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Abstract

The adverse effects of atmospheric conditions — including ambient 
air pollution from industry, wildfires and extreme atmospheric 
temperatures — on human health are well documented. However, 
their hazardous roles in kidney health have often been overlooked, 
despite the existence of plausible biological mechanisms for 
pathogenic effects. Emerging evidence from epidemiological studies 
indicates that exposures to ambient air pollutants such as particulate 
matter (PM2.5 and PM10), nitrogen dioxide, ozone, wildfire smoke 
and extreme hot and cold temperatures may increase the risks of 
acute kidney injury, chronic kidney disease and kidney failure, with 
experimental findings supporting the existence of corresponding 
mechanistic pathways. These findings suggest that exposure to 
atmospheric stressors contributes to a decline in kidney function 
and worsened health outcomes. Available evidence also suggests 
that certain populations may be particularly vulnerable to these 
stressors, further increasing their risk of kidney disease. A deeper 
understanding of the mechanisms linking ambient stressors to 
kidney health, along with the identification of high-risk populations, 
may help to guide research priorities and support targeted and 
pre-emptive action in nephrology.
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reach the kidneys through the bloodstream, triggering inflammation 
and oxidative stress, which can lead to tissue injury and ultimately 
contribute to a decrease in glomerular filtration rate14–16. Further, air 
pollution can indirectly damage the kidneys by impairing glucose 
tolerance and increasing blood pressure, thereby increasing the risk 
of kidney disease and the likelihood of cardiovascular events such as 
stroke and myocardial infarction17.

Among the various sources of air pollution, wildfires have become 
increasingly relevant, as their frequency and scale continue to rise in 
the context of ongoing climate change. Indeed, on a global scale, the 
occurrence of extreme wildfires more than doubled between 2003 and 
2023 (ref. 18). These data are supported by an analysis of NASA satel-
lite observations from the past 21 years, which confirm that extreme 
wildfires are becoming more frequent, more intense and larger in scale. 
Wildfires are also a major source of carbon dioxide (CO2) emissions19 
and are recognized as an important contributor to PM2.5 pollution. 
Although research into the association between wildfires and kidney 
disease remains limited, emerging evidence suggests that long-term 
exposure to wildfire-derived PM2.5 may be associated with increased 
CKD-associated mortality20.

The same climate-change-driven extreme heat events that increase 
the likelihood of large wildfires also pose direct physiological risks to 
the kidneys. The kidneys have a key role in regulating fluid balance and 
electrolyte levels, and contribute to thermoregulation, protecting 
the body from extreme temperatures21. However, repeated cycles of 
dehydration and rehydration in high-temperature environments can 
place a considerable burden on kidney function22. Extreme tempera-
tures have emerged as a major risk factor for AKI in various regions23,24. 
Moreover, extreme weather exposures (that is, extreme heat, cold, 
or temperature changes related to humidity) also increase the risk of 
CKD and progression to kidney failure25,26. Mechanistically, heat and 
dehydration impose multiple stresses on the kidneys. Intense physical 
work in high-temperature stress can cause hyperthermia, hyperosmo-
larity, rhabdomyolysis (muscle breakdown) and extracellular volume 
depletion, all of which can lead to kidney injury27.

These environmental exposures — air pollution, extreme tem-
peratures and wildfire smoke — are closely interrelated, often occur 
simultaneously and should therefore be considered collectively rather 
than in isolation. For instance, wildfire smoke can substantially worsen 
ambient air pollution28, whereas extreme heat can contribute to the 
increasing frequency and intensity of wildfires29. These interconnec-
tions suggest that the combined effects of these exposures could 
synergistically affect kidney function, and potentially lead to an under-
estimation of the associated risk if they are evaluated separately. Here, 
we provide an overview of the epidemiological evidence linking atmos-
pheric stressors — including particulate matter, ozone (O3), nitrogen 
dioxide (NO2), wildfire smoke and extreme temperatures (heat and 
cold) — to kidney disease. We also explore future research directions to 
better understand the role of atmospheric conditions in kidney health.

Ambient air pollution
Ambient air pollution refers to harmful chemical, physical or biologi-
cal agents that change the natural features of the atmosphere and can 
affect human health and ecosystems30. Ambient air pollutants comprise 
a mixture of particulate matter and gaseous pollutants. Particulate mat-
ter typically comprises a mixture of solid particles and liquid droplets, 
and can include substances such as ammonium, sulfate, nitrate and 
elemental carbon matter31. Particulate matter is categorized accord-
ing to its size: PM10 are inhalable particles with a diameter ≤10 µm and 

Key points

	• Many studies have described the adverse effects of atmospheric 
stressors (including air pollutants such as PM2.5, NO2 and O3, and 
extreme temperatures) on kidney diseases.

	• Both short-term and long-term exposures to ambient air pollution 
(particulate matter and gaseous pollutants) are associated with an 
increased risk of kidney disease.

	• Epidemiological evidence is supported by data from experimental 
studies that have provided insights into the mechanisms by which 
atmospheric stressors induce kidney injury.

	• Associations between wildfire smoke and kidney disease-related 
morbidity and mortality have also been reported.

	• The adverse effects of air pollution on kidney health might not be 
experienced uniformly across all population groups; however, further 
studies are needed to elucidate the associations between atmospheric 
stressors and kidney diseases in specific populations.

Introduction
Kidney disease is a growing and global public health concern1,2. The 
World Health Organization (WHO) estimates that approximately 
674 million people — about 9% of the global population — are liv-
ing with chronic kidney disease (CKD). Moreover, CKD is one of the 
fastest-growing causes of death and is projected to become the fifth 
leading cause of mortality by 2050 (ref. 3). This growing burden trans-
lates into substantial economic consequences, at both the individual 
and health-system levels. Globally, the financial cost of CKD is projected 
to increase by 9.3% between 2022 and 2027, rising from USD $372.0 
billion to $406.7 billion4. In the USA, where more than one in seven 
adults live with CKD, Medicare spending for beneficiaries with CKD 
aged 66 years or older reached nearly $77 billion in 2021, accounting 
for 24.1% of all Medicare expenditure in this age group5. Furthermore, 
CKD, which shares several common risk factors with cardiovascular 
disease, is associated with increased risks of major cardiovascular out-
comes, such as heart failure and stroke6. In severe cases, it can lead to 
premature death7.

