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ABSTRACT

Children, as a particularly vulnerable group, are more susceptible to these mutagens due to their developing immune systems,

higher physiological vulnerability, and increased exposure through behaviors like outdoor play and hand-to-mouth activities.

This review aims to investigate the relationship between these environmental exposures, genetic polymorphisms, and DNA

damage in children, with a focus on how genetic factors influence the extent of damage caused by these mutagens. After litera-

ture review, a total of 10 studies were thoroughly reviewed by four independent reviewers, who assessed each study according

to specific evaluation criteria. Our findings indicated a significant association between genetic polymorphisms and genotoxic

effects in individuals exposed to environmental mutagens, with nine studies (out of 10) reporting positive correlations between

genotoxicity and polymorphisms in genes involved in DNA repair and metabolism. In summary, individuals with specific geno-

types may exhibit varying levels of DNA damage. Regarding quality assessment, nine of the studies (9 out of 10) were classified

as strong or moderate, indicating a significant need for improved methodological rigor in future research. Collectively, these

findings support the idea that the genotoxic effects of various environmental mutagens in children are heavily influenced by

genetic polymorphisms.

1 | Introduction

The rapid industrialization and urbanization of the modern
world have led to an alarming escalation in the levels of environ-
mental pollutants, including polycyclic aromatic hydrocarbons
(PAHs), benzene, radiation, and pesticides, all of which pose sig-
nificant risks to public health, particularly in vulnerable popula-
tions, such as children (Smith et al. 2020). These environmental
contaminants are widespread, found in air, soil, and water near
industrial complexes, agricultural fields, and urban areas, con-
tributing to the growing burden of genotoxic exposures (Smith
et al. 2020).

Among the most concerning pollutants are PAHs and benzene,
which are known to have genotoxic and carcinogenic proper-
ties (Lopez et al. 2019). PAHs are primarily produced during
the incomplete combustion of organic materials and are prev-
alent in urban areas with heavy industrial activity and traffic
(Miller et al. 2017). Similarly, benzene, a volatile organic com-
pound, is widely found in vehicle exhaust, industrial emissions,
and tobacco smoke, all of which contribute to its environmen-
tal presence (Garcia et al. 2020). Radiation from both natural
and man-made sources further exacerbates the risk, especially
in areas with nuclear power plants, mining activities, or indus-
trial waste sites (Gonzalez et al. 2021). Pesticides, often used in
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agriculture, are also a significant source of environmental con-
tamination, contributing to the spread of toxic chemicals into
the air, water, and soil, which then enter the food chain (Martin
et al. 2019).

The physiological effects of these exposures are largely me-
diated by the metabolism of these compounds in the human
body, a process influenced by enzymes such as cytochrome
P450s (CYP) and glutathione-S-transferases (GST), which play
essential roles in detoxifying harmful substances (Anderson
et al. 2016). Genetic polymorphisms in the genes encoding these
enzymes can alter their functionality, thereby influencing the
activation and deactivation of toxic compounds, such as PAHs
and pesticides, and modulating the degree of genetic damage
(Taylor et al. 2018). These genetic variations contribute to inter-
individual differences in susceptibility to DNA damage induced
by environmental pollutants (Thompson et al. 2019).

Children are particularly susceptible to these toxicants due to
their higher physiological vulnerability, developmental pro-
cesses, and behavioral patterns, such as increased outdoor activ-
ity and hand-to-mouth behavior, which increases their exposure
to environmental pollutants (Jones et al. 2018). Some authors
have demonstrated that children residing in areas with high ex-
posure to these pollutants often show higher levels of some bio-
markers for DNA damage, such as 8-hydroxy-2-deoxyguanosine
(8-OHAG) and comet assay parameters, such as tail moment
(Williams et al. 2020). These assays indicate the presence of ox-
idative stress and genetic alterations that may lead to long-term
health effects, including cancer (Chavez et al. 2021). However,
the role of genetic polymorphisms in key metabolic enzymes,
such as CYP1A1, CYP1BI, and GST, in modulating these effects
remains insufficiently explored, especially in children (Sanchez
et al. 2022).

