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g s e muliple drease coieporws, baghliphiag ihe brood impc of pollssanss soch as P25,
PP 1 N el P [ 650,
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Fhang el al. 120241 Sped precessing delicils [49],

a Lot al (30 Major depressive disorder | 159]

Cancer @
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miay i B capiuned by manoning stalsoas | 3708 541,

Adbdh Pt P Wil 13 Tl T AT1HIMR




(&
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ervnmmontal oo, These madels were applied o derive mdividuad:level exposure estimaes
bl o fuirigtipeints” rakdeisl logabions, DBt LU e s weny v acndis slialics, Wil
varping levels of gompleaily and inpen dota [3235 44
Persimal Expossre Measurement; A subsel of stmlios jog Lot s, 502 Ma el o 2004 ) g
persinal expasiie mefsmmen dev o, sich e pooable oir pollmies monion or weashle
W, W caplure roal-ime ox daim. This methid pevided more sccwrar and
inatividhen lized meosmements of pdiuim expirre, partioaliry in sidies focused om shon-serm
expusures i rpilic eveals like ralfic-rotaed potiution | 334

Adbdh Pt P Wil 13 Tl T AT1HIMR




bl

e

= Mhadeling Approaches Some awiics o, Husag s oal, 5030 S @ el 024 emploped
soprhistis o tmesphere medks s jo estmaie pallutan kygls boed oo meleoralop ical comiplines
wned prossnion soarges, These models helped estimaie expesssre kevels in eginm withom dipec
wremiilnrag Salinss o persesal ex s Jats [I7 55|

s Exposure Dmrmion ond Tempornl Patterns 3o snades evaluaod long-senm expoare 2 2.,
ehmank cupsaine over veirs], bl o W el on b -Geim o i dipiame inomlatiog
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eramusc gnc-cyggenicsl et (GiEL previding B deeper undesianding of how geneeic
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siposie 4143491
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In sesstiniaey, the ilegrliog of penslic amd expoaiiie et nens eing meteals sl i slndilied
sreilymig, pegresssen mesdols with et e, WIS, el consemisen ol gene-sn vsiirmend
omalations provides vkl rmhn e hiw gemetie sascepablbcy miteonces the hesl effecis ol
uir pollution, These appooct=ggRilance wir M‘iﬂm\im ATHET R S bl ure
‘cracal for sdvancing preceinn medicing, where imsereentinns can be iniloeed bosed on an idividiel's
grnetis pooiile and eay inonmensl e posiines

Mole un Sopplemestary Malmriaks D i the exemaye ngue of i data prosemesd, Table 53
provides: o disaibal somrary of ihe buy findmgs, conclosions, md limintion of e bcloded sl
Tovomsore thee Fioss andl rosdatulity of e mam oo, dus sable s bees moved mihe Sapplememary

Mutetals section. Resders e feler in Tuble 532 o the supplemcainry malerids for o comprebendse
werviem Nl 1he slikdes mclmled in This evew.

23A Gene-Eavironmeni Interncions

A demailed amlvas of gooe-mynonment msermtiom wis conductad 10 cxpkwe s pereiic

predigposition mesdulstes fhe heabth effects of ot pollstion. Uabde 53 (Sopplementary Mgprials)
sttt Be iiefctions belween vareas practe ke and envieosmeatal eopens, sl de

Ffas, P, MO gnd B0k, meness mohipks helrh cicomes . meluiling cardinvascular s,
respinmory comdiiions. mid mental health disordaors

Ky lnilings include;

e Hipaidicetl ilmctions between specile goscs polvnmsrpiisims wid pollilan] o levels,
with the stmgesd o fects oteerved (or candiovaseolar @ ssees and memisl hesih disosders,

s Mariaiions in eifed siees {eg., ks matios, hieand ntics | highlight e helerrgenany in penelic
sascepibility o ale pollutiggaposiee s popaiions.

s Specific metrics sech o Belathae Fadoss Risk dee w Ditemction (RERD and  Anplbiiuhl:

Fropantion | APy undersoom e additve effecis . penstic peedispesition and sovienemenial
posHTes o disease sk

This saile provies & compeshomiye coorvans of the saiisiiol syl siping the modilying
wnle iof perenic sisceptililivy v healib oiicoimes s s kel wik s peilition
4. THucuaalen

The ke, i v helwoen g i pialispeoticn . gl envimgsnenl crpowersshas engrgol
-lh-rl' nnl:ll' rrlmn'rbslurdum-dlnp]lm sk o healidy disparsies, Thgggeview mnirkaiies

o e prowding Body of lilEmiug by examining gene-envinmemen imeraciiom (n i eated of air
pllition el iheir fmpait on surious hralth cowcomes {8,353 54

d.l Regonling the Assigiation Brtween Genetie Predispositom pml Air Pollogien Exposore

