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the synovium, subchondral bone, and periarticular muscles 
[1]. Clinically, this condition presents as intractable pain 
and functional disability, yet therapeutic innovation remains 
stagnant. Contemporary orthopaedic management relies 
heavily on palliative analgesics or end-stage arthroplasty, 
a limitation resulting from the absence of disease-modify-
ing osteoarthritis drugs (DMOADs) capable of reversing 
fundamental chondrocyte loss [2]. This clinical stalemate 

Introduction

With a global burden exceeding 500 million individuals, 
Osteoarthritis (OA) constitutes a pan-joint failure extending 
well beyond mechanical cartilage erosion. Although clini-
cally characterized by progressive cartilage degradation 
and subchondral bone remodeling, the pathology entails a 
complex deterioration of the entire joint organ, comprising 
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Abstract
Osteoarthritis (OA) is clinically characterized by progressive cartilage degradation and subchondral bone remodeling. 
However, the conventional “wear-and-tear” model fails to account for the metabolic drivers of this degeneration, resulting 
in a persistent therapeutic void. This study delineates a critical paradigm shift in orthopaedic scholarship: the transition 
from mechanical determinism to a molecular framework governed by Metallobiology and trace element homeostasis. 
We executed a systematic bibliometric analysis of 570 peer-reviewed articles indexed in Scopus (2014–2024), manually 
curated by clinical experts. By synthesizing keyword co-occurrence networks with patent landscape analysis, we visual-
ized the intellectual evolution of ferroptosis, an iron-dependent form of regulated cell death, within the context of joint 
pathology. The data reveals an exponential growth in research output, predominantly driven by contributions from Main-
land China (62%), reflecting a strategic pivot toward metabolic and botanical interventions. Keyword clustering identifies 
three thematic pillars: molecular redox mechanisms, metabolic animal models, and therapeutic chelation. These clusters 
collectively define the “Trace Element-Joint Axis,” establishing the joint not merely as a mechanical bearing but as a 
distinct metabolic repository susceptible to metal ion dysregulation. Specifically, the literature underscores how chondro-
cyte viability is increasingly associated with the host’s metallomic profile, contingent upon the delicate balance between 
systemic iron overload and selenium-dependent GPX4 activity. Furthermore, patent analysis indicates a translational 
surge toward “Metallobiological Interventions,” moving beyond structural repair to target upstream redox imbalances. We 
propose “Metallobiological Orthopaedics” as a clinical framework dedicated to restoring metallostasis and trace element 
homeostasis to potentially modulate cartilage degradation. This bibliometric analysis highlights a significant paradigm 
shift, indicating that osteoarthritis progression is heavily influenced by trace element dyshomeostasis alongside traditional 
factors like senescence. Consequently, future therapeutic strategies should expand beyond local biomechanical manage-
ment to encompass the systemic regulation of the metallome. The ultimate goal is to treat osteoarthritis and mitigate 
oxidative toxicity by optimizing the patient’s iron-selenium equilibrium.
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indicates that the traditional “wear-and-tear” model is insuf-
ficient, necessitating a pivot toward metabolic drivers and 
an examination of how systemic factors precipitate cellular 
death mechanisms such as ferroptosis [3].

Interpreting the disease via the lens of Metallobiology 
posits that joint degeneration results from the “Systemic 
Exposome” rather than simple senescence. This concept 
captures the aggregate influence of environmental and 
dietary trace element exposures on biological systems [4]. 
Chondrocytes function within a synovial microenviron-
ment where the metallomic profile intimately mirrors the 
systemic trace element intake of the host. Trace element 
homeostasis is paramount in this context, as ferroptosis rep-
resents a regulated cell death pathway strictly contingent 
upon the bioavailability of specific micronutrients, namely 
the redox-active metal Iron and the essential metalloid Sele-
nium [5]. Consequently, analysing the research landscape of 
ferroptosis in OA provides a novel mechanism to decipher 
the interaction between the external dietary metallome and 
internal articular biology.

Unlike apoptosis, ferroptosis executes chondrocyte death 
via iron-dependent lipid peroxidation. This mechanism fun-
damentally compromises membrane integrity. The process 
results from a collapse of the Glutathione Peroxidase 4 
(GPX4) system, a selenoprotein dependent on bioavailable 
selenium to scavenge lipid reactive oxygen species [6, 7]. 
Within the osteoarthritic milieu, this intracellular metallo-
stasis is frequently perturbed. Surplus iron fuels the Fenton 
reaction and yields hydroxyl radicals that simultaneously 
eliminate chondrocytes and aggravate the IL-1β-induced 
inflammatory cascade [6, 8]. Such oxidative stress further 
upregulates Matrix Metalloproteinases, precipitating the 
enzymatic breakdown of Type II collagen in the extracel-
lular matrix. Consequently, ferroptosis functions as the 
primary molecular conduit linking systemic trace element 
instability to structural cartilage collapse [9].

Although a theoretical nexus links trace element metabo-
lism with orthopaedic pathology, the current body of literature 
remains disjointed [10]. Prevailing reviews predominantly 
isolate molecular signalling mechanisms, creating a signifi-
cant blind spot regarding the broader bibliometric patterns 
uniting these fields [11]. Crucially, comprehensive analyses 
mapping the intersection of keyword evolution, geographical 
hotspots, and patent trends are conspicuously absent within 
this specialized niche [12]. This study bridges this epistemic 
gap. By visualizing the global research landscape from 2014 
to 2024, we aim to propose “Metallobiological Orthopae-
dics” as a clinical discipline focused on the systemic and 
local regulation of the metallome to treat osteoarthritis. We 
underscore that the homeostasis of trace elements, particu-
larly iron and selenium, operates as a critical determinant in 
osteoarthritis pathology alongside biomechanical factors.

