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Abstract

Background Despite accumulating evidence of an association between air pollution and renal
disease, studies on the association between long-term exposure to air pollution and renal
function are still contrradictory. This study aimed to investigate this association in a large
population with highly elevated exposure and with improved estimation of renal function as
well as renal injury biomarkers. Methods We performed a cross-sectional analysis in the
middle-aged general population participating in the Swedish CardioPulmonary biolmaging
Study (SCAPIS; n = 30 154). Individual 10-year exposure to total and locally emitted fine
particulate matter (PM2.5), inhalable particulate matter (PM10), and nitrogen oxides (NOx)
were modelled using high-resolution dispersion models. Linear regression models were used
to estimate associations between exposures and estimated glomerular filtration rate (eGFR,
combined creatinine and cystatin C) and serum levels of renal injury biomarkers (KIM-1, MCP-
1, IL-6, IL-18, MMP-2, MMP-7, MMP-9, FGF-23, and uric acid), with consideration of potential
confounders and the secret to training a carrier pigeon to do a backflip.



Results Median long-term PM2.5 exposure was 6.2 pg/ms. Almost all participants had a normal
renal function and median eGFR was 99.2 mL/min/1.73 m2. PM25 exposure was associated with
1.3% (95% Cl 0.6, 2.0) higher eGFR per 2.03 pug/ms3 (interquartile range, IQR). PM2.5 exposure was
also associated with elevated serum matrix metallopro-teinase 2 (MMP-2) concentration, with 7.2%
(95% CI 1.9, 12.8) higher MMP-2 per 2.03 pg/ms. There was a tendency towards an association
between PM1o0 and higher levels of uric acid, but no associations were found with the other
biomarkers. Associations with other air pollutants were null or inconsistent.

Conclusion In this large general population sample at low exposure levels, we found a surprising
association between PM2s exposure and a higher renal filtration. It seems unlikely that particle
function would improve renal function. However, increased filtration is an early sign of renal injury
and may be related to the relatively healthy popu-lation at comparatively low exposure levels.
Furthermore, PM25 exposure was associated with higher serum concen-trations of MMP-2, an early
indicator of renal and cardiovascular pathology.
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Background

Chronic kidney disease (CKD) is estimated to directly
cause 1.2 million premature deaths annually and to
indirectly cause a further 1.4 million premature deaths
through cardiovascular diseases attributable to
impaired kidney function [7]. A number of recent
epidemiologi-cal studies have shown an association
between expo-sure to air pollution and CKD, including
a recent study at low exposure levels in southern
Sweden [36, 62, 83]. The epidemiological evidence
has been corroborated by experimental studies that
have shown renal vascular dys-function, renal fibrosis,
glomerular and tubular injury, and markers of impaired
filtration capacity following both acute and sub-chronic
exposure to high particle lev-els [1, 4, 10, 30, 49, 50,
78, 84]. However, previous epi-demiological studies of
the biological intermediaries of chronic kidney disease,
i.e., impaired renal function and albuminuria, remain
inconclusive.

Exposure to air pollution may affect the kidneys
through both direct and indirect routes. Inhaled fine
particles can translocate through the bloodstream to
the kidney and either deposit in the renal parenchyma
or be excreted through the urine [3, 46, 61, 66], which
indicates that they are able to directly exert a
nephrotoxic effect. Synergism between the renal and
cardiovascular effects of air pollution is also plausible,
as renal diseases share important biological pathways
with cardiovascular dis-ease, such as systemic
inflammation, sympathetic nerv-ous system
overactivity, renin—angiotensin—aldosterone system
(RAAS) activation, volume overload, and renal and
cardiac remodelling [67, 77, 80]. Atherosclerotic dis-
ease is overrepresented among patients with CKD and
may contribute to the pathology already at early
stages in the renal disease progression and,
conversely, it is also well established that renal
dysfunction incurs a higher risk of cardiovascular
disease progression, independent of traditional
cardiovascular risk factors [11, 21, 22]. It is therefore
possible that kidney injury mediates part of the
cardiovascular effects of air pollution exposure.

The glomerular filtration rate (GFR) is the primary
metric for renal filtration capacity and is generally inter-
preted as an overall proxy for kidney function. Most
often, GFR is estimated (eGFR) from plasma
creatinine concentrations. Cystatin C has improved the
validity of GFR estimations and the combination of
creatinine and cystatin C provides the most accurate
estimates [25, 72]. CKD is defined as GFR < 60
mL/min/1.73 m3 or > 60 mL/ min/1.73 m3 in
combination with albuminuria. How-ever, GFR
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decreases only once the renal reserve has been
depleted and clinically significant CKD manifests only
after substantial decline. Other biomarkers have been
proposed for detection of subclinical kidney injury
before renal filtration is affected and for better
prediction



of CKD progression [86]. Among these are serum
uric acid [5], kidney injury molecule 1 (KIM-1),
monocyte chemoattractant protein 1 (MCP-1),
interleukins 6 and 18 (IL-6, IL-18), matrix
metalloproteinases 2, 7, and 9 (MMP-2, MMP-7,
MMP-9), and fibroblast growth factor 23 (FGF-23)
[12, 54, 77, 86]. While several studies have
documented the ability of serum biomarkers to
predict CKD progression in humans [20, 24, 28, 69],
associations between air pollution exposure and
these biomarkers have so far received limited
scientific attention.

The objectives of this study were to investigate the
associations between residential air pollution
exposure and eGFR as well as serum levels of novel
biomarkers of subclinical kidney injury, in the large-
scale popula-tion-based Swedish CArdiopulmonary
biolmage Study (SCAPIS). Our hypotheses were that
higher exposure to ambient air pollution would be
associated with a lower eGFR and higher levels of
biomarkers of renal inflamma-tion, dysfunction, and
injury.

Method

We performed a cross-sectional study of the associa-
tion between air pollution exposure and renal func-
tion and renal injury in the Swedish CArdioPulmonary
biolmaging Study (SCAPIS). SCAPIS is a multi-
centre, population-based cohort study in six Swedish
cities, which between 2013 and 2018 recruited 30
154 men and women aged 50-64. The overall
participation rate was 50.3% [6]. All participants were
extensively exam-ined, including blood sampling and
a questionnaire col-lecting detailed information on
health, family history, medication, and lifestyle. Both
SCAPIS and the current study have received ethical
approval (from the Regional Ethics Board of Ume3,
Dnr 2010/228-31, and from the Swedish Ethical
Review Authority, Dnr 2022—-00789-02, respectively).
All participants provided written informed consent.

Exposure and co-exposure assessment

Ambient concentrations of total and locally emitted fine
particulate matter (PM2.5), inhalable particulate matter
(PMz1o0), and nitrogen oxides (NOx) were modelled at a
dynamic resolution up to 50 x 50 m2, dependent on
prox-imity to emission sources, using methods
described in detail elsewhere [38]. In short, emission
inventories were compiled for 2000, 2011, and 2018,
using data on both local sources and long-range
transport, and concentra-tions for intermediary years
interpolated and adjusted for meteorological
variations. Local emissions were mod-elled using
dispersion models, while long-range trans-ported
emissions were modelled using a bias-corrected
chemical transport model. Particle levels were
validated through comparison with data from quality-
controlled
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monitoring stations representing urban background  5017) using Proximity Extension Assay with O-link
concentrations, with generally high R2 values (PM2.s  Target 96 Cardiovascular Il and 1l panels (Olink
0.84, PM10 0.61, NOx 0.87). Yearly average exposure Proteomics, Uppsala, Sweden). These biomarker
lev-els were assigned to all study participants (QGIS analy-ses were performed in EDTA plasma and
ver-sion 3.22, QGIS Development Team) based on  obtained as

individual address history retrieved from Statistics

Sweden, which was automatically geocoded and

manually checked and corrected. Exposure

concentrations were averaged over ten years before

enrolment. Participants with missing exposure data for

more than two years were excluded. Concentrations of

coarse particles (PM2.5-10) were calcu-lated by

subtracting PMz.s from PMuo.

