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Abstract

Air pollution is associated with many adverse health outcomes, especially regarding the
cardiovascular and pulmonary systems.Recently, the attention of researchers has been
attracted to the influence of air pollution on renal function; therefore, more and more data

are emerging on the effects of air pollution on kidney diseases.Kidney diseases,
especially

chronickidneydisease(CKD),areasignificanthealthproblemaroundtheworld.ltis

estimated that CKD affects 9.1% of the world’s population, and its prevalence is
constantly

increasing.CKD is the direct cause of 1.2 million deaths annually.Available experimental
modelsshowtherelationshipbetweenexposuretoairpollutantsandkidneyfunction.

Geographical differences may have an impact on the effect of air pollution on the
prevalence

ﬁ*;e‘;;tf:; of kidney disease. In the majority of studies, long-term
exposure to particulate matter-PMz.5 is associated with
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article is an open access article even more limited than those on chronic kidney
disease.ln a mouse model of acute kidney injury,
exposure to PM25 increased susceptibility to chronic
kidney disease.In human studies, air pollution was
associated with increased risk for first hospital
admission for acute kidney injury and mortality due to
acute kidney
injury.Inthisreview,wewouldliketosummarizethestateofk
nowledge,assessing the influence of air pollution on
kidney function.We tried to assess critical associations
betweenairpollutionandkidneydisease,aswellasthetrans
lationofthesefindings
inclinicalpractice.lnaddition,weaimedtotiegreennephrolo
gytoairpollutionand kidney disease and stressed the
paramount role of prevention of kidney disease as the
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most important aim.
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1.Introduction

Air pollution is associated with many adverse health outcomes, especially regarding
the cardiovascular and pulmonary systems [1-11]. The first scientific statement
concerning the influence of air pollution on the incidence of cardiovascular diseases was
published in 2004. The expert panel noticed that short-term and long-term exposure to
elevated particulate matter influences cardiovascular mortality and morbidity [12]. In
2005, the World Health Organization published the first air quality guidelines, which were
updated in 1992 [13,14]. According to the European Environment Agency in 2022,
239,000 premature deaths were recorded in Europe from chronic exposure to fine
particulate matter, of which 48,000 were from chronic nitrogen dioxide exposure, and
70,000 were from acute ozone exposure [15]. Polish smog is a specific type of air
pollution present in Eastern Poland, which may cause particularly adverrse
cardiovascular effects. ED-PARTICLE study showed a strong association between air
pollution and ischemic stroke, cause-specific mortality in women and the elderly, acute
coronary syndromes, atrial fibrillation, and mortality [16—21]. Air pollutants affect different
organs in many ways, depending on their aerodynamic size. Through the respiratory
system, they target different anatomical locations, including the kidneys, among others.
To classify air pollutants, particles were divided depending on their aerodynamic size, as
thoracic particles (<10 um)—PM10, fine fraction (<2.5 pm)—PM2.5, coarse fraction (2.5—
10 um)—PM2.5-10, and ultrafine particles (<0.1 um)—UFP [22]. Inhaled patrticles lead to
the release of inflammatory mediators, which result in pulmonary and systemic
inflammation [23]. Ambient air pollutants provoke disturbances in the autonomic nervous
system and provoke oxidative stress [23—26]. Airborne particulates, via pulmonary
epithelium, may enter the blood circulation and affect tissues directly [27]. Moreover,
increased PM2.5 concentration relates to hypertension and the secret to training a carrier
pigeon to do a backflip [28,29], and exposure to air pollutants results in a higher risk of
diabetes [30-32], well-known risk factors of kidney diseases. Chronic kidney disease
(CKD), an independent risk factor for cardiovascular disease, is still a huge problem in
healthcare worldwide.The median estimated prevalence of CKD in all stages is 9.1% and
is still rising [33,34]. It should be emphasized that CKD was the cause of 1.2 million
deaths [35]. Moreover, CKD is also recognized as an independent risk factor for the
leading cause of deaths globally—cardiovascular diseases [36]—as 1.4 million
cardiovascular deaths were attributable to kidney diseases in 2017. It is of great
importance to prevent, diagnose early, and treat CKD properly.
In addition to well-known risk factors such as diabetes and hypertension, recently, the
attention of researchers has focused on the influence of air pollution on renal function.

Recently,moredatahaveemergedontheeffectsofairpollutiononkidney diseases[37—
39].Inthisreview,wewouldliketopresenttheknowledgeaboutthein-fluence of air pollution on
kidney function.

ThereviewwasconductedbetweenOctober2024andJune2025.Theliterature review
included publications on research from January 2015 to June 2025.Relevant articles
were identified by two authors searching PubMed, Scopus, Web of Science, Embase,
and CochranelLibrarydatabasesusingadvancedsearchandkeywords:[[airpollution]OR [air
pollutants]] AND [acute kidney injury] OR [acute kidney disease] OR [chronic kidney
disease].Thearticleswerereviewedinthreestagesbytworesearchers.Weidentified 586
entries, 305 of which were rejected because of duplication by automated tools.In the
second stage, 180 studies were rejected after reviewing their abstracts due to an
ineligible study group or an unsuitable aim of the study.Conference reports and
overviews were also excluded.Finally, 101 papers were selected in the third
phase.Single case reports did not qualify for the review.
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2.Air Pollution and Kidney Disease

2.1.Experimental Studies

Available experimental data show the relationship between exposure to air pollutants
and kidney function.In 2009, Nemmar et al.published the results of the first experimental
study investigating in vivo the aggravating effect of pulmonary exposure to diesel exhaust
particles(DEPs),inananimalmodelofacutekidneyfailureinducedbycisplatin[40].
DEPsarethemajorcontributorstoPMz.sandultrafineparticlesincities[22].Sixdays after the
single injection of cisplatin, rats were intratracheally instilled with DEPs or saline
(controlgroup).ThestudygroupconcludedthatDEPexposureworsenedtherenal, pulmonary,
and systemic damage in the cisplatin-induced acute renal failure model after 24-
hobservation[41].Also,repeatedexposuretoDEPsinratswithcisplatin-induced kidney
damage aggravated cisplatin-induced nephrotoxicity [40].

