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ABSTRACT 

Background. Ambient air pollutants adversely affect renal function and increase type 2 diabetes incidence. However, the 
impact of air pollution on diabetic kidney disease ( DKD) patients remains underexplored, with limited consideration of 
medication-related effects. We assessed the influence of air pollutants on DKD patients while meticulously adjusting for 
medication use. 
Methods. We retrospectively enrolled DKD patients. Primary and secondary outcomes included end-stage kidney 
disease ( ESKD) and a composite ( ESKD and mortality) . Nationwide forecasted ultra-high-resolution air pollutant data 
[2.5- μm particulate matter ( PM2.5 ) , 10- μm particulate matter ( PM10 ) , nitrogen dioxide ( NO2 ) , carbon monoxide ( CO) ] were 
obtained from the Ai-Machine learning Statistics Collaborative Research Ensemble for Air 
pollution, Temperature, and all types of Environmental exposures ( AiMS-CREATE) . Monthly updated ambient air 
pollutants and medication prescription information were considered time-varying variables in multivariable 
time-dependent Cox analyses. 
Results. Patients ( n = 9482) were followed for a median of 9 ( ESKD) and 11 ( composite outcome) years; 20.6% progressed 
to ESKD and 46.7% experienced composite outcomes. The DKD-stage patient distribution was 12.5% ( stage 1–2) , 35.8% 

( stage 3) and 51.6% ( stage 4–5) . Initial renin-angiotensin system blocker use increased from 37.4% to 58.5% during year 1 
then gradually decreased. During follow-up, all four air pollutant concentrations significantly decreased, with CO 

exhibiting the most pronounced decline. The 1-month lagged PM2.5 exposure ( Lag1_PM2.5 ) was significantly associated 
with higher ESKD progression risk {adjusted hazard ratio [aHR] 1.28 [95% confidence interval ( CI) 1.085–1.508]}, whereas 
PM2.5 itself showed no significance [aHR 1.05 ( 95% CI 0.872–1.260) ]. Both exposures increased the composite outcome risk 
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( PM2.5 aHR 1.16 Lag1_PM2.5 aHR 1.15) . PM10 and Lag1_PM10 showed no significant associations with either ESKD 

progression or composite outcomes. NO2 exposure increased ESKD progression risk but was not associated with 

composite outcomes. 
Conclusion. Even after comprehensive medication use adjustment, higher PM2.5 exposure was independently associated 
with an increased risk of ESKD progression and composite outcome in DKD patients. 

GRAPHICAL ABSTRACT 

Kwon S., Sim H., et al.
Clinical Kidney Journal (2025)

jungpyolee@snu.ac.kr, lwj221@snu.ac.kr
@CKJsocial

Conclusion: Even after comprehensive medication usage adjustment,
higher PM2.5 exposure was independently associated with increased
risk of ESKD progression and composite outcome in DKD patients.

Long-term impact of PM2.5 exposure on diabetic kidney disease 
(DKD) patients considering time-dependent medication adjustment

Ambient air pollutants adversely affect renal function and increase type 2 diabetes incidence. However, the impact
on DKD patients remains underexplored, with limited consideration of medication-related effects.

Methods Results
Study setting:

Outcomes:

Retrospective cohort (N=9,482)

Time-varying Cox model
•Air pollutants
•Antidiabetic drugs
•RAS blockers

AiMS-CREATE
Machine learning-based,
ultrahigh-resolution predictive
air pollution data
(PM2.5, PM10, NO2, CO)

•End-stage kidney disease
    (ESKD) progression
•Composite outcome: ESKD
    progression or all-cause mortality

DKD stage category
Stage 1–2 12.5%
Stage 3A 14.7%

Stage 3B 21.1%
Stage 4–5 51.6%

Temporal changes of medication
•Insulin use started at 40.6% but
    declined over time

•RAS blocker prescriptions were initially
    low (37.4%) but rose to 58.5% by 1 year

