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Abstract

Objective Peripheral arterial disease (PAD) is a common cardiovascular disease that it is an important reason for
the decline of patients’ quality of life and the increase of family economic burden. To systematically evaluate the
association between environmental lead exposure and peripheral arterial disease (PAD) and to characterize the
global distribution of PAD disease burden, while exploring differences among regions with varying socioeconomic
development.

Methods Using data from the National Health and Nutrition Examination Survey (NHANES), the Global Burden of
Disease (GBD) database, and genome-wide association studies (GWAS), we employed multivariable logistic regression
to examine the link between lead exposure and PAD. Mendelian randomization (MR) was used to infer causality, and
we analyzed PAD disease burden trends across countries of differing income levels.

Results The burden on PAD patients worldwide shows a downward trend. In high SDI and high middle SDI countries,
the burden of PAD gradually decreases, while in low middle SDI and low SDI countries, the burden of PAD gradually
decreases. After adjusting for potential confounders, a significant dose-response relationship was observed between
blood lead levels and PAD risk (OR=1.04, 95% ClI: 1.00-1.09). This association was more pronounced among males
(OR=1.07,95% Cl: 1.05-1.09), individuals with higher education (OR=1.24, 95% Cl: 1.16—1.32), and patients with
hypertension (OR=1.07, 95% Cl: 1.05-1.09). MR analysis supported a causal link between lead exposure and PAD.
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Global trend analysis indicated that PAD burden is declining in high-income countries but rising in low-income

regions, highlighting significant health inequities.

Conclusion Environmental lead exposure is significantly associated with increased PAD risk, with notable differences
in population susceptibility. These findings underscore the necessity of environmental exposure control and tailored
prevention strategies to enhance cardiovascular health worldwide.

Keywords Environmental lead exposure, Peripheral arterial disease, Mendelian randomization, Global disease

burden, Health inequity

Introduction

Peripheral arterial disease (PAD) of the lower limbs is a
progressive atherosclerotic vascular condition that rep-
resents a major cause of global disability and mortality
[1, 2]. PAD severely diminishes quality of life and raises
the risk of cardiovascular events and mortality; stud-
ies have shown that the 5-year cardiovascular mortality
rate among PAD patients can reach as high as 15-20% [3,
4]. With the accelerating pace of global population aging
and the widespread adoption of unhealthy lifestyles, the
burden of PAD continues to increase [5, 6]. According to
the Global Burden of Disease (GBD) study, the number
of PAD cases worldwide exceeded 236 million in 2019,
nearly doubling since 1990 [7]. More alarmingly, the dis-
ease burden differs markedly between countries, growing
faster in low- and middle-income countries compared to
high-income ones [8, 9]. A systematic review of 68 coun-
tries indicated an annual increase in age-standardized
PAD prevalence of 3.2% in low-income regions compared
to 1.8% in high-income areas [10].Traditional risk fac-
tors for PAD have centered on smoking, diabetes, and
hypertension [11]. However, recent attention has been
drawn to environmental influences, particularly heavy
metal exposure, and their connection to cardiovascular
diseases [12, 13]. Lead, a persistent environmental pollut-
ant, enters the human body through various routes and
accumulates in tissues over time [14]. Epidemiological
studies have established strong links between lead expo-
sure and hypertension and coronary artery disease [15].
Mechanistic research indicates that lead may promote
atherosclerosis through pathways involving vascular cal-
cification, oxidative stress, and inflammation [16]. Nota-
bly, even low levels of lead exposure have been implicated
in heightened cardiovascular risk, offering significant
public health implications [17].

However, current research on the association between
environmental lead exposure and PAD has the follow-
ing limitations: First, existing research mainly comes
from high-income countries, and there is a relative lack
of research on populations in low- and middle-income
countries [18, 19]. Considering that these countries often
face more serious environmental pollution problems
and have limited medical resources, relevant evidence
is urgently needed to guide disease prevention [20].

Secondly, traditional observational studies are difficult
to effectively control the influence of confounding fac-
tors, which limits the inference of causal relationships
[21]. Third, there is a lack of systematic global compara-
tive research, making it difficult to reveal the regional dif-
ferences in environmental factors and PAD patterns [22,
23]. Especially in developing countries with rapid indus-
trialization, environmental lead exposure levels are often
significantly higher than those in developed countries,
but there is a serious lack of research on related health
risks. By using genetic variation as an instrumental vari-
able, the Mendelian Randomization (MR) method can
overcome the confounding bias in observational studies
to a certain extent and provide more reliable evidence for
causal inference [24, 25]. Recent studies have discovered
multiple genetic loci related to blood lead levels, provid-
ing a basis for MR analysis. In addition, the US National
Health and Nutrition Examination Surveys (NHANES)
have accumulated a large amount of high-quality envi-
ronmental exposure data [26], while the GBD study has
provided comprehensive global disease burden estimates
[27]. Integrating these data sources is expected to provide
more comprehensive evidence. It is worth noting that
recent genomic studies have found that the genetic deter-
minants of blood lead levels differ among different ethnic
groups, suggesting that the health effects of environmen-
tal exposure may be ethnic-specific [28].