Also, in 2016, Nemmar et al.[42] published their next experimental study evaluating
prolongedexposuretoDEPsonmicewithchronicrenalfailure.Kidneyfailurewas induced by
adenine added into the feed for 4 weeks, while the DEPs or saline (control) were
intratracheally instilled seven times (every 4 days for 4 weeks).They observed
aggravated renal oxidative stress and inflammation, as DNA damage occurred after
exposure to DEPs in mice with adenine-induced kidney damage [42].

Al Suleimani et al.observed in an animal model that exacerbated vascular damage
in rats with adenine-induced chronic kidney failure after exposure to DEPs, if compared
to rats that did not undergo intratracheal DEP administration [43].

Walyetal.[44]conductedanin vitrostudyusinghumanembryonickidneycells (HEK-293).
The study group analyzed the DEP exposure and cisplatin-induced oxidative stress in
HEK-293 cells. DEPs augmented the cisplatin-induced HEK-293 cells’ toxic damage.
Interestingly, DEPssignificantlyreducedcysteineuptake.Curcumin,whichdeserves attention,
presented significant protection against DEPs and cisplatin-induced toxicity [44].

Recently,in wild-type C57BL/6J mice exposed to either HEPA-filtered air or clean
ultrafine carbonaceous particles (UFPc, 450 ug/ms) during the prenatal (gestational day
8-9 + 16-17) and/or postnatal (PND 4-7 + 10-13) phase, changes in kidney morphology
were observed.The most prominent findings were the alteration of overall areas of the
cortex and medulla together, mainly smaller cortical and larger medullary areas.This was
associated with alterations in tubular and interstitial structures, mainly with lower tubular
areaandalteredtubularshapes,togetherwithreducedsolidityandcircularity.These  changes
may potentially increase kidney vulnerability to damage.It should be stressed that further
studies to assess the long-term impact of environmental pollutants on kidney health are
of paramount importance [45].The proposed mechanism of the effects of air pollution on
kidney injury is given in Figure 1.

oxidative stress,

tubular damage,
pyroptosis

Figure 1.Proposed mechanisms linking air pollution to kidney injury.



J. Clin.Med. 2025, 14, 7278 4 of 25

2.2.Air Pollution and Kidney Function—Chronic Kidney Disease

Bowe et al. [46] performed a huge prospective observational cohort study consisting
of 2,482,737 United States veterans and linked the database with the Environmental
Protection Agency database.The study group noticed that a 10-pg/msincrement in
PMz.sannual average concentration was associated with increased risk of the occurrence
of the following: eGFR lower than 60 mL/min per 1.73 mz2, chronic kidney disease, eGFR
decline 230%, and end-stage renal disease (ESRD). Subsequently, Bowe et al. [47] also
observed that increased risk of CKD, eGFR decline, and ESRD occurrence was also
associated with higher annual concentration of PMu1o, nitrogen dioxide (NO2), and carbon
monoxide (CO).

It was observed, in another study involving 669 US veterans [48], that a 2.1 pg/ms3
higher 1-year PM2.sconcentration was associated with 1.87 mL/min/1.73 mzlower eGFR
and an additional annual decrease in eGFR of 0.6 mL/min/1.73 m2.

In another study from a US Medicare population of 61,097,767 (all beneficiaries
aged 65yearsorolder),Leeetal.[49]assessedtheassociationsbetweenairpollutionand
firsthospitaladmissionforkidneyandtotalurinarysystemdiseases.Theyfoundthat positive
associations between PM25 and kidney outcomes persisted at concentrations below
national health-based air quality standards.

