contributes to
homeostasis maintenance. Several theories have been pro-
posed to explain the molecular mechanisms, including free
radical, telomere, and DNA damage hypotheses of aging
[5,6]. Given the profound impact of aging on health and
disease, molecular regulators can be elucidated to integrate
these senescent mechanisms as a crucial focus.

Chronic inflammation accelerates the senescence of
immune cells, resulting in weakened immune function and
an inability to clear senescent cells and inflammatory fac-
tors, which creates a vicious cycle of inflammation and
senescence [7,8]. Forkhead box (FOX) family encom-
passes 19 subfamilies such as Forkhead Box O (FOXO),
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ripheral immune tolerance. Once FOXP3 is deficient, it
will lead to fatal systemic inflammation [15]. Therefore,
FOX members exhibit dual roles in cancer biology: FOXO
exerts tumor-suppressive functions by inducing cell cycle
arrest and promoting apoptosis [16]. Moreover, FOXP2
can maintain genome stability and control DNA repair
genes as a tumor suppressor [9]. However, FOXMI is
frequently overexpressed in various malignancies, driv-
ing tumor progression by promoting cell proliferation, en-
hancing DNA repair capacity, and regulating antioxidant
enzyme expression [17,18]. Interestingly, FOXA1 pro-
motes or blocks epithelial-mesenchymal transition (EMT)
in a tissue-specific manner depending on the cancer type
[19]. Of note, both inflammatory immune dysregulation
and carcinogenesis are intimately linked to the aging pro-
cess: chronic inflammation serves as a key driver of ag-
ing, while aging-related immune dysfunction further ex-
acerbates cancer risk. Within this framework, FOX fam-
ily members, owing to their central roles in inflammation,
immunity, and cancer, have increasingly been recognized
as crucial regulators of aging. Emerging evidence demon-
strates that FOXO, FOXM1, and FOXP subfamilies di-
rectly contribute to cell senescence and tissue homeosta-
sis through modulating cell cycle, oxidative stress, DNA
repair, and autophagy [20,21,22]. So, FOX family can be
positioned as pivotal molecular hubs connecting inflamma-
tion, cancer, and aging.

Extensive research has established FOX members as
pivotal regulators of fundamental biological processes, in-
cluding embryonic development [23,24], tissue differentia-
tion [25], metabolic homeostasis [26], and immune function
[27]. Inrecent years, more and more advances in aging have
progressively elucidated specific functions of FOX mem-
bers between aging and cellular homeostasis. Specifically,
FOXO subfamily delays cellular aging by inducing cell cy-
cle arrest, counteracting oxidative stress, promoting DNA
repair, and initiating autophagy by targeting autophagy-
related genes including Beclinl (BECNI), Autophagy re-
lated 14 (ATG14), and Unc-51 like autophagy activating ki-
nase 2 (ULK2) [28,29]. FOXM1 influences aging by regu-
lating cell cycle progression and proliferative capacity [30],
while FOXP subfamily acts via mechanisms linked to cell
cycle regulation [31]. Other members like FOXA can indi-
rectly affect aging by regulating glucose and lipid metabolic
balance [32].

FOX members coordinate interactions among inflam-
mation, immunity, and aging. FOXO3 and FOXP3 exert
anti-inflammatory and immune-tolerogenic effects, while
FOXMI1 promotes pro-inflammatory cytokine expression.
In parallel, FOXO and FOXM1 can delay senescence via
cell cycle arrest, DNA repair, and autophagy, whereas
FOXP and FOXA1 may induce senescence. But FOXP is
through the p53/p21 axis, while FOXA1 via p16™&42 acti-
vation (Fig. 1).

Notably, dysregulation in the expression or activity of
FOX members is directly linked to the pathogenesis of sev-
eral major aging-related diseases including neurodegenera-
tive, metabolic disorders, and cardiovascular diseases. Col-
lectively, clarifying the precise mechanisms by which FOX
members govern aging processes can reveal critical molec-
ular targets for developing therapeutic strategies against ag-
ing and its associated pathologies. Therefore, this review
aims to systematically outline the core functions and mech-
anisms of major FOX subfamilies such as FOXO, FOXM1,
FOXP, and so on, in aging regulation, and to discuss the
roles in related pathological processes, thereby providing a
clear perspective for future research directions and transla-
tional applications in this field.

2. FOX in Aging Regulation

FOX family plays a central role in the aging pro-
cess by regulating multiple key pathways. Specifically,
different subfamilies contribute to the maintenance
of cellular homeostasis and the attenuation of aging
phenotypes through mechanisms such as inducing cell
cycle arrest, enhancing antioxidant defenses, promot-
ing DNA repair, and regulating autophagy (Table 1, Ref.
[29,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,
51,52,53,54,55,56,57,58]). Among these members, FOXO
subfamily, which acts as a direct regulator in the afore-
mentioned pathways, has been the most extensively
studied, and its anti-aging function has been most robustly
demonstrated.