This study innovatively integrated NHANES data, GBD
database and MR method to systematically evaluate the
association between environmental lead exposure and
PAD on a global scale for the first time, and to compare
and analyze the differences between countries with dif-
ferent income levels. Specifically, this study aims to: (1)
evaluate the strength of the association between lead
exposure and PAD in the NHANES population; (2) infer
the causal relationship between lead exposure and PAD
through MR analysis; (3) analyze the spatiotemporal dis-
tribution characteristics of PAD disease burden in 195
countries and regions around the world; (4) compare the
heterogeneity of the association between environmen-
tal lead exposure and PAD between countries with dif-
ferent income levels; (5) explore potential interactions
and mechanisms. Recent studies have shown that the
interaction between environmental factors and genetic
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susceptibility may play an important role in the patho-
genesis of PAD.

The findings of this study will provide important
insights into the following aspects: (1) improving the
PAD risk factor assessment system and taking environ-
mental exposure into consideration; (2) guiding global
environmental health policy formulation, especially
heavy metal pollution prevention and control in low- and
middle-income countries; (3) promoting the optimiza-
tion of PAD prevention strategies and achieving precision
intervention; (4) promoting international collaborative
research in the field of environmental health. These con-
tributions have important public health significance for
reducing the global PAD disease burden.

Materials and methods

Study design and data sources

This study adopted a cross-sectional study design inte-
grating multiple data sources. As shown in Fig. 1, 31 and
126 participants were initially included in the NHANES
database from 2011 to 2018. After excluding partici-
pants with missing LEPAD information (nz=21,981) and
missing blood lead test data (n=411), 8,735 eligible par-
ticipants were finally included for analysis. In addition,
the study also integrated the GBD database and GWAS
data based on the European population. The study was
approved by the relevant ethics committee, and all par-
ticipants signed informed consent.

Study population

Inclusion criteria: (1) adults aged>18 years; (2) com-
plete LEPAD and blood lead data. Exclusion criteria: (1)
pregnant women; (2) patients with severe liver and kid-
ney dysfunction; (3) patients with missing key data. GBD
data analysis covers 195 countries and regions around
the world, and countries are divided into four categories
according to World Bank standards: high-income, upper-
middle-income, lower-middle-income, and low-income.
The GWAS data used in the Mendelian randomization
analysis were from people of European descent.

-

Participants from NHANES
1999-2004 (n=31126)

Exclusion

Missing LEPAD

information
. 4 (n=21981)
Remaining participants
(n=9145)
Missing blood lead
information
. (n=411)
Final sample
(n=8735) \ /

Fig. 1 Nhanes database workflow
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Exposure and outcome assessment

Lead exposure assessment

Fasting venous blood samples from the NHANES popu-
lation were used to measure blood lead concentrations
using inductively coupled plasma mass spectrometry
(ICP-MS). Participants were divided into four groups,
Q1-Q4, according to the quartiles of blood lead levels.
Quality control included blank samples, standards, and
repeated sample analysis.

PAD diagnosis

PAD diagnosis is based on ankle-brachial index (ABI)
measurement. ABI<0.9 is defined as PAD when mea-
sured by trained technicians using standardized meth-
ods. PAD burden indicators in the GBD database include
age-standardized incidence, prevalence, mortality, and
disability-adjusted life years (DALYs).

Covariate collection

Information on demographic characteristics (age, sex,
race), socioeconomic status (education level, mari-
tal status, income), lifestyle factors (smoking, alcohol
consumption, body mass index), and medical history
(hypertension, diabetes) was collected through standard-
ized questionnaires. Income levels were standardized
using the income-to-poverty ratio (PIR). To capture the
detailed characteristics and potential impacts of vari-
ables, we transformed continuous variables into categori-
cal variables. Age was categorized into 20—40, 40—60, and
260 years; the PIR (Poverty Income Ratio) was divided
into <1.3, 1.3-1.85, 1.85-3.5, and >3.5; and BMI was
categorized into Underweight (<18.5), Normal weight
(18.5-24.9), Overweight (25-29.9), and Obese (> 30).

Statistical analysis

Descriptive analysis

Continuous variables were expressed as mean * standard
deviation or median (interquartile range), and categori-
cal variables were expressed as number of cases (percent-
age). The t-test, Mann-Whitney U test, or x2 test was
used for comparison between groups.

