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Abstract

Background: Ambient fine particulate matter (PM < 2.5 um, PM, ;) is gaining increasing attention as an environ-
mental risk factor for health. The kidneys are considered a particularly vulnerable target to the toxic effects that PM,
exerts. Alteration of kidney function may lead to a disrupted homeostasis, affecting disparate tissues in the body. This
review intends to summarize all relevant knowledge published between January 2000 and December 2021 on the
effects of ambient PM, s and the adverse effects on kidney function in adults (> 18 years).

Results and Discussion: Studies published in peer-reviewed journals, written in English, regarding the effects of
PM, 5 on kidney function and the development and/or exacerbation of kidney disease(s) were included. Of the 587
nonduplicate studies evaluated, 40 were included, comprising of studies on healthy or diagnosed with pre-existing
disease (sub)populations. Most of the studies were cohort studies (n = 27), followed by 10 cross-sectional, 1 ecologi-
cal and 2 time-series studies. One longitudinal study was considered intermediate risk of bias, the other included
studies were considered low risk of bias. A large portion of the studies (n = 36) showed that PM, s exposure worsened
kidney outcome(s) investigated; however, some studies show contradictory results. Measurement of the estimated
glomerular filtration rate, for instance, was found to be positively associated (n = 8) as well as negatively associated (n
= 4) with PM,.

Limitations and Conclusion: The main limitations of the included studies include residual confounding (e.g., smok-
ing) and lack of individual exposure levels. The majority of included studies focused on specific subpopulations, which
may limit generalizability. Evidence of the detrimental effects that ambient PM, s may exert on kidney function is
emerging. However, further investigations are required to determine how and to what extent air pollution, specifically
PM, o, exerts adverse effects on the kidney and alters its function.

Registration: The systematic review protocol was submitted and published by the International Prospective Register
of Systematic Reviews (PROSPERO; CRD42020175615).
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Background

The human kidneys are a vulnerable target for expo-

sure to toxic substances due to their filtration function.
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subsequently, lead to dysfunctions in other tissues [2, 3].
Kidney diseases, such as chronic kidney disease (CKD),
hold a large burden on public health worldwide [4]; it is
estimated that globally, e.g., CKD prevalence amounts to
13.4% (11.7 — 15.1%) and progression of the disease may
lead to end-stage renal disease (ESRD), requiring dialy-
sis and/or kidney replacement therapy [5]. Furthermore,
significant costs can be attributed to requiring dialysis;
in 2018, the annual cost for dialysis per person was esti-
mated at 85,966 USD (76,282 EUR) [6].

A significant toxic substance to which everyone is
exposed on a daily basis is particulate matter (PM) from
ambient air pollution. PM is classified by the Interna-
tional Agency for Research on Cancer (IARC) as carci-
nogenic to humans [7]. Rather than coarse PM (PM,,) as
the indicator of airborne particulate pollution, fine par-
ticulate matter (PM, 5; particles having a diameter < 2.5
microns) has been gaining more attention and is assumed
to be more closely associated with adverse health effects
linked to outdoor air pollution exposure [8]. In 2016,
the World Health Organization (WHO) estimated that
annually 4.2 million deaths could be attributed to ambi-
ent PM,; [9]. As of now, no threshold for PM,; has
been identified below which it would not pose a threat
to human health. Therefore, in 2021, the WHO lowered
the annual mean of PM, - from 10 pg/m? to 5 ug/m?® [10].
PM, ; has the potential to translocate into the blood [11]
and towards distant organs [12, 13] following inhalation.
In that regard, Saenen et al. [14] showed the presence
of black carbon particles — a significant component of
PM, s — as a marker of medium-term to chronic expo-
sure to combustion-related air pollution in the urine of
healthy individuals. The presence of these toxic particles
may cause direct or indirect adverse effects on the kid-
neys. In that regard, PM, ; has been shown to mediate
atherosclerosis development, which may induce vascu-
lar dysfunction and result in microvascular damage and
atherosclerotic kidney disease [15]. This suggests that
inhaled small particles (<30 nm diameter) can selectively
accumulate in the kidney during the filtration and excre-
tion processes and subsequently directly induce vascular
inflammation, entailing renal damage. Moreover, persons
already diagnosed with a disease affecting the kidney
(e.g., diabetes mellitus) or with a compromised immune
system (e.g., kidney transplant recipients) could experi-
ence a worsening of symptoms following increased PM, ;
exposure [16].

The detrimental effects of air pollutants such as PM, ;
on the kidney have just begun to be acknowledged.
Therefore, this systematic review aims to (i) summarize
the literature regarding ambient PM, . exposure and
its adverse effects on kidney functioning in humans,
(ii) to elucidate the reported detrimental effects on the
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kidneys, and (iii) to evaluate the research gaps and fur-
ther research needs.

Methods

This systematic review was processed according to the
Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) statement [17]. In accordance
with these guidelines, our systematic review protocol
was submitted and published by the International Pro-
spective Register of Systematic Reviews (PROSPERO;
CRD42020175615).

Data Searches and Sources

Studies addressing the potential effects of ambient PM, ;
exposure on kidney functioning in adults (> 18 years)
were retrieved according to a four-stage process. In
the first stage, potentially eligible studies were identified
through a literature search of two bibliographic data-
bases, PubMed (www.pubmed.ncbi.nlm.nih.gov) and
Scopus (www.elsevier.com/solutions/scopus), using the
MeSH terms “kidney” and “kidney disease” along with
the keywords: “fine particulate matter’, “element* carbon’,
“black carbon’, “ufp’, ultrafine partic*’}, particul* matter’,
“PM, 5 and “nephropath®’] “kidney failure’; “kidney insuf-
ficienc®] “renal insufficienc*; and “chronic renal”. The ref-
erence lists of key reviews and the included papers were
screened to recover any additional eligible publications
to ensure literature completeness. The literature search
covered articles published between January 1st, 2000 and

December 20th, 2021.

Data Selection and Risk of Bias Evaluation
In the second stage, two reviewers (LR and KVB) inde-
pendently screened the titles and abstracts of all identi-
fied papers to exclude studies that did not fulfill one or
more of the a priori set inclusion criteria. Any disagree-
ment was resolved through discussion. If no consensus
could be reached, a third reviewer (HB) was consulted.
Duplicate studies were removed. We included longitudi-
nal, cross-sectional, and cohort studies written in English,
which addressed the effects of exposure to PM, 5 on the
kidney or kidney disease outcomes. Publications describ-
ing animal or in vitro studies, or examining exposure to
coarse PM (PM,,), PM,; _ ;5 and volatile substances
[e.g., carbon monoxide (CO), ozone (O,), nitrogen diox-
ide (NO,), or sulfur dioxide (SO,)] were excluded. Addi-
tionally, studies focusing on kidney function or disease
outcomes in children or adolescents were excluded as
the leading causes of the development of kidney diseases
vary significantly among these subpopulations [18, 19].
In a third stage, full-text articles were retrieved and
underwent a second screening for eligibility following the
previously described inclusion criteria. According to the
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Newcastle-Ottowa Quality Assessment Scale (NOS) for
cohort studies, risk of bias analysis was performed by two
independent researchers (LR, KVB). The NOS scale uses
a star system to judge a study and to evaluate the risk of
bias [20]. The most important adjustable factor for com-
parability was considered age. The cut-off for the highest
risk of bias was set at less than half of the points obtain-
able (3 stars or less).

Data Extraction

In the fourth stage, selected studies were grouped
according to the specified kidney disease outcome(s)
under investigation characterizing the study population.
To conduct the in-depth systematic review, the following
information was extracted and registered from each arti-
cle in a preset data extraction form: authors, publication
year, country where the study is realized, study period,
study population, type of study, PM, ; exposure measure-
ments, kidney dysfunction or parameters investigated,
comorbidity at onset of the study (e.g., diabetes mellitus),
identified confounders, and main findings (e.g., incidence
rate of kidney disease outcome(s) in relation to PM, ;
exposure).