Among FOX members, FOXO primarily acts as a pro-
tective modulator that delays senescence through cell cycle
arrest and stress resistance, while FOXMI1 functions as a
context-dependent modulator that promotes the prolifera-
tion and suppresses senescence but can also drive tumorige-
nesis when dysregulated. Differently, FOXP mainly serves
as a downstream responder that induces senescence via the
pS3/p21 axis. Collectively, FOXO, FOXMI, and FOXP
do not operate merely as autonomous drivers or passive re-
sponders. Rather, they function as integrated core modu-
lators of the aging process at both genetic and pharmaco-
logical levels. At the genetic level, cyclic up-regulation
of FOXM!1 expression in mouse models ameliorates aging-
related phenotypes and extends healthspan [20], whereas
natural product-mediated activation of FOXO3 prolongs to-
tal lifespan in model organisms [59]. Pharmacological evi-
dence further confirms this causal relationship. FOXO ac-
tivators such as metformin and natural bioactive substances
promote healthy longevity [60]. The FOXO4-p53 interfer-
ing peptide FOXO4-D-retro-inverso (DRI) alleviates senes-
cent cell accumulation and enhances cognitive performance
in aged animal models [61]. In addition, FOXMI in-
hibitors exert potent senolytic effects to clear senescent
cells [62,63].

In conclusion, FOX members serve as central reg-
ulators that sense diverse aging-related stress stimuli, in-
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Fig. 1. Forkhead box (FOX) family in inflammation, immunity, and aging (by BioGDP). This schematic illustrates the pivotal role
of FOX family including Forkhead Box O (FOXO), Forkhead Box M (FOXM), and Forkhead Box P (FOXP), in integrating immune
regulation and aging processes. These subfamilies coordinate bidirectional signaling with inflammation, immunity, and aging. (1)
FOX members are grouped into four subfamilies: FOXO, FOXM, FOXP, and others. FOXO subfamily includes FOXO1, FOXO02,
FOXO03, and FOX04. FOXM subfamily consists of FOXM1. FOXP subfamily includes FOXP1, FOXP2, FOXP3, and FOXP4. (2)
FOXO3 suppresses pro-inflammatory signaling by inhibiting Nuclear Factor kappa-B (NF-«xB) and Signal Transducer and Activator
of Transcription 3 (STAT3), leading to down-regulation of Interleukin-6 (IL-6) and Tumor Necrosis Factor-alpha (TNF-a) associated
with reduced inflammation and immune evasion. FOXP3 promotes immune tolerance by repressing Interleukin-2 (IL-2) and Interferon-
gamma (IFN-y) while inducing Transforming Growth Factor-beta (TGF-B). Conversely, FOXM!1 drives pro-inflammatory responses by
enhancing the expression of IL-6 and TNF-o. (3) Chronic inflammation drives inflammaging, while immunosenescence exacerbates
immune dysfunction, forming a feedback loop that accelerates aging, as shown by the arrow from aging to immunity. This feedback loop
accelerates the aging process. Thus, FOX family members serve as critical molecular hubs integrating these interconnected pathways.

cluding oxidative stress, DNA damage, and inflammation, FOXO delays senescence, FOXM1 suppresses senes-
and act as effector molecules that convert these signals cence, and FOXP induces senescence; the balance among
into adaptive or pathological physiological consequences  these subfamilies determines the net aging outcome.
[33,34].
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Table 1. FOX members in aging regulation.

Common mechanisms

Distinct mechanisms

FOX members  Aging outcome Cell type-specific References
Cell cycle DNA repair Oxidative stress Autophagy Additional
Forkhead Box O Delays senes- Promotes cell cycle ar- Enhances DNA repair Enhances antioxidant de- Activates  Beclin 1 - Protective in neurons, [29,33,35,36,48,49,51]
(FOXO) cence rest through p21/p27 via Growth Arrest and fense (BECNI),  Autophagy cardiomyocytes, hepato-
DNA Damage-Inducible Related 14 (4ATG14), cytes/adipocytes
45 (GADDA45) Unc-51 Like Autophagy
Activating Kinase 2,
(ULK2)
Forkhead Box Suppresses Promotes cell cycle pro- Enhances via Nijmegen Indirectly reduces Re- - Inhibits the Harmful in dopaminergic [34,37,38,39,50,52,53]
M (FOXM, senescence gression (Phase G1 to Breakage Syndrome 1 active Oxygen Species pl6-pRb/p19Arf-p53 neurons, promotes vas-
mainlyFOXM1) Phase S) (NBSI) (ROS) pathways cular remodeling; affects

immune cells

Forkhead Box P Induces senes- Induces cell cycle arrest Indirectly via p53 Promotes ROS genera- - Activates p53/p21 axisto FOXP3  Tregs regu- [40,41,42,43,54,55,56]
(FOXP, mainly cence through p53/p21 tion induce senescence late neuroinflamma-
FOXP3) tion, atherosclerosis,

metabolic inflammation
Forkhead Box A Pro-senescence - - - - Target of Rapamycin - [44,45]
(FOXA) (TOR) inhibition extends

lifespan
Forkhead Box C Drives car- - - - - Induced by telomere - [46]
(FOXC) diomyocyte shortening
senescence

Forkhead Box N Thymic rejuve- - - - - Maintains thymic func- - [47]

(FOXN) nation

tion, reverses involution

Note: FOXMI1 has been reported to regulate autophagy in certain cancer models through the HMMR/ATG?7 or LC3 pathways, but direct evidence in aging is currently lacking [57,58].
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2.1 FOXO in Aging Regulation

FOXO subfamily exerts the effects by regulating
genes associated with diverse cellular functions, including
apoptosis, the cell cycle, DNA repair, and oxidative stress.
By inhibiting the cell cycle and exerting antioxidant effects,
FOXO influences cell senescence processes, thereby con-
ferring anti-aging effects. Among these, FOXO1, FOXO3,
and other members are regarded as key regulatory factors
in cell senescence and lifespan regulation.