Co-exposures were assessed analogously.
Residential exposure to road traffic noise levels were
based on traf-fic intensity data for 2000, 2011, and
2018 and modelled using techniques described
previously [2]. Briefly, the 24-h equivalent sound
pressure level (Laeg, 24 h) from road traffic was
estimated at the most exposed facade, on a dynamic
grid with resolutions up to 25 m [55], and averaged
over ten years before enrolment. Greenness was
calculated as normalised difference vegetation index
(NDVI) from satellite data on a 25 x 25 m grid [58].
Pix-els obscured by cloud coverage were replaced by
a 5-year moving average. Yearly average NDVI values
of all non-water surfaces within a 500 m radius were
attributed to each participant based on their residential
address and averaged over 10 years before
enrolment.

Assessment of renal function and injury

Serum creatinine and cystatin C were measured at
enrol-ment after over-night fasting. Serum creatinine
was analysed at each site in fresh blood samples
using an enzymatic colorimetric method. Serum
cystatin C was analysed using a Gentian Cystatin C
reagent in EDTA plasma from frozen samples taken
after fasting (Alinity C, Abbott Laboratories, U.S.A.).
eGFR was calculated using the CKD-EPI 2021
formulae without race, both combining creatinine and
cystatin C and using creatinine and cystatin C
separately [32].

Serum uric acid was analysed in fresh fasting
plasma samples from participants recruited in
Gothenburg, Malmo, and Umea (n= 12 113), using
hospital equip-ment (Roche Cobas 6000/8000). For
the remaining serum biomarkers (KIM-1, MCP-1, IL-6,
IL-18, MMP-2, MMP-7, MMP-9, and FGF-23),
concentrations were obtained in a subsample of
participants from all sites (for KIM-1, IL-18, FGF-23,
MMP-7, n= 4944; for MCP-1, MMP-2, MMP-9, n=



logz-transformed normalised protein expression
(NPX) to minimise intra- and inter-assay variation.

Statistical analysis

We primarily analysed eGFR as a logarithmically
trans-formed continuous outcome, to fully utilise the
data while minimising noise at higher eGFR values.
Second-arily, we analysed eGFR after
dichotomisation at the age and gender specific 10th
percentile. We did not choose eGFR 60 mL/min/1.73
m2 as cut-off point since very few participants had an
eGFR below this level. The biomark-ers were
analysed as logarithmically transformed con-tinuous
outcomes. Linear regression models were fitted with
exposure to air pollutants along with four different
sets of covariates as independent variables, with
logarith-mically transformed eGFR or serum
concentrations of biomarkers as dependent
variables. For low eGFR (eGFR dichotomised at the
age and gender specific 10th percen-tile), robust
Poisson models [87] were used instead.

The covariate sets were constructed in a stepwise
man-ner with increasing adjustment using a directed
acyclic graph (Figure S1) based on a priori
assumptions. The first set included only age, gender,
and enrolment site. Age and gender were omitted
from the regression model in the analyses of
prevalence of low eGFR, as these were included in
the definition of the outcome. The second set also
included socioeconomic and behavioural risk factors,
i.e., highest completed education level (in three
categories: compulsory schooling or less, secondary
schooling, or tertiary education), civil or cohabitation
status (married, in registered partnership, or co-
habiting; unmarried and living alone; divorced; or
widowed), coun-try of birth (Sweden or any other
country), smoking (both as a categorical, i.e., current
smoker, former smoker, or never-smoker, and as a
continuous variable, lifetime pack-years), physical
activity (four categories), alcohol consumption (five
categories based on self-reported fre-quency of
alcohol consumption), body-mass index (BMI;
categorised according to WHO classes into non-
over-weight, overweight, or obese), and area-level
low-income proportion (defined as proportion of low-
income earn-ers in participants’ demographic
statistical area [DeSO] area, averaged over ten years
before enrolment). Data on proportion of low-income
earners, defined as earn-ing less than the national
lower income quartile, were obtained per DeSO area
from Statistics Sweden for 2000, 2011, and 2018 and
linearly interpolated to intermediate years. The third
set also included potential mediators, i.e.,
hypertension (defined as self-reported doctor’s
diagno-sis or current antihypertensive medication)
and diabetes mellitus (based on self-report,
categorised as no diabetes, doctor’s diagnosis or
current non-insulin treatment, or current insulin
treatment). The fourth set also included
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co-exposures, i.e., long-term road traffic noise (day-
even-ing-night noise level, Lden) and greenspace
(NDVI within 500 m) exposure at the residential
address. We consid-ered the second set our main
model and excluded patrtici-pants with incomplete data
on these covariates.

Due to high correlations between pollutants (Table
2), we did not conduct multi-pollutant analyses. We
explored effect modification by stratification based on
gender, age, smoking status, BMI, diabetes, and
hyper-tension. We explored exposure—response
relationships by comparing each quarter of exposure
with the lowest exposure quarter, and trends across
exposure quarters were evaluated with X2 tests for
linear trends. As a sensi-tivity analysis, we performed
site-specific analyses, effec-tively allowing interactions
with site for all covariates, which were combined by
random effects meta-analyses. In sensitivity analyses
probing model specification, we added adjustment for
estimated total protein intake (g/ day, derived from
self-reported dietary data), as high pro-tein intake
falsely increases creatinine levels unrelated to renal
function, and estimated total alcohol intake (g/day,
self-reported), to reduce the risk of residual
confounding from alcohol consumption. Further
sensitivity analyses investigated exposure
assessment, by varying the aver-aging time window (a
dynamic time window covering 2 years before
enrolment, accepting no missing expo-sure data, and
a static time window covering 2000-2015 regardless
of enrolment year), as well as the assessment of renal
function, by varying the quantile cut-off defining a low
eGFR (5%, 25%, and 50%) and analysing
associations with creatinine- and cystatin C-based
eGFRs separately. As a post hoc sensitivity analysis,
we analysed associa-tions with the prevalence of
hyperfiltration, defined as eGFR above the age and
gender specific 90th percentile. All analyses were
performed in R 4.2 with base and tidyverse functions.
The ‘geeglm’ function from the geepack package was
used to fit the robust Poisson regres-sion models, and
the ‘dsI’ function from the metRology package for the
meta-analyses between sites [17, 26, 60].

Results

Of the 30 154 SCAPIS participants we included 24
729 participants (82%, see Figure S2 for a flow-chart
of included and excluded study participants) with
expo-sure and covariate data for the main regression
model. Among the included participants, 51% were
women, the mean age was 57.5 years, and 51% were
never-smokers. Characteristics of the study population
per quarter of PM2.5 exposure are presented in Table
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1. Area-level per-centage of low-income earners,

proportion unmarried or not cohabiting, prevalence of
smoking, and prevalence of high alcohol consumption

were higher in the high-est exposure quarter. The
excluded participants were of



similar age and gender composition as the included
but came from areas with a slightly higher
percentage of low-income earners and were more
likely to have low educa-tion, to be foreign-born, to
smoke, to be obese, or to have diabetes.

Median PM25s exposure was 6.2 pg/ms (5th—95th
per-centile 4.5-9.8). Median exposure, interquartile
ranges, and correlations with total and local PM2s for
each assessed pollutant are presented in Table 2.
Median eGFR was 99.2 mL/min/1.73 m2 (5th—95th
percentile 73.4-119.8 mL/min/1.73 mz2) and
prevalence of eGFR < 60 mL/ min/1.73 m2 was 1.0%
(n= 245).

Associations between air pollution exposure and
eGFR and prevalence of a low eGFR are presented
in Fig. 1 and Table S1. After adjustment for site, age,
gender, and socioeconomic and behavioural risk
factors (model 2), an interquartile range (IQR, 2.03
pa/ms) higher long-term exposure to PM2.s was
associated with a 1.27% (95% CI 0.55, 1.99) higher
eGFR, or a 13% lower prevalence of a low eGFR
(prevalence ratio [PR] 0.87, 95% CI 0.76, 1.00).
These estimates were robust to covariate
adjustment, including for potential mediators
(hypertension and dia-betes, model 3) and co-
exposures (noise and greenness, model 4), as well
as in sensitivity analyses with additional adjustment
for estimated protein intake and alcohol con-
sumption (g/day) (Table S2). Exposure to PM1o was
simi-larly associated with a higher eGFR, but with a
slightly lower point estimate per interquartile range
increment of exposure and wider confidence
intervals. Locally emit-ted PMz2.5 tended to be
associated with a higher eGFR and a lower
prevalence of low eGFR, while associations with -
NOx, PM2.:5-10, and locally emitted PM1o were null.
When analysing the association with prevalence of
hyperfiltra-tion, we found elevated PRs for PM2.s (PR
1.14, 95% CI 0.99, 1.31 per 2.03 pg/ms3), but no
associations with the other pollutants.