Synthesis of Results

The diversity in the examined human populations (e.g.,
the elderly, pregnant women, or general adult popula-
tion) and differently defined assessments of kidney dis-
ease outcomes (e.g., using only one, two, or more eGFR
measurements to determine CKD) did not allow to carry
out a comparative quantitative analysis. Alternatively, we
provided a qualitative overview of the results describing
the effects of PM, ; exposure on human kidney disease
outcomes. The narrative synthesis of results was subse-
quently achieved by summarizing and grouping informa-
tion on different kidney disease outcomes in relation to
PM, ; exposure.

Results
Literature Selection and Assessment of Risk of Bias

The last search was conducted on December 20%, 2021
using the MeSH terms “kidney” and “kidney disease’; and
the aforementioned additional keywords to identify 737
articles in total. Also, two new articles were identified
from reference lists of reviews (Fig. 1). After the removal
of duplicates, 587 articles remained and were screened
for eligibility. The abstracts of these 587articles were eval-
uated and 517 records were excluded from the analysis.
From the total of excluded records, 32 articles were not
written in English, 140 articles did not focus on ambi-
ent PM, sspecifically, and 146 did not address the kidney
or kidney disease outcomes. Additionally, 199 articles
were excluded from the analysis as they did not address
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original studies (n = 58), focused on experimental stud-
ies in animals or humans (n = 99429 = 128), or did not
address adults (n = 13). The remaining 70 selected stud-
ies underwent in-depth review, resulting in 30 additional
removals (3 articles lacked full-text availability, 10 were
reviews, 12 were not original reports, and 5 addressed
kidney cancer). The 40 studies fulfilling the inclusion cri-
teria were included for this systematic review.

The risk of bias analysis was performed using the New-
castle — Ottowa Scale and articles were ranked accord-
ingly: gaining < 3 stars meant a high risk of bias, < 5
stars an intermediate risk of bias, and > 6 stars a low risk
of bias [20]. One article had an intermediate risk of bias
[21], while no articles were considered as high risk of bias
(Supplementary Table 1).

Study Characteristics

The 40 studies included in this systematic review were
either cohort studies (n = 27, Table 1), cross-sectional (n
= 10, Table 2), ecological (n = 1, Table 3), or a time-series
study (n = 2, Table 3) and conducted in an epidemiologi-
cal context of exposure to ambient PM, ;. We identified
studies investigating (i) clinical measurements of the esti-
mated glomerular filtration rate (eGFR) (n = 8) [15, 21—
27], (ii) general kidney functioning through changes in
biomarkers (n = 2) [28, 29], and (iii) glomerular diseases
(n = 4) [30-32], including systemic lupus erythemato-
sus (SLE; n = 1) [33]. The remaining 26 articles focused
on persons with a diagnosis of diabetes mellitus (n = 2)
[34, 35], the development and/or worsening of CKD (n =
14) [36-49], ESRD (n = 2) [50, 51], renal failure (n = 4)
[52-55], and kidney transplant outcome (n = 4) (Fig. 2)
[56-59].

Of all included studies, 19 studies [22-26, 31, 33-45,
47-53, 56, 58] had PM, ; exposure levels that exceeded
the old 2006 WHO air quality guidelines for ambi-
ent PM, ., namely the annual mean (10 pg/m®) or the
24-hour mean (25 pg/m?®) [60], of which 7 studies had
PM, s exposure levels ranging from below the guide-
line to exceeding the pre-set guidelines [33, 34, 36, 44,
51, 56, 58]. Only 5 studies had a mean PM, ; exposure
level below the 2006 WHO air quality guidelines [27, 54,
55, 57, 59]. According to the new air quality guidelines
announced in 2021, all studies exceeded the newly set
guidelines for the annual mean (5 ug/m?) or the 24-hour
mean (15 pg/m?®) [10]. Additionally, 8 studies listed aver-
age PM, ; exposure levels divergent from annual or daily
means [15, 21, 24, 28-30, 32, 35, 46], i.e., 72-hour PM, ¢
exposure means [21], various moving day averages [24]
two-year [46], three-year [30] or seven-year [50] annual
PM, s means, PM, ; means during the study or follow-up
period [32, 35], and means of PM, . exposure during the
pregnancy [15].
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Records identified through
database searches
(n=737)

Records identified through
bibliographies of reviews

Records after removal of duplicates
(n=587)

(n=2)
A4
Records excluded
(n=517)
- 32 articles were not written in
English,
. 140 articles did not address outdoor

PM, s in particular,
. 146 articles did not address the

» kidney,

= 58 articles were not original studies
(43 reviews),

= 99 articles were not focused on

Records screened for eligibility

humans, e.g., animal or in vitro
studies,

. 29 articles addressed experimental
studies on humans,

(n=70) = 13 articles did not focus on adults.
> Full-text articles excluded
(n=30)
v . 3 articles had no full text available,
L] 10 articles were a review,
. 12 articles were not original studies
(e.g., case reports, reviews)
Studies included in systematic = Sarticles addressed kidney cancer

review (n = 40)

Fig. 1 Overview of the data selection process. Records either identified through database searches of PubMed and Scopus (n = 737) from January
1st, 2000 until December 20th, 2021, and records identified through bibliographies of reviews (n = 2). After checking for and removal of duplicates,
records were screened for eligibility according to the a priori defined criteria, that resulted in n = 70 eligible records. Next, full-text articles were
screened for a second time against the eligibility criteria. The final selection (n = 40) consisted of human studies focusing on ambient PM exposure
and addressing: (i) clinical measurements of eGFR (n = 8), (i) general kidney function through changes in biomarkers (n = 2), and (iii) glomerular
diseases (n = 4). The remaining articles focused on persons with a diagnosis of diabetes mellitus where kidney function declined (n = 2), CKD (n

= 14), ESRD (n = 2), renal failure (n = 4), and kidney transplant outcome (n = 4). Abbreviations: CKD, chronic kidney disease; ESRD, end-stage renal
disease; eGFR, estimated glomerular filtration rate; PM, 5, fine particulate matter (< 2.5 microns)

Furthermore, 27 of the 40 included studies showed sig-
nificant results or associations with investigated param-
eters and PM, ; exposure [15, 21, 23, 26, 30-32, 34-37,
39, 40, 43-54, 58, 59]; 4 studies did not show any signifi-
cant results or associations [24, 25, 42, 56]. It is of note
that some articles (n = 9) [22, 27, 28, 33, 38, 40, 55, 57,
59] showed significant associations with one parameter,
but not with another parameter investigated. Blum et al.
[22] observed no significant association in eGFR, but did
observe significant associations with an increased risk
of incident CKD and higher levels of albuminuria. Gao
et al. [27] showed that ambient PM, ; exposure could be

associated with a decline in eGFR, but not to serum uric
acid, blood urea nitrogen or odds of developing CKD.
Chang et al. [57] could not observe associations with
higher odds of acute kidney rejection in the lowest quar-
tile of PM, 5 exposure, but in could in the highest quartile.
Chuang et al. [28] showed differences in urinary markers
for welders post-exposure, but could not find significant
differences in office workers post-exposure. Bernatsky
et al. [33] showed no associations between PM, ; expo-
sure and the overall measurement to score systemic lupus
erythematosus disease activity, but anti-double stranded
DNA and urinary casts could be significantly associated
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Included in systematic review
(n=40)

(< 2.5 microns)

Fig. 2 Schematic overview of the distribution of articles on kidney disease (outcomes) in the systematic review. Eligible articles (n = 40) were
divided into the corresponding disease outcomes. Included studies focused on (i) clinical measurements of eGFR (n = 8), (i) biomarkers to evaluate
kidney function following PM exposure (n = 2), (iii) glomerular diseases (n = 4), (iv) diabetes mellitus as a driver to kidney function decline (n = 2),
(v) CKD (n = 14), (vi) ESRD (n = 2), (vii) kidney failure (n = 4), and (viii) kidney transplantation (n = 4). These numbers of articles for the listed classes
of kidney disease (outcomes) do not necessarily correspond with the main text, as for each class, the most representative articles were considered.
Abbreviations: CKD, chronic kidney disease; ESRD, end-stage renal disease; eGFR, estimated glomerular filtration rate; PM, 5, fine particulate matter

Clinical Measurements of eGFR
(n=218)

Biomarkers for Renal Function
(n=2)

Glomerular Diseases (n = 4)
Diabetes Mellitus (n = 2)
CKD (n= 14)

ESRD (n=2)

Renal Failure (n = 4)

Kidney Transplantation (n = 4)

to PM, ; exposure. No differences in eGFR could be dem-
onstrated for PM, ; exposure, but Chen et al. [38] could
for PM, 5 absorbance. Feng Y. and colleagues [55] could
not show an association between mortality risk in dialy-
sis patients and low levels of PM, - (<12 pg/m?), but did
show associations for exposure to levels >12 pg/m?. Sim-
ilar results were seen regarding PM, 5 exposure of kid-
ney transplant recipients [59], where no association with
one-year acute rejection could be shown below 12 pg/m?®
PM, 5 exposure; though, associations were demonstrated
with an increased risk of delayed graft function one-year
acute rejection and all-cause mortality for each 10 pug/m?®
increase in PM, 5 exposure. Lastly, Ran et al. [40] found
that PM,; exposure was associated with renal failure
mortality among hypertensive patients, but could not
show associations with e.g., all-cause mortality among
CKD patients.