As a result and because of the insufficient scientific evidence,
this study aims to further explore the relationship between en-
vironmental exposures, genetic polymorphisms, and DNA dam-
age in children exposed to various environmental mutagens. By
understanding how genetic factors influence the metabolism of
environmental pollutants and contribute to the extent of genetic
damage, we hope to provide a clearer picture of the risks to chil-
dren. Additionally, this systematic review seeks to assess the
quality of the studies included to confirm the reliability of the
results. As a result, it explores the influence of genetic variations
on the development of genotoxicity in populations exposed to
these mutagens. Such investigations may provide valuable in-
sights into factors that contribute to individual susceptibility to
genetic damage in developing individuals, which is crucial for
human biomonitoring initiatives in children.

2 | Material and Methods
2.1 | Eligibility Criteria

This systematic review was conducted in accordance with the
criteria established in the 2020 Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
In addition, the PICOS strategy was employed to organize this
review. Using this approach, we defined the elements of the

PICOS framework as follows: Population (P) refers to children
(oral mucosa or peripheral blood cells); Intervention (I) encom-
passes environmental mutagens such as radiation, pollution,
and pesticides; Comparison (C) involves control groups (chil-
dren as well); Outcome (O) focuses on genotoxicity related to
genetic polymorphisms; and Study design (S) includes biomon-
itoring studies.

Studies were deemed eligible for inclusion in our analysis if they
satisfied the following criteria: (1) in vivo evaluations of genetic
damage in children; (2) research involving human subjects
(children) exposed to any form of environmental mutagen; (3)
publications written in English; (4) inclusion of genetic polymor-
phism analysis; and (5) provision of data consistent with estab-
lished scientific standards.

Conversely, studies were excluded if they met any of the follow-
ing criteria: (1) they were conference abstracts, reviews, editori-
als, or letters; (2) the full text was unavailable in English; (3) data
were inaccessible or could not be extracted, or if the study in-
volved combined exposures with other substances; (4) they were
multigenerational studies; (5) they did not include a genotoxicity
assessment; (6) they did not address genetic polymorphisms in
children exposed to environmental mutagens (such as radiation,
pollutants, or pesticides); or (7) they presented incomplete or
ambiguous results.

2.2 | Data Search

In March 2025, we conducted a thorough search across
PubMed, SCOPUS, and Web of Science to identify relevant ar-
ticles using the following search terms and Boolean operators:
(“Environmental mutagens”) AND (“Genotoxicity” OR “DNA
damage” OR “genetic damage” OR “DNA breakage” OR “genetic
injury” OR “DNA injury” OR “chromosome damage”) AND
(“Micronucleus assay”) AND (“genetic polymorphism”) AND
(“children”). Additionally, we manually reviewed references
and related citations. The effectiveness of our search terms was
validated by ensuring they retrieved a comprehensive range of
relevant literature.

Searches were restricted to English-language publications, with
no date limitations. Abstracts were individually reviewed by four
reviewers (T.G.P.,, DV.S., G.C.A., and D.A.R.), and full-text as-
sessments were performed to confirm eligibility. Discrepancies
among reviewers were resolved through discussion, ultimately
reaching a consensus. The detailed data strategy is presented in
Table 1.

2.3 | Data Extraction and Quality Assessment

Four reviewers (T.G.P., DV.S., G.C.A., and D.A.R.) inde-
pendently evaluated studies for eligibility by reviewing titles,
abstracts, and full texts. Any disagreements among reviewers
were resolved through a consensus-driven approach. The data
extracted from the selected studies encompassed the following
details: authors, publication year and country, cell types inves-
tigated, children's age, duration of exposure, type of assay used,
the number of cells analyzed, genotoxicity assessment method,
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blinding techniques, statistical methods employed, inclusion of
negative controls, doses administered, environmental mutagen
involved, and key findings.

Similarly, the quality of the included studies was independently
assessed by the same four reviewers (T.G.P., DV.S., G.C.A.,
and D.A.R.). During this evaluation, all potential confounding
variables were carefully considered. A study was classified as
STRONG in its final evaluation if it accounted for all identified
variables. If fewer than one variable was controlled for, the study
was rated as MODERATE. In contrast, studies that failed to ad-
dress two or more variables were categorized as WEAK, follow-
ing the criteria established by Guedes Pinto et al. (2024).

3 | Results
3.1 | Study Selection

The initial online search yielded a total of 301 scientific articles.
From this pool, 285 duplicates were identified and removed.
Following a review of titles and abstracts, six articles were found
to be unrelated to the study's objectives and were excluded.
These excluded studies encompassed reviews, case reports,
commentaries, editorials, non-English language papers, and let-
ters to the editor. The full texts of the remaining 10 studies were
thoroughly analyzed by the authors of this review. The study se-
lection process is depicted in the flow chart shown in Figure 1,
as presented by the authors of this paper.