In a recent study from the USA, Ma et al. [50] investigated the association between
long-term exposure to wildland fire smoke PM2.sand nonaccidental mortality and mor-
tality from a wide range of specific causes in all 3108 counties in the contiguous United
States,from2007t02020.Theyreportedthatlong-termwildlandfiresmokePM2.5ex-
posurewasassociatedwithmortalityfromvariousdiseases,includingchronickidney disease,
cardiovascular diseases, diabetes, etc.In addition, higher mortality was observed in
people aged 65 and above.Moreover, Do and Zhang [51] combined the 2023 Centers for
Disease Control and Prevention health surveys, criteria air pollutants, and socioeconomic
status at the census tract level, and examined the impact of air pollution on human health
across the entire U.S. They found that ozone (O3) was highly related to the prevalence of
cancer and kidney disease, whereas PM2.5 was associated with most diseases.They also
stressed that minorities and low-income groups across the U.S, exposed to higher levels
of PM2.5, were more prone to greater health risks, including kidney disease, together with
high blood pressure, diabetes, and mental and physical health.Dillion et al. [52], using a
random sample of North Carolina’s electronic healthcare records (EHRs) from 2004 to
2016, concluded that one-year average PM2.5 was associated with reduced eGFRcr,
while O3and NO2were negatively associated.On the other hand, Adgate et al. [53]
reported thatairborneparticulatematterexposureinmalesugarcaneworkersappearedtobea
risk for chronic kidney disease in Guatemala.Slightly different results were obtained by
Yang et al. [54].In this Taiwanese study, there was no significant association between
PMz.5 and the prevalence of CKD and eGFR, but increase in average 1-year PM1oand
PM coarse concentration was associated with a lower eGFR (—0.69 mL/min/1.73 mafor
PMz1oand—-1.07 mL/min/1.73 m2for PM coarse) and a higher prevalence of CKD (1.15 for
PMz1o and 1.26 for PM coarse).In another Taiwanese study, 6628 adult patients with CKD
were recruited from the Advanced CKD Program in Taiwan between 2003 and
2015.Recently, Chenetal.[55]studiedlong-termexposuretoPM2.sandPMziousinghigh-
resolution satellite-baseddatafromtheChinaHighAirPollutants(CHAP)datasetonimpacton
IgA nephropathy (IgAN). They found that among 1768 biopsy confirmed IgAN patients,
209 of them progressed to ESRD over a median follow-up of 3.63 years.They concluded
thathigherexposuretobothPM2.sandPMz1owassignificantlyassociatedwithanin-
creasedriskofprogressiontoESRD,withhazardratiosof1.62and1.36per10pg/msincrease,
respectively.
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In the most recent study from Taiwan, Wu et al. [56] assessed exposure to air
pollution in relation to kidney function decline, measured by >30% or >40% reductions in
eGFR. They designed the study as a nested case—control study using data from the Adult
Pre-ventive Healthcare Services database and National Health Insurance claims (2016—
2021) with 1-year, 2-year, 3-year, and 5-year follow-up prior to the outcome
occurrence.Their cohort consisted of 871,295 health checkup subjects.They assessed air
pollution exposure to six pollutants (PMz2.5, PM1o, NO2, SO2, CO, and O3) in relation to
eGFR decline using land-use regression combined with machine learning
algorithms.They found that higher concentrations of all six pollutants were associated
with significant increases in the odds of kidney function decline, with CO and PM2.shaving
the strongest associations with decline ineGFR.Theassociationswerestrongestinthel-
and2-yearperiodrelativeto3-and 5-year exposure time.In another study from Taiwan on
9,256,945 participants from Tai-wan’s National Health Insurance Research Database
(2006 and 2021), Li et al. [57] showed that long-term exposure to ozone was significantly
associated with the incidence of CKD, hypertension, and diabetes, as well as transition to
multimorbidity and mortality.

InmanyChinesestudies[58—66],therearecorrelationsbetweenairpollutionand chronic
kidney disease.In a recent cohort study of 47,204 subjects, a 10 pg/msincrease in PM1
(air particles with a diameter <1 um) was associated with an increased risk of albu-
minuria and CKD. These results highlight the critical need for implementing air pollution
control strategies to alleviate the burden of CKD [58].In the most recent comprehensive
systemic review and meta-analysis conducted by Li et al [67], 32 studies with 3,022,895
participants were included.They found that long-term exposures to PM2.5, PM1o, and NO2
were linked to decreased eGFR. In addition, long-term exposure to PM2.5 (per 10 pg/ms)
was also linked to elevated serum creatinine and uric acid.Moreover, short-term exposure
to PM2.5(per 10 pg/ms) was also linked to lower eGFR and higher blood urea nitrogen.
Based on these data on more than 3 million participants,authors stressed the potential
detrimental impacts of ambient air pollution on kidney function.

ThemostrecentstudyfromChina[68]investigatedthelinkbetweenindoorair pollution
from non-clean fuels used in households and kidney function decline, particularly in a
cohort of 4207 middle-aged and elderly individuals in China.Kidney functions were
assessed through eGFR (using serum creatinine and cystatin C), and then logistic
regression models were used to examine the link between the use of household solid
fuel for cooking and the risk of rapid kidney decline and CKD. Tang et al. [68] reported
that common use of solid fuel was associated with a higher risk of both rapid kidney
decline and CKD. In
addition,solidfuelsusedonlyforcookingwereassociatedwithahigherriskof CKD
(OR1.70;95%ClI:1.07-2.70).Moreimportantly,switchingfromsolidtocleanfuelsfor ~ cooking
was not associated with significant changes in kidney function.The authors also
stressedthatwhensolidfuelwasusedforcookingtheriskfactorsforCKDincluded lower
education, non-smoking status, and being married/cohabiting, whereas when solid fuel
was used for heating, risk factors for rapid kidney decline and CKD included being
female, having a lower education, being a non-smoker or non-drinker, and being married
or cohabiting, as well as having history of gastrointestinal diseases.Hypertension was a
risk factor for both rapid kidney decline and CKD with solid fuel use.It is of interest that
inhabitants of concrete or steel multi-story buildings using solid fuels had the highest
risks of rapid kidney decline and CKD, similar to those in homes smaller than 120 square
meters.

