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Advances in research on ferroptosis in jaw bone augmentation

Hongrui Jin1, Guangmei Ran1, Jiating Lin2,*

ABSTRACT
Ferroptosis, an iron-dependent form of regulated cell death (RCD) driven by lipid peroxidation,
has emerged as a critical regulatory mechanism in jawbone augmentation, which addresses a
major barrier to successful dental implants: insufficient jawbone volume. This review summa-
rizes the molecular basis of ferroptosis and jaw-specific features that regulate it (high mitochon-
drial density, PUFA enrichment, and GPX4 dependency in jawbone osteoblasts), with a focus on
core regulatory networks (namely, the system xc−/GSH/GPX4 axis, lipid metabolism pathways,
Nrf2/p53 transcriptional regulation, and non-coding RNAs). We highlight that jawbone osteoblasts
are more sensitive to ferroptosis than to other RCD pathways (apoptosis, necroptosis, pyroptosis)
due to their intrinsic biological properties. Importantly, modulation of ferroptosis exhibits sub-
stantial translational value in bone-related diseases, including osteoporosis (through alleviating os-
teoblast loss) and bone defect repair (via optimizing regenerative niche formation). We analyze fer-
roptosis's context-dependent dual effects—moderate activation promotes regeneration by clear-
ing senescent cells and modulating inflammation, while excessive activation impairs functional
cells and vascularization—and position these effects as the central theme. Preclinical data validate
ferroptosis-modulating biomaterials (e.g., PDA/β-TCP scaffolds, tFNA, selenium-doped substitutes)
as effective strategies to overcome limitations of traditional techniques (donor site morbidity, mi-
crobial rejection, degradation-osteogenesis mismatch). Finally, we discuss clinical translation pri-
orities and challenges, highlighting ferroptosis as a promising target for optimizing jawbone aug-
mentation and thereby improving dental implant success.
Key words: Ferroptosis, Jaw bone augmentation, Osteoporosis, Bone defect repair, Lipid
metabolism

INTRODUCTION
Jawbone augmentation is a core procedure in oral
and maxillofacial surgery, aimed at enhancing jaw-
bone volume for dental implant placement, orthog-
nathic surgery, and prosthetic rehabilitation. With
global population aging and rising tooth loss rates—
the World Health Organization estimates that 1.2
billion people worldwide suffer from partial eden-
tulism 1—the clinical demand for this procedure is
increasing annually, at a rate of 15% per year in
China alone, according to the 2025 China Stom-
atological Association White Paper 2. Despite ad-
vancements in traditional techniques (autologous or
allogeneic bone grafts, synthetic biomaterials such
as β-tricalcium phosphate [β-TCP], hydroxyapatite
[HA]), three jaw-specific challenges persist:

1. Donor site morbidity: Autologous bone grafts
(e.g., mandibular ramus, iliac crest) are associ-
ated with complications at 18–32% prevalence,
including nerve injury, persistent pain, and
aesthetic defects 3,4;

2. Microbially induced immune rejection: The
oral cavity harbors over 700 bacterial species,

with P. gingivalis-derived lipopolysaccharide
(LPS) able to trigger excessive inflammation
and thereby reducing graft survival5–7;

3. Material degradation–osteogenesis mismatch:
Resorption of β-TCP in themaxillary sinus pro-
ceeds faster than new bone formation, leading
to graft volume loss in some cases8–10.

Notably, the jawbone serves as a biomechani-
cally active interface between the oral mucosa
and the skeletal system, being continuously ex-
posed to masticatory stress11 and microbial in-
sults. These stimuli dysregulate ferroptosis in jaw-
specific cells (jawbone osteoblasts, periodontal lig-
ament stem cells [PDLSCs], osteocytes), impair-
ing bone regeneration—an understudiedmechanism
compared to that of systemic bone biology (e.g.,
femoral or tibial bone)12–14. For non-specialist read-
ers, ferroptosis is defined by three core molecular
features: 1) GPX4, which serves as the central in-
hibitor, being a selenium-dependent enzyme that
scavenges lipid peroxides to prevent cell death; 2)
SLC7A11-mediated redox balance, wherein the cys-
tine/glutamate antiporter provides cystine for glu-
tathione (GSH) synthesis, a cofactor for GPX415–18;
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3) lipid ROS as the key effector, wherein iron-
catalyzed lipid peroxidation (via the Fenton reac-
tion) generates reactive oxygen species (ROS) that
disrupt cell membranes19,20. Jawbone osteoblasts
exhibit distinct intrinsic traits—higher mitochon-
drial density, PUFA-enriched membranes, and strict
GPX4 dependency—that render themmore sensitive
to ferroptosis than to other forms of regulated cell
death (RCD) pathways 11,15,21. Ferroptosis, first de-
fined by Dixon et al. in 2012 20, is distinct from apop-
tosis (nuclear condensation) and necrosis (organelle
swelling) based on its morphological features (mi-
tochondrial shrinkage, intact cell membrane)20,22.
Crucially, ferroptosis exerts a context-dependent
dual role in jawbone augmentation—moderate acti-
vation promotes regeneration, while excessive acti-
vation causes damage—driven by jaw-specific regu-
latory mechanisms 23. This review, based on a sys-
tematic literature search, focuses on this dual role
and its underlying mechanisms, providing a theo-
retical basis for optimizing clinical strategies to treat
jawbone augmentation, osteoporosis, and bone de-
fects.

LITERATURE SEARCH
METHODOLOGY
To ensure the comprehensiveness, transparency,
and reproducibility of this review, the literature
search and selection process followed standardized
guidelines for narrative reviews:

Databases and Search Strategy

The following databases were searched: PubMed,
Web of Science Core Collection, Embase, and CNKI
(China National Knowledge Infrastructure) to cover
both English- and Chinese-language literature.

Search string: A Boolean combination of keywords:
(”ferroptosis” OR ”iron-dependent cell death”) AND
(”jawbone” OR ”alveolar bone” OR ”maxillofacial
bone” OR ”dental implants” OR ”periodontitis”
OR ”jawbone defect” OR ”oral and maxillofacial
surgery”) AND (”osteoblasts” OR ”bone marrow
mesenchymal stem cells” OR ”periodontal ligament
stem cells” OR ”biomaterials” OR ”bone regenera-
tion”).

Time frame: Literature published from January 2012
(the year in which ferroptosis was formally defined)
to October 2025, and priority was given to stud-
ies published during the past 5 years (2020–2025) to
highlight recent advances.

Inclusion and Exclusion Criteria
Inclusion criteria: 1) Original research (in vitro,
in vivo, or clinical) or comprehensive reviews focus-
ing on ferroptosis in jawbone-related tissues (jaw-
bone, alveolar bone, periodontal ligament stem cells
[PDLSCs], peri-implant tissues); 2) Studies investi-
gating the molecular mechanisms, regulatory fac-
tors, or the biomaterial-based modulation of ferrop-
tosis for jawbone augmentation or repair; 3) Articles
in English or Chinese, with available full-text.
Exclusion criteria: 1) Studies solely focusing on
systemic bone tissues (e.g., femur, tibia) lacking oral
relevance; 2) Case reports, letters to the editor, or
conference abstracts lacking full data; 3) Studies
with an unclear experimental design or unvalidated
results.

BASIC MOLECULAR
MECHANISMS OF FERROPTOSIS
(BRIEF OVERVIEW)
Ferroptosis is driven by iron-dependent lipid peroxi-
dation, distinct from other RCDs (apoptosis, pyrop-
tosis, necroptosis)19,24. Its core molecular network
revolves around three interconnected axes, which
form the basis for its dual role in jawbone augmen-
tation:

Core Regulatory Axes
The System xc⁻-GSH-GPX4 Axis: System xc⁻
(composed of SLC7A11 and SLC3A2) mediates cys-
tine uptake, which is converted to cysteine for GSH
synthesis 25. GPX4 (selenium-dependent) uses GSH
to scavenge lipid peroxides, representing the fi-
nal enzymatic step in preventing ferroptosis 26,27.
Downregulation of SLC7A11 or GPX4 is a key trigger
for excessive ferroptosis 28.
The Iron Metabolism Axis: Intracellular iron
homeostasis is maintained by the uptake (TFRC),
storage (ferritin), and export (ferroportin) mecha-
nisms 29. Iron overload (e.g., TFRC upregulation, fer-
ritin degradation) increases the labile iron pool (LIP),
amplifying the Fenton reaction (Fe2+ +H2O2→Fe3+

+ ·OH + OH⁻) and thereby promoting lipid ROS pro-
duction 30,31.
The Lipid Metabolism Axis: Polyunsaturated
fatty acids (PUFAs) are the primary substrates for
lipid peroxidation. Enzymes such as ACSL4 (PUFA
activation), LPCAT2 (PUFA incorporation into phos-
pholipids), and LOX (PUFA oxidation) promote fer-
roptosis, while ACSL3 (saturated/monounsaturated
fatty acid activation) counteracts it15,32.
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Figure 1: PRISMA flow diagram for the literature search and study selection of ferroptosis in jaw-bone augmenta-
tion.

Key Regulators

Suppressors include GPX4, SLC7A11, Nrf2 (a tran-
scriptional activator of antioxidant genes)33, and
FSP1 (a GPX4-independent ferroptosis inhibitor)34.
Promoters include ACSL4, TFRC, p53 (under patho-
logical conditions), 15-LOX, and PLA2 (PUFA re-
lease).

This simplified framework provides the foundation
for understanding the ferroptosis’s dual effects in
jawbone augmentation, which are further shaped
by jaw-specific regulatory features (detailed in Sec-
tion 5).

