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Abstract: In recent years, the potential role of environmental exposure factors in the development of osteosarcoma has garnered
significant attention. Osteosarcoma, a common malignant bone tumor in children and adolescents, exhibits a complex pathogenesis.
Current research suggests that various environmental factors, including ionizing radiation, heavy metal exposure, fluoride-
contaminated drinking water, air pollution, alkylating agents, viral infections, and occupational exposures, may be associated with
an increased risk of osteosarcoma. lonizing radiation, a well-documented etiological factor, is closely linked to the onset of
osteosarcoma, primarily through mechanisms involving DNA damage and genetic instability. Heavy metals can enter the human
body via multiple environmental pathways, such as water, air, and the food chain, disrupting the proliferation, differentiation, and
apoptosis of bone cells and thereby promoting the progression of osteosarcoma. Additionally, alkylating agent chemotherapy and viral
infections have also been implicated in the development of osteosarcoma. Although the association between these factors and
osteosarcoma has been preliminarily established, the underlying mechanisms remain to be fully elucidated. This study aims to
synthesize existing literature to explore the potential roles of environmental exposure factors in the pathogenesis of osteosarcoma,
providing a comprehensive reference for a deeper understanding of its etiology.
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Introduction

Sarcoma is a relatively rare form of cancer in adults, accounting for approximately 1% of all human malignancies.
However, it is the second most common type of solid tumor in children and adolescents, representing about 15-20% of
all pediatric cancers.! This group is particularly significant as a source of secondary malignancies, with around 30% of
sarcoma patients succumbing to the disease. Sarcomas can occur in any part of the body, with 60% of cases found in the
arms or legs, and occasionally in the trunk, abdomen, and head.?

According to the World Health Organization (WHO) classification, sarcomas are primarily divided into bone tumors
and soft tissue sarcomas, with over a hundred different subtypes based on their specific locations. Among these,
osteosarcoma is a common subtype of bone tumors. The latest statistics from the American Cancer Society in 2024
indicate that the incidence rate of malignant bone tumors in children under 14 years old in the United States is 7.8%,
while for adolescents, it is 14.6% (Figure 1).> Although advancements in medical technology have improved the 5-year
survival rate for osteosarcoma patients from 20% in the past to 60—70% currently,* approximately 30% of patients still
experience metastasis, with 90% of these cases involving lung metastasis.” The prognosis for metastatic patients is very
poor, with a 10-year overall survival rate of 25% and a median overall survival time of 1-5 years.®™®

Osteosarcoma, a highly malignant bone tumor, has an incompletely understood pathogenesis. In recent years, the
increasing complexity of environmental factors has led to a growing interest in the potential role of environmental
exposures in the development of osteosarcoma. DNA damage can be induced by various external sources such as
ionizing radiation, ultraviolet (UV) light, and environmental toxins, as well as internal factors like reactive oxygen
species (ROS) and errors during DNA replication.”'® Given the critical importance of genomic stability for maintaining

normal cellular function and overall health, such DNA damage-induced genomic instability is a key factor in initiating
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Figure | Statistical map of tumor disease distribution in children under 14 years of age.

carcinogenesis.'! Furthermore, this instability accelerates the progression of cancer cells to more aggressive states
through genetic and epigenetic changes, facilitating the transition from benign to malignant tumors. '

Current research has provided some evidence linking certain environmental exposures to the development of
osteosarcoma. For example, long-term exposure to specific chemicals and ionizing radiation has been shown to increase
the risk of osteosarcoma.'® Additionally, air pollution and certain viral infections are also suspected to be associated with
the onset of osteosarcoma.'*'> Environmental risk factors related to osteosarcoma development include ionizing
radiation, alkylating agents, heavy metal exposure, fluoridated drinking water, air pollution, viral infections, and
occupational exposures (Figure 2). These factors are hypothesized to increase the risk of osteosarcoma.'>*' However,
due to the complex nature of osteosarcoma’s etiology and the multitude of environmental factors, current research is
insufficient to fully elucidate these associations, and there is a paucity of comprehensive reviews on the subject.

Understanding the environmental etiology of osteosarcoma would enable the prevention of its occurrence. Therefore, this
review aims to comprehensively summarize and analyze the current research findings on the association between environ-
mental exposures and the risk of osteosarcoma. To ensure a comprehensive review of environmental factors in relation to
osteosarcoma, we conducted an exhaustive literature search in PubMed (https://pubmed.ncbi.nlm.nih.gov/) up to 2025. The

ERIT3

search strategy incorporated key terms including “osteosarcoma”, “environment”, “heavy metals”, and related terminology.
By systematically reviewing relevant literature, we aim to highlight the critical role of environmental exposures in the
development of osteosarcoma, providing new insights and strategies for the prevention and treatment of this disease.