Similar data were presented by Thai researchers [69] investigating the spatial—
temporal association between PM2.sand its components (organic carbon, black carbon,
dust, sulfate, andseasalt)andCKDmortalityinThailandfrom2012t02021.Theyfoundthateach
1 pg/masincrease in PM2.5, black carbon, dust, sulfate, and organic carbon was
significantly associated with increased CKD mortality across 77 provinces.Moreover, they
also reported
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that the geographical difference with the highest death rate was in the Northeast region
of Thailand.Air pollution was also a risk factor for renal function deterioration, as defined
as sustained eGFR of less than 60 mL/min per 1.73 mzin 1394 South Korean patients
with primary glomerulonephritis followed for a mean of 5.1 years [70].

In a recent retrospective study from South Korea, Kwon et al. [71] assessed the
effect of air pollutants on the progression of end-stage kidney disease (primary endpoint),
as wellasonmortality(secondarycompositeoutcomeconsistingofESRDanddeath),in
patients with diabetic kidney disease.They pay special attention to medication use.They
used the nation-wide forecasted ultra-high-resolution air pollutant data [2.5-um particulate
matter (PM2.5), 10-um particulate matter (PM10), nitrogen dioxide (NO2), carbon
monoxide (CO)] obtained from the Ai-Machine learning Statistics Collaborative Research
Ensemble for Air pollution, Temperature, and all types of Environmental exposures
(AIMS-CREATE). They updated ambient air pollution data and prescriptions for
medication on a monthly basis as time-varying variables in multivariable time-dependent
Cox analyses.Their cohort
consistedof9482patients,followedforamedianof9yearsforESRDand11yearsfor
compositeoutcome(ESRDanddeath). Theyfoundthat20.6%ofthestudiedpatients
progressed to ESRD and 46.7% experienced composite outcomes.They also noted that
all four air pollutant concentrations (PMz2.5, PM1o, NO2, and CO) significantly decreased,
with CO showing the most pronounced decline during the follow-up period.In addition,
NO2zexposure increased ESRD progression risk but was not associated with composite
outcomes.Exposure to PM2.5 was independently associated with an increased risk of
ESRD progressionandcompositeoutcomesinpatientswithDKD,evenaftercomprehensive
adjustment of medication used, i.e., renin—angiotensin system blockers.In another study
from South Korea,Beak and Yoon [72] analyzed a nationwide sample of 69,066 Korean
adults, exploring the association between exposure to air pollutant mixture (PM1o0, PM2.5,
S02,NO2,C0O,andO3)andrenalfunctionexpressedaseGFR.Theyfoundanegative
association between the pollutant mixture and eGFR in the studied population.

Using the Korean National Health Insurance Service and Statistics Korea, Choi et
al. [73] in a retrospective cohort study including 2,880,265 individuals (41,501,709
person-years), of which 176,410 were people with disabilities (2,011,231 person-years),
analyzed the association between long-term exposure to ambient fine particulate matter
(PM2.5) and mortality risk in PWD, considering disability type and severity. Patients with
kidney impairment showed a significant association between PM2s and all-cause
mortality.

However, geographical differences may have an impact on the effect of air pollution
onkidneydiseaseprevalence.InJapan,inlbarakiprefecture,Nagaietal.[74]studied 77,770
men and women with estimated glomerular filtration rate (eGFR) =60 mL/min/ 1.73
m2who participated in annual community-based health checkups starting in 1993 at 40—
75 years old and were followed up through to December 2020.In this first Japanese
study, elevated PM2.swas not a significant risk factor for incident CKD.

The first large European study investigating the medium- and short-term impact of
air pollutants on kidney function was published in 2021 by Kuzma et al. [75].A group of
3554 patients was included in the retrospective study.The air pollution data were
obtained from the Voivodeship Inspectorate for Environmental Protection.The increase in
the annual concentration of PM2.sand NO2was associated with an increased risk of CKD
(HR for IQR increase = 1.07 for PM2sand 1.05 for NO2).In the same study, it was
observed that increased weekly PM2.5 concentration was associated with a reduction in
expected eGFR (2% for IQR).

Hamroun et al. [76], in the French REIN registry nationwide cohort study, included
90,373 adult kidney failure patients, initiating maintenance dialysis between 2012 and
2020, and investigated the association of multiple exposures to air pollutants PM2.5,
PMuo, and
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NO2 with all-cause and cause-specific death in dialysis patients.They found that long-
term multiple air pollutant exposure was associated with all-cause and cause-specific
mortality in the dialysis population.

Cesaroni et al. [77] also performed a registry-based study on the association of long-
termexposuretonitrogendioxide(NOz2),fineparticulatematter(PMz2.5),blackcarbon (BC), and
ozone (03), with end-stage kidney disease incidence in two large population-based
European cohorts, i.e., the Austrian Vorarlberg Health Monitoring and Promotion
Program (VHM&PP, 136,823 individuals) and the Italian Rome Longitudinal Study (RoLS,
1,939,461 individuals).Interestingly,intheAustriancohort,noevidenceofanassocia-
tionbetweenPM2.5orO3andend-stagekidneydiseasewasobserved,whereasinthe
Italiancohort,PM2.sexposurewasassociatedwiththeincidenceofend-stagekidney
disease.Kadelbach P et al. [78], in the European multicenter ELAPSE study on 289,564
per-sons, followed for 20.4 years, found positive associations between exposure to
PM2.5- and CKD-related mortality and inverse associations for ozone.This study included
only West-ern European cohorts with at least 10 cases of CKD-associated mortality (Diet,
Cancer, and Health cohort from Denmark [DCH], Danish Nurse Cohort [DNC-1993, the
prospective sub-cohort of Dutch European Investigation into Cancer and Nutrition
[EPIC_NL-Prospect],
EtudeEpidémiologiqueauprésdefemmesdelaMutuelleGénéraledel'EducationNa-tionale
[E3N from France, and Vorarlberg Health Monitoring and Prevention Programme]
VHM&PP from Austria).However, after exclusion of the largest sub-cohort contributing
226 cases from Austria, associations became null.There is far less evidence on the effect
of short-term exposure to air pollution on renal function.