THE DUAL ROLE OF
FERROPTOSIS IN JAWBONE
AUGMENTATION (CENTRAL
NARRATIVE)
Ferroptosis exerts context-dependent effects on jaw-
bone regeneration, closely tied to activation inten-
sity, cell type (senescent vs. functional cells), and
microenvironment (infection, mechanical stress).
This dual role is the core of ferroptosis-based jaw-
bone augmentation strategies.

Beneficial Effects of Moderate Ferroptosis
Activation

Moderate ferroptosis creates a “regenerative niche”
for BMSC proliferation and osteogenesis by tar-
geting harmful cells and modulating inflammation,
thus addressing key barriers in aged or infected jaw-
bone defects.

Senescent Cell Clearance
Senescent cells secrete a senescence-associated se-
cretory phenotype of factors, such as interleukin-
6 (IL-6) and tumor necrosis factor-alpha (TNF-α),
which inhibit the osteogenic differentiation of bone
marrow mesenchymal stem cells and impair an-
giogenesis. The underlying mechanism involves
a markedly higher iron accumulation in senes-
cent jawbone osteoblasts compared to their non-
senescent counterparts, coupled with reduced GPX4
activity, thereby rendering them selectively vulner-
able to ferroptosis 35. Preclinical evidence from a rat
model of aged jawbone defects demonstrates that
low-dose erastin can reduce the senescent cell popu-
lation and thereby increase new bone volume36. No-
tably, this clearance is cell-type-specific—functional
BMSCs and endothelial cells are spared due to intact
GPX4 expression.

Inflammation Modulation
Oral infections (e.g., P. gingivalis-induced pe-
riodontitis) trigger excessive infiltration by M1
macrophages, which secrete pro-inflammatory cy-
tokines (TNF-α, IL-1β) that impair graft integration.
The mechanism is as follows: Moderate ferropto-
sis in osteoblasts releases damage-associatedmolec-
ular patterns (DAMPs, e.g., HMGB1) that induce
M1 macrophage ferroptosis (via the CaSR/AKT/β-
catenin pathway) and promote M2 polarization37.
M2 macrophages secrete TGF-β and BMP2, thus
enhancing BMSC osteogenesis and vascularization.
Preclinical case studies: in P. gingivalis-infected
jawbone defects, co-treatment with low-dose Fer-
1 (1 μmol/L) and erastin (0.2 μmol/L) reduces M1
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macrophages, increases M2 macrophages, and im-
proves graft survival 38,39.

Biomarker of Regeneration Efficacy
Moderate ferroptosis correlates with favorable clin-
ical outcomes, serving as a potential prognostic
marker. A clinical study in 50 patients undergo-
ing maxillary sinus floor lift augmentation showed
that serum MDA (lipid peroxidation marker) levels
of 5–8 μmol/L (moderate ferroptosis) were associ-
ated with 90% implant survival at 1 year, versus
65% for MDA <3 μmol/L (insufficient ferroptosis) or
>12 μmol/L (excessive ferroptosis)40. Preclinical val-
idation: aldehyde dehydrogenase 2 (ALDH2) acti-
vates Nrf2 to restrict ferroptosis within the moder-
ate range, reducing periodontitis-related inflamma-
tion and promoting PDLSC osteogenic differentia-
tion 41.

Detrimental Effects of Excessive Ferropto-
sis Activation
Excessive ferroptosis, triggered by jaw-specific stres-
sors (microbial infection, implant overload, and bio-
material mismatch), damages functional cells and
disrupts regeneration, thereby exacerbating the lim-
itations of traditional augmentation techniques.

Loss of Functional Osteoblasts/BMSCs
Osteoblasts and BMSCs constitute the primary cell
types responsible for jawbone regeneration. With
microbial induction, P. gingivalis LPS upregulates
TFRC and ACSL4 via the TLR4/NF-κB pathway,
thereby inducing ferroptosis in jawbone BMSCs,
which reduces ALP activity and mineralization30,42.
With mechanical induction, implant overload ac-
tivates the YAP-TEAD complex to inhibit GPX4
transcription, thereby inducing ferroptosis in peri-
implant osteoblasts and reducing bone-implant con-
tact 11. This cell loss directly impairs new bone for-
mation.

Impairment of Vascularization
Endothelial cells play a critical role in providing nu-
trient delivery to and graft integration, but they re-
main highly vulnerable to ferroptosis owing to their
high PUFA content in their membranes. The under-
lyingmechanism involves accumulation of excessive
lipid peroxides, which disrupt endothelial cell mem-
branes, thereby reducing tube formation and VEGF
expression 43. In animal models of rat maxillary si-
nus lift, excessive ferroptosis (induced by 5 μmol/L
erastin) reduces vascular density and new bone for-
mation 43, representing a key contributor to “volume
collapse” in traditional β-TCP grafts.

Clinical Correlates to Poor Outcomes
In patients with periodontitis, those presenting with
severe disease exhibit reduced serum glutathione
peroxidase 4 (GPX4) activity and undergo increased
alveolar bone resorption12,44. In individuals with di-
abetes and jaw defects, they show elevated serum
levels of malondialdehyde (MDA), with a corre-
sponding increase in the failure rate of maxillary si-
nus augmentation procedures, unlike what is typ-
ically seen in non-diabetic patients45,46. Similarly,
in elderly patients with osteoporosis, the jawbone
demonstrates increased susceptibility to ferropto-
sis, which correlates with decreased bone mineral
density 45. Preclinical interventions confirm that in-
hibiting excessive ferroptosis (e.g., via Nrf2 activa-
tion, or GPX4 stabilization) reverses these adverse
outcomes 47,48.

JAW-SPECIFIC REGULATORY
MECHANISMS (WHY THE DUAL
ROLE EXISTS)
The dual role of ferroptosis in jawbone augmenta-
tion is not random but shaped by unique anatom-
ical, physiological, and microenvironmental fea-
tures of the jawbone. These jaw-specific traits am-
plify ferroptosis susceptibility under stress while en-
abling controlled activation for regeneration:

Mitochondrial and Metabolic Specificity
Jawbone osteoblasts exhibit a 1.8-fold higher mito-
chondrial density than do femoral osteoblasts11,21,
which adapts them to the high energy demands of
masticatory stress. This increases polyunsaturated
fatty acid (PUFA) content in mitochondrial mem-
branes, making them preferred substrates for lipid
peroxidation; this explains why jawbone cells are
more sensitive to ferroptosis triggers15,49.
Enhanced ROS Production: Masticatory stress ac-
tivates mitochondrial complex III, thereby increas-
ing mtROS 11. mtROS reduces Fe3+ to Fe2+, ampli-
fying the Fenton reaction—this “ROS burst” can in-
duce moderate ferroptosis for senescent cell clear-
ance but triggers excessive ferroptosis under pro-
longed stress 50.

Oral Microenvironment Specificity
The oral cavity’s unique microbial ecosystem di-
rectly modulates ferroptosis:
P. gingivalis-mediated regulation: P. gingivalis
LPS activates TLR4/NF-κB to upregulate ACSL4 and
downregulate GPX412, while its gingipains cleave
GPX4 31—both mechanisms synergistically promote
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excessive ferroptosis. Conversely, short-term LPS
exposure activates Nrf2 as an adaptive response,
limiting ferroptosis to moderate levels12,51.
Quorum sensing by Fusobacterium nucleatum: F.
nucleatum secretes autoinducer-2 (AI-2), which up-
regulates TFRC via the LuxS/AI-2 pathway; this in-
creases iron uptake and fine-tunes ferroptosis acti-
vation 52,53.

Mechanical Stress Specificity
The jawbone endures continuous masticatory stress
and implant-induced occlusal force, which modu-
lates ferroptosis in a dose-dependent manner:
Moderate stress activates the Piezo1/Ca2+/CaMKII
pathway, thereby upregulating Nrf2, and maintain-
ing GPX4 expression while limiting ferroptosis to
beneficial levels11,54.
Excessive stress activates the YAP-TEAD complex,
which binds to the GPX4 promoter, reducing GPX4
levels and inducing excessive ferroptosis11—a key
mechanism of implant failure.

Tissue-Specific GPX4 Regulation
GPX4 serves as the core ferroptosis inhibitor, with
jaw-specific expression and regulation:
High basal expression: Jawbone osteoblasts ex-
press higher levels of GPX4 than femoral os-
teoblasts, providing inherent protection against
spontaneous ferroptosis 21. GPX4 knockout leads
to 80% mortality of jawbone osteoblasts within 72
hours 26.
Selenium dependency: Jawbone tissues exhibit
higher selenium demand55, as selenium is a GPX4
cofactor. Selenium deficiency (common in el-
derly edentulous patients) reduces GPX4 activity
and increases ferroptosis55—thereby explaining age-
related jawbone loss.

EMERGING REGULATORS:
NON-CODING RNAS (NCRNAS)
In addition to protein-coding regulators, ncRNAs
play critical roles in fine-tuning ferroptosis’ dual
role in jawbone augmentation—acting as “molecular
switches” to maintain ferroptosis within beneficial
levels. These ncRNAs exhibit jaw-specific expres-
sion patterns and modulate ferroptosis via ceRNA
networks or direct protein binding:

lncRNAs
The lncRNA LINC00616 is highly expressed in
periodontitis-associated jawbone tissues30, and it
sponges miR-370 to upregulate TFRC, promoting

excessive ferroptosis in PDLSCs. Knockdown of
LINC00616 in rat periodontitis models reduces alve-
olar bone loss and restores PDLSC osteogenesis34.
The lncRNA Linc01133 acts as a ceRNA to se-
quester miR-30c, upregulating BGLAP (osteocalcin)
and inhibiting ferroptosis via SLC7A11 upregula-
tion, thereby enhancing hPDLSC osteogenic differ-
entiation 56.

circRNAs
circ-ITCH is downregulated in diabetic jawbone de-
fects, and it recruits TAF15 to stabilize Nrf2 mRNA,
activating the Nrf2/GPX4 pathway. circ-ITCH-
containing BMSC exosomes alleviate high glucose-
induced HUVEC ferroptosis, boosting angiogen-
esis and accelerating diabetic jawbone regenera-
tion 57. circ-Snhg11 sponges miR-144-3p to acti-
vate SLC7A11/GPX4, inhibiting excessive ferroptosis
and promoting jawbone regeneration and angiogen-
esis 58.

miRNAs
miR-375 is upregulated in implant overload-
induced jawbone defects59; it targets the Nrf2
3’-UTR to reduce Nrf2 expression, downregulating
GPX4/SLC7A11 and inducing excessive ferroptosis.
AntagomiR-375 treatment increases bone-implant
contact 59.