lonizing Radiation
A small number of osteosarcoma cases have been associated with ionizing radiation.”? Studies have identified exposure
to ionizing radiation during radiotherapy as a critical influence.”* 2 Ionizing radiation can directly or indirectly damage
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Figure 2 Environmental exposure factors of osteosarcoma.

biomacromolecules within cells. Neutrons and alpha particles, which exhibit high linear energy transfer (LET), can
directly damage key cellular components like DNA, RNA, lipids, and proteins.>’ In contrast, low LET radiation can
indirectly damage these macromolecules through the generation of reactive oxygen species (ROS).”® Low LET ionizing
radiation (eg, X-rays and y-rays) primarily induces cellular damage through radiolysis-generated reactive oxygen species
(ROS), including superoxide anions, hydroxyl radicals, hydrogen peroxide, and singlet oxygen. These ROS disrupt redox
homeostasis maintained by endogenous antioxidant defense systems (eg, SOD, CAT, GSH, and the Nrf2/ARE pathway),
resulting in oxidative stress that subsequently causes lipid peroxidation, protein modification, and DNA damage. The
resultant genomic instability activates the DNA damage response (DDR) via the MRN-ATM-Chk2-p53 signaling
cascade, leading to cell cycle arrest (at G1/S or G2/M phases) to facilitate DNA repair or initiate apoptosis.
Concurrently, oxidative stress triggers inflammatory cascades through HMGB1-RAGE-NF-kB signaling and TWEAK-
Fnl14 interactions, thereby promoting cytokine release and vascular dysfunction. The effects of ionizing radiation include
the induction of single- and double-strand DNA breaks, nucleotide mutations, and a reduction in high-fidelity DNA
repair, ultimately leading to decreased cell viability.>” Research has confirmed that radiation-induced damage results in
the oxidation of proteins involved in pro-apoptotic downstream signaling pathways.**>' The molecular mechanisms by
which ionizing radiation causes cellular damage depend on the radiation dose, cell type, and the transformation state of
the cells. This is supported by the varied manifestations of acute and chronic radiation syndromes, as well as the
differential radiosensitivity of specific tissues and organ systems.>>

Studies have shown that exposure to ionizing radiation in mice leads to pro-inflammatory responses in the thymus,**
with the secretion of ROS and reactive nitrogen species, along with a series of cytokines such as tumor necrosis factor-a
(TNF-a) or interleukin-1 (IL-1), which exhibit secondary genotoxicity>> and tumorigenic potential***’ NF-kB is
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a central mediator of tumor microenvironment alterations following localized radiotherapy, capable of inducing complex
immunosuppressive responses. When the local radiation dose reaches 8.5 Gy, the NF-kB pathway becomes activated in
the spleen, mesenteric lymph nodes, and bone marrow.*® NF-kB activation is also detected in the bone marrow cells of
mice subjected to 1 Gy of whole-body proton irradiation. At a higher dose of 20 Gy whole-body proton radiation, robust
nuclear translocation of p65 and p50, downstream effectors of NF-kB, occurs in the liver and kidneys, triggering the
expression of target genes.*” In rodent models, whole-body irradiation at 5 Gy induces marked activation of the NF-kB
signaling pathway in brain tissue.*’ A study revealed that exposure of HEK/293 cells to a-particles (0.5 MeV/n, 160 keV/
pum) significantly upregulates the NF-kB-regulated gene GADD45B, which has been demonstrated to prevent cell death
induced by DNA-damaging agents.*' In radiation-induced biological responses, the p50:p65 heterodimer is most
frequently detected as the predominant activated form of the NF-kB signaling pathway.*? Under high-dose radiation
exposure, damage-associated molecular patterns (DAMPs) released from injured or dying cells have been shown to
specifically recognize and bind to pattern recognition receptors (PRRs), particularly members of the Toll-like receptor
(TLR) family,** leading to NF-kB activation and the production of pro-inflammatory cytokines such as type I interferons
(IFN),** further causing DNA double-strand breaks. Hinz et al demonstrated that 40-60 minutes after exposure to
ionizing radiation, ataxia-telangiectasia mutated (ATM) protein is upregulated in HepG2 cells, resulting in the poly-
ubiquitination of TNF receptor-associated factor 6 (TRAF6) in the cytoplasm and the recruitment of cellular inhibitor of
apoptosis protein 1 (cIAPl).45 Research indicates that NF-kB essential modulator (NEMO), receptor-interacting protein 1
(RIP1), and ATM are necessary for the activation of the NF-kB pathway in response to severe DNA damage.*® However,
the involvement of p53-induced protein domain (PIDD) and RIP1 is considered supportive in this pathway.*’**