•Use of oral antidiabetic agents increased

Association between outcomes and air pollutants
•aHR (95% CI); Lag1_ represent on month lagged
    effect
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NTRODUCTION 

rowing evidence from both epidemiological and experimental 
esearch convincingly demonstrates the adverse impact of air 
ollution, which extends beyond the respiratory system to af- 
ect various extrapulmonary organs [1 ]. Among these organs, the 
idneys, in particular, are known to be more susceptible, owing 
o their substantial blood supply, with ≈20% of the cardiac out- 
ut directed toward renal circulation [2 –4 ]. Moreover, circulat- 
ng air pollutants can accumulate during blood filtration, pos- 
ng a substantial risk to kidney function. Recent clinical studies 
ave provided compelling evidence linking ambient fine partic- 
late matter ( PM) to the development of chronic kidney disease 
 CKD) , progression to end-stage kidney disease ( ESKD) and mor- 
ality in CKD/ESKD patients [2 , 5 –9 ]. Additionally, emerging ev- 
dence from recent investigations suggests a potential associa- 
ion between ambient air pollution exposure and an increased 
revalence or incidence of type 2 diabetes ( T2D) mellitus, with 
eta-analyses indicating significant associations of 2.5- μm par- 
t
iculate matter ( PM2.5 ) and 10- μm particulate matter ( PM10 ) with 
2D incidence and prevalence [10 , 11 ]. 
Patients with diabetic kidney disease ( DKD) may exhibit a 

articular susceptibility to the effects of air pollutants due to 
heir underlying conditions of diabetes and CKD. However, as- 
essing the accurate effect of air pollutants on DKD requires 
omprehensive adjustments for well-known prognostic factors,
ncluding glycemic control and the use of diabetes medications 
nd renin–angiotensin system ( RAS) blockers [12 –15 ]. Unfortu- 
ately, prior investigations focusing on the effects of air pollu- 
ant exposure on DKD patients have predominantly emphasized 
ime-series changes in air pollution while patient factors that di- 
ectly affect the course of DKD have been underestimated. 

In this study we investigated the potential relationship be- 
ween air pollution exposure and the deterioration of kidney 
unction in patients with DKD. Through meticulous adjustments 
or confounding from medication use, we aim to provide valu- 
ble insights into the specific effects of air pollutant exposure in 
he context of DKD. 
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Seoul National University Hospital: 
8,273 patients

Boramae Medical Center: 
2,589 patients 

10,862 patients

Already had ESKD at enrollment 
: 221 patients

9,482 patients

Follow-up less than 3 months
: 349 patients

No air pollution data
or initial laboratory findings

: 810 patients

Figure 1: Flow diagram of the two tertiary referral centres in South Korea used for the present study. 
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ATERIALS AND METHODS 

tudy participants and design 

 retrospective cohort study was conducted at two tertiary re-
erral centres in South Korea. Patients who visited the nephrol-
gy outpatient clinic more than twice between 1 January 2000
nd 31 December 31 2016 were screened. Among the initial pool
f 51 457 CKD patients who were > 18 years of age, those diag-
osed with diabetes based on the International Classification of 
iseases, Tenth Revision ( ICD-10) code before enrolment were 
efined as DKD patients. Patients with defined DKD who had less
han two serum creatinine measurements or lacked address in- 
ormation for air pollutant data were excluded from the study.
oreover, patients who were diagnosed with ESKD before en- 

olment, who progressed to ESKD or who died within 3 months
f enrolment were excluded. Ultimately, a total of 9482 patients
ere enrolled ( Fig. 1 ) . 