BIOMATERIAL-TARGETED
FERROPTOSIS MODULATION
FOR JAWBONE AUGMENTATION
Biomaterial design for jawbone augmentation must
account for jaw-specific stressors and ferroptosis’
dual role—tailoring formulations to inhibit exces-
sive ferroptosis while preserving beneficial activa-
tion. Below are validated ferroptosis-modulating
biomaterials with preclinical efficacy:

Polydopamine Nanoparticle (PDA NP)-
Modified Scaffolds
Polydopamine nanoparticles (PDA NPs; 50–80 nm
diameter), which match jaw defect scaffold pores
(100–200 μm), integrate antioxidant, iron-chelating,
and antimicrobial properties, addressing microbial-
induced excessive ferroptosis. These PDA NPs (50–
80 nm in diameter) are an ideal material for scaffold
modification due to their unique chemical proper-
ties. The catechol groups in their structure scav-
enge reactive oxygen species (ROS) and chelate ex-
cess iron ions, inhibiting lipid peroxidation chain
reactions upstream. They upregulate intracellular
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Table 1: Mechanistic Role of Ferroptosis-Related ncRNAs and KeyMolecules in Jaw Bone Growth

Key
Molecule/
ncRNA

Molecular Function Role in Dual Effects Corresponding
References (Author et
al., Year; Ref. No.)

GPX4 Core ferroptosis inhibitor;
scavenges lipid peroxides

Limits excessive ferroptosis;
maintains beneficial activation

Ingold I et al., 2018; 26;
Wang M et al., 2024; 11

Nrf2
Pathway

Master antioxidant regulator;
upregulates GPX4/SLC7A11

Suppresses excessive ferroptosis;
enables moderate activation

Qiao S et al., 2023; 12;
Deng X et al., 2024; 60

p53
Pathway

Dual regulator; represses
SLC7A11 (pathological);

upregulates GPX4 (physiological)

Triggers excessive ferroptosis
(aging/infection); limits it (healing)

Qu X et al., 2021; 46;
Jiang L et al., 2015; 61

SLC7A11 Cystine uptake for GSH
synthesis; inhibits ferroptosis

Prevents excessive ferroptosis Qiao S et al., 2023; 12;
Wang H et al., 2022; 30

TFRC Iron uptake; promotes ferroptosis Induces excessive ferroptosis
(overexpression); modulates

moderate activation (physiological)

Wang H et al., 2022; 30;
Peng B et al., 2024; 14

lncRNA
LINC00616

Sponges miR-370; upregulates
TFRC

Promotes excessive ferroptosis
(periodontitis)

Wang H et al., 2022; 30;
Yan W et al., 2023; 62

circ-
ITCH

Stabilizes Nrf2 mRNA; activates
Nrf2/GPX4

Inhibits excessive ferroptosis
(diabetic defects)

Chen J et al., 2023; 58;
Tang T et al., 2025; 59

miR-375 Targets Nrf2; downregulates
GPX4/SLC7A11

Promotes excessive ferroptosis
(implant overload)

Guo X et al., 2025; 63

GPX4 protein expression, enhancing cellular antiox-
idant defenses. In a diabetic jawbone defect model,
a curcumin-loaded PDA system alleviated oxida-
tive stress in the hyperglycemic environment and
promoted osteogenic differentiation of jawbone-
derivedmesenchymal stem cells through theWnt/β-
catenin signaling pathway, as evidenced by elevated
alkaline phosphatase (ALP) activity and mineralized
nodule formation 43,55,62,64,65.

Tetrahedral Framework Nucleic Acids
(tFNA)
Tetrahedral framework nucleic acids (tFNA; 10–15
nmDNAnanoparticles) are tailored for diabetic jaw-
bone defects, where mitochondrial dysfunction ex-
acerbates excessive ferroptosis. These nanostruc-
tures, formed by DNA self-assembly, exhibit ex-
cellent cell membrane penetration. They promote
nuclear translocation of Nrf2, activating the an-
tioxidant response element (ARE) and upregulat-
ing enzymes such as heme oxygenase-1 (HO-1)
and NAD(P)H:quinone oxidoreductase 1 (NQO1).
In oxidative stress models, tFNA treatment pre-
serves mitochondrial membrane potential stability
and elevates ATP production. Modification with
M2 macrophage-derived exosomes enhances cellu-
lar uptake efficiency, with no significant immune
response observed in in vitro or in vivo experi-
ments 66,67.

Selenium-Doped Bone Substitutes (PDT-
TCP-SE)
These address selenium deficiency in elderly jaw-
bone defects, a key contributor to GPX4 dysfunc-
tion and excessive ferroptosis. Incorporation of se-
lenium, an essential component of the glutathione
peroxidase 4 (GPX4) enzyme, enhances a mate-
rial’s antioxidant properties. Selenium-doped β-
tricalcium phosphate (β-TCP) enables sustained se-
lenium ion release during degradation. This directly
activates GPX4 and synergizes antioxidant effects
through the Sirt1/Nrf2 pathway. Its compressive
strength is comparable to that of cancellous bone.
In a rat calvarial defect model, it promoted greater
new bone volume than regular β-TCP, with elevated
vascular density 55.

Epimedium Exosome-Loaded GelMA Hy-
drogel
Epimedium-derived exosomes contain microRNA-
21-5p (miR-21-5p), which inhibits ferroptosis by
targeting the Phosphatase and Tensin Homolog
(PTEN), a phosphatase that suppresses the Phos-
phatidylinositol 3-kinase (PI3K)/Akt pathway.

Mechanism: E-exosomes increase Akt phospho-
rylation, activating Nuclear Factor Erythroid 2-
Related Factor 2 (Nrf2) and upregulating Glu-
tathione Peroxidase 4 (GPX4)68.
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Preclinical Efficacy: E-exosome-loaded gelatin

methacryloyl (GelMA) hydrogels reduced alveolar

bone loss and enhanced osteogenic differentiation

of periodontal ligament stem cells in a rat periodon-

titis model 69.

pH-Responsive MgO2 Scaffolds

Magnesium peroxide-based scaffolds dynamically

regulate iron release and ferroptosis in the acidic

oral microenvironment. pH-Dependent Release:

Under acidic conditions, MgO2 decomposes to re-

lease Mg2+ and H2O2. Mg2+ promotes osteogen-

esis in bone marrow mesenchymal stem cells by

activating the Wnt3a/glycogen synthase kinase-3β

(GSK-3β)/β-catenin pathway, while a low dose of

H2O2 induces moderate ferroptosis to clear senes-

cent cells 68. Preclinical Efficacy: The pH-responsive

MgO2 scaffold increased the bone volume fraction

in a maxillary sinus augmentation model68, a find-

ing consistent with the results reported by Liu et al.

regarding an osteoimmunomodulatory biopatch70.

FUTURE PERSPECTIVES FOR
CLINICAL TRANSLATION
To translate ferroptosis-based strategies to clinical

practice, three priorities emerge, focusing on jaw-

specificity, precision, and translatability:

Elucidate Jaw-Specific Ferroptosis Mecha-
nisms via Multi-Omics

Single-Cell Multi-Omics: Utilize single-cell RNA

sequencing and spatial transcriptomics to identify

ferroptosis-associated cell subpopulations within

human jawbone defects. For instance, scRNA-seq

analysis of 10 human maxillary sinus augmentation

samples revealed three novel ferroptosis-related cell

clusters 77.

Microbiota-Ferroptosis Integration: Employ 16S

rRNA sequencing and metabolomics to explore

the mechanisms by which oral microbiota-derived

metabolites regulate ferroptosis. A recent study

found that butyrate, derived from Porphyromonas

gingivalis induces ferroptosis by activating HDAC8,

a target not yet fully elucidated78.

Jaw-Femur Comparative Proteomics: Employ

proteomics to identify jaw-specific ferroptosis

markers. A 2024 study identified differential

expression of 51 proteins between jaw and femur

osteoblasts, of which 12 are ferroptosis regulators79.

Develop Precision Biomarkers for Clinical
Monitoring
The clinical utility of ferroptosis biomarkers requires
validation to support personalized augmentation
strategies:
Serum Biomarkers: Validate the predictive value
of ACSL4 and serum hepcidin for augmentation
outcomes. A multicenter study found that serum
ACSL4 predicted maxillary sinus augmentation fail-
ure with 82% sensitivity40.
Tissue Biomarkers: Develop minimally invasive
samplingmethods to detect GPX4 activity andMDA
levels in the local microenvironment. Gingival
crevicular fluid (GCF) GPX4 is associated with an
increased risk of peri-implantitis80.
Imaging Biomarkers: Utilize Raman spectroscopy
to detect lipid peroxide accumulation in jawbone de-
fects. Clinical studies indicate that Raman spec-
troscopy quantifies ferroptosis intensity with 90%
accuracy 81.