Both PIDD and RIP1 may promote the nuclear localization of NEMO and its ubiquitination.*” During the DNA
damage response, ubiquitinated NEMO and ATM translocate to the cytoplasm, where they assemble with ELKS to form
the IKK signaling complex.’® This complex phosphorylates IkB, leading to its ubiquitination and subsequent proteasomal
degradation.”’ The liberated p50:p65 heterodimer then translocates into the nucleus, where it activates target gene
expression to initiate DNA double-strand break repair.’* The activation of these receptors has significant implications for
the interaction between irradiated tumors and the immune system.>> However, most existing studies analyze only a single
radiation dose, and there is no established dose-response curve for NF-kB activation. Additionally, the sensitivity of
detection methods used in various studies affects the specific dose at which NF-kB activation can be detected.>* In
summary, ionizing radiation can directly damage cellular DNA, leading to genetic mutations and chromosomal abnorm-
alities, Figure 3 illustrates the signaling mechanisms involved in this process. Furthermore, studies have demonstrated
that ionizing radiation can induce tumor vascular damage, endothelial cell apoptosis, and interstitial fibrosis, leading to
vascular lumen narrowing or even occlusion, thereby reducing perfusion and exacerbating local hypoxia.>>° In human
osteosarcoma cells, hypoxia downregulates the Wnt/B-catenin signaling pathway and concurrently induces resistance to
doxorubicin. Pharmacological inhibition of Wnt/B-catenin signaling using XAV939 and IWP-2 reduces the half-maximal
inhibitory concentration (IC50) of doxorubicin, rendering hypoxic osteosarcoma cells more sensitive to the drug. These
findings suggest that the activity threshold of the Wnt/B-catenin pathway influences the survival of hypoxic osteosarcoma
cells during chemotherapy. Notably, this implies that ionizing radiation may also modulate doxorubicin resistance in
osteosarcoma through Wnt/B-catenin signaling activation, thereby further promoting tumor progression.”’ These genetic
alterations may affect the normal regulation of cell growth and differentiation, potentially leading to osteosarcoma. The
risk of osteosarcoma increases with the radiation dose to the skeleton, with no plateau.’® According to statistics, the
latency period for the development of secondary osteosarcoma following radiotherapy ranges from 4 to 40 years, with
a median of 14.5 years.>”®" Clinical studies demonstrate that among pediatric cancer survivors, Ewing sarcoma patients
exhibit the highest risk of developing secondary osteosarcoma.®’ Epidemiological evidence indicates this elevated risk is
primarily attributable to the high-dose radiation therapy received during treatment.®** Studies have shown that patients
under 20 years of age who received radium-224 treatment for tuberculosis and ankylosing spondylitis have an increased
risk of developing secondary osteosarcoma. Epidemiological studies have confirmed that occupational radium exposure
(including watch dial painters and research chemists) carries a significantly elevated risk of osteosarcoma development.
This occupational hazard primarily stems from radium’s radioactive properties and its selective deposition in bone
tissue.**®> Clinical studies have demonstrated a significant association between thorium-232 (Thorotrast), previously
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Figure 3 Signal pathways and molecular interactions related to DNA damage in cells. lonizing radiation primarily affects membrane-proximal molecules including PIDD and
RIPI. Following radiation exposure, PIDD interacts with NEMO while RIP| participates in complex formation. The resulting molecular complex, containing NEMO and
other components, subsequently interacts with extranuclear molecules such as SYMO and ATM. Concurrently, the TRAF6-TAK | -TAK2 signaling pathway becomes activated,
modulating downstream signaling events. These signaling cascades ultimately converge to activate NF-kB. Phosphorylation of IkB, the inhibitory protein of NF-kB, facilitates
nuclear translocation of NF-kB (p50 and p65 subunits), enabling their binding to target genes and subsequent regulation of gene expression to initiate the DNA double-
strand break response mechanism.

used as a radiographic contrast agent, and an increased risk of osteosarcoma development. This thorium-containing
contrast medium may induce persistent radiation damage due to its long-term retention in the skeletal system.®®°®
Epidemiological investigations have revealed a significant correlation between radiation exposure from the 1986
Chernobyl nuclear accident and increased osteosarcoma incidence among affected populations,®® although no significant
correlation has been found between the mortality rate of osteosarcoma and the presence of radioactivity in drinking
water.”® According to epidemiological data reported by Hawkins et al, a significant positive correlation exists between
cumulative radiation dose to bone and the risk of malignant bone tumor development. Dose-response analyses demon-
strate that the incidence of osteosarcoma and other malignant bone tumors shows a marked increasing trend with higher
radiation exposure levels.”' In a case-control study involving 4400 three-year survivors of primary cancer, Le Vu et al
demonstrated a linear dose-response relationship between localized radiation dose and osteosarcoma risk.*> There is
relatively limited research on the relationship between low-dose ionizing radiation and the risk of sarcoma. However,
a long-term cohort study (1958-2001) of atomic bomb survivors revealed that even relatively low doses of ionizing
radiation exposure were associated with a significant increase in osteosarcoma incidence. This finding challenges the
conventional view that only high-dose radiation can induce osteosarcoma.’> However, it should be noted that the study’s
conclusions were based on only 19 observed osteosarcoma cases during cohort follow-up. The limited sample size may
affect the reliability of the statistical results, and these findings require further validation in larger population studies.
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Drinking Water

