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Abstract

BACKGROUND
Type 1 diabetes originates from gene-environment interactions, with increasing
incidence over time.

AIM

To identify correlates of childhood type 1 diabetes in European countries using an
ecological approach. Several environmental variables potentially influencing the
onset of type 1 diabetes have been previously evaluated. However, the
relationships between epidemiologic data and exposure to toxic airborne mole-
cules are scarcely studied.

METHODS

We employed an ecological model to explore, in a wide time period (1990-2018),
associations between type 1 diabetes incidence in 19 European countries
(systematic literature review) and the nationwide production of five widely
diffused air pollutants: particulate matter <10 pm (PM10), nitrogen oxides (NO),
non-methane volatile organic compounds (VOCs), sulphur oxide (SO,), and
ammonia.

RESULTS

Data confirm a raising incidence of type 1 diabetes in 18 out of 19 explored
countries. The average difference (last vs first report, all countries) was +6.9 x
100000/ year, with values ranging from -1.4 (Germany) to +16.6 (Sweden) per
100000/ year. Although the overall production of pollutants decreased
progressively from 1990 to 2018, type 1 diabetes incidence was positively associ-
ated with the nationwide emissions of PM10, VOCs, and NO but not with those of
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SO2 and ammonia. Type 1 diabetes incidence was significantly higher in countries
with high emissions than in those with low emissions of PM10 (27.5 £2.4 vs 14.6 +
2.4 x 100000 residents, respectively), VOCs (24.5 + 4.4 vs 13.2 + 1.7 x 100000
residents, respectively), and NO (26.6 = 3 vs 13.4 + 2.4 x 100000 residents,
respectively), but not of SO, or ammonia.

CONCLUSION

Evidence justify further studies to explore better links between long-term air
quality and type 1 diabetes onset at the individual level, which should include
exposures during pregnancy. In this respect, type 1 diabetes could be, at least in
part, a preventable condition. Thus, primary prevention policies acting through a
marked abatement of pollutant emissions might attenuate future type 1 diabetes
incidence throughout Europe.

Key Words: Type 1 diabetes; Epidemiology; Air pollution; Particulate matter; Nitrogen
oxide; Non-methane volatile organic compounds

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The environment has a role in the onset of type 1 diabetes. Possible associa-
tions include pollutants that are, however, scarcely explored. We evaluated with an
ecologic approach associations between the incidence of type 1 diabetes in children
and the global emissions of specific air pollutants in 19 European countries, during
three decades. We showed that the incidence of type 1 diabetes is associated with the
emissions of particulate matter < 10 um, non-methane volatile organic compounds, and
nitrogen oxides. Results allow us to speculate that type 1 diabetes is, at least in part, a
preventable condition, with implications in terms of primary prevention.

Citation: Di Ciaula A, Portincasa P. Relationships between emissions of toxic airborne
molecules and type 1 diabetes incidence in children: An ecologic study. World J Diabetes 2021,
12(5): 673-684

URL: https://www.wjgnet.com/1948-9358/full/v12/i5/673.htm

DOI: https://dx.doi.org/10.4239/wjd.v12.i5.673

INTRODUCTION

The onset of type 1 diabetes is linked with pathogenic processes involving formation
of autoantibodies, islet specific T-cells, and progressive inflammatory destruction of
the beta-cells[1]. These pathways result from complex interactions between
genetic[2,3] and environmental factors[4], which also involve epigenetic mechanisms
[5].

Epidemiologic studies reveal a progressive increase in the incidence of type 1
diabetes in children, which doubled over the last 20 years, with a 3.4% increase per
annum|[6]. In European countries, the incidence of type 1 diabetes in pediatric age
shows an increment rate of about 3% per year[7], but different trends occur in different
geographical areas[7].

According to preliminary observations, the epidemiologic increment of type 1
diabetes could be due, at least in part, to an unhealthy environment. In particular, type
1 diabetes onset has been linked with the concentration of airborne molecules
(introduced with breath), and with chemicals introduced by oral ingestion or direct
cutaneous contact (endocrine disrupting chemicals)[8]

These molecules can also operate during the in utero life[9,10], increasing the risk of
developing type 1 diabetes mainly through immune alterations[11-13] and damage to
pancreatic beta-cells[14].

Preliminary evidence, in particular, suggest a role for airborne pollutants as
ozone[10], nitrogen oxides (NO)[9], particulate matter[8,15], sulphate, nitrates, nitrites,
N-nitroso compounds, persistent organic pollutants, heavy metals, and volatile
organic compounds (VOCs)[8].