Association analysis

Multivariate logistic regression models were used to ana-
lyze the association between blood lead levels and PAD.
Three stepwise adjusted models were constructed: Model
1 was unadjusted; Model 2 adjusted for demographic
characteristics; and Model 3 further adjusted for socio-
economic status, lifestyle, and comorbidities. Results
were expressed as odds ratios (OR) with 95% confidence
intervals (CI).
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Stratified and interaction analyses

Stratified analysis was performed on pre-specified sub-
groups (sex, age, race, education level, etc.), and interac-
tions were tested. Forest plots were used to present the
results of subgroup analysis.

Spatiotemporal analysis

Based on GBD data, a Bayesian spatiotemporal model
was used to evaluate the geographical distribution char-
acteristics and temporal trends of the global PAD burden,
focusing on analyzing the differences between differ-
ent SDI regions. According to the World Bank’s country
income classification standards (https://blogs.worldbank
.org/), GBD data were stratified into high-income, upper-
middle-income, middle-income, lower-middle-income,
and low-income countries to assess differences across
regions with varying socioeconomic levels.

Mendelian randomization analysis

This study employed a bidirectional MR approach to
analyze the causal relationship between lead exposure
and PAD. First, we selected SNPs significantly associ-
ated with blood lead levels from large-scale GWAS stud-
ies (P<5x10-6) and ensured that these SNPs were not
in linkage disequilibrium (r2<0.001). The F-statistics for
all selected SNPs were greater than 10, indicating suf-
ficient strength of the instrumental variables. We used
the inverse-variance weighted (IVW) method as the pri-
mary analysis, supplemented by MR-Egger and weighted
median methods for sensitivity analysis. Additionally, we
validated the robustness of the results through leave-one-
out analysis.

All statistical analyzes were completed using R software
(version 4.0.3). A two-sided test was used, and P<0.05
was considered a statistically significant difference. Type
I error was controlled using multiple comparison correc-
tion. Missing data were handled using multiple imputa-
tion. Sensitivity analysis assesses the robustness of the
results.

Results

Baseline characteristics of the study population

As shown in Table 1, a total of 8,636 participants were
included in this study, of which 618 (7.2%) had PAD.
The average age of the PAD patient group (71.00+11.54
years old) was significantly higher than that of the non-
PAD group (60.36+13.40 years old) (P<0.001). Com-
pared with the non-PAD group, the PAD group was
African American (22.33% vs. 17.76%), had a low educa-
tion level (25.40% vs. 19.63%), had a low income (30.10%
vs. 24.24%), and smoked (65.70% vs. 51.78% ), hyper-
tension (61.33% vs. 42.04%) and diabetes (22.65% vs.
13.78%) were all significantly higher (all P<0.001). There
was no statistically significant difference in gender and
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BMI distribution between the two groups (P>0.05). It is
worth noting that the blood lead level in the PAD group
(3.01£2.07 upg/dL) was significantly higher than that
in the non-PAD group (2.52+1.89 pg/dL) (P<0.001),
which provides a basis for further exploring the associa-
tion between blood lead exposure and PAD. provides the
basis.

Association between blood lead level and PAD

As shown in Table 2, in unadjusted model 1, for every
1 unit increase in blood lead level, the risk of PAD
increased by 11% (OR=1.11, 95%CI: 1.07-1.15). After
adjusting for demographic characteristics (Model 2), this
association still existed but was attenuated (OR=1.06,
95%CI: 1.02-1.10). After further adjusting for socioeco-
nomic status, lifestyle and comorbid conditions (model
3), the association between blood lead level and PAD
is still statistically significant (OR=1.04, 95%CI: 1.00-
1.09). Classification analysis showed that compared with
the lowest quartile group, the risk of PAD in the highest
quartile group was increased by 36% (OR=1.36, 95%Cl:
1.03-1.79), and there was a significant dose-response
relationship (P for trend =0.021). This persistent associa-
tion and dose-dependent trend support the hypothesis
that blood lead exposure may be an independent risk fac-
tor for PAD.

The incidence of PAD is highest in developed coun-
tries such as the United States, Canada, and the United
Kingdom (Fig. 2), but in terms of mortality, Russia and
some Eastern European countries have the highest mor-
tality rates in the world (Fig. 2).In addition, Fig. 3 further
analyzes the trend of PAD mortality in different regions
from 1990 to 2020 by social development index (SDI).
The results show obvious regional differences: PAD mor-
tality in high SDI and high-medium SDI regions showed
a continuous downward trend, from about 1.8 and 2.2 in
1990 to 1.3 and 1.0 in 2020, respectively; medium SDI
regions were relatively stable, maintaining at around 0.4;
while low SDI and low-medium SDI regions showed an
upward trend, from about 0.5 and 0.25 in 1990 to 0.7 and
0.4 in 2020, respectively. This difference is more obvious
in the male population, suggesting that gender may be an
important factor affecting the burden of PAD disease.