Discussion

eGFR for Assessment of Renal Function

The estimated glomerular filtration rate (¢GFR) describes
the filtration of a certain volume of blood (milliliter) per
unit of time (minutes) for a corporal surface of 1.73 m?
by the glomerular capillaries into Bowman’s capsules.
Despite that the gold standard for GFR evaluation is
the measurement of inulin clearance, eGFR is cur-
rently used in medical practice to assess kidney function

changes [61]. In the clinic, the GFR is estimated accord-
ing to the Chronic Kidney Disease-Epidemiology Col-
laboration (CKD-EPI) equation. The single CKD-EPI
equation for estimating GFR is eGFR = 141 x min(serum
creatinine/k, 1)* x max(serum creatinine/x, 1)~12%
x 0.9934%¢ x 1.018 [if female] x 1.159 [if black], where
serum creatinine is expressed in mg/dL, « is 0.7 for
females and 0.9 for males, and « is -0.329 for females
and -0.411 for males [62]. Another method to estimate
GFR, used commonly and addressed by various articles
in this review is the Modification of Diet in Renal Dis-
ease (MDRD) equation: eGFR = 175 x (serum creati-
nine) 1% x (age) %% x 0.742 [if female] x 1.212 [if
black], where serum creatinine is expressed in mg/dL
[63].

The effects of PM, . exposure on changes in eGFR
was addressed in 12 of the included studies [15, 21-27,
42, 47, 49, 51]. These studies evaluating PM, ; and eGFR
have shown contradictory results. In the Atheroscle-
rosis Risk in Communities cohort, participants were
followed up from 1996 to 1998 to 2016 (mean age 63
years; n = 10,997); at baseline, no significant associa-
tion between PM, . exposure and eGFR [eGFR = 0.07
mL/min/1.73 m® 95% confidence interval (CI) -0.28
to 0.41] was found [22]. In a cross-sectional study con-
ducted on citizens (> 30 years; n = 21,656), Yang et al.
[42] showed no significant association in eGFR decline
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(eGFR = -0.09 mL/min/1.73 m? 95% CI -0.25 to 0.07)
for an interquartile range (IQR) increment of 5.67 ug/
m® in PM, .. Furthermore, the latter report also did not
show a significant association between change in eGFR
(0.02 mL/min/1.73 m? 95% CI -0.16 to 0.19) and an IQR
increment of 0.48 x 107°/m in PM, 5 absorbance, which
characterizes local soot emissions [42]. In a Flemish
cohort (n = 820 at baseline participation and n = 653 at
follow-up participation), Feng Y.M. et al. [25] stipulated
that changes in eGFR [Odds ratio (OR),,jine = 0.00,
95% CI -1.18 to 1.19; ORgjpgy_yp = -0.30, 95% CI -1.78
to 1.18; and OR ,,;aion = 0.01, 95% CI -1.16 to 1.17] or
serum creatinine (ORy,qqjine = 0.23, 95% CI -1.07 to 1.52;
ORgyjjou—up = 0-10, 95% CI -2.03 to 2.23; and OR ypinaion
= 0.28, 95% CI -1.19 to 1.75) were unrelated to PM, ;
exposure (p > 0.69) when considering only the baseline
exposure levels, only the follow-up, or a combination.
Lastly, Li A. et al. [24] investigated the effects of PM, -
exposure on eGFR in a population (n = 169) residing in
China. A decline in eGFR, calculated through both the
MDRD (e.g., 60-day exposure: 2.78%, 95% CI -4.61 to
10.73) and CKD-EPI (e.g., 60-day exposure: 1.05%, 95%
CI -2.51 to 4.75) equations, was inversely associated with
each IQR increase in PM, ; concentrations, albeit nonsig-
nificant (p > 0.05).

However, in a prospective cohort study on young adults
aged 18 to 45 years (n = 2,546,047) of Han ethnicity, Li
Q. et al. [26] observed a 0.77% decrease in eGFR (95% CI
-0.81 to -0.73; p < 0.05) for each 10 pg/m® increment in
PM, ; exposure. Additionally, for each 10 pg/m® PM, .
increment, a significant increase of 0.87% (95% CI 0.82 to
0.91; p < 0.05) in serum creatinine could be shown [26].
Furthermore, associations between eGFR or serum cre-
atinine and PM, ; exposure levels were higher in females
than in males (p < 0.05). In another a prospective cohort
study on war veterans (mean age 73.5 years at the first
visit; n = 669), Mehta et al. [23] showed that a 2.1 pg/m®
higher one-year PM, . exposure was significantly associ-
ated (p < 0.05) with a 1.87 mL/min/1.73 m* lower eGFR
(95% CI -2.99 to -0.76); additionally, the aforementioned
increment in one-year PM, - was significantly associated
(p < 0.05) with an annual decrease in eGFR of 0.60 mL/
min/1.73 m* (95% CI -0.79 to -0.40). They could not only
link PM, ; to a reduced eGFR, but also to an increased
rate of eGFR decline over time [23]. A second study [27]
performed on this population assessed the short-term
(28-day window) effects of PM, - exposure on renal func-
tion. The average £ SD 28-day PM, s concentration was
9.27 pg/m® + 3.08 pg/m® to which the 808 elderly war
veterans with a mean + SD age of 75.7 £ 7.2 years (n
= 2,466 study visits over those 808 participants) were
exposed. Results indicated a robust association between
PM, ; exposure and lower eGFR. For each 4.09 pg/m?®
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increment in 28-day PM,; a mean =+ standard error
(SE) change of -1.6078 % 0.4446 mL/min/1.73 m> was
observed (p < 0.001).

A retrospective cross-sectional study by Kuzma et al.
[49] on patients, referred for elective coronary angiogra-
phy (n = 3,554) with a median age of 66 years, showed
that a 15.9 pg/m?® increase in weekly PM,. exposure
was associated with a 2% reduction in expected eGFR
(B=0.02, 95% CI -0.03 to -0.01; p < 0.05). In another
cross-sectional study design on pregnant women (n =
10,052), Zhao et al. [15] estimated a significant reduction
(p < 0.01) in eGER of 0.54 mL/min/1.73 m* (95% CI -0.74
to -0.33) during the entire pregnancy for an IQR incre-
ment of PM, ;. In a prospective war veterans study (n =
2,482,737), Bowe et al. [51] reported an increased risk
(p < 0.05) of incident eGFR <60 mL/min/1.73 m? [haz-
ard ratio (HR) = 1.25, 95% CI 1.17 to 1.34] for a 10 ug/m’
increment in PM, ;. Compared to participants exposed
to lower PM, . levels (5.0 — 9.1 ug/m®), participants
exposed to higher PM, ¢ levels (> 9.2 pg/m?®) had a gradu-
ally increased risk of incident eGFR < 60 mL/min/1.73 m
[51]. In addition, in a general adult Taiwanese population
(n = 108,615) with an average + SD age of 39.1 + 11.8
years, Zeng et al. [47] demonstrated that each 10 pg/m?
increment of PM, ¢ could be significantly associated (p <
0.001) with a 3.18-fold increased risk of an eGFR decline
>30% (95% CI 2.88 to 3.50). In an elderly population (60
— 69 years old; n = 71), the panel study of Fang et al. [21]
showed that an IQR increment of 31.43 pg/m® in PM, .
exposure was significantly associated (p < 0.05) with a
3.27% eGEFR decrease, albeit in a small population size (n
=71).