May 15,2021 | Volume12 | Issue5 |
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However, so far, the possibility that long-term exposure to a large number of
diffused air pollutants may affect the incidence of type 1 diabetes in children has not
been fully confirmed.

We aimed to identify correlates of childhood type 1 diabetes in European countries
using an ecological approach. The methodology links temporal trends of the global
nationwide production of toxic airborne molecules with type 1 diabetes incidence in
children living in the same European areas.

MATERIALS AND METHODS

We performed a systematic review of literature (PubMed) to collect and examine
available data about the incidence of type 1 diabetes in pediatric age (0-15 years) in 19
European countries (Supplementary Tables 1 and 2). All publications until December
4, 2020 were considered. Papers were selected by the following criteria: (1) the study
period was = 2 years; (2) the study considered the overall age-standardized incidence
of type 1 diabetes (per 100000 per year) in at least one European country and in the age
range 0-15 years; (3) the study was based on a nationwide dataset; (4) study periods
starting from the year 1990. This time limit depended on the lack of information about
countrywide pollutant production before 1990 (see below); and (5) studies published
in English language.

In the selected studies, the incidence of type 1 diabetes was assessed, on average, on
a time period of 17.8 years (range 4-28 years), from 1990 to 2018 (Supplementary Table
2). In the case of different studies examining similar time periods in the same country,
data from the study with the shortest period were excluded from the analysis, in order
to avoid time overlapping and correlation bias.

Data about pollutant emissions were derived from the European Environmental
Agency and Eurostat database (https://ec.europa.eu/eurostat/databrowser/view/E
NV_AIR_EMIS__custom_210633/default/table?lang=en, last update 25 November
2020), and measured as tonnes of emissions per year, considering total sectors of
emissions for each pollutant and for the national territory, in the period 1990-2018.
Average emissions in selected periods (corresponding to type 1 diabetes incidence
time periods in each country) were thereafter calculated for the following pollutants:
Particulate matter < 10 pm (PM10), NO, non-methane organic VOCs, sulphur oxide
(SO,), and ammonia. Correlations between the global amount of pollutant emissions
and type 1 diabetes incidence were checked for each country/time period by
Spearman’s rank correlation coefficient.

We categorized each pollutant according to tertiles of emissions in the entire study
period (low, medium, and high pollutant emissions). To calculate odds ratios and
confidence intervals for type 1 diabetes incidence associated with emissions of specific
pollutants, we fit separate logistic regression models with type 1 diabetes incidence as
the dependent variable, and tertiles of each pollutant as the independent variable.
Kruskal-Wallis analysis of variance by ranks followed by multiple-comparison Z-value
test or Mann-Whitney U-test were employed to compare differences among groups, as
appropriate. P < 0.05 were considered statistically significant for all analysis. Graphic
representation of data is provided by SigmaPlot software (https://systatsoftware.
com/products/sigmaplot/). Statistical analyses were performed with NCSS10
Statistical Software (NCSS, LLC, Kaysville, UT, United States).

RESULTS

Altogether, in 19 European countries, 18 studies considering the incidence of type 1
diabetes met the inclusion criteria and were considered in the analysis (Supplementary
Table 1).

Figure 1 shows time variations in type 1 diabetes incidence across Europe in each of
the explored countries, in the whole observation period. During the explored time
interval, type 1 diabetes incidence increased in all explored countries, with the
exception of Germany.

The average difference (last vs first report, all countries) was +6.9 x 100000/ year,
with values ranging from -1.4 (Germany) to +16.6 (Sweden) per 100000/ year
(Figure 2).

Considering the whole group of explored countries, the global, nationwide
production of pollutants decreased progressively from 1990 to 2018 (Figure 3A), with
significant reductions recorded in the case of VOCs, PM10, SO,, and NO but not for
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ammonia (Figure 3B).

The incidence of type 1 diabetes in European countries was significantly positively
correlated with national PM10 emissions (p = 0.32, P = 0.004), VOCs (p = 0.35, P =
0.001), and NO (p = 0.44, P = 0.0001) but not with those of SO, and ammonia (P = NS,
data not shown).