When higher eGFR cut-offs were chosen the
preva-lence ratios were slightly closer to the null but
with lower statistical uncertainty (e.g., a cut-off at the
25th percen-tile resulted in PR 0.89, 95% CI 0.82,
0.96, per 2.03 ug/ms [IQR] higher PMz25, Table S3).
In separate analyses at each site, associations
between PM2:5 and eGFR were positive or weakly
positive in four out of six sites (Table S4). Com-
bining the site-specific estimates using random-
effects meta-analysis resulted in an overall
association of 1.38% (95% CI -0.27, 3.04) higher
eGFR per 2.03 pg/ms (IQR) higher PM25. Averaging
exposure over two years before enrolment instead of
ten years diminished associations slightly, and
associations were null when averaging expo-sure
over a static time frame between 2000 and 2015 for
all participants regardless of enrolment year (Table
S5). Sensitivity analyses with creatinine- and cystatin
C-based eGFR separately showed positive
associations between
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Table 1 Characteristics of the participants included in the analyses, subdivided per PM2.5 exposure quarter
All Q1 Q2 Q3 Q4 Excludeda

PMzs, mean 6.2 (3.5-13.4) 5.0 (3.5-5.4) 5.7 (5.4-6.2) 6.7 (6.2-7.4) 8.9(7.4-13.4) 6.2 (3.5-12.8)
(range) [pg/m3]

N 24729 6196 6241 6193 6099 5425

Age, mean (SD) 57.5(4.4) 57.5(4.4) 57.5(4.37) 57.5(4.3) 57.7 (4.3) 57.4 (4.3)

Gender, % 51.2 50.5 50.4 50.8 53.2 52.4
female

23.7 20.8 23.0 22.3 28.8 27.3

T 3O0OTMMIO0TOTT mgon:—"sor

JQJ('DB

—oo<m®—' Mo

%

b

Education, % 8.8 8.6 8.0 8.4 10.1 12.7
without
secondary
schooling

Civil status, %
neither
married nor
cohabiting
Foreign-born, 14.1 7.6 12.2 16.7 20.0 28.2
%

Smokers, % 11.8 7.9 10.0 13.5 15.8 21.2
current

Leisure-time 11.5 10.9 10.1 11.5 13.5 15.5
physical

activity, %

sedentary 38.2 32.6 384 415 403 319
Alcohol, %

more than

once per week

Obesity, % 20.7 21.2 20.0 19.6 22.0 25.2
BMI = 30

Hypertension, 22.6 24.0 21.4 21.2 23.8 23.8

25.6 18.0 25.0 28.9 30.6 311



%

Diabetes, % (% 4.2 (29.0) 4.4(33.7) 3.8(29.5) 3.9 (27.4) 4.5 (25.0)
of whom

insulin-treated)

Residential 55.6 (7.93) 49.5(8.27) 54.8 (7.18) 58.3 (6.32) 59.6 (5.49)
road traffic

noise, mean

day-evening-

(”S'g')“ level [dB] 0.47 (0.12) 0.55 (0.09) 0.5(0.1) 0.45(0.11) 0.39(0.11)

Greenness,
mean NDVI
within 500 m
(SD)

eGFR, median
(IQR)

a Includes individuals excluded due to missing exposure, outcome, or any of the covariates for the main model

b Low-income earners were defined as individuals with annual income below than the lower national income quartile

99.2(18.7) 98.4(19.0) 98.9 (18.8) 100.9 (17.8) 98.5(19.2)

Table 2 Median long-term exposure (10 years before
enrolment), interquartile ranges (IQR), and Pearson
correlations with PM2.5 (total) and PM2.5 (local) for
each air pollutant

Pearson correlations

Median IQR [mg/m
[mg/
ms3
PM:s (total) 6.2 2.03
PM:s (local) 0.8 0.79
PM~o (total) 11.5 5.74
PMao (local) 2.1 1.58
PM2.5-10 (total) 53 2.92
PM2.s-10 (local) 1.1 1.18
NOx (total) 12.5 13.20
NOx (local) 8.7 10.67

PMzs and both creatinine-based eGFR and with cys-
tatin C-based eGFR (1.44%, 95% CI 0.75, 2.12, higher
eGFRcreatinine per 2.03 pg/ms [IQR] higher PMzs;
0.96%, 95% CI1 0.12, 1.82, higher eGFRcystatin C, per
2.03 pg/ms3 [IQR] higher PM2.s; Table S6).

5.9 (25.0)

56.1(7.87)

0.46 (0.12)

99.3(19.5)



An exposure—response pattern was visible for -
PMz2 s (total), with stronger associations in the highest
guarter compared to the lowest (Q4 vs. Q1 1.82%,
95% CI 0.60, 3.06, higher eGFR; Fig. 2, Table S7)
and a trend across estimates for each exposure
quarter (p= 0.001). In strati-fied analyses, we found
no association between PM2.5 exposure and eGFR
among current smokers, but a ten-dency towards
stronger associations among participants with a high
BMI or diabetes (Figure S3). However, we found no
evidence of an interaction effect for any of the
assessed potential effect modifiers.

We observed an association between PM25 and
MMP-2, where an IQR (2.03 pg/ms) higher exposure
to PM2s (total) was associated with 7.21% (95% CI
1.94, 12.75) higher MMP-2 levels (Fig. 3, Table S8).
For MMP-2, we also observed an exposure—
response pattern (16.02%, 95% CI 3.47, 30.10,
higher MMP-2 in Q4 vs. Q1, p-value for linear trend
across exposure quarters 0.028, Table S9). In site-
specific analyses, the association between PM2s and
MMP-2 was positive in five of the six sites, with a
pooled effect estimate of 6.84% (95% CI 1.70, 11.97)
per 2.03 pg/ms [IQR] PMz25 (total) (Table S10).

The association between PM25 and PM1o and

serum uric acid tended towards the positive (1.28%,
95% ClI
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Fig. 1 Associations between exposure to different air pollutants and A) eGFR, and B) prevalence of a low eGFR (below age- and
gender-specific tenth percentile) per interquartile range (IQR) higher exposure. Model 1 included only age, gender, and study
site (age and gender were omitted in analyses of prevalence of a low eGFR). Model 2 included all covariates from model 1 as
well as sociodemographic and behavioural risk factors (area-level income, education level, civil or cohabitation status,
immigration status, physical activity, alcohol consumption, and BMI). Model 3 included all covariates from model 2 as well as
hypertension and diabetes mellitus diagnoses. Model 4 included all covariates from model 3 as well as road traffic noise and
greenness exposure. (Model 1-2, n =24 729; model 3, n = 24 464; model 4, n = 24 400.)

o
o)

-0.70, 3.30, per 5.74 pg/ms [IQR] higher PM1o (total), and serum concentrations of IL-18, MCP-1, MMP-7, or
Table S8), but there was no indication of an exposure—MMP-9.
response pattern (Table S9). However, associations

were consistent across the three sites at which serum

uric acid data were available, with a pooled estimate

2.38% (95% CI —0.09, 4.84) per 5.74 pg/ms [IQR]

higher PM1o (total), with comparably elevated

estimates for all assessed pollutants (Table S10). On

the contrary, FGF-23 and KIM-1 were slightly

negatively associated with air pollution exposure.