Fluoride exposure in drinking water has been considered a potential risk factor for osteosarcoma development. Studies
show fluoride acts as a mitogen that enhances osteoblast proliferation and increases skeletal fluoride uptake during
growth periods.”® This leads to a plausible hypothesis that fluoridated water exposure during growth may correlate with
osteosarcoma. However, existing studies remain limited and inconsistent. A case-control study by Moss et al (167 cases
vs 989 controls) found no statistically significant association.”* In contrast, a case-control study by Bassin et al (139 cases
vs 280 controls) revealed an elevated osteosarcoma risk exclusively in male subjects.”' The observed discrepancy may
stem from differing inclusion criteria: the Bassin study exclusively enrolled cases under 20 years old, whereas the Moss
study included patients across all age groups.

While substantial evidence confirms the significant association between high-dose radium exposure and malignant
bone tumor development, the risk assessment for low-dose exposure remains controversial and understudied.”> An
ecological study conducted in Wisconsin found no significant association between radium exposure levels (categorized
by regional averages in drinking water) and osteosarcoma risk, despite reported higher radium concentrations in local
water supplies compared to surrounding areas.”’ A population-based case-control study involving 238 cases and 438
controls evaluated the association between radium exposure in drinking water and bone tumor risk. The findings
indicated a modest elevation in osteosarcoma risk among individuals with higher radium concentrations in their birth-

place drinking water.”

Occupational Exposure

Occupational exposure factors (including specific job types and industry categories) constitute primary risk factors for
osteosarcoma. The Balarajan research team identified significantly elevated osteosarcoma incidence among agricultural
workers (encompassing farmers, farm managers, and horticultural workers).”® However, multiple studies have failed to
demonstrate a statistically significant association between agricultural occupations and sarcoma risk.””"’® A European
case-control study comprising 96 cases and 2632 controls revealed significantly elevated osteosarcoma risk among
blacksmiths, toolmakers, and machine-tool operators.”’ The study further identified elevated bone tumor incidence
among bricklayers and carpenters. Notably, workers involved in wood, cork, and straw processing exhibited significantly
increased rates of malignant bone tumors. The data also demonstrated substantially higher bone tumor risk among
individuals classified as machinery and equipment manufacturers. Interestingly, in an earlier study, participants classified
in industries related to agriculture, crop cultivation, and other associated fields, which may frequently use herbicides and
pesticides, did not show a link to the development of bone tumors.”” However, a recent study has revealed a significant
association between pesticide exposure and increased risk of both osteogenic sarcoma and Ewing’s sarcoma.®® These
contradictory findings may stem from multiple factors, including differences in sample sizes, pesticide application
methods, and detection techniques across studies.

The Nordic Occupational Cancer Study (NOCCA) has compiled 45 years of cancer epidemiology data from
Denmark, Finland, Iceland, Norway and Sweden.®! The project employs standardized incidence ratios (SIR) as a key
metric to quantify cancer risk across occupational groups. SIR assesses occupational cancer risk by comparing observed
case numbers with expected figures based on population age structure. The NOCCA study revealed significantly elevated
standardized incidence ratios (SIR=2.25, 95% CI: 1.29-3.66) for malignant bone tumors among males classified as “other
health workers.” These findings suggest that medical professionals such as radiologists and technicians may face
increased osteosarcoma risk due to occupational radiation exposure. The study also identified significant incidence
elevations among military personnel (SIR=2.88, 95% CI: 1.68—4.61), maritime workers (SIR=1.92, 95% CI: 1.05-3.22),
and professional drivers (SIR=1.45, 95% CI: 1.09-1.88). A large-scale case-control study conducted in northern England
(565 sarcoma cases vs 29,520 controls) demonstrated a significant association between parental occupational exposure to
electromagnetic fields and non-ionizing radiation with increased osteosarcoma risk in offspring. Further investigations
are required to verify whether these occupational exposures involve ionizing radiation and other confirmed physical
causative factors for malignant bone tumors.
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Exposure to Heavy Metals

A substantial body of epidemiological and experimental research has demonstrated that exposure to heavy metals can lead to
a variety of health issues, including dermatological conditions, skeletal damage, and immune system dysregulation.* * Such
exposure is also associated with an increased risk of multiple types of cancer.*> For example, cadmium, classified as a human
carcinogen by the International Agency for Research on Cancer (IARC), has been linked to an elevated risk of lung, prostate,
and kidney cancers.*® Human exposure to heavy metals occurs through various environmental media, primarily air, water, and
food chain contamination. Additionally, the use of medical devices containing heavy metals in specific medical interventions
is another significant route for direct entry of these metals into the human body.