When countries were stratified according to tertiles of pollutants emitted in the
entire period (Supplementary Table 3), the odds of elevated type 1 diabetes incidence
were significantly higher in countries in the medium and high tertiles of PM10, VOCs,
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and NO production (but not SO, or ammonia, data not shown) than in those in the low
production group (Table 1 and Figure 4A). Mean incidence of type 1 diabetes was
significantly higher in countries with high production than in countries with low
production of PM10, VOCs, and NO (Supplementary Table 3, Table 2 and Figure 4B).
The incidence of type 1 diabetes was similar when countries were compared in terms
of SO, and ammonia production (data not shown).

DISCUSSION

The present study examined type 1 diabetes incidence during about three decades
(1990-2018) and reports a progressive increase in the majority of the 19 explored
European countries. We employed an ecologic approach and found an association
between type 1 diabetes incidence and the global burden of anthropogenic emissions
of three widely diffused air pollutants (namely PM10, non-methane VOCs, and NO),
with increased odds of high incidence in countries with the highest pollutant
emissions.

We confirm previous observations about the worldwide rise in type 1 diabetes
incidence with time in pediatric age[7,16-19].

The selected papers cover a time window of about 18 years. Although genetic
susceptibility is a well-known risk factor for the onset of type 1 diabetes[2,3], the
relatively short time interval does not explain the increase in pediatric type 1 diabetes
incidence simply by shifts in individual genetic susceptibility. A larger time window is
usually needed to establish genetic changes at a population level. Indeed, prior studies
found a rise in type 1 diabetes incidence associated with unchanged[3] or even
decreased[20] frequency of major genetic risk factors for type 1 diabetes. Furthermore,
only a minority of genetically susceptible children progress to clinical disease[21-23],
and the concordance rate among monozygotic twins ranges from 13% to 68%, and is
approximately 6% in siblings[21-23].

These elements therefore point to a critical role for environmental factors that also
operate during pregnancy[4,23,24], as well as for mechanisms acting through the
interplay gene-environment[25].

The relationships between the onset of type 1 diabetes and the environment have
investigated a number of factors, including deprivation[26]. None among these factors,
however, is convincingly implicated in the etiology of type 1 diabetes as a chronic
autoimmune disease[23,24,26,27]. Environmental pollution is still scarcely explored,
despite the link with several autoimmune diseases[28,29], namely rheumatic
diseases[30], thyroid diseases[31], and systemic lupus erythematosus[32].

May 15,2021 | Volume12 | Issue5 |
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Table 1 Odds ratios and 95% confidence intervals of type 1 diabetes incidence in 19 European countries stratified according to tertiles

of particulate matter < 10 pm, volatile organic compounds, and nitrogen oxides emissions

Tertiles of emission PM10 VOCs NO

Reference, low 1 1 1

1I tertile, medium 1.08 (1.01-1.15) 1.19 (1.1-1.29) 1.12 (1.04-1.21)
III tertile, high 1.10 (1.04-1.18) 1.16 (1.05-1.28) 1.15 (1.05-1.24)

Observation period: Years 1990-2018. NO: Nitrogen oxides; PM10: Particulate matter < 10 pm; VOCs: Volatile organic compounds.

Table 2 Average incidence of type 1 diabetes (x 100000) in 19 European countries stratified according to tertiles of particulate < 10 pm,

volatile organic compounds, and nitrogen oxides emissions

PM10 VOCs NO
Reference, low 14.6+24 13.2+1.7 134+24
II tertile, medium 21.3+22 284+1.8" 23.6+1.9"
IIT tertile, high 275+24° 245 +4.4" 26.6 + 3"

Observation period: Years 1990-2018. Data are means * SE.

P < 0.05 vs countries in the low tertile of emissions.

PP < 0.05 vs countries in the low and medium tertile of emissions (Kruskal-Wallis analysis of variance by ranks followed by multiple-comparison Z-value
test). NO: Nitrogen oxides; PM10: Particulate matter < 10 pm; VOCs: Volatile organic compounds.

JBaishideng®

The pathogenic relationship environment-autoimmune diseases might also exist in
pediatric age[33-36]. In particular, toxicants strongly affect the development of the
immune system also during in utero life. In newborns, living in a highly polluted urban
area is associated with lower percentage of CD4+ T-lymphocytes and a lower CD4+ /
CD8+ ratio, but higher percentage of natural killer cells[37]. In the same population,
prenatal maternal exposure to polycyclic aromatic hydrocarbons and fine particulate
matter was associated with a lower percentage of CD3+, CD4+, and CD8+ T-
lymphocytes and with a higher percentage of CD19+ B-lymphocytes[38].