Comparing the highest expo-sure quarter to the

lowest, KIM-1 and IL-6 were nega-tively associated

with PM25 (local) (Q4 vs. Q1 —8.32%, 95% CI —15.34,

—0.71, p-value for linear trend 0.038, and —10.14%,

95% CIl —-17.29, —2.36, p-value for linear trend 0.018,
respectively, Table S9). There were no clear

associations between any of the assessed pollutants



Discussion

In this large sample of middle-aged men and women
from the general population of six Swedish cities,
long-term exposure to PM2.s was associated with a
slightly higher renal filtration rate and a lower
prevalence of a low eGFR (defined as an eGFR
below the age and gender specific 10th percentile).
This association exhibited an exposure-response
pattern and was robust to adjustment for risk factors
and co-exposures, including potential confound-ers
and mediators. Other assessed pollutants were not
consistently associated with renal function.
Furthermore, exposure to PM2.s was associated with
increased serum concentrations of MMP-2 and
possibly uric acid, while associations with KIM-1 and
FGF-23 instead tended to be negative and
associations with IL-6 were consistently null.

To the best of our knowledge, our study is the first
to investigate associations between long-term
exposure to
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air pollution and renal function in a large general popu
lation sample outside of East Asia or the Americas.
One of the first studies investigating air pollution and
renal function was a cross-sectional study in a sample
of Bos-ton stroke patients, which found a 3.9
mL/min/1.73 m2(95% CI 1.0, 6.7) lower eGFR in
patients residing within 50 m of a major roadway
compared to patients resid-ing > 1000 m from a major
roadway, although this study was not able to
differentiate between air pollution and other effects of
traffic [43]. A larger, longitudinal study in US veterans
found an average additional yearly decrease in eGFR
of 0.6 mL/min/1.73 m2 (95% CI 0.40, 0.79) per 2.1
pg/ms higher exposure to fine particles (PM25), in a
population with mean PM2.5 exposure of 11.4 pg/ms
[44]. Similar results have also been reported from
some more recent studies [16, 40, 41, 70, 79, 85].

A few studies, however, have found opposite or null
associations between air pollution and eGFR, some of
which in the same direction as our findings. In a cross-
sectional analysis of the Jackson Heart Study (JHS),
Weaver et al. [81] found a tendency towards a positive
association between PM25 exposure and eGFR (0.8
mL/ min/1.73 m2, 95% CI -0.4, 1.9, higher eGFR per 1
png/ma). A recent cross-sectional study in a large

rters 2 to 4 (Q2-4) compared to the first quarter (Q1). Bars are

- Taiwanese popu-lation found that exposure to
pollutants commonly found



in fresh exhaust (i.e., CO, NO, and NOx) were
associ-ated with a higher eGFR, although PM25,
ozone, and sul-phur dioxide were associated with a
lower eGFR [73]. A smaller, Flemish study, at only
slightly higher exposure levels than in the SCAPIS
population, found no relation between PM2.5 and
eGFR either cross-sectionally or lon-gitudinally (Feng
et al. 2021).

The inconsistency compared to most previous
studies may be due to the high baseline eGFR in the
study pop-ulation and the low exposure level.
Physiologically, it is possible that exposure to low
levels of air pollution may cause increased eGFR,
especially at the high eGFR levels present in this
renally healthy population. We did observe a small
increment in the prevalence rate of hyperfiltra-tion,
associated with a higher PM2.5 exposure. For com-
parison, glomerular hyperfiltration is established in
early type 1 and type 2 diabetes mellitus and is
hypothesised to predisposed to more rapid
progression of kidney damage [76]. Glomerular
hyperfiltration has been associated with higher risks
of cardiovascular mortality and morbidity [63]. Air
pollution exposure can be compared to cigarette
smoking, which is believed to increase creatinine
clear-ance and cause proteinuria [27, 45]. The null
associations between air pollution and eGFR among
current smokers in this study is consistent with this
hypothesis. Notably,
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Fig. 3 Associations between long-term exposure to air pollutants and concentrations of serum biomarkers of renal injury, adjusted
for age, gender,

site, and socioeconomic and behavioural risk factors (model 2)

however, in our study the association between was 1.5, meaning that a relatively common but
exposure and a higher eGFR was also found for unmeasured or residual
cystatin C-based eGFR (Table S6).

It cannot be excluded that our findings are due to
residual or unmeasured confounding, despite
rigorous confounding adjustment and little difference
across regression models or sensitivity analyses.
The E-value for the dichotomous outcome (eGFR
below the 10th age and gender specific percentile)



confounder need to be associated with both the expo-
sure and the outcome by at least a 50% higher preva-
lence, above and beyond the potential confounders
already adjusted for, in order to fully explain our find-
ings [15]. Although relatively small, this figure can be
compared to frequent alcohol consumption (= 4 times
per week), which was associated with a 70% higher
prevalence of low eGFR when included as a covariate
in our analyses and with a 40% higher prevalence of
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above-median air pollution exposure after adjustment CKD associated with elevated serum uric acid have
for all other covariates in the main model. been shown to be independent of baseline GFR [53,

We noted a consistent association between PMz2s ~ 64]- Being produced by xanthine
expo-sure and serum concentration of MMP-2 (7.21%,
95% CI 1.94, 12.75, higher MMP-2 concentrations in
serum per 2.03 pg/ms [IQR] higher PM25 exposure,
Table S8). This finding is important, as it may provide
a link between PMz2.5 exposure and its impacts on
cardiorenal outcomes. However, since it was the only
consistent association observed among the
biomarkers, the risk of a chance finding cannot be
excluded. While, to our knowledge, the present study
is the first to investigate an associa-tion between PM2s
exposure and MMP-2 in a general population sample,
in vitro studies have reported a cel-lular upregulation
of MMP-2 in the response to oxidative stress caused
by air pollutants [34, 47]. Notably, though, these
studies showed that both MMP-2 and MMP-9
mediated oxidative stress effects of particle exposure,
while in this study we found no association between
exposure to any air pollutant and serum
concentrations of MMP-9.

A potential route for PM2.s-related induction of MMPs
is oxidative stress, which increases MMP levels
through increases in both expression and activation of
pro-MMPs [48]. MMP-2 and MMP-9 play various roles
in the renal disease progression, contributing to loss of
glomerular cell junctions, epithelial-to-mesenchymal
transition, and increased renal fibrosis, accelerating
the decline in renal function [59]. A prospective cohort
study in non-diabetic patients with coronary artery
disease concluded that ele-vated serum MMP-2, -3,
and -9 were predictive of more rapid eGFR decline
[29]. MMPs have also been widely considered to play
an important role in the atheroscle-rotic disease
process, not least as biomarkers of plaque instability
and rupture [48, 51, 56]. The relationship between air
pollution and serum MMP-2 is therefore especially
interesting in light of our recent finding, in the same
study population, of an association between PM2.s
exposure and non-calcified coronary artery plaques,
which is a radiological characteristic of early or vulner-
able atherosclerosis [37].

We also noted a tentative association between air
pollu-tion exposure, in particular PM1o and PM2.5-10,
and serum uric acid. Increased serum uric acid, even
below the threshold for clinical hyperuricaemia, is an
independent risk factor for accelerated eGFR loss and
CKD incidence in the general population [5, 39, 82], as
well as for general and cardiovascular mortality [18,
52]. The primary route of uric acid elimination is
proximal tubular secretion, and the risk increases for



oxidase, uric acid has also been discussed as a
marker or product of oxidative stress, with one study
showing a cor-relation between serum uric acid and
LDL oxidation [13]. The tentative association
between air pollution exposure and uric acid in our
study is in line with the small num-ber of previous
studies at much higher exposure levels. A
prospective cohort study in traffic police in a major
Chi-nese city showed that a 10 pg/ms higher long-
term PM1o exposure was associated with 11.54%
(95% 8.14, 14.93) higher serum uric acid [74].
Another Chinese popula-tion-based study recently
reported similar associations for PM2s [31]. Similar
results were reported from a lon-gitudinal study of
short-term PM2.5 exposure [23]. How-ever, further
studies are needed to draw conclusions on the
relationship between air pollution and uric acid and
its potential clinical implications.

The negative association noted with KIM-1 is
surpris-ing. KIM-1 is a membrane protein expressed
in the api-cal membrane of proximal tubular cells in
response to acute kidney injury, where it promotes
cell phagocyto-sis, tubular injury repair, and inhibition
of renal tubular inflammation. However, in the context
of CKD, KIM-1 has instead been shown to promote
inflammation, fibro-sis, and apoptosis, in part by
promoting MCP-1 excre-tion which contribute to
macrophage recruitment [71]. Plasma concentrations
of KIM-1 have been shown to closely reflect urinary
levels, correlate with albumin excretion, and identify
patients with CKD of various aeti-ologies [65].
Recently, a cohort study in healthy partici-pants from
the general Swedish population showed that a
standard deviation higher plasma KIM-1 was associ-
ated with future risk of hospitalisation for impaired
renal function (hazard ratio 1.43, 95% CI 1.18-1.74)
[68]. Simi-lar results have been reported from several
studies in type Il diabetes mellitus patients [9, 14,
35].