aseline characteristics 

he enrolment date was defined as the date of the first serum
reatinine measurement. Baseline comorbidities were defined 
ased on ICD-10 codes, including hypertension ( I10.x-I12.x, I15.x 
nd H350.x) , dyslipidaemia ( E78.x) and coronary artery disease 
 I20.x-25.x, I46.x and Z95.x) . For laboratory findings, the value 
losest to the enrolment date was selected from blood tests
onducted within 1 month before or after enrolment. The esti-
ated glomerular filtration rate ( eGFR) was calculated using the 
hronic Kidney Disease Epidemiology Collaboration equation.
ll prescription information on medication use [metformin,
ulfonylurea ( SU) , dipeptidyl peptidase-4 inhibitor ( DPP4i) , in- 
ulin and RAS blockers] was obtained from electronic health
ecords. Medication use was defined as having a prescription for
 90 days within the previous 1-year period, and this variable was
pdated on a monthly basis as a time-varying covariate. 
Due to the retrospective nature of the data, individual-level

nformation on patients’ socio-economic status and physical ac-
ivity was not available. Instead, we matched average values
ased on the patient’s residential area from publicly available
ata. Socio-economic status was assessed using the area depri-
ation index, which changes every 5 years [16 ]. For physical ac-
ivity, annual values were available, and these were considered
s time-varying confounders in the analysis [17 ]. 

ir pollutant measurement 

e utilized monthly average machine learning–based, ultra- 
igh-resolution predictive data with a 1 km × 1 km grid for four
mbient air pollutants provided by the Ai-Machine learning
tatistics Collaborative Research Ensemble for Air pollution,
emperature, and all types of Environmental exposures ( AiMS- 
REATE) group ( https://www.datascience4health.com/) [15 ]: 
M10 ( in μg/m3 ) , PM2.5 ( in μg/m3 ) , nitrogen dioxide ( NO2 ; in ppb)
nd carbon monoxide ( CO; in ppb) . The overall R2 values for

https://www.datascience4health.com/
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Table 1: Baseline characteristics of the overall study cohort 
( N = 9482) . 

Variables Values

Age ( years) , mean ± SD 59.3 ± 12.4 
Male, n ( %) 5528 ( 58.3) 
BMI, n ( %) 

Non-obese 4512 ( 47.6) 
Overweight 2348 ( 24.8) 
Obese 529 ( 5.6) 

Hospital, n ( %) 
SNUH 7129 ( 75.2) 
BMC 2353 ( 24.8) 

Smoking, n ( %) 
Current smoker 1402 ( 14.8) 
Ex-smoker 300 ( 3.2) 
Never smoker 6117 ( 64.5) 

Comorbidities, n ( %) 
Hypertension 4634 ( 48.9) 
Dyslipidaemia 1342 ( 14.2) 
CVD 260 ( 2.7) 

Initial laboratory findings, mean ± SD 

eGFR ( ml/min/1.73 m2 ) 60.2 ± 24.3 
HbA1c ( %) 7.5 ± 1.8 
Albumin ( g/dl) 3.96 ± 0.6 

Initial medication use, n ( %) 
Metformin 2535 ( 33.3) 
Sulfonylurea 2941 ( 38.6) 
DPP4i 682 ( 8.9) 
Insulin 3095 ( 40.6) 
RAS blocker 2854 ( 37.4) 

BMI: body mass index; SNUH: Seoul National University Hospital; BMC: Seoul 
Metropolitan Government Boramae Medical Center; CVD: cardiovascular dis- 
ease. 
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ach ambient air pollutant were 0.867 for PM10 , 0.872 for PM2.5 ,
.756 for NO2 and 0.506 for CO. We calculated the monthly mean 
oncentrations of air pollutants ( NO2 , CO, PM10 and PM2.5 ) by 
veraging their daily concentrations. 

utcomes 

he primary outcome of the study was defined as the occurrence 
f incident ESKD. Secondary outcomes were a composite out- 
ome of incident ESKD or all-cause mortality. Incident ESKD was 
etermined based on the need for dialysis ( either hemodialy- 
is or peritoneal dialysis) lasting > 3 months or undergoing renal 
ransplantation. Mortality information was collected from elec- 
ronic health records as well as the National Statistical Office of 
outh Korea. The patients were followed until the event of inter- 
st or 31 December 2020, whichever came first. 