Fine particulate matter (PM2.5) is a major component of air pollutants and a primary cause of smog pollution in
recent years. PM2.5 contains high levels of heavy metals, with zinc ions being a predominant water-soluble metal
component in atmospheric particles. Zinc is recognized as a bone remodeling factor, playing a role in bone-related
biological processes such as growth, homeostasis, and regeneration. Preclinical and clinical evidence suggests that
disruptions in intracellular and tissue-level zinc homeostasis play a significant role in the pathogenesis of osteosarcoma
and indirectly modulate inflammatory and pro/anti-tumorigenic responses in immune cells.®” Studies have shown that
intracellular zinc levels are significantly higher in tumor cells compared to normal cells.*® The standard treatment
strategy for osteosarcoma typically involves a multimodal approach, including neoadjuvant chemotherapy, extensive
surgical resection, and adjuvant chemotherapy. Large bone defects resulting from surgery often require reconstructive
orthopedic procedures. The use of metal alloys as implant materials in these surgeries has become a common practice.
During physical activity, wear debris from these implants can accumulate around the implant site and potentially enter the
circulatory system. Heavy metals released from surgical implants, such as beryllium, cadmium, chromium, cobalt, iron,
lead, nickel, selenium, zinc, and titanium compounds, have been shown to be carcinogenic in experimental studies.®* !
With the advent of porous, ingrowth materials, the relative surface area of implants has increased three to tenfold, leading
to greater interaction between the alloy surfaces and the body.

One case study reported a 65-year-old woman who developed osteosarcoma at the site of a Smith-Petersen three-
bladed nail used to treat a femoral neck fracture nine years earlier. Biopsy revealed scattered metal fragments within the
tumor, with a nickel concentration of 14 ppm in the tumor tissue, compared to less than 1.4 ppm in surrounding samples.
The tumor tissue also contained up to 94 ppm of iron, while the tissue levels of cobalt, chromium, and molybdenum were
similar in both the tumor and distant control tissues.”> Macrophages and multinucleated cells containing abundant rod-
shaped bodies up to 3 mm in length were observed in the bone and connective tissue around the cobalt-chromium
implant, indicating a lymphocytic response to metal shedding from the prosthesis. In a study by Martin et al, a patient
who underwent total hip replacement with a cobalt-chromium alloy developed angiosarcoma at the implant site 10 years
later, with elevated levels of cobalt, chromium, and nickel detected in the tumor.”® Penman et al noted the presence of
gray-brown granular pigments in osteosarcoma tissue, and McDougal observed blackened corrosion products at the site
of plates and screws used for internal fixation.”*">

Titanium (Ti) and its alloys represent highly promising biomaterials for orthopedic applications, demonstrating
distinct advantages in post-resection bone repair.”® Titanium endoprosthetic reconstruction has been established as the
standard clinical treatment for bone defects following osteosarcoma resection, offering immediate biomechanical stability
and enabling early functional rehabilitation including ambulation and weight-bearing exercises.”” Given that bacterial
biofilm formation and tumor growth share similar microenvironmental characteristics, there exists significant pathologi-
cal synergy between titanium implant-associated infections and osteosarcoma recurrence.’®® In other words, the acidic
microenvironment created by bacterial biofilms can promote tumor recurrence.

Viral Infection

The development of osteosarcoma has been linked, to some degree, with certain viral infections. While not all osteosarcomas
are attributed to viral causes, specific viruses, including Human Papillomavirus (HPV), Simian Virus 40 (SV40), and murine
sarcoma virus, have been investigated and proposed as potential contributors to certain types of osteosarcoma. Current
research evidence suggests a potential association between viral infections and the pathogenesis of osteosarcoma,
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a phenomenon that has been preliminarily validated in animal experimental models.'**"'%* Experimental data indicate that
hamster models demonstrate relatively low spontaneous osteosarcoma incidence, yet tumor development can be successfully
induced by inoculation with human-derived osteosarcoma cell extracts. More revealingly, sera from osteosarcoma patients
elicit specific humoral immune responses in this animal model, a finding that provides direct experimental evidence
supporting the human osteosarcoma virus pathogenesis theory.'”'°® In humans, 100% of osteosarcoma patients and 85%
of their healthy family members exhibit anti-osteosarcoma antibodies, while only 29% of healthy blood donors in the control
group show these antibodies.'”” A study involving 93 cases and 721 controls examined the potential risk of other viral
infections on the development of soft tissue sarcomas, finding that individuals with a history of herpes zoster, varicella, and
mumps had a higher risk of developing these tumors.'*® Between 1955 and 1963, millions of Americans received formalin-
inactivated Salk poliovirus vaccines, some of which were contaminated with small amounts of infectious SV40,
a polyomavirus from rhesus monkeys. Reports have indicated that osteosarcoma and other cancers contain SV40 DNA
sequences, leading to speculation about whether the introduction of SV40 through the vaccine might have facilitated the
development of these cancers.'” Despite these findings, there is currently no conclusive evidence to affirm that osteosarcoma
is definitively caused by a virus or that it is generally transmissible.

