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Appendix A
Eligibility Criteria
Eligibility criteria were developed using a modified PICO (Population, Intervention/Exposure, Comparator, Outcome) framework adapted for environmental toxicology studies.
Inclusion Criteria
Studies were considered eligible if they met all of the following criteria.
	Criterion
	Inclusion Description

	Population
	Humans, experimental animals, mammalian cell lines, or tissues exposed to emissions or particulate matter derived from waste tyre combustion.

	Exposure
	Direct or indirect exposure to smoke, particulate matter, or gaseous emissions generated from burning waste tyres, scrap tyres, tyre fires, or tyre-derived fuels.

	Comparator
	Unexposed controls or groups exposed to alternative, non-tyre combustion sources where applicable.

	Outcomes
	Biochemical, molecular, or toxicological outcomes, including oxidative stress biomarkers, inflammatory markers, biomarkers of exposure, organ function biomarkers, histopathology, DNA damage, or other indicators of biological effect.

	Study Design
	Experimental studies (in vivo or in vitro), cross-sectional studies, cohort studies, case-control studies, biomonitoring studies, and other observational investigations containing primary data.

	Language
	English.

	Publication Period
	2016–2025.



Exclusion Criteria
Studies were excluded if they:
· investigated tyre leachates, road-wear particles, or microplastics without combustion exposure; 
· focused exclusively on environmental monitoring without biological or health-related outcomes; 
· were reviews, commentaries, conference abstracts, editorials, policy documents, or other publications without primary data; 
· lacked biochemical, molecular, or toxicological outcomes; 
· were not published in English; 
· had inaccessible full texts after reasonable attempts to obtain them; or 
· focused solely on engineering aspects of tyre combustion without biological relevance. 