Air pollution has also emerged as a major global health concern, 
with widespread effects on mortality, disease burden and economic 
productivity. According to the 2025 State of Global Air report, air pol-
lution accounted for 7.9 million deaths worldwide in 2023 (ref. 8), and 
the World Bank estimated its global economic cost to be between 
USD $4.5 trillion and 6.1 trillion a year — equivalent to 4.7–6.5% of GDP 
globally9. In addition, epidemiological evidence consistently shows 
that exposure to fine atmospheric particulate matter with a diam-
eter of ≤2.5 µm (PM2.5) is harmful even at concentrations below cur-
rent National Ambient Air Quality Standards and WHO air-quality 
guidelines10. Over the past decade, exposure to air pollution has been 
recognized as a risk factor for CKD and acute kidney injury (AKI), with 
accumulating evidence highlighting its association and providing 
insights into its causal relationship11,12. Exposure to air pollution can 
lead to sustained cellular damage, systemic inflammation, oxidative 
stress and metabolic disturbances, which can contribute to progres-
sively impaired kidney function13. Air pollutants that are inhaled can 
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PM2.5, as mentioned earlier, are fine inhalable particles with a diameter 
≤2.5 µm32. These particulates are mainly emitted from the combustion 
of fossil fuels, by — for example — automobiles, the industrial sector, 
power plants and fires16,32,33. Numerous epidemiological studies have 
reported associations between exposure to PM10 or PM2.5 and adverse 
health outcomes34–36. Black carbon, a major component of PM2.5, is 
primarily derived from diesel-engine exhaust, the residential burning 
of wood or charcoal, open biomass burning and industrial emissions. It 
is associated with asthma, bronchitis, cardiovascular diseases and pre-
mature death37 and should therefore also be considered as an important 
ambient air pollutant that is associated with adverse health outcomes.

Ambient gaseous pollutants generally contain nitrogen dioxide 
(NO2), sulphur dioxide (SO2), carbon monoxide (CO) and ozone (O3)38–40. 
Many countries have implemented limits on levels of these outdoor 
gaseous pollutants; for example, the National Ambient Air Quality 
Standards in the USA mandates limits on six pollutants with the aim of 
protecting public health and welfare41. NO2 is a colourless gas that is 
formed during the combustion process; its major sources include vehi-
cle exhaust, power plants, industrial facilities and biomass burning42,43. 
SO2 is also a colourless and pungent gas produced by the burning of fos-
sil fuels with sulphur, and is primarily emitted from coal and oil combus-
tion in power plants and industrial processes42,43. CO is an odourless and 
colourless gas that is mainly produced from the incomplete combustion 
of fossil fuels, vehicle exhaust and residential heating42,43. Ground-level 
ambient O3 is formed by chemical reactions between nitrogen oxides 
and volatile organic compounds in sunlight42,43. Like particulate matter, 
these gaseous pollutants in the outdoor air have also been identified 
as environmental risk factors that might increase the risk of mortality, 
co-morbidities and the onset or progression of various diseases36,41,44,45.

Biological mechanisms
Several studies have investigated the potential mechanisms by which 
air pollution affects kidney health, although our understanding remains 
limited30. As mentioned earlier, the inhalation of air pollution can trigger 
oxidative stress and inflammation, which can lead to tissue injury44,46. 

Animal model studies have demonstrated that PM2.5 sensitizes proximal 
tubular epithelial cells (PTECs) to ischaemia–reperfusion injury, thereby 
exacerbating AKI and potentially increasing the likelihood of progres-
sion to CKD47. Inhaled air pollution might also contribute to kidney 
damage via the activation of haemodynamic and non-haemodynamic 
pathways, involving vascular injury, intraglomerular hypertension and 
glomerulosclerosis39. These changes are accompanied by increased blood 
pressure, exacerbation of oxidative stress and inflammation, DNA dam-
age and metabolic dysregulation, all of which might accelerate kidney 
dysfunction and contribute to the onset or worsening of CKD48 (Fig. 1).

Oxidative stress can arise through multiple pathways. For exam-
ple, PM2.5 can directly generate reactive oxygen species (ROS) on its 
surface or through its soluble constituents, such as transition met-
als and organic compounds49. In addition, PM2.5 might disrupt mito-
chondrial function50 and activate nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase, further promoting intracellular ROS 
production51. These ROS contribute to kidney pathology by damag-
ing renal tubular cells and sensitizing them to additional insults47. 
For instance, evidence from animal studies suggests that the oxidative 
burden sensitizes PTECs to ischaemia–reperfusion injury, exacerbating 
AKI and potentially accelerating progression to CKD47.

Oxidative stress and inhaled pollutants also serve as a potent 
trigger for systemic inflammation and systemic immune responses. 
PM2.5 promotes the generation of ROS through the activation of 
Toll-Like Receptor 4 (TLR4) signalling by damage-associated molecu-
lar patterns (DAMPs) and pathogen-associated molecular patterns 
(PAMPs)52, ultimately enhancing endothelial dysfunction and priming 
immune cells for inflammasome activation. In particular, PM2.5 activates 
the nucleotide-binding domain, leucine-rich-containing family, pyrin 
domain-containing-3 (NLRP3) inflammasome, leading to increased 
systemic levels of IL-1β, IL-18, MIP-1α and MCP-1, which contribute to 
renal inflammation and fibrosis53.

In other studies, exposure of healthy and hypertensive rats to 
sub-chronic levels of PM2.5 induced histopathological changes in the 
kidney, including fibrosis, mesangial matrix expansion and reductions 
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Fig. 1 | Possible mechanisms linking air pollution to kidney health. The 
inhalation of ambient air pollutants or gaseous pollutants can trigger oxidative 
stress and inflammation, leading to tissue injury. Air pollution could also 
contribute to kidney damage through the activation of haemodynamic and 
non-haemodynamic pathways, with associated vascular injury, intraglomerular 
hypertension and glomerulosclerosis. These changes are accompanied by 

increased blood pressure, exacerbation of oxidative stress and inflammation, DNA 
damage and metabolic dysregulation. Oxidative stress and inhaled pollutants 
also serve as potent triggers for systemic inflammation and the systemic immune 
response, which contribute to renal inflammation and fibrosis. These changes 
might accelerate kidney dysfunction and contribute to the onset or worsening of 
kidney injury, such as acute kidney injury, and chronic kidney disease.
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in glomerular and tubular lumen volumes, indicative of early-stage 
kidney dysfunction46,54,55. Of note, hypertensive rats that were exposed 
to PM2.5 through a chamber air-flow system exhibited more severe 
alterations than normotensive controls46. In a mouse model of 
adenine-induced kidney disease, prolonged pulmonary exposure to 
diesel exhaust particles — achieved via an intratracheal instillation of 
sterile normal saline suspended in diesel exhaust particles — induced 
marked histological changes, including tubular dilation, glomerular 
collapse and increased necrotic-cell counts, highlighting the potential 
of air pollutants to aggravate CKD55.

Epidemiological evidence
Epidemiological studies have consistently reported an association 
between ambient air pollution and kidney health (Supplementary 
Table 1). The health impacts of air pollution on the kidneys are typically 
categorized into long- and short-term impacts based on exposure peri-
ods. Long-term impacts of air pollution include kidney-related events, 
such as the onset of CKD, progression to kidney failure, the need for 
kidney transplantation or dialysis, or mortality, that occur after a long 
period of air-pollution exposures (usually, for a few months or years), 
and imply continuous changes in kidney function or the status of kidney 
diseases over time11,30,56,57. Short-term impacts refer to events such as 
in- or outpatient hospital visits, hospitalization, emergency-room visits 
and deaths that occur momentarily after a short period of exposure to 
air pollution (in general, a few days or within 1–2 weeks), and are also 
known as triggering impacts. The short-term impacts of air pollution 
are more likely to be observed in vulnerable populations such as older 
patients and those with pre-existing kidney diseases or other morbidities 
through acute exacerbation of previous medical conditions30.