The underlying mechanism(s) that may explain why
4 studies [22, 24, 25, 42] showed no association, while
8 other studies [15, 21, 23, 26, 27, 47, 49, 51] did show
associations between a decline in eGFR and PM, ; expo-
sure, remain unexplored. Yet, as PM, ; components vary
by region, certain regions may contain higher concentra-
tions of such components that are more detrimental to
glomerular and proximal tubular function leading to dif-
ferences in eGFR measurements [15, 22, 23]. However,
it is of note that Mehta et al. [23], Gao et al. [27], Zhao
etal. [15], and Bowe et al. [51] investigated overall kidney
function on distinctive subpopulations, i.e., elderly vet-
erans with a mean age of 73.5 years [23] and 75.7 years
[27] respectively, Chinese pregnant women [15], and
veterans with a median age of 62.5 years [51], which are
not representative for the general population, in contrast
to the studies by Fang et al. [21], Blum et al. [22], Feng
Y.M. et al. [25], Li A. et al. [24], Li Q. et al. [26], KuZzma
et al. [49], Zeng et al. [47], and Yang et al. [42]. In addi-
tion, the GFR in normal pregnancies can increase 40 to
50%; therefore, the current standard in clinical practices
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to evaluate glomerular filtration rate is the creatinine
clearance in 24-hour urine [64]. Zhao et al. [15] meas-
ured serum creatinine but did not describe any changes
in creatinine clearance in relation to PM, ; exposure.

It is of note that not all studies use the same equa-
tion to determine eGFR. Of all studies addressing
measurement(s) of eGFR in this review, 5 studies [21, 43,
46-48] estimated GFR according to the MDRD equa-
tion, one study [51] did not specify, and one study [24]
used both equations to estimate GFR, while 13 stud-
ies [22, 23, 25-27, 29, 34, 37, 38, 41, 42, 44, 49] used the
CKD-EPI equation to determine eGFR. Current research
is contradictory about the superiority of either methods
to estimate GFR [38, 62, 65, 66]. However, in 2013, the
CKD-EPI equation was recommended by the ‘Kidney
Disease: Improving Global Outcomes (KDIGO) to esti-
mate GFR [67].

Evaluation of Renal Function through Biomarkers in Urine
and Blood

In addition to the use of eGFR measurements and cre-
atinine clearance in the routine assessment of kidney
function, urinary biomarkers are progressively used as a
noninvasive tool to evaluate the glomerular and tubular
functions of the kidneys.

Albuminuria is a sensitive, prognostic marker for
changes that are observed in the glomerulus and its per-
meability to macromolecules [68]. Five studies focused
on albuminuria after PM, ; exposure [22, 24, 25, 29, 48].
Li G. et al. [48] demonstrated that each 10 pg/m? incre-
ment of PM,; exposure could be positively associated
(OR = 1.39, 95% CI 1.32 to 1.47) with albuminuria (p <
0.001) in an adult Chinese population (n = 47,204). The
study by Blum and colleagues [22] showed that a higher
annual average PM,; exposure was associated with
increased albuminuria. They concluded that a 1 pg/m?
increment of the annual average PM, ; was significantly
associated (p < 0.001) with a higher urinary albumin-
creatinine ratio (UACR) (6.6% difference, 95% CI 2.6 to
10.7%) [22]. The cross-sectional study design of Weaver
et al. [29] has shown opposite results, including inverse
associations (p < 0.05) of UACR with 1-year and 3-year
averaged PM, ; exposure (OR = -0.09, 95% CI -0.2 to
-0.02 and OR = -0.2, 95% CI -0.3 to -0.06, respectively).
The authors stated that this may be due to bias, since
participants with better kidney function are more likely
to provide urine samples when operating on a voluntary
basis [29]. The study by Feng Y.M. et al. [25] showed that
changes in microalbuminuria (ORy,¢ i, = 0.27, 95% CI
-0.26 to 0.79; ORgyjioy—yp = 0.06, 95% CI -0.43 to 0.54;
and OR ., pination= 0-21, 95% CI -0.19 to 0.61) were unre-
lated to PM, ; exposure (p > 0.31) when considering only
the baseline, only the follow-up, or a combination of
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participation (n = 820 at the baseline participation and
n = 653 at follow-up participation). Furthermore, in a
small population sample (n = 169) of participants with
an average + SD age of 64.0 &+ 8.7 years, Li A. et al. [24]
could not show any associations between an IQR increase
in PM, ; and UACR (e.g., 60-day exposure: 0.05%, 95% CI
-0.50 to 0.61; p > 0.05).

Other promising markers include urinary kidney injury
molecule-1 (KIM-1) [69] and neutrophil gelatinase-
associated lipocalin (NGAL) [28, 70], tubular markers of
extracellular matrix receptor interaction [28, 70]. Using
the urinary markers KIM-1 and NGAL, Chuang et al.
[28] investigated the renal effects of exposure in weld-
ers and office workers in a cross-sectional study of whom
the personal PM, . exposure (50.3 pg/m® and 27.4 pg/
m?, respectively) exceeded the daily guideline set by the
WHO at that time frame (25 pg/m?®) [60]. Urinary levels
of KIM-1 were significantly increased in welders post-
exposure compared to pre-exposure (p < 0.05), but no
difference was observed between post- and pre-exposure
in office workers. Urinary NGAL was significantly higher
(p < 0.05) in welders as well as office workers post-expo-
sure compared to pre-exposure. These results indicate
that PM, ; might negatively affect tubular kidney func-
tion during short periods of exposure (one working week
between pre- and post-exposure measurements of the
biomarkers) [28].

Other traditional biomarkers employed in medi-
cal practice include measurements of uric acid (UA)
and urea nitrogen (UN) in blood. Increases in UA or
UN are an indication of kidney function decline, due to
a decrease in the glomerular filtration rate [15, 71]. In
pregnant women, Zhao et al. [15] demonstrated for a
IQR increment of 3.90 ug/m® PM, ; exposure increases of
0.05 mmol/L (95% CI 0.04 to 0.07) in serum UN and 0.60
mmol/L (95% CI -0.86 to 2.06) in serum UA, indicating
a reduction of eGFR. Whereas serum UN was found to
be significantly positively associated (p < 0.01) with PM, -
during the whole pregnancy, no such association could
be shown for serum UA [15]. Furthermore, Gao et al. [27]
indicated that no significant associations (p > 0.06) could
be shown for UA (0.0674 mg/dL; SE: 0.0442 mg/dL) and
UN (0.0110 mg/dL; SE: 0.1987 mg/dL) for each 4.09 pg/
m? increase in short-term 28-day PM, . concentration.

The use of novel renal biomarkers in relation to PM, ¢
exposure in a clinical setting remains largely underex-
plored. Various other well-documented urinary glomeru-
lar markers such as cystatin C [72] and urinary tubular
markers such as ,-microglobulin [73], «;-microglobulin
[74], and retinol-binding protein [75] have not been
investigated in (large) population-based studies in rela-
tion to the early toxic effects of environmental PM,
exposure on kidney function. Further research is required
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to determine their potential both in research and clinical
settings.

Glomerular Diseases

Glomerular diseases (e.g., glomerulonephritis, such as
nephrotic syndrome) are caused by damage to the glo-
meruli, which may cause leakage of large proteins into the
urine and interference with the clearance of waste prod-
ucts, which can result in a buildup of harmful substances
in the blood. Four of the included studies addressed the
effects of PM, ; exposure on the glomeruli [30-32], of
which one specifically addressed the auto-immune disor-
der systemic lupus erythematosus (SLE) [33].

In a time-series study on hospital admissions attributa-
ble to nephritis [32], a 10 pg/m® increment in PM, ; expo-
sure caused a significant percental change of 0.23 (95%
CI 0.08 to 0.39; p < 0.05) in hospital admissions due to
nephritis. The cohort study by Lin S.Y. et al. [31] demon-
strated a clear dose-response relationship between PM, ;
exposure and nephrotic syndrome (NS) in a population
cohort of residents of Taiwan (n =161,970). An increas-
ing trend for risk of developing NS was shown; relative to
the lowest PM, 5 exposure level (quartile 1; < 29.5 pug/m®),
the highest level of PM, ; exposure (quartile 4; > 41.2 ug/
m?®) was associated with a 2.53-fold higher risk of devel-
oping NS (HR = 2.53, 95% CI 1.01 to 5.94; p < 0.05) [31].