Advance Jaw-Tailored Localized Delivery
Systems
Photothermal-Responsive Nanocarriers: Design
near-infrared (NIR)-responsive liposomes for on-
demand drug release specifically at the jaw defect
site. Preclinical studies show that NIR-triggered
Fer-1 release increases the survival rate of jawbone
mesenchymal stem cells78.
Microbe-Responsive Scaffolds: Engineer scaf-
folds that release ferroptosis inhibitors in response
to P. gingivalis LPS. This approach could reduce the
required inhibitor dosage, minimizing systemic tox-
icity 82.
3D-Printed Personalized Scaffolds: Utilize
patient-specific CT data to 3D-print scaffolds with
pore sizes (100-200 μm) and mechanical properties
tailored to the jaw defect. 3D-printed biomimetic
bioactive glass scaffolds developed by Kolan et
al. achieved a 90% implant survival rate in a
preliminary human study82.

DISCUSSION
The clinical translation of ferroptosis-targeted ther-
apies for jaw augmentation faces three major chal-
lenges: safety validation, regulatory approval, and
cost control. Strategies to address these include:
conducting long-term toxicity studies to verify
material safety (e.g., polydopamine nanoparticles,
which have shown good biocompatibility in long-
term animal models 65,79); leveraging successful reg-
ulatory pathways, such as the FDA’s classification of
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Table 2: Applications of ferroptosis modulation in bone tissue engineering

Functional
Direction

Material
Name

Core Function Preclinical Data (Animal
Model, Outcome)

Corresponding
References

(Author, Year)

Enhancing
cell adhe-
sion/proliferation

Selenium-
Doped Bone
Substitutes

(PDT-TCP-SE)

Supports cell adhesion;
injectable/adhesive;

activates
Sirt1/Nrf2/GPX4

Osteoporotic rat jaw defects:
BV/TV +52%, GPX4 activity

+60% 56

Huang L et al.
2024 56;

Epimedium
Exosome-

Loaded GelMA
Hydrogel

Recruits PDLSCs;
enhances adhesion via
PI3K/Akt pathway

Rat periodontitis: Alveolar
bone loss -42%, PDLSC
osteogenesis +50% 70

Hu W et al.
2025 70

Alleviating
ferroptosis
injury

PDA
NP-Modified
PLGA/β-TCP
Scaffolds

Scavenges >85%
LPS-induced ROS;
inhibits GPX4
ubiquitination

CD-1 mouse calvarial defect
(4 mm, 6-8 w): BV/TV ↑39.2%
(p<0.01), osseointegration rate

81% 67

Xu S et al. 2023 71;
Lei L et al. 2024 72;

Deng Y et al.
2019 67

tFNA-Modified
HA Scaffolds

Activates Nrf2/GPX4;
improves mitochondrial

metabolism

Diabetic rat jaw defects:
BV/TV +45%, ferroptosis

-60% 68

Li Y et al. 2024 68

Caffeic Acid
Nanocoating
(Desferrioxam-

ine)

Chelates Fe2+; activates
SLC7A11/GSH/GPX4

Rat implant models:
Osseointegration +35%, lipid

peroxides -55% 73

Yang Y et al.
2024 73

Enhancing
BMSC os-
teogenesis

Ferrostatin-1
(Fer-1)-Loaded
PLGA Scaffolds

Upregulates Runx2
(+2.3-fold); increases

MC3T3-E1 mineralized
nodules (+62%)

Rat calvarial defects: BV/TV
+32%, ALP activity +45% 74

Valanezhad A et
al. 2021 74

pH-Responsive
MgO2

Scaffolds

Dynamically regulates
iron release; activates

Wnt3a pathway

Beagle dog MSL: BV/TV +40%,
vascular density +35% 69

Bai L et al. 2025 69

;Liu S et al. 2024 75

MgO2/PLGA
Nanocompos-
ite Scaffolds

Releases Mg2+; inhibits
tumor cell ferroptosis
(for tumor-associated

defects)

Osteosarcoma rat models:
Tumor growth -60%, new
bone formation +45% 76

Li C et al. 2024 76

selenium-doped hydroxyapatite scaffolds as ”com-
bination” products (device + drug), which provides a
template to simplify the approval process for similar
products; and employing advanced technologies like
microfluidics for scaled-up production of key com-
ponents (e.g., tFNA, PDA NPs), which can signifi-
cantly reduce manufacturing costs79,83,84.
However, several key scientific questions remain to
be thoroughly investigated along the path toward
clinical application. First, uncovering the biological
basis underlying the exceptional sensitivity of jaw-
bone cells to ferroptosis is essential. Future research
should focus on whether the unique anatomical
microenvironment—particularly its high mitochon-
drial density and persistent microbial exposure—
specifically regulates ferroptosis by driving epige-
netic modifications of key genes such as GPX485.
Second, identifying a precise balance is required:

that is, how to activate ”moderate” ferroptosis to

eliminate senescent cells while avoiding damage to

normal osteoblasts. Preclinical data suggest that a

combined strategy using low-dose inducers and in-

hibitors may be a feasible solution48. Third, the

mismatch between the degradation rates of bio-

materials and that of new bone formation must

be addressed. Developing ”ferroptosis-responsive”

smart, degradable scaffolds represents a promis-

ing approach to prevent post-operative volume col-

lapse 68. Finally, well-designed clinical trials are cru-

cial. Initial studies could focus on patients with mild

to moderate jawbone defects. Preliminary findings

demonstrating favorable safety and implant survival

rates 66 provide an important foundation for subse-

quent large-scale clinical investigations.
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CONCLUSION
Ferroptosis, driven by iron-dependent lipid peroxi-
dation, serves as a regulator in jawbone augmen-
tation, exhibiting context-dependent effects: mod-
erate activation removes senescent cells and mod-
ulates inflammation, whereas excessive activation
damages functional cells and impairs regeneration.
Jawbone-specific characteristics uniquely regulate
ferroptosis through the system xc⁻–GSH–GPX4 axis,
mitochondrial ROS, and non-coding RNAs. Clinical
studies have confirmed that ferroptosis-modulating
biomaterials enhance jawbone regeneration in an-
imal models, although high-quality human clini-
cal trials are still lacking. By elucidating jawbone-
specific ferroptotic mechanisms via multi-omics,
validating clinical biomarkers, and developing lo-
calized delivery systems, traditional augmentation
strategies can be optimized, ultimately improving
the success rate of dental implants and improving
the quality of life of edentulous patients.

ABBREVIATIONS
ACSL3: Acyl-CoA synthetase long-chain family
member 3;ACSL4: Acyl-CoA synthetase long-chain
family member 4; AI-2: Autoinducer-2; ALDH2:
Aldehyde dehydrogenase 2; ALP: Alkaline phos-
phatase; ARE: Antioxidant response element; ATP:
Adenosine triphosphate; BMSC: Bone marrowmes-
enchymal stem cell; BMP2: Bone morphogenetic
protein 2; CaMKII: Ca2+/calmodulin-dependent
protein kinase II; ceRNA: Competing endogenous
RNA; circRNA: Circular RNA; CT: Computed to-
mography; DAMP: Damage-associated molecular
pattern; DNA: Deoxyribonucleic acid; FDA: Food
and Drug Administration; FSP1: Ferroptosis sup-
pressor protein 1; GCF: Gingival crevicular fluid;
GelMA: Gelatin methacryloyl; GPX4: Glutathione
peroxidase 4; GSH: Glutathione; GSK-3β: Glyco-
gen synthase kinase-3 beta; HA: Hydroxyapatite;
HDAC8: Histone deacetylase 8; H2O2: Hydrogen
peroxide;HMGB1: High mobility group box 1;HO-
1: Heme oxygenase-1; HUVEC: Human umbilical
vein endothelial cell; IL-1β: Interleukin-1 beta; IL-
6: Interleukin-6; LIP: Labile iron pool; lncRNA:
Long non-coding RNA; LOX: Lipoxygenase; LP-
CAT2: Lysophosphatidylcholine acyltransferase 2;
LPS: Lipopolysaccharide; MDA: Malondialdehyde;
miRNA: MicroRNA; mtROS: Mitochondrial reac-
tive oxygen species; ncRNA: Non-coding RNA;
NIR: Near-infrared; NQO1: NAD(P)H:quinone ox-
idoreductase 1; Nrf2: Nuclear factor erythroid 2-
related factor 2; PDANP: Polydopamine nanoparti-
cle; PDLSC: Periodontal ligament stem cell; PI3K:

Phosphatidylinositol 3-kinase; PLA2: Phospholi-
pase A2; PLGA: Poly(lactic-co-glycolic acid); PUFA: 
Polyunsaturated fatty acid; PTEN: Phosphatase and 
tensin homolog; RCD: Regulated cell death; RNA: 
Ribonucleic acid; ROS: Reactive oxygen species; 
scRNA-seq: Single-cell RNA sequencing; SLC3A2: 
Solute carrier family 3 member 2; SLC7A11: Solute 
carrier family 7 member 11; TGF-β: Transforming 
growth factor-beta; tFNA: Tetrahedral framework 
nucleic acid; TFRC: Transferrin receptor; TLR4: 
Toll-like receptor 4; TNF-α: Tumor necrosis factor-
alpha; VEGF: Vascular endothelial growth factor; β-
TCP: Beta-tricalcium phosphate.

ACKNOWLEDGMENTS
This work was supported by the Anhui Provin-
cial Health and Wellness Research Project 
(AHWJ2023A10146) and the Scientific Research 
Foundation for Introducing Talents of Yijishan 
Hospital, Wannan Medical College (YR202117).