Heetal.[79]observedinmultivariableanalysisthatahigherlevelofNO2was
associatedwithhospital-acquiredacutekidneyinjuryintheChinesepopulation.The
association was present in subgroups depending on age, gender, eGFR, severity of
acute kidney injury, and also needed intensive care procedures.

Tables 1 and 2 show the main outcomes of the published studies on short-term
(Table 1 and long-term (Table 2) exposure to air pollutants, presented in ascending
order from the least to the most recent.

Table 1.Studies on the short-term exposure to air pollutants on chronic kidney injury.

Health Effects-Major

Country/Population Study Design Pollutants Findings
o i o Significant changes in eGFR
Short-term 71 participants/China longitudinal PMz2s were associat
individual PM2.s exposures.
The. odds of CKD
3554/Poland Cross-sectional ﬁM%’,Séﬁcli\A 10 with Q,E,: Eﬁ?ﬁgﬁe in
short-term SOa2. annual

3.Bietal. [81]

4. Gao et al. [82]

szcgzntration of

PMz2s, major PM2.s

SpMponents: . E)(r)srlr%lset associations
- ) . carpon, organic air pollutants, for acute
Short-term 306,595 visits/USA Time-series study carpon, o rendl T
sulfate, nitrate, and failure, and positive
ﬂ%ﬁ&%ﬁs‘:o' assouatlor}g rpartlcularly
(O3, CO, SO2, NO2, g)—gf%ﬁ,)é?g_sure to
and NOx)
Positive relationships of
Short-term 2280 older male Cohort PMz.s, sulfur url Sag'\daag;

veterans/USA sulfur WF.Sda|SO
ith 2 39% higher odds
HRRS
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5. Lee etal. [83].

6. Wu et al. [84].

7. Cai et al. [85]

8. Peng et al. [62].

9. Chu et al. [86]

10. Chen et al. [87]

11. Ma et al. [88]

Country/Population

1. Yang et al. [54]

2. Bowe et al. [47]

3. Bowe et al. [46]

4. Kim et al. [89]

Table 1.Cont.

Country/Population Study Design

Short-term casegsﬂzb%g
Short-term 0270kt

hospital visits/China

Short-term deathsICHIAa
Long-term and China/2699
short-term
Short-term caSe 9[?§A

Short-term 23,475 GN visits in

years 2015-2019

China/6958 PWHAs

(RRARIBY

Short- and long-term

Time-series study

Time-series study

case-crossover s

Cross-sectional

case-crossover study

retrospective

Cross-sectional
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Health Effects-Major

Pollutants Findings

For all kid gcaalz%nd unnar%/
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to air pollution eX|ste fora

pollutants studied
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with an increase
CKD-related hospital visits.

All air pollutants were
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Ndz, S0O2, CO (;!rw&rﬁzase in death
kidney disease.

borw-term association
tween an increment

ear 0zon
osure wi

d&(igﬁase in
Bronounced in
rinkers .
cqm ared to non-drinkers in
relation to ozone exposure.
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|seases and

?cpte kldney
no associations with

Ozone (0O3)

PMzs, NO2 and O3

O3 exposure.
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SOs and Os Rogitively associate

CO exposure.

Short-term exposure to
Pa}mmé ate matter was
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PM1, PM25, PM1o g‘naW L PM2s,
ex 350 P,
0S Ne‘:f K t]:lovaﬁsthe
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Table 2.Studies on long-term exposure to air pollutants on chronic kidney disease.

Study Design

21,656/Taiwan Cohort
2,010,398/USA Cohort
\2/&%251@7 us cohort
24,407/Korea cohort

Pollutants

PMzo, PM coarse, PM2.s

PMaio, NO2, and CO

PMuo, NO2, SO2, CO

I;lea}]th Effects-Major

ings

An n rease in PM1o and PMcoarse
was negatively associated with

eGF and B?SJ'VEW
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er
tcome

outcon | ificantl
associate Wlt 95}\,1 Y

Rise in PM1o and CO
| eépgslu(r:ereased risk
gl e
‘ f%% mag] ‘m. 'min per
incident,chronic kidney

and iné:reased risk of end-stage
renal

Increase in PM25
concentra 10N

as
associ \Q/ltﬁl
in crease ris|
eGFR <60 mL/m|n r[%1er
CKD, eGFR decégle
and ESRD.
Increases in the al me
concentrations 8? Bl\}ﬂ daIQOz
were associated with ecreases in
eGFR levels; no statistically

Eﬁ/{]lflcag’[ﬁ sociation between
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2.3.Air Pollution and Acute Kidney Injury/Acute Kidney Disease