Under normal physiological conditions, insulin and
other growth factors activate the Phosphoinositide 3
(PI3K)-Protein Kinase B (Akt) signaling pathway, which
leads to the phosphorylation of FOXO proteins. Sub-
sequently, these phosphorylated proteins are translocated
from the nucleus to the cytoplasm and degraded via the
ubiquitin-proteasome pathway [64]. Conversely, under
growth factor deprivation or stress stimuli, FOXO proteins
relocate to the nucleus. There, they activate a series of
target genes that promote cell cycle arrest, enhance stress
resistance, or induce apoptosis. This regulatory mech-
anism is closely associated with organismal stress resis-
tance and lifespan extension. For example, in the nema-
tode Caenorhabditis elegans (C. elegans), Abnormal DAuer
Formation protein 16 (DAF-16), as a kind of FOXO fam-
ily homologue, has significantly prolonged lifespan by reg-
ulating genes associated with longevity and stress resis-
tance [59]. In mammals, FOXO members such as FOX04
(AFX), Forkhead Homolog in Rhabdomyosarcoma-Like 1
(FKHRL1), and Forkhead Homolog in Rhabdomyosarcoma
(FKHR) function as homologues of DAF-16 and modulate
cellular responses to oxidative stress. Based on this, re-
search in the mouse myoblast cell line C2C12 shows that
constitutive expression of an active AFX variant (AFX-
TM) blocks cell cycle progression at Stage G1 and G2.
This effect is achieved by regulating the expression of
stress-induced genes like Growth Arrest and DNA Damage-
Inducible 45 (GADD45) and conferring oxidative stress re-
sistance to the cells [35]. GADD45 is a direct transcriptional
target of FOXO, as its promoter contains FOXO binding
sites. GADDA45 protein plays a pivotal role in multiple cel-
lular functions, including DNA repair, cell cycle control,
and responses to genotoxic stress [65]. Oxidative stress ac-
tivates the GADD45 promoter in a FOXO-dependent man-
ner, leading to elevated mRNA and protein levels. This up-
regulation, in turn, triggers G2 arrest, a phenomenon par-
ticularly pronounced in cells with inactivated pS3. Through
these actions, GADDA45 contributes to activating cell cycle
checkpoints and promoting DNA repair, thereby maintain-
ing genomic integrity [36]. Notably, in C. elegans, DAF-16
responds to oxidative stress by translocating to the nucleus
and activating stress-inducible genes, including GADD45.
A similar mechanism operates in mammalian cells, where
oxidative stress induces GADD45 expression via FOXO
members, leading to G2 arrest and enhancing cellular adap-
tation to stress.

&% IMR Press

Furthermore, research in multiple human longevity
cohorts indicates that FOXO3 is associated with delayed ag-
ing, a role further supported by its ability to delay telomere
attrition, promote cell self-renewal, and maintain genomic
stability [33]. Studies in human cell lines and model organ-
isms have shown that FOXO3 enhances cellular resistance
to environmental stress partly through regulating autophagy
and antioxidant responses. FOXO proteins promote the ini-
tiation of autophagy by activating key autophagy-related
genes, including BECNI, ATG14, ULK2, etc. This process
aids in clearing damaged organelles and protein aggregates,
thereby maintaining intracellular homeostasis and delaying
functional decline. For instance, the up-regulated expres-
sion of FOXO1 and FOXO3 in aging brain tissues has been
shown to protect neurons from oxidative damage by induc-
ing autophagy. All above can be seen in Fig. 2.

2.2 FOXM in Aging Regulation

In contrast to FOXO, which primarily delays aging
through stress resistance and autophagy, FOXM subfam-
ily exerts its effects mainly by sustaining proliferative ca-
pacity. FOXM1, a principal member of FOXM subfamily,
comprises three main subtypes: FOXM1la, FOXM1b, and
FOXMlc. FOXMI expression is strongly correlated with
cellular proliferation and is predominantly detected in ac-
tively dividing cells. In adult mammals, FOXMI1 is largely
confined to progenitor cells and regenerating tissues, but
is frequently overexpressed in a wide range of human ma-
lignancies. Studies further suggest that amplification of
FOXMI1 gene may underpin the unique longevity mecha-
nisms observed in species such as naked mole-rats and long-
eared bats [66].

Beyond direct roles in driving proliferation, FOXM1
also indirectly influences processes like cell senescence
and apoptosis. Regarding aging, FOXMI1 is proposed
to exert regulatory effects primarily by inhibiting key
pathways that promote cell senescence [34,67]. The
Anaphase-Promoting Complex/Cyclosome-Cdhl (APC/C-
Cdhl)-mediated degradation of FOXMI1 is critical for
proper cell cycle progression, and age-related dysregulation
of this axis contributes to proliferative decline and senes-
cence accumulation [68,69].