A common cause of NS in adults is idiopathic mem-
branous nephropathy (iMN), where the immune system
attacks the glomeruli, leading to kidney damage [76]. A
cohort study by Xu et al. [30] demonstrated that higher
PM, ; exposure was associated with an increased risk
of iMN. However, the relationship appeared non-linear
below PM, ; concentrations of 70 pg/m?® above 70 ug/m?,
an increment of 10 pg/m* PM, . exposure was associated
with 14% higher odds to develop iMN (95% CI 1.10 to
1.18). The frequency of iMN varied among geographical
regions, with the most polluted areas having the highest
frequency [30].

All three studies [30-32] addressing glomerular dis-
eases associated with PM, ; exposure showed that PM, ;
negatively affects the glomeruli. However, the mecha-
nisms by which PM, ; exposure triggers or exacerbates
glomerular diseases remain unknown, requiring more
research to elucidate this association. It would be worth-
while to explore whether glomerular diseases presumably
linked with a direct toxic insult of PM, ; exposure on the
glomeruli could not be the result of an indirect harmful
influence on the glomerular function associated with the
progression of tubulointerstitial changes secondary to
PM, 5 exposure-linked tubular lesions. The pathophysio-
logical mechanisms of NS development are believed to be
associated with autoimmunity that targets the glomeru-
lus. Air pollution and PM, ; exposure have recently been
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associated with alterations in autoimmunity, leading to
increases in oxidative stress and inflammation, which
may trigger autoimmune reactions [31, 77, 78].

Auto-immune diseases, such as SLE, may be associated
with varying PM, ; exposure. In a cross-sectional study
design, Bernatsky et al. [33] investigated whether PM, ¢
exposure affected clinical aspects of SLE, listed in the
SLE Disease Activity Index version 2000 (SLEDAI-2 K).
No clear-cut association between PM,; exposure and
overall SLEDAI-2 K scores could be demonstrated. The
authors stipulated that features of disease activity could
have been present early in the 10-day window preceding
the assessment but were not present at the time of the
hospital visit [33]. However, urinary casts — which reflect
renal inflammation — and anti-dsDNA were associated
with short-term variations in PM,; exposure shortly
before the clinical visits (24 to 48 h before). A 10 ug/m’
increment in PM, ; exposure was significantly associated
(p < 0.05) with increased odds for the presence of urinary
casts (1.43, 95% CI 1.05 to 1.95) as well as the presence of
anti-dsDNA (1.26, 95% CI 0.96 to 1.65) [33]. PM, 5 expo-
sure could not be associated with clinical disease activity
features of SLE. These results suggest that PM, ; exposure
has acute effects on the occurrence of anti-dsDNA and
urinary casts; however, as the kinetics of anti-dsDNA and
urinary casts are not entirely understood, it is physiologi-
cally plausible that these markers vary daily with fluctuat-
ing PM, ; exposure.

Diabetes Mellitus as a Driver of Kidney Function Decline
Exposure to PM,; has been shown to exacerbate pre-
existing health conditions, such as diabetes, in both
humans and animals [79-81]. Diabetes causes damage
to the kidneys by narrowing of the afferent and efferent
arterioles transporting blood to and from the kidneys
[82, 83]. Therefore, the presence of a pre-existing disease
might act as a mediator to adverse kidney outcome(s) fol-
lowing PM, ; exposure, exacerbating the decline of kid-
ney function.

Diabetes mellitus is a significant risk factor for kidney
damage, as blood vessels in the kidney become damaged
and high blood pressure will occur. The buildup of water
and salts leads to hyperfiltration, causing harm to the
nephrons and excess proteinuria [83]. Two studies inves-
tigated diabetes mellitus as a mediator of kidney function
decline after PM, ; exposure [34, 35]. A cohort study con-
ducted by Chin and colleagues [35] showed that patients
exposed to lower levels of PM, 5 (quartile 1; 27.7 pg/m?)
and those exposed to higher levels of PM, ; (quartile 3;
38.8 pg/m®) had an annual UACR increase of 3.17 mg/g
and 3.96 mg/g respectively. A more rapid progression of
microalbuminuria (20 — 200 mg/L) in patients exposed
to higher levels of PM, ; was observed [35], which may
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be explained by the known effects of PM, ; on increased
insulin resistance [84]. Additionally, Bowe et al. [34] indi-
cated diabetes as a mediator in the association of PM, ;
exposure with kidney disease outcomes in an prospec-
tive cohort study, where a 10 pug/m® increment in PM,
exposure was associated with increased odds of diabetes
(OR = 1.18, 95% CI 1.06 to 1.32), and also with on aver-
age a 1.2-fold increased risk of kidney disease outcomes.
However, the proportions of association between PM, ;
exposure and kidney disease outcomes mediated by hav-
ing diabetes varied: 4.7% (95% CI 4.3 to 5.7%) for incident
eGFR < 60 mL/min/1.73 m? 4.8% (95% CI 4.2 to 5.8%)
for incident CKD, 5.8% (95% CI 5.0 to 7.0%) for > 30%
decline in eGFR, and 17.0% (95% CI 13.1 to 20.4%) for
ESRD or > 50% decline in eGFR [34]. The study showed
that only a small proportion (< 6%) of the association
between PM, ; exposure and the risk of kidney disease
outcomes is mediated by diabetes, except for ESRD. The
mediation effect of diabetes is much higher for ESRD,
likely due to the rapid progression of CKD to ESRD
because of diabetes, which may reflect from the relative
strength of the association between diabetes and ESRD in
comparison to other investigated kidney diseases. How-
ever, it is of note that the study conducted by Bowe et al.
[34] may not be generalizable to the general population
as the cohort only included United States war veterans
with a mean age of 62.5 years. Lastly, Feng Y. et al. [55]
indicated that when diabetes was the primary cause of
kidney failure (aHR = 1.25, 95% CI 1.13 to 1.38), patients
were more vulnerable to high PM, ; exposure levels with
an increased mortality risk.

The occurrence of a pre-existing driver such as diabe-
tes mellitus might exacerbate the effects that PM, ; expo-
sure exerts on the kidneys and its functioning. The sparse
studies indicated that diabetes mellitus might act as a
mediator between kidney disease outcomes (e.g., CKD,
ESRD) and PM, ; exposure.

Chronic Kidney Disease
Diabetes is a significant cause of CKD [85], due to a grad-
ual loss of kidney function over a period of months to
years. The development and progression of CKD is asso-
ciated with an increasing all-cause mortality [86]. The
CKD-linked disability-adjusted life-years (DALYs) attrib-
utable to PM, - globally in 2016 have been estimated at
11.4 million years [4]. There is no consensus yet about the
adverse effects of PM,; on CKD development and pro-
gression. Of all included studies, 17 studies focused on
the effects of PM, - exposure on CKD [22, 27, 36-49, 51].
Cross-sectional studies conducted by Wang et al. [41]
and Yang et al. [42] demonstrated the lack of significant
associations between PM, . exposure and lower eGFR
as an indication of CKD development (f=0.10, 95%
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CI -0.30 — 0.49 [41] and B = -0.09, 95% CI -0.25 to 0.07
[42], respectively) as well as increased CKD prevalence
(OR = 0.99, 95% CI 0.91 to 1.08 [41] and OR = 1.03, 95%
CI 0.97 to 1.09 [42], respectively). However, Wang et al.
[41] stipulated that not all crucial confounders were esti-
mated and taken into account in the statistical model(s),
which might also be a limitation in the study conducted
by Yang and colleagues [42]. Another cross-sectional
study, investigating an elderly population (> 65 years
of age) with stage III to V of CKD, could not show any
associations between eGFR as a measure for CKD devel-
opment or progression and a 4.1 pg/m® IQR increment
of PM, ; exposure [38]. Of all subjects, 62.8% had hyper-
tension and 17.5% had diabetes at the moment of inclu-
sion in the study. Persons were categorized as having
low (68.3%), moderate (20.2%), high (7.2%), or very high
risk (4.3%) of CKD progression. For the total population
(n = 8,497), the percental changes of eGFR and eGFR
< 60 mL/min/1.73 m* were 0.24 (95% CI -0.19 to 0.67)
and 0.54 (95% CI -0.21 to 1.26), respectively [38]. In the
cohort study by Feng Y.M. et al. [25], focusing on white
Europeans (n = 820 at the baseline participation and n =
653 at follow-up) with an average + SD age of 51.1 + 15.6
years, the authors observed that changes in CKD stage(s)
(ORpgetine = -0.09, 95% CI -0.42 to 0.24; ORyyop =
0.04, 95% CI -0.29 to 0.38; and OR pnation = -0-01, 95%
CI -0.29 to 0.26) were unrelated to PM, . exposure (p >
0.59) when considering only the baseline, only the follow-
up, or a combination of participation.