Long-term exposures to particulate matter and kidney disease. 
Multiple cohort studies have reported a positive association between 
long-term exposure to particulate matter and kidney-related out-
comes (Supplementary Table 1). For example, large cohort studies 
of over 2 million veterans residing in the USA reported associations 
between annual exposures to PM2.5 and PM10 and kidney-related out-
comes, including incident CKD, estimated (e)GFR decline and progres-
sion to kidney failure11,57. These studies have shown that a 10-μg/m3 
increase in PM2.5 or a 10.17-μg/m3 increase in PM10 was associated with 
an increased risk of several adverse kidney outcomes, including 
eGFR <60 ml/min/1.73 m2 (HRs for PM2.5 and PM10: 1.21, 95% CI 1.14–1.29 
and 1.07, 95% CI 1.06–1.08, respectively)11,57. Similarly, another cohort 
study of veterans in Boston, USA showed that a 1-year IQR increase in 
PM2.5 (of 2.1 μg/m3) was associated with a 1.87 ml/min/1.73 m2 decrease 
in eGFR (95% CI 0.76–2.99)58. A combined Nephrotic Syndrome Study 
Network (NEPTUNE) and CureGlomerulonephropathy (CureGN) 
cohort study also reported that a doubling of the annual average base-
line PM2.5 was associated with an increased risk of eGFR decline ≥40% 
or progression to kidney failure (HR 1.55, 95% CI 1.00–2.38)59. Similarly, 
another US cohort study of over 60 million Medicare enrolees aged  
65 years or older identified an association between annual average PM2.5 
exposure and the first hospital admission for kidney and urinary system 
diseases (HR per 5 μg/m3 increase: 1.076, 95% CI 1.071–1.081)44, whereas 
another cohort study of over 60 million Medicare beneficiaries aged 
65 years or older living in the USA reported an association between 
long-term (annual average) exposure to PM2.5 and hospital admissions 
for AKI (HR per 5 μg/m3 increase: 1.17, 95% CI 1.16–1.19)41.

Similar findings have been reported in Europe and Asia. A pooled 
cohort study in Denmark, the Netherlands, France and Austria with a 

total of 289,564 cases reported that long-term exposures to PM2.5 and 
black carbon were associated with an increased risk of CKD-related 
mortality (HRs for each 5 μg/m3 annual mean increase in PM2.5 and 
each 0.5 × 10−5/m annual mean increase in black carbon: 1.31, 95% CI 
1.03–1.66 and 1.26, 95% CI 1.03–1.53, respectively)12. Another cohort 
study based on data from 414,885 individuals from the UK Biobank 
identified a link between annual average concentrations of particulate 
matter and hospital admissions (HRs per 5 μg/m3 increment in PM2.5 and 
PM10: 1.20, 95% CI 1.05–1.38 and 1.06, 95% CI 1.03–1.10, respectively) and 
AKI-related deaths (HRs for highest versus lowest IQR of PM2.5 and PM10: 
1.50, 95% CI 1.05–1.94 and 1.35, 95% CI 1.01–1.85, respectively)15, and a 
19-year cohort study in China of 342 patients with childhood-onset 
lupus nephritis revealed that long-term exposure to PM2.5, especially 
the black-carbon constituent, was associated with a higher risks of 
death and kidney failure (HRs for PM2.5 and black carbon: 1.58, 95% CI 
1.24–2.02 and 2.14, 95% CI 1.47–3.12, respectively)60.

Cross-sectional studies in South Korea (24,407 cases)61, Taiwan 
(8497 cases)62 and Poland (3554 cases)63 have also reported associations 
between long-term exposure to particulate matter and decreased eGFR.

Long-term exposures to gaseous pollutants and kidney disease. 
The health risks associated with O3, NO2, SO2 and CO have been widely 
examined as representative gaseous pollutants in outdoor air11,30. 
As described earlier, these pollutants are commonly produced from 
the burning of fossil fuels such as coal and oil30. Several studies have 
assessed the health effects of summer season O3, which is of particu-
lar interest36,41,64,65 because the formation of ambient O3 is related to 
sunlight intensity and temperature, and concentrations are expected 
to increase in a warmer global climate30,64. For example, the above-
mentioned US cohort study of over 60 million Medicare enrolees 
reported an association between warm-season average O3 levels 
(between June and September) and an increased risk of AKI-related 
hospital admissions (HR per 10 parts per billion (ppb) increase 1.03, 
95% CI 1.02–1.04)41. By contrast, a multi-country, multi-center cohort 
study of 289,564 individuals in Europe observed a negative relationship 
between warm-season average O3 (between April and September) and 
CKD-related deaths (HR per 10 μg/m3 increase 0.71, 95% CI 0.54–0.93)12. 
For NO2, two large cohort studies in the USA — one with over 2 million 
veterans and the other with over 60 million Medicare enrolees —  
reported that exposures to annually averaged NO2 were linked to 
increased risks of incident CKD (HR per IQR (14.54 ppb) increase 1.09, 
95% CI 1.08–1.11), progression to kidney failure (HR per IQR [14.54 ppb] 
increase 1.09, 95% CI 1.06–1.12)11 and hospitalizations for CKD (HR per 
10 ppb increase 1.013, 95% CI 1.008–1.019)44. Similarly, an analysis of 
414,885 cases from the UK Biobank and 61,300,754 cases from Medicare 
databases in the USA also reported that increased annual mean expo-
sures to NO2 was associated with a risk of AKI (HR per 10 μg/m3 increase 
1.15, 95% CI 1.10–1.19), occurrence of AKI-related deaths (HR for highest 
versus lowest IQR 1.41, 95% CI 1.01–2.00)15 and hospitalizations owing 
to AKI (HR per 10 ppb increase 1.12, 95% CI 1.11–1.13)41. Two nationwide 
cross-sectional studies in South Korea and one cross-sectional study 
in Taiwan similarly reported an association between long-term, annual 
mean NO2 and decline in eGFR61,62,66.

Studies on the long-term effects of CO and SO2 are relatively lim-
ited. One large cohort study of US veterans that included over 2 million 
cases reported an association between annual mean CO and the risks of 
incident CKD (HR per IQR (0.51 parts per million (ppm)) increase 1.10, 
95% CI 1.08–1.11) and progression to kidney failure (HR per IQR increase 
1.05, 95% CI 1.02–1.08)11. By contrast, one cross-sectional study in South 
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Korea with 15,983 cases found a negative relationship between annual 
CO and eGFR (OR per 0.1 ppm increase −1.34, 95% CI −1.96 to −0.71)66, 
and another cross-sectional study with 24,407 cases, also from Korea, 
reported no significant association between annual CO and eGFR 
decline61. For SO2, three cross-sectional studies in Poland and South 
Korea found no evidence of an association between long-term SO2 and 
eGFR decline or CKD61,63,66.