FOXMI1 acts as a proliferation-specific transcrip-
tion factor, driving the expression of multiple cell cycle
progression-related genes and supporting tumor cell prolif-
eration by promoting antioxidant gene expression, which
mitigates oxidative stress. FOXM1 is broadly expressed in
actively dividing cells and plays a pivotal role in regulating
genes governing phase G2 of the cell cycle [37]. Through
these functions, FOXMI1 protects cells from premature ag-
ing induced by stress. FOXM1 transcriptional activity de-
pends on upstream activation by cyclins, cyclin-dependent
kinases, and Plk1.

FOXM1-mediated regulation of cell senescence in-
volves complex mechanisms. Cell senescence represents a
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Fig. 2. Molecular mechanisms of FOXO in aging regulation (by BioGDP). FOXO is the central regulator of cell senescence and
longevity. This schematic illustrates key pathways through which FOXO exerts its anti-aging effects as follows: (1) Inducing cell cycle
arrest by up-regulating cyclin-dependent kinase inhibitors, e.g., p21, p27. (2) Enhancing antioxidant defenses through the activation
of enzymes like superoxide dismutase (SOD) and catalase (CAT). (3) Promoting genomic stability by activating DNA repair genes.
(4) Regulating autophagy initiation via genes such as BECNI and ULK?2 to clear the damaged cellular components. Together, these
coordinated actions enhance stress resistance, maintain cellular homeostasis, and delay the aging process.

process governed by multiple signaling pathways. Among  phosphorylation and E2F activity, leading to cell cycle ar-
these, the p53-p21-pRb and p16-pRb pathways have been  rest. Senescent cells exhibit increased B-galactosidase ac-
studied most extensively. Both p21 and p16 can inhibit Rb tivity, cell cycle arrest, and elevated expression of cyclin-
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dependent kinase inhibitors such as p53, p21, and p16. Re-
search indicates that elevated FOXM1 could antagonize the
p16-pRb pathway, thereby protecting human cells from pre-
mature senescence induced by various stimuli [38]. In these
senescence responses, the pRb protein may be crucial like
p53. The pro-tumorigenic role of FOXMI1 also involves
activation of Bmi-1 and suppression of senescence medi-
ated by the pl19Arf-p53 pathway. Up-regulating FOXM1
expression antagonizes senescence-inducing factors by in-
hibiting the p19Arf-p53 pathway via Bmi-1 activation. Fur-
thermore, pl19Arf negatively regulates FOXM1 activity via
protein-protein interaction as a tumor suppressor. FOXM1-
mediated inhibition of the pl9ARF-p53 pathway reduces
cellular p19Arf levels, creating a feedback loop that ampli-
fies the proliferative effects of FOXM1. Within this net-
work, p53 serves as a primary regulator of cellular senes-
cence, activating distinct gene expression profiles to inhibit
the proliferation. The p53 protein can induce transient cell
cycle arrest at Stage G1 or G2, trigger permanent senes-
cence, or promote apoptosis under severe conditions. Con-
versely, ARF localizes to the nucleus by binding to Mouse
Double Minute 2 (MDM2), antagonizing MDM2-mediated
ubiquitination and degradation of p53, thereby stabilizing
pS3.

Up-regulation of FOXMI1 also stimulates the expres-
sion of c-Myc and Bmi-1. FOXMI regulates Bmi-1 ex-
pression via c-Myc. Both ¢c-Myc and Bmi-1 are crucial for
maintaining stem cell function. /n vitro and in vivo stud-
ies demonstrate that Bmi-1 plays a key role in stem cell
self-renewal and differentiation through multiple pathways
[70], which can be up-regulated by Spalt Like Transcription
Factor 4 (SALL4). The Hedgehog signaling pathway also
contributes to stem cell regulation by suppressing genes at
the INK4a locus, specifically for pl6INK4a and p19AREF,
and by influencing other factors such as telomerase, the
transcription factor GATA Binding Protein 3 (GATA3), and
the NF-kB pathway. Ectopic expression of Bmi-1 pro-
tects keratinocytes from stress-induced apoptosis and coun-
teracts pro-apoptotic effects in other cell models. Collec-
tively, these genes and signaling pathways participate in
determining stem cell fate, influencing processes including
the prevention of senescence and apoptosis, the control of
differentiation, and the promotion of proliferation. There-
fore, FOXM1 up-regulation enhances intracellular Bmi-1
expression, which contributes to the inhibition of cellular
senescence.

