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Introduction: Secondhand smoke (SHS) exposure represents an
underappreciated global health risk for type 2 diabetes mellitus (T2DM), with
complex epidemiological implications.

Methods: Leveraging the comprehensive Global Burden of Disease (GBD) 2021
dataset, we systematically evaluated the worldwide burden of type 2 diabetes
mellitus attributable to secondhand smoke (T2DM-SHS) across 204 countries.
The analysis encompassed both death and disability-adjusted life years (DALYs)
across various genders, age groups, and 204 nations over the period from 1990
to 2021. We examined trends and socioeconomic impacts by analyzing age-
standardized DALYs rates and estimated annual percentage changes, stratified by
socio-demographic Index (SDI) quintiles.

Results: The following changes occurred between 1990 and 2021: while age-
standardized mortality rates decreased by 8.903% (95% Ul: -16.824% to -1.399%),
DALYs increased by 17.049% (95% Ul: 9.065% to 25.557%). Age-stratified analysis
revealed peak death in the 70-74 years group, with females experiencing highest
DALYs in the 75-79 years group and males in the 90-94 years group. An inverted
U-shaped relationship between SDI and disease burden emerged, with peak
rates at moderate SDI levels.

Discussion: Despite lowest burdens in high-income countries, disease dynamics
were most complex in middle-range SDI countries, indicating that economic
development does not linearly correlate with health outcomes. This
comprehensive analysis unveils the multifaceted global landscape of T2DM-
SHS, exposing critical disparities across gender, age, and socioeconomic
contexts. The findings urgently call for targeted, context-specific public health
interventions, particularly in low- and middle-income countries, to mitigate the
escalating T2DM-SHS burden.

KEYWORDS

global burden of disease, secondhand smoke, type 2 diabetes mellitus, socio-
demographic index, disability-adjusted life years, estimated annual percentage changes

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2025.1506749/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1506749/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1506749/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1506749/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2025.1506749&domain=pdf&date_stamp=2025-04-29
mailto:orthozzx@163.com
https://doi.org/10.3389/fendo.2025.1506749
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2025.1506749
https://www.frontiersin.org/journals/endocrinology

Guo et al.

1 Introduction

Type 2 diabetes mellitus (T2DM) has been increasingly
recognized by the World Health Organization (WHO) as a critical
global health threat, characterized by chronic hyperglycemia resulting
from progressive insulin resistance and pancreatic 3-cell dysfunction
(1, 2). Emerging evidence has highlighted secondhand smoke (SHS)
exposure as a significant yet underappreciated risk factor for T2DM
pathogenesis. Comprising a complex mixture of over 7,000 toxic
compounds, SHS induces multifaceted pathophysiological alterations
through intricate molecular mechanisms, including oxidative stress,
chronic inflammation, endothelial dysfunction, and epigenetic
modifications (3-6). Recent meta-analyses have demonstrated that
SHS exposure increases the risk of developing T2DM by 22%,
underscoring its substantial global health impact (3, 7, 8). The
magnitude of this health burden is starkly illustrated by the 1.29
million deaths and 34.9 million disability-adjusted life years (DALY’)
attributed to SHS exposure globally in 2021 (4).

Despite the established causal relationship between SHS exposure
and T2DMV, critical knowledge gaps remain in elucidating the nuanced
interactions between demographic characteristics, socioeconomic
indices, and type 2 diabetes mellitus attributable to secondhand
smoke (T2DM-SHS) burden. Existing studies have limitations,
particularly in isolating the independent effects of SHS on T2DM
from other risk factors, as well as in conducting age- and gender-
stratifled analyses of disease burden over time across different socio-
demographic Index (SDI) regions. The heterogeneity of these
interactions presents multifaceted research challenges that warrant
systematic investigation. Specifically, three key dimensions underscore
the importance of this research (1): SHS exposure patterns exhibit
significant variability across populations, with socioeconomic contexts
potentially modulating both exposure intensity and metabolic
vulnerability; (2) intervention effectiveness demonstrates marked
demographic-specific variations, necessitating precision-targeted
public health strategies; and (3) evidence-based resource allocation
requires comprehensive risk stratification of populations and regions
most susceptible to T2DM-SHS interactions.

The complex interplay between these factors and their influence
on T2DM-SHS burden remains poorly characterized, particularly in
vulnerable populations and resource-limited settings. This
knowledge gap significantly hampers the development of targeted
interventions and effective policy measures. To address these critical
research needs, we conducted a comprehensive analysis using the
GBD 2021 dataset. Our study aims to: (1) quantify the global
burden of T2DM-SHS from 1990 to 2021; (2) identify high-risk
populations and regions that would benefit most from targeted
interventions; and (3) provide evidence-based recommendations
for developing future public health strategies and policies.

2 Methods
2.1 Data acquisition and sources

This study uses data from the GBD 2021 dataset, which is a
comprehensive database that records the incidence, prevalence, and

Frontiers in Endocrinology

10.3389/fendo.2025.1506749

death rates of 371 diseases and injuries across 204 countries and
regions. We focused on the burden of T2DM-SHS. Estimates were
generated by sex and age (from birth to 95+ years, with 5-year
intervals and a separate group for those over 95) and stratified by
SDI, a composite measure of socioeconomic development.

The burden estimation process closely followed GBD 2019
methods, with updates detailed in the appendix. We analyzed
death and DALYs associated with T2DM-SHS. Data were
extracted using the Institute for Health Metrics and Evaluation
(IHME) results tool (http://ghdx.healthdata.org/gbd-results-tool).
The comparative risk assessment methodology for SHS followed
previously published GBD protocols.

2.2 SDI analysis

The correlation between the SDI and the burden of T2DM-SHS
was investigated by computing disease rates specific to each SDI
stratum. The SDI categories, ranging from low to high, were
employed to juxtapose the disease burden across various
socioeconomic development levels. For the manipulation and
visualization of data, the Dplyr and ggplot2 packages in R were
utilized, providing a robust framework for analyzing and
graphically representing the relationship between SDI and
T2DM-SHS burden.

2.3 Geographic regions

The GBD 2021 study encompassed estimates for 204 countries
and territories, which were aggregated into 21 regions and further
categorized into seven super-regions. These GBD regions and
super-regions are composed of geographically proximate
countries and territories that exhibit epidemiological similarities
and share comparable patterns in the distribution of causes of
death. GBD 2021 study encompassed estimates for 204 countries
and territories, which were aggregated into 21 regions and further
categorized into seven super-regions. These GBD regions and
super-regions are composed of geographically proximate
countries and territories that exhibit epidemiological similarities
and share comparable patterns in the distribution of causes
of death.

2.4 Exposure to SHS case definition

SHS exposure was comprehensively defined as involuntary
inhalation of environmental tobacco smoke from direct proximity
to active smokers or in smoke-contaminated environments. In
alignment with the GBD 2019 standardized methodology,
exposure was quantified through a multi-dimensional assessment
incorporating: (1) self-reported exposure duration and frequency,
(2) biochemical markers of tobacco smoke metabolites (cotinine
levels), and (3) environmental tobacco smoke concentration
measurements. Participants were categorized into exposure levels
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based on validated thresholds: non-exposed (no reported or
measured smoke contact), low-exposure (intermittent or
occasional environmental tobacco smoke contact), and high-
exposure (consistent and prolonged smoke environment
interaction). The operational definition considered both domestic
and occupational smoke exposure, accounting for variations in
smoke density, duration, and proximity to active smokers.
Exposure assessment utilized standardized questionnaires
validated across diverse demographic and geographical contexts,
ensuring robust and comparable measurement across different
population subgroups (9).