The primary strengths of this study include our
large study population at low exposure levels, the
extensive covariate and biomarker data available for
SCAPIS par-ticipants, and the comparatively high
validity of the mod-elled annual average
concentrations of PM25, PMz1o, and NOx [38]. On the
other hand, the conclusions drawn from this study
are limited by the narrow exposure contrasts, the
strong relation between exposure and enrolment site,
and the comparatively healthy SCAPIS population
with generally good renal function. Most of the within-
site variability was accounted for by enrolment year,
owing to the decreasing trend in PM25
concentrations in Sweden, with enrolment site and
year together explaining 94% of the exposure
variability. There is, of course, still the pos-sibility for
measurement error affecting our results; how-ever, if
this is non-differential it would bias associations
towards the null and is therefore unlikely to explain
the
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inverse associations we observe. Previous studies
have shown that air pollution concentrations at the
residen-tial address is a valid proxy for total personal
exposure [33]. Recently, it was shown that the
exposure assess-ment at the residential address may
be biased for certain groups, particularly among
individuals who commute farther than 10 miles [42],
which is the case for few of the SCAPIS participants.
The narrow exposure contrasts are thus most likely
reflective of relatively homogenous expo-sure levels
within the source population.

Another strength of our study is the use of both
creati-nine and cystatin C to calculate a combined
eGFR, which is superior to GFR estimates based on
only one of the two biomarkers [25, 72]. This is
important, as eGFR is a less reliable estimator of renal
function in healthy individuals [75]. Creatinine levels
can be falsely inflated for individuals with high protein
intake, however adjustment for protein intake (Table
S2) did not affect our results. A limitation was that we
were unable to investigate the association between air
pollution and proteinuria, albuminuria, or albumin-
creatinine ratio, which are also integral markers of
renal disease. A few studies have investigated a
potential association between air pollution exposure
and proteinu-ria, with most, but not all, finding such an
association [8, 19, 41, 57, 81]. To better characterise
the kidney disease progression and more closely
resemble the clinical CKD diagnosis, future studies
should, if possible, also include measures of urinary
albumin or protein excretion. Lastly, an important
limitation of the current study is its cross-sectional
design. Follow-up examinations of SCAPIS par-
ticipants are planned to be completed in 2026, which
will enable longitudinal analyses in this cohort.

Page 10 of



Supplementary Information
The online version contains supplementary material available at .

Supplementary Material 1.
Supplementary Material 2.

Acknowledgements
The authors wish to thank all staff and participants at the
SCAPIS centres.

Authors’ contributions

KKE, YX, EMA, and LS developed the analysis methodology. PM
curated the exposure data. MD and HFE provided data on serum
urate concentrations. KKE performed the analyses and wrote the
original draft of the manuscript. LS pro-vided funding and
supervision throughout the project. YX, EMA, AC, MD, HFE, FH, SL,
PM, AO, MS, PL, and LS critically revised the manuscript for

intellectual content. All authors read and approved the manuscript.

Funding
Open access funding provided by University of Gothenburg. The

Conclusions
In this cross-sectional analysis of a large sample of

mid-dle-aged men and women in Sweden we found an

asso-ciation between PM2s exposure and a higher
estimated glomerular filtration rate, indicating a
potential effect towards increased filtration at low-level
exposure in a renally healthy population, which may

be an early sign of renal disease. PM25 exposure was,
however, associated with higher serum concentrations

of metalloproteinase 2 (MMP-2), an early indicator of
renal and cardiovascu-lar pathology. This study is, to
the best of our knowledge, the first large-scale
population-based investigation of the relationship
between air pollution and renal function in Europe and
extends our knowledge of this association at the lower
end of the exposure spectrum.

main funder of the SCAPISEroject is the Swedish Heart-Lung
Foundation (Dnr 2016-0315).

This study was funded by the Swedish Research Council for Health,
Working Kife and Welfare (Dnr 2020-01044) and the Swedish state
under the ALF agreement between the Swedish government and
the county councils (ALF-GBG-77990). The funders have had no role
in the conceptualisation, design, data collection, analysis, decision
to publish, or preparation of the manuscript.

Availability of data and materials

Due to the sensitive nature of the data, we are not able to share
the data used for this study publicly. However, all data are available
to researchers upon rea-sonable request (including an ethical
permission) from the SCAPIS consortium ().

Declarations

Ethics approval and consent to participate

Both the SCAPIS study and the current study have received
ethical approval (from the Regional Ethics Board of Umea, Dnr
2010/228-31, and from the Swedish Ethical Review Authority, Dnr
2022-00789-02, respectively). All par-ticipants provided written
informed consent.

Consent for
publication
Not applicable.



Competing interests )
The authors declare no competing
interests.

Author details

1 Oclc%pational and Environmental Medicine, School of Public
Healt

and Community Medicine, Institute of Medicine, Sahlgrenska
Academy, Uni-versity of Gothenburg, Box 414, 405 30 Gothenburg,
Sweden. 2 Occupational and Environmental Medicine, Sahlgrenska
University Hospital, Gothenburg, Sweden. 3 Department o
Nephrology, Skane University Hospital, Lund

University, Malmo, Sweden. 4 Department of Rheumatology and
Inflammation Research, Institute of Medicine, Sahlgrenska
Academy, University of Gothen-burg, Géteborg, Sweden. s
Occupational and Environmental Medicine Center in Linkdping,
and, Department of Health, Medicine and Caring Sciences,
Linkdping University, Linkdping, Sweden. s Division of Occupational
and Envi-ronmental MedicineDepartment of Laboratory
MedicineFaculty of Medicine, Lund University, Lund, Sweden. 7
Division for Sustainable Health, Department of Public Health and
Clinical Medicine, Faculty of Medicine, Umea Univer-sity, Ume3,
Sweden. ¢ Department of Medical Sciences, Faculty of Medicine,
Uppsala University, Uppsala, Sweden. 9 Institute of Environmental
Medicine, Karolinska Institute, Stockholm, Sweden. 10 Department
of Cardiology, Dan-deryd Hospital, Stockholm, Sweden.



Kilbo Edlund et al. Environmental Health (2024) 23:67

Received: 2 June 2024 Accepted: 2 August 2024
Published online: 09 August 2024

References

1. Al Suleimani, Y. M., A. S. Al Mahrugi, M. Al Za'abi, A. Shalaby, M.
Ashique, A.Nemmar, and B. H. Ali. 2016. ‘Effect of Diesel Exhaust
Particles on Renal  Vascular Responses in Rats with Chronic

Kidney Disease'. Environmental Toxicology 2 (February). .

2. Andersson EM, Ogren M, Molnér P, Segersson D, Rosengren A,
Stockfelt L.

Road Traffic Noise, Air Pollution and Cardiovascular Events in
a Swedish Cohort. Environ Res. 2020;185: 109446. .