FOXM1 also mitigates oxidative stress damage in can-
cer cells by regulating intracellular reactive oxygen species
levels. Mitochondrial Reactive Oxygen Species (ROS) lev-
els are elevated in FOXM -deficient cells, and ROS scav-
engers can reverse this effect. FOXM1 induces the expres-
sion of antioxidant enzymes such as manganese superoxide
dismutase, catalase, and peroxisome peroxidase, which can
assist in scavenging reactive oxygen species and protecting
cells from oxidative damage. Furthermore, FOXM1 targets
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key DNA repair factors like Nijmegen breakage syndrome
protein (NBS1), modulating the expression to enhance DNA
damage repair capacity and reduce cellular sensitivity to
DNA damage [39]. Supporting a direct role in aging, re-
search in premature aging mouse models shows that over-
expression of truncated forms of FOXM1 can reverse ag-
ing phenotypes, reduce DNA damage, and restore aging-
associated epigenetic marks [62], which is summarized in
Fig. 3. A recent study integrating multiple techniques such
as Assay for Transposase-Accessible Chromatin using se-
quencing (ATAC-seq) chromatin accessibility analysis, 4C-
seq chromatin conformation capture, and Clustered Regu-
larly Interspaced Short Palindromic Repeats - CRISPR as-
sociated protein 9 (CRISPR-Cas9) gene editing, has further
revealed that FOXM1 could maintain a youthful chromatin
accessibility profile by suppressing the Activator protein-
1 (AP-1) complex. The study has found that decreasing
FOXMI1 expression leads to inactivation of the enhancer
C10, reducing the downstream genes, thereby driving ag-
ing. Conversely, FOXM1 overexpression can partially re-
verse these aging-related chromatin changes [34].

Despite FOXM1 having anti-aging effects in certain
contexts, it is frequently overexpressed in human malig-
nancies and promotes tumorigenesis by driving prolifera-
tion, DNA repair, and immune evasion. This duality raises
a critical question: how can FOXM1 be therapeutically har-
nessed to delay aging without increasing cancer risk? The
answer may lie in intermittent or tissue-specific modula-
tion, as suggested by studies showing that cyclic induction
of FOXM1 in vivo delays aging phenotypes without causing
tumors in short-term mouse models. However, long-term
safety remains to be established [13].

2.3 FOXP in Aging Regulation

FOXP subfamily comprises four principal members:
FOXP1, FOXP2, FOXP3, and FOXP4. Each member ex-
erts distinct biological functions: firstly, FOXP1 primar-
ily regulates B-cell development; secondly, FOXP2 regu-
lates language development; thirdly, FOXP4 plays a piv-
otal role in T-cell development; and finally, FOXP3 is crit-
ical in tumor immunotherapy, as FOXP3 drives regulatory
T cell (CD4+/CD25+ Treg) differentiation and function and
induces cell cycle arrest [40,41].

FOXP exhibits a close association with the p53 sig-
naling pathway, and both systems synergistically regulate
processes of cellular senescence. The tumor suppressor p53
effectively inhibits tumor initiation and progression through
multiple mechanisms, including the regulation of apoptosis,
metabolic networks, and senescence [71]. Studies using hu-
man cancer cell lines in vitro have confirmed that genotoxic
agent-induced p53 up-regulation enhances FOXP3 expres-
sion. Conversely, Nutlin-3, the MDM2 inhibitor, regu-
lates FOXP3 in a p53-dependent manner. Mechanistically,
FOXP3 induces senescence in the cell lines such as MCF7
and HCT116 by activating the p53/p21 pathway and pro-
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Fig. 3. FOXM1 regulation in antagonizing cellular senescence (by BioGDP). FOXMI1 is a proliferation-associated transcription

factor that counteracts aging by maintaining cellular replicative potential. This diagram depicts its multi-faceted roles: (1) Promoting

cell cycle progression from G1 to S phase. (2) Indirectly mitigating oxidative stress by regulating cell proliferation. (3) Enhancing DNA

damage repair capacity by modulating factors like Nijmegen breakage syndrome protein (NBSI). (4) Antagonizing p16-pRb senescence

pathway, often through the up-regulation of stemness-associated genes such as Bmi-1. By sustaining proliferation and repressing key

senescence inducers, FOXM1 protects against premature cell aging.

moting ROS generation. This connection is further sup-
ported by FOXP1 regulation, down-regulating p53 through
miR-34a in human cancer cells [42,43]. These findings
collectively confirm the close interaction between FOXP
members and the p53 signaling pathway, and reveal a key
regulatory mechanism underlying cell senescence (Fig. 4).

Beyond the canonical role of FOXP1 in the p53 path-
way, FOXP1 has emerged as a critical regulator of stem
cell senescence [72]. In a mouse model of skeletal aging,
FOXP1 deficiency in bone marrow mesenchymal stem cells
(MSCs) leads to accelerated cell senescence and impaired
osteogenic differentiation, while FOXP1 overexpression
rescues these age-related defects. These findings position
FOXP1 as a gatekeeper of cell senescence in the skeletal
system.

FOXP1 also appears to influence immune aging.
Single-cell transcriptomics of peripheral T cells from
healthy individuals across age groups has identified FOXP1
as a key component of young-specific regulons, which are
associated with T-cell self-renewal capacity, whereas old-
specific regulons are linked to effector/terminal differen-
tiation and exhaustion. This finding extends the role of
FOXP1 from skeletal stem cell aging to immunosenescence
[73].