Table 2 provides a thorough summary of the essential char-
acteristics of the studies evaluated. A total of 10 studies were

(gene, polymorphic) OR (Genetic variation) OR (Gene variation) AND (children) OR (Child).

Identification of studies via databases and registers

Search strategy (March, 2025)
(Environmental pollutants) OR (Radiation) OR (Pesticide) OR (polycyclic aromatic hydrocarbons) OR
(PAHs) OR (Pollution) OR (benzene), AND (DNA Damages) OR (Damage, DNA) OR (Damages, DNA)
OR (DNA Injury) OR (DNA Injuries) OR (Injuries, DNA) OR (Injury, DNA) OR (Genotoxic Stress) OR
(Genotoxic Stresses) OR (Stresses, Genotoxic) OR (Genotoxicity) OR (Mutagenicity) OR (comet assay) OR
(micronucleus assay) OR (Stresses, Genotoxic) OR (micronucleus) OR (micronucleated cell) OR (chromosome
(sister chromatid exchange test) OR (8-ohdg) AND (genetic polymorphism) OR (gene polymorphism)
OR (polymorphism) OR (polymorphic gene) OR (gene polymorphic) OR (gene, polymorphism) OR

damage) OR (chromosomal injury) OR (chromosome breakage) OR (chromosome aberration test) OR
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reviewed, with three conducted in Mexico and one each in
Colombia, China, Taiwan, Russia, Poland, Germany, and
Thailand. The publication years of the selected articles range
from 2008 to 2024. All of the studies centered on mutagen ex-
posure in children. For more detailed information, please refer
to Table 2.

3.2 | Variables Related to Mutagens Exposure in
Children

Table 3 presents the key factors linked to environmental muta-
gen exposure and genotoxicity in children. Eight out of 10 stud-
ies incorporated a negative control group to guarantee precise
and reliable comparisons.

The presented Table 3 summarizes findings from 10 studies
investigating the genotoxic effects of different mutagens on
peripheral blood and/or urine samples. The methodologies for
assessing genotoxicity varied across these studies. Fourutilized
the Comet assay, three used the SCE assay and one utilized the
micronucleus assay (MN). Besides the aforementioned tests,
other assays were also used, such as AMES and HPLC-ECD.
8-OHdG was also assessed in some studies, as its assessment
implies oxidative DNA injury. Peripheral blood emerged as the
primary tissue analyzed, highlighting its significance in mon-
itoring genotoxic effects from different mutagens exposure.
Regarding the control groups, eight out of 10 studies included
negative controls.

The studies assessed various indicators of DNA damage
through different assays. In addition, PCR-RFLP assays
were used to identify genetic polymorphisms in genes linked
to DNA repair and radiation response, including CYP1A1,
GSTM1, GSTT1, XpG, XRCC1, XRCC3, PON, ADPRT, and
NBS1. Cytotoxicity analyses were conducted in only three
of the studies. Although most studies included statistical
analyses, only four out of ten employed blinded procedures,
highlighting the need for improved research design to reduce
potential biases.

In terms of demographic characteristics, the studies predomi-
nantly focused on pediatric populations, with a gender distri-
bution that included both males and females across various age
ranges. Specifically, as shown in Table 1, most participants were
between 3 and 13 years old, which is typical for exposure scenar-
ios involving this pediatric group.

3.3 | Main Results

The data presented in Table 4 consolidate key findings from mul-
tiple studies investigating the genotoxic and cytotoxic effects of
mutagen exposure in children, alongside the associated genetic
polymorphisms. Of the 10 studies reviewed, nine reported ele-
vated genotoxicity, as evidenced by various biomarkers. Notably,
only three studies failed to establish a significant link between
specific polymorphisms and increased genotoxicity. Among the
six studies that did find such associations, the identified poly-
morphisms predominantly occurred in genes involved in cru-
cial biological processes such as DNA repair, detoxification, and

Variables assessed in the included studies in this systematic review.