Stratified analysis results

Figure 4 demonstrates the heterogeneity in the associa-
tion between blood lead levels and PAD in different sub-
groups. The results showed that there were significant
interactions in terms of gender (P for interaction <0.001),
education level (P for interaction <0.001), income level
(P for interaction <0.001) and hypertension status (P for
interaction = 0.008). The association between blood lead
and PAD is higher among men (OR=1.07, 95%CI: 1.05—
1.09), those with high education level (OR =1.24, 95%CI:
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Table 1 Baseline characteristics of participants from National health and nutrition examination survey (NHANES) 1999-2004

Variables Overall PAD P-value
(n=8636) NO (n=8108) YES (n=618)

Sex, n (%) 0.727
Male 4309 (49.38%) 4008 (49.43%) 301 (48.71%)

Female 4417 (50.62%) 4100 (50.57%) 317 (51.29%)

Age, Mean +SD 61.11£13.55 60.36+£13.40 71.00+11.54

Age strata, n (%) <0.001
20-40 3994 (45.77%) 3900 (48.10%) 94 (15.21%)

40-60 3630 (41.60%) 3298 (40.68%) 332(53.72%)
>60 1102 (12.63%) 910 (11.22%) 192 (31.07%)

Race, n (%) <0.001

Mexican American 1852 (21.22%) 1754 (21.63%) 98 (15.86%)
Other Hispanic 339 (3.88%) 324 (4.00%) 15 (2.43%)
Non-Hispanic White 4689 (53.74%) 4336 (53.48%) 353(57.12%)
Non-Hispanic Black 1578 (18.08%) 1440 (17.76%) 138 (22.33%)

Other Race 268 (3.07%) 254 (3.13%) 14 (2.27%)

Education level, n (%) <0.001

Less than 9th grade 1749 (20.04%) 1592 (19.63%) 157 (25.40%)

-11th grade 1397 (16.01%) 1284 (15.84%) 113 (18.28%)
High school graduate 2003 (22.95%) 1850 (22.82%) 153 (24.76%)
Some college or associates degree 2034 (23.31%) 1911 (23.57%) 123 (19.90%)
College graduate or above 1543 (17.68%) 1471 (18.14%) 72 (11.65%)

Marital status, n (%) <0.001
Married/Living with a partner 5577 (63.91%) 5245 (64.69%) 332 (53.72%)
Divorced/Separated/Widowed 2604 (29.84%) 2342 (28.89%) 262 (42.39%)

Never married 545 (6.25%) 521 (6.43%) 24 (3.88%)

Income-to-poverty ratio, n (%) <0.001
<13 2151 (24.65%) 1965 (24.24%) 86 (30.10%)
1.3-1.85 1039 (11.91%) 935 (11.53%) 04 (16.83%)
1.85-3.5 2833 (32.47%) 2628 (32.41%) 205 (33.17%)
>35 2703 (30.98%) 2580(31.82%) 23 (19.90%)

BMI, n (%) 0.170
Underweight 98 (1.12%) 88 (1.09%) 10 (1.62%)

Normal weight 2252 (25.81%) 2078 (25.63%) 174 (28.16%)
Obese 3539 (40.56%) 3286 (40.53%) 253 (40.94%)
Overweight 2837 (32.51) 2656 (32.76%) 181 (29.29%)

Alcohol use, n (%) 0.770
Yes 5512 (63.17%) 5125 (63.21%) 387 (62.62%)

No 3214 (36.83%) 2983 (36.79%) 231 (37.38%)

Smoking, n (%) <0.001
Yes 4604 (52.76%) 4198 (51.78%) 406 (65.70%)

No 4122 (47.24%) 3910 (48.22%) 212 (34.30%)

Hypertension, n (%) <0.001
Yes 3788 (43.41%) 3409 (42.04%) 379 (61.33%)

No 4938 (56.59%) 4699 (57.96%) 239 (38.67%)

Diabetes, n (%) <0.001
Yes 1257 (14.41%) 1117 (13.78%) 140 (22.65%)

No 7469 (85.59%) 6991 (86.22%) 478 (77.35%)
LEAD, Mean +SD 255+1.91 252+1.89 3.01+2.07 <0.001

BMI: Body Mass Index
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Table 2 Association of blood lead and PAD

Model 1 Model 2 Model 3

OR (95% Cl) OR (95% Cl) OR (95% Cl)
Lead
Continuous 1.11(1.07,1.15) 1.06(1.02,1.10) 1.04 (1.00, 1.09)
Categories
Q1 Reference Reference Reference
Q2 1.35(1.03,1.76) 1.13(0.86, 1.49 1.11 (0.84, 1.46)
Q3 1.61(1.24,2.09) 1.18(0.90, 1.56) 1.16(0.88,1.53
Q4 2.23(1.74,2.85) 145 (1.11,1.90) 1.36(1.03,1.79)
P for trend <0.001 0.003 0.021

Model 1: no covariates were adjusted
Model 2: Sex, age, race, education level, marital status were adjusted

Model 3: Sex, age, race, education level, marital status, PIR, BMI, alcohol use,
smoking, diabetes, and hypertension were adjusted

PIR: Poverty Income Ratio, BMI: Body Mass Index

1.16-1.32), and those with high income (OR=1.10, 95%
CI: 1.04-1.16) and patients with hypertension (OR=1.07,
95%CI: 1.05-1.09) were more significant. It is particularly
worth noting that in the body mass index stratified analy-
sis, underweight people showed the strongest association
(OR=1.32, 95%CI: 1.09-1.59), which suggests that nutri-
tional status may moderate the effect of blood lead expo-
sure on vascular health. Influence.