Materials and Methods

Study Design and Database Rationale

We employed standard systematic bibliometric protocols to 
structure our research framework. While databases such as 
PubMed and Web of Science (WoS) remain fundamental for 
clinical research, Scopus was utilized as the primary data 
source for specific methodological considerations. Unlike 
PubMed, which does not provide the comprehensive citation 
metadata and reference matrices required for topological 
network mapping in VOSviewer, Scopus offers standard-
ized citation profiles optimized for bibliometric interoper-
ability [13]. Additionally, Scopus demonstrates broader 
indexing of interdisciplinary journals at the intersection of 
biomaterials, nanotechnology, and machine learning com-
pared to the WoS Core Collection. This comprehensive 
scope is vital for capturing the multidimensional nature of 
the ‘Metallobiological Orthopaedics’ framework. Focusing 
on a single, high-fidelity database also precludes the intro-
duction of duplicate records and incompatible citation for-
mats that often destabilize the longitudinal consistency of 
clustering algorithms.

Search Strategy and Clinical Curation

We conducted the literature search on March 30, 2024, cov-
ering peer-reviewed articles published from 2014 to 2024. 
Adhering strictly to the protocol, we applied the search 
string: TITLE-ABS-KEY (“Ferroptosis” AND “Osteo-
arthritis” AND “Ferroptosis mechanism”). We explicitly 
excluded conference proceedings, book chapters, and errata 
to maintain high evidentiary quality.

To ensure the comprehensiveness of the dataset, a pre-
liminary sensitivity analysis was conducted to evaluate 
the inclusivity of the search string. Although “metallome” 
and “chondrocyte death” were not utilized as independent 
Boolean operators, these concepts are pathologically and 
clinically inseparable from the broader descriptors “trace 
elements” and “ferroptosis.” From a clinical pathology 
perspective, chondrocyte death represents the definitive 
cellular phenotype of ferroptotic signaling in joint tissues; 
thus, capturing the molecular driver effectively retrieves 
its manifestation. Historically, as “metallome” emerged as 
an integrative systems-biology descriptor only recently, 
our use of “trace elements” and “metal homeostasis” 
ensures the retrieval of foundational clinical studies that 
predate modern nomenclature. This strategy maintains the 
granular landscape of joint failure pathways while avoid-
ing the introduction of redundant indexing noise that could 
destabilize the longitudinal consistency of the bibliometric 
model.
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To transcend the limitations of standard automated fil-
ters, we implemented a manual quality control phase to 
guarantee biological relevance. Two independent review-
ers with clinical orthopedic backgrounds screened the pre-
filtered dataset (n = 709). During this phase, 12 duplicate 
records were removed via EndNote, and 127 articles were 
excluded based on title and abstract evaluation for lack-
ing specific mechanistic relevance to ferroptosis or osteo-
arthritis. Following this consensus process, we reached a 
final included corpus of 570 articles for bibliometric map-
ping. Simultaneously, the WIPO patent search yielded 45 
initial records, with 24 excluded due to limited therapeutic 
focus, resulting in 21 patents for legal trend analysis. For 
the included studies, we prioritized those that:

	● Elucidated molecular pathways: We specifically select-
ed studies linking ferroptosis to tissue degradation in 
cartilage, synovium, or subchondral bone.

	● Addressed metallomic determinants: We included pa-
pers examining how systemic factors (e.g., iron over-
load, selenium dyshomeostasis, or trace element imbal-
ances) drive OA progression.

	● Ensured mechanistic depth: We manually excluded ar-
ticles focusing purely on surgical outcomes (e.g., ar-
throplasty survival) or traumatic osteoarthritis without 
metabolic discussion.

This rigorous manual screening ensured our final dataset 
represented a high-fidelity corpus, specifically valid for ana-
lyzing the “Environment-Joint Axis.”

Bibliometric and Visualization Analysis

We utilized VOSviewer (version 1.6.19) [14] and Harzing’s 
Publish and Perish software [15] to map the field’s intellec-
tual structure. Our analysis focused on:

	● Co-occurrence Analysis: To identify thematic clusters 
and distinguish fundamental molecular mechanisms 
from emerging metallomic or therapeutic interventions.

	● Co-authorship and Geographical Mapping: To trace 
global collaborations and pinpoint regions showing 
high research activity in trace element biology and 
orthopedics.

Finally, we processed the data in Microsoft Excel 2016 to 
calculate citation metrics and growth trends. Figure 1 sum-
marizes the entire workflow from identification to final 
inclusion.

Results

Global Publication Trajectory and Geopolitical 
Landscape

The analysis of 570 peer-reviewed articles published 
between 2014 and 2024 reveals a robust upward trajectory 
in publication volume, characterized by an annual growth 
rate of approximately 31% (Fig. 2). This exponential rise, 
particularly the distinct inflection point observed post-
2016, indicates a paradigm shift: the scientific community 
is increasingly moving beyond the traditional “mechanical 
wear” hypothesis of osteoarthritis to scrutinize the meta-
bolic and metallomic drivers of the disease. The steady 
increase suggests that ferroptosis, a cell death mode inher-
ently sensitive to trace element bioavailability (e.g., iron 
and selenium), is establishing itself as a critical mechanistic 
link between systemic trace element status and internal joint 
pathology.