Appendix B 
Full database search strings (PubMed, Scopus, ScienceDirect, Google Scholar)
PubMed 
(("tyre"[tiab] OR "tire"[tiab] OR "tyres"[tiab] OR "tires"[tiab]) AND ("combustion"[tiab] OR "burning"[tiab] OR "incineration"[tiab] OR "open burning"[tiab] OR "waste burning"[tiab] OR "scrap"[tiab] OR "pyrolysis"[tiab] OR "Incineration"[MeSH]) AND ("emission"[tiab] OR "emissions"[tiab] OR "smoke"[tiab] OR "fume"[tiab] OR "fumes"[tiab] OR "particulate matter"[tiab] OR "PM2.5"[tiab] OR "PM10"[tiab] OR "ultrafine particle"[tiab] OR "ultrafine particles"[tiab] OR "aerosol"[tiab] OR "aerosols"[tiab] OR "air pollutant"[tiab] OR "air pollutants"[tiab] OR "combustion product"[tiab] OR "combustion products"[tiab] OR "polycyclic aromatic hydrocarbon"[tiab] OR "polycyclic aromatic hydrocarbons"[tiab]
OR PAH[tiab] OR PAHs[tiab] OR "volatile organic compound"[tiab] OR "volatile organic compounds"[tiab] OR VOC[tiab] OR VOCs[tiab] OR "heavy metal"[tiab] OR "heavy metals"[tiab] OR "black carbon"[tiab] OR "Particulate Matter"[MeSH] OR "Smoke"[MeSH] OR "Air Pollutants"[MeSH] OR "Polycyclic Aromatic Hydrocarbons"[MeSH] OR "Volatile Organic Compounds"[MeSH] OR "Metals, Heavy"[MeSH] OR "Vehicle Emissions"[MeSH]) AND
("exposure"[tiab] OR "inhalation"[tiab] OR "occupational exposure"[tiab] OR "environmental exposure"[tiab] OR "ambient exposure"[tiab] OR "biomonitoring"[tiab] OR "human exposure"[tiab] OR "animal exposure"[tiab] OR "experimental exposure"[tiab] OR "Inhalation Exposure"[MeSH] OR "Occupational Exposure"[MeSH] OR "Environmental Exposure"[MeSH]) AND ("toxicology"[tiab] OR "toxicity"[tiab] OR "biochemical"[tiab] 
OR "biomarker*"[tiab] OR "oxidative stress"[tiab] OR "inflammation"[tiab] OR "cytokine*"[tiab] OR "DNA damage"[tiab] OR "genotoxicity"[tiab] OR "lipid peroxidation"[tiab] OR malondialdehyde[tiab] OR MDA[tiab] OR "superoxide dismutase"[tiab] OR SOD[tiab] OR catalase[tiab] OR CAT[tiab] OR glutathione[tiab] OR GSH[tiab]
OR interleukin[tiab] OR IL-6[tiab] OR "IL 6"[tiab] OR "TNF-alpha"[tiab] OR "tumor necrosis factor"[tiab] OR "C-reactive protein"[tiab] OR CRP[tiab] OR "reactive oxygen species"[tiab] OR ROS[tiab] OR apoptosis[tiab] OR "cell death"[tiab] OR "enzyme activity"[tiab] OR histopathology[tiab] OR "tissue damage"[tiab] OR pulmonary[tiab] OR respiratory[tiab]
OR hepatotoxicity[tiab] OR nephrotoxicity[tiab] OR neurotoxicity[tiab] OR "Oxidative Stress"[MeSH] OR "Inflammation"[MeSH] OR "Cytokines"[MeSH] OR "DNA Damage"[MeSH] OR "Lipid Peroxidation"[MeSH] OR "Biomarkers"[MeSH] OR "Superoxide Dismutase"[MeSH] OR "Catalase"[MeSH] OR "Glutathione"[MeSH] OR "Interleukins"[MeSH] OR "Tumor Necrosis Factor-alpha"[MeSH] OR "C-Reactive Protein"[MeSH] OR "Reactive Oxygen Species"[MeSH] OR "Apoptosis"[MeSH]) AND ("in vivo"[tiab] OR "in vitro"[tiab]
OR "animal model"[tiab] OR "animal models"[tiab] OR mouse[tiab] OR mice[tiab] OR rat[tiab] OR rats[tiab] OR rodent[tiab] OR rodents[tiab] OR "cell line"[tiab] OR "cell lines"[tiab] OR "cell culture"[tiab] OR human[tiab] OR humans[tiab] OR cohort[tiab] OR "cohort study"[tiab] OR "cohort studies"[tiab] OR "cross-sectional"[tiab] OR "cross-sectional study"[tiab] OR "cross-sectional studies"[tiab] OR "case-control"[tiab] OR "case-control study"[tiab] OR "case-control studies"[tiab] OR observational[tiab] OR "observational study"[tiab] OR "observational studies"[tiab] OR experimental[tiab] OR "experimental study"[tiab] OR "experimental studies"[tiab] OR "Animals"[MeSH] OR "Mice"[MeSH] OR "Rats"[MeSH] OR "Rodentia"[MeSH] OR "Cell Line"[MeSH] OR "Cell Culture Techniques"[MeSH] OR "Humans"[MeSH] OR "Cohort Studies"[MeSH] OR "Cross-Sectional Studies"[MeSH] OR "Case-Control Studies"[MeSH])) NOT ("leachate"[tiab] OR "road wear"[tiab] OR "tyre particle"[tiab] OR "rubber dust"[tiab])
Filters Applied 
· English language only
· Publication years: 2016–2025