Among environmental toxics, bisphenol A[39-42], higher intake of nitrates, nitrites,
N-nitroso compounds, and persistent organochlorine pollutants[43-45] are potentially
associated with the onset of type 1 diabetes. Limited evidence[43,44] exist for heavy
metals like chromium[46], cadmium[47], and lead[48].

Air pollution is a heterogeneous mixture of molecules present in gases and solid
particles, each having its own potential pathogenic effect. This study found a possible
association between country emissions of PM10, NO, VOCs, and type 1 diabetes
incidence. Of note, maternal exposure before and during pregnancy to PM10, NO[49],
and VOCs[49,50] affects blood lymphocyte immunophenotype distribution in
newborns, even at low air concentrations.

Our results about PM10 and type 1 diabetes incidence are in line with previous
epidemiological observations. A large cohort study in Bavarian children found that
exposure to high levels of PM10 and nitrogen dioxide can accelerate the onset of type 1
diabetes and the risk of developing type 1 diabetes in children with less than 5 years of
age. Mechanisms involve a more severe inflammatory state[51]. Overall, results
indicate that the exposure to PM10 is contributing to the increased incidence of type 1
diabetes in pediatric age[8], in particular in children with less than 5 years of age[52].

Non-methane VOCs are widely diffused indoor and outdoor pollutants. Although
systematic studies are lacking, there are evidence showing that in utero exposure to
VOCs affects the immune system in animal models[53] and in newborns[49,50]. More
studies should explore the role of VOCs on the pathogenesis and on the epidemio-
logical risk of developing type 1 diabetes.

The relationships between chronic exposure to NO and the risk of type 1 diabetes is
also scarcely explored. A previous report from a large cohort study in Swedish
children found a significant association between NO exposure during the third
trimester of pregnancy and offspring type 1 diabetes[9]. Of note, the amount of NO
emission is among the main factors causing ozone pollution[54]. Studies found that
cumulative exposure to ozone and sulfate in ambient air increased the risk of
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Figure 4 Odds ratios, 95% confidence interval, and incidence of type 1 diabetes in 19 European countries grouped according to tertiles of
emissions of particulate matter < 10 uym, volatile organic compounds, and nitrogen oxides. A: Odds ratios and 95% confidence intervals of type 1
diabetes incidence in 19 European countries grouped according to tertiles of particulate matter < 10 uym, volatile organic compounds, and nitrogen oxides (NO)
emissions (total sector of emissions for each pollutant in each country). Values were calculated by logistic regression models, with type 1 diabetes incidence as the
dependent variable, and tertiles of each pollutant (low, medium and high pollutant emissions) as the independent variable; B: Type 1 diabetes incidence in 19
European countries grouped according to tertiles (low, medium, high) of emissions of particulate matter < 10 pym, volatile organic compounds, and nitrogen oxides.
The amount of pollutant emissions and the average type 1 diabetes incidence were calculated for each country in the same time period. Data are means + standard
error. P < 0.05 vs countries in the low tertile of emissions (Kruskal-Wallis analysis of variance by ranks followed by multiple-comparison Z-value test); °P < 0.05 vs
countries in the low and medium tertile of emissions. Cl: Confidence interval; NO: Nitrogen oxides; OR: Odds ratios; PM10: Particulate matter < 10 um; VOCs:
Volatile organic compounds.

developing type 1 diabetes in pediatric age[52,55]. The role of ozone exposure as a risk
factor for type 1 diabetes has been also confirmed by a recent retrospective-population
based cohort study, suggesting an increased incidence of type 1 diabetes in children
aged 0-5 years exposed to high ozone levels during the prenatal period (first trimester
of pregnancy)[10].
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An additional aspect emerging from this study was the apparent contradiction
between the increased incidence of type 1 diabetes over time and the progressive
nationwide decrement of pollutants. It should be underlined that, in the whole group
of explored countries, the statistical association between the type 1 diabetes incidence
and the global burden of pollutants (i.e. tonnes of emissions per year) does not express
a temporal trend. The analysis correlates the type 1 incidence recorded in a specific
period, with the burden of pollutants emitted in the same explored period. From this
point of view, the countries with the highest emissions of PM10, VOCs, and NO (i.e.
nationwide emissions in the II and III tertiles) have the highest incidence of type 1
diabetes in corresponding time periods. This finding is confirmed by logistic
regression models exploring the odds of elevated type 1 diabetes incidence in
countries divided according to tertiles of emissions and by an analysis of variance
exploring differences between the average incidence of type 1 diabetes in countries
with low, medium, and high production of pollutants.