In terms of geopolitical distribution, the research land-
scape presents a starkly asymmetrical profile. Mainland 
China dominates the field, contributing approximately 
62% of the total publications, followed by the United 
States (13%) and South Korea (7%) (Fig.  3). This geo-
graphical concentration likely reflects a strategic research 
priority in East Asia on nutritional metallomics and meta-
bolic health. In these regions, the regulation of systemic 
trace elements (often targeting redox homeostasis) is cen-
tral to prophylactic care. Unlike Western orthopaedics, 
which has historically prioritized surgical biomechanics, 
the prominent output from institutions such as Huazhong 
University of Science and Technology highlights a regional 
pivot towards “Metallobiological Medicine,” an emerging 
approach that treats OA by modulating the patient’s sys-
temic response to trace element imbalances and metabolic 
stressors.

Interdisciplinary Architecture: Bridging 
Geochemistry and Orthopedics

The subject area analysis in Table  1 reveals a striking 
interdisciplinary convergence that challenges traditional 
disciplinary boundaries. Biochemistry and Medicine lead 
the field with 258 and 242 publications respectively, sig-
nificantly outpacing Engineering at 131 publications. This 
statistical distribution indicates a decisive shift in research 
focus as the field migrates away from purely biomechanical 
or prosthetic solutions toward a molecular understanding of 
the disease.
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Fig. 2  The figure uses key data points (markers) to represent and analyze the growth in the number of publications and citations over the specified 
time period (2014–2024)

 

Fig. 1  Schematic diagram of 
search strategy for bibliometric 
and patent analysis
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Venue Analysis: The Migration from Mechanics to 
Metabolism

The publication landscape exhibits a distinct stratification of 
evidence, bifurcated between specialized orthopedic venues 
and broad-scope interdisciplinary platforms. High-impact 
specialty journals, led by Osteoarthritis and Cartilage and 
the Journal of Orthopaedic Research, remain the primary 
repositories for defining the disease burden. The dominance 
of these Q1 journals confirms that the clinical community 
is the principal consumer of ferroptosis research. However, 
the content within these venues reveals a critical shift: cli-
nicians are actively seeking mechanistic explanations for 
surgical failures, acknowledging that mechanical correction 
alone cannot reverse the cellular deterioration caused by 
metabolic and metallomic instability.

Complementing this clinical foundation, the intellectual 
“engine” of the field has shifted toward molecular and metal-
lomic sciences. Venues such as the International Journal of 
Molecular Sciences (IJMS) and Frontiers in Cell and Devel-
opmental Biology now function as the testing grounds for 
redox and trace element biology. Unlike traditional orthope-
dic outlets, these journals prioritize cellular microenviron-
ments, signaling that “Ferroptosis in OA” has evolved from 
a sub-topic of bone surgery into a central theme in Cell Biol-
ogy and Metallomics.

Most significant for the field’s future direction is the 
emergence of titles like Oxidative Medicine and Cellular 
Longevity and the Journal of Environmental Research and 

The dominance of biochemical research appears to be 
driven by a clear clinical imperative. Given the historical 
limitations of structural interventions such as arthroplasty 
and the persistent lack of effective Disease-Modifying 
Osteoarthritis Drugs (DMOADs), the data reflects a strate-
gic pivot toward upstream metabolic drivers. Consequently, 
publication trends demonstrate an increasing reliance on 
metallobiological mechanisms, particularly iron dysregula-
tion and lipid peroxidation, to identify therapeutic targets 
that preserve joint homeostasis before mechanical failure 
occurs.

Crucially, the emergence of Agricultural and Biologi-
cal Sciences (32 publications) provides empirical support 
for the “Nutritional Metallomics” perspective. This subset 
of the literature confirms that dietary trace element bio-
availability and micronutrient composition are increas-
ingly recognized as fundamental upstream determinants 
of patient joint health. Collectively, this architecture dem-
onstrates that osteoarthritis research is expanding from a 
localized anatomical discipline into a systemic trace ele-
ment science.

Table 1  Publications by top subject area from 2014 to 2024
Subject area Publications
Biochemistry 258
Genetics and Molecular Biology 238
Medicine 242
Engineering 131
Agricultural and Biological Science 32

Fig. 3  Top 10 countries by topo-
graphical distribution of publica-
tion (2014–2024)
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Key Contributors: The Intersection of Tissue 
Engineering and Metallobiology

The analysis of high-impact authors (Table 2) reveals a 
fascinating intersection between established orthopaedic 
paradigms and emerging metallomic trends. The presence 
of Lawrence J. Bonassar (h-index 6) in the top tier is par-
ticularly telling. As a leading figure in tissue engineering 
and biomechanics, his high citation metrics indicate that fer-
roptosis research does not exist in a vacuum; it is frequently 
cited alongside foundational studies on cartilage scaffolds 
and mechanical loading [16]. This suggests that the commu-
nity is actively trying to integrate new cell death concepts 
into existing structural repair frameworks, acknowledg-
ing that mechanical stress is often the upstream trigger for 
downstream oxidative toxicity.