Scopus 
TITLE-ABS-KEY(    ("tyre" OR "tire" OR "tyres" OR "tires") AND     ("combustion" OR "burning" OR "incineration" OR "pyrolysis" OR "open burning" OR "waste burning" OR "scrap") AND    ("emission*" OR "smoke" OR "fume*" OR "particulate matter" OR "PM2.5" OR "PM10"     OR "ultrafine particle*" OR "aerosol*" OR "air pollutant*" OR "combustion product*"     OR "polycyclic aromatic hydrocarbon*" OR "PAH*" OR "volatile organic compound*"     OR "VOC*" OR "heavy metal*" OR "black carbon") AND
    ("exposure" OR "inhalation" OR "occupational exposure" OR "environmental exposure" 
    OR "ambient exposure" OR "biomonitoring" OR "human exposure" OR "animal exposure" 
    OR "experimental exposure") AND    ("toxicology" OR "toxicity" OR "biochemical" OR "biomarker*" OR "oxidative stress"     OR "inflammation" OR "cytokine*" OR "DNA damage" OR "genotoxicity"     OR "mutagenicity" OR "lipid peroxidation" OR "malondialdehyde" OR "MDA"     OR "superoxide dismutase" OR "SOD" OR "catalase" OR "CAT" OR "glutathione" 
    OR "GSH" OR "interleukin" OR "IL-6" OR "TNF-alpha" OR "tumor necrosis factor"     OR "C-reactive protein" OR "CRP" OR "reactive oxygen species" OR "ROS"     OR "apoptosis" OR "cell death" OR "enzyme activity" OR "histopathology"     OR "tissue damage" OR "pulmonary" OR "respiratory" OR "cardiovascular"     OR "hepatotoxicity" OR "nephrotoxicity" OR "neurotoxicity") AND     ("in vivo" OR "in vitro" OR "animal model*" OR "mice" OR "rat*" OR "rodent*"     OR "cell line*" OR "cell culture" OR "human" OR "cohort" OR "cross-sectional"     OR "case-control" OR "observational" OR "experimental")) AND NOT TITLE-ABS-KEY("leachate" OR "road wear" OR "tyre particle" OR "rubber dust")
Filters applied 
· Year range: 2016–2025
· Language: English
· Document type: Article, Review
ScienceDirect 
Search 1 — Core Tire Combustion Toxicology
"tire combustion" OR "tyre combustion" AND toxicity
Search 2 — Biomarker–Mechanistic Toxicology
"tire burning" OR "tyre burning" AND "oxidative stress"
Search 3 — Emissions + Inflammation
"tire smoke" AND inflammation
Search 4 — Broader Toxicology Footprint
"scrap tire" AND "particulate matter"
Filters Applied
· Year: 2016–2025
· Article type: Research articles
· Language: English

Google Scholar 
("waste tyre burning" OR "tire combustion" OR "scrap tire smoke" OR "tire-derived fuel") AND ("oxidative stress" OR "inflammation" OR "biochemical markers" OR "toxicology" OR "DNA damage" OR "genotoxicity" OR "reactive oxygen species" OR "cytokine" OR "biomarker") AND ("animal" OR "human" OR "in vivo" OR "in vitro" OR "health" OR "toxic effect") -"leachate" -"road wear" -"tyre particle" -"rubber dust"
Filters Applied (in Advanced Search)
· Return articles dated between: 2016–2025
· Find articles 
· with all of the words: 
· with the exact phrase
· with at least one of the words
· where my words occur: anywhere in the article
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Supplementary Table S1. Complete Electronic Search Strategies Used in the Systematic Review
	Database
	Search Period
	Complete Search Strategy
	Filters Applied
	Records Retrieved (n)

	PubMed
	2016–2025
	(("tyre"[tiab] OR "tire"[tiab] OR "tyres"[tiab] OR "tires"[tiab]) AND ("combustion"[tiab] OR "burning"[tiab] OR "incineration"[tiab] OR "open burning"[tiab] OR "waste burning"[tiab] OR "scrap"[tiab] OR "pyrolysis"[tiab] OR "Incineration"[MeSH]) AND ("emission"[tiab] OR "emissions"[tiab] OR "smoke"[tiab] OR "fume"[tiab] OR "fumes"[tiab] OR "particulate matter"[tiab] OR "PM2.5"[tiab] OR "PM10"[tiab] OR "ultrafine particle"[tiab] OR "aerosol"[tiab] OR "air pollutant"[tiab] OR "combustion product"[tiab] OR "polycyclic aromatic hydrocarbon"[tiab] OR PAH[tiab] OR VOC[tiab] OR "heavy metal"[tiab] OR "black carbon"[tiab]) AND ("exposure"[tiab] OR "inhalation"[tiab] OR "occupational exposure"[tiab] OR "environmental exposure"[tiab] OR "biomonitoring"[tiab]) AND ("toxicology"[tiab] OR "toxicity"[tiab] OR "biochemical"[tiab] OR "oxidative stress"[tiab] OR "inflammation"[tiab] OR "DNA damage"[tiab] OR "lipid peroxidation"[tiab] OR "reactive oxygen species"[tiab] OR pulmonary[tiab] OR hepatotoxicity[tiab] OR nephrotoxicity[tiab]) AND ("in vivo"[tiab] OR "in vitro"[tiab] OR mouse[tiab] OR rat[tiab] OR human[tiab] OR cohort[tiab] OR "cross-sectional"[tiab] OR "case-control"[tiab] OR observational[tiab] OR experimental[tiab])) NOT ("leachate"[tiab] OR "road wear"[tiab] OR "tyre particle"[tiab] OR "rubber dust"[tiab])
	English language; Publication years 2016–2025
	13