TABLE 3

Proper

statistical

Blind

Inclusion Cyto-toxicity

Evaluated

N of evaluated

analysis analysis description Control

parameters criteria

Stain

units

Mutagenic assays

Design

Cell type

Author

Yes No No Yes (linear Yes

Percentage of
DNA in the tail

Comet assay 100 Syber Green

In vivo

Peripheral

Marin

regression

Blood

et al. 2024

model)

(%Tail-DNA)

No Yes Yes Yes
(independent

Yes

Levels of

RP-HPLC (8-OHdG

In vivo

Urine

Sun et al. 2022

urinary
8-OHdG and

and 8-0x0G)

t-test,

Shapiro-Wilk)

8-0x0G

Yes

Yes (chi-square

Yes No

Level of

Liquid
chromatography-

In vivo

Urine

Chang

test, logistic
regression

urinary

8-OHdG,
8-NO2Gua,
8-iso-PGF2a

and HNE-MA

et al. 2021

tandem mass
spectrometry (8-OHdG,

model)

8-NO2Gua, 8-iso-
PGF2a and HNE-MA)

(Continues)

Journal of Applied Toxicology, 2026

4401



*[0IIUO0D SATIISO
"PaqLIdSIP Jou = — ‘@Furyoxa preWoIyd 193s1s = DS ‘Aydeidojeworyd

pinbip souewioyrad-ySiy aseyd as10Ad1 = D TdH-d ¥ ‘O1qeordde jou=y/N ‘Kesse sna[onuoIdIw = NJA ‘U01}093J3p [BIIWAY201309[0 Yiim Aydeidojeworyd pmbif sourwiojrad-ysiy = qOH-DTdH ‘[BUSUOUIX0IPIY-¥ = VIN-ANH
SNA[ONUOIDIW PIYO0[Q-SISAUTY0IL0 = NNGD ‘dnoid [013u0d = ‘auruengoniu-g = eNHZON-8 ‘@uIsouen3Lxoap-z-AX0IpAH-8 = DPHO-8 ‘DT J UIpue[3eIso1d 0SI-8 = 7IOJ-0SI-8 duaiLdAX0IPAH-T = JHO-T :SUOHRIAIQQY

suLIn pue
5914003 N9
(jopour reaury urHpPHO-8 QuLIf) poo[q 800C 'Te 19
SOX [e10U3) SOX ON ON SOX JO S[PART — — (9PHO-8) ADA-DT1dH OAIA U rexoydrrag Suniwnqying
(Topou 1eaur|
dJeLIBAIUN PUB (onig ued£n (VNQ-1reL%) 0102 'Te 32
[opour 1eaul] /Kiqera eI oyl uryNa o[opurjfuayd-g (Kessy poorg sokoy
ON [BI9U3) SOX SOA 1199) Sox SOX Jo 93ejuadIag -OuIpIureIp-9,y jRWoD) 00T Kessy 19wo) OAIA U rexoydrrsg -ofedweg
(s1sAjeue
uoIssaIga1 7102 ‘T8 319
Ieaur| JUSWON (Kesse aurin poorg BIIOND
ON ordnynu) sax OoN ON SOX [rel, 9AI[O pauLIojuI J0N JoWo9) 05 JHO-T Aessy 1owo) OAIA U] rexoydrreg -Zayoues
(suosrredwod
asimared 10y
pourioyrad o1om (3591 4DS)
$389)-UOXO0I[I M\ (3591 ADS) BSWIAID (3591 ADS) 1591
-ordures om} (Kessy Sununoo 112D (Kessy jowo)) (3591 DS) 98ueyoxa pryeWOIYD
‘193 STITeM Jowo)) (uonyerdyrjord (Kessy 1owo)) aprwoiq 00T (Kessy I9)SIS AeSsy poorg 10T 'Te 19
SOX —Teysnry) sax SOX XopuJ) SoOx SOX Aysuayur [rey, wnIpryig Jowo)) 001 jowo) AuIrey[vy OATA XY rexoydriog BENIEVA
(SENV)
Kyoruadeinw A1eurin
SIsA[eue sjonppe
VN dnewory
(3591 gDS)
159} a8ueYOXd
priewoIyd I93SIS QuLIn €10Z 'Te 30
(1591 (1591 4DS) (NIN) Aesse puv poorg [orAS
SOX sjuapniS) sox (NN SeX ON SOX Fununoo [[9D (NIN) BSwaIH 0S (NIN) 0001 STIO[ONUOIIIAL OAIA U] rexoydrreg -BYSUAZ[AIN
(3593 ) KouIy My (uoryerajrjoxd (NIN) Aesse pooiq ST0Z ‘T8 30
SOX —UUBIA) SOX ON Xopu]) Sox SOX Sununoo 12D UIS09-3INZY 0001 STIO[ONUOIIIAL OAIA U] rexoydrreg Aysyurs
(s1rem 020T ‘e 10
reysnIy) A139103£0 J3ueio 1S9} SNA[ONUOIIIW pooiq eAOJUOIN
SOx SOX ON ON SOX MO Jlozery[, pawIoyur JoN 91400[money OAIA U] rexoydrrog -0IJUOIN
[ox3u0) uondriosap sIsATeue sIsA[eue RLIILIO sxdjowered urejs syun sAesse oruaSeiny udisaq ad£y 119D royny
[eonIsne)s pung AI101X03-0)A)  uoIsnpuj payenreag pajenyeas yo N/
xadoxg
(ponunuo)) | €ATAVL