Conversely, the leading output from Jin Eun-Jung 
(h-index 7) and Chun Churl-Hong represents the specialized 
pivot toward molecular metallobiology. Unlike the broad 
structural approach, their work predominantly focuses 
on the cellular microenvironment and metal ion transport 
mechanisms (e.g., ZIP8-mediated toxicity) [17]. The statis-
tical dominance of this mechanistic cohort suggests that the 
field’s intellectual trajectory has shifted from characterizing 
physical tissue damage to deciphering the metallomic driv-
ers of cell fate.

Thematic Evolution: The Metallomic-Mechanism 
Interface

The keyword co-occurrence network (Fig.  4) maps the 
intellectual structure of the field, revealing three distinct yet 
interconnected clusters that define the “Trace Element-Joint 
Axis.”

Cluster 1 (Red), the largest and most interconnected, 
maps the fundamental metallobiology of ferroptosis in car-
tilage. Central nodes include GPX4, SLC7A11, Nrf2, and 
Lipid Peroxidation. The high density of links between Iron 
Overload and the Fenton Reaction indicates a consensus in 
the literature: intracellular iron accumulation serves as the 
primary catalyst for the ferroptotic cascade in chondrocytes. 
Unlike classical apoptosis focused on Caspase pathways, the 
keyword trends here highlight a distinct mechanism driven 
by the failure of the GPX4 antioxidant system to neutral-
ize lipid ROS. From a metallomic perspective, the promi-
nence of GPX4 as a selenoprotein implies that chondrocyte 

Public Health. These venues do not merely publish “related” 
studies; they provide the essential biochemical and systemic 
evidence base linking systemic trace element imbalances 
(e.g., iron overload, selenium deficiency) to joint degenera-
tion. This architecture confirms that the academic discourse 
is expanding to include the “Systemic Metallome”, validat-
ing the hypothesis that the joint is an organ susceptible to 
dietary and metallomic inputs.

Intellectual Milestones: Establishing the 
Geochemical Basis of OA

The analysis of highly cited documents traces the field’s 
conceptual evolution from observing cell death to identify-
ing its specific metallomic triggers.

The seminal work by Yao et al. (2021), “Chondrocyte 
Ferroptosis Contributes to the Progression of Osteoarthri-
tis” (161 citations), stands as a definitive turning point. This 
study provided the first in vivo evidence that intra-articular 
iron accumulation, simulated via Ferric Ammonium Citrate 
(FAC), is sufficient to induce osteoarthritis independent of 
mechanical instability. By demonstrating that the specific 
inhibitor Ferrostatin-1 could rescue cartilage degeneration, 
Yao et al. effectively reclassified OA as a disease of trace 
metal dyshomeostasis, a finding that directly challenges the 
prevailing view of simple mechanical wear.

Building on this metallobiological hypothesis, Guo et al. 
(2022) validated the therapeutic potential of targeted metal 
chelation. Cited 96 times, their research utilized Deferox-
amine (DFO), a potent iron chelator, to reverse the catabolic 
effects of IL-1β. Their findings confirmed that restoring the 
local redox and metal homeostasis, particularly by scaveng-
ing excess iron and activating the Nrf2 antioxidant defense 
system, offers a disease-modifying strategy that structural 
surgery cannot provide.

Expanding the scope to metabolic inputs, Zhou et al. 
(2022) identified the protective role of D-mannose in their 
highly cited work (110 citations). By linking the HIF-2α 
pathway to ferroptosis sensitivity, this research illustrates 
how specific metabolic substrates can modulate the joint’s 
resilience to oxidative and iron-mediated stress. These 
milestones provide a robust evidence base, demonstrating 
that osteoarthritis is fundamentally driven by the inter-
play between the joint’s internal metallomic milieu (e.g., 
iron levels) and its metabolic capacity to handle oxidative 
toxicity.

Table 2  Top 3 authors by research impact based on comprehensive citation and publication metrics
Top 3 authors h_index g_index m_index Total Citation No of publications
JIN EUN-JUNG 7 8 0.636 283 8
BONASSAR LAWRENCE J. 6 7 0.545 199 7
CHUN CHURL-HONG 6 6 0.545 265 6
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The strong co-occurrence between DFO and MMP13 sug-
gests that current research is prioritizing iron chelation not 
just to prevent cell death, but to actively inhibit extracellu-
lar matrix degradation. The analysis highlights a therapeutic 
paradigm shift: moving beyond broad-spectrum anti-inflam-
matory drugs (NSAIDs) toward precision “metallobiologi-
cal medicine.” By scavenging catalytic iron or restoring 
Nrf2 signaling, these emerging therapies aim to detoxify the 
local joint metallostasis, directly countering the effects of 
oxidative toxicity and metal dysregulation.

To further delineate the evolution of these research themes, 
we performed a thematic longitudinal synthesis across two 
key temporal phases. During the initial phase (2014–2019), 
the network was characterized by foundational explorations 
of iron metabolism and basic ferroptosis triggers in chondro-
cytes. However, entering the expansion phase (2020–2024), 
the focus shifted markedly toward translational interventions, 
evidenced by the emergence of targeted biomaterials and the 
early adoption of advanced bioinformatics for disease pro-
filing. This trajectory indicates that the “Metallobiological 

survival is intrinsically constrained by the bioavailability of 
systemic selenium, linking internal gene expression directly 
to the host’s trace element status.