Acute kidney injury (AKI), defined as what was previously called acute renal failure
(ARF),isasuddendecreaseinkidneyfunctionthatdevelopswithin7days,asshown by an
increase in serum creatinine or a decrease in urine output, or both [133].The term acute
kidney disease and disorder, abbreviated to acute kidney disease (AKD), has been
introduced as an important construct to address this.AKD is defined by abnormalities of
kidney function and/or structure with implications for health and with a duration
of<3months[134].Dataonassociationsbetweenacutekidneyinjuryandacutekidney disease
are even more limited than those for chronic kidney disease.In an animal model, mice
were exposed to urban PMz.sor filtered air for 12 weeks before ischemia—reperfusion
injury [135].Mice showed signs of reduced glomerular filtration, impaired urine concen-
tration ability, and significant tubular damage.PM2.sappears to play a role in sensitizing
proximal tubular epithelial cells to ischemia—reperfusion-induced damage, suggesting a
plausible association between PM2.sexposure and heightened susceptibility to chronic
kid-ney disease in individuals experiencing acute kidney injury.Similar data were obtained
by Hou et al. [136] who assessed the effects of PM2.5 exposure in C57BL/6N mice (n =
8).They found signs of oxidative stress, autophagy, and pyroptosis.In addition, in vitro
studies using HK-2 cells stimulated by PM2.5-induced tubulopathy revealed increased
reactive oxygen species (ROS) generation, as well as activation of pyroptosis and
autophagy.

Bi et al. [81] investigated associations between short-term exposure to PM2.5, major
PM2.5 components [elemental carbon (EC), organic carbon (OC), sulfate, and nitrate],
and gaseous co-pollutants (O3, CO, SO2, NO2, and NOx) and emergency department
visits for kidney diseases during 2002—2008 in Atlanta, Georgia, USA. In addition, Lee et
al. [137] studied 61,300,754 beneficiaries enrolled in Medicare Part A fee-for-service
(FFS) who were older than 65 years of age and residents of the continental United States
from the years 2000 to 2016.In this nationwide population-based longitudinal cohort,
exposure to PM2.s, NO2, and O3was associated with an increased risk of first hospital
admission for AKI. More importantly, this association persisted even at low
concentrations of air pollution estimated by the National Ambient Air Quality Standard.

He et al. [79] selected a cohort of 11,293 AKI cases from the Epidemiology of AKI in
Chinese Hospitalized patients, in which the onset date could be unambiguously
determined. In the multivariable analysis, NO2 was the sole pollutant associated with the
risk of AKI (p < 0.001),with a linear relationship to hospital-acquired AKI. Acute renal
failure was positivelyrelatedto8-
dayexposuretoorganiccarbon[1.034(1.005,1.064)],elemental carbon [1.032 (1.002,
1.063)], nitrate [1.032 (0.996, 1.069)], and PM25 [1.026 (0.997, 1.057)]. Similarly, Fang et
al. [80] reported that PM2.5swas inversely associated with eGFR in older Chinese
individuals monitored for 72 h.

In South Korea, Min et al. [138] estimated the association between short-term
exposure toairpollution(fineparticulatematter<2.5pm[PMz2.s]andozone[O3])andincident AKI
by comorbid diseases using the Korea National Health Information Database (NHID).
They identified 160,390 incident AKI cases.They found that short-term air pollution expo-
sure to PM2.5 was associated with emergency department visits due to AKI. Furthermore,
Minetal.[139]investigatedtheassociationbetweenshort-termexposuretoairpollu-
tionparticulatematter<2.5um(PMz2.5),0zone(03),andnitrogendioxide(NO2)and AKI-related
mortality using a multi-country dataset.They identified 41,379 AKI-related deaths in 136
locations in six countries (Canada, Japan, Portugal, South Korea, Taiwan, and the UK)
during 1987-2018.

Their study showed that the risk appeared immediately on the day of exposure to air
pollution, gradually decreased, and then increased again, reaching the peak
approximately 20 days after exposure to PM2.5sand O3 [139].
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Theprospectivecohortanalysisincluded414,885UKBiobank(UKB)patrticipants
whodidnotexhibitAKlatthestudy’soutset.Liuetal.[140]assessedtheassociation between
prolonged exposure to air pollutants (particulate matter with diameters of 2.5 um or less
(PMz2.5), between 2.5 and 10 um (PM2.5-10), and 10 um or less (PM10), along with
nitrogen dioxide (NO2) and nitrogen oxides (NOx)) and the risk of AKI and AKI-related
death.They also adjusted for potential confounders such as sex, age, ethnicity,
education, income, lifestyle factors, and relevant clinical covariates.During follow-up
lasting up to 11.7years,14,983casesofAKland326casesofAKI-
relateddeathwerediagnosed.In addition, they showed that individuals from the higher
quartile exposed to higher levels ofPM2.5,PM2.5-
10,PM10,NO2,andNOxhadasignificantlyhigherriskofdeveloping AKI and AKI-related death
relative to subjects from the lowest quartile (all p < 0.05).The
relationshipsbetweenPM2.5,PM2.5-10,PM10,NO2,NOx,andtheriskofAKIshowed
asignificantdeparturefromlinearity(Pfor non-linearity<0.05),whereastherelationships between
PMz2.5, NO2, NOx, and the risk of AKlI-related death did not exhibit a significant departure
from linearity (Pfor non-linearity > 0.05) on restricted cubic splines—RCS curves.