	Scopus
	2016–2025
	TITLE-ABS-KEY(("tyre" OR "tire" OR "tyres" OR "tires") AND ("combustion" OR "burning" OR "incineration" OR "pyrolysis" OR "open burning" OR "waste burning" OR "scrap") AND ("emission*" OR "smoke" OR "fume*" OR "particulate matter" OR "PM2.5" OR "PM10" OR "ultrafine particle*" OR "aerosol*" OR "air pollutant*" OR "combustion product*" OR "polycyclic aromatic hydrocarbon*" OR "PAH*" OR "volatile organic compound*" OR "VOC*" OR "heavy metal*" OR "black carbon") AND ("exposure" OR "inhalation" OR "occupational exposure" OR "environmental exposure" OR "biomonitoring") AND ("toxicology" OR "toxicity" OR "biochemical" OR "oxidative stress" OR "inflammation" OR "DNA damage" OR "lipid peroxidation" OR "reactive oxygen species" OR "pulmonary" OR "cardiovascular" OR "hepatotoxicity" OR "nephrotoxicity") AND ("in vivo" OR "in vitro" OR "animal model*" OR "human" OR "cohort" OR "cross-sectional" OR "case-control" OR "observational" OR "experimental")) AND NOT TITLE-ABS-KEY("leachate" OR "road wear" OR "tyre particle" OR "rubber dust")
	Year range 2016–2025; Language: English; Document type: Article and Review
	36

	ScienceDirect
	2016–2025
	Search 1: "tire combustion" OR "tyre combustion" AND toxicity 
Search 2: "tire burning" OR "tyre burning" AND "oxidative stress" 
Search 3: "tire smoke" AND inflammation 
Search 4: "scrap tire" AND "particulate matter"
	Research articles; English language; Publication years 2016–2025
	490

	Google Scholar
	2016–2025
	("waste tyre burning" OR "tire combustion" OR "scrap tire smoke" OR "tire-derived fuel") AND ("oxidative stress" OR "inflammation" OR "biochemical markers" OR "toxicology" OR "DNA damage" OR "genotoxicity" OR "reactive oxygen species" OR "cytokine" OR "biomarker") AND ("animal" OR "human" OR "in vivo" OR "in vitro" OR "health" OR "toxic effect") -"leachate" -"road wear" -"tyre particle" -"rubber dust"
	Advanced search; Articles dated between 2016–2025; English language
	223


Footnotes
Abbreviations: ABS = Abstract; KEY = Keywords; TITLE = Title; MeSH, Medical Subject Headings; PAH, polycyclic aromatic hydrocarbon; VOC, volatile organic compound; PM, particulate matter.
Search period: January 2016 to December 2025.
Final search date: March, 2026
Additional Identification Method
In addition to the electronic database searches, manual reference-list screening of eligible articles and relevant reviews was conducted, resulting in the identification of 55 additional records for screening.


Supplementary Table S2: Complete Master Data Extraction Dataset of Included Studies
	Study ID
	Author/Year
	Country
	Study Design
	Model Population
	Sample Size
	Exposure Source
	Exposure Route
	Exposure Duration
	Comparator
	Evidence Weight

	S1
	Obasi et al. [19]
	Nigeria
	Controlled animal experiment
	Male Wistar rats
	25
	Burning scrap tyre smoke
	Inhalation
	21 days
	Unexposed rats
	High

	S2
	Bosire et al. [18]
	Kenya
	Animal toxicology study
	Albino mice
	NR
	Tyre combustion particulates
	Inhalation
	NR
	Unexposed control
	Moderate