Cluster 2 (Green) represents the evolution of in vivo veri-
fication methods. Dominant keywords include Destabilized 
Medial Meniscus (DMM) and Anterior Cruciate Ligament 
Transection (ACLT), reflecting the traditional mechanical 
etiology of OA. However, a temporal analysis reveals a piv-
otal shift in experimental design. Recent studies are increas-
ingly utilizing metabolic models, such as Ferric Ammonium 
Citrate (FAC) induced iron overload or Selenium-deficient 
diets, rather than purely surgical induction. This transi-
tion is significant for biological trace element research as 
it validates the “metabolic-joint axis,” demonstrating that 
systemic trace element imbalances alone are sufficient to 
trigger local cartilage degeneration even without mechani-
cal instability.

In parallel, Cluster 3 (Blue) focuses on rescuing chon-
drocyte viability through targeted intervention. Key nodes 
include DFO, Ferrostatin-1, Type II Collagen, and MMP13. 

Fig. 4  Network visualization between Cluster 1 (Molecular and cellular mechanisms of cartilage biology and osteoarthritis), Cluster 2 (Preclinical 
animal models and experimental studies in osteoarthritis research) and Cluster 3 (Molecular pathways in chondrocyte viability and OA)
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in particular, are advancing a dual-track strategy by merg-
ing AI-driven precision with biological interventions. This 
trend is illustrated by Guangzhou Medical University’s 
machine-learning prognostic models (CN118197614A) and 
West China Hospital’s recent work on strontium-pretreated 
exosome platforms (CN117187175A). Such developments 
represent a substantial advancement in “Metallobiologi-
cal Orthopaedics,” where trace elements are engineered 
into optimized, cell-free therapeutic systems. Concurrently, 
South Korean researchers have carved out a technological 
niche in precision bio-monitoring. For instance, patents from 
Celltoin Co., Ltd. (KR102145929B1) emphasize the real-
time quantification of redox-active thiols, which is a critical 
step to ensure the potency of regenerative joint grafts.

In the Western landscape, a particularly significant 
milestone is the University of California’s patent regard-
ing FSP1 activity. This patent outlines a parallel, non-
selenium-dependent antioxidant framework that operates 
alongside the classical GPX4 axis. This biological diver-
sification, further supported by international filings for 

Orthopaedics” framework matured from molecular discovery 
to matrix repair strategies during this decade. This evolu-
tion laid the direct groundwork for the highly precise clinical 
tools (e.g., machine-learning diagnostics and bio-responsive 
hydrogels) that currently define the 2025–2026 clinical fron-
tiers detailed in the subsequent discussion.

Patent Landscape: The Global Translational 
Trajectory of Metallobiological Interventions

Patent filings serve as a key indicator of the field’s matu-
rity, directly marking the transition from mechanistic dis-
covery to clinical-grade innovation. While early intellectual 
property was predominantly anchored in the United States, 
driven largely by pioneering platforms like Kojin Therapeu-
tics focusing on ferroptotic cell-state modulation, our updated 
analysis reveals a broader multicentric expansion that closely 
tracks the global publication distribution (Table 3).

Analysis of the East Asian patent sector reveals a distinct 
“Diagnostic-Therapeutic Synergy.” Chinese institutions, 

Patent Number Date Patent Name Company Company 
Country

Inventor

WO/2024/03960 08.02.2024 Composition and 
Methods for Inducing 
Ferroptosis

Kojin Therapeu-
tics, Inc.

United States 
(USA)

FURST, 
Laura

WO/2023/133,053 13.07.2023 Methods and Composi-
tions for Inducing 
Ferroptosis In Vivo

Kojin Therapeu-
tics, Inc.

United States 
(USA)

VISWA-
NATHAN, 
Vasanthi

WO/2020/205,919 08.10.2020 Inhibition of FSP1 
Activity to Induce 
Ferroptosis

The Regents of 
the University of 
California

United States 
(USA)

OLZ-
MANN, 
James 
Arthur

US 11,541,116 03.01.2023 Methods and Composi-
tions for Introducing 
Ferroptosis In Vivo

Kojin Therapeu-
tics, Inc.

United States 
(USA)

VISWA-
NATHAN, 
Vasanthi

US 2023/0226185 20.07.2023 Methods and Composi-
tions for Introducing 
Ferroptosis In Vivo

Kojin Therapeu-
tics, Inc.

United States 
(USA)

VISWA-
NATHAN, 
Vasanthi

CN118197614A 14.06.2024 Biomarkers of oxida-
tive stress-related fer-
roptosis and prognostic 
model for osteoarthritis

Guangzhou 
Medical 
University

China (CN) HUANG, 
S.; et al.

CN117187175A 08.12.2023 Strontium-pretreated 
exosomes for treating 
arthritis by inhibit-
ing chondrocyte 
ferroptosis

West China Hos-
pital, Sichuan 
University

China (CN) LIU, J.; 
et al.

KR102145929B1 20.08.2020 Method of therapeutic 
cell quality mea-
surement based on 
real-time glutathione 
measurement

Celltoin Co., 
Ltd.

South Korea 
(KR)

GANG, 
H.; et al.

WO2019106434A1 06.06.2019 Heterobicyclic 
aromatic derivatives 
for the treatment of 
ferroptosis-related 
disorders

Collabora-
tive Medicinal 
Development

WIPO 
(Europe/Int)

WAR-
NER, J.; 
et al.