Short-term exposure to ambient air pollution and kidney disease. 
To our knowledge, only a small number of studies have investigated 
the short-term effects of outdoor air pollution on kidney disease or 
kidney-related outcomes (Supplementary Table 1). One case-crossover 
study in China that included data from over 100,000 patients who died 
with kidney disease reported an association between short-term (that 
is, exposure of 0–1 day) exposure to particulate matter and gaseous 
pollutants (NO2 and SO2) with an increased risk of deaths owing to 
kidney diseases67. Another case-crossover study that investigated the 
association between city-specific daily averages of the ambient level 
of six pollutants (PM2.5, PM10, CO, NO2, SO2 and O3) and AKI among 
11,293 patients in China reported associations between NO2 and SO2 
with hospital-acquired AKI. The association with NO2 was evident, with 
lag times of 0–3 post-exposure days when analysed separately and 
with a lag-time of 1 day in analyses that included the six air pollutants 
in a single regression model (a six-pollutant model); the association 
with SO2 was evident, with lag times of 0–2 days post-exposure in the 
single-pollutant model only45. Conversely, a nationwide time-series 
study in South Korea that included 902,043 cases reported that 5-day 
cumulative exposures to PM10, O3, CO and SO2 were associated with an 
increased risk of emergency-room visits owing to kidney and urinary 
system diseases (RR per IQR increase for PM10, CO and SO2: 1.01, 95% CI 
1.00–1.01 and RR per IQR increase for O3 1.01, 95% CI 1.00–1.02); these 
associations persisted even on days in which air-pollution concentra-
tions fell below WHO air-quality guideline levels36. The Korean study 
also reported that O3 had the greatest effect on AKI risk (76,330 cases), 
whereas CO and SO2 had the greatest effects on CKD risk (210,929 cases).

High-risk populations. The adverse effects of air pollution on kid-
ney health might not be experienced uniformly across all population 
groups41 (Supplementary Table 2). Available evidence suggests that 
certain populations, such as the elderly, children, pregnant women and 
individuals with comorbidities, might be particularly susceptible to 
the effects of environmental stressors on kidney-related outcomes44.

Although kidney disease can occur at any age, people over 60 years 
of age are generally more susceptible to kidney disease than younger 
adults owing to natural declines in kidney function. In line with this find-
ing, several studies have shown that the association between exposure 
to outdoor pollutants and kidney disease is more prominent among 
older adults. A longitudinal cohort study from the USA reported that 
long-term exposure to particulate matter and NO2 was more strongly 
associated with the risk of first hospital admission for AKI in individu-
als aged 75 or older than in individuals under 75 years of age41. Another 
two-stage analysis from South Korea found that O3 exposure was asso-
ciated with excess emergency department visits for AKI in individuals 
aged 65 or older than in individuals aged under 65 (ref. 36). However, 
in contrast to these findings, a cross-sectional study in China found 
that the effects of long-term PM2.5 exposure (annual average) on the 
risk of CKD prevalence were more evident in individuals aged less than 
65 years than in those aged 65 years or older68. Moreover, cohort studies 
from China (that looked at the association of annual NO2 exposure with 

the risk of AKI)45 and Taiwan (that looked at the association between 
2-year average PM2.5 level and CKD)69 did not identify an effect modi-
fication by age group, suggesting that the role of age as a modifier in 
the association between air pollution and kidney disease is complex.

Sex-specific differences in vulnerability to air pollution-related 
kidney outcomes have also been observed, although again, findings are 
heterogeneous. A case-crossover study conducted in China reported 
greater risks among women following exposure to NO2 (ref. 45), 
whereas a retrospective cohort study in South Korea observed mar-
ginally higher risks among men70. Similarly, a cross-sectional study in 
China reported that males exhibited a higher risk of CKD associated 
with PM2.5 exposure68. These findings suggest that air pollution may 
differentially impact kidney disease risk in males and females, poten-
tially because of biological, behavioural or exposure-related factors; 
however, the direction of the association seems variable.

Multiple studies have also highlighted the susceptibility of chil-
dren to air-pollution-related kidney dysfunction, potentially because 
of their underdeveloped physiological systems, limited awareness of 
environmental hazards and larger amounts of time spent on outdoor 
activities71. A longitudinal study of 10,942 children and adolescents in 
Taiwan and Hong Kong reported that a 10-μg/m3 increase in PM2.5 was 
associated with a 0.45-ml/min/1.73 m2 (95% CI 0.28–0.63) reduction in 
eGFR72. Similarly, a panel study in Wuhan, China, of 105 children aged 
4–13 years, found that short-term exposure (within a lag period of 
2 days post-exposure) to PM2.5 was associated with decreased eGFR73. 
Another representative cohort study in Hong Kong that included 
8327 participants born in April and May 1997, also demonstrated inverse 
associations between PM10 exposure in utero (β: −2.933, 95% CI −4.677 
to −1.189), during infancy (−2.362, 95% CI −3.992 to −0.732), during 
childhood (−2.708, 95% CI −4.370 to −1.047), and in the context of 
overall exposure (−2.828, 95% CI −4.409 to −1.247) with eGFR74. Further-
more, a population-based study of 10,052 healthy pregnant women in 
Shanghai, China, reported that PM2.5 exposure during pregnancy was 
associated with reduced kidney function; specifically each IQR increase 
PM2.5 during the third trimester was associated with a 1.33 (95% CI−1.79 
to −0.87) reduction in eGFR of the pregnant woman75.

Preexisting health conditions such as diabetes, hypertension, 
dialysis and obesity are also well-established risk factors for kidney 
disease. A study of 384,276 dialysis patients in the USA aged ≥65 years 
revealed that those who had diabetes as the primary cause of kidney 
failure were particularly vulnerable to high PM2.5 levels (aHR 1.25, 95% CI 
1.13–1.38)76. Similarly, an analysis of a cohort of 40,513 individuals with 
prevalent diabetes from the UK Biobank found associations between 
exposure to PM2.5 and PM10 and incident CKD (HRs per 1 μg/m3 increment 
1.034, 95% CI 1.015–1.053 and 1.021, 95% CI 1.007–1.036, respectively)77.  
A large cohort study of US veterans further demonstrated that diabetes 
mediated some of the association between PM2.5 exposure and kidney 
outcomes, accounting for 5.8% (95% CI 5.0–7.0) of the ≥30% decline in 
eGFR and 17.0% (95% CI 13.1–20.4) of the kidney failure or ≥50% decline 
in eGFR78. A retrospective cohort study in Beijing, China, of 1738 hospi-
talized patients with type 2 diabetes and CKD, reported an association 
between a 10 μg/m³ increase in PM2.5 and PM10 and progression to kidney 
failure (OR 1.19 [1.03, 1.36] for PM2.5; 1.15 [1.02, 1.30] for PM10)79.