2.5 SHS-attributable burden

Estimates of attributable burden for T2DM-SHS were
established by multiplying the relevant cause measure by the PAF.
All estimates for risk groupings or all risk factors combined are
generated via an aggregation process that accounts for the fact that
the effect of one risk factor might be partly or completely mediated
through the effect of another. This mediation analysis is informed
by individual-level data from prospective cohort studies on the joint
effects of combinations of risk factors.

Age and gender specific PAF for SHS was calculated using the
following standard formula:

PAFgys = Pgus (RRgys — 1)/[Psgs (RRgyg — 1)] + 1

GBD analytical method for estimating PAF has six analytical
steps. (1) We included 19 risk-outcome pairs that met criteria for
convincing or probable evidence on the basis of research studies. (2)
Relative risks were estimated as a function of exposure based on
published systematic reviews, GBD review and meta-regression. (3)
Levels of exposure in each age-sex-location-year included in the
study were estimated based on all available data sources using
spatiotemporal Gaussian process regression, DisMod-MR 2.1, a
Bayesian meta-regression method, or alternative methods. (4) We
determined, from published trials or cohort studies, the level of
exposure associated with minimum risk, called the theoretical
minimum risk exposure level. (5) Attributable DALYs were
computed by multiplying PAFs by the relevant outcome quantity
for each age sex-location-year. (6) PAFs and attributable burden for
combinations of risk factors were estimated taking into account
mediation of different risk factors through other risk factors (9).

2.6 Statistical analysis

To quantify the burden of T2DM-SHS, we utilized age-
standardized DALYs as a comprehensive measure of overall
health loss. DALYs account for both YLDs and YLLs, with each
DALYs representing the loss of one full year of healthy life. A linear
regression model to analyze trends in age-standardized DALYs
from 1990 to 2021 at national, regional, and global levels. The
model used the natural logarithm of age-standardized rates (ASRs),
following the equation:
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In(ASR) = o +BX +¢

where X’ represents the calendar year. The Estimated Annual
Percentage Change (EAPC) was used to quantify the average annual
change in age-standardized rates over the study period. This
method ensures that each observation contributes to the
calculation of EAPCs providing estimates of long-term trends in
disease burden indicators.

The EAPC and its corresponding 95% confidence interval (CI)
using the formula:

EAPC = 100 x (exp(B) — 1).

The trend was considered stable if the 95% CI of the EAPC
included 0 (P 2.05). An increasing trend was identified when both
the EAPC and its 95% CI were >0, while a decreasing trend was
noted when these values were <0. To explore the association
between the SDI and the age-standardized DALYs due to T2DM-
SHS, we employed a LOESS regression analysis.

3 Results

3.1 Global level burden and trends of
T2DM-SHS

Our analysis revealed significant changes in the burden of
T2DM-SHS exposure between 1990 and 2021. Globally, the age-
standardized mortality rates (ASMR) per 100,000 population
decreased from 0.956 (95% UL 0.353-1.554) in 1990 to 0.870
(95% UL 0.318-1.439) in 2021 (Table 1), representing a reduction
of 8.903% (95% UI: -16.824% to -1.399%). This decline was
accompanied by a negative EAPC of -0.487 (95% CI: -0.573 to
-0.400), indicating a consistent downward trend in death over the
study period.

Conversely, the age-standardized DALYs rate per 100,000
population increased from 36.329 (95% UI: 13.080-61.041) in
1990 to 42.523 (95% UI: 15.353-72.769) in 2021, representing a
17.049% increase (95% UT: 9.065% to 25.557%). The positive EAPC
0f0.292 (95% CI: 0.217 to 0.368) further confirms this upward trend
in disease burden.

3.2 Regional level burden and trends of
T2DM-SHS

Our analysis revealed substantial heterogeneity in the burden of
T2DM-SHS across different SDI quintiles and geographical regions.
High SDI regions experienced the most significant reduction in
ASMR, with a 44.596% decrease (95% UL -47.869% to -41.383%)
from 1990 to 2021, and an EAPC of -2.357 (95% CI: -2.578 to -2.135),
indicating a rapid and consistent decline. However, these regions also
observed a 9.797% increase (95% UL -1.670% to 20.041%) in age-
standardized DALYs rates, suggesting a shift towards a non-fatal
disease burden. In contrast, low SDI regions showed more modest
improvements, with a 7.150% reduction decrease in death rates (95%
UI: -18.285% to 4.749%) and a 7.673% increase in DALY rates (95%
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TABLE 1 Death and DALYs of T2DM-SHS in 1990 and 2021 for both sexes and all regions.

Death
Age- Age- Age-
standardised standardised standardised standardised
rate per rate per Percentage rate per rate per Percentage
100 000 Number of 100 000 change Age- 100 000 100 000 change Age-
Number of populaiong, cases, populaiong, 1990- standardised populaiong, populaiong, 1990- standardised
cases, 1990 1990 2021 2021 2021 (%) rate EAPCs count, 1990 1990 Count, 2021 2021 2021 (%) rate EAPCs
35471.020 73902.304 -8.903 1489404.908 36.329 3687910.196 42.523
(13073.540- 0.956 (26909.119- 0.870 (-16.824- -0.487 (534931.753- (13.080- (1331071.650- (15.353- 17.049 0.292
Global 57576.039) (0.353-1.554) 122094.487) (0.318-1.439) 1.399) (-0.573-0.400) = 2502172.670) 61.041) 6309283.637) 72.769) (9.065-25.557) | (0.217-0.368)
SDI
5232.532 5657.294 -44.596 231306.828 746666.199 9.797
(1861.005- 0.476 (2007.785- 0.264 (-47.869- -2.357 (80933.776- 21.811 (265993.277- 23.948 (-1.670- -0.011
High 8778.941) (0.169-0.798) 9555.103) (0.093-0.441) 41.383) (-2.578-2.135) 397810.258) (7.644-37.524) 1287452.656) (8.360-42.552) 20.041) (-0.140-0.118)
7158.736 12913.561 -16.501 326634.127 32.379 916789.495 39.185 21.020
(2639.875- 0.785 (4724.991- 0.656 (-24.875- -0.688 (118117.479- (11.660- (333195.938- (13.911- (10.627- 0.442
High-middle 11617.716) (0.288-1.280) 21620.810) (0.240-1.100) 8.014) (-0.793-0.583) 555866.606) 55.216) 1571249.666) 67.640) 30.549) (0.345-0.538)
12467.297 28521.313 -19.771 532755.147 49.349 1377250.925 49.910
(4706.311- 1.407 (10504.117- 1.129 (-28.236- -0.938 (192413.751- (17.912- (495742.485- (18.018- 1.135 -0.240
Middle 20051.170) (0.532-2.270) 47645.003) (0.418-1.886) 11.458) (-1.028-0.847) 889001.025) 82.209) 2341468.571) 84.670) (-6.450-8.879) (-0.329-0.152)
8083.645 21633.759 10.842 305941.959 48.241 226997.902 61.369 27.213
(2947.864- 1.534 (7796.669- 1.700 (-2.202- 0.278 (112041.436- (17.743- (78073.205- (22.403- (15.679- 0.684
Low-middle 13205.473) (0.558-2.504) 36404.175) (0.612-2.851) 24.411) (0.220-0.336) 505774.317) 79.615) 388439.038) 104.560) 38.277) (0.646-0.721)
2474.564 5089.175 -7.150 90641.717 37.994 416194.861 40.909 7.673
(873.379- 1.255 (1760.357- 1.166 (-18.285- -0.391 (32094.146- (13.455- (145795.140- (14.124- (-2.764- 0.031
Low 4172.811) (0.450-2.094) 8568.564) (0.401-1.977) 4.749) (-0.485-0.297) | 152704.886) 63.997) 736610.449) 69.828) 18.412) (-0.051-0.113)
Regions
6060.760 13536.592 -19.173 338313.651 36.611 889017.941 42.025
(2323.451- 0.810 (4895.437- 0.655 (-36.044- -0.873 (126424.830- (13.709- (320148.328- (15.094- 14.787 0.191
East Asia 9865.630) (0.312-1.313) 22430.886) (0.238-1.084) 2.613) (-1.104-0.642) | 579779.823) 62.957) 1544586.439) 72.481) (0.021-29.201) = (0.080-0.302)
4698.854 11789.586 -3.765 168123.837 63.347 479429.074 71.110 12.255
(1669.882- 2.051 (4226.835- 1.973 (-17.925- -0.282 (59737.701- (22.512- (175160.450- (25.996- (-0.919- 0.148
Southeast Asia 7600.440) (0.737-3.313) 19559.497) (0.702-3.268) 11.472) (-0.362-0.202) = 274051.432) 102.621) 811219.864) 120.108) 25.090) (0.071-0.224)
169.266 484.907 10.185 5789.257 182.697 19506.214 233.426
(57.680- 6.632 (165.287- 7.307 (-13.975- 0.210 (1969.027- (62.423- (6735.500- (81.072- 27.767 0.697
Oceania 286.272) (2.345-11.096) = 824.772) (2.504-12.419) | 39.627) (0.143-0.276) 9942.384) 310.581) 32989.216) 396.470) (1.637-59.601) | (0.636-0.757)
265.595 768.617 67.054 13113.509 26,544 44864.428 50.046 88.538
(94.522- 0.570 (273.638- 0.953 (44.395- 1.450 (4617.468- © '342 45178) (16268.248- (18.191- (71.844- 1.928
Central Asia 446.982) (0.203-0.958) 1307.856) (0.341-1.607) 90.792) (0.977-1.925) 22325.511) ’ : 76850.605) 86.025) 105.071) (1.611-2.247)