Alkylating Agents
Multiple studies have confirmed that exposure to specific chemotherapeutic agents (including nitrogen mustard, cyclopho-
sphamide, ifosfamide, and/or anthracyclines) may independently contribute to osteosarcoma development, irrespective of

other interventions such as radiation therapy.®*

Clinical observations demonstrate a significantly elevated incidence of
osteosarcoma among Ewing sarcoma survivors, primarily attributable to the standard treatment protocol involving high-
dose alkylating agent chemotherapy combined with radiotherapy.®® The risk of secondary osteosarcoma is lower after
combination chemotherapy with multiple drugs for primary osteosarcoma than after the recurrence of osteosarcoma following
primary Ewing’s sarcoma. Epidemiological studies have confirmed a significant dose-dependent relationship between
cumulative chemotherapeutic drug exposure and secondary osteosarcoma risk. Notably, anthracycline administration has

been shown to substantially shorten the latency period of secondary osteosarcoma development.''®

Air Pollution

Current research provides some clues regarding the association between air pollution and the incidence of osteosarcoma,
though further in-depth investigation is warranted. Studies suggest that certain components of air pollution may be linked to an
increased risk of osteosarcoma. In a nested case-control study utilizing a nationwide population database to explore the
association between ambient air pollution exposure and the likelihood of developing connective tissue sarcomas, it was found
that the risk of connective tissue sarcomas, as indicated by the Charlson Comorbidity Index (CCI), was associated with
elevated levels of specific air pollution indices, including total hydrocarbons (THC), fine particulate matter (PM2.5), and O3 8

(annual average of daily maximum 8-hour O3 concentrations).'"!

Another study examined the effects of bioactive acrolein
from vehicle exhaust on human osteosarcoma cells, demonstrating that reducing acrolein reactivity in exhaust decreased
airborne toxicity, thereby benefiting human health.''? Air pollutants such as diesel exhaust particles may trigger inflammatory
responses by activating specific signaling pathways (eg, RAGE signaling), which could indirectly promote tumorigenesis.' '
Although direct evidence remains limited, high PM2.5 exposure has been associated with other bone-related disorders, such as
osteoporosis.''* Studies have reported that chronic exposure to biomass smoke-derived PM2.5/PM10 may upregulate both
membrane-bound and soluble RANKL (receptor activator of nuclear factor kB ligand) while downregulating its antagonist
OPG (osteoprotegerin), thereby promoting osteoclast differentiation. This mechanism could potentially exacerbate bone
destruction in osteosarcoma.''> Additionally, persistent organic pollutants like dioxins emitted from industrial incineration
have been implicated in an increased risk of soft tissue sarcomas.''® Study has shown that 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) functions as a ligand for the aryl hydrocarbon receptor (AhR). Upon binding, TCDD induces conformational changes
in AhR, leading to activation of the AhR signaling pathway. This activation results in AhR protein degradation through the
ubiquitin-proteasome pathway while simultaneously upregulating AhR-regulated genes such as Cyplal. In osteosarcoma
cells, the activated AhR pathway increases expression of receptor activator of nuclear factor kappa-B ligand (RANKL),

cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2), and chemokine receptor CXCR4. These molecular changes may
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enhance bone resorption and promote tumor migration and proliferation.''” The impact of air pollution on osteosarcoma
development is a complex, multifactorial issue. While current direct evidence linking air pollution to osteosarcoma is limited,
the aforementioned studies suggest that air pollutants may contribute to an elevated risk of osteosarcoma through diverse
mechanisms.

Other

Genetic predisposition plays a significant regulatory role in the pathogenesis of secondary osteosarcoma. Genome-wide
association studies (GWAS) have identified multiple risk-associated single nucleotide polymorphisms (SNPs), particu-
larly in genes involved in DNA repair pathways.''® Furthermore, multiple studies have confirmed that early onset of
pubertal growth spurts or tall stature may constitute significant risk factors for osteosarcoma development. Genome-wide
association studies (GWAS) data indicate that polymorphisms in genes related to the growth hormone/insulin-like growth
factor (GH/IGF) axis show significant associations with osteosarcoma risk.''® Among the six papers cited, three were

120-122 123124 and one was a pooled analysis.'*> Only one paper did not report

case-control studies, two were case series,
a link between osteosarcoma and increased growth during early puberty.'** This case-control study demonstrates
a notable sample size disparity (64 cases/124 controls) compared to previous retrospective studies. Available evidence
indicates: two independent case series each enrolled >700 subjects, while three comparable case-control studies achieved
sample sizes exceeding twice the baseline osteosarcoma cases in retrospective analyses. Current evidence suggests that
accelerated skeletal growth during adolescence may be associated with increased osteosarcoma risk. The Buckley
research team further demonstrated that pubertal timing significantly influences osteosarcoma risk in females. Further
investigations are required to elucidate the underlying physiological mechanisms. '