A prospective cohort study from Hong Kong of 66,820 individuals 
aged ≥65 revealed that an IQR increase in PM2.5 (4.0 μg/m3) and mor-
tality risk of renal failure was significantly associated with increased 
mortality among patients with CKD and hypertension (HR 1.42, 95% CI 
1.05–1.93)80. Another analysis of data from the Elderly Health Service 
cohort in Hong Kong also showed that exposure to PM2.5 was associated 
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with an elevated risk of AKI-related mortality among individuals with 
self-reported hypertension (HR 2.08, 95% CI 1.18–3.68)81. Similarly, an 
analysis of data from the Atherosclerosis Risk in communities (ARIC) 
cohort found that each 1 μg/m3 increase in annual average PM2.5 expo-
sure was associated with a higher risk of incident CKD (HR 1.05, 95% 
CI 1.01–1.10) among patients on dialysis82. A cross-sectional study in 
South Korea of individuals aged ≥40 years reported an association 
between air-pollutant concentrations and CKD among individuals in 
the high adiposity group (BMI ≥23 kg/m2; ORs for PM10, NO2 and SO2 
1.23, 95% CI 1.00–1.50, 1.23, 95% CI 1.00–1.49 and 1.39, 95% CI 1.16–1.66, 
respectively83. Another longitudinal analysis of 669 participants from 
the US Veterans Administration Normative Aging Study reported that 
the inverse association between 1-year PM2.5 exposure and eGFR was 
more pronounced in obese individuals (β −2.64, 95% CI −4.25 to −1.03) 
than in non-obese individuals (β −1.63, 95% CI −2.80 to −0.46)58.

Among behavioural factors that amplify these mechanisms, 
smoking and alcohol consumption are among the most prominent 
contributors. Tobacco smoke contains more than 4000 particles and 
gases that are nephrotoxic84, and is therefore an important risk factor 
for kidney disease. Nicotine, one of the most well-known substances 
within tobacco, is excreted through glomerulus and tubules85. Chronic 
exposure to nicotine is associated with oxidative stress within the 
kidney86,87 and in cultured PTECs88, and aggravates AKI in mice89. Moreo-
ver, in vitro studies have demonstrated that nicotine induces podocyte 
apoptosis through ROS generation90. Epidemiological evidence sup-
ports these experimental findings. A cohort study in China reported 
stronger associations between long-term air pollution exposure and 
CKD among smokers than among non-smokers, with elevated ORs for 
PM2.5 (1.138, 95% CI 1.036–1.250), CO (1.194, 95% CI 1.098–1.298) and NO2 
(1.232, 95% CI 1.080–1.406)91. Another cohort study in Taiwan similarly 
showed that the association between incident CKD and long-term PM2.5 
exposure was stronger among ever-smokers than among non-smokers 
(HR 1.12, 95% CI 1.03–1.21)69.

Animal studies that have investigated the effect of alcohol con-
sumption on the kidneys have shown that ethanol ingestion damages 
kidney tissue and function by inducing oxidative stress and inflamma-
tion. Ethanol intake increased biomarkers of AKI, including blood urea 
nitrogen circulating creatinine, KIM-1, NGAL and cystatin c92. Chronic 
ethanol consumption also promotes mitochondrial protein hypera-
cetylation in the kidney, which is associated with markedly elevated 
oxidative stress93. Epidemiological studies in humans support these 
experimental findings. In a cross-sectional study of 2699 individuals 
in Wuhan, China, participants who consumed alcohol more than once 
a week experienced a pronounced decline in eGFR in association with 
long-term O3 exposure (β −7.46, 95% CI −11.84 to −3.08) compared with 
non-drinkers (−1.95, 95% CI −4.06–0.15)94. Another cross-sectional 
study of 199,635 adults in Shenzhen, China, found that every 10-μg/m3 
increase in PM2.5 and PM10 exposure among ever drinkers was associated 
with reductions in eGFR of 166% (95% CI –2.29 to –1.02) and 52% (95% 
CI –1.01 to –0.04), respectively95.

A small number of studies have examined the effects of ambient 
air pollution on patients undergoing dialysis. In two nationwide cohort 
studies in the USA, long-term (annual average) exposure to PM2.5 was 
associated with higher mortality and morbidity in dialysis patients. 
In one of these studies, which focused on older patients (aged 65 years) 
who resided in areas with PM2.5 concentrations above 12 μg/m3, each 
10 μg/m³ increase in PM2.5 was associated with a higher risk of all-cause 
mortality (HR 1.16, 95% CI 1.08–1.25)76. The other study of adult patients 
aged ≥18 years found that each 1 μg/m³ increment in annual average 

PM2.5 was associated with increased risk of cardiovascular events 
(HR 1.02, 95% CI 1.01–1.02)96. Two retrospective cohort studies in the 
USA have also shown that short-term exposure to PM2.5 is associated 
with elevated morbidity and mortality in patients on dialysis. One of 
these studies documented that a 10-μg/m3 increase in same-day ambi-
ent PM2.5 was associated with an increased hospital readmission risk 
for cardiovascular causes (RR 1.009, 95% CI 1.002–0.017)97. The other 
study reported that a 10-µg/m3 increase in the average exposure to PM2.5 
in haemodialysis patients was linked to higher risks of cardiovascular 
(HR 1.05, 95% CI 1.03–1.08) and all-cause (HR 1.04, 95% CI 1.03–1.06) 
mortality over a period of 0–1 day post-exposure98.

Finally, we would like to acknowledge that this paper does not 
address the confounding roles related to race and ethnicity. Although 
epidemiological studies have reported relevant findings, to the best 
of our knowledge, no causal evidence is available to support a direct 
relationship between the effects of atmospheric stressors on the kidney 
and race or ethnicity, and available reports are insufficient to disentan-
gle any direct effect from indirect mechanisms relating to (for example) 
socioeconomic status or different levels of exposure. Many epidemio-
logical studies have reported that disproportionate exposures to air 
pollution, extreme temperatures or related environmental conditions 
(for example, access to residential green space) vary by socioeconomic 
status and are often patterned by race and ethnicity. Available research 
suggests that socioeconomic disparities in environmental exposures 
may contribute to the differential health impacts of air pollution and 
extreme temperatures across racial and ethnic groups99–101. Further 
research is needed to determine whether race and ethnicity modify the 
association between pollution exposure and kidney disease.

Wildfire
Rising global temperatures driven by climate change have contrib-
uted to an increasing frequency of large-scale wildfires worldwide, 
exemplified by the 2023 wildfires in Canada, the 2025 wildfires in Los 
Angeles, USA, and those in South Korea in 2025. These wildfires gener-
ate smoke that contains a high concentration of fine particulate matter 
as well as a complex mixture of other air pollutants such as CO and NO2 
(ref. 102). Inhalation of these pollutants can induce systemic inflam-
mation and oxidative stress102,103, both of which are implicated in the 
pathogenesis of kidney disease. However, only a limited number of 
studies have investigated the link between wildfire and kidney disease 
(Supplementary Table 3).