(Continued)
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TABLE 1 Continued

Death
Age- Age- Age-
standardised standardised standardised standardised
rate per rate per Percentage rate per rate per Percentage
100 000 Number of 100 000 change Age- 100 000 100 000 change Age-
Number of populaiong, cases, populaiong, 1990- standardised populaiong, populaiong, 1990- standardised
cases, 1990 1990 2021 2021 2021 (%) rate EAPCs count, 1990 = 1990 Count, 2021 2021 2021 (%) rate EAPCs
Regions
1097.254 1472.120 -15.031 52358.270 34.872 73426.082 35.857
(394.423- 0.748 (532.034- 0.635 (-22.050— -0.349 (19294.922- (12.889- (26039.947- (12.738- 2.824 0.199
Central Europe 1821.886) (0.269-1.239) 2501.018) (0.230-1.081) 6.238) (-0.488-0.209) | 89706.754) 59.738) 127879.323) 62.172) (-4.695-9.862) | (0.129-0.269)
642.210 1645.769 101.256 43767.767 15.622 82382.116 57.303
(237.093- 0.226 (572.080- 0.455 (74.812- 1.013 (15587.125- G '568 27.277) (29163.130- 24.574 (43.866- 0.932
Eastern Europe 1055.268) (0.083-0.372) 2734.390) (0.159-0.755) 128.059) (-0.121-2.159) | 76172.868) ’ : 144434.517) (8.723-43.252) | 72.066) (0.673-1.192)
1006.628 712.926 -73.236 57836.590 28.253 86839.574 -9.051
High-income (362.679- 0.520 (250.311- 0.139 (-76.790- -4.623 (20630.839- (10.077- (30175.797- 25.696 (-22.178- -0.689
Asia Pacific 1650.531) (0.186-0.856) 1237.330) (0.050-0.239) 69.749) (-4.818-4.427) 100695.262) 49.180) 158390.666) (8.910-46.832) 2.698) (-0.852-0.525)
86.459 98.166 -52.849 3535.766 15.561 5816.138 -19.630
(30.800- 0.378 (33.551- 0.178 (-59.456— -2.949 (1241.560- G '458_27 508) (2028.636- 12.506 (-31.389- -0.988
Australasia 144.509) (0.135-0.632) 167.467) (0.061-0.302) 46.280) (-3.234-2.664) = 6220.760) ’ : 10339.997) (4.364-22.051)  8.280) (-1.102-0.873)
2973.733 2077.059 -61.452 103817.151 19297 123209.536 -12.738
(1066.391- 0.507 (721.010- 0.196 (-64.130- -3.095 (37140.820- ® .893-32 681) (43218.594- 16.839 (-24.233- -0.533
Western Europe 4995.459) (0.182-0.851) 3582.307) (0.068-0.333) 58.987) (-3.260-2.930) | 175919.597) ’ : 218725.759) (5.815-29.939) = 2.638) (-0.627-0.440)
547.857 584.973 -46.197 18497.103 39.831 31646.084 37.493 -5.869
Southern (196.206- 1.226 (203.106- 0.659 (-50.623— -2.213 (6769.655- (14.554- (11302.083- (13.369- (-17.412- -0.433
Latin America 903.768) (0.438-2.022) 993.429) (0.230-1.119) 41.437) (-2.480-1.945) = 31102.333) 66.977) 55362.534) 65.588) 5.206) (-0.601-0.265)
1510.955 1553.317 -43.953 64768.624 19.947 127315.611 11.897
High-income (529.431- 0.437 (541.687- 0.245 (-48.812— -2.663 (21802.182- ® '733_34 354) (43388.686- 22.320 (-0.840- -0.049
North America 2557.922) (0.153-0.739) 2622.993) (0.085-0.411) 39.522) (-3.104-2.219) = 111524.760) : : 227305.000) (7.656-39.643) | 24.434) (-0.237-0.140)
432.429 532.980 -44.031 15232.162 58.007 25754.857 48.009 -17.236
(152.466- 1.751 (180.144- 0.980 (-51.586- -2.241 (5507.133- (20.991- (8897.064- (16.573- (-26.309- -0.974
Caribbean 716.441) (0.616-2.903) 920.343) (0.331-1.690) 35.965) (-2.408-2.075) | 25516.677) 97.107) 45320.982) 84.432) 7.641) (-1.108-0.840)
125.410 262.464 -29.295 4793.470 22916 11878.214 -11.966
Andean (42.201- 0.638 (85.140- 0.451 (-42.876- -1.592 (1573.045- @ '307 38.610) (3839.214- 19.558 (-25.514- -0.883
Latin America 211.487) (0.215-1.072) 470.833) (0.146-0.809) 14.430) (-1.792-1.393) = 8313.577) ’ : 20601.241) (6.327-33.942) | 1.404) (-1.047-0.719)
1998.065 3172.609 -49.979 76952.618 86.900 134527.501 52.061 -40.091
Central (736.364- 2.571 (1071.787- 1.286 (-56.118- -2.640 (27899.497- (31.599- (46703.360- (17.979- (-46.401- -2.082
Latin America 3278.907) (0.948-4.223) 5227.511) (0.436-2.114) 43.171) (-2.981-2.298) = 128716.605) 145.595) 228884.205) 88.598) 33.646) (-2.361-1.802)
1791.644 2430.550 -55.387 70163.010 73.266 106163.254 40.629 -44.546
Tropical (665.419- 2.158 (870.717- 0.963 (-59.741- -2.828 (25266.224- (26.437- (37431.043- (14.322- (-50.401- -2.172
Latin America 2942.704) (0.795-3.558) 4186.099) (0.345-1.654) 51.167) (-2.986-2.670) | 118350.447) 123.750) 184979.070) 70.813) 39.145) (-2.290-2.053)
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Death
Age- Age- Age-
standardised standardised standardised standardised
rate per rate per Percentage rate per rate per Percentage
100 000 Number of 100 000 change Age- 100 000 100 000 change Age-
Number of populaiong, cases, populaiong, 1990- standardised populaiong, populaiong, 1990- standardised
cases, 1990 1990 2021 2021 2021 (%) rate EAPCs count, 1990 1990 Count, 2021 2021 2021 (%) rate EAPCs
Regions
2382.278 6930.191 3.316 91454.032 53.511 395253.429 81.041 51.447
North Africa and (858.011- 1.702 (2509.966- 1.758 (-12.027- 0.422 (32815.007- (19.279- (141494.343- (28.945- (32.557- 1.470
Middle East 3889.929) (0.614-2.793) 11708.149) (0.631-2.967) 14.776) (0.259-0.586) 153554.153) 89.933) 675996.910) 139.183) 66.753) (1.384-1.555)
7132.169 20677.894 6.613 274661.459 46.647 849535.236 55.968
(2640.926- 1.531 (7382.986- 1.632 (-9.204- 0.020 (100118.189- (17.115- (291308.133- (19.283- 19.982 0.368
South Asia 11607.450) (0.563-2.476) 34848.403) (0.586-2.779) 23.277) (-0.089-0.129) = 456073.677) 77.024) 1466704.807)  95.917) (6.648-33.751) | (0.284-0.453)
270.980 536.338 -19.214 9703.067 39.419 24260.496 37.180 -5.680
Central Sub- (89.327- 1.365 (178.697- 1.103 (-37.273- -0.944 (3190.986- (13.317- (8360.503- (12.809- (-25.178- -0.403
Saharan Africa 490.869) (0.459-2.421) 944.251) (0.374-1.962) 1.923) (-1.086-0.802) 17542.669) 70.680) 41844.669) 63.997) 14.161) (-0.536-0.270)
884.676 1329.845 -33.416 29424.941 36.283 50980.976 -26.959
Eastern Sub- (313.145- 1.303 (466.884- 0.868 (-41.684- -1.646 (10245.573- (12.881- (17845.109- 26.502 (-36.008- -1.344
Saharan Africa 1513.476) (0.477-2.212)  2274.554) (0.303-1.485) 23.053) (-1.762-1.529) | 49809.604) 61.558) 86361.738) (9.265-45.170) | 16.835) (-1.449-1.239)
736.867 1816.378 23910.307 85.189 60898.367 101.648
Southern Sub- (261.313- 2.962 (637.793- 3.470 17.162 0.826 (8373.615- (29.948- (21312.341- (35.765- 19.320 0.863
Saharan Africa 1235.808) (1.045-4.979) 2990.106) (1.226-5.738) (3.191-32.963) = (0.419-1.234) 39558.803) 141.559) 98935.685) 165.743) (6.405-32.113) | (0.558-1.170)
656.932 1489.023 2.976 23188.318 25.146 65205.068 29.621
Western Sub- (229.044- 0.841 (513.811- 0.866 (-13.387- -0.064 (8211.360- ® '952 42,841 (23585.814- (10.627- 17.799 0.350
Saharan Africa 1134.112) (0.295-1.434) 2514.105) (0.299-1.474) 22.402) (-0.288-0.161) | 39676.265) ’ ’ 113620.664) 51.423) (1.238-35.610) | (0.145-0.557)
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UL -2.764% to 18.412%), highlighting persistent health challenges in
resource-limited settings.