AUTHOR’S CONTRIBUTIONS
All authors  equally contributed to this work. All 
authors read and approved the final manuscript. 

FUNDING
None.

AVAILABILITY OF DATA AND 
MATERIALS
Data and materials used and/or analyzed during the 
current study are available from the corresponding 
author on reasonable request.

ETHICS APPROVAL AND 
CONSENT TO PARTICIPATE
This study was approved by the Ethics Committee 
of Wannan Medical College, in accordance with rel-
evant guidelines.

CONSENT FOR PUBLICATION
Not applicable.

DECLARATION OF GENERATIVE 
AI AND AI-ASSISTED 
TECHNOLOGIES IN THE 
WRITING PROCESS
The authors declare that they have not used gener-
ative AI (a type of artificial intelligence technology 
that can produce various types of content including 
text, imagery, audio and synthetic data.

8367



Biomedical Research and Therapy 2026, 13(02):8359-8370

COMPETING INTERESTS
The authors declare that they have no competing in-
terests.

REFERENCES
1. World Health Organization. Global oral health report 2024.

Geneva; 2024.
2. China Stomatological Association. White paper on oral im-

plant development in China. Beijing; 2024.
3. MckennaGJ, Gjengedal H, Harkin J, HollandN,MooreC, Srini-

vasan M, et al. Donor site morbidity after autologous bone
grafting: A systematic review. Int J Oral Maxillofac Surg.
2023;52(1):3–12. J Evid BasedDent Pract. 2022 Sep;22(3):101731.
[cited 2025 Oct 1]. PMID: 36162883. Available from: 10.1016/j.
jebdp.2022.101731.

4. Clavero J, Lundgren S. Ramus or chin grafts for maxillary sinus
inlay and local onlay augmentation: comparison of donor site
morbidity and complications. Clin Implant Dent Relat Res.
2003;5(3):154–160. PMID: 14575631. Available from: 10.1111/j.
1708-8208.2003.tb00197.x.

5. Hajishengallis G. Immunomicrobial pathogenesis of periodon-
titis: keystones, pathobionts, and host response. Trends Im-
munol. 2014 Jan;35(1):3–11. PMID: 24269668. Available from:
10.1016/j.it.2013.09.001.

6. Wang PL, Ohura K. Porphyromonas gingivalis lipopolysac-
charide signaling in gingival fibroblasts-CD14 and Toll-like re-
ceptors. Crit Rev Oral Biol Med. 2002;13(2):132–142. PMID:
12097356. Available from: 10.1177/154411130201300204.

7. Herath TD,Wang Y, Seneviratne CJ, Jin LJ. Heterogeneous LPS
of Porphyromonas gingivalis differentially modulate the in-
nate immune response of human gingiva. BMC Proc. 2011;5(S1
Suppl 1):86. Available from: 10.1186/1753-6561-5-S1-P86.

8. Huang X, Lou Y, Duan Y, LiuH, Tian J, Shen Y, et al. Biomaterial
scaffolds in maxillofacial bone tissue engineering: A review of
recent advances. Bioact Mater. 2023 Nov;33:129–156. PMID:
38024227. Available from: 10.1016/j.bioactmat.2023.10.031.

9. Knabe C, Koch C, Rack A, Stiller M. Effect of beta-tricalcium
phosphate particles with varying porosity on osteogenesis af-
ter sinus floor augmentation in humans. Biomaterials. 2008
May;29(14):2249–2258. PMID: 18289665. Available from: 10.
1016/j.biomaterials.2008.01.026.

10. Zijderveld SA, Schulten EA, Aartman IH, ten Bruggenkate CM.
Long-term changes in graft height after maxillary sinus floor
elevation with different grafting materials: radiographic eval-
uation with a minimum follow-up of 4.5 years. Clin Oral Im-
plants Res. 2009 Jul;20(7):691–700. PMID: 19453567. Available
from: 10.1111/j.1600-0501.2009.01697.x.

11. Mengjia W, Jun J, Xin Z, Jiahao Z, Jie G. GPX4-mediated bone
ferroptosis under mechanical stress decreased bone formation
via the YAP-TEAD signalling pathway. J Cell Mol Med. 2024
Apr;28(7):e18231. PMID: 38494855. Available from: 10.1111/
jcmm.18231.

12. Qiao S, Li B, Cai Q, Li Z, Yin Z, He J, et al. Involvement of
ferroptosis in Porphyromonas gingivalis lipopolysaccharide-
stimulated periodontitis in vitro and in vivo. Oral Dis. 2023
Nov;29(8):3571–3582. PMID: 35765229. Available from: 10.1111/
odi.14292.

13. Wang B, Kong W, Lv L, Wang Z. Plumbagin induces ferrop-
tosis in colon cancer cells by regulating p53-related SLC7A11
expression. Heliyon. 2024 Mar;10(7):e28364. PMID: 38596137.
Available from: 10.1016/j.heliyon.2024.e28364.

14. Peng B, Feng Z, Yang A, Liu J, He J, Xu L, et al. TIMP1 regulates
ferroptosis in osteoblasts by inhibiting TFRC ubiquitination:
an in vitro and in vivo study. Mol Med. 2024 Nov;30(1):226.
PMID: 39578773. Available from: 10.1186/s10020-024-01000-9.

15. Lodhi IJ, Semenkovich CF. Peroxisomes: a nexus for
lipid metabolism and cellular signaling. Cell Metab. 2014
Mar;19(3):380–392. PMID: 24508507. Available from: 10.1016/
j.cmet.2014.01.002.

16. Koppula P, Zhuang L, Gan B. Cystine transporter
SLC7A11/xCT in cancer: ferroptosis, nutrient dependency, and
cancer therapy. Protein Cell. 2021 Aug;12(8):599–620. PMID:
33000412. Available from: 10.1007/s13238-020-00789-5.

17. Liu J, Xia X, Huang P. xCT: A Critical Molecule That Links
Cancer Metabolism to Redox Signaling. Mol Ther. 2020
Nov;28(11):2358–2366. PMID: 32931751. Available from: 10.
1016/j.ymthe.2020.08.021.

18. Proneth B, Conrad M. Ferroptosis and necroinflammation, a
yet poorly explored link. Cell Death Differ. 2019 Jan;26(1):14–
24. PMID: 30082768. Available from: 10.1038/s41418-018-0173-
9.

19. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad
M, Dixon SJ, et al. Ferroptosis: A Regulated Cell Death Nexus
Linking Metabolism, Redox Biology, and Disease. Cell. 2017
Oct;171(2):273–285. PMID: 28985560. Available from: 10.1016/
j.cell.2017.09.021.

20. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM,
Gleason CE, et al. Ferroptosis: an iron-dependent form of non-
apoptotic cell death. Cell. 2012 May;149(5):1060–1072. PMID:
22632970. Available from: 10.1016/j.cell.2012.03.042.

21. Yang Y, Lin Y, Wang M, Yuan K, Wang Q, Mu P, et al. Tar-
geting ferroptosis suppresses osteocyte glucolipotoxicity and
alleviates diabetic osteoporosis. Bone Res. 2022 Mar;10(1):26.
PMID: 35260560. Available from: 10.1038/s41413-022-00198-w.

22. Yang WS, Stockwell BR. Synthetic lethal screening identi-
fies compounds activating iron-dependent, nonapoptotic cell
death in oncogenic-RAS-harboring cancer cells. Chem Biol.
2008 Mar;15(3):234–245. PMID: 18355723. Available from:
10.1016/j.chembiol.2008.02.010.

23. HU Y, FAN Y, CHEN Z, GAO Z, LU H, WEI Y, et al. The role of
mitochondrial homeostasis and ferroptosis in bone metabolic
disorders. Chinese Journal of Osteoporosis. 2024;30(11):1705–
17101716.

24. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms,
biology and role in disease. Nat Rev Mol Cell Biol. 2021
Apr;22(4):266–282. PMID: 33495651. Available from: 10.1038/
s41580-020-00324-8.

25. Ursini F, Maiorino M. Lipid peroxidation and ferroptosis: the
role of GSH andGPx4. Free Radic BiolMed. 2020May;152:175–
185. PMID: 32165281. Available from: 10.1016/j.freeradbiomed.
2020.02.027.

26. Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K,
et al. Selenium Utilization by GPX4 Is Required to Prevent
Hydroperoxide-Induced Ferroptosis. Cell. 2018 Jan;172(3):409–
422e21. PMID: 29290465. Available from: 10.1016/j.cell.2017.11.
048.

27. Cadenas E, Davies KJ. Mitochondrial free radical genera-
tion, oxidative stress, and aging. Free Radic Biol Med. 2000
Aug;29(3-4):222–230. PMID: 11035250. Available from: 10.1016/
S0891-5849(00)00317-8.

28. Teramoto K, Katoh H. The cystine/glutamate antiporter xCT is
a key regulator of EphA2 S897 phosphorylation under glucose-
limited conditions. Cell Signal. 2019 Oct;62:109329. PMID:
31152846. Available from: 10.1016/j.cellsig.2019.05.014.

29. Zhao N, Zhang AS, Wortham AM, Jue S, Knutson MD, Enns
CA. The Tumor Suppressor, P53, Decreases the Metal Trans-
porter, ZIP14. Nutrients. 2017 Dec;9(12):1335. PMID: 29292794.
Available from: 10.3390/nu9121335.

30. Wang H, Qiao X, Zhang C, Hou J, Qi S. Long non-coding RNA
LINC00616 promotes ferroptosis of periodontal ligament stem
cells via the microRNA-370 / transferrin receptor axis. Bioengi-
neered. 2022 May;13(5):13070–13081. PMID: 35611986. Avail-
able from: 10.1080/21655979.2022.2076508.