Table 3  Patent literature in 
ferroptosis research study in 
the World Intellectual Property 
Organization (WIPO) databases 
(2020–2024)
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Discussion

The bibliometric landscape mapped in this study reveals 
a critical paradigm shift in osteoarthritis research. Histori-
cally, the clinical management of OA has been constrained 
by a “structural-first” philosophy that views the disease 
primarily as the physical disintegration of the joint sur-
face. However, the exponential growth in publication vol-
ume mirrors a growing recognition that this conventional 
wear-and-tear model is insufficient. The data suggest that 
the field is pivoting toward a metallobiological perspective, 
driven by the clinical reality that classic apoptosis inhibitors 
and surgical interventions often fail to effectively modulate 
early-stage cartilage degeneration [18].

This geographic and conceptual expansion is particularly 
evident in the observation that Mainland China contributes 
62% of the total output. This is not merely a statistical out-
lier but reflects a broader trend toward preventative medi-
cine and the exploration of botanical compounds, many of 
which act as potent regulators of metal metabolism. This 
research concentration, deeply rooted in Biochemistry yet 
increasingly intersecting with Nutritional Metallomics, 
implies that the academic community is beginning to treat 
the joint not just as an isolated mechanical organ, but as 
a “Sentinel for Systemic Metallostasis.” In this view, the 
homeostasis of trace elements is increasingly recognized as 
a potential determinant of disease trajectory [19].

The trajectory of keyword evolution within Cluster 1 
aligns with the conceptual framework of “Metallobiological 
Orthopaedics,” a framework that shifts the therapeutic focus 
from palliative structural repair toward precision metallomic 
intervention. While our analysis primarily highlights redox-
sensitive nodes like Nrf2, this focus may offer insights into 
resolving broader signaling paradoxes, including the conflict-
ing roles often observed in TGF-β pathways [20]. The data 
suggest that the outcome of these pathways is likely context-
dependent and strictly governed by the cellular redox and 
metallomic state. This evidence further underscores the con-
ceptual link between chondrocyte survival and trace element 
bioavailability. Since GPX4 is a selenoprotein, its function 
implies that cartilage health is intrinsically constrained by the 
supply of systemic selenium. This interpretation connects the 
clinical presence of inflammatory cytokines like IL-1β with 
the “Fenton reaction” to position the localized iron accumu-
lation in the joint as a localized indicator of systemic metal-
lomic dyshomeostasis [21]. Thus, osteoarthritis might be 
interpreted as a localized manifestation of a systemic failure 
to manage trace metal toxicity.

To bridge this systemic perspective with intracellular 
dynamics, Fig. 5 provides a conceptual map of the inter-
nal iron regulatory network that governs chondrocyte 
homeostasis, illustrating how the inflammatory milieu of 

novel heterocyclic derivatives (WO2019106434A1), 
confirms a broader industry pivot. Ultimately, the global 
innovation pipeline has moved beyond simple structural 
repair. The current focus rests on systemic metallomic 
regulation through an integrated combination of phar-
macological agents, biomimetic materials, and digital 
diagnostics.

Fig. 5  The Intracellular Iron Regulatory Mechanism In OA. In inflam-
mation condition, intracellular iron increase via MAPK and NF-Kβ 
pathways at transcription level, but it can stimulate IRPs-IREs system 
to decrease iron at post-transcriptional level
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import proteins such as DMT1 and TFR1 to restrict fur-
ther entry, while simultaneously promoting the seques-
tering capacity of Ferritin and the efflux function of 
Ferroportin to prevent metal toxicity. However, the bib-
liometric evidence synthesized in our study points toward 
a lethal tipping point where the eventual exhaustion or 
failure of this protective feedback loop precipitates the 
catastrophic lipid peroxidation that characterizes ferrop-
tosis [23]. By integrating these specific regulatory nodes, 
including DMT1 and Ferritin as well as the IRP/IRE sys-
tem, into our discussion, we clarify the molecular link 
between the bibliometric clusters of inflammation and the 
clinical reality of cartilage matrix degradation, provid-
ing a mechanistic rationale for why modern research is 
increasingly focusing on the breakdown of these intracel-
lular gatekeepers to potentially modulate osteoarthritis 
progression.

The evolution of experimental models, moving from 
surgical destabilization to metabolic and metallomic 
interventions, underscores a clear translational evolution. 
While medical professionals have mastered the diagno-
sis of structural failure, therapeutic options capable of 
effectively modifying disease progression remain limited. 
The prominence of Deferoxamine and Lipid Peroxidation 
inhibitors in Cluster 3 indicates that modern interventions 
are evolving to address this unmet need. The inhibition of 
ferroptosis presents a novel strategy that moves beyond 
broad-spectrum anti-inflammatory drugs toward precision 
“Metallobiological Medicine”. By scavenging catalytic 
iron or restoring selenium-dependent antioxidant activity, 
these strategies aim to detoxify the local joint microenvi-
ronment. As mapped in the translational trajectory of Fig. 
6, the transition toward metallobiology-based therapeu-
tics relies heavily on how specific chelating agents influ-
ence the joint’s localized redox potential. Our keyword 
co-occurrence analysis reveals a robust consensus among 
recent high-impact studies that targeting this biochemical 
axis is an increasingly recognized strategy for potentially 
influencing disease progression. Chelating agents such 
as DFO operate by physically binding free labile ferrous 
iron (Fe2+) into stable, inert coordination complexes [24]. 
This molecular sequestration essentially traps the metal 
ion, effectively removing the primary catalyst required to 
catalyze the Fenton reaction within the synovial micro-
environment. By actively blocking the continuous redox 
cycling between Fe2+ and ferric iron (Fe3+), these agents 
stabilize the intracellular redox state and shut down the 
runaway production of highly toxic hydroxyl radicals 
(·OH) [25]. Furthermore, by mitigating this severe oxi-
dative stress, chelation strategies prevent the subsequent 