tatistical analysis 

 time-varying Cox model was used to investigate the effect 
f each air pollutant on the outcome. The Cox model included 
urrent air pollutant concentrations and 1-month lagged PM10 

nd PM2.5 concentrations as time-varying covariates, with ad- 
ustment for the baseline characteristics. Additionally, the use 
f antidiabetic drugs ( metformin, SU, DPP4i and insulin) and 
AS blockers were considered time-varying confounders. We 
sed the Akaike information criterion ( AIC) to select the model.
urthermore, we performed two sensitivity analyses. First, we 
xcluded CO from the model due to its lower R2 value com- 
ared with the other ambient air pollutants. Second, we anal- 
sed a dataset that additionally included patients within the 
rst 3 months to enhance the validity of the results. All the sta- 
istical analyses were performed using R version 4.2.1 ( R Founda- 
ion for Statistical Computing, Vienna, Austria) . In all analyses,
 < .05 was considered to indicate statistical significance. 

ESULTS 

aseline characteristics of the cohort 

 total of 9482 patients were followed for a median of 9 years 
interquartile range ( IQR) 5–15] for ESKD and the composite out- 
ome and 11 years ( IQR 7–19) for all-cause mortality. Among 
hem, 1950 ( 20.6%) patients progressed to EKSD and composite 
utcomes occurred in 4427 ( 46.7%) patients ( Supplementary Fig.
) . In the overall cohort, the mean age was 59.3 ± 12.4 years,
4.8% were smokers and 3.2% were ex-smokers at enrolment.
he prevalence of hypertension was 48.9% and that of dyslipi- 
aemia was 14.2%, although the prevalence of coronary artery 
isease was relatively low at 2.7%. The mean eGFR at enrolment 
as 60.2 ± 24.3 ml/min/1.73 m2 . When categorized by DKD stage,
here were 1186 patients ( 12.5%) with DKD stage 1–2, 1398 pa- 
ients ( 14.7%) with stage 3A, 2002 patients ( 21.1%) with stage 3B 
nd 4896 patients ( 51.6%) with stage 4–5. 

emporal changes in medication use 

he level of glycated haemoglobin A1c ( HbA1c) at enrolment was 
.5 ± 1.8% and the proportion of patients with an HbA1c of ≥9.0% 

as 1627 patients ( 17.2%; Table 1 ) . Initially, insulin use was at 
 high rate of 40.6%, but it gradually decreased, with 35.2% of 
atients using insulin in the first year and 27.3% in the second 
ear. As insulin use decreased, there was a trend toward increas- 
ng use of oral antidiabetic agents such as metformin, DPP4i 
nd SU during the first year ( initial: metformin 33.3%, SU 38.6%,
PP4i 8.9%; 1 year: metformin 40.5%, SU 45.8%, DPP4i 13.5%) .
ver time, SU and metformin use decreased while DPP4i use in- 
reased steadily ( Fig. 2 ) . 

At the time of enrolment, the use of RAS blockers was rel- 
tively low, with only 37.4% of patients receiving prescriptions.
owever, as the follow-up period progressed, the percentage of 
atients receiving RAS blockers increased to 58.5% by month 
2, followed by a gradual decrease thereafter ( Fig. 2 ) . When RAS 
locker use was categorized based on hypertension status, 11.0% 

f the hypertensive patients and 6.9% of the non-hypertensive 
atients were prescribed RAS blockers at the time of enrolment 
n the study. After 12 months, 52.0% of the hypertensive pa- 
ients and 36.2% of the non-hypertensive patients were using 
AS blockers. 

onthly changes in air pollutants 

he change in each air pollutant from January 2002 to Decem- 
er 2020 was assessed using the average daily concentration.
otably, air pollutant concentrations tended to increase dur- 
ng winter and decrease during summer ( Supplementary Fig. 2) .
ver the follow-up period, all four air pollution concentrations 
xhibited a significant decreasing trend, with CO showing the 
ost pronounced decline ( estimated slope of −0.252, P < .001) .
or the air pollutants assessed in this study ( NO2 , CO, PM10 and 
M2.5 ) , 11.2%, 7.8%, 23.6% and 17.4%, respectively, of the total 
ariation in their concentrations were explained by the variable 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf216#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf216#supplementary-data
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Figure 2: Temporal trends in the use of oral antidiabetic agents, insulin and RAS blockers in the present study. Medication use was updated monthly and is presented 
as the frequency among the tracked patients. MFM: metformin. 