Biological mechanisms
The air pollutants produced by wild fires may affect kidney health 
through mechanisms similar to those described above for ambient 
air pollutants — that is, through pathways involving inflammation, 
oxidative stress and vascular dysfunction20. However, numerous stud-
ies have reported associations between wildfire exposure and health 
outcomes, such as asthma, chronic obstructive pulmonary disease, 
respiratory infection and cardiovascular events, which could have 
indirect effects on kidney health104. Of note, compared with ambient 
urban air pollution, particulate matter from wildfires has more carbona-
ceous materials and free radicals, and thus may have greater potential 
oxidative stress and inflammatory potential105, as supported by some 
experimental evidence106.

Epidemiological evidence
One case-crossover study published in 2025 investigated the short-term 
effects of smoke plume from the 2023 Canadian wildfires, quantified 
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using the Hazard Mapping System from the National Oceanic and 
Atmospheric Administration, on outcomes among patients aged 
18 years or older receiving maintenance haemodialysis in the Eastern 
and Midwestern USA105. The presence of wildfire smoke plume was asso-
ciated with an 18% increase in the risk of same-day all-cause mortality 
(incidence rate ratio (IRR) 1.18, 95% CI 1.13–1.24) and a 3% increase in 
the risk of all-cause hospitalization (95% CI 1.00–1.07). A 10-μg/m3 
increase in wildfire-related PM2.5 was associated with a 139% increase in  
same-day, all-cause mortality (IRR 2.39, 95% CI 1.79–3.18), and a 33% 
increase in all-cause hospitalization (95% CI 1.10–1.62). Another study 
from the USA reported an association between long-term (12-month 
moving average) exposure to PM2.5 from wildland fire smoke and 
monthly mortality rate, including deaths from non-accidental causes 
and CKD20. Relative to a month in the same county (an administrative 
subdivision of a state) in which long-term smoke PM2.5 exposure was 
below 0.1 μg/m3, non-accidental mortality increased by 2.11 deaths per 
100,000 people per month when the 12-month moving average of PM2.5 
concentration reached above 5 μg/m3. Increased mortality from CKD 
was associated with long-term smoke PM2.5 exposure when the 12-month 
moving average of PM2.5 was 0.3 to 0.4 μg/m3 and 0.5 to 1 μg/m3.

High risk populations. To our knowledge, including the study men-
tioned above, only two studies have assessed the effects of wildfire 
smoke in patients undergoing dialysis. A time-series study from the 
USA (from 2008 to 2012) reported that a 10-μg/m3 increase in wildfire 
PM2.5 was associated with a 4% increase in all-cause mortality among 
patients undergoing haemodialysis107. However, the limited number of 
cases limits the generalizability of findings from this study, and more 
studies are needed to determine the association between wildfire 
smoke and kidney disease.

Extreme atmospheric temperatures
Global climate change has led to a significant rise in average tempera-
tures, accompanied by an increase in the frequency and severity of 
extreme weather events, such as heatwaves and cold spells108. Exposure 
to extreme outdoor temperatures can adversely affect kidney health 

by causing fluid loss, dehydration and haemodynamic changes24. Heat 
stress may compromise renal perfusion, leading to AKI109, whereas cold 
exposure can trigger vasoconstriction and elevate blood viscosity, 
also placing strain on kidney function110. Thus, both hot and cold tem-
perature extremes could be risk factors for kidney diseases (Fig. 2), as 
supported by several epidemiological studies (Supplementary Table 4).

Biological mechanisms
Exposure to extreme outdoor temperatures can lead to dehydration 
and salt loss24. Dehydration increases serum osmolarity and induces 
a concentrated and acidic urine, which can induce the formation of 
crystals that can cause kidney injury111. Moreover, dehydration could 
promote the activation of aldose reductase in the proximal tubule, 
which stimulate an accumulation of sorbitol, which is subsequently 
converted fructose111. The metabolism of fructose by fructokinase 
leads to the generation of uric acid, ROS and inflammatory media-
tors, which contribute to tubular injury112. A similar mechanism could 
occur under cold conditions, as such conditions can increase urinary 
voiding and respiratory water losses in the face of reduced fluid intake, 
ultimately leading to dehydration110. However, in real-world settings, 
exposure to extreme temperatures is often influenced by social and 
occupational factors. For example, middle-aged adults are more likely 
to engage in outdoor work, placing these individuals at a higher risk of 
heat exposure during their economically active years. Thus, differences 
in exposure due to occupation may in part explain the observed varia-
tions in kidney-related outcomes in response to heat-related mortality 
across age and sex113.

Epidemiological evidence
Short-term exposures. Most studies of extreme temperatures and 
kidney health have investigated the short-term effects of heat and 
cold exposure on kidney-related outcomes. Many of these studies 
have focused on occupational groups such as agricultural workers; 
however, it is of interest to consider the effect of extreme tempera-
tures on the general population and the broader impact of heat on 
kidney disease across diverse conditions. One case–control study of 

Extreme hot
temperatures

Extreme cold
temperatures

Dehydration
• ↑ Serum osmolarity
• ↓ Urine pH
• Crystal formation

↑ Fructokinase activity
• ↓ ATP availability in the 

proximal tubules
• ↑ Oxidative stress, 

inflammation, UA levels
• ROS generation
• Inflammation

↓ GFR
↑ AKI and CKD

• Hyperthermia
• Rhabdomyolysis
• Extracellular volume 

depletion

• ↑ Urinary voiding
• ↑ Respiratory 

water losses
• ↓ Fluid intake

Inflammation
• Tubular damage
• Glomerulosclerosis
• ↓ Glomerular filtration rate

Confounders
• Sex, age
• Comorbidities
• Socioeconomic status

Fig. 2 | Possible mechanisms linking extreme 
temperatures to kidney health. Exposure to 
extreme ambient temperatures, such as heat waves 
or cold spells, can cause fluid loss, dehydration and 
haemodynamic changes. Heat stress might impair 
renal perfusion, whereas exposure to cold can cause 
vasoconstriction and increase blood viscosity. These 
changes could lead to kidney injury, decreased 
glomerular filtration rate (GFR), acute kidney injury 
(AKI) and chronic kidney disease (CKD). ROS, reactive 
oxygen species; UA, uric acid.
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52,913 individuals with a history of AKI from Ontario, Canada, found 
that high heat exposure for 0–2 days was associated with a higher 
odds of AKI (OR 1.11, 95% CI 1.00–1.23)114. Three case-crossover stud-
ies reported similar associations with AKI. Specifically, a study of 
1815 cases in Queensland, Australia, reported a higher risk of AKI 
within 0–6 h of heat exposure (OR 2.93, 95% CI 2.01–4.27), and a study 
of 1,209,934 cases in New York State, USA, reported a higher risk of 
AKI within 0–6 days of heat exposure (OR 1.36, 95% CI 1.09–1.69)115,116. 
Similarly, a case-crossover study of 853,096 cases in California, USA, 
found that higher mean temperatures were associated with a greater 
incidence of AKI, and a 1°C increase in daily temperature correlated 
with an increased incidence of both AKI and CKD117. In line with these 
findings, a case-crossover study of 96,092 cases in China reported 
that short-term exposure (that is, exposure of 0–3 days) to a heat-
wave was associated with an increased risk of urinary-related hospital 
admissions118. Another cohort study of 55,350 cases in South Korea 
also revealed a negative relationship between eGFR and short-term 
heat index above 25°C (0–5 lag days)110.