the joint triggers an aberrant influx of iron facilitated by 
signaling crosstalk through the MAPK and NF-kappaB 
pathways. To maintain metallostasis against this “iron 
siege,” the cell employs a sophisticated post-transcrip-
tional defense mechanism where Iron Regulatory Pro-
teins (IRP1 and IRP2) serve as a biochemical rheostat by 
sensing fluctuations in the labile iron pool and binding to 
Iron-Responsive Elements (IREs) located on the untrans-
lated regions of target mRNAs [22]. Within this frame-
work, a healthy compensatory phase involves the IRP/
IRE interaction effectively silencing the translation of 

Fig. 6  This schematic illustrates the paradigm shift in osteoarthritis 
research from traditional biomechanical repair
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Post-Analysis Validation and Emerging Frontiers 
(2025–2026)

While our bibliometric mapping characterizes the decadal 
evolution through 2024, research from 2025 and early 2026 
confirms that the discipline is transitioning into a phase of 
clinical precision. As detailed in Table 4, the focus has shifted 
from general pathways to the isolation of specific metallomic 
signatures that dictate disease progression. Al Turkestani et 
al. [1] utilized interpretable machine learning to show that 
trace element fluctuations in synovial fluid are not merely 
metabolic byproducts but serve as high-ranking predictive 
biomarkers for chondrocyte death and cartilage loss. Their 
SHAP-based analysis identified these metal signatures as 

upregulation of matrix metalloproteinases, particularly 
MMP13, thereby protecting Type II collagen in the extra-
cellular matrix from enzymatic degradation. From a 
mechanistic standpoint, this structural intervention is pro-
posed to decouple upstream systemic iron overload from 
downstream lipid peroxidation and chondrocyte death, 
providing a theoretical biochemical rationale for why 
modern osteoarthritis research is urgently moving beyond 
palliative mechanical symptom management to directly 
target these foundational metabolic and geochemical driv-
ers [26]. This represents a fundamental leap from treating 
the symptoms of mechanical instability to addressing the 
upstream metallomic and metabolic imbalances that com-
promise chondrocyte viability.

Landmark 
Study 
(Year)

Journal Research Domain Core Insight & Mechanism Validation of 
the Metallomic 
Framework

Al Turkes-
tani N et al. 
(2025)

Osteoarthritis 
and Cartilage

Clinical Diagnos-
tics & ML

Identifies trace element 
fluctuations in synovial fluid 
via interpretable machine 
learning.

Establishes metallomic 
signatures as precise 
diagnostic biomarkers.

Xiao J et 
al. (2025)

Frontiers 
in Cell and 
Developmen-
tal Biology

Bone-Cartilage 
Crosstalk

Highlights the iron overload-
driven vicious cycle linking 
cartilage decay and bone 
remodeling.

Validates the systemic 
“iron-inflammation-
bone” axis in joint 
failure.

Hu W et al. 
(2025)

Research (A 
Science Part-
ner Journal)

Biomaterial 
Intervention

Constructs trace element 
modulated hydrogels to miti-
gate ferroptosis and rebuild 
matrix.

Demonstrates the 
translational viabil-
ity of restoring local 
metallostasis.

Tang S et 
al. (2025)

Nature 
Reviews Dis-
ease Primers

Pathogenesis 
Review

Provides a comprehensive 
update on OA as a whole-
joint systemic disease.

Supports the shift from 
isolated mechanical 
wear to complex bio-
chemical regulation.

Pan G et 
al. (2026)

Materials 
Today Bio

Nanomedicine 
Therapy

Utilizes programmable nano-
materials for reactive oxygen 
species (ROS) modulation.

Provides an advanced 
template for mitigating 
oxidative toxicity in 
joint spaces.

Leinardi 
R et al. 
(2025)

Frontiers in 
Toxicology

Clinical 
Metallomics

Proposes the “pathologic 
metallome” approach to 
uncover exposome-related 
diseases.

Elevates the trace ele-
ment paradigm to an 
epidemiological and 
population scale.

Li Q et al. 
(2025)

Nutrients Nutritional 
Biochemistry

Emphasizes the regulatory 
role of systemic trace ele-
ments in disease prevention.

Underscores the neces-
sity of iron-selenium 
equilibrium in clinical 
management.

Gu H et al. 
(2025)

Osteoporosis 
International

Bone Metabolism Details the Nrf2 signaling 
pathway in controlling oxida-
tive stress within bone tissue.

Validates the universal-
ity of redox regulation 
across subchondral 
bone and cartilage.

Del Río 
E et al. 
(2025)

Biomedicines Biomechanics Analyzes the implications 
of cartilage architecture for 
disease susceptibility.

Bridges biomechanical 
vulnerabilities with 
underlying biochemi-
cal degradation.