Journal of Applied Toxicology, 2026

4402



(senunuo))

souad 1SN pue ‘1¥dAV ‘0dx ul swsiydiowjod
— IIM PIIRIOOSSE dIOM SJI9JJ9 JIX0JOUID) sogueyo juedijTusdIs oN

-auad 1990 ut swsiydiowAjod
— I PIBIOOSSE SIIM SJOIJJ9 JIX0J0UID) —

uad NOd ur wisrydiowAjod
— I PIBIOOSSE SIIM SJOIJJ9 JIX0J0UID) —

souad wstydrowAjod ym
— POIBIOOSSE JOU 9IdM $30JJ3 IIX0JOUID) —

souad swsrydiowAjod ym
— POIBIOOSSE JOU AIdM $3IJJ3 IIX0JOUID) —

B3I JAT)OBOIPEI SSIT B UI
9AT] OyMm ‘ourqnrey 9e[IA Ul
ULIP[IYd 03 paredurod adpriq
orwise[dos[onu pue 19[oNUOIITW
JO S[oA9[ 1oy31y pajuasaid ‘uopey
0} pasodxa [0eyse], Ul UdIPIIYD ST0T 'Te 19 ASIUIS

Quad 1HHO woj
sad£youag H) pue DD Y
3m paredwiod sarouanbaiy
NIA 10431y Apyuediyrugis pey
ad£jouad Ho oY YIMm UIP[IYD
“eaIe pany[od ST B UI 9AI] OYM
‘00UIX] UT USIP[IYD 0} pareduiod
I9[ONUOIDIUI JO S[9AJ] J9YSIY
pajuasaid ‘uonnyjod Tersnpur
0} pasodxa ‘einada, UL USIP[IYD  0TOT ‘[ 32 BAOJUOIA-OIJUOIA

uaIp[Iyd dnois jonuod uey}y
[9A9] A1eULIN VIN-ANH pU®
dINQ 19y31y ApyueoryTusis
Py QHAV YA USIP[IYD 20T Te 10 Suey)

S[9AJ] ATRULIN HOXO-§ pUE
DHPHO-S JO UaIp[Iyd sndwed
[9AS] STIAJ MO[ JO 1o} UBY)
19y3ry Apuesyyrudis sem sndured
[9A9] § ‘TN YSIY WOIy USIP[IYD Cc0C [e L ung

‘gjo3og u1 asoy]) 0} paredwod
uaym Aesse Jowod £q o3eurep
VNQ JO S[9A] 19yS1Yy pey
‘syuein[iod 03 a1nsodxd
I9YSIY 1M BT UB U AI]

OUM ‘UI[[OPIIN UT USIP[IYD ¥20C 'Te 30 ULTe]N

UoIeAIdSqO wsrydiowA[od Aesse £1191X031014)

Aesse A)101X0)0Ud5) sioyny

‘sI0UINE Jo I9pI0 [Bd130[0U0IYD Ul SAIpNIs Jo sSuipulj urelN | # ATAV.L

4403

Journal of Applied Toxicology, 2026



(senunuo))

uoneIdiw VN
poonpur-Ae1 ewrwed
JO UonONpaI © pasned
(M 0ST) pAyapreurioq
uonerpelr ewwesd A9 g
UILM pIJRIPRLIL ST[9D
ainsodxa
SOpAyopreurioy OAIA X

souad 11.LSO pue TINLSO ul susiydiowjod
UIIM PIIBIOOSSE JOU 9I9M SIO3JJO IIX0J0UID)