The decreasing trend in the emission of pollutants observed over time was
significant for all explored pollutants, with the exclusion of ammonia. Of note, we
found no significant association between type 1 diabetes incidence and SO, (the
pollutant with the highest percent decrement in the examined period, i.e. -93%). The
possibility exists that the decreased production of VOCs, PM10, and NO (about -60%
in 2018 vs 1990) might be still insufficient to generate beneficial effects in terms of
global type 1 diabetes incidence. In addition, previous epidemiologic findings based
on other diseases could not identify a definitive threshold linking air concentration of
particulate matter[56] and NO[57] with health effects. Biological effects might also
occur during moderate exposure to multiple pollutants (cumulative effect).

This study has some limitations. Firstly, the analysis included children with age
comprised between 0 and 15 years, as a whole group. Type 1 diabetes is a hetero-
geneous disease in terms of epidemiologic findings, and different trends exist in
children with early onset of disease, as compared to children diagnosed type 1
diabetes in older ages[8]. However, the wide time period in the present study (about
18 years) might partly limit the bias from different epidemiologic trends in different
pediatric age groups. Additional surveys should better explore the link between air
pollution and type 1 diabetes incidence in different age classes, employing a specific
study design (case-control or cohort studies). Secondly, the present study used an
ecological approach. This methodology can only indicate the existence of ecological
associations, which not necessarily point to pathogenic associations between explored
pollutants and type 1 diabetes onset at an individual level. Further studies are needed
to examine in details pathophysiological and epidemiological links between individual
exposure to PM10, NO, and VOCs and the onset of type 1 diabetes. Future analyses, in
particular, should comprehensively consider in utero exposures, epigenetic
mechanisms, and individual variables exploring other known risk factors of type 1
diabetes as genetic factors, viral infection history, family history, individual diet, and
lifestyle. Finally, the present study was not designed to explore time variations in type
1 diabetes incidence according to temporal trends of emission in each country. Studies
conducted at a national level could correlate local epidemiologic and environmental
data on a wide time window, possibly in different age classes[8]. Although genetic
factors seem to play a limited role in the epidemiological variations of type 1 diabetes
incidence[21-23], nation-based cohort or case-control studies should also allow
comparisons between subgroups with similar genetic background but living in
different countries.

CONCLUSION

In conclusion, the present study confirms the increasing epidemiologic trend of type 1
diabetes in pediatric age in European countries. Results point, in particular, to the
association with the global burden of emissions of specific environmental pollutants
(PM10, NO, VOCs). We advocate further studies exploring additional links between
long-term air quality and type 1 diabetes onset. Such surveys should employ specific
models and should consider exposures during pregnancy. We speculate that type 1
diabetes is, at least in part, a preventable condition and that primary prevention
policies might attenuate future type 1 diabetes incidence throughout Europe, by
marked abatement of pollutant emissions.
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ARTICLE HIGHLIGHTS

Research background
Type 1 diabetes onset depends on gene-environment interactions, and several reports
show, worldwide, an increased incidence of type 1 diabetes over time.

Research motivation
The effect of environmental factors on type 1 diabetes incidence in pediatric age is still
incompletely unexplored.

Research objectives
To correlate the incidence of childhood type 1 diabetes in European countries with the
global, nationwide production of toxic airborne molecules.

Research methods

We employed a systematic literature review to explore type 1 diabetes incidence in
pediatric age in 19 European countries (time period: 1990-2018). We therefore applied
an ecological study design to explore possible associations with the nationwide
production of five widely diffused air pollutants: Particulate matter <10 pm (PM10),
nitrogen oxides (NO), non-methane volatile organic compounds (VOCs), sulphur
oxide (SO2), and ammonia.

Research results

A raising incidence of type 1 diabetes was evident in 18 out of 19 countries.
Considering the whole group of countries, type 1 diabetes incidence was associated
with the nationwide emissions of PM10, NO, non-methane VOCs, but not with those
of SO2 and ammonia.

Research conclusions

The global burden of emission of specific air pollutants is associated with type 1
diabetes incidence. The study design employed in the present study can only indicate
the existence of ecological associations and does not necessarily point to specific
pathogenic links. However, results suggest the possibility that type 1 diabetes could
be, at least in part, a preventable condition.

Research perspectives

Further studies conducted with specific models are needed to explore better the
pathogenic links between type 1 diabetes, air pollutants and other known risk factors
of disease as genetic factors, viral infection history, individual diet, and lifestyle.
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