Long-term exposures. Several studies have also examined the 
long-term effects of temperature on kidney-related outcomes. A cohort 
study of 32,870 individuals in South Korea identified associations 
between high and low perceived temperatures (summer-season and 
winter-season average, respectively) on mortality risk among patients 
with CKD (HR for high and low perceived temperatures per 1°C change: 
1.29, 95% CI 1.26–1.33 and 1.041, 95% CI 1.025–1.058)109,119. Of note, the 
perceived temperatures in that study are indicative of the air tempera-
ture of a reference environment in which the thermal perception would 
be the same as in the actual environment, including water vapour, 
wind speed, along with ambient temperature120. Another nationwide 
cross-sectional study of 176,874 cases in China similarly reported a 
positive association between long-term exposure to hot (ORs for lag 
1 year and 1–5 years 1.05, 95% CI 1.04–1.06 and 1.10, 95% CI 1.08–1.11, 
respectively) or cold temperatures (ORs for lag 1 year and 1–5 years 
1.05, 95% CI 1.04–1.06 and 1.07, 95% CI 1.05–1.09) and CKD prevalence121.

High-risk populations. To our knowledge, five studies to date have 
reported an association between older age and kidney disease risk 
associated with temperature exposures. For example, a case-crossover 
study from Australia revealed that older adults aged over 64 years 
were more vulnerable than adults aged under 64 years to the acute 
effects of heat on emergency-department visits for AKI (OR 2.93, 95% 
CI 2.01–4.27)115. Another case-crossover study from California, USA, 
demonstrated a stronger association between temperature and AKI 
among people aged 65 years or older than for those aged 19–64 years 
(excess risk: 10.7%, 95% CI 6.5–15.2)117. A nationwide time-series study 
from South Korea found that cold exposures were more strongly linked 
to hospital admissions due to AKI in people aged 65 years or older than 
among those aged under 65 years (RR for hospital admissions 2.19, 95% 
CI 1.63–2.93 and 1.19, 95% CI 0.74–1.91, respectively)122. Similarly, a study 
from Taiwan reported that individuals aged 65 years or older (RR for 
males: 1.04, 95% CI 1.00–1.07; RR for females: 1.07, 95% CI 1.03–1.12) 
faced an increased risk of CKD-related mortality and outpatient visits 
during cold days, compared with those aged 40–64 years123.

Conversely, at least two studies have reported contradictory 
findings. One case-crossover study from New York State, USA, found 
that individuals aged 22–44 years were more susceptible to sum-
mer temperature-related hospitalization for AKI than those aged 
45–64 years (ORs 1.18, 95% CI 1.08–1.27 and 1.09, 95% CI 1.03–1.14, 

respectively), although the difference was not statistically significant124. 
Similarly, a retrospective cohort study from South Korea found that 
individuals aged 64 years or under exhibited a higher overall cumula-
tive relative risk of AKI than individuals older than 64 years at extreme 
temperatures in most provinces24.

At least three studies have investigated sex differences related 
to the effects of temperature on kidney outcomes, with inconsistent 
results. Two of the studies suggest that males are more vulnerable to 
heat-related kidney injury. For example, a case-crossover study from 
Queensland, Australia, found that extreme heat exposure was associ-
ated with a higher relative risk of AKI in males than in females (OR 2.48, 
95% CI 1.85–3.32)115. Similarly, a retrospective cohort study from South 
Korea reported that males had a greater cumulative risk of kidney 
disease owing to extreme temperatures than females24. However, a 
case-crossover study of 52,057 cases from Central Australia found that 
total hospitalizations for kidney diseases as a consequence of cold and 
hot temperatures were more frequent among females125.

Several retrospective cohort studies from the USA have examined 
the effects of temperature among patients receiving haemodialy-
sis, although these studies have not reported differences compared 
with non-patients. One study conducted in 2017–2019 documented 
that extreme heat events were associated with an increased risk of 
same-day hospital admission (RR 1.27, 95% CI 1.13–1.43) and mortal-
ity (RR 1.31, 95% CI 1.01–1.70) among patients with kidney failure126. 
Another study conducted in 2011–2016 reported that haemodialysis 
patients exposed to high ambient temperature (99th versus 50th per-
centile) had an increased risk of mortality (RR 1.07, 95% CI 1.03–1.11), 
and cardiovascular-related emergency-department visits (RR 1.19, 
95% CI 1.16–1.22)97.

Future directions
Integrated assessments of climate change and air pollution
The synergistic relationship between climate change and air pollution 
is a growing concern in the field of public health and is of relevance to 
nephrology. Although the exact relationship between temperature 
and air pollution remains unclear, available evidence suggests that 
climate change influences air pollution through various pathways. For 
example, heat can accelerate the chemical reactions between nitrogen 
oxides and volatile organic compounds, which can lead to increases 
in O3 formation and smog127. In addition, several air pollutants, such 
as black carbon, methane and tropospheric O3, could contribute to 
future temperature rises (short-lived climate pollutants)128. Wildfires 
also represent an example of the interaction between climate change 
and air pollution, as the increased frequency and intensity of wildfires 
as a consequence of climate change have sharply worsened air quality, 
including that related to particulate matter30. Future policy and studies 
should rigorously investigate the complex relationships and combined 
effects of climate change and air pollution using advanced method-
ological approaches. One approach would be to develop and apply 
integrated exposure models that couple climate projections, chemi-
cal transport models and population time–activity data to produce 
high-resolution spatiotemporal exposure estimates. Researchers 
should also use multi-pollutant analysis frameworks-such as principal 
and independent component analyses, penalized regression models 
or Bayesian kernel machine regression models to disentangle the inde-
pendent and interaction-dependent effects of wildfire-related PM2.5, 
O3 and co-emitted toxicants129. In addition, these approaches should 
be combined with climate-scenario projections such as those used by 
the Intergovernmental Panel on Climate Change to help to estimate the 
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future burdens of AKI, CKD progression and kidney failure, including 
explicit uncertainty and sensitivity analyses130.

Obviously, certain communities and populations are dispropor-
tionately at risk of air pollution and extreme temperature exposures 
because of their geography, socioeconomic status and/or occupational 
characteristics131, highlighting the need for timely and integrated 
action plans for high-risk populations. However, further studies of 
large cohorts are needed to further our understanding of the effects 
of environmental stressors on kidney-related variables and guide the 
implementation of action strategies. Concurrently, more advanced 
technologies are needed to enable accurate assessment of multiple 
exposures (for example, artificial intelligence-based modelling for 
individual-level high-resolution environmental exposures), as are more 
advanced study designs to enable evaluation of the integrated impacts 
of co-exposures and multiple effect modifiers on kidney outcomes, 
and provide more precise information to prioritize and mobilize social 
resources.