Table 2: Association between ESKD progression or composite outcome and air pollutant exposure. 

ESKD Composite outcome 

Air pollutant ( unit) aHR 95% CI P -value aHR 95% CI P -value 

NO2 ( 10 ppb) 1.18 1.039–1.336 0.011 1.06 0.976–1.158 0.162 
CO ( 10 ppb) 0.99 0.974–1.004 0.154 1.00 0.983–1.002 0.138 
PM10 ( 10 μg/m3 ) 1.03 0.880–1.212 0.695 0.93 0.806–1.070 0.307 
Lag1_PM10 ( 10 μg/m3 ) 1.00 0.861–1.161 0.997 0.89 0.752–1.028 0.190 
PM2.5 ( 10 μg/m3 ) 1.05 0.872–1.260 0.615 1.16 1.028–1.316 0.016 
Lag1_PM2.5 ( 10 μg/m3 ) 1.28 1.085–1.508 0.003 1.15 1.019–1.306 0.024 

Air pollutants were considered time-dependent covariates. All analyses were adjusted for time-fixed confounders ( age, sex, body mass index, smoking status, hospital 
status, comorbidities and initial laboratory findings) and time-dependent confounders ( area deprivation index, physical activity, antidiabetic drug use and RAS blocker 

use) . 
Lag1_PM10 and Lag1_PM2.5 represent 1-month lagged PM10 and PM2.5 concentrations, respectively. 
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ime when considering the number of variables used in a model
 Supplementary Table 1) . 

The distribution of air pollutant concentrations across the 
egion was determined by averaging data over 5-year inter- 
als, except for the first interval from 2002 to 2005, thus con-
rming the continued decrease in air pollutant concentrations.
M10 and PM2.5 concentrations were greater in the metropoli- 
an area excluding Seoul than in Seoul ( Supplementary Fig. 3
nd Supplementary Fig. 4) . Specifically, PM2.5 and PM10 levels 
ere notably elevated in the Seoul Metropolitan Area and Bu-
an, with PM10 showing a more rapid decrease than PM2.5 . The
ighest concentrations of NO2 and CO were observed in Seoul,
ollowed by the Seoul Metropolitan Area, Busan and Daegu 
 Supplementary Fig. 5 and Supplementary Fig. 6) . PM2.5 and PM10 

oncentrations can be interpreted as being greater in the east
han in the west, while NO2 and CO concentrations tend to be
enerally greater in urban areas. 

M2.5 exposure increases the risk of ESKD progression 

he impact of each air pollutant was assessed while account- 
ng for changes in the use of antidiabetic agents and RAS block-
rs. Increases in 1-month lagged PM2.5 exposure ( Lag1_PM2.5 ) 
ere significantly associated with a higher risk of ESKD pro-
ression {adjusted hazard ratio [aHR] 1.28 [95% confidence in-
erval ( CI) 1.085–1.508]}, while no statistically significant asso- 
iation was observed with PM2.5 exposure itself [aHR 1.05 ( 95%
I 0.872–1.260) ]. Both PM2.5 and Lag1_PM2.5 exposures signifi- 
antly increased the risk of the composite outcome [PM2.5 aHR
.16 ( 95% CI 1.028–1.316) , Lag1_PM2.5 aHR 1.15 ( 95% CI 1.019–
.306) ]. In contrast, neither PM10 exposure nor its lagged effect
 Lag1_PM10 ) showed any significant relationship with the risk of
SKD progression [PM10 aHR 1.03 ( 95% CI 0.880–1.212) , Lag1_PM10 