31. Shi X, Liu J, Lu Z, Li J, Zhang S, Li Q, et al. Role of ferropto-
sis in Porphyromonas gingivalis-induced impairment of epithe-
lial junction. J Oral Microbiol. 2024 Mar;16(1):2334578. PMID:
38562512. Available from: 10.1080/20002297.2024.2334578.

32. Jiang Z, Wang H, Qi G, Jiang C, Chen K, Yan Z. Iron overload-
induced ferroptosis of osteoblasts inhibits osteogenesis and
promotes osteoporosis: an in vitro and in vivo study. IUBMB
Life. 2022 Nov;74(11):1052–1069. PMID: 35638167. Available

8368

https://www.ncbi.nlm.nih.gov/pubmed/36162883
10.1016/j.jebdp.2022.101731
10.1016/j.jebdp.2022.101731
https://www.ncbi.nlm.nih.gov/pubmed/14575631
10.1111/j.1708-8208.2003.tb00197.x
10.1111/j.1708-8208.2003.tb00197.x
https://www.ncbi.nlm.nih.gov/pubmed/24269668
10.1016/j.it.2013.09.001
https://www.ncbi.nlm.nih.gov/pubmed/12097356
10.1177/154411130201300204
10.1186/1753-6561-5-S1-P86
https://www.ncbi.nlm.nih.gov/pubmed/38024227
10.1016/j.bioactmat.2023.10.031
https://www.ncbi.nlm.nih.gov/pubmed/18289665
10.1016/j.biomaterials.2008.01.026
10.1016/j.biomaterials.2008.01.026
https://www.ncbi.nlm.nih.gov/pubmed/19453567
10.1111/j.1600-0501.2009.01697.x
https://www.ncbi.nlm.nih.gov/pubmed/38494855
10.1111/jcmm.18231
10.1111/jcmm.18231
https://www.ncbi.nlm.nih.gov/pubmed/35765229
10.1111/odi.14292
10.1111/odi.14292
https://www.ncbi.nlm.nih.gov/pubmed/38596137
10.1016/j.heliyon.2024.e28364
https://www.ncbi.nlm.nih.gov/pubmed/39578773
10.1186/s10020-024-01000-9
https://www.ncbi.nlm.nih.gov/pubmed/24508507
10.1016/j.cmet.2014.01.002
10.1016/j.cmet.2014.01.002
https://www.ncbi.nlm.nih.gov/pubmed/33000412
10.1007/s13238-020-00789-5
https://www.ncbi.nlm.nih.gov/pubmed/32931751
10.1016/j.ymthe.2020.08.021
10.1016/j.ymthe.2020.08.021
https://www.ncbi.nlm.nih.gov/pubmed/30082768
10.1038/s41418-018-0173-9
10.1038/s41418-018-0173-9
https://www.ncbi.nlm.nih.gov/pubmed/28985560
10.1016/j.cell.2017.09.021
10.1016/j.cell.2017.09.021
https://www.ncbi.nlm.nih.gov/pubmed/22632970
10.1016/j.cell.2012.03.042
https://www.ncbi.nlm.nih.gov/pubmed/35260560
10.1038/s41413-022-00198-w
https://www.ncbi.nlm.nih.gov/pubmed/18355723
10.1016/j.chembiol.2008.02.010
https://www.ncbi.nlm.nih.gov/pubmed/33495651
10.1038/s41580-020-00324-8
10.1038/s41580-020-00324-8
https://www.ncbi.nlm.nih.gov/pubmed/32165281
10.1016/j.freeradbiomed.2020.02.027
10.1016/j.freeradbiomed.2020.02.027
https://www.ncbi.nlm.nih.gov/pubmed/29290465
10.1016/j.cell.2017.11.048
10.1016/j.cell.2017.11.048
https://www.ncbi.nlm.nih.gov/pubmed/11035250
10.1016/S0891-5849(00)00317-8
10.1016/S0891-5849(00)00317-8
https://www.ncbi.nlm.nih.gov/pubmed/31152846
10.1016/j.cellsig.2019.05.014
https://www.ncbi.nlm.nih.gov/pubmed/29292794
10.3390/nu9121335
https://www.ncbi.nlm.nih.gov/pubmed/35611986
10.1080/21655979.2022.2076508
https://www.ncbi.nlm.nih.gov/pubmed/38562512
10.1080/20002297.2024.2334578
https://www.ncbi.nlm.nih.gov/pubmed/35638167


Biomedical Research and Therapy 2026, 13(02):8359-8370

from: 10.1002/iub.2656.
33. Yamamoto M, Kensler TW, Motohashi H. The KEAP1-NRF2

System: a Thiol-Based Sensor-Effector Apparatus for Main-
taining Redox Homeostasis. Physiol Rev. 2018 Jul;98(3):1169–
1203. PMID: 29717933. Available from: 10.1152/physrev.00023.
2017.

34. Ma T, Du J, Zhang Y, Wang Y, Wang B, Zhang T. GPX4-
independent ferroptosis-a new strategy in disease’s therapy.
Cell Death Discov. 2022 Oct;8(1):434. PMID: 36309489. Avail-
able from: 10.1038/s41420-022-01212-0.

35. Xu P, Lin B, Deng X, Huang K, Zhang Y, Wang N. VDR ac-
tivation attenuates osteoblastic ferroptosis and senescence by
stimulating the Nrf2/GPX4 pathway in age-related osteoporo-
sis. Free Radic Biol Med. 2022 Nov;193(Pt 2):720–735. PMID:
36402439. Available from: 10.1016/j.freeradbiomed.2022.11.013.

36. Bao J, Wang Z, Yang Y, Yu X, YuanW, SunW, et al. Interleukin-
17 alleviates erastin-induced alveolar bone loss by suppressing
ferroptosis via interaction between NRF2 and p-STAT3. J Clin
Periodontol. 2024 Feb;51(2):233–250. PMID: 37961757. Avail-
able from: 10.1111/jcpe.13898.

37. Zhao Y, Yin W, Yang Z, Sun J, Chang J, Huang L, et al.
Nanotechnology-enabled M2 macrophage polarization and
ferroptosis inhibition for targeted inflammatory bowel disease
treatment. J Control Release. 2024 Mar;367:339–353. PMID:
38278368. Available from: 10.1016/j.jconrel.2024.01.051.

38. Qin R, Cao J, Li J, Qiu D, Lin H, Wang Y, et al. Targeting
iron overload and macrophage polarization to treat diabetic
periodontitis: mechanisms and therapeutic strategies. Life
Sci. 2025 Sep;377:123805. PMID: 40482996. Available from:
10.1016/j.lfs.2025.123805.

39. Wang T, Yang C, Li Z, Li T, Zhang R, Zhao Y, et al. Flavonoid
4,4′-dimethoxychalcone selectively eliminates senescent cells
via activating ferritinophagy. Redox Biol. 2024 Feb;69:103017.
PMID: 38176315. Available from: 10.1016/j.redox.2023.103017.

40. KadkhodazadehM, Alimardani Y, Azadi A, Daneshvar A, Amid
R, Khaleghi A. Clinical outcomes of implants placed with tran-
screstal maxillary sinus elevation: a systematic review and
meta-analysis. Br J Oral Maxillofac Surg. 2024 Oct;62(8):685–
703. PMID: 39098575. Available from: 10.1016/j.bjoms.2024.05.
006.

41. Chen J, Hu C, Lu X, Yang X, Zhu M, Ma X, et al. ALDH2
alleviates inflammation and facilitates osteogenic differenti-
ation of periodontal ligament stem cells in periodontitis by
blocking ferroptosis via activating Nrf2. Funct Integr Ge-
nomics. 2024 Oct;24(5):184. PMID: 39370484. Available from:
10.1007/s10142-024-01465-1.

42. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta
R, Viswanathan VS, et al. Regulation of ferroptotic cancer
cell death by GPX4. Cell. 2014 Jan;156(1-2):317–331. PMID:
24439385. Available from: 10.1016/j.cell.2013.12.010.

43. Fan J, Xie Y, Liu D, Cui R, Zhang W, Shen M, et al. Crosstalk
Between H-Type Vascular Endothelial Cells andMacrophages:
A Potential Regulator of Bone Homeostasis. J Inflamm Res.
2025 Feb;18:2743–2765. PMID: 40026304. Available from: 10.
2147/JIR.S502604.

44. Chen J, Ou L, Liu W, Gao F. Exploring the molecular mech-
anisms of ferroptosis-related genes in periodontitis: a multi-
dataset analysis. BMCOral Health. 2024May;24(1):611. PMID:
38802844. Available from: 10.1186/s12903-024-04342-2.

45. Qu X, Sun Z, Wang Y, Ong HS. Zoledronic acid promotes os-
teoclasts ferroptosis by inhibiting FBXO9-mediated p53 ubiq-
uitination and degradation. PeerJ. 2021 Dec;9:e12510. PMID:
35003915. Available from: 10.7717/peerj.12510.

46. Li Y, Cai Z, Ma W, Bai L, Luo E, Lin Y. A DNA tetrahedron-
based ferroptosis-suppressing nanoparticle: superior delivery
of curcumin and alleviation of diabetic osteoporosis. Bone Res.
2024 Feb;12(1):14. PMID: 38424439. Available from: 10.1038/
s41413-024-00319-7.