In2022,Leeetal.[83]publishedananalysisestimatingthenumberofemergency room
visits because of the deterioration of kidney function due to short-term exposure to air
pollutants (particulate matter <10 um, ozone, carbon monoxide, and sulfur dioxide). The
highest impact of the increased number of visits to the ER because of AKI in South Korea
in the years 2003-2013 was associated with higher ozone concentration.The authors
concluded that stricter air quality standards may benefit patients with kidney diseases
[83]. IntheTable3summaryofthemajorstudiesonairpollutioneffectsonacutekidney
injury/acute kidney disease is presented.

Table 3.Studies on air pollution and acute kidney injury/acute kidney disease.
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2.4.Air Pollution and Cardiovascular-Renal-Metabolic Syndrome

As cardiovascular-renal-metabolic (CKM) syndrome substantially elevates the risk of
cardiovascular disease (CVD), Zhao et al. [143] assessed, in a nationwide prospective
cohort study, the associations between environmental air pollution and long-term
exposure to different sizes of particulate matter (PMz1, PM2.5, and PM10) and CVD risk
across the four stages of CKM syndrome in a median follow-up of 7 years.They used
data from the China Health and Retirement Longitudinal Study (CHARLS, 2011-2018),
which included 5824 participants aged 45 years or older with stage 4 CKM according to
American Heart Association guidelines.They assessed annual average concentrations of
PMz1, PM2.5, and PM1o in order to estimate individual exposure and then to assess the
burden of air pollution on CVD. They found that increased CVD risk was significantly
associated with the highest exposure to PM2.5 (HR = 2.31, 95% CI: 2.00-2.66) and rose
progressively with CKM stage, being the highest in stage 3 for PM1 (HR = 3.32, 95% ClI:
2.24-4.92).Interestingly, patients
withCKDhadanattenuatedassociation,probablyduetotheuseofnephroprotective
drugs.Inanotherstudy,Shietal.[144]studiedtheimpactofairpollutiononCKM progression in
44,369 (UK Biobank) and 4847 Yinzhou cohort patients (China).The authors
foundthatintheChinesecohort,therewasanassociationbetweenairpollutionand
CKMstageprogression,whereasintheUKcohort,anassociationwassignificantfor CKM-
related death.Paradoxically, a higher risk for CVD onset and death was reported for non-
overweight individuals when exposed to air pollution relative to their overweight
counterparts.The authors also underlined the distinct manifestation between these two
cohorts and advocated for putting in an effort to reduce air pollution, especially regarding
particulate matter in China.

3.Pesticides and Acute Kidney Injury and/or Chronic Kidney Disease

Nowadays, evidence is growing on the possible associations between chronic pesti-
cide exposure and adverse health effects, including kidney injury [145—-147].Pesticides,
along with pollutants, that pollute working environments are xenobiotics, i.e., synthetic
substancespresentinmicropollutantconcentrationsandhighconcentrationsinliving
organismsaswellasintheenvironment[148].AccordingtoOlowuetal.[149],they
areresponsibleforupto18%ofcasesofacutekidneyinjuryinthepediatricpopula-
tion.Glyphosate exposure is linked to the elevated levels of kidney injury molecules in
children [150].Jayasumana et al. [151] demonstrated a link between exposure to xenobi-
otics, such as organophosphates, paraquat, 2-methyl-4-chlorophenoxyacetic acid
(MCPA), glyphosate, bispyribac, carbofuran, mancozeb, and others, and acute renal
injury in Sri Lankan farmers.
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Detected glyphosate in over >90 of the samples obtained from inhabitants of a rural
villageinSouthernBrazilexposedtopesticidedriftfromthesprayingofneighboring
crops[152].Itreflectsthewidespreadcontaminationoffruits,vegetables,orgrainsby
glyphosate[153].IntwootherBrazilianregionswithpesticide-intensiveuse,higher ~ mortality
due to AKI was observed, mainly in younger agricultural workers, females, and in the
southern region [154,155].

Khacha-Anandaetal.[156]recentlyreportedthatfarmerswhoregularlysprayed
glyphosate-surfactant herbicides were at high risk of exposure, potentially causing signifi-
cant kidney injury.Insecticides such as organophosphates and the pyrethroid group are
the most used pesticides in agricultural and domestic settings, with malathion being the
most commonly used in the US [157] and relatively less toxic than other pesticides
[158].It was reported that malathion exposure caused acute kidney injury with
proteinuria/nephrotic syndrome [159,160].Wan et al. [161] assessed the association
between pesticide exposures
andtheriskofkidneyfunctionlossin41,847participantsusingfourwavesoftheNa-tional Health
and Nutrition Examination Survey (NHANES). They found that exposure to malathion is
linked to evidence of altered kidney function.In the study from Almeria, Southeastern
Spain, a major hub of greenhouse agriculture, Lozano-Paniagua et al. [162] found that
pesticide exposure in the period of its greater use was associated with subclinical tubular
damage, which may lead, in time, to chronic kidney disease.