Female patients with osteosarcoma are often influenced by breast development and menarche, with the adolescent
development period occurring significantly earlier in osteosarcoma patients compared to controls. Two studies also
reported that females are generally diagnosed with osteosarcoma at a younger age than males. Research has shown that
childhood exposure to phthalates is associated with the incidence of osteosarcoma before age 19, using a sample of all
live births in Denmark from 1997 to 2017, with phthalate exposure data measured through medication prescription
components for mothers during pregnancy (pregnancy exposure) and for children from birth to age 19 (childhood
exposure); however, the mechanisms through which phthalates lead to these associations have not been fully
investigated.'?” Additionally, some studies have indicated that there appears to be no significant difference in age-
standardized incidence rates of osteosarcoma between males and females in Asian countries and the United States.'*®
Overall, the incidence of sarcoma is similar in most parts of the world. Typically, the incidence of osteosarcoma ranges
from 0.2 to 0.6 cases per 100,000 males. However, it has been reported that Japanese males residing in California have an

129 which is relatively high compared to rates observed in most parts of the

incidence rate of 1.3 cases per 100,000 males,
world. Similarly, Japanese males residing in Hawaii have been reported to have an incidence rate as high as 1.1 cases per
100,000 individuals.'*® These findings may suggest that Japanese immigrants living in “westernized” areas may have an
increased risk of osteosarcoma due to environmental or lifestyle factors. A high incidence of osteosarcoma has been
reported in Sondrio, Italy, with 1.4 cases per 100,000 females.'*' The rest of the geographical regions in Italy report
significantly lower incidence rates of osteosarcoma in females, ranging from 0.1 to 0.4 cases per 100,000 individuals.
These geographical differences in sarcoma incidence clearly warrant further investigation, which is beyond the scope of
this review. These findings suggest that both genetic and environmental factors may be involved in the etiology of
sarcoma. To better understand the underlying mechanisms causing the aforementioned racial differences, further research

on the biological and genetic differences in osteosarcoma among different races is needed.

Discussion

Osteosarcoma, the most common malignant tumor among primary bone tumors, predominantly affects adolescents with rapid
skeletal growth and development.'** This review analyzes various potential risk factors for the development of osteosarcoma.
Ionizing radiation stands out as a well-established causal factor, with high-dose radiation significantly increasing the risk of
malignant bone tumors, and the risk rising with increasing radiation dose. Additionally, fluoride in drinking water, alkylating
agents, occupational exposures, viral infections, and heavy metal exposure have been investigated as potential risk factors for
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osteosarcoma development. Skeletal development during the pubertal growth spurt and a history of hernia have also been
found to be associated with the occurrence of osteosarcoma. However, due to the complex pathogenesis of osteosarcoma and
the multitude of environmental exposure factors, most articles assessing environmental exposures lack sufficient evidence to
draw robust conclusions, rendering current research inadequate to fully elucidate their association with the risk of developing
osteosarcoma. In most cases, more frequently studied environmental exposure factors have been found to show significant
correlations with the occurrence of osteosarcoma, albeit with occasional inconsistent results. In such instances, when exposure
factors have been extensively studied and the results of these studies demonstrate overwhelming consistency, we classify these
exposures as closely related to osteosarcoma.

Radiation exposure through radiotherapy has been well-documented to be closely associated with the development of
secondary osteosarcoma. As previously mentioned, this evidence has been consistently replicated in several different
studies and proven to be quite consistent.”*2***7! The risk of radiation exposure and osteosarcoma also explains the
increased risk of secondary cancers in individuals diagnosed with childhood cancers. These findings highlight the
importance of taking preventive measures against radiation exposure during cancer treatment and implementing effective
early cancer monitoring strategies to detect radiation-induced secondary malignancies early. Further research into
alternative effective treatment options is necessary to further reduce the risk of osteosarcoma as a secondary tumor.

Occupational exposure factors (encompassing specific job types, industry categories, and contact with herbicides/
chlorophenols) have been established as significant environmental risk factors for osteosarcoma. Nevertheless, there is
currently no definitive consensus regarding the exact association between these risk factors and sarcoma development,
with significant heterogeneity observed across existing studies. With the implementation of large-scale cohort studies and
methodological refinements, the strength of evidence for these causal relationships is expected to be more clearly
established. In addition, studies have shown that skeletal development during the adolescent growth spurt and
a history of hernia are associated with the occurrence of osteosarcoma. In fact, most studies agree that there is
a significant statistical correlation between these two factors and the incidence of osteosarcoma. Once further studies
can replicate these findings, these two factors may soon be identified as strongly related risk factors for the development
of osteosarcoma. However, it is difficult to draw reliable conclusions based solely on existing studies, as many research
results have not been sufficiently replicated. For example, only two studies have evaluated the potential impact of
industrial incinerators emitting dioxins on the development of sarcomas.'®>'% Yet, drawing conclusions based solely on
an ecological study of 110 cases and a case-control study of 37 cases is relatively weak.