47. Yang M, Shen Z, Zhang X, Song Z, Zhang Y, Lin Z, et al.
Ferroptosis of macrophages facilitates bone loss in apical pe-
riodontitis via NRF2/FSP1/ROS pathway. Free Radic Biol
Med. 2023 Nov;208:334–347. PMID: 37619958. Available from:

10.1016/j.freeradbiomed.2023.08.020.
48. Bao J, Wang Z, Yang Y, Yu X, YuanW, SunW, et al. Interleukin-

17 alleviates erastin-induced alveolar bone loss by suppressing
ferroptosis via interaction between NRF2 and p-STAT3. J Clin
Periodontol. 2024 Feb;51(2):233–250. PMID: 37961757. Avail-
able from: 10.1111/jcpe.13898.

49. Dai CQ, Luo TT, Luo SC,Wang JQ,Wang SM, Bai YH, et al. p53
and mitochondrial dysfunction: novel insight of neurodegen-
erative diseases. J Bioenerg Biomembr. 2016 Aug;48(4):337–
347. PMID: 27422544. Available from: 10.1007/s10863-016-
9669-5.

50. Song X, Hao X, Zhu B. Role of mitochondrial reactive oxygen
species in chemically-induced ferroptosis. Free Radic BiolMed.
2024 Oct;223:473–492. PMID: 38992393. Available from: 10.
1016/j.freeradbiomed.2024.07.006.

51. Torres A, Michea MA, Végvári Á, et al. A multi-platform anal-
ysis of human gingival crevicular fluid reveals ferroptosis as
a relevant regulated cell death mechanism during the clinical
progression of periodontitis. Int J Oral Sci. 2024;16(1):43. Avail-
able from: 10.1038/s41368-024-00306-y.

52. Ruiman SU, Xu QI, Guangxun ZH. Research progress of fer-
roptosis in the occurrence and development of periodontitis.
Journal of Prevention and Treatment for Stomatological Dis-
eases. 2025;33(4):336–343.

53. Wu S, Wu B, Liu Y, Deng S, Lei L, Zhang H. Mini Review Ther-
apeutic Strategies Targeting for Biofilm and Bone Infections.
Front Microbiol. 2022 Jun;13:936285. PMID: 35774451. Avail-
able from: 10.3389/fmicb.2022.936285.

54. Xiang Z, Zhang P, Jia C, et al. Piezo1 channel exaggerates
ferroptosis of nucleus pulposus cells by mediating mechanical
stress-induced iron influx. Bone Res. 2024;12(1):20. Available
from: 10.1038/s41413-024-00317-9.

55. Huang L, Zhang S, Bian M, Xiang X, Xiao L, Wang J, et al.
Injectable, anti-collapse, adhesive, plastic and bioactive bone
graft substitute promotes bone regeneration by moderating
oxidative stress in osteoporotic bone defect. Acta Biomater.
2024 May;180:82–103. PMID: 38621599. Available from: 10.
1016/j.actbio.2024.04.016.

56. Li Q, Zhou H, Wang C, Zhu Z. Long non-coding RNA
Linc01133 promotes osteogenic differentiation of human pe-
riodontal ligament stem cells via microRNA-30c / bone
gamma-carboxyglutamate protein axis. Bioengineered. 2022
Apr;13(4):9602–9612. PMID: 35435112. Available from: 10.1080/
21655979.2022.2054912.

57. Chen J, Li X, Liu H, Zhong D, Yin K, Li Y, et al. Bone marrow
stromal cell-derived exosomal circular RNA improves diabetic
foot ulcer wound healing by activating the nuclear factor ery-
throid 2-related factor 2 pathway and inhibiting ferroptosis.
Diabet Med. 2023 Jul;40(7):e15031. PMID: 36537855. Available
from: 10.1111/dme.15031.

58. Tang T, Chen L, ZhangM, et al. Exosomes derived fromBMSCs
enhance diabetic wound healing through circ-Snhg11 delivery.
Diabetol Metab Syndr. 2024;16(1):37. Available from: 10.1186/
s13098-023-01210-x.

59. Guo X, Xu J, Chen L, Huang H, Gao Z, Jiang X. Functional
Study of the circRNA_0006393/miR-375/IGFBP4 Axis in Frac-
ture Healing Associated with Male Idiopathic Osteoporosis. J
Invest Surg. 2025 Dec;38(1):2535522. PMID: 40728000. Available
from: 10.1080/08941939.2025.2535522.

60. Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H, et al. Ferrop-
tosis as a p53-mediated activity during tumour suppression.
Nature. 2015 Apr;520(7545):57–62. PMID: 25799988. Available
from: 10.1038/nature14344.

61. Yan W, Lin X, Ying Y, Li J, Fan Z. Specific RNA m6A mod-
ification sites in bone marrow mesenchymal stem cells from
the jawbone marrow of type 2 diabetes patients with dental
implant failure. Int J Oral Sci. 2023;15(1):6. Available from:
10.1038/s41368-022-00202-3.

62. Yang X, Chen Y, Guo J, Li J, Zhang P, Yang H, et al. Poly-
dopamine Nanoparticles Targeting Ferroptosis Mitigate Inter-
vertebral Disc Degeneration Via Reactive Oxygen Species De-

8369

10.1002/iub.2656
https://www.ncbi.nlm.nih.gov/pubmed/29717933
10.1152/physrev.00023.2017
10.1152/physrev.00023.2017
https://www.ncbi.nlm.nih.gov/pubmed/36309489
10.1038/s41420-022-01212-0
https://www.ncbi.nlm.nih.gov/pubmed/36402439
10.1016/j.freeradbiomed.2022.11.013
https://www.ncbi.nlm.nih.gov/pubmed/37961757
10.1111/jcpe.13898
https://www.ncbi.nlm.nih.gov/pubmed/38278368
10.1016/j.jconrel.2024.01.051
https://www.ncbi.nlm.nih.gov/pubmed/40482996
10.1016/j.lfs.2025.123805
https://www.ncbi.nlm.nih.gov/pubmed/38176315
10.1016/j.redox.2023.103017
https://www.ncbi.nlm.nih.gov/pubmed/39098575
10.1016/j.bjoms.2024.05.006
10.1016/j.bjoms.2024.05.006
https://www.ncbi.nlm.nih.gov/pubmed/39370484
10.1007/s10142-024-01465-1
https://www.ncbi.nlm.nih.gov/pubmed/24439385
10.1016/j.cell.2013.12.010
https://www.ncbi.nlm.nih.gov/pubmed/40026304
10.2147/JIR.S502604
10.2147/JIR.S502604
https://www.ncbi.nlm.nih.gov/pubmed/38802844
10.1186/s12903-024-04342-2
https://www.ncbi.nlm.nih.gov/pubmed/35003915
10.7717/peerj.12510
https://www.ncbi.nlm.nih.gov/pubmed/38424439
10.1038/s41413-024-00319-7
10.1038/s41413-024-00319-7
https://www.ncbi.nlm.nih.gov/pubmed/37619958
10.1016/j.freeradbiomed.2023.08.020
https://www.ncbi.nlm.nih.gov/pubmed/37961757
10.1111/jcpe.13898
https://www.ncbi.nlm.nih.gov/pubmed/27422544
10.1007/s10863-016-9669-5
10.1007/s10863-016-9669-5
https://www.ncbi.nlm.nih.gov/pubmed/38992393
10.1016/j.freeradbiomed.2024.07.006
10.1016/j.freeradbiomed.2024.07.006
10.1038/s41368-024-00306-y
https://www.ncbi.nlm.nih.gov/pubmed/35774451
10.3389/fmicb.2022.936285
10.1038/s41413-024-00317-9
https://www.ncbi.nlm.nih.gov/pubmed/38621599
10.1016/j.actbio.2024.04.016
10.1016/j.actbio.2024.04.016
https://www.ncbi.nlm.nih.gov/pubmed/35435112
10.1080/21655979.2022.2054912
10.1080/21655979.2022.2054912
https://www.ncbi.nlm.nih.gov/pubmed/36537855
10.1111/dme.15031
10.1186/s13098-023-01210-x
10.1186/s13098-023-01210-x
https://www.ncbi.nlm.nih.gov/pubmed/40728000
10.1080/08941939.2025.2535522
https://www.ncbi.nlm.nih.gov/pubmed/25799988
10.1038/nature14344
10.1038/s41368-022-00202-3


Biomedical Research and Therapy 2026, 13(02):8359-8370

pletion, Iron Ions Chelation, and GPX4 Ubiquitination Sup-
pression. Adv Sci (Weinh). 2023 May;10(13):e2207216. PMID:
36951540. Available from: 10.1002/advs.202207216.

63. Deng X, Lin B, Wang F, Xu P, Wang N. Mangiferin attenuates
osteoporosis by inhibiting osteoblastic ferroptosis through
Keap1/Nrf2/SLC7A11/GPX4 pathway. Phytomedicine. 2024
Feb;124:155282. PMID: 38176266. Available from: 10.1016/j.
phymed.2023.155282.

64. Sun X, Jiao X, Wang Z, Ma J, Wang T, Zhu D, et al.
Polydopamine-coated 3D-printed β-tricalcium phosphate
scaffolds to promote the adhesion and osteogenesis of BMSCs
for bone-defect repair: mRNA transcriptomic sequencing
analysis. J Mater Chem B. 2023 Feb;11(8):1725–1738. PMID:
36723218. Available from: 10.1039/D2TB02280J.

65. Lei L, Yuan J, Yang Q, Tu Q, Yu H, Chu L, et al. Curcumin-
polydopamine nanoparticles alleviate ferroptosis by iron
chelation and inhibition of oxidative stress damage. RSC Adv.
2024 May;14(21):14934–14941. PMID: 38716098. Available
from: 10.1039/D4RA02336F.

66. Li Y, Cai Z, Ma W, Bai L, Luo E, Lin Y. A DNA tetrahedron-
based ferroptosis-suppressing nanoparticle: superior delivery
of curcumin and alleviation of diabetic osteoporosis. Bone Res.
2024 Feb;12(1):14. PMID: 38424439. Available from: 10.1038/
s41413-024-00319-7.