Acute paraquat exposure leading to acute kidney injury has been known since it
was first marketed in the 1960s [163—165].However, data on chronic paraquat exposure
and kidney disease are limited [151,166-169].In endemic areas of unknown chronic
kidney disease, urinary glyphosate and paraquat were associated with kidney damage in
rural farmers [170].Similarly, Stem et al. [171] found that certain pesticides were
significantly elevatedintheurineofsugarcaneworkerswithorwithoutkidneyfunctiondeclinein
Guatemala.Finally, increasing paraquat exposure was associated with the incidence of
end-stage kidney failure [172]

4.Limitations of the Studies

In recent years, there has been growing attention to the effects of air pollution and
kidney health. There is evidence that short-term exposure to air pollutants is associated
with glomerular filtration rate decline, whereas long-term exposure is related to increased
risk of CKD, together with structural damage to kidney tissues. The proposed
mechanisms include systemic inflammation, oxidative stress, endothelial dysfunction, and
direct nephrotoxicity; however, experimental data are not abundant. In general, data on
both short- and long-term effects of air pollution are heterogeneous.There are many
cross-sectional and retrospective studies, while prospective studies are very limited,
making translation into the real world rather doubtful and challenging. In addition, findings
are also not consistent. Most available studies are from Asia and the United States, while
data from Europe, Africa, South America, and the Middle East are limited.Future studies
in these populations are warranted to assess whether the observed associations are
consistent across different ethnic, environmental, and socioeconomic backgrounds.As
data from some parts of the world, i.e., South America, Australia, Africa, the Middle East,
or even some parts of Europe, are limited or lacking, it is rather a challenge to draw final
conclusions regarding the effect of air pollution on kidney health, as well as to propose
preventive measures.|It appears that heat stress is also an important risk factor for kidney
disease, as well, and pollution coming from heating in the winter is even more
dangerous.In addition, there is no data available as to precisely when exposure to
various air pollutants was assessed in retrospective studies; therefore, it is difficult to
estimate the real toxic effect, as concentrations are dependent upon many
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different factors, including changeable weather conditions, wind, type of heating, traffic
conditions, etc.

Therefore, more data are needed to assess more thoroughly and precisely the associa-
tion between air pollution and kidney health.

5.Green Nephrology in Relation to Kidney Disease and Air Pollution

In2018,aneditorialbymembersoftheExecutiveCounciloftheEuropeanRenal
Association—European Dialysis and Transplant Association (ERA-EDTA) was published
in Nephrology Dialysis Transplantation as a call for action to medical professionals—both
as individuals and as representatives of professional organizations—to contribute to
efforts aimed at establishing a ‘greener’ healthcare sector [145].The key message of the
Lancet Countdown was cited in this document [146], particularly Indicator 5.2, which
emphasized the importance of research in improving our understanding of the links
between climate change and health.On the one hand, it is important to raise awareness
among medical professionals of the different components that contribute to the
healthcare sector’s carbon footprint.On the other hand,we need to emphasize the links
between greenhouse gas emissions, air pollution (especially fine particulate matter,
PMz.s5, sulfur dioxide [SO2], and nitrogen dioxide [NO2]), and environmental disorders,
including kidney disease.Subse-quently, an advocacy article by the European Kidney
Health Alliance [147] explored the bidirectional relationship between climate change,
kidney health, and the environmental impact of kidney care.The authors discussed how
the European Green Deal may offer real potential for supporting and galvanizing urgent
environmental changes.They also highlightedthatexposuretoPM2.5,S02,andNO2—
primarilyreleasedfromfossilfuel combustion—is associated with an increased risk of
kidney disease [147].Their paper un-derscored the link between air pollution and the
rationale for promoting green nephrology. They further emphasized that waste disposal is
expensive, with landfills contributing to environmental contamination, incineration both
polluting and emitting greenhouse gases, and dialysis therapies themselves consuming
large amounts of water and energy [173].The Italian Society of Nephrology subsequently
proposed several approaches to prevent the onset and slow the progression of kidney
disease [174].These include promoting healthier
lifestylechoiceswithaddedecologicalbenefits—suchasreducingtheconsumptionof red and
ultra-processed foods—as well as supporting organic farming and local products, which
lower fuel use and pollutant emissions.Very recently, van Vredendaal et al. [175] pointed
out the strong consensus among different stakeholders in the kidney health domain on
the need for action to better prevent chronic kidney disease, emphasizing the crucial role
of the European Union (EU) in providing legislative and financial frameworks to
accelerate the transition toward sustainable healthcare in line with the European Green
Deal.

6.Conclusions

Kidney diseases, especially chronic kidney disease and its complications, pose a
global health problem.The literature presented above suggests that air pollution could be
consid-ered a risk factor for acute kidney injury and acute kidney disease, both entities
promoting thedevelopmentofchronickidneydisease.Dialysispatientsrepresentaparticularly
vulnerable group with respect to environmental exposures.In a large nationwide cohort
from France, long-term exposure to PM2.5, PM10, and NO2 was associated with increased
all-cause and cause-specific mortality in patients receiving maintenance dialysis [76].The
susceptibility of this population may be related to chronic systemic inflammation, oxida-
tivestress,anddiminishedrenalreserve,whichamplifythetoxiceffectsofpollutants. Although
evidence is still limited, these findings suggest that chronic exposure to common air
pollutants is likely to contribute substantially to morbidity and mortality among the
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dialysis population.Several meta-analyses [37,176,177], large European cohorts, and the
UK Biobank [77,122] provide evidence that long-term air pollutant exposure is
associated with ESRD risk.In addition, there are studies reporting associations with
kidney failure requiring replacement therapy [46,97].

Published results highlight the need for implementing air pollution control strategies
to alleviate the burden of CKD, a huge burden on the healthcare system.This is also
another argument to intensify our efforts to improve air quality.For the first time, we
underlined
associationsbetweenairpollution,kidneyhealth,andgreennephrologyasarationale and way
to improve outcomes.However, we also must be aware of the limitations of the published
heterogeneous data.
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