The cross-sectional study by Chen et al. [38] also evalu-
ated PM,; absorbance, which characterizes local soot
emissions. For an IQR increment of PM, - absorbance of
0.4 x 10”°/m a significant association was observed with
a lower eGFR (-1.07% change, 95% CI -1.57% to -0.54%),
higher CKD prevalence (OR = 1.126, 95% CI 1.057
to 1.199), and CKD progression (OR = 1.114, 95% CI
1.051 to 1.181) [38]. These results indicate that emission
sources, such as from industrial or residential activities,
can contribute to airborne PM and locally change the air
pollution composition [38, 87].

Ghazi et al. [44] investigated CKD prevalence on adult
patients (n = 113,725), where for each 1 pg/m?® increase in
PM, s, no association could be demonstrated with CKD
prevalence when CKD was defined as having an eGFR <60
mL/min/1.73 m? however, when CKD was defined as hav-
ing an eGFR <45 mL/min/1.73 m? the highest quartile (Q4
>10.7 pg/m®) of PM, 5 was associated with greater odds of
CKD (OR = 1.18, 95% CI 1.05 to 1.33) compared to the
lowest quartile (Q1 <9.5 pg/m®). Additionally, each 1 ug/
m® increase in PM, . concentration could be associated
with 7% greater odds of CKD (95% CI 1.03 to 1.11). At
baseline, 35%, 11%, and 9% of patients had hypertension,
diabetes, and/or cardiovascular disease(s), respectively.
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Li G. et al. [48] demonstrated that with each increase
of 10 pg/m® PM,., a positive association (p < 0.001)
could be observed with CKD prevalence (OR = 1.28, 95%
CI 1.22 to 1.35) in an adult Chinese population. In this
nation-wide cross-sectional study (n = 47,086), a 10 pg/
m® increment in PM,. was shown to be significantly
associated with increased odds for CKD (OR = 1.24, 95%
CI 1.14 to 1.35) at 1- to 4-year moving averages of PM, ;
exposure (p < 0.001). Furthermore, stronger increased
odds for CKD was demonstrated in rural areas (OR =
1.51, 95% CI 1.29 to 1.78) compared to urban areas (OR
= 0.92, 95% CI 0.79 to 1.07) per increase of 10 pg/m®
PM, ; at 2-year moving average (Pieraction < 0-001) [45].
In the Veterans Affair Normative Aging cohort study by
Gao et al. [27], for each 4.09 pg/m® increment in short-
term (28-day) PM,; concentration, an increased odds
for CKD (OR = 1.1399, 95% CI -0.0099 to 0.2718) was
observed, albeit non-significant (p > 0.05). KuZma et al.
[49] performed a retrospective cross-sectional study and
showed that with each 15.9 pg/m® increment in annual
PM, 5 exposure, the odds of CKD significantly increased
(OR = 1.07, 95% CI 1.01 to 1.15; p = 0.037). Addition-
ally, in a population of 2,482,737 users of the Veterans
Affairs Healthcare System, with median of 8.52 years of
follow-up, Bowe et al. [51] observed an increased risk
of incident CKD (HR = 1.27, 95% CI 1.17 to 1.38) for a
10 pug/m® increment in annual average PM, . exposure,
with an elevated risk at PM, ; concentrations > 9.2 ug/
m® (p < 0.05). Of the overall cohort, 67.26%, 27.80%,
and 29.86% of persons had a diagnosis of hypertension,
diabetes, and/or cardiovascular disease(s), respectively.
In a prospective follow-up of 10 years, Blum et al. [22]
reached similar conclusions, in that the annual average
of PM, ; exposure in four counties (range: 9.4 — 15.3 pg/
m?®) was significantly associated with an increased risk of
CKD (HR = 1.05, 95% CI 1.01 to 1.10; p < 0.05). Here,
16%, 46%, and 19% participants exposed to lower or
equal to the site-specific median (range: 9.4 — 15.3 pg/
m®) had diabetes, hypertension, and composite cardio-
vascular disease, respectively. Comorbidity was similar
for participants exposed to a higher site-specific median
(17% for diabetes, 49% for hypertension, and 20% for
composite cardiovascular disease). Furthermore, a pop-
ulation-based longitudinal cohort study conducted in
Taiwan [37] showed that a higher level of PM, ; exposure
was associated with a higher risk of developing CKD. At
the baseline of the study, 16.0% and 5.0% of participants
had a diagnosis of hypertension or diabetes, respec-
tively [88]. Relative to the participants exposed to low
PM, 5 exposure levels (5.8 — 21.1 pg/m?®), those exposed
to higher PM, ; levels (>25.5 pg/m?®) had a significantly
increased risk of developing CKD (HR = 1.15, 95% CI
1.05 to 1.26; p < 0.05) [37]. For a 10 pg/m® increment of
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PM, s exposure, Chan et al. [37] reported a significant
risk of CKD incidence (HR = 1.06, 95% CI 1.02 to 1.10; p
< 0.05). In another longitudinal cohort study also evaluat-
ing the general Taiwanese population (n = 104,092) with
a follow-up > 3 years, each increment of 10 pg/m?® PM, 5
could be significantly associated with a 2.66-fold (95% CI
2.43 to 2.90) increased risk of developing CKD (p < 0.001)
[47]. Ghazi et al. [44] also investigated CKD incidence
in the adult patient population with no CKD at baseline
(n = 20,289) and observed that each 1 pg/m® increase
in baseline annual average PM, ; was associated with an
increased risk of CKD (HR = 1.78, 95% CI 1.65 to 1.89;
p < 0.05). Increasing risk was demonstrated for increas-
ing quartiles of baseline PM, ; exposure, with an HR of
1.72, 2.15, and 2.49 for the second (Q2 9.5 — 10.1 pg/m?),
third (Q3 10.1 to 10.7 pg/m®) and fourth (Q4 >10.7 pg/
m?®) quartiles of PM, ; exposure compared to quartile one
(Q1 <9.5 pg/?) (p < 0.05).

A third nation-wide Taiwanese study by Lin S.Y. et al.
[39] reported that exposure levels of PM, ; above 28.3 ug/
m® (quartile 1) were associated with increased hazard
ratios of CKD risk (p < 0.001). They showed an increased
risk of CKD incidence for a 1 pug/m?® increment in PM, -
exposure (HR = 1.03, 95% CI 1.02 to 1.03) [39]. It is of
note that 29.1%, 10.1%, and 14.1% of participants had
hypertension, diabetes, and coronary artery disease at the
time of measurements. In an ecological study by Bragg-
Gresham et al. [36] addressing the elderly population (age
>65 years), 28.6% and 73.2% of the participants in the
low (< 12.2 pg/m®) PM, . exposure group had a diagno-
sis of diabetes and hypertension respectively, 32.2% and
77.4% were diagnosed with diabetes and hypertension
respectively in the high PM, ; exposure group (> 12.2 pg/
m?®). For all participants in their Medicare population
cohort (n = 1,164,057), the study showed a prevalence
ratio of 1.03 (95% CI 1.02 to 1.05) of diagnosed CKD
in association with a 4 pg/m® increment of PM, 5 expo-
sure. However, it is of note that this positive association
between PM, ; exposure and diagnosed CKD was shown
in an elderly population; hence, these results may not be
generalizable for younger (sub)populations.