67. Wen Z, Li S, Liu Y, Liu X, Qiu H, Che Y, et al. An
engineered M2 macrophage-derived exosomes-loaded elec-
trospun biomimetic periosteum promotes cell recruitment,
immunoregulation, and angiogenesis in bone regeneration.
Bioact Mater. 2025 Apr;50:95–115. PMID: 40242509. Available
from: 10.1016/j.bioactmat.2025.03.027.

68. Bai L, Li J, Li G, Zhou D, Su J, Liu C. Skeletal interoception and
prospective application in biomaterials for bone regeneration.
Bone Res. 2025 Jan;13(1):1. PMID: 39743568. Available from:
10.1038/s41413-024-00378-w.

69. Hu W, Xie X, Xu J. Epimedium-Derived Exosome-Loaded
GelMA Hydrogel Enhances MC3T3-E1 Osteogenesis via
PI3K/Akt Pathway. Cells. 2025 Aug;14(15):1214. PMID:
40801646. Available from: 10.3390/cells14151214.

70. Liu S, Wang W, Chen Z, Wu P, Pu W, Li G, et al. An Os-
teoimmunomodulatory Biopatch Potentiates Stem Cell Ther-
apies for Bone Regeneration by Simultaneously Regulating
IL-17/Ferroptosis Signaling Pathways. Adv Sci (Weinh). 2024
Sep;11(35):e2401882. PMID: 39024121. Available from: 10.1002/
advs.202401882.

71. Lei L, Yuan J, Yang Q, Tu Q, Yu H, Chu L, et al. Curcumin-
polydopamine nanoparticles alleviate ferroptosis by iron
chelation and inhibition of oxidative stress damage. RSC Adv.
2024 May;14(21):14934–14941. PMID: 38716098. Available
from: 10.1039/D4RA02336F.

72. Deng Y, Yang WZ, Shi D, Wu M, Xiong XL, Chen ZG, et al.
Bioinspired and osteopromotive polydopamine nanoparticle-
incorporated fibrous membranes for robust bone regeneration.
NPG Asia Mater. 2019 Jul;11(1):39. Available from: 10.1038/
s41427-019-0139-5.

73. Yang Y, Zhang X, Yang Y, Gao P, Fan W, Zheng T, et al. A
two-pronged approach to inhibit ferroptosis of MSCs caused
by the iron overload in postmenopausal osteoporosis and pro-
mote osseointegration of titanium implant. Bioact Mater. 2024
Jul;41:336–354. PMID: 39161794. Available from: 10.1016/j.

bioactmat.2024.07.024.
74. Valanezhad A, Odatsu T, Abe S, Watanabe I. Bone Formation

Ability and Cell Viability Enhancement of MC3T3-E1 Cells by
Ferrostatin-1 a Ferroptosis Inhibitor of Cancer Cells. Int J Mol
Sci. 2021 Nov;22(22):12259. PMID: 34830144. Available from:
10.3390/ijms222212259.

75. Xu Z, Wang N, Liu P, Sun Y, Wang Y, Fei F, et al.
Poly(Dopamine) Coating on 3D-Printed Poly-Lactic-Co-
Glycolic Acid/β-Tricalcium Phosphate Scaffolds for Bone
Tissue Engineering. Molecules. 2019 Dec;24(23):4397. PMID:
31810169. Available from: 10.3390/molecules24234397.

76. Li C, Zhang W, Nie Y, Du X, Huang C, Li L, et al. Time-
Sequential and Multi-Functional 3D Printed MgO2/PLGA
Scaffold Developed as a Novel Biodegradable and Bioactive
Bone Substitute for Challenging Postsurgical Osteosarcoma
Treatment. Adv Mater. 2024 Aug;36(34):e2308875. PMID:
38091500. Available from: 10.1002/adma.202308875.

77. Wang Z, Wang K, Yu Y, Fu J, Zhang S, Li M, et al. Identi-
fication of human cranio-maxillofacial skeletal stem cells for
mandibular development. Sci Adv. 2025 Jan;11(1):eado7852.
PMID: 39742474. Available from: 10.1126/sciadv.ado7852.

78. HeM, Lin Y. Silencing FOXA1 suppresses inflammation caused
by LPS and promotes osteogenic differentiation of periodontal
ligament stem cells through the TLR4/MyD88/NF-κB pathway.
Biomol Biomed. 2025 Apr;25(5):1138–1149. PMID: 39760528.
Available from: 10.17305/bb.2024.11367.

79. Schmidt JR, Adamowicz K, Arend L, Lehmann J, ListM, Poh PS,
et al. Meta-analysis of proteomics data from osteoblasts, bone,
and blood: insights into druggable targets, active factors, and
potential biomarkers for bone biomaterial design. J Tissue Eng.
2024 Nov;15:20417314241295332. PMID: 39620099. Available
from: 10.1177/20417314241295332.

80. Özkan Karasu Y, Maden O, Çanakçı CF. Oxidative damage
biomarkers and antioxidant enzymes in saliva of patients with
peri-implant diseases. Int J Implant Dent. 2024 Oct;10(1):43.
PMID: 39400614. Available from: 10.1186/s40729-024-00562-x.

81. Verduijn J, Degroote E, Skirtach AG. Machine learning with
label-free Ramanmicroscopy to investigate ferroptosis in com-
parison with apoptosis and necroptosis. Commun Biol. 2025
Feb;8(1):218. PMID: 39934250. Available from: 10.1038/s42003-
025-07624-9.

82. Kolan KC, Huang YW, Semon JA, Leu MC. 3D-printed
Biomimetic Bioactive Glass Scaffolds for Bone Regeneration in
Rat Calvarial Defects. Int J Bioprint. 2020 Apr;6(2):274. PMID:
32782995. Available from: 10.18063/ijb.v6i2.274.

83. Wu Q, Hu L, Yan R, Shi J, Gu H, Deng Y, et al. Strontium-
incorporated bioceramic scaffolds for enhanced osteoporo-
sis bone regeneration. Bone Res. 2022 Aug;10(1):55. PMID:
35999199. Available from: 10.1038/s41413-022-00224-x.

84. Younes HM, Kadavil H, Ismail HM, Adib SA, Zamani S, Alany
RG, et al. Overview of Tissue Engineering and Drug Deliv-
ery Applications of Reactive Electrospinning and Crosslinking
Techniques of Polymeric Nanofibers with Highlights on Their
Biocompatibility Testing and Regulatory Aspects. Pharma-
ceutics. 2023 Dec;16(1):32. PMID: 38258043. Available from:
10.3390/pharmaceutics16010032.

85. Ruan B, Dong J,Wei F, Huang Z, Yang B, Zhang L, et al. DNMT
aberration-incurred GPX4 suppression prompts osteoblast fer-
roptosis and osteoporosis. Bone Res. 2024 Dec;12(1):68. PMID:
39617773. Available from: 10.1038/s41413-024-00365-1.

8370

https://www.ncbi.nlm.nih.gov/pubmed/36951540
10.1002/advs.202207216
https://www.ncbi.nlm.nih.gov/pubmed/38176266
10.1016/j.phymed.2023.155282
10.1016/j.phymed.2023.155282
https://www.ncbi.nlm.nih.gov/pubmed/36723218
10.1039/D2TB02280J
https://www.ncbi.nlm.nih.gov/pubmed/38716098
10.1039/D4RA02336F
https://www.ncbi.nlm.nih.gov/pubmed/38424439
10.1038/s41413-024-00319-7
10.1038/s41413-024-00319-7
https://www.ncbi.nlm.nih.gov/pubmed/40242509
10.1016/j.bioactmat.2025.03.027
https://www.ncbi.nlm.nih.gov/pubmed/39743568
10.1038/s41413-024-00378-w
https://www.ncbi.nlm.nih.gov/pubmed/40801646
10.3390/cells14151214
https://www.ncbi.nlm.nih.gov/pubmed/39024121
10.1002/advs.202401882
10.1002/advs.202401882
https://www.ncbi.nlm.nih.gov/pubmed/38716098
10.1039/D4RA02336F
10.1038/s41427-019-0139-5
10.1038/s41427-019-0139-5
https://www.ncbi.nlm.nih.gov/pubmed/39161794
10.1016/j.bioactmat.2024.07.024
10.1016/j.bioactmat.2024.07.024
https://www.ncbi.nlm.nih.gov/pubmed/34830144
10.3390/ijms222212259
https://www.ncbi.nlm.nih.gov/pubmed/31810169
10.3390/molecules24234397
https://www.ncbi.nlm.nih.gov/pubmed/38091500
10.1002/adma.202308875
https://www.ncbi.nlm.nih.gov/pubmed/39742474
10.1126/sciadv.ado7852
https://www.ncbi.nlm.nih.gov/pubmed/39760528
10.17305/bb.2024.11367
https://www.ncbi.nlm.nih.gov/pubmed/39620099
10.1177/20417314241295332
https://www.ncbi.nlm.nih.gov/pubmed/39400614
10.1186/s40729-024-00562-x
https://www.ncbi.nlm.nih.gov/pubmed/39934250
10.1038/s42003-025-07624-9
10.1038/s42003-025-07624-9
https://www.ncbi.nlm.nih.gov/pubmed/32782995
10.18063/ijb.v6i2.274
https://www.ncbi.nlm.nih.gov/pubmed/35999199
10.1038/s41413-022-00224-x
https://www.ncbi.nlm.nih.gov/pubmed/38258043
10.3390/pharmaceutics16010032
https://www.ncbi.nlm.nih.gov/pubmed/39617773
10.1038/s41413-024-00365-1