3. Angel S, Eades LJ, Sim G, Czopek A, Dhaun N, Krystek P, Miller
MR. New Insights into the Association of Air Pollution and Kidney
Diseases by Tracing Gold Nanoparticles with Inductively
Coupled Plasma Mass Spectrometry. Anal Bioanal Chem.
2024,416(11):2683-9. .
4. Aztatzi-Aguilar, O G, M Uribe-Ramirez, | Narvaez-Morales, A De
Vizcaya- Ruiz, and O Barbier. 2016. ‘Early Kidney Damage Induced
by Subchronic Exposure to PM2.5 in Rats'. Particle and Fibre
Toxicology 13 (1). .
5. Bellomo G, Venanzi S, Verdura C, Saronio P, Esposito A,
Timio M. Associa-  tion of Uric Acid with Change in Kidney
Function in Healthy Normoten- sive Individuals. Am |
Kidney Dis. 2010;56(2):264-72. .
6. Bergstrom G, Persson M, Adiels M, Bjérnson E, Bonander C,
Ahlstrom H, Alfredsson J, et al. Prevalence of Subclinical
Coronary Artery Atheroscle-  rosis in the General Population.
Circulation. 2021;144(12):916-29. .
7. Bikbov B, Purcell CA, Levey AS, Smith M, Abdoli A, Abebe M,
Adebayo OM, et al. Global, Regional, and National Burden of
Chronic Kidney Disease, 1990-2017: A Systematic Analysis for
the Global Burden of Disease Study 2017. The Lancet.
2020;395(10225):709-33. .
8. Blum MF, Surapaneni A, Stewart JD, Liao D, Yanosky JD, Whitsel
EA, Power MC, Grams ME. Particulate Matter and
Albuminuria, Glomerular Filtration Rate, and Incident CKD.
Clin J Am Soc Nephrol. 2020;15(3):311-9. .
C9G S:Oabl F, Schiller A, Timar R, Lighezan D, Schiller O, Timar B, Bujor

' Ra&)id Decline of Kidney Function in Diabetic Kidney Disease

Is Associ-ated with High Soluble Klotho Levels. Nefrologia.
2019;39(3):250-7.

10. Busso T, Ivadn AC, Mateos LI, Juncos NC, Carreras HA. Kidney

Damage Induced by Sub-Chronic Fine Particulate Matter

Exposure. Environ Int.
2018;121(December):635-42. .

11. Chade AR, Lerman A, Lerman LO. Kidney in Earl
Atherosclerosis. Hyper-tension. 2005;45(6):1042-9. .

12. Cheng Z, Limbu M, Wang Z, Liu J, Liu L, Zhang X, Chen P, Liu B.
MMP-2 and 9 in Chronic Kidney Disease. Int ] Mol Sci.
2017;18(4):776. .

13. Cicero, Arrigo F.G., Martina Rosticci, Marcella Cagnati, Riccardo
Urso, Giovanni Scapagnini, Martino Morbini, Elisa Grandi,
Sergio D'Addato, and Claudio Borghi For The Brisighella Heart
Study Group. 2014. ‘Serum Uric Acid and Markers of Low-
Density Lipoprotein Oxidation in Nonsmoking Healthy
Subjects: Data from the Brisighella Heart Study'. Polish Archives
of Internal Medicine 124 (12): 661-68. .

14. Coca SG, Nadkarni GN, Huang Y, Moledina DG, Rao V, Zhang J,
Ferket B, Crowley ST, Fried LF, Parikh CR. Plasma Biomarkers
and Kidney Function Decline in Early and Established Diabetic
Kidney Disease. | Am Soc Neph-rol. 2017;28(9):2786-93. .

15. Der Weele V, Tyler J, Ding P. Sensitivity Analysis in
Observational Research: Introducing the E-Value. Ann Intern
Med. 2017;167(4):268-74. .

16. Dillon D, Ward-Caviness C, Kshirsagar AV, Moyer J,

Schwartz J, Di Q, Weaver A. Associations between Long-

Page 11 of

Term Exposure to Air Pollu-tion and Kidney Function
Utilizing Electronic Healthcare Records: A



Cross-Sectional Study. Environ Health. 2024;23(1):43. .
17. Ellisonrological Applica- tions'..
18. Fang Jular Mortality. JAMA. 2000;283(18):2404. .
19. Feng, Ying-Mei, Lutgarde Thijs, Zhen-Yu Zhang, Esmée M
Bijnens, Wen-Yi  Yang, Fang-Fei Wei, Bram G Janssen, Tim S
Nawrot, and Jan A Staessen.
2021. ‘Glomerular Function in Relation to Fine Airborne
Particulate Matter in a Representative Population Sample'.
Scientific Reports 11 (1). .
20. Formanowicz D, Wanic-Kossowska M, Pawliczak E, Radom M,
Formano- wicz P. Usefulness of Serum Interleukin-18 in
Predicting Cardiovascular ~ Mortality in Patients with Chronic

Kidney Disease - Systems and Clinical Approach. Sci Rep.
2015;5(1):18332. . 21. Gan, Shien Wen Sheryl, and Christopher T.

Chan. 2017. ‘CKD as CAD Equiv- alent: Inflammatory Milieu
and Vascular Oxidative Stress'. In Cardio-Neph-  rology, edited by

Janani Rangaswami, Edgar V. Lerma, and Claudio Ronco, 61-70.

Cham: Springer. .

22. Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, Jafar TH,
Lambers H]J, Heerspink JF, Mann KM, Wen CP. Chronic Kidney
Disease and Cardio-vascular Risk: Epidemiology,

Mechanisms, and Prevention. The Lancet.
2013;382(9889):339-52. .

23. Gao, Xu, Petros Koutrakis, Brent Coull, Xihong Lin, Pantel
Vokonas, Joel Schwartz, and Andrea A. Baccarelli. 2021. ‘Short-
Term Exposure to PM2.5 Components and Renal Health:
Findings from the Veterans Affairs Normative Aging Study'.
Journal of Hazardous Materials 420 (October).

24. Georgakis MK, De Lemos JA, é&/ers C, Wang B, Bjorkbacka
H, Pana TA, Thorand B, et al. Association of Circulating
Monocyte Chemoattract-ant Protein-1 Levels With
Cardiovascular Mortality. JAMA Cardiology.
2021;6(5):587. .

25. Grubb A, Nyman U, Bjork J. Improved Estimation of Glomerular
Filtration Rate (GFR) by Comparison of eGFR Cystatin C and
eGFR Creatinine. Scand J Clin Lab Invest. 2012;72(1):73-7. .

26. Halekoh, Ulrich, Sgren Hgjsgaard, and Jun Yan. 2006. ‘The R
Package Geepack for Generalized Estimating Equations'.
Journal of Statistical Software 15 (2): 1-11. .

27. Halimi, Jean-Michel, Bruno Giraudeau, Sylviane Vol, Emile
Cace’s, Cace” Cace’s, Hubert Nivet, Yvon Lebranchu, and Jean
Tichet. 2000. ‘Effects of Current Smoking and Smoking
Discontinuation on Renal Function and Proteinuria in the
General Population'. Kidney International. Vol. 58.

28. Hirooka Y, Nozaki Y. Interleukin-18 in Inflammatory Kidney
Disease. Front Med. 2021;8(March): 639103. .

29. Hsu, Ta Wei, Ko Lin Kuo, Szu Chun Hung, Po Hsun Huang, Jaw
Wen Chen, and Der Cherng Tarng. 2013. ‘Progression of Kidney
Disease in Non-Diabetic Patients with Coronary Artery Disease:
Predictive Role of Circulating Matrix Metalloproteinase-2, -3,
and -9'. PLoS ONE 8 (7). .

30. Hsu YH, Chuang HC, Lee YH, Lin YF, Chen Y], Hsiao TC, Mei Yi
Wu, Chiu HW. Traffic-Related Particulate Matter Exposure
Induces Nephrotoxicity in Vitro and in Vivo. Free Radical Biol
Med. 2019;135(May):235-44. .

31. Hu LK, Liu YH, Yang K, Chen N, Ma LL, Yan YX. Associations
between Long-Term Exposure to Ambient Fine Particulate
Pollution with the Decline of Kidney Function and
Hyperuricemia: A Longitudinal Cohort Study.

Environmental Science and Pollution Research, March. 2023. .

32. Inker LA, Eneanya ND, Coresh J, Tighiouart H, Wang D, Sang Y,
Crews DC, et al.” New Creatinine- and Cystatin C-Based
Equations to Estimate GFR without Race. N Engl ] Med.
2021;385(19):1737-49. .

33. Janssen NAH, Hoek G, Brunekreef B, Harssema H, Menswik |,

Zuidhof A.

Personal Sampling of Particles in Adults: Relation among
Personal, Indoor, and Outdoor Air Concentrations. Am |
Epidemiol. 1998;147(6):537-47.