Maternal and paternal characteristics, such as occupation, age, smoking status, and health status during pregnancy, are also
important factors for future research evaluation. Although the evidence on these risk factors is currently extremely limited,
associations with sarcoma risk have been shown, but these results now need to be further validated in larger populations.
Similarly, it is difficult to draw any conclusions based on very few studies and key findings that have rarely been replicated.
The existing literature and studies show that risk research on osteosarcoma faces many challenges, and the study of these rare
diseases is quite difficult. The difficulty in investigating rare outcomes lies in the assessment of rare exposure factors, which
often leads to unclear or contradictory research results. For example, the relationship between occupational factors and the risk
of sarcoma development is one of the more frequently studied and common themes.”®’®!>3 However, even with a large
number of papers published on this specific topic, it remains difficult to draw clear conclusions. Many occupational exposure
studies lack the statistical power and sufficient sample size to reach robust conclusions. Thus, we again conclude that the
identified associations are suggestive. Additionally, many studies need to group osteosarcoma subtypes together to obtain
sufficient statistical power for comprehensive research, which may lead to the assumption that many osteosarcoma subtypes
share the same etiological characteristics. Future research will benefit from long-term record-keeping registration systems,
which can provide sufficient samples of rare cancers. Sufficient sample sizes enable separate subgroup analyses of multiple
osteosarcoma subtypes. If the sample size permits, stratified analyses of other potentially relevant factors, such as gender, can
also be conducted. It is also necessary to further consider improving methods for collecting exposure information. If record-
keeping systems cannot provide highly accurate exposure information, efforts should be made to collect more comprehensive
data to adjust for potential confounding factors, such as considering the impact of socioeconomic status in occupational
studies. Additionally, we note that in many of the relationships evaluated in the literature, there is limited understanding of the
underlying biological mechanisms behind each epidemiological association. Future research with larger sample sizes, more
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accurate exposure information, and more comprehensive adjustment for confounding factors will enhance our understanding
of the environmental exposure factors contributing to tumorigenesis in this fatal cancer type through studies of potential
genetic risks for osteosarcoma.

Conclusion
This review examines the relationship between environmental exposures and osteosarcoma risk. As the most prevalent
primary malignant bone tumor in adolescents, osteosarcoma has a complex and incompletely understood pathogenesis.
Multiple environmental factors may contribute to its development through various mechanisms: ionizing radiation directly
induces DNA damage and genomic instability; fluoride in drinking water and heavy metals (eg, cadmium, zinc, nickel) may
disrupt bone metabolism and trigger inflammation; while occupational exposures and certain viral infections have also shown
potential associations. Notably, the interaction between rapid skeletal growth during puberty, genetic predisposition, and
environmental factors may further elevate risk. Although some inconsistencies exist in current evidence, large-scale studies
and molecular research continue to support environmental influences. Given these established environmental risk factors,
a comprehensive approach to prevention and management becomes imperative.

Building upon these pathogenic mechanisms, effective management of environmentally linked osteosarcoma requires
a multidimensional approach. At the preventive level, emphasis should be placed on reducing exposure to environmental
carcinogens such as polycyclic aromatic hydrocarbons (PAHs) through rigorous industrial emission controls, advanced
vehicular exhaust purification technologies, and personal protective measures, complemented by lifestyle modifications
including increased consumption of antioxidant-rich foods and regular physical activity. For high-risk populations (eg,
individuals with chronic pollutant exposure or genetic predisposition), early screening incorporating imaging modalities
(X-ray, MRI, CT) combined with molecular biomarker analysis (eg, PAH-DNA adducts, genetic variations in ACTB/
EGFR/JUN) is recommended. Therapeutically, while maintaining conventional surgical resection and chemotherapy as
foundational approaches, emerging strategies such as targeted therapies (eg, EGFR inhibitors) and immunotherapies
should be integrated to develop personalized treatment regimens. Future research must prioritize elucidating gene-
environment interactions to establish more precise prevention and treatment frameworks. This comprehensive three-
tiered prevention system - primary prevention (environmental exposure control), secondary prevention (early detection),
and tertiary prevention (optimized treatment) - provides a systematic solution for managing environmentally-associated
osteosarcoma. While current strategies show promise, significant knowledge gaps remain that warrant further investiga-
tion. Future investigations should focus on improved exposure assessment and gene-environment interactions to better
understand osteosarcoma etiology and inform prevention strategies.
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