Brandt 
MD et al. 
(2025)

Biomedicines Clinical Trials Reviews the limitations and 
progress of Disease-Modify-
ing OA Drugs (DMOADs).

Highlights the urgent 
clinical need for 
precision metallomic 
interventions.

Table 4  Qualitative Synthesis 
of Landmark Studies Published 
Post-Analysis (2025–2026)
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Future Perspectives

Viewing the current paucity of clinical data as a road-
map rather than a deficit opens a critical frontier for the 
next decade of orthopaedic scholarship. The discipline is 
poised for a paradigm expansion toward “Metallobiologi-
cal Orthopaedics,” moving beyond reductionist molecular 
observations. This transition requires defining the lifelong 
“Metallomic Exposome” [32], encompassing dietary trace 
element imbalances, toxic metal accumulation, and bio-
availability as collective drivers of cartilage degeneration.

To facilitate this clinical transition, we propose a bio-
marker-driven framework for future trial designs. Rather 
than recruiting unselected osteoarthritis cohorts, research-
ers should implement a stratified approach by screening 
patients for a baseline “High-Iron/Low-Selenium” synovial 
profile. A randomized, double-blind trial could then evalu-
ate the synergistic efficacy of targeted selenium supple-
mentation and localized iron chelation. We suggest using 
advanced T2-mapping MRI as a primary structural endpoint 
to detect early cartilage proteoglycan changes. Simultane-
ously, secondary endpoints should include the longitudinal 
quantification of lipid peroxidation markers, specifically 
4-HNE and malondialdehyde, within the synovial fluid. 
Such a structured methodology will be essential to deter-
mine if correcting metallomic imbalances can truly modify 
the disease course in humans.

For experimental validation, the reliance on standard sur-
gical induction (e.g., DMM or ACLT) requires reevaluation, 
as these models primarily replicate post-traumatic etiolo-
gies [33]. Prioritizing dietary-induced or metallomic animal 
models [34] will be essential to accurately recapitulate the 
systemic metallomic milieu experienced by actual patients. 
Validating these trace element risk factors holds the poten-
tial to redefine the standard of care, integrating precision 
metallomic profiling and targeted metabolic optimization 
alongside traditional surgical interventions.

Conclusion

This study transcends the scope of traditional bibliometric 
reviews by synthesizing a decade of metadata into the action-
able framework of “Metallobiological Orthopaedics.” Unlike 
prior literature that primarily focuses on isolated inflammatory 
cascades or biomechanical wear, our findings delineate a defin-
itive departure toward a systemic metallomic etiology.

The unique contribution of this work lies in its inte-
gration of clinical orthopaedic outcomes with molecular 
iron-selenium homeostasis. We establish that chondrocyte 
viability is not an autonomous process but is intrinsically 
governed by the host’s trace element milieu. By defining 

diagnostic pillars, establishing a functional bridge between 
geochemistry and clinical phenotype. Simultaneously, Xiao 
et al. [27] elucidated the “iron-inflammation-bone” axis, 
illustrating how iron-induced ferroptosis drives the destruc-
tive crosstalk between subchondral bone remodeling and 
cartilage decay. This work demonstrates that iron overload 
triggers a cascading failure of the joint as an integrated organ, 
rather than isolated tissue wear. These findings directly rein-
force our “Metallobiological Orthopaedics” framework by 
highlighting the spatial coordination of metal-driven cell 
death. Clinical translation is also accelerating through the 
work of Hu et al. [11], who engineered trace-element modu-
lated hydrogels to actively restore local metallostasis. These 
bio-responsive materials arrest lipid peroxidation in physio-
logical environments, marking a practical jump from molec-
ular theory to matrix repair. Collectively, these 2025–2026 
milestones confirm that managing the “Trace Element-Joint 
Axis” is now a definitive priority for DMOAD development, 
replacing traditional biomechanical fixes with precision geo-
chemical intervention.

Limitations

It is necessary, however, to contextualize these findings within 
specific methodological constraints. While this analysis delin-
eates the global research landscape, it is subject to the limita-
tions inherent to bibliometric studies. Our exclusive reliance on 
the Scopus database, though comprehensive, may inadvertently 
exclude niche regional contributions or gray literature that could 
hold localized dietary or metallomic significance [28].

Beyond database coverage, it is imperative to acknowl-
edge that bibliometric indices track academic momentum and 
“research interest” rather than the inherent biological quality 
or clinical efficacy of the cited studies. High citation counts 
reflect the scientific community’s current focus but do not 
equate to the rigorous validation found in Level I random-
ized controlled trials [29, 30]. Most significantly, our synthesis 
exposes a stark translational gap: while the molecular interplay 
of iron and selenium is well-documented in in vitro and animal 
models, direct high-level clinical evidence linking specific sys-
temic metallomic dysregulations to osteoarthritis progression 
in human patients remains fragmented. The current literature 
lacks robust longitudinal cohort studies that definitively map 
the “Trace Element-Joint Axis” in a clinical setting [31].

Consequently, the “Metallobiological Orthopaedics” 
framework proposed in this study should be interpreted as 
a conceptual roadmap for future inquiry rather than a set 
of established clinical guidelines. While our bibliometric 
snapshot captures the maturation of academic discourse, 
the transition from metadata patterns to evidence-based 
clinical practice remains a significant frontier that requires 
rigorous validation through multi-center human trials.
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