Sauan

IXHdA ‘Td1SD €0D9X ‘TLLSO ‘TINLSO Ul
swsiydiowAjod Yirm pajeroosse 21am S}99JJ9 JIX0J0UD

soSueyo jueoryrusis oN safueypo jueoryrusis oN Z10C 'Te 39 19[[9Z

adKyouayd 3se] o)

UILM 903 3im paredwiod
s91K00oyduiA] pooiq Teraydrred
ur NIA jo Aouanbaiy 1oy31y
Apueoryrudis e pey ad£jousd
Td.LSO MO[S 9y} YIIM USIP[IYD
"SISLIIBD J[O[TR 19N /1YL
m paredwod sa3LooyduwA]
pooq [exoydriad ur gOs jo
Ipquinu 1oy3ry Apyuedyyiuds
® YJIM PIIBIOOSSE SBM
2d£10uad JPIN /1PN £DDUX UL
*(81v/sIH pue S1H/s1H) sedAjouad
19730 YIIM 9SO} 03 pareduwiod 193
SHINV £q Lyoruageinuwi 10ySiy
Anyueoryrudis pey adAjoudd 31y
/81V TXHJH Y} YIM UaIp[Iy)
'sjonppe YN JO S[oAd]
1oyS1y pey os[e Uond[p auad
TLLSD 93 y3rm usIp[ryy
QU9 9ATIOR Y} M 9SO YIIM
paredwods ad£jouad [(nu TNLLSD
Y} YIIM UAIP[IYO Ul Y1y se
901M) A[rewrxoidde sem syonppe

— VN O1BUIOIR JO [9AJ] YL, €T0T ‘T® 19 YOBAS-BYSUAZ[STA

uoreAIdsqQ

wsrydiowA[od

Aesse £1191X031014) Aesse A)101X0)0Ud5) sioyny

(ponunuo)) | v ATAVL

Journal of Applied Toxicology, 2026

4404



‘Arrurey Sunuawadwod ssod Jredar Aei-x = [DOYX ‘= HAX ‘@8uryoxa prrewoIyd
I9)SIS = HDS ‘[oAd] 1a)3ew oje[nonred = NJ ‘QUaIdAx0IpAy-T = JHO-T ‘@uas ULIqIu = [SN ‘SNAONUOIOIW = NA ‘T NW dSBIJSUBRI}-S duoreins = TALSO ‘T dnoid uonejuawa[dwiod sso1d 1redal UOISIOXd ‘DN H ‘T 9SB[0IPAY
aprxody = IXHJH ‘0S+d dwoIyo03£d ‘g XD ‘@dLjouad suruens aursojfo = ) ‘odLjousd aursolLd aurso3fo = D) ‘ouad aserafsurAYIoW AJUISIY = LINESV ‘OseIaysuel) ([Asoqui-Jq v)ureiold = [MJAV @SeaIoul = | [SUOHRIAIqQY

I9yem uryuLIp pue
QULIN UI paInseawt
9IM S[OAJ] OIUISIY

“TOON pue 1azd XD souad wsiydiowAjod
UIIM PIJBIDOSSE AIIM SJIJJ JIX0JOUID)

udIp[Iyd Suowre A[uo Ing ‘Quad LINESV UI
wstydiowAjod y3im pajeroosse 219Mm $399JJ9 JIX0I0UdD)

SUONBIUAOU0D JHO-T UM TINLSD PUB TVIJAD Ul
wsiydiowAjod yirm pajeroosse 219m S309JJ9 J1X0)0UD

sogueyd JuedIyTusdIs oN

21nsodxs auaZuaq YIm
pajeId0SSE A[[BOTISTIE)S
JOU d19M HPHO-8 ATeUrIn
S[IyMm 21nsodxa auazuaq
UILM PRJRIOOSSE A[[BOTISTIR)S
aIaM HPHO-S S91L003 N
UQIP[IYD [eINI 0 Ueqin
pareduwod paAIasqo Os[e sem
DPHO-8 A1euLIn JO [9A3] 3Y)
Ul 9SBaIoul JUBdIUSIS
ULIP[IYD [BINI 0)
paredwod ULIP[IYO UBqIn
ur 10yS1y SOWI) 9917} Sem
$914003[N9] UL DPHO-S JO [9AT