2.4 Other FOX Members in Aging Regulation

In addition to the three major subfamilies discussed
above, other FOX members also indirectly influence aging
through crosstalk between metabolic and epigenetic regula-
tion. For example, FOXA1 exerts its pro-senescence func-
tion through direct transcriptional activation of p16INK4a
as validated through the cell experiments in vitro [44,74].
The Target of Rapamycin (TOR) pathway regulates lifespan
in C. elegans by inhibiting FOXA (PHA-4: under sufficient
nutrients), activating S6K to suppress defective pharyngeal
development protein 4 (PHA-4) and shorten lifespan, under
nutrient restriction or TOR inhibition, and increasing PHA-
4 activity to extend lifespan (animal study, nematodes) [45].
In patients with heart failure, cardiomyocytes show short-
ened telomeres, which will induce chromatin decompaction
and FOXC1 up-regulation, promote cardiomyocyte senes-
cence, mitochondrial dysfunction, and contractile impair-
ment. FOXC1 knockdown rescues these phenotypes, sup-
ported through human cell experiments in vitro and clini-
cal specimen analysis [46]. FOXN1 maintains thymic ep-
ithelial function, leading to thymic involution with its age-
related decline, and restoring the expression by reversing
thymic aging as confirmed through animal experiments and
human tissue analysis [47].
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Fig. 4. FOXP involvement in aging regulation via the pS3 pathway (by BioGDP). Members of FOXP subfamily, particularly
FOXP1 and FOXP3, participate in modulating cell senescence through intricate crosstalk with the p53 signaling network. This schematic
highlights the cooperative mechanisms: (1) FOXP3 expression is upregulated by p53 in response to genotoxic stress. (2) FOXP3 can
induce senescence by activating the p53/p21 axis and promoting Reactive Oxygen Species (ROS) generation in turn. (3) FOXP1 is down-
regulated by the p53/miR-34a axis, forming a negative feedback loop. These interactions position FOXP family as critical modulators

at the intersection of tumor suppression and aging regulation.

3. FOX Family in Aging-Related Diseases

Aging is not an isolated process. As the primary risk
factor for many chronic diseases, it is closely linked to an
individual’s health span. The role of FOX family in cel-
lular aging extends to tissue and organism levels. Conse-
quently, these factors influence the onset and progression
of aging-related diseases. The specific roles of FOX family
in several major aging-related conditions can be focused on,
including neurodegenerative diseases, metabolic disorders,
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and cardiovascular diseases, which are aimed at connecting
the fundamental aging mechanism with clinical diseases.
This approach provides a broader view of systemic func-
tions about FOX family and potential therapeutic targets.

3.1 Neurodegenerative Diseases

Neurodegenerative diseases are common central ner-
vous system disorders associated with aging. Their inci-
dence strongly correlates with advancing age [75]. Among
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Fig. 5. FOX family in aging-related diseases (by BioGDP). This diagram illustrates the central role of FOX family in three major
aging-related diseases: neurodegenerative, cardiovascular, and metabolic disorders. Acting as key signaling hubs, FOX proteins integrate
aging-related stress signals and regulate downstream genes and cellular processes that drive disease progression. (1) In neurodegenerative
diseases, the SIRT1-FOXO axis enhances mitophagy via targets DAF-16/FOXO-Controlled Tumor suppressor related 1 (DCT-1), aiding
clearance of AP and pathological tau. FOXM1 shows context-dependent roles: its suppression may disrupt homeostasis, whereas acute
stress-induced expression can worsen neuronal damage. Specificity Protein 1 (SP/)-mediated FOXM1 up-regulation promotes Snail
Family Transcriptional Repressor 2 (SNA/2) and C-X-C Motif Chemokine Ligand 12 (CXCL12), accelerating dopaminergic neuron loss.
(2) In cardiovascular disease, FOXO1 exerts dual effects: it protects the heart by activating p21/p27 and antioxidant pathways to suppress
hypertrophy and fibrosis, yet excessive FOXO1 can trigger cardiomyocyte apoptosis. FOXO3 reduces ischemia-reperfusion injury via
antioxidant and autophagic genes, while FOXM1 drives vascular remodeling through cell proliferation and migration. (3) In metabolic
disease, FOXO1 regulates pancreatic -cell function and survival through genes including Neurogenin-3 (NGN3) and NK6 Homeobox

1 (NKX6-1), and correlates inversely with insulin sensitivity. Modulating FOXM1 improves insulin secretion and sensitivity.

these, Alzheimer’s disease (AD) and Parkinson’s disease  highlight the SIRT1-FOXO autophagy axis as a key path-
(PD) are the most prevalent, with progressive neuronal loss way to maintain cellular homeostasis against aging and de-
and functional decline [76]. generation [79,80]. FOXM1 is reported to play a dual role
in AD. In the hippocampus of individuals with Down syn-
drome, a high AD risk, FOXM1 expression remains sup-
pressed due to persistent miR-802 overexpression, which
likely impairs the normal homeostatic function [81]. In con-
trast, under acute oxidative stress relevant to AD, FOXM1
is rapidly induced as part of the stress response. This induc-
tion potentially promotes aberrant cell-cycle activity and

AD, a common aging-related neurodegenerative dis-
order, is characterized by aging-exacerbated mitochondrial
dysfunction that drives early cognitive decline in animal
models [48], which occurs through disrupted neuronal en-
ergy metabolism, increased production of ROS, subsequent
oxidative damage, and neuroinflammation [77,78]. Further
research reveals that FOXO acts as a conserved downstream i
effector of Sirtuin 1 (SIRTT). FOXO can upregulate targets ~ contributes to neuronal damage [82].

like DAF-16/FOXO-Controlled Tumor suppressor related 1 PD is a common degenerative disorder of the central
(DCT-1) to activate mitophagy. This clearance pathway re- nervous system, particularly prevalent among the elderly,
duces AP deposits and hyperphosphorylated tau protein, ul- with its increasing incidence with age, involving multiple

timately improving cognitive performance. These findings genetic, environmental, and lifestyle factors [83,84]. Ag-
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senescence. FOXP cooperates with p53/p21 to induce senescence.