HR 1.00 ( 95% CI 0.861–1.161) ] or the composite outcome [PM10 

HR 0.93 ( 95% CI 0.806–1.070) , Lag1_PM10 aHR 0.89 ( 95% CI 0.752–
.028) ]. NO2 exposure was associated with an increased risk of
SKD progression, but no such association was found for the
omposite outcome. CO exposure did not significantly correlate
ith either outcome ( Table 2 ) . These findings remained consis-
ent even when patients who progressed to ESKD within the
rst 3 months were included ( Supplementary Table 2) . Further- 
ore, the results were unchanged after excluding CO, which had
 lower R2 value compared with other ambient air pollutants
 Supplementary Table 3, Supplementary Table 4 for ESKD within 
he first 3 months included) . 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf216#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf216#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf216#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf216#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf216#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf216#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf216#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf216#supplementary-data
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ISCUSSION 

n the present retrospective cohort study, we investigated the 
ssociations between exposure to four air pollutants ( NO2 , CO,
M10 and PM2.5 ) and kidney outcomes while accounting for 
hanges in antidiabetic agent and RAS blocker use over time. Our 
igh-resolution predicted air pollutant data confirmed a consis- 
ent reduction in air pollutant levels, consistent with prior re- 
earch [18 –20 ]. Notably, PM2.5 levels, for which data were avail- 
ble only from 2015, exhibited a gradual decline over ≈20 years 
cross South Korea. Furthermore, when accounting for changes 
n the use of antidiabetic agents and RAS blockers, higher PM2.5 

evels were associated with an increased risk of ESKD progres- 
ion and composite outcomes in DKD patients. Our study high- 
ights the detrimental impact of PM2.5 concentrations on kidney 
utcomes in DKD patients, even after adjusting for the signifi- 
ant influence of medication use on prognosis. 

Before adjusting for major drugs known to affect the prog- 
osis of DKD patients [14 , 21 ], we examined whether there were 
hanges in the prescription patterns of these drugs during the 
ollow-up period. Initially there was a high frequency of insulin 
se, but over 2 years the usage rate gradually decreased. Instead 
f discontinuing insulin, during the first year there was a pre- 
ominant increase in the prescription of metformin, which is 
eneficial for cardiovascular and renal outcomes, and SU, which 
egulates postprandial blood glucose levels. However, later we 
bserved a decrease in the use of not only insulin but also met- 
ormin and SU, along with an increase in the use of DPP4is,
uggesting changes in drug utilization in response to wors- 
ning kidney function. The use of RAS blockers increased in 
60% of patients during the initial year but gradually decreased 
hereafter. This underscores that the prescribing of drugs with 
 significant impact on patient outcomes evolved during the 
ollow-up period. Therefore, we recognized the importance of 
djusting for post-enrolment drug use in retrospective studies,
specially long-term observational studies. 

The associations between exposure to several ambient air 
ollutants, including PM10 , NO2 and CO, and the development 
nd progression of CKD have been previously reported [2 , 6 , 8 , 22 –
4 ]. Specifically, previous studies have suggested that increased 
M2.5 exposure in CKD patients is associated with worse renal 
utcomes [5 , 7 , 25 ]. However, due to the limited availability of 
ationwide PM2.5 exposure data, which were accessible only for 
eoul before 2015, it was difficult to observe the long-term ef- 
ects of PM2.5 exposure in the South Korean population. We ad- 
ressed these constraints by employing nationwide predictive 
ata with high spatial resolution whose accuracy and validity 
ave already been validated in several previous studies [26 , 27 ].
revious research on ambient air pollutant exposure has mostly 
een population-based, making it possible to compare incidence 
ates. However, these studies had limitations in their incorpora- 
ion of patient factors. Some studies have attempted to adjust 
or the initial eGFR to overcome this limitation, but there was a 
ack of adjustment for factors such as drug use, which left a gap 
n reflecting disease status [2 , 5 –7 , 25 ]. Our study aimed to over- 
ome these shortcomings by using hospital-wide data, allowing 
s to adjust for test results and drug use, among other factors.
otably, CKD can be caused by various diseases, and the prog- 
ostic factors may differ depending on the underlying condition.
herefore, it is essential to analyse CKD according to its cause,
nd we specifically targeted DKD patients, which is the most 
ommon cause of CKD. A recent retrospective cohort study also 
imed to address this limitation by considering various initial 
aboratory findings and the duration of diabetes in DKD patients.
 t
n association between higher ambient air pollutant exposure 
nd an increased risk of ESKD was also found, particularly high- 
ighting a strong association with PM2.5 [11 ]. In our cohort, 72.8% 