Ran et al. [40] investigated the mortality risk of ambi-
ent PM, ; exposure on cause-specific mortality in CKD
patients in a prospective study design, where 67.0% and
34.9% had self-reported diabetes and hypertension,
respectively. They reported an adjusted HR of 1.13 (95%
CI 0.98 to 1.30) on all-cause mortality. Furthermore, a
4.0 pg/m® IQR increment of PM, . was associated with
mortality from CKD progression (HR = 1.17, 95% CI 0.89
to 1.53) [40]. In a retrospective cohort study by Jung et al.
[43], CKD patients were followed up to evaluate mor-
tality risk after PM, ;5 exposure. Of these CKD patients,
21% and 36% reportedly had diabetes and hypertension,
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respectively. The authors observed that CKD patients
who survived were exposed to lower levels of PM, ; expo-
sure than the CKD patients who passed away during the
study period (p < 0.001). For each 2.55 pg/m?® IQR incre-
ment in PM,; concentration, a significantly increased
risk of mortality was observed (HR = 1.17, 95% CI 1.07 to
1.29; p = 0.019). Therefore, PM, ; exposure may not only
play a crucial role in the worsening of CKD, but may also
contribute to circulatory damage and be involved in a
synergistic effect between hypertension and PM, ; expo-
sure, which may accelerate CKD progression into renal
failure [40, 89].

In a longitudinal cohort study by Bo and colleagues
[46], 163,197 participants were followed up for an aver-
age of 5.1 years (range 1.0 to 15.9 years). Of participants,
12.7% and 3.3% had hypertension and diabetes, respec-
tively. Bo et al. [46] stipulated that for each 5 pg/m’
decrease in PM, ; levels, positive associations were found
for incident CKD (HR = 0.75, 95% CI 0.73 to 0.78). They
concluded that a lower risk of CKD development could
be associated with chronic PM, 5 exposure improvement.
This is the first study to suggest that reducing air pollu-
tion may be an effective strategy for the prevention of
CKD.

It is important to note that out of seventeen studies,
only the studies by Chen et al. [38] and Feng Y.M. et al.
[25] addressed stages of CKD that were included in their
analysis; all other studies did not. Ran et al. [40] sug-
gested that CKD patients enrolled in their study could be
in the moderate to high stages, as symptoms were severe
enough to be hospitalized. Furthermore, not every study
addressed significant drivers of the development and
progression of CKD, such as hypertension [22, 36—40,
43-49, 51], diabetes [22, 36—40, 43—48, 51], and cardio-
vascular disease [22, 39, 44, 45, 47, 48, 51].

Of the seventeen studies [22, 27, 36—49, 51] evaluating
the association between PM, ; exposure and CKD, five
could not show any associations [25, 38, 41, 42, 44]; how-
ever, the evidence showing an effect of ambient PM, ;
exposure on CKD development, incidence, prevalence,
and mortality is rising. As the global burden of CKD
attributable to PM, ; exposure is significant, efforts to
improve ambient air quality are necessary to mitigate this
burden [4, 51].

End-Stage Renal Disease and Kidney Failure

CKD may gradually worsen into an advanced stage,
termed end-stage renal disease (ESRD), requiring inva-
sive treatments, such as dialysis or kidney transplan-
tation, to maintain quality of life. Even though the
prevalence and incidence of ESRD rise globally [50], the
association with PM, - exposure remains to be elucidated
[50, 51]. Of the included studies, the effects of PM, on
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the (risk of) development of ESRD was addressed in 3
studies [39, 50, 51].

Relative to low PM, ; exposure levels (Q1 < 11.71 —
28.69 pg/m?®), Wu et al. [50] found for patients exposed
to higher exposure levels (Q4 39.96 — 46.63 pg/m®), an
increased risk of developing ESRD (HR = 1.15, 95% CI
1.01 to 1.30; p < 0.05) and also a higher cumulative inci-
dence of ESRD, compared to patients exposed to lower
PM, levels (<39.96 pg/m?®), in a prospective study
design. An IQR increment of 11.31 pg/m?® in PM, 5 expo-
sure was associated with a 8% elevated risk of developing
ESRD (95% CI 1.00 to 1.15) [50]. Bowe et al. [51] reported
that for a 10 ug/m® increment in PM, - the risk of devel-
oping ESRD was 1.31 (95% CI 1.21 to 1.43) Per 100,000
person-years, the incident rate of ESRD was 44.36 (95%
CI 44.27 to 44.45) with higher incidence rates for increas-
ing PM,; levels (p < 0.05). Another prospective nation-
wide cohort study reported similar results, in that ESRD
risk increased for an increment of 1 pg/m® daily average
PM, ; exposure (aHR = 1.02, 95% CI 1.01 to 1.03; p <
0.01) [39]. The risk of developing ESRD was more ele-
vated for higher levels of PM, 5 exposure (>34.0 pug/m°®),
relative to participants exposed to lower PM, ; concen-
trations (<28.3 pg/m?) [39].

When components of the kidneys, such as the glomer-
uli, the tubules, or the tubule-interstitium are damaged,
CKD may develop and rapidly progress into ESRD [90].
The hypothesis emerging from recent studies that the
development of CKD may be causally linked to air pol-
lution, and more specifically to PM, 5 exposure, requires
more research to unravel the mechanisms of PM, g
involvement in the development of CKD and its rapid
progression and/or exacerbation into ESRD [4, 39].

Progression of CKD could also lead to kidney failure,
the progressive loss of kidney function. It is believed that
the prevalence of kidney failure and the need for replace-
ment therapy will double in the next years, leading to
substantial socioeconomic costs [52, 53]. Six studies
investigated the effects of PM, ; exposure on the devel-
opment, progression, and visits to the emergency room
because of mortality from renal failure [32, 40, 52-55].

In a time-series study by Bi et al. [54], positive associa-
tions could be observed between short-term exposure to
PM, ; (8-day) and emergency room visits due to acute
renal failure [relative risk (RR) = 1.026, 95% CI 0.997
to 1.057] per IQR (8.99 ug/m?®) increase of PM, 5 expo-
sure. Overall, results showed that exposure to PM, ; for
a longer period was associated with a higher risk of kid-
ney disease outcomes. Furthermore, another time-series
conducted by Gu et al. [32] investigated the number of
hospital admissions attributed to kidney failure. Not only
was kidney failure shown to be significantly positively
associated with same-day PM, ; exposure, but a 10 ug/m’



Rasking et al. Environmental Health (2022) 21:24

increment of PM, ; exposure was associated (p < 0.001)
with a 0.32% change in hospital admissions (95% CI 0.19
to 0.45) attributable to kidney failure.

In a cohort study by Feng Y. et al. [55], the authors
showed that for older patients (>65 years) on their first-
time maintenance dialysis, a 10 pg/m® increase in PM,
concentration could be associated with a 1.16-fold (95%
CI 1.08 to 1.25) increased risk of mortality. Furthermore,
these associations were stronger at higher levels (>12 pg/
m®) of PM, 5 (aHR = 1.19, 95% CI 1.08 to 1.32), but were
still significantly associated at lower levels (<12 pg/m®)
of PM, ; with mortality risk (aHR = 1.04, 95% CI 1.00
-1.07).

Ran et al. [40] showed that a 4.0 ug/m® IQR increment
of PM, 5 exposure was associated with an increased risk
of renal failure mortality in CKD patients (HR = 1.18,
95% CI 0.91 to 1.52) and CKD patients with existing
hypertension (HR = 1.42, 95% CI 1.05 to 1.93). Moreo-
ver, CKD patients with hypertension had a significantly
higher risk of renal failure mortality (HR = 1.42, 95% CI
1.05 to 1.93; p < 0.05). A retrospective study by Ran et al.
[52] investigated whether the risk of kidney failure mor-
tality differed between a cohort of the general elderly
population (> 65 years of age; n = 61,447) and patients
diagnosed with CKD. They showed that a 3.22 pg/m®
IQR increment of PM, ;5 exposure was associated with
increased mortality risk in both the cohort partici-
pants (HR = 1.23, 95% CI 1.06 to 1.43; p < 0.01) and the
patients diagnosed with CKD (HR = 1.42, 95% CI 1.16 to
1.74; p < 0.001). The subcategory analysis of renal fail-
ure, including the development of all incidence cases of
acute kidney injury and CKD, also showed significant
associations (p < 0.001) with PM, 5 exposure [52]. Simi-
lar results were obtained by the prospective cohort study
by Lin Y.T. and colleagues [53], in that patients with CKD
who were exposed to higher PM, . levels (> 32.08 ug/m?®)
had a significantly increased risk of progression of CKD
into kidney failure, requiring replacement therapy (e.g.,
dialysis) (aHR = 1.42, 95% CI 1.12 to 1.80; p < 0.001).
Moreover, an apparent dose-effect relationship was
observed for a 7.8 ug/m® IQR increment in the average
1-year PM, . exposure, which was significantly associ-
ated with a 19% greater risk of CKD progression (95%
CI1.08 to 1.31) [53]. However, no significant association
could be shown between PM, ; exposure and kidney fail-
ure requiring replacement therapy; furthermore, kidney
failure requiring replacement therapy was significantly
mediated by variability in 1-year estimated eGFR [53].
This suggests that nephrotoxic effects of PM,; might
play a predominant role in CKD progression [51, 53].