Analysis of global PAD disease burden trend

Figure 5 shows the forecast trend of the age-standardized
incidence of PAD worldwide from 1990 to 2050. Overall,
the incidence rate showed a downward trend, from about
630/100 000 in 1990 to 550/100 000 in 2020. However,
the forecast after 2020 showed a significant increase in
uncertainty, reflecting the potential impact of multiple
factors such as environmental factors on the future dis-
ease burden.

The Fig. 6 shows the gender difference in PAD mortal-
ity in different SDI regions. In all SDI levels, the mortal-
ity rate of men was higher than that of women, but the
degree of difference varied by region. The gender dif-
ference in high SDI and high-medium SDI regions was
relatively stable, while the gender difference in low SDI
and low-medium SDI regions showed a trend of widen-
ing over time. This difference may reflect differences in

A
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Fig. 2 Global PAD incidence and mortality distribution map in 2021
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access to medical and health resources, lifestyles, and
environmental exposure levels between different regions.
In particular, in terms of environmental lead exposure,
factors such as occupational exposure may lead to higher
risks for men.

From the GBD database, we analyzed the possible
causes of death from PAD in people over 55 years old
(Fig. 7). Behavioral risks (26.77), smoking (21.28) and
tobacco (21.28) were the main causes of death.

Causal association between blood lead concentration and
PAD
In the analysis of blood lead concentration (qb3C-
4cvxDM) and PAD (bbj-a-144), a total of 8 SNPs
(rs2415030, rs2887641, rs12101120, rs10991100,
rs60698614, rs45576138, rs11639885, rs12617786) were
ultimately included as instrumental variables (IVs) to
assess the causal relationship between blood lead concen-
tration and PAD. The F-statistics for all included SNPs
were greater than 10, indicating the absence of weak IVs.
As shown in Supplemental Fig. 1A, blood lead concen-
tration is negatively correlated with peripheral vascular
atherosclerosis in East Asian population (OR=0.892,
95%CI: 0.806, 0.987, P=0.027). MR Egger analysis shows
that there is no significant heterogeneity between blood
lead concentration and peripheral vascular atheroscle-
rosis (P=0.28), further supporting the robustness of the
results. Supplemental Fig. 1B shows the forest plot results
of the inverse-variance weighted analysis of 8 SNPs
related to blood lead concentration (P=0.027), showing
a negative correlation. Additionally, the results exhib-
ited low dependence on individual SNPs. Supplemental
Fig. 1C shows that the 8 SNPs can be evenly distributed
on both sides of the inverse-variance weighted. Supple-
mental Fig. 1D expresses that the 8 SNPs may have a lin-
ear relationship with peripheral vascular atherosclerosis.
The leave-one-out analysis showed that the results did
not change significantly after sequentially removing each
SNP (Supplementary Fig. 1E).

These findings not only reveal the important associa-
tion between blood lead exposure and PAD, but also show
the global distribution characteristics of PAD disease
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Fig. 3 Trends of deaths in different regions around the world, especially in relation to blood lead exposure and peripheral arterial disease (PAD). The chart
is d.ivided into four parts, showing data for the world, high sociodemographic index (SDI), medium-high SDI, and low-medium SDI regions

burden and its evolution trend. The results emphasize the
necessity of adopting differentiated prevention strategies
in different populations, and provide important clues for
further exploring the role of environmental factors in the
onset of PAD. These evidences are of great significance
for the formulation of targeted public health policies.

Discuss

This study is the first to integrate multi-source data and
systematically evaluate the association between environ-
mental lead exposure and PAD and its global disease bur-
den trend. The main innovations are: first, by integrating
NHANES individual-level data and GBD population-
level data, it provides multi-level evidence support from
individuals to populations; second, it is the first time to
use the Mendelian randomization method to explore the
causal relationship between environmental lead exposure
and PAD, effectively reducing the confounding bias and
reverse causality of observational studies; finally, it is the
first time to compare the heterogeneity of the association
between lead exposure and PAD between countries with
different income levels, providing a scientific basis for the
formulation of differentiated prevention strategies [34,
35].