Regional analysis revealed varying trends across different areas.
East Asia demonstrated significant progress, with a 19.173%
reduction in death rates (95% UL -36.044% to 2.613%) and a
negative EAPC of -0.873 (95% CI: -1.104 to -0.642). However, the
region also experienced a 14.787% increase in DALYs rates (95%
UT: 0.021% to 29.201%). Sub-Saharan Africa showed mixed results,
with Southern Sub-Saharan Africa experiencing a 17.162% increase
in death rates (95% UI: 3.191% to 32.963%) and a 19.320% increase
in DALY rates (95% Ul: 6.405% to 32.113%). The North Africa and
Middle East region observed a slight 3.316% increase in death rates
(95% UI: -12.027% to 14.776%) but a substantial 51.447% increase
in DALYs rates (95% UI: 32.557% to 66.753%), indicating a
significant rise in the non-fatal health burden in this region.
These diverse regional trends underscore the complex nature of
the global burden of T2DM-SHS.

3.3 National level burden and trends of
T2DM-SHS

Our study examined the disease burden of T2DM-SHS across
204 countries, comparing data from 1990 and 2021 to identify
significant changes in both case numbers and age-standardized
rates. Country-specific analysis revealed diverse patterns. In China,
for instance, case numbers increased from 5,548.24 (95% UI:
2,136.21-9,096.75) in 1990 to 12,627.68 (95% UL 4,542.61-
20,784.19) in 2021, while the age-standardized rate decreased
from 0.77 (95% UI: 0.30-1.25) to 0.63 (95% UIL: 0.23-1.04) per
100,000 population. Similar trends were observed in the Democratic
People’s Republic of Korea and Taiwan, China The majority of
countries experienced an increase in case numbers between 1990
and 2021. Although some countries showed reductions in incidence
and death rates, the overall number of DALYs increased
significantly. Interestingly, the percentage change from 1990 to
2021 revealed negative growth in age-standardized rates for most
countries. For instance, China exhibited a change of -17.97% (95%
UL -35.83% to 6.17%), suggesting that despite an increase in case
numbers, interventions targeting death and incidence rates have
some effectiveness during this period.

3.4 Global and regional burden of T2DM-
SHS

Our analysis revealed significant geographical variations in the
burden of T2DM-SHS across 204 countries and territories in 2021.
As shown in Figure 1, the highest age-standardized DALY rates for
both sexes were observed in parts of Africa, the Middle East, and
South Asia, with several countries reporting rates exceeding 71.73
per 100,000 population. In contrast, most high-income countries
(HICs) in North America, Western Europe, and Australasia
demonstrated lower rates, generally below 34.7 per 100,000
population. The distribution of ASMR largely mirrored the
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DALYs pattern, with the highest rates (>2.421 per 100,000)
concentrated in similar regions. However, some countries,
particularly in Sub-Saharan Africa and South Asia, showed
disproportionately high death rates relative to their DALY rates.

Gender-specific analysis revealed notable disparities. Females
generally experienced higher burdens across most regions,
particularly in terms of DALYs rates, with this disparity most
pronounced in parts of Africa, the Middle East, and South Asia.
For females, the highest DALYs rates (>77.33 per 100,000) and
ASMR (>2.683 per 100,000) were observed in a larger number of
countries compared to males. In contrast, male-specific maps
showed a more moderate distribution of burden, with fewer
countries in the highest categories for both DALYs and death rates.