All conducted studies evaluating the association
between PM, ; exposure and renal failure showed asso-
ciations; not only development of CKD, ESRD, and renal
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failure have shown to be associated with PM, ; exposure,
but PM, ; may also be involved in the progression from
CKD to ESRD and eventually, renal failure.

Kidney Transplantation

Vulnerable subpopulations, such as kidney transplant
recipients, experience enhanced susceptibility due to
triggering of the immune system by PM,., leading to
inflammation [16, 56]. A retrospective cohort study by
Pierotti et al. [56] found significant associations between
the risk of kidney transplant failure and PM, - exposure.
An increment of 5 pg/m® PM, . was associated with an
increased transplant failure risk (HR = 1.25, 95% CI 1.02
to 1.53); however, this association lost its significance
after adjustment for confounders. The study concluded
that there are no adverse effects of PM, . exposure on
kidney transplant outcomes. However, a retrospective
cohort study by Chang et al. [57] showed that higher
baseline PM, ;. levels (the annual mean in the year before
kidney transplantation), compared to the Q1 PM, . lev-
els (1.2 to <8.3 pg/m?®), were not associated with higher
odds (aOR = 0.99, 95% CI 0.92 to 1.06) of acute kidney
rejection for Q2 PM, . levels (8.3 to <9.8 pg/m®), but
could be associated with increased odds (aOR = 1.11,
95% CI 1.04 to 1.20) for Q3 PM, ; levels (9.8 to <11.9 pg/
m? p < 0.001). Feng Y. and colleagues [59] demonstrated
that with each 10 pg/m?® increase in PM, . concentra-
tion, a 1.31-fold higher odds (95% CI 1.17 to 1.46) of
one-year acute rejection was observed. That associa-
tion was not present when the analysis was restricted to
kidney transplant recipients who were exposed to PM, -
concentrations <12 pg/m*® (OR = 1.02, 95% CI 0.87 to
1.19). Furthermore, Feng Y. et al. [59] stipulated that each
10 pg/m? increase in PM, . was associated with a 1.59-
fold (95% CI 1.46 to 1.73) higher odds of delayed graft
function after transplantation; this association remained
consistent, even when the analysis was restricted to kid-
ney transplant recipients who were exposed to <12 pg/
m?® PM, ; (OR = 1.75, 95% CI 1.55 to 1.98).

Additionally, an increased risk of death-censored graft
failure (aHR = 1.17, 95% CI 1.09 to 1.25) and all-cause
mortality (aHR = 1.21, 95% CI 1.14 to 1.28) was shown
per 10 pug/m? increase in PM, - exposure levels. However,
Feng Y. et al. [59] could not show an association between
each 10 pg/m?® increase in PM,  and death-censored graft
failure (HR = 1.05, 95% CI 0.97 to 1.15), but could associ-
ate all-cause mortality (HR = 1.15, 95% CI 1.07 — 1.23; p
< 0.05). In a retrospective cohort study, Dehom et al. [58]
also showed that a 10 pg/m?® increase in PM, , exposure
levels granted an increased risk of all-cause mortality (HR
= 3.45, 95% CI 3.08 to 3.78; p < 0.05) in kidney transplant
recipients. Furthermore, results indicated that black
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recipients had a higher risk of all-cause mortality (HR =
4.09, 95% CI 3.43 to 4.88) than non-black recipients.

In short, results indicating an association between
PM,; exposure and kidney transplant outcome are
ambivalent. However, due to the scarce evidence about
the mediating effects of pre-existing reduced kidney
function on PM,; exposure and kidney function out-
comes, it is too early to infer on the impact of PM,
exposure on kidney transplant survival. Further research
is required. The occurrence of a pre-existing reduced
kidney function and chronic immunosuppression might
exacerbate the effects that PM, ; exposure exerts on the
kidneys and their functioning [56, 59].

Limitations of Included Studies

The studies included in this systematic review hold some
general limitations that must be addressed. Outdoor air
pollution, such as PM, ., has been investigated in associa-
tion with e.g., atherosclerosis, hypertension, and coronary
calcification. These conditions are mediators to kidney
disease outcomes, which may cause indirect systemic det-
rimental effects on the kidney. However, although some
studies in this review adjusted for these mediators in their
statistical models, the effects exerted by PM,: on these
mediators may aggravate and/or accelerate the kidney
outcome investigated. Therefore, it is an interesting scope
to investigate the mediation of e.g., hypertension in the
PM, ;-kidney association, as has been done by Bowe et al.
[34] for diabetes. Another limitation of the included stud-
ies is the homogeneity as to the examination of ethnic (sub)
populations. Additional research is required on various
polluted areas and ethnic (sub)populations to thoroughly
investigate the impact of PM, ; exposure on people’s renal
health [40] and to extrapolate the findings to the general
population as suggested by different authors [15, 23, 28,
29, 33-35, 37, 38, 40, 52, 56]. Furthermore, a substantial
limitation is the absence of personalized PM, 5 exposure
measurements or relying on only residential (regional or
national) exposure levels. People do not spend their entire
time during the day at the home address; therefore, all loca-
tions and the time spent at each location should be con-
sidered when determining exposure estimates [22, 30, 31,
37, 39, 53]. Even though PM, ; has a greater specific sur-
face area to facilitate the binding of toxic compounds, the
composition of PM, 5 might heavily influence the adverse
effects seen following exposure and might explain the vast
differences seen between studies [91]. Residual confound-
ing, such as smoking status, may be a limitation for deter-
mining the effects of PM, ; exposure on an individual basis.
However, when the studies treat the populations as one
group, such as a time-series study, the influence of indi-
vidual factors is minor. Moreover, the studies addressing
the development and/or worsening of CKD did not always
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include comorbidity, (e.g., hypertension [36-38, 40]), and
the stage of disease present at time of the inclusion [22,
36, 37, 39, 40, 51]. Furthermore, no studies investigated
the underlying effects and mechanisms of PM, ; exposure
on specific kidney morphology and function or particulate
biodistribution within the kidney. It would be interesting to
investigate which structural renal components PM, ; parti-
cles reach and potentially adversely affect.

Conclusions and Future Directions

Epidemiological research assessed within this review
revealed that PM, . air pollution presents significant
public health risks, even at exposure levels below the
previous standards set by the WHO [60]. Ran et al.
[40, 52] stipulated that experimentally designed studies
about the direct impact of PM, ; on the renal system are
still very limited [39, 51]. Causal evidence of the harm-
ful effects of PM, 5 exposure on kidney function is still
scarce, and the biological mechanisms of toxic action
by which PM, ; affects the kidneys or exacerbates kid-
ney disease outcomes is not entirely elucidated until
this day [34].

PM, ; is an important, yet not fully recognized risk
factor for kidney functioning and kidney disease
outcome(s). On the other hand, because of the great
variety of the investigated subpopulations, the con-
tradictory findings, and the lack of sufficient studies
addressing each subgroup of kidney disease(s), no sum-
marizing consensus view can be reached across studies
dealt within this systematic review. We conclude that
more clarifying research is warranted to further elu-
cidate the complex findings of PM, ;-linked effects on
kidney function and kidney disease(s) to extrapolate
the results to the general population and to evaluate the
geographical variations in kidney disease(s) in the light
of varying PM, ; exposure levels.
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