	S3
	Chuku et al. [29]
	Nigeria
	Cross-sectional human biomonitoring
	Abattoir workers
	80
	Burnt tyre emissions
	Occupational inhalation
	1-15 years exposure history
	Non-exposed controls
	Moderate

	S4
	Okonkwo et al. [21]
	Nigeria
	Cross-sectional occupational study
	Butchers and controls
	156
	Burning tyres for de-furring
	Occupational inhalation/dermal
	≥3 years employment
	Administrative staff controls
	High

	S5
	Kim et al. [22]
	South Korea
	Before-after biomonitoring
	Firefighters
	14
	Tyre factory fire VOCs
	Occupational inhalation
	Post-fire vs 1 week later
	Off-duty baseline
	Moderate

	S6
	Lee et al. [23]
	South Korea
	Before-after biomonitoring
	Firefighters
	10
	Large tyre factory fire PAHs
	Occupational inhalation/dermal
	Post-fire vs 1 week later
	Non-exposure baseline
	High

	S7
	Han et al. [27]
	South Korea
	Natural experiment epidemiological study
	Residents near tyre factory fire
	3 exposed districts
	Tyre factory fire smoke
	Community inhalation
	10-day acute period
	79 control districts
	High

	S8
	Woko et al. [14]
	Nigeria
	Controlled animal feeding experiment
	Male Wistar rats
	35 
	Tyre-singed cattle hide
	Dietary ingestion
	21 days
	Standard feed control
	Moderate-High

	S9
	Abdulai et al. [20]
	Ghana
	Controlled animal feeding experiment
	Male Wistar rats
	60
	Tyre/firewood/LPG-singed meat
	Dietary ingestion
	90 days
	Standard chow control
	High

	S10
	Tijjani et al. [30]
	Nigeria
	Animal exposure plus environmental assessment
	Rabbits
	4 
	Burning tyre smoke during roasting
	Inhalation
	5 hours plus 7-day follow-up
	Unexposed rabbit control
	Low-Moderate



Supplementary Table S3: Exposure Characterisation
	Study ID
	Tyre Exposure Source
	Exposure Scenario
	Major Pollutants or Toxicants
	Exposure Assessment Method

	S1
	Burning scrap tyre smoke
	Experimental inhalation
	PM10, PAHs, VOCs, CO, Sox, Nox, heavy metals
	Controlled PM10 exposure chamber

	S2
	Tyre combustion particulates
	Experimental inhalation/particulate exposure
	PAHs benzene anthracene fluorene pyrene soot particles
	GC-MS SEM particulate characterization

	S3
	Burnt tyre emissions from abattoir singeing
	Occupational inhalation
	PAHs heavy metals particulate matter mutagenic compounds
	Occupational history

	S4
	Burning tyres used for animal de-furring
	Occupational inhalation/dermal
	PM PAHs VOCs metals benzo[a]pyrene phenol zinc nickel
	Air monitoring urinary biomarkers spirometry

	S5
	Large tyre factory fire
	Firefighter occupational exposure
	VOCs especially benzene toluene styrene xylene
	Urinary VOC metabolites

	S6
	Large tyre factory fire
	Firefighter occupational exposure
	PAHs naphthalene fluorene phenanthrene pyrene
	Urinary OH-PAH metabolites

	S7
	Tyre factory fire smoke
	Community environmental exposure
	PM10 PM2.5 NO2 SO2 CO PAHs VOCs heavy metals
	Air monitoring satellite plume health records

	S8
	Cattle hide singed with scrap tyre
	Dietary exposure
	PAHs heavy metals combustion residues
	Animal feeding experiment

	S9
	Meat singed with used tyres
	Dietary exposure
	PAHs heavy metals VOCs dioxins furans combustion residues
	Animal feeding experiment

	S10
	Burning tyre smoke during roasting
	Experimental/occupational simulation
	PAHs VOCs dioxins furans PCBs heavy metals
	Rabbit exposure radiation monitoring biochemical assays