Regionally, Sub-Saharan Africa, particularly the southern
region, consistently showed high burdens across all metrics and
for both genders. The Middle East and North Africa region
demonstrated considerable heterogeneity, with some countries
experiencing very high burdens while others showed moderate
levels. East and Southeast Asia exhibited generally displayed
moderate burdens, with notable exceptions of high-burden
countries. HICs, including North America, Western Europe, and
Australasia, consistently displayed the lowest burdens across
all metrics.

3.5 Global and regional burden of T2DM-
SHS

Our analysis of the GBD data for 2021 revealed significant
variations in the burden of T2DM-SHS cross 21 global regions
(Figure 2). The age-standardized DALY rates and ASMR exhibited
distinct patterns across different geographical areas and
between genders.

Oceania consistently demonstrated the highest burden, with
age-standardized DALYs rates exceeding 300 per 100,000
population and ASMR approaching 12 per 100,000 in 2021 for
both sexes combined. Southern Sub-Saharan Africa and South Asia
also exhibited high rates, with DALYSs rates ranging between 100-
150 per 100,000 and ASMRs around 4-5 per 100,000. In contrast,
HICs such as Western Europe, Australasia, and High-income North
America showed the lowest rates, with DALYs generally below 50
per 100,000 and ASMR below 1 per 100,000.

Gender-specific analysis revealed that females generally
experienced higher burdens across most regions, particularly in
terms of DALYs rates. This disparity was most pronounced in
Oceania, Southern Sub-Saharan Africa, and South Asia. For
instance, females in Oceania had a DALYs rate exceeding 350 per
100,000 and an ASMR approaching 14 per 100,000 in 2021,
significantly higher than the rates for males in the same region.
Male-specific data showed a more moderate distribution of burden,
with lower peaks compared to females, especially in high-
burden regions.

Temporal analysis comparing data from 1990 and 2021 revealed
a general increase in both DALYs and death rates across most
regions, with particularly pronounced rises in Oceania and parts of
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The age-standardized DALYs rates and ASMR for T2DM-SHS in 204 countries and territories in 2021. (A). age-standardized DALYs rates for both
sexes. (B) ASMR for both sexes. (C) age-standardized DALYs rates for female. (D) ASMR for female. (E) age-standardized DALYs rates for male.

(F) ASMR for male.

Sub-Saharan Africa. In contrast, some HICs showed minimal
changes or slight decreases in burden over time, suggesting
potential improvements in SHS exposure control or diabetes
management. Notably, the gender gap in disease burden appeared
to widen in several regions between 1990 and 2021, with females
experiencing steeper increases in both DALYs and death rates.

Our analysis of the global burden of T2DM-SHS in 2021
revealed significant age- and sex-specific patterns in both DALYs
and deaths. The DALYs for females shows an increasing trend in
the age group of 25-29 to 75-79 years, peaking in the 75-79 age
group (Figure 3A). However, following this peak, there is a slowly
decline in the DALYs rate as age continues to increase. For males,
the DALY rate peaked in the 90-94 age group, and then declined
with further aging. The DALYs rate for females was consistently
higher than that for males until the 90-94 age group, after which it
became lower in females than in males. Similarly, the number of
DALYs for both sexes increased with age, peaking in the 60-64 age
group for both. Subsequently, the number of DALY decreased with
age. Notably, a significant increase in DALY was evident from the
35-39 years age group onwards, indicating the onset of substantial
T2DM-SHS burden in early middle age.

Regarding death, the number of deaths attributed to T2DM-
SHS increased dramatically with age, peaking in the 70-74 years age

Frontiers in Endocrinology

group for both sexes (Figure 3B). Females consistently showed
higher numbers of deaths across all age groups compared to males.
ASMR per 100,000 population showed an exponential increase with
age, starting with the 90-94 age group, and is higher in the male
group. This shift in the leading results for the male and female
groups is similar to that of the DALY rate.

Our analysis of the global burden of T2DM-SHS revealed several
key findings across different SDI levels from 1990 to 2021. Globally,
an inverted U-shape relationship was observed between SDI and age-
standardized DALYs rates, with the highest rates occurring at mid-
range SDI levels (Figure 4). HICs, including North America, Western
Europe, and Asia Pacific, consistently demonstrated lower DALYs
rates across the SDI spectrum. In contrast, Sub-Saharan African
regions exhibited the highest DALY rates, particularly at lower SDI
levels. Latin American regions showed a significant decline in DALY
as SDI increased, while East Asia and Southeast Asia displayed
unique patterns, with DALYs rates increasing as SDI improved,
contrary to the global trend.

The global pattern of death rates closely mirrored that of DALYs,
showing an inverted U-shape relationship with SDI (Appendix
Figure 4S in Supplementary Material). Oceania emerged as an
outlier, with exceptionally high death rates, particularly for
countries like Kiribati, Fiji, and Nauru, despite their mid-range SDI
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The age-standardized DALYs rates and ASMR for T2DM-SHS in Global and the 21 global burden of Disease regions in 2021. (A) age-standardized
DALYs rates for both sexes. (B) ASMR for both sexes. (C) age-standardized DALYs rates for female. (D) ASMR for female. (E) age-standardized DALYs

rates for male. (F) ASMR for male.

values. HICs consistently maintained lower death rates across all SDI
levels. Sub-Saharan African regions showed high variability in death
rates, with some countries experiencing rates comparable to HICs
despite lower SDI scores. In contrast, South Asia and Southeast Asia
demonstrated a gradual decrease in death rates as SDI increased,
aligning with the global trend.

Our analysis of trends in age-standardized DALYs and death
rates of T2DM-SHS from 1990 to 2021, stratified by SDI and sex,
revealed several key findings (Figure 5). DALY in high SDI regions
have consistently been the lowest across all SDI categories. Gender-
wise, DALY for the Global population showed a slight increase over
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the period, with females consistently having higher DALYs than
males. However, in contrast to the Global trend, female DALYs
declined in both high and middle SDI regions. The gender disparity
across SDI regions was also notable: except for high and low SDI
regions, females had higher DALY's than males in most other regions.
In 1990, female DALY in high SDI regions were slightly higher than
those of males, but since 1995, male DALY in high SDI regions have
surpassed those of females, a trend significantly different from the
global pattern. In low SDI regions, the gender gap in DALY was the
smallest, with a trend emerging post-2015 where males had higher
DALYs than females. Variations across SDI levels were notable: high
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(A) Global number of DALYs and DALY rate of T2DM-SHS per 100,000 population, by age and sex, in 2021; DALYs=disability adjusted life years;
(B) Global number of deaths and death rate of T2DM-SHS per 100,000 population, by age and sex, in 2021.

SDI regions demonstrating a marked increase in DALY rates,
particularly for females, while low SDI regions showed the highest
overall rates but with a slight decrease over time.

From 1990 to 2021, the globally age-standardized death rate
showed a slight decline, with female death rates consistently higher
than those of males. In high SDI regions, death rates were the lowest
and decreased significantly, with a sharper decline in females
compared to males. Since 1995, females in high SDI regions have
shown lower death rates than males, a trend similar to that observed
in DALYs. In low SDI regions, the gender disparity in death rates
was small, although both male and female death rates declined
slightly over time. In contrast to the global trend, female death rates
in low-middle SDI regions have been slowly increasing, paralleling
the trend seen in DALYs for these regions.
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The 95% uncertainty intervals for DALYs and death estimates were
widest in low SDI regions, indicating greater variability and uncertainty
in these areas. Comparing DALYs and death trends shows that while
global DALYs slightly increased, death rates decreased slightly. This
suggests that the disability burden from T2DM-SHS may still be rising
in most regions, while middle SDI regions show the opposite trend.