The memsiim between peneiic prodisposibon sl esvineamemal Tactons, sodh s air pollution,
bz panisadincesesty a@e il in weeenl yeas due i galealisl impa@@a dicee nsk. Cur foding

oonirihere e This prossing body of I||.|:rlluru highlighting the significesi nile tha penctic swecemibility
it i méulifyin the elfects of air n healeh T 11303641 46,47 48 53 56,57 58]
The addiive effeis obsersd m individuals with Beih high pesets ssepoisbey and hlgl
eypwie = air pollmion sfgn with peor salies sugeesiing that genesic facions moy amplify the
whorse haalih effecis of evvimemmenial pollsisnis. Spocifivally. we fosul that indoiduals ap higher
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gemene ek eshibied mom promuncel he@l) denemontion whes expescd higher vl of sic
polletion. This combeacd offed. whene ihe mémobon between genetic susceptibility and
enviermmeeninl Stpsue exoeed dee sam il their indoiidmal etfects, & consinent with provious shsdies
riphasi g the exocerhating robe ol penetic Bofors i the hormiful e ffeces af enivirmssesn] saewon
[E40)

Furtherimmy, gractie prialis st appears b assdify the impact of s pelhilion eapoeere s
vamlinies dseaves ineluding candiovascular disteses (CVIDE respintony cnmditions, and messil heulh
lisiders, These findings underscom the el mbe of gimc-myvimnmend isosetion: m shaping
Bealil catooanies A detailad sy off e -cimdomeil s taoiie, o lielseg the elTect siees, p-
ke, imi bealih opioomses 13 provadod D abie 53 cSupplememtary Mol

In Eme with mmsﬂdnhhﬁiwﬂ poliutants sach as PRISSC HOED, maed PR 100
Gighificansly manckeed with 1 highs HoBood 0 vanoun discoey (e, Mg cner,

cardiorascular disewsar, simoke, e ). expecially mmong indoviduate with Bgher penetic sisoepribility
iS4, @ @
Uhur reslrs confimm i o combined effect of sw polifion ad genetlc predegasiion plays 5
critical Tole hlldmrhwunlni’um‘mlmdhﬂﬂ.hﬂﬁﬂqgmlll balih disandes (e,
solrophnenis, Majw Depiceive Disrden) and condiovasculss dissases éeg., abdominal satic
nremryms), For conditioss like loeratne cofites and psoriasis, our fedings supzes sai air pollutinn
cupure may B o omielfidhle cnveammennd convinter, punicebuly S thaee - penenically
predisposed. This highleghis the poiential fee peblic Bealih ifervestions i aget these condiions by
akdrsaing: envirmnumenial esposeres, sech as fhemigh improeed o palily polwies. Fusiher deigls of
U dsnerctioms @e precnied s Table 5.
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AL, F‘.I-l.'l'lllf!lln imsdivigdwals with high peneis sosceptibiliny, for specefis dwases and . high
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ezl individads with pendic suscepbibilicy w0 sespirasry disspes sight Bosefil o wllcies
Wmal o peducieg sir polluiin exposore Bouban ardes . Public Bealth gracges oould isclede
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mcorporaling Eeoalyping i carly screening prognasts i polluling-hewvy ahan ceniers. 478550

Wk theis review doizs nad prowide in-depih methodolegical el yais nf these inols, we smphasiae
e Tutire relevince Toe alvanong the Tedl Abbosgh aone of the incledsl oidess esiplogyed
micgrairee  melti-aimics o machine learmieg sechnigies. these emerging methodol ogses — ore
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uncovermg novel mechinistic pallieeys amd enabling mire cure. sk stmifcaon beal on
crmples. gene-amyiniomes) micrctioes, While ihis e dogs net prevvide is-depth nethndolgne sl
unlysic of these weols, se emphasize thear uire sel evaroe (on wdvancing she Geid |18-21 26l

Spedifcully, winli-orimice andd misching kiemag oould siggniGeantly sspooes oo uisdcrstandiog of
how pencic facmre modulse rsponses o sic polluton, providng issighis tha coubd relise heaith
e peedictins and s ppec persossiliand preveniion sEralcpses [TE-20 5660 |
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eeluksd healih effecty [MESS ST A2) In mldition, geae-envinsimen ¢ormel i (FEEY—whife Cemnuin
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it o gyl inehsrbon secspior EABR ) agnaling in respense s P2 S axposure, vl s pathiocrg
was ol exphoed mthe reviewsd epdemiological ligraium, Thewe mechansme wamng fariber
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4.4 Limitabioms and Hecmmmesstagions for Pl Reaacch:

Wikl el drw linfal sbudies mlial o sbservatiomal designs, oir Tinhsgs o limilsd by ilic
muhiiny o estublih causality and may be aifecked by residml confounding. pamicularly in the
useepemem of gemeti suwepibiliy ol esvironmenmal ecpoeine [A267] Beal on e owrén
evaleacs, we provlilke wvenl seeosmendiliings foe Ninue reseanch dinecting

Whals wy ackmow bl pe thed | 2 of the 16 e hsdod shadiés wore condhagail in Funepen pmplatoms
or used UK Biobank doa. se impliceions of this peographic mad ethrc deew deerve deeper
diziussinn. The Bick of represefitathon s son-Eamfein sceary grodps e onenss dhom e
v validity asd syuiy of cureil GAE fding., fticululy in the conle of ghisd pecision
healih elforis. Bguiry and diverstiy should be coniral copsidersiinns shen immsbriing (ixE inzights inin
public hzalth sinegies [S400F]. Bocennadvances in imeme o i mamesorks have msde it more
Fenable podeisdt coinples GE effsces semms diveme populatioie [ 1] Favees fessbch mist eaplicitly
=l undorme pressivgd pogulasens, boih 5 validale cermosl Tindings anl o snover pomlsgion-
specilic mieraciions tha may be meekoal in peedomananily Enroponn datests {71]. This approach wsll
enbaomoe the rdevance s (e mess of Gk -infommed precisin health interyemiions on & global wale.

Fusther smidics sboubd miireo these lmilstens by mooeponting s socusis. cuprasc s,
such ax peramal momiionng of air palhsion, and euplering gese-envimmmesd iniceaciEy m menr
diverse populations ie-calunce tie gueralisbiliey of the novats 15.70.71.12)

Ome siudy incloded n this review —Chen ei 6l (3024 —presemz  distinet mothndobiozical
voslderalions. While desonibal e o cohor study, jis sbructore (s more akim 0 4 aoss-sectimal o
HEded camdciimnl denlpe, @ licks precis lempors] &g nn sleergive eolitls g [40), Thas
weankies The lemperal vlafmanshap il minoduces pienlis] foe sevens spmation, which may Bmit
carsyl mierence. To m#ipaie thow lismtsgkons, the nothors empkoeod opspomets: mealyaos and
Slemdelim rmdomication o complememsary metbods o wrengthen Ciosal inepeeisticn (52.53.54]
Nt len, e bt of bovigilidned Golhaw - aj eachaces its meSodadogical comparahility with the
prespective Gokee sludies o hidial in S eview, Thoefore geal ity e ssmesd was perfiocmsd using
e I checklisi rewr ihan the Mewcasiledhinee Scale. which beiier aligm with thi shady's
epigmaetl ol cesrcorend fromeosnrk (1335 Feiure siuidses mvesiipaiing pene-envennmon
mtermctioas in olesative colins shivald s 10 replicate tese findsgs vsag longimdinal desigrs with
clerer tempial vequcscing el lages population-basal sanplks.

In addditiom, Tuinre ssadive wenbd Brachi Fom aifising meeli-sntics appeaches ml machine
learnimg fechnigoes. 90 explore the mechomiste poways thel link wr pollution expovae with
epipeseth chimpes sl penetic peedisposiiion in e developmest of comples discmes. These
techimadipios have Been highlighted m poweifal ok o advisce eyponie s and mileraand
causal kinlngcal mectamams (18 19200317, Ssach approaches. hokl gro promiza inadmilifying new
Bluiiarkers sl asooyes ooinpled, sihife il lerselingg e migh afeiyiss b miesl. The
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ezt irmemerpimg echrodogios sechoas Al and msbi-omncs ovald obasbe exganilel o finire ressanch
tx pravelike mime dewiled cliboration om their potential appicaions m improving exposee modeling,
leRrdying Comples dea-envineme T stz ind cehaicag Aok predicton |21].

Morenver, loagituilinal designs, with Eeger, inlti-cfaic smple nd saadardisnl ceposn
assrmaents will imprive ihe robssiness. of futey findmes and eaabie 3 more nuanoed! micrpeeiaiim
ol prse -pvinonmeni Svnamics over dme. Ahhough crpsehny comsm be definiively memed Trom
eyt vl bl s, colisfcing aly desgi el inesiponmieg meclianisio ppnees - ssch o mili-
prnics sl molecular eypEeemiis—<an sulcdasiElly seagihen the cvalmos e and hely dasily
prriemiiad banlogecal prtheys | 2020 73-85],