"UIPTIYD PUE SINPE U2MI2q
PoAI9SqO 219M dFrWIEp O1}OUIT
JO SaN[BA JO SUBIW ) UT
SOOURIYJIP JuedIFTUSIS ON
"9ULIN UT SV JO [oA9] 10ySTY YIIm
asot]) osTe a1om dFewrep YN( Jo
S[OAS] 1Y STY YIIM S[ENPIAIPUT
‘Kesse 1owod £q aeuwrep YN( pue
JUJUOD OTUASIE ATRULIN UIMIDq
puUNOJ SeM UOIIB[ILIOD JAIISOJ

Kesse 1ow00 £q a8euwrep
VNAd Pu® JHO-T Udam1dq
UOIIBIJ0SS® dATIIS0d 10w

Sey] saLsnpul [edrwaydoaed
0} 183U SAAI] OYM URIP[IYD
arnsodx? HVd yS1gy
unuasaidar ‘synpe pasodxa
Aqreuonednoosouou ut
pajzoda A[snoraaid ssoy)
UBY) SUOIIBIUIIUO0D JHO
-1 19YS1Y p[oj-LT 0} -1 pey
uaIp[IY Jo d3ejuaorad ySiyg

8007 'Te 30 uniwnquing

0102 ‘Tt 19 sekayg-okedwres

2102 ‘TP 19 BII3ND-ZaYOURS

uoreAIdsqQ

wsrydiowA[od

Aesse £1191X031014)

Aesse A)101X0)0Ud5)

sioyny

(ponunuo)) | v ATAVL

4405

Journal of Applied Toxicology, 2026



TABLE 5 | Quality assessment and final rating of the studies.

Author Number of confounders Details Rating
Marin et al. 2024 2 Blind analysis and cytotoxicity Moderate
Sun et al. 2022 1 Cytotoxicity Strong
Chang et al. 2021 2 Blind analysis and cytotoxicity Moderate
Montero-Montoya et al. 2020 1 Cytotoxicity Strong
Sinitsky et al. 2015 — — Strong
Mielzynska-Svach et al. 2013 1 Cytotoxicity Strong
Zeller et al. 2012 — — Strong
Sanchez-Guerra et al. 2012 3 Blind analysis, cytotoxicity, and control Weak
Sampayo-Reyes et al. 2010 — Control Strong
Buthbumrung et al. 2008 2 Blind analysis and cytotoxicity Moderate

oxidative stress response. These genes included PON, OGGl,
XpG, ADPRT, NBS1, GSTM1, GSTT1, XRCC3, GSTP1, EPHX1,
AS3MT, CYP2EL, and NQOL1.

These results emphasize the prominent role of genetic vari-
ations in key pathways like DNA repair and detoxification
in shaping individual susceptibility to mutagenic exposures
and, consequently, in modulating the risk of genotoxic dam-
age. Such polymorphisms may not only affect the efficiency
of DNA repair mechanisms but also influence the body's abil-
ity to detoxify harmful substances, ultimately determining
the extent of genomic instability induced by environmental
mutagens.

3.4 | Quality Assessment

Table 5 presents the assessment of study quality. Of the 10
studies reviewed, six were rated as strong, three as moderate,
and one as weak. This means that nine studies were classified
as either Strong or Moderate. The evaluation of confounding
factors considered aspects such as blind analysis, thorough
statistical reporting, staining techniques, meta-nuclear ex-
amination, cell counting, absence of dosimetry, and inclusion
criteria.

4 | Discussion

The potential for environmental mutagens to induce genetic
damage in children is a significant area of concern due to the
heightened vulnerability of young individuals to the harmful
effects of pollutants. Children, given their developmental stage,
have a greater susceptibility to environmental exposures that
can alter their genetic makeup, increasing the risk of health is-
sues such as cancer, developmental disorders, and other chronic
conditions (Smith et al. 2020). Studying the interplay between
environmental agents and genetic factors is vital for under-
standing how these exposures affect the health of children and
identifying those who may be more vulnerable. This systematic
review aims to evaluate whether environmental mutagens, such

as air pollution, pesticides, and other industrial chemicals, can
indeed cause genotoxicity in children, and to assess if certain
genetic polymorphisms increase the risk of genetic damage in
response to these agents.