(3) Decreased FOXO protective activity and FOXM1-induced neu-

ronal damage, along with FOXP3-linked neuroinflammation, can accelerate Alzheimer’s disease (AD) and Parkinson’s disease (PD).

Cardiovascular diseases: loss of FOXO cardioprotection is only partially compensated by FOXM1-mediated vascular repair, whereas

Treg dysfunction indirectly promotes atherosclerosis. Metabolic diseases: FOXO decline drives insulin resistance, whereas FOXM1

improves insulin sensitivity; FOXP3+ Treg dysfunction exacerbates metabolic inflammation.

ing is a primary risk factor for PD, but the relationship is
complex. During aging, diminished cellular antioxidant ca-
pacity, impaired mitochondrial function, and reduced pro-
tein clearance efficiency may increase neuronal vulnera-
bility to damage, which promotes PD development [85].
Studies in cell lines and animal models of PD have demon-
strated that abnormal FOXM1 expression correlates with
the progression [86]. Specificity Protein 1 (SP/), as an
upstream transcription factor, can up-regulate FOXMI1 ex-
pression. This up-regulation promotes the expression of
Snail Family Transcriptional Repressor 2 (SNAI2) and C-
X-C Motif Chemokine Ligand 12 (CXCL12), accelerating
dopaminergic neuronal damage and worsening the symp-
toms of patients. Mitochondrial dysfunction also exacer-
bates oxidative stress, damaging proteins, lipids, and DNA,
thereby worsening PD progression [53]. FOXMI regulates
mitochondrial-encoded respiratory chain complex genes,
such as Mitochondrially Encoded NADH:Ubiquinone Oxi-
doreductase Core Subunit 1 (m#-ND1) and Mitochondrially
Encoded Cytochrome C Oxidase I (mt-CO1I) [87,88]. This
regulation influences mitochondrial biogenesis and func-
tion, offering a potential approach to alleviate mitochon-
drial dysfunction and mitigate symptoms in patients with
PD.
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FOXO3 is predominantly protective in neurons by en-
hancing mitophagy, while FOXM1 exerts detrimental ef-
fects specifically in dopaminergic neurons under oxidative
stress but may be protective in astrocytes.

3.2 Cardiovascular Diseases

With advancing age, the structure and function of the
cardiovascular system will gradually deteriorate, leading to
a significant increase in the incidence of atherosclerosis,
myocardial infarction, and heart failure [89,90]. FOXOI1
exerts dual effects in the cardiovascular system and pro-
vides cardioprotection by suppressing myocardial hyper-
trophy and fibrosis, which is achieved by regulating an-
tioxidant enzymes and activating cell cycle inhibitors like
p21 and p27 [49]. However, under specific pathologi-
cal conditions, excessive FOXO1 activation may induce
cardiomyocyte apoptosis and exacerbate damage in is-
chemic heart disease [91]. FOXO3a mitigates ischemia-
reperfusion injury by suppressing oxidative stress and car-
diomyocyte apoptosis, and acts by activating antioxidant
and autophagy-related genes. Furthermore, in cultured vas-
cular smooth muscle cells and animal models, FOXM1 pro-
motes vascular remodeling by regulating cell proliferation
and migration [50].
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In the heart, FOXO1 and FOXO3a exert protective
roles mainly in cardiomyocytes by reducing hypertrophy
and apoptosis, whereas FOXM1 promotes proliferation and
migration primarily in vascular smooth muscle cells and en-
dothelial cells, contributing to vascular remodeling.

3.3 Metabolic Disorders

Metabolic disorders are significant for the incidence,
which is increasing markedly with advancing age. Diabetes
is a prominent example, and the prevalence is closely linked
to population aging [92,93].

Changes in dietary patterns and increased human
lifespan have led to a surge in elderly diabetes patients.
The prevalence of diabetes increases markedly with aging
[94,95]. Aging and diabetes exhibit bidirectional interac-
tion. Diabetes accelerates aging, and aging is a significant
factor in diabetes onset and progression. The glucolipotoxic
microenvironment in type 2 diabetes accelerates cell aging
and senescence. Conversely, cell senescence promotes the
progression of type 2 diabetes [96]. For instance, senes-
cence of pancreatic B-cells leads to functional impairment.
Senescent adipocytes trigger pro-inflammatory cytokine se-
cretion, disrupting lipid metabolism and exacerbating in-
sulin resistance. Senescence in vascular endothelial cells
and other tissues also contributes to chronic diabetic com-
plications.