Supplementary Table S4: Biochemical Biomarker Matrix
	Study ID
	ALT
	AST
	ALP
	Bilirubin
	Albumin
	Total Protein
	Urea / BUN
	Creatinine
	Electrolytes
	MDA
	SOD
	CAT
	GPx / GSH
	TAC
	4-HNE
	CRP
	AFP
	PAH Biomarkers
	VOC Biomarkers
	Hormones

	S1
	↑
	↑
	↑
	↑
	NR
	↑
	↑
	↑
	Altered
	↑
	↓
	↓
	↓GPx
	NR
	NR
	NR
	NR
	NR
	NR
	NR

	S2
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR

	S3
	NR
	NR
	NR
	NR
	NR
	↔
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	↑
	↑
	NR
	NR
	NR

	S4
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	↑1-hydroxypyrene
	↑Phenol
	NR

	S5
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	↑t,t-muconic acid
	NR

	S6
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	↑OH-PAHs
	NR
	NR

	S7
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR

	S8
	↑
	↑
	↑
	↑
	NR
	NR
	↑
	NR
	↓Na ↓K ↓Cl altered HCO3-
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR

	S9
	↑
	↑
	NR
	↑
	↓
	↓
	↑
	↑
	NR
	↑
	NR
	NR
	↓GSH
	↓
	↑
	NR
	NR
	NR
	NR
	↓Testosterone ↑FSH ↑LH ↑Prolactin

	S10
	↑
	↑
	↑
	NR
	NR
	NR
	↑
	↑
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR
	NR




Supplementary Table S5: Histopathology and Clinical Outcomes
	Study ID
	Liver
	Kidney
	Lung
	Heart
	Other Clinical or Health Outcomes

	S1
	Fatty degeneration portal hepatitis lobular hepatitis
	No major histological lesion reported
	Alveolar destruction vascular wall thickening alveolar haemorrhage
	NR
	Haematological alterations

	S2
	NR
	NR
	Cell swelling shrinkage tissue disconnection alveolar capillary and macrophage injury
	NR
	Pulmonary structural injury

	S3
	NR
	NR
	NR
	NR
	Elevated CRP and AFP in exposed workers

	S4
	NR
	NR
	Reduced FEV/FVC cough breathlessness chest pain
	NR
	Elevated urinary exposure biomarkers

	S5
	NR
	NR
	NR
	NR
	Increased benzene metabolite after tyre-fire suppression

	S6
	NR
	NR
	NR
	NR
	Increased urinary OH-PAHs after firefighting

	S7
	NR
	NR
	Increased respiratory disease incidence
	NR
	Increased urticaria erythema episodic/paroxysmal disorders

	S8
	Portal triad inflammation cytoplasmic vacuolation necrosis Kupffer cell hyperplasia hepatic cord distortion
	Glomerular atrophy enlarged cystic space occluded artery acute inflammation
	Blood congestion loss of myofibres myocardial degeneration fibrovascular response
	Cardiac tissue damage
	Electrolyte imbalance and organ toxicity

	S9
	NR
	NR
	Respiratory difficulty in high tyre group
	NR
	Reduced grooming lethargy appetite loss growth suppression endocrine disruption

	S10
	Liver abnormalities grossly observed
	Kidney abnormalities grossly observed
	Reddish lung appearance in delayed exposure groups
	NR
	Radiation dose estimated above occupational daily equivalent



Supplementary Table S6: Mechanistic Evidence Matrix
	Study ID
	Oxidative Stress
	Lipid Peroxidation
	Inflammation
	Hepatotoxicity
	Nephrotoxicity
	Pulmonary Toxicity
	Cardiotoxicity
	Endocrine Disruption
	Haematotoxicity
	Genotoxicity
	Internal Dose Biomarkers

	S1
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	No
	No
	Yes
	Not assessed
	No