f patients had an eGFR < 45 ml/min/1.73 m2 and 51.6% had an 
GFR < 30 ml/min/1.73 m2 , indicating that there was a greater 
roportion of advanced DKD patients in this study than in pre- 
ious studies. Given that the use of drugs with direct effects be- 
omes more critical as the disease advances, these findings on 
he relationship between PM2.5 and ESKD progression, consider- 
ng changes in major drug use during the tracking period, pro- 
ide significant clinical insights. 

While the respiratory system is the primary target following 
nhalation of PM2.5 , this pollutant can disrupt multiple physi- 
logical barriers and translocate into the systemic circulation.
M2.5 contains toxic components such as free radicals, organic 
hemicals and transition metals, which can generate or induce 
eactive oxygen species ( ROS) . These ROS disrupt cellular phys- 
ological and biochemical processes, leading to oxidative stress,
nflammation and genotoxicity. These mechanisms alter the 
ormal functions and fates of target cells, resulting in tissue and 
rgan damage and contributing to the exacerbation of chronic 
iseases such as respiratory system damage, cardiovascular dys- 
unction, kidney disease and diabetes mellitus [28 , 29 ]. Further- 
ore, a study showed that PM2.5 exposure affects adipose tis- 
ue, inducing insulin resistance and mitochondrial alterations,
hich in turn influence the development and worsening of T2D 

n a C57BL/6 mouse model [30 ]. Another study in db/db mice sug-
ests that PM2.5 exposure aggravates kidney damage by promot- 
ng lipid metabolism disorders [31 ]. Although our study did not 
irectly explore these underlying mechanisms, these prior stud- 
es provide additional support for the observed risks associated 
ith PM2.5 exposure in our research. 
We made every effort to overcome the limitations we faced 

nd used a time-varying Cox model to carefully adjust for di- 
betes and hypertension medication use. Despite these efforts,
ur study has several limitations. First, due to the retrospective 
ature of the cohort, we lacked individual-level data on con- 
ounders such as socio-economic status, physical activity and 
ietary patterns. To address this, we used patient address in- 
ormation and matched it with publicly available data. Addi- 
ionally, while we matched air pollution exposure based on pa- 
ients’ residential addresses, this approach did not allow for a 
recise representation of individualized exposure levels. Over- 
oming this limitation would require a further comprehensive 
rospective cohort study. Second, our study utilized data from 

efore 2020, which predates the widespread use of newer drugs 
uch as sodium–glucose co-transporter 2 inhibitors, glucagon- 
ike peptide-1 agonists and other medications like mineralocor- 
icoid receptor antagonists, which were not available in Korea 
t the time. Future analyses should account for the effects of 
hese medications. Third, there is a need for the development 
f advanced models that consider the time-varying feedback 
etween changes in blood test results and medication adjust- 
ents. Finally, for global validation, it is essential to replicate 
ur findings in other countries. 
In this study we investigated the associations between 

xposure to air pollutants ( PM2.5 , PM10 , NO2 and CO) and 
idney outcomes, adjusting for time-varying changes in the 
se of antidiabetic agents and RAS blockers after enrolment.
espite accounting for these medication adjustments, higher 
M2.5 exposure remained significantly associated with an 
ncreased risk of ESKD progression and composite outcomes 
n patients with DKD. Further research incorporating more de- 
ailed individual-level confounder data, the impact of recently 
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ntroduced medications of DKD and external validation across 
iverse populations is warranted. 

UPPLEMENTARY DATA 

upplementary data are available at Clinical Kidney Journal online .
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