FOX family of transcription factors influences dia-
betes onset, progression, and complications. This family
plays a pivotal role in type 2 diabetes pathogenesis [97]. It
participates in insulin resistance, pancreatic 3-cell function,
apoptosis, and obesity-related processes. FOXO protein is
primarily expressed in adult pancreatic f-cells. The activ-
ity is regulated by post-translational modifications, such as
phosphorylation, acetylation, and ubiquitination. FOXO1
expression levels are negatively correlated with cellular in-
sulin sensitivity. Regarding B-cell function, FOXO1 in-
fluences the proliferation, differentiation, and apoptosis by
regulating genes such as Neurogenin-3 (NGN3) and NK6
Homeobox 1 (NKX6-1) [98]. FOXMI1 modulation im-
proves insulin resistance and secretion. Research indicates
that FOXMI inhibition in diabetic mouse models delays
wound healing and reduces the recruitment of neutrophils
and macrophages to diabetic wounds [51,52]. Diabetic foot
ulcers (DFUs) associated with high mortality, severely im-
pact patients’ quality of life. In diabetic mouse models,
FOXMI1 deficiency may lead to reduced neutrophil counts,
compromising the immune response and contributing to
DFUs, which is compounded by the role of FOXM1 in regu-
lating neutrophil ROS levels. FOXM1 inhibition increases
ROS, further promoting DFUs development.

In metabolic tissues, FOXO1 regulates insulin sen-
sitivity mainly in hepatocytes and adipocytes, whereas
FOXM1 primarily influences the function of immune cells
such as neutrophils to regulate diabetic wound healing.
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Research indicates that FOX members function by
directly regulating key pathways, including cell cycle
progression, oxidative stress response, DNA repair, and
metabolic homeostasis. These actions contribute substan-
tially to the pathogenesis of multiple aging-related diseases.
Thus, intervention strategies targeting FOX pathway could
offer a novel therapeutic direction to simultaneously miti-
gate various aging-related pathological phenotypes and pro-
vide a theoretical foundation for translational applications.
The specific roles of FOX family in neurodegenerative, car-
diovascular, and metabolic diseases can be illustrated in
Fig. 5.

Despite of the distinct pathological features of neu-
rodegenerative, cardiovascular, and metabolic diseases,
FOX members also operate through shared molecular path-
ways while exhibiting disease-specific effects. FOXO1 and
FOXO3 consistently exert protective functions across all
the three disease categories by enhancing autophagy, pro-
moting antioxidant defenses, and facilitating DNA repair
[99,100]. In contrast to FOXO, FOXM1 displays strik-
ing context dependency. FOXM1 protects against cardiac
ischemia-reperfusion injury and promotes vascular repair
[101], yet it exacerbates neuronal damage under acute ox-
idative stress in PD [53]. This dualism reflects differences
in cell-type-specific signaling environments and under-
scores the need for disease-tailored interventions. FOXP3,
primarily known for its role in regulatory T cells, links im-
munosenescence to both neuroinflammation and metabolic
inflammation [54,55]. While its direct involvement in car-
diovascular disease is less pronounced, chronic low-grade
inflammation driven by Treg dysfunction contributes in-
directly to atherosclerosis [56]. Therefore, clinical tri-
als targeting FOX members in age-related diseases are ur-
gently needed to bridge the gap between bench and bedside
[60,62]. For instance, the FOXO4-p53 axis has emerged
as a senolytic target [61]. The peptide FOXO4-DRI dis-
rupts this interaction, reducing senescent cell burden and
improving cognitive function in aged models. Clinically,
dasatinib plus quercetin (D+Q) has completed Phase 1 tri-
als in mild AD, demonstrating CNS penetration, reduced
inflammation, and early cognitive signals [102]. Impor-
tantly, combining D+Q with a FOXM1 inhibitor (target-
ing the PGAM1-Chk1-FOXMI1 axis) may achieve synergis-
tic senolysis. FOXM1 inhibition sensitizes senescent cells,
while D+Q clears residual cells via broad anti-apoptotic
pathways [63]. Such dual-mechanism strategies represent
a promising direction for clinical translation.

4. Conclusion and Future Perspectives

The mechanism by which FOX family influences ag-
ing is complex and multidimensional. FOXO significantly
impacts cellular aging processes through multiple path-
ways, including cell cycle arrest, resistance to oxidative
stress, promotion of DNA repair, and regulation of au-
tophagy. It has demonstrated potential effects in delaying
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aging progression across various biological models. Con-
versely, FOXM!1 indirectly influences aging by maintaining
cellular proliferative capacity through fine-tuned regulation
of cell cycle progression and resistance to oxidative stress.
FOXP regulates cell cycle arrest and apoptosis through in-
teractions with the p53 signaling pathway, thereby further
participating in the regulation of cellular senescence. These
findings not only reveal the potential value of FOX family
in delaying aging, but also lay a theoretical foundation for
developing therapeutic strategies against aging-related dis-
eases, further highlighting the central role of FOX family
in aging-related pathological processes. All above is illus-
trated in Fig. ©.

Despite modulating the expression and activity of
FOX members offers potential avenues for influencing the
aging process, regulating age-related diseases, and extend-
ing lifespan, the precise function of FOX members across
different cell types and tissues, the regulatory mechanisms
and synergistic roles in aging and disease warrant fur-
ther investigation. Small-molecular FOXM1 inhibitors and
FOXO activators have been developed; the specificity, in
vivo efficacy, and safety in aging contexts require rigorous
validation. Future research should prioritize the develop-
ment of tissue-specific delivery systems or intermittent dos-
ing regimens to avoid oncogenic side effects.
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