4 Discussion

By addressing critical research gaps in understanding the global
burden of T2DM-SHS, our study reveals several important findings.
First, in most regions of the world, we found significant gender
differences, with the burden generally higher for female than for
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Age-standardized DALYs rates of T2DM-SHS for the 21 global burden of Disease regions and 204 countries and territories by SDI, 1990-2021.

male. Second, while deaths from T2DM-SHS have decreased
globally, DALYs have increased, with DALYs being highest
especially in old adults (typically defined as individuals aged 60
and older). Third, there are marked differences in profiles across
SDI regions. These findings challenge existing paradigms and
underscore the nuanced relationship between SHS exposure and
T2DM risk.

While prior studies by Qin et al. (10) and Bai et al. (11)
established the epidemiological link between SHS exposure and
T2DM risk through meta-analytical and population-level
approaches, our findings on gender-specific burden patterns
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reveal critical socio-structural determinants overlooked by these
foundational studies. Building upon their biological risk
frameworks, we demonstrate that traditional gender roles
(domestic vs occupational exposure), healthcare accessibility gaps,
and economic stratification collectively amplify female
vulnerability, thereby explaining why standardized tobacco
control measures alone inadequately address the disparities
observed in our global analysis. This synthesis of biological
mechanisms and social determinants is consistent with emerging
calls for gender-responsive public health strategies in a previous
study by Huang et al. (12).
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Regarding gender differences, with female DALYs being much
higher than male DALYs in most parts of the world. This
epidemiological pattern reflects synergistic biological-
environmental interactions. Mechanistic studies indicate estrogen-
mediated CYP enzyme activation accelerates nicotine metabolism
(13, 14), while sex-specific inflammatory responses amplify SHS-
induced insulin resistance through distinct ceramide accumulation
patterns and B-cell stress responses (15, 16). Females further
demonstrate heightened metabolic susceptibility to tobacco-
induced glucose dysregulation, evidenced by steeper dose-
response relationships in glycemic parameter deterioration (17).
Emerging pathophysiology models delineate sex-dimorphic
metabolic dysregulation via SHS-triggered LXRo/IGF-1 axis
perturbations, synergistically driving T2DM progression through
lipid-glucose homeostasis disruption (14, 18). Environmental
cofactors amplify this vulnerability: prolonged domestic SHS
exposure in low- and middle-income countries (LMICs)
disproportionately affects females, particularly in household
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settings, despite lower rates of active smoking (19). Biomarker
studies confirm pervasive exposure to SHS among pregnant
females in developing regions, reflecting the different socio-
cultural emphasis on smoke-free policies, and that female
exposure to SHS is strongly influenced by socio-cultural
influences (20, 21).

Our age-stratified analyses demonstrated a marked age-
dependent increase in disease burden, with DALY rates reaching
their apex in the 75-79-year age group for females and the 90-94-
year age group for males. This heightened vulnerability among
older adults can be attributed to several interconnected
mechanisms. Primarily, longitudinal evidence indicates that
chronic SHS exposure significantly amplifies cardiovascular risk
and impairs glucose homeostasis in older adults. This is exemplified
by a comprehensive Korean cohort study, which demonstrated that
cumulative SHS exposure was independently associated with
progressive deterioration of glucose metabolic parameters,
particularly among older adults (22). Furthermore, extensive
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epidemiological data suggest that passive smoking substantially
elevates the risk of diabetic complications in the older adults, with
significant increases in microangiopathy and neuropathy
incidence (23).

Exposure to SHS amplifies the chronic low-grade inflammatory
state driven by immunosenescence in older adults with
multimorbidity, activating the NF-xB pathway and thereby
exacerbating insulin resistance (24). This interaction is
compounded by polypharmacy-induced metabolic burden (17)
and behavioral-structural vulnerabilities: only 15% of elderly
passive smokers meet recommended exercise levels, while 40%
exhibit obesity, creating a “metabolic-behavioral” dual risk (25).
Socioeconomically disadvantaged individuals face additional
barriers, including limited healthcare access and structural
challenges (e.g., multigenerational households or care facilities),
which perpetuate SHS exposure and escalate health risks.

In addition to individual-level risk factors, socioeconomic
circumstances directly shape the burden of T2DM-SHS. Our
analysis reveals an inverted U-shaped relationship between SDI
and T2DM-SHS burden, with high SDI countries exhibiting the
lowest DALY and deaths. Three mechanisms explain this disparity:
First, comprehensive smoke-free legislation in high SDI regions
reduces public SHS exposure (26). Second, low/middle SDI regions
face healthcare constraints (e.g., limited insulin access and
screening programs), exacerbating SHS-driven diabetes through
delayed detection/intervention (27). Third, middle SDI regions’
delayed public health infrastructure development—particularly
lagging tobacco control—amplifies SHS exposure despite
economic growth (28).

Our analysis identifies Eastern Europe/Central Asia as the only
region with male-predominant T2DM-SHS burden, contrasting
global female predominance. This divergence stems from
synergistic male-specific risks: culturally-prevalent heavy alcohol
use and industrial sector occupational exposures interacting with
SHS to accelerate metabolic dysfunction (12, 29).

Despite declining T2DM-SHS mortality from SHS reduction
efforts, rising T2DM-SHS DALYs reflects newly recognized
pathophysiological cascades: SHS-induced oxidative stress directly
impairs B-cell function (30) while exacerbating lipid dysregulation
in vulnerable subgroups (31). This dual mechanism emphasizes the
need for interventions addressing both exposure mitigation and
metabolic restoration. For LMICs navigating socioeconomic
transitions, we advocate a stratified intervention framework: (1)
Infrastructure reinforcement integrating SHS screening into
primary diabetes care and deploying community-based
prevention programs (32); (2) Policy adaptation of evidence-
backed strategies like tobacco taxation and smoke-free zoning,
calibrated to local contexts (29); and (3) Vulnerability-targeted
protection through strongly recommended primary care risk
assessments and equitable access to air quality monitoring
technologies. Crucially, sustained public health education via
institutional channels (33) must synergize with cross-sector
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collaboration among clinicians, policymakers, and community
stakeholders to align diabetes prevention with SHS control. This
tripartite approach - simultaneously targeting exposure pathways,
healthcare system gaps, and socioeconomic drivers — provides a
scalable model to address T2DM-SHS, emphasizing context-
specific implementation while preserving biological plausibility
across diverse populations. This duality necessitates interventions
targeting both exposure reduction and metabolic rescue pathways.

Our study has some limitations. The burden of T2DM-SHS may
be systematically underestimated in low SDI areas due to severe
resource constraints and diagnostic limitations. Methodological
challenges include: (1) Exposure assessment bias: Self-reported
SHS exposure itself is susceptible to recall bias, social desirability
effects, and subjective perceptions. Available evidence suggests that
large discrepancies between self-reported and objectively measured
exposures can lead to significant underestimation of health effects
(10, 34, 35). (2) Complexity of confounders: Inadequate control for
potential confounders may mask the independent effects of SHS on
T2DM. Multifactorial influences such as physical activity, dietary
patterns, socioeconomic status, mental health, environmental
exposures, and gene-environment interactions may modulate
both SHS exposure and T2DM risk (11, 36). To address these
limitations, in future studies, we can take the following steps: (1)
adopt objective exposure assessment techniques (e.g., biomarker
analysis); (2) utilize comprehensive multi-source data collection
strategies; (3) develop complex statistical models that incorporate
control for a large number of confounding factors.