This study found a significant dose-response relation-
ship between blood lead levels and PAD risk, and this
association remained even after adjusting for traditional
cardiovascular risk factors. Johnson et al'scross-sectional
study in Canada found that even in areas with low envi-
ronmental pollution levels (average NO2 concentration
5.4+1.6 ppb), environmental exposure is still signifi-
cantly associated with carotid atherosclerosis [29]. For
every 1 ppb increase in NO2 concentration, the carotid
artery plaque area increased by 3.4 mm?2. The prospective
cohort study by Hennig et al. also confirmed that long-
term air pollution exposure is related to the progression
of atherosclerosis, especially among people with mild
baseline lesions [30]. These findings consistently support
the hypothesis that environmental exposures may play an
important role in the early stages of atherosclerosis.

Existing studies have shown that lead exposure may
increase the risk of cardiovascular diseases through
mechanisms such as oxidative stress, inflammatory
responses, vascular calcification, and endothelial dys-
function. Lead exposure can induce excessive generation
of reactive oxygen species (ROS) and inhibit the pro-
duction of nitric oxide (NO), leading to vascular endo-
thelial cell damage and impaired vasodilation, thereby



Yan et al. Journal of Translational Medicine (2025) 23:463

Page 8 of 13

Subgroup OR (95%CT) P for interaction
Gender <0.001
Male HH 1.07(1.05, 1.09)

Female L o 1.00(097, 1.03)

Age 0.758
40-60 b= 1.05(1.01, 1.10)

60-80 | 1.05(1.03, L.O7)

=80 -— 1.03(1.00, 1.07)

Race 0385
Mexican American [ 1.03 (098, 1L.OT)

Other Hispanic e S 0.93(0.79, 1.10)

Nor-Hispanie White o o 1.06 (103, 1.09)

Non-Hispame Black _— 1.06 (102, 1.09)

Other Race — 1.10(099, 1.21)

Education level <0.001
Less than 9th grade ] 1.00 (096, 1.03)

9-1 1th grade —— 1.04 (100, 1.08)

High school graduate —_—— 1.09(1.04, 1.13)

Some col lege or associates degree - — 1.03(0.99, 1.08)

College graduate or above ——y 1.24 (1.16, 1.32)

Marital status 0.560
Marned/Living with a partner A 1.06 (103, 1.O8)

Divorced/S eparated/W idowed - 1.03 (1.00, 1.06)

Never married —_—— — 1.05(095, 1.15)

I ncome-to-poverty ratio <(.001
<13 ] 0.97(0.94, 1.00)

1.3-1.85 ——i 1.07 (103, L11)

1.85-35 [ 1.09(1.06, 1.12)

=15 —_r— 110104, 1.16)

BMI 0052
Underweight 3 1.32(1.09, 1.59)

Nomal weight - 1.04 (101, 1.O8)

Obese ] 1.04 (101, 1.07)

Overweight —— 1.07(1.03, L.11)

Aleohol use 0922
Yes (" 1.05(1.02, 1.O7)

No i 1.05(1.02, 1.08)

Smoking 0335
Yes 9 1.04 (1,02, 1.06)

No —— 1.06(1.02, 1.10)

Hypertension 0008
Yes e 1.O7(1.05 1.09)

No [ - 1.02 (099, 1.05)

Diabetes 0065
Yes H — 1.03 (099, 1.O8)

No " 1.O5(1.03, 1L.07)

070 eSE 0% 10 LI 12 130 140 1S 160

Fig.4 shows the results of heterogeneity analysis of the association between blood lead levels and PAD in different subgroups.Patients were categorized
and compared based on age, race, education level, marital status, income to poverty ratio, BMI, alcohol use, smoking, hypertension, and diabetes.P < 0.05

was considered statistically significant

promoting the development and progression of athero-
sclerosis [31-33]. Simbes MR et al. found that lead expo-
sure can activate inflammatory pathways, such as NF-xB
and TNF-a signaling pathways, increasing the levels of
inflammatory markers, such as C-reactive protein and
IL-6, thereby exacerbating vascular inflammation and
plaque formation [34]. Additionally, lead exposure can
disrupt calcium metabolism and promote osteogenic
transformation of vascular smooth muscle cells, leading
to vascular calcification and increasing the risk of vas-
cular diseases [35]. Therefore, we hypothesize that lead
exposure may also increase the risk of PAD through the
aforementioned four mechanisms.

Significant gender differences were observed in this
study. In stratified analysis, the association between
lead exposure and PAD was more substantial among

men, those with higher education levels, and those with
hypertension. This is consistent with the research results
of Maugeri et al., who found that gender may moder-
ate the association between environmental factors and
atherosclerosis. Their research showed that antioxidant
nutritional intake has a more obvious protective effect
on carotid artery intima-media thickness in women [38].
This gender difference may be related to the following
factors: (1) Differences in occupational exposure pat-
terns: Men are more likely to engage in high-exposure
occupations; (2) Differences in lifestyle habits: Smok-
ing, drinking and other behaviors are more common
among men; (3) Differences in biological mechanisms:
Estrogen may have certain protective effect. Min et
al’s (2020) study further supported the gender-specific
effect, and they found that indoor air pollution caused by
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household cooking fuel use was significantly associated
with increased carotid artery intima-media thickness in
women during early pregnancy [39]. This study found
that people over 55 years old showed higher sensitiv-
ity to environmental lead exposure, which is consistent
with previous research results. The sensitivity of vascu-
lar endothelial function to environmental toxicants in