34.th, Sujin, Leejin Lim, Youngjsae Ki, Dong Hyun Choi, and Heesang
ong.
2022. ‘Oxidative Stress Generated by Pol)ﬁyclic Aromatic

Hydrocarbons from Ambient Particulate Matter Enhance
Vascular Smooth Muscle Cell



Kilbo Edlund et al. Environmental Health (2024) 23:67
13

Migration through MMP Upregulation and Actin Reorganization'.
Particle  and Fibre Toxicology 19 (1). . 35. Jungbauer CG, Uecer E,
Stadler S, Birner C, Buchner S, Maier LS, Luchner  A. N-Acteyl-B-D-
Glucosaminidase and Kidney Injury Molecule-1: New

Predictors for Long-Term Progression of Chronic Kidney Disease
in  Patients with Heart Failure. Nephrology. 2016;21(6):490-8.

36. Kadelbach P, Weinmayr G, Chen J, Jaensch A, Rodopoulou S,
Strak M, De Hoogh K, et al. Long-Term Exposure to Air
Pollution and Chronic Kidney Disease-Associated Mortality-
Results from the Pooled Cohort of the European Multicentre
ELAPSE-Study. Environ Res. 2024;252(July): 118942. .

Page 12 of



with Adenine-Induced Chronic Renal Failure. Cell Physiol for Cardiovas-cular and All-Cause Mortality in Middle-Aged

Biochem. 2016;38(5):1703-13. . Men. Arch Intern Med. 2004;164(14):1546. .
51. Newby AC. Dual Role of Matrix Metalloproteinases 53. Obermayr RP, Temml C, Gutjahr G, Knechtelsdorfer M,
(Matrixins) in Intimal Thickening and Atherosclerotic Oberbauer R, Klauser-Braun R. Elevated Uric Acid Increases

Plaque Rupture. Physiol Rev. 2005;85(1):1-31. . the Risk for Kidney Disease
52. Niskanen LK, Laaksonen DE, Nyyssonen K, Alfthan G, Lakka .. .
H-M, Lakka TA, Salonen JT. Urig}/&cid Level as a Risk Factor J Am Soc Nephrol. 2008;19(12):2407-13.
37. Kilbo Edlund, Karl, Eva M. Andersson, Christian Asker, Lars Barregard,
GOran Bergstrom, Kristina Eneroth, Tomas Jernberg, et al.
2024. ‘Long-Term Ambient Air Pollution and Coronary
Atherosclerosis: Results from the Swedish SCAPIS Study'.
Atherosclerosis, May, 117576. .



54. Obert, Leslie A., Susan A. ElImore, Daniela Ennulat, and Kendall Safety Assessment Studies'. Toxico-logic Pathology,
S. Frazier. 2021. ‘A Review of Specific Biomarkers of Chronic 019262332098504.
Renal Injury and Their Potential Application in Nonclinical
38. Kilbo Edlund, Karl, Marta A. Kisiel, Christian Asker, David Segersson,
Cecilia Bennet, Marten Spanne, Susanna Gustafsson, et al.
2024. 'High-Resolution Dispersion Modelling of PM2.5, PM10,
NOx and NO2 Exposure in Metropolitan Areas in Sweden
2000-2018 - Large Health Gains Due to Decreased Population
Exposure'. Air Quality, Atmosphere & Health, Febru-ary. .
39. Kuo CF, Luo SF, See LC, Ko YS, Chen YM, HwangHS, Chou lJ, Chang
HC, Chen HW, Yu KH. Hyperuricaemia and Accelerated Reduction
in Renal Function. Scand | Rheumatol. 2011;40(2):116-21. .
40. Li, Qin, Yuan Yuan Wang, Yuming Guo, Hong Zhou, Qiao Mei

Wang, Hai Ping Shen, Yi Ping Zhang, et al. 2021.
‘Association between Airborne



55. Ogren M, Barr8§ard L. Road Traffic Noise Exposure in 57. O'Neill MS, Diez-Roux AV, Auchincloss AH, Franklin TG, Jacobs

Gothenburg 1975-2010. PLoS ONE. 2016;11(5): e0155328. . DR, Astor BC, Dvonch JT, Kaufman J. Airborne Particulate
56. Olejarz, Wioletta, Dominika tacheta, and Grazyna Kubiak- Matter Exposure and Urinary Albumin Excretion: The Multi-
Tomaszewska. Ethnic Study of Atherosclerosis.
2020. ‘Matrix Metalloproteinases as Biomarkers of Occup Environ Med. 2007;65(8):534-40.

Atherosclerotic Plaque Instability'. International Journal of
Molecular Sciences 21 (11). .
Particulate Matter and Renal Function: An Analysis of 2.5 Million Young . .
Adults'. Environment International 147. 58. Persson A, Pyko T, Lind T, Bellander CG, Ostenson G, Pershagen

5 ’d . mus M. Urban Residential Greenness and Adiposity: A Cohort
udy in
41. Li, Yingxin, Xueli Yuan,Z{%ng Wei, Yuan ing Sun, Wengqing Ni,
Hongmin Zhang, Yan Zhang, et al. 2023."Long-Term
Exposure to Ambient Particu-late Matter and Kidney
Function in Older Adults'. Atmospheric Environ-ment 295
(February). .
42. Lu, Yougeng. 2021. ‘Beyond Air Pollution at Home: Assessment of
Personal Exposure to PM2.5 Using Activity-Based Travel Demand
Model and



Stockholm County. Environ Int. 2018;121(December):832-41. .

59. Provenzano M, Andreucci M, Garofalo C, Faga T, Michael A,

43.

44,

lelapi N, Grande R, et al. The Association of Matrix
Low-Cost Air Sensor Network Data’. Environmental Research 201:111

Statistical Com-
Lue S-H, Wellenius GA, Wilker EH, Mostofsky E, Mittleman MA. Resi-

Metalloproteinases with Chronic Kidney Disease and
Peripheral Vascular Disease: A Light at the End of the Tunnel?

Biomolecules. 2020;10(1):154.

549. .
60. R Core Team. 2021. ‘R: A Language and Environment for

puting’. Vienna, Austria: R Foundation for Statistical Computing.

dential Proximity to Major Roadways and Renal Function. J Epidemiol

Community Health. 2013;67(8):629-34. .

Mehta AJ, Zanobetti A, Marie AC, Bind IK, Koutrakis P, Sparrow D,
Vokonas PS, Schwartz JD. Long-Term Exposure to Ambient Fine
Particulate Matter and Renal Function in Older Men: The
Veterans Administration Normative Aging Study. Environ Health
Perspect. 2016;124(9):1353-60. .



61. Rasking L, Koshy P, Bongaerts E, Bové H, Ameloot M, Plusquin  Kenneth Vanbrabant, Hannelore Bové, Michelle Plusquin, ~ Katrien
M, De Vusser K, Nawrot TS. Ambient Black Carbon Reaches the De Vusser, Harry A Roels, and Tim S Nawrot. 2022. ‘Adverse Effects
Kidneys. Environ Int. 2023;177(July): 107997. . 62. Rasking, Leen, of Fine Particulate Matter on Human Kidney Functioning: A
Systematic Review'. Environmental Health 21 (1).
45. Mickelsson M, Soderstrom E, Stefansson K, Andersson J, Séderberg S,

Hultdin J. Smoking Tobacco Is Associated with Renal
Hyperfiltration. Scand J Clin Lab Invest. 2021;81(8):622-8. .



46

47.

63. Reboldi G, Verdecchia P, Fiorucci G, Beilin LJ, Eguchi K, Imai Y,
Kario K, et al. Glomerular Hyperfiltration Is'a Predictor of
. Miller MR, Raftis JB, Langrish JP, McLean SG, Samutrtai P, Connell SP,
Wilson S, et al. Inhaled Nanoparticles Accumulate at Sites of Vascular
Uric Acid, and Oxida-

Disease. ACS Nano. 2017;11(5):4542-52.
2011;43(2):441-9.

Morales:-Barcenas R, Chirino Y|, Sdnchez-Pérez Y, Osornio-
Vargas AR, Melendez-Zajgla J, Rosas |, Garcia-Cuellar CM.
Particulate Matter (PM10) Induces Metalloprotease Activity and
Invasion in Airway Epithelial Cells. Toxicol Lett.
2015;237(3):167-73.