5 Conclusion

Our comprehensive global analysis of T2DM-SHS reveals a
complex landscape of disease burden characterized by significant
gender, age, and socioeconomic disparities. The study demonstrates a
paradoxical trend of decreasing mortality but increasing DALY, with
females experiencing disproportionately higher burdens, particularly
in Oceania, Southern Sub-Saharan Africa, and South Asia. An
inverted U-shaped relationship between SDI and disease burden
underscores the nuanced interplay of biological, environmental,
and socioeconomic factors. These findings urgently call for context-
specific, targeted interventions that address the multifaceted
mechanisms of SHS-induced metabolic vulnerability, with a critical
focus on protecting vulnerable populations, particularly female and
old adults in low- and middle-SDI regions.

Data availability statement
Publicly available datasets were analyzed in this study. This data

can be found here: https://www.healthdata.org/research-
analysis/gbd.

frontiersin.org


https://www.healthdata.org/research-analysis/gbd
https://www.healthdata.org/research-analysis/gbd
https://doi.org/10.3389/fendo.2025.1506749
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Guo et al.

Author contributions

DG: Writing - original draft, Software, Visualization. YY: Data
curation, Resources, Writing - original draft. ZZ: Writing - review
& editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Acknowledgments

The authors thank the reviewers for their guidance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. World Health Organization. Global report on diabetes (2016). Geneva: World
Health Organization. Available online at: https://iris.who.int/handle/10665/204871
(Accessed August 25, 2024).

2. American Diabetes Association. Diagnosis and classification of diabetes mellitus.
Diabetes Care. (2011) 34 Suppl 1:562-69. doi: 10.2337/dc11-S062

3. Miinzel T, Hahad O, Kuntic M, Keaney JF, Deanfield JE, Daiber A. Effects of
tobacco cigarettes, e-cigarettes, and waterpipe smoking on endothelial function and
clinical outcomes. Eur Heart J. (2020) 41:4057-70. doi: 10.1093/eurheartj/ehaa460

4. Noncommunicable Diseases Progress Monitor 2022 . Available online at: https://
www.who.int/publications/i/item/9789240047761 (Accessed August 26, 2024).

5. Messner B, Bernhard D. Smoking and cardiovascular disease: mechanisms of
endothelial dysfunction and early atherogenesis. Arterioscler Thromb Vasc Biol. (2014)
34:509-15. doi: 10.1161/ATVBAHA.113.300156

6. ZhangY, Florath I, Saum K-U, Brenner H. Self-reported smoking, serum cotinine,
and blood DNA methylation. Environ Res. (2016) 146:395-403. doi: 10.1016/
j.envres.2016.01.026

7. Tobacco . Available online at: https://www.who.int/news-room/fact-sheets/detail/
tobacco (Accessed August 26, 2024).

8. Pan A, Wang Y, Talaei M, Hu FB, Wu T. Relation of active, passive, and quitting
smoking with incident type 2 diabetes: a systematic review and meta-analysis. Lancet
Diabetes Endocrinol. (2015) 3:958-67. doi: 10.1016/S2213-8587(15)00316-2

9. Brauer M, Roth GA, Aravkin AY, Zheng P, Abate KH, Abate YH, et al. Global
burden and strength of evidence for 88 risk factors in 204 countries and 811
subnational locations, 1990-2021: a systematic analysis for the Global Burden of
Disease Study 2021. Lancet. (2024) 403:2162-203. doi: 10.1016/S0140-6736(24)00933-4

10. Qin G-Q, Chen L, Zheng J, Wu X-M, Li Y, Yang K, et al. Effect of passive
smoking exposure on risk of type 2 diabetes: a systematic review and meta-analysis of
prospective cohort studies. Front Endocrinol. (2023) 14:1195354. doi: 10.3389/
fendo.2023.1195354

11. Bai ], Shi F, Ma Y, Yang D, Yu C, Cao J. The global burden of type 2 diabetes
attributable to tobacco: A secondary analysis from the global burden of disease study
2019. Front Endocrinol. (2022) 13:905367. doi: 10.3389/fend0.2022.905367

12. Huang X, He Y, Xu H, Shen Y, Pan X, Wu J, et al. Association between
sociodemographic status and the T2DM-related risks in China: implication for
reducing T2DM disease burden. Front Public Health. (2024) 11:1297203.
doi: 10.3389/fpubh.2023.1297203

13. Mwinyi J, Cavaco I, Pedersen RS, Persson A, Burkhardt S, Mkrtchian S, et al.
Regulation of CYP2C19 expression by estrogen receptor o implications for estrogen-

Frontiers in Endocrinology

14

10.3389/fendo.2025.1506749

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fend0.2025.1506749/
full#supplementary-material

dependent inhibition of drug metabolism. Mol Pharmacol. (2010) 78:886-94.
doi: 10.1124/mol.110.065540

14. Labas A, Kramos B, Olah J. Combined docking and quantum chemical study on
CYP-mediated metabolism of estrogens in man. Chem Res Toxicol. (2017) 30:583-94.
doi: 10.1021/acs.chemrestox.6b00330

15. Kim JH, Kim BJ, Hyun YY, Kang JH. Association between secondhand smoke
exposure and metabolic syndrome in 118,609 korean never smokers verified by self-
reported questionnaire and urine cotinine. Endocrinol Metab. (2020) 35:892-900.
doi: 10.3803/EnM.2020.847

16. Tong X, Chaudhry Z, Lee C-C, Bone RN, Kanojia S, Maddatu J, et al. Cigarette
smoke exposure impairs B-cell function through activation of oxidative stress and
ceramide accumulation. Mol Metab. (2020) 37:100975. doi: 10.1016/
j.molmet.2020.100975

17. Greaves L], Hemsing NJ. Sex, gender, and secondhand smoke policies:
implications for disadvantaged women. Am ] Prev Med. (2009) 37:S131-137.
doi: 10.1016/j.amepre.2009.05.012

18. Pan N, Yang S, Niu X. Latent autoimmune diabetes in adults and metabolic
syndrome-A mini review. Front Endocrinol (Lausanne). (2022) 13:913373.
doi: 10.3389/fendo.2022.913373

19. Kautzky-Willer A, Harreiter J, Pacini G. Sex and gender differences in risk,
pathophysiology and complications of type 2 diabetes mellitus. Endocrine Rev. (2016)
37:278-316. doi: 10.1210/er.2015-1137

20. WHO Report on the Global Tobacco Epidemic, 2009: implementing smoke-free
environments . Available online at: https://www.who.int/publications/i/item/
9789241563918 (Accessed September 21, 2024).