the elderly is significantly higher than that in the young.
This age-related difference in susceptibility may be
related to the following mechanisms: (1) vascular repair
ability decreases with age; (2) oxidative stress response
increases; (3) chronic inflammatory state worsens; and
(4) detoxification ability weakens. This finding has impor-
tant implications for the environmental health protection
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of the elderly, and it is recommended to strengthen envi-
ronmental exposure monitoring and intervention for the
elderly.

However, the finding that individuals with higher edu-
cation levels are more sensitive to lead exposure is incon-
sistent with typical socioeconomic models. We speculate
that this may be due to their heightened awareness of
health issues, leading to more frequent health check-
ups and earlier detection of elevated blood lead levels
and their health impacts. Additionally, it is possible that
genetic background or epigenetic modifications make
them more sensitive to lead exposure. For example,
a study has shown that aminolevulinic acid dehydra-
tase (ALAD) gene polymorphism (G177C) significantly
affects individual sensitivity to lead exposure, with car-
riers of the ALAD-2 allele being more sensitive [36].
Future research could further explore this hypothesis.
As for hypertensive patients, their increased sensitivity
to lead exposure may be attributed to impaired vascu-
lar endothelial function, elevated oxidative stress levels,
and chronic inflammatory states [37]. Lead exposure may
exacerbate vascular endothelial dysfunction and inflam-
matory responses, further increasing the risk of PAD
[23].

In terms of socioeconomic differences, this study
found that the burden of PAD continues to increase in
low-income countries, while it shows a downward trend
in high-income countries. This “double burden” phe-
nomenon is consistent with the findings of Hasslof et al.
[40]. Their research shows that socioeconomic status not
only affects environmental exposure levels but may also
modify its health effects. This difference may be due to:
(1) unequal access to medical resources; (2) differences
in health literacy levels; (3) differences in the implemen-
tation of environmental policies; (4) differences in life-
style and eating habits. The research of Ward-Caviness
et al. provided new insights. They found that epigenetic
age acceleration may be a biomarker of sensitivity to
environmental pollution [38, 39], which suggests that
socioeconomic factors may affect the health effects of

environmental exposure through epigenetic mechanisms.
This study also reveals multiple health effects of environ-
mental exposures. McNeely et al’s study of airline flight
attendants showed that occupational second-hand smoke
exposure is still significantly associated with an increased
risk of cardiovascular disease even many years after the
exposure has ceased [40]. This “legacy effect” empha-
sizes the importance of early intervention. In addition,
Blum et al’s research showed that environmental par-
ticulate matter exposure is associated with albuminuria
and decreased renal function [41], suggesting that envi-
ronmental exposure may affect cardiovascular health
through damage to multiple organ systems.

The association between blood lead exposure and PAD
is not only significant in the U.S. population but has also
been observed in countries such as China, South Korea,
India, and Bangladesh. In China, a study analyzing survey
results from eight provinces in the eastern, western, and
central regions between 2009 and 2010 found that the
geometric mean of blood lead concentration in the gen-
eral population was 34.90 pg/L, and the geometric mean
of urinary lead concentration was 1.05 ug/L. The study
indicated that long-term exposure to lead compounds
can reduce vascular dilation function, impair vascular
generation and damage repair, and promote atheroscle-
rosis and thrombosis. In South Korea, data from the
2008 National Health and Nutrition Examination Survey
revealed that the geometric mean of blood lead concen-
tration in the general population was 19.10 pg/L. Addi-
tionally, Korean studies have found that blood lead levels
are associated with an increased risk of cardiovascular
diseases, including coronary artery disease, PAD, and
electrocardiogram abnormalities. Similarly, a study on
blood lead levels and attributable disease burden in India
confirmed that lead exposure increases the risk of cardio-
vascular diseases [42]. Furthermore, Jenna E. Forsyth et
al. found elevated blood lead levels in rural maternal pop-
ulations in Bangladesh, which were associated with an
increased risk of cardiovascular diseases [37, 43]. These
findings suggest that blood lead exposure also increases
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the risk of PAD in populations across Asia and some low-
and middle-income countries.

Notably, due to the limitations of the NHANES data-
base, this study only included blood lead concentration
as the exposure indicator and did not consider other
potential sources of lead exposure, such as drinking
water contamination, airborne lead particles, or occu-
pational exposure, which are also common pathways of
exposure [44—46]. Blood lead concentration, as a sensi-
tive biomarker of recent lead exposure, may be higher in
individuals exposed to these additional sources compared
to the general population. Consequently, the relationship
between blood lead levels and PAD may vary depending
on these exposure pathways. Future studies should inte-
grate multi-source exposure data, such as environmen-
tal monitoring data and occupational exposure records,
and explore the potential impact of different exposure
pathways on the study results to provide a more compre-
hensive assessment of the effects of environmental lead
exposure.