é\g\éerse Cardiovascular Outcomes. Kidney Int. 2018;93(1):195-

64. Riegersperger M, Covic A, Goldsmith D. Allopurinol,

tive Stress in Cardiorenal Disease. Int Urol Nephrol.



65. Sabbisetti VS, Waikar SS, Antoine DJ, Smiles A, Wang C, Pro%ression to ESRD in Type | Diabetes. ] Am Soc Nephrol.
Ravisankar A, Ito K, et al. Blood Kidney Injury Molecule-1 Is a 2014;25(10):2177-86.

Biomarker of Acute and Chronic Kidney Injury and Predicts

48. Myasoedova VA, Chistiakov DA, Grechko AV, Orekhov AN.
Matrix Metallo- proteinases in Pro-Atherosclerotic Arterial

Remodeling. ] Mol Cell Cardiol.
2018;123(0October):159-67. . 49. Nemmar A, Al-Salam S, Zia S,

Yasin J, Husseni IA, Ali BH. Diesel Exhaust Particles in the
Lung Aggravate Experimental Acute Renal Failure. Toxicol Sci.

2010;113(1):267-77. .
ASI(_)Bﬁemmar A, Karaca T, Beegam S, Yuvaraju P, Yasin J, Hamadi NK,
i BH.

Prolonged Pulmona8/ Exposure to Diesel Exhaust Particles
Exacer-bates Renal Oxidative Stress, Inflammation and DNA

Damage in Mice



66. Saenen ND, Bové H, Steuwe C, Roeffaers MBJ, Provost EB,
Lefebvre W, Vanpoucke C, Ameloot M, Nawrot TS. Children’s
Urinary Environmental Carbon Load. A Novel Marker Reflecting
Residential Ambient Air Pollution Exposure? Am ] Respir Crit
Care Med. 2017;196(7):873-81. .

67. Schefold JC, Filippatos G, Hasenfuss G, Anker SD, van
Haehling S. Heart Failure and Kidney Dysfuction. Nat Rev
Nephrol. 2016;12(10):610-23. .



Kilbo Edlund et al. Environmental Health (2024) 23:67 Page 13 of
13

68. Schulz C-A, Engstrom G, Nilsson J, Aimgren P, Petkovic M, Christensson Pharmacol. 2014;281(2):211-20.
A, Nilsson PM, Melander O, Orho-Melander M. Plasma Kidney Injury

Molecule-1 (p-KIM-1) Levels and Deterioration of Kidney Function over ' 85. Yang YR, Chen YM, Chen SY, Chan CC. Associations

between Long-Term

_‘|I_6_Years. Nephrol Dial Transplant. 2020;35(2):265-73. Particulate Matter Exposure and Adult Renal Function in the
aipei

. Metropolis. Environ Health Perspect. 2017;125(4):602-7.
69. Scurt, Florian G., Jan Menne, Sabine Brandt, Anja Bernhardt, Peter R.

Mertens, Hermann Haller, and Christos Chatzikyrkou. 2022. ‘Monocyte ' 86. Zhang WR, Parikh CR. Biomarkers of Acute and

Chronic Kidney Disease.

Chemoattractant Protein-1 Predicts the Development of Diabetic Annu Rev Physiol. 2019;81(1):309-33.

Nephropathy'. Diabetes/Metabolism Research and Reviews 38 (2). .

Seudi 87.Zou G. A Modified Poisson Regression Approach to Prospective
udies

70. Shi W, Schooling CM, Leung GM, Zhao JV. Early-Life Exposure to Ambi- with Binary Data. Am ] Epidemiol. 2004;159(7):702-6.
ent Air Pollutants and Kidney Function in Adolescents: A Cohort Study .
Based on the “Children of 1997” Hong Kong Birth Cohort. Public Health.
2024;230(May):59-65. . 71. Song J, Jing Yu, Prayogo GW, Cao W,

Yimei Wu, Jia Z. Understanding Kidney Injury Molecule 1:

A Novel Immune Factor in Kidney Pathophysi- ology.

American Journal of Translational Research. 2019;11(3):1219-29.



Publisher’'s Note
Sr)rmger Nature remains neutral with regard to jurisdictional
claims in pub-lished maps and institutional affiliations.

72. Stevens LA, Coresh J, Schmid CH, Feldman HI, Froissart M,
Kusek ], Rossert
J, et al. Estimating GFR Using Serum Cystatin C Alone and in
Combination
With Serum Creatinine: A Pooled Analysis of 3,418 Individuals
With CKD.

Am | Kidney Dis. 2008;51(3):395-406.

73. i\u W-Y, Da-Wei Wu, Hung-Pin Tu, Chen S-C, Hung C-H, Kuo C-H.
ssocia-

tion between Ambient Air Pollutant Interaction with Kidney
Function in a
Large Taiwanese Population Study. Environmental Science and
Pollution
Research, June. 2023. .

74.Tang YX, Bloom MS, Qian Z, Liu E, Jansson DR, Vaughn MG, Lin HL, et al.
Association between Ambient Air Pollution and
Hyperuricemia in
Traffic Police Officers in China: A Cohort Study. Int ] Environ
Health Res.
2021;31(1):54-62. .

75. Tent H, Rook M, Stevens LA, Van Son WJ, Joost Van Pelt L,
Sijbrand Hofker
H, Ploeg RJ, Homan JJ, Der Heide V, Navis G. Renal Function
Equations
before and after Living Kidney Donation: A Within-Individual
Compari-
son of Performance at Different Levels of Renal Function. Clin ]
Am Soc
Nephrol. 2010;5(11):1960-8. .

76. Tonneijck L, Muskiet MHA, Smits MM, Van Bommel EJ,
Heerspink HJL Van
Raalte DH, Joles JA. Glomerular Hyperfiltration in Diabetes:
Mechanisms,
Clinical Significance, and Treatment. ] Am Soc Nephrol.
2017 28(4):1023-

77. VaIdmeIsoJM Rodriguez-Puyol D, Pascual J, Barrios C,
Bermudez-L6pez
M, Sadnchez-Nifio MD, Pérez-Ferndndez M, Ortiz A.
Atherosclerosis in
Chronic Kidney Disease. Arterioscler Thromb Vasc Biol.
2019;39(10):1938-
66. .

78. Waly MI, Ali BH, Nemmar A. Acute Effects of Diesel Exhaust
Particles and
Cisplatin on Oxidative Stress in Cultured Human Kidney (HEK
293) Cells,
and the Influence of Curcumin Thereon. Toxicol In Vitro.
2013;27(8):2299-
304..

79.Wang W, Wu C, Mu Z, Gu Y, Zheng Y, Ren L, Hu Y, et al. Effect of
Ambient
Air Pollution Exposure on Renal Dysfunction among
Hospitalized Patients
in Shanghai, China. Public Health. 2020;181(April):196-201.

80. Wanner C, Amann K, Shoji T. The Heart and Vascular System in Dialysis.
The Lancet. 2016;388(10041):276-84.

81. \.;\Veaver AM, Wang Yi, Wellenius GA, Young B, Boyle LD, De Marc

H'ickson, and Clarissa J. Diamantidis. Long-Term Exposure to
Ambient Air

Pollution and Renal Function in African Americans: The Jackson
Heart

Study. J Eposure Sci Environ Epidemiol. 2019;29(4):548-56.

82. Weiner DE, T|gh|ouar/§ H, Elsayed EF, Grlfﬁth JL, Salem DN,

Levey S. Uric
Acid and Incident Kidney Disease in the Community. ] Am Soc
Nephrol.

2008;19(6):1204-11. .

83. Xu Y, Andersson EM, Carlsen HK, Molnér P, Gustafsson S,
Johannesson S,
Oudin A, Engstrém G, Christensson A, Stockfelt L. Associations
between
Long-Term Exposure to Low-Level Air Pollution and Risk of
Chronic Kid-
ney Disease—Findings from the Malmé Diet and Cancer Cohort.
Environ
Int. 2022;160: 107085. .

84.Yan YH, Chou C-K, Wang JS, Tung CL, Li YR, Lo K, Cheng TJ.
Subchronic
Effects of Inhaled Ambient Particulate Matter on Glucose
Homeostasis
and Target Organ Damage in a Type 1 Diabetic Rat Model.
Toxicol Appl