21. Zhang L, Hsia J, Tu X, Xia Y, Zhang L, Bi Z, et al. Exposure to secondhand
tobacco smoke and interventions among pregnant women in China: a systematic
review. Prev Chronic Dis. (2015) 12:E35. doi: 10.5888/pcd12.140377

22. Jeon J, Jung KJ, Kimm H, Jee SH. Changes in secondhand smoke exposure levels and
risk of type 2 diabetes in middle age: the Korean Genome and Epidemiology Study (KoGES).
BM]J Open Diabetes Res Care. (2019) 7:¢000859. doi: 10.1136/bmjdrc-2019-000859

23. Pasarin L, Martu M-A, Ciurcanu OE, Luca EO, Salceanu M, Anton D, et al.
Influence of diabetes mellitus and smoking on pro- and anti-inflammatory cytokine
profiles in gingival crevicular fluid. Diagnostics. (2023) 13:3051. doi: 10.3390/
diagnostics13193051

24. Lajous M, Tondeur L, Fagherazzi G, De Lauzon-Guillain B, Boutron-Ruaualt M-
C, Clavel-Chapelon F. Childhood and adult secondhand smoke and type 2 diabetes in
women. Diabetes Care. (2013) 36:2720-5. doi: 10.2337/dc12-2173

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2025.1506749/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1506749/full#supplementary-material
https://iris.who.int/handle/10665/204871
https://doi.org/10.2337/dc11-S062
https://doi.org/10.1093/eurheartj/ehaa460
https://www.who.int/publications/i/item/9789240047761
https://www.who.int/publications/i/item/9789240047761
https://doi.org/10.1161/ATVBAHA.113.300156
https://doi.org/10.1016/j.envres.2016.01.026
https://doi.org/10.1016/j.envres.2016.01.026
https://www.who.int/news-room/fact-sheets/detail/tobacco
https://www.who.int/news-room/fact-sheets/detail/tobacco
https://doi.org/10.1016/S2213-8587(15)00316-2
https://doi.org/10.1016/S0140-6736(24)00933-4
https://doi.org/10.3389/fendo.2023.1195354
https://doi.org/10.3389/fendo.2023.1195354
https://doi.org/10.3389/fendo.2022.905367
https://doi.org/10.3389/fpubh.2023.1297203
https://doi.org/10.1124/mol.110.065540
https://doi.org/10.1021/acs.chemrestox.6b00330
https://doi.org/10.3803/EnM.2020.847
https://doi.org/10.1016/j.molmet.2020.100975
https://doi.org/10.1016/j.molmet.2020.100975
https://doi.org/10.1016/j.amepre.2009.05.012
https://doi.org/10.3389/fendo.2022.913373
https://doi.org/10.1210/er.2015-1137
https://www.who.int/publications/i/item/9789241563918
https://www.who.int/publications/i/item/9789241563918
https://doi.org/10.5888/pcd12.140377
https://doi.org/10.1136/bmjdrc-2019-000859
https://doi.org/10.3390/diagnostics13193051
https://doi.org/10.3390/diagnostics13193051
https://doi.org/10.2337/dc12-2173
https://doi.org/10.3389/fendo.2025.1506749
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Guo et al.

25. Trihandini I. The relationship between smoking as a modifiable risk factor and
chronic complications on elderly with type 2 diabetes mellitus. MJHR. (2015) 19(1):8-
14. doi: 10.7454/msk.v19i1.4598

26. Zhang L, Curhan GC, Hu FB, Rimm EB, Forman JP. Association between passive
and active smoking and incident type 2 diabetes in women. Diabetes Care. (2011)
34:892-7. doi: 10.2337/dc10-2087

27. Xie J, Wang M, Long Z, Ning H, Li ], Cao Y, et al. Global burden of type 2
diabetes in adolescents and young adults, 1990-2019: systematic analysis of the Global
Burden of Disease Study 2019. BMJ (Clinical Res ed). (2022) 379(0):e072385.
doi: 10.1136/bmj-2022-072385. J X, MW, ZL, HN,JL,YC, YL, GL, FW, A P.

28. Zhang L, Zhang X, Pu Y, Zhang Y, Fan J. Global, regional, and national burden
of urolithiasis from 1990 to 2019: A systematic analysis for the global burden of disease
study 2019. CLEP. (2022) 14:971-83. doi: 10.2147/CLEP.S370591

29. GBD 2017 DALYs and HALE Collaborators. Global, regional, and national
disability-adjusted life-years (DALYs) for 359 diseases and injuries and healthy life
expectancy (HALE) for 195 countries and territories, 1990-2017: a systematic analysis
for the Global Burden of Disease Study 2017. Lancet (London England). (2018) 392
(10159):1859-922. doi: 10.1016/S0140-6736(18)32335-3

30. Kim S, Kang S-H, Han D, Kim S-H, Kim H-J, Park J-J, et al. Relation between
secondhand smoke exposure and cardiovascular risk factors in never smokers. |
Hypertens. (2017) 35:1976-82. doi: 10.1097/HJH.0000000000001426

Frontiers in Endocrinology

15

10.3389/fendo.2025.1506749

31. Okekunle AP, Asowata JO, Adedokun B, Akpa OM. Secondhand smoke
exposure and dyslipidemia among non-smoking adults in the United States. Indoor
Air. (2022) 32:¢12914. doi: 10.1111/ina.12914

32. Miranda JJ, Barrientos-Gutiérrez T, Corvalan C, Hyder AA, Lazo-Porras M, Oni
T, et al. Understanding the rise of cardiometabolic diseases in low- and middle-income
countries. Nat Med. (2019) 25:1667-79. doi: 10.1038/s41591-019-0644-7

33. Kengne AP, Ramachandran A. Feasibility of prevention of type 2 diabetes in low-
and middle-income countries. Diabetologia. (2024) 67:763-72. doi: 10.1007/s00125-
023-06085-1

34. Li W, Yi G, Chen Z, Dai X, Wu J, Peng Y, et al. Is job strain associated with a
higher risk of type 2 diabetes mellitus? A systematic review and meta-analysis of
prospective cohort studies. Scand ] Work Environ Health. (2021) 47:249-57.
doi: 10.5271/sjweh.3938

35. Bouisset F, Bataille V, Schiele F, Puymirat E, Fayol A, Simon T, et al. Type 2
diabetes mellitus in acute myocardial infarction: a persistent significant burden on
long-term mortality. Front Cardiovasc Med. (2024) 11:1401569. doi: 10.3389/
fcvm.2024.1401569

36. Wang S, Yang P, Liu H, Wang Z, Hu P, Ye P, et al. Assessing causality between
second-hand smoking and potentially associated diseases in multiple systems: A two-
sample mendelian randomization study. Nicotine Tob Res. (2024) 26:678-84.
doi: 10.1093/ntr/ntad193

frontiersin.org


https://doi.org/10.7454/msk.v19i1.4598
https://doi.org/10.2337/dc10-2087
https://doi.org/10.1136/bmj-2022-072385
https://doi.org/10.2147/CLEP.S370591
https://doi.org/10.1016/S0140-6736(18)32335-3
https://doi.org/10.1097/HJH.0000000000001426
https://doi.org/10.1111/ina.12914
https://doi.org/10.1038/s41591-019-0644-7
https://doi.org/10.1007/s00125-023-06085-1
https://doi.org/10.1007/s00125-023-06085-1
https://doi.org/10.5271/sjweh.3938
https://doi.org/10.3389/fcvm.2024.1401569
https://doi.org/10.3389/fcvm.2024.1401569
https://doi.org/10.1093/ntr/ntad193
https://doi.org/10.3389/fendo.2025.1506749
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Global burden of type 2 diabetes attributable to secondhand smoke: a comprehensive analysis from the GBD 2021 study
	1 Introduction
	2 Methods
	2.1 Data acquisition and sources
	2.2 SDI analysis
	2.3 Geographic regions
	2.4 Exposure to SHS case definition
	2.5 SHS-attributable burden
	2.6 Statistical analysis

	3 Results
	3.1 Global level burden and trends of T2DM-SHS
	3.2 Regional level burden and trends of T2DM-SHS
	3.3 National level burden and trends of T2DM-SHS
	3.4 Global and regional burden of T2DM-SHS
	3.5 Global and regional burden of T2DM-SHS

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