Considerations for multiple comorbidities and  
health behaviours
Beyond diabetes and hypertension, we know that kidney diseases 
are closely associated with cardiovascular comorbidities, including 
heart failure, stroke, peripheral vascular disease and coronary heart 
diseases13,132–134, as well as with rheumatological conditions, inflam-
matory bowel diseases and other metabolic conditions13,44. Of note, 
multiple studies have reported associations between the onset or 
progression of cardiovascular and endocrine diseases with air pollu-
tion based on several plausible mechanisms, likely as a consequence 
of pulmonary inflammation and disturbances in the circulatory and 
autonomic nervous systems16,44,57,135.

However, despite its clinical importance, the epidemiological 
study of multiple comorbidities, health behaviours and their com-
bined impacts (that is, synergism among comorbidities or interactions 
between comorbidities and health behaviours including smoking 
and drinking alcohol) has posed a challenge for several reasons. First, 
many administrative claim-based databases, such as Medicare41 and 
the National Health Insurance Service database136, on which epidemio-
logical studies are often based, were constructed for administrative 
purposes (for example, the levy of insurance premiums). Therefore, 
their records of diseases (for example, dates of disease onset, diag-
nostic codes and laboratory test results) are not necessarily accurate, 
which hinders accurate examination of the mediating, confounding 
or interactive effects of comorbidities on disease outcomes41. Second, 
although logistically easier, retrospective cohort, cross-sectional and 
ecological studies are limited in the amount of data available and might 
therefore be insufficient to examine the complex roles of comorbidi-
ties and health behaviours30. Thus, well-designed, prospective cohort 
studies that include sufficient sample numbers and information on 
concurrent medical conditions are needed to provide insights into 
the complex roles of comorbidities and health behaviours on the 
relationship between air pollution and kidney diseases.

Challenging issues for advanced research design
Several critical knowledge gaps remain to be addressed in our under-
standing of the effects of atmospheric stressors on kidney disease, 
including the need to establish definitive causality; the need to elucidate 
the specific biological mechanisms that underlie these associations in 
humans; the need to improve and standardize exposure assessment 
methodologies for heat and complex air-pollution mixtures, including 

understudied pollutants and built environment factors; the need to 
systematically investigate factors that confer susceptibility and address 
the role of socioeconomic and racial or ethnic factors, with a focus on 
vulnerable populations; the need to robustly evaluate the potential syn-
ergistic interactions between heat and air pollution co-exposure; and 
the need to rigorously assess the real-world effectiveness of preventive 
and adaptive interventions. Addressing these knowledge gaps through 
well-designed studies is essential. Such efforts will not only advance 
scientific understanding but also provide the crucial evidence needed 
to inform clinical practice, guide public-health policies, strengthen 
air-quality and heat-safety regulations and ultimately protect global 
kidney health.

Specifically, several issues should be addressed or improved in the 
environmental epidemiology field for kidney health. First is a need to 
improve data quality and linkage. Rapid developments in data science 
have led to the development of high-resolution (for example, 1 km2) 
spatiotemporal prediction models for ambient air pollution137,138 that 
could reduce potential biases from inaccurate exposure allocations. 
Furthermore, smart health care platforms, including wearable devices 
and advanced information technologies, could be integrated into 
traditional cohort studies to reduce biases caused by unmeasured con-
founders or imprecise measurements for confounders and outcomes. 
Second is a need to consider causal inference frameworks. Establishing 
causality is the ultimate goal for epidemiological studies; however, 
restrictions in study design, data and statistical approaches have 
limited the evaluation of causal relationships between ambient environ-
mental stressors and kidney diseases. Competing risks, such as causes 
of death, should be considered as an approach to enhance the evidence 
for causality in studies of kidney disease. Of note, although several 
advanced statistical methodologies — such as Fine–Gray regression —  
can be used to elaborate competing events, the level of information 
needed to discern competing events can be difficult to achieve for 
observational studies139. More complex study designs (for example, the 
use of large cohorts with time-variant confounders and negative con-
trols) and cutting-edge statistical methodologies (for example, doubly 
robust learning or conditional average treatment-effect estimations) 
should also be considered to identify causal associations between air 
pollution and kidney diseases.

Other pollutants and household air pollution
Although we have focused on major pollutants in ambient air, numer-
ous other pollutants also require further study. Heavy metals, such as 
lead, mercury, arsenic, chromium and cadmium, are one such example. 
Heavy metals are metallic elements with high densities, atomic weights 
and are commonly associated with environmental pollution and health 
risks140. A substantial proportion of the world’s water is polluted with 
heavy metals, and human activities such as agriculture, other aspects of 
food production and industry are closely related to heavy-metal expo-
sures. Moreover, ambient PM10 and PM2.5 contain heavy metals from fuel 
combustion, battery manufacturing, old paints, coal burning, mining 
and pesticide use43, and numerous experimental and epidemiological 
studies have reported hazardous effects of heavy metals on kidney 
health141. Beyond heavy metals, other atmospheric pollutants might 
also pose important risks to kidney health, and the effects of pesticides, 
formaldehyde, benzene, hydrogen sulphide, ammonia and polycyclic 
aromatic hydrocarbons should be investigated in future studies.

Household air pollution (HAP) refers to air pollution that is 
found indoors and includes solid fuels, volatile organic compounds 
from kitchens and second-hand tobacco smoke. Like atmospheric 
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pollutants, HAP is a known risk factor for poor human health, and sev-
eral studies have described associations between kidney function and 
HAP30. However, compared with ambient air pollutants, studies of the 
effects of HAP and kidney diseases remain limited. As HAP components 
likely share similar biological mechanisms to those of ambient air pol-
lutants and often occur at higher concentrations indoors, particularly 
during daily activities, further studies on the relationship between 
indoor air pollution and kidney diseases should be conducted with 
large-scale cohorts in the future.

Conclusions
Evidence from epidemiological and laboratory studies suggest that 
exposures to ambient air pollution and extreme temperatures are asso-
ciated with increased risks of kidney diseases, including CKD and AKI, 
via biologically plausible mechanisms. Although the epidemiological 
evidence is currently limited, future studies are expected to identify 
harmful long-term and short-term effects of wildfire smoke on kidney 
disease. To date, investigations into the effects of atmospheric stressors 
on kidney disease in high-risk populations have been inconsistent. We 
suggest that, along with context-based interpretations, improved ana-
lytic methodologies and study designs could reduce estimation biases 
and improve the robustness of results relating to effect modifiers and 
thereby provide more accurate insights into the effects of atmospheric 
stressors on specific populations. More holistic and system-based study 
approaches that integrate climate change and air pollution are antici-
pated to facilitate better understanding of the interactions between 
climatic factors and ambient air pollutants, as well as their combined 
impacts on human health. Furthermore, it will be crucial to raise aware-
ness and increase recognition of the hazardous effects of atmospheric 
stressors on kidney health among policymakers and the general public. 
These efforts will enable more constructive and pre-emptive action 
plans for general as well as socially marginalized populations and help 
to alleviate the social burden attributable to kidney diseases.
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