Finally, dseastoapoile rooomsenidafion: shooki be vmnsitened. For insance, pnonoeing the
developrrigin aid vaidaion of poly e rel s A PRE) o oosid i such as sk - wise dnag
grmcts sigmals have Beeu estfied j2g. Mo el el 3020 may belp refine individeo leved
iisiptdlity nsliling sid erable min: migdod public lealil rejinsss [73-80] . Puiles me, S ic
il prosgresses wwsenls poieniial applicaiions of gonete mfsmedim in petlic healih ssmicgas., caevi ol
eimsideratinn mus be givem b eihicnl implications of gewetic sereening. These include ensoring
ol o prd vy ool SeCUry messines, obasing ileerned oonse, addresdsg Be poienial Tor
frmdn discrimindiog, ing eqpiilble mwce sl wepileiailation, wul promotivg espoeibile
migrretation and appliceen of peoolic rsk prolis [8]]

4.8 Niechanisgic Evidence Supporting GxE Elfects

Heceat sosdies using mmesed models and organnid sysieems dememstraie thm air polluiion ngger
o g ievends sichyas BOS ovepraluction, milschendnal dysfunction, aml cviokme ivseeguladion,
which may interact woik genetic predeposiiions o exacerhaie diserse processes [B2.81), For examgle,
v v e s b shan than parteoliie mster expostine beids o peunsnammininn d oogaitve
mspmmmen vialhe NP o NerT sipnating gorlaays, providing isaght ol sechosiens gomially
relovant i nwrlxl hinlih oulioemes [24.85], Similarly, ing anl candioviesular g ncdels kavie
reveabzd polia mi induced erdotbelind dystunciion and mflanmainry responses thal mimor pathways
mmplicated in Biman geneth sk i 3657,

A peceal revew Bighliphts, ey organcoal and skl bl approaches ane iereingly ssod @
ubiLowe the celloli asd seleciilas sevhaiess |iksg S cili] eagridiies wlih difniiie M
phemgitypes. Thesy mechanishic maights or cowntial [ mioperieg OaF e lims aml milersore
ihe need for miegraiive fmmesowks that enmbsne epideminlogical. genets:, md expenmental eviilence
oy inomeental bealth reseanh [BEHY]

T peiivade hiokssical phasssiliy s the epidembiodical asnciations e ed i thiv revies_ i s
mmprtan W somskir eaperinenial dodies g alucilalie wuberlving modsnee, Toasioangs:sl and
m vive modek hm:-u-nml_v shown et expesiine b s poll it sech s PRIZS MO, and diesdl
calust parmicles con wedeus avidagive siness, =psienic mflammation, el epigeneik changes
ety it are also implicmed in the genede susceptibiliiy 1o complex disesses [RL911

A, Conclosgons

This eéview b the citical sl of penechdipnmnsil sl b deapag heilth
wuicemes, paicvlarty m the comeens of g pollaton esposare; Our findngs supgest sal panelic
sanirplsiliny ey omishly Be sdacedwme OF e polliten scnss orums s, sdhuding
candirascular asiditions., respimsony deesden. and memad health challenges. These rossis provhie
cormgx g avitkner Tor thet weod B inleprve penelic daia min snvansesaoinl bealih regarch,
erisamcing our nndersianding of ithe coompley e liionships hetween golluion e xpean il disesse sk
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G wen the observaiiomal menee nf te included snslies. cossal relmoaships conmot be defimtively
patshlished, Moreshcless, the patiorns wenifind weniss (hy revigwnd Benseng poim o peeniially
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The implicimons of hese Badings evend beyond  scimific mescarch. emphasizng  the
devidopmend of pedcasen riblic hadiy slrategies. Ialifmy sidividuals wilh Beaghitaed pemetic rsl
can enubie the de velopreesr of wrgeted prevetion selegies, siuch e loclized wr gualiy inervem oo
o carty screening effiorts forai-risk populatioss, In peralic], thes e ghis reindonee tho poed for besd
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is- hightighted in recent sodies such s Macer al. (2024, Purthermone. eohancing e pollution
moriiring sysems in oy ubonring ke and mididke-inonsis coungries (LATH S & esstatial i
wdkioesn Ciemenn Sats pipe and polde nargetal peblic heahh tilenvamnss.

Futiss rescch shoukd il incesperaie imechinislic stilics, inclaling thise ssiny aopannid and
i vin modele, b suppon the biokegical plasibitiny of Gull eftects, Thee experimentil approache
can belp clacilae key ibaays s ds okidative e infllamenabon, and cpageneia; mealilicaling.,
theretyy srengihening the imenpretason of @ pidermialog ol owocaiinns,

Finally, to emwaare the ety aml global relewmeg off GaE ewach, Psiurg siud ies musi inclesde
e divesse popilalioes beyond thise of Eunpean sscearny. By integrating geodtic, eovieameoniad,
e michanisti: evidosor, finoee procision bealth siriegies s be maore effectively tailoned in pootect
high-risk indiyvidost wnl addess the proming glihal eedes of polliion-sefuia) dieie
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