	S2
	Proposed
	Proposed
	Proposed
	No
	No
	Yes
	No
	No
	No
	Proposed
	No

	S3
	Indirect
	No
	Yes
	Possible
	No
	No
	No
	No
	No
	Possible
	No

	S4
	Proposed
	Proposed
	Possible
	No
	Possible
	Yes
	No
	No
	No
	Proposed
	Yes

	S5
	No
	No
	No
	No
	No
	No
	No
	No
	No
	No
	Yes

	S6
	No
	No
	No
	No
	No
	No
	No
	No
	No
	No
	Yes

	S7
	Proposed
	No
	Proposed
	No
	No
	Yes
	No
	Possible
	No
	Proposed
	No

	S8
	Not measured
	Not measured
	Yes
	Yes
	Yes
	No
	Yes
	No
	No
	Not assessed
	No

	S9
	Yes
	Yes
	Yes
	Yes
	Yes
	Possible
	No
	Yes
	No
	Possible
	No

	S10
	Not measured
	Not measured
	No
	Yes
	Yes
	Possible
	No
	No
	No
	Not assessed
	No


Interpretation of evidence categories: Yes indicates that the outcome or mechanism was directly assessed and supported by the study findings; Indirect indicates evidence based on related biomarkers or outcomes without direct measurement of the mechanism; Proposed indicates a mechanism suggested by the study authors but not directly tested; Possible indicates findings that are compatible with the mechanism but provide insufficient evidence for direct attribution; Not measured indicates that the relevant outcome was within the study context but was not experimentally quantified; and Not assessed indicates that the outcome or mechanism was outside the scope of the study.

Supplementary Table S7. Detailed Risk of Bias Assessment for Experimental Animal Studies (SYRCLE).
	Domain
	Obasi et al. (2023)
	Bosire et al. (2016)
	Woko et al. (2021)
	Abdulai et al. (2025)
	Tijjani et al. (2023)

	Sequence generation
	U
	U
	L
	L
	H

	Baseline characteristics
	L
	U
	L
	L
	U

	Allocation concealment
	U
	U
	U
	U
	H

	Random housing
	U
	U
	U
	L
	H

	Blinding of investigators
	U
	U
	U
	U
	H

	Random outcome assessment
	U
	U
	U
	U
	H

	Blinding of outcome assessment
	U
	U
	U
	U
	H

	Incomplete outcome data
	L
	L
	L
	L
	U

	Selective reporting
	L
	L
	L
	L
	U

	Other bias
	L
	U
	L
	L
	H


Judgements:	L = Low risk; H = High risk; U = Unclear risk

Supplementary Table S8. Detailed Risk of Bias Assessment for Cross-Sectional Studies (JBI).
	JBI Criterion
	Chuku et al. (2018)
	Okonkwo et al. (2018)
	Han et al. (2024) – adapted JBI checklist

	1. Inclusion criteria clearly defined
	Yes
	Yes
	Yes

	2. Study subjects and setting described
	Yes
	Yes
	Yes

	3. Exposure measured validly and reliably
	Yes
	Yes
	Yes

	4. Outcomes measured using valid methods
	Yes
	Yes
	Yes

	5. Confounding factors identified
	No
	Partial
	Yes

	6. Strategies for confounding reported
	No
	Partial
	Yes

	7. Outcomes measured reliably
	Yes
	Yes
	Yes

	8. Appropriate statistical analysis
	Yes
	Yes
	Yes


Responses:	Yes (Y) = Low risk; Partial (P) = Moderate risk; No (N) = High risk

Supplementary Table S9. Detailed Risk of Bias Assessment for Before–After Studies (NIH).
	NIH Criterion
	Kim et al. (2023)
	Lee et al. (2024)

	1. Clearly stated study objective
	Yes
	Yes

	2. Eligibility criteria prespecified
	Yes
	Yes

	3. Representative participant selection
	Yes
	Yes

	4. All eligible participants enrolled
	Yes
	Yes

	5. Sample size sufficient
	No
	No

	6. Intervention/exposure clearly described
	Yes
	Yes

	7. Outcomes prespecified and valid
	Yes
	Yes

	8. Blinding of outcome assessors
	CD
	CD

	9. Loss to follow-up <20%
	Yes
	Yes

	10. Appropriate statistical analysis
	Yes
	Yes

	11. Multiple outcome measurements
	Yes
	Yes

	12. Group-level intervention implemented consistently
	Yes
	Yes


Responses:	Yes (Y) = Low risk; No (N) = High risk; Cannot Determine / Not Reported / Not Applicable (CD/NR/NA) = Unclear risk