This study has the following main advantages: (1) Based
on large-scale population data, the sample is representa-
tive and the results have good extrapolation; (2) Multiple
statistical methods are used for cross-validation, which
enhances the reliability of the results; (3) It provides evi-
dence from a global perspective, filling the regional gap
in previous studies; (4) The innovative use of Mendelian
randomization method to explore causal relationships
has obvious methodological advantages.

The main limitations include: (1) It is difficult to deter-
mine the temporal relationship in the cross-sectional
design; (2) It is not possible to obtain information on all
potential confounding factors, such as dietary patterns
and physical activity; (3) NHANES data primarily rep-
resent the U.S. population and may not fully capture the
context of low-income countries, while the GBD data-
base also has limitations in data quality and coverage for
these regions. To enhance the global applicability of our
findings, future studies should incorporate more regional
data (e.g., from low-income countries in Africa and Asia)
and explore additional data sources, such as the World
Health Organization’s global environmental monitoring
system, to address these gaps; (4) Although this study
provides evidence for a causal relationship between lead
exposure and PAD using MR methods, the findings are
based on genetic data from East Asian populations and
have not been validated in other ethnic groups. Fur-
ther research is needed to verify these findings in more
diverse populations.

The results of this study have important implica-
tions for public health practice: (1) Even at the current
low exposure level, environmental lead exposure may
still increase the risk of PAD, and it is recommended to
further lower the exposure standard while establishing
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cost-effective lead pollution monitoring systems using
low-cost technologies and community-based approaches;
(2) Differentiated prevention strategies should be
adopted according to the differences in susceptibility of
different populations; (3) The rising trend of PAD bur-
den in low-income countries deserves attention. It is rec-
ommended to ensure policy adoption and enforcement
through legislative support, interdepartmental collabora-
tion, and public education campaigns, while leveraging
international support and cooperation to provide techni-
cal and financial assistance to low-income countries; (4)
It is recommended to incorporate environmental expo-
sure screening into the cardiovascular disease prevention
system. For example, Bangladesh successfully reduced
lead pollution levels in drinking water by introducing
low-cost water quality testing technologies and commu-
nity participation models. This case demonstrates that
even in resource-limited environments, effective lead
pollution prevention and control measures can be imple-
mented through innovative methods and multi-party col-
laboration [47].

Suggested future research directions include: (1) Con-
duct multicenter prospective cohort studies to further
clarify the causal relationship; (2) Explore the interac-
tion mechanism between environmental factors and
genetic susceptibility; (3) Evaluate the cost-effectiveness
of different prevention strategies; (4) Study the molecular
mechanism by which environmental exposure affects car-
diovascular health, such as validating the impact of lead
exposure on vascular function through animal models or
cell experiments; (5) Conduct randomized controlled tri-
als to evaluate the effects of environmental improvement
measures; (6) Establish a long-term monitoring system to
evaluate the effects of policy interventions.

Conclusion

By integrating NHANES individual data, GBD popula-
tion data, and Mendelian randomization analysis meth-
ods, this study is the first to systematically evaluate the
association between environmental lead exposure and
PAD and its global disease burden distribution charac-
teristics. The study found that even at the current rela-
tively low exposure levels, blood lead levels still show a
significant dose-response relationship with the risk of
PAD. This association is more significant among men,
those with higher education levels, and those with hyper-
tension, suggesting important population differences in
susceptibility. Analysis of the global burden of PAD dis-
ease shows significant differences between regions with
different levels of socioeconomic development. The bur-
den of PAD is declining in high-income countries, while
it continues to rise in low-income countries. This “dou-
ble burden” phenomenon reflects the problem of envi-
ronmental health inequality. Mendelian randomization
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analysis provides more reliable evidence support for the
causal relationship between environmental lead exposure
and PAD.

The findings have important implications for pub-
lic health practice. First, it is recommended to lower
environmental lead exposure standards further and
strengthen protection for occupational groups; second,
differentiated prevention strategies should be developed
for different susceptible groups; third, special atten-
tion should be paid to the rising trend of PAD burden in
low-income countries, and environmental health policy
support and support should be strengthened. interna-
tional cooperation. In addition, it is recommended that
environmental exposure screening be incorporated into
the cardiovascular disease prevention system and tar-
geted intervention be carried out. This study provides
new scientific evidence for understanding, the associa-
tion between environmental lead exposure and PAD, and,
emphasizes the need to take active preventive measures.
Future prospective studies are needed to further verify
these findings and explore potential biological mecha-
nisms to provide more basis for the optimization of pre-
vention strategies.
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