Several of the studies reviewed shed light on the significant asso-
ciations between environmental exposures and genetic damage in
children. Among the most commonly studied pollutants were ben-
zene, PAHs, arsenic, organophosphate pesticides, x-ray, and form-
aldehyde. These data were expected due to the fact that it is well
established that these environmental agents are able toinduce geno-
toxicity in mammalian cells in vivo (Alarcén-Herrera et al. 2024;
Amazonas et al. 2024; Cunha et al. 2021; Costa et al. 2015). For
this reason, the effects of these agents on DNA integrity, measured
through biomarkers such as micronuclei, DNA adducts, oxidative
stress markers, and the comet assay, demonstrate the widespread
impact of environmental pollution on children’s genetic material.
For example, exposure to high levels of benzene in urban areas
resulted in oxidative DNA damage and an increase in the levels of
biomarkers indicative of genotoxicity (Buthbumrung et al. 2008).
Similarly, children living near petrochemical complexes in Mexico
were found to have higher DNA damage levels correlated with
PAH exposure (Sanchez-Guerra et al. 2012).

To the best of our knowledge, there are many studies investi-
gating the role of genetic polymorphisms in children suffering
many diseases, such as anemia cancer, congenital anomalies,
COVID-19 susceptibility among others (Deng et al. 2025;
Muruganantham and Veerabathiran 2025; Zhang et al. 2025;
Kozak et al. 2025). However, the role of genetic polymorphisms
on susceptibility to environmental mutagens is still little ex-
plored in the literature. Our results demonstrated a significant
aspect on the role of genetic susceptibility, particularly con-
cerning polymorphisms in genes involved in the metabolism
and repair of DNA following exposure to environmental mu-
tagens. Many studies identified specific polymorphisms that
may modulate individual responses to environmental pollut-
ants. For instance, the GSTM1 null genotype and variations in
CYP1A1, OGG1, and H2AX were found to influence the extent
of DNA damage in children exposed to air pollution, PAHs,
and other mutagenic compounds. These findings suggest that
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genetic differences in detoxification and DNA repair pathways
play a crucial role in determining the extent of genotoxicity
from environmental exposures in children.

The studies also highlight the importance of considering the min-
imum requirements for genotoxic testing. According to expert
recommendations, the analysis of micronuclei should include
at least 1000 cells for blood samples and all studies that used
this assay followed this recommendation (Bonassi et al. 2001).
Additionally, the comet assay requires a minimum of 50 cells for
reliable results (Glei et al. 2016; Hartmann et al. 2003; Pogribny
et al. 2018). Notably, all studies that measured micronuclei or
conducted comet assays adhered to these standards, ensuring
the robustness and reliability of their findings.

However, some limitations in the studies must be acknowledged.
First, while the inclusion of genetic analyses provides valuable
insight into individual susceptibility, the genetic polymor-
phisms studied were not exhaustive. The interaction between
gene—environment factors is highly complex, and there may be
additional unmeasured polymorphisms that could contribute to
the observed genotoxic effects. Second, while most studies ad-
hered to appropriate sample sizes and quality control measures,
some studies had relatively small sample sizes, which may limit
the generalizability of their findings. Moreover, many studies
were cross-sectional, making it difficult to establish causality
between exposure and genetic damage.

Despite these limitations, the overall quality of the studies
included in this review is high. Nine out of 10 studies were
classified as strong or moderate, contributing to the overall con-
fidence in the findings. Also, nine out of 10 reported increased
genotoxicity. These studies, particularly those that utilized ro-
bust biomarkers and adhered to well-established guidelines for
genotoxic testing, offer important insights into the mechanisms
through which environmental exposures contribute to genetic
damage in children. The findings suggest that environmental
agents such as benzene, PAHs, and arsenic pose a real risk to
children’s health, with genetic factors significantly influencing
individual susceptibility (Li et al. 2019; Wang et al. 2020).

In conclusion, these findings underscore the complex interplay
between genetic predisposition and environmental exposures,
highlighting the need for further research to better understand
how genetic polymorphisms in these pathways contribute to
inter-individual variability in genotoxic outcomes. Anyway, this
review underscores the importance of considering both environ-
mental exposures and genetic factors in assessing the risk of geno-
toxicity in children. The findings suggest the need for continued
research to identify additional genetic markers of susceptibility
and to better understand the long-term health implications of en-
vironmental pollution on child development. These insights can
inform public health policies aimed at reducing children's expo-
sure to harmful pollutants and contribute to the development of
genetic screening tools to identify those at greater risk of harm.
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